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a b s t r a c t 

( E )- N’ -(2,4-dichlorobenzylidene)-5-phenyl- 1H -pyrazole-3-carbohydrazide ( E-DPPC ) has been synthesized 

and characterized by FT-IR, 1 H-NMR, ESI-MS, and single-crystal X-ray diffraction. The structures and prop- 

erties of this new pyrazole-3-carbohydrazide derivative were studied in gas phase and aqueous solution 

by using Functional hybrid B3LYP/6-311 ++ G 

∗∗ calculations in gas phase and in aqueous solution to study. 

Two stable structures (C1 and C2) with similar energies were found in the PES. C2 evidence a higher 

dipole moment and a volume contraction in solution attributed to the presence of donors and accep- 

tors H bonds. Besides, the changes in orientation and direction of dipole moment vector in solution are 

attributed to the hydration of E-DPPC with water molecules. The repulsion existent between the nega- 

tive MK, Mulliken and NPA charges on the N12 and O15 atoms explain the diminishing of N12-C14-O15 

angle from 123.77 ° in gas phase to 123.03 ° in solution. Nucleophilic sites are visibly observed on the 

acceptor H bonds groups (N10, O15 and N22 atoms) while on the N18-H21, N12-H13, C11-H23, C2-H3, 

C17-H20 bonds characteristics electrophilic sites were found, being the N18-H21 bond the most labile 

donor of H bond with the lowest MEP and bond order values. NBO calculations suggest that C2 is clearly 

most stable in solution than in gas phase. AIM studies show that C2 is stable in both media due to new 

H bonds formed. Harmonic force fields in both media were calculated together with the scaled force 

constants while the 102 vibration normal modes expected for C2 were completely assigned. The compar- 

isons of experimental NMR and UV-visible spectra with the corresponding predicted evidence reasonable 

correlations. Docking results also displayed that E-DPPC possessed good binding profile against receptor 

molecule and interacted with core residues of target protein. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Pyrazole and similar heterocyclic compounds show bioactiv- 

ty and have pharmacological properties [1] . Pyrazole derivatives 

ave a wide range of biological activities, such as anti-cancer, 

ntiviral, anti-tubercular, anti-inflammatory, analgesic, antioxidant, 

nti-diabetic, anti-alzheimer, antibacterial, antifungal and pestici- 
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Fig. 1. Molecular structure of E-DPPC . 
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al agents [2–14] . On the other hand, the carbohydrazides deriva- 

ives represent an important class of organic compounds in medic- 

nal and pharmaceutical chemistry [ 15 , 16 ]. Various studies about 

he structural and vibrational analysis of compounds including 

yrazole have been done [17–20] . In view of the therapeutic prop- 

rties of these derivatives, the investigation of their molecular ge- 

metric structure, spectroscopic and electronic properties are fun- 

amental to know the influence of different groups on structures 

n order to discover the relationship of these groups with their bi- 

logical properties. In this context, DFT calculations have become a 

ool very reliable in predicting properties of molecules with great 

recision [21–27] . Due to the pharmacological importance of these 

lasses of derivatives, in this work, ( E )- N’ -2,4-dichlorobenzylidene- 

-phenyl- 1H -pyrazole-3-carbohydrazide ( E-DPPC ) ( Fig. 1 ) was syn- 

hesized and characterized by FT-IR, 1 H-NMR, EIS-MS spectrometry 

nd single-crystal X-ray diffraction. The title compound has been 

nalyzed from vibrational and theoretical point of view in order 

o study the structural, electronic and topological properties and, 

o perform the complete vibrational assignments. All these studies 

re very important to know the connections between the proper- 

ies of this new pyrazole-3-carbohydrazide derivative with other 

eported from the literature [ 18 , 19 ]. 

Furthermore, natural bond orbital (NBO), atoms in molecules 

AIM), and Frontier orbitals calculations were carried in gas phase 

nd aaqueous solution in order to study the molecular geomet- 

ic structure, bond orders, vibrational frequencies, 1 H-NMR chemi- 

al shifts, HOMO-LUMO and stabilization energies, atomic charges 

nd molecular electrostatic potential (MEP) by using B3LYP method 

ith the 6-311 ++ G(d,p) basis set. At the same level of theory, 

he harmonic force field and the normal internal coordinates of 

-DPPC were used to perform the complete assignments of all 

ands observed in the experimental FTIR spectrum by using the 

caled quantum mechanical force field (SQMFF) methodology and 

he Molvib program [ 28 , 29 ]. Transferable scaling factors were also 

mployed to obtain the main scaled force constants [30] . The prop- 

rties here predicted for this new derivative were later compared 

ith the reported for similar derivatives [ 18 , 19 ]. Comparisons of 

eactivity and behaviors of this new derivative were performed 

ith other similar ones by using useful descriptors [ 18 , 19 , 22–

6 ]. Furthermore, computational study was employed to check the 

inding potential of the synthesized compound. The best ligand 

 E-DPPC ) was deeply analyzed to check its binding conformational 

osition inside the active region of caspase-3. 

. Experimental section 

.1. General methods 

All chemical reactions were purchased Sigma-Aldrich. Reactions 

ere checked with TLC using aluminum sheets with silica gel 60 

254 from Merck. Melting points were measured using a Buchi B- 

45 digital capillary melting point apparatus and used without cor- 

ection. The FT-IR spectrum was recorded with Perkin-Elmer VER- 

EX 70 FT-IR spectrometer covering field 40 0-4.0 0 0 cm 

−1 . 1 H-NMR 

pectra was recorded in solution in DMSO- d 6 , on Bruker spectrom- 

ter (300 MHz). The chemical shifts are expressed in parts per 

illion (ppm) by using tetramethylsilane (TMS) as internal refer- 
2 
nce. Mass spectra were collected using API 3200 LC/MS/MS sys- 

em, equipped with an ESI source. 

.2. Synthesis 

The title compound described here was facilely synthesized ac- 

ording to the literature procedures [31–34] ( Scheme 1 ). To a so- 

ution of 5-phenyl- 1H -pyrazole-3-carbohydrazide ( 1 ) (202 mg, 1 

mol) and 2,4-dichlorobenzaldehyde ( 2 ) (174 mg, 1 mmol) in 

thanol (10 mL) was added two drops of acetic acid. The mixture 

as maintained under reflux for 2 h. Then, the precipitate formed 

as filtered and recrystallized from DMF/MeOH to give the pure 

roduct ( E-DPPC ). 

White solid, Yield 62 %, M.p. 234-236 °C; IR (ATR, ν(cm 

−1 )): 

182 (NH), 1657 (C = O), 1586 (N = CH); 1 H-NMR (300 MHz, DMSO- 

 6 , δ(ppm)): 7.24 (s, 1H, H-pyrazole), 7.52-7.34 (m, 4H, H-Ar), 

.69 (d, J = 1.8 Hz, 2H, H-Ar), 7.82 (d, J = 7.5 Hz, 2H, H-Ar),

.01 (d, J = 8.4 Hz, 2H, H-Ar), 8.89 (s, 1H, -CONH), 12.12 (s, 1H,

 = CH) 13.83 (s, 1H, NH-pyrazole); MS: m/z = 359.0 [M + H] + , 381.0

M + Na] + . 

.3. Single crystal X-ray diffraction 

X-ray single crystal data were collected by using MoK α
 λ = 0.71075 Å) radiation on a Rigaku R-Axis Rapid II diffrac- 

ometer equipped with an large-area curved imaging plate detec- 

or (460.0 × 256.0 mm), 3-circle goniometer and high-frequency 5 

W sealed tube. All calculations were performed using the Crystal- 

tructure [35] crystallographic software package except for refine- 

ent, which was performed using the software package Olex1.2 

36] . The structure was solved by direct methods and refined in 

 routine manner (SHELXL) [37] . Non-hydrogen atoms were re- 

ned anisotropically. Hydrogen atoms were refined using the rid- 

ng model. Molecular graphics were generated by using MERCURY 

.9 [38] and POV-Ray software [39] . The details of the X-ray crystal 

ata and the structure solution as well as the refinement are given 

n Table 1 . A summary of selected bond lengths [ ̊A] and angles [ °]
re given in Table S1 (ESI). CCDC 2033972. 

.4. Computational details 

The experimental CIF file determined by X-ray crystal 

ata was used as initial theoretical structure of ( E )- N’ -2,4- 

ichlorobenzylidene-5-phenyl- 1H -pyrazole-3-carbohydrazide ( E- 

PPC ). The optimizations of E-DPPC were performed in gas 

hase and aqueous solution with the Revision A.02 of Gaussian 

9 program by using the functional hybrid B3LYP/6-311 ++ G 

∗∗

evel of theory [40–42] . Studies of curves of potential energy 

urface (PES) to variations in the dihedral C16-C14-N12-N10 and 

10-C11-C1-C2 angles by using the hybrid B3LYP/6-311 ++ G 

∗∗

ethod in gas phase have evidenced two structures with minima 

nd identical energies, named C1 and C2. The PES for the dihedral 

10-C11-C1-C2 angle can be seen in Fig. S1 of supporting ma- 

erial whiles the structures of C1 and C2 in Fig. S2 . The atomic 

harges, bond orders, stabilization energies, molecular electrostatic 

otentials (MEP) were computed with the NBO, AIM programs 

nd the Merz-Kollman scheme while the mapped MEP surfaces 

43–46] were graphed with the GaussView program [47] . The gap 

alues and chemical potential ( μ), electronegativity ( χ ), global 

ardness ( η), global softness ( S ), global electrophilicity index 

 ω) and global nucleophilicity index ( E ) descriptors calculations 

ere computed with the frontier orbitals [ 18 , 19 , 22–26 , 48 ]. The

QMFF methodology, normal internal coordinates, scaling factors 

nd the Molvib program were used to perform the complete 

ibrational assignments considering potential energy distribu- 

ion (PED) contributions ≥ 10 % [28–30] . From known equations 
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Scheme 1. The synthetic route for preparation of compound E-DPPC . 

Table 1 

Refinement parameters and crystal data for E-DPPC. 

CCDC Deposition Number CCDC 2033972 

Empirical formula C 37 H 24 Cl 4 N 9 O 3 {2(C 17 H 12 Cl 2 N 4 O), 0.5(C 6 N 2 O 2 )} 

Formula weight 784.472 

Temperature/K 293.15 

Crystal system orthorhombic 

Space group Pbcn 

a / ̊A 10.6297(4) 

b / ̊A 14.1275(6) 

c / ̊A 25.2639(17) 

α/ ° 90 

β/ ° 90 

γ / ° 90 

Volume/ ̊A 3 3793.9(3) 

Z 4 

ρcalc g/cm 

3 1.373 

μ/mm 

-1 0.361 

F (000) 1607 

Crystal size/mm 

3 0.7 × 0.25 × 0.2 

Radiation Mo K α ( λ = 0.71075) 

2 � range for data collection/ ° 5.98 to 54.96 

Index ranges -13 ≤ h ≤ 13, -18 ≤ k ≤ 16, -32 ≤ l ≤ 32 

Reflections collected 23424 

Independent reflections 4344 [R int = 0.0601, R sigma = 0.0417] 

Data/restraints/parameters 4344/0/254 

Goodness-of-fit on F 2 1.089 

Final R indexes [I > = 2 σ (I)] R 1 = 0.0556, wR 2 = 0.1534 

Final R indexes [all data] R 1 = 0.1018, wR 2 = 0.1880 

Largest diff. peak/hole / e Å −3 0.34/-0.42 
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he Raman spectra predicted in activities were transformed to 

ntensities [ 49 , 50 ]. The ultraviolet-visible and 

1 H and 

13 C NMR 

pectra in aqueous solution were also predicted at the same level 

f theory with time-dependent DFT calculations (TD-DFT) and 

he GIAO method [51] . The self-consistent reaction field (SCRF) 

nd the integral equation formalism variant polarised continuum 

odel (IEFPCM) methods were used together with universal 

olvation model to calculate the properties in aqueous solution 

52–54] while the volumes in both media were computed with 

he Moldraw program [55] . 

.5. In silico Methodology 

.5.1. Retrieval of caspase-3 structure from PDB 

The three dimensional (3D) structure of caspase-3 from human 

as accessed from Protein Data Bank (PDB) ( www.rcsb.org ) hav- 

ng PDBID 2XYG. The selected target protein structure was mini- 

ized by using UCSF Chimera 1.10.1 tool [56] to further utilize it 

n docking experiment. Ramachandran and Hydrophobicity ( Figs S3 

nd S 4 ) plots of caspase-3 were accessed from Discovery Studio 4.1 

lient tool [57] . 

.5.2. Designing of ligands and Molecular docking 

The synthesized ligand ( E-DPPC ) was sketched in drawing 

CD/ChemSketch tool and minimized by UCSF Chimera 1.10.1. The 

nergy minimization was performed using default parameters, 
3 
teepest descent steps 100 with step size 0.02 ( ̊A), conjugate gra- 

ient steps 100 with step size 0.02 ( ̊A) and update interval was 

xed at 10. Molecular docking experiment was employed between 

-DPPC against caspase-3 using PyRx virtual screening tool with 

utoDock VINA Wizard approach [58] . The grid box center values 

f (center_X = 29.43, Y = 21.31 and Z = 38.34) and size values 

ere adjusted as (X = 44.02, Y = 55.00 and Z = 39.718908395) 

or better conformational position in the active region of target 

rotein. The default exhaustiveness value = 8 was used in dock- 

ng experiment. The predicted docked complexes were evaluated 

n the basis of lowest binding energy (Kcal/mol) values and struc- 

ure activity relationship (SAR) analyses. The three dimensional 

3D) graphical depictions of all the docked complexes were accom- 

lished by Discovery Studio (2.1.0) and UCSF Chimera 1.10.1 tool. 

. Results and discussion 

.1. X-ray crystal structure description 

The compound ( E-DPPC) was analysed by single crystal X-ray 

iffraction. The summary of crystallographic information is listed 

n Table 1 . The compound ( E-DPPC) crystalized in the orthorhom- 

ic, space group Pbcn . The crystal structure shows a cvasi-planar 

tructure ( Fig. 2 and S5 ). The molecule has the carbonylic O atom 

ocated in an anti-position with pyrazolic N atoms. If we consider 

he carbohydrazide fragment as a reference plan, it can be observe 

http://www.rcsb.org
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Fig. 2. X-ray molecular structure of compound E-DPPC with atoms numbering 

scheme. Thermal ellipsoids representation with 50% probability. Olex and POV-Ray 

representation. Solvent molecules are omitted for clarity. 

Table 2 

Calculated total energies ( E ), dipole moments (μ) and volumes (V) of ( E )- N’ -2,4- 

dichlorobenzylidene-5-phenyl- 1H -pyrazole-3-carbohydrazide (E-DPPC) in gas phase 

and aqueous solution by using the hybrid B3LYP/6-311 ++ G ∗∗ Method. 

B3LYP/6-311 ++ G ∗∗ Method 

Medium E (Hartrees) ZPVE (Hartrees) μ (D) V ( ̊A 3 ) �V ( ̊A 3 ) 

C2 

GAS -1869.9171 -1869.6566 8.85 342.8 - 

0.2 PCM/Water -1869.9567 -1869.6535 14.03 342.6 
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Table 3 

Corrected and uncorrected solvation energies by the total non-electrostatic terms 

and by zero point vibrational energy (ZPVE) ( E )- N’ -4-methoxybenzylidene)-5- 

methyl-1H-pyrazole-3-carbohydrazide (E-MBPC) in aqueous solution by using the 

B3LYP/6-311 ++ G ∗∗ Method. 

B3LYP/6-311 ++ G ∗∗ method a 

Solvation energy (kJ/mol) 

Species �G un 
# �G ne �G c 

E-DPPC a -103.87 26.96 -130.83 

E-MBPC b -103.08 28.26 -131.34 

E-MABPC c -105.97 23.53 -129.50 

�G un 
# = uncorrected solvation energy; �G ne = total non electrostatic terms; �G c = 

corrected solvation energies. 
a This work 
b From Ref [18] for (E-MBPC) ( E )- N’ -4-methoxybenzylidene)-5-methyl- 

1H-pyrazole-3-carbohydrazideFrom Ref [19] for (E-MABPC) ( E )- N’ -(4- 

(dimethylamino)benzylidene)-5-methyl- 1H -pyrazole-3-carbohydrazide 
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hat pyrazolic fragment is tilted with 11.30 o , since the dichloroben- 

ylidene fragment make an angle of 17.13 o with the reference plan. 

he molecules are arranged two by two in a zig-zag fashion in a 

ery compact packing ( Fig. S6 ). The crystal contain DMF solvent 

olecule which are disordered over two positions. However, the 

isordered solvent molecule does not affect the compound struc- 

ure, but slightly affect the structure parameters. 

.2. Optimizations in both media 

B3LYP/6-311 ++ G 

∗∗ calculations have optimized the structures 

f two C1 and C2 conformers of E-DPPC with the same energy 

alues, as observed in PES from Fig. S1 . Hence, in this work only 

ncorrected and corrected calculated total energy, dipole moments 

nd volumes for C2 of E-DPPC in gas phase and aqueous solution 

re presented in Table 2 . 

The results for this conformer evidence a higher dipole mo- 

ent value and a volume contraction in solution with a difference 

n the volume of -0.2 Å 

3 . The presence of two donors H bonds

roups (N-H) and of five acceptors H bonds (N and O atoms) jus- 

ify the hydration of E-DPPC in solution and the increases of dipole 

oment in this medium. It is very interesting to observe from 

ig. S7 that the orientation and direction of dipole moment vec- 

or for C2 of E-DPPC in gas phase by using the B3LYP/6-311 ++ G 

∗∗

evel of theory is slightly different from that observed in solution. 

he changes in orientation and direction of dipole moment vector 

n solution are attributed to the hydration of E-DPPC with water 

olecules. On the other hand, the calculation of corrected solva- 

ion energy of E-DPPC in aqueous solution is presented in Table 3 

ogether with the predicted for ( E )- N’ -4-methoxybenzylidene)-5- 

ethyl-1H-pyrazole-3-carbohydrazide ( E-MBPC ) (-131.34 kJ/mol) 

nd ( E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H -pyrazole- 

-carbohydrazide ( E-MABPC ) (-129.50 kJ/mol) derivatives [ 18 , 19 ]. 

he results have shown a �G c value of -130.83 kJ/mol. 

This value is between those observed for E-MBPC (-131.34 

J/mol) and E-MABPC (-129.50 kJ/mol) [ 18 , 19 ]. Structures of three 
4 
ompared compounds can be seen in Fig. S8 . Note that the higher 

G c value observed for E-MBPC could be associated to the pres- 

nce of N(CH 3 ) 2 group acceptor of H bonds in solution while the 

resence of two phenyl rings in E-DPPC where one of them has 

wo deactivate Cl atoms produce decreasing in the �G c value. 

Comparisons of geometrical parameters calculated for C2 of E- 

PPC in both media by using B3LYP/6-311 ++ G 

∗∗ calculations with 

he corresponding experimental ones determined here are sum- 

arized in Table S1 together with the root-mean-square devia- 

ion (RMSD) values. Better RMSD correlations for C2 of E-DPPC in 

oth media are observed in the bond lengths than the bond angles, 

ith values between 0.020 and 0.017 Å for distances and 2.406 

nd 2.401 ° for angles. The hydration in aqueous solution pro- 

uce lengthening of O15-C14 and N10-N12 bonds while the C16- 

14 bond undergoes decreases in the same medium. On the other 

and, the C19-N18-N22, C14-N12-N10, N12-C14-O15 and C16-C14- 

15 angles involved in those bonds also undergo changes as a con- 

equence of hydration in those regions by water molecules. 

.3. Atomic charges, molecular electrostatic potentials and bond 

rders 

Atomic charges such as, Merz-Kollman (MK), Mulliken and nat- 

ral population (NPA) charges are very important parameters to 

xplain the behaviours of species in different medium and specifi- 

ally in solution [ 43 , 46 ]. In addition, in species with acceptors and

onors H bonds groups, as in C2 of E-DPPC , the molecular elec- 

rostatic potentials (MEP) and bond orders (BO) are properties that 

escribe the nucleophilic and electrophilic sites where the reac- 

ions with potential electrophils and nucleophils take place and 

lso, reveal witch the most labile groups are. For these reasons, in 

able S2 those three atomic charges, molecular electrostatic poten- 

ials (MEP) and bond orders calculated for C2 of E-DPPC in both 

edia by using the B3LYP/6-311 ++ G 

∗∗ method are presented. If 

he atomic charges are analyzed only on the N10, N12, H13,C14, 

15, N18 and N22 atoms belonging to acceptors and donors H 

onds groups from Fig. S9 it is observed that the behaviours of 

tomic charges are different among them. However, the variation 

f each atomic charge is the same in both media. Hence, (i) the 

K and NPA charges on N10 have negative signs in both media 

hile the Mulliken charges show positive signs in both media, (ii) 

he three charges on N12 and O15 have negative signs while on the 

13 and H21 positive signs, (iii) the MK and NPA charges on C14 

ave positive signs in both media while the Mulliken charges show 

egative signs and finally, (iv) the Mulliken charges on N22 present 

ositive values in both media while the MK and NPA charges have 

egative signs. Therefore, the diminishing of N12-C14-O15 angle 

rom 123.77 ° in gas phase to 123.03 ° cannot be explained by the 
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hree types of charges however, explain strongly the diminishing 

f C16-C14-O15 angle from 124.24 ° in gas phase to 122.71 ° in 

olution due to the repulsion existent between the negative MK, 

ulliken and NPA charges on the N12 and O15 atoms. 

The molecular electrostatic potentials (MEP) values on all atoms 

f C2 of E-DPPC in both media have been calculated from the MK 

harges and they are presented in Table S2 [46] . The MEP val- 

es show the following trend in both media: Cl > O > N > C >

, where the most negative values are observed on the Cl atoms 

hile the less negative on the H atoms. Besides, the MEP values 

n general decrease in solution. If now the MEP values are ana- 

yzed only on the N10, N12, H13, C14, O15, N18 and N22 atoms 

elonging to acceptors and donors H bonds groups it is observed 

ractically the same values and behaviours in both media and, 

n particular, on N10 and O15 are observed the higher negative 

alues and on the H13 and H21 atoms the less negative values. 

learly, the N10 and O15 atoms belong to N10 = C11 and C14 = O15

onds, respectively and, for these reasons, they have double bond 

haracters with higher MEP values. On the other side, the H21 

toms (-0.974/-0.972 a.u.) present lower values in both media than 

he corresponding to H13 ones (-0.996/-0.981 a.u.) indicating that 

hose N18-H21 bonds are most labile than the N12-H13 ones. The 

apped surface for C2 of E-DPPC in gas phase is graphed with the 

aussView program and, it is presented in Fig. S10 [47] . The dif- 

erent colorations describe the nucleophilic and electrophilic sites 

here the reactions with potential electrophils and nucleophils can 

ccur and also reveal witch the most labile groups are. The strong 

ed colours are visibly observed on the acceptor H bonds groups 

hich are the N10, O15 and N22 atoms and, hence, these red and 

range regions are nucleophilic sites. Also, on a region of Cl24 a 

oft orange colour it is observed. On the contrary, on the aromatic 

-H and C-H bonds and, in particular the N18-H21, N12-H13, C11- 

23, C2-H3, C17-H20 bonds blue colours are observed. These blue 

ites are electrophilic places and are characteristics of donors H 

onds groups. Note that the strong blue colour is observed on the 

18-H21 bond because this group is the most labile donor of H 

ond with the lowest MEP value. 

Bond orders (BO), expressed as Wiberg index, were also studied 

or C2 of E-DPPC in both media by using the B3LYP/6-311 ++ G 

∗∗

ethod. These parameters were calculated from the NBO calcu- 

ations [43] . The obtained results are presented in Table S2. The 

nalyses reveal that the C6 and C9 atoms linked to Cl25 and Cl24 

toms, respectively present the higher BO values (4.018/4.024) in 

oth media than the other ones while the N18 atoms belonging to 

18-H21 bonds have the higher values (3.479/3.483) than the N10, 

12 and N22 atoms and, for these reasons, the H21 atoms linked 

o N18 are the most labile and with low BO values in both media

0.839). Studies performed in this section by using atomic charges, 

EP and BOs suggest that the N10, O15 and N22 atoms are the 

igher acceptors of H bonds in solution while the N18-H21 is the 

ost important donor H bonds in the same medium. 

.4. NBO and AIM studies 

NBO calculations by using the NBO 3.1 program allows the de- 

ermination of many properties such as those previously studied 

tomic NPA charges and bonds orders. Other interesting property 

o explore with that program is the donor-acceptor energy inter- 

ction by using Second Order Perturbation Theory Analysis of Fock 

atrix in NBO Basis [43] . Hence, the energy E(2) calculated as the 

ifference between the donor NBO j and the acceptor NBO i, that 

s, E(j)-E(i) result the donor-acceptor energy interaction or delocal- 

zation energy. Therefore, for the conformer C2 of E-DPPC in gas 

hase and aqueous solution main delocalization energies by us- 

ng the hybrid B3LYP/6-311 ++ G 

∗∗ method can be seen in Table S3 .

egarding the results, five different interactions are predicted for 
5 
2 in the two media which are, the �E π→ π∗ , �E n → π∗ , �E n → σ ∗ ,

E π∗→ π∗ and �E π∗→ σ ∗ interactions where the higher energy val- 

es are observed for �E π→ π∗ (1361.97/1356.20 kJ/mol) and E π∗→ π∗
2203.11/2632.48 kJ/mol) interactions in both media. The number 

f interactions are related to the charges transfer from π orbitals 

f two phenyl and pyrazole rings to π antibonding orbitals of two 

henyl and pyrazole rings, as detailed in Table S2. Note that the 

harges transfer from lone pairs of N12, O15, N18, Cl24 and Cl25 

toms to antibonding orbitals of pyrazole ring and carbohydrazide 

roup ( �E n → π∗ and �E n → σ ∗ ) present lower energy values, as com- 

ared with other observed interactions. Hence, the total energy 

alue favour to E-DPPC in solution probably due to the hydration. 

ence, C2 in aqueous solution is clearly most stable than in gas 

hase. 

The topological properties calculated by using the Bader’s the- 

ry of atoms in molecules (AIM) with the AIM 20 0 0 program 

re useful parameters to search different intra-molecular or H 

onds interactions in the conformer C2 of E-DPPC in both me- 

ia. Hence, in Table S4 are presented the electron density dis- 

ribution, ρ(r) , the Laplacian values, ∇ 

2 ρ(r), the eigenvalues ( λ1, 

2, λ3) of the Hessian matrix and the λ1/ λ3 ratio in the Bond 

ritical Points (BCPs) and Ring critical point (RCPs) for C2 of E- 

PPC in gas phase and aqueous solution by using the hybrid 

3LYP/6-311 ++ G 

∗∗ Method. From the analysis it is possible to ob- 

erve the formation of a new H bonds in both media, that is, the 

11-N10 •••Cl24 interaction. This new H bond interaction can be 

een in the molecular graphic of conformer C2 of E-DPPC in gas 

hase presented in Fig. S11 . As a consequence of those new C11- 

10 •••Cl24 interactions new RCPs appear named RCPN1 while the 

CP own of each ring are named RCP1, RCP2 and RCP3. RCP1 corre- 

ponds to phenyl ring, RCP2 corresponds to pyrazole ring and RCP3 

orresponds to dichlorobenzylidene ring (See Fig. S8). The distance 

etween the involved N10 and Cl24 atoms is shorter in gas phase 

han in aqueous solution while the topological properties of pyra- 

ole rings in both media are higher than the other ones. This study 

hows that C2 of E-DPPC is stable in both media due to new H 

onds formed. 

.5. Frontier orbitals and global descriptors 

To known if this new synthetized pyrazole-3-carbohydrazide 

 E-DPPC ) derivative is important from a pharmacological point 

f view [ 3 , 5 , 9 , 10 , 15 , 16 , 18 ] the energy gap and various descrip-

ors are valuable parameters to predict reactivity and behaviour 

f many species in different media [ 22–26 , 48 ]. Hence, for con- 

ormer C2 of E-DPPC in gas phase and aqueous solution have 

een computed the HOMO, LUMO, Gap and the chemical poten- 

ial ( μ), electronegativity ( χ ), global hardness ( η), global soft- 

ess ( S ), global electrophilicity index ( ω) and nucleophilicity in- 

exes ( E ) descriptors by using the frontier orbitals and the hy- 

rid B3LYP/6-311 ++ G 

∗∗ method. The results for C2 are pre- 

ented in Table S5 compared with the reported for ( E )- N’ -4- 

ethoxybenzylidene)-5-methyl- 1H -pyrazole-3-carbohydrazide ( E- 

BPC ) and ( E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H - 

yrazole-3-carbohydrazide (E-MABPC) derivatives [ 18 , 19 ]. The 

tructures of compared compounds can be seen in Fig. S8 . The 

valuation of gap values in both media shows that C2 in solu- 

ion (4.3294 eV) has a lower value than that observed in gas phase 

4.3674 eV) indicating this way, that C2 is most reactive in solution. 

ap’s values comparisons with the other two derivatives evidence 

 higher reactivity of E-MABPC, due to its low gap value, while C2 

f E-DPPC in both media are less reactive than other ones. The 

resence of O-CH 3 group containing a strong acceptor of H bonds 

n E-MABPC probably justify its higher reactivity while the two 

eactivating Cl atoms in the phenyl ring together a other phenyl 

ing linked to pyrazole ring in E-MABPC generate lower reactivities 
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Fig. 3. Experimental FT-IR spectrum of E-DPPC in the solid state using reflectance 

(ATR) mode compared with the corresponding predicted for the most stable con- 

former C2 in the gas phase by using the B3LYP/6-311 ++ G ∗∗ method. 
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n both media. This higher reactivity in E-MABPC is in agreement 

ith the lower solvation energy predicted in aqueous solution for 

-MABPC (-129.50 kJ/mol), as was studied in section 3.2 . In rela- 

ion to the descriptors, obviously, the most reactive E-MABPC has 

he higher global hardness ( η) and lower global softness ( S ), as ex-

ected but probably, the lower global electrophilicity ( ω) and nu- 

leophilicity indexes ( E ) could justify its high reactivity, as com- 

ared with E-MBPC and E-DPPC . 

.6. Vibrational study 

The experimental FT-IR spectrum of E-DPPC was recorded in the 

olid state using reflectance (ATR) mode and it can be observed in 

ig. 3 compared with the corresponding predicted for the most sta- 

le conformer C2 in the gas phase by using the B3LYP/6-311 ++ G 

∗∗

ethod. The predicted Raman spectrum of C2 in activities at the 

ame level of theory was corrected to intensities by using recom- 

ended equations and, it is given in Fig. S12 [ 49 , 50 ]. The C2 con-

ormer of E-DPPC in both media was optimized at the same level 

f theory with C 1 symmetries and, due to the 36 atoms present 

n its structure, 102 vibration normal modes are expected. Hence, 

ll vibration modes have activity in the infrared and Raman spec- 

ra. The scaled quantum mechanical force field (SQMFF) method- 

logy and the Molvib program were used in the determination of 

armonic force fields of C2 in both media together with the nor- 

al internal coordinates and transferable scaling factors [28–30] . 

n the vibrational analysis only potential energy distribution (PED) 

ontributions ≥ 10 % were employed. In Table 4 are summarized 

xperimental and calculated wavenumbers for C2 in gas phase by 

sing B3LYP/6-311 ++ G 

∗∗ calculations. Below, a brief discussion of 

ssignments by regions is presented. 

.6.1. Bands assignments 

40 0 0-20 0 0 cm 

−1 region . This region is typical of N-H

nd C-H stretching modes. The NH group are very charac- 

eristic and their stretching vibrations are generally observed 

round 3500–3300 cm 

−1 [ 18 , 19 , 22–27 ]. The NH stretching vi-

rations for pyrazole are reported at 3232 and 3322 cm 

−1 for 

 E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H -pyrazole-3- 

arbohydrazide ( 2 ) and ( E )- N’ -(4-methoxybenzylidene)-5-methyl- 

H -pyrazole-3-carbohydrazide ( E-MBPC ), respectively [ 18 , 19 ]. In 

his study, the bands appear at 3400 cm 

−1 and 3324 cm 

−1 have 

een assigned to N-H stretching modes of vibrations for pyrazole 

nd hydrazonoic group, respectively. 

The C-H stretching vibrations of aromatic rings give rise to 

ands in the region 320 0-30 0 0 cm 

−1 in aromatic compounds [ 18–

0 , 22–27 ]. For E-DPPC , a series of infrared absorptions between 

204 and 2888 cm 

−1 were assigned as CH stretching modes, the 

and at 3204 cm 

−1 is assigned as C-H stretching vibrations in the 

yrazole ring, which is in good agreement with the values reported 
6 
or pyrazole derivatives [18–20] . The absorption bands which ap- 

ear between 3169, 3132, 3079, 3027, 2990, 2925 and 2888 cm 

−1 

ave been assigned as CH stretching modes of hydrazonoic group, 

henyl and 2,4-dichlorobenzyl rings, as detailed in Table 4 . 

20 0 0-10 0 0 cm 

−1 region . In this region are expected the C = O,

 = C, C-C and C-N stretching modes, deformation and rocking 

odes of NH, CH groups and, some deformations of pyrazole and 

enzyl rings can also be observed. The C = O stretching absorption 

s usually one of the most representative in an infrared spectrum, 

t appears in a wavenumber region relatively free of other vibra- 

ions (180 0-160 0 cm 

−1 ) [18–20] . For this molecule, νC = O vibration 

riginates one of the strongest bands of the infrared spectrum, at 

683 cm 

−1 . The aromatic C = C stretching vibrations are very much 

mportant and occur in the region 1650-1200 cm 

−1 [ 18–20 , 22–27 ].

or E-DPPC , the bands observed at 1593 and 1547 cm 

−1 were as- 

igned to C = C stretching vibrations in phenyl, 2,4-dichlorobenzyl 

nd pyrazole rings. The bands observed at 1593 and 1547 cm 

−1 

re also assigned to C = N stretching mode of pyrazole and hydra- 

onoic group, respectively, and some IR bands of media intensi- 

ies observed at 1386 and 1352 cm 

−1 are assigned to C-C and C-N 

tretching modes. Other C-C stretching modes are associated to the 

ands observed at 1281, 1241 and 1098 cm 

−1 . 

The N 

–N vibration modes corresponding to pyrazole and hy- 

razonoic group are reported at 1106 and 1121 cm 

−1 , respectively 

20] . For E-DPPC , these N18-N22 and N10-N12 stretching modes 

re assigned respectively to the strong bands at 1195 and 1101 

m 

−1 . 

The NH in-plane deformation vibration is reported at 1509 and 

210 cm 

−1 in pyrazole and hydrazonoic group, respectively [20] . In 

his derivative, the SQM calculations have predicted the N12-H13 

nd N18-H21 in-plane deformation vibrations at 1505 and 1418 

m 

−1 and, hence, the IR bands observed at 1509 and 1386 cm 

−1 

re assigned to those vibration modes of hydrazonoic group and 

yrazole, respectively. Here, it is very important to mention that 

he SQM calculations predict the N12-H13 in-plane deformation 

ode with an intensity higher than the C = O stretching mode, as 

bserved in Table 4 . This observation is very interesting taking into 

ccount that the N12-H13 is less labile than the other N18-H21 

ne. The C-H in-plane deformation vibrations are observed in the 

egion 130 0–10 0 0 cm 

−1 and are usually of medium to weak inten- 

ity [ 18–20 , 22–27 ]. Here, some bands due to C–H in-plane bending

ibration in both species interact somewhat with other vibrations 

nd they can be assigned to the bands in the region between 1467 

nd 1061 cm 

−1 . 

10 0 0-40 0 cm 

−1 region . In this region, the C-C and C-N 

tretching modes, C-H and N-H out-of-plane deformations, de- 

ormations, wagging and twisting modes of C = O group, twisting 

H 3 and deformations and torsions modes of pyrazole, phenyl 

nd 2,4-dichlorobenzyl rings are expected. In the ( E )- N’ -(4- 

ethoxybenzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide 

erivative, the C = O in-plane and out-of-plane deformations are 

ssigned to 897 and 760 cm 

−1 , respectively [20] . Hence, the 

R bands observed at 905 and 757 cm 

−1 are assigned to those 

ibration modes. 

The out-of-plane CH deformations are predicted and assigned 

etween 1100 and 600 cm 

−1 [ 18–20 , 22–27 ]. In this molecule, the 

R bands between 995 and 757 cm 

−1 are assigned to those vibra- 

ion modes. The other skeletal vibrations are assigned as predicted 

y the SQM calculations and, in according assignments for similar 

roups [ 18–20 , 22–27 ]. 

.7. Force fields 

Scaled internal force constants are interesting parameters that 

escribe the forces of different bonds and they can be com- 

ared with values reported for similar derivatives in order to 
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Table 4 

Observed and calculated wavenumbers (cm 

−1 ) and assignments for ( E )- N’ -2,4-dichlorobenzylidene-5-phenyl- 1H - 

pyrazole-3-carbohydrazide ( E-DPPC ) in gas phase by using the hybrid B3LYP/6-311 ++ G ∗∗ Method. 

Exp a B3LYP/6-311 ++ G ∗∗ method a 

IR Calc b Int c SQM 

d Assignments a 

3400m 3646 104.4 3495 νN18-H21 

3324s 3478 4.4 3334 νN12-H13 

3204s 3251 0.2 3117 νC17-H20 

3169s 3216 0.7 3083 νC7-H8 

3132s 3209 1.3 3076 νC4-H5 

3079m 3195 10.9 3063 νC33-H36 

3079m 3186 18.7 3055 νC28-H32, νC29-H34 

3027m 3179 8.6 3047 νC33-H36, νC28-H32 

3027m 3170 0.1 3039 νC31-H35 

2990m 3169 7.5 3038 νC2-H3 

2925w 3163 5.8 3032 νC27-H30 

2888w 2997 58.9 2872 νC11-H23 

1683vs 1788 319.3 1723 νC14 = O15 

1593s 1668 20.6 1609 νC11 = N10 

1593s 1645 8.0 1592 νC27-C29 

1593s 1619 96.7 1567 νC29-C33 

1547s 1618 17.8 1566 νC2-C4 

1547s 1598 2.3 1545 νC17-C19 

1547s 1578 18.1 1526 νC4-C6 

1509m 1546 375.3 1505 βN12-H13 

1467m 1523 49.4 1477 βC31-H35 

1467m 1500 140.3 1454 βC2-H3, βC7-H8 

1445sh 1485 13.2 1442 βC33-H36, βC29-H34 

1386m 1460 25.9 1418 βN18-H21, νC14-C16 

1386m 1431 10.8 1389 νC16-N22 

1386m 1425 28.9 1378 νC16-C17, νC19-N18 

1361sh 1411 3.3 1369 βC11-H23 

1352m 1392 31.3 1352 νC7-C9 

1324sh 1356 0.3 1318 βC28-H32, βC27-H30 

1281w 1328 3.4 1283 νC28-C26 

1281w 1320 4.5 1273 νC9-C1, νC6-C7 

1241s 1288 15.7 1244 νC27-C26 

1241s 1278 6.6 1243 βC7-H8 

1241s 1243 176.7 1202 νC1-C11, νC1-C2 

1195m 1232 126.7 1192 νN18-N22 

1167sh 1207 2.0 1172 βC29-H34 

1155m 1197 63.0 1162 βC17-H20 

1185 0.6 1152 βC33-H36 

1143sh 1175 100.2 1141 βC4-H5 

1101s 1158 437.7 1120 νN10-N12 

1101s 1121 68.9 1084 νC6-Cl25, βR 1 (A3) 

1098s 1103 6.9 1067 νC28-C31 

1061sh 1099 15.5 1065 νN10-N12, βC17-H20 

1052m 1082 20.8 1054 βR 1 (A3) 

1042m 1073 29.3 1045 νC14-N12 

1016w 1050 3.6 1018 νC31-C33 

1005m 1015 1.4 999 βR 1 (A1) 

995vw 1007 13.1 996 γ C33-H36 

985vw 1004 0.1 985 βR 2 (A2) 

969s 984 6.8 974 γ C29-H34, γ C31-H35 

962s 983 9.7 963 βR 1 (A2) 

957sh 965 5.7 957 γ C2-H3 

930w 943 8.9 936 γ C11-H23 

929 1.4 919 γ C27-H30, γ C28-H32 

905m 924 33.8 911 βC14 = O15 

870sh 886 16.6 878 γ C7-H8 

849s 862 105.9 847 βR 3 (A3) 

842sh 853 0.3 842 γ C27-H30, γ C28-H32 

828sh 822 22.0 812 γ C4-H5 

788sh 820 10.6 810 γ C17-H20 

757vs 779 6.4 767 γ C14 = O15 

757vs 770 82.1 759 γ C14 = O15, γ C17-H20 

747sh 763 16.7 748 βR 3 (A3) 

687s 716 0.1 695 τR 1 (A3), γ C1-C11 

687s 707 32.6 692 βR 3 (A1) 

687s 702 4.8 688 τR 1 (A1) 

680sh 696 9.3 679 τR 2 (A2), γ C19-C26 

676sh 685 2.7 675 βR 2 (A3) 

662sh 677 9.5 662 τR 1 (A2) 

631m 633 0.7 629 βR 2 (A1) 

585s 586 36.0 578 γ N18-H21 

573sh 579 7.7 566 τR 2 (A3), γ C6-Cl25 

( continued on next page ) 

7 
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Table 4 ( continued ) 

Exp a B3LYP/6-311 ++ G ∗∗ method a 

IR Calc b Int c SQM 

d Assignments a 

558m 570 20.9 559 βC1-C11 

526m 543 26.3 536 γ N12-H13, τR 2 (A1) 

505m 522 43.0 516 γ N12-H13 

492sh 499 2.6 490 γ C26-C19 

459w 469 3.8 459 τR 3 (A3) 

450sh 461 1.7 450 τR 3 (A3), γ C9-Cl24 

420sh 426 6.0 419 βC26-C19 

414sh 421 2.4 412 βR 3 (A3), νC9-Cl24 

406w 411 0.0 398 τR 3 (A1) 

400 10.3 390 νC6-Cl25, νC9-Cl24 

389 0.5 368 τN10-C11 

349 0.0 346 βC9-Cl24, βC6-Cl25 

312 8.9 305 τR 2 (A1) 

286 1.7 280 νC19-C26 

273 4.9 260 τN12-C14, βC14-C16 

226 4.3 219 τR 2 (A1), βC14-C16 

208 0.6 207 C9-Cl24, βC6-Cl25 

196 3.0 192 γ C16-C14 

185 0.6 179 βC6-Cl25, τN10-C11 

181 2.8 172 τR 3 (A3), τR 2 (A3) 

160 3.1 153 τN10-N12, γ C6-Cl25 

113 1.2 111 βC19-C26 

104 0.8 98 τN10-N12, γ N12-H13 

79 0.9 75 τN10-N12 

65 1.6 64 δC1C11N10, βC14-C16 

50 2.9 46 τ w C26-C19 

32 3.0 30 τC14-C16 

24 0.3 23 δC16C14N12, δC14N12N10, δC11N10N12 

19 0.1 17 τN12-C14 

14 0.0 12 τC11-C1 

Abbreviations: ν , stretching; β , deformation in the plane; γ , deformation out of plane; wag, wagging; τ , torsion; βR , 

deformation ring τ R , torsion ring; ρ , rocking; τw, twisting; δ, deformation; a, antisymmetric; s, symmetric; (A 1 ), Ring 

1; (A 2 ), Ring 2; (A 3 ), Ring 3 
a This work 
b From B3LYP/6-311 ++ G ∗∗ method 
c Intensities in KM/Mole 
d From scaled quantum mechanics force field. 
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Table 5 

Scaled internal force constants for ( E )- N’ -2,4-dichlorobenzylidene-5-phenyl- 1H - 

pyrazole-3-carbohydrazide ( E-DPPC ) in gas and aqueous solution by using the 

B3LYP/6-311 ++ G ∗∗ method. 

Force constants 

E-DPPC a E-MBPC b E-MABPC c 

Gas PCM Gas PCM 

Gas Phase 

Free base Cationic 

f( νN-H) 6.47 6.39 6.50 6.45 6.49 5.72 

f( νC = O) 11.92 9.97 11.76 9.62 11.69 9.15 

f( νC-H) R1 6.16 5.10 5.13 5.15 5.13 5.10 

f( νC-H) R2 5.31 5.29 5.29 5.32 5.29 5.10 

f( νC-H) R3 5.15 5.16 

f( νC-N) Chain 7.36 7.80 9.46 9.27 7.46 6.10 

f( νC-N) R 6.64 6.54 6.74 6.61 6.74 4.32 

f( νN-N) R 5.99 6.02 5.86 5.97 5.85 3.90 

f( νN-N) Chain 5.75 5.34 5.64 5.31 5.56 6.73 

f( νC = C) R1 6.34 6.31 6.31 6.27 6.24 6.15 

f( νC = C) R2 6.15 6.23 6.84 6.80 6.84 7.31 

f( νC = C) R3 6.34 6.35 

Units are mdyn Å −1 for stretching and mdyn Å rad −2 for angle deformations. 
a This work 
b From Ref [18] for ( E )- N’ -4-methoxybenzylidene)-5-methyl- 1H -pyrazole-3- 

carbohydrazide (E-MBPC) 
c From Ref [19] for ( E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H -pyrazole- 

3-carbohydrazide b (E-MABPC ). 

d

h

i  

i

xplain some differences among their properties [ 18 , 19 ]. Here, 

he scaled internal force constants for C2 of E-DPPC in both 

edia by using B3LYP/6-311 ++ G 

∗∗ calculation were calculated 

rom the harmonic force fields transformed from Cartesian coor- 

inates to normal internal coordinates with the SQMFF method- 

logy and the Molvib program [28–30] . The results are pre- 

ented in Table 5 compared with the reported for ( E )- N’ -4-

ethoxybenzylidene)-5-methyl- 1H -pyrazole-3-carbohydrazide (E- 

BPC) and ( E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H - 

yrazole-3-carbohydrazide (E-MABPC) [ 18 , 19 ]. 

Analyzing the values for C2 of E-DPPC in both media it is ob- 

erved important differences in aqueous solution as compared with 

he values in gas phase. Hence, the f( νN-H), f( νC-H) R1 , f( νC = O),

( νC-N) R , f( νN-N) Chain and f( νC = C) R2 force constants are modi-

ed in solution due to the hydration. Only, the f( νC-N) Chain and 

( νC = C) R2 force constants increase its values while the other ones 

ecrease, as a consequence of hydration. These modifications in 

he force constants values indicate clearly that the acceptors (N 

nd O) and donors (N-H) H bonds groups are principally hydrated 

n solution. Note that the changes in the values related to pyra- 

ole ring produce changes in f( νC = C) R1 and f( νC = C) R2 force con-

tants but no in f( νC = C) R3 force constant. Then, the deactivating 

l atoms in dichlorobenzylidene ring do not modify the proper- 

ies of E-DPPC in solution. When the values of E-DPPC are com- 

ared with the corresponding to E-MBPC and E-MABPC changes in 

he force constants related to part common, pyrazole ring and car- 

ohydrazide group, among the three structures are observed (see 

igure S8). Hence, the differences among the f( νC = O), f( νN-N) Chain 

nd f( νC-N) Chain force constants in the three compounds are at- 

ributed to the groups linked to pyrazole ring and to the carbohy- 
g

8 
razide group. Evidently, f( νC-N) Chain force constant in E-MBPC is 

igher than the other ones due to that the carbohydrazide group 

n this species is linked to phenyl ring and to N(CH 3 ) 2 group while

n E-MABPC that groups is linked to phenyl ring and to O-(CH 3 ) 

roup. 
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.8. 1 H-NMR analysis 

The proton NMR spectrum of E-DPPC was obtained by using 

MS as an internal standard and DMSO- d 6 as solvent ( Fig. S13 ).

he 1 H-NMR spectra of the title molecule displayed a singlet at 

= 7.24 ppm due to proton H28 of pyrazole ring. The chemical 

hifts of aromatic protons (H5, H34 and H36) appeared as multi- 

let between δ = 7.52 and 7.34 ppm, and the chemical shifts of 

8, H3 and H30 appeared as three doublets at δ = 7.69, 7.82 and 

.01 ppm, respectively, and. The chemical shifts of the azomethine 

N = CH) and amide (NHCO) protons (H23 and H13) appear as a sin-

let at δ = 8.89 and 12.12 ppm, respectively. The chemical shifts of 

H pyrazole (H21) appeared as singlet at δ = 13.83 ppm. Compar- 

sons between experimental and calculated 

1 H chemical shifts for 

-DPPC in aqueous solution by using B3LYP/6-311 ++ G 

∗∗ calcula- 

ion and the GIAO method [51] are presented in Table S6 by using 

he RMSD values. Reasonable correlations are obtained for the H 

toms with a RMSD value of 1.62 ppm. The 13 C NMR spectrum in 

queous solution was also predicted at the same level of theory 

ith the GIAO method but the comparisons with the experimental 

alues were no presented due to a very bad quality of experimen- 

al NMR spectrum. For this reason, in Table S7 are presented only 

he predicted 

13 C-NMR chemical shifts. 

.9. Electronic spectrum 

The ultraviolet-visible spectrum of E-DPPC was obtained in 

ethanol and it is compared in Fig. S14 with the corresponding 

redicted in aqueous solution by using B3LYP/6-311 ++ G 

∗∗ calcu- 

ation. In the experimental spectrum of E-DPPC are observed two 

axima at 273 and 280 nm and a less intense and broad band 

t c.a. 310 nm while in the predicted spectrum are observed two 

ands a lees intense at 265 nm and other of higher intensity at 308

m. Here, the less intense band observed at 265 nm in the theo- 

etical spectrum could overlap those two intense bands at 273 and 

80 nm while the other band is predicted with higher intensity. 

vidently, the presence of C = C double bonds of both dichloroben- 

ylidene and phenyl rings suggest that the most intense bands 

ould be associated to π→ π ∗ transitions while the other band of 

ower intensity can be attributed to n → π ∗ and π ∗→ π ∗ transitions, 

s suported by NBO calculations. These assignments are in agree- 

ent with compounds containing similar groups [ 18 , 19 , 59–61 ]. 

.10. ESI-MS study 

The ESI-MS spectra show molecular ion peaks with m/z values 

59.0 correspond to the molecular weight [M + H] + . The m/z value 

81.0 correspond to the sodiated molecular ion peak [M + Na] + 

 Fig. S15 ). These values are in good agreement with the proposed 

omposition for the title molecule (C 17 H 12 Cl 2 N 4 O). 

.11. Molecular docking analysis 

.11.1. Binding energy evaluation of synthesized compound 

To predict the best conformational position within the active 

egion of target protein, the ligand ( E-DPPC ) was docked against 

aspase-3. Docking results justified that ligand possessed good 

inding energy value (-8.30 Kcal/mol) and good interactive behav- 

or. The other poses also showed good energy values as mentioned 

n supplementary data ( Table S8 ). 

.11.2. Binding pocket analysis 

The ligand structure binds at opening region of binding pocket. 

he ligand structure is little bulky molecule having couple of halo- 

en atoms at one side whereas other part contain benzene ring 

tructure. The benzene ring having chlorine atoms showed its 
9 
resence at opening region of binding pocket, whereas the ben- 

ene ring showed its presence outside the opening side of bind- 

ng pocket. The graphical representation of binding pocket is rep- 

esented in Fig. 5 . 

.11.3. Binding interaction behavior 

The best docked complex was selected to better understand the 

inding interaction behavior of ligand ( E-DPPC ) against caspase- 

. Docking analysis showed that compound E-DPPC was actively 

onfined within active binding region of receptor molecule ( Fig. 4 

 ). In detail, the structure activity relationship (SAR) study showed 

hat one hydrogen and one hydrophobic interaction was observed 

n E-DPPC -docking complex. The nitrogen atom of five mem- 

ered ring structure in E-DPPC forms single hydrogen bond with 

ys137 having bond length 2.90 Å. Moreover, chlorine (Cl) atom 

f E-DPPC forms hydrophobic interaction with bond length 3.70 
˚
 against Val266. Research data also ensured the importance of 

hese residues in bonding with other caspase-3 inhibitors which 

trengthen our docking results [62] . The computational binding en- 

rgy and SAR analysis showed the significance of E-DPPC and may 

onsider as potent inhibitor against caspase-3 ( Fig. 4 B ). 

. Conclusions 

Here, the new (E )- N’ -(2,4-dichlorobenzylidene)-5-phenyl- 1H - 

yrazole-3-carbohydrazide ( E-DPPC ) has been synthesized and 

haracterized by using FT-IR, 1 H-NMR, ESI-MS, and single-crystal 

-ray diffraction. Functional hybrid B3LYP/6-311 ++ G 

∗∗ calcula- 

ions were performed in gas phase and in aqueous solution 

o study the structures and properties of this new pyrazole-3- 

arbohydrazide derivative. In solution, the calculations were car- 

ied out with the self-consistent reaction field (SCRF) method 

nd, the IEFPCM and universal solvation models. Two stable struc- 

ures with similar energies were found in the PES and, for these 

easons, only the properties of conformer C2 were studied in 

oth media. C2 evidence a higher dipole moment and a vol- 

me contraction in solution attributed to the presence of two 

onors H bonds groups (N-H) and of five acceptors H bonds 

N and O atoms). Besides, the changes in orientation and direc- 

ion of dipole moment vector in solution are attributed to the 

ydration of E-DPPC with water molecules. C2 shows a �G c 

alue of -130.83 kJ/mol between ( E )- N’ -4-methoxybenzylidene)- 

-methyl- 1H -pyrazole-3-carbohydrazide (E-MBPC) (-131.34 kJ/mol) 

nd ( E )- N’ -(4-(dimethylamino)benzylidene)-5-methyl- 1H -pyrazole- 

-carbohydrazide (E-MABPC) (-129.50 kJ/mol) derivatives. The re- 

ulsion existent between the negative MK, Mulliken and NPA 

harges on the N12 and O15 atoms explain the diminishing of N12- 

14-O15 angle from 123.77 ° in gas phase to 123.03 ° in solution. 

Nucleophilic sites are visibly observed on the acceptor H bonds 

roups (N10, O15 and N22 atoms) while on the N18-H21, N12-H13, 

11-H23, C2-H3, C17-H20 bonds characteristics electrophilic sites 

onors H bonds, being the N18-H21 bond the most labile donor of 

 bond with the lowest MEP and bond order values. NBO calcu- 

ations suggest that C2 in aqueous solution is clearly most stable 

han in gas phase. AIM studies show that C2 of E-DPPC is stable 

n both media due to new H bonds formed. The gap value in solu- 

ion (4.3294 eV) has a lower value than that observed in gas phase 

4.3674 eV) indicating this way, that C2 is most reactive in solu- 

ion. The harmonic force fields in both media were calculated to- 

ether with the scaled force constants while the 102 vibration nor- 

al modes expected for C2 were completely assigned. The compar- 

sons of experimental NMR and UV-visible spectra with the corre- 

ponding predicted evidence reasonable correlations. Additionally, 

he molecular docking results ascertained the binding relationship 

etween the E-DPPC and enzyme. Thus, it can be indicated that, 
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Fig. 4. Binding pocket of target protein. 

Fig. 5. (A, B). Binding pocket of caspase-3 with E-DPPC interaction. The binding 

pocket residues are highlighted in purple color while ligand structure is represented 

in blue color. The hydrogen and hydrophobic interaction are labelled with red and 

dark blue colors, having distances mentioned in angstrom ( ̊A). 
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-DPPC could be exploited as a potent aspirant of the drug by tar- 

eting caspase-3 in medicinal field. 
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