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ARTICLE INFO ABSTRACT

Keywords: Drug design is an integrated and developing system that portends an era of a novel and safe tailored drugs. It

XRD involves studying the effects of biologically active synthetic, semi-synthetic, and natural compounds based on

Doc}(ing an.alysis . molecular interactions in terms of molecular structure with activated functional groups or its unique physico-

;li);sl]:;:lrjcst;t:g::ergles chemical properties involved. The title compound, N-(2-aminophenyl)-2-(4-bromophenoxy) acetamide (c), was

DET synthesized in a good yield and characterized by different spectroscopic techniques (*H, *>*CNMR, and LC-MS) and
finally, the structure was confirmed by X-ray diffraction (XRD) studies. The XRD data confirms that the cryatal
structure is orthorhombic with space group of Pca2;. The intermolecular interactions (N-H ... O and N-H ... Cg)
inside the molecule stabilizes the crystal structure. The existence of this intermolecular interactions are computed
by the Hirshfeld surfaces (HS) and two-dimensional (2D) fingerprints plot analysis. In addition to this, Energy
frame work analysis is performed to quantify the interaction energies between the molecular pairs in a crystal by
incorporating new version of CrystalExplorer17 using the energy model of HF/3-21G. Also to calculate the HOMO
and LUMO energies, DFT calculations were carried out.

1. Introduction

In chemotherapy, an effective drug molecule should be capable of
interacting with a target protein in the body to reach the target receptor
and achieve the goal of the treatment [1, 2]. Systematically, the medic-
inal chemist has to observe the exact contributions in which each func-
tional group makes to the relative physical and chemical properties of the
molecule to determine how these modifications impact biological actions
to design better medicinal agents to meet the growing challenges in
finding selective drugs [3, 4, 5]. As a result, growing knowledge and
understanding of the nature of diseases and drugs has progressively
resulted in the intentional design, synthesis, and evaluation of candidate
drug molecules. Matrix metalloproteinase (MMP) are recognized bio-
logical objectives involved in tumor progression, innate immunity, ho-
meostatic regulation, destroy pro-apoptotic ligand delivery, and
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cell-surface receptor release as well as the cleavage [6]. MMPs as in-
hibitors play significant roles in tumor treatment by promoting the
degradation of the extracellular matrix. Therefore, the design and
development of effective and specific inhibitor agents that target these
enzymes are still highly pursued. Acetamide nucleus and its derivatives
are important drugs classes in medicinal chemistry, and many com-
pounds containing benzamide show significant biological activities [7].
Significant attention has also been given to acetamide molecules because
of their broad applications as pharmaceutical agents. From both the
theoretical and a practical perspective, their great results are highly
encouraging to study these compounds in deeply [8]. The natural and
synthetic compounds with acetamide nucleus exhibited diverse phar-
macological activities such as anti-cancer [9], anti-angiogenic [10],
anti-oxidant [11], anti-metastasis [12], anti-inflammatory [13],
anti-microbial [14], tranquilizer [15], analgesic, anti-convulsant etc.
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Figure 1. Synthesis of the title compound (c).

[16] and the acetamide residue is found in many proteins [17]. There-
fore, the design of new acetamide drugs with less toxicity and a lesser
side effect is frequently used in medicinal chemistry, representing a wide
range of various biological activities. Because of this application and as
part of our on-going work [18, 19, 20], the title compound is synthesized
and their structural characterization was studied by single-crystal XRD
technique. Molecular docking and Hirshfeld surface investigations also
supported the study, which highlighted the interaction of this compound
as a very promising MMP-2 inhibitor.
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2. Experimental section
2.1. Materials and methods

All chemicals, solvents and starting materials were procured from TCI
Chemical Pvt. Ltd., Sigma Aldrich, and it used without further purifica-
tion. Chemi Line CL 725 Microcontroller based with melting point
apparatus with digital thermometer used to determine melting point. The
NMR spectrum (1H and 13C) was documented on a VNMRS-400 MHz
Agilent-NMR spectrophotometer in DMSO, and Mass spectra was
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Figure 2. 'H NMR spectrum of synthesized compound (c).
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Table 1. Experimental data and structure refinement details.

Molecular formula C14 Hi3 Br N, Oy

Molecular weight 321.17

Density 1.613 Mgm >

Space group Pca2,

Crystal system Orthorhombic
Wavelength and Radiation type 0.71073A and MoK,
0 range for data collection 2.44° -28.32°

Unit cell parameters (A) a=10.426 (3)A, b = 13.904 (4)A, c = 9.123 (2)A,
Volume (A%) 1322.5 (4)

4 4

Temperature (K) 296K

absorption coefficient p(mm ~1) 3.107

Fooo 648

Crystal size (mm) 0.22 x 0.21 x 0.20

Diffractometer Bruker D8 Quest Eco
11 i 1 v 0.510, 0.537
Reflections collected 11923
Data/restraints/parameters 2871/1/172
Data/restraints/parameters 2871/1/172

Index ranges h=-13-13,k =-18-17,1 = -8-12

Refinement method least-squares method
Goodness-of-Fit 1.028
R1 = 0.0357,wR2 = 0.0777

0.27, -0.25

R values
A p maxs A Pmin eA®

obtained with a VG70-70H spectrophotometer. The elemental analysis
results are within +0.4% of the calculated value.

2.2. Synthetic procedure of N-(2-aminophenyl)-2-(4-bromophenoxy)
acetamide (c)

The synthesis and synthetic procedure of the title compound(c), as
shown in Figure 1. The 4-bromophenoxy acid (a, 0.008 mol) was dis-
solved in dry Dichloromethane (DCM, 15 mL), and lutidine was added at
room temperature, followed by the addition of 1,2-diaminobenzene (b,
0.008 mol), Then the reaction mixture was stirred at the same environ-
ment for 30 min. The reaction was cooled in an ice bath to 0-5 °C, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU, 0.02 mol) was added over 30 min while maintaining the
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Figure 4. Molecular packing viewed along a axis. and intermolecular
interactions.

temperature below 5 °C. Later, the reaction was stirred overnight and
monitored by TLC using the mobile phase system [hexane: ethyl acetate
(6:2)]. The reaction mixture was diluted with 30 mL of DCM and treated
with 1.5N hydrochloric acid solution (25 mL). The organic layer was
washed with water (3 x 30 mL) and brine (3 x 30 mL). Finally, the
organic layer was dried over anhydrous sodium sulfate and concentrated
to afford the compound (c) [21, 22]. Then it dried to obtain a crude
product which on recrystallization with a mixture of (Ethanol and
Acetonitrile) solvents afforded the title compound (c) as a colourless
crystal. 'HNMR spectrum of the synthesized compound (c) was shown in
Figure 2.

Figure 3. ORTEP diagram of the molecule.
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Table 2. Docking energy scores (kcal/mol) derived from the MOE for the complex of MMP-2-c.

Mol Rseq Mseq S Rmsd-Refine E_Conf E_Place E_Scorel E_Refine E Score2
1 B'\ 1 1 -7.4807 3.1178 -10.5306 -60.3399 -9.0050 -58.2949 -7.4807
oL
N
o
2 1 1 -6.9429 1.3521 -12.6482 -67.7620 -8.6105 -54.5694 -6.9429
5 1 1 -6.8631 2.8109 -10.2922 -64.5918 -8.6905 -51.6884 -6.8631
4 1 1 -6.5298 1.0206 -8.0021 -39.0260 -9.3818 -30.9748 -6.5298
S
O N
er
5 _Br 1 1 -6.4901 4.4836 -11.8713 -57.5256 -8.7146 -46.5586 -6.4901
o0

Figure 5. a) MMP-2 interaction with compound (c) at the pocket site with residue amino acids in MMP-c¢ complex. b) Ribbon diagram of the 1hov and the ligand as a

complex molecule.
2.3. Single crystal X-ray diffraction(XRD) analysis

A good quality, suitable, white colored block-shaped single-crystal of
the titled compound (c) with the dimensions 0.22 x 0.21 x 0.20mm was
selected for XRD study. The intensity data was recorded on a Bruker D8
quest Eco diffractometer using the radiation of type Moka with the
wavelength of 0.71073 A. SADABS software was used to process the XRD
data. The processed XRD data was used to solve the crystal structure by
direct methods using the software SHELXT [23] and refined by using
SHELXL2018/3 program. All the hydrogen atoms are positioned at
chemically accepted positions. PLATON software was used to calculate
the geometrical parameters associated with the crystal structure [24].
The ORTEP of the molecule and crystal packing were generated by
MERCURY software [25]. The experimental data and refinement details
were depicted in Table 1 and the related .cif, .fcf and .checkcif have been
included in supplementary files. A list of bond distances (Bond lengths)
and angle between three atoms (Bond angles) are tabulated in

Supplementary Table S1 are in agreement with the reported structure
[26] and related torsion angles are reported in Supplementary Table S2.

2.4. Molecular modelling studies

2.4.1. Computational method

The crystal structure of MMP-2, a metastasis regulator, was im-
ported from the PDB database with the following [PDB ID: 1hov] [27].
The ligand-receptor complexes were then superimposed over each
other. Futher the ligand molecule structures were drawn using Chem
Draw Professional 16.0, and the energies minimization were per-
formed using Chem3D 16.0. All molecular docking was carried out
with the AutoDockTools-1.5.6 (ADT) [28]. This is one of the docking
engines with the most common use. Using the ADT, the following
multistep process was used for docking ligand to a specific receptor
protonation phase, (i) The polar hydrogens were considered, while
nonpolar has been merged. (ii) In the next step, Gasteiger charges
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Figure 6. a) The 2D interactions analysis of the title compound with MMP-2. b) 3D representation of the title compound in the active site of MMP-2. c¢) hydrogen-bond
interaction view of the ligand molecule (title compound) with GLU121 and LEU83 in MMP-2 protein.

were also added to the receptors as well as ligands molecules. (iii) A
box of size 88 x 78 x 102 A% with a grid spacing of 0.822 A was
defined around the active site of MMP-2 such that it included all the
residues that are critical for the interaction with the inhibitor. (iv) The
grid map around each MMP-2 receptor's active site was generated by
the probe atoms utilizing the Auto Grid program. Each grid point in
the map represents the potential energy of a probe atom in the
presence of all the atoms of the receptor molecule. (v) The ligand
molecule was docked at the active site MMP-2. The docking calcula-
tions were performed by using Lamarkian Genetic Algorithm (LGA)
[29]. One hundred runs with 25000000 (maximum) evaluations and
270000 generations were used for the docking simulation. The pre-
dictions made by the Auto Dock program were further validated by
performing the docking trials using the molecular Operating Envi-
ronment 2015.10 (MOE) program which was performed on Windows
2010 version to examine the molecular interactions engaged between
both the active binding sites of the target protein and the potent

ligand (c) to know the selectivity of the synthesized compounds which
can use as anti-cancer drugs [30]. After obtaining docking results and
docking and interaction analysis, the resulting best pose score values
in the series have been used.

2.5. Hirshfeld surfaces(HS)

The nature and existence of the intermolecular interactions involved
in the molecular structure is explored and visualized using HS and its
related 2D fingerprint plots. They are obtained by supplying .cif (crys-
tallographic information file) into the Crystal Explorer 17 software [31].
The Hirshfeld surfaces mapped over d;orm (normalized contact distance)
enables identifying the particular region on the total surface that is
involved in intermolecular interactions. The value of do;, may be either
negative or positive and is displayed using red, white and blue color
scheme used to recognize the shorter and longer intermolecular inter-
action. Red and blue regions on the surface represents the intermolecular
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contacts shorter and longer than the van der Waals radii with negative
and positive dporm values respectively whereas the white region denotes
the neutral contacts with zero d pormvalue. Apart from these, the intense
red-colored circular spots on the dnorm surface always arise due to the
presence of D-H ... A type of hydrogen bonding interaction which takes a
prime role in the formation of the crystal. The Hirshfeld surface was also
mapped on the property of electrostatic potentials using the basis set of
Hartee-Fock (HF) [32] level theory to confirm donor and acceptor po-
tentials reveal close contacts in the crystal.

The decomposed form of D-H ... A interaction can be studied using
two-dimensional fingerprint plots. It also provides the information on the
summary of intercontacts and their percentage of contribution towards
crystal packing.

2.6. 3D-energy frameworks

The analysis and calculations of pairwise interaction energies
within a crystals plays a vital role in the crystal packing and inter-
molecular interactions. Owing to the above importance, the authors
have studied interaction energies for the compound(c) using the new
feature HF/3-21G of CRYSTAL Explore 17 software [33, 34]. It was
used to compute interaction energies between the molecular units in a
crystal. This can be performed by providing final refined .cif file into
the CrystalExplorerl?7.

3. Results and discussion
3.1. Spectral data

3.1.1. N-(2-aminophenyl)-2-(4-bromophenoxy)acetamide (c)

Yield 70%; m.p.166-169 °C; 'HNMR (400 MHz, DMSO-dg) &
(ppm): 4.65 (s, 2H, OCHy), 4.68 (s, 2H, NH), 6.52-7.41 (m, 8H,
Ar-H), 9.14 (s, 1H, NH); 3C NMR (DMSO-dg) &: 67.54, 112.97,
116.24, 116.55, 117.47, 122.70, 126.48, 126.87, 132.55, 143.05,
157.62, 166.76; LC-MS m/z: 320 [M+], 322 [M+2]. Anal. Calcd. for
C14H;13BrN2O5 (320): C, 60.77; H, 4.74; N, 10.12 Found: C, 60.75; H,
4.72; N, 10.10 %

3.2. Crystal and molecular structure

The titled molecule (¢) comprises 2-aminophenyl and 4-bromophenyl
rings connected by -NH-C=0-(CH3) = O chain whose displacement
ellipsoidal plot (OPTEP) is drawn 50% of probability level is shown in
Figure 3. The structure adopts a non-planar structure with a dihedral
angle of 52.1 (2)° between terminal phenyl rings (C9/C14) (C1/C6) with
maximum deviation (root mean square) of 0.008A for C8 atom. The
torsion angles between the -NH-C=0-(CHjy) = O bridge and the ami-
nophenyl (C9/C14) and bromophenyl (C1/C6) rings are 75.4 (5)°
(C4-01-C7-C8), 132.1 (4)° (C8-N1-C9-C10), -5.1 (5) (C9-N1-C8-02)
also reveals the non-planarity of a molecule. Further, in the molecular
structure, bromine and amine (-NH>) substituent's at C1 and C10 on the
terminal phenyl rings were adopted + anti-periplanar and -anti-periplanar
confirmation with the torsion angles of Br1-C1-C2-C3 = 179.4 (4)° and
N2-C10-C11-C12 = -179.5 (5)° respectively. In a crystal structure,
molecules are interconnected by N1-H1 ... O1, N1-H1 ... O2 intermo-
lecular hydrogen bond interactions (shown in Supplementary Table S3).
The molecule exhibits one-dimensional independent polymeric chains
propagate in the direction of the crystallographic a-axis (Figure 4). The
molecular structure is also stabilized by the N-H ... © intermolecular
interaction of the type N2-H2A ---Cg2, Cg2 is the centroid of the amino
phenyle ring (C9-C14) (Figure 3) with an N-Cg distance of 3.477 A,
H.--Cg distance of 2.96 A, N-H---Cg angle of 121°, and with a symmetry
code 1-X,3-Y,-1/2 + Z.

Heliyon 7 (2021) e06464

HB-Donor

HB-acceptor

a)d

norm

HB-Donor

b) Electrostatic potential

HB-acceptor

Figure 7. a) The 3D Hirshfeld surface mapped on dnom and b) electro-
static potential,

3.3. Molecular docking analysis and molecular dynamics simulation
methods

3.3.1. Ligand (c) interacts with MMP-2

By following the standard procedures [27, 30], the molecular docking
was carried out, as well as the analysis showed that the molecule (c) has
highly interacted with MMP-2 protein. With particular docking param-
eters and scoring functions, the ligand's crystal poses were initially
re-docked into the exact binding site of target MMP-2 to confirm whether
the docking software ADT was suitable for the MMP-2. In addition, the
generated (10) confirmations were then compared to the various poses of
the crystal structure. This implied that ADT was suitable for the MMP-2
and then could properly reproduce the crystal binding model. To achieve
the starting model for subsequent molecular docking simulations, the
ligand was docked into the same binding pocket site of MMP-2 using the
same optimum docking conditions mentioned above. To better under-
stand how ligand influences the binding mode with MMP-2, the struc-
tural changes of the two complexes were examined. To visualize, the
results are overlapped during the molecular docking simulations of
which coordinates were also saved. To know the compound's selectivity
for MMP-2, and by helping of AD tools, docking studies were conducted
out to examine the molecular interactions occurring between both the
target proteins' active binding site and the ligand (c). Based on its lowest
binding energy involved in the complex formation at the exact active
sites, the inhibitory activity of the MMP-2 was then detected. The docked
compound's binding energies on MMP-2 were found in the range of -6.49
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Figure 8. Two-dimensional fingerprint plots of the compound (c).

to -7.48 kcal/mol as shown in Table 2. Several amino acid residues are
involved in a particular binding mode; however, different hydrogen
bonds interactions could be observed between the ligand (¢) and MMP-2
which means that this ligand is stable throughout the molecular docking
simulation as showed in Figures 5 and 6. The Ramachandran plot illus-
trates the MMP-2 modelled protein's phi/psi values. Moreover, the graph
presents the rotamer energy plots, residue clashing and contact energy
profile of amino acid residues of the MMP-2 proteins' amino acid resi-
dues, as shown in Supplementary Figure S1. The docking analysis
revealed that the compound (c¢) could be selected for more investigation
in further as a metastasis inhibitor targeting cancer disease.

3.4. Hirshfeld surface calculations

Hirsfeld surface of the compound(c) is mapped with dporm was
generated over a fixed color scale of -0.5122au (red) and 1.3642 au
(blue) as shown in Figure 7a. The intense red-colored circular spots
marked as 1 and 2 on the dpopy, is due to the presence of N1-H1 ... O1 and
NI-H1 ... O2 contacts, respectively as shown in Supplementary Table S3.
Also, the electrostatic potential (Figure 7b) mapped over Hirshfeld sur-
faces visualizes the intermolecular interaction responsible for molecular
packing in the crystal. The red and blue regions on the surface corre-
sponds to negative (hydrogen bond acceptors) and positive (hydrogen
bond donors) electrostatic potentials respectively.

The 2D fingerprint plots were obtained in an expanded mode for all
available pairs of contacts, as shown in Figure 8. It provides the most
useful information, such as a summary of the interaction between various
pairs of contacts available towards crystal packing. The final results of
two-dimensional fingerprint calculations of a compound (c) depicts that a

pair of H ... H interactions have a significant contribution of 34.4%
emerged as a pair of spikes fused almost in the same region of 0.92A< (d.
+dy) < 0.93A followed by another significant contribution of 28.8% from
the pair of H ... C contacts which were reflected as unique wings allying
in the region of 1.12A< (de + dp < 1.66A. The contribution of H ... Br
contacts to HS area is 16.1% seen as two independent symmetric wings
over the region of 1.18A< de+dp) < 1.85A. The interaction between H
and heteroatom (O) which is H ... O pair of contacts contributed about
13.6% appeared in the form of two sharp spikes like pattern spread in the
region of 0.81°\<(d e + di)<l.151°\, whereas the H ... N interaction was
observed as the least contribution. Only 2.4% can be viewed as blue
colored spots spread over the region 1.25A< (d. + dj) < 1.65A.

3.5. Energy framework analysis

The final validated cif is made available as input to the Crystal Ex-
plorer program [35] of latest version and the pairwise interaction en-
ergies are calculated by constructing a cluster of molecules within a
radius of 3.8A for a chosen reference molecule and energy frame works
were constructed using CE-HF/3-21G energy model shown in Figure 9.

The total interaction energy is shown in a component form such as
Eele, Epol, Edis, and Erep, in Supplementary Figure S2. In each case, the
interaction energy was mapped to its constituents of a cluster using
cylinders of size 200 (for clear visualization of inter-actions) with 10
kJmol ™! of cut-off energy values (to avoid clumsiness due to presence of
weak interactions) and scale factors used for benchmarked energies are
kele = 1.019, kpo1 = 0.651, kgisp = 0.901, krep = 0.811. The cylinders of
different thickness represent the relative strength of the interaction be-
tween the original one with its constituents in a crystal. It has used red,
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Figure 9. Color code mapping of a cluster's constituents with respect to reference molecule.

green, and blue colors in electrostatic, dispersion, and total energy
frameworks. In the three-dimensional energy framework, the maximum
interaction energy of -60.9 kJmol™ was noticed for the molecules at
4.62A. Coincidently the dispersion and total energies were also observed
as maximum for the same members of a cluster with -57.1 kJmol™* and
-85.4 kJmol ™!, respectively. These values are very useful to calculate
lattice energies in a molecular crystal. The interaction energy calcula-
tions are exhibited in Figure 10.R’ in the figure indicates the distance
between the molecular centroids (mean atomic position) in A, Syomp
represents the symmetry operation. The overall energy framework study
reveals that dispersion Egis interaction energies dominated the Eele
electrostatic energy.

4. DFT and frontier orbitals of a molecule

Frontier molecular orbitals (FMO) such as Highest occupied molec-
ular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO)
play a predominent role in the kinetic stability of a molecule in a crystal.
Hence Frontier molecular orbitals were analysed through Density func-
tional theroy (DFT) by using Gamess software with 6-31G (d,p) basic set
at the B3LYP level [36, 37]. The HOMO has the capacity to donate an
electron whereas LUMO has the capacity to accept an electron. The en-
ergy gap between HOMO and LUMO plays major role in describing the
ability of a molecule to tranfer the charges. When the orbital energy gap
between them is small, the molecule will be more reactive. The

N Symop R Electron Density | E ele | E_pol | E_dis | E_rep | E_tot
2 x+1/2,-y,z 10.52 HF3-21G 103 -6.3 -25.0 153 -37
2 xyz 10.43 HF3-21G 14 -0.5 -64 038 -40
2 [x+1/2,y,z+12 | 10.73 HF3-21G -16 -1.4 -12.6 53 97
2 | x+1/72,y,z+172 462 HF3-21G -60.9 =227 -57.1 52.9 -854
2 [x+1/72,-y,z 7.06 HF3-21G -63 -1.4 -225 131 | -170
2 bx, -y, z+12 798 HF3-21G 05 -0.3 -75 24 -45
2 kX, -y, z+12 8.87 HF3-21G -36 -1.3 -17.6 8.1 -138
2 X, -y, z+12 11.16 HF3-21G -184 -7.2 -193 9.7 -329

Figure 10. Interaction energies (kJ/mole) of Molecular pairs.
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~E = 5.406eV

Figure 11. HOMO and LUMO

Table 3. Global descriptive parameters and calculated energy values.

Chemical parameters Values
Enomo -5.8095eV
Boe -0.4027eV
Egap (ev) 5.406eV
Tonization potential(I) 5.8095eV
Electron affinity(A) 0.4027eV
Chemical hardness () 2.703eV !
Global softness () 0.369eV
Chemical potential (p) -3.106eV
Electronegativity (y) 3.106eV
Electrophilicity (w) 1.784eV

calculated HOMO-LUMO gap of the molecule is 5.406eV, which shows
that the molecule is less reactive and highly stable. The molecular orbital
pictures of HOMO and LUMO are depicted in Figure 11. This shows
HOMO is concentrated over the whole molecule, and LUMO is more
concentrated over the amino phenyl ring. The FMO energies, the band
gap energy (Eg,p), and related global descriptive parameters are calcu-
lated and tabulated in Table 3.

5. Conclusion

The compound (¢) was crystallized into an orthorhombic crystal
system with the space group of Pca2;. The Hirshfeld surfaces and 2D
fingerprint plots analysis provided the complete insight into cryatal
packing and intermolecular interactions. The 3D intermolecular inter-
action energies between the molecular pair was studied, visualized,
and analysed. Their result showed that in the crystal, electrostatic energy
Ecle was dominated over dispersion Egjs energy. The in-silico analysis re-
veals that the title ligand (c) showed good binding energy with a hopeful
active molecule for cancer treatment. Interaction energy of the ligand (c)

with MMP -2 protein is (-7.48 kJ/mol) and it suggests that to be selective
as an anti-cancer agent with further investigations. The orbital energy
gap of 5.406 eV between HOMO and LUMO, specifies the hardness and
more stability of the compound.
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