Chemical Physics Letters 857 (2024) 141725

ELSEVIER

Contents lists available at ScienceDirect
Chemical Physics Letters

journal homepage: www.elsevier.com/locate/cplett

ot CHEMICXL

Check for

Structure-property relationship of two gamma-lactam derivatives: Hirshfeld &
surface analysis, DFT, and molecular dynamics simulations

Fan Xue®, Habbanakuppe D Preetham ", Rameshwari Verma %" Chandra®, T.N. Lohith ¢,
Sahana Raju 4 Divakara S.°, Mohd Sajid Alif, Hamad A. Al-Lohedan ! Harsha Ramakrishna ¢,
Kothanahally S. Sharath Kumar ", Vivek Hamse Kameshwar &

@ School of Chemistry and Chemical Engineering, Yulin 719000, Shaanxi, China
Y Department of Studies in Chemistry, Manasagangotri, University of Mysore, Mysuru, India

¢ Department of Physics, The National Institute of Engineering, Manandavadi Road, Mysuru 570008, India

4 Department of Physics, GSSS Institute of Engineering and Technology for Women, Metagalli, Mysuru, Visvesvaraya Technological University, Belagavi, Karnataka, India
¢ Department of Physics, Vidyavardhaka College of Engineering, Mysuru, Affiliated to Visvesvaraya Technological University, Belagavi, India

f Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

8 Department of Biotechnology, Adichunchanagiri School of Natural Sciences, ACU-CRI, Adichunchanagiri University, B. G Nagara-571448, Karnataka, India

ARTICLE INFO ABSTRACT

Keywords:
Gamma-lactam

Hirshfeld surface analysis
DFT

Molecular docking

Complete structural and non-covalent interactions of 2a and 2b are examined by single crystal X-ray diffraction
and computational studies. Hirshfeld surface analysis showed differences in the relative contribution of non-
covalent interactions of 2a and 2b. Fingerprint plots recognize the major contribution of H'H contacts in 2a
and 2b. Density functional theory using implicit solvation models, the energy gap of the frontier molecular
orbitals found to be 4.624 eV in 2a and 4.264 eV in 2b. Docking studies predicted that 2a and 2b have suitable

structures to target Human Topoisomerase II Alpha, which was further validated using MM/GBSA and MDSs

studies.

1. Introduction

The y-hydroxy-y-lactams are nitrogen based heterocyclic moieties
that are present in a variety of natural compounds and in synthetic drug
molecules [1,2]. In 1986, Baldwin et al. [3] and researchers from Eli Lilly
independently reported the first y-lactam analogues of penicillins that
were effective as antibiotics [4,5]. The y-lactam ring (also referred as
y-butyrolactam, pyrrolidin-2-one, azolidin-2-one, or 2-oxopyrrolidine)
is a core structure in numerous natural and biologically active syn-
thetic compounds. Therefore y-lactams have been a major focus in me-
dicinal chemistry, consequently various synthetic methods are
developed to construct this structural component [6]. Several y-lactam
derivatives exhibit different biological functions, such as acting as an
antagonist of the endothelin receptor and preventing the human im-
munodeficiency virus from activating its integrase activity [7], anti-
oxidant [8] and anti-inflammatory properties [9,10]. Among different
y-lactams, 5-hydroxy-1,5-dihydro-2H-pyrrol-2-one (can also referred to
as y-hydroxy-y-lactam) derivatives have proven to be good bioactive
molecules [7,11]. For instance, two natural compounds with 5-hydroxy-
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1,5-dihydro-2H-pyrrol-2-ones in their fundamental structures are
myceliothermophins [12], and ianthellidones [9] which are isolated
from Myceliophthora thermophila and Ianthella genus respectively.
Furthermore, this structural unit is employed as a building block in
synthetic organic chemistry. For example, 5-allyl-5-hydroxy-3-iodo-1H-
pyrrol-2(5H)-one used as a precursor for the total synthesis of the nat-
ural compound lucilactaene [13].

Owing to the widespread occurrence of 5-hydroxy-1,5-dihydro-1H-
pyrrol-2-ones in pharmaceuticals and natural sources [14-16], several
synthetic attempts were made to construct 5-hydroxy-1H-pyrrol-2(5H)-
ones. Conventional synthetic methods involve condensation of
a,p-diketones and acetamides [17], oxidation of pyrrolidones [18,19],
the reaction of chalcones with isonitriles [20], and successive reduction
and addition of an organometallic compound to maleimides [21]. In
addition, we have recently reported a straightforward approach for the
synthesis of 5-hydroxy-1H-pyrrol-2(5H)-ones from easily accessible
starting materials [22]. Our reported method operates in moderate re-
action condition that allows sulfur ylide to undergo an intramolecular
cyclization with a ketonic carbonyl group followed by a 1,3-hydroxy
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Table 1
Crystal data and structure refinement details of the molecules (2a and 2b).
2a 2b

CCDC 2,157,931 2,157,925
Empirical formula C17H15NO, Cy7H14BrNO,
Formula weight 265.30 344.20
Temperature 294(2) K 294(2) K
Wavelength 0.71073 A 0.71073 A
Volume 1385.52(10) A® 748.4(4) A®
Space group P 21/c Pc

Cell dimensions

Density(calculated)

Z

Absorption coefficient

Fooo

h, k, I max

Nref

0 (max)

R (reflections)
WR2 (reflections)

a=6.4381(3) A
b =10.5698(4) A
¢ = 20.3794(8) A
B = 92.467(2)°
1.272 gem™3

4

0.084 mm™!
560.0

8, 14, 27

3441

28.281

0.0461 (2318)
0.1137 (3441)

a=13.830(3) A
b = 6.4501(19) A
¢ =8.643(4) A

B =103.917(11)°
1.527 g em ™3

2

2.750 mm ™!
348.0

18,8, 11

3533

28.289

0.0683 (1767)
0.1875 (3533)

rearrangement, giving good yields of 5-hydroxy-1H-pyrrol-2(5H)-ones.
A variety of lactam derivatives including Camptothecin are known to
inhibit topoisomerase [23-26]. Matteo Brindisi et al., reported that the
most lipophilic derivatives, bearing the 4-isopropylphenyl or 4-tert-
butylphenyl group at the y-lactam nitrogen, proved to be cytotoxic
against all the cancer cell lines tested, exerting their greatest activity in
SKBR-3 cells, with ICsg values of 33 and 18 pM, respectively [27]. DNA
topoisomerase enzymes are found across all forms of life and are
essential for cellular function [28]. Topoisomerases are vital for main-
taining the proper topology of DNA. They achieve this by catalyzing the
transient breaking and rejoining of DNA strands, allowing them to pass
through each other, relax supercoils, and resolve knots and catenanes
[29]. Inhibitors of topoisomerase II are key components of chemo-
therapy regimens for various types of cancer. For instance, compounds
like anthracyclines (e.g., doxorubicin) and epipodophyllotoxins (e.g.,
etoposide), target Topoisomerase Ila [30]. These inhibitors work by
interfering with the enzymatic activity of topoisomerase II, leading to
DNA strand breaks and ultimately inducing cell death. They are
particularly effective against rapidly dividing cells, which are charac-
teristic of many types of cancer [31].

Computer-aided drug design (CADD) is instrumental in identifying
pharmacophoric features and understanding the mechanism of action
[32,33]. Molecular docking, MM/GBSA, and molecular dynamics sim-
ulations have all proven to be good platforms for the identification of a
lead or drug candidate [34]. Therefore, using molecule docking, MM/
GBSA, and molecular dynamics simulations together not only offers
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consistent and complementary signals for predicting structural charac-
teristics but also helps to predict the bioactivity of a drug molecule
before it’s synthesis and screening [35]. The molecular docking in-
vestigations reveal the major interactions of compounds 2a and 2b with
the Human Topoisomerase II Alpha at the putative binding site of the
macromolecule, thereby inhibiting the Human Topoisomerase II Alpha
activity.

On the other hand, the structures of 2a and 2b were stabilized by
different intermolecular interactions including hydrogen bonding N-
H0, and C-H "N interactions. The y-lactams are significant in the study
due to their synthetic relevance; as part of our investigations, com-
pounds 2a and 2b were synthesized and characterized their structures
by spectroscopic data. Single crystal X-ray diffraction data verify the
molecular makeup of 2a and 2b. The intermolecular hydrogen bond
interactions were analyzed using Hirshfield surface and crystal structure
analysis. The molecular charge distribution, chemical reactive charac-
teristics, and molecular structure optimization of 2a and 2b were
examined using density functional theory (DFT) calculations. In recent
decades, DFT has gained attention in drug discovery for its cost-
effectiveness and accuracy in predicting the structural, physico-
chemical, and molecular characteristics of both synthesized and natu-
ral compounds. To understand the stability and reactive sites of a
molecule, chemical reactivity descriptors, HOMO—LUMO, and elec-
trostatic potential map are determined [36-38].

Herein we explored the conformational characteristics of two gamma
lactam derivatives and used in silico approach to analyse the binding
mode and dynamic properties of ligand and protein. The stability of
Human Topoisomerase II Alpha with 2a and 2b respectively were
evaluated by MDSs to study its stability during simulation. Physico-
chemical properties, bioavailability, Lipinski’s rule and druglikeness of

Table 2

Intermolecular hydrogen bond geometry of molecule (2a).
D-H A D-H (A) HA (A) DA (A) D-H"A (o)
02-H2001 0.882(19) 1.876(19) 2.7537(16) 173.9(18)
C10-H1002 0.93 2.30 3.2291(16) 174

Symmetry code: 1-x, —y, 1-z; —1 + X, y, z.

Table 3

Intermolecular and Intramolecular hydrogen bond geometry of molecule (2b).
D-H"A D-H (&) H"A (A) DA (A) D-H"A (o)
01-H20"02% 1.01(18) 1.99(13) 2.714(10) 127(12)
C6-H601* 0.93 2.55 3.134(14) 121
C11-H11B02° 0.97 2.55 2.882(12) 100

Symmetry code: a: x, —1 + y, z; b: x,-y, —1/2z; b-intramolecular interactions.

Fig. 1. Structures of 2a and 2b with anisotropic displacement ellipsoids drawn at 50% probability level.
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Fig. 3. HS of 2a mapped over (a) shape index, (b) curvedness. HS of 2b mapped over (c) shape index (d) curvedness.

compounds 2a and 2b were also evaluated by ADME analysis in the
current study.

2. Materials and methods
2.1. Synthesis

2.1.1. General procedure for the synthesis of compounds 2a and 2b

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.20 mmol) was dropped
slowly into a solution of vinyl sulfonyl salt (0.20 mmol) in acetonitrile
(5.0 mL) at 0 °C. After 15 min. the reaction was quenched with saturated
NH4CI solution. The desired compounds were extracted into dichloro-
methane (3 x 15 mL). The organic layers were dried over anhydrous
MgSO4 and evaporated the solvent under reduced pressure. The crude
compound was purified by column chromatography on neutral alumina
using a dichloromethane/methanol solvent mixture in a 99:1 ratio to
yield the desired compound.

Spectral data of compound 2a: White solid; Yield: 93 %; 'H NMR
(400 MHz, DMSO-dg) § 7.76-7.74 (m, 2H), 7.46-7.42 (m, 3H),
7.36-7.26 (m, 5H), 6.68 (s, 1H), 6.66 (s, 1H), 5.72 (d, J = 9.2 Hz, 1H),
4.80 (d, J = 15.6 Hz, 1H), 4.30 (d, J = 15.6 Hz, 1H). '3C NMR (101 MHz,
DMSO-dg) 5 166.1, 151.4, 133.6, 127.3, 126.1, 125.1, 124.2, 122.8,
119.0, 116.3, 77.1, 37.6. HRMS (ESI-TOF) m/z [M + H] ™ calculated for
C17H15NO; 266.1123; found 266.1151.

Spectral data of compound 2b: White solid; Yield: 86 %; 'H NMR
(400 MHz, DMSO-dg) 5 7.67-7.65 (m, 4H), 7.34-7.30 (m, 5H), 6.72 (s,
2H), 5.71 (s, 1H), 4.8 (d, J = 15.6 Hz, 1H), 4.3(d, J = 15.6 Hz, 1H). 13C
NMR (101 MHz, DMSO-de) 5 169.0, 157.3, 138.6, 131.6, 130.3, 129.1,
128.9, 128.0, 127.5, 120.3, 81.9, 42.3. HRMS (ESI-TOF) m/z [M ("°Br)
+ H] * calculated for Cy7H{3BrNO, 344.0221; found 344.0231; [M
(®'Br) + H] * calculated for C,,H$5BrNO, 346.0135; found 346.0188.
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Fig. 4. Selected FP plots of individual intermolecular interaction of 2a contributed to the total Hirshfeld surface area.

2.2. X-ray diffraction

The X-ray intensity data of compounds 2a and 2b were collected on
Bruker APEX II CCD diffractometer equipped with the MoKa radiation
(A = 0.71073 i\) at 294(2) K. SADABS software was used for data
correction and SAINT software was used for data reduction respectively.

The structures were solved by direct methods and refined by full matrix
least-squares method against F2 using SHELXS [39] and SHELXL pro-
gram [40] and the geometrical calculations were carried out using
PLATON software [41]. All hydrogen atoms were placed at calculated
positions and allowed to ride on their parent atoms. Non-hydrogen
atoms were refined anisotropically. The images of ORTEP and packing
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Fig. 5. Selected FP plots of individual intermolecular interaction of 2b contributed to the total Hirshfeld surface area.

diagrams of molecules 2a and 2b were generated using Mercury [42].

2.3. Hirshfeld surface (HS) analysis

The Hirshfeld surface (HS) studies are performed to investigate
intermolecular interactions in the crystal structures. The total electron
densities of spherical atoms are used to compute the HS, which is reliant

majorly on the electron dispersion of a molecule [43]. The HS is specific
for a given crystal and electronic environment of spherical atoms. The
dporm (normalized contact distance) was found in below given equation.
The 2D fingerprint plot summarises the intermolecular contacts present
in the crystal [44]. The HS shown in the present findings was produced
using Crystal Explorer 21.5 [45].
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Table 4 di -1 d, — W
The Summary of individual contacts and their contributions to the total HS. Arorm = ryw Y
Type of Percentage contributions
contacts 22 2b 2.4. Density functional theory (DFT)
H—H 52.7 37.6 . . .
C—H 28.8 20.9 DFT calculations for 2a and 2b were performed using Gaussian 09
O_H 14.2 15.6 [46] and the results were visualized with Gaussiview 6.0 [47]. The
H—Br - 12.8 structural coordinates of the compounds 2a and 2b are optimized using
g* 2* s 2; the DFT/B3LYP/6-311++G(d,p) level of theory in the solvent
o: o ” 2'0 (Dichloromethane) phase [48], with no symmetry constraints [49].
C—N 0.7 0.9 Frequency calculations were performed on optimized structures to
c—o0 0.3 0.6 ensure that they were at the minima of potential energy surface (PES).
N—H 0.2 0.4 The optimized structure yields the Khon-Sham molecular orbitals,

electrostatic potential map, and energies for both compounds.

2b

Fig. 6. Superposition of the structures obtained by XRD (pink) and DFT (teal). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

%9
LUMO | * f ?
e

Fig.

“
g
&gt

AE =4.264 eV

AE = 4.624 eV

2a

7. HOMO-LUMO orbitals of the compounds 2a and 2b.

+0.03 a.u. +0.03 a.u,

Fig. 8. MEP map of the two molecules 2a and 2b.
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Molecular docking and Molecular mechanics with generalized Born and surface area solvation of ligands 2a and 2b with the following targeted proteins.

PDB ID Ligand Molecular Docking (kcal/mol) MM/GBSA AG (kcal/mol)
Docking Glide (gnergy) Glide (Emoden) XP Total Coulomb Hbond Lipo vdW
Score Hbond Bind

5GWK 2a -8.33 —44.97 —58.47 -0.70 —37.54 —5.40 —0.53 -17.19 —35.46

2b —8.47 —46.35 —62.32 —0.70 —35.42 —7.20 —0.53 -17.19 -32.56
8ELC 2a -7.33 —44.97 —58.47 0.00 —-12.27 —27.89 —0.01 —15.18 —35.28

2b —7.48 —-36.89 —44.16 -0.70 —8.68 -23.12 —0.06 -13.79 —36.83
7EG1 2a —7.38 —30.87 —47.16 —0.70 —20.95 —7.14 —0.48 -22.48 —27.84

2b -7.25 —-39.18 —-54.76 -0.70 —28.15 -9.31 —0.54 —19.53 —-37.04
1FDW 2a —6.63 -31.97 —43.41 —0.70 —- —- —- —- —-

2b —7.48 -33.96 —42.08 —0.53 — — — —- —-
6FNM 2a —6.79 —35.09 —47.07 —0.84 — — — — —

2b —6.32 —-35.97 —45.26 —0.00 —- — — — —-
3VPO 2a —2.90 —34.87 —45.28 -0.33 —- —- —- —- —-

2b -3.15 —31.55 —40.77 —0.26 —- — — —- —-
8HID 2a —4.13 —27.10 —31.65 —-1.04 —- — — — —-

2b —4.02 -32.10 —34.04 —0.12 —- —- —- —- —-
1UKI 2a —5.82 -33.75 —45.68 0.00 — — — —- —

2b —5.86 —34.40 —47.63 —0.47 —- — — — —
7K2F 2a —4.03 -33.55 —44.52 —0.61 —- — — — —-

2b —4.08 -32.89 —43.21 —0.70 —- —- —- —- —-
80KO0 2a —5.14 —29.89 —38.96 —0.70 —- — — — —

2b —4.43 -30.95 —40.29 -0.70 —- — — — —-
6HKQ 2a —3.18 —28.61 -33.73 —0.35 —- —- —- —- —-

2b —3.58 —30.35 —36.23 —0.35 —- — — — —
5CVO 2a -1.16 —29.58 —36.48 -0.35 —- — — — —-

2b -0.70 -31.71 —38.67 -0.35 —- —- —- —- —-
4ZKA 2b -3.93 —29.20 —30.08 —0.72 —- —- —- —- —-

Koopman’s approximation [50] is used to estimate the HOMO-LUMO
energy gap and associated reactive characteristics such as electro-
negativity, chemical potential, hardness, softness, and electrophilicity.
A molecular electrostatic potential (MEP) map was utilized to view and
understand the molecule’s charge distribution and reactive sites present
in molecules 2a and 2b [51].

2.5. Molecular docking and molecular dynamic simulations

The molecular docking procedure was carried out as per the litera-
ture method [52]. A series of crystal structures of protein, namely
Human topoisomerase II alpha, PDE3A, JNK2, Ephrin B4 (EphB4) Re-
ceptor Protein Kinase, Human 17p-Hydroxysteroid-Dehydrogenase,
glutaminase, catalase, JNK1, human KEAP1, human NQO1, GPX4, and
ubiquitin with their pdb id are 5GWK, 7EG1, 8ELC, 6FNM, 1FDW, 3VPO,
8HID, 1UKI, 7K2F, 80K0, 6HKQ, 5CVO, and 4ZKA respectively were
imported into workspace. The coordinates were acquired from the
protein data bank. Each protein was generated using a standard set of
parameters, which involved automated bond creation, bond orders,
hybridization, explicit hydrogen, and charge assignments. Additionally,
water molecules near heteroatoms exceeding 5 A were eliminated from
the proteins. We utilized the protein preparation wizard to get each
protein ready, keeping the catalytic water molecules at the active site,
and then applied an OPLS3 force field for restrain minimization based on
reference [53]. To ensure convergence of the large atoms during the
protein pre-processing for docking in the maestro’s prime module, we
set the root-mean-square deviation (RMSD) at 0.30 A. Once the protein
was prepared, we computed a grid generation with a 20 A separation
from the active site. DFT optimized structure of 2a and 2b was used to
dock into a receptor grid with a radius of 20 A using extra-precision
docking, and docking calculation was then evaluated using the dock-
ing score [54-56].

2.6. MM/GBSA calculation
The strength of the connection and the influence of specific changes

on how a ligand binds are evident in the binding energy (AGgjnq) of a
protein and a ligand. The top scorer in molecular docking protein-ligand

adduct was used to evaluate for MM/GBSA. The Prime MM/GBSA
module in Maestro was used in this investigation to predict AGginq [57].
The posture viewer data for the docked complex has been posted to the
MM/GBSA panel. We used the OPLS3 force field and applied the VSGB
2.0 solvation model [58]. AGping) Was calculated as below

AGpind) = Ecomplex(minimized ) — [Ejjgana( minimized )

+ Ereceptor( minimized )}

where AGginqis binding free energy and Ecomplex(minimized), Ej
gand(minimized), and Ereceptor(minimized) are minimized energies of
receptor-ligand complex, ligand, and receptor, respectively [59].

2.7. Molecular dynamic simulations (MDSs) and ADME

This study conducted MDSs on a 64-bit Ubuntu 20.04 platform in the
Maéstro 9.1 software [57,60]. The molecular docking and MM/GBSA
promising scores for 2a and 2b ligands were taken for MDSs. The docked
human topoisomerase II alpha complexed with ligand was chosen for
MDSs. The complex was socked using the TIP4P water model using the
system-builder option in the solvated orthorhombic periodic boundary
of the box. To neutralize the complex, Mg" ions (1.719 mM, with a
charge of + 4) were added, Na™ ions (60.175 mM, with a charge of +
140), and CI ions (50.719 mM, with a charge of —118) were added. The
Desmond program’s default relaxation technique performed MDSs and a
periodic boundary condition in the number of atoms, pressure, and
temperature (NPT) ensemble, 310 K as the temperature and 1 atmo-
sphere as the pressure. The RMSD and total energy of the complexes
were examined using simulation-interaction plots. The simulation was
done for up to 200 ns [61]. ADMET was calculated using the Swissadme
web tool for the synthesized molecules [62].

3. Results and discussion
3.1. X-ray crystallography and spectroscopic data

The crystal structures of 2a and 2b molecules show that they crys-
tallize in a monoclinic system with the space groups P 21/c for 2a and P
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Topoisomerase Ila. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

c for 2b respectively. The complete crystal data and structure refinement
of molecules 2a and 2b are tabulated in Table 1. The ORTEP represen-
tation of the compounds (2a and 2b) drawn at 50 % probability is shown
in Fig. 1 and the packing representation of both the molecules is shown
in Fig. Sla-b. They differ only in their substituent at the 4th position of
the pyrrole-2-one ring. The crystal structure of 2a is stabilized by O-
H0, C-H O intermolecular interactions and 2b is stabilized by O-
H 0O, C-H O intermolecular interactions and C-H O intramolecular
interactions. The summary of the geometry details of hydrogen bond
interactions of the compounds 2a and 2b are given in Tables 2 and 3
respectively.

In addition, the number of protons, coupling constants, and splitting
patterns in the 'H NMR spectra of 2a and 2b are precisely matched with
the corresponding structures of 2a and 2b. 'H NMR spectrum of 2a
contains 10 protons in the aromatic region (5 7.76 ppm to § 7.26 ppm as
multiplets) corresponds to two mono-substituted benzene rings in the
structure. OH proton resonates at § 6.68 ppm as a singlet, proton on C-3
carbon atom in pyrrole-2-one ring appeared at § 6.66 ppm as a singlet
whereas proton on C-5 carbon resonate at 5 5.72 ppm as a doublet. The

remaining two benzylic protons appeared as doublet with same coupling
constants at § 4.80 ppm and 5 4.30 ppm respectively. 'H NMR spectrum
of 2b contains 9 protons in the aromatic region (5 7.67 ppm to § 7.30
ppm as multiplets) corresponds to one mono-substituted and another di-
substituted benzene rings in the structure. OH proton and proton on C-3
carbon atom in pyrrole-2-one ring appeared at § 6.72 ppm as singlets,
whereas proton on C-5 carbon resonate at § 5.71 ppm as singlet. The
remaining two benzylic protons appeared as doublet with same coupling
constants at 6 4.80 ppm and § 4.30 ppm respectively. The number of
carbon signals in '>CNMR spectra also matches well with the 2a and 2b
structures. A base peak at m/z 266.1151 (M +1) in the high-resolution
mass spectrum (HRMS) of 2a is consistent with the molecular structure
of this compound. The molecular ion cluster peaks at m/z 344.0231
(M) and 346.0188 (M +2) in almost 1:1 ratio in the HRMS spectrum of
2b correlates with the molecular weight of compound 2b and also
suggests the presence of one bromine atom in its structure.
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Fig. 10. (a) 2D geometrical interactive plot showing interactions of Topoisomerase Ila with compound 2a. (b) L-RMSF depicting the atoms of compound 2a align
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Table 6
Depiction of Physicochemical properties of compounds 2a and 2b.
Compounds MW #Heavy #Aromatic Fraction #Rotatable #H-bond #H-bond MR TPSA
atoms heavy atoms Csp3 bonds acceptors donors
2a 281.43 20 0 1 3 3 2 86.63 43.7
2b 360.33 21 0 1 3 3 2 94.5 43.7
Table 7
Drug likeness, bioactivity, and Synthetic accessibility score of compounds 2a and 2b.
Compounds Lipinski Ghose Veber Egan Muegge Bioavailability Brenk Synthetic
#violations #violations #violations #violations #violations Score #alerts Accessibility
2a 0 0 0 0 0 0.55 0 3.52
2b 0 0 0 0 0 0.55 1 4.3
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3.2. Hirshfeld surface (HS) analysis and fingerprint (FP) analysis

Fig. 2 depicts the HS of molecules 2a and 2b, with surfaces mapped
over normalized contact distance (dnorm). The surfaces are shown as
translucent to provide a good view of the chemical moiety. The HS
analysis revealed distinct intermolecular interactions in both structures.
This led us to investigate the role of weak noncovalent forces in crystal
packing and the significance of n-n interactions in determining structure
organization. In Fig. 2a, the bright red spots indicate the existence of
OHH, HH, and N-H N intermolecular interactions in compound 2a.
In Fig. 2b, the bright red spots indicate the existence of C-H O and O-
HH intermolecular interactions in compound 2b.

An examination of HS maps over shape index and curvedness attri-
butes reveals the impact of n-n stacking on molecule assembly. Fig. 3a
shows red and blue triangles in the same location of the form index
surface implying n-n stacking interactions. The blue triangles depict
convex areas caused by the presence of the ring carbon atoms within the
surface. In contrast, red triangles depict concave areas generated by
carbon atoms from rings above the surface. Fig. 3b shows a flat area
towards the bottom of molecules 2a and 2b, indicating n-n stacking
which helps contribute to the harmony and stability of the crystalline
structure [63,64].

The 2D FP plots for various intermolecular interactions are presented
in Fig. 4 and Fig. 5. Table 4 presents an overview of these individual
interactions, including reciprocal contacts and their contributions.
Table 4 shows that H-H contacts contribute significantly to total HS,
accounting for 52.7 % in 2a and 37.6 % in 2b. The two big spikes near
the bottom of FP suggest strong hydrogen bond interactions between
OH/H 0O, which account for 14.2 % and 15.6 % in 2a and 2b,
respectively. Additionally, the interaction between hydrogen and car-
bon (C"H/H C) accounts for 28.8 % and 20.9 % of the total HS in 2a
and 2b, respectively. The other minor contacts include OO, C"C, N H,
CH, C~0, H"Br, C"Br and NC, which accounts for the remaining
percentage of interactions to the total HS.

3.3. Density functional theory (DFT) calculations

3.3.1. Molecular geometry

The optimized molecular geometry of the title molecules were per-
formed using DFT calculations with the B3LYP/6-311++G(d,p) level of
theory in solvent (Dichloromethane) phase. Theoretical bond lengths,
angles, and torsion angles were matched with XRD results. This work
involved both theoretical calculations in the gas phase and experiments
in the solid phase. Compared to the experimental data, most theoretical
parameters are slightly higher (Table S1, S2 and S3 in supporting in-
formation file). The molecular structures of 2a and 2b, obtained from
XRD and DFT methods have been overlaid and its shown in Fig. 6 with
an RMSD value of 0.528 A for 2a and 0.045 A for 2b (without inversion).

As can be seen from Fig. 6, the molecular structures of 2a and 2b
overlaid exactly. Also, we can observe that there is a slight deviation in
2a especially at the hydrogen atom of the OH group. The hydrogen atom
of the OH group is twisted away from the plane this is because of the
existence of O-H...O intermolecular interactions in the crystal structure.

3.3.2. Frontier molecular orbitals (FMOs) analysis

The HOMO and LUMO are referred to as frontier molecular orbitals.
The energy of the HOMO indicates the molecule’s ability to donate
electrons, while the energy of the LUMO reflects its ability to accept
electrons. Analyzing the FMOs and their energy levels is one of the
decisive factors in determining molecular electrical properties,
including conductivity, chemical reactivity, kinetic stability, biological
characteristics, and its potential uses in optoelectronic devices [65].

The compound 2a structural coordinates (Fig. 7) are optimized in the
solvent effect using the DFT technique with the B3LYP hybrid functional
and the 6-311++G(d,p) basis set. Table S4 displays the calculated
frontier molecular orbital energies (Egomo, ELumo, and Eg) and chemical
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reactive descriptors, including ionization potential, electron affinity,
electronegativity, global hardness, chemical potential, electrophilicity,
chemical softness, and maximum charge transfer (Anp,x) [66,67].

The critical elements in evaluating molecular properties are, con-
ductivity, chemical reactivity, kinetic stability, and biological features,
and these properties can be predicted based on the study of FMOs of
molecules and their energy levels[68]. Molecules with high energy gaps
are stable and exhibit moderate chemical reactivity, while those with
lower HOMO-LUMO energy gaps are typically more polarizable, con-
ductors, and exhibit high chemical reactivity with low kinetic stability.

The compound 2b energy level diagram of the FMOs is represented
in (Fig. 7), and the calculated values of FMOs for 2a and 2b are pre-
sented in Table S4. The calculated energy difference, defined by AEgap,
is 4.624 eV for molecule 2a (Fig. 7), elucidating the eventual in-
teractions involving charge transfer within the molecules. Other crucial
parameters are determined using Eyomo and Epymo values. On the other
hand, for molecule 2b, AEgap measures 4.264 eV (Fig. 7). As depicted in
Table S4, the chemical hardness of 2b is lower than that of 2a, indi-
cating higher reactivity for 2b. Molecule 2b exhibits pronounced elec-
trophilic characteristics, as evidenced by its higher value than 2a. AN ¢
quantifies the charge an electrophilic system can accept. Thus, the
maximum charge transfer is observed for molecule 2b, attributed to its
lower energy gap compared to the other system.

3.3.3. Molecular electrostatic potential (MEP) analysis

MEP maps are three-dimensional diagrams that show the reactive
sites and charge distribution of molecules. It demonstrates potential
electrophilic and nucleophilic attack sites, making it suitable for bio-
logical identification and hydrogen bonding. This calculation helps
visualize the polarity of a molecule. The color scale indicates the elec-
trostatic potential region on a molecule’s surface, with red being the
most electronegative potential, blue representing the most positive po-
tential, and green representing zero potential. Electrostatic potential
values increase in the following order: red, green, and blue.

The Fig. 8 depicts that the negative electrostatic potential attracts a
proton to the cluster of electron density in the molecule (shades of red),
while the positive electrostatic potential repels it to the nuclei (shades of
blue). Fig. 8, revealed that the negative regions appear over the oxygen
atoms of the carbonyl group and a hydroxyl group, which is the most
reactive site for an electrophilic attack, whereas the positive regions
appear over the hydrogen atoms of the ~OH group and the entire
molecule, which are a plausible site for nucleophilic attack. Also, this
region validates the intermolecular interactions exhibited in the crystal
structure of the two compounds 2a and 2b.

3.4. Molecular docking

Molecular docking is a well-established computational technique
reliant on structural information that has been extensively applied in
drug discovery [69,70]. This method facilitates the discovery of poten-
tial therapeutic compounds, foreseeing interactions between ligands and
targets on a molecular scale and outlining relationships between struc-
ture and activity [71,72]. A series of proteins such as Human Topo-
isomerase II alpha, PDE3A, JNK2, human 17p-Hydroxysteroid-
Dehydrogenase, glutaminase, catalase, JNK1, human KEAP1, human
NQO1, GPX4, and ubiquitin were screened for compounds 2a and 2b.
Among the series of screened proteins, Human Topoisomerase II alpha
showed a good docking score against the compound 2a (—8.33 kcal/
mol) and 2b (—8.47 kcal/mol), followed by PDE3A, and JNK2 (Table 5).
Hence, to verify the docking results, compounds 2a and 2b complexed
with Human Topoisomerase II alpha, PDE3A, and JNK2 were processed
for MM/GBSA.

3.5. MM/GBSA

The Ggcore for each ligand 2a and 2b was computed against Human
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Topoisomerase II alpha, PDE3A, and JNK2 to validate the molecular
docking method and predict the behaviour of the ligand-protein com-
plex. The MM/GBSA score is commonly utilized to validate the results of
molecular docking. Typically, the biological activity data from a diverse
set is correlated with MM/GBSA scoring for an individual ligand against
the targeted macromolecule [73]. The results of the MMGBSA were
quantified in terms of the AGpinding energy)» AG(Coulomb)s AG(Covalent en-
ergy), AGH-bond)> AG(Lipo), and AG(yaw) involved (Table 5). Ligands 2a and
2b interacted well with the targeted proteins, such as Human Topo-
isomerase II alpha, PDE3A, and JNK2, with good Gscore and hydrogen
bond scores. Still, the AGpinding energy) in the case of Human Topo-
isomerase II alpha had a good docking score along with AGpinding energy)
of —37.54 kcal/mol and —35.42 kcal/mol for ligand 2a and 2b,
respectively (Table 5). Hence, Human Topoisomerase II alpha com-
plexes with compounds 2a and 2b were subjected to MDSs to study the
protein and ligand molecular dynamics.

3.6. Molecular dynamics simulations (MDSs)

Each docked complex was studied for molecular dynamics simula-
tion for each selected ligand against the targeted macromolecule
[74-76]. When 2a is bound to Human Topoisomerase II Alpha, the
protein and ligand RMSD are stable throughout the MDSs. According to
the software, the RMSD of protein and ligand fluctuation are under the
permissible level. (Fig. 9a). The protein RMSF shows multiple ligand
contact points (Fig. 9b). The 2D interaction of 2a with Human Topo-
isomerase II Alpha depicts that, ligand 2a forms a hydrogen bond with
A-chain of Lys743 and n-n stacking with Arg804. Meanwhile, the B-
Chain of Human Topoisomerase II Alpha forms a hydrogen bond with
His759 and Met762 (Fig. 10a). The L-RMSF for compound 2a with
Human Topoisomerase II Alpha provides a valuable pharmacophore
mapping (Fig. 10b) with ligand interactions with the polypeptide. The
type of interactions governed by ligand 2a is given by the stacked bar
graph (Fig. 10c), wherein Lys743 imparts hydrogen and hydrophobic
interactions (n-r stacking) with the benzylic aromatic ring of ligand 2a,
the alcoholic hydroxyl group of 2a forms hydrogen bond with His759,
and Met762. These are very crucial amino acids during catalysis. The
ketone carbonyl group of 2a forms a hydrogen bond. With the help of a
color-coded scale bar, the number and strength of the 2a contact point
with Human Topoisomerase II Alpha are shown, and it can be demon-
strated that His756 and Met763 have a close interaction with compound
2a (Fig. 10d). This interaction lasted for 200 ns in the molecular dy-
namics simulation. Whereas in the case of compound 2b, the protein and
ligand RMSD were stable (Fig. S2a), and the Protein RMSF plot showed
multiple ligand contact points (Fig. S2b). The 2D interaction of com-
pound 2b with Human Topoisomerase II Alpha shows that Met762 is
near the macromolecule (Fig. S3a). The L-RMSF plot shows the in-
teractions are not as good as compound 2a (Fig. S3b). During the MDSs
with the 2b- Human Topoisomerase II alpha, it was found that amino
acids such as Met762 are present at the proximity of the active site of
Human Topoisomerase II alpha (Fig. S3¢) and Met 762 is only one amino
acid which is forming hydrophobic interactions throughout the MDSs
(Fig. S3d). Different pharmacokinetic descriptors were retrieved via
Swiss ADME web server to predict physicochemical, pharmacokinetic,
ADME, toxicity, and drug-likeness.

3.7. ADME analysis

Physicochemical properties are crucial for the development of novel
pharmaceuticals. These properties impact a molecule’s pharmacoki-
netics, pharmacodynamics, bioavailability, and overall drug-likeness
profile. These constraints were calculated for compounds 2a and 2b as
tabulated in Table 6, which provides the compounds 2a and 2b physi-
cochemical properties pass through and ability to possess good bio-
availibilty. Additionally, the drug-likeness profiles were computed using
the following methods: Ghose (160 < MW < 480; — 0.4 < WLogP < 5.6;
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40 < MR < 130 and 20 < atoms < 70) provides Ghose filter defines
druglikeness constraints which is within the limit for compounds 2a and
2b. Compounds 2a and 2b follows Lipinski’s rule along with the pre-
diction of bioactivity score [32]. These prediction results of 2a and 2b
were by five rules and standards with a 0.55 bioactivity score depicts the
druglikeness (Table 7). Furthermore, the synthetic feasibility of com-
pounds 2a and 2b (depicted in Fig. S4) was assessed to gauge the
complexity of their molecular structures.

4. Conclusion

In the current study, we have explored the conformational charac-
teristics of two gamma lactam derivatives. The 'H NMR and '*C NMR
spectral data provided the proton and carbon skeleton of compounds 2a
and 2b and the mass of the molecular ion peaks in HRMS spectra are
exactly matching with the molecular weight of compounds 2a and 2b.
Single crystal structure analysis of compound 2a reveals that the crystal
packing exhibits intermolecular hydrogen bond interactions, whereas
2b exhibits both intra and intermolecular hydrogen bond interactions.
And also confirms the different substituent on C-4 carbon of pyrrole-2
(5H)-one ring in compounds 2a and 2b respectively. Due to these
structural changes, the analysis of these molecules showed different
interactions. The interactions are quantified by Hirshfeld surface anal-
ysis, where H"H contacts (52.7 % in 2a and 37.6 % in 2b) significantly
contribute to the total Hirshfeld surface. The DFT calculation was
employed to optimize the structural coordinates and to correlate the
results obtained from the experimental findings. The computed struc-
tural parameters are well agreed with the experimental results as vali-
dated by the structural overlay. Density functional theory (DFT) using
implicit solvation models, the energy gap of the FMOs are found to be
4.624 eV in 2a and 4.264 eV in 2b, respectively. Further, MEP surface
plot revealed the presence of reactive sites in compounds 2a and 2b.
Molecular docking studies show that compounds 2a and 2b are potent
against Human Topoisomerase II Alpha, which was further validated
using MM/GBSA and MDSs. At the putative binding site of the macro-
molecule, these compounds 2a and 2b form the majority of interactions
with the Human Topoisomerase II Alpha by inhibiting the Human
Topoisomerase II Alpha activity. In general, the data provided here will
be valuable for enhancing the optimization of Human Topoisomerase II
Alpha inhibitors in the future. Additionally, compounds 2a and 2b may
function as drug-like candidates, according to an ADME study.
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