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ABSTRACT: In this study, microwave-assisted Knoevenagel con-
densation was used to produce two novel series of derivatives (1−6)
from benzylidenemalononitrile and ethyl 2-cyano-3-phenylacrylate. The
synthesized compounds were characterized using Fourier transform
infrared (FT-IR) and 1H NMR spectroscopies. The pharmacody-
namics, toxicity profiles, and biological activities of the compounds
were evaluated through an in silico study using prediction of activity
spectra for substances (PASS) and Absorption, Distribution, Metab-
olism, Excretion, and Toxicity (ADMET) studies. According to the
PASS prediction results, compounds 1−6 showed greater antineoplastic
potency for breast cancer than other types of cancer. Molecular docking
was employed to investigate the binding mode and interaction sites of
the derivatives (1−6) with three human cancer targets (HER2, EGFR,
and human FPPS), and the protein−ligand interactions of these derivatives were compared to those reference standards Tyrphostin
1 (AG9) and Tyrphostin 23 (A23). Compound 3 showed a stronger effect on two cell lines (HER2 and FPPS) than the reference
drugs. A 20 ns molecular dynamics (MD) simulation was also conducted to examine the ligand’s behavior at the active binding site
of the modeled protein, utilizing the lowest docking energy obtained from the molecular docking study. Enthalpies (ΔH), Gibbs free
energies (ΔG), entropies (ΔS), and frontier molecular orbital parameters (highest occupied molecular orbital−lowest unoccupied
molecular orbital (HOMO−LUMO) gap, hardness, and softness) were calculated to confirm the thermodynamic stability of all
derivatives. The consistent results obtained from the in silico studies suggest that compound 3 has potential as a new anticancer and
antiparasitic drug. Further research is required to validate its efficacy.

1. INTRODUCTION
Benzylidenemalononitrile (BMN) derivatives have been
extensively studied for their biological properties, serving as
both a target and transitional molecule in organic chemistry.
The physiological activity of BMNs is noticeably impacted, in a
significant way, by the position of the substituent on the ring
structure. The 2-substituted position exhibits the highest
activity, followed by a decrease in activity for the 3-substituted
position, and the 4-substituent leads to a gradual reduction in
activity until it disappears entirely.1−3 These derivatives have
been utilized in various fields, including anticancer,4−6

antifungal,7,8 antibacterial,9−12 and anticorrosive applica-
tions.2,13−16 BMN derivatives have found widespread applica-
tions in biology, industry, agriculture, medicine, and chemical
synthesis17,18 and have the potential to act as inhibitors of
epidermal growth factor tyrosine kinase.16,19

The formation of BMN derivatives10,14,17,20−23 via Knoeve-
nagel condensation is based on the reaction of aldehydes with
active methylene compounds, which contain a group (C�
C).16 This type of reaction is considered a fundamental process
in synthetic organic chemistry. The Knoevenagel condensation

reaction has been facilitated by various catalysts, including
ZnCl2,

24 clays,25 silica gel,26 natural catalysts,27 ammonium
acetate (NH4OAc)-basic alumina,

28 microwave irradiation, and
thermal heating conditions.29 NiCu@MWCNT has also been
used as a catalyst for 10−180 min30 under mild conditions.
Moreover, in some cases, the reaction was conducted without
any solvent or catalyst.31 Microwave irradiation has several
advantages when used in these reactions, including shorter
reaction times, higher yields, improved selectivity, and a
solvent-free approach that aligns with green principles.32 These
benefits have resulted in a cost-effective and labor-affordable
method for organic synthesis. Roskoski15 developed a new
range of low-molecular-weight inhibitors for the protein
tyrosine kinase of tyrphostins, which had the hydroxyl-cis-
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benzylidenemalonitrile group as a pharmacophore. These
inhibitors proved to be effective in inhibiting EGF receptor
kinase (HER1) and ErbB2/neu kinase (HER2). Bhuiyan et
al.33 have presented an efficient method for synthesizing
chalcones with high yields under solvent-free conditions using
microwave irradiation.
There have been only a few computational studies9,34−36

conducted on the derivatives of benzylidenemalonitrile and
ethyl 2-cyano-3-phenylacrylate. Mary et al.34 conducted a study
on 1,3,5-triazine-2,4-diamine along with 1H-indole-2,3-dione
(isatin), (2E)-1,3-diphenylprop-2-en-1-one (chalcone), and
10H-acridin-9-one (acridone). The study aimed to determine
their molecular and electronic characteristics, energy gap,
kinetic stability, and electrophilicity index of delocalized sites,
as well as their relationship with biological activity. Molecular

docking was conducted with different proteins to demonstrate
that the products could serve as effective drugs for their
corresponding activities. Therefore, the potential use of
benzylidenemalononitrile and ethyl 2-cyano-3-phenylacrylate
derivatives as bioactive molecules against human pathogenic
microorganisms offers a vast scope of application in biological
studies. However, further research is necessary to explore their
full potential and develop them into safe and effective
treatments for human use.
In this study, two novel series of benzylidenemalonitrile and

ethyl 2-cyano-3-phenylacrylate derivatives (1−6) were synthe-
sized using Knoevenagel condensation, and their chemical
structures were determined by spectroscopic analysis. Scheme
1 and Tables S1−S6 and Figure S1 in the Supporting
Information (SI) illustrate the synthesized compounds

Scheme 1. Synthesis of Benzylidenemalononitrile and Ethyl 2-Cyano-3-phenylacrylate Derivatives (1−6)

Table 1. Structures of Benzylidenemalonitrile and Ethyl 2-Cyano-3-phenylacrylate Derivatives (1−6)
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(Table 1). Notably, no computational studies have yet been
carried out to predict the physicochemical, spectral, and
biological characteristics of the newly synthesized derivatives
(1−6). The main objective of this study is to conduct in silico
analysis of the synthesized compounds, including molecular
docking and molecular dynamics (MD) simulations. More-
over, the drug-likeness and pharmacokinetic properties of the
selected compounds were evaluated using Absorption,
Distribution, Metabolism, Excretion, and Toxicity (ADMET)
prediction37 and SwissADME38 profiles. This study aims to
understand better the binding affinities of the newly
synthesized compounds (1−6), which could have significant
implications in their biological applications. Furthermore, the
thermophysical properties of these compounds have been
calculated to determine their conformational stability. In
addition, density functional theory (DFT) calculations were
performed to determine the molecular structures, electronic
density, NBO charges, frontier molecular orbitals, chemical
hardness (η), and chemical potential (μ). These quantities are
commonly used to explain reactivity and stability and
complement the experimental study.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. All chemicals and reagents

used in this study were of research grade (Merck, Germany)
and were used without further purification. Solvents were
purified using the standard distillation method before use.
Throughout the experimental work, deionized water filtered
through a Millipore filter was used. Melting points (mp) were
determined using an electrothermal melting point apparatus,
and the values were uncorrected. The progression of the
reaction was monitored by thin-layer chromatography (TLC)
on Kieselgel GF254 plates, using a mixture of n-hexane and
ethyl acetate in a ratio of 3:1. The plates were then dried, and
spots were detected using ultraviolet (UV) lamps. The
solution’s ultraviolet−visible (UV−vis) spectra were recorded
using an HP 8453 UV−vis scanning spectrophotometer within
the 190−800 nm range. Fourier transform infrared (FT-IR)
spectra were obtained using the KBr matrix and a FT-IR
spectrophotometer (model 8900, Shimadzu, Japan) within the
4000−200 cm−1 range. 1H NMR (nuclear magnetic resonance)
spectra were recorded using a Bruker DPX-400 (400 MHz
NMR) spectrometer (Switzerland) with CDCl3 as a solvent
and tetramethylsilane (TMS) as an internal standard. Chemical
shifts were reported in δ unit (ppm), and J values were shown
in Hz. The reactions were conducted using a commercially
available LG microwave oven (MB-3947C, China) with a
maximum power output of 800 W, operating at 2450 MHz.
2.2. Synthesis of Benzylidenemalononitrile Deriva-

tives (1−3). Benzylidenemalononitrile derivatives were
synthesized using the microwave irradiation (MWI) technique
with aromatic aldehyde, malononitrile, and ammonium acetate.
The aldehyde (1.222 mmol) and malononitrile (1.222 mmol)
were mixed in a porcelain dish, and 10 mg of ammonium
acetate was added. The porcelain dish was then placed in the
microwave oven and irradiated at 320 W for 20−50 s. The
progress of the reaction was monitored by TLC (n-hexane/
ethyl acetate, 3:1). The resulting crude solid was recrystallized
using ethyl acetate and n-hexane to obtain pure crystals of the
product. FT-IR and 1H NMR spectroscopies confirmed the
formation of the product, and analytical data obtained from
these techniques characterized the three benzylidenemalononi-

trile derivatives (1−3), as shown in Scheme 1 (Table 1 and
Figures S2−S13 in the SI).
2.3. Synthesis of Ethyl 2-Cyano-3-phenylacrylate

Derivatives (4−6). The microwave (MW1) technique was
employed to synthesize ethyl 2-cyano-3-phenylacrylate deriv-
atives from aromatic aldehyde, ethyl cyanoacetate, and
ammonium acetate (NH4OAc). The aldehyde (1.568 mmol)
and ethyl cyanoacetate (1.568 mmol) were mixed in a
porcelain dish, and 10 mg of ammonium acetate was added.
The porcelain dish was then placed in the microwave oven and
irradiated at 320 W for 50 s. The progress of the reaction was
monitored by TLC using n-hexane/ethyl acetate (3:1) as the
mobile phase. The resulting crude solid was recrystallized using
ethyl acetate and n-hexane to obtain pure product crystals. FT-
IR and 1H NMR spectroscopies were used to confirm the
formation of the product and to get analytical data that
characterized the three ethyl 2-cyano-3-phenylacrylate deriva-
tives (4−6), as shown in Scheme 1 (Table 1 and Figures S14−
S25 in the SI).
2.4. Computational Studies. Electronic structure calcu-

lations were carried out using Gaussian 16, Rev. C.01.39 The
geometries and vibrational wave numbers of benzylidenema-
lononitrile and ethyl 2-cyano-3-phenylacrylate derivatives (1−
6) were optimized using the B3LYP/6-31G(d,p) level of
theory. The prior research40 that our group conducted
consisted of exploring the deamination reactions of a variety
of different nitrogenous bases using a variety of different
computational methodologies. The results obtained from
G3MP2, G3MP2B3, G4MP2, G3B3, and CBS-QB3 methods
agreed with each other within a range of 10 kJ mol−1, while the
B3LYP/6-31G(d,p) method had a deviation of up to 18 kJ
mol−1. Thus, the B3LYP method can produce satisfactory
outcomes while reducing computational time. GaussView 6
software was used to compute the energy distribution from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) and generate the
molecular electrostatic potential (MEP) map. To ensure the
absence of imaginary frequencies in the minima and the
presence of only one imaginary frequency in the transition
states, vibrational frequencies were calculated for all structures.
The optimized structures can be seen in Tables S1−S11 and
Figures S1−S44 in the Supporting Information (SI). The
thermodynamic properties, including enthalpies (ΔH), Gibbs
free energies (ΔG), and entropies (ΔS), were calculated at
298.15 K and reported in kJ mol−1.
The role of atomic charges in the deamination reactions was

investigated by analyzing natural bonding orbitals (NBOs).41

The chemical potential (μ),42−45 hardness (η), and softness
(S) of compounds 1−6 were calculated using the HOMO and
LUMO energies. The formulas used for these calculations are
given below

= E E( )/2LUMO HOMO

= +E E( )/2HUMO LOMO

=S 1/

The global electrophilicity index, ω, for each of the
compounds (1−6) was determined to assess their electro-
philicity. The measurement was done following the method
proposed by Parr et al.45 and calculated using the following
expression
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= /22

The electrophilicity indices were calculated using the values
of μ and η. To obtain precise energy values and atomic charges,
single-point-energy calculations and natural bond orbital
(NBO) calculations were performed.
2.5. Evaluation of Physicochemical and Pharmacoki-

netic Properties. In this study, we utilized various free online
tools such as AdmetSAR and SwissADME to predict the
ADMET properties of benzylidenemalononitrile and ethyl 2-
cyano-3-phenylacrylate derivatives (1−6).37,38 We also used
Molinspiration46 to perform drug-likeness properties and
ADME predictions for these compounds. The structures (1−
6) were drawn using ChemBioDraw Ultra 14.0 and converted
to a canonical simplified molecular input line entry system
(SMILES) to collect MDL Molfile format. We predicted
several physicochemical properties of these derivatives,
including lipophilicity, water solubility, and pharmacokinetics
parameters. Additionally, we evaluated the drug-likeness of
these compounds as G-protein-coupled receptor (GPCR)
ligands, ion channel modulators (ICMs), kinase inhibitors
(KIs), nuclear receptor ligands (NRLs), protease inhibitors
(PIs), and enzyme inhibitors (EIs). The results obtained from
these in silico studies provide insights into the potential
biological activity of these derivatives and their suitability as
drug candidates.
2.6. Pharmacological Activities. In order to predict the

probable pharmacological activities of the lead compounds
(1−6), their sdf formats were submitted to the online tool
prediction of activity spectra for substances (PASS).47,48 The
tool was used to predict their antimicrobial spectra and
toxicities.
2.7. Molecular Docking. 2.7.1. Preparation of Target

Protein. To identify the binding sites for the ligands, molecular
docking software was utilized, and the required proteins were
obtained from the RSCB Protein Data Bank.49 The human
target proteins included the receptor tyrosine-protein kinase
erbB2 (PDB ID: 7JXH), also known as HER2, a crystal
structure of human FPPS (PDB ID: 4H5D) at a resolution of
2.02 Å, and an epidermal growth factor receptor (PDB ID:
4LRM).50 Validation parameters by X-ray diffraction were
used to confirm the quality of the primary protein structure for
all crystal structures. The protein molecules were optimized
using Chimera v1.16.51 The optimization process involved the
removal of water molecules and ligands, followed by energy
minimization of the macromolecule for molecular docking.
2.7.2. Preparation of Ligands. The chemical structures of

all of the synthesized compounds (1−6) were created in
GaussView 6 software and then fully optimized in Gaussian 16

software at B3LYP/6-31G(d,p). The chemical structures of the
selected ligands for docking were further subjected to energy
minimization (EM) and converted to the PDBQT format
using the OpenBabel plugin of PyRx 0.8 software, which is
available at https://pyrx.sourceforge.io/.52

2.7.3. Docking of Protein−Ligand Complexes. In Auto-
Dock Vina53 software, the ligand structures and target proteins
were chosen for molecular docking. A grid box was selected to
cover the complete protein at the center during the docking of
the ligands. All of the proteins and ligands were stable
throughout the docking experiment. The validation of all of the
protein−ligand interactions was conducted through re-
docking. In addition, Chimera v1.16,51 PyMol,54 and
Discovery Studio visualizer were utilized for visualizing the
binding modes of the receptor−ligand interactions.
2.7.4. Molecular Dynamics Simulation. Molecular dynam-

ics (MD) simulations are computational techniques that track
the movements of individual atoms within a system over time,
providing information about their relative positions.55−57 In
this study, MD simulations were performed using the
GROMACS 2021.6 package58 and the AMBER99SB force
field59 to investigate the docked complexes of compound 3
with PDB:7JXH and PDB: 4H5D. The topology parameters
for the proteins in the system were generated using the Galaxy
European Server.60 The complex was neutralized with added
Na+ ions and placed in a triclinic box of SPC water
molecules.61 To ensure the system’s stability, it was
equilibrated through a position-restrained dynamics simulation
(NVT) at 300 K for 3000 ps using the leapfrog algorithm.62

After equilibration, the full system underwent a production run
for an additional 3000 ps at the same temperature and pressure
conditions. MD simulations provide a highly precise means of
investigating the behavior of the docked protein−ligand
complexes, contributing to a better understanding of biological
macromolecule structure and function. MD trajectories were
generated using VMD, PyMol, and GROMACS tools, and the
GROMACS utilities were used to determine RMSD, Rg, root-
mean-square fluctuation (RMSF), and hydrogen bond analysis.

3. RESULTS AND DISCUSSION
The present study focused on the investigation of two series of
compounds: 4-hexyloxybenzylidenemalononitrile (1−3) and
ethyl 2-cyano-3-(4-hexyloxy)phenylacrylate (4−6), as illus-
trated in Scheme 1. Detailed information of these compounds
can be found in Table 1 and Figure S1 in the Supporting
Information (SI).
3.1. Characterization of Benzylidenemalononitrile

Derivatives (1−3). The structure of 4-hexyloxybenzylidene-
malononitrile (1) was confirmed by analyzing its 1H NMR

Table 2. MO of the HOMO and LUMO of Chemical Hardness (η), Softness (S), Chemical Potential (μ), and Electrophilicity
Index (ω) of All Compounds (1−6) (in eV) at 298.15 Ka

ligand LUMO HOMO gap η S μ ω
1 −2.587 −6.407 3.822 1.911 0.523 −4.498 5.294
2 −2.585 −6.406 3.821 1.911 0.523 −4.496 5.289
3 −2.584 −6.405 3.881 1.941 0.515 −4.495 5.205
4 −2.182 −6.118 3.936 1.968 0.508 −4.150 4.376
5 −2.362 −6.247 3.885 1.943 0.515 −4.305 4.769
6 −2.179 −6.115 3.936 1.968 0.508 −4.147 4.369
A23 −2.706 −6.354 3.648 1.824 0.548 −4.530 5.625
AG9 −2.642 −6.480 3.838 1.919 0.521 −4.561 5.420

aCalculated by η = (ELUMO − EHOMO)/2; μ = (EHOMO + ELUMO)/2; S = 1/η; ω = μ2/2η.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01123
ACS Omega 2023, 8, 25817−25831

25820

https://pyrx.sourceforge.io/
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01123/suppl_file/ao3c01123_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectrum (Figures S2−S10 in the SI). A singlet signal at δ 7.66
ppm was assigned to the vinylic proton, and two doublet
signals at δ 7.92 and 7.01 ppm with a coupling constant (J)
value of 8.80 Hz were assigned to the aromatic protons at H-2/
H-6 and H-3/H-5 positions, respectively. Another two-proton
triplet signal at δ 4.08 ppm with a J value of 6.80 Hz was
attributed to the −OCH2− proton. Additionally, the spectrum
displayed a two-proton multiplet signal at δ 1.82−1.35 ppm
corresponding to the −CH2CH2CH2CH2− proton and three-
proton triplet signals at δ 0.95 ppm corresponding to the
−CH3 proton. The FT-IR spectrum of compound 1 (Figures
S11−S13 in the SI) showed absorption bands at 3033 cm−1 for
aromatic C−H, 2223 cm−1 for C�N bond, 1605 cm−1 for
C�C (alkene) bond, and 1583 cm−1 for aryl C�C bond. The
1H NMR spectra of compounds 2 and 3 were consistent with
their structures, and almost identical FT-IR peaks were
obtained for all three compounds.
3.1.1. 4-Hexyloxybenzylidenemalononitrile (1). The syn-

thesis of 4-hexyloxybenzylidenemalononitrile (1) yielded a
chocolate-colored crystalline solid with a yield of 65%. Its

molecular formula was determined to be C16H18N2O with a
melting point range of 42−43 °C. Anal. Calcd for C16H18N2O:

Figure 1. Molecular orbitals of isodensity surfaces (0.02 electrons
Bohr−3 surface) (red = electron-rich, blue = electron-deficient) of
HOMO and LUMO for the compounds 3 and 6.

Figure 2. Maps of electrostatic potential (0.02 electrons Bohr−3) (red = electron-rich, blue = electron-deficient) for 4-hexyloxybenzylidenema-
lononitrile (1−3) and ethyl 2-cyano-3-(4-hexyloxy)phenylacrylate (4−6) derivatives.

Table 3. Predicted Biological Activity of All Compounds
(1−6) Using PASS Softwarea,b,c

cancer disorder treatment antineoplastic (breast cancer)

ligand Pa Pi Pa Pi

1 0.266 0.149 0.512 0.018
2 0.266 0.149 0.512 0.018
3 0.266 0.149 0.512 0.018
4 − − − −
5 − − − −
6 − − − −
A23 0.337 0.052 0.720 0.005
AG9 0.259 0.158 0.716 0.005

aPa: probability “to be active”. bPi: probability “to be inactive”. cAG9:
Tyrphostin 1; A23: Tyrphostin 23.

Table 4. In Silico Prediction of Physicochemical Parameters
for the Benzylidenemalononitrile and Ethyl 2-Cyano-3-
phenylacrylate Derivatives (1−6)a

ligand MW log P HBD HBA nRB TPSA

Lipinsli* ≤500 ≤5 ≤5 ≤10
Veber** ≤10
1 254.33 2.31 0 3 7 ≤140
2 282.38 2.79 0 3 9 59.3
3 310.43 3.25 0 3 9 59.3
4 301.38 2.75 0 4 10 56.8
5 329.43 3.21 0 4 10 56.8
6 357.49 3.65 0 4 10 56.8
AG9 184.19 0.98 0 3 2 59.8
A23 186.17 0.11 2 4 1 56.8

a*Lipinski reference values; **Veber reference values; MW, molecular
weight; log P, lipophilicity (O/W); HBD, number of hydrogen bond
donors; HBA, number of hydrogen bond acceptors; nRB, number of
rotatable bonds; TPSA, topological polar surface area (Å2).
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C, 75.56; H, 7.12; N, 11.01. Found: C, 75.21; H, 7.25; N,
10.87. FT-IR (KBr) νmax(cm−1): 3033 (str, C−H, Ar), 2223
(str, −CN), 1605 (str, C�C, alkene) and 1583 (str, C�C,
Ar). 1H NMR (400 MHz, CDCl3) δ ppm: 7.92 (d, 2H, J = 8.8
Hz, Ar), 7.66 (s, 1H, −CH�C), 7.01 (2H, d, J = 8.8 Hz, Ar),
4.08 (t, 2H, J = 6.8 Hz, −OCH2−), 1.82 (m, 8H, (−CH2−)4),
0.95 (t, 3H, J = 2 Hz, −CH3).
3.1.2. 4-Octyloxybenzylidenemalononitrile (2). Product

(2), 4-octyloxybenzylidenemalononitrile, was obtained as a
brown crystalline solid with a yield of 60%. Its molecular
formula is C18H22N2O, with a melting point of 43−44 °C.
Anal. Calcd for C18H22N2O: C, 76.56; H, 7.85; N, 9.92. Found:
C, 76.31; H, 7.98; N, 9.88. FT-IR (KBr) νmax(cm−1): 3020 (str,
C−H, Ar), 2224 (str, −CN), 1606 (str, C�C, alkene) and
1580 (str, C�C, Ar). 1H NMR (400 MHz, CDCl3)δ ppm:
7.92 (d, 2H, J = 8.8 Hz, Ar), 7.66 (s, 1H, −CH�C), 7.01 (2H,
d, J = 8.8 Hz, Ar), 4.08 (t, 2H, J = 6.8 Hz, −OCH2−), 1.82 (m,
12H, (−CH2−)6), 0.91 (t, 3H, J = 2 Hz, −CH3).
3.1.3. 4-Decyloxybenzylidenemalonitrile (3). Product (3),

4-decyloxybenzylidenemalononitrile, was obtained as a brown
crystalline solid with a yield of 68%. Its molecular formula is
C20H26N2O, and it has a melting point range of 49−51 °C.
Anal. Calcd for C20H26N2O: C, 77.38; H, 8.44; N, 9.02. Found:
C, 77.18; H, 8.51; N, 8.98. FT-IR (KBr) νmax(cm−1): 3030 (str,
C−H, Ar), 2224 (str, −CN), 1620 (str, C�C, alkene), 1580
(str, C�C, Ar), 1186 (str, C−O−C). 1H NMR (400 MHz,
CDCl3) δ ppm: 8.2 (s, 1H, −CH�C−), 7.97 (d, 2H, J = 8.4
Hz, Ar), 7.01 (d, 2H, J = 8 Hz, Ar), 4.06 (t, 2H, J = 6.4 Hz,

OCH2), 1.85 m, 2H, (−OCH2CH2−), 1.49 (m, 14H,
(−CH2−)7), 0.93 (t, 3H, J = 2 Hz, −CH3).
3.2. Characterization of Ethyl 2-Cyano-3-phenyl-

acrylate Derivatives (4 to 6). The structure of ethyl 2-
cyano-3-(4-hexyloxy)phenylacrylate (4) was confirmed using
the 1H NMR spectrum (Figures S14−S22 in the SI). A three-
proton triplet signal at δ 0.93 ppm was identified as the −CH3
proton, while another three-proton triplet signal at δ 1.41 ppm
indicated the presence of CH3CH2O− proton. A multiplet
s i gna l a t δ 1 .49 ppm was des igna ted to the
−CH2CH2CH2CH2− group proton, and a two-proton triplet
signal at δ 4.06 ppm with a J value of 6.4 Hz was designated to
the −OCH2CH2− proton. A two-proton quartet signal at δ
4.38 ppm indicated the presence of the −OCH2CH3 proton.
Two two-proton doublet signals at δ 7.00 and 8.02 ppm with a
J value of 8.4 Hz were designated to the aromatic proton H-3,
H-5, and H-2, H-6 protons, respectively. A singlet signal at δ
8.2 ppm was designated to the vinylic proton. The FT-IR
spectrum of compound 4 (Figures S23−S25 in the SI) showed
an absorption stretching band at 3016 cm−1 due to the
presence of an aromatic −C−H bond and a band at 2216 cm−1

due to the presence of C�N bonds. Another band at 1722
cm−1 indicated the presence of an ester C�O bond. It should
be noted that the 1H NMR and FT-IR spectra of compounds 5
and 6 were similar to those of compound 4.
3.2.1. Ethyl 2-Cyano-3-(4-hexyloxy)phenylacrylate (4).

Ethyl 2-cyano-3-(4-hexyloxy)phenylacrylate (4) was obtained
as a pure yellow crystalline solid in 62% yield by
recrystallization from a mixture of ethyl acetate and n-hexane.
Its molecular formula is C18H23NO3, and its melting point is
44−46 °C. Anal. Calcd for C18H23NO3: C,71.73; H, 7.69; N,

Table 5. Prediction of Drug-Likeness Properties of
Benzylidenemalononitrile and Ethyl 2-Cyano-3-
phenylacrylate Derivatives (1−6) via Molinspiration
Softwarea

ligand GPCR ICM KI NRL PI EI

1 −0.32 −0.35 −0.36 −0.15 −0.43 −0.22
2 −0.21 −0.32 −0.25 −0.05 −0.30 −0.19
3 −0.15 −0.29 −0.19 −0.00 −0.21 −0.17
4 −0.37 −0.36 −0.53 −0.06 −0.35 −0.19
5 −0.32 −0.33 −0.47 −0.03 −0.28 −0.17
6 −0.29 −0.31 −0.43 −0.03 −0.24 −0.16
AG9 −0.94 −0.65 −0.85 −0.88 −1.12 −0.66
A23 −0.81 −0.47 −0.74 −0.66 −1.03 −0.48

aPhysicochemical parameters of drug-likeness property data for
benzylidenemalononitrile derivatives (1−6) defined in Figures S34−
S40 in the SI.

Table 6. Calculation of Selected ADMET Parameters for Derivatives of Benzylidenemalononitrile and Ethyl 2-Cyano-3-
phenylacrylatea,b,c,d,e

ligand bHIA cBBB bPPB cCYP3A4 inhibition cCYP2C19 inhibition dsynthetic accessibility score ehERG_pIC50

1 98.27 +(0.96) 96.93 +(0.5477) +(0.5194) 2.47 4.94
2 98.36 +(0.96) 99.83 +(0.5477) +(0.5194) 2.70 5.25
3 98.25 +(0.96) 100 +(0.5477) +(0.5194) 2.92 5.51
4 98.43 +(0.94) 93.24 −(0.7273) −(0.5071) 3.02 4.97
5 98.40 +(0.94) 94.83 −(0.7273) −(0.5071) 3.26 5.26
6 98.21 +(0.94) 96.17 −(0.7273) −(0.5071) 3.48 5.50
AG9 98.80 +(0.95) 85.62 +(0.7822) −(0.9025) 1.84 3.82
A23 97.75 −(0.32) 83.19 +(0.8192) −(0.9080) 1.99 4.12

aHIA: Human Intestinal absorption (%); BBB: blood−brain barrier penetration; PPB: plasma protein binding; CYP3A4: cytochrome P450 3A4;
CYP2C19: cytochrome P4502C19; hERG: human ether-a-go-go-related gene, hERG inhibition potential (pIC50), the potential risk for inhibitors
ranges 5.5−6. bThe values are using ADME. cThe values are using admetSAR. dThe values are using swissADME. eThe values are using ADMET
9.5.

Table 7. Results of Molecular Docking Simulation for the
Selected Compounds Targeting Three Proteins

anticancer target

ligand HER2 (7JXH) human FPPS (4H5D) EGFR (4LRM)

1 −6.3 −6.7 −5.9
2 −6.3 −4.7 −6.6
3 −7.4 −8.0 −5.9
4 −7.9 −5.5 −6.6
5 −6.9 −5.7 −6.3
6 −7.4 −6.8 −6.1
AG9 −6.4 −5.8 −6.2
A23 −6.5 −6.9 −6.4
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4.65. Found: C, 71.58; H, 7.75; N, 4.57. FT-IR (KBr)
νmax(cm−1): 3016 (str, C−H, Ar), 2216 (str, −CN), 1722 (str,
C�O), 1691 (str, C�C, alkene), 1589 (str, C�C, Ar), 1178
(str, C−O−C). 1H NMR (400 MHz, CDCl3) δ ppm: 8.2 (s,
1H, −CH�C−), 8.02 (d, 2H, J = 8.4 Hz, Ar), 7.00 (d, 2H, J =
8 Hz, Ar), 4.38 (q, 2H, J = 6.8 Hz, −OCH2−), 4.06 (t, 2H, J =
6.4 Hz, −OCH2−), 1.49 (m, 8H, (−CH2−)4), 1.41 (t, 3H, J =
2.1 Hz, −CH3), 0.93 (t, 3H, J = 2 Hz, −CH3).
3.2.2. Ethyl 2-Cyano-3-(4-octyloxy)phenylacrylate (5).

Product (5), ethyl 2-cyano-3-(4-octyloxy)phenylacrylate, was
recrystallized from ethyl acetate and n-hexane to obtain a pure
yellow crystalline solid in 75% yield, M.F. C20H27NO3, with a
melting point of 42−44 °C. Anal. Calcd for C20H27NO3:
C,72.92; H, 8.26; N, 4.25. Found: C, 72.85; H, 8.31; N, 4.19.
FT-IR (KBr) νmax (cm−1): 3036 (str, C−H, Ar), 2216 (str,
−CN), 1716 (str, C�O), 1692 (str, C�C, alkene), 1583 (str,
C�C, Ar), 1180 (str, C−O−C).

1H NMR (400 MHz, CDCl3) δ ppm: 8.18 (s, 1H, −CH�
C−), 8.02 (d, 2H, J = 9.2 Hz, Ar), 7.00 (d, 2H, J = 8.8 Hz, Ar),

4.38 (q, 2H, J = 7.2 Hz, −OCH2−), 4.06 (t, 2H, J = 6.8 Hz,
−OCH2−), 1.84 (m, 2H, −OCH2CH2−), 1.49 (m, 10H,
(−CH2−)5), 1.41 (t, 3H, J = 2.1 Hz, −CH3), 0.93 (t, 3H, J = 2
Hz, −CH3).
3.2.3. Ethyl 2-Cyano-3-(4-decyloxy)phenylacrylate (6).

Product (6) was recrystallized from ethyl acetate and n-hexane
to obtain a pure yellow crystalline solid in 71% yield, M.F.
C22H31NO3, with a melting point of 42−44 °C. Anal. Calcd for
C22H31NO3: C, 73.92; H, 8.74; N, 3.92. Found: C, 73.86; H,
8.69; N, 3.84. FT-IR (KBr) νmax (cm−1): 3036 (str, C−H, Ar),
2216 (str, −CN), 1716 (str, C�O), 1692 (str, C�C, alkene),
1583 (str, C�C, Ar), 1180 (str, C−O−C). 1H NMR (400
MHz, CDCl3) δ ppm: 8.19 (s, 1H, −CH�C−), 8.02 (d, 2H, J
= 9.2 Hz, Ar), 7.00 (d, 2H, J = 8.8 Hz, Ar), 4.38 (q, 2H, J = 7.2
Hz, −OCH2−), 4.06 (t, 2H, J = 6.8, −OCH2−), 1.85 (m, 2H,
−OCH2CH2−), 1.49 (m, 14H, (−CH2−)7), 1.44 (t, 3H, J =
2.1 Hz, −CH3), 0.90 (t, 3H, J = 2 Hz, −CH3).
3.3. Evaluation of Thermodynamic Stability. Scheme 1

demonstrates that all of the reactions analyzed at B3LYP/6-

Figure 3. Molecular docking results: (a) ligand binding in protein pocket; (b) hydrogen bonding; (c) ligand−protein interaction in two-
dimensional (2D) diagram; and (d) hydrogen bonding in the solid state for compound 3 in HER2.

Figure 4. RMSD evolution for (a) protein−ligand complex, (b) protein (HER2), and (c) ligand (3) during 20 ns MD simulation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01123
ACS Omega 2023, 8, 25817−25831

25823

https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01123?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


31G(d,p) are both endothermic and endergonic, as confirmed
by Table S7 and Figure S1 in the Supporting Information. The
enthalpy difference between the reactants (4-hexyloxy-
benzaldehyde + malonitrile) and the product (4-hexyloxyben-
zylidenemalonitrile (1) + H2O) indicates that this reaction is
endothermic and endergonic, with a ΔH of 218.6 kJ mol−1 and
a ΔG of 270.6 kJ mol−1 at B3LYP/6-31G(d,p). The formation
of 3 + H2O and 4 + H2O is also endothermic and endergonic,
with ΔH values of 113.6 and 10.5 kJ mol−1 and ΔG values of
171.6 and 21.1 kJ mol−1, respectively. The enthalpy differences
between the reactions for the formation of three benzylidene-
malonitrile derivatives (1, 2, and 3) by 1 + H2O and the other
two reactions for the formation of 2 and 3 are 135.9 and 185.1

kJ mol−1, respectively, due to the increasing number of −CH2
groups. Similarly, the enthalpy differences between the reaction
for forming 4 + H2O and the other two reactions for forming 5
and 6 are 103.1 and 15.7 kJ mol−1, respectively. The entropy
(ΔS) difference between the separated reactants of all
reactions at B3LYP/6-31G(d,p) ranges from −35.6 to
−269.4 kJ mol−1 (Table S7 in the SI).
According to Table S7, an improved dipole moment

enhances the polar nature of the molecule, promoting its
binding properties, hydrogen bonding, and nonbonding
interactions with the receptor protein.63 Compound 2 has a
dipole moment of 7.30 Debye, and compound 3 has a dipole
moment of 8.39 Debye, which are slightly higher than the

Figure 5. RMSF evolution for (a) protein−ligand complex, (b) protein (HER2), and (c) ligand (3) during 20 ns MD simulation.
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dipole moment of 4-hexyloxybenzylidenemalonitrile (1) (5.92
Debye), resulting in their stronger binding affinity and
interactions with the methylene (−CH2) residues of the
receptor protein. Similarly, compound 5 has a dipole moment
of 3.90 Debye, and compound 6 has a dipole moment of 3.72
Debye, which is slightly higher than that of ethyl 2-cyano-3-(4-
hexyloxy)phenylacrylate (4) (3.15 Debye), resulting in better
binding affinity and interactions with the methylene (−CH2)
residues of the receptor protein (Table S7 in the SI).
3.4. Evaluation of In Silico Pharmacokinetic Proper-

ties. To assess the global reactivity and stability properties of
synthesized compounds (1−6), their frontier orbital (HOMO
and LUMO) analysis and HOMO−LUMO gap values were
evaluated. Additionally, hardness (η), softness (S), chemical
potential (μ), and electrophilicity index (ω) were calculated
using B3LYP/6-31G(d,p) and are presented in Table 2 and
Figure 1 (see Figures S26−S27 in the SI). The HOMO−
LUMO gap plays a vital role in molecular chemical reactivity
and is related to chemical hardness, softness, chemical
potential, and electrophilic index.64 Compound (3) had the
largest HOMO−LUMO gap value (3.881 eV), highest
hardness (1.941 eV), and lowest softness (0.515 eV) among
all compounds, likely due to its longer chain length than
compounds 1 and 2. Compared to compound (3), reference
compounds A23 and AG9 had lower stability and higher

reactivity. The energy gap values decrease as follows: 3 (3.881
eV) > AG9 (3.838 eV) > 2 (3.821 eV) > 1 (3.822 eV) > A23
(3.648 eV). The electrophilicity index of compound (3) was
5.205 eV, indicating potential biological activity and reactive
sites. Compound (6) had a lower electrophilicity index value of
4.369 eV than compounds 4 and 5, suggesting that it may also
have biological activity. Molecular docking with an appropriate
protein can further explore these potential activities.
Natural bond orbital (NBO)41 analysis was conducted to

gain insights into the stability of molecules based on atomic
bonds and charges. This analysis examined both intermolecular
and intramolecular interactions and identified the most
significant stabilization energies presented in Figures S28−
S33 in the SI. The intramolecular charge transfer interactions
were further investigated. Interestingly, changes in geometry
observed in benzylidenemalononitrile derivatives (1−3) and
ethyl 2-cyano-3-phenylacrylate derivatives (4−6) did not cause
changes in the charges on several key atoms in the system.
Figure 2 illustrates the molecular electrostatic potential (MEP)
maps that show the most probable regions around the
molecule for reactivity by depicting the net electrostatic effect
of the total charge distribution of electrophilic and nucleophilic
sites. Electrophilic sites, represented by blue regions, are
electron acceptors, while nucleophilic sites, represented by red
regions, are electron donors. Yellow regions indicate partial

Figure 6. Molecular dynamics simulation and trajectory analysis of the ligand (3) with HER2: Radius of gyration (Rg) for the ligand (3) with the
protein−ligand complex (RgX), (b) Rg for the whole protein, (c) temperature analysis, and (d) potential analysis.
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nucleophilic sites. The electrostatic potential is color-coded,
with red, orange, and yellow regions showing the negative
potential for electrophilic reactivity over electronegative atoms
like oxygen and cyan and blue regions indicating the positive
potential for nucleophilic reactivity over hydrogen atoms. The
regions of zero potential are shown in green.
3.5. Predicted Biological Activities Using PASS. The

chemical structures (1−6) were analyzed using multilevel
neighborhoods of atoms (MNA)65 creative descriptors in
PASS (prediction of activity spectra for substances) online to
predict thousands of potential biological activities, including
pharmacological effects, mechanisms of action, mutagenicity,
carcinogenicity, teratogenicity, and embryotoxicity. The bio-
logical activity of a compound depends on several factors, such
as its structure, physicochemical properties, the biological
entity it interacts with (species, gender, age, etc.), and mode of
treatment (dose, route of administration, etc.). PASS predicts
two probabilities for each compound based on its MNA
descriptors: probable activity (Pa) and probable inactivity (Pi).
Pa and Pi values range from 0.000 to 1.000, indicating the
likelihood of a compound being active or inactive, respectively.
In general, Pa + Pi ≠ 1. PASS predictions are usually

interpreted flexibly: (i) when Pa > 0.7, the chance of finding
the activity experimentally is high; (ii) if 0.5 < Pa < 0.7, the
chance of finding the activity experimentally is lower, but the
compound is likely dissimilar to known pharmaceutical agents;
and (iii) if Pa < 0.5, the chance of finding the activity
experimentally is lower.
Table 3 provides evidence that the benzylidenemalononitrile

derivatives (1−3) were more effective as antineoplastic (breast
cancer) agents with a Pa value of 0.512, compared to their
activity as cancer-associated disorder treatment agents with a
Pa value of 0.322. In contrast, the ethyl 2-cyano-3-phenyl-
acrylate derivatives (4−6) showed a lower Pa value of 0.266
for cancer-associated disorder treatment but a similar Pa value
of 0.512 for antineoplastic (breast cancer) activity, indicating
that they may be less potent than the benzylidenemalononitrile
derivatives. These findings are consistent with the structural
similarity between these compounds and the reference
compound AG9.
The results shown in Table 3 demonstrate the potential of

the benzylidenemalononitrile and ethyl 2-cyano-3-phenyl-
acrylate derivatives as therapeutic agents for cancer-associated
disorders. However, further validation is crucial to confirm the

Figure 7. Molecular dynamics simulation and trajectory analysis of the ligand (3) with human FPPS: (a) LJ analysis, (b) total energy analysis, (c)
Coulomb (SR) analysis, and (d) hydrogen bond stabilization.
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safety and efficacy of these compounds through in vitro and in
vivo experiments, as well as in silico studies. The latter can
provide valuable insights into the molecular mechanisms of
these compounds and guide further experimental work.
3.6. Evaluation of Physicochemical Properties of

Synthesized Organic Compounds. The oral bioavailability
of benzylidenemalononitrile derivatives (1−3) and ethyl 2-
cyano-3-phenylacrylate derivatives (4−6) was assessed by
analyzing their physicochemical properties using Lipinski and
Veber rules.66,67 Lipinski’s rules require a compound to meet at
least three of the following conditions for oral administration:
molecular weight below 500, log P below 5, no more than 5
hydrogen bond donor (HBD) atoms, and no more than 10
hydrogen bond acceptor (HBA) atoms. Veber rules add that
nrotb must be less than 10 and TPSA must be less than 140 Å2.
Lipinski’s rule of five, M log P, log S, X log P3, and sp3
hybridization were used to calculate drug-likeness values. All
six compounds satisfied the Lipinski and Veber rules with a
molecular weight less than 500 g/mol, M log P < 4.15, and
log S (ESOL) values less than 6,68 and lipophilicity, X log P3
between −0.7 and +5.0,69 and fraction of carbons in the sp3
hybridization not less than 0.25 were considered for drug-
likeliness calculated using Lipinski’s rule of five.66,70

SwissADME was used to assess its physicochemical properties,
and Table 4 presents the results.
The study further investigated the compounds by applying

different computational filters, such as Lipinski, Ghose, Veber,
Egan, and Muegge rules, as shown in Table S8 in the SI.
Results revealed that compounds 2, 3, and 6 had one Veber
violation, while compounds 2−6 had one Muegge violation.
However, none of the six compounds violated Lipinski or
Ghose rules (Tables 4 and S8 in the SI). A drug-like score of 1
indicates that the compound has potential as a therapeutic
agent,71 and all six compounds satisfied the drug-likeness
evaluation in this study. Furthermore, the bioavailability score
for each compound met the drug-likeness test, suggesting high
bioactivity and a promising outcome in developing new drugs.
Table 5 displays the bioactivity scores of all six compounds

(1−6) based on the rule of five classifications into ion channel
modulators (ICMs), kinase inhibitors (KIs), nuclear receptor
ligands (NRLs), protease inhibitors (PIs), and enzyme
inhibitors (EIs). According to Paramashivam et al.,72 a score
greater than 0.00 denotes high activity, while scores between
0.00 and −0.5 denote moderate activity, and scores less than
−0.5 indicate inactivity. The bioactivity data obtained from
this study showed that the benzylidenemalononitrile deriva-
tives (1, 2, and 3) and ethyl 2-cyano-3-phenylacrylate
derivatives (4, 5, and 6) demonstrated moderate activity
(Table 5 and Figures S34−S41 in the Supporting Informa-
tion).
3.7. Assessment of ADMET Properties of Compounds

1−6. Evaluating pharmacokinetic properties such as absorp-
tion, distribution, metabolism, excretion, and toxicity is crucial
for developing new drugs to save time and cost. To evaluate
the ADMET properties of the active compounds (1−6), three
free access websites, including PreAdmet, admetSAR, and
SwissADME software, were used to calculate various ADMET-
associated properties, such as water solubility, oral bioavail-
ability, blood−brain barrier penetration, and toxicity. A total of
seven ADMET parameters, including human intestinal
absorption (HIA), blood−brain barrier (BBB), plasma protein
binding (PPB), CYP3A4, CYP2C19, lead-likeness, and

synthetic accessibility (SA) core, were tested for compounds
(1−6) as listed in Table 6.
The ADMET properties of the compounds (1−6) were

evaluated using seven parameters, including HIA, BBB, PPB,
CYP3A4, CYP2C19, lead-likeness, and SA core. HIA is crucial
in drug discovery, with absorption levels classified as high (70−
100%), medium (20−70%), and low (0−20%). The
compounds (1−6), along with Tyrphostin 1 (AG9) and
Tyrphostin 23 (A23) references, were found to have high HIA,
indicating their potential as oral drug candidates. BBB
penetration is also important for drugs that affect the CNS,
with high BBB penetration (>2) being beneficial. The
compounds (1, 2, and 3) showed moderate BBB penetration
values (+0.96), and compounds (4, 5, and 6) showed similar
results (+0.94). These findings align with the reference
compound AG9, which showed BBB penetration of +0.95.
Plasma protein binding (PPB) can affect the duration of a

drug in the body, with a higher protein-bound percentage
resulting in a slower release of the drug. A binding of >90% is
considered high, while that of <90% is considered weak.73

Based on computational calculations, the benzylidenemaloni-
trile derivative (3) showed a PPB of 100, and the ethyl 2-
cyano-3-phenylacrylate derivative (6) showed a PPB of 96.17,
indicating a high binding to plasma proteins due to the
increasing methylene (−CH2) residues of the receptor protein.
In silico calculations suggest that CYP3A4 and CYP2C19,
which are cytochrome P450 enzymes, are responsible for drug
metabolism, and inhibiting these proteins can increase the
plasma levels and toxicity of these compounds (as shown in
Table 6).
A new method has been developed to calculate the synthetic

accessibility (SA)74 score of drug-like molecules (1−6). The
SA score ranges from 1 (very easy) to 10 (very difficult), and
the benzylidenemalononitrile derivative (3) showed a score of
2.92. In contrast, the ethyl 2-cyano-3-phenylacrylate derivative
(6) scored 3.48, indicating that these compounds are relatively
easy to synthesize. The SA score is helpful for virtual screening
and predicting the identified molecules’ hERG activity
(pIC50) (as shown in Table 6). For example, 4-hexylox-
ybenzylidenemalononitrile (1) showed a higher hERG_pIC50
value of 4.94 compared to 4-methoxybenzylidenemalononitrile
(Tyrphostin 1, AG9) due to the increasing methylene (−CH2)
residues. Compound 3 had a higher value than compounds 1
and 2, with a reference value of the potential risk for inhibitors
ranging from 5.5 to 6.74

3.8. Computational Drug Discovery and Design
Using In Silico Molecular Docking. The use of molecular
docking is a crucial computational approach in drug discovery.
The synthesized compounds (1−6) and reference compounds
AG9 and A23 were subjected to molecular docking studies
against the targets HER2 (7JXH), human FPPS (4H5D), and
EGFR (4LRM), and the results are presented in Table 4.
Compounds 3 and 4, namely, 4-decyloxybenzylidenemaloni-
trile and 2-cyano-3-(4-hexyloxy)phenylacrylate, respectively,
exhibited high binding affinity against human FPPS (−8.0 kcal
mol−1) and HER2 (−7.9 kcal mol−1). Compound 3 also
demonstrated binding affinity of −7.4 kcal mol−1 against
HER2. The docking values obtained for all compounds were
superior regarding anticancer activity compared to the
reference drugs AG9 (−6.4 kcal mol−1) and A23 (−6.5 kcal
mol−1), as displayed in Table 7. Additionally, compounds 3
and 4 exhibited robust binding abilities, followed by
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compounds 1, 2, 5, and 6 (refer to Table 7 and Figure 3 in the
SI).
The binding site interactions of the docked protein and

ligand and their derivatives (1−6) are defined in Tables S9−
S11 in the supplementary information. The synthesized
organic compounds (1−6) were found to have lower binding
affinity for the epidermal growth factor receptor as compared
to human FPPS and HER2, as shown in Table 7. The chemical
bonds between the ligand and protein at the active site were
analyzed to understand how the ligand affects the disease-
causing pathogens. The bond length and residue numbers for
each type of bond, including the ligand in protein pocket,
hydrogen bonding, ligand−protein interaction for 2D diagram,
and hydrogen bonding in solid for compound 3 in human
FPPS, are shown in Figure 3. The ligand−protein interaction
through the amino acid residues for compound 3 in FPPS is
illustrated in Figure 3, where approx. 10 different bonds were
observed. Seven of them were hydrophobic, which included Pi-
Alkyl on the residues PHE F:98, PHE F:99, PHE F:99, TYR
F:204, LYS F:200, and Pi-Anion on the residues ASP F:243,
ARG F:60 with various bond lengths. The other three types of
bonds observed were conventional hydrogen bonds at residues
ARG F:60, GLN F:96, and LYS F:27.
3.9. Molecular Dynamics Simulation Using In Silico

Methods. To understand the stability and interactions of the
protein−ligand complex with HER2 for compound 3 (Figures
4−7) as well as human FPPS (see Figures S42−S44 in the SI),
as well as HER2, the results of the MD simulations were
analyzed. The analysis included various metrics, such as the
RMSD values for the backbone and ligand and the Lennard-
Jones short-range and potential energies. The RMSD analysis
of the protein−ligand complex showed that both the protein
and ligand were stable in the binding site, with RMSD values
ranging from 0.2 to 0.35 nm (Figure 4). The whole protein
system remained stable throughout the trajectory. These
findings indicate that the docked complex could maintain its
structure despite the thermal and dynamic motions of the
atoms within the system. Overall, the MD simulations provide
evidence that the protein−ligand complex is stable and that the
ligand binding to the protein is likely strong and persistent.
The degree of structural flexibility of a protein is often

captured by a metric called root-mean-square fluctuation
(RMSF), which measures localized variations in the protein’s
conformation. In this study, the RMSF analysis revealed that
the N- and C-termini of the protein tend to have greater
mobility compared to other rigid segments, such as the loop
regions of α helices and β strands within its secondary
structures (shown in Figure 5). The RMSF plot of the
protein−ligand complex also showed a similar trend, with the
RMSF values of both the protein and the ligand complex
measured at 0.1 nanometers.
The radius of gyration (Rg) is a parameter that characterizes

the size and shape of a macromolecule, such as a protein−
ligand complex. In this study, the Rg value of the protein−
ligand complex was determined to be in the range of 2.12−
2.15 nm (Figure 6a,b). This finding suggests that including the
ligand did not significantly change the protein’s overall size or
shape. This result is consistent with the idea that the ligand has
bound to the protein in a way that did not cause significant
disruptions to its tertiary structure. Moreover, a similar Rg
value between the protein and the protein−ligand complex
may imply that the binding has not induced significant
structural changes within the protein. It is essential to note that

while Rg values can provide insights into a protein’s overall size
and shape, they may not reveal the exact structural changes
that have occurred at the molecular level. Further experiments,
such as X-ray crystallography or NMR spectroscopy, may be
necessary to fully understand the molecular interactions
between the protein and the ligand.
The simulation demonstrated that the temperature of the

system remained steady during the 20,000 ps run, fluctuating
between 298.5 and 303.5 Kelvin, as indicated by Figure 6c,d.
This suggests that the protein−ligand complex did not
significantly affect the thermal energy of the system. However,
the potential energy of the system showed some fluctuations,
with values ranging from −6.29 × 105 to −6.25 × 105 kJ mol−1
(Figure 6c,d), suggesting changes in the electrostatic
interactions between the atoms. Meanwhile, the Lennard-
Jones short-range energy (Figure 7a), which characterizes the
van der Waals forces between atoms, remained consistent
between 76,000 and 79,000, indicating that the attractive and
repulsive forces between the atoms remained stable throughout
the simulation.
During molecular dynamics simulations, the total energy of a

system is a crucial measure for assessing the stability and
interactions of a protein−ligand complex. In this study, the
total energy of compound 3 was computed and found to range
from −5.02 × 105 to −4.98 × 105 (Figure 7b). The
consistently negative values and limited range of the total
energy suggest that the complex was stable throughout the
simulation and did not undergo significant fluctuations in
energy. Moreover, analyzing the magnitude and distribution of
the energy values can offer insights into the specific protein−
ligand interactions that occurred.
The Coulomb (SR) energy values obtained from the MD

simulation, which varied from −8.07 × 105 to −8.04 × 105
(Figure 7c), indicate that the electrostatic interactions between
the protein and ligand are energetically favorable and stable
throughout the simulation. The consistent and negative values
suggest that the protein−ligand complex did not experience
significant changes in electrostatic interactions. By analyzing
the magnitude and distribution of the Coulomb (SR) energy,
researchers can gain insights into the specific interactions
between the protein and the ligand. Further studies, such as
free energy calculations, may be necessary to gain a
comprehensive understanding of the energetics of the
protein−ligand interaction.
The MD simulation results highlight the significance of

hydrogen-bonding interactions in determining the stability of
protein−ligand binding. The interactions between the ligand
and the protein through hydrogen bonds are illustrated in
Figure 7d. The simulation demonstrated that the compound in
the active site of the protein formed an average of 0.98 ± 0.23
hydrogen bonds, ranging from zero to two hydrogen bonds
throughout the 20 ns simulation. The relatively high mean
number of hydrogen bonds suggests that the ligand−protein
complex is likely to be stable, as the hydrogen-bonding
interactions contribute to the thermodynamic stability of the
complex. However, it is essential to note that additional
studies, such as thermodynamic analyses, are necessary to gain
a complete understanding of the protein−ligand interactions.

4. CONCLUSIONS
In this study, six derivatives (1−6) of benzylidenemalononitrile
and ethyl 2-cyano-3-phenylacrylate were confirmed by FT-IR
and 1H NMR spectroscopies. A computational study was

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01123
ACS Omega 2023, 8, 25817−25831

25828

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01123/suppl_file/ao3c01123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01123/suppl_file/ao3c01123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01123/suppl_file/ao3c01123_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


performed on these compounds against three cancer-related
proteins and one parasite target to determine their potential as
anticancer and antiparasitic medicines. Various computational
methods were utilized, including DFT calculations, molecular
docking calculations, binding energy calculations, thermody-
namic properties analysis, HOMO and LUMO investigation,
drug-likeness analyses, ADMET property evaluation, and MD
simulations. Compound 3 showed the highest binding affinity
as an anticancer target, which suggests that it could be an
effective therapeutic molecule. In comparison to the reference
drugs, compound 3 also displayed strong effects on HER2 and
FPPS cell lines, and all of the compounds satisfied numerous
drug-likeness requirements. All of the compounds exhibited
moderate-to-low acute oral toxicity, demonstrating that they
are safe for oral administration. However, additional
experimental validation is necessary to validate the potential
of these chemicals as anticancer and antiparasite medications.
Such results are expected in the near future.
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