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ABSTRACT: Acetylcholinesterase inhibitors (AChEIs) are crucial ] =
therapeutic targets for both the early and severe stages of iW’”

In Silico ADMET
¥ Lipinski Rule

Alzheimer’s disease (AD). Chalcones and their chromone-based MOLECULAR BYNAMIC ¥ bharmacokinetics properties
. . 1. . . . SIMULATIONS \ v Physico-chemical properties
derivatives are well-known building blocks with anti-Alzheimer . = ¥ Lipophilicity
. . . . . s
properties. This study synthesized 4-benzyloxychalcone derivatives = ~vr =

and characterized their structures using IR, '"H NMR, *C NMR,
and HRMS. Additionally, the synthesized 4-benzyloxychalcone

derivatives were tested for anti-acetylcholinesterase (AChE) QUANTITATIVE —
activity. The synthesized compounds outperformed galantamine, ety 7 1 ~ s
which is used as a positive control against acetylcholinesterase. . wosrretscty S 7 ot o o
Utilizing an acetylcholinesterase (AChE) receptor (PDB ID: 7 iwo NEWLYSYNTHESIZED S BE ot 30,16 and 118 el

9 q q a ENZYLOXY-C! CONE HY]
4EY7)-chalcone derivative (12a-c), a molecular docking inves- BENEYLOX CHALOONE HYBEIDS

tigation was performed on the synthesized compounds. The goal

was to predict the binding sites and energies of the derivatives with respect to the receptor amino acids. The dynamic behavior of the
ligand—receptor complex resulting from the interaction of the best docking compounds 12a and 12¢ with the acetylcholinesterase
receptor was used to analyze the stability via MD simulation. MM/GBSA and MM/PBSA were used to calculate free binding
energies using snapshots from system trajectories. Advanced computational approaches incorporating long-range corrections were
utilized to calculate the molecular characteristics of chalcone derivatives 12a-c at the DFT/wB97XD/6-311++G(d,p) level. We used
the molecular electrostatic surface potential (MESP) with high-quality data and visualization to find the most active site in these
molecules. Reactivity descriptors, including the condensed Fukui function, chemical hardness (#), dual descriptors, chemical
potential (), and electrophilicity (@), were calculated for the chalcone derivatives.

1. INTRODUCTION

Chalcones, also known as benzylideneacetophenones, are
recognized as important compounds found in natural

resources. These molecules, known as 1,3-diaryl-2-propen-1- ' B
ones, are part of the plant flavonoid family and are commonly ' 56 o
known as open-chain flavonoid molecules.' Chalcone is an Trans (E) Cis (2)
aromatic molecule consisting of two aromatic rings connected

by a three-carbon a,f-unsaturated carbonyl system.'’ D 2)

Chalcones are widely found in nature and range from ferns
to higher plants, as reported in previous research.” The
biosynthesis of isoflavonoids and flavonoids also involves the
utilization of chalcones as open-chain precursors. This process
mostly results in the formation of polyphenolic compounds
that exhibit a color transition from yellow to orange. The
chalcones can exist in two forms: trans (E) 1 or cis (Z) 2
isomers (Figure 1). The trans isomer is more thermodynami-
cally stable than the cis isomer, making it the most common

Figure 1. Structures of trans (1) and cis (2) chalcones.
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Figure 2. Chalcones as inhibitors of acetylcholinesterase.
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Figure 3. Representation of the lead compounds and the designed target hybrids.

chalcone configuration.* The Z isomer’s configuration is
considered unstable due to the significant steric effects
resulting from the interaction between the A-ring and the
carbonyl functional group.’

Chalcones exhibit a conjugated double bond that leads to
the delocalization of m-electrons across both aromatic rings
toward the carbonyl carbon, hence decreasing their electro-
philicity. The chalcone nucleus has been identified as the
primary intermediate and is a crucial component of several
flavonoids and therapeutic compounds. The primary method
for synthesizing chalcone involves the Claisen—Schmidt
reaction, which occurs when aromatic aldehydes react with
aromatic ketones in the presence of acid or base catalysts.’
Chalcone serves as a crucial intermediary or starting material
for producing different derivatives, including thiazine, pyrazo-
line, cyanopyridine, oxazoline and isoxazole. This is achieved
through the cyclization of the a,f-unsaturated carbonyl group
in chalcone. The resulting derivatives can have various
heterocyclic ring systems attached to one or both of the
aromatic rings.””” Therefore, chalcone is highly important in
the field of medicinal medication design.” Chalcones have been
extensively explored and found to have numerous advanta-
geous biological properties, such as anti-inflammatory,
antibacterial, antifungal, anticancer, antioxidant and anti-
toxicity. »1o1
UV radiation and parasites in plants. Additionally, their
antioxidant and anti-inflammatory qualities make them highly
relevant in the treatment of human illnesses such as malaria,
cancer, tuberculosis and asthma.'?

Chalcones provide protection against viruses,

32902

Alzheimer’s disease (AD) is a chronic neurodegenerative
disorder linked to the aging process. It causes a gradual and
irreversible decline in cognitive function, including memory
loss, deterioration of language skills, dementia and cognitive
impairment.”> Researchers have presented the cholinergic
hypothesis as a crucial theoretical framework for treating
Alzheimer’s disease (AD). In the brain, this illness causes tissue
loss and the death of nerve cells. Almost all of the brain’s
activities are affected by the drastic shrinkage that occurs over
time."* Preserving cholinergic functioning has the potential to
reduce these symptoms.'*'® Several medications have received
approval for the therapeutic management of AD, but
nevertheless, they do not significantly influence the progression
of the disease.'”'® Multiple studies have demonstrated the
capacity of chalcone, which is derived from plant natural
products, to function as an inhibitor of acetylcholinesterase
(AChE) in neurodegenerative conditions. Therefore, flavo-
noids that can inhibit acetylcholinesterase (AChE) are the
most favorable candidates for Alzheimer’s disease (AD)
treatment.” Figure 2 shows the chalcone compounds that
have a natural origin and excellent anti-Alzheimer’s disease
activity, specifically 2',4'-dihydroxy-3',6"-dimethoxychalcone 3
from Polygonum limbatum leaves and isobavachalcone 4 and
4-hydroxylonchocarpin § from Dorstenia barteri twig leaves.
These compounds were isolated and assessed for their ability
to inhibit acetylcholinesterase (AChE) activity.'” The
researchers reported that compound 3 (ICy, = 6.05 + 0.11
pug/mL) and compound § (ICs, = 6.59 = 0.16 ug/mL)
exhibited inhibitory activity, while compound 4 (IC¢, = 5.93 +
0.13 pg/mL) demonstrated significant activity against
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Scheme 1. Synthesis of 4-Benzyloxychalcones 12a-c”
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acetylcholinesterase, which is comparable to that of the
standard drug Eser (ICs, = 4.94 + 0.0S ug/mL). The
compound isosalipurposide 6 also exhibited prominent activity
on AChE, and it was derived from the flowers of Acacia
cyanophylla.”® Chemical 6 has been shown to be efficacious
against acetylcholinesterase, with an ICy, value of 52.04 ug/
mL. In addition, Sribuhom et al. (2016) extracted
obovatachalcone 7 from the seed of Derris indica, which
exhibited greater efficacy against AChE than did tacrine;”
therefore, developing new selective compounds for anti-AD
medication development is a major breakthrough in AD
treatment. Given the aforementioned limitations in terms of
the drugs available, the objective of this research work was to
modify chalcone moieties to enhance their ability to provide
excellent inhibition of acetylcholinesterase, the lead com-
pounds and the designed target hybrids are shown in Figure 3.
In addition, the bioassays were performed using molecular
docking, molecular dynamics (MD) modeling, quantitative
structure—activity relationship (QSAR), and chemical reac-
tivity methods.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of the Title
Compounds (12a-c). Compounds (12a-c) were synthesized
as depicted in Scheme 1. Briefly, the starting material of 4-
benzyloxybenzaldehyde 10 was synthesized via Williamson
ether synthesis to obtain chalcone derivatives.” This reaction
method was employed using equimolar amounts of appropriate
benzyl chloride 9 and 4-hydroxybenzaldehyde (8) under basic
conditions by using potassium carbonate (K,CO;) as a
catalyst. Then, the Claisen-Schmidt condensation reaction
was performed on appropriate ketones (1la-c) and 4-
benzyloxybenzaldehyde 10 in alcoholic NaOH at ambient
temperature for 24 hours. The precipitate afforded the target
chalcone derivatives (12a-c).

32903

To confirm the structure of the synthesized chalcones, NMR
and ATR-FTIR spectroscopy were used to determine the
functional groups and atoms present in the compounds.
Chalcones were identified based on the a,f-unsaturated ketone
moiety, which is a chemical structure that has two neighboring
protons at conjugated C=C double bonds.'’ The compound
was anticipated to exhibit doublet signals in the proton-NMR
spectra within the chemical shift region of 6 7.00-8.50 ppm,
which can be attributed to vicinal coupling. Furthermore, a
trans configuration is indicated by the coupling constant
between 13.0 and 17.0 hertz.”> >* In the IR spectrum, the
carbonyl group of simple aliphatic ketones normally has a
strong absorption band in the range of 1720-1708 cm.
However, for chalcone, the conjugation of C=0 will shift the
frequency to the lower region due to the delocalization of 7
electrons (I, II),*° as illustrated in Scheme 2. In this case, the

Scheme 2. Carbonyl Conjugation to a Carbon—Carbon
Double Bond (I, II)

) o
= +(C—
/ \ /C C\
I 11

conjugation of C=0 with «a or § will give rise to absorption in
the region 1700-1675 cm™, whereas C=C will give rise to
absorption at 1644-1617 cm™. The spectral data of the
synthesized compounds (10) and (12a-c) are given in the
Supplementary Data File, as shown in Figures $8-S19.

2.2. Biological Evaluation. Acetylcholine (ACh) is an
essential neurotransmitter that is present in both the central
nervous system (CNS) and peripheral nervous system (PNS)
of most living organisms. ACh plays the most important role in
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Table 1. Molecular Docking Scores and Interaction Modes between Newly Synthesized Chalcones (12a-12c) and AChE (PDB
ID: 4EY7)
Interactions
Electrostatic or
H-bond Hydrophobic Other
Binding Energy
Compound (Kcal/mol) 7-alkyl 7-rt T-shape -1t Stack C-H bond
12a -12.0 PHE295, TRP286, TRP86, HIS447 TRP286, TRP86, HIS447 TYR341 (7-
ARG296 donor)
12b 116 PHE295 TYR72, TYR337, TRP286, TYR341,  TYR337, TRP286, TYR341,
TRP286 TRP86 TRP86
12¢ 118 TYR72, TYR337, TRP286, TYR341,  TYR337, TRP286, TYR341, TYRI124
TRP286 TRP86 TRP86

memorization, the learning process and mood control in the
CNS. In the PNS, ACh acts as a division of the somatic
nervous system and is a main neurotransmitter in the
autonomic nervous system and is closely associated with the
cardiovascular system of the body.”” The synthesized
derivatives (12a-c) were assessed for AChE inhibition activity
using spectroscopic Ellman’s protocol with acetylthiocholine
iodide (ATCI) as the substrate. Galantamine was used as the
standard drug because it is a commercially available AChE
inhibitor.”® The results obtained for AChE inhibition
demonstrated that compounds 12a (82.1%), 12b (64.4%)
and 12c (84.3%) could inhibit the target enzyme. The
percentage of positive compound inhibition was 94.1%.

2.3. Theoretical Studies. 2.3.1. Molecular Docking. The
binding modes and proposed molecular docking scores for the
newly synthesized chalcones (12a-12c) in the active site of the
target enzyme (4EY7) are displayed in Table 1 and Figure 4.
An in-depth analysis of the findings indicated that compound
derivatives 12a—12c exhibited binding free energy (AGb)
values ranging from -11.6 to -12.0 kcal/mol, whereas the
control compound (galantamine) exhibited a value of
-7.0 kcal/mol. As illustrated in Figure 4, the chalcone moieties

12a oy

12¢ N f

Figure 4. Proposed binding mode of newly synthesized compounds
(12a-12c) docked in the active site of the enzyme (PDB ID: 4EY7)
(2D and 3D compound-receptor interactions).

occupied the catalytic anionic site (CAS) of the enzyme via
hydrogen bonds (HBs) between carbonyl oxygen, benzyloxy
and phenyl rings, with residue and binding energies of -12.0,
-11.6 and -11.8 kcal/mol, respectively, corresponding to
compounds 12a-c. Target compounds 12a and 12b formed
(HBs) with PHE295 and more HBs with ARG296 for 12a
derivatives. Both compounds 12b and 12c¢ form s-alkyl
interactions with TYR72 and TRP286; #-7w T-shaped hydro-
phobic interactions with TYR337, TRP286, TYR341, and
TRP86; and 7-7 stacking interactions with the same residues,
TYR337, TRP286, TYR341 and TRP86, where compound 12¢
forms HBs with TYR124. In the case of compound 12a, an
interaction with TYR341 occurred (z-donor), which was
another interaction involving a #-7 stacking and 7-7 T-shaped
interaction with the TRP286, TRP86, and HIS447 amino acid
residues. A meticulous examination of the patterns of binding
energy and binding sites between the AChE enzyme and the
series of interest 12a-12¢ indicated that both 12a and 12c¢
chalcone compounds could be good candidates for AChE
inhibitors. In our upcoming discussion, we will examine the
stability of complexes containing both 12a and 12c. This
analysis will be conducted through molecular dynamics
simulation coupled with free energy calculations.

2.3.2. Molecular Dynamics Simulation and System
Stability. The molecular interactions and the water solvent
conditions around the protein influence the conformational
stability of the protein-compound interaction. The pose with
the highest binding affinity, obtained from docking simulations
(12a and 12c), was used as the starting structure. As well as, in
order to forecast its stability and interaction, a molecular
dynamic simulation was employed.””*° Therefore, a long-range
MD simulation of 100 ns was performed on the docked
complexes to investigate the dynamics, conformational
stability, and structural stability of the protein-compound
complexes. In this investigation, the root-mean-square
deviation (RMSD) was employed to assess the stability of
the systems throughout the 100 ns simulations. A RMSD value
range of less than 5.0 A was deemed the most acceptable, given
that a reduced RMSD value signifies enhanced system
stability.”" For all frames of the AChE protein, compound
protein complex systems and compounds 12a or 12c are
shown in Figure S. In addition, b, the average RMSD values
were 2.19, 1.7 and 2.21 A for the 12¢ complex and 2.39, 2.28
and 2.51 A for the 12a complex. The standard deviations of the
average RMSD values were 0.21, 0.30 and 0.21 A for the case
12¢ complex and 0.28, 0.37 and 0.30 A, respectively, for the
12a complex.

The results indicated that the 12c complex system attained a
more stable conformation than the other 12a complex systems

https://doi.org/10.1021/acsomega.4c03679
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Figure S. Root mean square deviation (RMSD) of the solvated protein backbone, the compounds (12a and 12c) and the receptor-compound

complex.

examined. To analyze the behavior of the residue and its
correlation with the compound during MD simulation, it is
necessary to assess the flexibility of the protein structure when
the compound binds to it.*" Protein residue variations were
evaluated utilizing the root-mean-square fluctuation (RMSF)
method to ascertain the influence of inhibitor binding to the
relevant targets throughout 100 ns of simulation. The average
RMSF values that were computed for the systems involving the
12a-AChE complex and the 12¢c-AChE complex to protein
systems were 1.15 and 1.0S A, respectively. Figure 6 depicts

— RMSF-60
— RMSF-64

5

4

RMSF (4)

100 200 300 400 500
Residual Number

Figure 6. Root mean square fluctuations (RMSFs) of the solvated
protein backbone and the complex of compounds 12a and 12c.

the overall residue fluctuations of several systems of the 12a
and 12c¢ protein complexes. These values indicate that the
inhibition of the 12¢c-AChE protein complex system is lower
than the inhibition of other systems. This finding suggests that
the complex is more stable.

The number of hydrogen bond interactions between the
protein and the compounds was determined by computing the
angle cutoff at 10 degrees and the rcut at 3.0 A. These values
were subsequently plotted against a time of 100 ns, as depicted
in Figures Sla and b. The average number of hydrogen bonds
per time period for the 12a and 12c complexes, respectively,
was determined to be 1.06 and 0.9 A, respectively, based on
calculations of hydrogen bonds.

Compound—protein interactions substantially increased the
number of hydrogen bonds per trajectory analysis from 1 to 4
HBs according to the overall analysis. The observed values
indicate that the conformation of the system 12a complex
became more stable than that of the other system 12¢ complex,
as determined through hydrogen bond formation interactions.

32905

The parameter that indicates the stability of the protein and its
structural compactness during simulations is the radius of
gyration (R,). The average Rg values for all frames of the
AChE protein, compound 12a or 12¢, and compound protein
complex systems are depicted in Figure S2a and b. The values
for the 12a complex were 2.32, 0.65, and 2.31 A, respectively,
while those for the 12¢ complex were 02.31, 0.54 and 2.31 nm,
respectively. The average RMSD values were accompanied by
standard deviations of 0.01, 0.03, and 0.01 nm for both the 12a
and 12¢ complexes. The R, values of both protein complexes
were found to be almost the same as those of the rigid
complexes.

The solvent-accessible surface area (SASA) of the protein
was calculated during MD simulation under compound-bound
conditions. The SASA values changed due to the binding of
the compound to the protein, as shown in Figures S3a and b.
As demonstrated by the analysis, the folding states of the
proteins and their stability upon compound binding occurred
in the case of the 12c-protein complex rather than in the case
of the 12a-protein complex due to the compound geometry, as
shown in the results. The average SASA was 6.44 nm for the
12¢ complex, whereas for the 12a complex, the SASA was 7.8
nm; additionally, the protein and its complexes underwent a
minor change. Over the course of the 100 ns simulation, the
mean distance between the center of mass of the protein
residues and compound 12a or 12¢ is illustrated in Figure 7. As
a function of time, complex 12a is shorter than complex 12c is,
which maintains a proximity of approximately 1.36 and 1.80

4-

Average_distance-60
Average_distance-64

Average distance (nm)
N

0 T T T T )
0 20 40 60 80 100

Time (ns)

Figure 7. Average distance between the compounds vs. center of mass
analysis for protein-compounds (12a and 12c).
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Table 2. Summary of the Free Energies of Binding MM/PBSA and MM/GBSA Calculated for the Top Docked Chalcone
Derivatives (12a and 12c) with the Target Enzyme (PDB ID: 4EY7)

MM-GBSA MM-PBSA
complex AEypw AEgg AGgys AEgg AEgugr AGgoL, AGg;, AE; AExpolar AGgoL AGg;,
12a -47.29 -11.46 -58.75 36.16 -6.44 29.73 -29.02 46.99 -5.3 41.69 -17.06
12¢ -37.66 -8.15 -45.81 20.95 -5.02 15.93 -29.88 28.93 -4.08 24.85 -20.96

Table 3. Physicochemical Property Analysis and QSAR Properties of Compounds 12a-12¢ toward the Target Enzyme (PDB

ID: 4EY7) for Drug Design

Polarizability Refractivity Surface Area (Grid)
Compd (4%) (4% Vol (4%) A
12a 49.76 129.03 1280.21 760.09
12b 42.65 110.36 1066.21 647.53
12¢ 39.46 102.99 1036.17 630.35

HE (kcal/ MW TPSA Fraction
mol) Log P (DA) (A) HBA HBD Csp3
-7.93 6.72 420.51 35.53 3 0 0.07
-5.33 6.46 440.28 26.30 2 6 0.05
-4.5 5.67 328.41 26.30 2 6 0.09

nm, respectively. The stability, conformation, and motion of
chalcone 12c are reflected in this. As shown in Figures S4a and
b, contact frequency (CF) analysis was conducted to estimate
the binding between compound 12a or 12c¢ and AChE
complexes. The contactFreq.tcl module on VMD was utilized,
and a cutoff of 4 A was applied to the analysis. In the simulated
12a complex case study, the amino acid residues listed below
demonstrated significantly higher CF values, reaching a
remarkable 99.15%: TRP86, GLY121, TYR124, SERI12S,
GLY126, TYR133, TRP286, PHE297, TYR337, PHE338 and
TYR341. Good contact surfaces exist between the 12¢ complex
and the protein pocket. The simulation investigation revealed
that amino acid residues had elevated CF values, amounting to
97.7%: TYR71, LEU76, TYR124, TRP286, HSD287, SER293,
GLN291, PHE238, TYR341 and GLY342.

2.3.3. Binding Free Energy of MM/GBSA and MM-PBSA.
The molecular mechanics energy technique (MM/GBSA and
MM/PBSA) is a widely used approach for determining the free
binding energies of small molecules to biological macro-
molecules. The GBSA integrates the generalized Born and
surface area continuum solvation models. In contrast, the one-
average molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) method, which analyzes ensembles of the initial
and final states to compute the free energy of binding’>*’
operates path-independently; therefore, the efficacy of MM-
PBSA surpasses that of MMGBSA. Both strategies may exhibit
greater reliability than docking scores. Both techniques may be
more reliable than docking score.”””" The computed binding
free energy of the simulated complex was used to confirm the
expected inhibitory affinity of 12a and 12c¢ for the AChE
receptor complex, as determined by docking simulation
studies, the results of which are given in Table 2. The binding
free energies were computed by utilizing snapshots obtained
from the trajectories of the system during a duration of 100 ns;
afterwards, the gmx MMPBSA tool was executed using
GROMACS files and the AMBER tool MMPBSA.py.**

Table 2 displays the reported computed energy solvation
components, with large negative values signifying advantageous
interactions. The 12c¢ complex binding free energy was
computed to be -29.88 or -20.96 kcal/mol for mmgbsa and
mmpbsa, respectively, and for the 12a complex, it was
calculated to be -29.02 or -17.06 kcal/mol for mmgbsa and
mmpbsa, respectively. Upon careful examination of the
individual energy contributions, it became evident that the
van der Waal electrostatic energy decreased (—37.66, —8.15
kcal/mol) in the 12c complex and in the 12a complex -47.29

and -11.46, respectively. Finally, other energy components
have considerable and moderate values for both complexes.
Binding free energy analysis revealed that the 12c¢c-4EY7
complex is more stable than the other complex, with
differences ranging from 0.8 to 3.9 kcal/mol, which indicates
that it is highly amenable to inhibition by AChE.

2.3.4. Structural Activity Relationships (SAR). The present
investigation utilized HyperChem (v8.0.7) to compute and
analyze the physicochemical properties, such as hydration
energy (HE), polarizability (Pol), molar volume (V), surface
area grid (SAG) and molar refractivity (MR), of the
synthesized compounds (12a-12c), as shown in Table 3.
The compound’s molecular polarizability (Pol) was assessed
by assessing the effectiveness of its electronic system in
regulating itself when exposed to an external electric field of
light. Molecular polarizability is of the utmost importance
because it is utilized to simulate bioactivities and a variety of
compound characteristics.”> The molecular polarizability of a
molecule is governed primarily by its volume, which governs
processes such as intestinal absorption and blood—brain
barrier permeability. Therefore, the molecular volume must
be utilized to simulate the molecular properties and
bioactivities in QSAR investigations. Another SAR parameter
is molar refractivity (MR), which is influenced by the spatial
arrangement of the phenyl ring in the compounds under study.
The spatial arrangement is of utmost importance because it is
essential for comprehending the manner in which medication
molecules interact with biological receptors. The London
dispersion force plays a significant role in the interaction
between drug molecules and receptors and is another factor
that affects molar refractivity, in addition to its correlation with
molecular volume.

Molecular refractivity, surface area grid and polarizability
data are frequently correlated with the volume (volume) and
molecular weight (MW) of proposed chalcones, as shown in
Table 3. Compound 12a had the highest volume (1280.21 A%),
highest surface area (760.09 A®), highest MW (420.51 amu),
highest polarizability (49.76 A®), and highest refractivity
(129.03 A?). In contrast, compound 12¢ exhibited diminished
values across all descriptors, including MW328.41 amu.
Polarizability = 39.46 A% molecular volume = 1036.17 A3,
surface area = 630.35 A* and refractivity =102.99 A°. Based on
the results presented in Table 3, the other chalcones (12b) are
intermediate between the maximum and minimum chalcones,
where the MW, polarizability, molecular volume, surface area
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Table 4. Pharmacokinetic Properties of the Synthesized Chalcone Hybrids (12a-c)

Metabolic enzymes Inhibitors

Compd  GI Absorption ~ BBB Permeant  p-gp Substrate =~ CYP1A2
12a High No Yes No
12b High Yes Yes Yes
12¢ High Yes Yes Yes

CYP2C19 CYP2C9 CYP2D6 CYP3A4  Skin P Log Kp (cm/s)
Yes No No Yes -4.60
Yes Yes No Yes -5.29
Yes Yes No Yes -4.82

Table 5. Lipophilic and Water Solubility Properties of the Synthesized Chalcone Compounds (12a-c)

Log S (ESOL) Log S (Ali) Log S (SILICOS-IT) Lipophilicity
Solubility mg/ Solubility mg/ Silicos-  Solubility mg/ Consensus Log
Compd ESOL mL Class Ali mL Class IT mL Class Py
12a -6.19 2.69e-04 Poorly Soluble -6.53 1.23e-04 Poorly Soluble -10.18 2.78e-08 Insoluble 571
12b -5.98 4.58e-04 Moderately -5.50 1.39¢-03 Moderately -8.45 1.57e-06 Poorly S.16
soluble Soluble Soluble
12¢ -S.11 2.57e-03 Moderately -5.20 2.08e-03 Moderately -7.98 3.47e-06 Poorly 4.85
soluble Soluble Soluble

grid, and refractivity are 440.28 amu, 42.65 A3, 106621 A3,
647.53 A% and 110.36 A%, respectively.

2.3.4.1. In Silico-Predicted Physicochemical and Pharma-
cokinetic Properties of Compounds 12a-c. The results
presented in Table 3 demonstrate that as the hydrophobicity
increases, the hydration energy decreases. The stability of
molecular conformations in aqueous solutions is determined
by the hydration energy.’®” An increase or decrease in the
number of hydrogen bonds (donors and acceptors) influences
the variation in the hydration energy. Table 3 presents the
absolute values of hydration energy in the following order: 12¢
< 12b< 12a with values of (-4.5, - 5.33, and -7.93 kcal/mol)
and characterized by hydrogen bonds (acceptors and donors).

A significant factor in determining numerous ADME
properties is lipophilicity. The Log P quantifies the distribution
of drug molecules between the aqueous environment outside
the cell membrane and the lipid composition of the cell
membrane. This means that compounds possessing a lower
Log P value exhibit greater polarity and reduced permeability
across lipid bilayers. Conversely, compounds characterized by
a greater Log P value exhibit reduced polarity and inferior
solubility in water.”® All the compounds ranged from 5.7-6.7
log P values of solubility. Moreover, the log P values of
compounds 12¢ < 12b< 12a are outside the range of optimal
values (0 < Log P < 5).”” Based on their favorable biological
activity, it can be inferred that these chalcone compounds
necessitate the deposition of a drug delivery carrier onto the
surface of a nanomaterial possessing specific properties to
improve oral bioavailability, which is very near optimal, as
shown in Table 3. The pharmacokinetic properties of the
studied compounds (Table 4) revealed that the compounds
exhibited high gastrointestinal absorption; this score indicates
rapid digestion and absorption of synthesized compounds in
the small intestine. Another very important prediction is
blood—brain barrier permeation, which is crucial for treating
Alzheimer’s disease and is exhibited by compounds 12b and
12¢ but not by compound 12a. These findings suggest that
compounds 12a and 12b can penetrate the central nervous
system (CNS), making them useful for treating infections such
as AD.

Permeability glycoprotein (P-gp) acts as a xenobiotic barrier
to the central nervous system. Table 4 reveals that the
synthesized compounds are effective P-gp substrates and
xenobiotic inhibitors. Table 4 reveals that the metabolism of
some metabolic enzymes is inhibited, while that of others is
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successful. Another monumental property is the Lipinski rule
of five, which includes several sets of rules and guidelines that
are all scored by the synthesized compounds.

The predicted water solubilities indicate that compounds
12b and 12c¢ are more soluble in aqueous environments than
compound 12a, which is insoluble in the SILICOS-IT class
(Table 5). Additionally, the predicted conditional Log P
values of the three synthesized compounds fall within the range
of 4.87 to 5.71, which is an indication that the compounds can
have good ADME properties in the lipid region (Table ).

2.3.5. Density Functional Theory (DFT). 2.3.5.1. Molecular
Orbital Calculations. Using spectroscopic data and elemental
analysis, natural charges, molecular electrostatic potential
maps, the natural population of the nucleus of the proposed
derivatives, the optimized geometrical parameters (bond
lengths, bond angles, and dihedral angles), the energetics of
the ground state and the reactivity descriptors of the studied
molecules were computed and analyzed.

2.3.5.2. Ground-State Geometric Parameters. Table 6 and
Figure 8 present the optimized geometry, numbering system,
vector of the dipole moment, bond length, bond angle and
dihedral angle of chalcone derivatives 12a-12¢ as benchmarks
for this work. For the selected geometrical parameters, we
decided to compare the gas-phase wB97XD/6-311++G(d,p)
estimates to the available crystal data X-ray structure of 4-
bromo-4’-methoxy-chalcone (ref. CCDC 1199470).*° The
calculated mean absolute errors (MAEs) for the selected angles
and bond lengths of the chalcone nucleus are presented in
Table S1. A close inspection revealed that MAEs for bond
length vary from 0.0 to 0.2 A; for dihedral angles in long-range
corrected hybrid functionals (wB97XD), MAEs range from 0.0
to 2.83 degrees; and for bond angles, MAEs range from 0.0 to
2.18 degrees, which provide complete reducibility for bond
length and angle prediction, with empirical findings concerning
the duration of computer processes and power uses. As a
consequence, the wB97XD/6-311++G level of theory is
chosen for all calculations and geometry optimizations.
Among the compounds (12a-12c), a significant proportion
of the computed bond lengths are underestimated, varying in
percentage from 0.0 to 5.1% for C12-015, C16-C21, C18-C19
and C26-027, and overestimations occur, with percentages
varying from 1.1 to 12.1% for the other bond lengths. In
general, there was a minor variation within the region of the
derivative group. Analysis of the dihedral angles presented in
Table 4 reveals that the majority of the molecules exhibit
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Table 6. Selected Bond Length (A), Bond Angles and Dihedral Angles (Degree) of the Compounds (12a-12¢)”

12a 12b 12c
R(C1,C2) 1.393 1.394 1.394
R(C1,C6) 1.392 1.391 1.392
R(C1,C12) 1.502 1.502 1.502
R(C2,C3) 1.389 1.388 1.389
R(C3,C4) 1.391 1.391 1.391
R(C4,CS) 1.390 1.389 1.390
R(CS,C6) 1.390 1.391 1.390
R(C6,H7) 1.086 1.085 1.086
R(C12,015) 1.423 1.424 1.423
R(015,C16) 1.352 1.351 1.352
R(C16,C17) 1.394 1.394 1.394
R(C16,C21) 1.400 1.400 1.400
R(C17,C18) 1.392 1.392 1.392
R(C18,C19) 1.391 1.392 1.391
R(C19,C20) 1.401 1.401 1.401
R(C19,C26) 1.495 1.493 1.494
R(C20,C21) 1.378 1.377 1.378
R(C20,H23) 1.084 1.084 1.084
R(C26,027) 1218 1.216 1217
R(C26,C28) 1.482 1.486 1.484
R(C28,C30) 1.339 1.337 1.338
R(C30,H31) 1.088 1.087 1.088
R(C30,C32) 1.466 1.469 1.467
R(C32,C33) 1.402 1.397 1.397
R(C32,C37) 1.395 1.399 1.400
R(C33,C34) 1.381 1.388 1.388
R(C34,C35) 1.396 1.389 1.392
R(C35,C36) 1.396 1.083 1.398
R(C35,A40) 1.353 1.393 1.505
R(C36,C37) 1.388 2.090 1.384
R(C33,CL042)
R(C33,CL041)
R(040,43) 1.418
R(042,41,C43)
A(C2,C1,C6) 119.2 119.2 119.2
A(C2,C1,C12) 120.3 120.1 1203
A(C6,C1,C12) 120.5 120.7 120.5
A(C1,C2,C3) 120.5 1204 120.5
A(C2,C3,C4) 120.0 120.0 120.0
A(C3,C4,C5) 119.9 119.9 119.9
A(C4,C5,C6) 120.0 119.9 120.0
A(C1,C6,C5) 120.5 120.5 120.5
A(C1,C12,015) 108.2 108.2 108.2

12a 12b 12¢
A(C12,015,C16) 1184 118.6 118.5
A(015,C16,C17) 124.6 124.6 124.6
A(015,C16,C21) 115.7 115.6 115.7
A(C17,C16,C21) 119.8 119.8 119.7
A(C16,C17,C18) 119.5 119.5 119.5
A(C17,C18,C19) 121.2 1212 1212
A(C18,C19,C20) 118.5 118.5 118.5
A(C18,C19,C26) 123.0 123.0 123.0
A(C20,C19,C26) 118.4 118.3 118.4
A(C19,C20,C21) 120.9 120.9 120.9
A(C16,C21,C20) 120.0 120.1 120.1
A(C19,C26,027) 120.4 120.7 120.4
A(C19,C26,C28) 120.5 120.5 120.5
A(027,C26,C28) 119.2 118.8 119.1
A(C26,C28,C30) 124.8 124.5 124.4
A(C28,C30,C32) 126.9 126.8 127.1
A(C30,C32,C33) 119.1 118.8 118.8
A(C30,C32,C37) 123.4 123.1 123.3
A(C33,C32,C37) 117.6 118.1 117.8
A(C32,C33,C34) 121.6 1214 1212
A(C33,C34,C35) 119.9 119.4 120.9
A(C34,C35,A40) 115.9 156.4 121.3
A(C36,C35,A40) 124.6 83.7 120.8
D(C6,C1,C2,C3) 0.1 0.0 0.0
D(C12,C1,C2,C3) -179.1 -179.3 -179.0
D(C2,C1,C12,015) 84.0 76.0 81.0
D(C6,C1,C12,015) 95.0 -103.2 -98.0
D(C1,C12,015,C16) 179.8 -178.7 179.2
D(C12,015,C16,C17) 0.6 -13 -0.1
D(C12,015,C16,C21) -179.7 179.1 -179.6
D(015,C16,C17,C18) -179.2 179.5 179.8
D(C21,C16,C17,C18) 1.1 -1.0 0.7
D(C18,C19,C26,027) 147.8 -149.8 -147.8
D(C18,C19,C26,C28) -33.0 312 33.3
D(C20,C19,C26,027) -28.6 26.6 28.4
D(C19,C26,C28,C30) -28.6 30.7 29.7
D(027,C26,C28,C30) 150.5 -148.4 -149.3
D(C26,C28,C30,C32) -174.8 174.8 173.9
D(C28,C30,C32,C33) -171.8 -174.1 -175.6
D(C28,C30,C32,C37) 7.7 6.3 4.2
D(C30,C32,C33,C34) 178.5 -179.9 179.6
D(C33,C34,C35,H40) -179.6 0.0 178.9
D(H40,C35,C36,C37) 179.4 -0.1 -179.0

“A=H, C|, Br, F, O, O, N, ], C, H, H, H or H means different atom in derivatives series, respectively. Values are mean + SD triplicate assays.

planar geometry, with the exception of the benzyloxy moiety,
which is out of plane in all the target compounds (12a-12c),
ranging from 26.0 to 33.5 degrees for dihedral angles.

The bond angles computed in Table 6 range from 108.0 to
124.0 degrees, which are favorable compared to those of a
regular sp® hybridization methoxy group and sp” hybridization
for the rest of the molecule inside the benzene rings and trans-
ethylene group geometry, respectively. Furthermore, the
optimized geometries of chalcones 12a-12¢, numbering
systems, dipole moment vectors, bond lengths, bond angles
and dihedral angles are presented in Table 6 and Figure 8 and
were calculated at wB97XD/6-311++G(d,p), the best level of
theory. The target molecules contained C, O aromatic and
nonaromatic rings with single-double resonances with bond
lengths varying from 1.3 to 1.5 A and bond angles varying from

115.6 to 126.0 degrees, which are correlated with the basic
concepts of hybridization of molecular orbitals. At the dihedral
angles, the benzyl moieties out of plane D (C2, C1, C12, O15)
and D (C6, C1, C12, O15) are 76.0-98.0 degrees, respectively.
The proposed chalcone derivatives are very similar in terms of
the geometrical structure and planarity of the chalcone group,
as indicated by the consistency of the bond length, angle and
dihedral angle; however, the changes in the C40 derivative
group are also similar to those of the regular sp® and sp’
hybridization geometries.

2.3.5.3. Natural Charges and the Natural Population. The
electronic structures of the target compounds (12a-12c) were
subjected to natural charge analysis, which provided a precise
depiction of the electron distribution across different subshells
of their atomic orbitals. Charge analysis of all the compounds
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Figure 8. Optimized geometry, numbering system, and vector of dipole moments of the compounds (12a-12c).

was conducted using the wB97XD/6-311++G(d,p) level of

calculation, and the results are shown in Table 7. In Table 7,

Table 7. Natural Charge of Selected Atoms of Newly

Synthesized Compounds 12a-12c”

Cl1
(67
C3
C4
Cs
Cé6
C12
o1s
C16
C17
C18
C19
C20
C21
H22
H23
C26
027
C28
C30
C32
C33
C34
C3s
C36
C37
C40
C43
C46
C47

“A=H, Cl, Br, F, O, O, N, I, C, H, H, H or H means different atom in
derivatives series; values are mean =+ SD triplicate assays.

12a

-0.063
-0.186
-0.201
-0.199
-0.202
-0.188
-0.041
-0.543

0.350
-0.312
-0.147
-0.182
-0.139
-0.245

0.225

0.230

0.531
-0.566
-0.281
-0.118
-0.136
-0.154
-0.244

0.344
-0.297
-0.141
-0.547
-0.037
-0.059
-0.192

12b

-0.064
-0.185
-0.200
-0.199
-0.201
-0.189
-0.040
-0.542

0.353
-0.312
-0.145
-0.187
-0.137
-0.244

0.226

0.231

0.531
-0.560
-0.256
-0.143
-0.089
-0.163
-0.227
-0.194
-0.222
-0.162

0.180

12¢

-0.063
-0.186
-0.201
-0.199
-0.201
-0.188
-0.041
-0.543

0.351
-0.312
-0.146
-0.184
-0.139
-0.245

0.225

0.230

0.531
-0.564
-0.275
-0.122
-0.107
-0.166
-0.207
-0.016
-0.201
-0.165
-0.598

the most electronegative charges for 12a-12c¢ are attributed to
027, 015, C17, C28, C21 and C40 in the case of compounds
12a and 12, respectively, from -0.598e to -0.256e. From an
electrostatic perspective, these highly electronegative atoms
tend to possess electrons. Nevertheless, the atoms with the
highest electropositivity for chalcones (12a-12c), such as C26,
C16, H23, and H22 for all the series and C35 in compound
12a, ranged from +0.531e to +0.225e, which are inclined to
have active sites accepting electrons. A minor alteration in the
natural charge occurs as one transition from 12a to 12,
following the identical sequence pattern of electrostatic
mapping with ordering. An extensive investigation of the
natural charge patterns of the three active target compounds is
very helpful for gaining a deeper understanding of the
important interactions between these active sites and biological
receptors. Understanding the critical interactions that occur
between hybrid chalcones and biological receptors of AChE is
greatly facilitated by the natural charge pattern of chalcones,
which allows examination of cytotoxic activity.

2.3.5.4. Frontier Molecular Orbitals (FMOs) Analysis.
According to the information provided in Table 8, compound
12c exhibited superior stability and lower reactivity than did
the other potential chalcones, with an energy gap of 8.06 eV; in
contrast, chalcone 12a (AEg = 7.83 eV) exhibited the greatest
reactivity and the least stability.*"*> The rest of the active
forms of 12b exhibited an energy gap of 7.85 eV. Therefore,
calculations of these parameters, including A (electron affinity)
and I (potential ionization), are crucial in determining the
global reactivity descriptors. The one-electron orbital energies
of the HOMO and LUMO are associated with the I and A
parameters. According to the results, chalcone 12b had the
highest I value (8.41 V), A value (0.56 V) and electro-
negativity (X) (4.49 eV). The I, A and X values of the other
chalcones exhibit the same pattern (12c>12a). Here,
derivatives 12c¢ and 12a are anticipated to be the most
promising candidates for interaction with other biological
AChE receptors. The HOMO and LUMO isodensity
dispersions on the ethylene-phenyl ring, as shown in Figure
9, are nearly identical for all the potential targets, except for

32909 https://doi.org/10.1021/acsomega.4c03679
ACS Omega 2024, 9, 32901-32919


https://pubs.acs.org/doi/10.1021/acsomega.4c03679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03679?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03679?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 8. Energetic Parameters and Reactivity Indices of Chalcone Derivatives 12a-12¢

Parameters ET, au EHOMO, au ELUMO, au Eg, eV H, D I eV A, eV
12a -1345.06039 -0.29512 -0.00739 7.83 4.99 8.03 0.20
12b -1296.69366 -0.30918 -0.02072 7.85 4.76 8.41 0.56
12¢ -1038.82955 -0.30656 -0.0103S 8.06 5.48 8.34 0.28
Parameters X, eV 1, eV S, eV V, eV w, eV N, eV
12a 4.12 391 0.13 -4.12 2.16 -3.82
12b 4.49 3.92 0.13 -4.49 2.57 -4.20
12¢ 4.31 4.03 0.12 -4.31 2.31 -4.13

“Values are mean = SD duplicate assays.
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Figure 9. Frontier molecular orbitals of the newly synthesized
compounds (12a-12c).

chalcone 12a, which exhibits a somewhat distinct dispersion on
the methoxy-phenyl ring. By using the dipole moment vector
and the order norm vector, the direction of the electronic
charge transfer motion is represented; novel synthesized
compounds are ranked in the following order: 12b < 12a <
12c.

2.3.5.5. Global Reactivity Descriptors. Density functional
theory (DFT) utilizes the electron density of a chemical
system to elucidate fundamental concepts regarding chemical
reactivity.”’ The global descriptors obtained by the framework
of finite difference approximation were used to address the
various qualitative concepts of chemical reactivity, as cited in
previous work;** these concepts were calculated at the
wB97XD/6-311++G (d, p) level of theory. The most
formidable challenges in chemistry involve comprehending
the essence of chemical interactions and forecasting the
chemical reactivity of molecules, atoms, or ions. The reactivity
of three target derivatives (12a-12c) was investigated in this
study. The important reactivity descriptors, which offer insights
into the stability and reactivity of chalcones 12a-12c, are
presented in Table 8. Compound 12c¢ is the most chemically
hardest among the others, as it has a maximum value of 5 =
4.03 eV. In contrast, chalcone 12a has the lowest value (17 =
3.91 eV), indicating its chemical softness and higher reactivity,
while another derivative, 12b, has a chemical hardness of 3.92
eV (7). A fundamental understanding of charge transfer
occurring in the ground state of any molecule can be derived
from the electronic chemical potential V value. Compound
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12b has the lowest chemical potential (-4.49 eV), compound
12a has the highest chemical potential (-4.12 €V), and the
other compound chalcone 12c has the lowest value (V = -4.31
eV) (Table 8). The energy changes that occur when a chemical
system reaches saturation through the ingress of additional
electrons are quantified by a thermodynamic parameter
denoted as the electrophilicity index (w). This approach is
extremely useful for determining the chemical reactivity of a
system. Compound 12a is nucleophilic in nature, as indicated
in Table 8, with the lowest electrophilicity index value of 2.16
eV. On the other hand, compound 12b is extremely
electrophilic in nature (w = 2.57 eV). The value of the
electrophilicity index (w) is 2.31 eV for the other chalcone
12c¢. Electronegativity (X) refers to an atom’s inclination in a
covalent bond to attract electrons toward it. Based on the
calculated electronegativity values of the synthesized com-
pounds, compound 12b has the highest electron accepting
ability, with an X value of 4.49 eV, and exhibited greater
electronegativity than the other chalcones. With regard to the
electrophilicity indices, the electronegativity (X) order of other
target compounds exhibited the same behavior. Compound
12a exhibited the highest values of reactivity and softness
(0.1277 eV) with regard to global softness (S), while the
remaining compounds exhibited an order of 12b>12c.
2.3.5.6. Local Reactivity Descriptor. The principles of local
reactivity descriptors have been frequently utilized to
investigate the site selectivity and chemical reactivity of a
molecule.”>*¢ Local descriptors, such as the Fukui function,
can be utilized to investigate molecular site selectivity."” The
equation shown below represents the first derivative of the
electronic density p(r) with respect to the electron number
(N) of a system under the condition of a constant external

potential V(I').48
v(r) v(r)

) = (dp(r)
ON

To determine the active sites, Fukui functions can be
computed using the variations in electrical density that occur
during a reaction, and the following equation demonstrates
that there are three different chemical environments. The
Fukui functions f* (r), f = (r) and f° (r) are calculated for three
chemical situations using the following equations:*~>"

o
ov(r)

(N =q(N)-qN-1)» PMOMO (1) for electrophilic attack

frn = q(N+1) - ¢ (N) = P MO (1) for nucleophilic attack

£°0) = S1g N + 1) = (N = 1)
1

2

~
~

[PFOMO(r) + p""™O ()] for radical attack
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Table 9. Values of the Fukui Functions and Dual Descriptor of Compounds 12a-12c”

12a 12b 12c
f(-) f(+) Af f(-) f(+) Af f(-) f(+) Af

Cl1 0.000 -0.001 -0.001 0.000 0.001 0.001 0.000 0.000 0.000
C2 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001
C3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CS 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cé 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
C12 0.000 0.001 0.001 0.000 -0.001 -0.001 0.000 0.000 0.000
015 0.002 0.005 0.003 0.001 0.004 0.003 0.001 0.005 0.004
Cl6 0.002 0.029 0.027 0.001 0.022 0.021 0.001 0.025 0.024
C17 0.002 0.001 -0.001 0.003 0.000 -0.003 0.004 0.003 -0.001
C18 0.005 0.024 0.019 0.003 0.016 0.013 0.003 0.025 0.022
C19 0.004 0.022 0.017 -0.001 0.019 0.020 0.001 0.015 0.014
C20 0.000 0.026 0.025 0.001 0.019 0.019 0.000 0.026 0.026
C21 -0.001 0.002 0.002 -0.001 0.001 0.002 -0.002 0.001 0.003
H23 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C26 0.000 0.153 0.153 0.002 0.130 0.128 0.002 0.151 0.149
027 0.042 0.124 0.082 0.037 0.109 0.072 0.063 0.120 0.057
C28 0.179 0.144 -0.035 0.150 0.148 -0.002 0.219 0.140 -0.078
C30 0.051 0.183 0.132 0.048 0.165 0.117 0.076 0.176 0.101
C32 0.180 0.037 -0.143 0.135 0.058 -0.077 0.177 0.046 -0.130
C33 0.038 0.039 0.001 0.048 0.054 0.006 0.073 0.055 -0.019
C34 0.085 0.015 -0.070 0.049 0.032 -0.017 0.052 0.020 -0.032
C35 0.133 0.077 -0.056 0.125 0.096 -0.029 0.179 0.083 -0.097
C36 0.064 0.004 -0.061 0.041 0.013 -0.028 0.042 0.011 -0.031
C37 0.068 0.088 0.019 0.045 0.086 0.041 0.068 0.076 0.008
040 0.116 0.011 -0.105

C40 0.012 -0.002 -0.014
140 0.309 0.018 -0.291

C43 0.005 -0.002 -0.007

C46 -0.008 -0.005 0.002

C47 0.006 0.007 0.001

“Values are mean + SD triplicate assays.

where q(N) is the atomic population on the ky, atom for the
neutral molecule and q(N+1) and q(N—1) are the atomic
populations on the k,;, atom for its anionic and cationic species,
respectively. Tables 9 and 10 present the descriptor values of
all the compounds (12a-12c) computed at the wb97xd/6-
3114+G (d, p) level. Furthermore, understanding the manner
in which an atomic site within a molecule may exhibit
nucleophilicity or electrophilicity, Labbe et al.”> proposed an
additional dual descriptor (Af(r)), which is defined by the

equation below:

Af(r) =f*(r) = f(r)

According to the data presented in Tables 9 and 10, the
compounds (12a-12c) containing the phosphate moiety
exhibit the highest electrophilic reactivity, which is mostly
attributed to the following atoms: C28, C32, C3S, and C36
and 040, C40 and 140 corresponding to 12a, 12b and 12c,
respectively. These compounds are mostly found on the
ethylene site attached to the para derivative benzene ring
moiety, while the nucleophilic active site in the target
compounds (12a-12c) is distributed on the chalcone skeleton
moiety located on O1S5, C16, C19, C20, C26, 027 and C30.
Additionally, when evaluating the dual descriptor Af(r) for
both nucleophilic and electrophilic attacks, along with the
philicity indices, identical outcomes can be achieved. The high
electronegativity of the atom oxygen redistributed the electron

density, as did the insertion of para derivatives. The results
presented here are consistent with the analysis of the natural
population conducted by calculating the HOMO and LUMO.
The generalized philicity concept was introduced by Chattaraj
et al. in 2004. They developed a local quantity called philicity
coupled with site k in a molecule (ff) using corresponding
condensed-to-atom Fukui function variations according to the
subsequent equation.””

of = off

The local filler quantities describing nucleophilic, electro-
philic, and radical attacks are represented by a = +, —, and 0,
respectively. Based on the given equation, the property with
the highest value of @{ is considered the most electrophilic.
Furthermore, to define the reactivity of a molecule, Lee et al>*
proposed different local softness methods.

a _ ra

s = 5,

Radical attacks (a = 0) and local quantities of softness for
nucleophilic (¢ = +) and electrophilic (@ = -) species are
denoted in the equation. To provide a comprehensive analysis,
the software package Multiwfn (v. 3.7) utilized CDFT to
determine the relative electrophilicity and nucleophilicity, as
well as the condensed local softness, local electrophilicity and
nucleophilicity index for each atom within the compounds.>
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Table 10. Values of the Relative Condensed Local Stiffnesses (Hartree*e), Condensed Local Electrophilicity (EIP) and
Nucleophilicity (NuP) Indices (e*e¢V) of Compounds 12a-12c”

12a 12b 12c

s+/s- s-/s+ EIP NUP s+/s- s-/s+ EIP NUP s+/s- s-/s+ EIP NUP
C1 0.760 1.316 0.006 0.007 0.793 1.260 0.007 0.004 0.827 1.209 0.006 0.005
C2 2.279 0.439 0.000 0.000 1.090 0918 0.002 0.001 1.328 0.755 0.002 0.001
C3 0.777 1.288 -0.006 -0.008 0.741 1.350 -0.006 -0.004 0.773 1.293 -0.006 -0.005
C4 0.750 1.333 -0.009 -0.011 0.784 1.276 -0.011 -0.007 0.817 1.224 -0.010 -0.008
Cs 0.687 1.456 -0.005 -0.007 0.796 1.257 -0.008 -0.005 0.829 1.207 -0.007 -0.006
Cé 3.370 0.297 0.001 0.000 0.793 1.261 -0.001 -0.001 0.884 1.131 -0.001 -0.001
C12 0.425 2.353 -0.002 -0.004 0.477 2.095 -0.002 -0.002 0.501 1.997 -0.002 -0.003
015 0.730 1.370 -0.014 -0.019 0.778 1.286 -0.017 -0.011 0.815 1.227 -0.017 -0.013
Cl16 0.496 2.015 -0.019 -0.036 0.555 1.803 -0.022 -0.020 0.564 1.774 -0.022 -0.025
C17 0.498 2.007 -0.010 -0.018 0.576 1.737 -0.011 -0.010 0.613 1.632 -0.012 -0.013
C18 -0.304 -3.294 0.004 -0.012 -0.440 -2.273 0.005 -0.005 -0.294 -3.402 0.004 -0.008
C19 1.171 0.854 0.011 0.009 1.021 0.979 0.013 0.007 1.347 0.743 0.014 0.006
C20 0.353 2.833 -0.008 -0.022 0.403 2.479 -0.009 -0.012 0.379 2.642 -0.009 -0.018
C21 0.690 1.450 -0.018 -0.025 0.729 1.371 -0.021 -0.015 0.769 1.300 -0.021 -0.018
H23 0.491 2.037 -0.009 -0.017 0.542 1.844 -0.010 -0.010 0.538 1.858 -0.010 -0.012
C26 0.125 8.026 -0.013 -0.099 0.134 7.473 -0.014 -0.0585 0.148 6.745 -0.016 -0.069
027 0.495 2.022 -0.067 -0.128 0.572 1.749 -0.083 -0.075 0.648 1.544 -0.092 -0.091
C28 1.649 0.607 -0.113 -0.065 1.436 0.696 -0.134 -0.048 1.841 0.543 -0.138 -0.048
C30 0.268 3.733 -0.030 -0.105 0.387 2.581 -0.046 -0.061 0.492 2.033 -0.055 -0.072
C32 6.837 0.146 -0.090 -0.013 2.776 0.360 -0.089 -0.017 4.316 0.232 -0.084 -0.013
C33 1.371 0.730 -0.047 -0.033 1.273 0.785 -0.063 -0.026 1.527 0.655 -0.068 -0.029
C34 2.086 0.480 -0.068 -0.031 1.283 0.780 -0.056 -0.022 1.600 0.625 -0.057 -0.023
C35 1.369 0.731 -0.082 -0.057 1.209 0.827 -0.082 -0.035 1.578 0.634 -0.104 -0.043
C36 2.050 0.488 -0.057 -0.026 1.403 0.713 -0.051 -0.019 1.634 0.612 -0.052 -0.021
C37 1.173 0.853 -0.057 -0.046 1.036 0.966 -0.058 -0.029 1.312 0.762 -0.060 -0.029
040 3.359 0.298 -0.088 -0.025
C40 1.517 0.659 -0.029 -0.012
140 2.191 0.456 -0.351 -0.083
C43 1.972 0.507 -0.012 -0.006
C46 1.657 0.604 0.013 0.008
C47 1.253 0.798 0.003 0.002

“Values are mean + SD triplicate assays.
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Figure 10. MEP surfaces of the newly synthesized compounds (12a-12c).
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12a = 60, 12b = 63, and 12c = 64.

Upon careful examination, it was evident that the centers of the
active sites of all the compounds involved electron donation
and back-donation processes. These processes align with the
frontier orbital and the Fukui functions, as demonstrated by
the results presented in Tables 9 and 10. The results of this
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study indicate that the examined compounds possess multiple
active sites, particularly on the chalcone skeleton. This enables
them to engage in electron-donating interactions with the
surface of the pocket AChE protein. Finally, as demonstrated
by the previously mentioned local descriptors, the exper-
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imental cytotoxicity of AChE in this study corresponds to the
theoretical variation in the efficacy of the compounds.

2.3.5.7. Molecular Electrostatic Potential (MEP). The
utilization of electrostatic potential (ESP) on molecular
surfaces has emerged as a highly efficient method in numerous
domains of chemistry for identifying, analyzing, and
comprehending patterns.’®>® It is associated with electronic
density and is a highly accurate descriptor utilized to describe
the charge distributions on a molecule, identify regions of
varying charges, and determine the most likely sites for
hydrogen-bonding interactions and electrophilic and nucleo-
philic properties.” The utilization of electrostatic potentials
(ESPs) is critical in the prediction and comprehension of
intermolecular interactions.”” A comprehensive examination of
the ESPs of synthesized hybrids is necessary to gain a deeper
understanding of the critical interactions that occur between
them and biological targets. The electrostatic potential,
represented by V(r) (in au.), at a specific position r (x, y, z)
near the molecule is a computation of the electrostatic energy
that a positive unit test charge would encounter at that
location. Attractive and repulsive interactions were associated
with negative and positive ESPs, respectively. The ESP is the
interaction energy between a proton at position r and the
electrical charge generated by the nuclei and electrons, as
defined by the subsequent equation.

nuclei

V(r) = Z |RAZA— 1 lp(r') dr’

r—rl
A

where p (1") denotes the electron density at position r’ and ZA
and RA represent the charge and position of nucleus A,
respectively; all of these values are measured in atomic units.

Figure 10 illustrates the electrostatic potential-mapped
surfaces of the studied chalcones 12a-12c. The quantitative
molecular surface analysis module of the Multiwfn package can
partition the overall van der Waals surface into multiple
fragments. Moreover, this functionality empowers us to analyze
the features of the ESP distribution. For compound 12a, the
surface exhibited large negative values for ESP around the
carbonyl groups of the chalcone cener (-43.02, -13.51, and
-7.37 kcal/mol) and a benzyloxy moiety (-26.73, -14.64 and
-12.21 kcal/mol), and an intermediate negative distribution
was observed on two phenyl rings of the chalcone arms
(-12.79, -11.64, -10.26, and -10.63 kcal/mol) in specific
sequence groups of the target compound; additionally, the
electron donating ability of the para position C35 attached
group increased the global minima rather than did the other
two derivatives 12b-12c of the ESPs around C30=C28-
C26=027, benzyloxy and two phenyl rings of chalcone groups
with another benzyloxy in the para position, with an increase
in the injection of electron density to the overall skeleton of
chalcone 12a (-22.23, -13.6, and -12.64 kcal/mol); however, in
cases 12b and 12c (Figure 10), the negative decreases in the
number of Me derivatives in compound 12¢ were attributed to
the behavior of small electron donation groups in the sequence
(-42.82, -13.66, -6.07 kcal/mol), (-26.44, -14.44 and -11.99
kcal/mol) and (-12.14, (-13.08, -12.25, -12.78, -11.06 for direct
phenyl attached) kcal/mol) respectively. Another compound,
12b (-I), exhibited a negative decrease in intensity as a result of
the electron withdrawing group’s behavior in the following
sequence: (-40.14, +6.6, -1.15 kcal/mol), (-24.68, -13.27, and
-11.0 kcal/mol), and (-9.67, (-7.29, -5.38, -5.88, -4.13, and
-8.32 kcal/mol, respectively, for direct para iodide phenyl

attached). The global maxima of the ESPs on the derivative
(12a-12c) surfaces are located on the carbon with the protons
of these derivatives, which vary for 12a (+7.12, +11.76, +17.7,
+17.97, +18.13, +17.5, +19.63, +23.69, +16.36, +20.39,
+17.14, +25.0, +18.42 and +17.82 kcal/mol; for 12¢ (+7.5,
+12.08, 18.97, +18.07, +18.13, +18.16, +18.42, +23.95, +16.46,
+20.39, +19.62, +18.89, +18.19 and +15.93 kcal/mol; and for
12b (+9.51, +13.94,+ 20.53, +18.98, +18.88, +21.20, +18.9,
+25.9, +19.39, +23.79, +20.51, +24.37, +21.52 and +22.97
kcal/mol, respectively with the same sequence of chalcone
skeletons. Electrostatic or hydrogen bonding mostly occurs
between chalcone derivatives and their target receptors for
AChE. The occurrence of hydrogen bond interactions and
intramolecular charge transfer (ICT) was verified through
thorough analysis of these ESP values, suggesting the potential
of these materials as therapeutic agents. The results indicate
similar findings and patterns to those of the studies conducted
on the NBO population and local reactivity descriptors
discussed in the preceding section.

3. EXPERIMENTAL SECTION

3.1. Materials and Methods. All chemicals and solvents
were obtained from Merck, Sigma-Aldrich, Fisher Scientific,
Qrec used without purification. Melting points were measured
on Barnstead Electrothermal 9100 melting point apparatus. All
reactions were monitored through thin-layer chromatography
(TLC) using alumina sheets pre-coated with silica gel 60 F254
(0.2 mm thickness) and the spots were visualized under UV
lamp at 254 nm. Infrared (IR) spectra were recorded on Perkin
Elmer FT-IR spectrometer using ATR Sampling Accessory. 'H
NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded on Bruker Avance II Spectrometer using TMS as an
internal standard. The coupling constants (J) are given in
Hertz, and chemical shift values are given in § (ppm) scales.
The HRMS were recorded on Agilent Technologies 6545 Q-
TOF LC/MS.

3.2. Preparation of 4-Benzyloxybenzaldehyde (10).
Benzyl chloride 9 (0.75 g, 6 mmol), 4-hydroxybenzaldehyde 8
(0.61 g, S mmol), 96% ethanol (10 mL) and potassium
carbonate (1.35 g, 10 mmol) were added to a round-bottom
flask. The mixture was heated under reflux for 6 hours with
continuous stirring. After 6 hours, the reaction mixture was left
to cool at room temperature before it was poured into ice
water, where the precipitates were formed during the process.
Vacuum filtration was performed, and the precipitate was
washed thoroughly with cold distilled water to obtain the
desired product, which was subsequently left to air-dry. Then,
the precipitate was purified by recrystallization using ethanol,
and thin layer chromatography (TLC) analysis was performed
to ensure the completion of the reaction, as shown in Scheme
1. The product was obtained as a light white solid (0.43 g,
40%); m.p.: 71.5-73.5°C; IR, v,,. (cm™): 3037 (sp* -CH),
2830 (sp* -CH), 1685 (C=0), 1598 and 1454 (aromatic C=
C), 1257 (C-O); '"H NMR (400 MHz), § ppm (CDCl,): 9.92
(1H, s, COH), 7.87 (2H, d, ] = 8.8 Hz, H-2' and H-6"), 7.50-
7.40 (SH, m, H-2, H-3, H-4, H-5, H-6), 7.11 (2H, d, ] = 8.8
Hz, H-3' and H-5'), 5.18 (2H, s, H-7); *C NMR (100 MHz),
8 ppm (CDCL): 190.7 (C=0), 163.8 (C-4'), 136.0 (C-1),
132.0 (C-2/, C-6'), 130.2 (C-1"), 128.7 (C-3,C-5), 128.3 (C-
4),127.5 (C-2, C-6 ), 115.2 (C-3/, C-5"), 70.2 (C-7).

3.3. General Procedure for the Synthesis of 4-
Benzyloxychalcone (12a-c). Substituted aromatic ketone
(11a-c) (1 mmol) was added to a SO mL conical flask that
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contained a solid of 4-benzyloxybenzaldehyde 10 (0.2122 g, 1
mmol). After that, absolute ethanol (10 mL) was added to
dissolve the mixture. Upon complete dissolution, 30% (w/w)
sodium hydroxide (NaOH) solution (1 mL) was added
dropwise into a continuously stirred solution on a hotplate.
The mixture was stirred overnight at room temperature. The
resulting solution was allowed to cool to room temperature
and was subsequently added to ice water for precipitation.
After that, a gravity filtration process was performed, after
which the product was washed thoroughly with cold distilled
water to obtain the desired product, which was subsequently
dried completely in a laboratory oven for a few hours. The
recrystallization process was performed using ethanol, and to
check the purity of the precipitate, thin layer chromatography
(TLC) analysis was performed to ensure the completion of the
reaction.

3.3.1. (E)-1,3-Bis(4-(benzyloxy)phenyl)prop-2-en-1-one
(12a). The chalcone (12a) was formed as a bright white
solid (0.1872 g 44.52%); m.p.: 145.6— 147.9°C; IR, v,
(cm™): 3036 (sp> -CH), 2946 (sp® -CH), 1655 (C=0), 1598
and 1466 (aromatic C=C), 1570 (alkene C=C), 1291 (C-
0); 'H NMR (400 MHz), § ppm (CDCl,): 8.06 (2H, d, ] =
8.8 Hz, H-2/, H-6'), 7.80 (1H, d, ] = 15.6 Hz, H-8), 7.63 (2H,
d, ] = 8.8 Hz, H-2 and H-6), 7.50-7.20 (11H, m, H-a, H2", H-
37, H-4", H-5", H-6", H-2", H-3", H-4", H-5", H-6"), 7.10-
7.00, (4H, m, H-3, H-5, H-3', H-5'), 5.18 (2H, s, H-7"), 5.14
(2H, s, H-7"); *C NMR (100 MHz), § ppm (CDCl,): 188.7
(C=0), 162.5 (C-4'), 160.7 (C-4), 143.7 (C-f), 136.5 (C-
1'), 131.7 (C-2/, C-6'), 130.7 (C-2, C-6), 130.0 (C-1), 128.6,
128.2,128.1,127.4 (C-1", C-2”, C-3", C-4", C-5", C-6", C-1",
C-2", C-3", C-4",C-5",C-6" ), 119.9 (C-a), 115.4 (C-3', C-
§'), 1147 (C-3, C-5), 70.2 (C-7", C-7"). HRMS (ESI): calcd.
for C,sH,,Br,0,S [M + H]* 420.1725, found 420.1694.

3.3.2. (E)-1-(4-(Benzyloxy)phenyl)-3-(4-iodophenyl)prop-
2-en-1-one (12b). The chalcone (12b) was formed as a pale
orange solid (0.3308 g, 75.13%); m.p.: 151.2— 153.5°C; IR,
Vmax (cm™): 3034 (sp®> =CH), 2942 (sp® -CH), 1655 (C=0),
1583 and 1468 (aromatic C=C), 1566 (alkene C=C), 1291
(C-0), 699 (C-1); '"H NMR (300 MHz), 6 ppm (CDCl):
7.88 (2H, d, ] = 8.4 Hz, H-2/, H-6"), 7.80 (1H, d, ] = 15.6, H-
), 7.75 (2H, d, ] = 8.4 Hz, H-2, H-6), 7.61 (2H, d, ] = 8.4 Hz,
H-2"and H-6"), 7.50-7.30 (6H, m, H-3, H-S, H-3", H-4", H-
$”, H-), 7.03 (2H, d, ] = 8.4 Hz, H-3', H-5'), 5.13 (2H, s, H-
7"); *C NMR (75 MHz), § ppm (CDCl;): 189.7 (C=0),
161.0 (C-4'), 145.3 (C-8), 137.7 (C-2/, C-6'), 136.3 (C-1),
130.4 (C-2, C-6), 130.3 (C-1), 129.9, 128.7, 128.3, 127.6 (C-
17, C-2”, C-3", C-4", C-5", C-6"), 119.2 (C-a), 115.3 (C-3/,
C-5'),100.4 (C-3, C-4, C-S), 70.1 (C-7"). HRMS (ESI): calcd.
for C,sH,Br,0,S [M + H]* 440.0342, found 440.0273.

3.3.3. (E)-1-(4-(Benzyloxy)phenyl)-3-(p-tolyl)prop-2-en-1-
one (12c). The chalcone (12¢) was obtained as light green
solid (0.100 g 30.45%); m.p.: 1182— 120.5°C; IR, v,
(em™): 3033 (sp* -CH), 2916 (sp® -CH), 1655 (C=0),
1604 and 1456 (aromatic C=C), 1586 (alkene C=C), 1295
(C-0); '"H NMR (300 MHz), § ppm (CDCL,): 7.94 (2H, d, J
= 8.1 Hz, H-2', H6'), 7.79 (1H, d, ] = 15.9 Hz, H-p), 7.62
(2H, d, J = 9.0 Hz, H-2 and H-6), 7.50-7.20 (8H, m, H-3, H-,
H-2", H-3", H-4", H-5", H-6", H-a), 7.02, (2H, ] = 9.0 Hz, H-
3’ and H-5'), 5.13 (2H, s, H-7"), 2.45 (3H, s, H-7); *C NMR
(75 MHz), 5 ppm (CDCL): 190.1 (C=0), 160.7 (C-4'),
144.2 (C-pB), 143.4 (C-2', C-6'), 136.4 (C-1'), 135.9 (C-2, C-
6), 130.2 (C-1), 129.3, 128.6, 128.2, 127.9 (C-1”, C-2", C-3",
C-4", C-5", C-6"), 127.5 (C-a), 119.9 (C-3’, C-5'), 115.3.4

(C-3, C-4, C-5), 70.1 (C-7"), 21.7 (C-7). HRMS (ESI): calcd.
for C,H;,Br,0,S [M + H]* 328.1463, found 328.1443.

3.4. In Vitro Acetylcholinesterase Inhibitory Activ-
ities. Initially, dibasic sodium phosphate (Na,HPO,) (6.00 g)
and monobasic sodium phosphate (NaH,PO,) (7.00 g) were
dissolved in deionized water (500 mL) to form dibasic and
monobasic solutions, respectively. Then, 0.1 M sodium
phosphate buffers at pH 7.0 and 8.0 were prepared. For a
buffer pH of 8.0, dibasic Na,HPO, (93.2 mL) was mixed with
monobasic NaH,PO, (6.8 mL), while for a buffer pH of 7.0,
dibasic Na,HPO, (57.7 mL) was mixed with monobasic
NaH,PO, (42.3 mL). The pH of the two buffer solutions was
adjusted to the desired pH by adding dibasic or monobasic
solutions.”’

The Ellman method was used to study the acetylcholinester-
ase (AChE) inhibitory activities of the synthesized com-
pounds.®’ The reagents were freshly prepared before AChE
inhibitory activity. First, 0.0l M DTNB was prepared by
adding S,5-dithio-bis(2-nitrobenzoic acid) (DTNB) (0.396 g)
to sodium phosphate buffer (pH 7.0; 100 mL) and NaHCO,
(0.0015 g). All the procedures were performed in the dark
because DTNB is sensitive to light. Then, 0.075 M ATCI was
prepared by dissolving ATCI (0.1024 g) in deionized water (5
mL). Next, 0.28 U/mL of AChE was prepared by adding 0.28
uL of AChE stock solution to sodium phosphate buffer (pH
8.0; 100 mL) and keeping it in an ice box. Samples (1 mg/mL)
were prepared by dissolving them separately in 1 mL of
methanol with 1 mg of the target compounds. In this study,
galantamine hydrobromide was used as the positive control, so
1 mg of galantamine hydrobromide was dissolved in 1 mL of
methanol.

A new microplate was labeled with samples, a positive
control and blanks. There were three replicates for each
sample, a positive control and blanks. First, 20 yL of sample,
positive control or blank sample was injected into the
microplate by using a suitable micropipette. Then, the
microplate was wrapped with aluminum foil to avoid light
contact, and 10 uL of DTNB was added to each sample,
positive control and blank sample in the dark, followed by 15
L of AChE enzyme and 140 uL of sodium phosphate buffer
(pH 8.0). The solutions were incubated at 37°C for 1S
minutes, after which 10 yL of ATCI was added to the samples,
positive controls and blanks. After that, the microplate was
incubated again for another 15 minutes before it was measured
by a microplate reader at 412 nm. The plate was then read with
an Epoch microplate reader at 412 nm. The activity was
screened, and samples that gave 70% or more enzymatic
inhibition were identified. The percentage of acetylcholinester-
ase inhibition was calculated using the formula below:

(%)Percentage inhibition

sample — blank
=1—-||——| X 100

sample

3.5. Computational Studies. 3.5.1. Molecular Docking.
Prior to being saved in PDBQT format using AutoDock Tools
(v1.5.6rc3), the 3D structures of the synthesized derivatives
(12a-c) were geometrically optimized utilizing the wB97XD/
6-311++G(d,p) level of theory.”” The process entails the
following steps: Identifying the root of the torsion tree,
selecting it, and recording the result as a pdpqt file for mapping
purposes prior to performing a molecular docking simulation.
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The crystallographic structure of AChE (PDB ID: 4EY7) was
obtained from the protein database website (http://www.rcsb.
org/pdb/). The protein structure was subjected to heteroatom
removal, and molecular mechanics energy minimization was
performed using Swiss-PdbViewer.® In the PDBQT format,
the protein structure was prepared for molecular docking
analysis.’* Ultimately, a molecular docking simulation was
conducted using the methodology described in prior
studies."”*"*>°° Visualization and analysis were performed
with Discovery Studio Visualizer software (Windows
v21.1.0.20298) to create two-dimensional and three-dimen-
sional figures illustrating ligand—receptor complex structures
that depict such interactions.”’

3.5.2. Molecular Dynamics Simulation (MDS). All-atom
MD simulations were conducted on the compounds (12a and
12c¢) with the highest consensus docking scores to examine the
relative stabilities of the protein—ligand interactions and to
screen compounds for additional binding energy calculations.
Utilizing the GROMACS V2022.4 package®**® and the
CHARMM36™° force field, every simulation was conducted.
The latest CHARMM/CGenFF force field was used to
produce the parameters and topological files for the chosen
compounds via CHARMM-GUL’" Utilizing a TIP3P explicit
solvation model, the protein—ligand complex was submerged
in the center of a box of solvated water molecules. 0.15 M ions
(145 Na* and 135 Cl7); to simulate the physiological salt
concentrations found in the body, these ions were added to
achieve charge neutralization and electrostatic screening,
elongating up to 20 A from the protein. With regard to the
%, ¥, and z directions of the rectangular cubic system, the
periodic boundary conditions and CHARMM were set with
the following dimensions: 117.0, 117.0, and 117.0 A,
respectively.

In the MD protocols, equilibration, production, and
minimization are all included. There were no atoms subjected
to restraint during the 100 ns MD production simulations. For
all MD simulations, the isothermal—isobaric (NPT) ensemble
and a 2 fs time integration phase were utilized. The pressure
was consistently maintained at 1 atm throughout the 100 ns of
MD production utilizing the Nose’=Hoover Langevin piston
barostat.”” The Langevin thermostat was employed to regulate
the temperature at 300.0 K.”*> We assumed that the force-field
parameters excluded a scaling of 1.2 A for the purpose of
minimizing and equilibrating the complexes in the water box.
Explicit illustrations were provided for all atoms, including
hydrogen. After S000 steps at a constant temperature (300 K),
the preliminary energy of the complexes was reduced;
subsequently, 144,000 additional steps were simulated, and
Langevin dynamics were used to control the kinetic energy,
temperature, and/or pressure of the system. Finally, 100 ns
were required to equilibrate the solvated protein—ligand
complex system with 500,000 steps and 50,000,000 runs.
Every 25 ps, the structural coordinates were kept along the
trajectories. Tools implemented in GROMACS and VMD
were utilized to analyze the residues of the entire system,
utilizing the trajectories recovered from the production step.”*
A distance cutoff of 20.0 A was applied to short-range
nonbonded interactions with a pair list distance of 1.2 A, and
Lennard Jones interactions were smoothly truncated at 8.0 A.
Long-range electrostatic interactions were treated using the
particle—mesh Ewald (PME) method,” where a grid spacing
of 1.0 A was used for all simulation cells. For consistency, we
applied the same protocol for all MD simulations.

3.5.3. DFT Computational Details. A molecular modeling
calculation of three potential target derivatives of AChE
inhibitors was performed during this investigation utilizing
software packages, specifically the Gaussian 09 W package.”®
Density functional theory (DFT) with the long-range
correction functional wB97XD (DFT/wB97XD), which
incorporates empirical dispersion with the basis set 6-311+
+G (d, p),”””® was employed to geometrically optimize the
molecular structures of the compounds under study. No
symmetry constraints were enforced throughout the geometry
optimization process.””*" As a result of the improved
performance, consistency, accuracy, and flexibility of Grimme’s
D2 dispersion model, which incorporates empirical disper-
sion,””?! long-range correction functional wB97XD with a
large basis set was selected. By using the same level of theory to
compute the vibrational frequencies for each compound, it was
found that the molecular structure of the target compounds
aligns with the exact minimums of the potential energy surface.
DFT/wB97XD was utilized to determine the reactivity
descriptors and molecular stability with the purpose of
identifying the reactive site of the molecules. The descriptor
of the local reactivity was determined by calculating the dual
descriptor and the Fukui function.**~***7* In addition,
utilizing the Multiwfn v3.7 software program, the quantum
chemical descriptors from conceptual density functional theory
(CDFT) were computed.” The visual molecular dynamics
package (VMD 1.9) was utilized to determine the electrostatic
potential (ESP) of the molecules from the data produced by
the Multiwfn program.”’* NBO 3.1, which was supplied in
the Gaussian 09 W software program, was used for the natural
bond orbital (NBO) analysis. To visualize the optimized
structure and molecular orbitals, the ChemCraft (v1.6) and
GaussView (v6.1) packages were utilized.*”®’ The SAR
properties of the synthesized compounds were assessed
utilizing the QSAR features integrated in the HyperChem
program (v8.0.7).84

3.5.4. Binding Energy Calculations. Molecular mechanics
energy techniques (MM/GBSA and MM/PBSA) are widely
used to determine the free binding energies of small molecules
to biological macromolecules.”’ The GBSA integrates the
generalized Born and surface area continuum solvation models.
On the other hand, the free energy of binding is computed
using ensembles of the initial and final states in the one-average
molecular mechanics Poisson—Boltzmann surface area (MM-
PBSA) method, which is path-independent; consequently,
MM-PBSA displays a greater level of efficacy than MMGBSA.
To revalidate the inhibitory affinity of both ligands (60 and 64)
for the AChE protein predicted by docking simulation
experiments via molecular dynamics (MD) simulations via
GROMACS, the binding free energy of the simulated complex
was calculated. The binding free energies were computed by
utilizing snapshots obtained from the system trajectories over a
duration of 100 ns, after which the complex (RL) was formed
when the ligand (L) bound to the protein receptor (R) using
the gmx MMPBSA tool, which is based on the AMBER tools
MMPBSA.py and GROMACS files. We are solely concerned
with conducting computations for relative binding energies.
The Gibbs relative binding energy can be calculated as

follows:*°

AGbind = AGRL_AGR_AGL
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4. CONCLUSIONS

4-Benzyloxychalcone derivatives 12a-c were successfully
synthesized via the Claisen Schmidt condensation reaction
between appropriate aldehydes and ketones in the presence of
NaOH as the basic catalyst. The titled compound molecular
structures were confirmed using ATR-FTIR, NMR and HRMS
analyses. Our study of anti-acetylcholinesterase activity
revealed that the synthesized compounds were more potent
than that of the standard drug galantamine. Furthermore, the
molecular docking analysis demonstrated that the synthesized
compounds engage in molecular interactions through hydro-
gen bonding, m-m T-shaped interactions and z-7 stacking.
These findings are consistent with the conclusion that 12a and
12¢ are promising candidates for AChE inhibitors, as
determined by thorough examination of the patterns of
binding sites and binding energies. Compound 12a had the
highest value according to the drug likeness and QSAR
descriptors, whereas compound 12c¢ had the lowest values
across all descriptors for the remaining derivatives. All the
target compounds have weak oral bioavailability properties and
require a drug delivery carrier to enhance oral properties.
Furthermore, the log P values of compounds 12¢ < 12b< 12a
are outside the range of optimal values (0 < Log P < S). The
RMSD was utilized to measure the stability of the systems
throughout the 100 ns simulations. These findings indicated
that the conformation of the 12¢ complex became more stable
than that of the 12a complex. The 12c-AChE protein complex
exhibited lower system inhibition than the other systems, as
indicated by the calculated average RMSF values of 1.15 and
1.05 A for the 12a-AChE and 12c-AChE complexes,
respectively, for the protein systems. These findings are
positively correlated with the stability of the complex.

The computation of binding free energy (MM/GBSA and
MM/PBSA) was performed on the simulated complexes, and
the calculated values for the 12¢ complex and 12a complex
corresponded to mmgbsa and mmpbsa. Accordingly, the
stability of the 12c-4EY7 complex is suggested to be superior
to that of the other complex. In light of the findings of the
present study as a whole, 12a could be a potential AChE
candidate due to its ability to be used as a comparable or even
superior descriptor to galantamine. Finally, a comprehensive
understanding of the electronic structure properties, their
correlation with drug-like properties, and the structure-activity
relationships of the designed compounds were achieved
through the utilization of a high number of computational
techniques, such as DFT/wB97XD methods, with the basis set
wave function 6-311++G(d,p).
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