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ABSTRACT

A halogenated symmetrical formamidine, N,N’-bis(3-chloro-4-fluorophenyl)formamidine (FCF) was synthesized by the conden-
sation reaction between triethyl orthoformate and 3-chloro-4-fluoroaniline in 1:2 ratio. The compound FCF was characterized
by FT-IR, mass, NMR (*H and 3C) spectroscopic techniques and the purity was confirmed by elemental analysis. Crystal
structural elucidation of FCF showed that it conformed to an E-anti-molecular isomer. In the crystal packing system of FCF,
there exists N—H---N hydrogen bonding intermolecular interactions between the azomethine nitrogen (N-azomethine) and amine
hydrogen (H-amine) atoms of neighboring molecules resulting in the formation of dimers with an R 28 graph set motif. Hirshfeld
surface analysis unraveled that, H:--H and Cl---H intermolecular contacts contributed equally and the most with each of them
contributing 14.6% in crystal packing. The geometrical and electronic properties of FCF were investigated using DFT/B3LYP/6-
311++G(d,p) basis sets. Mulliken and MESP analyses identified reactive sites, while FMO studies revealed a HOMO-LUMO
gap (4.62 eV) indicative of intermediate reactivity and stability. Molecular docking and molecular dynamics simulations (MDS)
were performed to evaluate the inhibitory potential of FCF against monoamine oxidase A (MAO-A) and monoamine oxidase
B (MAO-B), both are protein targets for managing Parkinson’s disease. Docking studies revealed that FCF exhibited superior
binding affinity towards both MAO-A and MAO-B compared to the reference drugs (harmine and rasagiline) as reflected in
its more negative docking scores. MDS analysis was conducted over 100 ns and we found out that FCF demonstrated superior
inhibitory potential against MAO-A and MAO-B compared to the reference drugs, as indicated by its stronger binding free energies
(—38.78 + 2.62 kcal mol~! for MAO-A and —34.15 + 3.29 kcal mol~! for MAO-B) relative to harmine (—32.43 + 2.26 kcal mol™!)
and rasagiline (—32.44 + 2.65 kcal mol™). Furthermore, MDS analysis also confirmed the stability of FCF-protein complexes,
with lower RMSD values suggesting greater structural stability. In addition, pharmacokinetic analysis revealed that FCF possesses
favorable drug-like properties, including high gastrointestinal absorption, blood-brain barrier permeability, and a nontoxic profile,
reinforcing its potential as a promising therapeutic agent for targeting neurodegenerative disorders such as Parkinson’s disease.
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1 | Introduction

Parkinson’s disease (PD) is a rapidly growing neurodegenerative
disorder characterized by motor symptoms such as tremor,
bradykinesia, and rigidity, as well as nonmotor symptoms includ-
ing cognitive impairment, depression, and sleep disorders [1].
Its prevalence varies significantly across geographical regions,
influenced by factors such as age distribution, environmental
exposures, and healthcare accessibility. For example, studies in
Latin America estimate a PD prevalence of 472 per 100 000
individuals, with higher rates among older populations and
significant variations based on the source of data [2]. In Poland,
a recent analysis identified an increase in PD prevalence over
a decade, reaching 269 per 100 000 individuals, with a higher
prevalence in women—a pattern distinct from most global trends
[3]. Similarly, data from China revealed a prevalence of 1.86%
among individuals aged 65 years and older, with risk factors
such as pesticide exposure and urban residency contributing to
the disease burden [4]. These findings underscore the global
prevalence of PD and its predisposing factors.

PD is primarily associated with the degeneration of dopaminergic
neurons in the substantia nigra, leading to decreased dopamine
levels in the striatum [5]. The exact pathophysiological mech-
anisms remain complex, involving mitochondrial dysfunction,
oxidative stress, and neuroinflammation [6]. A key feature of PD
is the production of 3,4-dihydroxyphenylacetaldehyde (DOPAL),
a toxic byproduct of dopamine metabolism by monoamine oxi-
dase (MAO) [7]. DOPAL accumulation damages dopaminergic
neurons, contributing to PD. Inhibiting monoamine oxidase B
(MAO-B) reduces DOPAL production, offering neuroprotection
and potentially slowing disease progression. MAO-B inhibitors
like selegiline and rasagiline increase dopamine availability but
may cause side effects, including headache and dizziness [8].
Thus, developing new compounds to inhibit MAO-B effectively
with fewer side effects is crucial.

Formamidines are organic compounds which conform to general
formula R'N=C(H)NHR? and aryl as well as alkyl moieties
are represented as either R! or R?. Formamidines, especially
the N,N’-diarylformamidines can be classified as either sym-
metrical (if R! = R?) or unsymmetrical (R' # R?). They have
myriad applications such as ligands in coordination chem-
istry [9], monomeric units in building up of polymers [10],
histamine receptor antagonists [11], pesticides [12], and metal
complexes derived from formamidines have been widely reported
to display certain biological activities [13-15]. In this study,
N,N’-bis(3-chloro-4-fluorophenyl)formamidine (FCF) is synthe-
sized and explored as a potential therapeutic in managing
PD by examining its MAOs inhibitory potency using in silico
approaches. The rationale behind this study was due to prelim-
inary results obtained after searching for possible biomolecular
targets for FCF using cohorts of cheminformatic tools, sug-
gesting monoamine oxidase A (MAO-A) and MAO-B proteins
as possible targets. Inhibiting these enzymes can help main-
tain higher dopamine levels, thus alleviating the symptoms
of PD.

Literature has shown that some formamidine derivatives could
inhibit MAO proteins. Benezet et al. [16], reported the ability of
N’-(5-chloro-2,4-dimethoxyphenyl)-N,N-dimethylformamidine

to inhibit rat brain MAO in vivo by exploring intraperitoneal
injection. Likewise, N’-(4-chloro-o-tolyl)-N,N-dimethyl-
formamidines have been reported to increase the dopamine’s
level in rat brain revealing its tendency to inhibit MAO [17].
These findings suggest that formamidine derivatives could
potentially offer therapeutic benefits in neurodegenerative
conditions like PD. Herein, we probe into the inhibitory potential
of FCF against MAO-A and MAO-B, which might in turn unravel
the therapeutic properties of FCF as a possible drug to manage
Parkinson’s and other neurodegenerative diseases.

2 | Experimental Section

2.1 | Reagents and solvents

All the solvents used for this research work are A.C.S grade
(purity > 99.5%) and they were purchased from Merck and
used as obtained without purifying them further. The chemicals,
3-chloro-4-fluoroaniline (98%) and triethyl orthoformate (98%)
were also sourced from Merck.

2.2 | Instrumentation

Bruker Avance IIT 600 MHz spectrometer was used to record the
NMR spectra (*H and *C) for FCF at 25°C. Deuterated dimethyl
sulfoxide was utilized as a solvent to run the NMR analysis and
peaks which were observed at § 2.50 and § 39.52 ppm are assigned
to residual (CD;),SO. The Nicolet avatar 330 FT-IR spectrometer
coupled with ZnSe 1455 ATR was used to obtain the FT-IR
spectrum of the FCF. A mass spectrum was obtained using Waters
Synapt G2 coupled to Waters UPLC., ESI probe, ESI positive, cone
voltage 15 V while the SMP20 melting point machine was used to
determine the melting point.

2.3 | Preparation of FCF

The compound FCF was synthesized by following a reported
protocol in the literature with a slight modification [14, 15]. In
a 100 mL round bottom flask containing triethyl orthoformate
(1 mmol), 3-chloro-4-fluoroaniline (2 mmol) was added. Three to
four drops of glacial acetic was added to the resultant mixture
in the bottom flask and the solution was stirred and refluxed
within the range 0of 140°C-150°C for 30 min. A whitish compound
crashed out of the solution and the mixture was distilled, to
remove ethanol, which was the side-product of the reaction. The
crude whitish product was thoroughly washed with hexane to
remove unreacted 3-chloro-4-fluoroaniline and then filtered. The
purified product was dried in an oven at 30°C and kept in an air-
tight desiccator for further spectroscopic analysis. Yield 77%. M.P.:
176°C-177°C. 'H NMR (CDCl,, 600 MHz) & (ppm): 7.15 (s, 2H, Ar-
H), 7.35 (t, 4H, Jy ; = 9, Ar-H), 8.30 (s, 1H, —CH=N), 9.97 (s, 1H,
—NH-Ar). 3C NMR (CDCl;, 150 MHz) § (ppm): 117.34, 117.5, 119.9,
120.0, 121.1, 149.6, 152.8, 154.4 and 160.4. FT-IR (cm™!) 3078, 2998,
1664, 1589, 1258, 1125, 886, and 759. ES-TOF MS: m/z (%): [M]",
301.0109, [M+2]*, 303.0081, MS calc. analysis: 300.00 (100.0%),
302.00 (63.90%). Anal. calc. for C;H,;,FN,O: C, 51.85, H, 2.68, N,
9.30. Found: C, 51.92, H, 2.75, N, 9.12.
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TABLE 1 | Dimensions of the grid box of the proteins docked in this
study.
Protein target X Y z

MAO-A (2Z5X)

Center 40.6 26.85 —14.80

Dimensions (A) 20.00 20.00  20.00
MAO-B (2BYB)

Center 52.56 156.3 26.1

Dimensions (A) 20.00 20.00  20.00

2.4 | Single Crystal X-Ray Crystallography

The appropriate crystal of FCF used for the single x-ray
crystal elucidation was obtained by gradual evaporation of
dichloromethane solution of FCF in one week. A suitable crystal
with dimension 0.303 x 0.250 X 0.092 was mounted on a Bruker
APEX II DUO CCD diffractometer with radiation (0.71073 A) at a
temperature of 100 K. The structure of FCF was solved and refined
by exploring SHELXT [18] within the X-Seed environment [19].
Structural parameters together with structural data are presented
in Table SI.

2.5 | Molecular Docking

The chain A of human MAO-A (PDB: 2Z5X) [20] and human
MAO-B (PDB: 2BYB) [21] were extracted from the RCSB protein
databank using Maestro 12.8 from the Schrodinger Suite. The
proteins were preprocessed with the Protein Preparation Wiz-
ard, including bond order assignment, hydrogen addition, and
setting protonated states at pH 7.0 + 2.0 using Epik mode [22].
Subsequently, FCF and the reference drug for MAO-A, harmine
(CID: 5280953), and that for MAO-B, rasagiline (CID: 3052776)
obtained from PubChem were prepared with the LigPrep wizard
of the Suite using the OPLS4 Force Field [23]. The receptor grid
parameters were set using the parameters in Table 1, and docking
was done using Glide [24]. Discovery Studio 2024 Client analyzed
the protein-ligand interactions.

2.6 | Molecular Dynamics Simulation of the Best
Ligand Candidate and the Receptors

FCF and reference drug complexes were prepared for molecular
dynamics simulation (MDS) using Amber 18 GPU and FF18SB
force field [25]. Ligand partial charges were generated with
ANTECHAMBER using GAFF [26], and the restrained electro-
static potential (RESP) algorithms. To neutralize the systems,
protein hydrogen atoms and counter ions (Cl1~, Na*) were added
via LeaP, and the system was soaked with TIP3P water in an
octahedral case extending 8 A from the proteins. The systems
underwent 1000 steps each of steepest descent and conjugate gra-
dient minimization. Proteins were fixed using 500 kcal mol~" A~
restraints. After heating to 300 K for 50 ps (NVT, 10 kcal mol™! A2
restraints), the system was equilibrated at 300 K for 500 ps (NPT,
1 atm pressure, 2 ps relaxation). Temperature was maintained
with Langevin dynamics [27] with a collision frequency of 1 ps~'.

The total simulation time was 100 ns with a 2 fs step. Results were
evaluated using CPPTRAJ in AMBERIS.

2.7 | Validation of MDS

The AMBER 18 package using the CPPTRAJ script was used to
analyze the root mean square deviation (RMSD) of the protein—
ligand complexes and the ligands in the binding pocket, the radius
of gyration (RoG), and root mean square fluctuation (RMSF). The
raw data obtained were analyzed and plotted using the OriginPro
software [28].

2.8 | Binding Free Energy Calculations

The molecular mechanics/Poisson-Boltzmann surface area
(MM/PBSA) method was used to calculate and compare the
binding affinity of protein-ligand complexes. Binding free energy
was averaged over 100 000 snapshots from a 100 ns trajectory.
The computed free binding energy (G) for each molecular species
(complex, ligand, and receptor) is represented as follows:

AGying = Geomplex — Greceptor — Gligand @
AGying = AEg + AGy, — TAS )
AE;s = AEjy + AEyan derwaals T AFclec (3)
AGy, = AGgp + AGgy 4)

AGs, = ySASA 6]

where E,, is the gas-phase energy of the system, E;,, is the
internal energy within the molecular system, E,. is the elec-
trostatic energy from charged atomic interactions, Ev,, ger waals 1S
the energy from Van der Waals interactions, G, is the solvation-
free energy, Gy is the polar contribution to solvation-free energy,
Gg, is the nonpolar contribution to solvation-free energy, SASA is
the solvent-accessible surface area, used to calculate hydrophobic
solvation energy, S is the total entropy, representing the system’s
disorder, T is the temperature of the solute.

29 |
studies

Density Functional Theory Computational

The geometry optimization of FCF was conducted employing
density functional theory (DFT) with the B3LYP hybrid func-
tional [29, 30], utilizing the Gaussian 16 software package [31]. All
calculations were executed on the Lengau cluster at the Centre for
High Performance Computing (CHPC, Cape Town, South Africa;
www.chpc.ac.za). The 6-311++G(d,p) basis set was employed for
carbon (C), hydrogen (H), nitrogen (N), fluorine (F), and chlorine
(Cl) atoms to ensure accurate electronic structure representation.
Initial molecular configurations were constructed and visualized
using the GaussView 6.0.16 interface [32], which also facilitated
post-optimization structural analysis. To confirm the attainment
of a true energy minimum on the potential energy surface,
vibrational frequency calculations were performed, verifying the
absence of imaginary frequencies.

Mulliken charge analysis [33] was subsequently applied to
quantify atomic charge distributions within the optimized FCF

Chemistry & Biodiversity, 2025
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SCHEME 1 | N,N'-bis(3-chloro-4-fluorophenyl)formamidine (FCF).

structure. In addition, the molecular electrostatic potential
(MESP) map was generated to evaluate reactivity trends, with
color gradients delineating regions of varying electrostatic poten-
tial: blue (maximum positive potential, nucleophilic affinity),
green (neutral), and red (maximum negative potential, elec-
trophilic preference) [34, 35].

Frontier molecular orbital (FMO) analysis was carried out to
elucidate electronic and reactive characteristics. Key parameters,
including the energies of the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO), and
the HOMO-LUMO energy gap (AE), were computed to assess
charge transfer tendencies. The HOMO energy, correlating with
ionization potential, reflects electron-donating capacity, while the
LUMO energy signifies electron-accepting propensity. A reduced
AE value implies heightened chemical reactivity and diminished
kinetic stability [36-38].

Furthermore, global reactivity descriptors including the global
hardness (7), global softness (o), electronegativity (y), and elec-
trophilicity index (w) were derived to quantify the molecule’s
stability and reactivity. These descriptors calculated using estab-
lished relationships [39-41], provide insights into electron density
resistance (7, o), electron-attracting ability (y), and nucle-
ophilic interaction propensity (w). The equations governing these
descriptors are detailed in prior theoretical frameworks [39, 42],
and given in Equations (6)-(9).

p= Dt ©)
o= ™
_ Gt ©
W= % ©)]

The energies of the LUMO (E; ) and HOMO (Ey;) are expressed in
electronvolts (eV). These parameters offer valuable insights into
the molecular behavior of FCF. The 3D structures were visualized
using Chemcraft software [43], and the correlation analysis plot
were illustrated using Origin software [44].

3 | Results and Discussion

3.1 | Synthesis of FCF

The synthetic route for the preparation of FCF is given in
Scheme 1 and this was carried out by reacting two equiva-
lents of 3-chloro-4-fluoroaniline and one equivalent of triethyl

- 3C,H5OH cl NN Cl

H

1

R! R
N C-N /N

H— bond rotation H—

N—H N—mrR
/ /
R H
Eant Esyn
|
C=N C=N

bond rotation .
bond rotation

y

N—R! _ N—R!
H— C-N H—
N—H bond rotation N—mR
R/ H/
Zanti Zsyn

SCHEME 2 | Possible four isomers of formamidines in solution [45].

orthoformate under suitable reaction conditions as detailed in
Section 2.1. The compound FCF is obtained in good yield (77%)
and very stable at room temperature. FCF readily dissolves
in chloroform, dimethyl sulfoxide, dichloromethane, dimethyl-
formamide, toluene, partially soluble in ethanol but insoluble
in hexane.

3.2 | Spectroscopic Elucidation

3.21 | 'Hand3C NMR

The NMR spectra (*H and *C) of FCF were recorded in deuterated
dimethyl sulfoxide, using 2D NMR for the assignment of peaks.
Reports have shown that formamidines exist as four isomers in
solution (Scheme 2), resulting in complex, poor resolution and in
most cases inaccurate NMR spectra [45, 46].

Herein, we are able to account for all the protons in 'H NMR
spectrum of FCF, though the resolution is poor (Figure S1) despite
using the 600 MHz spectrometer and the analysis carried out for
a longer duration. The azomethine proton (—CH=N) appeared
at 8.30 ppm while the one for secondary amine proton (—NH-
Ar) appeared around 9.97 ppm as a broad peak. The peaks for
the aromatic protons perfectly match and integrated well for FCF
structure. These aromatic protons appeared around 7.15 ppm (2H)
and 7.35 ppm (4H) as singlet and triplet, respectively. As regards
the BC NMR spectrum for FCF, the diagnostic azomethine
carbon (—CH=N) appeared around 160.35 ppm and the ones for
aromatic carbons appeared within the range of 117.35-154.42 ppm
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(Figure S2). These values are similar to those for similar structures
reported in literature [13, 47, 48].

3.2.2 | FT-IR and Mass Spectra Analysis

In the FT-IR spectrum of FCF, major diagnostic peaks observed
are formamidinyl C—H, N—H (secondary amine) and azomethine
C=Nstr vibrational mode. The formamidinyl C—H peak appeared
around 3078 cm™' while the one for N—H was observed around
3100-3200 cm™! and of very low intensity. The azomethine
C=Nstr peak appeared around 1664 cm™' (Figure S3) and this
value is similar to those of formamidine derivatives reported in
literature [47, 49]. Other notable peaks observed are C=Cstr of
the aromatic moiety in FCF and C—Nstr and these appeared at
1589 and 1258 cm™!, respectively. The vibrational band of C—X
bond, that is, C—F and C—Cl also appeared in the spectrum of
FCF within the range of 886-689 cm™.

The [M]*, [M+2]*, and [M+4]* peaks were observed in the
mass spectrum of FCF and it appeared at 301.0109, 303.0081,
and 305.0064, respectively (Figure S4). The intensity of the [M]*,
[M+2]*, and [M+4]* peaks are in the ratio of 9:6:1 which is an
attribute of organic molecule with two chlorine atoms [50, 51].

3.3 | Single Crystal x-Ray Description

The symmetrical formamidine FCF crystallizes as triclinic
with space group of P-1 and in its asymmetric unit, it con-
sists only one molecule of FCF (Figure 1la). In the solid
state, FCF displays a trans geometry about the C=N double
bond and exhibits E,,; isomerism (anti-conformation) about
the C(H)—N(H) single bond. This is similar to the co-crystal
of (E)-N,N’-bis(2,6-dichlorophenyl)formimidamide reported by
Zamisa et al. [49] The dihedral angle between the plane
of the two phenyl rings in FCF is 78.01° and this seems
broader when compared to the one for E,,; of symmetrical
(E)-N,N’-bis(2,6-dichlorophenyl)formimidamide which is 50.26°
[49]. The dihedral angles between the two phenyl rings and
the —N(2)=C(7)—N(1)— moiety which are C8—N2—C7—NI1 and
C5—N1—C7—N2 are 173.42° and 168.58°, respectively. This depicts
that one of the phenyl rings is more coplanar with the
—N(2)=C(7)—N(1)— moiety than the other. The C8—N2, C7—N2,
C7—N1, and C5—N1 bond distances are 1.421, 1.290, 1.353, and
1.409 A, respectively, depicting the availability of single and
double bonds between carbon and nitrogen atoms linking the
two phenyl rings in FCF. Figure 1b, represents the crystal
packing diagram of FCF. There are four molecules per unit
cell which are strongly connected through hydrogen bonding
to form dimers with about 2.130 A distance between the two
molecules.

The classical N—H:--N hydrogen bonding intermolecular inter-
action was observed in the crystal packing of FCF and this
is peculiar to all N,N’-diphenylformamidines [52, 53]. It was
formed between the azomethine nitrogen (N-azomethine) and
amine hydrogen (H-amine) atoms resulting into the formation
of dimers with a R §8 graph set motif [52]. Besides N—H:--N
interaction, C—H---F and C—H---Cl intermolecular interactions
also exist in the packing system of FCF. The geometric parameters

FIGURE 1 | (a) Crystal structure of FCF with thermal ellipsoids
drawn at 60% probability. Hydrogen atoms have been omitted for clarity.
(b) Diagram showing intermolecular N1—H1---N2 hydrogen bonding
existing in the packing diagram of FCF.

of the intermolecular C—H---F, C—H::-Cl, and N—H---N hydrogen
bonds are summarized in Table 2.

3.4 | Hirshfeld Surface Analysis of FCF

Hirshfeld surface (HS) analysis helps to provide crucial infor-
mation about surface characteristics of molecules and reveal the
molecular interaction existing in their crystal packing systems
[54, 55]. HS analysis (HSA) unravels the nature of interactions
as well, either weak or strong in crystal packing of molecules.
It could be defined as the points where the contribution to
electron density inside the surface of a molecule is equal to
the ones from all other molecules in the crystal packing [56].
The CrystalExplorer21 [57] software was used to generate the
Hirshfield surface of FCF, mapped with d,,, function together
with the 2D fingerprint plots of significant intermolecular inter-
actions (Figure 2). On the d ., surface, crucial information about
the surface characteristics is encoded with red, blue, and white
region. The red region signifies closer contacts with negative d, o,
value, that is, sum of Van der Waal radii longer than distance of
contact while blue region signifies longer contact with positive
d,orm» that is, sum of Van der Waals radii shorter than distance

Chemistry & Biodiversity, 2025
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TABLE 2 | Hydrogen-bond geometry (A°) parameter for FCF.

D—H.--A D—H H---A D---A D—H---A
N1—H1-.-N2! 0.900 (18) 2.129 (19) 3.0268 (15) 176.0 (15)
C9—H9.-F1' 0.95 2.48 3.3809 (15) 158
C3—H3---F1ii 0.95 2.60 3.2018 (15) 122
C12—H12.--Cl1¥ 0.95 2.84 3.7544 (14) 161

Note: Symmetry codes: (i) —x+ 2, =y + 1, -z + 1; (ii) —x+ 1, =y + 1, —z + 1; (iii) —=x, =y + 2, =z + L; (iv) x+ 1, y,2— 1.

d,.orm Property of the
Hirshfeld surface

All
contacts

contacts

Cl...H

contacts

FIGURE 2 |
the HS of FCF.

of contact. The white color depicts zero d,,, value, that is,
the distance of contacts is approximated to the sum of Van der
Waals separation [56, 58]. Short intermolecular interactions play
asignificant role in the stabilization of the crystal lattice; thus, this
section majorly focuses on it. Interestingly, two intermolecular
contacts contributed the most and equally towards the HS of
FCF. These are H---H and Cl---H contacts and each of them
contributed 14.6%. Significant quantity of hydrogen bonds was
also observed, that is, H---F/F---H (9.4% F---H and 8.9% H---F)
and N---H/H---N (3.2% N---H and 2.6% H---N) intermolecular
contacts. It is important to note that, the circular deep red
color observed on the d,,., surface of FCF is due to hydrogen
bonding contacts (N---H/H:--N) and could be clearly seen on
2D fingerprint plots as two elongated narrow spikes facing
the bottom left (Figure 2). Some other notable intermolecular
contacts are H---Cl (9.7%), C---C (8.5%), C---H (5.6%), and H---C
(4.4%). In the shape index of FCF (Figure S5), we observed
an adjacent red and blue triangle on the HS, affirming the

2-D fingerprint
plots

100 % .

TE U T T T TE T U 27T

114.6 % »

de

19)

146 %

di
U6 U8 TU T.Z T8 16 T8 20 T

Dyorm property mapped over the HS and 2D fingerprint plots of the selected intermolecular interactions with their contribution towards

presence of 7---7 stacking interactions in the crystal packing
system [56].

3.5 | Molecular Docking

3.5.1 | Binding Affinity

The molecular docking studies was carried out for FCF as well as
reference drugs (harmine and rasagiline) against MAO-A (2Z5X),
and MAO-B (2BYB) and their docking scores are presented in
Table S2. The outcomes of the study revealed that, the docking
scores for FCF outshined the one for the reference drugs. We
further ran MDS analysis for the ligand—protein complexes of FCF
and the one for reference drugs at 100 ns. This is to unravel the
interaction between FCF and reference drug with MAO-A/MAO-
B. Thus, revealing the inhibitory potential of FCF against MAO-A
and MAO-B enzymes.

6 of 17
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TABLE 3 | Thermodynamic AGy;,q profiles for FCF and harmine/rasagiline with MAO-A and MAO-B.

Complexes Evan der Waals Eetec AGg, AGgy AGying
MAO-A

Harmine-MAO-A —36.1473 + 2.2677 —13.7373 + 2.5790 —49.8846 + 2.8019 17.4504 + 1.5151 —32.4341 + 2.2625
FCF-MAO-A —44.1816 + 2.1126 —74.0197 + 7.5789 —118.2013 + 7.5995 79.4224 + 6.6470 —38.7788 + 2.6190
MAO-B

Rasagiline-MAO-B —32.2792 + 2.2902 —28.6924 + 8.5928 —60.9716 + 8.7181 28.5244 + 7.6553 —32.4472 + 2.6529
FCF-MAO-B —41.2829 + 2.0969 —69.7349 + 8.3712 —111.0177 + 8.9970 76.8640 + 6.9001 —34.1537 + 3.2926

3.5.2 | MDS Studies actions were observed with PHE197 and TYR396 while harmine

To evaluate the binding energies and affinities of FCF-protein
complexes, MDS analysis was carried out [59]. The MM/PBSA
method was explored to evaluate the binding free energies
(AGy;,q) between the ligand-protein/enzyme complexes [60]. The
MDS analysis was carried out for 100 ns and thereafter, we
estimated the binding energy of FCF and reference drugs at the
active sites of proteins. Table 3 details the calculated binding free
energies, and this could be used as a yardstick to measure the
inhibitory potential of FCF against MAO-A and MAO-B enzymes
and compare it to one for well-known drugs (harmine for MAO-A,
rasagiline for MAO-B).

The FCF-MAO-A and harmine-MAO ligand-protein
binding free energies (AG;,q) are —38.7788 =+ 2.6190 and
—32.4341 + 2.2625 kcal mol™, respectively. These results show
that FCF binds strongly with MAO-A when compared to
harmine. This suggests that FCF could inhibit MAO-A better
when compared to harmine (reference drug). The stronger
binding free energies of FCF when compared to harmine can be
attributed to stronger van der Waals interactions, electrostatic

interaction and higher solvation-free energy.

In the case of MAO-B, FCF-MAO-B, and rasagiline-MAO-B
binding free energies (AGy;,q) are of —34.1537 + 3.2926 and
—32.4472 + 2.6529 kcal mol~, respectively. These strong binding
energies in both complexes are driven by high Van der Waals
and electrostatic interactions. However, FCF-MAO-B binding
energies outshined the one for rasagiline-MAO-B. The higher
binding free energy in FCF can be attributed to much stronger
Van der Waals and electrostatic interactions. Generally, FCF
demonstrates stronger binding profiles for both MAO-A and
MAO-B compared to the reference drugs (harmine and rasag-
iline). This indicates that, FCF could serve as a more potent
therapeutic agent for targeting MAO-A and MAO-B due to their
promising inhibitory potential against these enzymes. Hence,
their possibility to improve the management of Parkinson’s and
other neurodegenerative diseases caused by MAO-A and MAO-B
enzymes.

3.5.3 | Protein-Ligand Interaction

The ligand-protein interaction plot for FCF is given in Figure Sé6.
These plots give insights into the types of amino residues which
interact with FCF and reference drugs at the protein binding
pockets. In harmine-MAO-A complex, the hydrogen bond inter-

also interacts with LEU86, PHE97, VAL199, ILE314, ILE324,
LEU326, and TYR396 through alkyl/m-alkyl bonds. Furthermore,
-7 stacked interactions were observed with PHE197 and Van
der Waals interactions through TYR58, VALS87, ILE169, ILE196,
SER198, GLN204, CYS312, MET313, THR325, MET339, PHE341,
and TYR433 were also observed.

The FCF-MAO-A complex displaced hydrogen bonds through
the interactions with ARG40 and THR424 and the alkyl/z-alkyl
bonds were also observed through the interactions with ILE12,
VAL292, LYS294, PHE341, CYS395, MET434, and ALA437. The
-7 stacked/m-m T-shaped bonds were with TRP386 and TYR396
while the Van der Waals interactions were with GLY11, GLY38,
THR41, GLY55, GLY56, SER212, GLY432, and TYR433.

For rasagiline-MAO-B complex, the hydrogen bonds were
observed through the interactions with amino acids such as
ILE196, GLN204, and TYR433. The alkyl/z-alkyl bonds occur
through the interactions with TYR58, LEU169, CYS170, ILE196,
TYR324 among others. The 7—7 T-shaped bond was observed
through interactions with TYR324, the m—sulfur bond with
CYS170, m—cation bonds with TYR58 as well as TYR396 and the
Van der Waals interactions with PHE166, TYR186, and LEU326
were also observed.

Finally, in FCF-MAO-B complex, the hydrogen bonds were
noticed through the interactions between ILE197 and TYR324
with FCF. The alkyl/z-alkyl bonds occurred through the interac-
tion of FCF with VAL80, LEU326, TYR433, and MET434. The 7—7
T-shaped/amide—r stacked bonds are with GLY55 and TYR396
interacting with FCF. The halogen bonds are with ARG40 and
ILE197, r—cation bond with TYRS58, 7—sulfur bond with CYS395,
unfavorable positive-positive interaction with LYS294 and Van
der Waals interaction with GLY56.

354 |
Stability

Ligand-Binding Effects on Proteins’ Structural

This study explores the structural and conformational changes
influencing the biological activity of MAO-A and MAO-B by
analyzing key structural parameters, including RMSD, RoG, and
RMSF for protein-ligand complexes. These parameters provide
insights into the stability, compactness, and flexibility of the
complexes, as detailed in Figure 3 and Table 4. A lower RMSD
value indicates greater structural stability while a lower RoG
suggests a more compact conformation [61]. Similarly, RMSF
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FIGURE 3 | Comparative RMSD, RoG, and RMSF plots of alpha C atoms in the monoamine oxidase systems, estimated over 100 ns of molecular

dynamic simulations.

TABLE 4 |

Calculated average values for RMSD, RoG, and RMSF for MAO-A and MAO-B complexes.

Ligand-protein complex RMSD (A), mean + SD

RoG (A), mean + SD RMSF (A), mean + SD

MAO-A + harmine 4.180 +1.187
MAO-A + FCF 3.673 £ 0.915
MAO-B + rasagiline 1.720 + 0.197
MAO-B + FCF 1.984 + 0.207

25.308 + 0.273 8.910 + 3.299
25.283 +0.201 9.156 + 3.209
23.513 + 0.083 5.920 + 2.208
23.512 + 0.096 5.472 +1.901

measures the flexibility of amino acid residues, with lower values
reflecting reduced movement upon ligand binding [62].

For the MAO-A complexes, when MAO-A binds to harmine, the
RMSD value is 4.180 + 1.187 A, the RoG is 25308 + 0.273 A,
and the RMSF is 8.910 + 3.299 A, indicating a relatively flex-
ible structure. In contrast, the FCF-MAO-A complex exhibits
a lower RMSD of 3.673 + 0.915 A, suggesting greater struc-
tural stability compared to the harmine-bound complex. The
RoG value of 25.283 + 0.201 A is slightly lower than that of
harmine, while the RMSF of 9.156 + 3.209 A indicates higher
flexibility.

For the MAO-B complexes, the reference drug rasagiline demon-
strates an RMSD of 1.720 + 0.197 A, RoG of 23.513 + 0.083 A, and
RMSF of 5.920 + 2.208 A, signifying high stability and moderate
flexibility. The FCF-MAO-B complex, however, shows a slightly
higher RMSD of 1.984 + 0.207 A, indicating lower stability, but
maintains a RoG of 23.512 + 0.096 A, suggesting a comparable
compactness to rasagiline. In addition, its RMSF of 5.472 +1.901 A
reveals lower flexibility compared to the reference drug complex.

3.6 | Principal Component Analysis

Principal component analysis (PCA) is an effective technique
for examining variance in molecular dynamics data of enzyme-
ligand complexes. By converting the original dataset into a
new coordinate system, PCA highlights key directions (principal
components) that capture the most significant variations. This
transformation simplifies complex datasets, making it easier to
interpret molecular dynamics behavior [63]. This study applied
PCA to examine the binding interactions of MAO-A and MAO-
B complexes with FCF and a reference drug. Initially, RMSD
values were collected and standardized using StandardScaler to
ensure uniform feature contribution. PCA was then performed
to reduce dimensionality while preserving variance, allowing for
a clearer interpretation of structural dynamics during molecular
simulations.

The results, summarized in Table 5 and Figure 4, reveal dis-
tinct variance patterns between MAO-A and MAO-B complexes.
In MAO-A complexes, the first principal component (PCI)
accounted for over 95% of the variance, with RMSD as the primary
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TABLE 5 | PCA results for MAO-A and MAO-B complexes.
Principal Explained RMSD RoG
Complexes component Eigenvalue variance (%) loadings loadings
MAO-A-harmine PC1 1.413524 95.24847 0.99857 —0.05339
PC2 0.070515 4.75153 0.05338 0.99857
MAO-A-FCF PC1 0.837418 95.41891 0.99999 —0.00257
PC2 0.040205 4.581086 0.00256 0.99999
MAO-B-rasagiline PC1 0.03934 86.13419 0.99093 —0.13435
PC2 0.006333 13.86581 0.13435 0.990934
MAO-B-FCF PC1 0.043631 83.89473 0.988535 —0.15099
PC2 0.008376 16.10527 0.150989 0.988535
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FIGURE 4 | Scatterplots of principal component analysis (PCA). Results for RMSD and RoG after 100 ns molecular dynamics simulation of (A)

MAO-A-harmine, (B) MAO-A-FCF, (C) MAO-B-rasagiline, (D) MAO-B-FCF.

contributor, while RoG influenced PC2. For the MAO-A-harmine
complex, PC1 explained 95.25% variance, and for the MAO-A-FCF
complex, it captured 95.42% variance, following a similar trend.

In contrast, MAO-B complexes displayed a more evenly
distributed variance between components. For the MAO-B-
rasagiline complex, PC1 captured 86.13% of the variance, while
for MAO-B-FCF, PC1 explained 83.89%, with RoG playing a
more significant role in structural variation. Overall, MAO-A
complexes showed a dominance of RMSD-driven variance,
suggesting a consistent structural deviation pattern, whereas
MAO-B complexes exhibited a more balanced contribution of

RMSD and RoG, indicating more complex structural dynamics
involving both deviations and compactness.

3.7 | Dynamic Cross-Correlation

Dynamic Cross-Correlation (DCC) analysis was conducted to
examine the coordinated movements and dynamic interactions
of protein residues within MAO-A and MAO-B complexes. This
computational technique quantifies the degree of correlated
motion between residue pairs, offering insights into the struc-
tural flexibility and functional mechanisms of protein-ligand
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interactions [64]. The results, illustrated in Figure 5, reveal how
ligand binding influences protein dynamics and stability across
different residue regions.

For the MAO-A-harmine complex, residues 1-86 displayed strong
positive correlations, indicating a stable binding region, while
a blue-to-red shift in residues 87-180 suggests conformational
changes induced by harmine. A red-to-blue transition in residues
180-280 indicates altered dynamics due to ligand interaction,
and residues 281-460 maintained strong positive correlations.
A similar pattern was observed for the MAO-A-FCF complex,
suggesting that FCF interacts with MAO-A similarly to harmine.

For the MAO-B-rasagiline complex, residues 1-86 exhibited
strong positive correlations, signifying a stable ligand-binding
region. A blue-to-red transition in residues 87-185 suggests that
rasagiline enhances stability in previously flexible segments,
while a red-to-blue shift in residues 186-280 indicates altered
coordinated motions. Residues 281-460 maintained strong cor-
relations, while regions beyond residue 460 displayed reduced
coordinated movements. The DCC patterns for MAO-B-FCF
closely mirrored those of rasagiline, implying similar effects on
MAO-B dynamics.

These findings highlight the influence of ligand binding on
protein flexibility and stability, with FCF exhibiting dynamic
behavior similar to reference drugs (harmine and rasagiline).
The correlated (red) and anti-correlated (blue) motions suggest
that ligand interactions induce specific conformational changes
within MAO proteins, affecting their binding properties. The

conserved DCC patterns reinforce FCF’s potential as a viable
MAO inhibitor, and the distinct residue ranges (1-86, 87-180,
281-460) underscore critical regions for ligand recognition and
binding affinity. These results provide valuable structural insights
for rational drug design targeting MAO enzymes.

3.8 | Physicochemical and Pharmacokinetic
Properties of FCF

SwissADME [65] and pkCSM [66] was utilized to estimate the
physicochemical and pharmacokinetic properties of FCF and the
results were summarized in Table S3. The compound complies
with Lipinski’s rule of five (Ro5), supporting its drug-like char-
acteristics. With a molecular weight of 301.12 g mol™ (below
the 500 Da threshold) and a logP of 4.70 (within the acceptable
lipophilicity limit), FCF exhibits good membrane permeability.
Its logS value of —4.75 suggests moderate solubility, while a
topological polar surface area (TPSA) of 24.39 A2 indicates high
oral bioavailability. In addition, FCF has three hydrogen bond
acceptors (HBA) and one hydrogen bond donor (HBD), aligning
with drug-likeness criteria. The three rotatable bonds (RotBs)
further ensure structural flexibility.

Pharmacokinetically, FCF demonstrates high gastrointestinal
(GI) absorption, facilitating efficient oral uptake. Its ability to
cross the blood-brain barrier (BBB) makes it suitable for central
nervous system (CNS) applications. Importantly, FCF is not a
substrate for P-glycoprotein (P-gp), suggesting a lower risk of
drug efflux and improved brain bioavailability. With a logK,, of
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FIGURE 6 | The 3D structure of the FCF optimized at B3LYP/6-
311++G(d,p) level of theory.

—5.01 cm s7!, it exhibits moderate skin permeability. Toxicity
assessments reveal no AMES toxicity or hepatotoxicity, indicating
a favorable safety profile. The oral acute toxicity (LDs,) in rats is
2.704 mol kg, and tetrahymena pyriformis toxicity (log ug L™)
is 2.308, suggesting manageable toxicological risks. Overall, FCF
possesses desirable physicochemical and pharmacokinetic prop-
erties, hence, a future potential candidate for the management of
PD and other neurodegenerative disorders.

3.9 | DFT Computational Studies

3.9.1 | Geometry Optimization and Structural Analysis
The geometrical structure of FCF was optimized using DFT cal-
culation at the B3LYP/6-311++G(d,p) level of theory. This hybrid
functional and basis set was selected based on their demonstrated
reliability in our prior studies for predicting structural parameters
(bond lengths, bond angles, and dihedral angles) of formamidine
derivatives, which showed strong agreement with experimental
x-ray crystallographic data. The optimized structure (Figure 6)
features a central amidino group, with the C7=N2 bond adopting
a trans configuration relative to the N1I—H bond. Both nitrogen
atoms of the amidino group are substituted with phenyl rings,
bearing chlorine and fluorine substituents at the 3- and 4-
positions, respectively. These electron-withdrawing substituents
induce electronic effects on the conjugation within the system.
The (E)-configuration of the molecule positions the phenyl
rings on opposite sides of the amidino plane, minimizing steric
interactions and contributing to the stability of the molecule.

The theoretical bond lengths and angles, computed at the
B3LYP/6-311++G(d,p) level, were compared with experimental
values derived from x-ray crystallography, Figures 7 and 8 and
Tables 6 and 7. The theoretical bond lengths show remarkable
agreement with experimental data, with most differences being
0.02 A or less (Table 6). For example, the bond lengths of C1—C6
(139 A), C3—C2 (1.38 A), and C5—C4 (1.40 A) among others are
identical in both methods, demonstrating the precision of the
computational approach. Small deviations, such as in C1—CI1
(1.73 vs. 1.74 A), C10—CI2 (1.73 vs. 1.75 A), N1—C7 (1.35 vs.
1.37 A), and N2—C8 (1.42 vs. 1.40 A), may be due to challenges in
modeling halogen interactions or electronic effects like resonance
or conjugation that may not be fully captured by the functional.
The C—F bonds, such as C2—F1 (1.36 vs. 1.35 A), show excellent
agreement, confirming that the basis set effectively models highly
electronegative atoms like fluorine. In contrast, C—Cl bonds
are slightly longer in the theoretical results, possibly due to
weak dispersion forces or incomplete basis set descriptions for
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bond angles of FCF.

chlorine atom. The uniformity of C—C bond lengths in the
aromatic rings (e.g., C8—C13: 1.40 A) suggests accurate modeling
of the delocalized 7-electron systems. Similarly, the C7=N2 bond
(1.29 vs. 1.28 A) shows a precise representation of double-bond
character, which is essential for understanding conjugation in
the molecule. Statistical analysis reveals a very high coefficient of
determination (R? = 0.9944), indicating that the model explains
more than 99% of the variance in the experimental bond lengths.
The strong linear correlation (r = 0.9972) further supports the
reliability of the B3LYP/6-311++G(d,p) method for studying the
structure of similar organic molecules.

Table 7 and Figure 8 compare experimental bond angles of FCF
(determined via x-ray crystallography) with theoretical values
calculated at the B3LYP/6-311++G(d,p) level in the gas phase. The
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TABLE 6 | Comparison of some experimental and theoretical bond TABLE 7 | Comparison of some experimental and theoretical bond
length of FCF. angles of FCF.
Experime?tal ) Experimental
Bond length values (A) Gas (A) Bond angle values (°) Gas (°)
C1—Ceo 1.39 1.39 C6—C1—C2 119.75 119.6792
C1—C2 1.38 1.39 C6—C1—Cl1 120.54 120.19
C1—Ch 1.73 1.74 C2—C1—Cl1 119.67 120.1271
C6—C5 1.40 1.40 C1—C6—C5 119.91 120.4792
C5—C4 1.40 1.40 C6—C5—C4 119.66 119.1715
C5—N1 1.41 1.40 C6—C5—N1 117.53 118.3491
C4—C3 1.39 1.39 C4—C5—N1 122.81 122.4761
C3—C2 1.38 1.38 C5—C4—C3 119.88 120.0637
C2—F1 1.36 1.35 C4—C3—C2 119.63 120.1901
N1—-C7 1.35 1.37 C1—C2—C3 121.16 120.3971
C7=N2 1.29 1.28 C1—C2—F1 119.05 120.1285
N2—C8 1.42 1.40 C3—C2—F1 119.8 119.4721
C8—C13 1.40 1.40 C5—N1-C7 12414 127.0609
C8—C9 1.40 1.40 N1—-C7=N2 121.74 121.0047
C13—C12 1.39 1.39 C7=N2—C8 115.77 119.5347
C9—C10 1.38 1.39 N2—C8—C13 122.35 123.5617
C12—C11 1.37 1.38 N2—C8—C9 118.4 117.6209
C10—C11 1.39 1.39 C13—C8—C9 119.22 118.7647
C10—CI2 1.73 1.75 C8—C13—C12 120.28 120.5402
Cl1—F2 1.36 1.35 C8—C9—C10 120.11 120.5897
Correlation coefficient r 0.9972 C13—C12—C1 119.61 119.7474
R? value 0.9944 C9—C10—C11 119.8 119.6899
C9—C10—CI2 119.83 120.3933
strong correlation between the datasets, evidenced by a correla- cli—clo—Cl2 120.37 199162
tion coefficient (r = 0.9099) and R? value (0.8279), confirms the C12—CI—C10 120.97 120.6347
reliability of the computational model in reproducing experimen- C12—C11—F2 119.71 119.328
tal geometries. Most angles deviate by less than 2°, demonstrating C10—C11—F2 119.32 120.031
excellent agreement. For instance, the C6—C1—C2 angle (exper- . .
imental: 119.75° vs. theoretical: 119.68°) and C5—C4—C3 angle Correlation coefficient 7 0.9099
(119.88° vs. 120.06°) show negligible differences, underscoring R? value 0.8279

the method’s precision in modeling carbon-carbon bond net-
works. Similarly, the C5—N1—C7 angle (124.14° vs. 127.06°) and
N1—-C7=N2 angle (121.74° vs. 121.00°) align closely, validating
the accuracy of the computational approach for the molecule’s
central amidino functional group.

Larger deviations are observed in select cases, such as the
C7=N2—C8 angle (experimental: 115.77° vs. theoretical: 119.53°),
which differs by ~3.7°. These discrepancies likely arise from
electronic effects induced by electronegative substituents (e.g.,
chlorine and fluorine) or differences between gas-phase simu-
lations (no intermolecular interactions) and solid-state experi-
mental conditions. Angles involving fluorine substituents, such
as Cl—C2—F1 (119.05° vs. 120.13°), exhibit slight mismatches,
potentially due to the computational model underestimating
polarization effects caused by fluorine’s electron-withdrawing
nature in the crystalline environment. Minor variations, such as
the C8—C13—C12 angle (120.28° vs. 120.54°), may reflect crystal-

packing forces present in experimental measurements but absent
in gas-phase calculations. These differences highlight inherent
challenges in reconciling theoretical models (isolated molecules)
with experimental solid-state data.

To sum up, the high consistency between theory and experi-
ment underscores the suitability of the B3LYP/6-311++G(d,p)
method for modeling FCF’s geometry. While small deviations
emphasize the limitations of comparing gas-phase simulations to
crystal structures, the robust agreement supports the use of this
computational approach for predicting structural, electronic, and
reactive properties of FCF and related compounds.

Mulliken population analysis provides critical insights into
molecular electron density distribution by assigning atomic
charges through evaluation of electronic structures, bond param-
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FIGURE 9 |

eters, dipole moments, polarizability, electrostatic potential sur-
faces, and bonding interactions [67]. As illustrated in Figure 9
for the fluorinated compound FCF, this method reveals distinct
charge distributions that correlate with reactivity trends. Notably,
the carbon atom (C11) bonded to the electronegative F group
exhibits the highest negative charge (—1.06e), identifying it as
a probable site for electrophilic interaction. Conversely, C10
emerges as the most electropositive atom (0.939¢), attributed
to the electron-withdrawing influence of the adjacent Cl sub-
stituent, rendering it susceptible to nucleophilic attack.

Intriguingly, the nitrogen centers in FCF display divergent charge
characteristics: N1 bears a slight positive charge (0.009¢), while
N2 is moderately electronegative (—0.062¢). This disparity arises
from their distinct hybridization states and electronic environ-
ments. N2, adopting sp? hybridization with greater s-character,
engages in mr-delocalization via the C=N bond, enhancing elec-
tron deficiency through resonance effects. In contrast, N1, with
sp® hybridization, retains higher electron density due to reduced
participation in 7-bonding or resonance, thereby diminishing
its electronegativity. These findings underscore the utility of
Mulliken analysis in elucidating electronic structure-reactivity
relationships in complex molecular systems.

3.9.2 | MESP

MESP analysis represents a powerful methodology for elucidating
the reactivity of molecules by mapping regions prone to nucle-
ophilic and electrophilic interactions [68]. This approach provides
atomic-level insights into intermolecular interactions, including
hydrogen bonding, which are pivotal for predicting macroscopic
behaviors such as solubility, chemical reactivity, and bioactivity
[69]. MESP visualization facilitates the spatial identification of
electron-rich and electron-deficient zones: negative electrostatic
potentials (typically rendered in red/yellow hues) correspond to
sites of elevated electron density, favoring electrophilic attack,
while positive potentials (depicted in blue) denote electron-
deficient regions susceptible to nucleophilic interactions.

For FCF, the MESP surface (Figure 10) demonstrates distinct
electrostatic features. A pronounced yellow region localizes
around the fluorine atom, while a yellowish-green zone is
evident around the chlorine atom, indicative of higher electron

Mulliken charge analysis of FCF at B3LYP/6-311++G(d,p) level of theory.
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FIGURE 10 |

MESP map of FCF in gas
B3LYP/6-311++G(d,p) level of theory.

phase at

density at the fluoride ion compared to the chloride moiety. This
aligns with Mulliken charge analysis, which corroborates the
greater electronegativity of the fluoride ion relative to chloride.
Conversely, blue and light-blue regions, associated with reduced
electron density, dominate hydrogen atoms and the N—H bond
environment, marking these as electrophilic regions vulnerable
to nucleophilic attack. The phenyl rings exhibit a uniform green
coloration, signifying regions of neutral electrostatic potential.

3.9.3 | FMO Analysis and Quantum Chemical Studies
FMO analysis offers critical insights into electron transfer
dynamics between the HOMO and LUMO, elucidating the
stability and reactivity profiles of chemical compounds [70].
For the compound FCF, FMO calculations were performed at
the B3LYP/6-311++G(d,p) theoretical level. The results revealed
distinct localization patterns: the LUMO electron density was
concentrated mainly around the carbon atom (C7) of the amidino
functional group, indicative of electrophilic character and a
propensity to accept electrons from electron-rich nucleophiles.
On the other hand, the HOMO density predominantly resides on
the 7-system of the phenyl fragments and on the C=N bond of the
amidino group, suggesting susceptibility to electrophilic attack or
-7 interactions with electron-deficient species (Figure 11).

The computed HOMO and LUMO energies for FCF were
—6.27 and —1.65 eV, respectively, yielding an energy gap (AE)
of 4.62 eV (Table 8). According to Koopman’s theorem, these
values correspond to an ionization potential (IP = 6.27 eV)
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TABLE 8 | Quantum chemical descriptors of FCF.
Erumo Enomo
Parameter (eV) (eV) AE(eV) EA(eV) IP(eV) 75(V) o€V') uEV) x(Ev'?) w(eV)
FCF -1.65 —6.27 4.62 1.65 6.27 2.31 0.43 —3.96 3.96 3.40

LUMO

AE,,, =4.62 eV

HOMO

@
9

FIGURE 11 |
FCF.

The LUMO, HOMO, and HOMO-LUMO energy gap of

and electron affinity (EA = 1.65 eV) [71]. The relatively high
EA and moderate IP imply that FCF exhibits pronounced
electrophilic behavior. Furthermore, the AE value reflects inter-
mediate chemical reactivity and stability, supported by derived
global reactivity descriptors. Global hardness (n = 2.31 eV) and
softness (o = 0.43 eV™!) values indicate high stability and low
reactivity, consistent with the compound’s electronic structure.
Chemical potential (u = 3.96 eV) and electrophilicity index
(w = 3.40 eV) were calculated to assess charge transfer trends
and energy stabilization upon electron uptake. While high ¢ and
w values are often associated with nucleophilic tendencies [1],
FCF’s significant hardness and electronegativity (y = 3.96 eV)
emphasize its thermodynamic stability and electron-withdrawing
capacity.

4 | Conclusion

Halogenated symmetrical formamidines, FCF was prepared
successfully and elucidated by utilizing physicochemical and
spectroscopic techniques. Single crystal spectroscopic analysis
unravels FCF to conform to E,,; molecular isomer with dihedral
angle 78.01° between the plane of the two phenyl rings in
its structure. Two intermolecular contacts (H---H and Cl---H)
contributed the most and equally (14.6% each) towards the HS
of FCF. Quantum chemical calculations of FCF revealed their
intermediate reactivity and stability. DFT studies showed strong
agreement between experimental x-ray and theoretical data for
bond lengths and angles (R*> = 0.9944), with minor deviations
attributed to solid-state effects. Our findings revealed FCF as
a promising inhibitor of MAO-A and MAO-B, with molecular

docking and MDS confirming its superior binding affinity and
stability compared to the reference drugs harmine and rasagiline.
The stronger binding free energies of FCF suggest its potential
as a more effective therapeutic agent for PD. Furthermore,
its favorable pharmacokinetic properties, including high GI
absorption and BBB permeability, reinforce its potential for CNS
applications. Despite these promising findings, future research
should also focus on optimizing FCF’s structural analogs to
enhance its potency and selectivity. In addition, long-term toxicity
and metabolic stability studies are necessary to evaluate its safety
profile before clinical translation. Overall, these findings lay the
groundwork for the continuous exploration of FCF as a viable
candidate for PD management and treatment.
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