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4-(2-(2-Tzopropil-5-metilfenoksi) fenoksi) ftalonitril'in Alzheimer ve COVID-19 Enzimleriyle Molekiiler
Yerlestirme ve DFT Calismalar:

Aslthan Aycan TANRIVERDIY, Umit YILDIKO?

One Cikanlar: OZET:
) r2n-(lafi(l)$err?g ll<ls-|5 Ftalonitriller, yiiksek performanslh makromolekiillerin sentez ve formiilasyonunda énemli
< Alzheimer ve bir bilesendir. Molekiiler yapilar lizerine sistematik teorik ¢caligma, yeni terapotik bilesiklerin
COVID-19 rasyonel bir sekilde yaratilmasi i¢in esastir. Bu ¢alisma, yogunluk fonksiyonel teorisi (DFT)
. Yerlestirme ve molekiiler yerlestirme tizerine sistematik teorik aragtirma yiriitmek i¢in aromatik nitril
puams tipi  4-(2-(2-Izopropil-5-metilfenoksi)fenoksi)ftalonitril  (IMPN) kullanir. IMPN'nin

geometri agisindan optimize edilmis yapilar, 6-311G(d,p) baz setiyle DFT/B3LYP ve
B3PW91 yontemleri kullanilarak incelenmistir. MEP sonuglari, metilfenoksinin elektronik

Anahtar Kelimeler: etkisinin siyano gruplarindan elektronlari ¢ektigini ve bunun da siyano karbonunu daha fazla

: I[:)tlg!l? nitri a(;1ga_q:1kard1g1n1 ve nﬁkleoﬁlik rctaksiyona daha yatklp hale getirdigini géstermek.te.dir.
hesaplamalart Temsili fatmakoloyk F)largk aktlf bir k1s1m olan IMPN'nin molekii.le.r yer.lestlrme analizi ve
< Molekiiler farmal_mlopk potansiyeli, asetilkolinesteraz (AChE) ve biitirilkolinesteraz (BChE)
yerlestirme Alzheimer ve COVID-19 enzimlerine karsi inhibe edici kapasitesini belirlemek igin

degerlendirildi. Bir ligand olarak IMPN, enzim kristal yapilariyla -8.243, -7.920 ve -7.368
kcal/mol'liik etkili yerlestirme puanlari gosterdi.

Molecular docking of 4-(2-(2-1sopropyl-5-methylphenoxy) phenoxy) phthalonitrile with Alzheimer's and
COVID-19 enzymes and DFT studies

Highlights: ABSTRACT:

«  2-lsopropyl-5-
methylphenoxy

* Alzheimer's and
COVID-19

« Docking Score

Phthalonitriles are a crucial component in the synthesis and formulation of high-
performance macromolecules. Systematic theoretical study on molecular structures is
essential for the rational creation of novel therapeutic compounds. This study takes aromatic
nitrile type 4-(2-(2-1sopropyl-5-methylphenoxy)phenoxy)phthalonitrile (IMPN) to conduct
systematic theoretical research on density functional theory (DFT) and molecular docking.
The geometry-optimized structures of IMPN were examined using the DFT/B3LYP and
B3PW91 methods with the 6-311G(d,p) basis set. The MEP results show that the electronic
effect of methylphenoxy attracts electrons from cyano groups, which makes the cyano
carbon more exposed and more prone to nucleophilic reaction. The molecular docking
analysis and pharmacological potential of IMPN, as a representative pharmacologically
active moiety, were assessed to ascertain its inhibitory capacity against acetylcholinesterase
(AChE), and butyrylcholinesterase (BChE) Alzheimer's and COVID-19 enzymes. IMPN, as
a ligand, demonstrated effective docking scores of -8.243, -7.920, and -7.368 kcal/mol with
the enzyme crystal structures.
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INTRODUCTION

Phthalonitrile is an aromatic cyano crosslinking monomer widely used in materials science.
Through a nucleophilic crosslinking mechanism, cyano groups contribute to the formation of thermally
stable compounds such as phthalocyanine, isoindoline, and triazine, making it suitable for molecular
design applications. Functional cyano structures on phthalonitrile are generally chemically inert,
requiring higher temperatures for cross-linking reactions (Gao et al.,2023). This problem causes high
processing energy consumption of the material and results in processing temperatures that are
incompatible with other materials (Gao et al., 2024). Therefore, composite modification and large-scale
applications are limited. Since the internal chemical structural environments significantly affect the
reactivity of cyano groups, new designs based on molecular engineering will be effective in increasing
the binding capacity of aromatic nitriles (YYang et al., 2024). Quantum mechanics, which is especially
useful for characterizing the dimensional structure of molecules using their electronic structure and
characteristics, provides the basis for the study of electrons in quantum chemistry (Han et al., 2014;
Kolesnikova et al., 2022). It is capable of measuring molecules' dimensional architecture with accuracy.
Because of this, quantum chemistry plays a significant role in molecular engineering and is frequently
used to calculate intermolecular interactions and simulate reaction pathways, among other things, to
disclose features of molecules (Giricheva et al., 2015). Phthalonitrile-related quantum chemistry
research can aid in our comprehension of the mechanisms underlying the cyano alterations in the phenol
ring and how they affect the chemical environment (Tung et al., 2021; He et al., 2023). This could
encourage its more strategic application in materials science and enhance the ideas behind molecular
design to create materials with superior functionality such as phthalocyanines (Cabir et al., 2020; Agirtas
etal., 2021).

This study with DFT methods to study optimazition of IPMN compound compared the research
results in the literature and its pharmacological properties were investigated. With DFT calculations ve
molecular docking, we have gained more information about the bonding properties, charge distributions
and electron delocalization of IPMN compound and studied the intermolecular interactions between the
two methods. We investigated the bonding properties, charge distributions and electron delocalization
of IPMN compound with DFT calculations and molecular docking and the agreement between the two
methods. This research method shows some physical, chemical and biological properties of IPMN
compound.

MATERIALS AND METHODS

The dipole moment is indeed a key property (Frisch et al., 2016; Priya et al., 2019). The
DFT/B3LYP and B3PW91 methods with the 6-311G(d,p) basis set were chosen due to their proven
accuracy in predicting molecular geometry, electronic structure, and reactivity of organic compounds.
The B3LYP functional is widely used for its balance between computational efficiency and precision,
while B3PW91 provides an alternative approach to electron correlation effects. The 6-311G(d,p) basis
set enhances the reliability of calculations by incorporating polarization functions, making it suitable for
studying the electronic properties of IMPN. The ground state optimized structure was utilized to
determine various parameters such as MEP and HOMO-LUMO. GaussView 06 software was utilized
in order to obtain orbital energy spectra of frontiers.
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RESULTS AND DISCUSSION

Geometry Optimization

Figure 1 displays the IPMN optimized gas phase structure, total Mulliken atomic charge, and bond
lengths. Optimized bond lengths are computed using the DFT techniques. It was done to compare two
IPMN compound optimization techniques. This indicates that the structure's potential energy is at its
lowest. In the phenyl rings, every bond length and bond angle falls within the typical range. The phenyl
rings at C-C bond lengths of 1.399-1.548A for B3LYP, 1.393-1.549 A for B3PW91, and 1.404A for
these values for C-O. The C-H bond lengths in the aromatic ring range from 1.081 to 1.092 A, while the
C-N bond length falls between 1.165 and 1.167 A. All C-C-C angles are between 110° and 120°, and
the C-C-H angles in the compound range from 110° to 119°. The C-C-O angles are between 121° and
123°, and the C-C-N angles are approximately 178.10° to 178.15°, as calculated using the B3LYP and
B3PW91 methods, respectively. While both methods often yield similar results, especially for well-
behaved systems, there can be subtle differences in accuracy, particularly for specific properties or
systems. The differences in the underlying functionals can lead to variations in predicted geometries,
energies, and properties like vibrational frequencies or reaction barriers.

Figure 1. Optimized structures of the DBP compound from a different perspective a) Mulliken atomic charge b) bond
lenghts

The dipole moment is crucial for understanding molecular interactions with electric fields. It can
be estimated by calculating the total distribution of positive and negative charges. Table 1 presents the
calculated datas, including the electronic dipole moment parameters. The dipole moment ranges from
6.114 t0 6.121 D, indicating that the title molecule exhibits characteristics of a nonlinear optical material.

Table 1. Electric dipole moments (in Debye), polarizabilities (in atomic units), p components (esu) of IPMN values were
calculated with the DFT methods

Parameters DFT/B3LYP DFT/B3PW91 Parameters DFT/B3LYP DFT/B3PW91
W x -5.167 -5.195 B xxx -344.934 --356.819
WLy 2.695 2.649 B xxy 78.888 80.155
Wz -1.849 -1.859 B xvy -51.530 -53.035
R ©) 6.114 6.121 B yvy 74.289 74.306
o xx -211.441 -210.231 B xxz -53.478 -56.039
o yy -150.824 -149539 B xyz -24.927 -23.7962
o zz -163.552 -161.956 P vvyz 16.657 18,925
o XY 9.649 10,666 B xzz -20.154 -23.841
o Xz -16.256 -12.669 B vzz -20.811 -22.553
ovyz 2.295 2677 PBzzz -28.840 -28.757
o (au) -175.273 -174.964 B (esu) 1.96x1028 1.95x1028
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Molecular Orbitals: HOMO - LUMO

The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) are critical in understanding the behavior of electrons in a molecule (Mumit et al., 2020; Sherin
et al., 2020; Shukla and Yadava, 2022). The energy difference between the HOMO and LUMO orbitals
is crucial for determining the reactivity of a molecule. A smaller gap typically indicates that the molecule
is more reactive, as electrons can more easily transition between these two orbitals. Conversely, a larger
gap suggests a more stable molecule with lower reactivity. The EHOMO and ELUMO values calculated
DFT methods were -6.912 eV and -6.422 eV, respectively, as shown in Figure 2a. The bandgap values
calculated using both methods are close to each other. The HOMO-LUMO energy gap, ranging between
4.463 and 3.918 eV, suggests that the molecule is softer, more reactive, and highly polarizable (Maidur
et al., 2017). The HOMO-LUMO energy gap, which ranges from 4.463 to 3.918 eV, indicates the
molecule is more reactive, chemical softer, and highly polarizable.

LUMO=-2.503 eV

3.918 eV ||

-
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HOMO =-6.912 eV HOMO = -6.422 eV

Figure 2. Frontier orbitals energy composition of the molecule

Table 2. Molecular Energy descriptors of IPMN

Molecular Energy DFT/B3LYP DFT/B3PW91
ELumo -2.449 -2.503
Enomo -6.912 -6.422
Energy deficit (A)Eromo -ELumo 4.463 3.918
lonization Potential (I=—Enomo) 6.912 6.422
Electron Relevance (A=—Erumo) 2.449 2.503
Global Hardness (7=(1-A)/2) 2.231 1.959
Global Softness (s=1/27) 0.224 0.255
Chemical potential (u=(1+A)/2) 4.680 4.463
Electronegativity (y=(1+A)/2) 1.724 1.752
Global Electrophilicity (w=u?/27) 4.910 5.080
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Molecular electrostatic potential (MEP)

MEP maps are generated to assess the amount and distribution of the electrostatic potential of the
molecular structure (Moghadam et al., 2019). MEP maps provide crucial information about a molecule's
reactivity, interactions, and binding behavior. They are particularly valuable in fields like biochemistry
and drug design, where understanding interactions with target molecules is essential. The MEP reactive
sites were calculated using DFT/B3LYP and B3PW91 methods with the 6-311G (d,p) basis set, as
depicted in Figure 3. The various colors in the molecule represent different electrostatic potentials, with
potential levels shifting to more negative regions as follows: blue > green > yellow > orange > red. The
values for the negative potential (red regions) V(r) are -5.666 e-2, while the predominant positive
potentials (blue regions) are approximately 5.666 e-2 for phthalonitrile. These calculations take into
account atomic-level charge distributions and molecular geometries (Cabir et al., 2019; Cabir et al.,
2020; Agirtas et al., 2021). Together, the analysis of active sites and MEP provides a comprehensive
understanding of the chemical and biological activities of a compound. By integrating structural,
electrostatic, and interaction data, researchers can better predict the behavior of compounds in chemical
reactions and biological systems, ultimately guiding the design of more effective therapeutic agents.

-5.666 ¢ N E B 5.666 ¢

Figure 3. MEP reactive sites of IPMN with (a) B3LYP and (b) B3PW91

Molecular docking studies

In the drug design study, the he selection of the 7RN4-coded protein is crucial as it provides a
high-resolution structure of the SARS-CoV-2 main protease (M pro), which is essential for accurately
studying inhibitor interactions and optimizing drug design. The selection of the 6QAE-coded protein is
important as it provides a detailed structural representation of human butyrylcholinesterase (BChE),
which is crucial for understanding the binding interactions of tryptophan-based inhibitors and optimizing
their therapeutic potential against Alzheimer's disease. The selection of the SHF9-coded protein is
significant as it provides crucial structural insights into human acetylcholinesterase inhibited by
organophosphates and bound to oximes, aiding the design of more effective reactivators for treating
organophosphate  poisoning. This protein structures were obtained from the RCSB
(http//www.rcsb.org/pdb) (Considering those with RMSD values less than 2.4 A, there is no mutation.)
Docking of a precursor fragment of the ligand of IPMN into some protein receptors were made using
the Maestro (ver. 11.8) software's Protein Prep., Grid Gen, and Lig Prep modules. Docking analyses
were conducted based on the literature regarding ligand-protein interactions (Kalaimathi et al., 2021;
Alshehri et al., 2022; Fatriansyah et al., 2022; Keskek Karabulut et al., 2024). Molecular docking
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analyses were performed using the Glide docking subprogram in the Maestro program. In silico working
images were presented with Discovery Studio 2017 (Biovia, 2017) and Maestro.

Drug potential of the phthalonitrile

Pharmacokinetic analysis

Pharmacokinetics refers to the study of how a drug is absorbed, distributed, metabolized, and
excreted (ADME) in the body. Understanding these properties is essential for predicting the drug's
behavior within a biological system. Assessing the pharmacokinetic properties and conducting ADMET
profiling are crucial steps in the drug development process, particularly for molecules designed as
enzyme inhibitors. These evaluations help ensure that drug candidates are safe, effective, and suitable
for further development. Understanding these properties can significantly improve the chances of
successful clinical translation and therapeutic application (Table 3) (Chagas et al., 2018; Athar Abbasi
et al., 2019; Sudhapriya at al., 2019). Rotatable bonds within the active groups of a drug candidate
molecule increase flexibility, allowing better adaptation to the binding site. The evaluated moiety
contains five rotatable bonds, providing sufficient flexibility (Alswaidan et al., 2017; Elangovan et al.,
2022). The Log P value, which serves as an indicator of molecular hydrophobicity or lipophilicity, was
approximately 5. This value is considered favorable for achieving optimal cell membrane permeability.
The “colour region” in Figure 4 represents the physicochemical range where oral bioavailability is
sufficient (Alswaidan et al., 2017; Sudhapriya at al., 2019; Chtita et al., 2019; Elangovan et al., 2022).

LIPO

FLEX SIZE

INSATL POLAR

INSOLI

Figure 4. MEP reactive sites of IPMN with (a) B3LYP and (b) B3PW91

Table 3. Potential analysis of drug candidate compound IPMN
Physicochemical properties

o
c .
§_ > § TPSA? (A% MR® % ABS® H- H- Rot. Aromatic Heavy MW¢ g/mol
ES 2% bond bond bond heavy  atoms
oO% o2 don.  acc. atoms
5.11 66.04 108.45 86.09 0 4 5 18 28 368.43

ATPSA, topological polarsurface area; "MR, molar refractivity; “%ABS:percentage of absorption ( %ABS= 109—-[0.345xTPSA]; ‘MW, molecular
weight;

In-silico studies

Molecular docking is useful for determining the performance as an enzyme inhibitor using binding
poses in the AChE and BChE proteins involved of a drug candidate in Alzheimer's disease (Cheng et
al., 2019; Larik et al., 2020; Aras et al., 2021) and flexible SARS-CoV-2 proteins (Alghamdi et al., 2021;
Hall-Swan et al., 2021). In addition, a good docking score was obtained by performing an in silico study,
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in which the effect of the covid protein was determined theoretically. To simulate these COVID 19 and
Alzheimer's disease treatments, the binding modes of IPMN to its receptors and their numerical data are
presented in Table 4.
Table 4. Compound 3-protein binding affinity scores (kcal/mol)

Docking Score (kcal/mol)

Compound IPMN AChE BChE SARS-CoV-2
(PDB: 5HF9) (PDB:6QAE) (PDB: 7RN4)
3 -8.243 -7.920 -7.368

. “N==
3D View 9 o
)
N
(ASN )
VAL 283 / @ TRPY, s
2/ o) =)
124 am—" — TJ
72
2D View
«w Charged (negative) Polar - Distance — Salt bridge
« Charged (positive) & Unspecified residue -»  H-bond Solvent exposure
Glycine Water — Metal coordination
Hydrophobic Hydration site o-® Pi-Pistacking
o Metal X Hydration site (displaced) —e Pi-cation

Figure 5. 3D View and 2D View the interaction mode between the phthalonitrile (3) - AChE

Acetylcholinesterase (AChE) proteins are commonly targeted to alleviate the effects of dementia
associated with AD (Franklin et al., 2016; Adiguzel et al., 2021; Yildiko et al., 2021). The phthalonitrile
IPMN showed a good binding performance of 8.243 kcal/mol and it is a strong AChE inhibitor. It bonds
with HIS 287 (6.13 A) TYR 72 (5.69 -5.77 A ), TRP 286 (5.69 A) m-alkyl, PHE 295 (4.76 A),
conventional Hydrogen Bond, VAL 294 (4.20) carbon-hydrogen bond VAL 282, ASN 283, TYR 337,
TYR 124 van der Waals, TYR 72 (3.94 A), TRP The 286 is (3.74 A), n -n stacked and (5.31 A) n T-
shaped, and the TYR 341 (5.54 A), n-n stacked. The binding of the IPMN and AChE protein via the
aromatic surface at the best pose was mapped and shown in Figure 5.
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2D View

@ Charged (negative) Polar
@ Charged (postive) @  Unspeciied residue > Hbond Solvent exposure
Glycine Water

oo PiPistacking

Hydrophobic dration site
Metal X Hydration sie (dispaced) —e Prcation

Figure 6. 3D View and 2D View the interaction mode of the phthalonitrile - BChE enzyme

In studies against Alzheimer's disease, there are many crystal structures as a Tryptophan-based
selective nanomolar butyrylcholinesterase (BChE) protein (Meden et al., 2019; Yildiko et al., 2021). A
docking study showing the new binding mode of the synthesized phthalonitrile compound with human
BChE was performed and a docking score of -7.920 kcal/mol was calculated. The binding performance
Is a very successful result for in silico inhibition of the compound (Atalar et al., 2021). It can be
considered as a ligand for symptomatic treatment against Alzheimer's disease. Protein-ligand interaction
TRP 82 (5.11 A) n-n stacked, TYR 332 n-n T- shaped, GLY 116 Amide - « stacked, GLY 439 (3.89 A)
carbon-hydrogen bond, PHE 398 (6.19 A), TRP 231 (4.86 A), PHE 329 (6.67 A) n-alkyl, VAL 288,
GLY 117, ALA 199, PRO285 GLY, and SER 198 van der Waals bonds were calculated by ligand
docking. Phthalonitrile working as an inhibitor and binding to the BChE backbone is mapped to the
hydrogen bonds protein surface and is shown in Figure 6.

MET PHE
166 ) 165 “HIE 181

3D View

2D View

& Charged (negative) Polar == Distance — Salt bridge
-

Charged (posttive) @ Unspecified residue -»  H-bond Solvent exposure
Glycine Water — Metal coordination
Hydrophobic Hydration site oo Pi-Pistacking

o Metal X Hydration site (displaced) — Pi-cation

Figure 7. 3D View and 2D View the interaction mode of the phthalonitrile - SARS-CoV-2 protein
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Synthesizing small molecule antivirals suitable for Coronavirus 2 (SARS-CoV-2) proteins, which
are effective all over the world and show severe acute respiratory syndrome, is very important in fighting
this disease COVID-19 (Rudrapal et al., 2022). SARS-CoV-2, which is effective in ligand binding, is a
drug protein used to determine the performance of enzyme inhibitors (Kneller et al., 2021). IPMN
interacted with the SARS-CoV-2 protease docking score, a good value of -7,368 kcal/mol. These
interactions are respectively; Ligand-protein interaction, THR 26 (2.41 A) conventional hydrogen bond,
CYS 145 (4.94 A), HIS 41 (4.11 A) n-n stacked, HIS 41 2.63 carbon-hydro ( 5.37 A) n- alkyl, MET 165
(3.79-3.95 A), MET 49 (4.02- 4.99 A), CYS 44 (4.43-2.43 A) alkyl and VAL 186, GLN 189, THR 25,
ASN 142, ARG 188 van der Waals bondings were performed. Figure 7 shows it flexibly attached to the
protein's catalytic site.

CONCLUSION

Quantum chemical computations have been used to perform in-depth studies on the IPMN
molecule. The electronic, and structural of the molecule were computed with the DFT / B3LYP and
B3PW91 techniques. The structural parameters were calculated theoretically. It was determined that the
IPMN under investigation may function as a nonlinear optical (NLO) material. Furthermore, Mulliken
charges, HOMO-LUMO maps, and MESP were seen, suggesting that it is a good intermediate material
for syntheses. Future synthesis studies can benefit greatly from taking this data into account as it can
reduce chemical consumption and facilitate crucial predictions during the synthesis of compounds.
Molecular docking revealed that IPMN has a higher affinity and stronger binding energy against AChE
and BChE compared to standard treatments for Alzheimer's. The in-silico studies produced results
suggesting that this molecule should be considered in drug design processes for therapeutic applications.
All things considered, this work demonstrates the remarkable pharmacological properties of IPMN as a
potential bioactive substance.
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