MOHAMED KHIDER UNIVERSITY OF BISKRA
ﬁ FACULTY OF EXACT SCIENCES

. | Matter Sciences department

H N

Rd d
UNIVERSITE
DE BISKRA

MASTER THESIS
Matter Sciences
Chemistry

Pharmaceutical chemistry

Presented by:
MELLAS NARIMANE

THE:

Theoretical study of the regioselectivity
of the transetherification reaction and in
silico prediction of pharmacological
properties of 2-nitroanilines

Jury:
Mr  DAOUD Ismail Prof  University of Biskra President
Mr  MELKEMI Nadjib Prof  University of Biskra Supervisor
Ms  LEHRAKI Faiza MA/A University of Biskra Examiner

Academic Year: 2024-2025



This dissertiatiion is Aedicated U smy belowed parents
7o sngy chorisled sisitrs

T sngy dusr soncles and st

and 7o all Hoost who bold 4 special pluct in sy beir?



Acknowledgements

The completion of this work would never have been possible without the support, advice and
guidance of many people, to whom | would like to express my sincere gratitude.

First and foremost, | would like to sincerely thank my supervisor, Prof. Melkemi, for his
availability, his scientific rigor and his invaluable advice throughout this work. His trust,
patience and benevolent guidance have been of great value to me, both professionally and
personally. 1 would like to express my deepest gratitude to him for guiding me with pedagogy
and high standards, while respecting my autonomy.

I would like to thank my committee members Mr. Daoud Ismail and Ms. Lehraki Faiza for
agreeing to judge this work.

I would also like to express my sincerest thanks to my parents, my dear father and mother, for
their unconditional love, patience, constant encouragement and silent prayers. Their moral
and emotional support has been the cornerstone of my perseverance over the years. It is
largely thanks to them that this work has come to fruition.

| can't forget my dear sisters, Sabrine, Nesrine and Safaa, who have always supported me,
listened to me and encouraged me. Their affection and presence have been a great comfort to
me.

My grateful thoughts also go to my grandfathers, my aunts and my uncles, for their prayers,
their kind words and their discreet but oh-so-important support.

I'd like to extend my heartfelt thanks to my colleague Zineb, for her invaluable collaboration,
her attentiveness, her constant support and her infectious good humor. Working alongside her
has been a real pleasure and a great advantage in difficult times.

| would also like to thank all the teachers, lecturers and administrative staff who have
accompanied me throughout my university career, for the quality of their teaching and their
commitment.

Finally, I would like to extend my sincerest thanks to all those who have contributed in any
way to the success of this work.



“The best way 1o bave 4 good idea i1 10 bane Loty of idear.”
LisaPasding



Abstract

Type 2 diabetes affects over 350 million people worldwide. Even with the availability of medications,
regulating blood sugar levels remains difficult. In order to enhance metabolic balance and lower the
incidence of problems, novel and efficient treatments are being investigated. SIRT6 is considered an
attractive biological target for the development of new type 2 diabetes drugs. Our research work
focuses on two main themes.

First, the regioselectivity of the transetherification reaction of 4,5-dialkoxy-2-nitroanilines was
theoretically studied using reactivity concepts from the DFT approach. The findings indicate that the
carbon atom C4 is the best site for aromatic nucleophilic substitution (ArSN).

The second study aims to identify the binding mechanism of SIRT6 as a potential target for the
therapy of type 2 diabetes. Molecular docking was used to explore the interaction of 5-(4-
methylpiperazin-1-yl)-2-nitroaniline and its five analogs with the SIRT6 pocket. Molecular
docking/Dynamics simulations revealed high binding affinity for ligands L4 and L18, as well as stable
interactions with the pocket of the SIRT6 (PDB ID: 3K35). This affinity was confirmed by high
negative score values and the establishment of several non-covalent interactions with the active site
residues of the receptor. Furthermore, drug-likeness and ADME prediction analyses showed
favourable absorption and oral bioavailability characteristics for ligands L4 and L18, suggesting their
potential as precursor compounds for antidiabetic drug development.

These analyses have led to a better understanding of the experimentally observed chemical behaviour
and open up promising prospects in the field of pharmaceutical compound design.

Keywords: 2-nitroaniline, Regioselectivity, Transetherification reaction, DFT, SIRT6, Molecular
docking/Dynamics simulations, ADME.

Résumé

Le diabete de type 2 touche plus de 350 millions de personnes dans le monde. Malgré la disponibilité
des médicaments, la régulation de la glycémie reste difficile. Afin d'améliorer I'équilibre métabolique
et de réduire l'incidence des problemes, de nouveaux traitements efficaces sont a I'étude. SIRT6 est
considérée comme une cible biologique intéressante pour le développement de nouveaux médicaments
contre le diabéte de type 2. Nos travaux de recherche s'articulent autour de deux axes principaux.

Tout d'abord, la régiosélectivité de la réaction de transéthérification des 4,5-dialcoxy-2-nitroanilines a
été étudiée théoriquement a l'aide des concepts de réactivité issus de I'approche DFT. Les résultats
indiquent que I'atome de carbone C4 est le site le plus favorisé pour la substitution nucléophile
aromatique (ArSN).

La deuxieme étude vise a identifier le mécanisme de liaison de SIRT6 comme cible potentielle pour le
traitement du diabéte de type 2. Le docking moléculaire a été utilisé pour explorer les interactions de
5-(4-méthylpipérazin-1-yl)-2-nitroaniline et de ses cing analogs avec le site actif de SIRT6. Les
simulations de docking/dynamique moléculaire ont révélé une forte affinité de liaison pour les ligands
L4 et L18, ainsi que forment des interactions stables avec la poche du récepteur SIRT6 (PDB ID :
3K35). Cette affinité a été confirmée par des scores négatifs élevés et I'établissement de plusieurs
interactions non covalentes avec les résidus du site actif du récepteur. De plus, les analyses de Drug-
likeness et de prédiction ADME ont montré des caractéristiques d'absorption et de biodisponibilité
orale favorables pour les ligands L4 et L18, suggérant leur potentiel d’étre des composés précurseurs
pour le développement des médicaments antidiabétiques.

Ces analyses ont permis de mieux comprendre le comportement chimigue observé expérimentalement
et ouvrent des perspectives prometteuses dans le domaine de la conception de composés
pharmaceutiques.

Mots clés : 2-nitroaniline, Regioséléctivité, Reaction de transetherification, DFT, SIRT6, simulations
docking/dynamique moléculaire, ADME.
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GENERAL INTRODUCTION

Recent advances in pharmaceutical chemistry increasingly rely on the synergy
between classical experimental approaches and theoretical methods derived from
computational chemistry. This integration provides an in-depth understanding of structure-
activity relationships (SARs) and facilitates optimization of the biological properties of
candidate molecules. One of the most Dynamics areas of research is the development of new
therapies for chronic metabolic diseases, particularly diabetes mellitus. Diabetes is a complex
pathology marked by abnormal regulation of glucose homeostasis. This can result from either
absolute insulin deficiency (type 1 diabetes) or peripheral insulin resistance, often associated
with insufficient secretion (type 2 diabetes). This disease is associated with major systemic
complications, including nephropathy, retinopathy, peripheral neuropathy, and cardiovascular

disease, making it a global therapeutic challenge [1,2].

In the pursuit of new pharmacologically active entities, researchers are turning to
simple, scalable, and chemically reactive aromatic motifs, such as 2-nitroaniline. This
aromatic molecule, derived from aniline, consists of a benzene ring substituted with an amino
group (-NH2) in position 1 and a nitro group (-NO2) in position 2. This particular
configuration leads to significant intramolecular electronic interactions, including mesomeric
and inductive effects, as well as intramolecular hydrogen bonding. These interactions modify
not only the chemical reactivity of the molecule, but also its behavior as a potential ligand for
biological targets. It has been determined that a significant number of 2-nitroaniline
derivatives function as enzyme inhibitors, allosteric modulators, or precursors of

pharmacophore structures [3].

A Kkey aspect of its chemical reactivity is the regioselectivity of aromatic electrophilic
or nucleophilic substitution reactions on the benzene ring. This regioselectivity is derived
directly from the electron density distribution on the molecule. This distribution is influenced
by the functional groups and their relative positions. To rationalize this selectivity, theoretical
chemistry employs several predictive tools, including molecular electrostatic potential
(MEP/ESP), Fukui indices (f *, f -, f 9), and concepts from HSAB (Hard and Soft Acids and
Bases) theory. These indicators can be used to identify the most reactive nucleophilic and

electrophilic sites, based on charge distribution and transition state stability [4].
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Once promising 2-nitroaniline derivatives have been identified, a crucial step is to
predict their ability to interact with specific biological targets. In such cases, molecular
docking is a valuable tool. This is a three-dimensional modeling technique that simulates the
insertion of a ligand into the active site of a macromolecule, such as an enzyme (DPP-4, a-
glucosidase) or a nuclear receptor (PPARy, among others). This approach enables the
assessment of binding energies, the visualization of stabilizing non-covalent interactions
(hydrogen bonds, n-m interactions, salt bridges), and the execution of virtual screening of
compound libraries. This approach has the potential to significantly reduce the cost and
duration of the drug discovery process [5].

The study of 2-nitroaniline and its derivatives demonstrates the efficacy of an integrated
approach, combining organic chemistry, theoretical chemistry, and molecular pharmacology,
to design new therapeutic agents. This multidisciplinary approach is crucial to address current

medical challenges, especially in the context of complex chronic diseases like diabetes [6].

SIRTG6 is a histone H3 deacetylase, and its inhibitors have been considered as potential agents
for the treatment of diabetes. Weining Sun and his team have synthesized a series of new
SIRT®6 inhibitors that contain the squelette 1-phenylpiperrazine [7].The antidiabetic properties
of these compounds have been studied. The results showed that 5-(4-methylpiperazin-1-yl)-2-

nitroaniline is the most potent inhibitor of SIRT6.

Our study is structured around two parts. In the first part, a theoretical study was
conducted on the regeoselectivity of the transetherification reaction of 4,5-dialkoxy-2-
nitroanilines. This study is based on the reactivity descriptors and concepts derived from the
DFT approach.

In the second part, we carried out, in silico study of the antidiabetic properties of 5-(4-
methylpiperazin-1-yl)-2-nitroaniline and its analogs. Several computational chemistry
methods have been used, including molecular docking, molecular Dynamics, bioisosteric
replacement, and ADME property prediction.

This manuscript is structured into three chapters:

Chapter 1: This chapter provides a bibliographic overview of diabetes and nitroaniline
compounds.

Chapter 2: This chapter focuses on the theoretical study on the regioselectivity of the
transetherification of 4,5-dialkoxy-2-nitroanilines.

Chapter 3: In this chapter, we will use in silico analyses to gain a better understanding of the
binding mechanism and intermolecular interactions of 5-(4-methylpiperazin-1-yl)-2-

nitroaniline and its analogs with the SIRT6 receptor.
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Chapter | Overview of Diabetes and Nitroaniline Compounds

Part 1: Overview of diabetes

1.1.1. Introduction

Today, diabetes mellitus is one of the most widespread and worrying chronic diseases
worldwide. Growing rapidly, particularly in middle-income countries, this disease is no
longer confined to medical issues, but now extends to social, economic and pharmaceutical
considerations. According to data from the World Health Organization, diabetes affects more
than 500 million people worldwide, a figure that is constantly rising, heralding a veritable

silent pandemic [1-2].

This pathology results from a complex imbalance involving carbohydrate metabolism,
pancreatic function and cellular insulin signalling. Much more than a simple blood sugar
disorder, diabetes is a major risk factor for cardiovascular disease, end-stage renal failure,
peripheral neuropathy and blindness. These complications, heavy in terms of morbidity and
healthcare costs, confirm the urgent need to reinforce prevention strategies and therapeutic

innovation [3].

In this context, the pharmaceutical industry plays a central role. The development of
new molecules, the search for specific biological targets, as well as the optimization of
galenic forms and administration devices represent major areas of research. From metformin
and SGLT2 inhibitors to GLP-1 analogs, the pharmaceutical industry has a key role to play in
this area. Pharmaceutical advances have transformed the management of diabetes over the

past two decades [4].

This chapter takes an in-depth look at the pharmaceutical dimension of diabetes, highlighting
the disease's pathophysiological mechanisms, the major therapeutic classes available, and the
innovations emerging from modern pharmaceutical research. The aim is to understand the
scientific, industrial and clinical challenges raised by the fight against this multifaceted

pathology [5].
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1.1.2 Diabetes definition

Diabetes is a chronic disease that occurs either when the pancreas does not produce
enough insulin or when the body cannot effectively use the insulin it produces. Insulin is a
hormone that regulates blood glucose. Hyperglycaemia, also called raised blood glucose or
raised blood sugar, is a common effect of uncontrolled diabetes and over time leads to serious

damage to many of the body's systems, especially the nerves and blood vessels.

In 2022, 14% of adults aged 18 years and older were living with diabetes, an increase from
7% in 1990. More than half (59%) of adults aged 30 years and over living with diabetes were
not taking medication for their diabetes in 2022. Diabetes treatment coverage was lowest in

low- and middle-income countries.

In 2021, diabetes was the direct cause of 1.6 million deaths and 47% of all deaths due to
diabetes occurred before the age of 70 years. Another 530 000 kidney disease deaths were

caused by diabetes, and high blood glucose causes around 11% of cardiovascular deaths.

Since 2000, mortality rates from diabetes have been increasing. By contrast, the probability of
dying from any one of the four main noncommunicable diseases (cardiovascular diseases,
cancer, chronic respiratory diseases or diabetes) between the ages of 30 and 70 decreased by
20% globally between 2000 and 2019 [6].

1.1.3. Classification and pathophysiology

Diabetes is a heterogeneous complex metabolic disorder characterized by elevated
blood glucose concentration secondary to either resistance to the action of insulin, insufficient
insulin secretion, or both. The major clinical manifestation of the diabetic state is
hyperglycemia. However, insulin deficiency and/or insulin resistance also are associated with
abnormalities in lipid and protein metabolism, and with mineral and electrolyte disturbances.
The vast majority of diabetic patients are classified into one of two broad categories: type 1
diabetes mellitus, which is caused by an absolute or near absolute deficiency of insulin, or
type 2 diabetes mellitus, which is characterized by the presence of insulin resistance with an
inadequate compensatory increase in insulin secretion (Figure 1.1). In addition, women who
develop diabetes during their pregnancy are classified as having gestational diabetes. Finally,
there are a variety of uncommon and diverse types of diabetes, which are caused by

infections, drugs, endocrinopathies, pancreatic destruction, and genetic defects. These

6|Page


https://www.who.int/data/gho/data/themes/topics/noncommunicable-diseases-risk-factors

Chapter | Overview of Diabetes and Nitroaniline Compounds

unrelated forms of diabetes are included in the “Other Specific Types” and classified

separately [7-8].

Food Food Food

r_ 4 f_ f_ &

Muscle is Able to use Muscle is unable to use
Glucose due to Insulin Glucose due to no Insulin

Bloodstream

Resistance

Bloodstream Bloodstream

Food
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to Glucose Insulin
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Figure 1. 1: Types of diabetes vector illustration diagram scheme

1.1.4. Diagnosis and treatment

Early diagnosis can be accomplished through relatively inexpensive testing of blood
glucose. People with type 1 diabetes need insulin injections for survival. One of the most
important ways to treat diabetes is to keep a healthy lifestyle. Some people with type 2
diabetes will need to take medicines to help manage their blood sugar levels. These can
include insulin injections or other medicines. Some examples include:

e metformin

e sulfonylureas

e sodium-glucose co-transporters type 2 (SGLT-2) inhibitors.
Along with medicines to lower blood sugar, people with diabetes often need medications to
lower their blood pressure and statins to reduce the risk of complications (Figure 1.2).
Additional medical care may be needed to treat the effects of diabetes:[9]

o foot care to treatulcers

e screening and treatment for kidney disease

e eye exams to screen for retinopathy (which causes blindness).
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Figure 1. 2:High blood glucose normal glucose design vector illustration.

1.1.5. Pharmaceutical research and innovation

Advances in pharmaceutical research have enabled the development of drugs targeting
more specific mechanisms. Molecular modeling techniques, such as molecular docking, are
used to identify new compounds active against targets such as the DPP-4 enzyme or the GLP-
1 receptor. These methods can predict the binding affinity between drug candidates and their

biological targets, accelerating the discovery of new therapies [10].
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Part 2: Overview of Nitroaniline Compounds

1.2.1. Definition

Nitroanilines are a family of aromatic organic compounds derived from aniline in
which a hydrogen atom on the benzene ring is replaced by a nitro group (-NO2). Thus, the
molecule has both an amino group (-NH:) and a nitro group attached to a benzene ring,
making them substituted aromatic amines. There are three nitroaniline isomers that differ in
the relative position of the functional groups: 2-nitroaniline (ortho), 3-nitroaniline (meta), and
4-nitroaniline (para). This diversity of isomers influences their physical properties, chemical
reactivity and industrial applications. These compounds are widely used as intermediates in

the synthesis of dyes, pigments, pharmaceuticals, and agrochemicals.[11]

1.2.2. Nitroaniline - structure and molecular properties

2-Nitroaniline, also known as 2-nitrobenzenamine, is the ortho isomer of nitroaniline
(Figure 1.3). Its molecular formula is CsHsN202 and its molecular weight is approximately
138.13 g/mol.The molecule consists of a benzene ring with an amino group (-NH>) in position
1 and a nitro group (-NO:) in position 2. This particular spatial configuration allows the
formation of intramolecular hydrogen bonds between the NH2 and NO: groups, which has a
significant impact on the physicochemical properties of the molecule, such as its solubility,
polarity and thermal stability. The electronically contrasting character of these two functional
groups (one electron donor, the other attractor) gives the molecule an asymmetric polarization

of the aromatic n-system, which strongly influences its reactivity [12-13].

NO,

NH>

Figure 1. 3 : Structure of 2-Nitroaniline.
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1.2.3. Physico-chemical properties

At room temperature, 2-nitroaniline is a pale yellow, crystalline, moderately volatile
solid. It has a melting point between 71 and 74°C and is sparingly soluble in water but readily
soluble in a number of organic solvents such as ethanol, acetone and chloroform. Due to its
two polar groups, the molecule has a high polarity, making it suitable for use in a variety of
reaction media. Spectroscopically, the molecule shows characteristic bands in IR (NO2, NH2
vibrations) and its electronic transitions can be observed in UV-visible due to its conjugated

system [13].

1.2.4. Chemical reactivity

2-Nitroaniline is an important intermediate in many organic reactions. The amino
group is a nucleophilic site that can undergo reactions such as acetylation, diazotization, or
formation of azo bonds (in dye chemistry). The nitro group, on the other hand, can be reduced
to an amine group, giving rise to diamines used in polymer synthesis. The proximity of the
two groups (ortho) also influences the reaction mechanisms, especially in aromatic
electrophilic substitution, where the reactivity of the ring is modified by antagonistic
mesomeric and inductive effects. Because of this duality, 2-nitroaniline has been widely
studied in theoretical chemistry, especially in the analysis of charge distribution, molecular

electrostatic potential (MEP) or local reactivity (Fukui indices) [14-15].

1.2.5. Toxicity and safety

2-Nitroaniline is classified as a human toxicant. It can be absorbed through the skin,
respiratory tract, or gastrointestinal tract. Prolonged or excessive exposure may cause skin
irritation, respiratory problems, or even methemoglobinemia, a blood disorder that affects the
ability to carry oxygen. In addition, certain nitroaniline derivatives have been identified as
potential mutagens or carcinogens. For this reason, nitroaniline must be handled in the
laboratory under a fume hood, with gloves, goggles, and appropriate protective equipment.

Waste should be handled in accordance with hazardous chemical management protocols [13].

1.2.6. Industrial and scientific applications

2-Nitroaniline plays an essential role as a precursor in the production of azo dyes,
which are widely used in inks, textiles and plastics. It is also used in the manufacture of
pharmaceutical products, particularly in the synthesis of anti-inflammatory, antimicrobial and

anticancer molecules. In materials chemistry, its derivatives are sometimes incorporated into
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functional polymers or electro-optical materials. In fundamental research, it is studied for its
electronic and spectroscopic properties and serves as a model molecule in quantum chemical

calculations and orbital reactivity analyses [16].

1.2.7. Aromatic substitution reactions

Substitution reactions on aromatic rings are central to organic chemistry. Besides the
commonly encountered electrophilic aromatic substitution [17],other mechanisms include
SNAr nucleophilic aromatic substitutions [18] and the distinct but related SNArH and
vicarious nucleophilic substitutions [19], substitutions brought about through benzyne
intermediates,[20-21] radical mechanisms including electron transfer-based SRN1 reactions
[22]and base-promoted homolytic aromatic substitution (BHAS)couplings, sigma tropic
rearrangements, substitutions arising from deprotonation of arenes (directed metalations), the
vast array of organometallic mechanisms and SN1 reactions. All of these areas of chemistry
are too vast to reference comprehensively, and so are simply represented here by one or two
key reviews or recent references. Among these various reaction types, SNAr reactions have
attracted a lot of recent attention, because of a recognition that many such reactions may

proceed by concerted (CSNAr) [23], rather than classical two-step mechanisms.

1.2.8. Classical nucleophilic aromatic substitution

Nucleophilic aromatic substitutions have been studied at least since the 1870s.The
long-accepted mechanism [19-20], exemplified in Figure 1.4 for dinitroarene 1, involved a
two-stage process that featured a Meisenheimer intermediate 2. In these substitutions, the
arene is significantly activated for substitution by the presence of one or more electron-
withdrawing substituents in the positions that are ortho or para to the site of substitution to
provide resonance stabilisation, and with nitro as a favoured substituent. In Terrier’s excellent
book on SNAr reactions in 2013 [18], he wrote that ‘concerted reactions are the exception
rather than the rule’ and ‘there is little doubt that most of the activated SNAr substitutions

must proceed through the early-recognised addition-elimination mechanism’.

X Y
NO, @O ® o NO
s ® Nay ~Na X ﬁ/ 2
- R
NO, NO,
1 3

Figure I. 4 : Classical two-step mechanism for SNAr reactions.
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Evidence in favour of a two-stage substitution was cited when intermediates were isolated.
Thus, as reviewed by Bunnett and Zahler [17] in 1951, a number of reactions gave rise to
isolated intermediate adducts as shown in Figurel.3 Key studies were performed by
Meisenheimer, who isolated a common intermediate 5 from reaction of methyl ether 4 with
NaOEt, and from reaction of NaOMe with the ethyl ether 6.

Ot M.;g D-E1 OEt
EH‘[H.{;\:‘IIM \[ '\-\. .-MGE -\-..;\-..
e e
NO, NO., NO,
4 5 L7
H Ohide I | DML

Q.M. M NO, DM . N,

.NC " o
Tﬁ;"‘?‘ |: T : I:;]Na

S

24
MO, HD; Obde
7 R=H, Me B g
I.|L i E H
u::-zru,w,ﬂ-f:i NO;  @uN.__% _NO,
B BN
o -Hf:-' fule ;N
MO, NOy
10 11

Figure 1. 5 : Some known Meisenheimer intermediates.

1.2.9. Mechanism of nucleophilic aromatic substitution

The first step is attack of the nucleophile on the electron-poor ring to generate a

negatively charged intermediate (e.g., the “Meisenheimer” intermediate, above) [24].
Since this disrupts the aromaticity of the ring, it’s also the rate-limiting step:

> first step: attack of electron-poor aromatic ring by nucleophile, forming a negatively

charged intermediate.

N02 N02
©
N
- - <)

(J Q Nu" F

F

Nue Negatively charged
intermediate
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In electrophilic aromatic substitution (EAS) we saw that electron-rich substituents stabilized

the electron-poor intermediate.

But in nucleophilic aromatic substitution (NAS) the tables are turned! Instead, the
intermediate is electron-rich, and is stabilized by electron-withdrawing substituents, such as
NO..

» The second step (fast) in nucleophilic aromatic substitution is expulsion of the leaving
group:
NO, NO,

fast
(S) —_—

Nu &F\) Nu

Negatively charged
intermediate
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Chapter 11 Theoretical study on the segioselectivity of the transetherification of 4,5-
dialkoxy-2-nitroaniline

I1.1. Introduction

4,5-Dialkoxy-2-nitroaniline with two different alkoxy chains are precursors for the
synthesis of several primaquine derivatives and other heterocyclic compounds. These
compounds exhibit important antimalarial properties [1].

Regioselectivity is an important characteristic, especially when one of the reaction products is
a major regioisomer. Therefore, it is essential to comprehend the factors inducing the different
types of selectivity in order to rationalize them.

According to recent research by Jarostaw Grolikand al. [2], these compounds exhibit high
regioselectivity in transetherification reactions (Figure 11.1).

Furthermore, in order to comprehend and rationalize of the reactive processes that are a part
of organic chemistry, theoretical chemists have devoted considerable effort to developing
theories and computational principles.

In recent years, reactivity descriptors derived from conceptual DFT have been widely used
[3], particularly in organic chemistry, to identify reactive sites and thus determine the
reactivities of molecules with each other.

Chemical reactivity relies mainly on global descriptors derived from electronic
properties, while selectivity relies more on local quantities. The Fukui function is by far the
most important local reactivity descriptor.

The theoretical investigation of the regioselectivity of the aromatic nucleophilic substitution
(ArSN) reaction on 4,5-dialkoxy-2-nitroanilines is the main topic of this chapter.

Our research focuses mainly on studying the regioselectivity of two nucleophilic attack sites:
C4 and C5 atoms.

We used a Density Functional Theory (DFT) approach, to compute the local and global
indices, Fukui indices, and molecular electrostatic potential (MEP) mapping, aiming for a

comprehensive analysis of the selectivity region in this reaction.

3 3
= 0 NH; O NH,
1 4 2 NaOH Rs 4 2
+ R,-OH
Ri_ 2 R,
o s 1 NO;, o s 1 “NO,

Figure I1. 1 : Transetherification reactions of 2-nitroanilines
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We chose a series of 4,5-dialkoxy-2-nitroanilines (Table I1.1) to investigate the impacts of
electronic effects (donor and acceptor) of alkoxy groups on the regioselectivity of the

transetherification reaction.

Table I1. 1 : Chemical structure 4,5-dialkoxy-2-nitroanilines under study

0] NH
e 2
Ry 4 2
R1
S0 s L NO,
Comp. | R1 Comp. |R1

1  |CH(CHs)CI| 4 |CHs
2 | C(CH3)Cl 5 | CH(CHa):
3 | CClh 6 | C(CHa)s

I1.2. Computational methods:

All the calculations were performed with the Gaussian 09 package [5]. Full geometry
optimization was carried out at the DFT [6] method by employing Becke’s three-parameter
hybrid functional (B3LYP) [7,8] and 6-311++G(d,p) basis set. The atomic charges have been
assessed using the Hirshfeld electronic population analysis (HPA) [9].

The molecular geometries have been optimized in ethanol as implicit solvent using the C-
PCM solvation model [10].

This work also includes calculation of 3D MESP surface map and 2D MESP contour map to

reveal the information regarding charge transfer within the molecule [11].

11.3. Frontier molecular orbitals (HOMO and LUMO)

Frontier molecular orbitals, namely the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO), are essential orbitals playing a critical role in
chemical stability and reactivity [12].

The contour plots of the frontier molecular orbitals (LUMO and HOMO) of all molecules are
shown in Figure 11.2.

LUMO orbitals are more widely localized on the C4 atom than on the C5 atom. This result

indicates that this atom is the preferred site for nucleophilic attack.
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Comp. HOMO LUMO

19| Page



Chapter 11 Theoretical study on the segioselectivity of the transetherification of 4,5-

dialkoxy-2-nitroaniline

Figure I1. 2: Frontier molecular orbitals plots of 4,5-Dialkoxy-2-nitroanilines

11.4. Global and local reactivity descriptors

11.4.1. Global HSAB (Hard and Soft Acids and Bases) principle
11.4.1.1. Definitions

The hard/soft acid-base principle has long been known to be an excellent predictor of

chemical reactivity [13].

Hard and soft acids and bases were initially defined as follows:

a)

b)

d)

Soft base: characterized by a donor atom with high polarizability, low
electronegativity oxidizable and associated with low empty orbitals.

Hard base: characterized by a donor atom with low polarizability, high
electronegativity, difficult to reduce and associated with empty orbitals with high
energies and therefore inaccessible.

Soft acid: characterized by an acceptor atom with a low positive charge, a large size. It
has several easily excitable external electrons and is polarizable.

Hard acid: characterized by an acceptor atom with a large positive charge and a
smallsize. It has no easily excitable external electrons and is non polarizable. These
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qualitative definitions enable us to place acids and bases in one of two ‘boxes' called
‘hard" and 'soft’, but without any classification.

11.4.1.2. Statement of the HSAB principle
Given an acid-base equilibrium:
A+:B o« A—B

Where A is a Lewis acid (electron acceptor) and B is a Lewis base (electron donor). Based on
various experimental data [14-16], Pearson presented a classification of Lewis acids into two
groups (a) and (b), taking as his starting point the starting point taking as a starting point of
the Lewis base donor atoms according to increasing electronegativity:
As<P<Se<S<I<C<Br<CI<N<O<F (series?*)
The criterion used is that Lewis acids in group (a) will form more stable complexes with
donor atoms of higher electronegativity (right of series*); whereas Lewis acids of group (b)
will react preferentially react with donor atoms with low electronegativity (left of series *).
Based on this distribution, Pearson noted that acids in group (a)have small, positively charged
acceptor atoms (H*, Li*, Na*, Mg2*, etc.);
While acids in group (b) have acceptor atoms with low positive charges positive charges and

larger sizes (Cs*, Cu™, etc.).

Table I1. 2: Hard/Soft characteristics in HSAB principle.

HSAB principle Hard Soft
- Strong positive charge -Low positive charge
Acid - Low polarizability -High polarizability
- Small size -high size
-High electronegativity -Low electronegativity
Base -Difficult to oxidize -Easily oxidized
-Low polarizability -High polarizability
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11.4.2. Chemical concepts and reactivity indices derived from DFT
11.4.2.1. Global Indices derived from conceptual DFT

Density Functional Theory (DFT) has seen significant development in recent years.
This approach treats the ground-state energy of a system as a functional of a three-
dimensional electron density. The application of the variational principle leads to the Kohn-
Sham equations, which are similar to the Hartree-Fock equations. Essentially, the exchange
contribution in the Fock operator is replaced by an exchange-correlation potential, derived
from the functional of exchange and correlation energy with respect to electron density.
A key challenge in DFT is that the exact exchange-correlation energy is not known. However,
approximate formulas for this energy produce results comparable to or better than MP2
methods, with lower computational costs. Early DFT approximations mirror those of HF
methods. The Schrodinger equation used is time-independent and non-relativistic. From the
Born-Oppenheimer approximation, the formalisms and approximations diverge [6]. Currently,
DFT provides a valuable framework for chemical concepts such as electronic chemical
potential, electronegativity, hardness, softness, electrophilicity, and more. DFT is based on

the variational principle, asserting that a system's energy is a functional of its electron density:

E =E[p]
To obtain the optimal density, the energy E is minimized, subject to the constraint:
Jp(n)dr=N

Using the method of Lagrange multipliers, this constraint leads to the following variational

condition:

S[E-pp] =0

Where p is the Lagrange multiplier, also defined as the electronic chemical potential

according to Parr:

= (CE / ON)v(r) = -x

The connection with classical chemistry is achieved with the identification of p as the

negative of electronegativity y.
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a) Electronic Chemical Potential

The Lagrange multiplier p corresponds to the electronic chemical potential, aligning with

Pearson's definition. It describes the tendency of electrons to escape from the system,

indicating the flow direction of electron density during a chemical reaction [6].

b) Global Hardness and Softness

The fundamental DFT expression for energy variation from one stationary state to another is:
dE = p dN + [p(r) dv(r) dr

where:

e puis the chemical potential,
e p(r) is the electron density,

e V(r) is the system's external potential.

The first derivative of u with respect to N (the total number of electrons) defines the global
hardness 1, while the reciprocal, S, represents the global softness [17]:
n = (0u/ ON)v(r)
S=1/2n
Electronic chemical potential p and global hardness n can be approximated using the frontier
molecular orbital energies enomo and eLumo[18-19]:
1 = (eHomo + €Lumo) / 2
N = €ELUMO - EHOMO
c) Global Electrophilicity Index
The electrophilicity index o, linked to the chemical potential y, is given by [18]:
©=p?/2n

This index measures an electrophile's ability to acquire additional electronic charge.

d) Global Nucleophilicity Index

Unlike electrophilicity, nucleophilicity cannot be defined through a variational procedure

since removing electron density does not stabilize a molecule. Domingo et al. proposed that
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low electrophilicity often implies high nucleophilicity for simple molecules [19]. However,
this inverse relationship does not hold for complex molecules with multiple functional groups,
like donor-acceptor ethylenes (CD ethylenes), which can be both good nucleophiles and
electrophiles.

Therefore, nucleophilicity cannot simply be defined as the inverse of electrophilicity.
Domingo et al. recently showed that nucleophilicity relates to a molecule’s ability to release
electron density. The simplest approach considers nucleophilicity as the negative value of gas-
phase ionization potential (IP):
N =-IP

Higher nucleophilicity corresponds to lower ionization potentials and vice versa. Domingo et
al. [20] also introduced an empirical nucleophilicity index (N) based on Kohn-Sham HOMO
energies, relative to the tetracyanoethylene (TCE) molecule - a standard reference due to its
extremely low HOMO energy.

The global reactivity indices derived from the conceptual-DFT such as : electronegativity
(x).global hardness (1), global softness (S), electrophilicity (®) and nucleophilicity (N) are
calculated and discussed to explain the global changes between the six 4,5-dialkoxy-2-

nitroanilines. The results are summarized in Table I1.3.

Table I1. 3 : Values of HOMO-LUMO gap (A), global reactivity indices (y, 1, S, ®, N), and
dipole moment (DM).

Comp. Enomo | ELumo A X " S 0 N DM
eVv) | V) | (ev) | (V) | (V) | (ev?) | (eV) | (eV) | (Debye)
1 -6,29 -2,90 | 3,39 | 460 | 1,70 0,29 6,23 | 2,78 8.46
2 -6,46 -3,04 | 342 | 475 | 1,71 0,29 6,60 | 2,61 8.25
3 -6,64 -3,11 | 3,52 | 4,88 | 1,77 0,28 6,73 | 2,43 5.96
4 -5,95 -2,67 | 3,27 | 431 | 1,64 0,30 566 | 3,12 7.80
5 -5,82 -2,62 | 3,20 | 4,22 | 1,60 0,31 557 | 3,25 8.92
6 -5,91 -2,73 | 3,17 | 4,32 | 1,59 0,31 587 | 3,16 7.16

A= | Enowmo - ELumo | ; = - p= 1/2(A+l) ; n= 1/2( =ELumo - Enomo) ; S = 1/2n; @ = 221 ; N = Enomo —Eromo
(TCE) with Evomo (TCE) = -9.074535 eV, calculated with DFT B3LYP/6-311++G (d, p) / Hirshfeld/CPCM
model.
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The energy gap is the difference in energy between the HOMO and LUMO orbitals,
which is an important parameter that can determine the reactivity or stability of molecules [9].
Table 11.3 shows that 4,5-dialkoxy-2-nitroanilines with alkoxy groups that contain chlorine
atoms (compounds 1, 2 and 3) are less reactive and more stable than those with methyl groups
(compounds 4, 5 and 6). Compound 6 is the most reactive, has a lowest energy gap value (A=
3.17 eV).

Global softness (S) and global hardness (1) are two reactivity indices that show the chemical
reactivity of the substance under study. A molecule with a smaller energy gap and low
hardness can be classified as soft and chemically reactive. On the contrary, molecules with a
larger energy gap (high 1) can be considered as less reactive, hard, and kinetically stable.

The global hardness (1) of the studied compounds is classified from most reactive to least, as
follows: compound 6, compound 5, compound 4, compound 1, compound 2 and compound 3
(m=1.59, 1.60, 1.64, 1.70, 1.71 and 1.77 eV, respectively).

The global hardness results were validated by the HOMO-LUMO energy gap (A), which
shows that low chemical reactivity (high m) is generally correspondsto to high Kinetic
stability (high A).

A good nucleophile is indicated by low values of electronegativity (y), electrophilicity (®) and
high value of nucleophilicity (N). A good electrophile is indicated by high values of ® and y

(low value of N).

Compound 3 is the most electrophile, having the lowest nucleophilicity N (2,43 eV), the
highest electronigativity (X = 4.88 e¢V), and the highest electrophilicity (o = 6,73 eV).

Compound 5 is the most nucleophilic, as shown by its lowest electronigativity (x = 4.22 eV),

lowest electrophilicity (o = 5.57 eV), and highest nucleophilicity N (3.25 eV).

The dipole moment values of all 4,5-dialkoxy-2-nitroanilines are higher than those of the
simple 2-nitroaniline, which has a value of MD = 4.729 debye [21]. This can be explained by
considering that 4,5-dialkoxy-2-nitroanilines have two methoxy groups, which increases their

polarization.
11.4.2.2 Local reactivity indices derived from conceptual DFT

Chemists are mainly interested in the interactions between molecules, in other words,
in chemical reactivity. To determine the reactive sites of a molecule in relation to an
electrophile, nucleophile or radical, it is common to use net charges to favour one interaction

over another. Nevertheless, it is well established that net charges calculated at the different
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sites of a molecule are not always reliable descriptors of intermolecular interactions,
particularly for reactions controlled by frontier orbitals, those governed by Soft-Soft
interactions. Consequently, prediction of reactivity based solely on net charges can sometimes
contradict experimental results [16-22].

To overcome these limitations, a more precise approach is to apply the HSAB principle at the
local level, offering a better understanding of interactions between molecules. Local reactivity
indices are particularly useful in this context [23]. In the following, we present the theoretical
basis of the main local indices currently used to predict a molecule's reactive sites, in

particular Fukui indices.

a) Fukui Indices
The Fukui function f« , corresponding to the site k of a molecule, is defined as the first

derivative of the electronic density p(r) of a system with respect to the number of electrons N,
at a constant external potential v(r): [24]

_ [9p(M)
Ji _[ ON Ly

This function helps identify the regions of a molecule that are more likely to gain or lose
electron density during a chemical reaction, providing insight into its reactive sites. The Fukui
indices are crucial in predicting how a molecule will interact with electrophiles or
nucleophiles, offering a more accurate and localized approach to chemical reactivity

compared to net charges alone.

b) Condensed Form of Fukui Functions
The condensed form of Fukui functions for a molecule with N electrons was proposed by

Yang and Mortier [25]. These indices help identify the most reactive sites of a molecule,

depending on whether it undergoes a nucleophilic or electrophilic attack:

e For a nucleophilic attack (where the molecule accepts electrons):

fe = @(N +1) — q,.(N)
e For an electrophilic attack (where the molecule donates electrons):
fe = ac(N) —qx(N — 1)

Where:

¢ i (N): Electronic population of atom k in the neutral molecule.
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e qr(N+1): Electronic population of atom k in the anionic (N+1 electrons) molecule.

e gx(N—1): Electronic population of atom kin the cationic (N-1 electrons) molecule.
It has been shown that for frontier-controlled reactions, those driven by interactions between
the HOMO and LUMO. A higher Fukui index value at a given site indicates greater reactivity
of that site [26]. In other words:

« Sites with a high f; value are more susceptible to nucleophilic attack.

 Sites with a high £, value are more prone to electrophilic attack.
These indices provide a more precise, localized picture of a molecule’s reactivity compared to

global descriptors, making them a powerful tool in predicting reaction mechanisms.

In the transestherification reaction, the carbon atoms C4 and C5 in 2-nitoanilines are two sites
of nucleophilic attack by the alkoxydes. The selectivity of atomic sites towards the approach
of nucleophilic reactants is investigated using the condensed Fukui Functions f*(r) and dual
descriptor f@(r). The numerical values of f*(r) and Hirshfeld atomic charge of C4 and C5

atoms are depicted in tables 11.4. The dual descriptors f@(r) are mapped in figure 11.3.

Table 11. 4: Hirshfeld atomic charge Q and condensed Fukui functions f*(r) of the C4 and

C5 atoms of 4,5-dialkoxy-2-nitroanilines under study.

Comp. C Q frr
C4 0.084 0.058

' C5 0.051 0.031
C4 0.079 0.062

’ C5 0.051 0.031
C4 0.077 0.045

’ C5 0.039 0.020
C4 0.079 0.053

) C5 0.050 0.032
C4 0.091 0.061

° C5 0.056 0.033
C4 0.079 0.059

° C5 0.055 0.030
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Figure 1. 3 : Dual descriptor 3D-mapped surfaces, mapped through (FMO) approximation,

Isovalue MO = 0.0015 a.u, white color: regions of nucleophilic attacks, purple color: regions

of electrophilic attacks.

Our results demonstrate that the f*(r) values of the C4 atom are higher than those of the C5
atom, confirming that C4 atom is a preferred site for nucleophilic attack (Table 11.4).
Furthermore, atomic charge calculations show that the C4 atom is significantly more
electropositive than the C5 atom (Table 11.4).

The selectivity of atomic sites toward the approach of nucleophilic reagents was also studied
using the dual descriptor f @(r). The FMO approximation is used to map the dual descriptors

f @(r) insurfaces.Local reactivity descriptors are shown in Figure 11.3. Positive sign regions
are shown in white, while negative sign regions are shown in purple (density = 0.00040 a.u.,
isovalue MO = 0.0015 a.u.). Our results show that the C4 atom is the preferred sites for
nucleophilic attack.
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11.5. Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP) at a given point p(X,y,z) in the vicinity of a
molecule is the force acting on a positive test charge (a proton) located at p through the
electrical charge cloud generated through the molecules electrons and nuclei. Despite the fact
that the molecular charge distribution remains unperturbed through the external test charge
(no polarization occurs) the electrostatic potential of a molecule is still a good guide in
assessing the molecules reactivity towards positively or negatively charged reactants. The
MEP is typically visualized through mapping its values onto the surface reflecting the
molecules boundaries. The latter can be generated through overlapping the VdW radii of all
atoms of the molecule, through algorithms calculating the solvent accessible surface of the
molecule, or through a constant value of electron density. These calculations allow us to
visualize the most electronegative and electropositive regions of the molecule, indicating the

most favorable sites for nucleophilic attack [27].

a) 3D-Molecular Electrostatic Potential

The molecular electrostatic potential surface is used to identify regions of positive and
negative electrostatic potential within a molecule. Each MEP surface includes a color scale
that indicates the extreme values of the electrostatic potential:
e Red represents the minimum electrostatic potential (regions with excess electrons or
loosely bound areas), making these sites prone to electrophilic attack.
« Blue indicates the maximum electrostatic potential (electron-deficient regions), which

are more likely to undergo nucleophilic attack [28].

b) 2D-Contours of the Molecular Electrostatic Potential

Building on the previous explanation, if we plot all the MEP surfaces corresponding to
different iso-surface values, the standard view shows only the outermost surface. To visualize
all MEP surfaces, each contour can be drawn around the molecule.

o Quter contours correspond to lower iso-surface values.

e Inner contours representhigher iso-surface values.
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The color interpretation (red highlights potential electrophilic sites, while blue signals
nucleophilic regions) [28].

Comp.
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Figure 11. 4: 3D-MESP surface map and 2D-MESP contour map for 4,5-dialkoxy-2-
nitroanilines

The MESP surface map and contour map of 4,5-dialkoxy-2-nitroanilines (Figure 11.4) show
that the electronegative potential region (in red) is located around the nitro group, making
nucleophilic approach to the C5 atom unfavorable. On the other hand, the electropositive
region (in blue) is located around the amine group, near the C4 atom, making nucleophilic
approach to this atom possible.

11.6. Conclusion

In this section, a theoretical method based on conceptual-DFT theory was performed

to investigate the regioselectivity of the transetherification of 4,5-dialkoxy-2-nitroanilines.

Carbon C4 is the preferred site for nucleophilic attack due to several complementary
factors. The inductive effect of the NO: group plays a key role: the nitro group, through its
electronwithdrawing effect, removes electron density from the benzene ring, making the ortho
(C2) and para (C4) carbons more electrophilic. Interaction with the NH> group also comes
into play: the amine, through its mesomeric donor effect (+M), tends to push electrons
towards the ring, but this influence ispartially offset by the NO: group,this results in a more
pronounced positive partial charge on C4, where the attractive effect of the NO: prevails.
Furthermore, the stability of the intermediate formed upon nucleophilic attack is enhanced by
a stabilizing resonance between the NO. and NH: groups, which does not occur at the other
positions. Finally, steric accessibility favors C4: geometrically less crowded than ortho
carbons (C2 and C6), it allows easier approach of the nucleophile, a crucial factor if spatial

constraints, for example imposed by an enzymatic active site, come into play.
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In silico study of the antidiabetic properties of 5-(4-

methylpiperazin-1-yl)-2-nitroaniline and its analogs.
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I11.1. Introduction

Molecular docking is an essential approach in medicinal chemistry and rational drug
design that allows the modeling of the interactions between a bioactive molecule (ligand) and
its biological target, usually an enzyme or receptor [1]. This technique is based on the
prediction of the optimal conformation of the ligand within the active site of the protein and
the estimation of the binding affinity by energy scores. It plays a crucial role in the virtual
screening of chemical compounds to identify those with high therapeutic potential before any
experimental validation. In this context, the study by Sun et al. [2] is part of an effort to
discover new natural inhibitors of dipeptidyl peptidase-4 (DPP-4), a key enzyme involved in
blood glucose regulation and a target for the treatment of type 2 diabetes. Combining a
pharmacophoric model derived from known inhibitors with molecular docking simulations,
the authors screened a library of compounds from Chinese medicinal plants. This screening
resulted in the selection of 45 candidates, among which two compounds showed remarkable
binding affinity and stable interactions with DPP-4 functional residues. These results suggest
that certain natural molecules have interesting potential as structural bases for the

development of new anti-diabetic agents targeting DPP-4.

I11.2. Brief overview of in silico methods in drug discovery

111.2.1. Molecular docking

Molecular docking is a powerful and essential computational method in the fields of
pharmaceutical development, structural biology and the study of biomolecular interactions. It
involves predicting how a small molecule, often a drug candidate, interacts with a target
biomolecule such as a protein or DNA, by assessing the spatial and energetic compatibility
between the ligand and the active site of the receptor. This technique not only allows the
identification of new bioactive compounds, but also the optimization of existing ones, while
providing a better understanding of the mechanisms of interaction between molecules. This
technique not only allows the identification of new bioactive compounds, but also the
optimization of existing ones, while providing a better understanding of the mechanisms of
interaction between molecules. Docking relies on algorithms that generate and rank different
ligand-receptor conformations according to their binding energy, with an accurate scoring

function being crucial to discriminate high-affinity ligands from low-affinity ones. It finds
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major applications in structure-based drug design, virtual screening of chemical libraries and
lead optimization. In the case of structural design, the three-dimensional structure of the target
guides the selection of ligands capable of efficiently interacting with the active site. Virtual
screening accelerates the identification of potential candidates, while lead optimization relies
on successive docking iterations aimed at improving affinity and pharmacological properties.
This constantly evolving field has been enriched with numerous methodologies to address the
specific challenges of drug design and molecular interaction analysis. This report provides an
in-depth analysis of the principles, methods, and applications of docking, highlighting their

central role in understanding and exploiting molecular interactions in therapeutic contexts [3].

111.2.2. Types of molecular docking

Molecular docking studies can be of three types, namely rigid docking, flexible-rigid
docking, and flexible docking (based on the flexibility of the interacting molecules, receptor,
and ligand), as shown in figure I11.1 [4]. Flexible docking provides more reliable and accurate
results because the relative bond angle and bond length of the molecules can vary. Pagadala
and co-workers have presented a review of different molecular docking programs based on

rigid and flexible docking [5].

Types of docking
studies

A X A
Rigid Flexible-rigid Flexible
docking docking docking

Rigid docking
(Both receptor
+ Ligand gnfi ligand are
rigid)

>

Flexible-rigid
docking(ligand is
flexible and receptor
is rigid)

igan

>

Flexible docking(both
receptor and ligand Ligand
are flexible)

>

S 5 ¢

Figure I11. 1: Different types of molecular docking studies based on flexibility of
receptors/ligands considered in molecular interaction

36|Page



Chapter 1111 In silico study of the antidiabetic properties of 5-(4-methylpiperazin-1-
yl)-2-nitroaniline and its analogs.

Rigid docking: In rigid docking, both ligand and receptor molecules are considered rigid

bodies. Their shape is not changed and thus the internal geometry of each molecule is kept
fixed. Their position can be varied, so only the translational and rotational degrees of freedom
are considered. This is an early docking method that can be performed between
macromolecules, such as two protein molecules, and the result is less accurate and unreliable
and is therefore less commonly used in current docking studies. The lock-and-key principle

can be used in this method [6].

Flexible-rigid: This is a semi-flexible docking method. In this case, either the ligand or the
receptor is considered as a rigid body. Usually, the shape of the receptor is kept fixed and the
conformation of the ligand is varied. This method gives more accurate and reliable results

than the rigid docking method and is therefore often used.

Flexible (soft) docking: This is a fully flexible docking method in which both the ligand and

the receptor are considered as flexible bodies, i.e., a series of rotations of the molecules (both
receptor and ligand) is performed to search for the optimized conformation and orientation of
the molecules to interact with each other. The shape of the molecule can be varied by
changing the torsion angles and rotatable bonds. This method results in prediction of the
docked conformation with high accuracy, which is most likely to resemble the experimental

results, but may require extensive computation and time [6].

111.2.3. Molecular docking procedure

a. Ligand preparation
Generation or import of 3D structures (ChemDraw, Avogadro, PubChem...), geometric

optimization by force field and selection of a set of low-energy conformers to cover molecular
flexibility [7].

b. Target preparation

Obtain 3D structure (PDB), clean up (water/ion removal), assign tautomeric states and

protonation at physiological pH, then local minimization to remove steric constraints [8].

c. Active site recognition

Definition of a docking box around the co-crystallized ligand or prediction of cavities (blind

docking or pocket tools) if the site is unknown [9].
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d. Docking

Execution with software (AutoDock Vina, Glide...), flexible parameterization (ligand and/or

receptor), computational grid and generation of multiple poses per ligand [10].

e. Validation and evaluation

RMSD calculation (< 2 A) to validate reproduction of experimental binding mode [11].
Ranking by binding free energy (AGbind) and accurate re-scoring (MM-GBSA/MM-PBSA)
to refine selection.Analysis of key interactions (H-bonds, hydrophobes, n-7) to retain the best
candidates [12].

111.2.4. Molecular Dynamics (MD) simulations

Is a numerical simulation method based on Newton's laws of classical mechanics that
models the motion and interactions of atoms or molecules over time. Each particle in the
system is subject to forces derived from a molecular force field, and its equations of motion
are integrated step by step to generate an atomic trajectory. This approach provides a
Dynamics view of conformational changes - for example, in proteins during ligand binding -
and sheds light on functional mechanisms that are often inaccessible using experimental
methods alone [13-15].

Molecular Dynamicss simulations are divided into three main phases: (1)
initialization, during which the initial atomic configuration (initial positions and velocities
derived from a Maxwell-Boltzmann distribution at the target temperature) is constructed from
experimental or modeled structures; (2) thermalization, during which a thermostat adjusts
Kinetic and potential energies until the temperature stabilizes around the set point (e.g., 300
K); and (3) production, after a period of equilibration (ps-ns), during which trajectories are
recorded under controlled temperature (and pressure) conditions.300 K); and (3) production,
after a period of equilibration (ps-ns), during which trajectories are recorded under controlled
temperature (and pressure) conditions. Post-simulation analysis includes Root-Mean-Square
Deviation (RMSD) calculation to quantify structural stability and energy profile evaluation to

characterize the balance between potential and kinetic energy [16].
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111.2.5. Bioisosteric Conversion

Bioisosteric substitution transforms an active compound into another compound by
exchanging one atom or group of atoms with anotheror group of atoms with another group of
structurally similar atoms [17]. The resulting new compound retains its biological activity
while attempting to improve the undesirable properties of the original compound. We have
found numerous software packages, and in our case, we used the Molopt online web server
[18].

111.3. Molecular docking/Dynamics simulations of 5-(4-methylpiperazin-1-

yl)-2-nitroaniline and its analogs as SIRTG6 inhibitors

111.3.1. Materials and methods
111.3.1.1. Ligands preparation

In this study we have selected a series of 5-(4-methylpiperazin-1-yl)-2-nitroaniline and its
analogs. The compound 5-(4-methylpiperazin-1-yl)-2-nitroaniline (figure 111.2) has been

synthesized and evaluated for its high antidiabetic activity [2].

Figure I11. 2: Structure of 5-(4-methylpiperazin-1-yl)-2-nitroaniline.

The 3D structures of the 5-(4-methylpiperazin-1-yl)-2-nitroaniline analogs (figure 111.2) were
obtained using the fast online tool MolOpt [18] (https://xundrug.cn/molopt/silicoopt), which
plays a key role in the ligand preparation phase of molecular modelling. It ensures that the 3D
structure submitted for docking or simulation is chemically correct and energetically
plausible, thus improving the reliability of the results obtained. All structures were optimized

using the semi-empirical AM1 method implemented in the Hyperchem 8.0.8 software
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(version 8.0.8, Hypercube, USA, http://www.hyper.com). In addition, all these structures

were converted to extension. *mdb for use as MOEdocking input.

L9 L10 L11 L12
Vi o A /\ Y.
" A\ —
Re st alb -0 O-
L13 L14 L15 L16

L17 L18

Figure I11. 3: Structures of the 5-(4-methylpiperazin-1-yl)-2-nitroaniline analogs.

111.3.1.2. Target preparation
SIRT6 is a key enzyme in carbohydrate metabolism whose inhibition promotes the

expression of transporters such as GLUT1, thereby improving glycemic regulation. This
property positions SIRT6 as a promising anti-diabetic target [2,19]. Its crystal structure,
available under PDB: 3K35, provides a reference model for the design of inhibitors using

molecular modeling approaches.
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The 3D structure of this target (Figure 111.4) was obtained from the Protein Data Bank
(www.rcsh.org/pdb) and selected as the anti-diabetic target. The cellular protein SIRT6 (PDB
ID: 3K35) complexed with the ligand ADENOSINE-5-DIPHOSPHORIBOSE (APR) (Table

111.1) [20].

Figure I11. 4: 3D structure of the 3K35 receptor.

Table I11. 1- Some characteristics of the targets selected for the study.

Total
Target Co-crystallized ligand | Classification | Structure | Chains | Resolution
Weight
/ N,
| A\
@;
PDB 1D: / HYDROLASE | 215.88 KDa A 2.00 A
(3K35) Ho\\\""'/P\
/P/O
o//\

HOy,,

o™

OH
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111.3.1.3. Molecular docking protocol

Molecular docking calculations were performed using MOE software to find the best ligand
placement in the target's active site, which allows for the establishment of different types of

interactions between these entities [21].

Active site residues of target

The "Site Finder" option [21], integrated in the MOE2015 software, allowed us to identify
and explore the active sites of the selected enzyme in this study (figure 111.5). The following

Table 111.2 show all residues that form this site.

Table I11. 2: Information of the selected target (3K35).

PDB | Size® | PLB® | Hyd® | Side® Residues

3K35

324

3.49

73

138

LYS13, GLU20, GLY50, ALA51, GLY52, ILES5S,
SER54, THR55, ALAS56, GLY58, ILES9, PROG6O,
ASP61, PHEG62, ARG63, GLY64, PROG65, HIS66,
GLY67, VAL68, TRP69, PRO78, LYS79, PHESO,
ASP81, PHE84, GLN111, ASN112, VAL113, ASP114,
HIS131, MET134, MET155, GLY156, ILE183, LEU184,
ASP185, TRP186, GLU187, ASP188, SER189, GLY212,

ASP257.

(a): Number of alpha spheres comprising the site, (b): Propensity score for the ligand for thecontact residues in
the receptor, (c): The number of hydrophobic contact atoms in the receptor, (d): The number of side-chain
contact atoms in the receptor.

Figure I11. 5: Active site of the selected target.
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Method validation

In addition, the method was validated by redocking co-crystallized ligand (APR) to their
target, and we found that the obtained RMSD values obtained were less than 2 A (Table 111.3),

indicating that the docking method (software) used is accurate and reliable. (software) is

accurate and reliable (figure 111.6).

O polar e sidechainacceptor (O solventresidue @@ arene-arene
(O acidic  + sidechain donor O metal complex ©H arene-H
O basic  --#* backbone acceptor - solvent contact @+ arene-cation
(O greasy -+ backbone donor -~ metalfion contac

. proximity ligand receptor
- contour by exposure Oexpnsure

Figure I11. 6: 3D crystal structure of 3K35 complexed with APR (co-crystallized ligand) and
2D representation of the interactions of APR with the binding pocket of 3K35 receptor.

111.3.1.3. Molecular Dynamics simulation

To further validate the docking conformer interactions, top-rated complexes for this
target were selected for molecular Dynamics simulation. MOE software was used to perform
molecular Dynamics simulation and explore the stability of the six complexes formed by the
following ligands: L1, L4, L13, L17, L18 and the synthesized compound (5-(4-
methylpiperazin-1-yl)-2-nitrobenzenamine). The MD simulation was performed using the
Nose-Poincare-Andersen (NPA) algorithm, which reveals the interactions of amino acid

residues in each system [22,23]. The energy minimization step implements the Merck
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MMPFF94x molecular force field [24]. In addition, a cut-off radius of 8.0 A was considered for
short-range Van der Waals interactions, and the Berendsen thermostat algorithm was used to
control the simulation temperature [25]. Next, 100 ps was chosen for the equilibrium time
interval, and the production phase was set to 900 ps for each system. All other parameters
were left as default. To analyze the conformational stability of the complexes, the fluctuation
of the potential energies U (Kcal/mol) was plotted against the simulation time (ps) using
Origin pro 2021 6.0 software [26].

111.3.1.4. ADME prediction and physicochemical properties

To study the pharmacoDynamics and pharmacokinetic properties of the selected compounds,
various parameters were calculated using the server: SwissADME

(http://www.swissadme.ch/) [27].

111.3.2. Results and discussion

111.3.2.1. Molecular docking analysis

After identifying the ideal cavity for the selected target, we performed a molecular
docking calculation between the synthesized compound 5-(4-methylpiperazin-1-yl)-2-
nitroaniline and 18 analogs (L1-18) with the enzyme active site residues (PDB: 3K35).The

results obtained are grouped in Table I11.3.

In addition, the interactions of the best positions for each complex were analyzed and

visualized using MOE software.

The docking results were analyzed and discussed based on various parameters such as affinity
(S-score), RMSD, and interactions (types and distances). Firstly, the stability of the target-
compound complex depends on the high affinity between these two entities, which is justified
by the negative energy score of the complex formed. Secondly, non-covalent bonds (hydrogen
bonds and hydrophobic interactions. . .) ensure the formation of the (target-compound)

complex, and they can be classified in the following areas. According to the literature:

- Hydrogen bonding distances between 2.5 and 3.1 A are considered strong interactions and

those between 3.1 and 3.55 A are considered weak interactions [28].

- Regarding hydrophobic interactions, Janiak [29] suggests that the optimal range for
hydrophobic interactions is between 3.3 and 3.8 A. However, other researchers have

suggested a relatively higher range [30,31].
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Table I11. 3: Docking score energy, RMSD, and interactions between 2-niroaniline

compounds and co-crystallized ligand (APR) with residues of the active site residues of the

3K35 target.
Bonding between atoms and active site residues
SSCORE | RMSD Evolved Type of -
comp. (Kcal/mol) (A) coAraorguorf q rAet:Oemtg: receptor | interaction Dlsfg\nce
P P residue bond )
Synthesized N VAL 256 | H-acceptor |  3.14
compound | “6:449 | 1389 032 P

N 12 OE1l GLN 111 H-donor 3.41

L1 -6,978 1,771
031 ND2 ASN 238 | H-acceptor 2.89
N 11 @] GLY 212 H-donor 2.83
o1l NHI ARG 63 H-acceptor 3.52
L2 -6,476 1,080 014 0G SER 214 | H-acceptor 2.72
015 PHE 62 H-acceptor 2.94
015 ARG 63 H-acceptor 291
o4 N GLN 40 H-acceptor 3.16

L3 -5,993 2,630
6-ring CDI LEU 239 pi-H 3.66
033 NHI ARG 63 H-acceptor 3.36

L4 -7,817 0,545
033 oG SER 214 | H-acceptor 2.90
N 11 @] GLY 212 H-donor 2.86
014 NHI ARG 63 H-acceptor 3.24
014 0G SER 214 | H-acceptor 2.77
L5 -6,638 1,285 015 N PHE 62 | H-acceptor 2.86
015 N ARG 63 H-acceptor 2.98
017 N LEU 239 | H-acceptor 3.03
017 N GLN 240 | H-acceptor 3.37
L6 -6,580 1,195 014 N VAL 256 | H-acceptor 3.23
L7 -5,771 1,661 014 N VAL 256 | H-acceptor 2.99
N26 OE2 GLU 20 H-donor 2.86
L8 -5,491 0,655 014 N SER 214 | H-acceptor 2.98
015 NHI ARG 63 H-acceptor 3.14
N11 oG SER 214 | H-acceptor 291

L9 -5,456 0,735
015 N SER 214 | H-acceptor 3.39
N11 ] GLY 212 H-donor 2.75

L10 -6,245 1,754
014 oG SER 214 | H-acceptor 2.79
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015 N PHE 62 H-acceptor 3.00
N ARG 63 H-acceptor 291
L11 6,385 1.364 N11 o] GLY 212 H-donor 2.98
015 N ARG 63 H-acceptor 3.15
N11 o] GLY 52 H-donor 3.07
L12 -6,515 1,415 014 N GLN 240 | H-acceptor 3.51
6-ring N ASP 61 Pi-H 4.58
L13 7,290 1563 N16 N SER 214 | H-acceptor 3.19
6-ring 0G1 THR 213 pi-H 4.07
N11 0] GLY 212 H-donor 2.87
014 NHI ARG 63 H-acceptor 3.21
014 0G SER 214 | H-acceptor 2.75
L14 -6,637 0,863 015 N PHE 62 | H-acceptor 2.88
015 N ARG 63 H-acceptor 2.95
018 N LEU 239 | H-acceptor 3.06
018 N GLN 240 | H-acceptor 3.48
SE33 OE2 GLU 20 H-donor 2.97
L15 -5,787 1,231 SE33 OoD1 ASP 61 H-donor 3.29
N20 N SER 214 | H-acceptor 3.42
L16 5,866 1,000 Cc31 O GLY 52 H-donor 3.34
012 N VAL 256 | H-acceptor 2.98
L17 -7,082 1,288 010 N LEU 239 | H-acceptor 3.00
L18 7,486 1843 011 N LEU 239 | H-acceptor 2.96
042 N GLN 240 | H-acceptor 2.82
N68 0G1 THR 55 H-donor 3.04
C812 OD1 ASP 61 H-donor 3.24
03’23 OE1 GLN 240 H-donor 2.66
N111 N VAL 256 | H-acceptor 3.01
N711 0G1 THR 55 H-acceptor 2.77
APR -11,594 1,857 02’19 N GLN 240 | H-acceptor 2.89
03°23 ND2 ASN 238 | H-acceptor 2.96
0O1A33 N PHE 62 H-acceptor 2.86
01A33 N ARG 63 H-acceptor 2.78
02A34 NH1 ARG 63 H-acceptor 2.73
02A34 oG SER 214 | H-acceptor 2.60
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0OB137 0G1 THR 213 | H-acceptor 2.54
OB137 N SER 214 | H-acceptor 3.22
02B38 N ALA 51 H-acceptor 3.28
05D39 NH1 ARG 63 H-acceptor 2.76
04D43 NH1 ARG 63 H-acceptor 2.98
04D43 NH2 ARG 63 H-acceptor 2.96
01D44 NH2 ARG 63 H-acceptor 3.09
01D44 NE1 TRP 69 H-acceptor 2.97
03D52 ND1 HIS 131 H-acceptor 3.19
02A34 NH1 ARG 63 lonic 2.73

Molecular docking results for the antidiabetic synthesized compound (5-(4-methylpiperazin-
1-yl)-2-nitroaniline) and its analogs (L1-L18) with the SIRT6 target (crystal structure 3K35)
show different interaction profiles and different binding affinities. Table 111.3 summarizes the
binding energies, RMSD values and interaction types observed between these ligands and

SIRT®6 active site residues.

The synthesized compound has score energy of -6.45 kcal/mol and RMSD of 1.39 A. It forms
a single hydrogen bond (H-receptor) with residue VAL 256 via the O32 atom of the ligand
and the N atom of the receptor, with a distance of 3.14 A. This moderate interaction suggests
that a modification of the basic structure could improve the stability and affinity of the

complex.

The analog L4 stands out as the best candidate, with score energy of -7.82 kcal/mol and a very
low RMSD of 0.55 A, suggesting a very stable and well anchored position. It forms several
hydrogen bonds with ARG63 (3.36A) and SER 214 (2.90 A), key residues in the active site.

The analog L18 also shows good binding affinity, with a score of -7.49 kcal/mol. In
particular, it interacts with LEU 239 and GLN 240, the latter forms strong hydrogen bonds

(2.96 and 2.82, respectively), which considerably increases the stability of the complex.

The compound L13, has a score energy of -7.29 kcal/mol, forms a hydrogen bond with SER
214 (3.19 A), as well as a hydrophobic (pi-H) interaction with THR 213 (4.07 A), reflecting a

balanced bond between polar and non-polar interactions.
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The compound L17 shows a score energy of -7.08 kcal/mol. It interacts with LEU 239 (H-
acceptor; 3.00 A). Finally, L1, with score energy of -6.98 kcal/mol, forms H-donor hydrogen
bonds with GLN 111(3.41A) and H-acceptor hydrogen bonds with ASN 238 (2.89A).

Overall, derivatives L4 and L18 stand out for their low binding energiesand the quality of
their interactions with the active pocket of 3K35. These results suggest their potential as
inhibitors of SIRT6, a target involved in several metabolic pathways associated with diabetes

diseases.

These results are illustrated in Figure 111.7, which shows in 2D and 3D the interactions formed
between the synthesized compound and the best analogs (L1, L4, L13, L17and L18) with the
active site residues of the SIRT6 receptor (3K35).

*
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L18
(O polar -~ sidechainacceptor (O solventresidue SIS arene-arene
) acidic =+ sidechain donor ) metal complex ©@H arene-H
O basic = packbone acceptor solvent contact @+ arene-cation
() greasy - backbone donor -~ metalfion contad
. proximity ligand receptor
“contour ¢ exposure Oexpusure

Figure 111. 7: 2D and 3D interactions formed between the synthesized compound and the best
analogs (L1, L4, L13, L17 and L18) with the active site residues of the SIRT6 receptor
(3K35).

111.3.2.2. Molecular Dynamics analysis

The best complexes obtained by molecular docking calculations were validated by
molecular Dynamics simulations. The simulation was carried out for 1000 ps (100 ps
equilibrium and 900 ps production) to verify the stability of these complexes.
Figure 111.8 shows the variation of the potential energy of the complexes (3K35-synthesized
compound, 3K35-L1, 3K35-L4, 3K35-L13, 3K35-L17 and 3K35-L18) as a function of time
during the molecular Dynamics’s simulations.
We observe that for all complexes significant fluctuations in the potential energy appear
during the first 100 picoseconds (ps), which is typical for the initial relaxation phase of the
system after energy minimization. This phase reflects the adaptation of the ligand to the active

site of the protein.
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Figure I11. 8 : Potential energy plot of the synthesized compound and the top-scoring five
hits with 3K35 as a function of simulation time.
(a): synthesized compound, (b): L1, (c): L4, (d): L13, (e): L17, and (f): L18.

Subsequently, between 100 ps and about 600 ps, there is a tendency for the potential energy
of all the complexes studied to stabilize progressively. Complexes 3K35-L4, 3K35-L13,
3K35-L17 and 3K35-L18 show a relatively smooth and stable energy curve from this
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intermediate phase, reflecting good structural integration and stable interaction of these
compounds with the 3K35 target (Figure I11. 8).

In contrast, the 3K35-synthesized compound and 3K35-L1 complexes show more pronounced
fluctuations beyond 100 ps, reflecting less energy stability during the equilibration phase. The
complex 3K35-L13 (Figure 1.8 d) also shows fluctuations, although they are less
pronounced. The complex K35-L17 (Figure I11.7e) reaches a slightly later stability, but
remains relatively consistent with the other derivatives.

Finally, over the 600-1000 ps period, all complexes converge to a nearly constant potential
energy, confirming that the systems have reached a stable state by the end of the simulation.
This stabilization is an essential validity criterion in molecular Dynamics studies, indicating

that the ligand-receptor interactions are maintained over time without major perturbations.
111.3.2.3. Protein-ligand interactions after MD simulations

The MD simulation results (the binding interactions) are summarized in Table 111.4.
Table 111.4 shows that the results obtained from MD simulations are significantly different from

those obtained by molecular docking simulation.

Table I11. 4: Results of a molecular Dynamics study of the best score of the six ligands in the

active site of 3K35
Bonding between atoms and active site residues
Comp. Atom of Atom of Evolved receptor Type of interaction Distance
compound receptor residue bond A)
N17 NH2 ARG 246 H-acceptor 3.33
Synthesized 032 NZ LYS 243 H-acceptor 3.34
compound 033 NH1 ARG 218 H-acceptor 2.98
033 NH2 ARG 218 H-acceptor 2.95
N12 o} GLU 187 H-donor 3.03
L1 030 CE LYS13 H-acceptor 3.10
031 N ARG 218 H-acceptor 3.35
N11 N GLY 14 H-acceptor 2.88
L4 014 NZ LYS 13 H-acceptor 3.24
015 NZ LYS 13 H-acceptor 3.05
113 N16 NE ARG 74 H-acceptor 3.29
N22 NH2 ARG 74 H-acceptor 3.15
L17 010 NH2 ARG 7 H-acceptor 2.84
C38 OE1l GLU 73 H-donor 3.17
L18 010 NH2 ARG 74 H-acceptor 2.67
042 NH2 ARG 74 H-acceptor 2.71
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Figure 111. 9 : 2D interactions formed after molecular Dynamics simulation between the
synthesized compound and the best analogs (L1, L4, L13, L17 and L18) with the active site
residues of the SIRTG6 receptor (3K35).

It is apparent that the synthesized compound established four hydrogen bonds with the
active site of the 3K35 target: H-acceptor with ARG 246, H-acceptor with LYS 243 and two
strong H-acceptors with ARG 218, (distances: 3.33, 3.34, 2.98 and 2.95 A, respectively)
(Figure 111.9).
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Compound L1 forms H-donor bonds with GLU 187, H-acceptor with LYS 13 and H-acceptor
with ARG 218 at distances between 3.03 A and 3.35 A, reflecting moderate interactions with
active site residues. These interactions impart moderate structural stability to the 3K35-L1

complex (see Figure 111.9-b).

In the 3K35-L4 complex, the ligand interacts with GLY 14 (H-acceptor, 2.88 A) and twice H-
acceptor interactions with LYS 13 at distances of 3.24 A and 3.05 A. These bonds

demonstrate the excellent stability of the complex (see Figure 111.9-c).

The compound L13 forms two H-acceptor bonds with ARG 74. The distances of these bonds,
3.29 A and 3.15 A, confirm the importance of ARG 74 in ligand binding and complex
stability (see Figure 111.9-d).

In the 3K35-L17 complex, the ligand forms acceptor hydrogen bonds with ARG 74, with
distances of 2.84 (see Figure 111.9-e).

Finally, the 3K35-L18 complex shows a significant H-donor interaction with ARG74 (2.67 A)
and H-acceptor interaction with GLU 73 (3.17 A). These interactions established in this

complex illustrate its good conformational stability (see Figure 111.9-f).

111.3.2.4. Evaluation of the ADME properties and drug-likeness:

Currently, ADME pharmacological properties play an important role in the
development of new orally administered drugs. Bioavailability parameters used to evaluate
the ADME properties of drug molecules include lipophilicity, molecular weight, topological
polar surface area, solubility, number of rotational bonds, and donor/acceptor hydrogen
bonds. For a drug to be bioavailable, it must satisfy the various bioavailability rules, namely
Lipinski's rule (- MW <500 - Log P <5 - HBA <10 - HBD < 5) [32], Veber's rule (- TPSA <
140 - Number of rotational bonds < 10- HBA <12 - HBD < 12) [33].

A study of ADME parameters was performed on the synthesized compound and five best

analogs.
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Table I11. 5: ADME and Drug likeness properties for the synthesized compound and five best

analogs.
. Co-crystallized
Category Model S{:;:’ee;?gd L1 L4 L13 L17 L18 ligand
(APR)
S S ! S S S g
P 2 pd pd pd > r)
Formula S < = = 3 Z z
T £ T e £ e e
S S S S S 3 5
s S o S
é_ Molecular weight
o 236.27 271.29 | 290.32 | 262.31 | 304.39 | 340.40 559.32
s (g/mol)
<
L TPSA
IS 78.32 117.60 95.39 78.32 55.54 98.06 311.14
2 (R?)
[S)
é Num. H-bond acceptors 3 4 3 3 4 5 17
)
ron Num. H-bond donors 1 1 1 1 0 0 8
Num. Heavy atoms 17 18 6 6 6 23 9
Num. Rotatable bonds 2 2 4 2 3 3 9
Water solubility Soluble Soluble | Soluble | Soluble | Soluble | Soluble | Highly soluble
2
=}
= Log p(o/w) 0.09 -0.36 0.43 0.64 1.14 -0.04 -4.48
g
|
5 Gl High High | High | High | High | High Low
= absorption
3 p
2 g NO NO | YES | YES | YES | YES YES
substrate
n c
o 2
2 = BBB NO NO NO | NO | YES | NO NO
S B
S [a)
IS
§ CYP1A2 YES YES YES NO NO NO NO
- £ | cypcio NO NO | NO | NO | YES | YES NO
2 CYP2CY NO NO | NO | NO | NO | NO NO
= CYP2D6 NO NO NO NO | YES | NO NO
CYP3A4 NO NO NO NO NO NO NO
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Drug likeness

Lipinski

YES

YES

YES

YES

YES

YES

NO
3 violations

MW>500,
NorO>10,
NHorOH>5

Veber

YES

YES

YES

YES

YES

YES

NO

1 violation:
TPSA>140

The results in Table I11.5 show that the synthesized molecule and its analogs: L1, L4, L13,
L17 and L18, have satisfactory pharmacokinetic profiles, making them suitable for
consideration as potential drug candidates against the SIRT6 (3K35) target.

First, all compounds show high gastrointestinal (GI) absorption, an essential criterion for
good oral bioavailability. Molecular weights are all below 500 g/mol, which favors
penetration across cell membranes and thus a good absorption profile. It also appears that
compounds L4, L13, L17 and L18 were found to be P-gp substrates, except the synthesized

compound and L1.

The most significant feature of these compounds is their TPSA values (below 140 A?), which
are also applicable in this case and are often used as a criterion to evaluate a molecule's ability
to penetrate the blood-brain barrier. The number of hydrogen bond donors (< 2) and acceptors
(<8) are in accordance with Lipinski's rules, supporting their orally active potential. Log P
values are moderate (from -0.36 for L1 to 1.14 for L17), ensuring a balance between aqueous

solubility and lipid permeability, favorable for efficient tissue distribution.

Additionally, the compounds under study have a desirable drug-likeness profile, as seen by

their perfect adherence to the Lipinski and Veber criteria (Table 111.5).

Furthermore, all compounds are predicted to be unable to cross the blood-brain barrier (BBB).
However, these compounds are unable to penetrate the central nervous system (CNS), except

for the compound L17, which has BBB permeability.

According to the CYP450 isoform prediction, all substances are predicted to act as non-
inhibitors of CYP2C9 and CYP3AA4.

On the other hand, the co-crystallized ligand (APR) does not satisfy the drug-likeness and
ADME parameters. Given its high-water solubility and high hydrophilicity (logP = -4.48),
this molecule has been unable to penetrate through lipid barriers and reach its biological target
(Table I11.5).
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GENERAL CONCLUSION

This Master's thesis takes an integrated approach, combining theoretical chemistry (DFT) and
molecular modeling for drug discovery. This approach aims to better understand the

electronic reactivity and pharmacological potential of 2-nitroaniline derivatives.

The first part of this study investigated the regioselectivity of the transetherification reaction
on 4,5-Dialkoxy-2-nitroanilines using the DFT method based on the experimental results
obtained by Jarostaw Grolik et al. (2022). Theoretical approaches, such as frontier molecular
orbitals (FMO), molecular electrostatic potential (MEP), Fukui indices, and global and local
reactivity indices, were employed to study the electronic distribution of the molecule. The
analysis revealed that the para (C4) position is the preferred site for nucleophilic attack due to
electronic accessibility. This study rationalizes the reaction selectivity of this molecule and
provides a basis for designing functional derivatives useful in organic synthesis and

pharmacochemistry.

The second part of the study focused on investigating the inhibitory properties of 5-(4-
methylpiperazin-1-yl)-2-nitrobenzylamine on the SIRT6 protein using molecular modeling
approaches. This molecule has been synthesized and evaluated for its high antidiabetic
activity. This molecule and its structural analogs (L1, L4, L13, L17, and L18) interact with
the SIRT6 receptor pocket (PDB: 3K35), which is known for its role in regulating
metabolism, aging, and diabetes. The molecular docking study identified that L4 and L18 as
the compounds with the best binding energy scores (-8.17 and -7.43 kcal/mol), as well as

strong interactions with the active residues of the active pockets of 3K35.

Molecular Dynamics simulations confirmed the structural stability of the formed complexes,
particularly for L4 and L18, with stabilized potential energies over 1000 ps of simulation.
ADME and drug-likeness studies showed that these compounds met the Lipinski and Veber
criteria. They have good gastrointestinal absorption, adequate solubility, and a favourable
metabolic profile, making them suitable for oral administration.

The results suggest that compounds L4 and L18 warrant further development as potential

SIRT®6 inhibitors and offer promising prospects for the rational design of targeted drugs.
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