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Abstract:

This study focuses on synthesizing and thoroughly analyzing two different compounds. The first
compound  (2)-3-N-(ethyl)-2-N’-((3-methoxyphenyl)imino)thiazolidine-4-one  (EMTh) was
characterized using FT-IR, *H and *C NMR spectroscopy, and single-crystal X-ray diffraction. The
crystal structure analysis revealed a non-planar molecular configuration with a notable 86.0°
dihedral angle between the benzene and thiazolidinone rings. The crystal's molecular arrangement
was controlled by C-He*O and C-He**N hydrogen bonds, leading to a unique three-dimensional
packing pattern. Quantum chemical simulations employing the B3LYP/6-311G(d,p) theory level
revealed information about the molecule's electrostatic potential, HOMO-LUMO energy levels, and
dipole moment orientations, validating the compound's stability and charge transfer capabilities.
Subsequent analyses, such as reduced density gradient, natural bond orbital, and Hirshfeld surface
analysis, identified intrinsic non-bonded interactions and interatomic linkages that impact the
crystal structure. The ligand showed strong biological activity by establishing significant
interactions with amino acids in the protein (PDB ID: 2AZ5), leading to a binding energy of -6.3
kcal/mol and effectively inhibiting necrosis tumour factor. The second compound (Z)-2N- (tert-
butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4-one (TMTh) was synthesized and examined
by'H and *C NMR, and FT-IR spectroscopy techniques. The monoclinic crystal structure
containing eight molecules in the unit cell was determined using the single-crystal X-ray
diffraction method. Density functional theory (DFT) calculations gave optimized molecular
geometry in good agreement with experimental results. Weak interactions such as C-H---O and C-
H---S hydrogen bonds and van der Waals interactions important for crystal packing were identified
using Hirshfeld surface (HS) and RDG methods. PED analysis helped determine vibration
frequencies, supported by experimental FT-IR data. Time-dependent density functional theory
(TD-DFT) was used to study electronic transitions, charge transfer, and UV-vis spectra. Frontier
molecular orbitals (FMOs), and Molecular Electrostatic Potential (MEP) distribution maps offered
insights into charge transfer and reactivity. Significant nonlinear optical (NLO) activity was also
predicted by computational simulations. Computational ADMET analysis, such as molecular
docking, assessed physicochemical properties, pharmacokinetics, and biological impacts on certain
receptors. This study provides a thorough examination of the structural, electronic, and biological
properties of the synthesized molecule. Finally, by conducting extensive molecular dynamics (MD)
simulations, we have uncovered the compound's ability to inhibit selected enzymes and its
corresponding binding properties, providing crucial insights for its potential therapeutic use. The
binding energies were calculated using MM-PBSA.

Keywords: EMTh, TMTh, FT-IR, NMR, NLO, ADMET analysis, MD simulations, and MM-PBSA



Résumé:

Cette étude se concentre sur la synthese et I'analyse approfondie de deux composeés différents. Le
premier composé (Z)-3-N-(éthyl)-2-N'-((3-méthoxyphényl)imino)thiazolidine-4-one (EMTh) a été
caractérisé par FT-IR, spectroscopie RMN 1H et 13C et diffraction des rayons X sur monocristal.
L'analyse de la structure cristalline a révélé une configuration moléculaire non plane avec un angle
diedre notable de 86,0° entre les anneaux benzéne et thiazolidinone. L'arrangement moléculaire du
cristal était contrélé par des liaisons hydrogéne C-H---O et C-H---N, ce qui a donné lieu a un modele
d'emballage tridimensionnel unique. Des simulations de chimie quantique utilisant le niveau théorique
B3LYP/6-311G(d,p) ont révélé des informations sur le potentiel électrostatique de la molécule, les
niveaux d'énergie HOMO-LUMO et les orientations du moment dipolaire, validant ainsi la stabilité du
compose et ses capacités de transfert de charge. Des analyses ultérieures, telles que le gradient de densité
réduit, l'orbitale de liaison naturelle et I'analyse de la surface de Hirshfeld, ont permis d'identifier les
interactions intrinséques non liées et les liaisons interatomiques qui ont un impact sur la structure
cristalline. Le ligand a montré une forte activité biologique en établissant des interactions significatives
avec des acides aminés de la protéine (PDB ID : 2AZ5), conduisant & une énergie de liaison de -6,3
kcal/mol et inhibant efficacement le facteur de nécrose tumorale. Le deuxiéme composé (Z)-2N-(tert
butylimino)-3N'-(4-méthoxyphényl) thiazolidin-4-one (TMTh) a été synthétisé et examiné par les
techniques de spectroscopie RMN1H et 13C et FT-IR. La structure cristalline monoclinique contenant
huit molécules dans la cellule unitaire a été déterminée par la méthode de diffraction des rayons X sur
un seul cristal. Les calculs de la théorie de la fonctionnelle de la densité (DFT) ont donné une géométrie
moléculaire optimisée en bon accord avec les résultats expérimentaux. Les interactions faibles telles que
les liaisons hydrogéne C-H---O et C-H---S et les interactions de van der Waals importantes pour la
formation des cristaux ont été identifiées a I'aide de la surface de Hirshfeld (HS) et des méthodes RDG.
L'analyse PED a permis de déterminer les fréquences de vibration, étayées par les données FT-IR
expérimentales. La théorie de la fonctionnelle de la densité en fonction du temps (TD-DFT) a été utilisée
pour étudier les transitions électroniques, le transfert de charge et les spectres UV-vis. Les orbitales
moléculaires frontieres (FMO) et les cartes de distribution du potentiel électrostatique moléculaire
(MEP) ont permis de mieux comprendre le transfert de charge et la réactivité. L'analyse ADMET
computationnelle, telle que I'amarrage moléculaire, a évalué les propriétés physicochimiques, la
pharmacocinétique et les impacts biologiques sur certains récepteurs. Cette étude fournit un examen
approfondi des propriétés structurelles, électroniques et biologiques de la molécule synthétisée. Enfin,
en effectuant des simulations approfondies de dynamique moléculaire (DM), nous avons découvert la
capacité du composé a inhiber des enzymes sélectionnées et ses propriétés de liaison correspondantes,
fournissant ainsi des informations cruciales pour son utilisation thérapeutique potentielle. Les énergies
de liaison ont été calculées en utilisant MM-PBSA.

Mots clés : EMTh, TMTh, FT-IR, NMR, NLO, L'analyse ADMET, simulation DM et MM-PBSA
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General introduction

Thiazolic compounds are an intriguing family of chemicals that have attracted the curiosity of
scientists from many fields. In the literature review, we delve into the historical relevance,
synthetic processes, structural subtleties and recent breakthroughs concerning the class of
thiazolic compounds. We also cover their numerous practical application directions. To gather
useful knowledge that might lead to significant advancements in materials science or
pharmacology, the literature research focuses on recently discovered thiazolic structures,
particularly rhodanine, thiazoline, and iminothiazolidinone derivatives [1-6].In addition to their
significant importance in medicinal chemistry, thiazole derivatives have also been studied due
to their nonlinear optical properties [7,8]. The mentioned compounds were examined using
the capacity of a multidisciplinary approach, which includes X-ray diffraction, spectroscopic
techniques, and molecular modeling. This approach allows us to uncover the complicated
association between molecular structure and compound characteristics, opening the path for the
creation of new materials and medicinal substances. These findings have implications for many

fields of research and improve our knowledge of organic chemistry.

The use of quantum mechanical approximations is essential for predicting the structural and
reactive behaviours of organic materials. This approach serves as a valuable addition to
experimental techniques such as X-ray diffraction and spectroscopic characterization, which is
aessential part of scientific research in our team at the Laboratory of Technology and Solid
Properties (LTPS), focusing on the physicochemical characterization of newly synthesized
materials [9-13]. The structural interpretation of new materials by X-ray powder diffraction
(DRXP) has made remarkable progress in recent years. This is mainly because of advances at
the instrumental and methodological levels, as well as the evolution of crystallographic
programs. While molecular spectroscopy methods provide information about an isolated
structure, independent of the macroscopic organization, X-ray diffraction mainly looks at the
extended regularly organized structures. To facilitate an all-encompassing examination of
material properties, each method is linked to a specific energy band of the electromagnetic
spectrum. Currently, it is impossible to determine a molecule's spatial arrangement,
periodicity, or crystal packing pattern and molecular geometric properties without X-ray

diffraction.
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Computational science advancements facilitate the use of quantum mechanical approaches to
model, calculate, and store molecule features. The processing of molecular species via digital
methods relies on the fundamental principles of quantum physics, namely the solution of the
Schrodinger equation. Density Functional Theory (DFT) and time-dependent density functional
theory (TD-DFT) are used to examine molecular properties, advancing the theoretical

understanding of complex chemical systems [14].

The primary objective of the present work is to examine the structure and properties of two
novel thiazolic derivatives by using single-crystal X-ray diffraction and spectroscopic
techniques, and molecular modeling. The second goal of this work is to establish the correlation
between the molecular structure of these two novel organic materials and their physicochemical

characteristics by providing the structure-property relationship.

This research consists of several chapters. Commencing with the first chapter, an extensive
literature review explores thiazolic compounds, providing an in-depth understanding of their
historical, synthetic, and applicative dimensions, as well as the fundamental domains of

thiazolic molecular compounds used in electrooptics and biology.

The second chapter unfolds a description of the various experimental methods utilized for
determining thiazolic compound structures. This chapter examines various techniques,
including X-ray diffraction, unravelling the molecular architecture, and laying out several
general concepts that need to be considered to determine the crystalline structures of new
organic materials using X-ray diffraction data and elucidate their molecular structures through

different spectroscopic analysis methods.

In Chapter 3, the focus shifts to molecular modeling, where theoretical approaches can be
applied towards the exploration of the intricate nature of thiazolic compounds. Schrodinger's
postulates, the Born-Oppenheimer approximation, and density functional theory (DFT) serve
as the theoretical compass guiding our exploration of the molecular electronic landscape.
Density Functional Theory (DFT) is a recognized approach in gquantum mechanics that is
employed to characterize stable molecular systems. The Time-Dependent Density Functional
Theory (TD-DFT) is an extension of DFT that focuses on studying excited states of molecules.
It allows researchers to explore and comprehend the dynamic behaviours of molecules as they

undergo transitions between states or respond to external influences.



General introduction

This combination facilitates a comprehensive characterization of molecular attributes and adds

to the advancement in theoretical knowledge of complex chemical processes.

Moving beyond theory, Chapter 4 involves a focused experimental investigation of the specific
thiazolic compounds, molecules EMTh (C12H14N202S) and TMTH (C14H18N202S), which
were synthesized by our collaborators at the Applied Organic Synthesis Laboratory (AOSL) at
the University of Oran and showed good crystallization tendency. Accordingly, we employed
SC-X-ray diffraction to determine their three-dimensional geometries. Through organic
synthesis, crystallization, and X-ray crystallography, this chapter unravels detailed molecular
structures and sheds light on their theoretical underpinnings.

Chapter five of the study examines the structural properties of the compounds EMTh and
TMTH using spectroscopic methods. The compound's fundamental vibrational frequencies
are analyzed, focusing on carbon-hydrogen oscillations inside the aromatic ring. The
experimental infrared spectra and theoretical predictions show a good agreement. To perform
precise H and *C nuclear magnetic resonance calculations isotropic shielding values and
deuterated chloroform as solvent is used. The chapter also examines the stability of the
molecules and their reactions with other chemicals. UV-visible spectroscopy is used to
examine absorption phenomena. These investigations provide a comprehensive understanding
of the compound's properties, potentially revealing its potential bioactivity and reactivity. This
chapter aims to elucidate spectral fingerprints, chemical shifts, and electronic characteristics,

providing acomprehensive understanding of the structural intricacies.

The research adopted in Chapter 6 is based on the study that employed Gaussian 09 software
[15] to perform ground-state simulations of the title molecules (EMTh and TMTh), utilizing
Density Functional Theory (DFT) and the B3LYP functional to optimize the molecular
geometry. The investigation encompassed the examination of Molecular Electrostatic Surface
(MEP) and Global Chemical Reactivity Descriptors (GCRD) traits, which comprised
electronegativity, chemical potential, hardness, softness, electrophilicity, and nucleophilicity
indices. The study further assessed the dipole moment, polarizability, and hyperpolarizabilities
of the molecule to examine its non-linear optical characteristics. The PASS analysis was
employed to predict the biological activity of the chemicals in question by identifying probable

receptors and assessing both possible activity and inactivity.
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The molecular docking software AutoDockVina was employed to predict the binding affinity
and interaction energy between the ligand and receptor. The drug-likeness features were
evaluated using Lipinski's rule of five, while the SwissSADME server supplied data on
pharmacokinetic and physicochemical properties. The Molecular Dynamics simulation in
GROMACS 2021 was employed to calculate binding energies and assess biological activity
using metrics such as RMSD, Rg, RMSF, SASA, and MM-PBSA. This comprehensive
approach improves our comprehension of the chemical's structural, kinetic, and biological
characteristics.

Collectively, these chapters form a cohesive narrative, unveiling layers of thiazolic compounds
from historical roots through structural elucidation, theoretical modeling, and practical
applications. The synthesis of knowledge across these chapters enriches our understanding,

paving the way for future advancements and applications in the realm of chemistry and beyond.

At the end of this thesis, we will discuss the main results obtained and their significant

contribution to this vast research theme.
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I.1. Introduction:
A flammable light yellow liquid with the chemical formula C3H3NS known as thiazole is made
up of 5 atoms in the cycle, with nitrogen and sulphur serving as two of the ring's vertices and
carbon serving as the other three. Thiazoles are the basic nucleus of many pharmaceuticals,
including antibiotics, biocides, and fungicides, as well as colours and aromas. [1] Thiazole
scaffolds have the potential to be used in the synthesis of derivatives with varied matrices due
to the considerable flexibility of substituent introduction, namely at the C-2, C-4, and C-5
positions.
There are two types of thiazole subgroups:

» thiazoles, in which the sulphur and azote are separated by a carbon atome

» The isothiazoles, in which the sulphur and the azote are inextricably linked.

Isothiazole Thiazole

Figure 1.1.Basic core structure of thiazole and isothiazole

Because of their planar structure and electrodonor effect, heterocycles such as thiazole play a
key role in the structure of merocyanines. Since its discovery by Hantzsch, the thiazole has
continued to pique the interest of scientists. Different synthetic methods are used in the
laboratory.

Some of the most important naturally occurring physiologically active anticancer drugs, such
as epothilone B [2], bleomycin [3], and dolastatin 10 [4] have thiazole in their structure. They
are also commonly found in pharmaceutically powerful antibiotics such as Thiocillin I,
Berninamycin, Thiostrepton methyl ester, Thiostrepton, and Siomycin A [5]. Some thiazole-
containing polymers have been reported to be suitable sensors [6, 7], photocatalysts [8], and
semiconductors [8] Thiazole-containing compounds are clearly among the most important
organic molecules [9].

Thiazole scaffolds have long fascinated researchers because to their pharmacological and

biological capabilities, which include anti-inflammatory [10,11], anticonvulsant [12],
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anticancer [13], anti-material [14], and antibacterial [15,16]. Thiazole Schiff base derivatives
have received a lot of interest due to their unusual structure and antibacterial [17], antiviral [18],
antiplasmodial [19], and anticancer [20] activities.

1.2. A Brief history of the thiazole ring's discovery

On November 18, 1887, Arthur Rudolf Hantzsch and his collaborator, J. H. Weber, signed the
thiazole birth certificate. Under the title "Ueber Verbindungen des Thiazoles (F'yridins der
Thiophenreihe)," Hantzsch and Weber (21) defined Thiazoles as "those Stickstoff und Schwefel
in ringformiger Bindung enthaltenden Substanzen von Formel (CH),NS, die sich zum Pyridin
verhalten, wie das Thiophen zum Benzol." They demonstrated the existence of thiazole (22)
and isothiazole (23), despite the fact that neither was recognised in the free state at the time,
likened them to glyoxaline and pyrazole, respectively, and proposed naming benzothiazole the
"Methenylamidophenylmercaptan” recently found by A. W. Hofmann (24). Extending this
definition, they proposed designating the three azole derivatives of thiophen, pyrrole, and furan,
respectively, thiazole, imidazole, and oxazole, as well as their benzo-derivatives, benzothiazole,
benzimidazole, and benzoxazole. They proposed the prefix meso for this location in the
conventional azole series to account for the elevated reactivity of the groups linked to the carbon
atom between sulphur and nitrogene. They observed that several thiazole derivatives might
already be known without their proper constitution being described: they assigned all of the so-
called a-thiocyano derivatives of ketones and aldehydes (26) ("Rhodanketone™) to being
thiazole derivatives, particularly meso-oxythiazoles (27).

1.2.1. A brief overview of the synthetic processes used to create the thiazole nucleus

The researchers used a variety of ways to create thiazole-containing scaffolds (Fig. 1). Hantzsch
thiazole synthesis is the oldest and most widely used technique of thiazole synthesis, which
involves the reaction of thioamides with -haloketones [21]. Another typical approach for
thiazole synthesis is Robinson-Gabriel synthesis, which involves thialation of acylamino-
ketone in the presence of phosphorus pentasulfide and heat to produce the appropriate 2,5-
disubstituted thiazole [22]. Cook-Heilbron proposed a carbon disulphide-mediated synthesis of
5-amino-2-mercaptothiazole from comparable amino-nitriles [23]. Synthesis of N-substituted
thiazoles by condensation of thiourea/thiamide with substituted acetophenones in the presence
of bromine and ammonium hydroxide is an alternate technique [24,25]. A domino alkylation-
cyclization reaction of propargyl bromide and thiourea in the presence of potassium carbonate

and dimethylformamide was used to synthesis 2-aminothiazole derivatives (a green chemistry
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technique) [26]. -lactones create a large yield of corresponding thiazoles when reacting with

Lawesson's reagent [27].

HN .+ CS,; LIBI/TBAB, THF, rt i

0 1

o

Figure 1. 2. The synthetic processes ofthiazolic derivatives.

Another approach for producing substituted thiazoles is the reaction of thiocarbamoylimidate
with methyl thioglycolate in the presence of methanol and sodium methoxide [28]. Thiazole
scaffold was produced by reacting thiobenzamide with phosphorus oxychloride in the presence
of pyridine [29].

Under acidic circumstances, endothiopeptide was transformed into a thiazole derivative [30].
Trifluoromethane sulfonic anhydride and triphenylphosphine oxide can also be treated with
Cys-Cys-dipeptide in a solvent such as dichloromethane to produce substituted thiazole [31,32].
Under photochemical circumstances, intramolecular cyclization of iminocarbene in the
presence of thiocyclisooxazol-5(2H)-ones yields substituted thiazoles [25,33]. 4,5-disubstituted
thiazoles were synthesized by reacting methyl carbodithioates with active-methylene
containing isocyanides in the presence of a base such as sodium hydride and dichloromethane

as a solvent [22,25]. Proparglyamine is cyclized with carbon disulfide in the presence of a
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palladium catalyst to produce thiazole derivatives [25,34]. Trimethyl sulfonium was treated
with Nthioacylamidone in the presence of dimethyl sulphoxide to produce thiazoline derivative
[25]. Using the Burgess reagent, 2-thiazolines were synthesised from corresponding N-
(hydroxyethyl)thiopeptides [35]. Using lithium bromide and TBAB as catalysts and
tetrahydrofuran (THF) as the solvent, 1,3-thiazolidine-2-thione was synthesised by reacting 2-
methylaziridine with carbon disulfide. In the presence of triethylamine, I-cysteine ethyl ester
hydrochloride interacts with carbon disulfide to form thiazolidine ester. -Chloroketones were
combined with asymmetrical thiourea under solvent-free circumstances and microwave
irradiation reaction conditions to yield imino4-thiazolines [25,36]. Sulphuric acid treatment of
-thiocyanatoacetophenones yields the equivalent 4-arylthiazol-2(3H)-ones [37]. Aziridines are
catalysed by lewis acid titanium tetrachloride in dichloromethane to produce thiazolidine,
which contains the basic core of thiazole [25,38].

1.3. Hantzsch procedure
Hantzsch's (1889) synthesis is a reaction between a halocetone and a thioamide. Diagraml-3
depicts the synthesis of 2,4-dimethylthiazole from acetamide and chloroacetone 2.

cl
SH S
/K . Q*('II;
+ —_— -
""-___‘_'N

H;C NH CH; :
- g H,C

Figure 1.3. Hantzsch synthesis

1.3.1. Thiazolidinones

The methods for synthesizing thiazolidinones and their derivatives are well discussed in the
literature; we will provide an overview of some commonly used methods in the laboratory apply
as a reagent for an acid a-halo or its derivatives.

Figure 11-1 depicts the reactive approach for heterocyclization.

Yields range from 14 to 19%. 3
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Figure 1.4.Synthesis of thiazolidinones from a-halo acids or their derivatives

1.3.1.1. Thiazolidinone structure
According to IUPAC [39] thiazolidinones are five-membered cycles with two heteroatoms, a

sulfur atom in position 1, an azote atom in position 3, a carbonyl grouping in position 4, and

various chemical groups that can act as substituents in positions 2, 3, and 5, as shown in Figure

1.5.

Figure 1.5. Thiazolidinone nucleus

1.3.2. Thiazole ring numbering
Initially described by A. Hantzsch and J. Weber [40] as "the pyridine of the thiophene series,"

thiazole [40] received a nomenclature that corresponded to this definition [41]: the letters A and
B were justified by the strong analogy of both positions with those of pyridine, while the meso
position, to which P was assigned, had no equivalent in the pyridine ring. The sulfur atom was
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numbered 1, and the nitrogen atom was numbered 3 [42] in Richter's Lexikon and the second
edition of Meyer-Jacobson's Lehrbuch der Organischen Chernie. T. B. Johnson [43] offered the
number 3, although J. Metzger et al. [44-54] utilized a different system [45] than indicated by
Grignard's “Traité de Chimie Organique”[56]. The Ring Index [57] and Chemical Abstracts

provide the right numbering, which equates to 2.

N
o —N 4 N3 [| | “ l
Es pm sl s Py s) gN
1 6

B
5
1 2 Scheme 2
O
< N 5 Nl C— N
| | N ] ., F1
3[5)1 a2 NegCHo o
2 3 . 8
3 4

Figure 1.6.Thiazole ring numbering.

1.3.2.1. Structure of thiazoles

The systematic names of chemical structures necessitate certain nomenclature systems, and
each nomenclature system necessitates the use of specific nomenclature rules. There are other
nomenclature systems1-8 accessible in the literature; however, the most significant systems

approved by the IUP AC for identifying heterocycles are described.

1.3.2.2. System of nomenclature

The most systematic nomenclature of heterocycles is based on the names of carbocyclic
analogues, and so the nomenclature systems are adaptations of those used for carbocycles. On
the other hand, the nomenclature system, most widely used for heterocycles, combines trivial

and systematic names.

I.4. Systematic nomenclature (Hantzsch-Widman system)
This is the most common systematic method for identifying three- to ten-membered monocyclic
heterocycles with varying degrees of unsaturation and one or more heteroatoms. This method

of naming describes the size of the ring the nature, type, and position(s) of the heteroatom(s).

10
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The heteromonocycles are named according to the new regulation! No. 3 in the Hantzsch-

Widman nomenclature scheme.

1) Prefix(es) combined with stem One or more ‘a’ prefixes for the heteroatom(s) are combined
with a stem specifying the size of the ring to form the name of the heteromonocyclic system.
The' a' prefix's terminal letter is dropped if the stem begins with a vowel. Prefixes: The prefixes
represent the heteroatoms found in heterocyclic systems. Table 1 shows the preferred order of

the prefixes for various heteroatoms.

Table 1.1. Prefixes for heteroatoms (in decreasing order of priority, 'a’' prefixes)

Heteroatom Symbol (Valence) Prefix

Oxygen o(ln Oxa
Sulfur S(Il) Thia
Seleniwn  Se(ll) Selena
Telluriwn  Te(ll) Tellma
Nitrogen N(II) Aza
Phosphorus P(lll) Phospha
Arsenic As (ill) Arsa
Antimony  Sb(lll) Stiba
Bismuth Bi(lll) Bisma
Silicon Si(1V) Sila
Gennaniwn Ge(1V) Genna
Tin Sn{lV) Stanna
Lead Pb(IV) Plwnba
Boron B(1) Bora
Mercury Hg(ll) Mercura

11
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Stems: In heteromonocyclic systems, stems are employed to signify ring size and saturation or

unsaturation, and are summarized in Table 1.2.

Table .1.2. Employed stems In heteromonocyclic systems signifying the ring size and

saturation or unsaturation,

Ring size Unsaturation Saturation
Three- . . . ..
-irene i -irane ii
membered
Four-membered -été -etane i
Five-membered -ole -olane ii
A* -ine -ane
Six-membered B* -ine -inane
C* -inine -inane
Seven- -epine -epane
membered P P
Eight- .
-ocine -ocane
membered
Nine-membered -onine -onane
Ten-membered -ecine -ecane

However, the following considerations should be made while naming heteromonocycles:

(i) For three-membered nitrogen-containing unsaturated heteromonocycles, the stem 'irine' is
used.

(n) The nitrogen-containing saturated three-, four-, and five-membered heteromonocycles are
denoted by the stems ‘iridine,’ ‘etidine," and 'olidine," respectively.

(m) A numerical prefix's terminal vowel is not lost, even if the prefix begins with the same
vowel, as in cyclotetraazoxane.

(1V) The Dame's ending is determined by the presence or absence of nitrogen.

(v) When the heteroatoms have the typical valences shown in Table 1.1, unsaturated stems are
employed to form rings with the greatest amount of noncumulative double bonds possible. (vi)

For rings with no double bonds, saturated stems are employed.

12
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(vii) If no stems are indicated for partially or completely saturated heteromonocycles, the
prefixes 'dihydro-', 'tetrahydro-', and so on should be used.

(viii) the terminal 'e" used in all stems is optional (in CAS index nomenclature, stems without a
terminal ‘e’ are used for unsaturated non-nitrogenous rings with six or more ring members, such
as dioxin, dithiin, and oxathiin).

(IxX) The stems 'etine' and 'oline’, which were previously used for nitrogen containing four- and
five-membered rings with one double bond, respectively, are no longer suggested by IUP AC.
(x) For six-membered rings, the stems are determined by the least desired heteroatom in the
ring, i.e. the heteroatom immediately before the stem.

The following set of least favored heteroatoms is chosen to establish the suitable stem for a six-
membered ring: S, Se, Te, Bi, Hg, 6A * =0 N, Si, Ge, Sn, Pb = 6B* The stems (syllables)
signifying ring sizes (3, 4, 7, 8, 9, and 10) are thought to be derived from numerical prefixes
(Table I.1.).

(xil) trivial names, such as pyrrole, pyrazole, imidiazole, pyridine, pyridazine, pyrimidine, and
so on, should be preferred over systematic names for several heteromonocyclic systems
approved by ITUPAC.

(xiil) The term oxine should not be used for pyran because it has been used as a synonym for
quinolin-8-01.

Nomenclature of Heterocycles 7 (xiv) Because it is used as a class name for compounds having

the =N - N = group, azine must not be used for pyridine.

g 0 0

Thia + aza + ole = Thiazole Oxa+aza+ine=0xazine Thia + aza + ine = Thiazine
(1,3-Thiazole) (1,4-Oxazine) (1,4-Thiazine)

Figure 1.7.Nomenclature examples
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1.5. Electron densities at the frontier orbitals

The border electron densities are a feature of an isolated molecule, and their usage as reactivity
indices assumes that the electron distribution in the transition state is similar to that in the
beginning state. The distribution of frontier electron densities is substantially more irregular,
and the relative order of the densities does not alter when approached by the reagent. The
frontier electron densities are connected with electron exchange rather than electrostatic
interaction, and if electron exchange (charge transfer) is important in stabilizing the transition
state, the frontier electron densities influence the reactivity. The frontier electron density in
electrophilic substitution is the density in the highest filled molecular orbital (HOMO), and
these electrons are thought to be equivalent to the valence electrons. The frontier electron
density in electrophilic substitution is the density in the highest filled molecular orbital
(HOMO), and these electrons are thought to be equivalent to an atom's valence electrons. The
interaction of the highest occupied molecular orbital (frontier orbital) of the heteroaromatic
system with the lowest unoccupied molecular orbital of the electrophile results in the
electrophilic substitution process. The activation energy is determined by the level of mixing,
which is determined by the difference in energy between these two types of orbitals. The smaller
the energy difference, the lower the activation energy and the faster the reaction with more
efficient orbital mixing. The frontier molecular orbital in nucleophilic substitution is the lowest
unoccupied molecular orbital (LUMO). The nucleophilic substitution process includes the
mixing of the heteroaromatic system's lowest vacant molecular orbital with a nucleophile's
filled molecular orbital. The electron pair in the transition state is accepted by the
heteroaromatic molecule, and the frontier electron density at the carbon atom is then the
electron density in this molecular orbital as if it were occupied by two electrons. The
electrophilic and nucleophilic reactions occur when the relevant border electron density is

greatest (Figure.l.8).
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Frontier orbital for
nucleophilic attack
Frontier orbital for
electrophilic attack

S LLLLorrrree

Figure 1.8.Representation of frontier orbitals for electrophilic and nucleophilic attacks.

1.6. Thiazolidinones applications

4-Thiazolidinones andassociated heterocyclic-based compoundshave been widely investigated
as sources of antiinflammatory, anticancer, antimicrobial, antidiabetic, and antibacterial agents.
Since the 1960s[58-60], there has been a considerable increase in the number of scholarly
papers [61], numerous reviews, and patents covering diverse 4-thiazolidinone compounds [62-
67].

1.6.1. Non-linear optical activity

Non-linear optical (NLO) chemical compounds are employed in a variety of applications,
including optical coupling between fibers and laser light generation, which is critical for
photonic computation and logic operations[68]. Thiazolidinone derivatives have not been
linked to any physiological or photochemical applications. [69]. Recently, the thiazolidinone
moiety has been exploited to create polymeric models with improved NLO characteristics. The
push-pull effect of rhodanine, also known as a 2-thioxo-4-thiazolidinone derivative, has been
studied, and its favourable photochemical and photophysical properties have led to a wide range
of NLO applications [70]. [71].In addition, Thiazolidinone compounds can have luminescence
features [72,73] and are also known to have other attractive physicochemical features like

optoelectronics and photovoltaics. [74,75].
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1.6.2. Biological activity

Thiazolidinone derivatives represent a class of compounds of significant scientific interest
owing to their chemical characteristics and diverse pharmacological effects, such
as antimicrobials, [76,77] antioxidants, [78,79] antifungals, [80] antihyperglycemic, and [81]
antibacterial. [82] They have been widely employed in synthesizing compounds with
therapeutic applications since the discovery of MKT-077 [83,84], and they are thought to be
powerful inhibitors of cancer cells. [85-87] Thiazolidinones pique the curiosity of researchers
and open up new avenues in the fight against diseases such as allergies, cancer, and malaria.
[88-90]

1.7. Conclusion

Researchers have found many interesting things about thiazolic cycles in organic compounds
such as rhodanine, thiazoline, and iminothiazolidinone that have to do with how their molecules
are structured. This relationship is crucial to understanding the behaviour and functionality of
organic molecules. The research focuses on novel thiazolic structures, specifically rhodanine,
thiazoline, and iminothiazolidinone, to gain valuable knowledge that could lead to significant
breakthroughs in materials science and pharmacology. The research uses a multidisciplinary
approach, including X-ray diffraction, spectroscopic approaches, and molecular modelling, to
analyze these substances' molecular structures and functional capabilities. The aim is to unravel
the complex correlation between molecular structure and properties, paving the way for the
development of advanced materials and therapeutic compounds. This discovery not only
enhances understanding of organic chemistry but also shows potential for various scientific

disciplines.
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Chapter I

Experimental methods

for structure determination
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Chapter II: Experimental methods for structure determination

I1.1. Introduction to X-ray diffraction

In an X-ray diffraction experiment, a pattern is placed in the middle of a tool and X-ray
illumination devices, and the X-ray tube and the detector move in a synchronized movement.
The signal from the pattern is recorded and plotted. Peaks related to the shape of the atomic
pattern are observed. Most substances are formed by many small crystals, like sand on a
beach. Each of these crystals consists of a daily association of atoms, and each atom has a
nucleus surrounded by a cloud of electrons. X-ray diffraction records begin at this scale. X-
rays are an excessively soft force with a repetition time called a wavelength.

The wavelength of an x-ray is like the space between atoms in glass. Interference (diffraction)
calls can be used to scale the space between atoms. Interference occurs when x-rays come into
contact with each other. If the waves are aligned, the sign is amplified. This is called
optimistic interference. If the waves are out of alignment, the sign is destroyed. This is called
negative interference. When X-ray rays meets an atom. Its force absorbs that of the electron.
Electrons occupy single force states around an atom, as it is not a sufficient force to launch
the electron. The force must be reemitted as a new X-ray with the same intensity as the
original. This method is known as ""elastic dispersion.” In a crystal, the repetitive format of
the atoms of the distinctive stage is separated by well described distances. When the atomic
planes are discovered, X-rays are scattered by the often spaced atoms. The robust width of the
emitted sign takes place in very precise corners in which the scattered waves interfere. This
impact is the diffraction of the flames. The prospective between the twist and the scattered ray
is known as Theta. In the case of interference, the scattered waves must be aligned, which
means that the second wave must travel a whole number of wavelengths. So 1/2 of the
wavelength is visited at the incident side and 1/2 at the scattered side, generating another
wavelength.

A wavelength has been traveled inside the twist of fate and scattered appearance in the
following X-ray case, generating an additional wavelength. This framework is produced
alongside the glass. The true perspective in which the diffraction takes place can be
determined by the purple triangle. The perspective above is theta, half of the perspective
between the incident and scattered rays. The long aspect is the space between the atomic floor
and the fast aspect, which we understand to be 1/2 a wavelength. The relationship between the
diffraction perspective and the space between the atoms can be found using the sine function.
Lambda/EEd = Sin Theta, Reorganization; therefore, the equation produces an equation
normally called Bragg's law, which brings to mind Sir William Henry and William Lawrence

Bragg, the father-and-son team that got the Nobel Prize in 1950 for its evaluation of jobs.
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glass systems with X-ray diffraction.Thus, the ratio between the diffraction perspective and
the perspective of the glass is theta, which is the ratio of the diffraction perspective to the
perspective of the atomic floor. The relationship between the diffraction perspective and the

space between the atoms can be found using the sine function. A/Zd = sin 6, Reorganization;

therefore, the equation produces an equation normally called Bragg's law, which brings to
mind Sir William Henry and William Lawrence Bragg, the father-and-son team that got the
Nobel Prize in 1950 for its evaluation of jobs. Glass systems with X-ray diffraction. This
approach to X-ray diffraction is now used for a wide range of substances, from thin glass
epitaxial films to polycrystalline powder mixtures and even lightning diffraction from
amorphous randomly oriented substances to help scientists develop new pharmaceuticals,
classify rock formations based on their mineral additives, and understand how the association
of atoms influences the conductivity of force accumulators. Scientists are pushing their ability
to design atomic substances. X-ray diffraction is becoming an increasingly indispensable tool.
Advances in team building have made X-ray diffraction easier and more efficient than ever.

11.1.2. The numerous techniques of X-ray diffraction:

According to the nature of the information sought and the nature of the material, many
avenues of analysis are possible: The Bragg equation has three parameters, d(hkl)[1], and, the
first of which is determined by the crystal structure. Only one of the remaining two
parameters, et, can be freely specified to achieve the diffraction conditions on a family of
(hKkl) planes, the other one being variable. The variable parameters used will determine two
sets of diffraction procedures.

e Fixed, A variable: laiie method.*

e ) fixed, 0 variable: powder method and rotating crystal method

11.1.2.1. The Laue method

It extends to solitary crystals (or large grains). The sample is fixed, and the crystal planes are
fixed with respect to the incident X-ray field. As the surface is polychromatic, each crystal
plane (hkl) known to cause diffraction results in a diffracted surface (figure Il-1). This

approach is mainly used for the crystallographic orientation of single crystals [2-3].

IMaxVonLaue(1879-1960) He was a German physicist. He obtained the 1914 Nobel Prize
«for his disjointed diffraction of the Middle Ages».
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Figure 11.1. Laue method

11.1.2.2. Powder method

The term derives from the fact that the sample studied is reduced to a fine powder composed
of randomly aligned particles. The X-ray beam is monochromatic, and diffraction occurs only
when it forms an angle (solution of the Bragg equation) with a group of crystal surfaces
causing diffraction. Since the particles are randomly oriented, there will always be a family of
hkl planes generating diffraction, so all the beams will be able to diffract at the same time,
forming diffraction cones. These beams form half-angle cones at vertex 2 (Figure I-3). This
method can also be used to evaluate a large polycrystalline sample composed of small grains

the size of powder particles.

Diffraction rays Transmitted

Monochromatic

incident beam

Diffracted beam

Figure 11.2. Powder method
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11.1.2.3. Single crystal X-ray diffraction:

A single crystal is a macroscopic object whose atoms are arranged in an orderly fashion in a
three dimensional space. The use of crystals for X-ray diffraction [4, 5] is a useful way to
determine the three-dimensional structure of molecules. Indeed, X-rays interact with the
electron cloud of the atoms in the crystal. The scattered vibrations interact and cause
diffraction since the crystal is a three-dimensional periodic medium. The measurement of the
X-ray diffraction is a very important part of the analysis. Indeed, X-rays interact with the
electron cloud of the atoms in the crystal. The scattered vibrations interact and cause
diffraction since the crystal is a three-dimensional periodic medium. The measurement of
these diffracted intensities gives access to the Fourier components of the electron density of
the molecule.

After a number of computational steps, a structural determination consists in recognizing the
electron density maxima that have been attributed to atomic positions. Compared to the
performance of the automatic single-crystal diffractometer, the classical experimental
methods of film recording of X-ray diffraction by a single crystal, such as the rotating crystal,
Weissenberg, and precession for determining complex structures or refining already roughly

established structures [1, 2, 6], may seem outdated (four-circle diffractometer).

Diffracted beam m,x\

X-rays _'_,7”
A~A —Y
:t % =S feed MRS

crystal R

fourier TN
Bragg's law k -

transformed
2d,,sin0,, = A XR detector

Direct network (X, ¥. z) ® Reciprocal network (h, k, )

Figure 11.3.X-ray diffraction on a single crystal

11.1.2.3.1. Single crystal choice
X-ray crystallography is a powerful technique for revealing the structure of materials at the
molecular and atomic levels. It can only be performed in great detail on single crystal

samples. The required single crystal must meet the following requirements:
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- A sufficiently large diffracting volume.

- Atiny volume, so that absorption phenomena are minimized.

- Must be immersed in the homogeneous region of the beam.

- It must be as homogeneous and isotropic as possible.

To meet all these requirements, the average size of the crystal must be less than 0.5 mm.
11.1.3. Structure determination

The determination of the crystal structure by X-ray requires two main phases. The first phase
consists of processing the crystallographic data, and the second phase consists of solving and
improving the structure.

11.1.3.1. Integrated intensity

The experimental measurements determine the integrated intensity | as a function of the angle
of Bragg. After subtracting the continuous background, the integrated intensityl,;;, i.e. the
area under the curve I,can be measured for each diffraction peak. This integrated intensity can
be used to calculate the square of the modulus of the structure factor, Fy,;, taking into account
a number of proportionality factors.

The formula that relates the integrated intensity of a diffraction peak to the structure factor in

an X-ray diffraction experiment is written

M= P32 == [L] X [P] X [A] X [T] X [E]|Fyal? (11.2)
Iy Vcw
Where: lo is the intensity of the incident beam.

AWavelength.
ro the classical radius of the electron.
V. the volume of the elementary mesh.
V the volume of the diffracting sample.
wthe angular scanning speed (rotation of the crystal around the axis w).
[P] the polarization factor.
[A] is a factor that takes into account absorption effects.
[E] takes into account the effects of extinction.

[T]is the Debye-Waller factor, which comes from the fact that the atoms
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vibrate around their average position.

Considering that the vibrations of atoms are isotropic in the situation of a monoatomic solid:
Bsin?
T=e 2 (11.2)
With B = 8n%(U?),{U?)being the mean square displacement of the atoms at the considered
temperature.
e [LJis a geometric factor, called the Lorentz factor, which depends on how the

integrated intensity was measured.

The formula (I-5), with the factor (A) and (E) taken equal to the unit, is valid for a crystal of

small size or a mosaic crystal made of slightly disoriented crystallites.
11.1.3.2. Atomic scattering factor

In the study of X-ray diffraction, we can recognize, as a first estimate, that matter is composed
of impartial atoms with the influence of chemical bonds in the electronic distribution
neglected (rigid pseudo-atom approximation), which provides a great convenience of use
when processing experimental results, especially when refining the structures by the method
of least squares. The pseudo-atom is thus considered to have a nucleus and an electronic

cloud.

The frequency scattered by an atom is the total of the amplitudes scattered by all its electrons.
This is called the atomic scattering factor. The chemical composition of the atoms, the

diffraction angle 26 et and the X-ray wavelength all influence this quantity.

For each pseudo-atom, the associated electron distribution follows the motion of the nucleus
without distortion and is given, at a point 7, for a given position of the nuclei in the scattering
system by :

,0(7: ﬁ) = ZK,{(F - RK,Z) (11.3)

Where R represents the set of instantaneous coordinates of the nuclei and Ry ; is the position
vector of the nucleus k in the mesh I. The diffusion factor relative to the pseudo-atom Kk is then

defined as follows:

fe(H) = [ pF)e ™M dy (11.4)
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11.1.3.3. Structure factor

The structure factor Fn is the sum of the waves scattered by all the atoms of the mesh in the
direction of reflection hkl . It is determined by the location of each atom and its scattering

factor. It represents the concept of X-ray diffraction.
It is defined as the sum of all atomic contributions each affected by its phase shift
cp].depending directly on the position of atom j in the mesh:

N
F = Z}_=1 fjexp(iq)j) (11.6)

where N is the number of atoms in the mesh, f; is the scattering power of atom j, given by the

International Crystallographic Tables as a function of Size, where is the length Aof the X-

radiation used, o is the phase shift between individual atoms in the mesh, formulated by:

¢, = 2n(h.x; + k.y; +1.2)) (I.7)

Where (x;, yj, z;) are the coordinates of the atom j in the plane (hkl).

The structure factor is therefore written as:

-5

F(H) = [, p(®) e?™HTdv (11.8)

F(hkD) = X, f; exp (i2m(hx; + ky; +1z;))  (11.9)

Or by separating the real part from the imaginary part:

Firy = Agrry + By = |F(hkl)€i‘p(hkb| (11.10)
With:
F(ﬁ) =Xf; (COS 27 (hx]- + ky; + lzj) + isin2m (hxj + ky; + lzj)) (1.112)

The structure factor involves:

e The atomic diffusion factors of the atoms in the pattern,
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e The Debye factors which depend on the temperature and the nature of
the atoms of the mesh,

e The relative positions of the atoms in the mesh.

11.1.3.4. Temperature factor

An atom in a crystal is held together by a multiplicity of factors. A disturbance
results in an oscillation of the atom around its equilibrium position. Any crystal
has a disorder at a temperature T due to the thermal agitation of the atoms in the
crystal. The movement of these atoms around their equilibrium position within
the mesh reduces the structure factor, which means that they have modified the
diffracting power of the atom (temperature factor of the atoms). As a result, the
amplitude of the atomic dispersion of a moving atom is reduced compared to that
of a stationary atom [7]. The temperature factor is expressed in the harmonic

hypothesis of the motion of the nuclei (small displacements) as follows
T =<ed® (1112)

Where Uj is the instantaneous displacement vector of atom j with respect to its equilibrium
position.

Equilibrium position. Thus the structure factor is expressed as :
F(ﬁ) =Y,fjexp (iZn(hxj + ky; + lzj)) (1.13)

In the direct reference frame,U; = U,d, + U,d, + Usdsln the reciprocal normalized frame

|
w*l

A

Defined by: =21 F =22} =&

a; a3

(11.14)

i

The vector Hcan be written in the form:

H =H," + Hy* + H,k* (11.15)
After the calculations, we find that we can then calculate

((H.U.),) = (hUy + kU, + LU5))? (11.16)
=YX} HiUyH; (11.17)

where
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_ (uuy)
ij — a—::a—}:

U (11.18)

The temperature factor is written as follows:

Tj

= exp [_27T2 [hia%*ull + h%a%*uZz + h%ag*'l,lgg + 2h1h2a1a2u12 + 2h2h3a§a§'l,l,23 +
2hhadiaiuss]|  (1119)
Therefore, it becomes:

T, = exp (—Znuj (Sij")z) (11.20)

Where, 6 is the Bragg angle and A is the wavelength of the radiation. If of U;plus is the
same for all atoms in the crystal mesh then (Uj =U), the thermal agitation is represented by

an overall temperature factor B.

B = exp (—2nZU (5129)2) (11.21)

This has the effect of lowering the diffracted intensity. This phenomenon being all the more

marked for large values of 6.
11.1.4. Crystallographic data processing

The diffracted intensities constitute the raw material from which the crystal structure is

derived. Indeed, they are related to the structure factors observed by the relation:

Lt = |Fopsiral®  (11.22)

11.1.4.1. Correction of intensities

Several errors impact the measurements of these intensities at the experimental level. Some
are related to the diffraction angle; they lead to two types of corrections: the Lorentz
correction and the polarization correction. The others are related to the physical

characteristics and the nature of the crystal, which can be characterized as follows:

e The temperature correction.
e The absorption correction.

e The extinction correction.
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It is essential to have high intensity values to determine the location of atoms in the crystal
lattice. The primary material data for structure resolution is a series of intensities acquired
by a diffractometer. Corrections to the observed intensities are made prior to structure
determination.

11.1.4.1.1. Lorentz-Polarization correction

As this raw intensity of the diffracted beam is affected by the partial polarization of the input
X-rays and as the speed of crossing of the Ewald sphere by the multiple nodes varies, a
systematic correction is performed. This is done using the "XCAD4" application [8], which

employs a combined Lorentz ®-polarization correction [9] as described by the expression :

(11.23)

1 [cos2 20,+c0s%26 | 1+c0s 20, +cos? ZBC]

Lp =-
p 2 1+cos2 26, 14+cos 26,

while:
e Omn:is the Bragg diffraction angle on the monochromator

o 20m=12,2°for deletion k«of Mo.

e 6.:is the Bragg angle of reflection considered.

The expression of this factor Lp depends on [10]:

1. The relative positions of the monochromator and the tube.
2. Of the degree of mosaicism of the graphite crystal.
3. The diffractometer used.
Once the Lorentz-Polarization correction is done, the diffracted intensities are transformed

into structure factors by the relation:

with
Iraw
Fops =22 (11.24)
while:

®Hendrik Antoon Lorentz(1853 - 1928 ) is a Dutch physicist who has distinguished himself
by his theoretical work on the nature of light and the constitution of matter. He is co-winner
with Pieter Zeemandu the 1902 Nobelde Physical Prize.
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Iy = 2LE-RE) (11.25)

Npi

A: Attenuation coefficient (ATN), ATN depends on the counter filter.
R: Ratio of task count time to continuous background count time (often taken as 2).
B: total count on continuous background.

Npi: scan speed.

11.1.4.1.2. Lorentz correction

By rotating the crystal at angular velocity o, the reciprocal lattice rotates around its origin at
the same angular velocity. Any node (h k 1) in this plane acquires a linear velocity v equal in
modulus to wy;

The time it takes a node to traverse the Ewald sphere is inversely proportional to the normal

component V, along the direction of travel, which is that of vector s.[11]

Figure 11.4. Lorentz correction for a crystal rotating about an axis normal to the plane

defined by the incident and scattered X-ray beams.
In a real crystal, the lattice is not infinite. For this reason, the nodes of the reciprocal lattice

are no longer point-like, and are therefore represent ed by small spherical volumes (Figure
11.4)
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Figure 11.5. Lorentz correction

The Lorentz factor is an angular correction given to any hkl reflection to account for the
velocities V' with which the hkl nodes pass through the Ewald sphere account for the

velocities V with which the hkl nodes cross the Ewald sphere:

L=—— (I1.26)

sin2 0

The figure 11.5 illustrates the fluctuation of this parameter with angle 2 6. In reality, Lorentz
correction is always associated with polarization correction. It is generally known as

Lorentz-polarization correction, which is designated by the LP parameter.

&

Coefficient of Lorentz

0 9.I:I 180
The diffraction Angle

Figure.l1.6. Lorentz factor
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11.1.4.1.3. Polarization correction

X-rays undergo a partial polarization after diffraction. The scattered wave can be
decomposed into a wave perpendicular and another parallel to the diffraction plane (figure
.6).

Incident X ray

- A

refracted ray

Figure.ll.7. polarization of X-rays

Only the wave perpendicular to the plane of incidence is dispersed without change. The
other is partially polarized in the direction 26 (the dispersed wave is normal to the
orientation of the diffraction). [12].

Therefore, the diffracted intensity decreases. The latter is multiplied by the polarization

factor, as has been proven.

p =~ (1 + cos?26) (11.27)

For a given reflection, the diffracted intensity is then, in the following form:

_ Imesured
| = mesured (11.28)

Where (Imesured 1S the intensity measured by experiment)

Io
1+cos2 26
2

I = (11.29)

The angle 2 0 varies between the extreme values 0 and , (figure 1.8) and consequently the
polarization factor P varies between 1/2 and 1. Thus for each reflection, the measured

intensity is P times the real intensity.
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Figure 11.8. Polarization factor

11.1.4.1.4. Temperature correction

The atoms of a crystal are not immobile, they are animated by vibrations around their
equilibrium position, vibrations whose amplitude varies with the temperature according to
the elements; this is the mechanism of thermal agitation. Because of their deformations, the
electron density of each atom will be distributed in a volume greater than its volume of rest,
resulting in a decrease in its atomic diffusion factor. Thermal agitation causes the atom to
occupy a sphere, according to the Debye’-Waller & approximation [13], and the scattering

factor of this atom is given by the relation [14].

_Bsin%g

f=foe z (11.30)

The associated temperature correction [12] is:

_Bsin?6

T=e < (1.31)
Where:
f0: The diffusion factor of the atom at rest; B: the isotropic temperature factor that can be

expressed by the relation [15]:

B = 8n%(U?)(11.32)
(U?):is the root mean square amplitude of the vibration of the atom along the direction

normal to the reflector plane.

"Peter Joseph Wilhelm Debye (1884 - 1966 ) is a Dutch physicist and chemist. He
was awarded the Nobel Prize for Chemistry in 1936.

8lvarWaller(1898-1991) is a Swedish professor of theoretical physics at Uppsala University
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11.1.4.1.5. Absorption correction
When X-rays penetrate a crystal, part of the energy is absorbed, which lowers the intensity.

The scattered intensity is given by the formula of Beer[°]-Lambert(°]

I = Ije Mt (1.33)
while:
e [,: Incident intensity.
e [ : Transmitted intensity after passing through a thickness L.

e 1 Absorption coefficient.
The thickness L has two components (figurell.9) one L1 before diffraction by the volume

element dV of the crystal and the other L2 after diffraction.[16]

I.:/ R-X diffracted

dv
RY incident %

cristal

Figure 11.9. X-ray path in the crystal

To evaluate the absorption of the whole crystal, we will calculate the transmission factor T
Defined by :
T = [ e hlitla) gy (11.34)

9August Beer(1825-1863) is a German mathematician, chemist and physicist.
10Jean-Henri Lambert(1728-1777 ) is a mathematician and philosopher from the 18th
century.

Which is generally very close to 1 and mainly affects structural factors with high modulus

in @
and low Sl;
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11.1.4.1.6. Extinction corrections
Extinction is a decrease in diffracted intensity caused by the volume of the crystal [17].

There are two categories of extinction: primary and secondary.

11.1.4.1.6.1. Primary extinction

The phenomenon of extinction is related to the calculation of the reflectivity of a perfect
crystal, i.e. a crystal whose angular deviations of the reticular planes do not exceed a few
seconds of arc. The kinematic theory is replaced by the dynamic concept for such a crystal
[18-19].

Only the waves scattered by the different points of the crystal interfere in the kinematic
theory, whereas in the dynamic theory, an interference state is established between the
incident and scattered waves, forming a coupled system. The primary extinction coefficient

is calculated as follows:

Y, = I’—d (11.35)
Where is the integrated intensity provided by the dynamic theory and I. that provided by the
kinematic theory; This coefficient is unknown which makes it difficult to solve it is the
phase indeterminacy problem. The structure factorF,xcan be expressed as the vector sum of
the atomic scattering factors fj associated with each atom in the crystal lattice [20] Figure

11.10.

Figure 11.10. A representation of the structure factor in the complex plane, sum of the

contributions of each atom.
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Figure 11.11. Primary extinction

11.1.4.1.6.2. Secondary extinction

The impact of this extinction is particularly noticeable for low values of sin 6/4 where the
intensities are high. Due to absorption and subsequent reflections by the contacted reticular
planes, the intensity of the incident X-rays decreases as they enter the crystal volume
(primary extinction). At the expense of the following planes, the first reticular planes refract
more X-rays. Secondary extinction occurs when the intensity of the diffracted light
decreases [21].

The secondary extinction can be corrected. The expression linking the calculated structure

factor to the observed structure factor is written:

Fear = Fobs(1 +9. Ical) (”-36)

Where g: secondary extinction coefficient.

The value of g is 107 to 10 and can be refined by least square like any other parameter.

The secondary extinction can only be characterized by seeing the crystal as a mosaic, i.e. by
creating perfect blocks of dimension t with minor disorientations from each other (less than
0.5 degree) (figure 11.12).

In fact, we can confront two types of crystals: type I crystals, whose extinction is controlled
by the width of the mosaic, and type Il crystals, whose extinction is governed by the average
dimension t, of the perfect domains.

The majority of crystals currently examined are type | [22]. Due to the complications of the
extinction event, approximations have been used in the evaluation of secondary extinction.
[23]. The distribution is assumed to be isotropic, which allows the formula for the secondary
extinction factor to be derived easily.
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Incident ray

Figurell.12. mosaic crystal

11.1.5. Structure factor

The interatomic distances in a crystal are of the order of angstroms, which imply that the
rays used in a diffraction experiment will have wavelengths ranging from 0.5 to 2 A°. The
electrons of the atoms of the matter will interact with the X-rays, which are electromagnetic
waves. Only the coordinated scattering of photons by the atoms without energy loss is
important to us. The results of the diffraction experiments give us access to the electron
density maps in the crystal lattice.

Indeed, each atom of atomic number Z contains Z electrons that are distributed around the
nucleus.

Each electron j has its own electron density p(r)jet a form factor fe , fais the atomic form
factor or atomic scattering factor which is the sum of the form factors of each electron in the

atom :

fa = %£(0) = Xp(r)e' dv(r) (11.37)

Since the lattice often includes many atoms, the determination of the amplitude diffracted in
a specific direction is acceptable, as is the combination of the complex amplitudes fa
scattered by the atoms. This amplitude diffracted by all the atoms in the crystal is known as

the structural factor, and it is recorded:

in6 2 )
Fu = X N;fjexp (—Bj (Sl: ) > (exp (lZ(hXj + ky; + lzj))> (11.38)
With:
Nj: number of atoms in the lattice.

fj: diffusion factor of atom j.
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: 2
exp (—Bj (g) ) : Fourier transform of the Gaussian probability cloud replacing

the point position of the atom with Bj : isotropic atomic shift factor of atom j.
exp(i2(hxj+tkyj+lz;)) phase of the scattered waves with :

Xj, Yj, Z] : reduced coordinates of the atom and hkl Miller indices marking a family of
lattice planes.

By definition, the diffracted intensity is none other than  I=|Fuaf?, it is thus a matter of

going from

e [hkl obtained by the experiment to the atomic coordinates Xj, Yj, j in the mesh. In
reality only structure module is accessible to the experiment the phase of F#ikl result
V: the volume of the crystal (which must bathe entirely in X-rays).
e T: Transmission factor, it evaluates the fraction of intensity transmitted by the
crystal. It is a number less than unity.
Multiply the measured intensity by T to obtain the absorption correction. As a result, the
diffracted intensity is much greater than the recorded intensity. [24]
Many solutions have been devised to solve the problem of knowing T. In general, three

absorption correction procedures are used. Namely:

1- The numerical corrections: analytical [25], Gaussian [26], spherical and cylindrical.

2- Semi-empirical corrections: Psi-Scans [27], CAMEL-JOCKEY [28] and Multi- scan
[29].

3- Refined corrections: DIFABS [30], XABS2 [31] and SHELXA [32]

11.1.6. Scattering factor

The atomic scattering factor is the Fourier transform of the electron density of the atom. The
atomic scattering factor is equal to the number of electrons Z for the zero value of 26.
However, at the mesh, the electron cloud is not point-like, indicating that the atomic
scattering factor decreases with the diffraction angle (destructive interference). As the atoms
in the crystal fluctuate around their average atomic position (due to temperature), the X-rays
do not perceive the atoms in the same position in the different crystal meshes.

In the case of an atom, the electron density has, to a first approximation, a spherical

symmetry, and the intensity scattered by an atom is called the scattering factorand depends

only . Figure 11.13 gives some examples of atomic scattering factors.

sin@
A
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Heavier atoms have a slower decay of the scattering factor, because of the greater (relative)

electron density at the center of the atom.

atomic scattering factor

e

A
0.4 0.6

sirus{helalamiaa

Figure 11.13. Atomic scattering factors for some atoms (normalized to the total number of
electrons).

11.1.7. Structural resolution

The search for the structural model using experimental data, including intensities from X-ray
diffractometry, is called internal resolution. Exact determinations of the intensities of the
allowed reflections, as well as the characteristics of the diffraction peak profile, are
necessary for this method. In addition, the dimensions and multiplicity of the crystal lattice,
the type and composition of the chemical species incorporated in the crystal lattice, and the
appropriate space group must be specified. Once this data is accessible, the atomic positions
within the crystal lattice can be recognized. Once this information is accessible, the atomic
positions within the crystal lattice can be recognized. The structured decision must be made
with the help of the program WINGX, which is currently under development. Realizes a
Windows interface that gathers the majority of the software necessary for the treatment of
most crystallographic problems, such as SHELX, which is a software for the resolution,
analysis and refinement of structures.

It allows the use of X-ray or neutron diffraction data from single crystals, twinned crystals
and crystalline powders. Of course, the algorithms and their improvements are formally
valid and consistent with existing crystallographic practice. SHELX is widely used and can
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also be used to interact with other programs. Several strategies have been established in
WINGX to solve structures from samples for example: Patterson's method [33], direct
methods [34-35], direct space methods [36], maximum entropy method [37].

11.1.7.1. Patterson's method heavy atom method

It has been commonly used to determine crystal structures. It is simple to locate an atom that
iIs much stronger than the rest. The interatomic paths of these atoms have a much higher
weight than the rest. In this case, the Patterson function'! is generally useful for locating the
heavy atoms in the lattice and, consequently, for determining the approximate phase value of
each structural component. As a result, the dreaded phase problem is often solved and the
Fourier transform %2, which gives the electron density in the lattice [38], can be calculated.
Then, using an incremental algorithm, more atoms are found and more atomic sites can be

determined.

11.1.7.2. Direct methods

These direct techniques are frequently used to generate a reasonable approximation of the
phases of structural factors. As phases are calculated using statistical and probability
calculations, they are also called mathematical techniques. Phase recognition helps you

calculate electronic density and determine atomic positions.[39]

HArthurLindoPatterson(1902-1966) He is a British crystallographic.

12JeanBaptisteJosephFourier(1768-1830), is a French mathematician and physicist.

It is based on the following fundamental assumptions:

e Electronic density is positive throughout the space.

e Atoms are distinct entities. Electronic density is closely related to their position.

e The structural factor amplitudes carry phase information.
If the initial model is correct, there is convergence and the coordinates of the highlighted
atoms are refined. In contrast to Patterson’s method, direct strategies [40, 41] attempt to
determine a structural model without exploiting phase information. From the measured
intensities, these methods attempt to predict the phase, or more precisely, the limits of
conceivable phase values. These methods have been developed by two pioneers in the field,
KARLE and HAUPTMAN [12], and are particularly well adapted to organic compounds.

They are also considered mathematical methods since the phase is established via statistical
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and probability calculations. Phase recognition makes it possible to determine the electronic
density and to deduce the atomic positions. The most commonly used numbers are U and E,

which are closely linked to structural variables by direct processes.

_ Fira
(kD=5 (1139)

|(hkD)|? = Z%"j (11.40)
U: called the unit structure factor; E: called the normalized structure factor.
n: number of atoms per cell; fj: diffusion factor of atom j.
Both resolution strategies (Patterson’s method and direct methods) find massive or
moderately heavy atoms. Repeated Fourier difference synthesis uses the following

relationship to predict the positions of the remaining atoms:

Povs = Peat = 7 X Zic | Fops| — |Feqrle72milhx+ky+12)] (11.42)
cal: the estimated electronic density from the locations obtained during the resolution, i.e.,
from the calculated structural factors Fcai; obs: the electronic density calculated from the
observed structural factors Fops MULTAN and SHELX are two of the best known

computational algorithms.

11.1.7.2.1. Standard structural factor

The Knowledge of the Standardized Structure Factor |E},;| helps solve the phase problem. In
addition, the study of the distribution of |E;; | allows us to clarify the possible existence of a
centre of symmetry in the crystal and thus to lift the indeterminacy between the centered and
the non-centric structures. The important role played by |E;;; | values makes it essential to
calculate their values with the greatest accuracy. Three methods are known and commonly

used.

e K curve method

The module of the standard structure factor is defined by the:

I sinf

K=l (D), . S=== (1143)

€is a space group dependent parameter.
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It is easy to plot this function, hence:

- 2 |Fﬂ|2K(s)
|Ey|” = st,-f,.z (11.43)

Where the value of k(s) is read on the curve.

e Wilson’s method
The previous technique has a critical defect in that it exploits the curve for significant values

of sin; this problem can be solved by searching the value

log((1) (11.45)

& Z] fJZ
depending on.

sin 8
A

(11.46)

The various points obtained are approximately on a straight line, so easy to exploit,

(I) =AY, fFexp (—B (Si;“’)2> (11.47)

B is the temperature factor and A is the scale factor adjusting | to the experimental intensities.

The value of A is the Y-axis and -2B is the slope of the line.

e Debye method
One of the limits of the Wilson curve is that the least squares line does not reach the bumps

. . ino
observed in the mean variations. | based on(s’:

2
) these bumps are generated by the

molecular structure of the compound. This can be corrected by replacing Y.; sz
ByX.9gx (11.48)
Where g is the diffusion factor calculated from the Debye formula:

sin KTij

9=XIT AL (149)

__4msin®

Where =~ 2
the molecule.[42]

;rijthe distance between atoms i and j; m being the number of atoms in
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11.1.8. Structure refinement

The objective of structural refinement is to identify the best positions of atoms. At the same
time, it makes it easier to spot hydrogen atoms. The latter, which are generally too light, do
not appear before the refining process.

A quantity f is measured n times according to p parameters: X, y, z... Each evaluation i is

liable to an error ei [12].

We have:
Fi+e =ayx+ by +cz+ - (11.50)

Fi+ei =al-x+ biy+CiZ+"‘ (“51)

E,+e,=apx+byy+cz+-- (11.52)

Based on the least squares principle, the best values of x, y, z, ...are those that minimize the

sum of error squares:

§V=1 eZi = Z?’zl(aix + bly +ciz..— Fl')z (“53)

This sum must have a minimum value, which amounts to cancelling the derivative of this

- alevezi_alevezi_ale\’ezi
expression, namely T (11.54)

The analysis of the results is particularly necessary to ensure that all the interatomic distances
and angles between the bonds in addition Thermal agitation ellipsoids must have volumes
compatible with adjacent atoms. Its development is controlled by relativity factors R1, R2,
and GooF (Goodness of Fit) evaluation.

11.1.8.1. Least squares method

The refinement methods involve varying the parameters (atomic coordinates, thermal
agitation factors) of each atom to minimize the reliability function:

R = X sm(IF%| — KIFPP)?=E,ms AF? - (11.55)

wsisthe weight assigned to the reciprocal vector diffraction task S and k a scale factor between
the calculated and observed factors.

R=R(Xy oo, Xiy oo Xy)  (11.56)
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When the minimum R is reached, all 6R/6xj derivatives are null and:

6AFg 6|5 al]

S mAF, 2% = 0= T mAF, 2= 1= (11.57)

In the first order, we can write:

A () = i |2 B -moaF, G'Fsl | . ax, (11.58)
The best xi are the system solutions of N linear equation

Z AX Z 6|KFSCal| 6|KFSCQI| Z 6|Fscal| II 59

S S u; 611.]' - SmS 6‘Ll.j ( . )

By asking:
cal cal
—Y.m 6|KF | 6|KF | —Y.m 6|FS Y (11.60)

Ui 6u]

The system of normal equations is written:aij.Axi=yiThe resolution of this system assumes a

symmetrical matrix inversion:

AX; = (a;)Y;  (161)

To simplify the problem, we can notice that each element of the matrix «ij is a sum of a

partial derivative product whose signs are random.

a. Reliability factors
We improve by using the least squares method, which improves the squares of the Fhkl
components. We use relativity factors R (unweighted) and Rw (weighted), which are defined
as follows:

1

R = {2(|Fobs|2_|Fcal|2)2}E (“62)

Z|F0b5|2

Fops:Observed structural factor; Fca:Calculated structural factor.

1

R, = {z(|F0bs|2—|Fcaz|2)2}5 (11.63)

2 w|Fopsl?

olis the weighting factor attached to the FObsmeasurement of the structure factor.

w:Iis the weighting factor attached to the Fobsof the structure factor given by:

1
[ ( obs)+(ap)2+bp]

(11.64)
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(aAndbare constants)

2
2Fcal+MC;x(Fobs.a) (11.65)

Wherep =
The more the concordance between the Most the concordance between Fo , and Fcal iS better
the values of R1 and wR> tend towards zero.

_ Z(“Fnbsl_chal”)
R N ZlFobsl (“66)

b. Goodness variance factor (GooF) estimation

The LSFM (least-Squares-Full-Matrix) program uses a mechanism similar to the R-factor to
provide information on the divergence between the estimated model and the actual structure,
namely the GooF (Goodness of fit) factor, which is described by:

1

L
GooF =S = {ZGFOMS__;FMIZ) }2 (1.67)

n: number of reflections in the refinement; p: number of parameters in the refinement When S

tends towards 1 we have a good refinement.

c. Fourier synthesis
These direct techniques often provide a rough approximation of the phases of structural
factors. As phases are calculated using statistical and probability calculations, they are also
called mathematical techniques. Knowledge of the phases makes it possible to calculate the
electronic density and to establish the atomic positions. It is based on the following

fundamental assumptions:

Fourier coefficients are defined as:
AF = Fops — Fear (11.68)
Where:
FopsandF caiare the observed and calculated structural factors.
The difference synthesis calculation requires the use of the FCal phases obtained from the

refinements and applied to bothF,,and F,,;, the Fourier coefficients are then defined as
AF = (lFobsl - |Fcal|)i¢ml (”-69)

@carcis the calculated structural factor phase.

Ap = Pobs — Pcal = %thlAFhkle_Zi(h“kyﬂz) (111.70)
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11.2. Spectroscopic analysis
11.2.1. Introduction
Spectroscopy depends entirely on a radiation interaction with matter (atom, molecule, ion, and
so on); etymologically, spectroscopy reads the motion of an image by accurately identifying
this item the structure identification. An orderly arrangement of electromagnetic radiation is
categorized in ascending order based on the frequency, number of waves, or wavelength d of
the known electromagnetic radiation (Figure 1).
We differentiate between atomic and molecular spectroscopy, originating from a radiation-
matter interaction. If the contact is with atoms, a spectrum of lines such as x-rays, atomic
absorption, and so on will be produced.
If contact occurs with molecules, the spectra of bands under the envelope all cover lines of all
the molecule atoms that are likely to suffer alterations due to the applied effect. These
methods are often employed to obtain quantitative or qualitative data from small-scale
chemical molecules. This may be done in scientific research (astronomy, atomic physics,
chemistry, biology, and so on) and industrial sectors (chemical industries, medicines, food,
and so on). Radiations are responsible for various spectroscopies that may be distinguished
based on the excitation wavelength.

e UV-visible light has a wavelength range of 2000 to 800 nm.

e Infrared has a wave number range of 4000-200cm-1, which includes near-infrared,

medium infrared, and far infrared.

e Inthe case of NMR, radio waves with a frequency of 800 to 10 MHZ are used.

+ Increasing Frequency (v)
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Figure 11.14. Spectral domains of electromagnetic waves
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11.2.2. IR spectroscopy
Spectroscopy being the study of the interaction between light and matter, there are many
forms of spectroscopy that we can use to collect data on the structure of a molecule. The
molecule irradiates a sample with infrared light, which can interact in some way with the
compounds in the sample, and then ends up reaching a detector so that some of the light is
absorbed by the sample, others not, still others pass and this is information that we can use to
discover something about the structure of the reason why we use infrared light is that another
molecule that we already know that molecules move has a translation movement.We know
that thermal energy is converted into kinetic energy. It is converted into motion so that the
molecule says that one gas or even one liquid moves relative to another, and thanks to
conformation analysis, we also know that the bonds are in constant rotation. Time, so all
sigma bonds have a rotation motion, but chemical bonds do other things too if they can do
those other things that happen specifically when they are exposed to a very specific
wavelength of infrared light. Something like a symmetrical or asymmetric stretch in which
covalent bonds can contract and expand according to a certain oscillation, depending on
whether they have absorbed this particular photon of ultraviolet light. One can also have an
asymmetric stretch or an asymmetric stretch in the plane and a twist. [43, 44]
These vibrations occur at a particular energy when the molecule absorbs a specific
wavelength from the infrared and it will vary depending on the functional group, so the
identity of the atoms in a molecule will affect the absorption photon, this information is used
to generate an IR spectrum. The IR spectrum has two axes: At the bottom we have the wave
number which indicates the particular energy of infrared light while the second axis
propagates the transmittance or the percentage of the specific wavelength if we have 100% or
nearly 100% information of transmittance. This means that the infrared light that corresponds
to this number of waves passes through the sample. It is not absorbed by the sample. Then
when we have peaks where we have information, it doesn’t get to the detector, they are
therefore absorbed by the sample and there is a particular functional group in the molecule
that is in the sample that absorbs the IR light from this wave number, which reveals the type
of bonds in this compound.

Analytical infrared uses electromagnetic radiation between 1 and 50 m to detect or measure
chemicals by methods based on the absorption or reflection of light by the sample. This
localized radiation lies between the visible and microwave regions of the spectrum, beyond

the wavelengths in the red. The infrared wavelength ranges from 0.8 m to 1000 m. It is
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arbitrarily classified into three wavelengths: near infrared (0.8-2.5 m or 12500-4000 cm-1),
middle infrared (2.5-25 m or 4000-400 cm-1) and far infrared (25-1000 m or 400-10 cm-1).
The transition between these vibrational energy levels is analogous to the simultaneous
occurrence of two processes:

* The interaction between the electric field of incoming radiation and the electrons within the
material, resulting in changes in the electric dipole moment and, as a result, atomic vibrations.
* Planck's law governs the absorption of incoming light energy, which matches the energy gap

between two vibrational levels.
AE = h, = (v)) —E(v}) (11.72)

With the Planck constant, the frequency of the incoming radiation, andE (v;),E (v;) are the
energies of the molecule's vibrational states.

Infrared spectroscopy is the process of exposing a sample to infrared radiation, then detecting
and analyzing the radiation after it interacts with the substance. This high selectivity
analytical approach is mostly used for chemical identification. It does, however, give useful
information on intermolecular and intramolecular interactions, molecule shape, and the
structural arrangement of substances [45].

Harmonic oscillators are used to show the composition of a material in the field of infrared
spectroscopy. Chemical bonds serve as spring-like forces, connecting atoms together. In this
case, Hooke's law governs the vibration frequency, which is determined by the spring

stiffness constant (k) and the decreased mass (u),

1 k
Voip = 5\/; (11.72)

Referring back to the preceding link, the strength of chemical connections and the particular
atomic group involved influence vibrational frequencies. In layman's words, each vibrational
frequency correlates to a unique chemical connection. As a result, when incoming radiation is
absorbed at a certain frequency, it resonates with the vibration of a specific chemical bond,

resulting in a unique infrared absorption spectrum typical of the sample being analysed [46].
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Figure 11.15.Types of vibrations.

In addition to the figure described stretching and bending vibrations, there are four forms of
bending vibrations: wagging, scissoring, rocking, and twisting. Each vibration would absorb a
particular frequency of IR. Shown in the following chemical vibrations:[44]

1. Rocking: A rocking vibration occurs when the atoms of a molecule move back and
forth, changing the angle between them. This may cause a change in the molecule’s
dipole moment.

2. Scissoring: A scissoring vibration occurs when the atoms of a molecule move in
opposing directions, changing the angle between them. This may also cause a change
in the molecule's dipole moment.

3. Twisting vibrations occur when atoms in a molecule spin around a bond axis, causing
the molecule to alter form. This may cause a change in the molecule's dipole moment.

4. Wagging: A wagging vibration occurs when the atoms of a molecule travel back and
forth, changing the angle between them, similar to a rocking vibration. This may also

cause a change in the molecule's dipole moment.
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Each of these kinds of vibrations may be seen in a molecule’s infrared spectrum, and they can
provide important information about the molecule's structure and capabilities.
If the bonds between atoms in the target material enable these atoms to vibrate at this

frequency, a photon of light with an infrared frequency will be absorbed [47].

11.2.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance is a method that uses magnetic discipline and electromagnetic
frequencies to examine molecular systems. To obtain excessive magnetic fields,
superconducting magnets are used; decreasing fields can be generated by permanent magnets
or electromagnets. The model is thus positioned at the level of the most powerful discipline
and the maximum homogeneity of the magnet.

The NMR probe includes coils that can be used to excite the model and document signal
responses to the radio frequency. The foundation of NMR is that nuclei behave like
microscopic magnets in a magnetic discipline, they revolve around the primary magnetic
discipline like a rotating pinnacle; this movement is called possession; the frequency of
precessions is proportional to the energy of the magnetic field; additional variations of the

discipline nearby are brought through the conversion of electronic densities in a molecule.

out of magnetical field v in the magnetical field

Figure 11.16: Effect of a magnetic field on a 1/2 spin number nucleus present in a solution
compound.
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Alternatively, the quantum number of nuclear spin I can take the values: 0, 4, 1, 3/2 ... in the
case each atomic nucleus possesses a rotating charge known as nuclear spin, similar to tiny
magnets, resulting in a nuclear magnetic moment. When subjected to a uniform external
magnetic field, the atomic nucleus (its nuclear magnetic moment) can adopt various
orientations. These orientations correspond to distinct energy levels: a lower-energy state
when the magnetic moment aligns parallel to the external field's direction and a higher-energy
state when the alignment is opposite. [48]The energy difference AE between these two states
is directly proportional to the strength of the external magnetic field. The transition from the
lower energy state to the higher energy state can occur by absorbing radiation at a specific
frequency denoted by v, where AE = hv.

NMR spectroscopy, as the name implies, is a type of spectroscopy - an analytical technique
that looks into the energy levels of a chemical species; in the case of NMR (Nuclear Magnetic
Resonance that is), one particular atom at a time is looked at by interacting it with
electromagnetic radiation.

The fundamental components of organic and biological molecules primarily consist of
hydrogen and carbon atoms. As previously explained, NMR spectroscopy is applicable
exclusively to nuclei that exhibit NMR activity, which includes nuclei with non-zero spin (I #
0). Hydrogen, being the most prevalent isotope, demonstrates NMR activity (1H, 99.98%, | =
). Conversely, carbon’'s most abundant isotope does not exhibit NMR activity (12C, 98.89%,
| = 0). NMR spectrometers can solely detect the 13C isotope, which constitutes only 1.11% of
carbon atoms. Furthermore, the gyromagnetic ratio of 13C is also four times lower than that
of 1H. These two factors combine to result in 13C NMR being considerably less sensitive
compared to 1H NMR, as shown in Table 1. This variance in sensitivity necessitates longer
experimental durations for 13C NMR (hours) as opposed to 1H NMR (seconds or minutes)
[49].

Atomic nuclei possessing an odd mass number exhibit a unique property known as nuclear
spin, enabling them to engage with radio waves in the presence of an external magnetic field.
This external magnetic field is what these nuclear spins interact with. Each element whose
nuclei possess this property is characterized by specific resonance frequencies[50-51]. For
instance, among the most common elements, hydrogen and carbon have isotopes with nuclear
spins that resonate at 200 MHz and 50 MHz, respectively (these isotopes being *H and 13C).
When the nuclear spins of these atoms are aligned with the external magnetic field, they can
absorb energy, and this absorption is influenced by the local atomic surroundings. It's

important to note that *H and 13C are not the sole isotopes capable of interacting with an
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external magnetic field; numerous others can do so and can thus be detected through NMR

spectroscopy due to their distinct resonance frequencies, including isotopes like F, 3'P, and

more. In NMR spectroscopy, the signals arising from the interaction of these nuclei with

electromagnetic radiation are compared against a reference compound. In the case of 'H

NMR, this reference compound is Si(CHs)s, commonly referred to as tetramethylsilane [52].

NMR is a powerful tool to retrieve info about the local environment of such nuclei (one at a

time, that is) and this is the reason why chemists use it on a daily routine for many purposes:
> identification of compounds;

structure;

progress of reactions;

local environments;

YV V V V

Identification of same atoms on different regions of a compound.

11.2.3.1 Relaxation phenomenon

Better electron density leads to greater protection and, consequently, a decrease in proximity
discipline and protection frequency. In NMR, the frequency of the pins of the excited nuclei
can be measured from the electrical day they trigger inside the coil. Fourier’s transformation
of the time zone alerts the consequences of the frequency spectrum with a sign for each type
of nucleus. Single frequencies are called chemical shifts because they depend on the chemical
form of the nuclei. In the exercise, spectra are measured for all hydrogen nuclei without delay,
resulting in the ethanol spectrum with 3 unique peaks at unique chemical shifts. As nuclear
spins behave like magnets, they also have an impact on their associates, notably through
electrons shared in chemical bonds within the molecule, what we call a coupling j. Each spin
can have states along the magnetic discipline or against the magnetic discipline. As an
example, we look at the 2 spins of methyl hydrogen that could be chemically equal; they
could give 4 mixtures: one spin down, one spin up, each spin down, one up, one down, spins
up Each mixture has a unique strength stage and has an impact on neighboring spins; in
addition, mixtures up and down and up have equal strength stage and impact on, they have an
impact on is seen as a division of the methyl institution sign into 3, this is called a multiplet.
Similarly, the 3 spins of methyl hydrogen break down the reaction of methylene into 4 alerts.
In the end, NMR makes it possible to discover molecular systems from chemical
displacements and multiplets.

In NMR, certain nuclei have the ability to assume two distinct orientations when aligned with

an external magnetic field (B,). One orientation corresponds to the nucleus's lowest energy
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state (aligned parallel to the external magnetic field), while the other corresponds to its
highest energy state (aligned antiparallel to the external magnetic field) (Figure 11.4). The
difference in energy levels (AE) depends on both the strength of the magnetic field and the

gyromagnetic ratio y.

AE = 220 (11.73)

21T

Antiparallel
8086 m=--12

AE = yhB, Be
QOO0 ® . m=-12

Parallel

Figure 11.17. .Nuclear spin orientations of an aligned sample (parallel and antiparallel) with

the direction of an external magnetic fieldB,.
11.2.4. UV-Visible Spectroscopy
11.2.4.1. Definition

UV-Visible spectrophotometry is a standard qualitative method used daily in many
laboratories, it owes its popularity to its simplicity, in fact it has a wide field of application
and does not require complex sample preparation; Easy to perform and producing results in
seconds, a standard measurement requires only a small amount of samples and since it is a

non-destructive method, the samples can be reused for further analysis.

11.2.4.2. Principle

The principle of visible UV spectrophotometry is based on the absorption of radiation by a
molecule in the range of 200 to 800 nm; from 200 to 400 nm it is close UV, glass absorbs in
UV but it protects against ultraviolet radiation so cannot be used in UV spectrophotometry, it
is replaced by quartz tanks, from 4000 to 800 nm it is the regions of the electromagnetic
spectrum detected by the eye unlike the UV one can use glass tanks, [53-54] the color it is the
manifestation of the absorption of the visible light, when the wavelength is less than 200nm it
is the far UV or all the absorbed substances it is a method based on the modification of the

electronic structure of the molecules, in visible UV the electronic energy of transition masks
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the other secondary energies vibrational and rotational because it is much more important, for
a diatomic molecule that it was in the ground state after the absorption of a radiation it passes

to an excited state that it has for energy.

Ei=Eo+h v (1.74)
Et A E=h v =hc/A (1.75)
From or:

E1: energy after excitation
Eo: energy in a ground state
h: is the board constant
v: is the frequency in hertz Hz
C: is the speed of light in the medium where the wave propagates and A: is the wavelength
The increase of the energy of an electron or a valence light when an isolated molecule absorbs
a photon in the field, UV-visible, the electron passes from a binding orbital to an anti binding
orbital, the return to the ground state is done by a relaxation, the non-radiation is accompanied
by a restitution of excitation energy in the form of heat ,the electronic transition from a
fundamental level to an excited level is accompanied by numerous vibrational and rotational
transitions that condition the pace of the spectrum, the UV spectrum will therefore be a
succession of very little distant rais, each other resulting in a spectrum of bands when the
transition takes place that does not mean that the electron changes its orbital except that the
energy that changes the electrons concerned are the furthest from the nucleus (valences
electrons those of the outer layer), there are 5 energy levels: sigma, n, n* so sigma* and the
two excited levels are sigma* and pi* the electrons n are the non binding electrons, sigma
electrons are those which are simple monovalent of saturated hydrocarbons pi electrons
involved in unsaturated multiple bonds are formed by binding by sigma electrons and one or
more binding by pi electrons, The different types of effects on a spectrum, bathochrome effect
A +, hypochrome effect A -, hyper chrome effect € + and hypsochrome effect € -.
Thus, hundreds of functions will induce absorption; these are chromophores.
e Sigma transition - sigma* in the far UV this transition has no analytical interest, it is
the least studied, it results in an absorption located in the lowest wavelength and
requires a high energy, molecules that exhibit this transition like alkanes can be used

as solvents in UV-vis spectroscopy
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e The n- sigma* transition: the absorption wavelength is around 180 to 190nm with an
average intensity.

e The pi - pi* transition: it is when there are several double bonds that the wavelength
can be between 200 and 800 nm otherwise for the isolated chromophore has only one
double bond it has no interest in the UV, these pi - pi* transitions are average over
energy level and wavelength.

e The n-pi* transition: it is found for molecules with a heteroatom carrying a double
free electronics and belonging to an unsaturated system it is the least energetic
transition with a high wavelength.

In the case of the sigma-sigma* and pi-pi* transition the energy levels of the ground state and
the excited state are on the same axis and are considered possible transitions and absorption
and intense, in the case of the n-pipi* and n-sigma*, ground state and excited state energy
levels are not on the same axis and it is the least energetic transition with a high wavelength.
In the case of the sigma-sigma* and pi- pi* transition, the energy levels of the ground state
and the excited state are on the same axis and we consider that these are possible transitions
and absorption and intense, in the case of the n-pipi* and n-sigma*, ground state and excited
state energy levels are not on the same axis and this type of transition is normally impossible
but probable, we consider:

> If ¢ is greater than 10 * the transition is allowed

> If g is less than 10 *the transition is not allowed

The parameters which characterize the absorption bands are: The maximum absorption
wavelength or the frequency and intensity expressed as emax, we find:

» R (radical) bands: those of the n-pi* transition found in the chromophore with
heteroatoms carrying free electrons.

» K-bands (conjugate): follows the conjugate double-bond system respond.

» B-bands (benzoids): in the aromatic and heteroaromatic molecule.

» E (ethylene) bands: in aromatic molecules substituted by oxo-chromatic groups.

This strategy is widely applicable in a variety of sectors. For example, it may be used to
ensure the safety of electrical energy supply by monitoring the color index of transformer oil
as a preventative precaution.

It is essential in the medical field, for example, in determining hemoglobin concentrations by
evaluating hemoglobin absorbance. This use is very useful in cancer research [55].

UV-Vis spectroscopy is a useful technique in Kinetic investigations of water treatment and
control. It aids in the verification of the successful removal of certain dyes or dye by-products
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by tracking changes in their spectra over time [56]. It is also commonly used in the
investigation of food authenticity and the assessment of air quality.

UV-Vis spectroscopy is also useful in more specialized study fields. Monitoring wavelength
changes associated with absorbance peaks is useful for analyzing exact structural variations in
proteins [57] and determining the composition of batteries [58]. Such wavelength changes are
also useful in modern applications, such as identifying very minuscule nanoparticles [59].
This technique's potential uses are vast and almost unlimited.

11.3. Conclusion

X-ray powder diffraction and molecular spectroscopy approaches have distinct functions in
structural investigation, offering distinct perspectives on the atomic and molecular structure of
materials. X-ray diffraction primarily examines the extended regularity of atomic
organization, whereas molecular spectroscopy techniques offer insights into the immediate
structure, irrespective of the long-range atomic organization. Every approach is associated
with a distinct energy range within the electromagnetic spectrum, enabling a comprehensive
analysis of material characteristics. X-ray diffraction is essential for identifying the spatial
configuration of molecules, their periodicities, and crystallographic and molecular geometric
characteristics. Infrared spectroscopy (IR) is employed to identify distinctive molecular
geometry groups, UV-visible spectroscopy is utilized to assess electronic structure, and
Nuclear Magnetic Resonance (NMR) spectroscopy is valuable for ascertaining the hydrogen-
carbon skeleton of molecular structures. The density functional theory approach may
theoretically validate the outcomes derived from various methodologies, so augmenting the
reliability and precision of experimental data.
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I11.1. Introduction

The modeling of organic structures using molecular graphics and quantum mechanical
approximations is crucial for predicting structural and reactive behaviors in systems. This
method is recognized as a theoretical approach that complements experimental methods like X-
ray diffraction and spectroscopy analyses. Advancements in computational science have made
this possible, enabling the modeling, calculation, and storage of molecular characteristics
analyzed using quantum mechanical methods. These methods are implemented as computer
algorithms to theoretically determine the physicochemical properties of molecular species. The
digital processing of molecular species is based on the fundamental postulates of quantum
physics, with a particular emphasis on solving the Schrédinger equation. Density Functional
Theory (DFT) is a prominent approach to quantum mechanics, widely used for describing the
properties of a molecular system in a steady state. Time-dependent density functional theory
(TD-DFT) is an extension of DFT designed to handle excited molecular states, enabling the
exploration and comprehension of the dynamic behaviors of molecules during transitions
between states or external stimuli. Combining DFT and TD-DFT provides a powerful approach
to investigating molecular properties, advancing theoretical understanding of complex chemical

systems.

111.2. The postulate of Schrddinger

Introduced in 1926, Schrodinger’s postulate constituted the central equation of quantum physics
whose main role was to give the laws that govern the behaviour of objects in the microscopic
state and their evolution over time in the same way as Newton’s equations in classical
mechanics [1].

It is a linear equation to the partial derivatives of the first order in time that allows determining
with precision the instantaneous modification of the wave and therefore to define completely
the function of wave W(r, t) of a particle at any time if we know it-here at an initial moment.
The Schrédinger equation for a system consisting of several electrons placed in a potential or
force field cannot be rigorously solved. Approximate or approximate methods of calculation
can only be used for the determination of the different permissible energy values and the

corresponding atomic wave or orbital functions.

PH = EY (In.1)
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Schrédinger equation for a stationary state while the understanding of the time-evolution
problems of particle motion consists in solving the Schrédinger equation by imposing certain
conditions on the limits to the wave function. At first, and with the help of mathematician
Herman Weyl, Schrddinger was able to calculate all the solutions of his equation for a steady
state that is-when the forces acting on the system are independent of time and the total energy
E of the system is constant[2]. He then finds all the empirical formulas of the spectroscopic
phenomena established by Balmer and Rydberg. The solution of the equation consists in
seeking the part of space corresponding to the wave function describing the studied system
starting from the equation of propagation of a wave according to the law of De Broglie which
is written in the general case:

0%¥(r,t)
ot2

V2AY(r,t) =

(1n.2)

9%2¥(x,y,z,t)
at2

V2AY(X,y,z,t) = (111.3)

9? 9? 9?
A_E-l-a_yz-l_ﬁ (11.4)

AY(x,y,2) + ‘P(X y,z) =0 (lIL.5)

Generalization of the Schrodinger equation The Schrddinger equation can only be rigorously
solved for single-electronic systems. The description of more complex systems requires a
number of approximations. [51] The exact Hamiltonian operator of a system comprising N
nuclei and ne electrons, where the nuclei are designated by A and B and the electrons by k and
I. This operator takes into account the different interactions, it is written as follows according
to several operators, namely: the electron Kkinetic operator, the electron attraction operator by
nuclei, the electron repulsion operator, the nucleus kinetic operator, and the nucleus repulsion

operator. Hence the expression:

Zp

1=—- e yN_© _LIyN R oo
H= Zk 1m, me Vk k=1 ZA:l 4meg rkA Zl>k 4meg.Iky 2 ZA:l Ma VRA t
N N e? ZpZg
SNer T 22 (111.6)

H =Te+The +lee+Th +hn (11.7)
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The first two terms refer respectively to the kinetic energy of electrons T e and nuclei(T n). The
following three terms constitute the potential energy part of hamiltonian and represent
successively the attractive electrostatic interaction between nuclei and electrons(V ne), the

repulsive potentials due to electron- electron(V ee) and nucleus-nucleus (V nn)[4].

The molecular properties that can be calculated by solving the Schrédinger equation are
multiple. These include:

e Molecular structures and energies

e Energies and structures of transition states

e Vibration frequencies

¢ IR and Raman Spectra

e Thermochemical properties

e Binding energies

e Reactive paths

e Molecular orbitals

e Atomic charges

e Multipolar moments

¢ NMR chemical displacements and magnetic susceptibilities

e Electronic affinities and ionization potentials

e Polarities and Hyperpolarities

e Electrostatic potentials and electronic densities

e etc.
111.2.1. Born-Oppenheimer approximation
The approximation of Born-Oppenheimer (1927) [3] (adiabatic approximation) is to simplify
the resolution of the Schrddinger equation by separating the electronic part from the nuclear
part in the wave function. This approximation is based on the fact that electrons are lighter than
nuclei (the mass of a proton is 1836 times that of the electron) [4], they move faster and
therefore react instantly to any change in the position of the nuclei. The Schrédinger equation
can thus be separated into a nuclear part and an electronic part. The approaching wave function
of the system, the solution to this equation, is then written as a product of two functions:

¥(F,R) = ¥, (R)¥, (7, R) (111.8)

A=H.(+R) +H, (111.9)
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:and H, The nuclear operator , H, : is the electronic operator.
Subsequently, the electronic Schrédinger equation is written:
I:Ie (f, E)\Péle (f, E) = 8(R)\Péle (f) E) (I I IlO)

The Born-Oppenheimer energy, for a set of positions R of the fixed nuclei is :

2 IaZ
E(R) = &(R) + XN_; XN, 4, — AP

4neg RaB

(111.12)

This energy allows, for the totality of the positions of the nuclei, to define the Born-Oppenheimer
potential energy surface whose lowest energy minimum corresponds to the equilibrium
geometry of the system. Knowing this energy, one can solve the following nuclear equation and

thus have access to the force constants of the system and its vibration frequencies.
1vN 1 o2 — —
|~ N o VEa + E(R)| 0 (R) = B ¥, (R) (111.12)
A

However, the equation thus formulated can only be solved exactly for hydrogen systems. For a
poly-electronic system, it is necessary to introduce new approximations to define the interacting
electrons. Two approaches are known and will be briefly introduced in this part of the course
and more fully detailed in the second part. The first approximation uses the wave function and

the second one uses the electron density.

111.2.2. Hartree-Fock approximation
The orbital approximation, introduced by Hartree in 1928, consists in writing the wave function
for a polyelectronic system as a product of single-electron spin-orbitals assumed to be

normalized
Ye(1,2,3,...,ne) = 0,(1).9,(2).0,(3) ......(pne(ne) (111.13)

Knowing that each spin-orbital is the product of an electron position function ¢.(r;) and a spin

functionm(s;)
Picny = ¢ (r)-(si) (111.14)

The function n(s;) is associated with two forms: a. for the spin G) et B for the spin (— %)
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This notion was then generalized by Hartree and Fock by writing the wave function in the form
of a Slater determinant [4] constructed on the basis of the wave functions of each electron to
satisfy the Pauli principle [5]. It allows, in this case, to evaluate the best wave function for such

a system by minimizing the energy using the variational principle.

Pray P20 P3» v Pne

0 0 0 - @
We(123,..me) == | 1P 2@ B@ T @ (1)

(pl(ne) (pz(ne) (p3(ne) (pne(ne)

is the normalization factor

1
el
Despite the very satisfactory results obtained, this approach neglecting the correlation term, has
a major limitation: it overestimates the average distance between electrons since it is assumed
that each electron is in an average field created by all the others without taking into account the
inter-electronic interactions and it overestimates the electronic repulsion energy. To describe
the system correctly, Léwdin defined the correlation energy Ecorr as the difference between the
energy defined by the Hartree-Fock method (EHF) and the exact non-relativistic energy of the

system
Ecorr = Eexacte — Enr (”I-16)

These electronic interactions, which are not negligible, have been taken into account to improve
the results and have given rise to new methods called post-Hartree-Fock including the
configuration interaction method (ClI), the multiconfiguration method SCF (MC-SCF), the
Moller-Plesset perturbation (MP) and the Coupled-Cluster method (CC) . Note that in this case,
the wave function is expressed as a linear combination of several Slater determinants. Although
they give good results, these methods are very expensive in terms of time and computational

power and are, therefore, only applicable for small systems.

111.2.3. Approximation (LCAO)

C.C.J.Roothaan [7] and G.G.Hall [8] proposed in 1951 a method of solving the Hartree-Fock
equations based on the theory of molecular orbitals. This theory is now widely used because it
makes it possible to obtain the Hartree-Fock equations in matrix form which will facilitate their
resolution. It is based on the approximation LCAO [8] (Linear Combination of Atomic Orbital),

which consists in expressing each orbital Wi as a linear combination of atomic orbital m:

T,(») = fl:l Cua(pu(ﬁ') (|”17)
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where Cuq are the coefficients of molecular orbitals and ¢, is the set of atomic orbitals serving
as the basis for the development of molecular orbital ¥(r). In a more pictorial way, within the
framework of the theory of molecular orbitals the atoms partially retain their identity.

Each function ¢, corresponds to an atomic orbital, solution of the Schrodinger equation for a
given atom, and centered on that atom. It should be remembered, however, that this is an
approximation of the fact that the base of function ¢.(#) is finite, while an exact expression of

orbitals Wa(r)would require m—oo The equation (1.15) becomes:
fa (Fi) Zfl:l Cya(:bu (Fi) = Si Zh:l C,ua¢u (’Ci) (I I |18)

We will now multiply by ¢(r) and integrate in relation to dm. The different elements the

following matrices can then be introduced:

o the overlay matrix S, representing the overlay between each orbital:

Spv = J, $p(F) 1 (#) dr avec petv =1......K  (111.19)

. The Fock matrix Furepresenting the average effect of the field created by all

electrons on each orbital:
Fu = [ ¢,(#) ¢, (#)dravecpuetv =1......K (111.20)
We finally get the Roothaan-Hall equations:
Yubw Coi =i 20 Suv Cui (111.21)
Or more simply in matrix form:
FC = SC (111.22)

being the matrix of coefficients Cy.

This equation is resolved iteratively from a set of test coefficients. Equations with eigen values,
then iteratively resolved, give both the energy and a new and improved set of molecular orbitals.
A new iteration can then begin. The process ends when the convergence criterion (variation of
the energies of the different iterations below a certain limit) is reached. This iterative procedure

is called the SCF procedure for Self Consistent Field.

111.2.3.1. Atomic bases
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HF equations are not always easy to solve. Therefore, the molecular orbitals OM are expressed
as linear combinations of predefined sets of mono-electronic functions (3u), hence the qualifier

of this approximation: LCAO. Thus, the molecular orbital equation will write:

T; = Yh=1 Cui3y aveci = 1,2,3 .., K (111.23)

There are four types of basic functions (also called atomic orbitals) commonly used for the

calculation of electronic structure:

The Slater or STO orbitals of the English Slater Type Orbitals

o Gaussian or GTO orbitals of the English Gaussian Type Orbitals

The basic digital functions

o The flat waves

Among the atomic orbitals commonly used for the calculation of electronic structures, also
called basic functions, only two will be developed.

111.2.3.1.1. Slater type orbitals (STO)

The general expression of a Slater function [10,11] is given by the following relation:

3c.m(1,0,9) = NY, 1n (6, p)r" tecr (111.24)

Where N is a normalizing factor, Cis the orbital exponential (exponent of Slater, determining
the size of the orbital), (n, [, m) are quantum numbers and Y:,m is a usual spherical harmonic
function.

111.2.3.1.2. Gaussian Orbitals (GTO)

Gaussian orbitals [12] can be formulated as follows:

3(r—=Ry) = —R)Xpdpugpr (aPulr_RAl) (111.25)

Where and (r)are defined as follow:

{ gplar) = e (111.26)

P(r) = Cx™x"y™xz
a being a positive number that represent the exponent of the Gaussian. The sum (n+ I+

m) defines the type of atomic orbital. This type of function has an essential property: the product

of two Gaussian g&(a) and gs(as)centered on two different atoms A and B is also a Gaussian
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gc(ac),located between centers A and B.

111.2.3.1.3. Contracted bases

Let us consider a carbon atom (1s22s12p3). Either for this atom a base composed of several
functions describing the orbitals and p . In a Hartree-Fock computation, molecular. As the
electrons located on the 1s orbital are the ones that contribute the most to the total energy
because of their proximity to the nucleus, the function base will be, during a Hartree-Fock
calculation, optimized mainly for the core electrons, not for the valence electrons. However,
during the formation of a molecule with the participation of this carbon atom, orbital 1s (very
low in energy) will contribute little to the formation of the chemical bond. It is the electrons
located on orbitals 2s and 2p of valence that will be pooled with those of another atom in order
to create the chemical bond . Thus, the most internal functions (with the largest exponents) will
serve to describe the orbital 1s then the remaining functions will allow the description of the
valence orbitals. The majority of the functions will therefore be responsible for describing

orbital 1s, whose coefficients will be only slightly modified by the response of another atom.

The internal function coefficients can therefore be considered as constant for a molecular
calculation. Thus, orbital 1s will be described by a linear combination of a number of functions.
This reduces the number of coefficients to be processed by the Hartree-Fock method. This

reduction procedure is called base contraction:
3(CGTO) = ¥X a;3; (PGTO) (111.27)

In this equation (1.24), the Primitive Gaussian Type Orbitals (PGTO) is contracted into a
contracted orbital (Contracted Gaussian Type Orbital: CGTO).

In the case of valence orbitals, we can keep more flexibility by leaving some basic functions
relaxed. The influence of the contraction is not negligible, because the fixing of the heart orbital
coefficients will increase the energy during a variational calculation (because of the addition of
a constraint to the lagrangian), but the calculation time will be greatly reduced. The segmented
method is to use only once a certain number of primitives to create a contract. For example, a
base containing ten GTOs can be contacted in three GTOs by taking the first six GTOs to form
the first GTCO, the next three to form the second GTCO, and the last GTCO to form the third
GTCO. For this method, each OTMP is used only once. The general method involves all
primitive orbitals for the formation of all contracted. Thus, we will use a linear combination of

ten primitives to form the 1s, another linear combination of the same ten primitives to form the
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25, etc.

The rating for contracted bases is:

(10s3p)

o] (111.28)

With parenthesis the primitive orbitals and between brackets the contracted orbitals. Here, ten

Gaussian functions and three p are contracted into two and one function respectively.

111.3. The density functional theory (DFT)

111.3.1. Historical overview

The target of density functional theory is to represent a system using the basis variable density
p(r). Thus, instead of the 3n dimensional space of the wave function W, the n-electron issue is
analyzed in the space of p(r). In another way, it is to identify a functional that allows us to relate
density and energy. As it provides a viable alternative to post-Hartree-Fock

In 1927, L. H. Thomas [13] and E. Fermi [14] were the first persons who express energy as a
function of density. In their model, the electronic interactions are handled classically and the
Kinetic energy is calculated by assuming the homogeneous electron density while P. A. Dirac
[15] improved this model with an exchange term in 1930.

A little later, in 1951 A model based on the study of a uniform gas improved with a local
potential was proposed by J. C. Slater [16]. In the 1970s, this method, known as Hartree-Fock-
Slater or Xa, was primarily used in solid state physics.

Hohenberg and Kohn [16] created the basic foundations of DFT in 1964, demonstrating the
feasibility of computing the characteristics of a system using electron density then followed
Kohn and Sham [17], who enabled the use of DFT in quantum chemistry.

This theory has many advantages that make it worthwhile in many fields, particularly
chemistry and material science.

For starters, it includes a large part of electronic correlation in its formalism and can be applied
to systems as diverse as covalent ionic materials.

The mono-electronic aspect allows for a chemical explanation of the wave function.

In the case of the Hartree Fock techniques, it was about representing the system's energy as a
function of the wave function, but in the case of the DFT, the energy will be a function of the
system's electronic density. Before we proceed to the DFT's foundations, we must first define
what the electronic density is.

111.3.2. Electronic density

75



Chapter lll: Mathematical formalism of molecular modeling

The electron is defined as an indissociable particle, or as an isolated particle; The electron
cannot be localized; rather, we speak of its probability of presence in a given volume element,
defining the Electronic density; in fact, electrons are considered in their entirety (Electronic
cloud), and the density will localize the regions of space where electrons are most likely.
Electronic density is defined as the integral multiple of the square of the wave function of the
spin coordinates of all electrons and all space variables. It is a positive function which only
relies on three spatial coordinates (x,y,z). This quantity is limitless; when it is integrated across

all of space; it corresponds to the total number of electrons N.
p(r >0)=0 (111.29)
[p(@)dr=N (111.30)

111.3.3. Theorem of Hohenberg and Kohn

Even if cores and electrons can be separated, the Schrddinger equation, which applies to
hundreds or even thousands of atoms, should be solved. The first move toward this resolution
was achieved in 1920, when Thomas and Fermi established that the energy of an electron-rich
gas depends on its electronic density [19-20]. Hohenberg and Kohn's idea in 1964 was to

generalize this approach to any electronic system [21].

The density (r) function is the only one required to capture all of a system's electronic properties
in its fundamental state. The intention of Hohenberg and Kohn's formulation is to simplify
energy expression and to make DFT a precise theory for aging multiple bodies.

The electronic density also determines the number of electrons in the system via the condition:
n = [(r)dr (111.31)

Where (r) is the electronic density and r the coordinates are the electron coordinates. It is

specifically defined:
(r) = [1¥Y@)|%dr (111.32)
While the solution of the electronic Schrodinger equation with the wave function V:
HY = [T 4 Vne + Vee]¥ = E¥ (111.33)

In practice, the term electron-nuclei attraction Vy, is often replaced by an external potential

Vext » Which includes, in addition toVy,, different environmental disturbances (such as voltage
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drops).

The overall electronic density may be calculated using the spin densities. pzand pg:
(r) = pa(r) + pp(r) (111.34)

So the electronic energy is a functional of density t h at can be noted as E[plor p =

(pa» pp) and expressed by three parts in the following equation:

E[p] = T[p] + Enelp] + Ecelp] (111.35)

Where :
[p]is the Kkinetic energy ;
Enelplis the energy resulting of the core electron interaction ;

E..[p] is the result of electron-electron interaction. She can also be broken down into two terms:
a Coulomb term J[p]J[] and an exchange term K|[p]
The following formulas represent the electron-noyau interaction Ey.[p] and the Coulomb

interaction term J[p]

Enelp) = Lo | 20 d3r (111.36)
And Ilp] = 1 p@e(r) 43 3
pl = sz p— d3rd3r (111.37)

The energy Ey.[p]is obtained by the potential Vy, (7):

Enelp] =  p(r) Vo (D d?r (111.38)

Another term of expression was established by Kohn and Sham for E[p].

111.3.4. Kohn and Sham's approach

The Khon and Sham strategy incorporates a novel notion not only in DFT, but also within
relation to all quantum theory simplifications: the concept of an effective system. [22]
Particularly. The idea was to construct a gas of n atoms with no interaction, described by their

orbitals ¢;(r),The electronic density is given by the relationship

() =2V ;)] (111.39)
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The kinetic energy of Kohn and Sham Ts[p] seems to have the following equation in an

electron-free system:

Tlpl = 2| d:p?|) (111.40)

This provides us the Schrodinger equations system for interacting electrons, which has the form:

[pz_z FVerr )| 1 = 519 (111.41)

Where V,¢¢(r) is the average field created by an electron gas and subtracted by any electron.

The total energy of this system is thus:

Eslp] = Tslp]l + Esnelp] (111.42)

In fact, electrons will interact with one another, and E[p] is not the complete amount of energy.
This energy corresponds to 99% of the energy of an independent gas of electrons, but it must
include a term for electron interaction (just as the Hartree-Fock method does not include

electronic correlation). To include electron interaction in the energy equation, recast in terms
of Tg[p] and J[p].

Elp] = (Ip] = Ts[p]) + Tslpl + Enelp]l + (Eeelp] — JlpD +Jlp]  (111.43)

That mean :

Elp] = Tslp] + Enelp] + JIp] + Exclp] (111.44)

Where E,.[p] is the energy containing all of the interacting electrons' correlation

Exclp]l = (Tlp] = Ts[p]) + (Eeelp] = J[pD) (111.45)

with:
T[p] — Ts[p] : The kinetic correlation is represented by (the difference between the exact
kinetic energy of the correlated electrons and the exact kinetic energy of a non-interacting

electron system);

E..[p] — Jlp]:is the energy containing all of the interacting electrons' correlation:
With:

Vee () = S22 — J[p] (111.46)

the exchange-correlation potential.
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Then the system of equations to solve can be written as:

Yair

|5+ Ve ) + [ A5 4 e ()] 4) = siu() (111.47)

_r|

Finally, we can define the Kohn-Sham Hamiltonian, hys :

husd; = sid; (111.48)

Because of the difficulties in assessing its integrals, the Kohn-Sham approach can be evaluated
analytically. The Vxc term, which should allow the DFT to have the appropriate energy and
hence all the correlation, is the difference between these two techniques. This is not the case
with the HF technique, as configuration interaction is not explained.

111.3.5. The correlation exchange hole

The spin density p,(ry, 1, ) denotes the likelihood of discovering two electrons with any spin

in two elements of volumed,.; andd,.,.

p2(r, 1) =NIN = 1) [ ... [|¥(ry, 1y et |?dy1dyy oo dry (111.49)
For charged fermions such as electrons, the probability of finding 1 in r;is largely dependent
on the position of the electron2: we will say that their movements are correlated. However, the
nature of fermions causes electrons to reject each other due to coulombic repulsion. Through

the exchange-correlation hole XC, the prince of pauli and the inter-electronic correlation
prevent the presence of spin electronse = i% in the same region of space. The term (hole)

denotes a decrease in electron density inr, caused by non-classical electron-electron

interactions. The likelihood of spatial occupancy is therefore stated as follows:

p2(11°2,1,2) = ,02(7"1/2) (111.50)
p2(r1/2) = p(r)[p(r2) + p¥E"] = p(r)p(ry) + p(r)pge” (111.51)

The first term reflects the coulombic interaction, whereas the second term indicates an electron

density's interaction with an exchange-correlation hole.

The density matrix is therefore created and normalized for the spin electron pairs rl and r2.
Yo,0, Jf dPrid3r, p(ro1,r72) = N(N — 1) (111.52)

As a result, the exchange-correlation density may be written as
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trou
v, = 1 [ d*r,d3r, p(ryra) _% If dsrldsrzm + %ff d3ryd3r, Mrzﬂrlm(lll.fﬁ)

N E [r1—72] h [r1—72] | —

Exc is defined as the interaction of an electron density with the probabilistic one of an exchange-
correlation hole. U is the electrostatic energy term. Another parameter can be supplied to
specify the correlation's amplitude: A4 = 0,[23]. the correlation is zero and there is no
interaction on the system, whereas for A = 1, the system will be fully correlated.

The probability density will then write

pi(1101,1202) = pe(r)ny (1104, 120,) (111.55)

n,(ry04,7,0,) : is the probability of finding a spino,electron in basic volume d3r, in r,

provided that a spin electron g, is in volume d3ryinry

DFT's fundamental functionals are based on the following approximations:
e LDA (Local Density Approximation)
e LSDA (Local Spin Density Approximation).
e Generalized Gradient Approximation (GGA)

111.3.5.1. Local Density Approximation (LDA)

In this approach, the density is addressed locally from a homogeneous electron plasma. Density
is therefore a spatially variable function [24]. The electronic density and wave function are

assumed to be constant locally and the function of exchange-correlation is written as follow:

Ext*[p(R)] = [ p(r) exc(r)d®r (111.56)

The term p(r)ey. denotes the particle-based exchange-correlation energy of the uniform
electron gas of densityp(r). Furthermore, p(r)ex. may be seen as the total of an exchange and

a correlation contribution:

ch(p(r)) = ex(p(r)) +ec.(p(r)) (111.57)

This distribution allows the use of Dirac's exchange energy for the homogeneous electron gas.

1

exc(p) = —= () o3 (11.58)

3
T \TC
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Using the results of a homogeneous gas of electrons of equal density to the local density of an
inhomogeneous system, the LDA concept could indeed estimate the exchange-correlation
energy of an inhomogeneous system. A uniform electron gas's correlation is not accurately
determined. However, several approximation expressions permitted for the description of low
or high electrical densities. This local consensus approximation allows us to correctly describe
systems with low spatial density. The LDA, on the other hand, has some disadvantages: Certain
quantities, such as cohesion factors, are overestimated, while others, such as link lengths, are
underestimated. The LDA, on the other hand, has drawbacks: certain variables are overstated,
such as cohesion factors, while others are underestimated, such as link lengths 25. The LDA
technique treats the change locally, but the HF method treats it throughout the system, making

it more suited to this type of problem.

111.3.5.2. Introduction of the spin term (LSDA)

The LSDA (Local Spin Density Approximation) introduces the concept of spin into the LDA's
approximation. Electronic density is splitting into two populations. p(T) spin high and p({)

spin low, and the energy will be released.

Ex2P (o1, ] = [ exd™ (1), oo (1)) p(r)d3r (111.59)

Isda
Exc

(1, p1) = &x(pr, p1) + &c(pr, p1) (111.60)

elsda(p,, p,) is the exchange correlation energy

The estimation of exchange energy represents the most common source of error in LSDA.
Correlation energy is overstated, but because it contributes so little to overall energy, the
inaccuracy is minimal. Because electrical density is assumed to be spatially constant, systems
with radically varying densities cannot be properly characterized. But the LSDA is as suitable
to systems with slow electronic density variation as it is to systems with fast density variation,
making it a more popular choice than the LDA. However, she also exaggerates the energy of

interface and provides insufficient gaps for semiconductors and isolant compounds [26].

111.3.5.3. Generalized Gradient Approximation (GGA)

Using a non-uniform electron gaz increases the precision of the LDA approach. In this scenario,
the function characterizing the exchange-correlation is no longer exclusively dependent on the
electronic density, but also on its derivatives. The first density derivative is added as a variable

in the functional characterizing the exchange-correlation in GGA approaches. The GGA
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techniques are then extended to allow this term to be dependent on derivatives of the higher
order electronic density. So the function is affected by both density and gradient [27].

We usually write EZ¢4in the form:
E¢é41p,Vp] = E{%(p,Vp)+EE% (p,Vp)  (111.61)

As noted previously, the difficulty of LDA was the exchange; special attention will be paid to

the development of this component.

ES4[p,Vp] = E§6A — [ F(S(r)) p3(r)dr (111.62)

F: is the function of the reduced gradient

s@r) = B0l (111.63)

Becke's functional for the exchange is the most well-known: Be88 [28]., The functional LYP
[29] of Lee, Yang, and Parr and the functional PW86 and PW91 [30] of Perdew and Wang are
two extensively used functionals for correlation. These functions improve structural and energy
results in a variety of situations.
e B88: the exchange functional B88: is based on a two-dimensional study
of the exchange density

Fo8(s) = — PS (111.64)

1+6sin~1 h(s)

B, which is an empirical parameter determined by the least squares
analysis of the exchange energies of the six rare gas atoms (He a Rn): the
beta value that minimizes error equals 0.0042 u.a.
e PWO1: perdew and wang [31]: this is due to a modification of this
functional F in order to satisfy other conditions.
e PWS86: this function is based on an expansion of the exchange hole
gradient correlation around its LSDA shape.
2 4 6 % 1
PW88 _ S S S 2\3
FPW88(5) = [1 +1,296 (p) + 14 (p) +0,2 (p) ] Avec (2472)3(111.65)
It should be noted that correlation functionalities have much more complicated analytical forms

that cannot be understood by simple current physical reasoning.
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111.3.6. Hybrid functional

Kohn and Sham were the first to formalise a formal expression for the energy of exchange-
correlation, based on the approximation of Hartree-Fock, while the term of correlation remained
unchanged compared to that of the LDA. The use of this functional allowed the effective
potential to have a correct asymptotic 83ehaviour.

Although it works properly on atoms, the results for molecules are disappointing. GGA delivers
better results. This is due to the artificial nature of the separation of the exchange and correlation
terms: by combining the nonlocal exchange term from the HF equation with a local correlation
hole (LDA), the autocoherence of the description of the local hole has been lost. Becke’s
solution was to use the exact exchange in a different way, by incorporating a portion of it into
the expression of the energy of exchange-correlation. The resulting expression, which has three

parameters, is referred to as B3[13]:
Exc = EFP4 + ao (ER2t — ERP4) + agAER®® + a AER™? (111.67)

The semi-empirical coefficientsa,, ak, and acare found by fitting to the experimental data.
Eexact denotes the exact exchange energy received from an HF calculation. a, is related to the
system's "independent particle” nature. ax and ac aid in the optimization of gradient
corrections for exchange and correlation. Thus, the goal of the above equation is to account for
the exact exchange in the simplest way possible while also recovering the limit of the uniform
electron gas. An intriguing result of this approximation is improved energy accuracy, which is
superior to that obtained by using the GGA approximation.

The requirement to consider accurate exchange in instances where substantially
inhomogeneous (Hartree-Fock) EFF is the concept of hybrid functional, and it is produced by
combining GGA exchange and correlation functions with a specific proportion of exchange
given by the HF theory. B3LYP [32], the most prevalent hybrid functional and was proposed
by Stephens[33]in 1994, uses Becke's EEZ88 exchange feature from 1988 and Lee's ELYP
correlation feature, which Yang and Parr both employed as LDA exchange and correlation
functional gradient corrections.:

EZYP = (1 — a)EFSP4 + aEyc + bEE®® + cELYP + (1 — a)ELSPA (111.68)

With a=0.20, b=0.72, and c=0.81. The parameter A represents the "strength of the coupling"
between the electrons: A=0 for a system without interaction and A =1 for the real system. The

three parameters a, b and ¢ were optimized based on experimental data from the G2 database.
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The hybrid B3LYP functional is one of the most widely used in recent years because it gives

good results on ionization and binding energies as well as electronic affinities [34, 42, 43].

I11.4. Energetic forms functions in a force field in molecular modeling

Interactions between bonded atoms correspond to bond deformation energies, valence angles,
and sharp angles that are clean and improper (out of plane). Interactions between unbound
atoms are represented by the VVan der Waals energy, electrostatic interactions, and hydrogen
bonds. Figure I11.2 illustrates the geometric parameters utilized to describe the energy functions'
shape [34].

Torsion

'
. =\ Bond
\ Stretching

P
Q’ Bieading Q

Non - Bonded Interactions

Figure 111.1. Intramolecular interactions between bound and unbound atoms

Molecular mechanics treats molecules as spheres connected by bonds, using classical physics
equations. These equations allow for the calculation of atomic interactions and the effects of
energy (force fields)[8]. Empirical force field approach is founded on classical mechanics and
the fundamental idea that the entire "steric” energy of a structure can be described as a sum of

contributions from various forms of interactions. [35]

ESteric = EBoundedAtom + ENon—boundedAtom (”I-69)

111.4.1. The interaction energy of atoms that are bonded together
The energy involved in fluctuations in the length r of links following extension and compression

from their equilibrium values is defined as elongation energy.
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Figure 111.2. Elongation between two atoms

E(r) =1/5[K.(r —10)?] (111.70)

r0: the length of the link to the equilibrium

kr, the force constant

111.4.1.1. Angles of valence deformation energy
Define the energy included in the fluctuations in the angle@ between two contiguous

connections centred on an equilibrium value of 6,,.
E0 =1/, [Ks(6 — 05)?] (111.71)

00: angle at equilibrium

kO: force constant

Chpdinmaun

Figure 111.3. Angles of valence

111.4.1.2. Torsion energy
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The energy required to rotate a molecule's portion around a bond.

Figure 111.4. dihedral angle formed by the atomes 1-2-3-4

Ep = K,(1+ cosng) (11.72)

K, Force constant

n: periodicity (n =1, 2, 3, 4, 6) [35]

111.4.2. Interaction energy of non-listed atoms

The interactions between unbound atoms cause steric congestion, which is significant in the
shape of a molecule. Aside from interactions 1-3, vibrational spectroscopy does not consider
interactions between unbound atoms. For a field force to be transferable from one molecule to
another, the MM considers interactions between more distant atoms, those separated by more
than two links [36].

This term is expressed in the form

ENon—boundedatom = EVan—der—waals + EElectrostatic + Ehydrogenebond (“I-73)

The general expression of these terms is: [35]

111.4.2.1. Van der Waals energy
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Figure 111.5. Van der Waals Energy

The van der Waals energy function, Evan_der waais, represents the attraction and repulsion
between two atoms that form a dipole. She takes the form of a Lennard-Jones potential,

comprised of an attracting energy term in rie and a repulsive energy term inr%. Thus, Van der
ij ij

Waals interactions occur between atoms that are close together. When the distance between the
two atoms is less than the sum of the van der Waals radiations, the term repulsion predominates;

when the distance is greater, the term attractive predominates:
Evan-der-waals = i [7 - _6] (1m.73)

A;j, B;;: parameters based on the nature of the atoms i and j distant fromr;;.

ijs

Electrostatic interactions energy

Figure 111.6. Electrostatic contact between two atoms

The energy of electrostatic interactions is written as a coulombian potential between

atoms considered carriers of a net charge.

qiqj
Eelectrostatic = Zij — (“I-74)

EijTij
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qi, qj: partial charges of the atoms i and j, separated by rij.
ij: constant dielectric constant accounting for the attenuation of electrostatic interaction by the

environment (solvent or molecule itself).

111.4.2.2. Hydrogen connection energy

The hydrogen bond is a low-energy interaction (8 to 20 KJ/mol) between electron-deficient
hydrogen and an electron-dense atom with a doublet of free electrons. When the distance A-B
IS great, the electrostatic model cannot adequately represent these interactions. The processes
of repulsion and electronic relocation occur at a shorter distance. Several forms of potential
energy functions have been devised to account for the directivity of the hydrogen bond.
Currently, the most often used functions for expressing these interactions in major chemical
systems are frequently obfuscated [36].

La fonction 10-12

_ Aij _ Bij

Ey=-4--1 (111.75)
ij ij
La fonction 6-12
Ey =242 (111.76)

A, B, A', and B' are the specific coefficients of hydrogen bonds.

rij: the distance between two atoms i and j.
I11.5. Molecular docking and dynamic studies

111.5.1. Molecular docking study
111.5.1.1. Introduction

Molecular modeling is a crucial tool in chemistry that compares the physicochemical properties
of molecules to study supramolecular interactions responsible for biological phenotypes.
Various mathematical models, including quantum mechanics and molecular mechanics, are
used to determine conformations associated with each structure [37]1. One of the most essential
molecular modeling methods is molecular docking, which merges two or more molecules
simultaneously. This computational procedure involves the in silico interaction of a ligand and
a proteine, focusing on the energetic and geometrical adaptation of the ligand to the protein's
connection site. This method has been extensively researched to understand the development

of intermolecular complexes, with the ligand's molécular connection to the receptor's pocket
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being responsible for a specific medicinal activity and forecasts potential interactions between
ligands and amino acids in the receptor structure (protein). The molecular docking technique
has proven to be an effective tool for discovering new drugs targeting proteins. The proteine-
ligand docking type is particularly relevant in the medical industry, as it helps determine the
precise conformations of the ligand within a specific protéine when the structure of the proteines
is known. Molecular docking is divided into two stages: placing the ligand in the appropriate
protein location and evaluating potential energy interactions between the ligand and the protein.
The development of this technology has led to the creation of numerous methodologies and
algorithms.[38]

111.5.1.2. Docking approach

The standard concept of docking approaches was founded on the lock-and-key theory proposed
by Fischer [39], where both the ligand and the receptor can be considered rigid systems to
discover the correct orientation for the “key” to open up the “lock” (Figure 1.6). Subsequently,
Koshland presented the "induced-fit" theory, which accounted for the flexibility of both ligand
and receptor during the docking process. This change sought to boost prediction accuracy [40].
Understanding the complicated interactions between target and ligand at the molecular level
holds tremendous importance for numerous diseases. This insight aids in the design of ligands
capable of either restricting or activating target proteins, thereby substantially altering critical
biochemical processes like signal transmission, gene transcription, and enzyme catalysis.
Molecular docking technologies present an appealing and cheap option for experimental
procedures like high-throughput screening (HTS). These experimental methodologies demand

large investments in the field of drug development [41].

Molecular Docking

Figure I111.7. Molecular Docking process
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(A) “Lock and Key"” Model of Substrate Binding (Fischer)

substrate enzyme / substrate

complex

(B) “Induced Fit” Model of Substrate Binding (Koshland)

Fully active
enzyme
conformation

transition state
structure
enzyme / substrate

complex

substrate

Figure 111.8. Schematic diagram of two binding models for enzyme-substrate.
interaction. (A) The lock-and-key model, (B) induced-fit model describing the conformational

changes in the active site, adapted from [42]

111.5.1.3. Typical molecular docking steps
In molecular docking, a ligand interacts with a receptor (often a protein in nature). The docking

procedure consists of four basic steps

111.5.1.3.1. Structure determination

The initial step in molecular docking involves determining the receptor and ligand structures
using three analytical procedures: NMR, microscope electronic, and X-ray crystallography.
These experimental approaches are currently used to determine protein structure. The Protein
Data Bank is a vast collection of protein structures, enabling the collection of important data.
When experimental methods are not feasible or not yet realized, a comparison modelling

approach should be examined first.

111.5.1.3.2. Structure preparation

The receiver for docking processing must be prepared by addressing issues of steric clashes and
protonation states. The process involves removing any water molecule found on the protein's
surface, verifying missing sections in the polypeptide chain near the known active site,
confirming the existence of side chains, checking for steric clashes after adding missing

hydrogen atoms, and verifying histidine protonation in contact with the ligand. If errors occur,
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it is crucial to manually repair them. If direct contact between the ligand's hydroxyl or amide
grouping and the amide function of histidine's imidazole group indicates correct positioning,
the H of histidine should be removed and repositioned on the nitrogen atom in sp2 on the other
side of the imidazole grouping. Once these procedures are validated, lacking residues like
glutamine or asparagine can be completed by the amide groups. This ensures accurate docking

and improved ligand-protein interactions.

111.5.1.3.3. Docking of molecules

Docking is a method in molecular modelling that calculates the preferred orientation of a
molecule to a second when bound to form a stable8 complex. When you do not have any true
understanding of the active site, the employment of the «docking» technigque looks to be a very
interesting alternative. The most significant issue for the docking step is to cover the
conformational space as well as possible Sampling of the space of the ligand-receptor complex

configurations.

111.5.1.3.3.1. Types of molecular docking

Docking simulations are classified into three types based on the degrees of freedom they
consider:

111.5.1.3.3.1.1. Rigid docking (in which both the target and the ligand are viewed as
wooden structures): This technique employs the most straightforward docking algorithm,
which ignores molecular flexibility and assumes that the receptor and ligand are rigid entities
with constant bond angles, bond lengths, and torsion angles at all stages of complex formation.
It reduces the number of degrees of freedom from several thousand to six (three translational
and three rotational), limiting the ligand's search space to fit in the binding site [43]. Rigid
docking is frequently employed to investigate complex systems, such as protein-protein
interactions. DOCK is a well-known program that uses this approach to locate molecules that
are similar in shape [44-45].

111.5.1.3.3.1.2. Semi-flexible docking (with a flexible ligand and a rigid target): This
technique is the most commonly used in docking software because it allows ligands to be
flexible while maintaining proteins challenging throughout docking. This allows for the
investigation of probable torsion angles and bond rotations. It may dock small ligand molecules
and more giant molecules, such as proteins or nucleic acids [45]. Semi-flexible docking
involves sampling six degrees of translational and rotational freedom in addition to the ligand's
conformational space, though this takes more computing effort. MOE [46], FlexX [47], Glide
[48], and AutoDock [49] are the industry leaders in semi-flexible docking.
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111.5.1.3.3.1.3. Flexible docking (containing a partially flexible target and a flexible
ligand): It has recently become clear that the flexibility of side chains is critical to how protein-
ligand complexes are recognized at the molecular level. This is because target molecules can
take on different forms when unbound than when attached to a ligand. Notably, when
unattached, the protein's central chain torsion angles might change from their initial
conformations, something earlier approaches have struggled to capture. Modern docking
technologies have arisen to solve these issues, allowing both the target and the ligand to undergo
dynamic conformational changes. This method more accurately depicts the interactions that
occur during binding because it better emulates the behaviour of biological molecules.However,
because of the significantly increased degrees of freedom, fully flexible docking takes longer
than rigid-body docking. As a result, to adequately investigate the many binding configurations
of protein-ligand complexes, a broader search space is necessary [50]. MOE [51], GOLD [52],
ICM [53], Surflex [54], and AutoDock Vina [55] are some of the most well-known docking
applications in this area.In this instance, both molecules are viewed as flexible. The emphasis
switches to identifying the various conformations that the receptor and ligand molecules can

assume during complex formation, as shown in Figure 1.7.

One Flow Possibility

Another Flow Possibility

Figure 111.9. Rigid and Flexible Docking

111.5.1.3.4. Prediction and Evaluation
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After establishing the molecular docking parameters, the program proceeds to the step
prediction and evaluation. This enables the evolution of interaction modes.

This phase is completed as follows:

111.5.1.3.4.1. Evaluating docking results

The precision of predicting protein-ligand interactions through docking simulations can be
gauged by determining the Root Mean Square Deviation (RMSD) between the resulting
structure (the top-scored pose) and the co-crystallized ligand (the experimental conformation)
within the protein. This measure of similarity is characterized by the Euclidean distance

between the atom coordinates of the two aligned structures, formulated as:

RMSD = /%Z’i\’zldiz (111.77)

Where N signifies the overall count of atoms in the molecule, and di represents the separation
between the coordinates of atom i in the two structures [56]. RMSD remains consistently
positive, with a value of O (rarely realized in practical situations) signifying a flawless alignment
of data. Typically, a satisfactory outcome is often indicated when the RMSD is below 2A.

% SFs (scoring functions):

The addition of scoring functions, which make use of various assumptions and
simplifications, improves sampling algorithms. These functions prioritize the generated
conformations based on their predicted binding affinity, allowing the search algorithm to
discover the most relevant posture from the many others created. As a result, a diverse set
of scoring functions has been developed to appropriately define interactions within protein-
ligand complexes [57-58]. These functions are divided into four categories: force-field,
empirical, knowledge-based, and consensus scoring.

Molecular docking

g

BB

Docking Scoring

@D

1T

Figure 111.10. The SF role as pose selector.
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A calculating energy incorporating a number of approximations is typically used to estimate
affinity. There are various score functions for this. There have been various publications [59-
61] on the latter changes in docking programs. These scoring functions are broadly categorized
into four families:

» force field-based scoring functions

» empirical score functions

» consensus score functions

» knowledge-based scoring functions

% Force-field based scoring functions
Scoring functions based on force fields characterize the binding free energy of a complex by
summing up various uncorrelated molecular mechanics terms, including van der Waals
interactions and electrostatic interactions within and between the docked molecules. Typically,
these functions do not account for a majority of solvent effects and solute entropies. A common
example of this type of scoring function employed in molecular docking, particularly with
DOCK, involves two energy components derived from the Amber force fields: Lennard-Jones
van der Waals interactions and an electrostatic term. This is expressed through equation (1.3):

E=2i*21*%-%+ﬁ) (111.78)

Where ri; represents the distance between a protein atom i and a ligand atom j, and A and
Bijstand for the van der Waals parameters, while g: and g; denote the atomic charges. The term
(riy) within the Coulombic component refers to the distance-dependent dielectric constant, often
set as 4rij. This value accounts for the implicit solvent effect [62].

% Empirical scoring functions
Empirical scoring functions gauge the binding affinity of a complex by summing individual
energy components, which include factors like hydrogen bonding, ionic interactions,
hydrophobic effects, binding entropy, and the number of rotatable bonds within the ligand. The
coefficients linked to these functional elements are determined through regression analysis
involving experimentally derived binding energies and x-ray structures. The computation of
binding scores using empirical scoring functions is notably swifter compared to force field

scoring functions, largely due to the straightforward nature of their energy terms. The initial
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empirical scoring system designed for forecasting binding free energies was established using
data from 45 complexes, incorporating experimental binding free energies and crystal structures
of protein-ligand interactions. This system was integrated into LUDI as follow: shown in
equation (eq 1.4):

AGbinding = AGo + AGthh—bondsf(AR,Aa)+AGi0niCZionicint.f(AR' Aa) +AG“P0|A“P0| +
AGrotNRo (111.79)

Where AGo stands for an energy contribution to binding that doesn't rely on any
proteininteractions, AGxs represents the contribution from an optimal hydrogen bond, AGionic
signifies the effect of undisturbed ionic interactions, AGuipo depicts the influence of hydrophobic
interactions, with Alipo representing the contact area for such interactions between the protein
and the ligand. Moreover, AGro: reflects the decrease in binding energy caused by the restriction
of internal ligand motion, and NROT denotes the count of rotatable bonds in the ligand. The
function (AR, Aa) serves as a penalty function, penalizing significant deviations from the ideal

geometry of hydrogen bonds [63].

 Knowledge-based scoring functions
Within knowledge-based functions, the occurrences of interactions between pairs of atoms in
protein-ligand complexes are analyzed. This information is then translated into atomic
potentials on a pairwise basis, illustrating the favored arrangements of atoms within protein-
ligand pairs. Well-known examples of these functions include the Potential of Mean Force
(PMF) and the DrugScore component of the FLEX program. Utilizing these functions offers a
balanced solution between precision and speed when compared to force field and empirical

scoring functions. The complete score is computed using the equation (1.5):

(r) =—ksT In[g(r)], g(r) = p(r) p*/(r) (111.80)

Where kg represents the Boltzmann constant, T stands for the absolute temperature of the
system, p(r) signifies the number density of the atom pair from the protein and ligand located
at a distance r, px(r) denotes the reference state pair density where interatomic interactions are

absent, and g(r) represents the pair distribution function [64].

s+ Consensus scoring functions
Consensus scoring is a contemporary approach in scoring that assesses docked configurations

by amalgamating multiple scoring functions. This technique substantially diminishes the
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occurrence of erroneous positive identifications observed when using individual scoring
functions alone. Consequently, this approach strengthens the capacity to differentiate between
enzyme inhibitors that are active and inactive, resulting in a considerable enhancement of the

precision of docking [65-66].

111.5.1.4. Interaction of proteins and ligands

The operation of biological systems relies on low-energy non-covalent molecular interactions
between proteins and ligands. This information is expressed through specialized relationships
with other partners. The prediction of the ligand's conformation and orientation relative to the
protein's active site is challenging during docking. Docking is crucial for the generation of novel
medications at each target protein of known structure [67-69]. Protein-ligand complexes
contain various types of non-covalent interactions, including polar and hydrophobic
interactions between the ligand and protein.

A. Van der Waals interactions: J.D. van der Waals, a Dutch scientist and Nobel Prize laureate,
studied dipole interactions based on the interactions of dipoles generated by molecules. These
interactions are classified into three types: permanent dipole interactions, also known as the
Keesom orientation effect, which occurs between two polar molecules, permanent dipole
interactions; or immediate dipole interactions, also known as the Debye induction effect, which
occurs between a polar molecule and any polar or apolar molecule, and the London scatter.
These are transitory changes in electron distribution that result in non-permanent dipoles. These
encounters take place over a relatively short distance. They are plentiful, and their primary
function is to achieve a favourable spatial match between the ligand and the receptor protein

via steric alignment.[70]

B. Electrostatic interactions: A Coulomb potential calculates the energy associated with
electrostatic interactions between atoms that are not covalently linked.

C. Hydrogen bond energy: Hydrogen bonds form as a result of a combination of electrostatic
interactions (70%) and van der Waals interactions (30%) between an electronegative atom,
typically oxygen or nitrogen, with an available electron pair and a hydrogen atom linked to
another electronegative atom. The hydrogen bond is a non-covalent chemical bond formed by
the partial transfer of a single electron to the H group between two molecules or groups of
molecules. It can be intramolecular or intermolecular, and examples can be provided. It is made

up of an electron-donor atom interacting with an electron acceptor atom. [71]
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Figure 111.11. Hydrogen bond
D. Interaction of ions
The Coulomb law governs interactions between electric charges in molecules. The potential
interaction energy of two distinct charges separated by a distance d is calculated by calculating

the work required to separate them.

Figure 111.12. Interaction of ions

E. Hydrophobic interactions

Non-polar and low polarizable molecules often cluster and form hydrophobic bonds due to their
low affinity for the solvent they dissolve in, water. These interactions are drawn together by
dispersion forces and are facilitated by complementarity, where several hydrophobic amino
acids come into contact at the interface. This results in a stabilizing interaction, and non-polar
amino acids tend to interact with one another, creating a hydrophobic "patch."

[72]

97



Chapter lll: Mathematical formalism of molecular modeling

Figure 111.13. hydrophobic patch

111.5.1.5. Softwares used in the molecular docking
a) AutoDock

This free docking program was created at the Scripps Research Institute by the team of Arthur
J. It is based on a genetic algorithm, such as " GOLD " [73]. AutoDock and GOLD are based
on an objective function based on a force field combined with an AE, which allows for the easy
implementation of heuristic sampling on one side and objective function on the other. As a
result, the combination of these elements appears to be a sure bet for success.4 AutoDock allows
you to use three different search methods 3:

1. aresearch method based on a traditional genetic algorithm in which chromosomes are
actually character chains. These chromosomes are made up of three cartographic
coordinates that represent the ligand's translation, followed by four variables that define
a quaternion. This latter is a mathematical ensemble that defines the rotation of the
ligand in space, yielding a real value at the end for each angle of torsion representing
each ligand connection.

2. (Il To save energy, a second local search method based on a Monte Carlo simulation
circuit can be added.

3. (i) a hybrid method of global and local research based on the genetic principles
established by Jean Baptiste Lamarck at the turn of the century. According to Larmarck,

an individual's acquired characteristics (phenotype) can be passed on to his descendants
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(genotype), implying that an individual's phenotype might influence his genotype. This

Larmarck theory can be applied in the context of molecular docking.

b) AutoDock Vina
AutoDock Vina is a docking program derived from AutoDock, as the name implies, which was
also developed by the Arthur J. Olson group at the "Scripps Research Institute”
(http://autodock.scripps.edu/).[74] .
In its local optimization procedure, AutoDock Vina employs a sophisticated gradient
optimization method. The gradient provides an optimization algorithm for a "sense of
orientation™ based on a single evaluation and a simulation program for flexible ligand docking
on a rigid receptor.
Vina's AutoDock ligand positioning technique is a global application of a local iterative search
("Iterated Local Search global optimizer™) [75,77]. This type of technigue is used to remove
local minima that no longer allow for better conformation. To do this, the algorithm is
relaunched from a slightly different geometric form. These various starting positions are saved
in memory in order to avoid repeating the same route and so save time. Vina employs the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) local optimisation technique.[77]

c) Discovery Studio
Discovery Studio is a comprehensive software suite that allows researchers in the life sciences
to examine and model molecular structures, sequences, and other data. The product includes
data visualization and editing features and tools for performing database analysis.
Discovery Studio Visualize is a free visualization tool that may be used to view data generated
by other Discovery Studio software. It is intended to provide an interactive environment for
visualizing and modifying molecular structures, sequences, X-ray reflection data, scripts, and
other data. It also includes a comprehensive set of visualizes for displaying data diagrams and
other graphic representations. The application runs on Windows and Linux and provides a fully
integrated office environment that allows access to basic operating system functions such as the
file system, printing services, and printing Services.
Molecular docking is used to determine a bond's affinity and predict the intermolecular
interactions of molecules in active sites (proteins or enzymes). We performed docking on an
essential enzyme involved in the homeostasis control of the Escherichia coli ADN gyrase,
which targets antibacterial compounds. This structure was discovered using data from a protein
data bank (RCSB Protein Data Bank (PDB)).[78] Our research is based on the crystal structures

of the enzyme under investigation, which lacks a ligand for this test with our ligands (composed
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of synthesized 1-3), and they can be regarded as reference ligands. The docking study was
carried out using the program Autodocktools 1.5.6. In summary, the steps of our calculation are
as follows:

e Selection and preparation of the receptor

e Selection and preparation of the ligand

e Molecular docking and post-docking analysis

111.5.2. Molecular Dynamics simulation

111.5.2.1. Introduction

Molecular Dynamics is a widely used method for studying molecular systems with high atom
counts. It allows for the observation of a system's behavior over time, as total system energy
decomposes into potential energy and kinetic energy linked to temperature. The addition of
Kinetic energy, in the form of temperature, stimulates the system, causing it to deviate from the
local minimization path. This energy can then be used to perform conformation transformations

via energy barriers, thereby enabling the creation of stable structures with low energies. [79]

111.5.2.2. Principle of the molecular dynamics

It is a method for predicting the trajectories of atoms under certain settings based on the forces
(of potential origin) that they are subjected to. The configurations (the system's X, y, and z
coordinates) are generated by numerically incorporating Newton's laws of motion. The result
is presented in the form of a trajectory that specifies how the locations 7;(t)and v,(t) change
over time.

The fundamental dynamic equation (second law of Newton) may be used to describe the motion
of atoms:

XiFij = m (111.81)
Where F;;the forces are exerted by the atoms j on the atom i of mass m and acceleration an at

time t. Fj;et a can be easily calculated using atomic coordinates:
a,(6) = £ (111.82)
! dt2 '
Fl](t) = _erp(riﬂ t) (|“83)

With r;the atomic's instantaneous location i. knowing the acceleration, one may determine an

atom's speed at the following step: time(t+ V)the new locations, atomic speeds, and
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accelerations of the following stage are calculated from positions, atomic speeds, and
accelerations at any point in time. Integration by the phases infinitesimal results in determining

of the system's trajectory, followed by a change in its potential energy.

111.5.2.3. The Verlet-leapfrog integration method

The Verlet-leapfrog integration technique is used in molecular dynamics simulations based on
finite difference methods with variable time.[80, 81] The algorithm remains unchanged due to
a time inversion, and the values calculated and stored in memory for all system attributes are
locations, instantaneous accelerations, and half-time speeds. The initial distribution of speeds
is not balanced, and a period of system equilibration is required to stabilize the simulation. The
periodic limits conditions (1111-5-4) are crucial in calculating interactions proportional to the
number of particles in the square. To solve this problem, the authors use a simulation box with
a few molecules repeated indefinitely in all directions, giving the impression of a dense system.
The minimal image convention approximation, which involves each time interacting with the
closest picture to all other atoms, is an alternative approach that can minimize errors in non-

linear interactions.

111.5.2.4. Simulations in various thermodynamic settings

The dynamic molecular simulation begins when interaction potentials, boundary conditions,
and beginning circumstances are determined. As a result, the system changes over time, with
the magnitudes of the number of atoms N, temperature T, pressure P, volume V, and energy E
being affected. There are many thermodynamic systems, each defined by three independent
variables that define a representative ensemble (NPT, NVT, NVE, etc.). To produce more
accurate simulations, the T and P parameters are adjusted. The two ensembles used in this study
are NVT and NPT. The canonical ensemble is the NVT system, which preserves the number of
atoms N, pressure P, and temperature T. The system is in thermodynamic equilibrium and
exchanging energy with a thermostat or external reservoir. The thermostat provides thermal
comfort by maintaining the system's average internal temperature around the required
temperature. The amount saved over time is the Helmholtz free energy, which is the sum of the
system's internal microcanonical energy (NVE) and the energy supplied by the thermostat. The
NPT isobare-isotherme ensemble represents the laboratory's actual experimental
circumstances.

The canonical system is connected to a barostat to maintain external pressure, and its volume
varies isotropically in response to applied pressure. The system's temperature and pressure

regulation are crucial aspects of molecular dynamics. [82]. Digital isothermal simulations can
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be executed using methods like the Andersen method [83], which links the modeled system to
a thermostat, saving energy and allowing for realistic trajectory generation[84]. However,
stochastic collisions do not allow for realistic trajectory generation, and time-dependent
properties cannot be determined from a trajectory whose temperature was calculated using this
method. To maintain constant pressure in an NPT thermodynamic ensemble, readjusting the
total volume at each dynamic step is necessary. [85]. The Berendsen barostat allows for
connection between the system and a barostat, with volume and positional correction
factors[86].However, molecular dynamics has significant limits, including simplified potential

energy functions, stability time for integration, and traditional interaction processing.

111.5.2.4.1. Modeling solvation approaches

The human body, composed of 80% water, has an aqueous phase, making a precise
representation of the solvent crucial for accurately describing bimolecular. There are various
methods for representing the solvent, from simple to complex. The most detailed depiction
involves each water molecule, while more approximate descriptions reproduce the solvent's
global properties. Molecular mechanics calculations can be performed in a vacuum, but dipoles
and charge-containing molecules require solvent effects. Force fields optimize interactions,
resulting in a low energy conformation that is stable yet unstable. The dielectric constant,
dependent on distance, can deceive and avoid interactions with distant atoms, allowing
simulation of the interaction target. When the ligand approaches the interaction target, solvent
molecules move.

Energy calculations are performed on the molecules of the centre box. The non-related
interactions of solvent molecules on the edges of the core box are calculated using virtual
solvent molecules from neighbouring boxes.

There are two main approaches to modeling solvation, which differ depending on whether the
solvent’s impact is treated implicitly or explicitly. In the first case, the goal is to recreate the
aqueous solvent's screen effect by focusing on the non-linear interactions of the potential energy
function, specifically the 46 value of the dielectric constant (E). Adjust all of these parameters
to account for the architecture that may be used to solve the problem in an agueous environment
[87]. In the second case, the solvent molecules are explicitly treated together with the solution.
This implies that they have energy, which is described by an appropriate potential energy
function. Several water force fields have been developed. Among the most well-known are the
TIP3P [88], TIP4P [88], SPC [89], and SPC/E [89] models. Because the dielectric effects of the
aqueous system are included into these models, the dielectric constant (>) is assigned a
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relatively low value (on the order of 1 to 3). The explicit methods are obviously more expensive
in terms of computation time than the implicit methods, but they have the undeniable advantage
of allowing for a detailed analysis of the structure and dynamics of the solvent near the solution.
The free energy of solvation, denoted by AGsol, is the energy difference observed during the
transfer of a molecule of water to the solvent.

AGsol = AGelec + AGnonelec

Gelec is an electrostatic component.

Gnonelec is the non-electrostatic component that exists between the solution and the solvent.
Models such as "Generalized Born" and "Poisson-Boltzmann" estimate average free
electrostatic energy but do not account for entropies caused by constraints imposed by the
solution on water molecules or, more broadly, on solvants. Implicit solvatation models may be

improved by include terms that account for hydrophobic effects.

111.5.2.4.2. The CHARMM force field

The Force Fields of CHARMM The CHARMM programme (Chemistry at HARvard Using
Molecular Mechanics) [90] was created in the early 1980s, similar to Amber, and initially
employed an extended atom force field with no specified hydrogens. By 1985, this had been
superseded by the CHARMM19 parameters, which clearly depict hydrogen atoms bound to
nitrogen and oxygen, whereas hydrogens bonded to carbon or sulphur are considered as
extended atoms [91,92]. Fits to quantum simulations at the HF/6-31G level of hydrogen bonded
complexes between water and the Hbond donors or acceptors of the amino acids or fragments
were critical in parameterizing this model. At each of numerous contact sites, a sequence of
supermolecular computations of the model chemical, such as formamide or N-
methylacetamide, and a single water molecule is performed. Before fitting, the interaction
energies are scaled by a factor of 1.16, which is the ratio of the TIP3P model's anticipated water
dimerization energy to that predicted at the HF/6-31G level. The objective here, as with the
Amber parameterizations discussed above, was to achieve a balanced interaction between
solute-water and water-water energies when the latter were represented by TIP3P. Fitting the
peptide-water interactions in this manner resulted in peptidepeptide hydrogen bonds that were
also larger than HF/6-31G values by a factor close to 1.16 for peptides; in other cases, explicit

fitting to solute-solute hydrogen bonded dimers may be required for parameter generation [93].

111.5.2.5. Simulation protocols
GROMACS 2021 [94] was used to conduct a molecular dynamic simulation. The CHARMM

force field [90] was used to reduce structural conflict in the protein structure. The protein was
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solved cubically by water using a basic point charge model. The solvated system was
neutralised by substituting Na and CI ions for water. Furthermore, the whole system was
minimised to release the stearic conflict contacts using the steepest decent technique for 50000
steps. The system's isothermal-isochoric (canonical) equilibration was also accomplished using
a leap-frog integrator, with the cut-off scheme set to verlet. The system was equilibrated under
periodic boundary conditions for 100 ps, and the temperature was adjusted to 300 K. The
system's pressure was adjusted to 1 bar, the Parrinello-Rahman coupling was used for pressure,
and the system was equilibrated in the periodic boundary condition for 100 ps. Finally, the
Molecular Dynamics was run for 30 ns using a leap-frog integrator, and the system coordinates
were collected every 10 ps for subsequent study.

The typical molecular dynamics simulation protocol includes the following steps:

* creating the starting molecular structure

* minimizing energy ¢ heating the system

* adjusting the system to the study temperature

* producing the trajectory

* analysing the trajectory

These steps are summarized in the figurel
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Figure 111.14. The typical molecular dynamics simulation protocol

111.5.2.6. MM-PBSA evaluation

The MM-PBSA analysis is a post-processing analysis that is done on the final trajectories
generated from the protein-ligand complex MD simulation. The g_mmpbsa tool was used to
perform the MM-PBSA analysis of the protein-ligand complex [95-96, 94]. Because it employs
the poison-boltzmann equation, it is the most efficient and precise approach for analysing
protein-ligand interactions. For the protein-ligand complex, the binding free energy change,
molecular mechanics potential energy change, solvation free energy change in terms of polar
and non-polar, solvent accessible surface area (SASA), solvent accessible volume (SAV), and
Weeks-Chandler-Andersen (WCA) energies were calculated using Egs. (1), (2), (3), (4), (5),
(6), and (7) respectively.[95,97-100]

AGbinding = Gcomplex - (Gprotein+Gligand) (”I-84)

EMM = Eyondgea + Enonbonvea = Evondea + (Evdw+Eelec) (“I-85)
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Gsowation = Gpotar T Gnonpotar (111.86)
VIe(@)Vo ()] — e(r)k(r)?sinh[o(r)] + 4npf (r) /KT (11.87)
Gronpotar = Geavity + Gaw (111.88)
Gnonpotar = YA +b (111.89)
Gnonpotar =PV +b (111.90)
Gronpotar = YA + PV + Gyaw (111.91)

Where EMM is vacuum potential energy, Eelec is electrostatic, EvdW is van der Waals, (r) is
electrostatic potential, (r) is the dielectric constant, f (r) is the fixed charge density, k is
Boltzmann constant, is a coefficient related to the solvent's surface tension, A is SASA, b is a

fitting parameter, p is a coefficient related to the solvent's pressure, and V is SAV.

I11.6. Conclusion

The combination of molecular graphics and quantum mechanical approximations is a crucial
method for predicting the structural and reactive behaviors of various systems, enabling the
modeling of organic structures. This method, along with practical techniques like X-ray
diffraction and spectroscopic examinations, has been significantly simplified by advancements
in computer science. These quantum mechanical techniques, implemented as advanced
computer algorithms, are essential in theoretically establishing the physicochemical features of
molecule species. The computational manipulation of molecular entities is based on
fundamental principles of quantum physics, with a focus on solving the Schrdodinger equation.
Density Functional Theory (DFT) is a famous methodology in quantum mechanics used to
describe stable molecular systems. The Time-Dependent Density Functional Theory (TD-DFT)
is an important expansion of DFT, designed to address excited molecule states, enabling
researchers to investigate and understand the dynamic behaviors of molecules as they transition
between states or respond to external stimuli. This combination provides in-depth
understanding of molecular characteristics and contributes to the progress in theoretical

understanding of intricate chemical systems.
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Chapter IV: Structural analysis of EMTh (C12H14N20,S), and TMTH (C14H1sN20-S)

IV.1. Introduction

X-ray diffraction on single crystals (SC-XRD) serves as crucial technique for Understanding
the crystalline and molecular structures by collecting excellent single crystals for structural
analysis of an organic compound. This diffraction method is the simplest for figuring out the
three-dimensional molecular arrangement of a crystal structure. The new organic compounds
under study EMTH(C12H14N202S), and TMTH (Ci14H18N202S) molecules, which were
synthesized by our collaborators at the Applied Organic Synthesis Laboratory (AOSL) at the
University of Oran through chemical mechanism, showed a good recrystallization, so we used
SC-X-ray diffraction to determine their three-dimensional geometries.

To conduct an X-ray diffraction investigation for the compounds EMTHand TMTH (figure
IV.1), ABruker Kappa Apex2, and STOE IPDS 2 diffractometer and a two-dimensional detector
(CCD) on a single crystal with dimensions of (0.31 x 0.28 x 0.19) and (0.220 x 0.203 x
0.190)mm; respectively, were employed while the Graphite is utilised as the monochromator
with the molybdenum wavelength (MoK = 0.71073). The diffracted intensities were obtained
at a low and the room temperature 130 and 296 K, respectively.

MeD v N N o

(£)-3-N-(ethy])-2-N"-{(3- methoxyphenyl )
mine) thiazohdine-4-one
(Z£-Enut)

Cp.Hy N.OLS

(Z£)-2N-{tert-butylimino}-3N"-{4-
methoxyphenyl ) thiazolidin-4-one
(TKITh)
€y H N0,

Figure IV.1. Identification of the two new synthetic organic compounds

IV.2. Organic synthesis of the EMTh and the TMth

e Synthesis and Crystallization
An equimolar solution of N-ethyl-3-N’-(3-methoxyphenyl)thiourea and ethyl bromoacetate in

absolute ethanol, in the presence of sodium acetate, underwent reflux for 6 hours. Following
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vacuum distillation to remove the solvent, the resulting residue was isolated, cold-water
washed, filtered, dried, and subjected to crystallization from ethanol, resulting in the formation
of (Z)-3-N-(ethyl)-2- N’-((3-methoxyphenyl)imino)thiazolidin-4-one, as outlined in the
scheme. Similarly, for the synthesis of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl)
thiazolidin-4-one, a solution of 1-tert-butyl-3-(4-methoxyphenyl) thiourea and ethyl
bromoacetate in ethanol with acetic acid was stirred at room temperature for 6 hours.
Recrystallization of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4-one
(TMTh) from ethanol was achieved through slow evaporation, followed by solvent removal
using vacuum distillation. The resulting solid was filtered, water-washed, and dried to obtain

the final product.

OE“‘“ s @ /Q==o

Figure 1V.2. Reaction sequence for the title compound synthesis

) >—>L St 8 /O;\E
NH ~o

o

Figure 1V.3. Synthesis of chemical pathway for TMTh

e Characterization of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4-one
Experimental techniques (including FT-IR, NMR, and UV-Vis) were used to characterize
TMTh. On a Perkin-Elmer FT-IR spectrometer, the IR spectrum of a KBr pellet was recorded

in the range 400-4000 cm™. The measured wavenumbers are reported in cm™. In DMSO-
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desolvent at 25 °C, the *H and *3C NMR spectra were measured using a Bruker AC-500 MHz
spectrometer relative to TMS which serves as an internal standard, chemical shifts are reported
as & (ppm). Electronic UV-Visspectrum was recorded using a Shimadzu UV-2900 Pc-

spectrophotometer in the range from 200 to 700 nm in chloroform solution.

IV.3. Collecting information and X-ray crystallography

Transparent yellowish parallelepiped crystals of C12H14N202S were selected, and the mother
liquid was removed before rapid chilling to 130 K. The crystal was then mounted on a Bruker
Kappa APEX 2 diffractometer equipped with a Triumph monochromator and MoKa radiation.
No signs of deterioration were observed during data collection. Employing a narrow-frame
method, frames obtained from running ¢ and ® scans were merged using the Bruker SAINT
Software package [1], and the SADABS program[2] was utilized for data rectification. The
structure was solved using the SUPERFLIP package[3], with subsequent refinement and
computations performed using full-matrix least-squares on F2 in the Crystals software package
version 14.40 [4]. Anisotropic refinement was applied to all non-hydrogen atoms, while
hydrogen atoms were positioned and refined by riding limitations to the pivot atoms. For the
C14H18N202S molecule, brown-colored crystals were chosen for an X-ray diffraction
experiment conducted on a STOE IPDS 11 single crystal diffractometer at room temperature,
using monochromated MoK radiation (A = 0.71073). The structure was solved and improved
using the Shelxs-97 [5] and ShelxI-97 [6] programs implemented in the WinGX programs. All
non-hydrogen atoms were refined anisotropically using reflections with 1 > 2 (I). Mercury and
ORTEP software programs[7-8] were employed for geometric analysis and crystal structure
visualization. The table presents an overview of the crystallographic and experimental data for
both C14H17N202S and C14H18N202S molecules.

116



Chapter IV: Structural analysis of EMTh (C12H14N20,S), and TMTH (C14H1sN20-S)

Table IV.1. crystallographic data of the EMTh and TMth compounds

crystallographic

. EMTh TMth
properties
Crystal data
Chemical formula Ci2H14 N2O2S C14H18N20,S
M ( (g/mol) 250.32 277.35
Crystal system. space Monoclinic. C2/c Monoclinic, 12/a
group
130 130 296
ab.c(A) 23.7067 (19), 6.8884 (6) , 13.6185 (6), 5.7532 (2), 37.1790
T 15.7244 (12) @an
B(°) 111.6504 (17) 91.349 (4)
V(A3 2386.66 (18) 2912.2 (2)
Z 8 8
Radiation type Mo Ka, 0.71073 Mo Ka
pw(mm?) 0.26 0.222

Crystal size (mm)

0.31x0.28 x 0.19

0.220 x 0.203 x 0.190

Data collection

Diffractometer

Absorption
correction

Tmin- Tmax

No. of measured.
independent and

observed [I > 2o(1)]

reflections

h.kl

Rint
(sin 9/7\.) max (A_l)

Bruker Kappa Apex2

(De Meulenaer & Tompa,
1965)

0.93,0.95

17268, 3006, 2843

—17—-17-7-7.-47—47

0.015
1.

STOE IPDS 2

X-RED32; Stoe & Cie. 2002

0.900. 0.990

19866, 3225, 2169

—17—-17, 77, —47—47

0.015
1.

Refinement

R[F?> 2(F2)].
WR(F2). S

No. of parameters

No. of restraints

H-atom treatment

Apmax- Apmin (e AS)

0.029, 0.066, 1.00

154
0

H-atom parameters constrained

0.33,0.21

0.046, 0.134, 1.032

172
0

H-atom parameters constrained

0.38,—0.29
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IV .4. Structure solution and refinement results

The resolution and refinement of the crystal structures were carried out using the WinGX
program, employing SHELXS for structure resolution and SHELXL for subsequent refinement.
The refinement process involved several steps, including refining non-hydrogen atoms, locating
hydrogen atoms, refining the entire structure, and determining the molecular geometry. The
refinement aimed to optimize the positions and displacement parameters, along with thermal
agitation parameters, for non-hydrogenic atoms in the molecule. The least squares method was
utilized to refine structural parameters such as atomic positions (X, Yy, z), isotropic displacement
parameters (Uiso), or anisotropic ones (Uaniso), and the static occupation of crystallographic
sites. The reliability factor was minimized during the refining steps to enhance the accuracy of
the generated model.

The SHELXS program facilitated the resolution process by applying direct and Patterson
methods to solve both simple and macromolecule structures. It assisted in specifying atomic
positions on a Fourier map card, locating "heavy" atoms, and calculating electronic density,
binding lengths, and valence angles. Similarly, SHELXL, through its Nom.INS file, provided
instructions for various refining aspects, such as

L.S.: To specify the number of cycles for refining.

BOND: For calculating bond angles and interatomic lengths.

FMAP 2: For computing the electrical density difference.

PLAN n: To highlight the difference in furrier synthesis's n first, highly intense peaks.

OMIT: Removes dimly-lit reflections.

ACTA: To produce Nom. fcf and Nom. Cif files.

The refinement process involved anisotropic refinement for non-hydrogen atoms, while
hydrogen atoms were placed in ideal positions based on isotropic thermal agitation. The
conclusion of this phase yielded known positions for each atom in the molecule within the
primary cell. The structural description included fractional coordinates, interatomic distances,
valence angles, and torsion angles, providing optimal placements for the atoms. The resulting
atomic positions for the two compounds under study are summarized in the tables below,

reflecting the successful resolution and refinement of their crystal structures.
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Figure IV.4. SHELXL program execution diagram.
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TablelV.2. Fractional coordinates and isotropic displacement parameters of Ci2Hi4 N2O2S

atoms
Atoms X Y Z U
S(1) 0.10788 0.50228 0.15994 0.01797
0(2) -0.05914  0.62932 0.11818 0.02501
N(2) -0.00321  0.36893 0.10548 0.01554
N(1) 0.06829 0.13208 0.11211 0.01769
0(2) 0.22667 0.03724 -0.00145 0.02168
C(6) 0.12946 0.07703 0.12928 0.01646
C(7) 0.15233 0.09485 0.06005 0.01662
H(7) 0.12957 0.15665 0.00559 0.02142
C(9) 0.04899 0.66706 0.16222 0.02010

H(9A) 005728 071133  0.22423  0.03191
H(9B) 004725 077935  0.12411  0.02880
C(11) -0.05546  0.23707  0.07029  0.01727
H(11A)  -0.04474 012768  0.04043  0.02542
H(11B)  -0.08897 0.30482  0.02483  0.02153

C(8) 0.05618  0.30706 0.12250 0.01410
C(10) -0.01043  0.55817 0.12652 0.01743
C4) 0.22114 -0.08311  0.22376 0.02178
H(4) 0.24443  -0.14126  0.27896 0.02877
C(2) 0.20958  0.01981 0.07231 0.01666
C(12) -0.07573  0.16244 0.14530 0.02474

H(12A) -0.10997  0.07782 0.11917 0.04456
H(12B) -0.08697  0.27006 0.17449 0.04327
H(12C) -0.04306  0.09225 0.18966 0.04017

C(@3) 0.24437  -0.06958  0.15451 0.02005
H(3) 0.28252  -0.11944  0.16298 0.02573
C(5) 0.16413 -0.01190  0.21228 0.02004
H(5) 0.14910 -0.02298  0.25898 0.03092
C(@) 0.28818 -0.01044  0.01246 0.02591

H(1A) 0.29480 0.00731  -0.04370 0.03966
H(1B) 0.29594  -0.14330  0.03167 0.02645
H(1C) 0.31507  0.07267 0.05875 0.02885
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Table 1V.3. Anisotropic (A) thermal agitation parameters of the different atoms of the Ci2Ha4
N20.S molecule

Atoms U1l U22 U33 U12 U13 u23
S(1) 0.0130 0.0159 0.0237 -0026  0.0052  -.0005
0(2) 0.0186 0.0241 0.0318 0.0068 0.0087  0.0020
N(2) 0.0108 0.0172 0.0181 -.0007  0.0047  0.0000
N(1) 0.0127 0.0172 0.0237 -0017 0.0074 -.0018
o(1) 0.0158 0.0259 0.0254 0.0025 0.0101  0.0015
C(6) 0.0127 0.0127 0.0233 -.0016  0.0058 -.0034
C() 0.0132 0.0143 0.0204 -0001  0.0039  0.0004
H(7) 0.014(  0.025( 0.040( -0.010( 0.028(  -0.011(
C(9) 0.0192 0.0143 0.0271 -0004  0.0089  -.0005

H©A)  0.016( 0.029( 0.048( 0.011(  0.008(  -0.001(
HOB)  0.021( 0.022( 0.043( -0.005( 0.011(  -0.005(
C(11)  0.0118 0.0227 00165 -0034 0.0042 -.0024
H(11A) 0.012( 0.032( 0.025( -0.016( -0.002(  -0.004(
H(11B) 0.017( 0.030( 0.016( -0.004( 0.005(  0.000(

c(8) 0.0110 0.0172 0.0140 -0018  0.0044  0.0009
C(10)  0.0171 0.0179 0.0173 0.0015 0.0063  0.0027
C(4) 0.0196 0.0214 0.0198 0.0018 0.0019  0.0004
H(4) 0.024(  0.035( 0.039( 0.002( 0.025(  -0.002(
C@) 0.0139 0.0143 0.0213 -0015  0.0058  -.0030

C(12)  0.0220 0.0326 0.0195 -0100  0.0075 -.0007
H(12A) 0.06(1 0051 0.02(1 -0.041 0021 -0.01(1
H(12B) 0.06(1 0051 0.04(1 -0.01(1 0.03(1 0.00(1
H(12C) 0.023( 0.061( 0.035( -0.009( 0.008(  0.017(

c@) 0.0134 0.0189 0.0248 0.0027 0.0034  -.0018
H(3) 0.04(1 0.03(1 0.00(1 0001 0.00(1 0.01(1
C(5) 0.0200 0.0204 0.0194 -0020 0.0069  -.0022
H(5) 0.016( 0.035( 0.030( 0.003(  -0.005(  -0.004(
C() 0.0174 0.0252 0.0394 0.0019 0.0156  0.0009

H(1A)  0.02(1 007(1 0041 0.00(1 0021 0.01(1
H(1B)  0.012( 0.032( 0.044( 0.005( 0.021(  0.003(
H(1C)  0.026(  0.026(  0.042(  -0.002(  0.020(  -0.004(
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TablelV.4. Fractional coordinates and isotropic displacement parameters of C14H1sN202S

atoms

Atoms X Y z U

S1 0.18790(4) 0.46223(13)  0.41195(2) 0.0716(2)
01 0.63822(11)  0.6489(3) 0.27673(4) 0.0746(5)
02 0.22953(11) 0.8264(4) 0.32727(4) 0.0806(5)
N1 0.31399(11) 0.5718(3) 0.36341(4) 0.0532(4)
N2 0.38378(12)  0.3379(3) 0.40787(4) 0.0561(4)
C5 0.40007(13) 0.5823(4) 0.34186(5) 0.0485(4)
Cc8 0.30955(14)  0.4415(4) 0.39548(5) 0.0527(5)
C2 0.55849(14) 0.6147(4) 0.29753(5) 0.0551(5)
C6 0.41680(15) 0.4111(4) 0.31732(6) 0.0587(5)
H6 0.374701 0.284085 0.315621 0.070

C7 0.49695(16)  0.4266(4) 0.29481(6) 0.0607(5)
H7 0.508598 0.310239 0.278083 0.073
C10 0.23261(14) 0.7004(4) 0.35315(6) 0.0603(5)
C4 0.46149(15) 0.7712(4) 0.34455(5) 0.0584(5)
H4 0.449306 0.888084 0.361144 0.070

C3 0.54146(16) 0.7867(4) 0.32249(6) 0.0639(6)
H3 0.583819 0.913065 0.324453 0.077
C11 0.38603(16)  0.2114(4) 0.44261(5) 0.0597(5)
C9 0.14982(15) 0.6706(5) 0.37869(6) 0.0719(7)
H9 0.089583 0.746718 0.377464 0.086
C13 0.3778(2) 0.3855(5) 0.47328(6) 0.0810(7)
H13A 0.379222 0.304262 0.495843 0.122
H13B 0.431834 0.492474 0.472664 0.122
H13C 0.317131 0.469513 0.470669 0.122

C1 0.6627(2) 0.4735(5) 0.25181(7) 0.0816(8)
H1A 0.719991 0.519675 0.239033 0.122
H1B 0.675973 0.330911 0.264439 0.122
H1C 0.608889 0.450819 0.235047 0.122
Cl4 0.3074(2) 0.0255(5) 0.44472(8) 0.0908(8)
H14A 0.312243 -0.050530 0.467681 0.136
H14B 0.243777 0.095776 0.441857 0.136
H14C 0.316453 -0.086589 0.425951 0.136
C12 0.4861(2) 0.0950(6) 0.44542(7) 0.0935(9)
H12A 0.491491 0.010099 0.467603 0.140
H12B 0.493434 -0.009814 0.425573 0.140
H12C 0.536621 0.211281 0.444848 0.140
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Table IV.5. Anisotropic (A) thermal agitation parameters of the different atoms of the
Ci14H18N202S molecule

Atom U1l U22 U33 u23 U13 U12
s1 0.0510(3) 0.0987(5) 0.0655(4) 0.0101(3) 0.0120(2)  -0.0035(3)
Ol  0.0658(9) 0.0827(11) 0.0765(10) -0.0045(9) 0.0274(8)  -0.0030(8)
02  0.0672(9) 0.1067(14) 0.0682(10) 0.0258(10) 0.0050(8)  0.0262(9)
N1  0.0438(8) 0.0704(11) 0.0457(8) 0.0046(8) 0.0041(6)  0.0053(8)
N2  0.0545(9) 0.0668(11) 0.0471(9) 0.0066(8)  0.0023(7)  0.0016(8)
C5  0.0427(8) 0.0589(12) 0.0438(9) 0.0034(9) 0.0025(7)  0.0038(9)
C8  0.0508(10) 0.0617(12) 0.0456(10) -0.0014(9) 0.0035(8)  -0.0044(9)
C2  0.0491(10) 0.0661(13) 0.0504(10) 0.0019(9) 0.0072(8)  0.0032(9)
C6  0.0573(11) 0.0606(13) 0.0585(12) -0.0048(10) 0.0066(9)  -0.0069(10)
C7  00637(12) 0.0597(13) 0.0593(12) -0.0109(10) 0.0119(9)  0.0012(10)
C10  0.0485(10) 0.0804(15) 0.0519(11) -0.0011(11) -0.0018(8) 0.0073(10)
C4  00597(11) 0.0611(13) 0.0548(11) -0.0090(10) 0.0085(9)  -0.0007(10)
C3  0.0621(12) 0.0645(14) 0.0655(13) -0.0058(11) 0.0099(10) -0.0111(11)
C1l  0.0684(12) 0.0638(13) 0.0471(10) 0.0082(10) 0.0076(9)  0.0025(10)
C9  00432(10) 0.111(2)  0.0614(12) 0.0051(13) 0.0033(9)  0.0083(11)
C13  0.1065(19) 0.0829(18) 0.0534(13) 0.0040(12) -0.0054(12) 0.0006(15)
Cl  0.0818(16) 0.0894(19) 0.0750(15) 0.0043(14) 0.0315(13) 0.0207(14)
Cl4 0112(2)  0.0680(17) 0.0927(18) 0.0186(15) 0.0024(16) -0.0150(15)
C12  0.0934(18) 0.119(2)  0.0683(15) 0.0322(15) 0.0097(13) 0.0358(17)

The obtained structure has been legally deposited at the Cambridge Crystallographic Data
Centre (CCDC) under the reference number CCDC 1871013, and CCDC 1547696 for C12H14

N20>S, and C14H18N202S molecules, respectively.

IV.5. Theoretical calculation methodology

The Gaussian 09 [9] molecular modeling software, installed at the Laboratory of Solid
Properties and Technology (LTPS) at the University of Mostaganem, was used to
theoretically analyze the examined organic compounds'. Our compounds' molecular
geometries have been improved for this purpose. This was accomplished by applying
quantum theory to optimize the molecular geometries of our molecules.

Using the appropriate calculating approach is crucial to obtain findings that are close to the
experimental. We selected the density functional theory (DFT) with the functional B3LYP and
the basis 6-311G (d, p), was chosen for our investigation.This basis set uses three Gaussian
functions for the description of valence electrons, three Gaussian processes for the definition of
core electrons, and a final Gaussian function to describe the outer (or valence) electrons that

are the furthest out from the nucleus to describe an atomic orbital. D and P stand for the
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utilization of polarization orbitals. These mathematical techniques can produce
exact predictions for optimizing geometric angles and lengths of the connections and are often
well-suited for organic molecules. The GAUSSIANO09 computer program [9] and its GAUSS
VIEW graphical user interface version 5.0.8 [10] were used for all calculations.

IV.5.1. Structure description

The molecular geometry of the EMTh compound is characterized by the interaction of two
structural components, namely the methoxyphenyl and thiazolidine rings, resulting in a dihedral
angle of 86°. Detailed information on atomic positions and thermal parameters is available in
the CIF file, and Tables IV. 7, and 8 present selected bond lengths, bond angles, and torsion
angles obtained through both X-ray diffraction and theoretical calculations. An ORTEPIII
diagram in Figure 1 illustrates the X-ray structure with thermal ellipsoids alongside the
theoretical structure. The study employed full geometry optimization without symmetry
constraints, revealing distinctive characteristics of single and double bonds in specific S1-C5,
S1-C1, C1-N1, N1-C2, N1-C4, C6-N2, and O2-C8 bonds. while C4-02 (1.23 A) and N2—
C1 (1.26 A) bonds show typical double bond characteristics [11]. The amine N2 atom exhibits
an sp2 geometry, and the thiazole ring bonds show minimal discrepancies between theoretical
and experimental values. Bond angles, such as C6-N2-C1, C2-N1-C4, and C1-N1-C4,
approximate 120° (119.56°, 121.08° and 116.72°, respectively) [12]. The C1 atom is of sp2
hybridization type because the total adds up to 360° at B3LYP/6-311G (d, p) level. The
corresponding theoretical value of this angle is 64° (C7-C6-N2— C1). The C8-02-C12 angle
is 116.98°, and the C2-N1-C4-01 fragment is approximately planar (Table 4). Generally, the
observed difference between experimental and calculated geometrical parameters does not
seem very large. The X-ray crystallographic structure in Figure 1, along with optimized
molecular geometry, is presented, and Table 2 details the experimental and computed bond
lengths, angles, and dihedral angles. While the optimized geometrical parameters of TMTh at
the same basis set reveal that the title compound crystallizes in the 12/a space group of the
monoclinic system and it has a typical double bond nature for the C10-02 bond. Despite slight
variations in C—S bond lengths at 1.81 A, the study demonstrates consistent results [13, 14], with
most C—N bonds exhibiting single bond characteristics. d [15,16]. The molecular structure
comprises two planar moieties, one with the methoxyphenyl group and the other with the tert-
butylimino-thiazolidin-4-one group, forming a dihedral angle of approximately 68°. Overall,
the DFT-derived optimized bond lengths and angles align well with X-ray structural geometry
and previous research on related compounds, providing a comprehensive understanding of the

molecular structure [17-18].
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Table IV.7. Selected bond lengths (A) and angles (°) by X-ray diffraction and theoretical
calculations for EMTH.

Bond lengths  X-ray DFT C9-C10-C11 121.52 120.98
S1-C5 1.811(1) 1.887 02-C8-C7 115.23 115.22
S1-C1 1.767(1) 1.893 02-C8-C9 124.48 124.87
01-C4 1.216(1) 1.233 C7-C8-C9 120.27 119.91
N1-C2 1.469(1) 1.485 C10-C9-C8 119.01 119.34
N1-C1 1.399(1) 1.392 C6-C11-C10 118.98 119.96
N1-C4 1.371(1) 1.388 Torsion angles X-ray DFT
N2-C6 1.425(1) 1.407 C1-S1-C5-C4 3.6 2.4
N2-C1 1.263(1) 1.264 C5-S1-C1-N1 -4.7 2.4
02-C8 1.367(1) 1.386 C5-S1-C1-N2 1745 176.7
02-C12 1.431(1) 1.459 C1-N1-C2-C3 —99.6 —-86.2
C6-C7 1.389(1) 1.398 C4-N1-C2-C3 77.9 92.2
C6-C11 1.402(1) 1.408 C2-N1-C1-s1 -177.7 -179.7
C7-C8 1.398(1) 1.401 C2-N1-C1-N2 3.1 1.1
C5-C4 1.509(1) 1.527 C4-N1-C1-S1 4.7 1.8
C2-C3 1.518(1) 1.537 C4-N1-C1-N2 -174.6 -177.3
C10-C9 1.393(1) 1.399 C2-N1-C4-01 -0.2 1.7
C10-C11 1.386(1) 1.387 C2-N1-C4-C5 -179.5 -178.4
C8-C9 1.395(1) 1.397 Cl1-N1-C4-01 177.4 -179.9
Bond angles  X-ray DFT C1-N1-C4-C5 -1.9 0.1
C5-S1-C1 92.24 90.13 C1-N2-C6-C7 86.0 64.5
C2-N1-C1 122,15  120.13 Cl1-N2-C6-C11  -100.2 -119.3
C2-N1-C4 121.08  119.58 C6-N2-C1-S1 1.6 4.4
C1-N1-C4 116.72 29.83 C6-N2-C1-N1 -179.2 -176.7
C6-N2-C1 119.56  129.18 Cl12-02-C8-C7 -170.8 179.8
C8-02-Cl12 11698  117.97 Cl12-02-C8-C9 109 -0.1
N2-C6-C7 11943  124.07 N2-C6-C7-C8 172.3 178.5
N2-C6-C11 11994  116.82 Cl11-C6-C7-C8 -15 0.6
C7-C6-C11 120.34  119.08 N2-C6-C11-C10 -173.1 -179.4
C6-C7-C8 119.87  120.72 C7-C6-C11-C10 0.6 -1.3
S1-C5-C4 107,51  108.27 C6-C7-C8-02 -177.2 -179.5
N1-C2-C3 112,36  111.42 C6-C7-C8-C9 13 0.4
S1-C1-N1 110.92  109.07 S1-C5-C4-01 178.9 178.06
S1-C1-N2 127.32  129.12 S1-C5-C4-N1 -1.8 -1.9
N1-C1-N2 121.76 121.81 C11-C10-C9-C8 -0.8 -0.1
01-C4-N1 123.71  123.73 C9-C10-C11-C6 0.5 11
01-C4-C5 12391  124.08 02-C8-C9-C10 178.2 179.2
N1-C4-C5 112,37  112.18 C7-C8-C9-C10 0.1 0.7
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Table 1V.8. Selected bond lengths (A) and angles (°) by X-ray diffraction and theoretical
calculations for TMTh.

Bond lengths X-ray DFT Bond angles X-ray DFT
S1-C8 1.784(2) 1.823 N2-C11-C14 113.02(19) 111.27
S1-C9 1.790(3) 1.827 N2—-C11-C12 106.03(17) 105.48
0o1-C2 1.362(2) 1.368 Cl14-Cl11-CI12 108.6(2) 109.02
0O1-C1 1.415(3) 1.429 N2—-C11-C13 109.22(19) 110.70
02-C10 1.205(3) 1.218 C14-C11-C13 111.1(2) 111.09
N1-C5 1.437(2) 1.439 C12-C11-C13 108.7(2) 109.06
N1-C8 1.411(3) 1.422 C10-C9-S1 107.68(15) 108.34
N1-C10 1.379(3) 1.396 Dihedral angles X-ray DFT
N2—C8 1.252(3) 1.265 C10-N1-C5—C6 -98.2(2) 118.33
N2—-Cl11 1.482(3) 1.477 C8-N1-C5-C6 84.0(2) -62.78
C5-C6 1.365(3) 1.396 Cl10-N1-C5-C4  77.8(2) -60.39
C5-C4 1.374(3) 1.402 C8-N1-C5-C4 -100.0(2) 118.48
C2-C7 1.371(3) 1.406 Cl11-N2-C8-N1  175.71(19)  -178.94
C2-C3 1.380(3) 1.407 C11-N2—-C8-S1 -3.5(3) 1.15
C6—C7 1.394(3) 1.399 C10-N1-C8-N2 -173.6(2) 178.64
C4-C3 1.382(3) 1.391 C5-N1-C8-N2 4.2(3) -0.25
C10-C9 1.501(3) 1.524 C10-N1-C8-S1 5.7(2) -1.43
C11-C13 1.524(3) 1.544 C5-N1-C8-S1 -176.43(15)  179.66
Cl1-Cl14 1.517(4) 1.544 C9-S1-C8-N2 173.0(2) -178.83
C11-C12 1.520(3) 1.542 C9-S1-C8-N1 -6.28(16) 1.25
Bond angles X-ray DFT C1-01-C2-C7 -3.4(03) -0.40
C8-S1-C9 93.68(9) 92.67 C1-01-C2-C3 176.9(2) 179.60
C2-01-C1 118.17(19) 117.65 C4-C5-C6—C7 0.2(3) -0.38
C10-N1-C8 117.96(16)  111.64 N1-C5-C6-C7 176.23(18)  -179.11
C10-N1-C5 118.97(16)  120.42 01-C2-C7-C6 -179.32(19)  179.93
C8-N1-C5 123.04(15) 121.13 C3—-C2-C7-Cé6 0.3(3) -0.06
C8-N2—Cl1 123.67(17)  126.64 C5-C6—C7-C2 -0.1(3) 0.41
C6—C5—C4 120.57(18)  119.88 C8-NI-C10-02  176.5(2) -179.03
C6—C5—-N1 119.58(18) 119.77 C5-N1-C10-02 -1.5(3) -0.12
C4-C5-N1 119.73(18) 120.32 C8-N1-C10—C9 -1.7(3) 0.803
N2-C8-N1 120.92(17)  121.17 C5-NI-C10-C9  -179.63(19)  179.71
N2—-C8-S1 130.84(16) 129.93 C6—C5—C4—C3 -0.7(3) 0.006
N1-C8-S1 108.24(13) 108.88 N1-C5-C4-C3 -176.68(18)  178.74
01-C2-C7 124.51(19) 124.68 01-C2-C3-C4 178.9(2) 179.68
01-C2-C3 115.27(19)  115.67 C7-C2-C3-C4 -0.8(3) -0.30
C7-C2-C3 120.22(19) 119.64 C5-C4-C3-C2 1.0(3) 0.34
C5-C6—C7 120.0(2) 120.41 C8-N2-C11-C14  56.1(3) 62.80
C2-C7-C6 119.5(2) 119.73 C8-N2-C11-C12  175.0(2) -179.40
02-C10-N1 123.81(19) 125.25 C8-N2-C11-C13  -68.1(3) -61.25
02-C10-C9 124.17(19) 123.09 02-C10—C9-S1 178.7(2) -179.93
NI-C10—C9 111.99(19) 111.64 N1-C10—-C9-S1 -3.2(2) 0.22
C5-C4-C3 119.6(2) 120.07 C8-S1-C9—-C10 5.38(18) -0.84
C2-C3-C4 120.0(2) 120.24
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Figure IV.5. Molecular structure of TMTh (left) X-ray structure, (right) optimized structure
using B3LYP/6-311G(d,p)

IV.5.2. Crystal packing, HS and RDG analyses

1VV.5.2.1. Hydrogen Bonding

Hydrogen bonding plays a pivotal role in the stabilization of the crystal structure of the title
compound, orchestrating the linkage of molecular chains along the b-axis in the unit cell. The
crystal lattice is fortified by almost linear hydrogen bonding interactions, notably C—Hee+O and
C—Hee<*N intra- and intermolecular connections. The molecular conformation is intricately
influenced by two weak intramolecular hydrogen bonds (C2—H22e¢++O1 and C2—-H21e+e*N1),
forming S(5) rings, as depicted in Figure 2 and Table 5. These interactions, where carbon atoms
such as C2, C3, C5, C12, and C7 act as donors and oxygen and nitrogen atoms serve as
acceptors, contribute significantly to the stability of the molecular packing. The hydrogen bond
interactions are comprehensively presented in Table 5, and Figure 2 illustrates the diverse
interaction types within the crystal structure. Figure 3 further reveals the molecular stacking
facilitated by these hydrogen bonds, displaying the presence of eight molecules in the unit cell,
consistent with the space group C2/c multiplicity. Examining the crystal packing, additional
intermolecular interactions are identified, with a focus on C—He*sO and C—Hee*S hydrogen
bonds (Table 3) creating a three-dimensional framework in the crystal structure.
Electronegative atoms S1, O1, and O2 engage in primary interactions, forming hydrogen bonds
with H13B, H14A, H1A, H1B, H3, and H7 atoms. The carbon atoms (C13, C14, C1, C3, and
C7) connected to this hydrogen atoms act as donors, while O1, 02, and S1 function as acceptors.
The crystal packing also features n—n stacking interactions, [19,20] as evidenced by a centroid-
to-centroid distance of 3.39 A between thiazole rings of neighboring molecules, further
contributing to the intricate and stabilized architecture of the title compound's crystal lattice.

Table 1V.9. The possible hydrogen bonds within the EMTh molecule
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D-H..A D-H(A) D-A(A) H...A(A) D-H...A(A) Equivalent positions
C2-H21..N2  0.981  2.852 2453 121.09 X, Y,z

C2-H22...01 0.962  3.817 2582 126.23 XY,z

C5-H51...01  0.987  3.380  2.489 163.98 (-x, Y, -z+1/2
C7-H7...01 0.947  3.432 2508 121.87 (-X, -y, -
C5-H52..N2 0955 3370 2514 119.7 X, -y, Z+1/2

Table 1V.10. The possible hydrogen bonds for TMTh molecule

D—HeeeA D-H(A) D—A(A) HeseA (A) D—HeesA(A) Equivalent positions
C13-H13BeesS1 1.08 3.437 2.752 121.09 X,y,Z

Cl14-H14Ae---S1 1.08 3.221 2.462 126.23 X,Y,Z

C3-H3e¢02 1.08 3.396 2.345 163.98 X, —1/2,~y-1,+z
C7—H7+++01 1.08 3.57 2.88 121.87 —X, +y+1/2,-z+1/2
Cl1-H1Ae--O02 1.08 3.425 2.75 119.7 —X, +y+1/2,-z+1/2
C1-H1AeO1 1.08 3.655 2.695 147.83 —x-1/2, —y-1/2, —z+1/2
C1-H1Bee«O2 1.08 3.399 2.517 138.23 X-1/2,~y,+z

Figure 1V.6. Crystal packing diagram viewed along the ¢ axis with hydrogen bonds and n—=

stacking interaction shown as dashed lines

1VV.5.2.2. Hirshfeld Surface (HS) analysis

Hirshfeld Surface (HS) analysis serves as a powerful method for investigating intermolecular
interactions, providing valuable insights into the crystalline environment of the title compound.
[21]. This analysis, crucial for understanding crystal engineering, aims to assess the strength
and significance of intermolecular contacts, thereby gauging their impact on crystal lattice
stability based on the HS analysis equation, elucidating the dnorm (normalized connection

distance), which is calculated from the atoms' de, di, and van der Waals radii (r”*¥and r2%):
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_ @@= ;e = 7™)

d ES
norm
rivdw r.ev

dw

where de and d; stand for, respectively, the internal and external distances from the site to the
closest nucleus. The 3D-HS map and their related 2D fingerprint plots were obtained using the
Crystal Explorer software [22] accepts a structure input file in the CIF format. The red regions
represent shorter contacts with negative dnorm value and the blue regions represent longer
contacts with positive dnorm Value. The white regions represent van der Waals contacts with zero
dnorm Value (dnorm ~ 0)[23, 21, 24]. Figure 9 presents the HS drawn for the EMTh crystal,
emphasizing hydrogen bonding close contacts highlighted by dark green broken lines. Surfaces
mapped over normalized contact distance (dnorm), curvedness, shape index, and de (distance
from a point on the surface to the nearest nucleus outside the surface) offer comprehensive
insights into the nature of interactions. The dnorm mapping discerned through a red—blue—
white color scheme, reveals prominent hydrogen bonding interactions, particularly C-H---O
and C—H---N, with the strongest interaction being the hydrogen bonding vdW between the
methoxy group's oxygen and hydrogen atoms in thiazolidinone rings. This is evident as a bright
red zone in the Hirshfeld surfaces (Fig. 10a). The qualitative and quantitative study of
intermolecular close contacts is facilitated by the size and shape of the Hirshfeld surface,
employing shape index and curvature to identify planar stacking arrangements. [25] The full
fingerprint plot (Fig. 11) unveils the contribution of each interaction type, with H---H
interactions dominating (49.1%), followed by O---H/H---O (16.8%), H---C/C---H (15.8%), S---H
(9.5%), and N---H (4.7%). The percentage contributions, along with the comprehensive
fingerprint plot, provide a detailed understanding of the intermolecular interactions shaping the
crystal structure. The 3D-HS map for the TBMT, color-coded from -0.150 to 1.849 A, reveals
C—H---O and C—H-:-S hydrogen bonds, while the shape index surface depicts n—7 stacking
interactions. The 2D-fingerprint plots highlight the significant contributions of H---H (56.3%),
H---0/0---H (16.9%), C-H/H-C (12.7%), CessH/He**C (12.7%), S---H/H---S (6.6%), and
N---H/H---N (3.2%) to the HS. Overall, the Hirshfeld Surface and Fingerprint Analysis provide
a comprehensive understanding of the intermolecular interactions governing the crystal
structure of the title compound, offering valuable insights into its stability and packing

arrangement.
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Figure 1V.7. Hirshfeld surfaces for visualizing the intermolecular contacts of the EMTh
compound: (a) dnorm Hirshfeld surface, (b) shape index and (c) dnorm Selected intermolecular

contacts.
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Figure 1V.8. Fingerprint plots of the EMTh compound showing the most important
interactions with their contributions
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Long contacts I

van der Waals
contacts

Short contacts I

Figure 1V.9. Hirshfeld surfaces for visualizing the intermolecular contacts of the TMTh
compound: (2) dnorm Hirshfeld surface, (b) shape index and (c) dnorm Selected intermolecular

contacts
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Figure 1V.10. Fingerprint plots of the TMTh compound showing the most important
interactions with their contributions

1V.5.2.3. Reduced density gradient analysis.
In our exploration of intra non-bonded interactions within the studied chemical system, we
employed the Reduced Density Gradient (RDG) analysis, a valuable tool based on the electron

density and its derivatives. The RDG equation, represented as
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1 [Vp(M)]

RDG() = 5 Garay B ()

, where p(r) is the electron density, and Vp(r) is the gradient of p(r) at the point r, serves as a
quantitative measure of the strength of noncovalent interactions, encompassing hydrogen
bonding, steric effects, and van der Waals interactions [26]. The RDG assessment involves the
use of software programs like Multiwfn and VMD to generate 2D scatter plots and 3D
isosurface densities,[27, 28] offering visual representations of noncovalent interaction areas.
Figure 7 depicts RDG functions against the product sgn(A2) and p, where positive values of A2
signify repulsive nonbonded interactions, negative values indicate attractive interactions, and
the intermediate region corresponds to weak Van der Waals interactions. The color scale bar
below Figure 7 represents the product sgn(A2)p. The 3D isosurface in Figure 8 further visualizes
the molecular interactions, with red regions indicating strong steric repulsion in centers of
aromatic and thiazole rings, according to the color scale bar, green to light brown elliptical slabs
between S1-C7 and N2—-C3, denoting van der Waals interaction regions, and mixed red and green
areas illustrating weak repulsive zones between O1-C2 and C2-N2 as well around C8-02-C12 and
C9. Notably, the absence of RDG surface blue indicates the lack of hydrogen bonds in the
studied molecule.
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Figure 1V.11. RDG graph and scatter map of EMTh and TMTh compounds
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IV.5.2.4. Fukui functions:

The functions of Fukui may be accessed from the electronic densities of the N, N +1, and N 1
electron systems. From there, one can access the limps local, local electrophilic authorities, and
canonical and large dual descriptors canonical depending on the type of population used
(Mulliken, Hirschfeld, natural, or other) different values are obtained for the Fukui condensed
indices. From the condensed Fukui indices, it is possible to construct the indices condensed
corresponding to other local reactivity descriptors (local softness, authorities local
electrophiles, dual descriptors)

The local reactivity descriptors, specifically Fukui functions, offer valuable insights into the
reactivity patterns of molecules in terms of electron transfer [29]. The Fukui function, a key
local reactive parameter, aids in assessing the reactivity and selectivity of organic
molecules[30]. In this study, the Fukui function, employed through density functional theory
(DFT), allows for the identification of electrophilic and nucleophilic sites within the molecule.
[31]. Table 3 displays the Fukui function and local electrophilicity descriptor values for various
atomic sites existing the EMTh compound, revealing that the S atom exhibits relatively high
local reactivity descriptors, making it the most electrophilic center. Similarly, C4 and C8
display elevated values, indicating their susceptibility to electrophilic attacks. The Dual
descriptors (Af(k)) and local electrophilicity for each atomic site of the title chemical [32]
(Morell et al., 2005) and it condensed form (A) are defined as follows:

AM==f] —f, ; Aw = —f;)=wAf

If Af / Aw> 0, the site is favored for a nucleophilic assault or the atom acts as an electrophile,
whereas Af / Aw < 0, the site is unlikely to be sensitive to a nucleophilic attack but may be
favorable for an electrophilic attack. According to table 1.The signal +, — and 0, referring to
nucleophilic, electrophilic, and radical reactions, respectively. During an electrophile—
nucleophile interaction, the electrophile preferably interacts through its most electrophilic sites
(those with high ok values), and the nucleophile preferably interacts through its most
nucleophilic sites [33]. The nucleophilic and electrophilic character of various atomic sites is
detailed in Table 1 as follows: C6 > H4 > C2 > O2 >H9B> C7> H9A> C12> C1 3B >C9
>C13> H13C > H14C. The atomic sites which expose the electrophilic behavior are in the
following order: H14B >H8 > H5 > H14B >Cl14 > H2A >H13A >C5> H4 >H3A
H12C >C10> S1 >C11> H7 >H12B> H12A > N1 >C3 > N2> 01, with hydrogen
atoms being electron-deficient and prone to nucleophilic attacks due to the higher

electronegativity of surrounding carbon, oxygen, and nitrogen atoms. This study provides a
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comprehensive exploration of local reactivity, shedding light on potential reaction sites and

contributing to a deeper understanding of the molecular behavior.

Table IV.11. Atomic charges, Fukui functions, local softness and local electrophilicity indices

for atomic sites of (Z)-3-N- (ethyl)-2-N'-((3-methoxyphenyl) imino) thiazolidine-4-one using
B3LYP/6-311G(d,p) level

Atom f S*k Sk otk Ok Af A® AS

1C -0,0938 -0,269 -0,0178 -0,0561 -0,2214 -0,634 0,1752 0,4136472  0,0331128
2C -0,0266  -0,062 -0,005 -0,012 -0,062 -0,141 0,0354 0,0835794  0,0066906
3C -0,14 -0,271 -0,0266 -0,051 -0,331 -0,63 0,131 0,309291 0,024759
4C 0,1365 0,422 0,0269 0,08 0,32 0,995 -0,2855 -0,6740655 -0,0539595
5C -0,301 -0,276 -0,057 -0,052 -0,72 -0,651 -0,025 -0,059025 -0,004725
6C -0,137 0,281 -0,0259 0,053 -0,291 0,663 -0,418 -0,986898 -0,079002
7C 0,1285 0,1985 0,0242 0,037 -0,292 0,468 -0,07 -0,16527 -0,01323
8C -0,12 0,4126 0,0779 0,078 0,269 0,972 -0,5326  -1,2574686 -0,1006614
9C 0,114 -0,1924 0,02 -0,036 0,188 -0,448 0,3064 0,7234104  0,0579096
10C 0,0805 0,0572 0,015 -0,01 0,195 -0,118 0,0233 0,0550113 0,0044037
11C 0,083 -0,1286 0,0157 -0,02 0,188 -0,302 0,2116 0,4995876  0,0399924
12C -0,102 -0,0971 -0,0193 -0,018 -0,24 -0,229 -0,0049 -0,0115689 -0,0009261
13N -0,361 -0,16 -0,068 -0,03 -0,85 -0,377 0,201 -0,474561 -0,037989
14N 0,079 -0,4515 -0,015 -0,085 -0,18 -1,078 0,5305 1,2525105  0,1002645
150 0,033 -0,383 0,0057 -0,07 0,077 -0,91 0,416 0,982176 0,078624
160 -0,165 -0,363 -0,0312 -0,0686 -0,387 -0,858 0,198 0,467478 0,037422
17S 0,524 -0,415 0,099 -0,078 11,2371 -0,979 0,939 2,216979 0,177471
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Table 1V.12. Atomic charges, Fukui functions, local softness and local electrophilicity indices
for atomic sites of TMTH compound using B3LYP/6-311G(d,p) level

Atom % L fi Af o'k ok Ao

S1 -0,1038 -0,1071 -0,1004 -0,0066 -1,3712 -1,2854 -0,0845
01 -0,0609 -0,1044 -0,0173 -0,0871 -1,3366 -0,2215 -1,1151
02 -0,0700 -0,0502 -0,0898 0,0396 -0,6427 -1,1497 0,5070
N1 -0,0045 -0,0197 0,0106 -0,0302 -0,2522 0,1353 -0,3866
N2 -0,0900 -0,1094 -0,0706 -0,0389 -1,4006 -0,9039 -0,4980
C1 -0,0488 -0,1105 0,0129 -0,1234 -1,4147 0,1653 -1,5799
C2 -0,0164 0,0137 -0,0465 0,0602 0,1754 -0,5953 0,7710
C3 -0,0478 -0,0646 -0,0311 -0,0335 -0,8271 -0,3982 -0,4289
C4 -0,0665 -0,0242 -0,1087 0,0845 -0,3098 -1,3917 1,0820
H4 -0,0229 -0,0255 -0,0202 -0,0053 -0,3265 -0,2586 -0,0679
C5 -0,0382 -0,0408 -0,0356 -0,0052 -0,5224 -0,4558 -0,0666
H5 -0,0261 -0,0267 -0,0256 -0,0011 -0,3419 -0,3278 -0,0141
C6 -0,0577 -0,0006 -0,1148 0,1143 -0,0077 -1,4699 1,4630
Cc7 -0,0071 0,0025 -0,0168 0,0193 0,0323 -0,2151 0,2474
H7 -0,0229 -0,0276 -0,0183 -0,0092 -0,3534 -0,2343 -0,1178
C8 -0,0904 -0,0798 -0,1010 0,0213 -1,0218 -1,2932 0,2723
H8 -0,0282 -0,0286 -0,0279 -0,0007 -0,3662 -0,3572 -0,0090

C9 0,0091 0,0114 0,0067 0,0047 0,1458 0,0863 0,0595
C10 0,0084 0,0052 0,0116 -0,0064  0,0666 0,1489 -0,0819
H9A -0,0340 -0,0244 -0,0436  0,0192 -0,3124  -0,5583 0,2458
H9B -0,0346 -0,0242 -0,0451  0,0210 -0,3099  -0,5775 0,2685
Cl1 -0,0069 -0,0105 -0,0032  -0,0072  -0,1344  -0,0410 -0,0922
H1A -0,0068 -0,0073 -0,0062  -0,0011  -0,0935 -0,0794 -0,0141
H2A -0,0242 -0,0255 -0,0229  -0,0026  -0,3265  -0,2932 -0,0333
H3A -0,0013 -0,0042 0,0017 -0,0059  -0,0538  0,0216 -0,0755
C12 0,0117 0,0165 0,0069 0,0096 0,2114 0,0885 0,1229
H12A  -0,0190 -0,0263 -0,0116  -0,0147  -0,3368  -0,1485 -0,1882
H12B  -0,0186 -0,0253 -0,0120  -0,0133  -0,3240  -0,1537 -0,1703
H12C  -0,0254 -0,0285 -0,0222  -0,0062 -0,3650  -0,2843 -0,0794
C13 -0,0004 0,0018 -0,0027  0,0045 0,0230 -0,0346 0,0575
H13A -0,0011 -0,0025 0,0003 -0,0028 -0,0320  0,0038 -0,0359
H13B  -0,0238 -0,0206 -0,0269  0,0063 -0,2638  -0,3445 0,0803
H13C -0,0056 -0,0054 -0,0058  0,0004 -0,0692  -0,0743 0,0055
Cl4 0,0014 0,0004 0,0023 -0,0019  0,0056 0,0300 -0,0243
H14A  -0,0026 -0,0029 -0,0023  -0,0006  -0,0371  -0,0295 -0,0077
H14B  -0,0207 -0,0213 -0,0201  -0,0012 -0,2728  -0,2574 -0,0154
H14C  -0,0033 -0,0032 -0,0035  0,0003 -0,0410  -0,0448 0,0042

135



References

References

[1].

[2].

[3].

[4].

[5].
[6].

[7].

[8].

[9].

[10].

[11].

[12].

[13].

[14].
[15].

Bruker Analytical X-ray Systems, Inc. (2006). Apex2, Version 2 User Manual (M86—
E01078). Madison, WI.

Siemens Industrial Automation, Inc. (1996). SADABS: Area-Detector Absorption
Correction. Madison, WI.

Betteridge, P. W., Carruthers, J. R., Cooper, R. ., Prout, K., & Watkin, D. J. (2003). J.
Appl. Crystallogr., 36, 1487. DOI: 10.1107/S0021889803021800

Palatinus, L., & Chapuis, G. (2007). J. Appl. Crystallogr., 40, 782-785. DOI:
10.1107/S0021889807029238

Sheldrick, G. M. (2008). A short history of SHELX. Acta Cryst A, 64, 112-122.
Sheldrick, G. M. (2015). Crystal structure refinement with SHELXL. Acta Cryst A, 71,
3-8.

Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P., Taylor, R.,
Towler, M. (2006). Mercury: visualisation and analysis of crystal structures. J. Appl.
Cryst., 39, 453-457.

Farrugia, L. J. (1997). ORTEP-3 for windows - a version of ORTEP-11I with a graphical
user interface (GUI). J. Appl. Crystallogr., 30, 565. DOI: 10.1107/S0021889897003117
Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman,
J.R., ... & Wallingford, CT. (2009). Gaussian 09, Revision A.02. Gaussian Inc.
Dennington, R. D., Keith, T. A., & Millam, J. M. (2008). GaussView 5.0.8. Gaussian
Inc.

Yahiaoui, S., Moliterni, A., Corriero, N., Cuocci, C., Toubal, K., Chouaih, A., ... &
Hamzaoui, F. (2019). J. Mol.  Struct., 1177, 186-192. DOI:
10.1016/j.molstruc.2018.09.052

Khelloul, N., Toubal, K., Benhalima, N., Rahmani, R., Chouaih, A., Djafri, A., &
Hamzaoui, F. (2016). Acta Chim. Slov., 63, 619-626. DOI: 10.17344/acsi.2016.2362
Wilson, A. J. C. (1995). International Tables for Crystallography. Kluwer, Dordrecht,
vol C.

Gupta, R., & Chaudhary, R. P. (2013). J. Mol. Struct., 1049, 189-197.

Toubal, K., Boukabcha, N., Tamer, O., Benhalima, N., Altirk, S., Avci, D., ... &
Hamzaoui, F. (2017). J. Mol.  Struct., 1147, 569-581. DOI:
10.1016/j.molstruc.2017.06.102

114



[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

References

Boulakoud, M., Toubal, K., Yahiaoui, S., Chita, G., Chouaih, A., Djafri, A., &
Hamzaoui, F. (2015). J. Struct. Chem., 56(7), 1373-1378. DOIl:
10.1134/S0022476615070197

Nekrouf, A., Toubal, K., Megrouss, Y., Belkafouf, N. E. H., Djafri, A., Khelloul, N., ...
& Dijafri, A. (2022). J. Mol. Struct., 1262. DOI: 10.1016/j.molstruc.2022.133002
Belkafouf, N. E. H., Baara, F. T., Altomare, A., Rizzi, R., Chouaih, A., Djafri, A., &
Hamzaoui, F. (2019). J. Mol. Struct. DOI: 10.1016/j.molstruc.2019.04.028

Djafri, A., Chouaih, A., Daran, J. C., Djafri, A., & Hamzaoui, F. (2017). Acta Cryst. E,
73,511-514. DOI: 10.1107/S2056989017003218

Megrouss, Y., Triki-Baara, F., Boukabcha, N., Chouaih, A., Hatzidimitriou, A., Djafri,
A., & Hamzaoui, F. (2019). Acta Chim. Slov., 66, 490-500. DOI:
10.17344/acsi.2019.5066

Khelloul, N., Toubal, K., Benhalima, N., Rahmani, R., Chouaih, A., Djafri, A., &
Hamzaoui, F. (2016). Acta Chim. Slov., 63, 619. DOI: 10.17344/acsi.2016.2362
Wolff, S. K., Grimwood, D. J., McKinnon, J. J., Jayatilaka, D., & Spackman, M. A.
(2012). Crystal Explorer 3.1. Univ. Western Austral., Perth, Australia.

Ayers, P. W., Yang, W., & Bartolotti, L. J. (2010). In P. K. Chattaraj (Ed.), Chemical
Reactivity Theory: A Density Functional View. CRC, Taylor and Francis Group, Boca
Raton.

Vafazadeh, R., Kazemi-nasab, A., & Willis, A. C. (2019). Acta Chim. Slov., 66, 1010.
DOI: 10.17344/acsi.2019.5333

Bejaoui, L., Rohli¢ek, J., Eigner, V., Ismail, A., El Bour, M., & Ben Hassen, R. (2019).
Acta Chim. Slov., 66, 603. DOI: 10.17344/acsi.2019.5002

Johnson, E. R., Keinan, S., Mori-Sanchez, P., Contreras-Garcia, J., Cohen, A. J., &
Yang, W. (2010). J. Am. Chem. Soc., 132, 6498-6506.

Lu, T., & Chen, F. (2012). J. Comput. Chem., 33, 580. DOI: 10.1002/jcc.22885
Humphrey, W., Dalke, A., & Schulten, K. (1996). J. Mol. Graph., 14, 33.

Cerén, M., Gomez, T., Calatayud, M., & Cérdenas, C. (2020). J. Phys. Chem. A, 124,
2826. DOI: 10.1021/acs.jpca.0c00950

Yang, W., & Parr, R. G. (1985). Proc. Natl. Acad. Sci. USA, 82, 6723-6726. DOI:
10.1073/pnas.82.20.6723

Ayers, P. W., Yang, W., & Bartolotti, L. J. (2010). In P. K. Chattaraj (Ed.), Chemical
Reactivity Theory: A Density Functional View. CRC, Taylor and Francis Group, Boca

Raton.

115



References

[32]. Chattaraj, P. K., Giri, S., & Duley, S. (2011). Chem. Rev., 111, PR43-PR75.
[33]. Domingo, L., Aurell, M., Pérez, P., & Contreras, R. (2002). J. Phys. Chem. A, 106,
6871-6875. DOI: 10.1021/jp020715.

116



Chapter V:

Spectroscopic analysis
of EMTh (C12H14N202S),
and TMTh (C14H18N202S) molecules

(o & 5“”
l ‘4_‘ ‘(,
~'-‘(‘| . (‘. X
4 (s n A\
\ B ot .J.u.m_
N
0

\%\" v ""\ '(n
(:\‘ S" \ .(l"
‘(,K(f(f\ N\ ﬂ
G l :
(u' Y /.\( .u‘ "
/r?., "
(Y ‘%
*
©
Q
c
oy
E
@
c
o
'_

s B3LYO/6-311G(d, p)

fs .é e FT-IR
267 ¢V
“
a

140



Chapter V: Spectroscopic analysis of EMTh (C12H14N202S), and TMTh (C14H18N202S)

V.1. Introduction

Spectroscopic analysis methods assist in elucidating atom configurations in molecular
structures, which can be the essential subject of a novel organic molecular crystal. These
spectroscopic examinations are non-destructive physicochemical processes that are simple
to perform experimentally. The EMTh and TMTh molecules were characterized
experimentally by infrared, UV-Visible, and NMR. Molecular infrared (IR) spectrum (z)-3-
n-(ethyl)-2-n'-(3-methoxyphenyl imino) thiazolidine-4-one was measured in the (500-
4000cm-1) range on a Nicolet FT-IR 6700 spectrometer using KBr pellets. The molecule’s
spectra were captured using 1H NMR (500 MHz) and 13C NMR (125 MHz) in CDCI 3
solvent.On a Perkin-Elmer FT-IR spectrometer, the TMTh IR spectrum of a KBr pellet was
recorded in the range 400-4000 cm™. The measured wavenumbers are reported in cm2. In
DMSO-ds solvent at 25 °C, the *H and *C NMR spectra were measured using a Bruker AC-
500 MHz spectrometer relative to TMS, which serves as internal standard, chemical shifts
are reported as & (ppm). Electronic UV-Visspectrum was recorded using a Shimadzu UV-
2900 Pc-spectrophotometer in the range from 200 to 700 nm in chloroform solution. The
theoretical Vibrational frequencies were calculated by the functional B3LYP accompanied
by the potential energy distribution (PED) that was investigated by the VEDA 4 software for
the assignments of the vibrational modes [1]. There was no negative frequency identified,
confirming that the molecule's ideal geometry is located in a local minimum on the potential
energy surface. Because the vibration frequencies computed by functional are greater than
those measured experimentally for the majority of normal modes of vibration, the scaling
factors 0.9679[2]is employed for the hybrid functional B3LYP/6-311G (d,p) for the EMTh
and TMTh molecules, respectively.. Additionally, H and 3C - NMR chemical shifts were
calculated using the same level of theoryusing the method of invariant atomic Gauge orbitals
(GIAO). [3] The resonance signals of the TMS's molecular structure were determined using
the same type of calculation. The electronic spectrum, absorption wavelengths and oscillator
strengths of the title compound were calculated using the TD-DFT method based on the

previously optimized structure [4].

V.2. Structural characterization by electron spectroscopy

V.2.1. Structural characterization for the (Z)-3-n-(ethyl)-2-n*-(3-methoxyphenyl-imino)
thiazolidine-4-one

V.2.1.1. Vibrational frequencies assignments of (Z)-3-n-(ethyl)-2-n'-(3-methoxyphenyl-

imino) thiazolidine-4-one
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Using analytic second derivatives to validate the convergence to minima on the potential
energy surface the fundamental frequencies of the studied molecule have been calculated. To
understand the nature of these modes of vibration IR absorption spectroscopy based on DFT
calculation. A theoretical analysis has been realized using B3LYP/6-311G(d,p) level of theory
in gas phase. The probable assignments were performed by means of VEDA 4 program [1].
The vibrational frequencies obtained from B3LYP functional calculations have been scaled
by a factor of 0.967 [5]. Table 2 shows the calculated (unscaled and scaled) and experimental
frequencies of the title compound. Simulated and experimental IR spectra of (Z)-3-N-(ethyl)-
2-N’-(3 methoxyphenylimino) thiazolidin-4-one are shown in Figure V. 1.The experimental
fundamentals are in better agreement with the scaled fundamentals.

V.2.1.1.1. Carbon-hydrogen vibrations

In the aromatic compounds, multiple weak bands are exhibited in the region of 3100-3000
cm~'[6]. They appear in this range of like multiple weak bands due to the stretching vibrations
of C — H [7]. In the present work, the carbon-hydrogen of aromatic ring (C — H) stretching
(vCH modes) was found in a range of 3000 and 3100 cm™! using the B3LYP/6-311G(d,p)
calculations. These modes involve exact contribution of >91% suggesting that they are pure
stretching modes. The C - H stretching of aromatic ring showed symmetric modes at 3001,
3070 and 3080 cm™* while asymmetric stretching mode is observed at 2989 cm™.

V.2.1.1.2. C=0 and C=N Vibrations

Usually, the C=0 stretching vibration mode can be easily observed as strong band in the
region 1850-1550 cm™ [8]. The n-n bonding between carbon and oxygen is responsible for
forming a double bond between the carbon and oxygen atoms. The electronic distribution in
this link is not equally because these atoms have different electronegativities. The lone pair
of electrons on oxygen is responsible for the polar nature of carbonyl group. In the present
study, the single C = O stretching vibration mode observed as a high intense peak in FT-IR at
1716 cm “whil calculated value shows at 1726 cm-! with a PED 79%. The stretching
frequency of the double bond C= N is perfectly observed at the high absorption 1640 cm .
DFT/B3LYP functional with 6-311G(d,p) basis set gives exactly the same value of 1640 cm”
! for the C=N vibration.

V.2.1.1.3. Thiazolidine ring vibrations

The C-S stretching vibration presents average bands in the region 1020 —1010 cm™[9]. In this
paper C-S vibrations are observed in 704, 647 and 526 cm™. The examination of the
theoretical results gives us the following values with their PED contribution, 720 (21%), 642
(10%), 522 (12%) and 482 (23%) respectively, which shows a good agreement between
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theoretical and experimental ones as shown in the Table 2. C-N vibration is a difficult task to

identify since the appearance of several bands is possible in the region, Gunasekaran et al
[10]. C-N stretching band have observed at 1312 cm™[11] and C-N assigned stretching
vibration in the region 1350-1000 cm™ for amines. In thiazolidine, C-N stretching band is
found to be present at 1382 and 1307 cm . The C-N stretching vibrations are expected to
occur in the region 1200-1130 cm  [12]. In our present work of title molecule FTIR bands
are observed at 896 cm™ and 1234 cm™, the theoreticallycalculated band at 940,1405, 1357,
1301, 1257, 1131are shifted down by scaling the previous values to 902 (10%), 1348 (13%),
1302 (46%), 1248 (12%), 1206 (16%), 1085 (15%), respectively with the percentage of the

PED contribution indicated between brackets.

o B [
I
— —_— BILYP/6-311G(d,p)
EE —_— FT- IR
S
S N
=
73]
c
©
]_
FT-IR
B3LYO0/6-311G(d, p)
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4000 3000 2000 1000 0
Wavenember crm’

Figure V. 1. Comparison of FT-IR and calculated IR Spectra for EMTh and TMTh

compounds
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Table V. 1 Comparison of the calculated harmonic frequencies using B3LYP method 6-311G(d,p) basis set and experimental (FT-IR )
wavenumbers (cm™?) for (z)-3-n-(ethyl)-2-n’-(3-methoxyphenyl imino) thiazolidine-4-one

No.  Experimental Unscaled Scaled IR Assignments with PED>10%

62 3209 3080.64 8.75 v CH (91%) ar ring

61 3198 3070.08 0.77 v CH (92%) ar ring

60 3127 3001.92 9.61 v CH (100%) ar ring

59 3139 3013.44 9.25 v CH (79%) + vas CH (11%)

58 3127 3001.92 0.33 v CH (100%)

57 2971 3114 2989.44 13.61  vas CH (92%)

56 3001 2880.96 61.94 v CH (92%)

55 1716 1798 1726.08 182.70 v C=0 (79%)

54 1640 1709 1640.64 943.72 v N=C (73%)

53 1640 15744 329.64 v CCasy (63%)ar ring +6 HCC (14%) ar ring

52 1617 1552.32 93.33 v CC (51%)asyar ring+6 HCC (11%) ar ring+6 CCC (12%)ar ring

o1 1482 1518 1457.28 72.82 3 HCC asy (44%)ar ring+6 CCC (19%) ar ring

50 1508 1447.68 33.99 S HCH (67%)+

49 1506 144576 3.59 & HCH(71%)+ tHCCNasy (22%)th ring

48 1498 1438.08 8.56 & HCH(71%)+ tHCCNasy (24%) th ring

47 1492 1432.32 7.71 & HCHasy(69%)+ tHCOCasy(24%) ar ring

46 1482 1422.72 0.82 o HCH(48%)

45 1465 1406.4 40.95 v CCasy (31%)ar ring+ & HCC (31%) ar ring+ 6 HCCasy(16%)

44 1462 1403.52 8.14 o HCH (88%)

43 1391 1420 1363.2 18.06 6 HCC (13%)+ & HCH (15%)+ tHCNC (46%)th ring

42 1405 1348.8 110.90 v NC(13%)th ring+ 6 HCC (10%)+ 6 HCH (39%)+ tHCNCasy (10%) th ring
41 1401 134496 12.94 S HCC (56%)+ &6 HCH (14%)

40 1357 1302.72 247.21 v NC(46%)th ring

39 1284 1350 1296 2441 v CCasy (59%)ar ring+ 6 HCC (23%)

38 1312 1259.52 111.70 v COasy(79%) ar ring+ & HCC (37%) ar ring

37 1234 1301 1248.96 13.79 v CC (10%) ar ring+ v NCth(12%) ar ring+ 6 HCC (11%) ar ring+ & HCHasy(14%)
36 1257 1206.72 43.11 v NCasy (16%)+ th ring +v CO(13%) ar ring+ tHCCN (12%)th ringasy
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35
34
33
32
31
30
29
28
27
26
25
24
23
22
21

20
19
18
17
16
15
14
13
12
11

U1 o N

1148

1046

927
896

775

740
704

647
609

584

526

1253
1212
1194
1172
1171
1148
1131
1111
1109
1075
1007
973

968

940

922

891
872
863
791
782
779
751
705
669
643
617
610
593
581
544
503

1202.88
1163.52
1146.24
1125.12
1124.16
1102.08
1085.76
1066.56
1064.64
1032
966.72
934.08
929.28
902.4
885.12

855.36
837.12
828.48
759.36
750.72
747.84
720.96
676.8

642.24
617.28
592.32
585.6

569.28
557.76
522.24
482.88

25.58
40.44
22.35
45.03
101.55
3.08
146.72
17.22
12.00
63.45
0.82
4.63
0.03
27.82
7.21

29.40
7.58
5.52
5.21
30.71
20.41
8.75
22.45
0.28
4.95
4.44
5.88
17.41
1.53
3.20
23.21

THCSC asy(84%)th ring

6 HCHasy(15%)+ tHCOC(44%) ar ring

v CC (10%)ar ring+ & HCC (38%) ar ring+ tHCOCasy(14%) ar ring
6 HCH(21%)+ tHCOC(35%) ar ring

0 HCCasy(13%) ar ring+ tHCOCasy(17%) ar ring

0 HCSasy(52%) th ring+ tHCSC(28%) th ring

v NCasy (15%) th ring+ v CC(11%) th ring

0 HCHasy(12%)+ 6 CCNasy(13%) th ring+ THCCN (36%)th ringasy
v CC(14%) ar ring+ & HCC(33%)ar ring+

v OC(55%) ar ring+ 6 HCC(17%)ar ring

v CCasy (52%) ar ring+ 6 CCCasy(39%)ar ring

v CCasy (33%) th ring

THCCC (77%) ar ring

v NC(10%) ar ring+ v OCasy(10%) ar ring+ v CCasy (27%) th ring
& HCS(45%) th ring+ THCSC (21%) th ring+ tCCNCasy(19%) th ring+
v OCNCasy(15%)

v CCasy (12%) th ring+ 6 NCNasy (10%)+ tHCCC (12%) ar ring
THCCC (68%) ar ring

THCCC (68%) ar ring

& NCNasy (32%) th ring+tHCNC (33%) th ring

TtHCCC (17%) ar ring+ tHCCCasy (17%) ar ring+tCCCCasy(29%) ar ring
0 CNC (27%) th ring

v CCasy (10%) ar ring+ v CC(10%) th ring+ v SC(21%) th ring
tHCCCasy (56%) ar ring+ tCCCCasy(10%) ar ring

v SC(10%) th ring+ tHCCCasy (12%) ar ring+ tCCCC(43%) ar ring
v CC(28%) th ring+ 6 CCCasy(11%)ar ring

YSNNC asy(54%)ar ring

0 CNCasy (11%) th ring

6 CCCasy (14%) ar ring+ yYOCNC(19%) th ring

tHCSCasy (16%) th ring+ yOCNCasy (30%) th ring

v SC(12%) th ring+ 6 CCC (25%) ar ring+ tCCCC (12%) ar ring

v SCasy (23%) th ring+ & CCNasy(14%)ar ring
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4 484 464.64
3 471 452.16
2 454 435.84
1 403 386.88

0.63 0 CNCasy(10%)ar ring+ 6 CCOasy(32%)ar ring

16.37 0 CNCasy(19%) th ring+ 6 CCNasy(16%) th ring+ & CCOasy(12%) th ring
1.08 0 CCOasy(11%) ar ring+ tCCCCasy (36%) ar ring

2.62 0 CCC(12%) ar ring+ 6 COCasy (21%) ar ring

v : stretching(elongation); sy : symmetric; asy : asymmetric; B : in plane bending; y : out—of plane bending, o : wagging; 1 : twisting; 6: bending; p:
rocking; vibrational modes are based on potential energy distribution (PED) and only contributions over 10% are given; scaled frequencies are in unit
of cm™; Iir infrared intensities are in unit of km.mol ™.
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V.2.1.2. *H and *C NMR calculations

To calculate isotropic chemical shifts & with respect to tetramethylsilane (TMS) 8%iso= 6 Siso
-6 %iso [13], isotropic shielding values 184.2796 and 32.2899 ppm of 6"Sis, are used for C and
H NMR spectra, respectively. It is known that the range of *C-NMR chemical shifts for
analogous organic molecules usually are >100 ppm [14, 15]. Methanol solvent has been used
for chemical shift measurements. The atom labels were numbered according to Figure V. 2.
Calculated and experimental values for *H and 3C NMR have been collected in Table V. 2. In
this research, aromatic carbons give signals in overlapped areas of the spectrum with chemical
shift values from 106 to 170 ppm while experimental chemical shift values of aromatic carbon
atoms are in the range107 to 160 ppm as they would be expected (Table V. 2).Carbon atoms
(C1, C4 and C6) attached to the N atom have a larger chemical shifts through more
electronegative property of the N atom which polarizes the electron distribution in its binding
to the atomadjacent carbon and reduces the value of the chemical shifts.Usually, the chemical
shifts obtained and calculated for the *H atoms of the methyl groups are quite weak. The

maximum chemical shift value for all the hydrogen atoms is 7.24 ppm.

V.2.1.3. Frontier molecular orbitals (FMOs)

The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular
orbitals (LUMOSs) are named as frontier molecular orbitals (FMOs). The HOMO represents
the ability to donate an electron, and LUMO as an electron acceptor represents the ability to
obtain an electron [16]. The calculation of these parameters is very important because it
allowed us to verify a lot of properties such as the kinetic stability and chemical reactivity.
Figure V. 3 shows the atomic orbital HOMO-LUMO plot of the frontier molecular orbitals
computed at B3LYP/6-311G (d, p) level for the title compound. As shown in Figure V. 3, in
HOMO density, electrons are mainly located on the methoxyphenyl group. However, when an
electron transmission occurs, the electron enters into the LUMO, and then the electron will
mainly be localized on thiazole ring and carboxylic group. The positive phase is red and the
negative one is green colour. The HOMO-LUMO energy gap of our molecule was calculated
at the B3LYP/6-311G (d,p) level with HOMO energy = —6.165 eV, LUMO energy = —0.892
eV and HOMO-LUMO energy gap = 5.273 eV. The second highest occupied MO’s
(HOMO-1) and the second lowest unoccupied MO’s (LUMO +1) were calculated using the
same level of theory. 3D plots of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals of the

studied molecule are drawn in Figure V.3.
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Table V. 2. Experimental and calculated *H and *C NMR data for (Z)-3-N-(ethyl)-2-N"-(3-

methoxyphenyl imino) thiazolidine-4-one.

Chemical shifts

'H Experimental B3LYP/6-311G(d)
Hs1 3.78 4.03
Hs2 3.78 3.94
Ho1 3.90 4.49
H22 3.90 4.25
Haz 1.29 1.02
Hs2 1.29 1.92
Hss 1.29 1.19
Ho 6.52 6.26
H7 6.67 6.71
Hi1 6.56 6.64
Hio 7.24 7.42
Hiz 3.79 4.32
Hi2 3.79 3.74
Hi2s 3.79 3.73
13C

C1 154.23 158.27
C2 32.76 37.78
C3 12.52 15.06
C4 171.55 176.61
C5 38.26 37.57
C6 149.32 158.15
C7 110.39 113.89
C8 160.37 170.89
C9 107.22 106.29
C10 129.99 136.22
C11 113.20 120.10
C12 55.25 58.70

V.2.2. Structural characterization for (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl)
thiazolidin-4-one

V.2.2.1 Vibrational frequencies assignments of (Z)-2N-(tert-butylimino)-3N’-(4-
methoxyphenyl) thiazolidin-4-one

It is well known that infrared spectroscopy is a very powerful tool for identifying functional
groups in a molecular system. To achieve this identification, the VEDA program [1] was used
giving the total PED assignments based on the findings obtained by the theoretical calculation.
The PED analysis indicates that the title molecule contains 36 atoms with 105 vibrational
modes and the results are gathered in Table S1 along with the experimental frequencies. A
comparison of the theoretical and experimental FT-IR spectra for TMTh is shown in Figure

V.3. To minimize frequency discrepancies between experimental and theoretical vibration
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levels, a scaling factor of 0.96 was applied [2]. Usually, the C—H stretching vibrations in
aromatic compounds are responsible for a number of weak bands that could be observed in the
range 3100-3000 cm™![6]. The C—H stretching vibrations of the aromatic ring for TMTh were
investigated to be located in the range of 3087 — 3064 cm™ comparable with the experimental
values between 3081 and 3054 cm™. In a molecular system, CHz and CH> functional groups
are characterized by nine and six vibration modes, respectively. These modes are observed in
the range 3000-2865 cm* and can be easily identified using the PED assignments [17]. As
shown in Table S1, the calculated stretching vibrations in our current work are expected to be
in the range 3013-2886 cm-. The bands between 1503 and 1488 cm~' were assigned to the
deformation modes for the CHs group. According to the literature findings, the C—C stretching
vibrations can be appeared between 1300-800 cm, and the C=C stretching vibrations occur in
the region 1700-1500 cm™[18]. The stretching vibration of the aromatic C-C in TMTh
appeared at 1591 cm™ with a PED contribution of 15% identical to the published results [18].
The C=0 vibrations occur in the region 1750 - 1650 cm as indicated in the literature [19].
For the title compound, the C=0 stretching vibrations were calculated between 1734 and 1657
cm with their corresponding PED contributions of 65% and 20%. The calculated values of
C-N stretching vibrations are 1319 (24%), 1164 (20%), 1123 (19%), and 592 (20%) cm™.
These vibrations are usually found between 1300-1100 cm™ [20]. The C=N stretching
vibration bands are responsible for the vibrational modes in the range of 1650 and 1550 cm™.
For TMTh, these vibrations are computed at 1657 cm™ and obtained experimentally at 1624
cm™L. The strong C-S stretching vibrations were identified using B3LYP functional at 955 and
633 cm™. The vibrations values at 1103 (53%) and 885 cm™ (43%) present symmetric and
asymmetric H-C-S bending. The same values indicate that there are H-C-S-C torsion vibrations
with PED contribution of 26% and 18%. Furthermore, 565 (22%) and 92 cm™ (21%) present
H-C-S-C torsion vibrations confirming the existence of thiazolidinone moiety. Other
improvements are shown at 827 (10%), 765 (17%) and 503 cm™ (15%) indicating the N-C-S
bending vibrations and conform the over large region at 1035-245 cm™ for aliphatic and

aromatic molecules [21-23].
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Table V .3 Measured and calculated frequencies (cm™), IR intensity (km/mol) and probable assignments based on PED for TMTh

B3LYP/6-311G(d.p)
Unscaled Scaled Ir

No. experimental Assignments with PED>10%

84 3081 3211 3087 5.38  VvCH (59%) Ar ring +yHCH(22%)Ar ring

83 3077 3202 3078 4.28  vCH (64%) Ar ring +vCH (12%) Ar ring +vCH (16%) Ar ring

82 3192 3068 6.54  vCHoasy (43%) Arring +YHCN (16%) Ar ring

81 3054 3187 3064 7.9 vCH (10%) Ar ring +vCHasy (28%) Ar ring +vCH (11%) Ar ring +vCH (15%) Ar ring
80 3134 3013 25.45 vCH (10%) +vCH (57%) + vCHasy (24%)

79 3126 3006 04 vCH (45%) Th ring +vCH (54%) Thring

78 3111 2990 42.6  vCHasy (40%) +yHCH asy (12%)

77 3108 2988 26.73 vCH (13%) + vCHasy (12%) Ar ring+vCHasy (22%) +vCHasy (10%) +yHCC (13%)
76 3105 2985 16.14 vCH (36%) +vCH (20%) +vCH asy(10%)+vCH (13%)

75 3103 2983 76.01 vCHasy (10%) +vCH (14%) +vCH (31%)

74 3095 2975 4.24  vCH (10%) +vCHasy (10%) +vCH (36%)

73 3093 2974 273 VCH (15%) +vCH (22%)

72 3078 2959  11.79 vCH (99%) Th ring

71 2950 3061 2942  39.53 vCHasy (41%) +vCH (20%) +vCHasy (38%)

70 3037 2920 26.87 vCHasy (17%) +vCHasy (11%)

69 3030 2913 233  vCH (19%) +vCH (11%) +yHCH asy (10%)

68 3028 2910 17.11 vCH (22%) +vCHasy (12%) +vCH (35%)

67 1830 3002 2886 54.79 vCH (12%) +vCH (42%) +vCH (38%)

66 1755 1803 1734  158.88 vOC (65%) Th ring +vNCasy (19%) Th ring

65 1624 1724 1657  763.12 vOC (20%) Th ring +vNC (19%) Th ring +vNCasy(42%) Th ring +vNCasy (10%)
64 1655 1591 5441 v CC (14%) Ar ring +yCHC (20%) Ar ring+yCHC (19%) Ar ring

63 1568 1624 1561 1441 vCH (26%) Ar ring +yCCH (12%) Ar ring

62 1494 1545 1486  193.68 yCHCasy (18%) Ar ring +YCHC (20%) Ar ring+yHCCasy( 11%) Ar ring
61 1475 1520 1461 6.48  yHCCasy( 13%)+tHCCC( 17%)

60 1506 1448  46.77 yHCH (81%)

59 1503 1445 562  yHCH (13%) +tHCHCasy (20%) +tHCHC (30%)

58 1501 1443 4.05  yHCHasy (16%) +yHCC (10%) +tHCHC(25%)

57 1492 1435 8.34  yHCH (69%) +tHCHO (17%)

56 1489 1431 0.2 yYHCCasy (11%) +yHCHasy (18%) +tHCCC (22%)

55 1488 1431 051  yHCHasy (22%) +OUT CCCH asy (19%)

54 1479 1422  17.17 yHCHasy (13%) +tHCHOasy (25%) +tHCHO (36%)

53 1419 1476 1419 0.85  yHCH (19%) +yHCCasy (10%) +tHCHC(23%)
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52

51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18

17
16
15

1363
1326
1299
1288
1251
1214

1187

1083
1038

1001

990

915

896

821

747
739
691

1462

1451
1429
1399
1398
1372
1338
1327
1281
1269
1252
1242
1241
1211
1206
1193
1171
1169
1147
1130
1063
1051
1047
1029
993
963
960
942
922
921
921
906
860
838
812

796
780
750
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1405

1395
1373
1345
1344
1319
1286
1276
1231
1220
1204
1194
1193
1164
1159
1147
1126
1123
1103
1086
1022
1011
1006
989
955
926
923
906
887
885
885
871
827
805
781

765
750
721

6.04

0.54
13.59
12.44
9.64
160.53
97.06
0.57
314.97
33.57
13.52
10.34
15.05
213.53
10.48
25.94
1.73
117.76
0.41
10.03
52.27
7.4
0.63
1.61
8.37
0.01
0.73
1.87
0.76
4.24
2.74
24.18
33.38
31.24
2.04

9.63
1.47
0.44

YHCH (89%) Th ring

vCHasy (10%) Ar ring +yCCHasy (12%) Ar ring +yCCC (16%) Ar ring +YHCCasy (10%) Ar ring
yHCHasy (12%) + yHCH (10%) +yHCHasy (14%)

vHCH (17%) + yHCCasy (16%) +yHCH (24%) +tHCHCasy (10%)

vCH (18) +vCH (14%) +yHCHasy (16%)

VNC (11%) +vNCasy (24%) Th ring

vCHasy (11%) + vCHasy (17%) Ar ring +vCHasy (15%) Ar ring

vCH (10%) Ar ring +yCHC (11%) Ar ring +yCCHasy (12%) Ar ring +yCHCasy (10%) Ar ring +yHCC (12%) Ar ring
vOC (42%) Ar ring

vCC (14%) +vNCasy (12%) Th ring + tHCHC (13%)

THCSCasy (76%) Th ring

vCH (20%) +tHCCCasy( 17%)

vCCasy (10%) +yCHC (13%)

vNCasy (20%) Th ring

yHCH (10%) +THCHO (40%) +tHCHO (10%)

vyCCH (11%) Ar ring +yHCH (15%) Ar ring

vOH (18%) +yCHOasy (36%) +tHCHOasy (29%)

vNC (19%) Th ring +yHCN asy (10%) Ar ring

yHCS asy (53%) Th ring+ tHCSC (26%) Th ring

vCCH (31%) Ar ring +yCCC asy (10%) Ar ring +yHCCasy (11%) Ar ring

vOH (53%) +yCHO (15%)

THCCC (12%)

vCCasy (31%) Ar ring +vCC (24%) Ar ring

vCC (31%) Th ring

vCH (10%) +tHCHCasy (11%) +tHCSCasy (13%) Th ring

THCCC (18%) Ar ring +tCCHC (40%) Arring +OUT CCCH (15%) Ar ring

vCHasy (11%) + yHCC (17%) +yHCH (10%) +tHCCCasy (12%)

THCHC (10%) Ar ring +tTHCCC asy(10%) Ar ring +tCCHC (44%) Ar ring

vCC (29%)

vCH (10%) + vCHasy (10%) + vCH asy(10%) +yHCHasy (13%)

yHCS (43%) Th ring +OUT OCNC asy (14%) Th ring +t HCSC (18%) Th ring + OUT CCCN asy (11%) Th ring
VNC (26%)

vCC (12%) Ar ring +yNCS (10%) Th ring

THCCC (20%) Ar ring +TOCHC (14%) Ar ring

THCCC (13%) Ar ring +tOCHCasy (13%) Ar ring +tCCHCasy (13%) Ar ring +tCCHCasy (10%) Ar ring + OUT CCCH
(30%) Ar ring

vCH asy (11%) +yCCNasy (23%) Th ring +y CNC (10%) Th ring+yNCS (17%) Th ring

yCCN asy (16%) Th ring +y NCN (17%) Th ring

v CC (14%) + v CC (15%)
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14 672 728 700 574  tHCHC (23%) Ar ring

13 653 658 633 2.95 v CCasy (18%) Ar ring +y CCC (24%) Ar ring

12 623 599 21.78 v NC asy (13%)

11 616 592 10.67 v NC (20%) Thring +y CNC (10%) Th ring +y CCN asy (11%)

10 609 585 536 OUT OCNC (44%) Thring +OUT CCCNasy (27%) Th ring

9 560 588 565 0.21 1t CNCN (11%) Th ring + Tt HCSC asy (22%) Th ring + OUT OCNC (20%) Th ring +OUT SNNC asy (23%) Th ring
8 541 545 523 39.74 v NC (10%)

7 525 505 9.4 THCHC (11%) Ar ring +tHCHCasy (15%) Ar ring

6 515 523 503 16.88 vNCasy (10%) +y CCN (10%) Th ring +yNCS (15%) Th ring

5 492 473 444  yNCH asy (22%) + tCNCN asy (11%) Th ring

4 473 455 441  yOCH (10%)Ar ring +y HOC asy (11%) Ar ring

3 455 438 9.13  yOCC (15%) Th ring

2 430 413 0.03  OUT CCCcCasy (88%) Ar ring

1 408 392 0.58  yHCNasy (18%) Ar ring +OUT OCNC (12%) Th ring +OUT CCNCasy (21%)

v: stretching(elongation); sy: symmetric; asy: asymmetric; B: in plane bending; v: out-of-plane bending. o: wagging; t: twisting; &: bending; p: rocking; vibrational modes
are based on potential energy distribution (PED) and only contributions over 10% are given; scaled frequencies are in unit of cm™; l\r infrared intensities are in unit of km
mol=.Th Ring: Thiazolic ring (N1-C8-C9-C1-0S1); Arring : Aromatic ring (C2-C3-C4-C5-C6-C7).
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V.2.2.2. 'H and BC-NMR chemical shifts

To perform the NMR spectroscopic analysis, the *H and **C isotropic chemical shifts can be
calculated using the DFT along with the GIAO methods. In this work, the theoretical *H and *3C
NMR isotropic chemical shifts (ppm) are computed using chloroform as solvent and the
corresponding results are summarized in Table 4 together with the experimental chemical shifts
that were measured in the same solvent. The experimental *H and 3C NMR spectra are given in
Figure S4 (a,b) as supplementary materials. According to the architecture of the title compound,
the H isotropic chemical shifts are measured in the range 1.20—7.11 ppm and the corresponding
chemical shifts are calculated between 0.79 and 7.36 ppm. Usually, aromatic protons have
chemical shifts between 6.00 and 8.00 ppm [24], which is the case for the title compound. Indeed,
the observed signals for H3 and H7 are 6.95 ppm, and for H4 and H6 are 7.08 and 7.11 ppm,
respectively. The corresponding calculated values are 7.36 ppm for H3 and H7, and 7.21 ppm for
H4 and H6 related to previous findings [25]. The methylene protons of the thiazolidinone ring
present a singlet signal at 4.10 ppm (3.77 ppm with DFT). The methyl protons of C12, C13 and
C14 atoms have a single experimental chemical shift value (1.20 ppm), and the corresponding
theoretical values are in the range 0.79-1.89 ppm. For the methyl protons attached to C1, the
experimental chemical shift value is about 3.77 ppm and the calculated values are 3.62 and 4.10
ppm. These values are different from the previous methyl protons due to the directly linked
electronegative oxygen atom. As can be seen from the above results, the difference between the
experimental and theoretical values can be explained by the effect of the electronic environment
of the considered atom.

To identify the carbon atoms present in the title molecule, the *C NMR remains the most suitable
technique. The *C NMR chemical shifts for TMTh were obtained experimentally and
theoretically. As can be seen in Table 4, the structure of TMTh contains 14 carbon atoms where
all their chemical shifts are reported. It is well known that aromatic carbon atoms typically have
13C NMR chemical shifts above 100 ppm [26]. As a result, the experimental and theoretical
chemical shifts of aromatic carbons for TMTh have values greater than 100 ppm which shows the
good quality of the recorded **C NMR data. The heterocyclic ring carbons show resonance values
at 158.90 (experimental) and 156.05 (theoretical) for C8 atom, and 171.04 (experimental) and
175.94 (theoretical) for C10 atom. These two values are greater than the resonance of the other
carbons due to the electronegativity of neighboring atoms (O, S and N). For the four methyl
moieties of TMTh, the corresponding **C-NMR signals appeared at 55.69 (C1) and 29.59 ppm
(C12, C13 and C14), and the calcultated values are 60.99, 26.91 and 26.32 ppm, as can be seen in
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Table 4. The C9 atom of the methylene group shows experimental signal at 33.44 ppm and
theoretical signal at 37.24 ppm. Referring to the above results, good consistency can be observed

by comparing experimental and theoretical chemical shifts.

Table V. 4 Experimental and calculated *H and *3C NMR chemical shifts (ppm) for TMTh

H Experimental B3LYP/6-311G(d.p)
H1A 3.77 4.10
H1B, H1C 3.77 3.62
H3, H7 6.95 7.36
H4 7.08 7.21
H6 7.11 7.21
H9A, HO9B 4.10 3.77
H12A 1.20 0.79
H12B, H12C 1.20 1.15
H13A, H13C, H14A, H14C 1.20 0.92
H13B, H14B 1.20 1.89
3¢ Experimental B3LYP/6-311G(d.p)
C1 55.69 60.99
C2 147.19 146.30
C3,C7 129.17 129.65
C4 114.20 118.04
C5 130.03 132.89
C6 114.20 116.04
C8 158.90 156.05
C9 33.44 37.24
C10 171.04 175.94
Cl1 54.33 60.82
C12 29.59 26.91
C13,C14 29.59 26.32
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FigureV.2. Experimental NMR spectra *H (a) and **C (b) for TMTh

V.2.2.3. Absorption effect and frontier molecular orbitals (FMOs)

In the 1950s, K. Fukui developed the frontier orbital theory, which attempts to explain the
regioselectivity seen in reactions involving aromatic compounds. Since then, it has been extended
to all © and o systems. According to Fukui's original theory, electrons from the nucleophiles’

highest occupied molecular orbital (HOMO) are primarily responsible for charge transfer in a
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reaction between an electrophile and a nucleophile. Selectivity and reactivity can be explained by
this electronic density, which is a frontier. Since then, the theory has been expanded to include all
systems 1 and ©.

In the present work, the absorption effect was investigated using UV-Visible spectroscopy that
remains the most important technique for studying conjugated molecules as well as electron
delocalization in molecular structures. As long as the molecular structure has delocalization, the
wavelength of maximum absorption shifts increases [27]. Figure S5 displays the experimental and
theoretical UV-Visible spectra of the TMTh molecule. The experimental spectrum was recorded
using an absolute ethanol solvent at room temperature, while the theoretical spectrum was
calculated by TD-DFT/B3LYP method with 6-311G(d,p) basis set. The theoretical calculations
were carried out to determine the excited states in the title compound structure. The vertical
excitation energies, oscillator strength (f) and wavelength are calculated in gas phase using the
same level of theory. The corresponding results are depicted in Table 5. The strong transitions
were reported at 4.9810 eV (248.92 nm) with oscillator strength f = 0.0345 and 5.0018 eV (247.88
nm) with oscillator strength f = 0.0152. The calculated absorption wavelength with a maximum
value corresponds to the electronic transition from HOMO to LUMO and having a contribution
around 62%. As can be seen in Figure S5, the significant absorption peak at 250 nm correlates to
the observed spectral peak at 248.9 nm. A strong m—x* transition with a high attenuation
coefficient in the UV-Visible range is expected due to the molecular structure. The maximum UV-
Vis absorption wavelength in the spectrum is due to the influence of =—x* electronic transition.
The transition excitation energies are in good agreement with the experimental measurements.
On the other hand, the study of FMOs, known as the HOMO and LUMO, is conducted to better
understand the reactivity and kinetic stability as well as the molecular bioactivity. The HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)
parameters are critical in quantum chemistry calculations for electronic studies [28]. The HOMO
energy defines the capacity to donate an electron, the LUMO energy characterizes the ability to
acquire an electron, and the gap between the two characterizes the molecule's chemical stability.
Furthermore, the HOMO energy is proportional to the ionization potential, whereas the LUMO
energy is proportional to electron affinity. The overlapping of these orbitals can produce the
charge transfer [29]. The FMOs of the title compound are determined and the corresponding
surfaces are depicted in Figure 3. As can be seen in this figure, the methoxyphenyl groupment is
mostly dominated by the molecular orbitals HOMO-1, LUMO, and LUMO+1, whereas the
HOMO orbital is entirely located on the thiazolidinone and tert-butylimino fragments,

demonstrating the possibility of charge transfer between the methoxyphenyl and the
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thiazolidinone groups.

The difference in energy between HOMO and LUMO is calculated to be 2.67 eV, emphasizes the
kinetic stability of the molecule under consideration. On the other hand, the molecular orbitals
composition can be displayed by the total density of states (TDOS) [30]. Figure S6 shows the
DOS diagram forTMTh. The red and green lines show the virtual and occupied orbitals. From the
DOS diagram, it is evident that the donor (thiazole ring) and acceptor (phenyl ring) groups have

a simultaneous effect on electron delocalization.

Table V. 5 Experimental and theoretical electronic transitions, oscillator strength and major/minor
contributions for TMTh.

TD-DFT/B3LYP-6311G(d, p)

Electronic  Exp.Amax Xt (NM) Energy Oscillator

transitions  (nm) V) strength (f) Assignments (major contributions > 10%)

S0-S1 250 248.92 49810 0.0345 H—L(62%)+H—L+1(12%)

S0-S2 247.88  5.0018 0.0152 H—L+1(60%)+H-2—L(14%)
+H—>L(11%)

S0-S3 240.07 5.1644 0.0099 H-2—L (39%)+H-2—L+1(23%)
+HoL(14%)+H—L+1(12%)

S0-S4 232.76  5.3267 0.0877 H—L+2(31%)+ H-1->L+2(23%)
+H-1-L(18%) +H-1—L+3(13%)

S0-S5 228.98 54147 0.1555 H—L+2(36%)+ H-1—->L+2(19%)
+H-1—L +3(17%)

S0-S6 227.48  5.4503 0.0644 H-1—L(52%)+H-1—-L+1 (29%)

S0-S7 222,74  5.5664 0.0401 H-5—L(29%)+H-2—L+2(15%)
+H-2—L+1(14%)+H-5—L+1(13%)

S0-S8 219.59 5.6462 0.0077 H-1—L+1(43%)+ H-1—L(20%)
+H-1—L+2(14%)

S0-S9 218.63 5.6710 0.0631 H-2—L+1(35%)+ H-2—L(33%)

S0-S10 214,02 5.7931 0.0191 H-2—L+2(55%)+ H—>L+3(11%)
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Figure. V. 2.Theoretical frontier molecular orbitals for EMTh and TMTh.
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Figure V.3. Superposition of the experimental UV-Visible spectrum with the theoretical TMTh

spectrum.

V.3. Conclusion

The study investigates the structural properties of the compound (Z)-3-N-(ethyl)-2-N’-(3-methoxyphenyl
imino) thiazolidine-4-one using electron spectroscopy. It comprehensively examines the compound's
fundamental frequencies by analyzing second derivatives and conducting Density Functional Theory
(DFT) calculations at the B3LYP/6-311G(d,p) level in the gas phase. The acquired infrared (IR) spectra
exhibit substantial conformity with scaled fundamentals, specifically highlighting carbon-hydrogen
oscillations inside the aromatic ring. The bands of C=0 and C=N vibrations that result from "- bonding"
are noticeable. The vibrations of the thiazolidine ring and C-S bonds are also examined, revealing a
remarkable agreement between the theoretical and experimental results. Furthermore, the utilisation of
isotropic shielding values and chloroform as a solvent in 1H and 13C Nuclear Magnetic Resonance (NMR)
calculations allows for precise estimates of chemical shifts. The study looks more closely at the Frontier
Molecular Orbitals (FMOs), especially the Highest Occupied Molecular Orbitals (HOMOs) and Lowest
Unoccupied Molecular Orbitals (LUMOSs), to find out how stable the molecules are and how they react
with other chemicals. The work specifically focuses on the use of UV-visible spectroscopy to examine the
absorption phenomenon, which is essential for understanding conjugated molecules and the dispersion of
electrons. Collectively, the investigations provide a thorough comprehension of the compound's structural,
spectroscopic, and electrical properties, which can lead to valuable insights regarding its potential

bioactivity and reactivity.
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Chapter VI: Molecular dynamics simulation and structure-activity relationship

VI1.1. Introduction

The study originated ground-state calculations of the title molecule using the Gaussian 09
software, utilizing Density Functional Theory (DFT) with B3LYP functional and a 6-311 G (d,
p) basis set. This well-acknowledged mechanism for predicting attributes of organic
compounds facilitated the optimization of the molecule's shape. The analysis incorporated the
Molecular Electrostatic Surface (MEP) and Global Chemical Reactivity Descriptors (GCRD)
characteristics, which encompassed electronegativity, chemical potential, chemical hardness,
chemical softness, electrophilicity, and nucleophilicity indices. The electron affinity and
ionization potential were computed, yielding valuable information on the chemical reactivity
and structural stability. In addition, the compound's dipole moment, polarizability, and first and
second-order hyperpolarizabilities were measured to investigate its non-linear optical
properties. In addition, the study utilized PASS analysis to forecast the biological activity of
the title chemical by identifying possible receptors and evaluating likely activity and inactivity.
The process of molecular docking, which is an essential technique in the field of drug
development, was performed using AutoDockVina. This allowed for the prediction of the
binding affinity and interaction energy between the ligand and receptor. The drug-likeness
characteristics were assessed using Lipinski's rule of five, while the SwissADME server gave
information on pharmacokinetic and physicochemical aspects. Ultimately, GROMACS 2021
was utilized to conduct Molecular Dynamics (MD) simulation, which allowed for the
estimation of binding energies and evaluation of biological activity based on metrics such as
RMSD, Rg, RMSF, SASA, and MM-PBSA. This holistic approach improves our
comprehension of the structural, kinetic, and biological features of the chemical under

investigation.

V1.2. Computational details

V1. 2.1. Molecular properties

The ground-state calculations were performed using the Gaussian 09 package program [1], and
the output files were visualized via Gauss View 5 software [2]. The title molecule's ground state
underwent geometry optimization by DFT with B3LYP functional and 6-311 G (d, p) basis set.
This level of theory is commonly used to predict organic compounds' properties, reproducing
the experimental geometric parameters [3—7]. The molecular electrostatic surface (MEP) was
investigated and visualized. At the same time, the Global chemical reactivity descriptors
(GCRD) parameters are a good indication to highlight the relationship between chemical

reactivity and the strength of the structure. As mentioned in the literature, The GRCD
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parameters, such as electronegativity (x), chemical potential (P), chemical hardness (1),
chemical softness (s), and the electrophilicity (®) and nucleophilicity ([1) indices, can be

obtained from the following equations [8]:

= g ‘ )= (I+A)_S_1_ _(I+A)_w_u2
1N = 3(ELumo—EHomo)s K = 2 ST XA\ )=y

The electron affinity (A) and ionization potential (I) can be evaluated as A = —E; ;0 and
I = —Eqomo-

We calculated the dipole moment (p), polarizability (a), and both the first and second-
order hyperpolarizabilities (B and y) of the title chemical to get greater insight into its NLO
feature. With the help of the X, y, and z components defined by the following equations [9]
using the B3LYP functional, the magnitudes of the p, a, B, and y tensors were determined in

both static and dynamic regimes.

1 1 2
H= (.uyzc + .u32/ + ’u%)z; a= g(axx +ayy, + azz); ﬁ|| = (ﬁ)% + ﬁ)% + ﬂzz)z

For the first order hyperpolarizability estimation, the detailed relation is as follows:

1
2 2 272
B” = [(.Bxxx + .Bxyy + szz) + (ﬁyyy + ﬁyzz + ﬁyxx) + (ﬁzzz + ﬁzxx + ﬂzyy) ]2
The Kleinmann hypothesis [10] was used to calculate the second-order hyperpolarizability (y)

via the following equation:

y = %(Vxxxx + Vyyyy + Vazzz + 2Vaxyy + 2Vixzz + 2Vyyzz)
The calculated values have been converted into electrostatic units (esu) (for a; 1 au = 0.1482 102*esu,
for B; 1 au = 8.6393 103%esu).
V1.2.2. PASS analysis
The title compound's biological activity was predicted using the Pass online software.

(http://www.way2drug.com/passonline). While the most appropriate receptors for the ligand

are predicted [11]. A compound's potential activity (Pa) and probable inactivity (Pi) are
identified by the PASS result spectrum [12]. In this case, the terms "probable activity" (Pa) and
"probable inactivity" (Pi) are used to establish the outcomes. When Pa is greater than Pi (Pa >
Pi) and Pa is equal to or greater than 0.5 (Pa > 0.5), it suggests that the compound is likely to
exhibit the predicted activity.

V1. 2.3. Molecular docking

Molecular docking is a commonly used computational approach in drug discovery and
pharmaceutical research. It involves predicting the binding affinity and interaction energy
between a receptor and a ligand. Molecular docking is used to see ligand-protein interaction
sites through AutoDockVina[13]. AutoDock Tools [14] was performed to prepare the target
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protein. The docked pose was displayed using Discovery Studio software[15] using the PyMol
[16].

V1.2.4. Pharmacokinetic and physicochemical properties

To evaluate the drug-likeness parameters of HTBH, Lipinski's rule of five was applied, which
is a widely used method in such studies [17]. The properties of Lipinski's rule of five were

obtained using the SwissADME server (http://www.swissadme.ch)[18].

V1.2.5. Molecular dynamics (MD) simulation

To perform the MD simulation, the GROMACS 2021 program was employed [19]. The protein
and ligand were docked before the simulation with AutoDockvina software to identify the
optimal binding conformation as the initial complex structure for molecular dynamics
simulation. The RMSD, Rg, RMSF, SASA and MM-PBSA parameters were evaluated to

predict the binding energies and consequently the biological activity of the title compound.

V1.3. Visualization and discussion of the results for EMTh

V1.3.1. Chemical reactivity

Computing the electronic energy of a molecular system enables the construction of the potential
energy surface associated with a chemical reaction using quantum chemical techniques,
regardless of whether they are based on the wave function or the theory of functional density.
The development of Huckel's theory[20-23] in 1931 marked the beginning of theoretical
modeling of reactivity. Two widely used chemists' theories are frontier orbital theory [24,
25]and generalization Klopman and Salem [26, 27], which derive from molecular orbital
theory. These models focus on energy interaction between two chemical partners that approach
each other and disrupt [28-30]. These models have led to the definition of various reactivity
indices, which will be presented in this chapter.

The calculated values of GCRD parameters for the title molecule are summarized in Table 1.
It is important to note that these expressions do not account for the orbital relaxation that
happens when an electron is transferred or received by the system. Furthermore, the Koopmans
[31] approximation is not as accurate as Hartree-Fock orbitals in light of the definition of Kohn-
Sham orbitals.

The charge transfer inside the molecule is shown by the chemical hardness (7) value of 2.636
eV. The global electrophilicity index (w) in Table 1 confirms the molecule's electrophilic
behavior with a larger value of 2.361 eV. Conversely, the chemical potential (i) value of -3.528
eV explains the chemical stability of the title molecule.

Table VI.1. Calculated energy values of the EMTh compound by B3LYP/6-311G(d,p) method
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Parameters Calculated energies
Enomo —6.165
ELumo —0.892
Energy gap (4E) 5.273
lonization potential (1) 6. 165
Electron affinity (A) 0.892
Electronegativity (y) 3.528
Chemical potential () —-3.528
Chemical hardness (7) 2.636
Chemical softness (s) 0.189
Electrophilicity index (w) 2.361

V1.3.2. Molecular Electrostatic Potential

The total charge distribution (electron + proton) surrounding the molecule at that point produces
a net electrostatic effect, which is indicated by the molecular electrostatic potential (MEP) [32].
In addition, the MEP surface is useful for studying biological recognition processes, hydrogen
bonding interactions, and the reactivity of a wide range of chemical systems [33, 34]. It also
aids in the visual comprehension of the molecule's relative polarity. The molecules' size, shape,
charge density, and reactive sites are predicted by an electron density isosurface mapped with
an electrostatic potential surface. Different colours correspond to the various electrostatic
potential values at the surface: red denotes the most electronegative potential, blue denotes the
most positive potential, and green denotes the most positive potential.

The positioning of positive and negative charges in a crystal allows scientists to define several
highly intriguing physical characteristics, including the molecular electrostatic potential (MEP)
[35]. These days, X-ray diffraction and quantum chemistry are used to determine both
theoretical and experimental MEP surfaces [36-39]. The title compound's total density
(TD) was used to compute the MEP surrounding the title molecule; Figure 8 shows the two
maps, TD and MEP. The graphic illustrates the relationship between the partial charges and
electronegativity of oxygen atoms O1 and O2 and the negative MEP. The largest positive
region—the point of choice for a nucleophilic attack—is indicated by the blue colour in Figure
8B. The MEP plot's colour scheme is based on its ability to show the positive, negative, and
neutral electrostatic potential areas along with the size and structure of molecules (Figure 8).
The MEP shows the correlation between these physicochemical characteristics and the
molecular structure [40—-44]. It is possible to determine the molecular dipole moment among
them. Figure 9 shows the direction of the molecular dipole moment for the molecule mentioned
above.

Following examination of the compound's electrostatic potential map (EMTh):
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The region surrounding the oxygen atom (O1) and the sulphur atom (S2) is the primary focus
of the red and yellow colours that define the negative molecular zones. These areas show the
lowest electrostatic potential values, where electronic density predominates. We infer that these

areas are electrophilically reactive from this.

=>» The colour blue designates the positive molecular regions, primarily found on hydrogen
atoms connected to methyl and ethyl groups and benzene cycles. These areas, where the
electron density is a minority, correspond to the highest electrostatic potential values.
We infer that these regions are nucleophilically reactive from this.

=> The green colour expresses the neutral region of electrostatic potential in the EMTh
molecular structure. Negative and positive densities, concerning the EMTh compound's
electronic potential, fall between -4.686 10-2 and +4.686 10-2u.a. The potential

molecule electronics are depicted in Figure 1V.1.

v [N s

Figure VI. 1. MEP plots for (Z)-3-N-(ethyl)-2-N’-(3-methoxyphenyl imino) thiazolidine-4-
one (A) Total electron density, (B) MEP surface

V1.3.3. NLO effect

Non-linear optics (NLO) has opened up new possibilities for exploring the fundamental
characteristics of materials, notably in their crystalline state. The non-linear interactions of light
with materials are the subject of this area of optics, which means that the reaction of the material
is not proportional to the intensity of the incident light. This phenomenon becomes very
intriguing and beneficial in a variety of technological disciplines, including data storage,

optoelectronics, medicine, and telecommunications.
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Organic materials in particular have special properties that make them useful in non-linear
optical applications. A pivotal feature is their rapid and vital non-linear reactions, which are
frequently ascribed to the existence of delocalized "n" electrons. Included in the molecular
structure, these electrons have unrestricted mobility across several atomic nuclei. This
delocalization leads to greater asymmetric polarizability between donor and acceptor groups
inside the material. The organic molecules’ nonlinear optical (NLO) susceptibilities arising
from the passage of p electrons from the donor to the acceptor cloud are the main focus of this
investigation. Apart from these benefits, low-temperature stability and a propensity to easily
relax to random orientation are two more NLO drawbacks of organic molecules [45].
Additionally, new fields with altered phase, frequency, amplitude, or other propagation
parameters from the original field are produced by electromagnetic fields interacting with
different mediums [46].

The field of nonlinear optics (NLO), which is characterized as the interaction of high-intensity
light with matter, is vital to several applications [47, 48], including optoelectronics, data
storage, medicine, telecommunications, and optical signal processing [49, 50]. The existence
of donor and acceptor groups defines the optical nonlinearity of conjugated organic compounds.
Total molecule dipole moment, polarizability, and initial hyperpolarizability values are 2.46
Debye, 2.40x102%esu, and 2.38x10%su, respectively, and are shown in Table VI.2. The
estimated polarizability (o) value (using the B3LYP functional) is 2.40% 10-23esu, which is
considered quite good when compared to earlier studies. It has been reported that urea and pNA
have polarizability values of 0.13 x 10-**esu and 15.5 x 10-2%esu, respectively [51-53]. Research
indicates that the second hyperpolarizability (1)) value of the title molecule is 13.22x107% esu.
The existence of the thiazole moiety and aromatic ring, which function as donors and acceptors
in the structure, is confirmed by the large computed value of y. extending the bridge length
between the electron donor and acceptor groups can improve a molecule's NLO characteristics.
We present the site-isolation concept, which suggests that NLO effects can be enhanced by
efficiently isolating electron-rich and electron-deficient locations inside a molecule. The idea
behind this is that longer bridges cause these groups to be more geographically separated from
one another. As a spacer, the longer bridge reduces electrical interactions, increases the
separation between the donating and accepting groups, and lessens the cancellation of the NLO
effect [54]. For NLO materials, the molecule is suggested as a viable candidate by reducing the
HOMO-LUMO energy gap. Additionally, the dynamic hyperpolarizabilities were evaluated
because observed data are nearly invariably produced at incident optical fields. To limit
resonance enhancements, the predicted value for these attributes is ® = 911.3 nm. The electro-
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optical pockets effect (EOPE) was represented by B|z (—o; o, 0), the quadratic electro-optical
(dc-Kerr effect) by v (-o; ©,0,0), and the de-SHG by vy (—2w;»,®,0). The second-harmonic
generation (SHG) was represented by B|jz (—2m; ®, ®. Dynamic polarizability o (-, ©)
disperses effects as seen in Table 4 and is predicted to be 2.44 x10%esu.Furthermore, it was
found that the values of B|jz(-w,w,0), B||z (2m; ®, ®), Y (-0;®,0,0), and y (—20;0,0,0) were 2.55
x10%0, 2.92x107%0, 14.77x102¢, and 18.82 x10-%esu, respectively.
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Table VI.2. Molecular dipole moment (u), polarizability (o), and first and second
hyperpolarizabilities (B and y) values for EMTH obtained by B3LYP/6-311G (d. p) levels

Dipole moment

Lix 0.000000
My 0.000000
Mz 2.46286
u(Debye)  2.46286
Components  Polarizability (0,0) Polarizability (-w,w)
' w=911.3nm
Olxx 133.172 135.098
oy 145.323 147.75
Ozz 207.510 212.004
o (a.u) 154.76 158.56
Ao 138.41 144.78
lau 1.62x1072° 1.64x107%°
o 2.29x107%2 2.35x107%2
Aa(esu)x10%* 24 24.4
First order First order

First order hyper-

hyperpolarizability

hyperpolarizability

Components AR "
polarizability (0,0,0) (-w,w,0) w = 911.3 nm g—riw,w,w) w=911.3

B -151.044 -162.993 -190.635
Byxx -60.3857 -8.94559 -10.4274
Baxx 73.5446 -64.8259 -78.2693
Bryx - - -126807
Byyx - - -77.5186
Bayx 0.759886 1.09167 -5.67370
Bxyy -7.59347 -65.4535 -75.9652
Byyy -248.856 -270.914 -325.878
Bayy -105.444 -112.909 -161.140
Bxax - - (-77.4149
Byzx - - (-1.22827
Brax - - 84.4512
Bray - - 1.97332
Byzy - - -142.966
Bzzy - - 130.332
Bxzz -0.60.4808 79.3075 100.090
Byz 115.764 -112.909 145.860
Bz 581.602 624.325 722.167
Bx (-413.654 -452.049 -533.916
By -422.055 -470.000 -606.899
Bz 1247.03 1330.30 1486.33
P> (a.u) 275.995 296.307 338.382
lau 2.55986 8.64x10%
B>(esu)x10° 2.38438 2.55986 2.92336
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Table VI1.2. (Continued)

Second order

hVDer- Second order Second order

Components y||o i abili hyperpolarizability (- hyperpolarizability (-
polarizability w,w,0,0);w = 911.3nm 2w,w,w,0);w 911.3nm
(0,0,0,0)

Yoo 9666.44 10467.4 12213.2

Yxxyy 3173.13 3531.13 4278.16

Tyyyy 20870.8 23615.4 10336.3

Yxxzz 7468.47 8389.16 30882.1

Yyyzz 14647.3 16828.7 21688.2

Yzzzz 50212.5 55968.6 71250.3

«p(esu) X103 13.2292 14,7727 18.8237

V1.3.4. Molecular docking

Using molecular docking analysis and prediction of activity spectra for substances (PASS), the
biological activity of the generated compound is examined. The prediction findings indicated
that the drug may have an inhibitory impact on the protein known to inhibit proteasome ATPase,
as Table 5 illustrates. The present study selected this protein because of its high Pa value
(Pa=0.757). The literature supports the selection of this protein [12]. This target protein's crystal
structure (PDB ID: 2AZ5) was found in the RCSB protein data library [55]. Tumour necrosis
factor-alpha's protein crystal structure is 2AZ5 [56]. TNF-a is a cytokine that plays a crucial
function in the inflammatory process and tumour growth [57].

Using the Discovery Studio program, polar hydrogens were added to the purified protein after
inhibitors, additional ligands, and water molecules were removed [58]. Using the Auto Dock
Vina program, the molecular docking simulations between the protein 2AZ5 and the title
molecule were examined [59]. The following was found to be the protein's active site: grid box
dimensions: 40 x 40 x 40 A3; centers of X, y, and z: -13.687, 71.607, and 27.007, respectively;
distances between points: 1.0 A. The binding free energy (AG) was used to rank and list the
docked conformations. The nine distinct ligand conformations that have been examined inside
the 2AZ5 protein receptor are displayed in Table 6. With the binding energy system (ligand-
protein) of -6.3 kcal/mol in mode No. 1, the optimal docking posture was identified [60]. The
program Discovery Studio was used to visualize the docking findings. The intramolecular
contacts (a-3D form, b-2D form, and c-the best score docking posture of the title chemical) that
link the structure to the 2AZ5 protein are depicted in Figure 12. The molecule (Z)-3-N-(Ethyl)
in its lowest energy pose Figure 12c depicted -2-N'-(3-Methoxyphenyl Imino) Thiazolidine-4-
one in the protein binding site. Table 7 displays the many kinds of intermolecular interactions

that can happen between the ligand and the TNF-a protein residue. According to the docking
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data, two typical hydrogen bond contacts were established between the O atom of the title
molecule's thiazolidinone (TYR C: 151) and the -OH group in LEU C: 120 and the N2 atom of
the imine group of the title molecule. With N HeeeN notation, the distances for these
interactions were found to be 3.76 A, and with O Hee+O one, they were found to be 3.17 A.
Similarly, at 3.49 A and 4.65 A values of distance, respectively, two carbon-hydrogen bond
contacts were established between atom C of group CH2 in the title molecule and atom O of
the residue SER C: 60 and O atom of the residue GLN C: 61. Furthermore, four hydrophobic
contacts were noted, including two m-Alkyl interactions at a distance of 4.98 A and 5.02 A
between the carbon atom of the ethyl group in the title molecule and TYR C: 59 and TYR C:
151. amide-= stacking interaction developed between the ring aromatic of the title molecule and
LEU C: 120 at 4.03 A value of distance, and n-sigma interaction between the aromatic ring of
residue TYR D: 59 at a distance of 3.71 A. It was discovered that the inhibitor-receptor complex
interaction that was theoretically estimated produced a highly effective outcome; so, the

chemical we created, the title compound, has a good inhibitory capability.

Table VI. 3. PASS prediction results of the EMTh compound

Pa Pi Activity

0,757 0,008 Proteasome ATPase inhibitor

0,749 0,010 Muramoyl tetrapeptidecarboxypeptidase inhibitor
0,696 0,009 Insulysin inhibitor

0,664 0,004 PfA-M1 aminopeptidase inhibitor

0,638 0,037 Fusarinine-C ornithinesterase inhibitor

0,610 0,016 Spermidine dehydrogenase inhibitor

0,643 0,092 Gluconate 2-dehydrogenase (acceptor) inhibitor
0,579 0,030 Gastrin inhibitor

0,550 0,045 Electron-transferring flavoprotein dehydrogenase inhibitor
0,542 0,041 2-Hydroxyquinoline 8-monooxygenase inhibitor
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Table VI1.4. AutoDock Vina results of the binding affinity and RMSD values of different poses
in 2AZ5 inhibitor of (Z)-3-ethyl-2-((3-methoxyphenyl)imino)thiazolidin-4-one

Mode Affinity (kcal/mol) RMSD L.b RMSD u.b.
1 -6.3 0.000 0.000

2 -6.2 20.099 21.475

3 -6.0 20.060 21.042

4 -6.0 1.198 2.182

5 -5.9 2.459 5.294

6 -5.9 18.483 19.504

7 -5.9 20.099 21.467

8 -5.9 2.911 3.788

9 -5.9 19.779 21.465

Table VI1.5. Distances. Types and location of intermolecular interactions formed from the
residues of the TNF-a protein (PDB ID: 2AZ5) and the molecule (Z)-3-ethyl-2-((3-
methoxyphenyl)imino)thiazolidin-4-one

Protein Residues | Atom/group Category Types Distance
of compound (A)
C:LEU120 N5 Hydrogen Conventional 3,76581
Bond Hydrogen Bond
C:TYR151 06 Hydrogen Conventional 3,1706
A Bond Hydrogen Bond
W | C:SER60 C8 Hydrogen CarbonHydrogen 3,49411
S Bond Bond
-, | C:GLN61 C8 Hydrogen CarbonHydrogen 4,65342
E Bond Bond
9 | D:TYR59 C17 Hydrophobic Pi-Sigma 3,71415
C:LEU120 | aromatic ring | Hydrophobic | Amide-Pi Stacked 4,03445
C:TYRS59 C9 Hydrophobic Pi-Alkyl 4,98901
C:TYR151 C9 Hydrophobic Pi-Alkyl 5,02071
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Acceptor -
(©)

© o

Figure VI1.2. (a), Intramolecular interactions that connect the structure to the 2AZ5 protein,
(b) 2D form of the 5U9P protein (c) interaction between the active site residues of the protein
and ligand. (d) 3D ribbon structure of receptor/5U9P protein, and (e), (f)3D form
intermolecular interactions connecting the structure
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Figure VI. 3. (a) EMTh blood brain barrier (BBB) permeability [BOILED-EGG], and (b)
EMTh oral bioavailability radar
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Figure V1.4. Druggability predictions of the title compound
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Table VI1.6. Physicochemical and pharmacokinetic properties for EMTh

Physicochemical Properties

Formula C12H1aN202S
Molecularweight 250.32 g/mol
Numberheavyatoms 17
Numberaromaticheavyatoms 6

Fraction Csp® 0.33
Numberrotatable bonds 3
Numberhydrogen bond acceptors 3
Numberhydrogen bond donors 0
Molarrefractivity 73.86

TPSA 67.20 A2
Lipophilicity

Consensus LogPow 2.16

Water Solubility

LogS -3.48
Solubility 0.821E-01 mg/ml

Pharmacokinetics

Gl absorption

BBB permeant

P-GP substrate

CYP1AZ2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor
LogKp (skin permeation)

High

Yes

No

Yes

Yes

No

No

No

(-6.10 cm/s

Drug-likeness

Lipinski Yes (0 violation)
Ghose Yes

Veber Yes

Egan Yes

Muegge Yes
Bioavailability score 0.55
MedicinalChemistry

PAINS 0 alert

Brenk 1 alert: imine_1
Leadlikeness Yes

Syntheticaccessibilty

3.30(from 1 (very easy) to 10 (very
difficult))
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V1.4. Visualization and discussion of the results for TMTh

V1.4.1. Reactivity descriptors

The global chemical reactivity descriptors (GCRDs) linked to molecular modelling are regarded
as crucial instruments for establishing a relationship between the stability and structure of a
material [61]. The literature suggests that two parameters that influence the stability of organic
molecules are their softness and chemical hardness [62]. The electronic interactions between
molecule components are explained by the GCRD variables.

The calculated values of the GCRD parameters for the substance in question were compiled in
Table 6. The determined value of chemical potential (P) is 5.850 eV, indicating chemical
stability for the compound under consideration. Additionally, the chemical hardness (1) is
around 1.336 eV, indicating favourable charge transport inside the molecule. Furthermore, the
negative value of the chemical potential confirms the structural stability of the title compound
[63]. As can be seen from Table 6 and in comparison to the nucleophilicity index value (0.078
eV1), the electrophilicity index (o) has a very significant value of 12.801 eV, which explains
the molecule's electrophilic behavior and is consistent with previous findings [64]. The GCRD

parameters are also fundamental for defining the bio-reactivity of molecular systems [65].

Table VI.7. GCRD calculated values of TMTh by B3LYP/6-311G(d,p)

Parameters Calculated energies (eV)
Enomo —7.186
ELumo -4.513
Enomo-1 —-8.462
ELumo+1 -3.769
Energie gap (AE) 2.673
lonisation potential (1) 7.186
Electron affinity (A) 4513
Electronegativity (y) 5.850
Chemical potential (P) -5.850
Chemical hardness (1) 1.336
Chemical softness (s) 0.3741
Electrophilicity index () 12.801
Nucleophilicity index (g) (eV?1) 0.078

V1.4.2. MEP analysis

Molecular electrostatic potential (MEP) has always been considered crucial in the investigation
of intermolecular interactions and the localization of nucleophilic and electrophilic attack
regions in molecular systems [66, 67]. The relationship between the MEP distribution and a

molecule's electron density is also widely recognized [68]. The molecular electrostatic
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potential, V(r), at a specific position r(x,y,z) is defined as the electrostatic interaction between
the electrical charge generated by the molecule's nuclei and electrons and a proton at r. The

following equation was used to calculate the V/(r) values for the system being studied:

Z !
V(T) — z A ptotal(r)dr,

aRi—7) ) =]

Where Za is the charge of nucleus A located at Ra, p(r') is the electronic density of the molecule,

and r' is the dummy atom position. The common colour scheme used to describe the MEP map
was widely reported in which the negatively and positively charged regions are coloured in red
and blue, respectively [69]. On the other hand, due to the higher concentration of electronic
density, the nucleophilic sites of the molecule are displayed as red. Reciprocally, electron-
deficient regions are displayed in blue. Based on the optimized structure of TMTh, the MEP
surface was computed theoretically (Figure 7). According to the MEP map in Figure 7, the most
negative region associated with the strongest repulsion is around the carbonyl group and the
positive regions associated with the strongest attraction are located on the hydrogen atoms of
the molecule. Therefore, it may be inferred that electronegative atoms are the most common
sites for nucleophilic attack, whereas hydrogen atoms are the most common locations for an
electrophilic attack.

Following examination of the compound's electrostatic potential map (EMTh2):

The region surrounding the oxygen atom (O1) and the sulphur atom (S2) is the primary focus
of the red and yellow colours that define the negative molecular zones. These areas show the
lowest electrostatic potential values, where electronic density predominates. We infer that these
areas are electrophilically reactive from this.

The colour blue designates the positive molecular regions, primarily found on hydrogen atoms
connected to methyl and ethyl groups and benzene cycles. These areas, where the electron
density is a minority, correspond to the highest electrostatic potential values. We infer that these
regions are nucleophilically reactive from this.

The green colour expresses the neutral region of electrostatic potential in the TMTh molecular
structure. Negative and positive densities, concerning the TMTh compound's electronic
potential, fall between -5.662 10-2 and +5.662 10-2u.a. The potential TMTh molecule
electronics are depicted in Figure 1V.14,
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45.662.10%a.u.

-5.662.10q.u.

Figure VI. 5. MEP picture for the TMTh compound calculated at B3LYP/6-311G(d,p) level
of theory

V1.4.3. NLO effect

Emerging technologies such as signal processing and telecommunications might benefit greatly
from the so-called nonlinear optical (NLO) effect, which results from unique phases arising
from novel fields created by the interaction of electromagnetic forces in different mediums [70—
71].

Table 7 reports the corresponding findings of the NLO properties calculation for the title
chemical utilizing the DFT/B3LYP technique with 6-311 G(d,p) basis set.

It is commonly known that increased dipole moment, polarizability, and hyperpolarizabilities
are strongly correlated with NLO characteristics.

The dipole moment calculated from B3LYP/6-311G(d,p) is equal to 0.56 D, respectively, which
are in the range of values for most similar organic compounds reported in the literature [72,
73]Jand close to that of the urea (3.73 Debye) considered as the organic NLO active typical
molecule. The calculated polarizability values are 28.77 x 102* esu predicted. For the
hyperpolarizability, several studies have shown that the first-order hyperpolarizability value is
related to the HOMO-LUMO energy gap and the second-order hyperpolarizability value reveals
the delocalization of electrons and substantial charge transfer through the r-conjugation [74].

The calculated first-order hyperpolarizabilities for TMTh are about 2.91x 10%su, which is
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approximately 15 to 25 times that of urea (0.197 x 107 esu). The dominant component
contributing to this value is fxx. The second-order hyperpolarizability (y) values for the title
molecule are about 16.29 x 107 esu as obtained by B3LYP functional, revealing that the title
molecule could be regarded as a conventional molecule for optoelectronic and NLO
applications. In addition, as observed data are almost always created at incoming optical fields,
the dynamic hyperpolarizabilities were assessed. ® = 911.3 nm is the expected value for these
features, which limits resonance improvements. The quadratic electro-optical (dc-Kerr effect)
was represented by v (-o; ®,0,0), the dc-SHG by v (—2m;m,®,0), and the electro-optical pockets
effect (EOPE) by B||z (—®; ®, 0). The symbol for the second harmonic generation (SHG) was
Bllz (—2m; ®, ®). Table 4 illustrates how dynamic polarizability a (-0, ®) disperses effects. It is
estimated to be 29.20 x10-24esu. Moreover, the values of B|jz(-w,w,0), Bl|z (—20; ®, ®), v (-
®;0,0,0), and y (20;0,0,0) were discovered to be 3.11 x10-30, 3.54 x10-30, 17.84 x10-36,
and 21.50 x10-36 esu, respectively. Moreover, the values of a,  and y showed that TMTh may

be considered for linear optics applications.
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Table V1.8 Molecular dipole moment (u), polarizability (o), and first and second
hyperpolarizabilities (B and y) values for TMTh obtained by B3LYP/6-311G (d. p) levels

Parameters B3LYP

Dipole moment

Hx 0.558

Ly 0.028

[T -0.004

n (D) 0.56

Polarizability a(0;0) gglws\r,]vr)n W=

Olxx 235.625 153.921

Olxy 9.729 (-2.21256

Olyy 194.69 196.627

Olzx -0.011 (-0.447996

Ozy 0.019 0.7.78939

02z 152.12 0.240.743

a (au) 194.145 197.097

a x 1024 (esu) 28.77 29.2068
First-orderhyperpolarizability ~ p(0;0;0) gﬂN 3\rl1vn(1)) W= gglz \évnvr\rl]w) W=
Bk 390.927 1.82441 2.21666
Bxxy -110.724 (-10.5875 (-9.26910
Byxy 192.772 (-7.32964 (-12.4141
By 139.345 0.118.671 149.772
Bxxz -0.018 (-24.6663 5.92418
Byxz -0.062 (-12.5321 (-13.5150
Byyz -0.064 222.864 (-122.598
Bzxz -22.613 5.68286 (-25.7279
By -12.5891 (-117.016 241.146
B2z -50.951 403.841 469.364
By (au) 336.789 360.962 410.534
By x 100 (esu) 2.91 3.11843 3.54669
Second- v(-w;w.0.0) w=y(-2w;w.w.0) w=
orderhyperpolarizability 7(0;05050) 911.3nm: 911.3nm:
Yxoxx 75037.8 10888.4 11914.3
Tyyyy 24359.9 27412.1 33031.7
Y2222 10 207,000 83638.7 103 865,000
Yxxyy 16823.9 4479.93 5202.24
Pxxzz 5116.11 5558.67 6112.59
Yyyzz 4077.06 17780.2 21115.5
<y> (au) 32327.9 35420.7 42689.3
<y>x 10°% (esu) 16.29 17.8403 21.5013
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V1.4.4. Biological activity

V1.4.4.1. PASS and molecular docking analysis

Molecular docking is the dominating computational technique adopted for estimating the
binding affinity and interaction energy of a receptor-ligand pair. The online PASS system
defines the protein (target) as the accurate and dependable receptor for the ligand. This program
predicts more than 300 pharmacological effects, metabolic pathways, and specific toxicities
based on the structural formula of a drug [75]. A relationship between the predicted results of
the biological activity and their corresponding probability values is shown in Table 8. Results
are obtained when comparing Pa = Pi and Pa = 0.5, utilizing likely activity (Pa) and probable
inactivity (Pi). The protein gluconate 2 dehydrogenase (acceptor) protein, identified as 5U9P in
the Protein Data Bank (PDB), has been found to potentially be inhibited by the specific
chemical mentioned in the PASS research [76, 77]. This protein was chosen for the current
study for its high Pa value (Pa = 0.698). Gluconate 2 dehydrogenase is an oxidoreductase
enzyme that plays a role in both the pentose phosphate and ketogluconate pathways.
Furthermore, the assessment also accounts for the binding energy magnitude of the target
protein. A negative binding energy [78] indicates a robust docking capability. In this work,
several binding sites between the ligand (TMTh) and the target protein (PDB ID: 5U9P) were
determined.

Table 9 presents the binding affinities and their corresponding root-mean-square deviation
(RMSD) values for several poses associated with different PDB IDs. These poses involve the
studied ligand positioned within the gluconate 2 dehydrogenase (acceptor) protein. The most
favourable conformation for molecular docking, as determined by the lowest binding energy
and RMSD scores of 2.0, is the docked conformation. This conformation is considered to be
the optimal posture for molecular docking [79]. Mode No. 1 achieved the usual docking position
with binding energy (ligand-protein) of -6 kcal/mol, which is in excellent agreement with data
reported in the literature [80]. Table 10 presents an overview of the intermolecular interactions
between a molecule and protein residues with specific PDB IDs, such as PDB ID: 5U9P. The
table includes information on the distances, types, and locations of these interactions. The
specific receptor for TMTh is a protein. The ligand being studied exhibited interactions with
the amino acid residues ILE24, GLY 25, and ASN96, which constitute the receptor-binding sites
of the 5U9P protein. The distances from the residues to the O2 atom of the thiazolidinone ring
are 2.79, 2.18, and 2.07 A, respectively. The representation of this interaction may be shown in
Figure S8. In addition, the m-sigma bond link between LEU198's methyl group and the core of
the benzene ring was found in 5U9P, with a distance of 3.89 A. Figure 8 illustrates the relevant
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three-dimensional intermolecular interactions between the TMTh ligand and the protein, as
observed in several PDB IDs. Mode No. 1 successfully reached the prescribed docking sites
with a binding energy (ligand-protein) of -6 kcal/mol which closely matches the results
documented in the literature [81]. Based on docking studies, TMTh has anticancer activity,
indicating that it might be recognized as a potent inhibitor of the gluconate-2-dehydrogenase
protein.

TableVI. 9. PASS prediction for the activity spectrum of the TMTh compound. Pa represents
probability to be active and Pi represents probability to be inactive. Pa > Pi and Pa > 0.500

Pa Pi Activity

0.698 0.057 Gluconate 2-dehydrogenase (acceptor) inhibitor
0.651 0.080 Aspulvinonedimethylallyltransferase inhibitor
0.571 0.002 MAP kinase kinasekinase inhibitor

0.554 0.073 Phosphatase inhibitor

0.532 0.099 Acrocylindropepsin inhibitor

0.532 0.099 Chymosin inhibitor

0.532 0.099 Saccharopepsin inhibitor

0.511 0.046 Insulysin inhibitor

0.515 0.052 Thioredoxin inhibitor

0.506 0.041 Antianginal

TableVI1.10. Binding affinity and RMSD values of different poses in the 5U9P inhibitor of
TMTh by Auto Dock Vina

Distance from best mode (A)

Mode Affinity (kcal/mol) RMSD Ib. RMSD ub.
1 -6.0 0 0

2 -5.4 19.296 21.196

3 -5.2 6.655 9.26

4 -5.1 18.789 19.957

5 -4.9 7.423 10.102

6 -4.9 18.135 20.195

7 -4.8 11.242 13.661

8 -4.8 17.876 19.893

9 -4.8 8.08 10.892
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Table VI. 11. Distance types and location of intermolecular interactions formed from the
residues of the protein gluconate 2-dehydrogenase (PDB I1D: 5U9P) and TMTh

Protein Ligand Residue ngm/mm Category Types gjtance ﬁ(g;?llrtr)\/ol)
Gluconate TMTh A: O2 atom  Hydrogen conventional  2.79 -6
5- ILE24 Bond hydrogen bond
dehydrogen A:GLY O2atom Hydrogen  conventional 2.18
ase (PDB 25 Bond hydrogen bond
ID : 5U9P) A:ASN9 O2atom Hydrogen  conventional — 2.07
6 Bond hydrogen bond
A:LEUL Cg¢Hsring Mixed n-Sigma 3.89
98 Pi/Alkyl-
Hydrophobic
A:ILE9 methyl Alkyl — Alkyl 5.07
9 group Hydrophobic
A:LEU1 methyl Alkyl — Alkyl 3.76
98 group Hydrophobic
A:ILE2 CeHaring Mixed n-Alkyl 4.98
4 Pi/Alkyl-
Hydrophobic

(@)

(b)

Figure VI1.6. (a) 3D ribbon structure of receptor/SU9P protein, (b) interaction between the

active site residues of the protein and ligand
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Figure V1.7. (a) 2D form of the 5U9P protein ,and (b) 3D form intermolecular interactions

connecting the structure

V1.4.4.2. In silico ADMET investigation

The ADMET study has thoroughly investigated the biological properties of organic substances,
including their absorption, distribution, metabolism, excretion, and toxicity. An ADMET study
was performed on the title molecule, and the corresponding pharmacokinetic and
physicochemical results are summarized in Table 11. The drug-likeness characteristics of
TMTh were determined using Lipinski's rule of five, a commonly used method in such
investigations [82]. The specific results may be seen in Table S2. The SwissADME server was
employed to assess the characteristics of Lipinski's rule of five.

The results confirm good bioavailability of the title chemical by showing compliance with
Lipinski's rule of five. In addition, we employed rule-based filters developed by Lipinski,
Ghose, Veber, and Egan to evaluate the anticipated drug-likeness metrics. Adhering to the
specific criteria established in prior studies, particularly for medications taken by mouth, is of
utmost importance in this situation [83, 84].

Figures 10 depicts the bioavailability radar and the BOILED-EGG model for TMTh. The
position of the red dot in Figure 9 indicates positive blood-brain barrier (BBB) penetration and
gastrointestinal (GI) absorption characteristics, although a negative P-GP impact is seen. The
Total Polar Surface Area (TPSA) is a crucial factor in determining the favourable Blood-Brain
Barrier (BBB) outcome. The compound's TPSA value of 67.20 A2 is within the suitable range

for this domain.
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Based on the data provided in Table S2, the title compound has a noteworthy skin permeation
parameter (Log Kp = -5.97 cm/s), increased gastrointestinal absorption, and positive blood-
brain barrier permeability. Consequently, the title compound shows promise as a strong
therapeutic candidate with the capacity to cross the blood-brain barrier [85]. Typically, a TPSA
value lower than 90 A2 is necessary for the penetration of the blood-brain barrier. Ultimately,
the drug-likeness investigation substantiates the classification of the examined molecule as a
promising candidate for an effective oral medication. Based on the data shown in Figure 10, the
title chemical is expected to have inhibitory effects on kinase protein (60%), membrane receptor
(13.3%), enzyme (13.3%), phosphodiesterase (6.7%), and other cytosolic proteins (6.7%).

(a) S (b) LPO

FLEX SIZE
se=———TMTh
INSATU POLAR

INSOLL

Smilea: COC1=CC=C(|C=C1)N1C[=0)CECI1=NIC(C}C)C

Figure VI. 8. (a) TMTh blood brain barrier (BBB) permeability [BOILED-EGG], and (b)
TMTh oral bioavailability radar

60.0%

B Kinase

[ Membrane receptor

[ Enzyme 6.7%
[ Other cytosolic protein

[ Phosphodiesterase 6.7%

13.3%

13.3%

Figure V1.9. Druggability predictions of the title compound
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Table VI1.12. Physicochemical and pharmacokinetic properties for TMTh

Physicochemical Properties

Formula C14H18N202S
Molecularweight 278.37 g/mol
Numberheavyatoms 19
Numberaromaticheavyatoms 6

Fraction Csp® 0.43
Numberrotatable bonds 3
Numberhydrogen bond acceptors 3
Numberhydrogen bond donors 0
Molarrefractivity 83.51

TPSA 67.20 A2
Lipophilicity

Consensus LogPow 2.64

Water Solubility

LogS -3.40
Solubility 1.12xE-01 mg/ml
Pharmacokinetics

Gl absorption High

BBB permeant Yes

P-GP substrate No

CYP1AZ2 inhibitor Yes
CYP2C19 inhibitor Yes
CYP2C9 inhibitor Yes
CYP2D6 inhibitor No

CYP3A4 inhibitor No

LogKp (skin permeation) -5.97 cm/s

Drug-likeness

Lipinski Yes (0 violation)
Ghose Yes

Veber Yes

Egan Yes

Muegge Yes
Bioavailability score 0.55
MedicinalChemistry

PAINS 0 alert

Brenk 1 alert: imine_1
Leadlikeness Yes

Syntheticaccessibilty

3.20 (from 1 (very easy) to 10 (very
difficult))
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V1.5. Molecular Dynamics (MD) Simulation

Molecular dynamics (MD) simulation is a computer method that is essential for studying the
complex behaviours of biomolecules, such as proteins and ligands, at the atomic scale. This
work utilized molecular dynamics (MD) simulation to evaluate the efficacy of ligand binding
on protein structures. The simulation was performed using the GROMACS 2022 program [86],
and the protein topology was constructed using the CHARMMS36 force field. The system was
solvated using the TIP3P water model and achieved neutralization by introducing Na+ and CI
ions [87]. The PDB IDs were used as the starting point for the simulation, which aimed to
examine the stability of ligands in the protein's binding site. The simulation lasted for 100
nanoseconds, with a temperature of around 299 K and pressure coupling set at roughly 1.26
bar. Throughout this duration, the system was intricately crafted to maximize energy efficiency.
The energy minimization process utilized the steepest descent technique, while position
restraint was implemented with NVT (100 ps) and NPT (100 ps) ensembles. The Berendsen
thermostat and the Parrinello-Rahman barostat were applied to stabilize temperature and
pressure, respectively [88, 89].

The simulation trajectory demonstrated that the ligand, which was originally docked, remained
stable within the protein's binding site with very slight conformational alterations. The graphical
program XMGRACE v5.1.19 was utilized for thorough data examination [90]. In addition,
GROMACS 2022 was used to determine important parameters such as root mean square
deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), the number
of hydrogen bonds established between the protein and the ligand, and interaction energy. These
new properties give us important information about the stability and dynamics of the protein-
ligand complex. They also suggest possible ways to improve ligand binding in the context of
developing new medicines.

V1.5.1. The root means square deviation (RMSD):

The Root Mean Square Deviation (RMSD) technique is employed to compute the average
displacement of atoms in a particular frame with respect to a reference frame. The computation
is executed for every frame along the trajectory, where the root mean square deviation (RMSD)

for frame x is determined using the following formula:

N

RMSDy = %Z (Ti’(tX) - ri(tref))z

i=1
Where r' is the position of the selected atoms in frame x after superimposing on the reference

frame, where frame x is recorded at timety; N is the number of atoms in the atom selection; and
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tre Is the reference time (usually the first frame is used as the reference and it is regarded as
time t=0). This procedure is iterated for each frame in the simulation track.

The picture displays the progression of RMSD when applied to proteins, with the left Y-axis
representing the values. Before calculating the root mean square deviation (RMSD), the protein
frames are aligned using the reference frame backbone. This alignment allows for a better
understanding of the structural conformation changes. The assessment of Root Mean Square
Deviation (RMSD) helps ascertain the equilibrium state of the simulation, where oscillations
observed towards the end of the run suggest the presence of a thermal average structure.
Changes within the 1-3 A range are appropriate for small, globular proteins, but bigger changes
indicate substantial structural adjustments throughout the simulation. Convergence is essential,
as evidenced by the stabilized RMSD values, which indicate equilibration.

The ligand RMSD (root mean square deviation) measures the stability of ligands about the
protein and its binding pocket. The 'Lig fit Prot' and 'Lig fit Lig' values in the figure indicate
the ligand's root-mean-square deviation (RMSD) after aligning it with the reference protein
backbone and measuring it only on the reference conformation. This RMSD measurement
captures the ligand's internal oscillations.

The given data depicts the root mean square deviation (RMSD) in figure of the TNF-a protein
(PDB ID: 2AZ5) and the molecule (Z)-3-ethyl-2-((3-methoxyphenyl)imino)thiazolidin-4-one
throughout a 100 nanosecond simulation period, respectively. The root mean square deviations
(RMSDs) for the 2AZ5 (apo form) and 2AZ5-ZEMIT complex, measured from 0 to 100 ns, are
1.27 nm and 6.20 nm, respectively. Significantly, the 2AZ5- ZEMIT complex achieves
equilibrium from 10 to 70 nanoseconds, demonstrating its relative stability throughout the
experiment. The ligand EMTh demonstrates different mean root mean square deviations
(RMSD) for a duration of 100 ns, indicating that it remains at the binding site of 2AZ5 without
notable dispersion.

RMSD is a critical metric for assessing differences between conformations. Higher RMSD
values indicate greater variability. The provided data presents the RMSD values for the 5U9P
protein and the 5SU9P-TMTh complex over a 50 nanoseconds simulation period. The RMSD
values for the 5U9P (apo form) and 5SU9P-TMTh complex, measured from 0 to 100 ns, are 0.27
nm and 0.20 nm, respectively. Importantly, the 5U9P-TMTh complex reaches equilibrium
within 30 nanoseconds, demonstrating its relative stability throughout the experiment. The
ligand TMTh maintains a mean RMSD of 0.03 nm throughout 100 ns, indicating its consistent

presence at the binding site of 7XA2 without significant dispersion.
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Figure VI. 10.MD simulation trajectories at 100 ns. a. RMSD EMTh complex and b. RMSD
TMTh complex, over the time of simulation Red: Protein, black: Protein-HTBH complex,

green: ligand.
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V1.5.2. The Ligand Root Mean Square Fluctuation (L-RMSF)
The Ligand Root Mean Square Fluctuation (L-RMSF) is a valuable tool for assessing variations
in the locations of atoms inside the ligand. The root mean square fluctuation (RMSF) for atom

i is calculated using the formula:

T

RMSF; = %z (T'i,(t) - ri(tref))z

t=1

Where T represents the total number of time steps, r; (t) denotes the position of atom i at time
t, and ri(tref) represents the reference position of atom i.

The RMSF is calculated over a trajectory time T. The reference time t ref, typically the first
frame, is considered as the zero point of time. r represents the position of atom i in the reference
frame at time t ref, while r' represents the position of atom i at time t after being superimposed
on the reference frame. The ligand's root mean square fluctuation (RMSF) provides a
breakdown of the fluctuations of each atom in the ligand, which corresponds to the two-
dimensional structure displayed in the top panel. The root mean square fluctuation (RMSF) of
the ligand might provide valuable information on the interaction between ligand fragments and
the protein, as well as their contribution to the binding event's entropy. The 'Fit Ligand on
Protein' line in the bottom panel displays the ligand variations relative to the protein. The
protein-ligand complex is initially aligned based on the protein backbone, and then, the root
mean square fluctuation (RMSF) of the ligand is calculated specifically for its heavy atoms.
RMSF, or root mean square fluctuation, quantifies the average variance of protein residues
within a specific time interval. The protein's flexibility or stiffness in various regions is revealed
by this information [91, 92]. Lower root mean square fluctuation (RMSF) levels indicate greater
rigidity or stability in certain areas, whereas larger values indicate significant fluctuations.
Figure 8C displays the root mean square fluctuation (RMSF) plot of the protein and ligand. The
study reveals that the docked 2AZ5 exhibits distinct minor changes at different residue levels.
The interaction between the ligand and the binding pocket location of 2AZ5 leads to a protein
structure that is more stable, exhibiting less mobility and flexibility and this is not appearing
for 7XAZ2 protein due to the movement of this protein inside the critical box.
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V1.5.3. The radius of gyration (Rg)

The radius of gyration (Rg) is an important measure that provides valuable information on the
structural density of a protein complex and the distribution of mass around its central point. In
the field of molecular dynamics (MD) research, the parameter Rg is shown to be beneficial,
especially for evaluating the effectiveness of protein-ligand interactions [93].

Rg plays a crucial role in measuring the degree to which mass is distributed within the complex.
A higher Rg number implies a less condensed structure, which may lead to a potential reduction
in stability. During the early 1500 picoseconds of the MD analysis, there is a noticeable and
considerable increase in the Rg. After the initial phase of growth, the Rg values reach a stable
state, oscillating between 0.29 and 0.34 nanometers, as seen in Figure 8B. In the early 19000
picoseconds of the MD analysis, there is a noticeable and considerable stabilization in the Rg
at 1.8 nm. After the initial stable phase, the Rg values decrease to a stable state, oscillating
between 1.77 and 1.82 nanometers, as seen in Figure 8B.

The observed stabilization in Rg values suggests a shift towards a more uniform and steady
structure of the protein complex. These stable ranges of values indicate an evenly distributed
mass around the center, indicating a condition of structural equilibrium. Using Rg as a structural
parameter provides vital insights into the dynamic behaviour of the protein complex over time,
improving our knowledge of its stability and conformational changes during the molecular

dynamics simulation.
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FigureV1.12. MD simulation trajectories at 100 ns. a. Rg EMTh ligand and b. Rg TMTh
ligand, over the time of simulation
V1.5.4. The solvent accessible surface area (SASA)
The examined solvent-accessible surface area (SASA) of both the protein and the complex is

represented in Figure 8D. The graph provides significant insights into the behaviour of the
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complex when compared to the protein form.

The graph shows that the complex continually displays a consistent deviation and consistently
maintains a lower average value of solvent accessibility during the whole simulation period, in
comparison to the protein form [94]. The observed trend in SASA values indicates that the
compound exhibits increased stability. Furthermore, the decreased average solvent accessibility
indicates that the complex maintains a denser structure throughout the simulation.

The SASA analysis yields significant insights into the intricate dynamics of the complex and
its interaction with the solvent environment. The complex’s stability and compactness, as
evidenced by its decreased average solvent accessibility, provide important insights into its
structural integrity over the simulation period. The findings are crucial for comprehending the
molecular dynamics and interactions of the system being researched, hence aiding in a full

characterization of the protein-ligand complex under inquiry.

V1.5.5. The Poisson-Boltzmann equation and molecular mechanics (MM-PBSA)

Under the context of the complex’s environmental circumstances, a thorough assessment of
binding energy is performed with increased accuracy using the Poisson-Boltzmann equation
and molecular mechanics (MM-PBSA), surpassing the level of detail attained by docking
approaches. The energy landscape, as outlined in Table 9 via the MM-PBSA investigation,
offers a thorough summary of different energetic constituents.

The protein-ligand interaction involving 2AZ5- ZEMIT has a binding energy of -31.2 kJ/mol
(figure 16), the van der Waals energy is precisely determined to be -50.39 kJ/mol, which
supports and strengthens the conclusions drawn from the molecular docking analysis. Unlike
the docking results, which do not provide a clear indication of electrostatic interactions, the
MM-PBSA analysis accurately measures the electrostatic energy as -2.60 kJ/mol (table 12).
This difference highlights the increased prediction precision of energy levels attainable with
MM-PBSA analysis.

More specifically, the primary molecule being examined demonstrates energies of 27.61, -5.80,
and -52.99 kJ/mol for polar solvation, nonpolar solvation energy, and solvation energies,
respectively. These detailed energy calculations provide insight into the complex interplay of
forces that regulate the molecular interactions inside the system. The integration of MM-PBSA
techniques enhances the accuracy and dependability of the acquired results by providing a more
detailed comprehension of the thermodynamics and energy involved in the protein-ligand

complex.
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FigureV1.13. MD simulation trajectories at 100 ns. a. SASA for complex 1, and a. SASA for

complex 2 over the time of simulation.
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FigureV1.14. Binding energy of the complex 2AZ5- EMTh calculated by MM-PBSA

Table VI1.13. Binding energy and other energies values of the 2AZ5- EMTh complex

Type of energy Value (kJ/mol)
van der Waals energy -50.39
Electrostatic energy -2.60

Polar solvation energy 27.61

Nonpolar solvation energy -5.80

solvation energy -52.99

Binding energy -31.20
Temperature 298.15 K

The protein-ligand interaction in the 5SU9P-TMTh complex has a binding energy of -34.2 kJ/mol
(figure 17) . The van der Waals energy is accurately measured to be -55.23 kJ/mol, providing
more evidence that confirms and reinforces the findings derived from the molecular docking
research. The docking data do not offer a definitive indication of electrostatic interactions, but
the MM-PBSA analysis provides an exact measurement of the electrostatic energy as -2.85
kJ/mol (Figure 17). The disparity emphasizes the enhanced accuracy in predicting energy levels
achievable using MM-PBSA analysis.

To be more precise, the main molecule under investigation exhibits energies of 30.26, -6.35,
and 58.08 kJ/mol for polar solvation, nonpolar solvation energy, and solvation energies,

respectively (table 13). The meticulous energy calculations offer a profound understanding of
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the intricate dynamics of the forces that govern the molecular interactions inside the system.
The use of MM-PBSA methods improves the precision and reliability of the obtained results

by offering a more comprehensive understanding of the thermodynamics and energetics
associated with the protein-ligand complex.
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FigureV1.15. Binding energy of the complex 5U9P-TMTh calculated by MM-PBSA

TableVI1.14. Binding energy and other energies values of the 5U9P-TMTh complex

Type of energy Value (kJ/mol)
van der Waals energy -55.23
Electrostatic energy -2.85

Polar solvation energy 30.26

Nonpolar solvation energy -6.35

solvation energy 58.08

Binding energy -34.2
Temperature 298.15 K
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V1.6. Conclusion

The molecular docking investigation revealed the medicinal potential of the title chemical,
emphasizing its highest binding affinity at the TNF-a receptor protein (PDB ID: 2AZ5). This
research not only improves our understanding of the structural properties of the synthesized
chemical, but also suggests promising potential in the realm of medicinal chemistry. An
investigation was conducted on the nonlinear optical (NLO) phenomenon of TMTh, employing
the DFT approach with B3LYP functional for calculations. The latter anticipated more
advantageous nonlinear optical (NLO) characteristics, indicating possible wuses in
optoelectronics. The biological activity of TMTh was evaluated using in silico molecular
docking methods, indicating its potential as an inhibitor of the gluconate-2-dehydrogenase
protein. The ADMET findings and drug-likeness analysis suggest that TMTh has the potential
to be a good candidate for an orally active medication.

The work utilizes Molecular Dynamics (MD) simulation, specifically employing the
GROMACS 2022 program with CHARMMZ36 force field, to assess the effectiveness of ligand
binding on protein structures. The simulation, utilizing PDB ID 4ZAZ2, specifically examines
the stability of TMTh within the protein’s binding site. It spans duration of 100 nanoseconds at
a temperature of 299 K and a pressure of 1.26 bar. The analysis involves the examination of
many parameters, including Root Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF), Radius of Gyration (Rg), and Solvent Accessible Surface Area (SASA).
The stability of the ligand inside the protein binding site is verified with minimal changes in
shape. The RMSD and RMSF studies indicate that the system has reached equilibrium and that
the ligand is undergoing internal oscillations. Rg denotes a protein complex structure that is
stable, whereas SASA demonstrates the enhanced stability and more compact structure of the
complex in comparison to the individual protein. The study employs the Poisson-Boltzmann
equation and molecular mechanics (MM-PBSA) to thoroughly evaluate the binding energy,
resulting in a more precise and comprehensive comprehension of the thermodynamics and
energetics associated with the protein-ligand complex. This approach supports and strengthens

the conclusions drawn from molecular docking analyses.
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General conclusion

The research into thiazolic derivatives, including rhodanine, thiazoline, and
iminothiazolidinone, has illuminated profound insights into their molecular structures and
functional characteristics. Employing a multidisciplinary approach integrating X-ray
diffraction, spectroscopic techniques, molecular modeling, and quantum mechanical
approximations, scientists have deciphered the intricate relationship between molecular
structure and properties. This endeavor holds significant promise for advancing materials
science and pharmacology by uncovering novel thiazolic structures and their potential

applications.

In light of this, the research work in this thesis focused on structural determination and spectral
characterization of two novel thiazole derivatives: (Z)-3-N-(ethyl)-2-N’-((3-
methoxyphenyl)imino)thiazolidine-4-one (EMTh) and (Z)-2N-(tert-butylimino)-3N’-(4-
methoxyphenyl) thiazolidin-4-one (TMTh). As a result of this effort, we have successfully
determined the precise structures of EMTh and TMTh through a combination of X-ray

crystallography, spectroscopy and quantum chemistry based theoretical calculations.

The initial objective was to elucidate the structures using infrared spectroscopy and nuclear
magnetic resonance (*H and **C). Subsequent detailed structural analyses were employed to
investigate the molecular, electronic, and optoelectronic properties of both materials. Single
crystal X-ray crystallography, conducted at low temperatures with an automatic kappa CCD
diffractometer, yielded high-resolution data. The results were structurally resolved and refined
using the Shelxs and Shelxl programs. Molecular geometries, characterized by bond lengths,
valence angles, and torsion angles, were compared between experimental and theoretical
results, demonstrating a satisfactory agreement. In case of EMTh the crystal structure analysis
revealed a non-planar molecular configuration with a notable 86.0° dihedral angle between the
benzene and thiazolidinone rings. The crystal's molecular arrangement was controlled by C-
Hee+O and C-He+*N hydrogen bonds, leading to a unique three-dimensional packing pattern.
For compound TMTh the monoclinic crystal structure containing eight molecules in the unit

cell was determined.

Analysis of inter- and intramolecular interactions through Hirshfeld surface analysis

highlighted weak hydrogen bonds responsible for crystal stacking.
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General conclusion

The investigation extended to vibrational modes, UV-Visible spectrum, and charge transfer
dynamics using TD-DFT/B3LYP/6-311G (d,p), revealing strong t—n* electronic transitions.
Frontier Molecular Orbitals (FMOs) energies provided chemical reactivity descriptors,
emphasizing the electrophilic behavior of TMTh. Electron localization features were explored
through ELF and LOL isosurface distributions, indicating significant electron localization on
covalent bonds.

The electron density distribution was thoroughly examined, allowing for the characterization
of atomic and molecular interactions, as well as the determination of molecular properties such

as dipole moment and electrostatic potential.

Finally, nonlinear optical properties were evaluated, revealing that both compounds, EMTh and
TMTh, could be considered promising candidates for material development due to their high

hyperpolarizability (B) values.

The two compounds were also tested for their biological activity using the known theoretical
approach “molecular docking”. The investigation terminated with Molecular Dynamics (MD)
simulations by employing GROMACS 2022 with CHARMM36 force field. by employing
GROMACS 2022 with CHARMM36 force field. A rigorous assessment of the effectiveness of
ligand binding on protein structures was performed. The thorough examination of parameters
such as RMSD, RMSF, Rg, and SASA has provided a comprehensive evaluation of the stability
and structural changes within the protein-ligand complex, supported by the Poisson-Boltzmann
equation and molecular mechanics (MM-PBSA).The molecular docking investigation has
highlighted the medicinal potential of the title chemicals, suggesting promising applications in
medicinal chemistry. Particularly, in silico molecular docking methods suggest its potential as
an inhibitor of the gluconate-2-dehydrogenase protein. The ADMET findings and drug-likeness

analysis further emphasize TMTh's potential as an orally active medication.

In summary, this comprehensive research, spanning experimental validations and
computational simulations, not only advances our understanding of thiazolic cycles but also
showcases the potential for transformative applications across diverse scientific domains. The
interdisciplinary nature of this work serves as a model for future research endeavors,
emphasizing the collaborative synergy between experimental and theoretical approaches,

ultimately contributing to the innovative development of molecular sciences.

208



SCIENTIFIC PRODUCTION

1. Publications

1. E.Z.Boudjenaneg, F. Triki-Baara, N. Boukabcha, N.E.H. Belkafouf, N. Dege, M. Saidj,
N. Khelloul, A. Djafri, A. Chouaih, Synthesis, crystallographic and spectroscopic

investigation, chemical reactivity, hyperpolarizabilities and in silico molecular docking
study of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4- one, Journal
of Molecular Structure 135620 (2023), https://doi.org/10.1016/j.
molstruc.2023.135620.

2. E.Z. Boudijenane, Z. D. Benyahlou, M.H. M. Belhachemi, N. Boukabcha, O. Tamer,
S. Yahiaoui, Y. Atalay, E. Tarcan, A. Chouaih, A theoretical investigation on hirshfeld

surface, IR., UV-Vis, 1H and 13C NMR spectra, nonlinear optical properties, and in
silico molecular docking of an organometallic compound: Dibromobis(l-
proline)zinc(ll), Journal of Computational and Theoretical Chemistry, 114345,
(2023), https://doi.org/10.1016/j.comptc.2023.114345.

3. C. Tabti, A. Benmohammed, N. Boukabcha, N. Dege, A. Djafri, F. Z. Boudjenane, A.
Chouaih, A. Djafri, Synthesis, Structural Characterization and Theoretical NLO
Activity of N-(4-Acetyl-5-(4-(Nitro) Phenyl)-4,5-Dihydro-1,3,4-Thiadiazol-2-yl)-N-
Phenyl Acetamide, Polycyclic Aromatic Compounds, 2158882, (2022),
https://doi.org/10.1080/10406638.2022.2158882

2. Communications

1. October 2020: 1ER SEMINAIRE NATIONAL DES SCIENCES D'INTERFACES
CHIMIE-BIOLOGIE (1ER SNSI C-B), SOUK-AHRAS, ALGERIA

O: "Crystal structure determination by x-ray diffraction and DFT quantum chemical

investigation of new organic compound for biological application" by Boudjenane Fatima

Zohra, Boukabcha Nourdine, Chouaih Abdelkader

2. April 21-22, 2021: 1ST INTERNATIONAL CONFERENCE ON SUSTAINABLE
ENERGY AND ADVANCED MATERIALS IC-SEAM’21, OUARGLA, ALGERIA.

O: "Crystal structure determination by x-ray diffraction and theoretical calculations of new

thiazolic semiconductor compound” by Fatima Zohra Boudjenane, Nourdine Boukabcha,

Abdelkader Chouaih

3. May 16-20, 2021: THE 2ED SYMPOSIUM ON MATERIALS CHEMISTRY,
BOUMERDES-ALGERIA

P: "X-ray determinations and DFT calculation of new organic compound” by Ahlam Roufieda

Guerroudj, Boukabcha Nourdine, Boudjenane Fatima Zohra, Chouaih Abdelkader



https://doi.org/10.1016/j.comptc.2023.114345
https://doi.org/10.1080/10406638.2022.2158882

SCIENTIFIC PRODUCTION

4. May 20, 2021: JOURNEE NATIONALE D'ETUDE DU GENIE DES PROCEDES,
MOSTAGANEM, ALGERIA

O: "Crystal structure determination by x-ray diffraction and theoretical calculations of new

thiazolic semiconductor compound” by fatima zohra boudjenane, nourdine boukabcha,

abdelkader Chouaih

5. September 17-18, 2021: SEMINAIRE INTERNATIONAL SUR LES SCIENCES DE LA
MATIERE (PHYSIQUE ET CHIMIE)

O: "Synthesis and characterisation of anion exchange in layered double hydroxide based on Zn

and Cr" by boudjenane. F. Z, Chouaih. A, bahmani. A, bel kafouf. N, boukabcha N

6. September 29, 2021: 1ST INTERNATIONAL CONFERENCE ON COMPUTATIONAL
& APPLIED PHYSICS ICCAP2021, BLIDA, ALGERIA.

O: "Synthesis and characterisation of layered double hydroxide based on Zn and Cr used for

anion exchange" by boudjenane . f z, Chouaih. A, bahmani. a, belakfouf. n, boukabcha n,

megrouss. y

7. September 29-30, 2021: POLYMER & MEDITERRANEAN INTERNATIONAL
CONFERENCE 2021, BEJAIA-ALGERIA.

O: "DFT quantum chemical method for thiazolidinone derivative synthesis, x-ray structure

determination, and related physical properties” by boudjenane fatima zohra, Chouaih

Abdelkader, mergous youcef, djafri ayada, boukebcha nourdine, bouldiab yasmine, belkaouf

nour el houda

O: "The prediction of structural, electronic, magnetic and elastic properties of a new half-

heusler alloy: first principles calculations™ by bouldiab yasmine, terkhi sabria, sefir yamina,

boudjenane fatima zohra, bendahma Fatima

8. November 1-3, 2021: 1ST INTERNATIONAL CONFERENCE ON APPLIED
ENGINEERING AND NATURAL SCIENCES ICAENS 2021, KONYA-TURKEY

O: "First principal investigation of half-metallic ferromagnetism in Cr based half-Heusler

compound” by Y. Bouldiab, S. Terkhi, Z. Aziz , M. A. Boudjeltia, F. Z. Boudjenane,

O: "Thermal effect on reliability and efficiency of 5nm DG-FIinFET Transistors” by_Nassima

Bourahla,_Fatima Zohra Boudjenane

O: "A  theoretical study of the  synthesized  (Z)-3-N-(ethyl)-2-N’-((3-

methoxyphenyl)imino)thiazolidine-4-one and its NLO properties, molecular docking analysis"

by Boudjenane Fatima Zohra

9. December 4-5, 2021: 1ERE CONFERENCE NATIONAL SUR LA PHYSIQUE DES
MATERIAUX ET LEURS APPLICATIONS (CNPMA’2021) USTHB, ALGER,
ALGERIA.

P: "Synthese, analyse du spectre vibrationnel, réactivité chimique et docking moléculaire d'un

dérivé de la thiazolidinone" by boudjenane fatima zohra, Chouaih Abdelkader, boukebcha

nourdine, bouldiab yasmine, bourahla nassima

P: « Etude ab-initio des propriétés structurales, ¢électroniques, et magnétiques d’un matériau
demi-Heusler (XY Z) pour des applications spintroniques », by Y. Bouldiab, S. Terkhi, Z. Aziz,
M. A. Boudjaltia, F.Z.Boudjenane, Y. Sefir,




SCIENTIFIC PRODUCTION

10. December 11-12,2021: INTERNATIONAL PALANDOKEN SCIENTIFIC STUDIES
CONGRESS ISARC, ERZURUM, Turkey

O: "Synthesis and X-ray structure determination of thiazolidinone derivative" by boudjenane

fatima zohra

030: "Synthesis, characterization and anion exchange of a layered double hydroxide based on

Zn and Cr" by boudjenane fatima zohra

11. February 07-09, 2022: THE FIRST INTERNATIONAL SEMINAR ON
MATERIALS SYNTHESIS AND ENVIRONMENTAL MONITORING, OUARGLA,
ALGERIA.

O: "Study of layered double hydroxide based on Zn and Cr employed in anion exchange using

x-ray diffraction and infrared spectroscopy” by boudjenane fatima zohra, Chouaih

Abdelkader, bahmani abdallah, boukabcha nouredine

12. October 26-27, 2022: THE 1ST INTERNATIONAL CONFERENCE ON
RENEWABLE MATERIALS AND ENERGIES ICRME2022, OUARGLA, ALGERIA.

O: "Anion exchange, x-ray diffraction, infrared spectroscopy of a novel layered double

hydroxide" by BOUDJENANE Fatima Zohra, BAHMANI Abdellah, BOURAHLA Nassima,

CHOUAIH Abdelkader, BOUKABCHA Nouredine

13. December 10-13, 2022: 1ST INTERNATIONAL CONFERENCE ON SCIENTIFIC
AND ACADEMIC RESEARCH, KONYA, TURKEY.

O: "ELF isosurface study and NLO activity of a synthesized organic Molecule" by Fatima Z

Boudjenane

O: "The study of an organic molecule's ELF isosurface and NLO activity by DFT methods" by

Fatima Z Boudjenane

O: "Experimental and Theoretical Structural Determination, Intermolecular Charge Transfer,

MEP And Nonlinear Optics Application For An Organic Molecule™ by Zohra Douaa

Benyahlou, belhachemi mortada, kheira hammou, boudjenane Fatima zohra

14. December 20 - 23, 2022: 1ST INTERNATIONAL CONFERENCE ON
ENGINEERING, NATURAL AND SOCIAL SCIENCES ICENSOS 2022, KONYA,
TURKEY.

O: "The study of an organic molecule's ELF isosurface and NLO activity by DFT methods" by

Fatima Z Boudjenane

15.  March 14-16, 2023: THE 2ND INTERNATIONAL CONFERENCE ON SCIENTIFIC
AND ACADEMIC RESEARCH, Konya, Turkey.

O: "NLO characteristics of tridentate ONO organic ligands in molybdenum push-pull

coordination™ by Fatima Zohra Boudjenane

O: "The performance and investigation of the electronic and structural properties of the

thiazolidinone molecule™ by Fatima Zohra Boudjenane

O: "X-ray diffraction and infrared spectroscopy analysis of the synthesized LDH based on Cr

and Zn" by Fatima Zohra Boudjenane

O: "Spectral, modeling and biological studies on a novel organic compound™ by Fatima Zohra

Boudjenane

O: "Analysis of Received Power Characteristics of Commercial Photodiodes in Indoor Los

Channel Visible Light Communication” by BOUDJENANE Fatima Zohra




SCIENTIFIC PRODUCTION

16. March 23-24, 2023: The 3rd INTERNATIONAL BLACK SEA MODERN
SCIENTIFIC RESEARCH CONGRESS, SAMSUN, TURKEY

O: "FROM RESEARCH TO REALITY: advancements and opportunities in visible light

communication for wireless networks™ by Fatima Zohra Boudjenane

17.  April 18-20, 2023: THE 1ST INTERNATIONAL CONFERENCE ON SCIENTIFIC
AND INNOVATIVE STUDIES ICSIS 2023, KONYA, TURKEY.
O: "Performance Analysis of Low-Cost Visible Light Communication Systems"” by Fatima
Zohra Boudjenane
O: "Advantages of Visible Light Communication in Smart Cities” by Fatima Zohra
Boudjenane
O: "Design and Implementation of a Low-Cost Visible Light Communication System for Smart
Homes" by Fatima Zohra Boudjenane
18.  August 16-18, 2023: 1ST INTERNATIONAL CONFERENCE ON RECENT AND
INNOVATIVE RESULTS IN ENGINEERING AND TECHNOLOGY, KONYA,
TURKEY.
O: "Synthesis, and Molecular modeling of the (Z)-2N-(tert-butylimino)-3N'-(4-
methoxyphenyl) thiazolidin-4-one (TMTh) compound™ by Fatima Zohra Boudjenane
O: "Comparative study of water quality” by Fatima Zohra Boudjenane
O: "Drug design, molecular docking, in silico ADMET investigation of a new thiazolidinone
derivative" by Fatima Zohra Boudjenane
O: "In silico SwissADME, lazar investigation of a new organic compound” by Fatima Zohra
Boudjenane
O: "Biological activity prediction and electrostatic properties determination of a thiazole
derivative" by Megrouss Youcef, Salem Yahiaoui, Fatima Zohra Boudjenane
19.  July 29-31, 2023: 1ST INTERNATIONAL CONFERENCE ON MODERN AND
ADVANCED RESEARCH, KONYA, TURKEY.
O: "NLO characteristics of tridentate ONO organic ligands in molybdenum push-pull
coordination” by Fatima Zohra Boudjenane
O: "Synthesis, crystallographic and spectroscopic investigation, and in silico molecular docking
study of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4-one" by Fatima
Zohra Boudjenane
O: "Quantum chemical study of an NLO candidate 1(Z)-2N-(tert-butylimino)-3N’-(4-
methoxyphenyl) thiazolidin-4-one™ by Fatima Zohra Boudjenane
O: "DFT study and structure determination of a new thiazolidinone derivative” by Fatima
Zohra Boudjenane
20. December 25-26, 2023: THE 3RD INTERNATIONAL CONFERENCE ON
SCIENTIFIC AND ACADEMIC RESEARCH, KONYA, TURKEY.
O: "Theoretical Investigation of the Compound C14H8N20S2's Properties" by Fatima Zohra
Boudjenane
Workshop:
e F.Z. Boudjennane, "Structural resolution by X-ray diffraction on single crystal and
powder + Piloting of a single crystal diffractometer at a distance", 06 and 7 November
2022, the Abbes Laghrour Khenchela University.




Journal of Molecular Structure 1287 (2023) 135620

Contents lists available at ScienceDirect

s ;
MOLECULAR
STRUCTURE

Journal of Molecular Structure

ELSEVIER journal homepage: www.elsevier.com/locate/molstr

Check for

Synthesis, crystallographic and spectroscopic investigation, chemical e
reactivity, hyperpolarizabilities and in silico molecular docking study of
(Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl) thiazolidin-4-one

Fatima Zohra Boudjenane *, Fayssal Triki-Baara ”, Nourdine Boukabcha **°,
Nour El Houda Belkafouf, Necmi Dege 4, Merzouk Saidj®, Nawel Khelloul ¢, Ayada Dijafri ",
Abdelkader Chouaih "

& Laboratory of Technology and Solid Properties (LTPS), Abdelhamid Ibn Badis University of Mostaganem, Mostaganem 27000, Algeria

Y Laboratory of Organic Applied Synthesis (LSOA), Department of Chemistry, Faculty of Sciences, University of Oran 1, Ahmed Ben Bella, Oran 31000, Algeria
¢ Chemistry Department, Faculty of Exact Sciences and Informatic, Hassiba Benbouali University, Chlef 02000, Algeria

9 Department of Physics, Ondokuz Mayis University Samsun, Samsun 54187, Turkey

€ Faculty of Sciences and Technology, Mustapha Stambouli University of Mascara, B.P.763, Mascara 29000, Algeria

ARTICLE INFO ABSTRACT

Keywords: This study presents the results related to the synthesis of (Z)-2N-(tert-butylimino)-3N’-(4-methoxyphenyl)
Thiazolidinones thiazolidin-4-one (TMTh) and its characterization by X-ray diffraction and spectroscopic techniques. The com-
DFT

pound was characterized by 1H and 13C NMR and FT-IR spectroscopy. According to the single-crystal X-ray

Ellgl\/;OLOII:UMO diffraction (SC-XRD) analysis, the title compound belongs to the centrosymmetric 12/a space group of the
NLO monoclinic system with 8 molecules in the unit cell. Using density functional theory (DFT) at the B3LYP/6-311 G

(d,p) level, the optimized structure of TMTh was predicted. The structure was described by the geometric pa-
rameters confirming a good consistency between experimental and theoretical structural results. The identifi-
cation of weak interactions and their contributions, including the C — H---O and C — H---S hydrogen bonds, and
van der Waals (vdW) interactions, which are necessary for maintaining the crystal packing, were also addressed
by the use of Hirshfeld surface (HS) and RDG analyses. From the HS, the major contribution with 56.3% is due to
H---H contacts. To obtain and identify the vibration frequencies and their assignments, the PED (Potential Energy
Distribution) analysis of the title compound was carried out. The results were then confirmed and compared to
the experimental FT-IR spectral data. The 'H and *CNMR chemical shifts were also calculated to compare and
complement the experimental results. To highlight the compound’s absorption behavior, the electronic transi-
tions are assigned according to the time-dependent density functional theory (TD-DFT) outcomes and confirmed
the electronic circular dichroism (ECD) spectrum. The experimental and theoretical UV-vis spectra are also
provided suggesting a strong n—xn* transition at 250 nm. Charge transfer inside the molecule was considered
using the frontier molecular orbitals (FMOs) investigations, and ELF, LOL, and MEP distribution maps were also
investigated. The HOMO and LUMO energies were used to estimate the chemical reactivity descriptors and the
corresponding energy gap is 2.67 eV. The nonlinear optical (NLO) activity of the compound has been analyzed,
and the corresponding properties have been evaluated. The most important first and second order hyper-
polarizabilities calculated with BPV86 functional were found to be 5.58 x 1073 esu and 26.01 x 1073 esu,
respectively The present study deals also with the in silico ADMET study using molecular docking and the
SwissADME web tool to determine the physicochemical and pharmacokinetic properties. The biological activity
was performed against the gluconate 2-dehydrogenase protein with 5U9P, 4HP8, 4Z9X, 1VL8, 4IBO and 3003
receptors.

Molecular docking
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1. Introduction

Heterocycles are ring compounds that contain carbon as well as other
elements such as oxygen, nitrogen, and sulfur. These heterocyclic ma-
terials are used in optoelectronic devices such as photovoltaic and solar
cells, and organic light emitting diodes (OLEDs) [1,2]. Heterocyclic
structures are also found in a variety of potentially conducting polymers,
optically nonlinear polymers, and biomaterials [3]. Among them, thia-
zolidinones and their derivatives are significant nonlinear optical (NLO)
materials that already have piqued the interest of researchers due to
their wide range of applications and high NLO efficiency. Several
thiazolidinone-based compounds have been experimentally and theo-
retically studied for their NLO applications [4]. Moreover, it is well
known that the material’s NLO behavior is highly dependent on its own
three-dimensional geometry. On the other hand, the thiazolidinone
derivatives with extended =n-conjugation, in particular, exhibit
improved second order NLO properties [5,6]. Many of these compounds
have been synthesized and studied for their spectroscopic properties and
biological activity [7-9]. The compounds bearing thiazolidinone moiety
have been reported in the literature for their antibacterial, anticancer,
anti-inflammatory and antiviral activities [10-13]. In addition, thiazo-
lidinones have been considered as pharmacologically active scaffold due
to their wide range of reported biological activities. Literature reveals
that a spectrum of biological activities are exhibited by thiazolidinone
heterocyclic ring system [14,15]. Furthermore, the introduction of
substituents on NH group of thiazolidinone has been an important and
widely used strategy to modify thiazolidinone analogues for the poten-
tial clinical drugs [16].

This study introduces the synthesis of (Z)—2N-(tert-butylimino)—
3N’-(4-methoxyphenyl) thiazolidin-4-one (TMTh) and its (1H, 13C)-
NMR; UV-Vis and FTIR spectroscopic features. The spectroscopic
properties were also determined with in-depth theoretical calculations.
To illustrate the various interactions and provide quantitative data on
the contribution of each intermolecular interaction in the crystal pack-
ing, Hirshfeld surface analysis and fingerprint plots were performed. In
the present study, we investigated other molecular properties of the title
compound, such as HOMO-LUMO orbitals, global reactivity descriptors,
and molecular electrostatic potential, in addition to charge transfer
within this molecule. The molecular electrostatic potential surface was
analyzed, and the NLO activity of the molecule was also evaluated
including the dipole moment (p), polarizability («), first-order hyper-
polarizability (B), and second-order hyperpolarizability. Moreover, the
prediction of activity spectra for substances (PASS) and the molecular
docking have been studied to undertake a more in-depth inquiry and
give additional information, particularly in establishing the biological
activity of the chemical under investigation.

2. Experimental and computational details
2.1. Synthesis and characterization
2.1.1. Synthesis of (Z)—2N-(tert-butylimino)—3N’-(4-methoxyphenyl)

thiazolidin-4-one
In ethanol with acetic acid, a solution of 1-tert-butyl-3-(4-

BrAcOEt
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methoxyphenyl) thiourea and ethyl bromoacetate was prepared as
shown in Scheme 1. At room temperature, the mixture was stirred for 6
h. Slow evaporation was used to recrystallize (Z)—2N-
(tert-butylimino)—3N’-(4-methoxyphenyl) thiazolidin-4-one (TMTh)
crystals from ethanol. Simple crystallization procedure was used to
purify the title compound. Finally, the precipitated solid was filtered,
washed with water and recrystallized to give the target compound.

2.1.2. Characterization of (Z)—2N-(tert-butylimino)—3N’-(4-
methoxyphenyl) thiazolidin-4-one

Experimental techniques (including FT-IR, NMR, and UV-Vis) were
used to characterize TMTh. On a Perkin-Elmer FT-IR spectrometer, the
IR spectrum of a KBr pellet was recorded in the range 400—4000 cm ™.
The measured wavenumbers are reported in cm ™. In DMSO-dg solvent
at 25 °C, the 'H and '3C NMR spectra were measured using a Bruker AC-
500 MHz spectrometer. Relative to TMS, which serves as an internal
standard, chemical shifts are reported as & (ppm). Electronic UV-Vis
spectrum was recorded using a Shimadzu UV-2900 Pc-spectrophotom-
eter in the range from 200 to 700 nm in chloroform solution.

2.1.3. Spectral data

Yield 68% m.p. 110 °C. IR (KBr.vcm’l): 2981 (CH2w,5); 1719 (C =
0); 1622 (C = N); 1389 (N—Cinja); 786.815 (C-S-Cihia)- THNMR (500
MHz, DMSO-d6.5 ppm. J (Hz)): 1.20 (s. 9H. CHg3); 3.77(s. 3H. O—CHy);
4.10 (s. 2H. CHy thja); 6.95-6.98 (m. 2H. Hyrom); 7.08-7.11 (m. 2H.
Harom). *>CNMR (125 MHz, DMSO-d6): 171.04 (C = 0); 158.90(C = N);
147.19; 130.03; 129.17; 114.20; 55.69(0—CH3); 54.33; 33.44 (CH,
Thia); 29.59.

2.2. X-ray crystallography and data collection

Brown colored crystals were selected for the present crystallographic
study. X-ray diffraction experiment was performed on a STOE IPDS II
single crystal diffractometer and the data were collected using mono-
chromated MoKa radiation (A = 0.71073 ./0\) at ambient temperature.
These data are used for solving and refining the structure. The structure
was solved and refined using the Shelxs [17] and Shelxl [18] programs,
respectively. Direct methods were used to solve the structure. The
anisotropic refinement of all non-hydrogen atoms was carried out using
all reflections with I >2¢ (I). Geometric analysis and crystal structure
visualization were carried out using Mercury [19] and ORTEP [20]
softwares. The X-ray measurement conditions, crystallographic data and
refinement details are summarized in Table 1.

2.3. Computational methodology

By examining their structures and chemical characteristics, compu-
tational approaches are an excellent method for designing molecules. In
this case, the theoretically optimized geometry of the title molecule in
the gas phase was performed using the Gaussian 09 software [21]. The
output files were visualized via the GaussView 5.0.8 software [22]. The
structural properties of TMTh were determined by applying Becke’s
three-parameter hybrid functional (B3) for the exchange part and the
Lee-Yang Parr(LYP) correlation function with 6-311G(d. p) basis set

Ethanol, 6h

o

Scheme 1. Synthesis chemical pathway for TMTh.
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Table 1
Experimental conditions and crystallographic details for TMTh.
Chemical formula C14H;1gN205S
M (g/mol) 277.35
Crystal system. space group Monoclinic, 12/a
Temperature (K) 296
a, b, c &) 13.6185 (6), 5.7532 (2), 37.1790 (17)
BC) 91.349 (4)
V(A3 2912.2 (2)
Z 8
Radiation type Mo Ka
p (mm™Y) 0.222
Crystal size (mm) 0.220 x 0.203 x 0.190
Diffractometer STOE IPDS 2
Absorption correction X-RED32; Stoe & Cie. 2002
No. of measured reflections 19,866
No. of independent reflections 3225
No. of observed [I > 26(1)] reflections 2169
h k1 —17-17, -7-7, —47-47
Rine 0.015
(sin 0/4) max A™H 0.727
R[F*> 2(F))], wR(F?), S 0.046, 0.134, 1.032
No. of parameters 172
No. of restraints 0

H-atom treatment
Apmax. Apmin (€ A7)

H-atom parameters constrained
0.38, —0.29

[23,24]. Using the same calculation level, the vibrational frequencies of
the title molecule in the gas phase were computed. To get results that
were in the best accord with the experimental data, the scale factor was
applied. For B3LYP/6-311G(d,p), the scaling factor with the standard
value of 0.9679 was used [25]. Additionally, the potential energy dis-
tribution was investigated by the VEDA 4 software for the assignments of
the vibrational modes [26]. The electronic spectrum, absorption wave-
lengths and oscillator strengths of the title compound were calculated
using the TD-DFT method based on the previously optimized structure
[27]. The energies of molecular orbitals and related parameters such as
electronegativity, chemical hardness and softness were calculated at the
same level of theory. The molecular electrostatic potential was theo-
retically investigated to highlight the nucleophilic and electrophilic
zones in the molecule along with the electron localization function and
localized orbital locator distributions. Additionally, the electric dipole
moment (p), mean polarizability («), anisotropy of the polarizability
(Aw), total first-order static hyperpolarizability () and the second-order
static hyperpolarizability (y) were computed in order to evaluate the
nonlinear optical properties of TMTh.

3. Results and discussion
3.1. Structure description

Fig 1 displays the X-ray crystallographic structure of the title
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compound along with its optimized molecular geometry. Table 2 pro-
vides some experimental and computed bond lengths and angles. The
full list of geometric parameters is provided in the supporting infor-
mation. The above results show that the title compound crystallizes in
the 12/a space group of the monoclinic system. The optimized geomet-
rical parameters of TMTh were calculated at the same level of theory.
From Table 2, the C10—O2 bond has a typical double bond nature. The
experimental results for the two C — S bond lengths, namely C8—S1 and
C9-S1, are in the normal range of CP¥—S single bond [1.81 Al [28,
29]. All C — N bonds exhibit conventional single bond character except
C8—N2 bond. The N1-C10 bond is somewhat shorter than the other C —
N single bond [30,31]. The molecular structure is made up of two planar
moieties, one with the methoxyphenyl group and the other with the
tert-butylimino-thiazolidin-4-one group. The corresponding dihedral
angle between the two planes is around 68°

3.2. Crystal packing, HS and RDG analyses

3.2.1. Intermolecular H-bonds

By examining the crystal packing of the title compound, some
intermolecular interactions have been identified. In similar reported
structures containing thiazole moiety, the crystal packing is mainly
based on short contacts and weak n-7 interactions [32,33]. A sequence
of weak C — H---O hydrogen bonds (Table 3) link the molecules in a
three-dimensional framework in the crystal packing of the title com-
pound, and some of them are depicted by dashed lines as illustrated in
Figure S1. The electronegative O2 atom is involved in the main in-
teractions and form hydrogen bonds with H3 and H1C atoms as can be
seen in Table 3. Furthermore, the C1 and C3 atoms, connected to the
precedent H atoms, act as donors while O2 as acceptor. The shortest
H-bonds are given by C3—H3:--02 and C1-H1C---O2 which have values

Table 2
Selected bond lengths (A) and angles (°) by X-ray diffraction and theoretical
calculations for TMTh.

Bond lengths X-ray DFT Bond angles X-ray DFT
C8-S1 1.784(2) 1.823 C8-S1-C9 93.68(9) 92.67
C9-S1 1.790(3) 1.827 C2-01-C1 118.17(19) 117.65
01-C2 1.362(2) 1.368 C10-N1-C8 117.96(16) 111.64
01-C1 1.415(3) 1.429 C10-N1-C5 118.97(16) 120.42
C10-02 1.205(3) 1.218 C8—-N1-C5 123.04(15) 121.13
N1-C5 1.437(2) 1.439 N1-C10-C9 111.99(19) 111.64
N1-C8 1.411(3) 1.422 C6—-C5-C4 120.57(18) 119.88
N1-C10 1.379(3) 1.396 C6—C5—N1 119.58(18) 119.77
N2-C8 1.252(3) 1.265 C4—C5-N1 119.73(18) 120.32
N2-C11 1.482(3) 1.477 N2-C8-N1 120.92(17) 121.17
C10-C9 1.501(3) 1.524 N2-C8-S51 130.84(16) 129.93
Cl11-C13 1.524(3) 1.544 N1-C8-S1 108.24(13) 108.88
C11-C14 1.517(4) 1.544 01-C2-C7 124.51(19) 124.68
C11-C12 1.520(3) 1.542 01-C2-C3 115.27(19) 115.67

Fig. 1. Molecular structure of TMTh (left) X-ray structure, (right) optimized structure using B3LYP/6-311G(d,p).
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Table 3
The possible hydrogen bonds for TMTh.
D—-H-A D-H D-A H---A D-H-A Equivalent
@A A) @A) A) positions
C3-H3.--02 1.08 3.396 2.488 163.98 x,-1/2,~y-1,4+z
Cl1-H1C.--02 1.08 3.425 2.598 119.7 X, +y + 1/2,-z +
1/2

of 2.488 and 2.598 A, respectively. As shown in Figure S1, n—r stacking
interactions are present in the crystal packing and the
centroid-to-centroid distance between the thiazole and benzene ring of
neighbouring molecule being 4.262 A.

3.2.2. Hirshfeld surface analysis

The Hirshfeld surface (HS) analysis is one of the crucial methods for
the investigation of intermolecular interactions. Using the HS outputs,
we can explore the molecular interactions in the crystalline environ-
ment. The following equation describes the dporm (normalized connec-
tion distance), which is calculated from the atoms’ de, di, and van der
Waals radii (' and r/):

(di—nr™) | (de—r™)

vdw vdw
¥ r .

where de and di stand for, respectively, the internal and external dis-
tances from the site to the closest nucleus. The 3D-HS map and their
related 2D-fingerprint plots were obtained using the CrystalExplorer21
software [34]. The red regions represent shorter contacts with negative
dporm value and blue regions represent longer contacts with positive
dporm value. The white regions represent van der Waals contacts with
zero dporm value [35]. As shown in Fig 2, the HS of the title compound
was mapped with color scale from —0.150 to 1.849 A and the
shape-index from —1.0 to 1.0 A.Tn Fig 2(a) the dark-red regions indicate
the short interatomic contacts. These red spots indicate the presence of
C-H---O and C — H---S hydrogen bonds. The shape index surface for the
title molecule is highlighted in Fig 2(b) showing the presence of red and
blue triangles that are related to n—x stacking interactions. As illustrated
in Fig 2(c), the C3—H3---02 intermolecular interactions are displayed by
dashed lines. For the 2D-fingerprint plots of Figure S2, the most
important contributions were represented. As can be seen, the major
contribution to the surface with 56.3% is due to H---H contacts. The
H---0/0---H contacts which are attributed to the C-H---O interactions
occur as two sharp symmetric spikes with a contribution of 16.9% to the
HS. The presence of these spikes is characteristic of strong hydrogen
bonds. The C-H/H-C interactions presented by two symmetrical wings
on the left and right sides with a percentage 12.7%. The C.--H/H.--C
interactions are presented by two symmetrical wings on the left and
right sides with a contribution of 12.7%. On the other hand, the
S---H/H---S and N---H/H:--N intercontacts contribute with 6.6 and 3.2%

Long contacts

van der Waals
contacts

Short contacts .
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to the HS, respectively.

3.2.3. RDG analysis

In recent times, noncovalent interactions, particularly H-bond, steric
effect, and van der Waals interactions can be revealed by applying
reduced density gradient (RDG) analysis [36]. As is well known, RDG is
a theoretical method for describing a molecular system that is based on
the electron density and its derivatives. The noncovalent interactions are
considered as weak interactions and are very useful to understand the
behavior of molecules towards their activities [37,38]. The areas of
these interactions and their graphical representation are provided using
the RDG analysis and its variants. The following equation yields the RDG
values:

RDG (1) = %
2(3zr2)” p(r)

where p(r) is the electron density and Vp(r) is the gradient of p(r) at the
point r. The RDG assessment utilizing the Multiwfn [39] and VMD
softwares [40] is reported in Fig 3 along with the 2D scatter plot and 3D
isosurface densities of TMTh. The graphical depiction of p(r) versus sign
(A2)p, in which the second eigenvalue corresponds to the electron den-
sity, provides a useful indication of the nature and strength of in-
teractions. Sign(A2)p is used to reveal the nature of interactions by their
value and sign. Sign(A2)p > 0, sign(A2)p < 0 and sign(A2)p ~ O are
related to the repulsive, attractive, and van der Waals (VDW) in-
teractions, respectively. As shown in Fig 3, the dominating green and
brown bicolored flat regions showed that the exclusion and attraction
effects coexisted in the molecular structure under investigation. On the
other hand, the center of the thiazole and benzene rings displayed red
spindle shapes that were related to the steric effect. Thus, it can be
concluded that the scatter graph significantly helps in identifying the
presence of intermolecular interactions throughout the surface map.

3.3. Spectral analysis

3.3.1. Vibrational spectra analysis

It is well known that infrared spectroscopy is a very powerful tool for
identifying functional groups in a molecular system. To achieve this
identification, the VEDA program was used giving the total PED as-
signments. The results of the PED analysis are gathered in Table S2 along
with the experimental frequencies where a scaling factor of 0.96 was
applied [41]. A comparison of the theoretical and experimental FT-IR
spectra for TMTh is shown in Figure S3. The C-H stretching vibrations
of the aromatic ring for TMTh were calculated and are located in the
range of 3087-3064 cm ™! [42]. The same vibrations have experimental
values between 3081 and 3054 cm . As shown in Table S1, the calcu-
lated stretching vibrations of CHy and CH3 functional groups are ex-
pected to be in the range 30132886 cm ! [43,44]. The bands between

Fig. 2. Hirshfeld surfaces for visualizing the intermolecular contacts of the title compound: (a) d,orm Hirshfeld surface, (b) shape index and (¢) dporm Selected

intermolecular contacts.



F.Z. Boudjenane et al.

Journal of Molecular Structure 1287 (2023) 135620

2.00 0.020
1.80 0.015
1.60 0.010
1.40 0.005
5 120 0.000
s -0.005
Q 100 . -0.010
c 0.80 B
0.60 -0.020
0.40 -0.025
0.20 f -0.030
0.00 : : -0.035

-0.05
-0.04 |
-0.03
-0.02 |
-0.01
0.00

p>0

p=0

0.01
0.02
0.03 |
0.04
0.05

_p>0

M <0 §ign(kz)p decrease ), ~ () Sign(r2)p increase >0

Strong attraction:
H-bond, Halogen-bond

Van der Waals
interaction

Strong repulsion:
Steric effect in ring

Fig. 3. RDG graph and scatter map of TMTh.

1503 and 1488 cm ™! were assigned to the deformation modes for the
CHj3 group. The stretching vibration of the aromatic C — C in TMTh
appeared at 1591 cm™! with a PED contribution of 15% that can be
found to be similar to the results published in the literature [45]. For the
title compound, the C = O stretching vibrations were calculated between
1734 and 1657 cm ™! with their corresponding PED contributions of 65%
and 20% [46]. The calculated values of C — N stretching vibrations are
1319 (24%), 1164 (20%), 1123 (19%), and 592 (20%) cm ™ [47]. The G
= N stretching vibrations are computed at 1657 cm™! and obtained
experimentally at 1624 cm™!. The strong C — S stretching vibrations
were identified theoretically at 955 and 633 cm™!. The vibrations values
at 1103 (53%) and 885 cm ! (43%) present symmetric and asymmetric
H—C-S bending. The same values indicate that there are H—C-S-C tor-
sion vibrations with PED contribution of 26% and 18%. Furthermore,
565 (22%) and 92 cm™! (21%) present H—C-S-C torsion vibrations
confirming the existence of thiazolidinone moiety.

3.3.2. ™ and 3CNMR chemical shifts

In this work, the theoretical 'H and '3C NMR isotropic chemical
shifts (ppm) are computed with the GIAO method [48] using chloroform
as solvent and the corresponding results are summarized in Table 4
together with the experimental chemical shifts that were measured in
the same solvent. The experimental 'H and >C NMR spectra are given in
Figure S4 (a,b) as supplementary materials. The 'H isotropic chemical
shifts are measured in the range 1.20-7.11 ppm and the corresponding
chemical shifts are calculated between 0.79 and 7.36 ppm. The observed
signals for H3 and H7 are 6.95 ppm, and for H4 and H6 are 7.08 and
7.11 ppm, respectively [49]. The corresponding calculated values are
7.36 ppm for H3 and H7, and 7.21 ppm for H4 and H6 [50]. The
methylene protons of the thiazolidinone ring present a singlet signal at
4.10 ppm (3.77 ppm with DFT). The methyl protons of C12, C13 and C14
atoms have a single experimental chemical shift value (1.20 ppm), and
the corresponding theoretical values are in the range 0.79—1.89 ppm.
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Table 4
Experimental and calculated 'H and 3C NMR chemical shifts (ppm) for TMTh.

H Experimental B3LYP/6-311G(d.p)
H1A 3.77 4.10
H1B, HIC 3.77 3.62
H3, H7 6.95 7.36
H4 7.08 7.21
H6 7.11 7.21
H9A, H9B 4.10 3.77
H12A 1.20 0.79
H12B, H12C 1.20 1.15
H13A, H13C, H14A, H14C 1.20 0.92
H13B, H14B 1.20 1.89
3¢ Experimental B3LYP/6-311G(d.p)
c1 55.69 60.99
c2 147.19 146.30
C3, ¢7 129.17 129.65
c4 114.20 118.04
c5 130.03 132.89
c6 114.20 116.04
c8 158.90 156.05
c9 33.44 37.24
c10 171.04 175.94
c11 54.33 60.82
c12 29.59 26.91
C13,Cl4 29.59 26.32

For the methyl protons attached to C1, the experimental chemical shift
value is about 3.77 ppm and the calculated values are 3.62 and 4.10
ppm.

The 1*C NMR chemical shifts for TMTh were obtained experimen-
tally and theoretically. As can be seen in Table 4, the experimental and
theoretical chemical shifts of aromatic carbons for TMTh have values
greater than 100 ppm which shows the good quality of the recorded *C
NMR data [51]. The heterocyclic ring carbons show resonance values at
158.90 (experimental) and 156.05 (theoretical) for C8 atom, and 171.04
(experimental) and 175.94 (theoretical) for C10 atom. These two values
are greater than the resonance of the other carbons due to the electro-
negativity of neighboring atoms (O, S and N). For the four methyl
moieties of TMTh, the corresponding 13CNMR signals appeared at 55.69
(C1) and 29.59 ppm (C12, C13 and C14), and the calcultated values are
60.99, 26.91 and 26.32 ppm, as can be seen in Table 4. The C9 atom of
the methylene group shows experimental signal at 33.44 ppm and
theoretical signal at 37.24 ppm.

3.3.3. Absorption effect and frontier molecular orbitals (FMOs)

In the present work, the absorption effect was investigated using
UV-Visible spectroscopy that remains the most important technique for
studying conjugated molecules as well as electron delocalization in
molecular structures. As long as the molecular structure has delocal-
ization, the wavelength of maximum absorption shifts increases [52].
Figure S5 displays the experimental and theoretical UV-Visible spectra
of the TMTh molecule. The experimental spectrum was recorded using
an absolute ethanol solvent at room temperature, while the theoretical
spectrum was calculated by TD-DFT/B3LYP method with 6-311G(d,p)
basis set. The theoretical calculations were carried out to determine the
excited states in the title compound structure. The vertical excitation
energies, oscillator strength (f) and wavelength are calculated in gas
phase using the same level of theory. The corresponding results are
depicted in Table 5. The strong transitions were reported at 4.9810 eV
(248.92 nm) with oscillator strength f = 0.0345 and 5.0018 eV (247.88
nm) with oscillator strength f = 0.0152. The calculated absorption
wavelength with a maximum value corresponds to the electronic tran-
sition from HOMO to LUMO and having a contribution around 62%. As
can be seen in Figure S5, the significant absorption peak at 250 nm
correlates to the observed spectral peak at 248.9 nm. A strong 1—7*
transition with a high attenuation coefficient in the UV-Visible range is
expected due to the molecular structure. The maximum UV-Vis ab-
sorption wavelength in the spectrum is due to the influence of n—n*
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Table 5
Experimental and theoretical electronic transitions, oscillator strength and
major/minor contributions for TMTh.

Electronic EXp.Amax

transitions (nm)

TD-DFT/B3LYP-6311G(d, p)

Oscillator
strength (f)

Acal Energy
(nm) (eV)

Assignments
(major
contributions >
10%)

S0-S1 250 248.92  4.9810 0.0345 H-L(62%)+
H-L + 1(12%)
H-L + 1(60%)+
H-2-L(14%)
+H-L(11%)
H-2-L (39%)+H-
2L + 1(23%)
+H-L(14%)+
H-L + 1(12%)
H-L + 2(31%)+
H-1-L + 2(23%)
+H-1-L(18%)
+H-1-L + 3
(13%)

H-L + 2(36%)+
H-1-L + 2(19%)
+H-1-L + 3
(17%)
H-1-L(52%)+H-
1-L + 1 (29%)
H-5-L(29%)+H-
2-L + 2(15%)
+H-2-L + 1
(14%)+H-5-L +
1(13%)

H-1-L +1
(43%)+ H-1-L
(20%)

+H-1-L + 2
(14%)

H-2—-L +1
(35%)+ H-2—-L
(33%)

H-2-L + 2
(55%)+ H—-L + 3
(11%)

S0-S2 247.88  5.0018 0.0152

S0-S3 240.07  5.1644 0.0099

S0-S4 232.76  5.3267 0.0877

S0-S5 228.98  5.4147 0.1555

S0-S6 227.48  5.4503 0.0644

S0-S7 222.74  5.5664 0.0401

S0-S8 219.59  5.6462 0.0077

S0-S9 218.63  5.6710 0.0631

S0-S10 214.02 5.7931 0.0191

electronic transition.

On the other hand, the study of FMOs, known as the HOMO and
LUMO, is conducted to better understand the reactivity and kinetic
stability as well as the molecular bioactivity. The HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital) parameters are critical in quantum chemistry calculations for
electronic studies [53]. The HOMO energy defines the capacity to
donate an electron, the LUMO energy characterizes the ability to acquire
an electron, and the gap between the two characterizes the molecule’s
chemical stability. Furthermore, the HOMO energy is proportional to the
ionization potential, whereas the LUMO energy is proportional to elec-
tron affinity. The overlapping of these orbitals can produce the charge
transfer [54]. The FMOs of the title compound are determined and the
corresponding surfaces are depicted in Fig 4. As can be seen in this
figure, the methoxyphenyl groupment is mostly dominated by the mo-
lecular orbitals HOMO-1, LUMO, and LUMO+1, whereas the HOMO
orbital is entirely located on the thiazolidinone and tert-butylimino
fragments, demonstrating the possibility of charge transfer between the
methoxyphenyl and the thiazolidinone groups. The difference in energy
between HOMO and LUMO is calculated to be 2.67 eV, emphasizes the
kinetic stability of the molecule under consideration. On the other hand,
the molecular orbitals composition can be displayed by the total density
of states (TDOS) [55]. Figure S6 shows the DOS diagram for TMTh. The
red and green lines show the virtual and occupied orbitals. From the
DOS diagram, it is evident that the donor (thiazole ring) and acceptor
(phenyl ring) groups have a simultaneous effect on electron
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Fig. 4. Theoretical frontier molecular orbitals for TMTh.

delocalization.

3.3.4. Electronic circular dichroism

As is well known, optically active samples such as anisotropic ma-
terials and some crystals absorb left-handed and right-handed light from
circular polarized light differently. Circular dichroism (CD) is described
as the difference in absorbance between left and right handed light. On
the other hand, circular dichroism (CD) is also used to determine the
chirality or handedness of molecular systems. For small biomolecules, it
is very frequently used to ascertain the secondary structure of proteins.
In the present work, we investigated electronic circular dichroism (ECD)
of TMTh using the TD-DFT method. Fig 5 shows the ECD spectrum for
TMTh. As depicted in Fig 5, the spectrum shows three positive peaks at
214, 228, and 249 nm, as well as two negative peaks in 220 and 240 nm.
The first peak, or lowest peak in positive phase, is revealed at 214 nm by
the S0-S10 (H-2 to L + 2) electronic transition (see Table 5), whereas the

80 | 278

60 +

40 1 249

20 1 214

Absorbance

—201 220

—40 4

-60 ‘ |
. 240 § §
200 220 240 260 280 300 320 340

Wavelength(nm)

Fig. 5. ECD spectrum of TMTh.

maximum positive peak, or highest peak in positive phase, is revealed at
228 nm by the electronic transition SO-S5 expressed as (H to L + 2)
transition. The lower energy bands at 220 and 240 nm, respectively, are
produced by the electronic transitions S0-S8 (H-1 to L + 1) and S0-S3 (H-
1 to L). According to the calculations above, there is consistency be-
tween the UV and circular dichroism spectra. The title compound ab-
sorbs left-handed light more efficiently than right-handed light,
according to the positive peaks, while right-handed light was heavily
absorbed in the negative phase, which is in good accordance with pro-
teins that include alpha helices [56,57].

3.4. Reactivity descriptors

The global chemical reactivity descriptors, or GCRDs, associated to
the molecular modeling are considered as essential tools for establishing
a connection between a material’s structure and its stability [58]. Ac-
cording to the literature, chemical hardness and softness are two factors
that affect how stable organic molecules are [55]. The GCRD variables
explain how molecular components interact electronically. Based on the
ionization potential (IP = — Egomo) and the electron affinity (EA = —
Erumo), the GRCD parameters including electronegativity ()), chemical
potential (P), chemical hardness (), chemical softness (s), and electro-
philicity (w) and nucleophilicity (e) indices can be obtained from the
following equation [59]:

_ (IP+EA), (IP+EA) _(P-EA) 1 P 1

2 0T P R T

Table 6 summarized the computed values of the GCRD parameters
for the title compound. The chemical potential (P) calculated value is
—5.850 eV, showing that the title compound is chemically stable, while
the chemical hardness (1)) is around 1.336 eV, suggesting that charge
transfer inside the molecule is favorable. Furthermore, the negative
value of the chemical potential confirms the structural stability of the
title compound [60]. As can be seen from Table 6 and in comparison to
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Table 6
GCRD calculated values of TMTh by B3LYP/6-311G(d,p).

Parameters Calculated energies (eV)
Enomo —7.186
Erumo 4513
Enomo-1 —8.462
Erumo+1 —3.769
Energie gap (AE) 2.673
Ionization potential (I) 7.186
Electron affinity (A) 4.513
Electronegativity () 5.850
Chemical potential (P) —5.850
Chemical hardness (1) 1.336
Chemical softness (s) 0.3741
Electrophilicity index () 12.801
Nucleophilicity index () (eV 1) 0.078

the nucleophilicity index value (0.078 eV 1), the electrophilicity index
(o) has a very significant value of 12.801 eV, which explains the mol-
ecule’s electrophilic behavior and is consistent with previous findings
[61]. The GCRD parameters are also fundamental for defining the
bio-reactivity of molecular systems [62].

3.5. ELF, LOL and MEP distribution

3.5.1. ELF and LOL isosurfaces

Surface analysis provides maps of the electron localization function
(ELF) and localized orbital locator (LOL) employing covalent bonds.
Both ELF and LOL are based on kinetic energy density and exhibit a high
probability of locating an electron pair on the surface of molecules. In
contrast to ELF, which is based on electron pair density, LOL is often
observed when localized orbitals overlap and produce large gradients of
localized orbitals [63,64]. As in Bader’s theory, the ELF and LOL func-
tions and their topological studies enable partition of the molecular
space into basins of electronic localization instead of atomic basins or
regions of charge concentration [37]. The appropriate mathematical
model for characterizing chemical bonding is based on topological study
of the ELF and LOL functions. The ELF and LOL isosurface 2D maps for
the title compound were determined using Multiwfn software. The ELF
and LOL figures for TMTh are presented in color shade maps and are
shown in Figs 6 and S7, respectively. The ELF maps are plotted in the
range 0.0-1.0, while the LOL maps are plotted in the range 0.0-0.8. As
can be seen in Fig 6, the covalent regions present between
carbon-carbon and carbon-nitrogen atoms is indicated by red color. The
blue circles around C, N, O and S nuclei display the electron depletion
region between inner shell and valance shell. Therefore, electrons are
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concentrated in all hydrogen atoms. Furthermore, electrons are
concentrated in the phenyl and thiazole rings’ interatomic bond areas.
The LOL function is considered a popular function for revealing electron
localization character. From Figure S7, we can see that the regions with
C—C, C—N and C-S covalent bonds, highlighted in red, have high LOL
values, indicating high levels of electron localization. On the other hand,
the blue circles around the nuclei indicate the areas where the outer and
inner shells of the valence region are electron-depleted.

3.5.2. MEP analysis

Molecular electrostatic potential (MEP) has always been considered
as crucial in the investigation of intermolecular interactions and the
localization of nucleophilic and electrophilic attack regions in molecular
systems [65,66]. The relationship between the MEP distribution and a
molecule’s electron density is also widely recognized [67]. The molec-
ular electrostatic potential, V(r), at a specific position r(x,y,z) is defined
as the electrostatic interaction between the electrical charge generated
by the molecule’s nuclei and electrons and a proton at r. The following
equation was used to calculate the V(r) values for the system being

studied:
— /pmrml(r,)dr’
=]

2

Where Z, is the charge of nucleus A located at Ra, p(r’) is the electronic
density of the molecule, and r’ is the dummy atom position. The com-
mon color scheme used to describe the MEP map was widely reported in
which the negatively and positively charged regions are colored in red
and blue, respectively [68]. On the other hand, due to higher concen-
tration of electronic density, the nucleophilic sites of the molecule are
displayed as red. Reciprocally, electron-deficient regions are displayed
in blue. Based on the optimized structure of TMTh, the MEP surface was
computed (Figure S8). According to the MEP map in Figure S8, the most
negative region associated with the strongest attraction is around the
carbonyl group and the positive regions associated with the strongest
repulsion are located on the hydrogen atoms of the molecule. Therefore,
it may be inferred that electronegative atoms are the most common sites
for nucleophilic attack, whereas hydrogen atoms are the most common
locations for an electrophilic attack.

Zy
(Ra—1)

v(r)

3.6. NLO effect

When electromagnetic forces interact in various media, new fields
with distinct phases arise, eventually leading to the so-called nonlinear
optical (NLO) effect, which can provide a wide variety of capabilities for
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Fig. 6. ELF shaded isosurface maps for TMTh, (a) phenyl fragment, (b) thiazole fragment.
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emerging technologies like as telecommunications and signal processing
[69-71]. To understand more about the title compound’s NLO property,
we computed dipole moment (), polarizability («), and first and second
order hyperpolarizabilities (p and y). The magnitude of p, o, f and y
tensors were calculated using the x, y and z components described by the
following equations [72]:
31 5

p= (Mf +u ﬂé) i =3 (@ tayta) B = (/J’f +5 +/5§)

For the first order hyperpolarizability estimation, the detailed rela-
tion is as follows:
BU= [+ By 4B+ (B B 48 + (B 4 B +)°]

The Kleinmann hypothesis [65] was used to calculate the
second-order hyperpolarizability (y) via the following equation:

1

V= g (thu + yyyy) + Ve + z}lxxyy + Zyxx:z + 2}’)-y;'z)

The calculation of the NLO properties for the title compound were
carried out and the corresponding results are reported in Table 7.

It is well established that NLO properties are closely related to the
higher  values of dipole moment, polarizability  and
hyperpolarizabilities.

The dipole moment calculated by BSLYP and BPV86 functionals are
equal to 0.56 and 2.19 D, respectively, which are in the range of values
for most similar organic compounds reported in the literature [73,74]
Compared to the B3LYP functional, the BPV86 functional gives a better
value of the dipole moment. The predicted dipole moment value for the
isolated gas phase molecule of TMTh obtained by BPV86 functional is

Table 7
Calculated molecular dipole moment (), polarizability (o), and first and second
hyperpolarizabilities (p and y) values for TMTh.

Parameters B3LYP BPV86
Dipole moment

Hx 0.558 —0.052
Hy 0.028 —0.765
Hz —0.004 —0.393
1 (D) 0.56 2.19
Polarizability

Olyx 235.625 250.102
Oy 9.729 —4.797
ayy 194.69 156.588
Ozx —0.011 —16.585
Oy 0.019 18.557
Oy 152.12 204.073
o (au) 194.145 203.587
o x 1072* (esu) 28.77 30.17
First-order hyperpolarizability

Brox 390.927 823.569
Brxy —110.724 64.674
Byey 192.772 52.990
Byyy 139.345 —6.301
Pxxz —0.018 60.629
Byxz —0.062 154.164
Byyz —0.064 -7.715
Baxz —22.613 196.296
Bayz —12.5891 —54.603
Brzz —50.951 26.426
By (aw 336.789 645.475
By x 10730 (esu) 2.91 5.58
Second-order hyperpolarizability

Vxxxx 75,037.8 12,784.5
Yyyyy 24,359.9 15,197.8
Yzzzz 10,207.0 29,176.8
- 16,823.9 11,468.7
Yoz 5116.11 22,799.1
Yyyzz 4077.06 8743.59
{y) (au) 32,327.9 51,648.9

(y) x 1073 (esu) 16.29 26.01
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close to that of the urea (3.73 Debye) considered as the organic NLO
active typical molecule. The calculated polarizability values are 28.77 x
102% and 30.17 x 10~2* esu predicted using B3LYP and BPV86 func-
tionals, respectively. For the hyperpolarizability, several studies have
shown that the first-order hyperpolarizability value is related to the
HOMO-LUMO energy gap and the second-order hyperpolarizability
value reveals the delocalization of electrons and substantial charge
transfer through the n-conjugation [75]. The calculated first-order
hyperpolarizabilities for TMTh using B3LYP and BPV86 are about
2.91 x 1073% and 5.58 x 1073° esu, respectively, which are approxi-
mately from 15 to 25 times that of urea (0.197 x 10730 esu). The
dominant component contributing to this value is .. The second-order
hyperpolarizability (y) values for the title molecule are about 16.29 x
10736 and 26.01 x 1073 esu as obtained by B3LYP and BPV86 func-
tionals, revealing that the title molecule could be regarded as a con-
ventional molecule for optoelectronic and NLO applications. Moreover,
the values of «, p and y showed that TMTh may be considered for linear
optics applications.

3.7. Biological activity

3.7.1. PASS and molecular docking analysis

Molecular docking is the most often computational approach used
for determining the interaction energy and binding affinity of receptor-
ligand complex [76]. The online PASS program, which predicts over 300
pharmacological effects, biochemical mechanisms, and specific toxic-
ities based on a substance’s structural formula, defines the protein
(target) as the accurate and consistent receptor for the ligand [77]. The
predicted results of the biological activity are listed in Table 8 associated
with their probability values. Probable activity (Pa) and probable
inactivity (Pi) are used to establish the corresponding results with Pa >
Pi and Pa > 0.5. According to the PASS study, the title compound may
inhibit the gluconate 2-dehydrogenase protein (acceptor) with 5U9P,
4HP8, 479X, 1VL8, 4IBO and 3003 receptors that can be obtained from
the Protein Data Bank (PDB) [78,79]. Because of its high Pa value (Pa =
0.698), this protein was chosen for the present study. The gluconate
2-dehydrogenase is an oxidoreductase enzyme that is involved in the
ketogluconate and pentose phosphate pathways. Furthermore, the
target protein is chosen based on its binding energy value. A negative
binding energy indicates a good docking ability [80]. In this work,
binding sites between the ligand (TMTh) and the target proteins were
estimated. The Auto dock 4.2.6 program is used to carry out the docking
calculations [81] and the PyMol program for visualization [82].

In Table 9, binding affinities for various poses in the 5U9P inhibitor
of the investigated ligand that were found within the gluconate 2 de-
hydrogenase protein (acceptor) are listed along with their root-mean-
square deviation (RMSD) values. The binding affinities in the other re-
ceptors (4HP8, 4Z9X, 1VL8, 4IBO and 3003) are given in Table S3. The
optimal pose for molecular docking is the docked conformation with the
lowest binding energy and RMSD scores of 2.0 [83]. The conventional

Table 8

PASS prediction for the activity spectrum of the title compound. Pa represents
probability to be active and Pi represents probability to be inactive. Pa > Pi and
Pa > 0.500.

Pa Pi Activity

0.698 0.057 Gluconate 2-dehydrogenase (acceptor) inhibitor
0.651 0.080 Aspulvinonedimethylallyltransferase inhibitor
0.571 0.002 MAP kinase kinasekinase inhibitor

0.554 0.073 Phosphatase inhibitor

0.532 0.099 Acrocylindropepsin inhibitor

0.532 0.099 Chymosin inhibitor

0.532 0.099 Saccharopepsin inhibitor

0.511 0.046 Insulysin inhibitor

0.515 0.052 Thioredoxin inhibitor

0.506 0.041 Antianginal
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Table 9
Binding affinity and RMSD values of different poses in the SU9P inhibitor of
TMTh by Auto Dock Vina.

Mode Affinity (kcal/mol) Distance from best mode (A)
RMSD L.b. RMSD u.b.

1 —-6.0 0 0

2 -5.4 19.296 21.196
3 —-5.2 6.655 9.26

4 -5.1 18.789 19.957
5 -4.9 7.423 10.102
6 —4.9 18.135 20.195
7 —4.8 11.242 13.661
8 -4.8 17.876 19.893
9 —4.8 8.08 10.892

docking position was reached in mode No. 1 defined a binding energy
(ligand-protein) of —6.0 kcal/mol showing a good satisfactory with
literature results [84]. Table 10 provides an overview of the intermo-
lecular interactions between the molecule and the residues of the pro-
teins 5U9P, 4HP8, 4Z9X, 1VL8, 4IBO and 3003, including their
distances, kinds, and locations. The 5U9P, 4HP8, 429X, 1VLS8, 4IBO and
3003 proteins are defined as accurate receptors for TMTh. The inter-
molecular interactions between the TMTh ligand and all the proteins are
shown in figures (S9 to S20). For the 5U9P protein, the docking results
show three strong conventional hydrogen bonds. These intermolecular
interactions are observed between the O2 atom of the thiazolidinone
group and ILE 24, GLY 25 and ASN 96 residues with distances of 2.79,
2.18 and 2.07 A, respectively. Additionally, Pi-sigma, Alkyl and Pi-Alkyl
interactions were also observed between LEU 198, ILE 99 and ILE 24
residues and CgH4 and methyl groups. The above cited interactions are
shown in Figure S10. The most efficient interactions are those involving
02 atom leading to enhance the binding between the ligand and the
5U9P protein. For the 4HP8 protein, as can be seen in Figure S12, four
strong intermolecular interactions are observed between the O2 atom of
the thiazolidinone group, and ARG41 and ARG42 residues. The corre-
sponding distances are 2.41 and 2.16 A for ARG 41, and 2.00 and 2.60 A
for ARG 42. On the other hand, Alkyl and Pi-Alkyl interactions are
observed between the CgH4 and methyl moieties, and ALA 87, ILE 63,
ARG 41 and PHE 65 residues. The docking findings of 4Z9X protein
revealed the existence of one efficient interaction between the SER 145
residue and the 02 atom with a distance of 3.23 A. The other hydro-
phobic interactions are observed between ILE 143, ILE 21 and PRO 188
residues, and methyl and CgHy4 groups. As can be seen in Table 10 and
Figure S16, TMTh showed hydrophobic interactions with 1VL8 residues
(VAL 231 and PHE 232) involving the methyl and C¢H4 groups. For the
41IBO protein, the docking results showed that TMTh interacts with this
protein thtrough two strong conventional hydrogen bonds. These in-
teractions are observed between ARG 109 and TYR 113 residues, and the
02 atom of the thiazolidinone group with the distances 2.35 and 2.55 A,
respectively. In addition, TMTh showed hydrophobic interactions of the
methyl C¢Hy groups with the following residues of 4IBO: ALA67 and
ARG109 (Figure S18). For the 3003 receptor, one hydrogen bond was
observed between LEU7 residue and the methyl group with a distance of
3.50 A. Other hydrophobic interactions were also observed for which
TMTh is linked to 3003 residues (ALA37 and PHE10) with Pi-Alkyl in-
teractions. On the other hand, the studied molecule binds to the PHE 10
residue via Pi-Sigma interaction (Figure S20).

The conventional docking positions were reached in mode No. 1
defined a binding energy (ligand-protein) of —6.0, —5.9, —5.9, —4.8,
—4.3, and —5.0 kcal/mol showing a good satisfactory with literature
results [84]. The docking results indicate that TMTh possesses antitumor
activity, suggesting that the compound TMTh may be strongly recog-
nized as a suitable inhibitor of the gluconate-2-dehydrogenase protein.

3.7.2. In silico ADMET investigation
The biological activity of organic compounds has been widely

10
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studied using the absorption, distribution, metabolism, excretion, and
toxicity, or ADMET, analysis. The ADMET study was carried out for the
title compound and the corresponding pharmacokinetic and physico-
chemical results are gathered in Table S4. The drug-likeness parameters
of TMTh are also reported in Table S4 and were expressed by the Lip-
inski’s rule of five, which is considered the most useful method for this
kind of studies [85]. The SwissADME server (www.swis-sadme.ch/in-
dex.php) provided the properties of Lipinski’s rule five. From the ob-
tained results, the title compound complies well with the Lipinski rule of
five indicating a good bioavailability. Furthermore, rule-based filters
from Lipinski, Ghose, Veber, and Egan were also used to evaluate the
predicted drug-likeness parameters of the title compound. In this
context, oral drugs should match the suitable requirements as reported
in many previous research works [86,87]. The bioavailability radar and
the BOILED-EGG model of TMTh are displayed in Fig. 7. As shown in this
figure, based on the position of the red dot for our compound, we can
deduce that the BBB penetration and GI absorption parameters are
favorable (positive), while the P-GP effect on the molecule is unfavor-
able (negative). Total Polar Surface Area (TPSA) is the main factor
contributing to the favorable BBB result. The TPSA value of our com-
pound is 67.20 10\2, and it is in the appropriate domain region. According
to the results of Table S4, the significant value of the skin permeation
parameter (Log Kp = —5.97 cm/s), the higher gastrointestinal (GI) ab-
sorption and the positive blood-brain barrier (BBB) permeant suggest
that the title compound could be a strong therapeutic candidate and can
penetrate the blood-brain barrier. As it is well known, a TPSA of less
than 90 A2 is typically required for a molecule to penetrate the
blood-brain barrier [88]. Consequently, according to the drug-likeness
study, the tested compound could be considered as potential active
oral drug. For the inhibition activity, as shown in Figure S21, the title
compound has been predicted to inhibit kinase protein with the prob-
ability of 60%, membrane receptor (13.3%), enzyme (13.3%), phos-
phodiesterase (6.7%), and other cytosolic protein with the probability of
6.7%.

4. Conclusion

In conclusion of the present paper, the TMTh molecule ((Z)—2N-
(tert-butylimino)—3N’-(4-methoxyphenyl) thiazolidin-4-one) was syn-
thesized and its structure was analyzed using SC-XRD and spectroscopic
techniques. The experimental measurements were supported and com-
plemented by in-depth theoretical calculations. The structure of TMTh
belongs to the space group 12/a of the monoclinic crystal system. In this
work, the DFT method with the B3LYP functional and the 6-311G(d,p)
basis set have been used to perform the theoretical calculations. The
calculated geometrical parameters were found to be consistent with
those of the SC-XRD study. The structural investigation showed that the
title compound is formed by methoxyphenyl and tert-butylimino-thia-
zolidin-4-one groups in two different planes with a dihedral angle of 68°
The structural study has been completed by identifying the hydrogen
bonding using HS, fingerprint, and RDG analyses. It has been found that
the main intermolecular interactions are C—H---O and C—H---S which
connected molecules into 3D architecture in the crystal packing and the
major contributions to the surface are due to H---H contacts with 56.3%.
The electrostatic behavior of TMTh was studied and the repulsive,
attractive, and van der Waals (VDW) noncovalent interactions were also
identified. The theoretical vibrational modes and their assignments were
carried out giving a good correlation with the experimental spectro-
scopic results. The 1H and 13C isotropic chemical shifts were computed
using the optimized geometry and the corresponding results were found
to be consistent with the experimental chemical shifts except for some
values where the differences are explained by the effect of the electronic
environment of the considered atom. The theoretical UV-Visible spec-
trum was calculated by TD-DFT/B3LYP/6-311G(d,p) and compared
with the experimental one. This wavelength absorption is associated
with the strong n—n* electronic transition. Furthermore, the electronic
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Table 10
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Distance types and location of intermolecular interactions formed from the residues of the protein gluconate 2-dehydrogenase and TMTh.

Protein Ligand  Residue Atom/ Category Types Distance Affinity (kcal/
moiety &) mol)
Gluconate 5-dehydrogenase (PDB ID : TMTh A: ILE24 02 atom Hydrogen Bond conventional hydrogen 2.79 -6.0
5U9P) bond
A:GLY25 02 atom Hydrogen Bond conventional hydrogen 2.18
bond
A:ASN96 02 atom Hydrogen Bond conventional hydrogen 2.07
bond
A:LEU198 CgH4 ring Mixed Pi/Alkyl- Pi-Sigma 3.89
Hydrophobic
A:ILE99 methyl Alkyl -Hydrophobic Alkyl 5.07
group
A:LEU198 methyl Alkyl -Hydrophobic Alkyl 3.76
group
A:ILE24 CgH4 ring Mixed Pi/Alkyl- Pi-Alkyl 4.98
Hydrophobic
Gluconate 5-dehydrogenase (PDB ID : B: PHE65 methyl Hydrophobic Pi-Alkyl 4.71 -5.9
4HP8) group
B:ILE63 methyl Hydrophobic Alkyl 5.42
group
B:ALA87 methyl Hydrophobic Alkyl 4.16
group
B: ALA87 CgHy ring Hydrophobic Pi-Alkyl 4.83
B:ARG41 CgH4 ring Hydrophobic Pi-Alkyl 4.28
B: ARG41 02 atom Hydrogen Bond conventional hydrogen 2.41
bond
B: ARG41 02 atom Hydrogen Bond conventional hydrogen 2.16
bond
B: ARG42 02 atom Hydrogen Bond conventional hydrogen 2.00
bond
B: ARG42 02 atom Hydrogen Bond conventional hydrogen 2.60
bond
Gluconate 5-dehydrogenase (PDB ID : A: ILE143 methyl Hydrophobic Alkyl 5.29 -5.9
479X) group
A:ILE21 methyl Hydrophobic Alkyl 4.33
group
A:ILE21 CgHy ring Hydrophobic Pi-Alkyl 5.09
A: CgH,4 ring Hydrophobic Pi-Alkyl 4.89
PRO188
A:SER145 02 atom Hydrogen Bond conventional hydrogen 3.23
bond
Gluconate 5-dehydrogenase (PDB ID : A:VAL231  methyl Hydrophobic Alkyl 4.57 —4.8
1VL8) group
A:VAL231  CgH4 ring Hydrophobic Pi-Alkyl 5.34
A:PHE232 methyl Hydrophobic Pi-Alkyl 4.99
group
Gluconate 5-dehydrogenase (PDB ID : A: ALA67 methyl Hydrophobic Alkyl 3.52 —-4.3
41BO) group
A:ARG109  CgH,4 ring Hydrophobic Pi-Alkyl 5.38
A:TYR113  O2 atom Hydrogen Bond conventional hydrogen 2.55
bond
A: 02 atom Hydrogen Bond conventional hydrogen 2.35
ARG109 bond
Gluconate 5-dehydrogenase (PDB ID : A: LEU7 methyl Hydrogen Bond Carbon hydrogen bond 3.50 -5
3003 group
A:ALA37 C atom Hydrophobic Pi-Alkyl 4.82
A:PHE10 methyl Hydrophobic Pi-Alkyl 4.87
group
A: PHE10 methyl Hydrophobic Pi-Sigma 3.76
group

circular dichroism provided similar results to the UV-Vis analysis. The
HOMO, LUMO, and gap energies were estimated theoretically. The en-
ergy gap (DE) value of 2.67 eV, which also indicated the kinetic stability
of TMTh, confirmed charge transfer within the molecule. The FMOs
energies were used to compute the chemical reactivity descriptors and
the results have shown that the title molecule has a very significant
electrophilicity index (12.801 eV) suggesting an electrophilic behavior.
On the other hand, the ELF and LOL isosurface distribution of TMTh
revealed electron localization character and indicated high levels of
electron localization on the covalent bonds. The electron density dis-
tribution was also confirmed by the MEP map showing that the sites for
nucleophilic and electrophilic attacks were located on electronegative

11

and hydrogen atoms, respectively. The NLO effect of TMTh was studied
and the corresponding properties were calculated using the DFT method
at B3LYP and BPV86 functionnals. The BPV86 functional predicted
better values of NLO properties revealing that the title molecule could be
used for optoelectronic and NLO applications. Finally, molecular dock-
ing tools were used to analyze the biological activity of TMTh, and the
findings suggested that the title compound could be a suitable inhibitor
of the gluconate-2-dehydrogenase protein. From the in silico ADMET
results and according to the drug-likeness study, the title compound
could be considered a potential active oral drug.

Supplementary crystallographic data

Crystallographic data for the structure reported in this article have
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Fig. 7. (a) TMTh blood brain barrier (BBB) permeability [BOILED-EGG], and (b) TMTh oral bioavailability radar.

been deposited with Cambridge Crystallographic Data Center, CCDC
1547696. Copies of this information may be obtained free of charge
from the Director, CCDC, 12 Union Road, Cambridge, CBZ IEZ, UK.
Facsimile (44) 01223 336 033, E-mail: deposit@ccdc.cam.ac.uk or http
://www.ccde.com.ac.uk/deposit.
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