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Abbreviation

Abbreviation

%: Percent
Am: The weight loss

°C: Degrees Celsius

2-PyO-(2Cl, 2,4-diCl): 4-(2-Chlorophenyl)-6-(2,4-dichlorophenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(2Cl, 2-Naph): 4-(2-Chlorophenyl)-6-(naphthalen-2-yl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(2Cl, 3.4-diMe): 4-(2-Chlorophenyl)-6-(3,4-dimethylphenyl)-2-oxo-1,2-dihydropyridine-
3-carbonitrile

2-PyO-(2Cl, 4F): 4-(2-Chlorophenyl)-6-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(2Cl, 4Me): 4-(2-Chlorophenyl)-6-(p-tolyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile
2-PyO-(2Cl, 40OMe): 4-(2-Chlorophenyl)-6-(4-methoxyphenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(4F, 2,4-diCl): 6-(2,4-Dichlorophenyl)-4-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(4F, 2-Naph): 4-(4-Fluorophenyl)-6-(naphthalen-2-yl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(4F, 3,4-diMe): 6-(3,4-Dimethylphenyl)-4-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(4F, 4F): 4,6-Bis(4-fluorophenyl)-2-o0xo0-1,2-dihydropyridine-3-carbonitrile

2-PyO-(4F, 4Me): 4-(4-Fluorophenyl)-6-(p-tolyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile
2-PyO-(4F, 40OMe): 4-(4-Fluorophenyl)-6-(4-methoxyphenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile

2-PyO-(H, 2-Naph): 6-(Naphthalen-2-yl)-2-ox0-4-phenyl-1,2-dihydropyridine-3-carbonitrile
2-PyO-(H, 4F): 6-(4-Fluorophenyl)-2-ox0-4-phenyl-1,2-dihydropyridine-3-carbonitrile

2-PyO: 2-Pyridones

A: Arrhenius constant



Abbreviation

ADME: Absorption, Distribution, Metabolism, and Excretion
AL O3: Basic alumina

Alk: Alkenes

Alk-2,4-diCl: Ethyl 3-(2,4-dichlorophenyl)-2-cyanoacrylate
Alk-2Cl: Ethyl 3-(2-chlorophenyl)-2-cyanoacrylate
Alk-3ClI: Ethyl 3-(3-chlorophenyl)-2-cyanoacrylate
Alk-4Cl: Ethyl 3-(4-chlorophenyl)-2-cyanoacrylate
Alk-4F: Ethyl 2-cyano-3-(4-fluorophenyl)acrylate
Alk-H: Ethyl 2-cyano-3-phenylacrylate

APTS: para-toluenesulfonic acid

ATCC: American Type Culture Collection

BBB: Blood—Brain Barrier

Br-20Me: 2-Bromo-1-(2-methoxyphenyl)ethanone
Br-4F: 2-Bromo-1-(4-fluorophenyl)ethanone
Br-4Me: 2-Bromo-1-(p-tolyl)ethanone

Br-40Me: 2-Bromo-1-(4-methoxyphenyl)ethanone
Br-H: 2-Bromo-1-phenylethanone

BSA: Bovine Serum Albumin

CFU: Colony-Forming Units

Cinv: Concentration of the corrosion inhibitor
COSY: Correlation Spectroscopy

d: Doublet

DAPI: 4',6-Diamidino-2-phenylindole

DMSO-ds: Deuterated Dimethyl Sulfoxide

DNA: Deoxyribonucleic Acid

DS: Discovery Studio

Ea: Activation energy

EtOH: Ethanol

FT-IR: Fourier Transform Infrared Spectroscopy
G: Gram
H: Hour

H>SO.: Sulfuric acid
H-bond: Hydrogen bond



Abbreviation

HCI: Hydrochloric acid
HMBC: Heteronuclear Multiple Bond Correlation

HNO:s: Nitric acid
HPLC: High-Performance Liquid Chromatography

HSQC: Heteronuclear Single Quantum Coherence

Hz: Hertz

ICso: Half-maximal Inhibitory Concentration

IE%: Inhibitory efficiency

IMTh: Imidazo[2,1-b]thiazole

IMTh-2Naph: 6-(Naphthalen-2-yl)imidazo[2,1-b]thiazole
IMTh-20Me: 6-(2-Methoxyphenyl)imidazo[2,1-b]thiazole
IMTh-30Me: 6-(3-Methoxyphenyl)imidazo[2,1-b]thiazole
IMTh-4Cl: 6-(4-Chlorophenyl)imidazo[2,1-b]thiazole
IMTh-4F: 6-(4-Fluorophenyl)imidazo[2,1-b]thiazole
IMTh-4Me: 6-(p-Tolyl)imidazo[2,1-b]thiazolle
IMTh-40Me: 6-(4-Methoxyphenyl)imidazo[2,1-b]thiazole
IMTh-H: 6-Phenylimidazo|2,1-b]thiazole

IP: Imidazo[1,2-a]pyridine

[P-2Naph: 2-(2-naphtylphenyl)imidazo[1,2-a]pyrimidine
IP-20Me: 2-(2-methoxyphenyl)imidazo[1,2-a]pyridine
IP-3,4diMe: 2-(3,4-dimethylhenyl)imidazo[1,2-a]pyridine
IP-3Br: 2-(3-bromophenyl)imidazo[1,2-a]pyridine
IP-30Me: 2-(3-methoxyphenyl)imidazo[1,2-a]pyridiine
[P-4Br: 2-(4-bromophenyl)imidazo[1,2-a]pyridine

[P-4Cl: 2-(4-chlorophenyl)imidazo[1,2-a]pyridine

[P-4F: 2-(4-fluorophenyl)imidazo[ 1,2-a]pyridine

[P-4Me: 2-(4-methylphenyl)imidazo[1,2-a]pyridine
[P-40Me: 2-(4-methoxyphenyl)imidazo[1,2-a]pyridine
IP-H: 2-Phenylimidazo[1,2-a]pyridine

IPM: Imidazo[1,2-a]pyrimidine

[PM-2Naph: 2-(2-naphtylphenyl)imidazo[1,2-a]pyrimidine
[PM-20Me: 2-(2-methoxyphenyl)imidazo[ 1,2-a]pyrimidine
IPM-3,4diMe: 2-(3,4-dimethylhenyl)imidazo[1,2-a]pyrimidine

I[PM-3Br: 2-(3-bromophenyl)imidazo[1,2-a]pyrimidine
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Abbreviation

IPM-30Me: 2-(3-methoxyphenyl)imidazo[ 1,2-a]pyrimidine
I[PM-4Br: 2-(4-bromophenyl)imidazo[1,2-a]pyrimidine
IPM-4Cl: 2-(4-chlorophenyl)imidazo[1,2-a]pyrimidine
IPM-4F: 2-(4-fluorophenyl)imidazo[ 1,2-a]pyrimidine
I[PM-4Me: 2-(4-methylphenyl)imidazo[1,2-a]pyrimidine
I[PM-40Me: 2-(4-methoxyphenyl)imidazo[1,2-a]pyrimidine
IPM-H: 2-Phenylimidazo[ 1,2-a]pyrimidine

IPMs: Imidazo[1,2-a]pyrimidines

IR: Infrared Spectroscopy

IR: Infrared spectroscopy

J: joul

K: the adsorption constant

Kads: the adsorption constant.

kcal/mol: Kilocalories per mole

m: Multiplet

MBC: Minimum Bactericidal Concentration

mg: Milligram

MHA: Miieller-Hinton-Agar

MIC: Minimum Inhibitory Concentration

min: Minute

mL: Milliliter

mmol: Millimole

MOE: Molecular Operating Environment

mp: Melting point

MS m/z: Mass Spectrometry

MW: Microwave

NBS: N-Bromosuccinimide

NMR: Nuclear Magnetic Resonance
PBS: Phosphate Buffered Saline

PDB: Protein Data Bank

ppm: Parts per million
PTSA: p-Toluenesulfonic Acid
R =28.314 Jmol 'K



Abbreviation

R2: correlation coefficients

RMSD: Root-Mean-Square Deviation
RT: Room Temperature

s: Singlet

S: The surface of the metal part (cm?)
SAR: Structure—Activity Relationship
sec: Second

T: Temperature (K)

t: The measurement time

t: Triplet

TCBS: Thiosulfate-Citrate-Bile-Salts-Sucrose
TLC: Thin Layer Chromatography

TMS: Tetramethylsilane
UV: Ultraviolet

UV-Vis: Ultraviolet—Visible Spectroscopy

v/em™': Wavenumber

Weorr: Corrosion rate

Winp: Corrosion rates in the presence of the inhibitor

XRD: X-Ray Diffraction
YPGA: Yeast, Peptone-Glucose-Agar
AGads: The standard free energy of adsorption

AHads: The standard enthalpy of adsorption and

ASads: The standard entropy of adsorption
0 : The recovery rate values

pg/mL : Micrograms per milliliter
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General Introduction

e Introduction

Organic chemistry remains at the forefront of innovation in the synthesis of complex
molecular structures with potential therapeutic and industrial applications. Heterocycles are
among the most fundamental molecular architectures in organic chemistry, representing over
half of all known organic compounds. Their presence in natural products, pharmaceuticals,
agrochemicals, and functional materials highlights their undeniable importance in multiple

scientific and industrial fields.

Among them, nitrogen-based heterocycles, such as imidazopyridines,
imidazopyrimidines, imidazothiazoles, and 2-pyridones, have drawn intense interest due to
their wide spectrum of biological activities, including anticancer, antimicrobial, anti-
inflammatory, and antioxidant properties. This has led to sustained efforts in the development
of novel synthetic methodologies and functionalized analogues with enhanced bioavailability,

target selectivity, and minimal toxicity.

e Presentation of the subject

Building on this context, the present work is devoted to the design, synthesis, and
application of four families of nitrogen-containing heterocycles: imidazo[1,2-a]pyridines,
imidazo[1,2-a]pyrimidines, imidazo[2,1-b]thiazoles, and 2-pyridones. These frameworks were
selected for their high pharmacological relevance and their structural adaptability, which make
them excellent candidates for therapeutic development and materials science. The research
aimed to explore both innovative synthetic approaches aligned with green chemistry principles
and preliminary evaluations of their potential in corrosion inhibition, antimicrobial activity, and

molecular modeling.
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Figure 1: Structures and Activities of Commercial Drugs Containing Imidazopyridine,

Imidazopyrimidine, Imidazothiazole, and 2-Pyridone Moieties

In this context, the present work focuses on the synthesis and application of four distinct

heterocyclic families:
+ Imidazo[1,2-a]pyridines (IPs)
+ Imidazo[1,2-a]pyrimidines (IPMs)
+ Imidazo[2,1-b]thiazoles (IMThs)

+ 2-Pyridone derivatives (2-PyQOs)

The originality of this research lies not only in the diversity of synthesized structures,

but also in the strategic choice of eco-compatible and efficient reaction conditions. Particular

attention has been given to:
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+ the use of green solvents such as ethanol and water,
+ heterogeneous catalysis (e.g. Au/TiOz, A2O3),

+ microwave and ultrasound-assisted reactions, promoting faster kinetics, higher yields,

and reduced environmental impact.

This dissertation is divided into two major parts:
- Part A: Synthesis Strategies

This section is devoted to the development and optimization of synthetic approaches for the

target heterocycles.

R/

< Chapter 1 describes the preparation of imidazo-fused heterocycles (IPs, IPMs, and
IMThs), obtained via the condensation of 2-aminoheterocycles (2-aminopyridine, 2-
aminopyrimidine, or 2-aminothiazole) with bromoarylketones. These brominated
intermediates were first synthesized by the bromination of aryl ketones using N-

bromosuccinimide (NBS), in the presence of an acid catalyst in chloroform.

(6}

+ NBS + PTSA  Chloroform

L
-

Room Temperature

Scheme 1: Schematic route of bromoarylketone synthesis

This key step provided access to a versatile series of bromoketones, which were then
employed in the formation of the imidazo-heterocycles under three different conditions:

classical heating, heterogeneous catalysts, and microwave-assisted protocols.
O
7T Br AN N —\ _R
r 3 .. - s /
' ' Conditions :r X
:Heterocycle: + {Heterocycle
L ) L N / \ /
\\v’/ J\NHZ \\v’/
R

Scheme 2: General synthetic pathways of IPs, IPMs, and IMThs under different conditions

(classic, catalytic, microwave).
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< Chapter 2 focuses on the multicomponent synthesis of 2-pyridone derivatives. The

synthetic strategy involved two stages:
1. The preparation of alkene intermediates by condensation of aldehydes with
active methylene compounds under basic conditions.

0]

CN CN

Ny NH,OAc X

RT, DW CO,Et

CO,Et

Scheme 3: Synthesis of alkenes

2. A subsequent reaction of the preformed alkenes with aromatic ketones and
ammonium acetate, leading to the formation of functionalized 2-pyridone

derivatives.

(¢]
\ CN
CN
Me
NILOA Conditions \
+
CO,Et 4DAC >
R R,

Ry

Scheme 4: Multicomponent synthesis of 2-pyridones

Two methods were employed for the synthesis:
= Conventional heating in ethanol at 80 °C,

= Ultrasound-assisted synthesis to accelerate the reaction and improve efficiency.
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- Part B: Applications

This section explores the practical applications of the synthesized compounds through three

major axes:

% Chapter 1: Corrosion Inhibition Studies

This chapter is devoted to the investigation of the corrosion inhibition properties of
selected imidazo[1,2-a]pyridine (IP) and imidazo[1,2-a]pyrimidine (IPM) derivatives on mild
steel in acidic medium. The choice of these heterocyclic compounds is motivated by their
structural features, which make them suitable candidates for interactions with metallic surfaces.
In this context, their potential as corrosion inhibitors was examined in a controlled environment

using 1 M hydrochloric acid.

To evaluate the inhibitory performance of the synthesized molecules, the gravimetric
method was employed. This technique, which involves monitoring the weight loss of metal
specimens exposed to corrosive media, was selected for its simplicity, reliability, and relevance
for comparative studies. It provides a direct measure of corrosion rates in the presence and
absence of inhibitors and allows the assessment of the influence of several operational

parameters.

Within this framework, the study considers the effect of inhibitor concentration,
temperature, and immersion time in order to establish trends that can guide the understanding
of inhibitor behavior under different conditions. Although detailed interpretations and
numerical values are presented in the corresponding chapter, this introductory section highlights
the methodological approach adopted to explore how IP and IPM derivatives interact with
metallic substrates. Thermodynamic parameters associated with the corrosion process, such as
activation energy and changes in enthalpy and entropy, were also examined to provide
additional insight into the general nature of the interaction between the inhibitors and the metal

surface.

Overall, this chapter introduces the experimental foundations and scientific rationale
behind the corrosion studies conducted in this work, outlining the methodologies, conditions,

and analytical tools used to examine the inhibition potential of the synthesized heterocycles

10
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% Chapter 2: Biological Activity Evaluation

This chapter focuses on the antimicrobial evaluation of selected synthesized IP and IPM
derivatives. These classes of heterocycles are widely recognized for their pharmacological
potential, and the objective of this work was to investigate their in vitro antimicrobial activity

against a representative panel of microbial strains.

The biological screening was performed using the agar well diffusion method, a
standard microbiological technique commonly employed to assess the antimicrobial capacity
of chemical compounds. The study included both Gram-positive and Gram-negative bacterial
strains, as well as yeast strains, in order to provide an overview of the potential spectrum of

activity of the synthesized molecules.

To complement this qualitative evaluation, the minimum inhibitory concentration (MIC)
and the minimum bactericidal concentration (MBC) were determined for the most active
derivatives. These parameters provide quantitative information on the inhibitory, bactericidal,
and fungicidal effects of the tested compounds, allowing a clearer comparison of their

antimicrobial performance.

In this section, the focus is on the methods used to evaluate the biological properties of
the synthesized IP and IPM derivatives. The detailed results, structure—activity relationships,
and the individual performance of each compound are presented and discussed in the

corresponding chapter.

¢ Chapter 3: Molecular Docking Studies

This chapter presents a computational study designed to complement the experimental
biological investigations through molecular docking simulations. The aim was to explore how
the synthesized IP and IPM derivatives can interact with selected biological targets,

particularly proteins involved in bacterial activity.

Docking simulations were performed using appropriate protein structures obtained from
the Protein Data Bank (PDB), allowing the identification of potential interactions such as

hydrogen bonding and n—n stacking that may contribute to biological activity.

11
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In addition to docking, the drug-likeness of the compounds was evaluated using basic
physicochemical criteria, and their ADME-Tox profiles (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) were predicted to assess their suitability as potential therapeutic

agents.

This study integrates synthetic chemistry with computational approaches to provide
molecular insights that support the investigation of bioactive and potentially therapeutic

heterocyclic compounds.

The thesis concludes with an Experimental Part that outlines the detailed procedures and

characterization methods applied during the synthesis and evaluation of the studied compounds.
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Chapter 1: Synthesis of Imidazo-Heterocycles

1. Introduction to imidazoheterocycles

Heterocycles are representative of a large class of organic substances, and are of great
interst, mainly because of the involvement-of heterocyclic scaffolds in the core framework of
numerous medications [1-5]. Among these, nitrogen-containing heterocyclic compounds play
a pivotal role in drug discovery. The development of efficient protocols for the synthesis of
highly active therapeutic agents incorporating azaheterocycles with biological activities is an
essential research topic [6—15]. Fused imidazole ring systems are widespread in natural
products and demonstrate diverse biological and pharmaceutical activities. The imidazole ring
is notably found as a key structural element in several natural compounds, such as histamine,

histidine, and nucleic acids [16].

2. Imidazoheterocycles: Classification and Biological Interest

Imidazoheterocycles are a subclass of fused nitrogen-containing heterocycles where an
imidazole ring is fused to other heterocyclic systems such as pyridine, pyrimidine, or thiazole
[17-19]. According to the nature of the second ring, they are classified into imidazo[1,2-

a]pyridines, imidazo[ 1,2-a]pyrimidines , and imidazo[2,1-b]thiazoles (Figure 1).

r s < S ~ /
]
EHeterocycle /

Figure 1: General structure of imidazoheterocycles

In this chapter, we focus on three types: imidazo[1,2-a]pyridines (IPs), imidazo[1,2-
a]pyrimidines (IPMs), and imidazo[2,1-b]thiazoles (IMThs). These systems have been
reported in the literature as key scaffolds in bioactive molecules, with each class showing

distinct pharmacological profiles [20-22]. (Figure 2)

() (o oD

Imidazo[1,2-a]pyridine (IP) Imidazo[1,2-a]Jpyrimidine IPM)  Imidazo[2,1-b]thiazole (IMTh)
Figure 2: Core chemical structures of IPs, IMPs and IMThs
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3. Literature Survey on the Synthesis of Imidazoheterocycles
3.1. Imidazo[1,2-a]pyridines (IPs)
3.1.1. Biological properties of IPs

Imidazo[1,2-a]pyridines exhibit a wide range of biological activities such as antimitotic
[23], antiviral [24], anticancer [25], antidiabetic [26], anti-inflammatory [27], antifungal [28],
antibacterial [29], anxiolytic [30], antiprotozoal [31], and antipyretic [32]. Importantly,
compounds containing the imidazo[1,2-a]Jpyridine moiety represent the key structure of many
marketed drugs, including Zolpidem [33], Zolimidine [34], Alpidem [35], GSK&812397 [36],
Saripidem [37], Necopidem [38], Olprinone [39], Miroprofen [40], and Minodronic acid [41]
(Figure 3). All these bioactivities make the imidazo[l,2-a]pyridine scaffold particularly
attractive for chemists due to its excellent pharmaceutical and medicinal applications and its

use in advanced organic chemistry [42].

Za—
N N\/>
74 N . N
- Zolpidem = N=
NS N\/> N N\/>
Saripidem Alpidem
=N / NN
Necopidem
Olprinone X N\/> P

Minodronic acid
Zolimidine

GSK812397

Figure 3: Marketed drugs featuring the imidazo[1,2-a]pyridine core.
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3.1.2. Described syntheses of IPs

Given the growing interest in imidazo[1,2-a]pyridines as key building blocks in medicinal
chemistry, various synthetic routes have been explored and optimized. These methods vary in
terms of reaction conditions, starting materials, and overall efficiency. We present here some
of the reported studies on the main synthetic approaches used to synthesize imidazo[1,2-

a]pyridines frameworks.

An efficient and practical one-pot ultrasound-assisted protocol for synthesizing substituted
imidazo[ 1,2-a]pyridine derivatives was developed by Paengphua et al. using [BMIM]PFs as a
catalyst in 2018 (Scheme 1). This procedure tolerates a broad range of substrates, including
various acetophenones and 2-aminopyridines. This protocol offers milder conditions, easier
purification, better efficiency, and reduced reaction times compared to conventional heating.
The combination of ionic liquids and sonication boosts reaction efficiency and ensures

operational simplicity. [43]

Q 1) 15, 20 mol% BNIMPFg,

N2 ysi3045°C, 1-3h =N
R . R
R1 + 2 _ N 2 \ N / R1

2) Base, US, 40-45 °C,
20 min

Scheme 1: Synthesis of Paengphua

Li et al. developed a practical synthetic strategy for the generating N-aryl-substituted
imidazo[1,2-a]pyridine-3-carboxamide derivatives with promising biological activity in 2020
(Scheme 2). The route begins with the cyclization of 2-aminopyridines and p-ketoesters
subjected to microwave irradiation in ethanol at 120 °C. This key condensation step yields ethyl
imidazo[1,2-a]pyridine-3-carboxylates as valuable intermediates. These intermediates were
then functionalized with different substituted anilines to yield the target compounds. The

strategy offers versatility and high efficiency in producing biological screening [44].
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R‘I

‘ Xy i i
/ NH
Mirowaves
+
EtOH, 120°C \O\ \O\
RZJ‘\H‘\OB w
X (o]

Ny

Scheme 2: Synthesis of Li

In 2021, Butera et al. prepared a series of imidazo[1,2-a]pyridines via a microwave
assisted multicomponent reaction (Scheme 3). Their synthetic approach involved reacting
phenyl-based isocyanides with biphenyl-2-aminopyridines and aldehydes in a DCM/MeOH
solvent system catalyzed by scandium triflate [Sc(OTf)s]. The Boc protecting group was then
removed with HCI to afford the target heterocycles. This protocol offered high yields, structural
diversity, and rapid synthesis [45].

WU* ey

+ + R3NC
H \R5

R
Scheme 3: Synthesis of Butera

In 2022, Stahlberger et al. prepared 3-aminoimidazo[l,2-a]pyridines linked to a

[2.2]paracyclophane framework by a multicomponent reaction (Scheme 4). The condensation

of 4-formyl-PCP, 2-aminopyridine, and diverse isocyanides in a mixture of MeOH/DCM at

ambient temperature proceeded smoothly in the presence of either perchloric acetic acid or

glacial acid, which exhibited comparable catalytic efficiency. Both aliphatic and aromatic

isocyanides were well tolerated, affording the desired products in high yields [46].
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Ll) N
CHO N S
| HOACc or HCLO,,
Y R - HN
‘ MeOH/DCM, rt, 3d ~R
=
N

NH,
Scheme 4: Synthesis of Stahlberger
Jiang et al. reported a green synthesis of imidazo[1,2-a]pyridines via a one-pot, three-
component reaction of terminal alkynes, 2-aminopyridines, and aldehydes in 2024 (Scheme 5).
The synthesis was catalyzed by a new nanocatalyst, CuCl. supported on FesO. nanoparticles
functionalized with 1,10-phenanthroline-5,6-diol (FesOs@Diol/Phen-CuCl.). This system was
performed in PEG as an environmentally friendly medium. The procedure stands out for its
high yield, eco-friendly compatibility, short reaction time, and catalyst reusability, making it a

sustainable and practical strategy for the preparation of imidazo[ 1,2-a]pyridine derivatives [47].

0]

y X2 Fe,0,@Diol/Phen-CuCl, (5 mol%) NN
R2 R‘l > R1 \ N R
_N PEG, 100 °C.2 h ?
H%@ R
3
R;

Scheme 5: Synthesis of Jiang

In 2025, Armendariz-Barrientos et al. developed a novel procedure for the synthesis of
hybrid coumarin-3-yl-imidazo[1,2-a]pyridine derivatives (Scheme 6). The reaction was carried
out by mixing brominated coumarins with 2-aminopyridine in the presence of sodium
bicarbonate in acetonitrile for one hour. This mixture underwent microwave irradiation at
140°C for one hour. The main advantages of this protocol are mild reaction conditions, high

yields, and brief reaction time [48].

)

Br
X | N MW, 140°C, 1 h

R 0 o) N NHy  CH,CN, NaHCO;,
R 0] @]

Scheme 6: Synthesis of Armendariz-Barrientos
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3.1.3. Our syntheses of imidazo[1,2-a]pyridines
Synthesis of arylbromoketones

The synthesis of all our imidazo-heterocycles began with bromoacetophenones, which
acted as key intermediates for the cyclization with 2-aminopyridine, 2-aminopyrimidine, or 2-
aminothiazole, to afford the corresponding imidazo[1,2-a]pyridines, imidazo[l,2-

a]pyrimidines, and imidazo[2,1-b]thiazoles.

Bromoacetophenones serve as important intermediates in heterocyclic synthesis [49—
52]. To obtain these bromoarylketones, the corresponding arylketones were brominated using
N-bromosuccinimide (NBS) in chloroform as the reaction medium, with p-toluenesulfonic acid

(PTSA) as a catalyst (Scheme 7).

0 0
Br
+ NBS + PTSA  Chloroform
Room Temperature
g R
Scheme 7: Synthesis of arylbromoketones
The obtained results are presented in Table 1.
Table 1: Synthesized aryl bromoketones and their corresponding yield
Entry R Abbreviation Structure Yield (%)
1 H Br-H o 60
Br
2 2-OMe Br-20Me O 81
Br
OMe
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3-OMe Br-30Me o] 67
Q)J\/ Br
OMe
4-OMe Br-40Me 0 71
/@)K/ Br
MeO
4-Me Br-4Me ) 50
Me
3.4- Br-3,4-diMe @) 52
diMe
Br
Me
Me
Naph Br-Naph 0 65
I I ﬂ _Br
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8 3-Br Br-3Br (0] 88
Q)‘\/Br
Br
9 4-Br Br-4Br 0 91
/@)}\/Br
Br
10 4-F Br-4F (0] 87
/@*/Br
F

As shown in Table 1, the bromination reactions proceeded smoothly, affording the
desired products in moderate to excellent yields, depending on the nature of the substituents on

the aromatic ring.

We then synthesized imidazo[1,2-a]pyridine derivatives by reacting 2-aminopyridine with
bromoacetophenones under reflux in ethanol, both in the absence and presence of 4% Au/TiO:

as a catalyst (with the catalyst prepared according to Berrichi et al. [53]) (Scheme 8).

0
AN br EtOH, reflux = /N
| ' - '
= with or without 4%Au/TiO, N /
N NH,

Scheme 8: Synthesis of imidazo[ 1,2-a]pyridine derivetives

The following table summarizes all the prepared imidazo[1,2-a]pyridines.
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Table 2: Structures, and yields of the synthesized imidazo[1,2-a]pyridine derivatives.

Entry | Abbreviation R Structure Yield
(%)
1 IP-H H N 472
7N 820
N N /
2 IP-3Br 3Br N 40%;
7N 50P
R N /
Br
3 IP-4Br 4Br N 5T
7 N . 96"
.
R N /
4 IP-4Me 4Me N 39%
/ — M 66b
e
R N /
5 IP-20Me 20Me N 33%
7N 68°
R N /
MeO
6 IP-30Me 30Me N 47%
7N 840
. Y4
OMe
7 IP-40Me 40Me N 492
7 N o 92b
e
R N /
8 IP-4F 4F N 534
/ - F 89b
N N /
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9 1P-4Cl 4C1 N 46%;
/ — 83b

\ N /
10 IP-2Naph | 2Naph 41%
N 85b

/ —

\ N /
11 IP-3,4-diMe | 3,4- N 33%
ive | 2 605

\ N /

a) EtOH, Reflux, 3-4h.
b) 4% Au/TiO», EtOH, Reflux, 1-2h.

Table 2 summarizes the synthesized imidazo[1,2-a]pyridine derivatives with various aryl or

arylalkyl substituents at the R position. Each compound is identified by an abbreviation (e.g.,

IP-H, IP-3Br, etc.), and the corresponding structures are provided alongside their yields

obtained under two different reaction conditions:

a) Conventional heating in refluxing EtOH (3—4 h)

b) Catalysis synthesis using 4% Au/Ti102 (10% w/w) in EtOH under reflux (1-2 h)

The overall reaction efficiency was found to be strongly influenced by both the synthetic

approach and the nature of the substituent.

+

The yields obtained under catalytic conditions (b) are consistently higher than those
obtained using classical thermal conditions (a), highlighting the remarkable catalytic
activity 4%Au/TiO2 in promoting the cyclization.

The best yield under condition (b) is recorded for IP-4Br (96%), followed by IP-4OMe
(92%) and IP-4F (89%).

In contrast, substrates like IP-2Naph (85%), IP-30Me (84%), IP-4Cl (83%) and IP-H
(82%) provided comparatively lower yields under both conditions.

The lowest yields under classical conditions (a) were recorded for IP-3,4-diMe (33%),
IP-20Me (32%), IP-4Me (39%), and IP-3Br (40%) whereas significant improvements

were observed when using the 4%Au/Ti02 method.
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Overall, this table clearly demonstrates the synthetic efficiency and versatility of the
catalytic route, especially when mediated by 4% Au/TiO., providing an effective approach to

access structurally diverse imidazo[1,2-a]pyridines in high yields and shorter reaction times.

3.2. Imidazo[1,2-a]pyrimidines (IPMs)
3.2.1. Biological properties of IPMs

As aromatic heterocyclic systems, imidazo[1,2-a]pyrimidines exhibit a wide range of
pharmacological properties due to their significant therapeutic potential [54]. The imidazo[1,2-
a]pyrimidine scaffold is of great interest in medicinal chemistry because it displays diverse
physiological activities, including antioxidant [55], anti-inflammatory [56], anxiolytic [57],
anticonvulsant [58], benzodiazepine receptor agonist [59], calcium channel blockers [60],
antitubercular [61], anticancer [62], antimalarial [63], antiviral [64], antimicrobial [65], and
antifungal [66] effects. Moreover, imidazo[1,2-a]pyrimidines constitute the core structure of
several marketed drugs and commercially available compound libraries, such as divaplon,
fasiplon, and taniplon (Figure 4) [21]. This widespread presence may be attributed to their
distinctive physicochemical properties and structural similarity to natural substrates such as
purines [67]. Due to their close structural analogy to purine heterocycles and the presence of a
guanidine-like functionality, imidazo[1,2-a]pyrimidines can interact with diverse biological
targets, leading to multiple biological effects. However, further detailed investigations remain
necessary to fully assess their biological potential and therapeutic scope, particularly in the field

of antimicrobial research [65].

o -

(e) o 0o

Divaplon (A) Fasiplon (B) Taniplon (C)

Figure 4: Pharmacologically active drugs holding imidazo[1,2-a]pyrimidine scaffolds

3.2.2. Described syntheses of IPMs

Over the past years, imidazo[1,2-a]pyrimidines have emerged as important scaffolds in
many pharmacologically active compounds. Numerous synthetic methods have been developed
and documented. In the following part, we present a review of some reported syntheses

described in the literature.
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Gomez-Garcia et al. reported in 2018 the synthesis of a set of 3-benzoyl imidazo[1,2-
a]pyrimidines from N-heteroarylformamidines using an accessible and efficient method,
achieving high yields (Scheme 9). The objective of their work was develop a protocol free from
microwave irradiation or conventional heating. The target molecules were prepared from N,N-
dimethyl-N-pyrimidilformamidine, obtained in full yield through condensation, under reflux
conditions, of 2-aminopyrimidine and an excess of N,N-dimethylformamide dimethyl acetal.
The synthetic pathway employed is a variant of their previous work. The resulting intermediates
were treated at room temperature with various phenacyl bromides under inert atmosphere to
give the final products, the 3-benzoyl derivatives, after three hours in synthetically useful

yields.[67]

R1

N N
N = _—
| Y DMF/DMA (ecess) /
N
N R
= N reflus Sh )\ DMF, rt, 3h, N, '

Scheme 9: Synthesis of Gomez-Garcia

Glingdr in 2020 prepared new imidazo[1,2-a]pyrimidine derived Schiff bases through
an imine formation reaction by conventional heating and microwave irradiation methods
(Scheme 10). The reactions were performed in refluxing toluene with magnesium sulfate
(MgSO4) as the drying agent. Under conventional conditions, the final products required
reaction times of 10-36 h with moderate to good yields, while they were synthesized in only
45-120 min with better yields under microwave irradiation. These findings highlight the
performance of microwave irradiation as an environmentally friendly, efficient and sustainable

method [68].

o)
N NH,
‘ \( o NaOAc, H,0
N 70 °C, 16h )\ 60 °C, 24 h
cl
H N—Ar
= NM ArNH,, Toluene, MgSO = Nw
X /‘% reflux, 10-36 h or NN /‘%
N

N
MW, 120°C, 45-120 min

Scheme 10: Synthesis of Glingor
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In 2021, Rehan et al. reported the synthesis of a new set of 2-aryl-3-(pyrimidine-2-
ylamino)imidazo[1,2-a]pyrimidine derivatives via one-pot reaction of 2-aminopyrimidine and
aromatic ketones (Scheme 11). These reactions were carried out under the influence of iodine
and DMSO. The mixture of acetophenone and I> in DMSO was heated for 6 hours under reflux
at 100 °C, followed by the addition of 2-aminopyrimidine under additional heating for 2 hours.
The desired heterocycles were acquired in good yields [55].

O
N NH, \r
‘ Y 12 DMSO
N 100 °C
R

\

\_/

Scheme 11: Synthesis of Rehan

N

In 2023, Azzouzi et al. prepared a new series of imidazo[1,2-a]pyrimidine-linked Schiff
base derivatives via an efficient and simple synthetic procedure that adheres to the key
principles of green chemistry, making it appropriate to industrial-scale production (Scheme 12).
The first step was a condensation between 2-bromo-1-phenylethan-1-one and 2-
aminopyrimidine in acetone overnight at ambient temperature. The resulting 2-
phenylimidazo[ 1,2-a]pyrimidine was then subjected to a sequence of reactions to afford the

corresponding imidazo[1,2-a]pyrimidine Schiff base derivatives in good to excellent yields
[64].

N

N,
/ Y
Acetone Y
N=——
rt, overmght

Scheme 12: Synthesis of Azzouzi

In 2025, Aggrawal et al. described an eco-friendly and facile method for regioselective
preparation of a set of imidazo [1,2-a]pyrimidine derivatives through multicomponent reaction

of 2-aminopyrimidine, unsymmetrical B -diketones and N-bromosuccinimide in DCM (Scheme
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13). The reaction occurs via generation of a-bromo-f-diketones in situ, followed by
condensation with 2-aminopyrimidine without the use of any inorganic or organic catalyst.
Their strategy offers many advantages like avoidance of toxic and metal-based catalysts,

diverse substrate compatibility, high yields, operational simplicity, and easy work-up [69].

2
DCM,
N—r = 41t
+ +
/ N

R [o}

Scheme 13: Synthesis of Aggrawal

3.2.3. Our syntheses of imidazo[1,2-a]pyrimidines

The reaction between 2-aminopyrimidine and bromoacetophenones afforded imidazo[1,2-
a]pyrimidine derivatives using different methodologies: standard ethanol reflux, ethanol reflux
catalyzed by 1% Au/TiO: (with the catalyst prepared according to Berrichi et al. [53] ), and

microwave-assisted synthesis with Al.Os under solvent-free conditions (Scheme 14).

(0]

Xy Br EtOH, reflux /NYN
| : - R
)\ with or without 1%Au/TiO, N /
N NH,

Scheme 14: Synthesis of imidazo[1,2-a]pyrimidines.

The ensuing table outlines all the synthesized imidazo[1,2-a]pyrimidine derivetives.
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Table 3: Structures and yields of imidazo[1,2-a]pyrimidines obtained by different protocols.
Entry | Abbre-| R Structure Yield
viation (%)
1 IPM-H | H 37
N 73b
— i
70 ¢
N /
2 IPM- 3Br N 44a;
3Br — 60°;
56°¢
N /
Br
3 IPM- | 4Br 61
4Br / 72b;
63°¢
/ Br
4 IPM- | 4Me 627
4Me / 76b;
68°
/ Me
5 IPM- | 20Me 424,
20Me /N 76";
57¢
N /
MeO
6 IPM- | 30Me 49%;
30Me /N 71°:
53¢
OMe
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Me

7 IPM- | 40Me N 321,
40Me = _—N 65",
52¢
OMe
\ N /
8 IPM- | 4F N R 507,
b.
4F = _— 662; ;
F
\ N /
9 IPM- | 4Cl N N 607
4CI1 = — .
Cl 65°¢
N N /
10 IPM- | 2Naph N 53¢
2Naph = _—N 790:
67¢
o / Q
11 IPM- | 34- N N 41%
34- | diMe 81°;
diMe = = o4

* a) EtOH, Reflux, 5-6h.
* b) 1% Au/TiO,, EtOH, Reflux, 2-3h.

* ¢) AlbO3 no solvent, MW, 90-300 sec

Table 3 presents the structures and yields of imidazo[1,2-a]pyrimidine derivatives prepared

under three different synthetic protocols:
e Classical heating in ethanol (reflux, 5-6 h),

o Catalytic reflux in EtOH using 1% Au/Ti102 (2-3 h),

e Microwave-assisted synthesis under solvent-free conditions using Al.Os as a catalyst

(90-300 seconds).
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The recorded yields vary significantly based on the nature of the substituent (R) and the

synthetic methodology employed.

+

Catalysis with 1%Au/TiO: (condition b) led to the highest yields for all compounds,
demonstrating its effectiveness as a green and efficient catalyst that significantly

reduces reaction time while e while enhancing yield.

The best performance under this condition was observed for IPM-3,4-diMe and IPM-
2Naph, with yields of 81% and 79%, respectively. Both IPM-4Me and IPM-20Me
also afforded yields of 76% under the same condition.

IPM-4Cl and IPM-4Br exhibited excellent reactivity under all three protocols.

For IPM-40Me and IPM-H notable changes in yields were observed, increasing from
32% (a) to 65% (c), and from 37% (a) to 73% (c) respectively, when moving from the

conventional (a) to the microwave (c) conditions.

The microwave-assisted protocol thus proved highly effective, especially for the non-
substituted compound (IPM-H), providing rapid access to the desired products with
good yields.

In contrast, classical heating gave lower yields and required longer reaction times.

The lowest yields were obtained for IPM-4OMe (32%) and IPM-H (37%) under
classical conditions, while substantial improvements were achieved using the

1%Au/Ti10: and microwave methodologies.

Overall, this comparison highlights the clear advantages of modern green techniques,

particularly heterogeneous catalysis and microwave irradiation, which provide higher

efficiency, shorter reaction times, and cleaner synthetic processes in the preparation of

imidazo[1,2-a]pyrimidines.

3.3. Imidazo|[1,2-a]pyrimidines (IMThs)

3.3.1. Biological properties of IMThs

Recently, much attention has been directed toward the chemistry and biological potential

of fused heterocyclic systems due to their wide range of physiological activities. Among the

nitrogen- and sulfur-containing heterocycles, imidazo[2,1-b]thiazole derivatives hold particular

importance because of their diverse pharmacological properties. These compounds have been

reported in the literature to exhibit antibacterial, antitubercular, antifungal, antitumor, antiviral,
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analgesic, anti-inflammatory, antihypertensive, cardiotonic, diuretic, herbicidal, and
insecticidal activities. Levamisole (Figure 5), an imidazo[2,1-b]thiazole compound, is widely
used as an antihelminthic agent in livestock [70]. In view of their biological significance, we

became interested in the synthesis of new imidazo[2,1-b]thiazole derivatives.

T

N

S

Levamisole

Figure 5: Molecular structure of Levamisole based on the imidazo[2,1-b]thiazole backbone

3.3.2 Described syntheses of IMThs
The presence of the imidazo[2,1-b]thiazole scaffold in therapeutic agents, combined
with its structural versatility and broad pharmacological potential, underscores the importance
of developing efficient synthetic strategies to access this valuable framework in medicinal

chemistry.

In 2019, Abdel-Maksoud et al. developed and reported a novel library of imidazo[2,1-
b]thiazole derivatives (Scheme 15). The target compounds were obtained through a multi-step
synthetic sequence. The first step involved the condensation and cyclization of 2-aminothiazole
with 2-bromo-1-(3-fluorophenyl)ethan-1-one under reflux conditions in absolute ethanol,
affording the corresponding imidazo[2,1-b]thiazole intermediate. This intermediate was then

subjected to further chemical transformations to yield the desired products in good yields [71].

o}

F
F. Br H.N S
2 \(\) EtOH N%ﬁ S
—_—
+ N / reflux, 18 h \ N \}
F

o,

Scheme 15: Synthesis of Abdedel-Maksoud
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In 2020, Consty et al. reported the design and synthesis of a Schiff base fluorescent sensor,
namely (Z)-N'-(3-ethoxy-2-hydroxybenzylidene)imidazo[2,1-b]thiazole-6-carbohydrazide
(Scheme 16). The synthetic route began with the preparation of imidazo[2,1-b]thiazole-6-
carboxylate, obtained by reacting ethyl 3-bromo-2-oxopropanoate with 2-aminothiazole in a
THF/ethanol mixture at room temperature for 20 hours, followed by reflux heating for 4 hours.
The resulting product was then treated with hydrazine in ethanol at ambient temperature
overnight, affording imidazo[2,1-b]thiazole-6-carbohydrazide. This intermediate was
subsequently condensed with 3-ethoxy-2-hydroxybenzaldehyde under stirring at room
temperature for 12 hours in ethanol, yielding the target Schiff base compound with a 53.9%
yield [72].

THF/EtOH N 2
\/ \7 A’Hk TN —— CS—‘{OJ

20h/4h S
H2N_NH2
EtOH, rt
Y overnight
/‘\ N—N : HN——NH,

Scheme 16: Synthesis of Consty

In 2021, Gadekar et al. [73] reported the design and synthesis of a series of saturated 2,3-
dihydroimidazo[2,1-b]thiazole derivatives (Scheme 17). The compound 6-(3-nitrophenyl)-2,3-
dihydroimidazo[2,1-b]thiazole was obtained in good yield by reacting 4,5-dihydrothiazol-2-
amine and potassium carbonate with 2-bromo-1-(3-nitrophenyl)ethanone in anhydrous DMF at
90 °C for 2 hours. Subsequently, a mixture of the resulting 6-(3-nitrophenyl)-2,3-
dihydroimidazo[2,1-b]thiazole and acetic anhydride was treated with AICls and heated at 130
°C for 72 hours, affording 1-(6-(3-nitrophenyl)-2,3-dihydroimidazo[2,1-b]thiazol-5-
yl)ethanone. This intermediate was then subjected to further transformations to yield the final

derivatives.

31



Chapter 1: Synthesis of Imidazo-Heterocycles

(6]
O,N Br S NH
( 7/ _DMF, KyCO; /‘\
+ { 2 h, 90 °C

(CH,C0),0, AICI /™
— =
130 0C, 3days /‘\
—
O,N

Scheme 17: Synthesis of Gadekar

In 2022, Chitti et al. [74] developed an efficient synthetic route for the preparation of (4-(2-
(4-substituted phenyl/aliphatic group-1H-1,2,3-triazol-1-yl)ethyl)piperazin-1-yl)(6-
methylimidazo[2,1-b]thiazol-5-yl)methanone derivatives through a straightforward strategy
combining various 1,2,3-triazole analogues and piperazine with imidazo[2,1-b]thiazoles
(Scheme 18). They first synthesized ethyl 6-methylimidazo[2,1-b]thiazole-5-carboxylate in
80% yield by refluxing ethyl 2-chloroacetoacetate with 2-aminothiazole in 1,4-dioxane for 24
hours. The resulting intermediate was then subjected to a sequence of reactions to yield the

desired imidazo[2,1-b]thiazole—triazole—piperazine hybrids.
S NH, 1,4- dloxane \r
\; 7/ reflux, 24 h </
N
S N
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e
—
- /ﬁ
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Scheme 18: Synthesis of Chitii
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In 2023, Calderon-Rangel et al. [75] reported the synthesis of bis-heterocycles incorporating
the imidazo[2,1-b]thiazole scaffold linked to a chromone moiety via a multicomponent reaction
conducted under catalyst-free conditions. In this method, 2-aminothiazole and various
isocyanides were added to a solution of 4-oxo-4H-chromene-3-carbaldehyde in anhydrous
toluene (Scheme 19). The reaction mixture was heated at 100 °C for 30 minutes, affording the

desired products in good yields.

o}

o
CHO s N —S
NH,
Toluene / \ /
+ + R—NC ———> N
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N\

R

Scheme 19: Synthesis of Calderén-Rangel
3.3.3. Our syntheses of imidazo[2,1-b]thiazoles

Imidazo[2,1-b]thiazoles were synthesized by reacting 2-aminothiazole with
bromoacetophenones in ethanol under reflux, either in the absence or presence of Al.Os;

(Scheme 20).

S T
YNHZ 5 EtOH, reflux NYS
e )<
N with or without Al,O4 R \ N\}
K

Scheme 20: Synthesis of imidazo[2,1-b]thiazole derivatives.

The following table summarizes all the obtained imidazo[2,1-b]thiazole derivatives along with

their corresponding yields.

Table 4: Structures, and yields of the prepared imidazo[2,1-b]thiazoles.

Entry | Abbreviation R Structure Yield
(%)
1 IMTh-H H % 80 °
CeHs N %‘/S 67% 80
2 IMTh-4Me | 4-MeCgHa N S 76%91°
ﬁ/
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3 IMTh-2Naph | 2-naphtyl 723 79°
Nﬁ/s
)
4 IMTh-20Me 2- N S 62 % 66 °
MeOCsHy ﬁ/
\_ N/
OMe
5 | IMTh-30Me 3- 828,93°
N 5
MeOCsH4 / /§
)\
N S
MeO
6 IMTh-40Me 4- N S 802 88°
MeOCgH4 MeO \‘/
e
\_ N/
7 IMTh -4C1 | 4-CIC¢Ha4 Ne S 832 03°
cl T
Y
8 IMTh-4F 4-FCeHs 502 87°

N S
F W,

a) EtOH, Reflux, 8-12h.
b) A1203, EtOH, Reﬂux, 6-8h.

Table 4 provides an overview of the structures and isolated yields of the synthesized

imidazo[2,1-b]thiazole derivatives (IMTh-1 to IMTh-8), obtained under two different sets

of conditions:

(a) Conventional reflux in ethanol (8—12 h), and

(b) Reflux in ethanol in the presence of Al.Os (6—8 h).

# The introduction of ALOs as a heterogeneous catalyst (condition b) markedly

enhanced the yields for most derivatives compared to the conventional method

(condition a), confirming its catalytic efficiency and environmentally friendly

character.
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+ The highest yields were obtained for IMTh-4Cl and IMTh-30Me, which afforded
83% and 82% under condition (a), respectively, and both increased to an excellent
93% under condition (b).

+ IMTh-4Me also demonstrated excellent reactivity under both protocols, yielding
76% under conventional conditions (a) and 91% under AL:Os catalysis (b).

# A significant yield improvement is noted for IMTh-4F, increasing from 50% (a) to
87% (b), indicating that the AlOs-catalyzed route effectively overcomes the
deactivating effects of fluorine.

4+ Even in the case of the unsubstituted compound IMTh-H, a notable increase was
observed, from 67% to 80%, confirming the beneficial influence of the catalytic
system.

+ Derivative bearing a 2-naphthyl group (IMTh-2Naph) maintained good to excellent
yields across both methods (72%/79%).

Generally, the data clearly demonstrate that the Al.Os-mediated protocol not only reduces the
reaction time but also improves the efficiency across a broad range of substrates. This approach
is particularly attractive from a green chemistry perspective due to the use of a recyclable solid
support and ethanol as an environmentally benign solvent. The results affirm the robustness and

general applicability of the method for the synthesis of imidazo[2,1-b]thiazole derivatives.

4. Conclusion

In this chapter, a series of imidazo-based heterocycles, including imidazo[l,2-
a]pyridines, imidazo[1l,2-a]pyrimidines, and imidazo[2,]-b]thiazoles, were successfully
synthesized using various catalytic and environmentally benign approaches. The comparative
analysis of these synthetic protocols demonstrates the significant impact of reaction conditions
and catalysts on both yield and efficiency. In particular, the use of heterogeneous catalysts such
as Au/TiO: and ALOs, as well as microwave-assisted techniques, provided notable
improvements in reaction times and product yields. The influence of substituents on the aryl
ring was also evident in all synthesized frameworks. These results confirm the versatility and
efficiency of the developed methodologies, which are not only synthetically robust but also
align with the principles of green chemistry. Overall, this study contributes to advancing
sustainable synthetic strategies for constructing valuable heterocyclic scaffolds with potential

biological relevance.
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Chapter 2: Synthesis of 2-pyridones

1. Introduction

Heterocycles, which account for more than 50% of all known organic molecules, are among
the most crucial compounds for humans and biological systems. They form a significant class
of natural products and are highly relevant due to their biological importance [1]. Therefore,
the synthesis of heterocyclic compounds containing therapeutic molecules for humans is a
primary objective in organic synthesis and medicinal chemistry [2]. Among them, 2-pyridones
(2-PyO), also known as 2-Hydroxypyridines [3], are widespread nitrogen-based heterocycles
found in both natural and synthetic compounds [4]. They have garnered the attention of many

researchers in the past few years because of their prevalence in various natural products [5].
2. Biological properties of 2-pyridones

2-Pyridones are essential in the pharmaceutical fields and also serve as fundamental
building blocks for bioactive substances and natural products [6]. They have shown numerous
biological and pharmacological activities [7], including antioxidant [8], neuroprotective [9],
antifungal [10], cardiotonic [11], anti-inflammatory [12], antipyretic[13], and anticancer [14]
properties. Figure 1 illustrates four examples of natural products based on 2-pyridone, namely:
recinin with antibacterial and insecticidal properties, fischerine with neuroprotective effects,
pyridomacrolidine and sambutoxin, both of which demonstrate anticancer activities. These

bioactivities have been recognized over the past two decades [15].

0]

Figure 1: Bioactivities of some 2-pyridones.
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Examples of marketed 2-pyridone drugs are shown in Figure 2. Ciclopirox [16] is used
as an antifungal agent, whereas milrinone [17] and amrinone [18] are employed in the

treatment of heart failure.

Me
CN
B
T )
OH

Figure 2: Example of some 2-pyridone drugs

3. Described syntheses of 2-pyridones

In 2011, Kibou et al. accomplished a practical and simple preparation of 2-pyridones
via the three-component one-pot reaction catalyzed by Al>Os (Scheme 1). The reaction was
carried out under solvent-free conditions, affording the expected compounds in excellent yields.
With a reduced reaction time, the method provided the 2-pyridones from enaminones with easy

procedure and simple purification [19].

(0]

O ~.
) MW, CO,Et ‘ . NC \R
* )\ —_— P Me . ( Classical heating, o
R CH 5-10min R >
° MeO OMe CN 2-3h —

Me R

Scheme 1: Synthesis of Kibou

In 2022, Ibrahim et al. prepared a series of chalcones by the condensation of benzyloxy
acetophenone with varied aldehydes in 10% aqueous NaOH and ethanol (Scheme 2). The
resulting chalcones were reacted with cyanoacetamide using piperidine as a catalyst for 6 h
under reflux in ethanol, affording the corresponding 2-pyridone-3-carbonitrile compounds in

high yields [20].
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Cyanoacetamide, EtOH
P-
piperidine, reflux, 6 h
R

Scheme 2: Synthesis of Ibrahim

Over the same year, Anizadeh et al. reported the synthesis of novel 2-pyridone
derivatives fused with 1,2,3-triazole moiety, catalyzed by [Fe3;O4@SiO2@(CHz)s-urea-
dithiocarbamic acid] under solvent-free conditions (Scheme 3). The heterocycles were
synthesized by reacting aromatic aldehydes, a triazole derivative, ethyl cyanoacetate,
ammonium acetate and prepared catalyst at 110 °C for 15-40 minutes as monitored by TLC.
Mild reaction conditions, high yields, low catalyst loading, and short reaction times are the main

advantages of the described method [21].

N’ /

NH4OAc

100 °C, 15-40 min

Scheme 3: Synthesis of Anizadeh

OzN

In 2023, Chen et al. successfully developed a synthesis of new class of 2-pyridones via
an acid-catalyzed reaction involving S5-aryl-1,3-dioxan-5-ol, (S)-2,4-dioxo-4-(2-(1-ox0-3-
propan-2-yl)hydrazineyl)butan-1-ylium derivatives and N-bromosuccinimide (Scheme 4). The
reaction mixture was heated at 80 °C for 4 hours in 1,4-dioxane to afford the target 2-pyridones
in moderate to excellent yields. Simple operation, broad functional groups tolerance, and a

wide substrate scope are the main advantages for the described method [22].
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)

(o) O NBS (1.0 equiv. Ar
O OH M Al(OT)3 (20 mol%)
Phe >
>LAr + N/ 1,4-Dioxane, 80°C,4 h (@]
o H \

Scheme 4: Synthesis of Chen

NR

In same year (2023), Das et al. [ 11] reported the synthesis of two series of functionalized
N-amino-3-cyano-2-pyridone derivatives. They combined cyanoacetohydrazide, aldehydes and
malononitrile (for the first series of compounds), or ethyl cyanoacetate (for the second series)
in PEG-200 as a green solvent. The reaction mixture was heated at 100 °C for 6 hours with
malononitrile or 8 hours with ethyl cyanoacetate (Scheme 5). Mild reaction conditions, short
time reaction, high yields, the use of an eco-friendly biodegradable solvent in the absence of
additional catalysts, simple starting materials and facile work up are the main advantages of

this strategy [11].

o NC N CN
CN
. PEG-200
R——CHO — =

HaN CN

N 100 °C, 6h

H CN H,N T e}

NH,

First setries

CHO
o CN
PEG-200
HN oN + n —————>  Et00C CN
Ny 100 °C, 8h N
B COOEt ’ ‘
R

H,N N
Second series 'L

H,
Scheme 5: Synthesis of Das

In 2024, Tang et al. [23] reported an efficient and straightforward method for the
preparation of a series of 51 different 3-cyano-2-pyridone derivatives (Scheme 6). Various prop-
2-yn-1-ones were reacted with 2-cyano-N-alkylatedacetamide and K>CO3 in 1,4-dioxane for 8
hours at 100 -C affording the desired 2-pyridone in high yields. The advantagesof this method
include its wide functional group tolerance, metal-free process, mild conditions, and simple

operation.
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Ry
(0]
CN
o) X
K,CO,
\ Rs CN
— R, + ™~ >
—_— 2 N X -
/ H 1,4-dioxane
R, 100°C, 8h Ry T o
Rs3

Scheme 6: Synthesis Tang

4. Synthesis of 2-pyridones

Due to the importance of 2-pyridone derivatives, numerous methods for their synthesis have
been developed and reported in the literature [24]. Among these, multicomponent reactions
(MCRs) have gained significant attention in organic synthesis owing to their advantages, such

as short reaction times, high yields, and easy product isolation [25].

Motivated by these advantages, we sought to develop a greener synthetic route. Herein,
we report a novel one-pot synthesis of 4,6-diaryl-3-cyano-2-pyridone derivatives using two
approaches: the first involves conventional heating, and the second employs ultrasound-assisted
synthesis, both carried out under identical conditions. This efficient procedure is based on a

three-component reaction involving alkenes, ketones, and ammonium acetate (Scheme 7).

Ry

/

Conditions

ok + NH,0Ac — »
2

Ry Rs
Ry

Scheme 7: Multicomponent synthesis of 2-pyridone derivatives

4. a. Synthesis of Alkenes (Alks)

Alkenes are well-known key intermediates in the synthesis of heterocycles [26-30]. In
our study, they were used as precursors for the preparation of 2-pyridone derivatives. The

alkenes (Alks) were prepared via the condensation of aromatic aldehydes with ethyl 2-
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cyanoacetate in the presence of ammonium acetate (NH4OAc), using distilled water (DW) as

the solvent at room temperature (RT) and stirred overnight (Scheme 8).

0O

cN NH,OAc AN CN

CoEt  RTDW CO4Et

R1 R1

Scheme 8: Synthesis of alkenes

The obtained results for the preparation of alkenes are grouped in Table 1.

Table 1: Various synthesized alkenes

Entry Ry Abbreviation Structure Yield (%)
1 H Alk-H o 82
2 2-Cl Alk-2Cl AN oN 90
CO,E

3 3-Cl Alk-3Cl1 AUt 81

4 2,4-diCl Alk-2,4diCl m o 80
5 4-Cl Alk-4Cl AN eN 86
mt
Cl
6 4-F Alk-4F mm 92
CO,Et
F

The resulting alkenes were obtained in high yields, which were influenced by the

varying reactivity of malononitrile with different benzaldehyde derivatives.
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4.b. Our syntheses of 2-pyridones

The target products were synthesized by reacting the previously prepared alkenes with
aryl-ketone derivatives and ammonium acetate in ethanol. The reactions were performed either
under conventional reflux conditions (method a) or using ultrasonic irradiation (method b), as

1llustrated in Scheme 9.

O
CN
X CH Ethanol, 80 °C
+ 3 + NH, 0OAC — »
Classical Heating
CO,Et or Ultrasounds
R1 R2

R3

Scheme 9: Synthesis of 2-pyridone derivatives under classical heating or ultrasonic conditions

Figures 3, 4, and 5 show the different 2-pyridones prepared from Alk-2Cl, Alk-4F, and Alk-H
respectively.

Figure 3: 2-pyridones synthesized from the alkene Alk-2Cl.
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Figure 5: 2-pyridones synthesized from the alkene Alk-H.

Table 2 summarizes all the prepared 2-pyridones under classical and ultrasound conditions.
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Table 2: Synthesized 4,6-diaryl-3-cyano-2-pyridone derivatives obtained via classical and

ultrasound-assisted methods.

Entry | Abbreviation | Ri R> Structure Yield (%)
Cl
CN b
1 2-PyO-(2-Cl, | 2-Cl 4F X 30% 90
4F) |
N @]
H
2 2-PyO-2Cl1, |2-Cl1| 2,4-Cl, 38850
2.4-diCl)
I Cl
CN
3 | 2-PyO-2Cl, |2-Cl | 2-naphtyl N 202 36°
2Naph)
N 6]
H
I Cl
CN
2-PyO-(2Cl1, | 2-Cl | 4-OMe X 12%46°
4 | 40Me)
N @]
H
MeO
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2-PyO-2Cl, |2-Cl| 4-Me 172 41°

4Me)

2-PyO-(2Cl, | 2-Cl | 3,4-Me; 91°
3.4diMe)

PyO-(4F, 4F) | 4F 4F 702 83"

2-PyO-(4F, | 4F 2,4-Cl, 792 90°

2.4-diCI)
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F
9 2-PyO-(4F, | 4F | 2-naphtyl 807 81°
2-Naph CN
ph) N
N O
H
10 2-PyO-(4F, | 4F | 4-OMe 123 35°
40Me)
11 2-PyO-(4F, 4F 4-Me 22% 620
4Me)
12 | 2-PyO-4F, |4F |3,4-Mex 47 % 60 °
3.4-diMe)
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13 2-PyO-(H, | H 4-F CN 89 °
4F) X

Iz
@)

14 | 2-PyO-(H,2- | H | 2-naphtyl 59 °

Naph)

» a: classical heating, EtOH, 80°C, 10h.
* b: ultrasound-assisted synthesis, EtOH, 80°C, 3-6h.

The table above summarizes the synthesis of 2-pyridone derivatives using two different
reaction methods. Both procedures are conducted in ethanol at 80 °C, but differed in reaction

time. The results show that:

+ yields obtained through ultrasonication method are consistently higher than those from
the conventional one, with increases up to nearly fourfold (entry 4) and threefold (entries
1,10,and 11).

+ Reaction time is reduced by more than half (3—6 hours vs. 10 hours).

+ Ultrasonication allows achieving high to excellent yields, even when the improvement
is modest in some cases

+ Overall, ultrasonication markedly enhances the reaction efficiency and yields for nearly

all entries.

5. Conclusion

In this chapter, we have demonstrated that our multicomponent synthesis of 2-pyridone

derivatives under ultrasound cavitation, a novel approach developed in our laboratory, proceeds
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smoothly and efficiently, yielding new derivatives of diverse structures within a significantly
shorter time and with higher yields compared to the classical method. With a limited set of
starting materials, we were able to produce a substantial number of products in a relatively short

period.

The application of ultrasound-assisted synthesis in preparing 2-pyridones offered
remarkable advantages over standard technique. While the conventional approach is effective,
ultrasonication emerged as a more robust alternative, providing higher yields and shorter times.
It is particularly suitable for reactions that afford low yields under classical conditions.
Moreover, this method aligns with the principles of green chemistry by minimizing the use of
harsh solvents and reducing energy consumption, thus representing a more sustainable

alternative to traditional methods.

The synthesis of such compounds opens promising prospects for the future production

of various 2-pyridone derivatives with broad potential applications.
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A- Corrosion Inhibition Study

I. Introduction and bibliographic study

Mild steel, a form of low-carbon steel, is commonly used as a construction material in
a wide range of industries due to its excellent mechanical properties and relatively low cost [1].
It is widely preferred for its cost-effectiveness and availability and is frequently employed in
the oil industry for the production of tanks, pipes, and reservoirs [2]. Acidic solutions are
increasingly utilized across various industrial sectors, with key applications such as descaling,
industrial cleaning, pickling, and the acidification of oil wells [3]. Commonly used acids include
hydrochloric acid (HCI), nitric acid (HNOs), and sulfuric acid (H2SOa4) [4]. Despite its numerous

technological applications, mild steel’s use is limited by its low resistance to acidic corrosion
[5].

Over the past five decades, metal corrosion has generated growing interest in sectors
such as construction, energy, ... It is estimated that about one-third of steel is lost due to
corrosion, leading to significant global economic losses [6]. Metal corrosion is an age-old
challenge, dating back to the early discovery of metals. It is defined as the gradual deterioration
of the properties of metals and materials due to chemical or electrochemical reactions with their
atmospheric environment [7]. Additionally, it impacts society by affecting the health and safety
of people working in industries and those living nearby [8]. Although the corrosion of metals

and their alloys in service is an inevitable phenomenon, it can be controlled [9].

Being used primarily to remove corrosion products and oxides from surfaces without
altering the metal itself, it is highly recommended to incorporate inhibitors into these solutions
[2]. Protecting steel from corrosion extends the lifespan of equipment while limiting the release
of toxic metals into the environment [10]. In industry, anticorrosive agents are commonly used

in acidic media to prevent or reduce the corrosion rates of metallic materials [11].

Organic and inorganic compounds are commonly used as anticorrosive agents.
However, it is important to mention that most inorganic products are environmentally
unfriendly and toxic. Due to stringent environmental regulations and increasing ecological
awareness, their use as corrosion inhibitors is now significantly limited [12]. An effective and
practical solution to this issue is the use of organic and synthetic type corrosion inhibitors, due
to their ease of synthesis, excellent inhibitory effect, and advantageous economic impacts.

Generally, heterocyclic compounds containing large electronegative atoms (such as N, O, and
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S), conjugated double bonds, and polar functional groups are the most effective corrosion
inhibitors [13], [14]. Many organic heterocycles, such as piperidine, piperazine, imidazole,
pyridine, and pyrimidine, are reported among the most powerful acid corrosion inhibitors [15],

[16].

a. Examples of organic inhibitors

Two fused heterocyclic compounds, 2-phenylquinazolin-4(3H)-one (PQO) and 2-
phenyl-4H-benzo[d]oxazin-4-one (POO), were examined by Hemapriya et al. to determine
their capabilities to control the corrosion of mild steel in a 1M H>SOs solution, using
gravimetric and electrochemical methods (Scheme 1). Both inhibitors showed excellent results
in preventing corrosion, with their effectiveness increasing with concentration and decreasing
with rising temperature. The order of inhibitor effectiveness is as follows: PQO > POO.
Gravimetric measurements showed a correspondence with the thermodynamic and kinetic
models of Langmuir, displaying correlation coefficients close to unity. The data suggest a

physisorption mechanism based on the values of E, and DG®aqs [8].
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Scheme 1: Inhibitor structures by Hemapriya.
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Ech-chihbi et al. synthesized 2-phenylimidazo[1,2-a]pyrimidine-3-carboxaldehyde and
studied its corrosion-inhibiting effect on carbon steel (C steel) in a 1 M HCI solution (Scheme
2). Experiments were conducted using impedance spectroscopy techniques, weight loss
measurements, and potentiodynamic polarization. The results indicated that the corrosion rate
is directly proportional to the increase in inhibitor concentration. Studies revealed that this

compound is of the mixed type and obeys the Langmuir isotherm model [17].
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Scheme 2: Inhibitor structures by Ech-chihbi.

Four new bis-coumarins were synthesized and studied to inhibit the corrosion of carbon
steel in 0.5 M H2SOs using electrochemical methods by Abd El-Raouf et al. (Scheme 3). The
tested products were found to be effective, exhibiting mixed-type anticorrosive action. It is
noteworthy that their corrosion inhibition activities increased with the elevation of their
concentrations and the measurement temperature. The coumarins studied showed chemical

adsorption on the surface of the steel and obeyed the Langmuir adsorption isotherm [10].
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Scheme 3: Inhibitor structures by Abd El-Raouf.

Zhang et al. studied the inhibitory activity of three pyrido[1,2-a]benzimidazoles for the
corrosion of mild steel in an HCI solution using gravimetric and electrochemical methods
(Scheme 4). The heterocycles in question exhibited excellent anticorrosive activities, achieving
98.96% inhibition efficiency at an optimal concentration of 0.25 mmol/L. The results obtained
revealed that these compounds are considered mixed-type, and their adsorption mode follows

the Langmuir isotherm type [5].
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TBIP : R = CF,
BIP:R =H
MBIP : R = CH,

Scheme 4: Inhibitor structures by Zhang.

El Aatiaoui et al. synthesized a series of Schiff bases based on an imidazo[1,2-a]pyridine
scaffold, namely (E)-N-(2-phenylimidazo[1,2-a]pyridin-3-yl)-1-(1H-pyrrol-2-yl)methanimine
(IMP1), (E)-N-(2-phenylimidazo[1,2-a]pyridin-3-yl)-1-(thiophen-2-yl)methanimine (IMP2),
and (E)-1-(5-nitrothiophen-2-yl)-N-(2-phenylimidazo[1,2-a]pyridin-3-yl)methanimine (IMP3)
(Scheme 5). The inhibitory capacity of these compounds on the corrosion of mild steel was
evaluated in hydrochloric solution using weight loss and electrochemical methods. The results
obtained reveal that the inhibition efficiency is directly proportional to the increase in inhibitor
concentration and inversely proportional to the rise in temperature, and that these compounds

follow the Langmuir isotherm model and are of the physisorption type [18].

/ /N
P/
D\/N
R X
IMP,:X=N; R=H
IMP,: X=S;R=H

Scheme 5: Inhibitor structures by El Aatiaoui.

Idelfitri et al. synthesized an acid thiosemicarbazone derivative of Meldrum named 2,2-
dimethyl-5-(4-nitrobenzylidene)-1,3-dioxane-4,6-dione bis(4-ethyl-3-thiosemicarbazone)
(4NMATSC) and tested it as an anticorrosive in an HCI solution using weight loss techniques
and mapping analysis. The 4NMATSC under study proved to be a good corrosion inhibitor by

forming a protective layer through adsorption on the surface of mild steel (Scheme 6). The
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corrosion inhibition efficiency increased with the rising concentrations of the inhibitor, reaching

68.88% at the highest concentration of 5 ppm [19].
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Scheme 6: Inhibitor structures by Idelfitri.

El Mouden et al. studied the anticorrosive effect of two compounds on C38 steel in
acidic environments of 1.0 M HCI, namely (1-Allyl-6-nitro-1H-indazole (1a) and 1-Ethyl-5-
nitro-1H-benzimidazole-2-thiol (2b)) (Scheme 7). The inhibitory efficiency of 1a and 2b was
investigated using methods such as electrochemical, gravimetric, and -electrochemical
impedance spectroscopy. The experimental results showed that both products successfully
inhibited the corrosion of the steel, with a maximum IE (%) value of 97.5% corresponding to T
=298 K for 2b. Additionally, the inhibition efficiency IE decreased with increasing temperature,
the behavior of the inhibitor is of mixed nature, and the adsorption isotherm is consistent with

the Langmuir isotherm [20].

1-Allyl-6-nitro-1H-indazole 1-Ethyl-5-nitro-1H-benz-imidazole-2-thiol

Scheme 7: Inhibitor structures by El Mouden.

b. Mechanism of inhibition of organic inhibitors

Organic corrosion inhibitors are organic compounds that have polar groups containing
N, O, and/or S atoms, or heterocycles with conjugated double bonds, or polar functional groups

[21]. Their effectiveness mainly depends on their ability to adsorb onto the metallic surface by
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replacing the water molecules adsorbed at the corrosion interface [10]. Consequently, the film
formed by these molecules adsorbs onto the metal surface, generating a passive layer that

inhibits the electrochemical reactions that drive corrosion progression [3].

Under optimal dosing of the anticorrosive, the attraction between the inhibitor and the
metal is predominant. In contrast, once this dosage is exceeded, the repulsion between the
inhibitor molecules becomes stronger. The nature of the organic inhibitor, the characteristics of
the metal, and the working conditions, such as acid concentration and immersion temperature,
significantly influence this behavior [22], [23]. The nature of adsorption manifests according to
the specific type of interaction between the steel surface and the molecules. If it involves a
transfer of electron pairs to the unoccupied "d" orbital of the steel, forming coordination bonds,
it is referred to as chemisorption (chemical adsorption). Conversely, if this interaction is
primarily  electrostatic, it is called physisorption (physical adsorption) [24].

The following table summarizes the main properties of chemisorption and physisorption [25].

Table 1: Comparison between chemisorption and physisorption [25].

Chemisorption Physisorption
- The force of attraction is the chemical - The attractive force is Van der Waal forces
bonding force
- It is irreversible - It is reversible
- Formation of mono-molecular layers -Formation of multi-molecular layers
- Heat adsorption is high -Heat adsorption is low
- Activation energy is required -Activation energy is not required
- It takes place at high temperature - It occurs at low temperature.

c. Objective of the study

The objective of this study is to measure the effectiveness of corrosion inhibitors for
mild steel in a normal HCI solution at different concentrations, temperatures, and immersion
times. Two families of compounds are examined: the 2-arylimidazo[1,2-a]pyridines and the 2-

arylimidazo[1,2-a]pyrimidines using the gravimetric method (weight loss).
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I1. Experimental method

a. Material
i. Organic inhibitors
The arylimidazopyridine/pyrimidine compounds were synthesized in the Laboratory of

Catalysis and Synthesis in Organic Chemistry (LCSCO) in Tlemcen according to the procedure

reported in the materials and methods section.

e 2-Arylimidazo[1,2-a]pyridines :
1. 2-phenylimidazo[1,2-a]pyridine (IP-H)
2. 2-(4-fluorophenyl)imidazol[ 1,2-a]pyridine (IP-F)
3. 2-(4-chlorophenyl)imidazo[ 1,2-a]pyridine (IP-CI)
4. 2-(4-bromophenyl)imidazo[1,2-a]pyrimidine (IP-Br)

e 2-Arylimidazo[1,2-a]pyrimidines:
1. 2-phenyimidazol[1,2-a]pyrimidine (IPM-H)
2. 2-(4-fluorophenyl)imidazo[1,2-a]pyrimidine (IPM-F)
3. 2-(4-chlorophenyl)imidazo[ 1,2-a]pyrimidine (IPM-CI)
4. 2-(4-bromophenyl)imidazo[ 1,2-a]pyrimidine (IPM-Br)

Table 2 presents the chemical structures of the compounds studied. The gravimetric method
was used in this study. The thermodynamic parameters were determined and discussed, as well
as the adsorption mechanism of the inhibitors. Additionally, a comparison between the two

families of compounds was made.

Table 2: Chemical structures, names, and abbreviations of the organic compounds studied.

Abbreviation Chemical structure

IP-H NN

IP-F NN
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IP-Cl / /N
Cl
P
IP-Br / /N
Br
P
IPM-H /NYN
s Nt
IPM-F /N\KN
F
P
IPM-CI /NYN
Cl
s Nt
IPM-Br /N\KN
Br
P

ii. Mild Steel Sample

The material used is mild steel, which is commonly used for the production of castings. Its

chemical composition is shown in Table 3.

Table 3: Chemical Composition of Mild Steel.

Elements Percentage (%)
Carbon (C) 0.06
Manganese (Mn) 0.073
Phosphorus (P) 0.010
Sulfur (S) 0.005
Silicon (Si) 0.02
Aluminium (Al) 0.044
Titanium (T1) 0.04

Iron (Fe) Balance
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iii. Test solutions

Analytical 37% hydrochloric acid (HCI) was diluted with distilled water to obtain a 1M HCI
solution (the blank or inhibitor solution). The heterocycles were added to the acid at
concentrations of 5 x 10° M, 7.5 x 10° M, 10* M, 2.5 x 10* M, and 5 x 10* M to form the

test solutions.

b. Experimental procedure

The mild steel sheets were mechanically cut into nearly equal-sized coupons. These
coupons were ground with sandpaper of various grits, ranging from 80 to 1200 successively.
The dimensions of the coupons were measured using a caliper to calculate the surface area of

each piece. They were weighed using an analytical balance before each test.

Then, the metal pieces were degreased with acetone and distilled water, dried using a
hair dryer, and immersed in the acid solution with or without a known inhibitor at a precise
concentration. To maintain the desired temperature, the coupons were placed in a water bath for
a specified time according to the tests. They were weighed again after drying to calculate the
weight loss. Parallel duplicate experiments were conducted to determine the average corrosion

rate.

¢. Gravimetric method

This method has the advantage of its simplicity for implementation and does not require
significant equipment. Its principle is based on measuring the weight loss Am experienced by
a sample with a surface area S, in a corrosive solution maintained at a constant temperature,

during the immersion time t [26].

The corrosion rate (Weorr) 1s evaluated by the following equation [27] :

Am
Wcorrzg (g.h-l.cm-z) 0000000000000 OCOCOOCOIOSNOTS (I)
With:
Am: the weight loss (g)
t: the measurement time (hour)
S: the surface area of the metal part (cm?)

The inhibitory efficiency (IE%) of organic products was calculated by measuring the corrosion
rates in the absence and presence of the inhibitor, noted respectively as (Weorr) and (Winp).

The inhibition efficiency was determined using the following equation [28]:
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. Wcorr—Winb

Wcorr
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II1. Results and Discussion

Mild steel corrosion was determined by the gravimetric method (weight loss) using two families

of heterocyclic compounds, namely:

+ Imidazo[1,2-a]pyridines and
4+ Imidazo[1,2-a]pyrimidines.

Different parameters were studied, such as the effect of concentration, temperature, and

immersion time followed by a thermodynamic study.

A. Inhibition of mild steel corrosion by imidazo[1,2-a]pyridines (IP)

The imidazo[ 1,2-a]pyridines are known as excellent inhibitors of metal corrosion [29].
The objective of this part is to study the effect of imidazo[1,2-a]pyridines (IP-H, IP-F, IP-Cl,
and IP-Br) on the corrosion of mild steel in a molar medium of HCI. The influence of the
concentration of the aforementioned imidazo[ 1,2-a]pyridines, immersion time, and temperature
has been studied. Thus, calculations were carried out to characterize the nature of the

adsorption, and a thermodynamic study was conducted to discuss this process.

a. Effect of IP-H concentration

The concentration of corrosion inhibitors plays a crucial role in their effectiveness: a
dose that is too low in inhibitor is insufficient to protect the metal, while an excessive
concentration may not provide any additional benefit. It is therefore essential to properly adjust

the optimal concentration for effective protection against corrosion [30].

To study the effect of concentration on the inhibitor 2-phenylimidazo[1,2-a]pyridine
(IP-H) as a corrosion-inhibiting agent, we immersed mild steel pieces in a molar solution of
HCI at different concentrations (7.5x1075, 1074, 2.5x107%, and 5x10~* mol/L) in a thermostatic
bath for five hours. The same operation was repeated at different temperatures (298, 308, 318,

328, and 338 K).
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The following table shows the experimental results of the variation of the inhibiting

efficiency (IE) of IP-H as a function of concentration and temperature.

Table 4: Evolution of the inhibiting efficiency for different concentrations of IP-H

IE (%)

T(K) | 298 308 318 328 338
C (mol. L)
7,5x10° 53,77 59,06 65,04 70,83 75,80
104 58,98 63,21 69,82 74,76 80,15
2,5x10* 65.90 71,81 76,31 81,90 86,96
5x10* 72,67 78,48 83,05 88,45 93,48

Figure 1 shows the evolution of the inhibiting power of IP-H as a function of concentration and
temperature in a normal HCI solution after 5 hours of immersion. This figure visualizes the

impact of the inhibitor concentration on its inhibiting effect after a 5-hour immersion period.
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Figure 1: Variation of IP-H inhibitor efficacy as a function of concentration

From Figure 1, we note that the inhibiting efficiency is proportional to the concentration of
IP-H. Furthermore, the curves indicate that temperature influences this efficiency; the higher

the temperature, the greater the inhibiting efficiency.

The highest inhibition efficiency was obtained for a concentration of 5 x 10* M, reaching
93.48% at 338 K. Thus, the optimal concentration is determined. The results show that as both
concentration and temperature increase, the protection improves; in other words, the steel

surface is covered.

b. Effect of IP-H temperature

The effect of temperature on the inhibition mechanism of mild steel in the presence of IP-H is
demonstrated in Figure 2. The corrosion inhibition efficiency shows an increasing trend with

rising temperature.
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Figure 2: Impact of temperature on the efficacy of the IP-H inhibitor

The following table represents the variation in the corrosion rate (Weorr) of the corrosive solution
with and without the inhibitor, 2-phenylimidazo[1,2-a]pyridine (IP-H), on mild steel, varying

the temperature and concentrations over 5 hours.

Table 5: Influence of temperature on the variation in corrosion rate for different

concentrations of the inhibitor (IP-H).

Weorr (mg/h.cmz)

T(K)
298 308 318 328 338
C (mol. L)

Blank (HCI) 1,43x10* | 5,20x10* 1,06 x10° | 1,88x10° | 4,37x107

7,5x 10 6,61x10° 1,12x10* | 3,70x10* | 5,48x10* 1,05x10
10+ 5,86x107 1,91x10* | 2,78x10* | 421x10* | 8,67x10*
2,5x 10+ 4,87x107° 1,46x10 2,08x10* 3,40x10* 5,69x10
5x 10+ 522x10° | 8,50x10° 1,41x10* | 2,17x10* | 2.84x10*
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Figure 3 shows the evolution of the corrosion rate of the product IP-H as a function of
concentration and temperature. The corrosion rate decreases with increasing concentration and

increases with rising temperature.
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Figure 3: Effect of temperature and concentration on corrosion rate of IP-H inhibitor

c. Effect of immersion time of imidazo[1,2-a]pyridines

To determine the optimal immersion time for the four derivatives of imidazo[1,2-a]pyridine
(IP-H, IP-F, IP-Cl, and IP-Br), gravimetric measurements were performed on mild steel in a
corrosive environment of 1M HCI while keeping the temperature (308 K) and concentration (5

x 10* M) constant. The experiment was conducted by varying the immersion time (1, 2, 3, 4,
5, 6, and 24 hours).

Table 6: Variation of the inhibitory efficiency as a function of the immersion time of
imidazo[1,2-a]pyridines (IP-H, IP-F, IP-Cl, and IP-Br)
IE (%)

t (h)

Inhibitor

IP-H 72,72 82,49 91,26 91,82 94,48 93,13 87,60
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IP-F 82,54 84,53 92,73 92,95 96,06 93,33 90,58
IP-Cl 83,21 85,43 92,89 93,92 96,21 94,38 94,02
IP-Br 85,09 87,55 93,55 94,50 97,51 96,53 93,59

Figure 4 shows the influence of immersion time on the inhibitory efficiency of 2-
arylimidazo[1,2-a]pyridines (IP-H, IP-F, IP-Cl, and IP-Br). The results reveal that the
anticorrosive power increases with the increase in immersion time in the four corrosion
inhibitor solutions, reaching its maximum at 5 hours. Subsequently, a slight decrease in

inhibitory efficiency is observed over time.

Furthermore, it is noted that the inhibitory efficiency of the brominated derivative (IP-Br) is
higher than that of the chlorinated derivative (IP-Cl), followed by the fluorinated derivative
(IP-F), and finally by the unsubstituted product (IP-H). In other words, the anticorrosive power
of the compounds follows the descending sequence: IP-Br > IP-Cl > IP-F > IP-H,
demonstrating that the presence of a bromine substituent significantly enhances the inhibitory

power.
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Figure 4: Influence of immersion time on the variation in the inhibitory efficacy of inhibitors
(IP-H, IP-F, IP-Cl, and IP-Br).

These results imply that the inhibitors act by adsorption onto the metal, forming a barrier
layer between the mild steel and the corrosive solution. Therefore, in order to confirm the
adsorption of 2-phenylimidazo[1,2-a]pyridine on the surface of the steel, we performed further
calculations to provide essential information about the interaction between the inhibitor and the

metal surface.

d. Adsorption isotherm

The effectiveness of organic products in inhibiting corrosion largely depends on their
adsorption capability on metal surfaces. Therefore, it is crucial to evaluate this relationship in
order to deepen the research on corrosion inhibitors. It is noteworthy that the adsorption
mechanism of corrosion inhibitors can be understood through the study of the adsorption

isotherm as well as the adsorption behavior of the corrosion inhibitors [31].
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The empirical evaluation of the most suitable adsorption isotherm with surface coverage data
is important in order to exploit the corrosion rate measurements for calculating the

thermodynamic parameters associated with the adsorption of the corrosion inhibitor.

The main models considered are the Temkin [32], El-Awady [33], Freundlich [34], and
Langmuir [35] isotherms. The latter describes how a corrosion inhibitor adsorbs onto the metal
surface by forming a single, uniform layer. It helps analyze how the inhibitory effectiveness of
a compound manifests on the surface of a metal and the distribution of a corrosion inhibitor on

a metal [36]. The Langmuir isotherm can be described by the relationship (III) [18]:

0

i Kads.Cinb..................... (II)

To determine 0 (the degree of surface coverage), it was assumed [37] that the inhibitory
effectiveness is primarily caused by the blockage of the adsorbed species, hence the use of
equation (III). This parameter, in the 1M hydrochloric acid solution at different inhibitor
concentrations, was evaluated from gravimetric measurements at 298-338 K and graphically

analyzed to match the most appropriate adsorption isotherm.

IE

Using the inhibitory effectiveness (IE) calculated from the gravimetric method, we calculated

0 from relation (IV). From equation (III), we can derive equation (V) in order to find other more

in-depth parameters. The curves of Cinn/0 as a function of Cin, for the temperatures: 298, 308,

318, 328, and 338 K form a straight plot (Figure 6) with a slope close to unity, indicating that

the studied product IP-H follows the Langmuir adsorption isotherm, according to equation (V):
Cinb 1

0 - Kad

ot Cinb........cc.cccceeeeee (V)

With:
Cinb: the concentration of IP-H

Kads: the adsorption constant.
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Figure 6: Adsorption isotherm of IP-H inhibitor on mild steel in 1N HCI at different

temperatures

We were thus able to deduce the values of the adsorption constant K from equation (V) and

the values of the standard free energy of adsorption (AGags) from relation (VI):

AGads
RT

K=iexp(

— ) eeeeeeeeeereeeeeeeess (V)

Where the value 55.5 represents the concentration of water in solution (mol/L) [11]. The values
of the standard enthalpy of adsorption and the standard entropy of adsorption (AHags and ASads,
respectively) can be deduced using equation (VII), which is known from Gibbs Helmholtz [38]:

AGads=A]{ads' TASads..................... (VII)

The following table lists the values of Kads, AHads, ASads and AGads.
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Table 7: Thermodynamic parameters for the adsorption of IP-H on mild steel at [298-338] K
in IM HCL

T (K) R? Kads AHaas(Kj/mol) | ASaqs AGads
(KJ/mol)
298 0,99872 22465,95285 0,20063 -34,77
308 0,99921 25033,92096 0,19881 -36,21
318 0,99891 31678,65176 25,01284 0,19821 -38,01
328 0,99917 36474,11979 0,19698 -39,59
338 0,99925 41622,26958 0,19583 -41,17

The recovery rate values, 0, are plotted. For the IP-H inhibitor, the Cinn/0 curve as a
function of concentration shows a linear trend, with correlation coefficients (R?) close to 1. This

demonstrates that the Langmuir isotherm is obeyed for the adsorption on the mild steel surface.

To determine the nature of the adsorption from the values of the adsorption energy
(AGads), studies [39] have shown that when it is negative, it indicates that the adsorption process
is spontaneous and that the film formed by the adsorbed corrosion inhibitor product on the metal
is stable. Generally, if AGads is around 20 kJ/mol or less, it indicates physisorption, and if it is
around 40 kJ/mol or more, it indicates chemisorption. In the first case, the adsorption is
characterized by physical interactions such as Van der Waals forces (which are reversible and
weak). In the second case, there is the formation of irreversible and stronger chemical bonds,
such as coordination or covalent bonds between the corrosion inhibitor and the metal [40].
The calculated values of AGags range from -34.77 to -41.17. The calculated AGags values of IP-
H are approximately —40 kJ/mol. This suggests electron transfer or sharing takes place between
the metal surface and the anticorrosive molecules, leading to bond formation. Therefore, this is

classified as chemisorption.

e. Thermodynamic parameters of IP-H corrosion

The Arrhenius equation is frequently used [41][42][43] to model the effect of temperature on
the corrosion rate, showing that this rate is a linear function of the inverse of the temperature
(1/T).

~E,
RT

In(Wcorr) = +LnA......cevvvvveneeee. (IV) s0:

Wcorr

—AH
Ln(—2) = ==+ LDA...ccrerrrerrennes (V)

With:
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Woeorr: corrosion rate

Ea: activation energy (kJ. mol™)
T: temperature (K)

A: Arrhenius constant
R=28.314 J.mol '.K!

Plots depicting the variation of the logarithm of the corrosion rate (LnW) as a function of the
inverse of temperature (1/T) are used to determine the pre-exponential factor (A) and activation

energies (E.) (Figure 7).
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Figure 7: Arrhenius plots of the dissolution of mild steel at different concentrations in the
presence and absence of IP-H in a normal HCI solution.

Figure 8 illustrates the variation of Ln (Wcor/T) as a function of 1/T for the acid alone (blank)

and for the different concentrations of the inhibitor IP-H.
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Figure 8: Trends of Ln (Wcort/T) as a function of 1/T in the presence and absence of IP-H

Thermodynamic parameters such as activation energy (E.), activation enthalpy (AH,), and
activation entropy (AS,) were thus derived from the Arrhenius equation (Table 8). All plots
display correlation coefficients (R?) of 0.98 or higher, at different concentrations of IP-H. The
slope of the obtained corresponds to AH/RT, and the value of the y-intercept corresponds to
LnA. From these plots, we were able to determine the values of AH and AS [44]. Table §

summarizes the results obtained from these plots.

This indicates that the corrosion of mild steel in a normal HCI solution follows the kinetic
model. The relationship between the inhibition efficiency (IE) of an anticorrosive agent and the

temperature (T) can be interpreted in three ways [45]:

+ [E increases with increasing T, with E, (solution with inhibitor) < E, (solution without

inhibitor);

+ IE remains constant with T, with E, (solution with inhibitor) = E, (solution without

inhibitor);
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+ IE decreases with increasing T, with E, (solution with inhibitor) > E, (solution without

inhibitor)
Based on the slope calculations from the obtained plots, it is observed that:

= E, (solution with inhibitor) < E, (solution without inhibitor), indicating that IP-H is
effective in reducing corrosion.

= The inhibition efficiency (IE) increases with higher concentration and temperature in
the presence of IP-H, demonstrating its strong efficacy at elevated temperature and

concentrations, which is characteristic of effective inhibitors.

These types of bonds can withstand corrosion at high temperatures, suggesting chemisorption

with the formation of a chemical adsorption film on the surface of mild steel.

Table 8 shows the following results:

e The parameter AS for the reaction involving the dissolution of mild steel in 1M
hydrochloric acid solution with the presence of IP-H is lower than that of the solution
without the inhibitor. This indicates that the presence of this inhibitor acts on the reaction
dynamics, potentially suggesting reduced corrosion rates.

e All values of enthalpies (AH.) are positive, reflecting the endothermic nature of the
corrosion process of mild steel.

e We note that the difference between E, and AH (E.-AH) vary in the same way with all

the concentrations, verifying the thermodynamic relationship between E, and AH [18]:
E. — AH = RT = cste

Table 8: Evolution of activation energy (E.), activation enthalpy (AH,), and activation entropy

(AS,) as functions of temperature and concentration, both with and without IP-H.

R? E. (KJ) |R? AH (KJ) E.-AH | AS AGK

(J/mol)

Blank | 0,97978 | 68,21 0,978 | 65,58 2,63 96,94 | 28,95
7,5x107 | 0,99118 | 52,82 0,99013 | 50,18 2,63 -154,39 | 47,60
10 0,98997 | 51,17 0,98883 | 48,53 2,63 -161,33 | 51,35
2,5x10* [ 0,99906 | 46,06 0,99889 | 43,43 2,63 -179,52 | 58,92
5x10* 10,99234 | 36,35 0,99085 | 33,72 2,63 213,49 | 72,19
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I1. Inhibition of mild steel corrosion by imidazo[1,2-a]pyrimidines (IPM)

In this section, we studied the inhibitory effect of imidazo[1,2-a]pyrimidines (IPM) on
mild steel corrosion using the weight loss method, similar to our approach with previous
inhibitors, imidazo[1,2-a]pyridines (IP). This method allowed us to quantify the weight loss of
the mild steel samples, providing insights into the effectiveness of IPM under various
conditions, including temperature, concentration and immersion time. Recognized as effective
corrosion inhibitors for mild steel [46], the imidazo[ 1,2-a]pyrimidines were examined in normal
hydrochloric acid, with a detailed thermodynamic study presented to discuss the adsorption

process.
a. Effect of IPM concentration

To investigate the effect of concentration on the 2-phenylimidazo[1,2-a]pyrimidine (IPM-H)
as a corrosion inhibitor, we immersed mild steel specimens in a normal hydrochloric acid
solution at varying concentrations (7.5x107°, 10, 2.5x10™*, and 5x10™* mol/L) within a

thermostatic bath for five hours. This procedure was repeated across different temperatures

(298, 308, 318, 328, and 338 K).

The table 9 presents the experimental data on the inhibiting efficiency (IE) of IPM-H, analyzed

as a function of concentration and temperature.

Table 9: Variation of inhibiting efficiency across different concentrations of IPM-H.

IE (%)
T(K) | 298 308 318 328 338
C (mol.L)
7,5x 10 53,73 76,43 85,06 85,32 85,88
10~ 57,65 77,87 85,42 85,92 86,25
2,5x 10 64,70 85,16 89,14 90,63 91,23
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5x10* 68,19 87,02 90,79 92,02 93,98

The following figure illustrates the inhibiting effectiveness of IPM-H as a function of
concentration and temperature in a 1M HCI solution. This figure highlights the influence of
inhibitor concentration on its corrosion-inhibiting performance over the 5 hours immersion

period.

Figure 9: Variation of the effectiveness of the IPM-H inhibitor as a function of its concentration

after a 5-hour immersion in a 1M HCI solution.
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From Figure 9, it is observed that the inhibition efficiency increases with the concentration of
IPM-H. Additionally, the curves suggest that temperature also affects this efficiency, with

higher temperatures leading to enhanced inhibition.

The maximum inhibition efficiency was achieved at a concentration of 5 x 10~ M, reaching
93.98% at 338 K, indicating the optimal concentration. These results demonstrate that as both

concentration and temperature increase, protective coverage on the steel surface improves.
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b. Effect of IPM-H temperature

Figure 10 illustrates the effect of temperature on the inhibition mechanism of mild steel in the
presence of IPM-H. The inhibition efficiency displays an increasing trend as the temperature

rises.
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300 310 320 330 340
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Figure 10: Effect of temperature on the efficacy of the IPM-H Inhibitor.

The table 10 shows the changes in the corrosion rate (Weorr) of the corrosive solution, both with
and without the inhibitor, 2-phenylimidazo[l,2-a]pyrimidine (IPM-H), on mild steel.
Measurements were taken over 5 hours, with varying temperatures and concentrations of the

inhibitor.

Table 10: Influence of temperature on the corrosion rate variation across different

concentrations of IPM-H.
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Weorr (mg/h.cmz)
T(K)
298 308 318 328 338

C (mol. L)

7,5 x 105 6,63368E-5 | 6,07168E-5 | 5,06093E-5 | 4,56057E-5 | 6,63368E-5
104 1,22564E-4 | 1,15076E-4 | 7,7168E-5 | 6,7496E-5 1,22564E-4
2,5x 104 1,58364E-4 | 1,54548E-4 | 1,15116E-4 | 9,7626E-5 1,58364E-4
5x 10+ 2,75984E-4 | 2,64704E-4 | 1,76156E-4 | 1,50024E-4 | 2,75984E-4

The following figure illustrates the variation in the corrosion rate of IPM-H as a function of its

concentration and temperature. The corrosion rate decreases with increasing concentration but increases

as the temperature rises.
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Figure 11: Impact of concentration and temperature on the corrosion rate of the IPM-H Inhibitor.
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c. Effect of immersion time of imidazo[1,2-a]pyrimidines

To identify the optimal immersion time for the four imidazo[1,2-a]pyrimidine derivatives
(IPM-H, IPM-F, IPM-CI, and IPM-Br), weight loss analysis was conducted on mild steel in
a molar solution of HCI corrosive medium. The temperature (308 K) and concentration (5 x
10~* M) were maintained constant, while the immersion time was varied across intervals of 1,

2,3,4,5, 6, and 24 hours.

Table 11: Inhibitory efficiency of imidazo[ 1,2-a]pyrimidine derivatives (IPM-H, IPM-F, IPM-

Cl, and IPM-Br) at different immersion times.

IE (%)
t (h)

1 2 3 4 5 6 24
Inhibitor
IPM-F

74,98 76,16 81,08 87,08 93,09 93,01 91,3
IPM-H

84,12 84,64 85,12 91,93 9427 92,5 90,63
IPM-Br

86,7 87,2 88,32 92,03 95,79 96,55 92,51
IPM-CI1

87,68 88.37 &9.10 90,05 93,14 96,09 93,23

Figure 12 illustrates how immersion time affects the inhibitory efficiency of 2-arylimidazo[1,2-
a]pyrimidine derivatives (IPM-H, IPM-F, IPM-CI, and IPM-Br). The findings indicate that
the anticorrosive effectiveness improves with longer immersion times in all four corrosion
inhibitor solutions, peaking at 5 hours. After this point, a slight decline in inhibitory efficiency
is noted over time.

Additionally, it is observed that the anticorrosive activity of the chlorinated derivative (IPM-
Cl) surpasses that of the brominated derivative (IPM-Br), followed by the unsubstituted
product (IPM-H), and finally the fluorinated derivative (IPM-F). In simpler terms, the
inhibitory efficiency of the compounds decreases in the following order: IPM-CI > IPM-Br >
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IPM-H > IPM-F, indicating that the presence of a chlorine substituent significantly enhances
the inhibitory power.

100

—a— [PM-H
—o— [PM-F
30 - —aA— [PM-CI
—v— [PM-Br
75 -
70 T 1 1 1
0 5 10 15 20 25
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Figure 12: Impact of immersion time on the changes in anticorrosive potency efficacy of

inhibitors (IPM-H, IPM-F, IPM-CI, and IPM-Br).

These results suggest that the inhibitors function through adsorption onto the metal surface,
generating a barrier layer that separates the mild steel from the corrosive solution. To validate
the adsorption of imidazo[1,2-a]pyrimidines on the steel surface, we conducted additional
calculations to gather critical information regarding the interaction between the inhibitor and

the metal.

d. Adsorption isotherm

Evaluating the most appropriate adsorption isotherm using surface coverage data is crucial for
leveraging corrosion rate measurements to calculate the thermodynamic parameters related to
the adsorption of the corrosion inhibitor. The degree of surface coverage (0) was evaluated from
gravimetric measurements at 298-338 K in the normal HCI solution at different inhibitor

concentrations and graphically analyzed to match the most appropriate adsorption isotherm.
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The curves of Cinn/0 plotted against Cinp at temperatures of 298, 308, 318, 328, and 338 K yield
a linear graph (Figure 13) with a slope approximately equal to one, suggesting that the studied
product, IPM-H, adheres to the Langmuir adsorption isotherm.
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0,0005 -

0,0004 -

C,,/0(mg/L)

0,0003

0,0002 -

0,0001 -

v 1 1 1 1 1
0,0000  0,0001  0,0002  0,0003  0,0004  0,0005
C,,(mol/L)

Figure 13: Isotherm of IPM-H adsorption on mild steel in 1M hydrochloric acid solution at

different temperature conditions

We were thus able to deduce the values of the adsorption constant K and the values of the

standard free energy of adsorption (AGads).

As a result, we were able to determine the values of the adsorption constant K and the standard

free energy of adsorption (AGads).

Table 13: Thermodynamic parameters for the adsorption of IPM-H on mild steel at
temperatures ranging from 298 to 338 K in 1N HCI.

T (K) R? Kaads AHags(kj/mol) | ASads AGags
(KJ/mol)
298 0,99996 28748,2589 -0,23329 -35,38646
308 0,99996 66411,10032 -0,2149 -38,71797
318 0,99997 128148,01016 | -104,90597 | -0,19872 -41,71291
328 0,99998 117822,21446 -0,18936 -42,79554
338 0,99989 91900,34243 -0,18196 -43,40205
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The values of the recovery rate, 0, have been plotted. For the IPM-H inhibitor, the Cinn/0 curve
against concentration exhibits a linear relationship, with R? (correlation coefficients)
approximately equal to unity. This indicates that the Langmuir isotherm is followed for the

adsorption on the mild steel surface.

The computed AGags values for IPM-H are nearly —40 kJ/mol. This indicates that electron
sharing or transfer occurs between the anticorrosive molecules and the metal surface, resulting

in bond formation. Consequently, this process is categorized as chemisorption.

e. Thermodynamic parameters of IPM-H corrosion

Graphs showing the variation in the logarithm of the corrosion rate (LnW) against the inverse
of temperature (1/T) are utilized to evaluate the pre-exponential factor (A) and activation

energies (E.) (Figure 14).
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Figure 14: Arrhenius diagrams for mild steel in normal HCI solution in the absence and

presence of IPM-H at different temperatures and concentrations.

Figure 15 shows the variation of Ln (Wcor/T) plotted against 1/T for the solution without

inhibitor (blank) and for the various concentrations of the IPM-H inhibitor.
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Figure 15: Variations of Ln (Wcorr/T) plotted against of 1/T with and without the presence of
IPM-H.

Thermodynamic parameters, including activation entropy (AS,), activation enthalpy (AH.,), and,
activation energy (E.), were derived from the Arrhenius equation (Table 14). All plots show
correlation coefficients (R?) close to unity across different concentrations of IPM-H. The slope
of each plot represents AH/RT, while the y-intercept corresponds to LnA. These plots allowed
us to evaluate the values of AS and AH, which are summarized in Table 14. This analysis
suggests that the corrosion of mild steel in 1M hydrochloric solution adheres to the kinetic

model

From the slope calculations derived from the obtained plots, the following observations can be

made:

e E, (solution with inhibitor) < E, (solution without inhibitor), indicating that IPM-H

effectively reduces corrosion.

e The inhibition efficiency (IE) rises with increased temperatures and concentrations
when IPM-H is present, highlighting its strong effectiveness at elevated conditions,

which is a hallmark of efficient inhibitors.
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These kinds of bonds are capable of withstanding corrosion at elevated temperatures,
indicating chemisorption accompanied by the development of a chemical adsorption layer on

the mild steel surface.
Table 15 presents the following results:

e The AS parameter for the reaction including the dissolution of mild steel in a normal
HCI solution with IPM-H is inferior to the solution of hydrochloric acid alone. This
suggests that the presence of this molecule influences the reaction dynamics, possibly

reflecting decreased corrosion rates.

e All enthalpy values (AH.) are positive, demonstrating the endothermic nature of the

deterioration mechanism for mild steel.

e It is observed that the difference value of (Ea - AH) shows a similar variation across all

concentrations, confirming the thermodynamic relationship between AH and E..

Table 15: Changes in activation enthalpy (AH,), activation energy (E.), and activation entropy

(AS,) considering temperature and concentration, for both the presence and absence IPM-H.

R? E. (KJ) |R? AH (KJ) E.-AH | AS AGK

(J/mol)
Blank 0,97978 | 68,21 0,978 | 65,58 2,63609 | -96,945 | 28,95527
7,5x105 | 0,95209 | 43,94 0,94647 | 41,30 2,63609 | -186,73 | 57,55485
104 0,95856 | 45,17 0,95384 | 42,54 2,63609 | -183,24 | 58,31433
2,5x10* | 0,95654 | 40,59 0,95108 | 37,96 2,63609 | -200,55 | 65,82082
5x10 0,98068 | 35,90 0,97802 | 33,27 2,63609 | -216,90 | 73,34567

IV. Conclusions

From all the results, it can be deduced that:

1. The totality of the examined imidazo-heterocycles has demonstrated remarkable

potency in reducing the corrosion of mild steel in a normal hydrochloric acid solution.

The inhibitory effectiveness of each tested compound was found to increase with the

addition of higher amounts of imidazo[1,2-a]pyridines/pyrimidines to the corrosive

system.
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2. The potency of these molecules was observed even under high-temperature conditions
and was evident after five hours of immersion.

3. From the inhibition efficiency (IE) of imidazo[ 1,2-a]pyridines (IP) and imidazo[ 1,2-
a]pyrimidines (IPM), it is evident that these molecules form a film that adsorbs onto
the alloy surface, generating a passive layer that prevents the electrochemical
processes responsible for corrosion.

4. TP and IPM followed the Langmuir isotherm as indicated by the gravimetric results.
The maximum inhibition was exhibited at 5 x 10 M, attaining 93.48% and 93,98 at
338 K for IP-H and IPM-H, respectively.

5. The immersion effect of our eight organic heterocycles, namely IP-H, IP-F, IP-Cl, IP-
Br, IPM-H, IPM-F, IPM-CI, and IPM-Br was studied by keeping the temperature at
308 K and the concentration at 5 x 10* M constant while changing the immersion time
(1,2, 3,4, 5, 6, and 24 hours). It was observed that the anticorrosive activity of the total
compounds in study increased with increasing time to attain its maximum at five hours.
After this, a small reduce in anticorrosive power is observed over time.

6. In addition, inhibitory efficiency for imidazo[1,2-a]pyridine derivatives follows the
deceasing pattern : IP-Br > IP-Cl > IP-F > IP-H implying that the presence of a
bromine substituent significantly boosts the inhibitory power.

7. On the other hand, this order changes for the imidazo[1,2-a]pyrimidine compounds to
IPM-C1 > IPM-Br > IPM-H > IPM-F suggesting that the inclusion of a chlorine
substituent significantly augments the inhibitory capability.

8. The negative value of the adsorption energy (AGads) indicates that a spontaneous process
occurs for IP and IPM, requiring a chemisorption mechanism.

9. The results of the thermodynamic parameters confirm the % IE findings from
gravimetric measurements corroborating that IP and IPM are powerful corrosion

inhibitors for mild steel in 1M HCI solutions.
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B- Biological Study

1. Introduction

Through the bibliographic study in chapter 1, we have indicated the critical place
occupied by both imidazo[1,2-a]pyridines (IPs) and imidazo[1,2-a]pyrimidines (IPMs) in the
search for bioactive molecules. These biological activities change principally based on the
position and nature of the substituents on the heterocyclic framework. In this case, in our work,
we seek to synthesize products and we aim to evaluate the antimicrobial inhibitory activities of
all prepared imidazo[1,2-a]pyridine and imidazo[1,2-a]pyrimidine derivatives through in vitro

studies.

2. Bibliographic Study
2.1. Introduction

Over the past several decades, many outbreaks have taken place worldwide, including
bacterial, fungal, viral, and parasitic infections, which have become an increasing concern for
personal health, causing great economic losses for hospitals [1,2]. Antimicrobial resistance has
emerged as a critical issue in recent years ant it arises when bacteria, fungi, and viruses no
longer respond successfully to drugs, complicating infection treatment, increasing the risk of
disease spread, and potentially leading to death [3]. Consequently, substantial efforts have been
devoted to developing synthetic methods for producing diverse antimicrobial compounds [4—
6]. The increasing occurrence of these outbreaks, coupled with the escalation in antimicrobial
resistance, has intensified the need for new and potent antimicrobial treatments. Therefore, it is
important to develop new approaches and strategies to overcome the issue of increasing
antimicrobial resistance [7]. The evaluation of the antimicrobial activity of all the products was

evaluated using the well diffusion method.

2.2. Solid medium diffusion methods

In the existing studies, many methods have been used for the assessment of

antimicrobial activity. We will note here the two most used protocols:

99



Chapter 3: Applications

a. Diffusion method by disk method

The disk diffusion technique is based on applying test products of known concentration
onto Whatman paper disks or filter paper. These disks are then placed on a solid culture medium
in Petri dishes that have been pre-inoculated with a bacterial strain. The dishes are incubated
under conditions suited to the microorganism being studied. As the agent diffuses, its
concentration gradually decreases, forming a concentration gradient around the disks. After
incubation, in case the substance on the disks exhibits antimicrobial activity against the targeted

organism, a clear zone of growth inhibition will be visible around each disk [8].

b. Diffusion method by well or cylinder method

This technique enables radial diffusion of the tested products from a well measuring six
to seven mm in diameter, resulting in a distinct and readily measurable inhibition zone.
Specifically, the method involves creating a vertical circular well in the agar and adding a
solution of the compounds at a known concentration. The solution diffuses radially, producing
a circular inhibition zone on the agar surface, which has been pre-seeded with a bacterial
suspension. After incubation, the diameters of the inhibition zones around the wells are
measured. This technique, which we employed in our study, is effective for estimating

antimicrobial potency, especially for compounds with strong diffusion in solid media [9].
2.3. Studied Micro-organisms

To provide a comprehensive view of the biological activity scope of our products, a
diverse selection of microorganisms was chosen, including six pathogenic Gram-positive
bacteria, four pathogenic Gram-negative bacteria and three pathogenic fungi. The strains used

are as shown below:

2.3.a. Gram-positive Bacteria

+ Staphylococcus aureus [10]: Commonly known as Staphylococcus aureus and regarded
as the most pathogenic species within the Staphylococcus genus, , these bacteria are
Gram-positive cocci (spherical bacteria).They can sometimes cause wound or skin
infections (such as boils) and, more rarely, lead to bloodstream infections or pneumonia.

4+ Micrococcus luteus [11]: Gram-positive, saprophytic, spherical bacterium attributed to
the Micrococcaceae family. An obligatory anaerobe, M. luteus is commonly found in

water, air, soil and dust and is also constituent of the skin microbiome in mammals.
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+ Listeria monocytogenes [12]: This pathogenic bacterium is responsible for the infection
listeriosis. It is a facultative anaerobe, able to survive without or with oxygen. Capable
of growing and reproducing within host cells, it ranks among the most virulent
foodborne pathogens. In high-risk individuals, 20-30% of foodborne listeriosis cases
can be fatal.

* Bacillus cereus [13]: This Gram-positive, rod-shaped bacterium is commonly found in
food, marine sponges, and soils. Its species name, cereus, meaning “waxy” in Latin,
refers to the colony's appearance when grown on blood agar. Some strains are
pathogenic to humans, causing foodborne illnesses because of their spore-forming
nature, while others offer benefits as animal probiotics or display mutualistic
relationships with certain plants. B. cereus can be either facultatively anaerobic or
aerobic and, like other Bacillus species, has the ability to form resistant endospores.

+ Enterococcus faecalis [14]: These Gram-positive, oval-shaped bacteria belong to the
group D streptococcus family and are typically found in the intestines of healthy
individuals, as well as in the throat and on the skin. While normally harmless, they can
cause various infections, particularly in hospital settings, making them a common

source of nosocomial infections.

2.3.b. Gram-negative Bacteria

+ Escherichia coli [15]: Also known as E. coli, this bacterium is commonly found in the
human intestine and is generally harmless, forming part of our natural gut flora. However,
certain strains of E. coli can cause gastroenteritis or urinary tract infections, and some
pathogenic strains primarily lead to infections affecting the digestive tract.

+ Pseudomonas aeruginosa [16]: this Gram-negative bacterium belongs to the
Pseudomonaceae family, and commonly found in plants, soils, and both marine and
freshwater environments. It is often implicated in nosocomial infections and is pathogenic,
capable of causing lung and eye infections, as well as infections from burns. Its resistance
to many antibiotics and antiseptics contributes to its growing presence in hospital settings.

+ Klebsiella pneumoniae [17]: This rod-shaped, non-motile, encapsulated bacterium is
facultatively anaerobic and ferments lactose. On MacConkey agar, it appears as a mucoid
lactose fermenter. While it is part of the normal flora in the mouth, skin, and intestines, it
can cause severe damage to the lungs if aspirated, particularly affecting the alveoli and

leading to the production of bloody, brownish, or yellow jelly-like sputum.
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2.3.c. Yeasts

4 Candida albicans [18,19]: It is an opportunistic fungal pathogen commonly found in

the human gut flora, and is capable of surviving outside the human body. Present in the
gastrointestinal tract and mouth of 40-60% of healthy adults, it typically exists as a
commensal organism. However, under certain conditions, particularly in
immunocompromised individuals, it can become pathogenic. This yeast is one of the
few species of Candida responsible for causing candidiasis, an infection that results

from its overgrowth. Several strains of this species are cataloged in the ATCC, and we

have selected three of them for further study.

3. Materials and Methods

3.1. Methodologies for Evaluating Antimicrobial Activity

The antimicrobial activity of all synthesized imidazo[l,2-a]pyridines and imidazo[l,2-

a]pyrimidines was screened in vitro by using the disk diffusion protocol as described by Nariya

et al. [20] against 13 microorganisms, namely:

4+ six Gram-positive bacteria,

+ four Gram-negative bacteria and

+ three yeasts (Table 2).

Table 2: Microorganism strains and their corresponding American Type Culture Collection

(ATCC) numbers.
Gram-positive Bacteria
Staphylococcus | Micrococcus Listeria Bacillus Bacillus Enterococcus
] monocytogenes subtilis i
aureus uteus ATCC 15313 cereus ATCC6633 faeCCl IA)
ATCC 25923 | ATCC 9341 ATCC 10876 ATCC29212
Gram-negative Bacteria
Escherichia | Pseudomonas Klebsiella pneumoniae Salmonella typhimurium
coli ATCC aeruginosa
Yeasts
Candida albicans ATCC Candida albicans ATCC 10231 Candida albicans IPP 444
26790
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The species were maintained on nutrient agar, with each species being activated, 24 hours prior,
on the agar medium to performing the antibacterial and antifungal tests. In the following, we
outline the in vitro methods used to evaluate the antimicrobial activity of all prepared IPs and

IPMs.

3.2. Preparation of microbial suspensions and inoculation process

Microbial suspensions are prepared by transferring bacterial species from enrichment
broths (TCBS) onto solid culture media. For bacterial strains, the inoculation is performed on
MHA (Miieller-Hinton-Agar) medium, while for fungal strains, YPGA (Yeast, Peptone-
Glucose-Agar) medium is used. The cultures are incubated for 24 hours at 37°C for bacterial
strains and for 48 hours at 30°C for fungal strains. Once colonies are grown, a few isolated
colonies are selected and transferred into physiological water, adjusting the turbidity to 0.5
McFarland standard, corresponding to a microbial density of approximately 5 x 106 colony
forming units/mL for bacteria and to 5 x 105 colony forming units/mL for yeast measured at
620 nm. A portion of this suspension (10 pl) is then utilized to inoculate new Petri dishes, where
different inoculation methods, such as swabbing or flooding, are applied to ensure even

distribution.

For the swabbing method, a dry, sterile swab is immersed in the prepared bacterial suspension,
then gently pressed against the walls of the container to remove excess liquid. The MHA
medium in the Petri dish is inoculated by starting at the edge and moving the swab across the
entire surface in a left-to-right motion. The dish is rotated 60° after each pass, repeating this
procedure three more times to ensure full coverage. The Petri dishes are then left to air dry at
room temperature for a few minutes with the lid securely in place. Ensuring a consistent agar
thickness of precisely 4 mm across the dish surface is essential.

3.3.Well diffusion method

The MHA medium is poured into a Petri dish to a thickness of 8 mm. Following flood
inoculation with an appropriate dilution (approximately 5 x 106 colony forming units/mL for
bacteria and to 5 x 105 colony forming units/mL for yeast measured at 620 nm) of the test
microorganism, adjusted according to the MacFarland scale, 6 mm diameter wells are created.
Into each well, 50 mg/ml of the test compounds dissolved in DMSO are added. After a 45-
minute pre-diffusion under the hood and at room temperature, the plates are incubated at 37°C
for bacteria and yeast. Finally, the diameters of the inhibition zones are measured and recorded

in millimeters.
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3.4. Determination of the MIC

The Minimum Inhibitory Concentration (MIC) is the lowest concentration of an antibiotic
(measured in pg/ml) that completely prevents bacterial growth. It is determined using an
antibiogram, which helps assess the effectiveness of antibacterial agents in vivo. The MIC is
calculated through standardized methods based on international guidelines, allowing for the
comparison of bacterial species’ sensitivity profiles. The bacterial inoculum, in liquid medium,
is inoculated into Petri dishes or a series of tubes (macro-dilution method) containing varying
concentrations of the antibiotic. After incubation, the Minimum Inhibitory Concentration is

identified as the lowest concentration of antibiotic in which no visible bacterial growth occurs.

The active compounds were evaluated by determining their MIC on an ELISA plate, following
the method described by Premsai Rai et al. [21], with slight modifications. Briefly, bacterial
cultures were inoculated in Brain-Heart Infusion Broth (BHIB), and yeast cultures in Sabouraud
Broth, and incubated at 37°C for 24 hours. The optical density was then adjusted to 5 x 106
colony-forming units (CFU)/mL for bacteria and 5 x 105 CFU/mL for yeast, measured at 620

nm.
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Imidazo[1,2-a]pyridines

IP-H IP-3Br IP-4Br IP-4Me
~ ’N ~ /N z /N OM. z /N
N N / NN / SN / e SN / F
IP-20Me MeO IPM-30Me  OMe IP-40Me IP-4F
2
N N NS N
IP-4Cl1 IPM-2Naph IP-3,4-diMe Me

Imidazo[1,2-a]pyrimidines

IPM-H IPM-3Br Br IPM-4Br IPM-4Me
N N N N N N N N
0 O OO O
N N N NN
IPM-20Me M© IPM-30Me ©OMe IPM-40Me IP-4F
QIS Q’J—~ Q &
N N
IPM-4Cl IPM-2Naph IPM-3,4-diMe Me

Scheme 1: Chemical structures of the heterocycles tested.

4. Results and Discussion

4.1. Imidazo[1,2-a]pyridine derivatives (IPs)

The antimicrobial activity of all tested IPs is mentioned in Table 3. Results indicate that
compounds IP-H, IP-3Br, IP-4Cl, IP-2Naph, and IP-3,4diMe demonstrated significant
activity against C. albicans, with inhibition zones ranging from 14+0.0 mm to 23.6+0.3 mm.
Additionally, compounds IP-H, IP-3Br, IP-2Naph, and IP-3,4diMe exhibited moderate
activity against S. aureus, M. luteus, B. subtilis, and B. cereus. However, only the IP-3Br
compound showed a moderate activity against E. coli while none of the other compounds
displayed activity against the Gram-negative bacteria, E. faecalis, or L. monocytogenes.

Generally, Gram-positive bacteria appear to be more susceptible than Gram-negative bacteria,
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likely due to differences in cell envelope structure. The Gram-positive cell wall, with its thick
peptidoglycan layer, enables more effective penetration of active agents to target sites [22].
Structurally, it can be concluded that substituents with Br, Naph, Cl, and 3,4-diMe enhanced

antimicrobial potency, while other substituents led to reduced activity.

The results presented in this chapter, including Tables 3 to 6, are taken from our published work
in [23]
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Table 3: Inhibition zones (in mm) of compounds IPs (concentration: 50 mg/mL of DMSO)

Gram-positive Bacteria

Products S. aureus M. luteus L. monocytogenes E. faecalis B. cereus B. subtilis
IP-H 13.3+0.3 9.6+0.3 / 7.6+0.3 12.3+0.3 9.6+0.3
IP-3Br 11.6+0.3 10.3+0.3 / 7.6+0.3 12.6+0.3 14.3+0.3
IP-4Br / / / / : /
IP-4Me / / / / / /
IP-20Me 6+0.6 / / / 7.3+0.3 6+0.6
IP-30Me 620.6 / / / 10+0.6 6+0.6
IP-40OMe 6=0.6 / / / / /
IP-4F / / / / / /
IP-4Cl / / / / 9.3+0.3 6+0.6
IP-2Naph 173403 19.6+0.3 / / 12.6+0.3 11.6+0.3
IP-3.4diMe 10,6+0.3 15.3+0.3 / / 10.6+0.3 11.3+0.3
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Gram-negative Bacteria Yeasts
Products E. coli K. pneumoniae P. aeruginosa S. typhymerium C. albicans C. albicans C. albicans IPP
ATCC 26790  ATCC 10231 444
1P-H 7.3+0.3 / 7.6+0.3 / 21.6+0.3 19.6+0.3 23.6+0.3
IP-3Br 10.3+0.3 / 6.6+0.3 / 16.3+0.3 140.0 140.0
IP-4Br / / / / / : /
IP-4Me / / / / 9:+0.6 / 10+0.6
IP-20Me / / / / / / /
IP-30Me / / / / / / /
IP-4OMe / / / / / : /
IP-4F / / / / / / 9.3+0.3
IP-4Cl / / / / 19.6+0.3 / 23+0.6
IP-2Naph / / / / 18.6+0.3 17.3£0.3 18.3+0.3
IP-3,4diMe / / / / 20.6+0.3 20.3+0.3 20.3+0.3
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The antimicrobial potency of compounds with an inhibitory zone of 12 mm or greater was
further assessed by determining their Minimum Inhibitory Concentration (MIC) against
sensitive microorganisms. A series of 10 serial dilutions were prepared from a concentration of
80 mg/mL, with each step halving the concentration of the stock solution. The results for the
active compounds, summarized in Table 4, reveal MIC values ranging from 20 mg/mL to 0.625
mg/mL. Notably, compounds IP-3,4DiMe and IP-3Br showed strong activity against both M.
luteus and C. albicans.

For some active imidazo[1,2-a]pyridines, the MBC values matched the MIC values, resulting
in an MBC/MIC equal to 1, indicative of a bactericidal effect, in line with Payveld's findings
[24]. Remarkably, the presence of a dimethyl group or a halogen, particularly Br, on the

imidazo[1,2-a]pyridine rings increased activity.
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Table 4: In-vitro MIC and MBC of active imidazo[ 1,2-a]pyridine derivatives.

Compounds  Antimicrobial S. M. B. B.
threshold aureus luteus cereus subtilis
(mg/mL)
MIC 10 20 10 2.5
IP-3Br
MBC 20 20 10 5
MIC 10 2.5 10 10
IP-3,4diMe
MBC 10 2.5 20 20
MIC / / / /
IP-4F
MBC / / / /

E. coli

20

20

C. albicans
26790

1.25

2.5

0.625

1.25

10

10

C. albicans C. albicans
10231 IPP 444
25 25
1.25 2.5
0.625 0.625
1.25 1.2
/ 10
/ 20
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4.2. Imidazo|[1,2-a]pyrimidine derivatives (IPMs)

The antimicrobial potency of all tested IPMs is summarized in Table 4. The results
demonstrate that compounds IPM-H, IPM-4Br, IPM-4F, IPM-40Me, IPM-2Naph, and
IPM-3,4diMe exhibited intense activity against C. albicans with inhibition zones ranging from
12.3£0,5 mm to 19.3+0,3 mm. Although compounds IPM-4Br, IPM-2Naph, and IPM-
3,4diMe showed moderate activity against S. aureus and M. luteus, IPM-40Me displayed
excellent activity against B. subtilis (19.3£0,3 mm). Nevertheless, none of the compounds
demonstrated activity against Gram-negative bacteria, E. faecalis, and L. monocytogenes.
Generally, Gram-positive bacteria tend to be more sensitive than Gram-negative ones, likely
due to differences in cell envelope composition. The Gram positive cell wall , which consists
of a thick peptidoglycan layer, facilitates the penetration of active agents to their target sites
[22]. Structurally, it can be concluded that para-directing substituents such as Br and OMe
exhibited excellent antimicrobial potency; while, other substituents resulted in a decrease in

activity.
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Table S: Inhibition zones of (in mm) of compounds IPMs (concentration: 50 mg/mL of DMSO)

Gram-positive Bacteria

Products S. aureus M. luteus L. monocytogenes E. faecalis B. cereus B. subtilis
IPM-H 8.6+0.3 8.320.3 / / / 8.3+0.3
IPM-3Br 83403 / / / / /
IPM-4Br — 13340.3 15.60.3 / / 1120.6 9.3+0.3
IPM-4Me / / / / /
IPM-20Me g 64,3 9.6:+0.3 7 +0 70 /
IPM-30Me 83403 8:0.0 / 10.6:0.3 9.30.3
IPM-40Me 19 6103 / / / / 19.30.3
[PM-4F 7.3+0.3 / / 7 £0.0 70.0
[PM-4CL 8 6+0.3 / / / / 7.6+0.3
IPM-2Naph 13 340.3 13.3£0.3 / 11.3£0.3 8.6+0.3
IPM-3.4diMe  10,6+0.3 9.3+0.3 / 12.3+0.3 9.3£0.3
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Gram-negative Bacteria Yeasts
Products E. coli K. pneumoniae P. areuginosa S. typhymerium C. albicans C. albicans C. albicans IPP
ATCC 26790 ATCC 10231 444
IPM-H 8.6+0.3 / / / 9.6:0.3 15+1 /
IPM-3Br / / / / / / /
IPM-4Br 6+0.0 / / / 13+0.57 18.3+0.6 /
IPM-4Me / / / / 8.6+0.3 / /
IPM-20Me / / / / / / /
IPM-30Me / / / / 10+0.5 11.6+0.3 /
IPM-40Me / / / / 13+0.5 19.3+0.3 /
IPM-4F / / / / 14+0.57 / /
IPM-4Cl / / / / / / /
IPM-2Naph / / / / 15+0.3 12.3+0.5 14+0.5
IPM-3,4diMe / / / / 15.6+0.3 12.6+0.3 14.6+0.3
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The antimicrobial potency of active compounds, which exhibited an inhibitory zone of 12 mm or more,
was evaluated against sensitive microorganisms to identify their MIC (Minimum Inhibitory Concentration).
A series of ten serial dilutions was prepared from an initial concentration of 80 mg/m ml by reducing the stock
solution in twofold steps. The outcomes for the active compounds are outlined in Table 6, which shows a
range of MIC values between 20 mg/ml and 2.5 mg/ml. Compounds IPM-40Me, IPM-2Naph and IPM-
3,4DiMe demonstrated significant activity against Candida albicans, while compound IPM-40Me showed
efficacy against B. subtilis.

In the most active imidazo[1,2-a]pyrimidine compounds, MIC values were equivalent to MBC values,
resulting in an MBC/MIC ratio of 1. This ratio of 1 indicates a bactericidal effect, consistent with the findings

of Payveld [24].

Among the tested compounds, IPM-2Naph and IPM-3,4diMe exhibited the strongest antifungal
activity, particularly against Candida albicans strains, with MIC values ranging from 2.5 to 5 mg/mL. The
IPM-40Me compound also demonstrated significant antibacterial activity against B. subtilis and moderate
antifungal activity. In all active cases, the MBC values were equal to the MIC values, leading to an MBC/MIC
ratio of 1, which indicates a bactericidal or fungicidal effect rather than a bacteriostatic one.

Overall, these results highlight the notable antimicrobial potential of the studied IPM derivatives, particularly
against C. albicans and B. subtilis, confirming their relevance for further biological and computational

investigations.
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Table 6: In-vitro MIC and MBC of active 2-aryl-imidazo[ 1,2-a]pyrimidines.

Compounds Antimicrobial S. M. B. B. C. albicans C. albicans C. albicans
threshold aureus  luteus cereus subtilis 26790 10231 IPP 444
(mg/mL)
MIC / / / / / 5 /
IPM-H
MBC / / / / / 10 /
MIC / / / / 5 5 /
IPM-4Br
MBC / / / / 10 10 /
MIC 5 / / 2.5 5 2.5 /
IPM-40Me
MBC 10 / / 2.5 10 5 /
MIC / / / / 5 / /
IPM-4F
MBC / / / / 5 / /
MIC 10 5 / / 2.5 5 5
IPM-2Naph
MBC 10 10 / / 5 5 10
MIC / / 20 / 2.5 5 2.5

IPM-3,4diMe
MBC / / 20 / 2.5 10 5
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5. Conclusion

The analysis of antimicrobial activity reveals that specific imidazo[1,2-a]pyridine (IPs) and
imidazo[1,2-a]pyrimidine derivatives (IPMs) demonstrated notable effectiveness against Candida
albicans and certain Gram-positive bacteria, particularly Staphylococcus aureus, Micrococcus luteus,
Bacillus subtilis, and Bacillus cereus. The tested compounds showed minimal to no activity against Gram-
negative bacteria, which is likely due to the structural differences in bacterial cell envelopes. Compounds
with bromine, naphthalene, chlorine, methoxy or dimethyl groups showed enhanced antimicrobial

properties, while other substituents were less effective.

MIC values were established for compounds with inhibition zones of 12 mm or larger, with
some compounds displaying bactericidal action as indicated by MBC/MIC ratios equal to 1. Structural
modifications, such as the addition of halogens (particularly chlorine or bromine) or methyl groups in
specific positions, significantly enhanced activity, particularly against C. albicans and Gram-positive
strains. The findings suggest that the presence of specific substituents on the imidazo[ 1,2-a]pyridine and
imidazo[ 1,2-a]pyrimidine frameworks play a critical role in determining antimicrobial potency, paving the
way for potential therapeutic applications of these compounds. Notably, the results obtained with IPM
derivatives were superior and encouraging, suggesting these compounds as promising candidates for

further molecular docking studies.
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C- Molecular Docking Study

1. Introduction

Given the excellent results from the biological activity of imidazo[1,2-a]pyrimidine
derivatives, especially IPM-40OMe, IPM-3,4diMe and, IPM-2Naph, we were motivated and

encouraged to perform molecular docking calculations for these heterocycles.

In this chapter, we aim to assess the molecular docking and enzyme kinetics of the chosen

imidazo[1,2-a]pyrimidines through in silico studies.

2. Definition

Molecular docking is widely used in pharmacology, biology, and medicine, as it aims
to predict the mechanisms and interactions involved with a biological target of therapeutic
interest. It is a computational simulation process that anticipates the alignment, conformation,
orientation, and potential affinity between two molecular structures, particularly the substrate
(ligand). This ligand either facilitates or inhibits the biological activity of a target protein
(receptor), forming a unique, stable complex in a three-dimensional (3D) space, such as ligand-
protein, protein-protein, carbohydrate-protein, or DNA-protein complexes. Most protein

structures are available through the Protein Data Bank (PDB) [1].

3. Principle of Molecular Docking

Molecular docking involves analyzing two entities: the ligand (small molecule) and the
receptor (target protein). The process is divided into two complementary steps. The first step,
known as combinatorial or deterministic, identifies the position and orientation of the ligand
within the active site of the selected protein [2]. This involves determining conformations based
on degrees of freedom, including rotation and translation, called "scoring", involves calculating
the binding energy to evaluate the potential interactions between the ligand and the protein.
This scoring process assigns a numerical value to each pose obtained during the docking phase,
which helps identify the most stable ligand conformation [3]. A lower energy value indicates a

more stable system, guiding the selection of the optimal pose [4].
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4,

General Docking Protocol

Modern computational methods are used to analyze enzyme-ligand interactions, often with

visualization software that identifies co-crystallized components such as water molecules,

ligands, or ions. The protocol can be divided into the following successive steps [5,6]:

+ Protein Representation: Choose how to represent the proteins, such as pseudo-atoms,

5.

individual atoms, or grids.

Conformational Acquisition: Determine the ligand’s configuration, including its rigid or
flexible positioning, orientation, and shape.

Energy Minimization: Minimize the interaction energy by scoring functions to evaluate
the conformations derived from the exploration phase.

Clustering and Ranking: Group similar conformations and rank them based on a more
precise score. When the scoring function does not clearly distinguish initial
conformations from other generated conformations, a manual visual analysis of the
results may be performed.

Optional Refinement: Refine selected complexes through molecular dynamics or
additional minimization steps.

Search Algorithm: Implement algorithms to explore possible interactions, ligand

placement on the binding site, and scoring functions to classify various binding modes.

Material and Methods

The three-dimensional structure (3D) of the most active compounds (IPM-40OMe, IPM-

3,4diMe and, IPM-2Naph) were optimized with the semi-empirical AM1 method [7] using

Hyperchem 8.0.8 software (Version 8.0.8, Hypercube, USA, http://www.hyper.com). These

optimized structures were then converted to the format .mdb for use as input in MOE docking.

Six crystal structures of target proteins were downloaded from the Protein Data Bank

(http://www.rcsb.org/pdb/) and selected as antibacterial targets: gyrase B (PDB ID: 4URM) [§8]

from S. aureus (Staphylococcus aureus), the DNA topoisomerase complex (PDB ID: 3FV5)
from E. coli (Escherichia coli), BcOMT2 (PDB ID: 3DUW) [9] from B. cereus (Bacillus
cereus), BsFtsZ (PDB ID: 2RHL) [10] from B. subtilis (Bacillus subtilis), and hexaprenyl
diphosphate synthase (PDB ID: 3AQC) [11] from M. luteus (Micrococcus luteus). Additionally,
secreted aspartic protease (PDB ID: 3Q70) [9] from C. albicans (Candida albicans) was
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selected as an antifungal target to explore the antibacterial and antifungal activities of these

compounds. Details about the target structures are provided in Table 1.

This chapter presents results, including Tables 1 to 4, were previously published in [12].

Table 1: Details about the six investigated targets.

Targets ) . Sequence | Resolution Native-
Meth h
PDB ethods Organism Chain length A) Ligands
qurm | Xy | Staphylococeus | g 123 1.85 9JH
diffraction aureus
X-ray Escherichia coli
F .
IEVS diffraction K-12 AB 201 1.80 IEU
3DUW ) X—ray Bacillus cereus A, B 223 1.20 SAH
diffraction
RHL | ™| pacillus subtilis A, B 325 2.45 GDP
diffraction
X- Mi
3AQC | 2T Irococeus | A B, C,D, 325 261 2DE
diffraction luteus
X-ray Candida
A 42 1.4 RIT
3Q70 diffraction albicans 3 0

a) Procedure and validation of the Docking methodology

Molecular docking simulations were carried out using MOE software [10] to explore and
determine the compound’s binding interactions with the residues in the active site of six targets.
The docking protocol followed and described in previous studies of Daoud et al. [13,14] was
applied, using the default parameters: Placement: Triangle Matcher, Rescoring 1: London dG.

The scoring function employed was London dG."

Additionally, the method’s accuracy was confirmed by re-docking all native ligands to their
corresponding targets. The RMSD values of the resulting target-ligand complexes (Targets-
Crystallized ligands) were below 2.0 A [15], indicating that the docking approach is both

accurate and effective.
b) ADME-Tox assessment

To validate the drug-likeness rules—specifically those of Lipinski, Veber, and Ghose—various

physicochemical parameters, including LogP, nROT, MW, TPSA, the nHA (number of

122



https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Staphylococcus%20aureus
https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Staphylococcus%20aureus
https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Bacillus%20subtilis

Chapter 3: Applications

hydrogen bond acceptors), and the nHD (number of hydrogen bond donors), were calculated

using the SwissADME server (http://www.swissadme.ch/) [16].

Conversely, the pkCSM server (http://biosig.unimelb.edu.au/pkcsm/prediction) [17] was

employed to analyze ADMET profiles by calculating the subsequent parameters:

+ Toxicity (hepatotoxicity, hERG: human Ether-a-go-go-related gene).

4 Excretion (total clearance, renal OCT2 substrate: organic cation transporter 2),

4 Distribution (BBB: blood-brain barrier permeability, CNS: central nervous system
permeability),

#+ Absorption (HIA: human intestinal absorption, Caco-2: colon adenocarcinoma
permeability), and

4+ Metabolism (CYP2D6, CYP1A2, and CYP2C19 inhibition).

6. Results and Discussion
6.1 Molecular docking analysis

6.1.1. Protein-ligand Interaction

Following the docking of the three active imidazo[1,2-a]pyrimidines (IPM-40Me, 3,4diMe
and, IPM-2Naph) using the six X-ray crystal structures of the examined targets, the
comprehensive results of the semi-flexible docking simulations are summarized in Table 2.

To assess all possible interactions, the docking outputs produced through MOE software were
converted to (.pdb) files and then visualized using the default settings of the BIOVIA DS
Visualizer package (Dassault Systemes BIOVIA, Discovery Studio Modeling Environment,
2020).
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Table 2: The docking score energy, the RMSD results, and the interactions between the most active IPMs, native ligands, and the active site
residues of antifungal and antibacterial targets.

Staphylococcus aureus (PDB ID : 4URM)
Bonds between atoms of compounds and active site residues
RMSD
Compounds S-Score (A) Atom of Involved Involved Distance
(kcal/mol) receptor | receptor Category Type of interaction (A)
compound Atoms Residues
N HH21 ARG144(A) | Hydrogen Bond | Conventional H Bond 2.70
N OE2 GLUS8(A) | Hydrogen Bond | Conventional H-Bond 3.23
H OD2 ASP81(A) | Hydrogen Bond Carbon-H Bond 2.93
H OD2 ASP81(A) | Hydrogen Bond Carbon-H Bond 2.61
IPM-40Me -5.241 2.016 / NH2 ARGS84(A) Electrostatic Pi-Cation 3.84
/ NH2 ARGS84(A) Electrostatic Pi-Cation 4.46
/ OE1 GLUS58(A) Electrostatic Pi-Anion 4.48
/ OE2 GLUS58(A) Electrostatic Pi-Anion 3.64
/ C ASN54(A) Hydrophobic Amide-P1 Stacked 4.94
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/ C GLYS85(A) Hydrophobic Amide-Pi Stacked 5.31

/ / ARGS84(A) Hydrophobic Pi-Alkyl 5.11

/ / PROS87(A) Hydrophobic Pi-Alkyl 4.75

/ / ARGR84(A) Hydrophobic Pi-Alkyl 5.42

/ / PRO87(A) Hydrophobic Pi-Alkyl 5.13

/ / ILE86(A) Hydrophobic Pi-Alkyl 431

/ NH2 ARGR84(A) Electrostatic Pi-Cation 4.78

/ NH2 ARGR84(A) Electrostatic Pi-Cation 4.49

/ OEl GLUS58(A) Electrostatic Pi-Anion 4.57

[PVl 4gm 1.898 C / ILES6(A) | Hydrophobic Alkyl 4.99

/ / PROS87(A) Hydrophobic Pi-Alkyl 4.44

/ / PROS87(A) Hydrophobic Pi-Alkyl 4.42

/ / ILES6(A) Hydrophobic Pi-Alkyl 4.53

Native OBB HZ3 LYS93(A) | Hydrogen Bond | Conventional H-Bond 2.19
ligand (XAM) -5.813 1.408

OBY HZ2 LYS11(A) | Hydrogen Bond | Conventional H-Bond 1.99
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CLX HD3 ARGB84(A) | Hydrogen Bond Carbon-H Bond 3.02

/ / ALA108(A) Hydrophobic Alkyl 4.86
CLW / PRO87(A) Hydrophobic Alkyl 5.09
CLX / ARGR84(A) Hydrophobic Alkyl 3.98
CLX / PRO87(A) Hydrophobic Alkyl 4.70
CAK / MET9%4(A) Hydrophobic Alkyl 5.09
CAK / VALI105(A) Hydrophobic Alkyl 4.36

/ / PRO87(A) Hydrophobic Pi-Alkyl 4.22

Escherichia coli (PDB ID: 3FVY)

H OD2 ASP69(A) | Hydrogen Bond Carbon-H Bond 2.13

H OD2 ASP69(A) | Hydrogen Bond Carbon-H Bond 2.41
VA 13.662 0.884 / OE2 | GLU46(A) | Electrostatic Pi-Anion 3.96
/ C ASN42(A) Hydrophobic Amide-P1 Stacked 4.27

/ C ASN42(A) Hydrophobic Amide-Pi Stacked 4.21
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C / PRO75(A) Hydrophobic Alkyl 4.58

/ / MET74(A) Hydrophobic Pi-Alkyl 4.78

/ / VAL165(A) Hydrophobic Pi-Alkyl 5.19

/ / MET74(A) Hydrophobic Pi-Alkyl 4.03

/ / MET74(A) Hydrophobic Pi-Alkyl 5.06

N24 HHI11 ARGI132(A) | Hydrogen Bond | Conventional H-Bond 2.50

H6 OD2 ASP69(A) | Hydrogen Bond | Conventional H-Bond 1.76

H7 OD2 ASP69(A) | Hydrogen Bond | Conventional H-Bond 2.35

HS oG SER43(A) | Hydrogen Bond Carbon-H Bond 2.89

Native H17 0 GLY73(A) | Hydrogen Bond Carbon-H Bond 2.63
Ligand -3.552 1.362

(1EU) / NH1 ARG72(A) Electrostatic Pi-Cation 3.63

/ OE2 GLU46(A) Electrostatic Pi-Anion 4.09

/ / MET74(A) Hydrophobic Pi-Alkyl 4.51

/ / PRO75(A) Hydrophobic Pi-Alkyl 491

/ / ARG72(A) Hydrophobic Pi-Alkyl 5.09
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/ / PRO75(A) Hydrophobic Pi-Alkyl 4.70
Bacillus Cereus (PDB ID : 3DUW)
N HA GLU90(A) | Hydrogen Bond Carbon-H Bond 2.76
/ OE2 GLU90(A) Electrostatic Pi-Anion 4.16
/ OD1 ASP140(A) Electrostatic Pi-Anion 4.36
/ / HIS40(A) Hydrophobic Pi-Pi Stacked 5.95
/ C ALA141(A) Hydrophobic Amide-P1 Stacked 4.79
/ C ALA141(A) Hydrophobic Amide-Pi Stacked 4.17
IPM-2-Naph |~ -5.855 1164 / / ALA91(A) | Hydrophobic Pi-Alkyl 3.52
/ / ALAT19(A) Hydrophobic Pi-Alkyl 5.01
/ / ALA141(A) Hydrophobic Pi-Alkyl 4.08
/ / ALA91(A) Hydrophobic Pi-Alkyl 4.36
/ / ALA141(A) Hydrophobic Pi-Alkyl 3.69
/ / ALA141(A) Hydrophobic Pi-Alkyl 4.62
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/ / LEU68(A) Hydrophobic Pi-Alkyl 5.08

N7 H ALA119(A) | Hydrogen Bond | Conventional H-Bond 2.56

O HZ1 LYS143(A) | Hydrogen Bond | Conventional H-Bond 2.19

HNI O ASP140(A) | Hydrogen Bond | Conventional H-Bond 1.88

HN61 OH TYR149(A) | Hydrogen Bond | Conventional H-Bond 2.78

O HA ALA141(A) | Hydrogen Bond Carbon-H Bond 2.93

/ ODl1 ASP142(A) Electrostatic Pi-Anion 3.36

Native / OD2 ASP142(A) Electrostatic Pi-Anion 3.14
Ligand (SAH) -5.616 1.623

HN2 OD2 ASP140(A) Electrostatic Attractive charge 2.00

OXT NZ LYS143(A) Electrostatic Attractive charge 4.31

SD / HIS40(A) Other Pi-Sulfur 5.65

/ / ALA91(A) Hydrophobic Pi-Alkyl 3.80

/ / LEUI18(A) Hydrophobic Pi-Alkyl 5.30

/ / ALA119(A) Hydrophobic Pi-Alkyl 5.09

/ / ALA141(A) Hydrophobic Pi-Alkyl 4.75

129




Chapter 3: Applications

/ / ALA91(A) Hydrophobic Pi-Alkyl 4.69
/ / LEUI18(A) Hydrophobic Pi-Alkyl 4.66

Bacillus Subtilis (PDB ID : 2RHL)
o HG1 THR109(A) | Hydrogen Bond | Conventional H-Bond 2.95
H O METI105(A) | Hydrogen Bond Carbon-H Bond 2.70
/ NH1 ARG143(A) Electrostatic Pi-Cation 4.97
o -3-205 1634 / OEl1 GLU139(A) Electrostatic Pi-Anion 4.72
/ C GLY104(A) Hydrophobic Amide-P1 Stacked 4.68
/ C GLY104(A) Hydrophobic Amide-P1 Stacked 4.52
Ol1A H GLY21(A) | Hydrogen Bond | Conventional H-Bond 2.01
02 H GLY22(A) | Hydrogen Bond | Conventional H-Bond 1.82

Native

Ligand (GDP) -6.077 1.336 02 H GLY23(A) | Hydrogen Bond | Conventional H-Bond 2.76
O3B H ALAT7I1(A) | Hydrogen Bond | Conventional H-Bond 2.19
O3B H ALA72(A) | Hydrogen Bond | Conventional H-Bond 2.65
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O3B H ALA73(A) | Hydrogen Bond | Conventional H-Bond 2.13
O2B H GLY108(A) | Hydrogen Bond | Conventional H-Bond 2.30
O2B H THR109(A) | Hydrogen Bond | Conventional H-Bond 1.86
O2B HGI THR109(A) | Hydrogen Bond | Conventional H-Bond 2.30
06 HD21 ASN166(A) | Hydrogen Bond | Conventional H-Bond 2.19
HO3 0 GLY104(A) | Hydrogen Bond | Conventional H-Bond 2.90
02 HA2 GLY22(A) | Hydrogen Bond Carbon-H Bond 3.03
N3 HA2 GLY22(A) | Hydrogen Bond Carbon-H Bond 2.57
OlB HA ALA73(A) | Hydrogen Bond Carbon-H Bond 2.65
O2B HA2 GLY108(A) | Hydrogen Bond Carbon-H Bond 2.98
06 HA PRO135(A) | Hydrogen Bond Carbon-H Bond 2.59
H2 O GLY104(A) | Hydrogen Bond Carbon-H Bond 2.16
O1B NH2 ARGI143(A) Electrostatic Attractive charge 4.10
/ / PHE183(A) Hydrophobic Pi-Pi Shaped 4.82
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Micrococcus luteus (PDB ID : 3AQC)

H 0O LYS170(B) | Hydrogen Bond Carbon-H Bond 2.61
/ OE2 GLU146(B) Electrostatic Pi-Anion 3.69
/ OE2 GLU146(B) Electrostatic Pi-Anion 4.02
/ HB2 SERS80(B) Hydrophobic Pi-Sigma 2.66
/ / HIS83(B) Hydrophobic Pi-Pi Stacked 5.61
IPM-2-Naph -4.958 1.424

/ / HIS83(B) Hydrophobic Pi-Pi Stacked 5.72
/ / VAL142(B) Hydrophobic Pi-Alkyl 5.49
/ VAL142(B) Hydrophobic Pi-Alkyl 5.31

/
/ / CYS143(B) Hydrophobic Pi-Alkyl 5.11
Ol1A HZ2 LYS170(B) | Hydrogen Bond | Conventional H-Bond 1.71

Native

Ligand (2DE) -7.534 1.144 Ol1A HE3 LYS170(B) | Hydrogen Bond Carbon-H Bond 2.87
H2 OE2 GLU146(B) | Hydrogen Bond Carbon-H Bond 2.47
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O3B HZ1 LYS225(B) Electrostatic Attractive charge 2.13
O3B NH1 ARGI93(B) Electrostatic Attractive charge 4.10
O2B NZ LYS170(B) Electrostatic Attractive charge 4.96
02B NZ LYS170(B) Electrostatic Attractive charge 4.58
02B NZ LYS225(B) Electrostatic Attractive charge 3.84
PA OD2 ASP84(B) Electrostatic Attractive charge 3.69
PA OD2 ASP88(B) Electrostatic Attractive charge 3.87
PA OE2 GLU146(B) Electrostatic Attractive charge 5.36
PB OD2 ASP84(B) Electrostatic Attractive charge 4.52
PB OD2 ASP88(B) Electrostatic Attractive charge 4.40
PB OD2 ASP211(B) Electrostatic Attractive charge 5.34
PB OD1 ASP230(B) Electrostatic Attractive charge 5.06
C10 / VAL142(B) Hydrophobic Alkyl 5.13
Cl4 / ILE87(B) Hydrophobic Alkyl 5.25
C15 / HIS83(B) Hydrophobic Pi-Alkyl 5.30
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Candida albicans (PDB ID : 3Q70)

H 0Gl1 THR221(A) | Hydrogen Bond Carbon-H Bond 2.65
/ / TYRS84(A) Hydrophobic Pi-Pi Stacked 5.27
/ / TYR225(A) Hydrophobic Pi-Pi Stacked 5.02
IPM-3 4-di C / ILE119(A) Hydrophobic Alkyl 4.00
Me -5.040 1.501
C / ILE123(A) Hydrophobic Alkyl 5.22
C / ILE123(A) Hydrophobic Alkyl 4.97
C / TYRS84(A) Hydrophobic Pi-Alkyl 4.43
C / TYRS84(A) Hydrophobic Pi-Alkyl 4.56
024 HN GLYS85(A) | Hydrogen Bond | Conventional H-Bond 2.42
HS O GLY220(A) | Hydrogen Bond | Conventional H-Bond 2.87
Native
ligand (RIT) -5.107 1.464 HS 0Gl1 THR221(A) | Hydrogen Bond | Conventional H-Bond 2.54
HI8 O GLY220(A) | Hydrogen Bond | Conventional H-Bond 2.38
H4 OD2 ASP218(A) | Hydrogen Bond Carbon-H Bond 3.09
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/ TYR225(A) Hydrophobic Pi-Pi Stacked 4.90
/ TYRS51(A) Hydrophobic Pi-Pi Stacked 4.40
Co4 ILE30(A) Hydrophobic Alkyl 5.20
C68 VALI2(A) Hydrophobic Alkyl 5.49
C68 ILE30(A) Hydrophobic Alkyl 5.29
C86 TYRS51(A) Hydrophobic Pi-Alkyl 4.03
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6.1.2. Orientation and bonding interactions of the IPMs within the
receptor’s active site
As illustrated in Table 2, compounds IPM-40Me and IPM-3,4-diMe were expected to be the
strongest binders to the Staphylococcus aureus target (PDB ID: 4URM). The stability of the
formed complexes was confirmed by the negative binding energies of -5.241 and -4.871
kcal/mol, respectively. In particular, the binding energy of compound IPM-40OMae is very close
to that of the native ligand (XAM), which has a score of -5.813 kcal/mol (Table 2).

The results indicate that the compound IPM-40Me forms four strong hydrogen bonds [18]
with the active site residues of the Staphylococcus aureus target (PDB ID: 4URM). These
include two carbon-hydrogen bonds: H/ASP81(A)-OD2 (bond distance = 2.93 A) and
H/ASP81(A)-OD2 (bond distance = 2.61 A), as well as two conventional hydrogen bonds:
N/ARG144(A)-HH21 (bond distance = 2.70 A) and N/GLU58(A)-OE2 (bond distance = 3.23
A). Additionally, four electrostatic interactions were observed with ARG84(A) and GLU58(A).
The compound also formed seven hydrophobic interactions with the enzyme's active site (Table

2 and Figure 1 (al)).

In the same fashion, compound IPM-3,4-diMe formed four hydrophobic interactions within
the target pocket (Table 2 + Figure 1 (a2)) and three electrostatic interactions with the active
site residue of the Staphylococcus aureus target (PDB ID: 4URM). Several studies [19-21]
have shown that ARG84(A) plays a crucial role in inhibiting the Staphylococcus aureus target
(PDB ID: 4URM).

Simultaneously, compound IPM-40Me established seven hydrophobic interactions and one
electrostatic interaction with residues in the target’s active site. In particular, several studies
[22,23] have indicated that GLU46(A), PRO75(A), and ASN42(A) play a crucial role in the
inhibition of the Escherichia coli receptor (PDB ID: 3FV5).

Especially, the complex formed by compound IPM-40Me achieved the best negative energy
score of -3.662 kcal/mol in comparison to the native ligand (1EU) (-3.552 kcal/mol) (Table 2).
The docked conformation of compound IPM-40Me with the Escherichia coli target (PDB ID:
3FV5) is illustrated in Figure 1 (a3). This compound forms two strong carbon H-bonds: H/
ASP69(A)-OD2 with a bond distance of 2.13A, and H/ASP69(A)-OD2 with a bond distance of
2.41A (Table 2 + Figure 1 (a3)). Additionally, compound IPM-4OMe established one

electrostatic interaction and seven hydrophobic interactions with residues in the target’s active
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site. Particularly, previous studies [22,23] have identified ASN42(A), GLU46(A) and
PRO75(A) as key residues in the inhibition of the Escherichia coli receptor (PDB ID: 3FV5).

The heterocycle IPM-2Naph establishes the most stable complex with the Bacillus cereus
target (PDB ID: 3DUW) when compared to the native ligand (SAH), as evidenced by the
binding energy scores of -5.855 kcal/mol and -5.616 kcal/mol, respectively. This heterocycle
forms a strong carbon-hydrogen bond with the residue GLU90(A) (bond distance = 2.76 A),
along with two electrostatic interactions with ASP140(A) and GLU90(A). Additionally, it
establishes ten hydrophobic interactions with the active site residues of the Bacillus cereus
target (PDB ID: 3DUW) (Table 2 + Figure 1 (a4)). The importance of these residues is
confirmed by Sokolova et al. [24] in forming various interactions within the active site of this

target.

The complex formed by heterocycle IPM-40OMe showed the lowest binding energy value of -
5.205 kcal/mol, which is very similar to the binding energy of the native ligand GDP 5 (-6.077
kcal/mol) (Table 2). Additionally, compound IPM-40Me formed one strong hydrogen bond
(both conventional and carbon types) with the residues THR109(A) in MET105(A), with bond
distances of 2.95 A and 2.70 A, respectively. Two electrostatic interactions (Pi-Anion and Pi-
Cation) were observed with ASP140(A) and GLU90(A), correspondingly. Furthermore, two
hydrophobic interactions were established involving this compound and the residue
GLY104(A) (Table 2 + Figure 1 (a5)). These findings have been supported by recent studies
[11,23-27].

As shown in Table 2, compound IPM-2Naph demonstrates a binding affinity very similar to
that of the native ligand 2DE for the Micrococcus luteus target (PDB ID: 3AQC), with a binding
energy of -4.958 kcal/mol compared to -7.534 kcal/mol for the native ligand. This affinity is

reflected in the stable complex formed, with a negative energy score and a low RMSD value.

The docked conformation of heterocycle IPM-2Naph within the active site pocket of
Micrococcus luteus (PDB ID: 3AQC) revealed one strong hydrogen bond between compound
IPM-2Naph and the residue LYS170(B) (bond distance = 2.61 A). Two electrostatic
interactions (Pi-Anion) were also observed between this heterocycle and the residue
GLU146(B). In addition, compound IPM-2Naph formed six hydrophobic interactions with
various residues in the active site of the Micrococcus luteus target (PDB ID: 3AQC) (Table 2

+ Figure 1 (a6)). These results are consistent with findings from previous studies [28-30].
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Finally, the docking findings of compound IPM-3,4-diMe with the Candida albicans target
(PDB ID: 3Q70) show that the complex binding value (S-score) is -5.040 kcal/mol, which is
very similar to that of the native ligand (3Q70-RIT), with a score of -5.107 kcal/mol (Table 2).
Additionally, compound IPM-3,4-diMe forms a strong hydrogen bond with the Candida
albicans receptor, specifically with the residue THR221(A) with bond distance = 2.65 A.
Furthermore, seven hydrophobic interactions were established between this compound and
various residues in the active site of the target (Table 2 + Figurel (a7)). These findings are

supported by Barakat, A. et al. [31].
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Figure 1: 2D diagrams of the interaction between: (al): IPM-4OMe and Staphylococcus
aureus (PDB ID:4URM), (a2): IPM-3,4-diMe and Staphylococcus aureus (PDB ID:4URM),
(a3): IPM-3,4-diMe and Escherichia coli (PDB ID:3FVS5), (a4): IPM-2Naph and Bacillus
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cereus (PDB ID:3DUW), (a5): IPM-40Me and Bacillus subtilis (PDB ID:2RHL), (a6): IPM-
2Naph and Micrococcus luteus (PDB ID:3AQC), (a7): IPM-3,4-diMe and Candida albicans
(PDB ID:3Q70)
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Figure 2: 2D diagrams of the interaction between: (al’): XAM and Staphylococcus aureus
(PDB ID:4URM), (a2’): 1EU and Escherichia coli (PDB ID:3FVS5), (a3’): SAH and Bacillus
cereus (PDB ID:3DUW), (a4’): GDP and Bacillus subtilis (PDB ID:2RHL), (a5°):2DE and
Micrococcus luteus (PDB ID:3AQC), (a6’): RIT and Candida albicans (PDB 1D:3Q70).
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H-Bonds

Donor

Acceptor

Figure 3: 3D diagrams of the interaction between: (b1): IPM-4OMe and Staphylococcus
aureus (PDB 1ID:4URM), (b2): IPM-3,4-diMe and Staphylococcus aureus (PDB ID:4URM),
(b3): IPM-3,4-diMe and Escherichia coli (PDB ID:3FVS5), (b4): IPM-2Naph and Bacillus
cereus (PDB ID:3DUW), (bS): IPM-40Me and Bacillus subtilis (PDB ID:2RHL), (b6): IPM-
2Naph and Micrococcus luteus (PDB ID:3AQC), (b7): IPM-3,4-diMe and Candida albicans
(PDB ID: 3Q70).

6.2. Assessment of drug-likeness

Various parameters of physicochemical properties were evaluated for the purpose of verifying
the drug-likeness rules with the use of SwissADME [16] online servers. All the findings are

summarized in Table 3.
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Table 3: Physicochemical properties and Drug-likeness predictions of the heterocycles IPM-40Me, IPM-3,4-diMe and IPM-2Naph.

Compounds

Physicochemical Property

Medicinal Chemistry

Rules drug likeness

TPSA

n-ROT

MW

MLog P

(A% (g/mol) WLogP n-HA n-HD Lipinski Veber Egan
(0~140) (0~11) (100~500) (0~5) (0~12) 0~7)
IPM-40Me 39.42 2 225.25 ;jg 3 0 Accepted Accepted Accepted
IPM-3,4-diMe 30.19 1 223.27 i?):i 2 0 Accepted Accepted Accepted
IPM-2Naph 30.19 1 245.28 §2§ 2 0 Accepted Accepted Accepted
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As indicated in Table 3, it is evident that all compounds—IPM-40Me, 3,4diMe, and IPM-
2Naph—have fewer than five hydrogen bond donors (n-HD: 0—7) and fewer than ten hydrogen
bond acceptors (n-HA: 0—10). Furthermore, the molecular weights (MW) of these heterocycles
range from 100 to 500 g/mol. Both MLogP (Moriguchi LogP) and WLogP (Wildman and
Crippen LogP) values, representing the Logarithm of the partition coefficient of the compound
between n-octanol and water are below 5. The n-ROTB (Number of Rotatable Bonds) values
are also below 11, indicating the flexibility of these compounds. In addition, all TPSA
(Topological Polar Surface Area) values are under 140 A. Based on these results, it can be
deduced that each compound meets the drug-likeness criteria, without violating Veber, Egan, or
Lipinski rules. This suggests that none of the compounds should present issues related to oral

bioavailability or pharmacokinetic parameters.

6.3. ADME-T properties

ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) predictions were

obtained via the pkCSM online server [17] , and the complete results are compiled in Table 4.

Table 4: Pharmacokinetic and ADMET profiles of the compounds IPM-40Me, 3,4diMe and,
IPM-2Naph.

ADME Parameters IPM-40Me 3,4diMe IPM-2Naph
Caco2 (107 cm/s) 1.178 1.417 1.526
Absorption
HIA (%) 99.207 97.682 97.629
CNS (log PS) -1.800 -1.692 -1.462
Distribution
BBB (log BB) 0.311 0.030 0.123
CYP1A2 inhibitor Yes Yes Yes
CYP2C19 Inhibitor No No No
Metabolism
CYP2D6 substrate No No No
CYP3A4 substrate No No No
Excretion Renal OCT?2 substrate No No No
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Total Clearance (log 0.744 0.780 0.737
mL/min/kg)
hERG I and II inhibitors No No No
Toxicity
Hepatotoxicity No No No

From the analysis in Table 4, it is clear that:

+ All compounds have Caco-2 (colon adenocarcinoma) permeability values greater than
-5.15 cm/s, indicating good permeability. Furthermore, all compounds exhibit HIA
(Human Intestinal Absorption) values exceeding 30%, suggesting that they are

effectively absorbed into the bloodstream when administered orally.

+ The three heterocycles are also capable of crossing the CNS (central nervous system)
barrier, the BBB (blood-brain barrier), as indicated by their logPS values, which range
from -3 to -2 (-3 <logPS <-2). In addition, the logBB values for the studied heterocycles
(IPM-40Me, IPM-3,4diMe and, IPM-2Naph) are 0.311, 0.030, and 0.123,
correspondingly. These results suggest that IPM-40Me can easily penetrate the BBB
and reach the CNS, while IPM-3,4diMe and, IPM-2Naph exhibit limited distribution
to the brain (Table 4).

+ P450 CYP inhibition test is conducted to evaluate whether a drug inhibits or reduces
the activity of one or more isoforms of the CYP450 enzyme. The data from this table
suggest that the compounds IPM-40Me, IPM-3,4diMe, and IPM-2Naph act as
inhibitors of the CYP1A2 isoform, but do not inhibit CYP2C19. Furthermore, these
compounds are not substrates for CYP2D6 or CYP3A4.

+ Additional analysis from the table reveals that none of the candidates are likely to be
renal OCT?2 substrates (Organic Cation Transporter 2). Furthermore, it is evident that
these compounds exhibit low excretion clearance (<5 mL/min/kg) (Table 4).

+ Finally, the compounds do not act as inhibitors of either hERG I or hERG II (Human
Ether-a-go-go-Related Gene), which are potassium channels associated with cardiac
repolarization. As inhibition of these channels can cause dangerous arrhythmias, the
absence of such effects suggests a minimal risk of cardiotoxicity. Furthermore, these
heterocycles do not demonstrate any hepatotoxicity risk, as they do not appear to cause
liver damage or dysfunction, which is crucial for ensuring their safety as drug

candidates.
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7. Conclusion

This study highlights the promising potential of compounds namely IPM-40Me, IPM-
3,4-diMe, and IPM-2Naph as inhibitors of various bacterial and fungal targets. The results
show that these compounds form stable complexes with key active site residues in
Staphylococcus aureus, Escherichia coli, Bacillus cereus, Micrococcus luteus, and Candida
albicans. Notably, IPM-40OMe demonstrated strong binding affinity with both Staphylococcus
aureus and Escherichia coli, with interactions including hydrogen bonds, electrostatic forces,
and hydrophobic contacts. Similarly, IPM-3,4-diMe and IPM-2Naph also formed significant
interactions with their respective targets, indicating their potential as effective inhibitors. These
findings suggest that the compounds studied here could serve as promising leads for further

drug development aimed at combating bacterial and fungal infections.

Furthermore, and based on key physicochemical parameters, all the studied heterocycles
demonstrate favorable drug-likeness properties, including balanced hydrogen bonding
capabilities, optimal molecular weight, and suitable lipophilicity. Their flexibility and polar
surface area measurements meet Lipinski, Egan, and Veber rules, indicating that these
imidazo[1,2-a]pyrimidines show favorable characteristics for oral bioavailability and favorable

pharmacokinetic, making them potential efficacy as drug candidates.

The selected heterocycles demonstrated good permeability and were effectively
absorbed into the bloodstream when administered orally. They are also capable of crossing the
BBB, although their distribution to the CNS varies, with one compound showing better
penetration than the others. The imidazo[1,2-a]pyrimidines act as inhibitors of certain enzymes
but do not affect others, and they are not likely to interact with key metabolic pathways.
Additionally, none of the compounds are expected to be excreted through the kidneys at a high

rate, indicating limited renal elimination.

Finally, the studied compounds do not interfere with key heart-related channels,
reducing the risk of potential heart-related issues. Additionally, none of these compounds show

signs of causing liver damage, indicating a low risk of hepatotoxicity.
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This chapter describes the experimental procedures employed in the synthesis and
characterization of the compounds discussed in the preceding sections. All reactions were
carried out under the conditions described, and the products were purified and characterized
using standard techniques such as melting point determination, IR spectroscopy, NMR

spectroscopy, and mass spectrometry.
I. Materials and Methods

All solvents and reagents were purchased from Aldrich or Merck and used as received
without further purification. The compound 2-bromo-1-(4-chlorophenyl)ethenone and the
catalyst Al,O3; are commercially available and were used without further purification. The
progress of the reactions was routinely monitored by thin-layer chromatography (TLC).
Melting points were determined using a Bank KoferHrizbank WME apparatus (range: 50—
266 °C) and are reported uncorrected. Infrared (IR) spectra were recorded on a Perkin Elmer
FTIR spectrometer using KBr pellets, and only the most prominent absorption bands are listed.
Electron impact mass spectra (MS) were obtained using a Bruker 320-MS spectrometer. Proton
nuclear magnetic resonance (‘H NMR) spectra were recorded on a Magritek SPINSOLVE 91
MHz spectrometer using (CD)3SO as the solvent and tetramethylsilane (TMS) as the internal
reference. Chemical shifts are expressed in parts per million (8, ppm) relative to TMS, and
signal multiplicities are abbreviated as follows: s (singlet), d (doublet), dd (doublet of doublets),
and m (multiplet). Microwave-assisted reactions were carried out using a domestic microwave
oven. Diffuse Reflectance UV-Visible (DRUV-Vis) spectra were recorded at room temperature

using a Lambda 800 spectrophotometer in the 200-800 nm wavelength range.
Note on the characterization of intermediates:

The intermediates used in this work, including bromoacetophenones and alkene derivatives
were synthesized and characterized using infrared (IR) spectroscopy. Although full structural
elucidation techniques such as '"H NMR, *C NMR, and MS were not performed, their identities
were reasonably inferred based on the application of well-established and widely reported
synthetic protocols [1-8]. Furthermore, the successful conversion of these intermediates into
final products, which were obtained in good yields and fully characterized by spectroscopic and
analytical techniques, provides strong indirect evidence supporting the structure and purity of
the intermediates. The consistency of reaction outcomes and the reproducibility of these

transformations further validate the reliability of the intermediates used.
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II.  Synthesis of Imidazo-heterocycles

The targeted heterocyclic compounds were synthesized through a multi-step process
starting with the bromination of various acetophenone derivatives. This initial transformation
was followed by cyclization reactions involving appropriate amine partners under thermal, or
microwave-assisted conditions. The resulting products were purified and characterized using

standard analytical techniques.
I1.1. Bromination of Acetophenones
General procedure for the synthesis of 2-bromoacetophenone derivatives:

To a solution of aryl ketone (10 mmol) and N-bromosuccinimide (NBS, 10 mmol) in
chloroform, 10% p-toluenesulfonic acid (PTSA) was added. The reaction mixture was stirred
at room temperature overnight. The resulting solid was filtered and washed several times with

ethanol and diethyl ether.

> 2-bromo-1-phenylethanone (Br-H)

Br

Structure: CsH;BrO

Molar mass (g/mol): 199,04
Yield (%): 60

Aspect: white solid

Mp (°C): 50

IR Vimax em-': 1649 (C=0), 1577 (C=C).
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» 2-bromo-1-(3-bromophenyl)ethenone (Br-3Br)

SR

Br

Structure: CsH¢Br20

Molar mass (g/mol): 277,94

Yield (%): 88

Aspect: white solid

Mp (°C): 80

IR Vmax cm-': 1652 (C=0), 1518 (C=C).

» 2-bromo-1-(4-bromophenyl)ethanone (Br-4Br)

4 0 N\
Er
g y,

Structure: CsHeBr2O
Molar mass (g/mol): 277,94
Yield (%): 91

Aspect: white solid

Mp (°C): 110
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IR vmax cm-': 1645 (C=0), 1522 (C=C).

» 2-bromo-1-(p-tolyl)ethanone (Br-4Me)

-

Br

Structure: CoHoBrO

Molar mass (g/mol): 213,07
Yield (%): 50

Aspect: white solid

Mp (°C): 60

IR Vmax em-': 1644 (C=0), 1602 (C=C).

» 2-bromo-1-(2-methoxyphenyl)ethanone (Br-20Me)

Structure: CoHoBrO-
Molar mass (g/mol): 229,07
Yield (%): 82

Aspect: white solid

Mp (°C): 57

-

OMe

Br
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IR vmax cm-': 1657 (C=0), 1578 (C=C).

» 2-bromo-1-(3-methoxyphenyl)ethanone (Br-30Me)

Structure: CoHoBrO,

/

\ OMe

\

Br

Molar mass (g/mol): 229,07

Yield (%): 66
Aspect: white solid

Mp (°C): 75

IR Vmax em-: 1694 (C=0), 1573 (C=C).

» 2-bromo-1-(4-methoxyphenyl)ethanone (Br-40Me)

Structure: CoHyoBrO»

4 0 N\
Br
\Ve0 J

Molar mass (g/mol): 229,07

Yield (%): 70

Aspect: white solid
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Mp (°C): 74
IR vmax cm-': 1632 (C=0), 1549 (C=C).

» 2-bromo-1-(4-fluorophenyl)ethanone (Br-4F)

4 0 N\
Br
N y,

Structure: CsH¢BrFO

Molar mass (g/mol): 217,04

Yield (%): 88

Aspect: white solid

Mp (°C): 70

IR vmax cm-': 1650 (C=0), 1588 (C=C).

» 2-bromo-1-(naphthalen-2-yl)ethanone (Br-2Naph)

4 0 A

Br

Structure: C12HoBrO
Molar mass (g/mol): 249,10
Yield (%): 68

Aspect: white solid
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Mp (°C): 90
IR Vimax cm-': 1614 (C=0), 1572 (C=C).
» 2-bromo-1-(3,4-dimethylphenyl)ethanone (Br-3,4-diMe)

4 o

Br

Me

- e J

Structure: Ci0H;1BrO
Molar mass (g/mol): 227,10
Yield (%): 52

Aspect: white solid

Mp (°C): 68

IR Vmax cm-': 1690 (C:O), 1603 (C:C)

I1.2. Synthesis of imidazo[1,2-a]pyridines (IPs)
Imidazo[1,2-a]pyridine derivatives were synthesized using two different methods.

Method (A): In the first approach, bromoacetophenones (10 mmol) were reacted with
commercially available 2-aminopyridine (10 mmol) in ethanol (10 mL) under reflux conditions.
The progress of the reaction was monitored by TLC. Upon completion, the reaction mixture
was allowed to cool to room temperature, then filtered, and the resulting solid was washed

several times with a mixture of diethyl ether and ethanol.

Method (B): General procedure for the synthesis of imidazo[1,2-a]pyridine derivatives
using 4% Au/TiO:: In the second method, 2-aminopyridine (10 mmol) was reacted with

bromoacetophenones (10 mmol) in ethanol (10 mL) under reflux conditions, in the presence of
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a heterogeneous gold-based catalyst (4% Au supported on Ti0O-). The catalyst was added in an
amount corresponding to 10% w/w relative to the mass of 2-aminopyridine. The progress of the
reaction was monitored by TLC. Upon completion, the hot reaction mixture was filtered to
recover the catalyst. The filtrate was then cooled to room temperature, and the resulting product

successively washed with ethanol and diethyl ether.

» 2-phenylimidazo[1,2-a]pyridine (IP-H)

R
P,

Structure: C;3Hi0N2

Molar mass (g/mol): 194,24
Yield: 47% (A), 82% (B)
Aspect: yellow solid

Mp (°C): 136

'"H NMR 91 MHz, (CD)3SO 8n: 8.95 (1H, d, J = 7.0 Hz, N-CH, imidazole ring), 7.98-7.55
(9H, m, Harom, pyridine and phenyl rings).

13C NMR 23 MHz, (CD)3SO &: 120.58 (Carom, phenyl ring at C2), 115.76 (Carom, pyridine
moiety), 106.79 (CH, imidazole moiety).

IR Vimax cm-1: 1654 (C=N), 1528 (C=C).

MS m/z (% relative abundance): 195
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» 2-(2-bromophenyl)imidazo[1,2-a]pyridine (IP-3Br)

4 N

Br

. /

Structure: C;3HoBrN>
Molar mass (g/mol): 273,13
Yield: 40% (A), 50% (B)
Aspect: grice solid

Mp (°C): 130

TH NMR 91 MHz, (CD)3SO 6n: 8.62 (1H, d, J = 6.0 Hz, N-CH, imidazole ring), 8.23-6.67
(8H, m, Harom, pyridine and 3-bromopheny]l rings).

13C NMR 23 MHz, (CD)3SO &: 144.01 (C=N, imidazole ring), 140.64 (Carom, 3-
bromophenyl), 134.63 (Carom, pyridine moiety), 122.75 (CH, imidazole ring).

IR vmax cm-!: 1647 (C=N), 1528 (C=C)
MS m/z (% relative abundance): 273.1

> 2-(4-bromophenyl)imidazo[1,2-a]pyridine (IP-4Br)

'd N ™
A

\\\ | / Br

\ J

Structure: Ci3HoBrN>

Molar mass (g/mol): 273,13
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Yield: 57% (A), 96% (B)
Aspect: yellow solid
Mp (°C): 218

'H NMR 91 MHz, (CD)3SO 8u: 8.74-8.42 (1H, m, N-CH, imidazole ring), 7.86-6.87 (8H, m,
Harom, pyridine and 4-bromophenyl rings)

13C NMR 23 MHz, (CD)3SO &: 132.57 (Carom, 4-bromophenyl ring), 130.56 (Carom, pyridine
moiety), 128.34 (Carom, phenyl ring), 115.77 (CH, pyridine ring), 114.55 (CH, imidazole ring).

IR Vmax em-1: 1626 (C=N), 1528 (C=C)
MS m/z (% relative abundance): 274.1

> 2-(p-tolyl)imidazo[1,2-a]pyridine (IP-4Me)

Structure: CisH12N>

Molar mass (g/mol): 208,26
Yield: 39% (A), 66% (B)
Aspect: white solid

Mp (°C): 144

'TH NMR 91 MHz, (CD)3SO 8u: 9.21-8.89 (1H, m, N-CH, imidazole ring), 8.04-7.36 (8H, m,
Harom, pyridine and phenyl rings), 2.84 (3H, s, CHa).

13C NMR 23 MHz, (CD)3SO &: 133.88 (Carom, tolyl ring), 130.41 (Carom, pyridine moiety),
129.47 (Carom, tolyl ring), 126.50 (CH, imidazole ring), 117.81 (CH, pyridine ring), 112.37 (CH,

aromatic ring).
IR Vmax em-1: 1657 (C=N), 1533 (C=C)

MS m/z (% relative abundance): 208.3
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> 2-(2-methoxyphenyl)imidazo[1,2-a]pyridine (IP-20Me)

4 )

MeO

Structure: C1sH12N2O
Molar mass (g/mol): 224,26
Yield: 33% (A), 68% (B)
Aspect: pale solid

Mp (°C): 94

TH NMR 91 MHz, (CD)3SO 8n: 9.08-8.72 (1H, m, N-CH, imidazole ring), 7.97-7.34 (8H, m,
Harom, pyridine and 2-methoxyphenyl rings), 4.02 (3H, s, OCHa).

13C NMR 23 MHz, (CD)3SO &: 133.95 (Carom, 2-methoxyphenyl ring), 132.26 (Carom, pyridine
moiety), 129.38 (Carom, phenyl ring), 128.21 (CH, pyridine ring), 121.46 (CH, imidazole ring),
117.67 (Carom, adjacent to OCHs group), 112.80 (CH, aromatic ring), 112.24 (CH, aromatic
ring), 56.54 (OCH3s, methoxy group).

IR vmax em-': 1650 (C=N), 1578 (C=C)
MS m/z (% relative abundance): 224.2
> 2-(3-methoxyphenyl)imidazo[1,2-a]pyridine (IP-30Me)
4 )

Me

Structure: C14H2N>O
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Molar mass (g/mol): 224,26
Yield: 47% (A), 84% (B)
Aspect: pale solid

Mp (°C): 96

'TH NMR 91 MHz, (CD)3SO 8n: 8.89 (1H, t, J = 3.4 Hz, N-CH, imidazole ring), 7.96-7.11
(8H, m, Harom, pyridine and 3-methoxyphenyl rings), 3.87 (3H, s, OCHs)

13C NMR 23 MHz, (CD)3SO 8: 160.28 (Carom, C—OCHs of 3-methoxyphenyl ring), 140.40
(Carom, pyridine moiety), 135.49 (Carom, phenyl ring), 127.92 (CH, imidazole ring).

IR Vmax em-1: 1653 (C=N), 1526 (C=C)
MS m/z (% relative abundance): 224.3

> 2-(4-methoxyphenyl)imidazo[1,2-a]pyridine (IP-4OMe)

P, E

Structure: C14H12N2O
Molar mass (g/mol): 224,26
Yield: 49% (A), 92% (B)
Aspect: pale solid

Mp (°C): 134

'TH NMR 91 MHz, (CD)3SO 8u: 9.02-8.56 (1H, m, N-CH, imidazole ring), 8.06-7.02 (8H, m,
Harom, pyridine and 4-methoxyphenyl rings), 3.85 (3H, s, OCHs)

13C NMR 23 MHz, (CD)3SO &: 133.65 (Carom, pyridine moiety), 129.30 (Carom, 4-
methoxyphenyl ring), 128.17 (CH, imidazole ring), 117.76 (CH, pyridine ring), 115.25 (CH,
aromatic ring), 112.16 (CH, aromatic ring), 55.99 (OCHs, methoxy group).
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IR Vmax em-!: 1653 (C=N), 1583 (C=C)
MS m/z (% relative abundance): 224.3

» 2-(4-fluorophenyl)imidazo[1,2-a]pyridine (IP-4F)

4 N

\ /

Structure: Ci3HoFN>
Molar mass (g/mol): 212,23
Yield: 53% (A), 89% (B)
Aspect: yellow solid

Mp (°C): 158

'TH NMR 91 MHz, (CD)3SO 8n: 9.04-8.75 (1H, m, N-CH, imidazole ring), 8.80 (1H, s, Harom,
pyridine ring), 8.20-7.29 (7H, m, Harom, pyridine and 4-fluorophenyl rings)

13C NMR 23 MHz, (CD)3SO 6: 133.91 (Carom, pyridine moiety), 129.22 (Carom, 4-fluorophenyl
ring), 128.84 (CH, imidazole ring), 117.73 (CH, pyridine ring), 117.45 (CH, aromatic ring),
116.47 (CH, aromatic ring), 112.37 (CH, aromatic ring).

IR Vmax em-1: 1654 (C=N), 1529 (C=C)
MS m/z (% relative abundance): 213

» 2-(4-chlorophenyl)imidazo[1,2-a]pyridine (IP-4Cl)
= ,ﬂfN

Cl
N /
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Structure: C;3HoCIN:
Molar mass (g/mol): 228,68
Yield: 46% (A), 83% (B)
Aspect: yellow solid

Mp (°C): 204

'H NMR 91 MHz, (CD)3SO 8n: 8.87 (1H, d, J = 7.4 Hz, N-CH, imidazole ring), 7.99-7.46
(8H, m, Harom, pyridine and 4-chlorophenyl rings).

13C NMR 23 MHz, (CD)3SO 8: Not interpretable due to low signal quality.
IR Vimax em-': 1656 (C:N), 1527 (C:C)
MS m/z (% relative abundance): 228

> 2-(naphthalen-2-yl)imidazo[1,2-a]pyridine (IP-2Naph)

Structure: Ci7H12N»

Molar mass (g/mol): 244,30
Yield: 41% (A), 85% (B)
Aspect: white solid

Mp (°C): 152

'"H NMR 91 MHz, (CD)3SO 8u: 8.92 (1H, d, J = 5.2 Hz, N-CH, imidazole ring), 8.31-7.33
(11H, m, Harom, pyridine and naphthyl rings)

13C NMR 23 MHz, (CD)3SO 8: 136.09 (Carom, pyridine moiety), 133.62 (Carom, naphthyl ring),
132.97 (Carom, naphthyl ring), 129.56 (CH, naphthyl ring), 129.37 (CH, aromatic ring), 128.60
(CH, naphthyl ring), 128.17 (CH, aromatic ring), 127.88 (CH, aromatic ring), 127.67 (CH,
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naphthyl ring), 125.86 (CH, imidazole ring), 124.43 (CH, pyridine ring), 123.60 (CH, naphthyl
ring), 117.48 (CH, aromatic ring).

IR vmax em-1: 1656 (C=N), 1530 (C=C)
MS m/z (% relative abundance): 245

» 2-(3,4-dimethylphenyl)imidazo[1,2-a]pyridine (IP-3,4-diMe)

4 N

Me
P

Me

Structure: CisH14N>

Molar mass (g/mol): 222,29
Yield: 33% (A), 60% (B)
Aspect: pale solid

Mp (°C): 144

TH NMR 91 MHz, (CD)3SO 8n: 9.03-8.67 (1H, m, N-CH, imidazole ring), 8.07-7.22 (7H, m,
Harom, pyridine and 3,4-dimethylphenyl rings), 2.64-2.21 (6H, m, 2 x CHs)

13C NMR 23 MHz, (CD)3SO 6:135.65 (Carom, pyridine moiety), 123.89 (CH, imidazole ring),
20.1 (2xCHs, 3,4-dimethyl group).

IR Vmax cm-1: 1657 (C:N), 1529 (C:C)

MS m/z (% relative abundance): 223

I1.3. Synthesis of imidazo[1,2-a]pyrimidines (IPMs)

Imidazo[1,2-a]pyrimidine derivatives were prepared using three distinct synthetic
approaches, each based on the reaction of 2-aminopyrimidine with various

bromoacetophenones under different conditions.
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General procedure for the synthesis of imidazo[1,2-a]pyrimidine derivatives:

Equimolar amounts of 2-aminopyrimidine (10 mmol) and the appropriate bromoacetophenone

derivative (10 mmol) were used in each method, as described below:

Method A: Thermal Reflux: The reaction was carried out in ethanol (10 mL) under
reflux for 5 to 6 hours. After completion of the reaction (monitored by TLC), the mixture was
allowed to cool to room temperature. The resulting solid was collected by filtration, then

washed repeatedly with ethanol and diethyl ether, and dried under vacuum.

Method B: Gold Catalyst-Assisted Reflux: A heterogeneous catalytic system based
on gold nanoparticles supported on titanium dioxide (1% Au/TiO:) was used. The catalyst was
added at 10% w/w relative to the amount of 2-aminopyrimidine. The reaction mixture
containing 2-aminopyrimidine (10 mmol), bromoacetophenone (10 mmol), and the catalyst was
refluxed in ethanol (10 mL) for 2 to 3 hours. After completion (checked by TLC), the hot
mixture was filtered to remove the catalyst. The filtrate was cooled, and the crude product was
purified by washing several times with ethanol and diethyl ether, then dried under reduced

pressure.

Method C: Solvent-Free Microwave Irradiation: A mixture of 2-aminopyrimidine (10
mmol), bromoacetophenone (10 mmol), and aluminum oxide (Al:Os, 30% w/w) was
homogenized under solvent-free conditions prior to microwave irradiation. The mixture was
then placed in a domestic microwave and irradiated for 90 to 300 seconds (depending on the
substitution pattern). Upon completion of the reaction, the mixture was cooled then washed

with ethanol and diethyl ether.

> 2-phenylimidazo[1,2-a]pyrimidine (IPM-H)

Structure: Ci12HoN3
Molar mass (g/mol): 195,23

Yield: 37 (A); 73 (B); 70 (C)
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Aspect: solid light brown
Mp (°C): 196

'"H NMR 91 MHz, (CD)3SO 3n: 9.30 (1H, dd, J = 6.7, 1.9 Hz, N-CH, imidazole ring), 8.98—
7.44 (8H, m, Harom, pyrimidine and phenyl rings)

13C NMR 23 MHz, (CD)3SO 8: 157.29 (Carom, pyrimidine moiety), 138.22 (Carom, phenyl ring),
131.07 (CH, pyrimidine ring), 130.02 (CH, aromatic ring), 126.81 (CH, phenyl ring), 114.31

(CH, aromatic ring).
IR Vmax ecm-1: 1644 (C=N), 1528 (C=C)
MS m/z (% relative abundance): 196

» 2-(3-bromophenyl)imidazo[1,2-a]pyrimidine 1 (IPM-3Br)

/"IN\’,/..E*N
N

Er

Structure: Ci2HgBrN3

Molar mass (g/mol): 274,12
Yield: 44 (A) ; 60 (B) ; 56 (C)
Aspect: solid light brown

Mp (°C): 192

'TH NMR 91 MHz, (CD)3SO 8u: 9.02 (1H, dd, J = 6.7, 1.9 Hz, N-CH, imidazole ring), 8.59
(2H, d, J = 9.6 Hz, Harom, pyrimidine ring), 8.31-7.17 (5H, m, Harom, 3-bromophenyl and

imidazopyrimidine rings)
13C NMR 23 MHz, (CD)3SO &: Not interpretable due to low signal quality.

IR Vmax em-: 1616 (C=N), 1597 (C=C)
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MS m/z (% relative abundance): 274

» 2-(4-bromophenyl)imidazo[1,2-a]pyrimidine (IPM-4Br)
M
= \r/—f’n
Br
P

Molar mass (g/mol): 274,12

Structure: C;2HsBrN3

Yield: 61 (A); 72 (B); 63 (C)
Aspect: white solid
Mp (°C): 210

TH NMR 91 MHz, (CD)3SO 8xu: 9.21 (1H, dd, J = 6.6, 1.9 Hz, N-CH, imidazole ring), 8.86—
7.45 (TH, m, Harom, pyrimidine and 4-bromophenyl rings).

13C NMR 23 MHz, (CD)3SO &: Not interpretable due to low signal quality.
IR Vimax cm-': 1644 (C=N), 1528 (C=C)
MS m/z (% relative abundance): 276

» 2-(p-tolyl)imidazo[1,2-a]pyrimidine (IPM-4Me)
N
"
Me
. M /

Molar mass (g/mol): 209,25

Structure: Ci3Hi1N3

Yield: 62 (A); 76 (B); 68 (C)

Aspect: pale solid
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Mp (°C): 230

'"H NMR 91 MHz, (CD)3SO 8: 9.48 (1H, dd, J = 6.9, 1.7 Hz, N-CH, imidazole ring), 9.13—
7.37 (TH, m, Harom, pyrimidine and p-tolyl rings), 2.74-2.55 (3H, m, CHs, methyl group)

13C NMR 23 MHz, (CD)3SO 8: 156.90 (Carom, pyrimidine ring), 144.71 (Carom, p-tolyl ring),
140.87 (Carom, imidazole ring), 137.96 (Carom, pyrimidine moiety), 136.74 (Carom, point of
substitution), 130.35 (CH, aromatic ring), 126.51 (CH, imidazole ring), 124.12 (CH, pyrimidine
ring), 114.14 (CH, aromatic ring), 109.40 (CH, aromatic ring), 19.40 (CHs, methyl group)

IR vmax em-1: 1643 (C=N), 1535 (C=C)
MS m/z (% relative abundance): 210

> 2-(2-methoxyphenyl)imidazo[1,2-a]pyrimidine (IPM-20Me)

M
f\ﬁfm
U,

Mel

Structure: Ci13H11N3O
Molar mass (g/mol): 225,25
Yield: 42 (A); 76 (B); 57 (C)
Aspect: yellow solide

Mp (°C): 266

'"H NMR 91 MHz, (CD)3SO 8n: 9.09-8.73 (1H, m, N-CH, imidazole ring), 8.12-7.00 (7H,
m, Harom, pyrimidine and 2-methoxyphenyl rings), 4.02 (3H, s, OCHs, methoxy group).

13C NMR 23 MHz, (CD)3SO 8: 157.00 (Carom, pyrimidine ring), 139.61 (Carom, imidazo core),
133.97 (Carom, 2-methoxyphenyl ring), 132.23 (CH, aromatic ring), 131.69 (CH, pyrimidine
ring), 129.37 (CH, phenyl ring), 128.17 (CH, aromatic ring), 121.40 (CH, imidazole ring),

167



Chapter 4: Experimental Part

114.77 (CH, aromatic rings), 114.18 (CH, aromatic rings), 112.72 (CH, aromatic rings), 112.17
(CH, aromatic rings), 56.53 (OCHs, methoxy group).

IR vmax em-1: 1638 (C=N), 1527 (C=C)
MS m/z (% relative abundance): 226

» 2-(3-methoxyphenyl)imidazo[1,2-a]pyrimidine (IPM-30Me)

Ohe

Structure: Ci13H11N3O
Molar mass (g/mol): 225,25
Yield: 49 (A); 71 (B); 53 (C)
Aspect: brown solid

Mp (°C): 220

'"H NMR 91 MHz, (CD)3SO 8n: 9.31 (1H, dd, J = 6.7, 1.8 Hz, N-CH, imidazole ring), 9.13—
6.86 (7H, m, Harom, pyrimidine and 3-methoxyphenyl rings), 3.85 (3H, d, J = 1.7 Hz, OCHs,
methoxy group).

13C NMR 23 MHz, (CD)3SO 8: 160.25 (Carom, carbon linked to the methoxy group), 157.27
(Carom, pyrimidine ring), 144.80 (Carom, imidazo core), 138.09 (Cawom, substituted phenyl),
136.54 (Carom, pyrimidine ring), 131.11 (CH, pyrimidine ring), 128.26 (CH, aromatic ring),
118.91 (CH, imidazole ring), 116.77 (CH, aromatic rings), 114.26 (CH, aromatic rings), 111.90
(CH, aromatic rings), 110.38 (CH, aromatic rings), 56.03 (OCHs, methoxy group).

IR Vimax em-!: 1647 (C=N), 1530 (C=C)

MS m/z (% relative abundance): 226
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» 2-(4-methoxyphenyl)imidazo[1,2-a]pyrimidine (IPM-40Me)
N
= Yf’“
OMe
. N /

Molar mass (g/mol): 225,25

Structure: C;3H;1N;O

Yield: 32 (A); 65 (B); 52 (C)
Aspect: yellow solid
Mp (°C): 190

'TH NMR 91 MHz, (CD)3SO 8n: 9.52 (1H, s, N-CH, imidazole ring), 8.15-7.04 (7H, m, Harom,
pyrimidine and 4-methoxyphenyl rings), 3.87 (3H, d, J = 2.2 Hz, OCHs, methoxy group).
13C NMR 23 MHz, (CD)3SO 8: 169.47 (Carom, carbon linked to the methoxy group), 164.43
(Carom, pyrimidine ring), 131.19 (CH, aromatic ring), 127.30 (CH, aromatic ring), 114.66 (CH,
aromatic ring), 107.81 (CH, aromatic ring), 56.27 (OCHs, methoxy group).

IR Vmax em-1: 1642 (C=N), 1535 (C=C)
MS m/z (% relative abundance): 226

» 2-(4-fluorophenyl)imidazo[1,2-a]pyrimidine (IPM-4F)
N
= \Iﬁﬂﬂ
F
P

Molar mass (g/mol): 213,22

Structure: CoHgFN3

Yield: 50 (A); 68 (B); 63 (C)
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Aspect: solid light brown
Mp (°C): 230

TH NMR 91 MHz, (CD)3SO 8n: 9.29 (1H, dd, J = 6.7, 1.9 Hz, N-CH, imidazole ring), 8.96—
7.26 (7TH, m, Harom, pyrimidine and 4-fluorophenyl rings).

13C NMR 23 MHz, (CD)3SO 8: 157.01 (Carom, C-F), 144.81 (Carom, pyrimidine ring), 137.99
(Carom, imidazole core), 135.90 (Carom, phenyl ring linked to pyrimidine core), 129.26 (CH,
aromatic ring), 128.89 (CH, aromatic ring), 123.79 (CH, imidazole ring), 117.39 (CH, aromatic
ring), 116.44 (CH, aromatic ring), 114.06 (CH, aromatic ring), 109.88 (CH, aromatic ring).

IR Vmax em-1: 1644 (C=N), 1547 (C=C)
MS m/z (% relative abundance): 214

» 2-(4-chlororophenyl)imidazo[1,2-a]pyrimidine (IPM-4Cl)

A N
Y Y “

K‘x M

Structure: C12HsCIN;
Molar mass (g/mol): 229,67
Yield: 60 (A); 73 (B); 65 (C)
Aspect: solid light brown
Mp (°C): 274

'TH NMR 91 MHz, (CD)3SO 8xu: 9.25 (1H, d, J = 6.9 Hz, N-CH, imidazole ring), 8.92-7.26
(7H, m, Harom, pyrimidine and 4-chlorophenyl rings).

13C NMR 23 MHz, (CD)3S0 &: 156.80 (Carom, C—Cl), 145.13 (Carom, pyrimidine ring), 137.97
(Carom, imidazole core), 136.45 (Carom, phenyl ring), 129.32 (CH, aromatic ring), 128.94 (CH,
aromatic ring), 124.24 (CH, imidazole ring), 117.46 (CH, aromatic ring), 116.50 (CH, aromatic
ring), 113.87 (CH, aromatic ring), 109.74 (CH, aromatic ring).

IR Vimax em-!: 1646 (C=N), 1533 (C=C)
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MS m/z (% relative abundance): 230

» 2-(naphthalen-2-yl)imidazo[1,2-a]pyrimidine (IPM-2Naph)

4 N\

/_,,.-N ,..--""N
)@

“\.\\ N

. J/

Structure: CigH11N3

Molar mass (g/mol): 245,29
Yield: 53 (A); 79 (B); 67 (C)
Aspect: pale solid

Mp (°C): 250

'TH NMR 91 MHz, (CD)3SO 6n: 9.25 (1H, dd, J = 6.8, 1.9 Hz, N-CH, imidazole ring), 8.96—
7.46 (10H, m, Harom, pyrimidine and naphthyl rings).

13C NMR 23 MHz, (CD)3SO &: 156.03 (Carom, pyrimidine ring), 145.74 (Carom, pyrimidine
ring), 138.58 (Carom, imidazole ring), 137.64 (Carom, naphthyl ring), 133.77 (Carom, naphthyl
ring), 133.21 (Carom, naphthyl ring), 129.49 (CH, aromatic ring), 128.84 (CH, aromatic ring),
128.29 (CH, aromatic ring), 127.85 (CH, aromatic ring), 123.79 (CH, imidazole ring), 113.27
(CH, aromatic ring), 110.08 (CH, aromatic ring).

IR Vmax cm-1: 1657 (C=N), 1532 (C=C)
MS m/z (% relative abundance): 246

» 2-(3,4-dimethylphenyl)imidazo[1,2-a]pyrimidine (IPM-3,4-diMe)

4 N
= \ré”
/ Ml

Me

171



Chapter 4: Experimental Part

Structure: Ci14Hi3N3

Molar mass (g/mol): 223,28
Yield: 41 (A); 81 (B); 64 (C)
Aspect: solid light brown
Mp (°C): 232

'H NMR 91 MHz, (CD)3SO 8n: 9.27 (dd, ] = 6.8, 1.9 Hz, 1H), 8.95 - 7.35 (m, 6H), 2.64 —
2.20 (m, 6H)

13C NMR 23 MHz, (CD)3SO 8: 156.77 (Carom, pyrimidine ring), 144.58 (Carom, imidazo core),
139.63 (Carom, 3,4-dimethylphenyl ring), 137.82 (Carom, pyrimidine ring), 136.73 (Carom,
aromatic ring), 130.70 (CH, aromatic ring), 127.36 (CH, aromatic ring), 124.29 (CH, imidazole
ring), 123.94 (CH, pyrimidine ring), 114.00 (CH, aromatic ring), 109.19 (CH, aromatic ring),
19.72 (CHs, methyl group), 19.63 (CHs, methyl group).

IR Vmax em-: 1644 (C=N), 1531 (C=C)

MS m/z (% relative abundance): 224

I1.4. Synthesis of imidazo[2,1-b]thiazoles (IMThs)

Imidazo[2,1-b]thiazole derivatives were synthesized through two different procedures
involving the condensation of 2-aminothiazole with bromoacetophenone derivatives in ethanol

under reflux conditions.
General procedure for the synthesis of imidazo[2,1-b]thiazoles:

Method A: A mixture of 2-aminothiazole (10 mmol) and the appropriate
bromoacetophenone (10 mmol) was dissolved in ethanol (10 mL) and heated under reflux for
8—12 hours. Upon completion of the reaction, monitored by TLC, the reaction mixture was
cooled to room temperature. The precipitated solid was washed thoroughly with ethanol and

diethyl ether, then dried under vacuum.

Method B: The same procedure was followed as in Method A, but aluminum oxide (Al=Os,
30% w/w relative to 2-aminothiazole) was added as a catalyst to the reaction mixture. The

mixture was refluxed in ethanol for 68 hours. After completion, the hot mixture was filtered
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to remove Al:Os. The filtrate was cooled, and the resulting solid was collected by filtration,

washed with ethanol and diethyl ether, and dried under reduced pressure.

» 6-phenylimidazo[2,1-b]thiazole (IMTh-H)
3 M
\f""’
Q/ N \)—Q

Molar mass (g/mol): 200,26

Structure: C11HgN»S

Yield: 67% (A), 80% (B)
Aspect: white solid
Mp (°C): 252

TH NMR 91 MHz, (CD)3SO 8x: 9.53 (1H, s, N-CH, imidazole ring), 8.47-7.01 (7H, m, Harom,

phenyl and imidazole-thiazole rings).

13C NMR 23 MHz, (CD)3SO &: 128.86 (CH, aromatic ring), 128.08 (CH, aromatic ring),
126.82 (CH, aromatic ring), 118.83 (CH, imidazole ring), 80.80 (Cawom, thiazole ring), 79.36

(Carom, thiazole ring), 77.91 (Carom, imidazole core).
IR vmax em-: 1636 (C=N), 1558 (C=C), 683 (C-S)
MS m/z (% relative abundance): 201.

» 6-(p-tolyl)imidazo[2,1-b]thiazole (IMTh-4Me)

IO

Structure: Ci1HioN2S
Molar mass (g/mol): 214,29
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Yield: 76% (A), 91% (B)
Aspect: white solid
Mp (°C): 240

'H NMR 91 MHz, (CD)3SO 8n: 9.68 (1H, s, N-CH, imidazole ring), 8.51-7.14 (6H, m, Harom,
p-tolyl and imidazole-thiazole rings), 2.63-2.42 (3H, m, CHs, methyl group).

13C NMR 23 MHz, (CD)3SO 8:169.31 (Carom, thiazole ring), 145.20 (Carom, imidazole core),
142.64 (Carom, tolyl ring), 130.25 (CH, aromatic ring), 129.37 (CH, aromatic ring), 128.65 (CH,
aromatic ring), 126.54 (CH, aromatic ring), 118.82 (CH, imidazole ring), 21.12 (CHs, methyl

group).
IR Vmax em-1: 1681 (C=N), 1560 (C=C), 619 (C-S)
MS m/z (% relative abundance): 215.

> 6-(naphthalen-2-yl)imidazo[2,1-b]thiazole (IMTh-2Naph)

Structure: CisHioN2S
Molar mass (g/mol): 250,32
Yield: 72% (A), 79% (B)
Aspect: white solid

Mp (°C): 254

'TH NMR 91 MHz, (CD)3SO 8n: 9.61 (1H, s, N-CH, imidazole ring), 8.79-7.08 (9H, m, Harom,

naphthyl and imidazole-thiazole rings).

13C NMR 23 MHz, (CD)3SO 8: 169.38 (Carom, thiazole ring), 135.68 (Carom, imidazole core),
131.07 (CH, aromatic ring), 129.89 (CH, aromatic ring), 128.15 (CH, aromatic ring), 123.64
(CH, imidazole ring), 107.70 (CH, aromatic ring).
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IR Vmax em-': 1627 (C=N), 1553 (C=C), 671 (C-S)
MS m/z (% relative abundance): 251

» 6-(2-methoxyphenyl)imidazo[2,1-b]thiazole (IMTh-20Me)

Ma(Q

Structure: C12H10N20S
Molar mass (g/mol): 230,29
Yield: 62% (A), 66% (B)
Aspect: white solid

Mp (°C): 266

'TH NMR 91 MHz, (CD)3SO 8n: 9.55 (1H, s, N-CH, imidazole ring), 8.52—7.03 (6H, m, Harom,
2-methoxyphenyl and imidazole-thiazole rings), 4.00 (3H, s, OCHs, methoxy group).

13C NMR 23 MHz, (CD)3SO 8: 169.36 (Carom, thiazole ring), 160.62 (Carom, carbon linked to
the methoxy group), 136.58 (Carom, imidazole core), 131.39 (CH, aromatic ring), 130.89 (CH,
aromatic ring), 123.75 (CH, imidazole ring), 121.31 (CH, aromatic ring), 113.57 (CH, aromatic
ring), 107.60 (CH, aromatic ring), 59.16 (OCHs, methoxy group).

IR Vimax em-1: 1677 (C=N), 1562 (C=C), 774 (C-S)

MS m/z (% relative abundance): 231
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» 6-(3-methoxyphenyl)imidazo[2,1-b]thiazole (IMTh-30Me)

4 )

Ohde

Structure: C12HioN20S
Molar mass (g/mol): 230,29
Yield: 82% (A), 93% (B)
Aspect: white solid

Mp (°C): 256

TH NMR 91 MHz, (CD)3SO 8x: 9.60 (1H, s, N-CH, imidazole ring), 7.61-7.06 (6H, m, Harom,
3-methoxyphenyl and imidazole-thiazole rings), 3.87 (3H, s, OCHs, methoxy group).

13C NMR 23 MHz, (CD)3SO 8: 169.37 (Carom, thiazole ring), 159.80 (Carom carbon linked to
the methoxy group), 135.56 (Carom, imidazole core), 131.00 (CH, aromatic ring), 130.51 (CH,
aromatic ring), 121.09 (CH, aromatic ring), 120.48 (CH, aromatic ring), 113.27 (CH, aromatic
ring), 107.74 (CH, aromatic ring), 55.92 (OCH3s, methoxy group).

IR Vmax em-!: 1634 (C=N), 1570 (C=C), 698 (C-S)
MS m/z (% relative abundance): 231

» 6-(4-methoxyphenyl)imidazo|2,1-b]thiazole (IMTh-4OMe)

Structure: C12HioN>OS
Molar mass (g/mol): 230,29
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Yield: 80% (A), 88% (B)
Aspect: white solid
Mp (°C): 262

'"H NMR 91 MHz, (CD)3SO 8n: 9.62 (1H, s, N-CH, imidazole ring), 8.04—7.06 (6H, m, Harom,
4-methoxyphenyl and imidazole-thiazole rings), 3.88 (3H, s, OCHs, methoxy group).

13C NMR 23 MHz, (CD)3SO 8: 169.38 (Carom, thiazole ring), 164.34 (Carom, carbon linked to
the methoxy group), 131.12 (CH, aromatic ring), 127.22 (CH, aromatic ring), 114.58 (CH,
aromatic ring), 107.75 (CH, aromatic ring), 56.21 (OCHs, methoxy group).

IR vmax em-1: 1635 (C=N), 1561 (C=C), 719 (C-S)
MS m/z (% relative abundance): 231.

» 6-(4-chlorophenyl)imidazo[2,1-b]thiazole (IMTh-4Cl)

Structure: C;1H7CIN2S
Molar mass (g/mol): 234,70
Yield: 83% (A), 93% (B)
Aspect: white solid

Mp (°C): 232.

'TH NMR 91 MHz, (CD)3SO 8n: 9.67 (1H, s, N-CH, imidazole ring), 8.62—7.07 (6H, m, Harom,

4-chlorophenyl and imidazole-thiazole rings).

13C NMR 23 MHz, (CD)sSO 6: 169.51 (Carom, thiazole ring), 148.76 (Carom, C—Cl), 139.60
(Carom, imidazole core), 139.13 (Carom, aromatic ring), 129.54 (CH, aromatic ring), 127.52 (CH,
aromatic ring), 121.83 (CH, aromatic ring), 108.10 (CH, aromatic ring).

IR vmax cm-': 1605 (C=N), 1556 (C=C), 613 (C-S)

MS m/z (% relative abundance): 234,9
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» 6-(4-fluorophenyl)imidazo[2,1-b]thiazole (IMTh-F)

Structure: C11H7FN2S
Molar mass (g/mol): 218,25
Yield: 50% (A), 87% (B)
Aspect: white solid

Mp (°C): 234

TH NMR 91 MHz, (CD)3SO 8n: 9.06 (1H, s, N-CH, imidazole ring), 7.63—7.00 (6H, m, Harom,

4-fluorophenyl and imidazole-thiazole rings).

13C NMR 23 MHz, (CD)3S0 &: 169.31 (Carom, thiazole ring), 131.89 (Carom, phenyl ring),
131.47 (CH, aromatic ring), 131.09 (CH, aromatic ring), 130.91 (CH, aromatic ring), 116.82
(CH, aromatic ring), 115.86 (Carom, C—F), 107.74 (CH, aromatic ring).

IR vmax em-': 1638 (C=N), 1560 (C=C), 672 (C-S)

MS m/z (% relative abundance): 219.

III. Synthesis of 2-pyridone derivatives

The aimed heterocyclic derivatives (2-pyridones) were synthesized via a multi-step
procedure beginning with the preparation of various alkenes. These intermediates were
subsequently reacted with arylacetophenones and ammonium acetate under either thermal or
ultrasonic conditions. The resulting products were then purified and characterized using

standard analytical techniques.
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II1.1. Synthesis of alkenes (Alks)

Alkene derivatives were synthesized via a condensation reaction involving aromatic aldehydes,
ethyl 2-cyanoacetate, and ammonium acetate in distilled water at room temperature under

magnetic stirring.

General procedure for the synthesis of alkenes: A mixture of aromatic aldehyde (10
mmol), ethyl 2-cyanoacetate (10 mmol), and ammonium acetate (10 mmol) was stirred in
distilled water (10 mL) at room temperature overnight. Upon completion of the reaction, as
confirmed by TLC, the resulting solid was collected by filtration, washed with water to remove

any unreacted materials, and dried under vacuum.

> Ethyl 2-cyano-3-phenylacrylate (Alk-H)

CN

S

CO,Et

Structure: C12H11NO>

Molar mass (g/mol): 201,08

Yield (%): 82

Aspect: white solid

Mp (°C): 224

IR vmax cm-': 1637 (C=0), 1572 (C=C), 2223 (CN)

» Ethyl 2-cyano-3-(4-fluorophenyl)acrylate (Alk-4F)

7

M

Structure: C12Hi10FNO»
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Molar mass (g/mol): 219,21

Yield (%): 92

Aspect : white solid

Mp (°C): 102

IR vmax cm-': 1644 (C=0), 1580 (C=C), 2220 (CN)

» Ethyl 3-(2-chlorophenyl)-2-cyanoacrylate (Alk-2Cl)

Structure: Ci2H;oCINO;

Molar mass (g/mol): 235,67

Yield (%): 90

Aspect: white solid

Mp (°C): 60

IR vmax cm-': 1647 (C=0), 1582 (C=C),2225 (CN)

» Ethyl 3-(3-chlorophenyl)-2-cyanoacrylate (Alk-3Cl)

(’

__“ Y,

Structure: C12H;oCINO>

Molar mass (g/mol): 235,67
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Yield (%): 81

Aspect: white solid

Mp (°C): 212

IR Vmax em-!: 1633 (C=0), 1575 (C=C), 2224 (CN)

» Ethyl 3-(4-chlorophenyl)-2-cyanoacrylate (Alk-4Cl)

CN

X

CO,EL
Cl

Structure: C12H1oCINO:

Molar mass (g/mol): 235,67

Yield (%): 86

Aspect: white solid

Mp (°C): 98

IR vmax cm-': 1636 (C=0), 1573 (C=C), 2222 (CN)

» Ethyl 3-(2,4-dichlorophenyl)-2-cyanoacrylate (Alk-2,4-diCl)

Structure: C;2H;1NO;
Molar mass (g/mol): 208,26
Yield (%): 80

Aspect: white solid
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Mp (°C): 224

IR vmax em-': 1639 (C=0), 1580 (C=C), 2224 (CN)

I11.2. Synthesis of 2-pyridones (2-PyQOs)

Two methods were employed for the cyclization of the alkene intermediates into 2-pyridone

derivatives:

Method A (Classical heating): The alkene intermediate (10 mmol), an aromatic ketone (10
mmol), and ammonium acetate (10 mmol) were refluxed in ethanol (10 mL) at 80 °C for 10
hours. Upon completion, the reaction mixture was cooled to room temperature. The precipitate

was collected by filtration, washed with ethanol/diethyl ether, and dried.

Method B (Ultrasound-assisted synthesis): The same reactants and proportions as in
Method A were used. The reaction mixture was sonicated using an ultrasonic bath operating in
ultrasound mode at 80 °C for 3 to 6 hours. After completion, the mixture was allowed to cool,

and the precipitated product was isolated by filtration, washed, and dried.

> 4,6-bis(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile: 2-
PyO-(4F, 4F)

Structure: CisHioF2N>O
Molar mass (g/mol): 308,28
Yield (%): 70 (A); 83 (B)
Aspect: yellow solid
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Mp (°C): 194

'H and *C NMR: Not recorded due to limited sample purity and quantity.
IR vmax em-!: 3245 (N-H), 2217 (CN), 1608 (C=0), 1524 (C=C)

MS m/z (% relative abundance) : 309.

» 6-(2,4-dichlorophenyl)-4-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-
3-carbonitrile : 2-PyO-(4F, 2.4-diCl)

Structure: Ci;sHoCL,FN>O
Molar mass (g/mol): 359,18
Yield (%): 79 (A); 90 (B)
Aspect: yellow solid

Mp (°C): 264

'H NMR 91 MHz, (CD):SO &: 7.50-6.68 (7H, m, Haom, 2,4-dichlorophenyl and 4-
fluorophenyl rings), 6.13 (1H, s, C=CH, pyridone ring).

13C NMR 23 MHz, (CD)3SO 8: 162.28 (Carom, carbonyl group of pyridone ring), 159.49 (Carom,
C-F), 149.46 (Carom, pyridone ring), 136.76 (Cawom, dichlorophenyl ring), 133.80 (Carom,
dichlorophenyl ring), 133.56 (Carom, aromatic ring), 132.36 (CH, aromatic ring), 131.98 (CH,
aromatic ring), 131.59 (CH, aromatic ring), 130.39 (CH, aromatic ring), 128.61 (CH, aromatic
ring), 117.38 (CH, aromatic ring), 116.42 (CN, nitrile group), 109.62 (CH, pyridone ring).

IR Vmax em-': 3544 (N-H), 2220 (CN), 1646 (C=0), 1580 (C=C)
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MS m/z (% relative abundance): 360

> 4-(4-fluorophenyl)-2-0x0-6-(p-tolyl)-1,2-dihydropyridine-3-
carbonitrile : 2-PyO-(4F, 4Me)

/’

ol

Q

Structure: C19H13FN20O

Molar mass (g/mol): 304,32

Yield (%): 22 (A); 62 (B)

Aspect: yellow solid

Mp (°C): > 266

'TH NMR 91 MHz, (CD)3SO: not recorded due to limited sample purity and quantity.

13C NMR 23 MHz, (CD)3SO: 130.08 (CH, aromatic ring), 129.70 (CH, aromatic ring), 128.59
(CH, aromatic ring), 126.74 (CH, aromatic ring), 115.36 (CH, aromatic ring), 114.42 (CN,
nitrile group), 104.78 (CH, pyridone ring), 19.99 (CHs, methyl group).

IR Vmax em-': 3845 (N-H), 2212 (CN), 1643 (C=0), 1578 (C=C)

MS m/z (% relative abundance): 305
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» 6-(3,4-dimethylphenyl)-4-(4-fluorophenyl)-2-oxo-1,2-
dihydropyridine-3-carbonitrile: 2-PyO-(4F, 3.4-diMe)

Structure: C>0Hi15sFNO>
Molar mass (g/mol): 318,34
Yield (%): 47 (A), 60 (B)
Aspect: yellow solid

Mp (°C): 264

'H NMR 91 MHz, (CD)3:SO &: 7.92-6.80 (7H, m, Haom, 3,4-dimethylphenyl and 4-
fluorophenyl rings), 6.59 (1H, d, J = 8.8 Hz, C=CH, pyridone ring), 2.28 (6H, s, 2xCHs, methyl
groups).

3C NMR 23 MHz, (CD)sS0O 6: 162.25 (Carom, carbonyl group of pyridone ring), 156.88 (Carom,
C-F), 151.97 (Carom, pyridone ring), 135.48 (Cawom, substituted phenyl ring), 134.63 (Carom,
substituted phenyl ring), 132.37 (CH, aromatic ring), 131.89 (CH, aromatic ring), 130.82 (CH,
aromatic ring), 130.43 (CH, aromatic ring), 129.69 (CH, aromatic ring), 128.18 (CH, aromatic
ring), 116.78 (CH, aromatic ring), 115.86 (CN, nitrile group), 107.35 (CH, pyridone ring), 19.02
(CHs, methyl groups).

IR Vmax em-': 3144 (N-H), 2220 (CN), 1651 (C=0), 1509 (C=C)

MS m/z (% relative abundance): 319.
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> 4-(4-fluorophenyl)-6-(naphthalen-2-yl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile : 2-PyO-(4F, 2-Naph)

Structure: C22H13FN2O

Molar mass (g/mol): 340,35

Yield (%): 80 (A), 81 (B)

Aspect: yellow solid

Mp (°C): > 266

'H and ®C NMR: Not recorded due to limited sample purity and quantity.
IR vmax cm-': 3496(N-H), 3067, 2213(CN), 1737 (C=0), 1568 (C=C)

MS m/z (% relative abundance): 341
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> 4-(4-fluorophenyl)-6-(4-methoxyphenyl)-2-0xo0-1,2-dihydropyridine-3-
carbonitrile: 2-PyO-(4F, 40Me)

Structure: Ci9H3FN20O2

Molar mass (g/mol): 320,32

Yield (%): 12 (A), 35 (B)

Aspect: yellow solid

Mp (°C): 232

'H and ®C NMR: Not recorded due to limited sample purity and quantity.
IR Vmax em-': 2989 (N-H), 2221 (CN), 1609 (C=0), 1511 (C=C)

MS m/z (% relative abundance): 321
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» 4-(2-chlorophenyl)-6-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile: 2-PyO-(2-Cl, 4F)

Structure: C;sHi0CIFN20

Molar mass (g/mol): 324,74

Yield (%): 30 (A), 90 (B)

Aspect: yellow solid

Mp (°C): > 266

'H and ®C NMR: Not recorded due to limited sample purity and quantity.

IR Vimax cm-': 3467(N-H), 2226 (CN),1745 (C=0), 1580 (C=C)
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» 4-(2-chlorophenyl)-6-(2,4-dichlorophenyl)-2-0x0-1,2-dihydropyridine-
3-carbonitrile: 2-PyO-(2Cl, 2.4-diCl)

4 N\

cl
. CN
|
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7>

Structure: C1sHoCl3N>0

Molar mass (g/mol): 375,64

Yield (%): 38 (A), 85 (B)

Aspect: yellow solid

Mp (°C): > 266

'H and C NMR: Not recorded due to limited sample purity and quantity.
IR vmax em-!: 3462 (N-H), 2215 (CN), 1747 (C=0), 1569 (C=C)

MS m/z (% relative abundance): 376
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» 4-(2-chlorophenyl)-2-0x0-6-(p-tolyl)-1,2-dihydropyridine-3-
carbonitrile: 2-PyO-(2Cl, 4Me)

~

\. /

Structure: Ci;9H13CIN2O
Molar mass (g/mol): 320,77
Yield (%): 17 (A), 41 (B)
Aspect: yellow solid

Mp (°C): 260

'"H NMR 91 MHz, (CD)3SO 6n: 12.51 (1H, s, NH, pyridone ring), 7.61-6.87 (8H, m, Harom,
2-chlorophenyl and p-tolyl rings), 6.45 (1H, s, C=CH, pyridone ring), 2.05 (3H, s, CHs, methyl
group).

13C NMR 23 MHz, (CD)sS0O 6: 161.88 (Carom, carbonyl group of pyridone ring), 158.45 (Carom,
C-Cl), 141.96 (Carom, pyridone ring), 135.77 (Carom, tolyl ring), 131.72 (CH, aromatic ring),
131.12 (CH, aromatic ring), 130.52 (CH, aromatic ring), 130.23 (CH, aromatic ring), 129.98
(CH, aromatic ring), 129.53 (CH, aromatic ring), 128.02 (CH, aromatic ring), 115.91 (CN,
nitrile group), 106.85 (CH, pyridone ring), 21.09 (CHs, methyl group).

IR Vmax em-': 3494 (N-H), 2221(CN), 1654 (C=0), 1590 (C=C)

MS m/z (% relative abundance): 321
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» 4-(2-chlorophenyl)-6-(3,4-dimethylphenyl)-2-o0x0-1,2-
dihydropyridine-3-carbonitrile: 2-PyO-(2Cl, 3.4diMe)

4 ‘ N\

Structure: C20H;sCIFN2O

Molar mass (g/mol): 334,80

Yield (%): 91 (B)

Aspect: yellow solid

Mp (°C): 224

'H and ®C NMR: Not recorded due to limited sample purity and quantity.
IR Vmax em-': 33153(N-H), 2221 (CN), 1654 (C=0), 1610 (C=C)

MS m/z (% relative abundance): 335

» 4-(2-chlorophenyl)-6-(naphthalen-2-yl)-2-oxo-1,2-dihydropyridine-3-
carbonitrile: 2-PyO-(2Cl, 2Naph)

\
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Structure: C2;H3CIN20O

Molar mass (g/mol): 356,80

Yield (%): 20 (A), 36 (B)

Aspect: yellow solid

Mp (°C): > 266

'H and *C NMR: Not recorded due to limited sample purity and quantity.
IR vmax em-: 3405 (N-H), 2215(C=0), 1745(C=0), 1612 (C=C)

MS m/z (% relative abundance): 357

» 4-(2-chlorophenyl)-6-(4-methoxyphenyl)-2-oxo0-1,2-dihydropyridine-
3-carbonitrile : 2-PyO-(2Cl, 40Me)

Structure: Ci9H13CIN202
Molar mass (g/mol): 336,77
Yield (%): 12 (A), 46 (B)
Aspect: yellow solid

Mp (°C): 224

'H NMR 91 MHz, (CD);SO 8u: 7.48-6.60 (8H, m, Harom, 2-chlorophenyl and 4-
methoxyphenyl rings), 6.30 (1H, s, C=CH, pyridone ring), 3.37 (3H, s, OCHs, methoxy group).
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13C NMR 23 MHz, (CD)sS0O 6: 162.24 (Carom, carbonyl group of pyridone ring), 158.27 (Carom,
carbon linked to methoxy group), 152.20 (Carom, pyridone ring), 135.99 (Carom, C—Cl), 131.17
(CH, aromatic ring), 130.55 (CH, aromatic ring), 130.23 (CH, aromatic ring), 129.88 (CH,
aromatic ring), 128.87 (CH, aromatic ring), 128.01 (CH, aromatic ring), 127.60 (CH, aromatic
ring), 124.66 (CH, aromatic ring), 116.25 (CN, nitrile group), 106.25 (CH, pyridone ring), 55.94
(OCH3, methoxy group).

IR vmax em-1: 3150 (N-H), 2221 (CN), 1638 (C=0), 1511 (C=C)
MS m/z (% relative abundance): 337

» 6-(naphthalen-2-yl)-2-0x0-4-phenyl-1,2-dihydropyridine-3-
carbonitrile : 2-PyO-(H, 2-Naph)

4 ‘\

Structure: C22H14N2O
Molar mass (g/mol): 322,36
Yield (%): 59 (B)

Aspect: yellow solid

Mp (°C): 260

'"H NMR 91 MHz, (CD)3SO 8u: 12.10 (1H, s, NH, pyridone ring), 7.53-7.42 (5H, m, Harom,
phenyl ring), 7.24-7.18 (2H, m, Harom, naphthyl ring), 7.12—7.01 (5H, m, Harom, naphthyl and
phenyl rings), 6.46 (1H, s, C=CH, pyridone ring).
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13C NMR 23 MHz, (CD)sS0O 6: 162.69 (Carom, carbonyl group of pyridone ring), 151.96 (Carom,
pyridone ring), 136.57 (Carom, naphthyl ring), 134.29 (Carom, phenyl ring), 132.88 (CH, naphthyl
ring), 130.84 (CH, phenyl ring), 130.10 (CH, phenyl ring), 129.27 (CH, naphthyl ring), 128.95
(CH, phenyl ring), 128.72 (CH, naphthyl ring), 128.08 (CH, phenyl ring), 127.49 (CH, naphthyl
ring), 124.80 (CH, naphthyl ring), 107.16 (CH, pyridone ring).

IR vmax em-1: 3051 (N-H), 2220 (CN), 1659 (C=0), 1568 (C=C)
MS m/z (% relative abundance): 323

> 6-(4-fluorophenyl)-2-0xo0-4-phenyl-1,2-dihydropyridine-3-
carbonitrile: 2-PyO-(H, 4F)

Structure: Ci1sH11FN2O
Molar mass (g/mol): 290,29
Yield (%): 89 (B)

Aspect: yellow solid

Mp (°C): 210

'"H NMR 91 MHz, (CD)3SO 8u: 7.99 — 7.94 (3H, m, Harom, 4-fluorophenyl and phenyl rings),
7.87 —7.84 (1H, m, Harom, phenyl ring), 7.72 — 7.70 (2H, m, Harom, phenyl ring), 7.55 — 7.54 (1H,
t, Harom, phenyl ring), 7.47 — 7.46 (1H, m, Harom, 4-fluorophenyl ring), 7.36 — 7.32 (2H, m, Harom,
4-fluorophenyl ring).

13C NMR 23 MHz, (CD)3SO &: Not recorded due to insufficient sample purity.
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IR vmax cm-': 3051 (N-H), 2220 (CN), 1657 (C=0), 1510 (C=C)

MS m/z (% relative abundance): 291

Remarks on Analytical Data

Note on NMR data: Due to the use of a low-field NMR instrument (91 MHz for 'H and 23
MHz for *C), some spectra recorded during this work were of limited resolution or sensitivity,
which may have resulted in missing or overlapping signals. Nevertheless, the available data, in

combination with IR and MS support the proposed structures.

Clarification: Some final 2-pyridone derivatives, though successfully synthesized and
confirmed by IR and mass spectrometry, could not be analyzed by NMR due to limited purity
and material availability. Nevertheless, the mass spectra displayed clean molecular ion peaks,

and the synthetic pathways are consistent with related, fully characterized compounds.
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GENERAL CONCLUSION

This work focused on the synthesis and application of four major families of nitrogen-
containing heterocycles: imidazo[1,2-a]pyridines, imidazo[1,2-a]pyrimidines, imidazo[2,1-
b]thiazoles, and 2-pyridone derivatives. These structures are of considerable interest due to their
broad range of biological activities and relevant industrial applications, particularly in the fields

of pharmaceutical chemistry and corrosion protection.

In the first part of the thesis, a variety of eco-friendly and efficient synthetic strategies
were developed. The synthesis of imidazo-heterocycles was based on the reaction of 2-
aminoheterocycles (pyridine, pyrimidine, or thiazole) with a-bromoarylketones, which were
prepared in a prior step from acetophenone derivatives using N-bromosuccinimide (NBS).

Several methods were explored and compared, including:
+ Classical thermal conditions in ethanol,
+ Catalysis using Au/TiO2, which provided enhanced yields and reduced reaction times,

+ Microwave-assisted synthesis, offering solvent-free and rapid access to the desired

compounds,

+ AlOs-assisted synthesis, particularly effective for the formation of imidazo[2,1-

b]thiazoles.

The second synthetic strategy was dedicated to 2-pyridone derivatives, obtained through
a two-step multicomponent strategy. Initially, alkenes were prepared by Knoevenagel
condensation of aldehydes with ethyl cyanoacetate in water. These intermediates were then
reacted with acetophenones and ammonium acetate to yield 2-pyridones via a

cyclocondensation process. Two approaches were investigated:
+ Conventional heating in ethanol (10 h),

+ Ultrasound-assisted synthesis, which significantly shortened reaction times by more
than half (3—6 hours vs. 10 hours) and enhanced yields up to nearly fourfold, confirming

the effectiveness of cavitation in accelerating multicomponent reactions.
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In the second part of the thesis, the synthesized compounds were assessed for their

functional and biological properties:

1. Corrosion Inhibition: Several IP and IPM derivatives were evaluated as corrosion
inhibitors for mild steel in 1 M HCI using the gravimetric method. The results
demonstrated high inhibition efficiencies, in some cases exceeding 97,51% and 96,55%
for IP-4Br and IPM-4Br, respectively. The efficiency was found to increase with
concentration and temperature, suggesting a chemisorption mechanism.
Thermodynamic studies (activation energy, AH, AS) confirmed the spontaneity and
endothermic nature for IP and exothermic nature for IPM of adsorption, while fitting
to the Langmuir adsorption isotherm indicated the formation of a monolayer on the
metal surface. These results underline the potential of these heterocycles as eco-friendly

corrosion inhibitors.

2. Biological Activity: A selection of IP and IPM compounds was screened for
antibacterial and antifungal activities. Using the agar diffusion method, MIC and MBC
determination, several compounds exhibited significant inhibition against
Staphylococcus aureus, Micrococcus luteus, Bacillus subtilis, Bacillus cereus and
Candida albicans. The activity varied depending on the nature and position of the
substituents, with compounds such as IPM-40OMe, IPM-3,4diMe, and IPM-2Naph
particularly exhibiting higher potency. These findings support the potential of

imidazo[1,2-a]pyridines/pyrimidines as broad-spectrum antimicrobial agents.

3. Molecular Docking and ADME-Tox Prediction: To better understand how the most
active compounds might act at the molecular level, we carried out computer-based
simulations to predict how these molecules bind to bacterial proteins involved in
essential biological functions. These docking studies showed that the compounds fit
well into the active sites of the target proteins and formed specific interactions, such as
hydrogen bonds and hydrophobic contacts, which are often essential for biological
activity. In addition, the calculated binding strengths were consistent with the biological
results obtained in vitro, supporting the idea that these compounds exert their effects by
directly interacting with the bacterial targets. We also evaluated the pharmacokinetic
profiles of the compounds using theoretical models (ADME-Tox), which help predict
how the molecules behave in the body (Absorption, Distribution, Metabolism,

Excretion, and Toxicity). The results were encouraging, indicating that the compounds
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follow the main criteria for drug-likeness (such as Lipinski’s rule of five) and do not

present risks of general or cardiac toxicity.

Together, these results illustrate the versatility of the synthesized compounds and the
interdisciplinary nature of this research, combining synthetic organic chemistry, materials
science, biological evaluation, and computational modeling. The methods developed are not
only effective and reproducible, but also aligned with the principles of green and sustainable

chemistry.
As future perspectives, several promising directions can be considered:

+ Structural optimization of the most active compounds by introducing new substituents
or functional groups in order to improve their selectivity, potency, and pharmacokinetic
properties.

+ Mechanistic investigations using surface analysis techniques (such as SEM) to better
understand the interaction between the inhibitors and the metal surface at the
microscopic level.

+ In vivo biological evaluation to confirm the antimicrobial activity of the most promising
molecules and assess their toxicity in biological systems.

+ Advanced molecular modeling could be used to explore new targets and support rational

drug design based on the synthesized heterocycles.
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Abstract

This thesis presents the development of eco-friendly synthetic methods for producing imidazo-
heterocycles and 2-pyridones, utilizing techniques such as solvent-free synthesis, catalysis,
microwave irradiation, and ultrasound. Following the successful synthesis of these compounds,
their practical applications were investigated. The inhibitory effectiveness of selected imidazo-
heterocyclic derivatives on mild steel corrosion was evaluated, highlighting their potential as
corrosion inhibitors. Additionally, the biological activity of the synthesized imidazo[1,2-
a]pyridines/pyrimidines was tested, revealing promising pharmacological properties.
Molecular docking studies were performed to model the interactions of potent compounds with
specific biological targets, providing insights into their therapeutic potential. This research
advances the synthesis and application of heterocycles in industrial and biomedical contexts.

Keywords: green synthesis, imidazo-heterocycles, 2-pyridones, corrosion inhibition,
biological activity, molecular docking.

Résumé

Cette thése présente le développement de méthodes de synthése écologiques pour la production
d'imidazo-hétérocycles et de 2-pyridones, en utilisant des techniques telles que la synthése sans
solvant, la catalyse, l'irradiation micro-ondes et les ultrasons. Apres la réussite de la synthése
de ces composées, leurs applications pratiques ont ét¢ étudiées. L'efficacité inhibitrice de certains
dérivés imidazo-hétérocycliques sur la corrosion de l'acier doux a été évaluée, mettant en
¢vidence leur potentiel en tant qu'inhibiteurs de corrosion. De plus, l'activité biologique des
imidazo[1,2-a]pyridines/pyrimidines synthétisées a été testée, révélant des propriétés
pharmacologiques prometteuses. Des études de docking moléculaire ont été réalisées pour
modéliser les interactions des composés puissants avec des cibles biologiques spécifiques,
fournissant des informations sur leur potentiel thérapeutique. Cette recherche fait progresser la
synthese et I'application des hétérocycles dans les contextes industriels et biomédicaux.

Mots-clés : synthése verte, imidazo-hétérocycles, 2-pyridones, inhibition de la corrosion,
activité biologique, docking moléculaire.



