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GENERAL INTRODUCTION




General introduction

Modern organic chemistry is based on natural products, which are essential for the production
of agricultural chemicals, pharmaceuticals, and other useful products [1]. The progress of scien-
tific research and technological innovation depends on the production of complex organic mole-
cules selectively and effectively [2]. Researchers are looking at innovative ways to improve raw
materials and significantly reduce environmental impact as the demand for new compounds with

specialized biological activity increases [3].

Because they are found in many biological processes and are important in medicine, hetero-
cycles are important in organic chemistry [4]. Common heteroatoms are nitrogen, oxygen, and
sulfur. Heterocycles are cyclic compounds with atoms of at least two different elements in their
rings [5]. 1,2,3-triazoles and thiazoles stand out among these compounds because of their wide
range of biological activities. The potential of the 1,2,3-triazole moiety as an antimicrobial, anti-
inflammatory, and carcinogenic agent has attracted interest [6]. They are useful in chemistry due
to their unique electrical properties and ability to form hydrogen bonds [7]. Similarly, thiazole
derivatives are useful targets for drug discovery as they are associated with many therapies such

as cancer treatment and antibiotics [8].

- v

N:N’

1,2,3-Triazole Thiazole
Figure 1. Triazole and thiazole structures

Especially with the introduction and application of nanotechnology in catalysis, tremendous
progress has been made in organic synthesis in recent years [9]. Due to their dramatic increase
in reaction rate and selectivity, catalysts are important for organic synthesis [10]. Materials effi-
ciency, recycling, and environmental sustainability are three areas commonly consumed by con-
ventional catalyst methods failure. For these problems, microbeads have become an alternative
in recent years [11]. Microbeads are spherical particles that generally range in size from 1 to
1000 pm [12] and can be made of various materials such as silica, polymers [13]. leading to
their large surface areas leading to enhanced catalytic activity, and enables better contact with
reagents [14]. ease of handling [15] and derived from the synthesis of mixed materials, which
simplifies cleaning procedures and reduces waste [16]. In addition, microbeads may have spe-
cial characteristics for certain reactions or applications for more suitable tools in the chemical
industry. These characteristics include high response rates, selectivity, and easy recovery and

recyclability [17].
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General introduction
This work focuses on the synthesis of thiazoles and 1,2,3-triazoles using Cu2O microbeads as

catalysts. By applying these advanced features to condensation reactions with thiosemicarbazide
and aldehyde derivatives, we aim to reduce reaction time and byproduct formation and achieve
high yields of new compounds. The use of microbeads increases the efficiency of the reactions
and also aligns with the principles of green chemistry by reducing waste and energy consump-
tion[18].

This study focuses on the biological investigation of the synthesis of heterocyclic compounds
in addition to the synthetic material. An understanding of structure-activity relationships (SAR)
is essential to predict the biological behavior of new drugs [19]. By finding a way to investigate
how differences in molecular structure affect biological function, we can find candidates for new
developments as therapeutic agents. Our findings are further significant by the potential use of

these compounds to combat oxidative stress-related diseases.

Furthermore, this work aims to contribute to the heterocycle of the role of microbeads in or-
ganic synthesis. As new methods and applications for these materials continue to evolve, it is
important to recognize their potential in expanding synthetic chemistry to improve reaction effi-
ciency. This study is not if microbeads can produce heterocyclic compounds but also emphasiz-

es their medicinal applications.

In summary, this will create a global perspective on the application of microbead technology in
synthetic biology in all relevant biomedical challenges simultaneously. In addition to synthesiz-
ing and testing the prepared 1,2,3-triazoles and thiazoles, we will also report important infor-

mation on the mechanism and pharmacokinetics.
We divided this thesis into four chapters:

We will present a review on the literature of the synthesis of 1,2,3-triazole in the first chapter,
by focusing on the use of metal-based nanoparticles in the green synthesis of 1,2,3-triazole. We
will consider a section to the synthesis and applications of Cu,O microbeads as a catalyst for

the synthesis of 1,2,3-triazole.

The second chapter will focus on the synthesis, structural characterization, and physicochemi-
cal properties of the synthesized thiosemicarbazone and thiazole derivatives. After providing an
overview of the various existing synthetic pathways, we will present all obtained results and en-

suing discussions, along with the strategies we adopted.
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General introduction
In the third chapter, we will present the results of studies on the antioxidant activity of our

synthesized heterocycles.

Finally, the fourth chapter will compile the experimental protocols and structural characteris-
tics (*3C NMR, 'H NMR and IR) of the obtained products.
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Introduction

1,2,3-triazoles and their derivatives stands out as an important group of bioactive heterocyclic
compounds in the field of organic synthesis, demonstrating diverse pharmacological activities
[1]. 1,4-disubstituted derivatives have become particularly notable because of their applications
across synthetic organic chemistry [2], medicinal chemistry [3], pesticides [4], supramolecular

chemistry [5], polymers [6], and material sciences [7, 8].

copper-based compounds have traditionally functioned as predominant catalysts for the 1,4-
disubstituted 1,2,3-triazoles synthesis due to their affordability and reduced toxicity [9]; never-
theless, the process of removing these catalysts from the end product presents difficulties from

an economic and environmental standpoint [10].

Considering this, the current focus lies in developing novel techniques that are more cost-
effective, and environmentally friendly for synthesizing these compounds, with an emphasis on

efficient reaction conditions.

Notably, to overcome the drawbacks associated with traditional homogeneous catalysts the
integration of metal-based micro/nanoparticles as heterogeneous catalysts provides a promising
way, representing a significant development in sustainable and efficient organic synthesis [11,
12].

1.1. Triazole

Triazole, or pyrrodiazole, and its derivatives represents a significant class of heterocyclic com-
pounds [13]. First synthesized by Fischer in 1878 [14], this compound, initially referred to as
dicyanophenylhydrazine, was later termed 'triazole’ by Bladin in 1885 to describe carbon-
nitrogen ring systems with the formula C2NsH3 [15]. The diverse properties of triazoles have
attracted considerable attention in the chemical industry [16], making them a focal point for re-
searchers due to their various applications in the pharmaceutical [17], agrochemical [18], and
materials industries [19] .Triazoles valued for their biological importance because of their di-
verse applications, particularly as herbicides [20], fungicides[21], antimicrobial agents [22], and
in the medical field [23]. Its incorporation into medicinal chemistry became increasingly recog-
nized following the success of imidazoles [24]. Triazoles, being isosteres of imidazoles, involve

the isosteric replacement of a carbon atom with nitrogen [25] .
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1.1.1. Chemical Structure and Nomenclature

Triazoles are heterocyclic chemical compounds with two carbon atoms and three nitrogen at-
oms arranged in a five-membered ring [26]. Their solubility and interaction with biomolecular
targets are improved by their ability to generate hydrogen bonds. Triazoles are widely used in
various fields, due to their aromaticity and electron-rich properties, binding with enzymes and
receptors through interactions like hydrogen bonds, coordination bonds, ion-dipole, cation-p,
hydrophobic effect, and VVan Der Waals force [27].

The triazole exists in two isomeric forms, determined by the position of the nitrogen atom in
the heterocycle (figure 1.1), both of synthetic origin and not occurring naturally [28]. These are:

1,2,3-triazoles (v-triazoles), 1,2,4-triazoles (s-triazoles)

N_ N \
& ¢
v-triazoles s-triazoles
1,2,3-triazole 1,2,4-triazole

Figure 1.1. Isomeric forms of triazoles

1,2,3-triazoles or v-triazoles are synthetic penta-atomic heterocycles that possess a pseudo-
aromatic structure, characterized by interactions between = bonds, a substantial dipole moment

(4.8-5.6 Debye), and a high propensity for hydrogen bonds formation [29].

These compounds exhibit tautomerism, presenting two structural isomers with two tautomeric
forms each [28]. For example, in terms of their molecular forms, 1,2,3-triazoles exist as 2H-
1,2,3-triazole in the gas phase and as 1H-1,2,3-triazole in the solid and liquid phases, depending
on the location of the substituent typically attached to a nitrogen atom [30]. The rings of 1,2,3-

triazoles are planar and contain six = electrons [31].

3 N ) 3 N=
2N, "
N1 2 N
H 1
1H-1,2,3-triazole 2H-1,2,3-triazole

Figure 1.2. Tautomeric forms of 1,2,3-triazole

Various regioisomers can be generated when substituents are introduced to the nitrogen and

carbon atoms of the 1,2,3-triazole framework as illustrated in Figure 1.3 [32].
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R
N/’N\N/RZ N/N\N R2\N/N\\N
)= = )=
Ry R, R
1,4-Regioisomer 2,4-Regioisomer 1,5-Regioisomer

Figure 1.3. Various regioisomers of 1,2,3-triazoles

1.1.2. Synthetic Reactivity of 1,2,3-Triazoles

1,2,3-triazoles are broadly categorized into: monocyclic 1,2,3-triazoles, benzotriazoles, and
1,2,3-triazolium salts, regarding their synthetic reactivity [33]. Benzotriazoles and monocyclic
1,2,3-triazoles are remarkably stable under a variety of circumstances, including enzymatic
breakdown, oxidative/reductive environments, and hydrolysis. In spite of this stability, reductive
cleavage occurs under harsh conditions, producing triazolium salts. Despite being stable, these
compounds can undergo a variety of synthetic processes, including complexation, ring-opening,
arylation, and alkylation [33].

1.1.3. Synthetic approaches of 1,2,3-triazole

Initially, the 1,3-dipolar cycloaddition process of azides and alkynes, known as the Huisgen
cycloaddition reaction, it is a process that produced 1,2,3-triazoles at high temperatures and
lacking selectivity [34]. However, this method found limited application in organic synthesis
due to its drawbacks such as high temperature requirements, poor regioselectivity, and low
yields. Subsequently, Sharpless and Meldal in 2001 individually described a regioselective ap-
proach for synthesizing 1,4-disubstituted 1,2,3-triazoles using azide-alkyne cycloaddition cata-

lyzed by copper(l), widely recognized as the "click reaction™ [34].

Another complementary development after the click reaction breakthrough was the ruthenium-
catalyzed cycloaddition of alkynes and azides, however it produced 1,5-disubstituted 1,2,3-tri-
azoles only [34]. However, this method is limited by the use of costly metal catalysts, high reac-

tion temperatures, and low yields.

The use of metal catalysts in synthesizing 1,2,3-triazoles is further limited by the toxicity asso-
ciated with these catalysts, thereby limiting their investigation in biological systems. Conse-
quently, another approach was used in order to avoid the use of metal catalysts. For example
Bertozzi and colleagues designed the strain-promoted azide-alkyne cycloaddition (SPAAC) reac-

tion [35]. It envolves the azides and cyclooctynes cycloaddition, which lead to the
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production of 1,2,3-triazoles without the use of harmful metal catalysts. Notably, the reaction

easier to various modify different biomolecules in vitro.

ey SR
\\N/ \R1 R1/N\N’/
1,4-disubstitured  1,5-disubstitured
1,2,3-triazoles 1,2,3-triazoles
N3 | - Cul)
Rj N\\N,N\R1
[Ru] / \N
/N\ 7%
Ri™ N

Figure 1.4. 1,2,3-triazoles production through metal-catalyzed cycloaddition and Huisgen's re-
actions [34]

1.1.3.1. ""One-pot™ synthesis of 1,2,3-triazoles

Purification procedures for chemical synthesis when done on a larger scale are often time-
consuming. Repetition of procedures such as phase separation, solvent evaporation, crystalliza-
tion, filtration, and reaction quenching after each causes longer purification times. For example,
even though the reaction can take only a few hours but finishing the required purification proce-

dures can take days [36].

To accelerate synthesis procedures it is important to minimize the amount of post-processing
steps needed for each reaction. One efficient strategy is to use one-pot reactions, such as tandem
and cascade reactions. A domino (cascade, tandem) reaction involve executing multiple sequen-
tial reactions within a single reaction step and requires adding all of the reagents at the begin-
ning, allowing several reactions to proceed in expected order. Notably, in the desired end product
is produced without the need to purify intermediates because each reaction can only begin after
the previews one is finished. This method results in short synthesis time, higher yields and less
chemical waste. Therefore, it is recommended to highlight the importance of pot efficiency is

also advocated [37].

In order to be successful one-pot reaction must have high yield and reduce the formation of

byproducts and side products in each step. It is also important to use equimolar concentra-
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tions of chemicals whenever available. the solvent selection is another important factor in the

process [38].

The one-pot reactions must be used to reduce purifying procedures, to achieve quick synthesis

and increase resource utilization in chemical production [36] .

In the literature, the "one-pot" synthesis of triazoles has been deeply studied. Interestingly, S.
Bahadorikhalili, A. Ghaempanah, Mohammad Sadegh Asgari, et al. have proposed a method to
synthesize 1,4-disubstituted 1,2,3-triazoles using alkynes and derivatives of aromatic halide [39].
This process involves the catalysis of copper and allows for the formation of the corresponding

triazoles in a single reaction vessel with satisfactory yields (Figure 1.5).

X N5
CUSO4.5H20
| X | X Sodium ascorbate [ \N
+ + )
N=
JF /2" DMF:H,0 9:1 ,3h, heat N
| X
[ =

X=Cl, Br

Figure 1.5. 1,2,3-triazoles “One-pot” synthesis [39]
I. 1.3.2. Click chemistry

Click chemistry, which is distinguished by quick reactions and high yields, can be effectively
used to manufacture heterocyclic compounds containing the 1,2,3-triazole component [40]. this
approach enables the synthesis of a variety of derivatives with advantageous yields through an
affordable and accessible synthetic pathway. Notably, it does not need any additional purifica-

tion of intermediates or final products [41].

Sharpless in 2001 gave the concept of click chemistry [42], centers around promoting facile,
low-energy reactions that unite two distinct units in a simple and rapid manner. Sharpless out-
lined specific criteria for a reaction to be classified as "click chemistry” [43], including : modu-
larity, High yields, stereoselectivity, tolerance to water, oxygen, and other functional groups,

absence of the need for protective groups and thermodynamic favorability.
Additionally, click chemistry reactions are recommended to:

e Avoid or use non-toxic and easily removable solvents
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Occur under straightforward reaction conditions, either employing commercial reagents or

being easy to prepare.

Sharpless categorizes click chemistry into various types of chemical transformations[44], in-

cluding ( Figure 1.6):

1. Cycloadditions: involving azides and terminal alkynes catalyzed by transition metal
complexes This includes 1,3-dipolar cycloaddition reactions, as well as reactions of the

Diels-Alder type.

2. Nucleophilic ring opening reactions: This involves stretched heterocycles such as epox-
ides, aziridines, cyclic sulfates, cyclic sulfonamides, episulfonium ions, and aziridium

ions .

3. carbonyls chemistry : Specifically, the "non-aldol" variety, which includes the creation

of ureas, aromatic heterocycles, thioureas, hydrazones, oxime ethers, and amides

4. Multiple carbon-carbon bonds addition reactions : This category includes oxidation
reactions like epoxidation, dihydroxylation, aziridination, and certain Michael addition

reactions.

These categories includes a wide range of reactions demonstrating the versatility and the ap-
plicability of click chemistry [44].

R O—< —R
ORs 5 1

7 §
Diels-Alder
Cycloaddition

o) X=0, NR, *SR, *NR2
Q/e/
)

C=C Addition

\ NuC

XH

Thiol-X

Ry
NuC

nucleophilic

Non-AldolCarbonyl Ring Opening

Chemistry

Figure 1.6. A selection of reactions conforming to the criteria of “click” chemistry [45]
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The Huisgen cycloaddition is the most used click chemistry reaction , specifically a 1,3-dipolar

cycloaddition between azides and alkynes to form triazole ring. Copper catalysis ensures selec-
tive formation of the 1,4 regioisomer, providing numerous advantages such as pure product gen-
eration, straightforward reaction conditions, high yields, and the absence of secondary product

generation[46].

The requirements for a "click” chemistry reaction are shown in Figure 1.7, emphasizing the
significance of modularity, high yields, stereoselectivity, tolerance to different circumstances,

lack of protecting groups, and thermodynamic favorability.

Simple
expérimental

Simple
purification

Stereospecificity w
Non-toxic by-
Stable Products

products
Figure 1.7. Criteria defining a “click” chemistry reaction

Readily available
reagents

Use of green
solvents

I.1.3.2.1. 1,3-Dipolar Cycloaddition Reactions

The 1,2,3-triazole ring is formed by the 1,3-dipolar cycloaddition between azides and alkynes.
This cycloaddition method allows the preparation of various five-membered heterocycles via
hetero-atomic bonds efficiently and reproducibly [47]. The 1,3-dipolar cycloaddition has been
recognized for over a century, it was first discovered by Michael in 1893 and later studied by
Huisgen [48]. Additionally, these reactions are used to prepare various natural products [49],
such as derivatives of sugars [50], amino acids [51], B-lactams [52] , compounds with pharma-
cological importance [53], and alkaloids[54]. For example, products like pyrazolines derived
from these reactions demonstrate diverse biological activities, such as analgesic, anti-

inflammatory, and herbicidal properties [55, 56].
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®N 80°c 5 3 5 4

.N _ =N

Ri=N" * =R, N’Ji - NTN2g,
R
R1/N /R N~N
T 5 1}
R4
Regioisomer 1,4- Regeoisomer 1,5-

Figure 1.8. 1,3-dipolar cycloaddition classic Huisgen reaction [57]

Cycloaddition reaction is a reaction that involves the formation of a cyclic structure when two
reactants bonds [58]. Dipoles with dispersed four m electrons across three adjacent atoms are
important in these reactions. At least one resonance structure is displayed by each dipole, in
which opposite charges are positioned in a 1,3 arrangement [59]. Because of this structural fea-
tures the expression of "1,3-dipolar cycloaddition reaction” is created. This reaction is the most
favored method for the synthesis of both five-membered cyclic and heterocyclic compounds
[60].

C)
@ N
N~ ___
R—N + H—R;
. / . R
R2 @/N/’/N e/N’/ — 2
\(\/N—R1 <—R1‘I<~:/ ) Ri—N< ) o Nf\,g
N=N NN
HTRz R2——E—‘H R1

Regioisomer 1,4- Regeoisomer 1,5-

Figure 1.9. Classic 1,3-dipolar cycloaddition mechanism (thermal) [61]

I.1.3.2.2. Copper(l)-catalysed azide-alkyne cycloaddition (CUAAC)

A review of the literature shows that the 1,3-dipolar cycloaddition reaction is important in click
chemistry. This reaction involves genuine azides and alkynes. It is used to produce 1,2,3-
triazoles [62]. Initially, the 1,3-dipolar azide-alkyne cycloaddition (AAC) synthesis required high
temperatures, resulting in a mixture of regioisomers-1,2,3-triazole 1,4-disubstituted and 1,5-
disubstituted after several days of reaction [63, 64]. However, not many people were interested
in the AAC reaction until the 2000s, when it was finally realised that it could be much more use-
ful.In 2002, Sharpless and Meldal independently invented a new version of the Huisgen reaction,
using copper(l) as a catalyst. This meant that they could do the reaction at lower temperatures,

and make the 1,4-regioisomer more quickly and selectively [65].

The discovery of Cu(l) catalysis in 2002 was a big step forward in the world of organic synthe-

sis. This discovery caused a big change in the way scientists thought about chemistry, and made
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people want to write a lot of new scientific papers on the topic [65]. This is because it makes

reactions faster and more selective, which is especially clear when making 1,4-disubstituted tria-

zoles using real alkynes.[48].

There are several ways exist to synthesize 1,2,3-triazoles without using metals[66]. However,
the copper(l)-catalysed azide-alkyne cycloaddition (CUAAC) reaction, first developed by Sharp-

less et al., is the most frequently documented approach for achieving high yields

Recently, it has attracted a lot of attention as a very effective way to make important medical
structures that we can use to find new medicines[67]. Most of the time, the reaction happens
when there are catalytically active copper(l) compounds present, showing how important it is to
keep copper(l) stable against oxidation during the CUAAC process using different ligands and
reducing agents [68].

The cycloaddition can now happen at room temperature or with a bit of heating because of the
amazing Cu(l)-catalyzed alteration, which only makes 1,4-disubstituted 1,2,3-triazoles with sim-
pler processing and purification steps [69]. Cu(l)-catalysed azide-alkyne cycloaddition (CUAAC)
is a highly efficient method for the selective production of 1,4-disubstituted 1,2,3-triazoles. The
terminal alkyne's role as an improved 1,3-dipolarophile in the reaction with the azide is made

stronger by the interaction between Cu(l) and the alkyne [69].

N=N
< Cu(l) ! —
N - =
O-N~ + =D T O/N Y >
Regioisomere 1,4-

Figure 1.10. Copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)
I.1.3.2.2.1. Reaction Mechanism of CUAAC

The Huisgen 1,3-dipolar cycloaddition is a simple one-step process that uses organic azides and
dipolarophiles [70]. The copper(l)-catalyzed version, which involves copper at various interme-

diate steps, is known as a multi-stage process [71] .

Kolb et al. proposed using a copper(l) catalyst to achieve regioselectivity that favours the 1,4-
disubstituted isomer in the copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC). This is a

reaction between an azide and a genuine alkyne [72]. This catalyst exclusively yielded the 1,4-

17



Chapter | Literature review
disubstituted triazole, removing the necessity for heating the reaction [72]. his catalyst only produced the

1,4-disubstituted triazole, meaning that heating the reaction was not needed. The image shows the process
suggested by Himo et al. for this Cu(l)-catalysed joining of alkynes and azides, suggesting that Cu acety-
lenides play a role in the process [73].

—=——Cul4 NSN+
@ /
+
[ LnCu ] CuLn 5
N N\R
R1 )& )
R»] CULn 1
s N« CuL
\N/ R2 D T\l/\ n-2
N\\ /N\ \\ / \
(6) N Rz
(4)
)]

Figure 1.11. Mechanism of 1,3-cycloaddition catalyzed by Cu(l), according to Himo et al. [73]
Step A: Alkyne (1) reacts with copper to form a complex known as "Cu-acetylide"” (2).

Step B: The copper atom activates the azide function, displacing a ligand to generate the inter-
mediate (3).

Step C: Next, the two reactive parts come together, allowing the carbon-2 of the acetylide to
attach to the nitrogen-3 of the azide. This results the 6-membered metallacycle (4), with copper

in oxidation state I11.
Step D: When the metallacycle (4) contracts, it leads to the copper-triazole derivative (5).

Step E: Finally, the addition of a proton to the copper-triazole derivative helps to separate the

desired 1,4-disubstituted triazole compound (6) and regenerate the copper catalyst.

Another way to do this is to use more soluble and manageable Cu(ll) salts together with reduc-

ing agents. This makes catalytic amounts of Cu(l) in the reaction mixtures [74].
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1.1.3.2.2.2. Copper catalysis in the context of the CUAAC

There are many different copper catalysts that can make the CUAAC reaction easier, depending

on how the particular Cu(l) entities are made.

1.1.3.2.2.2.1. CUAAC reaction catalyzed by copper iodide (Cul)

A very practical application of copper iodide-catalysed azide-alkyne cycloaddition in the cou-
pling of peptides through side chains or solid phase backbones was demonstrated by Meldal and
colleagues. Both reactions showed selectivity towards the formation of 1,2,3-triazoles 1,4-

disubstituted and changed the understanding of click reactions [75].

o) Q 0.1M NaOH (aq) o)
R-N3 N or
" FGFG N _
/J\FGFG—O - N | O -\ ]/LLFGFG OH
Cul, DIPEA N 2-furoyl chloride \N
R DIPEA §
O = HMBA-PEGA FGFG=Phe-Gly--Phe-Gly

HMBA= 4-Hydroxymethylbenzoic acid

PEGA800= Resin
o)
Ph 9 H i
S N OH N FGFG-OH
~ N N/’l
N:
HO[

N
O
— (0]

a, 95% b, 67%

Figure 1.12. Regiospecific synthesis of peptidotriazoles

1.1.3.2.2.2.2. The CUAAC reaction catalyzed by copper sulfate pentahydrate
(CuS0O4-5H20)

Sharpless proposed the potential use of in situ generated copper(l) as an efficient catalyst for
carrying out azide-alkyne cycloaddition reactions. This copper(l) is produced by reducing copper
sulfate pentahydrate (CuSO4-5H20) with ascorbic acid. Sharpless and his colleagues demonstrat-
ed a typical example of a CuSOg4-catalysed click reaction in the presence of sodium ascorbate in

a 2:1 mixture of water and tert-butanol at room temperature [75].
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NaAsc 5mol%
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Figure 1.13 Sharpless method for the synthesis of 1,2,3-triazole [75]

The widespread acceptance of Cu(l)-catalysed azide-alkyne cycloaddition (CUAAC) in the
chemical community has been attributed to several advantages [76]. Firstly, the use of copper
considerably accelerates the cycloaddition process, allowing for an efficient synthesis. Secondly,
the reaction can be carried out over a wide temperature range, increasing its versatility. In addi-
tion, CUAAC is water resistant, which simplifies reaction conditions and facilitates handling. It
also has broad compatibility with different functional groups, making it suitable for a wide range
of substrates. In addition, purification of the compounds can often be achieved by extraction or
filtration without the need for column chromatography, thus optimising the synthetic process.
Finally, the reaction shows tolerance to a pH range of 4 to 12, further highlighting its versatility.
In addition, CUAAC enhances tolerance to different functional groups and pH fluctuations, along
with its simple reaction conditions and compatibility with a wide range of solvents, including
water [77].

I.1.3.2.2.3. Azide-Alkyne dipolar cycloaddition catalyzed by Ru(l1)

In 2005, Jia and Fokin, together with their respective research groups, developed the rutheni-
um-catalysed alkyne-azide cycloaddition (RUAAC) reaction. This method enabled the produc-
tion of 1,5-disubstituted 1,2,3-triazoles with high selectivity at the 1,5-position using terminal

alkynes and azides. The usability of RUAAC extends to symmetric internal alkynes and

certain unsymmetric alkynes, providing good regioselectivity [78]. However, establishing regi-

oselective synthesis of fully substituted 1,2,3-triazoles remains a significant challenge.
1.1.3.2.2.3.1. RUAAC reaction mechanism

In contrast to CUAAC reactions, RUAAC reactions use penta-methylcyclopentadienyl ruthe-
nium chloride [Cp*RuCl] complex to produce high yields of 1,5-disubstituted 1,2,3-triazoles,
showing an inverse regioselective behaviour [79]. Experimental and computational studies of the
mechanistic aspects of RUAAC reactions, serving as a prototype click process, have shown
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that RUAAC reactions occur via oxidative coupling of alkynes and azides to form a six-membered ruthe-

nium-containing cyclic intermediate. In contrast to the copper-catalysed reaction, no ruthenium acetylide
intermediate is formed. Consequently, regioisomers of 1,5-disubstituted 1,2,3-triazole are formed as the
ruthenacycle undergoes reductive elimination. Interestingly, in contrast to Cu(l)-catalysed reactions, it
was found that the ligand environment surrounding the Ru centre determines the catalytic efficiency and
regioselectivity of this process [80].
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Figure 1.14. RUAAC reaction mechanism suggested by Fokin [81]
1.1.3.2.2.3.2. Advantages of RUAAC

RUAAC presents several advantages, often showing faster reaction rates, higher yields and
better regioselectivity. In addition, RUAAC can tolerate a wider range of functional groups, mak-
ing it more versatile for various synthetic applications [82].

The development of RUAAC has created new opportunities in organic synthesis, bioconjuga-
tion, materials science and drug discovery [78]. Researchers continue to investigate and optimize

RUAAC reactions to further increase their utility and efficiency.

As an example of this method, Kracker et al. used triazole derivatives that were previously

prepared from a propargylamine and an a-azido-carboxylic acid to produce peptidotriazolamers
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using a building block approach. An alternative strategy would be to use a sub-monomer tech-

nique that consists forming an amide bond with an a-azidocarboxylic acid with RUAAC and

protected propargylamine [83].
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Figure 1.15. Designed approach for peptidotriazolamer solution synthesis utilizing 1,5-
disubstituted triazole building blocks produced by RUAAC.

I. 1.3.2.2.4.Metal azide—alkyne cycloaddition MAAC

Triazoles are of considerable biological importance and have applications in a wide range of
scientific fields, prompting the search for robust synthetic methods. The strategy of azide-alkyne
cycloadditions is a powerful method for the preparation of these heterocyclic compounds. In
contrast to traditional azide-alkyne cycloadditions (CuUAAC), the use of different metals offers a
promising approach to triazole synthesis. Besides copper, alternative metals such as zinc
(ZnAAC), silver (AgAAC), gold (AuAAC), gold nanoparticles supported on titania
(Au/TIO2AAC) and Raney nickel (RaneyNiAAC) can be used for AAC reactions [84].
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Figure 1.16. Examples of some metals used in the MAAC for 1,4-disubstituted 1,2,3-triazole
synthesis [84]

Regardless of its drawbacks, CUAAC has become a highly efficient and advanced toolkit for the

synthesis of novel biomolecules and drugs in medicinal chemistry.
I.1.3.2.2.5. Strain-promoted azide—alkyne cycloaddition reaction (SPAAC)

The use of metal catalysts in the synthesis of 1,2,3-triazoles is further limited by the toxicity
associated with these catalysts, which restricts their exploration in biological systems. As an al-
ternative approach to the preparation of 1,2,3-triazoles, classified as click reactions, Bertozzi and
colleagues investigated reactions involving azides with strained alkenes in the absence of copper
[76]. Because of its interesting applications in materials science and chemical biology, strain-
promoted azide-alkyne cycloaddition (SPAAC) has attracted considerable interest in recent years

[85]. Thus, this approach offers considerable advantages over other established methods [86].

N
N
\

R/Ar

Figure 1.17. strain promoted azide alkyne cycloaddition (SPAAC) reaction [76]
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In 2003, the Bertozzi group developed a solution to this challenge using a different approach

[87]. Instead of employing catalysis to reduce the barrier to cycloaddition, they used molecular
strains in which the alkyne deviates from its typical linear geometry and has higher energy lev-
els, allowing it to reach the transition state more easily and thus proceed more rapidly [88]. In
what they termed 'strain-promoted azide-alkyne cycloadditions', they used cycloalkynes with
eight-membered rings [89]. These reactions can be much faster than the Staudinger ligation and
can be easily carried out under physiological conditions. By modifying the reactivity of the al-

kyne component, the efficiency and selectivity of the reaction can be improved [90].
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Figure 1.18. SPAAC mechanism [91]

The SPAAC, in which various cyclooctyne derivatives react with azide-containing molecules,
has attracted interest in biorthogonal chemistry. This method allows rapid and selective chemi-

cal coupling under aqueous conditions, eliminating the need for harmful substances [92].

Different reactivities during their cleavage reactions. The impressive study used sequential and
fully controlled CUAAC click conjugation of three different glycans to an alkyne-modified pep-
tide. Real peptide mimetics with successive triazoles linked to a single substituted carbon were
outlined. In a-hydroxy-p-azidotetrazoles, the hydroxytetrazole acts as an alkyne protecting group
which is released by hydroxyl activation. Following the formation of triazoles with the azide, a
new terminal alkyne for CUAAC is released, allowing the synthesis of molecular libraries con-

taining up to three consecutive triazoles (Figure 1.19) [93].
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Figure 1.19. a recent click assembly that uses a triazole substitute to create longer oligomeric o-

amino acid peptide mimetics [93].

It is possible to apply SPAAC approach without the need for a Cu(l) catalyst. These reactions
work particularly well in bioconjugation applications where the presence of additional metals is
undesirable [94].

Advances in biomedical research has been supported by Click chemistry, wich includes meth-
ods such as SPAAC (strain-promoted azide-alkyne cycloaddition).

This reaction is an excellent illustration of how click chemistry has strengthened and enhanced

biomedical investigations [95].
l.1.3.2.2.6. Microwave Activation

Microwave chemistry is a technique that’s used more and more in the field of "click" chemis-
try. It is easy to use, fast, and selective, and compared to traditional methods it has several ad-
vantages due to its ability to reduce reaction times and improve yields making it recognized for
its environmental friendliness. Dharavath et al. [96] report that microwave activation can be

coupled with 1,3-cycloaddition reactions via "click™ chemistry.
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Figure 1.20. 1,4-disubstituted 1,2,3-triazole synthesis using a microwave-assisted method [96]

1.1.3.3. Multicomponent reactions (MCRS)

Processes that involve combining three or more initial elements in a "one-pot" fashion are
known as multicomponent reactions (MCRs). This approach results in a single product that in-
corporates significant portions of all components when follow successive reactions of participat-
ing reagents, Importantly, these reactions utilize the in situ formation of reaction intermediates
[97].

the first MCR was discovered by Strecker in 1850 and it marked a turning point moment in the

evolution of these reactions over history [98].

9
— >Q/o g

Figure 1.21. Principle of multicomponent reactions

These "one-pot"” transformations, characterized as multicompound reactions, allow for the
rapid and selective synthesis of complex structures, such as imines [99], amino acids [100], B-
amino ketones [101], amides [102], amidines [103], natural products [104], and various structur-
al heterocycles [105]. Is no longer necessary to isolate intermediate compounds when is multiple

bonds are simultaneously formed in a single sequence [106].

the efficiency and practicality of these synthetic approaches is enhanced by the fact that the
starting materials for MCRs are often simple, commercially available, or easily accessible [107].
The chronological presentation of important MCRs demonstrates their historical development,

showcasing their utility in synthesizing diverse compounds.
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Figure 1.22. Multicomponent reactions history [108]

The broad scope and historical evolution of MCRs is demonstrated by these reactions, high-

lighting their importance in synthesizing compounds with different structures.

Due to their active nature 1,2,3-triazole heterocycles hold significant importance in organic

synthesis, displaying numerous and outstanding biological and pharmaceutical properties [109].

1,2,3-triazole synthesis is generally accomplished by MCRs. The following examples present the

synthesis of triazole derivatives, categorized according to the type of coupling (Figure 1.23) .
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Figure 1.23. Various routes to access triazoles via MCRs

1,3-dipolar cycloaddition, which involves terminal alkyne, benzyl halides, and sodium azide, is
an example of MCR, the azide-alkyne, yielding 1,2,3-triazoles (Figurel.24). Presently, The most
commonly used method for synthesizing 1,4-disubstituted 1,2,3-triazoles from various organic
azides and terminal alkynes through [3+2] cycloaddition is the copper(l)-catalyzed azide-alkyne

cycloaddition, also referred to as the Click or Huisgen-Meldal-Sharpless reaction [110].

NaN3 R1

N
Cu (I) ‘ \\N
+ PN I /
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Figure 1.24. synthesis of 1,4-disubstituted 1,2,3-triazole using multicomponent click reaction
[111]

MCR processes hold considerable significance [112], owing to their alignment with economic
and ecological criteria [113], in organic and medicinal chemistry due to various advantageous
characteristics such as selectivity [114], atom efficiency [115], convergence [116], adaptability

[117], and molecular intricacy [118].

I1. Metal-Based Nanoparticles: Innovative Catalysts for synthesis of 1,2,3-Triazole

The CuAAC is capable of generating organic azides in situ from appropriate precursors, would
offer significant advantages in terms of safety and efficiency. Nonetheless, the homogenous na-
ture of the catalysts is frequently the main cause of CUAAC procedures' disadvantages, leading
to challenges in separating the catalyst and products and necessitating the use of stabilizing lig-
ands and reducing agents like sodium ascorbate. Sodium ascorbate, a crucial component in Cu-
AAC conditions, is prone to oxidation in the presence of air, resulting in the generation of
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ascorbate by-products such as dehydroascorbate. Additionally, it can chelate copper ions during

the reaction. Therefore, developing efficient heterogeneous systems is highly preferable to miti-
gate these issues. These difficulties are successfully avoided by using a one-pot method in heter-
ogeneous settings to synthesize 1,2,3-triazoles from in-situ-formed organic azides, addressing
safety concerns associated with handling potentially explosive azides as well. Recently, many
studies have emphasized heterogeneous catalyst conditions to overcome these problems, offering
advantages such as easy separation of catalyst and products by filtration from the reaction mix-
ture, increased diffusion with an increased number of catalyst active sites, and provides a reusa-
ble catalyst [119].

Recently, nanomaterials have become the focus of attention due to their unique properties,
which set them apart from their bulk counterparts. Metal nanoparticles in particular have
emerged as multifunctional catalysts for a wide range of organic transformations. Among these,
copper nanoparticles have gained popularity due to their low cost, and have been shown to be
effective, especially in catalytic and biological applications. Moreover, there is an increasing
interest in leveraging environmentally friendly, economically feasible, readily accessible, and

sturdy stabilizer or support elements must be used in the synthesis of metal nanoparticles [120].
11.1. Introduction to metal nanoparticles and their unique properties as catalysts

Nanotechnology focuses on creating and utilizing systems and structures through the nanoscale
manipulation of molecules and atoms. Richard Feynman originally presented the idea in his 1959
talk at the American Physical Society, where he discussed the assembly of the molecular con-
struction of atomic blocks. Nevertheless, years later in 1974 Norio Taniguchi , a Japanese scien-
tist, coined the notion "nanotechnology”, he dreamed about nanoscale precision manufacturing.
The nanotechnology discipline was further developed by contributions from Eric Drexler, Chad
Mirkin, and Richard Smalley. Additionally, there exist a branch called green nanotechnology,

which focuses on the use and sustainable production of nanomaterials to benefit society [121].
11.2. Definitions
11.2.1. Nanoscience and Nanotechnology

Nanoscience and nanotechnology are words derived from the prefix "nano™, which goes back to
the Greek word meaning "dwarf" or very small, referring to the scale of one billion meters (10-°
m). It is important to distinguish between nanotechnology and nanoscience. Nanoscience inves-

tigates the structure and properties of molecules at very small scales, typically between 1

29



Chapter | Literature review
and 100 nm. Nanotechnology, on the other hand, refers to the application of this knowledge in

machines and technologies [122].
11.2.2. Nanoparticles

Nanoparticles are materials characterized by those nanoscale dimensions, which typically fall in
the range of 1 to 100 nanometers, providing a interface between individual molecules and bulk

materials.

Nanoparticles exhibit unique physicochemical properties due to their size such as quantum con-
finement effects, large specific surface area, high energy etc. They range from metallic materials
such as silver, gold, copper, zinc to metal oxides, silicate polymers organic -carbon-based mate-

rial chemical compounds can exhibit a wide range of chemical structures [123].

Furthermore, nanoparticles can assume various shapes such as spherical, spherical, paper-like,
or tubular. The solution treatment and the presence of bioactive substances in that solution have
an impact on these striking alterations in the nanoparticles' shape and chemical composition
[123].

11.3. Classification of nanoparticles

When compared to their counterparts, nanoparticles which can be made of metal, metal oxides,
organic matter, or carbon display distinct chemical, biological, and physical characteristics at the
nanoscale level. These properties include increased mechanical flexibility, better reactivity or
stability of chemical compounds and their tests, and much higher compared to volume. Numer-
ous items have been created using nanoparticles, which differ in size, shape, and composition in
addition to their substance [124].

Nanoparticles vary not only in material but also in dimensions, shapes, and sizes. They can
exist in different dimensional forms: zero-dimensional structures, where all three dimensions
converge to a single point, encompass nanoparticles and quantum dots (e.g., nano dots); one-
dimensional (1D) structures, where only one parameter varies, include nanofibers, nanotubes,
and nanowires (such as graphene); 2D structures that have length and width (for example carbon
nanotubes); and 3D structures, often referred to as bulk nanomaterials, are characterized by equi-
axed nanometer-sized grains and are defined by three arbitrary dimensions that are not confined
to the nanoscale (e.g., gold nanoparticles) [125]. In summary, nanoparticles come in diverse

shapes, sizes, and structures, making them versatile for various applications [126].
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Essentially, nanoparticle synthesis involves two main methods : the 'bottom-up' and 'top-down'

approaches. In the ‘top-down' approach, nanoparticles are produced by reducing the size of bulk
materials, often through physical or chemical means such as photoreduction methods, thermal
evaporation, chemical etching, sputtering, lithography, and mechanical operations like milling
and grinding. However, this approach is hindered by surface structure imperfections. Conversely,
the 'bottom-up' strategy depends on wet chemical techniques like metal ion oxidation or chemi-
cal reduction, as well as techniques such as hydrothermal, solvothermal, radiation-induced, co-
precipitation, microemulsion, pyrolysis, sol-gel chemistry, chemical vapor deposition (CVD),
and electrodeposition. This approach, alternatively referred to as the self-assembly technique,
this method involves creating nanoparticles from smaller components, including small particles,

atoms and molecules [127].
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Figure 1.25. Methods for synthesis of nanoparticles ‘top-down' and 'bottom-up' [128]

The use of characterization methods is crucial for verifying these particles are indeed at the
nanoscale and for ascertaining the composition and structure of materials, as well as evaluating
the success of the preparation method. This essential step is vital for gaining a thorough compre-
hension of the material's properties. Over time, newer and more sophisticated methods have
emerged alongside traditional characterization techniques (such as: XRD, SEM, TEM, AFM,
UV-spectroscopy, and FTIR), contributing to a deeper understanding of materials [129].

Metal oxide nanoparticles (MONPSs) in particular have garnered significant attention due to
their remarkable characteristics. By means of the creation and design of engineered MONPs,
researchers have been able To surpass constraints imposed by their larger counterparts, facilitat-
ing groundbreaking advancements in biomolecule sensing, targeted drug delivery and biological
imaging other applications. Furthermore, MONPs exhibit enhanced cellular penetration capabili-
ties and improved biocompatibility, enabling deeper interaction with cellular structures without
causing systemic toxicity. As a result, MONPs are increasingly utilized in clinical practice
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as biosensors, wound dressings for promoting healing, antibacterial agents, and agents for both

enhancing image contrast and anticancer treatment [130].

Nanoparticles exhibit applications in several scientific fields (such as agriculture, medicine,
textile, food industry and environment). One notable use of NPs and MONPs is in producing
nanocatalysts. The efficacy of catalysts is heavily influenced by their particle size and distribu-
tion. Nanoparticles (NPs) exhibit advantageous chemical properties as catalysts due to factors
such as their substantial surface area relative to volume, surface structure, and electronic charac-

teristics, all of which are closely associated with particle size [131].
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Figure 1.26. synthesis, classification, characterizations and applications of nanoparticles [132]
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11.3.1. Metal and metal oxide nanoparticles in catalysis

Catalysts are commonly classified into three primary categories: bio, heterogeneous and ho-
mogeneous catalysts. Recovering catalysts that are homogeneous can be challenging, which of-
ten makes the process less cost-effective. While homogeneous catalysts typically exhibit good to
excellent selectivity, they often lack thermal stability. Despite this limitation, homogeneous ca-
talysis may be preferred in certain situations due to its high selectivity. However, heterogeneous
catalysis is generally more favored. Therefore, addressing environmental concerns necessitates
the development of new strategies that offer high yields, selectivity, operate under mild reaction
conditions, tolerate a wide range of pressure and temperature, enable recoverability and reusabil-
ity of catalytic systems, and minimize waste generation. In this context, heterogeneous catalysis
frequently emerges as an effective alternative to homogeneous catalysts [133]. Metal nanoparti-
cles (M-NPs) and metal oxide nanoparticles (MONPSs) with precise size distributions attraced
considerable attention in both industrial applications and scientific research because of their re-
markable characteristics stemming from their substantial surface-to-volume ratios . These nano-
particles exhibit characteristics advantageous for efficient catalysis. Heterogeneous catalysis
allows for operation at elevated temperatures and facile catalyst recovery but suffers from issues
like low selectivity and a lack of clear understanding regarding mechanistic aspects necessary for
parameter enhancement. Nevertheless, transition metal nanoparticles play a fundamental role in
catalysis by imitating catalytic processes and metal surface activation at the nanoscale, thereby

improving the heterogeneous catalysis's selectivity and efficiency [134].

11.4. Copper and copper oxide nanoparticles

Copper is a heavy metal that is ductile and malleable, possessing a density exceeding 5 g/cm 2, and
showing a lack of reactivity to chemicals. Furthermore, it serves as an indispensable trace micronutrient,
crucial for vital enzyme processes essential for the survival of both humans and animals. Apart
from its diverse range of applications, copper is intricately involved in enzymatic processes, in-
cluding those facilitated by tyrosinase, dopamine hydroxylase and lysyl oxidase. Its metabolic
functions are closely linked to the creation of copper protein complexes and chelates. In the
realm of biology, copper plays a pivotal role in oxygen transport through its involvement in he-

mocyanin, a counterpart to hemoglobin found in mollusks and crustaceans [135].

Stable copper oxide is extensively employed as a semiconductor among transition metal ox-

ides, with its composition comprising various crystalline phases influenced by the environ-
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ment and copper's coordination states. Within these phases exist: cuprous oxide (cuprite, Cu20)

and cupric oxide (tenorite, CuQO), two forms that are thermodynamically stable [136].

Cuprous oxide (Cu20) belongs to the class of p-type semiconducting compounds and exhibits
favorable manufacturing and electrical characteristics, making it an attractive prospect for elec-
tronic and energy devices. Cuprous oxide possesses a cubic crystalline structure with 4.2696 A
lattice parameter. This crystal structure aligns with the space group Pn3m, Distinguished by a

full octahedral symmetry [137].

Copper oxide (Cu20) nanoparticles hold significant appeal due to their various industrial appli-
cations like enhancing ink permeability, serving as sensors, and acting as carriers in solar cells.
Additionally, they are relevant in biological contexts and exhibit antibacterial and antiviral prop-
erties [138]

11.4.1. Copper nanoparticles as catalysts

Copper nanoparticles (Cu-NPs) exhibit significant catalytic activity across diverse applications,
including materials and medicine, owing to their nanometer-scale dimensions. Their easy availa-
bility, low cost, and environmentally friendly nature have led to increased attention in organic
synthesis. In recent years, numerous catalytic systems have emerged, showcasing excellent se-
lectivity in various organic reactions catalyzed by copper, such as the Suzuki, Heck, Click, and
oxygen arylation reactions, among others. However, despite the many advantages and potential
of Cu nanoparticles as effective catalysts, their catalytic properties remain relatively underex-

plored in comparison to other metals like Mg, Pd, Ni and Zn [134].

11.5. Advantages of using metal nanoparticles for synthesizing 1,4-disubstituted 1,2,3-

triazoles

The Huisgen 1,3-dipolar cycloaddition reaction, often catalyzed by Cu and Cu-based nano-
particles (NPs), is celebrated as one of the most renowned click reactions. This reaction, which
involves azides and terminal alkynes, finds extensive applications across various industries, syn-
thetic chemistry, and biology. Its uses range from anti-HIV and anti-viral activities to anti-cancer
properties, anti-tumor properties, anti-tumor properties, and beyond Although synthetic proper-
ties can be used with variants have developed this reaction though, but generally different me-
tabolites are preferred [139]. This preference stems from their strong catalytic efficiency [140],
easy adjustability [141], improved selectivity [142], mild reaction conditions [143], heterogene-
ous nature [144], versatility [145], green chemistry [146].
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11.6. Examples of specific metal nanoparticles employed in triazole synthesis

In the field of heterogeneous catalysis, nanoparticles have become a focal point for chemists
because of their substantial active surface areas compared to homogeneous catalysts, enabling
them to efficiently catalyze a range of organic transformations. Among these, copper-based na-
noparticles have gained prominence as catalysts for numerous organic reactions. Their popularity
stems from their easy accessibility and abundance, making them highly versatile for diverse cata-
Iytic applications [147].

In 2015, Jalal Albadi et al. reported the efficient and recyclable nature of CuO/ZnO nanocata-
lysts, prepared via a co-precipitation technique and demonstrated good performance in click re-
actions, for the selective preparation of 1,2,3-triazoles from terminal alkynes and benzyl halides
in water [148].

X 20 CuO/Zn0O nanocatalyst _N
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Figure 1.27. Synthesis of 1,2,3-triazoles catalyzed by CuO/ZnO nanocatalyst [148].

In 2017, Fatemeh Ebrahimpour Malamir et al. designed a novel heterogeneous catalyst com-
prising 4-amino-2-methyl-10H-thien [2,3-b][1,5]-benzodiazepine (ATD) hydrochloride with
modified poly(styrene-co-maleic anhydride) (SMA) to anchor Cu(l) ions. This catalyst efficient-
ly mediated the selective 1,4-disubstituted-1,2,3 triazoles synthesis via click reaction copper-

catalyzed, exhibiting excellent reusability and regioselectivity [149].
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Figure 1.28. Synthesis of 1,4-disubstitued 1,2,3-triazoles via click reaction [149]

Ahmad Shaabani designed a bio-nanoreactor catalyst, linked to magnetic multiwall carbon
nanotubes anchored with chitosan nanoparticles (CS NPsS/MWCNT @Fe304), for the 1,2,3-
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triazoles preparation via click-based reactions with several constituents in a green medium. The

catalyst exhibited excellent potential for reusable catalysis due to its easy recovery and recycling
properties [150].
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Figure 1.29. 1,4-disubstituted 1,2,3-triazoles preparation with CS NPsS/MWCNT @Fe304 (A)
and Cu-CS NPs/MWCNT @Fe304 (B) as catalysts [150]

In 2018, Onkar S. Nayal developed a highly effective, environmentally friendly, and economi-
cally viable method employing heterogeneous copper(l) iodide nanoparticles (Cul NPs) as cata-
lysts for synthesizing tertiary-3-aminopropenoates from alkynes and secondary amines This
strategy demonstrated broad utility in synthesizing a diverse range of tertiary-3-
aminopropenoates by utilizing alkynes and amines as cross-coupling partners. The gram-scale
synthesis of physiologically active ciprofloxacin and its derivatives highlighted the significance
of this transition. Furthermore, this technique was successfully employed in the 1,4-
disubstituted-1,2,3-triazoles preparation, highlighting its versatility in accessing valuable chemi-

cal motifs with potential pharmaceutical applications[147].

_N
N’ \
X7 N Cul NPs(1.0 mol%) N
R1_R2+R3!/ 3 g R ) R?
H,0 1.0ml, 70°c, 3h 2 (5

Figure 1.30. 1,4-disubstituted-1,2,3-triazoles synthesis using Cul NPs [147]

In their 2018 study, F. Fu and R. Ciganda synthesized a water-soluble copper nanoparticles
supported by a cobalticinium network (CuNPs—CoCpz ). These nanoparticles catalyzed the al-
kyne—azide cycloaddition reaction in water, resulting in 1,2,3-triazoles with yields of <99% at 35
°C [151].

Cu NPs-CoCp, (0.1-0.5%) N=N
R™-Nj + - )
H,0, 35°c, 24 h R(N\

1.01 equiv

Figure 1.31. AAC in water in presence of CUNPs—CoCpz
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In their 2019 study, Ali Maleki developed a copper (1) oxide nanoparticle-supported heteroge-

neous nanocatalyst (Cu.O/Agar@Fes0s)that has the benefit of being simultaneously economical

and environmentally friendly. This catalyst facilitated the preparation of 1,4-disubstituted 1,2,3-
triazoles in excellent yields in a one-pot three-component reaction under environmentally

friendly conditions, with easy catalyst recovery and reuse for multiple runs [139].

Cu,0O/agar@Fe30,

R'™ + NaN;  + |
water-ethanol N

Figure 1.32. CuO/agar@Fe;04 nanocatalyst for the 1,2,3-triazoles synthesis [139].

In 2019, G. Sandhya Rani developed a new type of carbon-based catalyst containing copper
and sulfonate groups (SOsCu-carbon) has been developed for selectively producing B-hydroxy
1,2,3-triazoles through the reaction of azides and alkynes in water. The catalyst exhibited excel-

lent stability, reusability, and catalytic efficiency [152].

R R
/3\ .z SOsCu-Carbon N§ N/\g
R Ri NaNs, H,0 N-n on N on
R>_/ \_<R
R, Rq=aryl, alkyl Aryltriazole Alkyltriazole

Figure 1.33. Multicomponent synthesis of B-hydroxy 1,2,3-triazoles Catalysed by
SO3Cu-Carbon[152]

In a 2020 study, Razieh Deilam stabilized Cu(ll) nanoparticles using NiFe>O4 nanoparticles
modified by graphene quantum dots (Cu(ll)/GQDs/NiFe204). The green synthesis of 1,4-
disubstituted 1,2,3-triazoles via alkyne—aryl azide cycloaddition was made easier by this mag-
netically retrievable catalytic system, with reusability demonstrated over five cycles and efficient

catalyst recovery [153].

/GQDs/NiFe;0, N=NC

R—N; *+ R'— - 'fR
N
H,0, 60°c R’

Figure 1.34. The green synthesis of 1,4-disubstituted 1,2,3-triazoles by a magnetically retrieva-

ble catalytic system
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In 2021, Kumar et al. synthesized a very effective catalyst, a graphene oxide (GO) supported

Cu(ll) Schiff base complex (GO-SB-Cu), for synthesizing 2H-indazoles and 1,4-

disubstitutedl,2,3-triazoles. This catalyst under mild reaction conditions demonstrated excellent

recyclability and stability [154].

X fl
N _N
l N NS
A N GO-SB-Cu, MeOH /[ __ N
I// + N * NaN, R,
~
7, R, 4-6 h, RT

R¢=H, CHs F, Br R
X= Br, Cl R,= H, CH; OCHj OEt, F

Figure 1.35. Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives [154]

In their 2023 study, Soo-Jung Kwak et al. the CU@PCT@CNT catalytic platform was syn-
thesized by anchoring it onto multi-walled carbon nanotubes modified with poly[3-
(carboxypropyl)thiophene-2,5-diyl]. This platform effectively mediated the CUAAC, yielding
1,4-disubstituted 1,2,3-triazoles in a heterogeneous environment with satisfactory results
[155].

=
Y X NaNs /N ]
L - NS
Cu@PCT@CNT N® Y

90°C/H,0

Figure 1.36. Scope of benzyl derivatives [155]
11.7. Green synthesis of nanoparticles using plants extracts

Utilizing plants for nanoparticle synthesis offers an eco-friendly approach, particularly valuable for
detoxification purposes. This method harnesses the inherent properties of plants to reduce metallic ions
and stabilize them, facilitating nanoparticle synthesis on the nano-scale. this procedure involves the
combination of plant extract with a metal salt solution a room temperature, resulting in a notice-
able change in solution color indicative of nanoparticle formation. This eco-friendly approach
has garnered significant research attention recently due to its reduced environmental impact and

lower toxicity compared to conventional synthesis methods [156].

Recently, there has been a significant research focus on synthesizing nanoparticles (NPs) us-
ing plant extracts, primarily due to their reduced environmental impact and lower toxicity to hu-

man health. NPs synthesized from plants not only exhibit enhanced stability in terms of size
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and shape but also offer higher yields compared to other synthesis methods. Plant extracts serve
as both reducing agents and stabilizers for NPs, enabling the reduction of toxicity in both the

environment and the human body by eliminating the need for chemical agents [157].

The majority of phytochemicals, including terpenes, alkaloids, saponins, phenols, and alcohols,
which are present in various plant materials, are involved in the reduction processes of metal
salts . These phytochemicals are commonly found in different plant parts, including roots, stems,
leaves, fruits and flowers [158]. These compounds facilitate the production of nanoparticles act-
ing as reducing agents, while also acting as capping agents and stabilizers for them. The applica-
tions of these metal nanoparticles span across medicine, agriculture, and numerous other tech-
nologies. Researchers are particularly interested in plant species that display color or fragrance in
their roots, leaves or flowers, as they contain the necessary chemicals capable of producing metal
nanoparticles by reducing metal ions. The specific biogenic-synthetic route employed, incuba-
tion time, temperature, solution concentration and pH are factors that influence the size and mor-

phology of metal nanoparticles [159].

11.7.1. Mechanisms involved in nanoparticles green synthesis utilizing plant extracts

The green biosynthesis mechanism of nanoparticles involves three primary phases: termina-
tion, growth, and activation. Plant metabolites function as green reducing agents to extract metal
ions from their salt precursors during the activation phase, leading to their reduction resulting in
the reduction of these particles to nanoscale zero-valent metallic particles from mono or divalent
oxidation states. After reduced metal atoms are nucleated, separated metal atoms join to produce
nanoparticles with a variety of morphologies during the growth phase. Additional biological re-
duction of metal ions occurs during this phase, resulting in improved thermodynamic stability of
the nanoparticles. Finally, in the termination phase, nanoparticles attain its most stable forms
involve plant metabolites serving as a cap. The first sign of nanoparticle creation is a change in

the color of the culture media, caused by a reduction in metal ion oxidation states [160].
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Figure 1.37. A possible mechanism for the synthesis of MNP [160]

11.7.2. Secondary metabolites and the synthesis of nanoparticles:

Various plant species have been documented to be used in the green synthesis of nanoparticles
by utilizing their extracts, such as Artemisia Campestris L. . A diverse array of molecules, in-
cluding proteins and a spectrum of substances with low molecular weights have been found to be
involved in this process, including quinones, glutathiones, polysaccharides, antioxidants, alka-
loids, amino acids, alcohol compounds, terpenoids, polyphenols and organic acids. It has also
been proposed that proteins, sugars, terpenoids, polyphenols, alkaloids, and phenolic acids re-

sulting from the reduction of metal ions contribute to the stability of the nanoparticles [161].
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Figure 1.38. Probable biomolecules involved in the synthesis of nanoparticles [162]
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Conclusion:

In conclusion, the 1,4-disubstituted 1,2,3-triazoles synthesis holds immense promise in various
scientific disciplines. Overcoming the challenges associated with copper-based catalysts through
the adoption of environmentally friendly methodologies, particularly those utilizing metal-based
micro/nanoparticles, represents a significant stride towards sustainable and efficient organic syn-

thesis.
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Introduction

In this chapter section, We'll outline the synthesis pathway for derivatives of 1,2,3-triazole 1,4-

disubstituted. Three synthetic strategies are considered to achieve these heterocyclic motifs:

1. First Strategy: This strategy involves the preparation of alkyne derivatives through the

condensation of an aromatic aldehyde with propargyl bromide.

2. Second Strategy: This strategy focuses on synthesizing Cu2O nanoparticles (NPs) using

extracts of Artemisia campestris L.

3. Third Strategy: This strategy involves reacting the obtained products with benzyl chlo-
ride derivatives and sodium azide in the presence of CuO NPs, synthesized under the

conditions of a one-pot multi-component reaction.
I. Alkyne derivatives preparation
I.1. Synthesis

Alkynes (3a-c) were initially created from 4- hydroxybenzaldehyde 1a, vanilin 1b and salic-
ylaldehide 1c and propargyl bromide in DMF with stirring conditions at 80°C while K.CO3 was
present [163]. The reaction were monitored with TLC. This process allowed for the synthesis of
the desired alkynes in the form of light hazel and light beige crystals in excellent yields. The
target compounds 3a-c, upon workup and purification by crystallization in EtOH, giving yields
from 67.8- 87.7% after two hours. Results and physicochemical characteristics are described in

table I.1.

R1 R1
+ Br/\% K2COs
R> DMF, 2h, stir R,
OH (0]
///
1 a-c 2 3a-c
R4 :H, CHO

Rz: H, CHO, OCH3

Figure 1.39 Preparation of alkyne derivatives (3a-c) using aromatic aldehyde (1a-c)
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Table 1.1. Physicochemical and structural characteristics of alkyne derivatives 3a-c

Ref Aldehyde Yield Melting point IR (cm™)
%* (°C) C=C-H C-0-C
3a CHO 83 81-83 2110 (C=C) | 1160
3200 (C-H)
OH
4-hydroxy benzaldehyde
la
3b CHO 75 84-86 2110 (C=C) | 1154
3220 (C-H)
OCHj
OH
Vaniline
1b
3c 74 66-68 2110 (C=C) | 1187
3280 (C-H)
CHO
OH
Salicylaldehyde
1c
*: yield of pur products Re-

action condition: 2h, stir,80 °C

|.2. Characterization

The structures of the alkyne derivatives 3a-c obtained were established by the usual IR spec-
troscopic method. The FT-IR spectra of the alkyne derivatives 3a-c show the presence of an ab-
sorption band at 1187 cm-! corresponding to the ether function (C-O) stretching vibration and the
presence of two absorption bands corresponding to the alkyne function stretching vibration at
2110 cm? (C=C) and 3280 cm*(C-H). Thus, the FT-IR spectra are characterized by the exist-
ence of absorption bands around 1685 cm™, characteristic of the aldehyde (C=0) groups. The
presence of the aromatic ring in the obtained products (aromatic aldehydes) is clearly evidenced
by the appearance of characteristic bands of the aromatic ring around 700 and 800 cm. Fur-
thermore, the compound 3b’s IR spectra reveals the existence of two characteristic bands of the
CH; group around 3000 and 1403 cm™.
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Figure 1.40. compound’s 3b FTIR Spectrum
I1. Cu20 microbeads Preparation

I11.1. Plant extraction

Fresh Artimisia Campestris L. leaves were allowed to dry for 15 days at room temperature ,
after being carefully washed with tap water. The desiccated leaves were then processed to a su-
perfine dust. To complete the procedure of extraction the maceration method was used. In an
Erlenmeyer flask, powdered leaves (10 g) were mixed with hot deionized water (100 mL) at
100°C for one hour. After extracting the product, it was filtered and kept in storage at 4°C until
needed.

11.2. Synthesis of Cu20 microbeads

A 10 mL of a 1M CuS04.5H20 solution was prepared, then combined, in an appropriate ratio,
with 10 mL of aqueous plant extract already prepared. For 30 minutes, this mixture was agitated
magnetically at 70 °C. Cu20 microbeads developed and distributed throughout the phase, caus-
ing the blue color that was initially linked with the Cu?* ions presence to change into a solution
with reddish-brown color during the process. The centrifugation process was used to collect the

Cu20 microbeads to obtain the Cu.O powder sample that had been dried for two hours at 80 °C.

11.3. Characterization

The utilization of UV-Vis spectroscopy, FTIR and XRD is essential in differentiating between
various copper oxide compounds, including Cu,O and CuO, as these techniques reveal unique

patterns linked to their crystal structures and functional groups.
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Figure 1.41 (b) displays the Cu20 microbeads sample's XRD pattern. The presence of the Cu20

phase is shown by the results of the XRD analysis, which show strong and intense peaks at
51.40°, 43.28°, 36.50°, and 34.21°, respectively, that corresponds to the planes (211), (200),
(111), and (111). These peaks align with the Cu.O close-packed cubic structure (ccp) (JCPDS,
card no:05.0667); the absence of CuO phase, suggests that the manufactured particles are pure.
the Cu2O microbeads crystallite average size was determined utilising the Debye-Scherer formu-
la (D = K AP cos 0), and seem to be 22.81 nm. where 0 is the diffraction angle,  is the full
width half maximum (in radians), and A (0.1541) is the X-ray wavelength.

The FTIR spectrum displayed in the Figure 1.41 (a) shows distinct peaks representing the ex-
tract’s components (both the phytochemicals and the inorganic (Cu-O) components). It implies
that phytochemicals are incorporated into the Cu,O microbeads, indicating interactions between
copper ions and the organic extract during synthesis. Cu-O stretching vibrations absorption peak
appears at 610 cm* corresponds to the Cu,O microbeads [164], while O-H stretching vibrations
peak appears at 3,100 cm™. The O-H peak has a reduced intensity as a result certain O-H groups
being oxidized during the reduction of Copper ions to Cu(l) [165]. The O-H peak's broader shape
could be the result of C-H bonds stretching vibrations at 2,656 and 2,890 cm™* overlapping with
one another, contributing to the C-H group's decreased intensity. Interactions between Cu™ ions
and O-H groups in the extract’s organic components may also be the cause of this widening,
which would affect the vibrational pattern [166]. There was atmospheric carbon dioxide present
during the measurement, as indicated by the peak at 2,120 cm linked to CO; stretching vibra-
tions [167]. Additionally, the C=0 and C=C bonds stretching vibrations in the group of ketone
(C=0) show up at 1,512 cm* and 1,608 cm-*, respectively [166]. The stretching vibrations of C-
O is attributed to the peak at 1,034 cm™ [168], while the peak at 685 cm™ indicated the C-H
bonds bending modes of vibration.

A notable absorption peak at 220 nm is revealed in the UV-Vis spectra depicted in the Figure
1.42 (a), serving as compelling evidence that Cu.O was successful formed and not CuO. As a
result of differences corroborated by earlier research, distinctive absorption UV-Vis spectrum
patterns are manifested as a result of variances in CuO and Cu.0 phases electronic structures and
bandgap energies. In particular, a conspicuous peak of absorption at approximately 640 nm dis-
tinguishes CuO, despite Cu20 exhibits between the 200-270 nm range a principal absorption
peak, the visible spectrum indicated a red shift [169]. Typically the Cu,O microbeads' bandgap
hovers around 2.7 eV (Figure 1.42 (b)), classifying it as a direct bandgap semiconductor[170],
thus reinforcing the notion that microbeads of Cu,O are fabricated rather than CuO. CuO's
bandgap is comparatively smaller, typically ranging between 1.3-1.7 eV [171]. However, it's

worth
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noting that absorption and bandgap energy values may exhibit slight variations influenced by

factors such as specific experimental conditions, crystal structure and particle size [172].

Numerous factors are crucial in determining the Cu>O microbeads size and morphology, en-
compassing temperature solution, the employed plant extract quantity, pH, and the CuSO4.5H.0

solution concentration utilized [173, 174].

SEM images depicted in Figure 1.43 (a,b) distinctly exhibit spherical flower-like structures as
the predominant morphology of Cu.O microbeads. The histogram displayed in Figure 1.43 (c)
depicts a consistent distribution of particle sizes, demonstrating that the created Cu,O mi-
crobeads are between 6 and 3 um in size. To delve deeper into the elemental composition we
used EDX (spectroscopy of X-ray energy dispersive). The EDX-SEM analysis presented in the
Figure 1.43 (d) elucidates that it is primarily constituted of oxygen (O) at 23.73% and copper
(Cu) at 54.91%, in accordance with Cu.O phase anticipated elemental composition. Noteworthy
is the content of carbon (C) at 21.72% suggests that phytochemicals from the extract were ad-
sorbed throughout the Cu,O microbead production process [175]. These observations corrobo-

rate the findings derived from FTIR analysis.

A three-stage growing process is required to generate flower-like Cu20O microbeads (Figure
1.43(a,b)). The following stages are involved in this process:

The first stage of the procedure involves the chemical reaction of CuSO4.5H20 with an extract
derived from the leaves of Artemisia campestris L. to produce Cu(OH)4 %",

In the intermediate stage, the bioactive compounds in the leaf extract of Artemisia campestris
L. enable a quick reduction to occur once Cu(OH)4 # is produced. The formation and develop-
ment of tiny Cu>O nanoparticles occur as a result of this reduction process, facilitated with con-
stant stirring.

In the second stage, larger Cu,O microbeads are formed by the self-assembly or aggregation of
the small Cu20 nanoparticles produced in the first stage. This is the second stage of growth,

where the particles become microbeads.

In the last Stage, the tiny building block nanoparticles inside the Cu,O microbeads become
larger over time and go through a process called Ostwald ripening. Structure-directing agents are
the biomolecules from the leaf extract of Artemisia campestris L. that are absorbed on the sur-
faces of the nanoparticles, are essential for regulating the nanoparticles' surface condition, which

leads to the creation of Cu,O microbeads in a flowers shape.
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Figure 1.41. the synthesized flower-like Cu,O microbeads analysis: (a) FTIR spectrum (b) XRD
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Figure 1.43. Cu.O microbeads prepared with the extract of Artimisia Campestris L were sub-
jected to SEM analysis.: (a, b) SEM pictures utilizing different magnification, (c) the distribution

of particle size, and (d) elemental analysis of EDX
I11.1,2,3-triazole preparation
I11.1. Synthesis

Using the previously reported procedures [11] as a guide, we performed the one-pot, three-
component CUAAC reaction between alkynes (3a-c), sodium azide 4, and benzyl chloride 5 in
DMF:H,0 (2:1, v/v) under reflux conditions at 90°c for 3-4 hours. The Cu20 microbeads was
used as the catalyst system. producing the relevant 1,2,3-triazole 1,4-disubstituted compounds in
moderate to exceptional yields (6a-f).
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Cl
R4 /@/\ R1
R3 Cu,0 microbeads 20 mg/mL R3
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R3: H,CH3

Figure 1.44. using Cu2O-microbeads as catalyst to Synthesize the 1,2,3-triazole derivatives

Table 1.2: Structural and physicochemical characteristics of 1,2,3-trizole derivatives 6a-f

Ref | Alkyne Benzyle chlo- | Yield | Melting | FTIR (cm™) 'HNMR
ride deriva- % points (0:ppm)
tive (°C) C=0|C- |C- |CHO | CH:0O | CHAr
O-R [N
6a CHO Benzyle chlo- | 70 140-143 | 1675 | 1163 | 835|957 |4.96 |5.24
© ride
6b o 4-methyl ben- | 50 134-136 | 1680 | 1163 | 830 | 9.61 | 498 |5.22
/ zyle chloride
Z
3a
6¢ CHO Benzyle chlo- | 85 124-126 | 1670 | 1130 | 867 | 9.90 | 541 | 5.58
ride
O/CH3
6d o 4- 33 109-111 | 1670 | 1140 | 821 | 9.84 | 534 | 547
/ methylbenzyle
Z chloride
3b
6e Benzyle chlo- | 70 138-140 | 1675 | 1154 | 848 | 10.31 | 5.20 | 5.44
©\CHO ride
6f 0 4-methyle 68 141-143 | 1680 | 1154 | 844 | 10.41 | 5.29 | 5.49
/// benzyle chlo-
3c ride
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I11.2. Characterization

Using standard spectroscopic techniques (IR, C NMR and*H NMR), structures of the triazole
derivatives 6a—f were determined. In the FT-IR spectra of the triazoles, two absorption bands
corresponding to the triazole nucleus's C-N stretching vibrations are seen at approximately 3107
and 3263 cm™. The presence of absorption bands around 1670 cm™, indicative of (C=0) groups
(referring to ether group), is characteristic of the FT-IR spectra. The typical bands of the aro-
matic nucleus, observed at around 700 and 800 cm™ (C-H bending out-of-plane) and 1550-1600
cm (aromatic stretching of C=C), clearly indicate the presence of aromatic rings in the obtained

products (aromatic aldehydes)

As a result, 'H NMR was used to characterize the structures of products 6a—f; in fact, the spec-

trum of the product 6d, which is shown in Figure 1.45 (a), demonstrates:

1.The aldehyde proton is represented by the singlet at 9.84 ppm in the NMR spectrum (CHO).
Because of the carbonyl group's deshielding effect, aldehyde protons usually resonate downfield

and appear at 9-10 ppm.

2.The triazole ring (CH) proton resonates as a singlet at 7.55 ppm. Because of the aromatic char-
acter of the ring and the neighboring nitrogen atoms' ability to withhold electrons, the CH proton

on the triazole ring experiences this usual chemical shift, which manifests downfield.

3. With a 7H integration, the aromatic protons resonate as a multiplet between 7.17 and 7.45

ppm.

4. The CH2Ar signal is also distinctive. The methylene protons (CH2) resonate as a singlet at
5.47 ppm with an integration of two protons (2H). This chemical shift, which is indicative of a
benzylic CH2 group, results from the nearby aromatic ring's deshielding action and appears

somewhat downfield.

5. It is also possible to detect the signals of the ether group's protons (O-CH:2). The singlet corre-
sponding to the methylene group (O-CH2) with an integration of two protons (2H) appears at
5.34 ppm. The electron-withdrawing action of the oxygen atom usually causes the protons of a
methylene group (CH2) connected to an oxygen (ether group) to become deshielded, causing a

downfield chemical shift.

6. The protons of the methoxy group (O-CHs) and the methyl group attached to a phenyl ring
(CHsPh) appear as singlets at 3.89 ppm and 2.35 ppm, respectively. Regarding the methoxy
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group. The deshielding action of the electronegative oxygen atom, which normally causes meth-

oxy protons to resonate about 3.5-4.0 ppm, is what causes the chemical shift to be downfield.

The three protons of the methyl group that are immediately linked to a phenyl ring are represent-

ed by the singlet at 2.35 ppm (because of the aromatic ring's minor deshielding impact).

The 3C NMR data of the compound 6d indicates that the compound has the following carbon

environments, supporting the structure of the molecule:

The shift at 190.89 ppm corresponds to the carbon of the aldehyde group (CHO).

Shifts at 153.09, 149.99,130.66, 126.69, 112.73, and 109.30 ppm likely correspond to ar-
omatic carbons with different substitution patterns. This range suggests multiple aromatic
carbons in different environments, possibly affected by electron-withdrawing or electron-

donating groups.

Shift at 138.88 corresponds to a quaternary carbon in a aromatic ring.

Shift at 129.83 corresponds to two equivalent carbons in aromatic ring.

Shift at 128.24 corresponds to two equivalent carbons in aromatic ring.

A shift at 122.97 ppm may correspond to the carbon (CH) in the triazole ring.

A shift at 143.56 ppm likely corresponds to another carbon in the triazole ring (C-N).
This characteristic shift is typical for a quaternary carbons in nitrogen-containing hetero-

cycles like triazole, influenced by the nitrogen atoms.

A shift at 63.02 ppm is attributed to a methylene group (O-CHy2) attached to an oxygen

atom, consistent with an ether linkage.

The shift at 56.01 ppm corresponds to the methylene carbon (CH2Ar) in the benzylic po-

sition.
The methoxy carbon (O-CHs) is represented by a shift at 54.13 ppm.

A shift at 21.14 ppm corresponds to the methyl carbon (CHsAr) attached to an aromatic

ring.
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Figure 1.45. Analysis of compound 6d: (a) *H NMR spectra; (b) 13C NMR Spectra .

The predicted mechanism for the formation of 1,2,3-trizole 1,4-disubstituted derivative 6d, is

illustrated in Figure 1.46.
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Figure 1.46. The catalytic mechanism for the CUAAC to form the compound 6d
111.3. Enhancing the organic synthesis reaction parameters

The amount of each reactant NaNs, benzyl chloride, 3-Methoxy-4-(Prop-2- yn-1-
yloxy)benzaldehyde affects how 4-((1-benzyl-1H-1,2,3-triazol-4-yl)oxy)-3-methoxybenzalde

-hyde 6c¢ is synthesized. These reagents are very important in determining the kind and yield of
the finished product. Changes in the types or amounts of reactants can affect the kinetics of the
reaction and affect the production of the intended result. Three main aspects of this study were

examined: first, the amount of tuning catalyst utilized; second, the choice of solvent; and third,

and the reusability of catalyst evaluation. The ideal conditions for the synthesis of 6¢ (shown in

Figure 1.44) are examined in Table 1.3 and 1.4. Melting points and TLC were used to verify the

synthetic compounds in all of these tests.
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111.3.1. Impact of catalyst dose

Catalyst concentration is a crucial factor in the synthesis of the product 4-((1-benzyl-1H-1,2,3-
triazol-4-yl)oxy)-3-methoxybenzaldehyde 6c, which is expressed in mg/mL. The information in
Table 1.3 clearly shows how much the Cu20 catalyst amount affects the finished product’s yield.
The DMF: H,0 solvent system yielded higher product yields (5, 15, 52, 56%) and up to 85% at
(20 mg/mL) as a maximum yield. when the catalyst dose was increased from 1 to 20 mg/mL.
However, the yield somewhat decreased to 75 and 70 %, respectively, when dosage of the cata-
lyst increases to 25 and 30 mg/mL. This suggests a strong relationship between the yield of the

product and the amount of the catalyst.

Table 1.3. Impact of catalyst dose on the synthesis of the compound 6¢

Reagents Solvent Dose of the cata- Products Yield
lyst (mg/mL) (%)*
CHO DMF: H,O |1 CHO 5
©\O/CH3 (8:2) 5 _ 15
/// 15 N/\H 56
\ ;N
©Ac:| 20 N 85
NaNs, 25 75
30 70

*Yield of pure product
Reaction conditions: 3 h, 90 °C.

111.3.2. Impact of the type of solvent

The production of 6c is largely dependent on the solvent selection. Table 1.4 presents data indi-
cating varying yields for various solvents, highlighting the crucial significance in this chemical
process in terms of solvent selection. The amount of catalyst (Cu2O microbeads) and product
yield in the DMF: H,O system showed a direct link, the Cu20O microbeads peaks at 85% with
20mg/mL. Out of all the solvents tested, this combination proved to be the most effective. In
contrast, yields from various solvents, including acetone, DMSO, CHCIl3, EtOH:H.0O, and
CH2Cl2:H20, ranged from 20 to 56% at the same dose of Cu>O microbeads (20 mg/mL). The
variation in yields highlights how various solvents have a substantial influence on the efficiency

of the reaction, influencing things like catalyst and reagents’ stability, reactivity and solubility.
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High yields are made possible by the DMF:H20 combination, which emphasizes how important

solvent choice is to maximizing the results of this work.

Table 1.4 . Type of solvent’s effect of the on the 6¢ synthesis

Reagents Solvent catalyst Dose | Products Yield (%0)*
(mg/mL)
CHO EtOH : H.O 20 CHO 20
DMSO 56
O/CH3 O/
! CHCl,: Hz0 Q 0 30
Acetone /%/) 50
/// 3b NN
CHCl3 N~ No reaction
Cl
E)A occurred
NaNs, DMF: H,0 85

*Yield of pure product
Reaction conditions: 3 h, 90 °C

111.3.3. Impact of the Cu20 Microbeads' reusability

The impact of the Cu2O microbeads' reusability (at first at 20 mg/mL) on the organic product’s
yield across several cycles is depicted in Figure 1.47, 85% is the initial yield in the first cycle.
But the yield noticeably decreases as the catalyst is employed again in later cycles. Even with the
catalyst being reused, the yield decreases from the first cycle to 75% in the second cycle. The
ensuing cycles exhibit a similar declining trend, with yields reaching in the third cycle 50% and a
further decline in the fourth to 25%. Over the course of four cycles, the product yield decreased,
which suggests that the efficiency of the catalyst is decreasing, most likely as a result of the cata-
lyst being lost during the centrifuging recovery process and possible surface modification or de-
activation of the Cu2O microbeads from frequent use. This suggests that in order to maintain
stable or increased yields over repeated usage, catalyst recovery or regeneration measures must

be put into place.

The creation of flower-like Cu.O microbeads with a distinct form that has never been docu-
mented before is the work's main innovation. This emphasizes how unique and potentially inno-

vative this discovery is in the field of plant-mediated catalyst production.

Cu20 microbeads offer a sustainable, eco-friendly substitute that is highly recyclable. Cu,0O

microbeads retain even after several cycles a high yield (70%). This highlights their effective-
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ness and consistency, rendering them a financially feasible and ecologically sustainable choice.

Cu20 microbeads' recyclability improves the efficiency of organic synthesis, which is in line
with the green chemistry's principles since it minimizes environmental impact and waste. These
features highlight the value of Cu2O microbeads as an environmentally friendly catalyst for

chemical synthesis.

80 |

Yield(%)

[}
o
T

Figure 1.47. Impact of the reusability of the catalyst on the preparation of 6¢. (Reaction condi-
tions: reflux at 90 °C, 3h, DMF:H>0,Cu>0 microbeads 20 mg/mL)

Conclusion

In this chapter by using Cu,O microbeads as a catalyst, we were able to successfully manufac-
ture 1,2,3-triazoles 1,4-disubstituted. The outcomes showed how effective and adaptable Cu,0O
microbeads are at promoting the click reaction between alkynes and azides, the intended triazole
derivatives were produced in moderate circumstances. This catalytic method delivers good yields
and great regioselectivity while also providing a more environmentally friendly and sustainable

way for triazole synthesis.
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Chapter I1: Litterature review
I. Overview on thiosemicarbazones

1.1. Introduction

The class of substances known as Schiff bases encompasses a variety of compounds with di-
verse biological properties, including anticonvulsive, antipyretic, antitumor, anti-inflammatory,
and antibacterial activities[1]. thiosemicarbazones (TSCs) with sulfur and nitrogen as donor at-
oms are an important class of Schiff-based ligands that are of great interest, because of their

structural diversity, ion-sensing capacity, biological implications, and bonding mechanisms [2].

For decades, TSCs have attracted interest because of their potential as medicinal agents and
their adaptability as ligands, which allows them to generate a diverse array of coordination con-
ditions [3]. these compounds are beneficial for organic synthesis, especially for the synthesis of

thiazoles.
1.2.Concept of thiosemcarbazones

TSCs, possess the overall structure R 1R 2CNNR3CSNR 4R 5, a subclass of Schiff bases, have
shown a variety of characteristics, such as antibacterial, antifungal and antitumor activities.
These compounds are named "“thiosemicarbazones” based on their corresponding ketone or alde-
hyde precursors and can be synthesized through the condensation process involving a ketone or
aldehyde with thiosemicarbazide. General structure of the thiosemicarbazone moiety is depicted
in Figure 11.1 [4] .

S

R
N Ri~_N-< R
N N7 NJ\N °

)|\ \( | |
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Figure 11.1. Schiff base and Thiosemicarbazones general structures [4]

For an extended period, thiosemicarbazide has been a prominent medicinal product. These
compounds have become crucial in chemical synthesis to produce various heterocycles. Bio-
logically active compounds such as triazoles and thiazoles are often generated through their

interactions with molecules containing C=0 and C=N groups[5].
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Figure I11.2. Thiosemicarbazones synthesis [6]

Thiosemicarbazones show thione-thiol tautomerism due to the NH-C=S group. While TSCs
exist in the thione form predominantly, and they strongly exhibit equilibrium between the thiol

and thione forms in solution [7].

R>1— R

—N S —N  SH

R, HN— — R, N¥X
/N"‘R4 /N_R4
R3 R3

Figure 11.3. Thiosemicarbazone forms (thione and thiol forms) [7]

Thiosemicarbazones have thiol-thione tautomerism since they can occur in two distinct iso-
mers: Z (cis) and E (trans). Studies in theory and experimentation have demonstrated that the

thione form's E-isomer is more stable in the solid state [8].

Typically, TSCs exhibit chelating ligand behavior and form complexes through reactions with
metallic cations in order to create metallic complexes demonstrating the flexible coordination
chemistry of TSCs. They often coordinate with transition metals through the sulfur and nitrogen
donor atoms in their (N, N, S) tridentate or (N, S) bidentate forms[9]. The TSCs are effective
chromogenic agents for metal ions because of the potent chelating power of the thioketone sulfur
(>C=S) and hydrazine nitrogen atom (>C=N) [10].

1.3. Synthesis of TSCs

Thiosemicarbazones are a class of chemicals related to semicarbazones that have garnered sig-
nificant attention because of their diverse biological functions. Thiosemicarbazides serve as the
main precursors for accessing thiosemicarbazones, starting from aldehydes or ketones [11]. The
literature has reported several methods for synthesizing thiosemicarbazides and their derivatives,

thiosemicarbazones. Here, we cite some of these synthesis methods:

Using the natural monoterpene (-)-camphene, Souza and colleages, synthesize 17 new thio-
semicarbazones then assessed their cytotoxicity and anti-M. tuberculosis activity in VERO cells
[12].
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X=0,8

R=H, 4-C(CHj3)3 4-OCHj3 4-N(CHj3), 4-NO, 4-OH,
4-CF3 4-f, 4-Cl, 4-Br, 2-OH, 2-F, 2-Cl, 3-F

Figure 11.4. (-)-camphene-thiosemicarbazones synthetic route [12]

Two indole-thiosemicarbazone derivatives novel series were developed and created by Bakhe-
rad et al., who then assessed their cytotoxic effects on Hep-G2, MCF-7 and A-549 cell lines. The
related aryl thiourea derivative was produced by hydrazine reacting with the aryl isothiocyanate

derivatives in iso-propanol at room temperature for 30 minutes. And reacting thiourea with

2-aryl-1H-indole-3-carbaldehyde derivatives in the presence of a catalytic amount of acetic acid

in EtOH at reflux to produce the corresponding indole-thiosemicarbazone derivatives [13].
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Figure I11.5. Synthesis of indole-thiosemicarbazone derivatives [13]

4-benzoyl-5-methyl-2-phenyl-2,4-dihydro-3H-pyrazole-3-one was used to generate two novel

N4-substituted-thiosemicarbazone derivatives (Hz L1, H2 L) ,were synthesized and characterized

by RUSNAC et al. They also reported these ligands chelating behavior with respect to copper

(1) then examined the ligands and coordination compounds antiproliferative activity at three

different doses on BxPC-3, RD, HEp-2, L20B cells and MDCK [14].

c) +TCT

— _c*
" A 3 i

[f:] +CS, + (EO)sN [i:j a) +l
20 I *NH(E)]

b) CICOOEt
d) +CSCl, (Et)sN N-cyclohexyl-2-((5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-yl)(phenyl)methylene)-
’ hydrazinecarbothioamide (H,L)
b) +CSCl, +(Et)3N
i O l O O O
HN™ "CH HN HNkCH";
+TMTD (DMF) +A020 +N2H4 H,0 +Cetone
NH
2 \CHBJ\_/ T NH " S
¢) +NoHy H,0 Q/T

N-(4-(2-((5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4- yI)(phenyl)methylene)hydrazine-
carbothioamido)phenyl)acetamide (H,L,)

Figure 11.6. N4-substituted-Thiosemicarbazone dérivatives [14]
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Kumar et al. have developed a unique method for synthesizing thiosemicarbazones and have

evaluated their anticancer efficacy in vitro using melanoma skin cancer cell lines [15].

H

(0] OH 0] ONg (0] o._~¢l (0] O\/N\NH
CH3OH NH,NH,.H,O 2
| X Conc. H,S0, | X SOCl; | X CH30H | N
J——— —_— _—
// Reflux // Stirring // Reflux S
4-5h R 4-5h
reflux
2-3h NH4SCN, CH;OH
X
O (0] N.
~Z TN ONH,
R= 4-chloro, 3,5-dinitro, 3,4-dichloro, 2-bromo, 4-bromo H
2-chloro-4-fluoro, 4-amino, 2-methoxy, 4-methoxy | X
W
R

Figure 11.7. TSC synthesis[15]

Ramkishore Matsa et al. used an easy and environmentally friendly synthetic process to pro-
duce a variety of thiosemicarbazone derivatives, which were then examined for their Drug-Like
Molecular (DLM) characteristics [16].

Ethanol

0 = glacial acetic acid Ty
N HZN\NJ\NHZ R2)\\N/N\fS
1 2 H reflux NH
3-6h 2

R1= aryl, hetroaryl
R2= H, CH3

Figure 11.8. TSCs synthesis using a green method [16]

Sibuh et al. described the production of 4-Nitrobenzaldehyde Thiosemicarbazone (4-NBTSc),
and 3-Methoxybenzaldehyde Thiosemicarbazone (3-MBTSc) then assessed the anticancer prop-

erties of 4-NBTSc and 3-MBTSc in vitro against several cell lines [17].
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Figure 11.9. TSCs derivatives [17]

The synthesis of several derivatives of semicarbazones and thiosemicarbazones was described
by Oliveira et al. They were assessed for their toxicity to human peripheral blood mononuclear

cells (PBMC) as well as their antiplasmodial activity [18].

MeOH H(R")

RCHO H H
or + |_|2N’N\H/NH2 _ R)\\N,N NH,
RCOR' g 1% HOAc \[(
S
RCHO H NaOAc, H,0 ARy
+ N_ _NH , Hy
or +  H3N" \ﬂ/ 2T, R)\\N/N\”/NHZ
RCOR! cl o EtOH o
R R R R
I Il M 1]
NlNHCNH2 NlNHCNH2 _NNHCNH, NNHCNH,
/K/\)\ W R1
R R=S,0
R

Figure 11.10. Semicarbazones and thiosemicarbazones synthesis methods [18]

The synthesis of TSCs from substituted thiosemicarbazides (NH2NHC(S)NHR) and 4-(propan-
2-yl) benzaldehyde is described by Krishna et al. [19].

S N
NS
0 . R )]\ NH, 5% CH3;COOH N~
HaC NT N7
3 I I
H H Reflux
CH,

CH,
Figure 11.11. 4-(propan-2-yl) benzaldehyde derivative[19]
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Gavali et al. synthesized terephthalaldehyde bis(thiosemicarbazone) (TPTSC) by combining

the ethanolic terephthalaldehyde solution with the ethanolic thiosemicarbazide solution and son-

icating the mixture for 20 minutes [20].

H
HoN H\ OHC sonication R HZN\H/N\N/ s
LA 1
S CHO DMF-EtOH S /N\N NH,
H
Thiosemicarbazide Terephthaledehyde TPTSC

Figure 11.12. Synthesis of TPTSC [20]

Ali et al. have synthesized dithiocarbazates and thiosemicarbazones in moderate to good yields
using both the usual approach and ecologically friendly techniques (such as using lemon juice as

a catlyst, solvent-free grinding, and using water as a solvent) [21].

eflux

Mechanochemical method H
N

' H
R\WH + |_|2N,N\H/NH2 R'AN’ \H/

o S
H,O at RT
-« CC
or
OH

R= SCH3’ SCHzph, SCzH17 or NH2

Figure 11.13. Dithiocarbazates and thiosemicarbazones synthesis using ecofriendly techniques
[21]

I1. Thiazole

11.1. Introduction

In the realms of organic and medicinal chemistry featuring five-membered rings housing two
heteroatoms, the thiazole ring stands out as one such example [22], a primary goal is the crea-
tion, synthesis, and enhancement of molecules holding promise as human therapeutics. Over the
past decade, combinatorial chemistry has facilitated the generation of chemical libraries rooted in

privileged structures [1], with particular emphasis on heterocyclic frameworks due to their
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established significance in medicinal chemistry [2]. Among the various biologically active mole-

cules.

The thiazole ring stands as a crucial framework within heterocyclic chemistry and the realm of
drug design and exploration. Its significance is underscored by its extensive examination, render-
ing it one of the most thoroughly investigated heterocycles. This structural element have an im-
portant role in the efficacy of different drugs, including dasatinib (an anti-tumor medication),
ritonavir (an anti-HIV agent), ravuconazole (an anti-fungal treatment), nitazoxanide (an anti-
parasitic remedy), meloxicam (an anti-inflammatory drug), and thiamethoxam (an insecticide)
[23].

Sy S=/ S S/ S—

Figure 11.14. The resonance structures of a thiazole compound [24]

Compounds featuring thiazole (TZ) groups have garnered considerable attention in chemistry
of medicinal because of their prevalence in numerous molecules that are biologically active.
These compounds exhibit a diverse array of pharmacological effects, including anti-
inflammatory, antimicrobial, antineoplastic, antidiabetic, and anticonvulsant properties. Some
drugs containing thiazole have shown potential antiviral activity, especially against COVID.
Additionally, in drug discovery research thiazole ring is being recognized as a structural alert.
Different drugs holding thiazole moieties have been implicated in toxicity, such as sudoxicam
and thiabendazole. For example, epoxidation and a ring-opening reaction are the biotransfor-
mation processes for sudoxicam, resulting in the creation of covalent adducts by the synthesis of
thioamides [25].

In recent decades, there has been significant advancement in the development of heterocyclic
derivatives, resulting in the creation of numerous new agents sourced from both synthetic and
natural origins. Within this category, thiazole stands out as a distinctive five-membered hetero-
cyclic structure featuring nitrogen and sulfur atoms. It is widely utilized as a fundamental
framework in various pharmaceutically significant compounds due to its broad spectrum of bio-
logical activities, including antibacterial, antivirus, and antifungal properties. Presently, Over
ninety derivatives that contain thiazole are being investigated clinically, with several analogs
already approved for the treatment of diverse diseases. Given their potential as privileged scaf-
folds, thiazole derivatives offer substantial promise for further exploration in the quest for novel

drugs with enhanced therapeutic efficacy targeting similar biological pathways [26].
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Heterocyclic frameworks hold a significant allure in medicinal chemistry due to their proven

versatility . Among the different types of heterocyclic compounds, those featuring a five-
membered ring have exhibited diverse biological properties. Notably, thiazole, identified by
Hantzsch and Weber in 1887, has emerged as a focal point for industrial and pharmaceutical

researchers in recent decades[26] .

Hydrophilic
R1 RN
1 — \\
|‘S /N/;
R l}lH
( Ro \,'
Hydrophobic

Figure 11.15. Thiazole derivatives structure[24]

Thiazole, a prominent five-membered aromatic heterocycle distinguished by sulfur and nitro-
gen atoms, boasts distinct biological attributes. Studies have underscored the multifaceted bio-
logical potential of thiazole-containing compounds, spanning antioxidant , neuroprotective, hyp-
notic antifungal, diuretic, antipsychotic, antiallergic, antimalarial, antihypertensive, analgesic,

antibacterial , anti-inflammatory , and anticancer activities among others[26].

Substantial progress has been achieved in recent decades in developing anticancer agents, in-
cluding both natural and synthetic compounds. Thiazole, a unique heterocyclic 5-membered
structure containing sulfur and nitrogen, functions as a vital foundational structure in numerous
significant medicinal compounds. Thiazole is a key component in several clinically applied an-
ticancer drugs like dasatinib and dabrafenib. Recent research has focused on thiazole-containing
compounds as potential inhibitors of various biological targets implicated in cancer, showing
promising effectiveness and reduced toxicity [27].
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Figure 11.16. Thiazole Compounds: Versatile Multi-Targeting Agents in Cancer Treatment [27]

11.2. Thiazole synthesis methods

The synthetic methodology for producing thiazole derivatives has evolved significantly, driven
by the distinct structural features and importance of thiazole compounds. This expansion has
been facilitated through the application of diverse conditions, catalysts, and synthetic approach-
es. Several techniques, including the Gabriel, Cook-Heilbron, and Hantzsch synthesis are used

to synthesize thiazoles [24].
11.2.1. Hantzsch thiazole synthesis method (1887)

The Hantzsch synthesis is the earliest and most well-known technique for creating the ring of
thiazole developed in 1887. The process involves cyclization reactions involving different reac-
tants that contain the N-C-S fragment and alpha-halocarbonyl molecules. Thiourea, thioamides,

thiosemicarbazides, and thiosemicarbazones are a few examples of these compounds.

Thioamides are frequently condensed with different alpha-halocarbonyl molecules. This reac-
tion yields a large number of thiazoles having substituents at positions 2, 4, or 5 (aryl, heteroaryl,
or alkyl). Mechanism of the reaction is as follows: an intermediate product is formed when the
alpha carbon of the alpha-halocarbonyl is attacked by the thioamide sulfur atom nucleophilically.

This intermediate compound is then dehydrated to yield the matching thiazole [28].
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Figure 11.17. Hantzsch reaction for the preparation of thiazole [28]

11.2.2. Synthesis of Cook-Heilbron (1925)

The process known as the synthesis of Cook-Heilbron is used to create The thiazole ring using
a-aminoamides or a-aminonitriles along with carbon disulfide. This method generates 5-amino
thiazoles, where substitution happens at the second position , through the aminonitrile reaction

with esters and salts of carbon disulfide, isothiocyanates, or thioacids under gentle

conditions[29].

R1 SH -HQS |: R

NH, + L —_—
§ SR,
N

R4

Lo

Figure 11.18. Synthetic method of thiazole using Cook-Heilborn's reaction [30]

H,N

11.2.3. Gabriel method

The Gabriel synthesis is an alternative method to synthesize thiazole derivatives , Gabriel cre-
ated the original version of this reaction in 1910, which by reacting phosphorus pentasulfide with
acylamino-ketone involves the closure of the thiazole ring, resulting in thiazole 2,5-disubstituted
derivatives. This approach, advanced by Kotadiya, entails heating acylamino compounds such as

phosphorus pentasulfide with N-(2-oxopropyl) acetamide to yield 2,5-dimethylthiazole [31].
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Figure 11.19. Gabriel synthesis reaction mechanism [30]
11.2.4. Condensation of thiourea with acetophenone

Using benzimidazole phenyl thiourea and 2-bromoacetophenone, Bangagde et al. created a
unique and effective procedure to manufacture Benzimidazol-amino thiazoles under microwave
irradiations. The manufactured products exhibit intriguing anticancer properties for lung cancer

in humans [32].

H
N

R T \©
’ S
Q Glacial acetic acid Glacial acetic acid
\ Mw, 10min + Mw, 10min
N - 4 i /@
S
N
H

- _—

SN R=Ts or Me 0 R=
©)J\/Br

A
Dehydrated cyclized
imino thiazole

D1

Figure 11.20. Benzimidazol-Amino Thiazole synthesis [32]
11.2.5. Synthesis of Thiazoles via intramolecular cyclization

In a modified Thorpe-Ziegler type cyclization, Avadhani revealed aryl/heteroaryl/alkyl dithioe-
sters as thiocarbonyl coupling agents yielding an efficient one-pot process of 4-amino-2-
(het)aryl/alkyl-5-functionalized thiazoles. the reaction demonstrated at positions 5 and 2 of thia-
zoles broad functional group compatibility , which proceeds in mild conditions and at room tem-

perature with good yields [33].
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Figure 11.21 synthesis of thiazoles by intramolecular Thorpe—Ziegler Reaction [33]

11.2.6. Condenstaion of alkyne with thioamides

Huang and colleagues synthesized 1,3-thiozoles in moderate to good yields via alkynes-
thioamides cascade cyclization . They employed a photocatalyst in DCE (1,2-dichloroethane),

stirred for 9 hours in an air atmosphere under the 9 W blue LEDs irradiation, achieving visible

light-induced synthesis [34].

R1
S Mes-Acr-Ph*BF 4 (5mol%) N4<
R1JJ\NH ' RZ// ~ I/
2 DCE, Blue LEDS, 9h, rt R?
0-73%

Figure 11.22. The interaction of terminal alkynes with thioamides to create 1,3-thiazole deriva-
tives [34].

11.2.7. Condensation of thiosemicarbazones with halogeno-carbonyle

Gomha et al. synthesized using 1-(4-Methyl-2-(2-(1-(thiophen-2-yl) ethylidene) hydrazinyl) thi-
azol-5-yl) ethanone as a building block a new series of 5-(1-(2-(thiazol-2-yl)hydrazono) ethyl)
thiazole derivatives. Using the MTT test, the synthesized compounds bioactivities were assessed

of in relation to their anticancer effects against tumor cells (MCF-7) [35].
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Figure 11.23. Thiazole derivatives synthesized using thiosemicarbazone [35]

11.3. Synthesis of TZ using ecofriendly methods

The use of different chemicals and polymers in production processes over the past few decades
has been steadily increasing, with negative consequences for the human health and environment.
To create products in the required number, synthetic chemists took into account the use of envi-

ronmentally friendly synthetic processes such as "Green chemistry"”[36].
11.4. Using microwave-assisted synthesis

Mamidala et al. synthesized target thiazole analogues using a combination of thiocarbohydra-
zide, aldehyde, and phenacyl bromides using a microwave-assisted method, and assessed the

analogues' efficacy as agents against breast cancer [37].
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Figure 11.24. MW assisted method for the synthesis of thiazole analogues [37]

11.5. One-pot multicomponent reactions in aqueous medium

An environmentally friendly one-pot multi-component method for producing biologically sig-
nificant trisubstituted thiazoles was developed by Singh and colleagues. This method uses a reac-
tion between easily accessible acetophenone, aryl thioamides, and barbituric acid in the presence

of Oz (air) and FeCls-6H,0 in DMF [38].

o) "
N
| \/ / / \
R’ S \ —
FeCl, 6H,0 /DMF 1\
. HaN™ S s s
X 60°C/ 6h &
R2 R2

Figure 11.25. Preparing substituted diphenyl 1, 3-thiazole with a one-pot multicomponent reac-
tion [38]
11.6. Using silica supported tungstisilisic acid

Using a reusable silica-supported tungstosilisic acid catalyst, Bouherrou et al. created an effec-
tive and environmentally friendly technique for synthesizing of novel thiazole derivatives in a

very excellent yield. Then assessed the resulting compounds biological activity [39].
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Figure 11.26. One-pot synthesis using a friendly catalyst [39]

11.7. Using Nanoparticles

Chitosan-ZnO (CS/Zn0O) nanocomposite film was produced by Bashal et al. and has the poten-
tial to be a practical, efficient, recyclable, heterogeneous base catalyst for thiazole

production[40].

H H
_N NH, _N N
NI \[S]/ N| \(// CHs
S
OH CHs, _ OH CH
Cl,  Cs/ZnO/Dioxane N=N
NN HeC AN N ——— NN ‘
0 N""Ph Mw Ph
HO (0] HO

Figure 11.27. Synthesis of TZ using a nanocatalyst [40]

11.8. Biological Activities of Thiazole

Being one of the most often employed heterocyclic moieties, thiazole nuclei have great prom-
ise and are essential to many bioactive medications [41]. The literature indicates that there are
more and more medications with this ring in their structures. The number of medications con-
taining thiazole scaffold has increased significantly over the past ten years, reaching a peak of
eight in 2019 [42].

Using a three-component one-pot synthesis, Sayed et al. prepared new derivatives of 5-(1-(2-
(thiazol-2-yl)hydrazono)ethyl)thiazole. Three among these products were shown to have poten-
tial capabilities based on their growth inhibitory efficacy against three tumor cell lines (HepG2,
HT-29, and HCT-116) in vitro [43].
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Figure 11.28. Derivatives of 5-(1-(2-(thiazol-2-yl)hydrazono)ethyl)thiazole [43]

A new HIV-1 RT class of inhibitors, , was developed and synthesized using the (Z)-3-(2-(4-
arylthiazol-2-yl)hydrazono)indolino-2-one scaffold by Meleddu et al. These substances exhibit
intriguing inhibitory effect on DP RT-associated HIVV-1 processes as well as RNase H, potential-
ly producing inhibitors that entirely block RT activities[44].

EMAC2072-2082

R=4-Cl, 4-F, 4-Br, 4-NO,, 4-C¢Hs 2,4-F, 3-NO, 4-CH; 4-OCH; H, 2,4-Cl
Figure 11.29. Indolinone derivatives [44]

Kemisetti and colleagues developed Schiff base derivatives by mixing 2-amino-benzothiazole-
6-sulfonic acid amides with substituted aromatic aldehydes. PASS (Substances Spectra Activity
Prediction) data were used to predict these compounds diuretic effects. The compounds diuretic

action was evaluated, and the results showed they were more potent than the standard [45].

Figure 11.30. Derivatives of Benzothiazoles [45]

A group of nine derivatives of thiazole featuring a system of cyclopropane created and evaluat-
ed their effectiveness against various Candida species by Biernasiuk et al. The MIC (mini mum
inhibitory concentration) ranged in 7.81 - 0.008 ug/mL, demonstrating against all C. albicans
isolates an extremely robust activity, which was comparable to or even higher than that of nysta-
tin [46].
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Figure 11.31. Synthesized derivatives of TZ with potent activity against Candida spp [46]
Modri¢ et al. developed, produced, and assessed a library of 26 thiazole derivatives for their
anti-inflammatory properties. The goal is to develop 1,3-thiazole derivatives into drug-like com-

pounds with anti-inflammatory activity, acceptable ADME-Tox properties, and ICso values in the

nM range, compound that showed the best activity is amide 7 with fused quinoxaline system

[47].
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Figure 11.32. Derivatives of thiazole with anti-inflammatory properties [47]

92



Chapter I1: Litterature review
Al-Mathkuri et al. produced thiazole derivatives and assessed their antibacterial efficacy

against Proteus vulgaris, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus
(Gram-positive). Against the investigated bacterial strains results showed lower potency. To ob-
tain novel candidates with more significant antibacterial activity against various bacteria greater

modification and optimization are needed [48].

H Rl
N\l( H s
NS N ]
PH N N
YR’
R2
R'= NH, Me, NH-NH, R'=H, Me

R2= Ph, 4-NO,-Ph, 4-CI-Ph, 4-OH-Ph, 4-NH,-Ph

Figure 11.33. Thiazole derivatives with antibacterial activity [48]

Hussein et al. created a number of novel derivatives of 2-[1-(1,3-diphenyl-1H-pyrazol-4-
yl)ethylidene]hydrazinyl)-4-methyl-5-aryldiazinyl)-thiazole in an effective and practical manner.
The studied compounds displayed strong antioxidant activity, as evidenced by the results from

antioxidant activity assays (DPPH scavenging activity and the ABTS scavenging activity) [49].

Ar=CgHs 4-CH3CgHy4 4-CICgH4 4-NO,CgH,
Figure 11.34. New derivatives of thiazole that have antioxydant activity [49]

I11. Thiazole 1,2,3-Triazole Hybrids

Notably in the past 20 years, for the creation of multi-target medications the molecular hybrid-
ization approach has been extensively thoroughly investigated as a valuable tool [50]. It is a po-
tential technique for developing new generations of highly effective and safe medicinal candi-
dates for various diseases, such as cancer, viral infections, and microbial infections[51]. To cre-
ate hybrid conjugates of numerous medications that are clinically prescribed drug-drug combina-
tion techniques have been developed, aiming to tackle the intrinsic issues linked with these med-

ications[51].
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The hybrid drug design main goal is [51]:

*Increase efficacy by potentially interacting with multiple targets.

* Enhancing bioavailability by delivering the medication selectively to the site of action.
*Reducing toxicity.

*Avoiding medication resistance.

Conclusion

The notable biological significance of thiazoles and triazoles makes their hybridization a prom-
ising research area. This approach has the potential to create novel therapeutic agents with supe-
rior biological activities. The integration of thiazole and triazole heterocyclic rings has demon-
strated the ability to produce compounds with enhanced solubility, bioavailability, and pharma-
cokinetic properties [52]. Furthermore, hybridization has been shown to boost the antimicrobial,
antifungal, and anticancer properties of these compounds, positioning them as promising candi-

dates for new therapeutic developments.
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Chapter 11 Findings and Discussion

Introduction

In this section of the chapter, we will describe the synthesis pathway for derivatives of thiazoles
starting from the 1,2,3-triazoles 1,4-disubstituted previously prepared. The reaction involves an
initial reaction between the triazole derivatives and thiosemicarbazides to form thiosemicarba-
zones as intermediates. Subsequently, we employ an environmentally friendly, one-pot, multi-

component method to synthesize biologically significant thiazole derivatives.
I. Preparation of thiosemicarbazone derivatives
1.1. Synthesis

In ethanol thiosemicarbazide (1.0 mmol) was reacted with several derivatives of 1,2,3-triazole
(1.0 mmol), then few drops of acetic acid (AcOH) were added as a catalyst, to produce thiosemi-
carbazone derivatives as mentioned in [53]. At 90°C we refluxed the reaction mixture for three
to four hours, and TLC (thin-layer chromatography) was used to monitor the progress of the re-
action. Afterward, we placed the mixture in an ice bath in the refrigerator overnight to promote
crystallization. The resulting precipitate was filtered then recrystallized from ethanol, achieving
the final products in good yields. The resulting thiosemicarbazones were pure and did not require

further purification.

CHO =z
R3 R3
R2 R2

o EtOH, AcOH _ o

/%,) " 3-4h, reflux, 90°C §

N\ N
N=N N:N
6a-f 7 8a-f

R,: H, CHO, OCH,
Rs: H,CHs

Figure 11.35. Synthesis of thiosemicarbazone derivatives using derivatives of 1,2,3-triazole as a

starting material
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Table I1.1. Structural and physicochemical characteristics of thiosemicarbazone derivatives 8a-f

Ref | Thiosemicarbazone deriva- Yield | Melting | FTIR (cm™) 'HNMR
tives % points (d:ppm)
&) C=N | C=S N-H N-H CH=N
8a 73 191-193 | 1594 | 1228 3160-3388 11.30 | 8.28
Z (NH stretch-
ing NH.)
o Primary
/§I) and sec-
N
N=N ondary
amine
groups
8b 72 182-184 | 1589 | 1242 3160-3383 9.54 7.80
0
~
N
\N:N
8c 68 162-164 | 1598 | 1270 3146-3425 11.31 | 8.27
O/
.
~
N
\N:N
8d 74 125-127 | 1580 | 1268 2996-3457 9.63 7.79
o/
0
/%H
N
\N:N
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8e 51 162-164 | 1589 | 1246 | 3028- 10.23 8.34

N\
@C 3475
(0]
Q\N
1]

N—N

af } 32 | 161163 | 1501 | 1249 | 3018- | 1009 | 834
©f 3489
(0]

N
/1

7
: N—N

1.2. Characterization

Using standard spectroscopic techniques (IR, 3C NMR, and *H NMR), the structures of the
thiosemicarbazone derivatives 8a-f were determined. FT-IR spectra of thiosemicarbazone deriv-
atives, shows broad peaks in the region 3388-3160 cm™ suggest the presence of NH stretching
vibrations, typical for primary (NH) and secondary (NH) amine groups present in the thiosemi-
carbazone. The absorption bands of N-H bending, C=N stretching (from the triazole ring), and
aromatic ring vibrations was observed around 1500-1700 cm™ . Peaks around 1251 and 1228
cm™ might correspond to C=S stretching in thiosemicarbazone, while an absorption band at ap-

proximately 1174 cm corresponding to the stretching vibration of C-O-C is observed.

Consequently, *H NMR spectroscopy was employed to elucidate the structures of products 8a—
f. The 'H NMR spectrum of product 8e, shown in Figure 11.36. (a), reveals the following details:
A singlet at 10.23 ppm corresponds to the CH=N proton, and its chemical shift indicates an elec-
tron-deficient environment. A singlet at 8.34 ppm likely represents CH proton in the triazole
ring, likely corresponding to a proton with its downfield shift suggesting proximity to an electro-
negative group. The peaks between 7.81 and 7.19 ppm indicate a group of overlapping aromatic
protons. A doublet at 6.98 ppm likely represents the NH> protons. A peak at 6.44 ppm is likely
due to an NH proton in a thioamide environment. It appears as a singlet (s), indicating no cou-
pling with neighboring protons and suggesting a strong downfield shift due to hydrogen bonding
or an electron-withdrawing group. The singlet at 5.17 ppm may correspond to a CH»-O group,
with its downfield shift indicating proximity to an electronegative group. Another singlet at 5.60
ppm could represent protons in a similar environment to the 5.17 ppm peak, potentially another

CH.Ar group. Product 8f's *H NMR spectra displays a singlet at 2.35 ppm, which corresponds to
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a typical non-aromatic methyl (CHs) group. For compounds 8c and 8d, the methoxy groups (O-

CHp3) are represented by signals at 3.79 and 3.87 ppm, respectively.

The 3C NMR data indicate that compound 8e has several key signals corresponding to its
structural elements: The peak at 178.023 ppm is consistent with a carbon in a thioamide envi-

ronment (C=S), confirming the presence of a thioamide group in the structure.

The peaks around 157.12 ppm likely correspond to carbon in aromatic ring attached to an oxy-
gen ( =C-0O) and the peak around 144.03 ppm likely correspond to carbons in an electron-
deficient environment, such as C=N, which is also consistent with the proposed structure having
such functional groups. Peak around 140.33 ppm suggest quaternary carbon and the peak around
122.93 ppm suggest carbon (HC-N) in a triazole ring. This chemical shifts match well with typi-
cal triazole carbons, which is affected by electron-donating or withdrawing groups, confirming

this part of the structure.

An aromatic ring's quaternary carbon (Cc) is represented by the shift at 134.73 ppm, while two
equivalent carbons (Cb) are represented by the shift at 129.18 ppm. Likewise, another pair of
comparable carbons (Ca) in the aromatic ring is represented by the shift at 128.08 ppm. Fur-

thermore, the signal at 126.36 ppm indicates that the aromatic ring contains a carbon (Cd).

Shift at 121.50 corresponds to the carbon in aromatic ring attached to the C=N. Shifts at
132.12,128.81, 121.89 and 112.67 correspond to a carbons C2, Cs, Csand Ci respectively in the
aromatic ring . The signal at 62.84 ppm is in the range for a methylene carbon attached to an
electronegative atom, such as oxygen (CH2-O). The peak at 54.29 ppm suggests another CH2

group, potentially a CH2Ar group or a methylene adjacent to nitrogen or oxygen.

c \>§\
4 C
NG ON
C G N
CL‘
C, C,
G, G,

Overall, these chemical shifts correspond well to the expected carbon environments for com-
pound 6e, confirming its structure. Product 8f's 3C NMR spectra reveals a peak at 21.17 ppm,
which is most likely a signal for the methyl (CH3) group. For compounds 8c and 8d, the methoxy
groups (O-CHg) are represented by signals at 56.14 and 56.02 ppm, respectively.
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Figure 11.36. (a) *H NMR spectra and (b) **C NMR Spectra of compound 8e

A proposed mechanism has been outlined to further elucidate the step-by-step transformation
involved in the reaction. This mechanism highlights the key intermediates and transition states,

offering a deeper understanding of the pathways leading to the formation of the final product.
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Figure 11.37. Proposed mechanism for the reparation of thiosemicarbazones
I1. Preparation of thiazole derivatives

I1.1. Synthesis

Thiosemicarbazone derivative (1.0 mmol) was reacted with chloro acetone (1.0 mmol) in etha-
nol. For two to three hours at 80°C the reaction mixture was refluxed, TLC was utilized to moni-

tor its progress. Filtration of the resulting precipitate and it was recrystallized from ethanol,
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yielding the final products in good yields. The resulting thiozoles were pure and did not re-

quire further purification [54].

Rs3
R, 0
Q + )K/Cl
B
N\
N=N
8a-f 9

R,: H, CHO, OCHj
R3: H,CH3

Figure 11.38. Preparation of thiazoles

2-3h, reflux, 90°C

10a-f

Table 11.2. Structural and physicochemical characteristics of thiazole derivatives 10a-f
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Ref | Thiazole derivatives Yield | Melting FTIR 'HNMR
% points (cm™) (8:ppm)
(°C)
N-H CH(triazole) | CH(thiazole)
10a N\ 86 146-148 | 3142 7.23-7.25 5.67
L
o
\N:N
10c N |2 95-97 3373 7.38 6.35
O/
L
/%H
N
\N:N
10d N |49 132-134 | 3383 7.37 6.59
O/
o}
/%H
N
\N:N
10e A\ |57 154-156 | 3343 7.38 6.36
o
g
\N:N
10f -\ |40 164-166 | 3338 7.90 6.98
Q !
7
N=N
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I1.2. Characterization

The structures of the thiazole derivatives 10a-f were determined using standard spectroscopic
techniques (IR, 3C NMR, and 'H NMR). The thiazole derivatives’ FT-IR spectra presents at
3380 cm™ a broad peak likely corresponds to N-H stretching, indicating the presence of the
amine group (NH) in the structure. At 2922 cm™ the peak suggests stretching vibration of C-H,
typically from aliphatic or aromatic C-H bonds. The C=N stretching from the imine (CH=N)
group appears at 1603 cm™. At 1500 cm™, there is likely the aromatic rings C=C stretching. C-O
stretching from the ether linkage (CH2-O) in the molecule appears between 1100 to 1265 cm™
may corresponds to. These peaks align well with the expected functional groups in the synthe-

sized compounds.
In the compound’s 10c *H NMR spectrum, the following signals are observed:

e Thesingletat 6 8.27 ppm ,with 1H, assigned to the CH=N proton He (imine).

e Thesingletat 6 7.93 ppm with 1 proton, corresponding to the NH proton

e 37.38 ppm (d, 1H), likely corresponding to the to the proton of the triazole ring Hd (CH-
N).

e Aromatic protons, such as those from the phenyl ring, appear in the ranges & 7.36-7.37
ppm (m,1H), §7.34-7.35 (m, 1H), 5 7.32-7.33 (m,2H) and 57.30-7.31 (m, 1H).

e 07.24-7.25 ppm (d, 1H) is assigned to the proton Hb.

e 07.16 ppm (s, 1H) is assigned to the proton Ha.

e 8 7.14 ppm (d, 1H) is assigned to the proton Hc.

e At 4 6.35 ppm singlet with 1H is assigned to the proton Hf, CH proton of the thiazole
ring.

e Peaks at & 5.61 (s, 2H) and & 5.15 (s, 2H) are attributed to methylene protons, corre-
sponding to CH2-Ar and CH2-O, respectively.

e Asinglet at 8 3.77 ppm (s, 3H) is corresponds to a methoxy group O-CHs, and methyl
group CHs on the thiazole ring appears at 6 2.16 ppm (s, 3H).

The obtained structure is:
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The *H NMR spectra of compound 10c shows that we initially had the suggested structure, but
it seems there was a structural rearrangement because the spectrum shows the NH pic as a sin-

glet at 0 7.93 ppm.

A singlet showed up at 2.24 ppm in the product’s 10d *H NMR spectrum, corresponding to a
typical non-aromatic methyl (CHs) group.

In the 3C NMR spectrum of compound 10c, the observed chemical shifts are as follows:

A peak at 149.80 ppm likely corresponds to the imine group Cs (C=N), while the peak at
149.05 ppm is likely assigned to the carbon Cz in the thiazole ring (C=N). Peak around 143.26
ppm suggest quaternary carbon in the triazole ring and the peak around 120.38 ppm suggest

carbon (HC-N) in the triazole ring.

The signal at 136.48 ppm could be attributed to the aromatic quaternary carbon Cs of the aro-
matic ring (C-C=N). while two equivalent carbons (Cb) are represented by the shift at 129.25
ppm. Likewise, another pair of comparable carbons (Ca) in the aromatic ring is represented by
the shift at 128.44 ppm. Furthermore, the signal at 125.36 ppm is attributed to the carbon Ci in
thiazole ring (HC-S).

The peak at 62.22 ppm is consistent with the CH2-O carbon. Additionally, the peak at 55.82
ppm likely represents the CH2-Ar carbon and the signal at 53.31 ppm matches the methoxy
group (O-CHs).

Some of the peaks in the spectrum were not visible because of their small size, suggesting that
the product has low solubility. Furthermore, the peaks are frequently weak in the 3C NMR spec-

trum because carbon-13 makes up just around 1% of the carbon in nature.

Cq
Cz /\L

C3 2

Cy
C

Ch Ca 0

c, &,)
N\ -
N/

Product 10d's 13C NMR spectra reveals an extra peak at 21.16 ppm, corresponding to a CH3
group attached to the phenyl ring.
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Figure 11.39. Compound 10c's (a) 1H and (b) 13C NMR spectra.

A proposed mechanism has been outlined to further understand the final product’s leading
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pathways.
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Figure 11.40. Mechanism for the preparation of Thiazoles

Conclusion
In this chapter, we successfully synthesized thiazole derivatives from thiosemicarbazone
precursors achieving moderate to good yields, which, to our knowledge, had never been
described before. The spectroscopic data strongly supported the formation of the thiazole ring
and highlighted key functional groups and chemical shifts corresponding to the expected
structure. These compounds were subjected to various in vitro antioxidant tests, the results of
which will be presented in the third chapter.
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Introduction

Identifying synthetic molecules with desired pharmacological qualities, such as antibacterial
and antioxidant capabilities, is crucial for discovering novel therapeutic agents [1].Among
these, the thiazole ring stands out due to its unique structural characteristics. The sulfur and
nitrogen atoms within the thiazole ring are arranged such that the pi (=) electrons can freely

transition between bonds, giving the ring its aromatic properties[2].

Another noteworthy scaffold in medicinal chemistry is the 1,2,3-triazole ring. This ring's
distinctive structural features, synthetic adaptability, and pharmacological potential make it a
valuable asset in the field. Click chemistry makes the 1,2,3-triazole ring easily accessible,

allowing for the construction of chemical collections aimed at various ailments[3].

Given these promising attributes, this chapter focuses on evaluating the biological activities

of our synthetic products, particularly their antibacterial and antioxidant properties.

I. Antioxidant activity evaluation
I.1.Oxidation

Oxidation occurs when an electron or atom of hydrogen is moved from a material to an oxi-
dant. Oxidative processes produces free radicals that have the ability to start chain reactions,
which, when they take place inside of cells, can cause damage or even death [4].
1.2.0xidative stress

In the last thirty years, in the medical sciences, the oxidative stress concept has garnered a
lot of attention. It actively contributes to the physiology of numerous prevalent illnesses, (in-
cluding diabetes, acute renal failure ...etc). Potentially as a result of the cells' metabolism of
oxygen hazardous reactive oxygen species (ROS) are produced. In typical conditions, the rate
at which oxidants are removed balances the rate at which they are formed, both in terms of
amplitude and rate. On the other hand, oxidative stress arises from an imbalance between an-
tioxidants and pro-oxidants. Their functionality is significantly affected by elevated reactive
oxygen species (ROS) levels in biological cells, resulting in impaired cell function, aging, or
illness [5].

1.3. Free radicals

Free radicals are described as molecules or their constituent parts that are able to exist on

their own. Because one or more of their unpaired electrons reside in an outer atomic or
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molecular orbital, they are referred to as "radical”. A free radical is highly reactive, unstable, and

has an odd number of electrons. It is a characteristic that causes chain reactions. In an effort to
form a stable complex, free radicals try to form bonds with other atoms, single electrons, or even
molecules, by either receiving or giving an electron from other molecules, they function as re-
ducing or oxidizing agents [6].

Free radicals are Reactive oxygen species produced as byproducts of several bodily activities
and are always present in the body. Antioxidant processes eliminate them from the body under
normal circumstances. When these defense systems are compromised, radicals build up exces-

sively and play a role in the onset of numerous illnesses [7].
1.4. Antioxydant

Antioxidant is a molecule that inhibits, stops, or controls a substrate's oxidation (oxidizable
substrate). It could be an inorganic or organic substance. But the definition of an antioxidant
changed depending on its applications. The substrate from in vitro or in vivo systems need to be
oxidized. Still, in vitro research was the first to explain the mechanisms and idea of

antioxidants[8]. Antioxidants have the function of reducing free radicals within biological cells.

1.4.1. Mechanism of Action

1.4.1.1. Electron Donation
Antioxidants typically act as reducing agents because they undergo oxidation, allowing them to
neutralize free radicals by donating electrons, thereby removing the unpaired state of free radi-

cals and slowing down the oxidation process [9].

1.4.1.2. Metal lon Chelation
Some antioxidants have the ability to chelate to copper and iron metal ions , which can cata-

lyze redox processes that result in the creation of free radicals [10].

1.4.1.3. Radical Scavenging

The main way that antioxidants scavenge free radicals is by giving them electrons or hydrogen.
According to this method, an antioxidant directly interacts with a free radical, giving them hy-
drogen in exchange for the free radical's free electron. Then, a complex between, let's say, the
antioxidant radical (free radical acceptor) and the radical forms. Antioxidants oxidize as a result,

and free radicals are neutralized [11].

1.4.2. Types of Antioxidants

To counteract the damaging effects of free radicals, cells utilize a variety of Endogenous
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(enzymatic )and Exogenous (nonenzymatic) antioxidant defense mechanisms to preserve a pro-

antioxidant equilibrium [12].

1.4.2.1.Endogenous Antioxidants

Are vital antioxidants that the body produces, and they include enzymes like superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) [13].

1.4.2.2.Exogenous Antioxidants

These are derived from food diet and encompass vitamins. As part of non-enzymatic defenses,
substances like vitamin E, carotenoids, polyphenols, glutathione (GSH), and vitamin C are in-
cluded[13].

1.5. Methods used to evaluate the antioxidant activity

The most commonly used assays to evaluate antioxidant activity include the free radical scav-
enging assay using 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and the diphe-
nylpicrylhydrazyl (DPPH) assay.

1.5.1.DPPH assay

The DPPH antioxidant assay is suitable for evaluating the capacity of functional foods to coun-
teract radicals, such as synthetic components, herbal extracts and or pure natural. This is due to
the DPPH radical's stability, ease of use in experiments, and cost-effectiveness. In this method,
antioxidants (AH) are added to a DPPH solution. During the reaction, an antioxidant molecule
donates a hydrogen atom to the nitrogen atom of the DPPH radical, reducing it to form DPPH-H
hydrazine. spectrophotometric measurements can quantify the extent of DPPH radical quenching
, Typically, the absorbance decrease is measured between 515 and 520 nm.. The concentration
needed to reduce the initial DPPH radical concentration by 50% is used to express a substance's

antioxidant capacity [14].

NO R NOz
. AH N_ _Ph
o — ¥
| Ph
Ph O,N NO,
O,N NO,
DPPH DPPH-H

Figure 111.1. DPPH structure getting reduced by an antioxidant (AH)
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This commonly used test is easy to set up and can be modified for high-throughput assess-

ments. The methodology established by Brand-Williams and his team (1995) was used to evalu-
ate the DPPH radical scavenging. A 1 mL volume of different concentrations of the tested sub-
stances (1, 5, 10, 50, 100, 200, 300, 400 and 500 ug/mL) in methanol was combined with 2two
milliliters of a DPPH solution in methanol at a concentration of 0.004% (w/v). For 30 minutes
the mixture was incubated in the dark at room temperature, during which hydrogen transfer reac-
tion from the antioxidant to DPPH" was tracked using UV-visible spectroscopy by measuring the

reduction in absorption at 517 nm.

This formula was used to determine the free radical percentage of inhibition (I %) of produc-
tion from DPPH:

_ A control - A sample
% DPPH scavenging = A control 100
contro

Here, the control reaction’s absorbance (just the DPPH solution) is A control, While the absorb-
ance of the tested compound is A sample. Additionally, a calibration curve for vitamin C was cre-

ated to correlate different concentrations with their | %.

1.5.2.ABTS assay

The ABTS assay relies on a decolorization reaction where a stable radical of ABTS (2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) is produced prior to interacting with an anti-
oxidant . This method is advantageous because it provides reliable results for both fat-soluble
and water-soluble antioxidants , as well as for pure compounds, mixtures, and plant extracts.
Additionally, it maintains stability across a broad pH range and is characterized by its speed,
cost-effectiveness, and sensitivity [15]. The compound's total antioxidant activity in the ABTS

assay is determined by the spectrophotometric approach.
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Figure 111.2. ABTS" radical structure
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A 2.4 mM solution of potassium persulfate is mixed with a 7 mM solution of ABTS in water.

The two stock solutions are combined in proportionately and let it react in the dark at room tem-
perature for 12 hours to generate the ABTS"" radical cation. Before use, the solution is diluted to
obtain an absorbance at 740 nm that equals 0.700 + 0.005. For the evaluation, 10 uL of the solu-
tions different concentrations of the compounds to be tested is mixed with 990 uL of the diluted
ABTS " radical solution. After 7 minutes, using a spectrophotometer at 734 nm the absorbance is
measured. The percentage reduction of the ABTS" radical is calculated using the following for-

mula:

A control - A sample

% ABTS scavenging = A control

Where, the absorbance of the control reaction is A control, While the absorbance of the tested

compound is A sample-

The ICs value, which translates to the antioxidant’s amount needed to reduce 50% of the start-
ing concentration of ABTS™ radical cation, is used to express the results the assay of ABTS. The
compounds' chemical structures, including the degree of esterification, their relative positions
within the aromatic ring and the quantity of hydroxyl groups, has a significant impact on their

antioxidant qualities [14].
Il. Findings and discussion

The products tested for their antioxidant activity are the synthesized 1,2,3-triazole, thiosemi-
carbazone and thiazole derivatives. The assays for DPPH and ABTS radical scavenging were
systematically carried out at least twice for each compound. The collected results provided in-

sights into the structure-activity relationship of our compounds in this tests.

11.1. Antioxidant activity of 1,2,3-triazole derivatives

The 1,2,3-triazole derivatives were initially prepared as a stock solution with a concentration of
1 mg/mL. From there, a variety of dilutions were made. Each curve's linear regression equation

is found, and the concentration that corresponds to 50% inhibition is computed to get the 1Cso.

118



Chapter 111 Exploring antioxidant properties
Table I11.1. the in vitro antioxidant activity of the compounds 6a-f using DPPH" free radical

assay, with ascorbic acid as standard

Compounds Concentration ( pg/ml) ICso (

01 5 10 [50 [100 [200 [300 [400 [500 | pg/ml)

DPPH free | 6a 0311327 |534 581|624 719|764 |80.0 |837]896
Radical 6b 01300 [ 393|402 |56.8 | 634 | 733|780 | 811 [812|3564
Scavenging | 6¢ 0353 (410|520 636|731 783|811 811 |815]9.09
Activity 6d 0301 | 355 |60.1 |804 |860 |862 |87.6 895 919|841
(%) 6e 0314|414 | 681|761 |764 | 764|766 | 789 | 830 |6.63
6f 0/299 (300|394 771|780 | 771|771 | 775|767 |19.77

AA 0|17.1 | 778 | 837 | 912 | 985 | 986 | 986 | 98.4 | 98.7 | 3.76

The table 111.1 presents the scavenging activity percentages for different compounds (6a-f) and
ascorbic acid at varying concentrations (0, 1, 5, 10, 50, 100, 200, 300, 400, and 500 ug/ml).

The standard antioxidant, ascorbic acid, shows a high scavenging activity starting from 17.09%
and peaking at nearly 99% with an 1Cso of 3.76 pg/ml. While some compounds (like 6d and 6e)
have comparable or lower 1Cso values than ascorbic acid, they do not reach the same level of

maximum scavenging activity.

Compound 6e exhibited the strongest antioxidant activity, with an IC50 value of 6.63 pg/ml,
among these compounds. Compounds 6d (8.41 pg/ml), 6a (8.96 pg/ml), and 6¢ (9.09 pug/ml) also
demonstrated strong antioxidant activities, comparable to ascorbic acid. Meanwhile, compounds
6f (19.77 pg/ml) showed moderate activity, and compound 6b had a significantly higher I1Cso of
35.64 ug/ml, indicating weak antioxidant activity, suggesting lower efficacy compared to other

compounds.

The findings show that a number of compounds, most notably 6d and 6e, have low 1Csg values
and significant DPPH free radical scavenging activity, indicating that they are potent antioxi-
dants. Compound 6e exhibits remarkable promise owing to its low ICsg value and strong scav-
enging percentage. Comparatively speaking to the other compounds studied, compound 6b
seems to be less effective as an antioxidant. All things considered, these results point to com-
pounds 6a, 6¢, 6d, and 6e as possible subjects for additional study into their antioxidant qualities

and possible uses in medical domains where oxidative stress is a problem.
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Figure 111.3. Results of DPPH" free radical scavenging activity (%) of the 1,2,3-triazole deriva-
tives 6a-f
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Figure 111.4. 1Cso ( ng/ml) results of the DPPH" free radical assay of 1,2,3-triazole derivatives

6a-f with ascorbic acid as standard

11.2. Antioxidant activity of thiosemicarbazone derivatives

First we've prepared a stock solution of the thiosemicarbazone derivatives that hasa 1 mg/mL
concentration, then we prepared a range of dilutions from it. To calculate the 1C50, the linear
regression equation for each curve is determined, and the concentration corresponding to 50%

inhibition is calculated.
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Table I11.2. the compounds 8a-f’s in vitro antioxidant activity with the DPPH" free radical assay,

with ascorbic acid as standard.

Compounds Concentration ( pg/ml) ICso (

01 5 10 |50 [100 |200 |[300 [400 |[500 | pg/mi)

DPPH' free | 8a 0300 |40.2 | 50.0 | 80.0 | 80.0 | 80.1 |80.1 | 813 |83.0 |10.01
Radical 8b 0354 | 391 | 430 | 490 | 520 | 694 |79.1 | 823 | 85.1 | 68.06
Scavenging | 8c 0|496 | 515 | 644 | 654 |80.2 | 963 | 965 |96.7 | 969 |2.39
Activity 8d 0300 |41.0 |656 |759 | 769 | 955 | 955 | 969 | 97.2 | 6.22
(%) 8e 0483 [ 489 [49.1 [820 851 881 [89.0 [89.0 [89.0 |11.69
8f 0486 [ 49.2 [83.0 [84.0 [91.0 [91.1 [91.0 [97.0 [ 97.0 | 5.40

AA 0171 | 77.8 [ 837 [91.2 | 985 | 986 | 986 |98.4 | 98.7 |3.76

Table 111.3. the compounds 8a-f’s

in vitro antioxidant activity using ABTS assay , with BHT as

standard.
Compounds Concentration ( pg/ml) 1Cso (
0] 1 5 10 50 | 100 | 200 | 300 | 400 | 500 | pg/ml)
Percentage 8a 01169 | 46 | 44 | 211|362 | 740|989 |989 | 989 | 137.08
Inhibition 8b 0147 24 | 71 | 16.7 | 399 | 577 | 63.7 | 859 | 90.7 | 156.57
of the 8c 0[{068| 15 | 31 | 140|313 |678|912|914| 914 | 151.78
ABTS™ 8d 0519 6.7 | 100 | 168 | 36.8 | 589 | 93.8 | 93.8 | 93.8 | 160.12
(%) 8e 0[305| 46 | 54 | 168 | 329 | 655 | 97.3 | 99.3 | 99.3 | 151.78
8f 0/510| 66 | 79 | 133 |40.7 | 742 |96.1|96.1 | 96.1 | 128.66
BHT 0]1433]122 294|341 |650|680|721|910| 923 75.17

The 1Cso values from the antioxidant activity assays are summarized in Tables I11.2 and 111.3

The scavenging activity of the thiosemicarbazone derivatives (8a—f) was compared to standard
antioxidants, BHT (ICso = 75.17 pg/ml) for the ABTS assay and ascorbic acid (IC50 = 3.76
ug/ml) for the DPPH assay.

In the DPPH assay, compound 8c with an ICsp value of 2.39 pg/ml showed the strongest anti-

oxidant activity, even higher than ascorbic acid. compared to ascorbic acid, compounds 8d (6.22

pg/ml) and 8f (5.40 pg/ml) also demonstrated strong antioxidant activities,. Meanwhile, com-

pounds 8a (10.01 pg/ml) and 8e (11.69 pg/ml) showed moderate activity, and compound 8b had

a significantly higher 1Cso of 68.06 ug/ml, indicating weak antioxidant activity.
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In the ABTS assay, all thiosemicarbazone derivatives (8a—f) displayed weak antioxidant activi-

ty compared to BHT, with ICso values above 100 pug/ml. Among these, compound 8f had the
lowest 1Cso value (128.66 pg/ml), reflecting moderate antioxidant activity, though still weaker
than BHT. The remaining compounds (8a, 8b, 8c, 8d, and 8e) showed IC50 values above 130

pg/ml, indicating weak antioxidant potential.

While the DPPH assay revealed strong antioxidant properties for several compounds, in partic-
ular 8c, which was better than ascorbic acid, the ABTS assay showed weaker activity overall.
Notably, compounds 8e, 8a, and 8f demonstrated better scavenging abilities than BHT in this

assay.

Overall, these findings suggest that the synthesized thiosemicarbazone derivatives (8a—f) have
strong antioxidant potential, particularly in the DPPH assay, and require further investigation for

their potential therapeutic applications in treating disorders related to oxidative stress.
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Figure 111.5. 1Cso ( pg/ml) of thiosemicarbazone derivatives 8a-f (a) DPPH" free radical assay
with ascorbic acid as standard. (b) assay of ABTS"*, with the standard BHT
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Figure 111.6. Results of antioxidant assays of the thiosemicarbazone derivatives 8a-f (a) 8a-f %
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The literature indicates that the thiazole cycle have good antioxidant activity. This study aims

to confirm that the functional groups of thiazole play an essential role in increasing hydrogen
supply as well as in the ability to donate and to accept electron. Furthermore, it is suggested that
these groups may help to stabilize radical forms after electron donation or hydrogen addition. On

this basis, thiazoles were synthesized and tested for their antioxidant activity.
11.3. Antioxidant activity of thiazole derivatives

We've prepared a stock solution of the thiazole derivatives 10a-f that has a 1 mg/mL concen-
tration, then we prepared from it a range of dilutions ( 1, 5, 10, 50, 100, 200, 300, 400 and 500
ug/ml). To calculate the 1C50, the linear regression equation for each curve is determined, and

the concentration corresponding to 50% inhibition is calculated.

Table 111.4. the compounds 8a-f’s in vitro antioxidant activity utilizing DPPH" free radical as-

say, with ascorbic acid as standard

Com- Concentration ( pg/ml) ICso (
pounds 0o [1 5 10 |50 [100 |200 |300 |400 |500 | Me&/mb
DPPH" free | 10a 0 |47.6 | 6433|7359 |74.08|92.76 | 93.86 | 94.26 | 94.39 | 95.36 [ 2.39
Radical 10b 0 |587 | 6574|6645 9227|9289 |94.75 | 96.78 | 97.84 | 98.37 | 0.62
Scavenging | 10c 0 [31.4 611 [73.99 9594 |97.48 | 98.85 | 98.85 | 97.97 | 97.48 | 3.49
Activity 10d 0 | 475 |54.04 | 54.08 | 58.59 | 65.08 | 80.04 | 90.07 | 95.58 | 96.16 | 2.12
(%) 10e 0 |50.8 | 5885 |67.68 9589|9651 | 96.51 | 97.88 | 98.32 | 96.38 | 0.34
10f 0 [51.2 [60.88 | 76.42 | 93.07 | 94.57 | 94.83 | 95.54 | 95.63 | 95.67 | 0.07
AA 0 |17.1 | 77.84(83.70 [ 91.20 | 98.51 | 98.56 | 98.58 | 98.44 | 98.69 | 3.76

Table 111.5. the compounds 8a-f’s in vitro antioxidant activity using ABTS assay , with BHT as

standard
Com- Concentration ( pg/ml) 1Cso (
pounds | 0| 1 5 10 50 | 100 [ 200 | 300 | 400 | 500 | pg/ml)
Percentage 10a 0[067| 475 | 7.91 | 10.17 | 23.39 | 37.63 | 52.53 | 74.58 | 76.61 | 281.33
Inhibition 10b 0079 463 | 6.78 | 7.01 | 836 | 28.14 | 51.07 | 57.29 | 70.96 | 2936
of the 10c 0[169] 3.62 | 407 | 5.88 | 17.06 | 36.49 | 62.15 | 89.27 | 90.17 | 252.74
ABTS™ 10d 0|1.69| 441 | 542 | 870 | 11.98 | 23.28 | 42.15 | 57.63 | 61.81 350.7
(%) 10e 0]1.02| 395 | 7.79 | 8.25 | 15.37 | 30.96 | 46.10 | 70.51 | 84.97 | 316.48
10f 0[1.01] 226 [ 395 | 9.04 | 20.79]39.2 |[59.21|70.73 | 86.44 | 253.15
BHT 0| 4331221 29.40 | 34.10 | 65.01 | 68.01 | 72.05 | 91.03 | 92.33 | 75.17

The IC50 values from the antioxidant activity assays are summarized in Tables I11.4 and 111.5.
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We used BHT (IC50 = 75.17 pg/ml) as standard for ABTS assay and ascorbic acid (IC50 =

3.76 pg/ml) for DPPH assay.

In the DPPH assay, the percentage of DPPH deletion increases while in the range for most
compounds. This suggests that higher concentrations of these compounds result in greater anti-
oxidant activity. The 1C50 of all tested compounds was better than ascorbic acid value. For ex-
ample, compound 10f with low IC50 value has a peculiar IC50 value of 0.07 pg/mL, indicating
very effective at very low concentration indicating more potency in scavenging DPPH particles
Compound 10b shows if very high activity is deleted, up to about 98% at 500 ug in /mL The
most intense antioxidant activity revealed, with 1C50 value of 0.62 pg/ml, even higher than
ascorbic acid, compound 10e with lower IC50 (0.34 ug/ml )value and higher percentage of radi-
cal scavenging ,is more potent than ascorbic acid IC50 value of compounds 10c , 10a and 10d ,
which exhibited antagonizing effects bacterial consumption, currently 3.49, 2.39 and 2.12
ug/mL, respectively, indicating weaker antioxidant activity compared to others such as 10f, 10b,
and 10e.

The 1C50 values from these results suggest that some compounds are more potent than others
in neutralizing free radicals. When these results are compared with known antioxidants such as
ascorbic acid about, it is clear that some tested compounds give the best results in terms of effi-
cacy. Further research could investigate the mechanisms behind their antioxidant activities and

potential applications in various industries.

In the ABTS assay, all thiazole derivatives (10a—f) showed weaker antioxidant activity com-
pared to BHT, with IC50 values greater than 200 ug/ml Among these compounds, 10c and 10f
were The lowest IC50 values were 252.74 and 253.15 pg/ml, respectively exhibited, respectively
moderate antioxidant activity but still weaker than BHT The other compounds (10a, 10b, 10d,

and 10e) have 1C50 values above 280 pg/ml, indicating low antioxidant activity.

In general, the percentage of ABTS deletion increased with increasing concentrations of all
compounds; however, this percentage was relatively low compared to the DPPH test results. For
example, compound 10a showed the highest percentage of 76.61% at a maximum concentration
of 500 pg/mL with an 1C50 value of 281.33 ug/mL, indicating a lower antioxidant activity com-
pared to others with compound 10b tested with an IC50 value of 293.6 ug/mL The highest con-
centration (500 pg/mL) which showed a maximum scavenging percentage of 70.96%, indicating
moderate antioxidant activity. In contrast, compound 10f had a value of 253.15 ug/mL IC50,
indicating a slight but still effectiveness is not as strong as many antibiotics . BHT achieved the
maximum percentage of 92.33% at 500 pg/mL with 1C50 value of 75.17 pg/mL only, which

124
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exhibited significantly higher potency than the tested compounds.

Overall, the higher IC50 values of all tested compounds indicate that higher concentrations are

required to achieve significant antioxidant activity against ABTS particles Notably, compared to

DPPH test results for which some compounds had relatively low 1C50 values (e.g., compound

10f = 0.07 pg/mL) were present. Then the ABTS test indicates that these agents may not be ef-

fective in neutralizing ABTS particles. This difference highlights the importance of multiple tests

with c.

Further studies could investigate the mechanisms behind these differences and evaluate possi-

ble modifications to enhance the antioxidant effects of these compounds for better use.
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Figure 111.7. IC50 ( ng/ml) of thiazole derivatives 10a-f (a) DPPH" free radical assay with
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Conclusion

In this chapter, we explored the antioxidant effects of triazole, thiosemicarbazone and thiazole
derivatives, employing both the DPPH and ABTS assays to evaluate their activity. Our findings
revealed a significant correlation between the chemical structures of these derivatives and their
antioxidant efficacy, underscoring the importance of structural features in determining biological
activity. Notably, most synthesized derivatives exhibited substantial antioxidant activity, with
variations observed across different testing methods. These results not only highlight the poten-
tial of thiosemicarbazone and thiazole derivatives as effective antioxidants but also suggest ave-
nues for further research into optimizing their structures for enhanced efficacy. Future studies
could focus on elucidating the mechanisms behind their antioxidant properties and exploring

their applications in various fields, including pharmaceuticals and food preservation.
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GENERAL CONCLUSION




General conclusion and perspectives
The main objective of the work presented in this thesis was to synthesize new nitro-filled het-

erocycles for therapeutic purposes and to study the antioxidant capacity. In this study, we were
able to synthesize thiazole derivatives newly realized by classical synthetic methods based on
single-stage and multi-stage reactions to obtain synthetic 1,2,3-triazoles. This was followed by
condensation with thiosemicarbazide to give a thiosemicarbazone derivative, followed by con-

densation with chloroacetone to give the desired thiazole compounds.

In the first chapter, we investigated the synthesis of 1,2,3-triazole derivatives, which revealed
their inestimable promise in different aspects of heterocycling, especially chemistry. We also
emphasized the development of environmentally friendly methods, especially through the use of
metal-based micro/nanoparticles. In the second part of this chapter we prepared alkyne deriva-
tives by synthesizing aromatic aldehydes with propargyl bromide. Then, we prepared Cu,0 mi-
crobeads using Artemisia campestris L. extract. Finally, the synthesis of 1,2,3-triazole deriva-
tives using alkyne derivatives, benzyl chloride derivatives and sodium azide in the presence of
Cu20 microbeads as catalyst was carried out under one-pot multi-component reaction conditions.

In the second part of our study, we used a small amount of acetic acid as a catalyst, through a
condensation reaction in ethanol between the NH, function of thiosemicarbazide and the alde-
hyde function at 1,2,3-triazole formed and then extended this reaction to chloroacetone, which

enabled the synthesis of new thiazole derivatives.

In chapter three, the synthesized molecules were analyzed for antioxidant activity by two wide-
ly accepted methods: DPPH and ABTS assays. The results showed that these compounds exhibit
significant antioxidant properties, suggesting potential utility in a variety of applications where

oxidative stress is a concern.

Overall, this work highlights the advantages of using nanocatalysts in the synthesis of 1,2,3-
triazole derivatives and successfully generates new thiazole derivatives with good yields and in
addition, shows promising biological applications of the resulting heterocyclic compounds. Fu-
ture research should focus on further exploring the structure-activity relationship (SAR) of these
compounds and their potential therapeutic application in the prevention of oxidative stress-

related diseases.
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Apparatus and Materials

Solvents and Products

The commercially available starting organic compounds are used as received without addition-
al purification. All reactions are carried out under an argon atmosphere unless otherwise stated.
The reaction solvents are pre-dried and distilled according to standard methods.
The progress of the reactions and the purity of the obtained products have been monitored by
thin-layer chromatography (TLC) on silica on aluminum (TLC, Silica Gel F254 Merck, Germa-
ny , 0.2 mm) and revealed under UV radiation at 254 nm.
The separation of products has been performed by recrystallization at low temperature or precipi-

tation.

1.UV-Vis Spectrophotometer
The UV-Vis spectrophotometer (UV-vis, SP-UV 500DB/VDB, Spectrum Instruments, Shang-
hai) was utilized to measure the light absorbance and bandgap energy of Cu20 microbeads

across a wavelength range of 220—600 nm.

2. X-ray Diffraction

X-ray diffraction (XRD, Miniflex 600 Rigaku, Tokyo, Japan) was conducted to evaluate the
crystallinity and crystal structure of Cu20 microbeads, employing CuKa radiation (40 kV and 30
mA) with a wavelength of 1.5418 A and a scanning speed of 0.5°.

3. Fourier Transform Infrared Spectroscopy

The chemical bonding within the Cu.O microbeads was investigated using Fourier transform
infrared spectroscopy (FTIR, Agilent Cary 630), which covered a spectral range from 4,000 to
500 cm™. Furthermore, the FTIR was used to confirm the structure of the synthesized products

in the same spectral range. The wavenumber was expressed in cm™.

4. Scanning Electron Microscopy
The particle size and morphology of Cu>O microbeads were analyzed through scanning elec-
tron microscopy (SEM, Thermo Scientific Quatro, Thermo Fisher Scientific, Germany), while

energy-dispersive X-ray (EDX) analysis was employed to ascertain the elemental composition.

5.Nuclear Magnetic Resonance of Proton (*H) and Carbon (**C)
spectra were recorded at frequencies of 300 and 400 MHz for the *H NMR and 75 and 101 MHz

132
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for °C NMR, respectively, using Bruker AV 111 spectrometer (France) at room temperature. The
chemical shifts (5) are reported in parts per million (ppm) relative to the MesSi (TMS) signal
taken as an internal standard. Deuterated chloroform and DM SO were employed as the solvent.

The multiplicity of the signals is indicated by the following abbreviations:

s: singlet

d: doublet

dd: doublet of doublets
t: triplet

g: quartet

m: multiplet, etc.

The coupling constants J (absolute values) are expressed in Hertz (Hz). The software Mes-
trenova-12.0.1-20560 was used to process the obtained spectra.
6. Melting point

Melting points were determined using Kofler System, LEICA VMHB (Germany).

7.Materials and Products for Antioxidant Testing

e Dilution Solvent: Methanol

e Free Radicals: DPPH and ABTS
e Standards: Ascorbic Acid, BHT
e Micropipettes

133
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Experimental Protocols

Cu20 microbeads Preparation
First step: Plant extraction

Fresh leaves of Artemisia campestris L. collected from Messad-Djelfa, Algeria (Latitude:
34.1667, Longitude:3.5 34° 10'0"North, 3° 30'0"East). were thoroughly washed with tap water
and then allowed to dry at room temperature for 15 days. Once desiccated, the leaves were
ground into a superfine powder. The extraction process was carried out using the maceration
method. In an erlenmeyer flask, 10 g of the powdered leaves were combined with 100 mL of hot
deionized water at 100°C for one hour. After the extraction, the mixture was filtered, and the

resulting product was stored at 4°C until required.

Second step: synthesis of Cu20 microbeads

A 10 mL solution of 1M CuSO,-5H,0 was prepared and then mixed in an appropriate ratio
with 10 mL of the previously prepared aqueous plant extract. This mixture was agitated magneti-
cally at 70 °C for 30 minutes. During this process, Cu>O microbeads formed and dispersed
throughout the solution, resulting in a color change from blue that was initially associated with
the presence of Cu?* ions to a reddish-brown color. The Cu20 microbeads were collected using

centrifugation, and the resulting Cu2O powder sample was dried for two hours at 80 °C.

Cuprous oxide microbeads

Chemical formula: Cu,0 microbeads

XRD: 34.21°(111), 36.50°(111), 43.28°(200), 51.40° (211) .

FTIR (v cm™): 612 (Cu-0), 3,100 (O-H), 2,890 and 2,656 (C-H), 2,120 (CO5), 1,608 (C=C),
1,512 (C=0).

UV-Vis: At 220 nm a significant absorption peak (Cu.O microbeads formation). Cu,O mi-
crobeads bandgap around 2.7 eV.

SEM images: spherical flower-like structures with the size of 6 - 3 um.

SEM-EDX analysis: 54.91% (copper), 23.73% (oxygen), 21.72% (carbon) .
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1,2,3-triazole preparation
1.Alkyne derivatives preparation:

Alkynes were initially created from 4- hydroxybenzaldehyde, vanillin and salicylaldehide with
propargyl bromide in DMF with stirring conditions at 80°C while K2CO3 was present. The reac-
tion was monitored with TLC (eluent: Ehtyl acetate/Petroleum ether, 2/8). This process allowed
for the synthesis of the desired alkynes in the form of light hazel and light beige crystals in ex-
cellent yields. The target compound, upon workup and purification by crystallization in EtOH,
giving yields from 74- 83% after two hours.

2. 1,2,3-triazole preparation

One-pot, three-component 1,3-dipolar cycloaddition reaction was performed between the pre-
pared alkynes, sodium azide and benzyl chloride in DMF:H20 (2:1, v/v) under reflux conditions
at 90°c for 3-4 hours. The 20mg/mL of Cu.O microbeads was added to the mixture (used as the
catalyst system), producing the relevant 1,2,3-triazole 1,4-disubstituted compounds in moderate
to exceptional yields (33-85%). The reaction was monitored with TLC (eluent: Ehtyl acetate/
Petroleum ether, 2/8).
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4-(prop-2-yn-1-yloxy)benzaldehyde (3a)

CHO

)

~

Chemical Formula: Ci1oHgO-, light hazel crystals.

Melting point (mp): 81-83°C.

Yield: 83%.

FTIR (v cm-t): 1000, 1250, 1160, 1580, 1600, 1680, 2110, 3200.

3-methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde (3b)
CHO

Chemical Formula: C11H100s3, light beige crystals.

Melting point (mp): 84-86°C.

Yield: 75%.

FTIR (v cm-1): 1000, 1110, 1250, 1580, 1700, 1590, 2110, 2890, 3220.

2-(prop-2-yn-1-yloxy)benzaldehyde (3c)

Chemical Formula: C10HsO2, light beige crystals.

Melting point (mp): 66-68°C.

Yield :74%.

FTIIR (v cm-1): 1000, 1200, 1280, 1450, 1600, 1680, 2110, 2890, 3280.
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4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (6a)
CHO

s

W=N
Chemical Formula: C17H15N3Oz, light yellow crystals.

Melting point (mp): 140-143°C.

Yield: 70%.

FTIR (v cm-1): 1000, 1170, 1250, 1580, 1600, 1680, 2100.

'H NMR (300MHz, Chloroform-d) & 4.96 (d, 2H), 5.24 (s, 2H), 6.83-6.72 (m, 2H), 7.04-6.92
(m, 2H), 7.13-7.02 (m, 3H), 7.57-7.47 (m, 2H), 9.57 (s, 1H).

13C NMR (75MHz, Chloroform-d) & 54.35, 62.20, 115.11, 122.87, 128.18, 128.94, 129.23,
130.37,132.01, 134.33, 143.64, 163.15, 190.82.

4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (6b)
CHO

QU

W=N
Chemical Formula:C1gH17N302, Light yellow crystals.

Melting point (mp): 134-136°C.

Yield: 50%.

FTIR (v cm-1): 1000, 1170, 1250, 1580, 1,600, 1,680, 2100.

'H NMR (300 MHz, Chloroform-d) & 2.08 (s, 3H), 4.98 (d, 2H), 5.22 (s, 2H), 6.86-6.76 (m,
2H), 6.91 (s, 4H), 7.61-7.50 (m, 2H), 9.61 (s, 1H).

13C NMR (75 MHz, Chloroform-d) & 21.17,54.16, 62.22, 115.11, 122.72, 128.24, 129.88,
130.37, 131.28, 132.00, 138.93, 143.56, 163.18, 190.79.
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4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)-3-methoxybenzaldehyde (6¢)
CHO

~

WEN
Chemical Formula:C1gH17N303, yellow pale solid.
Melting point (mp): 124-126°C.
Yield: 85%.
FTIR (v cm-1): 990, 1130, 1250, 1500, 1580, 1680, 2100.
'H NMR (400MHz, Chloroform-d)$ 3.95 (s,3H), 5.41 (s, 2H), 5.58 (s, 2H), 7.28 (s, 1H), 7.32
(dd, 2H), 7.51-7.39 (m, 5H), 7.64 (s, 1H), 9.90 (s, 1H).
13C NMR (75 MHz, Chloroform-d) & 54.32, 56.00, 63.01, 109.33, 112.74, 123.08, 126.66,
128.18, 128.89, 129.18, 130.68, 134.31, 143.65, 149.99, 153.06, 190.88.

3-methoxy-4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (6d)
CHO

o~

WEN
Chemical Formula:C19H19N303, yellow pale solid.

Melting point (mp): 109-111°C.

Yield: 33%.

FTIR (v cm-1): 1000, 1130, 1260, 1500, 1580, 1680, 2100.

1H NMR (400 MHz, Chloroform-d) & 2.35 (s, 3H), 3.89 (s, 3H), 5.34 (s,2H), 5.47 (s, 2H), 7.17
(s, 4H), 7.21 (d, 1H), 7.45-7.37 (m, 2H), 7.55 (s, 1H), 9.84 (s, 1H).

13C NMR (75 MHz, Chloroformd) 6 21.14, 54.13, 56.01, 63.02, 109.30, 112.73, 122.97,
126.69, 128.24, 129.83, 130.66, 131.26, 138.88, 143.56, 149.99, 153.09, 190.89,
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2-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (6€e)

Chemical Formula: C17H15N302, white powder.

Melting point (mp): 138-140°C.

Yield: 70%.

FTIR (v cm-1): 1050, 1260, 1450, 1600, 1680, 2100.

1H NMR (300 MHz, Chloroform-d)d 2.34 (s, 3H), 5.29 (s, 2H), 5.49 (s, 2H), 7.04 (tt, 1H),
7.18 (s, 4H), 7.57-7.49 (m, 2H), 7.81 (dd, 1H), 10.41 (s, 1H).

13C NMR (75MHz, Chloroform-d) ¢ 54.36, 62.64, 113.08, 121.37, 122.78, 125.13, 128.14,
128.71, 128.95, 129.24, 134.35, 136.01, 143.82, 160.48, 189.61.

2-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzaldehyde (6f)

Chemical Formula:CigH17N303, white powder.

Melting point (mp): 141-143 °C.

Yield: 68 %.

FTIR (v cm-1): 1050, 1250, 1450, 1600, 1680, 2100.

1IHNMR (300MHz,Chloroform-d) 8 2.34 (s, 3H), 5.29 (s, 2H), 5.49 (s, 2H), 7.04 (tt, 1H), 7.18
(s, 4H), 7.57-7.49 (m, 2H), 7.81 (dd, 1H), 10.41 (s, 1H).

13C NMR (75MHz, Chloroform-d) 6 21.18, 54.17, 62.65, 113.08, 121.33, 122.66, 125.12,
128.20, 128.65, 129.89, 131.30, 136.00, 138.91, 143.71, 160.51, 189.61.
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Preparation of thiosemicarbazone derivatives

Thiosemicarbazide (1.0 mmol) was reacted with the prepared 1,2,3-triazole derivatives (1.0
mmol) in ethanol, with a few drops of acetic acid (AcOH) were added as a catalyst, to produce
thiosemicarbazone derivatives. The reaction mixture was refluxed at 90°C for three to four
hours, and the progress was monitored by thin-layer chromatography (TLC) (eluent: ethyl ace-
tate/ petroleum ether, 2/8 ). Afterward, the mixture was placed in an ice bath in the refrigerator
overnight to promote crystallization. The resulting precipitate was filtered and recrystallized
from ethanol, yielding the final products in moderate to good yields. The resulting thiosemi-

carbazones were pure and did not require further purification.
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(2)-2-(4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy) benzylidene)hydrazine-1-

carbothioamide (8a)

Chemical Formula: C1gH1sNeOS, white powder.

Melting point (mp): 191-193°C.

Yield: 73%.

FTIR (v cm-1): 1116, 1228, 1295, 1561, 1595, 1917, 2109, 2113, 3157, 3250, 3321, 3378.

The 'H NMR (400 MHz, DMSO-d6) & 5.19 (s, 2H), 5.61 (s, 2H), 7.06 (d, 2H), 7.28-7.43 (m,
5H), 7.74 (d, 1H), 7.90 (s, 1H), 8.01 (s, 1H), 8.09 (s, 1H), 8.28 (s, 1H), 11.30 (s, 1H).

13C NMR (101 MHz, DMSO) & 53.35, 61.71, 115.42, 115.65, 125.21, 127.58, 128.44, 128.65,
129.37,129.26, 130.45, 136.47, 142.62, 143.27, 159.93, 178.19.

(2)-2-(4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)hydrazine-1-
carbothioamide (8b)

~
N

N=N

Chemical Formula: C19H20NsOS, white powder.
Melting point (mp): 182-184°C.
Yield: 72%.
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FTIR (v cm-Y): 1178, 1246, 1292, 1562, 1594, 1918, 2078, 2114, 3160, 3256, 3324, 3383.

IH NMR (300 MHz, CDCl3) 6 1.20-1.33 (m, 1H), 2.36 (s, 3H), 5.22 (s, 2H), 5.50 (s, 2H), 6.35
(s, 1H), 6.94-7.05 (m, 2H), 7.19 (s, 4H), 7.52 (s, 1H), 7.54-7.63 (m, 2H), 7.81 (s, 1H), 9.54 (s,
1H).

13C NMR (75 MHz, CDCls) & 21.17, 54.15, 62.15, 115.24, 122.63, 128.24, 129.16, 129.86,
131.32, 143.55, 143.92, 160.41.

(2)-2-(4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)-3-methoxybenzylidene)hydrazine-1-

carbothioamide (8c)

Qi

\N:N

Chemical Formula: C1gH20NsO2S, yellow powder.

Melting point (mp): 162-164°C.

Yield: 68%.

FTIR (v cm-1): 1060, 1200, 1267, 1582, 1595, 2063, 2111, 3151, 3235, 3371, 3417.

1H NMR (400 MHz, DMSO-d6)  3.79 (s, 3H), 5.15 (s, 2H), 5.62 (s, 2H), 7.14 (s, 2H), 7.28-
7.43 (m, 5H), 7.51 (s, 1H), 7.98 (s, 1H), 8.13 (s, 1H), 8.27 (s, 1H), 9.88 (s, 1H), 11.31 (s, 1H).

3C NMR (101 MHz, DMSO) 6 18.00, 25.49, 53.32, 56.14, 62.14, 113.58, 109.38, 122.36,
125.37, 127.96, 128.46, 128.645, 129.25, 136.47, 142.90, 143.22, 149.68, 149.89, 152.11,
178178.12,.96.
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(2)-2-(3-methoxy-4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene-1-
carbothiogmide (8d)

Chemical Formula: CxH22NeO2S, off-white powder.

Melting point (mp): 125-127°C.

Yield: 74%.

FTIR (v cm-1): 1140, 1222, 1261, 1544, 1578, 1710, 1997, 2050, 2115, 2994, 3147, 3308, 3450.

IH NMR (300 MHz, CDCls) & 2.34 (s, 3H), 3.87 (s, 3H), 5.28 (s, 2H), 5.47 (s, 2H), 6.41 (s,
1H), 7.09 (s, 1H), 7.16 (s, 5H), 7.26 (s, 2H), 7.54 (s, 1H), 7.79 (s, 1H), 9.63 (s, 1H).

3C NMR (75 MHz, CDCls) 6 21.16, 54.13, 56.02, 63.02, 108.84, 113.56, 122.47, 122.94,
126.49, 128.25, 129.83, 131.28, 138.86, 143.91, 143.98, 149.89, 150.23, 178.34.

(E)-2-(2-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)hydrazine-1-

carbothioamide (8e)

CC%
@nf—ﬁiN

Chemical formula: C1gH1sN6OS, light yellow powder.
Melting point (mp): 162-164°C.
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Yield: 51%.

FTIR (v cm-): 1092, 1218, 1246, 1576, 1584, 2186, 2970, 3019, 3151, 3345, 3468.

1H NMR (300 MHz, CDCl3) 6 5.17 (s, 2H), 5.60 (s, 2H), 6.44 (s, 1H), 6.98 (dd, 2H), 7.19 (d,
1H), 7.33 (dtt, 6H), 7.75-7.81 (m, 2H), 8.34 (s, 1H), 10.23 (s, 1H).

13C NMR (75 MHz, CDCls) & 54.29, 62.84, 112.67, 121.50, 122.93, 126.36, 128.08, 128.80,
129.18, 132.12, 134.73, 140.33, 144.03, 157.12, 178.03.

(E)-2-(2-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)hydrazine-1-
carbothioamide (8f)

o

Chemical formula: C19H20N6OS, yellow powder.

Melting point (mp): 161-163°C.

Yield: 32%.

FTIR (v cm-1): 1055, 1226, 1284, 1530, 1585, 1893, 2068, 2102, 3013, 3149, 3365, 3481.

1H NMR (300 MHz, CDCls) 8 2.35 (s, 3H), 5.19 (s, 2H), 5.57 (s, 2H), 6.45 (s, 1H), 6.95-7.06
(m, 2H), 7.28-7.15 (m, 5H), 7.32-7.43 (m, 1H), 7.73 (s, 1H), 7.81 (dd, 1H), 8.34 (s, 1H), 10.09
(s, 1H).

BC NMR (75 MHz, CDCls) 6 21.17,54.12, 62.79, 112.69, 121.48, 121.87,122.79, 126.42,
128.16, 129.84, 131.62, 132.12, 138.79, 140.33, 143.89, 157.15, 178.10.
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Preparation of thiazole derivatives
11.2.1. Synthesis

Thiosemicarbazone derivative (1.0 mmol) was reacted with chloro acetone (1.0 mmol) in etha-
nol. The reaction mixture was refluxed at 80°C for two to three hours, the progress was moni-
tored by thin-layer chromatography (TLC) (eluent: ethyl acetate/ petroleum ether, 1/9 ). The re-
sulting precipitate was filtered and recrystallized from ethanol, yielding the thiazole derivatives

in moderate to good yields. These derivatives did not require any further purification.
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(2)-2-(2-(4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)hydrazineyl)-4-

methylthiazole (10a)
Q ;
o~

\N:N

N\

Chemical formula: C21H20N6OS, light hazel powder .

Melting point (mp): 146-148°C.

Yield: 86 %.

FTIR (v cm-1): 1005, 1242, 1357, 1434, 1507, 1575, 2360, 2854, 2922, 3068, 3142.

IH NMR (400MHZ, DMSO-ds) & 2.08 (s, 3H), 5.13-5.15 (d, 2H), 5.59-5.60 (d, 2H), 5.67 (s,
1H), 7.04-7.06 (d, 2H), 7.23-7.25 (d, 1H), 7.30-7.32 (m, 3H), 7.34-7.36 ( m, 2H), 7.52-7.54 (d,
2H), 7.96 (s, 1H), 8.26-8.27 (d, 1H).

13C NMR (101 MHZ, DMSO-de)s 53.32, 61.65, 115.20, 115.62, 125.15, 125.23, 127.84,
128.32, 128.41, 128.62, 129.23, 129.26, 136.46, 136.49, 143.23, 143.49, 157.40, 159.41.

(2)-4-methyl-2-(2-(4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)  hy-
drazineyl)thiazole (10b)

Chemical formula: C22H22NsOS, beige powder.

Melting point (mp): 139-141°C.

Yield: 27%.

FTIR (v cm-1): 1005, 1169, 1246, 1310, 1379, 1511, 1603, 2626, 3119, 3365.

(2)-2-(2-(4-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)-3-methoxybenzylidene) hydrazineyl)-
4-methylthiazole (10c)
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Chemical formula: C22H22N6O2S, light hazel powder.

Melting point (mp): 95-97°C.

Yield: 21%.

FTIR (v cm-1): 995, 1124, 1265, 1439, 1511, 1575, 1603, 2922, 3083, 3375.

IH NMR (400MHZ, DMSO-ds) 8 2.16 (s, 3H), 3.77 (s, 3H), 5.15 (s, 2H), 5.61 (s, 2H), 6.35 (s,
1H), 7.14 (s, 1H), 7.16 (s, 1H), 7.24-7.25 (d, 1H), 7.32-7.33 (m, 2H), 7.34-7.35 (m,1H), 7.36-
7.37 (m,1H), 7.38 (5,1H), 7.93(s, 1H), 8.27(s, 1H).

13C NMR (101 MHZ, DMSO-ds)$ 53.31, 55.82, 62.22, 109.22, 114.17, 120.38, 125.36,
128.44, 128.64, 129.25, 136.48, 143.26, 149.05, 149.80.

(2)-2-(2-(3-methoxy-4-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene)
hydrazineyl)-4-methylthiazole (10d)

Chemical formula: C2;H22N6O2S, light hazel powder.

Melting point (mp): 132-134°C.

Yield: 49%.

FTIR (v cm-1): 981, 1128, 1265, 1439, 1511, 1575, 2941, 3150, 3343, 3576.

IH NMR (400MHZ, DMSO-ds) & 2.24 (d, 3H), 2.28 (s,3H), 3.79(s, 3H), 5.17 (s, 2H), 5.56 (s,
2H), 6.59 (s, 1H), 7.17-7.27 (m, 7H), 7.37 (s, 1H), 8.21(s, 1H), 8.25(s, 1H).
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13C NMR (101 MHZ, DMSO-ds) 6 21.16, 53.13, 56.00, 62.18, 103.60, 113.93, 125.27, 128.51,
129.78, 133.46, 138.01, 143.09, 149.80.

(E)-2-(2-(2-((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)benzylidene) hydrazineyl)-4-
methylthiazole (10e)

Chemical formula: C21H20NsOS, beige powder.

Melting point (mp): 154-156°C

Yield: 57%.

FTIR (v cm-1): 1000, 1132, 1260, 1448, 1507, 1580, 1603, 2927, 3146, 3343, 3580

IH NMR (400MHZ, DMSO-ds) & 2.15 (s, 3H), 5.23 (s, 2H), 5.63 (s, 2H), 6.36 (s, 1H),
7.00.7.03 (t, 1H), 7.25-7.27 (dd, 1H), 7.30-7.35 (m, 5H), 7.36-7.37 (m, 1H), 7.75-7.77 (dd, 1H),
8.27 (s, 1H), 8.31 (s, 1H), 11.71 (s, 1H).

13C NMR (101 MHZ, DMSO-ds) & 17.54, 53.35, 62.24, 113.85, 121.70, 123.58, 125.27,
125.43, 128.36, 128.39, 128.65, 129.22, 129.27, 130.68, 136.45, 143.29, 156.29, 168.36.

(E)-4-methyl-2-(2-(2-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methoxy)benzylidene) hy-
drazineyl)thiazole (10f)
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Chemical formula: C22H22N¢OS, yellow powder.

Melting point (mp): 164-167°C

Yield: 40%

FTIR (v cm-1): 1000, 1128, 1265, 1448, 1511, 1598, 2922, 3142, 3338, 3571.

IH NMR (400MHZ, DMSO-d6) & 2.28 (s, 3H), 5.22 (s, 2H), 5.57 (s, 2H), 6.96-7.00 (t, 1H),
7.13-7.30 (m, 6H), 7.35-7.40 (m, 1H), 7.90 (s, 1H), 8.08-8.10 (d, 2H), 8.27 (s,1H), 8.39 (s, 1H),
11.35 (s, 1H).

13C NMR (101 MHZ, DMSO-ds) 6 21.16, 53.18, 62.50, 113.78, 121.54, 123.21, 124.91,
126.68, 128.37, 128.44, 129.79, 131.64, 133.45, 137.99, 138.52, 143.25, 143.29, 157.11, 178.35.
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Abstract

Abstract:

In this study, we synthesized 1,2,3-triazoles via a one-pot, multi-component reaction using
Cu20 microbeads as catalysts, enhancing reaction conditions and yields (33-85%). The Cu2O
microbeads were synthesized in a green environment using an aqueous extract of Artemisia cam-
pestris L., resulting in a flower-like morphology with a cubic close-packed crystal structure and a

particle size of 3-6 um.

Following triazole synthesis, we created thiosemicarbazone intermediates with moderate to
good yields (32-74%) by condensing triazoles with thiosemicarbazide, allowing for thiazole de-
rivatives formation in moderate to exceptional yields (21-86%), by their condensation with chlo-

roacetone that expands their pharmacological applications.

Finally, we evaluated the antioxidant activity of the synthesized products (triazoles, thiosemi-
carbazones, and thiazoles) using standard radical scavenging assays (DPPH and ABTS) to assess
their therapeutic potential against oxidative stress-related diseases. These compounds exhibit

significant antioxidant properties.

The structures of the synthesized compounds were confirmed using *C NMR, 'H NMR, and
FTIR techniques.

Key words : 1,2,3-triazole, Cu20 microbeads, thiosemicarbazone, thiazole, antioxidant activity.
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Reésumé

Dans cette étude, nous avons synthétisé des 1,2,3-triazoles par une réaction multi-composants
en une seule étape, utilisant des Cu2O microbilles comme catalyseurs, améliorant les conditions
réactionnelles et les rendements (33-85%). Les microbilles de Cu20 ont été synthétisées dans un
environnement écologique a partir d'un extrait aqueux d'Artemisia campestris L., résultant une
morphologie florale, une structure cristalline cubique a empilement compact et une taille de par-

ticule de 3-6 um.

Apreés la synthése des triazoles, nous avons crée des intermédiaires thiosemicarbazones avec
des rendements modérés a bons (32-74%) en condensant les triazoles avec la thiosemicarbazide,
permettant ainsi la formation de dérivés thiazoles avec des rendements modérés a exceptionnels
(21-86 %) par leur condensation avec la chloroacétone, élargissent leurs applications pharmaco-
logiques.

Enfin, nous avons évalué l'activité antioxydante des produits synthétisés (triazoles, thiosemi-
carbazones et thiazoles) en utilisant des tests standard de piégeage des radicaux (DPPH et
ABTS) pour évaluer leur potentiel thérapeutique contre les maladies liées au stress oxydatif. Ces

composes présentent des propriétes antioxydante significatives.

Les structures des composés synthétisés ont été confirmées a l'aide des techniques de RMN
13C, RMN H et FTIR.

Mots-clés : 1,2,3-triazole, microbilles de Cu20, thiosemicarbazone, thiazole, activité antioxi-

dante.
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