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General Introduction

The chemistry of transition metal complexes has progressed considerably due to the innovative
and varied potential applications of these materials especially in photonics and optoelectronics.
Several theoretical and experimental works have been carried out in these areas [1-—4].
Because these two sciences are at the intersection of several industries and sectors, chemistry
and biology are now a part of our everyday lives. Today's biological molecules, inorganic mol-
ecules, and macromolecules are all covered by the organic chemistry of yesterday. Up until the
formation of a supramolecular chemistry, which is based on diverse interactions between mol-

ecules and explains their properties, it builds more or less complicated structures.

In this context, the development of the field of bio-inorganic chemistry has increased the inter-
est of the Schiff base complexes, as they can serve as models of bio-logically important com-
pounds [5—7] hence the interest for chemists to develop series of complexes in order to under-
stand and optimize their reactivity.

Since transition metal compounds exhibit a broad range of pharmacological actions, which have
led to extensive research into their potential for treating a variety of worries [6,8—10] that are
closely tied to their capabilities, this interest has only grown [11]. For instance, lipophilia, which
regulates the velocity of entrance into the cell, is altered during coordination; this lessens some
of the negative effects and allows complexes to exhibit novel bioactive characteristics not pre-
sent in the free ligand [12,13].

In addition, extensive research has revealed that Schiff base complexes containing one or more
halogen atoms in their aromatic cycle have been extensively studied because of their antimi-
crobial properties [14]. However, much less information is available on Schiff bases derived
from 5-Bromosalycilaldehyde with other amino compounds. This type of compound has not
yet been systematically studied. There is little literature on the reactivity of 5-Bromosalyci-
laldehyde with various amino compounds [15,16]. In the extension of these studies, we are

interested in the behavior of transition metal complexes at the level of biological activities.

In order to better understand the antioxidant biological capacity of copper (1), cobalt (II), man-
ganese (II), and zinc (II) complexes and their corresponding methos, it appeared beneficial to
synthesize the spectroscopic and crystallographic characterization of these compounds through
this study endeavor. One of the aims of this work is to examine nonlinear optics after doing a

theoretical calculation using the DFT.
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In addition to the introduction and general conclusion, the thesis is divided into four chapters:

The first chapter refers to the current bibliographic knowledge on the bases of Schiff and their
metallic complexes followed by a bibliographic study concerning the antioxidant biological
activity, their classification and their main characteristics , as well as a reminder of the biblio-
graphic work carried out on the Schiff bases and their bioactivities This is followed by a de-
scription of the products and solvents used to produce the synthesis reactions of the ligands and
complexes studied and those of the biological study. We also describe the different analytical

techniques used to establish the structures of the obtained compounds.

In the second chapter we describe the synthesis of new ligand base of Schiff 2,2'-((1E,1'E)-((2-
hydroxypropane-1,3-diyl)bis(azanylylidene)bis(methanyllylidene)bis(4-bromophenol) (H2L1)
and their metal complexes with respect to transition metals Cu(II), Mn(Il) ,Co(II), and Zn(II),
we will detail their structural characterization by the usual spectroscopic methods UV-vis, IR,
'H, '3C NMR, DRX and by cyclic voltammetry as well as the evaluation of biological activities

(antioxidant), which will be followed by a discussion of all the results obtained.

Chapter III is devoted to the synthesis and characterization of Schiff 2,2'-((1E,11E)-5,8-dioxa-
2,11-diazadodeca-1,12-diyl)bis(4-bromophenol) (H2L2) and their metal complexes with re-
spect to transition metals Cu(Il), Mn(II), Co(II) and Zn(II) followed by antioxidant potency

tests, ended with the interpretation and discussion of the results obtained .

Chapter IV describes the synthesis and characterization of E-4-((5-bromo-2-hydroxyhybenzyl-
idene)amino)butanoic acid (H2L3) and their metal complexes with respect to Cu(Il),Mn(II)
transition metals with a well-detailed spectroscopic, electrochemical and crystallographic char-

acterization, followed by biological tepists.
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PART I: THEORETICAL REVIEW

I.1.Introduction

Schiff bases are a very intriguing family of ligands because they include a range of donor atoms,
including sulfur, oxygen, and nitrogen. Due to their ease of synthesis with a very good yield
and the variety of uses they have in relation to the relative stability of their complexes with
most transition metals, researchers have recently placed a great deal of emphasis on the synthe-
sis and characterization of Schiff base ligands and their metal complexes using various physi-
cochemical and biological methods. These compounds are widely used in medical chemistry,
coordination chemistry, and the field of optics. This class of chemicals has a wide range of
potential applications in many aspects of life, particularly in the biological system, where they
have been employed as antivirals, anticancer, antitubercular, anti-HIV, bactericides, fungicides,
and in the treatment of a number of terminal illnesses. The outcome is an ideal pharmacological
model.

Hugo Schiff made the discovery that carbonyl compounds can condense with primary amines
to generate imines in 1864[1]. Since then, the Schiff family of chemicals has been used as its
common name. Many branches of chemistry have shown a great deal of interest in Schiff's
fundamental condensation due to its reversible nature and straightforward synthesis conditions.
The tetradentate derivative, sometimes referred to as the Salen derivative, is a more frequently
occurring structure in the literature. It is produced by combining salicylaldehyde with a dia-
mine. The tetradentate Schiff base ligands of N, N, O, and O can be thought of as being modeled
after these Salen structures (salicylethylenediamine).

Coordination chemistry has long effectively employed these N202-type tetradentate salen lig-
ands (Scheme L.1.) as preferred ligands [2—4]. quite simple condensation between two readily
accessible diamines and precursors of salicylaldehydes yields these adaptable ligands, which

are quite easy to synthesis [2].

E: Espaceur diamine; (CHy;(CHa)2;CegHp:CeHy...)

Scheme I.1. Synthesis of salen ligands
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These ligands, through their internal coordination cavity N202, have a considerable capacity
to coordinate metal ions and stable them in different oxidation states. In addition to these four
coordination sites, these salen compounds additionally feature two axial sites that can be ac-
cessed by auxiliary ligands, contingent on the selected metal. With the benefit of simpler syn-
thesis, their behavior is comparable to that of porphyrins due to the availability of sites.

Furthermore, the term "salen" describes ligands that are produced by condensation of 1,2-eth-
ylenediamine and salicylaldehyde. Eventually, this term also encompasses ligands that have
variable skeletons of diamines, such as "E," which is a spacer and a chain that connects the two
aromatic cycles of the salt framework Figure 1. Consequently, in the literature, this term refers

to the description of a so-called generic class of complexation of type N20O2.

E
H N\ __H
R1 N T * N Rg
Ra OH A HO R+
R3 R4 R5 RE

Sphére de coordination N;O,

Figure I.1. Schematic representation of the salen ligand accounting for the N202 coordi-

nation pocket

I.2. Theoretical review of Schiff bases

Schiff's base ligands play a significant part in many branches of chemistry. In fact, a great deal
of work has gone into creating procedures for the synthesis of these substances, which have
long drawn the interest of several scientists due to their significance in the fields of biology,

medicine, pharmacology, and industry.

I.2.1. Definition of Schiff bases
The bases of Schiff are really named after their inventor Hugo Schiff (1834-1915) who was the
first chemist to synthesize this type of compounds in 1864 [1,5].

» A Schiff base is defined as any product with an imine function where one of the

constituents on carbon or nitrogen is an aromatic group [6,7].



CHAPTER I

» A Schiff base is defined as the condensation of a primary amine with a ketone or
aldehyde. By extension, Schiff base is any product with a double bond C=N resulting
from the reaction between a nucleophilic nitrogen and a carbonylated compound [7,8].

The Schiff bases have the following general structure (Figure 1.2):

N\

C .

N

||R

Figure 1.2. General structure of a Schiff base. Where R’ , R” and/or R= aryl or alkyl.

In fact, several natural products, compounds derived from natural sources, and synthetic com-
pounds all include imine or azomethine groups; Figure 1.3 provides some examples. It has been

demonstrated that the imine group in these compounds is necessary for their biological actions
[9-11].

‘ OH

OH

. e LiRalicvlidene).?-hv S "
Ancistrodiadidine bases de Schiff dénvées du Chitosane. N-(Salicylidene)-2-hydroxyaniline
produit naturel composés dérives composé synthétisé
d'un produit naturel i

Figure 1.3. Examples of bioactive Schiff bases, natural product, natural product derived

compounds, and non-natural compound [12].

1.2.2. Schiff basics training

The Schiff base is formed by a condensation reaction of an aldehyde or ketone on the primary

amine whether aliphatic or aromatic as illustrated by the following Scheme:
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R R
>:0 + R'—NH, =N—~R" + H,0

R R

Scheme 1.2. General reaction of Schiff base formation

(R, R and R" = alkyl or aryl group).

Since the aryl group has a broader electronic delocalization on the molecule's surface, Schiff
bases with this substituent are thought to be the most stable. Producing these is simple. The
Schiff bases belonging to the aliphatic series exhibit comparatively lower stability when com-
pared to their aromatic counterparts. Be aware that Schiff bases derived from aliphatic aldehyde
condensation are more quickly polymerized and substantially less stable [13].

The process of forming Schiff bases from aldehydes or ketone is a reversible reaction that can
be initiated by heating, acid or basic catalysis, or both [1,13]. Because of this reaction's revers-
ibility, it is frequently necessary to remove water from the reaction medium in order to tip the

balance in favor of the formation of the Schiff base.

0 OH NR*

RJLR' + R—NH, ==—= R ; R =~ R /< . H,0
R
Aldehyde

NHR"
ou Cétone amine primaire carbmolamine imine N-substitué

cau

Scheme 1.3. The reaction sequence for the synthesis of a Schiff base

The first step in this reaction is the nucleophilic attack of the nitrogen atom of the amine on the
carbonyl carbon, which leads to an unstable intermediate named carbinolamine, of which a
carbon atom is carrier of two eleccroattractor functions (hydroxyl function and amine NHR
function)[13,14]

The reaction can take the opposite path leading to the formation of the starting products. Finally,
when the hydroxyl group is eliminated, the imine function C=N is immediately formed and the
Schiff base is then obtained. It should be noted that many factors can affect the course of this

condensation reaction, for example solution pH, steric effect as well as electronic effects.
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Since the amine is basic, it is rapidly protonated in the acid medium so that it can no longer
function as a nucleophilic agent and therefore the reaction cannot take place. In addition, in a
strongly basic medium, the reaction is prevented because of the absence of protons in the reac-
tion medium that cause the attack of the carbinolamine hydroxyl leading to the formation of the

Schiff base and water[13].

S
(R | b
I/ *+N\\N—-g == R—C—N-H
A /’ ||
R H H H H
proton
transfer
H.® H o o
G SR
R—=C—N R A
| H +H' | Ny
H H
+H,0 | -H,0 carbinolamine
HG N N\ _@F ' 2\
NC—N C=N H—C
il 7~ \ +H* \
R H R H R
iminium ion = imine

Scheme 1.4. Mechanism of formation of a Schiff base[14].

As is customary in catalytic reactions to use minute amounts of catalyst, this is indeed the case
here in order to ensure the nucleophilic attack of the amine otherwise the Schiff base would
never be formed.

Aldehydes generally react faster than ketones in these condensation reactions since the resulting
Schiff base of aldehyde has fewer steric genes than those of a ketone. Moreover, the electron
density on the carbon atom of the carbonyl group is lower in the case of ketone than in the case
of aldehyde so that the efficiency of the nucleophilic attack of the amine is regulated as such

[5,6].
10
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1.2.3. Classification of Schiff bases

Depending on the reaction circumstances, Schiff's base ligands have the capacity to create co-
ordination bonds with transition metals.

It is noteworthy that despite the intense research activity in the last two decades, when there has
been an exceptionally fertile scientific production, the literature has devoted a great deal of
effort to coordination chemistry. This effort has primarily focused on the complexation of Schiff
base ligands with transition metals[6,11]. Usually, these ligands are organic compounds having
electron-donor atoms that resemble Lewis structures. The number of ligand coordination sites
in these compounds may subsequently be used to classify them as monodentate, bidentate, or
polydentate[12].

The examples in Figure 1.8 given below show the different types of structures of these Schiff
bases.

H
s

C j— H OH OH
1
R N |
MNH
Monodentate Bidentate Trndentate
OH
- (]3]
/
R™ =N
OH "
;;N R OH
R (]3] .
H,C N
Tetradentate Pentadentate

Figure 1.4. Different types of Schiff bases.
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1.2.4. Areas of application of the Schiff bases

The Schiff bases have a very wide range of applications in chemistry, the pharmaceutical in-
dustry, medicine, and biology, among other areas of daily life. These applications, which rep-
resent one of the most widely used novel systems in research, have been extended from the
laboratory to the industrial scale.

In biology, many recent works on the bases of Schiff have highlighted for these systems, excel-
lent antifungal properties, antibacterial, antimalarial, antiproliferative, anti-inflammatory, anti-
cancer, cytotoxic, antiviral and antipyretic[15,16].

Organic and organometallic compounds have been the subject of several recent studies for non-
linear optics (NLO) applications. This work applies not only to the experimental domain but
also to theoretical chemistry, i.e., the investigation of novel molecular classes through the use
of ab initio quantum chemistry techniques. The chromophore's elongation, the variation of met-
als and associated ligands, the realization of clusters or aggregates, and the variation of donor
groups and acceptors at the ends of the chromophores are all factors that contribute to the im-

provement of the ONL response in the materials under study[17].

1.2.5. Complexing properties of Schiff bases

The complexant properties of Schiff bases are closely related to their structures, their stability
as well as their basic or acidic character. Many works and works have illustrated the complexant
power of Schiff bases with respect to all kinds of metal cations, both in solution and in the solid
state.

It should be mentioned that the number of coordination sites required to produce a stable com-
plex is determined by the valence of the metal ion. This value is often more than the metal
cation's typical valence [18]. First, the aniline salicylidene type Schiff bases were used to create

the complexes, along with other metal ions such nickel(II), copper(Il), and iron(III).

All these studies have highlighted a number of results concerning the coordination mode of
these systems and their geometries[19]. In recent years, the development of this coordination

chemistry has focused on the synthesis and characterization of this type of complexes.

1.2.6 Sal(ph)en (non)symmetric metal complexes of Schiff bases

The usual procedure for generating salt ligand of symmetry C2 with extremely high yields in-

volves condensation of one diamine on two equivalents of salicylaldehydes with the identical

12
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substitution groups on their lateral aromatic cycles. While using different salicylaldehydes
might lead to some degree of ligand property variation, the range of structures that can be ac-

cessible in this manner is still restricted.

Figure 1.5. Non-symmetric salen ligand.

1.3. Theoretical studies

1.3.1. Density Functional Theory (DFT)

Density functional theory, or DFT, replaces the wave function in the calculation of energy since
its basic idea is to represent the energy of a multi-electron system from its electron density. This
method is interesting because, regardless of the number of particles in the system, the electron
density is a physically observable that depends only on the three variables (X, y, and z). As a
result, it is not affected by the system's size. The complexity of an N-electron system rises with
the number of variables, even though its wave function depends on 4N variables—3N space

coordinates and N spin coordinates.

1.3.2. Foundations of DFT

The proposal put out by Thomas and Fermi in 1927[20,21] calls for using density as a variable
rather than the wave function. A particular explicit density function was suggested as a model
for the kinetic component in the Schrodinger equation. This method has a number of significant
issues (it does not explain the covalent bond, for example). Several adaptations have been sug-
gested, but they all have the drawback of include terms as and when subsequent approximations

are taken into account—a problem that is already present in the Hartree-Fock method. Density,

13
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however, results in fewer complicated solutions than when the wave function is used. Setting
up a strict framework to overcome any approximation was made possible by Hohenberg and
Kohna's method.

Density functional theory (DFT) uses the density p (r) as the fundamental variable and aims to
characterize a system. The poly-electronic wave function ¥ (1,2,..., n) is used in methods from
the Hartree-Fock (HF) framework. As a result, unlike the HF approaches, which study the n-
electron issue in the space of dimension 3n, the DFT method studies it in the space of p (r),
which is of dimension 3. The two theorems of Hohenberg and Kohn in 1964 [22] are credited
with launching the DFT.

1.3.3. Quantum parameters

Chemists have traditionally used various variables, such as hardness or electronegativity, to
explain chemical processes and occurrences. These values, however, did not correspond with
any of the outcomes of computations using quantum chemistry.

Parr et al. connected the chemical potential u to the reverse of electronegativity y and to the
energy derivative of the E system relative to the number of electrons N with constant external

potential v(r) in a landmark paper[23] published in 1978.

(&%)

p=|—] =-x

dN w(r)

Many more values, which we shall refer to as descriptors, have since been discovered. For

example, molecular hardness 1 [24], which is the second derivative of energy with respect to

electron count, has been found. Furthermore, it is the reverse of softness S:
_(9?E\ 1
T=\anz) . ~%
v(r)

The electronic density itself also proves to be an energy-related descriptor by its derivative in

relation to the external potential:

p(r) = (afff})ﬁ

The Conceptual Density Functional Theory is based on these characteristics taken collectively
(CDFT). Currently, many hundred descriptors have been suggested for various applications

[25].

14
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There are three types of descriptors:

* Global descriptors, which have a unique value for a given structure molecule,

* Local descriptors, whose value depends on the position in the space,

» Non-local descriptors, whose value depends on at least two positions in the space.

Among all these descriptors are descriptors derived from successive energy derivatives such as
electronegativity or hardness mentioned below on, but also composite descriptors formed from
the previous descriptors in order to reproduce certain phenomena, such as the electrophilic in-
dex. In practice, to calculate these descriptors, two main approaches are used:

* Frozen Molecular Orbitals (FMO) based on the properties (energy, density, etc.) of HOMO
and LUMO in the N-electron system.

» Finite Difference Linearization (FDL) based on calculations of the N 1, N and N + 1 electron
frozen geometry system.

These two approaches make it possible to evaluate the same descriptors but do not necessarily

give the same values.

1.3.4. Global descriptors
1.3.4.1. Chemical Potential (1)

The chemical potential p mentioned above is defined as the first derivative of energy in relation
to the number of electrons with constant external potential [23]. It is also the opposite of elec-
tronegativity y.
It is a global descriptor indicating the ability of a molecule to gain or lose electrons: indeed,
when two species A and B react and exchange electrons, with constant number of electrons N
= NA + NB, the following relationship can be written for the system energy variation (first
order):
AEtwt = AEs+ AEp = paANa + upANp = (La — ug)AN

In practice, p is calculated either from the energies of the boundary orbitals, or from the energy
of the system with a missing or additional electron:

urmMo = EHOMO + ELUMO/ 2

urpL=E(N+ 1)+ E(N—1)/2

1.3.4.2. Chemical hardness (1) and softness (S)

The definition of chemical hardness (1) was given by Parr and Pearson [23]in 1983. It is the

primary derivative of the chemical potential in relation to the number of electrons with constant

15
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external potential, and it is also the second derivative of energy. Additionally, it is the reverse
of softness S:

n= ( 0°E /ON? ) v(r’) = ( a},l 6N) v(r’) = 1 /S

7 is a global descriptor that represents the resistance of the system to electron transfer, while
softness characterizes the opposite, the ability of the system to keep electrons.

n and S are also calculated either from the energies of the boundary orbitals, or from the energy
of the system with a missing or additional electron:

nemo=1-A

1.3.4.5. Indices of electrophilia (®) and nucleophilia (N)

Once fundamental notions like electronegativity have been identified, one may question if a
descriptor characterizing the electrophilia and nucleophilia of reactive substances can be found.
Parr and al.[26] developed a composite descriptor, which is not directly generated from an en-
ergy derivative but rather estimated from various descriptors, in response to Maynard et al.[27]'s
connection of descriptors with the interaction energy in docking.

w=u/2n

w is the electrophilic index and corresponds to the energy stabilization of the system during a
charge transfer, more precisely the transfer of the optimum number of electrons to the electro-
philic compound immersed in a sea of electrons at zero temperature and chemical potential and
with constant external potential. Similar to hardness/softness, Domingo et al. [28] proposed
defining a nucleophilia N index as the inverse of the electrophilic index:

N=1/w

1.3.4.6. Ionization potential (I)

This is the energy needed to pull an electron out of a system. That is, the energy needed to pass
from the neutral molecule (n electrons) to the cation (n-1 electrons). The ionization potential is
directly related to the highest occupied molecular orbital (HOMO) [29]. The ionization poten-
tial is defined as follows:

1= -E(HOMO)

16
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1.3.4.7. Electronic Affinity (A)

It is defined as the energy gained by a system when it captures an electron. This energy gain
accompanies the transition from a neutral system to an anion[30]. The electron affinity is di-
rectly related to the lowest unoccupied molecular orbital (LUMO). It is given by:

A =-E(LUMO)

1.3.5. Gaussian calculation code

Gaussian is a very general ‘ab initio” quantum chemistry software originally created by John
Pople and released in 1970 (Gaussian 70). It has since been constantly updated. This code takes
its name from Pople’s use of Gaussian orbitals to speed up computation compared to software
using Slater orbitals. This facilitated the development of computational chemistry, particularly
ab initio methods such as Hartree-Fock. Gaussian quickly became a very popular and widely
used electronic structure program. Today, several high-level researchers are collaborating to
enrich this quantum chemistry tool [31,32].

We can forecast the energies, molecule structures, vibration frequencies, and chemical charac-
teristics of complex molecular systems using Gaussian, which is based on the fundamental rules
of quantum mechanics. Both stable species and complicated compounds, as well as compounds
that are hard to view experimentally, such ephemeral intermediates or transition states, can have
their molecules and reactions examined under a variety of settings.

Our interest in chemical issues, such modeling reactivity, may be thoroughly investigated with
Gaussian. For instance, it is possible to verify if projected stationary points are minima or tran-
sition structures (TS) in addition to quickly and accurately minimizing molecular structures and
predicting transition state structures. Finding which reagents and products are related by a cer-
tain transition structure and following the intrinsic reaction coordinate (CRI) will allow you to

compute the reaction route.

I.4. Non-linear optics (ONL)

Non-linear Optics (ONL) is the study of the optical response of materials when subjected to
very intense radiation. ONL is a field that appeared shortly after the invention of the laser and
the first observation of Second Harmonic Generation (GSH) by Franken et al. dates from

1961[33]. Before detailing the ONL approaches we must first define the linear polarization.
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1.4.1. the linear polarization

The irradiation of an anisotropic material by a light wave characterized by an electric field E
[V.m '] associated with a magnetic field H [A.m ! ], gives rise to the deformation of the elec-
tronic cloud by the coulomb force, which generates an induced polarization. The latter takes
the linear character in the case where the electric field of the light wave is weak (E < 10° V.m ')

compared to the electric fields of the valence electrons (10'°a 10" V.m 1)[34].

Unpolarized
Polarized

&
External % )9 External
charge charge

Figure 1.6. Effect of an electric field on an atom and its electronic cloud.

1.4.2. Non-linear polarization

The interaction of the electric field E of a light wave and a dielectric medium (supposed non-
magnetic) is governed by polarization P. This polarization represents the electric dipole moment
density per unit volume and reflects the displacement of the weakly bound charges of the me-
dium under the influence of the eclectic field. When this field is sufficiently intense (E >> 10°
V.m ') the response of the medium (thus the polarization) is a non-linear function of the exci-

tation[35] . ONL polarization is determined at the macroscopic or microscopic level.

1.4.2.1. Description at the microscopic level

The non-linearity at the microscopic scale is defined by the induced dipole moment of active
materials in ONL, hence the total dipole moment is written as a series development of the E

field in the semi-classical formalism as follows [36,37]:
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w(E) =pul + a;E; + BijkE;Ep + YijuEjExE; + -

Where

1 is the potential permanent dipole moment of the molecule in the absence of E

aij is the linear polarizability, or Bijk, Yiik... are the hyperpolarisabilities respectively of the first
(or quadratic) and the second order (or cubic).

The tensors a, B and Y are defined by the first, second and third leads of the induced dipole

moment on the E field [38].

1.4.2.2. Description at the macroscopic level
At the macroscopic level, for a molecular population, which allows the interaction of several
electric fields, and thereby modifies the frequency, phase or polarization of incident light. Die-

lectric polarization is similarly expressed by the following equation [39]:

P = go(xVE + yDE? + y®E3 + ...)

The term y ! represents linear susceptibility, The terms y ® and ) are nonlinear susceptibil-

ities of order two and three, respectively. g is the permittivity of vacuum [40].

1.5.The Hirshfeld surface

Among the main aims of this work is the study of intermolecular interactions in crystallographic
structures of coordination complexes. For this purpose, a method dedicated to the study of the
latter on the basis of calculations of molecular surfaces from the Hirshfeld partition[41], was
adopted. Therefore, the different representations of surfaces (SH) will be analyzed to identify
all the intermolecular contacts taking place within these crystals.

The Hirshfeld surface represents a characteristic property of each molecule belonging to a crys-
talline structure. Because the Hirshfeld surface depends on the molecular environment, there

are several surfaces for a single molecule depending on the crystal structure to which it belongs.
I.5.1. Foundations

A molecule in a crystal may be represented by its Hirshfeld surface [42], which is created by

segmenting the crystal's space into areas where the electronic distribution of a molecule's (the

19



CHAPTER I

promolécule) sum of spherical atoms dominates the equivalent total on the crystal (the procris-
tal).
Considering pA(r) as the average electron density of an atomic nucleus A centered on this nu-

cleus, the Hirshfeld results from a distribution function w(r) defined by the following equation:

w(r) = Ppromotécule(r)  E palri[Aemolécule]
ﬂpracr[grﬂj{rj ¥ palr)Aecristal]

The Hirshfeld surface, surrounding a molecule, is defined when =+ (r) > 0.5, which corresponds
to the region where the contribution of the promolécule to the electronic density of the procristal
exceeds that of the other molecules of the crystal. In order to obtain as much information as

possible in practice, it is imperative to transpose the results in graphical form.

1.5.2. Properties of surfaces de and di

The simplest and most immediately useful property for mapping the surface is the distance
between the surface and the nearest kernel external to the surface, which we call (de). This
property provides an immediate picture of the nature of the intermolecular contacts in the crys-
tal.

In the same way, we can define (di), the distance from the surface to the nearest core internal to
the surface, which is useful when used in conjunction with (de).

The range of (de) and (di) across the Hirshfeld surface varies considerably depending on the
atoms in the molecule (size dependence) and the particular type of in-termolecular interaction
tested (interaction dependence).

Mapping the same range of all molecules would reduce color contrast for molecules with a
small range of contact distances (such as hydrocarbons). To make the most of the color mapping
on the surface, we choose a range of more suitable for each group of molecules in direct com-

parison

1.5.3. Properties of dnorm surfaces

Another way of illustrating Hirshfeld surfaces is to generate an im-plicate representation of
normalized contact distances taking into account the van der Waals radius of the atoms involved
in the analysis. This way of depicting the surface is named dnorm [43,44]. This property is
constructed by summing the normalized contribution of (de) and (di) in relation to the van der
Waals radius of the atoms involved in the expression. The term dnorm is given by the following

equation:
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d;—rvaw + de—rydW
rd W rvdw
i e

dnorm — -

More concretely, this type of analysis makes it possible to illustrate graphically the relative
position of neighboring atoms belonging to molecules interacting together.

Again, a color gradient is used to quantify the interactions between atoms within the studied
crystal. The 3D image of the Hirshfeld surface which is represented by the value of (dnorm)
where the color shades represent:

* Red: When atoms form intermolecular contacts shorter than the sum of their Van der Waals
rays.

» White: Contacts around the sum of Van der Waals rays in the dnorm surface.

* Blue: The longest contacts of the sum of Van der Waals rays.

Longer-than >0
van der VWaals contact
van der Waals contact =
Shorter-than . <0
van der YWaals contact

Figure 1.7. Colors adapted to (dnorm) in the Hirshfeld surface

1.5.4. 2d fingerprints of Hirshfeld surfaces

Another way to analyze the complex information contained in the structure of a molecular crys-
tal is the 2D impression of Hirshfeld surfaces[45,46]. The graphic distribution of all pairs (di,
de) highlights the types of interactions observed in the crystal as well as the frequency of over-
laps. The diagrams that result from this type of analysis are a fingerprint of the intermolecular
interactions in the crystal.

This kind of representation allows to characterize intermolecular interactions because several
of them generate a particular pattern in the obtained graphs. In addition to listing all the contacts

in the crystal, it is possible to isolate specific contacts between certain atoms. This allows to
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highlight non-covalent interactions of type C— H... w, halogen... halogen, C— halogen... H and

stacks 7.... 7 taking place in the arrangements studied.

When studying this type of graph, it is important to pay particular attention to contacts whose
values of di and approximate the size of the van der Waals rays of the observed atoms. For a
pair (di, de), the sum of these components is equivalent to the distance separating the atoms
contributing to this point

Close contacts are present when the sum of these components is smaller or equal to the sum of
the van der Waals rays of the atoms involved. It should be noted that these contacts take the
form of slides pointing to the origin of the graph studied. This criterion is expressed by the

following equation [47]:

d,+ d, < r/W 4 yrdW

L.5.5. Curvedness and Shape Index

>Curvedness

is dependent on the surface's mean-square curvature, and it applies to flat surfaces. The curva-
ture of a Hirshfeld surface may be used to establish a coordination number in a crystal be-
cause Hirshfeld surfaces with high curvature tend to split the surface into contact plates with

each neighboring molecule.

>Shape Index

is a qualitative shape measure that can pick up on even the smallest variations in surface form,
particularly in areas with extremely tiny overall curvature. Further troughs can be located using

the form index maps on the Hirshfeld surface.

I.6. Antioxidant activity

The identification of radical chemical species that are typically found in the body has improved
our comprehension of biological processes. Since these free radicals are beneficial to the body
in moderation, they are produced by a variety of physiological processes. However, when these
radicals are produced in excess or as a result of externally induced toxicity, the body must

defend itself against these excesses using a variety of antioxidant systems[48].
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Oxidative stress is linked to the emergence of diseases including Parkinson's and Alzheimer's
[49], cancer and coronary diseases [50], and autoimmune disorders. Oxidative stress is caused
by imbalances between the generation of free radicals and antioxidant enzymes. Numerous ben-
eficial antioxidant elements, such as selenium, vitamins C and E, B-carotene and other carote-
noids, and other polyphenolic chemicals from plant diets, have been found by epidemiological
research .

Reactive oxygen species (ROS) are naturally produced during cellular respiration; most cells
have the capacity to produce superoxides [51] . The term "endoglamiento respiratorio" (ERO)
is a general term that encompasses both oxygen free radicals and some reactive non-badiar
oxygen derivatives with notable toxicity [48,49]. These latter damage cell life by oxidizing
lipids, proteins, and DNA [50]. The progression of this oxidation appears to be the source of

numerous pathogenic and toxic phenomena and speeds up the aging process [52].

I.6.1. Oxygen

Oxygen (0O2) is an essential element for life, it is used by all organs with varying proportions.
02 is one of the components of living matter. It plays a very important role in mitochondrial
respiration in order to produce energy. The reduction of this species during the oxidation of
endogenous or exogenous molecules will lead to the production of reactive oxygen species
(ROS).

At low concentrations, ROS have a crucial function in normal physiology processes, as a sec-
ond messenger in cell signaling. A surplus of these molecules is accompanied by deleterious
effects on biomolecules [53,54], they are involved in the oxidation of nucleic acids, pro-teins,
and thus in lipid peroxidation [55].

Every day, the body produces OERs, but the defense mechanism neutralizes them right away.
This results in an equilibrium between antioxidants and oxy-ydants. The term "oxidative stress"
refers to the condition that results when the body's defenses against these chemicals are inade-

quate.
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Figure 1.8. Oxygen distribution in various organs.

1.6.2. Oxidative stress

The term "oxidative stress" was first used in 1991 by «Sies», who defined it as the body's inca-
pacity to protect itself from the aggression of free radicals (ROS)—a term that refers to all free
radicals and their precursors—after an imbalance that either increased the production of ROS
or decreased the body's ability to fend off their attacks. When an organism, cell, or compartment
of a cell's antioxidant defense system is overpowered by oxidants, a disruption in the cellular

metabolic equilibrium is known as oxidative stress[56,57].

Nutritional inadequacies, excess antioxidants, or deficits are the causes of this syndrome [48].
excessive synthesis of prooxidant substances with an inflammatory origin inside the body [58],
or exposure to prooxidant factors in the environment (pollution) such as alcohol, tobacco, nar-
cotics, gamma rays, UV rays, herbicides, ozone, asbestos, and toxic metals [59]. Numerous
illnesses, including diabetes mellitus, cancer, and cardiovascular disorders, may emerge as a
result of an individual's increased oxidative stress. A nutritious diet that is high in fruits and
vegetables is especially crucial for providing appropriate antioxidant defenses, which are nec-

essary to avoid various disorders [60,61].
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Figure 1.9. Different oxidative stress factors [62].

1.6.3. Consequence of oxidative stress

Antioxidant deficiency and/ or overproduction and uncontrolled ROS is not without harmful
consequences in the body, because it often leads to oxidative stress which is defined as an im-
balance between the antioxidant system and oxidant production (ROS) [63]. The main danger
of these oxygenated molecules comes from the fact that they cause damage to different cellular
components such as lipids, proteins, DNA etc... the degradation of cells and tissues [48,64,65].
Apart from these deleterious effects throughout the body, oxidative stress is largely involved in
aging and in the appearance of certain pathologies (figure 1.14) such as cancer, diabetes, ather-

osclerosis, osteoporosis, stroke, neurodegenerative diseases and inflammatory diseases [64,66—
68].
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1.6.4. Free radicals

Free radicals are highly reactive atoms or molecules with an unpaired electron (single elec-
trons). They have a very short existence of 10-9 to 10-12 seconds before colliding with another
molecule and either capturing or giving an electron to become stable [70,71]. Distributed in
reactive oxygen species (ROS) and reactive nitrogen species (RNS)[72]. In doing so, they gen-
erate a new radical from the molecule they collided with.

Under normal circumstances, the body produces free radicals, which damage lipids, proteins,
and nucleic acids in cell membranes, regardless of the toxin that initiates the process [72]. The
most harmful free radicals found in biological systems found in aerobic cells, such as those
found in human cells, are radical oxygen species, which include hydrogen peroxide, superoxide
anions, hydroxyl radicals, and transition metals.

Superoxide radicals seem to be less reactive than hydroxyl radicals, which are the most aggres-
sive and harmful kind of oxidative stress[48,71] .Radical oxygen-induced tissue damage is com-
monly referred to as oxidative damage, and antioxidants are substances that shield tissue against

radical oxygen-induced damage [70].
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Table 1.1 Different types of reactive species|[73].

Espéces radicalaires Espéces non radicalaires
Nom Symbaole Nom Symbole
Anion superoxyde 0,~ Acide hypochlorigue HOCI
Monoxyde d’azote NO Oxygeéne singulet 'O
Radical alkoxyle RO’ Peroxyde d’hydrogene H;0,
Radical hydroxyle OH Peroxyde organique ROOH
Radical peroxyle ROO’ Peroxymitrite ONOO

1.6.4.1 Reactive Oxygen Species (ROS)

In aerobiosis, oxygen (O2) is a vital component for living activities. Reactive oxygen species
(ROS) are created when breathed oxygen is altered by at least 5%. According to Merksamer et
al. (2013), reactive oxygen species (ROS) are a class of chemicals that result from partial mo-
lecular oxygen reduction. Produced in response to a variety of stimuli, such as growth factors,
cytokines, and chemotactic factors, ROS are significant mediators of signaling throughout nu-

merous biological processes [74].

Lumiére UV oxydases

'0, -— 0O, » | HyO,
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Superoxyde
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de kinases

Scheme 1.6. Origin of different oxygen free radicals

and ROS involved in biology [48].
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1.6.4.2 Reactive nitrogen species (RNS)

Nitric monoxide (NOe), an RNS, is endogenously produced from arginine, oxygen and NADPH
(Nicotinamide adenine dinucleotide phosphate) by several nitric oxide synthase (NOS) en-
zymes in response to a number of physiological stimuli. NOe is a highly reactive species, it
represents the ideal molecular messenger, it is involved in the regulation of a number of func-
tions including blood pressure, phagocytes and antimicrobial activity, endothelial and neuronal
homeostasis, platelet and leukocyte adhesion, and apoptosis induction [75].

Spontaneous generation of O2 - and radical NO+ promotes the formation of peroxynetrite
(Equation below) which is a highly toxic product, a RNS itself capable of inducing lipid perox-
idation and protein nitration [75].

02 «- + NO* = ONOO-

1.6.5. Production of free radicals

1.6.5.1. Intracellular production
The production of EOR in mammalian cells results from several possible sources (Figure 1.16)
but is essentially of enzymatic origin. It is mainly NAD(P)H membrane oxidase and mitochon-

drial enzymatic complex of the respiratory chain
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A
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Metaux de transition

Figure 1.10. Intracellular ROS production sites [76].
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NAD(P)H oxidase is a membrane enzyme that catalyzes oxygen reduction according to:
NAD(P)H +2 02— NAD(P) + + H+ +2 O2 -
Cytochromes P450, terminal electron acceptors of the electron transport chain complex, located
in the mitochondrial membrane, catalyze the reaction:
02 +4e-+4 H+—2H20
This transport chain releases a certain proportion of electrons, about 2%, which will partially
reduce oxygen to lead to the formation of the superoxide radical:
02+1e-—02 -
Given the intense activity of the respiratory chain in aerobic organisms, this leakage of electrons
seems to anticipate the activities of NAD(P)H. In addition, in mitochon dries, the oxidation of
coenzymes, such as reduced flavoproteins, is accompanied by a loss of protons and electrons
which, via the transport chain, are then transferred to the O2.
Other sources can also play a role in the production of radicals such as xanthine oxidase which
reduces molecular oxygen to superoxide ion, peroxisomes which have several enzymes sources
of hydrogen peroxide and lipo-oxygenases, in-zymes of the arachidonic acid pathway that no-
tably allow the synthesis of prostaglandins, oxidize fatty acids to give unsaturated fatty acid
hydroperoxides [63].
In addition, during antibacterial defense, phagocytic cells activated by an inflammatory reaction
will produce a large number of ROS. In addition, there is mas-sive production of superoxide
anion by the leukocyte mechanism. This is the respiratory outbreak. The NO synthases, at the
origin of the NOe- radical, may, under certain conditions, also produce superoxide anions

[63,77].

1.6.5.2. Extracellular production

The environment and lifestyle are also responsible for the creation and accumulation of free
radicals in the body. These environmental factors including non-genotoxic carcinogens can be
directly or indirectly involved in the generation of free radicals (xenobiotics, leukocyte activa-
tion...). UV radiation induces the synthesis of O2 «-, OHe , O2 and H2O2 via photosensitizing
agents [76]

Nitrogen oxide (NO) and nitrogen dioxide (NO2) present in our way of life (tobacco, ionizing
radiation, electric fields, industrial pollutants), as well as unhealthy food (refined, rich in satu-
rated fat and sugar, alcohol consumption, etc.), are all elements promoting the genesis of free

radicals [78].
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1.6.6. The body’s antioxidant systems

Given the uncertainty surrounding the relationship between oxygen consumption and hazard,
nature has evolved a robust system of antioxidant defenses to regulate metabolism as accurately
as possible. Any chemical, whether manufactured or natural, that has the ability to prevent ox-
idation is an antioxidant. These molecules get involved in the oxidation process at various
points. In order to prevent the formation of peroxides, it can act in a variety of ways, such as by
trapping the compounds that start the radical reaction, neutralizing the super-oxide anion, com-
pleting the propagation reaction in the reacto-radicalization to lower the concentration of oxy-

gen, and so on [69]. Antioxidants come in a wide variety of forms, both natural and synthetic:

1.6.6.1. Enzymatic systems

The body has a number of mostly endogenous enzyme compounds that are capable of battling
ROS. This is glutathione peroxidase, which detoxifies hydrogen peroxide and other hydroper-
oxides [62,64,65] ; catalase, which catalyzes the transformation of hydrogen peroxide into wa-
ter and molecular oxygen; and superoxide dismutase, which can help dismutate superoxide an-
ion into hydrogen peroxide and molecular oxygen [64].The body's initial line of defense against

oxidative stress is thought to be this mechanism.

1.6.6.2. Non-enzymatic Systems

Usually, eating brings them. These comprise polyphenols, vitamins A, C, and E, carotenoids,
and trace elements (copper, zinc, selenium, magnesium, and manganese) [48,61,62]. These an-
tioxidants work by preventing or reducing the production and propagation of free radicals [79].
Moreover, artificial antioxidants such tertiobutylhydroquinone (TBHQ), butyl-hydroxy-toluene
(BHT), and butyl-hydroxy-anisole (BHA) have long been added to food products as possible
lipid oxidation inhibitors [80].
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Figure 1.11. The neutralization of free radicals by an antioxidant

agent is important to maintain a healthy cell.

1.6.7. Mechanisms of action of antioxidants

Antioxidants work through a variety of processes, such as chelating transition metals, reducing
radicals or peroxides, capturing singlet oxygen, and deactivating radicals by covalent addition
reactions. Generally speaking, an antioxidant that oxidizes more quickly than one substrate can
stop another substrate from oxidizing. This kind of impact is caused by a structure that contains
donors of hydrogen atoms or electrons, frequently aromatic ones, as in the case of phenol de-
rivatives. Their intermediate radicals are also comparatively stable because of resonant delo-
calization and a deficiency of molecular oxygen-attackable sites [71,81]. Antioxidants are di-

vided into two groups based on how they function:

1.6.7.1. Primary or anti-radical antioxidants

By transferring a hydrogen atom and functioning as scavengers of lipid free radicals, these an-
tioxidants can stop the autocatalytic cascade of oxidation. The antioxidant then turns into a
carrier of a radical itself, but because it is less reactive than lipid radicals, it prevents the radical

from spreading. Because of the remarkable stability that their aromatic cycle provides, phenolic
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compounds make up practically the whole class of antioxidants. This category comprises plant
polyphenols (flavonoids, phenolic acids, diterpenoids), tocopherols (vitamin E), and antioxi-

dant additives (BHA, BHT, TBHQ, gallates) [79,82].

1.6.7.2. Secondary or preventive antioxidants

These antioxidants that can prevent the formation of free radicals work through a variety of
indirect mechanisms, such as chelating oxidizing-promoting metals like iron and copper as lec-
ithins and citric acid, breaking down hydroperoxide into non-radical species like alcohol, thiols
(glutathione, sulfur amino acids), or disulfides, repairing primary antioxidants through the do-
nation of hydrogen or electrons, deactivating singlet and triplet oxygen sequestrants like ascor-

bic acid, B-carotene, and lycopene, and absorbing UV radiation through carotenes [59,71].

I.7. Literature on some Schiff-based compounds

The synthesis of Schiff’s foundations is a topical research theme that continues to attract nu-
merous research teams around the world. This can be mainly associated with the importance
and variety of applications of these types of compounds. Schiff bases are widely used in the
biological and non-organic field. To this end we will briefly clarify the biological interest by
citing some essential publications that lead to enrich the exploitation of certain imine com-

pounds.

M. Dehar et al [83] synthesized original styrenic Schiff bases derived from heterocyclic amines
such as 2-aminothiazole and 4-amino-1,2,4-triazole known to their biological and pharmaco-
logical activities. The comparative hydrolysis study of m and p N-vinylbenzylidene-4-amino-
1,2,4-triazole was studied by UV-visible spectroscopy in homogeneous aqueous environment
buffered at several pH at T =25°C. The room temperature condensation reaction of aminothione
on different commercial aromatic aldehydes in ethanol and in the presence of piperidine easily
leads to the formation of imine (70-92%). The structure of all the compounds obtained was
determined by spectroscopic methods (IR, NMR 1H and NMR 13C). The study of UV-Vis in
methanol shows that some molecules presenting the phenomenon of delocalized electrons = are
responsible for the bathochromic effect [84]. Pyrimidine compounds play an important role in
coordination chemistry, they form Schiff base compounds with a carbonyl (aromatic and non-
aromatic) [85]. Schiff bases are structurally characterized by the imine fragment, RHC = NR.
Pyrimidinyl Schiff base ligands achieve better stability of complexes
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metal with transition metal ions. Because of their easy preparation, solubility in polar and non-
polar common solvents, stereochemical and chemical processing and electronic properties [86],
pyrimidinyl derivatives have been associated with various biological activities such as antibac-

terial [87], antitumor/anticancer , anti-HIV , antioxidants [88].

M.Me and al [89] synthesized three new Schiff (I-III) base compounds by a condensation re-
action in 1:2 M ratios of 4.40 -diaminodiphenyl sulphide and pyr-rol/thiopene/furan-2-carbox-
aldehyde in ethanol. The structural determinations of the Schiff bases were identified by means
of an elemental analysis and confirmed by UV-Vis, FT-IR and 1 H NMR. Antibacterial and
antifungal activities of the synthesized compounds were studied in vitro using the diffusion
method. The individually synthesized Schiff bases showed varying degrees of inhibitory effects

on growth of microbial species tested.

O. Altun and al [90] synthesized a Pt (IT) [Pt (L1) (L2)] complex using a Schiff (L1) base
derived from L-phenylalanine with furfuraldehyde in the presence of 8-hydroxyquinoline (L2).
The structure of the complex was studied by Electrospray ionization mass spectrometry (ESI-
MS), UV-visible spectroscopy, Fourier transform infrared spectroscopy (FT-IR), 1H nuclear
magnetic resonance (NMR), 13C NMR, X-ray diffraction powder (XRD), Scanning Electron
Microscopy (SEM), Analytical Energy dispersive X-ray (EDX) and thermogravimetric and dif-
ferential thermal analysis (TG-DTA). Antimicrobial activities of L1 and the complex have
shown that the compounds have significant antibacterial and antifungal properties. They also
show significant cytotoxic effects against the growth of mouse embryo fibroblasts (MEF) and
human prostate adenocarcinoma cancer cells (Dul45). The tests of L1, L2 and the Pt (II) com-

plex on antioxidant activity showed an effective core activity.

Amali.L.B and col [91] studied a series of metal complexes(IT) [Cu(L)] (1), [Co(L)] (2), [Ni(L)]
(3) and [Zn(L)] (4), as well as their structural characterizations with various analytical and
spectroscopic techniques. Monocrystalline XRD studies suggested that prepared metal com-
plexes (II) adopted a deformed tetrahedral geometry. The 1H NMR and FTIR data concluded
that the Schiff H2L base ligand acts as a tetradentate ligand coordinating with the metal(Il) ions
through the oxygen atom of the phenolic group and the nitrogen atom of the azomethrin group.
Complexes 1 and 4 have been shown to be effective in causing antimicrobial activity. The 3-

(4,5-dimethyltrtryzol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed remarkable
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cytotoxicity of complex 1 (IC50 = 19 1,1 pg/mL) on human breast cancer MCF-7 cells com-
pared to Schiff H2L base ligand and complexes 2-4. In addition, the AO/EB staining assay
revealed cell death due to apoptosis in MCF-7 cells and the generation of ROS by the Schiff

H2L base ligand and its metal (I) 1-4 derived complexes may be a possible cause of their
cytotoxic activity.

M = Cufil) (1); Cofli) (2); Nifil) (3); Zn(il) (4).

Figure 1.12. General diagram of the complex developed by Ameli .I.B and col [91].

In 2021, Mahira Memisevic et al [92] have synthesized copper(Il) complexes, [Cu(SB6-8)2] (6
— 8) by refluxing ethanolic solution of Cu (OAc)2-H20 with N-n-alkylsalicylidenimine Schiff
bases (HSB6 -HSBS ). 1, 2-Hydroxybenzaldehyde or its 5-chloro derivative is simply con-
densed with n-propyl- and n-butylamine in 100% ethyl alcohol to produce ligands. Single crys-
tal X-ray analysis displays nearly perfect square planar CuO2N2 trans geometry of the com-
plexes in which there is a bidentate mode of coordination of iminophenate to the metal ion by

way of deprotonated phenolic oxygen and azomethine nitrogen

X
N
CulOAc) urn
'H Ethanol, Re s

HSB" n| X |Ligand [Complex
Il H| HsB*| &
Cl| Hs®’| 7 Complex 6-8
1| HSBY| &

Scheme 1.7. Chemical drawings of synthesis and X-ray characterized structure of 6-8

studied by Mahira Memisevic et al [92].
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Krishna, G. A and al [93] prepared a flexible class of Ni(II) and Zn(IT) complexes with a new
Schiff base ligand containing a fraction of imidazole. The synthesized compounds were taken
for separate structural characterizations. The coordination construction of the Ni(Il) and Zn(II)
complexes was found in octahedral and tetrahedral form where the metal ions Ni(II) and Zn(II)
were composed of a nitrogen atom of azomethrin, an imidazole ring and an oxygen atom of
acetate. All synthesized compounds were tested for their biochemical properties, including an-
tioxidant, anti-inflammatory, antimicrobial activities, enzymatic inhibition and cytotoxicity.
The antioxidant activity of the designed compounds was investigated by the technique of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) and all Schiff base ligands and some of its Ni(Il)/Zn(II)

complexes showed antioxidant activities close to standards (BHA, BHT and ascorbic acid).

Figure 1.13. Structure of Schiff base metal complexes prepared by Krishna, G. A and
al[93].

L.8. Literature on some Schiff compounds derived from 5-Bromosalicylalde-
hyde

Bahgeli. S and col [94] are conducting a study on 5-bromosalicylaldehyde (SBSA) where they
are evaluating its performance for application in organic solar cells. The possible conformists
of the 5SBSA were studied using the MMFF methodology in the Spartan software. The geometric

optimization of the modifications for each conformation was calculated using the DFT approach

for the function B3LYP/6-311+ +G(d,p).
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Figure 1.14. Four conformers of SBSA molecule stadied by Bahgeli. S and col [94].

a new base of Schiff, (E)-3-((5-bromo-2-hydroxybenzylidene)amino) propanoic acid was syn-
thesized from 5-bromo salicylaldehyde and B-alanine by Meenukutty M and col [95]. This
study investigates the evaluation of a novel Schiff base as an inhibitor against human breast
cancer cell lines (pdb:3GEY) using 2-(dimethylamino)-N-(6-ox0-5,6-dihy drophenanthridine-
2-yl) acetamide (DDA) as a native ligand.

The synthesized Ligand anchored in the B-chain of the PARP enzyme binding site to visualize
the best posed and favorable ligand-protein binding interactions. The Swiss tool ADME deter-
mines the resemblance of the drug and strongly suggests that SBL. may be a promising candidate
for fighting breast cancer. DFT studies were performed to support the experimental results using
B3LYP/6-311pG(d,p) and geometry optimization was performed. Various thermodynamic pa-
rameters and NLO properties were discovered. The ECD and VCD spectrum was explained

using DFT studies.

Figure 1.15. Optimized structure of (E)-3-((5-bromo-2-hydroxybenzylidene)amino) pro-
panoic acid prepared by Meenukutty M and col [95].
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Priya, C. G and col [96] synthesized and characterized a Schiff base derived from m-bromo-
salicylaldehyde. Using the DFT study, the compound structure was optimized. Local energy
decomposition analysis (LED) calculated that the binding energy is -9.19 kcal/mol. The mole-
cule (SBRSET) is an optical material, its wavelength is 512 nm and 784 nm respectively. three
different solvents in summer used to calculate nonlinear optical studies, HOMO/LUMO and
molecular electrostatic potential, when compared to other solvents, water has good activity. The
study of non-covalent interactions confirms intermolecular and intermolecular hydrogen bonds.
An anchoring study was performed on the molecule, and the results show that SBRSET interacts
well with the crystalline structure of the hypothetical protein (PDB ID: 2EA9). The molecule

has moderate activity, confirmed by antimicrobial activity.
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Figure 1.16. General structure of the SBRSET ligand prepared by Priya, C. G and col

[96].

PART II: METHODS AND TECHNIQUES

Our work was carried out in the Laboratory of Chemistry, Molecular Engineering and
Nanostructures, at the Ferhat Abbas Setif 1 University in order to synthesize new ligands based
on Schiff that chelates subsequently by transition metals such as Cu(II), Mn(II) , Co(III) and
Zn(1II), and continue to the biochemistry laboratory of the Constantine Biotechnology Research

Centre (CRBT) to assess the antioxidant activity of our products.

1.9. Summary materials (Assembly of synthesis)

The essential elements used for the experimental setup are:

- A balloon heater with magnetic agitation;

- A refrigerant used to condense the solvent during the reaction;

- A bi-neck ball with a magnetic bar.
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All chemicals, reagents and solvents used in the preparation of Schiff base ligands and corre-

sponding transition metal complexes come from Sigma-Aldrich.

1.10. Theoretical background of experimental techniques used

The study of the physicochemical behavior of different molecules is detected by several meth-

ods that are collected together to better frame the constitutive properties of the molecule.

1.10.1. Melting point

This term refers to the change of state of a material when it changes from a solid to a liquid
state. The melting point is the exact temperature required for this transformation and its deter-
mination is very important since it is highly dependent on the purity of the material tested. This
technique is therefore used to define the quality of a substance [97].

The melting points were determined on a digital heater bench from Kofler Bank 7779. It is a
hot plate with a temperature gradient, the temperature varies from 40°C to 250°C, on which a
sample is moved. The determination of the melting point is an important physical data for a

substance.

1.10.2. Thin Layer Chromatography (TLC)

Chromatography is a physical technique for separating chemical species that allows the identi-
fication of the different compounds in a mixture. Its main interest is the rapid identification of
compounds in a mixture. It is based on differences in the affinity of substances with respect to
two phases, one stationary or fixed, the other mobile:
- stationary phase: is a thin layer of adsorbent material (usually silica gel, aluminum oxide).
- mobile or eluent phase: a solvent or a mixture of solvents which will cause the compounds to
separate along the stationary phase by capillary action.
the substances migrate at a rate dependent on their nature and that of the solvent, characterized
by a frontal ratio (Rf) defined by the expression:

Rf = dsubstance / dsolvant

dsubstance: Distance traveled by the compound
dsolvant: Distance travelled by solvent
Reaction monitoring and product purity control were performed by thin-film liquid chromatog-

raphy (TLC). These chromatographic analyses were performed on 0.25 mm E Merck silica gel
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plates (60F-254) and ethyl acetate/petroleum ether mixture (2/1) as eluent and the revelation

was performed under ultraviolet lamp (wavelength 254 nm).

1.10.3. Spectroscopic methods

Spectroscopy is the study of electromagnetic radiation emitted, absorbed or diffused by atoms
or molecules. It provides information on the identity, structure and energy levels of atoms and
molecules through the analysis of the interaction of electromagnetic radiation with matter. Sev-
eral types of excitation are obtained depending on radiation. The methods used in this work are:
- Ultraviolet-visible spectroscopy (UV-vis) (electronic excitation).

- Infrared (IR) spectroscopy (link deformation).

- Proton Nuclear Magnetic Resonance (1H NMR) (electron spin excitation)

Electromagnetic Spectrum
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Figure 1.17. All radiation constitutes the electromagnetic spectrum.

1.10.3.1. UV-Visible Spectrophotometry

Ultraviolet and visible absorption spectrophotometry (UV-Vis) is both a quantitative and qual-
itative analysis method. It is essentially based on the phenomenon of absorption of light energy
by a substance. When a molecule absorbs part of the energy of electromagnetic radiation, it is
automatically accompanied by an electronic transition from a fundamental level to a higher
energy level [98].

These electronic transitions, occurring at the molecular scale, concern valences electrons. En-

ergy absorptions are expressed by the law of BEER LAMBERT.
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UV-Visible spectroscopy involves photons with wavelengths in the ultraviolet (200 nm — 400
nm), visible (400 nm — 800 nm) or near-infrared (750 nm -1 400 nm) range. Subjected to radi-
ation in this wavelength range, molecules, ions or complexes are likely to undergo one or more
electronic transitions. The substrates analyzed are most often in solution, the electronic spec-
trum is the function that connects the light intensity absorbed by the sample analyzed as a func-
tion of the wavelength.

It allows qualitative access to information on the nature of the bonds present in the sample (via
the order of magnitude of Amax and emax ) and to determine quantitatively the concentration
of absorbing species in this spectral domain.

The electron absorption spectra of the different ligands and complexes synthesized were per-
formed on a Shimadzu Spectrophotometer UV-1800, using quartz tanks 1 cm thick. Spectra are
recorded in different solutions of DMF, DMSO, Methanol (10-4 M) in the range of 200 to 800

nm.

1.10.3.1.1 Beer-Lambert’s Law

The Beer-Lambert law indicates that the absorbance of a solution is proportional to its concen-
tration and the thickness 1 of the sample. The Beer-Lambert relationship gives access to the
molar extinction coefficient €, which characterizes the absorption of the building under the con-
ditions of the experiment. To this end the law of BEER LAMBERT is expressed by the follow-
ing relation:
A=¢gCl=1loglo /1
Where
I/Io: is the transmittance of the solution (without unit).

Ay 1s the optical absorbance or density at a wavelength A.

€ : is the molar extinction coefficient (in L.mol 1 cm 1).

1: is the length of the optical path in the through solution, it corresponds to the thickness of
the bowl used (in cm).

C: is the molar concentration of the solution (in mol.L 1).
In the case of organic molecules, the electronic levels concerned by these transitions correspond
to the valence orbitals of the building and their energy is dependent on their nature (o, ) and

their character (binder, antiliant, non binder).
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Many transitions are possible but only those of lower energies lead to absorption in the UV-vis.
The nature 6 or m of the levels involved reflect the nature of the functional group present in the
building. The various possible transitions are:

Transition c— o*: this transition requires a lot of energy: it is located in the far UV. This is why
saturated hydrocarbons, which have only bonds of this type, are transparent in the near UV
region.

Transition n— o*: it usually occurs at wavelengths close to 200 nm and is observable in many
compounds with simply bound heteroatoms, such as O-H, N-H... etc.

Transition n— 7*: this type of transition occurs in the case of molecules with a heteroatom
belonging to an unsaturated system. The best known is that which corresponds to the carbonyl
band.

Transition 1 —7*: compounds with an isolated double ethylene bond lead to a strong absorption

band at 270 nm whose position depends on the presence of substituents.

1.10.3.2. Infrared (IR) Spectroscopy

Infrared spectroscopy (FT-IR) is a qualitative analytical technique for determining the presence
or absence of functional groups. It expresses the electromagnetic interaction of radiation with
different parts of the molecule. IR radiation causes the vibration of bonds between two atoms
in an organic structure, since the atoms of organic molecules are bound together in a particular
arrangement characterizing the functional groups. The IR spectrum of an organic substance
displays several lines each expressing energy absorption. The position of an absorption band in
the IR spectrum is expressed in units of wavelength (um) or wave number (cm-1) with the
advantage of being proportional to the absorbed energy AE.

The infrared spectra plots for all structures were made in the solid state. The infrared absorption
spectra are obtained with a Perkin Elmer 1000-FTIR series, using a KBr tablet, in which the
product was dispersed in 150mg of KBr at a concentration of 3% under a pressure of
80tons/cm?. The frequency range used for this analysis is between 4000 and 400cm™ with a

spectral resolution of 4 cm’!

1.10.3.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance in liquid medium or NMR is an effective tool to highlight changes
in the chemical environment of a particular nucleus, it is a spectroscopic technique commonly

used for structural analysis of many chemical molecules. It is mainly used for the structural
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determination of organic compounds, to follow the evolution of chemical reactions and to study
the steric effect of substituted groups as well as the purity of a sample. By measuring the reso-
nance frequency of the nuclear spins of certain atomic nuclei when placed in an intense mag-
netic field, the chemical environment of these atoms can be studied. This information makes it
possible to identify the molecules, to determine their structure.

The method is based on nuclear magnetism, the nuclei of some atoms 'H, *C, ... have a nuclear
magnetic moment, ie they behave like microscopic magnets characterized by a quantum mag-
nitude: the spin [99].

The 'H and '*C NMR spectra were recorded in MeOH and CDCL3 solution on the BRUKER
AC 300P spectrometer (Wissembourg, France) at 300 MHz and 75 MHz respectively. Chemical
displacements are expressed in part per million downstream of tetramethylsilane Si(CH3)4

1 9

(TMS) as the internal standard (internal reference). The coupling constants “j ”are given in Hz.

1.10.3.4. X-ray diffraction

X-ray diffraction (XRD) is an experimental technique of choice for characterizing the three-
dimensional structure of a crystalline state compound. X-ray diffraction on a single crystal sam-
ple remains the most effective technique for determining its crystallographic structure, since
structural information cannot be obtained completely from powder diffraction. It should still be
noted that it is still not easy to obtain the desired single crystal for a fundamental study.

The information provided by X-ray diffraction is almost null for gases, limited to the distribu-
tion of distances between objects diffracting for liquids and amorphous, on the other hand for
the crystals one can find the precise position of the atoms in the crystal.

It is possible to localize the atomic locations that make up the crystalline molecular structure
using X-ray diffraction on single crystals. The system's stable conformation can be described
in terms of binding length, valence angle, and torsion angle. Additionally, weak bonds that may
be involved in the ligand-receptor intermolecular interaction can be identified by examining the
intermolecular forces that ensure crystal cohesion, such as hydrogen bridges, electrostatic in-
teractions, and Van Der Waals interactions [100].

The diffraction of a parallel X-ray beam on a crystal's surface and its deep penetration into the
crystal make up the measuring concept. The atoms that make up the nodes of the crystal lattice
reflect back all directions the photons that hit them [101]. It is stated that X-rays are diffracted.
Diffracted X-rays may therefore be seen in several directions, each of which corresponds to a

distinct reticular plane of the crystalline structure. The diffracted radius intensity in a particular
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direction only matters if there are several nodes in the corresponding reticular plane that may
return X-rays.

The crystalline lattice atom arrangement and interatomic distances can be ascertained using X-
ray diffraction [102] or X-ray diffractometry analysis. By irradiating materials with X-rays, one
may determine its crystallographic character since the members of the lattice diffract X-rays in

various ways after they are constructed.

Incident X-rays Diffracted X-rays

Constructive interference when
nA=2d sin®
Bragg’s Law

© 09 O y © 0
d sind

Figure 1.18. Schematic diagram of X-ray diffraction [103].

Figure 1.19 schematizes the X-ray diffraction by a family of reticular planes (hkl) illustrating
the Bragg law, with d hkl the distance separating two atomic planes of the same family, and 0
the Bragg angle as follows:
NnA = 2dnu sin(0)
With:
dnki 1s the inter-reticular distance of the family of planes (h k k I).
0 is the angle between the incident x-ray beam and the sample area.
A this is the wavelength .
n is the diffraction order.
The wavelength of the probe beam must be of the order of magnitude of the inter-reticular
distances. The intensity diffracted by a crystal is the product between a form factor and the

structure factor:

2 —_— S
IR) = |6®)| =|F®) xL®)
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Where:
(R) ~is the direction vector in the reciprocal network,
F is the structure factor.

L is the form factor. It depends on the shape and size of the crystal.

1.10.3.4.1. Crystallographic concepts

The physicochemical properties of a crystal are closely related to the spatial arrangement of
atoms in matter. The crystalline state is defined by a periodic character and ordered at the atomic
or molecular scale. The crystal is obtained by translation in all directions of a basic unit called
the elementary cell.

Solid matter is composed of atoms, which can be seen as elementary balls that assemble. The
balls can be arranged irregularly, we then have so-called amorphous or glassy matter, like glass,
or they can pile up in an orderly way, it is then a crystal.

The crystal is a solid with structure consisting of atoms ordered in a periodic network and even
tri-periodic and symmetrical. It has symmetry properties with direct and inverse rotation axes,
mirrors, planes and centers of symmetry.

The elemental mesh is the smallest crystalline volume built on three shortest independent trans-
lations of the crystal. It is defined by three vectors that generate six mesh parameters: the three

lengths of vectors a, b, ¢ and the three angles between these vectors a, B, 7.

1.10.3.4.2. Single crystal X-ray diffraction

Crystallographic X-ray diffraction [46,104] is a unique technique for figuring out a molecule's
three-dimensional structure. In fact, the electron cloud of the crystal's atoms is rayed with Xin-
teragissent. Since the crystal is a periodic material with three dimensions, the interference of
these dispersed waves results in the diffraction phenomena. The Fourier components of the
molecule's electron density may then be obtained by the measurement of these diffracted inten-
sities. A structural determination entails locating the electronic density maxima that are inte-
grated to the atomic locations via a series of computational procedures. Single crystal diffrac-
tometers [46,105] with electronic detectors (scintillation or proportional counters) are used to

measure the intensities.
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Figure 1.19. Principle of single crystal X-ray diffraction.

An incident x-ray beam of wavelength A will only be reflected by a family of planes (h, k, 1) to
the extent that it meets these planes at a certain angle 0 called Bragg angle, and reflects the
geometry of the direct network (crystal system, mesh parameters). Diffraction spots form the
reciprocal lattice and are therefore named by their Miller indices (h, k, ). The intensities of the
diffracted beams carry information about the atomic content of the mesh that makes up the
crystal, which is defined as the convolution of this mesh (shape and atomic content) by the
direct network.

DRX analysis of the single crystals Cu(II)L2, H2L3 and Cu(I[)L3 was performed by a Bruker
D8-VENTURE diffractometer equipped with a CCD Photon zone detector, which uses Mo-Ka
monochromated graphite radiation (A =0.71073 A). Data were collected at 298 K using APEX-
III software, integrated with SAINT, and corrected for absorption using a multi-scan approach

(SADABS).

1.10.4. Characteristic electrochemical method by cyclic voltammetry

Cyclic voltammetry is a potentiodynamic method widely used in electrochemistry for the pre-
liminary study of electrochemical systems. It provides by a simple and fast experiment a lot of

information on the behavior of the redox system fixed to the surface of the electrode [106]. It
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is a transient electrochemical method in which the potential of the indicating electrode varies
linearly with time depending on the relationship:

E=Ei+uvu.t

E: Indicator electrode potential (volt).

Ei: Initial potential.

v : Scan speed.

t: Time (s).

For active compounds in cyclic voltammetry, migration is always guaranteed by a support elec-
trolyte; diffusion is the sole route of transport involved [107]. It is simple to watch the activity
of the system and distinguish between the many electroactive species using this method, which
is based on a round-trip linear scan of the potential [108]. The electrochemical behavior of the
reagents and products, and therefore the reversibility of the processes, may be seen by the in-
version of the potential's direction of change. Furthermore, the scanning speed offers a direct
way to regulate the kinetic regime of reactions (irreversible, quasi-reversible, and reversible),
and its variation enables the observation of reactions in various regimes and the diagnosis of
their mechanistic aspects.

This technique is generally applicable to all types of electrodes and electrolytes. The shape of
the intensity-potential curves obtained makes it possible to distinguish the different redox sys-
tems according to whether they are reversible, quasi-reversible or irreversible.

Mathematical expressions of peak current and potential were initially developed for a one-way
sweep by Randels and Sevick for fast systems [109] and by Delahay for slow systems [110] .
This theory is extended by Matsuda and Ayabe to semi-fast systems. The work of Nicholson
and Shain allowed the development of relationships describing the experimental curves of cy-
clic scans.

In this research, we present the electrochemical behavior of synthesized ligands (H2L1 ), (H2L2
), and (H2L3) and their complexes of Cu(Il), Zn(II), Co(III), Mn(III). The study is carried out
by cyclic voltammetry on vitreous carbon electrode in dimethylformamide medium (DMF) in

the presence of tetrabutylammonium perchlorate (TBAP) 10-1M.

I.11. Methods for evaluating biological activities (antioxidant capacity)
There is no one-size-fits-all technique for precisely quantifying antioxidant activity due to the

complexity of oxidation processes and the variety of antioxidants, which contain both hydro-
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philic and hydrophobic components. While none of these techniques can fully describe oxida-
tion or oxidation resistance, they all help to define the biological activities of the compounds or
mixtures under evaluation in terms of their total biological activities. To get a fairly accurate
estimate of the antioxidant capacity of the sample to be tested, it is typically required to integrate
the results of several, complimentary assays. Conversely, there are two categories of techniques
for determining antioxidant efficacy in vitro:

. Methods based on the transfer of a hydrogen atom or Hydrogen Atom Transfer (HAT)
Such as: ORAC method (Oxygen Radical Absorbance Capacity), TRAP (Total Reactive Anti-
oxidant Potential) etc... Most of these methods are dependent on the solvent used and pH, while

the presence of metals may interfere with these methods [111].

. Methods based on the transfer of an electron or Single Electron Transfer (SET) in par-
ticular: DPPH method (2,2-Diphenyl-1-Picrylhydrazil) (also considered as HAT method, there-
fore mixed), TEAC (Trolox Equivalent Antioxidant Capacity) and FRAP (Ferric Reducing An-
tioxidant Power) [111]

To evaluate the antioxidant power of the various synthesized products, several tests were used,

namely the DPPHe radical trapping test, the ABTSe+.

I.11.1. Preparation of dilutions
To prepare a series of dilutions, the different products are dissolved in methanol, DMF and
DMSO, 500 pl of this stock solution are mixed with 500 pl of methanol, to arrive at a 2 dilution

and so on. This procedure is repeated for subsequent dilutions until dilution 1/64 is achieved

(Figure 1.21).
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Figure 1.20. Preparation of product dilutions in methanol.

1.11.2 DPPH

Antioxidant activity was assessed using the method described by Morel et al [112]. Schiff base
ligands were solubilized in methanol, all Mn(II), Cu(II), Co(II) complexes were solubilized first
in DMF, and Zn(II) was solubilized first in DMSO (4 mg/ml stock) before being diluted in
absolute ethanol at different concentrations (1; 0.5 and 0.2 mg/ml) from the stock solution.
Methanol was used as white and trolox was used as a calibration range at dilutions of 12.5, 25,
50 and 75 uM. BHA and BHT were used as a positive control. Then, 40 ul of the synthesized
products were deposited in a 96-well triplicate plate for each concentration tested. Finally, 160
pl of the freshly prepared DPPH solution was added to trigger the reaction and have a final
volume equal to 200 pl. The plate was incubated for 30 minutes at room temperature away from
light (in aluminum foil). Absorbance was measured at 517 nm using a microplate reader (MDS
Inc., Toronto, Canada). The results are the SEM mean of 3 independent experiments (3 wells/
concentration for each experiment) and are expressed in equivalents , and they are expressed as
anti-radical activity where inhibition of free radicals, these are calculated as percentages (I %)

by the following formula:
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Ah]anc - Acchanti]lon

[% = » 100
Ah]anc

With:
1%: Percentage of inhibition.
A white: Absorbance of white

A sample: Absorbance of the sample.

The concentration of the synthesized samples causing 50% inhibition (IC50) of the DPPH rad-
ical, is determined graphically by linear regression from the graph of the percentage inhibition

as a function of concentration of the samples.

I.11.2.1. Assessment of antiradical potential: calculation of IC50

The antioxidant activity of the extracts is expressed in IC50. This parameter used to estimate
antioxidant potency is defined as the effective concentration of the substrate that causes the loss
of 50% of DPPH activity. IC50s are determined graphically by linear or logarithmic regressions
of plotted graphs (percent inhibition as a function of extract concentration).

The antiradical power is inversely proportional to IC50 .

1.11.3. ABTS radical-cation reduction teste+

This anti-radical activity was measured by a microplate colorimetric method described by Re
and al . The ABTSe+ solution was prepared from 2 aqueous solutions: ABTS (7 mM) and po-
tassium persulfate K2S208 (2.45 mM), the mixture was kept out of light for 16 hours. This
solution was used after dilution with distilled water. 160 pl of ABTS<+ solution was added to
40 ul of different extracts, which have different concentrations in a 96-well microplate. Absorb-
ance was measured after 10 min at 734 using a microplate reader. Methanol and ABTS<+ were
used as control. The percentage of radical inhibition is calculated as follows:

Percentage inhibition of ABTS+(%): [C control- A sample/C control] X100

Where:

C control: Control absorbance

A Sample : Sample absorbance.
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1.12. Conclusion

During this bibliographic study we have highlighted the importance of the activity of Schiff
bases and their complexes in biology, which shows that their synthesis continues to increase
according to the literature. However, the biological activity of the Schiff base compounds de-
serves further study. Although research on this topic is in its early stages, a number of reports
that attempt to disclose the effects of Schiff bases on pathogens of clinical interest have been
recently reported. The creation of material clusters for the ONL application is the final and most
significant application, aside from biological activities, that has been the primary goal of our

work.
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Synthesis, characterization and biological study

of 2,2'-((1E , E')-((2-hydroxypropane-1,3-
diyl)bis(azanylylidene))bis(methanylyli-
dene)bis(bis(4-bromophenol)
(H2L1)

And its transition metal complexes Cu(Il), Mn(II),

Co(II) and Zn(II).
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IL1. INTRODUCTION

In this chapter we describe the synthesis and characterization of the symmetric tetradentate
Schiff ligand 2,2'-((1E, E') -((2-hydroxypropane-1,3-diyl) bis(azanylylidene)) bis (methany
lylidene)) bis(bis(4-bromophenol) (H2L1) as well as these transition metal complexes Copper
(IT), Manganese (II), Cobalt (IIT) and Zinc (II). The classical spectroscopic methods used to
identify the synthesized products are: infrared spectroscopy (FT-IR), ultraviolet-visible spec-
trophotometry (UV-Vis), nuclear magnetic resonance spectroscopy (1H NMR). The proposed
structures were confirmed by elementary analysis. The purity of the prepared products was
checked by thin layer chromatography, on silica gel plates and with an appropriate eluent for
each compound. Then, an electrochemical study by cyclic voltammetry was made to predict the
redox couples of the synthesized compounds and calculations of the theory of the functional
density "DFT", are also reported in this part.

With regard to elucidating the synthetic species' antioxidant potential, we have gathered many
techniques for every molecule by examining their percentage of inhibition on various cations

and active detrimental wanted radicals.

PART I: SYNTHESIS AND CHARACTERIZATION

IL1.2. Synthesis of ligand 2,2'-((1E,E')-((2-hydroxypropane-1,3-diyl)bis(aza-
nylylidene)) bis(methany lylidene))bis(bis(4-bromophenol) (H2L1)
The Schiff base ligand (H2L1) is synthesized according to the classical method described in the

literature [1 2] The reaction pattern of the synthesis is represented by the following reaction:
reflux 3h /\(\ +2 H20
/\(\ Ethanol

Scheme I1.1. Reaction pattern of ligand formation (H2L1).

5-Bromo-2-hydroxybenzaldehyde (0.2 g; 0.99 mmol) is dissolved in 10 ml of ethanol in a 50
ml Bicol flask over high heat with nitrogen and magnetic agitation. After the mixture is well

homogenized, add 0.05 g; 0.49 mmol of 1,3-diaminopropan-2-ol dissolved in 10 ml of ethanol
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drop by drop. When the solution turns yellow, the reaction mixture is allowed to reflux for three
hours. The precipitate is recovered using vacuum filtration, and it is then vacuum-dried for a
whole night after being rinsed two or three times with cold methanol and then diethyl ether.
Thin-layer chromatography (TLC) employing ethyl acetate/petroleum ether (2/1) as the eluent
and a silica gel plate as the stationary phase regulates the ligand's purity. Seventy-one percent
was the response yield.

The condensation process of 1,3-diaminopropan-2-ol, with 5-Bromo-2-hydroxybenzaldehyde

takes place according to the following reaction mechanism (Scheme I1.2).

HZN/\(\NHQ o 0o
H Reflux Br. ® ®
Br.

- N N
Br ~— - <Y> N
H H H H
\O O/ Ethanol H
OH HO
OH HO “

( OH o
Br. X “ " amo B
-~ N I
H H H H
OH HO OH HO

Scheme I1.2. Basic Schiff (H2L1) synthesis reaction mechanism.

H

2

At optimal conditions, the formation of the ligand (H2L.1) was carried out by a nuclear attack
of the amine group on the carbonyl fraction of the aldehyde compound forms a double bond

between two atoms N and C followed by a release of the water molecule

I1.3. Synthesis of Mn(III), Cu(Il), Co(IIT) and Zn(II) complexes with ligand

(H2L1)
By following the procedure of Das, K. et al. [3] (Scheme (IL.3)), complexes from the ligand

(H2L1) were synthesized. In order to do this, a millimolar solution of the metal salt is added
drop by drop in the following forms: cobalt CoCI2 chloride, manganese acetate (0.1g; 0.43
mmol), zinc acetate (0.09g; 0.43 mmol), copper acetate (Cu(OAc)2.H20) (0.08g; 0.43 mmol),
and other metal salts. 10 ml of ethanol was used to dissolve 6H20 (0.1g; 0.43 mmol) into a
solution of 10 ml ethanoic ligand (H2L1) (0.2g; 0.43 mmol). For four to five hours, the mixture

is stirred and kept under reflux. The precipitates are filtered to separate them, and then they are
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cleaned with cold ethanol and diethyl ether. The corresponding yields are 71.42%, 60%,
86.81%, and 73.1%.

Cu(OAc)2

Scheme I1.3. General ligand complexation reaction (H2L1)

I1.4. Physical and analytical properties of ligand (H2L.1) and these complexes
The synthesized ligand (H2L1) and its metal complexes are colored solids and not hygroscopic.
They are stable to air and room temperature. Their purity was controlled by thin-layer chroma-
tography (TLC), using ethyl acetate/petroleum ether (2/1) as eluent. Their melting points are
acute above 250°C indicating their purity.

Solubility tests on these complexes reveal that they are insoluble in water, partially soluble in
ethanol but soluble in DMF, DMSO.

The yields of the ligand synthesis and its complexes are very significant, they are of the order
of 73%. All these physicochemical characteristics of the ligands and the transition metal com-

plexes are summarized in Table II.1.

Table I1.1. Physicochemical characteristics of prepared compounds.

Compound Color Rdt melting | Solvent Solu- Rt
of the com- (%) point °C bility (%)
pound

(HoL1) Yellow 71 Tf=180 Ethanol 65
Mn(II) L1 Brown 60 Tf>260 DMF 48
Cu(Il) L1 Olive green 71.42 Tf>260 DMF 60
Zn(Il) L1 Light yellow 86.81 Tf>260 DMSO 47
Co(IDL1 Dark green 73.1 Tf>260 DMF 53
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I1. 5. Spectroscopic characterizations of ligand (H2L1) and its complexes

I1.5.1. UV-Visible absorption spectrophotometry analysis

The electron spectra of the ligand (H2L1) and its complexes were performed between 250 and
800 nm, at room temperature, in the DMF for the ligand ,Mn (IT) L1,Cu(Il) L1 and Co(II)L1
and in the DMSO for Zn(II) L1. Table II.2 below groups the wavelengths and electronic transi-

tions that have occurred.

Table I1.2. UV-Vis ligand (H2L.1) absorption bands and its complexes.

Compound Amax (nm) [€] (I.mol-1 ¢cm-1) transition
328 15000 n—om*
(H2L1) 424 1000 n—mn*
290 11600 n—n*
Mn(1I) L1 376 10500 n—mn*
619 300 TCLM
289 11700 n—om*
Cu(Il) L1 376 10500 n—n*
615 200 TCLM
Zn(Il) L1 370 11000 n—n*
342 5000 n—om*
Co(IDL1 394 4000 n—mn*
669 300 TCLM

The ligand (H2L1) has two absorption bands in its UV-visible spectrum, one of which is intense
and located at 328 nm in the ultraviolet domain. It is thought that this band corresponds to the
aromatic cycle transitions n 7*, and the other band is located at 424 nm in the visible domain
and 1s caused by the azomethine group C=N [4-6].

The Mn(I)L1 manganese complex (Figure II.1) exhibits three absorption bands at 290, 376,
and 619 nm in its UV-vis absorption spectra. While the third, powerful band is during the d-d
transition [7,8], the first two bands correlate to the ligand-metal charge transfer (TCLM) [7-9].
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In the solvent DMF, a bathochrome shift is seen for the compound in respect to its ligand. The

complexation of (H2L1) with the Mn(II) ion is confirmed by these findings.

MnII)L
——H,L1

Abs

320 700 &00

adem)

L I ) ) L)
300 400 500 600 700 800

A (nm)

Figure I1.1. UV-Visible spectrum of (H2L1) and Mn(II)L1 in DMF.
The Cu(II)L1 complex exhibits three absorption bands in its UV-visible spectrum (Figure 11.2).
These absorptions were detected at wavelengths of 289, 376, and 615 nm, in that order. The
ligand-metal charge transfer transition is responsible for the first two absorption bands (TCLM).

Manganese's d-d transition is characterized by the third absorption band [9].

Abs

na

360 . 460 ‘ 560 . 660 I 700 ' 800
2 (nm)
Figure I1.2. UV-Visible spectrum of (H2L1) and Cu(I)L1 in DMF.
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Figure I1.3. UV-Visible (H2L1) and Zn(II)L1 spectra in the DMSO.

For Zn(IT)L1, a single absorption band recorded at 370 nm which is attributed to the ligand-
metal charge transfer transition (TCLM) as shown in Figure( I1.3) [10]. The Co(II)L1 complex's
UV-visible spectrum is distinguished by two strong transitions at 342 and 394 nm, which are
linked to load transfers [10—12], as well as two further transition bands that are d-d less intense

at 606 and 663 nm [10,12] (Figure (I1.4)).

1.5 —Co(IDL
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Figure I1.4. UV-Visible spectrum of (H2L.1) and Co(I)LL1 in DMF.
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There is a bathochrome displacement for the complexes with respect to the ligand in the sol-

vents DMF and DMSO on all of the complex electron spectra. This verifies the complexation.

I1.5.2. Infrared (IR) absorption spectrophotometry analysis

Using infrared absorption spectroscopy, it was possible to first describe the ligand (H2L1) and
the complexes it formed, as well as confirm the identity of the inserted species. In fact, if a
complexation occurs, specific bands will shift. The production of metal complexes was demon-
strated by comparing the IR spectra of these complexes with those of the corresponding ligands.
Table II1.3 groups the principal infrared absorption bands (cm-1) of the produced products
((H2L1), Cu(IDL1, Mn(II)L1, Co(II)L1, and Zn(I1)L1).

Table I1.3. Major bands of ligand (H2L1) IR vibration and its complexes.

Compound Infrared v (cm-1)

v(O-H) v(C=N) v(C=C) v(C-0) v(C-N) v(C-Br) v(M-0) v(M-N)

(H:2L1) 3423 1632 1476 1015 1272 682 / /
Cu(IDL1 | 3324 1619 1453 1062 1180 671 537 460
Mn(II)L1 | 3403 1625 1462 1174 1292 674 560 455
Co(IDL1 | 3396 1618 1465 1045 1178 651 560 480

Zn(I)L1 | 3369 1625 1462 1063 1177 574 545 470

The examination of the ligand spectra (H2L1) reveals the emergence of a broad band with an
average intensity of approximately 3423 cm-1, as depicted in Figure (I1.5) below. This is caused
by the intramolecular hydrogen bonding between hydroxyl groups (O-H) and vibrations of the
hydroxyl group [13,14].

66



CHAPTER 11

75

Ligand

[9)]
4]
1

[9)]
o
1

4]
o
1

Transmittanse(%)
&
|

1476 1272 804

35 1632

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Nombre d'onde(cm'1)

Figure IL.5. IR spectrum in KBr of (H2L1).
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Figure I1.6. IR spectrum in Mn (II)L1 KBr.

These bands, which are in the 3324-3423 cm-1 zone of the spectra of manganese (figure 11.6),
copper, zinc and cobalt, are related to the existence of the O-H group[15].

In the ligand spectra (H2L1), the azomethine band C=N is seen at around 1632 cm-1. The spec-
tra of the Mn(IT)L1, Cu(IT)L1, Zn(IT)L1, Co(II)L1, and 1618 complexes will show a decrease
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in this value around 1625, 1619, 1625, and 1618, respectively (Figure I1.7). This indicates the
bathochrome displacement of this band, which is consistent with the literature and unambigu-
ously indicates the coordination of ligand to metal ions [16,17].

The valence vibration of the double bonds C=C of the hydrocarbon skeleton is responsible for
the band that appears in the area of 1476,1462,1453,1462, and 1465 cm-1 for the ligand and the
complexes of Mn(II)L1, Cu(Il)L1, Zn(I[)L1, and Co(II)L1, respectively[18].
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Figure I1.7. IR spectrum in KBr of Cu(II)L.1 and Co(II)L1.

For the ligand (H2L1) and its complexes, the elongation vibration band of phenolic C-N and C-
O was detected in the intervals [1292-1177cm-1] and [1174 - 1045 cm-1], respectively. A hy-
pochromic shift is seen for complexes, indicating that the phenolic group contributed to the
complex's formation [2].

The complexes' infrared spectra include novel bands that emerge between 480 and 455 cm-1
and between 560 and 537 cm-1, respectively. These bands are ascribed to vibrations v (M-O)
[19] and v (M-N) [20] (Figure IL.8). Thus, the ligand's co-ordination with the metal ions has

been confirmed. In the 682cm-1 areas, the C Br connection is also seen to vibrate [19].
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Figure I1.8. IR spectrum of Zn(II)L1 in KBr.

IL.5.3. Proton ("H NMR) and Carbon (*C NMR) Nuclear Magnetic Reso-
nance Spectroscopy
I1.5.3.1.Analysis by '"TH-NMR

To identify the structure of our diamagnetic ligand (H2L1), a nuclear magnetic resonance anal-
ysis of the proton and carbon was performed using a Bruker AV 300P spectrometer. using TMS

as the internal reference and CDCL3 as the solvent.

7.43 8.37 3.9 3.75 8.37 7.43
Br Br
N N
4.32
(14)
H
7.41 oH 2.04 13 11Ho zﬁ;
10 7 ' .
(10) 6.8 13.11 (7) ) 6.8

(12) @ (13)

The RMNI1H spectrum of the ligand (H2L1) (Figure 11.9) shows the different values of the
chemical de-placement. The phenolic protons H(1) and H(2) are strongly deblinded, their chem-
ical displacements appear as singlets at the value of 6 = 13.11 ppm [1]. The azomethine protons

H(3) and H(4), also unblinded, also appear as singlets at the value of 6 = 8.37 ppm [1]. the
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signals of the aromatic protons appear as two doublets H(10),H(11),H(12),H(13) respectively

at values 6=7.41 and 6.8 ppm, and singlets H(8),H(9) to &= 7.43 ppm [1,21]

The multiplet appearing in the form of a double doublet (dd) at 5 = 4.32 ppm is granted to the

proton (H14) [22]. the signal of the hydroxyle O H proton which belongs to the aliphatic part

is seen at 6=2.04 ppm in the form of singlet [22]. The remaining CH2 protons form a multiplet
between 3.72-3.78 ppm H(5) and 3.89-3.94 ppm H(6), respectively [21,22]. The integral curves

are almost in agreement with the number of protons in this structure, which of course confirms

the proposed structure of the synthesized compound (H2L1)
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Figure I1.9. '"H-NMR spectrum of (H2L1) in CDCI3.

I1.5.3.2.Analysis by BC-NMR

4] o { éi:ﬁ

Figure I11.10 depicts the ligand's (H2L1) '3C NMR spectrum. It indicates a signal at 70.3 ppm

that corresponds to C(1)(C-OH) of the aliphatic portion.
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133.7 166.32 63.23 63.23 166.32 133.7
2 3 J_70.3 3

The two carbons of the azomethine group C(3), C(3’) are observed at 166.32 ppm , the carbons
of the benzene cycle C(4),C(4’),C(5),C(5°),C(6),C(6°),C(7),C(7°),C(8),C(8)andC(9°),C(9),
respectively at 119.99 ,133.7 , 110.3 ,135.4 , 119.160 ppm. While carbon C(2),C(2’) of (CH2)
is located at 63.23 ppm [1].
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Figure 11.10. 3C NMR Spectrum of (H2L1) in CDCI3.
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I1.6. Study of electrochemical behaviour by cyclic voltammetry of ligand

(H2L1) and its metal complexes

The electro-chemical behavior of the synthesized Schiff base ligand (H2L1) and its metal com-
plexes is presented in this section of the study effort (Table I1.4). Using a vitreous carbon elec-
trode in dimethyfor-mamide (DMF) with tetrabutylammonium perchlorate (TBAP) 0.1 M, the
investigation is conducted using cyclic voltammetry across a potential range of +1600 to -1600
mV/ECS at a scanning speed of 100 mV/s. Potentials are monitored with respect to an auxiliary
electrode made of platinum in relation to a saturated calomel reference electrode (ECS). It
should be noted that in the potential domain under study, the TBAP support electrolyte in the
DMF exhibits no redox activity.

Table I1.4. The electrochemical properties of ligand (H2L1) and its complexes were in-

vestigated by cyclic voltammetry in DMF

Compound Electrochemical parameters
Epc (V) Epa (V)
H2L1 -1.319 +1.303
Mn(II)L1 -0.481 /
-1.288 /
Cu(IDL1 -1.311 +0.659
-1.559 +1.187
Co(IDL1 -0.574 +1.279

I1.6.1. Ligand electrochemical behaviour (H2L1)

Figure (II.11) shows the cyclic voltammogram of the ligand (H2L1) at a concentration of 10-3
M in an atmosphere of nitrogen. During the forward scan, a peak of reduction was observed at
Epc = -1.319 V/ECS which is due to the reduction of the azometin group C=N [26-28]. On
anodic scanning a peak at Epa=+1.303V/ECS is observed which is attributed to the oxidation
of the phenolic group (OH) [24-25].
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Figure I1.11. Cyclic Ligand Voltammetry (H2L1)(10-3M) in DMF+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

I1.6.2. Electrochemical behavior of Schiff metal-base complexes (H2L.1)
I1.6.2.1. Manganese complex

The electrochemical behavior of the Mn(II)L1 complex is presented by the voltammetry of
Figure 11.12 below.
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Figure I11.12. Mn (IT)L1(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.
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Two cathode peaks can be seen in the voltammogram at Epcl = -0.481 and Epc2 = -
1.288V/ECS. The transition of Mn(II) ions to Mn(I) [Mn(II) + e- Mn(I)] is responsible for the
first peak, whereas the reduction of the azometin group is responsible for the second peak [29—

31].

11.6.2.2. Copper complex

Figure III.13 illustrates the copper (II) complex's electrochemical behavior. Two reduction
peaks show up at Epcl =-1.311 V/ECS and Epc2 =-1.559 V/ECS when scanning forward. The
reduction of Cu(Il) into Cu(l) is responsible for the first peak [34,35], while the reduction of
the azometin group [20] is responsible for the second peak, which speeds up the transfer of
electrons to the metal [36].

Two oxidation peaks are seen during the return scan at Epal =+0.659 V/ECS and Epc =+1.187
V/ECS. The oxidation of the ligand entity is responsible for the second peak, while the oxida-
tion of Cu(II) ions into Cu(IlI) is responsible for the first peak [24-33].
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Figure 11.13. Cu (IDL1(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.
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11.6.2.3. Cobalt Complex
Figure II1.14 shows the Cobalt complex's cyclic voltammogram, with a peak at -0.574V/ECS
resulting from the reduction of Co(Il) to Co(I)[37-39]. The oxidation of the ligand entity is

responsible for the peak that is seen at Epa = +1.279 V/ECS when the scanning direction is

reversed [24-25].
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Figure I1.14. Cyclic Voltammetry of Co (II)L1(10-3M) in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

PART II: STRUCTURAL STUDY BY THEORETICAL CALCULATION
I1.7.1. Quantum chemistry calculations by DFT

The structural and electrical characteristics of the Schiff base ligand (H2L1) were theoretically
studied in this section. Through the use of the Gaussian 9 [42] program, the Beck three-param-
eter hybrid exchange function [43], the Lee-Yang-Parr correlation function (B3LYP), and the
6-31G (d, p) function [44], complete geometry optimization was carried out by DFT.

In order to forecast additional qualities like chemical reactivity, this investigation enabled us to
compare the theoretical findings produced using the B3LYP calculation functional with the
basic vector 6-31G (d, p) and those experimenting-rates. As a result, a comparison between
molecular orbital calculations (OMF) and molecular electrostatic potential (PEM) was exam-
ined. The optimized molecular structure of the ligand complex (H2L1) is depicted in the figure

(IL.15) below.
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Figure I1.15. Optimal molecular structure of the ligand (H2L1).

I1.7.2. Frontier molecular orbitals (OMF)

The names "donor" and "acceptor" of electron transfer are more closely related to the molecular
orbitals "HOMO" and "LUMO." They enable us to describe the characteristics of molecular
reactivity. The absolute energy difference between the EHOMO and ELUMO energies defines
the EGAP energy gap. The strong reactivity of the molecules is reflected by the lowest EGAP.
Figure (I1.16) shows the boundary molecular orbitals (HOMO, HOMO-1, HOMO-2, LUMO,
LUMO+1et LUMO+2) of the ligand (H2L1) studied. It can be seen that :

- The LUMO energy distribution of the ligand is distributed over the entire molecule with the
exception of the two Bromine atoms and one of the hydroxy groups. On the other hand,
LUMO+2 contains only half of the molecule.

- The HOMO energy level covers both aromatic cycles with their substituents one of the amine
parts.

The energy values of the boundary orbitals of the ligand (H2L1) are summarized in the follow-

ing table.
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Table IL.5. Values of the HOMO, LUMO, HOMO-1, HOMO-2, LUMO+1, LU-MO+2
and the energy difference (AEGAP) of the ligand (H2L1).

Energy (eV) H2L1
E (Homo) -7.69
E (Homo-1) -1.7
E (Homo-2) -8.11
E (Lumo) -5.32
E (Lumo+1) -5.26
E (Lumo+2) -3.73
E (gap) (HOMO — LUMO) 2.37
E (gap) (HOMO -1 - LUMO+1) 2.44
E (gap) (HOMO -2 —> LUMO+2) 4.38

We find that the first oxidation/reduction of the ligand occurs on HOMO/LUMO which has
AEGAP1 equal to 2.37 eV then on HOMO-1/LUMO+1 which has AEGAP2 equal to 2.44 eV
after on HOMO-2/LUMO+2 which at AEGAP3 equal to 4.38 eV.
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Figure I1.16. Frontier molecular orbitals (OMF) of H2L.1 ligand.
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We can calculate the values of the chemical potential p = (E HOMO + E LUMO) /2, which is
a negative value, and the chemical hardness 1 = (E HOMO - E LUMO) /2 for these molecules
using the estimated energies of HOMO and LUMO by the methods DFT/6-311G (d, p) [45].

The ligand's (H2L1) various molecular quantum properties are grouped in the table below.

Table I1.6. Quantum parameters for ligand (H2L1).

Quantum parameters (eV) Ligand (H:2L1)
Ionization energy I 7.69
Electronic affinity A 5.32
Chemical potential p -6.5
Hardness 1 1.18
Electrophilicity ® 17.9
Softness © 0.84
Electronegativity y 6.5

I1.7.3. Mulliken atomic charges

The atomic charges of Mulliken of the Schiff base studied was also calculated by optimization
of neutral geometric structure in the gaseous state. The results are summarized in Table I1.7.
Mulliken charge measures the electronic structure's charge under atomic displacement and is
closely correlated with the molecule's vibrational characteristics. The connected protons are the
most positive atoms, whereas oxygen and nitrogen are the most negative atoms [46,47]. The
findings also demonstrate that the highest positive atomic charge is found in C30 atoms. Their
attachment to the hydroxy group's oxygen atom is the cause of this [32].

Based on the data analyzed and shown in Table II.7, the O11, 039, O21, N15, and N26 atoms

are the strongest. The latter are these compounds' active foci of reactivity.
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Table I1.7. Ligand Mulliken Atomic Charges (H2L1).

Atoms Mulliken charges Atoms Mulliken charges
C1 -0.466 021 -0.765
C2 0.548 H22 0.507
C3 -0.150 C23 -0.600
C4 -0.413 H24 0.374
Cs -0.359 H25 0.352
Ceé -0.397 N26 -0.607
H7 0.367 C27 0.150
HS8 0.350 H28 0.322
H9 0.365 C29 -0.177

Br10 0.381 C30 0.560
o1 -0.763 C31 -0.408
H12 0.508 C32 -0.462
C13 0.137 C33 -0.362
H14 0.309 H34 0.360
N15 -0.629 C35 -0.398
C16 -0.567 H36 0.368
H17 0.377 H37 0.366
H18 0.374 Br38 0.384
C19 -0.012 039 -0.756
H20 0.332 HA40 0.510

I1.7.4. Molecular Electrostatic Potential (MEP)

A relationship exists between the electron density and the molecular electrostatic potential
(MEP). Utilizing the molecular electrostatic potential as a helpful descriptor, we were able to
identify the active regions accountable for both nucleophilic and electrophilic assaults. The ex-
amined compounds' MEP is shown in Figure I1.17.

In order to do this, we examined reactive sites for electrophilic and nucleophilic assaults and

determined MEP areas using the optimal geometry of the molecules under study. A closer look
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at the colors of the presentations in Figure II.17 reveals that blue denotes positive sections con-
nected to nucleophilic reactivity, whereas red and yellow represent negative parts of the MEP

associated to electrophilic reactivity.

@ (b)

01320 [N T T 0 13320

Figure I1.17. Cartographer of the molecular electrostatic potential of ligands H2L.1

drawn on surfaces of total density (a): Front view and (b) Rear view.

Five potential electrophilic attack sites—O11, 021, 039, N15, and N28—are present in the
investigated H2L.1 ligand, as shown in Figure 11.17. As a result, the two phenyl cycles are a
negative area and represent another potential site for electrophilic assault.
It is evident from the computed MEP zones that the potential positive sites that might result in
nucleophilic assaults are found near hydrogen atoms, whereas the negative sites of potentials

are found on electronegative atoms (nitrogen and oxygen) and double conjugated bonds [42,43].
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PART III: BIOLOGICAL STUDY, ANTIOXIDANT PROPERTIES

There are two main ways that antioxidants can trap radicals: through hydrogen transfer (TAH)
or electron transfer (TES). Methods based on (TAH) are very quick (typically taking only a few
seconds to complete) and assess the antioxidant's traditional capacity to eliminate free radicals
by giving one atom of hydrogen. However, techniques based on (TES) are sluggish and take a
long time to complete; they identify the antioxidant potential's capacity to transfer an electron
to decrease an oxidizing substance [48]. The study's findings demonstrate that the examined
compounds have a medium range of free radicals that they can trap.

Using several in vitro techniques, we examined the antioxidant capabilities of Schiff's base
ligand and its metal complexes in order to evaluate the outcomes and determine the structure-
activity connections for each technique [49]. It has been established that these compounds'
imine or azo-methine groups are necessary for their biological functions. Furthermore, the bio-
logical characteristics of Schiff bases can be linked to several groups found in their structures,
including hydroxyl, methoxyl, halogens, and certain heteroatoms like nitrogen, oxygen, and
sulfur that make up the cyclic portions of the molecules [50]. In order to compare the anti-
radical activity of Schiff and its metal complexes with that of other antioxidants like BHT,

various base concentrations of Schiff were used.

Table I1.8. Antioxidant activity of ligand (H2L1) and its complexes by different methods.

DPPH ABTS
IC50 (pg/ml) IC50 (pg/ml)
713.776

Ligand (H2L1) 202.217
Mn(II) L1 458.832 1607.150
Cu(Il) L1 900.312 1011.549
Co(IT) L1 546.839 903.604
Zn(INL1 1160.861 533.198
BHA 6.14+0.41 1.81+0.10
BHT 12.99+0.41 1.29+0.30
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I1.8.1. DPPH radical test

When FR (Free Radicals) sensors are present, the violet-colored DPPH radical (2,2'-diphenyl-
1-picrylhydrazyl) becomes yellow and reduces to 2,2'-diphenyl-1-picrylhydrazine, which is the
product of this spectrophotometric method [51]. The DPPH radical is frequently employed as
a gauge to determine if a compound has antioxidant activity by giving off a hydrogen atom
[52].

Using spectrophotometry, the antioxidant activity of several produced compounds (H2LI,
Cu(IT)L1, Zn(IT)L1) against the radical DPPH was assessed by tracking the radical's decrease.
All compounds have very little to no radical control action, according to the data. Using the
standards BHA and BHT, Figure II.18 shows the percentage of inhibition in the concentration
of the ligand (H2L1) and its metal complexes Cu(I)L1 and Zn(IT)L1.

DPPH
100
90
—e=BHA
80
——BHT
70 =0=]% Ligand
§ % —=o=1% Cu(IL2
5 so —o=1% Zn(I1)L2
c
X 40
30
20
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0
0 100 200 300 400 500 600 700 800 900

C(png/ml)

Figure I1.18. Kinetics of anti-radical activity of (H2L1), Mn(II)L1 , Cu(Il)L1, Co(I)L1
and Zn(I)L1 with BHA and BHT standards.

Lower IC50 values indicate a higher capacity of the test compound to act as a DPPH sensor,
while higher values indicate a lower trapping activity of the scavengers. The ligand H2L1 and
its complexes Cu(II)L1 and Zn(II) had values of 713,776, 900,311 and 1160,681 (ng/ml) which
are practically non-significant by standard intake used BHA and BHT which were around 6.14

and 12.99 (ug/ml) respectively.
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Figure I1.19. IC50 inhibitory concentration values in (ug/ml). Ligand (H2L1), complexes
Mn(II)L1, Cu(IDL1, Co(IDL1, Z(II)L1 and standard BHA and BHT.

The IC50 value is inversely proportional to the antioxidant capacity of a compound, because it
expresses the amount of antioxidant required to decrease the free radical concentration by 50%.
The smaller the IC50 value, the greater the antioxidant activity of a compound.

Thus, the antioxidant activity of the studied compounds can be classified in the following de-
scending order:

BHA> BHT> ligand>Cu(I)L1>Zn(I)L1

The antioxidant activity of the ligand (H2L1) and its complexes was expressed in IC50 (figure
I1.23). The molecules presented in this chapter had inhibitory concentrations of 50% of free
radicals much higher than those hydroxyanisole butyls and butylhydroxytoluene (BHA and
BHT, positive control). This suggests that the radical-trapping activity of these molecules is
due to an electron donor mechanism and not a hydrogen donor mechanism since there are no

hydrogen atoms to donate.

I1.8.2. Anti-radical activity of ABTS+e

The free radical ABTS is frequently employed to examine the anti-radical activity of extracts

or isolated compounds due to its ease of use and rapidity. The reduced form of ABTS and
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darkening of the solution at 734 nm occur when it comes into touch with a hydrogen donor.
Each extract's anti-radical activity profile against the ABTSe+ radical is displayed in Figure
I1.20. These graphs show that the anti-radical power is proportional to the product concentra-
tion. These data were used to calculate the IC50 effective concentration. The findings are shown
in Table II.8. Recall that IC50 is the quantity of reagents needed to inhibit half of the initial

concentration of free radicals in the system.
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Figure 11.20. Trapping effect of ABTS+ radical of H2LL1, Mn(IT) L1, Cu(IDL1 , Co(IDL,
Zn(II)L1 and BHT and BHA standards.

Narrow trapping of the ABTS radical (202.217, 533.198 (ug/ml)) was seen with ligand (H2L1),
Zn(ID)L1, and the combination exhibited the best antioxidant capacity corresponding to the low-
est IC50 value. It is noteworthy that although these values are better than those of the other
complexes, Mn(I[)L1, Cu(II)L1, and Co(II)L (1607.150, 1011.549, and 903.600(png/ml)) cor-
respondingly, they are still below the standard, which is BHT (1.29 pg/ml) and BHA (1.81
pg/ml). Figure 11.2 shows the antioxidant capacity of our compounds vis-a-vis ABTS, whose

results are expressed in IC50.
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Figure I1.21. IC50 inhibitory concentration values in (ug/ml). From (H2L1), Mn(IDL1,
Cu(IDL1, Co(IDL1, Zn(I)L1 and standard BHA and BHT towards ABTS.

The highest antioxidant capacity corresponding to the lowest IC50 value was recorded with the
ligand (H2L1) followed by the Zn(II)L1 and showed a narrow trapping effect of the radical
ABTS (202.217, 533.198 (ug/ml) respectively. It should be noted that these values are better
than those of the other complexes Mn(I)L1, Cu(I)L1 , Co(I)L (1607.150, 1011.549,
903.600(pg/ml)) respectively but still lower than that of the standard used: BHT (1.29 ug/ml)
and BHA (1.81 pg/ml).

The IC50 of the antioxidant activity of the studied compounds can be classified in the following
descending order:

BHT>BHA>Ligand>Zn(II)L1>Co(IT)L1

86



CHAPTER 11

I1.9. Conclusion

Ligand  2,2'-((1E,E")-(bis(azanylylidene)bis(methanylylidene)bis(bis(4-bromophenol)(2-hy-
droxypropane-1,3 diyl) (H2L1) and the synthetic Cu(Il), Mn(II), Co(II), and Zn(II) metallic
complexes were produced. The synthetic products have good purity and respectable yields.
Through spectral investigations (IR, UV/Vis, and 1H-NMR), we were able to identify and de-
scribe every structure. The various spectra's interpretations agree with the suggested structures.
Synthetic compounds are by no means potent antioxidants, as demonstrated by biological stud-

ies of their antioxidant capacity against DPPH and ABTS.
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I11.1. Introduction

This chapter focuses on the establishment of the different findings related to the synthesis, char-
acterization, and investigation of the physicochemical characteristics of the symmetric tetra-
dentate Schiff (H2L2) ligand base and its copper (II), manganese (II), zinc(II), and cobalt(II)
complexes.

A low electronic density metal center acceptor may be easily coordinated thanks to the strong
nucleophilic nature of the Schiff tetradentate base ligand (H2L2), which is characterized by two
free electronic doublets carried by each of the two nitrogen atoms. By combining one primary
diamine equivalent with two aldehyde equivalents, one can generate the N20O2-type Schiff
tetradentate (H2L2). Following the amine's nucleophilic assault on the brominated salicylalde-
hyde's carbonyl function and the transposition of a hydrogen atom from nitrogen, condensation

is performed. After then, this middleman lets go of a water molecule.

PART I: synthesis and characterization

II1.2. Synthesis of ligand 2,2'-((1E,11E)-5,8-dioxa- 2,11-diazadodeca-1,12-
diyl)bis(4-bromophenol) (H2L.2)

The reaction path of obtaining the base ligand Schiff (H2L2) is shown below, it was synthesized

according to the classical method described in the literature with a small change [1]

. | VN 2o
F/ v y \1 ETOH — S
+ -
H, H, Reflux 2h

OH

Scheme III.1. Reaction scheme of ligand formation (H2L2).

under a 50 ml Bicol flask under a nitrogen environment, a solution of 5-bromo salicylaldehyde
(0.2 g; 0.994 mmol) that had previously been dissolved in a minimum of 100% ethanol is added
(0.073 g; 0.497 mmol) by 2,2'-(ethane-1,2-diylbis(oxy))diethanamine. This solution is prone to
reflux under constant agitation [2,3]. A yellow precipitate is seen after ten minutes, and the
reaction is kept going for two hours. After filtering, the reaction crude is twice cleaned with

ethanol and three times with diethyl ether. Thin-layer chromatography (TLC) using silica gel
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as the stationary phase and ethyl acetate/petroleum ether (2/1) as the eluent regulates the purity
of the reaction result. A 78% estimate for the reaction yield was made.
The condensation process of 1,3-diaminopropan-2-ol, with 5-Bromo-2-hydroxybenzaldehyde

takes place according to the following reaction mechanism (Scheme I11.2)

LV, o NV e
( NS

Br
OH HO

/ HO

/w &EJ\HUE

Scheme I11.2. Basic Schiff (H2L2) synthesis reaction mechanism.

I1.3. Synthesis of Mn(III), Cu(Il), Co(II) and Zn(II) complexes with ligand
(H2L2)

For the synthesis of ligand-derived metal complexes (H2L2), we followed the classical method.

The synthesis is done according to the reaction scheme below
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Cu(OAc)2.H20

Mn(OAc)2.4H20 /—\ C/—\ /—\
Zn(OAc)2.2H20 >m<
VAR VAR VAR \Y

BrdOH HO. Br
CoClI2.6H20 _ \ / _
™ & o———— M 5 Br

Scheme II1.3. General ligand complexation reaction (H2L2)

I11. 3. 1. Manganese complex synthesis

In a 50 ml flask with a refrigerant on top that contained 10 ml of 100% ethanol and 0.1 g (0.194
mmol) of ligand (H2L2) dissolved in it, Tetrahydrate manganese acetate (II) (0.05 g; 0.194
mmol) [4] is added drop by drop to a methanoic solution after homogenization. The combina-
tion is allowed to reflux for three hours after the solution's coloration instantly becomes brown.
After filtering the raw material, diethyl ether is used to wash the solid that was left behind.
There is a 76% response yield.

I11. 3. 2. Synthesis of the Cuivric complex

The process is the same as for the product Mn(II)L: in a tricol balloon, 0.1 g (0.194 mmol) of
Schiff (H2L2) ligand base is dissolved in 10 ml of 100% ethanol, and a 0.04 g (0.194 mmol)
solution of hydrated copper acetate is added to taste [5]. The flask is heated in an oil bath while
being stirred and connected to a reflux refrigerant. The reaction mixture is refluxed in ethanol
at 75°C for 24 hours while being exposed to a nitrogen environment. After forming a light green
precipitate, which was recovered after filtering, cold 100% ethanol was used as a wash. This

reaction has a yield of 78.85%.
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III . 3.3. Zinc complex synthesis

Put (0.04g; 0.194 mmol) bihydrate metal salt Zn(OAc)2.2H20 dissolved in 10 ml methanol
into a 50 ml flask topped with a refrigerant that contains (0.1 g; 0.194 mmol) ligand (H2L2)
dissolved fully in 10 ml methanol [5,6]. For 24 hours, the mixture is swirled to reflux at 75°C.
Next, a pale yellow precipitate is seen. It is recovered by filtering and repeatedly cleaned with

cold methanol. It has a yield of 65.21%.

I11. 3. 4. Synthesis of Cobalt Complex

A ligand (H2L2) solution (0.1 g; 0.195 mmol) was mixed with an ethanoic solution of hexahy-
drate cobalt chloride (0.05 g; 0.195 mmol). For a whole day, the mixture is heated and kept
under reflux agitation. Diethyl ether has been used to filter and wash the unprocessed chemical.
CCM used petroleum ethyl ether acetate (2/1) solvents to manage the compound's purity.

56.35% is the reaction yield.

II1.4. Physical and analytical properties of ligand (H2L2) and its complexes

All of the synthetic metal complexes, together with their ligand (H2L2), are powders that are
colored and solid. With the exception of ligand, which is soluble in methanol, they are insoluble
in organic solvents such as ethanol, methanol, and dichloromethane both at room temperature
and under heat. Nonetheless, they dissolve in dimethylformamide (DMF) and dimethylsulfox-
ide (DMSO). Table III.1 lists the yields as well as the physical and analytical characteristics of

every synthesized molecule.

Table I11.1. Physical and chemical characteristics of ligand (H2L2) and its complexes.

Compound Color Rdt Fusion point Solvent Rt
of the com- (%) °C Solubility (%)
pound

(H2L2) Jaune 78 132 Ethanol 66

Methanol
Mn(II) L2 Marron 76 256 DMF 80
Cu(Il) L2 Vert 78.35 224 DMSO 60
Zn(Il) L2 Jaune claire 65.21 T£>260 DMSO 55
Co(II)L2 Vert foncé 56.35 232 DMF 62
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I11. 5. Spectroscopic characterizations of ligand (H2L2) and its complexes

II1.5.1. UV-Visible Absorption Spectrophotometry Analysis

Since these complexes are insoluble in other organic solvents, the electronic spectra of the dif-
ferent produced compounds were recorded between 800 and 200 nm, at ambient temperature,
and in the 10-3M DMF solvent concentration. The synthesized compounds' electron spectra are
displayed in Figures II1.1, I11.2, II1.3, I11.4, and IIL.5. Table III.2 below provides a summary of
the absorption bands.

2,5 H

2,0 H

1,5

Abs

1,0

0,5

0,0

T T T T T T T T T T 1
300 400 500 600 700 800
A(nm)

Figure II1.1. Ligand (H2L2) UV-Visible spectrum in DMF.

The UV-Vis spectrum of the ligand is characterized by the presence of an absorption band
whose wavelength is 327 nm which is due to the transition — m* of the aromatic cycles and a
wide band of low intensity at 420 nm which had been linked to the transition and n—n* of the
group azomethine [4].

A bathochrome shift is observed for the two complexes Mn(II)L2 and Zn(II)L2 compared to
their ligand in the solvent DMF. The bands, at 368 and 376 nm respectively, are attributable to
the m—m* transitions. It should be noted that the electronic transition n—m* is not observed in

the manganese and zinc complex electron spectrum for the concentration studied [4,7,8].
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Figure I11.2. Figure II1.3.

UV-Visible Spectrum of Mn(II) L2 in DMF UV-Visible Spectrum of Zn(II) L2 in DMF

The m — w* transitions of azomethine chromophores are responsible for the two absorption
bands observed in the ultraviolet domain at 297 and 298 nm, respectively, in the absorption
spectra of the copper (II) and cobalt (II) complexes. The two complexes' less strong bands,
which emerge at 376 and 378 nm, respectively, are linked to n — ©* transitions [5]. It is note-
worthy that, at the concentration under investigation, the nickel complex electronic spectrum

does not exhibit the d-d electronic transition.
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Figure I11.4. Figure IIL.S.
UV-Visible Spectrum of Cu(Il) L2 in DMF. UV-Visible Spectrum of Cu(Il) L2 in DMF
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Table II1.2. UV-Vis ligand (H2L2) absorption bands and its complexes.

Compound Amax (nm) Transition
327 T — ¥
(H2L2) 420 n— ¥
Mn(II) L2 368 T — ¥
297 T — ¥
Cu(Il) L2 376 n— ¥
Zn(Il) L2 376 T — ¥
298 T — ¥
Co(ID)L2 378 n— ¥

I11.5.2. Infrared absorption spectrophotometry (IR) analysis

Table (II1.3) below displays the principal vibration bands of the various chromophores inside
the structures. The most significant vibrations selected in this table are those resulting from the
elongation of the functional groups found in the produced molecules.

A broad average band appears in the ligand spectrum analysis (H2L2) at about 3435 cm-1; this
is caused by the hydroxyl group's (O-H) elongation vibrations [9]. These bands, which show up
in the 3700-3400 cm-1 range for complexes of manganese, copper, cobalt, and zinc, are asso-
ciated with the existence of coordination or hydration water molecules. The literature claims

that this band is practically visible in every compound in this class [10].
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Figure II1.6. IR ligand (H2L2) spectrum in KBr.

For the absorption bands of imine groups (C=N) [11] and (C-O) [12] are in the vicinity of 1634
cm-1 and 1087 for ligand and 1634, 1605, 1617, 1629 cm-1 and 1103, 1118, 1155 ,1118 cm-1
for metal complexes Mn(II)L2 ,Cu(I)L2 , Zn(IT)L2 and Co(II)L2 respectively, where the two
heteroatoms are the metal-bound groups, there is bathochromic displacement of the C=N band
for all complexes [13], and hypsochromic displacement of C-O relative to the ligand [14] , this
explains the fragility of the first band by the decrease of its constant stiffness and the reinforce-
ment of this constant for the band C-O which receives an additional electronic density through
the metal which explains the coordination of the ligand by the metals used .

In addition to these two absorptions, the vibrations in the plane, corresponding to the aromatic
C=C groups, are characterized by relatively intense and acute bands between 1440 and 1480
cm-1, and the vibration band of C-O of the ether group which is in the vicinity of 1260 and
1305 cm-1.

The presence of additional bands in the 400-600 cm-1 area of the metal complexes spectra,

assigned to v (M-O) and v (M-N), confirms the nature of the metal-ligand bond [15].
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Figure II1.7. Mn (I)L2 IR spectrum in KBr.
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Figure I11.8. Cu (IT)L2 IR spectrum in KBr.
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Figure II1.9. Co(I)L2 IR Spectrum in KBr
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Figure I11.10. Zn(IT)L.2 IR spectrum in KBr.
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Table I11.3. Major bands of ligand (H2L2) IR vibration and its complexes.

Compound Infrared v (cm-1)
v(O-H) v(C=N) v(C=C) V(C-O)ether V(C-O)o-n Vv(M-O) v(M-N)
(H2L2) 3435 1634 1477 1262 1087 / /
Cu(IDL2 | 3677 1605 1442 1305 1118 643 456
Mn(I)L2 | 3435 1634 1461 1287 1103 676 410
Co(IDL2 | 3427 1629 1455 1305 1118 643 419
Zn(I)L2 | 3440 1617 1455 1305 1155 631 456

I11.5.3. Proton (‘"H NMR) and Carbon (13*C NMR) Nuclear Magnetic Reso-
nance Spectroscopy

I11.5.3.1.Analysis by "H-NMR

To confirm the structure of the synthesized ligand, a structural analysis was conducted by nu-
clear magnetic resonance of proton and carbon 13 on a Bruker AV 300P MHz spectrometer to
confirm the structure, in the deuterated CDCL3 using the TMS as the internal reference.

The synthesized ligand structure is given below, with proton numbering:

Br
7.39 7.37
. () (6)
AN 8.27 6.86
A 4 7
374 N 361 371 )L @
O_ "\, H13.51
N/\/ \/\/\g\o/‘&)\/ (8)
7.39 | 3.74 361\ 3.74
Br (3)
8.27 "
7.37
OH 13 51
6.86

In the ligand's (1H) NMR spectra, the two protons of the phenolic O-H group are represented
by a singlet at 13.51 ppm (H2L2). This indicates that the imine function has formed since the
protons of the azomethine group (CH=N) are singlets at 8.27 ppm [ 16—18]. As doublets between
6.86 and 7.37 ppm [18] and as a singlet at 7.39 ppm, the aromatic protons are released and
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separated. Four ethylene protons (CH2) are responsible for the multiplets at 3.61 ppm in the

spectrum, whereas eight protons from the ligand's aliphatic habitat correlate to 3.74 ppm [19].
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Figure I11.11. "TH-NMR spectrum in CDCI3 of (H2L2).

I11.5.3.2.Analysis by BC-NMR

NMR-13C was also used to elucidate the Schiff base's structure. The figure below shows the
signals corresponding to the various carbons as well as the chemical displacements, 6 in ppm.
The carbon atom imine C5 is considered to be the cause of the peak, which is detected at 165.2
ppm [20]. The ligand's aromatic carbons (H2L2) are measured in the range of 120.15, 160.4,
119.1, 134.9, 109.9, and 133.4 ppm [21]. However, the ethylene (CH2) component's carbon,
C2, C3, and C4 are found at 70.6, 70.2, and 58.8 ppm, respectively [22].
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Figure I11.12. 3C NMR spectrum in CDCI3 of (H2L2).
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II1.6. Study of electrochemical behavior by cyclic voltammetry of ligand
(H2L.2) and its metal complexes

The electrochemical behavior of the produced Schiff base ligand (H2L2) and its metal com-
plexes is shown in this section of the study effort. Using a vitreous carbon electrode in dime-
thylformamide medium (DMF) with tetrabutylammonium perchlorate (TBAP 0.1M) present,
the investigation is conducted using cyclic voltammetry with a scanning speed of 100 mV/s and
a potential range of +1600 to -1600 mV/ECS. Potentials are monitored with respect to an aux-

iliary electrode made of platinum in relation to a saturated calomel reference electrode (ECS).

Table I11.4. The electrochemical properties of ligand (H2L2) and its complexes were in-
vestigated by cyclic voltammetry in DMF

Compound Electrochemical parameters
Epc (V) Epa (V)
H2L2 -0.431 +1.273

-1.089

Mn(ID)L2 -0.641 +0.711
-1.391

Cu(DL2 -0.465 +0.638
-1.112 +1.205

Co(IDL2 -0.621 +0.715

Zn(I1)L2 -0.549 /
-1.374 /

II1.6.1. Ligand (H2L2) electrochemical behavior

According to the ligand voltammogram (H2L2) shown in figure (IV.13) and plotted at 100
mV/s, it is noted that during the forward scan, two cathode peaks located at Epcl= -0.431
V/ECS and Epc2 =-1.089 V/ECS. The second peak is attributed to the reduction of the azome-
tin group [10].

As for the observed peak in the return scan, the potential is Ep = +1.273 V/ECS, which is due
to the oxidation of the O-H group [23,24].
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Figure I11.13. Cyclic Ligand Voltammetry (H2L2)(10*M) in DMF+TBAP

(10"'M) under nitrogen atmosphere at a scanning speed of 100 mV/s

I11.6.2. Electrochemical behavior of Schiff metal-base complexes (H2L.2)

I11.6.2.1. Manganese complex

The study of the electrochemical properties of the Mn(I[)L2 complex in DMF medium was
carried out on the potential range from -2000 to +2000 mV/ (ECS) with a scanning speed equal
to 100 mV/s as shown in Figure IV.14.

The voltammogram obtained shows the appearance of a single anode peak and two cathode
peaks. The anode peak of Mn(II)L2 complex is located at Epa = +0.711V/ECS which is due to
the passage of Mn(II) into Mn(IIl) [Mn(II) Mn(III) + e - ] [10,25].

On the cathode side, the two peaks are located at Epcl =-0.641 V/ECS, Epc2=-1.391 V/ECS.
The first peak is attributed to the reduction of Mn(II) species to Mn(1)[25,26], while the second

one is due to the reduction of the azometin group [27,28].
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Figure I11.14. Mn (II)L2(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

I11.6.2.2. Copper complex

The electrochemical behavior of the copper complex is shown in Figure IV.15. During the for-
ward scan, two reduction peaks appear at Epcl = -0.465, Epc2 = -1.112V/ECS where the first
peak is attributed to the passage of Cu(Il) into Cu(I) [21,30], and the second peak is due to the

reduction of the azomethine group [21,27,31].
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Figure II1.15. Cu(Il)L2(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.
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There are two oxidation peaks located at Epal = +0.638, Epa2 =+1.205 V/ECS where the first
peak is attributed to the reduction of the redox system Cu(Il) / Cu(III) [29,30] while the second
peak is attributed to the oxidation of the ligand entity [23,24].

I11.6.2.3. Cobalt Complex
Figure IV.19 displays the Cobalt complex's cyclic voltammogram. The reduction of Co(II) to
Co(I) is shown by a reduction peak at -0.621 V/ECS[32,33], which is caused by the reaction
Co(IT)+e-—Co(I). The Co(Il) complex is oxidized to Co(IIl) at a relatively high potential of
+0.715 V/ECS when the scanning direction is reversed [5,32].
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Figure I11.16. Co(IT)L2(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

I11.6.2.4. Zinc Complex
The study of the electrochemical properties of the Zn(IT)L2 complex are presented in the fol-

lowing figure II1.17.
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Figure I11.17. Zn(IT)L2(10-3M) cyclic voltammetry in FMD+TBAP

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

The voltamogram obtained shows the appearance of only two cathode peaks where the first one
located at Epcl = -0.549 V/ECS is attributed to the passage of Zn(II) into Zn(0) [34], and the

second one assigned to Epc2=-1.374 V/ECS is due to the reduction of the azometin group [34-
36].

II1.7. CRYSTALLOGRAPHIC STUDY OF SINGLE CRYSTALS

In addition to the identification of the structure of the various organic and complex ligands by
the classical analysis methods already mentioned, we proceeded to elucidate the structure by

X-ray diffraction, especially for the compound Cu(II)L2.

II1.7.1. Preparation and selection of single crystals

The produced compound Cu(IT)L2 was formed as a single crystal by slowly evaporating the
solvent DMF at room temperature. Under polarized light, the resultant crystal is examined un-

der a microscope. Due to their extreme sensitivity, one must take extremely little measures,
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such as isolating the one that will probably be kept for installation on the diffractometer's goni-
ometer and often applying paraffin oil. to prevent overlaps and lessen the effects of absorption
(macles).

Excellent single crystals appropriate for X-ray diffraction investigation were produced for the

synthesized copper complex.

I11.7.2. Recording of intensities

Using Mo-Ko monochromatic graphite radiation (A = 0.71073 A), a single crystal of the pro-
duced compound was chosen and put on a Bruker D8-VENTURE diffractometer fitted with a
Photon I CCD zone detector. APEX-III software was used to gather data at 298 (2) K. The data
were then merged using SAINT and adjusted for absorption using a multi-scan technique (SA-
DABS). After a thorough refining of all observed reflections using least squares, the final cell

constants were found. Crystallographic information is displayed in Table III.5.

II1.7.3. Resolution and refinement of crystal structure

For solution and structural refinement, the generated hkl set was employed. To find all non-H
atoms, the structure was solved using direct techniques with SIR 2002 [37]. Anisotropic refine-
ment of the structure was done with SHELXL-2014 [38] using complete matrix least squares
on the F2 process in the WINGX software package [39], which was utilized to prepare the
material for publishing. The reliability factors for R and RW, which are not weighted, are:

R = {Z[W(|FO| - [Fc)}/ = w([FO|)}, Rw = {Z[w([FO| - [Fc|)* J/Z w([FO]* )},
wR2 = {Z[w(F0? - Fc?)2 ]/ £ w(F0* )} 1?2
w=1/[c?(Fo?)+(0.0336P) 2+ 0.2893P] where P = (Fo > + 2Fc % )/3

H atoms were added using a conduct model to the determined and improved places. Structural

figures were generated using the Windows application Mercury 3.8 [40]. Table II.5 summa-

rizes information on crystal data, data collecting, and structural refining.
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Table IIL.5. Crystallographic data of the copper complex and details of structural refine-

ment.

Molecular formula

Molecular weight

Temperature (K)

Radiation A (A)

Crystal system

Space group

a/A

b/ A

c/ A

o/ °

p/e

v/ °

V/A3

Z

Calculated density (mg cm™)
Absorption coefficient (mm™)
F(000)

Reflections measured/independent
Range/indices (h, k, 1)

Theta range for data collection (°)
Completeness to theta = 25.242
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(])]
Extinction coefficient

Largest diff. peak and hole (e.A-3)

C22 H23 Br2 Cu N2 O6
634.78 g mol’!

298(2)

0.71073

Orthorhombic

Pbca

9.1888(3)

21.3139(5)

25.0582(6)

90

90

90

4907.6(2)

8

1.718

4.186

2528

74644 / 7489 [R(int) = 0.0925]
h=—-13—13, k=-30—-29,/=-33-35
2.509 to 30.517

99.9 %

Full-matrix least-squares on F?
7489 /0/299

1.020

R1=0.0824, wR2 = 0.2362
n/a

1.368 and -2.293

II1.7.4. Description of the structure

Figure II1.18 shows an asymmetric unit view of the Cu(II)L2 molecule examined, based on the

Schiff base ligand (H2L2) with the selective atom numbering system. Crystallization of the
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complex occurs in the orthorhombic space group (a = 3 =y = 90°) Pbca, as revealed by the
determination of its structure. There are eight complicated molecules in the mesh, with a vol-
ume of 4907.6 A3/mesh. Note that the existence of X-ray-absorbing bromine atoms accounts
for the high absorption coefficient (u = 4.186 mm™).

The Schiff base ligand functions as a tetradentate of N202 through the unfolded hydroxyl
groups O(3) and O(7) and the iminated nitrogen atoms N(1) and N(2), as seen in the picture
below. The acetic acid molecule and a Schiff base ligand (H2L2) are coupled with the metal

1on..

Figure I11.18. Representation of the Cu(II)L2 complex molecule.

II1.7.5. Connections and angles

The lengths and binding angles match those of other research using comparable Schiff base
ligands [41,42]. Table III.7 shows that the acquired angles deviate somewhat from the ideal
values, which are 120° for sp2 hybridization and 109.5 for sp3 hybridization. The Cu(II)L2
complex's bonds and atom-to-atom angles are arranged in Tables II1.6 and II1.7 below.

Figure I11.19 shows that copper is coordinated with two oxygen atoms of two hydroxyl groups
(O3 and O7) and two nitrogen atoms of the imine function (N1 and N2) of the Schiff base
ligand. The distances between the nitrogen atoms and the coordinated oxygen atoms and the
metal Cu-O3, Cu-N1, Cu-O7 and Cu-N2 are respectively 1.870 (4), 2.057 (4), 1.852 (4) and
2.160 A. The chelation angles O7-Cu-N1, O3-Cu-N2, O7- Cu-N2N2 et N1-Cu-N2 have the
following respective values 89.82 (13), 89.99 (14), 89.03 (14) et 109.89 (15) °.
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Figure II1. 19. Representation of the Cu(IT)L2 complex molecule with atom numbering.

Table I11.6. Bond lengths in the Cu(I)L2 complex.

bond lengths (A)
Bri—C4 1.900 (4) 03-C18 1.42009)
Br2-C10 1.895(7) 04-C13 1.302(7)
Cul-Ol 1.852(4) 05-C21 1.285(7)
Cul-04 1.870(4) 06-C21 1.241(7)
Cul-05 2.031(4) C1-C6 1.391(8)
Cul-N1 2.057(4) Cl1-C2 1.429(7)
Cul-N2 2.160(4) C2-C3 1.409(8)
Cul-06 2.400(5) C2-Cl4 1.439(7)
01-C1 1.325(6) C3-C4 1.359(8)
NI1-C7 1.279(7) C4-C5 1.386(9)
NI1-C20 1.489(7) C5-C6 1.393(8)
021-C16 1.400(8) C7-C8 1.441(8)
N2-Cl4 1.284(7) C8-C9 1.398(9)
N2-C15 1.460(7) C8-C13 1.425(8)
02-C17 1.423(10) C9-C10 1.346(10)
03-C19 1.409(8) Cl11-C12 1.374(10)
C12-C13 1.415(8) C15-C16 1.513(9)

C17-C18 1.489(11)

115



CHAPTER

111

Table II1.7. Angles (°) in the Cu(II)L2 complex

Angles (°)

Cl11—01—C12 117.58(11) C9-C10-C11 119.5(7)
0O1-Cul-0O4 178.27(18) C1-0O1-Cul 131.8(3)
01-Cul-0O5 90.88(18) C7-N1-C20 114.8(4)
04-Cul-05 89.51(18) C7-N1-Cul 125.2(4)
O1-Cul-N1 89.02(17) C20-N1-Cul 119.8(3)
0O4-Cul-N1 90.01(17) 01-C1-Cé6 118.6(5)
05-Cul-N1 158.78(17) O1-C1-C21 122.9(5)
O1-Cul-N2 89.84(17) C6-C1-C2 118.4(5)
04-Cul-N2 91.84(18) C16-02-C17 111.1(7)
05-Cul-N2 91.32(16) C14-N2-C15 115.7(5)
05-Cul-N2 91.32(16) C14-N2-Cul 122.0(4)
NI1-Cul-N2 109.90(17) C15-N2-Cul 122.3(4)
O1-Cul-0O6 89.28(18) C3-C2-Cl1 118.9(5)
04-Cul-06 89.49(18) C3-C2-C14 116.8(5)
05-Cul-06 58.09(14) C1-C2-C14 124.1(5)
N1-Cul-O6 100.70(15) C19-03-C18 115.9(6)
N2-Cul-06 149.37(15) C4-C3-C2 120.9(5)
C9-C10-Br2 121.6(6) C13-04-Cul 131.9(4)
C11-C10-Br2 118.9(5) C3-C4-C5 120.9(5)
C12-C11-C10 120.1(7) C3-C4-Brl 118.6(5)
C11-12-C131 121.8(7) C5-C4-Brl 120.5(5)
04-C13-C12 119.3(5) C21-05-Cul 99.5(3)
04-C13-C8 124.2(5) C4-C5-Co6 119.6(6)
C12-C13-C8 116.5(6) C21-06-Cul 83.6(4)
N2-C14-C2 126.4(5) C1-C6-C5 121.3(5)
N2-C15-C16 110.5(5) NI1-C7-C8 126.2(5)
02-C16-C15 109.5(6) C9-C8-C13 120.2(6)
02-C17-C18 109.8(7) C91-C8-C7 117.9(5)
03-C18-C17 111.6(7) C13-C8-C7 121.8(5)
03-C19-C20 107.5(5) C10-C9-C8 121.9(7)
N1-C20-C19 109.3(4) C9-C10-C11 119.5(7)
06-C21-05 118.9(5)
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I11.7.6. Elementary Cell

Here is an illustration of the Cu(II)L2 complex's elementary cell, found in Figure (II1.20). This
compound's elementary cell is made up of eight asymmetric units whose stacking (Z = 8, Z:
number of patterns per cell) along the three directions results in a three-dimensional structure
rich in hydrogen bonds (a=9.1888 (3) A, b=21.3139 (5) A, ¢ =25.0582 (6) A). Type O—H...
N, C—H... Br, and type C—H...... © hydrogen bonds and interactions bind the molecules in
the crystal.

Figure II1.20. Representation of the mesh with axes a, b and ¢ of the Cu(I)L2 complex.

The unit cell being not centrosymmetric, characterized by an inversion point in the center O at
[0, 0, 0],with three screw axis 2 times in the direction [1, 0, 0], [0, 1, 0] and [0, 0, 1] to (x, %4,0),
(0,y, ¥) and ( %4, 0, z) with the screw components ['5,0, 0], [0, Y2, 0], [0.0 , %2 ] respectively
and three sliding planes perpendicular to the planes [1, 0, 0] [0, 1, 0] and [0, 0, 0, 1] with the
sliding components [0, %2 ,0],[0, 0, '2] and [%,0, 0] respectively.
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Figure I11.21.

Mesh in the plane a, b ¢ of the complex Cu (II)L2 with symmetry elements .

II1.7.7. Crystal lattice

The Cu(IT)L2 complex's crystalline lattice is shown in Figure I11.22 based on the three principal
planes, a, b, and c. In plan a, the lattice takes on an undulating, zigzag-like pattern, whereas in
plan b, a parallel form alternates by forming tunnels within the network. Additionally, the plane

shows a type of parallel diagonals of molecules.
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Figure I11.22. Crystalline molecular stacking of Cu(II)L2 in three crystallographic

planes:(a) [100], (b) [010] and (c) [001].
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Figure II1.23 shows a perspective projection of the Cu(I)L2 lattice, observing that the atoms

are ordered so as to form parallel lines for each group of identical atoms

Figure I11.23. Perspective view of the crystal lattice.

Type C—H.... intermolecular hydrogen bonds, which have an angle of 59.04 (5) °, stabilize the
three-dimensional lattice. The associated acceptor-donor lengths are 3.154 A, donor-hydrogen
2.314 A, and acceptor-hydrogen 2.542 A. On the other hand, every molecule in a formal unit
cell is a member of a unique chiral helical chain, which forms the three-dimensional lattice of

the grid-shaped complex.

Figure I11.24. Perspective projection visualizing the intermolecular interaction by hydro-

gen bond (C— H...X) presents between two neighbors molecules.
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I11.8. Hirshfeld surface analysis

To identify all intermolecular interactions within the complex Cu(II)L2's crystal structure as
well as the types of atoms involved in their production, an investigation of the compound's
Hirshfeld surface was carried out [43,44].

For every molecule that is a part of a crystalline structure, the Hirshfeld surface indicates one
of its unique properties. There are several surfaces for a single molecule depending on the crys-
tal structure it belongs to since HS is dependent on the molecular environment.

Using the Crystal Explorer 3.1[45-47] software, Hirshfeld surfaces are produced with a nor-
malized contact distance (dnorm), which is based on two types of distances: the exterior dis-
tance (de) and the internal distance (di), spanning ranges from -0.718 (red) to 1.383 (blue). Near
the oxygen atoms 02, O3, O5, 06, and O7, "hot" red patches are associated with the hydrogen
bond O-H-O, short-distance contacts O-H-C, and Br type interactions Br... H/H... Br.

(d) (e)

Figure I11.25. Hirshfeld surface of Cu(II)L2 plotted on (a) = dnorm , (b) =di, (¢c) =de,

(d) = curvedness , (¢) = shape index .

At a rate 0f 43.6%, H... H type interactions (Figure I1.26) in the molecular structure make the

biggest contribution in the interaction surface. These contributions have two points that are
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pointed in the direction of the origin, di +de ~ 1 A. These interactions are normal and occur in
the white portions of the surface, as shown by the comparison of the distance di +de with the
total of the Van der Waals rays of the atoms involved in the bond (rVdW (H) + rVdW (H)
=0.5+0.5=2.4A).

d. | ) o| e

HH interaction (43.6%0)

- [ [ [
0 T2 14 16 T8 20 22 24 ;,l.:, b3 TO0 T2 T4 T6 T8 20 22 24 26 28

Figure I11.26. The Cu(II)L2 structure two-dimensional fingerprint type H...H.

With the highest involvement, contact type Br... H accounts for one third of all intermolecular
connections, or 22.5% (Figure II1.27). Since each fingerprint point is situated at a distance (de,
di) that is either larger than or equal to its van der Waals distance (de = di = 2.83 A), this interval

of intermolecular interactions (Br...H) is formed by a zero percentage.

Type H-C/C—-H contacts (Figure II1.27) comprise 17.4% of all contacts and are distinguished
by two peaks with rounded, short, and symmetrical tops. Based on a comparison between di+de
and the total of the Van der Waals rays of the atoms involved in the bond with di+ de ~ 2,78 A,
this interaction is thought to be the strongest interaction in the crystal. The Van der Waals radius
of the atoms is 2.9 A, which makes these connections significant. They are seen in the vicinity

of light red dots, which suggest that short-distance interactions C-H... C are more prevalent.
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Figure I11.27. Br... H/H... Br and C...H/H... C two-dimensional fingerprints of the
Cu(II)L2 structure.

Two lengthy symmetrical peaks with di + de ~2.7 A in Figure I11.28, which depicts the Cu(I1)L2
Hirshfeld surface fingerprint trace in two dimensions, indicate that type contacts H...O/O... H
exhibit a 12.2% yield. The hydrogen interactions are represented by short distances, O-H...O
and O-H...C, and are marked by bright red spots.

Br... C/C... Br contacts are about 3.2%, with di+ de ~ 3.8 A which slightly exceeds the value
of Van der Waals radii (rVdW= 3.6 A). This contact is represented as a white spot near the

Brome atom.
E‘&é 2&-‘—# - !
26 { LS o bl 2.6} o
; i N
— 2.2
2.0 ]
1.8} 4
1.6 - s
14— 4
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| I B I ]2 | | t.,,Bruter:tmﬂ 204) |
TO T2 T4 Te T8 20 23 24 36 78 -£1IE TH ?I.'I 25 2-! IE IH

Figure II1.28. Two-dimensional fingerprints type O...H/H...O and C...Br/Br...C of the
Cu(II)L2 structure.
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In addition, contacts N... C/C... N represent 0.3% of the structural contribution (Figure I11.32).
They represent interactions of type n-m.

As shown in figure I11.29, the absence of this interaction in the molecular stack is justified
because it contributes only 0.4% of N... H/H... N contacts of all the interatomic contacts within
its crystalline structure around the (de, di) distances slightly larger than their Van der Waals
rays, (di+ de) A corresponds to the links 7..... 7. For the whole structure, Table I11.8 compiles

the relative contributions of the various contacts to the Hirshfeld surfaces.
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Figure I11.29. Two-dimensional fingerprints of type N...H/H...N and C...N/N...C of the
Cu(II)L2 structure.

Table II1.8. Percentage contribution of different intermolecular interactions to the sur-

face of Hirshfeld de Cu(II)L2.

Contacts Contribution Contacts Contribution
O...H/H...O 12.2 % N...H/H...N 0.4 %
C...H/H...C 17.4 % Br...H/H...Br 22.5%
Br...0/0O...Br 0.1 % Br...C/C...Br 3.2%
N...C/C...N 0.3 % H...H 43.6 %

Figure II1.30 displays the Hirshfeld surface created around the asymmetric unit overlaid on

dnorm, illustrating interactions with adjacent relatives and relations
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According to ¢

Figure I11.30. The Hirshfeld surface of Cu(II)L mapped to dnorm

showing interactions with nearby neighbors in three directions (x,y,z)

at a distance of 3.8 Ao.
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PART II: STRUCTURAL STUDY BY THEORETICAL CALCULATION
I11.9. Quantum chemistry calculations by DFT

Quantum chemistry and in particular theoretical calculations by the method of functional den-
sity theory (DFT), recently used in the field of organic chemistry, provide information on the
reactivity of organic compounds.

Thus, the goal of the current work is to investigate the Schiff base ligand's (H2L2) molecular
and electrical structure. Using the DFT approach, the examined molecule's shape was entirely
optimized at the B3LYP level, with the base 6-31G (d,p). [48,49]. quantum hints Using the
GAUSSIAN 09 program, the highest and lowest occupied molecular orbitals (HOMO and
LUMO), dipole moment (p), absolute electronegativity (y), absolute hardness (1)), softness (o),
and Mulliken charge densities were computed. The figure below shows the optimized molecular

structure of the ligand (H2L2).

Figure I11.31. Optimal molecular structure of the ligand (H2L2).

II1.9.1. Frontier molecular orbitals (OMF)

In general, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of Schiff bases are connected to their border molecular orbitals and their
reactivity. A molecule with a high energy of the highest occupied molecular orbital (EHOMO)
donates electrons to a low energy empty orbital (ELUMO) acceptor that is suitable [50]. The

molecule has a stronger electron acceptor power when its EHOMO value is higher, indicating
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that it is also a good electron donor when its ELUMO value is low [50—52]. When the produced
molecules exhibit a modest energy gap (AEGAP) and all of the EHOMO and ELUMO values
are negative, it is indicative of their stability [50].

A molecule's minimal energy needed to excite an electron is expressed by the difference,
AEGAP = ELUMO — EHOMO, which is known as the energy gap. With a decrease in the gap
value, the molecule becomes more reactive. We have calculated theoretically that the latter is
stable for our chemical.

With regard to the ligand (H2L2), the two atoms N8 and N31 of the imine groups are the sites
of condensation of the high occupied molecular orbital (HOMO) on the aromatic cycles and
their substituents. An aromatic cycle and its substituents alone are the focus of an unoccupied
orbital, or LUMO. The compound exhibits high stability as indicated by the HOMO-LUMO
energy gap (AE =2.4 eV).

Quantum parameters for the ligand (H2L2), such as EHOMO, ELUMO, and EGAP, have been
computed and are compiled in Table II1.9. The distribution of electronic densities of frontier

molecular orbitals is shown in Figure I11.32.

Table II1.9. Energy of frontier orbitals (eV) for the ligand (H2L2)

Energy (eV) H2L2
E (Homo) -7.684
E (Lumo) -5.284
E (gap) (HOMO —> LUMO) 2.4

E (gap) (HOMO -1 —=LUMO+1) 2.65
E (gap) (HOMO -2 —LUMO+2) 4.32
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Figure I11.32. Frontier molecular orbitals (FMOs) of H2L.2 ligands.

Chemical system stability and reactivity are related to chemical hardness (1). Chemical hard-
ness is defined as the difference between the highest occupied and lowest vacant molecular
orbital based on frontier molecular orbitals. A molecule is said to be more stable or less reactive
the larger the HOMO-LUMO energy gap [49,53]. Table II1.10 lists the chemical parameter val-

ues in groups.
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Table II1.10. Quantum parameters for ligand (H2L2).

Quantum parameters (eV) Ligand (H,L2)
Ionization energy I 7.68
Electronic affinity A 5.28
Chemical potential [t -6.48
Hardness 1 1.2
Electrophilicity ® 17.49
Softness 0.83
Electronegativity ) 6.48

The electron chemical potential (i) is defined as the negative of the electronegativity of a mol-
ecule [54], according to Table III.10, the trend in the electron chemical potential of the ligand
(H2L2) is considered high.

The electrophilicity index () is a measure of energy stabilization after one system accepts an
additional electronic charge of another species [53,54], the electrophilicity value for ligand

(H2L2) is large , describes this system as a Lewis acid.

I11.9.2. Mulliken atomic charges

Mulliken atomic charge calculations are crucial for understanding molecular systems because
they determine the dipole moment, molecule polarizability, and other electronic characteristics.
The creation of donor-acceptor pairs involving charge transfer in the molecule is suggested by
the charge distributions on the atoms. Mulliken atomic charges for ligand (H2L2) is listed in

the table below.
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Table I11.11. Mulliken atomic charges calculated for the ligand (H2L2).

atoms Mulliken charges atoms Mulliken charges
Cl -0.468 C25 -0.370
C2 -0.399 H26 0.341
C3 -0.378 H27 0.331
C4 -0.461 C28 -0.639
Cs -0.157 H29 0.360
C6 -0.584 H30 0.367
H7 0.366 N31 -0.589
C8 0.185 C32 0.099
H9 0.327 H33 0.341
NI10 -0.592 C34 -0.153
Cl1 -0.630 C35 0.563
H12 0.369 C36 -0.405
H13 0.360 C37 -0.469
Cl4 -0.368 C38 -0.367
HI5 0.329 H39 0.359
Hl16 0.324 C40 -0.415
017 -0.561 H41 0.367
Cl18 -0.367 H42 0.366
HI19 0.328 H43 0.368
H20 0.327 H44 0.358
C21 -0.389 045 -0.749
H22 0.340 H46 0.510
H23 0.336 047 -0.774
024 -0.553 H48 0.461
Br50 0.381 Br49 0.389

The atomic charges of Mulliken show that the most negative atoms are oxygen and nitrogen
and that the atom H46 bound to O45 has the most positive atomic charge.
The distribution of Mulliken charges also shows that the nitrogen atom O47 of the hydroxy

group is more negative compared to other atoms and it is interesting to mention that the most
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negative atoms are: 045, 047, 024, O17, N10 and N31. The latter are active centers in the

reactivity of these molecules.

I11.9.3. Molecular Electrostatic Potential (MEP)

The electrostatic potential is shown on the constant electron density surface, or MEP. In addi-
tion, it is highly helpful for studying hydrogen binding interactions and the link between phys-
iochemical properties and molecular structure [50,51]. At any given position r (X, y, z), the
electrostatic potential V(r) is defined as the energy of interaction between the electric charge
produced by the molecule's electrons, its nuclei, and its protons at r.

In the current investigation, three-dimensional (3D) plots of the molecular electrostatic poten-
tial (MEP) of the ligand H2L2 were created (Figure I11.33). The maximum negative region,
shown in red, preferred the site for signs of an electrophilic attack, while the maximum positive
region, shown in blue, preferred the site for symptoms of a nucleophilic attack. Potential rises
in the following order: red < green < blue, with red displaying the most repulsion and blue the
strongest attraction.

The regions with negative potential are on the electronegative atoms which are O17, 024 , 015

, O17,N31 and N 8, while the regions with positive potential are on the hydrogen atoms.
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Figure I11.33. Cartograph of the molecular electrostatic potential of ligands H2L2

drawn on surfaces of total density (a): Front view and (b) Rear view

II1.10. Nonlinear optical properties (NLO)

Several kinds of active materials in ONL have been created recently due to their many uses in
photonics and optoelectronics [55,56]. The sophisticated laser methods make advantage of
these materials [57]. Of them, organic and organometallic compounds [58] are gaining increas-
ing attention because to their comparatively simple and costly synthesis. Here, we unleash the
full potential of the ligand's non-linear optics (H2L2).

We find that the polarity of solvents plays a major role in determining their effects on the hy-
perpolarizability of H2L. Specifically, the values of Bo and Purs for H2L2 in solvents are around

double those of gaseous solvents.
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In terms of the depolarization ratio (DR®™), we note that the NLO response of the ligand

(H2L2) exhibits a dominating dipole symmetry. The ligand's (H2L2) computed non-linear op-

tical characteristics are grouped in Table (II1.12).

Table I11.12. Non-linear optical properties (NLO) of the ligand (H2L2).

Gas Benzen Chlorofor 1- Ethan DM Wate
e m Hexanol ol F r
u 1.010 1.152 1 0.814 1.155 1.153 0.798
o (0;0) 296 334 355 367 371 373 374
Aa (0;0) 220 233 216 193 242 243 192
p° 43 50 53 54 55 55 55
Qo 259 406 458 459 588 600 489
Quec 259 406 458 459 588 600 489
Qurs 124 175 192 194 239 243 205
DR 3.435 4.397 4.791 4.661 5.309 5.359 4.762
o (-o;0) 298 336 333 331 327 331 325
Aa (-0;m) 222 236 218 199 236 236 198
p° 44 50 49 49 49 49 48
QkcorE 263 412 399 362 443 455 354
Q® 274 428 385 333 400 412 314
SHG
Q® 132 186 166 148 170 175 140
HRS
DRm™ 3.383 4.267 4.355 4.065 4.568 4.621 4.008

The second generation of harmonics (fSsuc), hyper-Rayleigh scattering (Surs), and electro-op-

tical Pockels effect (Seore) of H2L revealed an increase of fsuc 0,0239 and fSurs 0,0239 indif-

ferent environment in the following order:

gas < water <l-Hexanol < Chloroform < Ethanol < DMF < Benzene.

In the case of a frequency-dependent effect ( w= 0.0239 au). The compound's second-order

NLO responses in the solvents under study show that benzene has somewhat higher SHG0.0239
and HRS 0.0239 values than the other solvents.
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It is noted that our results on the ligand (H2L2) was published in the journal ChemistrySelect -
WILEY (DOI: 10.1002/s1ct.202302953).

PART III: BIOLOGICAL STUDY, ANTIOXIDANT PROPERTIES

Antioxidant activity cannot be precisely and uniquely quantified quantitatively due to the com-
plexity of oxidation processes and the various nature of antioxidants, which include both hy-
drophilic and hydrophobic components. Therefore, there is no one universal approach that can
be used to evaluate antioxidant activity.

In fact, in order to assess a molecule's overall antioxidant impact, it is sometimes required to
integrate the results of many complimentary tests in order to obtain a fairly accurate estimate
of the sample's antioxidant capacity [59] . We choose to use the DPPH, ABTS technique in this

investigation.

Table II1.13. Antioxidant activity of ligand (H2L1) and its complexes by different methods.

DPPH ABTS
IC50 (ng/ml) IC50 (ng/ml)

Ligand (H2L2) 17362 389.607

Mn(1I) L2 1394.941 252.065
Cu(Il) L 1018.727 1027.982

Co(II) L2 1877.934 830.608
Zn(I)L2 248964.5 1390.506
BHA 6.14+£0.41 1.8120.10
BHT 12.99+0.41 1.29+0.30

II1.11.1. DPPH radical test

Figure II1.37 below illustrates the percentage inhibition of the ligand (H2L2), its complexes,
and the standard antioxidant. The produced molecules exhibit extremely low to almost non-
existent inhibition of the employed free radical (DPPH), displaying values of 457.362,
1394.941, 1018.727, 1877.934, and 248964.5 (ng/ml) for H2L2, Mn(I)L2, Cu(II)L2, Co(IT)L2,
and Zn(I1)L2, in that order.
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Figure I11.34. DPPH free radical scavenging activity of standard BHA, BHT and synthe-

sized compounds

The antiradical effectiveness metric known as IC50 is used. It conveys the quantity of antioxi-

dants needed to reduce DPPH concentration by half. The relationship between a compound's

antioxidant capability and its IC50 (antiradical capabilities) is inverse. Figure I11.35 shows the

various IC50s, which are derived from the equations of the curves indicating the inhibition

percentages in relation to the compound concentrations.
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Figure I11.35. IC50 inhibitory concentration values expressed in (ng/ml). Ligand (H2L2),

Mn(IT)L2, Cu(I)L2, Co(I)L2, Zn(I)L2 complexes and BHA and BHT standards
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Antioxidant potencies obtained by DPPH testing of molecules are classified (in descending

order) as follows:
Zn(IDL2 < Co(I)L2 <Mn(IDL2 < Cu(IDL2 < H2L2 < BHT < BHA

II1.11.2. ABTS radical test
The results obtained by the ABTS+ test clearly show that the synthesized molecules, have a

very low potential of the radical ABTS+, of which among the five molecules the complex

Mn(II) L2 and the ligand (H2L2) represent the lowest IC50 values (IC50=252.065 pg/ml and

389.607 (ng/ml) respectively) and therefore the highest anti-radical activity in this series and

which still remains shabby by contribution to the standard used . On the other hand, the remain-

ing complexes inhibit low to zero or IC50 values corresponding to 1027.982, 830.608 ,

1390.506 (ng/ml).
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Figure I11.36. ABTS anti-radical activity of synthesized molecules (H2L.2), Mn(II)L2 ,

Cu(IT)L2, Co(IT)L2, Zn(IT)L2 and BHA , BHT standards.
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Figure I11.37. IC50 inhibitory concentration values in (ug/ml). Du (H2L2), Mn(II)L2,
Cu(ID)L2, Co(II)L2, Zn(II)L2 and BHA , BHT standards towards ABTS.

Through a comparative analysis of the antioxidant activities of the investigated compounds
using two different radical scavenging methods (DPPHe and ABTS+), it is evident that the
studied Schiff ligand exhibits a moderate level of antioxidant activity, while the complexes of
Mn(IT)L2, Cu(IT)L2, Co(IT)L2, and Zn(IT)L2 have nearly negligible antioxidant activity. In con-
clusion, even with the strong impact of electroattractor groups, none of these compounds exhibit

appreciable antioxidant action.
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II1.12. Conclusion

Ligand 2,2'-((1E,11E)-5,8-dioxa-2,11-diazadodeca-1,12-diyl) bis(4-bromophenol) (H2L2) and
its metal complexes Cu(I)L2, Mn(IT)L2, Co(IT)L2 and Zn(IT)L2 were produced. The yields are
tolerable, and the synthesized goods have outstanding purity. Through spectral investigations
(IR, UV/Vis, and 1H-NMR), we were able to identify and describe every structure. The various
spectra's interpretations agree with the suggested structures Cu(II)L2 mononuclear complex is
a single product that is formed as a single crystal and has undergone a thorough structural anal-
ysis that provides solid evidence for the structure of the suggested compound.

The most significant contribution to the interaction surface is represented by H... H type con-
tacts, according to a thorough analysis of the Hirshfeld surface of the molecular structure.
H2L2, the ligand under investigation, is a promising option for a non-linear optical material.
Several techniques were used to assess the antioxidant capacity of items that were produced in

vitro. The results indicated that DPPHes and ABTS++ have modest antioxidant activity.
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IV.1. INTRODUCTION
This chapter is dedicated to the non-symmetric bidented Schiff ligand E-4-((5-bromo-2-hydrox-

yhybenzylidene)amino)butanoic acid (H2L3) and the transition metal complexes that it binds
to. To access the complexes of the relevant transition metals, copper (II) and manganese (II),
we will first discuss the synthesis strategy of the non-symmetrical Schiff bases ligand (H2L3).
Conventional spectroscopy techniques described in the Presidents Chapters were used to iden-
tify the synthesized products. A research on the biological assessment of the antioxidant capac-

ity of synthetic compounds has been conducted.

PART I: SYNTHESIS AND CHARACTERIZATION
IV.2. Synthesis of E-4-((5-bromo-2-hydroxyhybenzylidene)amino)butanoic acid (H2L3)
The traditional procedure outlined in the literature [1] was used to manufacture the Schiff base

ligand (H2L3). The following reaction represents the synthesis's reaction pattern:

(0] (0]
Br EtOH
; OH /\/\f +H20
Reflux
16 h
OH  NH,

Scheme IV.1. Reaction pattern of ligand formation (H2L3).

Under nitrogen and magnetic agitation, 5-bromo-2-hydroxybenzaldehyde (0.2g; 1.31 mmol) is
dissolved in 10 ml ethanol in a 50 ml Bicol flask. Once the mixture is well homogenized, a
dropwise addition of 4-aminobutanoic acid (0.13g; 1.29 mmol) is made, and the mixture is
refluxed for 24 hours. Thick layer chromatography (TLC) is used to monitor the reaction; ethyl
acetate/petroleum ether (2/1) is the eluent, and a silica gel plate serves as the stationary phase.
Yellow needles with Rdt=58.1% are produced when the reaction is finished, after the yellow
solution is cooled and the residue is filtered and recrystallized in methanol. As seen below, the

Schiff base ligand's whole synthesis process is represented:
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o O
o
Br EtOH B" 0
; — AN
+ OH
Reflux H H H
NH, OH
OH

-H20 Br. (o]
\@\A /\/\l/ Q\f\/\f

Scheme IV.2. Basic Schiff Synthesis Reaction Mechanism (H2L3).

IV.3. Synthesis of Mn(III) and Cu(IT) complexes with ligand (H2L.3 )

The main reaction pattern of complex preparation is illustrated by the following reaction:

-\Cf \

MnL3, R=0OAc

Scheme IV.3: General ligand complexation reaction (H2L3).
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IV. 3. 1. Manganese complex synthesis

An ethanoic ligand (H2L3) solution (0.2g; 0.842 mmol) is poured to a 50 ml Bicol flask capped
with a refrigerant, and then drop by drop a methanoic solution of manganese acetate Mn
(OACc)2.4H20 (0.1g; 0.421 mmol) is added [2,3]. Brown coloration quickly replaces the reac-
tion medium's color. After 24 hours of reflux heating, the reaction mixture was cooled to room
temperature. After filtering the source material, diethyl ether is used to wash the resulting solid.
We were able to confirm the purity of the isolated complex and the reaction sequence by using

CCM (Si02, 1:1 ethyl ether acetate). Rtd is 77%.

IV. 3. 2. Synthesis of the Cuivric complex

A solution (0.084g, 0.421mmol) of the monohydrate metallic salt Cu(OAc)2.H20 is added to a
50 ml flask that already contains (0.2 g; 0.842 mmol) ligand (H2L3). Under agitation and in a
nitrogen environment, the mixture is returned for three hours at a temperature of 75°C [1,4,5].
Filtration and diethyl ether washing follow the precipitate's cooling. A dark green powder with

a 64.44% yield is the product that is isolated.

IV.4. Physical and analytical properties of ligand (H2L3) and its complexes
Once the ligand (H2L3) and its complexes were purified, their characterizations were carried
out. Drying of complexes is carried out under vacuum for one night, are solid compounds, stable

to air. The yield, the melting point are listed in Table IV.1.

Table IV.1. Physico-chemical characteristics of the ligand (H2L3) and its complexes.

Color R
Rdt Fusion Solvent
Compound | of the com- (%)
(%) point °C Solubility
pound
Ethanol
(H2L3) Yellow 58.1 Tf=180 67
Methanol
Mn(II) L3 Brown 77 Tf>260 DMF 56
Cu(Il) L3 Dark green 64.4 Tf>260 DMSO 82
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IV. 5. Spectroscopic characterizations of ligand (H2L3) and its complexes

IV.5.1. UV-Visible Absorption Spectrophotometry Analysis

The electron spectra of the Schiff base ligand (H2L3) and its complexes were realized between

200 and 800 nm, at room temperature, in methanol with a concentration of 10-3M. Table IV. 2

below groups the absorption bands of the compounds synthesized in this chapter.

Table IV.2. UV-Vis ligand (H2L3) absorption bands and its complexes.

Compound Amax (nm) Transition
260 T
(H:2L3) 333 n—a*
418 n — ¥
233 T
Mn(II) L3 275 n — ¥
366 LMCT
234 n—a*
Cu(Il) L3 272 n — mw*
368 LMCT

As seen in Figure (IV.1) below, the ligand spectrum (H2L3) yields three bands at 260, 333, and

418 nm, which correspond to the transition 1 — m*of the aromatic group and the azomethine

function, respectively [2].
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3,0 4
(H,L3)

2,5+

2,0
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1,5

1,0 5
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Figure IV.1. UV-Visible Spectrum of ligand (H2L3) in DMF.

Due to their comparable structures, the complexes' electron absorption spectrum data are quite
similar. The complexes show a hypsochrome shift with respect to their ligand, which greatly
enhances the development of coordination bonds between the ligand and the metal in the com-
plexes. The m— m* transitions of azomethine (CH= N) chromophores are responsible for the

strong bands at 233 and 234 nm for the Mn(II)L3 and Cu(II)L3 complexes, respectively [1,2].

4,5 4
3,5

3,0

Abs

0:5 1] T T T T T T T T T T T 1
240 300 400 500 600 700 800
A(nm)

Figure IV.2. UV-Visible Spectrum of Cu(II)L3 in DMF.
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25+

Abs

T T T T T T T T T T 1
300 400 500 600 700 800
A(nm)

Figure V.3. Mn(II)L3 UV-Visible Spectrum in DMF .

Electronic transitions n—n* are responsible for the bands that arise at 275 and 272 nm, which
are more intense than the first ones. The remaining bands at 366 and 368 nm are linked to the
O(p)/M(d) metal-ligand charge transfer phenomenon in LMCT [4,6]. d-d transitions were hid-

den by the intra-ligand charge transfer and transition bands, which prevented their observation.

—— H,L3
Mn(II)L3
Cu(ID)L3

Abs

1
600

Figure IV.4. UV-Visible Spectrum of (H2L3) and its corresponding
complexes in DMF
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The electronic spectra give a confirmation as to the modes of coordination of the metals with

the NNOO atoms and this for all the complexes.

IV.5.2. Infrared absorption spectrophotometry (IR) analysis

The IR spectra of the complexes are interpreted and compared to this of the corresponding
ligand (H2L3). These spectra allowed us to determine the coordination sites. Table IV.3 presents
the most important elongation vibrations of the functional groups constituting the molecular

structures.

Table I'V.3. Main bands of ligand (H2L3) IR vibration and its complexes.

Compound Infrared v (cm-1)
v(O-H) v(C=N) v(C=C) v(C-0) v(C=0)Acide v(M-0) v(M-N)
(H2L3) 3424 1645 1503 1191 2929 / /
Cu(I)L3 | 3418 1618 1469 1252 2936 743 675
Mn(II)L3 | 3418 1564 1537 1225 2922 743 661

The bands corresponding to the hydroxyl and azomethine groups are among the most significant
ones to notice that define the various Schiff bases (Figure IV.5).

The elongation vibrations of the hydroxyl group and acid O-H are responsible for the broad
band in the ligand's infrared spectra that is centered at 3424 cm-1 [7-9]. Cu(II)L3 and Mn(II)L3
exhibit elongation bands of the O-H group of the acid function at 3418 cm-1, respectively, for
the complexes [10,11].
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Figure IV.5. IR spectrum of Cu(I)L3 in KBr.

Cu(IT)L3 and Mn(IT)L3 have sharp and strong bands at 1618 and 1564 cm-1, respectively, that
are indicative of the valence vibrations of these imine functions [12]. values are less than the
ligand's measured value of 1645 cm-1, a bathochrome displacement is generated, confirming

complexation [13,14]
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Figure 1V.6. IR spectrum OF Mn(II)L3 in KBr.
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It was found that the phenolic C— O elongation vibration band in the ligand (H2L3) was around
1191 cm-1. A shift in hypsochromic equilibrium is seen in the complicated series (in the pre-
ceding sequence). As the C—O elongation vibration band of the acid group is not involved in
complexation, it is located in the vicinity of 1218 cm-1 for ligand and its complexes. This band
appears at a higher frequency of 1252, 1225 cm-1, confirming the participation of the phenolic
group in the formation of the complex [15].

The valence vibration of the double bonds C=C of the aromatic cycles is responsible for the
band that appears in the ligand and its complexes in the interval of 1400—-1570 cm—1 [16].
Acute and strong bands, seen at 1720 cm-1 for the ligand and 1564, 1421 cm-1 for the metal
complexes, describe the valence vibrations of the carbonyl C= O functions of the carboxyl
group. Mn(II)L3, Cu(IT)L3, and so forth The acid group O-H is responsible for the broad band
that appears at 2929 cm-1 for the ligand and 2936, 2922 cm-1 for its complexes.

Furthermore, in the spectra of the metal complexes, additional bands are observed between 641
and 743 cm -1, which are ascribed to the vibrations of the M—O and M—N bonds, respectively

[17]. These bands are not present in the spectra of the ligands.

IV.5.3. Proton (‘H NMR) Nuclear Magnetic Resonance Spectroscopy
A structural analysis on the ligand (H2L3) was performed by nuclear magnetic resonance of the
proton on a Bruker 300P MHz spectrometer, using the deuterated MeOH as solvent, and in the

presence of TMS as reference.

3.60 2.28
on'3:22
N (1)
7.66 | 1.86
Br g53 O o}
(%)
7.45
@) OH . 5,
6.86 )
(8)

The H1 NMR spectrum of the ligand shows the different values of the chemical displacements.
The proton signal of the hydroxyl group O-H(H9) and the acid group (H1) [2] is observed at 6=
13.22 ppm . the signals of the aromatic protons appear as two doubled to 6= 7.45 ppm which
corresponds to the proton (H7) and to 6= 6.86ppm which corresponds to the proton (HS) and a
singlet at 6= 7.66 ppm which corresponds to the protons (H6)[1].
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Hydrogen from the imine group H C N (H5) [4] appears as a singlet at 8.53 ppm and two triplets
at 2.28 and 3.60 ppm and a multiplet at 1.86 ppm each corresponding to two protons (H2), (H4),
and (H3) respectively [2,6]. The integral curves are in agreement with the number of protons in

this structure, which of course confirms the proposed structure of the synthesized compound.
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Figure IV.7. '"H-NMR spectrum in MeOH of (H2L3)

IV.6. Study of electrochemical behavior by cyclic voltammetry of ligand

(H2L3) and its metal complexes

In this part of the research work, we present the electrochemical behavior of synthesized Schiff
base ligand(H2L3) and its metal complexes. The study is carried out by platinum electrode
cyclic voltammetry in di methyl sulfoxide (DMSO), in the presence of Tetraethylammoni-
umTetrafluoroborate (C2H5)4NBF4 0.1 M over a potential range from +2000 to -2000
mV/ECS with a scanning speed of 100 mV/s. Potentials are measured against a saturated calo-

mel reference electrode (ECS) in the presence of a vitreous carbon auxiliary electrode.
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Table IV.4. The electrochemical properties of ligand (H2L3) and its complexes were in-

vestigated by cyclic voltammetry in DMF

Compound Electrochemical parameters
Epc (V) Epa (V)
H2L3 -0.820 +0.703

-1.45

Mn(II)L3 -1.263 /
-1.422

Cu(IDL3 -0.752 +0.971
-1.235

IV.6.1. Ligand electrochemical behavior (H2L3)

The cyclic redox voltammogram of a studied Schiff base solution (H2L3) shown in figure (I'V.8)
shows an anodic peak at Epal = +0.709 V/ECS corresponding to oxidation of the phenolic
group OH[7].

At the cathode scan, two peaks are observed at Epc=-0.820 and -1.458 V/ECS which are due

to reduction to azomethine group reduction [8,13].

-

-2,0 ' -1,5 ' -1,0 ' -0',5 ' 0:0 ' 0,5 ' 1,0 ' 1,5
E (V/IECS)

Figure IV.8. Cyclic Ligand Voltammetry (H2L3)(10-2M) in DMSO+(C2H5)4NBF4

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.
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IV.6.2. Electrochemical behavior of Schiff metal-base complexes (H2L3)

1V.6.2.1. Manganese complex

The manganese complex voltammogram, collected at a scanning speed V=100 mV/s between
-2000 and +1500 mV/ECS, is displayed in Figure (IV.9).
The voltammogram displays two reduction peaks at Epcl =-1.263 and Epc2 =-1.422 V/ECS.
The reduction of Mn(II) to Mn(]) is responsible for the first peak [18-20], while the reduction

of the imine function is responsible for the second peak [9].

0,010 - —— Mn(IDL3|

0,005

—

0,000 +

m2

(Al

-0,005 +

-0,010

-0,015 T T T T T T T T T T T
-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

E (V/ECS)

Figure IV.9. Mn (II)L3(10-2M) Cyclic Voltammetry in DMSO+(C2HS)4NBF4

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.
1V.6.2.2. Copper Complex

The electrochemical behavior of the Cu(II)L3 complex is presented by the voltammetry of fig-
ure IV.10 below.
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Figure IV.10. Cu(II)L3(10-2M) cyclic voltammogram in DMSO-+(C2H5)4NBF4

(10-1M) under nitrogen atmosphere at a scanning speed of 100 mV/s.

The transfer of copper Cu(Il) to Cu(Ill) is linked to a reduction peak at Epcl =-0.752 V/ECS
during acquisition [21], and the reduction of imines functions is responsible for a peak at Epc2
= -1.235 V/ECS [8,9,11]. This complex's cyclic voltammogram likewise exhibits a peak at
+0.971 V/ECS of ligand entity oxidation [10].

IV.7. CRYSTALLOGRAPHIC STUDY OF SINGLE CRYSTALS

For certain compounds, we were able to get single crystals out of all the syntheses that were
carried out. We were able to determine their molecular structure by X-ray diffraction (XRD)
after obtaining a single crystal. This allowed us to determine the geometry of their molecular
structures, the configurational isomeria of their Schiff base ligand upon complexation, and the
characteristics of the coordinating atoms. In this section, the crystal structures of the copper
complex Cu(I)L3 and the ligand H2L3 were examined.

the recording, resolution and refinement of structures are well detailed in the Presiding chap-

ter.
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IV.7.1. Crystallographic characterization of ligand (H2L3)
The ligand (H2L3) was crystallized after three days in a test tube by diffusion of diethyl ether

in methanol at room temperature. The structure crystallizes in an Orthorhombic Pbcn space

group system (o =7y =1v = 90°). The mesh contains 8 ligand molecules that occupy a volume of

2342.09 A3/mesh. It should be noted that the absorption coefficient, u = 3.50 mm-1, is high

because of the presence of two bromine atoms that absorb X-rays.

X-ray diffraction on the single crystal reveals that the ligand (H2L3) responds to the molecular

formula C11H12BrNO3. Table IV.5 presents the main crystalline parameters of the structure.

The following figure describes the crystalline structure of the ligand (H2L3)

Figure IV.11. Molecule representation (H2L3).

Table I'V.5. Ligand Crystallographic Data (H2L3).

Molecular formula
Molecular weight
Temperature (K)
Radiation A (A)
Crystal system
Space group

a/A

b/ A

c/ A

o/ °

pre

v/ °

C11H12BrNO;
286.13
298(2)
0.71073
Orthorhombic
Pbcn
10.9154(2),
13.0463(3)
16.4466(4)
90
90
90
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V/A3

Z

Calculated density (mg cm™)
Absorption coefficient (mm™)
F(000)

Reflections measured/independent
Range/indices (h, k, I)

Theta range for data collection (°)
Completeness to theta = 25.242
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices (all data)
Extinction coefficient

Largest diff. peak and hole (e.A™)

2342.09 (9)

8

1.623

3.50

1152

44375, 4477 [R(int) = 0.0413]
h=-20—-20,k=-16—16,1=-25—25
2.509 to 30.517

100 %

Full-matrix least-squares on F?
44375/0/ 157

1.065

R1=0.0807, wR2 =0.1845
n/a

1.066 and -0.802

IV.7.1.1. Links and angles

An asymmetrical view of the studied Schiff base ligand (H2L3) unit with the atom selective

numbering scheme is shown in Figure IV.12 Some distances and selected bonding angles are

listed in Table IV.6.

Figure IV.12. Ligand crystal structure (H2L3) with numbering.
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Table IV.6. Ligand bond lengths and angles (H2L3).

Distances (A) Angles (°)
Cl-C2 1432(4) | C3-CaN1 113.903)
C2-C3 1.791(5) | N1-C5-C6 133.3(2)
C3-C4 1.429(4) | C7-C6-C5 130.2(2)
C4-N1 1.695(5) | C10-C6-C5 119.2(3)
C5-N1 1.418(5) | C10-C6-C7 110.6(3)
C5-C6 1.652(5) | C6-C7-C8 130.9(2)
C6-C7 1513(4) | C7-C8-Brl 131.24(18)
C7-C8 1.585(5) | C9-C8-Brl 108.3(3)
C8-C9 1316(4) | C9-C8-C7 120.4(3)
Co-Cl11 1.478(5) | C8-C9-Cl1 109.9(3)
C11-C10 1.657(5) | 03-C10-CI1 132.2(2)
C10-C6 13403) | C6-C10-03 111.003)
C10-03 1396(4) | C6-C10-Cl1 116.803)
C8-Brl 2.0353) | CO-C11-C10 131.4(2)
C1-01 1.141(4) | C3-C4-N1 113.93)
C1-02 1.328(3) C5N1C4 135.3(2)
01-C1-02 124.5(3)
01-C1-C2 119.43)
02-C1-C2 116.0(3)
C1-C2-C3 111.6(3)
C4-C3-C2 112.703)

IV.7.1.2. Intermolecular interactions

The lengths and angles of the intermolecular hydrogen bonds are collected in Table IV.6 This
bond is defined by three variables: Hydrogen donor distance: D- H. The acceptor hydrogen
interaction: H...A. The acceptor hydrogen donor angle: D- H... A. There is a relationship be-
tween the interaction H...A and the angle D -H... A; the stronger the interaction H...A the
stronger the angle D- H... A is large and the lower the hydrogen bond the smaller the angle.
These types of hydrogen bonds can be intramolecular when the donor and acceptor are part of

the same molecule and intermolecular when they are part of two different molecules.
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Table IV.7. Angles (°) of the intermolecular hydrogen bonds of the Cu(II)L3 complex.

D-H...A D-H( A) H..A(A) D..A (A) D-H...A (°)
C5-H5...01' 0.78(4) 2.448 3.077( 3) 138.84
C7-H7...01 0.92(4) 2.658 3.488( 3) 150.24
C9-H9...03i 0.9300 2.561 3.296( 3) 136.24
C11-H11...Brl'  0.85(3) 3.005 3.58(3) 126.34
C3-H3B...Cgl"  0.9700 2.606 3.345(3) 133.12

Symmetry code: (i) %+x, Y-y, 1-z; (i) 3/2+x,-1/2+y,z; (iii) ) -Vo+x, -Yo+y,1/2+z ; (iv) 3/2-x,1/2+y,z

IV.7.1.3. Elementary cell

The ligand (H2L3) elementary cell is seen in Figure V.13 below, with a volume of 2342.09 A

3/cell. There is one molecule in the asymmetric unit and eight molecules per (Z=8) in the mesh.
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Axis (a)

Axis (b)

Figure IV.13. Projection of the elementary cell of (H2L.3) along the three crystallo-

graphic axes a, b and c.

The unit cell being centrosymmetric, characterized by an inversion point in the center O at [0,
0, 0],with three screw axis 2 times in the direction [1, 0, 0], [0, 1, 0] and [0, O, 1] to (x, %4,0), (
0,y, ¥4) and ( %4, 0, z) with the screw components 4,0, 0], [0, Y4, 0], [0,0 , 2 ] and three sliding
planes perpendicular to planes [1, 0, 0], [0, 1, 0] and [0, 0, 0, 1] with sliding components [0, 2
,01,[0, 0, 2] and ['4,%, 0] respectively.
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Figure IV.14. Mesh in a plane, b ¢ of ligand (H2L3) with symmetry elements.

IV.7.1.4. Crystal lattice
Figure IV.15 shows a projection of the ligand lattice (H2L3) along the three axes (a), (b) and

(c), the atoms are ordered to form parallel lines for each group of identical atoms. The crystal-
line lattice of this compound shows us that the crystalline system is formed by stacking parallel
lines.

In the ¢ plane, the molecules of the crystalline network adopt an alternate parallel shape by
creating tunnels inside the network. In the b plane, a form also alternate and ordered. The adja-

cent molecules adopt in the case of the plane has an alternate zigzag shape
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(a) [100]

(b) [010]

(c) [001]

Figure IV.15. Molecular crystalline stack of (H2L3) in three crystallographic planes: (a)

[100], (b) [010] and (c) [001].
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IV.7.2. Crystallographic characterization of the Cu(II)L3 complex

The Cu(IT)L3 complex crystallizes in a monoclinic system having the space group P21/c or Z
=2 (Z: numer of patterns per mesh) with a structure is centrosymmetric. The mesh parameters
are : a =8.2370(6)A, b =11.960(1) A , ¢ =11.850(1) A , o=y = 90.00°, B=96.697(3)°. The
following figure (IV.16) shows the perspective representation of the Cu(II)L3 mononuclear

complex. The main crystalline parameters of the structure are shown in Table IV.8.

Figure IV.16. Perspective representation of the molecule Cu(II)L3.

165



CHAPTER

Table IV.8. Crystallographic data of the Cu(I)L3 complex.

Molecular formula

Molecular weight

Temperature (K)

Radiation A (A)

Crystal system

Space group

a/A

b/ A

c/ A

o/ °

p/e

v/ °

V/A3

Z

Calculated density (mg cm™)
Absorption coefficient (mm™)
F(0 00)

Reflections measured/independent
Range/indices (h, k, 1)

Theta range for data collection (°)
Completeness to theta = 25.242
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices (all data)
Extinction coefficient

Largest diff. peak and hole (e.A)

C22H20Br2CuN20¢
638.97

298(2)

0.71073
Monoclinic

P21/n

8.2370(6)
11.960(1)
11.850(1)

90

96.697(3)

90

1159.47(16)

2

1.83

3.63

637

44375, 4477 [R(int) = 0.0925]

h=-11-10,k=-17-17,1=—-16—16

3.331 to 30.590

99.1 %

Full-matrix least-squares on F?
3535/0/151

1.018

R1=0.0740, wR2 =0.1185
n/a

0.663 and -0.937

IV.7.2.1. Polyhedron of coordination

Table IV.9 summarizes the lengths of the interatomic bonds and the angles surrounding the

metallic center Cu. The structure of the Cu(I[)L3 complex reveals that copper is tetracoordi-

nated, the coordination of the nickel atom is ensured between the two oxygens (O1 and O2) and
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the two azotes (N1 and N2) of the Schiff base (N202) in a configuration, these atoms constitute

the equatorial plane of the polyhedron, which gives copper a square plane geometry.

Table I'V.9. Interatomic distances and Cu(II)L3 complex bond angles.

Distances (A) Angles (°)

Cul-Ol 2.397(5) 01-Cu2-01' 180.00(10)
Cul-02 2.029(4) 01-Cu2-NT! 89.19(10)
Cul-03 1.869(4) O1' -Cu2-N1 89.19(10)
Cul-04 1.855(4) 01-Cu2-NI 90.81(10)
Cul-N1 2.161(5) O1-Cu2-N1 90.81(10)
Cul-N2 2.060(4) N1-Cu2-N1 180.0
Symmetry code: (i)1-x,1-y,1-z

1V.7.2.2. Intermolecular interactions

Two kinds of intermolecular hydrogen bonding are seen in the Cu(I[)L3 complex crystal: C—
H....O and C—H....H. Figure IV.17 shows how mild these relationships are. Table IV.10 below
provides a summary of the atoms' lengths, angles, and types of bonds involved in these inter-

molecular interactions.

Table IV.10. Lengths (A) and angles (°) of Cu(IT)L3 intermolecular hydrogen bonds.

D-H...A D-H(A) H..A(A) D..A (A) D-H...A (°)
C7-H7...02% 0.9300 2.641 3.55(2) 165.76
C10-H10Af...Cg1 0.9700 3.116 3.55 108.83

Symmetry code: (i) -1+x, y, z, (iii) Yo+x,1/2-y, Yotz
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Figure IV.17. Representation of the intermolecular interaction in the Cu(II)L3 crystal.

IV.7.2.3. Elementary cell
Figure IV.18 below shows the elementary cell of the Cu(I)L3 complex occupying a volume of
1159.47A 3/cell. The asymmetric unit contains a single molecule and the mesh contains two

molecules per (Z=2).

Figure IV.18. Representation of the mesh with axes a, b and ¢
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The unit cell being centrosymmetric, characterized by an inversion point in the center O at [0,
0, 0], screw axis 2 times in the direction [0, 1, 0] at %4, y, ¥4 with screw components [0, /2, 0]

and a sliding plane perpendicular to the plane [0 1 0] with sliding components ['%, 0, '2] as
shown in Figure IV.19 below.

Figure IV.19. Mesh in plane a, b ¢ of Cu (II)L3 complex with symmetry elements.
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IV.7.2.4. Crystalline lattice

The crystalline lattice of the Cu(II)L3 complex is shown in Figure IV.20 based on the three
principal planes, a, b, and c. The lattice takes on an alternating zigzag pattern in plane a and

con, while the two neighboring structures alternate in a parallel form in plane b

Plan ¢ (001)

Figure IV.20. Representation of the Cu(II)L3 crystal lattice.
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IV.8. Hirshfeld surface analysis

A Hirshfeld surface analysis [22,23] was carried out in order to gain a better understanding of
the nature of the stacking in the crystal structures of the Cu(I)L3 copper complex and the ligand
(H2L3). This method makes it possible to recognize and examine the intimate relationships that
exist between the atoms that make up the crystal. Using Crystal Explorer 3.1, Hirshfeld surfaces
are produced with a normalized contact distance (dnorm) that is based on two different types of
distances: the exterior distance (de) and the internal distance (di), which span ranges from -
0.718 (red) to 1.383 (blue) [22-25].

A close look at the three-dimensional Hirshfeld surface (Figure IV.21) indicates that the O-H
hydrogen bond is responsible for the "hot" red spots that are located close to O1, O2, and N1,
N2. O, C-H, N, and O-H, C, short-distance connections.

0.25A = o +1.3 A

-0.43 A w= s +13A

Figure IV.21. Hirshfeld surface of (H2L3) and Cu(IT)L3 plotted on dnorm.

With a rate of 36 and 25.3%, respectively, contacts of type H... H (Figure IV.22) in the molec-
ular structure represent the most significant contribution in the surface of interaction of the
ligand (H2L3) and Cu(II)L3. An origin-oriented point, with di+de ~ 1.2 A for H2L3 and ~ 2.4
A for Cu(II)L3, characterizes these contributions. The normalcy of these contacts is indicated
by comparing the distance di +de with the sum of the Van der Waals rays of the bond's atoms
(VAW (H) + rVdW (H) = 1.2+1.2 = 2.4 A). These interactions are found in the white portions

of the surface.
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Figure 1V.22. Two-dimensional fingerprints of each type of interaction in the structure of

(H2L3) and Cu(ID)13.

A two-dimensional fingerprint trace of the Hirshfeld surface of (H2L3) and Cu(I)I13 showed
that type contacts H...O/O... H (Figure IV.22) show 17.1% and 20.4% respectively, they are
illustrated by two long symmetrical peaks with di+ de ~ 2.4 A and 2.8 A for (H2L3) and
Cu(ID13 . This interaction is considered the second strong interaction in the crystal after the
interaction of types H...H, this judgment is based on the comparison of di+de with the sum of
the Van der Waals rays of the atoms participating in the bond (rVdW (H) + rVdW (O) = 1.2
+12=2,4 A et 1.4+1.4=2.8 A). They are indicated by bright red points where the hydrogen
interactions O-H... O and O-H... C are located, translated by short distances.
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PART II: STRUCTURAL STUDY BY THEORETICAL CALCULATION

IV.9. Quantum chemistry calculations by DFT

A theoretical investigation using the theorem «DFT» and the computation B3LYP/6-311G (d,
p) has been added to the practical portion in order to determine certain quantum parameters,
such as the partial charge of atoms, the energy of molecular orbitals (HOMO and LUMO), the
ion potential, etc. via perhaps identifying the favorable locations that may trigger the response
of decreased antioxidant activity. The ligand's ideal molecular structure (H2L3) is depicted in

the image below.

Figure IV.23. Optimal molecular structure of the ligand (H2L3).

IV.9.1. Frontier molecular orbitals (OMF)

It is commonly recognized that HOMO and ionization energy (I) are connected, with the former
revealing information about a molecule's locations that are more likely to donate electrons to
the right orbital of an acceptor molecule. The electronic affinity (A), on the other hand, which
indicates the locations most likely to take electrons from appropriate donor species, is connected
to LUMO [26].

The electron distributions computed in the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are displayed in Figure IV.24. It is evident that
the ligand's (H2L3) HOMO energy distribution is mostly dispersed across the aromatic cycle,
including the hydroxy group and the brome atom. Conversely, the LUMO includes the whole

ligand's aromatic cycle with the imine function.
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LUMO+2 (-3.45 eV) LUMO+1 (-3.77 eV)

"

9 9

LUMO (-5.14 eV) AE
2.51 eV)
05
9 )
HOMO (-7.65 V)
HOMO-2 (-9.12 eV) HOMO-1 (-8.14 eV)

Figure 1V.24. HOMO and LUMO molecular orbitals of the H2L3 ligand.

The quantum chemical parameter values calculated for the ligand (H2L3) are collected in Table

IV.11.
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Table IV.11. Energy of the frontier orbitals (eV) for the ligand (H2L3) at the theoretical
level B3LYP/6-311 G.

Energy (eV) H2L3
E (Homo) -7.65
E (Lumo) -5.14
E (gap) 2.51

The results presented in Table IV.11 show that the high value of E(EHOMO) (-7.65) shows good
efficacy [27].

On the other hand, the low values of E(LUMO)(-5.14) increase the probability that the molecule
accepts electrons [28]. The results found from the quantum calculations indicate that the ligand
(H2L3) has a low value of the energy difference (AE = 2.51 eV). This confirms the reactivity
of the studied compound.

Other quantum parameters such as absolute hardness (1)) and softness (o) can influence biolog-
ical efficiency. The absolute hardness () is approximately equal to AE/2 and can be defined
according to the chemical principle of absolute hardness and softness (HSAB). It provides in-
formation on the reactivity of the molecule. A high value of absolute hardness (1) indicates high
stability and low reactivity while the high value of softness () shows that the molecule has a
high reactivity [29,30].

In addition, the global electrophilic index (®) is another important parameter that defines the
ability of a molecule to accept and/or give electrons, where a high value of (®) indicates a g
ood electrophile (acceptor), while a small value of (®) suggests a good nucleophilic (donor)
[27]. In other words, the ability to acquire electrons to stabilize.

The results show that ligand has a low chemical reactivity. This is in good agreement with the
low value of the overall hardness (1.26 eV) and the high value of the global electrophilic index
(0) (16.25) (Table IV.12), which proves that the ligand (H2L3) is a good electrophile. This

result corroborates with the literature [29,31].
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Table IV.12. Quantum parameters for ligand (H2L1).

Quantum parameters (eV) Ligand (H2L3)
Ionization energy I 7.65
Electronic affinity A 5.14
Chemical potential p -6.40
Hardness 1 1.26
Electrophilicity o 16.25
Softness ¢ 0.79
Electronegativity % 6.40

IV.9.2. Mulliken atomic charges

Mulliken charges of atoms is used to determine the distribution of charges in the molecular

structure and locate active sites. Table IV.13 groups the Mulliken charges for the ligand (H2L3).

Hydrogen atoms and some carbon atoms have positive charges, while nitrogen and oxygen at-

oms have negative charges. The most negative atoms are: 02, O3, OS5 and N7. The latter are

active centers in the reactivity of these molecules.

Table IV.13. Mulliken atomic charges calculated for the ligand (H2L3).

Atoms Mulliken charges atoms Mulliken charges
Br1 0.425 C15 -0.546
02 -0.835 H16 0.366
03 -0.757 H17 -0.384
C4 0.511 C18 0.184
05 -0.827 C19 -0.139
Cé 0.481 C20 -0.459
N7 -0.581 C21 0.415
C8 1.223 C22 -0.407
Cc9 -0.935 H23 0.366
H10 0.386 C24 0.600
H11 0.392 C25 -0.467
C12 -0.788 H26 0.331
H13 0.387 H27 0.362
H14 0.386 H28 -0.371
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Table IV.14. Theoretical (B3LPY/ 6-31G (d, p) ligand (H2L3) bond angles.

Liaison Distance Liaison Angle
C1-C2 1.40854 C13-012-C1 118.71
C1-012 1.40085 C1-C2-010 119.20
C2-010 1.38507 C17-N19-C20 118.97
C13-012 1.45027 010-C2-C3 120.33
C17-N19 1.28812 C2-C1-012 112.93
C20-N19 1.46836 030-C29-031 121.70
C29-030 1.23420 C24-C29-030 126.99
C29-031 1.38253 C21-C20-N19 109.73

1V.9.3. Molecular electrostatic potential (MEP)

For molecules, electrostatic potential maps are highly helpful three-dimensional diagrams.

They make the molecular characteristics and charge distributions visible. The optimized Gauss-

ian 0.9 geometries' molecular electrostatic potential (MEP) was computed in order to forecast

the compounds under study's reactive electrophilic and nucleophilic attack sites. MEP's positive

(green) and negative (red and yellow) areas correspond to nucleophilic and electrophilic reac-

tivity, respectively.

Figure IV.28 shows that the oxygen atoms O2, O3, and OS5 (shown in red and yellow) are cov-

ered in a negative charge. On the remaining ligand atoms (H2L3), however, the positive area

was confined. The most reactive component of the complexes is the oxygen atoms' high elec-

tronegativity.
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Figure I'V.25. Cartograph of the molecular electrostatic potential of ligands H2L3 drawn

on surfaces of total density (a): Front view and (b) Rear view.

PART III: BIOLOGICAL STUDY, ANTIOXIDANT PROPERTIES

The creation of novel antioxidant compounds for use in food, medicine, and cosmetics is now
of significant interest. Artificially produced compounds possessing anti-oxidant properties can
function via many pathways, including as ion reduction, lipid peroxidation suppression, and
free radical trapping [32].

Therefore, in order to evaluate this antioxidant activity, several methodologies based on diverse
chemical reactions must be used [33].

The DPPH and ABTS assays were employed in this investigation to assess the antioxidant ca-
pacity of the ligand (H2L3) and its metal complexes. The findings, which are reported as IC50
(concentrations that trap 50% of free radicals or inhibitory concentrations), are shown in Table
IV.15. BHT and BHA were two of the standard compounds employed in the comparison inves-

tigation.
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Table IV.15. Antioxidant activity of ligand (H2L3) and its two complexes by different

methods.
DPPH ABTS
ICS50 (ng/ml) ICS50 (ng/ml)
Ligand (H2L3) 316.476 740.747
Mn(II) L3 1348.239 525.651
Cu(I) L3 1914.222 644.606
BHA 6.14+0.41 1.81+0.10
BHT 12.99+0.41 1.294+0.30

IV.10.1. Test du radical DPPH

The percentage of the tested chemicals' trapping effect is displayed in Figure IV.26 together
with the BHA and BHT standards'. Ligand (H2L3) has a non-significant capability by contrib-
uting to BHA and BHT, and it has a considerable dose-dependent antiradical capacity. It can
trap free radicals DPPHe at the micro molar scale.

The ligand (H2L3) rapidly achieves maximum activity at a very low concentration, according
to the data, but the two complexes, Mn(II)L3 and Cu(I)L3, take longer to attain maximum

activity, but only at low concentrations and with a yield that is regarded as low.
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Figure IV.26. Kinetics of the anti-radical activity of the ligand (H2L3) and its metal com-
plexes Mn(II)L3 , Cu(II)L3 with the BHA and BHT standards on the DPPH radical.
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Figure IV.27. IC50 inhibitory concentration values in (ug/ml). Ligand (H2L3), Mn(I)L3
and Cu(II)L3 complexes and BHA and BHT standards.

Based on these findings, it seems that the ligand (H2L3) has a moderate level of antioxidant
power, while the complexes of Mn(II)L3 and Cu(II)L3 have much lower levels than those of
BHA and BHT, with IC50 values for BHA and BHT being 316.476, 1348.239, 1914.222
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(ng/ml), and 6.14, 12.99 (ug/ml), respectively. These findings demonstrate the dose-dependent
antioxidant action of the ligand (H2L3). Generally speaking, the chemicals under study's anti-

oxidant activity can be arranged in declining order:

Cu(II)L3 <Mn(II)L3 < H2L3 < BHT < BHA

The links between structure and activity imply that a molecule's antioxidant capacity is en-
hanced by a number of structural features. The reducing power of some compounds is depend-
ent on the presence and arrangement of electrodonor and electroattractor groups [34,35]. Our
products' ability to trap may be attributed to their O-H (hydroxyl) groups, which have the ability
to donate hydrogen to neutralize the DPPHe radical. However, this is not the case for our mol-
ecules due to the presence of the aliphatic chain, which breaks the aromaticity of the system
and prevents electron mobility. Strong electroattractor groups, such as bromine, fluorine, and
nitro, in para position on the phenyl nucleus, will significantly increase the activity of mole-

cules.

IV.10.2. ABTS radical test

The ABTS+ radical was also used to gauge radical activity. The kinetics of (H2L3), Mn(II)L3,
and Cu(I)L3, as well as the standards employed to trap this radical, are displayed in Figure
IV.31. The ABTS-+ test and the Mn(II)L3 complex show that it has a dose-dependent antiox-
idant impact; an increase in antioxidant power is shown with an increase in the Mn(II)L3 tested
concentrations. Furthermore, even at high concentration values, the Cu(Il) complexL3 and its
ligand, H2L3, have relatively low power. BHT and BHA had a substantially stronger free radi-
cal trapping capacity than the studied compounds, with IC50 values of 740.747, 525.651, and
644.606 (ng/ml) for H2L3, Mn(IT)L3, and Cu(I)L3, respectively (Table IV.15).
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Figure IV.28. Trapping effect of the ABTS+ radical of H2L3, Mn(II)L3, Cu(II)L3 and

BHT and BHA standards.

The compound with the highest antioxidant capacity and lowest IC50 value was ligand (H2L3).

Its metal complexes, Mn(I[)L3, and Cu(II)L3, were next, and they each demonstrated a narrow
trapping effect of the radical ABTS (740.747, 525.651, and 644.606 ng/ml) by contribution to
the standard BHA and BHT with a large deviation, as seen in figure IV.32 below.
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Figure IV.29. IC50 inhibitory concentration values in (ng/ml). Ligand (H2L3), Mn(IT)L3
and Cu(II)L3 complexes and BHA and BHT standards towards ABTS.
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The two metal complexes, Mn(IT)L3 and Cu(II)L3, react better with the radical ABTS+. This

is evident when comparing the antioxidant activities of the studied compounds measured by the
two methods, DPPHe radical scavenging and ABTS+ radical scavenging. The ligand base of
Schiff exerts an antioxidant effect almost in the same order. In conclusion, the electroattractor

groups have a strong effect on the non-significant antioxidant activity of all these compounds.

IV.11. Conclusion

The metal complexes Cu(ll) and Mn(Il) of ligand E-4-((5-bromo-2-hydroxyhybenzyli-
dene)amino)butanoic acid (H2L3) were produced. Both the yields and the quality of the syn-
thesized goods are respectable. We were able to identify and describe every structure using
spectral studies (IR, UV/Vis, and 1H-NMR) with cyclic voltammetry. The hypothesized struc-
tures are compatible with the interpretation of the various spectra. ligand (H2L3) and the mon-
onuclear complex Cu(II)L3 are produced as single crystals and have undergone extensive struc-
tural analysis, which firmly validates the suggested compounds' structures.
After a thorough analysis of the molecular structure's Hirshfeld surface, it is evident that the
most significant contribution to the interaction surface is made by H... H type interactions.
The potential of antioxidants in vitro has been assessed using several techniques. The results

indicated that these compounds have modest antioxidant activity.
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General conclusion

In this work three new Schiff base compounds: 2,2'-((1E,E')-(bis(azanylylidene)bis(methany-
lylidene)bis(bis(4-bromophenol)(2-hydroxypropane-1,3 diyl) (H2L1), 2,2'-((1E,11E)-5,8-di-
oxa-2,11-diazdecaado-1,12-diyl) (H2L2), E-4-(5-bromo-2-hydroxybenzhyylidene)amino)buta-
noic acid (H2L3) were synthesized by simple methods with good yields and characterized by
the usual spectroscopic methods UV-vis, IR, RNM 1H and 13C.

Additionally, the transition metal complexes of copper (II), manganese (II), zinc (II), and cobalt
(IT) were produced and studied using infrared and ultraviolet-visible spectroscopy techniques.
The synthetic complexes have high melting points and are all solid and stable in the presence
of air and ambient temperature. We were able to draw attention to the structures of the produced
compounds via the use of these analytical procedures.

Cyclic voltammetry, based on the metal center, indicates that the process of oxidation and re-
duction of active sites is mono-electronic. Redox systems show reversibility of load transfers.
The crystallographic findings unequivocally demonstrate that the azomethine group's and the
phenolic hydroxyl group's nitrogen donor sites are used in the coordination of the metal ions.
In order to comprehend the crystalline stack and determine the intermolecular interactions that
maintain the cohesiveness of our crystal, a thorough examination of the Hirshfeld surface is
provided. The most significant contribution to the interaction surface is represented by H... H
type contacts, according to a thorough analysis of the Hirshfeld surface of the molecular struc-
ture..

The investigation of non-linear optical properties on the ligand (H2L2) shows a good answer.
Theoretical calculations using the Functional Theory of Density (DFT) method are performed
to determine the optimized electronic structure for ligands. Load transfers are modelled in order
to compare the results with the available experimental data.

Les tois séries de base de Schiff et ses complexes ont été testés in vitro pour évaluer leur activité
antioxydante a I’aide des méthodes de piégeage des radicaux libres dont le test de DPPH et de
ABTS ou ils sont montrés une trés faible activité antioxydante.

The basic series of Schiff and its complexes were tested in vitro to assess their antioxidant ac-
tivity using free radical trapping methods including DPPH and ABTS test or they showed very

low antioxidant activity.
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Abstract

Three series of Schiff base ligands were synthesized by a 5-bromo-2-hydroxybenzaldehyde
condensation reaction with three different amines. The structural determinations were identified
using UV-vis, FT-IR and 1H ,13C spectroscopic analysis. The products were obtained with ex-
cellent yields. Prepared Schiff bases have been used as tetradentate and bidentate ligands to
coordinate Co(II), Cu(II), Mn(II) and Zn(II) that lead to complexes with a metal/ligand ratio of
1:1 and 1:2. The electrochemical properties of metal complexes were conducted by cyclic vol-
tametry in DMF. The molecular structure of the single crystals obtained for certain compounds
was also determined by the DRX diffraction technique on single crystals. Hirshfeld’s surface
analysis provided information about the existing interactions in the structure of the two prod-
ucts, and helped to view and understand its crystalline stacking. Theoretical calculations using
the Functional Theory of Density (DFT) method were performed. The investigation of non-
linear optical properties on the ligand (H2L2) shows a good answer. investigations carried out
on the antioxidant capacities of our products were made from in-vitro experiments against the
free radicals DPPH and ABTS.

Keywords: Schiff base, Crystallography, DFT ,X-ray diffraction, Antioxidant activity, Non-
linear optical properties.

Résumé

Trois séries de ligands bases de Schiff ont été synthétisés par une réaction de condensation de
5-bromo-2-hydroxybenzaldehyde avec trois amines différentes. Les déterminations structu-
relles ont ét¢ identifiées a 1'aide d'une analyse spectroscopiques UV-vis, FT-IR et RMN 1H
,13C. Les produits ont été obtenus avec d'excellents rendements. Les bases de Schiff préparées
ont été utilisées comme des ligands tétradentates et bidentate pour coordonner Co(Il) ,
Cu(IT),Mn(II) et Zn(II) qui menent aux complexes avec un rapport métal /ligand de 1:1 et 1:2.
Les propriétés électrochimiques des complexes métalliques ont été menées par voltamétrie cy-
clique dans le DMF. La structure moléculaire des monocristaux obtenus pour certains composés
a été également déterminée par la technique de diffraction DRX sur monocristal. L'analyse de
la surface de Hirshfeld a fourni des informations sur les interactions existantes dans la structure
des deux produits, et aidé a visionner et & comprendre son empilement cristallin. Des calculs
théoriques utilisant la méthode de la théorie fonctionnelle de la densité (DFT) ont été effectues.
L’investigation des propriétés optiques non linéaire, sur le ligand (H2L2) montre une bonne
réponse . des investigations réalisées sur les capacités antioxydantes de nos produits ont été
faites a partir des expériences in-vitro envers les radicaux libres DPPH et ABTS.
Mots clés : Base de Schiff, Cristallographie , Diffraction des rayons X, DFT, Activité antioxy-
dant , Propriétés optique non linéaire .
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