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Elektrohemijsko ponaSanje i antioksidativna aktsttetradentatnin Sifovih baza i
njihovih bakar(ll) kompleksa

Abstrakt

U doktorskoj disertaciji je ispitano elektrohemijsionasanje tetradentatnih Sifovih
baza i njihovih bakar(ll) kompleksa primenom aikie voltametrije. IzvrSena je
optimizacija uslova pri kojima je utano ispitivanje. Ispitan je uticaj strukture i @ic
supstuenata na elektrohemijsko ponaSanje.deho je da supstituenti imaju merljiv
efekat na elektrohemijsko pona3anje Sifovih bazgiHovih bakar (Il) kompleksa.
Induktivni i sterni efekti, raztitih supstituenata, uti na promenu elektronske gustine
jona metala, kao i na baznost atoma azota, koprisutan u diaminskom mostu.
Utvrdena je razlika i pravilnost u elektrohemijskom p&argu posmatranog seta
jedinjenja, Sto se detektuje pomeranjem anodnibtodnih potencijala zbog prirode
Sifovih baza, kada su slobodni (kao ligandi) iliokdinativno vezani u kompleksima
bakra(ll).

Pored toga odriena je antioksidativna aktivnosti navedenih jedijggorimenom TLC-
DPPH eseja. Primenom ove metode ondeguje kontakt, a samim tim i reakcija
izmedu jedinjenja i slobodnih radikala nezavisno od @mjenog rastvata Sto je
prednost u poxenju sa spektrofotometriskom metodom. Ispitanavgza izméu
strukture (definisane molekulskim deskriptorima) antioksidativnhe aktivnosti,
elektrohemijskog ponaSanja i antioksidativne aldstni pretpostavljen je mehanizam
ispoljavanja antioksidativne aktivnosti posmatraagje jedinjenja.

Uspostavljene su korelacije izthe redoks potencijala i antioksidativhe aktivnosti.
Jedinjenja sa jakim antioksidativnim aktivnostimak@zuju sposobnost oksidacije na
niskim potencijalima, Sto omogava da se oksidacioni potencijal primeni kao
pokazatelj sposobnosti eliminacije slobodnih raldika

U cilju boljeg razumevanja reakcionog puta i mebara ispoljavanja antioksidativne
aktivnosti urdena su DFT izrunavanja kvantno-hemijskih deskriptora. Dipolni
moment, energija disocijacije veze, naelektrisargeatomima kiseonika i azota (N7 i
N10) pokazuju jako visoku korelaciju sa eksperimbrd odrédenom antioksidativnhom

aktivnogu. Antioksidativna aktivnost bakar (II) komplekgau direktnoj zavisnosti od



dela strukture koju definiSe helatni ugao ravnikupna spinska gustina. Na osnovu
odabranih deskriptora, koji pokazuju visoku korglasa antioksidativnom aktivnés,
pretpostavljen je mehanizam reakcije ispoljavany@ aktivnosti. Slobodni radikal
(DPPH) moZe da bude neutralisan ili direkthom regokn putem premesStanja
elektrona (kompleksi Sifovih baza) ili proton (Sitobaze).

Rezultati ukazuju n&injenicu da poznavanje elektronskih i prostornilkeketa koji
kontroliSu redoks procese posmatranog seta jeda@mogucava ciljnu sintezu novih,

strukturno sknih, jedinjenja sa izrazenijom antioksidativnomiakbu.

Kljuéne rei: Sifove baze, bakar(ll) kompleksi Sifovih bazkekérohemijsko ponasanje,
antioksidativna aktivhost, mehanizam antioksidagiviaktivnosti, DFT, ciklina

voltametrija

Nawna oblast: Hemija
UZa nadna oblast: Analitika hemija
UDK: 543



Electrochemical behavior and antioxidant activityetradentate Schiff bases and their

copper(Il) complexes

Abstract

In this doctoral dissertation was examined thetedebemical behavior tetradentatnih
Schiff bases and their copper (Il) complexes usiglic voltammetry. The
optimization of conditions and investigation of exffs of the structure and impact of
substituents the electrochemical behavior was doihas be found that the substituents
have a detectable effect on the electrochemicaheh of the Schiff bases and their
copper(ll) complexes. Their inductive and sterieets influence the change in electron
density on metal ion and basicity of nitrogen. Efiere, there is the difference in
electrochemical behavior, which is detected by tisigf of anodic and cathodic
potentials values strongly influenced by the natfréhe Schiff base when they free or
bound as ligands in the complex compounds.

In addition it was determined the antioxidant atgiwf investigated compounds with
TLC-DPPH assay. This method provides an opportuwnitgontact and reaction of the
compounds and free radicals independent of theesblused to prepare the solution,
which is an advantage compared to the spectroplatommmethod. Based on results
was investigated the relationship between strudideéned molecular descriptors) and
antioxidant activity, electrochemical behavior aatioxidant activity and assumes a
mechanism to manifest antioxidant activity obsersedes of compounds.

The correlation between the redox potential andomiclant activity was established.
Compounds with a strong antioxidative activitieswlthe ability of the low oxidation
potential, which allows the oxidation potentiallie applied as indication of the ability
of eliminating of free radicals.

For better understanding the reactivity patternsl anechanisms of activity of
antioxidants, the DFT-based quantum-chemical detscd were calculated.
Quantum-chemical descriptors are the numerical esgitation of the molecular
structures. Dipole moment, bond dissociation eneniparge on oxygen atoms and
charge on hydrogen atoms on N7 and N10 show higrelation with antioxidant

activity of the investigated Schiff bases. Anticaid activity of copper(ll) complexes is



highly correlated with chelate plane angle and smim density descriptors. Selected
descriptors, which have the best correlation withoxidant activity, shed light on the
reaction mechanism of scavenging/antioxidant agtief the studied compounds. Free
radical (DPPH) may be neutralized either by diresduction via electron-transfer
(Schiff base complexes) or by radical quenching lwdrogen atom transfer (Schiff
bases).

The results point to the fact that knowledge of phgsical and electronic effects of the
processes which control the redox proceses of figaged and structural similar
compounds offer very interesting research oppaditsiand may be critical in the

design of new ones.

Key words: Schiff bases, Schiff base copper(ll) ptares, electrochemical behaviour,

antioxidant activity, mechanisms of antioxidantatt, DFT, cyclic voltametry
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Introduction

1. INTRODUCTION

Schiff bases form a significant class of compounds in medicinal and pharmaceutical
chemistry with several biological applications that include antibacterial, antifungal and
antitumor activity. Among the organic reagents actually used, Schiff bases possess
excellent characteristics, structural similarities with natural biological substances,
relatively ssmple preparation procedures and the synthetic flexibility that enables design
of suitable structural properties. Schiff base complexes play a vita role in designing
metal complexes related to synthetic and natural oxygen carriers. Metal complexes
make these compounds effective as stereospecific catalysts towards oxidation, reduction,
hydrolysis, biological activity and other transformations of organic and inorganic
chemistry. Unfortunately, most Schiff bases are chemically unstable and show a
tendency to be involved in various equilibria, like tautomeric interconversions,
hydrolysis, or formation ionized species. Therefore, successful application of Schiff
bases requires a careful study of their characteristics. It is important to determine the
potential capability for antioxidant activity of these interesting compounds and find the
factors that lead to the manifestation of antioxidant activity and if it is possible to
determine the mechanism of antioxidant activity. Also, determination of antioxidant
activity using thin-layer and TLC scanner provides an opportunity to contact and
reaction of the compounds and free radicals independent of the solvent used to prepare
the solution. This allows the determination of antioxidant activity of compounds that are
not soluble in the solvent used for preparation of stable free radicals (the same solvents
are needed in the spectrophotometric determination).

Investigation and determination of electrochemical behaviour of Schiff bases and
their complexes provides an opportunity for control of their behavior under different
condition. Cyclic voltammetry has become an important and widely used
electroanaytical technique in this area. Substituents have a detectable effect on the
electrochemical behavior of the Schiff bases and their complexes. Their inductive and
steric effects influence the change in electron density on metal ion and basicity of
nitrogen. Knowledge of the electronic and steric effects that control redox processes of
these compounds offers very interesting research opportunities and may be critical in
the design of new one.



Introduction

The structural characteristics of molecules are expressed through molecular
descriptors and definitions of those molecular parameters that are responsible for the
antioxidant activity. It is known that the antioxidant activity is conceivably related to the
electrochemical behavior. To facilitate observation of the impact structure and finding
the part that is responsible for the redox behavior and therefore the antioxidant activity,
the DFT-based quantum-chemical descriptors were calculated. Quantum-chemical
descriptors are the numerical representation of the molecular structures.

Aim of this doctoral dissertation is to evaluate the influence of the substituents on
electrochemical behavior and the effect of structures on antioxidative activity of these
compounds as well as relation between obtained redox potentials and antioxidant
activity. Objectives of thisthesis were:

a) synthesis and purification of the investigated tetradentate Schiff bases, and their
copper (1) complexes

b) cyclic voltammetry conditions optimization

c) recording the cyclic voltammograms of the investigated compounds at different
scanning speeds

d) disscusion of recorded voltammograms

€) determination of antioxidant activity using the DPPH-TLC assay

f) correlation of structure and electrochemical behavior

g) correlation of structure (defined molecular descriptors) and antioxidant activity

h) determination of mechanism of antioxidant activity of investigated compounds.
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2. GENERAL PART

2.1. Schiff bases

Schiff bases are compounds containingczN— azomethinepg
They are nitrogen analogous of an aldehyde or keborwhich the >c=o group is
replaced by >C=N—R group. These compounds are also knevesiés, imines or
azomethines. It is important to emphasize that fStlsises are compounds having a
formula RRC=NR; where R is an aryl group,.s a hydrogen atom and, & either an
alkyl or aryl group [1]. The Schiff base class ey versatile as compounds can have a
variety of different substituents. They can be uwded or N,N’-bridged. Most
commonly Schiff bases have NO os®4-donor atoms. The oxygen can be replaced by
sulphur, nitrogen, or selenium atoms [2].

The formation of a Schiff base from an aldehydeketones is a reversible

reaction and generally takes place under acid &g batalysis, or upon heating.

0 o
R—NH, + R—C—R —— R—Cli—R
Primary Aldehyde or NHR
amine ketone

Carbinolamine

wR
R—C—R + HO

N-substituted
imine

B-diketones, RCOCHRCOR,, from which it is possible to synthesize Schiff
base, are very important class of ligands, whickehaeen widely investigated due to
their varied coordination modes [3,4]. Extensiverkvtnas been done on various
substituted3-diketones (Figure 1) in whichsR H, R, and R = aryl, alkyl, cyclo alkyl

or heterocyclic groups [5].
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Rl H3C

\ \
£=0 Cc=0

/

R3—C|-\| —_— HZC\
/C=O Cc=0

/

RZ H3C

Figure 1. Structure of3-diketone

This group of compound is capable of keto-enoldangrism (Figure 2). The hydrogen
atom of the CHRgroup is activated by the adjacerT/tc::o groups, leadiog
conjugate system via a prototropic shift. Thes¢otaers exist in equilibrium with each
other [6].

— C—
/ © // O\
R3C—H — R3C /H
/c:o /c=o’
R2 RZ
Keto —_— Enol

Figure 2. Keto-enol tautomerism ip-diketones

The presence of electron withdrawing groups or phen the R and/or R
position(s), increases enolisation, while electreleasing substituents like alkyl and
methoxy group increased the keto tautomers [7 8dliEation is not possible if the-
carbon atoms are disubstituted. Consequently, ftomaf chelates with metal ions
would obviously be impossible. The enol tautomersiabilized by intramolecular
hydrogen bonding, since it is less polar than e kautomer. The tautomeric forms of
B-diketones are readily distinguished by infrareeécsppscopy and NMR studies [9].
Generally, the enol tautomer reacts with appropriatetal salts to form chelate
complexes. The high stability of these complexa@sehbeen attributed to presence of
.benzenoid resonance® in addition to the ,enolagsonance” and in fact, these
complexes have been treated as aromatic systerhl]1dhere are three coordination
modes for3-diketones: (i) O,0O’-chelation of a keto-tautome. icoordination is via the

two carbonyl of g-diketone, and (ii) O-unidentate coordination oblen



General part

B-ketoamines, RCOR;C=CR.NHR, are molecules having &-diketone
structure, in which one>c:o group has been replacedamyNHR, group.
They are capable of acting either as weak acidsmses by virtue of the>c=o or
amino groups respectively [12]. They may assume fatewing structural forms

depending on the amine from which they are derigetines or diamines, (Figure 3).

—N N=— H,N N=—
X NH HN_ ~ b HN_ ~
: H : H
HS N= H,N N=
HO HO
Cc d

Figure 3. Structures of some Schiff bases: N -bis(pyrrole-2-carboxalidene)-1,2-
diaminobenzene; b) N-pyrrole-2-carboxalidene -lig@winobenzene; c) N-salicylidene-
2-aminothiophenol; d) N-salycilidene-1,2-diaminobene

As mentioned above, Schiff bases are functionaliggahat contain a carbon-
nitrogen double bond (>C=N— ) with the nitrogen atom reexted to an aryl or
alkyl group, but not hydrogen. They are of the gah®rmula RR,C=N-Rs, where R
is an aryl or alkyl group that makes the Schiffdasstable imine. This chelating ability
of the Schiff bases combined with the ease of pegjwen and flexibility in varying the
chemical environment about thé/\czN— group makes it gresting ligand in
coordination chemistry. Presence of a lone paieletrons in a Sphybridized orbital
of nitrogen atom of the azomethine group is of aderable chemical importance and
impart excellent chelating ability especially whesed in combination with one or more

donor atoms close to the azomethine group.
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2.2. Schiff base complexes

Schiff bases are generally bidentate, tridentadéradentate or polydentate
ligands capable of forming very stable complexe$ wansition metals. They can only
act as coordinating ligands if they bear a funalogroup, usually the hydroxyl,
sufficiently near the site of condensation in sachay that a five or six membered ring
can be formed when reacting with a metal ion (Fegdy. The tetradentate Schiff base

class is of the type reported in this thesis.

OH
Cs
R™ SN
OH NRY,
C=N_
R R,
a b
CH,
OH HO R _R
i i
Cc= Nzc\ N OH
R @ R @ j@
OH HO
C d

Figure 4. Some classes of Schiff base ligands: a) bidentateidentate;

c) tetradentate; d) pentadentate

Metal complexes of Schiff bases have occupied &aeawle in the development
of coordination chemistry. This is due to the fawt Schiff bases offer opportunities
for inducing substrate chirality’s, tuning the metantered electronic factor, and
enhancing the solubility and stability of eithemimgeneous or heterogeneous catalysts
[13]. Schiff base complexes are known to offere@se and flexibility of the synthetic
procedure; (ii) diverse properties; and (iii) use l@ological models or biologically
active compounds. Many of them are centered orcétalytic activity of Schiff base

complexes in a large number of homogeneous anddgeieeous reactions.
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Metal complexes of the Schiff bases are generalypared by treating metal
salts with Schiff base ligands under suitable eixpental conditions [14,15]. Transition
metal complexes of Schiff bases have been knowa30ryears. Dark green crystalline
solid, bis(salicylaldimino)Cu(ll), had been isoldtérom reaction of cupric acetate,
saliclylaldehyde, and aqueous ammonia as well ag fhenyl and aryl derivates
[16,17]. Structures of these compounds are showfigure 5. Even more Hugo Schiff
determine the stoichiometric ratio of ligand andah€l:2) [18].

O @]
\ \
/CU/Z /CUIZ
C—N C—N
/ \ / \
H H H Ph
a b

Figure 5. Stucures of a) bis(salicylaldimino)Cu(ll) and bgithphenyl derivate

In recent years, there has been a growing intenestthe synthesis,
characterization and crystal structures of coppeghd copper(ll) Schiff base
complexes, not only because they have interestiogegpties and structural diversity but
also because they have found important applicationatalysis for the coupling of
phenylacetylene with halobenzene, preparation pfesnolecular assemblies the design
of single and double-stranded architectures andtidecomplexes [19-27]. Also, many
efforts have been devoted to the design and syistbésew Schiff base ligands that
would be able to control the crystal structure abmer(l) complexes [28-30].

Structure and mechanism of the formation of theifStiase complexes and
stereochemistry of four coordinate chelate com@efoemed from Schiff bases and
their analogues have been discussed in severaws\jB1]. The configuration of the
chelate group in the four coordinate complexes rhaysquare-planar, tetrahedral,
distorted tetrahedral or distorted trigonal pyraamhidith the metal atom at the apex. The
configuration depends primarily on the nature o timetal atom and also on the
symmetry of the ligand field. A variety of physiahical investigations on these
complexes provide a clear understanding of thearesichemical and electronic

properties.
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2.3. Application of Schiff bases and their metal coplexes

Schiff bases and their metal complexes have wigdicgtions in food industry,
dye industry, analytical chemistry, catalysis, fiendpl, agrochemical and biological
activities [32,33]. They are used, e.g. in optaadl electrochemical sensors, as well as,
in various chromatographic methods, to enable teteof enhance selectivity and
sensitivity [34]. Among the organic reagents adyualsed, Schiff bases possess
excellent characteristics, structural similaritiesth natural biological substances,
relatively simple preparation procedures and thethatic flexibility that enables design
of suitable structural properties. Schiff base claxgs of transition metals have been
frequently used as catalysts in diverse procesaed) as oxygen and atom transfer,
enantioselective epoxidation and aziridination, raty organic redox reactions and as
mediators in other oxidation processes. Schiff #ase widely applicable in analytical
determination, using reactions of condensation omgy amines and carbonyl
compounds in which the azomethine bond is formetiefthination of compounds with
an amino or carbonyl group); using complex formatieactions (determination of
amines, carbonyl compounds and metal ions); oinzimg the variation in their
spectroscopic characteristics following changesphh and solvent (pH of solvent
polarity indicators). Unfortunately, most Schiffdes are chemically unstable and show
a tendency to be involved in various equilibrigkelitautomeric interconversions,
hydrolysis, or formation ionized species. Therefaeccessful application of Schiff

bases requires a careful study of their charatitesis

2.3.1. Antimicrobial and antitumor activities

Schiff bases form a significant class of compounds medicinal and
pharmaceutical chemistry with several biologicgblagations that include antibacterial
antifungal and antitumor activity [35,36]. Schifade complexes play a vital role in
designing metal complexes related to synthetic matliral oxygen carriers. Metal
complexes make these compounds effective as spa@bes catalysts towards
oxidation, reduction, hydrolysis, biological actiwand other transformations of organic

and inorganic chemistry [37].
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Agrawal et al. [38] were screened a number of switstl Schiff bases for
antifungal activity in vitro against pathogenic ginnamely, Sclerotium rolfsii and
Rhizoctonia bataticola, and for their effect on nitrification inhibitionnder laboratory
conditions. Maximum antifungal activity was exhddt by (2,4-dichlorobenzylidene)-
(2,4,5-trichlorophenyl)-amine and (3-nitrobenzyhé¢-(2,4,5-trichlorophenyl)-amine
against both fungi with range from 3 to g¢/mL. Maximum nitrification inhibition
was exhibited by (2,4-dichlorobenzylidene)-(2-flophenyl)-amine, (4-fluorophenyl)-
(3-benzylidene)-amine, (2,6-dichlorobenzylidenefigdrophenyl)-amine, and (2,6-
dichlorobenzylidene)-(3-fluorophenyl)-amine.

Chohan et al [39] were synthesized the Schiff §dse the reactions of 2-
aminonicotic acid and salicyaldehyde, 5-bromosaldghyde, 5-nitrosalicyaldehyde
and 5-methoxysalicyaldehyde, respectively. Sinylathe Schiff bases were prepared
by condensing the amino component, 2-amino-1,3abithizole with the respective
aldehydes i.e furfuraldehyde, thiophene-2carbox@lde and  pyrrole-2-
carboxaldehyde. In a similar fashion, the Schiésawere derived from 5-amino-1,3,4-
thiadiazole-2-thiol and the respective aldehydes furfuraldehyde, thiophene-2-
carboxaldehyde, 4-bromothiophene-2-carboxaldehydeyrrole-2-carboxaldehyde,
salicylaldehyde, and pyrindine-2-carboxaldehyd. 8ahthese Schiff bases, were used
as potential ligands for synthesizing their colbJtqickel(ll) and zinc(ll) complexes.
The synthesized Schiff bases and their transiti@ahcomplexes were screened for
their in vitro antibacterial activity against Gramegative Escherichia coli,
Pseudomonas aeruginosa, Shigella flexneri) and Gram-positive Bacillus subtilis,
Saphylococcus aureus) bacterial strains by the agar-well diffusion nogth The
synthesized Schiff bases were found exhibit naar to moderate activity against one
or more bacterial species. On the contrary, allrttetal complexes exhibited varied
activity against different bacteria. The Schiff &éss which were inactive before
complexation became active and less active onesanf® more active upon
coordination with metal ions. The metal complexasvweed comparatively much higher
activity.

Schiff bases play an important role in bioinorgadhemistry as they exhibit
remarkable biological activity. Schiff bases form @teresting class of chelating

ligands that has enjoyed popular use in the coatdin chemistry of
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thiosemicarbazones. Their complexes have receivatsiderable attention since,
because of their pharmacological properties; thayehnumerous applications (for
example as antibacterial and anticancer agents)41#0 Besides the structural
diversities and bonding interactions, bioisostedlationship of thiophene to benzene
has led to several structures of drug analogs iclwibenzene rings have been replaced
by thiophene rings and the thiophene derivativesehapplication as important
therapeutic agents.

In the field of medicine, a series of aryl azo $chases derived from 4-N/N
bis(2-cyanoethylaminobenzylidene) with diazotize@naatic amines showed some
anticancer activity but no anti-HIV activity and ihomologes with different aromatic
and heterocyclic amines and its adducts of hypqutasc acid, showed high activity
against human tumor ceilis vitro andin vivo system. The Schiff base, derived from S-
benzyldithiocarbazate had significant anti-cancgivty. This free Schiff base ligand
was very effective against melanoma [42].

Recently, the research relating with metal compe&e heteronuclear Schiff
bases has expanded enormously and now comprisieig ithteresting aspects in
coordination chemistry with a special emphasis imnorganic chemistry. A use of
organosilicon and organotin compounds as reagentstermediates in the inorganic
synthesis has further strengthened their applicatidloreover, metal complexes of
organosilicon(lV) and organotin(lV) halides with ND, and S donor atoms have
received much more consideration due to their itrédisenvironmental, and biological
applications. These donor atoms have been usedhanee the biological activity of
organosilicon and organotin derivatives. Organcsil{(lV) complexes have been
subjected of interest for their versatile applicas in pharmaceutical and chemical
industries. Organosilicon compounds of nitrogen antphur containing ligands are
well known for their anticarcinogenic, antibactériantifungal, tuberculostatic, and
insecticidal activities. Similarly, organotin compuals are the active components in a
number of biocidal formulations in such diverse agreas fungicides, miticides,
molluscicides, antifouling paints and surface desttants [43].

Also, Schiff bases complexes exhibited variousnaatiobial activities. Divalent
nickel and copper complexes of the Schiff basewel@fromo- andp-aminothiophenol

and sulphanilic acid, phenylbutazone or oxyphengbone and-aminophenol, iodo-
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and  bromo-vanillin and  different  substituted amjnesand  1-(3,4-
dihydroxybenzylidene)thiosemicarbazone were aleafe againstEscherichia cali,
Bacillus subtilis, Staphylococcus aureus and Cryptococcus neoforms [44]. Similarly,
divalent cobalt, nickel, copper, zinc, cadmium amercury complexes of Schiff bases:
N-(5-phenylazosalicylidene)aniline, 2-(5-phenyladaylideneamino)phenol, N-(5-
phenylazosalicylidene)-o-toluidine,  O-(N-pyrrolid@mino)phenol and  O-(N-
thiophene-2-carbonalimine) benzoic acid were afeative againstSarcina lutea,
Bacillus subtilis, Bacillus pumplies and Staphyl ococcus aureus, while the divalent zinc
complex of tetradentate macrocyclic Schiff baseveerfrom 1,10-phenanthroline-2,9-
dicarboxyaldehyde-phenylhydrazine and 1,2-dibroimaee showed fungi toxicity
against Aspergillus niger, Fusarium solani, Shizosaccharomyces arthrosporus and

Rhizopus spp [45].

2.3.2. Miscellaneous Applications

Schiff bases are used as corrosion inhibitor whschased on their ability to
spontaneously form a monolayer on the surface tgrogected. Many commercial
inhibitors include aldehydes or amines, but presayndue to the C=N bond the Schiff
bases function more efficiently in many cases. fhated Schiff base derived from 3,4-
difluorobenzaldehyde and 4denzidine were used as inhibitor in steel [46].

Despite all the above, a large number of difier8chiff base ligands have
been used as cation carriers in potentiometricsens’hey have shown excellent
selectivity, sensitivity, and stability for specifimetal ions such as Ag(ll), Al(ll),
Co(ll), Cu(ll), Gd(l1), Hg(ln, Nil), Pb(l), Y(l), and Zn(ll) [47]. Indeed, from the
ion sensor functional point of view it is cruci@lat the electroactive material dispersed
in a polyvinylchloride (PVC) membrane exhibits sigoaffinity for a particular metal
ion in order to enable selective permeation of oretal ion through the membrane
electrodes [48-50].

Mixed Schiff base complexes are used as pigmentianpaint industry e.g.
[ML 1L2(H20),] (where M = Ni(ll), Cu(ll), Zn(ll); L4 and L, = Schiff bases derived
from 7-formyl-8-hydroxyquinoline ando-hydroxy-4-methoxybenzonapthone or 2-

amino-5-chlorobenzophenone usigoluidine andp-toludine as primary aromatic
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amines) were used in making white, blue and greentp [51]. In catalysis, divalent
metal complexes of Schiff bases have been extdgsivged in the oxidation of
alcohols, cyclopropanation, and base hydrolysanoino acid esters. In these reactions,
the Fe(ll), Ru(ll) and Cu(ll) compounds of Schitide were the most effective [52,53].

In chromatographic separations/applications, dmaleickel and copper
complexes of variousp-ketoamines such as bis(acetylacetone)ethylenaddimi
bis(acetylacetone)propylenediimne, bis(acetylaataih-stilbenediimine and
bis(acetylacetone)-meso-stilbenediimine were used sgationary phases in the
separation of hydrocarbons, heteroaromatic compxuraddehydes, ketones and
alcohols, while theB-ketoamine such as N,N'-propylenebis(acetylacetoime) was
used as the derivatizing ligand in the chromatdg@apeparation of the non-fluorinated
tetradentate -ketoamine chelates of nickel(ll), palladium(ll) dancopper(ll) at
nanogram level without degradation [54,55].

A ruthenium(lll) Schiff base complex was used I tfabrication of chloride
PVC-based membrane sensor [56]. It could also bd as an indicator electrode in the
potentiometric titration of chloride ions with s#w nitrate solution. Gupta at al [57]
recently reported a potentiometric aluminium senbased on the use of N,N’-
bis(salicylidene)-1,2-cyclohexanediamine as a méutarrier in polyvinyl chloride
matrix. It was successfully applied for direct detmation of aluminium(lll) in
biological, industrial and environmental samples. dddition to the homogeneous
catalytic reaction, supported transition metal 8chase complexes also find wide

application in catalysis [58-60].

2.4. Electrochemical behavior of Schiff bases anthé¢ir metal complexes

Cyclic voltammetry (CV) has become an important awnddely used
electroanalytical technique in many areas of cheni#t is used for the study of redox
processes, for understanding reaction intermediaad for obtaining stability of
reaction products. In a cyclic voltammetry expemtrie working electrode potential is
ramped linearly versus time like linear sweep vuolt@etry. Cyclic voltammetry takes
the experiment a step further than linear sweefarohetry which ends when it reaches

a set potential. When cyclic voltammetry reachestgpotential, the working electrode's
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potential ramp is inverted. This inversion can h@apmultiple times during a single
experiment. The current at the working electrodelagted versus the applied voltage to
give the cyclic voltammogram (Figure 6). Cyclic tashmetry is generally used to study

the electrochemical properties of an analytes intem.

15 -

10

Current (pA)
4 ]

1.1 0.9 0.7 0.5 0.3
Potential (V vs AglagCl)
Figure 6. Cyclic voltammogram

Cyclic voltammetry is carried out in stabile sotutito ensure diffusion control.
A three-electrode arrangement is used. Mercury électtrodes are often used because
of their good negative potential range. Other wagkelectrodes include glassy carbon
(GC), platinum (Pt), gold (Au), graphite (C), andrlmon paste (CP). In cyclic
voltammetry, the electrode potential ramps lineadysus time, as already mentioned.
This ramping is known as the experiment's scan (\@tg). The potential is applied
between the reference electrode and the workingretie, and the current is measured
between the working electrode and the counterreléet These data are then plotted as
current (i) vs. potential (E) (Figure 6). As the waveform showse fforward scan
produces a current peak for any analytes that eareduced or oxidized (depending on
the initial scan direction) through the range o thotential scanned. The important
parameters in a cyclic voltammogram are the peaknpals (Ep, Ep) and peak
currents (, i) of the cathodic and anodic peaks, respectivdtg durrent will increase

as the potential reaches the reduction potentidhefnalyte, but then falls off as the

concentration of the analyte is depleted closehto dlectrode surface. If the redox

couple is reversible then, when the applied podéns reversed, it will reach the
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potential that will reoxidize the product formed tine first reduction reaction, and
produce a current of reverse polarity from the fandvscan. This oxidation peak will
usually have a similar shape to the reduction péaka result, information about the
redox potential and electrochemical reaction rafehe compounds is obtained.

If the electron transfer process is fast comparét wther processes (such as
diffusion), the reaction is electrochemically resible, and the peak separation is:

2303 OR OT
AE, = Ep, - Ep = nlFE

Thus, for a reversible redox reaction at 25 °C wittlectronsAEp should be@ Vv

or about 60 mV for one electron. In practice thadue is difficult to attain because of

such factors as cell resistance. Irreversibilite doi a slow electron transfer rate results

0059
n

in AEp > V, greater than 70 mV for a one-electron reactidhe formal

reduction potential (B for a reversible couple is given by the followieguation:

EPc + EPa
2

For a reversible reaction, the concentration iateel to peak current by the Randles—

E® =

Sevcik expression (at 25 °C):
i, = 2686010°[h*?[ALDY> ¥"?

where } is the peak current (amperes)jsithe electrode area (émD is the diffusion
coefficient (cnis™), ¢ is the concentration in mol ¢fhand v is the scan rate in Vs

For the reactions that are 'slow' (so called quasrsible or irreversible
electron transfer reactions) the voltage applielll mat result in the generation of the
concentrations at the electrode surface predicyethd Nernst equation. This happens
because the kinetics of the reaction are 'slow'thas the equilibria are not established
rapidly (in comparison tothe voltage scan ratey. duasi-reversible systems the current
is controlled by both the charge transfer and nti@sssport. The voltammograms of a
quasireversible system are more drawn out and #xailbarger separation in peak
potentials compared to a reversible system.

For instance if the electron transfer at the sarfescfast and the current is

limited only by the diffusion of species to the @tede surface, then the current peak
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will be proportional to the square root of the scate. This relationship is described by
the Cottrell equation [61-63]

The electrochemical behavior of three synthesizgdffSbase Co(ll) complexes

with N,SO donor group was investigate in different nonemys media such as
acetonitrile (AcN) and 50% (w/w) dichloromethanenétylsulfoxide (DCM-DMSO)
mixture as aprotic solvents at the surface of sel&ttrodes (Pt, Au and GC) using
tetrabuthylammonium perchlorate as supporting elgdes by cyclic voltametry [64]
It has been found that, these compounds exhibitoortevo quasi-reversible oxidation
peaks. Also, the charge transfer coefficienfsand the diffusion coefficients (D) for
these compounds in various solvents were obtaifi&ée. effect of scan rate and
dielectric constant of solvents on the redox beatravi compounds were evaluated.

The electrochemical behavior of copper(ll) comptexeith the Schiff base
N,N’"-ethylenebis(salicylidenimine) in aqueous phwgp buffer (pH 7.0) was studied
by polarographic and voltammetric techniques ateacory electrode by Fariasercio et
al [65]. The resulting polarograms and voltammograoonsist of a single quasi-
reversible one-electron transfer attributable ® toupling of Cu(ll)salen/Cu(l) salen
via an EC mechanism. In differential pulse adsggpstripping voltammetry (DPV) the
response of the Cu(ll) salen complex is linear dkerconcentration range 0 to 3@’
molL™. For an accumulation time of 30 seconds, the tletedimit was found to be
1.010% molL. Square-wave (SWV) and cyclic voltammetric (CV) aserements
indicated that the Cu(ll)-salen complex and itsuctgbn product adsorb at the electrode
surface.

Also, the electrochemical behaviors of a series Sfhiff base 3-[5-
phenylpyrazol-3-ylimino]indol-2-ones synthesized lilge reaction of various 5-
substituted isatins with 3-amino-5- phenyl-pyrazudes been investigated and compared
with corresponding isatin in dimethylformamide in10M LiCl using cyclic
voltammetry at Hanging Mercury Drop Electrode. &hthesized Schiff bases exhibit a
single irreversible two-electron reduction wavecontrast with the two discrete one-
electron transfer reduction waves observed forngatthis medium. Observation of a
well-developed single reduction wave can be attetbuo the higher basicity of the
nitrogen species of the imine bond of Schiff baseaking proton abstraction as well as

second electron transfer both rapid [66].
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Salicylaldehyde, 2-hydroxyacetophenona] &b-dichlorosalicylaldehyde react
with 1,2-diaminoethane to give three symmetricatifdases HL', H,L? and HL?
respectively. With Ru(lll) ions, these ligands leadthree complexes: Ru(lll)CiL(1),
Ru(lNCIL? (2), and Ru(ICIZ (3). The cyclic voltammetry in acetonitrile showed
irreversible waves for all three ligands. Under shene experimental conditions, it was
proved that the ruthenium is coordinated in theehcomplexes 1, 2, and 3 showing
guasireversible redox systems. The behavior ofetltesnplexes and their comparison
with cytochrome P450 are investigated using thencatslysts in the presence of
molecular oxygen with an apical nitrogen base 1- 2Zesmethylimidazole [67].

Cyclic voltammetry (CV), the square wave voltammawgs (SWV) have
been used to investigate the electrochemical bebaviof 2-hydroxy-5-
bromobenzaldehyde polyacrylamide, 2-hydroxy-5-attb@nzaldehyde polyacryl amide
and 2-hydroxy-5-methylbenzaldehyde polyacrylamidettee mercury electrode in
aqueous media. The bromo- and chloro- derivativerewlectroative while the halide-
free compound, the methyl- derivative, was not. @halysis of the experimental data
supports the formation of anion radicals as a tesfulC-X bond cleavage. The large
polymeric molecules are adsorbed at the mercuitrelge as expected contributing the
adsorption current component to the diffusion @&.|

A series ofcis- andtrans- tetradentate copper macrocyclic complexes, df rin
size fourteen-sixteen, which employ amine and thieredonor groups are reported.
Apart from 5,6,15,16-bisbenzo-8,13-diaza-1,4-dityalohexadecane copper(I¥ig
[Cu(H4NbuSen)]). The complexes were subjected to electrochenaicalysis in water
and acetonitrile. The effect of the solvent, posisi of the donor atomsig§/trans) on
Ei2 is discussed as the comparison of the electrodaiehaviors of these complexes
with their parent Schiff base macrocycles [69].

The electrochemical reduction of 1-[(4-halophemyiho]methyl-2-naphthols
on graphite electrodes was studied using cyclidanoinetry, chronoamperometry,
constant-potential coulometry and preparative @ngbotential electrolysis techniques
by Ucar at al [70]. The data revealed that the ¢c&dn on graphite was irreversible. The
diffusion coefficients and the number of electrtnasisferred were determined using the
chronoamperometric Cottrell slope and the ultramidisc Pt-electrode steady-state

current.
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Mulazimoglu at al [71] were synthesized Schiff éasigand, 4-[(2-
hydroxyphenylimino)methyllbenzene-1,3-diol (HIBD) breaction of 2-aminophenol
and 2,4-dihydroxybenzaldehyde. Electrochemical biehs were investigated on the
glassy carbon electrode (GC) surface with cyclitamometry. The modification of
HIBD on the GC was performed in +0.3 V and +2,8dtemtial range using 100 mV*s
scanning rate having 5 cycle. For the characteozaif the modified surfaces 1 mM
ferrocene redox probe in 0,1 M tetrabutylammonietrafluoroborate (TBATFB) and 1
mM ferricyanide redox probe in 0.1 M,8O, were used. Electrochemical biosensors
combine the specificity of the biological specieadathe analytical power of
electrochemical techniques.

Electrochemical measurements exhibit that a n&aHiff base compound
based on ferrocene {§1;70FeN;) undergoes a reversible one-electron redox process
Ferrocenyl Schiff bases have been employed in waritelds, such as biosensors,
polymer science as active dendrimers, nonlineac®pind liquid crystals. Their redox
and electrical properties have resulted in thisewmidnge of applications. A few of
hydrazones containing ferrocenyl have been syrtbddrom the reaction of hydrazides
with acetylferrocene because they have very actives for transition metal to
coordinate, such as  I;dliacetylferrocene  dihydrazone, acetylferrocene
thiosemicarbazone, and acetylferrocene semicarleaddrese Schiff bases have shown
varied redox and electrical behaviors, depending tlo@ involvement of active

coordination sites [72].

2.5. Antioxidant activity of Schiff bases and theicomplexes

Oxidation is one of the most important processdschvproduce free radicals in
food, chemicals, and even in living systems. Fidicals have an important role in
processes of food spoilage, chemical materialsadiagion, and also contribute to more
than one hundred disorders in humans. Antioxidaresdefined as substances that even
at low concentration significantly delay or prevemtidation of easy oxidizable
substrates. The applications of antioxidants adstrially widespread in order to
prevent polymers oxidative degradation, autooxaratof fats, synthetic and natural

pigments discoloration,etc. Several methods ard tmethe estimation of efficiency of
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synthetic/natural antioxidants, like the ferric weshg antioxidant power (FRAP) assay,
B-carotene/linoleic acid assay, Rancimat methodpitibn of low-density lipoprotein
(LDL)oxidation, DPPH assay, etc. This method diitgris due to the complexity of the
analyzed substrates, often mixtures of dozens ofpocnnds with different functional
groups, polarity, and chemical behaVios].

Fats and oils present in many food and cosmetidymts may easily deteriorate
due to oxidation, in a chain of reactions in whicke radicals are formed, propagated
and finally converted into stable oxygenated conmgoisy which are responsible for off-
flavors and other undesirable characteristics. Alth synthetic antioxidants such as
butylhydroxytoluene (BHT) and butylhydroxyanisoBHA) have been commonly used
to prevent such reactions the increasing demanthédural products” that is free from
chemical additives, which is one of the most im@aortconsumer trends in the
mentioned industries, has motivated the use ofnaben of natural antioxidants such as
tocopherols, flavonoids and terpenoids.

Also, antioxidants play an important role in thertan metabolism. Normally,
the human body maintains a balance between the r@nobantioxidants and oxidation
intiators (i.e. free radicals) by simultaneouslypdurcing both, as a result of metabolic
processes (a phenomenon known as “oxidative stresstiuced). This phenomenon is
believed to be an important part of the naturahg@grrocess, and plays a significant role
on some health problems like artheriosclerosis, dreimatism. The nutraceuticals
industry has thus introduced several natural aitéeoxs as diet supplements. The
development of such natural products, especiabijnfherbs matrices, is an exciting and
fast growing field. Several research groups aralmedvorld have succeeded in finding
and identifying natural antioxidants from herbs aspmices. It is well known, for
example, those herbs from thabiatae family, such as thymus and rosemary, and other
plants such as sage and cloves are a source okigiaits. Other natural antioxidants
are not easily separated from the herbaceous edseitt which is responsible for
flavor and odor. Supercritical fluid (SCF) extractihas been used by several research
groups to overcome these limitations. In principby, manipulating pressure and
temperature it is possible to finely control théusdity of the compounds present in the
herbal material and thus it may be possible to pcedsuperior produc{g4].
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Antioxidants are a variety of compounds that reditferently with different
types of free radicals. Determination of antioxidagativity is not easy. Today they are
used a number of different tests to determine thioxidant activity of different
compounds. Neutralization of free radicals in thethmds for the determination of
antioxidant capacity, takes place by one of twomeasms:

* Hydrogen atom transfer reaction (HAT)
HAT classical method measures the ability to ndiagaradicals by donating a
hydrogen atom.

AH + X" [ - XH + A
These reactions are fast and last a few seconasnigtes, and independent of the pH
and the type of solvent,
» Electron transfer reaction (ET)
It is based on the ability to detect the transférooe electron, from potential

antioxidants, in the reaction of reduction of sacoepounds.

X"+ AH M- X + AH™

AH™ OWP- A + H,O"

X"+ H,O" M-~ XH + H,0
The relative reactivity of antioxidants in the ETetmod is dependent on their
deprotonisation and ionization potential. Therefdres method is dependent on the
solvent pH [75].

Oxygen Radical Absorbance Assay (ORACJotal Radical-Trapping
Antioxidant Parameter (TRAP), Total Oxidant Scavegg Capacity (TOSC),
Chemiluminescence (CL), Photochemiluminescenceyg®%alL), Croton or 3-Carotene
bleaching by LOO" assay, and Low-Density Lipopirotd.DL) oxidation are HAT
methods. ET group of methods belong: Ferric Reduéintioxidant Power (FRAP),
Cupric ion Reducing Antioxidant Capacity (CUPRAG@hd Folin-Ciocalteu method
[76]. Determination of Trolox equivalence antioxiiacapacity (TEAC) and DPPH
(2,2-difenil-1-pikril-hidrazil) assay usually claBed in assays with ET reaction
mechanism, but the free radicals in these two assay be neutralized by both, HAT
and ET reactions [77].
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Various antioxidant activity methods have been usedionitor and compare
the antioxidant activity. In recent years, oxygadical absorbance capacity assays and
enhanced chemiluminescence assays have been uesedluate antioxidant activity of
foods, serum and other biological fluids. Thesehoés require special equipment and
technical skills for the analysis. The differenpég of methods published in the
literature for the determinations of antioxidantiaty of foods involve electron spin
resonance (ESR). Also, analytical methods measweadadical-scavenging activity of
antioxidants against free radicals like the DPP#ical, the superoxide anion radical
(O2), the hydroxyl radical (OK, or the peroxyl radical (ROD[75]. Antioxidant
activity methods using free radical traps are netly straightforward to perform. The
ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulforacid) radical cation) has been
used to screen the relative radical-scavengingtiabilof flavonoids and phenolics
through their Prior et al. [76,77] have used theygexn radical absorbance capacity
(ORAC) procedure to determine antioxidant capagitéfruits and vegetables. In the
ORAC method, a sample is added to the peroxyl ahdjenerator, 2,2’-azobis(2-
amidinopropane)dihydrochloride (AAPH) and inhibiti@f the free radical action is
measured using the fluorescent compound, B-phytw&n or R-phycoerythrin [78].
Phenolic and polyphenolic compounds constitutentiaén class of natural antioxidants
present in plants, foods, and beverages and amlyguantified employing Folin’s
reagent. Vinson et al [79] have measured phenaiicsfruits and vegetables
colorimetrically using the Folin-Ciocalteu reageahd determined the fruit and
vegetable’s antioxidant capacity by inhibition @w density lipoprotein oxidation
mediated by cupric ions.

A rapid, simple and inexpensive method to measutiexdant capacity of food
involves the use of the free radical, 2,2-diphehyicrylhydrazyl (DPPH). DPPH is
widely used to test the ability of compounds to ast free radical scavengers or
hydrogen donors, and to evaluate antioxidant agtofi foods. It has also been used to
quantify antioxidants in complex biological systeimsecent years.

The DPPH method can be used for solid or liqguid@asand is not specific to
any particular antioxidant component. A measurdotél antioxidant capacity helps
understand the functional properties of foods. @ed form of DPPH has an

absorption maximum at 515-517 nm. After the reactwth antioxidant, i.e. after
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reduction of DPPH, the absorbance decreases asu#t of discoloration of DPPH
(from purple to yellow). DPPH assay is based on itnong the reduction of DPPH
absorption maximum (515-517 nm), which is a coneage of the interaction of

radicals with some antioxidant (Figure 7) [73].
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Figure 7.Changes in the absorption spectrum of DPPH aftatien with free radical

Antioxidant activity has been expressed in variomays including the
percentage of the reagent used, the oxidationitignbrate and so on. An easier way to
present antioxidant activity of foods would be teference a common reference
standard. One common reference standard, 6-hydt@xy-8-tetramethylchroman-2-
carboxylic acid, also known as Trolox, serves thispose, as well as, use of the
parameter “EC50” (equivalent concentration to &6 effect) [80,81].

The molecule of 2,2-diphenyl-2-picrylhydrazyl (Frgu 8, structurel) is
characterized as a stable free radical by virtub@fdelocalization of the spare electron
over the molecule as a whole, so that the molealerot dimerise, as would be the
case with most other free radicals. The delocatinadlso gives rise to the deep violet
color, characterized by an absorption band in ethswiution centered at about 520 nm.
When a solution of DPPH is mixed with that of astabce that can donate a hydrogen
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atom, then this gives rise to the reduced formyfad, structur®) with the loss of this

violet color.
NO, NO,
NO, N—N NO, NH-N
NO, " NO,
a b

Figure 8. Structures of two form of DPPH: a) free radicalnbnradical

Although there would be expected to be a residadd gellow color from the
picryl group still present. Representing the DPRHigal the donor molecule by AH,
the primary reaction is

Z'"+ AH - ZH + A
where ZH is the reduced form and i8 free radical produced in this first step. This
latter radical will then undergo further reactiansich control the overall stoichiometry,
that is, the number of molecules of DPPH reduceddtbrised) by one molecule of the
reductant [82].

Six complexes, M(HL)nH,O (M=Co(ll), Ni(ll) and Fe(ll); n=4) with two
ligands, 2-carboxy-benzaldehydebenzoylhydrazone{j-and 2-carboxybenzaldehyde-
(4>-methoxy)benzoylhydrazone {H), have been synthesized and characterized on the
basis of elemental analyses, molar conductivitRsspectra and thermal analyses. The
50% inhibitions (IC50) of the complexes were stddi€his study demonstrated that the
complexes have activity in the suppression of &d OH. In general, the antioxidative
activities increased as the concentration of tleeseplexes increased up to a selected
extent. The complexes exhibit more effective antlamts than the ligands and the
series of the ligand (%) are better than the series of the ligang.(fido [83,84 ].

2.6. Quantum-chemical calculations

In the last decade, it was shown that quantum-atenaalculations can be a
valuable tool in predicting and explaining biolaglice.g. antioxidative activity of
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various compounds. A good correlation between sqoentum-chemical descriptors

(i.e., various electronic descriptors, bond disstben enthalpy and spin density) and
antioxidant activity for a series of molecules weeported [85]. Several works were
published to describe and explain the antioxidati/idy using molecular descriptors.

It is well known that the physical properties ofeofical substances as well as color,
odor, melting point, density, electrical condudiyietc. are very closely related to the
structure of molecules. In addition to the physjoadperties of the molecular structure
vary its chemical and biological activity [86-88h other words, if we consider the

structure of an independent variable, physical erogs, chemical reactivity and

biological activity will be the dependent variable.

Based on previous empirical findings can be assumhed the molecular
characteristics best defines a particular traibrigher to obtain a satisfactory correlation
with the physical sense, it is very important teeseparameters of molecules that will
be applied. These parameters represent the nupaduie of the relevant characteristics
of the compounds, called molecular descriptors 98P- Molecular descriptors are
obtained as the final result of the procedure whith the help of logical and
mathematical procedure based on the structure tdaules generated numeric data that
symbolically represent particular characteristic mblecules. Today, the modern
mathematical software and programs developed tuledé more than 2,000 different

molecular descriptors [93-95].
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3. EXPERIMENTAL PART

3.1. Chemicals and Solutions

All the chemicals used were of reagent-grade qual@imethylsulfoxide
(DMSO) supplied by J.T.Baker was purified further the standard procedure used
before [96]. The supported electrolyte, sodium plerate (Merck) was dried before use.
2,2 -diphenyl-1-picrylhydrazyl (DPPH) and 6-hydyb2,5,7,8-tetramethyl chroman-2-
carboxylic acid (Trolox) were purchased from Flulkdl of the investigated Schiff
bases and their copper(ll) complexes (doublet sgite, d) were prepared according to
described procedures [97]. The structures of thmepomnds investigated in this study

are given in Table 1.

Table 1 Structures of the compounds used in this study.

9
RMN/B\NJ\)?\FQ ECO:CG\ODZ

H H

R R,
No Schiff base R R B No Complex
H,(acac, en) @ CH; CH;s CH,CH, 7 [Cu(acac, en)]

Ha(acac phacacen)® CHs CeHs CHCH; 8 [Cu(acac phacacen)]
Hy(phacac; en) CeHs CgHs CH.CH; 9 [Cu(phacac; en)]
Ha(acac, pn) © CH; CH; CH(CHs)CH, 10 [Cu(acac, pn)]

Hy(acac phacacpn) CH; GCgHs CH(CH;)CH, 11 [Cu(acac phacacpn)]
H,(phacac, pn) CeHs CgHs CH(CH)CH, 12 [Cu(phacac; pn)]

2acac = pentane-2,4-dioneen = ethane-1,2-diaminéphacac = 1-phenylbutane-1,3-dione

°pn = propane-1,2-diamine

O U WNPE

3.2. Apparatus and procedures

3.2.1. Cyclic voltammetry

The electrochemical experiment was carried out gusia CHI760b

Electrochemical Workstation potentiostat (CH Instamts, Austin, TX). Cyclic
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voltammetry was performed using a conventionalgfelectrode cell (5 mL). System
consisted of a working electrode, a reference mldet (Ag/AgCl or Ag/Ad) and an
auxiliary platinum wire electrode. The working dlecdes were pre-polished glassy
carbon (GC), gold (Au) or platinum (Pt). Prior tecording the voltammogram all
solutions (10 M) were deoxygenated by passing the stream obgem into the
solution for at least 10 minutes. Voltammetric mgaements were performed in
dimethylsulfoxide (DMSO0), acetonitrile (AcN) and xture of
dimethylsulfoxide/dichloromethane (DMSO/DCM) (50% /v with supporting
electrolyte (0.1 M sodium perchlorate or tetrablghymonium perchlorate) in the
potential range of -1.5 to 1.5 V, and at sweepsrdtetween 0,01 and 1 V s-1. All

measurements were carried out at room temper2G6t€

3.2.2. Antioxidant activity

Antioxidant activities, of observed Schiff basesl aheir copper(ll) complexes
(Table 1), were determined vitro by DPPH free radical scavenging assay. Before
determination of antioxidant activity by DPPH TLGCssay the optimization of
chromatographic condition were done using diffetgpes of stationary phases: RP 18
silica gel, cellulose, allumina, and silica gelolbx, in concentration range of 0-280
ng/spot, were used as a standard (r =0.9993). pbits ®f 1uL of compound solution
(0.6 mg/mL) in appropriate solvents were appliedabyosampler (Linomat 5, Camag)
on RP18 silica plate (Merck, Germany) as well agseseof standard solutions in
methanol followed by applying of {IL of methanolic solution of DPPH (0.15:10/)
at the same spots. No development was carriedrbig.plate was left in the dark. After
30 minutes of incubation plate was scanned. Camb@ Bcanner with CATS
evaluation software was used with the followingisgs: wavelength 515 nm, scanning
speed 20 mm/s, multi level calibration via peakaafEhe values of antioxidant activity
of the compounds are expressed as Trolox Equivélatibxidant Capacity(TEAC).
Also, the radical scavenging activity (0RSA) wakukated as a percentage of DPPH
discoloration using the following equation:

Apppr ~AS

%RSA = (100

DPPH
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where A; is the absorbance of the spots after 30 minut@scobation and Appy is the
absorbance of the DPPH.

3.2.3. Calculations

Geometries of all molecules were fully optimizedings hybrid Density
Functional Theory (DFT) method, more specificallyecRe three-parameterized
exchange functional and Lee-Yang-Parr correlatiancfional (B3LYP). For the
complexes unrestricted B3LYP calculations were us#l lanl2dz basis set on the
copper atom and 6-31G (d,p) basis set on othersattmer electrons of the copper
atom were described with lanl2 effective core ptéénGeometries of neutral ligand
molecules were optimized with 6-311G (d,p) basig. s8Il quantum-chemical
descriptors were calculated on the optimized gepesetvith 6-31+G (d,p) basis set on
nonmetallic atoms and lanl2dz with EPC on twmpper atom. Electronic molecular
descriptors obtained after optimization were: HOBI@ LUMO energiesAE HOMO-
LUMO calculated as the difference of the energ@ipole moment, total energy,
electronic energy, spin density, charge on atomsNbayural Bond Orbital (NBO)
analysis, and chelate plane angle.

Relative bond dissociation energies (BDE) for disstion of N-H bond in ligand
molecules in methanol solution were calculated gissodesmic reaction shown in

Scheme 1.

Ligand—N—H + @O' —>  Ligand—N" + @—OH

Scheme 1. Isodesmic reaction for BDE calculations

Geometries of all ligands and radicals were fulptimized using B3LYP method for
closed-shell molecules and restricted open B3LYRhote (ROB3LYP) for radicals
with 6-311G (3df,3pd) basis set. The thermal energtuding zero-point energy, work
and translational, rotational and vibrational epyr@orrections were evaluated using

standard statistical mechanics formulas [98]. RPzdbte continuum model (PCM)
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calculations in methanol as solvent were done dimiged closed-shell molecules and
radicals geometries in order to introduce envirominedfect in BDE calculations. All
DFT calculations were done in Gaussian 03 prograeckagge [99]. Statistical
calculations were performed by NCSS 2004 softwakage [100].
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4. RESULTS AND DISSCUSION

4.1. Optimization of condition for cyclic voltammety

Optimization of conditions for investigation ofeetrochemical behavior of
Schiff bases and their copper(ll) complexes weredanan relation to N,N'-
bis(acetylacetone)ethylenediimine  and  correspondingopper(ll)  complex.
Electrochemical behavior was studied by cyclic alinetry in different non-aqueous
media such as dimethylsulfoxide (DMSO), acetomitrifAcN) and mixture of
dimethylsulfoxide/dichloromethane (DMSO/DCM) as @atpr solvents at the surface of
different solid electrodes (platinum, gold and glasarbon) using sodium perchlorate
as supporting electrolyte. The effect of concemrabf the investigated compounds,
solvents, type of electrodes and scan rates ometlh@x behavior of these compounds

were discussed.

4.1.1. The solvent effect

The cyclic voltammograms of copper(ll) complex, twit N,N-
bis(acetylacetone)ethylenediimine as ligand, ivesdl dependent (Figure 9). Solvents
dependence can be accounted for by differenceigliecttic constant and donor number
of the solvent. The dielectric constant for DMSO4&7 while the value for AcN is
37.5. Although both are aprotic solvents, meanimgt they do not have a hydrogen
atom joined to an electronegative atom, acetoaittds a weaker basic character than
dimethylsulfoxide, based on the value of their donamber. Obtained potentials in

different solvents are listed in Table 2.
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Figure 9. Cyclic voltammograms of 1 mM Ca¢ac en) recorded in different solvents
containing 0.1 M sodium perchlorate as supportiegteolyte at the surface of different
solid electrodes, scan rate 0.1V a) DMSO b) DMSO/DCM (50% v/v) c) AcN

Table 2. Cyclic voltammetric data for Ca¢aca en)®
Potentials (Ws.Ag/AgCl)

Solvent . -
Epc Epa

DMSO -0.104 -0.448 -1.367 / +0.239 +0.933 +1.281 +0.900

DMSO/DCM / / / -0.048 / +0.870 +0.780 /

AcN -0.450 -0.620 / -0.375 / +0.829 +0.890 +1.180

% mM; 0.1 M sodium perchlorate; scan rate 0.1V s

*cathodic potentiafanodic potential.
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As can be seen from Table 1 the voltammogram recbnd the DMSO, with
high dielectric constant, shows a higher numberpeéks. In addition, dimethyl
sulfoxide is a highly polar aprotic solvent withgher value of donor number (125
kJ/mol) in comparison with AcN (59 kJ/mol) [101]hi§ results in the ability to solvate
cations i.e. ability to be coordinated to the cagmphnd to stabilize the Cu(ll). This is
observed on anodic potential peak in DMSO at + ®X3vhich is shifted in AcN onto
more negative values (Figure 9).

Linear region of the Randles-Sevcik equation wasdufor calculation of
diffusion coefficient (D) of the compound in applisolvent [102]. The Randles-Sevcik
equation gives a straightforward relation betwdenwoltammetric peak current and D.
The diffusion coefficient is a measure of how féas¢ analyte moves through the
solution as a result of random collisions with otheolecules. From cyclic
voltammograms D can be calculated from Randlesisevequation:
peak current = 0.4463nF A C (b / R T)"? where:

n = number of electrons transferred
F = Faraday constant

A = the electrode surface area in‘cm
v =scan rate in Volt/s

R = gas constant

T = temperature.

Obtained diffusion coefficient values (D) are sumized in Table 3.

Table 3. Diffusion coefficient values data for Gugaca en) in different solvents

Solvent D (crfys) -10°
DMSO 0.28
DMSO/CHCI, 0.48
AcN 0.94

Analysis of the values of diffusion coefficient,as¥s that the values in AcN are higher
than those obtained in DMSO and DMSO/DCM. Solvesgethdence can be ascribed to
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differences in solvents dielectric constants [10Bhe values of D increase with
decreasing of dielectric constant. Thus, we usadethylsulfoxide as electrolyte for
further investigations. With its high polarity combd with a high dielectric constant,
dimethylsulfoxide (DMSO) is an excellent solvent fpolar or polarizable organic
compounds, but also for many acids, alkalis ancerairsalts.

On Figure 10 shown the cyclic voltammograms ofetimylsulfoxide with sodium

perchlorate as supporting electrolyte, ¢ = 0,1 lmst/anned on different scan rates.

-2.0x10°
. i
2.0x10° I
I(A) '
4.0x10° 4
6.0x10° 25 mv/IS
50 mV/S
107 4 75 m\Wis
R / 100 mV/S
L] | 200 mvi/S
1.0x107 { 300 mv/S
T | 400 mV/S
1.2¢10™ 500 m\/S
T b T L I ¥ ] L | J | J | J | L 1
1.4 1.2 1.0 08 08 0.4 02 0.0 -0.2

E (V) vs.Ag/AsCl

Figure 10. Cyclic voltammograms of dimethylsulfoxide withdsom perchlorate as

supporting electrolyte, ¢ = 0.1 mol/L

4.1.2. The effect of different types of working etdrodes

The material should exhibit favourable redox bebawith the analyte, ideally
fast, reproducible electron transfer without eledé fouling. Secondly, the potential
window over which the electrode performs in a giedectrolyte solution should be as
wide as possible to allow for the greatest degfesnalyte characterization. Additional
considerations include the cost of the materialalility to be machined or formed into

useful geometries, the ease of surface renewaliolg a measurement, and toxicity.
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In order to examine the impact of different typek edectrodes on the
electrochemical behavior of investigated compouheé# cyclic voltammograms were
recorded on glassy carbon, platinum, and gold aking electrodes.

Platinum is likely the favorite, demonstrating gasdctrochemical inertness and
ease of fabrication into many forms. The biggesadvantage to the use of platinum,
other than its high cost, is that the presencevehemall amounts of water or acid in
the electrolyte leads to the reduction of hydrogento form hydrogen gas (hydrogen
evolution) at fairly modest negative potentials €£-0.059 - pH). This reduction
obscures any useful analytical signal. Gold eleldsobehave similarly to platinum, but
have limited usefulness in the positive potentaiage due to the oxidation of its surface.
It has been very useful, however, for the prepamatif modified electrodes containing
surface structures known as self-assembled monslagarbon electrodes allow scans
to more negative e potentials than platinum or gakiwell as good anodic potential
windows. The most common form of carbon electrosleglassy carbon, which is
relatively expensive and difficult to machine.

The obtained cyclovoltammograms of @cég en in DMSO, DMSO/DCM
(50% v/v), and AcN are shown in Figure 9. Potesteae shown in V versus Ag/AgCI
at the scan rate of 0.1 V s-1. As can be seen fagure 9 the platinum electrode is
inert in these voltammetric systems thus there asdetectable peaks in recorded
voltammograms. On some voltammograms obtained kt glectrode low intensity
peaks were detected (Figures 9a and 9c).The suwfaglassy carbon electrode is much
more suitable as active area for redox behaviomadstigated compounds compared to
platinum or gold electrodes. Thus, we used glaagyan electrode as working electrode

for further investigations.

4.1.3. Effect of scan rates

Scan rate studies were carried out to assess whittheprocesses on glassy
carbon electrode were controlled by diffusion osa@gtion. The scan rate has a great
influence on the peak current as expected accotdifRandles-Sevcik equation [102].
It is directly proportional to peak current. StudlieN,N -bis(acetylacetone)

ethylenediimine as well as its Cu(ll) complex shimerease in the peak current with
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increase in scan rate 0.01 to 0.1 V s-1. The diffee between anodic and cathodic peak
potential increased with the increase of the sasa r

Cyclic voltammetry is also very useful in determigiithe mode of transport for
the system. The system is designed so that theréaar possible modes of transport,
adsorption and diffusion. The system might exhditiher of these or a combination of
both. In an adsorption-controlled system, the aeatjoes not have to travel to the
electrode. Thus, when the potential required faactien is reached, the current
increases and decreases much more rapidly. Thi iesusharp (narrow) peak with a
high current (since all the analyte can react aeprPeak currents were correlated with
the scan rates and square root of scan ratesaylsttine was observed with the former
correlation and curved line was obtained with &ter correlation suggesting adsorption
controlled oxidation. Also, because of this quickeaction, the anodic and cathodic
peaks are closer than in a diffusion-controlledtesys In our case the peak current
linearly increases with the increase of the squaog¢ of the scan rates. This confirms
that the electrode processes are diffusion corttolHowever, another evidence of the
negative shift of the peak potential with incregsatan rate indicates that there is also
adsorption of the Cafaca en) at the surface of electrode [104]. Therefore, caa
conclude that redox processes of Cu(ll) complerastrolled by both diffusion and

adsorption.
4.1.4. The effect of concentration of investigatecbmpounds
According to electrochemical response, the redakprirrent increased with

increase of analyte concentration. Figure 11 ptesgytlic voltammograms of facac

en) at different concentration.
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Figure 11.Cyclic voltammograms of #lacac en) at different concentration.

The peak corresponds to a particular electroactnedyte in the investigated solution,
and the height of a peak is proportional to theceotration of that analyte. Due to the
fact that the the magnitude of this current is prépnal to the concentration of the
analyte in solution, cyclic voltammetry can be usedn analytical determination of
concentration. The plot of peak current againstceatration of H(acag en shows

linearity with very high values of correlation ceient (r = 0.999)

4.2. Cyclic voltammetry of series of Schiff basesd their copper(ll) complexes

4.2.1. Electrochemical behavior of Schiff bases

Analisys of recorded cyclic voltammograms cleahpwn effect of substituents
in structure of Schiff bases on electrochemicalavedr. Inductive and steric effect are
responsible for different electrochemical compundsich are contained different
substuents such as methyl-, phenyl-, ethyl- as aglisopropyl- present in diammine
bridge. Inductive and steric effect affected dmition of electrones on donor atoms
(O, N).
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Recorded cyclovoltammograms of investigated Sdh#$es under menteniod
conditions are shown on Figures 12-16.
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Figure 12 Cyclic voltammograms of Jacac en
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Figure 13 Cyclic voltammograms of #phacag en)
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Figure 14. Cyclic voltammograms of Jiacacphacac eh
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Figure 15. Cyclic voltammograms of Jacac pn)

36



Results and discussion

-2.0x10°
0.0 ] ~—
2.0x10°
[(A)
4.0x10° - 50mV/S
75mV/S
. 100mV/S
.10 200mV/S
300mv/is
8.0x107 400mV/S
-500mV/S
_ 1000mV/S
LI T
1.4 1.2 1.0 0.8 08 0.4 0.2 0.0 -0.2

E (V) vs. Ag/AgCl

Figure 16. Cyclic voltammograms of #phacag pn)

From obtained figures we concluded that Schiff esasaracterised totaly
ireversible redox process. For all investigatedifdiases is characteristic only one
ireversible peak corresponding to oxidation potdntdf imino group which is
responsible for redox reaction of observe tetrdde: Schiff bases. On Figures 12-16
are clearly defined anodic peak as consequenceewérsible reduction of imino-
azomethin group to amino group. This is in accocdawith results of A. Fry at al
[105]. This intensive characteristic peak apegraaéntial about +1.0 V (Table 4).

Table 4.Values of potential for observed Schiff bases

Schiff base Potential E (V)
H2 (acag pn) +0.999
H. (phacag pn) +0.984
H, (acag en) + 0.992
H, (phacag en) + 0.950
H, (acac phacac en) +0.929
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4.2.1.1. Effect of Schiff base substituents

The obtained cyclic voltammograms of Schiff bask=santy indicate that the
redox processes of the ligands are highly irretésiThey show the presence of only
one anodic peak at potential value in the range f#4.0 to +1.1 V; no cathodic wave
occurs in the reverse scan. This behavior was weddor a wide range of scan rates
from 0.05 to 1 V/s. Hence, such an oxidation prec&sould correspond to a totally
irreversible electron transfer. For all Schiff baseder study, this irreversible oxidation
peak would be ascribed to the oxidation of the angroup through which these
compounds participate in redox processes [106].

The value of anodic potential varies dependinghensubstituents present in the
compound in accordance with the intramolecularadions of the imine group. These
interactions are changing, as expected, dependinipe substituents electronic effect
that is present (inductive effect anetlectron interaction) [107]. The effect of anodic
potential shift is less pronounced in the substitudf first methyl group in comparison
to substitution of both methyls by phenyl-group$eTintroduction of two phenyl
groups in the structure of Schiff bases due tosgmemetry of the observed compounds
has a more pronounced effect on the basicity ohttitegen atom, which participates in
redox processes. Differences in electrochemicahwiehr are not only affected by the
substituents of Schiff bases but also by structiremine bridge. All of investigated
Schiff bases containing propane-1,2-diamine hawetosalues of potentials comparing

to ethane-1,2-diamine. The potentials decreasallmwing order

Hy(acag en) > H(acac phacaen > Hy(phacagen)

H.(acag pn) > H(acac phacapn) > H(phacagpn).

Also, by analyzing the position of peaks obtaineditierent scan rates may be
concluded that the electrochemical processes a@ndigare mainly controlled by
diffusion. With increasing the scan rates all Schéfses show a positive peak potential
shift, as well as an increase in current intensdfiyltammograms of k{phacae en on
different scan rates are shown on Figure 17 as pbeam
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Figure 17.Voltammograms of k{phacag en) at different scan rates 0.05-1V s

Observation of dependance of current intenggythe square root of scan rate
provides an opportunity for information which ofopesses affect on redox behavior:
diffusion and/or adsorption i.e. the mode of trams@nd retention of the compounds
under conditions of cyclic voltammetry. These dejmtes are shown on Figures 18-
22.
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Figure 18.Dependance of current intensity. square root of scan rate fop(Hcac en)
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Figure 22.Dependance of current intensity. square root of scan réfter
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From this figures it is obiously that the electresfical processes are mainly
diffusion controled. Therefore, on some scan rates established different effect.
Adsorption also happened in electrochemical CHilis irreversible oxidation peak
would be assigned to the oxidation of the imineugrthrough which these compounds
participate in redox processes. Also, by analyzimg position of peaks obtained at
different speeds it can be seen that the electroidad processes of ligand are mainly

41



Results and discussion

controlled by diffusion in comparison to these @sses of complex which are
controlled by both diffusion and adsorption.

4.2.2. Electrochemical behavior of copper(ll) comigxes

Obtained cyclic voltammograms of Schiff base cofipecomplexes are shown
on Figures 23-27.
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Figure 23. Cyclic voltammograms of [Catacphacac enh
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Figure 24.Cyclic voltammograms of [Catac en)]
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Figure 25. Cyclic voltammograms of [Cpbacag en)]
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Figure 26.Cyclic voltammograms of [Catac pn)]
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Figure 27.Cyclic voltammograms of [CpHacag pn)]

The best peaks are obtained on scan rat@GmV/s. On Figures 28-32 are shown
cyclovoltammograms which are recorded on this sea@. Characteristic peaks are

assigned from A to F.
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Figure 28.Cyclvoltammogram of [Cacacphacac e recorded at 100 mV's
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Figure 29. Cyclvoltammogram of [C&cac en)] recorded at 100 mV’s
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Figure 30.Cyclvoltammogram of [Cythacag en)] recorded at 100 mV’s
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Figure 31.Cyclvoltammogram of [Cacac pn)] recorded at 100 mV'’s
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Figure 32.Cyclvoltammogram of [Cythacag pn)] recorded at 100 mV's
As can be seen from Figure 29 on the negative etdhe Cuécacen) three

anodic peaks (A,B,C) were obtained. The peak A0&dt04 V is quasi-reversible. This

peak describes reduction of liberated Cu(ll) tolCWorresponding oxidation peak was
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observed at +0.239 V (peak D). This Cu(ll)/Cu(lupte is found to be quasi-reversible
with AEp=0.343 V while the ratio of cathodic and anodealpcurrents is corresponding
to one-electron process. The sharpness of oxidpgak of copper is due to the stability
of Cu(ll) in the applied solvent. Since the DMSG wvary high donor number this peak
is lower than the same peak in AcN. The peaks B@rate irreversible at all sweep
rates in the range 10-100 mV.s

The peak B at -0.448 V can be attributed to theuctdn of metal center
Cu?*(acaeen)/Cu(acagen) while peak C at -1.367 V corresponds to irrsipde
reduction of the imino group [108]. The reversibbadation peak E of the complex
occurs at +0.933 V. Peak E, absent in the CV st#imedigand alone, can be attributed
to the reversible oxidation of the imino groupse3$é groups do not exist in the free
ligand. In the reverse scan they show a small temlupeak G at +0.831 V (Figure 29).
The value of k-, is 0.882 V.

Also, the voltammogram shows anodic wave at +1\2&peak F). The peak F
is observed at nearly the same potential as thregqmonding peak in the voltammogram
of the free ligand. Based on results for N,N -lis{glacetone)ethylenediimine and
copper(ll)(ethylenediamine-bisacetylacetonato) clempve used the same, optimized,
conditions for investigation of structure influenoa chemical behavior of series of
Schiff bases and corresponding copper(ll) compleX¥exble 5) [109]. Under these
conditions we were able to detect significant défeces in chemical behavior between
compounds with fine structural differencés.Table 5are listed values of potentials for

corresponding peaks.

Table 5. Values of potentials for corresponding peaks.

Compound A(V) B(V) C(V) D(V) E(V) F(V)

[Cu(acac en)] -0,56 -1,03 -1,31 -0,27 0,56 0,97
[Cu(acacphacac en -0,54 -1,02 -1,31 -0,29 0,56 0,92
[Cu(phacagen)] -0,45 -1,03 -1,35 -0,29 0,58 0,94
[Cu(acac pn)] -0,47 -0,98 -1,33 -0,27 0,53 0,97
[Cu(phacag pn)] -0,41 -0,96 -1,35 -0,25 0,59 0,93
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The difference between potentials of peakenD B are listed in Table 6. Based on
this results can be concluded that oxidation artlicgon processes of coordinated
copper(ll) ions are irreversible. Difference betwegmtentials of peak D and B increase
with increasing of scan rate. This indicates theersibility of oxidation-reduction
processes.

Table 6. Dfference between potentials of peaks D and B

Compound E-E°
V)
[Cu(acagen) 1,29
[Cu(acacphacac en 1,31
[Cu(phacagen)] 1,32
[Cu(acag pn)] 1,25
[Cu(phacag pn)] 1,22

This is in accordance with ratio values nbdic and cathodic current which are

very close to one (Table 7).

Table 7 Ratio values of anodic (D) and cathodic (B) cutsen

Compound I° (nA) 1® (nA) 1PN (nA)
[Cu(acagen)] 4.020 2.370 1.700
[Cu(acacphacac e 2.130 1.750 1.220
[Cu(phacagen)] 1.120 0.353 3.180
[Cu(acag pn)] 2.310 1.640 1.400
[Cu(phacag pn)] 0.660 1.830 0.360

The phenyl groups in comparison to methglgrare stabilised the lower oxidation
state of of copper ion as a consequence of indueifect of these groups. This effect
lowered the density of electrons on central metalwhich is center of reduction. This
ion started to be more positive and easier capfislgeduction. The potentials of
cathodic peak are moved to more positive valuepadéntial when the investigated
compound contains phenyl groups. The presencestfyigroup which have a positive

inductive effect we established completely oppolsébaviour. The characteristic peaks
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of reduction of imino group are moved to negativaeptials when the number of
withdrawing substituents is increase.

Dependances of current intensity and sguaot of scan rate are shown on
Figures 33-37 (for redox process Cu(Bt Cu(ll)L). Cyclovoltammograms are scanned
on different scan rates: 50, 75, 100, 200, 300, 800, and 1000 mV's

Equatio y=a+b*x
10x10° 1A i RS 0,095

Value Standard
B Interc  -1,393 1,75764
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Figure 33.Dependance of current intensity and square rostan rate for

[Cu(acacphacac en
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Figure 34.Dependance of current intensity and square rostan rate for

[Cu(acag en)]
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Figure 35.Dependance of current intensity and square rostan rate for
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Figure 36.Dependance of current intensity and square rostan rate for

[Cu(acae pn)]

The electrode processes of complexes &Ca€phacac ey [Cu(acag en] and
[Cu(phacag en)] are diffusion controlled, while in the case @u@cag pn)] and
[Cu(phacag pn)] the processes in electrolytic cell are contley adsorption on the

surface of electrode.
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4.2.2.1. Effect of chelation

Knowledge of electrochemical redox processes of Siohiff bases as free
ligands is important in properly assigning the ®lmt transfer processes of
corresponding copper(ll) complexes. In the voltargrams of investigated copper(ll)
complexes (compound 7-12) several characteristakgpeavere detected. They are the
result of the following redox processes: reducidriberated Cu(ll) to Cu(l) (quasi-
reversible), reduction (Cu(ll)L to Cu(l)L) and oxition (Cu(ll)L to Cu(lll)L) of metal
center (quasi-reversible), irreversible reductiérihe imine group and the oxidation of
the imine group [107,108]. Nevertheless, the voiteograms show anodic wave at
nearly the same potential as the corresponding peé#hke voltammogram of the free

ligand.

4.2.2.2. Effect of substituents in copper(ll) comgixes

Analysis of the recorded voltammograms of the caxg$ indicates that the
obtained redox potentials depend on the natureldtguents as well as of the structure
of the imine bridge. These effects were found incflthe investigated complexes.
Figure 38 shows overlapped voltammograms of §Caé en)], [Cu(acac phacaen)]
and [Cuphacag en)] complexes as example. The voltammetric parammetbtained for

the copper(ll) complexes are listed in the Table 8.

Table 8. Characteristic peaks obtained in voltammogranopper(ll) complexes.

Comp EJ/V? EV Ea/V  EadV EadV

-1,036 -1,319-0.270 +0,554 +0.968
-1,020 -1,329-0.284 +0,563 +0.954
-1,010 -1,347-0.290 +0,583 +0.907

10 -0,972 -1,332-0.278 +0,525 +0.974

11 -0,967 -1,349-0.290 +0,550 +0.965

12 -0,958 -1,357-0.294 +0,580 +0.951
dvs.Ag/Ag”
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Figure 37. Overlapped voltammograms of [Gaag en] (black), [Cu(acac phacac
en)] (red) and Cu(phacas eri (green) at 0.1 V'§

Cathodic peak (&) is characteristic quasi-reversible peak for reductf metal
center in investigated complexes with correspondawngerse scan anodic peak,{E
Phenyl groups compared to the methyl stabilizeldlaesr oxidation state of the metal
ion because of strong electron-withdrawing effettpbenyl group [107,110]. This
effect lowers the electron density on central meétal as reduction center which
becomes more positive and thereby more easily esducCherefore, the electron-
withdrawing group shift the potential of the catlwopeak E; to more positive values as
can be seen from the Table 7. The presence of@hedbnating groups in compounds
has a reverse effect [103]. Also, from obtainedamimograms one anodic peakdks
observed which is attributed to oxidation of Cufd) Cu(lll) in complexes without
corresponding cathodic wave in the reverse scan|[10

Characteristic peak for the reduction of the imgreup, which occurs at the
potential E, shifts to more negative values with the decreasthe electron-donating
ability of the substituents. Also, methyl group mag considered asmadonor due the
hyperconjugation effect of this group [111]. Besideue to the presence of methyl
group in the Schiff base ligands the imine grouponees less resistant to oxidation. It
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was found that the anodic peak op @able 8) shifts towards more positive values as a
result of successive substitution of methyl by pthegroups. The oxidation potential
becomes more positive in the sequence of increadaugron-withdrawing effects of the
substituents in the ligand. The potentials increagellowing orders:

[Cu(acac en] < [Cu@cac phacaen] < [Cufphacagen)]

[Cu(@acac pn)] < [Cu@cac phacapn)] < [Cuphacagpn)].
The phenyl group lowers basicity of nitrogen atand therefore its oxidation occurs at
more positive values of potentials. This effectrisre pronounced by introduction of
both phenyl groups. This is in accordance with tebehemical studies of electronic
effects of substituents of vanadyl complexes welkradentate Schiff base ligands
derived from 1,2-propylenediamine [112].

Finally, the variety of imine bridge induced thdfelience of anodic/cathodic
peak potentials. The Figure 8Bows overlapped voltammograms of [@cd¢ en)] and
[Cu(acag pn)].
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Figure 38.Voltammograms of [C#cac en)] (black) and [Cuéicac pn)] (red),0.1 V &

Steric effect is less pronounced compared to ttedtive effect of substituents.
Electron density on the copper ion in the complexil phenyl groups is less and the

copper coordination geometry may also be more detodue to steric effect of the
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bulky phenyl group substituent [107]. Apparently,ibcreasing the steric effect of the
substituents anodic peak,, Eeaches higher values.

4.3. Antioxidant activity
4.3.1. Optimization of condition for TLC DPPH assay
4.3.1.1. Stationary phase

When choosing the optimal stationary phase on whidh be determined
antioxidant activity with TLC DPPH essay is accomipd by changes in purple colour
of DPPH to yellow as a result of the antioxidanpaeity of tested compoundsOpt-
blot“ test). For this optimization process was used foureddht types of stationary

phases: RP 18 silica gel, cellulose, allumina, sifida gel. Zone in which they are

applied compounds that possess antioxidant acawéycolored yellow (Figure 40).

EF 18 SILICA

SILICA

Figure 39., Dot-blot’ test on different stationary phases

As can be seen from Figure 39, all of the investigacompounds show

antioxidant activity. When applied RP-18 silica gslstationary phase, obtained zones
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are sharp, clear and relatively stable comparetidoother tested sorbents. Therefore,
for the quantification of antioxidant activity i®lected RP-18 silica gel as stationary

phase.

4.3.1.2. Solubility

The tested compounds are soluble in various sdyed¢pending on the
structure, and the majority does not dissolve imaebl and methanol, in which is
prepared solution of DPPH. If the determinationd@ne using spectrophotometric
DPPH assay, in which it is necessary to mix thatgm of the test substance and DPPH
reagent in order to reach and response to antiokaltaivity was determined, solubility
of investigated compounds is a problem. In addjttbe solvent in which the dissolved
test compounds can interfere with the reaction DEPH

In the case of application of TLC DPPH essay srlacted stationary phase, i.e.
RP18 silica gel were applied small volume of thengle solution (up to 1 mL) in a
suitable solvent, which, as a rule, easily vaparigehloroform), and which evaporate
before applying the solution of DPPH. On this way awoided the problem that often
interferes in determination of antioxidant activity DPPH spectrophotometric assays,
and occurs due to the incompatibility of appliet/ents to dissolve the compounds and
reagents for the determination of antioxidant capadlso, in comparison to the
spectrophotometric determination of antioxidanivétgtin RP TLC DPPH assay results
are easily comparable and do not depend on thesrstoim which the compounds
prepared solutions. The applied method is senditivéhe determination of antioxidant
activity at low concentrations of the sample, sattthe absorption of the complex at
515 nm does not affect the absorbance of DPPHignway, i.e. selection of optimal
concentrations of Schiff base complexes of coppBr domplexes eliminated the
influence of absorption at the wavelength at wiabkorbs DPPH.

4.3.1.3. Incubation time

Incubation time is very important parametar in DPRBkay. In order to

detreminate the time of incubation (in the dark) were sccaned TLC plates in the
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given incubation time: 5, 10, 15, 20, 25, and 3@utes. The results of scanning TLC
plates 5 minutes after application DPPH are idahtic scan results after 10, 15, 20, 25
and 30 minutes. These observations suggest the@des of RP TLC DPPH essays, as
a method of determining the antioxidant activityompared to DPPH
spectrophotometric assays in which the contact tintle the DPPH sample is between
20 and 30 minutes. Based on the obtained restlis, obvious that it is necessary
scanning RP TLC plates after 5 minutes. On this sigpificantly reduced the time
required for determination of antioxidative actyitin comparison with

spectrophotometric assay.

4.3.2. Antioxidant activity of Schiff bases and thie copper(ll) complexes

Antioxidant activities of the investigated Schifdes and their Copper(ll)
complexes were determinated by TLC DPPH assay.rdlaéve stable and clear zones
on the RP 18 silica gel were observed, anablingdéetification of radical-scavenging
activity after incubation period. TLC scanner quycland accurately determines the
height and peak areas directly proportional toaihsorbance [113].

Chromatograms obtained after sccaning using TLGwrsma are shown on
Figure 41. Peaks 1-6 belong to standard seriesraibx in the presence of DPPH
solution; peaks I, Ill, V, VII, IX belong to copddl) complexes 7, 8, 9, 10 and 12;
while peaks II, IV, VI, VIII i X correspond to Sdifibases 1, 2, 3, 4 and 6.
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Figure 40. Chromatogram obtained by scanning, using TLC ssann

Values of peaks high, as well as, relative antiartdvalues of standard solution of
Trolox mixed with DPPH are listed in Table 9.

Table 9.Peaks hights and relative antioxidant activitiestandard series

Track Trolox _

number | (ng/zone) Peak high YORSA
1 80 292.30 18.01
2 120 261.33 26.69
3 160 230.42 35.36
4 200 200.92 43.64
5 240 166.62 53.26
6 280 133.71 62.49
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Based on the obtained values, the calibration cua® constructed. The graph shows
dependence between peak height and the amounotdXT{Figure 42). The equation
that defines this dependence is: = $65.49 - 0.7904 - x,> = 0.9993.
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Figure 41.Calibration curve of standard solution of Trolox

Experimentally obtained values of antioxidant atgiwf the investigated Schiff bases

and their copper(ll) complexes expressed as TEACYaIRSA are listed in Table 10.

Table 10.Antioxidant activity of the investigated compounds

Compound TEAC % RSA
(mmol /g comp)
1 1.899 36.80
2 1.846 38.55
3 1.618 46.15
4 1.113 62.83
6 0.543 81.94
7 1.898 36.82
8 1.824 39.28
9 1.388 53.79
10 0.882 70.63
12 0.433 85.58
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4.3.2.1. Effect of substituents on antioxidant actity

From the obtained results, several interesting mbsens can be made. First of
all, lower TEAC values (higher antioxidant actiyityf copper(ll) complexes (7-10 and
11, Table 10) in comparison with corresponding Bdases (1-4 and 6, Table 10) are
obvious. The coordination of the Schiff bases d&dpresence of metal ion enhance the
antioxidant potential. The presence of the coppeidh in the complexes changes the
structure of the Schiff base which affects the@ase in antioxidant activity of obtained
copper(ll) complex. Furthermore, it is possibledtaw a conclusion on the relationship
between the antioxidant activity and the functiograups present in the complexes. It is
known, from the literature, that substituents i@ 8chiff bases have a great influence on
the activity of these compounds [114]. As can bensm Table 1, the antioxidant
activity increased by the number of phenyl groupsthe complexes containing
ethylenediamine as amine part (7 < 8 < 9, TableThe opposite dependence was
observed for complexes containing propylenediamine.

Results given in Table 10 shows that the antioxi@ativity increases with the
introduction of the phenyl group in complexes wathylene amine as part (7 < 8 < 9),
while the complex containing propylenediamine detaed by reverse dependency.
There is obvious effect of structures on antioxtdactivity of series of investigated
compounds. Substitution of methyl by phenyl grots effect on TEAC values of
ligands and corresponding complexes. Introductibrpleenyl group in compounds
lowers their antioxidant activity. This is probabtiue to the electron-withdrawing
effect, which is more pronounced by introductionsetond phenyl group as seen in
results. Also, all compounds containing propanediaPnine as amine part show lower
TEAC values in comparison to corresponding compeuwith ethane-1,2-diamine.
Introduction of two phenyl groups in the structuesults in a more pronounced effect
on antioxidant activity, probably due to the symmetf observed compounds. The
same trend in the values of antioxidant capacisylbeeen established for series of Schiff
bases, with the exception of compound 2, whichamaasymmetric structure.

Exactly the same correlation structure and antexxtichctivity exists if the mean
values of % RSA. Compounds with higher %RSA arengfer antioxidants, which

means that the higher the absorbance decreasegateigantioxidant effect of tested
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solutions, i.e. higher percentage of DPPH is reattt the observed compounds, either
in the Schiff base and its complex with Cu (II).

4.3.3. Correlation between electrochemical behavia@nd antioxidant activity

It is known that the antioxidant activity is congably related to the
electrochemical behavior [115]. Increased bothahtoxidant activity and Fwith an
increased number of methyl groups for all of inigeged Schiff bases were observed.
In the case of copper(ll) complexes a differentedejence is noticed: increase of the
antioxidant activity and decrease qfuiédth an increased number of methyl groups. This
is in accordance with rule that complexes with teteedonating groups have loweg E
than compounds with electron-deficient rings anerdfore better antioxidant activity

(DPPH assay) and higher reducing power [116].

4.4. Structure Antioxidant activity relationship study

4.4.1. Structure Antioxidant activity relationship study of tetradentate Schiff bases

The analysis of calculated descriptors for Schi#fds and complexes revealed
clear differences between compounds as a conseguehdoth substituents and
complexation. In the attempt to explain the mecsrandf the antioxidant action and the
influence of the structure on the antioxidant agtivof investigated compounds,
Pearson’s correlation matrix was carried out. TearBon’s correlation analysis tests the
relationship among calculated molecular descrip{@able 11) and experimentally
determined DPPH scavenging activity. DPPH was ahasefree radical because of its
ability to be reduced either by electron-transfeby hydrogen atom transfer. The pair-
wise method was employed (99% confidence lgvel0.01).

60



Table 11.Descriptors for investigated Schiff bases (Table 1)

Results and discussion

1 2 3 4 6
Dipole moment 51271 5.0410 4.8587 0.6573 0.5303
?S'?:Eeme y 140 13.2 13.4 145 14.9
HOMO 02015 02015  -0.2024  -0.2003  -0.2011
LUMO 00295 00479  -0.0499  -0.0293  -0.0491
delta 01720 01536  -0.1525  -0.1709  -0.1519
Atom no charge NBO
1 c 0.7566 C -0.7581 C -0.1175 C -0.7556 C -0.1166
2 c 05192 C 05212 C 05022 C 05170 C 0.5010
3 o 06447 O 06381 O -0.6482 O -0.6518 O -0.6514
4 C 04663 C -0.4673 C -0.4481 C -0.4661 C -0.4493
5 c 02894 C 02864 C 02900 C 02952 C 0.2945
6 c 07263 C -0.7257 C -0.7260 C -0.7281 C -0.7277
y N 06154 N -0.6178 N -0.6122 N -0.6173 N -0.6153
8 c 02763 C -0.2762 C -0.2768 C -0.0661 C -0.0662
9 C 02763 C -0.2767 C -0.2766 C -0.2716 C -0.2721
10 N 06155 N -0.6120 N -0.6125 N -0.6154 N -0.6122
16 o 06447 O -0.6480 O -0.6476 O -0.6496 O -0.6521
17 H 02350 C -0.2392C -02391 C -0.7003 C -0.2393
18 H 02350 C -0.2249C -02248 H 02354 C -0.2253
19 H 02346 C -0.1946C -0.1946 H 02441 C -0.1956
20 H 02544 C -0.2413C 02412 H 02356 C -0.2409
21 H 02551 C -0.2120C -02121 H 02548 C -0.2124
22 H 02532 H 02345 C -0.2118H 02318 C -0.2122
23 H 02582 H 02327 C -0.2412H 02544 C -0.2411
24 H 02445 H 02457 C -0.2248H 02577 C -0.2254
25 H 04611 H 02467 C -0.1947H 02539 C -0.1955
26 H 02482 H 02544 C -0.2391H 02507 C -0.2395
27 H 02327 H 02530 H 02326 H 04576 C -0.7008
28 H 02327 H 02580 H 02330 H 02379 H 0.2331
29 H 02482 H 02440 H 02538 H 02406 H 0.2445
30 H 04611 H 0.4601 H 02580 H 04581 H 0.2339
31 H 02445 H 02484 H 02445 H 02520 H 0.2574
32 H 02532 H 02328 H 04626 H 02538 H 0.2541
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Continuation of Table 11.

Atom no charge NBO L1 L2 L3 L4 L5

33 H 0.2582 H 0.2327 H 0.2491 H 0.2575 H 0.2508
34 H 0.2543 H 0.2485 H 0.2331 H 0.2540 H 0.4586
35 H 0.2550 H 0.4625 H 0.2331 H 0.2544 H 0.2383
36 H 0.2346 H 0.2450 H 0.2490 H 0.2346 H 0.2419
37 H 02535 H 0.4625 H 0.2497 H 0.4597
33 H 02578 H 02448 H 0.2327 H 0.2524
39 H 0.2406 H 0.2537 H 0.2497 H 0.2542
40 H 0.2392 H 0.2579 H 0.2572
a1 H 0.2602 H 0.2407 H 0.2403
42 H 0.2393 H 0.2393 H 0.2392
43 H 0.2348 H 0.2601 H 0.2590
44 H 0.2394 H 0.2395
45 H 0.2350 H 0.2358
46 H 0.2349 H 0.2355
47 H 0.2394 H 0.2394
48 H 0.2393 H 0.2391
49 H 0.2601 H 0.2592
50 H 0.2406 H 0.2401
51 H 0.2504
52 H 0.2324
53 H 0.2502

Statistically significant correlation coefficientsgetween selected descriptors and
DPPH scavenging activity for all investigated Stlohses, obtained by Pearson’s
correlation matrixes are shown in Table 12. Thede®rs used to explain the possible
mechanisms of scavenging/antioxidant activity & studied compounds were selected
on the basis of the highest correlation coeffigent

The Pearson’s correlation matrix showed a highetation of TEAC values of
Schiff bases with dipole moment, bond dissociaénargy and charge on oxygen atoms
obtained by the NBO method. The Pearson's comelathatrix shows a high
correlation of TEAC values of Schiff bases with 8l moment (-0.971), Bond
Dissociation Energy (0.939), and Charge on oxygema obtained by NBO method (-
0.828 for O16, and -0.765 for O3).
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Table 12.Pearson’s correlation matrix for Schiff bases

Results and discussion

TR D owo o s G e e e e
e oo
HOMO 0.668  -0.737
LUMO 0075  -0.125  0.607
delta 0020 0075  -0.558  -0.998
charge N7*  -0.180 0251  -0.756  -0.372  0.331
charge N10*  -0.068  0.118  -0.533  -0.988 0.992 0.234
charge O16*  -0.828  0.843  -0.404  0.412  -0.460 0.14D.428
charge 03*  -0.765  0.780  -0.350  -0.180  0.162 -0.338.267  0.542
Chﬁ;%eH -0.795  0.852 0950  -0.332 0.275 0719 0.254  0.650.391
Cr,‘\lalrng -0.839  0.890 -0.896  -0.564 0521 0.388 0552 0.514.727 0.866

*charge obtained by NBO analysis

Statistical correlation parameters and descriptbssen for linear correlations,

extracted from Pearson's correlation matrixesshosvn in Table 13.

Tablel3. Statistical correlation parameters and descriptbosen for linear correlations

for Schiff bases

a

Descriptor r R-Squared Intercept Slope SD F°

Dipole moment -0.971 0.9424 5.2965 -0.6549 0.452®.0060

BDE? 0.939 0.8823 10.1901 0.4034 0.2770.0178
a Charge on O16 -0.828 0.6827 -316.173 -492.504 1.0628.0846
§ Charge on O3 -0.765 0.5885 -139.926 -221.221 1.2096.1301
= Chargeon HN7 -0.795 0.6294 303.7774 -653.398 1.1480.1092
§ Charge on H N10 -0.839 0.7042 336.7936 -723.96 1.025D.0755

2 correlation coefficient’standard deviatiori,significance’ Bond Dissociation Energy

Moreover, from the NBO analysis, it was concludedttthe acidity of the

hydrogen atoms related to the nitrogen atoms oharbridge is very significant for the

activity. Antioxidant activity is in good correlatn with charge on hydrogen atoms
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obtained by NBO analysis (H on N7 and H on N10)lyFaptimized geometry of
investigated Schiff bases (L1-L5) are shown on fagul2-46.

Figure 42.The B3LYP/6-31G (d,p) fully optimized geometridgire Schiff base 1

Figure 43.The B3LYP/6-31G (d,p) fully optimized geometridgire Schiff base 2
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Figure 44.The B3LYP/6-31G (d,p) fully optimized geometridsioe Schiff base 3

Figure 45.The B3LYP/6-31G (d,p) fully optimized geometridsioe Schiff base 4
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Figure 46.The B3LYP/6-31G (d,p) fully optimized geometridgire Schiff base 6

The values of correlation coefficients (Table 12w that the higher the values
of these descriptors, the lower the antioxidanivagt We believe that the mechanism
by which Schiff base ligands behave as antioxidantslves the transfer of hydrogen
atom from the amino group to the radical DPPH. tlaises are capable of forming an
intra-molecular H-bond (i.e., between H atom onadd atom O3, H atom on N10 and
atom O16; dashed line, Figure 43). This weakens bbhid and H atom is more easily
released. Therefore, the donating capacity of rgeinoatom depends on dipole
moments, bond dissociation energy, and charge ggesxand hydrogen atoms. This is
confirmed by the obtained results.

Low BDE values are often attributed to the high@atlant potential [117,118].
Bond dissociation energy was calculated for N-Hdsoon N7 and N10. Difference
between BDE for N7-H and N10-H is statisticallyigrsficant. For correlation with
antioxidant activity, BDE for N7-H bond was usetisl obviously that the higher the
value of BDE, the lower the antioxidant activityafdle 10). This is in accordance with
the proposed reaction mechanisihe global minima for Schiff bases containing
propylenediamine bridge (L4, L5) (Figures 46, 47¥ &lose in geometry to the
centrosymmetric conformation (not true centrosynmmmejeometry due to the presence

of chiral carbon atom). This leads to very low dgpmoment values due to cancellation

66



Results and discussion

of the existing dipoles from two halves of the noolle. Unlike them, Schiff bases
containing ethylenediamine bridge (L1, L2, L3) haliferent conformations of the
global minima (Figures 43-45) and higher dipole neotvalues (Table 11)

Also, the effects of substituents markedly modifitramolecular hydrogen
bonding properties and thus directly affect theicaadant activity of compounds.
TEAC values (Table 10) indicate the electron-darmgasubstituent effect on the activity.
Electron-donating groups (methyl) strengthen théilend so that H atom is not easily
transferred to the DPPH radical (the hydrogen atiass acidic). Based on the above
mentioned descriptors and their correlation withicdant activity, the proposed
mechanism of Schiff base action is hydrogen atamsfier.

4.4.2. Quantitative Structure Antioxidant activity relationship study of Copper(ll)

complexes

Coordination of the Schiff bases and the presericthe copper(ll) ion has
significant effect on the increase of antioxidawtivaty. All copper(ll) complexes
possess a square-planar geometry around the rAetge between best planes of two
chelate rings in complex 1 is only 8.99°, indicgtsguare-planar geometry (Figures 48-
52).

Figure 47. The B3LYP/6-31G (d,p) fully optimized geometrigscopper(ll) complex 1
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“,1

Figure 48 The B3LYP/6-31G (d,p) fully optimized geometrigscopper(ll) complex 2

Figure 49. The B3LYP/6-31G (d,p) fully optimized geometrscopper(ll) complex 3
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Figure 50.The B3LYP/6-31G (d,p) fully optimized geometridscopper(ll) complex 4

Figure 51.The B3LYP/6-31G (d,p) fully optimized geometriglscopper(ll) complex 5
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The substitution of one or both methyl groups vabienyl groups (complexes 2
and 3) introduces new steric hindrance into comptedecule increasing the angle
between chelate rings (10.86° and 11.71°, respgjivin the complexes 4 and 5, new
enantiomeric center on carbon atom of methyl griougiamine bridge causes further
deviation from square-planar geometry due to stelashing between this methyl and
methyl group from chelate ring.

Calculated descriptors for investigated Coppexdiinplexes are listed in Table
14. From Pearson’'s correlation matrix it is easyfimd descriptors that are highly
correlated with antioxidant activity of the invegtted complexes are chelate plane
angle (0.906) and sum spin density (-0.887), ba&ingndicative that the presumed

mechanism of antioxidant activity is based on tleeteon-transfer (Table 15).

Table 14.Descriptors for investigated copper(ll) complexgskle 1)

Atom no 7 8 9 10 12

Spin

density
1 Cu 0.541488 Cu 0.544047 Cu 0.545634 Cu 0.539366u ©0.543073
2 N 0.122008 N 0.122716 N 0.124117 N 0.119456 N 21126
3 N 0.121994 N 0.123428 N 0.124122 N 0.11877 N 1033
4 (6] 0.093561 (6] 0.093655 (6] 0.090063 (6] 0.093211 O 9083
5 (0] 0.093547 O 0.089545 O 0.090066 O 0.097222 O 9309
6 C 0.001611 C 0.001803 C 0.001748 C 0.001755 C 010®™1
7 C 0.001611 C 0.001681 C 0.001748 C 0.003127 C 030%e
8 C -0.009671 C -0.009705 C -0.00948 C -0.008069 (G0.008047
9 C -0.009668 C -0.009343 C -0.00948 C -0.009734 G0.009619
10 C 0.011315 C 0.011052 C 0.011199 C 0.011139 C 011008
11 C 0.011313 C 0.011433 C 0.0112 Cc 0.010953 C 0om
12 C 0.004183 C 0.004144 C 0.00409 C 0.004372 C 04az8
13 C -0.007624 C -0.007686 C -0.007565 C -0.006182  -0.006384
14 C 0.004175 C 0.003972 C 0.00409 C 0.004419 C 046M
15 C -0.007618 C -0.007442 C -0.007566 C -0.007923  -0.007912
28 H -0.000569 H -0.000796 H 0.000187 H  -0.000606 (.000994
29 H -0.000568 H -0.00062 H 0.003646 H -0.000589 HD.002092
30 H 0.00199 H -0.000804 H 0.000186 H -0.000296 H .000124
31 H -0.000548 H -0.00066 H 0.003647 H -0.000749 HD.003916
32 H -0.000713 H 0.001015 H -0.000807 H 0.00192 H .00@999
33 H -0.000712 H -0.000567 H -0.000639 H  -0.00071H -0.000743
34 H 0.00199 H -0.000537 H 0.001081 H  0.002059 H .000651
35 H -0.000549 H -0.000721 H -0.000639 H  -0.00056M -0.000516
36 H 0.001988 H 0.001081 H -0.000108 H 0.001288
37 H -0.000557 H -0.000807 H -0.000085 H -0.0@098
38 H 0.000024 H -0.000544 H 0.000973 H -0.000601
39 H 0.000036 H -0.000544 H -0.000562
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Continuation of Table 14.

Energy of
orbitals

alfa homo
alfa lumo
beta homo
beta lumo
Delta alfa
Delta beta

Dipole moment

Chelate plane
angle

charge by NBO
Cu

I T T T 0O0OO0Z2Zz2Z2Z2

-0.19058
-0.02441
-0.1878
-0.07368
-0.16617
-0.11412
3.9769

8.994

1
1.24399
-0.67401
-0.67403
-0.73414
-0.73416
0.2328
0.23279
0.25374
0.23273

-0.19108
-0.04208
-0.18845
-0.07557
-0.149

-0.11288
3.9655

10.86

2
Cu 1.24968
-0.71144
-0.71367
-0.71272
-0.70973
0.25037
0.24874
0.22982
0.22632
0.24117
0.239

I T T T O 022

I T

-0.1917
-0.04413
-0.18912
-0.07732
-0.14757
-0.1118
3.9226

11.711

3

Cu 1.25275
-0.67133
-0.67133
-0.73562
-0.73561
0.23062
0.22783
0.25043
0.25099

0.23303

0.23303

ITIIoOZZ

I T

Results and discussion

-0.19051
-0.02481
-0.1878
-0.0753
-0.1657
-0.1125
3.9735

22.634

4
Cu 1.24248
-0.6687
-0.6735
-0.73323
-0.73113
0.23235
0.2328
0.2535
0.23281
H 0.23592

IIIIooZZ

-0.19153
-0.0442
-0.18901
-0.07893
-0.14733
-0.11008
3.917

22.868

-0.6960
0.23148
0.24814
0.8512
0.2336
0.23278
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2

Table 15.Pearson’s correlation matrix for copper(ll) compkex

TEAC densiy dersiy censty demsy densiy Spn Mo Me  few  ew Ota Oete Dbok Sfnc” Chume Clae chase
u N2 N3 04 05 desity angle
spin density Cu -0.414
spin density N 2 -0.700 0.915
spin density N 3 -0.702 0.915 0.985
spin density O 4 -0.287 -0.589 -0.377 -0.278
spin density O 5 0.582 -0.937 -0.916 -0.964  0.273
sum spin desity -0.887 0.734 0.930 0.942 -0.018 85@.
alfa HOMO -0.056 -0.867 -0.632 -0.599  0.880 0.662 0.313
alfa LUMO -0.023 -0.867 -0.594 -0.619 0.677 0.756 0.329 0.935
beta HOMO -0.109 -0.841 -0.585 -0.557 0.878 0.6350.259  0.998 0.945
beta LUMO -0.550 -0.491 -0.131 -0.103 0.862 0.233 .229 0.850 0.801 0.880
delta alfa 0.021 0.864 0.590 0.618 -0.663 -0.758 32®. -0.928 -1.000 -0.939 -0.795
delta beta 0.698 0.306 -0.072 -0.098 -0.793 -0.04@.420 -0.727 -0.682 -0.767 -0.979 0.677
Dipole moment -0.345 -0.657 -0.385 -0.326 0.966 80.3 -0.021  0.941 0.811 0.948 0.940 -0.801 -0.869
Chelate plane angle 0.906 -0.468 -0.761 -0.784 690.2 0.656 -0.937  -0.010 0.011 -0.068 -0.527 -0.012.6849 -0.278
charge Cu* -0.121 0.948 0.745 0.742 -0.741 -0.818.48D -0.969 -0970 -0.963 -0.738 0.966 0.590 -0.831-0.167
charge N2* 0.546 -0.314 -0.336 -0.476 -0.518 0.5990.518  -0.057 0.256 -0.055 -0.285 -0.273 0.363 58.3 0.510 -0.181
charge N3* 0.440 -0.255 -0.236 -0.384 -0.523  0.5350.407 -0.070 0.263  -0.058 -0.233 -0.281 0.290 4.3 039 -0.159 0.991
charge O4* -0.350 0.230 0.175 0.329 0.505 -0.500 33®M. 0.056 -0.288 0.038 0.173 0.306 -0.218 0.314 31@. 0.163 -0.974  -0.995

*charge obtained by NBO analysis
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Statistical correlation parameters and descriptbsen for linear correlations,

extracted from Pearson’s correlation matrixesshosvn in Table 16.

Table 16. Statistical correlation parameters and descriptoh®sen for linear

correlations for copper(ll) complexes

Descriptor ré R-Squared Intercept Slope SD  F°
a Chelate plane angle0.906 0.8211 0.1500 0.1375 0.5016.0340
e
8 Sum spin density -0.8870.7873 331.9138 -339.344 0.5470.0447

2 correlation coefficienf’standard deviatiorf,significance Bond Dissociation Energy

Sum spin density is spin density on the atoms @firther sphere of complex (N,
N, Cu, O, O). This is an important factor whichlilrgnces the antioxidant potency of
the corresponding compound. The higher values @fstim spin density of complex
results in stronger ability of the compounds tovecge free radicals, i.e., lower TEAC
values. Based on the values of these descriptoesinfluence of substituents on this
process can be monitored. Electron-withdrawingot$f@f phenyl groups affect on the
value of sum spin density. Gradual substitutiormathyl by phenyl groups increases
the sum spin density which leads to the increasantibxidant activity. The proposed
mechanism of antioxidant activity of studied conxele is reduction via electron-
transfer. Electron localization is shown in plot ggin density (Figure 53) and it is

obvious that spin density is highest at Cu atom.
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Figure 52.Plot of spin density for copper(ll) complex 1

Chelate plane angle describes deviation from sepiarear structure of
complexes. Higher value of this geometrical desoripndicates a greater deviation
from square-planar structure. From statistical m&tars shown in Table 16, it is
obvious that increase in chelate plane angle dqescrvalue leads to increase of the
TEAC values, i.e., decrease of antioxidant activofythese complexes. Values of
chelate plane angle descriptor of complexes withylehediamine bridge are
significantly different compared with propilenedign@ bridge complexes. The transfer
of unpaired electron from compound to DPPH radisamnore difficult if the chelate
plane angle has a higher value. Therefore, comgplexth propylenediamine in the
amine bridge have significantly lower antioxidanttiéty (comp 10 and 12) in
comparison with those with ethylenediamine ligacahip 7, 8 and 9). The influence of
chelate plane angle is in accordance with the megomechanism of the DPPH

scavenging activity for studied complexes.
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5. CONCLUSION

To optimize the conditions for electrochemical segf Schiff bases and their
copper(ll) complexes by cyclic voltammetry we atveel the behaviour of N,N -bis
(acetylacetone)ethylenediimine and copper(ll)-(thgdiiminebis(acetylacetonato)
complex. We analyzed the cyclic voltammograms medrusing different electrodes
and solvents as well as different concentrationsaliitions at different scan rates.
Based on recorded voltammograms we determined theditons for the
electrochemical investigation of different Schitides and their copper(ll) complexes
by cyclic voltammetry. Under these conditions weravable to detect differences in
chemical behavior between structurally similar coonds.

Substituents have a detectable effect on the eldwmical behavior of the
Schiff bases and their copper(ll) complexes. Theluctive and steric effects influence
the change in electron density on metal ion andtchpa®f nitrogen. Therefore, there is
the difference in electrochemical behavior, whishdetected by shifting of anodic and
cathodic potentials values strongly influenced lg hature of the Schiff base ligands.
Significant correlations have been observed betwednx potentials and antioxidant
properties. It is found that compounds with streogvenging capabilities are oxidized
at relatively low potentials and therefore the @atidn potentials can be used as a
general indicator of radical scavenging ability.ofutedge of the electronic and steric
effects that control redox processes of these comsoffers very interesting research
opportunities and may be critical in the desigmeiv one.

Determination of antioxidant activity using thingga and TLC scanner provides
an opportunity to contact and reaction of the commpis and free radicals independent
of the solvent used to prepare the solution. Thisva the determination of antioxidant
activity of compounds that are not soluble in tbé/ent used for preparation of stable
free radicals (the same solvents are needed irsghetrophotometric determination).
Most of the studied Schiff base is sparingly saubi methanol. In addition, TLC
scanner quickly and accurately determines the heigt peak area, which is directly
proportional to the absorbance. This method canulsimeously determine the

antioxidant activity of a large number of compoundbether they are in a mixture or
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individually. In examining the compounds in the tape, it would be first necessary to
develop the chromatogram in a chromatographic systgh appropriate solvent.

The method is sensitive enough for the determonadif antioxidant activity at
low concentrations of the sample. In most casesabis®rbance of compounds at low
concentrations almost not measurable. Accordinglyhe compound absorbs at the
same wavelength as the free radical, its absorbalues not affect the overall
absorbance of compounds with free radicals. Reactiechanism defined in this way,
for each group of compounds, contributes to undedihg the difference in the
antioxidant activity of strength structural relatedmpounds. In this way is explained
the impact of the presence of various substitu@nise molecule on antioxidant activity.
This test and the results allow the design of neuctures with desired properties, and
their synthesis. Examination of the impact strueton the antioxidant capacity and the
results provide us useful information to target fiyathesis of new compounds with
improved antioxidant activity. Using these metheods also construct a model that can
predict the antioxidant activity of new compountattare structurally similar tested.
The structural characteristics of molecules areesgqed through molecular descriptors
and definitions are those molecular parametersdhatesponsible for the antioxidant
activity. The advantage and importance of this aggh lies in the fact that, once in
place the appropriate QSAR models, based only @rnration about the chemical
structure can make a conclusion about the antioxidativity of compounds. This
allows selecting those compounds that have a stpotgntial antioxidant activity and
which can be synthesized and tested in the labgratoereby reducing the number of
required experiments in the process of finding beMogically active compounds.

For better understanding the reactivity patternd mrechanisms of activity of
antioxidants, the DFT-based quantum-chemical detscd were calculated.
Quantum-chemical descriptors are the numerical essmtation of the molecular
structures. Dipole moment, bond dissociation eneniparge on oxygen atoms and
charge on hydrogen atoms on N7 and N10 show higteletion with antioxidant
activity of the investigated Schiff bases. Anticaid activity of copper(ll) complexes is
highly correlated with chelate plane angle and smim density descriptors. Selected
descriptors, which have the best correlation withoxidant activity, shed light on the

reaction mechanism of scavenging/antioxidant agtivif the studied compounds.
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DPPH may be neutralized either by direct reducti@nelectron-transfer or by radical
qguenching via hydrogen atom transfer. The H-at@ndfier mechanism was defined as
the most important for the antioxidant activitytbé investigated Schiff bases while the
proposed mechanism for the complexes was singb¢refetransfer. The knowledge of
the descriptors that affect the antioxidant actieit investigated and structurally similar
compounds and possible mechanisms of antioxidatiitgcoffer very interesting

research opportunities and may be critical in tegigh of new ones.
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Mpunor 1.

UsjaBa o0 ayTopcTBY

MotnnucaHa Najat Mohamed Aburas
6poj ynuca 37/2008

MUsjaBrbyjem

[a je JOoKTopcKa ancepTauuja nog Hacnosom

“Electrochemical behavior and antioxidant activity of tetradentate Schiff bases and their
copper(ll) complexes”

e pe3ynTtaT ConCTBeHOr NCTpaxmnesadkor paga,

e [a npefrioxeHa gucepTauuja y LenvHM HU Yy genosuma Huje buna npegnoxeHa
3a pobujae Ouno koje gunnome npema CTYAWCKUM nporpamuma  Opyrux
BMCOKOLLIKOFICKMX YCTaHOBA,

e [1a Cy pe3ynTtaTt KOPEeKTHO HaBeaeHn n

e [a HMCaMm KpLuMo/ra ayTopcka npaBa W KOPUCTMO WHTENEKTyarlHy CBOjUHY
ApYyrux nuua.

MoTnuc aokropaHaa

Y beorpaay, 27.12.2013.




Mpunor 2.

U3jaBa 0 ICTOBETHOCTU WITaMNaHe U eNIeKTPOHCKe
Bep3uje AOKTOPCKOr paaa

Wme n npesume aytopa Najat Mohamed Aburas
Bpoj ynuca 37/2008
Ctyawjckun nporpam doktor hemijskih nauka

Hacnos paga “Electrochemical behavior and antioxidant activity of tetradentate Schiff
bases and their copper(ll) complexes”

MeHTop dr Rada Baosi¢, docent

Motnucana  Najat Mohamed Aburas

n3jaBrbyjeM [a je WTamnaHa Bepsuja Mor AOKTOPCKOr paja WMCTOBETHA eNeKTPOHCKO)
BEP3MjU KOjy caM npepjao/na 3a objaBrbMBakbe Ha noprtany [OurutanHor
penosutopujyma YHuBep3auterta y beorpaay.

HossorbaBam fa ce objaBe MojM NUYHWM Nogauy BesaHu 3a fobujare akagemcKor
3Bara [OKTOpa Hayka, Kao LWTO Cy UMe 1 npesnme, roanHa u Mecto pohera u gatym
onbpaHe paaa.

OBu nuyHn nogaum mMory ce o06jaBUTM Ha MPEXHWM CTpaHuLama agurutanHe
BubnunoTeke, y enekTpoHCKOM KaTarnory vy nybnvkauvjama YHusepauteTta y Beorpagy.

MoTnuc gokTtopaHaa

Y beorpagy, 27.12.2013.




Mpwunor 3.

UsjaBa o kopuwhemwy

Osnauwhyjem YHusepsauteTcky 6ubnuoteky ,CBeTosap Mapkoeuh* ga y AurutantHu
penosutopujym YHusepsuTeta y beorpagy yHece Mojy OOKTOPCKY AucepTtauujy nog
HacnoBomM:

“Electrochemical behavior and antioxidant activity of tetradentate Schiff bases and their
copper(ll) complexes”

AvcepTauujy ca csum npunosvmma npegana cam y enekTpoHCKOM hopmaTy MorofHOM
3a TpajHO apxvBuMpaHse.

Mojy gokTopcky AucepTauujy noxpaweHy y OurutanHu penosutopujym YHusepauteTta
y beorpagy mory na kopucte cBu koju nowTyjy oapeabe cagpkaHe y ogabpaHom Tuny
nuueHue KpeatusHe 3ajegHuue (Creative Commons) 3a kojy cam ce ognyyuno/na.

1. AytopcTBO
2. AyTOpCTBO - HEKOMEpPLMjanHo
@Ay'ropcrso — HekomepuujanHo — 6e3 npepage
4. AyTOpCTBO — HEKOMEPLMjanHo — AENUTU NOA UCTUM ycrosuma
5. AytopctBo — 6es3 npepage
6. AyTopCTBO — AEnuTY Nog UCTUM yCroBuma

(Monumo pa 3aokpyxuTe camo jefHy Of WecT MOoHyReHUX nuueHUM, Kpatak onuc
nuueHum aart je Ha nonehuHn nucra).

MoTnuc gokropaHaa

Y Beorpagy, 27.12.2013. C




1. AyTopcTBo - [l03BOSbaBaTe YMHOXaBaHe, ANCTPUBYLM)Y 1 jaBHO caoriuTaBame
Aena, u npepaje, ako ce HaBene MMe ayTopa Ha HauuH ofpeNeH of cTpaHe ayTopa
W AaBaoua nuueHue, Yak v y komepuujanHe capxe. OBo je HajcriobogHuja of CBUX
NULEHLN.

2. AyTopcTBO — HEKomepLujanHo. [lo3sorbasaTe YMHOXaBare, AncTpubyumjy 1 jasHo
caonuitasatee Aena, u npepage, ako ce Hasefle MMe aytopa Ha HauuH oapeheH of
CTpane aytopa wnv pasaoua muuerle. OBa nuueHUa He [03BOrbaBa KoMepLmjarty
ynotpeby pena.

3. AyTOpCTBO - HekomepuujanHo — 6e3 npepage. [lossorbaBate yMHOXaBakb-e,
AMCTPUOYLM)Y W jaBHO caonwiTaBawe fAena, 6e3 npomeHa, rnpeobnukoBara wUnn
ynotpeGe nena y CBOM Aerny, ako ce HaBege ume ayTopa Ha HaduH oppeReH of
CTpane aytopa wunu fasaoua nuueHue. OBa nuueHUa He [03BOrbaBa KoMEpLMjanHy
yroTpeby gena. Y opHocy Ha cee ocTane NWLeHLe, OBOM IMLIEHLIOM Ce orpaHuyaBsa
Hajsehu obum npasa kopuilhera gena.

4. AyTOpCTBO - HeKkomepuujanHoO — AenuTW MoA UCTUM ycriosuma. [lossorbaBaTe
yMHOXaBatbe, AMCTPUOYLIMY 1 jaBHO caoniiTaBakbe Aena, 1 npepage, ako ce Haseae
“Me ayTopa Ha HauuH oppefeH of CTpaHe ayTopa unu Aasaola NULEHLE W ako ce
npepafa A[ucTpubympa nof WCTOM WM CAWYMHOM mWLeHLoM. OBa NuUeHLa He
A03BOrLaBa KoMmepumjanty ynotpeby gena v npepaga.

5. AytopcTtBo — 6e3 npepape. [lo3sorbasaTte YMHOXaBame, AucTpubyumjy n jasHo
caonwrasake Aena, 6es npomera, npeobnukoBatka unu ynotpebe fena y cBom aeny,
aKko ce HaBefde MMe ayTopa Ha HauuH ogpeReH of cTpaHe aytopa wnv Aasaoua
nuueHue. OBa nuueHLa f03BorbaBa KoMepLumjanHy yrioTpeby aena.

6. AyTOpcTBO - penuTU noa uCTUM  ycrioBuma. [losBorbasaTe YMHOXaBake,
AMCTPUOYLMjy 1 jaBHO caoniuTaBatbe Aena, U npepaje, ako ce HaBege nve ayTopa Ha
HauMH ofapefieH of cTpaHe aytopa WM AaBaola NULEHLE U ako ce npepaga
AACTPUOYMpa MOA WCTOM WM CrMMHOM rvueHLom. OBa nvueHua [03BOIbaBa
KomepuujanHy ynoTtpefy Aena u npepaga. CnuuHa je codTBEPCKAM nuueHyama,
OAHOCHO NuLieHLama OTBOPEHOr Koaa.



