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ABSTRACT

The application of transition metal complexes as biochemical, medicinal, analytical,
pharmaceutical, agricultural and antimicrobial agents has recently become center of interest
for researchers and innovators. In this aspect, quinoline ligands containing imine are
important classes of biologically active molecules that have attracted attention of
bioinorganic, pharmaceutical and medicinal chemists due to their familiar coordination
behavior and wide range of pharmacological properties. In this PhD dissertation work,
ten(10) series of novel transition metal complexes of Zn(I1), Cu(Il), Co(Il), Ni(ll), and V(IV)
were prepared from quinoline derivative ligands [(E)-2-(((2-((2-
hydroxyethyl)amino)quinolin-3-yl)methylene)amino)ethan-1-ol, (HsL) (L1) and 2-((2-
hydroxyethyl)amino)quinoline-3-carbaldehyde (H,L) (L2)] in 1:1 and 1:2 metal-to-ligand
ratio in methanol respectively and characterized with UV-Visible spectroscopy, fluorescence
spectroscopy, ‘HNMR spectroscopy, **CNMR spectroscopy, FTIR spectroscopy, powder X-
ray Diffraction (PXRD), Scanning Electron Microscopy-Energy Dispersive X-ray
Spectroscopy (SEM-EDX), Mass spectroscopy (MS), thermal analyzers, molar conductance
and melting point. In addition, computational (drug likeness, DFT and molecular docking)
analysis were also carried out to get further insights and to support the analyses of the results.
The structural features, the crystallite size, and elemental composition of the metal complexes
were deduced from molar conductance, FTIR, Mass spectroscopy, powder XRD, thermal
analyzers and EDX studies. Powder XRD results indicate the average crystallite sizes of
complexes 1 — 5, 7, 8 and 10 are 28, 34, 22, 37, 8, 23, 9 and, 23 nm, respectively. The
spectral data revealed that the ligands adopted a tridentate (L1) and bidentate (L2) fashion
when binding to metal ions via the nitrogen atom and the oxygen atom of deprotonated
hydroxyl group (O-H). In vitro antibacterial activity analysis of both the ligands and their
synthesized complexes were studied by employing the disc diffusion and agar dilution
methods, in which the complexes exhibited better activity than the precursor ligands, that all
the first five (Zn(I1), Cu(ll), Co(ll), Ni(Il) and V(1V)) of L1 complexes exhibited activity
ranging from low to high mean inhibition zones, with 7.32 + 0.90 mm at 150 x«g/mL and
20.65 £ 0.18 mm at 300 ug/mL. All the Zn(l1), Cu(ll), Co(ll), Ni(Il) complexes exhibited
very good activities with Pseudomonas aeruginosa (18.85 + 0.34, 20.65 £ 0.18, 18.62 + 0.19
and 15.64 + 0.22 mm diameter at concentration of 300 x«g/mL, respectively) compared to free
ligand with mean inhibition zone of 6.24 + 0.39mm diameter. Similarly, the complexes

Zn(11), Cu(ll), Co(ll), Ni(I1) of ligand (L2) exhibited activities ranging from medium to
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high mean inhibition zones, with 11.79 £ 1.07 mm at 100 xg/mL and 20.90 + 2.00 mm at 200
ug/mL. All the complexes exhibited good activities with Pseudomonas aeruginosa (20.75 +
2.05, 20.90 + 2.00, 20.75 = 2.07 and 18.90 + 2.06 mm diameter at concentration of 200
ng/mL, respectively) compared to free ligand with mean inhibition zone of 9.60 = 2.00mm
diameter, but among these Cu(ll) complex showed higher percent activity index (Al = 62,
90%), than all Zn(Il) (Al =54, 82%), Co(Al = 54, 81%) and Ni(ll) (Al = 41, 68%) with both
Escherichia coli, and Pseudomonas aeruginosa, respectively. Furthermore, all the complexes
(1 — 10) were also evaluated for their antioxidant properties using DPPH assay in which all
metal complexes showed higher antioxidant activities than the free ligands. Among these:
Zn(I1), Cu(ll) of both ligands L1 and L2 and Co(ll) of L2 complexes exhibited better
antioxidant activities with 1Csy values of 10.46, 8.62, 8.20, 4.70 and 9.20 pg/mL,
respectively, as compared to that of the positive control is 4.49 and 4.28 pug/mL. The in silico
drug likeness analysis results indicated that all complexes of L1 fulfil Lipinski’s rule of five.
Overall, the newly synthesized Zn(1l), Cu(ll), Co(ll), and Ni(ll) complexes have biological
activities, with the Cu(ll) complexes having much better activity than other complexes and
these result were found to be in good agreement with binding mode against E. coli DNA

gyrase B.

Keyword: Aminoquinoline derivative ligand, Metallic complexes, computational studies,
Antibacterial, Antioxidant activity

XVii



1. INTRODUCTION

Metal ions are known to combine with many drugs and/or organic ligands to form complexes
of enhanced bioactivity compared to free ligands [1]. Metal complexes find wide use in
medicinal, pharmaceutical, agricultural and chemical industries [1-3]. Recent reports indicate
that due attention is being given to the chemistry of metal-organic compounds interactions
and their clinical applications for the treatment of various disorders including both
communicable and non-communicable diseases [1, 4-11]. Accordingly, researchers’ interest
has shifted towards the synthesis of metal complexes that have biological activities. The
wider application of transition metal complexes as biochemical, medicinal, analytical,
pharmaceutical, agricultural, antitumor and antimicrobial agents has recently become center
of interest for researchers and innovations [1, 4, 12-14]. In this regard, the syntheses of
complexes that are biologically active have paramount significance. Results of researches
over the past decades have witnessed that metal complexes of (cadmium, chromium, cobalt,
copper, iron, manganese, nickel, molybdenum, palladium, ruthenium, tungsten, vanadium
and zinc) have been applied in the various biological applications, including, antimicrobial
and antioxidant [15-23], anticancer [1, 4, 24, 25], antiproliferative [25], anti-inflammatory
and genotoxic [26], DNA binding and cytotoxicity [15, 18, 22, 27], antitumor [12, 13, 28],
antiviral [29] and antidiabetic [6] activities. These wide window of applications have initiated
many researchers to study of systems containing these metal complexes [2].

In this aspect, the search for natural products with potential biologically active ligands have
confirmed that quinoline derivative such as 2-chloro-8-methylquinoline-3-carbaldehyde, 2-
oxo-1,2-dihydroquinoline-3-carbaldehyde, 2-oxo-quinoline, 2-chloro-quinoline and 2-
chloroquinoline-3-carbaldehyde are pharmacologically active compounds that have versatile
activities to cure different communicable and non-communicable diseases [30-35]. Quinoline
is classified under alkaloid class of natural products [33, 36], and is present in various plants,
pharmaceuticals, agrochemicals and dyes. It has been used as chelating agent due to its N-
donor ligands in the synthesis of coordination compounds or complexes [35]. Quinoline
derivatives that have imine are among one of the important classes of biologically active
ligands. Such ligands have attracted attention of researchers due to their extensive
pharmacological properties and applications, such as anticancer [37-39], antimicrobial [11,
34, 38, 40], antifungal [8, 10], antiprotozoal [8, 40], anti-inflammatory [9], antidiabetic [7,

32] and antioxidant [10, 11, 34] activities. Metal ions combined with many drugs and organic
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ligands can usually enhance the bioactivity of precursor ligands, because metal ions may
increase the synergetic effect of the complexes [1, 5]. The issue of metal-based therapy has
witnessed increasing focus with respect to efficient strategies in the design of repository,
slow-release or long-acting drugs [41]. In this regard, quinoline derivative ligands containing
imine are important classes of biologically active molecules that have attracted attention of
bioinorganic, pharmaceutical and medicinal chemists due to their familiar coordination
behaviour and wide range of pharmacological properties [34, 41-43]. It is known that the
active sites of metallo-enzymes can function with the help of transition metal ions (Zn, Cu,
Fe, Mn). Therefore, the synthesis of metal complexes can be used to simulate the active
centers to assist in the biological activity of organic compounds which previously used as a
drug [1, 5].

In order to develop a clinically useful metallo-pharmaceutics, the study of coordination
compounds focusing on their long-term toxicity including side effects, clear evidence of
target compounds for the in vivo as well as in vitro pharmacological action and their
pharmacokinetic property are very crucial [44—47]. In this regard, this study have synthesized
cobalt(ll), copper(ll), nickel(ll), vanadium(lV) and zinc(ll) complexes with quinoline
derivatives to enhance the biological activities and then evaluated for their antibacterial

activities against different strains of bacterial pathogens.

Now a days, zinc based complexes have shown diverse medicinal applications such as anti-
inflammatory [6], anticonvulsant, antimicrobial [2, 48], antidiabetic, antioxidant [2, 48, 49]
and anti-proliferative activities [13, 50-54]. In addition, several zinc complexes are used as a
major ingredient of the medicine used in the treatment of skin diseases and find significant
use as a catalyst in catalytic reactions [13, 50-55]. Previous studies of a Zn(Il) complex of
quinoline derivative ligand indicated an in vitro biological screening effects tested against
four bacterial strains, E. coli and P. aeruginosa (Gram-negative) as well as S. aureus and B.
subtilis (Gram-positive). The results showed a moderate antibacterial activity than the free
ligand due to chelation [56, 57].

Vanadium is another element, which recently caught great attention of researchers that was
considered in our study. Most commonly, vanadium complexes exist in V(IV) and V(V)
oxidation states. In our case, we focused with V(IV) specifically the oxovanadium form
because the coordination and biochemistry of V(IV) has attracted many scholars in the recent

years and have many biological activities [47, 58, 59]. In addition, oxovanadium complexes
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with quinoline and pyridinone ligands showed the strongest antiproliferative activity [60] and
oxovanadium(IV) complex of 8-hydroxy quinoline and 3-acetyl-6-methyl-2H-pyran-2,4(3H)-
dione have shown satisfactory bacterial activity against S .pyogenes [61]. Even though
numerous vanadium complexes have been designed and synthesized for biological activity,
search for new high valent vanadium complexes that have biological activities remains to be
of great interest for the development of metal based drugs to treat different diseases [47, 58,
59, 62]. There also exist reports about structures, magnetic properties, antidiabetic, anti-
inflammatory and catalytic activities of oxovanadium complexes, but the study of their

antimicrobial activity is relatively rare [61, 63, 64].

The third metal that we considered in this study is copper and studies have indicated that
Cu(ll) complexes containing heterocyclic ligand exhibited antimicrobial, anticancer and
antioxidant behavior. In another study it has recently been reported that Cu(ll) complexes
derived from 2-oxo-1,2-dihydroquinoline-3-carbaldehyde N-substituted thiosemicarbazones
showed biological properties such as protein binding, antioxidant and cytotoxic activity [16].
In addition Cu(ll) complexes of quinoline derivatives also motivated researchers due to their
diverse spectra of biological and pharmaceutical activities, such as antioxidant activities.
[65]. Copper complexes with imines have deserved much attention, probably because of their
ability to intercalate between the bases of DNA and to participate in catalytic cycles with
usual reducing and oxidizing agents in biological medium [66]. Copper(ll) complexes have
showed promising antimicrobial, antioxidant, antiviral [21, 22, 29] and antiproliferative, [67]
activities. Similarly, a copper(ll) complexes of quinoline derivatives also showed moderate
antibacterial activity against E. coli, [3] but showed higher antibacterial activities than the

parent ligand [19].

The fourth metal we dealt with in this study is cobalt(ll) in which its complexes exhibits
interesting biological activity such as antifungal, antibacterial and anticancer activity. Various
studies reported that Co(ll) complexes of heterocyclic ligand were known for their wide
spectrum of biological and pharmaceutical activities, such as inhibition of tumor growth,
antioxidant, antimicrobial and antiviral effect [43, 68-71]. The fifth metal complex
considered in this work is nickel(Il) metal complex. Bioinorganic chemists were interested to
study Ni(Il) complexes due to its biological activity such as antitumor [72], antibacterial [73],
antifungal [74], anti-inflammatory/antioxidant [72], antileishmanian [75] and their interaction
with DNA as intercalating [76, 77].



However, the structural and biological properties of metal complexes with imine and N-
heterocyclic ring containing ligands, [L1 = (E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-
yl)methylene)amino)ethanol and L2 = 2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde],
have not been reported. Hence, in this dissertation work we reported the synthesis of, Zn(ll),
Cu(ll), Co(l1), Ni(I) and V(1V) complexes from metal salts with the mentioned ligands.

Furthermore, in silico analysis (DFT, molecular docking and Absorption, Distribution,
Metabolism, and Excretion (ADME)) had been performed to determine the 3D structure of
the complexes, correlate experimental results with theoretical value and to predict drug
likeness of the targeted metal complexes [78-81]. The efficiencies of metal complexes
having biological activities depend on the nature of both metal ions and the ligands that the
complexes made from. Accordingly, metal complexes synthesized from single ligand with
different metal ions exhibited different biological properties [15, 22, 82]. These observations
uplifted our interest for the synthesis of new transition metal compounds from single ligand
that possess antimicrobial and antioxidant activities. In addition, we studied the binding
stoichiometry, formation constants, antimicrobial activities and antioxidant activities using
spectroscopy, disc diffusion and DPPH assay methods respectively. The results were
supported using in silico, methods. Therefore, considering the medicinal and biological
properties of ligands and their transition metal complexes, we reported the synthesis of novel
complexes and their characterization with SEM — EDX, powder XRD, FTIR, UV-Vis

spectroscopy, thermal analyzers, mass spectrometer and fluorescence spectroscopy.



1.1. STATEMENT OF THE PROBLEM

Multidrug resistant microbes are a serious health threats causing a rise in morbidity and
mortality [83]. Furthermore, multidrug resistant microbes increase so quickly in spite of
having large number of antibiotics to cure the infection. Hence, there is a substantial need for
the development of potential antimicrobial agents [84]. Therefore, chemists and pharmacist
are engaged in extensive pharmaceutical research to design and develop the promising and
effective drugs with wide range antimicrobial activity having a novel therapeutic approach
[85, 86].

Quinolines and their derivatives are biologically and pharmacologically active compounds
that have versatile activities to cure different communicable and non-communicable diseases.
Recently, wide varieties of synthetic quinoline derivative drugs are being used for
antibacterial, antifungal, antimalarial, anti-tuberculosis, antipyretic, anti-inflammatory and
antiviral properties. This is due to the presence of imine linkage [87-89]. Accordingly,
organic compounds with heterocyclic moiety are prominent ligands in coordination chemistry
due to the presence of various binding sites and wide role in medicinal chemistry and
pharmacological activities [90, 91]. Even though different quinoline derivative ligands were
reported for biological activities, there were very few previous works reported with regards to
their metal complexes, hence, we were motivated to synthesize the ligands and their metals

complexes and simultaneously evaluate their biological properties.

Transitional metals and their complexes have been of significant interest in medicinal
chemistry. Coordination compounds are commonly used in medicinal chemistry since the
discovery of cisplatin, a widely known and used anticancer drug [92]. Several coordination
compounds with various metal ions have been applied in treatment of diseases including,
cancers, malaria, syphilis and neurodegentative diseases [93-96]. However, metal based
compounds in the treatment of microbial diseases were given less attention. Therefore, the
development of coordination compounds as antimicrobial drugs are very important to control
the resistance developed by microbes, hence metal complexes change their kinetics and
thermodynamic behavior towards biological receptors due to their variation in geometry and
oxidation potentials [97]. Therefore, keeping in mind the biological applications of
heterocyclic ligands and their complexes, herein we report the successful synthesis of ten
novel complexes from essential and non-essential metal with quinoline derivatives ligands

and then evaluation of their biological activities.
6



1.2.1.

>

1.2.2.

1.2. OBJECTIVES OF THE STUDY

General Objective

The overall objective of this work was to synthesize, characterize and computational
study of transition metals (Zn(ll), Cu(ll), Co(ll), Ni(ll) and V(IV)) complexes with
ligands of quinoline derivatives to evaluate their antibacterial and antioxidants

activities.
Specific Objectives

To synthesize quinoline derivative ligands ((E)-2-(((2-((2-hydroxyethyl) amino)
quinolin-3-yl) methylene) amino) ethan-1-ol,)) and 2-((2-
hydroxyethyl)amino)quinoline-3-carbaldehyde

To characterize the synthesized ligands with *HNMR spectroscopy, ) CNMR
spectroscopy, elemental analyzer, mass spectroscopy and FTIR spectroscopy

To synthesize Zn(I1), Cu(ll), Co(ll), Ni(ll) and V(IV) complexes with ((E)-2-(((2-((2-
hydroxyethyl) amino) quinolin-3-yl) methylene) amino) ethan-1-ol,)) as ligand using
standard protocol

To synthesize Zn(ll), Cu(ll), Co(ll), Ni(ll) and V(IV) complexes with 2-((2-
hydroxyethyl)amino)quinoline-3-carbaldehyde as ligand using standard protocol

To characterize the transition metal complexes using UV-Vis, FTIR, XRD, SEM,
EDX, fluorescence, mass spectrometer and thermal analyzers

To investigate in vitro antioxidants activities of complexes using DPPH free radical
scavenging method and compare with that of free ligands and positive control

To evaluate in vitro antibacterial activities of complexes against Gram positive and
Gram negative bacterial strains and compare the result with that of free ligands and
positive control

To carry out in silico (DFT, ADME and Molecular docking) study of the synthesized

ligands and their transition metal complexes



1.3. SIGNIFICANCE AND BENEFICIARIES

The dramatically increasing trend of microbial drug resistance has motivated scholars to
search for different mechanism to overcome the problem. Studies on antioxidant and
antimicrobial activities of metal-based medication are still scarce, and there is a need for
further investigations along this line to strengthen the pharmacological study profile, evaluate
the effectiveness of metal complexes against disease causing agents and their ultimate
utilization in drug development. Some complexes> may be safe and effective for the treatment
of microbial infection. Metal complexes being mostly cationic with metal centers as scaffolds
are the ideal starting point for designing the new antimicrobial drugs, and thus allowing them
to induce less resistance in bacteria [85, 86, 98, 99]. The researchers benefited from this study
as different manuscripts were published on American chemical Society Journal which is most
trusted, cited and read due to its high impact factor. In addition researchers, research
institutions, academia, pharmaceutical industries and local communities who are interested to

work on a related project could be the main beneficiaries of the current study.

1.4. EXPECTED OUTPUT

The prevalence of microbial infection and its drug resistance has been drastically increasing
all over the World and no fully effective treatments that can tackle the infection have been
discovered till present. In this research work we have designed to develop and accordingly
successfully synthesized, characterized novel series transitional metal complexes with
quinoline derivative ligands and evaluated their performance for biological application with
focus on expected antimicrobial and antioxidant activities. The outcome shows that the
targeted metal complexes of quinoline derivatives were effective against selected gram
negative and gram positive bacterial strains and also exhibited promising radical scavenging
activity phenomenon. The outcomes were also supported with computational (DFT, ADME
and molecular docking) studies because this work represents an excellent approach to study
biological and medicinal activity of molecular systems where the experimental results
supported by chemical computations. In addition to the publication of two articles as per the

requirement of ASTU postgraduate guideline, a valuable research experience was obtained.



2. LITERATURE REVIEW

2.1. Quinoline and Quinoline Derivatives

2.1.1. Quinoline or 1-aza-naphthalene

Quinoline or 1-aza-naphthalene or benzo[b]pyridine is a planner hetero-aromatic compound
in which 10x electrons move throughout the structure and having a molecular formula of
CgH;N (Scheme 1). Quinoline is a hetero-bicyclic system consists of six member benzene
ring fused with pyridine, which is an important building block in medicinal chemistry [100].
Both quinoline and its derivatives have natural as well as synthetic origin, in which, they are
classified based on structural modification as well as biological activity [11, 34, 101, 102].
0
1 b
N
Quinoline

Scheme 1. Structure of quinoline

The quinoline ring system occurs in various natural products, especially in alkaloids and is
present in various plants [33, 36]. Quinolines are also classified on the basis of substitutions
present, these are: A. Aminoquinolines (2-aminoquinolines, 3-aminoquinolines, 4-
aminoquinolines, 5-aminoquinolines, 8-aminohydroquinolines, 2,8-diaminoquinolines and 4-
amidoquinolines), B. Hydroxyquinolines (4-hydroxyquinolines and 8-hydroxyquinolines). C.
Fused quinolines [101, 103] (Scheme 2).
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Quinolin-5-amine Quinolin-5-o0l 9-phenyl-1H-cyclopenta[b]quinoline

Scheme 2. Types of quinolines derivatives
2.1.2. Quinoline Derivatives

Quinoline derivatives represent the major class of heterocycles, and a number of preparations
have been known since the late 1800s. The synthesis of quinoline and its derivatives have
attracted considerable attention of organic, pharmacist and medicinal chemists for many years
[104]. The structural core of quinoline and its derivatives are frequently associated with

medicinal applications in which intensive efforts needed to find effective therapeutic agents
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with antimicrobial activities that have directed many researchers to synthesize a series of

quinoline derivatives or their analogues [11, 34, 102, 105].

Quinoline motif plays an important role in drug development and always remains as a lead in
the field of pharmaceutical prospective [106]. The antimalarial drugs bearing quinoline rings
are quinine, quinidine, chloroquine, as quinoline derivatives [106-108] and antibacterial
drugs like ciprofloxacin, [106] and styrylquinoline derivatives [109] showed potent biological
properties (Scheme 3). Quinoline derivatives exhibit human serum albumin binding
properties and also entail in the synthesis of novel dispiro heterocyclic derivatives [101, 109].
There are different synthesis methods of quinoline derivatives and among this Vilsmeier

reagent method is one of known method.
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Ciprofloxacin (E)-2-styrylquinoline

Scheme 3. Quinoline derivative drugs

Vilsmeier reagent (VR) is a versatile new synthesis of 2-chloroquinoline-3-carbaldehydes and
also called (Chloromethylene)dimethyliminium chloride which is well known as a flexible
synthetic tool for the formylation of electron-rich aromatics, chlorination of alcohols,
conversion of carboxylic acid into the corresponding acid chloride [110, 111]. Typical
preparation methods of VR are by the treatment of N,N-dimethylformamide (DMF) with
chlorinating agents such as phosphoryl trichloride, thionyl chloride, phosgene, or phosphorus
oxychloride [11, 34, 101, 102, 112]. Those chlorinating agents are not suitable though for
large scale synthesis due to the expensive or hazardous nature of the reagents [113].

Vilsmeier reagents also find application in the synthesis of a number of heterocyclic
compounds. Among these applications, the treatment of acetanilide and its activated analogs

with dimethylformamide (2.5 mol equiv) in phosphors oxychloride (7 mol equiv) under
10



reflux in a drying tube fitted flask afforded quonoline-3-carbaldehyde in good yield (Scheme
4) [11, 34, 101, 102, 114]. Quinoline-3-carbaldehyde analogs demonstrated considerable
biological and pharmacological activities as antimicrobial,[115] anti-inflammatory,[116]

antimalarial [117] and antivirus activities[118].
H
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2-chloroquinoline-3-carbaldehyde

Scheme 4. Synthesis of 2-chloroquinoline-3-carbaldehyde [11, 34, 102, 119]

The main purpose of this work has updated knowledge for the scientists, chemists or
researchers regarding the design and recent development of metal complex with quinoline
derivative drugs like molecules hence the market has a lot of quinoline ring containing drugs
[17, 101]. The frequency of infectious disease in humans has increased dramatically because
of rising multidrug resistance. The rising clinical importance of drug-resistant bacterial
pathogens has impelled additional exigency to investigate agents that are more effective.
Therefore, searching for new antimicrobial agents with specific activity, possibly acting
through mechanism, which are different from those of familiar classes is of main interest. The
modification in the molecular structure of potential lead compounds is still an organized and
ruler approach to widen the vicinity of antimicrobial medicine investigation. Among the
ligand systems, quinoline derivatives are highly important because, these ligands developed
due to their diverse chelating ability, structural flexibility and pharmacological activities.

Different review of literature indicates that quinoline-based derivatives scaffolds are known
to exhibit excellent properties towards communicable and non-communicable disease. This
broad spectrum of biological and biochemical activities has been further aided by the
synthetic flexibility of quinoline derivatives which allows the generation of a large number of
structurally diverse derivatives and their metal complexes [11, 34, 105, 120]. Ongoing search
for natural products with potential biologically active ligands have confirmed that quinoline
and its derivative (2-chloro-quinoline, 8-hydroxyquinoline and 2-chloroquinoline-3-
carbaldehyde) (Scheme 5) ligands containing imine lie among one of an important class of
biologically active ligands that attracted attention of chemists due to their extensive range of
pharmacological properties and applications [34, 41, 43], such as anticancer [37-39, 101,
106, 121], antibacterial [11, 34, 38, 40, 102, 105], antifungal [8, 10], antiprotozoal [40], anti-
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inflammatory [9, 11], antiviral [122], anti-diabetic [32], antituberculosis [123] and
antioxidants [10, 11, 34].

12 Lo 13 Ej/\/T ! AN

2-chloro-8-methylquinoline-3-carbaldehyde 2-chloroquinoline 2-chloroquinoline-3-carbaldehyde
Scheme 5. Types of 2-chloroquinoline derivative

Among these, derivatives of 2-chloroquinoline-3-carbaldehyde having imine, have attracted
attention of researchers due to their anticancer, antimicrobial, antifungal, antiprotozoal,
antidiabetic and antioxidant activities [11, 34, 35, 102].

2. 2. Quinoline Based Transition Metal Complexes

The study of coordination compounds with biologically active metals and bioactive ligands
(N-, S- and O- donor ligands) is at the forefront of the field of coordination chemistry [124].
One of the quinoline derivatives, 8-quinolinol (8-hydroxyquinoline, 8-HQ) and its derivatives
like halogen derivatives, exhibit significant biological activities [125] and, it has been found
that the activities of bioactive molecules (ligands) can be enhanced upon their coordination to

different biologically active metals [126, 127].

Metal-based compounds are relatively uncommon drugs compared with organic compounds,
having made their clinical entrance in 1978 with the endorsement of cisplatin, while some
metal complexes are currently used in clinical applications such as anticancer therapies [128,
129]. In the last few decades, a renewed interest in metal-based therapy has been raised in
fact, on coordination, not only bioactive ligands might improve their bioactivity profiles, but
also inactive ligands may acquire pharmacological properties hence organic chemistry alone
is not adequate to supply the world with new effective antimicrobial agents [130] to
overcome antimicrobial resistance. In particular, recently, it is reported that quinoline
derivatives and their metal complexes showed significant activity against the Mycobacterium

tuberculosis strain, at low micro-molar levels [120].

Different researches’ reports have witnessed in biological applications of metal coordination
of biologically active ligands [3, 50, 72, 74, 120, 131, 132], in which, transition metal ions
have the ability to switch between several oxidation states, due to the redox activity of metals
and, therefore, a possible disturbance of the sensitive cellular redox homeostasis, a tight

regulation of the metal and redox balance is crucial for health. In addition naturally occurring
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coordination compounds with metal atoms in their centers have vital importance in biological
systems, such as hemoglobin, chlorophyll and vitamin B-12 [133]. These natural complexes
have shed light on the preparation of synthetic derivatives, thus new syntheses and their
applications in various fields have gained importance. These coordination compounds are
used in many areas such as biochemistry, pharmaceutical chemistry and dyes, in which their
importance is increasing day by day. In addition coordination compounds are used in a large

part of industrial areas due to their important roles in many enzyme reactions [134].

Since quinoline derivatives are a group of ligands which play an important role in the
syntheses of biologically active coordination compounds, many chemists have been working
on the syntheses of quinoline derivatives Schiff bases chelate complexes, since they could
form complex structures with different metals in different oxidation states [135, 136]. The
chelate complexes have been able to prepare by the presence of two or more vicinal
coordinating groups in the Schiff base ligands. The ligands and metal ions used in the
syntheses of the complex compounds play an important role in gaining different properties of
these complexes [137-139]. Studies on transition metal complexes of Schiff bases have
shown that the complexes can be used as catalysts like enzymes in many fields such as
enzymatic and industrial applications. For this reason, these types of complexes and their
applications have attracted much attention in recent years [140, 141]. In recent years, there
are studies in the literature showing that some transition metal complexes carry oxidase,
peroxidase and catalase-like activities [142, 143]. Examples include peroxidase-like activity
of oxovanadium(lV) Schiff base complex, [144] and catechol oxidase mimetic properties of

mononuclear copper complexes [145].

Researchers have prepared and characterized different metal complexes such as Co(lll),
Ni(I1), Cu(l/11), Zn(1l), Mn(l1), Fe(ll) and Ru(ll) for the biological application [13, 146],
accordingly, numerous complexes have been probed in quest of new developed inorganic
drugs [3, 50, 72, 74, 120, 131, 132, 136]. Similarly, different current reviews provide insight
into the interaction between the reactive oxygen species and the transition metals complexes
[10, 45, 153, 154, 69, 101, 147-152]. These all studies were focused on a novel approach to
design synthetic antioxidant metal-based compounds and to study their activities in the

oxidation processes with heterocyclic organic ligands.
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Coordination of halogen derivatives of 5-chloro-7-iodo-8-quinolinol (HCQ)), to copper(ll)
exhibit increased antimicrobial activity against gram-positive and gram-negative

microorganisms [155] and increased antiproliferative effects [125].

Metal compounds have been used in medicine since ancient times. Nevertheless, organic
drugs have traditionally dominated modern medicinal chemistry and pharmacology.
Inorganic medicinal chemistry is a growing research area whose current development has
been triggered by the unexpected discovery of the antitumor activity of cisplatin. This
discipline exploits the singular properties of metal ions for designing metal compounds with
therapeutic and diagnostic applications. Either coordination or organometallic chemistry offer
wide possibilities to develop novel metal-based drugs bearing quite different mechanisms of
action aiming at different targets. Most significant investigations on inorganic medicinal
chemistry have been directed to the development of antitumor compounds of different metals
(Pt, Ru, Sn, Ga, Au, Ti, Sn, among others) that could show improved therapeutic indexes and
wider activity spectra [4, 17, 129, 156]. Different previous work, focused on the synthesis of
3d and 4d metals with 8-HQ derivatives simulating the structure of cisplatin or other platinum
anticancer drugs and has shown that many of the prepared Pd(ll) ionic compounds interact

with DNA and exhibit more pronounced antitumor activity than cisplatin [157-159].

Many N, O-donor ligands form stable complexes with metal ions and a wide variety of such
complexes have been investigated as cancer treatments. One of the most prominent examples
is the Ga complex with its 8-hydroxyquinoline (8-HQ) ligands, which has been investigated
in clinical studies and the use of privileged structures, or pharmacophores, is a well-known
and effective approach in drug design and development [160]. 8-Hydroxyquinoline is one of
the most common and versatile derivatives of the heterocyclic pharmacophore quinoline,
which has been extensively studied and used as a privileged structure due to its broad range
of bioactive properties, often due to the ability to coordinate naturally abundant metal ions

such as copper, zinc and iron [126, 160].

Researcher also designed a novel series of organoplatinum(ll) complexes with quinoline-
coumarin derivatives and evaluated for the cytotoxic property. All the synthesized
compounds evaluated against human lung adenocarcinoma cells and cervical carcinoma cells,
by MTT assay in vitro and showed a potent antitumor effect in vivo [161]. Moreover, the

presence of 3-(20-quinolyl)-6,8- dichloro-hydroxy-coumarin (H-QC5) ligand showed a
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significant enhancement in the antineoplastic properties of the coumarin-modified organo-

platinum(Il) complexes [101].

Other researcher reported the synthesis of metal complexes with dianion of 8-hydroxy
quinoline-5-sulphonic acid and the cytotoxicity activity was measured against a panel of
cancer cell lines and investigated for antibacterial activity against 9-strains of pathogenic
bacteria [162]. The result showed that the complex exhibited significant antifungal activity
than reference drug fluconazole. In other way, researcher designed and synthesized the
organometallic compounds (Ru, Os, Rh, Ir) bearing the quinolines motif. They had a
promising antiproliferative activity with a lack of aqueous solubility. All the synthesized
compounds investigated against many cancer cell lines by the sulforhodamine B cytotoxicity
assay using cisplatin as the reference [163]. Other researcher also synthesized new quinoline
derivatives with their Cu(ll), Ni(Il) and Co(Il)] complexes. These were screened using the
disc diffusion method against different strains of bacteria (Bacillus subtilis and Escherichia
coli) and pathogenic strain of fungi (Aspergillus fumigates). The drugs ampicillin and
fluconazole were used as standard and methanol used as a negative control [3]. The
synthesized compounds indicated that in vitro and in silico had a prospective view to be used
as a drug and could be toxic. The series of quinoline-derivative coordination with Zn(ll),
Cu(ll), Ru(ll) were synthesized and evaluated for their antimicrobial activity [164, 165].
Therefore, antimicrobial studies had been performed by using Escherichia coli, Pseudomonas
aeruginosa compared with the standard drug vancomycin and piperacillin of known
concentration. The synthesis of quinoline-3-carbaldehyde with copper(ll) complex
derivatives and evaluated the cytotoxic effect against human cancer cell lines by using MTT
assay and the complexes exhibited in vitro antitumor activity better than metal, free ligands
using cisplatin as standard. All the synthesized compounds were tested by UV spectroscopy
absorption and ethidium bromide competitive studies indicated the compounds interact with

calf thymus DNA through intercalation and induced cell death by copper(11) complex [166].

The synthesis of Pd(Il) complexes with 7-bromo-quinolin-8-ol derivatives and evaluated their
biological properties as antimicrobial and antitumor activities. The in vitro studies performed
against 9 strains of bacteria and 5 strains of fungi for antimicrobial activity [158]. The
synthesis of copper(ll) complexes with hydroxyquinoline-thiosemicarbazone derivatives was

reported for the treatment of cancer and Alzheimer’s diseases. In particular, the most active
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Cu(Il) complexes showed the inhibition, cell proliferation with lower 1Cs, values [101, 164,
167].

Development of a new chemotherapeutic Schiff bases and their metal complexes is now
attracting the attention of medicinal chemists. This review compiles examples of the most
promising applied Schiff bases and their complexes in different areas. Still there is need to
explore the biological properties of these already synthesized transition metal complexes and

to synthesize new complexes with more properties.

2.2. 1. Zinc(I1) complexes

Zinc, as the second most abundant metal ion the human body, is an important bio essential
trace element which has been recognized as a crucial element in a large number of proteins
and enzymes after iron and has a major regulatory role in the metabolism of cells [54, 120,
168]. Zinc deficiency has been known to contribute much in multiple diseases, such as
growth retardation, sexual impairment, malabsorption syndrome, sickle cell disease, chronic
liver disease and diabetes [44-46]. Zinc being the most abundant metal ion in the human
body, it is an important bio-essential trace element and also known to be a crucial element in
a large number of proteins and enzymes. Zinc plays great roles in biological processes like
gene expression, metabolism of cells, apoptosis, and it is responsible for some neurological
disorders like Parkinson and Alzheimer diseases. Zinc is extensively used to treat children
suffering from deadly diarrhea resulting in significant reduction of child mortality in many
countries [169]. The role of zinc in nucleic acid chemistry is noteworthy since zinc(ll) ions
are the only metal ions able to facilitate the rewinding of molten DNA [123]. Zinc is an
important trace element in human beings, and is participating in several biological processes
in the form of complexes with proteins and nucleic acids. Moreover, Zn(ll) ions are important
for the expression of genetic information and structural maintenance of chromatin with
numerous examples of Zn(Il) complexes have been investigated for their significant
antibacterial activity. Recently it is reported that quinoline derivative and their Zn(ll)
complexes showed significant activity against the Mycobacterium tuberculosis strain, at low
micromolar levels [120, 123, 170].
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Scheme 6. Zinc complexes of quinoline derivatives [19, 120, 123, 171]

Fluorescence properties of zinc(ll) complexes, especially in the function of light-emitting
materials (LEDs), have been intensively explored and the results indicate that the
fluorescence intensity and properties of Zn(Il) complexes are sensitive to the structure and
donor acceptor potentials of the employed organic ligands as catalyst, and have been used in
phenol oxidation [172], CO, fixation [173], and ring opening polymerization [54, 174]. In
addition, there are various reports in literature that zinc complexes possess potential
luminescent properties, optoelectronic light devices, enzyme inhibition, bio-imaging and
antibacterial agents [123, 175].

The study accomplished on complex of Zn(ll) and in vitro antimicrobial and antioxidant
activities of quinoline derivative based ligands, reveals the synergistic effect of the ligands a
promising one in the development of antimicrobial and antioxidant agents [176]. In addition
Zinc(Il) dichloride complexed with two quinoline-N-oxide molecules has luminescent
properties, resulting in a stronger emission and significant quantum yield in comparison to

more polar media [123, 177], this is due to having no empty d — orbitals [178]. Zinc(ll)
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complexes with one of quinoline derivatives called quinolin-8-ol have in vitro antimicrobial
activity have better activity than the positive control and ligand and the antibacterial activity
of all the tested complexes was better than their precursor ligand; hence, all complexes had
better activity than positive control (fluconazole) [57].

Zinc complexes of quinoline derivatives bearing 3,4-dihydroquinolin-2(1H)-one
demonstrated very good antituberculosis activity which is comparable to “‘first and second
line”’ drugs used to treat tuberculosis (Scheme 6 (14)) [123]. The observed results of the test
compounds indicate the future potential for the development of metal coordination complexes
to solve the limitations due to currently existing anti-tuberculosis agents to treat multiple drug
resistant Tuberculosis [120, 123, 124, 171]. In the literature zinc compounds have exhibited a
potential biological activity with drugs being tested for the treatment of Alzheimer disease
[179] and zinc(Il) complexed with tolfenamato have antioxidant activities [123]. Similarly,
complexes of zinc(Il) with quinoline derivative have higher activity towards Mycobacterium
tuberculosis than which is comparable to ‘‘first and second line” drugs used to treat

tuberculosis [171].

Literature reports indicate that zinc based complexes have shown diverse medicinal
applications such as antioxidant [49], antimicrobial [2, 48], anti-inflammatory, and anti-
diabetic [6] activities. In addition, several zinc complexes are used as a major ingredient of
the medicine used in the treatment of skin diseases and find significant use as a catalyst in
various catalytic reactions [54]. The zinc complexes derived from Schiff bases are
extensively studied due to their wide applications in material and biological science [180-
182]. In addition, zinc(Il) complex with slight distorted tetrahedral geometry derived from a
bidentate Schiff base ligand could be a good candidate in treatment of inflammatory disorders
[55, 183, 184]. Similarly, study indicated that zinc(ll) complex, coordinating with
macrocyclic ligands has more antibacterial activity than the standard antibiotics of neomycin

and nitrofurantoin [180].

The antibacterial property of zinc ion is significantly enhanced upon complexation with
ligand, particularly with nitrogen containing ligands [55, 175, 182, 184-186]. In vitro and in
silico biological activity of five zinc(ll) complexes with 3,5-dichloro—salicylaldehyde
showed radical scavenging and bacterial activities than its free ligand. Similarly, these
complexes are interacted with CT DNA via intercalation and bind tightly and reversibly to

bovine and human serum albumin [187].
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2.2. 2. Copper(11) complexes

Copper is an essential trace metal or as a constituent of various compounds in humans. It is
bound to ligands of various types (ceruloplasmin, albumin, and other proteins) forming
complexes that interact with biomolecules [188, 189]. Among the transition metal ions,
Cu(ll) is a biologically essential ion whose positive redox potential allows biological electron
transfer reactions and several copper species showed a broad spectrum of activity with a low
toxicity overcoming inherited and/or acquired resistance to platinum drugs [190]. These
features are consistent with the hypothesis that copper complexes possess mechanisms of
action different from platinum drugs that covalently bind to DNA and this study indicate that
copper complexes exhibit ability to interact with DNA [190].

Copper(1l) complexes containing heterocyclic hydrazones exhibited wide range of biological
and pharmaceutical activities that includes DNA binding and cleavage, antimicrobial,
anticancer and antioxidant behavior [41, 189]. According to the study copper complexes with
imines have deserved much attention, probably because of their ability to intercalate between
the bases of DNA and to participate in catalytic cycles with usual reducing and oxidizing
agents in biological medium and Cu(ll) is also involved in the causation and cure of cancer
[41, 188, 189]. In addition, copper complexes derived from 4-aminoantipyrine derivatives act
as more bactericidal and fungicidal agents as compared to the uncomplexed Schiff base
ligand and the copper acetate from which they are derived. In addition, the synthesized
complexes exhibit significant supper oxide dismutase (SOD) mimetic and reducing power
activities [66].

Copper(ll) complexes are known for their antimicrobial, anti-inflammatory/ antioxidant,
DNA binding, and antiviral and anticancer activities [21, 22, 29, 43, 191]. Due to the fact that
many cytotoxic drugs have undesirable side effects, the subject of study of many scientists is
to find a substance that does not have such effects [192]. In vitro biological activity study of
copper(Il) complexes with NSAIDs and nicotinamide indicated that the complexes exhibit
cytotoxic effects on lung carcinoma cells, DNA binding activities and may suggest the non-
electrolytic nature (AM=7-9S cm? mol™) of the complexes because the Ay value should be
higher than 70 S cm® mol™) to be an electrolyte material [189, 193].
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Copper ion, as the central atom of active site of various metalloprotein, plays an essential role
in a number of widely differing biological processes like electron transfer, oxidation and

dioxygen transport [194].

A number of Cu(ll) chelate complexes that exhibit cytotoxic activity through cell apoptosis
or enzyme inhibition have been reviewed [2]. Similarly Cu(ll) chelates are potent
antiproliferative agents, exhibiting strong cytotoxic effects comparable to that of adriamycin,
standard by inducing cell cycle arrest and apoptosis. Their action may involve the inhibition
of the enzyme topoisomerase Il activity, by preventing dimer formation of the enzyme and its
interaction with DNA [14, 21, 66, 176, 195]. The diverse biological activity of these
complexes compared to one of the widely used platinum anticancer drugs cisplatin, indicates
different mechanism(s) of action, which have not been yet resolved. It is likely that copper
complexes interact with enzymes and inhibit vital cell functions, rather than interact with
DNA and induce crosslinks [196].

Copper(1l) complexes with a variety of aromatic molecules coordinated through N, and O
donor atoms have been synthesized and tested for biological activity. The Cu(ll) Schiff base
complexes has been shown to exhibit polyphenol oxidase and peroxidase like activities [196].
It binds to bovine serum albumin causing site specific cleavage of the protein when the
system is incubated in atmospheric conditions which takes place through binding and
activation of molecular oxygen by the metal [197]. In such complexes, the metal is
coordinated either to neutral heteroatomic molecules such as phenanthroline or to anionic
organic ligands such as 8-hydroxyquinolinate, pyrrolidine dithiocarbamate, or (pyridine-2-
ylmethylamino)methyl phenolate. It is noticeable that the free ligands themselves are not
efficient inhibitors, and complex formation is necessary for the transportation of copper ions
through the cell membrane, in order to achieve proteasome inhibition which seems to be the
result of the increasing lipophilicity of the metal upon ligand coordination [14, 21, 66, 176,
195]. Distorted tetrahedral bis-(N,S) bidentate Schiff base complexes of Cu(ll) interact
strongly with CT-DNA by an intercalative mode and BSA confirmed that the complexes have
a greater binding affinity via the static mode [197]. Copper(ll) complexes of 2-oxo0-1,2-
dihydroquinoline-3-carbaldehyde (benzoyl) hydrazone exhibited effective cytotoxic activity

against a panel of human cancer cell lines and antioxidant activities(scheme 7 (19)) [198].
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Scheme 7. Copper complexes of quinoline derivatives [3, 19]

2.2. 3. Nickel(Il) complexes

Nickel metal concentrations in living things are low when compared with others (Zn, Cu and
Fe). Nickel (Ni) is an essential trace element for bacteria, plants, animals and humans.
Studies to investigate the biological functions of nickel have expanded dramatically
following the discovery of nickel as an active site metal in the jack bean urease in 1975 and
since then, the list of nickel-dependent enzymes has been significantly increased. A number
of enzymes depend on nickel, including urease, NiFe hydrogenase, CO dehydrogenase,
acetyl-CoA (acetyl coenzyme A) synthase, methyl-Coenzyme M reductase, glyoxalase I, and
nickel containing superoxide dismutase and the role of nickel in bioinorganic chemistry has
been rapidly expanded since the discovery [73, 199, 200]. In addition, a large number of
nickel complexes of biological interest has been reported with the most structurally
characterized acting as vitamins or showing anticancer, anticonvulsant, antiepileptic [76, 199,
201], antibacterial and fungicidal activity [73, 74]. The antimicrobial activity of the
complexes has been tested against three microorganisms (E. coli, P. aeruginosa and S.
aureus) and similarly, nickel(l1l) complexes with the antibacterial drug sparfloxacin exhibit
good binding propensity to human and bovine serum albumin proteins having relatively high

binding constant values [73].
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Furthermore, different studies reported a number of nickel complexes bearing biological
activity including antitumor [72], antibacterial [73], antifungal [74], anti-
inflammatory/antioxidant [72], antileishmanian [75] and their interaction with DNA as
intercalating [76, 77, 202]. More bioinorganic chemists were interested to the nickel
compounds and reported the biological activity of Ni(ll) complexes bearing the above
mentioned biological importance [20, 29, 76, 202—204]. Recent research “evaluation of DNA
binding and DNA cleavage of nickel(ll) complexes with tridentate a-N-heterocyclic
thiosemicarbazones ligands” showed that nickel(Il) complexes are able to interact with DNA

via intercalative mode with a moderate binding affinity [205].

Nickel-diflunisal complexes were tested for their activity to scavenge in vitro the DPPH, and
hydroxyl radicals and were more active than free diflunisal ligand. Specially, the complexes
are very active scavengers of hydroxyl and superoxide radicals. The interaction of the
complexes with BSA and HSA was studied by fluorescence emission spectroscopy revealed

the significant affinity of the complexes to the aloumins [202].
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Scheme 8. Nickel complexes of quinoline derivatives [206]
2.2. 4. Cobalt(Il) complexes

The biological interest of cobalt is mainly focused on its presence in vitamin B12 and other
proteins as well as in compounds showing biological activity [42, 133]. Being in the active
center of vitamin B12, cobalt is indirectly involved in the DNA-synthesis. Furthermore,
cobalt is used as a supplement of vitamin B12 and is related to at least different cobalt
dependent proteins [203]. The first studies concerning the biological activity of cobalt
compounds were reported in 1952 [207], since then, many structurally characterized cobalt
compounds have been involved in the hydrolytic cleavage and binding of DNA [203] and

have antimicrobial, antifungal, antiviral, antioxidant and antiproliferative agents [43, 68-71].
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From the pharmacology point of view, cobalt complexes are noted for their significant
biological properties, namely cobalt(ll) complexes are known for their promising biological
activity such as antimicrobial, anticancer, and antiviral activity [22, 28, 43, 68, 69, 72, 208].
The study performed on investigation of antioxidant activity of cobalt—quercetin complex
shows that the complex has higher antioxidant activity as compared to the pure quercetin
which suggests that the Co(ll) ions significantly change the chemical properties of the
quercetin [42]. The cobalt complexes have high tight binding affinity to BSA and HSA as
revealed by the relatively high binding constants, which indicate their binding to SA and
transfer towards their biological targets. The complexes were more active than the
corresponding free ligand in regard to the ability to scavenge in vitro DPPH, and especially,

hydroxyl and superoxide radicals [209].

Cobalt complexes of a Schiff base ligand containing mixed donors have attracted much
attention because they have shown diverse coordination sphere and promising anticancer
activity [210]. In particular, cobalt complexes bearing typical Schiff bases, incorporating with
N’-((2Z, 3E)-3-(hydroxyimino)butan-2-ylidene)-2- phenyl acetohydrazide ligand was
synthesized and showed impressive antimicrobial activity [69]. Similarly, cobalt-hydrazone
complexes exhibit antimicrobial activities, in which the complexes act as more potent
bactericidal agents than the hydrazone ligands and metal salt [211]. The anticancer properties
of these compounds are also tested against colon carcinoma cells and breast carcinoma cells.
The Co(Il) complexes display more significant cytotoxic activities against these cells than
those of the free ligands [211]. Two Co(ll) complexes constructed from the aroylhydrazone
ligand can effectively interact with BSA and change the secondary structure of BSA, and
Superoxide dismutase (SOD) mimic activity of the complexes was investigated and the
results showed that complex showed a stronger radical scavenging potency with an ICs value
of 16.10 puM [69]. Other recently reported cobalt(ll) complexes that derived from 2-
acetonaphthone benzoyl hydrazone and 2-acetonaphthone salicylylhydrazone Schiff bases
showed DNA binding, protein binding, antioxidative and cytotoxic activities [69, 212].
Similarly, cobalt(ll) complex constructed from the aroylhydrazone ligand indicated that the
complexes can effectively interact with BSA and have Superoxide dismutase (SOD) mimic
activity of the complexes in which complex showed a stronger radical scavenging potency
against O, radical [69].
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2.2. 5. Vanadium(lV) complexes

Vanadium is a transition metal existing in oxidation states ranging from -3 to +5, showing
interaction with biomolecules in its various forms [213]. Vanadium occurs in different
oxidation states with the ability to participate in reactions involving the formation of free
radicals. The most essential oxidation states of the vanadium complexes are V(III), V(IV),
and V(V). The two most biologically and physiologically stable states are vanadium(IV) and
vanadium(V) [214]. The importance of coordination chemistry of vanadium has attracted
much attention in recent years and has witnessed the discovery of enzymatic and
physiological activities of vanadium complexes. Vanadium complexes paid attention to the
exploitation of diversity of the oxidation states and flexibility of change in the coordination
sphere around the metal center [215]. Vanadium has a regulatory role in the biotic system:
influences several important enzymes, and stimulates the studies on vanadium in many
enzyme systems involving tyrosine kinase, phosphoribosyl phosphates, adenylate cyclase,
and ribonuclease due to oxidation state in oxocomplexes so determined by the number of oxo
groups that bind to centeral atom [216]. The current focus is to create pharmaceuticals that
will take advantage of its insulin-mimetic anti-diabetic properties and treatment of tumors
[217].

Vanadium is present in trace amounts as physiologically essential element with wonderful

biological properties. There are suggestions that vanadium plays important roles in cells such
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as regulation of phosphoryl transfer enzymes and cell's redox potential [218].
Pharmacologically, vanadium compounds with oxidation states +4 (IV) and +5 (V) have
demonstrated anti-diabetic and anticarcinogenic effects in humans [219, 220]. Considering
the biological properties of vanadium and the antimicrobial activities of thiourea derivatives,

it can be concluded that the combination of them can lead to the generation of novel

improved antimicrobial agents.

Generally, high oxidation states of vanadium complexes( V(V) and V(IV)), with organic
ligands as prodrugs have shown insulin mimetic activity [219]. In spite of extensive
investigations on insulin-enhancing properties and anti-diabetic effects of vanadium
compounds, a few researchers have studied antimicrobial activity of vanadium complexes,
particularly, with different ligands [217, 221-224]. Considering the antibacterial activities of
these compounds [214], recently many researchers have been concentrating on the
coordination chemistry of vanadium complexes [153] with well-established different
chemical and biological functions. Vanadium plays a central role in a variety of biochemical
processes, such as phosphorylation [217, 225] glycogen metabolism [217], insulin mimicking
[217] and in anti-parasitic agents [217, 226]. In other case, study accomplished on an
antioxidant activity of V(IV), Mo(V1)/(IV) and Ru(ll) complexes indicate that the scavenging
activity of the complexes towards DPPH is high for the oxovanadium(IV) complexes with
lower I1Csq values which are comparable to ascorbic acid as a standard antioxidant [227]. In
addition, vanadium compounds have been shown to exhibit several biological effects, may
act as phosphatase inhibitors [148, 217, 225] displaying insulin-like effects. Oxovanadium
complexes with quinoline and pyridinone ligands showed the strongest antiproliferative
activity, which is comparable potent with cisplatin [60]. On the other hand, the study
performed on oxovanadium(lVV) complex of 8-hydroxy quinoline and 3-acetyl-6-methyl-2H-
pyran-2,4(3H)-dione have shown satisfactory bacterial activity against S .pyogenes [61], and
other vanadium(lV) complexes showed that good antioxidant, antibacterial, antifungal

activities and strong interaction binding with DNA [228].
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Scheme 10. Vanadium complexes of quinoline derivatives [60, 217]

In view of this, the researcher focused on the synthesis, characterization antibacterial and
antioxidant activity of two novel quinoline derivatives and their oxidovanadium(IV)
complexes. The antibacterial properties of all compounds were screened in vitro against two
standard Gram-positive (Staphylococcus aureus and Enterococcus faecalis) and two standard
Gram-negative (Escherichia coli and Pseudomonas aeruginosa) bacterial strains. Theoretical
calculations show that the antibacterial activities of thiourea ligands and their
oxidovanadium(1V) complexes have some relation with the LUMO energy and the difference
between LUMO and HOMO energies. The results of antibacterial experiments show that both

the synthesized compounds have good ability to inhibit growth of the bacteria.
2.3. Biological application of Transition Metal Complexes

2.3.1. Antimicrobial activity of Transition Metal Complexes

Microbial infections are one of the leading diseases which are responsible for millions of
deaths every year because of lack of effective antimicrobial therapy and this situation
becomes more complicated because of microbial resistance towards conventional antibiotics
[229]. Occurrence of the antibiotic resistance pathogen has become a severe health issue and
thus, numerous studies have been stated to improve the current antimicrobial therapies. It is
known that over 70% of bacterial infections are resistant to one or more of the antibiotics that
are generally used to eradicate the infection [230]. As mentioned above quinoline and its
derivatives are an important class of heterocyclic compounds found in many synthetic and
natural products with a wide range of pharmacological activities such as anticancer [39, 231,
232], antimicrobial [11, 17, 34, 102], antifungal and antiprotozoal [8], anti-inflammatory [9],
antidiabetic [7] and antioxidant [10, 11, 17, 34, 102] activities. The use of antibiotics has
significantly improved public health worldwide. However, due to the improper use of

antibiotics in daily life, bacteria develop drug resistance quickly to most of the antibiotics.
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This may imply that the battle against bacterial infections is endless [233, 234]. These days,
the issue of antimicrobial resistance is critical and becomes a worldwide problem. The
bacteria, methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin resistant
Enterococcus faecium (VREF), are resistant to the clinically used antibiotics such as
methicillin and vancomycin [234]. Considering the fast emergence of drug-resistant bacteria
and limited clinically used antibiotic treatment options, developing another strategy to fight
against bacterial infections is therefore urgently needed. Therefore, quinoline derivatives
have been the target of synthetic investigations. Accordingly, several thousand quinoline
derivatives are known and many of these have important pharmacological activity but still,
there is a demand for general strategies that can efficiently provide variously substituted and
functionalized quinoline [11, 232]. Furthermore, some quinoline and its derivatives such as
serotonin and melatonin influence many important biochemical processes. They act as
antioxidants and play an important role in the human immune system [10, 11]. Therefore
searching novel and effective antimicrobial agent is important to overcome this problem,
accordingly, metal complexes of Schiff base derived organic ligand (HL) and Fe(lll), Co(ll),
Cu(ll), Zn(1l) and UO,(1l) showed a good antibacterial activity against Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus pyogenes [1, 14, 20-23]. Similarly, in vitro
antimicrobial and antioxidant activities of Co(ll), Ni(Il), Cu(ll) and Zn(ll) complexes of
bisphenolic mannich base and 8-hydroxyquinoline based mixed ligands were screened by
disc diffusion method and showed antibacterial activity order as: Cu(ll) > Co(Il) > Ni(ll) >
Zn(1l) > Ligand [14].

Similarly, a series of new two different iron(Il) Schiff base amino acid complexes derived
from condensation of 5-bromosalicylaldehyde (bs) and a-amino acids (L-alanine (ala), L-
phenylalanine (phala), L-aspartic acid (aspa), L-histidine (his) and L-arginine (arg)) have
been synthesized and the structure of the investigated iron(ll) complexes was elucidated
using elemental analyses, infrared, ultraviolet visible, thermogravimetric analysis, mass
spectroscopy as well as conductivity and magnetic susceptibility measurements. Moreover,
the prepared compounds are screened for their in vitro antibacterial activity against two
Gram-negative (Escherichia coli, Pseudomonas aeruginosa) and one Gram-positive (Bacillus
cereus) bacterial strains and antifungal activities against three fungal cultures (Penicillium
purpurogenium, Aspergillus flavus, Trichotheium rosium) using disk diffusion method [235]
and the results indicated that the complexes shows enhanced microbial activities compared

with parent ligand.
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In addition, Schiff bases and their Cu(ll) complexes were tested in vitro for their antibacterial
activity against two Gram-Positive bacteria (Micrococcus luteus and B. cereus) and one
Gram negative bacteria (P. aeruginosa). All the complexes showed activity against the
organisms more than the free ligands and the activity increases with the increase in
concentration of test solution containing the new complexes [14, 21, 176]. The activity data
show that the metal complexes have a promising biological activity comparable with the

parent Schiff base ligand against bacterial species [22, 236].

Therefore, it has been found interesting to study the structural property and biological activity
of metal complexes containing the quinoline moiety. On the other hand, the ligand derived
from 2-chloroquinoline-3-carbaldehyde form stable complexes with metal ions due to the

presence of a phenolic hydroxyl group, which coordinates to the metal ion via deprotonation.

For the evaluation of the antibacterial potential of a given compounds, it is preferred to test
them against several targets, because each of them has cell structures and a particular
metabolism. The sensitivity of the strains to the different compounds was classified according
to the diameter of the zone of inhibition as mentioned in the previous study [237]. Diameter
less than 8 mm: not sensitive; Diameter from 9 — 14 mm: sensitive; Diameter from 15 — 19
mm: very sensitive; Diameter more than 20 mm: extremely sensitive [237]. The results reveal
variable responses depending on the strain and the concentration of the compound tested.
According to the results of study on nickel(ll), copper(Il) and zinc(ll) complexes containing
ONNO donor atoms Schiff base ligands showed that, all complexes have highest zone of
inhibition against all the tested strains [21]. It was observed that the antibacterial activity of
these compounds has high effect on the Gram-negative bacterium S. aureus and B. cereus,
that was extremely sensitive 50 pg/mL (above 20 mm), Gram-positive bacteria E. coli and P.
aeruginosa are less sensitive to these compounds [21, 237].

The results of previously reported studies indicated that all metal complexes have higher
antimicrobial activities than the parent ligand. This higher activity of the metal complexes
may be owing to the effect of metal ions on the normal cell membrane. Metal chelates bear
polar and nonpolar properties together; this makes them suitable for permeation to the cells
and tissues. In addition, chelation may enhance or suppress the biochemical potential of
bioactive organic species [14, 21, 66, 176, 195]. The character of the metal ion coordinated to
ligand may have its own role to such difference, in addition to, the chelation which

considerably increases the lipophilic character of the central metal ion, because of the partial
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sharing of its positive charge with the donor groups and possible n-electron delocalization
over the chelate ring. This favours the permeation through the lipid layer of cell membrane.
The increased liposolubility of the ligand up on metal chelation may contribute to its facile
transport into the bacterial cell which blocks the metal binding sites in enzyme of
microorganisms [56, 120, 123, 124, 171, 176]. In general the studies indicated that for metal
complexes showing antimicrobial activity, the following five principal factors should be
considered: (i) the chelate effect; (ii) the nature of the ligands; (iii) the total charge of the
complex; and (iv) the nature of the ion neutralizing the ionic complex [56, 120, 123, 124,
171, 235].

2.3.2. Antioxidant activity of Transition Metal Complexes
2.3.2.1. DPPH (1, 1-Diphenyl-2-Picrylhydrazyl) radical scavenging activity

Free radicals are inevitably produced in biological systems and also encountered
exogenously, and are known to cause various degenerative disorders, like mutagenesis,
carcinogenesis, cardiovascular disturbances and ageing [24, 25, 232, 238]. Antioxidants are
the compounds, which combat the free radicals by intervening at any one of the three major
steps of the free radical mediated oxidative process, initiation, propagation and termination
and these antioxidants are also produced by biological system and occur naturally in many
foods and the balance between oxidants and antioxidants decides the health and vigor [239].
In biological systems such as cells, tissues and bio-molecules, antioxidants prevent oxidative
damage by acting as scavengers to reactive oxygen species (ROS) [240]. Vitamin C and
vitamin E are well known non-enzymatic antioxidants within normal cells that interact
directly with radicals such as hydroxyl and peroxyl intermediates and help to minimize the
consequences of lipid peroxidation in membranes. Natural antioxidants are more suitable
compared to synthetic antioxidants. However, natural antioxidants have their own merits and
demerits such as a lack of water solubility and average antioxidant activity. Most antioxidants
are lipid-soluble with a lower absorption capacity, such as vitamin E, carotenoids, and lipoic
acid. Many synthetic antioxidants that have been developed recently exhibit good antioxidant
properties [241] hence synthetic antioxidants are widely used because they are effective and

cheaper than natural antioxidants.

The search for metal-derived antioxidants has received much attention and effort in order to
identify the compounds having high capacity in scavenging free radicals related to various

disorders and diseases associated with oxidative damage, caused by reactive oxygen species
29



(ROS). Currently a number of Schiff-base metal complexes have been investigated as
effective scavengers of ROS, acting as antioxidants. Methods for antioxidant activity
determination, thus it is important to know the antioxidant content and their efficacy in foods,
for preservation or protection against oxidative damage, to avoid deleterious changes and loss
of commercial and nutritional value [239]. This necessitates the development of a rapid

method for determining the potential antioxidant capacity in various foods.

1, 1-Diphenyl-2-Picrylhydrazyl (DPPH; CigH12NsOs, M=394.33) assay method was
developed by Blois (1958) with the viewpoint to determine the antioxidant activity. The assay
is based on the measurement of the scavenging capacity of antioxidants towards it. The odd
electron of nitrogen atom in DPPH is reduced by receiving a hydrogen atom from
antioxidants to the corresponding hydrazine. DPPH is characterized as a stable free radical by
virtue of the delocalization of the spare electron over the molecule as a whole (Scheme
11(26)), so that the molecules do not dimerize, like most other free radicals. The
delocalization also gives rise to the deep violet color, with an absorption in ethanol solution at
around 517 nm. On mixing DPPH solution with a substance that can donate a hydrogen atom,
it gives rise to the reduced form with the loss of violet color [11, 22, 82, 241, 242]. While
DPPH can accept an electron or hydrogen radical to become a stable, diamagnetic molecule,
it can be oxidized only with difficulty, and then irreversibly. DPPH shows a strong absorption
band at 517 nm due to its odd electron and solution appears a deep violet color, the
absorption vanishes as the electron pairs off and the resulting de-colorization is
stoichiometric with respect to the number of electrons taken up and it can also be used to

quantify antioxidants in complex biological systems, for solid or liquid samples [14, 241].

The method is unique in carrying out the reaction of the sample with DPPH in
methanol/water, which facilitates the extraction of antioxidant compounds from the sample.

Determination of antioxidant activity of various types of foods using DPPH is comparable to
other methods. Antioxidant analysis by other methods may be limited to those compounds
soluble in the selected solvents. The advantage of this method is that DPPH is allowed to
react with the whole sample and sufficient time given in the method allows DPPH to react

slowly even with weak antioxidants [243].

DPPH assay is considered a valid accurate, easy and economic method to evaluate radical
scavenging activity of antioxidants, since the radical compound is stable and need not be

generated [11, 22, 82, 241, 242]. It considers not only the antioxidant concentration but also
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the reaction time of scavenging reaction to reach the plateau. The antioxidant efficiency is
measured at ambient temperature so that the risk of thermal degradation of the molecules
tested is eliminated [11, 22, 82, 241, 242].

DPPH can only be soluble in organic solvent and the interference of absorbance from the
sample compounds could be a problem for the quantitative analysis. It is a stable radical
where the unpaired electron is located on nitrogen atom. One of the main applications of
DPPH is its uses in the in vitro antioxidant assays and the compounds that can scavenge
DPPH radicals are mainly related with anticancer, antiaging and anti-inflammatory activity
involved in the protection from rheumatoid arthritis and inflammation [244]. DPPH radical
scavenging activity assay is based on the measurement of the scavenging ability of
antioxidants towards the stable radical (DPPH). The free radical DPPH " (26) is reduced to the
corresponding hydrazine (28) when it reacts with hydrogen donors (27) [245, 246].
Antioxidants react with free radicals by different mechanisms: hydrogen atom transfer (HAT)
or single electron transfer mechanism (SET); or the combination of both HAT and SET
mechanisms. The HAT reaction is a concerted movement of a proton and an electron in a

single kinetic step, as shown in Scheme 11 [247].

H
DPPH

26 27 28

Scheme 11. Reaction mechanism of DPPH with antioxidant.

Scavenging the DPPH radical by antioxidant substances will result in a decrease in its
absorption readings which is being proportional to the concentration of radicals that are being
scavenged [17, 247]. The measurements are made using a UV-Visible spectrophotometer at
room temperature and the scavenging capacity is reported as the percentage of DPPH radical
inhibition (eq. 1).

% DPPH; ggicar scavenging activity = A_C X100—-———————— (1)

where A, the absorbance of the control, and Ag is is the absorbance of the sample. Then % of

inhibition was plotted against concentration. The half-maximal inhibitory concentration
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(ICs0) could be calculated from this plot [17, 247, 248]. Generally, DPPH is a stable free
radical that accepting hydrogen or electron from a corresponding donor, which causes it to
lose the characteristic deep purple color [241, 242, 249].

2.3.2.2. ABTS (2,2-azinobiz-3-ethylbenthiazoline-6-sulfonic acid) radical cation
scavenging activity

The basis of the ABTS assay is the interaction between an antioxidant and the pre-generated
ABTS"™ radical cation. ABTS™ scavenging can be easily quantitatively detected due to the
bleaching of absorption spectrum characteristic maxima at 414, 417, 645, 734, and 815 nm
(Scheme 12) [250]. The usually applied characteristic maxima to monitor are 414 — 417 nm
and 730 — 734 nm; however, the latter is the recommended range due to the possible
interference of many samples, which can be expected at lower wavelengths, resulting in the
underestimated antioxidant capacity [250]. It is important to consider that ABTS™ absorbance
maximum bands shift a little in different solvents due to the solvatochromic effect: methanol
(744 — 745 nm), ethanol (753 nm), and propanol (757 nm) [250]. The pH impacts the Amax
either, for example, in 0.1 M acetate buffer pH 5 a hypsochromic shift is observed with a
maximum at 728 nm [40]. The commonly used end-points for ABTS™" loss detection are 4 or
6 min. Usually, ABTS™ is pre-generated a day before, by mixing the potassium persulfate
(PP) and ABTS to stand overnight (for 12 — 16 h) (Scheme 12) [251]. PP stoichiometrically
oxidizes ABTS (ABTS/PP ratio 2:1) to form ABTS™, which can be easily observed by a
color change from almost colorless to deep bluish-green (eq.2). The ABTS to ABTS™
conversion degree under these conditions is approximately 60% [250, 252]. Generally, the
characteristic color of ABTS radical cation is discolored from dark green to light green when
the radical is bleached by antioxidants [250, 252].

ABTS + S,05° — ABTS™ + SO, + SO,*
ABTS + SO, — ABTS™ + SO,*

The percentage of inhibition of ABTS oxidation was calculated using the following formula:

ABTS+ Scavenging effect% — (Acontrol—Asample)X 100 o (2)

Acontrol
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Scheme 12. Hypothetical structures and mechanisms involved in ABTS activation under pro-

oxidant conditions and antioxidant scavenging action of oxygen

2.3.2.3. FRAP (Ferric Reducing Antioxidant Power) Assay

The FRAP assay is a relatively simple, quick, and inexpensive direct method of measuring
the combined (total) antioxidant activity of reductive (electron donating) antioxidants in a test
sample [253]. The assay uses the reduction of ferric ions (Fe®") to ferrous ions (Fe?*) as the
signal, or indicator reaction and this is tied to a color change [254, 255]. Ferric to ferrous ion
reduction at low pH causes a colored ferrous-tripyridyltriazine complex [255]. FRAP values
are obtained by comparing the absorbance change at 593 nm in test reaction mixtures with
those containing ferrous ions in known concentration. Absorbance changes are linear over a
wide concentration range with antioxidant mixtures, including plasm and with solutions
containing one antioxidant in purified form [255]. Reagents are stable and of low toxicity, the
sensitivity and precision of the method are high, stoichiometric factors of reacting
antioxidants are constant over a wide range of concentrations, and the test is strong, in that
small differences in reaction conditions do not markedly affect results [254]. The Fe** in the
reaction mixture is in large excess, and is in the form of an aqueous ferric tripyridyltriazine
(Fe’*TPTZ) salt solution. Therefore, the limiting factor in the reaction is the total, or
combined, electron donating ability of reductive antioxidants in the sample added to the
reaction mixture [254]. The ferric salt solution is a pale yellow color but when reduced to the
ferrous form, this changes to blue, and absorbance at 593 nm increases. Reaction conditions
(temperature, pH, reagent and sample volumes, reaction duration) are fixed, and the timed
change in absorbance at 593 nm is transformed into total antioxidant activity by comparing

the change in absorbance induced, under the same reaction conditions, by a known
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concentration of Fe?* added (as a measured aliquot of ferrous sulfate solution) to the reagents
in place of sample. Results are expressed as the FRAP value expressed in pmol/L, calculated
as follows (eq.3):[254, 256].

Absorbance at 593nm of test sample reaction mixture ung

X Fe?* concentration (ﬁ) -(3)

absorbance at 593 of Fe?* standard reaction mixture
2.3.2.4. Hydrogen peroxide (H:0:) radical scavenging activity.

The ability of a sample to scavenge hydrogen peroxide was determined according to the
method developed by literature report [257]. A solution of hydrogen peroxide was prepared
in phosphate buffer (pH 7.4). Samples (100 pg/mL) in distilled water were added to a
hydrogen peroxide solution. Absorbance of hydrogen peroxide at 230 nm was determined 10
minutes later against a blank solution containing the phosphate buffer without hydrogen
peroxide. The percentage of hydrogen peroxide scavenging of sample and standard
compounds were calculated (eq.4) [258].

AC_As

% Scavenged [H,0,] = [A—s] X100—-————————————— — — — — 4)

where Ac is the absorbance of the control and Ag is the absorbance in the presence of the

sample or standards.
2.4. In-silico drug-likeness predictions

According to statistics, the success rate of candidate compounds found in preclinical
detection is about 40%, while the rate of candidate compounds entering the market is only
10% due to their poor biopharmaceutical properties (poor chemical stability, poor solubility,
poor permeability and poor metabolic) [259]. Thus, generating worthy computational
methods for prediction of drug-likeness of bioactive molecule is very important to increase
the success of drug discovery and development. According to previous study, [260] drug-like
compounds are molecule which contain functional groups and/or have physical properties
consistent with the majority of known drugs, and hence can be inferred as compounds which
might be active biologically or might show therapeutic potential. Lipinski (2000) defines
those compounds as ‘drug-like’, which have sufficiently acceptable ADMET (absorption,
distribution, metabolism, excretion, and toxicity) properties to survive through the Phase |
clinical trial [261]. The concept of drug-likeness, generated based the structural,
physicochemical, biochemical, pharmacokinetic (PK), and toxicity characteristics of a
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compound; thus, a drug-like compound possesses sufficiently acceptable ADME properties,
as well as sufficiently acceptable toxicity properties [261, 262]. Currently there are various
available online resources for drug-likeness prediction, including integrated databases, drug-
likeness evaluating servers, and resources for drug-likeness based on natural products and

special drugs.

Thus, understanding these properties has become an integral part of drug discovery and has
enabled the accurate selections of hits that are suitable starting points for the identification of
new clinical candidates [263]. Lipinski's Rule of 5 was developed to set ‘drug ability’
guidelines for New Molecular Entities (NMESs) [264]. The Lipinski “Rule of Five” states that
compounds are likely to have good absorption and permeation in biological systems and are
more likely to be successful drug candidates if they meet the following criteria:[265]: five or
fewer hydrogen-bond donors (HBD), ten or fewer hydrogen-bond acceptors (HBA),
molecular weight (MWH1.) less than or equal to 500, and calculated logP (cLogP) less than or
equal to 5 and topological polar surface area (TPSA) less or equal to 140 A% to survive
through the Phase I clinical trials which were considered drug-like [266]. As a guideline, the
Lipinski’s rule of five is conceptually simple and straightforward to implement, hence its
widespread adoption. However, it does not apply to natural products or substrates of
biological transporters [263]. Further research has added two more conditions. It has been
reported that compounds with topological polar surface area (TPSA) of 140 A? and above
would be poorly absorbed (< 10% fractional absorption) and those with a TPSA 60 A? would
be well absorbed (> 90%) [79, 267] and <10 rotatable bonds (Rot B) which are correlated
with drug permeability and flexibility, respectively [262].

2.5. Molecular docking

Molecular docking is one of the most frequently used methods in structure-based drug design,
due to its ability to predict the binding-conformation of compounds to the appropriate target
binding site [268]. Molecular docking assists in the process of computer-aided drug designing
by considering every possible conformation of the protein and targeted molecules [268].
Molecular docking techniques aim to predict the best matching binding mode of a ligand to a
macromolecular partner [269]. Ligand binding to macromolecules plays a key role in biology
and medicine as guiding mechanism in biological processes. The binding of drugs to proteins
and DNA has led to vast structural studies using both experimental and theoretical methods.

Because of the major role of DNA in replication and transcription, DNA has been a major
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target for antibiotic, anticancer and antiviral drugs [270]. Nucleic acid binding drugs are
known for various diseases such as cancer, malaria, AIDS and other viral, bacterial and
fungal infections [270]. The different modes of drug binding to DNA include intercalation
between adjacent base pairs, intrusion into the minor groove and into the major groove.
Intercalation and minor-groove binding are the predominant DNA-binding modes of small

molecules [270].

Molecular docking or computer-simulated ligand binding is a powerful technique for
investigating intermolecular interactions. It is an attractive scaffold to understand drug
biomolecular interactions for the rational drug design and discovery, as well as in the
mechanistic study by introducing a molecule (ligand) into the preferred binding site of the
target specific region of the DNA/protein (receptor) mainly in a non-covalent fashion to form
a stable complex of potential efficacy and more specificity. The information obtained from
the docking technique can be used to suggest the binding energy, free energy and stability of
complexes. At present, docking technique is utilized to predict the tentative binding

parameters of ligand-receptor complex beforehand [271, 272].
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3. MATERIALS AND METHODS

3.1. Chemicals and Reagents

The chemicals and reagents used for this study were acetic anhydride 99.8%, acetic acid
glacial 99.5%, aniline 99%, zinc dust 95%, N, N- dimethyl formamide 99%, phosphorus
oxychloride 98%, potassium dichromate 99.5%, acetone 99%, sulfuric acid 98%, methanol
99.5%, n-Hexane 99%, dichloromethane 98%, Ethyl acetate 99.5%, Chloroform 99%,
Triethylamine 99%, cobalt chloride hexahydrate 98%, copper nitrate trihydrate 98%, nickel
nitrate hexahydrate 98%, zinc chloride 98%, vanadyl sulphate 96%, silver nitrate 99.9%, L-
Ascorbic acid 99%, Dimethyl sulphoxide 99% and 2, 2-diphenyl-1-picrylhydrazyl (DPPH).
All these chemical and reagents were purchased from Loba chemie PVT. LtD (Mumbai,
India) and all chemical reagents, including salts and solvents, were of analytical grade and

used without further purification.

3.2. Instruments and Apparatus

The NMR spectra were obtained using NMR Bruker Avance 400 spectrometer operating at
400 MHz using DMSO-d6 and CDClI; as a solvent and chemical shifts (8) were reported in
ppm and the coupling constants (J) are reported in Hertz at department of chemistry, Addis
Ababa University. Elemental compositions were analyzed using FESEM-EDX (CARL ZE
155, OXFORD instrument's EDX, USA) at Mangalore University India. Fluorescence
spectra measurements were performed on Agilent: MY-18490002/PC
spectrofluorophotometer at department of physics, Adama Science and Technology
University. Mass spectra was recorded with SHIMADZU, LC-MS 8030 (model LCMS-8030,
mass range m/z 10 to 2000, sensitivity ESI positive: 1 pg reserpine, S/N>3,000:1 (RMS),
resolution R < 0.7 FWHM) at Mangalore University India. The UV-Visible spectral data
were recorded on a (SM-1600 Spectrophotometer) at department of biology, Adama Science
and Technology University, Powder XRD were recorded on X-ray diffractometer
SHIMADZU ((model: XRD-7000 X-RAY DIFFRACTOMETER) at department of material
science, Adama Science and Technology University, FTIR was recorded with Perkin-Elmer
BX Spectrometer at department of Chemistry, Addis Ababa University. Thermogravimetric
analyses (TGA) data were recorded using DTG-60H SHIMADZU thermal analyzer at
department of Chemistry, Bahr Dar University. Molar conductances of the complexes were
recorded at room temperature in methanolic solution of the samples, and melting point

analysis was done using conductometre (AD8000: Resolution 0.1 mV ( £ 699.9 mV)/1 mV
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(£2000 mV), 0.01, 0.1, 1 puS/cm; ppm, 0.01, 0.1 mS/cm; ppt 0.1°C, Accuracy: at 25 °C + 0.2
mV up to £ 699.9 mV, £ 1 mV up to £ 2000 mV, + 0.5 °C) and digital melting point
(Hanchen digital auto melting point apparatus: model 934), respectively. Thin Layer
Chromatography (TLC) was run on a 0.2 mm of silica gel GF254 (Merck) on aluminum plate
and Spots were detected and visualized with 254 nm and 366 nm wavelength using UV light

and at department of Chemistry, Adama Science and Technology University.

3.3. Synthesis of ligands

3.3.1. Synthesis of (E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-yl)methylene)
amino)ethan-1-ol (L1)

The ligand (L1) [L1 = (E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-yl)methylene)
amino)ethan-1-ol] was prepared based on the previous reported procedure [11], accordingly,
2-chloroquinoline-3-carbaldehyde (2.5 g, 0.013 mol) was added to 10 mL 2- aminoethan-1-ol
in a 250 mL round-bottom flask and heated to 90 — 95 °C for 2 h in oil bath. The completion
of the reaction was monitored by Thin Layer Chromatography (TLC). The resulting mixture
was cooled to room temperature and added to 200 mL cold ice water. The precipitate was
separated by suction filtration and washed with 400 mL ice cold water to remove the excess
amount of ethanolamine which served both as solvent and reagent and then dried at room

temperature [11, 34].
3.3.2. Synthesis of 2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde (L2)

The target ligand (L2), [L2 = 2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde] was
synthesized based on the previous reported procedure [102] in which (E)-2-(((2-((2-
hydroxyethyl)amino)quinolin-3-yl)methylene) amino)ethan-1-ol (2.5 g, 0.013 mol) was
refluxed in 20% H,SO,4 (10 mL) for 2 h. The accomplishment of the reaction was monitored
by TLC and once the reaction was completed, the resulting product was cooled to room
temperature and then put into 200 mL cold ice water and then the precipitate was separated
using suction filtration and washed with 100 mL ice cold water [11, 34, 102].

3.4. Synthesis of transition metal complexes

All metal complexes were synthesised in methanolic solution in which complexes 1 —5 and 6

— 10 were synthesised from L1 and L2 in 1:1 and 1:2 metal: ligand ratios respectively.
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3.4.1. Synthesis of Zinc(l1) complex (1)

Under constant stirring, a drop of triethylamine was added to 10 mL methanolic solution of
L1 (0.5 g, 1.93 mmol) in 250 mL two neck round bottom flask. After 30 min of stirring,
methanollic solution (10 mL) of ZnCl; (0.13 g, 0.96 mmol) was added drop wise to stirred
ligand solution, and then refluxed for 3 h at 80 °C under continuous stirring in water bath [43,
273]. The reaction was monitored by TLC [274]. Once the TLC results indicated the
completion of the reaction, the mixture was cooled to room temperature and filtered, washed
repeatedly using ice cold methanol to remove unreacted metal and ligand. The light yellow
powder like product was obtained and the product was kept for five more days to dry before

it was sent for analysis.

3.4.2. Synthesis of Copper(Il1) complex (2)

A methanollic solution (10 mL) of L1 (0.25 g, 0.96 mmol) was mixed with a drop of
triethylamine under constant string at room temperature. Then methanollic solution (10 mL)
of Cu(NOs3),-3H,0 (0.232 g, 0.96 mmol) was added drop wise to the solution of the ligand
under constant stirring and the resulting greenish solution was heated under reflux for 3.5 h at
80 °C. The reaction process is monitored using TLC and after completion of the reaction, the
mixture was allowed to cool to room temperature. The resulting precipitate was filtered,
washed with ice cold methanol to remove unreacted metal ion and ligand and deep green
powder product was obtained [275]. Then the product was dried at room temperature for five

days and kept for analysis.

3.4.3. Synthesis of Cobalt(l1) complex (3)

Methanollic solution of the L1 (0.5 g, 1.93 mmol) (10 mL) was mixed with a drop of
triethylamine under constant string at room temperature then after 30 min the 10 mL of warm
methanollic solution of cobalt chloride, CoCl,.6H,0 (0.228 g, 0.9 mmol) was added dropwise
to the stirred solution of the ligand under constant stirring and refluxed for 3.5 h at 80 °C. The
reaction process was monitored using TLC. After TLC results indicated, the completion of
the reaction, the mixture was allowed to cool to room temperature. The resulting precipitate
was filtered, washed with ice cold methanol to remove unreacted metal ion and ligand and a
brownish purple powder product was observed and kept the filtrate under slow evaporation

for about a week [69].
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3.4.4. Synthesis of Nickel(Il) complex (4)

Under constant stirring, a drop of triethylamine was added to the methanollic solution (10
mL) of L1 (0.25 g, 0.96 mmol) in 250 mL two neck round bottom flask at room temperature.
After 30 min of stirring, warm 20 mL methanollic solution of nickel nitrate hexahydrate
Ni(NO3),.6H,0 (0.279 g, 0.96 mmol) was added dropwise to the solution of the ligand under
constant stirring and the resulting green colour solution was refluxed for 3.5 h at 80 °C [276].
The reaction process was monitored using TLC [274]. After TLC results indicated the
completion of the reaction, it was allowed to cool to room temperature and filtered off,
washed with ice cold methanol, and dried at room temperature. Brownish red powder product

was obtained on slow evaporation.

3.4.5. Synthesis of Vanadium(IV) complex (5)

Under constant stirring, a drop of triethylamine was added to the methanollic solution (10
mL) of L1 (0.5 g, 1.93 mmol) in 250 mL two neck round bottom flask. After 30 min of
stirring, warm methanollic solution (10 mL) of vanadyl sulfate (0.16 g, 0.96 mmol was added
drop wise to it, under continuous stirring and then refluxed for 3.5 h at 80 °C under water
bath [277, 278]. The reaction was monitored by TLC. After the completion, the reaction was
allowed to cool to room temperature and filtered off, washed with ice cold methanol, and
dried at room temperature and deep green powder product was obtained on slow evaporation
[279].

3.4.6. Synthesis of Zinc(l1) (6) and Copper(l1) (7) Complexes

Under constant stirring, a drop of triethylamine was added to hot methanolic solution of L2
(0.5 g, 2.3 mmol) (20 mL) in different two, 250 mL two neck round bottom flasks separately.
After 30 min of stirring, methanollic solution of: ZnCl,, (0.157g, 1.15 mmol, 20 mL) and
Cu(NO3),-3H,0 (0.278 g, 1.15 mmol, 20 mL), were added drop wise to the two flasks
separately, under continuous stirring and then both the mixtures were refluxed for 4 h at 80
°C under water bath. Progress of the reaction was monitored by TLC and after the
completion, the reaction mixtures were cooled to room temperature and then washed
repeatedly using ice cold methanol to remove unreacted metal ion and ligand and then dried
at room temperature [43, 273-275, 277-279].
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3.4.7. Synthesis of Cobalt(I1) (8), Nickel(11)(9) and Vanadium(1V)(10)
complexes

Metal complexes were synthesised based on the previous report. Accordingly, at room
temperature, a drop of triethylamine was added to methanolic solution of L2 (1.00 g, 4.6
mmol, 25 mL) in different three, 250 mL two neck round bottom flasks. After 30 min of
stirring, a warm methanollic solution of: CoCl,.6H,O (0.55g, 25 mL, 2.3 mmol),
Ni(NO3),.6H,0 (0.67 g, 25 mL, 2.3 mmol) and VOSO, (0.38 g, 25 mL, 2.3 mmol) were
added drop wise to the flasks containing the solution of ligand separately, under continuous
stirring, then all the three mixture were refluxed for 4 h at 80 °C under water bath. The
progresses of reaction was monitored with TLC and after completion of the reaction, the
mixtures were cooled to room temperature and filtered then washed repeatedly using cold
absolute methanol to remove unreacted metal and ligand. The dried products were collected
and kept for analysis [43, 274, 277-279].

3.5. Stability Constant and Thermodynamic parameters

The stoichiometric and formation constants or stabilities were recorded using Job's method,
which is also known as continuous variation method. In this method, from transition metal
salts of Zn(ll), Cu(ll), Co(l1), Ni(ll) and V(IV), the standard solution (1 x 10®° M) were
prepared and put into ten 50 mL volumetric flasks (0, 1, 2 . .. 10 mL) and similarly a solution
of the ligands (10, 9, 8 . . . 0 mL) were prepared and added, respectively, in order to retain
constant mole ratio and the absorbance were measured at Amax (380, 406, 427, 401land 409
nm) and Amax (393, 351, 407, 397 and 408 nm) at temperatures of 25, 30, 37 and 40 °C for
Zn(11), Cu(Il), Co(ll), Ni(ll) and V(IV) complexes, of both L1 and L2 respectively [280,
281]. The pH of the solution was adjusted with triethylamine. The stoichiometric calculations
were made by varying the mole fraction of the metal ion and the ligand between 0 and 1 at
constant total concentration and then the absorbance of the solutions of different composition
were measured [280, 281]. The absorbance was then plotted against the mole fraction of the
ligands and then “n”, the average bound ligands have been calculated from the abscissa of the

maximum of the curve (Xmax) using equation 5:

Xmax
______________________________ (5)

n=———
1_Xmax

In addition, formation constants of the complexes were determined spectroscopically using,
equation 6 [15].
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where, A, = absorbance at extrapolated point, A; = actual absorbance

Similarly, the thermodynamic parameters (4G, 4H and 4S) were evaluated, [280, 281] in
which the changes in enthalpy and entropy (4H and 4S) were determined from the slope and
intercept of the InK vs 1/T (van’t Hoff) plot, respectively [42, 282]. The Gibbs free energies
(4G) of the reactions were determined using equations 7 and 8 simultaneously.

AG = AH — TAS--mmmmmmmmmmmmmeeseeeeeeseeeeese e e e mmm e e e e e 7)
AG = —RT IN K----eemmmmmmmmmmmeeee e e e e (8)

3.6. In silico study of the ligands and their transition metal complexes

3.6.1. Drug likeness and ADME prediction
The drug likeness of ligand (L1) and its complexes (1 — 5) were recorded using SwissADME

web tool. The Swiss Institute Bioinformatics (SIB) web tool (SwissADME) was used to
convert the two dimensional structure into its simplified molecular input line entry system

(SMILES) and then used to predict the in silico pharmacokinetic properties [283].

3.6.2. DFT calculations

Geometry optimizations of the ligands and their metal complexes (1 — 10) were performed
using the Gaussian 16 program package [284] and the results were visualized using
GaussView 06 and Chemcraft. The density functional theory (DFT) and time dependent
density functional theory (TD-DFT) calculations were performed using the B3LYP hybrid
functional [285-287] together with 6-311++G(d,p) basis set [288] for the light atoms and
LanL.2DZ basis sets for the metal atoms to account for relativistic effects. Grimme’s
dispersion correction [289] was employed to treat non-bonding interactions during the
calculations. In order to mimic the experimental conditions, the polarizable continuum model
in its integral equation formalism (IEF-PCM) [290] together with methanol solvent was
employed to correct the solvent effects. The optimized geometries were confirmed to be real
minima without any imaginary vibrational frequency by performing vibrational frequency
calculations at the same level of theory. The Eigen values of highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were calculated and
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visualized. Quantum chemical descriptors such as band gap energy (Eq = ELumo - Exomo),
electronegativity (y = -¥%2 (Enomo + ELumo)), electronic chemical potential (u = %2 (Enomo +
ELumo) = -x), global chemical hardness (7 = %2 (eLumo - Enomo)), global softness (6 = 1/27),
global electrophilicity index (w = x%27), nucleophilicity index (Nu = 1/w), and dipole

moment were calculated and analysed at the same level of theory [81].

3.6.3. Molecular Docking study of the Synthesized Compounds

The interaction and the binding affinity of the free ligands and their metal complexes 1 — 10
were performed using AutoDock 4.2 (MGL tools 1.5.7) with standard protocol [291], against
the active sites of the proteins of E. coli DNA gyrase B (PDB ID: 6F86) and P. aeruginosa
LasR (PDB ID: 2UV0). To study the interactions and binding affinity between the bacterial
proteins and the targeted compounds in a 3D fashion, the compounds were docked within the
binding site of the protein [11, 292, 293]. The chemical structures were prepared using Chem
Draw 16.0 which was followed by the energy minimization by ChemBio3D. The energy
minimized molecules were used as input file for AutoDock, to carry out the molecular
docking simulation [291]. The crystal structure of the receptor molecules and crystal structure
of DNA gyrase B (PDB ID: 6F86) and LasR Binding Domain (PDB: 2UV0) was downloaded
from protein data bank [294]. The protein preparation was done using the reported standard
protocol by removing the co-crystallized ligand, deleting water molecules, adding polar
hydrogens and cofactors, then the target protein file was prepared by leaving the associated
residue with protein by using Auto preparation of target protein file Auto Dock 4.2 (MGL
tools1.5.7) [11, 291]. The grid box was constructed using 58, 58, and 40, pointing in X, y, and
z directions, respectively, with a grid point spacing of 0.375 A with the center grid box was
14.527, 56.689 and —5.122 A. for both E. coli DNA gyrase B (PDB ID: 6F86) P. aeruginosa
LasR (PDB ID: 2UV0). The best docked conformation between the compounds and the
protein was explored with the docking algorithm provided with Auto Dock. During the
docking process, a maximum of nine conformers were considered for each compounds. The
conformations with the most favorable free binding energy were selected for analyzing the
interactions between the target receptor and compounds by discovery studio visualizer. The
ligands and their compounds are represented in different color, H-bonds (distance range 2 —
3.5 A) and the interacting residues are represented in ball and stick model representation. The
conformations with the lowest free binding energy were selected for analyzing the

interactions between the target receptor and the compounds using PyMOL [11, 291, 295].
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3.7. Biological Activity

3.7.1. Antibacterial activity of the ligands and their metal complexes

Antibacterial activity of the free ligands and their complexes were examined using paper disc
diffusion technique in which two Gram-positive bacteria (Staphylococcus aureus,
ATCC25923, and Streptococcus pyogenes, ATCC19615 and two Gram-negative bacteria
(Escherichia coli, ATCC 25922, and Pseudomonas aeruginosa, ATCC 27853) were used to
examine their activity. The medium was prepared from molten nutrient and Mueller—Hinton
agar. Ciprofloxacin and dimethyl sulfoxide were used as positive and negative controls,
respectively. The different concentrations were prepared for both first and second five metal
complexes based biological activities of ligands, accordingly, the bacterial strains were tested
with 150 and 300 wg/mL concentrations for 1 — 5 and 100 and 200 wg/mL for 6 — 10
concentration using paper disc-diffusion technique. In the process, each of the compounds
were dissolved in DMSO and 6 mm diameter Whatman filter paper discs were soaked in 1mL
solution of the above four concentrations. Then these saturated paper discs were inoculated at
the centre of Petri dish having bacterial lawn in triplicate. The plates were incubated at 37 °C
for 48 h, and then inhibition zone was determined by measuring the diameter of the inhibition
zone [11, 34]. The bacterial activities of the synthesized complexes were also confirmed by
calculating percent activity index (Al), [22] equation 9.

Mean inhibition zone of compounds

% Activity index (Al) = x 100 ———(9)

Mean inhibition zone of standard

Besides the disc diffusion method, the minimum inhibitory concentration (MIC) values for
the investigated complexes were determined by agar dilution assay method against all of
bacterial strains as reported [15, 18]. Bacterial suspension was prepared by inoculated
nutrient broth with a loopful of the bacterial culture from the slant and incubated at 37 £ 1°C
for 24 h. A few mL of the above bacterial suspensions (24-h broth cultures) of each strain
was added to 20 mL fresh broth until the final inoculum concentration is closely
approximates to 5 x 10° CFU/mL(colony-forming unit per milliliter) and a two-fold serial
dilution method was followed [19, 296-298]. The complexes were dissolved in water
separately to a concentration of 2.5 mg/mL solution. A 0.2 mL solution of the complex was
added to 1.8 mL of the seeded broth to form the first dilution in each case (250 pg/mL
concentration). Then, ten various dilutions were prepared for each complex by diluting 1 mL
of this dilution with further 1 mL of the seeded broth to produce the second dilution. The
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process was repeated until the tenth dilution generating a concentration of 250.00, 125.00,
62.50, 31.25, 15.63, 7.81, 3.91, 1.95, and 0.98, 0.49 nug/mL respectively. A positive control
was prepared using ciprofloxacin in the same concentration as the complexes against all of
the four bacterial strains. A set of tubes containing only seeded broth and suitable solvent
were kept for negative control. After incubation for 24 h at 37 £ 1°C, the last tube with no
visible growth of the microorganism was taken to represent the minimum inhibitory
concentration (MIC) of the complexes in each strain. All experiments were performed in
triplicate and the mean of the triplicates were reported [19, 296, 297].

3.7.2. Antioxidant activity of the ligands and their metal complexes

The antioxidant studies of the free ligands and their transition metal complexes were
performed using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay as this free radical
scavenging assay is a quick and effective method to examine the antioxidant activity of
potential antioxidants [241, 249]. Different concentration of the sample compounds (5, 10,
25, 40, 55, 70, 85, 100 and 115 pg/mL) for complexes 1 — 5, (1.56, 3.13, 6.25, 12.50, 25.00,
50.00, 100.00 and 200.00 pg/mL) for complexes 6 — 10 were prepared. The concentration (4
x 10°%) of the DPPH solution was prepared. In the experimental process, 2 mL of this
solution was added into each 2 mL samples of the synthesized compounds in methanol and
the control was prepared by adding 2 mL of the DPPH solution to 2 mL of methanol, while 4
mL methanol was used as a blank. The results were shaken vigorously and allowed to stand
at 37 °C in dark incubator (Labfreez: TSI-200) for 30 min and absorbance was recorded at
517 nm using double beam UV-Vis spectrophotometer, then the quenching of the absorbance
at 517 nm of the DPPH radical was examined at constant time of 30 min and ascorbic acid
was used as a positive control [11, 34, 241, 249, 299]. All the activities were performed in
triplicate and the average absorbance was taken for calculating the percentage of inhibition
using equation 1 (see section 2.3.2.1).

3.8. Statistical Analysis

The antibacterial data analyses generated by triplicate measurements were reported as mean
plus standard deviation. GraphPad Prism version 5.00 for Windows was used to perform the
Analysis (GraphPad Software, San Diego California USA) [300]. Groups were analyzed for
significant differences using a linear model of variance analysis (ANOVA) test for

comparisons with significance accepted for p < 0.05 (Appendix 1 and 2).
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4. RESULTS AND DISCUSSION

4.1. Synthesis of ligands and their transition metal complexes

The preparation of ligands and their all metal complexes were performed following
established procedure presented in Section 3.3 and 3.4.1-3.4.7 respectively. The first ligand
(L),
prepared from 2-chloroquinoline-3-carbaldehyde in good yield (See Table 1). The complexes
(1 - 5) were then synthesized in 1:1 metal: Ligand [M:L1] ratio. The second ligand (L2) (2-

(E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-yl)methylene)amino)ethan-1-ol ~ was

hydroxyethyl)amino)quinoline-3-carbaldehyde was prepared from the first ligand (L1) and
five (6 — 10) novel complexes were synthesised in 1:2 metal : Ligand [M:L2] ratio with metal
salts of zinc chloride, copper nitrate trihydrate, cobalt chloride hexahydrate, nickel nitrate
hexahydrate and vanadyl sulphate. The physicochemical properties of the aforementioned
ligands and their metal complexes are summarized in Table 1.

Table 1. Physicochemical properties of ligands and their transition metal complexes

Compounds Colour Yield (%) | Melting Conductivity (€
point (°C) | 'mol™ cm?.25 °C)
CrH17N30, (L1) Yellow (2919)86 | 80-85 |-
[Zn(H,L)CI] (2) Light yellow (0.259) 63 | 225-230 |7.21+0.15
[Cu(H,L)(H,0)(NO3)] (2) | Deep green (0.24g) 62 | 195—-200 | 18.57 £0.35
[Co(H2L)CIH(H20),] (3) Brownish purple | (0.25g) 63 | 215-220 | 8.47 £0.25
[Ni(H,L)(NO3)]. 2H,0 (4) | Reddish brown | (0.26 g) 66 | 115-120 | 15.07 +0.43
[V(O)(H,L)(H,0)(SO4)] (5) | Deep green (0.199)59 | 205—-210 |13.20+£0.29
C12H12N20, (L2) Yellow (3.509)88 | - -
[Zn(HL).] (6) Yellowish white | (0.419) 72 | 290 —295 | 19.82 £ 0.48
[Cu(HL)2(H20)2] (7) Deep green (0.39g) 64 | 260 — 265 | 21.47 +0.50
[Co(HL)2)(H20):] (8) Brownish red (0.469) 76 | 285—-290 | 18.60 £ 0.61
[Ni(HL)2(H20)2] (9) Brick red (0.39g) 65 | 270 — 275 | 18.49 +0.40
[V(HL)2(0)(H20)] (10) Deep green (0.32g) 56 | 265—-270 |15.07+0.41

Note: [C14H17N30; (Ligandl = L1) = H,L], [H,L=deprotonated ligand1]
[C12H12NL0, (Ligand2 = L2 ) = H,L], [ HL = deprotonated ligand2]

46




4.1.1. Ligand 1 (L1)

The schematic representation for the synthesis and proposed mechanisms of L1 is presented

in scheme 13 below.

11 OH
5 4 9__ 12
N__Cl Reflux, 2 h N N L1
NGO 32 2-aminoethanol 90 - 95 °C 7 N™2 ﬁ/lhs/H
2-chloroquinoline-3- 33 ! 3

carbaldehyde (E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-
yl)methylene)amino)ethanol

nucleophilic aromatic

N m . substitution reaction :‘) | H
~ H)N N/ C N
P o 2 \/\OH o = ﬁ N\ \/\OH
7
- AN~y —— C 0 HCl

| N +
32 20) 0 322)
imine HyN
I reaction \L
OH
: N\/\OH q N E\/\
= No"on X OH
200 Noon PN 7 0)
- 7 +
32(4) (Tx 323) N
OH H H
o OH

N OH
+  H,0

4 /N\/\OH
L1

Scheme 13. Proposed synthesis and reaction mechanisms of L1

The L1: C14H17N30; [HsL]; yield 86%; yellow powder; melting point. 80 — 85 °C; Rf = 0.25
(n-hexane: Methanol = 7:3); UV-Vis Anax (MeOH) = 383 nm; FTIR (v cm ™, KBr (pellet)):
3368 v( O-H), 3275 v( N-H), 1639 v(imine C=N ), 1620 v(quinoline C= N ). 'H NMR (400
MHz, DMSO-d6): 5 3.65 (8H, d, H-11, H-12, H-14, and H-15), 4.72( (1H, s, OH), 4.92 (1H,
s, OH), 7.19 (1H, t, J = 7.25Hz, H-6), 7.55(2H, m, H-5, H-8), 7.72 (1H, d, J = 8.36 Hz, H-7),
8.21 (1H, s, H-4), 8.5(1H, s, H-9), and 9.55 (1H, s, NH): **C NMR (100 MHz, DMSO-d6):
Jc 43.4(C-14), 60.5 (C-12), 61.2(C-15), 63.7(C-11), 117.2 (C-3), 121.9 (C-8), 122.4(C-4a),
125.7 (C-5), 128.9(C-6), 131.5 (C-7), 143.0 (C-4), 148.3(C-8a), 155.4 (C-2), and 163.8 (C-9)
; DEPT-135 6C 43.4(C-14 negative), 60.5 (C-12 negative), 61.2(C-15 negative), 63.7

negative (C-11), 121.9 (C-8), 125.7 (C-5), 128.9(C-6), 131.5 (C-7), 143.0 (C-4), and 163.8
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(C-9) (Appendix 5). Composition: Calc. for C14H17N30,; C, 64.85; H, 6.61; N, 16.20; O,
12.34%. Found C, 64.71; H, 6.65; N, 16.08 and O, 12.56%.

4.1.2. Ligand 2 (L2)

The schematic representation for the synthesis and proposed mechanisms of the L2 is

presented in scheme 14 below.

H da 3 79 L2
N on 0% SO 6 h ;
+ 0. 2
N 20Uy pZ OH
AN = \/\OH , N N /\/
Reflux, 2 h H
L1 8 1 12

10
2-((2-hydroxyethyl)amino)quinoline-3-
carbaldehyde

N ~"OH \/\ i
= + OH N N\/\OH
H N
= H
| C N PN
N M

Imine hydr01y81s of

34 protonation 34() H \L EL(;L(;nated 34(2) HN
OH OH I
OH
N \/\OH N EI
N \/\OH N\ 'V\OH
- @;@O\H
+
12 /\/NHz 34(4) MG)
Ho 1

OH

Scheme 14. Proposed synthesis and reaction mechanisms of L2

The L2 has formula Ci2H1,N20, [HoL]; yield 2.42 g, 88%; yellow powder; decompose
before melting at 130 — 132 °C; UV-Vis Amna (MeOH) = 408 nm; FT-IR (v cm™, KBr
(pellet)): 3361 v( O-H), 3245 v( N-H), 1679 v(carbonyl C=0), 1618 v(quinoline C= N) *H
NMR (400 MHz, CDCls): 8 , 3.65 (4H, H-11, H-12), 4.96 (1H, s, O-H), 7.26 (1H, s, H-
8),7.55-7.84 (3H, m, H-6, H-7, H-5), 8.24 (1H, s, H-4), 8.68(1H, s, H-9), and 10.02 (1H, s,
N-H); *C NMR (100 MHz, DMSO-de): dc 43.1 (C-11), 60.1 (C-12), 117.7 (C-3), 122.1(C-
4a), 122.8(C-8), 126.2 (C-6), 130.2 (C-7), 134.0 (C-5), 149.7 (C-4), 151.6(C-8), 154.7 (C-2),
and 194.8(C-9) (Appendix 7 and 8). Composition: Calc. for C1,H1,N,0,; C, 66.65; H, 5.59;
N, 12.96 and O, 14.80. Found C, 67.05; H, 5.56; N, 12.74 and O, 14.65%.
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4.1.3. Complex 1

The schematic representation for the synthesis of the complex 1 is presented in scheme 15

below.
y C,H;)sN o
AN Methanol N
A \/\OH + ZnCl, ethano — |
~Zn _H_X
F /N\/\OH Reflux 80°C, 3hr 07 >N N
Cl
L1 Complex 1

OH
Scheme 15. Proposed chemical reaction of complex 1
Complex 1 has molecular formula [Zn(H,L)CI]; found to be light yellow powder and, yield:
63%; melting point: 225 — 230 °C and is soluble in methanol, ethanol, DMSO, DMF,
acetonitrile and water. Molar conductance (MeOH): 5.21 + 0.35 Q'mol*cm? at 25 °C.
Composition: Calc. for C14H16CIN3O22Zn; C, 46.82; H, 4.49; N, 11.70; O, 8.91; ClI, 9.87 and
Zn, 18.21%. Found C, 46.85; H, 4.36; N, 11.80; O, 8.55; Cl, 10.25 and Zn, 18.19%. FTIR (v
m*, KBr (pellet)): 1657 v(Imin C=N), 1034 v(C-O), 524 v(Zn-0), 460 v(Zn-N). UV-Vis
(MeOH, nm): 231, 258 (m=—x*) and 300, 380 (n—n*).

4.1.4. Complex 2

The schematic representation for synthesis of the complex 2 is presented in scheme 16 below.

C,Hs);N

N_ _R NT N
A ~"oH Methanol | OH,
N + Cu(NOy), .3H,0 )
PN N0 Reflux 80°C 3.5h K
L1 OZNO
H Complex 2

OH

Scheme 16. Proposed chemical reaction of complex 2

Complex 2 has molecular formula [Cu(H,L)(H,O)(ONO,)]; found to be deep green powder
and, yield: 62%, has melting point 195 — 200 °C and are soluble in methanol, ethanol,
DMSO, DMF, acetonitrile and water. Molar conductance: 18.57 £ 0.35 Qmol*cm? at 25 °C.
Composition: Calc. for C14H1sCuN4Og; C, 41.84; H, 451; N, 13.94; O, 23.89 and Cu,
15.81%. Found C, 41.62; H, 4.90; N, 13.80; O, 24.15; and Cu, 15.53%. FT-IR (v cm Y, KBr
(pellet)): 1652 v(Imin C=N), 1059 v(C-0), 626 v(Cu-0), 474 v(Cu-N). UV-Vis (MeOH, nm):
235 (n—n*), 267, 317 (n—n*) and 406 (LMCT).
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4.1.5. Complex 3

The schematic representation for the synthesis of the complex 3 is presented in scheme 17

N. N CoHs)3N NP NF
S "oH Methanol H.0. | OH,
N + CoCl,.6H,0 VCTANO] g 20100 |
ANV on Reflux 80°C, 3.5 h O~ >N N

L1

below.

Complex 3
OH

Scheme 17. Proposed chemical reaction of complex 3

Complex 3 has molecular formula [Co(H,L)(H20),Cl] brownish purple powder, yield: 63%;
has melting point 215 — 220 °C and is soluble in methanol, ethanol, and water. Molar
conductance: 8.47 + 0.25 Q'mol™cm?® at 25 °C. Anal. Calc. for C14H2CICoN3O4; C, 43.26;
H, 5.19; N, 10.81; O, 16.46, Cl, 9.12 and Co, 15.16%. Found C, 43.50; H, 5.95; N, 10.82; O,
16.18; Cl, 8.65 and Co, 14.90%. FT-IR (v cm™*, KBr (pellet)):1647 v(Imin C=N), 1059 v(C-
0), 546 v(Co-0), 466 v(Co-N). UV-Vis (MeOH, nm): 234, 258 (n—n*), 293 (n—n*) and
427 (LMCT).

4.1.6. Complex 4

The schematic representation for the synthesis of the complex 4 is presented in scheme 18

below.

H (C,Ho);N
N N\/\ 2445)3 N = /
; N OH . [Ni(NO3), .6H,0 Methanol <\'\|“ « .2H,0
= \/\ o—')'~
34 OH Reflux, 80 °C, 3.5 h OZNOI N N
’)Complex 4

~  OH -

Scheme 18. Proposed chemical reaction of complex 4

Complex 4 has molecular formula [Ni(H2L)(NO3)].2(H20); reddish brown, like powder,
Yield: 66%; melting point 115 — 120 °C and are soluble in methanol, ethanol, DMSO, DMF ,
acetonitrile and water. Molar conductance (MeOH): 15.07 + 0.83 Q'mol™*cm? at 25 °C.
Composition: Calc. for C14H20N4NiO7; C, 40.52; H, 4.86; N, 13.50; O, 26.99 and Ni, 14.14%.
Found C, 40.86; H, 4.95: N, 13.35; O, 26.90 and Ni, 13.94%. FT-IR (v cm*, KBr (pellet)):
1650 v(Imin C=N), 1037 v(C-O ), 534 v(Ni-0), 462 v(Ni-N). UV-Vis (MeOH, nm): 229, 259
(n—7*), 302 (n—n*) and 401 (LMCT).
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4.1.7. Complex 5

The schematic representation for the synthesis of the complex 5 is presented in scheme 19
below.

H (C2H5)3N

AN N\/\OH Methanol <O\T€H2 Z
+ VOSO4 T— \\V/ H A
0 Reflux 80°C, 4hr O >N N
L1 o3soH
Complex 5

OH

Scheme 19. Proposed chemical reaction of complex 5

Complex 5 has molecular formula [V(H2L)(O)(H,0)(SO,)]; deep green like powder and
yield: 59%, melting point 205 — 210 °C and is soluble in methanol, ethanol, DMSO, DMF
and water. Molar conductance (MeOH): 13.20 + 0.59 Q*mol™*cm? at 25 °C. Composition:
Calc. for C14H19N3OgSV; C, 38.19; H, 4.35; N, 9.54; O, 29.07; S, 7.28 and V, 11.57%. Found
C, 37.96; H, 4.68: N, 9.66; O, 28.91; S, 6.71 and V, 12.08%. FT-IR (v cm*, KBr (pellet)):
1688 v(Imin C=N), 1070 v(C-0), 977 v(V=0), 604 3(V-0), 459 8(V-N) (Figure S4C). UV-
Vis (MeOH, nm): 231, 260 (n—nr*), 304 (n—=n*) and 409 (LMCT).

4.1.8. Complex 6

The schematic representation for the synthesis of the complex 6 is presented in scheme 20

below.

y (C,Hs)3N
NS N\/\OH + ——— >

(6]
A\
O
ZnCl, =\ 1 ¢
/) L a0 Y=
_Zn
A0 Reflux; 4 hr; 80 °C N o H \
/N
L2

Complex 6
Scheme 20. Proposed chemical reaction of complex 6.

Complex 6 has molecular formula [Zn(HL),]; yellowish white in colour and powder like,
yield: 72% (0.41 g); melting point: 290 — 295 °C and are soluble in polar solvent. Molar
conductance (MeOH): 19.82 + 0.48 Q'mol’cm? at 25 °C. Composition: Calc. for
Co4H2:N4O4Zn; C, 58.14; H, 4.46; N, 11.30; O, 12.91, and Zn, 13.19%. Found C, 58.27; H,
4.41; N, 11.08; O, 12.84; and Zn, 13.40%. FT-IR (v cm*, KBr (pellet)): 1642 v(Imin C=0
),1622 v(quin C=N), 953 v(C-O Str), 758 v(Zn-0), 529 v(Zn-N). UV-Vis (MeOH, nm): 231,
259 (m—n*) and 303, 393 (n—n*).
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4.1.9. Complex 7

The schematic representation for the synthesis of the complex 7 is presented in scheme 21

below.
O=
(C,Hs5)3N N //\
OH
Cu(NO;).3H,0 \H2 C“/O ZL

H
N N
V\OH + ——— > _ \J
Reflux; 4hr; 80°C
F /O =0

Complex 7
L2

Scheme 21. Proposed chemical reaction of complex 7

Complex 7 has molecular formula [Cu(HL)2(H20),]; yellowish white in colour powder like,
yield: 64% (0.39 g ), has melting point 260 — 265 °C and are soluble in polar solvent. Molar
conductance: 21.47 + 0.50 Q*mol™tcm?. Composition: Calc. for C4H26CuN4Og; C, 54.38; H,
4.94; N, 10.57; O, 18.11and Cu, 11.99%. Found C, 54.55; H, 4.95; N, 10.35; O, 18.09; and
Cu, 12.06%. FT-IR (v cm ™, KBr (pellet)): 1646 v(C=0), 1562 v(quinol C=N), 1057 v(C-0),
607 v(Cu-0), 544 v(Cu-N). UV-Vis (MeOH, nm): 255, (h—=r*) and 351(LMCT).

4.1.10. Complex 8

The schematic representation for the synthesis of the complex 8 is presented in scheme 22

below.

H (Cz S)SN NH /
N\/\OH .\ C0C12 .6H,O ng_| Co’OHz
0 Reflux; 4 hr; 80 OC
N\ F
L2 Complex 8

Scheme 22. Proposed chemical reaction of complex 8

Complex 8 has molecular formula [Co(HL)2(H20),)], brownish red powder, yield: 76%; has
melting point 285 — 290 °C and is soluble in methanol, ethanol and water. Molar
conductance: 18.60 + 0.61Q ™ mol cm? at 25°C. Anal. Calc. for CyH»,CoN4Os; C, 55.07; H,
4.62; N, 10.70; O, 18.34 and Co, 11.26%. Found C, 55.40; H, 4.93; N, 10.28; O, 18.33 and
Co, 11.06%. FT-IR (v cm ™, KBr (pellet)): 1622 v (C=0), 1569 (quinol C=N), 1035 v (C-O ),
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807 v(Co-0), 517 v(Co-N). UV-Vis (MeOH, nm): 231, 260 (n—n*), 304 (n—n*) and 407
(LMCT).
4.1.11. Complex 9

The schematic representation for synthesis of the complex 9 is presented in scheme 23 below.

(C,Hs);N f/\l
Ni(NO,), .6H,0 O,N-’—O

H
N i
\/\QH + > qu_iN\)

N
X
ANA° Reflux; 4 hr; 80 °C
12 NP

Complex 9

Scheme 23. Proposed chemical reaction of complex 9

Complex 9 has molecular formula [Ni(HL)2(H20),]; brick red powder, yield: 65%; melting
point 270 — 275 °C and are soluble in methanol, ethanol, DMSO, DMF , acetonitrile and
water. Molar conductance (MeOH): 18.49 + 0.40 Q™ mol™cm? 25 °C. Composition: Calc. for
C14H19NsNiOqg; C, 44.54; H, 3.74; N, 12.99; O, 29.67; and Ni, 9.07%. Found C, 45.26; H,
2.95; N, 13.05; O, 29.80 and Ni, 8.94%. FT-IR (v cm*, KBr (pellet)): 1621 v(C=0), 1573
v(Quinol C=N) , 527 v(Ni-0), 474 v(Ni-N). UV-Vis (MeOH, nm): 229, 259 (n—n*), 302
(n—n*) and 397(LMCT).

4.1.12. Complex 10

The schematic representation for the synthesis of the complex 10 is presented in scheme 24

H (CHs);N \v OQ@
N on . VOSO,

A0 Reflux; 4 hr; 80 0C =0 Complex 10
L2

below.

Scheme 24. Proposed chemical reaction of complex 10

Complex 10 has molecular formula [VO(HL),]; deep green like powder and yield: 56%,
melting point 265 — 270 °C and are soluble in methanol, ethanol, DMSO, DMF and water.
Molar conductance (MeOH): 15.07 + 0.41 Q'mol™cm? at 25 °C. Composition: Calc. for
Ca4HoN4OsV; C, 58.19; H, 4.07; N, 11.31; O, 16.15; and V, 10.28%. Found: C, 57.83; H,

4.16; N, 11.28; 0, 16.65; and V, 10.08%. FT-IR (v cm*, KBr (pellet)): 1688 v(Imin C=N),
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1070 v (C-0), 977 v(V=0), 604 v(V-O), 459 v(V-N). UV-Vis (MeOH, nm): 231, 260
(n—1*), 304 (n—n*) and 409 (LMCT).

4.2. Characterization of compounds

4.2.1. UV- Visible Spectroscopy

The electronic spectra of both the ligands and their metal complexes were recorded at
wavelength range (200 — 800 nm) using 1 x 10 M methanolic solution of the sample at room
temperature and the results are shown in (Figure 1 — 4 and Appendix 9). The UV-Vis
absorption spectra are produced possibly due to the electronic transitions from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) [3].
The obtained spectra show ligand bands due to (m=—n*), (h—=n*) transitions, which undergo
red and blue shifts under metal complexation. The bathochromic and hypsochromic shifts

showed the formation of the targeted metal complexes [3].

The free L1 absorption bands were recorded at (231, 258, 300, 383) nm (Figure 1 and
Appendix 9) representing n—n* (C=N) and n—n* (C-O) transition respectively. However, in
the case of metal complexes other than complex 1, these bands exhibit bathochromic (red)
shifted at different absorbance due to the dominance of inter ligand electron transfer since

zinc has a d'° electron configuration [301].

The Cu(ll), Co(ll), V(IV) and Ni(ll) complexes' characteristic spectra were observed in the
ranges of 231-293 nm and 302-304 nm that would be assigned to the n—=n* and n—n*
transitions, respectively [302]. Additionally, the broad band observed at 406, 427, 408 and
401 nm, for Cu(ll), Co(ll), V(IV), and Ni(ll) respectively, were observed. These red shifts
from free ligand are mainly due to the ligand to metal charge transfer (LMCT) which is in
line with the previous reported studies [81, 195, 302-309], hence the ligand might be
participated in metal complex and this is because the ligand (L1) has lone pair electrons and
the complexes have vacant d-orbitals [302, 310]. Moreover, as it can be seen from the insets
of the absorption plots presented in Figure 2, there is a very weak d—d transition around 480
nm in the case of the Ni(Il) complex. In addition, to shed more light on the absorption spectra
of the ligand and its complexes, we used TD-B3LYP to calculate the absorption spectra.
Comparison of the experimental electronic spectra with TD — DFT calculations has been

carried out and it was found that the experimental results are in very good agreement with the
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calculated results as presented in Figure 2. This further confirms the successful syntheses of

the intended complexes.

Ligand

Complex 1
Complex 2
Complex 3
Complex 4
Complex 5

1.5+

1.0

L1=383nm
4 =401 nm
2 =406 nm

1 =380 nm

Absorbance

3 =427 nm

5 =409 nm

300 400 500 600 700 800
Wavelength (nm)

Figure 1. UV-Vis spectra of L1 and its metal complexes
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Figure 2. Comparison of the experimental absorption wavelengths with calculated results of

the L1 and (1 — 5). Insets are experimental plots for the range between 440 and 540 nm.

Similarly the electronic spectra of the ligand (L2) and its complexes 6 — 10 were recorded
and showed in (Figure 3 and Appendix 9). The obtained spectra show ligand bands due to
(n—n*), (h—x*) transitions, which undergo blue shifts under metal complexation. The
hypsochromic effect shows the formation of the metal complexes [3]. Accordingly, the free
ligand exhibited absorption bands at 231 and 261 nm (z—x*) (C=N) imine group, 305 and
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408 nm (n—=n*) (C-O) hydroxyl group (Appendix 9). But these bands show blue shift at
different absorbance in case of metal complexes as a result of the complexation through

oxygen and amine groups [183, 301].

The observed characteristic bands in spectra of all the complex between 255 and 305 nm
would be attributed to the n—z* transition [3]. Moreover, the broad band observed at 351 —
407 nm, for the complexes may be assigned to Ligand to Metal charge transfer (LMCT),
indicating the coordination of the ligand to the metal ions which is in line with the previous
reported studies [3, 197, 238]. Similarly, it is also in agreement with DFT calculations
(Figure 4) which showed the presence of electron transitions from the HOMO of the ligand to
the LUMO of the metal center [49, 197, 304, 311]. The expected d—d transition bands of the
Cu(ll), Co(ll), Ni(l) and V(IV) complexes may be masked due to the dominant ligand-to-
metal charge transfer which is in agreement with previously reported studies [303-305, 312].
This is due to the presence of vacant d-orbital of the complexes and ON donor groups with

lone-pair of electrons within the ligand [302, 310].

0.24 4 7 = 351nm
§ 10 = 407 nm
—H L
s / .
o) - Complex 6
a — Complex 7
< - Complex 8
2 =408 nm — Complex 9
0.12
6 = 393 = Complex 10
9 =397 nm
0.00

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3. UV-Vis spectra of the L2 and its metal complexes (6 — 10)
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4.2.2. Fluorescence spectroscopy

Fluorescence spectral of the ligands and their metal complexes were recorded in methanol
solvent within the wavelength range of 350 — 700 nm at room temperature using 10° M

concentration of both free ligands and their metal complexes [313, 314].

The emission spectra of the ligand (L1) and its complexes (1 — 5) showed emission bands at
526, 608, 511, 521, 420 and 471 nm, respectively. Similarly, the emission spectra of the
ligand (L2) and its complexes (6 — 10) showed emission bands at 486 and 460, 471, 463, 457
and 469 nm, respectively which appeared in Figure 5, 6 and Appendix 10. Fluorescent
intensity changes were observed after complexation which is in agreement with literature
reports [123]. This corroborates with the fact that coordinating with metal ions might make
the ligand more rigid as coordination complexes transfer energy from the excited state of the
ligand to the metal ions. This resulted in fluorescence intensity shifts of the complexes,
demonstrating that the material may be suitable for photochemical applications. [123, 183,
315].

The photoluminescence properties of zinc complexes are typically caused by intraligand
emissions because of the d'° electron configuration; as a result, the complexes' luminescence
is primarily caused by the coordination of the ligand to the Zn(Il), which can be explained by
intraligand emissions, and is consistent with a recently published studies [54, 183, 316]. In
the case of Cu(lIl), Co(Il), Ni(Il) and V(IV) exhibit altered emission intensities relative to free
ligands due to charge transfer, which is consistent with earlier research [3, 65, 197, 198, 317].
Generally, emission intensities showed hyperchromic / hypochromic and bathochromic /
hypsochromic shifts upon complexation and this indicate the ligands fully participated in
coordinate covalent bond formation in agreement with reported studies in which the emission
peaks of the complexes have been blue-shifted [65, 183, 198, 316, 317].
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Figure 6. Fluorescence spectra of ligand (L2) and its complexes (6 — 10)

4.2.3. FTIR spectroscopy

FTIR spectra of free ligands and their metal complexes were recorded using 10 mg sample
with KBr pellets at the wavenumber range of 4000 — 400 cm™. FTIR spectra of the
complexes were compared with that of ligands to determine the coordination of compounds
and then coordination sites that may be involved in complexation process in which the detail
explanation was shown in Table 2, 3 and Appendixes 11 — 22. The IR spectrum of L1 shows
a stretching band at 1639 cm™ for v(C=N) imine group, but this band shifted towards
different frequency in the spectral of all metal complexes (1 — 5) to the range (1647 — 1688
cm™) indicating the participation of nitrogen atom of imine group v(C=N), in coordinate
covalent bonds (Table 2 and Appendixes 11 — 16), in line with the reported studies [11, 34,
318, 319]. In other case FTIR stretching frequency of ligand (L1) at 3368cm™ v(O-H) is
decreased in case of all Cu(ll), Co(ll), Ni(ll) Zn(ll) and V(IV), this also shows the
deprotonation of hydroxyl group and participation of oxygen in dative bond formation of
complexation. In addition FTIR stretching frequency of ligand at 3275 cm™ v(N-H) is
diminished in case of all the synthesised metal complexes, which indicate that participation of
nitrogen of amine group to complex formation [320, 321].
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Weak and broad band stretching frequency which ranged from (3687 — 3000) cm™, is clearly
emerged which could be assigned as stretching vibration of water molecules as water of
coordination for Cu(ll), Co(ll), V(IV) and as lattice water for Ni(ll) respectively. In addition
new stretching vibration band of the spectral are displayed at 524 cm™ v(Zn-0), 460 cm™
v(Zn-N) bonds, 626 cm™ v(Cu-O ), 474 cm™ v(Cu-N) bonds, 546 cm™ v(Co-O), 466 cm™
v(Co-N) bonds, 534 cm™ v(Ni-0), 462 cm™ v(Ni-N), bonds and the bending bond at 604 cm™
5(V-0), 459 cm™ 5(V-N), for, Zn(lI), Cu(ll), Co(11), Ni(ll) and V(IV) complexes respectively
(Table 2 and Appendixes 11 — 16). These shows that all metal ions are participated in

coordinate covalent bond formation process [320-322].

The stretching band at 977 cm™ is special for v(V=0), for the V(IV) complex which is in line
with reported studies [277, 309, 320, 323, 324]. In addition, the presence of nitrate in both
Cu(ll) and Ni(ll) complexes were signaled by the strong and broad band IR peaks at 1380
cm™ and 1351 cm™, [3] respectively, which gave good indication for the participation of
nitrate in complexation reaction [3, 146], and weak bending vibration of 3(O-H) was clearly
observed in the range of 1200-1450 cm™ in case of all metal complexes confirming the
appearance of free bending hydroxyl (O-H) group in good agreement with the reported
studies [3, 43, 278, 309, 320, 322, 324].

Similarly, the IR spectra of free ligand (L2) shows strong stretching band at 1679 for v(C=0)
aldehyde carbonyl group and 1618 cm™ for v(C=N) quinoline group, but this band shifted
towards lower frequency in the spectral of both metal complexes to the range (1621 — 1646
cm™) for v(C=0) and to higher frequency ranged from (1562 — 1673 cm™) for v(C=N) which
indicating the involvement of ligand in dative bond formation in case of all metal complexes
(Table 3 and Appendixes 17 — 22). In other case FTIR medium stretching frequency of ligand
at 3361 cm™ v(O-H) disappeared in case of all complexes (6 — 10) due to deprotonation and
medium FTIR stretching frequency of the ligand at 1079 cm™ for v(C-O) was diminished to
lower frequency regions of 1056, 1057, 1035, 1029 and 1051cm™ for Zn(ll), Cu(ll), Co(ll),
Ni(ll) and V(IV) complexes respectively. This is an indication for the participation of
deprotonated oxygen atom of hydroxyl group in complex formation. However, there exists
coordinated water molecule in complexes (7 — 9) that contributes to the O-H group in which
broad bands ranges from (3695 — 3394) cm™ were observed. Both the experimental and
calculated results indicated the participation of oxygen atom of the ligand through

deprotonated hydroxyl group in complex formation but complex 10 did not contains both
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lattice and coordinated water; this results are in very good agreement with thermal analysis
study (see section 4.2.8). Similarly, medium IR stretching frequency of ligand at 3245cm™
v(N-H) is enhanced to higher frequency ranged from (3290 — 3398) cm™ in all metal
complexes, which showed that participation of amine nitrogen atom in complex formation
[320, 321], this is because the NH group is preferred for coordination hence N from the
quinoline ring (imine group) is sterically hindered when compared with the aliphatic nitrogen
atom of the amine group. In addition, low solubility which might arise from generation of
polynuclear structure due to nitrogen atom of the quinoline ring participating in coordination
is not observed; and hence the complexes were found to be soluble in polar solvents, which is
in line with previously reported studies [316, 319, 321, 325, 326].

In addition the IR spectral data have shown that, new vibrational bands were observed:
accordingly, very weak band at 598 cm™ and medium band 529 cm™ for v(Zn-O and Zn-N)
bonds for zinc complex, 607 cm™ and 544 cm™ for v(Cu-O and Cu-N) bonds for copper
complex, very weak band at 665 cm™ and medium bands 517 cm™ for v(Co-O and Co-N)
bonds for cobalt complex, 527 cm™ v(Ni-O), 474 cm™ v(Ni-N), for nickel complex and the
bending bond at 603 cm™ v(V-0), 540 cm™ v(V-N), for V(IV) complex respectively. The
stretching band at 929 cm™ is special for v(V=0), for the V(IV) complex (Table 3 and
Appendixes 17 — 22). These confirmed that all metal ions have participated in coordinate
covalent bond formation process in the complexes, which is in line with the previous reported
studies [3, 66, 324, 80, 146, 277, 309, 320-323]. The DFT calculated IR frequencies and TD-
DFT calculated absorption spectra were also in good agreement with the corresponding
experimental results (Table 2 and 3), which further confirmed the successful synthesis of the

targeted complexes.
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Table 2. Selected FTIR vibrations and band assignments for the ligand and its complexes (1 — 5). Experimental results are without parenthesis
whereas the B3LYP-GD3/6-311++G**/LanL2DZ calculated results are presented in parenthesis.

v(O-H) v(N-H) Im. Ql. 8(0-H) [ v(NOs)® [ w(C-O) v(V=0) [ v(M-O) v(M-N)
v(C=N) | v(C=N)

L1 3368™ 3275™ 1639° | 1620° 14117 - 1055™ - - -
(3564) (3359) (1579) | (1532) (1323) (987)

1 3349% 3294 % 1657° | 1633° 1446 - 1034™ - 524" 460™
(3575) (3374)" (1680) | (1608) (1362) (1054) (490) (464)

2 3664-3334 3168" 1652° | 1627° 1460™ 1380° 1059™ 626" 474"
(3734, 3713") (3374) (1661) | (1586) (1426), (1381) (1044) (703, 466) | (467)

3 3687"" 3346" 1647° | 1630° 1437™ 1059° 546" 466"
(3652) (1642) | (1538) (1508) (1102) (486) (382)

4 3673-3373" 3197" 1650° | 1634° 1439™ 1351° 1037™ 534 ™ 462
(3736, 3574%) | (3088) (1669) | (1593) (1421) (1457) (1038) (750, 563) | (503, 470)

5 3668"" 3282" 1688° | 1652° 1449™ 1070% 977° | 604" 459"
(3675) (1610) | (1540) (1395) (1011) (1070) | (619) (502)

S=strong m = mediam, b = broad, w= weak, Need dicusion based on metal d- electron
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Table 3. Selected FTIR vibrations and band assignments for the ligand and its complexes (6 — 10). Experimental results are without parenthesis
whereas the B3LYP-GD3/6-311++G**/LanL2DZ calculated results are presented in parenthesis.

v (0-H) v(N-H) Aldehy QL. v(C-0) v(V=0) | v(M-0) v(M-N)
v(C=0) v(C=N)
L2 3361°" 3245"" | 1679°(1678) 1618° 1079™ - - -
(3709) (3535) (1584) (1047)

6 - 3398" | 1642° (1679) 1622° 1056™ - 598" 529"
(3428) (1588) (1085) (560) (482)
7 3689 — 3394"° 3290" | 1646°(1679) 1562° 1057° - 607™ 544™
(3740 — 3265) (3400) (1586) (1076) (576) (490)
8 3695 — 3445°% 3386" 1622° 1569° 1035™ 665" 517"
(3671 — 3559) (3283) (1617) (1531) (1014) (556) (506)
9 3690 — 3423°" 3379% 1621° 1573° 1029™ 527™ 474"
(3657 — 3381) (3214) (1627) (1537) (1002) (567) (468)
10 - 3341" 1672° 1621° 1051™ 929m 603°™ 540"
(3149) (1622) (1531) (992) (945) (596) (527)

s = strong, m= medium, b= broad, w= weak; QIl= quinoline
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4.2.4. X-ray Diffraction Analysis of complexes (1-10)

The powder X-ray diffraction (PXRD) patterns of the synthesised all metal complexes (1 —
10) were recorded using 80 mg of dried powdered samples. The patterns of the synthesized
metal complexes were performed using measurement conditions of X-ray tube target: Cu (A =
1.5406 A), voltage: 40.0 kV, current: 30.0 mA, divergence slit: 1.0°, scatter slit: 1.0°,
receiving slit: 0.3 mm, scanning drive axis: 20, scan range: 5.0 — 80.0°, scan mode:

continuous scan, Scan speed: 3.0°/min, sampling pitch: 0.02°.

The results of powder X-ray diffraction (PXRD) analysis of all complexes were showed in
Appendixes 24 — 25 The patterns of the complexes (1 — 5, 7, 8 and 10) have showed
polycrystalline like characteristic peaks because the complexes showed many diffraction
peaks which are in line with previously reported studies [2, 274, 275, 327]. It is important to
note that the average crystallite size (D) can be calculated from the XRD pattern according to
Debye—Scherrer equation [14, 319, 327].

o __Ka
~ Bcosb

The equation uses the reference peak width at angle 6, where A is the wavelength of X-ray

radiation (1.5406 A), K is Scherrer constant (0.9) and S is the width at half maximum of the

______________________________ (11)

reference diffraction peak measured in radians. Accordingly, the average crystallite sizes of
complexes 1 -5, 7, 8 and 10 are 28, 34, 22, 37, 8, 23, 9 and, 23 nm, respectively, which is in
line with previously reported studies [14, 238, 275, 327]. On the other hand the PXRD
pattern for synthesised metal complexes of 6 and 9 indicates broad peaks at the range of at 26
=5 — 80° (Appendix 25) and this might be due to the amorphous nature of the complexes
which in agreement with previous reported studies [26, 274, 277, 312, 319, 327, 328].

4.2.5. SEM - EDX analysis

In EDX spectrum complex 1 shows five characteristic signals which correspond to C
(carbon), O (oxygen), N (nitrogen), ClI (Chlorine) and Zn (zinc) atoms and confirms the
formation of CHZnNOCI compound (Figure 7A). Similarly, in EDX complex 2 spectrum
shows four characteristic signals which correspond to C (carbon), O (oxygen), N (nitrogen),
and Cu (Copper) atoms and it clearly confirms the formation of CHCuNO complex (Figure
7B). The EDX spectrum of complex 3 shows five characteristic signals which correspond to
C (carbon), O (oxygen), N (nitrogen), CI (Chlorine) and Co (cobalt) atoms and are signalled
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the formation of CHCoNOCI compound (Figure 8A), in EDX spectrum the complex 4 shows
four characteristic signals which correspond to C (carbon), O (oxygen), N (nitrogen), and Ni
(nickel) atoms. The characteristic peak confirms the formation of CHNINO compound
(Figure 8B) and the EDX spectrum of complex 5 shows five characteristic signals which
correspond to C (carbon), O (oxygen), N (nitrogen), S(sulphur) and V(vanadium) atoms and
indicated the formation of CHVSNO compound (Figure 9A) which is in line with the
previous reported studies [14, 329].

Similarly, in EDX spectrum of complexes 6 — 10 showed different characteristics peaks,
accordingly, the complex 6 shows four characteristic signals which correspond to C (carbon),
O (oxygen), N (nitrogen) and Zn (zinc) atoms and confirms the formation of CHZnNO
compound (Figure 9B). The EDX spectrum of the complex 7 shows four characteristic
signals which is related to C (carbon), O (oxygen), N (nitrogen), and Cu (Copper) atoms and
it shows the formation of CHCuNO complex (Figure 10A). The EDX spectrum of complex 8
shows the characteristic signals, which correspond to C (carbon), O (oxygen), N (nitrogen),
and Co (cobalt) atoms. The spectra indicate the metal complex present as CHCoNO
compound (Figure 10B), and complex 9 shows characteristic signals which corresponds to C
(carbon), O (oxygen), N (nitrogen), and Ni (nickel) atoms, which indicate the formation of
CHNINO complex (Figure 11A), similarly, the EDX spectrum of complex 10 shows
characteristic signals which corresponds to C (carbon), O (oxygen), N (nitrogen) and
V(vanadium) and clearly confirmed the formation of CHVNO compound (Figure 11B).
Finally, in EDX spectrum the free ligands shows three characteristic signals which
correspond to C (carbon), O (oxygen), and N (nitrogen) atoms, which clearly confirms the
formation of CHNO compound (Figure 12A and 12B). Generally, the EDX spectra showed
both the ligands and all their metal complexes are presented without impurity in which the
analysis indicated that the experimental percentage composition of atom is in agreement with

the expected (theoretical) values.

Figure 7. EDX spectra of: A) complex 1 and B) complex 2
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Figure 12. EDX spectra of: K) L1 and L) L2
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4.2.6. Mass spectra of transition metal complexes

The fragmentation of organic compounds have been studied intensively and systematically
for many decades but the studies of fragmentation of the metal-containing compounds are
much less and not well established, but there are some basic ground rules that apply in both
situations. For coordination compounds ML, where M is a metal and L are atoms or groups
of atoms bonded to M, nearly all the ions in the mass spectrum may contain M [176, 330].

The mass spectra of the transition metal complexes (1 — 10) are characterized using LC-MS.
Accordingly, the mass spectrum of complex 1 exhibits a parent molecular ion peak at m/z =
392.90 (Found = 392.98) which corresponds to the formula of [C14H15CI2N302Zn] (M.Wt.=
393.57 g/mol). The mass spectra of this complex displayed another peaks at m/z 357.05
(7.70%) (Found = 356.01), 322.07 (8.75 %) (Found = 321.05), 259.63 (54.75 %) (Found =
260.14) assigned to the [C14H15CIN30,Zn]", [C14H15N30,Zn]" and [C14H1sN30,]" fragments
respectively (Appendix 26). The complex 2 exhibits a parent molecular ion peak at m/z =
400.08 (Found = 400.04) which corresponds to the formula of [C14H17CuN4O¢] (M.Wt=
400.85 g/mol). It also displayed another peaks at m/z 322 95(6.70 %) (Found = 322.06),
260.01 (54.75 %) (Found = 260.14) and 226.13 (14.75 %) (Found = 226.13) leading to
[C14H17CUN30,]", [C14H18N30,]" and [C14H16N3]" fragments respectively (Appendix 27) and
the mass spectrum of complex 3 exhibits a parent molecular ion peak at m/z = 404.05
(Found= 404.00) which is similar to the formula of [C14H17ClI,CoN3O3] (M.Wit= 405.14
g/mol). In addition, this complex showed other peaks at m/z = 316 06(34.70 %) (Found =
316.05) and 260.14.00 (34.75 %) (Found = 260.14) assigned to [CisH1sCoN3O,]" and
[C14H18N30,]" fragments respectively (Appendix 28). Complex 4 exhibits a parent molecular
ion peak at m/z = 413.09 (Found = 413.06) which is similar to the formula of [C14H19N4NiO7]
(M.Wt=414.02 g/ mol). In other way the additional peaks for complex 4 are observed at m/z
= 351.09 (10.9 %) (Found = 351.07), 315.9 (30.70 %) (Found = 315.05) and 260.33 (29.9 %)
(Found = 260.14) assigned to [CisH19N3NiO4]", [C1sH1sN3NiOz]" and [Ci4H1gN303]"
fragments respectively (Appendix 29). Complex 5 exhibits a parent molecular ion peak at m/z
=438.11 (Found = 438.02) which related to the formula of [C14H17N3OsSV] (M.Wt = 438.31
g/mol). The spectra of this complex also showed another peaks at m/z = 309. 05 (9.70 %)
(Found = 308.06) and 259.33 (12.75 %) (Found = 259.13) leading to [C14H1sN30,V]" and
[C14H17N30,]" fragments respectively (Appendix 30). This analysis is in agreement with the
reported studies [43, 146, 176, 318, 327, 330].
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Similarly, the ligand (L2) showed molecular ion peak at m/z = 215.75 (calcd = 216.09) which
correspond to [C12H12N20,] (M. Wt = 216.24 g/mol) (Appendix 31), which is the same as to
its molecular weight. In the case of metal complexes, complex 6 showed molecular ion peak,
at m/z = 493.95 (calcd = 494.09) corresponding to [Cz4H22N4042Zn] (M. Wt = 495.84 g/mol).
The spectrum of this complex also displayed another peaks at m/z = 435.95 (62.30%) (calcd.
= 436.09) and 386.35 (30.80%) (calcd. = 386.07) which correspond to [C,H20N40,Zn]" and
[C1sH18N402Zn]" respectively, (Appendix 32). Complex 7 showed parent molecular ion peak
at m/z = 529.45 (calcd = 529.11) which related to the formula of [C24H26CuN,06] (M. Wt =
530.03 g/mol). On the other hand, this complex showed other peak at m/z = 392.75 (60.80%)
(calcd = 393.04), leading to [C19H14CuN4O,]" fragment (Appendix 33). Complex 8 exhibits a
parent molecular ion peak at m/z = 524.85 (calcd = 525.12) which correspond to the formula
of [C24H26C0oN4Og] (M.Wt =525.42 g/mol). The observed peaks for complex 8 at m/z = 467
85 (18.50%) (calcd = 467.11) and 392.85 (60%) (calcd = 393.08 can be assigned to
[C22H24CON4O4]" and [C1gH18CON4O,]" (Appendix 34), similarly, complex 9 exhibits a
parent molecular ion peak at m/z = 524.40 (calcd = 524.12) which is similar to the formula of
[C24H26N4NiOg] (M. Wit= 525.18 g/mol). In other way the additional peaks for complex 9 are
observed at m/z = 466.40 (10.9 %) (calcd = 466.12) and 393.40 (65%) (calcd = 393.09)
assigned to [CxHxNiNiO4]" and [CioH19N4NiO,]" (Appendix 35) and finally the mass
spectrum of complex 10 exhibits a parent molecular ion peak at m/z = 497.25 (calcd =
497.10) which is similar to the formula of [CH2N4OsV] (MWt = 497.40 g/mol) and
showed other peaks at m/z = 391.25 (65%) (calcd = 391.10) and 273.25 (35%) (calcd =
273.03) which assigned to [C1gH20N403V]" and [C1oH12N303V]" (Appendix 36) fragments
respectively for all (6 — 10) and these analysis are in line with previous reported studies [43,
146, 176, 318, 327, 330].

4.2.7. Molar Conductance

The molar conductance of the synthesised ligands and their metal complexes was recorded in
triplicate using concentration of 1mM in methanol at room temperature. The molar
conductance of metal complex (1 — 5) was ranged from 5 to 19 (Q'mol*cm? 25 °C).
Similarly, the molar conductance of the complexes (6 — 10) was 10 to 21 Q™*mol™*cm? 25 °C
(Table 1). These indicate that the conductivity of the synthesized metal complexes is
relatively low; hence the non-electrolytic nature of the complexes and which are very low to
account for their electrolytic behavior. Generally, molar conductance of complexes (1 — 10)

are very low, this is because there is no primary valance in the complexes, in other word the
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complexes consists lower electrolytes which results in non-electrolytic nature of the
complexes [81, 331]. This is mainly due to the fact that the metal cations received electrons
from the ligand to make the net charge balance of the complexes to be zero in line with the
previous reported studies [80, 123, 146, 301, 318, 323, 332].

The molar conductance also used in the investigation of the geometrical structures of the
complexes [146]. According to the non-electrolytic nature of the metal complexes
specifically metal complexes 1 and 3, the chloride ion is coordinated to metal ion to satisfy
the valence of the coordination sphere hence, the presences of chloride ions inside the
coordination sphere of the specified complexes were confirmed by reaction with silver nitrate
(AgNQO3) solution whereas, there is no precipitate formation during the experiment.
Therefore, the formed Zn(Il) and Co(ll) complex would be formulated as [Zn(H,L)CI] and
[Co(H,L)(H20),Cl] in line with the reported studies [81, 332].

4.2.8. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) of metal complexes were recorded under Nj-atmosphere
(20 ml/min) using 8 mg dried sample. In this analysis, heating rate was controlled at 10 °C
min™ under nitrogen atmosphere and the weight loss is measured at temperature ranges from
25 to 800 °C. Accordingly, thermogravimetric analysis (TGA) of the synthesised Zn(ll),
Cu(ll), Co(I1), Ni(I1) and V(1V) complexes (1 — 10) were carried out to get information about
their thermal stability and to suggest a general scheme for their thermal decomposition as

well as to assure the presence and absence of water molecules.

The TG and Differential thermal analysis (DTA) curves are presented in Figures 13 — 17 for
the first five complexes (1 — 5) and Figures 18 — 22 for the second five complexes (6 — 10),
whereas the temperature range values for decomposition along with the corresponding weight
loss values for each step of the decomposition reaction for complexes (1 — 5) are presented in
Table 4 and in Table 5 for complexes (6 — 10).

Accordingly, thermogravimetric analysis (TGA) diagram of complex 1 [C14H16CIN3O2Zn]
showed three decomposition steps (Figure 13). The first step of degradation observed in
temperature range of 255 — 350 °C (DTAnmax = 325 °C), which indicate mass loss of 17.8%
(calcd. = 17.96%) that attribute to the loss of chloroethane (C,HsCl) like moiety. The
complex is stable up to 200 °C which indicate the absence of both lattice and coordination
water in the specified complex, which in agreement with reported studies [184, 227, 333,
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334]. The second step observed with a weight loss of, 21% (calcd. = 21.19%) attributed to the
loss of C¢H4 quinoline ring moiety at 360 — 520 °C (DTAmax = 515 °C), which in line with
previous studies [2, 227]. The third step of degradation has been arising from mass loss of
29.99% (calcd. = 30.38%), attributed to the loss of CsHsN,O moieties at temperature range of
535 — 765 °C (DTAmax = 655 °C) and the actual weight loss occurred from all these steps is
68.79%, which is in very good agreement with the calculated value (69.53%) [334], hence
gradual degradation was observed up to 765 °C and the residue corresponds to zinc oxide
(Zn0O) about 22.52% (calcd = 22.66%) and imine (CHN) moiety about 7.40% (calcd. =
7.53%) in agreement with reported studies [184, 316, 333-336].

The TGA diagram of complex 2, [C14H18CuN4Og], indicates three decomposition steps
(Figure 14). The first step of degradation observed due to mass loss of 41.69% (calcd. =
41.69%) related to the elimination of one water molecule, C3HgN,O moieties and nitrate ion
species at temperature ranges of 100 — 266 °C (DTAmax = 213 °C) [3]; the second step is
arising due to weight loss of 7.26% (calcd. = 7.00%) at temperature ranges 240 — 498 °C
(DTAmax = 245 °C), corresponding to the elimination of C,H,4 ethane like moiety. The final
step occurs at temperature ranges of 520 — 640 °C (DTAmax = 530 °C), due to the loss of
32.14% (calcd. = 31.89 %) related to C9HgN moiety, and other leaving residue copper(ll)
oxide (CuO), representing 18.91 % (calcd. = 19.80 %) of the complex and the actual weight
loss is 81.09 % ;very close to the calculated one 80.33 %, in line with reported studies [184,
333, 334].

The thermal decomposition of complex 3, [C14H20CICoN3O,4] exhibits three degradation steps
(Figure 15). The first step of decomposition occurs within temperature range of 100 to 130 °C
(DTAmax = 125 °C), which shows mass loss of 9.26% (calcd. = 9.26%) that corresponds to
the loss of two water molecules. The second step of decomposition occurs within a
temperature range of 150 to 510 °C (DTAmax = 360 °C), which is accompanied by a weight
loss of, 19.89% (calcd. = 20.71%) corresponding to the loss of C,H4;CIOH molecules [2,
227]. The third step of degradation occurs in the temperature range of 535 — 778 °C (DT Amax
=669 °C) and is accompanied by a weight loss of 51.43% (calcd. = 51.0%) corresponding to
the loss of C;,H1,N3 species of the quinoline ring. The actual mass loss from these steps is
80.58 % which is close to the calculated value of 80.97% [334]. Thereafter, the compound
showed a gradual decomposition up to 778 °C with a weight loss of organic moiety. The
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weight of the residue corresponds to the respective metal oxide (CoO) about 19.42% (calcd =
19.03%).

The thermal decomposition of complex 4, [C14H20N4NiO7] exhibits four degradation steps
(Figure 16). The first step of decomposition occurs in temperature ranges of 100 — 155 °C
(DTAmax = 125 °C), which is accompanied by weight loss of 8.65% (calcd. = 8.67%)
corresponding to the elimination of two lattice water molecule [333]. The second step of
decomposition occurs in temperature ranges of 220 — 255 °C (DTAmax = 229 °C), which is
accompanied by a weight loss of 10.23% (calcd. = 10.13%) corresponding to the loss of
imine (C,H4N) moiety. The third step of decomposition occurs in temperature ranges of 260
— 361 °C (DTAmax = 278 °C), which is accompanied by a weight loss of 22.44% (calcd. =
22.41%) corresponding to the loss of (CH3O + NO3) methanol and nitrate ion moieties,
corresponding to the previous reported study [3]. The fourth and final step decomposition
occurs between temperature ranges of 382 — 610 °C (DTAmax = 508 °C), which is due to the
loss of CgHgN the quinoline ring, moiety which is 28.74% (calcd. = 28.96%), and other
leaving residue of organic compound moieties and nickel oxide (NiO) representing 29.24%
(calcd. = 27.22%) of the total complex. From the data, the actual mass loss from these steps is
70.06 % which is very close to the calculated value of 69.91% in line with the previous
studies [184, 333, 334].

Similarly, the thermal decomposition of complex 5, [C14H1sN30sSV] exhibits three
degradation steps (Figure 17). The first step of decomposition occurs in temperature ranges of
100 — 182 °C, (DTAmax = 113 °C) which is accompanied by mass loss of 14.23% (calcd. =
14.34%) corresponding to the loss of one water molecule and C,H,OH ethanol molecule. The
second step of decomposition occurs in temperature ranges of 185 — 450 °C (DTAmax = 215
°C), which is accompanied by a mass loss of 31.35% (calcd. = 31.44%) corresponding to the
loss of ethyl amine unit and sulphate moiety. The third and final step decomposition occurs
between temperature ranges of 455 — 680 °C (DTAmax = 471 °C), which is due to the loss of
C7HsN the quinoline ring moiety, which is 22.86% (calcd. = 23.45%), other leaving residue
of carbon, nitrogen and VO, representing 31.56% (calcd. = 32.52%) of the total complex.
From the data, the actual mass loss from these steps is 68.44 % which is close to the
calculated value of 69.23% in agreement with reported studies [184, 227, 333, 334].
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Table 4. Temperature range and weight loss values for (1 —5)

Decom. DTAmax | Mass loss (%) Interpretation
Temp (°C) (°C) Obsd. | Calcd.

1 255 - 350 325 17.8 17.96 | loss due to chloroethane (C,HsCl) like

moiety

360 — 520 515 21.00 21.19 | loss due to CgH4 species of quinoline

ring

535 - 765 655 29.99 30.38 | loss due to CsHsN,O species of the

quinoline ring moiety

100 — 225 213 41.69 41.44 | loss of one water molecule, quinoline

ring moiety C3HgN>O and nitrate ion

2 240 — 498 245 7.26 7.00 loss of C,Hs ethane like moiety

520 - 640 530 32.14 31.89 | loss due to CgHgN of the imine with

quinoline moiety

3 100 -130 125 9.26 9.26 loss due to two water molecules

150 - 510 360 19.89 20.71 | loss due to one coordinated chlorine

atoms and ethanol moiety

535778 669 51.43 51.00 | loss due to C1,H;1,N3 species of quinoline

ring

4 100 — 155 125 8.65 8.67 loss of two lattice water molecule

220-255 229 10.23 10.13 | loss of C,H4N fragment of imine

260 — 361 278 22.44 2241 | loss of CH3O + NOjz fragments of
methanol moiety and

382 -610 508 28.74 28.96 loss due to CgHgN, fragment of the

quinoline ring

5 100 - 182 113 14.23 14.34 | loss of one water and C,H,OH molecules

185 — 450 215 31.35 31.44 loss of ethyl amine unit moiety and
sulphate ion

455 — 680 471 22.86 23.45 mass loss of C;HsN of quinoline ring

moiety

Decom. Temp = decomposition temperature, Obsd = observed, Calcd = calculated, Exo = exothermic
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Figure 17. TGA and DTA curve of complex 5

Similarly, to confirm the proposed formulae for all complexes (6 — 10) thermogravimetric
(TG) and differential thermogravimetric analysis (DTG) were shown in (Figure 18 — 22). The
TGA curve of complex 6 [Cy4H22N4O4Zn] exhibits approximately five stages of
decomposition (Figure 18). The first stage occurs at temperature range 100 — 250 °C (DT Amax
= 215 °C) corresponds to the C¢HsN quinoline ring moiety with mass loss of 18.06% (calc.
18.16%) [333]. The second step of decomposition occurs within a temperature range of 280 —
385 °C °C (DTAmax = 346 °C), which is accompanied by a weight loss of, 10.78% (calcd. =
10.89%) corresponding to loss due to C3H,O carbonyl moiety [2, 227]. The third step of
degradation occurs in the temperature range of 395 — 505 °C (DTAmax = 453 °C) and is
accompanied by a weight loss of 19.82% (calcd. = 20.58%) corresponding to C;HsN of the
quinoline ring with amine substituent. The fourth step of degradation occurs in the
temperature range of 510 — 610 °C (DTAmax = 528 °C) and is accompanied by a weight loss
of 5.21% (calcd. = 5.44%) corresponding to CHN of amine moiety. The fifth and final step of
degradation occurs in the temperature range of 620 — 665 °C (DTAmax = 627 °C) and is
accompanied by a weight loss of 6.16% (calcd. = 6.26%) corresponding loss due to CH3;0
carbonyl moiety. The actual mass loss from these steps is 60.03%, which is close to the
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calculated value of 61.33 [334]. Thereafter, the compound showed a gradual decomposition
up to 665 °C with a weight loss of many organic moieties. The weight of the residue
corresponds to the respective zinc oxide (ZnO) and some organic moiety (C4H;NO + C,H,)
about 39.97% (calcd = 38.83%) which indicated with straight line in agreement with previous
reported studies [316, 333].
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Figure 19. TGA and DTA curve of complex 7
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The thermal decomposition of complex 7 [CH26CuN4Og] proceeds with three main
degradation steps (Figure 19) and the first stage of decomposition occur at temperature range
of 100 — 210 °C (DTAmax = 200 °C). The found weight loss associated with this step is 9.86%
and may be attributed to the loss of two water molecule, and carbonyl oxygen moiety, which
is in good agreement with the calculated values of 9.81%. In addition, the second stage of
decomposition occurs at temperature range of 215 — 312 °C (DTAnmax = 233 °C). The found
weight loss associated with this step is 39.87% and may be attributed to loss of Cy3H12N,0O
quinoline ring moiety with amine substituent, which is in good agreement with the calculated
value of 40.01%. The third and final stage of decomposition occurs at temperature range of
320 — 720 °C (DTAmax = 364 °C) and the weight loss found at this stage equals to 33.9%
corresponds to loss due to C;;HsN,O the amine with quinoline ring moieties, which is in
good agreement with the calculated value of 34.16%. This complex was decomposed with
total mass loss 83.64% (calcd.= 83.98%) and 16.36% mass loss leaving copper oxide (CuQ)

as residue (Table 5), which is in good agreement with the calculated value of 15.01% in line
with the previous studies [227, 334].
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The TGA curve of complex 8 [CysH2C0ON4Og] exhibits approximately five stages of
decomposition (Figure 20). The first stage occurs at temperature range 150 — 260 °C (DT Amax
= 214 °C) corresponds to loss due to two water molecule with mass loss of 6.85% (calc.
6.85%) [333]. The second step of decomposition occurs within a temperature range of 390 —
460 °C (DTAmax = 420 °C), which is accompanied by a weight loss of, 14.47% (calcd. =
14.47%) corresponding loss due to Cg¢H4 quinoline ring moiety [2, 227]. The third step of
degradation occurs in the temperature range of 470 — 530 °C (DTAmax = 489 °C) and is
accompanied by a weight loss of 7.35% (calcd. = 7.43%) corresponding loss due to C3H3 the
quinoline ring moiety. The fourth step of degradation occurs in the temperature range of 542
— 575 °C (DTAmax = 562 °C) and is accompanied by a weight loss of 13.67% (calcd. =
13.85%) corresponding loss due to C4NO carbonyl oxygen with imine of quinoline moiety.
The fifth step of degradation occurs in the temperature range of 560 — 655 °C (DTAmax = 619
°C) and is accompanied by a weight loss of 3.07% (calcd. = 3.05%) corresponding loss due to
oxygen of carbonyl moiety. The actual mass loss from these steps is 45.41 %, which is close
to the calculated value of 45.65%. [334]. Thereafter, the compound showed a gradual
decomposition up to 655 °C with a weight loss of many organic moieties. The weight of the
residue corresponds to the respective cobalt(ll) oxide (CoO) and some organic moiety
(C2HsN + CgH11N,0) which is in line with previous reported studies [316, 333].

The thermal decomposition of complex 9, [Cy4H2sN4NiOg] proceeds with four main
degradation steps (Figure 21). The first stage of decomposition occurs at temperature range of
120 — 250 °C (DTAmax = 210 °C). The found weight loss associated with the step is 6.85%
and may be attributed to the loss of two water molecule, which is in good agreement with the
calculated values of 6.86%. In addition, the second stage of decomposition occurs at
temperature range of 280 — 350 °C (DTAmax = 338 °C). The found weight loss associated
with step is 32.59 and may be attributed to loss of CioHgN,O quinoline ring with amine
substituent moieties, which is in good agreement with the calculated value of 32.8%. The
third stage of decomposition occurs at temperature range of 355 — 380 °C (DT A = 365 °C)
and the weight loss found at this stage equals to 18.79% corresponds to loss due to C;H;N the
amine with quinoline ring moieties, which is in good agreement with the calculated value of
19.04%. The fourth stage of decomposition occurs at temperature range of 382 — 455 °C
(DTAmax = 400 °C) and the weight loss found at this stage equals to 9.16% corresponds to
loss due to C,HgO ethanol moiety, which is in good agreement with the calculated value of

8.77%. This complex was decomposed with total mass loss 67.39% (calcd.= 67.47%) and
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14.08% mass loss leaving nickel(Il) oxide (NiO) as residue (Table 5), which is in good
agreement with the calculated value of 14.1% [227, 334].

Finally, the thermal decomposition of complex 10, [C24H22N4OsV] proceeds with three main
degradation steps (Figure 22). The first stage of decomposition occurs at temperature range of
200 — 325 °C (DT Amax = 316 °C). The found weight loss associated with step is 28.97% and
may be attributed to loss of CoH7NO quinoline ring with carbonyl oxygen moieties, which is
in good agreement with the calculated values of 29.20%. In addition, the second stage of
decomposition occurs at temperature range of 330 — 450 °C (DTAnax = 416 °C). The found
weight loss associated with step is 10.18% and may be attributed to loss of C4H4 quinoline
ring moiety, which is in good agreement with the calculated value of 10.48%. The third stage
of decomposition occurs at temperature range of 470 — 740 °C (DTAma = 669 °C) and the
weight loss found at this stage equals to 27.67% corresponds to loss due to C;H;oN2O
quinoline ring moiety with amine substituent, which is in good agreement with the calculated
value of 27.80%. This complex was decomposed with total mass loss 66.82% (calcd. =

67.48%) and 16.69% mass loss leaving vanadium (IV) oxide (VOy) as residue.

The general degradation pattern of the complexes (1, 2, 3, 5, 7 and 10) arisen in three stages,
while that of complexes (4, and 9) occurred in four and that of (6, 8) in five stages. The
thermogram above 765, 640,778, 610, 680, 665, 720, 655, 455 and 740 °C temperature for
complex (1 — 10) respectively, gave a straight line, indicating the formation of metal oxides
[184, 333]. The obtained percentage content of elements in all these complexes from both the
elemental and TGA analyses are in a very good agreement and in line with the formulae
proposed from the analytical data (Section 3.5), and all the thermogram of the complexes
showed that the complexes are stable up to 100 °C hence no weight loss occurs before this
temperature. This is also confirmed from DTAnx (°C), in agreement with the
spectroscopically determined stability constant of complexes, which did not show any change
up to 40 °C (Table 7, see section 4.4) and this inferring that, the metal complexes can be used

for different biological application.
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Table 5. Temperature range and weight loss values for (6 — 10)

Decom. DTAnx | Mass loss (%) Interpretation
Temp. (°C) | (°C) Obsd. | Calcd.
6 100-250 | 215 18.06 | 18.16 | loss due to CgH;N quinoline ring moiety.
280 —-385 | 346 10.78 | 10.89 | loss due to C3H,O carbonyl moiety
395-505 | 453 19.82 | 20.58 | loss due to C;H,N the quinoline ring with
amine substituent

510-610 | 528 521 5.44 loss due to CHN amine moiety

620 - 665 | 627 6.16 6.26 loss due to CH30 carbonyl moiety

7 100 -210 | 200 9.86 9.81 loss of two water molecule, and carbonyl

oxygen moiety

215-312 233 39.87 | 40.01 loss of C13H1,N,0 quinoline ring with
amine substituent

320-720 | 364 33.9 34.16 | loss due to C;;HsN,0O the amine with
quinoline ring moiety

8 150-260 | 214 6.85 6.85 loss due to two water molecule
390-460 | 420 14.47 | 14.47 | loss due to CgH, quinoline ring moiety
470-530 | 489 7.35 7.43 loss due to CsH; the quinoline ring moiety
542 - 575 | 562 13.67 | 13.85 | loss due to C4NO carbonyl oxygen with

imine of quinoline ring moiety
560 - 655 | 619 3.07 3.05 loss due to oxygen of carbonyl moiety

9 120-250 | 210 6.85 6.86 loss of two water molecule

280-350 | 338 3259 | 328 loss of C1gHgN,O quinoline ring with amine
substituent moiety

355-380 | 365 18.79 | 19.04 | loss due to C;H,N the amine with quinoline
ring moiety

382455 | 400 9.16 8.77 loss due to C,HsO ethanol moiety

10 | 200-325 | 316 28.97 | 29.20 | loss of CgH;NO quinoline ring with

carbonyl oxygen moiety

330-450 | 416 10.18 | 10.48 | loss of C4H, quinoline ring moiety

470-740 | 669 27.67 | 27.80 | loss due to C;H;oN,O quinoline ring with
amine substituent moiety

Decom. Temp = decomposition temperature, Obsd = observed, Calcd = calculated, Exo = exothermic




4.3. Biological application

4.3. 1. Antibacterial Activity of Ligands and their metal complexes

In vitro antimicrobial activity of the compounds was tested against four human pathogenic
bacteria two Gram negative (Escherichia coli (E. coli) and Pseudomonas aeruginosa) and
two Gram positive bacteria (Staphylococcus aureus and Streptococcus pyogenes). The zone
of inhibition values of the studied compounds shown their potential antimicrobial activity
when compared to the ligand and the obtained results are shown in, Figure 23, Figure 24,

Appendix 37 and Appendix 38.

All the synthesized complexes were proven to have a range of activity against two or more
bacterial strains, with the mean zones of inhibition for complexes 1 through 5 ranging from
the lowest (7.32 0.90 mm at 150 g/mL) to the highest (20.65 0.18 mm at 300 g/mL). When
compared to the positive control drug ciprofloxacin, which has a mean inhibition zone of
22.98 0.08 mm, the first four of these complexes, with mean inhibition zones of 18.85 0.34,
20.65 0.18, 18.62 0.19, and 15.64 0.22 mm diameters at 300 g/mL, respectively, showed
good activities against Pseudomonas aeruginosa. Complexes 1 — 3 have medium to high
bacterial activities with the mean inhibition zones ranged from 10.62 + 0.36 to 20.65 + 0.18
mm at both concentration 150 and 300 xg/ for all bacterial strain (E.coli, P. aeruginosa, S.
pyogenes and S. aureus). Among these complex 2 has comparable antibacterial activities with
positive standard that has maximum mean inhibition zones of 20.65 + 0.18 and 22.98 + 0.08
mm for ciprofloxacin at the same concentration (300 x«g/mL) respectively. Complex 4 has
low to medium mean inhibition zones range from 8 + 0.13 to 15.64 + 0.22 mm diameter at
both 150 and 300 xg/mL for gram negative (E.coli, P. aeruginosa) and gram positive (S.
aureus), but has no antibacterial activity for gram positive bacteria specifically Streptococcus
pyogenes. Complex 5 has low antibacterial activities with mean inhibition zone of 7 £ 0.31 to
8 £ 0.52 for gram positive bacteria (S. aureus) and 7.32 = 0.90 to 9.52 + 0.49 for gram
negative bacteria (E.coli) at both 150 and 300ug/mL concentration, while has no effect on
both bacteria called P. aeruginosa, S. pyogenes. The free ligand has very low mean inhibition
zone of 6.22 + 0.14 to 7 + 0.11 range for E.coli, P. aeruginosa and S. pyogenes while has no
antibacterial activity effect for gram positive bacteria S. aureus, this indicate that free ligand

has lower antibacterial activity than its metal complexes (Figure 23).
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Antibacterial activity of L2 and its transition metal complexes (6 — 10) also evaluated, and
the obtained results are shown in Figure 24 and Appendix 46. The data was shown that
complexes (6 — 9) revealed from medium to high activity against targeted bacterial strains
with mean inhibition zones ranged from medium (11.57 £ 0.79 mm at 100 xg/mL) to the
highest (20.90 £ 2.00 mm at 200 ug/mL). These four complexes showed good activities
against Pseudomonas aeruginosa, with mean inhibition zones of 20.75 + 2.05, 20.9 + 2.00,
20.75 £ 2.07 and 18.90 % 2.06 mm diameter at 200 xg/mL, respectively when compared with
positive control ciprofloxacin with mean inhibition zones of (20.94 + 2.01mm). Relatively
complex 7 showed better antibacterial activities with the range of mean inhibition zones rages
from 18.58 + 1.04 to 20.9 + 2.00 mm at both concentration 100 and 200 xg/mL for all tested
bacteria. The precursor ligand has lower antibacterial activity than its metal complexes
(Figure 24), which is in line with the previous reported studies [56, 102].

Furthermore, results shown in Table 6 indicated better antibacterial activity for complex 7
against P. aeruginosa, S. aureus and S. pyogenes with MIC values of 0.98, 3.91, and 62.5
(ng/ml) respectively. The complex showed significant antibacterial activity against P.
aeruginosa in comparison to other bacterial strains and have smaller MIC values against this
bacteria in which complex 7 is stronger than other complexes in all the four bacterial strains.
However, in all cases, the minimum inhibitory concentrations are somewhat larger than that

of ciprofloxacin.

Table 6. Minimum inhibitory concentration (MIC in pg/mL) of the complexes

Complexes Bacterial strains

E. coli P. aeruginosa S. aureus S. pyogenes
6 125.0 1.95 15.63 >250
7 125.0 0.98 391 62.5
8 125.0 1.95 15.63 62.5
9 125.0 1.95 15.63 62.5
Ciprofloxacin <0.49 <0.49 0.98 31.25

From the complexes obtained from the two ligands, Cu(ll) complexes showed the highest
percent activity index against all the examined bacterial strains. This is may be due to
borderline Lewis acid nature of Cu(ll) ion. It helps Cu(ll) to easily bind with similar
biomolecules such as protein and enzyme by “hard soft acid-base (HSAB)” Principle hence

copper complexes showed good binding activity with both G. negative and G. positive

86




(Pseudomonas aeruginosa and S. aureus) bacterial due to H- bonding interaction with amino
acid like arginine having both acid and base end (Table 11 and 12 see section 4.5.3). In
addition to this, copper(ll) coordination compounds can be highly effective in treating
microbial infections due to the redox activity of copper ions which interacted with the

bacterial chromosome, which led to a decrease in bacterial reproduction [337].

Moreover, all the complexes showed higher antibacterial activity than the precursor ligand
which might be due to chelation of the metal with the ligand that promoted the ability of the
complexes to penetrate the cell membrane of the bacterial strains [14, 176, 195]. On
chelation, the ligand orbital overlaps with the metal ions, in which the charge of the metal is
partially, shared with the donor (ONN) groups, and it enhances the delocalization of m—
electrons that increase the lipophilicity of the complexes. Due to increase in lipophilicity, the
permeation of the specified complexes could be enhanced, which leads to inhibition of the
binding sites in the enzymes of microorganisms [14, 21, 56, 66, 80, 176, 195, 277, 333]. This
may result in the disturbance of the respiration system of the cell and prevents the synthesis
of the proteins, which ultimately leads to disappearance of the binding sites in the enzymes of
the microorganisms. Generally, the activity increases suggested that the complexes having
antimicrobial activity may act either by killing the microbe or by inhibiting multiplication of
the microbe by blocking their active sites. Comprehensively, the antimicrobial evaluation of
any metal complexes is affected by the following items: (i) the chelate effect of the ligands,
(ii) the nature of the donation, (iii) the whole charge of the metal complexes and in case of
the present study only the chelates (binding ) effect on the inhabitation behavior of complexes
against bacteria proteins which is in agreement with previous reported studies [14, 21, 56, 66,
80, 176, 195, 277, 333].

4.3.2. Antioxidant Activity of the ligands and their metal complexes

The antioxidant activities of the free ligands and their metal complexes were conducted in
terms of their proton donating ability with UV- Visible absorbance using DPPH assay. It is
widely used to assess the ability of compounds as scavengers of free radicals and evaluate the
antioxidant activity of target free ligands and their metal complexes. Accordingly,
compounds that have antioxidant activity may reduce the absorbance of DPPH at 517 nm,
which is resulted in changes in color of DPPH in the reaction process [14]. Accordingly, the

absorbance of DPPH at 517 nm is decreased in this study which was shown in Figure 25.
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In this research work, the radical scavenging activity of the synthesised ligands and their 1 —
10 metal complexes were evaluated and the findings are shown in Figure 26 — 29 and
Appendix 39 and 40. The radical scavenging activity of the free ligands and their metal
complexes were compared with positive standard, and from these finding we observed that
complexes have higher antioxidant activities than the precursor ligands because metal ions
could significantly change the chemical properties of the ligands and the synthesised

complexes, have good radical scavenging activity, when compared with ascorbic acid [338].

The data shows that the entire synthesised complex (1 — 5) showed antioxidant activities,
while complex 1 and 2 (Figure 26) shown better antioxidant activity (with percent scavenging
activities 94.19 and 93.96 at 115 ug/mL) respectively and the complexes showed higher
antioxidant activities than the corresponding ligands. This is anticipated due to synergetic
effects, hence the complexes have a strong potential to be useful as radical scavengers [14,
22]. This activity was also confirmed with half maximal inhibitory concentration (1Cso)
values of 10.46, 8.62, 16.01, 27.56, 34.79 and 35.36 pg/mL for complexes 1- 5 and the L1,
respectively. From ICsy values, complexes 1 and 2 have comparable activities; with positive
control (ICsp = 4.49 pg/mL), (Figure 27). This has direct correlation with the good
antioxidant properties [79, 241, 317, 333, 339].
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Figure 25. Absorbance spectra of DPPH and with 115 pg/ml of complexes (1 —5)
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Similarly, the antioxidant activities of the free ligand (L2) and its complexes (6 — 10) were
also conducted and findings shown in Figure 28 and Appendix 40 and all the complexes

showed more antioxidant activity than the parent ligand. This was also confirmed with 1Cs
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Figure 28. Percent free radical scavenging activities of complexes (6 — 10)
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values of 8.2, 4.72, 9.15, 33.08, 34.69 and 42.5 pg/mL for complexes 6 — 10 and L2,
respectively. From ICs, values, complexes 6 — 8 have comparable activities; with positive
control with 4.28 pg/mL (Figure 29), this might be due to high redox activity. It is also well
known that copper complex is important for the formation and functioning of several
enzymes and proteins, such as cytochrome C oxidase and Cu/Zn superoxide dismutase, which
are involved in the processes of respiration, energy metabolism, and DNA synthesis [337],
hence copper is involved in catalysis (electron transfer), while zinc plays a structural role in
these proteins. In addition to, this high activity was probably due to the presence of the OH
group in addition to oxidation potential of the metal ions and the decrease of the antioxidant
activity of the ligands is indicated that the terminal N-substitution in the ligands does not
have any appreciable influence much on the antioxidant properties in agreement with
previous studies [13, 79, 276, 308]. This has direct correlation with the good antioxidant
properties and it is obvious that the compounds that can scavenge DPPH radicals might
exhibit anticancer, antiaging and anti-inflammatory activities, involved in the protection from

rheumatoid arthritis and inflammation [244].

4.4. Stoichiometry and Thermodynamic parameter

In this study, the stoichiometry of transition metal complexes (1 — 5) were determined as 1:1
ratio (Metal: Ligand) from linear plot of mole fraction versus absorbance at different
temperature using equation 5 (Section 3.6) in which similar results are obtained at all
temperature (Table 7). This is determined from the maximum point existed at a mole fraction
(X) = 0.5, and this indicates the formation of transition metal complexes having 1:1 metal to
ligand ratio and there is no change in Job’s curves during temperature elevations up to 40 °C
(Appendix 41 and 42) which is in line with reported studies [15, 42, 280, 281, 338, 340].

By using Job’s method, which is also called continuous variation method, the stability
constant of the transition metal complexes have been also determined (Equation 6 see section
3.6) [340] from the elongated line (A, and Ay at the point of cross section of the graph which
is related to the total absorbance of the metal complexes and experimental values of
absorbance at a given temperature respectively (Appendix 41 and 42), then after the values of
InK vs 1/T (Vant Hof) were plotted (Appendix 43 and 44) for each temperature as reported in
different literature [15, 42, 282]. From this, the thermodynamic parameters such as change in
enthalpy (4H) and entropy (4S) were calculated, respectively, from the slope and intercept of
the Vant Hof plots and then Gibbs free energy (4G) were also calculated and was tabulated in
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Table 8 using equation (7 and 8, see section 3.6) simultaneously. From these equation the

slope and intercept of the graph is equal to -AH/R and AS/R respectively.

Gibbs free energy and heat enthalpy values were found to be negative, indicating that the
metal complexes (1 — 5) are thermally stable at specified temperature and in other way the
change in enthalpy (AH) calculated for transition metal complexes are low and negative
indicating that small change in total internal energy during complex formation (Table 8).
Similarly, the negative and large value of Gibbs free energy (4G) shows the spontaneous
formation of all the synthesised transition metal complexes and negative value of change in
enthalpy (4H) indicates the exothermic nature of transition metals—ligand interaction and
finally, the positive value of change in entropy (4S) inferring that formations of the

complexes are entropically favoured in agreement with reported studies [42, 280-282, 338].
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Table 7. Formation constants and stoichiometric calculated for complexes (1 — 10)

Stability constant (K) at different Temperature (°C)

Complexes | Metal : Ligand | 25°C 30°C 37°C 40°C
ratio K LogK K LogK K LogK K LogK

1 1:1 2.38 x 10° | 6.3761 237 x10° | 6.3742 2.34x10° | 6.3697 2.34x10° | 6.3697
2 1:1 2.97 x 10° | 6.4723 2.93x10° | 6.4682 2.94 x 10° 6.4683 2.94 x 10° 6.4683
3 1:1 1.10 x 10° | 8.0437 1.09 x 10° | 8.0382 1.09 x 10° | 8.0378 1.08 x 10° | 8.0356
4 1:1 3.81x10° |5.5812 3.79x10° |5.5787 3.80 x 10° 5.5803 3.80 x 10° 5.5803
5 1:1 8.06 x 10° | 5.9064 7.58 x 10° | 5.8799 7.49 x 10° 5.8749 7.49 x 10° 5.8749
6 1:2 2.48 x 10° | 8.3945 247 x10° | 8.3942 2.47x10° | 8.3940 2.47x10° | 8.3940
7 1:2 430 x 10° | 8.6335 430 x10° |8.6335 429 x10° | 8.6334 429 x10° | 8.6334
8 1:2 2.05x 10° | 6.3114 2.05x10° | 6.3109 2.04 x 10° 6.3104 2.04 x 10° 6.3100
9 1:2 2.36 x 10" | 7.3740 226 x 10" | 7.3541 2.16 x 10’ 7.3347 2.06 x 10’ 7.3136
10 1:2 6.29 x 10° | 5.7985 6.29 x 10° | 5.7985 6.29 x 10° 5.7984 6.29 x 10° 5.7983
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Table 8. Thermodynamic parameters of transition metal complexes (1 —5).

Complexes 1 2 3 4 5

Temp.(°C) 25 |30 |37 40 |25 30 37 40 |25 30 |37 |40 |25 [30 |37 40 25 30 37 |40

Ink 147 | 147 | 147 147 | 149 14.9 | 149 149 | 185 | 185 | 185 | 185 | 199 | 129 | 129 12.9 13.6 135 | 135 | 135

-AG (kJmol ) 364 |370 |37.8 |382 369 |375 |384 |[388 | 4989 | 466 | 477 1 482 | 519 1354 | 331 | 334 3369 | 3411 | 349 | 352

-AH (kJmol ) 04 08 09 01 36

AS (Jmol %) 1225 119.3 151.1 106.7 101.1

Table 9. Thermodynamic parameters of transition metal complexes (6 — 10).

Complexes 6 7 8 9 10

Temp.(°C) 25 |30 |37 |40 |25 30 37 40 |25 30 |37 |40 |25 [30 |37 40 25 30 37 |40
193 | 193 | 193 | 193 199 | 199 199 | 145 | 145 | 145 | 145 134 | 134 | 134 | 134

Ink 19.9 169 | 169 | 169 | 169

AG (kJmol ™) | 47.8 | 486 | 497 | 502 | 492 |500 |[512 517 | 857 | 363 | 371 | 375 | 556 | 202 | 300 | 304 330 | 336 | 344 | 347

-AH (kJmol %) 0.05 0.02 0.16 6.73 0.22

AS (Jmol ) 160.5 165.2 1203 1186 110.9
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In similar ways, the binding stoichiometry of the complexes 6 — 10 were determined as 1:2
metal to ligand [M:L2] stoichiometric ratio from the point of intersection that found at 0.65
Job’s plot (Figure 30 — 34). In addition to this the formation constant (K) was evaluated
spectroscopically at different temperatures from the extrapolated Job’s plot, accordingly, the
complexes showed formation constant (K) values of 2.47 x 10° 4.29 x 10°, 2.05 x 10°, 2.36
x 10" and, 6.29 x 10° respectively, (Table 7). which is in line with previous reported studies
[17, 341-343].

The thermodynamic parameters (AG, AH and AS) were determined from the plot of InK vs
1/T (Figure 35 — 39), hence the negative values of change in Gibbs free energy and enthalpy
showed the spontaneity of the metal-ligand interactions and exothermic nature of the
reactions. Moreover, the positive values of the change in entropy (AS) showed that complex

formations are entropically favored, which is in line with reported studies [280, 281].

Generally, all complexes (1 — 10) are stable up to 40 °C (Table 7). This is in good agreement
with the thermal analysis study which indicated that all complexes are stable up to 100 °C,
and hence weight loss was not observed up to this temperature range (Table 4 and 5 see
section 4.2.8).
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Figure 30. Job’s curves at 25, 30, 37 and 40 °C for complex 6
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4.5. In silico analysis of ligand and its metal complexes

4.5.1. Drug-likeness and ADME predictions

SwissADME web tool provides information on physicochemical properties, pharmacokinetic
parameters, drug likeness of a compound, and providing in silico aided drug design and
development [283]. The physicochemical, ADME properties and drug likeness of the ligand
(L1) and its metal complexes (1 — 5) are presented in Appendix 45. The compounds have
molecular weights ranging from 259.30 to 440.32 g/mol. The iLogP value of the ligand was
found to be 2.22 and that of all the metal complexes showed similar iLogP value of zero
compared to ciprofloxacin (2.24). The low value of iLogP for the metal complexes indicates
good water solubility of the metal complexes relative to the ligand and the control [344]. This

is in agreement with the experimental solubility values.

The number of hydrogen bond donors of all the compounds range from 2 to 3 (< 5), whereas,
the number of hydrogen bond acceptors range from 4 to 8 (< 10). The predicted
physicochemical properties for drug likeness screening showed that the synthesized
compounds (L1 and complexes 1 — 5) fulfil drug-like molecular nature in agreement with
previous reported studies [17, 267]. Moreover, the topological polar surface area (TPSA)
ranges from 66.74 to 142 A? for the synthesized compounds. It has been reported that
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compounds with TPSA of 140 A% and above would be poorly absorbed (< 10% fractional
absorption) and those with a TPSA 60 A% would be well absorbed (> 90%) [78, 79, 267].
Therefore, from the TPSA data of the synthesized compounds, it is possible to deduce that
the ligand and its complexes (1 — 5) have very good intestinal absorption [267, 283].'Skin
permeability (logKp) value of the free ligand and its metal complexes were found within the
range of -7.1 to -8.29 cms™ (Appendix 45), deducing that all compounds have low skin
permeability in agreement with reported studies [78, 267, 283]. Similarly, the synthesized
compounds were predicted as a substrate of P-glycoprotein (P-gp) which is a transporter and
biological barrier and responsible for the ADME of drugs [283]. This inferred that the
compounds have no tendency to interact to other drugs fingered by the transporter and hence
no drug-drug interactions. The inhibition of CYPs leads to toxicity end points [345]. The high
gastrointestinal absorption (GI) together with their fewer tendencies to inhibit cytochrome
P450 family enzymes of the liver (CYPs) gives the compounds theoretically safe from

toxicity point of view.

4.5.2. Quantum Chemical Analysis

Transitional metals and their complexes have been investigated by computational chemistry.
However, the main problem associated in studying the calculations with these systems is the
electron degeneracy, which is partially configured in d— orbitals. Over the years, several
studies have been reported to confirm the efficacy of various DFT approaches for
investigating the chemical properties of transition metal complexes. Among various
properties, mixed basis set have been very promising in computational studies and cover a

wide range of ligands and their metal complexes [346].

The band gap energy (Eg) is correlated with various biological aspects like antibacterial,
antioxidant and DNA binding activities [3, 17, 81]. It has been reported that the band gap
energy between the Enomo and Epymo is an important stability descriptor [344]. A large band
gap energy is associated with stable systems, whereas small band gap energy is associated
with little stable systems making more reactive compound [344]. A decrease in the band gap
energy upon coordination may be associated with the presence of LMCT [81]. The quantum
chemical parameters of the ligand and its metal complexes are tabulated in Table 10. The
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) analysis was performed to predict the reactivity of the ligand and the complexes.

The energy gap (Eq = ELumo — EHomo) for possible electron transition were calculated to be
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3.834, 4.002, 3.272, 3.684, 3.669 and 3.991 eV for the L1 and its complexes 1 — 5

respectively. These results predict good reactivity of the synthesized compounds [81].

The wave function analysis of the ligand revealed that the electron density of the molecule is
circulating between the secondary amine substituent nitrogen and the quinoline ring amine
from HOMO to LUMO and throughout the molecule due to m-bond delocalization. The
HOMO and LUMO of the L1 reside on the quinoline ring, confirming the presence of n—m*
electron transition. It is also observed that the electron densities of the HOMO reside on the
amine part of the molecule and the LUMO reside on its imine part. This is due to the fact that
the amine and imine part of the ligand are in the same plane making it suitable for metal
coordination [347].

The selected quantum chemical parameters had been derived from Exomo, ELumo, and used to
evaluate the chemical reactivity of the complexes. The chemical reactivity of the complexes
increases with decrease in the energy gap (AE) values. In other ways, the complexation
between the metal ions and the ligand has reduced the HOMO-LUMO energy gap, which can
be considered as an indication for better biological activities [3, 81]. Accordingly, from the
band gap analyses, the metal complexes were predicted to have better biological activities

than the free ligand, in good agreement with the experimental biological activities.

Table 10. The HOMO, LUMO, energy gap (Eg), chemical potential (x), hardness (1),

softness (o), electrophilicity (o), nucleophilicity index (Nu) of the ligands and complexes.

Cpds. | Homo | LUMO | Eg(eV) u 1 o o Nu
L1 | 5960 | -2.126 | 3834 | 4043 | 1917 | 0261 | 4264 | 0.235

1 -6.364 -2.362 4.002 4,363 2.001 0.250 4,756 0.210
2 -6.571 -3.299 3.272 4,935 1.636 0.306 7.445 0.134
3 -6.219 -2.536 3.684 4.378 1.842 0.921 5.202 0.192
4

-6.303 -2.634 3.669 4.468 1.834 0.273 5.441 0.184
5 -7.158 -3.167 3.991 5.163 1.996 0.998 6.678 0.150

L2 | -6.117 | -2.584 | 3.533 4.350 1.766 0.283 | 5.357 | 0.187
6 -6.352 | -2.772 | 3.580 4,562 1.790 0.279 | 5.814 | 0.172
7 -6.120 | -3.147 | 2.973 4.633 1.487 0.336 | 7.220 | 0.138
8 -3.809 | -3.491 | 0.360 3.629 0.180 2.778 | 36.561 | 0.0274
9 -4.695 | -3.506 1.189 4.100 0.594 0.841 | 14.147 | 0.070
10 | -4.448 | 3529 | 0.918 3.988 0.459 1.089 | 17.326 | 0.058
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The biological activity of the complexes toward appropriate molecules can be discussed with
the hard—soft—acid—base (HSAB) principle, which states that soft acids prefer to bind with soft
bases and hard acids prefer to bind with hard bases [81, 348]. Hence, the biological activity of
a compound increases with increasing softness and decreasing hardness [81, 348].
Accordingly, the biological structures of enzymes, which are commonly soft, prefer to bind
with soft complexes. The order of chemical hardness (n) it is possible to suggesting that
complex 1 is more stable. This is in agreement with the TGA analysis (Table 8 see section
4.2.8). In other way, chemical potential () measures the tendency of an electron to escape
from equilibrium, and it has been reported that the chemical reactivity of a compound
increases with decreasing chemical potential [79]. Chemical potential (u) is also directly
proportional with the Gibbs free energy and related to spontaneity (Table 15 and 16 see

section 4.4).

Other important parameters predicted are the electrophilicity and nucleophilicity indexes. The
electrophilicity index implies the ability of the complexes to accept electrons, while
nucleophilicity index displays the ability to donate electrons [81]. In this aspect, complex 2
has stronger electron accepting potential than the remaining complexes while the free ligand
is more electron donor, based on their electrophilicity index and nucleophilicity index value,

respectively (Table 10). This activity is in line with antioxidant properties of complex 2.

Similarly, the energy gap (Eq = ELumo — Enomo) for possible electron transition were
calculated to be 3.533, 3.580, 2.973, 0.360, 1.118 and 0.918 eV for the L2, and its complexes
6 — 10 complexes (Table 10 and Figure 42 and 43), respectively. The chemical reactivity of
the complexes increases with decrease in the energy gap (Eg) values [3, 81]. From the band
gap results, the metal complexes showed better biological activities than the free ligand, also
in line with the experimental biological activities. The Eigen values for the HOMO of the
ligand and its metal complexes (Table 10) showed the improvement of the softness of the
metal complexes than the ligand, inferring the potential of the synthesized metal complexes
to interact with soft molecules, and it is observed that the highest global softness of the
complexes is in a good agreement with the results obtained for antibacterial activities (See
section 4.3.1).
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From both experimental (EDX, MS and TGA) and DFT analysis, the ligand (L1) acts as an
ONN donor tridentate chelating agent while L2 act as bidentate ligand. The analyses also
indicated that the complex 1 has a distorted tetrahedral geometrical structure, in line with
previously reported studies [50, 183, 184]. On the other hand, the complex 2 showed
distorted square pyramidal geometry [43, 349, 350], complex 3 showed octahedral, while that
of complex 4 has square planar geometry, complex 5, showed octahedral structure, complex 6
showed tetrahedral and complex 7, 8 and 9 showed octahedral structure while complex 10
showed bipyramidal structure, in agreement with previous reported studies [20, 29, 132, 351].

These have been further confirmed from the visualization of the DFT optimized geometries.

4.5.3. Molecular Docking analysis

Bioactive molecules inhibit either the reproduction of pathogenic bacteria or kill them by
acting on some essential components of bacterial strains. DNA gyrase is one of the essential
enzymes which induce negative supercoils into bacterial DNA. In this aspect, the
fluoroquinolones are among DNA gyrase-targeted drugs [352]. Some bacteria also secrete a
variety of toxic substances, including exotoxin A (ETA), phospholipases, and several
proteases. Pseudomonas aeruginosa is opportunistic pathogenic bacteria which activate the
expression of LasR gene required for transcription of the genes for elastase (LasA and LasB)
protease, associated with virlence [353, 354]. Therefore, the molecular docking of the
complexes were docked against DNA gyrase of E. coli and LasR of P. aeruginosa to
investigate their mode of action and the results were compared with the in vitro antibacterial
assays. We studied the molecular interaction between the synthesized ligands and their
complexes against the E.coli DNA gyrase (PDB ID 6F86) to understand the mechanism of
action. Autodock 4.2 was used to explore the protein-ligand interactions between complexes
and E.coli DNA gyrase (PDB ID 6F86) (Figure 44 — 46). The compounds interacted with the
key amino acids by forming hydrogen bond with Asp-73, Gly-77, Thr-165, and hydrophobic
interaction with lle-78, Ile-94, Glu-50, and Pro-79 within the active site. The results clearly
show that the free hydroxyl chain in the complexes was interacted with the amino acids
within the active sites of the protein. All the complexes shown similar docking score within
the range of -6.3 to -6.8 kcal/mol compared with the ligand (-7.1 kcal/mol) (Table 11).
Among them copper and cobalt complexes shown better docking score compared to other
complexes reported. The in vitro antimicrobial analysis results are matching with the
molecular docking analysis docking score. Overall, in silico analysis results reveals that the

ranking of complexes as antimicrobial agent as follows Cu > Co > Zn > V > Ni complexes
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Table 11 which is in very good agreement with in vitro antibacterial (specifically against

E.coli strain) activities.

To get more insight, we also studied the ligand-protein interactions of the P. aeruginosa
LasR-DNA protein against the synthesized metal complexes. The 2D and 3D representation
of the interactions for the compounds and ciprofloxacin are presented in Figure 47 — 51,
whereas the binding scores and the residual protein-ligand interactions are summarized in
Table 12. The metal complexes have shown significant interactions within the active site of
the LasR. DNA protein with the key amino acids, Tyr-47, Trp-60, Asp-73, Tyr-64, Leu-36,
Trp-88, Arg-61, Thr-75, Cys-79, and Ala-127 [355]. All the investigated compounds showed
moderate to equivalent binding scores compared to the clinical drug ciprofloxacin (Table 12).
The overall in silico docking analysis indicated that the Cu(ll) complex interacted with the
LasR.DNA residues of Tyr-47 (H-bond), Trp-60, Asp-73, Tyr-64, Leu-36, Arg-61, Thr-75,
and Ala-127 with binding energies of -8.2 kcal/mol. This result is comparable with the
binding energy of ciprofloxacin (-8.00 kcal/mol). Similar docking activity trends were
observed for both E. coli DNA gyrase B and P. aeruginosa LasR, in very good agreement

with the in vitro bacterial activities (Appendix 45).
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Table 11. Molecular docking results of ligands and their complexes against E. Coli DNA
Gyrase (PDB ID 6f86).

Binding H-bond
Affinity Residual interactions
(kcal/m Hydrophobic/Pi-Cation Van der Waals
Asp-73, Gly-77,
L1 -7.1 Thr-165 Val-43, lle-94, lle-78 Ala-47, Asn-46, Glu-50, Pro-79
Gly-77, Arg-76, Glu-50, Asn-46
-6.5 Asp-73, Thr-165 Ala-47, Val-43 ’ ’ ’ ’
1 Spofs, Tn a-al, va lle-78, Gly-164
) 6.8 | Asp-73, Asn-46, Arg-76, Pro-79, Glu-50
Gly-77
3 -6.8 Thr-165 Gly-77, Arg-76 Asp-73, Glu-50, lle-78, Pro-79
Asp-73, Ala-47, Asn-46, Glu-50,
4 -6.3 Thr-165 lle-78 Gly-77, Pro-79
5 -6.5 Arg-76 Glu-50, Gly-77, lle-78, Asp-73
Pro-79
L2 6.5 Asp-73, Thr- Asn-46, lle-94, lle-78, Val-71, Ala-47, Arg-76
165, Gly-77 Val-43
-1.4 Asn-46, Arg-76 Thr-165, Ala-47, lle-78, Ile-94, Pro-79, Asp-73, Val-43
6 Val-167, Gly-77, Glu-50
; -7.0 Thr-165 Glu-50, Arg-76, Pro-79 Gly-77, lle-78, Asp-49, Asn-46,
lle-94
-7.1 Thr-165, Gly-77, Ile-78, Val-167, Ala-47 lle-94, Pro-79
8 Asn-46, Arg-76
9 -6.7 -- lle-94, Arg-76, Pro-79 Gly-77, Glu-50, lle-78, Asp-49,
Asn-46
-6.6 Gly-77 Glu-50, Arg-76, Pro-79, Thr-165, lle-78, Asn-46, Val-
10 lle-94 120, Gly-119
i -7.2 Asp-73, Asn-46, Glu-50, Gly-77, Pro-79, Ala-47
ipro

Arg-76

Ile-78, lle-94, Ile-78
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Figure 44. The interactions of L1 and 1 against E.Coli DNA gyrase (PDB ID: 6F86)
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Figure 45. The interactions of 2 and 3 against E.Coli DNA gyrase (PDB ID: 6F86)
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Figure 46. The interactions of 4 and 5 against E.Coli DNA gyrase (PDB ID: 6F86)
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Figure 47. The interactions of L1 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 48. The interactions of Cipro. with P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 49. The interactions of 1 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 50. The interactions of 2 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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The molecular docking interaction was also performed between the ligand (L2) and it’s
complexes against the proteins of E. coli DNA gyrase B (PDB ID 6F86) (Figure 52 — 57) and
P. aeruginosa LasR (PDB ID: 2UVO0) (Figure 58 — 63). Accordingly, the targeted compounds
interacted with the key amino acids of E. coli DNA gyrase B by forming hydrogen bond and

hydrophobic interaction.

The molecular docking results of the ligand (L2) and its complexes (6 — 10) against E. coli
DNA gyrase B (PDB ID 6F86), found to be -6.5, -7.4, -7.0, -7.1, -6.7 and -6.6 kcal/mol
respectively whereas the affinity energy of ciprofloxacin in this case was found to be —7.2
kcal/mol (Table 11). Complex 6 has a stronger binding energy than ciprofloxacin since it
interacts through more van der Waals forces within the active sites of the enzyme via lle-94,
Pro-79, Asp-73, and Val-43 amino acid residues, while the van der Waals interaction of the
ciprofloxacin was only via Ala-47. On the other hand, the in vitro activities of the complexes
against E. coli showed a higher mean inhibition zone (MIZ) for the Zn(ll) complex;

indicating that the docking results are in good agreement with the in vitro activities.

The molecular docking results of the ligand (L2) and its complexes (6 — 10) against P.
aeruginosa LasR binding domain were -7.6, -8.6, -5.3, -5.3, -5.4and -6.4 kcal/mol
respectively, whereas the affinity energy of ciprofloxacin in this case was found to be -8.3
kcal/mol (Table 12). The in vitro mean inhibition zones of complexes have slight differences
with the docking results compared to those of E. Coli DNA gyrase B (Appendix 46). Thus,
the complexes may hinder the bacterial growth through inhibition of their DNA gyrase rather
than LasR protein. Indeed, this is in good agreement with literature report that quinolones
(fluoroquinolones) target the DNA gyrase of bacteria [352]. Since the complexes in the
current work were also developed on a quinoline scaffold, their mode of action could be
through hindering the DNA gyrase of bacteria, hence the overall in silico docking analysis for

E. coli DNA gyrase B was found to be in good agreement with the in vitro bacterial activities.
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Table 12. Molecular docking results of ligands and their complexes against P. aeruginosa
LasR.DNA (PDB: 2UV0).

Affinity H-bond Residual Hydrophobic/Pi-Cation/Pi-Anion/ Pi-Alkyl
Cpds. . .
(kcal/mol) interactions
) Asp-73, Trp-88, Phe-101, Ala-105, Leu-110, Trp-60, Tyr-
Ll 18 Tyr-64 93, Tyr-56, Thr-75, Ser-129, Thr-115, Arg-61
Asp-73, Tyr-64, Leu-36, Trp-88, Phe-101, Leu-110, Ala-
1 -7.3 Ser-129 70, Gly-38, Cys-79, lle-52, Thr-115, Ala-127, Thr-75, Tyr-
56, Tyr-93
i Asp-73, Tyr-64, Leu-36, Arg-61, Thr-75, Ser-129, Tyr-56,
2 -82 TYHAT | 1i0-60, Ile-52, Ala-50, Gly-38, Ala-70, Leu-39
Asp-73, Tyr-64, Leu-36, Tyr-56, Ala-127, Gly-38, Ala-50,
4 -8.2 Tyr-47 lle-52, Asp-65, Arg-61, Leu-39, Trp-60, Trp-88, Thr-75,
Ser-129
76 Thr-75, | Val-76, Ala-50, Ala- 127, Leu-40, Tyr-47, Cys-79,
L2 ' Arg-61 | Leu-125
-8.6 Arg-61 Tyr-47, Ala-70, Ala-50, Ala-127, Cys-79, Leu-125,
6 Val-76, Asp-73, Tyr-56, Trp-88, Ala-105, Leu-110,
Phe- 101, Tyr-64
-5.3 Arg-61, | Leu-36, Trp-88, Ala-50, Leu-40, Gly-38, Ala-127,
7 Tyr-64, Gly-126, Cys-79, Val-76, Thr-115, Thr-75
Ser-129
-5.3 Trp-60, | Leu-125, Leu-40, Val-76, Ala-50, Ala-105, Leu-110,
8 Thr-75 Trp-88, Phe-101, Tyr-56, Tyr-64, Thr-115
-5.4 Asp-73, | Tyr-56, Ala-50, Leu-40, Gly-126, Ala-127, Val-76,
9 Tyr-64, | Leu-36, Leu-110, Trp-88
-6.4 Leu-39, | Ala-105, Trp-88, Leu-110, Phe-101, lle-52, Leu-36,
10 Arg61, Gly-38, Ala-50, Tyr-47, Cys-79, Leu-125, Ala-127,
Asp-73, Tyr-64, Leu-36, Val-76, Ala-127, Cys-79, Ala-50, Gly-38,
Cipro | -8.0 Trp-60, Thr-115, Trp-88, Thr-75, Tyr-56, Leu-110, Phe-101, Arg-
Tyr-47, 61, Ala-70
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Figure 52. The interactions of the L2 against E. Coli DNA gyrase B (PDB ID: 6F86)
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Figure 53. The interactions of the 6 against E. Coli DNA gyrase B (PDB ID: 6F86).
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Figure 54. The interactions of the 7 against E. Coli DNA gyrase B (PDB ID: 6F86).
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Figure 55. The interactions of the 8 against E. Coli DNA gyrase B (PDB ID: 6F86).
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Figure 56. The interactions of the 9 against E. Coli DNA gyrase B (PDB ID: 6F86).
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Figure 57. The interactions of the 10 against E. Coli DNA gyrase B (PDB ID: 6F86).
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Figure 58. The interactions of the L2 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 59. The interactions of the 6 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 60. The interactions of the 7 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 61.The interactions of the 8 against P. aeruginosa LasR.DNA (PDB: 2UVO0).
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Figure 62. The interactions of the 9 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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Figure 63. The interactions of 10 against P. aeruginosa LasR.DNA (PDB: 2UV0).
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5. CONCLUSIONS

Quinoline derivatives have been a successful scaffold to develop bioactive molecules. In the
present work, novel Zn(Il), Cu(ll), Co(ll), Ni(ll) and V(IV) complexes were successfully
synthesized from a tridentate ONN [(E)-2-(((2-((2-hydroxyethyl)amino)quinolin-3-
yl)methylene)amino)ethan-1-ol, (HsL) and bidentate ON 2-((2-
hydroxyethyl)amino)quinoline-3-carbaldehyde (H,L) atoms donor ligands. The compounds
were characterized by physicochemical and spectroscopic methods. The analysis was
supported by DFT and TD-DFT calculations. The DFT calculated IR frequencies and TD-
B3LYP calculated absorption spectra are in good agreement with the corresponding
experimental results, which further confirmed the overall analysis. From both experimental
(EDX, MS and TGA) and DFT analysis, the ligand (L1) acts as an ONN donor tridentate
chelating agent while L2 act as bidentate ligand. The analyses also indicated that the complex
1 has a distorted tetrahedral geometrical structure, on the other hand, the complex 2 showed
distorted square pyramidal geometry similarly, complex 3 showed octahedral, while that of
complex 4 has square planar geometry, complex 5, showed octahedral structure, complex 6
showed tetrahedral and complex 7, 8 and 9 showed octahedral structure while complex 10
showed bipyramidal structure which were confirmed from the visualization of the DFT
optimized geometries. The formation constants of the complexes were determined
spectroscopically. Accordingly, the stability of the metal complexes of L1 are (Kznay = 2.3 x
10°, Keuary = 2.9 x 10°, Keoany = 1.10 x 108, Kyigy = 3.8 x 10° and Kyqyy = 7.6 x 10°)and L2
complexes (Kznary = 2.47 x 10°, Keyary =4.29 x 10°, Keoany =2.05 x 10°, Kyigy=2.36 x 107 and
Kvav) = 6.29 x 10°). All metal complexes are stable at the specified temperatures, and the
thermodynamic parameters indicated that the reactions are spontaneous with exothermic
nature of metal-ligand interactions. In vitro antibacterial activity analysis of both the ligands
and their complexes were studied with disc diffusion and agar dilution methods, in which the
complexes showed better activity than the free ligands. The analysis of the antibacterial data
revealed that all the first five (1 — 5) transition metal complexes exhibited activity ranging
from low to high mean inhibition zones, with MIZ of 7.32 + 0.90 mm to 20.65 £+ 0.18 mm
respectively. All the 1 — 4 complexes exhibited good activities with P. aeruginosa (18.85 *
0.34, 20.65 + 0.18, 18.62 = 0.19 and 15.64 + 0.22 mm diameter, respectively) compared to
ciprofloxacin with MIZ of 22.98 £ 0.08 mm diameter. Complex 2 showed higher percent
activity index (Al = 62, 90%), than all Zn(ll) (Al = 54, 82%), Co (Al = 54, 81%) and Ni(ll)
(Al = 41, 68%) complexes of ligand (L1) against both E. coli and P. aeruginosa, respectively.
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Similarly, the complexes (6 — 10) of ligand (L2) showed that all the four (6 — 9) metal
complexes exhibited antibacterial activities ranging from medium to high M1Z, with 11.79 +
1.07 mm and 20.9 £ 2.00 mm. All the (6 — 9) complexes exhibited good activities with P.
aeruginosa (20.75 £ 2.05, 20.9 + 2.00, 20.75 + 2.07 and 18.90 + 2.06 mm diameter
respectively) compared to ciprofloxacin with MIZ of 20.94 + 2.01mm diameter, but complex
7 showed higher percent activity index against the three bacterial strain (P. aeruginosa, S.
aureus and S. pyogenes respectively, than all complexes of ligand (L2). The complexes were
also evaluated for their antioxidant properties using DPPH assay in which all metal
complexes showed higher antioxidant activities than the free ligand. Among these, 1, 2, 6, 7
and 8 complexes exhibited higher values of antioxidant activities (ICsy = 10.46, 8.62, 8.2, 4.7,
and 9.2 pg/mL, respectively, whereas that of the positive control is 4.28 pg/mL). From the in
silico (drug likeness and molecular docking) analysis all complexes (1 — 5) fulfil Lipinski’s
rule of five and the binding modes of all compounds (1 — 10) against the two bacterial are in
good agreement with the experimental biological activities. Overall, the newly synthesized
Zn(11), Cu(ll), Co(ll), and Ni(ll) complexes have biological activities, where the Cu(ll)
complex showed much better activity than other complexes. The results of binding mode of
these compounds against E. coli DNA gyrase B were in good agreement with the in vitro
biological activity results. The high antibacterial activity of copper complexes against Gram-
negative bacteria compared to ciprofloxacin makes the complexes potential alternative drug
for treating diseases caused by Gram-negative bacteria after passing cytotoxicity testing. It is
obvious that the compounds that can scavenge DPPH radicals might exhibit anticancer,
antiaging, anti-inflammatory activities. As our complexes have pronounced DPPH radical
scavenging activities due to their nitrogen and oxygen atom donating ability, they may have
the anticancer and related activities and the door is open for any interested researchers.
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APPENDIXES

Appendix 1. One-way analysis of variance of L1 and its 1 — 5 complexes

Table Analyzed E. Coli

One-way analysis of variance

P value < 0.0001

P value summary ialad

Are means signif. different? (P < 0.05) Yes

Number of groups 7

F 476.6

R squared 0.9951

ANOVA Table SS df MS

Treatment (between columns) 476.1 6 79.34

Residual (within columns) 2.331 14 0.1665

Total 478.4 20

Bonferroni's Multiple Comparison Test Mean Diff. |t Significant? P < 0.05? Summary 95% ClI of diff
1vs2 -2.070 6.213 Yes skl -3.302 to -0.8376
lvs3 -0.1600 0.4802 No ns -1.392 10 1.072
lvs4 2.620 7.864 Yes il 1.388 to 3.852
lvs5 3.300 9.905 Yes il 2.068 to 4.532

1 vs Ligand 4.400 13.21 Yes ekl 3.168 to 5.632

1 vs Ciprofloxacin -10.88 32.66 Yes el -12.11 t0 -9.648
2vs3 1.910 5.733 Yes *x 0.6776 to 3.142
2vs4 4.690 14.08 Yes ekl 3.458 t0 5.922
2vs5 5.370 16.12 Yes ekl 4.138 to 6.602

2 vs Ligand 6.470 19.42 Yes el 5.238 to 7.702

2 vs Ciprofloxacin -8.810 26.44 Yes el -10.04 to -7.578
3vs4 2.780 8.344 Yes ekl 1.548 t0 4.012
3vs5 3.460 10.39 Yes ekl 2.228 t0 4.692

3 vs Ligand 4.560 13.69 Yes el 3.328 t0 5.792

3 vs Ciprofloxacin -10.72 32.18 Yes el -11.95 to -9.488
4vs5 0.6800 2.041 No ns -0.5524 t0 1.912
4 vs Ligand 1.780 5.343 Yes ** 0.5476 to 3.012

4 vs Ciprofloxacin -13.50 40.52 Yes el -14.73 t0 -12.27

5 vs Ligand 1.100 3.302 No ns -0.1324 to 2.332
5 vs Ciprofloxacin -14.18 42.56 Yes alel -15.41t0 -12.95
Ligand vs Ciprofloxacin -15.28 45.86 Yes alel -16.51 to -14.05
Table Analyzed P. Aeruginosa

One-way analysis of variance

P value < 0.0001

P value summary il

Are means signif. different? (P < 0.05) Yes

Number of groups 7

F 3040

R squared 0.9992

ANOVA Table SS df MS

Treatment (between columns) 1034 6 172.3

Residual (within columns) 0.7936 14 0.05669

Total 1035 20

Tukey's Multiple Comparison Test Mean Diff. q Significant? P < 0.05? Summary 95% ClI of diff
lvs2 -1.820 13.24 Yes il -2.484 to -1.156
1vs3 -1.180 8.584 Yes il -1.844 to -0.5162
lvs4 1.620 11.79 Yes il 0.9562 to 2.284
lvs5 16.69 1214 Yes il 16.03 t0 17.35
1vs Ligand 10.69 77.77 Yes ekl 10.03 to 11.35
1 vs Ciprofloxacin -3.830 27.86 Yes iaad -4.494 to -3.166
2vs3 0.6400 4.656 No ns -0.02379 to 1.304
2vs4 3.440 25.03 Yes il 2.776 t0 4.104
2vs5 18.51 134.7 Yes ekl 17.85t0 19.17
2 vs Ligand 12.51 91.01 Yes ekl 11.85t0 13.17
2 vs Ciprofloxacin -2.010 14.62 Yes aled -2.674 to -1.346
3vs4 2.800 20.37 Yes il 2.136 to 3.464
3vs5 17.87 130.0 Yes ekl 17.21 t0 18.53
3 vs Ligand 11.87 86.35 Yes ekl 11.21t0 12.53
3 vs Ciprofloxacin -2.650 19.28 Yes aled -3.314 to -1.986
4 vs 5 15.07 109.6 Yes il 14.41 to 15.73
4 vs Ligand 9.070 65.98 Yes Hoxx 8.406 t0 9.734
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4 vs Ciprofloxacin -5.450 39.65 Yes il -6.114 to -4.786
5 vs Ligand -6.000 43.65 Yes xx -6.664 to -5.336
5 vs Ciprofloxacin -20.52 149.3 Yes iaiad -21.18 t0 -19.86
Ligand vs Ciprofloxacin -14.52 105.6 Yes iaiad -15.18 to -13.86
Table Analyzed S. Aureus

One-way analysis of variance

P value < 0.0001

P value summary el

Are means signif. different? (P < 0.05) Yes

Number of groups 7

F 767.5

R squared 0.9970

ANOVA Table SS df MS

Treatment (between columns) 723.6 6 120.6

Residual (within columns) 2.200 14 0.1571

Total 725.8 20

Tukey's Multiple Comparison Test Mean Diff.  |q Significant? P < 0.05? Summary 95% CI of diff
1vs2 -5.800 25.34 Yes skl -6.905 to -4.695
lvs3 -0.8100 3.539 No ns -1.915 to 0.2952
lvs4 -1.200 5.243 Yes * -2.305 to -0.09479
lvs5 4.300 18.79 Yes xx 3.195 to 5.405

1 vs Ligand 11.30 49.37 Yes ekl 10.19t0 12.41

1 vs Ciprofloxacin -7.700 33.64 Yes el -8.805 to -6.595
2vs3 4.990 21.80 Yes xx 3.885 to 6.095
2vs4 4.600 20.10 Yes il 3.495 to 5.705
2vs5 10.10 44.13 Yes kel 8.995 to 11.21

2 vs Ligand 17.10 74.72 Yes ekl 15.99 to 18.21

2 vs Ciprofloxacin -1.900 8.302 Yes el -3.005 to -0.7948
3vs4 -0.3900 1.704 No ns -1.495 t0 0.7152
3vs5 5.110 22.33 Yes ekl 4.005 to 6.215

3 vs Ligand 12.11 52.91 Yes ekl 11.00 to 13.22

3 vs Ciprofloxacin -6.890 30.10 Yes el -7.995 to -5.785
4 vs 5 5.500 24.03 Yes il 4.395 to 6.605

4 vs Ligand 12.50 54.62 Yes ekl 11.39 to 13.61
4 vs Ciprofloxacin -6.500 28.40 Yes alel -7.605 to -5.395
5 vs Ligand 7.000 30.59 Yes el 5.895 to 8.105

5 vs Ciprofloxacin -12.00 52.43 Yes el -13.11 to -10.89
Ligand vs Ciprofloxacin -19.00 83.02 Yes el -20.11to -17.89
Table Analyzed S. Pyogenes

One-way analysis of variance

P value < 0.0001

P value summary il

Are means signif. different? (P < 0.05) Yes

Number of groups 7

F 673.1

R squared 0.9965

ANOVA Table SS df MS

Treatment (between columns) 689.7 6 115.0

Residual (within columns) 2.391 14 0.1708

Total 692.1 20

Tukey's Multiple Comparison Test Mean Diff.  |q Significant? P < 0.05? Summary 95% CI of diff
lvs2 1.720 7.209 Yes ** 0.5678 to 2.872
lvs3 10.22 42.83 Yes ekl 9.068 to 11.37
lvs4 10.22 42.83 Yes ekl 9.068 to 11.37
lvsb 10.22 42.83 Yes ekl 9.068 to 11.37

1 vs Ligand 4.020 16.85 Yes xx 2.868 10 5.172

1 vs Ciprofloxacin -5.680 23.81 Yes aled -6.832 to -4.528
2vs3 8.500 35.62 Yes ekl 7.348 t0 9.652
2vs4 8.500 35.62 Yes ekl 7.348 t0 9.652
2vs5 8.500 35.62 Yes xx 7.348 t0 9.652

2 vs Ligand 2.300 9.640 Yes ekl 1.148 to 3.452

2 vs Ciprofloxacin -7.400 31.01 Yes iaad -8.552 t0 -6.248
3vs4 0.0000 0.0000 No ns -1.152 to 1.152
3vs5 0.0000 0.0000 No ns -1.152 to0 1.152
3 vs Ligand -6.200 25.99 Yes il -7.352 to -5.048
3 vs Ciprofloxacin -15.90 66.64 Yes iaiad -17.05 to -14.75
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4vs 5 0.0000 0.0000 No ns -1.152 t0 1.152

4 vs Ligand -6.200 25.99 Yes e -7.352 t0 -5.048

4 vs Ciprofloxacin -15.90 66.64 Yes iaiad -17.05 to -14.75

5 vs Ligand -6.200 25.99 Yes o -7.352 to -5.048

5 vs Ciprofloxacin -15.90 66.64 Yes el -17.05 to -14.75

Ligand vs Ciprofloxacin -9.700 40.65 Yes el -10.85 to -8.548

Appendix 2. One-way analysis of variance of L2 and its complexes 6 — 7

Table Analyzed E. coli

Data sets analyzed A-G

ANOVA summary

F 34.41

P value <0.0001

P value summary okl

Significant diff. among means (P < 0.05)? Yes

R squared 0.9672

Brown-Forsythe test

F (DFn, DFd) 3.178e+029 (6, 7)

P value <0.0001

P value summary Fkkk

Are SDs significantly different (P < 0.05)? Yes

Bartlett's test

Bartlett's statistic (corrected)

P value

P value summary

Are SDs significantly different (P < 0.05)?

ANOVA table SSIDF| MS| F (DFn, DFd)| P value

Treatment (between columns) 171.5] 6| 28.59|F (6, 7) = 34.41|P<0.0001

Residual (within columns) 5.815| 7|0.8307

Total 177.3] 13

Data summary

Number of treatments (columns) 7

Number of values (total) 14

Number of families 1

Number of comparisons per

family 6

Alpha 0.05

Dunnett's multiple comparisons Mean|  95.00% CI of Below Adjusted P| G-

test Diff. diff. threshold?|Summary Value| ?
Complex

Ciprofloxacin vs. Complex 6 5.500| 2.464 to 8.536 Yes *k 0.0023| A 1
Complex

Ciprofloxacin vs. Complex7 6.995 3.959 to 10.03 Yes el 0.0005| B 2
Complex

Ciprofloxacin vs. Complex 8 5.500] 2.464to 8.536 Yes ** 0.0023] C 3
Complex

Ciprofloxacin vs. Complex 9 8.995| 5.959 to 12.03 Yes il 0.0001] D 4
Complex

Ciprofloxacin vs. Complex 10 11.36) 8.3191t0 14.39 Yes faleiolel <0.0001| E 5

Ciprofloxacin vs. Ligand 10.06| 7.024to 13.10 Yes ko <0.0001] F| Ligand

SE of D

Test details Mean 1 Mean 2 Mean Diff. diff. nl n2 q F

Ciprofloxacin vs. Complex 6 21.17 15.67 5.500 0.9115 2| 2 6.034) 7

Ciprofloxacin vs. Complex 7 21.17 14.17 6.995 0.9115 2| 2 7.675 7

Ciprofloxacin vs. Complex 8 21.17 15.67 5.500, 0.9115 2| 2 6.034) 7

Ciprofloxacin vs. Complex 9 21.17 12.17 8.995| 0.9115 2| 2 9.869 7

Ciprofloxacin vs. Complex 10 21.17 9.810 11.36) 0.9115 2| 2 12.46| 7
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Ciprofloxacin vs. Ligand 21.17 11.11 10.06] 0.9115 2| 2 11.04| 7
Table Analyzed P. aerug
Data sets analyzed A-G
ANOVA summary
F 40.14
P value <0.0001
P value summary okl
Significant diff. among means (P <
0.05)? Yes
R squared 0.9718
Brown-Forsythe test
F (DFn, DFd) 5.683e+028 (6, 7)
P value <0.0001
P value summary ool
Are SDs significantly different (P <
0.05)? Yes|
Bartlett's test
Bartlett's statistic (corrected)
P value
P value summary
Are SDs significantly different (P <
0.05)?
ANOVA table SS DF MS| F (DFn, DFd)| P value
P<0.000
Treatment (between columns) 264.2 6] 44.03|F(6,7)=40.14 1
Residual (within columns) 7.678 7 1.097
Total 271.9 13
Data summary
Number of treatments (columns) 7
Number of values (total) 14
Number of families 1
Number of comparisons per
family 6
Alpha 0.05
Dunnett's multiple comparisons Mean|  95.00% CI of| Below Adjusted P| G-
test Diff. diff. threshold?|Summary Value| ?
Complex
Ciprofloxacin vs. Complex 6 0.7550| -2.734t0 4.244 No ns 0.9399] A 1
Complex
Ciprofloxacin vs. Complex 7 0.2350] -3.2541t0 3.724 No ns 0.9997| B 2
Complex
Ciprofloxacin vs. Complex 8 0.7550] -2.734t0 4.244 No ns 0.9399] C 3
Complex
Ciprofloxacin vs. Complex 9 2.235| -1.2541t05.724 No ns 0.2430] D 4
Complex
Ciprofloxacin vs. Complex 10 8.965| 5.4761t0 12.45 Yes el 0.0003] E 5
Ciprofloxacin vs. Ligand 11.42] 7.926to0 14.90 Yes ikl <0.0001] F| Ligand
SE of D
Test details Mean 1 Mean 2 Mean Diff. diff. nl| n2 q F
Ciprofloxacin vs. Complex 6 20.47 19.71 0.7550 1.047 2l 2| 0.7209] 7
Ciprofloxacin vs. Complex 7 20.47 20.23 0.2350 1.047 2| 2| 0.2244] 7
Ciprofloxacin vs. Complex 8 20.47 19.71 0.7550 1.047 2| 2| 0.7209] 7
Ciprofloxacin vs. Complex 9 20.47 18.23 2.235 1.047 2l 2 2.134| 7
Ciprofloxacin vs. Complex 10 20.47 11.50 8.965 1.047 2l 2 8.560| 7
Ciprofloxacin vs. Ligand 20.47 9.050 11.42 1.047 2| 2 10.90| 7
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Table Analyzed S. aureus
Data sets analyzed A-G
ANOVA summary

F 75.58
P value <0.0001
P value summary ool
Significant diff. among means (P < 0.05)? Yes
R squared 0.9848

Brown-Forsythe test

F (DFn, DFd) 4.666e+028 (6, 7)
P value <0.0001
P value summary ool
Are SDs significantly different (P < 0.05)? Yes
Bartlett's test
Bartlett's statistic (corrected)
P value
P value summary
Are SDs significantly different (P < 0.05)?
ANOVA table SSIDF| MS| F (DFn, DFd)| P value|
Treatment (between columns) 263.7| 6| 43.96|F (6, 7) = 75.58/P<0.0001
Residual (within columns) 4.071] 7|0.5816
Total 267.8| 13
Data summary
Number of treatments (columns) 7
Number of values (total) 14
Number of families 1
Number of comparisons per
family 6
Alpha 0.05
Dunnett's multiple comparisons Mean|  95.00% CI of] Below Adjusted P
test Diff. diff.| threshold?| Summary| Valug, G-?
Ciprofloxacin vs. Complex 6 7.035| 4.494t0 9.576 Yes il 0.0002 Al Complex 1
Ciprofloxacin vs. Complex 7 2.065| -0.4756 to 4.606 No ns 0.1140 B| Complex 2
Ciprofloxacin vs. Complex 8 7.035| 4.494 t0 9.576 Yes il 0.0002 C| Complex 3
Ciprofloxacin vs. Complex 9 5.510 2.969 to 8.051 Yes il 0.0008 D| Complex 4
Ciprofloxacin vs. Complex 10 13.77) 11.221t016.31 Yes ekl <0.0001 E| Complex 5
Ciprofloxacin vs. Ligand 10.46] 7.914to 13.00 Yes ool <0.0001 F Ligand

D
Test details Mean 1 Mean 2| Mean Diff.| SE of diff. nl n2 g F
Ciprofloxacin vs. Complex 6 21.27 14.23 7.035 0.7626 2 2 9.225 7
Ciprofloxacin vs. Complex 7 21.27 19.20 2.065 0.7626 2 2 2.708| 7
Ciprofloxacin vs. Complex 8 21.27 14.23 7.035 0.7626 2 2 9.225 7
Ciprofloxacin vs. Complex 9 21.27 15.76 5.510 0.7626 2 2 7.225 7
Ciprofloxacin vs. Complex 10 21.27 7.500 13.77 0.7626 2 2 18.05] 7
Ciprofloxacin vs. Ligand 21.27 10.81 10.46) 0.7626 2 2 13.71] 7
Table Analyzed S. pyogene
Data sets analyzed A-G
ANOVA summary
F 194.3
P value <0.0001
P value summary Fkxk
Significant diff. among means (P < 0.05)? Yes
R squared 0.9940
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Brown-Forsythe test
F (DFn, DFd) 2.066e+029 (6, 7)
P value <0.0001
P value summary okl
Are SDs significantly different (P < 0.05)? Yes
Bartlett's test
Bartlett's statistic (corrected)
P value
P value summary
Are SDs significantly different (P < 0.05)?
ANOVA table SSIDF| MS| F (DFn, DFd)| P value
Treatment (between columns) 630.2| 6| 105.0[F (6, 7) = 194.3|P<0.0001
Residual (within columns) 3.784| 7|0.5406
Total 634.0] 13
Data summary
Number of treatments (columns) 7
Number of values (total) 14
Number of families 1
Number of comparisons per
family 6
Alpha 0.05
Dunnett's multiple comparisons Mean|  95.00% CI of Below| Adjusted P
test Diff. diff.| threshold? Summary Value| G-?
Ciprofloxacin vs. Complex 6 8.065 5.616t0 10.51 Yes ***% <0.0001 A Complex 1
Ciprofloxacin vs. Complex 7 0.9950| -1.454to 3.444 No ns 0.6061 B Complex 2
Ciprofloxacin vs. Complex 8 1.040] -1.409to 3.489 No| ns 0.5699 C Complex 3
Ciprofloxacin vs. Complex9 3.960] 1.511to06.409 Yes *X 0.0044 D Complex 4
Ciprofloxacin vs. Complex 10 10.66| 8.211t013.11 Yes **%% <0.0001 E Complex 5
Ciprofloxacin vs. Ligand 20.16] 17.71to022.61 Yes ***k <0.0001 F Ligand

D
Test details Mean 1 Mean 2| Mean Diff.| SE of diff. nl n2 q F
Ciprofloxacin vs. Complex 6 20.16 12.10 8.065 0.7353 2 2 10.97| 7
Ciprofloxacin vs. Complex 7 20.16 19.17 0.9950 0.7353 2 2 1.353] 7
Ciprofloxacin vs. Complex 8 20.16 19.12 1.040 0.7353 2 2 1414 7
Ciprofloxacin vs. Complex 9 20.16 16.20 3.960 0.7353 2 2 5.386| 7
Ciprofloxacin vs. Complex 10 20.16 9.500 10.66 0.7353 2 2 14.50] 7
Ciprofloxacin vs. Ligand 20.16 0.000 20.16 0.7353 2 2 2742 7
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Appendix 3. 'THNMR, spectrum of the ligand (L1)
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Appendix 5. 3DEPT-135 spectrum of the (ligand (L1)
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Appendix 7. *CNMR spectrum of ligand (L2)
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Appendix 8. DEPT-135 spectrum of ligand (L2)
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Appendix 9. Wavelength, band assignment of ligands and their metal complexes

Compounds | Absorption (nm) Transition
L1 223, 258, 300, 383 (T—>7*), n>71*)
1 231, 258, 300, 380 (n—7*),(n—1*)
2 235, 267, 317, 406 (m—7*),(n—>7n*), LMCT
3 234, 258, 293, 427 (m—7*),(n—>7n*), LMCT
4 229, 259, 302, 401 (n—7*),(n—n*), LMCT
5 231, 260, 304, 409 (m—7n*),(n—>7n*), LMCT
L2 231, 261, 305, 408 (n—7*), (n—7*)
6 231, 259, 303, 393 (n—7*), (n—1*)
7 255, 351 (n—m*), LMCT
8 231, 260, 304, 407 (n—7*), (n—>n*), LMCT
9 229, 259, 302, 397 (n—7*), (n—n*) LMCT
10 231, 261, 305, 407 (n—m*), (n—>7*), LMCT

Appendix 10. The absorption and emission of synthesised compounds

Compounds Absorption Anax (Intensity) Emission Anax(Intensity)
L1 383 (0.16) 526 (22.77)
1 380 (0.35) 608 (96.40)
2 401 (0.45) 511 (35.04)
3 409 (0.09) 521 (90.09)
4 427 (0.23) 420 (45.85)
5 406 (0.32) 471 (45.22)
L2 408 (0.10) 486 (102.05)
6 393 (0.09) 460 (483.91)
7 351 (0.25) 471 (835.57)
8 407 (0.03) 463 (126.93)
9) 397 (0.03) 457 (47.55)
10 409 (0.20) 469 (324.89)
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Appendix 11. FT-IR spectra of free ligand (L1)
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Appendix 12. FT-IR spectrum of complex 1
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Appendix 13. FT-IR spectrum of complex 2
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Appendix 14. FT-IR s spectrum of complex 3
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Appendix 18. FT-IR spectrum of complex 6
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Appendix 19. FT-IR spectrum of complex 7
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Appendix 20. FT-IR spectrum of complex 8
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Appendix 21. FT-IR spectrum of complex 9
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Appendix 22. FT-IR spectrum of complex 10
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Appendix 23. Sample thin layer chromatography
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Appendix 24. Powder XRD spectra of complexes 1 —5
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Appendix 25. Powder XRD spectra of complexes 6 — 10
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Appendix 28. Mass spectrum of complex 3.
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Appendix 29. Mass spectrum of complex 4.
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Appendix 30. Mass spectrum of complex 5.
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Appendix 32. Mass spectrum of complex 6.
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Appendix 33. Mass spectrum of complex 7.
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Appendix 34. Mass spectrum of complex 8.

190



198.40
238.40
303.40
273.40
5
434.40 T'm .r-40
| | ﬂ\, ﬂml il T A \|, A
150 200 250 300 mwz 350 400 450 500
Appendix 35. Mass spectrum of complex 9.
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Appendix 36. Mass spectrum of complex 10.
Appendix 37. Mean inhibition zone of of complexes (1 — 5) in mm (mean + SD).
Bacterial Conc. Compounds
strains (ng/mL)
1 2 3 4 5 L1 Ciprofloxacin
E.coli 150 1062+036 | 1269023 110782024 1 g44, 013 7324090 | 6.22+0.14 21.50 +0.28
300 12.00+066 | 1357+0.29 | 11.91£0.10 | 900 +0.64 952+0.49 | 65£0.36 22.00 +0.50
P. 150 1669+018 | 18512037 | 17.87%007 | 15072001 | (o 6.00 %025 20.52 + 0.40
aeruginosa
300 18.85+0.34 20.65+0.18 18.62 +0.19 15.64 £ 0.22 0.00 6.24 +0.39 22.98 +0.08
S. aureus 150 11.30+0.17 17.10£0.10 12.11£0.15 12.50 £0.31 7.00+0.31 0.00 19.00 + 0.92
300 13224074 | 17-99+003 | 14632020 | 13242021 | 5454057 | 0.00 20.80 £ 0.37
S. 150 10.22+ 0.89 | 8.50+0.28 0.00 0.00 0.00 6.20 +0.15 15.90 + 0.55
pyogenes
300 12.22+066 | 1064070 | gqg 0.00 0.00 7.00 £0.11 17.00 +0.94
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Appendix 38.

Mean inhibition zone of complexes (6 — 10) in mm (mean + SD)

_Bacterial Conc. Compounds
strains (ng/mL) | 6 7 8 9 10 H,L Ciprofloxacin
E.coli 100
1462 +2.00 | 13.79+0.65 | 14.62+1.06 | 11.79+1.07 | 950+1.00 10.66 + 1.75 | 20.79 +2.00
200 0.12+0.90
16.71+150 | 1455+1.75 | 16.71+1.45 | 1255+103 | 10.12£0. 1155+ 0.68 | 21.54 +1.78
P. 100 18.67 £0.50 | 19.56+0.84 | 1867070 | 1756 +0.64 | 11.00£031 |g50+052 | 19.99+0.95
aeruginosa 200
20.75+2.05 | 20.90 +2.00 | 20.75+2.07 | 18.90+2.06 | 1200+081 | 960+2.00 | 20.94+2.01
S.aureus | 100 1376 +0.75 | 1871+0.82 | 13.76 +064 | 14.82+0.72 | 7-00+0.59 %8'66 = 0.1 5081+084
200 14.70 £0.86 | 19.69+0.71 | 1470+ 055 | 16.69+0.63 | 8.00+0.52 10.96 +0.96 | 21.72 + 0.64
S. pyogenes | 100 1157+0.79 | 1858 +1.04 | 1855+1.02 | 1565+1.09 | 9.00+0.47 0.00 19.53 +0.91
200
12.62+0.50 | 19.75+0.93 | 19.69+0.69 | 16.75+053 | 10.00£0.19 | oo 20.79 +0.73
Appendix 39. Percentage radical scavenging activity of complexes (1 —5) (mean + SD)
Conc. L1 1 2 3 4 5 Ascorbic
(ug/mL) acid
115 55.50 + 0.32 94.19+£0.45 93.96 + 0.25 91.68 + 0.40 60.44 +0.34 56.46 + 0.26 97.71+£0.39
100 55.39 +0.13 93.65+022 | 93244041 9074+056 | 60.09+ 0.26 | 55.69+045 | 97.23+037
85 54.61+0.16 91.68 £0.19 82.70 +£0.17 85.12 +0.18 58.75 + 0.45 54.81 +0.25 96.25 + 0.05
70 53.80 +0.32 82.9+0.09 74.56 £ 0.25 70.91+ 0.27 58.21+0.25 52.55+0.35 91.80+£0.34
55 52.74 +0.13 80.67 +0.39 63.80 £0.13 65.31+ 0.26 55.67 +0.20 50.16 +0.20 87.85+0.13
40 51.66 +0.27 75.63 +0.30 55.51 +0.36 61.55+ 0.20 48.49 + 0.33 49.70 +0.33 75.55 +0.49
25 48.23+0.18 51.72+£0.15 54.62 £ 0.30 50.45+0.33 48.18 + 0.33 49.30+0.19 60.89 £ 0.92
10 47.07£0.23 44.04 +0.81 53.97 £0.11 48.09 +0.78 47.85+0.19 48.52 +0.05 47.35+0.23
3 46.99 + 0.40 43.67 +0.29 53.86 £ 0.20 4758 + 0.25 47.8 £0.05 48.19 +0.41 41.67 + 0.65
1Csg 35.36 10.46 16.01 27.56 34.79 4.49
(Mg/mL) 862
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Appendix 40. Percentage radical scavenging activity of complexes (6 — 10) (mean + SD)

Conc. L2 6 7 8 9 10 Ascorbic acid
(ng/mL)
200 6050+ 050 | 85.88+0.22 | 88.75+059 | 83.90+0.77 | 62.90+031 | 66.73+041 | 89.33+0.45
100 59.90+1.50 | 8545+0.35 | 88.64+0.46 | 83.63+0.81 | 6251+055 | 65.81+0.93 | 88.91+0.81
50 5861+031 | 76.63+0.11 | 77.94+0.88 | 6852+0.35 | 58.75+0.74 | 58.49+0.66 | 78.84+0.36
25 56.72+021 | 60.79+0.60 | 61.16+0.19 | 6591+0.21 | 58.21+0.85 | 55.33+0.79 | 60.25+0.73
125 53.14+0.40 | 58.07+0.80 | 59.62+0.62 | 60.90+0.61 | 55.67+0.33 | 54.16+0.80 | 58.62+0.66
6.25 4596+025 | 39.90+0.38 | 40.82+0.44 | 39.71+0.59 | 3526+0.49 | 39.05+0.25 | 40.72+0.53
3125 3575+0.14 | 38.02+041 | 3831+039 | 3645+0.60 | 34.81+073 | 3858+051 | 39.41+0.98
1.56 3527+052 | 37.04+033 | 37.97+053 | 36.09+0.90 | 3426+0.11 | 38.41+0.88 | 38.84+0.11
ICso
(ng/mL) | 4550 8.20 472 9.15 33.08 34.69 4.8
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Appendix 41. Job’s curves at 25, 30, 37 and 40 °C for complexes (1a and 2b).
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Absorbance

Appendix 42. Job’s curves at 25, 30, 37 and 40 °C for complexes (3a, 4b and 5c).
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Appendix 43. Plot of InK versus 1/T of complexes (1a, 2b and 3c)
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Appendix 44. Plot of InK versus 1/T of complexes (4a and 5b)

Appendix 45. ADME and Drug likeness descriptors of complexes (1 — 5)

Comp | SwissADME descriptors
Mw #H- #H- | MR TPSA Gl BBB log Kp Lipinski LogP
g/mol BAs BDs absorption | permeant | (cm/s) violations
L1 2593 4 3 | 7644 | 77.74 | High No -7.38 no 2.22
359.13 4 2 94.25 66.74 High Yes -7.1 no 0.78
400.85 8 3 92.79 142.02 | Low No -7.53 no -0.74
3 388.71 5 3 94.25 78.18 High No -7.15 no 0.78
4 378.99 7 2 94.73 121.79 | High No -7.5 no -1.05
5 440.32 5 2 83.23 95.25 High No -8.29 no -0.47
Cipro 331.34 5 2 7457 High No -9.09 no 2.24

P. aeruginosa at 200 (ug/mL)

Disc difussion for complex L2 and its complexes 6 - 10

P. aeruginosa at 100 (ug/mL)

P. aeruginosa at 300 (ug/mL)

Disc difussion for L1 and its complexes 1 -5

Appendix 46. Sample disc diffusion for ligands and their complexes
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