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ABSTRACT 

In search of achieving less toxic and more potent DNA targeting antimicrobial agents, 

different types of benzimidazole derivatives, Schiff base ligands, and metal 

complexes have been prepared. The synthetic products were characterized using 

FTIR, NMR (
1
H and 

13
C), ESI-MS, MALDI-MS, elemental (C, H, N), and single-

crystal X-ray analysis. DNA binding potential of synthons was investigated by UV-

visible absorption titrations in conjunction with thermal denaturation studies. It has 

been demonstrated that several compounds show DNA binding affinities with 

different magnitudes. The binding strengths are calculated from the absorption data 

and results are interpreted in the form of intrinsic binding constant (Kb) values which 

are found to be in the range of 6.4×10
3 

-1.09×10
6 

M
‒1

. The compounds exhibited 

intercalation and partial intercalation mode of binding through π-π stacking 

interactions with DNA. The binding forces were thermodynamically spontaneous 

owing to negative free energy values (-ΔG°). The binding behavior of the compounds 

was further explored by thermal denaturation experiments. Binding of compounds 

with DNA by intercalation mode stabilized its double-helical structure was manifested 

by the rise in melting temperature of DNA. The binding affinity trend found by 

absorption study is reproduced here. Thus, the results of two experimental techniques 

were in excellent agreement. After the confirmation of DNA targeting property, the 

compounds were screened for in-vitro antibacterial activity. Results indicated that 

metal complexes showed enhanced activity against several bacteria as compared to 

the respective ligands. Finally, the cytotoxic properties of the synthesized compounds 

were explored via brine shrimp cytotoxic assay. Most of the compounds were found 

non-toxic with LD50 value >200 µg/ml. 
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 Introduction Chapter 1

Considering the lack of new antibiotics in the market, there is a high risk of an 

uncontrolled spread of resistant pathogens. The increase in the incidence of chronic 

infections represents an added problem because many of these diseases are 

untreatable due to resistance. There are many possible targets in bacteria, and one that 

has recently attracted much attention is DNA[1]. 

Thus, many DNA binding drugs have shown antimicrobial activity [2]. For example, 

the DNA intercalator echinomycin is more effective against clinical isolates of 

methicillin-resistant Staphylococcus aureus (MRSA) than the clinically used 

vancomycin not only in vitro but also in vivo in mice [3]. Additionally, derivatives of 

the DNA binder metallo-complex [CoL3]
2+

 containing 2,2-bipyridine, 1,10-

phenanthroline, imidazole, methylimidazole, ethyl imidazole or dimethyl imidazole, 

have been reported to show antibacterial activity against Escherichia coli, Salmonella 

typhimurium, S. aureus or Enterococcus faecalis, among others[4], [5]. 

With the aim of avoiding antibacterial resistance, the food and drug administration 

(FDA) has approved broad-spectrum antibiotics such as the Cu complexes of 

lomefloxacin [6] or ciprofloxacin [7], which act by inhibiting DNA gyrase activity 

and have demonstrated action for Graaam-pooositive and Gaaram-neegative 

bacteeria, having MIC around 0.3–2.6 μM. Another important DNA-binding agent is 

the minor ġroove binder pentamidine, which has been clinically used since the 1940s 

against a number of protozoal diseases. It was found that metals can really enhance 

the antibacterial actioon of ġrooove binderes. The pentamidine analog bis-(3-(4-

diiimethylamiiinophenyl)aallylidene) -1,2-diiaminoethane shows MIC values of 250 

and 125 μg mL
-1

 for B. subtiilis and E. coili, respectively and its Zn(II) complex has 

MIC values around 0.49 μg mL
-1

 for both bacteria [8]. 

Regarding suitable ligands for this type of potential metallo-drugs, the benzimidazole 

heterocycle, which is found in commercial drugs such as omeprazole, mebendazole, 

and astemizole [9], is present in many biologically important DNA minor ġroove 

binding molecules such as Hoechst-33258 and Hoechst-33342 [10], as well as in 

several antimicrobials [11]–[13]. This type of derivative is also reported as 

mitochondria targeting photo cytotoxic agent [14]. Furthermore, benzimidazole-based 
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compounds are important for their applications as anti-inflammatory, antioxidant, 

antiulcer, antihypertensives, antiviral, antifungals, antihistaminics and antiparasitic 

activities [15]. 

Schiff bases are also widely used biologically active organic ligands for preparation of 

metal complexes. Their biological activities, for instance, antibacterial, antifungal, 

anti-inflammatory and anticancer/antitumor [16] are shown by the particular 

azomethine (-HC=N-) functional group. Additionally, it has been found that these 

biological activities are enhanced in their metal(II) complexes [17], [18]. 

Benzimidazole Schiff base ligands are the organic species possessing the 

benzimidazole as well as azomethine functionalities in their structure. Oxygen and 

nitrogen (ON) donor benzimidazole Schiff bases have structural advantage of both, 

benzimidazole and azomethine functionalities for exhibiting enhanced biological 

properties and they seem to be the strongest candidates as chelating agents according 

to literature [19]. These are planar heterocyclic ligands with structural scaffold similar 

to that found in purine bases of nucleic acid [20], [21] and have effective DNA 

binding ability. Additionally, the complexes of benzimidazole Schiff base ligands 

with metal ions are effective DNA binding agents and exhibit stronger binding 

affinity than that of uncoordinated ligands [22]–[24]. 

A brief literature summary on the synthesis, DNA binding and biological applications 

of (benz)imidazoles, benzimidazole Schiff bases and metal complexes has been 

reported here as follows 

1.1 Benzimidazole 

Benzimidazole belongs to the class of the heterocyclic aromatic compound. The 

structure of benzimidazole (III) is generated when a benzene ring (I) is fused with 

imiidazole riing (II) throough its 4, 5 positions as shown in Figure 1.1. 

 

Figure 1.1 Building of benzimidazole structure 

The nature of both nitrogen atoms present in the structure of the heterocyclic 

imidazole moiety differ from each other and responsible for its diverse properties. The 
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fluctuation of hydrogen atom between the two nitrogen atoms generates two 

tautomeric forms of imidazole system [25].  

1.1.1 Synthesis of benzimidazole 

Different synthetic strategies have been developed by different researchers to 

synthesize benzimidazole and their derivatives. Hoebrecker was the chemist who 

synthesized first benzimidazole 2,5-dimethylbenzimidazole [26], by the reduction 

followed by dehydration of 2-nitro-4-methylacetanilide. (Scheme 1.1). 

 

Scheme 1.1 

Benzene derivatives having nitrogen functionalities ortho to each are the basic starting 

precursors for almost all benzimidazoles syntheses. Most of these synthetic protocols 

involve the condensation of o-phenylenediamine with a variety of carboxylic acids 

and aldehydes. The brief description of each method is given as follows. 

 According to literature, o-phenylenediamines do react with most carboxylic acids 

readily and produce substituted benzimidazoles. The reaction normally carried out at 

high temperature using a steam bath, reflux or closed tube[27] (see Scheme 1.2). 

 

Scheme 1.2 

Phillip’s method [28], involves the reaction of o-phenylenediamines with a variety of 

carboxylic acids at elevated temperature using concentrated HCl (see Scheme 1.3), 

this synthetic method is the most common for the synthesis of a variety of 

benzimidazoles. 

 

Scheme 1.3 
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Rithe et al. reported one-pot condensation of o-phenylenediamine with different 

aromatic acid using NH4Cl as a catalyst at a temperature range of 80–90 °C (see 

Scheme 1.4)[29]. 

 

Scheme 1.4 

Mann et al. used o-phenylenediamines and suitable aldehyde using nitrobenzene as a 

solvent and heated mixture at 141 °C. On cooling and adding water produce 

benzimidazole [30]. (see Scheme 1.5). 

 

Scheme 1.5 

Venkateswarlu et al. used lanthanum chloride catalyst for the preparation of 

benzimidazole moieties. It is a one-pot method of preparation of benzimidazoles by 

the reaction of oo-pheenylenediamine and aldehyedes in the preseence of lanthanum 

chloride catalyst using acetonitrile solvent [31]. (see Scheme 1.6). 

 

Scheme 1.6 

Aniket et al. used Iodine catalyzed method for 2-Aryl-1-arylmethyl-

1Hbenzimidazoles. It involves the reeaction of o-pheenylenediamine and aldehyde at 

80–90 °C temperature. This method gives a relatively pure product with moderate 

yield in aqueous medium [26]. (see Scheme 1.7).  
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Scheme 1.7 

Pardeshi et al. prepared 2-aryl benzimidazole [32] by condensing o-phenylenediamine 

and aromatic aldehydes using alkyl sodium sulfate in aqueous media. (see Scheme 

1.8). 

 

Scheme 1.8 

In addition to the above-mentioned procedures, the benzimiiidazoles can also be 

synthesized by the reaction of oo-phenyleenediamine with different reactants under 

specific experimental conditions. e.g. acid anhydrides, acid chlorides, esters, amides, 

nitriles, urea, and various ketones [26].  

1.1.2 Significance of benzimidazole  

Benzimidazole core is termed as “master key” as it is found as a basic structural 

framework in many bioactive compounds. Variety of benzimidazole derivatives act at 

different targets within cells to produce an array of pharmacological properties[33], 

[34]. It is one of the most important class of heterocyclic compounds which was 

extensively studied due to the wide range of biological applications such as 

antibacterial[35], antifungal[36], antiviral[37], antimycobacterial[38], antioxidant[39], 

anti HIV[40], and most importantly antitumor[41] and anticancer activities[42]. The 

benzimidazole derivatives were found to have DNA binding properties and preferably 

used in medicines where the primary focus was to target DNA and DNA related 

cellular processes[43]. Benzimidazole structure is identical to the purine bases as 

shown in Figure 1.2. 



6 
 

N

N
N

H
N

NH2

N

HN
N

H
N

O

H2N

Benzimidazole Guanine Adenine

1

2

3

6

7

N

H
N 1

2

4

5

8

9
3

2

1

3

 

Figure 1.2 Structure relationship of benzimidazole with purine nitrogenous 

bases. 

The benzimidazole frame has the same chemical connectivity and hydrogen bonding 

surface along the key recognition side as that in purine bases. Thus, benzimidazole 

moiety can develop vąn der Wąals  forces such as π-π interactions with the aromatic 

rings of nitrogenous bases of DNA as shown in Figure 1.3.  

 

Figure 1.3 Hydrogen bonding and π-stacking interactions between benzimidazole 

and DNA bases. 

Additionally, the hydrogen bonding between the proton at N (1) position of 

benzimidazole and lone pairs at N (3) position of purine bases, mainly mediate the 

binding interaction between the benzimidazole and DNA bases.  

1.2 Schiff bases 

Schiff bases constitute the class of organic compounds possessing C and N double 

bond and follow general formula R1R2C=N-R3, where R3 is a nonhydrogen atom or 

heteroaryl group. The formation of Schiff base from primary amine and aldehyde is 

shown in Figure 1.4. Hugo Schiff prepared the first Schiff base in 1864[44]. 

a b 
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Figure 1.4 Formation of the Schiff base and its keto-enol tautomerism 

1.2.1 Benzimidazole Schiff bases 

The Schiff bases, possessing benzimidazole moiety in their backbone are termed as 

benzimidazole Schiff bases as shown in Figure 1.5. These compounds would be 

expected to show all the characteristic properties of benzimidazoles as discussed in 

the previous section. In addition, they can show the activities due to the presence of 

azomethine (imine) functionality and –OH functional group of salicylaldehyde 

portion of Schiff bases. Schiff bases derived from substituted salicylaldehydes exhibit 

intrramolecular H-bonding of O–-H⋯N or O⋯H–-N type. Schiff bases of ortho-

hydroxy aromatic aldehydes show enol-imine and keto-amine tautomerism in solid as 

well as in solution form. In most of the Schiff bases, the proton is linked with an 

oxygen atom and some time it resonates within the OH⋯N bond. The transfer of a 

proton from the -OH oxygen of the aldehyde portion to the azomethine nitrogen 

induces considerable changes in the π-electrons distribution and affect physical 

characteristics of Schiff bases. 

H
N

N

N

HO

R

X

Imidazole ring

Azomethine functionality

 

Figure 1.5 Benzimidazole Schiff base structure   

Facile synthetic protocols, structural flexibility, and biocidal properties, rendered 

Schiff bases as “privileged ligands” [45]. Further, the Schiff bases are given much 

attention due to their various applications including, dye industry, food industry, 
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analytical chemistry, agrochemical, bactericidal, fungicidal. Alternatively, Schiff 

bases are focused by the medicinal chemists to develop new chemotherapeutic agents 

[46], [47]. 

Schiff bases possess outstanding chelating properties because of the donor functional 

group such as -OH is present ortho to the imine (-C=N) group which can generate five 

or six-membered stable ring with the metal ion [48]. They show a high tendency of 

chelation towards a variety of transition metals and form their stable complexes. 

Schiff base ligands are considered to be valuable stereo-chemical ligands in the 

leading group and transiitiion metal coo-rdination chemistry. T-he Schiiff base metal 

complexes show enhanced features than the freee ligands for the saame organism 

under same expeerimental coonditions and this enhanced activity have been explained 

by chelation theory [49], [50]. In fact, the chelation affects the lipophilicity of 

insoluble organic ligands which in turn enhance their permeability across the cell 

membrane and probability to reach the site of action is also increased. it has also been 

discussed earlier that metal complexes keep enhanced antimicrobial activity as 

compared to that of uncoordinated ligands [51]. 

1.2.2 Schiff base metal complexes 

The Schiiff base liigands possess the capability to coordinate with common transition 

metal ions through ON donor sites. The metal chelates of the Schiff base shows 

enhanced biological and DNA binding properties[17], [18]. Since the discovery of 

cis-platin in 1965 by serendipity [52], [53], and its outstanding anticancer properties 

[54], a research interest was evoked iin the deevelopment of new metallo-organic 

complexes as chemotherapeutic agents. The most investigated metal complexes uptill 

now entails platinum and ruthenium central metal ions [55], [56], however, due to 

high cost and adverse side effects associated with aforementioned metal centers, the 

first-row transition metal complexes are considered to be capable applicants for 

scheming of potential anticancer agents [57]. Definite coordination geometries and 

distinctive photophysical properties enhance the binding ability of these compounds 

[58]. Most of the inorganic medicines implemented as antifungal, antibacterial and 

antineoplastic drugs, incorporate these metal ions [59]–[61]. In this context, the Zink 

(II), Nickel(II), Coopper(II) and Paalladium(II) transition metals are focused to 

develop potential metallo-organic complexes possessing chemotherapeutic properties. 

Their metal complexes bearing the same ligands show different binding affinities with 
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DNA. This difference in binding strength and variation in the photophysical 

properties can be related mainly to the difference in electrical configurations of the 3d 

and 4d orbiitals of the metals and their diverse shape, with the whole same charge of 

these metal compounds. Furthermore, these metals belong to the 3d and 4d roow of 

the intermittent table. The unsatisfactory distribution of electrons in d subshell can be 

the possible reason for the difference in spectral, magnetic, redox behavior and 

structural characteristics between their analogs [62], [63].  

Transition metal complexes having planar aromatic side groups are given particular 

attention, because of their ability to bind with DNA by metal ion coordination and 

intercalation of the aromatic side arms [64]. For any complex to show these 

properties, it must have empty coordination sites, can expand coordination shell or 

possess easily replaceable ligands. Dyson [65] Liu and Sadler [64] recently reported 

some complexes having the capability to bind covalently and non-covalently with 

DNA, exhibit higher activity as compared to that of non-covalent binders. It is well 

known that  Ni(II), Cu(II) and Zn(II) complexes with unsaturated secondary valency 

often display high activity against cancerous cells [66]–[70], therefor it is 

hypothesized that they can covalently bind with DNA via N and O atoms of bases. 

It is however quite astonishing that the qualitative and quantitative comparison of 

DNA-binding strength of the four above mentioned metal (II) complexes having 

similar ligands have not been reported yet in the literature. Keeping this literature 

survey in mind, this dissertation aims to calculate the intrinsic binding constants (Kb) 

of Ni(II), Cu(II), Zn(II) and Pd(II) complexes based on experimental results in order 

to quantify the binding strength of complex with DNA. Furthermore, the obtained 

results are justified on the basis of the structural geometry and coordination chemistry 

of the complexes. 

The binding mode of benzimidazole, Schiff bases and metallo-organic complexes 

with DNA depends upon the different factors, including the type of forces being 

generated, temperature, and nature of solvent and structure of the binding agent.  

1.3 DNA binding modes of complexes  

There are two main types of binding modes benzimidazole, Schiff bases and metallo-

organic complexes with DNA exist, covalent and non-covalent. 
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1.3.1 Covalent mode 

Most of the anticancer and other medicines in clinical use, work by interacting with 

DNA by adopting covalent or non-covalent binding mode. Those which interact via 

covalent binding, form the covalent adducts with DNA through alkylation or 

intera/interstrand crosslinking. The compound-DNA complex generated by covalent 

interactions is completely irreversible and inhibit the cell processes to cause cell death 

ultimately. The bulky covalent binders form bulky adducts which cause DNA 

backbone distortion, thus transcription and replication would stop and complex 

protein disruption cause cell death [64]. The covalent bonding of organic small 

intercalators (ligands) to transition metals produce metallointercalators. The metal 

complexes with side chains perform a dual function by showing DNA binding 

through metal coordination as well as through intercalation of side arms. These side 

chains (aromatic side arms) induce mutual interactions among those functional groups 

found in close proximity [71]. Alkylating agents is another name of covalent binders 

due to adduct formation by attaching an alkyl group to DNA. Cis-platin, a famous 

covalent binder is a metallointercalator used in cancer treatment and can target DNA 

via intra/inter- strand crosslink through the chloro groups (Figure1.6). 

 

Figure 1.6 (A) Cis-platin bind to DNA in covalent mode B. (a) Cis-platin binding 

modes to ġuanine (G) and ădenine (A); (b) 1,2-ïntrastrand G-p-G (ṣtructure a), 

1,2- ïntrastrand A-p-G (ṣtructure b), 1,3-ṣïntrastrand G-p-N-PG (ṣtructure c), 

and 1,2-ṣïnterstrand G-p-G (ïṣtructured).  
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1.3.2 Non-covalent modes 

The chemical species that bind to DNA via non-covalent interactions are generally 

less cytotoxic compared to covalently interacting agents. It is not completely known 

that how the non-covalent DNA intercalators influences cellular biochemical 

pathways, however, some DNA conformational changes and structural effects are 

considered. Similarly the interaction with topoisomerases (DNA protein), and impact 

on functions of mitochondrial DNA are also induced by the intercalators. Keeping in 

mind the toxic side-effects of covalent intercalators the non-covalently binding probes 

are preferred over covalent adducts. Non-covalent interactions are further divided into 

three subtypes of binding modes involving (i) intercalation (ii) ġroove binding (iii) 

External contacts 

 Intercalation 1.3.2.1

Lerman proposed the term “intercalation” for the first time to explain the strong 

binding interaction of few heterocyclic aromatic acridines compounds [72]. 

Heterocyclic Planar organic molecules acting as intercalators can stack between 

adjacent DNA bases. Stacking molecules orient at a right angle to the backbone of 

DNA without generating covalent bonds and without the cleavage of H-bonds 

between the DNA helices. The DNA–intercalator complex is stabilized by, H-

bonding, vąn der Wąals  interactions, charge transfer (CT), and hydrophobic 

interactions [73]–[77]. Chemotherapeutic DNA intercalators can prevent DNA 

replication in abnormal metastatic cells. DNA-intercalator complex is balanced out by 

π– π stacking connections and along these lines demonstrates less affectability to ionic 

quality when contrasted with the notch authoritative and outside contacts. Basic 

changes actuated in DNA by intercalators includes stretching, solidifying, and 

loosening up the DNA twofold helix [78]. In order to accommodate an intercalator 

between the nitrogenous bases, the DNA must unwind to open space. The degree of 

unwinding depends upon the nature of intercalators, e.g.  Ethidium bromide produces 

about 26° unwinding and proflavine 17°. These structural changes lead to functional 

modifications, due to which intercalators act as potent mutagens [79], [80]. 

Intercalation is normally not dependent on DNA base sequence (sometimes G-C 

specificity is observed). A fused aromatic network of ligands commonly favors 

intercalation as PHEHAT [81] or DPPZ [82]. Ligands with little prolonged aromatic 

network exhibit partial intercalation due to the hindrance of the ancillary attached 
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groups with the phosphodiester backbone as in [Ru(then)3]
2+

 [81], [82] (Figure. 1.7A 

and B) whereas Figure. 1.7C shows Co and Cu complexes intercalation into the DNA 

bases[83]–[85]. 

 

Figure 1.7 (A) Intercalation of ligand between the DNA base pairs. (B) 

Intercalation of ŗuthenium complex. (C) Íntercalation of Co(II) and Cu(II) metal 

complexes. 

It involves two main types (i) classical intercalation (ii) threading intercalation 

(i) Classical intercalation 

They use their aromatic systems for binding with DNA duplexes. The aromatic part 

penetrated between DNA base pairs of GpG type, forming the top and bottom site of 

the intercalation. 

(ii) Threading intercalation  

Formation of intercalation complex with DNA is mediated through the side opposite 

side chains present on aromatic rings. These side chains embed the molecule within 

major and minor ġrooves of DNA and thus contribute to the threading intercalator-

DNA complex stability. Acridine-4 carboxamides is a threading intercalator into the 

duplex- 5-ď(CĠ(5-BrU)ACG)2-30 (Figure 1.8) [86]. Acridine compounds have the 

ability to interact with the cellular metabolic process and induce cell death[87]. 
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Figure 1.8 Threading intercalation indicating by X-ray structure of ƊACA 

(ṣpace filled model) into the đuplex of DNA (wireframe). 

 Groove binding 1.3.2.2

Various small organic molecules can bind to the minor ġroove of DNA by hydrogen 

bonding and van der Walls interactions. Several aromatic rings like benzene, furan, 

and pyrrole having structural flexibility and freedom in the bond rotation are present 

in ġroove binders. Minor ġroove binders due to flexible structures become isohelical 

to the DNA minor ġroove and facilitate binding by inducing vąn der Wąals forces and 

hydrogen bonding to the bases, particularly to O(2) of thymine and N(3) of adenine. 

Adenine–thymine (A-T) rich region is vulnerable to these molecules. The ġroove 

binders show a preference for AT base sequences probably due to the stronger vąn der 

Wąals  forces between ġroove walls and ligand, A-T regions are structurally narrower 

than G-C ġroove regions and also because of the steric hindrance in the latter offered 

by the C (2) amino group of the guanine. The model ġroove-binder netropsin is also 

an antibiotic (Figure 1.9A). Figure 1.9B shows the ġroove binding of complexes of 

Ni(II) and Zn(II) metals with N1, N5-bis[pyridine- 2-methylene]-thiocarbohydrazone 

ligands[84]. 
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Figure 1.9 (A) Minor ġroove binder-DNA complexed. (B) Ni(II) and Zn(II) metal 

complexes ġroove binding  

 External binding 1.3.2.3

It includes electrostatic cooperations. A few particles can create non-explicit and 

outside edge stacking connections with the phosphate spine of DNA. Some metal 

complexes e.g. Ru(II) complexes (2
+
 charge) interact with a negatively charged 

phosphate-sugar backbone of DNA through external binding. This type of binding 

mode was suggested for [Ru(bpy)3]
2+

 because the ionic strength strongly affect its 

luminescence property when binding to DNA. Cations like Mg
2+

, usually also show 

this type of interactions (Figure 1.10) [88]. 

 

Figure 1.10 Éxternal ąssociation of the complex in the atmosphere of ions of the 

ƊNA pólyelectrolyte. 

1.4 Technìques used to study the ƊNA binding ìnteractions 

Many techniques have been used to study the interaction of the binding agent with 

DNA. These techniques include ìnfrared (IR), Rąman, thermal denaturation, circular 

dichromism, UV/visible absorption spectroscopy, nucleąr mągnetic resonąnce (ŃMR) 

spectroscopies and X-ray (for atomic level details of host-guest binding)[89]–[92], 

ątomic force mìcroscopy (ÁFM), viscosity measurements, differential pulse, cyclic 



15 
 

(CV) and square wave voltammetry, gel electrophoresis [80], [93], electron spray 

ionization (ESI) mass spectrometry[94]. These techniques are used as a main means 

to analyze the binding interactions of the compound with DNA and the effects of this 

interaction on the structural changes in ƊNA. In this dissertation, we will fócus on 

UV–Visible absorption spectroscopic and thermal denaturation studies of compound-

DNA interaction. 

1.4.1 UV-visìble absórption spectróscopy 

DNA is the primary target for pharmacological molecules, therefore interaction 

between compound and DNA is of prime importance. UV- visìble absórption 

spectróscopy is a simple and important technique to investigate this interaction [95]. 

The mode of binding can be determined by observing the absorption spectrum of the 

compound alone and compound-DNA complex. Changes in the spectrum of 

compound upon DNA addition include two parameters, i) shift in wavelength (λmax) 

either to longer (redshift, bathochromism) or to shorter (blue shift, hypsochromism) 

wavelengths and ii) change in absorption intensity either decrease in absorption 

(hypochromism ) or increase in absorption (hyperchromism).  The intercalation 

generally results in hypochromism and some blue or redshift. The intercalative mode 

arises from the stacking interaction between the base pairs of DNA and an aromatic 

chromophore while the strength of hypochromism is based on the extent of 

intercalative interaction [71], [96]. A redshift is usually observed when the 

intercalation of the compound with the DNA base pairs results in the coupling of π* 

orbital of the intercalator with the base pairs of ƊNA resulting in reduced energy for 

π→π* transition. However, a blue shift is generally observed when the coupling π* 

orbital is incompletely filled with electrons thus reducing the probability of transitions 

[97]. For drugs like Methotrexate, an increase or decrease in absorbance 

(Hyperchromic/hypsochromic) is due to strong binding interactions with DNA [98]. 

Similarly, an intercalative mode of binding has been suggested for Methyl Red, 

Ethoxidine, and Fagaronine, for which a hypsochromic effect was detected after the 

DNA addition [99]. 

In electrostatic interactions amongst the compound and ƊNA, the hyperchrómic 

effect is observed due to matching conformational and structural changes in ƊNA 

after the compound-ƊNA complex formation. The hyperchromic effect results from 

an increase in absorption of ƊNA upon denaturation. When the double-stranded 
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ƊNA interact with denaturation agents, bonding between the bases is disturbed, as a 

result of which the two strands separate into two single strands, thus reducing the 

base-base interaction. At this point, the hyperchromic effect in absorbance of ƊNA 

solution is observed because the single-stranded ƊNA indicates 40% higher 

absorbance than that of twofold stranded ƊNA having square with focus. Moreover, 

charged cations official to ƊNA through electrostatic connection may likewise be the 

explanation behind the hyperchromic impact because of their harming impact on the 

optional structure of ƊNA [100]. The hyperchromic effect can be attributed either to 

the external binding (electrostatic binding [101]) or to the little-unzipped areas of the 

double helical structure of ƊNA, exposing more bases [102]. In the case of weak 

interaction, only hypochromism or hyperchromism in absorbance is observed without 

any significant shifts in the absorption maxima [103], [104]. Additionally, ġroove 

binding is another binding type of interaction which can be assessed by observing 

changes in absorption spectra of binding agents. Groove binding between the 

compound molecules and ƊNA arise due to the vąn der Wąals  forces[105]. The (Kb) 

of the ƊNA-compound complex is determined by to Benesi-Hildebrand equation 

[106] 

Ao

A−Ao
  =  

𝜀𝐺

𝜀𝐻−𝐺−𝜀𝐺
+

𝜀𝐺

𝜀𝐻−𝐺−𝜀𝐺
×

1

𝐾[𝐷𝑁𝐴]
 

Where [ƊNA] represented the (st)ƊNA concentration in base molarity, Ao is the 

absorbance of the compound in the absence, and A is the absorbance of the compound 

in the presence of ƊNA. ε
G
 and ε

H-G are the absorption coefficients of the sample 

compound and ƊNA-compound complex respectively. The Kb is calculated from 

intercept to slope ratio of Ao/A-Ao vs. 1/ [ƊNA] plots. 

1.4.2 Thermal denaturation 

Thermal denaturation of ƊNA involves the local unwinding of double-stranded ƊNA 

(ds-ƊNA) at different points along the chain, with a rise in temperature. This 

unwinding starts preferentially at the points where the two strands are weakly held 

together. In these areas, the strands open up to form bubbles. The base sequence in 

these areas of ƊNA enriched in A-T pairs. In G-C rich areas, helices are strongly held 

with each other and resist unwind until temperatures go much higher. The unwinding 

and re-winding of the ƊNA strands with temperature is shown in Figure 1.11 The 

temperature at which fifty percent ds-ƊNA molecules convert into ss-ƊNA is termed 
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as melting temperature (Tm). ƊNA belonging to different organisms show melting at 

different temperatures. However, one type of ƊNA shows similar Tm under the same 

experimental conditions. Melting property of ƊNA can be utilized to evaluate the 

binding strength of intercalators. When the compound having binding affinities is 

added into the ƊNA solution, attach to the bases and exert stabilization effect on the 

double-stranded structure. Thus, in the presence of a binding agent, the Tm of ƊNA 

will be increased. e.g. if the (st)ƊNA possess Tm value 68.8 °C, then in the presence 

of any binding species it will melt at a temperature higher than 68.8 °C. Additionally, 

the ss-ƊNA show higher absorbance as compare to ds-ƊNA in the UV-visible 

absorption spectrum because the ss-ƊNA expose more bases (free bases). The change 

in absorbance with the change in the structure of ƊNA is shown in the Figure 1.11.   

 

 

Figure 1.11 Temperature profile of ƊNA. 

In order to quantify the binding strength, Tm of ƊNA is calculated in the absence and 

in the presence of a binding compound. The difference in Tm value gives the binding 

strength of the compound with ƊNA. Greater the binding affinity, greater will be the 

stability of compound-ƊNA complex and in turn, the Tm value will be increased. The 
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difference between two Tm values is represented as ΔTm. Value of ΔTm decides the 

mode by which a binding agent binds to ƊNA. Some common metallo-intercalators 

increase Tm by 4.2-14 °C[107]–[109].  

 

Figure 1.12 Conversion of ds-ƊNA into ss-ƊNA with the rise of temperature 

1.5 Effect of substitution on ƊNA binding affinity  

The biological activity of heterocyclic imidazole-based compounds is greatly 

influenced by introducing modifications in their structures. For instance, Kumar and 

coworkers studied ƊNA binding abilities of anthracene derivatives having a 

substitution at 9th-positions and proved the influence of substitution on the ƊNA 

interactions [110]. Sontakke et al. authenticated the effect of ketonic and carboxylic 

substituents on the ƊNA binding ability of benzimidazole molecules [111]. 

Moreover, the monoanthryl and bisanthryl having different structures were proved to 

have different ƊNA binding abilities [112]. 
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1.6 The aim of the research 

The platinum and ruthenium metal complexes are in practice in the medicinal field, 

however, due to high cost and severe side effects, the first-row transition metal 

complexes are considered the suitable substitute. Thus, we made efforts to implement 

the idea and various complexes were planned to synthesize, incorporating these metal 

ions. Furthermore, the synthesized compounds are hypothesized to show the ƊNA 

binding, antibacterial and antineoplastic activities. 

1.7 Research motivation  

The preparation of new and efficient materials has always been of vital importance to 

meet the needs of human beings for their survival. The synthesis and studies of new 

molecules and coordination complexes is a vast field. Among the large variety of 

molecules and metal complexes the benzimidazole Schiff bases and their complexes 

have been widely studied due to their stability and lipophilicity. Due to the potential 

applications, these compounds have paved the way of researchers to discover and 

design new complexes. In this context, we present in this thesis the preparation, 

biophysical and biochemical investigations of a new family of metal complexes of 

benzimidazole Schiff bases. The effect on the biological activity of different metals 

such as Zn(II), Pd(II), Ni(II) and Cu(II), belonging to different groups and rows of the 

periodic table, was planned to explore based on the bioactivity of related complexes. 

The motive of Zn(II) in complexation was its vital role in living bodies. it is present in 

the cells and regulate immune system, cell division catalyze carbohydrates. Pd(II) and 

Ni(II) are present in platinum group which is widely used in anticancer medicines. 

Therefore, nickel and palladium were considered for complexation due to similarity in 

chemical behavior with platinum. Cu(II) is also needed by living organisms for the 

proper body functions.  

Research outline 

synthetic research work includes: Synthesis of benzimidazole-based phenol and amine 

derivatives by two different protocols; Method one includes the synthesis of phenol 

derivatives (BM Series) by the reaction of o-phenylenediamine with substituted 

salicylaldehyde (Scheme 2.1) while method two involves the synthesis of amine 

derivatives (A1, A2) by the reaction of o-phenylenediamine with p-aminobenzoic acid 

(Scheme 2.2). Benzimidazole-based ON donor Schiff base ligands are prepared from 

the reaction of A1 and A2 with several substituted salicylaldehydes (Scheme 2.3-2.8). 
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These ligands are further used as metal chelating agents to produce the metal 

complexes with Zn(II), Pd(II), Ni(II), and Cu(II) metal ions. In the last, SN donor 

Schiff base ligand SB7 is synthesized using 2-aminothiophenol and furfural. SB7 

reacted in-situ with zinc acetate and produced SB7-Zn complex (scheme 2.9). 

Successful formation of compounds has been confirmed by using above-mentioned 

characterization techniques. 
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 Experimental Chapter 2

2.1 Chemicals 

The analytical grade chemicals used in research work were purchased from Sigma-

Aldrich. 

4-Aminobenzoic acid (99 %), 1,2-benzenediamine (99 %), 4-nitrobenzene-1,2-

diamine (99 %), 4-methylbenzene-1,2-diamine (99 %), 5-bromosalicylaldehyde (99 

%), 3-bromo-5-chloro-2-hydroxybenzaldehyde (99 %), 2-hydroxy-1-naphthaldehyde 

(99 %), polyphosphoric acid Zn(II) acetate dihydrate (98 %), Pd(II) acetate (98 %), 

Ni(II) acetate tetrahydrate (98 %), Cu(II) acetate (98 %), and Salmon testes DNA. 

The organic solvents (methanol, ethanol, DMF, and DMSO) were purchased from 

Merck (Germany). These solvents were dried prior to use by adopting standard drying 

methods [113]. 

2.2 Instrumentation 

 

Elemental analyses were performed with CHNS (Leco-USA) analyzer. Melting points 

were recorded on MPD (Japan) electrothermal apparatus. Spectrometer PES-One has 

been employed for infrared spectroscopic calculations in range of 4000-400 cm
-1

 

region. 
1
H and 

13
C NMR studies has been made on a Bruker Avance 400 and Bruker 

DPX 400. Deuterated DMSO and tetramethylsilane (TMS) were used as a solvent and 

internal reference, respectively.  PerkinElmer Lambda 35 UV/Visible 

spectrophotometer was used for electronic absorption experiments. High-resolution 

mass spectrometric studies has been made using a MALDI Q-TOF Premier Water 

mass spectrometer furnished with ESI and MALDI sources. The X-ray diffraction 

measurements have been conducted on different instruments. (i) The first one is D8 

Bruker Quest ECO diffractometer in which the sample was mounted on micro mount 

and data was collected at 100(2) K using an Oxford Cryostream. Data collection and 

reduction were made using Bruker APEX software that is also capable to determine 

the space group, solve and refine the structures [114]. Absorption corrections were 

applied using SADABS 2014 [115]. The basic structural solution was performed with 

the XT structural solution program [116] using Intrinsic Phasing and refined with the 

XL refinement package using Least Squares minimization in Olex2 [117]. (ii) Bruker-
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Nonius Apex-II-CCD diffractometer using Mo-Kα (λ= 0.71073Å) source was used to 

measure the diffraction pattern and were corrected for absorption (SADABS) and 

Lorentz-polarisation effects [118]. The structures were resolved by dual space 

SHELXT methods [119] and refined on F
2
 using all the reflections SHELXL-2016 

[120]. (iii) Bruker Venture diffractometer model, APEX D8 with PHOTON 100 

detector and a sealed tube having fine-focus X-ray source using Cu-kα (λ=1.54178 

Å). Integration of reflection intensities was carried out using SAINT software. 

Absorption corrections were performed with the multi-scan method. The structure 

was finally solved using direct methods with Sheldrick, 1997 [121] and difmap 

synthesis using SHELXS96 (Sheldrick, 1996) [122].  

2.3 Synthesis of benzimidazole derivatives 

Preparation of benzimidazole derivatives was carried out, using two general protocols. 

The first protocol involves the synthesis of phenol derivatives of benzimidazoles and 

second method was used to prepare the amine derivatives. Both the methods are 

illustrated as follows.  

2.3.1 Method 1: (Reaction between o-phenylenediamine and aldehyde)  

It involves the condensation of unsubstituted/substituted o-phenylenediamine and 5-

chloro-2-hydroxybenzaldehyde in a 1:1 molar ratio. The mixture was kept on reflux 

for 6 h in methanol that resulted in colored precipitates which were separated by 

vacuum filtration, repeatedly rinsed with methanol and recrystallized using dry 

ethanol. This modified procedure is a simple method which required no catalyst as 

compared to previously reported methods involved acid catalyst to carry out this type 

of reactions [26] 

 Synthesis of 2-(1H-benzo [d] imidazol-2-yl)-4-chlorophenol (BM1) 2.3.1.1

Compound BM1 was synthesized by condensing benzene-1,2-diamine (0.108 g, 1 

mmol) and 5-chloro-2-hydroxybenzaldehyde (0.156 g, 1 mmol) in a two-necked RBF 

(100 mL) using methanol as solvent. Refluxing of the mixture for 6 h resulted in 

orange precipitates which were isolated by vacuum filtration, repeatedly rinsed with 

methanol and recrystallized using dry ethanol. Yield: 78%. M.p.: 189 °C. FTIR (ʋ, 

cm
-1

): 3290 (OH), 1615 (imidazole-C=N), 1295 (imidazole-C-N), 728 (C-Cl). 
1
H 

NMR (DMSO-d6, ppm): 12.92 (bs, s, OH), 8.92 (s, NH), 7.80-6.98 (m, Ar-H). 
13

C 

https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/single-crystal-x-ray-diffraction/sc-xrd-components/sc-xrd-components/overview/sc-xrd-components/detectors.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/single-crystal-x-ray-diffraction/sc-xrd-components/sc-xrd-components/overview/sc-xrd-components/detectors.html
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NMR (DMSO-d6, ppm): 162.74 (Phenolic C), 159.52 (imidazole ring C), 142.51-

119.20 (Ar-C). M/z: 244.0000 

 4-Chloro-2-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenol (BM2) 2.3.1.2

For the synthesis of compound BM2, 4-methylbenzene-1,2-diamine (0.122 g, 1 

mmol) solution in methanol was added to a pre-baked double neck RBF and 5-chloro-

2-hydroxybenzaldehyde (0.156 g, 1 mmol) solution was dropwise added with regular 

stirring. Refluxing of solution for 6 h under an inert atmosphere of nitrogen resulted 

in the formation of brown precipitates which has been collected by filtering followed 

by subsequent repeated washing with methanol and recrystallizing using dried 

ethanol. Yield: 62%. M.p.: 216. FTIR (ʋ, cm
-1

): 3312 (OH), 1611 (imidazole-C=N), 

1275 (imidazole-C-N), 734 (C-Cl). 
1
H NMR (DMSO-d6, ppm): 12.99 (bs, s, OH), 

8.92 (s, NH), 7.77-6.97 (m, Ar-H), 2.50 (s, 3H, -CH3). 
13

C NMR (DMSO-d6, ppm): 

162.5 (Phenolic C), 161.90 (imidazole ring C), 159.44-119.66 (Ar-C), 21.19 (Methyl 

C). M/z: 258.5883 

 Synthesis of 4-Chloro-2-(6-nitro-1H-benzo [d] imidazol-2-yl) phenol 2.3.1.3

(BM3) 

Compound BM3 has been prepared by reacting 4-nitrobenzene-1,2-diamine (0.153 g, 

1 mmol) and 5-chloro-2-hydroxybenzaldehyde (0.156 g, 1 mmol) in two-neck RBF 

(100 mL) using methanol solvent. Refluxing of the mixture for 6 h under the inert 

condition of nitrogen resulted in yellow precipitates which were separated by 

filtration, rinsed thoroughly with methanol and recrystallized in dry DMF. Yield: 

85%. M.p.: 201 °C. FTIR (ʋ, cm
-1

): 3329 (OH), 1617 (imidazole-C=N), 1297 

(imidazole-C-N), 741 (C-Cl). 
1
H NMR (DMSO-d6, ppm): 11.57 (bs, s, OH), 8.94 (s, 

NH), 8.00-6.77 (m, Ar-H). 
13

C NMR (DMSO-d6, ppm): 159.59 (Phenolic C), 158.39 

(imidazole ring C), 150.85-113.6 (Ar-C). m/z: 289.1451 

A generalized synthesis strategy of compounds is given in Scheme 2.1. 
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 Scheme 2.1 Synthesis of benzimidazole precursor amine BM1-BM3 

2.3.2 Method 2: (Reaction between o-phenylenediamine and carboxylic acid) 

Synthesis of precursor benzimidazole aromatic amines was carried out using modified 

Fillip’s method whereby aromatic 1,2-benzenediamine gets condensed with 

carboxylic acid and derivatives [28]. The general procedure is as follows.  

4-aminobenzoic acid and derivatives of 1,2-benzenediamine in 1:1 molar ratio were 

added to a two-necked RBF (250 mL) kept on reflux in polyphosphoric acid with 

stirring. The reaction took 3 h at 130 °C for completion resulting thick liquid mixture 

that was immediately transferred to crushed ice in a 1000 mL beaker followed by 

neutralization in 4N NaOH solution that immediately precipitate. The precipitates 

were removed from the mother liquor by filtration and recrystallized in methanol.  

 4-(1H-benzo[d]imidazol-2-yl) benzenamine (A1) 2.3.2.1

4-(1H-benzo[d]imidazol-2-yl) benzenamine was prepared by refluxing 2.16 g (20 

mmol) o-phenylenediamine and 2.74 g (20 mmol) 4-aminobenzoic acid according to 

the procedure given in method 2. Yield: 77%. M.p.: 150 °C. IR (ʋ, cm
-1

): 3436, 3357 

(-NH2 stretches), 1604 (overlapping of -NH2 Bend, imidazole-C=N), 1273 (C-N, 

stretch), 745 (N-H Waging). 
1
H NMR (δ): 13.12(s, NH), 7.86-6.65 (m, Ar), 4.92 (s, -

NH2). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 151.92 (imidazole-CH=N), 148.53 

(C-N Amine), 111.23-136.71 (Ar, C). Anal. Calc. For C13H12N3: C, 74.26; H, 5.75; N, 

19.98. Found: C, 74.31; H, 5.74; N, 19.95. HRMS (m/z) corresponding to C13H12N3 

[M+H
+
] 210.1031, found 210.1036. 

 4-(6-methyl-1H-benzo[d]imidazol-2-yl) benzenamine (A2) 2.3.2.2

4-(6-methyl-1H-benzo[d]imidazol-2-yl) benzenamine (A2) was prepared by refluxing 

2.44g (20mmol) 4-methylbenzene-1,2-diamine and 2.74g (20mmol) 4-aminobenzoic 

acid using the above mentioned general procedure in method 1. Yield: 72%. M.p.: 

178 °C. IR (ʋ, cm
-1

): 3402, 3298 (NH2, asym, sym) (N-H,sym), 1603 (imidazole-

C=N). 
1
H NMR (δ): 14.41 (s, NH), 8.26-7.07 (m, Ar), 5.03 (2H, s, -NH2), 2.43 (-

CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 152.0 (Imidazole CH=N), 141.7-

116.2 (Ar C). Anal. Calc. for C14H13N3: C, 75.03; H, 5.84; N, 18.74. Found: C, 75.02; 

H; 6.29, N; 18.73. HRMS (m/z) corresponding to C14H13N3 [M+H
+
] 224.1188, found 

224.1190. 
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Scheme 2.2 Synthesis of benzimidazole precursor amine A1-A2 

The benzimidazole amine derivatives were used further in the next step of research to 

synthesize ON donor benzimidazole Schiff base ligands (SB1-SB6) as follows. 

2.4 Synthesis of ON donor benzimidazole Schiff bases (SB1-SB6) 

Benzimidazole Schiff bases (SB1 to SB6) were synthesized by the following general 

procedure. 

In a clean and oven dried two-necked (100 mL) RBF the ethanolic solution of 

corresponding amine (A1, A2) was taken, and corresponding aldehyde solution in 

ethanol was added dropwise. The reaction mixture was heated under reflux for 6 h, 

and at the end of the reaction the precipitates formed were filtrated, washed repeatedly 

with ethanol and dried between the folds of filter paper. The product was 

recrystallized from pure and dried ethanol. 

2.4.1 (E)-2-((4-(1 H-benzo [d] imidazol-2-yl) phenylimino) methyl) -4-bromo 

phenol (SB1)  

(E)-2-((4-(1 H-benzo [d]imidazol-2-yl) phenylimino) methyl)-4-bromophenol (SB1) 

was synthesized by condensing 4-(1H-benzo[d]imidazole-2-yl)benzenamine (A1) 

(0.21 g, 1 mmol) and 5-bromosalicylaldehyde (0.2 g, 1 mmol) in dry ethanol under 

reflux for 6 h. The resultant orange coloured precipitate obtained were filtered, 

washed repeatedly with hot ethanol and purified by recrystallization using THF. 

Yield: 81%. M.p.: 165 °C. IR (ʋ, cm
-1

): 3451 (OH), 3337 (N-H), 1619 (azomethine-

C=N), 1558 (imidazole-C=N), 1436 (imidazole-C-N), 1286 (C-O). 
1
H NMR (δ): 

12.91 (s, NH), 11.68 (bs, s, OH), 8.86 (s, CH=N), 8.29-6.96 (m, Ar). 
13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 162.0 (CH=N), 151.02 (C-O), 149.9 (imidazole-CH=N), 

145.7-111.3 (Ar C). Anal. Calc. for C20H15N3OBr: C, 61.24; H, 3.60; N, 10.71. 

Found: C, 61.27; H; 3.59, N; 10.69. HRMS (m/z) corresponding to C20H15N3OBr 

[M+H
+
] 392.0398, found 392.0394. 

2.4.2 (E)-2-((4-(1H-benzo [d] imidazol-2-yl) phenylimino) methyl)-6-bromo-4-

chlorophenol (SB2) 

The Schiff base SB2 was synthesized by reacting equimolar quantities of A1 (0.21 g, 

1 mmol) and 3-bromo-5-chloro-2-hydroxybenzaldehyde (0.23 g, 1 mmol) according 

to general procedure. Yield: 86%. Colour: Orange.  M.p.: 174 °C. IR (ʋ, cm
-1

): 3625 

(N-H), 3295 (OH), 1619 (azomethine-C=N), 1434 (imidazole-C-N), 1238 (C-O). 
1
H 
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NMR (δ): 14.49 (s, NH), 13.02 (bs, s, OH), 9.13 (s, CH=N), 8.35-6.67 (m, Ar).
 13

C 

NMR (101 MHz, DMSO-d6) δ (ppm): 165.12 (azomethine-CH=N), 161.02 (C-OH), 

158.81 (imidazole-CH=N), 145.31-110.82 (Ar C). Anal. Calc. (%) for 

C20H13N3OClBr: C, 56.52; H, 3.08; N, 9.88. Found: C, 56.38; H; 3.07; N, 9.86. 

HRMS (m/z) corresponding to C20H13N3OClBr [M+H
+
] 426.0009, found 426.0005. 

2.4.3 (E)-1-((4-(1 H-benzo [d] imidazol-2-yl) phenylimino) methyl) naphthalen-

2-ol (SB3) 

Synthesis of (E)-1-((4-(1H-benzo[d]imidazol-2-yl)phenylimino)methyl)naphthalen-2-

ol was proceeded by reacting 4-(1H-benzo[d]imidazole-2-yl)benzenamine (A1) (0.21 

g, 1 mmol)  and 2-hydroxy-1-naphthaldehyde (0.17 g, 1 mmol) using standard general 

procedure. Yield: 78%. Color: red. M.p.: 169 °C. IR (ʋ, cm
-1

): 3618 (N-H), 3203 

(OH), 1613 (azomethine-C=N), 1432 (imidazole-C-N), 1225 (C-O). 
1
H NMR (δ): 

15.74 (s, NH), 12.62 ((bs, s, OH), 9.73 (s, CH=N), 8.55- 7.02 (m, Ar).
 13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 171.98 (azomethine-CH=N), 162.59 (imidazole-CH=N), 

160.29 (C-O), 155.67-109.18 (Ar C). Anal. Calc. (%) for C24H17N3O: C, 79.15; H, 

4.70; N, 11.54. Found: C, 79.16; H; 4.73; N, 11.53. HRMS (m/z) corresponding to 

C24H17N3O [M+H
+
] 364.1450, found 364.1459. 
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Scheme 2.3 Synthesis of Schiff base ligands SB1, SB2, SB3 

2.4.4 (E)-4-Bromo-2-((4-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenylimino) 

metyl) phenol (SB4) 

(E)-4-Bromo-2-((4-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenylimino) methyl) 

phenol was prepared by the reacting 1:1 molar ratio of 4-(6-methyl-1H-

benzo[d]imidazol-2-yl) benzenamine (A2) (0.4 g, 1mmol) and 5-

bromosalicylaldehyde (0.2 g, 1 mmol) by adopting above mentioned procedure. 

Yield: 69%. M.p.: 178 °C. IR (ʋ, cm
-1

): 3655 (N-H), 3395 (OH), 2987 (-CH3), 1613 
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(azomethine-C=N), 1555 (imidazole-C=N), 1448 (imidazole-C-N), 1261 (C-O). 
1
H 

NMR (δ): 14.78 (s, NH), 13.23 (bs, s, OH), 9.21 (s, CH=N), 8.42-6.98 (m, Ar), 2.37 (-

CH3). 
13

C NMR (δ): 163.40 (azomethine-CH=N), 160.14 (C-OH), 158.01 (imidazole-

C=N), 145.06-119.41 (Ar C). Anal. Calc. for C21H16N3OBr: C, 62.08; H, 3.96; N, 

10.34. Found: C; 62.06, H; 4.04, N; 10.29. HRMS (m/z) corresponding to 

C21H16N3OBr [M+H
+
] 406.2753, found 406.2739. 

2.4.5 (E)-2-Bromo-4-chloro-6-( (4-(6-methyl-1H-benzo[d]imidazol2yl) phenyl 

imino) methyl) phenol (SB5) 

(E)-2-Bromo-4-chloro-6-((4-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenylimino) 

methyl) phenol was prepared by the reaction of 1:1 molar ratio of 4-(6-methyl-1H-

benzo[d]imidazol-2-yl)benzenamine (A2) (0.4 g, 1 mmol) and 3-bromo-5-chloro-2-

hydroxybenzaldehyde (0.23 g, 1 mmol) according to general procedure. Yield: 81%. 

M.p.: 191 °C. IR (ʋ, cm
-1

): 3649 (N-H), 3295 (OH), 3011 (-CH3), 1617 (azomethine-

C=N), 1429 (imidazole-C-N), 1235 (C-O). 
1
H NMR (δ): 15.74 (s, NH), 13.09 (bs, s, 

OH), 9.73 (s, CH=N), 8.55-6.99 (m, Ar), 2.49 (-CH3).
 13

C NMR (δ): 171.98 

(azomethine-CH=N), 155.67 (C-O), 152.56 (imidazole-CH=N), 145.31-109.18 (Ar, 

C). Anal. Calc. for C21H15N3OClBr: C, 57.32; H, 3.43; N, 9.55. Found: C; 57.30, H; 

3.39, N; 9.54. HRMS (m/z) corresponding to C21H16N3OClBr [M+H
+
] 440.0165, 

found 440.0181. 

2.4.6 (E)-1-((4-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenylimino) methyl) 

naphthalen-2-ol (SB6) 

(E)-1-((4-(6-methyl-1 H-benzo [d] imidazol-2-yl) phenylimino) methyl) naphthalen-

2-ol was prepared by reacting 4-(6-methyl-1H-benzo[d]imidazol-2-yl)benzenamine 

(A2) (0.4 g, 1mmol) and 2-hydroxy-1-naphthaldehyde (0.17 g, 1 mmol) by adopting 

the above mentioned procedure. Yield: 73%. M.p.: 174 °C. IR (ʋ, cm
-1

): 3627 (N-H), 

3245 (OH), 2942 (CH3), 1615 (azomethine-C=N), 1447 (imidazole-C-N), 1241 (C-O). 

1
H NMR (δ): 15.81 (s, NH), 12.80 (bs, s, OH), 9.74 (s, CH=N), 8.56-6.99 (m, Ar), 

2.44 (-CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 172.05 (azomethine-CH=N), 

155.54 (C-O), 150.72 (imidazole-C-N), 145.03-109.14 (Ar C), 21.48 (-CH3). Anal. 

Calc. for C25H19N3O: C, 79.40; H, 5.07; N, 11.11. Found: C; 79.41, H; 5.08, N; 11.15. 

HRMS (m/z) corresponding to C25H20N3O [M+H
+
] 378.1617, found 378.1606. 
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Scheme 2.4 Synthesis of Schiff base ligands SB4, SB5, SB6 

2.5 Synthesis of Schiff base metal complexes 

Synthesis of 3-series of metal complexes has been carried out from Schiff bases. 

2.5.1 Preparation of complexes of SB1 

A solution of Zn(II), Pd(II), Ni(II) and Cu(II) acetate (5 mmol) in ethanol was added 

to the ethanolic solution of Schiff base SB1 (2.5 mmol). The reaction mixture was 

stirred magnetically under reflux for 4 h. The coloured shining precipitate of metal 

complexes formed separated by filtration, repeated washing with ethanol and dried 

over anhydrous CaCl2 in a desiccator. 

 SB1-Zn(II) complex 2.5.1.1

Yield: 73%. M.p.: >300 °C. IR (ʋ, cm
-1

): 3367 (N-H), 1606 (azomethine-C=N), 1545 

(imidazole-C=N), 1449 (imidazole-C-N), 1306 (C-O), 580 (M-O), 460 (M-N). 
1
H 

NMR (δ): 13.06 (s, NH), 9.06 (s, CH=N), 8.39-6.68 (m, Ar). 
13

C NMR (101 MHz, 

DMSO-d6) δ (ppm): 165.70 (azomethine-CH=N), 150.91 (imidazole-CH=N), 153.05 

(C-O), 145.64-112.34 (Ar C). Anal. Calc. for C40H26N6O2ZnBr2: C, 56.66; H, 3.09; N, 

9.91; Zn, 7.71. Found: C, 56.59; H, 3.03; N, 9.92; Zn, 7.72. HRMS (m/z) correspond 

to C40H26N6O2ZnBr2 [M+H
+
] 847.9834, found 847.9817. 

 SB1-Pd(II) complex 2.5.1.2

Yield: 65%. M.p.: >300 °C. IR (ʋ, cm
-1

): 3356 (N-H), 1588 (azomethine-C=N), 1559 

(imidazole C=N), 1440 (imidazole-C-N), 1314 (C-O), 567 (M-O), 442 (M-N). 
1
H 

NMR (δ): 12.97 (s, NH), 9.046 (azomethine-CH=N), 8.39-6.97 (m, Ar). 
13

C NMR 

(101 MHz, DMSO-d6) δ (ppm): 164.10 (azomethine CH=N), 150.01 (imidazole 

CH=N), 133.20-114.20- (Ar C). Anal. Calc. for C40H26N6O2PdBr2: C, 54.05; H, 2.95; 
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N, 9.45; Pd, 11.97. Found: C, 54.16; H, 3.18; N, 9.51; Pd, 11.99. HRMS (m/z) 

corresponding to C40H27N6O2PdBr2 [M+H
+
] 886.9597, found 886.9602. 

 SB1-Ni(II) complex 2.5.1.3

Yield: 60%. M.p.: 285 °C. IR (ʋ, cm
-1

): 3365 (N-H), 1597 (azomethine-C=N), 1531 

(imidazole-C=N), 1445 (imidazole-C-N), 1319 (C-O), 553 (M-O), 436 (M-N). 
1
H 

NMR (δ): 13.17(s, NH), 9.08 (azomethine-CH=N), 8.68-6.79 (m, Ar). 
13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 165.14 (azomethine-CH=N), 151.06 (imidazole-CH=N), 

135.53-115.28 (Ar, C). Anal. Calc. For C40H28N6O2NiBr2: C, 57.11; H, 3.12; N, 9.99; 

Ni, 6.98. Found: C, 57.47; H, 3.23; N, 10.33; Ni, 6.91. HRMS (m/z) correspond to 

C40H28N6O2NiBr2 [M+H
+
] 843.1935, found 843.1912.  

 SB1-Cu(II) complex 2.5.1.4

Yield: 80%. M.p.: 223 °C. IR (ʋ, cm
-1

): 3349 (N-H), 1595 (azomethine-C=N), 1515 

(imidazole-C=N), 1442 (imidazole-C-N), 1317 (C-O), 580 (M-O), 420 (M-N). Anal. 

Calc. for C40H28N6O2CuBr2: C, 56.79; H, 3.10; N, 9.93; Cu, 7.51. Found (%): C, 

56.65; H, 3.02; N, 9.91; Cu, 7.46. HRMS (m/z) calculated correspond to 

C40H28N6O2CuBr2 [M+H
+
] 844.9936, found 844.9901. 

2.5.2 Preparation of complexes of SB2 

An ethanolic solution of Schiff base SB2 (2.5 mmol) was mixed with Zn(II), Pd(II), 

Ni(II) and Cu(II) metal ions by using respective metal acetate (5 mmol) salt separately 

in two-necked pre baked RBF. After stirring the whole mixture magnetically under 

reflux for 6 h, coloured shining precipitate of metal complexes formed were filtered, 

washed with ethanol and dried over anhydrous CaCl2 in vacuum desiccator. 

 SB2-Zn(II) complex 2.5.2.1

Yield: 77%. Colour: Yellow. M.p.: >300 °C. IR (ʋ, cm
-1

): 3615 (N-H), 1594 

(azomethine-C=N), 1429 (imidazole-C-N), 1264 (C-O), 576 (M-O), 426 (M-N). 
1
H 

NMR (400 MHz, DMSO- d6) δ (ppm): 14.47 (s, NH), 9.46 (azomethine-CH=N), 

8.30-6.74 (m, Ar).
 13

C NMR (400 MHz, DMSO- d6) δ (ppm): 169.08(azomethine-

CH=N), 164.91 (C-O), 159.38 (imidazole-CH=N), 150.61-110.52 (Ar C). Anal. Calc. 

(%) for C40H24N6O2Cl2ZnBr2: C, 52.40; H, 2.63; N, 9.16 Found: C, 52.38; H, 2.58; N, 

9.12. HRMS (m/z) correspond to C40H24N6O2Cl2ZnBr2 [M+H
+
] 916.9764, found 

916.9791. 
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 SB2-Pd(II) complex  2.5.2.2

Yield: 62%. Colour: Brown. M.p.: >300 °C. IR (ʋ, cm
-1

): 3656 (N-H), 1598 

(Azomethine, -C=N), 1435 (imidazole-C-N), 1265 (C-O), 576 (M-O), 461 (M-N). 
1
H 

NMR (δ): 14.41 (s, NH), 9.50 (azomethine-CH=N), 7.91-6.82 (m, Ar).
 13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 168.15 (azomethine-CH=N), 164.79 (C-O), 158.75 

(imidazole-CH=N), 148.71-111.15 (Ar C). Anal. Calc. (%) for C40H24N6O2Cl2PdBr2: 

Calcu. (%): C, 50.10; H, 2.51; N, 8.77. Found (%): C, 50.07; H, 2.48; N, 8.76.
 
HRMS 

(m/z) correspond to C40H24N6O2Cl2PdBr2 [M+H
+
] 958.88, found 958.8786. 

 SB2-Ni(II) complex  2.5.2.3

Yield: 67%. Colour: Red. M.p.: >300 °C. IR (ʋ, cm
-1

): 3650 (N-H), 1587 

(azomethine-C=N), 1433 (imidazole-C-N), 1260 (C-O), 562 (M-O), 476 (M-N). 
1
H 

NMR (δ): 14.52 (s, NH), 9.52 (azomethine-CH=N), 8.24-6.65 (m, Ar). 
13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 169.21 (azomethine-CH=N), 165.13 (C-O), 158.42 

(imidazole-CH=N), 148.61-110.52 (Ar C). Anal. Calc. (%) for C40H24N6O2Cl2NiBr2: 

C, 52.79; H, 2.65; N, 9.23. Found: C, 52.80; H, 2.68; N, 9.17. HRMS (m/z) 

correspond to C40H24N6O2Cl2NiBr2 [M+H
+
] 910.1233, found 910.1239. 

 SB2-Cu(II) complex  2.5.2.4

Yield: 83%. M.p.: >300 °C. Colour: green. IR (ʋ, cm
-1

): 3620 (N-H), 1587 

(azomethine-C=N), 1447 (imidazole-C-N), 1297 (C-O), 569 (M-O), 490 (M-N). Anal. 

Calc. (%) for C40H24N6O2CuCl2Br2 Calcu. (%) C, 52.51; H, 2.64; N, 9.18. Found (%): 

C, 52.47; H, 2.63; N, 9.17. HRMS (m/z) correspond to C40H24N6O2CuCl2Br2 [M+H
+
] 

914.9171, found 916.0054. 
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Scheme 2.5 Synthesis of complexes of Zn(II), Pd(II), Ni(II) and Cu(II) of Schiff 

baes ligands SB1-SB2 
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2.5.3 Preparation of complexes of SB3 

Solutions of Schiff base ligand SB3 (2.5 mmol) and acetates of Zn(II), Pd(II), Ni(II) 

and Cu(II) metal ions respectively (5 mmol) were mixed separately in two-necked pre 

baked RBFs with constant stirring. After reflux for 6 h, coloured shining precipitate of 

metal complexes formed were separated by filtration, washing with ethanol and 

drying over anhydrous CaCl2 in desiccator. 

 SB3-Zn(II) complex  2.5.3.1

Yield: 79%. Colour: Yellow. M.p.: 211 °C. IR (ʋ, cm
-1

): 3621 (N-H), 1594 

(azomethine-C=N), 1436 (imidazole-C-N), 1256 (C-O), 576 (M-O), 475 (M-N).
 1

H 

NMR (δ): 15.75 (s, NH), 9.86 (azomethine-CH=N), 8.56-7.07 (m, Ar).
 13

C NMR (101 

MHz, DMSO-d6) δ (ppm): 178.04 (azomethine-CH=N), 165.74 (C-O), 156.52 

(imidazole-CH=N), 152.69-109.96 (Ar C). Anal. Calc. (%) for C48H32N6O2Zn: C, 

72.78; H, 4.07; N, 10.61. Found (%): C, 72.72; H, 4.00; N, 10.55. HRMS (m/z) 

calculated for C48H32N6O2Zn [M+H
+
] 792.0961, found 792.0940. 

 SB3-Pd(II) complex  2.5.3.2

Yield: 61%. Colour: Brown. M.p.: >300 °C. IR (ʋ, cm
-1

): 3615 (N-H), 1589 

(azomethine-C=N), 1429 (imidazole-C-N), 1250 (C-O), 554 (M-O), 433 (M-N). 
1
H 

NMR (δ): 15.91 (s, NH), 10.03 (azomethine-CH=N), 8.58-7.07 (m, Ar).
 13

C NMR 

(101 MHz, DMSO- d6) δ (ppm): 182.05 (azomethine-CH=N), 169.15 (C-O), 155.54 

(imidazole-CH=N), 150.72-109.14 (Ar C). Anal. Calc. for C48H32N6O2Pd: Calcu. (%) 

C, 69.36; H, 3.88; N, 10.11. Found (%): C, 69.39; H, 3.89; N, 10.12. HRMS (m/z) 

correspond to C48H32N6O2Pd [M+H
+
] 831.1700, found 831.1741. 

 SB3-Ni(II) complex  2.5.3.3

Yield: 68%. Colour: Dark red. M.p.: >300 °C. IR (ʋ, cm
-1

): 3617 (N-H), 1587 

(azomethine-C=N), 1431 (imidazole-C-N), 1252 (C-O), 582 (M-O), 454 (M-N). 
1
H 

NMR (δ): 15.78 (s, NH), 9.76 (azomethine-CH=N), 8.54-6.83 (m, Ar). 
13

C NMR (101 

MHz, DMSO-d6) δ (ppm): δ 181.68 (azomethine-CH=N), 164.21 (C-O), 154.69 

(imidazole-CH=N), 150.07-108.39 (Ar C). Anal. Calc. for C48H32N6O2Ni: Calcu. (%): 

C, 73.35; H, 4.10; N, 10.69. Found (%): C, 73.37; H, 4.11; N, 10.71. HRMS (m/z) 

calculated for C48H32N6O2Ni [M+H
+
] 785.9635, found 785.9643. 
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 SB3-Cu(II) complex  2.5.3.4

Yield: 75%. Colour: Green. M.p.: 225 °C. IR (ʋ, cm
-1

): 3622 (N-H), 1594 

(azomethine-C=N), 1435 (imidazole-C-N), 1255 (C-O), 540 (M-O), 433 (M-N). Anal. 

Calc. for C48H32N6O2Cu: Calcu. (%): C, 73.03; H, 4.09; N, 10.65. Found (%): C, 

72.98 H, 4.05; N, 10.61. HRMS (m/z) correspond to C48H32N6O2Cu [M+H
+
] 

789.2039, found 789.2026. 
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Scheme 2.6 Synthesis of complexes of Zn(II), Pd(II), Ni(II) and Cu(II) of Schiff 

baes ligands SB3 

2.5.4 Preparation of complexes of SB4  

Schiff base SB4 (2.5 mmol) was dissolved in ethanol and mixed with Zn(II), Pd(II), 

Ni(II) and Cu(II) acetate (5 mmol) separately in two-necked pre-baked RBF. The 

reaction was kept on reflux and stirring for 4 h and resulted in colored shining 

precipitates of metal complexes that were obtained by filtration, washing with ethanol 

and finally drying over anhydrous CaCl2 in a desiccator. 

 SB4-Zn(II) complex 2.5.4.1

Yield: 84%. M.p.: 253 
°
C. Colour: Bright Yellow. IR (ʋ, cm

-1
): 3641 (N-H), 3051 (-

CH3), 1587 (azomethine-C=N), 1550 (imidazole-C=N), 1439 (imidazole-C-N), 1308 

(C-O), 559 (M-O), 420 (M-N). 
1
H NMR (δ): 14.83 (s, NH), 9.52 (s, CH=N), 8.17-

6.54 (m, Ar), 2.41 (-CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 170.02 

(azomethine-CH=N), 162.91 (C-O), 158.41 (imidazole-CH=N), 145.31-116.47 (Ar 

C). Anal. Calc. for C42H30N6O2ZnBr2: C, 57.59; H, 3.45; N, 9.59. Found: C, 57.58; H, 

3.44; N, 9.51. HRMS (m/z) corresponding to C42H30N6O2ZnBr2 [M+H
+
] 875.9463, 

found: 875.9438 
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 SB4-Pd(II) complex 2.5.4.2

Yield: 51%. M.p. >300 
°
C. Colour: Pale brown. IR (ʋ, cm

-1
): 3656 (N-H), 2994 (-

CH3), 1587 (azomethine-C=N), 1551 (imidazole-C=N), 1443 (imidazole-C-N), 1309 

(C-O), 560 (M-O), 432 (M-N). 
1
H NMR (δ): 14.75 (s, NH), 9.41 (s, CH=N), 8.13-

6.39 (m, Ar), 2.42 (-CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 168.43 

(azomethine-CH=N), 161.54 (C-O), 158.27 (imidazole-CH=N), 144.51-107.11 (Ar 

C). Anal. Calc. for C42H30N6O2ZnBr2: C, 55.01; H, 3.30; N, 9.16. Found: C, 54.97; H, 

3.29; N, 9.11. HRMS (m/z) corresponding to C42H30N6O2PdBr2 [M+H
+
] 916.9551, 

found: 916.9548 

 SB4-Ni(II) complex 2.5.4.3

Yield: 77%. M.p. >300 
°
C. Colour: Red. IR (ʋ, cm

-1
): 3653 (N-H), 2984 (-CH3), 1595 

(azomethine-C=N), 1551 (imidazole-C=N), 1443 (imidazole-C-N), 1303 (C-O), 565 

(M-O), 435 (M-N). 
1
H NMR (δ): 14.61 (s, NH), 9.35 (s, CH=N), 8.19-7.11 (m, Ar), 

2.41 (-CH3). 
13

C NMR (101 MHz, DMSO- d6) δ (ppm): 168.56 (azomethine-CH=N), 

162.85 (C-O), 159.05 (imidazole-CH=N), 143.23-111.09 (Ar C). Anal. Calc. for 

C42H30N6O2NiBr2: C, 58.03; H, 3.48; N, 9.66. Found: C, 57.91; H, 3.48; N, 9.64. 

HRMS (m/z) corresponding to C42H30N6O2NiBr2 [M+H
+
] 869.2262, found: 869.2282 

 SB4-Cu(II) complex 2.5.4.4

Yield: 62%. M.p. 254 
°
C. Colour: Dirty green. IR (ʋ, cm

-1
): 3659 (N-H), 2973 (-CH3), 

1585 (azomethine-C=N), 1549 (imidazole-C=N), 1298 (C-O), 539 (M-O), 473 (M-N). 

Anal. Calc. for C42H30N6O2CuBr2: C, 57.71; H, 3.46; N, 9.61. Found: C, 57.69; H, 

3.45; N, 9.58. HRMS (m/z) corresponding to C42H30N6O2CuBr2 [M+H
+
] 874.0808, 

found: 874.0799 

2.5.5 Preparation of complexes of SB5 

Schiff base SB5 (2.5 mmol) was dissolved in ethanol and acetate salts of metals, 

Zn(II), Pd(II), Ni(II) and Cu(II) (5 mmol) were mixed in two-necked oven dried RBF. 

After 4 h stirring under reflux, the colored shining precipitate of metal complexes 

formed was subjected to similar protocols for septation and drying as described 

above. 
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 SB5-Zn(II) complex 2.5.5.1

Yield: 84%. M.p.: >300 
°
C. Colour: Yellow. IR (ʋ, cm

-1
): 3642 (N-H), 3008 (-CH3), 

1585 (azomethine-C=N), 1550 (imidazole-C=N), 1433 (imidazole-C-N), 1267 (C-O), 

573 (M-O), 465 (M-N). 
1
H NMR (δ): 15.69 (s, NH), 10.13 (s, CH=N), 8.49-6.95 (m, 

Ar), 2.47 (-CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 181.32 (azomethine-

CH=N), 163.67 (C-O), 153.16 (imidazole-CH=N), 143.72-110.23 (Ar, C), 21.46 (-

CH3). Anal. Calc. for C42H28N6O2Cl2ZnBr2: C, 53.33; H, 2.98; N, 8.89. Found: C, 

53.29; H, 2.95; N, 8.81. HRMS (m/z) corresponding to C42H28N6O2Cl2ZnBr2 [M+H
+
] 

945.8279, found: 945.8278 

 SB5-Pd(II) complex 2.5.5.2

Yield: 51%. M.p. >300 
°
C. Colour: Pale brown. IR (ʋ, cm

-1
): 3647 (N-H), 3004 (-

CH3), 1591 (azomethine-C=N), 1551 (imidazole-C=N), 1435 (C-N), 1268 (C-O), 560 

(M-O), 432 (M-N). 
1
H NMR (δ): 15.75 (s, NH), 10.02 (s, CH=N), 8.49-6.95 (m, Ar), 

2.44 (-CH3). 
13

C NMR (101 MHz, DMSO-d6) δ (ppm): 178.44 (azomethine-CH=N), 

161.08 (C-O), 151.61 (imidazole-CH=N), 142.13-109.67 (Ar C), 21.41 (-CH3). Anal. 

Calc. for C42H28N6O2Cl2PdBr2: C, 51.06; H, 2.87; N, 8.51. Found: C, 51.07; H, 2.85; 

N, 8.47. HRMS (m/z) corresponding to C42H28N6O2Cl2PdBr2 [M+2H
+
] 987.8389, 

found: 987.8390 

 SB5-Ni(II) complex 2.5.5.3

Yield: 77%. M.p. >300 
°
C. Colour: Red. IR (ʋ, cm

-1
): 3641 (N-H), 3001 (-CH3), 1590 

(azomethine-C=N), 1551 (imidazole-C=N), 1434 (imidazole-C-N), 1266 (C-O), 565 

(M-O), 435 (M-N). 
1
H NMR (δ): 15.51 (s, NH), 9.99 (s, CH=N), 8.47-7.00 (m, Ar), 

2.43 (-CH3). 
13

C NMR (δ): 180.56 (azomethine-CH=N), 162.85 (imidazole-CH=N), 

153.05 (C-O), 148.03-110.21 (Ar C), 21.51 (-CH3). Anal. Calc. for 

C42H28N6O2Cl2NiBr2: C, 53.65; H, 3.00; N, 8.93. Found: C, 53.61; H, 3.05; N, 8.91. 

HRMS (m/z) corresponding to C42H28N6O2Cl2NiBr2 [M+2H
+
] 940.1123, found: 

940.1111 

 SB5-Cu(II) complex 2.5.5.4

Yield: 62%. M.p. 254 
°
C. Colour: Dirty green. IR (ʋ, cm

-1
): 3644 (N-H), 3010 (-CH3), 

1584 (azomethine-C=N), 1549 (imidazole-C=N), 1436 (imidazole-C-N), 1271 (C-O), 

525 (M-O), 435 (M-N). Anal. Calc. for C42H30N6O2CuBr2: C, 53.43; H, 2.67; N, 8.90. 
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Found: C, 53.38; H, 2.59; N, 8.89. HRMS (m/z) corresponding to 

C42H28N6O2Cl2CuBr2 [M+H
+
] 943.9649, found: 943.9641 
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Scheme 2.7 Synthesis of complexes of Zn(II), Pd(II), Ni(II) and Cu(II) of Schiff 

baes ligands SB4, SB5 

2.5.6 Preparation of complexes of SB6 

Solutions of Schiff base ligand SB6 (2.5 mmol) and acetates of Zn(II), Pd(II), Ni(II) 

and Cu(II) metal ions respectively (5 mmol) were mixed separately in two-necked 

oven-dried RBFs with constant stirring. After refluxing for 6 h, colored shining 

precipitate of metal complexes formed was subjected to similar protocols for septation 

and drying as described above. 

 SB6-Zn(II) complex  2.5.6.1

Yield: 75%. Colour: Yellow. M.p.: 295 °C. IR (ʋ, cm
-1

): 3626 (N-H), 2937 (-CH3), 

1583 (Azomethine-C=N), 1446 (imidazole-C-N), 1276 (C-O), 581 (M-O), 463 (M-N).
 

1
H NMR (δ): 15.72 (s, NH), 10.54 (s, CH=N), 8.56-7.00 (m, Ar.), 2.50 (-CH3).

 13
C 

NMR (101 MHz, DMSO-d6) δ (ppm): 179.34 (azomethine-CH=N), 161.17 (C-O), 

151.12 (imidazole-C-N), 146.36-108.19 (Ar C), 21.53 (-CH3). Anal. Calc. (%) for 

C50H38N6O2Zn: C, 73.30; H, 4.67; N, 10.26. Found (%): C, 73.17; H, 4.61; N, 10.25. 

HRMS (m/z) corresponding to C50H38N6O2Zn [M+H
+
] 819.2771, found 819.2765. 

 SB6-Pd(II) complex  2.5.6.2

Yield: 61%. Colour: Brown. M.p.: >300 °C. IR (ʋ, cm
-1

): 3629 (N-H), 2940 (-CH3), 

1591 (azomethine-C=N), 1435 (imidazole-C-N), 1277 (C-O), 571 (M-O), 453 (M-N). 

1
H NMR (δ): 15.65 (s, NH), 9.99 (s, CH=N), 8.53-6.97 (m, Ar), 2.48 (-CH3).

 13
C 

NMR (101 MHz, DMSO-d6) δ (ppm): 180.72 (azomethine-CH=N), 160.15 (C-O), 

150.99 (imidazole-C-N), 146.04-112.24 (Ar C), 21.45 (-CH3). Anal. Calc. for 

C50H38N6O2Pd: Calcu. (%) C, 69.80; H, 4.45; N, 9.77. Found (%): C, 69.53; H, 4.42; 
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N, 9.74. HRMS (m/z) corresponding to C50H38N6O2Pd [M+H
+
] 860.2881, found 

860.2875.  

 SB6-Ni(II) complex  2.5.6.3

Yield: 68%. Colour: Dark red. M.p.: >300 °C. IR (ʋ, cm
-1

): 3630 (N-H), 2984 (-CH3), 

1590 (Azomethine-C=N), 1440 (imidazole-C-N), 1275 (C-O), 549 (M-O), 468 (M-N). 

1
H NMR (δ): 15.82 (s, NH), 10.29 (s, CH=N), 8.44-6.93 (m, Ar), 2.51 (-CH3). 

13
C 

NMR (101 MHz, DMSO-d6) δ (ppm): 178.57 (azomethine-CH=N), 162.15 

(imidazole-C-N), 151.10 (C-O), 145.12-109.43 (Ar C), 21.48 (-CH3). Anal. Calc. for 

C50H38N6O2Ni: Calcu. (%): C, 73.90; H, 4.71; N, 10.34. Found (%): C, 73.83; H, 

4.68; N, 10.31. HRMS (m/z) calculated for C50H38N6O2Ni [M+H
+
] 812.5615, found 

812.5611. 

 SB6-Cu(II) complex  2.5.6.4

Yield: 75%. Colour: Green. M.p.: 225 °C. IR (ʋ, cm
-1

): 3620 (N-H), 2965 (-CH3), 

1592 (azomethine-C=N), 1441 (imidazole-C-N), 1268 (C-O), 562 (M-O), 457 (M-N). 

Anal. Calc. for C50H38N6O2Cu: Calcu. (%): C, 73.48; H, 4.69; N, 10.28. Found (%): 

C, 73.47; H, 4.65; N, 10.22. HRMS (m/z) corresponding to C50H38N6O2Cu [M+H
+
] 

817.2350, found 817.2352. 
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Scheme 2.8 Synthesis of complexes of Zn(II), Pd(II), Ni(II) and Cu(II) of Schiff 

baes ligands SB6 

2.6 Synthesis of Zn(II) complex from SN donor Schiff base 

Preparation of SN donor Schiff base was carried out by the condensation reaction 

between furfural and 2-aminothiophenol under reflux using methanol as solvent. The 

product formed could not be isolated in solid form because it was liquid at room 

temperature. The Schiff base was used without isolation for the preparation of metal 

complexes. In this context, different transition metal salts were tried but we succeeded 

only in the synthesis of its Zn(II) complex which was isolated in the form of solid 

orange-colored crystals.  



 

37 
 

2.6.1 SB7-Zn 

Yield: 81%. Colour: Yellow. Orange. M.p. 265 °C. IR (ʋ, cm
-1

): 3080 (C-H, Ar), 

1598 (Azomethine, -C=N), 570 (M-O), 491 (M-N).
 1

H NMR (δ): 9.6 (s, CH=N), 7.55-

6.52 (m, Ar).
 13

C NMR (101 MHz, DMSO-d6) δ (ppm): 149.71 (azomethine-CH=N), 

148.12-107.05 (Ar C). Anal. Calc. (%) for C22H16N2O2S2Zn: C, 56.33; H, 3.44; N, 

5.97; S, 13.67. Found (%): C, 56.29; H, 3.43; N, 5.94; S, 13.65. HRMS (m/z) 

corresponding to C22H16N2O2S2Zn [M+H
+
] 469.0027, found 469.0023. 
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Scheme 2.9 Synthesis of complexes of SB7-Zn 

2.7 Biophysical experiments 

2.7.1 DNA thermal denaturation 

Thermal melting experiments were conducted with Perkin-Elmer Lambda 35 UV-VIS 

spectrometer, (TempLAB software). Temperature monitoring was made by a 

thermistor inserted into a 1 mL quartz cuvette containing the same volume of water as 

in the sample cells. Absorbance changes at λ = 260 nm were monitored from a range 

of 30 to 90 °C in a gradient of 1 °C per min and measuring every 0.2 °C. A quartz cell 

with a 1 cm path length was filled with a 1 mL solution of (st)DNA or (st)DNA ligand 

complex in DMSO: water mixture in 30:70 ratios by %volume, respectively. The 

(st)DNA oligomer (100 μM) and the ligand solution (10 μM) were prepared in a 

phosphate buffer (0.01 M K2HPO4/KH2PO4), adjusted to pH 7 and syringe filtered so 

that a ligand to DNA base ratio of 0.1 was obtained. Experiments were performed 

immediately after solutions were prepared to avoid decomposition. The difference in 

melting temperature (ΔTm, °C) was calculated as a factor of stability and the Tm was 

defined as the mid-point of transition temperature. 

2.7.2 Absorption spectroscopic studies 

The absorption spectroscopic studies were carried out using Perkin Elmer Lambda 35 

UV-vis spectrometer with quartz cuvettes. For the titrations in the absorption 

spectroscopic study, stock solutions (500 μM) of synthesized compounds were 

prepared in DMSO and for further dilutions (100 μM) deionized water was used. 
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Salmon testes DNA [(st)DNA] was prepared in Tris-HCl buffer solution (0.6 M HCl) 

and 50 mM NaCl with pH = 7.33 and this buffered (st)DNA was filtered using 

syringe filtration method to make it protein free. The absorbance ratio of 1.8-1.9 at 

260 and 280 nm wavelength (A260/A280), provides strong evidence that (st)DNA 

solution was adequately free from proteins [123]. The establishment of concentration 

of (st)DNA was made by keeping absorption intensity at 260 nm corresponding to a 

molar extinction coefficient of 6600 cm
-1

[124]. DNA and the compound solution was 

incubated for 5 min before recording the absorption spectrum. A fixed amount (1000 

μL) of the compound (100 μM) was titrated with increasing quantity (10 to 80 μL) of 

DNA. The intrinsic binding constants or Kb (a measure of the strength of interaction 

between (st)DNA and the chromophores of the ligand) were calculated using the 

following equation. 

Ao

A−Ao
  =  

𝜀𝐺

𝜀𝐻−𝐺−𝜀𝐺
+

𝜀𝐺

𝜀𝐻−𝐺−𝜀𝐺
×

1

𝐾[𝐷𝑁𝐴]
 

Where [DNA] signifies (st)DNA concentration in base molarity; Ao and A 

characterize the absorbance and εG and εH-G represent absorption coefficients of the 

free compound and the compound-DNA, respectively. The intrinsic binding constant 

Kb was calculated from the intercept to slope ratio of Ao/A-Ao vs. 1/[DNA] plots 

[125]. 

2.7.3 X-Ray crystallographic analysis 

Suitably sized crystals of SB1, SB4, and SB7-Zn were selected and data were 

collected on Bruker D8 Quest ECO diffractometer. Data collection is carried at 100(2) 

K by mounting the sample on a MiTeGen micro mount. The collection and reduction 

of data were performed on Bruker APEX software following space group 

determination and structure solving and refining procedures [114]. Absorption 

corrections were applied using SADABS 2014 [115]. Structure solution program XT 

was used to solve the structure [116] using Intrinsic Phasing and XL refinement 

package was used to refine the structure with the   Least Squares minimization in 

Olex2 [117]. All non-hydrogen atoms were anisotropically refined. A riding model 

was used to assign the calculated positions to hydrogen atoms with appropriately 

fixed isotropic thermal parameters.  

Bruker APEX D8 Venture diffractometer was used to collect the data for SB3 and 

data was refined by Direct methods of SHELXS97 (Sheldrick, 1997) [121] The 
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structure was solved using and difmap synthesis using SHELXS96 (Sheldrick, 1996) 

[122].  

2.8 Biochemistry 

2.8.1 Antibacterial Assay 

Antibacterial activities of synthesized compounds were tested against some 

pathogenic bacterial strains, involving Escherichia coli (ATCC 15224), Enterobacter 

aerogenes (ATCC 13048), Micrococcus luteus (ATCC 10240) and Staphylococcus 

aureus (ATCC 6538). Disc diffusion method was applied to carry out these biological 

investigations [126]. The bacteria were cultured in nutrient broth under controlled 

conditions of temperature (37 
o
C) for 24 h. From this culture medium, 1% broth 

containing about 10
6
 colony-forming units (CFU/mL) of bacterial strain was obtained 

and nourished on agar medium at 45 °C and then decanted into the pre-sterilized Petri 

plates. Upon the solidification of the medium, about 5 μL of the test compound (40 

mg/mL in DMSO) was decanted onto the pre-sterilized paper discs of 4 mm size and 

positioned on nutrient agar plates, respectively. In every plate, 5 μL of the standard 

antibacterial drug kanamycin (200 µg/mL) selected as a positive control while the 

negative control of DMSO has been established. The plates were prepared in triplicate 

for each bacterial strain and incubation was carried at 37 °C for 24 h. The antibacterial 

activity was assessed by measuring the complete inhibition zone diameter (mm) when 

the concentration of compounds was 200 µg/mL. Downstream calculations were done 

for the compounds which showed activity at 200 µg/mL by making dilutions (100, 50, 

25, 12.5 and 6.25, µg/mL) and absolute MIC values were calculated. 

2.8.2 Cytotoxicity Assay 

Brine shrimp cytotoxic assay was used to test the cytotoxicity of all the compounds 

[127]. Eggs of brine shrimp (Artemia salina) (Ocean Star Inc., USA) were hatched in 

the rectangular container by creating an artificial seawater environment by mixing 

commercial salt in double distilled water. After 24 h, brine shrimp larvae (Phototropic 

nauplii) were transferred to glass vial by using Pasteur pipette. A 25 µL of each stock 

solution (200, 100, 50, 25 and 12.5 µg/mL) of the test compound was poured in the 

vial and the volume of the test compounds was raised to 5 mL with artificial seawater. 

Doxorubicin (200 µg/mL) and DMSO were used as a positive and negative control, 

respectively and three replicas were arranged for each concentration. The vials were 
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illumination at room temperature and the survivors were counted after 24 h using a 

3X magnifying glass. Finny (1971) software was used to determine the lethal dose 

that killed 50% shrimps (LD50). 
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 Results and Discussion Chapter 3

This chapter includes the discussion about physical properties, structure elucidation 

and biological applications of the synthesized compounds in three sections. (Section 

1) deals with the phenols derivatives of benzimidazole (BM1-BM3), (Section 2) 

includes the amines derivatives of benzimidazole (A1, A2), ON donor Schiff base 

ligands (SB1-SB6) and their respective metal complexes with Zn(II), Pd(II), Ni(II) 

and Cu(II) metal ions, whereas in (Section 3) SN donor Schiff base (SB7) and its 

Zn(II) complex are discussed. The synthesized compounds were characterized using 

FƬIR, ŃMR (
1
H and 

13
C) spectroscopic analysis, elemental analysis (C, H, N), ESI-

MS, MALDI-MS, and single crystal X-ray diffraction analysis have also been used as 

authentic techniques for structural confirmation. 

 

 

(SECTION 1) 

3.1 Phenols derivatives of benzimidazole (BM1-BM3) 

3.1.1 Characterization  

The compounds of BM series were characterized using the following important 

spectroscopic and analytical techniques. 

 FƬIR 3.1.1.1

The FƬIR spectra of the compounds were recorded in the region of 4000-400cm
-1

 and 

presence of absorption bands for important functional groups provided useful 

structural informations. For example, the formation of heterocyclic benzimidazole 

ring was confirmed by the appearance of strong absorption bands due to C=N moiety 

around 1615 cm
‒1

. Moreover, the absence of any strong signal at 1700 cm
‒1 

corresponds to the conversion of aldehydic carbonyl functionality into the imidazole 

functional group. The hydroxyl group (OH) displayed characteristic broad absorption 

bands in the region of 3200-3600 cm
‒1

 associated with intramolecular hydrogen bonds 

present between the phenolic -OH groups and the nitrogen atom of the imidazole ring 

(O-H….N). The vibration bands around 750 cm
‒1

 and 1310 cm
‒1

 are assigned to the 

presence of C-Cl and C-O moieties respectively [128]. Representative FƬIR spectra 

are shown in Figure 3.1. 
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Figure 3.1 FƬIR spectra of BM1 (a) and BM2 (b) 

 1
H and 

13
C ŃMR spectroscopic studies 3.1.1.2

Additional information regarding structural elucidation of the synthesized compounds 

have been collected from the ŃMR spectroscopy and the data are summarized in 

Table 3.1. 
1
H-ŃMR spectra showed the distinctive signals of imidazole protons (N-H) 

in the form of one proton singlet resonating at ⸹ 8.94-8.92 ppm. The multiplets in the 

region of ⸹ 8.00-6.77 ppm were attributed to aromatic protons in all the compounds 

(Table 3.1). The peak positions were varied depending upon the nature of substituents 

attached e.g. the proton ortho to the nitro group in BM3 resonated most downfield due 

to the deshielding effect of electron withdrawing -NO2 substituent (Table 3.1). 

Moreover, the presence of hydrogen-bonded phenolic protons in all the compounds 

were confirmed by the appearance of broad singlets (bs, s, OH) around ⸹12.99-11.57 

ppm. The representative 
1
H ŃMR spectrum of BM1 is shown in Figure 3.2a.  

 

Figure 3.2 
1
H ŃMR (a) and 

13
C ŃMR (b) spectra of BM1. 

The 
13

C ŃMR results further supported the structure of all compounds, as 

characteristic carbon signals at their respective chemical shift values were observed. 

The carbon atom directly linked with a most electronegative oxygen atom (C
7 

in 
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Figure 3.2b) resonated farthest downfield at ⸹162 ppm. The imidazole carbon 

displayed signals around 160 ppm which is ascribed to electron withdrawing effect of 

two nitrogen atoms. The remaining signals from ⸹136-113 ppm were assigned to 

leftover aromatic carbons as illustrated by 
13

C ŃMR spectra of BM1 presented in 

Figure 3.2b. The
 13

C ŃMR results of BM2 and BM3 also confirmed their successful 

synthesis and data is given in (Table 3.1). 

Table 3.1 FƬIR and ŃMR data of BM1, BM2, and BM3 

Technique BM1 BM2 BM3 

FƬIR (cm
-1

) 

3290 (O-H), 1615 

(C=N, Ring), 1295 (C-N, 

Ring), 728 (C-Cl) 

3312 (O-H), 1611 (C=N, Ring), 

1275 (C-N, Ring), 734 (C-Cl) 

3329 (OH), 1617 (C=N, 

Ring), 1297 (C-N, Ring), 741 

(C-Cl 

1
H ŃMR (ppm) 

12.92 (OH, 1H, s), 8.92 

(NH, 1H, s), 7.80-6.97 

(m, Ar-H), 

12.99 (OH, 1H, s), 8.92 (NH, 1H, 

s), 7.77-6.97 (m, Ar-H), 2.50 (CH3, 

3H, s) 

11.57 (OH, 1H, s), 8.94 

(NH,      1H, s), 8.00-6.77 

(m, Ar-H), 

13
C ŃMR (ppm) 

162.74 (C7), 159.52 

(C1), 142.51-119.20 

(Ar C) 

162.56 (C7), 161.90 (C1), 159.54-

119.66 (Ar C), 21.19 (C14, methyl) 

159.59 (C7), 158.39 (C1), 

150.85-113.66 (Ar C) 

 Mass spectral analysis  3.1.1.3

Mass spectral analyses authenticated the molecular weights of the synthesized 

compounds. Molecular ion peaks were observed which confirmed the proposed 

formulae. Presence of base peak at m/z = 244 in the mass spectrum of BM1 validated 

the observed molecular weight as shown in Figure 3.3. Furthermore, the formation of 

BM2 and BM3 was confirmed by molecular ion peaks at m/z = 258 and 289 

respectively. 

 

Figure 3.3 GC-MS mass spectrum of BM1 
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 Single crystal X-ray diffraction structure analysis 3.1.1.4

Structures of the compounds BM1 and BM3 were confirmed by X-ray diffraction 

study. The important refinement parameters are given in Table 3.2.The molecular 

structure of BM1 (Figure 3.4a) is close to planar with an interplanar angle of 

1.10(10
o
) between the mean planes of phenol and benzimidazole rings. An 

intramolecular hydrogen bond links the phenol and imine nitrogen atoms (O1–N2 = 

2.577(3)Å) (Figure 3.4b). Intermolecular hydrogen bonding from the benzimidazole 

to the phenol (N1–O1 = 2.900(3)Å) (Figure 3.4b) links the molecules into chains 

under symmetry operation x+1, y+1, z (Figure 3.4d). The chains are connected into 

sheets running parallel to the (-1 1 0) plane by long C-H….Cl interactions (C3-C11 

3.723(3) under symmetry operation, x-1, y, z (Figure 3.4b), and the planes interact via 

π-stacking (Figure 3.4c). 

 

 

Figure 3.4 The molecular structure of BM1 showing 50% probability ellipsoids 

(a), inter/intra-molecular hydrogen bonding between the molecules (b), π-π 

interactions between molecules (c), and unit cell packing diagram (d). Dashed 

red lines indicate hydrogen bonds, transparent red spheres indicate ring or bond 

centroids, distances in Å. 



 

45 
 

The molecular structure of BM3 as shown in Figure 3.5a is very similar to BM1; it 

has been reported previously and is described here for completeness. Again, the 

molecule is essentially planar with an interplanar angle of 0.98(18)° between the 

mean planes of the phenol and benzimidazole rings. There is an intermolecular 

hydrogen bond between the phenol and the imine nitrogen of the benzimidazole (O1–

N2, 2.579(8)Å, (Figure 3.5c). The structure also contains a solvate DMF molecule 

which is hydrogen bonded to the benzimidazole N-H (N1–O4, 2.746(8)Å, (Figure 

3.5c). The molecules are assembled into sheets perpendicular to the c axis via C-H – 

O (nitrate) hydrogen bonds (C2–O2, 3.437(9)Å, and C3–O3 3.571(10) Å, both under 

1+x, 1-y, ½+z symmetry operation, (Figure 3.5d). Again, the layers interact via π-

stacking (Figure 3.5b). The important hydrogen-bond geometric parameters for BM1 

and BM3 are given in Table 3.3 and 3.4 respectively.  

Table 3.2 Crystal data and refinements of BM1 and BM3. 

Identification  code  BM1 BM3 

Formula  weight  244.67 362.77 

Empirical  formula  C13H9ClN2O C16H15ClN4O4 

Space  group  P1̅ C2/c 

a/Å  3.773 (3) 15.35(2) 

b/Å  5.742 (3) 18.43(3) 

c/Å  23.878 (14) 13.36(2) 

α/°  93.434 (9) 90 

β/°  90.818 (9) 119.486(19) 

γ/°  92.897 (6) 90 

Volume / Å
3
  515.7 (6) 3290(9) 

Z  2 8 

ρcalc g/cm
3
  1.576 1.465 

μ /mm
-1

  0.35 0.263 

F (000)  252 1504.0 

Reflections  collected  6082 10873 

Rint 0.041 0.1860 

Data/ restraints/ parameters  2116/0/161 2372/0/232 

Goodness- of- fit  on  F
2
  1.04 0.957 

 R1,  wR2  [I>=2σ (I)]  0.0460, 0.1122 0.0803, 0.1600 

R1, wR2  [all data]  0.0615, 0.1208 0.1819, 0.2129 

Largest diff. peak/hole / e Å
-3

  0.54/-0.31 0.44/-0.45 
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Figure 3.5 (a) Molecular structure of BM3 showing 50% probability ellipsoids, 

(b) π-π interactions between molecules, (c) inter/intra-molecular hydrogen 

bonding (dashed red lines), (d) packing diagram viewed along the b axis and (e) 

packing along the c axis. 

 

(a) 

(c) 

(b) 

(d) (e) 
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Table 3.3 Hydrogen-bond geometry (Å, º) for BM1. 

 D—H···A D—H H···A D···A D—H···A 

N1—H1B···O1
i
 0.90 (3) 2.08 (3) 2.900 (3) 151 (3) 

O1—H1A···N2 0.93 (4) 1.71 (4) 2.577 (3) 155 (4) 

Symmetry code:  (i) x+1, y+1, z. 

Table 3.4 Hydrogen-bond geometry (Å, º) for BM3. 

 D—H···A D—H H···A D···A D—H···A 

O1—H1···N2 0.95 (8) 1.70 (8) 2.579 (8) 152 (7) 

N1—H1A···O4 0.88 1.87 2.746 (8) 174 

3.1.2 ƊNA binding studies  

 UV-visible absorption spectroscopic studies  3.1.2.1

ƊNA is the primary target for pharmacological molecules (compounds in our study), 

therefore interaction between the compound and ƊNA is of prime importance. UV-

visible absorption spectroscopy is a valuable technique to investigate these 

interactions [95]. As shown in Figure 3.6a, b, c the benzimidazole molecules BM1, 

BM2, and BM3 exhibited strong absorption peaks (λmax) at 343, 348 and 389 nm 

respectively which were attributed to π→π* transitions. When ƊNA was added to the 

compound solution, absorption decreased and a slight blue shift of 3 and 2 nm was 

observed for BM1 and BM2 respectively. In addition, the absorption intensity of the 

spectrum decreased evidently with the increasing concentrations of (st)ƊNA, 

suggesting strong compound-ƊNA interaction. In contrast, the compound BM3 

displayed an absorption peak (λmax) at 389 nm, and absorption intensity decreased 

slightly (hypochromic effect) without any band shift indicating weak interaction of 

compound BM3 with ƊNA (Figure 3.6c). The spectral curves of all compounds show 

isobestic points proposing the existence of chemical equilibrium between the free and 

bound molecules, while there were no intermediate states detected spectroscopically 

in the presence of ƊNA. The spectral broadening together with hypsochromism in 

absorption intensities pointed to the binding interaction between the electronic states 

of the compound chromophores and that of ƊNA bases [85]. 

The binding constants (Kb) for compound-ƊNA complexes were calculated and 

recorded as 1.90 × 10
5 

M
-1

, 1.39 × 10
5 

M
-1

, 1.18 × 10
4 

M
-1 

for compounds BM1, BM2, 
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and BM3 respectively (Table 3.5). The binding constant values for BM1 and BM2 

were greater than that of standard intercalators such as Ethidiumbromide-ƊNA 

complex (Kb = 6.58 × 10
4 

M
-1

) and Methyleneblue-ƊNA complex (Kb = 2.13 × 10
4
 M

-

1
) [129], while BM3 exhibited lower value. The highest binding constant observed for 

BM1 could possibly be ascribed to its planar structure as observed by single crystal 

X-ray diffraction analysis (Figure 3.6a-c). Probes, having aromatic chromophores in 

the single plane could have more accessibility inside the base pairs of ƊNA resulting 

in more effective π-stacking interactions. Nitro-substituted benzimidazole derivative 

BM3 exhibited smaller binding constant value compared to unsubstituted BM1 

(reference compound) due to the electron withdrawing effect of nitro (-NO2) group. It 

decreased π-electron density on the benzene ring that linearly lessened the extent of π-

stacking interactions with the nucleic acid. BM2 showed higher Kb value than BM3 

due to the ring activating methyl (-CH3) substituent. Moreover, BM1 and BM2 had a 

smaller difference of Kb value while BM3 varied largely, suggesting the dominant 

effect of π-stacking interactions over structural hindrance caused by the spatial 

arrangement of side groups. Thus, it is found that ƊNA binding strength is affected 

by nature (electron donating or withdrawing) and spatial arrangement of side groups. 

Finally, the electronic absorption studies convey information that the test compounds 

have a stronger ability to bind with ƊNA. 

 

 



 

49 
 

 

Figure 3.6 Changes in the UV-vis spectra of compound BM1 (a), BM2 (b), and 

BM3 (c) having concentration of 1×10
-4 

M,  as a function of increasing quantities 

of Fish sperm (FS) ƊNA (10-80 µM) in 50 mM Tris-HCl/NaCl buffer (pH= 7.35) 

at 25 ºC. Inset plots show Ao/A-Ao vs. 1/[ƊNA] for the calculation of Kb. 

Using the value of binding constants, free energy (ΔG) values were calculated for 

compound-ƊNA complex using equation 2. 

ΔG= −𝑅𝑇lnKb         (2) 

Free energy measured the spontaneity/non-spontaneity of compound-ƊNA binding 

complex. Negative free energy values calculated for BM1, BM2, and BM3 indicated 

thermodynamic spontaneity of their binding with ƊNA (Table 3.5). 

 Thermal denaturation of ƊNA 3.1.2.2

Thermal melting studies of ƊNA is performed to assess the binding mode of 

compounds. Thermal denaturation profiles of (st)ƊNA in the absence and presence of 

compounds BM1-BM3 have been presented in Figure 3.7. Thermal melting 

temperature (Tm) for ƊNA in the absence of benzimidazoles (BM1-BM3) was found 

to be 68.5 °C. However, in the presence of these compounds, the Tm of ƊNA followed 

an increasing trend and were recorded at 73.46, 72.58 and 70.83°C for BM1, BM2, 

and BM3 respectively. Thus, it can be suggested that binding of compound with 

ƊNA has stabilizing effect on the double stranded structure. Incremental values in 

melting temperature (ΔTm) for each compound has been provided in Table 3.5. Such 

an increase in Tm corresponds to the partial intercalation of the compound molecule 

with ƊNA [130], proposing the partial intercalation binding mode for the synthesized 

compounds.  
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Figure 3.7 Variation in maximum absorbance for 1×10
-4

 M of (st)ƊNA  at 

different temperatures in the absence (black), and presence of BM1(red), BM2 

(blue) and BM3 (green) of BMs.  

Table 3.5 Increments on (st)ƊNA, thermal melt (ΔTm (ºC), binding constants (Kb, 

M
−1

), Gibbs free energy (ΔG°, kJmol
−1

), and isobestic points (nm) found for 

compound BM1-BM3 

Compounds ΔTm (ºC)
a
 Kb (M

-1
)

b 
ΔG (kJ mol

-1
)

c 
Isobestic points (nm) 

BM1 4.96 1.90 × 10
5 
 -30.11 400 

BM2 4.08 1.39 × 10
5
 -29.34 388 

BM3 2.33 1.18 × 10
4
 -24.26 - 

a The increment in ƊNA thermal melting (ΔTm, °C) was measured in unspecific (st)ƊNA. Experiments were run in 

phosphate buffer (10 mM, pH 7). Thermal denaturation for natural (st)ƊNA  = 68.5 °C. 

b Calculated from the Ao/A-Ao vs. 1/[ƊNA] plots of the UV-vis ƊNA titrations results. 

c Gibbs, free energy calculated by the formula ΔG=-RTlnK. 

3.1.3 Biochemistry 

 Antibacterial activity 3.1.3.1

The compounds of BM series were subjected to screen for antibacterial activity. It has 

been found from the results that BM2 was active against all tested strains of bacteria 

while BM1 and BM3 showed activity against selected strains. (Table 3.6). Thus, BM2 

can serve as a broad-spectrum antibacterial agent. 
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Table 3.6 Antibacterial activities against Micrococcus luteus, Escherichia coli, 

and Enterobacter aerogenes were measured in triplicate and expressed as 

inhibition zone (mm) and absolute MIC (μg/ml) values. 

codes 

Inhibition zone (mm)   Absolute MIC (μg/ml) 

M. luteus E. coli E. 

aerogenes 

 M. luteus E. coli E. 

aerogenes 

 

 BM1 - 19.7 ± 0.5 4.5 ± 0.75  - 12.5 ± 1.2 200 ± 2.5  

 BM2 19.2 ± 1.5 28.6 ± 1.7 14.8 ± 0.5  25.0 ± 1.5 12.5 ± 2.2 25.0 ± 1.0  

 BM3 - 15.3 ± 1.5 -  - 25.0 ± 1.5 -  

K
[a]

         24.6 ± 0.6 37.2 ± 0.3 24.5 ± 0.5 6.25 ± 0.5 6.25 ± 0.3 12.5 ± 0.7 

[a] Kanamycin. 

In fact, the outer cell layer of bacteria is made up of phospholipids bilayer with 

biological macromolecules such as proteins [131]. The inhibition potential of BM2 

against all strains of bacteria could possibly be explained on the basis of its higher 

lipophilicity attributed to the presence of electron donating substituent (-CH3) on the 

benzene ring. It was prophesized that this high lipophilicity facilitated BM2 to cross 

the outer layer and inhibit the growth of bacteria by blocking protein synthesis from 

ƊNA. Additionally, the compounds BM1 and BM3 showed lower activity against 

selected strains of bacteria and fungi. The antibacterial assay findings suggested BM2 

a broad spectrum antibiotic agent. In the future, it will be further optimized and 

tailored to get more enhanced properties. The data obtained from all the antimicrobial 

studies are listed in Table 3.6. 

 Cytotoxicity 3.1.3.2

In order to evaluate the cytotoxicity of these biologically active compounds, the brìne 

shrìmp cytotoxic assay was performed at five different concentrations along with 

Doxorubicin as a positive and ƊMSO as a negative control. All compounds (BM1-

BM3) were proved non-toxic towards normal healthy shrimp cells and LD50 values 

were found to be more than 200 µg/ml. On the other hand, doxorubicin used as a 

positive control was found to be more toxic with LD50 = 3.9. Thus it was established 

that compounds (BM1-BM3) could be used as non-toxic and safe antibiotics for a 

living system. The results of the cytotoxicity assay are recorded in Table 3.7.  



 

52 
 

Table 3.7 Results of brìne shrìmp cytotoxicity assay for BM1-BM3 

 Percent mortality after 24 h  

LD50 µg/ml 

 

Toxicity 
Codes 200 µg/ml 100 µg/ml 50 µg/ml 25 µg/ml 12.5 µg/ml 

BM1 10.0±1.2 9.2±1.0 5.0±1.3 0.0 0.0 >200 Non-Toxic 

BM2 30.3±2.5 20.0±1.1 10.5±1.0 0.0 0.0 >200 Non-Toxic 

BM3 43.5±4.4 26.3±3.2 23.6±2.5 6.0±1.0 0.0 >200 Non-Toxic 

Doxorubicin 95.3±2.3 84.5±2.5 71.0±2.5 65.0±3.0 42.0±2.0 3.9 Toxic 

LD50= Lethality dose at which 50% shrimps are killed. 
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  (Section 2) 

This section includes the discussion of amine derivatives of benzimidazole (A1, A2), 

Schiff base ligands (SB1-SB6) and Zn(II), Pd(II), Ni(II), and Cu(II) metal complexes. 

Amine derivatives of benzimidazole were characterized by the spectroscopic and 

analytical techniques and have been discussed along with the Schiff base ligands and 

complexes. The synthesized amine derivatives were reacted with the derivatives of 

salicylaldehyde and various substituted/unsubstituted benzimidazole-based ON donor 

Schiff base ligands (SB1-SB6) were prepared. The metal complexes of Zn(II), Pd(II), 

Ni(II) and Cu(II) metal ions were synthesized by the reaction of ligands SB1-SB6 

with metal(II) acetates of the respective metal. 

3.2 Schiff base (SB1) and complexes (SB1-Zn, SB1-Pd, SB1-Ni, SB1-Cu)  

The synthesized Schiff base (SB1) and its complexes (SB1-Zn, SB1-Pd, SB1-Ni, 

SB1-Cu) were characterized spectroscopically by FƬIR, ŃMR (
1
H and 

13
C) and 

analyzed by elemental analysis and ESI-MS. The structure of SB1 was also confirmed 

by single crystal X-ray diffraction analysis[132].  

3.2.1 Characterization 

 FƬIR  3.2.1.1

The IR spectra of precursor benzimidazole amine (A1), Schiff base ligand (SB1) and 

metal complexes were recorded on Perkin Elmer Spectrum One spectrometer in 4000-

400 cm
-1

 region. The shift in IR absorption bands provided preliminary evidence 

regarding the successful conversion of precursor amines to Schiff base ligands and 

then to the metal complexes. The IR spectral data of precursor A1 (Table 3.8) 

revealed two absorption bands at 3436 and 3357 cm
-1

, which could be attributed to an 

asymmetric and symmetric stretch of amino (NH2) group. In the spectrum of SB1, 

these bands were disappeared and new bands at 3451 and 3377 cm
-1

 due to the 

phenolic OH and N-H group of the imidazole ring were appeared. Strong bands at 

1619, 1558 and 1436 cm
-1

 are assigned to the azomethine group (C=N), imidazole 

(C=N) and imidazole C-N bond, respectively [133]. The IR spectra of the metal 

complexes showed a loss of the phenolic OH band and an increase in the ʋ (C-O) at 

1286 to 1306-1319 cm
-1

, indicative of deprotonation and formation of M-O bond. The 

bands associated with the imidazole fragment do not shift, indicating that this moiety 
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does not coordinate to the metal center. However, a shift of the C=N band associated 

with the azomethine group is observed, signifying its participation in bonding to the 

metal. The ʋ (M-O) and ʋ (M-N) bands in the 553-580 and 420-460 cm
-1

 region also 

confirm metal bonding [134].   

Table 3.8 FƬIR (ʋ /cm
-1

) spectral data of Schiff base (SB1) and its metal 

complexes. 

Compound N-H (Ring) 
ʋ NH2 

Amine 
ʋ OH 

ʋ (C=N) 

Azomethine 
ʋ C=N (Ring) ʋ C-O ʋ M-O ʋ M-N 

A-1  3436, 3357 - - 1604 - - - 

SB1 3625, 3377 - 3451 1619 1558 1286 - - 

SB1-Zn 3618, 3367 - - 1606 - 1306 580 460 

SB1-Pd 3620, 3356 - - 1588 1559 1314 567 442 

SB1-Ni 3650, 3365 - - 1597 1531 1319 553 436 

SB1-Cu 3656, 3349 - - 1595 1515 1317 580 420 

 1
H and 

13
C spectral analysis 3.2.1.2

Purity and structure of the compounds were further validated by ŃMR spectroscopic 

method. The NH2 protons resonating at ⸹ 4.92 ppm in the spectrum of A1 were 

disappeared in the spectrum of SB1 and it showed the characteristic signals in the 

form of one proton singlet resonating at ⸹ 8.86 ppm attributable to azomethine 

protons (-N=CH-), thus providing strong evidence regarding the conversion of an 

amine into Schiff base. Further, the broad singlet appeared at ⸹ 11.68 ppm was 

attributed to phenolic (-OH) while, imine protons (-NH) were expectedly observed as 

⸹ 12.91. The formation of Schiff base metal complexes was supported by observing a 

downfield shift of azomethine proton from ⸹ 8.86 to ⸹ 9.05-9.08 attributable to the 

shift of electron density from the Schiff base N atom to the metal ion [135]. 

Correspondingly, 
13

C ŃMR data (summarized in the experimental section and Table 

3.9) also corroborated well with the formation of ligands SB1. All assignments of the 

carbon atoms were found in their expected regions [136] and well supported by their 

IR and 
1
H ŃMR spectral data. Correspondingly, in the 

13
C ŃMR spectra the 

azomethine carbon shifts from ⸹162.0 in 1 to ⸹ 164.1-165.7 indicating the 

involvement of azomethine N in coordination with a metal ion. Furthermore, the 

aromatic carbons found near to the coordination sites also showed a little downfield 

shift [137] indicating the shift of electron density from ligand donor sites to the metal 
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ion. Data for 
1
H 

13
C ŃMR is given in Table 3.9 according to the numbering scheme 

shown in Figure 3.8.  

 

Table 3.9 ŃMR data of benzimidazole Schiff base (SB1) and its metal complexes 

in ppm 

Code 
1
H ŃMR (400 MHz, ƊMSO) δ

 13
C ŃMR (101 MHz, ƊMSO) δ

 

A1 13.12(s, NH), 7.86-6.65 (m, Ar), 4.92 (s, -NH2) 151.92(C7), 148.53(C10), 146.71-

111.23 (Ar, C)
 

SB1 12.91 (s, NH), 11.68 (bs, s, OH), 8.86 (s, 

CH=N), 8.29-6.96 (m, Ar) 

162.0(C1), 151.02(C2), 149.9(C14,8), 

145.7-111.3 (Ar C)
 

SB1-Zn 13.06 (s, NH), 9.06 (s, CH=N), 8.39-6.68 (m, 

Ar) 

165.70 (C1), 152.61(C2), 150.91(C14, 

8), 145.64-112.34 (Ar C) 

SB1-Pd 12.97 (s, NH), 9.046 (azomethine-CH=N), 8.39-

6.97 (m, Ar) 

171.03(C1), 160.01(C2), 150.01(C14, 

8), 146.20-114.20 (Ar C)
 

SB1-Ni 13.17(s, NH), 9.08 (azomethine-CH=N), 8.68-

6.79 (m, Ar) 

170.14 (C1), 152.06 (C2), 148.91(C14, 

8), 145.53-115.28 (Ar, C)
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Figure 3.8 Synthesized precursor amine (A1) Schiff base and metal complexes 

 Mass spectral studies 3.2.1.3

ESI-MS analysis of the Schiff base ligand and metal complexes confirmed the 

expected molecular weights and atomic ratio in the molecular formulas. The mass 

spectrum of Schiff base ligand (SB1) showed a base peak (M
+
) at m/z 392.0394 

(100%) which represented the observed molecular mass of SB1. This confirms the 

condensation of amine and aldehyde to form Schiff base. Similarly the mass spectrum 

of the metal complexes showed the molecular ion peaks (M+H
+
) at 847.9817 (100%), 

889.4829 (100%), 841.7563 (100%), 849.0436 (100%) for the SB1-Zn, SB1-Pd, -

SB1-Ni, and SB1-Cu(II) respectively. The mass spectrum of SB1 and representative 

SB1-Zn complex has been shown in Figure 3.9. 
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Figure 3.9 Mass spectrum of SB1 (a), mass spectrum ofSB1-Zn (b) 

 Single crystal X-ray analysis 3.2.1.4

A single crystal of SB1·was obtained by the slow evaporation of a methanol solution 

under normal atmospheric conditions and the ordered arrangement of atoms in the 

molecule is shown in Figure 3.10a. This structure validated the previously recorded 

spectroscopic data. Metric parameters are normal and selected bond lengths and 

angles are presented in Table 3.10. 

Table 3.10 Selected bond lengths (Å) and angles (°) for SB1 

Atoms Bond Length (Å) Atoms Bond angle (°) 

N(6)-C(7) 1.322(5) O(24)-C(19)-C(20) 118.0(4) 

C(7)-N(8) 1.351(5) O(24)-C(19)-C(18) 122.6(3) 

C(13)-N(16) 1.410(5) C(17)-N(16)-C(13) 123.4(3) 

N(16)-C(17) 1.284(5) N(16)-C(17)-C(18) 120.1(4) 

C(19)-O(24) 1.337(5) C(7)-N(8)-C(9) 107.3(3) 

O(24)-H(24) 0.8400   

(a) 

(b) 
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It can be observed that all aromatic systems and the azomethine group are in the 

same plane. The most obvious feature is the strong intra and intermolecular 

hydrogen bonding formed by the hydroxyl groups in 1 and MeOH, e.g. O24-

H24
…

N16 (dO…N = 2.586(4) Å), O26-H26
…

N6 (d O…N = 2.698(4) Å). Further 

intermolecular interactions are seen by the amide N8-H8
…

O26 (dN…O = 2.733(4) 

Å). 

 

Figure 3.10 (a) Asymmetric unit of ligand SB1 showing partial atom numbering 

and displacement ellipsoids (50% probability level). Dashed lines indicate H-

bonding interactions; (b) intra/inter-molecular interactions (Br1…C20 = 

3.998(4); Br1…C1 = 3.563(4) Å, O26…N6 = 2.698(4) Å, N8…O26 = 2.733(4) Å, 

O24…N16 = 2.586(4) Å); and (c) packing diagram of SB1. 

Moreover, intermolecular interactions such as π-π (between phenyl rings, 3.68 Å 

with a shift of 1.49 Å) and Br1
…

C20 and Br1
…

C1 [3.998(4) and 3.563(4) Å, see 

Figure 3.10b] are observed. Additionally, MeOH hydrogen bonding described above 

and other non-conventional hydrogen bonds [C15
…

O26, dC…O = 3.452(5) Å] are 

combined to order the molecule in sheets as shown by the packing diagram in Figure 
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10c. The ligand SB1 adopted a P-1 space group symmetry with unit cell dimensions 

of a = 7.1625(5), b = 11.1249(9), c = 12.0359(9) Å and cell angles of α = 96.415(3), 

 = 96.576(3),  = 105.598(3)°. 

3.2.2 ƊNA binding studies 

 UV-visible absorption spectroscopy 3.2.2.1

The absorption titration curves of the ligands and respective complexes of this series 

have been shown in Figure 3.11. The binding strength of compounds with ƊNA was 

calculated from absorption spectra in the form of binding constant Kb and values 

presented in Table 3.11. When the concentration of (st)ƊNA was increased a shift in 

absorbance as well as in λmax was observed for most of the compounds. The 

absorption titration spectra for ƊNA binding with SB1 is shown in Figure 3.11a. It 

was noticed that the two isobestic points were present, one being at 338 and the other 

at 423 nm. The appearance of an isobestic point at 338 nm (Table 3.11) suggested that 

there were two chemical species, one being the free compound SB1 and the other the 

ƊNA-SB1 complex. Furthermore, a hypochromic shift in absorbance was observed 

accompanied a small bathochromic shift (Δλ = 15 nm) to λmax = 371 nm indicating 

the disappearance of the free compound SB1 and the existence of the ƊNA-SB1 

complex. Hence, it can be suggested from these observations that the compound SB1 

have the ability to bind with ƊNA and the possible binding mode would be 

intercalation. The absorption spectra for the titration of complexes have been shown 

in Figures 3.11b-e. Notably, the second isobestic point of SB1 (at λmax 423 nm) did 

not appear in the metal complexes. Among the complexes, SB1-Pd showed not only 

the smallest Kb value but also neither a significant shift in absorbance or λmax nor 

isobestic point indicating lack of interaction with ƊNA. The ƊNA binding constants 

for complexes SB1-Zn, SB1-Ni and SB1-Cu (Table 3.11) indicated a stronger 

interaction than of SB1-Pd complex, but weaker than that of the free ligand SB1, for 

which the Kb value compares well with that of the known intercalator proflavine 

[138]. As in the case of the uncoordinated ligand, isobestic points were observed for 

the ƊNA interaction with both complexes SB1-Zn and SB1-Ni (Table 3.11) 

indicating the existence of two species, the free compound, and ƊNA-compound 

complex. The titration spectra of SB1-Zn showed a λmax bathochromic shift and a 

hypochromic shift in absorbance (Figure 3.11b) similar to SB1 and, hence, ƊNA 

intercalation is expected. In the case of complex SB1-Ni, the titration UV-visible 
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spectra showed that a decrease in absorbance occurs with the addition of ƊNA 

aliquots (hypochromic effect); however, a hypsochromic effect is observed for the 

λmax. 
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Figure 3.11 Changes in the UV-vis spectra of (a) compound SB1 (b) complex 

SB1-Zn (c) complex SB1-Pd (d) complex SB1-Ni and (e) complex SB1-Cu, having 

concentration 1×10
-4

 M, as a function of increasing quantities of (st)ƊNA (10-80 

μM) in 50 mM Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots show Ao/A-

Ao vs. 1/[ƊNA] for the calculation of Kb. 

Summarizing, the strongest interaction with (st)ƊNA was exhibited by the ligand SB1 

in agreement with the ƊNA thermal denaturation experiments. The corresponding 

absorption spectra showed the appearance of an isobestic point indicating the 

formation of a ƊNA-SB1 complex as well as a hypochromic effect along with a 

hypsochromic shift (Δλ = 14 nm) to λmax = 369 nm (Table 3.11). These results 

suggested that ligand SB1 and complex SB1-Zn bind to ƊNA by intercalation mode 

while the absorption spectra of complexes SB1-Ni and SB1-Cu showed binding to 

ƊNA by multiple modes but not intercalation [139]. 

The experimental results clearly indicate that compounds SB1, SB1-Zn, SB1-Ni and 

SB1-Cu interact with ƊNA since the distinct hypochromic effect suggests the 

formation of ƊNA-ligand complexes. The lack of ƊNA binding of the SB1-Pd 

complex could be attributed to the large atomic radius of the Pd(II) core (86 pm 

[140]) that hinders potential intercalation or minor ġroove binding. 

Compound SB1 and its SB1-Zn complex bind to ƊNA by intercalation with what 

could be justified on the one hand by the planarity of the Schiff base helped by the 

intramolecular hydrogen bond formed between the imino N atom and the phenolic 

OH (see Figure 3.11), and on the other hand, the tetrahedral configuration of the 

Zn(II) complex, which allows for the intercalation of one of the ligand molecules in 

between base pairs while the other stays perpendicular probably establishing extra 
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interactions with the ƊNA strands. On the contrary, complexes SB1-Ni and SB1-Cu, 

seem to interact with ƊNA by a different mode of binding. Typically, SB1-Ni forms 

square planar complexes with Schiff base ligands (confirmed by the diamagnetic 

nature of Ni(II) complex) and Cu(II) favors square planar geometries because of its d9 

electronic configuration [141]; hence, even though intercalation of one of the ligand 

moieties could still be allowed, no extra interaction of the second moiety with the 

ƊNA strands’ phosphates would be expected. Moreover, under the oxidizing 

extracellular environment, copper exists as Cu(II), but in the reducing conditions 

inside the cell, it probably exists as Cu(I); that means that the metal core will have a 

larger radius that could interfere with the ƊNA binding. Additionally, Cu(II) 

complexes can induce reactive oxygen species (ROS) [142] damaging ƊNA. 

 ƊNA thermal denaturation  3.2.2.2

Thus, Tm values of the ƊNA in the presence of compound SB1 and its metal 

complexes were obtained; the increments (ΔTm) are collated in Table 3.11 and the 

plots are shown in Figure 3.12. The ΔTm value obtained after the addition of each 

compound to (st)ƊNA solution indicated that SB1 and its metal complexes showed 

binding interactions to ƊNA. The free compound SB1, as well as its Zn(II) and Ni(II) 

complexes, present similar values of ΔTm indicating a similar binding strength; in the 

case of the Pd(II) and Cu(II) complexes, smaller values of ΔTm,  were obtained 

indicating a weaker interaction. Therefore, the ΔTm values measured for the 

uncoordinated compound SB1, and the Zn(II) and Ni(II) complexes (3.3-3.2 ºC) are 

the largest of this set, indicative of medium ƊNA binding. Considering that 

unspecific (st)ƊNA was used for these experiments, no specific information on the 

mode of binding to ƊNA can be extracted from the results; however, since the three 

ΔTm values are very similar it could be deduced that the binding is driven by the 

ligand itself and the corresponding cations do not highly influence the interaction. 

Table 3.11 Increments on (st)ƊNA thermal denaturation (ΔTm, ºC), binding 

constants (Kb, M
−1

) and isobestic points (nm) found for compound SB1 and metal 

complexes. 

Compounds ΔTm (ºC)
a 

Kb (M
-1

)
b 

Isobestic points (nm) 

SB1 3.3 1.47×10
5 
 338  

SB1-Zn 3.2 9.8×10
4
 346 
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SB1-Pd 2.3 6.0×10
3
 - 

SB1-Ni 3.2 9.5×10
4
 347 

SB1-Cu 2.8 3.1×10
4
 353 

Proflavin [138] - 1.60×10
5
 - 

a
The increment in ƊNA thermal melting (ΔTm, °C) was measured in unspecific salmon sperm-ƊNA. 

Experiments were run in phosphate buffer (10 mM, pH 7). Thermal denaturation for natural (st)ƊNA = 

68.5 °C. 
b
Calculated from the Ao/A-Ao vs. 1/[ƊNA] plots of the UV-vis ƊNA titrations results 

 

 

Figure 3.12 Thermal melting plots for (dark blue) (st)ƊNA (100 µM) in the 

presence of (red) compound 1, (green) complex 3, (purple) complex 4, (light blue) 

complex 5 and (orange) complex 6. *(1=SB1, 3= SB1-Zn, 4= SB1-Pd, 5= SB1-Ni, 

6= SB1-Cu) 

3.2.3 Biochemistry 

 Antibacterial activity 3.2.3.1

The inhibition zone (measured in mm) and MIC (μg mL
-1

) values obtained from 

triplicate measurements are shown in Table 3.12. Even though less active than the 

positive control (kanamycin), in general, these compounds show antibacterial activity 

against both the Gram-positive and Gram-negative bacteria, with the exception of the 

Pd(II) and Cu(II) complexes which were inactive against E. coli and E. aerogenes, 

respectively (Table 3.12). The metal complexes were more active against bacteria 

than the ligand SB1. Chelation of metal ions with Schiff base ligands enhances the 

lipophilicity of the ligand due to delocalization of π-electrons over the whole chelate 

system [143]. This enhanced lipophilicity increases the penetration of the complexes 

through the lipid membranes into the cells facilitating the interaction with ƊNA. 
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Table 3.12 Antibacterial activities of SB1 and complexes against Micrococcus 

luteus, Escherichia coli, and Enterobacter aerogenes were measured in triplicate 

and expressed as inhibition zone (mm) and absolute MIC (μg mL
-1

) values. 

 Inhibition zone (mm)   Absolute MIC (μg mL
-1

) 

M. luteus E. coli E. aerogenes  M. luteus E. coli E. aerogenes  

 SB1 6.0 ± 0.2 17.0 ± 1.2 9.0 ± 0.9  166.7 ± 4.5 60.2 ± 2.6 111.1 ± 5.0  

 SB1-Zn 11.0 ± 0.8 18.9 ± 1.5 13.6 ± 0.8  90.9 ± 3.9 52.9 ± 3.1 73.9 ± 3.7  

 SB1-Pd 9.0 ± 0.5 – 12.0 ± 1.0  111.1 ± 5.0 – 81.7 ± 1.9  

 SB1-Ni 16.8 ± 1.1 18.8 ± 1.6 13.0 ± 1.2  58.9 ± 2.2 53.0 ± 4.4 76.9 ± 4.6  

 SB1-Cu 14.9 ± 1.0 11.8 ± 0.9 –  67.1 ± 3.1 84.4 ± 4.8 –  

K
[a]

         24.6 ± 0.6 21.2 ± 0.5 22.4 ± 0.4             6.8 ± 0.5 8.4 ± 0.4 7.5 ± 0.2 

[a] Kanamycin. 

The MIC values obtained for the antibacterial activity of the Ni(II) and Zn(II) 

complexes against E. coli and E. aerogenes follow a similar trend (Table 3.12); 

however the Cu(II) complex shows lower activity (for E. Coli) or no activity at all (E. 

aerogenes). Nevertheless, the results obtained for the antibacterial activities against 

M. luteus show that both the Ni(II) and Cu(II) complexes have a very similar profile 

with better antibacterial activity than the Zn(II) complex. Hence, their biological 

activity seems to be dependent on the bacteria used. 

Comparing the ƊNA binding and biological results obtained, we observe that even 

though the uncoordinated ligand (SB1) exhibits the best ƊNA binding, this is not 

reflected in its antibiotic activity maybe because this compound is not lipophilic 

enough to reach the nucleus of these microorganisms. The poor binding to ƊNA 

observed for Cu(II) complex does not account for the relatively good activity 

achieved against M. luteus and E. Coli. On the contrary, in the case of Zn(II) and 

Ni(II) complexes, a good correlation is observed between the ƊNA binding (Kb and 

ΔTm values) and the MIC values obtained with E. coli and E. aerogenes. 

Summarizing, the best antibacterial results were obtained with the Ni(II) complex in 

agreement with a good binding to ƊNA. The Zn(II) complex shows a good 

antibacterial profile against the three organisms studied also in agreement with the 

ƊNA binding observed. Finally, the Cu(II) complex shows promising antibacterial 

activity against M. luteus, though not related to its poor ƊNA binding. Some studies 

have shown that the antibacterial properties of Cu(II) complexes could result from 

damaging the bacterial membrane inhibiting the expression of some extracellular 

proteins [144]. 
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 Cytotoxicity 3.2.3.2

In order to have a preliminary assessment of the toxicity of these compounds, the 

brìne shrìmp lethality assay was performed at three different concentrations in 

triplicate along with ƊMSO as a negative control and doxorubicin (LD50 value 7.5 

μg/ml) as a positive control. The results showed that most of the compounds are, in 

principle, non-toxic with LD50 > 200 μg/ml. Only one compound (SB1-Cu) showed 

an LD50 value of 192.3 μg mL
-1

 which represents slight toxicity. The results are listed 

in Table 3.13. These findings suggest that the synthesized compounds are non-toxic 

against shrimp. 

Table 3.13 Results of brìne shrìmp cytotoxicity assay  

codes 

Percent mortality after 24 h  

LD50µg/ml 

 

Toxicity 
200µg/ml 100µg/ml 50µg/ml 25µg/ml 12.5µg/m

l 

 SB1 49.5±3.5 35.6±3.9 20.2±2.1 11.2±1.5 0.0 >200 Non-Toxic 

 SB1-Zn 45.1±2.9 20.3±2.8 11.0±1.8 0.0 0.0 >200 Non-Toxic 

 SB1-Pd 47.3±4.2 34.4±3.4 23.2±2.3 10.5±2.5 0.0 >200 Non-Toxic 

 SB1-Ni 42.1±2.2 18.1±2.1 10.9±4.1 5.0±2.5 0.0 >200 Non-Toxic 

 SB1-Cu 52.1±4.5 20.9±2.9 5.5±1.1 0.0 0.0 192.3±4.6 Slightly 

toxic  

Doxoru

bicin 

95.3±2.1 87.2±3.2 83.2±3.1 72.5±2.1 55.0±1.0 7.5±1.0 Toxic 

LD50= Lethality dose at which 50% shrimps are killed.  
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3.3 Characterization and ƊNA binding studies of Schiff bases SB2, SB3, and 

Zn(II), Pd(II) Ni(II), and Cu(II) complexes 

3.3.1 Characterization 

The Schiff base ligands SB2, SB3 and Zn(II), Pd(II) Ni(II), and Cu(II) complexes 

were characterized using the various spectroscopic and analytical techniques. 

 FƬIR  3.3.1.1

The FƬIR spectroscopic analysis was used to characterize the Schiff bases ligands 

SB2, SB3 and metal complexes of the respective ligands. The absorption bands at 

1619 and 1613 cm
-1

 regions were assigned to the azomethine ʋ(C=N) groups of Schiff 

base ligands SB1 and SB2 respectively (Figure 3.13a, 3.13c). In the spectrum of 

synthesized complexes, these absorption bands were shifted to the lower frequencies, 

confirming the coordination of the azomethine group through nitrogen atom (N→M) 

[145]. This behavior was further confirmed by the appearance of new bands in the 

region of 433-490 cm
-1

 due to υ(M-N) bond vibrations. Furthermore, the broad bands 

at 3295 and 3203 cm
-1

, due to OH moiety in ligands spectra, were not present in 

complexes, indicating the involvement of phenolic oxygen in coordinating with the 

metal center. Another important evidence regarding the formation of metal complexes 

was obtained from the shift in C-O band. It was shifted from 1225-1238 cm
-1

 in the 

spectrum of ligands to 1250-1297 in complexes indicating the bonding of phenolic 

oxygen with metal ions. Additionally, the binding of oxygen with metal ion was 

further confirmed by the presence of bands in the 540-576cm
-1

 region in the spectra of 

complexes [146] (Figure 3.13b and 3.13d). The FƬIR data of ligands and complexes 

are given in Table 3.14. 
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Figure 3.13 FƬIR spectra of ligands SB2 (a), SB3(c) and representative 

complexes SB2-Cu, (b) SB3-Cu (d) 

Table 3.14 FƬIR (ʋ /cm
-1

) spectral data of SB2, SB3 and their metal complexes  

Codes N-H (Ring) 
ʋ NH2 

Amine 
ʋ OH 

ʋ (C=N) 

Azomethine 

ʋ C=N 

(Ring) 
ʋ C-O ʋ M-O ʋ M-N 

A-1  3436, 3357 - - 1604 - - - 

SB2 3625 - 3295 1619 - 1238 - - 

SB3 3618 - 3203 1613 - 1225 - - 

SB2-Zn 3615 - - 1594 - 1264 576 426 

SB2-Pd 3656 - - 1598 - 1265 576 461 

SB2-Ni 3650 - - 1587 - 1260 562 476 

SB2-Cu 3620 - - 1587 - 1297 569 490 

SB3-Zn 3621 - - 1594 - 1256 576 475 

SB3-Pd 3615 - - 1589 - 1250 554 433 

SB3-Ni 3617 - - 1587 - 1252 582 454 

SB3-Cu 3622 - - 1594 - 1255 540 433 

  
1
H and 

13
C ŃMR spectroscopic studies 3.3.1.2

1
H and 

13
C ŃMR spectral analysis confirmed the formation of Schiff bases (SB2, 

SB3) and their metal complexes, as all the characteristic signals were present at their 

expected places. 
1
H ŃMR spectrum showed the characteristic signals in the form of 

one proton singlet resonating at ⸹ 9.13 and ⸹ 9.73, attributable to azomethine 

protons (-N=CH-) of SB2 and SB3 respectively. For the same ligands phenolic (-OH) 

and imine protons (-NH) were expectedly observed as two singlets at ⸹13.02 (SB2), 

⸹12.62 (SB3) (-OH) and ⸹ 14.49 (SB2), ⸹15.74 (SB3) (-NH) (Figure 3.14a, 3.15a). 

The formation of Schiff base metal complexes was supported by observing a 

downfield shift of azomethine proton from ⸹ 9.11(SB2) and ⸹ 9.73 (SB3) to 9.46 
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(SB2-Zn), 9.52 (SB2-Pd), 9.50 (SB2-Ni), , 9.86 (SB3-Zn), 10.03 (SB3-Pd), 9.76 

(SB3-Ni), as illustrated in Table 3.15. Strong evidence in favor of deprotonation and 

coordination of phenolic oxygen of ligands to metal ions was inferred by the 

disappearance of –OH proton singlets in the spectrum of complexes [134], [135]. 

Additionally, the number of protons obtained from the integrated spectral curves 

agreed well with those calculated from CHN analyses. Correspondingly, 
13

C ŃMR 

data (summarized in the experimental section and Table 3.15) confirmed the 

formation of ligands SB2 and SB3 (Figure 3.16a, 3.17b). Peaks of structurally 

important  carbon atoms were found in their expected regions [136]. The azomethine 

and phenolic carbon of ligands SB2 and SB3 shifted downfield in complexes (Figure 

3.16b, 3.17b, Table 3.15), indicating the involvement of azomethine N and phenolic O 

in coordination with a metal ion. Furthermore, the aromatic carbons found near to the 

coordination sites also showed a little downfield shift [137] indicating the shift of 

electron density from ligand donor sites to the metal ion. Table 3.15. 

 

Figure 3.14 Representative 
1
H ŃMR spectrum of ligand SB2 (a) and Zn (II) 

complex (4) (b) in ƊMSO-d-6 
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Figure 3.15 The 
13

C ŃMR spectrum of ligand SB3 (a) and SB3-Zn complex (b) 

Table 3.15 
1
H and 

13
 ŃMR data of Schiff bases (SB1, SB2) and metal complexes 

in ppm 

Code 
1
H ŃMR (400 MHz, ƊMSO) δ 

13
C ŃMR (101 MHz, ƊMSO) δ

 

SB2 14.49 (s, 1H), 13.02 (s, 1H), 9.13 (s, 1H), 8.35 

(d, J = 8.5 Hz, 2H), 8.01 (d, J = 2.5 Hz, 1H), 

7.95 – 7.78 (m, 2H), 7.62 (s, 1H), 7.49 (d, J = 

3.2 Hz, 1H), 7.18 (ddd, J = 38.6, 5.8, 3.0 Hz, 

2H), 6.67 (d, J = 8.6 Hz, 1H) 

165.12(C14), 161.02(C16), 158.81(C7), 

145.31 –110.82(Ar C). 

SB3 15.74 (s, 1H), 12.62 (s, 1H) 9.73 (s, 1H), 8.55 

(d, J = 8.4 Hz, 1H), 8.28 (d, J = 8.4, 2H), 8.95 

(d, J = 9, 1H), 7.85 (m, 3H), 7.42 (d, J = 10.5 

Hz, 2H), 7.36 (d, m, 2H), 7.02 (d, J = 9 Hz, 

2H) 

171.98(C14), 162.59(C16), 155.67(C7), 

152.56, 145.34-109.18(Ar C). 

SB2-Zn 14.47 (s, 2H), 9.46 (s, 2H), 8.30 (d, J = 7.2 

Hz, 4H), 8.01 – 7.87 (m, 4H), 7.81 (s, 2H), 

7.70 (d, J = 7.1 Hz, 4H), 7.62 (s, 2H), 7.23 

(dd, J = 17.2, 14.5 Hz, 2H), 6.74 (d, J = 7.1 

Hz, 2H) 

169.08(C14), 164.91(C16), 159.38(C7), 

150.61-110.52(Ar C). 

SB2-Pd 14.41 (s, 1H), 9.50 (s, 1H), 7.91 (d, J = 7.2 

Hz, 4H), 7.73 – 7.65 (m, 6H), 7.51 (s, 2H), 

7.05 (d, J = 7.1 Hz, 4H), 6.82 (d, J = 8.2, 4H) 

168.15(C14), 164.79(C16), 158.75(C7), 

148.71-111.15 

SB2-Ni 14.52 (s, 1H), 9.52 (s, 1H), 8.24 (dd, J = 24.3, 

6.1 Hz, 4H), 7.83 (t, J = 22.3 Hz, 2H), 7.65 

(dd, J = 27.7, 18.9 Hz, 2H), 7.35 (s, 1H), 7.26 

(s, 1H), 7.06 (s, 2H), 6.94 (d, J = 7.7 Hz, 1H), 

6.65 (d, J = 8.6 Hz, 1H). 

169.21(C14), 165.13(C16), 158.42(C7), 

148.61-110.52 (Ar C) 
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SB3-Zn 15.75 (s, 2H), 9.86 (s, 2H), 8.56 (d, J = 8.8 

Hz, 2H), 8.32 (s, 4H), 8.13-8.10 (m, 2H), 8.05 

– 7.95 (m, 2H), 7.84 (d, J = 7.4 Hz, 4H), 7.65-

7.55 (m, 6H), 7.51 – 7.45 (m, 2H), 7.43-7.37 

(m, 2H), 7.07 (d, J = 9.1 Hz, 2H) 

178.04(C14), 165.74(C16), 156.52(C7), 

152.69- 109.96(Ar C). 

SB3-Pd 15.91 (s, 2H), 10.03 (s, 2H), 8.58 (d, J = 8.8 

Hz, 2H), 8.31 (s, 4H), 8.12 (m, 2H), 7.95 (dd, 

J = 34.4, 25.3 Hz, 2H), 7.84 (d, J = 7.4 Hz, 

4H), 7.65 (d, J = 36.5 Hz, 6H), 7.52 (m, 2H), 

7.40 (m, 2H), 7.07 (d, J = 9.1 Hz, 4H) 

182.05(C14), 169.15(C16), 155.54(C7), 

150.72-109.14(Ar C). 

SB3-Ni 15.78 (s, 2H), 9.76 (s, 2H), 8.54 (s, 2H), 8.35 

– 8.17 (m, 4H), 8.12 (d, J = 7.1 Hz, 2H), 7.95 

(s, 2H), 7.83 (d, J = 22.4 Hz, 2H), 7.69 (d, J = 

6.7 Hz, 4H), 7.63 – 7.49 (m, 6H), 7.38 – 7.10 

(m, 4H), 7.10 – 6.83 (m, 2H). 

181.68(C14), 164.21(C16), 154.69(C7), 

150.07- 108.39(Ar C). 

 

 

Figure 3.16 
1
H ŃMR (a) and 

13
C ŃMR (b) spectra of ligand SB3 
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Figure 3.17 
1
H ŃMR (a) and 

13
C ŃMR (b) spectra of SB3-Pd complex in ƊMSO-

d6 

 Mass spectral studies  3.3.1.3

Molecular weight and stoichiometric composition of the ligands and complexes were 

ascertained by the respective m/z values in the mass spectra of said compounds. The 

successful synthesis of ligands SB2 and SB3 was proved by the presence of base peak 

signals at m/z=426 (M+H) and 364 (M+H). The molecular ion peaks at m/z= 917 

(M+H
+
),  959 (M+H

+
), 910 (M+H

+
), 916 (M+H

+
),  792 (M+H

+
), 831 (M+H), 786  

(M+H
+
) and  789 (M+H) confirmed the molecular weight of Zn, Pd(II) Ni(II), and 

Cu(II) complexes of SB2 and SB3 respectively as shown in Figure 3.18a, b, c and  

Table 3.16. 

 

(a) 
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Figure 3.18 Representative ESI MS spectrum of ligand (SB2) (a), SB2-Pd (b). 

Table 3.16. ESI-MS data of Schiff base SB2-SB3 ligand and metal complexes. 

Code Calc. mass Mass found (M+H
+
) 

The molecular formula by 

single mass analysis (SMA) 

SB2 426.0009 426.0005 C20H13N3OClBr 

SB3 364.1450 364.1459 C24H17N3O 

SB2-Zn 916.9764 916.9791 C40H24N6O2Cl2ZnBr2 

SB2-Pd 958.8800 958.8786 C40H24N6O2Cl2PdBr2 

SB2-Ni 910.1233 910.1239 C40H24N6O2Cl2NiBr2 

SB2-Cu 914.9171 916.0054 C40H24N6O2CuCl2Br2 

SB3-Zn 792.0961 792.0940 C48H32N6O2Zn 

SB3-Pd 831.1700 831.1741 C48H32N6O2Pd 

SB3-Ni 785.9635 785.9643 C48H32N6O2Ni 

Sb3-Cu 789.2039 789.2026 C48H32N6O2Cu 

 Single crystal X-ray diffraction analysis of SB2: 3.3.1.4

Single-crystal X-ray diffraction studies of ligand (SB2) was carried out by mounting 

an orange color crystal of suitable size 0.02 x 0.09 x 0.30 mm
3
 on a narrow glass fiber 

fixed with wax on the copper pin for data collection. The collection of data was 

carried out on Bruker D8 venture, fitted with CCD detector diffractometer and 

graphite monochromator having Cu Kα radiation (λ =1.54178 Å) at T=100(2) K. The 

integration and reduction of collected data was done by using SAINT program. The 

structure was solved by a direct method and Fourier transformation techniques and 

further refinement done by SHELXL97 program with full-matrix least-square 

calculations on F
2
. PLATON and SHELXL program was used for the final refinement 

of the structure. The ORTEP view represented the crystal structure of ligand (SB2) 

(Figure 3.19) and MERCURY program used for drawing the crystal packing and 

inter-molecular interactions present in the crystal lattice. The summary of crystal data 

collection and refinement are given in Table 3.18. 

 

(b) 
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Figure 3.19 The ORTEP view of ligand (SB2) drawn at 50% probability level. 

The asymmetric unit of ligand (SB2) comprises two independent each as water 

hydrate. Ligand (SB2) found to be composed of central planner benzene ring (C8-

C13) attached with benzimidazole moiety (C7/N1-N2/C1-C6) at C8 and 

aminomethyl-6-bromo-4-chlorophenol (N3/C14-C20/CSB2/Br1/O1) ring at C11. The 

dihedral angle between the plane of the central benzene ring with aminomethyl-6-

bromo-4-chlorophenol (N3/C14-C20/CSB2/Br1/O1) and benzimidazole moiety 

(C7/N1-N2/C1-C6) moiety was found to be 22.526° and 10.345°, respectively.  While 

in molecule 2, these angles are 22.287° and 3.375°. The difference between the angles 

of rings of molecule 1 with molecule 2, lead to their independent appearance in the 

asymmetric unit. 

 

Figure 3.20 The crystal packing diagram of ligand (SB2) showing intermolecular 

interactions within the unit cell along b-axis. 
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In crystal lattice molecules are found to be connected via H1A…O1W, H1W…N2, 

H3W…O1W, H4W…N4, H5A…O2W, H5…N4, H10…Cl1, H29…O2W, H40…O1 

intermolecular interactions with a donor-acceptor distance of 2.7810 Å, 2.6900 Å, 

2.7711 Å, 2.8130 Å, 2.7473 Å, 3.4290 Å, 3.5941 Å, 3.3823 Å, 3.3375 Å, respectively 

to form a 3D network of sheets as shown in packing diagram in Figure 3.20. The 

important bond lengths are given in Table 3.17. 

 

Table 3.17 The list of selected hydrogen bonds geometry Å in the ligand (SB2) 

D H A D-H H…A D…A D-H…A 

(1) H(1A) O(1W) 0.88 2.05 2.7810(1) 140 

O(1W) H(1W) N(2) 0.92 1.77 2.6900(1) 171 

O(2W) H(3W) O(1W) 0.78 2.02 2.7711(1) 161 

O(2W) H(4W) N4 0.89 1.93 2.8130(1) 168 

N5 H(5A) O(2W) 0.88 1.88 2.7473(1) 170 

C(5) H(5) N(4) 0.95 2.61 3.4290(1) 145 

C(10) H(10) CL(1) 0.95 2.82 3.5941(1) 140 

C29 H(29) O(2W) 0.95 2.46 3.3823(1) 165 

C40 H(40) O(1) 0.95 2.45 3.3375(1) 156 
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Table 3.18 Refinements and crystal data for SB2 

 

3.3.2 ƊNA binding studies 

 UV-visible absorption spectroscopy 3.3.2.1

The absorption titrations spectra of ligands and complexes are shown in Figures 3.21 

and 3.22. As observed from spectral curves, the absorbance of test compounds 

decreased with the addition of (st)ƊNA concentrations (10-80µM). This 

hypochromism accompanied a redshift and blue shift (Table 3.19) suggested that 

these compounds have binding ability to ƊNA [147], [148]. The maximum 

hypochromism was observed in this series for compound SB2-Ni which was 73%, 

indicating its very close proximity to the chromophores of ƊNA bases. The other 

compounds including ligand and complexes showed the hypochromism from 28-57%, 

suggesting their stronger binding interaction with ƊNA (Table 3.19).  
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Figure 3.21 Variations in the UV-vis absorption spectra of ligand SB2 (a) SB2-Zn 

(b), Ni(II) SB2-Pd (c), SB2-Ni (d) and SB2-Cu (e) having concentration of 1×10
-4 

M,  as a function of increasing quantities of (st)ƊNA (10-80 µM) in 50 mM Tris-

HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots show Kb 
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 Figure 3.22 Variations in the UV-vis absorption spectra of ligand SB3 (a) SB3-

Zn (b), Ni(II) SB3-Pd (c), SB3-Ni (d) and SB3-Cu (e) having concentration of 

1×10
-4 

M,  as a function of increasing quantities of (st)ƊNA (10-80 µM) in 50 mM 

Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots Kb 
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In order to compare quantitatively the binding strength of ligands and complexes with 

(st)ƊNA, the intrinsic binding constants (Kb) were calculated from the absorption data 

and their values were collated in Table 3.19. In the first series (SB2 and its 

complexes), the highest binding constant was observed for SB2-Ni and lowest for 

SB2-Pd complex. By comparing the calculated binding constant values of test 

compounds with that of known intercalator, proflavine [138], it was inferred that 

compound SB2-Cu and SB2-Ni were stronger intercalators while compounds SB2, 

SB2-Pd and SB2-Zn bind to ƊNA via partial intercalation along with other modes 

such as ġroove binding. This type of interaction of compounds SB2-Cu and SB2-Ni 

could be justified by the square planar geometry of Ni(II) and Cu(II) complexes 

(confirmed by the diamagnetic nature of Ni(II) and d
9
 electronic configuration of 

Cu(II) [149]) which could facilitate stronger stacking interactions would develop.  

In the second series (SB3 and complexes), the highest binding constant was observed 

for the SB3-Ni complex and lowest for SB3-Cu. Thus, compound SB3-Ni interacted 

with ƊNA through intercalation and compounds SB3, SB3-Zn, SB3-Pd, and SB3-Cu 

interact through partial intercalation and ġroove binding. The trend in the 

hypochromism between the ligands followed the order SB2>SB3. The same trend was 

found by the binding constant values. Thus, the two results supported each other. The 

trend in hypochromism among complexes was of the order as: SB2-Ni > SB3-Ni > 

SB2-Cu> SB2-Zn > SB3-Zn > SB2-Pd > SB3-Zn > SB3-Cu. The same trend was 

reproduced in their Kb values as illustrated in Table 3.19. Thus, the magnitude of 

hypochromism actually reflected the strength of stacking interactions between the 

compound and ƊNA. 

Summarizing, among the synthesized compounds of this series, the SB2-Ni exhibited 

the strongest interaction with ƊNA. Similarly, the complexes, SB3-Ni and SB2-Cu 

also manifested the stronger ƊNA interaction proclivity (Table 3.19). Hence it was 

concluded that complexes SB2-Ni, SB3-Ni and SB2-Cu bind with ƊNA through 

intercalation and rest of the compounds interacted through partial intercalation as well 

as by other binding modes.  

Gibb’s free energy (ΔG) of compound-ƊNA complex explained thermodynamic 

stability of compound-ƊNA complex when ƊNA was added. Equation 2 was used for 

calculating the free energy by putting the values of suitable parameters. 

ΔG= −𝑅𝑇lnK     (2) 
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Comparison of free energy values (Table 3.19) indicated that binding of SB2-Ni with 

ƊNA was most spontaneous and thermodynamically favorable under a given set of 

conditions.  

Table 3.19 Increments on (st)ƊNA thermal denaturation (ΔTm, ºC), binding 

constants (Kb, M
−1

), hypochromism, Δλmax and isobestic points (nm) found for 

ligands SB2, SB3 and metal complexes . 

Code 
ΔTm 

(ºC)
a Kb (M

-1
)

b 
Hypochromism Δλmax ΔG (kJ mol

-1
) Isobestic points (nm) 

SB2 4.2 1.13×10
5
 43% 15nm (Red) ˗28.81 301, 341, 422  

 SB3 3.1 4.00×10
4
 35% 9nm (Red) ˗26.24 438 

SB2-Zn 3.6 1.07×10
5
 55% 8nm (Red) -28.67 338, 371 

SB2-Pd 2.7 4.75×10
4
 39% 3nm (Red) -26.66 - 

SB2-Ni 6.1 3.27×10
5
 75% 4nm (Blue) ˗31.44 344 

SB2-Cu 5.7 2.1×10
5
 60% 2nm (Blue) ˗30.34 342 

SB3-Zn 3.9 3.9×10
4
 35% 4nm (Blue) -26.18 444, 464 

SB3-Pd 3.2 9.3×10
4
 42% 6nm (Red) -28.33 376 

SB3-Ni 4.7 2.15×10
5
 73% 7nm (Blue( -30.40 452 

SB3-Cu 2.2 6.40×10
3
 28% 2nm (Red) -21.70 344, 432 

a
The increment in ƊNA thermal melting (ΔTm, °C) was measured in unspecific (st)ƊNA. Experiments 

were run in phosphate buffer (10 mM, pH 7). Thermal denaturation for natural (st)ƊNA = 68.5 °C. 
b
Calculated from the Ao/A-Ao vs. 1/[ƊNA] plots of the UV-vis ƊNA titrations results 

 Thermal denaturation study 3.3.2.2

ƊNA binding strength of the compounds in this series was also confirmed by the 

thermal melting studies. In the absence of any compound, the Tm of (st)ƊNA was 

68.5°C under our experimental conditions. The melting point was increased in the 

range 71.2 to 74.6°C for compounds of first series (ligand SB2 and complexes) and 

70.7 to 73.2°C for second series (SB3 and complexes) as shown in Figure 3.23 (a) and 

(b). From the results, it was deduced that all compounds interacted efficiently with 

ƊNA via an intercalation mode. This type of stacking interaction stabilizes the double 

helix structure of ƊNA and Tm increased. The significantly increased Tm of ƊNA in 

the presence of complexes SB2-Ni and SB3-Ni revealed a very strong interaction 

between the compound and ƊNA which was also reflected in the binding constant 

(Kb) values obtained spectroscopically. Thermal melting data were recorded in Table 

3.19. 
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Figure 3.23 Melting curves for 100µM of (st)ƊNA upon addition of Ligand SB2 

and complexes (a), Ligand SB3 and complexes (b). 

3.3.3 Biochemistry 

 Antibacterial Activities 3.3.3.1

The antibacterial activities of ligands and their metal complexes have been tested 

against some pathogenic bacterial strains involving M. luteus (ATCC 10240), E. coli 

(ATCC 15224), E. aerogenes (ATCC 13048). The results are listed in Table 3.20 

Table 3.20 Antibacterial activities of SB2, SB3 and metal complexes against M. 

luteus, S. aureus, E. coli and E. aerogenes: inhibition zone (mm) at 200 µg mL
-1 

and MIC (µg mL
-1

) values.  

  MIC values (µg mL
-1

)   

Code M. luteus E. coli E. aerogenes M. luteus E. coli E. aerogenes 

SB2 ̶ 7.1±0.3 6.3±0.5 ̶ 100±3.1 100±2.5 

SB3 ̶ 8.5±0.5 5.2±1.25 ̶ 100±2.02 100±3.25 

SB2-Zn ̶ 13.1±1.04 6.4±0.4 ̶ 50±0.5 100±2.63 

SB2-Pd 8.5±0.4 16.8±2.7 14.5±0.8 50±3.5 12.5±0.5 25±0.5 

SB2-Ni ̶ 7.4±0.5 ̶ ̶ 100±2.73 ̶ 

SB2-Cu 6.6±0.5 11.4±1.4 8.5±1.52 100±4.51 50±1.41 50±1.50 

SB3-Zn ̶ ̶ ̶ ̶ ̶ ̶ 

SB3-Pd 9.4±0.3 12.5±1.6 6.5±0.3 50±2.1 25±0.5 100±3.85 

SB3-Ni ̶ 8.5±0.9 6.8±0.6 ̶ 100±2.5 100±4.5 

SB3-Cu 7.7±0.5 10.8±0.5 ̶ 100±4.07 50±1.05 ̶ 
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K
[a]

 24.6±0.1 21.2±01 22.4±0.2 12.5±0.5 6.25±0.5 12.5±0.75 

[a]
Kanamycin  

The ligands SB2 and SB3 did not show any activity against M. luteus but they have 

moderate activity against E. coli and E. aerogenes. Among the metal complexes, only 

SB2-Ni and SB3-Ni showed activity against all strains of bacteria. The obtained 

results indicated that metal complexes exhibited higher antibacterial activity as 

compared to their respective ligand for the same bacterial strain under similar 

experimental conditions. Thus, it was suggested that chelation could facilitate the 

permeation of a compound across the outer cell barrier. In a complex, the positive 

charge of the metal ion is considerably reduced mainly due to the partial sharing of its 

positive charge with electron donor groups of ligands and by delocalization of π 

electrons on the aromatic rings. Such chelation could enhance the lipophilic character 

of complex and favor its permeation through the lipid layer of the cell membrane, 

interact with ƊNA and initiated the death of microorganism [150]. The difference in 

the activity of compounds depends either on variations in the permeability of the 

microbial lipid cell membrane or on the difference in ribosomes of bacterial cells 

[151]. The results of antibacterial assay revealed thatt SB2-Ni and SB3-Ni could be 

the moderate broad-spectrum antibiotics at low concentrations. Furthermore, the 

transition metals used here are the essential bio-elements present in the living 

organism at different concentrations [60]. At higher concentrations, they are very 

toxic but their low concentrations are necessary for the proper body functions. Most 

of the organic molecules need metal ions for their activation and biotransformation 

including metalloenzymes [152]. Therefore, at tolerable concentrations, the Schiff 

base transition metal complexes can substitute the already available antibiotics. 

 Cytotoxicity 3.3.3.2

The synthesized compounds were assessed for their preliminary cytotoxic activity by 

performing brìne shrìmp lethality assay at three different concentrations. Each test 

was carried out in triplicate with ƊMSO as a negative control and doxorubicin (LD50 

3.2 µg/ml) as a positive control. As an index of cytotoxicity, the LD50 values have 

been calculated and given in Table 3.21.  

The results indicated that most of the compounds were non-toxic with LD50 > 200 

µg/ml. Only two compounds, SB2 (LD50 127 µg/ml) and SB3-Ni (LD50 125 µg/ml) 

showed slight toxic behavior. These findings suggested that the synthesized 

compounds were non-toxic towards normal shrimp cells. The reported cytotoxicity 
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values of Cu(II) (LD50 9.5 µg/ml), Ni(II) (LD50 15.6 µg/ml) and Zn(II) (LD50 17.8 

µg/ml) [153], indicated the toxic nature of metals for shrimp cells, however the toxic 

effect was decreased considerably on chelation of these metals with benzimidazole 

Schiff base ligands expectedly due to increased lipophilic character of metal 

complexes. This activity relationship directs the development of future non-toxic 

antimicrobial agents for clinical applications. 

Table 3.21 Results of brìne shrìmp cytotoxicity assay of SB2, SB3 and metal 

complexes 

Codes 
Percentage mortality after 24 hours LD50  

µg/ml 
Toxicity 

200µg/ml 100µg/ml 50µg/ml 25µg/ml 12.5µg/ml 

SB2 70.5±5.0 20.0±2.5 20.0±1.0 8.5±1.5 5.0±1.0 127.61 Slight-Toxic 

T 

 Toxic 

SB3 30.0±3.5 10.0±1.2 10.0±2.0 0.0 0.0 >200 Non-Toxic 

SB2-Zn 40.5±2.5 30.0±4.5 10.5±1.5 4.5±1.0 0.0 >200 Non-Toxic 

SB2-Pd 30.0±3.0 20.5±3.5 5.0±2.5 0.0 0.0 >200 Non-Toxic 

SB2-Ni 20.3±4.2 10.0±1.0 5.5±1.0 0.0 0.0 >200 Non-Toxic 

SB2-Cu - - - - - - - 

SB3-Zn - - - - - - - 

SB3-Pd 30.0±2.5 20.0±2.0 10.0±2,0 5.2±1.0 0.0 >200 Non-Toxic 

SB3-Ni 60.5±5.5 40.5±4.0 13.5±1.0 8.0±1.9 0.0 125 Slight-Toxic 

SB3-Cu - - - - - - - 

Doxoru

bicin 
95.0±3.5 90.0±3.0 70.0±3.5 63.5±3.0 51.2±4.0 3.22 

Toxic 
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3.4 Schiff bases (SB4-SB6) and respective Zn(II), Pd(II), Ni(II), and Cu(II) 

complexes. 

The synthesized Schiff bases (SB4-SB6) and complexes were characterized 

spectroscopically and analytically by commonly used techniques. The structure of 

SB4 was also confirmed by single crystal X-ray diffraction analysis.   

3.4.1 Characterization 

The detailed characterization of Schiff ligands and respective metal complexes is 

discussed as follows. 

 FƬIR 3.4.1.1

The infrared spectra of Schiff bases and their respective complexes were very similar. 

The ligands and complexes were mainly characterized by observing azomethine and 

phenolic absorption bands. The FƬIR data is illustrated in Table 3.22. 

Table 3.22 FƬIR (ʋ /cm
-1

) spectral data of Schiff base (SB4-SB6) and metal 

complexes 

Compound N-H (Ring) 
ʋ NH2 

Amine 
ʋ OH 

ʋ (C=N) 

Azomethine 
-CH3 ʋ C-O ʋ M-O ʋ M-N 

A-2  3402, 3298 - - - - - - 

SB4 3655 - 3339 1613 2987 1261 - - 

SB5 3649 - 3295 1617 3011 1235 - - 

SB6 3627 - 3245 1615 2942 1241 - - 

SB4-Zn 3641 - - 1587 3051 1308 559 420 

SB4-Pd 3656 - - 1587 2994 1309 560 432 

SB4-Ni 3653 - - 1595 2984 1303 565 435 

SB4-Cu 3659 - - 1585 2973 1298 539 473 

SB5-Zn 3642   1585 3008 1267 573 465 

SB5-Pd 3647 - - 1591 3004 1268 560 432 

SB5-Ni 3641 - - 1590 3001 1266 565 435 

SB5-Cu 3644 - - 1584 3010 1271 525 435 

SB6-Zn 3626 - - 1583 2937 1276 581 463 

SB6-Pd 3629 - - 1591 2940 1277 571 453 

SB6-Ni 3630 - - 1590 2984 1275 549 468 

SB6-Cu 3620 - - 1592 2965 1268 562 457 

The infrared spectra of SB4-SB6 showed broad absorption bands in the range of 3245 

to 3339 cm
-1

, assigned to the phenolic OH groups. Presence of stronger absorption 

bands at 1613-1617 cm
-1 

was assigned to the azomethine groups (C=N), characteristic 
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of free Schiff base ligands. Formation of metal complexes was proved by the loss of 

phenolic OH band and shifting of C-O band from 1261-1241 to 1266-1309 cm
-1

, 

indicative of deprotonation and formation of M-O bond. Similarly, azomethine 

ʋ(C=N) bands of Schiff bases were shifted to the lower frequency region in 

complexes, indicating the bond between nitrogen and metal [145]. The ʋ (M-O) and ʋ 

(M-N) bands in the 525-581 and 420-473 cm
-1

 region also confirmed ligand-metal 

bonding. [146].  

 1
H and 

13
C ŃMR spectroscopic studies 3.4.1.2

ŃMR spectroscopic characterization is an important technique for structural 

confirmation and assessment of successful conversion of one functional group into 

other. 
1
H ŃMR spectra of Schiff bases (SB4-SB6) showed the following characteristic 

signals. Broad singlets for phenolic (bs, s, O-H) protons at 12.80-13.23 ppm, and 

singlets for azomethine signals (-N=CH-) resonating around 9.21-9.74 ppm as shown 

in Figure 3.24. In the spectrum of Schiff base metal complexes (SB5-Zn-SB6-Cu), 

the azomethine proton shifted downfield and appeared in the range of 9.35-9.52 ppm 

(Figure 3.25). The shift in azomethine proton was attributed to the transfer of 

electrons from the azomethine nitrogen atom to the metal ion as stated before [135]. 

Further, the phenolic protons were disappeared, proving the coordination of ligand 

with metal ions through phenolic oxygen. Correspondingly, the 
13

C ŃMR spectra 

depicted the following shifts, confirming the complexation of ligands with a metal 

center. The azomethine carbon shifted from δ 163.40-172.05 ppm in ligands to δ 

168.43-181.32 respectively and phenolic C-OH carbon shifted downfield from ligands 

to complex as illustrated in Table 3.23. 
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Figure 3.24 Representative 
1
H (a) and 

13
C ŃMR (b) spectra of SB5. 

 

Figure 3.25 Representative 
1
H and 

13
CŃMR spectra of SB6 (a) and SB6-Zn (b) 

Table 3.23 
1
H and 

13
C ŃMR data of SB4-SB6 and metal complexes in ppm 

Code 
1
H ŃMR (400 MHz, ƊMSO-d6) δ ppm

 13
C ŃMR (101 MHz, ƊMSO-d6) δ ppm

 

A2 14.41 (s, NH), 8.26-7.07 (m, Ar), 5.03 (2H, s, -

NH2), 2.43 (-CH3) 

152.0 (C7), 144.13(C10), 141.7-116.2 

(Ar, C)
 

SB4 14.78 (s, NH), 13.23 (Br, s, OH), 9.21 (s, 

CH=N), 8.42-6.98 (m, Ar), 2.37 (-CH3) 

163.40(C1), 160.14(C2), 158.01 (C14), 

145.06-119.41 (Ar C)
 

SB5 15.74 (s, NH), 13.09 (Br, s, OH), 9.73 (s, 

CH=N), 8.55-6.99 (m, Ar), 2.49 (-CH3) 

171.98(C1), 155.67(C2), 152.56 (C14), 

145.34-109.18 (Ar C), 21.50 (-CH3) 

SB6 15.81 (s, NH), 12.80 (Br, s, OH), 9.74 (s, 

CH=N), 8.56-6.99 (m, Ar), 2.44 (-CH3) 

172.05(C1), 155.54(C2), 150.72 (C14), 

145.03-109.14 (Ar C), 21.48 (-CH3) 

SB4-Zn 14.83 (s, NH), 9.52 (s, CH=N), 8.17-6.54 (m, 

Ar),  

2.41 (-CH3).  

170.02 (C1), 162.91(C2), 158.41(C14, 8), 

145.31-116.47 (Ar C) , 21.45 (-CH3) 

SB4-Pd 14.75 (s, NH), 9.41 (s, CH=N), 8.13-6.39 (m, 

Ar), 2.42 (-CH3) 

168.43 (C1), 161.54(C2), 158.27 (C14, 

8), 144.51-107.11 (Ar C) , 21.39 (-CH3)
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SB4-Ni 14.61 (s, NH), 9.35 (s, CH=N), 8.19-7.11 (m, 

Ar), 2.41 (-CH3) 

168.56 (C1), 162.85 (C2), 159.05 (C14, 

8), 143.23-111.09 (Ar, C) , 21.42 (-CH3)
 

SB5-Zn 15.69 (s, NH),  10.13 (s, CH=N), 8.49-6.95 (m, 

Ar), 2.47 (-CH3) 

181.32(C1), 163.67(C2), 153.16 (C14), 

143.72-110.23 (Ar C), 21.46 (-CH3) 

SB5-Pd 15.75 (s, NH), 10.02 (s, CH=N), 8.45-6.98 (m, 

Ar), 2.44 (-CH3) 

178.44 (C1), 161.08(C2), 151.61 (C14, 

8), 142.13-109.67 (Ar C), 21.41 (-CH3)
 

SB5-Ni 15.51 (s, NH), 9.99 (s, CH=N), 8.47-7.00 (m, 

Ar), 2.43 (-CH3) 

180.56 (C1), 162.85 (C2), 153.05 (C14, 

8), 148.03-110.21 (Ar, C), 21.51 (-CH3)
 

SB6-Zn 15.72 (s, NH),  10.54 (s, CH=N), 8.56-7.00 (m, 

Ar), 2.50 (-CH3) 

179.34(C1), 161.17(C2), 151.12 (C14), 

146.36-108.19 (Ar C), 21.53 (-CH3) 

SB6-Pd 15.65 (s, NH), 9.90 (s, CH=N), 8.53-6.97 (m, 

Ar), 2.48 (-CH3) 

180.72 (C1), 160.15(C2), 150.99 (C14, 

8), 146.04-112.24 (Ar C), 21.45 (-CH3)
 

SB6-Ni 15.82 (s, NH), 10.29 (s, CH=N), 8.44-6.93 (m, 

Ar), 2.51 (-CH3) 

178.57 (C1), 162.15 (C2), 151.10 (C14, 

8), 145.12-109.43 (Ar, C), 21.48 (-CH3)
 

 Mass spectrometric analysis 3.4.1.3

Mass spectral analysis of Schiff base ligands and their metal complexes were recorded 

to confirm their molecular weights. All the molecular ion (m/z) peaks were in good 

agreement with the expected values of molecular weights. Schiff base ligands (SB4-

SB6) showed the characteristic base peaks representing their molecular weights and 

molecular ion peaks for metal complexes suggested 2:1 ligand to the metal ratio as 

illustrated in Table 3.24. The formulae and the atomic ratios of ligands and complexes 

were also determined by single mass analysis (SMA) as shown in Figure 3.26.  

 

 

(a) 

(b) 
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Figure 3.26 Representative mass spectra of SB5 (a), SB5-Cu (b), SB6 (c), SB6-Cu 

(d) 

Table 3.24 ESI-MS and single mass analysis data of SB4-SB6 and metal 

complexes. 

Code Calc. mass Mass found (M+H
+
) 

The molecular formula by 

single mass analysis (SMA) 

SB4 406.2753 406.2739 C21H16N3OBr 

SB5 440.0165 440.0181 C21H15N3OClBr 

SB6 378.1617 378.1606 C25H20N3O 

SB4-Zn 875.9463 875.9438 C42H30N6O2ZnBr2 

SB4-Pd 916.9551 916.9548 C42H30N6O2PdBr2 

SB4-Ni 869.2262 869.2282 C42H30N6O2NiBr2 

SB4-Cu 874.0808 874.0799 C42H30N6O2CuBr2 

SB5-Zn 945.8279  945.8278 C42H28N6O2Cl2ZnBr2 

SB5-Pd 987.8389  987.8390 C42H28N6O2Cl2PdBr2 

SB5-Ni 940.1123  940.1111 C42H28N6O2Cl2NiBr2 

SB5-Cu 943.9649  943.9641 C42H28N6O2Cl2CuBr2 

SB6-Zn 819.2771  819.2765 C50H38N6O2Zn 

SB6-Pd 860.2881  860.2875 C50H38N6O2Pd 

SB6-Ni 812.5615  812.5611 C50H38N6O2Ni 

(c) 

(d) 
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SB6-Cu 817.2350  817.2352 C50H38N6O2Cu 

 Single crystal X-ray diffraction analysis of SB5 3.4.1.4

A sample of SB5, with an approximate dimensions 0.030 mm x 0.070 mm x 0.170 

mm, was selected for X-ray analysis and intensity data was collected at 100(2)K using 

an Oxford Cryosystems Cobra low-temperature device. Collection parameters and 

exposure time are given in Table 3.25 shows the summary of crystal data. For the 

corrections of lorentz and polarization effects, Bruker APEX software was used  

 

Figure 3.27 The ORTEP view of ligand (SB5) drawn at 50% probability level. 

Bruker SHELXTL Package Software was used to solve and refine the structure of 

SB5 having space group P21/c, with Z = 4 for the formula unit. The final F
2 

refinement with 553 variables was narrowed at R1 = 7.94%, for experimental data and 

wR2 = 18.09% for whole data. The fitting goodness was 1.092. The highest peak 

among the last difference in synthesis of electron density data was 0.863 e
-
/Å

3
 and the 

largest hole was -0.699 e
-
/Å

3
 with an RMS deviation of 0.099 e

-
/Å

3
. Based on the 

final model, the density was 1.576 g/cm
3
 and F(000), 1932 e

-
. the structure obtained 

from crystal analysis is shown in Figure 3.27. 

 Table 3.25  Crystal data and structure refinement for SB5. 

Formula   C42H37Br2Cl2N6O6 

Crystal system  Monoclinic 

Formula weight  952.49 

Temperature  100(2) K 

Space group  P21/c 

Wavelength  1.54178 Å 

Unit cell dimensions a = 8.304(5) Å = 90°. 

 b = 33.60(2) Å = 100.620(12)°. 

 c = 14.637(9) Å  = 90°. 

Volume 4014(4) Å3 

Z 4 
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Refinement method Full-matrix least-squares on F2 

Absorption coefficient 4.259 mm- 

Density (calculated) 1.576 Mg/m3 

1Final R indices [I>2σ(I)] R1 = 0.0794, wR2 = 0.1672 

R indices (all data) R1 = 0.1079, wR2 = 0.1809 

Moreover, intermolecular interactions such as Cl1
…

H26A, Cl1
…

H26B and 

Cl1
…

H26C and [2.835 3.414 and 2.315 Å, (Figure 3.28) are observed. Additionally, 

other non-conventional hydrogen bonds [(N8)H8
…

H16(C16), (C15)H15
…

H18(C18), 

(C11…C18)dC…O = 3.393 Å] are combined to order the molecule in sheets as shown 

by the packing diagram in Figure 3.28. The ligand SB1 adopted a P21/c space group 

symmetry with unit cell dimensions of a = 8.304(5) Å, b = 33.60(2) Å, c = 14.637(9) 

Å and cell angles of α = 90°, = 100.620(12)°,  = 90°. The important bond lengths 

are given in Table 3.26. 

 

Figure 3.28 The asymmetric unit of SB5 showing intra/inter-molecular 

interactions, important bond distances, and bond angles. 

The SB5 was found to be a nonplanner molecule. it contains the three benzene rings 

which were tilted to small angles making molecule a nonplanar unit. The benzene ring 

found in the middle of the molecule comprising of the carbon atoms  C11-C16 

generated the basic plane. The benzimidazole ring (C1-C6) form the second plane 

which was tilted at an angle of 18.99° and ring (C19-C25) plane make the dihedral 

angle of 16.44° with the basic plane as shown in Figure 3.29.  
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Figure 3.29 Three planes (Green, Blue, and Red) representing the orientation of 

three benzene ring constituting the SB5 molecule ((a) side view (b) front view). 

 

Figure 3.30 (a) The crystal packing diagram of ligand (SB5) showing 

intermolecular interactions within the unit cell along b-axis. (b) The showing 

plane of symmetry of aromatic rings and the attached atoms. 

Table 3.26The list of selected bonds geometry Å in the ligand (SB5) is given 

below 

Atom 1 Atom 2 Length Length-VdW 

H38 H43 2.091 -0.309 

H41 H33 2.231 -0.169 

a 

b 
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N42 H46 1.855 -0.895 

C26A Cl1 3.414 -0.036 

H26A Cl1 2.835 -0.115 

H26C H23 2.351 -0.049 

H15 H18 2.169 -0.231 

H16 H8 2.202 -0.198 

Symm. op. 1, 2= x,y,z, x,1.5-y,-1/2+z 

3.4.2 ƊNA binding studies 

 UV-visible absorption spectroscopy 3.4.2.1

The intrinsic binding constants have been calculated from UV-visible absorption 

curves (Figure 3.31, 3.32, and 3.33) and ƊNA binding strengths of ligands (SB4-

SB6) and respective Zn(II), Pd(II), Ni(II) and Cu(II) complexes were compared 

with that of standard intercalator proflavine. The calculated Kb values were recorded 

in Table 3.27. The magnitude of Kb values indicated that among all the compounds, 

including ligands and complexes, the SB4-Cu showed stronger binding interactions 

with a binding constant value of 1.09×10
6
M

-1
. It has been explained in earlier sections 

that in this study generally nickel and copper complexes have been found as good 

ƊNA binders while zinc complexes showed moderate binding activity and palladium 

complexes scarcely showed any activity. The different metal complexes bearing the 

same ligands showed different binding strength with ƊNA. Thus, the possible reason 

could be the geometry of the complexes. Normally the compounds with a flat or 

nearly flat structure showed strong binding interactions. In this series of compounds, 

the SB4-Cu complex showed higher binding activity than that of standard ƊNA 

binder “Proflavine”. The Cu(II) adopts square planar geometry due to the d
9
 electron 

system. Hence it finds more chance of stacking interactions with base pairs of ƊNA. 

The Gibb’s free energy (ΔG) was calculated for the compound-ƊNA complex by the 

free energy equation and reported in Table 3.27.  

ΔG= −𝑅𝑇lnKb 

The most negative free energy value for the SB4-Cu(II) complex indicated that it can 

generate the most stable adduct with ƊNA. Thus, it was hypothesized that if the 

properties of the SB4-Cu complex are tuned further then it can be converted into the 

strong chemotherapeutic agent. 
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Figure 3.31 Changes in the UV-vis spectra of (a) compound SB4 (b) complex 

SB4-Zn (c) complex SB4-Pd (d) complex SB4-Ni and (e) complex SB4-Cu, having 

concentration 1×10
-4

 M, as a function of increasing quantities of (st)ƊNA (10-80 

μM) in 50 mM Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots show Ao/A-

Ao vs. 1/[ƊNA] for the calculation of Kb. 
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Figure 3.32 Changes in the UV-vis spectra of (a) compound SB5 (b) complex 

SB5-Zn (c) complex SB5-Pd (d) complex SB5-Ni and (e) complex SB5-Cu, having 

concentration 1×10
-4

 M, as a function of increasing quantities of (st)ƊNA (10-80 

μM) in 50 mM Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots show Ao/A-

Ao vs. 1/[ƊNA] for the calculation of  Kb. 
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Figure 3.33 Changes in the UV-vis spectra of (a) compound SB6 (b) complex 

SB6-Zn (c) complex SB6-Pd (d) complex SB6-Ni and (e) complex SB6-Cu, having 

concentration 1×10
-4

 M, as a function of increasing quantities of (st)ƊNA (10-80 

μM) in 50 mM Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. Inset plots show Ao/A-

Ao vs. 1/[ƊNA] for the calculation of  Kb. 

 

Table 3.27 Increments on (st)ƊNA thermal denaturation (ΔTm, ºC), binding 

constants (Kb, M
−1

) and isobestic points (nm) found for compound SB4-SB6 and 

metal complexes. 

Compounds ΔTm (ºC)
a 

Kb (M
-1

)
b 

ΔG (kJ mol
-1

)
c 

 Isobestic 

points(nm) 

SB4 4.9 5.64×10
5 
 -32.79  294, 325, 391  
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SB4-Zn 3.7 3.50×10
5
 -31.61  298, 323, 406 

SB4-Pd 2.5 1.96×10
5
 -30.17  - 

SB4-Ni 6.9 6.22×10
5
 -33.03  392 

SB4-Cu 8.7 1.09×10
6
 -34.42  401 

SB5 3.5 2.04×10
5
 -30.27  274, 305 

SB5-Zn 2.8 1.93×10
5
 -30.13  348, 276 

SB5-Pd 3.0 1.20×10
5
 -28.96  - 

SB5-Ni 1.8 9.30×10
4
 -28.33  305, 349 

SB5-Cu 4.4 3.08×10
5
 -31.29  313, 346, 431 

SB6 3.2 4.60×10
4
 -26.58  440 

SB6-Zn 3.8 1.95×10
5
 -30.16  446 

SB6-Pd 1.4 9.90×10
3
 -22.78  - 

SB6-Ni 2.2 2.10×10
4
 -24.64  442 

SB6-Cu 1.9 1.09×10
4
 -23.02  425 

Proflavin 

[138] 

- 
1.60×10

5
 

-  
- 

a
The thermal melting (ΔTm, °C) was measured in unspecific salmon testes-ƊNA. Experiments were run 

in phosphate buffer (10 mM, pH 7). Thermal denaturation for natural (st)ƊNA = 68.5 °C. 
b
Calculated 

from the Ao/A-Ao vs. 1/[ƊNA] plots of the UV-vis ƊNA titrations results. c Gibbs, free energy calculated 

by the formula ΔG=-RTlnK. 

 Thermal denaturation studies 3.4.2.2

ƊNA thermal melting were performed to find out the binding interactions and mode 

of binding of ligands and complexes in this series. The hyperchromic transition in 

absorbance at 260 nm as a function of temperature for ƊNA and compound-ƊNA 

complex are presented in Figure 3.34 (a), (b) and (c). Results are recorded in Table 

3.27. It was deduced that all compounds interacted efficiently with ƊNA via an 

intercalation mode. This type of stacking interaction stabilizes the double stranded 

structure of ƊNA and it results in rise of melting (Tm) temperature. The significantly 

increased Tm of ƊNA in the presence of complexes SB4-Cu revealed a very strong 

interaction between the compound and ƊNA which was also reflected in the binding 
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constant (Kb) values obtained spectroscopically. The binding behaviour of the other 

compounds also cohere well with results of absorption titrations.  
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Figure 3.34 Thermal melting plots for (st)ƊNA (100 µM) (Black) and in the 

presence of  compound SB4-SB6, (Red) complex SB4-SB6(Zn), (Green) complex 

SB4-SB6(Pd), (Blue) complex SB4-SB6(Ni), (Light green) and complex SB4-

SB6(Cu), (Pink). 

3.4.3 Biochemistry 

 Antibacterial activity 3.4.3.1

The antimicrobial activities of the compounds in this series (ligand and complexes) 

were performed against some pathogenic bacterial strains as discussed in the previous 

section: The results are given in Table 3.28. Similar to the previous trend, the metal 

complexes were more active against bacteria than the ligand in SB4-SB6 series. [143]. 

The reason is same as discussed earlier that metal complexes possess higher 

lipophilicity and hence, the power of diffusion of the Schiff complexes through the 
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lipid sheath into the cells increases. Thus, the chances of interaction with ƊNA are 

increased for metal complexes thereby inhibit the cell growth with more probability. 

Table 3.28 Antibacterial activities of SB4, SB6 and metal complexes against 

Micrococcus luteus, Escherichia coli, and Enterobacter aerogenes were measured 

in triplicate and expressed as inhibition zone (mm) and absolute MIC (μg mL
-1

) 

values. 

Code 

Inhibition zone (mm)   Absolute MIC (μg mL
-1

) 

M. luteus E. coli E. aerogenes  M. luteus E. coli E. aerogenes  

SB4 8.20 ± 0.5 10.01 ± 1.5 11.0 ± 0.5  50.0 ± 4.5 25.0 ± 2.6 50.0 ± 5.0  

SB4-Zn 9.10 ± 1.1 11.20 ± 1.5 5.60 ± 0.8  100 ± 3.9 50.0 ± 3.1 200.0 ± 3.7  

SB4-Pd 7.21 ± 0.5 – -  100 ± 5.0 – -  

SB4-Ni 13.2 ± 0.6 13.8 ± 1.6 9.10 ± 1.5  50.0 ± 2.2 25.0 ± 4.4 50.0 ± 4.6  

SB4-Cu 19.1 ± 2.5 17.3 ± 0.9 14.8 ± 2.4  12.5 ± 3.1 12.5 ± 4.8 50.0 ± 1.2  

SB5 - 10.4 ± 0.8 -  - 150.0±3.2 -  

SB5-Zn 9.23 ± 0.5 11.80 ± 0.2 -  150.0 ±2.5 150.0±1.8 -  

SB5-Pd - 6.20 ± 1.5 -  - 200.0±2.8 -  

SB5-Ni - 12.80±0.5 9.50 ± 2.0  - 100.0±3.0 150.0± 1.5  

SB5-Cu 10.31 ±1.0 - -  100.0± 0.3 - -  

SB6 6.18 ± 0.2 7.95 ± 0.8 -  150.0± 1.5 150.0±4.2 -  

SB6-Zn 8.50 ± 1.0 - -  150.0± 0.5 - -  

SB6-Pd - - -  - - -  

SB6-Ni 11.90 ±1.2 12.50±0.5 -  50.0 ± 1.2 50.0± 2.5 -  

SB6-Cu - 13.13±1.8 4.60±0.5  - 100±3.8 200±3.5  

K
[a]

         24.6 ± 0.6 21.2 ± 0.5 22.4 ± 0.4             6.8 ± 0.5 8.4 ± 0.4 7.5 ± 0.2 

[a] Kanamycin. 

Comparing the ƊNA binding and biological results obtained, we observed a good 

correlation between the ƊNA binding (Kb and ΔTm values) and the MIC values 

obtained for most of the compounds but few compounds showed irregular trends. 

Summarizing, the best antibacterial results were obtained with the SB4-Cu complex 

in agreement with a good binding to ƊNA. The Cu(II) complex shows a good 

antibacterial profile against the three microorganisms studied also in agreement with 

the ƊNA binding observed. Finally, Ni(II) complexes also showed promising 

antibacterial activity against all test strains in accordance with the trends found for 

ƊNA binding behavior. Some studies have shown that the antibacterial properties of 

Cu(II) complexes could result from damaging the bacterial membrane inhibiting the 

expression of some extracellular proteins [144]. 
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In view of results obtained for these series, the best antibacterial agent was found to 

be SB4-Cu which showed almost comparable activity to the control, kanamycin.  

Therefore, the best properties have been optimized in SB4-Cu complex which proved 

as best ƊNA binder as well as a best antibacterial agent. It can also be concluded that 

a reasonable number of compounds has been produced through this series of 

experiments, which have been proved fruitful addition in research of medicinal 

chemistry. 

 Cytotoxicity 3.4.3.2

Toxicity of these compounds was also assessed using brìne shrìmp lethality assay at 

three different concentrations in triplicate along with ƊMSO as a negative control and 

doxorubicin (LD50 value 3.22 μg/ml) as a positive control. The results showed that 

almost all the compounds were non-toxic with LD50 > 200 μg/ml except SB4, SB4-

Ni, SB5, SB5-Ni, SB6-Pd, and SB6-Ni which showed slight toxicity as indicated in 

Table 3.29. These findings suggested the non-toxic nature of synthesized compounds. 

Table 3.29 Results of brìne shrìmp cytotoxicity assay of SB4, SB6 and metal 

complexes 

Codes 
Percentage mortality after 24 hours 

LD50  µg/ml Toxicity 
200µg/ml 100µg/ml 50µg/ml 25µg/m

l 

12.5µg/ml 

SB4 59.0±4.0 

Toxicity 

26.5±3.5 11.2±1.0 6.5±1.

0 

0.0  142 Slight toxic 

SB4-Zn 41.0±3.5 17.2±1.0 9.0±2.4 0.0 0.0 >200 Non-Toxic 

SB4-Pd 48.5±2.8 23.5±1.5 10.5±1.2 0.0 0.0 >200 Non-Toxic 

SB4-Ni 53.5±2.5 25.5±2.0 18.0±1.4 9.8±1.

5 

4.5±1.0   185 Slight toxic 

SB4-Cu 23.5±3.0 12.0±1.1 8.0±1.0 0.0 0.0 >200 Non-Toxic 

SB5 68.0±5.0 39.0±3.5 26.5±3.2 13.5±1

.5 

5.6±1.5   156  

SB5-Zn - - - - - -  

SB5-Pd 30.0±3.0 16.0±3.1 10.0±1.1 0.0 0.0 >200 Non-Toxic 

SB5-Ni 63.5±5.5 35.1±2.5 13.5±2.1 8.5±2.

0 

5.4±1.0   129 Slight toxic 

SB5-Cu 49.5±3.5 27.0±2.7 11.2±1.0 7.4±1.

0 

0.0 >200 Non-Toxic 

SB6 45.0±3.0 31.4±1.5 14.5±2.0 5.0±1.

5 

0.0 >200 Non-Toxic 

SB6-Zn 30.5±2.8 18.0±2.0 7.0±1.1 0.0 0.0 >200 Non-Toxic 

SB6-Pd 38.0±3.0 17.8±1.5 11.0±1.0 3.0±1.

0 

0.0   183 Slight toxic 

SB6-Ni 50.5±4.5 39.5±3.0 25.0±1.9 12.9±2

.1 

5.1±1.2   120 Slight toxic 

SB6-Cu 22.3±2.5 12.0±1.2 5.0±1.0 0.0 0.0 >200 Non-Toxic 
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Doxorubi

cin 

95.0±3.0 90.0±3.6 70.1±3.5 60.5±3

.0 

48.8±3.5 3.22 Toxic 

(SECTION 3) 

3.5 Schiff base complex SB7-Zn  

The compound SB7-Zn was characterized by different spectroscopic techniques, 

involving FT-IT, 
1
H, and 

13
C ŃMR, ESI-MS, and single crystal analysis.  

3.5.1 Characterization 

 FƬIR  3.5.1.1

FƬIR spectrum of the complex SB7-Zn provided an insight into the structure. The 

various absorption bands were exactly at the same frequency region as expected. The 

characteristic azomethine band was found at 1598 cm
-1

. The M-S bond was 

established by the presence of a band at 290cm
-1

 frequency region
 
[154] and M-N 

band vibrations were seen at 498 cm
-1

, thus providing ample evidence for the 

formation of SB7-Zn complex.  

 1
H and 

13
C ŃMR spectroscopic analysis 3.5.1.2

1
H ŃMR spectrum of SB7-Zn showed all the characteristic signals as shown in Figure 

3.35. The azomethine proton in the form of one proton singlet was resonating at ⸹ 

8.96 ppm representing the attachment of azomethine group to the metal center via N 

atom. The absence of any proton in the region of ⸹ 9.67 ppm indicated the complete 

conversion of aldehydic functionality of furfural into azomethine of Schiff base [155]. 

Rest of aromatic protons resonated at ⸹ 7.54-6.52 ppm region. 
13

C ŃMR helped in 

confirming the structure of the complex by showing the azomethine carbon shift at 

149.71 ppm. The C-O bond in furfural ring at 148.12 ppm [155]did not shift, 

indicating that the of furfural oxygen was not involvement in complex formation.  

 



 

100 
 

 

Figure 3.35 
1
H and 

13
C ŃMR spectra of SB7-Zn 

 Mass spectrometric analysis 3.5.1.3

Mass spectrum of Schiff base complex (SB7-Zn) was recorded to confirm the 

molecular weight. The characteristic molecular ion (m/z) peak was matching with the 

molecular weight of the complex. The formulae and the atomic ratios were also 

determined by single mass analysis (SMA) as shown in Figure 3.36.  

 

Figure 3.36 Mass spectrum of SB7-Zn  

 Single crystal X-ray diffraction analysis 3.5.1.4

A suitable single crystal of C22H16N2O2S2Zn, with 0.060 mm x 0.150 mm x 0.040 

mm, dimensions was selected for the X-ray crystallographic examination. The X-ray 

data was calculated at a low temperature of 100(2)K. The low temperature was 

obtained by Oxford Cryo systems Cobra. Collection parameters and exposure time are 
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given in Table 3.30. Lorentz and polarization effects were corrected on Bruker APEX 

software. 

The total time of exposure was 6.46 h and number of frames collected was 830. The 

monoclinic unit cell produced 19211 reflections, the maximum of 25.65° (0.82 Å 

resolution) angle, of which 3662 were independent and greater than 2σ(F
2
). The final 

cell parameters were a = 11.8117(12) Å, b = 13.1746(14) Å, c = 13.0940(14) Å, β = 

106.563(2)°, volume = 1953.1(4) Å
3
, depends on the refinement of the XYZ-centroids 

of reflections above 20 σ(I). Multi-Scan method (SADABS)D was used for the 

correction of absorption effects. The minimum to a maximum apparent transmission 

ratio was 0.8760. Based on crystal size the transmission coefficients calculated, 

minimum and maximum are 0.6526 and 0.7452.  

The Bruker SHELXTL Software Package was used to solve and refine the structure 

using the P21/n space group, with Z = 4 for the C22H16N2O2S2Zn formula unit. The 

final refinement on F
2
 with 262 variables converged at R1 = 5.55%, for the observed 

data and wR2 = 11.30% for all data. The goodness-of-fit was 0.959. The final 

difference electron density synthesis generated the largest peak, 0.562 e
-
/Å

3
 and the 

biggest hole -1.035 e
-
/Å

3
 with an RMS deviation of 0.120 e

-
/Å

3
. A density of 1.598 

g/cm
3
 and F (000), 960 e

-
 was calculated on the basis of the final model. The 

molecular structure of SB7-Zn –s shown in Figure 3.37. 

 

Figure 3.37 The ORTEP structure of SB7-Zn 50% probability ellipsoid.  
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Table 3.30 Refinement parameters for SB7-Zn. 

Empirical formula  C22H16N2O2S2Zn 

Wavelength  0.71073 Å 

Temperature  100.0 K 

Space group  P21/n 

Formula weight  469.86 

Crystal system  Monoclinic 

Unit cell dimensions a = 11.8117(12) Å = 90°. 

 b = 13.1746(14) Å = 106.563(2)°. 

 c = 13.0940(14) Å  = 90°. 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 0.959 

Data / restraints / parameters 3662 / 0 / 262 

R indices (all data) R1 = 0.1345, wR2 = 0.1130 

Final R indices [I>2σ(I)] R1 = 0.0555, wR2 = 0.0931 

Largest diff. peak and hole 0.562 and -1.035 e.Å-3 

 

The structure of the SB7-Zn is distorted tetrahedral (Figure 3.38) with bond angles S-

Zn-S=114°, N-Zn-N=113°, S-Zn-N=87° and S-Zn-N=89° (Figure 3.39). The 

molecule showed intera/intermolecular interactions. C8…O14, C9…C15, C9 …O14, 

C21…O1, C22…O1 which connect them in the form of the 3D network as shown in 

the packing diagram (Figure 3.40). The important bond lengths and bond angles are 

given in Table 3.31 and 3.32 respectively. 

 

Figure 3.38 Units of SB7-Zn showing short contacts 
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Figure 3.39 Distorted tetrahedral structural of the SB7-Zn with bond angles S-

Zn-S=114°, N-Zn-N=113°, S-Zn-N=87°, and S-Zn-N=89° 

 

 

Figure 3.40 Packing diagram of SB7-Zn viewed down the b-axis. Hydrogen 

atoms omitted for clarity. 

Table 3.31 The list of selected bonds geometry Å in SB7-Zn is given below 

Atom1 Atom2 Length Length-VdW 

C2 C22 3.367 -0.033 

C8 O14 3.049 -0.171 

C9 C15 3.296 -0.104 

C9 O14 3.12 -0.1 

C21 O1 3.07 -0.15 

C22 O1 3.066 -0.154 

C19 C5 3.399 -0.001 

C21 C6 3.316 -0.084 

C5 C16 3.3 -0.1 
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C6 C17 3.341 -0.059 

Symmetry op.1=x, y, z   symmetry op. 2=x, y, z, 1/2-x,1/2+y,1/2-z, 1-x,1-y,1-z 

Table 3.32 The list of selected bonds angles (°) in SB7-Zn is given below 

Atom 1 Atom 2  Atom 3 Angle  Atom 1  Atom 2 Atom 3 Angle 

C6 N7 C8 118.7(4) C9 S1 Zn1 94.6(2) 

C6 N7 Zn1 129.0(4) C22 S2 Zn1 94.9(2) 

C8 N7 Zn1 111.8(3) N7 Zn1 N20 113.0(2) 

C19 N20 C21 119.2(4) N7 Zn1 S1 88.7(1) 

C19 N20 Zn1 125.2(4) N7 Zn1 S2 132.2(1) 

C21 N20 Zn1 113.0(3) N20 Zn1 S1 127.5(1) 

C2 O1 C5 105.4(4) N20 Zn1 S2 86.7(1) 

C15 O14 C18 105.6(4) S1 Zn1 S2 113.92(6) 

 

3.5.2 ƊNA binding studies 

 UV-visible absorption spectroscopy  3.5.2.1

The compound SB7-Zn was scanned for ƊNA binding activity by UV-vis absorption 

spectroscopy, as discussed in the previous sections. The intrinsic binding constant 

(Kb) values have been calculated from absorption curves and results are tabulated in 

Table 3.33. These spectral changes and Kb value (7.65×10
5
M

-1
) suggested, that the 

compound SB7-Zn possess ƊNA ability and this strong binding propensity arose 

from the stacking interactions. The magnitude of Kb revealed that it lies in range 

found for standard intercalators such as proflavine [138]. This can be explained on the 

bases of the distorted tetrahedral geometry of complex (Figure 3.41). Although it can 

develop extracellular interactions, it is a matter of chance that either it can exhibit 

good activity or sometimes it cannot bind to ƊNA bases effectively due to hindrance 

created by the tetrahedral arrangement of ligands. However, in case of SB7-Zn 

complex, the small ligands without any side group facilitate the molecule to diffuse 

between the ƊNA bases more effectively and hence, stronger stacking interactions 

would develop. Thus, it has been established from the results of hypochromicity and 

intrinsic binding constant values that the synthesized compounds show binding 

interactions with ƊNA. The Gibb’s free energy (ΔG) of compound-ƊNA complex 

was calculated and reported in Table 3.33. A negative value of free energy indicated 
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the high thermodynamic stability of compound-ƊNA complex under a given set of 

conditions. 

 

Figure 3.41 Changes in the UV-vis spectra of  SB7-Zn, having concentration 

1×10
-4

 M, as a function of increasing quantities of (st)ƊNA (10-80 μM) in 50 mM 

Tris-HCl/NaCl buffer (pH= 7.35) at 25 ºC. The arrows indicate the decrease in 

absorbance with an increase in ƊNA concentration. Inset plots show Ao/A-Ao vs. 

1/[ƊNA] for the calculation of the corresponding intrinsic binding constant Kb. 

 

Table 3.33 Increments on (st)ƊNA thermal denaturation (ΔTm, ºC), binding 

constants (Kb, M
−1

) and isobestic points (nm) found for compound SB7-Zn  

Compounds ΔTm (ºC)
a 

Kb (M
-1

)
b 

ΔG (kJ mol
-1

)
c 

 Isobestic 

points(nm) 

SB7-Zn 5.6 7.65×10
5 
 -32.79  - 

a
The increment in ƊNA thermal melting (ΔTm, °C) was measured in unspecific (st)ƊNA. Experiments 

were run in phosphate buffer (10 mM, pH 7). Thermal denaturation for natural (st)ƊNA = 68.5 °C. 
b
Calculated from the Ao/A-Ao vs. 1/[ƊNA] plots of the UV-vis ƊNA titrations results 

c Gibbs, free energy calculated by the formula ΔG=-RTlnK. 

 Thermal denaturation study 3.5.2.2

Thermal denaturation of ƊNA provides confirmations regarding ƊNA binding 

affinities of compounds. The protocol of the experiment is discussed in the previous 

section. The results are given in Table 3.33. Tm of (st)ƊNA was found 68.5 °C in the 

absence of any compound (Figure 3.42) under our experimental conditions. Addition 
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of SB7-Zn concentrations to the ƊNA solution raised the Tm to 74.1 °C. From the 

result, a partial intercalation mode of binding have been suggested for compound 

SB7-Zn [130] and compound-ƊNA stabilization was brought about by stacking 

interaction. This significantly strong interaction suggested by thermal melting studies 

between compound and ƊNA was also reflected in the binding constant (Kb) values 

obtained spectroscopically. 

 

Figure 3.42 Thermal melting plots for (st)ƊNA (100 µM) (Black) and in the 

presence of compound SB7-Zn (Red).  

3.5.3 Biochemistry 

 Antibacterial activity 3.5.3.1

It has been found that the compound SB7-Zn exhibited antibacterial activity against 

all tested bacterial strains. Results have been reported in Table 3.34. The small MIC 

values indicating the effectiveness of the compound against microorganisms.  

Table 3.34 Antibacterial activities for compound SB7-Zn against Micrococcus 

luteus, Escherichia coli, and Enterobacter aerogenes were measured in triplicate 

and expressed as inhibition zone (mm) and absolute MIC (μg mL
-1

) values. 

Code 

Inhibition zone (mm)   Absolute MIC (μg mL
-1

) 

M. luteus E. coli E. 

aerogenes 

 M. luteus E. coli E. aerogenes  

30 40 50 60 70 80 90

0.0

0.1

0.2

0.3

0.4

0.5

0.6
 DNA

 DNA+SB7-Zn

Temperature°C

A
b

so
r
b

a
n

c
e
 (

2
6

0
 n

m
)



 

107 
 

SB7-Zn 22 ± 0.5 9 ± 1.5 18 ± 0.5  22.2 ± 4.5 66.6 ± 2.6 22.2 ± 5.0  

K
[a]

         30 ± 0.6 26 ± 0.5 25 ± 0.4            7.40 ± 0.5 8.4 ± 0.4 7.5 ± 0.2 

[a] Kanamycin. 

Comparing the ƊNA binding and biological results obtained, we observed a good 

correlation between the ƊNA binding (Kb and ΔTm values) and the MIC values 

obtained for the compound SB7-Zn. In view of results obtained, the SB7-Zn complex 

has been proved as ƊNA binder as well as a good antibacterial agent.  

 Cytotoxicity 3.5.3.2

Toxicity of the compound SB7-Zn was assessed in the same way as in the previous 

section using brìne shrìmp lethality assay. The ƊMSO was used as negative control 

and doxorubicin (LD50 value 7.3 μg/ml) as a positive control. The results indicated 

that compound SB7-Zn was found non-toxic with LD50 > 200 μg/ml. 
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Conclusions 

 

Derivatives of benzimidazole, Schiff base ligands and their metal complexes have 

been successfully synthesized and characterized by FƬIR, ŃMR (
1
H and 

13
C), ESI-

MS, MALDI-MS, elemental analysis (C, H, N), and single crystal X-ray analysis.  

Benzimidazole based phenol and amine derivatives were synthesized by two different 

protocols; Phenol derivatives (BM1-BM3) were prepared by the reaction of o-

phenylenediamine with substituted salicylaldehyde while amine derivatives (A1, A2) 

were synthesized by the reaction of o-phenylenediamine with p-aminobenzoic acid. 

BM1-BM3 were used as ƊNA targeting antimicrobial agents while A1 and A2 were 

further reacted with several substituted salicylaldehydes to generate the 

benzimidazole Schiff base ligands (SB1-SB6). These ligands were screened for ƊNA 

binding and antimicrobial applications due to the presence of benzimidazole scaffold. 

The Schiff base ligands were further used as metal chelating agents to produce the 

metal complexes with Zn(II), Pd(II), Ni(II), and Cu(II) metal ions. In the last, SN 

donor Schiff base ligand SB7 was synthesized and used in-situ for the preparation of 

SB7-Zn complex. Successful formation of compounds has been confirmed by the 

above-mentioned characterization techniques. 

ƊNA binding affinities of the synthesized compounds were investigated by UV-

visible absorption titrations and thermal melting studies. The magnitude of binding 

strength has been measured in the form of intrinsic binding constant Kb values and it 

has been found that the compounds BM1-BM3 were effective ƊNA binders. Based 

on Kb values the order of binding interaction was found as BM1 > BM2 > BM3. It 

was justified that the structure of the compound affected its ƊNA binding ability. 

BM1 had a flat structure and no substituent attached to the benzene ring, due to which 

it could penetrate between the base pairs of ƊNA more effectively and without 

hindrance, thus showed stronger π-stacking interactions. The same binding trend has 

been found from free energy calculations (-ΔG°) and thermal denaturation of ƊNA. 

These ƊNA binders further screened for antibacterial properties. The trend was 

slightly changed as BM2 > BM1 > BM3. The reason was the –CH3 (electron donor) 

substituent on benzene ring which increased the lipophilicity in BM2, facilitating it in 

crossing the bacterial cell wall. Hence the probability to reach and interact with 

bacterial ƊNA is increased.   
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Results of absorption titrations, thermal denaturation studies, and free energy 

calculations also highlighted the effect of substitution and structure of Schiff base 

metal complexes on ƊNA binding efficiency. The synthesized ligands (SB1-SB6) and 

their respective Zn(II), Pd(II), Ni(II), and Cu(II) complexes were screened for the 

ƊNA binding ability and most of the compounds were found active ƊNA binders 

with Kb values range of 6.4×10
3 

-1.09×10
6 

M
‒1

. Among the Schiff base ligands the 

binding trend was found in the order SB1 > SB2 > SB3. Among these molecules the 

SB1 has bromine substitution on salicylaldehyde portion, SB2 has bromine and 

chlorine substitutions while SB3 has bulky naphthalene ring. As the substitution 

increased, the binding ability was decreased. The same binding order has been 

reproduced for the second series (SB4-SB6) as SB4 > SB5 > SB6 for similar 

substitution. The ligands of second series also have an additional electron donor –CH3 

substitution on benzimidazole portion, due to which they show higher Kb value 

compared with the ligands of first series.  With few exceptions the same binding trend 

has been found among their complexes when central metal atom is same. The 

complexes of different metals bearing same ligands also showed different binding 

propensity and Ni(II) and Cu(II) complexes were found more potent ƊNA binders. 

Thus it can be concluded that the structure of complex and substitution on ligands 

affected the ƊNA binding strength and in our research best structural features were 

optimized in the SB4-Cu complex exhibiting the highest Kb value. The bulky ligands 

and complexes showed lower Kb values which may be due to the hindrance in 

approaching the binding site. The compound SB7-Zn also showed the moderate 

binding affinity with ƊNA. 

The synthesized compounds were subjected to screen the antibacterial activities. It 

was observed that the metal complexes showed enhanced activities than the respective 

ligands. Antibacterial screening has revealed various productive outcomes, especially 

the prompted activities of compounds BM2, SB1-Ni, SB2-Pd, SB4-Cu, and SB7-Zn 

against several bacterial strains. Finally, the compounds were tested for toxicity 

parameters and mostly were found nontoxic with MIC > 200 µg/ml. Hopefully, these 

fascinating properties, if further tuned, would result in ƊNA targeting broad spectrum 

antibacterial drugs.  
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