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PREFACE 

My thesis work entitled “Promising bio-active transition metal complexes with azo/imine 

functional O N S donor ligands: Synthesis, characterization and in vitro anticancer 

activity” contains new design as well as the synthesis of several transition metal complexes 

with different O, N, S donor azo/imine ligands. The synthesized complexes have been 

thoroughly studied by UV-Vis, fluorescence and 1H and HRMS methods. In addition, anti-

cancer activity of the metal complexes was studied in different cancer cell line and theoretical 

studies will have also been undertaken to probe the electronic structures of the complexes. 

Interaction with DNA and BSA with the newly synthesized metal complexes has also been 

explored. This thesis consists of six chapters based on the synthesis, structure elucidation and 

potential anti-cancer activity of various transition metal complexes. 

Chapter I represents a brief introduction on the a review of the azo/imine ligands 

containing O N S donor site and different transition metal complexes of Palladium(II), 

Platinum(II), Ruthenium(II), Rhenium(I). The anti-cancer activities of the metal complexes 

and their interactions with DNA and BSA have been described. 

Chapter II deals with the synthesis and characterization of 5-fluorosalicylaldehyde-

4(N)-substituted thiosemicarbazones ligands and their Pd(II) complexes. Structure of the 

complexes are confirmed by single crystal X-ray diffraction method. Electronic structure of 

the complexes is interpreted by DFT/ TDDFT computations. The ability of the complexes to 

bind with CT-DNA and bovine serum albumin (BSA) are investigated by UV-Vis method 

and fluorescence method. 

Chapter III introduces the synthesis and thoroughly characterization of new Pd(II) 

and Pt(II) complexes with ONS donor azo-thioether pincer ligand. Electronic structure, 

solution spectrum and redox properties of the complexes are interpreted by DFT/TDDFT 

studies. The binding properties of the complexes toward calf thymus DNA (CT-DNA) and 

bovine serum albumin (BSA) are investigated with the help of absorption and fluorescence 

spectroscopy. In vitro antitumor activity of the synthesized complexes was tested on human 

liver (HepG2), colorectal (HCT116) and human lung (A549) cancer cell lines using MTT 

assay. 

Chapter IV deals with the synthesis and characterization of two novel morpholine-

based Pd(II) and Pt(II) complexes with N,Nˊ donor ligand. Electronic structure and solution 

spectrum of the complexes are interpreted by DFT/TDDFT studies. The investigation of the 

biological characteristics of the complexes have been carried out focusing on the binding 
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I.1. General Introduction   

Transition metal-based drugs offer variety in the chemical modification of ligands to fine-

tune their bio-activity.1-4 Based on the variable oxidation states, wide range of coordination 

numbers of these complexes, careful operation of these parameters can lead to the design of 

new complexes with unique biological properties. Following the pivotal discovery of the 

cisplatin, as an effective metal-based anticancer agent, a number of related platinum 

compounds have been designed and evaluated as anti-cancer agents.5–10 Besides cisplatin, 

platinum-based drugs such as oxaliplatin, carboplatin, nedaplatin, heptaplatin and lobaplatin 

have been approved as current chemotherapeutic agents (Fig.I.1).11-15 These drugs are 

employed in the treatment of a number of tumours, including lung, colorectal, lymphomas, 

testicular, cervical, bladder, head and neck cancers.16 Despite of its clinical achievement in 

the treatment of certain tumors, it has many unpleasant side effects such as nausea, 

nephrotoxicity, ototoxicity, tumor resistance, neurotoxicity, bone and back pain, weakness, 

blood clots, fatigue and hair loss.17-20 These severe side effect caused by cisplatin and its 

analogues oxaliplatin, carboplatin, nedaplatin, heptaplatin and lobaplatin, offer an 

encouragement for the breakthrough of novel platinum-based complexes bearing multidentate 

ligands which are alternative to cisplatin with higher potency, higher cancer cell selectivity 

and lower resistance. Therefore, a noteworthy number of different platinum complexes were 

fabricated with the aim to prevail over the disadvantages of cisplatin.21-24 To date, besides 

platinum-based compounds, other metals such as palladium, ruthenium and rhenium have 

also been evaluated as anticancer agents.25-39 Some of the non-platinum-based compounds 

that have found their way in human clinical trials are shown in Fig. I.2.40-42 

 

Fig. I.1.   Platinum complexes currently being used in the treatment of cancer. 
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Fig. I.2.  Non-Platinum based complexes currently undergoing clinical trials. 

 

In this chapter, a discussion of the azo/imine functional ligands, their metal complexes and 

their general application is presented. 

 

I.2. Transition Metals: Properties, coordination chemistry and potential 

applications 

I.2.1. Palladium 

palladium is a rare chemical element that is assigned the symbol Pd and the atomic number 

46 and it belongs to 10th group and 5th period in modern periodic table. William Hyde 

Wollaston discovered the brilliant silvery-white palladium metal in 1803. He had given it the 

name palladium, from the Greek goddess of wisdom 'pallas'.  Catalytic converters use the 

maximum amount of palladium and its congener platinum to transform almost 90% of 

dangerous gasses from vehicle exhaust into less toxic substances. Palladium's oxidation states 

are 0, +1, +2, +4 and +6. The most common stable oxidation states are 0, +2 and +4. Six of 

the seven naturally occurring isotopes of palladium are stable: 102Pd, 104Pd, 105Pd, 106Pd, 108Pd, 

110Pd. The most stable isotope is 106Pd with 27.33% abundance. The catalytic preparation, 

utilization along with several others features of palladium complexes are elaborated in 

scheme I.1. 
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Palladium complexes have found extensive application in a range of catalytic processes 

involving C-C bond formation in diverse environments, such as carbon-hetero atom 

reactions, carbonylation, and allylic alkylation. Scheme I.1 displays a general overview of 

some of the most beneficial catalysts. When palladium metal is immersed in concentrated 

hydrochloric acid solution in presence of chlorine atmosphere, it generates chloropalladic 

acid (1) solution. Following the evaporation of this reddish-brown solution, palladium(II) 

chloride (2) is produced as a brown polymeric solid.43 It is utilized in massive chemical 

manufacturing field as a carbonylation catalyst (Wacker-Hoechst process) for the 

transformation of ethylene to acetaldehyde, the formation of acetone from propene and in the 

synthesis of glycol derivatives.44 Dichlorobis(acetonitrile)palladium(II), 3 is synthesized by 

the reaction using 2 in acetonitrile solution under refluxing condition to produce an 

orange/yellow crystalline solid. It serves as a hydro carboxylation catalyst and is employed in 

a number of cross-coupling processes, including Heck, Negishi, and Grignard.45 

Dichloro(bis(diphenylphosphino)ferrocene)palladium(II) dichloromethane (4) complex is 

synthesized by the reaction using 3 with the bis(diphenyl-phosphino)ferrocene in 

dichloromethane. It is employed in Buchwald-Hartwig, Stille, and Grignard coupling 

reactions as a catalyst.46 Dichlorobis(tri-phenylphos-phine)palladium(II), 5 is prepared by 

reaction with triphenylphosphine in ethanol at 60°C temperature and a light yellow 

crystalline powder is produced in almost quantitative yield.47,48 It serves as a catalyst for the 

carbonylation process that produces certain lactones and for the Sonogashira coupling of 

terminal alkynes with aryl halides.49,50 Reaction of 2 with dibenzylideneacetone and sodium 

acetate in methanol at 60°C temperature produced tris(dibenzylideneacetone)dipalladium(0) 

(6). It is a highly useful catalyst for a wide range of carbon-carbon and carbon-heteroatom 

coupling processes. It is also utilized in specialized catalysis for Suzuki coupling of aryl 

chlorides with an Arduengo imidazolium salt to generate biphenyls. Another important 

complex, bis(tri-tert-butylphophine)palladium(0), 7  is synthesized by the reaction using 6  

with tri-tert-butylphosphene in dimethylformamide solution to generate two sterically 

hindered phosphines (PBut
3) coordinated to palladium metal in the center in a linear fashion. 

These zero valent complex catalysts are used in the Negishi cross coupling of aryl and vinyl 

chlorides.51 

 Palladium powder dissolved in acetic acid reacts with nitric acid in the presence of 

refluxing conditions to produce palladium(II) acetate salt, 8. It is employed as a catalyst to 

create substituted 1,6- and 1,7-dienes by the telomerization of butadiene.52 The dichloro(1,5-

cyclooctadiene)palladium(II) (9) complex is prepared by the reaction of 1 with 1,5-COD in 
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ethanol and is used as a catalyst to protect hydroxyl groups and also utilized in various 

organometallic coupling reactions.53 Tetrakis(triphenylphosphine) palladium(0) (10) is a 

fascinating catalyst that can be utilized to catalyze sigmatropic rearrangements [3,3] and 

coupling reactions, especially the Sonogashira reaction.54 The reaction of 2 with allyl chloride 

in methanol solvent in the presence of carbon monoxide has produced the significant catalyst 

π-allylpalladium(II), 11. It finds extensive use in asymmetric alkylation, where the quaternary 

center formed by azolactone alkylation is transferred to a novel method utilized in the 

synthesis of sphingosines, an antifungal drug.55-57 

 

Scheme I.1. Preparation of palladium chemical products and their application 

 

I.2.2. Platinum 

This is the most valuable and rare transition platinum element with symbol Pt and atomic 

number 78 and it belongs to group 10th and 6th period in modern periodic table. Its name is 

derived from the Spanish term platina, means little silver. The platinum is a shiny, silvery-

white metal when pure and it is also malleable and ductile. The term "malleable" means it can 

be pounded into a thin sheet and "ductile" means that it can be easily stretched into a wire. 

Oxidation state of platinum is +1, +2, +3, and +4. The most common stable oxidation states 

are +2 and +4. Sometimes platinum have an unambiguous +1 and +3 oxidation state and are 

stabilized by metal bonding in bimetallic or polymetallic species.  Platinum has six naturally 

occurring isotopes 190Pt, 192Pt, 194Pt, 195Pt, 196Pt and 198Pt. The most stable isotope is 195Pt with 

33.83% abundance. Platinum is a metal that is widely used in jewelry, but it is also utilized as 

a catalyst to efficiently change engine emissions into less toxic waste products. The catalytic 

preparation, application along with several other uses of platinum complexes are explained in 

schemes I.2. 
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The hydrosilylation process used to synthesize silicone polymers and other similar 

compounds is the main use of the platinum complex. Its application in the functionalization 

of alkanes by C-H activation (Shilov activation), which creates methanol from methane, is 

another fascinating field.58,59 The synthetic procedure of platinum complexes and their 

catalytic activity are established in scheme I.2. The platinum metal powder is immersed in 

aqua regia and then discharges nitrates to harvest chloroplatinic acid solution. This 

yellow/orange chloroplatinic acid solution can be crystallized by flash-cooling under liquid 

nitrogen atmosphere to generate yellow/orange hydrated crystalline solid of chloroplatinic 

acid 12.60 Then the chloroplatinic acid is treated with potassium chloride in water to produce 

potassium hexachloroplatinate, 13 as a yellow crystalline powder.61,62 When it is treated with 

sulfur dioxide in hot water, potassium tetrachloroplatinate(II) salt (14) is produced.63,64 It is 

used for Shilov activation, which at least initially works on C-H activation of alkane. The 

complex dichloro(1,5-cyclooctadiene)platinum(II) 15 is synthesized by the reaction of 14 

with the addition of 1, 5 cyclooctadiene in isopropanol and the complex dichlorobis(diethyl-

sulfide)-platinum(II), 16 is synthesized by inclusion of diethyl sulfide to an aqueous solution 

of 14. The complex 15 is separated as a colorless crystalline solid, while 16 is isolated as a 

yellow crystalline powder. Both the complexes, 15 and 16 are used as hydrosilylation 

catalysts for industrial production of silicone polymers.65-67 The Karstedt’s catalyst, 17 is 

synthesized by treating divinyltetramethyldisiloxane in an inert solvent with 12 to produce 

the catalyst solution. This catalyst is widely employed to create cross-linked silicones, which 

are utilized in several applications like automotive gaskets and pressure-sensitive adhesives.68 

 

 

Scheme I.2. Synthesis of platinum complexes that demonstrate catalytic activity 

 

I.2.3. Ruthenium 

Ruthenium is a chemical element with symbol Ru and atomic number 44. Ruthenium 

constitutes the group 8 transition metals positioned in the second row of the periodic table. 

The German scientist Karl Karlovich Claus discovered the element in 1844 and named it after 
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his homeland, the Russian Empire (one of Russia’s Latin names is Ruthenia). Ruthenium is 

exceedingly rare and is the 74th most abundant metal on earth found in platinum and other 

ores. The relative abundance is 7×10-3 %. Ruthenium complexes have special potential to 

operate as catalysts in a variety of organic transformation reactions with commercial 

applications because to ruthenium's broad range of oxidation states, from -2 to +8. On the 

other hand, this element's most stable oxidation states are +2 and +3. They are both 

essentially inactive, perhaps the latter more so than the former. This characteristic sets 

ruthenium apart from other elements in the periodic table and has been shown to be helpful in 

several single-electron transfer experiments. Ruthenium has 26 isotopes whose half-lives are 

known with mass numbers from 90 to 115. Of these 7 are stable: 96Ru, 98Ru, 99Ru, 100Ru, 

101Ru, 102Ru, and 104Ru. Naturally, with an abundance of 31.55%, 102Ru is the most frequent 

isotope.  

Ruthenium is finding a lot of new applications. The majority of this metal is utilized in the 

electronics sector for electrical connections and chip resistors. In the chemical industry, 

ruthenium oxide is used to coat the anodes of electrochemical cells that produce chlorine. In 

order to convert light energy into electrical energy, solar cells can employ molecules 

containing ruthenium. It is important to recognize that all ruthenium compounds are 

extremely hazardous and can cause cancer. The skin is highly stained by ruthenium 

compounds. Dietary ruthenium appears to be firmly stored in bones. Due to its extreme 

toxicity and volatility, ruthenium oxide, or RuO4, should be completely avoided. 

Ruthenium complexes are widely employed in numerous organic transformation reactions, 

such as the transfer hydrogenation of ketones, oxidation of alcohols, olefin metathesis, and 

hydrogenation of alkenes. These reactions have been applied in a variety of application 

domains. The catalytic preparation, utilization and several other applications of ruthenium 

complexes are elaborated in schemes I.3 and I.4. 

Ru(IV) oxide hydrate (18) is used as an ordinary beginning point for all value-added 

ruthenium chemical products. The binary ruthenium (IV) oxide as a hydrate, RuO2.xH2O, is 

precipitated by dissolving ruthenium metal powder in sodium hydroxide solution under a 

chlorine environment to create sodium ruthenate solution, which is then submerged in a 

moderate reducing agent (18).69 RuCl3.xH2O (19) is also an important primary synthetic 

precursor and widely used for the preparation of most of the ruthenium precursors. 

Concentrated hydrochloric acid is used to dissolve RuO2.xH2O. The resulting suspension 

mixture is refluxed and subsequently volume-concentrated to yield the hydrated ruthenium 

chloride, or RuCl3.xH2O (19) salt, which is a crystalline solid that is black-brown and 
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hygroscopic. The ruthenium (III) chloride hydrate is useful for alkyne functionalization (such 

as the creation of vinyl carbamates with secondary amines, acetylene, and carbon dioxide) 

and can be used as an oxidation catalyst when NMO is present as a co-oxidant. It also acts as 

a catalyst for the metathesis polymerization of norbornene to form Norsorex in butanol 

solution.70-72 

 

 

Scheme I.3.  Fabrication of ruthenium chemical products having applications in catalysis 

 

Dichlorotris(triphenylphosphine)ruthenium(II) (20) is also a appreciated synthetic precursor 

for the preparation of Ru(II) complexes with potential applications. It is prepared with 

reaction of RuCl3.xH2O in presence of excess PPh3 under refluxing condition in methanol.73-81 

It is a solid that has the color of chocolate and dissolves in organic solvents like benzene. The 

substance serves as a building block for further complexes, such as those involved in 

homogeneous catalysis. It is employed as a catalyst in reductions, cross-coupling, cyclization, 

and isomerization reactions as well as the oxidation of alcohols to aldehydes and ketones. In 

the Kharasch addition of chlorocarbons to alkenes, it is utilized. 

It acts as a pre-catalyst in the hydrogenation of imines, ketones, carboxylic acids, nitro 

compounds, and alkenes. Using tert-butyl hydroperoxide, it catalyzes the oxidation of alkanes 
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to tertiary alcohols, amides to tert-butyldioxyamides, and tertiary amines to α-(tert-

butyldioxyamides). The catalyst can oxidize alcohols to aldehydes or ketones by using 

oxygen, acetone, and other peroxides. Alcohols and amines can be easily N-alkylated by 

using dichlorotris(triphenylphosphine)ruthenium(II). 

Dichloro(p-cymene)ruthenium(II) dimer (21) is also a good catalyst for transfer 

hydrogenations and is prepared by the dehydrogenative coordination of the proper 

cyclohexadiene with RuCl3.xH2O under refluxing condition in ethanol.82 It can arrange 

reactions in high enantiomeric excess when chiral ligands (e.g., BINAP: 2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl) are present. High quantitative yield dichloro(1,5-

cyclooctadiene)ruthenium(II) oligomer (22) is produced by reacting 1,5-cyclooctadiene with 

RuCl3.xH2O in an ethanol solution during refluxing.83 The compound is used to create 

ruthenium-BINAP complexes as a catalyst precursor. Simple ketones can be asymmetrically 

hydrogenated using BINAP/diamine-Ru catalyst, whereas functionalized ketones can be 

hydrogenated asymmetrically using BINAP-Ru catalyst. Many medications, including the 

antimicrobial levofloxin, the antibiotic carbapenem, and the antipsychotic medicines, are 

made using these hydrogenations. 

 

  

 

Ru(H)(Cl)(CO)(PPh3)3](23), an essential ruthenium carbonyl precursor, is created when 

excess PPh3 reacts with RuCl3.xH2O in the presence of formaldehyde while refluxing in 2-

methoxyethanol.84 It is used in the silylative coupling of vinyl alkyl ethers with vinyl silanes 

and has a broad variety of catalytic applications in the metathetical ring closure of silacycles. 

The dihydridocarbonyltris(triphenylphosphine)ruthenium(II) [RuH2(CO)(PPh3)3] (24) is 

produced in the same manner as that of complex 6 except that the reaction is carried out with 

base KOH under refluxing in ethanol solution. It has major application in the coupling of 

olefins to aromatic ketones via C-H bond activation.85 The tris(2,4-pentanedionato)ruthenium 

(III), 25 is formed by the reaction of RuCl3.xH2O with excess 2,4-pentanedione in hot H2O 
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buffered with KHCO3. It is utilized to demonstrate the catalytic utility of terpene and has vast 

applications in the sectors of materials science and electronic devices.86-88 Ru3(CO)12 (26) is 

used as carbonylation catalyst and has application in acylate aromatic heterocycles via C-H 

bond activation under carbon monoxide atmosphere and has synthesized olefins to pyridyl 

ketones regiospecifically at the ortho position.89-92 The chemical properties of Ru3(CO)12 are 

widely studied and the cluster can be converted to hundreds of derivatives. High pressures of 

CO convert the cluster to the monomeric ruthenium pentacarbonyl, which reverts back to the 

parent cluster upon standing. Bis(tricyclohexylphosphine)-3-methyl-2-butenylideneruthenium 

(IV) dichloride, 27 is synthesized using complex 22 in presence of PCy3 under a hydrogen 

atmosphere to produce the intermediate η2-H2 complex which is then further treated with a 

propargyl chloride. In the process of olefin metathesis, the ruthenium carbene complex family 

includes the complex 27. The ruthenium carbene community of olefin metathesis catalysts is 

referred to as "Grubbs Catalysts" because to Robert H. Grubbs' discovery of them.93-95 These 

complexes have shown to be extremely useful in the production of chemical compounds and 

polymers. These catalysts have significant functional group acceptance, are less problematic 

to work with than previous molybdenum and tungsten complexes, and can catalyze almost 

any kind of olefin metathesis (such as ring-opening metathesis polymerization, ring-closing 

metathesis, acyclic diene metathesis polymerization, etc.) in a variety of solvents.96 The 

complex bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium(II), 28 is prepared by the reaction 

of 22 with the Grignard reagent at 0°C temperature and diligently isolated 28 as a lightly 

tanned thermally sensitive solid. It serves as a pre-catalyst when a chiral ligand is present, 

and PPG-Sipsy used it to create candoxatril, a cardiovascular medication that Pfizer promoted 

in the middle of the 1990s.97,98 

 

 

Scheme I.4. Formation of higher-value added ruthenium products that are used in catalysis 
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I.2.4. Rhenium 

Rhenium belongs to period 6 and is the heaviest element in group 7. Nodaack et al. first 

discovered it in 1925 and later isolated from Molybdenite ores. Re is usually found in the 

Earth’s crust in association with other metals, such as, Mo, Cu, Pd, Zn, Pt. Re isotopes are 

applied most prominently in the field of geology, cosmology and medicine.99 Rhenium 

complexes have exhibited promising potential in catalysis. They can be used in oxygen-atom-

transfer reaction, oxidation reaction, isomerization or etherification of allylic or propargylic 

alcohols, the Beckmann rearrangement of oximes, olefin metathesis etc100, although 

commercial applications have been limited to date. The rich photophysical, photochemical, 

and redox properties of polypyridyl transition metal complexes make them more useful in a 

wide range of fields, including energy conversion101,102, medicine103, cellular imaging104 and 

DNA sensing.105 These metal complexes are useful because of their rich photophysical 

behavior, potential redox reactivity, and stability in a wide range of chemical conditions. 

Furthermore, these compounds' general synthetic exibility and modularity make it simple and 

systematic to modify these characteristics. Re complex of family fac-[Re(CO)3(diimine)(L)] 

have been employed as probes in time-resolved infrared (TRIR) spectroscopy, where L is 

typically a cyclic imine or a halide. Vibrational modes which involve the tricarbonyl ligand 

set provide three unique and specific transition moments that are well removed energetically 

from those of organic carbonyl groups. These are the totally symmetric in-phase υ (CO) 

vibration which appears in ground state vibrational spectra near 2030 cm-1, and the totally 

symmetric out-of-phase and equatorial asymmetric modes, which appear near 1920 cm-1.106 

Elaborate photophysical and photochemical pathways can be elucidated by monitoring 

changes in the energies of these modes following electronic excitation of the complex.107 

Because the carbonyl ligand stretching frequencies are energetically isolated from most 

organic vibrational modes, these complexes are especially suitable for use in the study of 

biomolecular photophysics and redox chemistry. For example, by coordinating ReI(CO)3(4,7-

dimethyl-1,10-phenanthroline) to histidine 124 in Pseudomonas Aeruginosa azurin, 

researchers were able to follow the kinetics of charge transfer from the Re photooxidant to 

the Cu(I) center of the protein by observing changes in the vibrational frequencies of the Re 

CO ligands.108,109 This work was based on an intervening aromatic residue such as tryptophan 

can serve as an intermediate in a multistep tunneling mechanism between the photooxidant 

and the Cu center, increasing the rate of charge transfer by several orders of magnitude. 

Similarly, early studies have appeared in which tricarbonyl Re complexes were used to 

trigger the oxidation of DNA.110,111  
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I.3. Polydentate ligands 

In laboratories in the pharmaceutical, academic, and industrial sectors, efforts have been 

made from the start to synthesize novel and inventive ligand complexes for a variety of uses. 

In addition to controlling the metals, the ligands that form complexes with transition metal 

ions can also influence coordination number, coordination shape, and formal oxidation 

state.112 The increased stability of metal-ligand complexes that these species provide to the 

metal site to which they are coupled has sparked interest in the production of polydentate 

ligand. The resultant metal-chelate complexes exhibit a greater degree of stability toward the 

circumstances than are not seen with comparable monodentate ligands.113 The synthesis of 

unsymmetrical polydentate ligands that contain a number of electronically different donor 

sites has tremendous interest because the metal centre has variety of possible coordination 

environments.114 When a ligand possesses both soft and hard donor moieties, it can partially 

dissociate, creating an empty coordination site at the metal that is "masked" in the ground 

state. This could result in some unusual behavior.115 This phenomenon holds significant 

promise for application in catalysis since, during the catalytic cycles, the ligand does not 

entirely disappear from the metal's coordination sphere. 

It is possible to responsively control the coordination at a particular metal center by 

varying the ligand's structure and the type of its donor sites. Thus, a substantial effect on the 

reactivity of the metal complexes should result from the existence of electrically distinct 

donor pieces inside the same metal scaffold. On the basis of Pearson's "hard-soft-acid-base" 

(HSAB) theorem, it is expected that soft late transition metals will bind more strongly to 

softer, more polarizable donor moieties and conversely harder less polarizable donor 

fragments will preferentially bind to the earlier metals.116 For this reason, it is preferable to 

incorporate several electronically distinct donors into a single ligand framework, for example, 

a variety of softer donors like phosphines and thiols to contrast with more rigid oxygen and 

amine donors. Organochalcogen ligands typically exhibit larger trans influences than nitrogen 

donors, which in turn exhibit smaller trans influences than tertiary phosphines. By combining 

a range of donor atoms, the variations in their trans effects may be utilized in their ensuing 

complexes.117 Most notably, the systematic change of the donor functionality results in a 

family of closely related ligands, which makes it possible to thoroughly examine the 

complete coordination capabilities of the resulting multidentate ligand family using metal 

centers. 
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I.3.1. Nitrogen donor ligands 

The Classical or Werner’s complexes where the metal binds to a heteroatom have been 

known since the early 19th century. These complexes are some of the simplest ligands and 

metal-ligand bonds. It was these types of complexes with which the research in coordination 

chemistry began. Although amine ligands have been extensively studied in coordination 

chemistry, they are not as common in organometallic chemistry. There are two main reasons 

for this: a) the N-H bond of the coordinated amine tends to be very reactive, and b) amines 

prefer class A metals and most organometallic chemistry focuses on class B metals which 

tend to coordinate only weakly. When amines do appear in organometallic chemistry it is 

most often with the borderline metals, there is less of a hard/soft mismatch. The coordination 

can be strengthened by replacing monodentate amines with polydentate ligands such as 

ethylenediamine, due to the chelate effect.118  

Nitrogen donor ligands are available in the range from simple amines such as 

ethylenediamine, mentioned above, to pyridine ligands, such as 2,2'-bipyridine (bipy) and 

phenathroline (phen), oxazolines, porphyrins, and imines. Pyridine, imine and oxazoline 

based ligands are more common in organometallic chemistry as they are softer than 

amines.119,120 In many cases the ligands are multidentate and include other heteroatoms such 

as phosphorus and oxygen. One famous class of N, O donor ligands are the salens, which 

have been used in both catalysis and coordination chemistry. The use of chiral amines leads 

to chiral salens suitable for asymmetric catalysis, e.g. the Jacobsen epoxidation.121 

 

I.3.2. Oxygen/Sulphur containing ligands 

There are many examples of sulphur and oxygen-based ligands and their applications are 

widespread in the literature. Comparatively, the harder oxygen donors, in paricular oxo-

ethers, show stronger interactions with s-block and the earlier metals, most probably the best 

example of these donor ligands being those of crown ethers. Synthesis of the ligand with 

thioether donor centre in a chelated environment with additional N and O donors in 

acyclic/macrocyclic backbone is a fascinating field in coordination chemistry to develop 

good working models to account the role of metal ions in biological systems.  

Many research groups are working for the synthesis of different sort of ligand 

containing N, S donor site to examine the role of metal ions in biological system, extraction 

of environmentally harmful heavy metal ions from common consumables. Several NxSy 

donor ligands have been designed where N belongs to aromatic nitrogenous systems like 

pyridine, imidazole, pyrazole, benzimidazole and their reactivity have been investigated with 
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different transition and non-transition metals.122-126 There has been a considerable research 

interest to synthesize chemical analogues of the active site of metalloproteins and some of the 

bioactive molecules carry N, S donor centers. Synthesis of ligands with thioether donor 

center in a chelated environment with additional N and O donors in acyclic/macrocyclic 

platform is important in coordination chemistry to develop good working models.127-128 In 

terms of their soft-hard donating ability, excited state and photophysical properties, 

generation of anticancer-platinum drugs with reduced nephrotoxicity etc. NxSy systems are 

attracting different fields of research. 

 

I.3.3. Phosphorus donor ligands 

Phosphines are regarded as -donors due to the lone pair on phosphorus that can be donated 

to the metal. The strength of -donation increases when the electron density on phosphorus 

has been increased through the use of electron-donating substituents on R. They can also act 

as π-acceptors (sometimes referred to as π-acids), with the *-orbital of the P-R bonds 

playing the role of acceptor (Scheme I.5). Alkyl phosphines are the weakest π-acceptors, 

followed by aryl phosphines, then phosphites, with PF3 being similar to CO.129 Electron-

withdrawing substituents on R favors π-back donation. Though it is complicated to separate 

out the -donor and π-acceptor properties of the phosphine by experimental methods, there 

have been numerous computational methods which can be applied.130 These studies validate 

the fact that phosphines are both -donors and π-acceptors, with -bonding primarily arising 

from the lone pair of phosphorus, and π-bonding arising from the donation of electron density 

from the metal into an empty orbital of the ligand exhibiting phosphorus 3p character. 

Hofmann published a description of triethylphosphine platinum trichloride, the first 

phosphorus-metal combination, in 1857.131 Since then, phosphines (PR3) have become a 

traditional and versatile ligand class for transition metal complexes. In PR3, the steric and 

electronic properties can be altered in a systematic and predictable fashion by varying R (R = 

aryl, alkyl), allowing for a wide range of ligand reactivity profiles to be accessed.132 

 

 

Scheme I.5. Phosphines as -donor and π-acceptor. 
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I.4. Schiff bases and their transition metal complexes 

Schiff base ligands are synthesized from condensation of primary amines with carbonyl 

compounds and they were discovered by a German chemist, Nobel Prize winner Prof. Hugo 

Schiff in 1864.133,134 Structurally, Schiff base ligands (also known as an imine or azomethine) 

are an analogue of an aldehyde or ketone in which carbonyl group (C=O) has been replaced 

by an imine or azomethine group.135 Whereas the Schiff base ligands of aromatic aldehydes, 

which have an efficient conjugation mechanism, are more stable, those of aliphatic aldehydes 

are rather unstable and readily polymerize. Because they have the capacity to generate a 

variety of stable metal complexes, Schiff base ligands are crucial in the field of coordination 

chemistry.136 

 

 

The Schiff base binds with heterocyclic compounds that contain heteroatoms like N, O, and 

S. In azomethine derivatives, the C=N linkage is essential for catalysts, as well as in a variety 

of biological systems, polymers, pigments, antifertility medications, and enzyme agents.137 

The presence of lone pair electron in sp2 hybridized orbital of nitrogen atom of azomethine is 

of significant biological and chemical importance. The Schiff base ligands are excellent 

chelating agents; in most cases, stable complexes with different transition metals are more 

easily formed by bi- or tri-dentate ligands.138 Schiff base ligands provide exceptional 

selectivity, sensitivity, and stability for a particular metal ion, making them useful as cation 

carriers in potentiometric sensors.139 When hydrogenating olefins, the Schiff base complexes 

demonstrate catalytic characteristics. Because of their early accessibility and structural 

flexibility, schiff base metal chelates have remained crucial to stereochemical models in main 

group and transition metal coordination chemistry. Schiff bases with extra donor centers in 

the imine portion of the molecules and on the ligand's periphery produce a vast number of 

compounds with a variety of characteristics. Bioinorganic chemistry, material science, 

coordination polymers, and other fields have benefited greatly from the variation flexibility in 

both the aldehydic and amine parts, which can enhance multidimensional complexes.140-142 



16 | CHAPTER- I 
 

 

Scheme I.6. Some representative examples of Schiff base ligands. 

 

I.5. Azo functionalized ligands and their transition metal complexes 

Transition metal complexes with azo ligand coordination chemistry is a significant and 

intriguing area of study in chemistry. The coordination chemicals, which include azo ligands, 

are essential to industry, technology, and biological systems. The presence of the functional 

group azo group (-N=N-) distinguishes azo compounds. Because it has a low-lying azo 

centered anti-bonding pi-molecular orbital, the azo group is photochromic, redox responsive, 

pH sensitive, and stabilizes low valent metal oxidation states. It is also utilized as a metal ion 

indicator in complexometric titration and in textile industry dyes and pigments.143,144 They 

have significant applications such as optical data storage, photo switching, and nonlinear 

optical materials. They also have outstanding thermal and optical characteristics and are 

highly colored. Inhibition of DNA, RNA, and protein synthesis, carcinogenesis, and 

biological activity against bacteria and fungus are only a few of the biological reactions they 

are engaged in.145,146 

 

 

 

Scheme I.10. Some representative examples of Schiff base ligands 
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Due to the presence of mixed soft-hard donor character (O, N and S donor sites), azo 

compounds show versatile coordination behavior147, diverse pharmacological properties148 

and optical and thermal properties. The remarkable chemical and physical features of azo-

azomethine compound transition metal complexes have drawn attention. Metalized 

azomethines offer better thermal stability, simpler absorption wavelength adjustment, and 

more optical stability as compared to free ligands.149 

 

 

Scheme I.7. Some representative examples of azo ligands. 

 

The complexes of azo metals are generally classified into two subcategories: those where the 

azo moiety is involved in bonding and those where it is not. The preceding one is based on 

azo compounds with donor functions like -OH, -NH2, -COOH, -SH, -SR etc. in a congenial 

position so as to form six or five membered chelates. Since the azo moiety is a poor donor in 

the absence of another donor group, it forms persistent chelates when it interacts with other 

strong donors such as OH, NH2, or C=O. The formation of azo moiety in an N-heterocycle 
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with C=N bond in a conjugated state generates azo heterocycle which bears this azoimine 

function. These classes of molecules are -deficient and can be stabilized low valent metal 

redox state and exhibit metal to ligand charge transfer (MLCT) transitions.150 The physical 

and chemical characteristics of azo compounds may be greatly altered by altering the ring 

size, amount of heteroatoms, substituents in the heterocyclic ring, and side arm to azo 

function; far larger modifications can be achieved by altering the heterocyclic portion. Most 

important changes have been received from replacing five membered N-heterocyclic by six-

membered N-heterocyclic since six membered N-heterocycles being -deficient are excellent 

-acceptors while five-membered N-heterocycles are much poorer -acceptors. Moreover, 

tridentate azo compounds are more stable than bidentate azo compounds.  

 

I.6. Metal Carbonyl Complexes 

The carbonyl group is one of the most common ligands in inorganic and organo-metallic 

chemistry. Carbon monoxide is the most common π acceptor ligand in organometallic 

chemistry. Homoleptic carbonyls (a complex only containing the carbonyl ligand) can be 

prepared for most of the d-block metals. Because it may absorb electron density from the 

metal center, the carbonyl ligand is able to stabilize low oxidation states at the metal center. 

Because of this, there has been a rapid development in the study of transition metal carbonyl 

(TMCC) donor–acceptor complexes.151 It is evident from the previous findings that the 

complexation between CO and a transition metal M is carried out by two mechanisms.  

1. A donor–acceptor σ-interaction 5σ(CO) → d(M), i.e. electron donation from the 5σ orbital 

to the unfilled M orbitals, leads to strengthening the C–O bond and an increase in the υ and k 

values.  

2. A dative π-interaction dπ(M) → 2π*(CO), i.e. electron donation from the relevant filled 

metal d orbitals to the unfilled 2π* orbitals, results in weakening the C–O bond and a 

decrease in the υ and k values. Hence, the two oppositely directed interactions influence the 

carbonyl stretching frequency, υ and force constant, k; the latter being a more accurate 

measure of C–O bond strength.  

It is evident that increasing electron density on M atom causes the deshielding of M-CO 

fragments carbonyl resonance and the chemical shifts δ reflect the electronic effects of 

groupings bonded to M.152 Besides, the combination of these two interactions gives rise to the 

positive charge q+ on the carbonyl carbon. Metal carbonyl complexes have been evaluated as 

catalysts for a wide range of reactions, especially related to carbon mono-oxide utilization.153 
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Substitution of carbon mono-oxide ligand by various monodentate & polydentate ligands can 

be carried out using thermal and photochemical reactions.154 The use of these chelates in 

biomolecule modeling, chemical and biological reactivity studies, and nuclear medicine has 

made coordination chemistry of transition metal carbonyl complexes with nitrogen, oxygen, 

and sulfur donor ligands the talk of chemists in recent years. Due to its ability to fluctuate in 

oxidation state from +II to +VIII, ruthenium-oriented oxidations among second-row 

transition metal ions offer a wide range of applications. The possible antitumor actions of 

some octahedral ruthenium and rhenium carbonyl complexes have drawn significant attention 

in the field of medical inorganic chemistry. Because of their low toxicity profile, ruthenium 

complexes also show promising pharmacological characteristics.155 

The number of carbonyls and the variety of their reactions are enormous. In recent years 

increasing attention has been given to photochemical reaction. These derive from two main 

types of primary photo processes: (i) photoejection of a CO ligand. (ii) M-M bond scission. 

Virtually every metal carbonyl can undergo loss of one CO group to generate a reactive 

intermediate. The M-M bonds have a strongly absorbing σ → σ* transition, the excitation of 

which will generate M(CO)x radicals. The photogeneration of M(CO)5 from M(CO)6, M=Cr, 

Mo, W, has been extensively studied.156 In M-M bond photolysis process may often be 

accompanied by CO ejection, thus leading to more complex reaction157, and also that species 

such as (C5H5)2Mo2(CO)4 and (C5H5)2Fe2(CO)4 as well as binary carbonyls such as 

Mn2(CO)10 can be photolyzed to metal -based radicals. 

          For M-CO units, nucleophilic assault at the carbon atom is a significant universal 

reaction. Reactions of this kind, particularly those involving H¬ or OH as the nucleophile, 

have been extensively researched because they serve as a model for reactions involving the 

water gas shift and other reactions involving CO in alcohols or water. 

 

I.7. Cyclometalation  

Scientist Trofimenko first introduced the term “cyclometallation”158 to describe those 

reactions in which a ligand undergoes an intramolecular (or more rarely, intermolecular) 

metalation with formation of metal-carbon σ bond. Metalations of phenyl-substituted ligands 

have been most frequently described, and termed Ortho metalation, but the wider scope of 

these reactions are recognized as cyclometallation (Scheme I.8).159 Cyclometallation has 

received considerable attention due to the probable representation of the mildest route for 

activating strong C-H and C-R bonds. Ever since, the first cyclometallated complex was 

synthesized, cyclometallation has been played an important part of organometallic chemistry 
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and several reviews covering the subject have been appeared. The first reported example of 

“C-H activation” by a transition metal complex is attributed to Chatt.160 The cyclometallation 

reactions have been used for a long time and they constitute one of the most important parts 

of modern metalorganic chemistry. So far, the most of the cyclometallation reactions occurs 

via C–H bond activation, but examples of carbon-carbon, carbon-oxygen, and carbon-silicon 

bond activation (i.e. R = C, O, Si in Scheme I.9) are also known. 

 

 

Scheme I.8. Cyclometallation by C-R bond activation, E = donor atom, M = transition metal, X = 

leaving group. 

 

The chelation in cyclometallation supports the generally highly susceptible M-C bond which 

results in organometallic compounds with increased stability. This enhanced stability may 

have been relevant in the early discovery of the reaction and may have encouraged further 

developments, making cyclometallation one of the most convenient methods for creating a 

metal-carbon bond. Almost all transition metals have been successfully employed for 

cyclometallation. The platinum group metals Ru, Os, Rh, Ir, Pd and Pt have great attention, 

with palladium being the transition metal that has been studied in greatest detail. Hence, 

mechanistic data are particularly vast for cyclopalladation reactions. Scheme I.9. 

Cyclometallation, E = donor atom, M = transition metal, X = leaving group. Besides its 

genuine interest in the mechanism and scope of this fundamental bond-activation process, 

cyclometallation is a highly attractive and versatile synthetic method for creating 

organometallic entities, with wide application potential. Metallacycles have been successfully 

applied in traditional domains surrounding organic transformations and catalysis,161 

especially the catalytic activation of C-H bonds in un reactive alkanes,162 and the stabilization 

of reactive intermediates.163  
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I.8. Theoretical calculations  

Basic ideas behind DFT 

Density functional theory (DFT) provides a powerful tool for computations of the quantum 

state of atoms, molecules and solids, and molecular dynamics. It has firmly established itself 

as the workhorse for electronic structure of matter-wave functions with density functional and 

quantum chemical systems, as well as atomic-level modeling of condensed matter phases.164 

Density functional theory techniques have made significant contributions to the theoretical 

explanation of charge distribution and associated features, such as chemical reactivity 

descriptors of chemical compounds.165 However, DFT has made it possible for theoretical 

chemistry to precisely predict the structures and energetics of molecules and clusters 

throughout the past ten years. Thus, these reactivity descriptors that are derived directly from 

DFT calculations also deserve further attention at this time. 

 

Significance of Density Functional Theory (DFT)  

• The density functional theory (DFT) is presently the most successful (and also the 

most promising) approach to compute the electronic structure of matter and chemical 

reactivity.  

• Its applicability ranges from atoms, molecules and solids to nuclei and quantum and 

classical fluids. 

• In its original formulation, the density functional theory provides the ground state 

properties of a system, and the electron density plays a key role. 

• DFT predicts a great variety of molecular properties: molecular structures, vibrational 

frequencies, atomization energies, ionization energies, electric and magnetic 

properties, reaction paths, etc. 

• The original density functional theory has been generalized to deal with many 

different situations: spin polarized systems, multicomponent systems such as nuclei 

and electron hole droplets, free energy, superconductors with electronic pairing 

mechanisms, relativistic electrons, time-dependent phenomena and excited states, 

bosons, molecular dynamics, etc. 

 

General Application Density Functional Theory (DFT)  

• Total molecular energy calculation and study of tautomerisation  

• Molecular Geometry optimization and to assign electronic structure 



22 | CHAPTER- I 
 

• Frequency calculation is done for vibrational mode and thermochemical analysis 

• Spin density calculation and to explain EPR, magnetic and redox properties  

• IRC (Intrinsic reaction coordinate) is done to follow the reaction path ways  

• Scanning of potential energy surface. 

• Potential energy surface 

• To test the stability of wave functions  

• Predicting and interpreting of other molecular properties and some common spectra  

 

Time-dependent density function theory (TDDFT) 

Overview 

Time-dependent density functional theory) is a quantum mechanical theory used in physics 

and chemistry to investigate the properties and dynamics of many-body systems in the 

presence of time-dependent potentials, such as electric or magnetic fields. The effect of such 

fields on molecules and solids can be studied with TDDFT to extract features like excitation 

energies, frequency-dependent response properties, and photo absorption spectra.  

The formal foundation of Time-dependent density function theory TDDFT is 

the Runge-Gross (RG) theorem (1984)166 the time-dependent analogue of the Hohenberg-

Kohn (HK) theorem (1964).167 The RG theorem shows that, for a given initial wave function, 

there is a unique mapping between the time-dependent external potential of a system and its 

time-dependent density. This implies that the many-body wave function, depending upon 

3N variables, is equivalent to the density, which depends upon only 3, and that all properties 

of a system can thus be determined from knowledge of the density alone. Unlike in DFT, 

there is no general minimization principle in time-dependent quantum mechanics. 

Consequently, the proof of the RG theorem is more involved than the HK theorem. 

Given the RG theorem, the next step in developing a computationally useful method 

is to determine the fictitious non-interacting system which has the same density as the 

physical (interacting) system of interest. As in DFT, this is called the (time-dependent) Kohn-

Sham system. This system is formally found as the stationary point of an action functional 

defined in the Keldysh formalism.168 

The most popular application of TDDFT is in the calculation of the energies of 

excited states of isolated systems and, less commonly, solids. Such calculations are based on 

the fact that the linear response function - that is, how the electron density changes when the 

external potential changes - has poles at the exact excitation energies of a system. Such 

http://en.wikipedia.org/wiki/Quantum_mechanical
http://en.wikipedia.org/wiki/Molecular_dynamics
http://en.wikipedia.org/wiki/Runge%E2%80%93Gross_theorem
http://en.wikipedia.org/wiki/Stationary_point
http://en.wikipedia.org/wiki/Action_(physics)
http://en.wikipedia.org/wiki/Keldysh_formalism
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calculations require, in addition to the exchange-correlation potential, the exchange-

correlation kernel the functional derivative of the exchange-correlation potential with respect 

to the density.169 

 

Utility of Time-dependent density functional theory 

Time-dependent density functional theory TDDFT is an extension of density functional 

theory (DFT) and the conceptual and computational foundations are analogous - to show that 

the (time-dependent) wave function is equivalent to the (time-dependent) electronic density, 

and then to derive the effective potential of a fictitious non-interacting system which returns 

the same density as any given interacting system. Because the time-dependent effective 

potential at any given instant depends on the density value at all prior times, the problem of 

building such a system is more complicated for TDDFT. As such, the implementation of 

TDDFT involves developing time-dependent approximations later than DFT. 

 

Basis set 

A basis set in theoretical and computational chemistry is a set of functions (called basis 

functions) which are combined in linear combinations (generally as part of a quantum 

chemical calculation) to create molecular orbitals. In modern computational chemistry, 

quantum chemical calculations are typically performed using a finite set of basic functions. In 

these cases, the wave functions of the system in question are represented as vectors, the 

components of which correspond to coefficients in a linear combination of the basic functions 

in the basis set used.  

Popular Software  

• Gaussian Software Package (chemistry, Hartree-Fock, correlated approaches. current 

version: Gaussian09) 

• Amsterdam Density Functional (ADF) 

• Gamess-UK (chemistry, Hartree-Fock, DFT, correlated approaches) 

• VASP (DFT, planewave, ultrasoft, PAW) 

• ORCA  

• Jaguar  

• Turbomole  

• Spartan 

 

http://en.wikipedia.org/wiki/Functional_derivative
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/wiki/Density_functional_theory
http://en.wikipedia.org/wiki/Wave_function
http://en.wikipedia.org/wiki/Electronic_density
http://en.wikipedia.org/wiki/Theoretical_chemistry
http://en.wikipedia.org/wiki/Computational_chemistry
http://en.wikipedia.org/wiki/Function_(mathematics)
http://en.wikipedia.org/wiki/Linear_combination_of_atomic_orbitals
http://en.wikipedia.org/wiki/Ab_initio_quantum_chemistry_methods
http://en.wikipedia.org/wiki/Ab_initio_quantum_chemistry_methods
http://en.wikipedia.org/wiki/Molecular_orbital
http://en.wikipedia.org/wiki/Computational_chemistry
http://en.wikipedia.org/wiki/Quantum_chemistry
http://en.wikipedia.org/wiki/Basis_function
http://en.wikipedia.org/wiki/Wavefunction
http://en.wikipedia.org/wiki/Vector_(geometric)
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I.9. Physical measurements 

(i) Melting point determination: Melting Point of the compounds was determined using 

a digital melting point apparatus. 

(ii) Elemental analysis: Microanalytical data (C, H, N) were collected on a Series–II 

CHN-2400 CHNS/O elemental analyzer, Perkin Elmer, USA using the pure solid 

sample. 

(iii) FTIR spectra: FTIR spectra were obtained on a Perkin Elmer; model RX–1(KBr 

disk, 4000–400 cm–1) spectrometer with samples prepared as KBr pellets.  

(iv) UV-VIS spectra: Absorption spectra were studied on a Perkin Elmer, Lambda 750 

spectrophotometer using the solution of required concentration in acetonitrile. 

Solution will be kept in a quartz cell and absorption spectra will be recorded starting 

from visible to UV region. 

(v) Emission Measurements: Emission properties were measured using Perkin Elmer LS 

55 fluorescence spectrophotometer at room temperature (298 K). 

(vi) 1H NMR spectra: 1H NMR spectra were recorded by Bruker (AC) 300 MHz FTNMR 

spectrometer. 

(vii) Single crystal X-ray diffraction study: Attempts were taken to obtain single crystals 

of the compounds by slow evaporation of solvent from solutions, or from the 

diffusion of another solvent into a solution of the compounds. Data were collected 

with an automated Bruker AXS Kappa equipped with an Apex-II CCD diffractometer 

with area detector using a graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). 

X-ray data reduction, structure solution and refinement will be done by using 

SHELXS-97 and SHELXL-97 programs. The structures were solved by direct 

method. 

(viii) Mass Spectroscopic study: ESI mass spectra were recorded on a micro mass Q-OF 

mass spectrometer. 

(ix) Electrochemical studies: Electrochemical measurements were performed using 

computer-controlled CH-Instruments, Electrochemical workstation with Pt-disk milli 

electrode. All measurements were carried out in acetonitrile solution under dinitrogen 

environment at 298 K with reference to vs Ag/AgCl at 100 mV s-1 scan rate using Pt-

bead working electrode and [nBu4N]ClO4 as supporting electrolyte. The reported 

potentials are uncorrected for junction potential. 
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I.10. Biological Activities 

I.10.1. Antitumor and Cytotoxic activities 

DNA is the main target of an antitumor agent while BSA acts as a carrier protein molecule in 

the blood stream for a variety of compounds including antitumor compounds. Therefore, 

interaction studies of metal complexes with DNA and proteins are very useful in order to 

design and ascertain the metal-based anticancer therapeutics.170,171 Furthermore, proteins are 

admired as the major cellular target for antitumor drugs and the most carrier proteins in the 

blood stream is Human Serum Albumin (HSA). Since Bovine Serum Albumin (BSA) 

structure is homologous with HSA and owing to its easy accessibility and low cost, BSA is 

mostly used in biochemical and biophysical studies.172-174 

 

I.10.2. Structure of DNA 

DNA, or deoxyribonucleic acid, is the hereditary material in humans and almost all other 

organisms. In a person’s body each cell has the same DNA. Most of the DNA molecules 

located in the cell nucleus are called nuclear DNA but a small amount of DNA can also be 

found in the mitochondria as mt-DNA. The information in DNA is stored as a code made up 

of four chemical bases: adenine (A), guanine (G), cytosine (C), and thymine (T). Human 

DNA consists of about 3 billion bases. More than 99% of these bases are the same in all 

people. The most widely accepted model for the structure of DNA molecule was proposed by 

Watson and Crick in 1953 for which he was awarded the Nobel Prize for Medicine in 1962. 

According to him the DNA molecule is a double helix (Fig. I.3). The molecule is formed by 

two anti-parallel polynucleotide strands which are spirally coiled round each other in a right-

handed helix. The two strands are held together by hydrogen bonds. The double stranded 

helical molecule has alternated major and minor grooves. Each strand is a long 

polynucleotide of deoxyribonucleotides. The two strands are complementary to each other 

with regards to the arrangement of the bases in the two strands. Thus, in the double helix, 

purines and pyrimidines exist in base pairs, i.e., (A and T) and (G and C). As a result, if the 

base sequence of one strand of DNA is known, the base sequence of its complementary 

strand can be easily deduced. The backbone of the strand is formed by alternately arranged 

deoxyribose sugar and phosphate molecules which are joined by the phosphodiester linkages. 

The DNA molecule that Watson and Crick described was in B form. However, DNA can 

exist in other forms also. A, B and Z forms have right-handed helix while Z form has left-

handed helix. B is the major form that is found in the cell.  
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Fig. I.3. Structure of DNA. 

 

I.10.3. DNA Binding Modes 

DNA is an essential component of organisms' genetic makeup and the building block of gene 

expression. Small molecules can interact with DNA175-177 through intercalative binding, 

groove binding, electrostatic binding/external binding (Fig. I.4). When tiny molecules or the 

medication intercalate into the non-polar interior of the DNA helix, intercalative binding 

occurs. When ligands of the proper size and chemical makeup fit themselves in between 

DNA base pairs, an aromatic group is stacked between the base pairs in this sort of binding. 

Since most of the ligands that are appropriate for intercalation are polycyclic, aromatic, and 

planar, they frequently function well as nucleic acid stains. Nowadays, there is a focus on 

creating and creating DNA strands since these compounds have the potential to be used as 

chemotherapeutics. In groove binding interactions, the bound molecule directly interacts with 

base pair edges in the major (G-C) or minor (A-T) grooves of the nucleic acids. The model 

groove binder, netropsin, is an antibiotic where intercalation is inhibited by methyl groups. 

Rarely do tiny molecules bind within the double helix's main groove. Electrostatic contact 

occurs between molecules that are positively charged. They interact electrostatically with the 

negatively charged phosphate backbone of the DNA molecule. Under physiological 

circumstances, electrostatic attraction is usually weak. This is the typical interaction of 

cations like Mg2+.178 The two most typical binding mechanisms are insertion into the minor 

groove and intercalation into the base pair stack at the double helix's core. Planar aromatic 
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rings in cationic compounds are commonly reported to exhibit intercalation. The positive 

charge could be on a substituent instead of in the ring structure. Under this binding 

mechanism, a binding pocket for the ligand must be created by the separation of two adjacent 

base pairs. Since this enables the molecule to modify its structure to follow the groove as it 

twists around the central axis of the helix, minor groove binders, on the other hand, typically 

have at least some flexibilities.179,180 When binding in the minor groove as opposed to 

intercalative binding, significantly less DNA distortion is needed. Spectroscopy, UV-vis 

spectroscopy, fluorescence spectroscopy, circular dichroism (CD), and linear dichroism (LD) 

are often employed techniques to shed light on the binding patterns of tiny molecules. 

 

Fig. I.4. Binding modes of DNA. 

The absorption maximum or peak extinction coefficient will frequently vary as a result of 

binding to DNA. However, this is not enough to identify a binding mode; instead, 

equilibrium binding constants can be found by analyzing the concentration dependence of 

any shifts that are noticed. Small fluorescent compounds can frequently take up energy from 

the bases of DNA and display changes in wavelength or quantum yield upon binding. UV 

light is used in these investigations to stimulate the DNA, and the ligand's fluorescence is 

sought after. The difference in the absorption of left- and right-handed circularly polarized 

light is measured by circular dichroism. The method of circular dichroism (CD) is helpful in 

determining the DNA-binding mode. CD is triggered when a ligand binds to the chiral 

DNA.181,182 The binding mode, DNA sequence, and orientation of the ligand's transition 

dipole all affect the actual sign and strength of the produced CD signal. A groove binder 

touches a greater portion of the helix, often 4-6 base pairs, which is why intercalators 

frequently show lower intensity CD spectra in comparison to groove binders. Conversely, a 

basic intercalator only makes contact with two base pairs. 
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I.10.4. Transition metal complexes as chemical probes for DNA 

The design of molecules that display strong binding affinity to DNA is a stimulating area of 

research. Such molecules can act as admirable chemotherapeutic reagents that exert their 

biological activity through interactions with DNA.183-185 Interactions with DNA are not the 

only the factors that regulate the biological activity of these molecules, but their reactivity 

and selectivity are often correlated with their mode of binding with DNA. Therefore, the 

rational design of diverse DNA-targeted chemotherapeutic drugs and molecular probes for 

DNA depends critically on a deeper knowledge of the mechanisms that influence small 

molecules' interactions with DNA. As biological system probes, stable, inert compounds with 

active metal cores are very helpful. 

The affinity and selectivity of metal complexes' binding to DNA have attracted a lot 

of attention. These studies' findings could be used to develop biotechnology tools and to treat 

chemotherapy. Extensive efforts have been made to comprehend the non-covalent 

interactions between metal complexes and DNA. We have investigated the palladium 

complexes' interactions with DNA by electrochemical and absorption spectroscopy 

investigations. Electronic absorption spectroscopy is one of the powerful techniques for 

probing metal ion DNA interactions.186,187 The ‘hyperchromic’ effect and ‘hypochromic’ 

effect are spectral features of DNA concerning its double helix structure. ‘Hypochromism’ 

outcomes from the concentration of DNA in the helix axis as well as from the change in 

conformation on DNA, while ‘hyperchromism’ results from the structural damage of 

DNA.188,189 The extent of hyperchromism suggests the strength of intercalative binding; on 

the other hand, either hyperchromism or hypochromism may result with metal complexes 

which bind non-intercalatively or electrostatically with DNA.190,191 The electronic absorption 

titration of the complexes in 1:10 DMSO/buffer medium has been carried out in presence of 

increasing amounts of CT-DNA. When the amount of DNA is increased, the intensity of the 

charge transfer band is also changed, due to either hypochromism or hyperchromism. The 

intrinsic equilibrium binding constant (Kb) was estimated using the following Wolfe-

Shimmer equation.192 

 

[DNA]

(εa − εf)
=

[DNA]

(εb − εf)
+

1

Kb(εb − εf)
 

 

Where, [DNA] is the concentration of CT-DNA and εa is the apparent extinction coefficient 

of the complex at a given DNA concentration, εf and εb are the extinction coefficients of the 
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complex in free solution and when fully bound to CT-DNA respectively. The plot of 

[DNA]/(𝜀𝑎 − 𝜀𝑓) against [DNA] will produce slope 1/(𝜀𝑏 − 𝜀𝑓) and intercept 1/𝐾b(𝜀𝑏 − 𝜀𝑓); 𝐾𝑏 

(M-1) is the ratio of slope to intercept. 

 

I.10.5. Albumin-binding properties of the compounds 

Proteins are major targets for therapeutically active complexes. Bovine serum albumins 

(BSA) are frequently used in studies of the interactions with transition metal complexes and 

proteins because it is responsible for the transport of drugs in biological systems.193,194 The 

binding ability of synthesized complexes with BSA protein were determined by employing 

UV-Vis and fluorescence spectroscopic techniques. The BSA stock solution was prepared 

using 500 mM phosphate buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C for 

further use. The concentration of BSA was measured by taking absorbance at 280 nm in UV-

Vis spectra (molar extinction coefficient 66,400 M-1 cm-1). The stock solution of complexes 

was prepared in DMSO medium and was suitably diluted with PBS whenever necessary. The 

absorption spectra were recorded at room temperature with constant concentration of BSA 

while varying the concentration of complex added to it. 

UV-visible absorption measurement is a simple method to explore the structural changes and 

is useful to distinguish the type of quenching mechanism exist i.e. static or dynamic 

quenching mechanism. In the static quenching mechanism, a new complex is formed between 

BSA and the quencher in the ground state. Therefore, it will result in perturbation of the 

absorption spectrum of the fluorophore. But in the dynamic quenching mechanism, the 

fluorophore and quencher get in touch with each other during the transient existence of the 

excited state and therefore, no change is observed in the absorption spectrum of BSA.195 

 

 

Figure I.5. Binding modes of BSA. 
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This hypsochromic shift corresponds to ground-state association between the complex and 

protein.53 The apparent association constant (Ka) was calculated from the plot of 1/(Aobs-A0) 

vs 1/[complex] by using the Benesi–Hildebrand equation.196 

 

1

𝐴𝑜𝑏𝑠 − 𝐴0
=  

1

𝐴𝑐 − 𝐴0
+  

1

𝐾𝑎(𝐴𝑐 − 𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
 

 

Where Aobs is the observed absorbance (at 280 nm) of the solution having various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and of serum 

albumin with the complex. 

Further, the binding constant and number of binding sites can be calculated by using 

following Scatchard equation.197 

 

𝑙𝑜𝑔
(𝐹0 − 𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥] 

 

Where Kb is the binding constant of synthesized compounds with BSA and n is the number of 

binding sites. The binding constant (Kb) and the binding sites (n) have been obtained from the 

plot of log [(Fo-F)/F] versus log [complex]. 

 

I.11. Objectives and scope of the present work 

Over the last few years, transition metal complexes that contain azo/imine functional O,N,S 

donor pincer ligands have attracted great attention and found important applications in 

various fields such as medicinal chemistry including antibacterial, antifungal, anticancer, 

antioxidant, antimalarial, antiviral activity. Pincer type complexes were designed and 

synthesized with various metal ions such as platinum, palladium, ruthenium and rhenium. 

Chelating behavior of ONS donor ligands with transition metals has been studied with the 

aim of gaining more information about their nature of coordination, structural and spectral 

features. Also, the coordination chemistry of transition metals with chelating ligands are 

widely studied because of their stability, chemical, biological, electrochemical activities and 

diversity in binding mode of the ligands to metal centre. Schiff bases are useful chelating 

ligands for metal ions, resulting in metal complexes with different physical and chemical 

properties and also azo compounds are found to have several health benefits, including 

cytotoxic, antitumor, antibacterial, antiviral, antifungal, and antiseptic properties. The 
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investigation of the interactions of biologically active compounds with DNA and BSA could 

provide very useful information on the structural features that determine the therapeutic 

effectiveness and pharmacological response of drugs.  

Thus, the work presented in this thesis was carried out with the following objectives 

❖ Design and synthesis of multidentate ligands incorporating azo/imine as functionality. 

❖ Synthesis of transition metal complexes with azo/imine functional O, N, S donor 

ligands. 

❖ Characterization of the synthesized metal complexes by spectroscopic techniques 

(NMR, FT-IR, UV-Vis etc). 

❖  Structure determination by single crystal X-ray diffraction method. 

❖ Exploration of binding ability of the complexes with DNA and BSA proteins by 

absorption and emission titration methods. 

❖ Investigation of the metal complexes' in vitro anticancer activity against various 

human cancer cell lines.  
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Abstract 

 

The variable chelating behavior of 5-fluorosalicylaldehyde-4(N)-substituted thiosemicarba-

zones were explored by reacting with equimolar amount of [PdCl2(PPh3)2]. The synthesized 

complexes were thoroughly characterized by various analytical, spectroscopic techniques 

(mass, 1H-NMR, absorption, IR). The molecular structure of the complexes 1 and 2 were 

characterized by single crystal X-ray diffraction studies which revealed that the ligand H2L
1 

is coordinated to Pd(II) as uninegative bidentate N, S donor ligand in the complex 1 by 

forming a five-member chelate ring. However, the ligand H2L
2 bound to palladium in 

complex 2 as binegative tridentate ONS donor by forming six and five member rings. From 

this study, it was found that the substitution on terminal 4(N)-nitrogen may have an influence 

on the chelating ability of thiosemicarbazone. The presence of hydrogen bonding in complex 

1 might be responsible for preventing the coordination of phenolic oxygen to the metal ion. 

The interactions of complexes with calf thymus DNA (CT-DNA) have been evaluated by 

absorption and ethidium bromide (EB) competitive studies which revealed that complexes 

could interact with CT-DNA through intercalation. Further, the interactions of the complexes 

with bovine serum albumin (BSA) were also investigated using UV-visible, fluorescence and 

synchronous fluorescence spectroscopic methods, which showed that the complexes could 

bind strongly with BSA. 
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II.1. Introduction 

Nowadays, cancer is one of the most important human health concerns in the world, 

which claims numerous deaths each year and is on the increase worldwide.1,2 A majority of 

drugs used for the treatment of cancer today are not cancer cell specific and are potently toxic 

against normal cells also. This has opened up a new and active area of research in 

bioinorganic medicinal chemistry. In this regard, cisplatin, carboplatin, and oxaliplatin are 

well-known metal-based drugs and are widely used to treat solid tumors.3,4 However, they 

have some limitations due to resistance over a period of time and severe side effects in 

causing nausea and the failure of kidney and liver, which are typical of heavy metal toxicity.5 

Hence, attempts have been made extensively to replace these drugs with more-efficient, less 

toxic, and target-specific noncovalent DNA binding anticancer drugs. Since palladium(II) 

complexes are good alternative candidates for metal organic antitumor drugs due to their 

structural and thermodynamic similarities to platinum(II) complexes, a number of 

palladium(II) thiosemicarbazone complexes have been synthesised and examined for their 

potential as antitumor agents.6 In this area, palladium(II) complexes of 4(N)-substituted 

thiosemicarbazones have attracted considerable attention and many of them showed 

remarkable cytotoxic activity.7-9 

Among the sulfur family, thiosemicarbazones are unique and multifaceted ligands that 

hold a variety of flexible donor sets and are proficient of coordinating to the metal ion 

through the sulfur and one of the hydrazinic nitrogen atoms (N1 or N2), leading to the 

formation of either a five or a four member chelate ring.10,11 The versatility of the 

thiosemicarbazone ligands for binding to the metal ion has been well documented. Besides 

the enormous structural diversity exhibited by the metal complexes, they have a wide range 

of biological properties such as antitumor, antibacterial, antiviral, antifungal, and insulin 

mimetic properties.12-14 

Synthesis of new metal complexes with structural design and properties analogous to 

anticancer agents is one of the most productive areas of coordination chemistry. The fact that 

DNA and protein biomolecules are electron-rich and metal ions electron-deficient compels 

one to believe to have strong interactions between metal ions and biomolecules. Therefore, 

the study of the binding properties of metal complexes with DNA and protein is of great 

significance for the design of new drugs and their application.15 Depending on the nature of 

the metal and ligands, the complexes can bind to the DNA via the following three non-

covalent modes: intercalation, groove binding interaction and electrostatic interaction 

between negatively charged DNA phosphate residue and positively charged species.16 

Additionally, the study on interaction of proteins with metal complex is very helpful as it 
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could offer information to examine the therapeutic efficiency and pharmacological response 

of drugs. Furthermore, proteins are venerated as the major cellular target for antitumor drugs 

and the most carrier proteins in the blood stream is Human Serum Albumin (HSA). Since 

Bovine Serum Albumin (BSA) structure is homologous with Human Serum Albumin (HSA) 

and due to its easy availability and low price, BSA is typically used in biochemical and 

biophysical studies.17-20 

With the above facts in mind, new palladium(II) complexes containing 4(N)-

substituted thiosemicarbazones have been synthesized and characterized by using various 

spectroscopic techniques like NMR, IR, Mass and UV-Vis. The crystal structures of the 

synthesized complexes have been determined by X-ray crystallography. DFT and TD-DFT 

calculations were accomplished to elucidate the electronic structure and UV-Vis spectra of 

the complexes. The investigation of the biological properties of the complexes have been 

carried out focusing on the binding properties with calf thymus DNA (CT-DNA) and 

competitive binding studies with ethidium bromide (EB). Also, the interaction of the 

complexes with BSA were studied to determine their binding mode.  

 

II.2. Experimental 

II.2.1. Materials and methods 

          4(N)-methylthiosemicarbazide, 4(N)-phenylthiosemicarbazide, 5-fluorosalicylaldehyde 

and PdCl2 were purchased from Sigma-Aldrich. Solvents were available from commercial 

sources and used without further purification. Ethidium bromide (EB), Tri(hydroxylmethyl) 

aminomethane (Tris-HCl), calf thymus DNA(CT-DNA) and bovine serum albumin (BSA) 

were obtained from Sigma Aldrich chemical company. The ligands and the starting complex, 

[PdCl2(PPh3)2] were synthesized according to the standard literature procedures.21 

Elemental analyses (C, H, N) were performed on a 2400 Series-II CHN analyzer, 

Perkin Elmer, USA. Waters (Xevo G2 Q-TOF) mass spectrometer was used to record mass 

spectra of the ligand and complexes. Infrared spectra of the ligands and the metal complexes 

were recorded in the range of 4000-400 cm−1 using a RX-1 PerkinElmer spectrometer from 

KBr pellets. 1H-NMR spectra of ligand and complexes were recorded in DMSO with TMS as 

the internal standard on a Bruker (AC) 300 MHz FT-NMR spectrometer. The electronic 

spectra of the complexes were recorded using PerkinElmer Lambda 750 spectrophoto-meter. 

The emission spectra were recorded by using Shimadzu RF-6000 fluorescence 

spectrophotometer at room temperature (298 K). 
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II.2.2. Syntheses 

II.2.2.1. Synthesis of the ligand [H2-Fsal-mtsc] (H2L1) 

4(N)-methylhiosemicarbazide (0.09 g, 0.856 mmol) was dissolved in 20 mL of acetonitrile 

with continuous stirring and it was gently heated for a period of 30 min. To this, acetonitrile 

solution (10 mL) of 5-fluorosalicylaldehyde (0.12 g, 0.856 mmol) was added and the mixture 

was refluxed by stirring for 4 h. The reaction mixture was then cooled and was used for 

complex formation reactions. Yield 0.145 g (75%).  

Anal. Calc. for C9H10FN3OS: C,47.57; H,4.44; N,18.49. Found: C, 47.42; H, 4.35; N, 18.36. 

IR (KBr, cm-1): 3376 (O-H); 3238, 3135 (N-H); 3032, 2942 (C-H); 1559 (C=N). 1H 

NMR (300 MHz, DMSO-d6, ppm): 11.49 (s, 1H, OH), 9.93 (s, 1H, NHCS), 8.57 (s, 1H, 

NHCH3), 8.31 (s, 1H, CH=N), 7.88-6.84 (m, 3H, aromatic), 3.01 (d, 3H, CH3). HRMS: 

calculated for C9H10FN3OS [M+H]+ (m/z): 228.0607; found: 228.1616.  

 

II.2.2.2. Synthesis of the ligand [H2-Fsal-ptsc] (H2L2) 

The ligand [H2-Fsal-ptsc] was prepared from 4(N)-phenyl thio- semicarbazide (0.14 g, 

0.856 mmol) and 5- fluorosalicylaldehyde. (0.12 g, 0.856 mmol). Yield 0.191 g (77%). 

Anal. Calc. for C14H12FN3OS: C, 58.12; H, 4.18; N, 14.52. Found: C, 58.02; H, 4.05; 

N, 14.42. IR (KBr, cm−1): 3383 (O-H); 3231, 3114 (N-H); 3032, 2950 (C-H); 1566 

(C=N). 1H NMR (300 MHz, DMSO-d6, ppm): 11.48 (s, 1H, OH), 9.85 (s, 1H, NHCS), 9.24 

(s, 1H, NHPh), 8.32 (s, 1H, CH=N), 7.73-6.92 (m, 8H, aromatic). HRMS: calculated for 

C14H12FN3OS [M+H]+ (m/z): 290.0763; found: 290.0602.  

 

II.2.2.3. Synthesis of Pd(II) complex, [Pd(H-Fsal-mtsc)Cl(PPh3)] (1) 

A solution of [PdCl2(PPh3)2] (0.100 g, 0.142 mmol) in 20ml of acetonitrile was added to the 

ligand, H2-Fsal-mtsc (0.032 g, 0.142 mmol). The mixture was refluxed for 6 h during which 

period an orange-colored precipitate was formed. The reaction mixture was then cooled to 

room temperature and the solid compound was filtered. The single crystals of complex 1 

grown from methanol/DMSO through slow evaporation were found to be suitable for X-ray 

diffraction. The yield was, 0.071 g, 79%. 

Anal. Calc. for C27H24ClFN3OPPdS: C, 51.44; H, 3.84; N, 6.67. Found: C, 51.31; H, 3.75; N, 

6.55. IR (KBr, cm−1): 3341 (O-H); 3252 (N-H); 3046, 2956 (C-H); 1592 (C=N). 1H 

NMR (300 MHz, DMSO-d6, ppm): 11.32 (s, 1H, OH), 8.71 (s, 1H, NHCH3), 8.44 (s, 1H, 

CH=N), 7.69-6.90 (m, aromatic), 2.76 (d, 3H, CH3). HRMS: calculated for 

C27H24ClFN3OPPdS [M-Cl]+ (m/z): 594.0397; found: 594.0493. 
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II.2.2.4. Synthesis of Pd(II) complex, [Pd(Fsal-mtsc)(PPh3)] (2) 

It was prepared as described for complex 1 by the reaction of [PdCl2(PPh3)2] (0.100 g, 0.142 

mmol) with ligand, H2-Fsal-ptsc (0.041 g, 0.142 mmol). An orange-colored precipitate 

formed was filtered. The single crystals of complex 2 grown from methanol/DMSO were 

found to be suitable for X-ray diffraction. The yield was, 0.075 g, 81%. 

Anal. Calc. for C32H25FN3OPPdS: C, 58.59; H, 3.84; N, 6.41. Found: C, 58.45; H, 3.74; N, 

6.32. IR (KBr, cm−1):  3273 (N-H); 3059, 3018 (C-H); 1587 (C=N). 1H NMR (300 MHz, 

DMSO-d6, ppm): 9.40 (s, 1H, NHPh), 8.62 (s, 1H, CH=N), 7.72-6.92 (m, aromatic). HRMS: 

calculated for C32H25FN3OPPdS [M+H]+ (m/z): 656.0553; found: 656.0293. 

 

II.2.3. Single crystal X-ray diffraction studies 

Single crystal data of complex 1 and 2 were collected at 293K on an automated Bruker AXS 

D8 Quest CMOS diffractometer using graphite monochromated Mo-Kα (λ=0.71073Å) 

radiation by the ω scan method. The structures were solved by direct method using the 

SHELX-2016 and refined by full-matrix least-squares methods on F2. All the data were 

adjusted for Lorentz and polarization effects and multi-scan absorption corrections were 

applied using SHELXTL program package.22 All non-hydrogen atoms were refined with 

anisotropic thermal parameters. The hydrogen atoms bound to carbon were placed in 

idealized positions and were set riding on the parent atom.  

 

II.2.4. Computational method 

All geometry optimization and energy computations were performed using density functional 

theory (DFT) with the B3LYP level of theory.23 LanL2DZ24 basis set with effective core 

potential was employed for Pd atom while for the other elements the basis set 6-31G(d)25 

were considered for calculations. The vibrational frequency calculations were performed to 

ensure that the optimized geometries represented the local minimum on the potential energy 

surface and there were only positive Eigen values. Gaussian09 program package26 was 

employed to visualize geometry optimized structures and to calculate the minimum energy 

structure. The calculated electronic density contour plots for frontier molecular orbitals were 

plotted by using the GaussView, Version 5 visualization program. Solvent effects play an 

important role in the electronic structure of the complexes. On the basis of the optimized 

ground state geometries, the absorption spectra in DMSO were calculated by time-dependent 

density functional theory (TD-DFT)27 using the conductor-like polarizable continuum model 

(CPCM)28. The fractional contributions of various groups to each molecular orbital were 

calculated using GaussSum.29 
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II.2.5. DNA binding studies 

II.2.5.1. Absorption spectroscopic studies 

The DNA binding ability of complex 1 and 2 has been evaluated by absorption as well as 

emission spectroscopy. The interaction of the complex with CT-DNA was performed by 

using Tris-HCl buffer solution having pH 7.2. The concentration of CT-DNA was determined 

from its absorption intensity at 260 nm by employing an extinction coefficient of 6600 M-

1cm-1. The UV absorbance at 260 and 280 nm of the CT-DNA solution gave a ratio in the 

range of 1.8 to 1.9, indicating that the DNA was satisfactorily free from protein molecules. 

The absorption spectra of the complexes at a constant concentration were recorded in 

presence of different concentrations of CT-DNA and a noteworthy change in absorption 

values was observed.30 

 

II.2.5.2. Ethidium bromide displacement experiments 

The competitive binding interactions of the complexes were examined by fluorescence 

spectroscopy method in order to find out whether the compound can displace EB from its 

EB-CT-DNA system.31 The CT-DNA-EB complex was initially prepared by adding 15 μM 

EB and 30 μM CT-DNA in Tris-HCl/NaCl buffer solution (pH 7.4).  Ethidium bromide (EB) 

displacement experiments were done by successive addition of complexes into the Tris-HCl 

buffer solution of EB-CT-DNA complex. After successive addition of the metal complexes, 

the change in fluorescence intensity at 612 nm were monitored (ex. wavelength 540 nm). 

 

II.2.6. Protein binding studies 

Bovine serum albumins (BSA) are frequently used in studies of the interactions with 

complexes and proteins because it is responsible for the transport of drugs in biological 

systems.32,33 The binding ability of complexes with BSA protein were determined by 

employing UV-Vis and fluorescence spectroscopic techniques. The BSA stock solution was 

prepared using 500 mM phosphate buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C 

for further use. The concentration of BSA was measured by taking absorbance at 280 nm in 

UV-Vis spectra (molar extinction coefficient 66,400 M-1 cm-1). The stock solution of 

complexes was prepared in DMSO medium and was suitably diluted with PBS whenever 

necessary. The absorption spectra were recorded at room temperature with constant 

concentration of BSA (9 μM) while varying the concentration of complex added to it. In 

fluorescence experiment, tryptophan fluorescence of BSA was recorded in the range 290-450 

nm at an excitation wavelength of 280 nm. Quenching of emission intensity at ~336 nm for 

BSA was monitored with successive addition of complex. 
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II.3. Results and discussion 

II.3.1. Synthesis and spectra 

The new palladium(II) complexes were synthesized by reacting 4(N)-substituted 5-

fluorosalicylaldehyde thiosemicarbazone ligands (H2L
1/ H2L

2) with equimolar amount of 

[PdCl2(PPh3)2] in acetonitrile (Scheme II.1). The ligands and complexes were characterized 

by IR, UV-visible and H NMR spectroscopic techniques and the structure of 1 and 2 were 

confirmed by single crystal X-ray diffraction studies. 

 

Scheme II.1.   Synthetic scheme for complex 1 and complex 2 

 

The Fourier transform infrared (FT-IR) spectra provide promising indications 

regarding the involvement of coordination sites of the ligand in chelation with metal. A band 

in the region 3376-3383 cm-1 due to a hydrogen bonded –OH group in the free ligands was 

not observed in the IR spectra of complex 2. This indicates that the phenolic oxygen is 

deprotonated and coordinated to metal in the complex 2. However, the  (O-H) stretching 

frequency found at 3341 cm-1 for the complex 1 indicated the non-participation of phenolic 

oxygen in coordination to the palladium ion (Fig. II.1 and Fig. II.2). A strong vibration 

observed at 1559–1566 cm-1 in the ligands corresponding to (C=N) was shifted to 1587–

1592 cm-1 in the complexes indicating the participation of azomethine nitrogen in bonding.21 
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The 1H-NMR spectra of ligands and their corresponding Pd(II) complexes were recorded in 

DMSO and are shown in Fig. II.3 – Fig.II.6. In the spectra of free ligands, a singlet appeared 

at 9.93-9.85 ppm corresponding to N(2)H proton, which disappeared in the complexes, 

confirming deprotonation followed by coordination of thiolate sulfur to palladium which 

results in the formation of a five membered chelate ring. In spectra of free ligands, a sharp 

singlet corresponding to the phenolic -OH group has appeared at 11.49-11.48 ppm. In the 

spectra of complex 1 the appearance of a singlet at 11.32 ppm indicated the nonparticipation 

of phenolic oxygen from coordination. But the same singlet peak has completely disappeared 

in complex 2, confirming the involvement of phenolic oxygen in coordination.8 In the spectra 

the complexes, a multiplet appeared in the region of 7.72-6.90 ppm due to aromatic protons 

of the ligands and triphenylphosphine. The ligands had a singlet for azomethine (-CH=N-) 

proton at 8.31-8.32 ppm, however in spectra of the complexes, this proton signal shifted 

downfield region (at 8.44-8.62 ppm) due to azomethine nitrogen coordination. The signals 

corresponding to the terminal -NH proton of the complexes was observed as a sharp singlet at 

9.40-8.71 ppm. In addition, H2L
1 and complex 1 showed a doublet at 2.76 ppm for the 

terminal -CH3 protons. Mass spectrum of complex 1 shows m/z peak corresponding to [M-

Cl]+ at 594.0493 (Fig. II.9) while complex 2 exhibits m/z peak corresponds to [M+H]+ at 

656.0553 (Fig. II.10). 

        Absorption spectra of complexes 1 and 2 were taken in DMSO (Fig. II.11). The solution 

spectrum of complex 1 exhibit moderately intense energy band at 390 nm along with a 

shoulder band at 419 nm. In addition, high energy bands appeared at 370, 349 and 302 nm. 

Absorption spectra of complex 2 exhibit low energy peaks at 412 nm along with a shoulder 

band at 428 nm and high energy bands appeared at 346 nm and 318 nm. 

 

 

Fig. II.1.  IR spectrum of ligand H2L1 (A) and ligand H2L2 (B) 



51 | CHAPTER-II 

 

 

 

 

Fig. II.2.  IR spectrum of complex 1 (A) and complex 2 (B) 

 

 

 

 

Fig. II.3.  1H-NMR spectrum of ligand H2L1 in DMSO-d6 
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Fig. II.4.  1H-NMR spectrum of ligand H2L2 in DMSO-d6 

 

 

 

Fig. II.5.  1H-NMR spectrum of complex 1 in DMSO-d6 
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Fig. II.6.  1H-NMR spectrum of complex 2 in DMSO-d6 

 

 

Fig.II.7.  HRMS spectrum of ligand H2L1 
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Fig.II.8.  HRMS spectrum of ligand H2L2 

 

 

Fig.II.9.  HRMS spectrum of complex 1 



55 | CHAPTER-II 

 

Fig.II.10.  HRMS spectrum of complex 2 

         

 

Fig. II.11.   UV-Vis spectra of Complex 1 and 2 in DMSO 

 

II.3.2. Crystallographic study 

The molecular structures of complexes 1 and 2 have been determined by the single crystal X-

ray diffraction method to predict the coordination mode of ligands. The single-crystal X-ray 
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studies revealed that the complex 1 is crystallized in a monoclinic crystal system with the 

space group P 21/c, whereas the complexes 2 crystallized in the triclinic system with the 

space group P-1. The ORTEP view along with the atomic numbering scheme of the 

complexes 1 and 2 are shown in Fig. II.12. Relevant crystallographic data and details of 

structure refinements for the complexes are summarized in Table II.1. Selected inter atomic 

bond lengths and bond angles are listed in Table II.2. In the complexes 1, the Pd(II) ion is 

coordinated to the mono basic bidentate ligand through the thiolate sulfur atom [Pd1-S1, 

2.2392(6) Å] and the imine nitrogen atom [Pd1-N1, 2.1118(19) Å] by forming a five 

membered ring with a bite angle N(1)-Pd(1)-S(1) of 84.00(5)o. The remaining binding sites 

are occupied by one chlorine atom [Pd1-Cl1, 2.3470(6) Å] and the triphenylphosphine unit 

[Pd1-P1, 2.2501(6) Å]. The cis-angles N1-Pd1-S1, N1-Pd1-Cl1, P1-Pd1-Cl1 and S1-Pd1-P1 

are found to be 84.00(5)o, 96.94(6)o, 87.90(2)o and 91.17(2)o respectively, while the two 

trans-angles N1-Pd1-P1 and S1–Pd1–Cl1 are 175.16(5)o and 179.01(2)o respectively. The cis 

and trans-angles are in significant deviation from their respective idealistic values of 90o and 

180o, suggesting significant distortion in the square planar geometry of the complex. In the 

complexes 2, the Pd(II) ion is coordinated to the negatively charged tridentate ligand through 

the thiolate sulfur atom [Pd1-S1, 2.2456(12) Å], phenolic oxygen atom [Pd1-O1, 2.009(3) Å] 

and the imine nitrogen atom [Pd1-N1, 2.007(3) Å] by forming a five and six membered 

chelate rings with a bite angle N1-Pd1-S1 of 84.00(10)o and O1-Pd1-N1 of 92.35(14)o. The 

remaining binding site is occupied by the triphenylphosphine unit [Pd1-P1, 2.2836(12) Å]. 

The two trans-angles N1-Pd1-P1 and S1-Pd1-O1 are 177.74(11)o and 176.34(10)o, which 

deviate considerably from the ideal angle of 180◦ causing significant distortion in the square 

planar geometry the complex. 

 

 

 

Fig. II.12.   ORTEP plots with 35% ellipsoidal probability of complex 1 (A) and 2 (B) 
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Table II.1.  Crystallographic data and refinement parameters of complex 1 and 2 

Complex Complex 1 Complex 2 

Formula C27 H24 Cl F N3 O P Pd S C34 H31 F N3 O2 P Pd S2 

Formula Weight 630.37 734.11 

Crystal System monoclinic triclinic 

Space group P 21/c P ī 

a, b, c [Å] 12.6549(7), 19.6241(11), 

12.0433(7) 

10.7511(3), 12.3684(4), 

14.5484(4) 

 [°] 90 114.8430(10) 

 [°] 113.289(2) 105.0530(10) 

γ [°] 90 95.4720(10) 

V [ Å3] 2747.2(3) 1648.50(8) 

Z 4 2 

D(calc) [g/cm3] 1.524 1.479 

Mu(MoKa)[mm-1] 0.939 0.779 

F(000) 1272 748 

Temperature (K) 293(2) 293(2) 

Radiation [Å] 0.71073 0.71073 

θ(Min-Max) [°] 2.113- 27.117 1.825- 27.222 

Dataset (h; k; l) -16 to 16, -25 to 25, -15 to 15 -13 to 13, -15 to 15, -18 to 18 

R, wR2 0.0307, 0.0721 0.0629, 0.1100 

Goodness of fit(S) 1.051 1.191 

 

Table II.2.  Selected X-ray and calculated bond distances and angles of complexes 1 and 2 

Complex 1                         Complex 2 

Bonds(Å) X-ray Calc. Bonds(Å) X-ray Calc. 

Pd1-N1 2.1118(19) 2.13658 Pd1-N1 2.007(3) 2.04594 

Pd1-S1 2.2392(6) 2.31252 Pd1-S1 2.2456(12) 2.30798 

Pd1-P1 2.2501(6) 2.31713 Pd1-P1 2.2836(12) 2.34443 

Pd1-Cl1 2.3470(6) 2.38279 Pd1-O1 2.009(3) 2.03348 

N1-C7 1.286(3) 1.30154 N1-C7 1.285(5) 1.30565 

N1-N2 1.398(3) 1.38050 N1-N2 1.409(5) 1.38131 
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II.3.3. DFT and TDDFT calculations 

The geometry of the complexes 1 and 2 were optimized in singlet ground state by 

DFT/B3LYP method to recognize the electronic structure of the complexes. The calculated 

geometric parameters are reasonably well reproducing the X-ray crystal structures data.  

Contour plots of selected molecular orbitals for both the complexes 1 and 2 are shown in Fig. 

II.13 and Fig. II.14 respectively. Energy and compositions of selected molecular orbitals are 

given in Table II.3 and Table II.4 respectively. For complex 1, the higher energy occupied 

molecular orbital (HOMO) has 90% contribution of ligand and the low-lying virtual orbital, 

LUMO has 42% contribution of d𝜋(Pd) orbitals and 32% contribution of ligand 𝜋*orbitals. 

For complex 2, HOMO has 94% contribution of ligand while LUMO has 42% contribution of 

d𝜋(Pd) orbitals and 41% contribution of ligand 𝜋*orbital (Table II.5). The HOMO to LUMO 

energy gap in the complexes is found to be 3.11 eV and 3.20 eV for 1 and 2 respectively.  

UV-Vis absorption bands of the complexes are interpreted by TDDFT calculations 

using B3LYP/CPCM method in DMSO. Calculated vertical electronic transitions are 

summarized in Table II.5. For complex 1, the calculated low energy transition at 428 nm (f = 

0.0188) corresponds to the HOMO-3 → LUMO transition (expt. = 419 nm) having mixed 

XLCT and XMCT character. The experimentally observed peak at 390 nm corresponds to 

HOMO-4 → LUMO transition (367 nm, f = 0.1466) having MLCT character. For complex 2 

the lower energy experimental band at 412 nm and 428 nm correspond to the HOMO-2 → 

LUMO+1 transition at 412 nm (f = 0.324) having ILCT character. Similarly, the experimental 

observed band at 346 nm correspond to the HOMO-1 → LUMO+1 transition at 343 nm (f = 

0.134) having ILCT character. The high energy band at 318 nm correspond to mixed LMCT 

and ILCT character. 

 

 

Angles ()  

N1-Pd1-S1 84.00(5) 82.55235 N1-Pd1-S1 84.00(10) 83.31420 

N1-Pd1-P1 175.16(5) 177.49192 N1-Pd1-P1 177.74(11) 177.49452 

S1-Pd1-P1 91.17(2) 94.97979 S1-Pd1-P1 93.75(4) 94.76242 

N1-Pd1-Cl1 96.94(6) 94.71171 N1-Pd1-O1 92.35(14) 92.71536 

S1-Pd1-Cl1 179.01(2) 176.57012 S1-Pd1-O1 176.34(10) 175.92889 

P1-Pd1-Cl1 87.90(2) 87.77068 P1-Pd1-O1 89.91(10) 89.23153 
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Table II.3.  Energy and % of composition of some selected molecular orbitals of complex 1  

MO Energy % of composition 

Pd Ligand Cl PPh3 

LUMO+5 -0.5 08 02 00 90 

LUMO+4 -0.61 03 01 00 96 

LUMO+3 -0.78 02 02 01 95 

LUMO+2 -1.0 00 02 00 97 

LUMO+1 -1.54 03 93 00 03 

LUMO -2.38 42 32 11 15 

HOMO -5.49 06 90 03 00 

HOMO-1 -5.81 21 65 13 01 

HOMO-2 -6.21 06 92 02 00 

HOMO-3 -6.48 20 18 54 07 

HOMO-4 -6.49 63 08 09 21 

HOMO-5 -6.76 05 27 32 35 

HOMO-6 -6.88 05 21 23 52 

HOMO-7 -7.03 00 01 00 99 

HOMO-8 -7.11 03 10 11 76 

HOMO-9 -7.14 09 14 11 65 

HOMO-10 -7.24 12 29 05 54 

 

Table II.4.   Energy and % of composition of some selected molecular orbitals of complex 2 

MO Energy % of composition 

Pd Ligand PPh3 

LUMO+5 -0.43 07 04 89 

LUMO+4 -0.65 05 01 94 

LUMO+3 -0.84 02 02 96 

LUMO+2 -1.08 00 01 99 

LUMO+1 -1.4 02 96 01 

LUMO -1.74 42 41 17 

HOMO -4.94 05 94 00 

HOMO-1 -5.57 09 90 00 

HOMO-2 -5.67 08 91 01 

HOMO-3 -6.44 69 23 09 

HOMO-4 -6.56 11 60 29 

HOMO-5 -6.62 01 99 00 

HOMO-6 -6.73 15 84 01 

HOMO-7 -6.83 07 27 66 

HOMO-8 -7.09 03 06 91 

HOMO-9 -7.13 04 06 90 

HOMO-10 -7.23 05 03 92 
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Table II.5. Vertical electronic transition calculated by TDDFT/CPCM method of complexes 1 and 2 

Comp  (nm) E (eV) Osc. 

Strength 

(f) 

Key excitations Character expt. 

(nm) 

 

 

 

 

1 

428.05 2.8965 0.0188 (56%)HOMO-3→LUMO XLCT/ 

XMCT 

419 

(sh.) 

367.57 3.3731 0.1466 (29%)HOMO-4→LUMO MLCT 390 

364.77 3.3989 0.2789 (75%)HOMO→LUMO+1 ILCT 370 

321.01 3.8623 0.1554 (35%)HOMO-4→LUMO MLCT 349 

301.34 4.1145 0.2156 (74%)HOMO-2→LUMO+1 ILCT 

 

302 

 

 

2 

412.94 3.0025 0.3243 (83%)HOMO-2→LUMO+1 ILCT 

 

428 (sh)  

412 

343.85 3.6057 0.1341 (47%)HOMO-1→LUMO+1 ILCT 346 

331.82 3.7365 0.1898 (52%)HOMO-1→LUMO+1 ILCT  

322.05 3.8499 0.1751 (39%)HOMO-4→LUMO LMCT/ 

ILCT 

318 

 

 

 

 
  

LUMO LUMO+1 LUMO+2 

   

HOMO HOMO-1 HOMO-2 

 

Fig. II.13. Contour plots of some selected molecular orbital of complex 1 
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LUMO LUMO+1 LUMO+2 

 
  

HOMO HOMO-1 HOMO-2 

 

Fig. II.14. Contour plots of some selected molecular orbital of complex 2 

 

II.3.4. DNA binding studies 

II.3.4.1. Absorption spectral studies 

Electronic absorption spectroscopy is one of the most common techniques used for 

investigating the mode of binding between the metal complexes and DNA.34,35 In general, the 

metal complexes binding to DNA through intercalation results in hypochromism with or 

without a small red or blue shift, since the intercalative mode involves in a strong stacking 

interaction between the planar aromatic chromophore and the base pairs of DNA.36-38 The 

representative absorption spectra of the complexes in the absence and presence of CT-DNA 

are shown in Fig. II.15. It is seen from the spectra that, as the concentration of DNA is 

gradually increased, a significant hypochromism was observed. These results indicated that 

the complexes bind to the DNA helix via intercalation. The intrinsic binding constant (Kb) 

which offers an approximation of magnitude of the binding strength, was determined by 

plotting [DNA]/(εa − εf) vs. [DNA] from the spectral titration data using the Wolfe-Shimer 

equation (Eq. II.1).39 

 

                                  
[DNA]

(εa −εf)
=

[DNA]

(εb −εf)
+

1

Kb(εb −εf)
                             (Eq.II.1) 
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where [DNA] is the concentration of CT-DNA and εa is the apparent extinction 

coefficient value found by calculating A(observed)/[complex], εf and εb are the extinction 

coefficients of the complex in free solution and when it is fully bound to CT-DNA 

respectively.  εf was determined from the calibration curve of the isolated metal complex 

following Beer’s law. The plot of [DNA]/(εa − εf) vs. [DNA] give a straight line with 

1/(εb − εf) and 1/[Kb(εb − εf)] as slope and intercept, respectively. The values of Kb were 

calculated from the ratio of the slope to the intercept. The intrinsic binding constant (Kb) 

values are shown in Table II.6. The Kb values are found to be 2.117(±0.097)×105 M−1 and 

1.941(±0.092)×105 M−1 for complexes 1 and 2 respectively. These values are very much 

similar to the reported values of binding constants for other complexes towards CT-DNA.40-43 

 

 

Fig. II.15. Change in absorption spectra of the complex 1 (A) and 2 (B) in Tris–HCl/NaCl buffer with 

the gradual addition of CT-DNA. Inset: Plot of [DNA]/(εa – εf) vs. [DNA]. 

 

II.3.4.2. Ethidium bromide (EB) displacement experiment 

Ethidium bromide displacement experiments were carried out in order to confirm the binding 

mode and compare their binding affinities. EB is a planar, cationic dye and it is widely used 

as a sensitive fluorescence probe for native DNA. In general, EB emits intense fluorescent 

light in the presence of DNA due to its strong intercalation between the adjacent DNA base 

pairs.44 Hence, the EB displacement technique can provide indirect evidence for the DNA 

binding mode. The displacement technique is based on the decrease of fluorescence resulting 

from the displacement of EB from a DNA sequence by a quencher and the quenching is due 

to the reduction of the number of binding sites on the DNA that is available to the EB.45,46 

The emission spectra of the EB-CT-DNA system with increasing the concentration of the 

Pd(II) complexes are shown in Fig. II.16. From the observed decrease in the fluorescence 
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intensity, it has been inferred that the EB molecules are displaced from their DNA binding 

sites and are replaced by the complexes under investigation. The fluorescence quenching is 

explained by the Stern–Volmer equation (Eq. II.2).47 

 

F0/F = 1 + Ksv[Q]                        (Eq. II.2) 

 

Where F0 and F are the fluorescence intensities of the CT-DNA solutions in the absence and 

presence of the complex, respectively. Ksv is the Stern–Volmer quenching constant and [Q] is 

the concentration of complex. The Ksv values are obtained as a slope from the plot of F0/F 

versus [Q] (Fig. II.16 inset) and are found to be 7.551(±0.220)×104 M-1 and 7.145(±0.209) 

×104 M−1 for 1 and 2, respectively. 

 

 

Fig. II.16. Emission spectra (λex = 540 nm) of EB-CT-DNA in presence of increasing concentrations 

of the complex 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

Table II.6. CT-DNA-binding constants (Kb), Gibbs free energies (ΔG), Stern-Volmer constants (KSV) 

of complexes 1 and 2. 

 

 

 

 

Compound UV Method Fluorescence Method 

 Kb (×105)  (M-1) Ksv (×104)  (M-1) 

EB-CT- DNA + 1 2.117 ± 0.097 7.551 ± 0.220 

EB-CT- DNA + 2 1.941 ± 0.092 7.145 ± 0.209 
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II.3.5. Protein binding studies 

II.3.5.1. Electronic absorption titration 

Electronic absorption spectra of BSA (9 μM in PBS at pH 7.4) was recorded in the range of 

230-500 nm in presence of different concentration of the complex which is shown in the Fig. 

III.17. BSA has a characteristic absorption band at 280 nm. Successive addition of complex 

to the BSA solution exhibited that the absorption intensity of BSA enhanced and was a small 

blue shift in the wavelength for both the complexes. This hypsochromic shift corresponds to 

ground-state association between the complex and protein.48-50 The apparent association 

constant (Ka) was calculated from the plot of 1/(Aobs-A0) vs 1/[complex] (Fig. II.17 inset) 

adopting the following equation (Eq. II.3). 

 

1

𝐴𝑜𝑏𝑠−𝐴0
=  

1

𝐴𝑐−𝐴0
+  

1

𝐾𝑎(𝐴𝑐−𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
                 (Eq. II.3) 

 

Where Aobs is the observed absorbance (at 280 nm) of the solution having various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and of serum 

albumin with the complex. The calculated value of apparent association constant (Ka) for the 

complexes 1 and 2 are 9.225(±0.208)×104 M-1 and 8.242(±0.228)×104 M-1 respectively and 

these values are comparable to reported value.40-42 

 

 

Fig. II.17. Change in absorption spectra of BSA with the gradual addition of complex 1 (A) and 

complex 2 (B). Inset: Plot of 1/(Aobs-A0) vs 1/[complex]. 

 

II.3.5.2. Fluorescence quenching studies 

The BSA-complex interactions were also examined by fluorescence spectral titration method. 

Complex is non-fluorescent in DMSO solution. But upon excitation at 280 nm, an aqueous 
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solution (9 μM, pH 7.4 PBS buffer) of BSA exhibits a strong fluorescence at 336 nm. The 

effect of the complexes on the fluorescence emission spectrum of BSA is shown in Fig. 

III.18. Successive addition of the complex to the solution of BSA results a significant 

decreased in fluorescence intensity of BSA at 336nm with a blue shift. This decrease in 

emission intensity with a prominent blue shift in maximum emission wavelength of BSA was 

noticed with an increase in quencher concentration, indicating the associative interaction 

between the BSA and quenchers.51-53 The observed blue shift is mainly due to the fact that the 

active site in the protein is buried in a hydrophobic environment.  

The fluorescence quenching mechanisms are generally classified as either static quenching or 

dynamic quenching. Static quenching usually results to the formation of a complex between 

the quencher and the fluorophore in the ground state whereas in dynamic quenching the 

fluorophore and the quencher interact with each other in the excited state. To study the 

quenching process, fluorescence quenching data were analysed using the Stern–Volmer 

equation (Eq. II.2). The Stern-Volmer quenching constant values (Ksv) calculated from the 

plot of F0/F vs [Q] (Fig. II.18 inset) in respect to complexes 1 and 2 were found to be 

9.757(±0.267)×104 M-1 and 7.425(±0.205)×104 M-1. The high Ksv values indicate that 

complexes show good fluorescence quenching ability. Furthermore, the quenching rate 

constant (Kq) of the complexes were found to be in the range of 9.757–7.425 × 1012 M−1 s−1, 

following the equation Kq = Ksv /τo (τo refers to the lifetime of the fluorophore without the 

quencher with an average value of 10−8 s). Since the obtained Kq value is greater than the 

value suggested in dynamic quenching (2 × 1010 M−1 s−1), the preferred quenching process is 

static through the formation of a complex.54 

 

 

Fig. II.18.  Emission spectra (λex = 280 nm) of BSA in presence of increasing concentration of the 

complex 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 
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II.3.5.3. Binding constant and binding sites 

Further, the binding constant and number of binding sites can be calculated by using 

following Scatchard equation (Eq. II.4). 

 

𝑙𝑜𝑔
(𝐹0−𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]                     (Eq. II.4) 

 

Where Kb is the binding constant of synthesized compounds with BSA and n is the number of 

binding sites. The binding constant (Kb) and the binding sites (n) have been obtained from the 

plot of log [(Fo-F)/F] versus log [complex] (Fig. II.19). Based on the plot, calculated values 

of binding constant (Kb) for the complexes 1 and 2 are 2.251(±0.063)×105 M-1 and 

1.145(±0.045)×105 M-1 and binding sites (n) are 0.957(±0.021) and 1.102(±0.020) 

respectively. The binding constant (Kb) values suggested that the complexes have strong 

binding affinity with the serum albumins. The obtained binding site values n (~1) strongly 

supported the existence of single binding site in BSA protein. 

 

 

Fig. II.19.   Plot of log [(Fo-F)/F] versus log [complex] of complex 1 (A) and complex 2 (B). 

 

Table II.7. Protein apparent association constant (Ka), binding constant (Kb), quenching constant (Ksv) 

and number of binding sites (n) for complexes 1 and 2. 

 

 

Compound UV Method Fluorescence Method 

 Ka (×104)  (M-1) 𝐾𝑏 (×105) (M-1) Ksv (×104) (M-1) n 

BSA + 1 9.225 ± 0.208 2.251 ± 0.063 9.757 ± 0.267 0.957 ± 0.021 

BSA + 2 8.242 ± 0.228 1.145 ± 0.045 7.425 ± 0.205 1.102 ± 0.020 
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II.3.5.4. Synchronous fluorescence spectroscopic studies 

With an aim to investigate in detail the structural changes that occurred to BSA upon the 

addition of complexes, synchronous fluorescence spectra of BSA were also measured before 

and after the addition of complexes. Results from such studies usually provide reasonable 

information on the molecular microenvironment particularly in the vicinity of the fluorophore 

functional groups.55 Because of the presence of tyrosine, tryptophan, and phenylalanine 

residues, the BSA has fluorescence properties and hence spectroscopic methods are usually 

applied to study the conformation of the serum protein. In synchronous fluorescence 

spectroscopy, according to Miller,56 the difference between the excitation and emission 

wavelengths (Δλ = λem - λex) indicates the nature of the chromophores in the spectra. If the Δλ 

value is 15 nm, the synchronous fluorescence spectra of BSA are characteristics of tyrosine 

residue, whereas the larger Δλ value of 60 nm is characteristics of tryptophan residue. The 

synchronous fluorescence spectra of BSA upon the addition of complexes recorded at Δλ = 

15 nm and Δλ = 60 nm are shown in Fig. II.20 and Fig. II.21 respectively. In the synchronous 

fluorescence spectra of BSA at Δλ = 15, the addition of the complexes to the solution of BSA 

results in a small decrease in the fluorescence intensity of BSA at 301 nm. But, for Δλ = 60, 

the addition of the complexes to the solution of BSA results in a significant decrease in the 

fluorescence intensity of BSA at 343 nm accompanied by a blue shift. It suggested that the 

interaction of complexes with BSA affects the conformation of the tryptophan micro-

region.57-60 It additionally points out that the hydrophobicity around tryptophan residues is 

strengthened. The hydrophobicity observed in fluorescence and synchronous measurements 

confirmed the effective binding of the complexes with the BSA.  

 

Fig. II.20. The synchronous spectra of BSA in the presence of increasing amounts of the complex 1 

(A) and 2 (B) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 



68 | CHAPTER-II 

 

Fig. II.21. The synchronous spectra of BSA in the presence of increasing amounts of the complex 1 

(A) and 2 (B) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 

 

II.4. Conclusions 

Various N-substituted thiosemicarbazones containing 5- fluorosalicylaldehyde were reacted 

with [PdCl2(PPh3)2]. The molecular structures of complexes have been confirmed by single-

crystal X-ray diffraction studies, which revealed that, the N-methyl substituted 

thiosemicarbazone ligand coordinates to palladium in a monobasic bidentate (NS) manner via 

imine nitrogen atom and thiolate sulfur atom. Whereas, the N-phenyl substituted 

thiosemicarbazone ligand coordinated in a dibasic tridentate (ONS) manner via phenolic 

oxygen atom, imine nitrogen atom and thiolate sulfur atom. Further, the interaction of the 

complexes with DNA and proteins were investigated by employing absorption and emission 

spectroscopy. From the results, it is observed that the complexes significantly bind to the 

DNA and the protein. Among the complexes, complex 1 exhibited better binding affinity 

over the DNA and proteins. 
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Abstract 

 

New Pd(II) and Pt(II) complexes, [Pd(L)Cl] (1) and [Pt(L)Cl] (2) with O,N,S donor azo-

thioether pincer ligand (HL) are synthesized and thoroughly characterized by spectroscopic 

techniques. X-ray structures of the complexes revealed the distorted square planar geometry 

around the central metal ions. Electronic structures and spectral properties are interpreted by 

DFT and TDDFT calculations. Interaction of the complexes with CT-DNA and BSA proteins 

are studied by absorption and fluorescence methods. Fluorescence titration revealed that the 

complexes strongly quench DNA bound ethidium bromide (EB) as well as the intrinsic 

fluorescence of BSA protein through static quenching. High binding constants (Kb) obtained 

from the DNA binding studies promoted the in-vitro cytotoxicity assay of complexes on 

various human cancer cell lines (colon cancer cell line HCT116, lung cancer cell line A549 

and liver cancer cell line HepG2). The half maximal inhibitory concentration (IC50) of 

complexes 1 and 2 are found to be less compare to cisplatin.  
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III.1. Introduction 

Cancer is undoubtedly one of the foremost health concerns in our society and serves 

as a principal target in the field of medicinal chemistry.1 While searching for antitumor drugs 

among metal complexes, the invention of cisplatin occurred during the period from 1960 to 

1970. Cisplatin is one of the most potent chemotherapy drugs extensively used for cancer 

treatment.2,3 Despite of its clinical accomplishment for the past 40 years in the treatment of 

certain tumors, it has many disagreeable side effects such as nausea, nephrotoxicity, 

ototoxicity, tumor resistance, neurotoxicity, bone and back pain, weakness, blood clots, 

fatigue and hair loss.4 These severe side effect caused by cisplatin and its analogues 

carboplatin and oxaliplatin, offer an incentive for the breakthrough of  novel platinum based 

complexes bearing multidentate ligands which are alternative to cisplatin with higher 

potency, higher cancer cell selectivity and lower resistance. Therefore, a noteworthy number 

of different platinum complexes were fabricated with the aim to prevail over the 

disadvantages of cisplatin.5-8 Also due to the similarity between the coordination geometry of 

Pd(II) and Pt(II), non-platinum metal based compounds such as palladium(II) complexes are 

being used for cancer treatment. Thus the design of new palladium based anti-cancer drugs is 

very vital for effectual and proficient use as chemotherapic agents.9-14 However, a 

disadvantage of the palladium-based drugs is the fact that the aquation and ligand-exchange 

rates of Pd(II) complexes are about 105 times faster than those of the Pt(II) analogues.15 The 

higher reactivity of Pd(II) could avert the metal based drugs to reach their target DNA by 

favouring interactions with other donor species present in the blood stream, boosting their 

toxicity and deteriorating their therapeutic potential. Thus, in order to fabricate an improved 

and competitive palladium complex based anticancer agents, a fitting choice of ligands is of 

the essence.16-17 The coordinated ligands play a significant role in anticancer activity of metal 

containing antitumor drugs as they can adjust key parameters such as reactivity and 

lipophilicity. In Recent time, several Pd(II) complexes were designed and studied against 

various types of cancer cells and some of them demonstrate highly capable biological activity 

in vitro which is most notably preferable than cisplatin.18-24 

Azo compounds are intriguing substances that have demonstrated a variety of 

applications, including food technology, analytical chemistry, as colorants, as corrosion 

inhibitors, and in the dyeing or textile industry. Aside from their typical coloring role, azo 

compounds have been found to have several health benefits, including cytotoxic, antitumor, 

antibacterial, antiviral, antifungal, and antiseptic properties.25 They have the potential to be 

employed as drug carriers, either as a 'cargo' that entraps therapeutic molecules or as a 
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prodrug strategy. As seen in colon-targeted drug delivery, the medication is discharged by 

external or internal triggers in the area of interest.26 Because they are biodegradable, low 

toxic, redox active, and generally resemble the structure of active sites in proteins, they have 

been widely employed to create Pt group transition metal complexes.27  

It is well known that DNA is the main target of an antitumor agent while BSA acts as 

a carrier protein molecule in the blood stream for a variety of compounds including antitumor 

compounds. Therefore, interaction studies of metal complexes with DNA and proteins are 

very useful in order to design and ascertain the metal-based anticancer therapeutics.28 

Depending on the nature of the metal and ligand, the complexes can bind to the DNA through 

the following ways (i) electrostatic interaction between negatively charged DNA phosphate 

residue and positively charged species, (ii) intercalation with base pairs and (iii) major and 

minor groove binding interaction via hydrogen bonding and van der Waals interaction 

forces.29 Additionally, the study on interaction of proteins with metal complex is very 

constructive as it could offer information to scrutinize the therapeutic efficiency and 

pharmacological response of drugs. Furthermore, proteins are admired as the major cellular 

target for antitumor drugs and the most carrier proteins in the blood stream is Human Serum 

Albumin (HSA). Since Bovine Serum Albumin (BSA) structure is homologous with HSA 

and owing to its easy accessibility and low cost, BSA is mostly used in biochemical and 

biophysical studies.30-33 

In this paper we have synthesized Pd(II) and Pt(II) complexes (Scheme III.1) having 

general formula, [Pd(L)Cl] (1) and [Pt(L)Cl] (2) with ONS donor azo-thioether ligand (HL) 

and characterized both of them by using various spectroscopic techniques like NMR, IR, 

Mass, UV-Vis as well as single crystal X-ray diffraction study. Finally, the binding properties 

of these complexes toward calf thymus DNA (CT-DNA) and bovine serum albumin (BSA) 

are investigated with the help of absorption and fluorescence spectroscopy. In vitro antitumor 

activity of these synthesized complexes were tested on human liver (HepG2), colorectal 

(HCT116) and human lung (A549) cancer cell lines using MTT assay (MTT is 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). To determine selective effect of 

complexes, they were treated on cancer cells as well as normal PBMC cells under the same 

experimental conditions. The Pd(II) and Pt(II) complexes to induce apoptosis of tumor cell 

(HCT116) were tested by flow cytometric analysis of Annexin V-FITC/PI double staining 

assay. DFT and TD-DFT calculations were accomplished to elucidate the electronic structure 

and UV-Vis spectra of the complexes. 
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III.2. Experimental 

III.2.1. Materials and methods 

4-Chlorophenol, 2-aminothiophenol, Na2[PdCl4] and Pt(SEt2)2Cl2 were purchased 

from Sigma-Aldrich. Solvents were available from commercial sources and used without 

further purification. Ethidium bromide (EB), calf thymus DNA(CT-DNA) and bovine serum 

albumin(BSA) were obtained from Sigma Aldrich chemical company. 4-Chloro-2-((2-

(ethylthio)phenyl)diazenyl)phenol (HL)  was prepared following the reported method.34 

A549, HepG2 and HCT116 cells were procured from National Centre for Cell Science, Pune, 

India. MTT (Cat.No. 19265) was purchased from USB Corporation, Cleaveland, US. DMEM 

(Cat.No. 12800082) and Penicillin-Streptomycin (Cat.No. 15140122) was brought from 

Thermo Fisher Scientific, US. FBS (Cat.No.10270106) was purchased from Invitrogen, US. 

Annexin v-FITC/PI kit (Cat.No. V13242) was brought from Invitrogen, Formally Thermo 

Fisher Scientific, US. JC1(Cat. No. 420200) was purchased from Calbiochem, Sigma 

Aldrich, US. Primary antibodies of p53 (Cat.No. sc-393031), mdm2 (Cat.No. sc-965) and Cyt 

C (Cat.No. sc-13156) were brought from Santa Cruz Biotechnology, Inc., US and primary 

antibodies for Bax (Cat.No. 5023T), Bcl2 (Cat.No. 3498T) and β-actin (Cat.No. 3700S) were 

obtained from Cell signalling Technology, US. All the secondary antibodies were brought 

from Santa Cruz Biotechnology, Inc., US. DAPI (Cat.No. D9542) was purchased from Sigma 

Aldrich, US. 

Elemental analyses (C, H, N) were carried out by a 2400 Series-II CHN analyzer, 

Perkin Elmer, USA. Waters (Xevo G2 Q-TOF) mass spectrometer was used to record mass 

spectra of the ligand and complexes. IR spectra (4000–400 cm−1) were recorded on a RX-1 

PerkinElmer spectrometer using KBr pellets technique. 1H-NMR spectra were recorded in 

CDCl3 solution on a Bruker (AC) 300 MHz FT-NMR spectrometer and TMS was used as the 

internal standard. PerkinElmer Lambda 750 spectrophotometer was used for study the 

binding interactions of complexes with CT-DNA and BSA. The emission spectra were 

recorded by using Shimadzu RF-6000 fluorescence spectrophotometer at room temperature 

(298 K). Cyclic voltammetric experiments were performed using a CHI Electrochemical 

workstation. A platinum wire working electrode, a platinum wire auxiliary electrode and 

Ag/AgCl reference electrode were used in a standard three-electrode configuration using [n-

Bu4N][ClO4] as supporting electrolyte with solute concentration ~10-3 M and scan rate of 50 

mV s-1. 
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III.2.2. Syntheses 

III.2.2.1. Synthesis of Pd(II) complex, [Pd(L)Cl] (1) 

At first, 0.058 g (0.2 mmol) Na2[PdCl4] was dissolved in 10 mL acetonitrile. To this solution, 

a 10 mL acetonitrile solution of previously synthesized HL (0.058 g, 0.2 mmol) was added 

and refluxed for 6 h. The initial orange color changed to deep red. After slow evaporation of 

the solvents for a week, deep red single crystals suitable for X-ray structure analysis were 

formed. The yield was, 0.070 g, 81%. 

Anal. Calc. for C14H12Cl2N2OPdS: C, 38.78; H, 2.79; N, 6.46. Found: C, 38.57; H, 2.62; N, 

6.35. IR (KBr, cm−1): 3062, 2958, 2922 (C-H); 1380 (N=N); 774 (C-S). 1H NMR (300 

MHz, CDCl3): δ 8.39 (d, J=8 Hz, 1H), 7.82 (s,1H), 7.71-7.44 (m, 4H), 7.27 (d, J = 9.3 Hz, 

1H), 3.52-3.19 (m, 2H), 1.50 (t, J=7.1Hz, 3H). HRMS: calculated for C14H12Cl2N2OPdS 

[M+Na]+ (m/z): 456.6328; found: 456.6211. UV-Vis (in CH3CN), λmax (ε, M-1 cm-1): 550 

(12302), 520 (sh.), 372 (sh.), 338 (18162). Epa: 1.68 V; E1/2: −1.02 V (ΔE = 165 mV). 

 

III.2.2.2. Synthesis of Pt(II) complex, [Pt(L)Cl] (2) 

0.047 g (0.105mmol) Pt(SEt2)2Cl2 was dissolved in 10 mL acetonitrile. To it 0.030 g 

(0.105 mmol) ligand, HL solution in 10 mL acetonitrile was added. The reaction mixture was 

then refluxed for 7 h. As a result of this reaction, a red coloured solution appeared which was 

filtered and evaporated to dryness. A deep red coloured solid product appeared and single red 

colored crystals of the complex was obtained by slow diffusion of n-hexane into DCM 

solution. The yield was, 0.046 g, 84%. 

Anal. Calc. for C14H12Cl2N2OPtS: C, 32.19; H, 2.32; N, 5.36. Found: C, 32.05; H, 

2.21; N, 5.15. IR (KBr, cm−1): 3069, 2958, 2929 (C-H); 1390 (N=N); 767 (C-S). 1H 

NMR (300 MHz, CDCl3): δ 8.51 (d, J=9.7 Hz, 1H), 7.98 (s, 1H), 7.78-7.56 (m, 4H), 7.29 (d, 

J = 9.3 Hz, 1H), 3.50-3.24 (m, 2H), 1.32 (t, J= 7.2Hz, 3H). HRMS: calculated for 

C14H12Cl2N2OPtS [M+Na]+ (m/z): 545.2968; found: 545.2924. UV-Vis (in CH3CN), λmax (ε, 

M-1 cm-1): 557 (15077), 374 (sh.), 343 (23742). Epa: 1.62 V; E1/2: −1.05 V (ΔE = 155 mV).  

 

III.2.3. Crystal structure determination and refinement:  

Crystallographic data collections were performed with an automated Bruker AXS D8 Quest 

CMOS diffractometer using graphite monochromated Mo-Kα (λ=0.71073Å) radiation by the 

ω scan method. The structures were solved by direct method and refinements were carried 

out by full-matrix least-squares techniques on F2 using the SHELX-2016. All the data were 

corrected for Lorentz and polarization effects and multi-scan absorption corrections were 
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applied using SHELXTL program package.35 Anisotropic displacement parameters included 

for all non-hydrogen atoms, while all hydrogen atoms were placed geometrically and refined 

by using riding model. Crystallographic data and refinement parameters are given in Table 

III.1. 

 

Table III.1. Crystallographic data and refinement parameters of 1 and 2 

Formula C14H12Cl2N2OPdS C28H24Cl4N4O2Pt2S2 

Formula Weight 433.62 1044.61 

Crystal System triclinic triclinic 

Space group P ī P ī 

a, b, c [Å] 7.4987(6), 9.4330(7), 

11.6092(9) 

10.1219(11), 12.2233(13), 

13.6071(15) 

 101.126(2) 109.453(3) 

β 103.873(2) 95.228(3) 

γ 98.613(2) 96.489(3) 

V [ Å3] 765.50(10) 1562.3(3) 

Z 2 2 

D(calc) [g/cm3] 1.881 2.221 

Mu(MoKa) [ /mm] 1.695 9.455 

F(000) 428 984 

Temperature (K) 293(2) 293(2) 

Radiation [Å] 0.71073 0.71073 

θ(Min-Max) [°] 2.554- 27.217 1.943- 27.542 

Dataset (h; k; l) -9 to 9, -12 to 12, -14 to 14 -13 to 13, -15 to 15, -17 to 17 

R, wR2 0.0278, 0.0748 0.0249, 0.0595 

Goodness of fit(S) 1.094 1.023 

CCDC No. 2178572 2178573 

 

 

III.2.4. Computational method 

Geometries of the complexes in native (1/2) as well as one electron oxidized (1+/2+) and 

reduced (1-/2-) states were optimized by DFT/B3LYP method.36 LanL2DZ37 basis set with 

effective core potential was employed for palladium and platinum metal atoms while for the 
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other elements the basis set 6-31G(d)38 were considered for calculations. Vibrational 

frequency calculations were performed to ensure that the optimized geometries represented 

the local minimum on the potential energy surface and only positive Eigen values were 

obtained. All computations were performed using Gaussian09 program package39 with the aid 

of the GaussView, Version 5 visualization program. The time-dependent density functional 

theory (TD-DFT)40 method was carried out for the characterization of electronic transition. In 

the TDDFT simulations, acetonitrile was use as a solvent to mimic the experimental 

conditions and absorption properties in acetonitrile solvent were calculated using the 

conductor-like polarizable continuum model (CPCM)41. GaussSum42 was used to calculate 

the fractional contributions of various groups to each molecular orbital. 

 

III.2.5. DNA-binding studies 

DNA is the most like target site for the metal based anticancer drugs. In order to understand 

the antitumor properties of these palladium and platinum-based complexes, it is necessary to 

analyze the binding abilities of complexes with CT DNA using Absorption and emission 

spectroscopy.43 

 

III.2.5.1. UV–Vis titration 

The interactions of complexes 1 and 2 with CT DNA were studied using UV-Vis 

spectroscopy. The binding experiments involving CT DNA were performed at room 

temperature in Tris–HCl/ NaCl buffer solution (pH=7.4). The concentration of CT DNA was 

determined spectro-photometrically by employing an extinction coefficient of 6600 M-1cm-1 

at 260 nm using Lambert-Beer law. The absorbance ratio at 260 nm and 280 nm was 

measured and found to be in the range of 1.8 to 1.9, indicating that the DNA was sufficiently 

free of protein. The absorption spectra of the complexes at a constant concentration were 

recorded in presence of varying concentrations of CT DNA. After each addition of CT DNA 

solutions, it was allowed to equilibrate for 5 min before collecting the absorption spectra and 

added stepwise until a saturation state was achieved. 

 

III.2.5.2. Competitive study with EB by fluorescence method 

The complexes showed no fluorescence at room temperature in solution or in the presence of 

DNA, and hence, their binding with DNA could not be directly predicted through the 

emission spectral studies. The extent of quenching of fluorescence due to EB bound to DNA 

(EB-CT-DNA) is used to predict the binding of the complexes to CT-DNA. This competitive 
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binding study of the complexes (1/2) with EB were carried out by the fluorescence method in 

order to understand the efficiency of displacement of EB from EB-CT-DNA system by the 

complexes. The EB-CT-DNA complex was initially prepared by mixing of 15 μM EB and 30 

μM CT-DNA in Tris– HCl/NaCl buffer solution at pH 7.40. The fluorescence spectra of EB 

bound to CT DNA at 608 nm was obtained at an excited wavelength of 540 nm. The 

intercalating effect of both the complexes with the EB-CT-DNA were studied by gradual 

addition of the complex solution into the solution of EB-CT-DNA. 

 

III.2.6. Protein binding studies 

Proteins are major targets for therapeutically active complexes. Bovine serum albumins 

(BSA) are frequently used in studies of the interactions with transition metal complexes and 

proteins because it is responsible for the transport of drugs in biological systems.44,45 The 

binding ability of synthesized complexes with BSA protein were determined by employing 

UV-Vis and fluorescence spectroscopic techniques. The BSA stock solution was prepared 

using 500 mM phosphate buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C for 

further use. The concentration of BSA was measured by taking absorbance at 280 nm in UV-

Vis spectra (molar extinction coefficient 66,400 M-1 cm-1). The stock solution of complexes 

were prepared in DMSO medium and was suitably diluted with PBS whenever necessary. 

The absorption spectra were recorded at room temperature with constant concentration of 

BSA (10 μM) while varying the concentration of complex added to it. In fluorescence 

experiment, tryptophan fluorescence of BSA was recorded in the range 290–450 nm at an 

excitation wavelength of 280 nm using a slit width of 5 nm. Quenching of emission intensity 

at ~336 nm for BSA was monitored with subsequent addition of metal complex. 

 

III.2.7. Biological Studies 

III.2.7.1. Cell viability assay 

The cell viability was analysed by MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide) assay. First, 1×106 number of cells were seeded in each well into 96-well plates and 

the cells were allowed to attach for 24 h. Following those various concentrations of [Pd(L)Cl] 

(1) and [Pt(L)Cl] (2), were added to the wells with at least three replicates and kept for 24 h. 

This is followed by removal of medium and addition of fresh medium containing (1mg/ml) 

MTT. The plates were then incubated for 4 h. The MTT containing medium is then removed 

and the purple formazan crystals were then dissolved by an addition of 100 μL dimethyl 
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sulfoxide (DMSO). Finally, the absorbance was determined by a microplate reader at a 

wavelength of 595 nm. Then, Cell viability was calculated as follows: 

 

% 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

 

III.2.7.2. Analysis of ROS generation using DCF-DA assay 

1x106 HCT 116 Cells were seeded and treated with complexes 1 and 2 for about 24 h 

followed by the cells were harvested by centrifugation and trypsinisation. The pellets were 

resuspended in 0.1μM DCFDA solution for 25 mins at 37°C. Then, the cells were washed 

and the pellets were resuspended in 1x PBS. Immediately after that the cells were analysed at 

excitation-emission wavelengths of 485/530nm using flowcytometry (BD FACSAria™, BD 

Biosciences, San Jose, CA, USA). 

 

III.2.7.3. Analysis of Mitochondrial membrane potential using flowcytometry 

JC1 (1, 1', 3, 3'-tetraethyl-5, 5', 6, 6'- tetrachloroimidacarbocyanine iodide) was used to 

analyse Mitochondrial membrane potential (MMP). It is a lipophilic dye with cationic nature. 

Briefly, 1x106 HCT 116 cells were seeded per well in 6 well plates. Cells were then treated 

with Pd and Pt complexes for 24 h. Untreated cells were used as control. After exposure to 

[Pd(L)Cl] (1) and [Pt(L)Cl] (2), 1 µM JC-1 was added to each well and kept for 20 mins at 

room temperature. This was followed by washing and the cells were analysed using 

flowcytometry (BD FACSAria™, BD BioSciences, San Jose, CA, USA).  

 

III.2.7.4. Flow cytometric analysis of apoptosis 

HCT 116 Cells were seeded and kept for 24 h. This was followed by treatment with Pd and Pt 

complexes for 24 h by dual staining with recombinant FITC-conjugated Annexin V and PI 

followed by flowcytometry, Cellular apoptosis was then analysed by using the Annexin V-

FITC Apoptosis Detection kit (Becton-Dickinson, USA) according to the manufacturer's 

instructions. Data analysis was performed using CellQuest software. 

 

III.2.7.5. Analysis of protein expression via Confocal Microscopy 

1×106 number of HCT 116 Cells were seeded in 60mm culture dishes containing coverslips 

and treated with 1 and 2 for 24 h. 4% formalin was used to fix the cells followed by washing 
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with 1xPBS. Then the cells were permeabilized using permeabilization buffer. The cells were 

then exposed to blocking buffer followed by treatment with primary antibody for BAX, p53 

and Bcl2 and kept overnight at 4°C. Later, it was exposed to Fluorescent-dye conjugated 

secondary antibodies and followed by mounting on slides and observed under Confocal 

Microscope. 

 

III.2.7.6. Western Blot analysis of cellular protein expression 

Cells were seeded and treated with Pd and Pt complexes (1/2). Then, washed with PBS and 

lysed using RIPA buffer supplemented with protease inhibitor cocktail. This was followed by 

quantification of protein Micro BCA Protein Assay kit (Thermo Scientific). Equal amount 

(20 μg) of proteins were loaded on to wells and separated by 10% SDS-PAGE gels and 

transferred to PVDF (polyvinylidene difluoride) membranes. Then the membrane was 

blocked using 5% skim milk in TBST containing 0.1% Tween 20, followed by incubation 

with primary antibodies at 4 °C overnight. After that the membranes were washed and 

incubated with HRP (horseradish proxidase)-conjugated secondary antibodies at room 

temperature for 1 h. The target proteins were visualized using chemiluminescence. 

 

III.2.7.8. Cell Cycle Analysis using flow cytometry: 

The cells (1 ×105) were seeded in 6 well plates and treated with complexes 1 and 2. Cells 

were then trypsinised and centrifuged and washed in cold PBS twice. Fixation of cells was 

done using ice-cold ethanol (70% w/w) and then incubated in PBS containing 0.1%, Triton 

X-100, 0.1% sodium citrate, RNase A (50 μg/ml; Fermentas), and PI (50 μg/ml; Sigma) at 4 

°C for 25 mins. The percent of calculated cells in the sub-G0, G1, S, and G2/M phases were 

analysed by flow cytometry (BD FACSCalibur flow cytometer, USA). 

 

III.3. Results and discussion 

III.3.1. Synthesis and spectra 

The palladium(II) complex, [Pd(L)Cl] (1) was synthesized by the reaction of ligand, HL with 

Na2PdCl4 in 1:1 molar ratio under refluxing condition in acetonitrile. Similarly, the 

platinum(II) complex, [Pt(L)Cl] (2) was synthesized by the reaction of Pt(SEt2)2Cl2 with HL 

(Scheme III.1). 
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Scheme III.1. Synthetic scheme for [Pd(L)Cl] (1) and [Pt(L)Cl] (2) 

 

 

The complexes were thoroughly characterized by spectroscopic techniques. IR spectra 

of the complexes exhibit (N=N) stretching peak at 1380-1390 cm−1 (Fig. III.6), which is 

lower than the (N=N) stretching of the free ligand (1449 cm-1) (Fig. III.5). The significant 

shift of (N=N) stretching in the complexes supports the dπ(Pd/Pt)→π∗(N=N) back 

donation.46 1H NMR spectra of the complexes, the peak at 12.68 ppm correspond to O-H 

proton of the free ligand disappeared along with significantly downfield shifting of −SCH2 

proton signals which also suggest the coordination of ligand to the metal ions through 

phenolic-O and thioether-S (Fig. III.1 and Fig. III.2). The –CH2 protons of –CH2CH3 moiety 

appear as multiplate at 3.52-3.19 ppm probably because of the two different type 

(diastereotopic) of –CH2 protons. Mass spectrum of [Pd(L)Cl] (1) shows m/z peak 

corresponding to [M+Na]+ at 456.6211 (Fig. III.3) while [Pt(L)Cl] (2) exhibits m/z peak 

corresponds to [M+Na]+ at 545.2924 (Fig. III.4).  
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Fig. III.1.  1H-NMR spectrum of [Pd(L)Cl] (1) in CDCl3 

 

 

 

Fig. III.2.  1H-NMR spectrum of [Pt(L)Cl] (2) in CDCl3 
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Fig.III.3.  HRMS spectrum of complex 1 

 

 

Fig. III.4.  HRMS spectrum of complex 2 
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Fig. III.5.  IR spectrum of free HL 

 

 

 

Fig. III.6.  IR spectrum of complex 1 (A) and complex 2 (B) 

 

 

Absorption spectra of complexes 1 and 2 were taken in acetonitrile. The solution 

spectrum of complex 1 exhibit moderately intense low energy band at 550 nm (ε, 

12302 M−1cm−1) along with a shoulder band at 520 nm. Absorption spectrum of complex 2 

exhibit low energy peaks at 557 nm (ε, 15077 M−1cm−1). High energy bands appeared at 374 

nm (sh.) and 343 nm (ε, 23742 M−1cm−1) (Fig. III.7).   
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Fig. III.7.   UV-Vis spectra of [Pd(L)Cl] (1) and [Pt(L)Cl] (2) in acetonitrile 

 

III.3.2. Crystallographic study 

The molecular structures of complexes have been established by the single crystal X-ray 

diffraction method. The single crystal X-ray diffraction study reveals that both the complexes 

are crystallized in a triclinic crystal system with the space group 𝑷1. The ORTEP plots of the 

complexes 1 and 2 along with the atom numbering scheme are shown in Fig. III.8. Selected 

inter atomic bond lengths and bond angles of the complexes are summarized in Table III.2. 

The bond parameters of the complexes suggest a slightly distorted square planar geometry 

around the metal atoms. The O,N,S pincer type of ligand coordinated with central metal ions 

through phenolic O, azo-N and thioether-S atoms by forming five- and six- membered chelate 

rings. The azo bond distances (N1-N2) are found to be 1.270(3) Å and 1.283(5) Å in 1 and 2 

respectively. In complex 1, the cis-angles N1-Pd1-O1, N1-Pd1-S1, O1-Pd1-Cl1 and S1-Pd1-

Cl1 are found to be 93.06(8)o, 87.71(6)o, 90.84(5)o and 88.41(3)o respectively while the two 

trans-angles O1-Pd1-S1 and N1-Pd1-Cl1 are 178.54(6)o and 175.99(6)o respectively. In 

complex 2, the cis-angles N1-Pt1-O1, N1-Pt1-S1, O1-Pt1-Cl1 and S1-Pt1-Cl1 are found to be 

93.37(13)o, 87.64(10)o, 89.14(9)o and 89.96(4)o respectively while the two trans-angles O1-

Pt1-S1 and N1-Pt1-Cl1 are 177.71(9)o and 176.21(10)o respectively. The cis and trans-angles 

are in significant deviation from their respective idealistic values of 90o and 180o, suggesting 

significant distortion in the square planar geometry of the two complexes. The Pd-N(azo) 
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[Pd1-N1, 1.979(2) Å], Pd-O(phenolic) [Pd1-O1, 1.9960(18) Å] and Pd-S(thioether) [Pd1-S1, 

2.2401(6) Å] bond lengths in complex 1 and Pt-N(azo) [Pt1-N1, 1.966(3) Å], Pt-O(phenolic) 

[Pt1-O1, 2.000(3) Å] and Pt-S(thioether) [Pt1-S1, 2.2316(12) Å] bond lengths in complex 2 

were found to be similar to the reported values.47 

 

Table III.2.  Selected X-ray and calculated bond distances and angles of complexes 1 and 2. 

 

 

 

Bonds(Å) 

[Pd(L)Cl] (1) [Pt(L)Cl] (2) 

X-ray Calc. X-ray Calc. 

Pd1–N1 1.979(2) 2.017 1.966(3) 2.00813 

Pd1–O1 1.9960(18) 2.018 2.000(3) 2.02230 

Pd1–S1 2.2401(6) 2.301 2.2316(12) 2.29275 

Pd1–Cl1 2.3106(7) 2.341 2.3126(11) 2.35894 

Cl2–C4 1.738(3) 1.756 1.745(5) 1.75638 

S1–C12 1.771(3) 1.797 1.774(5) 1.79677 

S1–C13 1.821(3) 1.857 1.824(5) 1.85930 

O1–C1 1.291(3) 1.285 1.306(5) 1.29344 

N1–N2 1.270(3) 1.277 1.283(5) 1.27865 

N1–C7 1.448(3) 1.431 1.444(5) 1.43421 

 

 

Angles () 

N1–Pd1–O1 93.06(8) 92.058 93.37(13) 92.52811 

N1–Pd1–S1 87.71(6) 86.946 87.64(10) 87.05536 

O1–Pd1–S1 178.54(6) 177.927 177.71(9) 178.30795 

N1–Pd1–C1 175.99(6) 176.199 176.21(10) 177.60868 

O1–Pd1–Cl1 90.84(5) 91.046 89.14(9) 89.26697 

S1–Pd1–Cl1 88.41(3) 90.019 89.96(4) 91.19538 

C12–S1–C13 102.64(12) 103.691 103.1(2) 103.55565 

C12–S1–Pd1 98.10(9) 97.325 98.38(15) 97.60226 

C13–S1–Pd1 106.66(9) 107.014 108.44(16) 107.83721 

N2–N1–Pd1 127.66(16) 127.164 128.1(3) 127.33641 
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Fig. III.8. ORTEP plots with 35% ellipsoidal probability of complexes 1 (A) and 2 (B) 

 

              The interesting feature of crystal structures of 1 and 2 is the formation of 1D-

supramoleculare architecture by intramolecular …, O…H and Cl…H hydrogen bonding 

interactions as shown in Fig. III.9 and Fig. III.10 respectively. In the crystal structure of 1, 

strong … interactions are observed between the adjacent phenyl rings (Cg(3) and Cg(4)) 

Cg(3): C1-C2-C3-C4-C5-C6 and Cg(4): C7-C8-C9-C10-C11-C12) of the coordinating 

ligands with Cg…Cg distances of 3.5981(16) Å (symmetry: 1-X, 1-Y, 1-Z) and 3.9424(16) Å 

(symmetry: 2-X, 1-Y, 1-Z). In addition, weak O…H and Cl…H hydrogen bonding 

interactions having hydrogen bond distances of 2.82 Å and 2.78 Å respectively are observed 

(Fig. III.9). Crystal structure of 2 forms 1D-supramolecular structure by hydrogen bond 

interactions between the bared O (O1) and Cl (Cl1 and Cl2) atoms and H atoms of adjacent 

coordinating ligand with O1…H2, Cl1…H3 and Cl2…H5 distances of 2.64 Å, 2.71 Å and 

2.86 Å respectively (Fig. III.10).     

 

 

Fig. III.9. 1D supramolecular structure of 1 formed by Cl…H (●●●), O…H (●●●) hydrogen bonding 

interactions and … (●●●) interactions. 
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Fig. III.10. 1-D supramolecular structure of 2 formed by Cl…H (●●●) and O…H (●●●) bonding 

interactions. 

 

III.3.3. DFT and TDDFT calculations 

The geometry of the complexes 1 and 2 were optimized in singlet ground state by 

DFT/B3LYP method to understand the electronic structure of the complexes. The calculated 

geometric parameters are reasonably well reproducing the X-ray crystal structures data.  

Contour plots of selected molecular orbitals for both the complexes 1 and 2 are shown in Fig. 

III.11 and Fig. III.12 respectively. Energy and compositions of selected molecular orbitals are 

given in Table III.3 and Table III.4 respectively. For complex 1, the higher energy occupied 

molecular orbital (HOMO) has 80% contribution of ligand and the low-lying virtual orbital, 

LUMO has 97% contribution of ligand and for complex 2, HOMO has 70% contribution of 

ligand and 17% contribution of d𝜋(Pt) orbitals while LUMO has 95% contribution of ligand 

𝜋* orbital [ESI, †Table S4]. The HOMO to LUMO energy gap in the complexes is found to 

be 2.85 eV and 2.80 eV for 1 and 2 respectively. 

UV-Vis absorption bands of the complexes are interpreted by TDDFT calculations 

using B3LYP/CPCM method in acetonitrile. Calculated vertical electronic transitions are 

summarized in Table III.5. For complex 1, the calculated low energy transition at 536 nm (f = 

0.1505) corresponds to the HOMO → LUMO transition (expt. = 550 nm) having intra-ligand 

charge transfer (ILCT) character. The shoulder peak at 520 nm corresponds to HOMO → 

LUMO+1 transition (507 nm, f = 0.018) having mixed LMCT and ILCT character. The 

experimentally observed shoulder peak at 372 nm corresponds to mixed halogen to ligand 

charge transfer (XLCT) and MLCT character. In addition, an intense sharp band at 338 nm 

correspond to ILCT transition. For complex 2 the lower energy experimental band at 557 nm 

(ε = 15077 M−1cm−1) correspond to the HOMO → LUMO transition at 544 nm having ILCT 

character along with reduced contribution of MLCT transition. Similarly, the experimental 
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shoulder band at 374 nm correspond to mixed XLCT and MLCT character. The sharp intense 

band at 343 nm correspond to mixed ILCT character. 

 

Table III.3.  Energy and % of composition of some selected molecular orbitals of complex 1  

MO Energy (eV) % Composition 

Pd L Cl 

LUMO+5 -0.04 83 17 0 

LUMO+4 -0.21 01 99 0 

LUMO+3 -0.66 01 99 0 

LUMO+2 -1.44 03 97 03 

LUMO+1 -2.28 47 39 14 

LUMO -3.03 03 97 03 

HOMO -5.88 10 80 10 

HOMO-1 -6.55 17 20 63 

HOMO-2 -6.57 16 10 74 

HOMO-3 -7.02 75 14 11 

HOMO-4 -7.11 05 85 09 

HOMO-5 -7.32 12 66 22 

HOMO-6 -7.54 31 64 05 

HOMO-7 -7.86 34 65 01 

HOMO-8 -8.18 20 73 07 

HOMO-9 -8.37 19 64 17 

HOMO-10 -8.47 41 49 09 

 

Table III.4.   Energy and % of composition of some selected molecular orbitals of complex 2 

MO Energy (eV) % Composition 

Pt L Cl 

LUMO+5 -0.04 51 48 01 

LUMO+4 -0.23 01 99 0 

LUMO+3 -0.68 01 99 0 

LUMO+2 -1.46 06 93 01 

LUMO+1 -1.50 44 45 11 

LUMO -3.01 05 95 0 

HOMO -5.81 17 70 13 

HOMO-1 -6.49 22 35 42 

HOMO-2 -6.55 21 07 72 

HOMO-3 -6.96 90 07 03 

HOMO-4 -7.12 13 76 11 

HOMO-5 -7.36 25 65 09 

HOMO-6 -7.48 18 57 25 

HOMO-7 -7.82 17 80 02 
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HOMO-8 -8.16 20 69 11 

HOMO-9 -8.42 28 53 19 

HOMO-10 -8.48 26 61 13 

 

Table III.5. Vertical electronic transition calculated by TDDFT/CPCM method of complexes 1 and 2 

Compd.  

(nm) 

E (eV) Osc. 

Strength 

(f) 

Key excitations Character expt. (nm) 

(ε, M-1cm-1) 

 

 

 

1 

535.9 2.3134 0.1505 (84%)HOMO→LUMO ILCT 550 (12302) 

507.5 2.4429 0.0180 (82%)HOMO→LUMO+1 LMCT/ 

ILCT 

520 (sh.) 

368.5 3.3643 0.0861 (67%)HOMO-1→LUMO XLCT/ 

MLCT 

372 (sh.) 

348.4 3.5586 0.2497 (67%)HOMO-4→LUMO ILCT 338 (18162) 

340.8 3.6383 0.0893 (66%)HOMO-5→LUMO ILCT 

 

 

 

 

2 

544.1 2.2786 0.1444 (96%)HOMO→LUMO ILCT/ 

MLCT 

557 (15077) 

382.1 3.2452 0.0589 (72%)HOMO-1→LUMO XLCT/ 

MLCT 

374 (sh.) 

353.0 3.5123 0.2993 (78%)HOMO-4→LUMO ILCT 343 (23742) 

336.1 3.6893 0.1345 (75%)HOMO-5→LUMO ILCT  

 

 

 

   

LUMO LUMO+1 LUMO+2 

   

HOMO HOMO-1 HOMO-2 

 

Fig. III.11. Contour plots of some selected molecular orbital of Pd(II) complex  (1) 
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LUMO LUMO+1 LUMO+2 
   

HOMO HOMO-1 HOMO-2 

 

Fig. III.12.   Contour plots of some selected molecular orbital of Pt(II) complex (2) 

 

III.3.4. Cyclic voltammetry 

Electrochemical behaviour of the complexes 1 and 2 were investigated by cyclic 

voltammetry (CV) in presence of [nBu4N][ClO4] in acetonitrile. Complexes (1/2) exhibit one 

irreversible oxidation peak at 1.62-1.68 V along with one quasi-reversible reduction couple at 

-(1.02-1.05) V (ΔE = 155-165 mV) positive and negative to the reference electrode 

respectively (Ag/AgCl) in the potential range -2.0 to 2.0 V (Fig. III.13). The irreversible 

oxidation for the complexes may be assigned as Pd(II)/Pd(IV) or Pt(II)/Pt(IV) oxidation or 

the oxidation of phenolate moiety to form the phenoxyl radical. DFT calculations clearly 

show that the HOMOs of the complexes have 70-80% ligand contribution, predominantly 

concentrated on the phenolate moiety and negligible contribution of dπ(Pd/Pt) orbitals. 

Moreover, the calculated spin density of the oxidized species (1+/2+) predominantly 

concentrated on the phenolate moiety and has negligible contribution of the metals (Fig. 

III.14).   So, the oxidation of the complexes is assigned as the oxidation of the phenolate 

moiety to form the phenoxyl radical. Moreover, the LUMOs of the complexes have 95-97% 

ligand character with a major contribution of π*(N=N) orbital. Similarly, calculated spin 

density of 1-/2- is mainly concentrated on the ligand with maximum contribution of azo 

moiety (Fig. III.15). Therefore, the reduction of the complex is assigned as the reduction of 

azo (N=N) bond to form azo anion radical (L/L•−).  
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Fig. III.13. Cyclic voltammogram of complexes 1 (A) and 2 (B) in acetonitrile. 

 

 

 

Fig. III.14.  Spin density plots of (A) 1+ and (B) 2+ 

 

 

Fig. III.15.  Spin density plots of (A) 1- and (B) 2- 
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(B) 
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III.3.5. DNA binding studies 

III.3.5.1. UV-vis method 

The binding mode and strength of the complexes with CT-DNA were investigated by 

using the UV-Vis method. UV-Vis titration is a very well-known method used to monitor the 

interaction of a compound with DNA. The UV-Vis absorption spectra were significantly 

affected by the gradual addition of DNA, confirming the formation of the new complex 

adduct with double helical CT DNA. The significant hypochromic shift in the absorption 

maxima and a significant shift in wavelength was observed along with the increasing 

concentration of DNA (Fig. III.16). The observed hypochromic shift suggests that the 

complexes are likely bound to CT-DNA via intercalative mode.48 The intrinsic binding 

constant (Kb) which offers an approximation of magnitude of the binding strength, was 

determined by plotting [DNA]/(εa − εf) vs. [DNA] from the spectral titration data using the 

Wolfe-Shimer equation (Eq. III.1).49 

 

                                  
[DNA]

(εa −εf)
=

[DNA]

(εb −εf)
+

1

Kb(εb −εf)
                             (Eq.III.1) 

 

where [DNA] is the concentration of CT-DNA and εa is the apparent extinction 

coefficient value found by calculating A(observed)/[complex], εf and εb are the extinction 

coefficients of the complex in free solution and when it is fully bound to CT-DNA 

respectively.  εf was determined from the calibration curve of the isolated metal complex 

following Beer’s law.  Kb is the equilibrium binding constant in M-1. The plot of 

[DNA]/(εa − εf) vs. [DNA] give a straight line with 1/(εb − εf) and 1/[Kb(εb − εf)] as slope and 

intercept, respectively. The values of Kb were calculated from the ratio of the slope to the 

intercept. The intrinsic binding constant (Kb) values are shown in Table III.6. The Kb values 

are found to be 1.292(±0.058)×105 M−1 and 1.874(±0.091)×105 M−1 for complexes 1 and 2 

respectively. These values are very much comparable to the reported values of binding 

constants for other complexes towards CT DNA.50 

The stability of the complex DNA adducts were revealed by the binding constant values 

while a measure of the spontaneity of a complex towards DNA binding was given by using 

Eq. (Eq. III.2).   

 

                                                 ΔG = - RT ln Kb                              (Eq. III.2) 
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The free energies for the complexes (listed in Table III.6) were negative which indicated the 

spontaneity of compound-DNA interaction. 

 

 

Fig. III.16. Change in absorption spectra of the complexes 1 (A) and 2 (B) in Tris–HCl/NaCl buffer 

with the gradual addition of CT DNA. Inset: Plot of [DNA]/(εa – εf) vs. [DNA]. 

 

III.3.5.2. Fluorescence studies of Competitive DNA binding 

The fluorescence method is an effective way to study the interaction of metal complex with 

CT-DNA. In this purpose, Ethidium bromide (EB) is a common fluorescent probe that used 

to bind with DNA. An enhancement of fluorescence intensity is observed due to the 

intercalation of EB into CT-DNA.51 When metal complex intercalates into DNA it leads to a 

decrease in fluorescence intensity due to the replacement of EB from the EB-CT-DNA 

system (Fig. III.17). Herein, the addition of complexes to CT DNA pre-treated with EB 

causes a significant amount of decease in emission intensities, indicating that the complexes 

compete with EB for the binding sites of DNA. The fluorescence quenching is explained by 

the Stern–Volmer equation (Eq. III.3).52 

 

F0/F = 1 + Ksv[Q]                        (Eq. III.3) 

 

Where F0 and F are the fluorescence intensities of the CT DNA solutions in the absence and 

presence of the complex, respectively. Ksv is the Stern–Volmer quenching constant and [Q] is 

the concentration of complex. The Ksv values are obtained as a slope from the plot of F0/F 

versus [Q] (Fig. III.17 inset) and are found to be 1.009(±0.020)×105 M-1 and 1.197(±0.029) 

×105 M−1 for 1 and 2, respectively. 
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Fig. III.17. Emission spectra (λex = 540 nm) of EB–CT DNA in presence of increasing concentrations 

of the complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

Table III.6. CT-DNA-binding constants (Kb), Gibbs free energies (ΔG), Stern-Volmer 

constants (KSV) of complexes 1 and 2. 

 

III.3.6. Protein binding studies 

III.3.6.1. Electronic absorption titration 

Electronic absorption spectra of BSA (10 μM in PBS at pH 7.4) was recorded in the range of 

240-450 nm in presence of different concentration of the complex which is shown in the Fig. 

III.18. BSA has a characteristic absorption band at 280 nm. Gradual addition of complex to 

the BSA solution showed that the absorption intensity of BSA enhanced and was a small blue 

shift in the wavelength for all the complexes. This hypsochromic shift corresponds to ground-

state association between the complex and protein.53 The apparent association constant (Ka) 

was calculated from the plot of 1/(Aobs-A0) vs 1/[complex] (Fig. III.18 inset) adopting the 

following equation (Eq. III.4). 

 

1

𝐴𝑜𝑏𝑠−𝐴0
=  

1

𝐴𝑐−𝐴0
+  

1

𝐾𝑎(𝐴𝑐−𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
                          (Eq. III.4) 

 

Compound UV Method Fluorescence Method 

 Kb (×105)   (M-1) ΔG (KJ.mol-1) Ksv (×105)  (M-1) 

EB-CT- DNA + 1 1.292 ± 0.058 -29.158 1.009 ± 0.020 

EB-CT- DNA + 2 1.874 ± 0.091 -30.146 1.197 ± 0.029 
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Where Aobs is the observed absorbance (at 280 nm) of the solution having various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and of serum 

albumin with the complex. The calculated value of apparent association constant (Ka) for the 

complexes 1 and 2 are 4.522(±0.108)×104 M-1 and 5.628(±0.128)×104 M-1 respectively and 

these values are comparable to reported value.50  

 

 

Fig. III.18. Change in absorption spectra of BSA with the gradual addition of complex 1 (A) and 

complex 2 (B). Inset: Plot of 1/(Aobs-A0) vs 1/[complex]. 

 

III.3.6.2. Fluorescence quenching studies 

The BSA-complex interactions were also studied by fluorescence spectral titration technique. 

Complex is non-fluorescent in DMSO solution. But upon excitation at 280 nm, an aqueous 

solution (10 μM, pH 7.4 PBS buffer) of BSA exhibits a strong fluorescence at 336 nm. The 

effect of the compounds on the fluorescence emission spectrum of BSA is shown in Fig. 

III.19. Addition of the above compounds to the solution of BSA results in a significant 

decreased in fluorescence intensity of BSA at 336nm, up to 59.6% and 63.7% of the initial 

fluorescence intensity of BSA accompanied by a blue shift of 2 nm and 6 nm for complexes 1 

and 2 respectively. This decrease in emission intensity with a prominent blue shift in 

maximum emission wavelength of BSA was noticed with an increase in quencher 

concentration, indicating the associative interaction between the BSA and quenchers.54 The 

observed blue shift is mainly due to the fact that the active site in the protein is buried in a 

hydrophobic environment.  

The fluorescence quenching mechanisms are usually classified as either static or dynamic 

quenching. Static quenching usually results to the formation of a complex between the 
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quencher and the fluorophore in the ground state, whereas in dynamic quenching the 

fluorophore and the quencher interact with each other in the excited state. To study the 

quenching process, fluorescence quenching data were analysed using the Stern–Volmer 

equation (Eq. III.3). The Stern-Volmer quenching constant values (Ksv) calculated from the 

plot of F0/F vs [Q] (Fig. III.19 inset) in respect to complexes 1 and 2 were found to be 

1.947(±0.067)×104 M-1 and 3.549(±0.125)×104 M-1. The high Ksv values indicate that 

complexes exhibit good fluorescence quenching ability. Furthermore, the quenching rate 

constant (Kq) of the complexes were found to be in the range of 1.947–3.549 × 1012 M−1 s−1, 

following the equation Kq = Ksv /τo  (τo refers to the lifetime of the fluorophore without the 

quencher with an average value of 10−8 s). Since the obtained Kq value is greater than the 

value suggested in dynamic quenching (2 × 1010 M−1 s−1), the preferred quenching process is 

static through the formation of a complex.55 

 

 

Fig. III.19.  Emission spectra (λex = 280 nm) of BSA in presence of increasing concentration of the 

complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

III.3.6.3. Binding constant and binding sites 

Further, the binding constant and number of binding sites can be calculated by using 

following Scatchard equation (Eq. III.5). 

 

𝑙𝑜𝑔
(𝐹0−𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]                (Eq. III.5) 

 

Where Kb is the binding constant of synthesized compounds with BSA and n is the number of 

binding sites. The binding constant (Kb) and the binding sites (n) have been obtained from the 

plot of log [(Fo-F)/F] versus log [complex] (Fig. III.20). Based on the plot, calculated values 



101 | CHAPTER-III 

of binding constant (Kb) for the complexes 1 and 2 are 2.141(±0.059)×104 M-1 and 

3.422(±0.095)×104 M-1 and binding sites (n) are 0.917(±0.022) and 1.005(±0.023) 

respectively. The binding constant (Kb) values suggested that the synthesized complexes have 

strong binding affinity with the serum albumins. The obtained binding site values n (~1) 

strongly supported the existence of single binding site in BSA protein. 

 

 

Fig. III.20.   Plot of log [(Fo-F)/F] versus log [complex] of complex 1 (A) and complex 2 (B). 

 

Table III.7. Protein apparent association constant (Ka), binding constant (Kb), quenching constant 

(Ksv) and number of binding sites (n) for complexes 1 and 2 

 

III.3.6.4. Synchronous fluorescence spectroscopic studies 

A synchronous fluorescence spectroscopic study was used to obtain information about the 

molecular microenvironment, particularly in the vicinity of the fluorophore moieties of 

BSA.56 According to Miller,57 in synchronous fluorescence spectroscopy the difference 

between the excitation and emission wavelengths (Δλ = λem - λex) indicates the nature of the 

chromophores in the spectra. If the Δλ value is 15 nm, the synchronous fluorescence spectra 

of BSA are characteristics of tyrosine residue, whereas the larger Δλ value of 60 nm is 

characteristics of tryptophan residue. The maximum emission wavelength of tryptophan and 

tyrosine residues in the protein molecule are related to the polarity of their surroundings, 

Comp. UV Method Fluorescence Method 

 Ka (×104)  (M-1) 𝐾𝑏 (×104) (M-1) Ksv (×104) (M-1) n 

BSA + 1 4.522 ± 0.108 2.141 ± 0.059 1.947 ± 0.067 0.917 ± 0.022 

BSA + 2 5.628 ± 0.128 3.422 ± 0.095 3.549 ± 0.125 1.005 ± 0.023 
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changes of the maximum emission wavelengths can reflect changes of protein conformation. 

The synchronous fluorescence spectra of BSA with various concentrations of complexes 

recorded at Δλ = 15 nm and Δλ = 60 nm are shown in Fig. III.21 and III.22 respectively. In 

the synchronous fluorescence spectra of BSA at Δλ = 15, the addition of the complexes to the 

solution of BSA results in a small decrease in the fluorescence intensity of BSA at 301 nm, 

up to 37% and 39% of the initial fluorescence intensity of BSA for the complex 1 and 2 

respectively, with no shift in their emission wavelength maxima. But, at the same time, in the 

case of the synchronous fluorescence spectra of BSA at Δλ = 60, the addition of the 

complexes to the solution of BSA results in a significant decrease in the fluorescence 

intensity of BSA at 343 nm, up to 61% and 66% of the initial fluorescence intensity of BSA 

accompanied by a blue shift of 4 and 5 nm for the complex 1 and 2 respectively. The spectral 

studies clearly suggested that the fluorescence intensities of both the tryptophan and tyrosine 

were decreased but the emission wavelength of the tryptophan residues is blue shifted with 

increasing concentration of the complexes. At the same time, there is no change in the 

emission wavelength of tyrosine. It suggested that the interaction of complexes with BSA 

affects the conformation of the tryptophan micro-region. It also indicated that the 

hydrophobicity around tryptophan residues is strengthened. The hydrophobicity observed in 

fluorescence and synchronous measurements confirmed the effective binding of all the 

complexes with the BSA. Hence, the strong interaction of these complexes with BSA 

suggested that the complexes may be fit for anticancer studies. 

 

 

Fig. III.21. The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 
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Fig. III.22. The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 

 

III.3.7.  In vitro Cytotoxicity Study 

III.3.7.1. Cell viability assay: 

Cell viability was studied using MTT assay on three different human cancer cell lines 

(HepG2, HCT 116, and A549). IC50 values of the complexes are tabulated in Table III.8. 

Both the complexes have showed different degree of cytotoxicity (Fig. III.23 and III.25) 

asserting their efficacy in an order of HCT 116> HepG2> A549 using cisplatin and 

doxorubicin (Dox) as positive controls.58 Hence, HCT 116 cells have chosen for further 

study. Moreover, HL and normal PBMC cells (human peripheral blood mononuclear cells) 

have showed significantly higher IC50 values on all three cell types than other two 

compounds (Fig. III.24). 

 

Table III.8. IC50 values (in M) of HL, [Pd(L)Cl] (1) and [Pt(L)Cl] (2) against various cancer and 

normal cell lines. 

 

Compds. A549 HepG2 HCT116 PBMC 

HL >200 >200 >200 >200 

1 5.140.03 4.280.20 4.060.08 >200 

2 3.530.09 3.480.09 3.290.12 >200 

Cisplatin 11.70.62 12.30.50 7.80.26 >200 

Dox 4.600.12 0.750.31 4.720.04 >200 
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Fig. III.23. Assessment of cell viability using MTT. Viability of A549, HepG2 and HCT116 cells 

were assessed by treating different doses of [Pd(L)Cl] (1) (A) and [Pt(L)Cl] (2) (B). 

 

 

 

Fig. III.24. (A) Viability of A549, HepG2 and HCT116 cells were assessed by treating different doses 

of HL, (B) The effects of [Pd(L)Cl] (1) and [Pt(L)Cl] (2) in peripheral blood mononuclear cells 

(PBMCs). 

 

 

Fig. III.25. Viability of A549, HepG2 and HCT116 cells were assessed by treating different doses of 

Doxorubicin (Dox). 
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III.3.7.2. Analysis of ROS generation using DCF-DA assay 

Flowcytometric analysis of Reactive Oxygen Species (ROS) indicated significant increase in 

intracellular ROS following treatment with [Pt(L)Cl] (2) due to increased DCFDA 

fluorescence, compared to [Pd(L)Cl] (1) and control (Fig. III.26). More appropriately, 

administration of 2 had increased generation of intracellular ROS by 8.19-fold and 1.43-fold 

than Control and complex 1 respectively.59, 60 

 

 

Fig. III.26. Changes in intracellular ROS following treatment with [Pd(L)Cl] (1) and [Pt(L)Cl] (2). 

(A) Intracellular ROS was measured using flowcytometry. (B) Comparison of DCFDA fluorescence 

in mean fluorescence unit. 

 

III.3.7.3. Analysis of Mitochondrial membrane potential using flowcytometry– JC1 

staining 

Mitochondrial membrane potential (MMP) is used as an indicator of function of 

mitochondria. Dysfunction of mitochondria can lead to loss of MMP.61, 62 Flow cytometry 

analysis of JC-1 staining demonstrated a significantly decreased fluorescence intensity in 

[Pt(L)Cl] (2) treated cells compared to [Pd(L)Cl] (1) treated cells and control cells suggesting 

an enhanced capability of Pt-complex to cause mitochondrial dysfunction than Pd-complex 

(Fig. III.27). 
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Fig. III.27. Effect of [Pd(L)Cl] (1) and [Pt(L)Cl] (2) on Mitochondrial membrane potential (MMP). 

(A) JC1 fluorescence in HCT116 Cells and (B) comparison of decrease in MMP. 

 

III.3.7.4. Flowcytometric analysis of apoptosis 

Flowcytometric analysis of apoptosis in HCT 116 cells were done using Annexin V/PI 

double staining assay.63-66 Flowcytometric data showed that cells exposed to [Pt(L)Cl] (2) 

have shown significant increase in Late Apoptotic population (35.5%) than Necrotic (30.7%) 

population after 24 h exposure than [Pd(L)Cl] (1) which showed significantly higher rate of 

necrotic cell population (i.e.,46.2% Necrotic and 25.5% late apoptotic cell population) (Fig. 

III.28). However, untreated cells did not show significant apoptosis or necrosis. Thus, the 

results demonstrated a higher apoptotic potential of Pt-complex compared to Pd-complex. 
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Fig. III.28. Role of [Pd(L)Cl] (1) and [Pt(L)Cl] (2) in apoptosis. Annexin V-FITC/PI was used to 

analysed apoptosis. HCT116 cells was treated with complex 1 and complex 2 and observed for 

apoptosis using flowcytometry. 

 

III.3.7.5. Analysis of protein expression via confocal microscopy 

Confocal Microscopic analysis showed decreased level of antiapoptotic protein bcl2 and 

increased expression of BAX (proapoptotic protein) and P53 in case of [Pt(L)Cl] (2) treated 

cells than [Pd(L)Cl] (1) and controlled cells signifying dominance of 1 over 2 in causing 

cellular apoptosis (Fig. III.29).67 

 

 

Fig. III.29. Pd(L)Cl] (1) and [Pt(L)Cl] (2) altered expression of pro and anti- apoptotic proteins. 

HCT116 Cells was treated with different compounds and changes observed under confocal 

microscopy. 
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III.3.7.6. Western Blot analysis of cellular protein expression 

P53 act as a tumor suppressor and MDM2 function as an inhibitory protein of p53 regulating 

its expression via proteasomal degradation. Western blot analysis suggested significantly 

increased level of p53 and decreased expression of MDM2 in [Pt(L)Cl] (2) treated cells 

compared to [Pd(L)Cl] (1) and control cells (Fig. III.30). Cyt C releases from inner 

mitochondrial membrane during apoptosis and a key protein of intrinsic pathway of 

apoptosis.68-70 Significantly, increased level of Cyt C in 2 treated cells is attributed to greater 

apoptotic potential of 2 than 1. 

 

 

Fig. III.30. Western blot analysis of key regulatory proteins of apoptosis. p53, mdm2 and CytC 

expression levels were analysed following treatment with complexes 1 and 2. 

 

III.3.7.7. Analysis of Cell Cycle using Flowcytometry 

After treatment of cells with complexes 1 and 2, for 24 h samples were collected and 

analysed by flow cytometry assay for determining of cell cycle phase. Our results indicated 

that treatment with both complexes 1 and 2 caused an increase in G1 and S phase cell 

population compared with the control group suggesting possible arrest at G1/S phase.71-73 

Also, treatment with Pt-complex had significantly greater effect than Pd-complex in this 

scenario (Fig. III.31). 
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Fig. III.31. Analysis of cell cycle. (A) Flowcytometric analysis of distribution of HCT116 cells at 

different stages of cell cycle following 1 and 2 administrations. (B) Bar diagram representing cell 

population at different stages of cell cycle. 

 

III.4. Conclusions 

The new palladium(II) and platinum(II) complexes, [Pd(L)Cl] (1) and [Pt(L)Cl] (2) with 

ONS donor azo-thioether ligands (HL) were successfully synthesized and characterized. X-

ray structures reveal that the geometries of these complexes are slightly distorted from 

regular square planar geometry around the metal center. The interaction of CT DNA with 

both the complexes were investigated by employing the UV–Vis method and binding 

constant values suggest that the complexes strongly bind with CT DNA. Competitive binding 
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titrations with ethidium bromide (EB) by the fluorescence titration method reveal that the 

complexes efficiently displace EB from the EB–DNA system. Also, both the complexes 

showed a good binding affinity to BSA with relatively high binding constants. The 

antiproliferative activity of the complexes showed that Pt(II) complex 2 is more potent than 

Pd(II) complex 1 in HCT116, HepG2 and A549 cell lines. Apoptotic analysis by annexin-

V/FITC-PI binding assay shows that the percentage of apoptotic and total dead cells is 

significantly higher in Pt(II) complex 2 than that of Pd(II) complex 1. From the MTT assay 

data, it is concluded that the synthesized complexes exhibited higher cytotoxic potency 

towards cancer cell lines than the widely used as anti-cancer drugs cisplatin and doxorubicin 

(Dox). Thus, our synthesized Pd(II) and Pt(II) complexes under study deserve further 

investigation on their in vivo antitumor activities, which can enable them to serve as an ideal 

anticancer drugs capable of targeting tumor cells having no adverse effect on the normal 

cells. 
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Abstract 

 

In the hunt for prospective new metal-based anticancer drugs, two novel morpholine-based 

Pd(II) and Pt(II) complexes, [Pd(MPMA)Cl2] (1) and [Pt(MPMA)Cl2] (2), with N,Nˊ donor 

ligand (MPMA), are synthesized and comprehensively studied using spectroscopic 

techniques. Single crystal X-ray diffraction examination revealed the deformed square planar 

geometry of the complexes' crystal formations. To strengthen and validate the experimental 

results, a theoretical method based on optimization structures, the HOMO-LUMO energy 

gap, global reactivity parameters, and time-dependent density functional theory was used. 

The DNA binding properties of the complexes are explored by employing UV-vis, 

fluorescence spectral methods and also viscosity measurements which indicate that these 

complexes can bind to DNA covalently and non-covalently. Furthermore, the complexes' 

interactions with bovine serum albumin (BSA) were examined using a range of spectroscopic 

techniques. The changes in the microenvironmental and structural properties of BSA are 

monitored by a synchronous and 3D fluorescence study. The anticancer potential of these 

complexes was studied preliminarily by using MTT assay against triple negative breast 

cancer cell line (MDA-MB-231) and normal kidney cell line (HEK-293). Complex 2, 

compared to complex 1, was found to be more efficient and highly toxic toward MDA-MB-

231 cancer cells.  
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IV.1. Introduction 

Inorganic medicinal chemistry is a discipline of inducing importance in both 

therapeutic and diagnostic medicine.1 The innovation and advancement of the anti-tumour 

drugs based on platinum metal posed a major role in the area of inorganic medicinal 

chemistry.2 Among these drugs, Cisplatin is one of the most effective chemotherapy drugs 

that is vastly utilized for cancer treatment.3,4 Although it is clinically successful for the 

treatment of certain tumors, it has countless unpleasant side effects such asnausea, 

neurotoxicity, ototoxicity, nephrontoxi-city, tumor resistance.5 These drawbacks have 

motivated the fabrication of better platinum based anticancer drugs whose structure and mode 

of action vary from that of cisplatin. Thus, a significant number of diverse platinum 

complexes were fabricated with the intend to overcome the shortcomings of cisplatin.6-9  

Furthermore, there is a budding curiosity in the search for novel non-platinum metal 

based compounds for use in cancer treatment.10 Recently, Pd(II) complexes have been 

investigated thoroughly enough as a substitute to Pt(II) complexes as anticancer agents owing 

to their comparable coordination geometry and chemistry. So the design and fabrication of 

new palladium based anti-cancer drugs is very essential for effective and capable application 

as chemotherapic agents.11-14 Even though Pt(II) and Pd(II) complexes have analogous 

chemical properties, the latter is much more labile towards aquation, resulting in very 

reactive species that are incapable of reaching their target biomolecules in the cancer cells.15 

In order to surmount this, the use of strongly coordinated nitrogen ligands and the appropriate 

leaving groups has been explored to acquire less reactive Pd(II) complexes with capable 

anticancer activity.16  

The coordinated ligands play a noteworthy part in anticancer activity of metal 

containing antitumor drugs as they can regulate key parameters like reactivity and 

lipophilicity. Schiff bases are valuable chelating ligands for metal ions, resulting in 

complexes with different physical and chemical properties.17 Thus, the metal complexes of 

Schiff bases have been broadly designed and studied for biomedical applications, such as 

antitumor, antibacterial, anti-inflammatory and antifungal activities.18  

DNA is the major biological target for anticancer drugs while BSA performs as a 

carrier protein molecule in the blood stream for various compounds. So the design and 

fabrication of DNA targeting metal-based anticancer agents with probable cytotoxicity have 

attained significance in recent years.19,20 Metal complexes including aromatic ligands are 

reported to demonstrate a dual-function mode of action, in which DNA binding takes place 

via both coordination with the metal centre, and non-covalent interaction such as intercalation 
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with the DNA base pairs, along with π-π aromatic interactions between the double helix and 

the aromatic components of the metal complex.21,22 Further, some metal complexes with 

bulky ligands are displayed to act as DNA groove binders.23 

Furthermore, the study on interaction of proteins with metal complex is very 

beneficial as it could offer information to analyse the therapeutic effectiveness and 

pharmacological response of drugs. Also, proteins are well-accepted as the main cellular 

target for antitumor drugs and the most carrier proteins in the blood stream are Human Serum 

Albumin (HSA). Bovine Serum Albumin (BSA) structure is homologous with HSA and due 

to its effortless and simple accessibility and low cost, BSA is the mostly useful in 

biochemical and biophysical studies.24-26 

In this paper we have synthesized Pd(II) and Pt(II) complexes (Scheme IV.1) having 

general formula, [Pd(MPMA)Cl2] (1) and [Pt(MPMA)Cl2] (2) and characterized both of them 

by using various spectroscopic techniques like NMR, IR, Mass, UV-Vis as well as single 

crystal X-ray diffraction study. The structural optimization, calculated energy difference of 

HOMO-LUMO, calculated different reactivity descriptors and TD-DFT analysis were 

executed by the application of DFT study to acquire an insight into the electronic structure of 

the complexes about the reactivity and structural property. The investigation of the biological 

characteristics of these complexes have been carried out focusing on the binding properties 

with calf-thymus DNA (CT-DNA) and the affinity toward bovine serum albumin (BSA) 

investigated using UV-Vis and fluorescence spectroscopy. Finally, MTT assay has been used 

to evaluate the cytotoxic activity of the complexes against triple negative breast cancer cell 

line (MDA-MB-231) and normal kidney cell line (HEK-293). The Pd(II) and Pt(II) 

complexes to induce apoptosis of tumor cell (MDA-MB-231) were tested by flow cytometric 

analysis of Annexin V-FITC/PI double staining assay. 

 

IV.2. Experimental 

IV.2.1. Materials and methods 

2-benzoylpyridine, 2-morpholinoaniline, Na2[PdCl4] and Pt(SEt2)2Cl2 were purchased 

from Sigma-Aldrich. Solvents were available from commercial sources and used without 

further purification. Tri(hydroxylmethyl)aminomethane (Tris-HCl), Ethidium bromide (EB), 

calf thymus DNA(CT-DNA) and bovine serum albumin (BSA) were obtained from Sigma 

Aldrich chemical company.  

Elemental analyses (C, H, N) were performed on a 2400 Series-II CHN analyzer, 

Perkin Elmer, USA. Waters (Xevo G2 Q-TOF) mass spectrometer was used to record mass 
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spectra of the ligand and complexes. IR spectra were run as KBr pellets on a RX-1 

PerkinElmer spectrometer in the 4000–400 cm−1 region. 1H-NMR spectra of ligand and 

complexes were recorded in CDCl3 with TMS as the internal standard on a Bruker (AC) 300 

MHz FT-NMR spectrometer. PerkinElmer Lambda 750 spectrophotometer was used for 

study the binding interactions of complexes with CT-DNA and BSA. The emission spectra 

were recorded by using Shimadzu RF-6000 fluorescence spectrophotometer at room 

temperature (298 K). Viscometric measurements were performed using an Ostwald 

viscometer placing it in a thermostated water bath at 250C and flow time was measured with a 

digital stopwatch. Circular dichroism (CD) studies were made on a JASCO 

spectropolarimeter (model J815, Jasco International Co., Japan) equipped with a 

thermalprogrammer (model PFD-425L/15) and temperature controller using a 1cm path 

length rectangular quartz cuvette.  

 

IV.2.2. Preparation of ligand and complexes 

IV.2.2.1. Synthesis of the ligand (MPMA) 

2-benzoylpyridine (0.031 g, 0.169 mmol) and 2-morpholinoaniline (0.03g, 0.169 mmol) were 

mixed in 20 mL acetonitrile and then stirred and refluxed for 4h. The reaction mixture was 

then cooled and was used for complex formation reactions. Yield 0.055 g (95%). 

Anal. Calc. for C22H21N3O: C, 76.94; H, 6.16; N, 12.24; O, 4.66. Found: C, 76.72; H, 6.01; 

N, 12.24; O, 4.47. IR (KBr, cm−1): 3061, 2963, 2901 (C-H); 1661 (C=N). 1H NMR (300 

MHz, CDCl3): δ (ppm) 8.75 (d, J=6.4 Hz, 1H), 8.11-8.05 (m, 3H), 7.95-7.90 (m, 1H), 7.65-

7.48 (m, 4H), 7.04-6.94 (m, 2H), 6.80-6.75 (m, 2H), 3.87 (t, J=4.6Hz, 4H), 2.94 (t, J=4.6Hz, 

4H). HRMS: calculated for C22H21N3O [M+H]+ (m/z): 344.1763; found: 344.1912. 

IV.2.2.2. Synthesis of Pd(II) complex, [Pd(MPMA)Cl2] (1) 

An acetonitrile solution (10ml) of Na2[PdCl4] (0.049 g, 0.169mmol) was slowly added 

to the Schiff base ligand MPMA (0.058 g, 0.169 mmol) in 10ml acetonitrile and refluxed for 

6h. The color of the solution changed to orange. The solvent was slowly evaporated to 

dryness and the obtained residue was washed with diethylether to yield an orange solid 

[Pd(MPMA)Cl2]. The complex was recrystallized by slow diffusion of n-hexane into 

saturated solution of the complex in dichloromethane. The yield was, 0.076 g, 86%. 

Anal. Calc. for C22H21Cl2N3OPd: C, 50.74; H, 4.06; N, 8.07. Found: C, 50.57; H, 

3.89; N, 7.93. IR (KBr, cm−1): 3066, 2990, 2942 (C-H); 1593 (C=N). 1H NMR (300 MHz, 

CDCl3): δ (ppm) 9.66 (d, J=6.6 Hz, 1H), 8.12-8.06 (m,1H), 7.83-7.78 (m, 1H), 7.52-7.39 (m, 

6H), 7.16-7.10 (m, 2H), 7.08 (d, J=7.4Hz, 1H), 6.96-6.75 (m, 1H), 3.78-3.73 (m, 6H), 2.38-
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2.32 (m, 2H). HRMS: calculated for C22H21Cl2N3OPd [M-Cl]+ (m/z): 484.0408; found: 

484.0493. 

IV.2.2.3. Synthesis of Pt(II) complex, [Pt(MPMA)Cl2] (2) 

The complex 2 was prepared by the same procedure as used for complex 1, with 

Pt(SEt2)2Cl2 (0.075 g, 0.169mmol) and MPMA (0.058 g, 0.169mmol). The yield was, 0.086 

g, 83%. 

Anal. Calc. for C22H21Cl2N3OPt: C, 43.36; H, 3.47; N, 6.90. Found: C, 43.18; H, 3.37; 

N, 6.85. IR (KBr, cm−1): 3053, 2984, 2950 (C-H); 1597 (C=N). 1H NMR (300 MHz, 

CDCl3): δ (ppm) 10.08 (d, J=6.6 Hz, 1H), 8.19-8.13 (m,1H), 7.87-7.82 (m, 1H), 7.56-7.37 

(m, 6H), 7.19-7.15 (m, 2H), 6.93 (d, J=7.9Hz, 1H), 6.81-6.78 (m, 1H), 3.72-3.62 (m, 6H), 

2.30-2.24 (m, 2H). HRMS: calculated for C22H21Cl2N3OPt [M-Cl]+ (m/z): 573.1021; found: 

573.1051. 

 

IV.2.3. Single crystal X-ray diffraction studies 

Single crystal data of complex 1 and 2 were collected at 293K on an automated Bruker AXS 

D8 Quest CMOS diffractometer using graphite monochromated Mo-Kα (λ=0.71073Å) 

radiation by the ω scan method. The structures were solved by direct method using the 

SHELX-2016 and refined by full-matrix least-squares methods on F2. All the data were 

adjusted for Lorentz and polarization effects and multi-scan absorption corrections were 

applied using SHELXTL program package.27 All non-hydrogen atoms were refined with 

anisotropic thermal parameters. The hydrogen atoms bound to carbon were placed in 

idealized positions and were set riding on the parent atom.  

 

IV.2.4. Computational method 

All geometry optimization and energy computations were performed using density functional 

theory (DFT) with the B3LYP level of theory.28 LanL2DZ29 basis set with effective core 

potential was employed for Pd and Pt atoms while for the other elements the basis set 6-

31G(d)30 were considered for calculations. The vibrational frequency calculations were 

performed to ensure that the optimized geometries represented the local minimum on the 

potential energy surface and there were only positive Eigen values. Gaussian09 program 

package31 was employed to visualize geometry optimized structures and to calculate the 

minimum energy structure. The calculated electronic density contour plots for frontier 

molecular orbitals were plotted by using the GaussView, Version 5 visualization program. 

Solvent effects play an important role in the electronic structure of the complexes. On the 
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basis of the optimized ground state geometries, the absorption spectra in DMSO were 

calculated by time-dependent density functional theory (TD-DFT)32 using the conductor-like 

polarizable continuum model (CPCM).33 The fractional contributions of various groups to 

each molecular orbital were calculated using GaussSum.34 

 

IV.2.5. Hirshfeld Surface Analysis 

In order to visualize the intermolecular interactions, prevailing in the crystal, Molecular 

Hirshfeld surfaces (HS)35 and the associated 2D-fingerprint36 plots of complex 1 and 2 were 

calculated using Crystal Explorer 17.5 software.37 Bond lengths to hydrogen atoms were 

automatically set to standard values, while the structural input CIF. files of the crystals 1 and 

2 were read into the software for calculations. For each point on the Hirshfeld isosurface, two 

distances de, the distance from the point to the nearest nucleus external to the surface and di, 

the distance to the nearest nucleus internal to the surface, are defined. The normalized contact 

distance (dnorm) based on de and di is given by following equation (Eq. IV.1).  

 

𝑑𝑛𝑜𝑟𝑚 =
(𝑑𝑖−𝑟𝑖

𝑣𝑑𝑤)

𝑟𝑖
𝑣𝑑𝑤 +

(𝑑𝑒−𝑟𝑒
𝑣𝑑𝑤)

𝑟𝑒
𝑣𝑑𝑤                       (Eq. IV.1) 

 

where, 𝑟𝑖
𝑣𝑑𝑤 and 𝑟𝑒

𝑣𝑑𝑤 are the van der Waals radii of the atoms. The value of dnorm is negative 

or positive depending on intermolecular contacts being shorter or longer than the van der 

Waals separations.  

Graphical plots of the molecular Hirshfeld surfaces mapped with dnorm uses a red-white-blue 

colour scheme, where bright red spots highlight shorter contacts, white areas represent 

contacts around the van der Waals separation, and blue regions are devoid of close contacts. 

To visualize the molecular moiety, transparent mapped surfaces are usually shown. For a 

given crystal structure and set of spherical atomic electron densities, the Hirshfeld surface is 

unique and thus it suggests the possibility of gaining additional insight into the intermolecular 

interaction of molecular crystals. 2D Fingerprint plot resolved into different contacts 

contributed to the total Hirshfeld surface area of the complex 1 and complex 2. 

 

IV.2.6. DNA binding studies  

IV.2.6.1. Absorption spectroscopic studies 

The DNA binding ability of complex 1 and 2 has been evaluated by absorption as well as 

emission spectroscopy. The interaction of the complex with CT-DNA was performed by 

using Tris-HCl buffer solution having pH 7.2. The concentration of CT-DNA was determined 
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from its absorption intensity at 260nm by employing an extinction coefficient of 6600 M-1cm-

1. 38 The UV absorbance at 260 and 280 nm of the CT-DNA solution gave a ratio in the range 

of 1.8 to 1.9, indicating that the DNA was satisfactorily free from protein molecules. The 

absorption spectra of the complexes at a constant concentration were recorded in presence of 

different concentrations of CT-DNA and a noteworthy change in absorption values was 

observed.  

 

IV.2.6.2. Ethidium bromide displacement experiments  

The competitive binding interactions of the complexes were investigated by fluorescence 

spectroscopy method in order to find out whether the compound can displace EB from its 

CT-DNA-EB system. The CT-DNA-EB complex was initially prepared by adding 15 μM EB 

and 30 μM CT-DNA in Tris– HCl/NaCl buffer solution (pH = 7.4). Ethidium bromide (EB) 

displacement experiments were done by successive addition of the complexes into the Tris-

HCl buffer solution of CT-DNA-EB complex.39 After successive addition of the metal 

complexes, the change in fluorescence intensity at 612 nm were monitored (excitation 

wavelength 540 nm). 

 

IV.2.6.3. DNA viscosity measurements 

The viscosity of the CT-DNA solutions (32.5μM) was measured in the presence of increasing 

amounts of the complexes using an Ostwald viscometer placing it in a thermostated water 

bath at 25.0 °C. Flow time was measured with a digital stopwatch and each sample was 

measured three times, then the average flow time was calculated. Viscosity values were 

calculated from the observed flow time of DNA-containing solutions (t) corrected for the 

flow time of buffer alone (t0), η = (t − t0)/ t0. The data is reported as (η / η0)
1/3 versus the ratio 

of the concentration of the complex to CT-DNA (R = [compound]/[CT-DNA]), where η is 

the viscosity of CT-DNA in the presence of the compound and η0 is the viscosity of CT-DNA 

solution alone.40 

 

IV.2.7.1. Protein binding studies 

BSA (bovine serum albumin) is the most abundant plasma protein present in the circulatory 

system, which plays a vital role for the distribution and transportation of metal ions, 

hormones, nutrients, and drug molecules to the specific organs or tissues in the body.41 The 

binding ability of complexes with BSA was performed with the help of UV-Vis spectroscopic 

titration and fluorescence emission quenching methods. The BSA stock solution was 
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prepared using 500 mM phosphate buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C 

for further use. The concentration of BSA was measured by taking absorbance at 280 nm in 

UV-Vis spectra (molar extinction coefficient 66,400 M-1 cm-1).42 The stock solution of 

complexes was prepared in DMSO medium. The absorption spectra of BSA (10 μM) were 

recorded after gradual addition of complexes at room temperature for calculation of binding 

constants and binding modes. In fluorescence experiment, tryptophan fluorescence of BSA 

was recorded in the range 290-450 nm at an excitation wavelength of 280 nm using a slit 

width of 5 nm. Quenching of emission intensity at ~336 nm for BSA was monitored with 

subsequent addition of metal complex. The synchronous fluorescence spectra were also 

captured in the same instrument in the range of 270-380 nm by scanning the excitation and 

emission monochromators simultaneously. Different wavelength interval (Δλ = λem - λex) of 

Δλ = 15 nm and Δλ = 60 nm were set to study the spectrum behavior of tyrosine (Tyr) and 

tryptophan (Trp) residues of BSA. 3D fluorescence spectroscopy is used to know about the 

fluorescence of chromophore and also the conformational changes of protein macromolecules 

by measuring the change of fluorescence intensity in the presence of complexes. The 3D 

fluorescence spectra of BSA (6 μM) with and without the complex 1 and 2 were recorded in 

the wavelength range of 200-400 nm for excitation and 200-500 nm for emission.  

 

IV.2.7.2. Circular dichroism measurements 

Circular dichroism (CD) spectra were obtained employing JASCO (J-815) spectropolarimeter 

at 298 K using a quartz cuvette of 1 cm cell path length. The spectra were recorded in far UV 

region (200–245 nm) for BSA in presence and absence of copper complexes 1 and 2. 

Concentration of BSA was kept constant at 1 μM while varying the concentration of added 

complexes 1 and 2. The CD results were expressed in terms of the mean residual ellipticity 

(MRE) in deg cm2 dmol-1 according to the following equation (Eq. IV.2).43  

                                               

𝑀𝑅𝐸 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐶𝐷 (𝑚𝑑𝑒𝑔)

10𝐶𝑝𝑛𝑙
                        (Eq. IV.2) 

 

Here, Cp represents the molar concentration of the protein, n stands for the number of amino 

acid residues (583 for BSA) and l is the path length of the cell (1 cm). The α-helical (%) 

contents of the free and bound BSA were calculated from the mean MRE values at 208 nm 

using the following equation (Eq. IV.3).44 

𝛼 − ℎ𝑒𝑙𝑖𝑥 (%) =
[−𝑀𝑅𝐸208−4000]

[33000−4000]
× 100                  (Eq. IV.3) 
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MRE208 is the MRE value observed at 208 nm, 4000 is the MRE of the β-form and random 

coil conformation at 208 nm, and 33000 is the MRE value of a pure α-helix at 208 nm.  

 

IV.2.7.3. Förster Resonance Energy Transfer (FRET) 

The value of R0 was calculated using the following equation (Eq. IV.4).  

 

𝑅0 = 0.2018 {[𝐾2𝛷𝐷𝜂−4𝐽(𝜆)]
1

6⁄ } Å                   (Eq. IV.4) 

 

where the orientation factor between the emission dipole of the donor and the absorption 

dipole of the acceptor 𝜅2 is taken as 2/3, the fluorescence quantum yield of the donor 𝜙𝐷 is 

0.118, the refractive index of the medium (η) is 1.33, and 𝐽(𝜆) is the extent of spectral overlap 

of donor (BSA) emission and the acceptor (complex) absorption spectra.45 The value of 𝐽(𝜆) 

can be calculated using the equation (Eq. IV.5).46 

                                        

𝐽(𝜆) = ∫ Ī𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆   𝑀−1𝑐𝑚−1𝑛𝑚4∞

0
                  (Eq. IV.5) 

 

Where, 𝐼 ̅𝐷(𝜆) denotes the normalized fluorescence emission of the donor BSA at the 

wavelength λ, and 𝜀𝐴(𝜆) represents the molar extinction coefficient of the acceptor metal 

complex at the wavelength λ.  

 

IV.2.8. Biological Studies 

IV.2.8.1. Cell Culture 

The MDA-MB-231 cell line, derived from human triple-negative breast cancer, was obtained 

from ATCC (American Type Culture Collection) in Manassas, USA. The cells were cultured 

in DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS) from GibcoTM, USA, and 1% Pen-Strep (penicillin-streptomycin) 

from GibcoTM, USA. The culture was maintained in a 37°C incubator with 5% CO2.When 

the cells reached 75-80% confluence, they were harvested using a PBS-based solution 

containing 0.25% trypsin and 0.52 mM EDTA. This trypsin-EDTA solution facilitates 

detachment of the cells from the culture dish. Subsequently, the cells were seeded at the 

desired density and allowed to re-equilibrate for one day before initiating the experiment. 

This procedure ensures that the cells are in an optimal state for experimentation by 

maintaining their growth phase and overall viability. 
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IV.2.8.2. Cytotoxicity assay 

To assess cell viability, an MTT assay was performed.47 For the initial screening experiment, 

MDA-MB-231 cells were seeded at a density of 10,000 cells per well in a 96-well plate and 

incubated. Afterward, the cells were treated with varying concentrations of the complex (0, 5, 

10, 15, 20, 25, 30, 35, 40, 45, and 50 μM) for 24 hours. Following the 24-hour treatment 

period, the cells were washed with PBS. Subsequently, an MTT solution from Sigma Aldrich, 

USA, was added to each well, and the plate was placed in an incubator for 4 hours to allow 

the formation of formazan salt. After incubation, the formazan salt was dissolved using 

DMSO, and the absorbance was measured at 595 nm using an ELISA reader (Emax, 

Molecular Devices, USA). Cell proliferation was determined based on the intensity of 

absorbance. Cell viability was calculated using the formula:  

 

Cell viability (%) = (ODcontrol - ODsample) / ODcontrol × 100. 

 

Here, ODcontrol represents the absorbance of untreated cells, and ODsample represents the 

absorbance of treated cells. The experiments were conducted multiple times to ensure reliable 

results. 

 

IV.2.8.3. Quantification of Apoptosis Using Flow Cytometry 

To analyze apoptosis and necrosis, flow cytometry was employed using the Dead Cell 

Apoptosis Kits with Annexin V from Invitrogen™, USA.48 Treated cells at a concentration of 

1 × 106 were harvested and stained with Annexin-V-FITC for 30 minutes, along with 

propidium iodide (PI), following the manufacturer's instructions. Flow cytometry analysis 

was performed using a BD LSRFortessa instrument located in San Jose, CA, USA. The 

percentages of viable cells, as well as apoptotic (early and late) and necrotic cells, were 

determined based on the staining patterns obtained. These experiments were conducted 

multiple times to ensure the reliability and consistency of the results. 

 

IV.2.8.4. Measurement of Mitochondrial Membrane Potential Using Flow Cytometry 

After the treatment, the cells were incubated with JC-1, a cationic carbocyanine dye 

(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) from 

Invitrogen™, USA. The incubation was performed according to the manufacturer's 

instructions. JC-1 is known for its potential-dependent accumulation in mitochondria and its 

ability to exhibit a fluorescence emission shift from green (525 nm) to red (590 nm). 
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Following the incubation period, flow cytometry analysis was conducted to assess the cells 

based on the fluorescence of JC-1. The fluorescence change allows for the determination of 

the percentage of hyperpolarized and depolarized mitochondria by evaluating the resultant 

fluorescence of JC-1 monomers and aggregates.49 These experiments were conducted 

multiple times to ensure the reliability and reproducibility of the results. 

 

IV.2.8.5. Determination of Intracellular ROS (iROS) 

Mitochondria are known as the primary source of reactive oxygen species (ROS) 

accumulation in mammalian cells. ROS accumulation plays a crucial role in stimulating 

apoptosis in various cell types. In order to estimate intracellular ROS levels, the treated cells 

were incubated with 10 mM H2DCFH-DA (2′, 7′-dichlorofluorescein diacetate) from 

Invitrogen™, USA. This incubation was performed at 37 °C for 30 minutes prior to analysis 

using flow cytometry. Flow cytometry analysis was conducted using a BD LSR Fortessa 

instrument from Becton Dickinson, located in Franklin Lakes, NJ, USA.50,51 The increment in 

DCF (dichlorofluorescein) fluorescence directly reflects the generation of ROS within the 

cells. The mean fluorescence intensity of DCF was used to represent the level of ROS 

generated. These experiments were repeated multiple times to ensure the accuracy and 

consistency of the results.  

 

IV.2.8.6. Confocal Microscopy 

Confocal microscopy was utilized to observe the expression of apoptotic markers including 

p53, p21, Caspase-3, Caspase-9, Cytochrome C, and BCL-2 in both control and treated 

MDA-MB-231 cells. The experimental procedure involved the following steps: The cells 

were washed twice with 0.01 M PBS (Phosphate Buffered Saline). Following the washes, the 

cells were fixed with a 4% Paraformaldehyde solution in PBS and incubated at room 

temperature for 15 minutes. A blocking solution containing 1% BSA (Bovine Serum 

Albumin) was then applied to the cells, and they were incubated for 1 hour. Subsequently, the 

cells were permeabilized with 0.3% Triton X-100 in PBS. After permeabilization, the cells 

were incubated overnight at 4 °C with specific primary antibodies targeting Caspase-3, 

Caspase-9, Cytochrome C, BCL-2, p53, and p21. These primary antibodies were obtained 

from CST, USA. The cells were then washed and incubated with secondary antibodies 

conjugated with fluorophores (anti-mouse/rabbit/goat Alexa Fluor-555, Alexa Fluor-647, and 

Alexa Fluor-488) obtained from CST, USA. This incubation lasted for 4 hours. Following the 

secondary antibody incubation, the cells were counterstained with DAPI (4',6-diamidino-2-
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phenylindole) for 5 minutes and mounted using Fluorescent Mounting Media, Aqueous from 

Sigma, USA.52,53 Confocal laser scanning microscopy (ZEISS LSM-980, Germany) was 

employed to visualize the stained cells, and the acquired images were analyzed using ZEN 

lite 3.4 Blue edition software. These experiments were conducted multiple times to ensure 

consistency and validity of the findings. 

 

IV.3. Results and discussion 

IV.3.1. Synthesis and formulation 

A novel morpholine based ligand and its corresponding Pd(II) and Pt(II) complexes were 

synthesized as shown in scheme IV.1. The ligand (MPMA) was synthesized by standard 

Schiff base condensation reaction of 2-benzoylpyridine with 2-morpholinoaniline under 

refluxed for 4h. The Pd(II) complex, [Pd(MPMA)Cl2] (1) was synthesized by the reaction of 

ligand, MPMA with Na2PdCl4 in 1:1 molar ratio under refluxing condition in acetonitrile. 

Similarly, the Pt(II) complex, [Pt(MPMA)Cl2] (2) was synthesized by the reaction of 

Pt(SEt2)2Cl2 with MPMA. The complexes were thoroughly characterized by several 

spectroscopic techniques such as IR, UV-Vis, 1H NMR and ESI mass spectrometry. Their 

structures were confirmed by single crystal X-ray crystallography. 

 

 

Scheme IV.1. Synthetic scheme for [Pd(MPMA)Cl2] (1) and [Pt(MPMA)Cl2] (2). 
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IV.3.2. Spectral characterization 

The Fourier transform infrared (FT-IR) spectra provide promising indications regarding the 

involvement of coordination sites of the ligand in chelation with metal. The infrared spectrum 

of the Schiff base ligand (MPMA) exhibits a characteristic peak at 1661 cm-1 (Fig. IV.1), 

which was attributed to the imine (C=N) stretching vibrations. After complexation, a redshift 

occurred for the imine (C=N) stretching in chelated ligand (1593 cm-1 and 1597 cm-1 for 

complexes 1 and 2 respectively), suggesting the coordination of Schiff-N to the metal (Fig. 

IV.2).54,55 The 1H-NMR spectra of ligand and the complexes 1 and 2 were recorded in CDCl3 

and are shown in Fig. IV.3, Fig. IV.4 and Fig. IV.5 respectively. In 1H-NMR spectra of 

complexes, the proton ortho to the coordinated pyridyl-N appeared as a doublet in the 

downfield region (δ 9.66-10.08 ppm) compared to the free ligand (δ 8.75 ppm), this 

downfield shift is because of the coordination of pyridyl-N to the metal.55 This arises from an 

σ effect based on electron donation to metal ions via the pyridyl nitrogen lone pair and 

confirms the coordination of ligand to the metal ions through pyridyl-N. The others aromatic 

protons and aliphatic protons are observed in the complexes in the region of δ 8.19-6.75 ppm 

and δ 3.78-2.24 ppm respectively. Mass spectrum of [Pd(MPMA)Cl2] (1) shows m/z peak 

corresponding to [M-Cl]+ at 484.0493 (Fig. IV.7) while [Pt(MPMA)Cl2] (2) exhibits m/z peak 

corresponds to [M-Cl]+ at 573.1061 (Fig. IV.8).  

The UV-Vis spectra of complexes 1 and 2 were obtained in DMSO in the range of 

250-500nm (Fig. IV.9). The solution spectrum of complex 1 exhibit peak at 330 nm along 

with a shoulder at 372 nm. Absorption spectrum of complex 2 exhibit low energy peaks at 

431 nm (with a shoulder band at 408 nm) along with a high energy band appeared at 359 nm.  

 

 

Fig. IV.1. IR spectrum of free ligand MPMA. 
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Fig. IV.2.    IR spectrum of complex 1 (A) and complex 2 (B). 

 

 

 

 

 

Fig. IV.3.  1H-NMR spectrum of ligand MPMA in CDCl3 
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Fig. IV.4.  1H-NMR spectrum of [Pd(MPMA)Cl2] (1) in CDCl3 

 

 

Fig. IV.5.  1H-NMR spectrum of [Pt(MPMA)Cl2] (2) in CDCl3 
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Fig. IV.6. HRMS spectrum of ligand (MPMA) 

 

 

Fig. IV.7. HRMS spectrum of [Pd(MPMA)Cl2] (1) 
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Fig. IV.8.  HRMS spectrum of [Pt(MPMA)Cl2] (2) 

 

 

 

Fig. IV.9.  UV-Vis spectra of [Pd(MPMA)Cl2] (1) and [Pt(MPMA)Cl2] (2) 
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IV.3.3. Crystallographic study 

The molecular structures of complexes 1 and 2 have been determined by the single crystal X-

ray diffraction method to predict the coordination mode of MPMA ligand. The X-ray crystal 

structure revealed that both the complexes are crystallized in a triclinic crystal system with 

the space group 𝑷1. The ORTEP view along with the atomic numbering scheme of the 

complexes 1 and 2 are shown in Fig. IV.10. Relevant crystallographic data and details of 

structure refinements for the complexes are summarized in Table IV.1. Selected inter atomic 

bond lengths and bond angles are listed in Table IV.2. In complex 1, the coordination 

geometry around Pd(II) ion can be described as distorted square planar, the Pd(II) ion was 

attached to the bidentate N, N donor MPMA in such a way that a five membered ring was 

formed and the remaining sites were occupied by two chlorine atoms originating from 

Na2PdCl4. The cis-angles N1-Pd1-N2, N1-Pd1-Cl2, N2-Pd1-Cl1 and Cl1-Pd1-Cl2 are found 

to be 80.13(8)o, 95.43(6)o, 94.31(6)o and 90.13(3)o respectively while the two trans-angles 

N1-Pd1-Cl1 and N2-Pd1-Cl2 are 174.43(6)o and 175.23(6)o respectively. 

In complex 2 the coordination geometry of the Pt(II) ion was distorted square planar, 

composed of two nitrogen atoms from MPMA and two chlorine atoms originating from 

Pt(SEt2)2Cl2. The cis-angles N1-Pt1-N2, N1-Pt1-Cl2, N2-Pt1-Cl1 and Cl1-Pt1-Cl2 are found 

to be 79.97(14)o, 95.92(11)o, 94.98(11)o and 89.13(5)o respectively while the two trans-angles 

N1-Pt1-Cl1 and N2-Pt1-Cl2 are 174.94(10)o and 175.65(10)o respectively. The cis and trans-

angles are in significant deviation from their respective idealistic values of 90o and 180o, 

suggesting significant distortion in the square planar geometry of the two complexes. The Pt–

N(pyridyl) bond length [Pt1-N1, 2.013(3) Å] is shorter compared to Pd–N(pyridyl) bond 

length [Pd1-N1, 2.0225(19) Å], indicating strong interaction of Pt(II) with pyridyl-N in 

complex 2. Similarly, the Pt–N(imine) bond distance [Pt1-N2, 2.006(4) Å] in Complex 2 was 

significantly shorter compared to the Pd–N(imine) bond distance [Pd1-N2, 2.0263(19) Å] in 

Complex 1. Moreover, the M–N(pyridyl) and M–N(imine) (M = Pd/Pt) bond distances are 

well corroborated with the reported values.55,56 Pd1–Cl1 and Pd1–Cl2 bond distances are 

found to be 2.2726(7) Å and 2.2975(7) Å, respectively, in Complex 1, while for the complex 

2, the Pt1–Cl1 and Pt1–Cl2 bond distance are found to be 2.2811(11) Å and 2.3033(13) Å, 

which is in good agreement with that reported for palladium and platinum complexes.55,57  
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Table IV.1.  Crystallographic data and refinement parameters of complexes 1 and 2 

 

 

 

Complex [Pd(MPMA)Cl2] [Pt(MPMA)Cl2] 

Formula C23H23Cl4N3OPd C23H23Cl4N3OPt 

Formula Weight 605.64 694.33 

Crystal System Triclinic T1riclinic 

Space group P ī P ī 

a, b, c [Å] 9.4749(7), 10.6338(8), 

13.2782(10) 

9.5037(12), 10.6433(13), 

13.2099(16) 

 [°] 78.000(2) 77.852(4) 

 [°] 84.267(2) 84.384(3) 

γ [°] 73.951(2) 74.300(3) 

V [ Å3] 1256.32(16) 1256.3(3) 

Z 2 2 

D(calc) [g/cm3] 1.601 1.835 

Mu(MoKa)[mm-1] 1.185 6.031 

F(000) 608 672 

Temperature (K) 293(2) 293(2) 

Radiation [Å] 0.71073 0.71073 

θ(Min-Max) [°] 2.029- 27.135 2.025- 27.184 

Dataset (h; k; l) -12 to 12, -13 to 13, -17 to 17 -12 to 12, -13 to 13, -16 to 16 

R, wR2 0.0294, 0.0592 0.0363, 0.0851 

Goodness of fit(S) 1.062 1.096 
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Fig. IV.10. ORTEP plot of complex 1 (A) and complex 2 (B) with 35% ellipsoidal probability. 

Table IV.2. Selected X-ray and calculated bond distances and angles of complexes 1 and 2. 

 

IV.3.4. DFT and TDDFT calculations 

Density functional theory (DFT) study was utilized as a theoretical approach to 

perceive a proper idea about the structural properties of the molecules.58 DFT calculation was 

implemented for the structural optimization, HOMO-LUMO energy calculation of the 

complexes, which are relevant for their structural, bonding mode and biochemical activity.59 

Calculated bond distances and bond angles of the complexes are summarized in Table IV.2, 

ESI†. The calculated geometric parameters are reasonably well reproducing the X-ray crystal 

structures data.  Contour plots of selected molecular orbitals for both the complexes 1 and 2 

are shown in Fig. IV.11. and Fig. IV.12. respectively. Energy and compositions of selected 

molecular orbitals are given in Table IV.3 and Table IV.4. The HOMO and LUMO energies 

were used to calculate global reactivity parameters such as ionisation potential (I), electron 

affinity (A), electronegativity (χ), chemical hardness (η), chemical potential (μ) and 

electrophilicity index (ω).60 All the calculated reactivity parameters are listed in Table IV.5. 

The calculated energy gaps between the HOMO and LUMO are 2.78 eV and 2.74 eV for 

Complex 1 and 2 respectively. The calculated HOMO-LUMO energy gaps of the complexes 

are significantly smaller than the free ligand (Fig. IV.13), thereby suggesting that the 

complexes are kinetically more reactive towards receptor biomacromolecules like DNA and 

BSA compared to the free ligand.  

                     [Pd(MPMA)Cl2]                         [Pt(MPMA)Cl2] 

Bonds(Å) X-ray Calc. Bonds(Å) X-ray Calc. 

Pd1-N1 2.0225(19) 2.07252 Pt1-N1 2.013(3) 2.04977 

Pd1-N2 2.0263(19) 2.08665 Pt1-N2 2.006(4) 2.05383 

Pd1-Cl1 2.2726(7) 2.30283 Pt1-Cl1 2.2811(11) 2.32567 

Pd1-Cl2 2.2975(7) 2.31596 Pt1-Cl2 2.3033(13) 2.33785 

N1-C5 1.361(3) 1.36119 N1-C5 1.366(5) 1.36627 

N2-C6 1.291(3) 1.30166 N2-C6 1.302(5) 1.30864 

Angles ()  

N1-Pd1-N2 80.13(8) 78.76130 N1-Pt1-N2 79.97(14) 78.92278 

N1-Pd1-Cl1 174.43(6) 174.68931 N1-Pt1-Cl1 174.94(10) 175.36778 

N2-Pd1-Cl1 94.31(6) 95.94466 N2-Pt1-Cl1 94.98(11) 96.44875 

N1-Pd1-Cl2 95.43(6) 94.13484 N1-Pt1-Cl2 95.92(11) 94.66456 

N2-Pd1-Cl2 175.23(6) 172.85590 N2-Pt1-Cl2 175.65(10) 173.57239 

Cl1-Pd1-Cl2 90.13(3) 91.16416 Cl1-Pt1-Cl2 89.13(5) 89.96518 
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The theoretical TD-DFT study is a convenient simulation technique which is used to 

correlate and equate the simulated absorbance properties of the complexes with the 

experimental UV-Vis spectrum.61 The UV-Vis spectrum of the complex 1 shows an 

absorption band with λmax at 330 nm which is very close to TD-DFT simulated peak at around 

336 nm, corresponding to the HOMO-8 → LUMO transition (Fig. IV.14 A). The complex 2 

exhibits the electronic spectrum with λmax at 431 and 359 nm, which are very close to TD-

DFT simulated peak positions 402 and 353 nm (Fig. IV.14 B). These peaks correspond to the 

HOMO-2 → LUMO transition and HOMO-8 → LUMO transition respectively. The 

corresponding energy of important peaks, the oscillator strength, and the major transition are 

listed in Table IV.6. 

 

Table IV.3.  Energy and % of composition of some selected molecular orbitals of complex 1. 

 

MO Energy % of composition 

Pd MPMA Cl 

LUMO+5 -0.27 02 98 00 

LUMO+4 -0.89 01 99 00 

LUMO+3 -1.15 02 97 01 

LUMO+2 -1.81 02 98 00 

LUMO+1 -2.11 46 24 30 

LUMO -3.1 05 93 01 

HOMO -5.88 05 84 11 

HOMO-1 -6.02 23 15 62 

HOMO-2 -6.11 15 07 79 

HOMO-3 -6.31 31 10 59 

HOMO-4 -6.36 14 05 81 

HOMO-5 -6.6 75 14 11 

HOMO-6 -6.85 08 81 11 

HOMO-7 -7.01 02 96 02 

HOMO-8 -7.5 02 98 01 

HOMO-9 -7.68 21 63 16 

HOMO-10 -7.7 01 98 02 
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Table IV.4.  Energy and % of composition of some selected molecular orbitals of complex 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

LUMO LUMO+1 LUMO+2 

MO Energy % of composition 

Pt MPMA Cl 

LUMO+5 -0.25 05 94 01 

LUMO+4 -0.87 02 98 00 

LUMO+3 -1.04 14 77 08 

LUMO+2 -1.45 31 51 19 

LUMO+1 -1.81 02 97 00 

LUMO -3.1 08 89 02 

HOMO -5.84 21 45 33 

HOMO-1 -5.96 18 53 29 

HOMO-2 -6.1 24 07 69 

HOMO-3 -6.21 36 16 47 

HOMO-4 -6.43 09 12 79 

HOMO-5 -6.58 87 07 06 

HOMO-6 -6.89 03 85 12 

HOMO-7 -7.01 03 93 04 

HOMO-8 -7.49 02 97 01 

HOMO-9 -7.66 16 67 17 

HOMO-10 -7.69 07 85 08 



138 | CHAPTER-IV 

   

HOMO HOMO-1 HOMO-2 

 

Fig. IV.11. Contour plots of some selected molecular orbital of Pd(II) complex (1). 

 

 

 

Fig. IV.12.  Contour plots of some selected molecular orbital of Pt(II) complex (2). 
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HOMO HOMO-1 HOMO-2 
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Fig. IV.13.  Frontier molecular orbitals of ligand and complexes 1, 2 and their HOMO–LUMO energy 

gaps. 

 

Table IV.5. Global reactivity descriptors for complex 1 and 2. 

S. 

No. 

Physical property Formula used Complex 1 Complex 2 

1 Ionization Potential (I) I = -EHOMO 5.88 eV 5.84 eV 

2 Electron Affinity (A) A = -ELUMO 3.1 eV 3.1 eV 

3 Electronegativity (ꭓ) ꭓ = (I+A)/2 4.49 eV 4.47 eV 

4 Chemical Hardness (η) η = (I-A) 2.78 2.74 

5 Chemical Potential (μ) μ = -(I+A)/2 -4.49 -4.47 

6 Chemical Softness (S) S = 1/ η 0.719 0.729 

7 Electrophilicity Index (ω) ω = μ2/2η 3.626 3.646 
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Fig. IV.14. Experimental (black) and TD-DFT simulated (red) UV-Vis spectra of complexes 1 (A) 

and 2 (B). 

 

Table IV.6. Vertical electronic transition calculated by TDDFT/CPCM method of complexes 1 and 2. 

Comp.  (nm) E (eV) Osc. 

Strength 

(f) 

Key excitations Character expt. 

(nm) 

 

1 360.12 3.3864 0.0509 (39%)HOMO-4→LUMO MLCT/ 

XLCT 

372 (sh.) 

336.17 3.6881 0.0422 (93%)HOMO-8→LUMO ILCT 330 

2 402.28 3.0592 0.0997 (45%)HOMO-2→LUMO XLCT/ 

MLCT 

431 

408 (sh.) 

353.27 3.6544 0.0409 (96%)HOMO-8→LUMO ILCT 359 

 

IV.3.5. Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential (MEP) prediction is a theoretical useful technique used 

to depict the visual understanding of molecular shape, electron density, relative polarity, 

electrophilic-nucleophilic sites and molecular interaction. The molecular electrostatic 

potential (MEP) surface was computed at the B3LYP/6-31G(d) level from optimized 

geometry to predict the reactive sites in the metal complexes. Different colours are used to 

indicate different electrostatic potential values at the surface. The red-orange, green and blue 

colour represents the zone of most negative electrostatic potential, zero electrostatic potential 

and most positive electrostatic potential respectively. The magnitude of electrostatic potential 

increase in order as red < orange < yellow < green < cyan < blue.62 The negative regions 

(red) and the positive regions (blue) of MEP correspond to the nucleophilic and the 

electrophilic nature respectively. The colour code of MEP maps for complex 1 and 2 are 

shown in Fig. IV.15. The negative electrostatic potential regions are mainly located around 

the electronegative oxygen and chloride atoms, while positive electrostatic potential areas are 
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not visible on the MEP surface of both the complexes. Overall, neutral green regions are 

prevailing in both the complexes originating from carbon atom skeletons. The intermolecular 

interactions of the complexes with DNA and BSA can be anticipated entered on the regional 

potential molecular behaviour and the location of the active sites. 

 

Fig. IV.15.  Molecular electrostatic potential map for complex 1 (A) and for complex 2 (B). 

 

IV.3.6. Hirshfeld surface (HS) analysis 

Hirshfeld surface analysis is very appreciated in order to explore the packing modes and 

intermolecular interactions in the molecular crystals.63 The HS of complexes 1 and 2 mapped 

over dnorm (in the range of -0.05 to 1.2Å), shape index (range of -1.0 to 1.0 Å), and 

curvedness (range of -4.0 to 4.0 Å) are shown in Fig. IV.16. The Hirshfeld surface plotted 

over dnorm can be utilized to exhibit strong H-bonding as well as H-bonding interactions using 

diverse colors.64 This surface contains three colors, red, white, and blue. Among them, the red 

color signifies the interatomic contacts for which the distance between the atoms is less than 

the sum of van der Waals radii of the atoms involved. The blue regions designate the distance 

between the atoms which is greater than the sum of the van der Waals radii of the atoms 

involved. A white spot is found to be present on the HS if the distance between the atoms is 

identical to the sum of van der Waals radii of the atoms involved. The occurrence of π⋯π 

interactions in the titled compounds is confirmed by the adjacent red and blue triangles over 

the shape-index of the HS. Hirshfeld surface mapped on a curvedness map specifies the 

planar arrangement of the molecules. 

 All the available contacts are summarized in a 2D fingerprint plot as distinct spikes (Fig. 

IV.17 to Fig. IV20). All of the possible interactions (H⋯H, H⋯C/C⋯H, H⋯Cl/Cl⋯H, 

H⋯O/O⋯H, C⋯Cl/Cl⋯C, N⋯Cl/Cl⋯N) in the complexes and their respective contributions 

to the total HS can be highlighted by the fingerprint plot's decomposition. The H⋯H contacts 
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are primary in the complexes and the relative contributions are found to be 47.2% for both 

the complexes. This is in accord with the high amount of hydrogen atoms in the structure. 

 dnorm Shape index Curvedness 

1 

   

2 

   

 

Fig. IV.16.  Hirshfeld surfaces mapped with dnorm (left side), shape index (middle) and curvedness 

(right side). 

 

 

Fig. IV.17. 2D-Fingerprint plot (full) and relative contributions of various intermolecular interactions 

to the Hirshfeld surface area of complex 1. 
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Fig. IV.18. 2D-Fingerprint plot (full) and relative contributions of various intermolecular interactions 

to the Hirshfeld surface area of complex 2. 

 

 

   

   

 

Fig. IV.19. 2D Fingerprint plot resolved into different contacts contributed to the total Hirshfeld 

surface area of the complex 1. 
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Fig. IV.20.  2D Fingerprint plot resolved into different contacts contributed to the total Hirshfeld 

surface area of the complex 2. 

 

IV.3.7. DNA binding studies 

The major target of the antitumor drugs is DNA. The DNA-drug interaction gives 

information about the mutation of genes, replication and transcription.66 Therefore, it is of 

great importance to understand DNA binding properties of potential anticancer agents. In 

general, transition metal complexes can bind to DNA via both covalent (replacement of a 

labile ligand of the complex by a nitrogen base of DNA, e.g., guanine N7) and/or non-

covalent (intercalation, electrostatic or groove binding) interactions. 

 

IV.3.7.1. UV-vis method 

The application of electronic absorption spectroscopy is one of the most universally 

employed methods for the determination of the binding modes and the binding extent of 

metal complexes with DNA. The absorption intensity of complexes may decrease 

(hypochromism) or increase (hyperchromism) with a slight increase in the absorption 

wavelength (bathochromism) upon the addition of DNA. The intercalation results in 
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hypochromism with a small red/blue shift of the CT-band.67 Otherwise, the hyperchromic 

shift might be assigned to the electrostatic and non-intercalative interactions.68 On the other 

hand, the covalent interaction occurs via the exchange of the labile ligand of the complex, for 

example, by a nitrogen base of DNA e.g. guanine N7.69 

The absorption spectra of complexes 1–2 (~30 μM) in 1:10 DMSO/buffer medium 

were obtained in the range of 270-600 nm in presence of increasing amounts of CT-DNA 

which are shown in the Fig. IV.21. The electronic absorption spectrum of 1 and 2 exhibited 

two absorption bands at ~330 nm and ~431 nm, which were assigned to intra ligand charge 

transfer (ILCT) or metal to ligand charge transfer (MLCT). Both the bands suffered from 

significant hypochromism along with a minor hypsochromic shift as a result of the 

progressive addition of CT-DNA, indicating an intercalative interaction between the 

complex’s aromatic chromophore and the DNA base pairs. The addition of successive 

amounts of DNA to the solution of complex 1 resulted in appearance of an isosbestic point at 

405 nm and 299 nm (Fig. IV.21). Similar spectral pattern was also obtained upon the addition 

of increasing amounts of CT-DNA to complex 2. Observation of the isosbestic point was also 

reported for the Pd(II) and Zn(II) complexes of the phosphonium Schiff-base ligand.70 This 

suggests a covalent interaction via the loss of the chloride ion(s) due to the development of an 

isosbestic point. This compares well with the mechanism of the action of cis-platin. Another 

indirect evidence for it comes from the substitution kinetic data of complexes 1 and 2, which 

were previously described. So, we may propose that our synthesized complexes could interact 

with DNA in a bifunctional mode, including covalent binding to the nucleobases and non-

covalent intercalation. The dual-function mode of action was reported for other Pt(II) 

complexes in which the electron-rich DNA binds covalently to the electron-deficient metal 

centre and non-covalently via the intercalation mode.71 

The intrinsic equilibrium binding constant (Kb) was estimated using the following 

Wolfe-Shimmer equation (Eq. IV.6).72 

 

[𝐷𝑁𝐴]

ε𝑎−ε𝑓
=

[𝐷𝑁𝐴]

ε𝑏−ε𝑓
+

1

𝐾𝑏(ε𝑏−ε𝑓)
               (Eq. IV.6) 

 

Where, [DNA] is the concentration of CT-DNA and εa is the apparent extinction 

coefficient of the complex at a given DNA concentration, εf and εb are the extinction 

coefficients of the complex in free solution and when fully bound to CT-DNA respectively. 

The plot of [DNA]/(𝜀𝑎 − 𝜀𝑓) against [DNA] will produce slope 1/(𝜀𝑏 − 𝜀𝑓) and intercept 

1/𝐾b(𝜀𝑏 − 𝜀𝑓); 𝐾𝑏 (M-1) is the ratio of slope to intercept. The 𝐾𝑏 values of complex 1 [(1.861 ± 



146 | CHAPTER-IV 

0.07) × 105 M−1] and complex 2 [(2.817 ± 0.05) × 105 M−1] indicate that all the complexes 

strongly intercalated with DNA. Even though the electronic absorption tests revealed that the 

chemicals can bind to DNA by intercalation, the binding mode required to be demonstrated 

through additional experiments. 

 

 

Fig. IV.21.  Change in absorption spectra of the complexes 1 (A) and 2 (B) in Tris–HCl/NaCl buffer 

with the gradual addition of CT-DNA. Inset: Plot of [DNA]/(εa – εf) vs. [DNA]. 

 

IV.3.7.2. Ethidium bromide (EB) displacement experiment 

An ethidium bromide (EB) fluorescence displacement experiment was executed to confirm 

the intercalative mode of the binding between the complexes and CT-DNA. EB is a planar 

cationic dye that is extensively used as a sensitive fluorescence probe for DNA. In presence 

of DNA, EB emits deep fluorescent light due to the strong intercalation between adjacent 

DNA base pairs. The displacement technique depends on diminishing fluorescence resulting 

from the displacement of EB from the DNA sequence by a quencher. The quenching is the 

result of the reduction of the number of binding sites on the DNA which are available to EB. 

Hence the method offers indirect verification for an intercalative binding mode.73 The degree 

of fluorescence quenching may further be utilized to establish the extent of binding between 

the quencher and DNA.  Herein, the addition of complexes to CT-DNA pre-treated with EB 

results in a noteworthy amount of decease in emission intensities with a red shift thereby 

demonstrating that the complexes compete with EB for the binding sites of DNA (Fig. 

IV.22). Quenching data were analyzed according to the following Stern-Volmer equation 

(Eq. IV.7).74 

 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄]             (Eq. IV.7) 
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Where F0 and F are the fluorescence intensities of the CT-DNA solutions in the absence and 

presence of the complexes, respectively. Ksv is the Stern-Volmer quenching constant and [Q] 

is the concentration of complex. The Ksv values are obtained from the slope of the plot of 

F0/F versus [Q] (Fig. IV.22 inset) and are found to be (2.309±0.06)×105 M-1 and 

(2.435±0.04)×105 M−1 for 1 and 2 respectively. 

 

 

Fig. IV.22.  Emission spectra (λex = 540 nm) of EB-CT-DNA in presence of increasing concentrations 

of the complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

Table IV.7.   Binding constants (Kb) and Stern-Volmer constants (KSV) values for the interaction of 

complexes 1 and 2 with CT-DNA. 

 

IV.3.7.3. Viscosity Measurements 

Viscosity measurements are considered as one of the least vague and most significant tests of 

a DNA binding study in solution. This technique is sensitive to changes in length of DNA 

and provides strong verification for the DNA binding mode of complexes. As base pairs are 

detached to accommodate the binding of complexes, lengthening of DNA helix occurs on 

intercalation thereby leading to an increase in DNA viscosity.75 In contrast, electrostatic or 

groove binders do not hinder the CT-DNA structure and do not considerably modify the 

viscosity of the CT-DNA solution.76 The effects of the complexes on the viscosity of CT-

DNA are revealed in the (Fig. IV.23). The values of (η / η0)
1/3 were plotted against R (R = 

Compound UV Method Fluorescence Method 

 Kb (×105)   (M-1) Ksv (×105)  (M-1) 

EB-CT-DNA + 1 1.861±0.07 2.309 ± 0.06 

EB-CT-DNA + 2 2.817±0.05 2.435 ± 0.04 
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[complex]/[CT-DNA]), where η and η0 are the relative viscosities of DNA in presence and 

absence of the complex respectively. The viscosity of CT-DNA enhanced gradually with the 

increase of the complexes, much like the usual intercalator EB77 and the ability of the 

complexes to increase the viscosity of DNA follows the order EB > 2 > 1. The results from 

the viscosity experiments validate the intercalation of the complexes into the DNA base pairs, 

as already established via absorption and fluorescence spectroscopic studies. 

 

 

Fig. IV.23.  Relative viscosity of CT-DNA interacting with complexes 1, 2 and EB. 

 

IV.3.8. Protein binding studies 

The interactions of drugs with mostly plasma proteins with serum albumin are very essential 

to study. The reason behind this is that binding these proteins may result into a loss or an 

enhancement of the biological properties of the drugs or offer paths for drug transportation. 

Here bovine serum albumin (BSA) was utilized as a significant and relatable model to 

explore the binding affinity and interaction mechanism of the metal complex.78 

 

IV.3.8.1. Absorption spectral studies 

UV-Vis absorption spectroscopy is a valuable technique to discriminate between static and 

dynamic quenching based on the absorption spectra of BSA in the presence of the complexes. 

Dynamic quenching is a procedure in which the fluorophore and the quencher come into 

contact through the transient existence of the excited state whereas static quenching refers to 

the fluorophore-quencher complex formation in the ground state.79 Electronic absorption 
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spectra of BSA (10 μM in PBS at pH 7.4) were recorded in the range of 240-600 nm in 

presence of different concentration of complex which is shown in the Fig. IV.24. BSA has a 

characteristic absorption band at 280 nm. From absorption spectra of BSA, it is obvious that 

the absorption intensity of BSA steadily increases along with the blue shift in the wavelength 

signifying static type of fluorophore–quencher mechanism between BSA and complexes.80 

The apparent association constants (Ka) for the interaction of complexes with BSA were 

calculated using the Benesi–Hildebrand equation (Eq. IV.8). 

 

1

𝐴𝑜𝑏𝑠−𝐴0
=  

1

𝐴𝑐−𝐴0
+  

1

𝐾𝑎(𝐴𝑐−𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
                 (Eq. IV.8) 

 

Where Aobs is the observed absorbance (at 280 nm) of the solution having various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and of BSA with 

the complex. The apparent association constants (Ka) were calculated from the plot of 1/(Aobs-

A0) vs 1/[complex] (Fig. IV.24 inset) and were found to be (8.203±0.40)×104 M-1 and (9.134 

±0.34)×104 M-1 for the complexes 1 and 2 respectively. These values are comparable to 

reported value.81 

 

 

Fig. IV.24.  Change in absorption spectra of BSA with the gradual addition of complex 1 (A) and 

complex 2 (B). Inset: Plot of 1/(Aobs-A0) vs 1/[complex]. 

 

IV.3.8.2. Fluorescence quenching studies 

The fluorescence spectrum of BSA was observed and studied thoroughly upon the 

incremental addition of the complex in order to attain more information on the binding of the 

complexes with BSA. Although BSA contains three fluorophores, i.e., tryptophan, tyrosine 

and phenylalanine, the intrinsic fluorescence of BSA is primarily due to tryptophan solely. As 
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phenyl alanine has a very low quantum yield and the fluorescence of tyrosine is nearly totally 

quenched if it is ionized or in close proximity to an amino group, a carbonyl group or a 

tryptophan residue, only tryptophan is responsible for the fluorescence quenching. Alterations 

in the emission spectra of tryptophan are familiar in response to protein conformational 

transitions, subunit associations, substrate binding or denaturation. The interaction between 

the metal complexes and BSA was assessed by recording the fluorescence emission spectra 

of BSA with and without the metal complex (Fig. IV.25). A progressive decrease in the 

fluorescence intensity was observed along with a small blue shift on increasing the 

concentration of complexes. It is chiefly due to the active site in the protein which is buried in 

a hydrophobic environment.82 These results suggested a definite interaction of the complexes 

with the BSA protein.  

The linear Stern–Volmer equation (Eq. IV.7) is generally employed to describe the quenching 

mechanism between the complex and BSA. The Stern-Volmer quenching constant values 

(Ksv) calculated from the plot of F0/F vs [Q] (Fig. IV.25 inset) in respect to complexes 1 and 

2 were found to be (7.217±0.37)×104 M-1 and (9.867±0.33)×104 M-1. The high Ksv values 

signify that complexes demonstrate good fluorescence quenching ability. Moreover, the 

quenching rate constant (Kq) of the complexes were found to be in the range of 7.217–9.867 

× 1012 M−1 s−1, following the equation Kq = Ksv /τo (τo refers to the lifetime of the fluorophore 

without the quencher with an average value of 10−8 s). Since the obtained Kq value is greater 

than the value suggested in dynamic quenching (2 × 1010 M−1 s−1), the preferred quenching 

process is static through the formation of a complex.83 

 

 

Fig. IV.25.  Emission spectra (λex = 280 nm) of BSA in presence of increasing concentrations of the 

complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 
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IV.3.8.3. Binding constant and binding sites 

Base on the Scatchard equation (Eq. IV.9), the binding constant and the number of binding 

sites can be determined. 

 

𝑙𝑜𝑔
(𝐹0−𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]                (Eq. IV.9) 

 

Where Kb is the binding constant of complex with BSA and n is the number of binding sites. 

The binding constant (Kb) and the binding sites (n) have been obtained from the intercept and 

slope of the curve of log [(Fo-F)/F] versus log [complex] (Fig. IV.26). Based on the plot, 

calculated values of binding constant (Kb) for the complexes 1 and 2 are (1.204±0.05)×105 

M-1 and (2.065±0.09)×105 M-1 and binding sites (n) are (1.014±0.04) and (1.100±0.03) 

respectively. The binding constant (Kb) values clearly recommended that the fabricated 

complexes have powerful binding affinity with the serum albumins. The obtained binding site 

values n (~1) evidently displays the existence of a single binding site on BSA protein for the 

complex. 

 

Fig. IV.26.  Plot of log [(Fo-F)/F] versus log [complex] of complex 1 (A) and complex 2 (B) 

 

Table IV.8.   Protein apparent association constant (Ka), binding constant (Kb), quenching constant 

(Ksv) and number of binding sites (n) for the interaction of complexes 1 and 2 with BSA. 

 

Compound UV Method Fluorescence Method 

 Ka (×104)  (M-1) 𝐾𝑏 (×105) (M-1) Ksv (×104) (M-1) n 

BSA + 1 8.203 ± 0.40 1.204 ± 0.05 7.217 ± 0.37 1.014 ± 0.04 

BSA + 2 9.134 ± 0.34 2.065 ± 0.09 9.867 ± 0.33 1.100 ± 0.03 
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IV.3.8.4. Synchronous fluorescence spectroscopic studies 

The synchronous fluorescence spectra can provide information about the conformational 

change of the protein molecular microenvironment, specifically in the locality of the 

fluorophore moieties of BSA.84 From the point of view of Miller,85 in synchronous 

fluorescence spectroscopy, the difference between the excitation and emission wavelengths 

(Δλ = λem - λex) designates to the nature of the chromophores in the spectra. If the Δλ value is 

15 nm, the synchronous fluorescence spectra of BSA are characteristics of tyrosine residue, 

whereas the larger Δλ value of 60 nm is characteristics of tryptophan residue.86 The 

maximum emission wavelength of tryptophan and tyrosine residues in the protein molecule 

are related to the polarity of their surroundings, changes of the maximum emission 

wavelengths can reflect changes of protein conformation. The synchronous fluorescence 

spectra of BSA upon the addition of complexes recorded at Δλ = 15 nm and Δλ = 60 nm are 

shown in Fig. IV.27 and Fig. IV.28 respectively. In the synchronous fluorescence spectra of 

BSA at Δλ = 15, the addition of the complexes to the solution of BSA results in a minute 

decrease in the fluorescence intensity of BSA at 301 nm. But, the synchronous fluorescence 

spectra of BSA at Δλ = 60, the addition of the complexes to the solution of BSA causes a 

noteworthy decrease in the fluorescence intensity of BSA at 343 nm along with a small blue 

shift. It discloses that the binding around the tryptophan residues was toughened. The results 

plainly point towards that both the complexes bind to the active sites of the protein and 

brought a conformational change in the secondary structure of the protein thereby making 

them potential molecules for biological applications. 

 

 

Fig. IV.27.  The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 
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Fig. IV.28.  The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 

 

IV.3.8.5. Three-dimensional fluorescence spectra analysis 

The study of conformational changes of BSA by three-dimensional fluorescence spectra is a 

commanding technique for binding interactions with BSA. The alterations noticed in 3D 

emission spectra and their related contour diagrams of BSA in the absence and presence of 

complexes are given in Fig. IV.29. The first-order Rayleigh scattering peak (λem = λex) and 

second-order Rayleigh scattering peak (λem = 2λex) are referred to as peak ‘c’ and ‘d’ 

respectively. The very strong peak ‘a’ depict the spectral behavior of the Trp and Tyr residues 

in proteins while another peak ‘b’ mainly shows the properties of the polypeptide backbone 

structures.87 The emission intensity of Rayleigh scattering peak enhanced upon addition of 

the complex to BSA. This is owing to the formation of fluorophore-quencher complex 

between BSA and complexes which increased the diameter of the macromolecule and 

enlarged the scattering effect. But the fluorescence intensity of peak ‘a’ and ‘b’ went down 

noticeably in the presence of complexes. This result disclosed that the binding of the 

complexes to BSA induced molecular microenvironment and conformational changes in 

protein. 
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Fig. IV.29.  Three-dimensional fluorescence spectra of BSA in the absence and presence of 

complexes 1 and 2. 

 

IV.3.8.6. Transfer of energy from BSA to the complexes 

Förster resonance energy transfer (FRET) is a non-radiative spectroscopic method that can be 

implemented to observe the closeness and relative orientation of the fluorophores.88 FRET is 

also utilized to quantify the distance dependent energy transfer efficiency (E) between the 

donor and acceptor. The effectual energy transfer from a protein residue (donor) to a complex 

(acceptor) happens whenever the overlap between the fluorescence emission spectrum of the 

donor and the UV-Vis absorption spectrum of the acceptor is adequate. The energy transfer 

efficiency (E) can be attained using the following equation (Eq. IV.10).89 
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𝐸 =
𝑅0

6

𝑅0
6+𝑟6 = 1 −

𝐹

𝐹0
                    (Eq. IV.10) 

 

where F and F0 denote the fluorescence intensity of BSA in presence and absence of the 

complexes, r is the acceptor-donor distance and R0 is the critical distance when the transfer 

efficiency is 50%. The J(͛λ) value can be determined by integrating the overlapped segment of 

the normalized donor emission spectrum of BSA with the molar extinction coefficient 

spectrum of acceptor complexes as displayed in Fig. IV.30 (yellow shaded area for complex 1 

and 2 respectively). All values of FRET parameters were obtained from Eq. IV.4, IV.5 and 

IV.10 and are summarized in Table IV.9. 

The donor-acceptor distance (r) should be on the order of 2-8 nm for productive energy 

transfer between BSA and complexes. The statistics (r = 3.73–4.12 nm) visibly point towards 

that energy transfer is greatly viable for complex 1 and 2. Moreover, the r value follows the 

relationship 0.5R0 < r < 1.5R0, which confirms the occurrence of static quenching interactions 

between BSA and complexes.90 The findings also specify that the effectiveness of energy 

transfer (E) for complexes follows the pattern complex 2 > complex 1. 

 

 

Fig. IV.30.  Spectral overlap (yellow shaded area) of the normalized emission spectrum of BSA in 

PBS buffer (donor) with the molar extinction coefficient of complex 1 (A) and 2 (B) (acceptor) in 

DMSO. 

 

Table IV.9. Parameters obtained from energy transfer between BSA and complexes 1 and 2. 

 

Complex J(͛λ) (M-1cm-1nm4) R0 (nm) E r (nm) 

1 1.67×1015 3.74  0.5025  3.73 

2 3.10×1015 4.17  0.5197  4.12 
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IV.3.8.7. Circular dichroism spectral measurement 

Circular dichroism (CD) experiments were executed at room temperature in order to 

determine whether complexes 1 and 2 can trigger a conformational change in BSA protein.  

CD is a commanding technique for exploring changes in protein secondary structures during 

protein-drug interaction.91 Hence, the CD spectra of BSA with or without complexes were 

recorded. At physiological pH, free BSA shows two strong negative bands in the far UV 

region at 208 nm (π-π* transition) and 219 nm (n-π* transition), which are characteristic of 

the α-helical structure of BSA.92 As the intermolecular forces responsible for sustaining the 

secondary structures can be rehabilitated and activate a conformational change of the protein, 

such bands are considered to be vastly sensitive to the binding of drugs. Thus, individual 

addition of complexes 1 and 2 to BSA solution in diverse molar ratios resulted in a decrease 

in these negative band intensities without any noteworthy shifting of the peaks. Fig. IV.31 

illustrate the CD spectra of BSA at physiological pH and in numerous molar ratios of protein 

to drug (1 : 0, 1 : 1, 1 : 3, 1 : 5). These results visibly recommend that the binding of our 

fabricated complexes with BSAs directed to an alteration in the secondary structure of these 

proteins.93 The observed results were denoted in terms of mean residue ellipticity (MRE at 

208 nm deg cm2 dmol−1) (Eq. IV.2).  

The α-helix content of BSA for different BSA : complex ratios are 55.72% (1 : 0); 49.18% 

for 1 and 48.01% for 2 (1 : 1); 47.26% for 1 and 43.99% for 2 (1 : 3); 45.24% for 1 and 

42.26% for 2 (1:5). The calculated results displayed a decrease of α-helix content from the 

native BSA. It was obvious that both of the complexes altered the shape of BSA and 

decreased the stability of the α-helix. The impact of complex 2 on BSA conformation was 

stronger than the complex 1 under identical circumstances. 

 

 

Fig. IV.31.  CD spectrum of BSA with different molar ratios of complex 1 (A) and 2 (B). 
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IV.3.9.  In-vitro Cytotoxicity Study 

IV.3.9.1. Cell viability assay 

Our study aimed to investigate the cytotoxic effects of the synthesized complexes, on MDA-

MB-231 triple negative breast cancer cells. We conducted the MTT assay to assess cell 

viability after treating MDA-MB-231 cells with different concentrations (0, 5, 10, 15, 20, 25, 

30, 35, 40, 45, 50 μM) of the complexes for 24 hours. The results [Fig. IV.32 (A)] 

demonstrated a significant cytotoxicity of complex 2, as evidenced by a notable decrease in 

cell viability. The IC50 value for complex 2 was determined to be 15 ± 2.02 μM, indicating 

its potency in inducing cell death. In contrast, complex 1 exhibited a higher IC50 value of 40 

± 2.08 μM, suggesting a comparatively lower efficacy. Additionally, we compared the 

Cytotoxicity of complex 2 with that of the chemotherapeutic drug 5-fluorouracil, used as a 

positive control.94 The IC50 value for 5-fluorouracil was found to be 10.15 ± 2.22 μg/mL. 

Furthermore, complex 1 and 2 demonstrated significantly lower toxicity towards normal 

HEK-293 cells when compared to MDA-MB-231 cells [Fig. IV.32 (B)]. These results 

highlight the potential of complex 2 as a promising candidate for further investigation in the 

treatment of breast cancer. 

 

Fig. IV.32.  Assessment of cell viability using MTT. Viability of MDA-MB-231 (A) and HEK-293 

(B) cells were assesses by treating different doses of complexes 1 and 2. 

 

IV.3.9.2. Analysis of ROS generation using DCF-DA assay 

The generation of reactive oxygen species (ROS) has been implicated in apoptosis-induced 

cell death and the subsequent damage to cellular components such as proteins, nucleic acids, 

lipids, membranes, and organelles. In our study, we employed 2′,7′-dichlorodihydrofluore-

scein diacetate (H2DCFDA) to estimate intracellular ROS levels.95 Under normal conditions, 

H2DCFDA is a non-fluorescent molecule. However, in the presence of ROS, H2DCFDA is 
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oxidized to 2′,7′-dichlorofluorescein (DCF), which exhibits strong fluorescence. By utilizing 

flow cytometry, we quantified the fluorescence intensity of DCF and observed a 

concentration-dependent increase in ROS levels. This indicates that the treatment with 

complex 2 induces the generation of ROS in a dose-dependent manner (Fig. IV.33). These 

findings suggest a potential involvement of ROS in the cytotoxic effects of complex 2 and its 

role in apoptotic cell death. 

 

Fig. IV.33.  Determination of ROS generation upon treatment of complex 2 on MDA-MB-231 triple 

negative breast cancer cell. (A) Intracellular ROS were measured using flow cytometry. (B) 

Comparison of DCFDA positive cell population. 

 

IV.3.9.3. Flow cytometric analysis of apoptosis 

To determine whether the cytotoxic effects of complexes were directly associated with 

apoptosis or necrosis, we conducted flow cytometry analysis using Annexin-V-

FITC/Propidium Iodide (PI) staining. This assay allowed us to assess the exposed amount of 

phosphatidylserine on the outer membrane of cells, a characteristic feature of apoptotic 

cells.96 Our results demonstrated a concentration-dependent increase in the percentage of 

apoptotic cells, both in the early apoptotic (EA) and late apoptotic (LA) stages, following 

treatment with complex 2. Specifically, at a concentration of 15 uM, we observed 13.3% EA 
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and 24.8% LA cells, while at 25 uM, the percentages increased to 50.9% EA and 4.6% LA, 

compared to the control group (5.5% EA and 6% LA) (Fig. IV.34). These findings strongly 

suggest that the cytotoxic effects of complex 2 are primarily mediated through apoptosis 

rather than necrosis. Thus, our flow cytometry analysis using Annexin-V-FITC/PI staining 

provides evidence that complex 2 induces cell death in a concentration-dependent manner, 

predominantly through apoptosis. These results further support the cytotoxicity of complex 2 

and its potential as a promising agent for targeting MDA-MB-231 triple negative breast 

cancer cells. 

 

Fig. IV.34. Determination of apoptosis using Annexin V-FITC/ PI upon treatment of different 

concentration of complex 2. 

 

IV.3.9.4. Analysis of Mitochondrial membrane potential using flow cytometry 

Apoptosis, a programmed cell death process, can be initiated through either the 

mitochondrial-dependent (intrinsic) pathway or the mitochondrial-independent (extrinsic) 

pathway, or a combination of both. Mitochondria, known as the powerhouses of the cell due 

to their role in ATP synthesis,97 play a crucial role in regulating apoptosis.98 We investigated 

the involvement of the mitochondrial-dependent pathway in complex 2 induced apoptosis in 

MDA-MB-231 cells. As a key event in apoptosis, we assessed the loss of mitochondrial 

membrane potential and examined the changes in the axis of pro- and anti-apoptotic 

proteins.99 Our findings revealed a significant concentration-dependent increase in the loss of 

mitochondrial membrane potential following complex 2 treatment (30.9% for 15uM, 73.3% 

for 25uM, and 3.4% for control) (Fig. IV.35). This increase in mitochondrial membrane 

potential loss was accompanied by the enlargement of mitochondrial membrane pores, as 

evidenced by the elevated levels of JC1 green fluorescence intensity observed in complex 2 
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treated cells. Additionally, we observed a distinct decrease in Bcl2 expression compared to 

the control cells, as indicated by fluorescence analysis from confocal images. Notably, the 

introduction of complex 2 into the cells resulted in increased ROS levels, concomitant with a 

decrease in Bcl2 expression. These various apoptotic stimuli led to the release of Cytochrome 

C from the mitochondria into the cytosol, where it plays a major role in caspase activation 

and subsequent cell death. The release of Cytochrome C initiates a cascade of events 

involving caspases, a family of proteases responsible for triggering apoptosis by cleaving 

specific enzymes. Our study demonstrated a concentration-dependent increase in caspase-3 

and caspase-9 activity, further supporting the involvement of complex 2 in inducing 

apoptosis in MDA-MB-231 cells. Overall, our findings highlight the activation of the 

mitochondrial-dependent pathway in complex 2-induced apoptosis, characterized by the loss 

of mitochondrial membrane potential, altered expression of pro- and anti-apoptotic proteins, 

release of Cytochrome C, and subsequent caspase activation.100 These results contribute to a 

better understanding of the mechanistic basis of complex 2-induced cytotoxicity in MDA-

MB-231 triple-negative breast cancer cells. 

 

Fig. IV.35.  Effect of complex 2 on Mitochondrial membrane potential (MMP). (A) JC1 Fluorescence 

measurement in MDA-MB-231 cells. (B) Comparison of MMP decrease. 
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IV.3.9.4. Evaluation of apoptotic markers protein through confocal microscopy  

In the regulation of the mitochondrial-dependent apoptosis pathway, an essential redox-

assisted transcription factor called p53 (tumor suppressor protein) plays a critical role.101 

Phosphorylation of p53 serves as a key mediator of mitochondrial-dependent apoptosis.102 

This post-translational modification of p53 enhances its ability to regulate the expression of 

proapoptotic members of the Bcl2 family proteins through transcriptional control. The 

phosphorylation of p53 targets specific sites on the protein, resulting in its activation and 

subsequent modulation of gene expression. This activated form of p53 exerts its regulatory 

influence on the proapoptotic members of the Bcl2 family, which are pivotal regulators of 

apoptosis. By controlling the transcription of these genes, phosphorylated p53 promotes the 

induction of apoptosis through the mitochondrial-dependent pathway.103 The enhanced 

phosphorylation of p53 serves as a crucial step in the apoptotic response (Fig. IV.36), 

amplifying the apoptotic signals and facilitating the activation of downstream effectors 

involved in mitochondrial-dependent apoptosis. Through its role as a redox-assisted 

transcription factor, p53 contributes to the orchestration of a finely regulated apoptotic 

program by coordinating the expression of key apoptotic regulators. The involvement of p53 

in the regulation of mitochondrial-dependent apoptosis underscores its significance as a 

tumor suppressor protein and its pivotal role in maintaining cellular homeostasis. The 

interplay between p53, mitochondrial function, and the apoptotic machinery represents an 

important axis in cellular responses to various apoptotic stimuli, including the induction of 

apoptosis by complex 2. Understanding the intricate mechanisms governing p53-mediated 

apoptosis provides valuable insights into the complex processes underlying cancer biology 

and potential therapeutic strategies. 

 



162 | CHAPTER-IV 

Fig. IV.36.   Immunofluorescence images showing the expression of BCL2 and P53 pro and anti-

apoptotic protein. DAPI was used for nuclear staining. 

 

Caspases, a family of proteases, play a crucial role in the initiation and execution of 

apoptosis.104 They are responsible for cleaving specific target proteins and enzymes, leading 

to the controlled dismantling of the cell. Caspase activation is a key event in the apoptotic 

process, and one of the upstream triggers for caspase activation is the release of cytochrome c 

(Fig. IV.37) from the mitochondria.105 

 

 

Fig. IV.37. Immunofluorescence images showing the expression of Cytochrome C and P21. DAPI 

was used for nuclear staining. 

 

In our study, we observed a gradual increase in the levels of caspase-3 and caspase-9 in a 

concentration-dependent manner upon treatment with Pt(II) complex. This indicates that 

complex 2 induces the activation of caspases, specifically caspase-3 and caspase-9, in MDA-

MB-231 breast cancer cells (Fig. IV.38). The upregulation of cytochrome c, which we 

previously observed due to the increased mitochondrial membrane potential loss induced by 

complex 2, likely contributes to the activation of caspases and the initiation of apoptosis. 
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Fig. IV.38. Immunofluorescence images showing the expression of Caspase 3 and Caspase 9. 

 

Furthermore, the confirmation of complex-induced cell death via apoptosis is supported by 

the evaluation of P53 and Bcl2 protein expression. As mentioned earlier, phosphorylated p53 

plays a role in regulating the mitochondrial-dependent apoptosis pathway,106 and its 

upregulation can promote the expression of proapoptotic members of the Bcl2 family. In our 

study, we observed a decrease in Bcl2 expression in complex 2-treated cells compared to 

control cells, indicating a shift towards a proapoptotic state. 

The combined evidence of increased caspase-3 and caspase-9 activity, along with the 

modulation of P53 and Bcl2 protein expression, strongly supports the conclusion that 

complex 2 induces cell death in MDA-MB-231 cells through apoptosis. These findings 

provide valuable insights into the molecular mechanisms underlying the cytotoxic effects of 

complex 2 and its potential as a therapeutic agent for triple-negative breast cancer. 

 

IV.4. Conclusions 

The new palladium(II) and platinum(II) complexes, [Pd(MPMA)Cl2] (1) and [Pt(MPMA)Cl2] 

(2) with N,N donor Schiff base ligand (MPMA) were effectively fabricated and thoroughly 

characterized by several spectroscopy methods. X-ray structures reveal that the geometries of 

these complexes are slightly distorted from regular square planar geometry around the metal 

centre. The theoretical investigation on their structural optimization, HOMO-LUMO energy 

and calculated different reactivity descriptors by the DFT study provide an overview of their 

stability and reactivity. The electrophilicity index of complex 2 shows a little bit higher value 
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suggesting a higher affinity toward DNA and BSA. The molecular electrostatic potential 

(MEP) surface of the complexes evidently portrays the reactive region accessible for 

interactions. Further the interaction of CT DNA with both the complexes were investigated 

by employing the UV-visible method and binding constant values suggest that the complexes 

strongly bind with CT DNA. Here, the complex 2 shows more binding affinity to DNA than 

complex 1. Additionally, binding abilities of the complexes with BSA also monitored by 

absorption and fluorescence spectroscopy and revealed the presence of static quenching. 

Moreover, the complexes were assessed for their primary in- vitro anticancer activities 

against triple negative breast cancer cell line (MDA-MB-231) and normal kidney cell line 

(HEK-293). Complex 2 exhibited potent anticancer activity against MDA-MB-231 cancer 

cell lines better than complex 1.  The major chemical and biological discoveries of this study 

have established the fact that the complexes can certainly display activity in human cancer 

cells in vitro in a practical range of concentrations signifying that these complexes are very 

capable candidates as antitumor reagents. Additional studies are necessary to evaluate their 

pharmacological properties in vivo and explain the authentic mechanism of their biological 

activity. 
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Abstract 

 

As a contribution to the development of new ruthenium complexes with pharmacologically 

interesting properties, two new cyclometallated ruthenium(II) carbonyl complexes of the 

general formula [Ru(L1/L2)(CO)(PPh3)2] (1/2) were synthesized and characterized by 

analytical and spectral techniques (IR, UV/visible, 1H NMR and ESI-MS). The crystal 

structures of complexes (1 and 2) were confirmed by X-ray crystallography, which indicated 

CNO tridentate coordination of the ligands through C(aryl)–S bond activation. Electronic 

structures and spectral properties of complexes 1 and 2 were interpreted by DFT and TDDFT 

calculations. The binding ability of the Ru(II) complexes with calf thymus DNA (CT DNA) 

and Bovine Serum Albumin (BSA) have been explored by absorption and emission titration 

methods. Good binding affinity with DNA was observed with intercalative binding mode, 

which was further confirmed by EB displacement and viscosity measurement studies. The 

BSA protein binding studies have been monitored by quenching of tryptophan and tyrosine 

residues in the presence of complexes and the quenching mechanism was found to be static. 

Synchronous and 3D fluorescence spectroscopy studies were carried out to validate the micro 

environmental changes in BSA. In addition, the in vitro cytotoxicity of the ligands and 

complexes against human breast cancer cell line (MCF-7), human lung cancer cell line 

(A549), triple negative breast cancer cell line (MDA-MB-231) and gastric adenocarcinoma 

cell line (AGS) were investigated by using the MTT assay and IC50 values of the complexes 

towards MCF-7 cell lines were found to be even less compare to cisplatin.  
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V.1. Introduction 

Despite tremendous breakthroughs in the previous fifty years, cancer remains one of the 

major causes of mortality worldwide.1,2 Chemotherapy, the administration of cytotoxic 

chemical agents, remains the most common cancer treatment methods, along with surgical 

excision and radiotherapy.3-5 Rosenberg's serendipitous discovery of cisplatin as a powerful 

anticancer agent in 1965, and subsequent clearance for clinical usage, propelled 

chemotherapy to the forefront of cancer treatment for common tumours such as testicular, 

ovarian, colorectal etc.6-8 Additionally, this has sparked interest in the creation of numerous 

generations of platin medications, including carboplatin,9 oxaliplatin10 and nedaplatin11 which 

are now widely accepted in clinical settings. Although cis-platin and its analogues have been 

the mainstay of therapeutic medications for cancer therapy globally, these FDA-approved 

Pt(II) drugs face significant challenges due to their significant, inescapable adverse effects, 

including nephrotoxicity, hair loss, blood clots, high toxicity and multi-drug resistance.12-15 

So, an urgency for the development of some alternative drugs that can address the 

aforementioned flaws, comes into picture. Ruthenium (II/III)-based anticancer medicines 

have emerged as appealing alternatives to Pt(II)-based anticancer agents over the years.16 

Some of the significant developments in this field include the beginning of clinical trials for 

NAMI-A ([ImH][trans-RuCl4(DMSO-S)(Im)], where Im = imidazole and DMSO-S = 

sulphur bound dimethylsulfoxide, and KP1019 ([IndH][trans-RuCl4(Ind)2] as Ru(III)-based 

anticancer drug candidates.17-20 However, NAMI-A's low therapeutic index and KP1019's 

poor solubility precluded its entry into phase II clinical studies.21-23 Nonetheless, this early 

achievement spurred a lot of interest in Ru(II/III) complexes as viable chemotherapeutics, 

laying a new road map in the field of anti-cancer metallodrugs beyond Pt(II) complexes. Ru-

based complexes are endowed with rich physiochemical and biological properties. 

Ruthenium complexes (a) may form a variety of rigid geometries with tuneable Ru (II/III) 

redox states and optimum ligand exchange rates, (b) have low toxicity and high selectivity 

towards proliferative cells, (c) are active against some cisplatin resistant cell lines, (d) can 

emulate iron in binding to some biological molecules (like transferring albumin in the blood 

stream), all of which makes it easier to deliver drugs to cancer cells with minimal drug efflux 

and negative effects. Moreover, photodynamic treatment (PDT) and photoactivated 

chemotherapy (PACT) use Ru(II) complexes as efficient photosensitizers to enable 

spatiotemporal control over traditional chemotherapy.24-27 Cycloruthenated compounds with 

distinctive photophysical and electrochemical properties, have become an incredibly 

adaptable class of molecules in recent years, showing applications in organic synthesis, 
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catalysis, photochemistry, biological and pharmaceutical chemistry.28 Furthermore, 

ruthenacycles have been discovered to show promising anticancer properties.29 Ruthenium 

arene complexes are highly effective for a variety of cancer types (breast, colon and 

pancreatic cancer cells).30,31 The hydrophilic metal core and the hydrophobic arene moiety 

give these complexes their amphiphilic characteristics. RAPTA-C and RAED are two such 

lead Ru(II)-arene anticancer medicines that are at an advanced level of preclinical research.32 

Aromatic azo compounds are one-of-a-kind and multifarious ligands that can coordinate 

various transition metals and have a variety of flexible donors of combined hard/soft 

oxygen/nitrogen-sulfur atoms. Apart from their traditional colouring function, azo 

compounds have also been reported to have cytotoxic, anticancer, antibacterial, antiviral, 

antifungal, and antiseptic activities.33 They have been used frequently to make ruthenium 

complexes because they are biodegradable, low toxic, redox active, and generally resemble 

the structure of active sites in proteins.34 One important intracellular target for cancer therapy 

is DNA, which these complexes can interact with covalently or non-covalently. They can also 

cause DNA hydrolysis or oxidative cleavage. Consequently, for bettering therapeutic design, 

understanding compound-DNA interactions is crucial.35, 36 Moreover, the interaction of metal 

complexes with albumins may offer valuable structural data that impacts how well a drug 

works therapeutically. Antitumor medicines are frequently delivered to cellular targets 

through proteins. Bovine serum albumin (BSA) is a desirable macromolecule used mostly in 

biophysical and biochemical research among serum albumins due to structural homology 

with human serum albumin and remarkable ligand-binding characteristics.37-39 

With this background in mind, aromatic azo ligands have been employed to synthesis two 

novel cyclometallated ruthenium(II) carbonyl complexes with the general formula trans-

[Ru(L1/L2)(CO)(PPh3)2] (1/2). The aryl-C, azo-N, and phenolato-O donor systems of CNO 

pincer ligands are of highly effective in stabilizing the core ruthenium metal. When 

cyclometallates with pincer-like CXY-donor ligands are formed, the metal is chelated 

through the two heteroatoms (X and Y = O or N) first, followed by C-S bond activation of the 

dangling aliphatic arm. All the complexes are fully characterized using various spectroscopic 

techniques and single crystal X-ray diffraction study. The compounds' electronic structure 

and UV-Vis spectra have been clarified by DFT and TD-DFT computations. The metal 

complexes show admirable binding interaction with biomolecules DNA and BSA, 

promisingly higher than that of the free ligands suggesting the encouraging role of ruthenium 

metal in complex-biomolecule interaction. The MTT assay has been used to assess the 

complexes' in vitro anticancer activity against the human breast cancer cell line (MCF-7), the 
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human lung cancer cell line (A549), and the triple negative breast cancer cell line (MDA-

MB-231). In the same experimental setup, complexes were supplied to both cancer cells and 

the normal healthy noncancerous cell line to investigate their selective effects. Acridine 

orange/ethidium bromide (AO/EB) staining assay and Hoechst staining have been used in 

morphological examination under fluorescence microscopes. 

 

V.2. Experimental 

V.2.1. Materials and methods 

All the reagents and solvents were purchased of highest commercial grade and used 

without any further purification. 4-phenylphenol, 2-naphthol, 2-(methylthio)aniline, 2-

(ethylthio)aniline and RuCl3. 3H2O were purchased from Sigma-Aldrich. The metal precursor 

[RuHCl(CO)(PPh3)3] was prepared according to the published procedure.40 Tris–HCl buffer, 

phosphate buffer saline (PBS), Ethidium bromide (EB), calf thymus DNA (CT-DNA) and 

bovine serum albumin (BSA) were obtained from Sigma Aldrich chemical company. Doubly 

distilled water was used to prepare buffers.  Human breast cancer cell line MCF 7, human 

lung cancer cell line A549, triple negative breast cancer cell line MDA-MB-231 and gastric 

adenocarcinoma cell line AGS were bought from National Center for Cell Science, Pune, 

India. Crystal violet solution or Gram’s crystal violet and 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-

diphenyl tetrazolium bromide (MTT) were purchased from MERCK. Minimal Essential 

Media Earl’s (MEM) and Fetal Bovine Serum (FBS) were obtained from Gibco Life 

Technologies, USA. 1% penicillin/streptomycin and Trypsin-EDTA were purchased from 

Invitrogen. Hoechst 33258 was purchased from Sigma-Aldrich, Acridine Orange was 

purchased from Sigma-Aldrich and Ethidium Bromide was purchased from HIMEDIA. 

Elemental analyses (C, H, N) were carried out by a 2400 Series-II CHN analyzer, 

Perkin Elmer, USA. Waters (Xevo G2 Q-TOF) mass spectrometer was used to record mass 

spectra of the ligand and complexes. Infrared spectra were recorded as KBr pellets using a 

Perkin-Elmer FT-IR spectrophotometer in the range 4000-400 cm-1. 1H-NMR spectra were 

recorded on a Bruker (AC) 300 MHz FT-NMR spectrometer using CDCl3 as a solvent and 

TMS as an internal reference. PerkinElmer Lambda 750 spectrophotometer was used for 

study the binding interactions of complexes with CT-DNA and BSA. The emission spectra 

were recorded by using Shimadzu RF-6000 fluorescence spectrophotometer at room 

temperature (298 K). Geometry optimization by the density functional theory (DFT) method 

was performed using the GAUSSIAN09 (B3LYP/LanL2DZ) package. 
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V.2.2. Preparation of ligands and complexes  

V.2.2.1. Synthesis of (E)-1-((2-(ethylthio)phenyl)diazenyl)naphthalen-2-ol (HL1-SEt) 

A solution of 2-(ethylthio)aniline (2.16 g, 0.014 mol) in 1:1 HCl (10 mL) was cooled 

in an ice bath and an ice cold NaNO2 (1.159 g in 10 mL water) solution was added to this ice 

cold aniline solution dropwise at 0-50C under stirring condition. Then it was added to an ice-

cold solution of Na2CO3 (6 g in 25 mL) and 2-naphthol (2.016 g, 0.014 mol) with vigorous 

stirring and a red precipitate of crude product was obtained. The crude product was collected 

by filtration, washed thoroughly with water and then finally dried over CaCl2. The dry mass 

was dissolved in minimum volume of CH2Cl2 and was purified by column chromatographic 

separation on silica gel (mesh 60–120). A red band of HL1-SEt was eluted by 30% (v/v) ethyl 

acetate-petroleum ether mixture. Evaporation of solvent under reduced pressure yielded the 

pure HL1-SEt. The yield was, 3.280 g, 76%. 

Anal. Calc. for C18H16N2OS: C, 70.10; H, 5.23; N, 9.08. Found: C, 71.75; H, 5.02; N, 

8.92. IR (KBr, cm−1): 3421 (O-H); 3062, 2973, 2929 (C-H); 1480 (N=N). 1H NMR (300 

MHz, CDCl3): δ 12.85 (s, 1H), 8.54 (d, 1H, J = 6.2 Hz), 8.09 (d, 1H, J = 6.2 Hz), 7.69 (d, 1H, 

J = 7.1 Hz), 7.57-7.20 (m, 6H), 6.84 (d, 1H, J = 7.1 Hz), 2.96 (q, 2H, J = 5.5 Hz), 1.31 (t, 3H, 

J = 5.5 Hz). HRMS: calculated for C18H16N2OS [M+Na]+ (m/z): 331.0881; found: 331.1300. 

 

V.2.2.2. Synthesis of 3-((2-(methylthio)phenyl)diazenyl)-[1,1'-biphenyl]-4-ol(HL2-SMe) 

A very similar method was followed to synthesize the following ligand. The ligand 

HL2-SMe was synthesized by diazocoupling reaction between 2-(methylthio)aniline (2.01 g, 

0.014 mol) and 4-phenylphenol (2.38 g, 0.014 mol).  Yield obtained was 3.23g (72%). 

Anal. Calc. for C19H16N2OS: C, 71.22; H, 5.03; N, 8.74. Found: C, 71.02; H, 4.93; N, 

8.55. IR (KBr, cm−1): 3416 (O-H); 3057, 2960, 2923 (C-H); 1458 (N=N). 1H NMR (300 

MHz, CDCl3): δ 12.72 (s, 1H), 8.25 (s, 1H), 7.91 (d, 1H, J = 8.8 Hz), 7.69-7.26 (m, 9H), 7.17 

(d, 1H, J = 8.6 Hz), 2.60 (s, 3H). HRMS: calculated for C19H16N2OS [M+Na]+ (m/z): 

343.0881; found: 342.9886. 

 

V.2.2.3. Synthesis of Ru(II) complex, [Ru(L1)(CO)(PPh3)2]  (1) 

A solution of [RuHCl(CO)(PPh3)3] (0.102 g, 0.107 mmol) in 20 ml of acetonitrile was 

refluxed with an equimolar quantity of the ligand HL1-SEt (0.033 g, 0.107 mmol) for 8 h. The 

resulting deep green coloured solution was concentrated. It was subjected to thin layer 

chromatography where two spots were identified and isolated by column chromatography 

using silica gel (mesh 60-120). The first green coloured band was eluted by 20% (V/V) ethyl 
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acetate-petroleum ether solvent mixture. Again, the solvent was removed under reduced 

pressure and the pure complex 1 was obtained as a green solid which was crystallized from 

dichloromethane and methanol mixture to yield green transparent needle like crystals suitable 

for X-ray analysis. Yield was, 0.078 g, 81.2%. 

Anal. Calc. for C53H40N2O2P2Ru: C, 70.74; H, 4.48; N, 3.11. Found: C, 70.31; H, 4.23; N, 

2.98. IR (KBr, cm−1): 3055, 2919, 2855 (C-H); 1923 (CO); 1436 (N=N). 1H NMR (300 

MHz, CDCl3): δ 8.13 (d, 1H, J = 6.1 Hz), 8.01 (d, 1H, J = 4.9 Hz), 7.86-7.23 (m, 37H), 7.11 

(d, 1H, J = 7.6 Hz). HRMS: calculated for C53H40N2O2P2Ru [M+H]+ (m/z): 901.1687; found: 

901.1806. UV-Vis (in DMSO), λmax (ε, M-1 cm-1): 656 (5248), 432 (8854), 364 (10196). 

 

V.2.2.4. Synthesis of Ru(II) complex, [Ru(L2)(CO)(PPh3)2] (2) 

Complex 2 was synthesized by a similar method like complex 1 using HL2-SMe as a ligand. 

Finally needle shape transparent green colour crystal was obtained. The yield was, 0.083 g, 

84%. 

Anal. Calc. for C55H42N2O2P2Ru: C, 71.34; H, 4.57; N, 3.03. Found: C, 71.12; H, 4.41; N, 

2.91. IR (KBr, cm−1): 3057, 2923, 2860 (C-H); 1904 (CO); 1429 (N=N). 1H NMR (300 

MHz, CDCl3): δ 8.01 (s, 1H), 7.84 (m, 1H), 7.73-7.19 (m, 40H). HRMS: calculated for 

C55H42N2O2P2Ru [M]+ (m/z): 926.1765; found: 926.0455. UV-Vis (in DMSO), λmax (ε, M-1 

cm-1): 682 (4419), 434 (3828), 319 (22914).  

 

V.2.3. Crystal structure determination and refinement  

The crystal data collections for complexes 1 and 2 were performed at room temperature with 

an automated Bruker AXS D8 Quest CMOS diffractometer using graphite monochromated 

Mo-Kα radiation (λ=0.71073Å). Reflection data were recorded using the ω and φ scans with 

frame width of 0.5o scan technique. The structures were solved by direct methods and refined 

using the full-matrix least-squares techniques on F2 with SHELX-2016. All the data were 

corrected for Lorentz and polarization effects and multi-scan absorption corrections were 

applied using SHELXTL program package.41 All non-hydrogen atoms were located and 

refined with anisotropic thermal parameters. H-atoms attached to carbon were included as a 

fixed contribution and were geometrically calculated and refined by using riding model. 

Crystallographic data for ruthenium(II) complexes and structure refinement parameters are 

given in Table V.1. 
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Table V.1. Crystallographic data and refinement parameters of complexes 1 and 2. 

Complex [Ru(L1)(CO)(PPh3)2] (1) [Ru(L2)(CO)(PPh3)2] (2) 

Formula C53 H40 N2 O2 P2 Ru C55 H42 N2 O2 P2 Ru 

Formula Weight 899.88 925.91 

Crystal System monoclinic triclinic 

Space group C m P -1 

a, b, c [Å] 18.2738(15), 15.3551(11), 

9.8021(7) 

10.5463(8), 12.0634(9), 

17.8689(14) 

 90 76.220(2) 

 120.739(2) 86.297(2) 

γ 90 86.034(2) 

V [ Å3] 2364.0(3) 2199.9(3) 

Z 2 2 

D(calc) [g/cm3] 1.264 1.398 

Mu(MoKa) [ /mm] 0.440 0.475 

F(000) 924 952 

Temperature (K) 293(2) 293(2) 

Radiation [Å] 0.71073 0.71073 

θ(Min-Max) [°] 2.417- 26.685 1.858- 26.420 

Dataset (h; k; l) -23 to 23, -19 to 19, -12 to 12 -13 to 13, -15 to 15, -22 to 22 

R, wR2 0.0343, 0.0643 0.0487, 0.1035 

Goodness of fit(S) 1.066 1.149 

CCDC No. 2262838 2262839 

 

V.2.4. Computational method 

Full geometry optimizations of the complexes were carried out using the DFT method at the 

Becke’s three parameter hybrid exchange functional (B3LYP) level of theory.42 The 

ruthenium metal atom was described using the Lee-Yang-Parr nonlocal correlation functional 

(LanL2DZ)43 basis set while the other elements were described using the basis set 6-31G(d)44. 

Harmonic vibrational frequency calculations were performed to ensure that the optimized 

geometries represented the local minimum on the potential energy surface and only positive 

Eigen values were obtained. All the theoretical calculations were performed using 

Gaussian09 program package45 with the aid of the GaussView, Version 5 visualization 
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program. Electronic transitions were computed using the time-dependent density functional 

theory (TD-DFT)46 formalism and solvent effect was simulated using the conductor-like 

polarizable continuum model (CPCM)47. GaussSum48 was used to calculate the fractional 

contributions of various groups to each molecular orbital. 

 

V.2.5. DNA-binding studies  

V.2.5.1. UV–Vis titration 

The interactions of complexes 1 and 2 with CT-DNA were studied using UV-Vis 

spectroscopy. The DNA-binding experiments were performed at room temperature in Tris–

HCl/50mM NaCl buffer solution (pH=7.4).49 The concentration of CT-DNA was determined 

spectro-photometrically by employing an extinction coefficient of 6600 M-1cm-1 at 260 nm 

using Lambert-Beer law. It was stored at 4°C and used within one week. The stock solution 

of the complexes 1 and 2 were prepared in 1:10 DMSO /buffer medium and was suitably 

diluted with Tris buffer whenever necessary. This low DMSO percentage added to the DNA 

solution should not interfere with the nucleic acid.  The absorption titration was performed by 

using a fixed complex concentration to which increments of the DNA stock solution were 

added. After each addition, the solution was stirred homogeneously and let to equilibrate for 

2 min before collecting the absorption profile. 

 

V.2.5.2. Competitive study with EB by fluorescence method 

In order to know the exact mode of binding of the synthesized complexes with CT-DNA, 

fluorescence quenching experiments of ethidium bromide (EB)–DNA complex were carried 

out by gradual addition of the ruthenium(II) complexes into the solution of EB-CT-DNA.50 

The EB-CT-DNA complex was initially prepared by mixing of 15 μM EB and 30 μM CT-

DNA in Tris– HCl/NaCl buffer solution (pH 7.40). The emission was recorded at 556–750 

nm. The fluorescence spectra in the fluorimeter were obtained at an excitation wavelength of 

540 nm and an emission wavelength of 608 nm.  

 

V.2.5.3. DNA viscosity measurements 

The viscosity of the CT-DNA solutions (35.8μM) was measured in the presence of increasing 

amounts of the complexes using an Ostwald viscometer placing it in a thermostated water 

bath at 25.0 °C. Flow time was measured with a digital stopwatch and each sample was 

measured three times, then the average flow time was calculated. Viscosity values were 

calculated from the observed flow time of DNA-containing solutions (t) corrected for the 
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flow time of buffer alone (t0), η = t − t0. The data is reported as (η / η0)
1/3 versus the ratio of 

the concentration of the compound to CT-DNA (R = [compound]/[CT-DNA]), where η is the 

viscosity of CT-DNA in the presence of the compound and η0 is the viscosity of CT-DNA 

solution alone.51 

 

V.2.6. Protein binding studies 

Proteins are major targets for therapeutically active complexes. Serum albumins are the most 

abundant proteins in the blood plasma which transport ions to cells and tissues.52 Therefore, 

serum albumin can act as an important carrier for metallodrug delivery. Since Bovine Serum 

Albumin (BSA) structure is homologous with human serum albumin, BSA is mostly used in 

biochemical and biophysical studies. 

The binding interaction between BSA and complexes were deciphered by employing UV-Vis 

and fluorescence methods. A stock solution of BSA was prepared using 500 mM phosphate 

buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C for further use. BSA concentration 

was measured by taking absorbance at 280 nm in UV-Vis spectra (molar extinction 

coefficient 66,400 dm3 mol-1 cm-1).24 The stock solution of complexes 1 and 2 were prepared 

in DMSO medium. For recording UV-Vis spectra, BSA-concentration was kept constant (10 

μM) while varying the concentration of the complexes added to it. In fluorescence 

experiment, tryptophan fluorescence of BSA was recorded in the range 290-500 nm at an 

excitation wavelength of 280 nm using a slit width of 10 nm. Quenching of emission intensity 

at ~336 nm for BSA was monitored with subsequent addition of metal complex. The 

synchronous fluorescence spectra were also captured in the same instrument in the range of 

255-400nm by scanning the excitation and emission monochromators simultaneously. 

Different wavelength interval (Δλ = λem - λex) of Δλ = 15 nm and Δλ = 60 nm were set to 

study the spectrum behavior of tyrosine (Tyr) and tryptophan (Trp) residues of BSA. For 

three-dimensional (3D) fluorescence spectroscopy, the excitation (λex) and emission (λem) 

wavelength was scanned (at a speed of 6000 nm/min) in the range 200-400 nm and 200-500 

nm, respectively with 2 nm interval and a slit width of 10 nm. BSA (6 μM) with and without 

the complex 1 and 2 were subjected to 3D fluorescence spectroscopy to produce the 3D 

spectra and related contour maps. 
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V.2.7. Biological Studies 

V.2.7.1. Cell Culture 

Human breast cancer cell line MCF-7, human lung cancer cell line A549, triple negative 

breast cancer cell line MDA-MB-231, and gastric adenocarcinoma cell line AGS, were 

bought from the National Center for Cell Science in Pune, India, and kept in MEM media 

containing Earle’s salts (for MCF 7 and WRL68), DMEM high glucose medium (for A549 

and MDAMB231) and RPMI 1640 medium (for AGS) with 10 % Fetal Bovine Serum (FBS) 

supplements (Gibco). All of the cell lines were maintained in a 37°C humidified incubator 

with a 5 % CO2 environment. Early passage numbers were used for all tests. 

 

V.2.7.2. Cell Viability Assay 

The cell viability was analyzed by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) assay in different cell lines. A 96-well plate with 1×103 cells per well 

was initially treated for 24 hours at 37 °C with escalating concentrations of ligands, cisplatin 

(12.5 μM to 200 μM) and Ru(II) complexes (6.25 μM to 100 μM). Each well was then filled 

with 25 µl of MTT solution (5 mg/ml in PBS) and incubated for 3 hours at 37°C. 100μl of 

DMSO: Methanol was added to each well and the absorbance was measured at 570 nm in a 

Spectramax i3X microtitre plate reader. The IC50 value was determined using CompuSyn 

software. 

 

V.2.7.3. Colony Formation Assay   

In six-well plates, approximately 500 cells of MCF 7 cell line were plated and then they were 

incubated at 37°C for 24 hours. The cells were then exposed to ligands, Ru(II) complexes. 

This was followed by washing with 1X PBS and fixing with methanol. The generated 

colonies were stained with crystal violet for 15 minutes. Colonies, defined as more than 50 

cells, were counted using Olympus CKX41, an inverted bright field microscope with a 4X 

objective magnification.  

 

V.2.7.4. Statistical analysis 

Each experiment was carried out in triplicate, and the typical data are shown as mean values 

with standard deviations. To assess the main differences between the control and each treated 

group, one-way analysis of variance (ANOVA) and post hoc comparisons was done with the 

use of the Turkey test.  P value of 0.05 or less was regarded as statistically significant. The 

software used for analysis of all the tests was Graph Pad Prism 8.0.1. 
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V.3. Results and discussion 

V.3.1. Synthesis and characterization 

The synthetic route employed for the preparation of the new cyclometallated ruthenium (II) 

carbonyl complexes is described in Scheme V.1. The novel complexes 1 and 2 were prepared 

via refluxing the equimolar amount of ligand [HL1-SEt / HL2-SMe] with the Ru(II) precursor 

[RuHCl(CO)(PPh3)3]. Both the ligands and complexes were fully characterized by using 

various spectroscopic techniques and the structures of complexes 1 and 2 were confirmed by 

single crystal X-ray crystallographic studies. 

 

Scheme V.1.   Synthetic scheme for complex 1 and complex 2. 

 

IR spectra of the free ligands exhibit (N=N) stretching frequency at 1480-1458 cm−1 (Fig. 

V.1), which is shifted to lower frequency (1436-1429cm-1) upon complexation with the 

Ru(II) ion in the complexes, (Fig. V.2). The significant shift of (N=N) stretching in the 

complexes supports the dπ(Ru)→π∗(N=N) back donation.53 In the complexes 1 and 2, 

terminally coordinated carbonyl group appear as a strong band in the region 1923-1904 cm-1. 
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The presence of triphenyl phosphine group is confirmed by the (Ru-P) stretching in the 

range of 512-515 cm-1 and (P-C) stretching in the range of 1095-1086 cm-1.54,55 1H NMR 

spectra of the complexes, the peak at 12.85-12.72 ppm correspond to O-H proton of the free 

ligands (Fig. V.3 and Fig. V.4) disappeared which suggest the coordination of ligand to the 

metal ions through phenolic-O. All the expected proton signals of the ligands including 

aromatic protons are resolved except S-CH2CH3/ S-CH3 peaks, which suggest the C-S bond 

cleavage in the complexes (Fig. V.5 and Fig. V.6). A series of overlapping multiplet signals 

appeared in the region 7.86-7.19 ppm correspond to the protons of coordinated 

triphenylphosphine along with azo-thiophenolato ligand in the complex. Mass spectrum of 

[Ru(L1)(CO)(PPh3)2] (1) shows m/z peak corresponding to [M+H]+ at 901.1806 (Fig. V.9) 

while [Ru(L2)(CO)(PPh3)2] (2) exhibits m/z peak corresponds to [M]+ at 926.0455 (Fig. 

V.10). 

 

Fig. V.1. IR spectrum of ligand HL1-SEt (A) and ligand HL2-SMe (B). 

 

Fig. V.2. IR spectrum of complex 1 (A) and complex 2 (B). 
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Fig. V.3. 1H-NMR spectrum of ligand HL1-SEt in CDCl3 

 

 

Fig. V.4. 1H-NMR spectrum of ligand HL2-SMe in CDCl3 
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Fig. V.5.  1H-NMR spectrum of [Ru(L1)(CO)(PPh3)2] (1) complex in CDCl3 

 

 

Fig. V.6.  1H-NMR spectrum of [Ru(L2)(CO)(PPh3)2] (2) complex in CDCl3 
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Fig. V.7.  HRMS of ligand HL1-SEt. 

 

 

Fig. V.8.  HRMS of ligand HL2-SMe. 
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Fig. V.9.  HRMS of [Ru(L1)(CO)(PPh3)2] (1) complex. 

 

 

Fig. V.10. HRMS of [Ru(L2)(CO)(PPh3)2] (2) complex. 
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            Absorption spectra of complexes 1 and 2 were taken in DMSO (Fig. V.11). The 

solution spectrum of complex 1 exhibit moderately intense low energy band at 656 nm (ε, 

5248 M−1cm−1). In addition, high energy bands appeared at 432 (ε, 8854 M−1cm−1) and 

364 nm (ε, 10196 M−1cm−1). Electronic spectra of complex 2 exhibit low energy peaks at 682 

nm (ε, 4419 M−1cm−1) and high energy bands appeared at 434 nm (ε, 3828 M−1cm−1) and 319 

nm (ε, 22914 M−1cm−1). 

 

 

Fig. V.11. UV-Vis spectra of complex 1 and complex 2 in DMSO. 

 

V.3.2. Crystallographic study 

The molecular structures of the complexes (1 and 2) have been established by the single 

crystal X-ray diffraction method. The single crystal X-ray diffraction study reveals that the 

crystal of complex 1 belong to the monoclinic system with Cm space group and the crystal of 

the complex 2 belong to the triclinic system with  𝑷1 space group. The ORTEP plots of the 

complexes 1 and 2 along with the atomic numbering scheme are shown in Fig. V.12. The 

summary of the data collection and the refinement parameters have been given in Table V.1. 

Selected inter atomic bond lengths and bond angles of the complexes are summarized 

in Table V.2. The bond parameters of the complexes suggest a distorted octahedral geometry 

around the metal atoms. In the complexes, the modified chelating ligands coordinated to the 

ruthenium ion through phenolic-O, azo-N and aryl-C atoms, forming two five member 
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chelate rings with a bite angle N(1)-Ru(1)-O(1) of 77.3(2)o , C(1)-Ru(1)-N(1) of 77.9(3)o for 

complex 1 and a bite angle N(1)-Ru(1)-O(2) of 77.93(10)o, C(2)-Ru(1)-N(1) of 77.84(13)o  

for complex 2 respectively. The fourth position is occupied by the carbon atom of the 

carbonyl group to form a CNOC square plane. The carbonyl group occupied the site trans to 

the N(1), which is confirmed from the bond angle C(17)-Ru(1)-N(1) of 171.6(3)o for complex 

1 and C(1)-Ru(1)-N(1) of 178.12(14)o for complex 2. The remaining two axial coordination 

sites of each complex are occupied by phosphorous atoms of triphenylphosphine, which are 

mutually trans to each other with Ru(1)-P(1) and Ru(1)-P(2) distances of 2.3827(10) Å and 

2.3842(10) Å for complex 1, 2.3781(9) Å and 2.3797(9) Å for complex 2 and are slightly 

bent towards the carbonyl group due to steric requirements of somewhat bulky chelating 

ligand. This effect caused a significant deviation from a linear trans arrangement, which is 

confirmed from the bond angles C(17)-Ru(1)-P(1) of 88.54(4)o for complex 1 and C(1)-

Ru(1)-P(1) of 87.59(10)o for complex 2 are smaller than bond angle N(1)-Ru(1)-P(1) of 

92.11(4) for complex 1 and  N(1)-Ru(1)-P(1) of 90.99(8) for complex 2. The bond distances 

of Ru(1)-P(1) and Ru(1)-P(2) are comparatively longer than that of the other four basal planar 

bonds, such as Ru(1)-N(azo) [2.037-2.069 Å], Ru(1)-C(aryl) [2.046-2.054 Å], Ru(1)-

O(phenolic) [2.192-2.250 Å] and Ru(1)-C(CO) [1.853-1.933 Å]. The lengthening of the Ru-P 

bonds is due to the strong trans influence of bulky PPh3 ligands. The observed bond distances 

of complexes 1 and 2 such as Ru-P, Ru-O, Ru-N and Ru-C and bond angles are found to be 

similar to the other reported triphenylphosphine containing ruthenium complexes.56,57 The 

azo bond distances (N1-N2) are found to be 1.274(7) Å and 1.274(4) Å  

in 1 and 2 respectively.58 

 

 

Fig. V.12. ORTEP plots with 35% ellipsoidal probability of complexes 1 (A) and 2 (B). 
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Table V.2. Selected X-ray and calculated bond distances (Å) and angles () of complexes. 

 

V.3.3. DFT and TDDFT calculations 

The Full geometry of the complexes 1 and 2 were optimized by DFT method in singlet 

ground state using the B3LYP correlation functional. Calculated bond distances and bond 

angles of the complexes are summarized in Table V.2. The calculated geometric parameters 

are reasonably well reproducing the X-ray crystal structures data.  The contour plots of 

selected molecular orbitals for both the complexes 1 and 2 are given in Fig. V.13 and Fig. 

V.14 respectively. Energy and % of compositions of selected molecular orbitals are 

summarized in Table V.3 and Table V.4 respectively. For complex 1, the higher energy 

occupied molecular orbital (HOMO) has 82% contribution of ligand along with 17% 

contribution of d𝜋(Ru) orbital and the low lying virtual orbital, LUMO has 92% contribution 

of ligand and for complex 2, HOMO has 83% contribution of ligand and 15% contribution of 

1 2 

Bonds(Å) X-ray Calc. Bonds(Å) X-ray Calc. 

Ru(1)- C(17) 1.853(7) 1.861 Ru(1)- C(2) 2.054(4) 2.058 

Ru(1)- C(1) 2.046(6) 2.055 Ru(1)- C(1) 1.933(5) 1.866 

Ru(1)- N(1) 2.069(6) 2.107 Ru(1)- N(1) 2.037(3) 2.085 

Ru(1)- O(1) 2.192(4) 2.216 Ru(1)- O(2) 2.250(2) 2.238 

Ru(1)- P(1) 2.3827(10) 2.438 Ru(1)- P(1) 2.3781(9) 2.439 

N(1)-N(2) 1.274(7) 1.284 N(1)-N(2) 1.274(4) 1.277 

O(2)-C(17) 1.151(8) 1.142 O(1)-C(1) 1.004(4) 1.114 

Angles ()  

C(17)-Ru(1)-C(1) 93.7(3) 97.970 C(1)-Ru(1)-C(2) 103.39(17) 98.747 

C(17)-Ru(1)-N(1) 171.6(3) 175.729 C(1)-Ru(1)-N(1) 178.12(14) 175.736 

C(1)-Ru(1)-N(1) 77.9(3) 77.759 C(2)-Ru(1)-N(1) 77.84(13) 76.989 

C(17)-Ru(1)-O(1) 111.1(3) 108.598 C(1)-Ru(1)-O(2) 100.86(14) 107.993 

C(1)-Ru(1)-O(1) 155.20(19) 153.431 C(2)-Ru(1)-O(2) 155.75(13) 153.257 

N(1)-Ru(1)-O(1) 77.3(2) 75.671 N(1)-Ru(1)-O(2) 77.93(10) 76.270 

C(17)-Ru(1)-P(1) 88.54(4) 88.296 C(1)-Ru(1)-P(1) 87.59(10) 88.536 

C(1)-Ru(1)-P(1) 94.59(3) 92.849 C(2)-Ru(1)-P(1) 90.13(10) 92.780 

N(1)-Ru(1)-P(1) 92.11(4) 91.896 N(1)-Ru(1)-P(1) 90.99(8) 91.567 

O(1)-Ru(1)-P(1) 86.33(4) 88.041 O(2)-Ru(1)-P(1) 91.25(6) 88.248 
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d𝜋(Ru) orbitals while LUMO has 90% contribution of ligand 𝜋* orbital. The HOMO to 

LUMO energy gaps is found to be 2.63 eV and 2.35 eV for 1 and 2 respectively. 

UV-Vis absorption bands of the complexes are interpreted by TDDFT calculations using 

B3LYP/CPCM method in DMSO. Calculated vertical electronic transitions are shown in 

Table V.5. For complex 1, the calculated low energy transition at 613 nm (f = 0.1216) 

corresponds to the HOMO → LUMO transition (expt. = 656 nm) having mixed ILCT and 

MLCT character. The moderately intense transition at 405 nm (HOMO-1 → LUMO 

transition, f=0.1986) corresponds to the experimentally observed peak at 432 having mixed 

MLCT and ILCT character. The high energy experimental band at 364 nm correspond to the 

ILCT character. For complex 2 the lower energy experimental band at 682 nm (ε = 4419 

M−1cm−1) correspond to the HOMO → LUMO transition at 638 nm having mixed MLCT and 

ILCT character. The experimentally observed peak at 434 nm is well corroborated with the 

calculated transition at 427 nm corresponds to HOMO-1 → LUMO transitions having mixed 

ILCT and MLCT character. The high energy band at 319 nm corresponds to ILCT character.  

 

   

HOMO HOMO-1 HOMO-2 

   

LUMO LUMO+1 LUMO+2 

 

Fig. V.13. Contour plots of some selected molecular orbital of complex 1. 
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Fig. V.14. Contour plots of some selected molecular orbital of complex 2. 

 

Table V.3. Energy and % of composition of some selected molecular orbitals of complex 1. 

MO Energy                         % Composition 

Ru L1
 CO PPh3 

LUMO+5 -0.47 02 09 01 88 

LUMO+4 -0.49 03 00 00 97 

LUMO+3 -0.59 00 03 02 95 

LUMO+2 -0.64 03 00 00 96 

LUMO+1 -0.87 19 02 01 78 

LUMO -1.83 03 92 02 03 

HOMO -4.46 17 82 00 01 

HOMO-1 -5.45 29 66 00 06 

HOMO-2 -5.56 52 30 16 02 

HOMO-3 -5.74 01 89 00 10 

HOMO-4 -6.06 26 47 03 25 

 

  

HOMO HOMO-1 HOMO-2 

  

 

LUMO LUMO+1 LUMO+2 
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HOMO-5 -6.24 04 35 01 59 

HOMO-6 -6.47 09 75 04 13 

HOMO-7 -6.58 23 33 01 43 

HOMO-8 -6.63 30 21 03 45 

HOMO-9 -6.68 02 02 00 96 

HOMO-10 -6.72 04 05 01 90 

 

 

Table V.4. Energy and % of composition of some selected molecular orbitals of complex 2. 

MO Energy                         % Composition 

Ru L2 CO PPh3 

LUMO+5 -0.50 03 03 01 93 

LUMO+4 -0.52 02 00 00 97 

LUMO+3 -0.63 00 02 02 97 

LUMO+2 -0.68 03 00 00 96 

LUMO+1 -0.92 19 02 01 77 

LUMO -1.92 04 90 03 03 

HOMO -4.51 15 83 00 02 

HOMO-1 -5.48 28 66 00 06 

HOMO-2 -5.61 51 31 15 02 

HOMO-3 -5.84 09 86 01 04 

HOMO-4 -6.13 15 24 00 61 

HOMO-5 -6.44 16 40 03 42 

HOMO-6 -6.48 00 99 00 01 

HOMO-7 -6.61 30 50 05 16 

HOMO-8 -6.68 06 26 01 67 

HOMO-9 -6.70 09 18 00 72 

HOMO-10 -6.72 01 11 01 87 
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Table V.5.   Vertical electronic transition calculated by TDDFT/CPCM method of complexes 1 and 2. 

Compd.  (nm) E (eV) Osc. 

Strength 

(f) 

Key excitations Character expt. (nm) (ε, 

M-1cm-1) 

 

 

1 

613.06 2.0224 0.1216 (94%)HOMO→LUMO ILCT/MLCT 656 (5248) 

405.29 3.0592 0.1986 (92%)HOMO-1→LUMO ILCT/MLCT 432 (8854) 

374.31 3.3123 0.1473 (93%)HOMO-3→LUMO ILCT 364 (10196) 

332.91 3.7355 0.0633 (80%)HOMO-5→LUMO ILCT  

 

 

2 

637.97 1.9434 0.1192 (95%)HOMO→LUMO ILCT/MLCT 682 (4419) 

427.45 2.9005 0.0524 (90%)HOMO-1→LUMO ILCT/MLCT 434 (3828) 

370.20 3.3491 0.0543 (72%)HOMO-3→LUMO ILCT  

329.05 3.7680 0.1119 (70%)HOMO-6→LUMO ILCT 319 (22914) 

 

V.3.4. DNA binding studies 

V.3.4.1. UV-Vis method 

The interactions between metal complexes and CT-DNA were monitored by using the UV-

Vis method, where the spectral changes in the absorbance were captured upon addition of 

CT-DNA to a fixed concentration of the Ru(II) complexes. The spectral titration curves 

showed a hypochromic shift with the increasing concentration of CT-DNA (Fig. V.15). The 

magnitude of the shift depends on the strength of interaction between metal complexes and 

CT-DNA. The intrinsic DNA binding constant (Kb) was determined by plotting 

[DNA]/(εa − εf) vs. [DNA] from the spectral titration data using the Wolfe-Shimer equation 

(Eq. V.1).59 

[DNA]

(𝜀𝑎 −𝜀𝑓)
=

[DNA]

(𝜀𝑏 −𝜀𝑓)
+

1

𝐾𝑏(𝜀𝑏 −𝜀𝑓)
                        (Eq. V.1) 

  

Where [DNA] is the concentration of DNA in the base pairs and εa is the apparent extinction 

coefficient observed for the complex, εf corresponds to the extinction coefficient of the 

complex in its free form and εb refers to the extinction coefficient of the complex when it is 

fully bound to CT-DNA. The plot of [DNA]/(εa − εf) vs. [DNA] give a straight line with 

1/(εb − εf) and 1/[Kb(εb − εf)] as slope and intercept, respectively. The ratio of the slope to the 

intercept from the linear fit give the value of the intrinsic binding constant (Kb). The Kb 

values are found to be 5.887(±0.12)×105 M−1 and 4.494(±0.16)×105 M−1 for complexes 1 

and 2 respectively. These value are very much comparable to the reported values of binding 

constants for other complexes towards CT-DNA.60 The significant hypochromic shift in 



196 | CHAPTER-V 

absorbance and the magnitude of calculated binding constants suggest that the Ru(II) 

complexes are likely bound to CT-DNA via intercalative mode.61-63 

 

 

Fig. V.15. Change in absorption spectra of the complexes 1 (A) and 2 (B) in Tris–HCl/NaCl buffer 

with the gradual addition of CT DNA. Inset: Plot of [DNA]/(εb – εf) vs. [DNA]. 

 

V.3.4.2. Fluorescence studies of Competitive DNA binding 

The competitive binding experiments were carried out on the EB-CT-DNA system by 

varying the concentrations of the complexes to get further information about the binding 

mode of compounds with DNA. Ethidium bromide (EB) is a well-known DNA intercalator, 

which does not show fluorescence in its free-state, however, in presence of CT-DNA, it 

shows strong fluorescence as it is intercalated between the adjacent DNA base pairs. The 

addition of Ru(II) complexes to the EB–CT-DNA system caused a decrease in fluorescence 

intensity of about 39% and 35% with a red shift of 2-3 nm for the complexes 1 and 2 

respectively (Fig. V.16). The observed quenching of DNA–EB fluorescence in the presence 

of the complexes suggested that they displace EB from the DNA double helix. The 

fluorescence quenching is explained by the Stern–Volmer equation (Eq. V.2).64 

 

F0/F = 1 + Ksv[Q]                        (Eq. V.2) 

 

Where F0 and F are the fluorescence intensities in the absence and presence of the complex, 

respectively. Ksv is the Stern–Volmer quenching constant and [Q] is the concentration of 

complex. The Ksv values are obtained with a slope from the plot of F0/F versus [Q] (Fig. V.16 

inset) and are found to be 8.748(±0.20)×104 M-1 and 6.740(±0.14)×104 M−1 for 1 and 2 
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respectively. The quenching and binding constants of the Ru(II) complexes suggested that the 

interaction of the synthesized complexes with CT-DNA should be of intercalation.65 

 

 

Fig. V.16. Emission spectra (λex = 540 nm) of EB–CT-DNA in presence of increasing concentrations 

of the complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

Table V.6. Binding constants (Kb) and Stern-Volmer constant (KSV) values for the interaction of 

complexes 1 and 2 with CT-DNA. 

 

V.3.4.3. Mode of binding: Viscometric analysis 

Viscometric measurements were made to look into the binding manner of interaction between 

complexes 1 and 2 with CT-DNA. The least confusing way for determining how a tiny 

chemical interacts with nucleic acids is this hydrodynamic research.66 The DNA helix will 

stretch as a result of a classical intercalator's insertion or accommodation into the DNA base 

pairs, which causes the double helix to unwind and ultimately increases viscosity.67 

Contrarily, electrostatic or groove binders don't interfere with the CT-DNA structure and 

don't significantly change the viscosity of the CT-DNA solution.68The specific viscosities of 

DNA with and without the complexes are η and η0, respectively, and are significantly 

increased by a traditional DNA intercalator like EB.69 In Fig. V.17, a plot of plot of (η / η0)
1/3 

against R (R = [complex]/[CT-DNA]) depicts the effects of complexes 1 and 2 on the 

viscosity of CT-DNA.  

Compound UV Method Fluorescence Method 

 Kb (×105)   (M-1) Ksv (×104)  (M-1) 

DNA-EtBr + 1 5.887 ± 0.12 8.748 ± 0.20 

DNA-EtBr + 2 4.494 ± 0.16 6.740 ± 0.14 
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The relative viscosity of DNA solutions steadily rises with the addition of the ruthenium (II) 

complexes 1 and 2, much like the conventional intercalator EB. This finding leads us to the 

conclusion that intercalative binding, not groove or electrostatic binding, is the preferred 

method for the complexes 1 and 2 to bind CT-DNA. The viscometric data show the 

complexes' DNA intercalation potentials in the trend EB > 1 > 2, which precisely matches the 

results of our spectrometric DNA titration, as previously mentioned.  As a result, the 

viscosity values are compatible with the spectral experiment results. 

 

 

Fig. V.17.  Relative viscosity of CT-DNA interacting with Ru(II) complexes 1, 2 and EB. 

 

V.3.5. Protein binding studies 

V.3.5.1. Electronic absorption titration 

UV-visible absorption measurement is a simple method to explore the structural changes and 

is useful to distinguish the type of quenching mechanism exist i.e. static or dynamic 

quenching mechanism. In the static quenching mechanism, a new complex is formed between 

BSA and the quencher in the ground state. Therefore, it will result in perturbation of the 

absorption spectrum of the fluorophore. But in the dynamic quenching mechanism, the 

fluorophore and quencher get in touch with each other during the transient existence of the 

excited state and therefore, no change is observed in the absorption spectrum of BSA. 

Electronic absorption spectra of BSA (10 μM in PBS at pH 7.4) were recorded in the range of 
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240-400 nm in presence of different concentration of complex which is shown in the Fig. 

V.18. BSA has a characteristic absorption band at 280 nm. From Fig. V.18 it is clear that the 

absorption intensity gradually increases with a small blue shift in the presence of complex, 

indicating a static interaction between BSA and the complexes. The apparent association 

constant (Ka) was calculated from the plot of 1/(Aobs-A0) vs 1/[complex] (Fig. V.18 inset) 

adopting the following equation (Eq. V.3). 

 

1

𝐴𝑜𝑏𝑠−𝐴0
=  

1

𝐴𝑐−𝐴0
+  

1

𝐾𝑎(𝐴𝑐−𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
            (Eq. V.3) 

 

Where Aobs is the observed absorbance (at 280 nm) of the solution taking various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and the absorbance 

of serum albumin with the complex. The calculated value of apparent association constant 

(Ka) is 10.211(±0.24)×104 M-1 and 6.922(±0.15)×104 M-1 for the complexes 1 and 2 

respectively and these values are comparable to reported value.60, 65, 70 

 

 

Fig. V.18.  Change in absorption spectra of BSA with the gradual addition of complex 1 (A) and 

complex 2 (B). Inset: Plot of 1/(Aobs-A0) vs 1/[complex]. 

 

V.3.5.2. Fluorescence quenching studies 

In order to determine the protein binding affinity of the complexes, tryptophan quenching 

experiments were carried out upon the gradual addition of the complexes. Though BSA 

contains three fluorophores, namely tryptophan, tyrosine and phenylalanine, the emission 

spectra of BSA exhibit an intense fluorescence emission maximum at 336 nm, due to the 

tryptophan residues alone, because phenyl alanine has a very low quantum yield and the 
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fluorescence of tyrosine is completely quenched if it is ionized or near a tryptophan residue. 

The fluorescence emission spectra of BSA solution were recorded in the range of 290-450nm 

(λex = 280nm), with various concentration of the complexes which are shown in Fig. V.19. 

Addition of the Ru(II) complexes to the solution of BSA results in a significant decreased in 

fluorescence intensity with a blue shift of 4-3 nm for complexes 1 and 2 respectively. The 

observed blue shift is mainly due to the fact that the active site in protein is buried in a 

hydrophobic environment. It suggested that some associative interaction is taking place 

between the complexes and BSA protein.71 

 The Stern-Volmer equation was employed to investigate fluorescence quenching data in 

order to study the quenching process (Eq. V.2). The Stern-Volmer quenching constant values 

(Ksv) obtained from the plot of F0/F vs [Q] (Fig. V.19 inset) were found to be 

6.853(±0.18)×104 M-1 and 4.629(±0.07)×104 M-1 corresponding to complexes 1 and 2 

respectively. From the Ksv values, it is seen that complexes exhibited a good fluorescence 

quenching ability. Furthermore, the quenching rate constant (Kq) calculated from Ksv and τo 

using the equation Kq = Ksv /τo  (τo refers to the lifetime of the fluorophore without the 

quencher with an average value of 10−8 s) were found to be in the range of 6.85–4.62 × 1012 

M−1 s−1 for complexes 1 and 2 respectively. These values are higher than the maximum 

possible value for dynamic quenching (2 × 1010 M−1 s−1), suggesting the involvement of static 

quenching mechanism in this process.72 

 

 

Fig. V.19. Emission spectra (λex = 280 nm) of BSA in presence of increasing concentrations of the 

complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 
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V.3.5.3. Binding constant and binding sites 

Further, the binding constant (Kb) and number of binding sites (n) in static quenching can be 

calculated by using following Scatchard equation (Eq. V.4). 

 

𝑙𝑜𝑔
(𝐹0−𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]                  (Eq. V.4) 

 

Where F0 and F are the fluorescence intensities in the absence and presence of the complex. 

The values of binding constant (Kb) and the binding sites (n) are given in Table V.7, which 

obtained from the plot of log [(Fo-F)/F] versus log [complex] (Fig. V.20). Based on the plot, 

calculated values of Kb for the complexes 1 and 2 are 4.103(±0.11)×105 M-1 and 

1.444(±0.07)×105 M-1 and n are 1.15(±0.03) and 1.05(±0.01) respectively. These high 

binding constant (Kb) values confirm the existence of strong interactions between BSA 

protein and Ru(II) complexes, which is essential for transport of the complexes through the 

biological systems. The obtained n value is approximate to 1, strongly suggesting the 

complexes are bound to BSA protein via one binding site. 

 

Fig. V.20.  Plot of log [(Fo-F)/F] versus log [complex] of complexes 1 (A) and 2 (B). 

 

Table V.7. Protein apparent association constant (Ka), binding constant (Kb), quenching constant (Ksv) 

and number of binding sites (n) for the interaction of complexes 1 and 2 with BSA. 

 

Compound UV Method Fluorescence Method 

 Ka (×104)  (M-1) 𝐾𝑏 (×105) (M-1) Ksv (×104) (M-1) n 

BSA + 1 10.211 ± 0.24 4.103 ± 0.11 6.853 ± 0.18 1.15 ± 0.03 

BSA + 2 6.922 ± 0.15 1.444 ± 0.07 4.629 ± 0.07 1.05 ± 0.01 
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V.3.5.4. Synchronous fluorescence spectroscopic studies 

The conformational changes of the protein molecular environment in the vicinity of the 

fluorophore functional groups have been investigated by synchronous fluorescence 

spectroscopy. The fluorescence of BSA is mainly due to the tryptophan and tyrosine 

residues.73 According to Miller,74 the difference between the excitation and emission 

wavelengths (Δλ = λem - λex) indicates the nature of the chromophores in the spectra. A lower 

Δλ value such as 15 nm is characteristics of the tyrosine residue, while a larger Δλ value such 

as 60 nm is characteristics of tryptophan residue. The synchronous fluorescence spectra of 

BSA with various concentrations of complexes recorded at Δλ = 15 nm and Δλ = 60 nm are 

shown in Fig. V.21 and Fig. V.22 respectively. In the synchronous fluorescence spectra of 

BSA at Δλ = 15, addition of the complexes to the solution of BSA results in a small decrease 

in the fluorescence intensity of BSA at 302 nm. But, at the same time, in the case of the 

synchronous fluorescence spectra of BSA at Δλ = 60, addition of the complexes to the 

solution of BSA results in a significant decrease along with a blue shift of the fluorescence 

intensity of BSA at 343 nm. Therefore, the synchronous fluorescence spectral studies 

suggested that the fluorescence intensity of both the tryptophan and tyrosine residues were 

affected by increasing the concentration of the complexes but a significant decrease along 

with a blue shift of the fluorescence intensity of tryptophan residues has been observed. At 

the same time, there is no change in the emission wavelength of tyrosine. These results 

confirmed that the interaction of the complexes with BSA protein affects the conformation of 

tryptophan much more than the tyrosine micro region. Hence, the strong interaction of these 

complexes with BSA suggested that the complexes can easily be stored in protein and can be 

fit for anticancer studies. 

 

Fig. V.21. The synchronous spectra of BSA in the presence of increasing amounts of the complexes 1 

(A) and 2 (B) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 
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Fig. V.22. The synchronous spectra of BSA in the presence of increasing amounts of the complexes 1 

(A) and 2 (B) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 

 

V.3.5.5 Three-dimensional fluorescence spectra analysis 

To investigate the micro environmental change in BSA during interaction with the ruthenium 

complexes, three-dimensional fluorescence spectroscopic studies have been performed. The 

changes observed in 3D emission spectra and contour lines of BSA in the absence and 

presence of complexes are given in Fig. V.23.  

The 3D fluorescence spectra of BSA exhibit three characteristics peaks which are marked as 

peak A, B and C. Peak A denotes the Rayleigh scattering peak (λem = λex), whereas peak B 

mainly reveals the spectral behavior of Trp and Tyr residues of proteins and another peak C 

mainly exhibits the fluorescence emission characteristic of the polypeptide backbone 

structures.75,76 The emission intensity of Rayleigh scattering peak increased upon adding the 

complex to BSA. This is due to the formation of fluorophore-quencher complex between 

BSA and ruthenium complexes which increased the diameter of the macromolecule and 

enhanced the scattering effect. The fluorescence intensity of peak B and peak C were found 

to decrease after the addition of complexes, indicating that there was interaction between 

complexes and BSA proteins. The intensity changes of peak B and C revealed that the 

molecular microenvironment and conformational changes of BSA protein occurred after 

interaction with ruthenium complexes. 
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Fig. V.23. Three-dimensional fluorescence spectra of BSA in the absence and presence of ruthenium 

(II) complexes 1 and 2. 

 

V.3.6. In vitro antiproliferative studies 

V.3.6.1 Cell viability assay 

Cell viability was studied using MTT assay on different cancer cell lines (MCF-7, A549, 

MDA-MB-231 and AGS). The IC50 values of the ligands as well as complexes were tabulated 

in Table V.8. After 24 h of incubation, it was shown that complex 1 and 2 were the most 

potent inhibitors of MCF-7 cell growth and proliferation compared to other cell lines (Fig. 

V.25). Therefore, MCF-7 cells were utilized in subsequent investigations.77 When tested on 
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the normal hepatic cell line WRL68, both the complexes showed significantly high IC50 

values (>55 M) compare to MCF-7 (5.1-6.3 M) and A549 (21.3-36.2 M) cell lines. Most 

importantly the IC50 values of complexes 1 and 2 are found to be less compare to cisplatin 

(14.2 M) towards MCF-7 cells. 

 

Table V.8.   IC50 values (in M) of ligands and their respective complexes against various cancer and 

normal cell lines. 

 

 

 

Fig. V.24.  Percentage cell viability measured for HL1-SEt (A) and HL2-SMe (B) against MCF-7. 

Cell lines MCF-7 A549 MDAMB231 AGS WRL68 

Compounds IC50 of compounds (µM) 

HL1-SEt 97.9±2.3 105.3±1.3 118.3±1.1 145.2±2.1 110.1±2.3 

HL2-SMe 122.5±1.7   112.4±1.6 124.2±1.3 151.2±1.6 130.1±1.5 

Complex 1 5.1±1.2  36.2±1.5 65.3±1.2 42.1±3.1 55.3±1.4 

Complex 2 6.3±3.1 21.3±3.2 53.2±1.3 51.1±1.4 57.8±2.4 

Cisplatin 14.2±1.6 15.2±2.8 90.8±2.1 27.1±2.3 40.0±2.1 
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Fig. V.25.   Percentage cell viability measured for complexes 1 (A) and 2 (B) against MCF-7. 

 

V.3.6.2. Colony formation assay 

For 24 h, MCF-7 was treated with various concentrations of ligands as well as their 

respective complexes.78 At 4X magnification, the cells were observed in a bright field. The 

numbers and sizes of the colony were examined, and a significant decrease was found for 

both complexes compared to ligands and controls (Fig. V.26). 

 

Fig. V.26. Colony formation of AGS cell lines after treatment of ligands and their respective 

complexes 1 and 2 for 24 h. 
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V.3.6.3. Hoechst assay 

Hoechst Staining Assay, which is sensitive to DNA, was used to investigate the anti-cancer 

effect of the complex 1 and 2 on breast cancer cells in more detail.79 After 24 hours of 

exposure to both ruthenium complexes, MCF-7 cells showed changes in their nucleus 

morphology (Fig. V.27). In the treated cells, there were blatant signs of nuclear fragmentation 

which indicated the occurrence of cellular apoptosis along with nucleus shrinkage, 

cytoplasmic vacuolation, blebbing, and chromatin condensation. In contrast, in the untreated 

control, the nucleus had a distinct shape, appeared blue, and had no morphological 

alterations. These findings demonstrated the substantial apoptosis-inducing potential of 

complexes 1 and 2. 

 

 

Fig. V.27.   Nuclear staining of MCF-7 breast cancer cells using Hoechst 33258 staining. Untreated 

control shows uniformly stained nucleus. Whereas after 24 hrs treatment with ligands along with their 

respective complexes there were visible nuclear fragmentation and condensation with an apoptotic 

morphology. The results were prominent in the cells treated with the complexes than their respective 

ligands. 

 

V.3.6.4. AO/EB staining 

An established method for determining the frequency of cellular apoptosis, which is 

distinguished by different alterations in cellular morphology and DNA fragmentation, is 

AO/EB staining.80-82 Green staining of viable cells with ordered cellular structure shows no 

evidence of apoptosis. While cells that stain red suggest cellular death combined with 
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chromatin condensation or fragmentation, cells that retain a yellow stain are indicative of 

early apoptosis where the cell membrane is intact but there is clear commencement of DNA 

fragmentation. MCF-7 cells displayed an increase in red/orange staining after being exposed 

to selective dose of the complex 1 and 2, which is a clear sign of apoptosis and is 

characterized by nuclear morphological distortion, membrane blebbing, fragmentation, and 

shrinkage (Fig. V.28). 

 

Fig. V.28.  Acridine Orange/ EtBr staining with the MCF-7 Cells. The negative control group shows 

the normal nucleus located at the center. Cells treated with Complex 2 shows early apoptosis with 

nucleus stained with Acridine orange whereas cells upon 24 hrs exposure to Complex 1 showed 

orange/red fluorescence due to the uptake of EtBr stain. This nucleus is a typical representation of a 

late apoptotic cell. 

 

V.4. Conclusions 

Two new cyclometallated ruthenium(II) carbonyl complexes of the general formula 

[Ru(L1/L2)(CO)(PPh3)2] (1/2) were synthesized and characterized by analytical and spectral 

techniques (IR, UV/visible, 1H NMR and ESI-MS). The crystal structures of complexes (1 

and 2) were confirmed by X-ray crystallography, which indicated CNO tridentate 
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coordination of the ligands through C(aryl)–S bond activation. The XRD study also reveals 

the presence of a distorted octahedral geometry around the ruthenium(II) ion. DFT 

calculations were used to determine the structural parameters of the complexes that are in 

good agreement with X-ray analysis. Also, TD-DFT generated electronic transitions were in 

good agreement with the experimentally resolved UV-vis spectra of the complexes. The 

DNA binding ability of the complexes examined by absorption and fluorescence spectral 

techniques revealed an intercalative interaction between complexes and CT-DNA. Further, 

binding abilities of the complexes with BSA also monitored by absorption and fluorescence 

spectroscopy revealed the presence of static quenching and the results of synchronous and 3D 

fluorescence spectroscopic studies indicated that the complexes bound with BSA protein in 

both tyrosine and tryptophan residues and change the secondary structure of the BSA protein. 

The in vitro antiproliferative activities of the complexes showed that complex 1 is more 

potent than complex 2 in MCF-7 cell line. From the MTT assay data, it is concluded that the 

synthesized complexes exhibited higher cytotoxic potency than the widely used clinical 

chemotherapeutic agent cisplatin against MCF-7. Morphological analysis was performed 

using fluorescence microscope by AO/EB staining assay, which showed that complexes were 

able to prompt the cell death of the human breast cancer cells (MCF-7) through apoptosis. On 

the basis of the reported results, our synthesized cyclometallated ruthenium (II) complexes 

can be further investigated using in vivo models, since they represent promising candidates 

for anticancer applications. 
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Abstract 

 

In this article, two new Rhenium(I) tricarbonyl complexes of the formula [Re(CO)3(L
1/L2)] 

(1/2) were fabricated and thoroughly characterized by diverse spectroscopic techniques. The 

crystal structures of the complexes were confirmed by single crystal X-ray diffraction 

analysis and it disclosed the distorted octahedral geometry around the central metal ions. A 

theoretical approach on optimization structures, HOMO-LUMO energy gap and time-

dependent density functional theory (TDDFT) was carried out to support the experimental 

observations. The DNA binding ability of complexes with calf thymus DNA was investigated 

by UV-Vis absorption spectroscopy and fluorescence spectroscopy. Furthermore, viscosity 

studies executed on the interaction of complexes with CT-DNA revealed the fact that the 

complexes bind by intercalation. The BSA protein binding studies have been observed by 

quenching of tryptophan and tyrosine residues in the presence of complexes and the 

quenching mechanism was established to be static. The changes in the microenvironmental 

and structural properties of BSA are scrutinised by circular dichroism, synchronous and 3D 

fluorescence study. Additionally, the in vitro cytotoxicity of the complexes against human 

breast epithelial adenocarcinoma cell line MCF-7 and human breast epithelial cell line (used 

as normal cell line) MCF-10A were explored by using the MTT assay. 
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VI.1. Introduction 

Cancer is the one of the primary reasons of death globally according to the World 

Health Organization (WHO). Although the mortality rates are elevating fast but a major 

section of cancers can be healed through surgery, radiotherapy and chemotherapy depending 

on the category of cancer.1,2 Cisplatin, carboplatin and oxaliplatin are accepted as platinum-

based anticancer drugs worldwide.3 However, severe side effects of these platinum drugs 

along with tumor resistance to them have now turned out to be a difficulty.4 Hence several 

non-platinum metals have been manufactured that are equivalent in action to cisplatin along 

with comparatively lesser side effects. Among them, rhenium(I) complexes have drawn much 

attention owing to their distinctive anticancer mechanisms. Additionally, recently an array of 

tricarbonylrhenium(I) complexes have been scrutinized for their pharmacological and 

radiopharmaceutical applications.5-11 The complexes of rhenium are much recognized to be 

kinetically inert owing to the d6 electronic configuration of the rhenium(I) core in an 

octahedral field. Thus, despite carbon monoxide toxicity because of its strong affinity for 

haemoglobin, elevated stability of substitution of the firmly bound CO ligands under 

physiological and ambient conditions has been confirmed for numerous fac-[Re(CO)3]
+ 

complexes in aqueous solution and in the human plasma.12-14 

Additionally, the task of ligands is critical in scheming metal-based anticancer agents 

as they can control the metal uptake, trafficking, utility and excretion in biological systems. 

They can also alter their properties such as solubility, lipophilicity and stability of the 

complex.11,15 Aromatic azo compounds are unique and multifarious ligands that can 

coordinate with a variety of transition metals and also it has several flexible donors of 

combined hard/soft oxygen/nitrogen-sulfur atoms. Aside from their usual colouring function, 

azo compounds have also been stated to have anticancer, antibacterial, antiviral, antiseptic, 

antifungal and cytotoxic activities. 16-18 

DNA is the principal intracellular goal of an antitumor agent.19 Complex can act 

together with DNA via these following three non-covalent modes: intercalation, groove 

binding interaction and electrostatic interaction between negatively charged DNA phosphate 

residue and positively charged species.20,21 In order to determine the mode and level of 

binding capability of complexes to DNA, both the coordination geometry of the metal ion 

and the planarity of ligand have significant functions.22 Hence, the interaction study of the 

metal complexes with DNA poses immense significance for the fabrication of novel drugs 

and their application. Furthermore, the interaction of metal complexes with albumins may 

propose helpful structural statistics that shows clearly the fact that whether a drug mechanism 
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is therapeutic enough or not. Antitumor medicines are regularly delivered to cellular targets 

via proteins.23,24 Bovine serum albumin (BSA) is an attractive macromolecule mainly used in 

biophysical and biochemical research among serum albumins owing to the structural 

homology with human serum albumin and noteworthy ligand-binding features.25-27 

In this paper we have designed and synthesized Re(I) complexes (Scheme VI.1) 

having general formula, [Re(CO)3(L
1/L2)] (1/2) with ONS donor azo-thioether ligands and 

characterized both of them by using a variety of spectroscopic techniques like NMR, IR, 

Mass, UV-Vis as well as single crystal X-ray diffraction study. The structural optimization, 

calculated energy difference of HOMO-LUMO, calculated different reactivity descriptors and 

TD-DFT analysis were executed with the aid of DFT to get an insight into the electronic 

structure of the complexes about the reactivity and structural property. In the end, the binding 

properties of these complexes toward calf thymus DNA (CT-DNA) and bovine serum 

albumin (BSA) are investigated with the help of absorption and fluorescence spectroscopy. In 

vitro cytotoxicity of these fabricated complexes was tested on human breast epithelial 

adenocarcinoma cell line (MCF-7) and human breast epithelial cell line (MCF-10A) using 

MTT assay. To establish discriminating effect of these complexes, they were treated on 

cancer cells as well as normal cells under the same experimental conditions. 

 

VI.2. Experimental 

VI.2.1. Materials and methods 

All the reagents and solvents were purchased of highest commercial grade and used 

without any further purification. Acetylacetone, 2-naphthol, 2-(methylthio)aniline, 2-

(ethylthio)aniline and Re(CO)5Br were purchased from Sigma-Aldrich. The ligands (HL1 and 

HL2) were prepared according to standard literature procedures.28,29 

Tri(hydroxylmethyl)aminomethane (Tris-HCl), Ethidium bromide (EB), calf thymus 

DNA(CT-DNA) and bovine serum albumin (BSA) were obtained from Sigma Aldrich 

chemical company. Earle’s MEM (#Cat. No: 41500034), DMEM/Ham’s F-12 (#Cat. No: 

11320033), Fetal Bovine Serum (#Cat. No: 10438026), Trypsin-EDTA (#Cat. No: 25200072) 

and Antibiotic-Antimycotic (#Cat. No: 15240062) were procured from Gibco. MTT [3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] (#Cat. No: 475989), 37 % 

Formaldehyde (#Cat. No: 104003), DMSO (#Cat. No: 102952) and Glycerol (#Cat. No: 

818709) were taken from Merck. Hoechst 33528 Stain (#Cat. No: 14530) and Methanol 

(#Cat. No: 34860) were brought from Sigma Aldrich. All compounds were subsequently used 

without any further rounds of purification. 



219 | CHAPTER-VI 

Elemental analyses (C, H, N) were performed on a 2400 Series-II CHN analyzer, 

Perkin Elmer, USA. Waters (Xevo G2 Q-TOF) mass spectrometer was used to record mass 

spectra of the ligand and complexes. IR spectra were run as KBr pellets on a RX-1 

PerkinElmer spectrometer in the 4000–400 cm−1 region. 1H-NMR spectra of ligand and 

complexes were recorded in CDCl3 with TMS as the internal standard on a Bruker (AC) 300 

MHz FT-NMR spectrometer. PerkinElmer Lambda 750 spectrophotometer was used for 

study the binding interactions of complexes with CT-DNA and BSA. The emission spectra 

were recorded by using Shimadzu RF-6000 fluorescence spectrophotometer at room 

temperature (298 K). Viscometric measurements were performed using an Ostwald 

viscometer placing it in a thermostated water bath at 250C and flow time was measured with a 

digital stopwatch. Circular dichroism (CD) studies were made on a JASCO 

spectropolarimeter (model J815, Jasco International Co., Japan) equipped with a 

thermalprogrammer (model PFD-425L/15) and temperature controller using a 1cm path 

length rectangular quartz cuvette. 

 

VI.2.2. Preparation of complexes 

VI.2.2.1. Synthesis of Re(I) complex, [Re(CO)3L1] (1) 

At first, 0.050 g (0.123 mmol) Re(CO)5Br was dissolved in 10 mL acetonitrile. To this 

solution, 10 mL acetonitrile solution of previously synthesized ligand HL1 (0.038 g, 

0.123 mmol) was added and refluxed for 8 h. As a result of this reaction, a red coloured 

solution appeared which was filtered and evaporated to dryness. A red coloured solid product 

appeared and single red colored crystals of the complex was obtained by slow diffusion of n-

hexane into DCM solution. Yield, 0.059 g (83%)  

Anal. Calc. for C21H15N2O4SRe: C, 43.67; H, 2.62; N, 4.85. Found: C, 43.54; H, 2.44; N, 

4.55. IR (KBr, cm−1): 3058, 2975, 2935 (C-H); 2018, 1929, 1892 (CO). 1H NMR (300 

MHz, CDCl3): δ 8.16-8.10 (m, 2H), 7.70-7.36 (m, 7H), 6.99 (d, J = 6.9 Hz, 1H), 2.75-2.54 

(m, 2H), 1.18 (t, J=7.3Hz, 3H). HRMS: calculated for C21H15N2O4SRe [M+H]+ (m/z): 

579.0388; found: 579.0363.  

 

VI.2.2.2. Synthesis of Re(I) complex, [Re(CO)3L2]  (2) 

Complex 2 was synthesized by a similar method like complex 1 using Re(CO)5Br 

(0.050 g, 0.123 mmol) and HL2 (0.031 g, 0.123 mmol) as a ligand. Finally yellow-colored 

crystals of the complex was obtained by slow diffusion of n-hexane into DCM solution. 

Yield, 0.052 g (81%).  
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Anal. Calc. for C15H13N2O5SRe: C, 34.68; H, 2.52; N, 5.39. Found: C, 34.45; H, 2.37; 

N, 5.25. IR (KBr, cm−1): 3004, 2977, 2929 (C-H); 2020, 1924, 1889 (CO), 1656 (C=O). 

1H NMR (300 MHz, CDCl3): δ 7.89 (d, J=7.9 Hz, 1H), 7.67-7.35 (m, 3H), 2.58 (s, 3H), 2.53 

(s, 3H), 2.19 (s, 3H). HRMS: calculated for C15H13N2O5SRe [M+H]+ (m/z): 521.0181; found: 

520.7710.  

 

VI.2.3. Crystal structure determination and refinement 

Crystallographic data collections were performed with an automated Bruker AXS D8 Quest 

CMOS diffractometer using graphite monochromated Mo-Kα (λ=0.71073Å) radiation by the 

ω scan method. The structures were solved by direct method and refinements were carried 

out by full-matrix least-squares techniques on F2 using the SHELX-2016. All the data were 

corrected for Lorentz and polarization effects and multi-scan absorption corrections were 

applied using SHELXTL program package.30 Anisotropic displacement parameters included 

for all non-hydrogen atoms, while all hydrogen atoms were placed geometrically and refined 

by using riding model. 

 

VI.2.4. Computational method 

All geometry optimization and energy computations were performed using density functional 

theory (DFT) with the B3LYP level of theory.31 LanL2DZ32 basis set with effective core 

potential was employed for Re atoms while for the other elements the basis set 6-31G(d)33 

were considered for calculations. The vibrational frequency calculations were performed to 

ensure that the optimized geometries represented the local minimum on the potential energy 

surface and there were only positive Eigen values. Gaussian09 program package34 was 

employed to visualize geometry optimized structures and to calculate the minimum energy 

structure. The calculated electronic density contour plots for frontier molecular orbitals were 

plotted by using the GaussView, Version 5 visualization program. Solvent effects play an 

important role in the electronic structure of the complexes. The time-dependent density 

functional theory (TD-DFT)35 calculations were performed at the same level of theory using 

the conductor-like polarizable continuum model (CPCM)36 to introduce the effect of DMSO 

as a solvent. The fractional contributions of various groups to each molecular orbital were 

calculated using GaussSum.37 

 

VI.2.5. Hirshfeld Surface Analysis of complexes 1 and 2 

In order to visualize the intermolecular interactions, prevailing in the crystal, Molecular 

Hirshfeld surfaces (HS)38 and the associated 2D-fingerprint39 plots of complex 1 and 2 were 
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calculated using Crystal Explorer 17.5 software.40 Bond lengths to hydrogen atoms were 

automatically set to standard values, while the structural input CIF. files of the crystals 1 and 

2 were read into the software for calculations. For each point on the Hirshfeld isosurface, two 

distances de, the distance from the point to the nearest nucleus external to the surface and di, 

the distance to the nearest nucleus internal to the surface, are defined. The normalized contact 

distance (dnorm) based on de and di is given by the equation (Eq. VI.1).  

            

𝑑𝑛𝑜𝑟𝑚 =
(𝑑𝑖−𝑟𝑖

𝑣𝑑𝑤)

𝑟𝑖
𝑣𝑑𝑤 +

(𝑑𝑒−𝑟𝑒
𝑣𝑑𝑤)

𝑟𝑒
𝑣𝑑𝑤                       (Eq. VI.1) 

 

where, 𝑟𝑖
𝑣𝑑𝑤 and 𝑟𝑒

𝑣𝑑𝑤 are the van der Waals radii of the atoms. The value of dnorm is negative 

or positive depending on intermolecular contacts being shorter or longer than the van der 

Waals separations.  

Graphical plots of the molecular Hirshfeld surfaces mapped with dnorm uses a red-white-blue 

colour scheme, where bright red spots highlight shorter contacts, white areas represent 

contacts around the van der Waals separation, and blue regions are devoid of close contacts. 

To visualize the molecular moiety, transparent mapped surfaces are usually shown. For a 

given crystal structure and set of spherical atomic electron densities, the Hirshfeld surface is 

unique and thus it suggests the possibility of gaining additional insight into the intermolecular 

interaction of molecular crystals. 2D Fingerprint plot resolved into different contacts 

contributed to the total Hirshfeld surface area of the complexes 1 and 2. 

 

VI.2.6. DNA binding studies  

VI.2.6.1. Absorption spectroscopic studies 

The DNA binding ability of complex 1 and 2 has been evaluated by absorption as well as 

emission spectroscopy. The interaction of the complexes with CT-DNA was performed by 

using Tris-HCl buffer solution having pH 7.2. The concentration of CT-DNA was determined 

from its absorption intensity at 260nm by employing an extinction coefficient of 6600 M-1cm-

1.41 The UV absorbance at 260 and 280 nm of the CT-DNA solution gave a ratio in the range 

of 1.8 to 1.9, indicating that the DNA was satisfactorily free from protein molecules. The 

absorption spectra of the complexes at a constant concentration were recorded in presence of 

different concentrations of CT-DNA and a noteworthy change in absorption values was 

observed.  
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VI.2.6.2. Ethidium bromide displacement experiments  

The competitive binding interactions of the complexes were investigated by fluorescence 

spectroscopy method in order to find out whether the compound can displace EB from its 

CT-DNA-EB system. The CT-DNA-EB complex was initially prepared by adding 15 μM EB 

and 30 μM CT-DNA in Tris– HCl/NaCl buffer solution (pH = 7.4).  Ethidium bromide (EB) 

displacement experiments were done by successive addition of the complexes into the Tris-

HCl buffer solution of CT-DNA-EB complex.42 After successive addition of the metal 

complexes, the change in fluorescence intensity at 612 nm were monitored (excitation 

wavelength 540 nm). 

 

VI.2.6.3. DNA viscosity measurements 

The viscosity of the CT-DNA solutions (35.2 μM) was measured in the presence of 

increasing amounts of the complexes using an Ostwald viscometer placing it in a 

thermostated water bath at 25.0 °C. Flow time was measured with a digital stopwatch and 

each sample was measured three times, then the average flow time was calculated. Viscosity 

values were calculated from the observed flow time of DNA-containing solutions (t) 

corrected for the flow time of buffer alone (t0), η = (t − t0)/ t0. The data is reported as (η / 

η0)
1/3 versus the ratio of the concentration of the complex to CT-DNA (R = [compound]/[CT-

DNA]), where η is the viscosity of CT-DNA in the presence of the compound and η0 is the 

viscosity of CT-DNA solution alone.43 

 

VI.2.7.1. Protein binding studies 

BSA (bovine serum albumin) is the most abundant plasma protein present in the circulatory 

system, which plays a vital role for the distribution and transportation of metal ions, 

hormones, nutrients, and drug molecules to the specific organs or tissues in the body.44 The 

binding ability of complexes with BSA was performed with the help of UV-Vis spectroscopic 

titration and fluorescence emission quenching methods. The BSA stock solution was 

prepared using 500 mM phosphate buffer saline (PBS) at pH 7.4 and stored in the dark at 4°C 

for further use. The concentration of BSA was measured by taking absorbance at 280 nm in 

UV-Vis spectra (molar extinction coefficient 66,400 M-1 cm-1). The stock solution of 

complexes was prepared in DMSO medium. The absorption spectra of BSA (10 μM) were 

recorded after gradual addition of complexes at room temperature for calculation of binding 

constants and binding modes. In fluorescence experiment, tryptophan fluorescence of BSA 

was recorded in the range 290–450 nm at an excitation wavelength of 280 nm using a slit 

width of 5 nm. Quenching of emission intensity at ~336 nm for BSA was monitored with 
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subsequent addition of metal complex. The synchronous fluorescence spectra were also 

captured in the same instrument in the range of 270-380 nm by scanning the excitation and 

emission monochromators simultaneously. Different wavelength interval (Δλ = λem - λex) of 

Δλ = 15 nm and Δλ = 60 nm were set to study the spectrum behavior of tyrosine (Tyr) and 

tryptophan (Trp) residues of BSA. 3D fluorescence spectroscopy is used to know about the 

fluorescence of chromophore and also the conformational changes of protein macromolecules 

by measuring the change of fluorescence intensity in the presence of complexes. The 3D 

fluorescence spectra of BSA (5 μM) with and without the complexes 1 and 2 were recorded 

in the wavelength range of 200-400 nm for excitation and 200-500 nm for emission.  

 

VI.2.7.2. Circular dichroism measurements 

Circular dichroism (CD) spectra were obtained employing JASCO (J-815) spectropolarimeter 

at 298 K using a quartz cuvette of 1 cm cell path length. The spectra were recorded in far UV 

region (200–250 nm) for BSA in presence and absence of copper complexes 1 and 2. 

Concentration of BSA was kept constant at 1 μM while varying the concentration of added 

complexes 1 and 2. The CD results were expressed in terms of the mean residual ellipticity 

(MRE) in deg cm2 dmol-1 according to the following equation (Eq. VI.2)45 

                                               

𝑀𝑅𝐸 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐶𝐷 (𝑚𝑑𝑒𝑔)

10𝐶𝑝𝑛𝑙
                   (Eq. VI.2) 

 

Here, Cp represents the molar concentration of the protein, n stands for the number of amino 

acid residues (583 for BSA) and l is the path length of the cell (1 cm). The α-helical (%) 

contents of the free and bound BSA were calculated from the mean MRE values at 208 nm 

using the following equation (Eq. VI.3)46 

                               

𝛼 − ℎ𝑒𝑙𝑖𝑥 (%) =
[−𝑀𝑅𝐸208−4000]

[33000−4000]
× 100                (Eq. VI.3) 

 

MRE208 is the MRE value observed at 208 nm, 4000 is the MRE of the β-form and random 

coil conformation at 208 nm, and 33000 is the MRE value of a pure α-helix at 208 nm.  

 

VI.2.7.3. Förster Resonance Energy Transfer (FRET) 

The value of R0 was calculated using the euation (Eq. VI.4)  
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𝑅0 = 0.2018 {[𝐾2𝛷𝐷𝜂−4𝐽(𝜆)]
1

6⁄ } Å                   (Eq. VI.4) 

 

where the orientation factor between the emission dipole of the donor and the absorption 

dipole of the acceptor 𝜅2 is taken as 2/3, the fluorescence quantum yield of the donor 𝜙𝐷 is 

0.118, the refractive index of the medium (η) is 1.33, and 𝐽(𝜆) is the extent of spectral overlap 

of donor (BSA) emission and the acceptor (complex) absorption spectra.47 The value of 𝐽(𝜆) 

can be calculated using the equation (Eq. VI.5)48 

 

𝐽(𝜆) = ∫ Ī𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆   𝑀−1𝑐𝑚−1𝑛𝑚4∞

0
                  (Eq. VI.5) 

 

Where, 𝐼 ̅𝐷(𝜆) denotes the normalized fluorescence emission of the donor BSA at the 

wavelength λ, and 𝜀𝐴(𝜆) represents the molar extinction coefficient of the acceptor metal 

complex at the wavelength λ. 

 

VI.2.8. Biological Studies 

VI.2.8.1. Cell lines and Culture condition 

Human breast epithelial adenocarcinoma cell line MCF-7 and Human breast epithelial cell 

line (used as normal cell line) MCF-10A were purchased from NCCS Pune, India. Earle’s 

MEM medium was used to culture MCF-7 cells whereas DMEM/Ham’s F-12 medium was 

used to culture MCF-10A cells were cultured in. Earle’s MEM medium was supplemented 

with 10% FBS and 1% Antibiotic and Antimycotic (Anti-Anti. Cells were maintained in the 

humidified incubator with 5% CO2 and 370 C. During passage, Trypsin-EDTA was used to 

detach the adherent cells. All biological experiments were performed after three passages. 

 

VI.2.8.2. Cytotoxicity assay 

The cytotoxic effects of complexes 1 and 2 against MCF-7 and MCF-10A cells, were 

evaluated by MTT assay based on our previously standardized lab protocol.49 Briefly, in 96 

well-plates, 1 × 104 cells/well were plated and incubated for 24 h, then treated with 

complexes 1 and 2 at a range of 1.56 μM to 100 μM and again incubated for 24 h. Thereafter, 

5 mg/ml MTT solution was added to each well (100 μl) for 3 h. Finally, DMSO-Methanol 

(1:1) was added to each well (100 μl) and quantified by taking absorbance at 570 nm in a 

microtiter plate-reader (Spectramax i3x). The percentage of cell viabilities at various 

concentration were determined using the following formula:  
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Percentage (%) Cell viability = [(A570 of treated cells) - background) / (A570 of untreated 

cells) - background)] × 100 

VI.2.8.3. Clonogenic Assay 

The colony formation ability of MCF-7 cells against complexes 1 and 2 were evaluated by 

Clonogenic assay based on our previously standardized lab protocol.49 Briefly, 500 MCF-7 

cells/well were plated and incubated for 24 h, then treated with two complex 1 concentrations 

(1/2 of IC50 Value: 5.06 µM and IC50 Value: 10.12 μM) and two complex 2 concentrations 

(1/2 of IC50 Value: 7.62 µM and IC50 Value: 15.24 μM) and again incubated for 24 h. After 

24 h, for the cell fixation and staining, methanol and 0.05% Crystal violet stain were used. 

After staining, wells were subsequently washed with 1X PBS 2-3 times. Finally, all the 

images were captured. During observation, the relative colony numbers were counted using 

the Image J Software. 

 

VI.2.8.4. Wound Healing Assay 

The cell migration potential of MCF-7 cells against complexes 1 and 2 were evaluated by 

Wound healing assay based on our previously standardized lab protocol.50 Briefly, 2 × 105 

MCF-7 cells/well were plated in a serum free media to minimize the cellular proliferation. 

After 24 h of incubation, a scratch was drawn with a 200 µl sterile pipette tip followed by 1X 

PBS wash. Thereafter, cells were treated with two complex 1 concentrations (1/2 of IC50 

Value: 5.06 µM and IC50 Value: 10.12 μM) and two complex 2 concentrations (1/2 of IC50 

Value: 7.62 µM and IC50 Value: 15.24 μM) and again incubated for 24 h. Finally, all the 

images were captured using phase contrast microscope (Olympus) in three different time 

intervals: T0 defines just after the treatment, T24 defines after 24 h of incubation and T48 

defines after 48 h of incubation. The wound areas on three different time intervals were 

evaluated using the Image J Software. 

 

VI.2.8.5. Nuclear Fragmentation Assay for Apoptosis Detection 

The nuclear fragmentation of MCF-7 cells against complexes 1 and 2 were evaluated by 

Nuclear fragmentation assay using Hoechst 33258 stain based on our previously standardized 

lab protocol.51 Briefly, 1 × 105 MCF-7 cells/well were plated on sterile coverslips and 

incubated for 24 h, then treated with two complex 1 concentrations (1/2 of IC50 Value: 5.06 

µM and IC50 Value: 10.12 μM) and two complex 2 concentrations (1/2 of IC50 Value: 7.62 

µM and IC50 Value: 15.24 μM) and again incubated for 24 h. After 24 h, for the cell fixation 

and staining, 4% formaldehyde and Hoechst 33258 stain were used. After staining, cells were 
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subsequently washed with 1X PBS and the coverslips were mounted in glycerol. Finally, 

nuclear morphologies were evaluated using the fluorescent microscope (Olympus). 

 

VI.2.8.6. Statistical Analysis 

All the statistical analysis were performed using the GraphPad Prism 8.0.2 Software. All the 

experiments were repeated independently thrice and the data were calculated as Mean  SD. 

One way ANOVA was performed to calculate the significant difference between the treated 

groups and untreated control group where the P < 0.05 was considered statistical significant. 

Using Chou-Talalay’s method in the CompuSyn Software, all the Inhibitory Concentration 

(IC50) values were calculated. 

 

VI.3. Results and discussion 

VI.3.1. Synthesis and formulation 

The synthetic route used for the preparation of the new Rhenium(I) tricarbonyl complexes is 

depicted in Scheme VI.1. The novel complexes 1 and 2 were synthesized via refluxing the 

equimolar amount of ligand [HL1 / HL2] with the Re(I) precursor [Re(CO)5Br]. Both the 

complexes were thoroughly characterized by the help of a range of spectroscopic techniques 

and the structures of complexes 1 and 2 were confirmed by single crystal X-ray 

crystallographic studies. 

 

Scheme VI.1.   Synthetic scheme for [Re(CO)3(L1)] (1) and [Re(CO)3(L2)] (2). 
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VI.3.2. Spectral characterization 

IR spectra of the complexes reveal characteristic carbonyl stretching peak at 2020-

1889 cm−1 (Fig. VI.1), which validates the presence of three carbonyl groups in rhenium 

metal complexes. The CO stretching frequencies of the metal complexes are less than the 

stretching frequency of free CO.52 This is owing to the fact that CO group participates in 

dπ(Re)→π∗(CO) back, which results in the increase in bond strength of Re-CO and decrease 

in bond strength of CO. Moreover, the ketonic stretching of complex 2 is noticed at 

1656 cm−1.53 1H-NMR spectra of the complexes showed that the peak corresponding to O-H 

proton of the free ligand vanishes suggesting the coordination of ligand to the metal ions 

through phenolic oxygen atom. For complex 1, the –CH2 protons of –CH2CH3 moiety emerge 

as multiplate at 2.75-2.54 ppm probably because of the two different type (diastereotopic) of 

–CH2 protons (Fig. VI.2 and Fig. VI.3). Mass spectrum of [Re(CO)3L
1] (1) shows m/z peak 

corresponding to [M+H]+ at 579.0363 (Fig. VI.4) while [Re(CO)3L
2] (2) exhibits m/z peak 

corresponds to [M+H]+ at 520.7710 (Fig. VI.5). 

 

UV-Vis spectrum of the complexes 1 and 2 in DMSO are shown in Fig. VI.6. The 

absorption spectra of complex 1 disclose moderately strong low energy band at 501 nm. In 

addition, high energy bands are noticed at 396 and 327 nm. The electronic absorption spectra 

of complex 2 displays low energy peaks at 402 nm and high energy bands are appeared at 

284 nm. 

 

 

Fig. VI.1.  IR spectrum of complex 1 (A) and complex 2 (B). 
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Fig. VI.2.  1H-NMR spectrum of complex 1 in CDCl3 

 

 

Fig. VI.3.  1H-NMR spectrum of complex 2 in CDCl3 
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Fig. VI.4.  HRMS spectrum of complex 1. 

 

 

 

Fig. VI.5.  HRMS spectrum of complex 2 
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Fig. VI.6.  UV-Vis spectra of [Re(CO)3(L1)] (1) and [Re(CO)3(L2)] (2) in DMSO. 

 

VI.3.3. Crystallographic study 

The molecular structures of the complexes have been confirmed by the single crystal X-ray 

diffraction method. The single crystal X-ray diffraction study discloses that both the 

complexes are crystallized in a monocliniccrystal system with the space group P21/c. The 

ORTEP plots of the complexes 1 and 2 along with the atom numbering scheme are shown in 

Fig. VI.7. The summary of the data collection and the refinement parameters have been 

incorporated in Table VI.1. Selected inter atomic bond lengths and bond angles of the 

complexes are summarized in Table VI.2. The bond parameters of the complexes imply a 

distorted octahedral geometry around the metal ions. The O, N, S pincer type of ligands 

coordinated with central metal ions through phenolic-O, azo-N and thioether-S atoms, 

creating a five and six membered chelate rings with a bite angle N(1)-Re(1)-S(1) of 76.26(7)o 

, O(4)-Re(1)-N(1) of 78.22(9)o for complex 1 and 77.67(10)o, 76.95(12)o  for complex 2 

respectively. The three remaining positions are occupied by the carbon atom of the carbonyl 

group with a fac arrangement. The five and six membered chelate bite angles are 

considerably deviated from the ideal octahedron, signifying noteworthy distortion in 

octahedral geometry of the two complexes. The azo bond distances (N1-N2) are found to be 

1.277(3) Å and 1.288(5) Å in 1 and 2 respectively.54 The observed bond distances of 

complexes 1 and 2 such as Re(1)-N(1) [2.128-2.147 Å], Re(1)-O(4) [2.117-2.142 Å], Re(1)-

S(1) [2.4788-2.4928 Å] and Re(1)-C(CO) [1.907-1.937 Å] are noticed to be comparable to 

the other reported tricarbonyl Re(I) complexes.55 
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Table VI.1.  Crystallographic data and refinement parameters of complexes 1 and 2. 

Complex [Re(CO)3(L
1)] (1) [Re(CO)3(L

2)] (2) 

Formula C21 H15 N2 O4 Re S C15 H13 N2 O5 Re S 

Formula Weight 577.61 519.53 

Crystal System monoclinic monoclinic 

Space group P 21/c P 21/c 

a, b, c [Å] 12.3197(13), 18.6903(19), 9.6299(11) 6.7789(3), 28.8370(12), 9.0488(4) 

 [°] 90 90 

 [°] 111.997(3) 106.4660(10) 

γ [°] 90 90 

V [ Å3] 2056.0(4) 1696.34(13) 

Z 4 4 

D(calc) [g/cm3] 1.866 2.034 

Mu(MoKa)[mm-1] 6.041 7.313 

F(000) 1112 992 

Temperature (K) 273(2) 293(2) 

Radiation [Å] 0.71073 0.71073 

θ(Min-Max) [°] 1.783- 27.533 3.163- 27.160 

Dataset (h; k; l) -16 to 15;  -24 to 24;  -12 to 12 -8 to 8, -36 to 37, -11 to 11 

R, wR2 0.0241, 0.0559 0.0284, 0.0703 

Goodness of fit(S) 1.077 1.116 

 

 

Fig. VI.7. ORTEP plot of complex 1 (A) and complex 2 (B) with 35% ellipsoidal probability. 
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Table VI.2. Selected X-ray and calculated bond distances and angles of complexes 1 and 2. 

 

 

VI.3.4. DFT and TDDFT calculations 

Recently, a theoretical approach naming density functional theory (DFT) study has 

been used to get an insight of the structural properties of the molecules before thorough 

exploration of drug designing and development.56 DFT calculation was executed for the 

structural optimization, HOMO-LUMO energy calculation of the complexes which are 

significant for their structural elucidation, binding mode and biochemical activity.57 

Calculated bond distances and bond angles of the complexes are summed up in Table VI.2. 

Bonds(Å) [Re(CO)3(L
1)] [Re(CO)3(L

2)] 

X-ray Calc. X-ray Calc. 

Re(1)-C(1) 1.908(3) 1.93698 1.907(5) 1.93441 

Re(1)-C(2) 1.917(4) 1.95265 1.935(5) 1.95467 

Re(1)-C(3) 1.928(4) 1.94214 1.937(5) 1.94321 

Re(1)-O(4) 2.117(2) 2.16476 2.142(3) 2.18069 

Re(1)-N(1) 2.147(2) 2.18577 2.128(3) 2.17945 

Re(1)-S(1) 2.4928(9) 2.56448 2.4788(11) 2.56459 

Angles () 

C(1)-Re(1)-C(2) 87.80(15) 90.53267 89.4(2) 90.44079 

C(1)-Re(1)-C(3) 90.05(15) 89.62770 86.9(2) 89.60812 

C(2)-Re(1)-C(3) 89.41(16) 90.51229 89.40(19) 90.76929 

C(1)-Re(1)-O(4) 174.44(12) 174.79741 175.87(17) 174.78385 

C(2)-Re(1)-O(4) 97.77(12) 94.65501 94.69(17) 94.59264 

C(3)-Re(1)-O(4) 89.87(12) 89.93208 92.35(16) 88.95781 

C(1)-Re(1)-N(1) 96.27(13) 97.87299 99.07(17) 98.60111 

C(2)-Re(1)-N(1) 172.50(14) 168.42935 170.41(17) 167.94610 

C(3)-Re(1)-N(1) 96.86(13) 97.44666 95.54(17) 97.21075 

O(4)-Re(1)-N(1) 78.22(9) 77.04586 76.95(12) 76.61106 

C(1)-Re(1)-S(1) 87.21(11) 86.95429 87.08(16) 86.58329 

C(2)-Re(1)-S(1) 97.72(12) 96.84292 98.38(14) 97.07671 

C(3)-Re(1)-S(1) 172.25(11) 171.91210 170.10(14) 171.29717 

O(4)-Re(1)-S(1) 92.16(8) 92.80750 93.10(9) 94.13968 

N(1)-Re(1)-S(1) 76.26(7) 75.79495 77.67(10) 75.66513 
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The calculated geometric parameters are convincingly well reproducing the X-ray crystal 

structures data.  Contour plots of selected molecular orbitals for both the complexes 1 and 2 

are shown in Fig. VI.8 and Fig. VI.9 respectively. Energy and compositions of selected 

molecular orbitals are incorporated in Table VI.3 and Table VI.4 respectively. The HOMO 

and LUMO energies were used to calculate global reactivity parameters such as ionisation 

potential (I), electron affinity (A), electronegativity (χ), chemical hardness (η), chemical 

potential (μ) and electrophilicity index (ω).58 All the calculated reactivity parameters are 

listed in Table VI.5. The calculated energy gaps between the HOMO and LUMO are 2.83 eV 

and 3.42 eV for Complex 1 and 2 respectively. The calculated HOMO-LUMO energy gaps of 

the complexes are considerably smaller than their corresponding free ligands (Fig. VI.10), 

suggesting that the complexes are kinetically more reactive toward receptor 

biomacromolecules like DNA and BSA than the free ligands.  

 

 

 

 

 

LUMO LUMO+1 LUMO+2 

 

 

 

HOMO HOMO-1 HOMO-2 

 

Fig. VI.8.  Contour plots of some selected molecular orbital of complex 1. 
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LUMO LUMO+1 LUMO+2 

   

HOMO HOMO-1 HOMO-2 

 

Fig. VI.9.  Contour plots of some selected molecular orbital of complex 2. 

 

Table VI.3.  Energy and % of composition of some selected molecular orbitals of complex 1. 

MO Energy % of composition 

Re L1 CO 

LUMO+5 -0.32 05 72 22 

LUMO+4 -0.62 23 38 39 

LUMO+3 -0.82 25 40 35 

LUMO+2 -0.95 06 85 09 

LUMO+1 -1.28 10 76 13 

LUMO -2.64 02 96 02 

HOMO -5.47 17 72 11 

HOMO-1 -6.11 44 36 20 

HOMO-2 -6.15 46 34 20 

HOMO-3 -6.51 49 31 20 

HOMO-4 -6.61 27 63 10 

HOMO-5 -7.05 07 89 04 

HOMO-6 -7.28 03 95 02 

HOMO-7 -7.62 02 97 01 

HOMO-8 -8.10 10 85 05 

HOMO-9 -8.25 04 94 02 

HOMO-10 -8.48 03 96 01 
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Table VI.4.  Energy and % of composition of some selected molecular orbitals of complex 2. 

MO Energy % of composition 

Re L2 CO 

LUMO+5 -0.47 05 70 26 

LUMO+4 -0.83 20 46 34 

LUMO+3 -0.94 07 79 14 

LUMO+2 -1.09 27 38 34 

LUMO+1 -1.47 13 70 17 

LUMO -2.47 02 95 03 

HOMO -5.89 23 62 15 

HOMO-1 -6.37 52 25 23 

HOMO-2 -6.59 64 11 25 

HOMO-3 -6.65 11 85 04 

HOMO-4 -6.94 41 43 16 

HOMO-5 -7.45 03 93 04 

HOMO-6 -7.77 02 97 01 

HOMO-7 -8.18 05 92 03 

HOMO-8 -8.38 09 85 06 

HOMO-9 -8.86 08 89 03 

HOMO-10 -9.61 00 99 00 

 

 

 

Fig. VI.10. Frontier molecular orbitals of ligands and complexes 1, 2 and their HOMO–LUMO 

energy gaps. 
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Table VI.5.  Global reactivity descriptors for complex 1 and 2. 

S. No Physical property Formula used Complex 1 Complex 2 

1 Ionization Potential (I) I = -EHOMO 5.47 eV 5.89 eV 

2 Electron Affinity (A) A = -ELUMO 2.64 eV 2.47 eV 

3 Electronegativity (ꭓ) ꭓ = (I+A)/2 4.05 eV 4.18 eV 

4 Chemical Hardness (η) η = (I-A) 2.83 3.42 

5 Chemical Potential (μ) μ = -(I+A)/2 -4.05 -4.18 

6 Chemical Softness (S) S = 1/ η 0.353 0.292 

7 Electrophilicity Index (ω) ω = μ2/2η 2.898 2.554 

 

The theoretical TD-DFT study is a helpful simulation technique, used to correlate and 

compare the simulated structural property of the complexes with the experimental UV-Vis 

spectrum.59 The UV-Vis spectrum of the complex 1 displays an absorption band with λmax at 

501 nm, 396 nm and 327 nm which are very close to TD-DFT simulated peak at around 526 

nm, 414 nm and 317 nm (Fig. VI.11A). These peaks correspond to the HOMO → LUMO 

transition, HOMO-1 → LUMO transition and HOMO-6 → LUMO transitions respectively. 

The complex 2 shows the electronic spectrum with λmax at 402 nm and 284 nm, which are 

very close to TD-DFT simulated peak positions at 443 nm and 297 nm (Fig. VI.11 B). These 

peaks correspond to the HOMO → LUMO transition and HOMO-5 → LUMO transition. The 

corresponding energy of vital peaks, the oscillator strength, and the major transition are listed 

in Table VI.6. 

 

 

 

Fig. VI.11. Experimental (black) and TD-DFT simulated (red) UV-Vis spectra of complexes 1 (A) 

and 2 (B). 
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Table VI.6.  Vertical electronic transition calculated by TDDFT/CPCM method of complex 1 and 

complex 2. 

 

 

VI.3.5. Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential (MEP) prediction is a theoretical constructive technique 

to expose the visual understanding of molecular shape, electron density, relative polarity, 

electrophilic-nucleophilic sites and molecular interaction. The molecular electrostatic 

potential (MEP) surface was computed at the B3LYP/6-31G(d) level of theory from 

optimized geometry to anticipate the reactive sites in the metal complexes. Different colours 

are utilized to specify diverse electrostatic potential values at the surface. The red-orange, 

green and blue colour represents the zone of most negative electrostatic potential, zero 

electrostatic potential and most positive electrostatic potential respectively. The magnitude of 

electrostatic potential increases in order as red < orange < yellow < green < cyan < blue.60,61 

The negative regions (red) of MEP correspond to the nucleophilic nature whereas the positive 

regions (blue) correspond to the electrophilic nature. The colour code of MEP maps for 

complex 1 and 2 are shown in Fig. VI.12. The negative electrostatic potential regions are 

chiefly located around the electronegative oxygen atoms, whereas positive electrostatic 

potential areas are relatively defused and mainly noticed on the ligand moiety. On the whole, 

neutral green regions are prevailing in both the complexes originating from carbon atom 

skeletons. The intermolecular interactions of the complexes with DNA and BSA can be 

envisaged based on the regional potential molecular behaviour and the location of the active 

sites. 

Comp  (nm) E (eV) Osc. 

Strength 

(f) 

Key excitations Character expt. 

(nm) 

 

1 

526.32 2.3557 0.1551 (96%) HOMO→LUMO ILCT/ 

MLCT 

501 

414.37 2.9494 0.1659 (50%) HOMO-1→LUMO ILCT/ 

MLCT 

396 

317.24 3.9082 0.1113 (87%) HOMO-6→LUMO ILCT 327 

 

2 

443.76 2.7939 0.1017 (92%) HOMO→LUMO ILCT/ 

MLCT 

402 

297.89 3.9374 0.1713 (55%) HOMO-5→LUMO ILCT 284 
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Fig. VI.12.  Molecular electrostatic potential (MEP) map of the complex 1 (A) and complex 2 (B). 

 

VI.3.6. Hirshfeld surface (HS) analysis 

Hirshfeld surfaces analysis is very important in the study of the packing modes and 

intermolecular interactions in the molecular crystals.62 The HS of complexes 1 and 2 mapped 

over dnorm (in the range of -0.05 to 1.2Å), shape index (range of -1.0 to 1.0 Å), and 

curvedness (range of -4.0 to 4.0 Å) are shown in Fig. VI.13. The Hirshfeld surface plotted 

over dnorm can be applied to demonstrate strong H-bonding as well as H-bonding 

interactions utilizing different colors.63 This surface contains three colors, red, white, and 

blue. The red color corresponds to the interatomic contacts for which the distance between 

the atoms is less than the sum of van der Waals radii of atoms involved. The blue regions 

around the atoms signify that the distance between the atoms is greater than the sum of the 

van der Waals radii of the atoms involved. A white spot will be present on the HS if the 

distance between the atoms is equal to the sum of van der Waals radii of the atoms involved. 

The presence of π⋯π interactions in the titled compounds is confirmed by the adjacent red 

and blue triangles over the shape-index of the HS. Hirshfeld surface mapped on a curvedness 

map designates the planar arrangement of the molecules. 

All the available contacts are summarized in a 2D fingerprint plot as discrete spikes (Fig. 

VI.14, Fig. VI.15 and Fig. VI.16 respectively). Decomposition of the fingerprint plot permits 

us to emphasize all the accessible interactions (H⋯H, H⋯C/C⋯H, H⋯N/N⋯H, H⋯O/O⋯H, 

C⋯O/O⋯C, H⋯S/S⋯H) in the complexes and their relative contribution to the total HS. The 

H⋯O/O⋯H contacts are principal in the complexes with the relative contributions being 
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34.1% and 39.7% for complex 1 and 2 respectively. This is in harmony with the high 

proportion of hydrogen and oxygen atoms in the structure.  

The HS study points towards the crucial job of H-atom contacts and the broad array of 

H⋯(C/N/O)/ (C/N/O)⋯H interactions in establishing the crystal packing. However, the 

complex can cooperate with other molecules due to van der Waals and hydrogen bonding 

interactions in the crystal. These types of interactions are involved in numerous protein-small 

molecule interactions. This fact stimulated us to execute an interaction study to explore the 

effects of the substances on BSA and CT-DNA more thoroughly.64 

 

 dnorm Shape index Curvedness 

1 

   

2 

   

 

Fig. VI.13.  Hirshfeld surfaces mapped with dnorm (left side), shape index (middle) and curvedness 

(right side). 
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Fig. VI.14.  2D-Fingerprint plot (full) and relative contributions of various intermolecular interactions 

to the Hirshfeld surface area of complex 1 (A) and 2 (B). (C) Quantitative comparison of 

contributions (%) of various intermolecular interactions prevailing in complexes 1 and 2. 
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Fig. VI.15.  2D Fingerprint plot resolved into different contacts contributed to the total Hirshfeld 

surface area of the complex 1. 

 

 

 

Fig. VI.16.  2D Fingerprint plot resolved into different contacts contributed to the total Hirshfeld 

surface area of the complex 2. 
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VI.3.7. DNA binding studies 

DNA is the most likely target site for the metal based anticancer drugs. In order to understand 

the anticancer capacity of these rhenium-based complexes, it is essential to estimate the 

binding abilities of the complexes with CT DNA using absorption and emission 

spectroscopy.65 

 

VI.3.7.1. UV-vis method 

The binding mode and strength of the complexes with CT-DNA were inspected by 

using the UV-Vis method. UV-Vis titration is a very recognized method used to study the 

interaction of a compound with DNA. The UV-visible absorption spectra for the complexes 1 

and 2 in the absence and presence of calf thymus DNA (CT-DNA) are displayed in Fig. 

VI.17. The addition of CT-DNA to the complexes displayed only hypochromism signifying 

that the complexes are likely bound to CT-DNA through intercalative mode.66 The noticed 

hypochromism is owing to the stacking interaction between the aromatic chromophores of the 

complexes and DNA base pairs consistent with the intercalative mode of binding. To 

determine relative binding strength of the complexes with CT-DNA, the intrinsic binding 

constants (Kb) were calculated by plotting [DNA]/(εa − εf) vs. [DNA] from the spectral 

titration data with the aid of the Wolfe-Shimer equation (Eq. VI.6).67 

 

[DNA]

(εa −εf)
=

[DNA]

(εb −εf)
+

1

Kb(εb −εf)
                             (Eq. VI.6) 

 

Where, [DNA] is the concentration of CT-DNA and εa is the apparent extinction 

coefficient of the complex at a given DNA concentration, εf and εb are the extinction 

coefficients of the complex in free solution and when fully bound to CT-DNA respectively. 

The plot of [DNA]/(εa − εf) vs. [DNA] provides a straight line with slope and intercept equal 

to 1/(εb − εf) and 1/[Kb(εb − εf)] respectively. The values of Kb were calculated from the ratio 

of the slope to the intercept.  

The intrinsic binding constant (Kb) values are shown in Table VI.7. The Kb values are 

calculated to be 8.489(±0.07)×104 M−1 and 7.283(±0.06)×104 M−1 for complexes 1 and 2 

respectively. Even though, results of the absorption spectral studies display that the 

complexes bind to DNA through intercalation, the authentic binding mode requires to be 

proved by some additional experiments. 
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The stability of the complex DNA adducts were discovered by the binding constant 

values whilst an evaluation of the spontaneity of a complex towards DNA binding was given 

by using the equation (Eq. VI.7).  

  

ΔG = - RT ln Kb                      (Eq. VI.7) 

 

The free energies for the complexes (listed in Table VI.7) were negative which signified the 

spontaneity of compound-DNA interaction. 

 

 

Fig. VI.17.  Change in absorption spectra of the complex 1 (A) and 2 (B) in Tris–HCl/NaCl buffer 

with the gradual addition of CT DNA. Inset: Plot of [DNA]/(εa – εf) vs. [DNA]. 

 

 

VI.3.7.2. Ethidium bromide (EB) displacement experiment 

An ethidium bromide (EB) fluorescence displacement experiment was executed to validate 

the intercalative mode of the binding between the complexes and CT-DNA. EB is a planar 

cationic dye that is broadly used as a responsive fluorescence probe for native DNA. In the 

presence of DNA, EB emits intense fluorescent light, owing to its powerful intercalation 

between adjacent DNA base pairs. The displacement technique depends on a decrease of this 

fluorescence which eventually results from the displacement of EB from the DNA sequence 

by a quencher. The quenching occurs because of the reduction of the number of binding sites 

on the DNA that are accessible to EB. The method consequently offers indirect proof for an 

intercalative binding mode.68 The degree of fluorescence quenching may also be utilized to 

verify the extent of binding between the quencher and DNA. Here the accumulation of 

complexes to CT-DNA pre-treated with EB results in a huge amount of decease in emission 
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intensities with a red shift, demonstrating that the complexes compete with EB for the 

binding sites of DNA (Fig. VI.18). Quenching data were scrutinized according to the 

following Stern-Volmer equation (Eq. VI.8).69 

 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄]                            (Eq. VI.8) 

 

Where F0 and F are the fluorescence intensities of the CT-DNA solutions in the absence and 

presence of the complexes, respectively. Ksv is the Stern-Volmer quenching constant and [Q] 

is the concentration of complex. The Ksv values are obtained from the slope of the plot of 

F0/F versus [Q] and are found to be 7.831(±0.04)×104 M-1 and 7.655(±0.05)×104 M−1 

for 1 and 2 respectively. 

 

 

Fig. VI.18.  Emission spectra (λex = 540 nm) of EB-CT-DNA in presence of increasing concentrations 

of the complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

Table VI.7.  Binding constants (Kb) and Stern-Volmer constants (KSV) values for the interaction of 

complexes 1 and 2 with CT-DNA. 

 

 

 

Compound UV Method Fluorescence Method ΔG (KJ.mol-1) 

Kb (×104)   (M-1) Ksv (×104)  (M-1) 

EB-CT-DNA + 1 8.489 ± 0.07 7.831 ± 0.04 - 28.12 

EB-CT-DNA + 2 7.283 ± 0.06 7.655 ± 0.05 - 27.74 
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VI.3.7.3. Viscosity Measurements 

Viscosity measurements are susceptible to changes in length of DNA which are considered as 

one of the least indefinite and most significant tests of a DNA binding study in solution 

which actually offers strong evidence for the DNA binding mode of complexes. Lengthening 

of DNA helix happens on intercalation as base pairs are detached to accommodate the 

binding of complexes guiding to an increase in DNA viscosity.70 On the other hand, 

electrostatic or groove binders do not hamper the CT-DNA structure and also do not modify 

the viscosity of the CT-DNA solution drastically.71 The effects of the complexes on the 

viscosity of CT-DNA are displayed in the (Fig. VI.19). The values of (η / η0)
1/3 were plotted 

against R (R = [complex]/[CT-DNA]), where η and η0 are the relative viscosities of DNA in 

presence and absence of the complex respectively. The viscosity of CT-DNA increased 

progressively with the increment of the complexes, similar to that of the usual intercalator 

EB.72 The capability of the complexes to enhance the viscosity of DNA follows the order EB 

>1>2. From the results of the viscosity experiments, it is confirmed that the complexes 

intercalate into the DNA base pairs which is already ascertained through absorption and 

fluorescence spectroscopic studies. 

 

 

Fig. VI.19.  Relative viscosity of CT-DNA interacting with complexes 1, 2 and EB. 
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VI.3.8. Protein binding studies 

The interactions of drugs with plasma proteins, predominantly with serum albumin are very 

vital for exploration as binding these proteins may direct to a loss or a progress of the 

biological properties of the drugs or it can also endow researchers with paths for drug 

transportation. Herein, bovine serum albumin (BSA) was used as an appropriate model to 

explore the binding affinity and interaction mechanism of the metal complex.73 

 

VI.3.8.1. Absorption spectral studies 

UV-visible absorption spectroscopy is a useful technique to differentiate between static and 

dynamic quenching depending upon the absorption spectra of BSA in presence of the 

complexes. Dynamic quenching refers to a procedure in which the fluorophore and the 

quencher meet during the brief existence of the excited state. Static quenching refers to the 

fluorophore-quencher complex construction in the ground state.74 Electronic absorption 

spectra of BSA (10 μM in PBS at pH 7.4) were recorded in the range of 240-450 nm in 

presence of different concentration of complex which is displayed in the Fig. VI.20. BSA has 

a characteristic absorption band at 280 nm. From Fig. VI.20 it is apparent that the absorption 

intensity of BSA steadily increases along with the blue shift in the wavelength, signifying 

static type of fluorophore–quencher mechanism between BSA and complexes.75 The 

association constants (Ka) for the interaction of complexes with BSA were calculated using 

the Benesi-Hildebrand equation (Eq. VI.9). 

 

1

𝐴𝑜𝑏𝑠−𝐴0
=  

1

𝐴𝑐−𝐴0
+  

1

𝐾𝑎(𝐴𝑐−𝐴0)[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
                     (Eq. VI.9) 

 

Where Aobs is the observed absorbance (at 280 nm) of the solution having various 

concentrations of the complex, A0 and Ac are the absorbance of BSA only and of BSA with 

the complex. The apparent association constants (Ka) were calculated from the plot of 1/(Aobs-

A0) vs 1/[complex] (Fig. VI.20 inset) and were found to be 5.551(±0.05)×104 M-1 and 

5.260(±0.06)×104M-1 for the complexes 1 and 2 respectively. These values are comparable to 

reported value.76 
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Fig. VI.20.  Change in absorption spectra of BSA with the gradual addition of complex 1 (A) and 

complex 2 (B). Inset: Plot of 1/(Aobs-A0) vs 1/[complex]. 

 

VI.3.8.2. Fluorescence quenching studies 

The fluorescence spectrum of BSA was explored upon the steady addition of the complex to 

acquire more information on the binding of the complexes with BSA. BSA contains three 

fluorophores, namely, tryptophan, tyrosine and phenylalanine. But the intrinsic fluorescence 

of BSA is chiefly due to the presence of tryptophan alone as phenyl alanine has a very low 

quantum yield and the fluorescence of tyrosine is almost entirely quenched if it is ionized or 

near an amino group, a carbonyl group, or a tryptophan residue. In case of protein 

conformational transitions, subunit associations, substrate binding or denaturation the 

responses in the changes in the emission spectra of tryptophan are common. The interaction 

between the metal complexes and BSA were estimated by studying the fluorescence emission 

spectra of BSA with and without the metal complex (Fig. VI.21). On rising the concentration 

of complexes, a steady decrease in the fluorescence intensity was observed. It is primarily 

due to the buried active sites in the protein in hydrophobic surroundings.77 These results 

recommended a specific interaction of the complexes with the BSA protein.  

The linear Stern–Volmer equation (Eq. VI.8) is usually employed to illustrate the quenching 

mechanism between the complex and BSA. The Stern-Volmer quenching constant values 

(Ksv) calculated from the plot of F0/F vs [Q] (Fig. VI.21 inset) in respect to complexes 1 and 

2 were observed to be 4.803(±0.06)×104 M-1 and 4.225(±0.04)×104 M-1. The high Ksv values 

designate that complexes show good fluorescence quenching ability. Furthermore, the 

quenching rate constant (Kq) of the complexes were noticed to be in the range of 4.80–4.22 × 

1012 M−1 s−1, following the equation Kq = Ksv /τo (τo refers to the lifetime of the fluorophore 
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without the quencher with an average value of 10−8 s). Since the obtained Kq value is greater 

than the value recommended in dynamic quenching (2 × 1010 M−1 s−1), the preferred 

quenching process is static through the formation of a complex.78 

 

 

 

Fig. VI.21.  Emission spectra (λex = 280 nm) of BSA in presence of increasing concentrations of the 

complexes 1 (A) and 2 (B). Inset: Plots of emission intensity F0/F vs. [complex]. 

 

VI.3.8.3. Binding constant and binding sites 

For Base on the Scatchard equation (Eq. VI.10), the binding constant and the number of 

binding sites can be estimated. 

 

𝑙𝑜𝑔
(𝐹0−𝐹)

𝐹
= 𝑙𝑜𝑔 𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]                    (Eq. VI.10) 

 

Where Kb is the binding constant of complex with BSA and n is the number of binding sites. 

The binding constant (Kb) and the binding sites (n) have been achieved from the intercept and 

slope of the curve of log [(Fo-F)/F] versus log [complex] (Fig. VI.22). Based on the plot, 

calculated values of binding constant (Kb) for the complexes 1 and 2 are 3.768(±0.07)×104 

M-1 and 3.372(±0.06)×104 M-1 and binding sites (n) are 0.997(±0.03) and 0.968(±0.02) 

respectively. The binding constant (Kb) values clearly stated that the synthesized complexes 

have powerful binding affinity with the serum albumins. The attained binding site values n 

(~1) evidently confirm the existence of a single binding site on BSA protein for the complex. 
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Fig. VI.22.  Plot of log [(Fo-F)/F] versus log [complex] of complex 1 (A) and complex 2 (B). 

 

Table VI.8.  Protein apparent association constant (Ka), binding constant (Kb), quenching constant 

(Ksv) and number of binding sites (n) for the interaction of complexes 1 and 2 with BSA. 

 

VI.3.8.4. Synchronous fluorescence spectroscopic studies 

The synchronous fluorescence spectra provide information on the conformational alteration 

of the protein molecular microenvironment, predominantly in the surrounding area of the 

fluorophore moieties of BSA.79 According to Miller,80 in synchronous fluorescence 

spectroscopy, the differentiation between the excitation and emission wavelength (Δλ = λem - 

λex) designates the nature of the chromophores in the spectra. In case of Δλ value being 15 

nm, the synchronous fluorescence spectra of BSA are characteristics of tyrosine residue, 

whereas the larger Δλ value of 60 nm indicates to the characteristics of tryptophan residue.81 

The maximum emission wavelength of tryptophan and tyrosine residues in the protein 

molecule is associated to the polarity of their environment. Changes in protein conformation 

can be made by changes of the maximum emission wavelengths. The synchronous 

fluorescence spectra of BSA on the addition of complexes studied at Δλ = 15 nm and Δλ = 60 

nm are revealed in Fig. VI.23 and Fig. VI.24 respectively. The fluorescence intensity of both 

tryptophan and tyrosine displayed a decrease in intensity. On the other hand, the emission 

wavelength of the tryptophan residues is noticed to show a blue shift. In the synchronous 

fluorescence spectra of BSA at Δλ = 15, a small decrease in the fluorescence intensity of 

Compound UV Method Fluorescence Method 

Ka (×104)  (M-1) 𝐾𝑏 (×104) (M-1) Ksv (×104) (M-1) n 

BSA + 1 5.551 ± 0.05 3.768 ± 0.07 4.803 ± 0.06 0.997 ± 0.03 

BSA + 2 5.260 ± 0.06 3.372 ± 0.06 4.225 ± 0.04 0.968 ± 0.02 
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BSA at 301 nm is observed on addition of the complexes to the solution of BSA. But, in the 

synchronous fluorescence spectra of BSA at Δλ = 60, the addition of the complexes to the 

solution of BSA causes a major decrease in the fluorescence intensity of BSA at 343 nm, 

along with a red shift. It discloses that the binding around the tryptophan residues was 

toughened. The results evidently point towards the fact that both the complexes bind to the 

active sites of the protein which results in a conformational change in the secondary structure 

of the protein, thereby making them potential molecules for biological applications. 

 

 

Fig. VI.23.  The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 15 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 

 

 

Fig. VI.24.  The synchronous spectra of BSA in the presence of increasing amounts of the complexes 

1 (A) and 2 (B) at a wavelength difference of Δλ = 60 nm. The arrow shows the emission intensity 

changes upon an increase in the concentration of the complexes. 
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VI.3.8.5. Three-dimensional fluorescence spectra analysis 

The analysis of conformational changes of BSA by three-dimensional fluorescence spectra is 

a potent technique for binding interactions with BSA. The alterations noticed in 3D emission 

spectra and their associated contour diagrams of BSA in the absence and presence of 

complexes are disclosed in Fig. VI.25. The first-order Rayleigh scattering peak (λem= λex) and 

second-order Rayleigh scattering peak (λem= 2λex) are referred to as peak ‘c’ and ‘d’ 

respectively. The very strong peak ‘a’ depicts the spectral behavior of the Trp and Tyr 

residues in proteins while another peak ‘b’ primarily reveals the properties of the polypeptide 

backbone structures.82 The emission intensity of Rayleigh scattering peak enhanced on 

addition of the complex to BSA. This is because of the development of fluorophore-quencher 

complex between BSA and complexes which enlarged the diameter of the macromolecule 

and improved the scattering effect. But the fluorescence intensity of peak ‘a’ and ‘b’ decrease 

sharply in the presence of complexes. This result demonstrated that the binding of the 

complexes to BSA stimulates molecular microenvironment and conformational changes in 

protein. 

 

Fig. VI.25. Three-dimensional fluorescence spectra of BSA in the absence and presence of complexes 

1 and 2. 
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VI.3.8.6. Transfer of energy from BSA to the complexes 

Förster resonance energy transfer (FRET) is a non-radiative spectroscopic method that can be 

utilized to observe the relative orientation and proximity of the fluorophores.83 It can also be 

used to quantify the distance dependent energy transfer efficiency (E) between the donor and 

acceptor. Whenever the overlap between the fluorescence emission spectrum of the donor 

and the UV-Vis absorption spectrum of the acceptor is sufficient, the effective energy transfer 

from a protein residue (donor) to a complex (acceptor) takes place. The energy transfer 

efficiency (E) can be acquired using the following equation (Eq. VI.11).84 

 

𝐸 =
𝑅0

6

𝑅0
6+𝑟6 = 1 −

𝐹

𝐹0
                  (Eq. VI.11) 

 

where F and F0 signify the fluorescence intensity of BSA in presence and absence of the 

complexes, r is the acceptor-donor distance and R0 is the critical distance when the transfer 

efficiency is 50%. The J(͛λ) value can be calculated by integrating the overlapped portion of 

the normalized donor emission spectrum of BSA with the molar extinction coefficient 

spectrum of acceptor complexes as shown in Fig. VI.26 (yellow shaded area for complexes 1 

and 2). All values of FRET parameters were determined and are summarized in Table VI.9. 

For productive energy transfer between BSA and complexes, the donor-acceptor distance (r) 

should be in the order of 2-8 nm. The statistics (r = 3.70–3.77 nm) clearly state that energy 

transfer is greatly viable for complex 1 and 2. Moreover, the r value follows the relationship 

0.5R0 < r < 1.5R0, which agrees with the occurrence of static quenching interactions between 

BSA and complexes.85 The findings also specifies that the effectiveness of energy transfer (E) 

for complexes follows the pattern complex 1 > complex 2. 

 

Fig. VI.26. Spectral overlap (yellow shaded area) of the normalized emission spectrum of BSA in 

PBS buffer (donor) with the molar extinction coefficient of complexes 1 (A) and 2 (B) (acceptor) in 

DMSO. 



253 | CHAPTER-VI 

Table VI.9.  parameters obtained from energy transfer between BSA and complexes 1 and 2. 

 

VI.3.8.7. Circular dichroism spectral measurement 

To further investigate about whether complexes 1 and 2 can cause a conformational change in 

BSA protein, circular dichroism (CD) experiments were executed at room temperature. CD is 

an essential technique for determining changes in protein secondary structures during protein-

drug interaction.86 Thus, the CD spectra of BSA with or without complexes were recorded. 

At physiological pH, free BSA shows two strong negative bands in the far UV region at 208 

nm (π-π* transition) and 219 nm (n-π* transition), which are characteristic of the α-helical 

structure of BSA.87 Such bands are perceived to be greatly sensitive to the binding of drugs. 

The reason is that the intermolecular forces accountable for sustaining the secondary 

structures can be rehabilitated and activate a conformational modification of the protein. 

Therefore, the separate addition of complexes 1 and 2 to BSA solution in different molar 

ratios resulted in a decrease in these negative band intensities without any noteworthy 

shifting of the peaks. Fig. VI.27 show the CD spectra of BSA at physiological pH and in a 

variety of molar ratios of protein to drug (1 : 0, 1 : 1, 1 : 3, 1 : 5). These results visibly imply 

that the binding of our synthesized complexes with BSAs led to a modification in the 

secondary structure of these proteins.88 The observed results were represented in terms of 

mean residue ellipticity (MRE at 208 nm deg cm2 dmol−1). 

 

 

Fig. VI.27.  CD spectrum of BSA with different molar ratios of complexes 1 (A) and 2 (B). 

 

Complex J(͛λ) (M-1cm-1nm4) R0 (nm) E r (nm) 

1 3.60×1015 4.27  0.6785  3.77 

2 2.22×1015 3.94  0.5907  3.70 
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                   The α-helix content of BSA for different BSA: complex ratios are 45.94% (1 : 0); 

37.27% for 1 and 37.69.67% for 2 (1 : 1); 34.74% for 1 and 35.16% for 2 (1 : 3); and 30.87% 

for 1 and 33.34% for 2 (1:5). The calculated results revealed a decrease of α-helix content 

from the native BSA. It was evident that both of the complexes helped in altering the shape of 

BSA and reduced the stability of the α-helix. The effect of complex 1 on BSA conformation 

was stronger than the complex 2 under indistinguishable conditions. 

 

VI.3.9.  In-vitro Cytotoxicity Study 

VI.3.9.1. Cell viability assay 

The cytotoxic effect of complexes 1 and 2 against MCF-7 and MCF-10A cells were evaluated 

by the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] reduction to 

formazan crystals.89,90 After 24 h of plating, MCF-7 and MCF-10A cells were treated with 

complexes 1 and 2 at a range of 1.56 μM to 100 μM for 24 h. From the absorbance values, 

the relative cell viabilities were counted by using the earlier described formula and results 

were precisely shown in Fig. VI.28 and Fig. VI.29 respectively. Using the Chou-Talalay’s 

method, all the IC50 values were calculated in CompuSyn Software. From the IC50 values, 

listed in Table VI.10, it was found that in case of MCF-7 cells, the IC50 values of complex 1 

and 2 was 10.12 μM and 15.24 μM respectively which signifies complex 1 has higher 

cytotoxic potential than complex 2 against the breast epithelial adenocarcinoma cells. 

However, in case of MCF-10A cells, the IC50 values of both the complexes was 138.51 M 

and 135.57 M respectively which signifies both the complexes have very less cytotoxic 

potential against normal breast epithelial cells. 

 

Table VI.10.  Inhibitory Concentration (IC50) values of complex 1 and 2 compounds against both 

breast epithelial adenocarcinoma cells (MCF-7) and normal breast epithelial cells (MCF-10A) using 

Chou-Talalay’s method in CompuSyn Software. 

 

Compounds IC50 Values (µM) 

MCF-7 cells MCF-10A cells 

Complex  1 10.12 138.51 

Complex 2 15.24 135.57 

Cisplatin 16.7 31.5 
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Fig. VI.28.  Cell cytotoxicity assay. (A)-(B) Bar diagrams represent cell cytotoxicity study of 

Complex 1 and Complex 2 with different concentrations (at a range of 1.56 μM - 100 μM) against 

human breast epithelial adenocarcinoma (MCF-7) cells. All the experiments were performed 

independently thrice and the data were calculated as Mean  SD where *P < 0.05, **P < 0.01, ***P < 

0.001. 

 

 

Fig. VI.29.  Bar diagrams represent cell cytotoxicity study of Complex 1 (A) and Complex 2 (B) with 

different concentrations against human normal breast epithelial (MCF-10A) cells. 

 

VI.3.9.2. Clonogenic Assay 

The formation of colonies signifies independent survival of cancer cells.91 Based on their 

clonogenic survival, the anti-proliferative potential of complexes1 and 2 against MCF-7 cells, 

were evaluated. After 24 h of plating, MCF-7 cells were treated with two complex 1 

concentrations (1/2 of IC50 Value: 5.06 µM and IC50 Value: 10.12 μM) and two complex 2 

concentrations (1/2 of IC50 Value: 7.62 µM and IC50 Value: 15.24 μM) and again incubated 

for 24 h. All the images were captured using a digital camera, shown in Fig. VI.30. The 

colonies were counted in both control and treated wells using the Image J Software. From the 

calculated data, it was found that number of colonies were gradually decreased relative to 
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control group by increasing the concentrations of both the complexes which indicates that 

both compounds have significant anti-proliferative potential in-vitro. 

 

 

Fig. VI.30.  Clonogenic assay. (A) Images represent the colony formation ability of human breast 

epithelial adenocarcinoma (MCF-7) cells against two Complex 1 concentrations (1/2 of IC50 Value: 

5.06 µM and IC50 Value: 10.12 μM) and two Complex 2 concentrations (1/2 of IC50 Value: 7.62 µM 

and IC50 Value: 15.24 μM). (B)-(C) Bar diagrams represent the relative colony formation (%) of 

human breast epithelial adenocarcinoma (MCF-7) cells against Complex 1 and Complex 2. All the 

experiments were performed independently thrice and the data were calculated as Mean  SD where 

*P < 0.05, **P < 0.01, ***P < 0.001. 

 

VI.3.9.3. Wound Healing Assay 

The wound healing capabilities of cancer cells signifies the migration potential of cancer 

cells. Based on the percentage (%) wound closure in different time intervals, the anti-

migratory potential of complexes 1 and 2 against MCF-7 cells, were evaluated.92,93 After 24 h 

of plating, MCF-7 cells were treated with two complex 1 concentrations (1/2 of IC50 Value: 

5.06 µM and IC50 Value: 10.12 μM) and two complex 2 concentrations (1/2 of IC50 Value: 

7.62 µM and IC50 Value: 15.24 μM) and again incubated for 24 h. All the images were 

captured using a phase contrast microscope (Olympus) in three different time intervals: T0, 

T24 and T48, shown in Fig. VI.31. The percentage (%) wound closure in different time 

intervals were calculated using the Image J Software. From the calculated data, it was found 

that the percentage (%) wound healing were gradually decreased relative to control group by 
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increasing the concentrations of both the complexes which indicates that both compounds 

have significant anti-migratory potential in-vitro. 

 

 

Fig. VI.31.  Wound healing assay. (A)-(B) Images represent the cell migration ability of human breast 

epithelial adenocarcinoma (MCF-7) cells against two Complex 1 concentrations (1/2 of IC50 Value: 

5.06 µM and IC50 Value: 10.12 μM) and two Complex 2 concentrations (1/2 of IC50 Value: 7.62 µM 

and IC50 Value: 15.24 μM) at three different time intervals: T0 (just after the treatment), T24 (after 24 

h of incubation) and T48 (after 48 h of incubation). Magnification 4X. (C)-(D) Bar diagrams represent 

the relative wound healing (%) of human breast epithelial adenocarcinoma (MCF-7) cells against 

Complex 1 after 24 h and 48 h of incubation. (E)-(F) Bar diagrams represent the relative wound 

healing (%) of human breast epithelial adenocarcinoma (MCF-7) cells against Complex 2 after 24 h 

and 48 h of incubation. All the experiments were performed independently thrice and the data were 

calculated as Mean  SD where *P < 0.05, **P < 0.01, ***P < 0.001. 

 

VI.3.9.4. Nuclear Fragmentation Assay for Apoptosis Detection 

To evaluate the changes in nuclear morphology which validates the apoptosis status of the 

cancer cells, nuclear fragmentation assay was done. Briefly, Hoechst 33258 stain can bind 

with DNA to check nuclear shrinkage, chromatin condensation and apoptotic body formation 

by blue fluorescence emission.94 After 24 h of plating, MCF-7 cells were treated with two 

complex 1 concentrations (1/2 of IC50 Value: 5.06 µM and IC50 Value: 10.12 μM) and two 
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complex 2 concentrations (1/2 of IC50 Value: 7.62 µM and IC50 Value: 15.24 μM) and again 

incubated for 24 h. All the images were captured using the fluorescent microscope 

(Olympus), shown in Fig. VI.32. From the observed data, it was found that the number of 

nuclear fragmentations were significantly increased relative to the control group by 

increasing the concentrations of both the complexes which indicates that both compounds 

have significant apoptotic potential in-vitro. 

 

 

Fig. VI.32.  Nuclear fragmentation assay. (A) Images represent the nuclear fragmentations of human 

breast epithelial adenocarcinoma (MCF-7) cells against two Complex 1 concentrations (1/2 of IC50 

Value: 5.06 µM and IC50 Value: 10.12 μM) and two Complex 2 concentrations (1/2 of IC50 Value: 

7.62 µM and IC50 Value: 15.24 μM). Magnification 100X. (B)-(C) Bar diagrams represent the number 

of fragmented nuclei in the observed field of human breast epithelial adenocarcinoma (MCF-7) cells 

against Complex 1 and Complex 2. All the experiments were performed independently thrice and the 

data were calculated as Mean  SD where *P < 0.05, **P < 0.01, ***P < 0.001. 

 

VI.4. Conclusions 

So herein two new Rhenium(I) tricarbonyl complexes of the general formula 

[Re(CO)3(L
1/L2)] (1/2) were successfully fabricated and thoroughly characterized by 

analytical and spectral techniques (IR, UV/visible, 1H NMR and ESI-MS). The XRD study 

showed that the geometries of these complexes are slightly distorted from regular octahedral 

geometry around the metal centre. The theoretical exploration on their structural 

optimization, HOMO-LUMO energy and calculated different reactivity descriptors by the 

DFT study presented an overview of their reactivity which have more or less similar activity. 

Also, TD-DFT generated electronic transitions were in good agreement with the 

experimentally resolved UV-vis spectra of the complexes. The molecular electrostatic 
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potential (MEP) surface of the complexes clearly depicted the reactive region available for 

interactions. The electrophilicity index of complex 1 displayed a little bit higher value 

suggesting a higher affinity toward DNA and BSA. The DNA binding ability of the 

complexes examined by absorption and fluorescence spectral techniques revealed an 

intercalative interaction between complexes and CT-DNA. Further, the binding abilities of 

the complexes with BSA also observed by absorption and fluorescence spectroscopy and 

revealed the presence of static quenching. Both the complexes display noteworthy 

cytotoxicity against the cancer cell lines with the IC50 values ranging from 10.12 to 15.24 μM 

and show potential selectivity to non-tumorigenic normal cells. More significantly, complex 

1 exhibited powerful anticancer activity against MCF-7 cancer cell lines better than complex 

2. The main chemical and biological conclusion of this study have confirmed that the 

complexes can definitely demonstrate activity in human cancer cells in vitro in a logical 

range of concentrations thereby signifying that these complexes are very capable candidates 

as antitumor reagents. On the basis of the aforementioned results, our synthesized rhenium(I) 

complexes can be additionally explored using in vivo models. 
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New palladium(II) and platinum(II) complexes
with an ONS donor azo-thioether pincer ligand:
synthesis, characterization, protein binding
study and in vitro cytotoxicity†

Akash Das,a Moumita Saha,b Subrata Mandal,a Sanjib Das,b Krishna Das Saha *b

and Tapan K. Mondal *a

New Pd(II) and Pt(II) complexes, [Pd(L)Cl] (1) and [Pt(L)Cl] (2), with an O,N,S donor azo-thioether pincer

ligand (HL) are synthesized and thoroughly characterized by spectroscopic techniques. X-Ray structures

of the complexes revealed the distorted square planar geometry around the central metal ions.

Electronic structures and spectral properties are interpreted by DFT and TDDFT calculations. Interaction

of the complexes with CT-DNA and BSA proteins is studied by absorption and fluorescence methods.

Fluorescence titration revealed that the complexes strongly quench DNA bound ethidium bromide (EB)

as well as the intrinsic fluorescence of BSA protein through static quenching. The high binding constants

(Kb) obtained from the DNA binding studies promoted in vitro cytotoxicity assays of the complexes in

various human cancer cell lines (colon cancer cell line HCT116, lung cancer cell line A549 and liver

cancer cell line HepG2). The half maximal inhibitory concentrations (IC50) of complexes 1 and 2 are

found to be less compared to cisplatin.

1. Introduction

Cancer is undoubtedly one of the foremost health concerns in
our society and serves as a principal target in the field of
medicinal chemistry.1 While searching for antitumor drugs
among metal complexes, the invention of cisplatin occurred
during the period from 1960 to 1970. Cisplatin is one of the
most potent chemotherapy drugs extensively used for cancer
treatment.2,3 Despite its clinical accomplishments for the past
40 years in the treatment of certain tumors, it has many
disagreeable side effects such as nausea, nephrotoxicity, oto-
toxicity, tumor resistance, neurotoxicity, bone and back pain,
weakness, blood clots, fatigue and hair loss.4 These severe side
effects caused by cisplatin and its analogues carboplatin and
oxaliplatin offer an incentive for the breakthrough of novel
platinum-based complexes bearing multidentate ligands which
are alternative to cisplatin with higher potency, higher cancer
cell selectivity and lower resistance. Therefore, a noteworthy

number of different platinum complexes were fabricated with
the aim to prevail over the disadvantages of cisplatin.5–8 Also
due to the similarity between the coordination geometry of
Pd(II) and Pt(II), non-platinum metal-based compounds such as
palladium(II) complexes are being used for cancer treatment.
Thus, the design of new palladium based anti-cancer drugs is
very vital for effectual and proficient use as chemotherapeutic
agents.9–14 However, a disadvantage of the palladium-based
drugs is the fact that the aquation and ligand-exchange rates
of Pd(II) complexes are about 105 times faster than those of the
Pt(II)Pt(II) analogues.15 The higher reactivity of Pd(II) could avert
the metal based drugs to reach their target DNA by favouring
interactions with other donor species present in the blood-
stream, boosting their toxicity and deteriorating their thera-
peutic potential. Thus, in order to fabricate improved and
competitive palladium complex-based anticancer agents, a fit-
ting choice of ligand is of the essence.16,17 The coordinated
ligands play a significant role in the anticancer activity of metal
containing antitumor drugs as they can adjust key parameters
such as reactivity and lipophilicity. In recent times, several
Pd(II) complexes have been designed and studied against
various types of cancer cells and some of them demonstrate
highly capable biological activity in vitro, which is most notably
preferable over cisplatin.18–24

Azo compounds are intriguing substances that have demon-
strated a variety of applications, including in food technology,
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Synthesis of Ru(II) cyclometallated complexes via
C(aryl)–S bond activation: X-ray structure, DNA/
BSA protein binding and antiproliferative activity†

Akash Das,a Subrata Mandal,a Rimi Mukherjee,b Rahul Naskar,a Nabendu Murmub

and Tapan K. Mondal *a

As a contribution to the development of new ruthenium complexes with pharmacologically interesting

properties, two new cyclometallated ruthenium(II) carbonyl complexes of the general formula [Ru(L1/

L2)(CO)(PPh3)2] (1/2) were synthesized and characterized using analytical and spectral techniques

(IR, UV/visible, 1H NMR and ESI-MS). The crystal structures of complexes (1 and 2) were confirmed by

X-ray crystallography, which indicated CNO tridentate coordination of the ligands through C(aryl)–S

bond activation. The electronic structures and spectral properties of complexes 1 and 2 were interpreted

by DFT and TDDFT calculations. The binding ability of the Ru(II) complexes with calf thymus DNA (CT

DNA) and bovine serum albumin (BSA) has been explored by absorption and emission titration methods.

A good binding affinity with DNA was observed with an intercalative binding mode, which was further

confirmed by EB displacement and viscosity measurement studies. The BSA protein binding studies have

been monitored by quenching of tryptophan and tyrosine residues in the presence of complexes and

the quenching mechanism was found to be static. Synchronous and 3D fluorescence spectroscopy

studies were carried out to validate the micro environmental changes in BSA. In addition, the in vitro

cytotoxicity of the ligands and complexes against the human breast cancer cell line (MCF-7), human

lung cancer cell line (A549), triple negative breast cancer cell line (MDA-MB-231) and gastric

adenocarcinoma cell line (AGS) was investigated by using the MTT assay and the IC50 values of the

complexes towards MCF-7 cell lines were found to be even less compared to cisplatin.

1. Introduction

Despite tremendous breakthroughs in the previous fifty years,
cancer remains one of the major causes of mortality world-
wide.1,2 Chemotherapy, the administration of cytotoxic
chemical agents, remains the most common cancer treatment
method, along with surgical excision and radiotherapy.3–5

Rosenberg’s serendipitous discovery of cisplatin as a powerful
anticancer agent in 1965, and subsequent clearance for clinical
usage, propelled chemotherapy to the forefront of cancer treat-
ment for common tumours such as testicular, ovarian, colorectal,
etc.6–8 0Additionally, this has sparked interest in the creation
of numerous generations of platin medications, including

carboplatin,9 oxaliplatin10 and nedaplatin11 which are now widely
accepted in clinical settings. Although cisplatin and its analogues
have been the mainstay of therapeutic medications for cancer
therapy globally, these FDA-approved Pt(II) drugs face significant
challenges due to their significant, inescapable adverse effects,
including nephrotoxicity, hair loss, blood clots, high toxicity and
multi-drug resistance.12–15 So, an urgent need for the development
of some alternative drugs that can address the aforementioned
flaws comes into the picture. Ruthenium(II/III)-based anticancer
medicines have emerged as appealing alternatives to Pt(II)-based
anticancer agents over the years.16 Some of the significant devel-
opments in this field include the beginning of clinical trials for
NAMI-A ([ImH][trans-RuCl4(DMSO-S)(Im)], where Im = imidazole
and DMSO-S = sulphur bound dimethylsulfoxide), and KP1019
([IndH][trans-RuCl4(Ind)2]) as Ru(III)-based anticancer drug candi-
dates.17–20 However, NAMI-A’s low therapeutic index and KP1019’s
poor solubility precluded their entry into phase II clinical
studies.21–23 Nonetheless, this early achievement spurred a lot of
interest in Ru(II/III) complexes as viable chemotherapeutics, laying
a new road map in the field of anti-cancer metallodrugs beyond
Pt(II) complexes. Ru-based complexes have rich physiochemical
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Adaptable Biomolecule-Interactive Dual Colorimetric Chemosensor
for Cu2+ and Pd2+: Insight from Crystal Structure, Photophysical
Investigations, Real-Time Sampling, and Molecular Logic Circuits
Subrata Mandal, Akash Das, Amitav Biswas, Arpan Halder, Dibyendu Mondal, and Tapan K. Mondal*

Cite This: Cryst. Growth Des. 2024, 24, 1051−1067 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Considering the crisis of single probes for the
simultaneous colorimetric detection of both Cu2+ and Pd2+ metal
ions, which are toxic to living organisms even in trace amounts, in
this communication, we report the facile synthesis and character-
ization, including single-crystal X-ray diffraction (SCXRD), of a
single molecular probe (E)-3-((2-(methylthio)phenyl)diazenyl)-
[1,1′-biphenyl]-4-ol (TABH). TABH is bioactive and avidly interacts
with biomolecules such as BSA protein and CT DNA, as evidenced
by spectrofluorometric and photometric tests. The probe is also
proficient in the selective and swift colorimetric sensing of Cu2+ and
Pd2+ ions in ACN/H2O (4/1 v/v, pH = 7.2) medium over other
metal ions. The sensor’s ability to selectively bind the analytes is
demonstrated by a noticeable color shift from yellow to reddish
brown for Cu2+ and violet for Pd2+, which is clearly visible to the human eye. A detailed investigation of the recognition mechanism
using Job’s plot, 1H nuclear magnetic resonance (NMR), infrared (IR) analysis, electrospray ionization (ESI) mass analysis, and
density functional theory (DFT) calculations confirmed a 1:1 binding stoichiometry for both ions. Furthermore, the chemosensor
exhibits a strong association affinity (7.61 × 104 and 1.42 × 105 M−1 for Cu2+ and Pd2+, respectively) and a low detection limit (54.8
and 5.32 nM for Cu2+ and Pd2+, respectively). Binding data and absorption studies revealed that Pd2+ had a higher affinity for the
probe than Cu2+. This makes it simple for Pd2+ to replace Cu2+ in the [TAB-Cu2+] complex, increasing Pd2+’s differential selectivity
over Cu2+. Cu2+ sensing is reversible with the addition of both ethylenediaminetetraacetic acid (EDTA) and triphenylphosphine
(PPh3), whereas Pd2+ sensing is exclusively reversible with the presence of PPh3 only. The sensing activities were also investigated
with molecular logic operations of AND, OR, and NOT gates. In addition, the chemoprobe proved to be effective in identifying Cu2+

and Pd2+ in actual water samples. It was then converted into test strips, creating a portable device for on-site analysis and testing.

■ INTRODUCTION
The industrial boom of the 21st century, particularly the
extensive expansion of chemical businesses and mining
projects around the world, has harmed Mother Earth,
endangering a variety of living things.1,2 Although heavy
metals play an important part in human metabolic activities,
excessive consumption can lead to serious health concerns.3−5

As a result, recognizing and sensitively detecting heavy metals
as well as transition metal ions such as cadmium, mercury, lead,
copper, and palladium are of great contemporary excitement
and have garnered a lot of attention recently in chemistry,
biology, and environmental research.6−8 The Cu2+ ion is the
third (after iron and zinc) prevalent necessary trace element in
living beings.9,10 A large number of fundamental physiological
and pathological processes, including the maintenance of
nerves and blood vessels, the production of red blood cells, the
formation of bone and connective tissues, iron absorption,
signal transduction, free radical detoxification, and dioxygen
transport, depend on Cu2+. Tyrosinase, cytochrome c oxidase,

and superoxide dismutase all use it as an important
cofactor.11−13 Additionally, copper is widely utilized in a
variety of industrial applications, including wiring, etching,
electroplating, and metal polishing; thus, it is no surprise that
industrial effluent contains higher quantities of copper.14

Though beneficial, the copper ion at an excessive concen-
tration is very toxic for living organisms. Excess intake of it can
trigger severe neurodegenerative diseases such as Alzheimer’s,
Menke’s, Parkinson’s, and Wilson’s diseases as well as
gastrointestinal issues like vomiting, headaches, weakness,
and diarrhea.15−18 In contrast, the precious platinum group
metal (PGM) palladium is utilized extensively in a variety of
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A novel carbazole-benzothiazole-based
chemodosimeter for the chromogenic and
fluorogenic recognition of CN�†

Atanu Maji, Amitav Biswas, Akash Das, Saswati Gharami, Krishnendu Aich and
Tapan K. Mondal *

A novel colorimetric and fluorescent sensing probe, (E)-3-(4-(9H-carbazol-9-yl)phenyl)-2-(benzo[d]thiazol-

2-yl)acrylonitrile (CBTA), was synthesized and characterized by spectroscopic techniques. CBTA displayed

‘‘turn off’’ fluorescence in the presence of cyanide with a higher selectivity than that of others anions such

as Br�, Cl�, I�, NO3
�, SO4

2�, SCN�, CO3
2�, N3

�, OH�, HCO3
�, H2PO4

�, HPO4
2�, F�, ACO�, and PO4

3� in a

DMSO : H2O medium (40 : 60, v/v, HEPES buffer, pH = 7.2). The ‘‘turn off’’ fluorescence response

mechanism can be attributed to the intra-molecular charge transfer (ICT) process, which is blocked by the

nucleophilic attack of cyanide ions at the cyano vinyl group of the probe. The LOD was found to be 3.57 �
10�8 M. The interaction involved behind the sensing of cyanide was investigated by Job’s plot analysis,
1H-NMR, and mass spectroscopic studies. DFT and TDDFT were also employed to verify the experimental

outcomes. Moreover, the test strip experiment provides a wide application prospect of the receptor for

detecting poisonous cyanide in the environment and biological system.

Introduction

The development of a new molecular probe for the detection of
anions is of great interest because of their vital roles in a wide
range of medicines, catalysis, life science, and environment.1

Additionally, food safety issues and water pollution by poiso-
nous anions have drawn attention with the development of
science and technology nowadays.2–6 Cyanide is one of the
most well-known toxic anions, even at a lower concentration,
which can be lethal to human beings, animals, and environ-
ment. Cyanide is currently extensively used in many industrial
processes such as electroplating, petrochemicals, photography,
steel production, gold mining, metallurgy, and the synthesis of
resign and fibre due to its critical role in multi-functional
reactions.7 World Health Organization (WHO) stipulates that
the permissible acceptable concentration of cyanide in drink-
ing water is 1.9 � 10�6 mol L�1.8 By the way, cyanide is present
in some insects, fruits, seeds, and roots where it is released
through the hydrolysis process of cyanogenic glycosides.9–14

Cyanide binds to the iron ion in cytochrome c oxidase, blocks
the electron transport in metabolism, and inhibits the

production of ATP in cells, making the biological system
inefficient to provide sufficient energy to the heart, central
nervous system and other vital organs ultimately.15,16 Consider-
ing the above-mentioned fact, the development of simple,
efficient and rapid detection tools with high selectivity and
sensitivity towards cyanide is an ongoing hot topic to prevent
the harmful effect in the human body from contaminated food
and environment.

To date, fluorescent molecular probes capable of detecting
CN� have been reported based on fluorescence resonance
energy transfer (FRET),17–19 intra-molecular charge transfer
(ICT),20,21 twisted intra-molecular charge transfer (TICT),22

excited state intra-molecular proton transfer (ESIPT),23,24 and
photo-induced electron transfer (PET).25,26 Recently, several
groups have reported detection methods by utilizing the
nucleophilic addition reaction of cyanide directly involved in
the development of covalent bond formation and showed anti-
interference ability and high selectivity.27–38 Compared with the
traditional sophisticated analytical tools such as spectrophoto-
metry, voltammetry, chromatography, and potentiometric
methods, optical molecular probes based on colorimetric and
fluorometric responses towards CN� are of great preference in
virtue of their convenience, simplicity, tenability, low cost, high
selectivity and rapid response.39 Particularly, a naked-eye opti-
cal sensor is very much impressive. Since the Tang et al.
discovery of the AIE phenomenon in 2001, several research
groups have been published a growing number of AIE active
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A biphenyl thiosemicarbazide based fluorogenic
chemosensor for selective recognition of Cd2+:
application in cell bioimaging†

Amitav Biswas,a Debarpan Mitra,b Rahul Naskar,a Atanu Maji,a Akash Das,a

Nabendu Murmub and Tapan Kumar Mondal *a

A diversified biphenyl thiosemicarbazide based chemosensor (HBMC) has been fabricated and reported for

the specific detection of Cd2+ in a MeOH : H2O (4 : 1) solution. We observed a chromogenic change from

colorless to light yellow colour, and it showed a “turn-on” fluorogenic change from non fluorescent to

blooming cyan colour. In fluorometric titration a sharp “turn-on” emission for Cd2+ was observed with

a ∼16 fold increase in fluorescence intensity value at 496 nm by incremental addition of Cd2+ ions in the

MeOH : H2O (4 : 1) solution. The reversibility of the chemosensor (HBMC) was confirmed by a sequential

addition of the EDTA solution. Again the binding stoichiometry of HBMC with Cd2+ was found to be 2 : 1,

as confirmed by Job's plot analysis and HRMS spectra of the HBMC–Cd2+ complex. The mechanism for

Cd2+ sensing in MeOH : H2O (4 : 1) is based upon the inhibition of C]N isomerization and ESIPT process

and simultaneously turning on the CHEF (chelation enhanced fluorescence) process. The limit of

detection for Cd2+ was found to be in the order of 10−8 (M), which implies that HBMC is an efficient

probe to detect Cd2+ at the microscopic level. A reusability study was performed and on-sight detection

of cadmium ions by the chemosensor (HBMC) was established by dip-stick experiment. In vitro

detection of Cd2+ in human breast cancer cells (MDA-MB-231) by HBMC discloses its cell permeability

and biocompatible nature. Computational studies (DFT and TDDFT) with the probe HBMC and HBMC–

Cd2+ complex were also performed.

Introduction

With reference to human health and the environmental system,
discriminative detection of heavy and toxic metal ions is one of
the most noteworthy aspects in the eld of chemosensors.
Among those heavymetal ions Cd2+ tops the list in relation to its
hazardous nature and detrimental effects.1 Due to the irre-
versible damage caused by its use in the elds of batteries,
smelting, mining, pigments, metallurgy, and fertilizers it has
become a hazardous global pollutant.2–5 Hence due to its
outrageous use, it has triggered an inescapable contamination
of our soil, water, food, and air.6–8 Simultaneously living
organisms and human health are also being threatened by the
excessive use of cadmium.9 Mainly through water or air, food
and inhalation of cigarette smoke, humans are exposed to
cadmium.10 The toxicity level of cadmium is so soaring that the
US Environmental Protection Agency (EPA) and Agency for Toxic

Substances and Disease Registry have listed this toxic heavy
metal as the seventh on the Top 20 Hazardous Substances
Priority List,11 while the WHO (World Health Organization) has
given an enforceable drinking water standard for cadmium of
3 ppb to prevent kidney related diseases.12 This continuous
short and long term cadmium exposure of humans causes
different disorders, resulting in lung, breast and prostate
cancer.13–15 Therefore the International Agency for Research on
Cancer (IARC) has categorized cadmium compounds as
carcinogens of category I.16 The abnormal concentration of
cadmium also causes damage to several organs such as the
brain, kidneys, bones, and gastrointestinal tract and has
increased the risk of cardiovascular disease.17–20 Renal and
adipose tissue dysfunctions and calcium metabolism are also
factors caused by excessive cadmium intake.21–24 However, the
mechanism involved in the uptake of Cd2+ by cellular and
environmental systems and Cd2+ carcinogenesis remains
obscured.25–27 Therefore developing a reliable technique to
detect Cd2+ in environmental systems is an absolute necessity.
However there are several techniques such as atomic
absorption/emission spectroscopy (AAS/AES), inductively
coupled plasma mass spectrometry (ICP-MS), inductively
coupled plasma atomic emission spectroscopy (ICP-AES), and
anodic stripping voltammetric analysis, but these techniques

aDepartment: Chemistry, Jadavpur University, Kolkata-700032, India. E-mail: tapank.

mondal@jadavpuruniversity.in
bDepartment of Signal Transduction and Biogenic Amines (STBA), Chittaranjan

National Cancer Institute, Kolkata-700026, India

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ay00403a

Cite this:Anal. Methods, 2023, 15, 2745

Received 16th March 2023
Accepted 10th May 2023

DOI: 10.1039/d3ay00403a

rsc.li/methods

This journal is © The Royal Society of Chemistry 2023 Anal. Methods, 2023, 15, 2745–2754 | 2745

Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 1
1 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 J
ad

av
pu

r 
U

ni
ve

rs
ity

 o
n 

7/
24

/2
02

3 
12

:5
5:

28
 P

M
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ay00403a&domain=pdf&date_stamp=2023-06-03
http://orcid.org/0000-0003-3082-9680
https://doi.org/10.1039/d3ay00403a
https://doi.org/10.1039/d3ay00403a
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY015022
d93ak
Highlight



This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023 New J. Chem., 2023, 47, 15267–15282 |  15267

Cite this: New J. Chem., 2023,

47, 15267

Synthesis of a new benzoate bridged NNO
tethered copper(II) complex: exploration of its bio,
catalytic and anticancer activities†

Subrata Mandal,a Rahul Naskar,a Rimi Mukherjee,b Apurba Sau Mondal,a Akash Das,a

Nabendu Murmub and Tapan K. Mondal *a

Considering the pervasive and multifarious impact of copper ions in different biological processes, this

research effort covers the one-pot easy synthesis, characterization details (spectroscopic, X-ray

structure and quantum calculation including DFT and TD DFT), Hirshfeld surface computation, and bio,

catalytic and anticancer activities of a benzoate bridging NNO tethered homo-binuclear copper

complex of the formulation [(CuL)2(PhCOO)](ClO4) (1). The bio-catalytic activities of 1 have been

evaluated spectrophotometrically during the aerial oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) and

2-aminophenol (OAPH) in acetonitrile. Using spectro-photo and fluorometric titration, it has been found

that complex 1 binds avidly to CT DNA and BSA protein (binding propensities of B105 M�1). The data

from circular dichroism (CD) and viscosity testing indicate that it binds to DNA intercalatively. The static

quenching of BSA’s endogenous fluorescence is demonstrated by fluorescence life time titration using 1,

which is further verified by a temperature-dependent quenching analysis. Synchronous spectroscopic

tests combined with CD and 3D fluorescence spectra of BSA in the presence of 1 support the protein’s

structural modifications around the Trp-residue. Relevant thermodynamic parameters (DH, DS and DG)

and FRET distances between the pair (BSA and 1) were also estimated. Finally, the MTT colorimetric

technique was used to measure 1’s cytotoxic activities against a range of malignant and non-cancerous

cell lines. 1 exhibits specific cytotoxicity against MCF-7 (human breast cancer) exclusively (IC50 = 9.53 �
2.5 mM at 24 h) with an apoptotic mechanism of cell death, as validated by Hoechst and AO/EB staining.

Introduction

It is advantageous and environmentally sustainable to use
molecular oxygen to oxidize a variety of organic molecules
because it generates no hazardous byproducts.1–3 Unfortunately,
under ambient conditions, molecular oxygen’s triplet spin cre-
ates kinetic inertness towards such oxidation. Nevertheless,
metalloenzymes of various transition metals facilitate the spin-
forbidden interaction between dioxygen and organic matter in
numerous biological reactions4–10 by changing the spin state of

molecular oxygen from triplet to singlet. In this context, copper-
containing metalloenzymes are common in nature and are
essential for the physiological activation of oxygen.11–17 Catechol
oxidase14–17 and phenoxazinone synthase,22 naturally present
in Streptomyces antibioticus bacteria, are two renowned multi-
copper oxidases that are involved exclusively in oxygen-mediated
oxidation of o-diphenols (catechols)18–21 and o-aminophenol. As
soon as the crystal structure of catecholase24 and phenoxazinone
synthase22a came into the picture, it drew the attention of
people, especially synthetic inorganic and bio-inorganic che-
mists, all over the world to design bio-inspired small molecules
that could match the structural characteristics of metalloen-
zymes’ active sites.

Tridentate NNO Schiff base ligands have become an incred-
ibly adaptable class of molecules in making copper complexes
as they are multifarious, redox active, low toxicity and generally
mimic the structure of the active sites in copper proteins.23–28

As a result of their electronic and steric characteristics, the copper
centre adopts varied geometries and coordination numbers,
producing complexes with intriguing features. These complexes
are used in redox activities, O2 transport,29 catalysis,30–32
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A new ‘‘turn-on’’ molecular switch
for idiosyncratic detection of Al3+ ion along
with its application in live cell imaging†

Amitav Biswas,a Rahul Naskar,a Debarpan Mitra,b Akash Das,a Saswati Gharami,a

Nabendu Murmub and Tapan Kumar Mondal *a

A highly sensitive, reversible, reusable and fluorogenic ‘‘turn-on’’ probe (HBTC) is fabricated for the sole

detection of Al3+. On incremental addition of Al3+ in a solution of HBTC in ACN : H2O (4 : 1), a sharp

‘‘turn-on’’ emission enhancement is observed at 480 nm. The reversibility of the probe (HBTC) was

displayed on the addition of F� solution. The detection limit is found to be of the order of 10�9 M which

suggests that HBTC can detect Al3+ at a very minute level. The mechanism for Al3+ detection in

ACN : H2O (4 : 1) is attributed to forbidding CQN isomerization and ESIPT process simultaneously turning

on the chelation-enhanced fluorescence process. The reusability and real-time application of the probe

are also studied. Bioimaging study reveals that HBTC can detect Al3+ in human breast cancer cells

(MDA-MB-231). Electronic structure of the probe is explained by density functional theory.

Introduction

Nowadays undue use of ionic pollutants in industry and the
farming sector has become a menace to the environment.1,2

Hence rapid and accurate detection of those ions has become a
promising part in the research field in modern times. It is well
known that aluminium is the most abundant metallic element
in earth’s crust. And it has become an integrated part of daily
lifestyle such as in drinking water supplies, utensils, packaging
of foods, powder, cosmetic products, processed dairy products,
cookware, bleached flour, component of medicine, medicine
storage containers and manufacturing of cars.3–7 The WHO
(World Health Organization) stated that the average consump-
tion of Al3+ in the human body through several ways is about
3–10 mg per kg per day and the maximum recommended limit
Al-contaminated water is 7.42 mM.8–10 Although it has negative
effects on both biological and environment systems, it is
extensively used on a daily basis. The central nervous system
is deeply affected by overexposure of Al.11 Abnormal concen-
tration of Al in the human body is related to many neurological
disorders including Alzheimer’s disease, Parkinson’s disease
and dementia.12–14 On the other hand, regular intake of Al

beyond permissible limits causes bone disease, damage in the
gastrointestinal tract, encephalopathy, microcytic hypochromic
anaemia, myopathy, bone softening, impaired lung function,
fibrosis and chronic renal failure.15–18 Therefore, it is imperative
to develop probes that can detect and track aluminium ions with
high sensitivity using minimal resources and under biological
conditions. Among different sensing tools for detection of such
kinds of environmental hazardous metal, fluorescence-based
chemosensors are considered to be efficient for specifically
detecting target analytes.19 Different mechanisms like excited-
state intra-/intermolecular proton transfer (ESIPT), chelation-
enhanced fluorescence (CHEF), metal–ligand charge transfer,
photoinduced electron/energy transfer, fluorescence resonance
energy transfer, intramolecular charge transfer, and –CQN– iso-
merisation are considered to be the reason for chemosensing
processes.20,21 A strong oxidising site is preferred for the CHEF
process, through which a radiative process gets turn on.22 Com-
paring with different transition metal ions, chemosensors detect-
ing solely Al3+ are limited, due to poor coordination power, strong
hydration enthalpy and lack of spectroscopic characteristics.23,24

Being a hard acid, Al3+ always prefers to bind hard centres like N
and O donor sites. Schiff bases possess excellent coordinating
capabilities, showing different biological activities and have
potential analytical application.25,26 Hence, development of
probes with such binding sites causing metal–ligand CHEF is
an interesting approach due to a fluorescence ‘‘turn-on’’ mecha-
nism on interaction with a guest.

Recently in 2021, Singh et al. reported a silatrane-based
Schiff base-functionalized probe which can detect Al3+ ions
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a b s t r a c t 

New palladium(II) phosphino complex, [Pd(PPh 3 )(L)](ClO 4 ) ( 1 ) with thioether containing ONS donor Schiff

base ligand (HL) is synthesized by the reaction of HL with sodium tetrachloropalladate (Na 2 PdCl 4 ) and 

PPh 3 . The complex is thoroughly characterized by several spectroscopic techniques. The square planar 

geometry of the complex is confirmed by single crystal X-ray crystallography. Cyclic voltammetric study 

in acetonitrile exhibits ligand based irreversible oxidation and reduction peaks at + 1.18 V and -1.25 V 

respectively versus Ag/AgCl reference electrode. Electronic structure and UV-vis spectrum of the complex 

are interpreted by DFT and TDDFT calculations. Catalytic property of the complex towards Suzuki-Miyaura 

cross coupling reactions is explored and excellent catalytic conversions (86-97%) are observed with vari- 

ous substituted aryl halides and phenylboronic acid at 100 °C. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

Since the first report of palladium-catalyzed Suzuki-Miyaura C- 

C cross-coupling reaction in 1979 [ 1 , 2 ], it is used as the most 

efficient and effective method for the synthesis of a wide va- 

riety of biaryl compounds, used in pharmaceutical applications 

and various chemical industries [3-6] . The efficiency of catalytic 

cross-coupling reactions is significantly varied with the ligand en- 

vironment around the palladium center [7-10] . Moreover, palla- 

dium(0/II) phosphine complexes are known to be the most ef- 

ficient catalysts for C-C cross coupling reactions [11-17] . Several 

palladium(II) triphenylphosphine-Schiff base complexes are also 

reported to be effective catalysts towards Suzuki-Miyaura cross- 

coupling reaction [18-20] . Again, the chemistry of transition metal 

complexes with ONS donor ligand are extensively studied because 

of their potential use in industrial and synthetic processes such 

as catalysis, photochemistry, and biological systems [21-25] . So far, 

several palladium(II) complexes with tridentate ONS donor ligands 

are synthesized, characterized and explored their catalytic and bi- 

ological activities [26-28] . Palladium(II) complexes with ONS donor 

Schiff base ligands are successfully utilized as effective catalyst 

towards Suzuki-Miyaura cross-coupling reactions [29-33] . Herein, 

∗ Corresponding author. 

E-mail address: tapank.mondal@jadavpuruniversity.in (T.K. Mondal). 

we report the synthesis of a new palladium(II) triphenylphosphine 

complex, [Pd(PPh 3 )(L)](ClO 4 ) ( 1 ) with ONS based thioether con- 

taining Schiff base ligand (HL). Structure of the complex is con- 

firmed by single crystal X-ray diffraction method. Electronic struc- 

ture and redox properties are interpreted by DFT studies. The com- 

plex is proved to be an efficient catalyst in Suzuki-Miyaura cross- 

coupling reactions of phenyl boronic acid with various aryl halides. 

2. Experimental 

2.1. Material and methods 

All the reagents and solvents were purchased from commer- 

cial sources and were used as received. 3,5-Dichlorosalicyldehyde, 

2-aminothiophenol, triphenyl phosphine and Na 2 PdCl 4 were pur- 

chased from Sigma Aldrich. 2-(Ethylthio)aniline was synthesized 

following the reported method [34] . 

Microanalyses (C, H, N) data were obtained using a PerkinElmer 

Series-II CHN-2400 CHNS/O elemental analyzer. Electronic spec- 

tra were measured on a Lambda 750 PerkinElmer spectropho- 

tometer in dichloromethane. IR spectra were recorded on a RX-1 

PerkinElmer spectrometer in the range of 40 0 0–40 0 cm 

−1 with 

the samples in the form of KBr pellets. HRMS mass spectra were 

recorded on a Waters (Xevo G2 Q-TOF) mass spectrometer. 1 H- 

NMR spectra were recorded in CDCl 3 on a Bruker (AC) 300 MHz 
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Synthesis of new rhodium(III) complex by benzylic C–S bond cleavage of 
thioether containing NNS donor Schiff base ligand: Investigation of 
catalytic activity towards transfer hydrogenation of ketones 

Sujan Biswas , Chandan Kumar Manna , Rahul Naskar , Akash Das , Tapan Kumar Mondal * 

Inorganic Chemistry Section, Department of Chemistry, Jadavpur University, Kolkata 700032, India   

A R T I C L E  I N F O   

Keywords: 
Rhodium(III) complex 
C–S bond cleavage 
Electrochemistry 
Transfer hydrogenation of ketones 
DFT computation 

A B S T R A C T   

A new rhodium(III)-triphenylphosphine mixed ligand complex, [Rh(PPh3)(L)Cl2] (1) is synthesized by benzylic 
C–S bond cleavage of L-CH2Ph ligand (where, L-CH2Ph = 2-(benzylthio)-N-(pyridin-2-ylmethylene)aniline). The 
complex is thoroughly characterized by several spectroscopic techniques. Geometry of the complex is confirmed 
by single crystal X-ray crystallography. Electronic structure, redox properties, absorption and emission properties 
of the complex were studied. DFT and TDDFT calculations were carried out to interpret the electronic structure 
and absorption properties of the complex respectively. The synthesized Rh(III) complex was tested as catalyst 
towards transfer hydrogenation reaction of ketones in iPrOH and an excellent catalytic conversion was observed 
under mild conditions.   

1. Introduction 

It is well-known that C–S bonds can be activated by transition 
metals to form novel sulfur compounds or sulfide complexes [1–3] and 
this process is extensively studied for the last few decades due to its 
importance in industry [4–6]. Recently, transition-metal mediated C–S 
bond activation and cleavage is applied in diverse bioorganic and syn
thetic chemistry [7,8]. Moreover, transition metals mediated C–S bond 
activation along with the transformation processes are of stimulating 
interest from the perspective of synthetic, mechanistic as well as cata
lytic aspects [9–11]. Transition metal mediated cleavage of both C(aryl)- 
S and C(alkyl)-S bonds are extensively studied. Hanton et al. reported Cl- 

triggered facile C(alkyl)-S cleavage of thioether moiety in platinum(II) 
complex [12]. Goswami et al. reported the effect of reaction temperature 
and dπ(M) → π(N––N) on C(alkyl)-S cleavage in platinum(II)-thioether 
complex [13]. Pramanik et al. explored the C(alkyl)-S cleavage in Rh 
(III) and Ir(III) complexes in presence of excess PPh3 [14,15]. In recent 
years, Biswas et al. reported the activation of both C(aryl)-S and C 
(alkyl)-S bonds to form cyclometalates and metal-thiolato complexes 
respectively of group 9 metals [16]. In our previous works, we have 
reported the synthesis of Pd(II), Ru(II) and Rh(III) complexes by metal 
induced C(alkyl)-S and C(aryl)-S bond scission of thioether containing 
ligand systems [17–20]. Herein, we have synthesized a new Rh(III)- 

triphenylphosphine complex supported by a tridentate pyridine-imine- 
thiolato ligand backbone via benzylic C–S bond cleavage of the thio
ether ligand, L-CH2Ph (where, L-CH2Ph = 2-(benzylthio)-N-(pyridin-2- 
ylmethylene)aniline). It’s worth to mention here that the benzylic group 
plays an important role to cleavage of the C–S bond for the present case. 
In our previous work, no C–S bond scission was observed and a S(Me)- 
Rh coordination mode was found under the similar reaction conditions 
[21]. 

On the other hand, transfer hydrogenation of ketone to the corre
sponding alcohol is one of the most important fundamental subjects in 
modern synthetic chemistry [22,23] and is a convenient method to 
reduce carbonyl compounds without the use of hazardous hydrogen gas 
or moisture-sensitive hydride reagents [24–27]. Moreover, the transfer 
hydrogenation of ketones is widely accepted in industry as a cost- 
effective way for the production of a number of hydroxylated organic 
products [28]. Over the last few decades, significant effort on hydro
genation is given on the use of ruthenium, rhodium and iridium catalysts 
[29–31]. In view of the significant contribution of rhodium complexes 
towards catalysis, herein we have also explored the catalytic efficiency 
of the synthesized Rh(III) complex, [Rh(PPh3)(L)Cl2] (1) towards 
transfer hydrogenation of ketones in iPrOH. 
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