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ABSTRACT 

Reaction of pyrazine-2,3-dicarboxylic acid with a respective amine in the presence of triphenyl 

phosphite afforded the corresponding carboxamide ligands: [N2, N3-bis(pyridin-2-

yl)pyrazine2,3-dicarboxamide] (L1), [N2, N3-bis(6-methylpyridin-2-yl)pyrazine-2,3-

dicarboxamide] (L2), [N2,N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide] (L3), and 

[N2, N3bis(quinoline-8-yl)pyrazine-2,3-dicarboxamide] (L4). Treatments of the corresponding 

(pyridyl)pyrazine carboxamide ligands with [PdCl2(NCCH3)2 afforded new mononuclear and 

dinuclear palladium(II) complexes with a general formula, [Pd2(L1)2Cl2] (Pd1), [Pd2(L2)2Cl2] 

(Pd2), [Pd2(L3)2Cl2] (Pd3) and [Pd(L4)Cl] (Pd4).  The identities and coordination nature of 

the palladium(II) complexes were established through a combination of characterization 

techniques such as NMR, FT-IR spectroscopy, mass spectrometry, elemental analysis, and 

single X-ray crystallography. The molecular structures of the dinuclear Pd1 and Pd3 

complexes reveal that the two (pyridyl) pyrazine carboxamide ligands coordinate with the 

palladium atom via one arm, while the other arm remains non-coordinating. The ligands are 

bridged by two palladium atoms to form dinuclear palladium(II) complexes. While one ligand 

coordinates to the palladium in a bidentate fashion via the nitrogen atoms of the pyrazine and 

amide groups, the other ligand unit coordinates to the palladium through the pyridine nitrogen 

atom to give two ligand units and two palladium atoms in the complex coordination sphere.  

On the other hand, ligand L4 binds to palladium atom in a tridentate fashion via the pyrazine, 

amide, and pyridine nitrogen atoms to give complex Pd4 as a mononuclear species. The 

interaction of the palladium complexes (Pd1-Pd4) with calf thymus DNA (CT-DNA) was 

monitored using UV-Vis, and fluorescence spectroscopy. Absorption spectroscopic studies 

revealed that complexes Pd1-Pd4 interact with CT-DNA via intercalative mode, and the 

computed intrinsic binding constant (Kb) values range from (4.28-13.12) x 106 M-1. In addition,  
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Ksv values of (1.82-28.41) x 106 M-1 and KF values of (1.01-53.44) x 104 M-1 determined in 

competitive binding studies confirmed the intercalative binding mode. The interaction of the 

complexes with CT-DNA decrease in the order of Pd3 > Pd2 > Pd1 > Pd4. Furthermore, 

bovine serum albumin (BSA) interaction was evaluated using fluorescence studies and the 

results revealed the existence of a static quenching mechanism with bimolecular constant, kq 

range of (0.66-13.99) x 1014 M-1 s-1. The Ksv values of (1.48-29.67) x 106 M-1 and KF values of 

(0.10-16.10) x 105 M-1 confirmed the interaction between BSA and palladium complexes. The 

interaction follows this order Pd2 > Pd1 > Pd3 > Pd4, which is inconsistent with the CT-DNA 

trend. In general, ligands bearing electron-donating methyl groups (L2 and L3) contributed to 

higher binding constants in their respective complexes Pd2 and Pd3 compared to the 

unsubstituted complex Pd1. In addition, the mononuclear complex Pd4 showed the weakest 

interactions with both the DNA and BSA, pointing to some beneficial effects of increased metal 

atoms in the complexes. The cytotoxic effect of the ligands L1-L3 and complexes Pd1-Pd4 

were examined against a human breast cancer cell line (MCF-7) using 3-(4,5-Dimethyl-

2thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. In general, the ligands 

displayed poor cytotoxicity L1 (IC50 > 400 µM), L2 (IC50 = 182.4 µM), L3 (IC50 = 80.2 µM), 

when compared to their respective palladium(II) complexes Pd2 (IC50 = 154.9 µM), Pd3 (IC50 

= 230.1 µM). Complexes Pd1 (IC50 = 11.4 µM), and Pd4 (IC50 = 61.5 µM) displayed high and 

moderate cytotoxic activity which was attributed to the planarity of the complexes.  
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Chapter 1  

General background, the introduction of DNA/BSA interactions with metal complexes 

and spectroscopic and physical techniques 

   

1.1 General background  

  

Cancer is among the disease that threaten public health worldwide.1  The disease develops as a 

result of the transformation of normal cells to abnormal cancer cells that grow uncontrollably.2-

4 Additionally, unfixable mutations that occur during DNA replication promote the 

proliferation of cancer cells. Continuous division of these cancerous cells results in massive 

cells that spread throughout the body called malignant tumours.5   

    

   

Figure 1.1: Illustration of the development of cancer disease.6   

  

The disease has multiple causes including exposure to environmental carcinogens (such as air 

pollution), and toxic chemicals (such as tobacco, asbestos, arsenic, polychlorinated biphenyls, 

and metals).7 Excessive exposure to ionization radiation (such as ultraviolet lights, uranium, 

and radiations from alpha, beta, gamma, and X-ray emitting sources).8 Also, age has been 

reported as the cause for growth of cancerous cells. Other causes of cancers include internal 

factors such as inherited mutations, hormones, and the immune system.9 According to the world 

health organisation the mortality rate due to cancer is increasing yearly, nearly 10 million 
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deaths reported in 2020 were associated with cancer. These deaths were caused by lung (1.8 

million deaths), colon and rectum (916 000 deaths), liver (830 000 deaths), stomach (769 000 

deaths), and breast (685 000 deaths) cancers. Most common types of cancers reported are 

breast, lung, stomach, colon and rectum, prostate, and skin cancer.10 Cancer can be treated by a 

single treatment or a combination of treatments depending on the stage, type, location of the 

tumor, and response to medication by the patient.11, 12 These methods of treating cancer include 

radiation therapy, immunotherapy, surgery, and chemotherapy.13-16 Even though these 

treatments are used to kill cancer cells, they are challenged by the resistance-sensitive tumours 

that develop after the initial response of the treatment.17 Despite this, cancer cells can spread 

uncontrollably to other places of the body and most chemotherapy treatments do not have a 

broader spectrum of activity towards cancer cells.  Some cancer cells have shown resistance to 

drugs such as cisplatin. Thus, efforts are made to design and develop other metal-based drugs 

with no resistance and improved anticancer activity.     

  

1.2 Significance of deoxyribonucleic acid (DNA) in anticancer drug  

  

DNA is the fundamental source of genetic information and one of the primary cellular targets 

in the development of anticancer drugs, understanding how drugs interact with biological 

molecules like DNA is essential in biological research. Newly developed or discovered drugs 

have an impact on DNA.18 Significantly, DNA serves several important roles in living 

organisms, including transferring genetic information and directing the biological creation of 

proteins and cell division. Furthermore, it is important to comprehend the molecular process of 

the interaction between DNA and the small chemical since it offers a thorough comprehension 

of their structure and biological activity.19 
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DNA is a macromolecule composed of two complementary chains of nucleotides and it was 

discovered in 1953 by Watson and Crick. In their ground-breaking discovery, they concluded 

that DNA is made up of two strands that are duplex coiled helical-style around one another. It 

is composed of components known as nucleotides that are linked in polymeric form by a 

phosphodiester bond.  Nucleotides also referred to as monomers are small compounds that 

consist of a pentose sugar, nitrogenous base, and phosphoric acid. The sugar component is 

known as 2’-deoxyribose and it is in a ring form. There are two kinds of nitrogenous bases, 

purines which is a double ring structure consisting of a six-membered ring linked to a five 

membered ring. These include adenine and guanine. Another nitrogenous base class is 

pyrimidine, a single-ring structure that is a six-membered ring and it includes cytosine and 

thymine. Normally, these nitrogenous bases are joined to the 1'-carbon of sugar to produce a 

nucleoside, which can then be changed into a nucleotide by joining the phosphoric acid group 

to the 5'-carbon of the sugar. These nucleotides are linked together.20, 21  

  

1.2.1 Modes of interactions in DNA  

  

Metal complexes may either bind to DNA covalently whereby nitrogen of base pairs replaces 

an unstable ligand in a complex or non-covalently which is the interaction between stable metal 

complex and DNA.22 Metal complexes may interact non-covalently with DNA through 

different modes that include intercalation, groove binding, and electrostatic interaction.23,24 

These interactions can be distinguished from one another based on the magnitude of their 

association constants, which varies according to the small molecules binding to DNA.   
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1.2.1.1 Covalent interactions  

  

The majority of therapeutic drugs used to treat cancer interact covalently with DNA, resulting 

in the formation of adducts via alkylation or interstrand and intrastrand cross-linking. Several 

alkylating substances, including dacarbazine, chlorambucil, and nimustine, bind alkyl groups 

to DNA bases, changing the structure of the DNA. To overcome this, DNA has repair enzymes 

that displace the alkylated base. This type of binding mode is irreversible, completely inhibits  

DNA processes, and results in cell death.  The most widely used covalent binder is cisplatin 

[cis-dichlorodiammineplatinum(II)], which determines intra/interstrand crosslink by forming 

covalent connections between Pt(II) and the nitrogen atoms in the nucleobase structures. 

However, due to its high toxicity and the fact that some tumor forms display treatment  

resistance, its efficacy is constrained.25     

                     

1.2.1.2 Minor and major groove  

  

Groove binding does not require any modification to the structure of the DNA strands, it merely 

functions as a lock and key mechanism.26 Groove interaction can be differentiated in two ways, 

there is a major and minor groove interaction through hydrogen bonding or van de Waals 

interactions.22 Their distinction is based on the properties they encounter when recognizing 

molecules. For example, major groove interaction is observed when DNA interacts with large 

molecules, whereas minor groove interacts with small molecules. This type of interaction is 

normally indicated by the occurrence of a hypochromic shift with neither a blue shift nor a red 

shift.27 Groove binders require no free energy for the formation of the binding site, this has 

made its association constants (about 1011 M-1) to be higher than that of intercalators.28  
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         Figure 1.2. Major and minor groove interaction of metal complexes to DNA.29 

 

Small molecules that bind to DNA are stabilized by hydrogen bonding and van der Waals 

interactions of functionalities that are bound along the groove of the DNA helix.30  Van de 

Waals interactions are formed due to stacked base pairs in the double helix. The formation of 

hydrogen bonds usually occurs through condensation, whereby the carbonyl groups of metal 

complexes interact with the H atoms in DNA base pairs. These hydrogen bonds are weaker at 

high temperatures, so they can easily be broken. The presence of other interactions such as 

electrostatic and external hydrogen bonding enables DNA molecules to compact. However, a 

decrease in temperature allows the broken hydrogen bonds to reform according to the principle 

of complementary base pairing in DNA. The external hydrogen bonds between the carbonyls 

and the base pairs disappear, and the charge neutralization could not maintain the compact 

conformation of condensed DNA, resulting in the release of the condensates.31  

  

1.2.1.3 Intercalation binding mode  

  

Generally, intercalation involves binding of the complex to DNA through π-π stacking within 

DNA base pairs leading to the alteration of DNA double helix base pairs. DNA uncoils to allow 

the planar heteroaromatic complex with π-backbone to bind within the DNA double helix. 

Importantly, the intercalation mode is demonstrated by the occurrence of hypochromic and 

bathochromic shift metal complexes interacting with DNA.32 In addition, a strong stacking 
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interaction between an aromatic chromophore and base pairs of DNA is observed. As 

mentioned above, the association constants vary depending on the compound that binds to 

DNA. However, intercalators association constants is about 105 M-1 for simple intercalators.26 

  

                                                                          

Figure 2: Intercalation binding mode of metal complexes to DNA.33 

                

                        

1.2.1.4 Electrostatic interaction  

Electrostatic interaction is another common interaction that arises when the metal complex 

binds to the external sugar-phosphate group of DNA strands using Coulombs forces.22 

Generally, this interaction stabilizes the intercalation and groove binding in DNA.34 Upon 

binding, the hyperchromic which also depict groove binding, and blue shift which also indicate 

groove binding results in damaging the DNA structure, and conformational changes to the 

DNA double helix become conspicuous.35, 36 

 

metal complex 
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Figure 1.3: Electrostatic interaction of metal complexes to DNA.37 

 

 

1.3 The role of bovine serum albumin (BSA) in the development of anticancer drug  

  

Serum albumins are generally minor non-glycosylated proteins produced by the liver. Serum 

albumins can be divided into four categories: human, bovine, horse, and leporine serum 

albumins.38 However, this study will predominantly focus on the bovine serum albumin 

proteins. These are important circulatory dissoluble proteins that act as the main transport 

medium for a variety of drugs and physiologically important metal complexes.39 In addition, 

they bind and distribute substances such as fatty acids, bilirubin, porphyrins, thyroxine, 

tryptophan, and steroids.40   Blood plasma proteins can interact with drugs at specific binding 

sites which is of great importance since strong albumin reduce the active concentration of the 

drugs. This leads to the simultaneous distribution of other competitive drugs that may be bound 

to albumin.40, 41  Investigating protein-drug interactions may provide knowledge of the 

structural characteristics that govern the therapeutic efficacy of the drug. Therefore, it is crucial 

to investigate how BSA interacts with prospective molecules in the fields of life science, 

chemistry, and clinical medicine.42 

 

metal complex 
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Bovine serum albumin is the most abundant protein in the plasma. These serum albumin 

proteins have been widely used as a substitute for human serum albumin in research due to 

their structural similarities, medicinal importance, low cost, ready availability, stability, and 

water solubility.43 BSA is made up of a single polypeptide which consists of 583 amino acids. 

It comprises 17 disulfide bonds formed between the cysteine residues that stabilize the structure 

of BSA. The protein BSA is considered a macromolecule due to its high molecular weight of 

66.8 kDa. The structure of BSA consists of three homologous domains I-III and each domain 

has two subdomains denoted A and B. In the subdomain IB and subdomain IIA, BSA contains 

two Tryptophan (Trp) amino acid residues Trp-134 and Trp212 that possess intrinsic 

fluorescence, respectively.44 Trip-134 is located in the first domain and Trp-212 is in the second 

domain. Trp is found within a hydrophobic pocket of the protein and Trp-134 located on the 

surface of a molecule.45 

 

Figure 1.4: Structure of bovine serum albumin depicting the Trp-134 and Trp-212 residues.46 

 

Small molecules interact with bovine serum albumin through the quenching process which 

consists of two different mechanisms, static and dynamic. The formation of a complex between 

the fluorophore and the quencher at the ground state is referred as a static process, while 

dynamic quenching takes place at the transient excited state where the fluorophore and the 

quencher interact.47 The efficiency of interaction between a small molecule and BSA is 
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described by a binding constant, whose values typically fall between 104 and 106 M-1. In this 

ideal range, the binding is too low to allow the compound to be released once a specific target 

is reached yet sufficiently high to allow the molecule to be distributed and transported 

throughout the organism.48 

 

  

1.4 Techniques employed in the study of DNA/BSA interactions  

  

1.4.1 Fluorescence spectroscopic methods  

  

Fluorescence spectroscopy is one of the active common methods that is utilized in the 

examination of DNA interactions with metal complexes. This method provides information on 

the binding characteristics such as binding mechanism, binding sites as well as the mode of 

binding.49, 50 In DNA, the fluorescence method is performed to investigate the displacement of 

different stains such as ethidium bromide, Hoechst, and Rhodamine B that are bonded to DNA 

by metal complexes. Each stain follows a unique method in which a metal complex displaces 

it from DNA.  

 

1.4.1.1 Competitive studies with ethidium bromide  

  

This is also referred to as a quenching assay that measures the strength of DNA binding 

tendency by displacing intercalating ethidium bromide from DNA.51 Ethidium bromide 

typically has low fluorescence intensity. However, in the presence of DNA, the fluorescence 

intensity of EB is otherwise due to the strong intercalation of EB to the base pairs of DNA. 52 

In DNA fluorescence experiments, the metal complex is added to the EB-DNA solution, and 

the ethidium bromide emission intensity is then evaluated. Increasing the concentration of 

metal complexes that can bind to DNA quench the emission intensity of DNA-EB adduct by 
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accepting the excited-state electron of the EB through a photoelectron transfer mechanism53 

DNA-EB fluorescence intensity is expressed as a percentage. Furthermore, a high percentage 

is indicative of the intercalation binding mode, in which EB intercalates to DNA as previously 

discussed. However, a low percentage can suggest other alternatives to binding mode. The 

binding constant (Kb), which varies based on the kind of complex from 104 for low binding 

affinity to 106 for great binding affinity, is used to measure the binding affinity of complexes 

to DNA.54 The binding affinity of a metal complex to DNA is quantified by Stern‐Volmer 

equation. 

 

Io/I = 1+ Ksv [Q] = 1 + Kq τ [Q]                                                                            (Eq. 1.1) 

where Io and I are the emission intensity in the absence and presence of a quencher. Ksv is the 

Stern‐Volmer quenching constant which is the product of the bimolecular quenching constant 

and the fluorescence lifetime in the absence of added quencher in a purely dynamic quenching 

process.  Kq is the bimolecular quenching rate constant of the fluorescence quenching process. 

The maximum scattering collision quenching constant of different quenchers in dynamic 

quenchers is (2.0 x 1010 L/mol s). 55 Thus, a high value of bimolecular quenching constant than 

that of dynamic fluorescence quenchers (1010 M-1s-1) demonstrates that complexes displace 

EB-DNA statistically rather than dynamically.56 τ is the average DNA lifetime without 

quencher, which is equal to 10-8 s for bio‐macromolecules. The quenching constant (Ksv) value 

is obtained as a slope from the plot of I o/I vs. [Q] and it is used to determine the bimolecular 

quenching constant. The Kb and n can be calculated from the Scatchard equation, 

 

 log (Io-I)/I = logKb + nlog [Q]                                                                                          (Eq.1.2)                                                             
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where Kb is the binding constant, usually ranging from 104 for low binding affinity to 105 for 

strong binding affinity, varying depending on the type of a complex and n is the number of 

binding sites in DNA base pairs. For instance, if n is equal to one, that indicates that metal 

complexes bind at a single site in DNA.54  

  

1.4.1.2 Hoechst experiment  

  

DNA binding affinity in fluorescence studies can also be studied using the Hoechst method 

Hoechst 33258, 2-(4-hydroxyphenyl)-5-[5-(4-methylpipera-zine-1-yl)benzimidazo-2-yl]-

benzimidazole, is a synthetic N-methylpiperazine derivative that interacts with DNA  in the 

minor groove at A: T-rich sequences in B-DNA at the edges of four to five contiguous base 

pairs with nanomolar affinity.49 Hoechst emits a strong amount of fluorescence at 490 nm, 

which makes it possible to identify newly generated Hoechst-DNA adducts (upon excitation at 

346 nm).  It is possible to identify the mode of interaction between a transition metal ion 

complex and DNA by observing the variations in the fluorescence spectrum of the Hoechst-

DNA adduct that occur when increasing amounts of added complexes. Reduced fluorescence 

intensity is a reflection of the displacement of bound Hoechst by complex.57 

 

1.4.1.3 Rhodamine B experiment 

 

Rhodamine B is a luminescence that is utilized to study the interaction between the DNA 

molecule and the compound. This stain generally interacts with DNA through groove binding. 

Furthermore, it investigates the ability of a compound to replace Rhodamine B bonded to DNA 

through groove binders. The type of interaction in the stain is observed from a reduction of 

fluorescence intensity with no red shift or blue shift noticed, this indicate that a certain 

compound displaces Rhodamine B from DNA through groove binding.58 
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1.4.1.4 Tryptophan fluorescence studies 

 

BSA has been reported to consist of three intrinsic fluorescence characteristics that impact the 

fluorescence of protein, these include tryptophan, tyrosine, and phenylalanine residues. 59 

However, tryptophan is the only residue that has intrinsic fluorescence, since tyrosine can be 

quenched if it is located near the tryptophan, amino group, and carbonyl group or if it is ionized. 

Phenylalanine has a very low quantum yield.49 When metal complexes interact with bovine 

serum albumin the fluorescence emission intensity released depends on the amount or level of 

the tryptophan chains 212 and 134 open to the polar solvent.59 For instance, the addition of the 

transition metal complexes to the BSA solution results in the reduction of intensity in the 

fluorescence spectra through different interactions on a certain fluorophore.49 The extent of 

BSA binding in the fluorescence of tryptophan is also measured using the binding constant, 60 

and the range of values is similar to that of DNA-Ethidium bromide binding studies. Below is 

a Stern-Volmer quenching equation. 61 

 

Fo/F= 1+ Ksv [Q] = 1 + kq τ [Q]                                                                                (Eq. 1.3) 

where Fo and F are the fluorescence intensities in the absence and presence of a quencher, Ksv 

is the dynamic Stern–Volmer quenching constant [M-1], kq is the quenching rate constant [M-1 

s-1], τ0 is the average lifetime of BSA in the absence of any quencher and is generally equal to 

2 x 10-8 [s] and [Q] is the concentration of quencher [M]. The binding constant as well as the 

number of binding sites are obtained from Scatchard double logarithm regression curve 

equation, with fluorescence intensity data, as it displays the equilibrium between free and 

bound molecules which is a result of small molecules that independently bind to a set of 

equivalent sites on BSA. Below is Scatchard equation for determining the binding constant and 

the number of binding site.62 
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log (Fo-F/F )= logKb + nlog [Q]                                                                                   (Eq. 1.4) 

where Kb is the binding constant for drug–BSA interaction, which indicates the extent of the 

reaction of BSA with the drug, and n is the number of binding sites to which drug molecules 

are bound in the BSA macromolecule. For example, if n is equal to one, that denotes that the 

drug molecule binds at a single site in BSA.60  

 

1.4.1.5 Synchronous fluorescence studies of BSA 

 

Synchronous fluorescence spectroscopy is another efficient method that is used to examine the 

binding affinity in BSA. It enables one to perceive the changes of fluorophore in the interaction 

of the metal complex with BSA. Also, this technique offers information on the molecular 

environment in regions close to the fluorophore functional groups and characteristic 

information of two protein residues tyrosine and tryptophan. Additionally, these modifications 

can be seen at wavelengths of up to 60 nm for tryptophan residue or 15 nm for tyrosine 

residue.52 

 

1.4.2 UV-Vis absorption spectroscopy studies  

  

Electronic absorption spectroscopy is one of the most efficient techniques employed in the 

examination of DNA binding studies of metal complexes. Absorption spectral titrations are 

performed by monitoring the constant concentration of the metal complex upon the addition of 

DNA concentration.63 Variation observed in the UV-Vis spectrum during titrations is indicative 

of the existing interaction mode. For example, a hypochromic shift due to π→π* stacking 

interactions indicate the presence of intercalative binding mode, and a red shift or bathochromic 
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shift represents the stable double-stranded DNA.64 The binding constant is determined from 

the plot of [DNA] / (εf −εa ) vs [DNA],  obtained from the following equation.  

[DNA] / (εf −εa ) = [DNA] / (εf – εb) + 1/ Kb (εf – εb)                                                        (Eq. 1.5)                      

where [DNA] is the concentration of DNA, and εf, εa, and εb are the extinction coefficient for 

free complexes, the apparent extinction coefficients Aobs/[complex], and the extinction 

coefficient for the complexes in the fully bound form respectively.65 

 

This technique can also be used to investigate any structural changes in the protein that are 

affected by the binding of metal complexes through different interaction modes.66 This method 

also discloses the type of quenching mechanism mentioned above that metal complexes adhere 

to when binding to BSA.66, 67 With the rising temperature, the rate of movement of molecules 

in the solution increases. Dynamic quenching occurs when quenching efficiency increases. If 

the quenching is not increased static quenching must be assumed.34 As a result static 

mechanism may be observed in the increased intensity of absorption that occurs when a 

complex is added to the BSA solution.67 Any shifts in the electronic spectral bands depict the 

type of interactions a metal complex bound to the BSA chromophore.39  

 

1.4.3 Circular dichroic spectral studies  

  

In biological chemistry and structural biology, circular dichroism (CD) spectroscopy is used to 

assess any change in macromolecule morphology when DNA interacts with metal complexes. 

This technique is useful for DNA binding because it can accurately identify minor 

conformational changes in DNA double strands that may result from the binding of metal 

complexes. CD spectra of DNA illustrate a positive band which is a result of base stacking 
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interactions and a negative band caused by the right-handed helicity of DNA. Groove binding 

and electrostatic interactions with metal complexes indicate less of a perturbation or no 

perturbation on the helicity and base stacking bands. Intercalation binding mode is 

demonstrated by a decrease in the intensities of both positive and negative CD bands upon the 

addition of metal complex concentration to the DNA solution.24, 50, 68 

 

CD studies are performed in BSA to understand conformational features in BSA molecules 

upon environmental perturbation due to the interaction with the metal complex. In the CD 

spectrum of BSA, two negative peaks that are located at 208 and 222 nm may be observed. 

These are mainly characteristic of the α-helix structure of the protein. As the metal complex 

binds to BSA, the intensities are decreased due to the unfolding of the peptide strand in the 

protein secondary structure. The interaction of BSA with metal complexes using circular 

dichroism (CD) spectroscopy is summarized by the following equation. The α-helix content of 

BSA before and after the addition of the metal complex can be assessed by MRE value at 208 

nm according to the following equation.  

 

       α-helix(%) = 
−𝑀𝑅𝐸208−4000

33000−4000
 𝑥100                                                                             (Eq. 1.6) 

where MRE208 is the experimental MRE value at 208 nm. The MRE value for pure helix is 

33,000 and its value for b-form and random coil conformation is 4000 at 208 nm. The MRE208 

used to express variations in the secondary structure of the BSA molecule is calculated by the 

following equation.24 

 

MRE208= 
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝐶𝐷(𝑚𝑑𝑒𝑔)208

Cp x n x I x 10
                                                                                        (Eq. 1.7) 
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Where n is the number of amino acid residues that is equal to 583 for BSA, Cp is the molar 

concentration of BSA, I is the cell path length (1mm). 24 

 

1.4.4 Viscosity measurements 

 

Viscometry is one of the tools used to support the intercalative binding mode of small 

molecules in DNA. As it has been previously reported that viscosity is quite sensitive to 

changes that affect the length of DNA double strands. 53 Classical intercalation model can 

elongate DNA double helix as they require the space between base pairs to be large enough to 

accommodate the attachment of small molecules resulting in viscosity enhancement. 

Conversely, such changes (positive or negative) are minor when small molecules are binding 

in the DNA grooves. 50 

 

1.4.5 Salt concentration-dependent assays 

 

Salt concentration-dependence assay is a method that is used to inspect the presence of 

electrostatic interaction. The salt cations compete with small molecules to bind to DNA as they 

are mutually attracted to the negative charge of the phosphate backbone group of DNA and 

consequently making the DNA-compound interaction weak. Moreover, increasing the ionic 

strength is a solution that decreases the fluorescence quenching efficiency. 34 

 

1.4.6 Gel electrophoresis 

 

 The above-mentioned technique is employed in the separation of charged species that migrate 

to DNA in the presence of electric potential.58 Agarose gel electrophoresis is commonly used 

to study the interaction between DNA and complexes through DNA cleavage. Plasmid DNA 
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and solution of the complex are incubated at a certain temperature, upon incubation variation 

of the intensity is observed. Decreased intensity after gel electrophoresis displays the existence 

of interaction between DNA and complex. Furthermore, the presence of interaction indicates 

that complexes have the propensity of reducing the pathogenic organism by interacting with 

the genome.69 

 

1.4.7 Electrochemical technique  

  

Numerous electrochemical techniques have been reported to examine how metal-based drugs 

interact with DNA. The redox species have been invesigated using electrochemical techniques 

such differential pulse voltammetry, polarography, amperometry, chronoamperometry, and 

cyclic voltammetry. High selectivity and sensitivity have allowed these to demonstrate their 

adaptability.70 When nucleic acids interact with an electrode, they get highly adsorbed, undergo 

through a charge transfer reaction, and produce signals that reveal information about their 

concentration, structural changes, and interactions with different techniques. 71, 72 DNA binding 

potentials are analyses using the redox behaviour of electrochemically active molecules in 

absence and present of DNA.70 Cyclic voltammetry is the most effective electrochemical 

method because of weak absorption bands. It provides an in-depth understanding of the DNA 

interaction of molecules that undergoes redox reaction active as well as information about the 

interaction mode of metal ions that are oxidized and reduced.73 Redox active species in various 

oxidation states as well as combinations of various species are detectable by CV. Shift peak 

potentials can be used to determine the equilibrium constants for the interaction of metal 

complexes with DNA, and the number of base pair sites involved in binding through 

intercalative, electrostatic, or hydrophobic interactions can be determined by the reliance of the 

current(I) passed during oxidation or reduction of the bound species on the addition of DNA.70 
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Given that the redox states of metal-based drugs are accessible, CV is helpful for determining 

the mode of action and binding strength of drug-DNA interactions.74 The bindings constant is 

quantified by equation. 75 

log (1/[DNA]) = log K+log (I/I0-I)                             Equation (1.8) 

where K is the binding constant, and I0 and I are, respectively, the peak currents of the drug in 

the absence and presence of the DNA. The binding constant, K is determined from the intercept 

of the plot of log (1/[DNA]) vs log (I/(I0-I). 

  

1.4.8 Thermodynamic parameters  

  

The analysis of thermodynamic characteristics is essential for understanding how drugs interact 

with proteins. On the other hand, they enable for the assessment of whether the interaction will 

occur spontaneously; on the other hand, they can support the further identification of the 

different types of binding forces involved. The strength of the binding affinity is directly 

determined by the latter, whereas drug-protein interactions primarily rely on noncovalent 

forces.76 The interaction forces or different forms of complex-protein bonds are characterized 

by changes in thermodynamic characteristics with temperature. The main values for 

determining the bond strength are ΔH and ΔS since ΔG is associated with spontaneous reaction 

process. Negative values of ΔH and ΔS demonstrate the presence of hydrogen bonds or van de 

Waals bonds forces. The existence of electrostatic interactions is shown by negative ΔH and 

positive ΔS. Positive ΔH and ΔS values confirm the presence of hydrophobic interactions.77,78  

Ln Kb = - (ΔHo/ RT) + ( ΔSo/R)                                                                                     (Eq. 1.9) 

ΔGo = ΔHo - T ΔSo = -RT lnK                                                                                     (Eq. 1.10)  
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1.4.9 Molecular modelling and simulations  

      

Molecular docking was introduced in the mid-1970s. Docking has established itself as a crucial 

method for drug research and drug design over the years, because it offers insight into how 

chemical compounds interact with biological molecular targets. Additionally, the primary 

objective for the development of this tool was to understand the interaction between small and 

large. 79 Molecular docking is a computational method for examining the interaction between 

metal complexes and biological molecules.65 Small and large molecules such as DNA and BSA 

are predicted in terms of their conformation and orientation. Furthermore, the outcomes of 

molecular docking provide useful information on the ligand-bio macromolecule systems that 

engage in docking. Included in this are the binding free energy (G) value, appropriate binding 

locations in the DNA/BSA structure, and several interaction modes that can be compared to 

experimentally established interactions.80  Molecular docking calculations are performed using 

different software such as AutoDock 4.2 program suite, MOE version 2016.08, Gaussian 09 

software. 

 

1.5 In vitro cytotoxicity assays  

  

Researchers have employed cytotoxicity as one method for studying biological molecules in 

vitro. Drugs and other chemical substances have been shown to affect cell health and 

metabolism. Additionally, these substances toxify cells in a variety of ways, including 

destroying cell membranes, preventing protein synthesis, irreversibly attaching to receptors, 

etc. The advantages of cytotoxicity and cell viability assays which include affordable, reliable, 

and reproducible have facilitated the determination of these damaged cells. In vitro cell 

viability and cytotoxicity assays with cultured cells are frequently used for cytotoxicity tests of 

chemicals and drug screening. Oncological researchers also employ these assays to assess the 
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toxicity of compounds and the prevention of tumor cell growth during treatment development. 

because they are quick, affordable, and do not involve using animals. These tests can be divided 

into four categories: dye exclusion assays, colorimetric assays, fluorometric assays, and 

luminometric assays. The most often employed tests are colorimetric assays, which measure 

biochemical markers to study the metabolic activity of the cells.81 MTS assay, (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2Htetrazolium),  is one 

of the calorimetric assays that practical  yields formazan products that are instantly soluble in 

cell culture medium.82 Whereas MTT assay[3-(4,5-dimethylthiazol2-yl)-2,5-

diphenyltetrazolium bromide], determine cell viability through mitochondrial function cells by 

measuring the activity of mitochondrial enzymes. NADH reduce MTT to a purple formazan.81 

This method is more advantageous in comparison to the dye exclusion methods due to high 

reproducibility, safety, and applicable to both cell viability and cytotoxicity.81 The half 

inhibition concentration, which is defined as a molar concentration of a given inhibitor(I) that 

reduces the response rate of the uninhibited to one-half, expresses the degree of cytotoxicity of 

cancer cell lines produced by complexes. It is believed that substances with extremely low IC50 

values are highly active against cancer cell lines, whereas substances with large IC50 values are 

ineffective.83 Below is the activity criteria of half maximal inhibitory concentration.84 
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Table 1.1: Classification of half maximal inhibitory concentration (IC50)  

IC50 Values  Activity criteria  

< 1µM  Excellent activity  

1-20 µM  Good activity  

20-100 µM  Moderate activity  

100-200 µM  Low activity  

>200µM  Inactive  

  

  

The following Chapter 2 provides a detailed literature review of palladium(II) complexes that 

have been previously designed and developed as anticancer drugs. It also reviews the 

interactions of these palladium(II) complexes with DNA and bovine serum albumin.   
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Chapter 2 

A review of   palladium(II) complexes as anticancer agents and their interactions with 

DNA/BSA interactions 

 

2.1 General background  

  

Metal complexes have been utilized as therapeutic agents against a wide range of diseases.1 

The serendipitous discovery of cisplatin as an anticancer drug has unfolded transition metals 

to be explored in chemotherapy.2 To date, cisplatin has been applied to numerous cancer cells 

such as the cervix, breast, ovary, testis, lung, bladder, and colon cancer.3 The modification of 

cisplatin structure led to the design and development of other clinically approved 

platinumbased drugs which include, heptaplatin, lobaplatin, nedaplatin, oxaliplatin, and 

carboplatin, which have been extensively used in the treatment of cancer.4 However, the use 

of therapeutic cisplatin  and its analogues is associated with shortcomings such as toxicity to 

normal cells,  limited solubility in aqueous media, and acquire or intrinsic resistance.2, 5, 6 These 

limitations introduced the search for other metal-based drugs that are non-resistant to some 

cancer cells, selective, and have a broad spectrum of activity.4     

 
  

Figure 2.1: Platinum complexes used in the treatment of cancer.7  
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The mechanism of action of cisplatin against cancer cells involves the interaction of platinum-

based drugs with DNA. Initially, cisplatin is introduced into the bloodstream and interacts with 

blood plasma protein which transports the drug to the cell membrane by passive diffusion.8 In 

the extracellular matrix and blood, the presence of a high concentration of chlorine atoms (104 

mM) prevents the activation of cisplatin. Thus, inside the membrane, cisplatin is activated by 

hydrolysis in which the chloride ions are kinetically displaced with water molecules due to a 

high concentration of water molecules and low concentration of chloride ions (4-20 mM) 

resulting in the formation of an intermediate hydrolyzed platinum product cis-

[Pt(NH3)2(H2O)Cl]+.9 Further displacement of chloride ions produces cis-[Pt(NH3)2(H2O)2.       

  

The diaqua species cis-[Pt(NH3)2(H2O)2 is highly reactive due to its electron deficiency. Hence, 

it interacts with nucleophilic biological molecules such as glutathione, methionine, 

metallothionein, and protein other than DNA, reducing the amount of cisplatin that coordinates 

with DNA. These compounds are associated with cisplatin resistance and toxicity. The 

preferred site for the coordination of cisplatin to DNA nucleobases is nitrogen 7 of guanine due 

to the high nucleophilicity of N7. Consequently, the mechanism involves two binding modes 

to the DNA, the mono aqua species binds to the purine base or the di aqua species binds through 

intra or interstrand bifunctional binding.10-13 Cellular processing which is the last step involved 

repairing the damaged cell by allowing a DNA single strand to form a DNA template to prevent 

the progression of the cancer cell.14, 15 Thus, palladium(II) complexes adopt a similar 

mechanism of action toward cell death.  
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Figure 2.2: Mechanism of cisplatin; intracellular hydrolysis and activation of cisplatin 

leading to apoptosis.16  

  

As mentioned above, the drawbacks of platinum-based drugs have caused researchers to study 

other metal-based drugs with low toxicity and better efficacy.17 The research is directed to the 

manipulation of the metal ion, variable oxidation states, coordination numbers, and ligands. 

This can provide unique characteristics resulting in numerous metal-based drugs with improved 

anticancer activity being developed. In addition, varied oxidation states and coordination 

geometry of numerous transition metals, influence thermodynamics and kinetic properties 

during biochemical reactions.1, 18 Other metal-based drugs including ruthenium complexes 

have shown promising anticancer activity and have reached clinical trials ( KP1019 and NAMI- 

A).19 The significant similarities of coordination chemistry between palladium(II) and 

platinum(II) complexes, improved solubility as well as better cytotoxicity which allow 

palladium complexes to be investigated further in the development of new potent anticancer 

drugs.20   Thus, this section highlights the relation of the DNA, a protein used for transportation 

and distribution in the blood plasma such as bovine serum albumin as well as cytotoxicity of 

palladium(II) complexes.  
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The electronic and steric influence of chelating ligands consisting of two or more donor atoms 

may determine the nature of coordination complexes formed, ranging from mononuclear, and 

dinuclear to multinuclear species.21,22 The cationic character of the metal-ion in complexes 

consequently increases their membrane permeability and facilitates the electrostatic 

interactions between the metal complex and the negatively charged phosphate backbone of the 

DNA molecule.23 The propensity of these complexes to treat human disease has been evaluated, 

and the most commonly evaluated in cancer cells are polynuclear palladium(II) complexes with 

polyamines. 24,25 In Addition, the derivatives of palladium complexes bearing nitrogen donor 

atoms exhibit promising biological activity and reduced toxicity.26, 27    

  

2.2. Studies of DNA/BSA interactions and cytotoxicity of metallodrugs  

  

Cis-palladium, cis-[Pd(NH3)2Cl2] was the first palladium(II) complex to be investigated for 

anticancer activity.28 Cis-palladium, in contrast to cisplatin, does not exhibit anticancer activity. 

Although cis palladium undergoes an inactive trans-conformation and hydrolyses very quickly, 

when it interacts in vivo with biological molecules, especially proteins, it does not reach its 

pharmacological target, DNA. Enhanced activity of the above-mentioned complexes advocates 

the development of palladium-based drugs stabilized by the coordination of nitrogen ligated 

compound and a non-labile leaving group which contributes to maintaining the structural 

identity of the complex long enough in vivo.    

  

Tusek-Bozic and his group improved the anticancer activity of one of the early palladium(II) 

complexes by introducing monoethylphosphonate and diethylphosphonate species on the 

quinolmethyl substructure that facilitated increased solubility. This compound has a general 
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formula trans-[PdCl2(2-dqmp)] (2-dqmp = diethyl-2-quinolmethylphosphonate, 1), as shown 

in Figure 2.3. 29  

  

 

Figure 2.3: Chemical structure of trans-palladium (II) complex supported on diethyl-

2quinolylmethylphosphonate ligand. 29  

  

2.2.1 Mononuclear palladium complexes  

  

Several mononuclear palladium(II) complexes have been studied and exhibit promising 

anticancer activity and DNA/BSA interactions. In one such report, Ojwach and co-workers 

reported the role of trans-heteroatoms carrier ligands of palladium(II) pincer complexes with 

the general formula [Pd(L1)Cl]BF4 (2), [Pd(L2)Cl]BF4 (3), [Pd(L3)Cl]BF4 (4), 

[Pd(L4)Cl]BF4 (5) where 2,6-bis[(1H-pyrazol-1-yl)methyl]pyridine (L1),bis[2-(1H-pyrazol1-

yl)ethyl]amine (L2), bis[2-(1H-pyrazol-1-yl)ethyl]ether (L3), and bis[2-(1H-prazol-

1yl)ethyl]sulphide (L4) to cytotoxicity and DNA/BSA interactions, see Figure 2.4.30 The 

complexes were found to intercalate to CT-DNA and follow the trend 5 >2 >3 >4. This trend 

is consistent with the binding affinity of BSA. The higher binding strength of 5 is assigned to 

both the electronic and steric effects. The in vitro studies against HeLa and MRC-5 SV2 

showed a half inhibitory concentration effect that is greater than 100 µM indicating a negative 

correlation to the CT-DNA/BSA trend. Additionally, this shows that high binding constants of 
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the complexes in DNA/BSA interactions do not guarantee the efficacy of the complexes in 

cytotoxicity. Moreover, low cytotoxic activity is ascribed to the lack of aromaticity and 

planarity of the spectator ligands.   

   

 

Figure 2.4: Chemical structures of palladium(II) complexes bearing bis-(pyrazolyl) ligands.30  

  

Omondi et al investigated the anticancer activity and CT-DNA interaction of palladium(II) 

complexes supported on tridentate bis(benzazole) ligands with a general formula  [Pd( L 

1)Cl]BF4(6); [Pd( L 2)Cl]BF4 (7); [Pd( L 3)Cl]BF4 (8), where 2,6-bis(benzimidazol-2-

yl)pyridine ( L 1), 2,6-bis(benzoxazol-2-yl)pyridine ( L 2), and 2,6-bis(benzothiazol-2-

yl)pyridine ( L 3) with [Pd(NCMe) 2Cl 2] and [Pd( L 4)Cl]Cl (9) where bis[(1H -benzimidazol- 

2-yl)methyl]amine is L4, see Figure 2.5.31 Interaction of palladium (II) complexes with 

CTDNA is influenced by the steric bulk of the ligands, therefore the complexes follows the 

sequence 6> 7 > 8> 9. The antiproliferative effect of the complexes against two cancer cell 

lines (HeLa, MRC5-SV2) and in a healthy cell line (MRC5) was examined. The potency 

against cancer cell lines, HeLa and MRC5-SV2 follow this order 6 > 7 > 8 > 9, IC50 values,  

6(16.3 ± 4.9 µM) > 7(70.3 ± 16.6 µM)> 8(73.6 ± 7.0 µM)> 9(88.4 ± 21.5 µM) and 8(18.5 ± 

2.6 µM)> 7(21.1 ± 4.0 µM)> 6(25.0 ± 0.3 µM)> 9(39.8 ± 3.4 µM). Complex 9 demonstrated 

low cytotoxic effects on the cancer cell lines, this is attributed to the reduced number of 
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aromaticity and planarity in the complex as well as the steric hindrance caused by methylene 

moiety.  

  

     

  

Figure 2.5: Chemical structures of palladium(II) complexes supported on tridentate 

bis(benzazole) ligands.31   

  

In a follow-up work, Omondi et al reported the cytotoxicity and DNA/BSA interaction of 

palladium(II) complexes bearing π-conjugated carboxamide ligand. These complexes consist 

of general formula of [Pd(L1)Cl] (10); [Pd(L2)Cl] (11); [Pd(L3)Cl] (12); and [Pd(L4)Cl] (13) 

where N-(pyridin-2-ylmethyl)pyrazine-2-carboxamide (L1), N-(quinolin-8-yl)pyrazine-

2carboxamide (L2), N-(quinolin-8-yl)picolinamide (L3) and N-(quinolin-8-yl)quinoline-

2carboxamide (L4), as shown in Figure 2.6.32 The relative binding affinities of the complexes 

with DNA and BSA follows the order 10 > 11 > 12 > 13. This trend is attributed to the 

electronic properties of the spectator ligand. Half inhibitory concentration (IC50) of the 

complexes obtained during the evaluation of the complexes 10- 13, against A549, PC-3, HT29, 

Caco-2, HeLa, and a normal cell (KMST-6) demonstrated that complexes 11 and 13 have 

minimal cytotoxic activity in all cancer lines. Cytotoxic effect against A549 cells follows a 

slightly different trend compared to the DNA interaction, 10(3.9 µM ) > 12( 30.8 µM ) > 11 
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(57.7 µM ) > 13(90.8 µM). This trend is explained by the nature of the inert spectator ligand 

which determines the biological activities of the corresponding complexes, the higher the 

cytotoxic activity of the complex the smaller the inert chelating ligand that promotes facile and 

strong binding to the molecular target DNA.  

  

 

Figure 2.6: Chemical structures of a series of palladium(II) complexes bearing π-conjugated 

carboxamide ligand. 32  

  

Petrović et al investigated DNA/BSA interactions and cytotoxicity of the palladium(II) 

complexes of the type; [Pd(H2LtBu)Cl]Cl (14) and [Pd(Me2LtBu)Cl]Cl (15) (where H2LtBu = 

2,6-bis(5-(tert-butyl)-1H-pyrazol-3-yl)pyridine and Me2LtBu is 2,6-bis(5-(tert-butyl)-1-

methyl-1Hpyrazol-3-yl)pyridine), as shown in Figure 2.7. 33 DNA/BSA interaction of the 

complexes was found to follow the 14 > 15. The cytotoxic effects of the complexes against the 

studied HeLa and PANC-1 cell lines, indicate that complex 14 is more active than 15, due to 
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the less steric effect of complex 14. Therefore, in this study, there is a positive correlation 

between DNA/BSA binding propensities and antiproliferative properties.   

  

 

Figure 2.7: Chemical structure of (pyrazolyl)pyridine palladium(II) complexes.33  

  

The work of Karami et al reported the effect of electron-donating and electron-withdrawing 

groups in DNA, bovine serum albumin as well as cytotoxicity. The palladium(II) complexes 

with the general formula [Pd(L1)Cl] (16) and [Pd(L2)Cl2] (17) where [(E)-2-[(anthracene-

9ylmethylene)amino]-5-nitroaniline] L1 and (E)-2-[(anthracene-9-ylmethylene)amino]-

5methyl aniline (L2) see Figure 2.8.34 The interaction of the complexes with DNA follow this 

increasing sequence 16 (0.027 x106 M-1) < 17 (0.297 x106 M-1),  indicating that electron 

donating group control the binding propensity of the complexes to the DNA. The interaction 

of the complexes with bovine serum albumin is in agreement with the DNA trend. Complex 17 

demonstrated a higher cytotoxic effect against MCF-7 cancer cell lines in comparison to 

complex 16, this is attributed to the presence of an electron-donating group. These findings are 

consistent with the DNA/BSA binding constants, showing that DNA is the main target in the 

mechanism of cell death.  
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Figure 2.8:  Chemical structures of (E)-2-[(anthracene-9-ylmethylene)amino] aniline 

palladium(II) complexes.34     

  

In another related development, Naskar and co-workers evaluated the cytotoxicity as well as 

DNA/BSA interactions of palladium(II) complexes supported on benzothiazole ligands with 

general formula [Pd(2-(benzothiazol-2-yl)-6-((2(ethylthio)phenyl)imino)methyl)phenol))Cl], 

see Figure 2.9.35 The complex displays a higher half inhibitory concentration (IC50 = 9.55±1.23 

µM) against human gastric cancer cell lines which is lower than the common cisplatin drug 

(IC50 = 23.13±1.03 µM). The complex also exhibited no toxicity towards normal cell lines (200 

µM). In addition, the complex binds to the DNA through groove binding with a reported 

binding constant of 4.019 x105 M-1 and 2.929 x104 M-1 for BSA. Therefore, the complex 

exhibits a positive correlation between cytotoxicity and DNA/BSA interaction.     
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Figure  2.9:  Chemical  structure  of  2-(benzothiazol-2-yl)-6-(((2- 

(ethylthio)phenyl)imino)methyl)phenol)benzothiazole palladium(II) complex.35  

  

2.2.2. Dinuclear palladium complexes  

  

Investigation of anticancer activity of metal complexes is being explored in multinuclear 

complexes. Additionally, some dinuclear complexes exhibit enhanced anticancer activity. For 

instance, Vijtek and the group reported the cytotoxicity of dinuclear spermine palladium 

complex against triple-negative breast cancer, as shown in Figure 2.10.36 This breast 

carcinoma was reported to have a low prognosis and restricted when treated with platinum 

drugs. Dinuclear palladium(II) spermine complex exhibited anticancer activity in vivo and in 

vitro and lower toxicity in comparison to platinum drugs which is an indication of the used 

palladium complex to TNBC.  
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Figure 2.10: Chemical structure of dinuclear spermine palladium(II) complex.36  

  

In another work, the influence of homometallic palladium(II) complex supported on bridging 

ligand in DNA/BSA interaction, and cytotoxicity was reported by Ćoćić et al.37 The evaluated 

palladium(II) complex with type [Pd2(tpbd)Cl2]Cl2 (20) where (tpbd = N,N,N’,N’-

tetrakis(2pyridylmethyl)benzene-1,4-diamine), as shown in Figure  2.11. Complex 20 interacts 

with DNA through intercalation and groove binding mode with a binding constant of Kb = 5.75 

± 0.01 x 104 M-1. In addition, the complex interacts with bovine serum albumin, and the binding 

constant (5.95 ± 0.05) x 104 M-1. Complex 20 displayed low inhibitory effects (139 ± 7 µM) 

towards human melanoma cancer cell line HTB150 indicating that the complexes are inactive.  

  

 

 
    

Figure 2.11: Chemical structure of platinum(II) complexes bearing (2-

pyridylmethyl)benzene1,4-diamine ligand.37  
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Ćoćić et al, investigated the cytotoxicity and DNA/BSA interactions of the dinuclear palladium 

complexes. They studied palladium complexes with a general formula, [{Pd(2,2′-

bipy)Cl}2(μpz)](ClO4)2 (21), [{Pd(dach)Cl}2(μ-pz)](ClO4)2 (22), [{Pd(en)Cl}2(μ-pz)] (ClO4)2 

(23), (where  pz = pyrazine, 2,2′-bipy = 2,2′-bipyridyl, dach = trans-(±)-1,2-

diaminocyclohexane, and en = ethylenediamine), see Figure 2.12.38 Complex 21 exhibits a 

high binding strength toward DNA molecule compared to other complexes and the binding 

constants of the complexes follow the trend 21 > 22 > 23. The order of BSA binding constants 

is consistent with that of the DNA and thus demonstrating a positive relationship between the 

two parameters. Interestingly, the cytotoxic effects of the complexes against the HeLa cell line 

follow the same order recorded for the DNA interactions, 21> 22> 23.  

 

 

Figure 2.12: Chemical structures of dinuclear bridged-pyrazine palladium(II) complexes.38  

 

In another study done by Franich et al evaluated in vitro cytotoxic activities and DNA/BSA 

binding in dinuclear palladium(II) complexes with a series of pyridine-based bridging ligands 

that have a formula,  [{Pd(en)Cl}2(μ-L)]2 (L is pyridine-based bridging ligand 4,4′-bipyridine 
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(4,4′-bipy, 24), 1,2-bis(4-pyridyl)ethane (bpa, 25), 1,2-bis(4-pyridyl)ethylene (bpe, 26) and en 

is bidentate coordinated ethylenediamine), see Figure 2.13.39 The cytotoxicity effect of 

palladium(II) complexes towards both A549 and LLC1 cells indicated that complex 26 is more 

active than the other complexes following the order 26> 25 > 24. However, the interaction of 

the complexes with DNA / BSA follows a different order 26> 25 > 24, complex 26 and 25 bind 

more strongly to these biological molecules than complex 24. Positive correspondence between 

the cytotoxic effectiveness sequence followed by these complexes and that of DNA and BSA 

interaction is demonstrated.  

  

 

  

Figure 2.13: Chemical structures of dinuclear palladium(II) complexes bearing pyridine-based 

bridging ligands.39  

  

 

  



42 | P a g e  

  

2.3. Summary   

  

Despite the efficiency of the common platinum-based drug in chemotherapy, its application 

against a variety of cancer cells is restricted due to resistance to some cancer cells and toxicity 

to normal cells. This catastrophe could be resolved by developing new metallodrugs with 

suitable ligands in terms of biological properties. With palladium showing a chemical 

resemblance to platinum complexes, a variety of palladium complexes have been prepared and 

investigated for their biological activity. Recent studies have shown that palladium complexes 

exhibit higher cytotoxicity and lower toxicity compared to some clinically used platinum drugs. 

40 However, it should be noted that due to the quick ligand-exchange rates, palladium(II) 

derivatives cannot maintain their structural integrity in the cytoplasm for long enough to reach 

the DNA target.41 This challenge can be overcome by coordinating chelating ligands to 

palladium. Hence, in this review, both mononuclear and dinuclear palladium(II) complexes 

consisting of chelating ligands have shown good anticancer activity with less toxicity to normal 

cells. Additionally, most palladium(II) complexes interact with DNA through intercalative 

mode and it has been demonstrated that the complexes are transported to the target cells using 

bovine serum albumin. The data of this review showing the correlation between the DNA/BSA 

and cytotoxicity of mononuclear and dinuclear palladium(II) complexes is summarized in 

Table 2.1 and Table 2.2.  
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Table 2.1: Summarized DNA, BSA binding constants, and cytotoxic activity of mononuclear 

palladium(II) complexes.   

Complex  DNA binding, Kb 

(M-1)  

BSA Binding, K (M-1)    Cytotoxicity  

(IC50, µM)  

  

  Ref  

      HeLa  MRC-5 SV2    30  

2  (4.99± 0.50)x 105  (6.70± 0.11)x 106  >100  >100      

3  (3.66± 0.41) x 105  (3.42± 0.22)x 106  >100  >100      

4  (1.38± 0.32) x 105  (1.00± 0.12)x 106  >100  >100      

5  (5.54± 0.51) x 105  (40.16± 0.66)x 106  >100  >100      

      HeLa  MRC5-SV2  MRC5  31  

6  5.53 x106  n.d  16.3±4.9  25.0±0.3  37.3±0.2    

7  2.20 x106  n.d  70.3±16.6  21.1±4.0  26.1±3.3    

8  1.01 x106  n.d  88.4±21.5  18.5±2.6  20.5±1.9    

9  0.53 x106  n.d  73.6±7.0  39.8±3.4  96.8±0.7    

      A549  PC-3  HT-29  32  

10  (11.01±0.52)x 104  (12.25± 0.14)x 105  3.9  9.8  0.1    

11  (1.67± 0.44)x 104  (9.14± 0.21)x 105  57.7  >100  >100    

12  (0.71± 0.01)x 104  (0.422± 0.03)x 105  30.8  5.4  1.9    

13  (0.35± 0.02)x 104  (0.13± 0.01)x 105  90.8  >100  >100    

      HeLa  PANC-1  MRC-5  33  

14  (1.9 ± 0.1) x 104  (1.9 ± 0.1) x 104  13.7 ± 3.4  38 ± 5  33 ± 6    

15  (2.4 ± 0.2) x 104  3.2 ± 0.2) ×x104  83 ± 4  372± 9  180 ± 50    

      MCF-7      34  

16  0.027 x106    288 ± 0.1          

17  

  

0.297 x106  

  

  

  

31 ± 4.2  

AGS  

  

  

  

  

  

35  

18  4.019 x105  2.929 x104  9.55±1.23        

Kb = DNA-binding constant; K = BSA association binding constant; IC50 = Half maximal 

inhibitory concentration and n.d = not determined  
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Table 2.2: Summarized DNA, BSA binding constants and cytotoxic activity of dinuclear 

palladium(II) complexes.   

Complex  DNA binding, Kb 

(M-1)  

BSA Binding, K  

(M-1)  

  Cytotoxicity  

(IC50, µM)  

  

  Ref  

      MDA-MB-231      36  

19  

  

nd  

  

nd  

  

7.3  

HTB140  

  

H460  

  

MRC-5  

  

37  

20  (5.75 ± 0.01) x 104  (5.95 ± 0.05) x 104  139 ± 7  144 ± 9  n.d    

      HeLa  MDA-MB- 

231  

MRC-5  38  

21  4.8 ± 0.2) x 104  (1.24 ± 0.05) x 105  6 ± 3  17 ± 4  > 100    

22  1.6 ± 0.1) x 105  1.03 ± 0.03) x 105  80 ± 10  26 ± 3  >100    

23  1.1 ± 0.1) x 105  1.13 ± 0.06) x 105  90 ±30  25 ± 4  >100    

      A546  LLC1  SW480  39  

24  1.2 x 105  5.9 x 104  90.57± 12.32  113.92  

±9.87  

173.16±  

20.14  

  

25  7.4 x 104  3.7 x 103  74.94± 10.47  83.63± 7.47   231.21±32.14    

26  1.5 x 105  9.1 x 104  63.89± 10.11  69.89 ± 8.52  117.73±13.47    

Kb = DNA-binding constant; K = BSA association binding constant; IC50 = Half maximal 

inhibitory concentration and n.d = not determined  
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2.4. Statement of the problem  

  

The mortality rate due to cancer disease is increasing yearly, with an estimated 19.3 million 

new cancer cases and 9.9 million deaths in 2020 were reported.42 Despite the curative properties 

of cisplatin and other clinically approved platinum drugs against cancerous tumours, they still 

demonstrate a wide range of side effects including (neuromuscular complication, renal tubular 

injury, abdominal pain, vomiting, nausea, and diarrhea).43   While it is believed DNA 

conformation may be altered upon the interaction of newly developed palladium(II) complexes 

with DNA to prevent cell division of cancer cells.44 The exact mechanism of action of the drug 

on the DNA and the nature of interactions is not fully understood.   

  

2.5. Justification and rationale of the study  

  

Shortcomings associated with the application of platinum-based drugs in cancer cells have 

attracted a search for alternative metal-based drugs with reduced limitations.45 Thus, the design 

and development of non-platinum-based drugs that may increase the spectrum activity of 

metal-based drugs, improve solubility, and reduce toxicity are indeed required.20 Due to 

structural and coordination resemblance analogy of palladium(II) complexes with those 

containing platinum(II) complexes.4, 46 The aquation and ligand-exchange kinetic rates of 

palladium(II) complexes are about 105 times faster than the corresponding platinum(II) 

analogous,47 It is thus important to expand the investigation of metal complexes beyond 

cisplatin to design alternative metal-based anti-cancer agents, which have minimal side effects 

and resistance to cancerous tumours. To understand the mechanisms and nature of actions of 

these complexes, it is significant to examine the cytotoxic activity of palladium(II) complexes 

and their binding affinity to biological molecules such as DNA and BSA. Thus, understanding 

the interaction of palladium(II) complexes with DNA and protein as well as the in vitro 
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cytotoxicity could lead to the development of clinical effective anticancer drug. Herein, we aim 

to examine DNA/BSA interactions, and cytotoxic activities of dinuclear palladium(II) 

complexes of (pyridyl)pyrazine carboxamide-based ligands.   

  

2.6. Aim and objectives of the study  

  

The general aim of this thesis is to synthesize mononuclear and dinuclear palladium(II) 

complexes bearing multidentate (pyridyl) pyrazine carboxamide-based ligands and study their 

DNA/BSA interactions and anticancer activity. To achieve the stated aim, the specific 

objectives are formulated as follows:  

1. To synthesize and characterize palladium(II) complexes bearing (pyridyl) pyrazine 

carboxamide ligands.  

2. To study the DNA/BSA binding affinities of palladium(II) complexes bearing (pyridyl) 

pyrazine carboxamide ligands.  

3. To examine in vitro cytotoxicity of palladium(II) complexes bearing (pyridyl) pyrazine 

carboxamide ligands.   
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Chapter 3 

Synthesis and structural characterization of carboxamide (pyridyl)pyrazine 

palladium(II) complexes. 

 

3.1 Introduction 

 

Amide groups are found in most biological molecules including peptides and proteins as well 

as synthetic polymers.1 Deprotonated and neutral amides coordinate exceptionally to transition 

metals forming a wide range of metal complexes.2 Anionic amide ligands coordinate to the 

metal center with N^N whereas neutral amides coordinate via N^O.3, 4 It is worth noting that 

anionic ligands are strong σ-donors capable of stabilizing metal ions in high oxidation states.5 

Coordination of the ligand backbone to the metal center with amidato nitrogen exhibit cytotoxic 

efficiency in some cancer cells such as colon, ovarian, and cisplatin-resistant ovarian human 

cancer cell lines whereas complexes with N^O coordination are inactive.6  In addition, bulky 

heterocyclic and chelating ligands such as N-heterocyclic, and N^N  chelating ligands 

including derivatives of pyridine, quinoline, and pyrazole exhibit anticancer activity.7-9  

 

Among the metal-based drugs being investigated for anticancer activity, palladium(II) 

complexes are the preferred metal complexes as antineoplastic agents. They can replace 

clinically approved platinum-based drugs due to their structural resemblance and coordination 

chemistry.10-17 In addition, palladium(II) complexes display better solubility compared to 

platinum(II) complexes.18 The first palladium complex that was examined for anticancer 

activity exhibited low stability in biomolecules, however, this was overcome by the use of 

chelating ligands.19 Thus, the selection of ligands that enhance the stability, solubility as well 
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as cytotoxicity of palladium(II) complexes is significant. Free ligands consisting of N^N-

chelating aromatic substituents interact with DNA through groove binding or intercalation 

which stabilizes π-π interactions.20  Pyrazine is known to be a biochemical ligand and it is 

reported that pyrazine metal complexes of Pd, Rh, W,  and Ru exhibit anticancer activity.21 

Quinoline scaffold has been reported to exhibit cytotoxicity by inhibiting topoisomerase II.22,23  

 

A series of N^N aromatic chelating carboxamide ligands of palladium(II) complexes have been 

reported in the literature. The reported palladium(II) complexes are inclusive of 

monocarboxamide and dicarboxamide chelating ligands. For instance, Mjwara et al24 recently 

reported the synthesis of bis[N-(4-bromophenyl)-pyridine2-carboxamidato]Palladium and N^N 

dicarboxamide  palladium(II) complexes with a general formula [bis(pyridine-2-carboxamide)benzene 

dianion)]Pd was reported by Mukherjee et al.25 This chapter reports the synthesis, spectroscopic 

characterization, and molecular structures of (pyridyl)pyrazine carboxamide-based ligands and 

their corresponding palladium(II) complexes.   

 

3.2. Experimental section 

 

3.2.1 General materials 

 

Air and water-sensitive compounds were synthesized under a nitrogen atmosphere using the 

standard Schlenk techniques. The solvents; diethyl ether was dried over distillation using 

calcium hydride and dichloromethane was purified by distillation using P2O5. The solvents 

were stored in molecular sieves. Acetonitrile, chloroform, and ethanol obtained from Merck 

were of analytical grade. Chemical reagents include pyrazine-2,3-dicarboxylic acid (>97%), 2-

amino-4-methylpyridine (>99%), 2-amino-6-methylpyridine (>98%), 2-aminopyridine 



53 | P a g e  

  

(>99%), and triphenyl phosphite (>97%), 8-aminoquinoline (>98%) were purchased from 

Merck and used without further purification. The starting material, [PdCl2(NCMe)2], was 

prefabricated by adopting a literature procedure.26 

 

3.2.2. Instrumentation 

 

3.2.2.1 NMR, FT-IR spectroscopy, mass spectrometry, and elemental analysis 

 

1H and 13C{1H} NMR spectra were recorded on a Bruker 400 MHz spectrometer in DMSO-d6 

at room temperature, and chemical shifts were reported in ppm with reference to tetramethyl 

silane (CH3)4Si. FT-IR spectra of all ligands and complexes were determined on Bruker apex 

2.0 using OPUS programme in 4000-500 cm-1 range. Mass spectral analyses were acquired on 

a Shimadzu LC-MS Spectrometer and Waters LCT Premier Spectrometer TOF micro-mass. 

Elemental analyses were carried out on Thermal Scientific Flash 2000. 

 

3.2.2.2. Single crystal X-ray crystallography analyses 

 

Single crystal X-ray crystallography analyses of compounds L3, Pd1, and Pd3 were measured 

on Bruker Apex Duo diffractometer made up of an Oxford Instruments Cryojet operating at 

100(22) K and a Incoatec microsource operating at 30W. Data for molecular structures L3, 

Pd1, and Pd3 was obtained by recording the measurements under the following conditions: 

Mo Kα (λ= 0.71073Å) radiation at crystal-to-detector distance of 50 mm at omega and phi 

scans with exposures taken at 30 W-X-ray power and 0.50o frame widths using APEX-II 

conditions. Using SHELX-2014,27 and OLEX228 direct methods, the molecular structures of 

Pd1 and Pd3 were solved and further refined with SHELX-2014 least squares approach.29 All 

hydrogen atoms were incorporated as idealised contributors. In addition, standard riding model 
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was utilised in calculating the position of all hydrogen, with C-Haromatic distances of 0.93Å and 

Uiso = 1.2Ueq, C-Hmethylene distances of 0.99 Å and Uiso = 1.2Ueq and C-Hmethyl distances of 0.98 

Å and Uiso = 1.5Ueq.  All non-hydrogen atoms were refined anistropically with SHELX-2014. 

 

3.2.3. Syntheses of (pyridyl)pyrazine carboxamide ligands and corresponding 

palladium(II) complexes  

  

3.2.3.1. [N2, N3-bis(pyridin-2-yl)pyrazine-2,3-dicarboxamide] (L1)  

  

 

A solution of pyrazine-2,3- dicarboxylic acid (0.62 g, 5.00 mmol) in pyridine (10.00 ml) was 

heated for 15 min at 100 o C and a solution of 2-aminopyridine (0.94 g, 10.00 mmol) in pyridine 

(10.00 ml) was added. The mixture was refluxed for 20 min and triphenyl phosphite (1.55 g, 

5.00 mmol) solution was added dropwise and refluxed for 24 h at 100 o C to form a brown-red 

solution. The resulting solution was cooled to room temperature and poured into 50.00 ml 

distilled water and 20.00 ml diethyl ether was added to form a white precipitate. The precipitate 

was collected by suction filtration, washed with diethyl ether, and dried under vacuum to give 

compound L1 as a white solid. Yield: 0.59 g, (38%). 1H NMR (400 MHz, CD Cl3): δH (ppm):  

7.07 (dd, 3JHH = 5.4, 2H, Hpyridine); 7.74 (m, 3JHH = 7.2, 2H, Hpyridine); 8.25 (d, 3JHH = 4.2, 2H, 

Hpyridine); 8.40 (d, 3JHH=7.9, 2H, Hpyrazine); 8.73 (s, 2H, Hpyrazine); 9.76 (s, 2H, NHamide). 13C{1H}  

NMR (100 MHz, CDCl3): δC (ppm): 114.6 (Cpyridine), 120.3 (Cpyridine), 138.5 (Cpyridine), 144.5  
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(Cpyrazine), 146.2 (Cpyridine), 147.9 (Cpyridine), 150.9 (Cpyridine), 162.1 (C=O). FT-IR (cm-1): 

ʋ(NH)amide= 3331, ʋ(C=O) = 1680. LC-MS: m/z, calc for C16H12N6O2: 320.10; Found 343.09 

[M++Na].    

A similar protocol was adopted in the synthesis of ligands L2-L4.  

  

3.2.3.2. [N2, N3-bis(6-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide] (L2)  

  

 

Pyrazine-2,3- dicarboxylic acid (1.00 g, 5.95 mmol), and 2-amino-6-methylpyridine (1.29 g, 

11.90 mmol) and triphenyl phosphite (3.71 g, 11.90 mmol) were refluxed for 12 h to give a 

brown-red solution. The solution was cooled to room temperature and poured into 50 ml of 

icecold water to precipitate. The resulting brown precipitate was formed and washed with ice-

cold water followed by ethanol, and then dried under vacuum. A white solid was obtained.  

Yield: 1.02g, (49%). 1H NMR (400MHz, DMSO-d6): δH (ppm): 2.43(s, 6H, Hmethyl) 7.07(d, 

3JHH = 7.5, 2H, Hpyridine); 7.75(t, 2H, Hpyridine); 8.00 (m, 2H, Hpyridine); 8.93(s, 2H, Hpyrazine); 

10.61(s, 2H, NHamide). 
13C{1H} NMR (100MHz, CDCl3): δC (ppm): 23.0 (Cmethyl), 112.0 

(Cpyridine),119.9 (Cpyridine), 140.4 (Cpyrazine), 144.8 (Cpyrazine) 145.8 Cpyridine) 149.6 (Cpyridine), 155.6 

(Cpyridine), 162.0 (Ccarbonyl). FT-IR (cm-1): ʋ(N-H) amide= 3322, ʋ(C=O) = 1701. HR-MS: m/z, 

calc for C18H16N6O2: 348.13; Found: 349.1404 [M+ + H].   

  

Ligands L3 and L4 were synthesized following a similar procedure described for L2  
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3.2.3.3. [N2,N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide] (L3)   

  

 

 Pyrazine-2,3- dicarboxylic acid (1.00 g, 5.95 mmol), 2-amino-4-methylpyridine (1.29 g, 11.90 

mmol), and triphenyl phosphite (3.71 g, 11.90 mmol) in pyridine. A white solid was obtained.  

Yield: 1.30 g, (63%). 1H NMR (400MHz, DMSO-d6): δH (ppm): 2.36(s, 6H, Hmethyl) 7.04 (d, 

3JHH = 4.5, 2H, CH); 8.05(s, 2H, Cpyridine); 8.22(d, 3JHH=4.8, 2H, Cpyridine); 8.93(s, 2H, Cpyrazine); 

10.63(s, 2H, NHamide). 
13C{1H} NMR (100MHz, CDCl3): δC (ppm): 21.3 (Cmethyl), 114.5 

(Cpyridine), 121.7 (Cpyridine), 145.7 (Cpyrazine/pyridine), 148.4 (Cpyridine), 149.8 (Cpyridine), 151.6 

(Cpyridine), 163.3 (Ccarbonyl). FT-IR (cm-1): ʋ(N-H) amide= 3347, ʋ(C=O)= 1682. HR-MS: m/z, calc 

for C18H16N6O2 : 348.13; Found: 349.1400 [M+ + H].  

  

 

3.2.3.4. [N2, N3-bis(quinoline-8-yl)pyrazine-2,3-dicarboxamide] (L4)  

  

 

  Pyrazine-2,3- dicarboxylic acid (1.00 g, 5.95 mmol), 8-amino quinoline (1.72 g, 11.90 mmol), 

and triphenyl phosphite (3.71 g, 11.90 mmol) in pyridine. The cream-white solid was obtained. 

Yield: 1.85 g (74%). 1H NMR (400MHz, DMSO-d6): δH (ppm): 7.77 (m, 3JHH = 8.0, 2H, 
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Hquinoline); 7.77 (m, 2H, Hquinoline); 8.47 (m, 2H, Hquinoline); 8.83 (m, 2H, Hquinoline); 8.95 (m, 2H, 

Hquinoline); 9.04 (s, 2H, Hpyrazine); 11.45 (s, 2H, NHamide). 
13C{1H} NMR (100MHz, DMSO-d6): 

δC (ppm): 117.2 (Caromatic), 122.7 (Caromatic), 123.1 (Caromatic) 127.5 (Caromatic) 128.4 (Caromatic) 

134.6 (Caromatic), 137.1 (Caromatic), 138.7 (Caromatic), 145.6 and 146.4 (Caromatic), 149.6 (Caromatic), 

150.0 (Caromatic), 163.1 (CC=O). FT-IR (cm-1): ʋ(N-H) amide= 3349, ʋ(C=O) = 1674. (HR-MS): 

m/z, calc for C24H16N6O2 : 420.13; Found: 421.1403 [M+ + H].  

  

3.2.3.5. [Pd2(L1)2Cl2] (Pd1)  

  

 

  

A solution of N2, N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide (L1) (0.12 g, 0.17 

mmol) in acetonitrile was added to a stirring solution of [PdCl2(NCMe)2] (0.10 g, 0.37 mmol) 

in acetonitrile. The mixture was refluxed under nitrogen for 24 h resulting in a yellow 

precipitate. The precipitate was filtered and washed with chloroform followed by diethyl ether 

to give a yellow solid. Yield: 0.20 g (57%).1H NMR (400MHz, DMSO-d6): δH(ppm): 7.02(m,  

2H, Hpyrdine); 7.72(m, 2H, Hpyridine); 7.44 (d, 3JHH = 8.1, 2H, Hpyridine); 7.75 (m, 2H, Hpyridine); 

7.88 (m, 2H, Hpyridine); 8.22 (d, 3JHH = 8.5, 2H, Hpyridine); 8.37 (m, 2H, Hpyridine); 8.44 (m, 2H, 

Hpyridine); 9.12 (m, 4H, Hpyrazine);11.09 (s, H, NHamide) FT-IR spec (cm-1): ʋ(N-H) = 3271, 

ʋ(C=O) =1705, 1642. (TOF-MS): m/z, calc for C32H22Cl2N12O4Pd2: 921.93; Found: 922.96 

[M+]. Anal. Calc (%) for C32H22N12O4Cl2Pd2.CHCl3: C, 38.05; H, 2.23; N, 16.13. Found (%): 

C, 37.54; H, 2.76; N, 14.20.  
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Complexes Pd2 and Pd3 were synthesized following a similar procedure described for Pd1  

 

  

3.2.3.6. [Pd2(L2)2Cl2] (Pd2)  

  

 

  

N2, N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide (L2) (0.13 g, 0.37 mmol) and  

[PdCl2(NCMe)2] (0.10 g, 0.37 mmol) in acetonitrile. The yellow solid was obtained. Yield: 

0.14 g (37%). 1H NMR (400MHz, DMSO-d6): δH(ppm): 2.43(s, 3H, Hmethyl); 2.99(s, 3H, 

Hmethyl); 6.98 (d, 3JHH = 7.5, 2H, Hpyridine); 7.06 (d, 3JHH = 7.6 2H, Hpyridine); 7.30 (d, 3JHH = 7.9, 

2H, Hpyridine); 7.66-7.70 (t, 3JHH =7.8, 2H, Hpyridine); 7.73-7.77 (t, 3JHH = 7.9, 2H, Hpyridine); 8.04 

(d, 3JHH =8.2, 2H, Hpyridine); 9.07 (s, 4H, Hpyrazine);10.97 (s, 2H, NHamide). 
13C{1H} NMR 

(100MHz, DMSO-d6): 23.9 (Cmethyl); 25.5 (Cmethyl); 111.3 (Caromatic); 119.6 (Caromatic); 119.9 

(Caromatic); 139.2 (Caromatic); 139.5 (Caromatic);145.8 (Caromatic); 150.8 (Caromatic); 151.4 Caromatic); 

157.1 (Caromatic); 157.3 (Caromatic); 159.3 (Caromatic); 163.2 (Ccarbornyl); 166.9 (Ccarbonyl) FT-IR spec 

(cm-1): ʋ(N-H) = 3444 ʋ(C=O) amide =1635. (TOF-MS): m/z, calc for C36H30Cl2N12O4Pd2.Na: 

1000.99; Found:1000.2 [M+ + Na]. Anal. Calc (%) for C36H30N12O4Cl2Pd2.1.5CHCl3: C, 38.91; 

H, 2.74; N, 14.52. Found (%): C, 38.53; H, 2.97; N, 14.35.  

  

  

  



59 | P a g e  

  

  

 

 

  

 3.2.3.7. [Pd2(L3)2Cl2] (Pd3)  

  

 

N2,N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide (L3) (0.13 g, 0.37 mmol) and  

[PdCl2(NCMe)2] (0.10 g, 0.37 mmol) in acetonitrile. The yellow solid was isolated.  Yield: 

0.11 g (30%). 1H NMR (400MHz, DMSO-d6): δH(ppm): 2.27(s, 3H, Hmethyl); 2.38(s, 3H, 

Hmethyl); 6.88 (m, H, Hpyridine); 7.04(m, H, Hpyridine); 7.27(s, H, Hpyridine); 8.08(s, H, Hpyridine); 

8.22-8.26 (m, 2H, Hpyridine); 9.09-9.12 (m, 4H, Hpyrazine); 11.02 (s, 2H, NHamide).
 13C{1H} NMR 

(100MHz, DMSO-d6): 20.6 (Cmethyl); 21.3 (Cmethyl); 114.8 (Caromatic); 122.8 (Caromatic); 124.6 

(Caromatic); 144.0 (Caromatic);149.5 (Caromatic); 150.2 (Caromatic); 151.8 Caromatic); 152.3(Caromatic); 

153.1 (Caromatic); 159.3 (Caromatic); 163.4 (Ccarbornyl); 166.9 (Ccarbonyl) FT-IR spec (cm-1): ʋ(N-H) 

= 3495, ʋ(C=O)amide =1705, ʋ(O=C-N)= 1632. (TOF-MS): m/z, calc for C36H30Cl2N12O4Pd2: 

978.00; Found: 979.10 [M+ + H]. Anal. Calc (%) for C36H30N12O4Cl2Pd2.1.5CHCl3: C, 38.91; 

H, 2.74; N, 14.52. Found (%): C, 38.32; H, 2.89; N, 14.36.  
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3.2.3.8. [Pd(L4)Cl] (Pd4)  

  

 

 To a stirring solution of [PdCl2(NCMe)2] (0.11 g, 0.39 mmol) in CH2Cl2 (10 ml) a solution of 

N2, N3-bis(quinoline-8-yl)pyrazine-2,3-dicarboxamide (L4) (0.16 g, 0.39 mmol) in CH2Cl2 (10 

ml) was slowly added and the mixture was stirred for 12 h at room temperature. Dark red solid 

was obtained, filtered, and washed thoroughly with dichloromethane. Yield: 0.11 g, (85%). 1H 

NMR (400MHz, DMSO-d6): δH(ppm): 7.59(m, H, Hquinoline) 7.66(m, H, Hquinoline) 7.70(m, H, H 

quinoline) 7.75 (t, 3JHH = 8.0, H, Hquinoline), 7.77 (m, H, Hquinoline), 7.81 (m, H, Hquinoline), 8.47 (, H, 

Hquinoline), 8.54 (d, 3JHH = 7.7, H, Hquinoline) 8.72 (d, 3JHH = 8.5, H, Hquinoline), 8.85 (m, H, Hquinoline),  

8.87 (m, H, Hquinoline), 8.89 (m, 3H, Hquinoline); 8.91 (m, H, Hpyrazine), 9.08 (d, 3JHH = 2.8 H, 

Hpyrazine), 11.02 (s, 2H, NHamide). 
13C{1H} NMR (100MHz, DMSO-d6): 118.1 (Caromatic); 120.5 

(Caromatic); 122.4 (Caromatic); 122.5 (Caromatic); 123.1 (Caromatic); 123.2 (Caromatic); 127.8 

(Caromatic);128.4 (Caromatic); 129.8 (Caromatic); 130.7 Caromatic); 135.2(Caromatic); 137.1 (Caromatic); 

138.8 (Caromatic); 140.9 (Caromatic); 143.3 (Caromatic); 144.5 (Caromatic); 147.4 (Caromatic); 147.8 

(Caromatic); 149.3 (Caromatic);149.5 (Caromatic); 151.5 (Caromatic); 153.1 (Caromatic); 163.3 (Ccarbornyl); 

165.4 (Ccarbonyl). FT-IR spec (cm-1): ʋ(N-H) = 3390, ʋ(C=O)amide=1686, 1636. HR-MS: m/z, 

calc for C18H11N6O2ClPd: 560.14; Found: 561.0045 [M+ +H]. Anal. Calc. (%) for 

C18H11N6O2ClPd.0.2CH2Cl2: C, 50.35; H, 2.51; N, 14.56. Found (%): C, 50.15; H, 2.13; N, 

14.25.  
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3.3. Results and discussion  

 

3.3.1. Synthesis of pyrazine-pyridyl-carboxamide ligands and palladium(II) complexes 

  

Pyrazine-2,3-dicarboxamide ligands, [N2, N3-bis(pyridin-2-yl)pyrazine-2,3-dicarboxamide] 

(L1), [N2, N3-bis(6-methylpyridin-2-yl)pyrazine-2,3-dicarboxamide], (L2) [N2, N3-bis(4-

methylpyridin-2-yl)pyrazine-2,3-dicarboxamide](L3), and [N2, N3-bis(quinoline-8-

yl)pyrazine-2,3-dicarboxamide] (L4) were prepared by following modified literature 

procedures.30, 31 Treatment of pyrazine-2,3- dicarboxylic acid with respective amines in the 

presence of triphenyl phosphite in pyridine resulted in the formation of compounds  L1-L4 in 

low to good yields (38-74%) as depicted in Scheme 3.1. The respective dinuclear palladium(II) 

complexes Pd1-Pd3 were prepared in low to moderate yields (30-63%) from the reaction of 

respective dicarboxamide ligands with PdCl2(NCMe)2 in a 1:1 ratio in acetonitrile, (Scheme 

3.2). Similar complexes have been isolated in low to moderate yields by other researchers .24, 

32 On the other hand, the mononuclear palladium(II) complex Pd4 was prepared from the 

reactions of L4 with equimolar amounts of PdCl2(NCMe)2 in dichloromethane in good yields 

(74%). The reaction of L4 with PdCl2(NCMe)2 in a 1:2 mole ratio also resulted in the formation 

of a mononuclear complex.  The formation of the mononuclear Pd4 complex could be due to 

ligand L4 adopting a tridentate binding mode (N^N^N) using the amide, pyrazine, and pyridine 

nitrogen atoms as shown in Scheme 3.2.  
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 Scheme 3.1. Synthesis of the carboxamide ligands L1-L4. 
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 Scheme 3.2: Synthesis of mononuclear and dinuclear (pyridyl)pyrazine carboxamide palladium(II) complexes Pd1-Pd4. 
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The new compounds were characterized using 1H NMR, 13C NMR, FT-IR spectroscopy, mass 

spectrometry, and single crystal x-ray analysis. The formation of the palladium(II) complexes 

was established by comparing the 1H NMR of the complexes to the corresponding free ligand. 

For instance, the 1H NMR spectrum of Pd3 showed a singlet l for the amidic proton N-H at 

11.02 ppm with integral value, I=1, compared to the free ligand L3 which showed the N-H 

signal at 10.64 ppm with I=2, (Figure 3.1). Deprotonation upon coordination has been 

observed in other related palladium complexes.33 This observation could be attributed to the 

deprotonation of the N-H proton at one arm of the ligand before coordination with the Pd(II) 

atom. Similar observations were made in the 1H NMR spectra of Pd1 and Pd2. However, for 

complex Pd4, the NH signal shifted slightly upfield to 11.02 ppm in comparison to the NH 

peak of the respective ligand L4 at 11.45 ppm (Figure 3.2). In addition, two singlets of the 

pyrazine protons were observed in the 1H NMR of the palladium(II) complexes. For example, 

in the 1H NMR spectrum of Pd3, two signals at 9.09 and 9.12 ppm assigned to Hpyrazine were 

observed compared to the free ligand L3 at 8.94 ppm. However, for complex Pd4, the two 

signals of the pyrazine protons were observed at 8.91 and 9.08 ppm compared to a singlet signal 

at 9.04 for L4.  This could be the result of the coordination of the Pd(II) atom to one Npyrazine, 

while the other pyrazine motif is non-coordinating. Similarly, five signals of Hpyridine protons 

were observed in the 1H NMR of the Pd3 compared to three signals in the free ligand L3, which 

is consistent with the non-symmetrical nature of complex Pd3. This type of coordination has 

been reported for ruthenium complexes.4 
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Figure 3.1: 1H NMR spectra of ligand (L3) showing N-H singlet signal at 10.64 ppm wit I=2 

and three pyridine signals; and the corresponding complex Pd3 showing singlet N-H signal at 

11.02 ppm with I=1, and five pyridine signals upon coordination. The unsymmetrical nature of 

the complex Pd3 confirmed the formation of the complex. 

 

Figure 3.2: 1H NMR spectra of ligand L4 showing N-H signal at 11.45 ppm with I=2 and the 

corresponding complex Pd4 showing singlet N-H signal at 11.02 ppm with I=1 upon 

coordination. This confirms the formation of the unsymmetrical complex Pd4. 
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Table 3.1: Signature 1H NMR signals of the ligands and their palladium(II) complexes 

Entry Complex δ Pzy)a δ Pyr)a δ amide)a 

1 Pd1 9.11, 9.12   (8.73) 7.45, 8.21    (8.21) 11.09   (10.73) 

2 Pd2 9.07            (8.93) 7.30, 8.04    (8.01) 10.97  (10.61) 

3 Pd3 9.09, 9.12, (8.94) 7.27, 8.08    (8.06) 11.02  (10.64) 

4 Pd4 8.91, 9.08 (9.04) - 11.02  (11.45) 

a 1H NMR of ligands in the bracket 

 

13C NMR data supported the trends and structures deduced from the 1H NMR spectra of 

compounds L3, L4, Pd3 (Figure 3.3), and Pd4 (Figure 3.4).  For example, upon coordination, 

two C=O peaks were observed at 163.3 and 166.92 ppm due to one arm coordinating in Pd3. 

The 13CNMR signals for the coordinated arm shifted downfield. This is ascribed to the ligand 

donating electrons to palladium causing electron deficiency in C=O.34 Similar signals were 

observed in 13C NMR spectrum of Pd4. These findings have been observed in other related 

complexes.30 
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Figure 3.3: 13C NMR spectrum of ligand L3 showing carbonyl signal at 163.3 ppm and the 

13C NMR spectrum of complex Pd3 showing two carbonyl signals at 163.4 and 166.9 ppm. 

This confirms the unsymmetrical nature of the dinuclear complex Pd3 due to the non-

coordination of one arm of ligand L3. 

 

 Figure 3.4: 13C NMR spectrum of ligand L4 showing carbonyl signal at 163.17 ppm and the 

13C NMR spectrum of complex Pd4 showing two carbonyl signals at 163.34 and 165.42 ppm. 

This confirms the unsymmetrical nature of the mononuclear complex Pd4 due to the non-

coordination of one arm of ligand L4. 

 

Pd3 

L3 

L4 

Pd4 
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The FT-IR spectral data was further employed in confirming the formation of the palladium(II) 

complexes Pd1-Pd4 and by making comparisons to the spectra of their respective ligands L1-

L4. For example, two C=O signals at 1632 cm-1 and 1705 cm-1 were observed in the spectrum 

of complex Pd3, whereas the same absorption band of the C=O group in L3 was recorded at 

1682 cm-1. A shift of one of the C=O absorption bands to a lower frequency value of 1632 cm-

1 was observed (Figure 3.4). This could be attributed to the coordination of the deprotonated 

arm of the ligands to palladium(II) which is in accordance with FT-IR of C=O bands (1638 and 

1616 cm-1) reported for carboxamide palladium, copper, and nickel complexes in literature.35-

37 Moreover, the visible absorption band at 1705 cm-1 was ascribed to the uncoordinated arm 

of the complex. This hypothesis is also supported by the presence of an absorption band of NH 

peak at 3495 cm-1. This trend was observed in all palladium(II) complexes Pd1-Pd4 (Figure 

3.4 and 3.5).  FT-IR spectrum of Pd4 is in good agreement with 13C NMR spectral data. 

 

Table 3.2: Selected FT-IR and 13C NMR data of ligands and palladium(II) complexes 

Entry  Complex υ(C=O)a υ(N-H)a 13C δ(C=O) 

1 Pd1 1705, 1642 (1680) 3271 (3331)       -               (162.1) 

2 Pd2 1635,          (1701) 3444 (3322) 166.9, 163.2 (162.0) 

3 Pd3 1705, 1632 (1682) 3495 (3347) 166.9, 163.4 (163.3)  

4 Pd4 1686, 1636 (1674) 3390 (3349) 165.4, 163.3 (163.1) 

a FT-IR of ligands in the bracket 
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Figure 3.5: FT-IR spectra of L3 showing single υ(C=O) peak at 1682 cm complex and Pd3 

showing the appearance of two carbonyl carbon υ(C=O) at 1632 and 1705 cm-1 confirming the 

unsymmetrical nature of the dinuclear complex Pd3 due the coordination of one arm of the 

ligand L3 to palladium(II). 
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Figure 3.6: FT-IR spectra of ligand L4 showing one υ(C=O) peak at 1674 cm-1 and its 

corresponding complex Pd4, showing the two υ(C=O) signals at 1636 and 1686 cm-1 

confirming the unsymmetrical nature of the mononuclear complex Pd4 due the coordination 

of one arm of the ligand L4 to palladium(II). 

 

Mass spectrometry (ESI-MS) proved to be useful in establishing the identity of the ligands and 

their respective palladium(II) complexes. All palladium(II) complexes and their corresponding 

ligands showed m/z signals that correspond to their respective molecular ion. For example, the 

m/z peaks at 922.96 [M+ +H] (Pd1), 1000.2 [M+ +Na] (Pd2), 979.10 [M++H] (Pd3), and 561 

[M+ +H] (Pd4) (Figure 3.7 and 3.8) corresponding to their molecular ion. These m/z values 

were in good agreement with the calculated isotopic mass distribution of the complexes. 
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Figure 3.7:  TOF-MS spectrum of complex Pd3 showing m/z at 979 [M+ +H]. Inset: theoretical 

(a) and experimental (b) isotopic mass distribution spectra complex Pd3 with m/z at 979. 

    

   

 

Figure 3.8:  HR-MS spectrum of complex Pd4 showing m/z at 561 [M+ +H]. Insert: theoretical 

(a) isotopic mass distribution spectra complex Pd4 with m/z at 560. 

 

 

 

 

 

    

 

 

 

 

a  b a 

a 
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3.3.2. Molecular structures of compounds L1, Pd1, and Pd3  

 

The solid-state structures of compounds L3, Pd1, and Pd3 were confirmed using single-crystal 

X-ray crystallography. Single crystals for L3 suitable for X-ray analyses were obtained from 

slow diffusion of dichloromethane and diethyl ether whereas Pd1 and Pd3 were obtained from 

slow evaporation of DMSO solution at room temperature. Table 3.3 show crystallographic 

data and structure refinement parameters, while selected bond lengths and bond angles are 

shown in Table 3.4. The compounds L3, Pd1, and Pd3 crystallize in triclinic, orthorhombic, 

and monoclinic systems with P-1, P21212, and C2/c space groups respectively. Pd1 crystallizes 

with two molecules of DMSO solvents in the lattice. Both Pd1 and Pd3 molecular structures 

exist as dimers with both ligands involved in the coordination around the palladium atom.  
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Table 3.3: Crystal data and structure refinement for compounds L3, Pd1 and Pd3 

Parameters L3 Pd1 Pd3 

Empirical formula C18H16N6O2 C32H22Cl2N12O7Pd2.3(CH3)2SO C36H32Cl2N12O4Pd2 

Formula weight 348.37 1155.48 980.44 

Temperature/K 104.53 105.65 100.22 

Crystal system triclinic orthorhombic monoclinic 

Space group P-1 P21212 C2/c 

Unit cell dimension;    

a/Å 7.95960(10) 12.6065(6) 15.6007(5) 

b/Å 9.72210(10) 22.0758(11) 17.9417(5) 

c/Å 11.33312(2) 8.2272(5) 20.2484(6) 

α/° 73.0790(10) 90 90 

β/° 78.7580(10) 90 103.4520(10) 

γ/° 79.8930(10) 90 90 

Volume/Å3 816.18(2) 2289.6(2) 5512.1(3) 

Z 2 2 8 

ρcalcg/cm3 1.418 1.676 1.181 

μ/mm-1 0.802 9.221 6.490 

F(000) 364.0 1161.0 1960.0 

Crystal size mm3 0.11 x 0.105x 

0.08 

0.175 x 0.17 x 0.145 0.3 x 0.06 x 0.055 

Theta range for data collection 

  

Reflection collected 

8.252 to 

136.756 

21649 

8.01 to 139.94 

 

4327 

7.63 to 144.198 

 

73551 

Goodness-of-fit on F2 1.039 1.114 1.169 

 Final R indices [I>2σ(I) R1=0.0327, 

wR2=0.0837 

R1=0.0296, wR2=0.0700 R1=0.0508, wR2= 

0.1417 

  R indices (all data) R1=0.0366, 

wR2= 0.0865 

R1=0.0322, wR2= 0.0712 R1=0.0521, wR2= 

0.1424 

Largest diff. peak and 

holes/eA-3 

0.26/-0.23 0.61/-0.48 0.82/-0.63 
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Figure 3.9: Solid state structure of L3, drawn with 50% probability ellipsoids. Hydrogen atoms 

were omitted for clarity.  

 

 

Figure 3.10: Solid state structure of complex Pd1, drawn with 50% probability ellipsoids.  

Hydrogen atoms were omitted for clarity.  
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Figure 3.11: Solid-state structure of Pd3, drawn with 50% probability ellipsoids. Hydrogen 

atoms are omitted for clarity.  

 

In the palladium complexes (Pd1 and Pd3), each ligand coordinates to the palladium center 

with two nitrogens of Npyrazine, and Namide, and one Npyridine of another ligand which forms a 

bridge between the two ligands. Chloride atoms coordinate with palladium atoms to stabilize 

the complex. Similar coordination of palladium and zinc complexes has been reported.38, 39 In 

L3, the amide group N2-O1-C7 connects the plane of methyl pyridyl moiety to the pyrazine 

ring with a 126.14o(11) angle between them. The dihedral angle, N1-Pd1-N3 of 80.68 o (17) 

Pd3 is larger than the N1-Pd1-N3 of 80.29 o (18) Pd1 due to steric constraints induced by the 

methyl group in Pd3 and these angles depart from 90 o respectively. The bite angles 173.29 o 

(19) for Pd1 and 176.23 o (17) for Pd3 deviate from 180 o. Hence, the Pd1 and Pd3 geometry 

of the palladium(II) atom is a square planar geometry. These  angles are comparable to the bite 

angles (80.30 o (13) and 80.47 o (12)) as well as ( 173.3 o (10) and 176.63 o (17) reported for 

similar palladium carboxamide complexes.33, 40, 41  
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Both molecular structures of Pd1 and Pd3 exhibit comparable bond lengths. For instance, the 

Pd-Namide bond length for Pd1 of 2.004(4) Å and Pd3 of 2.007(4) Å are comparable. The 

average bond length Pd-Namide for Pd1 and Pd3 2.005 Å is within the maximum bond length 

of 2.001 Å Pd-Namide reported for 16 related palladium(II) complexes containing similar Pd-

Namide bonds.36 The Pd-Npyz bond length for Pd1 of 2.013(5) Å is shorter than that of Pd3 

(2.029(4) Å). The average bond length of Pd-Npyz in complexes Pd1 and Pd3 is 2.011 Å is 

within the average bond length of 2.029 ± 12 Å obtained for 29 with similar bonds.30 

Additionally, the average Pd-Npyr of Pd1 and Pd3 of 2.033 Å is comparable to the average 

bond distance of 2.032 ± 10 Å reported for 16 related compounds bearing similar Pd-Npyr 

bonds.42 The longer Pd-Cl bond length of 2.3154(13) Å for Pd3 compared to Pd(1)-Cl(1) 

2.2915(13) Å for complex Pd1 is ascribed to the better trans-effect due to the presence of 

electron donating group CH3 in L3. Moreover, the average Pd-Cl bond distances of 2.304 Å 

for compound complexes Pd1 and Pd3 are within the average Pd-Cl bond of 2.326 ±15 Å in 

42 related palladium complexes deposited in CDCC.43 Notably, a difference in bond length of 

the C=O of the coordinated and non-coordinated arm in amide moiety O1-C6; 1.238(6) Å and 

O2-C11; 1.222(7) Å (Pd1) as well as O1-C5; 1.234(7) Å and O2-C12; 1.240(7) Å (Pd3), 

indicate that upon complexation the (pyridyl) pyrazine carboxamide ligands lose its 

symmetrical nature.  The intratomic distance Pd(1)-Pd(3) in Pd3 (3.506 Å) is longer compared 

to Pd1 (3.387 Å),  this could be attributed to the structural distortion of square planar in Pd3 

compared to Pd1.44 The bond length of N1-C6; 1.3376(17), N2-C7;1.3524(17), N3-C8; 

1.3436(10) and O1-C7; 1.2240(15) are comparable to the N-C and O-C  bond distances 

averaging  1.338 ± 0.028 Å, 1.350 ± 0.042Å, and 1.3460 ± 0.015 Å reported for 192, 2467, and 

225 similar molecular structure.45  
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Table 3.4: Selected bond lengths and bond angles for molecular structures of L3, Pd1, and 

Pd3 

Bond lengths [Å] L3 Pd1 Pd3  

Pd(1)-N(1) - 2.013(5) 2.010(4) 

Pd(1)-N(3) - 2.004(4) 2.007(4) 

Pd(1)-N(4) - 2.036(5) 2.029(4) 

Pd(1)-Cl(1) 

N(1)-C(6) 

N(1)-C(5) 

N(2)-C(7) 

N(2)-C(6) 

N(3)-C(8) 

N(3)-C(7) 

O(1)-C(7)  

O(1)-C(6)  

O(1)-C(12)  

O(2)-C(11)    

- 

1.3376(17) 

- 

1.3524(17) 

- 

1.3436(16) 

- 

1.2240(15) 

- 

1.2225(15) 

2.2915(13) 

- 

1.348(7) 

- 

1.355(7) 

- 

1.357(7)   

- 

1.238(6) 

- 

1.222(7) 

2.3154(13) 

1.335(7) 

- 

1.347(7) 

- 

1.354(6) 

- 

1.234(7) 

- 

1.240(7) 

Bond angles [˚]    

N(1)-Pd(1)-N(4) - 173.29(19) 176.23(17) 

N(3)-Pd(1)-N(1) - 80.29(18) 80.68(17) 

N(3)-Pd(1)-N(4) - 95.88(18) 96.38(17) 

N(1)-Pd(1)-Cl(1) - 95.58(13) 94.65(13) 

N(3)-Pd(1)-Cl(1) - 175.83(14) 174.65(13) 

N(4)-Pd(1)-Cl(1) 

N(1)-C(6)-N( 2) 

N(1)-C(5)-N(2) 

O(1)-C(7)-N(2) 

O(1)-C(6)-N(2) 

- 

113.14(10) 

- 

126.14(11) 

- 

88.28(13) 

- 

115.5(5) 

- 

126.4(5) 

88.18(12) 

115.5(4) 

- 

128.1(5) 
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3.4. Conclusions 

 

(Pyridyl)pyrazine carboxamide based ligands (L1-L4) and their corresponding palladium(II) 

complexes(Pd1-Pd4) have been successfully synthesized in low to good yields. The 

compounds were characterized using NMR, FT-IR spectroscopy, mass spectrometry, and 

single X-ray crystallography. 1H NMR reveals the appearance of the N-H signal with I=1 for 

the complexes compared to the N-H signal with I=2 for the ligands. 13C NMR and FT-IR of 

the complexes showed two carbonyl peaks upon complexation which was indicative of one-

arm coordination of the ligands to palladium (II). The solid-state structure of L3 showed the 

formation of the expected dicarboxamide-based ligand. Coordination chemistry and geometry 

of complexes Pd1 and Pd3 showed that (pyridyl) pyrazine carboxamide-based ligands (L1-

L3) coordinate to the palladium atom via nitrogen donor atom. The two dicarboxamide ligands 

coordinate with the palladium atom with one arm. The ligands are bridged by two palladium 

atoms to form stable complexes. Both structures adopt a distorted tetrahedral geometry. L4 

coordinate to the palladium atom via N^N^N in a tridentate form in one arm of the ligand. This 

coordination in Pd4 is confirmed by NMR, FT-IR, mass spectrometry, and elemental analysis.  
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Chapter 4 

Investigations of DNA/BSA binding interactions, and cytotoxicity of (pyridyl)pyrazine 

carboxamide palladium(II) complexes 

 

4.1. Introduction 

 

Palladium(II) complexes have gained interest as promising anticancer agents due to their 

chemical resemblance with platinum-based complexes.1, 2  With the first palladium(II) complex 

lacking stability to target DNA, complexes with suitable chelating ligands that can regulate the 

stability are being designed and developed to overcome this challenge.3 Numerous 

palladium(II) complexes with chelating ligands have become promising alternatives by 

showing good selectivity of normal cells, better anticancer activity, and lower toxicity against 

a wide range of normal cells.4-7 Additionally, palladium(II) complexes bearing chelating 

ligands play a major role in lowering kidney toxicity than cisplatin since the proteins are unable 

to displace the chelating palladium(II) complex with the sulfhydryl group.8 The presence of the 

N-H group improves cytotoxicity as the hydrogen atoms are capable of forming hydrogen 

bonds in DNA. Consequently,  palladium complexes supported on ligands with electron-donor 

nitrogen atoms can coordinate with nucleic acids effectively.9   

 

DNA interaction with metal complexes is the primary step in the design and development of 

curative cancer agents because it is the main cellular target.10, 11 Metal complexes bind 

covalently or noncovalently to the DNA to prevent cell division of cancer cells. Modes of 

interaction are dependent on the nature of ligand moiety,  metal centre, and coordination 

geometry.12 Generally, π-stacking of aromatic heterocyclic metal complexes within the DNA 

base pairs, hydrogen bonding, and van de Waals interactions found in groove binding as well 
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as the electrostatic interaction stabilize the interaction of the DNA and respective drugs.3 

Hence, it is vital to investigate the binding affinity of metal complexes to DNA. 

 

Furthermore, understanding the transportation and distribution of the developed drugs to the 

main target biomolecules is significant. Serum albumin proteins are known to perform this 

function in the bloodstream.13-15 Specifically, the interaction of metal complexes with serum 

albumin proteins is probed to determine the binding strength and mechanism of metal 

complexes to bovine serum albumin proteins due to homological similarities with human serum 

albumin, inexpensive, and stable.16-19 Thus, studying the interaction of DNA/BSA 

biomolecules and bioactive metal complexes is necessary to comprehend the mechanism of 

action to cell death.20 Cisplatin and its analogues are currently being used as therapeutic agents 

for cancer cells and their mechanism of action is understood.6, 21  

 

Numerous dinuclear palladium(II) complexes bearing nitrogen donor ligands have been 

reported and display enhanced efficacy in cancer cells compared to mononuclear palladium(II) 

complexes. For example, Alisuf et al,22 reported DNA, bovine serum albumin interactions as 

well as the anticancer activity of dinuclear palladium(II) complex with the general formula µ-

1,4-phenylenediamine-bis-(chloroethylenediaminepalladium(II)) nitrate. The study 

established that the dinuclear palladium(II) complex can be transported by bovine serum 

albumin protein to the target DNA and then allow coordination to occur in it. Additionally, this 

dinuclear palladium complex exhibit enhanced anticancer cytotoxic activity compared to 

mononuclear complexes. Furthermore, aromaticity plays a major role in the anticancer activity, 

since there is a noticeable increase in the cytotoxic activity of the reported dinuclear complex 

than chained palladium(II) complexes.23 This chapter reports the effect of the electron donating 

group such as the methyl group and increased palladium(II) metal center on the interaction of 
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biomolecules DNA /BSA with mononuclear and dinuclear palladium(II) complexes bearing 

carboxamide moiety isolated in Chapter 3 (Figure 4.1).  

 

 

 

Figure 4.1: (Pyridyl)pyrazine carboxamide palladium(II) complexes used in the biological 

studies in this chapter. 

 

4.2. Experimental section 

 

4.2.1. General instrumentations and materials 

 

Calf-thymus DNA, ethidium bromide, and bovine serum albumin were purchased from Merck 

and used without any further purification. Ultrapure water was used in the experiments. CT-

DNA titrations were performed from a Cary 100 Series UV-vis spectrophotometer with 

temperature controller (± 0.05 o C). Fluorescence quenching experiments were performed from 
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a Perkin Elmer LS 45 Fluorescence Spectrometer using 1 cm path length cuvettes at room 

temperature. 

 

4.2.2. Experimental procedure of CT-DNA and BSA binding studies 

 

4.2.2.1. CT-DNA absorption spectral studies 

 

CT-DNA interactions with synthesized palladium(II) complexes were performed at room 

temperature in 0.01 M phosphate-buffered saline(PBS) at pH = 7.4, stored at 4 o C, and used 

within 4 days. When evaluated at 260 nm and 280 nm (A260/A280) ratio, the CT-DNA stock 

solution absorption ratio was in the range of 1.8 to 1.9, demonstrating that CT-DNA was 

sufficiently free of protein.24 The concentration of CT-DNA per nucleotide was calculated 

using the maximum absorbance measured at 260 nm and the molar absorption coefficient, 6600 

M-1. A fixed concentration of the metal complex 1.0 mM in DMSO solution was titrated with 

increasing CT-DNA solution and in between titrations, the complex-CT-DNA solution was 

incubated in a cuvette for 5 min before absorption spectra measurements. The binding constant 

of the complexes was determined from the Wolfe-Shimer equation (Eq. 4.1).25 

 

[DNA]/(εa-εf) = [DNA]/(εb-εf)+1/(Kb(εb-εf))                                     (Eq. 4.1) 

 

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

coefficient, εb is the molar extinction coefficient of the free complex, and εf is the extinction 

coefficient for the [complex-DNA]. Kb was calculated using the slope to intercept ratio of 

[DNA]/(a-f) vs [DNA]. Using the van't Hoff equation (Eq.  4.2), the standard Gibb's free (G) 

of metal complexes bound to DNA was determined.26  

∆G = – RT ln Kb.                                                       (Eq. 4.2) 
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4.2.2.2. CT-DNA ethidium displacement studies 

 

The displacement of ethidium bromide with metal complexes in CT-DNA was examined by 

performing fluorescence quenching experiments. CT-DNA- ethidium bromide was prepared 

by mixing equal concentrations of CT-DNA and ethidium bromide (10µM each) in 0.01 M 

phosphate-buffered saline solution, pH= 7.4.27 The interaction of metal complexes with CT-

DNA to displace ethidium bromide were probe by stepwise addition of increasing 

concentration of metal complexes, Pd1-Pd4 to a solution of CT-DNA-EB. Fluorescence 

quenching emissions were measured within the wavelength of 520 to 700 nm and the excitation 

wavelength was set at 500 nm. Before each fluorescence measurement, the solutions were 

thoroughly mixed and incubated for 5 min at room temperature.28      

 

Io/I = 1 + Ksv[Q] = 1 + kqτ0[Q]                                                                      (Eq. 4.3) 

where Io and I are the emission intensities of the CT-DNA-EtBr complex before and after each 

addition of the complex. [Q] is the concentration of the quencher palladium(II) complex. The 

Stern-Volmer quenching constant, Ksv, was obtained from the slope of the linear plot of Io/I 

versus [Q]. The bimolecular quenching rate constant, kq was also calculated using the Stern-

Volmer equation, where τ0 is the average fluorescence lifetime of the CT-DNA+EB complex 

before the addition of a quencher. The apparent binding constant, Kapp was determined from 

the equation Eq. 4.4.25 

                         KEtBr[EtBr] = Kapp[Q]                                                                    (Eq. 4.4)                                                                                                                                                                                                                                                                                                                                                                  

 

where [Q] is the concentration of quencher causing a 50% reduction in fluorescence intensity 

of CT-DNA+ EtBr complex, KEB = 1.0 x 107 M-1. Scatchard plots also gave the binding 

constant, KF as determined from the fluorescence titration using the Scatchard equation Eq. 

4.5.29 
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log(Io - I) / I = logKF + n log[Q]                                                              (Eq. 4.5) 

                       where n is the number of binding sites per nucleotide. 

 

 

4.2.2.3. Bovine serum albumin quenching studies 

 

Fluorescence quenching of the bovine serum albumin and palladium(II) complexes was 

investigated to ascertain the binding propensities of the complexes to the BSA. The stock 

solution of bovine serum albumin was made in 0.01 M PBS with a pH of 7.4 at room 

temperature. The absorbance at the maximum wavelength, 280 nm, was divided by the molar 

extinction coefficient to determine the concentration of bovine serum albumin used in the 

fluorescence titration. A fixed stock solution of BSA in the buffer was titrated with increasing 

concentration of the palladium(II) complex. The fluorescence emission spectra were recorded 

in the range of 300 nm to 410 nm with an excitation of 278 nm. Before the measurement of 

each spectral data, the solution was incubated for 5 min at room temperature.30 Similar to CT-

DNA- ethidium bromide, the fluorescence quenching of the compounds is explained by Stern-

Volmer and Scatchard equation.  

4.2.2.4.  Filter effects 

The inner filter effects was diminished by correcting the data obtained in spectrophotometric 

titrations using the following described literature procedure.31 The following equation 4.632 

was used. 

Fcorr = Fobs10(Aex+Aem)/2                                                                       Eq. 4.6 

in which the quencher/fluorophore addition-induced corrected and observed fluorescence 

intensities are Fcorr and Fobs. They are caused by the addition of quencher/fluorophore in a 
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cuvette with a 1 cm path length, respectively.  The aforementioned equation is used because it 

is valid and appropriate in the case of typical fluorophores where scattering is negligible and 

absorption predominates extinction.26  

 

4.2.3. In vitro cytotoxicity 

 

 The human breast cancer cell line (MCF-7) was used to examine the inhibitory effects of the 

palladium(II) complexes (Pd1-Pd4) and their respective (pyridyl)pyrazine carboxamide 

ligands (L1-L3). The studies were carried out using a method that was previously reported in 

literature.25, 33 Using the MTT (3-(4,5-Dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium 

bromide) test, the viability of the treatment was assessed after 48 hours of incubation. MCF-7 

human breast cancer cell was developed in 75 cm2 tissue culture flask using DMEM 

supplemented with 10 % Foetal Calf Serum, 2 mM L-glutamine, and 1% antibiotic-antimycotic 

solution (containing penicillin, streptomycin, and amphotericin B), and incubated at 37 o C in 

a humidified atmosphere of 5 % CO2. Additionally, tissue cultures were rinsed with phosphate-

buffered saline (PBS), trypsinised, and then the cells were suspended in a growth medium 

(compound stocks were prepared in DMSO but the final DMSO concentration that cells were 

exposed to was less than 0.1 %v/v) before being placed on culture plates. Haemocytometer was 

set to 5 x 104 cells/ml, and 100 µl of the suspension was seeded into each well of micro-clear, 

flat-bottom 96-well plates. Before the treatment of culture for up to 48 h with varying 

concentrations of each compound prepared in a growth medium, the seeded plates were 

incubated for 24 h.   To determine viability after treatment, 10 µl of a 5 mg/ml solution of MTT 

was added to each well, and the plates were incubated for 3 h. Then, the contents of each were 

aspirated, and 100 µl of DMSO was added to dissolve the insoluble formazan. Following that, 

a CLARIO star plate reader was used to read the absorbance at 570 nm (BMG LABTECH, 

Germany). The mean duplicate values for each treatment were calculated and expressed 
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relative to the mean of the duplicate negative control wells that were set to 100%.  An Olympus 

CKX41 microscope fitted with an Olympus DP71 UTVIX-2 camera was used to assess and 

image treatment-induced changes to the morphology of cells. The images were captured with 

the Olympus cells entry software. 

 

4.3. Result and discussion 

 

4.3.1 CT-DNA absorption spectral studies 

 

DNA is known to be the main biological target in the treatment of cancer using metal-based 

drugs.34 Small complexes can bind to the DNA molecule using different binding modes. Most 

aromatic heterocyclic complexes destroy cancer cell growth by interfering with the hydrogen 

bonds of the nucleobases that are within DNA.35 Therefore, it is crucial to study the drug-DNA 

interactions to comprehend the mechanism of action. These studies can be performed using 

UV-Vis spectroscopy which is an important technique in studying the interactions between 

DNA and metal complexes. From this technique, it is possible to establish various modes of 

binding between DNA and metal complexes, such as intercalation within DNA base pairs, 

minor and major groove binding, and sugar-phosphate backbone.36 Binding of palladium(II) 

complexes Pd1-Pd4 to CT-DNA duplex was monitored using electronic absorption 

spectroscopic titrations. Increment addition of CT-DNA concentration to a fixed concentration 

of palladium(II) complex resulted in a change in absorbance intensity as shown in Figure 4.2. 

The spectral changes depicted hypochromic and bathochromic shifts upon increasing CT-DNA 

concentration, which could be assigned to the π-π stacking of the palladium(II) complexes 

within the CT-DNA base pairs indicating the existence of intercalation binding mode.25  

Similar trends of spectral changes were observed in the absorption spectra of the complexes 

Pd1-Pd4. The intrinsic binding constant(Kb) values, 4.28-13.12 x 106 M-1 for palladium (II) 
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complexes Pd1-Pd4 indicate a strong interaction between CT-DNA and complexes. The 

binding strength of the complexes to CT-DNA follows this order Pd3 > Pd2 > Pd1 > Pd4. 

Additionally, the observed high binding constants for Pd1-Pd4 are due to planarity which 

facilitates CT-DNA binding.26, 37 Among the complexes, Pd2 and Pd3 exhibited greatest 

binding constants due to the presence of a methyl group which induce hydrophobicity when 

the complexes interact with CT-DNA leading to enhanced CT-DNA binding affinity.38 The 

obtained binding constants are comparable to other related palladium(II) complexes in 

literature with the same magnitude ((0.53-5.53) x106 M-1) and ((1.921-3.975) x106 M-1).25, 39 

Gibbs free energy(ΔG) of the  complex-DNA was  calculated and the results are presented in 

Table 4.1. Negative values of Gibbs energy obtained suggest that the complexes interact with 

CT-DNA spontaneously.40, 41 Free energy values of Pd2 and Pd3 are more negative compared 

to the other complexes, undoubtedly due to the presence of a methyl group.42  

 

Figure 4.2: Electronic absorption spectra of Pd3 (25 μM) in 0.01 M PBS buffer at pH=7.4 

upon addition of CT-DNA (0 - 16 μM). The arrow shows the decrease in absorbance upon the 

addition of increasing concentration of CT-DNA. Inserted is the linear plot of [CT-DNA] vs 

[DNA]/ (a-f).  
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4.3.2. Competitive CT-DNA ethidium fluorescence quenching studies 

 

Ethidium bromide is a strong DNA intercalating agent that is used to probe the interactions of 

compounds with DNA since it could afford intense fluorescence emission when intercalating 

to the DNA.35, 43 During the interaction, ethidium bromine is displaced by intercalating 

complexes from DNA resulting to quenched fluorescence intensity.44 Competitive binding 

experiments are conducted to assess if complexes can displace ethidium bromide in the EB-

DNA complex. Thus, in this study, the interaction of palladium(II) complexes with CT-DNA 

was investigated by evaluating the fluorescence quenching experiments of the CT-DNA-EB 

complex in the presence of palladium(II) complexes. Upon the addition of increasing 

concentration of the complex to a constant concentration of EB-CT-DNA, fluorescence 

emission intensity could be reduced due to the strong interaction formed between CT-DNA 

and the complex when replacing ethidium bromide.36 This was observed after the addition of 

an increasing concentration of Pd1-Pd4 to a fixed concentration of CT-DNA-EB. The spectral 

data, see Figure 4.3, depicted a hypochromic shift in fluorescence emission at 592 nm, which 

indicate that the complexes intercalate within CT-DNA base pairs to displace ethidium 

bromide. In addition, emission intensity was quenched with a notable red shift in all spectra of  

complexes which points to the existence of strong interaction between palladium(II) complex 

and CT-DNA.29  
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Figure 4.3: Fluorescence emission spectra depicting the quenching upon addition of an 

increasing amount of  Pd3 to CT-DNA-EB: [EB] = 10 μM, [CT-DNA] = 10 μM. The arrow 

shows the intensity changes upon increasing the Pd3 complex concentration. Inserted is the 

Stern-Volmer plot of Io/I vs [Q] and  Scatchard plot of log[(Io–I)/I] vs log[Q]. 

 

The Stern-Volmer quenching and biomolecular quenching rate constants were calculated by 

fitting the data to the Stern-Volmer equation (Eq.3). Ksv values of palladium(II) complexes 

(1.82-28.41) x105 M-1 signify that the complexes intercalate to the DNA to replace ethidium 

bromide dye. The observed Kapp magnitudes (3.93-25.02) x106 M-1 for Pd1- Pd4 are lower than 

the binding constants (107M-1) for classical intercalators and metallointercalators, which 

implies that the complexes intercalate strongly to the DNA base pairs.45, 46 In general, the 

dynamic quenching mechanism is signified by values lower than those of strong biopolymer 

fluorescence quenchers (2 x 1010 M-1s-1). In this study, the high bimolecular quenching rate 

constants kq values (1.00-12.33) x1012 M-1s-1 reported for these complexes Pd1-Pd4 (Table 
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4.1) point to the displacement of ethidium bromide via the static mechanism.47 The binding 

constants (KF) and the number of binding sites (n) obtained from the linear plot of the Scatchard 

equation (Eq.5) (Figure 4.3) are given in Table 4.1. The n-values (0.75-1.08) obtained were 

approximately equal to one, suggesting that palladium complexes bind to a single site in CT-

DNA. It is important to note that the binding constant KF (1.01-53.44) x104 M-1 values support 

intercalative binding mode between palladium(II) complexes and CT-DNA-EB, which is 

consistent with the biomolecular quenching rate constant (kq). High binding and quenching rate 

constants obtained are due to the planarity of the complexes that allow the complexes to 

effortlessly reach the active site in CT-DNA.26  In addition, the binding constants of the 

complexes follow the order Pd3 > Pd2 > Pd1 > Pd4,  with  Pd3 exhibiting higher binding (KF) 

and quenching constant (kq) whereas complex Pd1 showed low binding (KF) and quenching 

constant (kq) for dinuclear palladium(II) complexes. This could be due to the presence of  a 

hydrophobic group such as methyl group in Pd2 and Pd3, which increase the DNA binding 

affinity since complexes are more inserted and stacked with DNA than other complexes.48 In 

addition, dinuclear complexes Pd1-Pd3 showed high binding constants compared to a 

mononuclear Pd4 which is a result of increased palladium center in dinuclear complexes due 

to favourable electrostatic interactions.49 
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Table 4.1: CT-DNA binding constants, quenching constants, and Gibbs energy values for Pd1-Pd4   

 

Complex 

UV titration                            EB fluorescence exchange titration  

Kb x 106 

 (M -1) 

Ksv x 105 

 (M-1) 

Kapp x 106 

(M-1) 

kq x 1012 

(M-1 s-1) 

KF x 104 

(M-1) 

 n G25
o

C/kJmol-1 

Pd1 

Pd2 

Pd3 

Pd4 

4.78 ± 0.27  

10.80 ± 0.98  

13.12 ± 0.91  

4.28 ± 0.41  

9.71 ± 0.48  

23.14 ± 1.56  

28.41 ± 2.43  

1.82 ± 0.14  

8.07 ± 0.34 

14.52 ± 1.41 

25.02 ± 2.74 

3.93 ± 0.11 

2.61 ± 0.61 

1.02 ± 1.12 

12.33 ± 1.91 

1.00 ± 0.02 

1.11 ± 0.170  

1.42 ± 0.14  

53.44 ± 2.74  

1.01 ± 0.17  

0.84 

0.75 

1.08 

0.94 

-38.1 

-401.3 

-406.1 

-36.0 
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4.3.3. BSA fluorescence quenching  

 

Albumin proteins are known for their transportation and distribution of drugs to the 

bloodstream. Their interaction with metal drugs may alter the biological properties of the drug. 

It is thus imperative to probe the binding mode and quenching mechanism of biologically active 

compounds with bovine serum albumin proteins.50 These binding interactions can be simulated 

using effective methods such as fluorescence spectroscopic titrations. Interactions of palladium 

complexes Pd1-Pd4 with bovine serum albumin protein were studied to get an insight into the 

binding mode and quenching mechanism of the synthesized metal complexes. Reductions in 

the fluorescence emission intensity at 348 nm upon the addition of increasing concentration of 

Pd1-Pd4 to a fixed concentration of bovine serum albumin were observed indicating the 

change in the conformation of bovine serum albumin.51 The Stern-Volmer (Ksv) and 

bimolecular constants (Kq) were determined from the Stern-Volmer equation (Eq.3) and were 

used to describe the quenching mechanism of the complexes. The number of binding sites (n) 

and Scatcard constant (KF) were determined from the Scatchard equation (Eq.5) and the linear 

plot Figure 4.3, (Table. 4.2). The high magnitudes of the dynamic collision quenching constant 

Ksv (1.48-29.67) x 106 M-1 for compounds Pd1-Pd4 was indicative of strong protein binding.52 

Furthermore, the bimolecular constants, kq (0.66-13.99) x 1014 M-1s-1 are higher than the 

scattered collision quenching constants (2.0 x 1010 M-1s-1) for biomolecules, which supports 

the existence of a static quenching mechanism for the palladium(II) complexes.26  In addition, 

the higher values of Ksv and kq indicate that the binding process is not entirely controlled by 

diffusion, but it appears some specific drug proteins also take part in the process resulting in 

enhanced kq constant.53 These constants are of the same order of the magnitude of (1014) 

obtained for copper(II) and zinc(II) complexes of 4‐acylpyrazolone ligands.54 The computed 

KF values (0.10-16.10) x 105 M-1 of complexes Pd1-Pd4 (Table 4.2) are within the optimum 

range which is high enough to promote strong binding of the complexes to the  BSA and be 
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transported to target DNA. In addition, the binding constants are sufficiently low to be released 

and transported to the cancer cell targets.55 These binding constants are below the association 

constant (KF =1015) considered for strong protein-ligand interactions confirming that the 

complexes can be released to cancer cells.53, 56 Further, high magnitudes of KF values (105) for 

Pd1-Pd3, suggest that the interactions of complexes with BSA are mainly due to hydrophobic 

interactions within subdomain IIA of BSA.57 The number of binding sites n values (0.70-0.89)  

of Pd1-Pd4 is closer to one, demonstrating that the compounds bind to a single site of BSA.  

The binding strength of the complexes to BSA follows a different order from the DNA trend 

Pd2 > Pd1 > Pd3 > Pd4. 

 

 

Figure 4.4: Quenching in fluorescence emission spectra of BSA in the presence of an 

increasing concentration of Pd3 = 0-40 µM and [BSA] = 14 µM. The arrow shows the decrease 

in fluorescence intensity upon increasing the Pd3   concentration. Inserted is the Stern-Volmer 

plot of Io/I vs [Q] and Scatchard plot of log[(Io–I)/I] vs log[Q]. 
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Table 4.2: BSA binding constant, quenching constants, and number of binding sites for Pd1-

Pd4 

Complex Ksv x 106 

 (M-1) 

kq x 1014 

(M-1 s-1) 

KF x 105 

(M-1) 

 n 

Pd1 

Pd2 

Pd3 

Pd4 

9.18 ± 0.76  

29.67 ± 2.87  

7.95 ± 0.89  

1.48 ± 0.15  

4.14 ± 0.21 

13.99 ± 0.97 

3.55 ± 0.18 

0.66 ± 0.05 

8.43 ± 0.23    

16.10 ± 0.82  

0.15 ± 0.01  

0.10 ± 0.01  

0.89  

0.71 

0.80 

0.70 

 

 

4.3.4. In vitro cytotoxicity studies of ligands L1-L3 and palladium complexes Pd1-Pd4 

 

The cytotoxic activity of the (pyridyl)pyrazine ligands L1-L3 and their palladium(II) 

complexes Pd1-Pd4 was examined on a human breast cancer cell line (MCF-7) using MTT 

assay. The activity of the compounds was measured after the cells were exposed to variable 

concentrations of the compounds for 48 h. As shown in Figure 4.5, the percentage cell viability 

of the compounds was reduced upon increasing the concentration of the compounds, suggesting 

concentration-dependent toxicities against the MCF-7 cancer cell line. For example, complex 

Pd2 showed cell viabilities of 95 % and 75 % at concentrations of 12.5 µM and 100 µM 

respectively (Figure 4.5B). The in vitro cytotoxicity data for the compounds is represented as 

half inhibition concentration (IC50) in Table 4.3. In general, the (pyridyl)pyrazine ligands 

showed lower cytotoxic activities compared to their respective palladium(II) complexes (Table 

4.3). For example, both ligands L1 and L2 can be said to be inactive (IC50 > 100 µM), whereas 

ligand L3 displayed low cytotoxicity with an IC50 of 80 µM, in comparison to the cytotoxicity 

of the respective palladium(II) complexes Pd1(IC50 = 11.4 µM), Pd2 (IC50 = 154.9 µM) and 
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Pd3 (IC50 = 230 µM) respectively. The higher cytotoxicity of the palladium(II) complex Pd1 

relative to the ligands can be attributed to the more facile binding of the complexes to the DNA 

nucleobases resulting in limited cell growth.58, 59  

 

 

Figure 4.5: Effect of ligands L1-L3 and palladium (II) complexes Pd1-Pd4 on the human breast 

cancer cell line (MCF-7) after 48 h treatment. Each bar represents the percentage cell viability 

value for the effect of the concentration of each compound. 

 

Within the palladium(II) complexes, Pd1 and Pd4 displayed good and moderate cytotoxic 

effects against the human breast cancer cell line (MCF-7) with IC50 values of 11.4 µM and 61.5 

µM respectively. The higher cytotoxic activity of complex Pd1 (IC50 = 11.4 µM) in comparison 

to the corresponding complex Pd4 (IC50 = 61.5 µM) could be associated with the dinuclear 

nature of complex Pd1 relative to the mono-nuclear complex Pd4. This trend correlates well 

with the observed higher cytotoxicity values of complexes (Pd1-Pd3) relative to the ligands 

(L1-L3). Interestingly, complexes Pd2 and Pd3 were inactive displaying IC50 values of 154.9 

µM and 230.1 µM respectively. In terms of structural comparisons, complexes Pd2 and Pd3 

bear the methyl substituents on the ligand motif. The methyl groups in complexes Pd2 and Pd3 

are likely to reduce low solubility in water which may reduce their bioavailability and 
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aabsorption, impose some steric hindrance and loss of  planarity, resulting in possible 

disruption complex-DNA interactions, consistent with the poor cytotoxicity observed.26,60, 61 

Thus, the anticancer activity of the palladium(II) complexes against the MCF-7 cancer cell line 

follow the order Pd1 > Pd4 > Pd2 > Pd3. 

 

Table 4.3: Cytotoxic activity of the ligands (L1-L3) and palladium(II) complexes (Pd1-Pd4) 

against the human breast cancer cell line (MCF-7)a 

Complex IC50 (µM) 

 MCF-7 

L1 >400 

L2 182.4 

L3 80.2 

Pd1 11.2 

Pd2 154.9 

Pd3 230.1 

Pd4 61.5 

aThe IC50 values were determined using MTT assay after 48 h treatment with the compounds 

at various concentrations. Results are expressed as mean ± SD of the duplicate experiments. 

 

Attempts were made to correlate the relative cytotoxicity of the palladium complexes to their 

respective DNA & BSA binding affinities to establish if there is any dependency or trend 

(Table 4.4). From the summarised data shown in Table 4.4, the palladium(II) complexes Pd2 

showed the highest BSA binding interactions (KF = 16.10 ± 0.82 x 105 M-1) while complex 
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Pd3 displayed the highest DNA binding constants of KF = 53.44 ± 2.74 x 104 M-1. Interestingly, 

these compounds (Pd2 and Pd3) were inactive against the MCF-7 cell line, while compounds 

Pd1 (1.11 ± 0.17 x 104 M-1) and Pd4 (1.01 ± 0.17 x 104 M-1) with lower DNA interactions were 

active displaying IC50 values of 11.2 µM and 61.5 µM (Table 4.4). One would thus expect 

complexes Pd2 and Pd3 to display higher cytotoxicity in comparison to complexes Pd1 and 

Pd4.62 The opposite results observed in this study  thus highlights that the cytotoxicity of these 

complexes is not entirely dependent on the respective DNA/BSA interactions, but could be a 

result of other factors such as solubility, permeability among, and lability.63     

 

Table 4.4: Summarized values of biological activity palladium(II) complexes 

 

Complex DNA/KF x 104 (M-1) BSA/KF x 105 (M-1) IC50 (µM) 

   MCF-7 

Pd1 1.11 ± 0.17  8.43 ± 0.23    11.2 

Pd2 1.42 ± 0.14  16.10 ± 0.82  154.9 

Pd3 53.44 ± 2.74  0.15 ± 0.01  230.1 

Pd4 1.01 ± 0.17 0.10 ± 0.01  61.5 

 

 

 4.4. Conclusions 

 

In this study, the interactions of CT-DNA and BSA with mononuclear and dinuclear 

palladium(II) carboxamide complexes Pd1-Pd4 were evaluated using different spectroscopic 

measurements. CT-DNA interaction results obtained from electronic absorption titration and 

fluorescence quenching experiments demonstrate that palladium(II) complexes interact with 
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DNA via intercalation mode. Dinuclear complexes Pd1-Pd3 bind strongly to the DNA 

molecule in comparison to the mononuclear palladium (II) complex Pd4 as a result of the 

increased metal centre due to favorable electrostatic interactions. Additionally, Pd3 and Pd2 

exhibited high CT-DNA binding constants when compared to Pd1. Furthermore, examination 

of the interaction of bovine serum albumin (BSA) complexes with the palladium(II) complexes 

using fluorescence quenching experiments reveals th at Pd1-Pd4 interacts with BSA via a static 

mechanism in a single site. Complex Pd2 showed a higher binding constant while Pd4 

exhibited a low binding constant which is inconsistent with CT-DNA binding constants. Hence, 

the results showed that the dinuclear complexes and the presence of alkyl groups increase the 

binding strength of palladium(II) carboxamide complexes to DNA/BSA respectively. The 

(pyridyl)pyrazine carboxamide ligands (L1-L3) and the palladium(II) complexes (Pd1-Pd4) 

were investigated for their cytotoxic activity against the MCF-7 cancer cell lines. The ligands 

and complexes Pd2 and Pd3  were generally inactive, while complexes Pd1 and Pd4 displayed 

high and moderate cytotoxic. Thus, the palladium atom, nuclearity and coordination nature of 

the compounds appear to control the cytotocixity of these compounds. There was no clear 

correlation between the cytotoxicity and DNA/BSA interactions of the complexes, pointing to 

complex mechanisms of the anti-cancer activities of these compounds.  
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Chapter 5 

General conclusions and proposed future work 

 

5.1 General conclusions 

 

In conclusion, this study focused on the synthesis of mononuclear and dinuclear palladium(II) 

complexes supported on (pyridyl)pyrazine carboxamide complexes, their influence on the 

DNA/BSA interactions, and cytotoxicity investigations. The (pyridyl)pyrazine carboxamide 

ligands (L1-L4) were obtained from the synthesis of pyrazine-2,3-dicarboxylic acid and 

respective amines. The mononuclear and dinuclear palladium(II) complexes were obtained 

from the reactions of respective ligands with PdCl2(CNMe)2 metal precursor.  Ligands L1-L4 

and their respective mononuclear and dinuclear palladium(II) complexes Pd1-Pd4 were 

characterized using the 1H NMR, 13C NMR, FT-IR, MS, and X-ray crystallography.  The 

molecular structures of Pd1 and Pd3 showed that (pyridyl) pyrazine carboxamide-based 

ligands (L1-L3) coordinate to the palladium atom via nitrogen donor atoms. The two 

(pyridyl)pyrazine carboxamide ligands coordinate to palladium atoms with one arm, while the 

other arms are non-coordinated. The ligands are bridged by two palladium atoms to form dimer 

dinuclear complexes Pd1-Pd3. L4 is a tridentate ligand, thus coordinating with the palladium 

atom via N^N^N resulting in the formation of a mononuclear complex Pd4. Hence, ligands-

controlled coordination diversity in these complexes is well illustrated by the mononuclear 

nature of complex Pd4. 

 

The interaction of CT-DNA and BSA with the mononuclear and dinuclear palladium(II) 

carboxamide complexes (Pd1-Pd4) was examined. All the complexes Pd1-Pd4 interact with 

CT-DNA via intercalation mode.  This was confirmed by both the electronic absorption 
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titration and fluorescence quenching experiments. The results reveal that increasing the metal 

nuclearity had a major effect on the interaction of the complexes with CT-DNA. This was 

observed from the binding constants of dinuclear palladium(II) complexes Pd1-Pd3 which 

showed a high binding affinity in comparison to the mononuclear palladium (II) complex Pd4. 

Moreover, the DNA/BSA binding interactions displayed a dependence on the electronic 

parameters of the complexes of coordinated ligands. In general, the presence of the methyl 

group in complexes Pd3 and Pd2 enhanced their CT-DNA binding constants compared to Pd1. 

The interaction of bovine serum albumin with palladium(II) complexes revealed that Pd1-Pd4 

binds to the protein through a static mechanism. Pd2 showed a higher binding constant while 

Pd4 exhibited a low binding constant which is inconsistent with CT-DNA binding constants. 

Thus, in this study, it can be concluded that the presence of methyl group on the ligand 

backbone and nuclearity of the palladium(II) complexes increase the binding affinity between 

complexes and CT-DNA/BSA molecules. 

 

(Pyridyl)pyrazine carboxamide ligands L1-L3 demonstrated poor cytotoxicity due to the 

absence of a palladium metal centre causing more facile binding of the complexes to the DNA 

nucleobases resulting in restricted cell growth. Complexes Pd2 and Pd3 containing a methyl 

substituent were inactive due to low solubility in water which may reduce their bioavailability, 

and loss of planarity. High and moderate cytotoxic activity exhibited by Pd1 and Pd4 could be 

explained by the planarity of the free ligands. Therefore, it is clear that through careful ligand 

modification, the structures of the carboxamide palladium(II) complexes could be regulated, 

which in turn could modulate their biological behaviors and activities.  
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5.2. Future work   

   

In this study, palladium(II) complexes supported on (pyridyl)pyrazine caboxamide ligands 

have displayed good DNA and bovine serum albumin interactions controlled by nuclearity, and 

the presence of methyl group complexes. Cytotoxicity of palladium(II) complexes investigated 

in this study highlights that the methyl substituent and the planarity of the free ligand have a 

major influence on the activity of complexes against cancer. Thus, it is recommended to 

explore the CT-DNA/BSA interaction and cytotoxicity of other metal complexes such as 

ruthenium complexes with the same ligands scaffold. However, the substituents on the free 

ligand could be manipulated to enhance cytotoxicity. Hence, ruthenium complexes are 

recommended due to the properties that make them appropriate for application in 

pharmacology. These properties include the ability of ruthenium to imitate iron properties when 

binding to biological molecules such as serum albumin,1  octahedral geometry which differs 

from a square planar of platinum, consisting of a wide range of oxidation states; +2, +3, and 

+4 under biologically relevant conditions, and a well-developed preparative coordination 

chemistry that provides dependable routes to new compounds.2 The mode of interaction of 

these complexes in vivo involves the reduction of Ru(III) to the more reactive Ru(II) species. 

As a result of this advantage  Ru(II) arene complexes are investigated due to the ability of the 

arene to stabilise ruthenium in the +2 oxidation state.3 Thus, it would be of interest to 

investigate the biological activity of ruthenium(II) complexes p-cymene with the same ligand 

scaffold shown in Scheme 5.1. since they have previously reported to exhibit high anticancer 

activity. 
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Scheme 5.1: Role of electron-donating and electron-withdrawing groups of dicarboxamide 

ruthenium(II) p-cymene complexes in CT-DNA/BSA interactions, and cytotoxicity.4 
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5.4. Appendix  

 

Supplemental Material 

1. 1H NMR spectral data of ligands and their respective complexes 

 

 

 

Figure S1: 1H NMR spectrum of [N2,N3-bis(pyridin-2-yl)pyrazine-2,3-dicarboxamide] (L1) 

showing N-H signal at 9.76 ppm with I=2. 
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Figure S2: 1H NMR spectrum of [N2,N3-bis(6-methylpyridin-2-yl)pyrazine-2,3-

dicarboxamide] (L2) showing N-H signal at 10.61 ppm with I=2. 

 

Figure S3: 1H NMR spectra complex Pd1 showing singlet N-H signal at 11.09 ppm with 

I=2, and eight pyridine signals upon coordination. The unsymmetrical nature of the complex 

Pd1 confirmed the formation of the complex 
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Figure S4: 1H NMR spectra complex Pd2 showing singlet N-H signal at 10.97 ppm with I= 

2, and six pyridine signals upon coordination. The unsymmetrical nature of the complex Pd2 

confirmed the formation of the complex. 

 

 

 

 

 

 

 

 

 

 

2. 13C NMR spectral data of ligands and their respective complexes 
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Figure S4: 13C NMR spectrum of [N2,N3-bis(pyridin-2-yl)pyrazine-2,3-dicarboxamide] (L1) 

showing carbonyl signal at 162.13 ppm 

 

 

Figure S5: 13C NMR spectrum of [N2,N3-bis(6-methylpyridin-2-yl)pyrazine-2,3-

dicarboxmide] (L2) showing carbonyl signal at 162.089 ppm. 
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Figure S6: 13C NMR spectrum of complex Pd2 showing two carbonyl signals at 163.25 and 

166.89 ppm. This confirms the unsymmetrical nature of the dinuclear complex Pd2 due to the 

non-coordination of one arm of ligand L2. 
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3. FT-IR spectral data of ligands and their respective complexes 

 

Figure S7: FT-IR spectra of L1 showing single υ(C=O) peak at 1682 cm complex and Pd1 

showing the appearance of two carbonyl carbon υ(C=O) at 1632 and 1705 cm-1 confirming the 

unsymmetrical nature of the dinuclear complex Pd1 due the coordination of one arm of the 

ligand L1 to palladium(II). 
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Figure S8: FT-IR spectra of L2 showing single υ(C=O) peak at 1667 cm complex and Pd2 

showing the appearance of two carbonyl carbon υ(C=O) at 1625 cm-1 confirming the 

unsymmetrical nature of the dinuclear complex Pd2 due the coordination of one arm of the 

ligand L2 to palladium(II). 
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4. Mass spectral data of ligands and their respective complexes  

 

Figure S9: ESI-MS spectrum of [N2,N3-bis(pyridin-2-yl)pyrazine-2,3-dicarboxamide] (L1) 

showing m/z at 343[M+ + Na, 55%]. 

 

Figure S10: TOF-MS spectrum of [N2,N3-bis(6-mthylpyridin-2-yl)pyrazine-2,3-

dicarboxamide](L2) showing m/z at 349 [M+ + H, 100%]. 

 

 

 



121 | P a g e  
 

 

Figure S11: TOF -MS spectrum of [N2,N3-bis(4-methylpyridin-2-yl)pyrazine-2,3-

dicarboxamide](L3) showing m/z at 349 [M+ + H, 100%]. 

 

 

 

Figure S12: TOF-MS spectrum of [N2, N3-bis(quinoline-8-yl)pyrazine-2,3-dicarboxamide] 

(L4) showing m/z at 421 [M+ + H, 100%]. 
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Figure S13:  TOF-MS spectrum of complex Pd1 showing m/z at 922 [M+ +H]. Insert: 

experimental and theoretical isotopic mass distribution spectra complex Pd1 with m/z at 922. 

 

 

 

Figure S14:  TOF-MS spectrum of complex Pd2 showing m/z at 1000 [M+ +Na]. Insert: 

experimental and theoretical isotopic mass distribution spectra complex Pd2. 
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6. CT-DNA UV-vis absorption spectral studies 

 

 

 

 

 

 

 

 

 

 

Figure S15: Electronic absorption spectra of Pd1 (25 μM) in 0.01 M PBS buffer at pH 7.4 

upon addition of CT-DNA (0 - 16 μM). The arrow shows the decrease in absorbance upon 

addition of increasing concentration of CT-DNA. Inserted is the linear plot of [CT-DNA] vs 

[DNA]/ (ea-ef). 
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Figure S16: Electronic absorption spectra of Pd2 (25 μM) in 0.01 M PBS buffer at pH 7.4 

upon addition of CT-DNA (0 - 16 μM). The arrow shows the decrease in absorbance upon 

addition of increasing concentration of CT-DNA. Inserted is the linear plot of [CT-DNA] vs 

[DNA]/ (ea-ef). 
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Figure S17: Electronic absorption spectra of Pd4 (25 μM) in 0.01 M PBS buffer at pH 7.4 

upon addition of CT-DNA (0 - 16 μM). The arrow shows the decrease in absorbance upon 

addition of increasing concentration of CT-DNA. Inserted is the linear plot of [CT-DNA] vs 

[DNA]/ (ea-ef). 

 

 

 

 

 

 

 

 

 

 

7. Competitive binding studies (CT-DNA-EB) fluorescence spectroscopy 
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Figure S18: Fluorescence emission spectra depicting the quenching upon addition of 

increasing amount of  Pd1 to CT-DNA-EB: [EB] = 10 μM, [CT-DNA] = 10 μM and [Pd1] = 

0-200µM. The arrow shows the intensity changes upon increasing the Pd1 complex 

concentration. Inserted is the Stern-Volmer plot of Io/I vs [Q] and  Scatchard plot of log[(Io–

I)/I] vs log[Q]. 
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Figure S19: Fluorescence emission spectra depicting the quenching upon addition of 

increasing amount of  Pd2 to CT-DNA-EB: [EB] = 10 μM, [CT-DNA] = 10 μM, and [Pd2] = 

0-200µM. The arrow shows the intensity changes upon increasing the Pd2 complex 

concentration. Inserted is the Stern-Volmer plot of Io/I vs [Q] and  Scatchard plot of log[(Io–

I)/I] vs log[Q]. 
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Figure S20: Fluorescence emission spectra depicting the quenching upon addition of 

increasing amount of  Pd4 to CT-DNA-EB: [EB] = 10 μM, [CT-DNA] = 10 μM, [Pd4] = 0-

200µM . The arrow shows the intensity changes upon increasing the Pd4 complex 

concentration. Inserted is the Stern-Volmer plot of Io/I vs [Q] and  Scatchard plot of log[(Io–

I)/I] vs log 
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8. Fluorescence quenching studies bovine serum albumin. 
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Figure S21: Quenching in fluorescence emission spectra of BSA in the presence of increasing 

concentration of Pd1 = 0-40µM and [BSA] = 14µM. The arrow shows the decrease in 

fluorescence intensity upon increasing the Pd1 concentration. Inserted is the Stern-Volmer plot 

of Io/I vs [Q] and  Scatchard plot of log[(Io–I)/I] vs log[Q]. 
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Figure S22: Quenching in fluorescence emission spectra of BSA in the presence of increasing 

concentration of Pd2 = 0-40µM and [BSA] = 14µM. The arrow shows the decrease in 

fluorescence intensity upon increasing the Pd2  concentration. Inserted is the Stern-Volmer 

plot of Io/I vs [Q] and  Scatchard plot of log[(Io–I)/I] vs log[Q]. 
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Figure S23: Quenching in fluorescence emission spectra of BSA in the presence of increasing 

concentration of Pd4 = 0-40µM and [BSA] = 14µM. The arrow shows the decrease in 

fluorescence intensity upon increasing the Pd4 concentration. Inserted is the Stern-Volmer plot 

of Io/I vs [Q] and  Scatchard plot of log[(Io–I)/I] vs log[Q]. 
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