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Abstract

Transition metals have an important place within medicinal inorganic chemistry. Transition metals exhibit different 
oxidation states and can interact with a number of negatively charged molecules. This activity of transition metals 
led to the recent development of drugs which are based on metals and are considered to be potential candidates 
for pharmacological and therapeutic applications. This review focuses on research undertaken over the past few 
decades which has sought to possess preclinical pharmacological screenings like anti-microbial, anti-inflammatory 
and anti-tumor action of synthetic transition metal complexes. It concentrates primarily on a limited number of first row 
transition metal complexes particularly V(IV), Co(II), Ni(II), Cu(II) and Zn(II) complexes and traces the pharmacological 
applications of these coordination compounds. In the first part, the nitrogen, oxygen and sulfur donor ligands chelating 
to transition metals used in metallodrugs are described. The second part describes the pre-clinical screenings viz., 
anti-microbial, anti-inflammatory and anti-tumor responses of the above coordination compounds incorporating these 
nitrogen, oxygen and sulfur donor ligands. This survey encourages further research in this field for future applications.

Keywords: Transition metal complexes; Pharmacological
applications; Anti-microbial; Anti-inflammatory; Anti-tumor 
responses

Introduction
Metal ions play important roles in biological processes and the field 

of knowledge concerned with the application of inorganic chemistry 
to therapy or diagnosis of disease is medicinal inorganic chemistry 
[1]. Among the natural sciences, medicinal inorganic chemistry is still 
considered a rather young discipline by many, but this is contrary to 
the historically proven use of metals in pharmaceutical potions, which 
traces back to the ancient civilizations of Mesopotamia, Egypt, India, 
and China [2-4]. The introduction of metal ions or metal ion binding 
components into a biological system for the treatment of diseases is 
one of the main subdivisions in the field of bioinorganic chemistry [5].

Nowadays, the bioinorganic chemists target the heterocyclic ligands 
and their metal complexes to study their pharmacology as the main 
focus of research [6]. A wide range of biological activities [7-9] such as 
antibacterial, antifungal, antitumor and antiviral activities are exhibited 
by the nitrogen-containing organic compounds and their metal 
complexes. Transition metal complexes offer two distinct advantages 
as DNA-binding agents [10]. First and foremost, transition metal 
centers are particularly attractive moieties for reversible recognition of 
nucleic acids research because they exhibit well-defined coordination 
geometries. Besides, they often show distinct electrochemical or 
photophysical properties, thereby increasing the functionality of 
the binding agent [11]. In fact, these smart features have fuelled 
the complexes to be used in a broad spectrum of applications, from 
fluorescent markers to DNA footprinting agents, to electrochemical 
probes [12].

Among the metal ions regarded as coordination centers of potential 
anticancer agents, platinum and ruthenium ions (Figure 1) are 
commonly explored [13,14]. However, there is an emerging curiosity in 
the synthesis of cheaper first-row coordination compounds as efficient 
DNA binders with potential cytotoxic activity [15-20]. Hence, herein 
the attention is focused primarily on the research concerning with a 
few pharmacological activities of the cheaper and easily available first-
row transition metal coordination compounds V(IV), Co(II), Ni(II), 

Cu(II) and Zn(II) complexes. Moreover, these metal ions are the 
essential elements present in the biological intracellular environment 
of living organisms [21-24]. They are most abundantly found trace 
elements present in biological systems together with iron and most 
of the metalloproteins have these elements [23,25,26]. These metal 
ions are nowadays present in several inorganic pharmaceuticals 
used as drugs against a variety of diseases, ranging from antibacterial 
and antifungal to anticancer applications [27-30]. Another fact for 
targeting these particular metal ions is their less toxic nature which 
can be further decreased when coordinated with the ligands. Though 
there are innumerable ligands available, the chosen amino acids,  
N-heterocycles (1,10 Phenanthroline, Bipyridine) and pyrazolones
each have an added benefit to their properties which is a major
advantage in designing an ideal drug. The amino acids are the
building blocks of the human body and when the environment of the 
drug is similar to that of the functions carried out inside the body,
the chance of succeeding in designing a less toxic and cheap drug
with high activity is more. In addition to that, the N-heterocycles
and pyrazolones as ligands affect the environment of the complex in 
such a way that their lipophilicity increases which is a major factor
in designing a drug.

 The chosen ligands and their characteristic are discussed in detail 
in the further sections. The literature survey reveals that numerous 
review articles and books have been published on medicinal inorganic 
chemistry [31,32] in the field of metallodrugs [33-39] and especially 
on anticancer treatments [40-43]. We present an overview of the 
field today and explore a few pharmacological effects of the above 
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to form very stable complexes with transition metal ions. If they contain 
additional functional groups like –OH, –NH2 or –SH, the resulting 
Schiff bases can serve as mixed-donor ligands which can participate in 
bi-, tri-, tetra- and higher coordination modes. Therefore, the suitable 
choice of metals in a pharmacologically active organic scaffold changes 
the pharmacological activity. The literature survey indicates that the 
pharmacological activity depends on the nature of metal ion, organic 
scaffold and specific DNA binding site [54]. The mechanism involved in 
the formation of metal complexes through monodentate and bidentate 
ligands is represented in a schematic diagram (Figure 4).

Chelation and its relationship with different biological processes 
invent a promising research for designing novel therapeutic 
methodologies used for procurement of global issue “bacterial/
fungal resistance”. Metal chelation is an excellent way to increase the 
lipophilic character of the organic moiety. In fact, on coordination, 
ligands might improve their bioactivity profiles while some inactive 
ligands may acquire pharmacological properties and consequently they 
have become an important class of structure-selective binding agents 
for nucleic acids. 

Schiff bases have a chelating structure and are in demand since 
they can be prepared directly and are moderate electron donors with 
easily tunable electronic and steric effects thus being versatile. Their 
derivatives represent one of the modest classes of biologically active 
agents which have been deeply studied during a search on new 
potential agents which are widely used for synthesis purpose by the 
chemists [55]. These ligands have received much attention mainly 
because of their wide range of applications due to their antimicrobial 
[56], anti-tuberculosis [57], antitumour activity [58], anticonvulsant 
[59], anti-inflammatory [60], anti-HIV [61], anthelmintic [62] and 
cardiovascular [63] activities and anti-carcinogenic properties [64]. 

Recently Tabassum and his associates [65] have synthesized 
new copper(II) Schiff base complexes based SOD mimics with 

transition metal complexes viz., in vivo anti-inflammatory response 
and convulsive response as well as anti-tumor and microbial activity. 

Bioactive Chelating Agents
ONS donors

Schiff bases, the condensation products of carbonyl compounds 
and primary amines were first described by Hugo Schiff (1864). The 
Schiff base compounds containing the azomethine group having the 
general formula RHC=N–R’, where R and R’=Alkyl, cyclo alkyl, aryl, or 
heterocyclic groups may be differently substituted (Figure 2). The Schiff 
bases are considered as ‘privileged ligands’ because of their capability 
to stabilize different metals in various oxidation states and their metal 
chelates are widely studied owing to the synthetic flexibility, sensitivity 
and selectivity toward various metal ions [44,45]. In azomethine 
derivative, the C=N linkage is essential for biological activity. Several 
azomethines were reported to possess important biological activities 
[46-49]. In many cases, beside the N-donor atoms, there are several 
other donor atoms such as O and S in the backbones of the ligands such 
that they can be coordinated to transition metal ions in the various 
modes to form the stable metal complexes [50]. These ligands are not 
only used in the development of coordination chemistry but also find 
applications in catalysis, optical and bioinorganic chemistry [51].

Aliphatic Schiff bases are relatively unstable [52,53] and easily 
polymerizable compared to aromatic Schiff bases because the latter 
possesses effective conjugation and hence they are more stable. Generally, 
in condensation reactions, aldehydes react faster than ketones leading to 
the formation of Schiff bases because the reaction centres of aldehydes are 
sterically less hindered than ketones. Moreover, the additional carbon of 
ketone contributes electron density to the azomethine carbon and makes 
the ketone less electrophilic compared to the aldehyde. 

Generally, Schiff bases are classified into bidentate (1), tridentate (2), 
tetradentate (3) or polydentate (4, 5) ligands (Figure 3) which are able 

 

 

Figure 1: Anticancer platinum and ruthenium metallodrugs in clinical trials in 
the US.

Figure 3: Few new classes of Schiff base ligands.

Figure 2: Formation of Schiff base.
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various nitrogen heteroatomic rings such as imidazole, pyrazole, 
1,10-phenanthroline, 2,2’-bipyridine, pyridine etc. which possess 
remarkable DNA binding tendency. These complexes have been 
evaluated for their DNA nuclease, antimicrobial and antitumor 
activities. They exhibited good results in the development of excellent 
chemotherapeutic potentials.

Bis[N-(p-tolyl)imino]acenaphthene mixed-ligand Cu(II) com-
plexes and novel cisplatin-based Cu(II) and Zn(II) complexes having 
Knoevenagel condensate Schiff base ligands are studied against Ehrlich 
ascites carcinoma (EAC) cells in Swiss albino mice [66,67]. These com-
pounds increased the life span, reduced average tumour weight and 
inhibited tumour cell growth of EAC cell-bearing mice. They also re-
paired the depleted haematological parameters such as haemoglobin 
content, red blood cells (RBC) and white blood cells (WBC) counts 
towards normal. They are compared by running parallel experiments 
with 5-FU (a standard anticancer drug). The macrophages which have 
some protection action against EAC cells are found to be developed 
in mice when treated with the compounds alone. Hence, these com-
pounds can be regarded as promising antitumor agents.

Amino acids

Schiff bases derived from amino acids are found to be very effective 
metal chelators. Their metal complexes are models for a number of 
important biological systems [68]. They are the key intermediates 
in a number of metabolic reactions involving amino acids such as 
decarboxylation, transamination, racemization and C-C bond cleavage. 
They are catalyzed by enzymes [69]. The reduced Schiff bases having 
various amino acid derivatives are excellent multidentate ligands for 
creating interesting multidimensional network structures. The added 
reactive functional groups on the amino acid side chain of the ligands 
can lead to the formation of surprising and remarkable structures 

[70,71]. Another fact to be considered is that synthetic ligands with 
longer chains are preferred for pharmacological purposes as opposed 
to original compound because the length of chain helps in inter/
intrastrand crosslinking with DNA with lesser torsion making it a 
thermodynamically preferred process. 

Amino acids can act as coordinating agents through their amino 
(NH2) and carboxylate (COO–) groups [72]. For sulfur-containing 
amino acids, the SH group confers a more versatile coordination 
activity toward heavy metal ions. The –SH (sulfhydryl), –NH2 (amino) 
and –COO– (carboxylate) groups are the possible coordination sites 
for the complexation processes. Sequestration of toxic heavy metal 
ions and obtaining safer drugs or antidotes for metal poisoning [73] by 
complexation is a very promising field.

As ligands, amino acids also act as ambidentate so that they can 
bind through (S,N), (N,O) or (S,O) donor atoms. Due to the acido-
basic behaviour, amino acids are considered as ampholytes which 
means that with the negatively charged –COO- group or positively 
charged -NH3

+ can behave outwardly as acids or as bases. In an 
organism, amino acids can be both free and bound. These bound 
amino acids may be permanently or temporarily incorporated into 
the proteins or other possible biochemical functional structures. Free 
amino acids comprise other amino acids generated by modifying the 
known biogenic amino acids. These are known as biogenic amines, 
including histamine, dopamine, noradrenaline, ornithine, taurine, or 
growth factors sarcosine, spermine and spermidine. Determination of 
free amino acids or biogenic amines is insufficient to understand the 
metal biochemistry. It needs to deal directly with their own interactions 
between the metal and amino acids.

The uncontrolled move of metal ions in the body leads to the 
formation of reactive oxygen species such as superoxide anion radical 

Figure 4: Schematic representation of the mechanism behind the formation of metal complexes.
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(O2
-.), singlet oxygen (1O2), hydrogen peroxide (H2O2), and the highly 

reactive hydroxyl radical (•OH). Thus they can oxidize the biochemical 
molecules thereby disturbing the homeostasis in an organism. The 
first-line defence against these free radicals is always a compound that 
is able to mitigate these effects or completely scavenge these species 
without harming the body or the disruption of homeostasis. This is 
done by chemical reduction using hydrogen transfer. 

Several Schiff base metal complexes which are the derivatives of 
salicylaldehyde and amino acid [74-76] and reduced salicylidene amino 
acid [77,78] were reported and some of them have been proven to be 
efficient DNA cleavers [79-81] and as novel tumor chemotherapeutic 
and tumor radio-imaging agents [82].

3d1-vanadium(IV) complexes of N-salicylidene-L-methionine and 
N-salicylidene-L-tryptophan having phenanthroline bases, synthesized 
by Chakravarty and his co-workers [83] can photocleave DNA in red 
light [84-86]. L-arginine and L-lysine derived Schiff base ligands are 
chosen to enhance the binding of DNA and photocleavage activity since 
these two amino acids have photoactive pendant cationic guanidinium 
and amine moieties that enhance the DNA binding propensity with 
better selectivity [85]. 

Recently, Singh et al. [86] have prepared Co(II), Ni(II) and Cu(II) 
complexes of 2-nitrobenzaldehyde–glycine and 2-nitrobenzaldehyde–
methionine and studied their coordination properties. They evaluated 
the antimicrobial potential of these complexes against the growth of 
bacteria in vitro. They are found to be efficient antimicrobial agents. 

Pyrazolones

Pyrazolones are a class of organic compounds that have been 
studied extensively due to their pharmaceutical properties [87]. 
Pyrazolone is a five-membered lactam ring which contains two 
nitrogens and a ketone in the same molecule and is an active moiety 
in pharmacological activity such as anti-flammatory agents [88], 
analgesics and arthritis treatment [89,90]. It is an active moiety as 
the pharmaceutical ingredient, especially in non-steroidal anti-
inflammatory drugs (NSAID) and is used in the treatment of arthritis 
and other musculoskeletal and joint disorders. Anticancer activity has 
also been reported [91]. Furthermore, the applications of pyrazolones 
have extended outside the pharmaceutical field such as in the solvent 
extraction of metal ions [92], for analytical purposes [93] and as ligands 
in complexes with catalytic activity [94]. It is well known that from 
a coordination chemistry viewpoint, the only atoms available for 
coordination are the nitrogen atoms of the pyrazole ring and the oxygen 
atom of the carbonyl group. If the nitrogens are blocked by substitution 
such as in antipyrine, coordination can only be achieved through the 
oxygen atom. Recently, there is a great deal of interest in the synthesis 
and characterization of transition metal compounds having pyrazolone 
precursor. It is well known from the literature that 4-aminoantipyrine 
(pyrazolone derivative) is a remarkable reagent due to its variety 
of applications. It was used as an antipyretic but replaced due to the 
possibility of agranulocytosis as the side effect. Jayabalakrishnan and 
his associates [95] have recently synthesized a Schiff base complex 
of copper(I) with 5-dimethyl-2-phenyl-4-[(pyridin-2-ylmethylene)-
amino]-1,2-dihydro-pyrazol-3-one and investigated its DNA binding 
propensity, nuclease, radical-scavenging and cytotoxic activities which 
reveal that it can act as effective anti-cancer agent. 

Nitrogen heterocycles

They are one of the most important classes of ligands in coordination 
chemistry [96-99]. The ability to readily fit in more than two donor 

atoms or two or more aromatic nitrogen-containing heterocycles into 
one molecule, has afforded access to numerous chelating and bridging 
ligands [96-102]. In the latter case, ligands possessing more than one 
coordination site can link a number of metal atoms. These bridging 
ligands have attracted in recent years because they enable the formation 
of multinuclear metallosupramolecular assemblies [98,103,104] 
or coordination polymers [105-112] with desirable structures and 
properties. Within such bridging ligands, the additional stabilising 
effect of chelation to multiple metal atoms can be achieved through the 
incorporation of bidentate donor groups that form either a five- or six-
membered chelate ring with each coordinated metal centre (Figure 5). 
Bridging ligands with the prospective to chelate at both metal centres 
result in complexes with greater stability and potentially enhance the 
metal-metal interactions. 

1,10-phenanthroline: 1,10-phenanthroline (phen) is a classic 
nitrogen heterocycle and chelating bidentate ligand for metal ions. 
It has played a vital role in the progress of coordination chemistry  
[113-115] and still it continues to be of considerable interest as versatile 
starting material for organic, inorganic and supramolecular chemistry. 
Phen is a rigid planar, hydrophobic, electron-poor heteroaromatic system 
whose nitrogen atoms are beautifully placed to act cooperatively in cation 
binding. These structural features determine its coordination ability 
towards metal ions. Nevertheless, phen displays noticeable coordination 
ability for transition metal cations. Phen easily forms octahedral complexes 
with first-row transition metal cations in aqueous solution of the type 
[M(phen)(H2O)4]

2+, [M(phen)2(H2O)2]
2+ and [M(phen)3]

2+. Also, phen is 
an appropriate ligand for DNA binding due to its heteroaromatic planar 
and hydrophobic structure. The DNA binders are able to recognize specific 
base sequences or luminescent probes. However, phen has also been used 
to design non-metal-based compounds which are able to interact with 
DNA and to perform specific functions from simple DNA damage to 
stabilization of particular DNA structures [116]. 

In addition, 1,10-phenanthroline has shown retardation of growth 
of a Sarcoma-37 tumor [117] and it inhibits the cell proliferation of 
Ehrlich ascites [118]. This chelating agent may show better antitumor 
activity if the hydrophilic groups of the chelating agent are masked 
by metal ions to form neutral chelate compounds. This will be more 
permeable through the cell membrane [119,120] and eventually behave 
as carriers of antitumor agents. 

Ahmad et al. [121] have synthesized a Co(II) complex, 
[Co(mpca)2].H2O, which is capable of recognizing a specific sequence 
in DNA minor groove to inhibit the expression of Topo-I (Figure 6) 
and thereby controlling the multiplication of tumor affected cells. This 
has been made possible by joining an element of specific recognition, 
2,9-dimethyl-1,10-phenanthroline with Co(II) metallic center under a 
hydrothermal condition in the presence of Na2MoO4 catalyst. Raman 

Figure 5: Structure of nitrogen containing heterocycles.
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and his coworkers have done a lot of works using 1,10-phenanthroline. 
Recently, they synthesized a series of bio-active coordination 
compounds containing 1,10-phenanthroline as co-ligand [122]. They 
studied the DNA binding properties and cleavage of transition metal(II) 
complexes. Antiproliferative activity has been carried out recently by his 
group targeting protein kinase and DNA molecules by diimine-phthalate 
complexes [123]. Their synthesized complexes have a good affinity in 
targeting the DNA and cyclin dependent kinase-2 molecules. 

Bipyridine: 2,2′-bipyridine is a chelating component. For more 
than several decades, it has been used as bridging ligand and so it finds 
applications in different fields particularly in coordination chemistry. It 
forms a 5-membered chelate ring which is stable upon coordination of a 
metal. The 2,2′-bipyridyl moiety has been extensively used as a chelating 
donor site within such bridging ligands due to its robust redox stability 
and relative ease of functionalization. This allows ligands containing 
multiple 2,2′-bipyridine units to be synthesised and the interconnection 
of metal centres to be achieved with well-defined spatial arrangements. 
The synthesis of such ligands and their use in coordination chemistry 
has been reviewed elsewhere [99]. While bridging ligands that contain 
donor sets capable of forming five-membered chelate rings such as 
those derived from 2,2′-bipyridine (bpy), have been extensively studied 
over many years [99]. Related bridging ligands that comprise at least 
two di-2,2′-pyridylmethyl or amino arms have attracted a significant 

level of attention only recently. This has been directed towards 
studying metal–metal interactions in supramolecular chemistry to 
study anion–interactions as sensors in new coordination materials 
and as structural and functional enzyme active site models. The  
2,2′-bipyridyl-containing ligands, particularly the biaryl bond which 
experiences restricted rotation, are planar and more readily able to 
facilitate metal–metal interactions through the conjugated system of 
the ligand [124]. Pothi et al. synthesized a series of Schiff base Cu(II) 
and Zn(II) metal complexes having polypyridyl ligands and explored 
their DNA interactions [125]. 

Biological Significance of Metal Complexes
The use of metals and metal-containing compounds in medicine 

dates back to millennia which provide an empirical evidence for 
the effectiveness of such metal-based therapeutics. Transition 
metal chelates that play a key role in bio-inorganic chemistry and 
redox enzyme systems serve as the basis of models for active sites in 
biologically important compounds. They have varied coordination 
geometry, versatile redox, spectral and magnetic properties which are 
appropriate for designing non-porphyrinic metal-based PDT agents 
that could photocleave DNA in visible light.

The relationship between active metals and cancer is a multifaceted 
issue which combines the expertise of bioinorganic chemists, 

Figure 6: Diagram showing in (a) human-DNA-Topo-I (70 kDa) (PDB ID: 1SC7), (b) docked model of {[Co(mpca)2].H2O}  occupying cleavage active site of Topo-I, DNA 
is represented by the structure shown as stick representation, (c) docked model {[Co(mpca)2].H2O} (surface representation) towards the cleavage site of Topo-I (cartoon 
representation) and (d) binding of {[Co(mpca)2].H2O} in the Topo-I pocket, preventing the building of the topoisomerase I-DNA complex represented via surface presentation.
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pathologists, pharmacologists and oncologists. Redox-active metals 
generally form reactive oxygen species (ROS) and this ROS can be 
used to induce DNA cleavage. The earliest report of the medicinal 
use of metals or metal complexes dates back to the sixteenth century 
[126]. The main application is the anti-tumour action of certain heavy 
metals which bind to DNA and distorting DNA causing cell death. 
For example, today the cis-platin is one of the most potent and widely 
used anticancer drugs in use. However, it cures only limited spectrum 
of cancers and acquired resistance [127]. To defeat these limitations 
of cis-platin, less toxic and more effective metallodrugs have been 
developed like oxaliplatin and carboplatin. 

DNA-metal Complex Interactions
DNA is the storage site of cellular information that is accessed 

continuously for storing and dispensing information required for 
existence. Thus, it acts as the main intracellular target for those who 
thrive to develop a new drug for innumerable diseases, especially cancer. 
Added to the fact, small molecules that can bind and react with specific 
DNA sites provide a means to access and manipulate this cellular 
information creating the desired results. There are many binding modes 
by which the small molecules bind to the DNA which are covalent and  
non-covalent binding. Cisplatin binds covalently with the DNA 
thereby restricting its replication. Among the non-covalent binding 
modes, intercalation, groove binding and external electrostatic 
binding, intercalation is the most important one because it invariably 
leads to cellular degradation [128]. Humungous reports are available 
throughout the literature regarding the interactions of V(IV), Ni(II), 
Co(II), Cu(II) and Zn(II) complexes with DNA and still now many 
research groups have actively involved in this field [129-137]. Among 
the research groups, most of them are concentrating only copper 
Schiff-base complexes. For, copper is found in all living organisms and 
is a vital trace element in redox chemistry, growth and development. It 
is significant for the function of several enzymes and proteins involved 
in energy metabolism, respiration and DNA synthesis, particularly 

cytochrome oxidase, superoxide dismutase (SOD), ascorbate oxidase 
and tyrosinase. Copper is found to bind DNA with high affinity than 
any other divalent cation, thus promoting DNA oxidation.

Acquaye et al. synthesized two new copper Schiff-base complexes 
and carried out DNA interactions with CT-DNA. The resultant Kb values 
are 1.52 × 105 M−1 and 5.00 × 105 M−1 respectively for the complexes 
[138]. Yang and his colleagues have synthesized and characterised 
two novel Schiff base copper(II) complexes derived from kaempferol 
and polyamines such as ethylenediamine and diethylenetriamine. 
They evaluated the DNA interactions with CT DNA and predicted 
the mode of interactions to be intercalation [139]. An extensive 
DNA-metal complex interaction has been carried out by Lin and 
his colleagues by synthesizing two new benzimidazole based copper 
complexes. The studies showed that the complexes exhibited partial 
intercalation towards the DNA [140]. The novel copper complexes 
synthesized by Gup and Gokce are found to bind significantly to calf 
thymus DNA by both groove binding and intercalation modes and 
effectively cleave pBR322 DNA [141]. Xu et al. synthesized three novel 
structurally associated copper(II) complexes which displayed enhanced 
intercalation into CT DNA [142].

Pharmacological Actions
Chemotherapy using chemical agents is one of the effective methods 

for the treatment of various cancers. With the increasing number 
of compounds synthesized as potential anticancer drugs, effective 
screening methods are needed for classification of these compounds 
according to their anticancer activities. For preliminary screening, the 
in vivo methods are usually more accurate but rather expensive and 
time-consuming whereas the in vitro methods are simpler and more 
rapid but with lower accuracy. In general, for large scale preliminary 
screening, the in vitro methods are more effective for refined screening 
on a smaller scale, naturally, the in vivo methods with test animals must 
be used and the clinical experimental tests are also required. The key 
advances in the cancer chemotherapy are shown in Figure 7.

Figure 7: Key advances in the cancer chemotherapy. 
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Medicinal inorganic chemistry presents additional opportunities for 
the design of therapeutic agents, not accessible to organic compounds 
[143-145]. The broad range of coordination numbers and geometries, 
available redox states, thermodynamic and kinetic characteristics and 
intrinsic properties of the cationic metal ion and ligand itself offer the 
medicinal chemist a large variety of reactivities to be exploited.

The increasing number of multi-drug resistant microbial pathogens 
hardened the treatment of infectious diseases that posed as an 
important and challenging problem. Despite the availability of a large 
number of antibiotics and chemotherapeutics, a substantial need for 
the development of new class of potent antimicrobial agents arose on 
account of the emergence of old and new antibiotic resistant bacterial 
strains. Thus, the heterocyclic compounds play a significant role in 
designing a new class of structural entities of medicinal importance 
with new mechanisms of action [146]. The diverse pharmacological 
properties possessed by heterocyclic compounds are the well known 
antimalarial, antimicrobial, anti-inflammatory, anticancer, analgesic 
and anticonvulsant.

The search for novel antimicrobial and analgesic agents devoid 
of side effects continues to be an active area of research in medicinal 
chemistry. Although new and more expensive drugs have been 
developed, their cost is beyond the common man′s reach. Accordingly, 
the pressing need for new, more effective, cheaper and safe antimicrobial 
agents arose and has been emphasized.

Antioxidants are molecules capable of inhibiting the oxidation of 
other molecules and thereby preventing the cell death that occurs due to 
the release of free radicals. Free radicals such as DPPH•, NO• O2

•-, OH•, 
hydrogen peroxide and lipid peroxide radicals have been implicated 
in a variety of diseases such as asthma, cancer, cardiovascular, 
diabetes, gastrointestinal inflammation, periodontal disease and other 
inflammatory processes [147,148]. Hydroxyl is one of the key groups to 
enhance the antioxidant activity due to its easy conversion to phenoxy 
radical through hydrogen transfer mechanism [149].

The superoxide dismutases (SODs) known as metalloenzymes are 
able to keep the concentration of superoxide radicals in controllable 
low limits and thus, they can protect cells against an oxidative damage 
[150]. Only recently, it has been found that reactive oxygen species, 
such as the superoxide radical or hydrogen peroxide, are important 
regulators of cell death [151]. Particularly, H2O2 is implicated as a 
mediator of the apoptosis in cells [152]. The cellular damage caused 
by H2O2 is due to the hydroxyl radical production that results from the 
reaction of H2O2 with transition metal ions [153]. 

Besides target validation and pharmacological assessment, the first 
set of studies on the in vitro metabolism of the drug candidate and some 
initial toxicity studies are often included in the preclinical assessment of 
whether a drug candidate is suitable for the clinic or not. At this stage, 
toxicity is evaluated in the in vitro cytotoxicity studies and eventually 
single acute dose studies in animals (mouse, rat, dog) to establish the 
maximum tolerated dose (MTD). Drug development candidates that 
satisfy these initial tests and any further extensive toxicological studies 
are deemed safe enough to proceed into clinical trials.

Anti-microbial agents

A review by Turel focuses on the crisis of decrease in quinolone 
drug absorption when consumed simultaneously with magnesium 
or aluminium antacids. He reviewed selected crystal structures of 
quinolone-metal compounds and their anti-microbial activities. The 
reason for such behaviour is proposed to be the chelate bonding of 

the quinolone to the metal [154]. The complex [Cu(cx)2].2H2O (where 
cx = cinoxacin) was screened for activity against several bacteria 
[minimal inhibitory concentration (MIC) values] showing the same 
antimicrobial activity as the free ligand [155]. 

Using a series of Gram positive and Gram negative bacterial strains, 
Scozzafava and his co-workers [156] tested zinc and copper ciprofloxacin 
complexes which showed moderated antimicrobial effects. Very 
recently, Psomas research group synthesized few quinolone cobalt(II) 
complexes and tested their antimicrobial activity using oxolinic acid 
(Hoxo) in the absence or presence of the Lewis bases 2,2′-bipyridine 
(bipy), 2,2′-bipyridylamine (bipyam), 1,10-phenanthroline (phen), 
pyridine (py) or 4-benzylpyridine (4bzpy). Their antimicrobial activity 
showed that the activity was similar to the free Hoxo [157]. 

Kumar et al. [158] synthesized copper(II) complexes with 
isoxazole Schiff bases, [Cu(L1)2], [Cu(L2)2] and [Cu(L3)2] where, L1 
= [(1-((E)-(3,5-dimethylisoxazol-4-ylimino)methyl)naphthalen-2-ol, 
C16H14N2O2), L2= [2-((E)-(3,5-dimethylisoxazol-4-ylimino) methyl)-4-
methoxyphenol, C13H14N2O3 and L3 = (2-((E)-(3,5-dimethylisoxazol-4-
ylimino) methyl)-4-bromophenol, C12H11BrN2O2]. Their antimicrobial 
activities were screened and the results were favourable for Cu(II) 
complex of ligand L1 which possessed good anti-microbial activity 
against the other ligands and standard (Figure 8).

Devi et al. [159] have synthesized a series of mixed ligand 
complexes of Co(II), Ni(II), Cu(II) and Zn(II) using various 
uninegative tridentate ligands derived from isatin monohydrazone with 
2-hydroxynapthaldehyde/substituted salicylaldehyde and heterocyclic 
nitrogen base 8-hydroxyquinoline and characterized them by 
elemental analysis, conductometric studies, magnetic susceptibility and 
spectroscopic techniques (Figure 9). They tested in vitro antimicrobial 
activity against various pathogenic Gram positive bacteria, Gram 
negative bacteria and fungi using different concentrations (25, 50, 100, 200 
µg/mL) of ligands and their complexes. The results indicate that complexes 
exhibited enhanced activity as compared to free ligands and copper(II) 
complex was found to be the most potent antimicrobial agent.

A new Co(II), Ni(II), Cu(II) and Zn(II) mixed ligand complexes 
(Figure 10) from N2, N3-bis(4-nitrophenyl)quinoxaline-2,3-diamine 
and 1,10-phenanthroline have been synthesized by Dhanaraj et al. The 
compounds have been characterized by elemental analyses, magnetic 
susceptibility, molar conductance, UV–Vis., IR, 1H NMR, mass and ESR 
spectra [160]. The complexes were screened for antimicrobial activity 

 

Figure 8: Copper (II) complexes with Isoxazole Schiff base (1-((E)-(3,5-
dimethylisoxazol-4-ylimino)methyl)naphthalen-2-ol.
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against various bacterial and fungal species viz., E. coli, K. pneumoniae, 
P. aeruginosa, S. aureus, A. niger and C. albicans by disc diffusion 
method. The Cu(II) complex exhibited the highest zone of inhibition 
against the bacterial species K. pneumoniae (12 mm) and P. aeruginosa 
(11 mm). The Ni(II) mixed ligand complex exhibited a higher zone 
of inhibition against E. coli (12 mm) and Zn(II) complex exhibited a 
higher zone of inhibition against S. aureus (12 mm). From the above, 
it was concluded that among the four mixed ligand metal complexes, 

Cu(II) mixed ligand metal complex showed higher antibacterial 
activity. In the case of antifungal activity, Co(II) complex showed the 
higher zone of inhibition against the fungal species C. albicans (13 mm) 
and Ni(II) complex showed higher activity against A. niger (8 mm). 
Overall, the antimicrobial activity of the complexes is in the following 
order: Cu (II)>Co(II)>Ni(II)>Zn(II). The superior activity of the metal 
complexes may possibly be as a result of increased lipophilic nature of 
the complexes attributed to chelation and heteroatoms present in the 
ligand moiety [161].

Anti-tumor agents

Although there were multiple reports in recently published papers 
about the ternary copper(II) complexes, that are synthesized by the 
combination of a bidentate N-donor heterocyclic ligand (phen, bpy 
or their substituted derivatives) and other synthetic co-ligands (i.e., 
salicylic acid [162], tetracycline derivatives [163], terpyridine [164], or 
imidazolidine-2-thione [165]), with remarkable in vitro cytotoxicity 
towards the human cancer cell lines, none of these dealt with the 
directed synthesis of mixed ligand copper(II) coordination compounds 
containing flavonoid-inspired co-ligands.

Lately, Reedijk et al. have found that efficient self-activated DNA 
cleavage and cytotoxic effects toward L1210 murine leukemia and 
A2780 human ovarian carcinoma cell lines can be brought out by 
the complex [Cu(pyrimol)Cl], synthesized by them [166]. Sadler 
and his co-workers have observed [167] that cytotoxic and antiviral 
activities are exhibited by their synthesized mixed ligand bis(salicylato)
copper(II) complexes with diimines as co-ligands. Palaniandavar and 
his co-workers reported [168-170] the role of hydrophobicity of ligands 
in many ternary copper(II) complexes which exhibited strong DNA 
binding and cleavage and induced apoptosis in cancer cells. Kumbhar 
and his co-workers have investigated the cytotoxicity of certain mixed 
ligand Cu(II) complexes against HeLa (cervical) cancer cell lines [171].

Generally, the molecules that are approved for clinical use are those 
which damage DNA, inhibit nucleic acid precursor biosynthesis thereby 
blocking DNA synthesis indirectly, or disrupt hormonal stimulation of 
cell growth as anticancer agents [172]. Sigman et al. reported [173] a 
facile approach for investigating the interaction of nucleic acids and 
oligonucleotides with proteins that is provided by the oxidation of 
DNA and RNA. Burstyn and his coworker have found that copper(II) 
complexes of macrocyclic triamines promote the hydrolytic cleavage 
of plasmid DNA [174]. So, the copper(II) complexes possessing high 
nucleobase affinity and biologically accessible redox potentials are 
considered as potential reagents for cleavage of DNA both oxidatively 
[175] and hydrolytically [176]. Such metal complexes would permit 
targeting of specific DNA sites by matching the shape, symmetry and 
functionality of the complexes to those of the DNA target. Marin-
Hernandez et al. [177] indicated that some mixed chelate transition 
metal-based drugs had more potent antitumor activity than cisplatin in 
in vivo and in vitro studies of a variety of tumor cells. However, human 
cancer cell lines are a useful model to study cell growth inhibition of 
tumor cells by natural compounds or newly synthesized compounds.

Sinha group have synthesized a monoanionic tetradentate-
N2O2 Schiff base 2-[{[2-(dimethylamino)ethyl]imino}methyl]-6-
methoxyphenol [178-181] and two of its analogous are mononuclear 
Co(II) derivatives, [Co(LH)2(NCS)]NO3 and [Co(LH)2(N3)]NO3. 
Interestingly, the tetradentate ligand LH behaves either in a bidentate-
NO or terdentate-N2O fashion to coordinate the metal ions. The 
anticancer efficiency (in vitro) of these Co(II) derivatives has been 
investigated using various human cancer cells like human colorectal 

 

 

 

 

 

 

 

 
Figure 9: Structure of potent antimicrobial agents.

(M=Co(II), Ni(II), Cu(II) and Zn(II))   
Figure 10: Structure of  N2, N3-bis(4-nitrophenyl)quinoxaline-2,3-diamine 
based mixed ligand complexes.
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carcinoma cells (COLO 205 cells), human hepatocellular carcinoma 
cells (PLC5 cells), human lung carcinoma cells (A549 cells) and 
human fibroblasts cells (NIH 3T3). The biological effects of both 
Co(II) derivatives on the viability on NIH 3T3 cells indicate that these 
complexes induce a decrease in cell-population of human fibroblast 
cells with apoptosis. The human fibroblasts cells (NIH 3T3) are treated 
with [Co(LH)2(N3)]NO3 and the investigations reveal the apoptotic 
properties of the Co(II) complex and also suggest that a mitochondria-
mediated pathway is induced by this compound.

Recently, Stanojkovic et al. have reported [182] that the 
antiproliferative activity of zinc(II) complexes of 2-acetylpyridine1-(4-
fluorophenyl)-piperazinylthiosemicarbazone is found to be noticeably 
stronger than that of cis-platin. The IC50 values range from 26-90 µM, 
against all cell lines tested, while for cis-platin the IC50 values range 
from 2-17 µM and for the zinc salt, ZnCl2, the IC50 values range from 
81-93 µM. The highest activity is exhibited by [Zn(HAcPipPheF)(OAc)] 
complex against all four cancer cell lines whereas the highest selectivity 
is against K562 and MDA-MB-453 cancer cell lines. The tumor cell 
proliferation is achieved by arresting the cell cycle progression at the S 
phase by the compounds.

El-Asmy et al. have synthesized metal complexes having OO, ON, 
NS and ONS-donors and evaluated for anticancer activity against 
either Ehrlich ascites tumor cells (EACs) [183-186] or human cancer 
cell lines [187-189]. Recently, Pascu and his co-workers document that 
acenaphthenequinone based zinc bis(thiosemicarbazone) complexes 
(Figure 11) exhibit comparable cytotoxicity to cisplatin in the MCF-7 
cell line and emit fluorescence as well [190].

Harding and his co-worker have synthesized bis(η5-(3,4-
dimethoxybenzyl) cyclopentadienyl)-vanadium(IV) dichloride complex. 
Further in vitro and in vivo work reveal that V(IV) organometallic 
compounds exhibit significant anti-tumor properties [191] with 
vanadocene dichloride being one of the most promising among 
metallocenes [192]. These results encourage further preclinical studies 
[193,194] and have since been extended [195] with the study of the 
cytotoxic properties of vanadocene (Figure 12) and various derivatives.

Manikandan et al. [196] have newly synthesized Co(II) complexes 
of 2-acetylpyridine N-substituted thiosemicarbazone with (PPh3)2 
(Figure 13). The higher cytotoxic activity for the complex substituted 
benzene may be due to terminal phenyl substitution of the coordinated 
ligand. By comparing the cytotoxicity with that of the conventional 
standard cisplatin, they found that the complexes exhibited excellent 
activity in both the cancer cell lines. However, the cytotoxic activity of 
complexes against human breast cancer cell line (MCF-7) stood higher 
than that of skin carcinoma cell line (A431).

Anti-inflammatory agents

The protective response of an organism, when treated by a noxious 
stimulus is known as inflammation. Such inflammatory conditions 
lead to rheumatic diseases that cause major disability. It is a part of the 
complex biological response of vascular tissues to harmful stimuli such 
as pathogens, damaged cells and irritants. 

Recently, Odisitse and Jackson reveal that 3,5-diaminodiamido-
4-oxahexacyclododecane (cageL) (Figure 14) can survive in vivo 
through a demonstration by speciation calculations using blood 
plasma model and animal bio-distribution experiments, which is 
because they are stable in lipophilic conditions [197]. In pursuit of 
developing better copper(II)-based anti-inflammatory drugs which 
can be administered orally, intravenously or even transdermally, they 
have designed and synthesized two ligands, N,NO-di(aminoethylene)-
2,6-pyridinedicarbonylamine (L1) and bis-(N,Ndimethylethyl)-2,6-
pyridinedicarboxamide (L2). L1 and L2 both have pyridyl groups 
which are found in most of the non-steroidal anti-inflammatory drugs 
(NSAIDs) [198].

Pyridine derivatives are of high interest in several areas of 
medicinal chemistry, specifically, aminopyridinylmethanols and 
aminopyridinamines [199] have been considered as an analgesic as 
well as anti-inflammatory agents and for treating Alzheimer’s disease 
[200]. The pyridine ring characterizes niflumic acid and flunixin [201], 
two standard NSAIDs belonging to the class of fenamates (Scheme 

Figure 11: Structure of acenaphthenequinone based zinc bis(thiosemicarbazone) 
complexes.

 
Figure 12:  Structure of bis(η5-(3,4-dimethoxybenzyl)cyclopentadienyl)-
vanadium(IV)
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15). These drugs are derived from N-aryl substituted anthranilic acid 
(2-amino-3-pyridinecarboxylic acid), and they are commonly used as 
analgesic, anti-inflammatory and anti-pyretic agents, like salicylates. 
Flunixin meglumine [202,203] is a substituted derivative of nicotinic 
acid (3-pyridinecarboxylic acid) which is structurally unique when 
compared to other NSAIDs (Figure 15).

Hoonur group has studied about the 1,2-dihydroquinazolin-
4(3H)-ones based metal complexes along with their structure and 
biological activity [204-209] with a view to explore structure-activity 
relationships. Study of the reactivity of this free amino group with 
aromatic aldehydes resulted in the formation of biologically active 
1,2-dihydroquinazolinone. Compounds have demonstrated dose 
dependent activity which is better even at lower dose level (3 mg/kg) 
while the reported analogous compounds have shown activity at higher 
dose level (such as 10, 20 and 50 mg/kg). The anti-inflammatory activity 
of these metal complexes is higher than their parent ligand perhaps due 
to their enhanced lipophilicities (Figure 16).

A class of quinoline based compounds has been explored and 
found to have the ability to inhibit platelet-activating factor (PAF) 
synthesis which also contributes to anti-inflammatory properties [210]. 
The role of copper in the pathology of inflammation emphasizes a lot of 
evidence [211]. The thorough investigation of copper complexes with 

different ligands together with anti-inflammatory drugs and of the 
copper containing enzyme super oxide dismutase (SOD) brought to 
light the various therapeutic value of copper which is concluded to be 
an exogenous anti-inflammatory agent [211].

Naik and his coworkers have explored a series of Schiff bases 
derived from 2-mercapto-3-formyl quinoline/2-hydroxy-3-formyl 
quinoline with 2,6-diaminopyridine (DAP) and their corresponding 
Co(II), Ni(II), Cu(II) and Zn(II) complexes (Figure 17) for their  
anti-inflammatory activity [212]. The rats challenged by carrageenan 
when treated with the complexes significantly reduced the 
inflammatory edema. The complexes did not induce sedation, ataxia, 
tremors, convulsions, lacrimation or changes in motor activity in mice 
and caused no significant toxicity to the stomach, intestines and liver 
of mice. The Cu(II) complexes showed the highest biological activities 
amongst the compounds tested. 

In 2009, Arayne and his group studied the anti-inflammatory 
properties of enoxacin and their Cu(II) and Ni(II) complexes (Figure 
18) [213]. When enoxacin 36 is subjected to infrared spectroscopic 

                                                             R = C6H5 

Figure 13: Structure of Co(III) complex of 2-acetylpyridine N-substituted 
thiosemicarbazone.

Figure 15: Structures of few known anti-inflammatory drugs and of 3-hydroxy-
4-pyridinecarboxylic acid.

Figure 16: Structure of metal complexes of 1,2-dihydroquinazolin-4(3H)-ones.

Figure 14: Schematic structures of ligands.
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Figure 17: Chemical structures of the Co(II), Ni(II), Cu(II) and Zn(II) complexes with Schiff bases derived from 2-mercapto-3-formylquinoline or 2-hydroxy-3-formyl 
quinoline with 2,6-diaminopyridine (DAP).

analysis, it is inferred that the compound acts as a monoanionic 
bidentate ligand and is coordinated to the metal ions via its carboxyl 
and carbonyl groups. The levels of reactive free radicals released 
by activated phagocytic cells are measured for evaluating the anti-
inflammatory properties of the enoxacin complexes. The IC50 values of 
15.3 and 18.7 μg.mL−1 of Cu(II) enoxacin complexes are found to be 
the most active against free radical release whereas enoxacin and its 
Ni(II) complexes are less effective (IC50>50 μg.mL−1). Nevertheless, the 
immunomodulatory effect of the enoxacin complexes that is governed 
by the molecular mechanism is not determined.

A series of potential anti-inflammatory agents that are Co(II) 
complexes and bearing the NSAID mefenamic acid ligand have also 
been investigated (Figure 19) [214-216]. Mefenamic acid is found to 
act as a deprotonated monodentate ligand. It is coordinated to the 
Co(II) ion through its carboxylato oxygen atom, forming octahedral 
[Co(mef)2(MeOH)4] or [Co(mef)2(MeOH)2(N^N)] (where mef = 
mefenamic acid and N^N = 2,2′-bipyridine, 1,10-phenanthroline or 
(pyridine)2) complexes which is in accordance with the physicochemical 
and spectroscopic data. In later studies, Cu(II) complexes of mefenamic 

acid, naproxen, diclofenac, diflunisal and flufenamic acid, Co(II) 
complexes of naproxen and tolfenamic acid, and Mn(II) complexes of 
tolfenamic acid have been reported by the research groups that showed 
anti-inflammatory activity.

Conclusions and Future Directions
In this work, the pharmacological effects of a few transition metal 

complexes have been reviewed. The application of bioinorganic 
chemistry to medicine is a rapidly developing field. Novel therapeutic 
and diagnostic metal complexes are now having an impact on medical 
practice. Advances in bioinorganic chemistry are important for 
improving the design of compounds to reduce toxic side-effects and 
understand their mechanisms of action. This review reveals that the 
pharmacologically interesting metals such as copper, cobalt, nickel and 
zinc could be a suitable strategy to develop novel therapeutic tools for 
the medical treatment.
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Figure 19: Co(II) complexes of NSAID mefenamic acid having anti-inflammatory responses. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

M 
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Co(II), Ni(II), Cu(II) and Zn(II) 
 

Figure 18: Chemical structures of the complexes having enoxacin derivatives.
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