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Abstract: Schiff bases — organic compounds formed by the condensation of primary amines with
carbonyl compounds — have attracted sustained research interest for decades, largely because of their
versatile coordination chemistry and their remarkable range of biological activities. When these ligands
bind transition metals such as copper, cobalt, nickel, zinc, and vanadium, the resulting complexes
frequently exhibit biological potency that exceeds the firee ligand alone, a phenomenon that has driven
extensive investigation into their antimicrobial, antifungal, anticancer, antioxidant, and antidiabetic
properties. This article reviews the current state of knowledge on the biological activity of transition
metal Schiff base complexes, examining the structural features that govern activity, the mechanisms
through which these complexes interact with biological targets, and the evidence base for each major
activity class. Particular attention is given to the role of the central metal ion in modulating biological
behavior, the influence of donor atom sets and geometric configuration, and the emerging evidence for
DNA binding and enzyme inhibition as mechanistic pathways. The article also addresses current
limitations in the field — including gaps between in vitro activity and in vivo efficacy — and identifies
the directions where the chemistry is most likely to produce clinically relevant outcomes.
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I. INTRODUCTION
There is something elegant about Schiff base chemistry that keeps drawing chemists back to it. The reaction is simple
— mix a primary amine with an aldehyde or ketone, lose a molecule of water, and you get an imine linkage — but what
comes out of that reaction can be structurally sophisticated, electronically tunable, and biologically active in ways that
took decades of research to begin unpacking. Hugo Schiff described the condensation reaction that bears his name in
1864, and the compounds he inadvertently opened the door to have been studied ever since.
The real excitement, at least from a medicinal chemistry perspective, comes when these ligands meet transition metals.
Schiff bases are excellent chelating agents. The imine nitrogen, combined with oxygen, sulfur, or additional nitrogen
donor atoms elsewhere in the molecule, creates binding pockets that transition metal ions occupy readily, forming
stable five- or six-membered chelate rings. Copper, cobalt, nickel, zinc, vanadium, manganese — all of them form
complexes with Schiff base ligands, and those complexes behave biologically in ways that neither the free metal ion
nor the free ligand predicts particularly well.
Why does complexation change biological activity so dramatically? Several reasons have been proposed and explored.
The metal center can enhance membrane permeability of the ligand. Coordination geometry and the electronic
environment around the metal affect how the complex interacts with enzymes, DNA, and cell membranes. Redox-
active metal centers like copper and cobalt can generate reactive oxygen species under biological conditions, adding
cytotoxic mechanisms that purely organic compounds cannot replicate. The lipophilicity of the complex — which
governs how readily it crosses cell membranes — is tunable through ligand design in ways that give medicinal chemists
real synthetic control over biological behavior.

Copyright to IJARSCT
www.ijarsct.co.in

DOI: 10.48175/568 699

B

| 2581-9429 |1
R\ 1JARSCT /3
& <




( IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal FiEp 00}
ISSN: 2581-9429 Volume 9, Issue 2, September 2021 Impact Factor: 5.731

This article reviews the biological activities that have been documented for transition metal Schiff base complexes,
with particular focus on the activities that have generated the most research interest and the most convincing
mechanistic evidence: antimicrobial and antifungal activity, anticancer activity, antioxidant capacity, and antidiabetic
properties. Along the way, it examines what structural features tend to produce the strongest activities and where the
gap between laboratory findings and clinical application remains wide.

II. CHEMISTRY OF SCHIFF BASE LIGANDS AND THEIR METAL COMPLEXES
2.1 Synthesis and Structural Features
Schiff bases form readily under mild conditions — typically by refluxing an amine and a carbonyl compound in ethanol
or methanol, often with a catalytic amount of acid. The reaction is reversible in principle but driven to completion by
removal of water. The resulting imine bond (C=N) is the defining structural feature, but what makes Schiff bases so
useful as ligands is the arrangement of donor atoms that typically flanks it.
The most biologically studied Schiff base ligands are bidentate or tridentate, offering the metal ion two or three
coordination sites. An N,O-donor Schiff base — where the imine nitrogen and a phenolic or alcoholic oxygen both bind
to the metal — is perhaps the most common structural motif in the literature. Adding a second phenolic arm creates an
N,N,O or O,N,O donor set, giving access to octahedral coordination geometries with first-row transition metals. Sulfur-
containing Schiff bases incorporating thiosemicarbazone or thiol groups add S-donor atoms that have particular
relevance for biological activity, since sulfur coordinates strongly to soft metal ions and many biologically important
metal sites.
The geometry around the metal center — tetrahedral, square planar, octahedral — influences biological activity in ways
that are still being worked out. Square planar copper(IT) and nickel(IT) complexes, for instance, tend to intercalate more
effectively into DNA double helix structures than tetrahedral complexes, because their planar geometry allows them to
stack between base pairs. This geometric selectivity has direct consequences for the anticancer and antimicrobial
activities discussed later.

2.2 The Role of the Metal Ion

Choosing which metal to incorporate into a Schiff base complex is not arbitrary — different metals bring
fundamentally different biological properties. Copper(Il) complexes are among the most extensively studied, partly
because copper is an essential biological metal with established roles in enzyme catalysis, and partly because Cu(Il)
complexes tend to show strong DNA binding and can participate in oxidative DNA damage through Fenton-like
chemistry. Cobalt(III) complexes are kinetically inert, which makes them attractive for targeted delivery applications
where controlled release of the metal is desirable. Nickel(II) complexes show interesting DNA binding properties and
moderate cytotoxicity. Zinc(I) complexes are generally less toxic than copper or cobalt analogues, which makes them
more interesting for antimicrobial applications where selectivity for microbial over mammalian cells is important.
Vanadium complexes, particularly oxovanadium(IV) species, have attracted attention specifically for antidiabetic
activity because of vanadium's known insulin-mimetic properties.

III. ANTIMICROBIAL AND ANTIFUNGAL ACTIVITY

3.1 Evidence and Trends

Researchers have done extensive studies about how transitional metal Schiff base complex compounds kill
microorganisms because this research method provides simple testing methods. Most chemistry laboratories have
access to standard disc diffusion testing and minimum inhibitory concentration testing, which enables researchers to
generate antimicrobial research results at a fast pace. The literature shows a consistent pattern which provides usable
results because metal complexation improves antimicrobial activity of Schiff base ligands, while the extent of this
enhancement depends on metal, ligand structure, and target organism. The broadest and strongest antimicrobial profiles
emerge from Copper(IT) and Zinc(II) complexes, which show effectiveness against Staphylococcus aureus, Bacillus
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subtilis, Escherichia coli, and Pseudomonas aeruginosa. Nickel(II) complexes demonstrate slightly lower effectiveness
than other treatments, but they always deliver better results than unbound ligands. Cobalt(II) complexes display
different activity levels because their effectiveness depends on the particular ligand structure, which distinguishes them
from other metals in the series (Pahontu et al., 2013).

The chelation theory introduced by Tweedy in 1964 explains chemical mechanisms through its most cited framework
which continues to receive scholarly references in current academic publications. The framework shows that when
metal ions interact with ligands their charge decreases because the metal shares some of its charge with donor atoms
while their electron density moves throughout the chelate ring structure. The complex's decreased charge together with
its higher lipophilicity enables better bacterial cell membrane penetration than the free ion and free ligand. The
complex inside the cell can disrupt metal-dependent enzyme function by damaging membrane structures and causing
oxidative damage.

This section needs to highlight Thiosemicarbazone Schiff base complexes as important compounds. The
thiosemicarbazone arm of these ligands which provides N,N,S coordination enables them to create highly effective
antimicrobial metal complexes which appear throughout scientific literature. According to multiple studies copper and
nickel thiosemicarbazone complexes display antibacterial properties against methicillin-resistant Staphylococcus aureus
(MRSA) at dosages that match or exceed the effectiveness of standard antibiotics which creates an important medical
finding because of the worldwide antibiotic resistance emergency (Lobana et al. 2009).

The patterns of antifungal effectiveness show broad similarities with each other. Copper(Il) and zinc(IT) Schiff base
complexes establish their superior antifungal performance against Candida albicans and Aspergillus niger through in
vitro testing which exceeds the efficacy of fluconazole and other standard antifungal drugs although their effectiveness
in living organisms remains untested. The mechanism likely involves disruption of ergosterol biosynthesis — the
fungal cell membrane equivalent of bacterial lipopolysaccharide disruption — though direct evidence for this specific
mechanism in metal Schiff base complexes is less developed than the antimicrobial mechanistic literature.

IV. ANTICANCER ACTIVITY
4.1 DNA Binding and Cytotoxicity
The field of transition metal Schiff base literature reaches its maximum expansion when researchers study cancer
because this area shows the greatest divide between what researchers discover in laboratories and what actually occurs
in medical practice. Researchers have studied the anticancer properties of these complexes through various methods
which include testing their ability to kill cancer cells and studying their interaction with DNA and their capacity to
block enzymes and their recent research into how they trigger cell death and halt cell division. The most researched
method through which transition metal Schiff base complexes fight cancer operates through DNA binding because this
approach relies on the earlier established geometric principle. Through their planar aromatic Schiff base complexes
square planar copper(Il) and nickel(I) complexes with extensive conjugated ligand structures achieve intercalation
between the DNA double helix base pairs. The process of intercalation causes the helix to unwind and develop
distortions which create obstacles for DNA replication and transcription processes. The result, in rapidly dividing
cancer cells, is inhibition of proliferation and induction of apoptosis.
The research used Binding studies through UV-visible absorption spectroscopy and fluorescence quenching and
viscometry and circular dichroism to investigate DNA interactions with different complexes. The intrinsic binding
constants for calf thymus DNA binding of copper(Il) Schiff base complexes control between 10* and 10° M™!
according to established scientific standards which demonstrate high binding power when compared to ethidium
bromide which is a standard intercalator (Shiju et al., 2015). The complexes exhibit two distinct binding patterns
because they interact with DNA through groove binding and electrostatic forces which connect with the phosphate
backbone of the DNA structure.
The research presents extensive cytotoxicity data which demonstrates the effects of treatment on cancer cell lines. The
studies have reported ICs, values in the low micromolar range which represent the concentration needed to achieve
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50% cell growth inhibition for copper and cobalt and nickel Schiff base complexes against HeLa (cervical), MCF-7
(breast), HepG2 (liver), and A549 (lung) cell lines. The research compares these values to cisplatin which serves as the
standard platinum anticancer drug and demonstrates that some complexes match or exceed the performance of cisplatin
in laboratory tests which has created strong optimism in the scientific community (Gupta & Suresh, 2016).

The positive outlook requires a more measured approach because laboratory tests which assess cell line toxicity show
no ability to forecast actual drug effectiveness in live organisms. Numerous compounds which display potential during
cell culture experiments exhibit failure in animal testing because of their inadequate pharmacokinetic properties and
their unmanageable behavior under normal physiological conditions and their capacity to harm healthy body parts. The
field of Schiff base complexes continues to experience this issue because existing research fails to establish strong links
between laboratory test results and actual therapeutic outcomes.

4.2 Apoptosis and Cell Cycle Mechanisms

Beyond simple cytotoxicity measurements, researchers have increasingly examined how transition metal Schiff base
complexes kill cancer cells at the mechanistic level. Apoptosis induction — the triggering of programmed cell death —
is the most desirable mechanism from a therapeutic standpoint, since it is the same pathway that effective anticancer
drugs like cisplatin exploit and is generally preferable to necrosis from a toxicity standpoint.

Flow cytometry studies using annexin V-FITC/propidium iodide staining have shown that several copper and cobalt
Schiff base complexes induce early and late apoptosis in cancer cell lines at concentrations close to their ICs, values,
with minimal necrosis at those concentrations. Cell cycle analysis in the same studies often reveals G1 or G2/M phase
arrest — exactly the checkpoints where DNA damage signaling would be expected to halt cell division in cells with
double-strand breaks caused by intercalation or oxidative damage. These mechanistic findings add biological
plausibility to the DNA binding data and suggest that at least some complexes are working through coherent,
therapeutically relevant pathways rather than simply being non-specifically cytotoxic.

V. ANTIOXIDANT AND ENZYME INHIBITION ACTIVITY
5.1 Radical Scavenging Properties
Oxidative stress the condition which occurs when reactive oxygen species (ROS) generation exceeds antioxidant
protection systems leads to various medical conditions which range from cardiovascular problems and
neurodegenerative disorders to cancer and diabetes. The therapeutic potential of free radical scavenging compounds
which stop free radical formation explains the common practice of antioxidant testing in studies about Schiff base
complex research. Transition metal Schiff base complexes show antioxidant activity through multiple mechanisms. The
Schiff base ligand itself — particularly if it contains phenolic hydroxyl groups or aromatic systems capable of
stabilizing radical intermediates — can donate hydrogen atoms to quench radicals like the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical used in standard assays. When metal ions bind to the system this process becomes more
effective because the metal atoms create extra electron movement which helps stabilize the oxidized ligand radical
intermediate. Copper complexes again tend to show the strongest radical scavenging activity among first-row transition
metal series which matches copper's established biological function as a superoxide dismutase enzyme component
(Nair et al., 2012).
The scientific community disputes whether DPPH and ABTS radical scavenging tests accurately measure biological
antioxidant defense mechanisms which creates a valid challenge to most research studies in this area. The chemical
tests assess chemical reactivity with permanent stable radicals during conditions that do not simulate normal biological
processes. The assessment of antioxidant activity requires research studies which examine both cellular systems and
whole organism models but such studies occur less frequently. The antioxidant data presents valuable information
which researchers should investigate further but they must treat it as initial screening results instead of proof that the
treatment provides effective antioxidant therapeutic benefits.
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5.2 Carbonic Anhydrase and Urease Inhibition

Researchers now study how transition metal Schiff base compounds inhibit enzymes because this research area has
grown to become a vital part of their investigation into biological activity. Researchers focus on two particular enzymes
which are carbonic anhydrase (CA) and urease. The pharmacological importance of carbonic anhydrase inhibition lies
in the fact that diuretic and antiglaucoma and anticancer drugs target specific CA isoforms. The study found that
various vanadium and copper and zinc Schiff base complexes inhibit carbonic anhydrase activity with ICs, values
between nanomolar and low micromolar range, which matches the effectiveness of acetazolamide, a known carbonic
anhydrase inhibitor (Akincioglu et al. 2013).

Researchers consider urease inhibition important for developing treatments that target Helicobacter pylori infections
because this bacterial pathogen requires urease to survive in the acidic environment of the human stomach. Multiple
studies have demonstrated that nickel and copper Schiff base complexes exhibit strong urease inhibitory activity, which
creates the potential for these compounds to function as dual antimicrobial and enzyme inhibitory agents against this
medically significant pathogen.

VI. ANTIDIABETIC ACTIVITY
6.1 Vanadium Complexes and Insulin Mimesis
Research has established the antidiabetic effects of vanadium compounds since 1980 when sodium orthovanadate
demonstrated its ability to reduce blood sugar levels in diabetic rats. The issue with basic vanadium salts arises from
their high toxicity which leads to serious gastrointestinal problems at doses needed for treatment. The vanadium
toxicity issue gets resolved through Schiff base complexation because this method provides three benefits: it keeps the
oxidation state constant, it facilitates better oral absorption, and it decreases harmful effects, while most cases show
increased insulin-mimetic effects compared to the unbound vanadyl cation.
The oxovanadium(IV) Schiff base complexes display antidiabetic effects in streptozotocin-induced diabetic rat models
because they use O,N and O,N,O donor systems to achieve this effect. The process consists of blocking protein tyrosine
phosphatase 1B (PTP1B) which functions as an insulin signaling pathway inhibitor. The PTP1B inhibitor blocks
PTP1B which increases insulin receptor sensitivity and produces insulin effects on patients who show insulin-resistant
conditions (Thompson et al., 2009).
Researchers study Zinc Schiff base complexes for their potential to treat diabetes because zinc functions in the body to
maintain insulin storage and insulin release. Research shows that zinc complexes with Schiff base ligands, which
scientists derived from both amino acids and salicylaldehyde derivatives, produce glucose-lowering effects in animal
studies. However, researchers still understand the exact mechanisms of this compound less than they do for vanadium.
The compound operates through various mechanisms that include a-glucosidase inhibition and enhancement of
pancreatic -cell activity.

VII. STRUCTURE-ACTIVITY RELATIONSHIPS: WHAT ACTUALLY DRIVES BIOLOGICAL ACTIVITY
The field generates its most valuable practical knowledge by studying which structural features lead to the most
powerful biological activities. The research has developed multiple structure-activity relationships that demonstrate
reliable predictive power from existing scientific literature. The studies show that lipophilicity depends on the ligand's
aromatic substituents which create a parabolic connection to biological activity. The complex requires specific
lipophilicity levels because it needs to maintain membrane crossing ability while avoiding aggregation and
uncontrolled distribution into fat compartments. Halogen substituents which include chloro and bromo groups on
aromatic rings enhance antimicrobial and cytotoxic activity by increasing lipophilicity and creating electronic effects
that stabilize metal-ligand connections. The effects of methyl and methoxy substituents show greater variation.

The metal-to-ligand ratio matters more than is sometimes acknowledged. Mononuclear complexes — one metal per
ligand — tend to show different activity profiles than binuclear complexes even when the ligand framework is similar.
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Binuclear copper complexes in particular have shown enhanced DNA binding relative to mononuclear analogues,
consistent with cooperative binding mechanisms where two metal centers interact simultaneously with the double helix.
Figure summarizes the key structural determinants of biological activity across the major activity classes, showing how
ligand substituent effects, metal identity, and coordination geometry each contribute to the observed biological profile
of a given complex
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Fig: Structural Determinants of Biological Activity in Transition Metal Schiff Base Complexes — A Comparative
Summary Across Activity Classes, Source: Author Generated

VIII. CONCLUSION

Transition metal Schiff base complexes occupy an interesting and productive niche in medicinal inorganic chemistry.
They combine synthetic accessibility with structural diversity, tunable electronic properties, and a track record of
biological activity across multiple pharmacological areas. Antimicrobial applications, particularly against drug-resistant
organisms, represent the area where the evidence is strongest and the path to practical application most direct.
Anticancer applications are the most actively studied but also the most demanding in terms of the additional
mechanistic and in vivo work needed before clinical relevance can be assessed. Antidiabetic activity of vanadium
complexes represents perhaps the most mechanistically coherent area, with a clearer understanding of the relevant
target — PTP1B — and a body of animal data supporting proof of concept.

The field's next productive decade will probably belong to groups that commit to the harder work: solving complex
stability questions under physiological conditions, establishing genuine selectivity indices, conducting careful in vivo
pharmacology, and pushing the most promising candidates toward the kinds of preclinical studies that allow serious
evaluation of therapeutic potential. The chemistry is good. The biology is interesting. What the field needs now is the
patience and resources to find out which of these many promising compounds actually have a future in medicine — and
the scientific honesty to accept that many will not, which is exactly how drug discovery is supposed to work.
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