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PREFACE

Chapter 1 provided a general introduction and review of the literature of the present
work. Global health issues, such as cancer, diabetes, inflammation, and microbial infections
(including bacterial and fungal), posed major challenges worldwide, and Kerala, India, was
no exception. Breast cancer and diabetes have become increasingly prevalent in Kerala,
with limited effectiveness of current treatments and associated side effects. Chemistry

played a vital role in addressing these challenges through drug discovery and development.

This study employed a multidisciplinary approach that combined chemistry,
pharmacology, and computational biology to streamline drug discovery. The primary
objective was to synthesize nine curcumin analogues and eighteen metal complexes,
focusing on anticancer, antidiabetic, anti-inflammatory, antibacterial, and antifungal
properties. Structure-activity relationship (SAR) studies, molecular docking, dynamics
simulations, and ADME-Tox prediction provided insights into binding efficacy,
pharmacokinetics, and toxicity. Experimental validation bridged computational findings
with practical applications. Spectral analysis characterized the molecular structures of the
compounds, while virtual screening and lead optimization identified compounds with
improved bioactivity and reduced side effects. In summary, the synthesized curcumin
analogues and metal complexes held potential as therapeutic candidates, contributing to

medicinal chemistry and paving the way for innovative treatments across various diseases.

Chapter 2 focused on the in silico design and selection of curcumin analogues with
potential therapeutic properties, specifically targeting anticancer, anti-inflammatory,
antidiabetic, and antimicrobial activities. A thorough literature review highlighted various
structural modifications to curcumin, such as chlorination, alkylation, and the addition of
hydroxyl and alkoxy groups, which improved its pharmacokinetic and pharmacodynamic
properties. The nine curcumin analogues (NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ,
NLK) were evaluated using the CMC-like Rule and other established guidelines,
confirming their suitability for further development. These compounds met the Rule of
Five, indicating good oral bioavailability, and demonstrated favourable ADME properties,
with strong plasma protein binding, good absorption, and moderate permeability. They also
showed promising toxicity profiles, non-carcinogenic and non-mutagenic, with medium

ecotoxicity risks. Depending on their ability to cross the blood-brain barrier (BBB), the



compounds were considered suitable for either central nervous system (medium BBB) or
peripheral (low BBB) targets. The next phase of the study involved scaling up synthesis
and conducting comprehensive in vitro and in vivo experiments, including molecular
docking studies, to investigate the interactions of these compounds with relevant protein

targets for their therapeutic effects.

Chapter 3 emphasized the synthesis and characterization of curcumin analogues
and their copper(Il) and zinc(I) metal complexes. The curcumin analogues were
synthesized using Pabon’s method based on the Claisen—Schmidt condensation
mechanism, known for its simplicity, high yields, and minimal by-products. Nine curcumin
analogues were created by varying functional groups on the aryl rings to meet specific
medicinal objectives. The synthesized compounds were purified using techniques such as
thin-layer chromatography, column chromatography, distillation, and recrystallization.
Their chemical structures were confirmed through various analytical methods, including
infrared (IR) spectroscopy, proton and *C nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry, and elemental analysis. Moreover, Cu(Il) and Zn(II)
metal complexes of the curcumin analogues were synthesized to improve their stability,
solubility, and biomedical properties. These metal complexes were also purified and

characterized to ensure their suitability for further experimental investigations.

Chapter 4 investigated the screening of curcumin analogues for their anticancer
potential against breast cancer receptors, specifically BRCA1 and TP53. The analogues,
modified from natural curcumin, were evaluated using molecular docking, dynamic
simulations, and MM/GBSA binding free energy calculations. NLH, a chloro-substituted
curcumin analogue, showed strong binding affinity with the TG3 target, a homolog of
BRCAI1, outperforming cyclophosphamide in docking studies. /n vitro cytotoxicity assays
on NLH and its metal complexes (Cu(Il) and Zn(Il)) demonstrated significant activity
against cancer cell lines, particularly DLA and EAC, while showing minimal toxicity
towards spleen cells. In vivo studies with NLH in Swiss albino mice revealed significant
inhibition of tumour growth compared to cyclophosphamide, further supporting the
establishment of NLH as a promising candidate for further development into multi-target
therapeutics, with additional research needed to optimize its efficacy and minimize side

effects.



Chapter 5 evaluated the anti-inflammatory and antidiabetic potential of curcumin
analogues and their metal complexes. Molecular docking studies and in vitro experiments
were conducted to assess their binding affinities towards inflammatory and diabetes
receptors. A comparative analysis was also performed with natural curcumin and FDA-
approved drugs, Diclofenac (anti-inflammatory) and Acarbose (antidiabetic). Among the
analogues, NLD, NLE, and NLF showed the highest anti-inflammatory activity, followed
by NLH and NLK. Cu(Il) and Zn(Il) complexes exhibited superior anti-inflammatory
activity compared to curcumin, with Zn(II) complexes, especially Zn(NLH). and
Zn(NLE):, being the most potent. For antidiabetic effects, NLB, NLH, and NLE were the
most effective, with Cu(Il) and Zn(II) complexes demonstrating enhanced activity. Zn(II)
complexes were more effective due to better stability, bioavailability, and synergy with the
properties of curcumin. The splenocytic assay confirmed the efficacy of the top candidates,

highlighting the promising potential of Zn(II) complexes for diabetes management.

Chapter 6 focused on screening curcumin analogues for antibacterial and
antifungal activity against Gram-positive and Gram-negative bacteria, as well as fungal
receptors. The analogues were synthesized by modifying the functional groups on
curcumin’s aryl rings. Molecular docking studies, followed by in vitro validation, were
used to assess their binding affinities compared to natural curcumin and FDA-approved
drugs (Gentamycin and Fluconazole). Notably, NLE and NLD exhibited the most
promising antibacterial and antifungal activities, with Cu(Il) and Zn(II) complexes,
especially Cu(NLE). and Zn(NLE)., showing superior antibacterial efficacy. Zn(II)
complexes, particularly Zn(NLD). and Zn(NLE)., demonstrated strong antifungal activity
against Candida albicans. The splenocytic assay revealed that NLD, NLE, and their metal
complexes had minimal cytotoxicity on spleen cell lines, suggesting their potential as safe
therapeutic agents. These results highlighted the antimicrobial potential of curcumin

analogues and their metal complexes for future drug development.

Chapter 7 outlined the Conclusions of the present work. The multidisciplinary
approach to designing, synthesizing, and evaluating nine curcumin analogues and their
Cu(Il) and Zn(II) metal complexes for anticancer, antidiabetic, anti-inflammatory,
antibacterial, and antifungal activities demonstrated favourable ADME properties and
promising interactions with key biological targets, as shown by molecular docking studies.

In vitro and in vivo evaluations confirmed the superior efficacy of analogues like NLH,



NLE, and NLD, with Cu(Il) and Zn(I) complexes exhibiting potent anticancer, anti-
inflammatory, and antimicrobial effects. Notably, Zn(II) complexes, particularly Zn(NLH):
and Zn(NLE)., outperformed copper complexes in terms of bioactivity and safety. The
research highlighted the potential of these curcumin analogues and their metal complexes
as versatile therapeutic agents with minimized side effects. Future research should focus
on mechanistic studies, in vivo evaluations, combination therapies, and the development of
nano-formulated compounds to enhance stability and targeted delivery for clinical

applications.

Chapter 8 presented recommendations for future research. This study integrated
synthetic chemistry, computational biology, and pharmacological evaluation to explore
curcumin analogues and their copper(Il) and zinc(IT) complexes for anticancer, antidiabetic,
anti-inflammatory, antibacterial, and antifungal activities. Future research should optimize
bioactivity by modifying functional groups and using advanced molecular docking,
including QM/MM simulations. Extending docking studies to metal complexes and
employing all-atom molecular dynamics, Free Energy Perturbation (FEP), and
metadynamic simulations can enhance understanding of ligand-protein interactions. Multi-
target optimization should focus on multifunctional compounds like NLD and NLH.
Further biochemical assays (e.g., COX, a-Glucosidase, SPR, ITC) and in vivo studies are
essential for evaluating efficacy and safety. Exploring synergistic therapies and nano-
synthesis techniques can improve bioavailability and targeted drug delivery. This research
provides a strong foundation for drug development, with future directions integrating
computational, biochemical, and clinical studies to refine curcumin analogues for

therapeutic applications.



ABSTRACT

This study explored the design, synthesis, and evaluation of nine curcumin
analogues and their Cu(Il) and Zn(II) metal complexes for therapeutic applications against
cancer, diabetes, inflammation, and microbial infections. It employed a multidisciplinary
approach integrating chemistry, pharmacology, and computational biology, combining
molecular docking, dynamics simulations, and ADME-Tox predictions with in vitro and in
vivo experiments.

The curcumin analogues, synthesized via Pabon’s method, were structurally
modified to enhance pharmacokinetic and pharmacodynamic properties. Spectral
characterization confirmed their structures, while virtual screening identified promising
candidates with strong bioactivity and minimal toxicity. Zn(II) and Cu(Il) complexes
exhibited improved stability and solubility, with Zn(II) complexes generally outperforming
Cu(II) complexes in bioactivity and safety.

Key findings included the strong anticancer potential of NLH, particularly its Zn(II)
complex (Zn(NLH):), against breast cancer targets BRCA1 and TP53. NLE, NLD, and
NLF demonstrated high anti-inflammatory activity, while NLB, NLH, and NLE were
effective against diabetes-related targets. Zn(II) complexes like Zn(NLE). and Zn(NLD).
were notably potent, showing superior efficacy and reduced cytotoxicity. Antimicrobial
studies revealed that NLE and NLD, along with their Zn(Il) and Cu(Il) complexes,
demonstrated strong antibacterial activity against both Gram-positive and Gram-negative
bacteria, as well as significant antifungal properties, particularly against Candida albicans.

The research successfully synthesized and characterized nine curcumin analogues
and their Cu(Il) and Zn(IT) complexes, demonstrating their potential as multi-functional
therapeutic agents. The research confirmed the therapeutic potential of curcumin analogues
along with their copper and zinc complexes. The Zn(II) complexes were generally more
effective and safer, making them more suitable for further drug development. The
alignment of in silico findings with in vitro and in vivo data substantiated the promising
bioactivity of these compounds. The study highlighted the potential of these compounds in
the development of advanced multi-target drugs with minimized side effects.

Future research should optimize bioactivity, extend docking to metal complexes,
employ advanced simulations, conduct biochemical and in vivo studies, explore synergistic

therapies, and use nano-synthesis to refine curcumin analogues for drug development.
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CHAPTER 1

GENERAL INTRODUCTION AND REVIEW OF LITERATURE

1.1. GENERAL INTRODUCTION

Global health challenges such as cancer, diabetes, inflammation, and microbial
infections, both bacterial and fungal, are pressing concerns worldwide, and Kerala, India,
IS no exception. These interconnected issues require advanced research, particularly in

chemistry, which is crucial in developing effective solutions.

Breast cancer is one of the most prevalent cancers globally and in Kerala, with
increasing incidence attributed to lifestyle changes, genetic predispositions, and
environmental factors®. Early detection remains a challenge, and conventional treatments
like chemotherapy and radiation often lead to severe side effects and treatment resistance.

In response, chemical research is advancing the field of drug discovery and development.

Diabetes, especially Type-2 diabetes, poses a significant health threat in India, with
Kerala having one of the highest prevalence rates?. Poor blood sugar control can lead to
severe complications, including cardiovascular disease, neuropathy, and kidney failure.
The limitations of current treatments, such as side effects and diminishing effectiveness,
highlight the need for continuous chemical innovation. Natural product chemistry is also
making strides, with compounds like curcumin from turmeric and marine-derived

substances being explored for their antidiabetic potential.

Inflammatory diseases, such as arthritis, asthma, and inflammatory bowel disease,
are major health concerns universally. Chronic inflammation is a known risk factor for
cancer, cardiovascular diseases, and neurodegenerative disorders®. Current treatments,
including Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) and steroids, often have
significant side effects, especially with long-term use*. Chemistry research is pivotal in
developing safer and more effective anti-inflammatory agents. Innovative biomaterials and
drug-delivery systems designed by chemists enable localised inflammation treatment,

thereby minimizing systemic side effects.
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Bacterial infections, including those caused by gram-positive and gram-negative
bacteria, are a growing threat. Fungal infections, such as those caused by Candida and
Aspergillus, are particularly dangerous for immunocompromised individuals®. Chemistry
research is essential in discovering new antibiotics and antimicrobial peptides to address
the challenge of antibiotic resistance. Scientists use structure-activity relationship (SAR)
studies to optimize antibiotic efficacy and safety. In the realm of antifungal therapy,
chemists are developing novel agents that target essential fungal pathways, such as cell

wall synthesis and ergosterol production.

In Kerala, the burden of non-communicable diseases, such as cancer, diabetes, and
inflammatory conditions, is exacerbated by lifestyle changes, an ageing population, and
dietary factors. The state also faces significant challenges with infectious diseases,
including the rise of antibiotic-resistant bacterial infections and fungal infections among
vulnerable populations. The rich biodiversity of Kerala offers a unique opportunity for
natural product chemistry. Researchers are exploring medicinal plants for bioactive
compounds with anticancer, antidiabetic, and antimicrobial properties. For example,
phytochemicals like curcumin have shown promise in treating various diseases due to their
anti-inflammatory, antidiabetic, and anticancer effects®. Metal complexes of curcumin,

such as Zn(lI1) and Cu(ll), are being studied for their enhanced therapeutic benefits’.
1.1.1. Importance of medicinal plants

Natural plant products, used throughout history, are secondary metabolites
developed by plants as defence mechanisms against diseases®. Many possess
pharmacological or biological activities beneficial for drug discovery and design. Plant-
derived medicines have significantly influenced healthcare practices across various

cultures, from ancient times to the present.
1.1.2. Turmeric-the golden spice

Turmeric, derived from the rhizomatous herb Curcuma longa of the ginger family
Zingiberaceae, has been used medicinally for nearly 4,000 years®. Native to tropical South
Asia, turmeric is a staple in Southeast Asian cuisine and plays a role in religious
ceremonies. Its vibrant yellow hue has earned it the nickname "Indian saffron"%!, With
over 133 identified species of Curcuma globally, turmeric is utilised for various medicinal

formulations. In Ayurvedic medicine, it is believed to enhance energy, aid digestion, relieve
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arthritis, regulate menstruation, and treat skin and digestive disorders'?. Traditionally,
turmeric has also been applied as an antiseptic and antibacterial agent for wounds and
burns. Modern research highlights the potent antioxidant, anti-inflammatory,
antimicrobial, and anticancer properties of turmeric'®. It is a key ingredient in many
cosmetic products, including sunscreens and face creams!*. The antioxidant effects of
turmeric involve neutralising free radicals, boosting antioxidant enzymes, and reducing
lipid peroxidation. Its anticancer potential includes inhibiting cancer cell proliferation and
inducing apoptosis. Animal studies have shown the preventive and therapeutic roles of
turmeric against skin, breast, oral, and stomach cancers by inhibiting mutations,
detoxifying carcinogens, and suppressing tumour growth. Additionally, turmeric has
demonstrated cardioprotective, hepatoprotective, hypoglycaemic, and antiarthritic benefits,

showcasing its broad medicinal value across various health applications®®.
1.1.2.1. Factors of turmeric

In a standard form, turmeric contains moisture (>9%), curcumin (5-6.6%),
extraneous matter (<0.5% by weight), mould (<3%), and volatile oils (<3.5%). The main
component of the root is a volatile oil, containing turmerone, and there are other colouring
agents called curcuminoids in turmeric®. Curcumin is found primarily in the roots and
rhizomes of the turmeric plant (Curcuma longa). In addition to curcumin, two other
curcuminoids occur in lesser amounts in turmeric, namely, de methoxy curcumin (DMC)

and bis-de methoxy curcumin (BDMC).
1.1.2.2. Curcumin and its structural properties

Curcumin is a polyphenolic compound characterized by its distinctive chemical
structure, with a chemical formula of C2:H2006 and a molecular weight of approximately
368.38 g/mol. Curcumin, chemically known as[1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] or diferuloylmethane, exhibits keto-enol tautomerism dependent on
the solution pH: at pH < 7, the keto form is predominant, while at pH > 7 it occurs in the
enol form'’. Comprising three major structural components, including diferuloylmethane
(Curcumin I), de methoxy curcumin (Curcumin Il), and bisdemethoxycurcumin (Curcumin
I11), it features a molecular arrangement of two aromatic rings connected by a seven-carbon

linker, incorporating functional groups such as two phenolic hydroxyl groups and two
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methoxy groups, which contribute to its antioxidant properties (Fig.1.1). The presence of

conjugated double bonds gives it its characteristic yellow colour.

(a) o o
H,CO OCH
3 \ / 3
HO OH
O (o)
(b) OCH
Q X G }
HO OH
o (0)
(©)

JTC
HO OH

Fig.1.1 Three major structural components of Curcumin. (a) diferuloylmethane (Curcumin

1), (b) de methoxy curcumin (Curcumin I1), (c) bisdemethoxycurcumin (Curcumin I11)
1.1.2.3. Benefits and limitations

Curcumin, the yellow pigment from turmeric, is a polyphenol known for diverse
health benefits, including antioxidant, anti-inflammatory, anticancer, antidiabetic,
hepatoprotective, anti-allergic, and neuroprotective effects. Despite its therapeutic
potential, the poor pharmacokinetic profile of curcumin limits its effectiveness due to low
water solubility, poor absorption, rapid metabolism, and systemic elimination. It dissolves
better in organic solvents like ethanol and Dimethyl Sulfoxide!8. The most stable crystalline
form, "curcumin I," affects bioavailability, and sensitivity to light, heat, and pH of curcumin
requires stabilization techniques like encapsulation. Although phase-I trials show curcumin

is safe at high doses (12 g/day), its bioavailability remains a significant challenge®®.
1.1.3. Modifications of natural curcumin - different methods

To enhance the bioavailability, stability, and therapeutic efficacy of curcumin
various structural modifications have been developed. These include creating curcumin
derivatives by altering functional groups to improve water solubility and stability.

Nanoencapsulation techniques, such as using nanoparticles or liposomes, protect curcumin
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from degradation and boost absorption. Methods like nanoprecipitation are commonly
used. Polymeric conjugation with polymers like polyethylene glycol (PEG) or chitosan
enhances solubility and prolongs circulation time. Prodrug strategies ensure sustained
release, while lipid-based formulations, such as solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs), improve the gastrointestinal absorption of curcumin

and protect it from degradation?®-23,

Complexing curcumin with phospholipids, and various metals, improves water
solubility and absorption, facilitating liposomal formulations. Metal complexes and
chemical modifications, such as acylation or esterification, further enhance its therapeutic
properties?*. Hybrid compounds, created by combining curcumin with natural agents or
drugs, yield synergistic effects?®. Targeted delivery is achieved through conjugation with
ligands like antibodies. Curcumin analogues with structural modifications also boost
therapeutic potential, especially for targeted applications like cancer treatment. These
structural modifications aim to overcome the limitations of natural curcumin, including
poor bioavailability and stability while maximising its potential for therapeutic
applications. The choice of modification method depends on the specific desired outcome

and intended use of the modified curcumin compound.
1.1.3.1. Difference between curcumin derivatives and curcumin analogues

Curcumin derivatives and curcumin analogues are two types of compounds related
to curcumin, each with distinct structural features. Curcumin derivatives are created
through chemical modifications in the existing functional groups of curcumin, like altering
phenolic hydroxyls or adding moieties to improve solubility, stability, or bioavailability.
These derivatives retain the core structure of curcumin and aim to overcome its natural

limitations while preserving its therapeutic effects.

Conversely, curcumin analogues are compounds with a similar foundational
structure to curcumin but differ in the arrangement of functional groups or atom
substitutions. They are designed to explore the structure-activity relationship and assess
how structural changes impact biological activity, potency, or selectivity. Curcumin
analogues often display modified pharmacological properties, offering unique insights into

the biological effects of curcumin?®.
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1.1.4. Curcumin analogues and their importance

Curcumin analogues are essential for overcoming the limitations of natural
curcumin, such as poor bioavailability and stability, and enhancing its therapeutic
potential?’. Natural curcumin is poorly absorbed and utilized in the body, but curcumin
analogues can be engineered to improve bioavailability, amplifying therapeutic effects.
They also allow for targeted drug delivery by attaching ligands or functional groups,
making treatment for diseases like cancer more effective and focused?®. Furthermore,
analogues can be designed for improved stability, protecting curcumin from light, heat, and
pH-induced degradation, ensuring longer shelf life and efficacy?°.

The pharmacological properties of curcumin analogues can be fine-tuned for
specific applications, optimizing anti-inflammatory, antioxidant, antimicrobial, or
anticancer activities. They also serve as valuable research tools for studying the structure-
activity relationship of curcumin, helping identify crucial molecular features for its
biological effects®. These insights can lead to the development of novel drugs with better
pharmacokinetics, reduced toxicity, or enhanced potency. Curcumin analogues can be
combined with other compounds to create hybrids with synergistic benefits, offering
enhanced therapeutic outcomes®. Their role in biomedical research is crucial for
understanding mechanisms and potential treatments of curcuminoids for various

conditions, with some analogues even showing promise in clinical trials for improved

therapies.
1.1.4.1. Importance of functional group substitution on aryl rings on curcumin
analogues
Hydrophobic groups
favoured region
Negatively AR T R R - / Sl T Negatively
charged : 1 ; ' charged

substituents,
H-bond acceptors -
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substituents,
H-bond acceptors
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Feruloyl moiety favozre P
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Fig.1.2 Possibilities of functional group substitution on aryl rings on curcumin

analogues.
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Functional group substitution on the aryl rings of curcumin analogues is a strategic
approach in medicinal chemistry, offering key advantages for pharmaceutical development.
By introducing specific functional groups, researchers can fine-tune the biological
activities of curcumin analogues, enhancing interactions with cellular targets and
improving therapeutic effectiveness for medical conditions. These substitutions also
increase selectivity and specificity, minimising off-target effects and enhancing safety
profiles. They can boost bioavailability by improving solubility and facilitating better
absorption and distribution. Functional group substitutions further enhance stability,
protecting compounds from degradation. This approach aids in studying the structure-
activity relationship, guiding drug development and enabling the creation of hybrid
molecules with synergistic benefits®2. Thus, this strategy broadens the therapeutic potential

of curcumin in drug development and biomedical research.

1.1.5. Benefits of curcumin analogues in biological applications both in vitro and in

Vivo

Curcumin analogues exhibit diverse and potent biological activities in both in vitro
and in vivo settings. They possess strong antioxidant properties, reducing oxidative stress
and offering protection against related diseases. Their significant anti-inflammatory effects
suppress pro-inflammatory pathways, providing relief from inflammation. Curcumin
analogues also display anticancer potential by inhibiting cancer cell growth, inducing
apoptosis, and reducing metastasis, translating into tumour suppression in animal models.
They have demonstrated antimicrobial efficacy against various pathogens and
neuroprotective capabilities, reducing neuronal damage and supporting cognitive health.
Cardiovascular benefits include improved lipid profiles and reduced disease risk. They
promote wound healing, aid in tissue repair, and offer pain relief by mitigating
inflammation. Finally, these compounds improve insulin sensitivity and blood glucose
regulation, showing promise for managing type-2 diabetes***!. Collectively, curcumin
analogues are invaluable for research and practical healthcare, providing a broad spectrum

of therapeutic advantages.
1.1.6. Curcumin analogue-metal Complexes and their biological applications

Curcumin analogue-metal complexes have become very important in medicinal

chemistry and pharmacology, addressing the limited bioavailability of curcumin by
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enhancing stability and solubility in biological fluids*>*3, These improvements can lead to
higher bioavailability and more effective treatments. The complexes, formed using metals
like Iron, Copper, Zinc, and others, exhibit robust antioxidant and anti-inflammatory

properties, often showing synergistic effects that amplify their therapeutic potential®*.

Their enhanced pharmacokinetic profiles allow better cellular targeting, improving
efficacy in disease treatment. They have demonstrated notable antimicrobial activity
against bacteria, fungi, and viruses, suggesting potential as novel antimicrobial agents*. In
cancer therapy, these complexes selectively target cancer cells, minimizing damage to
healthy cells and inducing apoptosis, which could reduce chemotherapy side effects*®.
Preclinical studies highlight the neuroprotective potential of these complexes in treating
neurodegenerative diseases such as Alzheimer’s and Parkinson’s, owing to their capacity
to reduce oxidative stress and inflammation in the brain*“®, Curcumin analogue-metal
complexes are explored in diagnostic imaging, serving as contrast agents for PET and MR,
improving tissue visualization®®. They also act as sensors for detecting biological molecules
or metal ions and can modulate metalloenzyme activity, providing therapeutic value in
conditions with enzyme dysregulation®. Their catalytic abilities also open avenues in green
chemistry®. Furthermore, these complexes are utilized in developing bioavailable
nutraceuticals and dietary supplements, offering sustained therapeutic effects through

prolonged circulation and improved distribution.

In biomedical research, these complexes facilitate a deeper understanding of the
therapeutic potential of curcumin analogue, informing future drug development. Clinical
trials have highlighted their promise, suggesting they could offer safer and more effective
treatments compared to traditional therapies®. With diverse applications spanning cancer
therapy, diabetes management, and antimicrobial and anti-inflammatory treatments,
curcumin analogue-metal complexes are poised for significant impact in healthcare and

biotechnology.
1.1.6.1. Curcumin analogue — Cu (1) metal complexes

Curcumin analogue-copper metal complexes are significant in medicinal chemistry
due to their enhanced bioavailability, stability, and therapeutic potential compared to
curcumin alone. Copper, an essential trace element with antioxidant properties, improves

the solubility and efficacy of curcumin analogues, addressing a key limitation of low
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bioavailability. These complexes exhibit strong antioxidant and anti-inflammatory effects,
which are useful for combating oxidative stress and inflammation, which are implicated in
chronic diseases and ageing. In cancer therapy, they show selective cytotoxicity against
cancer cells with reduced toxicity to healthy cells®*®°, They offer neuroprotective benefits,
shielding neurons from oxidative damage and inflammation, making them potential
candidates for neurodegenerative disease treatment. Copper-curcumin complexes also
inhibit specific copper-dependent metalloenzymes, presenting therapeutic applications in
enzyme dysregulation. Beyond therapy, they serve as diagnostic agents in imaging
techniques and enable theranostic applications, combining imaging and treatment®®. Their
role in green chemistry and nutraceutical development further highlights their versatility
and broad research potential®’.

1.1.6.2. Curcumin analogue-Zn(11) metal complexes

Curcumin analogue-Zn(ll) metal complexes are gaining prominence in medicinal
chemistry for their enhanced bioavailability and therapeutic potential. Zinc ions increase
the solubility and stability of curcumin analogues, leading to more effective therapeutic
outcomes®. These complexes exhibit strong antioxidant and anti-inflammatory activities,
benefiting the treatment of conditions linked to oxidative stress and inflammation.
Neuroprotection is another key application, as zinc-curcumin complexes may protect
neurons from damage and neurodegeneration®. Zinc plays a vital role as a cofactor in
various metalloenzymes, and these complexes can modulate enzyme activity, offering
therapeutic avenues for enzyme dysregulation. In cancer therapy, zinc-curcumin complexes
demonstrate selective cytotoxicity against cancer cells with lower toxicity to healthy cells®®.
They also show promising antimicrobial activity against bacteria and fungi, supporting
their development as novel antimicrobial agents®®. Their diagnostic and theragnostic
potential, including simultaneous therapy and imaging in cancer, further highlights their

significance in biomedical research and nutraceutical development®®.

1.1.7. The Role and Relevance of Computational Modelling and Virtual Screening in
Modern Drug Discovery (in silico studies)

Molecular modelling, or in silico modelling, is a pivotal tool across fields like
chemistry, biology, materials science, and drug discovery. It uses computer simulations to

predict molecular properties, behaviours, and interactions, significantly advancing research
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efficiency. In drug discovery, molecular modelling accelerates the process by enabling
virtual screening of extensive chemical libraries, helping identify potential drug candidates
and reducing the need for costly and time-consuming experimental testing. It also aids in

designing drugs with improved potency and specificity®!©?,

In materials science, molecular modelling predicts properties such as mechanical
strength and thermal conductivity, guiding the design of materials tailored to specific
applications, including electronics and energy storage. In biology, techniques like
molecular dynamics simulations help elucidate protein folding, stability, and drug-protein
interactions, critical for understanding disease mechanisms and drug design®64,
Additionally, molecular modelling predicts ADME-Tox properties of drug candidates,

optimizing them and anticipating potential toxicity issues®®.

Environmental applications include predicting chemical toxicity, reducing animal
testing, and assessing the environmental impact of pollutants. In chemistry, modelling helps
decipher enzyme mechanisms, reaction pathways, and energy barriers, aiding catalysis and
industrial processes. Molecular modelling saves time and resources, supports scientific
advancements, and serves as an essential educational tool for visualizing and understanding

complex molecular concepts.

Receptor-ligand interaction studies have achieved broad and significant relevance
across various scientific and medical fields. In drug discovery and development, these
studies are crucial for identifying and designing new drug candidates, as understanding how
ligands bind to receptors enables the creation of targeted therapies with improved efficacy
and minimized side effects while also optimizing pharmacological properties. In
pharmacology and toxicology, analyzing these interactions helps predict drug effects,
including therapeutic outcomes and adverse reactions, aiding in the safety and efficacy
assessment of pharmaceutical compounds. Receptor-ligand studies elucidate the
mechanisms of biological processes like cell signalling, immune responses, and
neurotransmission, which is essential for understanding disease pathways and identifying
therapeutic targets. Insights from these interactions also support the development of
personalized medicine by enabling treatment strategies tailored to the receptor profile of an
individual, enhancing precision and effectiveness. In biotechnology and synthetic biology,
these studies contribute to engineering biosensors, creating novel therapeutic agents, and

designing synthetic biological systems that mimic or modify natural processes.
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Furthermore, in environmental and agricultural sciences, receptor-ligand studies assess the
impact of environmental toxins on biological receptors and assist in designing

agrochemicals targeting specific receptors in pests or pathogens.
1.1.7.1. Molecular modelling studies of curcumin analogues

Molecular modelling studies of curcumin analogues constitute a vital area of
research that employs computational techniques to delve into the structure, properties,
interactions, and potential biological activities of these modified compounds®®. These
investigations play a pivotal role in unravelling the structure-activity relationships of
curcumin analogues and providing valuable insights for their development across diverse
applications, notably in drug discovery and therapeutic research. This document delineates
fundamental elements pertinent to molecular modelling studies concentrating on curcumin

analogues.

Virtual screening and drug design: Virtual screening incorporates computational
sifting through compound libraries to unearth potential drug candidates among curcumin
analogues. Molecular modelling is instrumental in steering the selection of analogues

possessing desirable binding properties for particular drug targets®’.

Structural analysis: One of the fundamental aspects of molecular modelling entails
the prediction of the three-dimensional structures of curcumin analogues, encompassing
their conformations and spatial arrangements. This knowledge is indispensable for

comprehending their molecular geometry and assessing their stability®8.

Docking studies: Docking simulations constitute computational methodologies that
foresee how curcumin analogues engage with specific biological targets, such as enzymes
or receptors. These simulations facilitate the understanding of binding modes and the

affinity of these analogues for their target proteins®®.

Molecular dynamics simulations: Researchers employ molecular dynamics
simulations to scrutinize the dynamic behaviour of curcumin analogues within a simulated
environment over time. This dynamic exploration aids in unravelling conformational

changes, flexibility, and interactions with solvent molecules’.
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Quantum mechanics calculations: Quantum mechanics calculations provide
profound insights into the electronic structure and energetics of curcumin analogues. They
enable predictions related to properties like molecular orbitals, electronic spectra, and bond

energies’®.

ADME-Tox prediction: Molecular modelling can be harnessed to predict the
absorption, distribution, metabolism, excretion, and toxicity (ADME-Tox) properties of
curcumin analogues. Such predictions are instrumental in the assessment of their

pharmacokinetics and safety profiles’.

Bioactivity prediction: Computational studies can forecast the potential
bioactivities of curcumin analogues, encompassing domains such as anti-inflammatory,
antioxidant, anticancer, or antimicrobial properties. These predictions furnish guidance for

the selection of analogues warranting experimental validation”.

Structure-Activity Relationship (SAR) Analysis: SAR analysis involves the
systematic alteration of structural components within curcumin analogues to scrutinise how
these modifications impact their biological activities™*. Molecular modelling plays an

integral role in identifying pivotal structural features responsible for specific bioactivities.

Lead optimization: Subsequent to the identification of potential lead compounds,
molecular modelling lends a helping hand in the optimization of curcumin analogues. This
optimization process encompasses the prediction of modifications that augment their

activity, selectivity, and pharmacokinetic properties’®.

Experimental validation: Molecular modelling studies frequently serve as a guiding
force for experimental research®’. Predicted interactions and properties offer blueprints for
the design of laboratory experiments, subsequently validating the findings in real-world

scenarios.

Molecular modelling and virtual screening studies dedicated to curcumin analogues
constitute an indispensable cornerstone in advancing our comprehension of these
compounds and their potential multifaceted applications. These computational approaches
expedite the process of pinpointing promising candidates for in-depth experimental
exploration and subsequent development across various domains, including drug

discovery, medicinal chemistry, and therapeutic research.
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1.2. REVIEW OF LITERATURE

1.2.1. Introduction

The beneficial health effects of curcumin had been extensively documented, and
the special issue titled "Recent Progress and Novel Insights in Curcumin Research — From
Chemistry to Clinical Use," published in the journal Current Pharmaceutical Design in
2013, reflected the comprehensive exploration of the diverse aspects of the curcumin. The
content of this special issue likely covered a range of topics, including the chemical
properties of curcumin, its biological activities, mechanisms of action, and clinical

applications’®

Curcuminoids, particularly curcumin, encountered significant limitations, including
suboptimal oral bioavailability, rapid metabolic degradation, and elimination,
predominantly occurring in the hepatic and intestinal systems, which diminished their
therapeutic effectiveness and sometimes led to adverse effects such as gastrointestinal
disturbances. Furthermore, the interaction of the curcumin with various compounds and
issues surrounding standardization complicated the assurance of quality. Its
pharmacokinetic profile required ongoing supplementation, with variability influenced by
genetic factors and individual health conditions. Strategies proposed to mitigate these
challenges included the use of nanoparticles, liposomes, micelles, and phospholipid
complexes, as well as the development of novel curcumin analogues aimed at enhancing

bioavailability and overall therapeutic potential.

1.2.2. Curcumin analogue synthesis and biomedical applications

Curcumin analogues were meticulously designed and synthesized to offer
advantages over natural curcumin, maintaining its core structure of two phenolic rings
linked by a conjugated carbon-carbon double bond system "’8 Modifications were
introduced to enhance bioavailability, stability, and solubility, making them more effective
in delivering therapeutic benefits. Researchers tailored these analogues to optimize
properties for specific applications, targeting tissues or cells and increasing potency or
efficacy’®®. Such designs aimed at excelling at biological targets, like enzymes or
receptors involved in diseases, while reducing potential side effects associated with

curcumin, including gastrointestinal discomfort and medication interactions81#2,
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The synthesis of curcumin analogues began with selecting suitable aromatic
compounds or derivatives, followed by sequential functional group modifications like
acylation, oxidation, and reduction®®, Purification techniques, such as column
chromatography and recrystallization, removed impurities®8. The final products were
characterized using NMR spectroscopy, mass spectrometry, and IR spectroscopy®’:88,

The subsequent research phase involved biological testing, where curcumin

analogues were evaluated for potential medicinal properties, including anti-inflammatory,
antioxidant, antimicrobial, antidiabetic, and anticancer activities®®2. Then an attempt was
made to optimise, refining the structures of the analogues to enhance specific biological
activities®%. This optimization included altering substituents on the aromatic rings or
modifying the length and conjugation of carbon-carbon double bonds. The specific
reactions and modifications conducted depended on the intended properties of the
analogues and the expertise of the research team. Continued research in this field uncovered
novel analogues and innovative synthesis strategies, broadening the potential applications
in medicine and beyond.
Curcumin analogues included B-dicarbonyl structures with modified diaryl and arylidene
moieties, arylhydrazone, and various C-4 substituents, which demonstrated
antiproliferative, antitumor, and antibacterial activities®. Mono carbonyl analogues
featured linkers of varying lengths or heterocyclic bridges, such as oxazolone, pyrazole,
and triazole® %, alongside halogenated derivatives®®1%4 These diverse classes of
curcumin analogues were synthesized and studied to harness their potential for medicinal
and biological purposes.

Numerous curcumin analogues with diverse substituents on their aromatic rings
have been synthesized and investigated for their potential antiproliferative activities against
various cancer cell lines, including Caco-2, Bel-7402, MDA-MB-231, and DU145, using
MTT assays®. In order to create these analogues, researchers prepared an acetone boric
oxide complex by reacting boric anhydride with acetylacetone to prevent Knoevenagel
condensation at the methylene group. Afterwards single aldol condensations were
conducted. with different substituted benzaldehydes to achieve modifications of diaryl
moieties, followed by decomplexation in the presence of HCI%1% Subsequent aldol
condensations with various benzaldehydes led to the synthesis of these analogues. These
derivatives were tested to determine their ability to inhibit the aggregation of tau protein
and amyloid-beta (Ab), which are associated with certain neurodegenerative conditions

such as Alzheimer's disease!®®,
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Knoevenagel condensates derived from curcumin and the curcumin analogue, 1,7-
bis(4-hydroxy-3-ethoxyphenyl) heptadiene-3,5-dione, were assessed for their antioxidant
capacity using DPPH and ABTS assays®®®. Another study highlighted the significance of
introducing an arylidene group into the curcumin scaffold to enhance its biological
properties. This effort aimed to synthesize arylidene curcumin derivatives containing a
dimethyl amino moiety. Several dimethyl amino curcumin derivatives were synthesized
through aldol condensation reactions and subsequently examined for their anti-
inflammatory, antioxidant, and antibacterial activities**'t, Another study focused on the
synthesis of di-indole curcumin analogues, which incorporate two indole units linked on
both sides of the 1,6-heptadiene-3,5-dione system. Researchers evaluated the anticancer
effects of these analogues on three human cancer cell lines: Lung adenocarcinoma (A549),
leukaemia (K562), and colon cancer (SW480)17112-114 The synthesis process involved the
reaction of indole-3-carbaldehyde and acetylacetone using triethyl borate, boric anhydride,
and tetrahydroquinoline'®®. Additionally, researchers have explored the introduction of
halogen substituents into curcumin analogues, either on the aromatic phenyl rings or at the
C-4 position of the curcumin scaffold. These halogenated curcumin derivatives were
obtained by reacting halogenated-vanillin with pentane-2,4-dione, tributyl borate,
tributylamine, and boric anhydride in ethyl acetate, followed by the reduction of the
resulting compounds to obtain halogenated tetrahydro curcumin analogues. Moreover, the
selective introduction of fluorine into the chemical structure has been employed to enhance
the metabolic stability and physicochemical properties of pharmaceuticals. In this context,
researchers have synthesized several fluoro-curcuminoids and curcuminoid-BF2
derivatives to explore their potential in drug development and biological applications.

Pabon’s Method, pioneered by H.J.J. Pabon, optimized the synthesis of curcumin
analogues through a singular, one-step reaction. This method involved the reaction in which
substituted benzaldehydes were combined with acetylacetone/B-0s in the presence of tri-
sec-butyl borate and butylamine. The reaction was conducted in ethyl acetate at ambient
room temperature. This method presented an uncomplicated and efficient strategy for
producing curcumin analogues, offering a pragmatic and direct synthetic pathway. It
represented a distinctive means of synthesizing curcumin analogues by modifying the

functional groups on the aryl rings''®

. A noteworthy aspect was that the synthesis and
modification of curcumin analogues could be patentable, providing an incentive for
pharmaceutical companies and researchers to invest in their development. However, it was

crucial to recognize that the effectiveness of curcumin analogues varied depending on the
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specific analogue and its intended use. Ongoing research in medicinal chemistry and
pharmaceuticals continued to explore this field.
1.2.3. Curcumin analogue-metal Complex Synthesis and Medicinal Applications

A promising strategy to address bioavailability challenges involved using metal

curcumin complexes!'’. Curcumin and its derivatives, as naturally occurring p-diketone
ligands, were suited to chelate various metals and form stable complexes. Over the past
decade, research surged in synthesizing and characterizing these complexes'®119, Their
medicinal applications were diverse, with metal interactions enhancing biological
potency!?%122 Coordination with metals destabilized the carbonyl group in the diketone
moiety!23:124,
Given the role of metals as enzyme coactivators, curcumin analogue-metal complexes
engaged with enzyme active sites, triggering diverse cellular processes. Significant
advancements were made in selective cytotoxicity, anticancer activity, anti-Alzheimer's
effects, and antioxidative and neuroprotective properties*?>12’. Promising outcomes were
documented in antiarthritic, antimicrobial, antiviral, anti-inflammatory, and antidiabetic
effects, as well as in biological and radio imaging®'71%-1% This research surge marked a
transformative period in utilizing metal-curcumin complexes for health-related
applications.

Coordination compounds incorporating curcumin and its analogues as ligands were
reported for various metallic elements. However, well-characterized complexes with alkali
and alkaline earth metals remained limited, with few examples for Na, Be, Mg, Ca, and Ba.
The scarcity of alkali metal curcumin derivatives was surprising, considering their frequent
emergence as intermediates during deprotonation by alkali reagents**®. Among other main
group elements, boron derivatives represented the most extensively studied class*®137
while aluminium®3813 and gallium4%4! complexes were described, but indium, tin, and
lead compounds were scarce!*?. Curcumin complexes were also reported for Group 3-6
elements like Y, La, Zr, V, and Cr, with vanadyl species being prevalent*3144 A focus
existed on middle and late transition metals!*®, with curcumin complexes identified for
nearly all metals in Groups 7-12 except osmium. Copper curcumin complexes dominated,
followed by zinc, nickel, iron, manganese, and ruthenium?¢-1%° Complexes with metals
like Ru and Pd, as well as rare-earth metals, demonstrated anticancer potential*>1°2 and
technetium complexes containing curcumin were recently highlighted®3%4. Curcumin
complexes for lanthanides, thorium, and uranium, mainly as uranyl species, were also

synthesized®>1%’,
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Curcumin analogue-metal complexes were synthesized using various methods
based on different operational principles. Solution-based methods included co-
precipitation, where curcumin analogue and metal salt solutions were mixed to precipitate
the complex and solution complexation, which dissolved both in a solvent to form
complexes!®®1%°  Solid-state methods involved grinding and mechanochemical synthesis
through high-energy milling®®®16!, Microwave-assisted synthesis used irradiation to
expedite reactions'®>1%4 while hydrothermal synthesis occurred in sealed containers at high
temperatures'®. Solvent-free, eco-friendly methods®®®, in situ metalation®’, polymeric
support®8, and bioinspired enzymatic synthesis'®® were also employed to improve
efficiency and sustainability.

Sequential synthesis methods were widely employed for the preparation of metal
complexes involving curcumin analogues, with the controlled stepwise introduction of
curcumin and metal ions facilitating complex formation. Traditional organic solvent
methods, such as ethanol, methanol, and aqueous solutions, were commonly used in the
synthesis process. For instance, a curcumin-lanthanum complex was created by introducing
a curcumin solution in ethanol into a La(NOs)s:-6H20 solution (also in ethanol) at pH 6,
followed by refluxing at 80°C. Similarly, a Pd-curcumin complex was synthesized by
combining curcumin with Na2COs in methanol with a PdCL solution (also in methanol),
and the mixture was heated to 60°C until a clear blood-red solution was obtained™.
Template-assisted methods, such as template synthesis, utilized templates to guide the
formation of specific structures in curcumin analogue-metal complexes'’*172, Ultrasound-
assisted synthesis, which employed ultrasonic irradiation to improve mixing and accelerate
complexation, was also explored®”.In addition, gas-phase synthesis, specifically chemical
vapor deposition (CVD), involved the vapour-phase deposition of metal precursors onto
substrates containing the curcumin analogue'’. The method selected depended on the
properties of the curcumin analogue, the metal ion, and the desired characteristics of the
complex, with careful consideration of temperature, pH, and solvent choice to ensure
optimal synthesis conditions®®.

The hydrothermal synthetic method, used in the present study, involved high-
temperature water reactions within a sealed container. This method offered several
advantages, including enhanced solubility of reactants, leading to better interaction
between the curcumin analogue and metal ions for a more homogeneous and efficient
synthesis. The sealed container allowed precise control over temperature and pressure,

ensuring a controlled environment that improved reproducibility and predictability. High
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temperatures accelerated reaction kinetics, which was beneficial for metal complexes
requiring rapid and efficient coordination between metal ions and curcumin analogue
ligands. Additionally, hydrothermal conditions minimized side reactions, promoted higher
purity, and favoured the formation of well-defined crystalline materials. The high-
temperature water environment also stabilized reactive intermediates, enabling the
formation of complex structures that might be challenging under conventional synthesis
conditions. Furthermore, hydrothermal synthesis was scalable, making it suitable for
producing larger quantities of curcumin analogue-metal complexes for both industrial and
research applications"3176,

In 1997, Beck and colleagues at Ludwig-Maximilians-Universitat in Munich made
significant contributions to the field with their work on "Metal Complexes of Dyes."” They
synthesized and characterized twenty-eight novel transition metal complexes using
curcumin-derived ligands, including bis-dimethoxy curcumin, dimethyl curcumin,
trimethyl curcumin, and diacetyl curcumin. Their synthetic method typically involved the
deprotonation of curcumin derivatives using bases such as ammonia, sodium hydroxide,
sodium methoxide, sodium carbonate, sodium acetate, or silver acetate, followed by
treatment with metal halides in specific molar ratios!’”.Beck et al. successfully obtained
homoleptic complexes like Pd(Curc) and M(Me:Curc). (M = Ni, Cu) using metal (II)
acetates. They also synthesized Fe(Curc)s by reacting FeCls with three equivalents of in
situ-prepared NaCurc and expanded the scope of their work to include organotransition
metal halides, yielding a variety of curcumin complexes’®.

Various metal-curcumin complexes, such as curcumin-gold complexes, were
investigated for their potential biomedical applications. Curcumin-gold nanoparticles
enhanced the stability and bioavailability of curcumin, demonstrating anti-inflammatory
and anti-tumour activities*”>1"*8 |ron-curcumin complexes showed promise for
mitigating oxidative stress in Alzheimer's disease®82, while copper complexes exhibited
anti-cancer properties and the ability to inhibit amyloid-beta aggregation in
Alzheimer's'®. Zinc-curcumin complexes were noted for their antioxidant and anti-
inflammatory properties, with potential applications in wound healing!®*. Manganese-
curcumin complexes were studied as superoxide dismutase (SOD) mimics to combat
oxidative stress'®18 and platinum-curcumin complexes were explored to enhance cancer
chemotherapy efficacy while reducing side effects!®” 12, Cobalt-curcumin complexes
demonstrated promise in catalysis and anti-cancer activities'®®° and ruthenium-curcumin

complexes gained attention for their anticancer properties*®.
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Numerous studies evaluated the antimicrobial activity of metal-curcumin
complexes against various bacteria, including Escherichia coli, Staphylococcus aureus,
Bacillus subtilis, Pseudomonas aeruginosa, and Shigella flexneri*®*12, In vitro antifungal
screenings also showed that these complexes were more effective than free curcumin
against fungi like Aspergillus niger and Penicillium verruculosum®31%4, Metal-curcumin
complexes exhibited superior antimicrobial and antifungal activity compared to the free
ligand!®. Research into antiviral activity also highlighted the efficacy of curcumin-boron
and copper derivatives, with copper-curcumin complexes showing promise in the
development of antiviral treatments!®1%:197 Additionally, boron-curcumin complexes
demonstrated inhibitory effects on HIV proteases!®*®°. However, further research was
needed to identify the most effective combinations of metals and ligands for these
applications.

1.2.4. Importance of Cu (11) and Zn (11) Metal complexes of Curcumin analogues

The advantages of copper (Cu) and zinc (Zn) metal complexes of curcumin
analogues over other metal complexes were found to depend on specific properties and
desired applications. Cu and Zn, essential trace elements in the human body, play vital roles
in numerous biological processes, making them beneficial for pharmaceutical and
biomedical applications®®2%0293 Research had proved that complexes of these metals
exhibited enhanced stability, which maintained their integrity under physiological
conditions of copper and zinc were reported to contribute to complexes with superior
antioxidant activity, valuable for treating oxidative stress-related conditions?®42%, The
catalytic activity of the complexes was noted to expand their applicability, such as in
catalysis and as potential enzyme mimics?%7-2%°,

Improved bioavailability and absorption were achieved by designing curcumin
analogues with Cu and Zn complexes, as the bioavailability of these metals was generally
well-regulated in the body?*°. The inclusion of Cu and Zn ions also allowed for the targeting
of specific pathways or enzymes, facilitating a more tailored therapeutic approach?!1:212,
Copper complexes, in particular, were described as having unique colourimetric and
making them suitable for sensing applications and the development of probes for detecting
specific ions or molecules in biological systems?!3, Since both copper and zinc ions are
involved in regulating gene expression and cellular signalling, curcumin analogues may
modulate cellular processes more effectively than other metal complexes®**2°,

In the field of metallo-drug design, researchers emphasized the development of

compounds that targeted DNA selective interactions, such as groove binding, phosphate



Chapter 1|20

clamps, insertion, and intercalation?!%%'7, Intercalation, involving n-n stacking of planar
aromatic systems between DNA bases, induced significant DNA structural changes and
showed drug resistance?!®21°, Existing metallo-intercalators primarily involved Pt (1) and
Rh (I11) or Ru (l) complexes®??2!; however, the exploration of Zn and Cu-based
intercalators remained highlighted for their diverse physiological roles and therapeutic
applications, including DNA binding®?22%, radioprotection??®, photosensitization??’,
insulin mimicry??822° and antimicrobial activity?*°2*2, Recent interest has grown in their
low-toxicity therapeutic applications®*3,  particularly for diabetes®®* and cancer
treatment®%2%, Exploiting the permeability of cancer cell membranes to copper
compounds, numerous copper complexes have been investigated for their anticancer
activity, demonstrating promise in both in vivo and in vitro studies?®®24°, These complexes
were intentionally crafted through the careful selection of O, O chelating ligands?41242,
Copper complexes, noted for their membrane permeability in cancer cells, have
exhibited promising anticancer effects in various studies, especially when designed with
0,0-chelating ligands. Cu(II) curcumin complexes, in particular, had shown that copper(II)
derivatives displayed the most selective cytotoxicity. These complexes reduced solid
tumour volume in tumour-bearing mice and demonstrated effects with ICso values ranging
from 6.6 to 11.1 uM in Ehrlich ascites tumour cells, emphasizing their therapeutic
potential>**. Metal curcuminoid complexes encompassing various elements, such as
vanadyl, and iron, and late transition metals like ruthenium and palladium, had been
explored, with copper and zinc derivatives particularly standing out for antitumor
properties. The copper (I1) complexes, namely, Cu (Et2Curc)2(1,4-dioxane) (where Et.Curc
= 1,7-bis(4-ethoxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) and Cu(Bu2Curc), (with
Bu.Curc=1,7-bis(4-n-butoxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), demonstrated
improved solubility and crystallinity®*. This enhancement was attributed to the alkylation-
induced blocking of phenolic OH groups. Both complexes had significantly improved
antitumor activity against three human cancer cell lines—ASPC-1 (pancreatic carcinoma),
MCF-7 (breast cancer), and HeLa (cervical cancer)—in comparison to their free ligands®’.
These results underscored the efficacy of investigating the coordination chemistry of
curcumin derivatives as a valuable approach for enhancing their antitumor properties. Upon
in vitro evaluation against various human prostate cancer cell lines (DU145, LNCaP, and
PC-3), curcumin complexes with Zn(ll) exhibited noteworthy and selective anticancer

characteristics. Notably, the Zn (Il) curcumin complex featuring dinonyl-2,2"-bipyridine
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displayed robust growth inhibition across all cell lines, surpassing the effectiveness of free
curcumin, even in a neuroblastoma cell line (LAN-5)244245,

Research on Cu(ll) and Zn(Il)-curcumin complexes was also extended to
Alzheimer's disease focusing on their reactive oxygen species scavenging, Ap-aggregation
inhibition, and metal ion chelation®*¢%1, The established antioxidant properties of
curcumin led to the exploration of metal curcumin complexes of manganese, and copper
for enhanced antioxidant capabilities®*’. The metalloenzyme superoxide dismutase (SOD),
a key natural antioxidant, was seen converting the superoxide radical to hydrogen
peroxide. Investigations into the antioxidant potential of Cu and Mn-curcumin complexes
showed promising results in free radical scavenging and regulating oxidative stress?*,
1.2.5. Molecular modelling studies of curcumin analogues

Molecular modelling studies played a crucial role in the design and optimization of
potential drug candidates. These studies involved the use of computational techniques to
simulate and analyze the structure, interactions, and properties of molecules at the
molecular level. They provided valuable insights into the structure-activity relationships of
curcumin analogues, guiding the design and synthesis of novel compounds with enhanced
bioactivities and reduced limitations, such as poor stability and unfavourable metabolic
properties. These computational approaches complemented experimental studies,
contributing to a more efficient and targeted drug development process.

Researchers, exemplified by Rodrigues et al., systematically designed numerous
analogues and derivatives to target significant reactive sites. This approach had scope for
the analysis of corresponding changes in the activity and stability of the molecules under
investigation. Rodrigues and his colleagues successfully synthesized four heterocyclic
curcumin analogues, specifically isoxazole-, pyrazole-, N-phenyl pyrazole-, and N-amido-
pyrazole-based curcuminoids. These compounds underwent thorough characterization. To
gain insights into the regulatory behaviour of these synthesized compounds, an auxiliary
study was conducted to assess their ADME (Absorption, Distribution, Metabolism, and
Excretion) profiles. Additionally, in silico docking studies were performed, targeting key
proteins—GSK-3p, Bcl-2, and PR—that played pivotal roles in the cell proliferation
pathway?*°.

Dileep et al., focused on determining whether any of the curcumin analogues
exhibited a stronger binding affinity to PLA2 compared to curcumin itself in their study.
To investigate this, they conducted molecular modelling and docking analyses on twenty-

eight distinct curcumin analogues, exploring their interactions with PLA2. The study
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delved into the modes of interaction for compounds demonstrating robust binding,
presenting a detailed discussion and report on these findings?*°. Sharma and Raghav
designed and analyzed curcumin analogues to establish them as potent anti-cathepsin
agents. They achieved this through the use of computational methods, encompassing an
extensive evaluation of drug-likeness properties, bioactivity scores, and ADME properties.
Following that, a comprehensive toxicity assessment was conducted, and molecular
docking analyses were employed to further elucidate the interactions and potential efficacy
of the designed curcumin analogues®®*.

The chief thrust of the study of Chainoglou and colleagues was to design curcumin
analogues with antiproliferative and anti-inflammatory effects, aiming to improve
bioavailability and target selectivity. Analyzing data from 2008 to 2018, they examined
structural features, biological outcomes, assays, modelling, and structure-activity
relationships, offering insights into the therapeutic potential of curcumin
analogues??. Rodrigues and his research team undertook a comprehensive examination of
the efficacy of heterocyclic curcumin analogues, evaluating their potency across a diverse
range of activities. These activities spanned anti-inflammatory, antibacterial, antioxidant,
antitumor, neuroprotective, antimalarial, anti-adipogenesis, antidiabetic, antiviral, and
various other studies, including enzyme and protein interaction investigations. The
assessment involved both in silico and in vitro testing conducted across a wide array of cell
lines, revealing significant and noteworthy activity associated with the tested
compounds?3,

In the Bioinformation journal, Sohilait et al. elucidated the binding properties of 15
curcumin analogues to the subdomains 6COX of COX-2 through the application of
molecular docking studies?®*. The anti-proliferative potential of fluorinated curcumin
analogues was explored through both in silico and in vitro analyses®®®. In the field of cancer
therapeutics, drug design leveraged curcumin and its analogues to advance a trend toward
more precise mechanisms for destroying cancer cells. Conducting an in silico study on the
most potent antitumor curcumin analogue was particularly intriguing, aiming to investigate
the mechanistic pathways underlying its antitumor potential and to compare it with the least
active analogue. To explore this, some researchers designed and synthesized a series of

curcumin analogues based on chalcone scaffolds and performed similar investigations°.
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1.3. SCOPE AND OBJECTIVE OF THE PRESENT INVESTIGATION

Utilizing a multidisciplinary strategy that combines chemistry, pharmacology, and
computational biology, the research is intended to streamline drug discovery by analyzing
structure-activity relationships, and drug-like properties and employing computational
techniques such as molecular docking and dynamics simulations. The research also
included in vitro and in vivo studies to validate the computational findings and support
clinical relevance. Comparative analysis with standard drugs highlighted potential
translational applications, aiming to develop multi-functional drugs with improved

bioactivity and reduced side effects.

The primary objective of this research is to synthesize curcumin analogues and their
copper and zinc metal complexes to evaluate their potential anticancer, antidiabetic, anti-
inflammatory, antibacterial (both Gram-positive and Gram-negative bacteria), and
antifungal activities. The study proposed designing nine curcumin analogues
computationally, incorporating substituents such as hydroxy, alkoxy, and chloro groups in
their aromatic rings. A literature review has indicated that these groups could enhance the

desired bioactivities.

The research is expected to assess the drug-likeness, pharmacokinetic profiles, and
toxicity of the designed lead molecules using various computational biology tools. After
virtual screening, the binding potentials of these molecules were evaluated through
molecular docking studies with relevant protein targets. The stability of the most promising
docked compounds was analyzed using molecular dynamics simulations and energy

calculations.

This research also proposed to integrate the in silico findings to support subsequent
in vitro and in vivo investigations. A comparative analysis was conducted on the efficacy
of the curcumin analogues and their metal complexes against standard drug candidates for

breast cancer, diabetes, inflammation, bacterial infections, and fungal infections.
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1.4. CONCLUSION

This comprehensive study explored the synthesis and characterization of nine
curcumin analogues, each featuring distinct functional group variations on the aryl ring,
and the subsequent preparation of eighteen metal complexes. The versatility of these
compounds was highlighted through spectral analysis, providing insights into their
molecular structures. The research employed a multifaceted approach, encompassing
structural analysis, docking studies, molecular dynamics simulations, ADME-Tox
prediction, bioactivity prediction, SAR analysis, virtual screening, drug design, lead
optimization, and experimental validation.

The pharmacological properties of the compounds, which ranged from anticancer
and anti-inflammatory to antidiabetic and antimicrobial activities, underscored their
potential therapeutic applications. Computational methods, including docking studies and
molecular dynamics simulations, offered valuable insights into molecular interactions,
while ADME-Tox prediction, bioactivity prediction, and SAR analysis contributed crucial
information on pharmacokinetics and pharmacodynamics. Virtual screening, drug design,
and lead optimization strategies provided a pathway for the development of novel
therapeutic agents.

Experimental validation ensured the credibility of the findings, bridging the gap
between computational predictions and practical investigations.

In conclusion, the synthesized curcumin analogues and their metal complexes
emerged, as highly expected as promising candidates for further development, holding
potential for the treatment and management of diverse diseases. This work would ensure
not only advance knowledge in medicinal chemistry but also establish a solid foundation

for future research and the development of innovative pharmaceuticals.
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CHAPTER 2

IN SILICO DESIGN AND SELECTION OF CURCUMIN ANALOGUES
WITH DRUG-LIKE PROPERTIES

2.1 INTRODUCTION

Curcumin, a natural compound found in turmeric, has garnered significant attention in
recent years due to its diverse biological activities, including anti-inflammatory, antioxidant,

antibacterial, antifungal, antidiabetic, and anticancer properties.

However, it is important to recognize that curcuminoids have a few limitations that
need to be taken into account. Curcumin, the primary curcuminoid in turmeric, has notably
low bioavailability when taken orally. As a result, its effectiveness in delivering therapeutic
benefits is diminished®. Moreover, curcumin undergoes rapid metabolism and elimination,
primarily in the liver and intestines. This further reduces its bioavailability and presents
challenges in achieving therapeutic levels of curcumin in the bloodstream 22, To achieve
meaningful effects, high doses of curcumin are often required due to its low bioavailability.
However, this can lead to potential side effects and difficulties in adhering to a consistent
treatment regimen. While curcumin is generally considered safe when consumed as a spice in
food, high-dose curcumin supplements may cause gastrointestinal discomfort, diarrhea, and
nausea in some individuals*”. Curcumin can interact with certain medications, necessitating
caution when combining it with other drugs®. The lack of standardization in turmeric and
curcumin supplements further complicates matters, making it challenging for consumers to
ascertain the quality and purity of the product they are using. Although numerous in vitro and
animal studies have suggested potential health benefits, the clinical evidence supporting the
efficacy of curcuminoids in humans remains limited®°. Curcumin also has a relatively short
half-life in the bloodstream, which implies that its effects may be short-lived. Continuous

supplementation may be necessary to maintain any potential benefits!!. The response to
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curcuminoids can vary considerably among individuals. Factors such as genetics, gut
microbiota composition, and overall health can influence how a person's body processes and
responds to curcumin. So, selecting reputable sources of curcumin supplements is essential to
ensuring product quality and purity. To surmount the above challenges, a multitude of
strategies have been devised. These include the utilization of nanoparticles and the formulation
of curcumin within liposomes, micelles, or phospholipid complexes'?'®, Among the most
prevalent approaches is the development and synthesis of novel curcumin derivatives and
analogues to enhance their therapeutic attributes and bioavailability!**®. The scientific
community has expended a lot of experimental efforts in this domain to unlock the full
potential of curcumin.
2.1.1. Designing of curcumin analogues and biomedical applications

Curcumin analogues have been meticulously designed and synthesised, aiming to offer
potential advantages over natural curcumin. These analogues typically maintain the
fundamental structural elements of curcumin, featuring two phenolic rings connected by a
conjugated system of carbon-carbon double bonds. To create curcumin analogues with
improved properties or enhanced biological activity, modifications are introduced to this core
structure'®’. Both curcumin and its analogues have been subjected to extensive research for
their potential health benefits. Analogues present specific advantages for various reasons.
Curcumin analogues can be engineered to possess enhanced bioavailability, thereby making
them more effective in delivering therapeutic benefits. Moreover, researchers can tailor the
chemical structure of curcumin analogues to optimize their properties for specific applications.
This includes improving their stability, solubility, and the ability to target specific tissues or
cells. Curcumin analogues can also be designed to exhibit increased potency or efficacy
compared to natural curcumin®®*®, These modifications can result in compounds endowed with
excellent results at specific biological targets, such as enzymes or receptors involved in disease
processes. Some curcumin analogues may be developed to reduce potential side effects
associated with curcumin, such as gastrointestinal discomfort or interactions with other
medications?®?!,
2.1.2. lIdentifying Structural features and constraints

Various types of curcumin analogues have been synthesized to explore their potential

in medicinal and biological applications. These analogues can be broadly categorized into
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several classes. Some are based on B-dicarbonyl structures, including modifications of diaryl
moieties, arylidene moieties at the C-4 position of curcumin, arylhydrazone substituents at C-
4, and other substituents at C-4. They have exhibited antiproliferative, antitumor, and
antibacterial activities?>?3. Another group of analogues is based on monocarbonyl structures,
which can have three, five, seven, nine, or even heterocyclic carbon linkers. Heterocyclic
bridge-based curcumin analogues incorporate bridges like oxazolone, imidazolone, pyrazole,
isoxazole, triazole, and pyrimidine?*2’. There are halogenated curcumin analogues produced
by the introduction of halogen substituents into curcumin analogues, either on the aromatic
phenyl rings or at the C-4 position of the curcumin scaffold?®3L. These, diverse classes of
curcumin analogues have been synthesized and studied to harness their potential for various
medicinal and biological purposes.

This study primarily focused on curcumin analogues that demonstrated efficacy as
anticancer, anti-inflammatory, antidiabetic, and antimicrobial agents. A literature survey
revealed that researchers had explored various structural modifications to curcumin to
overcome limitations and enhance its therapeutic potential. Among these modifications,
chlorination, alkylation, and the addition of hydroxyl and alkoxy groups had shown promising
results in improving curcumin's pharmacokinetic and pharmacodynamic properties.
Chlorinated curcumin analogues exhibited enhanced biological activities, including
antidiabetic, anti-inflammatory, antibacterial, antifungal, and anticancer effects. Similarly,
curcumin analogues containing alkyl and hydroxyl groups, as well as alkoxy and hydroxy

groups, had demonstrated significant therapeutic potential across various disease conditions.

2.2. LITERATURE REVIEW

In this literature survey, the recent findings on the therapeutic potential of these three
categories of curcumin analogues-chlorinated curcumin analogues, curcumin analogues
containing alkyl and hydroxyl groups, and alkoxy and hydroxy curcumin analogues- were
categorized and summarized. Each category is presented with relevant references and a brief

explanation of the key findings in Table 2.1.
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Table 2.1. Summary of Therapeutic Potential of Chlorinated Curcumin Analogs, Alkyl and

Hydroxyl Curcumin Analogs, and Alkoxy and Hydroxy Curcumin Analogs

Types of
Curcumin
Analogues

Effect on

Findings and limitations

Reference

Chlorinated
Curcumin
Analogues

Anticancer

Chlorinated curcumin analogues showed strong
anticancer effects, targeting breast cancer stem cells
and key signalling pathways for treatment. There
were limitations in off-target effects, toxicity, and
mechanisms.

32-37

Anti-
inflammatory

Chlorinated curcumin analogues showed potent anti-

inflammatory  effects, improving  stability,
bioavailability, and interaction. However, further
research on pharmacokinetics, safety, efficacy, and

storage conditions was needed for their optimal use.

38-39

Antidiabetic

that chlorinated

curcumin analogues lowered glucose levels in

Recent studies demonstrated
diabetic models. Despite promising results, further
research was needed on mechanisms, toxicity, and
clinical efficacy for diabetes treatment.

40-42

Antibacterial
and
Antifungal

Research on chlorinated curcumin analogues

demonstrated potent antimicrobial properties.
Studies on alkyl and hydroxyl curcumin analogues
showed promising results, but further research on

mechanisms and clinical efficacy was needed.

43-47

Anticancer

Literature highlighted the therapeutic potential of
alkyl and hydroxyl curcumin analogues in breast
cancer treatment, showing promising results in
inhibiting tumor growth and targeting cancer
pathways.  However,  mechanisms, clinical
validation, and optimization of bioavailability were

needed.

48-52
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Curcumin
Analogues

Containing Alkyl

and Hydroxyl
Groups

Anti-
inflammatory

Research highlighted the anti-inflammatory and
antimicrobial potential of alkyl and hydroxyl
curcumin analogues, targeting key pathways.
Limitations included challenges related to stability,

metabolism, and bioavailability.

53-56

Antidiabetic

Recent literature suggested that alkyl and hydroxyl
curcumin analogues held promise for diabetes
treatment, but faced challenges related to their
mechanisms of activity, bioavailability, safety data,
and clinical trials.

57-61

Antibacterial
and
Antifungal

Research suggested that alkyl
curcumin analogues possessed strong antimicrobial
but faced

translation, mechanisms, long-term safety data, and

and hydroxyl

potential limitations in preclinical
confirmation of clinical efficacy, requiring further

research and regulatory considerations.

62-63

Alkoxy, Hydroxy

Curcumin
Analogues

Anticancer

Studies suggested that alkoxy and hydroxy curcumin
analogues possessed potent anticancer properties
against breast cancer cells but faced limitations in
translation, clinical

preclinical safety data,

validation, and regulatory hurdles.

64-67

Anti-
inflammatory
and
Antibacterial

Alkoxy and hydroxy curcumin analogues exhibited
potent anti-inflammatory and antibacterial activities
but faced limitations in clinical data, bioavailability,
safety, mechanistic  understanding, bacterial
resistance, efficacy variability, and formulation

optimization.

68-70

Antidiabetic

Studies on curcumin analogues with alkyl, hydroxy,
and alkoxy modifications demonstrated promising

antidiabetic effects in animal models, despite

limitations in clinical data, long-term safety

assessments, and mechanistic understanding.

71-73
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Recent literature underscored the enhanced therapeutic potential of curcumin through
structural modifications such as chlorination, alkylation, and the addition of hydroxyl and
alkoxy groups. Chlorinated curcumin analogues exhibited improved antidiabetic and anti-
inflammatory activities due to their increased stability and bioavailability. Additionally, these
analogues showed promising potential in the treatment of breast cancer, demonstrating
enhanced anticancer activities, including increased cytotoxicity, improved metabolic stability,
and better bioavailability compared to unmodified curcumin. They effectively induced
apoptosis, inhibited cancer stem cell viability, and targeted key signalling pathways involved
in breast cancer progression and resistance. Furthermore, chlorinated curcumin analogues
exhibited potent antibacterial and antifungal activities, attributed to their enhanced stability,
bioavailability, and interaction with microbial cell membranes, suggesting their promise for
new antimicrobial therapies.

Curcumin analogues with alkyl and hydroxyl groups revealed strong antibacterial,
antifungal, and anti-inflammatory effects by enhancing membrane permeability and
bioactivity. These analogues also demonstrated potent antidiabetic and anticancer activities,
with structural modifications enhancing their stability, bioavailability, and interaction with
biological targets, leading to improved therapeutic effects. Similarly, alkoxy and hydroxy
curcumin analogues displayed potent anticancer, antidiabetic, anti-inflammatory and
antibacterial activities, attributed to their improved pharmacokinetic and pharmacodynamic
properties. These findings suggested that these various curcumin analogues held significant

promise as candidates for further development into therapeutic agents for a range of diseases.

2.3. MATERIALS AND METHODS
"2.3.1. Analogue design and generation

Various databases and tools were utilised to explore new compounds related to
curcumin. Databases like PubChem”, ChEMBL"®, ZINC Database’®, and SciFinder’’ provided
information on chemical structures and whether they had been synthesized. Patent databases
like Sci-finder, and Google Patents’® along with literature searches on PubMed”® and Google
Scholar®, were used to check if a compound was already known. Collaborative platforms like
Open Molecule Generator (OMG)® and Chemical Structure Lookup Service (CSLS)® also

offered resources for finding and sharing new molecular structures.
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By leveraging these resources, new curcumin analogues mainly chlorinated curcumin
analogues, curcumin analogues containing Alkyl and hydroxyl groups, and Alkoxy, hydroxy
curcumin analogues were designed by Chem Draw ultra®® in MOL format and the optimisation
of the structures was done by Gaussian 06 84, The molecule was opened in Gussview6.0. and
energy minimized by ‘the calculate menu’ with standard Gaussian calculation setup and saved

in gif format. The structures were converted into PDB format by using Open Babel®.

2.3.2. Filtering for drug-like properties & computational screening and prediction

The drug-likeness, adsorption, distribution, metabolism, excretion (ADME), and
toxicity features of the compounds were computationally predicted using various filters and
statistical models available at the Pre ADMET server®-, Drug-likeness was assessed using
filters such as Lipinski's Rule of Five, which evaluates molecular properties like molecular
weight, lipophilicity (Log P), and hydrogen bond donors and acceptors; the Lead-like World
Drug Index, which emphasizes smaller and less complex molecules suitable for lead
optimization; Comprehensive Medicinal Chemistry (CMC), which highlights structures with
historical significance in medicinal chemistry; and the MDL Drug Data Report (MDDR),
which leverages a database of biologically active compounds to identify drug-like features.
Pharmacokinetics (ADME) was predicted using statistical models for parameters such as the
blood-brain barrier (BBB), plasma protein binding, skin permeability, human colorectal
adenocarcinoma cell lines (Caco-2) and human intestinal absorption (HIA). Toxicity
predictions included models for carcinogenicity and mutagenicity (Ame’s test) in mice and

rats, as well as environmental toxicity in algae and fish.

2.4. RESULT AND DISCUSSION

2.4.1. Molecular design and generation of analogues
Hydroxy, alkoxy, and choro groups containing nine curcumin analogues were
designed, optimized, and converted into pdb format by using Chem Draw, Gaussian 06,
and Open Babel software, respectively. The structures of the designed curcumin analogues

are shown in Fig.2.1.
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Fig.2.1 Curcumin analogues designed by Chem Draw are shown in the figure.
(NLB) 1,7-bis(3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione[L1]
(NLD) 1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione[L2]
(NLE) 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-dione [L3]
(NLF) 1,7-bis(3-ethoxy-2-hydroxy phenyl) hepta-1,6-diene-3,5-dione[L4]
(NLG) 1,7-bis(4-hydroxy-3,5 dimethyl phenyl) hepta-1,6-diene-3,5-dione[L5]
(NLH) 1,7-bis(5-chloro-2-hydroxy phenyl) hepta-1,6-diene-3,5-dione[L6]
(NLI) 1,7-bis(2-hydroxy-3-methoxy phenyl)hepta-1,6-diene-3,5-dione[L7]
(NLJ) 1,7-bis(3-hydroxy-4-methoxy phenyl) hepta-1,6-diene-3,5-dione[L8]

(NLK) 1,7-Bis(5-methyl thiophen-2-yl) hepta-1,6-diene-3,5-dione[L9]
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The Lipinski Rule of Five, proposed by Christopher A. Lipinski in 1997, is a set of

guidelines used to evaluate the drug-likeness of a compound, particularly its oral

bioavailability®. The rule helps predict whether a compound has the necessary properties to

be an orally active drug in humans. When, designing or evaluating a compound for oral drug

development, adhering to the Lipinski Rule of Five was found extremely useful to increase the
likelihood of success. Table 2.2 lists various ligands (NLB, NLD, NLE, NLF, NLG, NLH,
NLI, NLJ, NLK) along with their molecular properties and the conditions for being considered

drug-like according to the Lipinski Rule of Five.

Table 2.2 Curcumin Analogues and their Molecular Properties with Lipinski Rule of Five

Drug-Likeness Criteria

Conditions
) for
Parameters Ligands _
Druglike
Property
NLB | NLD | NLE | NLF|NLG| NLH NLI | NLJ | NLK
Molecular
C23H2406 | C19H12Cl404 | C29H2404 | C23H2406 | C23H2404 | C19H14Cl204 | C21H2006 | C21H2006 | C17H1602S2
Formula
Molecular
weight  [396.43| 446.11 | 436.5|396.43|364.43| 377.22 |368.38|368.38| 316.44 <500
g/mol
Hydrogen
1 3 1 3 3 3 3 3 1 <5
Bond Donor
Hydrogen
Bond 6 4 4 6 4 4 6 6 2 <10
Acceptor
Log P 4.11 3.86 463 | 3.99 3.6 3.06 3.35 | 3.54 3.66 <5
Molar
~|112.64| 110.76 |134.67|113.31|110.58| 100.74 | 103.7 | 103.7 | 92.36 40-130
Refractivity




Chapter 2 |46

All the compounds NLB, NLD, NLF, NLG, NLH, NLI, NLJ and NLK met the
conditions for being drug-like, with molecular weights below 500 g/mol, fewer than 5
hydrogen bond donors, fewer than 10 hydrogen bond acceptors, Log P values within the
acceptable range, and molar refractivity between 40-130, indicating good potential for oral
bioavailability and drug-like behaviour. NLE met all criteria except for molar refractivity,
which was slightly above the upper limit of 130, but still exhibited good drug-like properties.
It was reasonably assured that all the compounds had good potential for oral bioavailability

and drug-like properties, making them suitable candidates for further drug development.

2.4.3. Computational screening of designed molecules

The drug-likeness of the nine molecules namely NLB, NLD, NLE, NLF, NLG, NLH,
NLI, NLJ and NLK was virtually screened by various filters and statistical models available at
PreADMET and SwissADME. The predicted drug-likeliness of these molecules is presented
in Table 2.3.

The drug likeliness prediction was based on the chemoinformatic filters such as the
Lipinski rule (rule of five), lead-like, world drug index, CMC and MDDR. The ADME
prediction results were based on the values according to the values of the statistical models for
blood-brain barrier (BBB), plasma protein binding, skin permeability, human colorectal
adenocarcinoma cell lines (Caco-2) and human intestinal absorption (HIA). The toxicity
prediction was carried out based on filters such as carcinogenicity and mutagenicity (Ame's

test) and toxicity models for algae and fish available at the Pre-ADMET-web-based tool.

NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ and NLK were promising drug-like
compounds with low to medium BBB penetration, making them potentially suitable for
peripheral targets. They all demonstrated strong plasma protein binding and good absorption
properties, with favourable toxicity profiles showing no carcinogenic or mutagenic activity,
though they presented medium ecotoxicity risks. NLB and NLI, on the other hand, exhibited
medium plasma protein binding. On the whole, these compounds showed promise for various
therapeutic applications, with differing potentials for targeting both the central nervous system

and peripheral regions, as well as varying levels of ecotoxicity risk.
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Table 2.3 The pharmacokinetic features of the curcumin analogues predicted by Pre ADMET and Swiss ADME.

a)
5
8 DRUGLIKENESS ADME TOXICITY
p
o]
O
) > v4 > > 2 e 3 S = = &
S % e | I |¢ ° 2% a | 2 o g |8 | & |z
= X = kS X o0 S |E | = 3 o c o Q < S
G = o @ = m g = o I 8 = o = = = c
-(% ()] > o) n o o 8 13 < © E’ é
> <5} &) x ; < c [ @) [<5)
o - S o = o T
wn
<L o) <L .
. Non- | ] In 90 % 2 |= 8 |2 2 . . Non- Medium
NLB | Qualified| fid-structul Suitable Low | Moderate | @ |© 5 |8 @ | Negative | Negative 0.0158 . 0.0057
Violated cut off E|= 2 |s E mutagen risk
g @ g
2@ = @ .
. Non- | ] In 90 % 2 |= 8|2 2 . . Non- Medium
NLD | Qualified| fid-structul Suitable Low Strong @ |3 35 |8 2 | Negative | Negative 0.0015 . 0.0039
Violated cut off E |2 2 S S mutagen risk
g @ g
2@ = 2 .
. Non- ] ] In 90 % 2 = 2|2 2 . . Non- Medium
NLE | Qualified| Drug-like| Suitable Low Strong @ |3 35 |8 2 | Negative | Negative 0.0058 ] 0.0002
Violated cut off E |2 2 s E mutagen risk
g 2 g
<@ = 2 .
. Non- | ] In 90 % 2 = 2|2 2 . . Non- Medium
NLF | Qualified| fid-structul Suitable Low Strong @ |3 35 |8 2 | Negative | Negative 0.0080 ) 0.0016
Violated cut off E |= 2 |s E mutagen risk
g s g




Chapter 2 |48

a)
5
8 DRUGLIKENESS ADME TOXICITY
p
o]
O
2 ) = @ c L c
S — ] (5} — — 2] - '9
() LL P [N S ] © o
2 © X © m a <= |c < ' o - = =
= X = 5 X @ T |2 | = 3 o c Q & < S
O = o ® = m S £ |uw | T < = 'S e (=2 = =
e |2 | a |3 | & £ o © | ¢ S < | | 2 |E
= @ a) o 2 8 [ o o S
@) — S o @) I
<L o) <L .
o Non- |. ) In 90 % 2 = 2 |2 2 . . Non- Medium
NLG | Qualified| fid-structul Suitable Low Strong © |3 5 |8 2 | Negative | Negative 0.0033 . 0.0002
Violated cut off E|Z 2 |s E mutagen risk
g @ g
<L o) <L .
. Non- | ] In 90 % 2 |= 8 |2 2 . . Non- Medium
NLH | Qualified| fid-structul Suitable Low Strong @ |3 35 |8 2 | Negative | Negative 0.0039 . 0.0006
Violated cut off E|= 2 |s E mutagen risk
g @ g
2@ = @ .
. Non- | ] In 90 % 2 |= 8|2 2 . . Non- Medium
NLI | Qualified| fid-structul Suitable Low | Moderate | ¢ |© 5 |8 & | Negative | Negative 0.0035 . 0.0053
Violated cut off E|= 2 |s E mutagen risk
[<5] (5]
a © a
2@ = 2 .
. Non- | ] In 90 % 2 = 2|2 2 . . Non- Medium
NLJ | Qualified| fid-structul Suitable Low Strong @ |3 35 |8 2 | Negative | Negative 0.0042 ] 0.0055
Violated cut off E |I= 3 | E mutagen risk
Jor} S = 5
o o
<@ = 2 .
. Non- | ] In 90 % 2 = 2|2 2 . . Non- Medium
NLK | Qualified| fid-structul Suitable Low Strong @ |3 5 |8 2 | Negative | Negative 0.0031 ) 0.0039
Violated cut off E |= 2 |s E mutagen risk
g s g




Chapter 2 |49

2.5. CONCLUSION

All the Nine compounds — NLB (1,7-bis (3,4-dimethoxy phenyl)hepta-1,6-diene-3,5-
dione), NLD (1,7-bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione), NLE (1,7-
bis (6-methoxy naphthalen-2-yl) hepta-1,6-diene-3,5-dione),NLF (1,7-bis(3-ethoxy-2-
hydroxy phenyl)hepta-1,6-diene-3,5-dione), NLG (1,7-bis(4-hydroxy-3,5-dimethyl phenyl)
hepta-1,6-diene-3,5-dione), NLH (1,7-bis (5-chloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-
dione), NLI (1,7-bis (2-hydroxy-3-methoxy phenyl)hepta-1,6-diene-3,5-dione), NLJ(1,7-
bis  (3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione) and NLK(1,7-bis (5-methyl
thiophen-2-yl) hepta-1,6-diene-3,5-dione) were qualified according to the CMC-like Rule, did
not violate the Lead-like Rule, and fit within the MDDR and WDI-like Rule. All the
compounds adhered to the Rule of Five, suggesting strong potential for oral bioavailability.
They demonstrated favourable ADME properties, including strong plasma protein binding,
except for NLB and NLI, which exhibited moderate binding. The compounds also showed
good absorption and medium permeability in Caco-2 models. All of them showed favourable
toxicity profiles, being non-carcinogenic and non-mutagenic, with medium risk for ecotoxicity
parameters. Depending on BBB penetration, compounds could be chosen for peripheral (low
BBB) targets.

The next step involved scaling up the synthesis of these molecules and conducting
comprehensive studies, including in vitro and in vivo experiments, to investigate their
mechanisms of interaction with selective protein molecules as targets for anticancer, anti-
inflammatory, antidiabetic, antibacterial, and antifungal properties. Molecular docking studies
were employed to understand these interactions at the molecular level. These efforts entailed
in-depth biochemical and pharmacological investigations to elucidate how these compounds

exerted their therapeutic effects.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF CURCUMIN
ANALOGUES AND THEIR Cu (I1) AND Zn (11) METAL
COMPLEXES

3.1. INTRODUCTION

Since all nine computationally designed curcumin analogues successfully met the
drug-likeness profile, they were advanced for wet lab synthesis. The synthesis process
commenced with the careful selection of appropriate starting materials, often simple
aromatic compounds or their derivatives with functional groups that could be strategically
modified to yield the desired analogue. Subsequent steps involved various functional group
modifications, including acylation, alkylation, oxidation, reduction, and other chemical
reactions’?. These modifications were carried out sequentially to build the desired
molecular structure progressively. After each reaction step, the synthesized product
underwent purification to eliminate impurities and byproducts. Common purification
techniques used included column chromatography, recrystallization, and distillation®*,
Once the curcumin analogues were purified, they were rigorously characterized using
analytical techniques such as infrared (IR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and mass spectrometry to confirm their chemical structures®®,

Elemental analysis was also performed.

A highly promising and innovative strategy to address the bioavailability challenge
and unlock more diverse potential health benefits involved the utilization of metal curcumin
complexes’. Curcumin and its derivatives stood out as rare examples of naturally occurring
B-diketone ligands, making them ideally suited to function as chelating ligands for various
metals, forming stable complexes. Over the past decade, there has been a remarkable surge
in research focused on the synthesis, characterization, and biological exploration of these
metal curcumin complexes®®. The emerging consensus suggested that their potential
medicinal applications were as varied as curcumin. These complexes involved interactions

between metals and the curcumin analogue, leading to structural modifications that
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enhanced curcumin's biological potency!%2, Studies indicated that coordination with metal
ions destabilized the carbonyl group in the diketone moiety'34,

This chapter primarily focused on the wet lab synthesis of curcumin analogues and
their copper(Il) and zinc(I1) metal complexes. Various purification techniques, including
thin-layer chromatography, column chromatography, distillation, and recrystallization,
were employed. The purified compounds were characterized using analytical techniques
such as infrared (IR) spectroscopy, proton and carbon-13 (*3C) nuclear magnetic resonance
(NMR) spectroscopy, and mass spectrometry to confirm their chemical structures.
Elemental analysis was also performed.

3.2. REVIEW OF LITERATURE

Table 3.1 Summary of Key Findings on Curcumin Analogues and Their Metal Complexes:

Benefits, Limitations, and Supporting References

About Mechanism Insights Reference

This method was versatile, allowing the
synthesis  of  various  curcumin

Claisen_ analogues by altering the aromatic

. aldehyde component. It was
Schmidt y p 15_17

Condensation | straightforward with high yields and

fewer by-products, crucial for forming

Synthesis of

curcumin B-diketones. However, it required basic

Analogues- conditions and extensive purification.
Different Modifications significantly enhanced
methods

lipophilicity, cellular uptake, and
biological activity of curcumin

Acylationand | analogues. The method allowed
Alkylation

Reactions

. . . . 18-20
flexibility by introducing various

functional groups to tailor the analogues
for  specific  biological targets.

However, the reaction conditions were
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often complex, requiring optimization
to avoid over-acylation or alkylation.
Additionally,  purification  posed
challenges, as side reactions sometimes

produced unwanted by-products.

Mannich

Reaction

The introduction of amino groups
through this method enhanced the
pharmacological profiles and increased
the water solubility of curcumin
derivatives. These derivatives often
exhibited improved anticancer activity.
However, the reaction was sensitive to
conditions like pH and temperature, and
it frequently produced a mixture of by-
careful

products, necessitating

separation and purification.

21-23

Reduction and
Oxidation

Reactions

This method produced a variety of
analogues with different electronic
properties and biological activities.
Reduction enhanced chemical stability,
while  oxidation

yielded potent

derivatives. However, it required

careful control of reaction conditions to
achieve  selective  reduction  or
oxidation, as uncontrolled reactions
result

could in multiple products,

necessitating complex purification.

24-26

Michael
Addition

Reaction

This method allowed for the addition of
electrophilic groups, enhancing the

therapeutic potential of curcumin

analogues. It was particularly useful in

27-29
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designing derivatives targeting specific
cancer pathways. However, it required
specific conditions and catalysts to
control the reaction effectively, and the
often involved

resulting  product

complex mixtures that demanded

extensive purification.

Hydrogenation

Saturation of alkenyl groups improved
the stability and metabolic resistance of
curcumin analogues, often enhancing
their bioavailability and
pharmacokinetic properties. However,
the process required high-pressure

conditions and specific catalysts.

Achieving selective hydrogenation

without affecting other functional

groups also presented challenges.

30-32

Synthesis of
Curcumin
analogue -

metal

complexes

Metal complexation improved the
stability and solubility of curcumin
analogues, often resulting in enhanced
antioxidant, antimicrobial, and

anticancer properties. However, it
required a careful selection of metal
ions and conditions to achieve the
Additionally,

some metal ions introduced toxicity or

desired complexation.

adverse effects.

33-46

Synthesis of
Cu (1)
and
Zn (1)

The solvent-based method has a simple
setup, uses widely available materials,
produces high yields, and is scalable.

Even if it generates solvent waste, the

47-54
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Complexes solvent can be reused by undergoing
distillation. Microwave-assisted and
sonochemical methods offer speed and
efficiency but require specialized
equipment. Solid-state and template
methods are environmentally friendly
but involve higher temperatures or
complex  setups.  Electrochemical
methods provide controlled
complexation but are less suited for
large-scale reactions. Hydrothermal
synthesis ensures high purity but needs
specialized high-pressure equipment.

3.3. MATERIALS AND METHODS
3.3.1. Methods for the synthesis and purification of curcumin analogues
3.3.1.1. Synthesis of different curcumin analogues

The curcumin analogues synthesized by Pabon’s method® followed the mechanism
of Claisen—-Schmidt Condensation®®. To form the acetyl acetone-boron complex, a mixture
of acetylacetone (0.005 mol, 0.5 g) and boric oxide (0.0035 mol, 0.25 g) was stirred for
approximately one hour. Subsequently, the aldehyde (0.01 mol) dissolved in dry ethyl
acetate (7.5 ml), containing tri(sec-butyl) borate (0.02 mol, 5.4 ml), was introduced into the
reaction mixture, maintaining a temperature above 80°C. Over 40 minutes, n-butyl amine
(0.1 ml dissolved in 1 ml dry ethyl acetate) was added dropwise with continuous agitation.
The solution was stirred for an additional 4 hours and left undisturbed overnight. After
another hour of agitation, hot (~60°C) HCI (0.4M, 7.5 ml) was added. Following layer
separation, 5 ml of ethyl acetate was employed to extract the organic layer. The combined
extracts were evaporated, resulting in a pasty substance, which was further stirred with HCI
for about one hour. The separated solid product was collected, washed with water, and dried

under a vacuum. The final product was obtained by combining 1,7-diaryl heptanoid and 6-
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aryl hexanoid (Fig.3.1). Quantitative separation of the resulting products was achieved

through column chromatography using silica gel (60 - 120 mesh).

H;C

CH;
Y\(
O 0 0\ ,O
/B\
7%
M

H3C CH3

H,BO;

2.Primary Amine
3.Alkyl Borate

1.Substituted Benzaldehyde
4.HCI
o

OH
Hscomocﬂs
T ]
HO OH

Fig.3.1 Synthesis of curcumin by the general method proposed by Pabon

The study utilized nine distinct aldehydes: 3,4-dimethoxybenzaldehyde,3,5-
dichloro-2-hydroxybenzaldehyde;4-hydroxy-3,5-dimethyl-benzaldehyde;6-methoxy-2-
naphthaldehyde; 3-ethoxy-2-hydroxybenzaldehyde;2-hydroxy-3-methoxybenzaldehyde;3-
hydroxy-4-methoxy-benzaldehyde;5-chloro-2-hydroxybenzaldehyde and 5-methyl-2-
thiophene carboxaldehyde, in conjunction with the 1,3-diketone acetylacetone. The
chemicals employed in this research for both synthesis and analytical purposes were of

analytical grade, procured from Sigma Aldrich, USA.
3.3.1.2. Separation and purification of 1,7, diarylheptanoids

The solid resulting from acidification was dissolved in a small quantity of ethyl
acetate and then applied to a column tightly packed with silica gel. Elution was performed
using a 1:5 (v/v) acetone: chloroform solvent combination. During the elution process, two
bands emerged in the column. Subsequently, a second elution was performed using a 1:2
(v/v) acetone and chloroform solution. The eluates were collected in aliquots, confirmed
by TLC, and upon solvent removal under vacuum, yielded 1,7-diaryl heptanoid in a 60—
70% vyield. To obtain a chromatographically pure compound, the isolated 1,7-diaryl

heptanoids underwent two rounds of recrystallization from hot benzene.
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3.3.2. Synthesis and purification of Cu (Il) and Zn (11) metal complexes of curcumin
Analogues
Metal complexes were synthesised using copper (1) acetate monohydrate and zinc

(1) acetate. Distilled commercial solvents were employed in the synthesis process.

The copper (1) complexes were prepared by a solution of a curcuminoid analogue
(25 ml, 0.002 mol) in methanol was mixed with a methanolic solution of copper (1) acetate
(25 ml, 0.001 mol) and refluxed gently for two hours. The volume was halved, and the
solution was then cooled to room temperature. The resulting mixture was filtered and rinsed
with a 1:1 methanol: water solution, and the precipitated complex was recrystallised from

hot methanol.

For the preparation of the zinc (11) complexes, a solution of a curcuminoid analogue
(25 ml, 0.002 mol) in methanol was added to a solution of zinc (Il) acetate (25 ml, 0.001
mol) in methanol, followed by gentle refluxing for two hours. The precipitated complex
was filtered, washed with a 1:1 methanol: water solution, and recrystallised from hot

methanol.
3.4. CHARACTERIZATION OF LIGANDS AND METAL COMPLEXES

Diverse spectroscopic and analytical methodologies were employed to characterise
both the ligands and metal complexes. Spectral analyses encompassed IR, *H NMR,*3C
NMR, and Mass spectra. The elemental analysis was conducted to determine the carbon,

hydrogen, nitrogen, sulfur, and metal percentages in the compounds.
3.4.1. IR Spectroscopy

The Fourier Transform Infrared Spectroscopy (FT-IR) was employed to
characterise the prepared samples. The position and intensity of observed bands in the
spectra were utilised to ascertain the structure of the compound. The IR spectra were
recorded using a Shimadzu model FT-IR Spectrometer (Model IR Affinity), Christ College
(Autonomous), Irinjalakuda, in the range of 4000-400 cm?, employing the KBr disc

technique®’.
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3.4.2.'HNMR Spectroscopy

The 'H NMR spectra provide a comprehensive insight into the detailed structure,
including the position of functional groups and the chemical environment of the
compounds®. For the *H NMR experiments, DMSO-ds(deuterated dimethyl sulfoxide) was
used, and the Jeol 400FT NMR Model JNM ECZ400S/L1(Govt College for Women -

Thiruvananthapuram) was employed.

3.4.3.13C NMR Spectroscopy

The 3C NMR spectra enable the identification of structurally and magnetically distinct
carbon atoms within the molecule®. For the 3C NMR experiments, DMSO-ds was utilized,
and the Jeol 400FT NMR Model JNM ECZ400S/L1(Govt College for Women -

Thiruvananthapuram) was employed.

3.4.4. Mass Spectroscopy

The mass-to-charge ratio (m/z) derived from mass spectroscopy allows for
identifying the molecular weight and fragmentation pattern of the compound®. The mass
spectrum was obtained using the Shimadzu LCMS 8045 model at SAIF, Mahatma Gandhi

University, Kottayam.

3.4.5. CHNS Analysis

The CHNS analyser was employed to determine the percentage of carbon and
hydrogen. The analyzer utilized a combustion process to break down the substances into
simple compounds, which were subsequently quantified through Infrared spectroscopy®?.
In this study, the Elementar Vario EL 111 model CHNS analyzer, located at SAIF, Mahatma

Gandhi University, Kottayam, was utilized for this purpose.
3.5. RESULT AND DISCUSSION
3.5.1. Synthesis and characterization of ligands and metal complexes

3.5.1.1 Synthesis and characterization of (1E,6E)-1,7-bis(3,4-dimethoxy
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phenyl)hepta-1,6-diene-3,5-dione (NLB) and its Metal Chelates

3.5.1.1.1 Synthesis and characterization of (1E,6E)-1,7-bis (3,4-dimethoxy phenyl)
hepta-1,6-diene-3,5-dione (NLB)

1,7-bis(3,4-dimethoxy phenyl)hepta-1,6-diene-3,5-dione (NLB) was synthesized
through the condensation of 3,4-dimethoxybenzaldehyde (0.01 M) with an acetylacetone—
boron complex and B:0; in an ethyl acetate medium (7.5 mL). The reaction was carried
out in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing reagent. The synthesized product exhibited a melting point of 256°C and a 396
g/mol molecular weight. The reaction yielded approximately 70% of the product. Elemental
analysis showed that the percentages of carbon (observed 69.1%, theoretical 69.68%) and
hydrogen (observed 5.9%, theoretical 6.1%) closely align with the expected values.

Characterization of 1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione (NLB)
The compound NLB synthesized was characterized using various spectral
techniques like infrared (IR) spectroscopy, proton nuclear magnetic resonance (*H NMR),
Carbon-13 nuclear magnetic resonance (**C NMR), and Mass spectrometry.The spectral
data of synthesized compounds are discussed below.
IR Spectrum
In this compound, the position and intensity of the carbonyl stretching frequency
depend on the molecular structure in its immediate vicinity and are useful in characterizing
the type of carbonyl function. The presence of a-p—unsaturated 1,3 diketo — moiety present

in the molecule can be well established using IR spectroscopy (Table 3.2).

Table 3.2. Possible IR assignments of NLB

Wavenumbers (in cm™) | Possible IR Assignments

2929.4 v Enolic

1620.8 v(C=0)

1585.4 v(C=C) Phenyl
1507.5 v(C-C) Alkenyl
1466.1 vas(C-C-C)

1423.8 vs(C-C-C)

1121.2 vp (C-H)




Chapter 3|64

| 958.7 | v(CH=CH) trans |

The Table 3.2. provided probable IR assignments for the compound NLB,
correlating specific wavenumbers (in cm™") with functional group vibrations. The peak at
2929.4 cm! corresponded to the stretching vibration of the O-H bond in the enolic form of
the compound. This value fell within the expected range for O-H stretching vibrations
involved in strong intramolecular hydrogen bonding, typically around 2500-3000 cm™. The
peak at 1620.8 cm™ was associated with the stretching vibration of the carbonyl (C=0)
group that was involved in hydrogen bonding. This frequency was consistent with a
chelated C=0 group, where conjugation and hydrogen bonding reduced the stretching
frequency from the typical range of 1650-1750 cm'. The peak at 1585.4 cm™' was
attributed to the stretching vibration of the carbon-carbon double bond (C=C) within a
phenyl ring, aligning with the expected range for aromatic C=C stretching vibrations,
typically between 1500-1600 cm™. The peak at 1507.5 cm™ was linked to the stretching
vibration of the C-C bond within an alkenyl group, fitting within the expected range for
alkenyl C=C stretching. The peaks at 1466.1 cm™ and 1423.8 cm™' corresponded to the
asymmetric and symmetric stretching vibrations of the C-C-C bond respectively. The peak
at 1121.2 cm™ corresponded to the in-plane bending (B) vibration of the C-H bond in a
structure, consistent with the typical range for in-plane bending vibrations (C-H) between
1000-1300 cm™. The peak at 958.7 cm™' was attributed to the stretching vibration of the
trans-configured double bond (CH=CH), confirming the presence of a trans-alkene group
in NLB. The IR absorption frequencies listed in the table aligned well with known ranges
for the corresponding functional groups, supporting the structural assignments of NLB and
confirming the presence of enolic, alkenyl, phenyl, and chelated C=0O groups in the
compound. These frequencies were consistent with the typical IR spectra for such
functional groups, providing strong evidence for the proposed structural features®?3, The
IR spectrum of the compound NLB is depicted in Fig.3.2.

'HNMR Spectrum

The 'HNMR spectrum of the methoxy-substituted 1,7-diarylheptanoid also
supported the enolic structure of the compound. The peaks corresponding to the enolic,
methine, alkenyl, methoxy, and phenyl groups were observed in the spectrum. The various

proton signals identified in the spectrum are provided in Table 3.3.
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Table 3.3 Proton signals observed in the *H NMR spectrum of NLB (Chemical Shifts §
in ppm)

Compound | Enolic | Methine | Alkenyl Phenyl Methoxy
NLB 9.84 6.71 6.75-7.54 | 7.06-7.14| 3.92,3.95

Table 3.3 provided the chemical shifts (in & ppm) observed in the tHNMR spectrum
of the compound NLB, corresponding to different types of protons in the molecule. The
peak at 9.84 ppm was assigned to the enolic proton, a characteristic chemical shift for enolic
protons involved in strong intramolecular hydrogen bonding, typically observed between
9-12 ppm. This value supported the presence of a hydrogen-bonded enolic form in NLB.
The methine proton resonated at 6.71 ppm, consistent with methine protons in conjugated
environments or near electronegative groups, which usually appeared in the 6-8 ppm range.
The alkenyl protons were observed between 6.75-7.54 ppm, indicating that they were part
of a conjugated system or influenced by nearby aromatic rings, as these protons typically
resonated between 5-7 ppm but shifted downfield when adjacent to aromatic systems. The
phenyl protons showed signals between 7.06-7.14 ppm, a range that aligned well with the
expected chemical shift for protons on an aromatic ring, generally observed between 6.5-8
ppm. The methoxy group protons resonated at 3.92 ppm and 3.95 ppm, falling within the
typical range of 3.3-4.0 ppm due to the shielding effect of the oxygen atom. These observed
chemical shifts aligned well with known values for enolic, methine, alkenyl, phenyl, and
methoxy protons, providing strong evidence for the structural features of NLB and
supporting the presence of a hydrogen-bonded enolic form, conjugated alkenyl groups,
aromatic phenyl rings, and methoxy substituents in the compound®3. The tHNMR spectrum
of NLB is depicted in Fig.3.3.

13C NMR Spectra

Table 3.4 1*C NMR spectral data of NLB (Chemical Shifts in & ppm)

Ci | C,C2 | C3,Cq | CuCs | C5,Cs | Ce,Co
101.38 | 191.06 | 128.15 | 140.51 | 122.74 | 122.11
C7,Cr | Cg,Cs | Co,Co | C10,Ci0 | C11,Ca1 | C12,Ca2
111.21 | 149.31 | 151.13 | 109.81 | 56.07 | 55.99
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Table 3.4 provided *C NMR spectral data for NLB, detailing the chemical shifts
for various carbon atoms. The peak at 101.38 ppm was interpreted as the carbon in a
methine group, indicative of a conjugated or electron-rich environment. Methine carbons
in such settings typically resonated between 100-110 ppm, aligning well with the observed
value. The peak at 191.06 ppm was assigned to a carbonyl carbon (C=0), consistent with
values ranging from 160-220 ppm in conjugated systems or electron-withdrawing
environments.

The peak at 128.15 ppm was attributed to aromatic carbons affected by adjacent
alkenyl and phenyl groups, showing a downfield shift. The peak at 140.51 ppm
corresponded to alkenyl carbons in a conjugated system, fitting the 120-150 ppm range.
Peaks at 122.74 ppm and 122.11 ppm were assigned to aromatic carbons, confirming their
presence in a conjugated system. The peak at 111.21 ppm was linked to phenyl ring carbons
in less conjugated positions.

The peaks at 149.31 ppm and 151.13 ppm were attributed to carbons in a methoxy
group, reflecting significant conjugation or electron withdrawal. Peaks at 56.07 ppm and
55.99 ppm confirmed the presence of methoxy groups. The chemical shifts provided strong
evidence for aromatic rings, carbonyl, alkenyl, and methoxy groups in NLB, supporting the
proposed structural features®* (Fig.3.4).

Mass Spectrum

The most important application of mass spectrometry was in the determination of
the molecular weight of compounds. Both the molecular ion peaks and fragment ion peaks
were observed in the spectra. The mass spectra of this compound showed intense molecular
ion peaks. Eliminating important groups like CH2, CoH., C:H20, and CH=C=0 from the
molecule resulted in different fragments. Important peaks that appeared in the spectrum of
the compound were conveniently accounted for by the fragmentation pattern and the values
are provided in Table 3.5.

Table 3.5 Molecular ion peaks of NLB

M*/M+1 lon a b C d e f g

396 205 191 [150 |163 |137 | 259 | 233

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.5.
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In the mass spectrum of NLB, the intense molecular ion peak at 396 indicated the
intact molecular weight of the compound. The peak at 137 was attributed to the fragment
ion [CsHyO2]", suggesting it resulted from the loss of a specific substituent or structural
component. This assignment was confirmed by the molecular formula [CsHgO2]*, matching
the observed mass. The peak at 191 corresponded to the fragment ion [C11H110s]",
representing a stable portion of NLB after losing other components, with the mass aligning
with this formula. The peak at 233 was assigned to [C13H1304]", indicating a fragment with
additional carbon and oxygen atoms, reflecting its stability. Finally, the peak at 163 was
attributed to [C10H1102]", matching the mass and formula, indicating formation through
specific bond cleavage. These fragment assignments supported fragmentation patterns and
structural components® of NLB. The mass spectrum of the compound NLB is given in Fig.
3.5.
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Fig.3.2 The IR spectrum of NLB
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3.5.1.1.2. Synthesis and characterization of Cu (NLB). and Zn (NLB)>

3.5.1.1.2.1. Synthesis and characterization of Cu complex of 1,7-bis (3,4-dimethoxy
phenyl) hepta-1,6-diene-3,5-dione [Cu (NLB)2]

The copper(Il) complex of the curcuminoid analogue NLB was found to have a
molecular weight of 853.23 g/mol and a melting point of 276°C. From the elemental
analysis, it was shown that the carbon, hydrogen, and metal contents of the Cu(Il) complex
were 63.21%, 5.02%, and 7.23%, respectively, closely matching the theoretical values of
64.67%, 5.43%, and 7.44%. The yield of the compound was 75%.

Characterization of Cu complex of Cu (NLB)2

A variety of spectroscopic and analytical techniques were employed to characterize
the metal complex Cu (NLB).. The spectral analyses included IR, 'H NMR, and mass
spectrometry. In addition, elemental analysis was performed to determine the percentages
of carbon, hydrogen, and metal in the compounds. The spectral data of synthesized

compounds are discussed below.
IR Spectrum

It is shown that the IR spectrum of Cu (NLB)2 in Fig.3.6. The absence of a strong
band in the 1650-1800 cm™ region was a characteristic feature of the metal complex. The
peak corresponding to the intramolecularly hydrogen-bonded carbonyl group, originally
present at ~1630 cm™, disappeared, and a new band appeared at 1586 cm™. This new band
was attributed to the metal-coordinated carbonyl group. This shift indicated that the metal
ion had replaced the enolic proton in the ligand during complexation. The new band was

thus assigned to the metal-coordinated carbonyl group.

The peak at 1586.0 cm™ corresponded to the stretching vibration of the carbonyl
group (C=0). Typically, the carbonyl stretching vibration appeared in the range of 1600-
1700 cm™'. However, a shift to 1586 cm™ suggested that the C=O bond was part of a
chelated structure, which could lower the frequency compared to an unconjugated or free
carbonyl group. The band at 1503.5 cm™ was associated with the asymmetric stretching of
the C-C-C bond within a cyclic ring. This frequency fell within the typical range for such
stretches, often observed in the 1400-1600 cm™ region. The presence of this band at 1503
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cm! indicated that the compound likely contained a cyclic structure. The peaks at 446 cm™
and 408 cm™! corresponded to the metal-oxygen (M-O) stretching vibrations. Metal-oxygen
stretches typically appeared in the low-frequency region, below 600 cm™. The values at
446.1 cm! and 408.9 cm™ suggested that the metal was coordinated to oxygen atoms,
possibly as part of a metal-ligand complex®®. The M-O stretching bands confirmed the
presence of metal coordination, with two distinct bands suggesting possible variation in the
bonding environment or coordination geometry around the metal centre. This interpretation
suggested that the compound likely had a conjugated carbonyl group, an aromatic ring, and

a metal coordinated with oxygen atoms, possibly forming a metal-organic complex.
'HNMR Spectrum

The various proton signals identified in the tHNMR spectrum of the Cu complex

of 1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione are provided in Table 3.6

Table 3.6 Proton signals observed in the *H NMR spectrum of Cu (NLB)2 (Chemical Shifts
o in ppm)

Complex | Methine | Alkenyl Phenyl | Methoxy

Cu (NLB)2 7.03 6.77-7.52 | 7.07-7.21 | 3.91,3.95

The methine proton resonated at 7.03 ppm, which aligned with its position adjacent
to an enolic group and the influence of Cu (I1) complexation. The alkenyl protons appeared
in the broad range of 6.77-7.52 ppm, consistent with their conjugation with the diketone
system and the phenyl rings, a shift typical for such environments, especially when
coordinated to a metal ion. The aromatic protons of the phenyl rings were observed between
7.07-7.21 ppm, which was expected for protons on a substituted phenyl ring, particularly
one with electron-donating methoxy groups that slightly deshielded these protons. The
methoxy protons resonated at 3.91 ppm and 3.95 ppm. A typical shift for methoxy groups
attached to aromatic rings further supports the structural integrity of the NLB ligand within
the Cu(ll) complex. Thus the *H NMR shifts were consistent with the structure of 1,7-
bis(3,4-dimethoxyphenyl) hepta-1,6-diene-3,5-dione, particularly when complexed with
Cu(11)% (Fig.3.7).
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Mass Spectrum

Table 3.7 Molecular ion peaks of Cu (NLB):

MYM+1)/(M+2)ion | a | b | ¢ | d | e | f|g | h | i]|]

853 716 | 579 | 442 | 304 | 137 | 458 | 183 | 396 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.8

The mass spectrum of the Cu(Il) complex of NLB showed an intense molecular ion
peak at m/z 853, indicating the intact molecular weight of the compound. The peaks at m/z
579 and 304 corresponded to the loss of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3,4-dimethoxy phenyl group. The peak at m/z 458
was attributed to the [ML]* fragment, where M was the metal (Cu) and L was the ligand
(1,7-bis(3,4-dimethoxy phenyl)hepta-1,6-diene-3,5-dione). Additional fragment ions were
observed at m/z 716, 442, 137, 183, 396, and 121, supporting the fragmentation patterns
and structural components of the Cu(NLB). complex®”%, The mass spectrum of Cu(NLB).

is shown in Fig.3.8.
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3.5.1.1.2.2. Synthesis and characterization of Zn complex of 1,7-bis (3,4-dimethoxy
phenyl) hepta-1,6-diene-3,5-dione [Zn (NLB)-]

The Zn(II) complex of the curcuminoid analogue NLB had a molecular weight of
854.23 g/mol and a melting point of 279°C. Elemental analysis showed carbon, hydrogen,
and metal contents of 64.11%, 5.32%, and 7.34%, respectively, closely matching the
theoretical values of 64.53%, 5.42%, and 7.64%. The synthesis achieved a yield of 81%.

Characterization of Zn (NLB)2

The metal complex Zn (NLB): was characterized using various spectroscopic and
analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry. The

spectral data of the synthesized complex are summarized and discussed below.
IR Spectrum

The metal complex Zn (NLB): exhibited key spectral features that indicated
successful coordination of the ligand to the metal ion (Fig.3.9). The absence of a strong
band in the 1650-1800 cm™ region, particularly the disappearance of the carbonyl peak at
1630 cm™, and the emergence of a new band at 1589.0 cm™, suggested that the enolic
proton had been replaced by the metal ion, forming a metal-coordinated carbonyl group.
The shift of the carbonyl stretching vibration to 1589.0 cm™ indicated chelation, lowering
the frequency compared to a free carbonyl group. Additionally, the band at 1514.5 cm™
was attributed to the asymmetric stretching of the C-C-C bond within a cyclic ring,
implying the presence of an aromatic structure. The low-frequency bands at 453.9 cm™ and
431.6 cm™ corresponded to metal-oxygen (M-O) stretching vibrations, confirming the

metal's coordination with oxygen atoms and suggesting a complex metal-ligand structure®®.
'HNMR Spectrum

The various proton signals identified in the *HNMR spectrum of Zn (1) complex
of 1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione are provided in Table 3.10
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Table 3.10 Proton signals observed in the 'H NMR spectrum of Zn(NLB),
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Methoxy

Zn (NLB), | 7.02 |6.86-7.47|7.07-7.21|3.92,3.94

The *H NMR spectrum of the Zn (11) complex of 1,7-bis(3,4-dimethoxyphenyl)
hepta-1,6-diene-3,5-dione (Zn (NLB):) revealed significant details about the proton
environment, indicating successful coordination of the ligand to the Zn (1) ion (Fig.3.10).
The methine proton at 7.02 ppm was deshielded, likely due to its proximity to a metal-
coordinated carbonyl, causing it to resonate downfield. Alkenyl protons, resonating
between 6.86-7.47 ppm, exhibited a broad range of chemical shifts, suggesting varying
electronic environments influenced by conjugation with aromatic rings and coordination to
the metal ion. The phenyl protons appeared between 7.07-7.21 ppm, with slight variations
in chemical shifts hinting at asymmetry or differing environments of the phenyl rings due
to metal coordination. The methoxy protons, observed at 3.92 ppm, and 3.94 ppm remained
relatively unaffected, indicating that the methoxy groups retained their typical shielded
environment despite the metal coordination. These spectral features collectively provided
evidence of the influence of metal ions on the electronic environment of the ligands,
supporting the formation of a metal-ligand complex. The shifts in the proton signals
underscored the role of conjugation and chelation within the complex, altering the
electronic environment of the double bonds and aromatic rings, and confirming the

coordination of the ligand to the Zn ion.
Mass Spectrum

Table 3.9 Molecular ion peaks of Zn (NLB)>

M*/(M+1)/(M+2)ion| a | b | ¢ | d | e f | g | h [ j

854 717 | 580 | 443 | 305 | 137 | 459 | 184 | 396 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.11.
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The mass spectrum of the Zn (1) complex of NLB showed an intense molecular ion
peak at m/z 854, indicating the intact molecular weight of the compound. The peaks at m/z
580 and 305 corresponded to the loss of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3,4-dimethoxy phenyl group. The peak at m/z 459
was attributed to the [ML]* fragment, where M was the metal (Zn) and L was the ligand
(1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione). Additional fragment ions were
observed at m/z 717, 443, 184, 396, and 121, supporting the fragmentation patterns and
structural components of the Zn(NLB). complex®®. The mass spectrum of Zn (NLB): is

shown in Fig.3.11.
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dEDLD
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Fig.3.10 The '"H NMR spectrum of Zn (NLB)
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3.5.1.2. Synthesis and characterization of (1E,6E-1,7-bis (3,5-dichloro-2-hydroxy
phenyl) hepta-1,6-diene-3,5-dione (NLD)

3.5.1.2.1 Synthesis and Characterization of NLD

1,7-Bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione  (NLD) was
synthesized via the condensation of 3,5-dichlorosalicylaldehyde (0.01 M) with an
acetylacetone—boron complex and B:0s in ethyl acetate (7.5 mL). The reaction was
conducted in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing agent. The resulting product had a melting point of 266°C and a molecular
weight of 446 g/mol, with a yield of approximately 98%. Elemental analysis revealed
carbon and hydrogen contents of 50.96% and 2.01%, respectively, closely matching the
theoretical values of 51.16% and 2.71%.

Characterization of NLD

The synthesized compound NLD was characterized using various spectroscopic
techniques, including IR, *H NMR,*C NMR, and mass spectrometry. The spectral data of

the compound are discussed below.
IR Spectrum

The IR spectrum assignments for NLD were interpreted based on the provided
Table 3.10. In this compound, the position and intensity of the carbonyl stretching
frequency are influenced by the molecular structure surrounding it, making them valuable
for characterising the type of carbonyl function present. The presence of an a,-unsaturated

1,3-diketo moiety in the molecule can be effectively established using IR spectroscopy.

Table 3.10 Possible IR assignments of NLD

Wavenumbers (in cm™) | Possible IR Assignments

3070.3 v Enolic
1655.3 v(C=0)
1564.7 v(C=C) Phenyl
1437.6 vas(C-C-C)

1162.2 vB (C-H)
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The peak at 3070.3 cm™ corresponded to the stretching vibration of the O-H bond
in the enolic form, where a hydroxyl group is adjacent to a carbon-carbon double bond.
This value, while slightly lower than the typical O-H stretching range of 3200-3600 cm™!,
could be attributed to intramolecular hydrogen bonding or resonance effects, but it still fell
within the expected range for an enolic O-H stretch. The peak at 1655.3 cm™ was assigned
to the stretching vibration of the carbonyl (C=0) group. This value was well within the
typical range of 1600—1750 cm™ for C=0 stretching, confirming the presence of a carbonyl
group in the molecule. The peak at 1564.7 cm™! was interpreted as the stretching vibration
of the carbon-carbon double bond (C=C) within a phenyl (aromatic) ring. This peak fell
within the expected range of 1500-1600 cm™ for phenyl C=C stretching, indicating the
presence of aromatic rings in NLD. The peak at 1437.6 cm™ was associated with the
asymmetric stretching vibration of the carbon-carbon bonds (C-C-C) within the molecular
structure, fitting within the typical range of 1400-1600 cm™ for C-C stretching vibrations.
Finally, the peak at 1162.2 cm™! was assigned to the bending vibration (out-of-plane) of the
C-H bonds, a value consistent with the expected range of 1000-1300 cm™ for B(C-H)
bending modes, particularly those in aromatic or alkyl groups. The literature comparison
and functional group analysis confirmed that the assigned wavenumbers were correct and
aligned with well-documented ranges, thereby validating the structure of the

compound®. The IR spectrum of the compound NLD is depicted in Fig 3.12.
'HNMR Spectrum

The *HNMR spectrum of 1,7-bis(3,5-dichloro-2-hydroxyphenyl) hepta-1,6-diene-
3,5-dione (NLD) revealed distinct proton signals that aligned well with the expected
chemical shifts for enolic, methine, alkenyl, phenyl, and hydroxy protons. The various

proton signals observed in the spectrum are given in Table 3.11.

Table 3.11 Proton signals observed in the *H NMR spectrum of NLD (Chemical Shifts &
ppm)

Compound | Enolic | Methine| Alkenyl Phenyl | Hydroxy
NLD 9.88 7.21 7.44-756 | 7.21-7.28 11.32

The enolic proton appeared at 9.88 ppm, a shift typical of enolic protons due to the

deshielding effect of the adjacent carbonyl group, which often placed such protons in the
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9-12 ppm range. The methine proton, observed at 7.21 ppm, fell within the 4.5-7.5 ppm
range expected for methine protons, especially in aromatic or conjugated systems, where
conjugation with the phenyl group could further push the signal downfield. The alkenyl
proton signal between 7.44-7.56 ppm suggested the presence of protons on a double bond
(C=C), particularly when adjacent to electron-withdrawing groups, leading to a shift
slightly higher than the typical 5-7 ppm range. The phenyl protons, appearing between
7.21-7.28 ppm, were consistent with the 7.0-8.0 ppm range expected for aromatic protons,
reflecting the deshielding effects within the aromatic system. The hydroxy proton signal at
11.32 ppm was characteristic of a highly deshielded proton, positioned near an electron-
withdrawing group, which typically resulted in a shift around 10-12 ppm. Collectively,
these observed chemical shifts provided strong evidence that the proton environments in
NLD were accurately represented, with the downfield shifts attributable to factors such as
conjugation, electron-withdrawing effects, and hydrogen bonding. The *H NMR spectrum
of NLD is brought out in Fig.3.13.

13C NMR Spectra

The 3C NMR spectrum of NLD revealed distinct carbon signals that corresponded
to various environments within the molecule, validating their chemical shifts. The **C NMR

spectral details of NLD are given in Table 3.12.

Table 3.12 ¥C NMR spectral data of NLD (Chemical Shifts § ppm)

C: Co,Cxr | C3,Ca | CuCs Cs,Csr
100.44 | 195.16| 131.19| 156.03| 121.52
Ce,Ce | C7,Cr | Cg,Cs | Co,Co | Ci0,Car
159.90 | 123.54 | 136.60 | 121.52| 156.03

The signal at 100.4 ppm likely represented a carbon in an sp2-hybridized
environment, possibly involved in a conjugated system, which typically resonated between
90-150 ppm. Signals at 195.16 ppm corresponded to carbonyl carbons (C=0), which were
highly deshielded and usually appeared between 190-220 ppm. The 131.19 ppm signals
aligned with carbons in an alkenyl group involved in conjugation, consistent with aromatic
carbons that resonated between 120-140 ppm. The 156.03 ppm signals indicated carbons
affected by both the phenyl ring and adjacent alkenyl chain with carbonyl groups, fitting
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the typical 150-165 ppm range for phenolic carbons with such substituents. The 121.52
ppm signal matched carbons in an aromatic or alkenyl environment without strong
electronegative groups, fitting the 115-130 ppm range. Signals at 159.90 ppm, highly
deshielded, suggested a carbon in an environment with significant electronegativity effects,
such as those adjacent to chlorine. Carbons at 123.54 ppm were likely in an aromatic ring,
resonating at 110-120 ppm, while the 131.19 ppm signal, despite the expectation of a higher
shift due to chlorine, was consistent with a balance of inductive and resonance effects. The
121ppm signal for a carbon attached to a chlorine atom and adjacent to hydroxyl and
chlorine-bearing carbons reflected a moderate downfield shift due to the interplay of these
effects. The 156.03 ppm signal corresponded to a carbon adjacent to an aromatic ring which
bears a hydroxyl group and two chlorin atoms and is also conjugated with an alkenyl chain
bearing carbonyl groups, aligning with the expected shift for such an environment. The
spectrum's chemical shifts supported the presence of the described functional groups and
confirmed the structure of NLD (Fig.3.14)

Mass Spectrum

Mass spectrometry was primarily used to determine the molecular weight of
compounds. The mass spectra displayed both molecular ion peaks and fragment ion peaks,
which provided detailed information about the compound's structure. In the mass spectrum
of this compound, intense molecular ion peaks were observed, indicating the molecular

weight.

Important peaks that appeared in the spectrum of the compound can be conveniently
accounted for by the fragmentation pattern as shown in (Fig.3.15) and the values are
brought out in Table 3.13

Table 3.13 Molecular ion peaks of NLD

M*/M+llon| a | b | ¢ | d e f g

443 228 | 214 | 173 | 186 | 160 | 282 | 256

*The alphabets correspond to the fragments given in the fragmentation scheme in
Fig.3.15



Chapter 3 |88

The M*! ion of NLD is observed at 443. Other important peaks of NLD due to
fragment ion peaks which their fragmentation patterns can explain.

In the mass spectrum of NLD, there was an intense molecular ion peak at 443. The peak
observed at 214 is due to [CoHs Cl,O2]*. The peak at 173 is due to the molecular
ion[C7HsCLO]". The peak at 186 is due to [CgHs Cl.O]". The peak at 282 is due to the
fragment [C13H4Cl03]" and the peak at 256 is due to [C11H7Cl,O3]". The mass spectrum
of the compound NLD is given in Fig. 3.15
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Fig.3.12 The IR spectrum of NLD
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3.5.1.2.2 Synthesis and characterization of Cu (NLD). and Zn (NLD)>

3.5.1.2.2.1. Synthesis and characterization of Cu complex of 1,7-Bis(3,5-dichloro-2-
hydroxyphenyl) hepta-1,6-diene-3,5-dione [Cu (NLD):]

The copper(Il) complex of the curcuminoid analogue NLD exhibited a molecular
weight of 948.81 g/mol and a melting point of 282°C. Elemental analysis revealed carbon,
hydrogen, and metal contents of 47.51%, 2.01%, and 6.20%, respectively, which closely
aligned with the theoretical values of 47.86%, 2.33%, and 6.66%. The overall yield of the

compound was 85%.
Characterization of Cu (NLD):

The metal complex Cu (NLD). was characterized through a range of spectroscopic
and analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry.
The spectral data obtained from the synthesized complex are summarized and discussed

below.
IR Spectrum

The metal complex Cu (NLD). exhibited distinct spectral features that confirmed
the successful coordination of the ligand to the metal ion (Fig 3.16). The absence of a strong
band in the 1650-1800 cm™ region, particularly the disappearance of the carbonyl peak at
1630 cm™, along with the appearance of a new band at 1586.0 cm™, indicated that the
enolic proton had been replaced by the metal ion, resulting in a metal-coordinated carbonyl
group. The shift of the carbonyl stretching vibration to 1586.0 cm™ suggested chelation,
which lowered the frequency compared to a free carbonyl group. Additionally, the band at
1491.0 cm™ was associated with the asymmetric stretching of the C-C-C bond within a
cyclic ring, suggesting the presence of an aromatic structure. The low-frequency bands at
446.1 cm! and 427.5 cm™ corresponded to metal-oxygen (M-O) stretching vibrations,
confirming the coordination of the metal with oxygen atoms and indicating a complex

metal-ligand structure.
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'HNMR Spectrum

The various proton signals identified in the *H NMR spectrum of the Cu(ll)
complex of 1,7-bis (3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione (NLD) are

summarized in Table 3.14

Table 3.14 Proton signals observed in the 'H NMR spectrum of Cu (NLD):
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy
Cu (NLD),| 7.33 |7.30-7.61|7.21-7.29| 11.37

The *H NMR spectrum of the Cu(ll) complex of 1,7-bis(3,5-dichloro-2-
hydroxyphenyl)hepta-1,6-diene-3,5-dione (Cu(NLD).) provided key insights into the
proton environment within the complex (Fig. 3.17). The signal at 7.33 ppm was attributed
to the methine proton (—-CH-) of the complex. This downfield shift suggested that the
methine proton was influenced by its electronic environment, likely due to coordination
effects from the copper ion. The alkenyl protons (-CH=CH-) appeared in the range of 7.30-
7.61 ppm, indicating that these protons experienced varying electronic environments,
possibly due to conjugation with aromatic rings and coordination with the metal ion. The
signals at 7.21-7.29 ppm were assigned to the aromatic (phenyl) protons, with their shifts
being typical for aromatic protons and influenced by the ring current effect. The slight
variation in shifts could have been due to the different electronic environments of the two
phenyl rings, potentially affected by the metal ion coordination. The signal at 11.37 ppm
corresponded to the hydroxy proton (—-OH), and its downfield shift was characteristic of the
hydroxy group in the complex, indicating the presence of an electron-withdrawing group

(CI) that led to significant deshielding of the proton.
Mass Spectrum

Table 3.15 Molecular ion peaks of Cu (NLD)2

M*/(M+1)/(M+2)ion| a | b | ¢ | d | e f g | h [ j
948 787 | 626 | 465 | 304 | 166 | 505 | 183 | 443 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.18
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The mass spectrum of the Cu(Il) complex of NLD showed an intense molecular ion
peak at m/z 948, indicating the intact molecular weight of the compound. The peaks at m/z
626 and 304 corresponded to the removal of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3,5-dichloro-2-hydroxyphenyl group. The peak at
m/z 505 was attributed to the [ML]* fragment, where M was the metal (Cu) and L was the
ligand (1,7-Bis(3,5-dichloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione). Additional
fragment ions were observed at m/z 787, 465, 183, 443, 122, and 121, supporting the
fragmentation patterns and structural components of the Cu (NLD). complex. The mass
spectrum of Cu(NLD): is shown in Fig.3.18
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Fig.3.16 The IR spectrum of Cu (NLD)2
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Fig.3.17 The '"H NMR spectrum of Cu (NLD)
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Fig.3.18 The Mass spectrum of Cu (NLD)2
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3.5.1.2.2.2. Synthesis and characterization of Zn complex of 1,7-Bis(3,5-dichloro-2-
hydroxyphenyl) hepta-1,6-diene-3,5-dione [Zn(NLD)>]

The Zn(II) complex of the curcuminoid analogue NLD had a molecular weight of
949.81 g/mol and a melting point of 286°C. Elemental analysis revealed carbon, hydrogen,
and metal contents of 47.15%, 2.12%, and 6.42%, respectively, closely aligning with the
theoretical values of 47.76%, 2.32%, and 6.84%. The synthesis yielded 88% of the
compound.
Characterization of Zn (NLD)>

The metal complex Zn (NLD). was characterized through a range of spectroscopic
and analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry.
The spectral data obtained from the synthesized complex are summarized and discussed
below.
IR Spectrum

The disappearance of the carbonyl peak around 1630 cm™, and the shift to a lower
frequency (1592.2 cm™) indicated that chelation had occurred, where the carbonyl oxygen
coordinated with the metal ion, lowering the bond order of the C=0 bond and consequently
reducing the frequency of the stretching vibration. The band observed at 1503.5 cm™ was
attributed to the asymmetric stretching of the C-C-C bond, typically within an aromatic or
conjugated structure, suggesting the presence of an aromatic ring or a highly conjugated
system, which was consistent with the structure of curcuminoid ligands. The low-frequency
bands at 446.1 cm™ and 415.1 cm™ were correctly interpreted as metal-oxygen (M-O)
stretching vibrations, confirming that the metal ion Zn(11)) was indeed coordinated with the
oxygen atoms of the ligand, reinforcing the formation of a complex. It was also considered
that the band at 1592.2 cm™ could have been influenced by interactions between the metal
and other coordinating atoms, such as oxygen from hydroxyl groups within the ligand,
potentially contributing to the shift in the carbonyl stretching frequency. The absence of a
strong band in the 1650-1800 cm™ region, typically associated with free carbonyl groups,
further supported the involvement of the carbonyl groups in coordination with the metal
(Fig.3.19).
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'HNMR Spectrum

The various proton signals identified in the *H NMR spectrum of the Zn (lI)
complex of 1,7-Bis(3,5-dichloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione Zn (NLD)

are summarized in Table 3.16

Table 3.16 Proton signals observed in the 'H NMR spectrum of Zn(NLD),
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl Phenyl | Hydroxy
Zn(NLD)2 | 709 | 7.40-7.61 | 7.21-7.25 | 11.37

In the "H NMR spectrum of Zn(NLD)., the methine proton appeared at 7.29 ppm,
showing a downfield shift consistent with the deshielding effect caused by coordination
with the Zn(I1) ion. This shift, compared to the typical 7.21 ppm in free NLD, confirmed
the involvement of the methine proton in coordination. The alkenyl protons were observed
in the range of 7.40-7.61 ppm, slightly downfield compared to their usual range of 6.50-
7.50 ppm. This shift likely resulted from the altered electronic environment due to
coordination, leading to slight deshielding. The phenyl protons were recorded between
7.21-7.25 ppm, a range consistent with aromatic protons, especially considering the
electron-withdrawing effects of the coordinated Zn(ll). This range overlapped with the
phenyl proton region in free NLD, supporting their assignment. Lastly, the signal at 11.37
ppm corresponded to the hydroxy proton (-OH), with its downfield shift indicating
significant deshielding, likely caused by a nearby electron-withdrawing group (Cl). The
chemical shifts observed in Zn(NLD): were consistent with the expected effects of Zn(II)
coordination, providing strong evidence that the proton signals were correctly assigned in
the spectrum (Fig.3.20).

Mass Spectrum

Table 3.17 Molecular ion peaks of Zn (NLD):

M*/(M+1)/(M+2)ion| a | b | ¢ | d | e f | g | h [ j

950 788 | 627 | 466 | 305 | 160 | 506 | 184 | 443 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.21
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The mass spectrum of the Zn(11) complex of NLD showed an intense molecular ion
peak at m/z 950, indicating the intact molecular weight of the compound. The peaks at m/z
627 and 305 corresponded to the loss of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3,5-dichloro-2-hydroxyphenyl group. The peak at
m/z 506 was attributed to the [ML]" fragment, where M was the metal (Zn) and L was the
ligand (1,7-Bis(3,5-dichloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione). Additional
fragment ions were observed at m/z 788, 466, 160, 184, 443,122 and 121 supporting the
fragmentation patterns®® and structural components of the Zn(NLD). complex. The mass

spectrum of Zn(NLD). was shown in Fig.3.21
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Fig.3.19 The IR spectrum of Zn (NLD):
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3.5.1.3. Synthesis and characterization of (1E,6E)-1,7-bis (6-methoxy naphthalene-2-
yl) hepta-1,6-diene-3,5-dione and its Metal Chelates (NLE)

3.5.1.3.1 Synthesis and characterization of NLE

1,7-Bis(6-methoxynaphthalen-2-yl)hepta-1,6-diene-3,5-dione (NLE) was
synthesized through the condensation of 6-methoxy-2-naphthaldehyde (0.01 M) with an
acetylacetone—boron complex and B:0Os in ethyl acetate (7.5 mL). The reaction was carried
out in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing agent. The synthesized product exhibited a melting point of 245°C and a
molecular weight of 436 g/mol, with a yield of approximately 85%. Elemental analysis
showed carbon and hydrogen contents of 79.1% and 4.98%, respectively, which closely
aligned with the theoretical values of 79.8% and 5.54%.

Characterization of NLE

The synthesized compound NLE was characterized using various spectroscopic
techniques, including IR, *H NMR,**C NMR, and mass spectrometry. The spectral data of

the compound are discussed below.
IR Spectrum

The IR peaks for NLE were interpreted based on typical absorption ranges for

various functional groups. The probable IR signals are shown in Table 3.18.

Table 3.18 Possible IR assignments of NLE

Wavenumbers (in ecm™) | Possible IR Assignments
2993.4 v Enolic
1613.9 v(C=0)
1585.4 v(C=C) Phenyl
1466.1 vas(C-C-C)
1148.9 vB (C-H)
951.2 V(CH=CH) trans

The wavenumber 2993.4 cm™* corresponded to the hydroxyl group (-OH) stretching

vibration attached to the enolic structure. This value was slightly lower than the typical
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O-H stretching range of 3200-3550 cm!, likely due to intramolecular hydrogen bonding or
conjugation with a C=C bond, which could shift the absorption frequency downward. The
wavenumber 1613.9 cm™ represented the stretching vibration of the carbonyl (C=0) group,
which typically falls within 1600-1750 cm™. The exact position was influenced by
conjugation with a C=C bond or the presence of electronegative substituents, explaining

the observed value.

The wavenumber 1585.4 cm! was associated with the C=C stretching vibration
within the aromatic phenyl ring, fitting well within the expected 1450-1600 cm™* range.
The wavenumber 1466.1 cm™ was attributed to the asymmetric stretching vibration of the
C-C-C bond, commonly observed in alkanes or similar structures, with typical ranges
between 1400-1470 cm™. The value of 1148.9 cm™! corresponded to the in-plane bending
(deformation) vibration of the C-H bond, which usually appears in the range of 1000-1300
cm!, supporting its validity as a C-H bending mode. The wavenumber 951.2 cm™! was
linked to the out-of-plane bending vibration of the C-H bond in a trans-alkene structure,
consistent with the expected range of 960-970 cm™ for such vibrations. Thus, the IR
assignments for NLE were consistent with standard absorption ranges, and any slight
deviations were attributed to specific molecular factors such as conjugation, hydrogen

bonding, or the influence of neighbouring substituents (Fig.3.22).

'HNMR Spectrum

The *H NMR spectrum of 1,7-bis(6-methoxynaphthalen-2-yl)hepta-1,6-diene-3,5-
dione (NLE) showed distinct proton signals that corresponded closely with the expected
chemical shifts for enolic, methine, alkenyl, phenyl, and hydroxy protons. The various

proton signals observed in the spectrum are given in Table 3.19

Table 3.19 Proton signals observed in the *H NMR spectrum of NLE(Chemical Shifts &
ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl | Methoxy
NLE 10.08 6.54 |6.68-7.82|7.11-7.78| 3.84
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The chemical shift at 10.08 ppm was characteristic of an enolic proton, typically
found downfield due to its involvement in hydrogen bonding with a nearby carbonyl group,
which led to deshielding and a higher chemical shift. The methine proton appeared at 6.54
ppm, consistent with methine protons in conjugated systems, where moderate deshielding
occurred due to the electron-withdrawing effects of adjacent double bonds. The alkenyl
protons resonated in the range of 6.68-7.82 ppm, as expected for protons within a
conjugated diene system, where the influence of adjacent double bonds caused deshielding.
The phenyl protons, resonating between 7.11-7.78 ppm, fell within the typical range for
aromatic protons, where the electron-withdrawing effects of the aromatic ring resulted in
downfield shifts. The methoxy protons resonated at 3.84 ppm, a chemical shift
characteristic of protons in a methoxy group attached to an aromatic ring, where the oxygen
atom provided electron density, leading to a relatively upfield shift. These assignments
were supported by the characteristic chemical shifts observed in NMR spectroscopy for
similar functional groups in conjugated and aromatic systems, providing strong evidence

that the assignments were correct. The *H NMR spectrum of NLE is brought out in Fig.3.23

13C NMR Spectra
The 3C NMR spectrum of NLE revealed distinct carbon signals corresponding to
various environments within the molecule, confirming the accuracy of their chemical shifts.

The 3C NMR spectral details of NLE are given in Table 3.20

Table 3.20 *C NMR spectral data of NLE (Chemical Shifts & ppm)

C1 C2,C | C3Cs | CoCs | C5,Cs | C6,Co | Cr,Cr
101.16 | 192.18 | 131.22 | 140.24 | 132.44 | 127.86 | 129.58
Cs,Cs | Co,Cq | C10,Ca0 | C11,Car | C12,Ca2 | C13,Caz | C14,Caq | C15,Cam
119.54 | 158.00 | 106.06 | 127.00 | 123.74 | 129.20 | 134.4 | 55.57

The interpretation of the 3C NMR spectrum for NLE was based on well-established
chemical shift ranges corresponding to specific carbon environments. The signal at 101.16
ppm was attributed to Ci, consistent with carbons in conjugated systems, such as alkenes,

which typically resonate between 100-140 ppm. The signals at 192.18 ppm for C, and Cz were
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indicative of carbonyl carbons (C=0) in ketones, known to be highly deshielded and typically
found in the 190-220 ppm range. Cz and Cz were assigned to the signal at 131.22 ppm, which
corresponded to carbons in an alkenyl group involved in conjugation, fitting within the 120-
140 ppm range for such environments. The signal at 140.24 ppm for C4 and C4 was consistent
with alkenyl carbons in a conjugated system, where resonance effects caused deshielding,
placing these carbons within the expected 130-160 ppm range.The 132.44 ppm signal for Cs
and Cs was aligned with aromatic carbons, which typically resonate between 120-150 ppm,
confirming their placement within an aromatic system. Similarly, Cs and Ce at 127.86 ppm
and C; and C+ at 129.58 ppm were also assigned to aromatic carbons, supported by literature
values for aromatic carbons in conjugated systems. The 119.54 ppm signal for Cg and Cg was
indicative of carbons in an aromatic ring adjacent to a methoxy group (-OCHs), fitting within
the 110-160 ppm range influenced by the electron-donating nature of the methoxy group.Co
and Co were assigned to the 158.00 ppm signal, characteristic of carbons in an aromatic ring
directly carrying a methoxy group, typically appearing in the 150-160 ppm range due to the
deshielding effect of the electronegative oxygen atom. The 106.06 ppm signal for C1o and Cio
was consistent with carbons in less deshielded aromatic rings or those adjacent to electron-
donating groups, typically resonating in the 100-120 ppm range. The 127.86 ppm signal for
C11 and Ciy aligned with typical aromatic carbons, while the 123.74 ppm signal for C12 and
C12' was consistent with aromatic carbons resonating in the 120-140 ppm range.The signal at
129.20 ppm for C13 and C13 confirmed the presence of a conjugated aromatic system, and the
134 ppm signal for C14 and Ci4 indicated aromatic carbons within a conjugated system,
supported by the 130-160 ppm range for such environments. Finally, the 55.57 ppm signal for
Cis and Cis was characteristic of methoxy groups (-OCHs) attached to aromatic rings,
typically resonating between 50-60 ppm due to the electron-donating effect of the oxygen
atom. These chemical shifts and their corresponding environments were supported by
extensive NMR spectroscopy studies and reference data from standard NMR tables,

confirming that the assignments were correct and aligned with the structure of NLE(Fig.3.24)

Mass Spectrum

In the mass spectrum of NLE, prominent molecular ion peaks were observed,
confirming the molecular weight.

Important peaks that appeared in the spectrum of the compound can be conveniently
accounted for by the fragmentation pattern as shown in Fig 3.25 and the values are brought
out in Table 3.21.
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Table 3.21 Molecular ion peaks of NLE

M*/M+llon| a | b c d e f g

437 225|211 | 171|183 | 157 | 279 | 253

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.25

The M*™ ion of NLE was observed at 437, along with other significant peaks
corresponding to fragment ions, which can be explained by their fragmentation patterns. In
the mass spectrum of NLE, a prominent molecular ion peak appeared at 437. The peak at
225 was attributed to the fragment ion [CisH1302]*, while the peak at 211 corresponded to
the ion [C1sH11O2]". The peak at 171 was due to the fragment [C12H1:O]", and the peak at
157 was associated with the ion [C1:H4O]". Additionally, the peak at 279 was attributed to
the fragment ion [CisHisOs]*, the peak at 183 to [CisHiiO]", and the peak at 253 to
[Ci6H1307*.
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3.5.1.3.2 Synthesis and Characterization of Cu(NLE)2 and Zn(NLE);

3.5.1.3.2.1. Synthesis and Characterization of Cu complex of 1,7-bis (6-methoxy
naphthalene-2-yl) hepta-1,6-diene-3,5-dione [Cu (NLE)-]

The copper(Il) complex of the curcuminoid analogue NLE had a molecular weight
of 933.25 g/mol and a melting point of 265°C. Elemental analysis showed carbon,
hydrogen, and metal contents of 74.00%, 4.36%, and 6.41%, respectively, closely matching
the theoretical values of 74.54%, 4.96%, and 6.8%. The compound was obtained with a
yield of 87%.

Characterization of Cu(NLE):

The metal complex Cu(NLE). was characterized through various spectroscopic and
analytical techniques, such as IR spectroscopy, *H NMR, and mass spectrometry. The

spectral data obtained from the synthesized complex are summarized and discussed below.
IR Spectrum

The metal complex Cu(NLE): displayed distinct spectral characteristics that
verified the successful coordination of the ligand with the metal ion (Fig.3.36). The absence
of a prominent absorption band in the 1650-1800 cm™ region, particularly the
disappearance of the carbonyl peak at 1630 cm™, along with the emergence of a new band
at 1592.2 cm™, indicated that the enolic proton had been substituted by the metal ion,
leading to the formation of a metal-coordinated carbonyl group. The shift of the carbonyl
stretching frequency to 1592.2 cm™ was indicative of chelation, which reduced the
frequency relative to a free carbonyl group. Furthermore, the band observed at 1532.4 cm™
was attributed to the asymmetric stretching of the C-C-C bond within an aromatic ring,
suggesting the presence of an aromatic system. The low-frequency bands at 446.1 cm™ and
427.5 cm! were assigned to metal-oxygen (M-O) stretching vibrations, confirming the
coordination of the metal to oxygen atoms and indicating the formation of a complex metal-

ligand structure.
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'HNMR Spectrum

The various proton signals identified in the *H NMR spectrum of the Cu(ll)
complex of 1,7-bis(6-methoxy naphthalene-2-yl)hepta-1,6-diene-3,5-dione [Cu(NLE):]

were summarized in Table 3.22

Table 3.22 Proton signals observed in the *HNMR spectrum of Cu (NLE):
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Methoxy
Cu(NLE)> | 6.89 |6.96-7.91|7.29-7.93| 3.96

The *H NMR spectrum of the of [Cu(NLE).] provided key insights into the proton
environment within the complex (Fig.3.27). The methine protons in Cu(NLE). appeared at
6.89 ppm, slightly downfield compared to the methine protons in free NLE, which were
observed around 6.54 ppm. This downfield shift was consistent with the coordination of
the ligand to the Cu(ll) ion, as metal coordination generally causes deshielding of protons.
The observed shift to 6.89 ppm indicated that the methine protons were influenced by the
metal coordination as expected. The alkenyl protons were observed in the range of 6.96-
7.91 ppm, slightly downfield compared to the typical 6.50-7.50 ppm range for alkenyl
protons in free NLE. This shift suggested that coordination with Cu(ll) affected the
electronic environment of the alkenyl protons, leading to a downfield shift. The phenyl
protons appeared in the range of 7.29-7.93 ppm, broader and slightly higher than the typical
7.0-8.0 ppm range for phenyl protons in free NLE. This broader range was consistent with
the effects of metal coordination, which likely altered the electronic environment of the
aromatic ring. The observed shift suggested that the phenyl protons experienced some
degree of deshielding due to interaction with the metal centre. The methoxy protons were
observed at 3.96 ppm, which was consistent with their expected range, typically around
3.8-4.0 ppm in free NLE. The chemical shift of methoxy protons remained relatively
unaffected by metal coordination compared to other protons, and the observed value of 3.96
ppm aligned well with the typical range for methoxy protons, confirming their assignment
in the spectrum. The chemical shifts observed in the 'H NMR spectrum of Cu(NLE). were

consistent with the effects of Cu(ll) coordination.
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Mass Spectrum
Table 3.15 Molecular ion peaks of Cu (NLE):

MY(M+1)/(M+2)ion| a | b | ¢ | d | e | f| g | h | i]]j

933 776|619 | 462 | 304 | 157 | 498 | 183 | 436 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.28

The mass spectrum of the Cu(Il) complex of NLE showed an intense molecular ion
peak at m/z 933, indicating the intact molecular weight of the compound. The peaks at m/z
619 and 304 corresponded to the loss of two and four Ar groups, respectively, where Ar
represented the 6-methoxy naphthalene-2-yl group. The peak at m/z 498 was attributed to
the [ML]" fragment, where M was the metal (Cu) and L was the ligand (1,7-bis(6-methoxy
naphthalene-2-yl)hepta-1,6-diene-3,5-dione). Additional fragment ions were observed at
ml/z 776, 462, 157, 183, 436,122 and 121, supporting the fragmentation patterns and
structural components of the Cu(NLE): complex®. The mass spectrum of Cu(NLE): is

shown in Fig.3.28.
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3.5.1.3.2.2. Synthesis and characterization of Zn complex of 1,7-bis(6-methoxy
naphthalene-2-yl)hepta-1,6-diene-3,5-dione [Zn(NLE)2]

The Zn(II) complex of the curcuminoid analogue NLE had a molecular weight of
934.25 g/mol and a melting point of 270°C. Elemental analysis showed carbon, hydrogen,
and metal contents of 74.51%, 4.25%, and 6.72%, respectively, which closely matched the
theoretical values of 74.4%, 4.95%, and 6.98%. The synthesis achieved a yield of 92%.

Characterization of Zn(NLE)

The metal complex Zn(NLE). was characterized using various spectroscopic and
analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry. The

spectral data obtained from the synthesized complex are summarized and discussed below.
IR Spectrum

The spectral analysis of the Zn(NLE). complex confirmed the successful
coordination of the ligand with the metal ion through distinct features. The disappearance
of the carbonyl peak at 1630 cm™ and the appearance of a new band at 1592.2 cm™!
indicated the coordination of the enolic form of the ligand with the metal, replacing the
enolic proton. This shift to a lower frequency suggested chelation, where the carbonyl
group was weakened, leading to a reduced stretching frequency. The presence of a band at
1527.9 cm™, attributed to the C-C-C stretching within the aromatic ring, indicated that the
aromatic system of the ligand remained intact in the complex. Additionally, low-frequency
bands at 459.4 cm™ and 415.1 cm™! were identified as metal-oxygen (M-O) stretching
vibrations, further confirming the coordination of the metal ion to the oxygen atoms. These
observations collectively validated the formation of the Zn(NLE). complex, showcasing

the ligand's successful integration into the metal-ligand structure (Fig.3.29).
'HNMR Spectrum

The various proton signals identified in the tH NMR spectrum of the Zn(11) complex
of 1,7-bis(6-methoxy naphthalene-2-yl)hepta-1,6-diene-3,5-dione [Zn(NLE).] were

summarized in Table 3.24
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Table 3.24 Proton signals observed in the 'H NMR spectrum of Zn(NLE),
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl Methoxy
Zn(NLE). | 7.17 7.17-7.93 | 7.24-7.79 | 3.96

The *H NMR spectrum of the Zn(NLE). complex displayed chemical shifts
indicative of successful metal coordination. The methine proton appeared as a singlet at
7.17 ppm, consistent with deshielding caused by the electron-withdrawing effects of
adjacent carbonyl groups and Zn(I1) coordination. Alkenyl protons were observed between
7.17 and 7.93 ppm, a range that reflects the deshielding effects of conjugation and metal
interaction, aligning with the expected 6.5-8.0 ppm range for such protons. The phenyl
protons exhibited a broader range of 7.24-7.79 ppm, slightly higher than in free NLE,
indicating altered electronic environments due to metal coordination. The methoxy protons
appeared at 3.96 ppm, consistent with their typical range, and remained relatively
unaffected by metal coordination. These shifts collectively confirmed the formation of the

Zn(NLE): complex and its successful coordination with the Zn(II) ion (Fig.3.30).
Mass Spectrum

Table 3.25 Molecular ion peaks of Zn (NLE):

M*/(M+1)/(M+2)ion| a | b c d e f g h i ]
934 777 | 620 | 463 | 305 | 157 | 499 | 184 | 436 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig.3.31

The mass spectrum of the Zn(I1) complex of NLE showed an intense molecular ion
peak at m/z 934, indicating the intact molecular weight of the compound. The peaks at m/z
620 and 305 corresponded to the loss of two and four Ar groups, respectively, where Ar
represented the 6-methoxy naphthalene-2-yl group. The peak at m/z 499 was attributed to
the [ML]" fragment, where M was the metal (Zn) and L was the ligand (1,7-bis(6-methoxy
naphthalene-2-yl)hepta-1,6-diene-3,5-dione). Additional fragment ions were observed at
m/z 777, 620, 463, 305, 157, 184, 436, 122 and 121, supporting the fragmentation patterns
and structural components of the Zn(NLE). complex. The mass spectrum of Zn(NLE): is
shown in (Fig.3.31).
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3.5.1.4. Synthesis and characterization of (1E,6E)-1,7-bis(3-ethoxy-2-hydroxy
phenyl) hepta-1,6-diene-3,5-dione (NLF)

3.5.1.4.1 Synthesis and characterization of NLF

1,7-bis(3-ethoxy-2-hydroxy phenyl) hepta-1,6-diene-3,5-dione (NLF) was
synthesized through the condensation reaction of 3-ethoxysalicylaldehyde (0.01 M) with
an acetylacetone—boron complex and B20Os in a volume of ethyl acetate (7.5 mL). The
synthesis was executed in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine
(0.1 mL) serving as the condensing agents. The resultant compound exhibited a melting
point of 210°C and a molecular weight of 396 g/mol, with an approximate yield of 83%.
Elemental analysis demonstrated carbon and hydrogen contents of 69.01% and 5.64%,

respectively, which closely correspond to the theoretical values of 69.68% and 6.1%.

Characterization of NLF

The synthesized compound NLF was characterized using various spectroscopic
techniques, including IR, *H NMR, 3C NMR, and mass spectrometry. The spectral data of
the compound are discussed below.
IR Spectrum
The IR peaks for NLF can be interpreted based on the typical absorption ranges associated

with different functional groups. The probable IR signals are displayed in Table 3.26.

Table 3.26 Possible IR assignments of NLF

Wavenumbers (in ecm™) | Possible IR Assignments
2993.4 v Enolic
1641.5 v(C=0)
1571.6 v(C=C) Phenyl
1458.2 vas(C-C-C)
980.4 v(CH=CH) trans

The peak at 2993.4 cm™ was identified as the O-H stretching vibration in an enolic
group. Typically, enolic O-H stretching appears in the range of 3200-3550 cm™'; however,
due to hydrogen bonding, this frequency was observed to be slightly lower, around 2993
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cm, indicating the involvement of the enolic O-H in hydrogen bonding, which weakened
the O-H bond and reduced the stretching frequency. The peak at 1641.5 cm™ was assigned
to the carbonyl (C=0) stretching vibration. Normally, the v(C=0) in ketones, aldehydes,
and similar functional groups appears within the range of 1650—-1750 cm™. The slight shift
to 1641.5 cm™ suggested the presence of conjugation with a double bond or aromatic ring,
which decreased the bond order and lowered the stretching frequency. The peak at 1571.6
cm!, was attributed to the C=C stretching in the phenyl ring. Aromatic C=C stretching
vibrations generally occur in the range of 1450-1600 cm™. The observed frequency at
1571.6 cm™* fell within this range, confirming the assignment. The peak at 1458.25623 cm™
was associated with the asymmetric stretching vibration of the C-C-C bonds within a
phenyl ring or similar structure. Such vibrations typically appear around 1400-1500 cm™,
and the observed value of 1458.2 cm™ fits well within this expected range, supporting the
assignment. The peak at 980.4 cm™ was linked to the out-of-plane deformation (wagging)
of the CH=CH group in a trans-alkene. This vibration usually occurs in the range of 960—
1000 cm™, and the observed value of 980.4 cm™ aligned with the expected range,
confirming the assignment. In conclusion, the IR spectral assignments for NLF were
accurate and consistent with standard vibrational frequency ranges, with the observed shifts
in v(Enolic) and v(C=0) being explained by factors such as hydrogen bonding and
conjugation (Fig.3.32)

'HNMR Spectrum

The *H NMR spectrum of 1,7-bis(3-ethoxy-2-hydroxyphenyl)hepta-1,6-diene-3,5-
dione (NLF) showed distinct proton signals that corresponded closely with the expected
chemical shifts for enolic, methine, alkenyl, phenyl, and hydroxy protons. The various

proton signals observed in the spectrum are given in Table 3.27.

Table 3.27 Proton signals observed in the *H NMR spectrum of NLF (Chemical Shifts &
ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl Ethoxy | Hydroxy

4.09-4.14
NLF 9.90 6.80 |6.91-7.28 | 6.87-7.09 11.08
1.41-1.47
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The signal at 9.90 ppm was attributed to the enolic proton, which typically resonates
downfield due to the deshielding effect of the adjacent electronegative oxygen atom and
possible hydrogen bonding. This chemical shift fell within the expected range for enolic
protons, generally appearing between 9.5 and 12 ppm. The methine proton signal at 6.80
ppm was consistent with values typically found for methine protons adjacent to double
bonds or aromatic rings, where deshielding effects shift the resonance to this range. The
broad range of signals between 6.91 and 7.28 ppm was assigned to the alkenyl protons,
fitting well within the expected chemical shift range for alkenes, which usually appear
between 5.5 and 7.5 ppm, depending on the degree of conjugation and electronegativity of
substituents. The phenyl protons, resonating between 6.87 and 7.09 ppm, were consistent
with aromatic protons, which generally appear between 6.5 and 8.5 ppm, depending on the
substitution pattern and electronic environment. The signals between 4.09 ppm and 4.14
ppm corresponded to the CH. protons in the OCH2CHs group and the signals between
1.41and 1.47 ppm corresponded to the CH3 protons in the OCH2CHs group, with chemical
shifts typically observed between 3.0 and 4.5 ppm due to the influence of the
electronegativity of the oxygen atom and the surrounding environment. The OH group
attached to an aromatic ring and near an ethoxy group (-OCH->CHs) did indeed appear at &
11.08 ppm in the *H NMR spectrum. The deshielding effect caused by the aromatic ring,
combined with the possible conjugation and the presence of the ethoxy group, caused the
OH proton to resonate at this downfield chemical shift. This value was consistent with the
expected chemical shift for a hydroxyl proton in such an environment. These assignments
confirmed that the *H NMR spectrum of NLF was accurate and consistent with standard
chemical shift ranges for the corresponding proton environments. The *H NMR spectrum
of NLF is brought out in Fig.3.33

13C NMR Spectra
The 3C NMR spectrum of NLF revealed distinct carbon signals corresponding to

various environments within the molecule, confirming the accuracy of their chemical shifts.
The details of the 13C NMR spectrum for NLF are provided in Table 3.28.
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Table 3.28 *°C NMR spectral data of NLF (Chemical Shifts § ppm)

C1 C2,Cx | C3,C3 | Cu4,Cs | C5,Cs | Cg,Ce
105.4 | 196.72 | 151.97 | 147.65 | 119.42 | 120.99
C7,Cr | Cg,Cq | Co,Co | C10,Cr0 | C11,C11' | C12,Cr2
124.67 | 119.64 | 119.42 | 151.97 | 64.94 14.83

The 3C NMR spectrum of NLF identified several distinct carbon signals, confirming
the accuracy of their chemical shifts (Fig.3.34). The signal at 105.4 ppm was attributed to an
sp?-hybridized carbon, likely within a substituted aromatic ring or near a double bond,
consistent with the typical 100-120 ppm range. Signals at 196.72 ppm were assigned to
carbonyl carbons, aligning with the 190-220 ppm range due to the carbonyl group’s strong
deshielding effect. The 151.97 ppm and 147.65 ppm signals corresponded to carbons in a
conjugated system, such as those interacting with a carbonyl group, fitting the 145-160 ppm
range. The 119.42 ppm and 120.99 ppm signals were associated with carbons in an aromatic
ring, consistent with the 110-140 ppm range. The 124.67 ppm signal also indicated carbons
in the aromatic ring. The signal at 119.64 ppm suggested carbons in an aromatic ring near an
ethoxy group (-OCH-CH3s), falling within the 110-130 ppm range due to the electron-donating
effect of the ethoxy group. The 151.97 ppm signal was consistent with carbons in an aromatic
ring attached to a hydroxyl group, reflecting increased deshielding. Signals at 64.94 ppm were
for carbons in an OCH: group, and the 14.83 ppm signal was attributed to a methyl carbon
(CHs).

Mass Spectrum

In the mass spectrum of NLF, prominent molecular ion peaks were observed,
confirming the molecular weight of the compound. Key peaks in the spectrum were
accounted for by the fragmentation pattern detailed in Fig 3.20, Scheme 3.1. The

corresponding values are summarized in Table 3.29

Table 3.29 Molecular ion peaks of NLF

M*/M+1llon| a | b | ¢ | d e f g

396 205|191 | 151 | 163 | 137 | 259 | 233

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.35
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In the mass spectrum of NLF, the molecular ion peak was prominently observed at
396, confirming the molecular weight of the compound. Significant fragment ion peaks
included the following: the peak at 205, which was assigned to the fragment ion
[C12H1303]"; the peak at 191, corresponding to the ion [C11H1103]"; and the peak at 151,
attributed to the fragment [CoH1:102]". The peak at 259 was associated with the ion
[C1sH1504]", and the peak at 233 was linked to the ion [C13H1304]". These fragment ions
align with the expected fragmentation patterns for NLF.
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Fig.3.32 The IR spectrum of NLF
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Fig.3.35 The Mass spectrum of NLF
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3.5.1.4.2 Synthesis and characterization of Cu(NLF)2 and Zn(NLF)

3.5.1.4.2.1 Synthesis and characterization of Cu complex of 1,7-bis(3-ethoxy-2-
hydroxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLF)2]

The copper(Il) complex of the curcuminoid analogue NLF possessed a molecular
weight of 853.23 g/mol and a melting point of 235°C. Elemental analysis indicated carbon,
hydrogen, and metal contents of 64.07%, 5.02%, and 7.21%, respectively, which closely
corresponded to the theoretical values of 64.67%, 5.43%, and 7.44%. The compound was
synthesized with a yield of 72%.

Characterization of Cu(NLF)2

The metal complex Cu(NLF)z was characterized through various spectroscopic and
analytical techniques, such as IR spectroscopy, *H NMR, and mass spectrometry. The

spectral data obtained from the synthesized complex are summarized and discussed below.
IR Spectrum

The copper(Il) complex Cu(NLF). exhibited distinctive spectral features
confirming the successful coordination of the ligand with the metal ion (Fig.3.36). The
absence of a significant absorption band in the 1650-1800 cm™ range, particularly the
disappearance of the carbonyl peak at 1630 cm™, along with the appearance of a new band
at 1586.0 cm™, indicated that the enolic proton had been replaced by the metal ion, resulting
in the formation of a metal-coordinated carbonyl group. The shift of the carbony!l stretching
frequency to 1586.0 cm™ was indicative of chelation, which typically lowers the frequency
compared to a free carbonyl group. Additionally, the band at 1548.9 cm™ was attributed to
the asymmetric stretching of the C-C-C bond within the aromatic ring, suggesting the
presence of an aromatic system. The low-frequency bands at 433.7 cm™ and 402.7 cm™!
were assigned to metal-oxygen (M-O) stretching vibrations, confirming the coordination
of the metal ion to the oxygen atoms and signifying the formation of a metal-ligand

complex.
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'HNMR Spectrum

The various proton signals identified in the *H NMR spectrum of the Cu(ll)
complex of 1,7-bis(3-ethoxy-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLF):]

were summarized in Table 3.30.

Table 3.30 Proton signals observed in the THNMR spectrum of Cu(NLF), (Chemical Shifts
d In ppm)

Complex | Methine | Alkenyl | Phenyl Ethoxy | Hydroxy

4.10-4.16
CUNLF)2 | 690 |6.94-7.29 | 7.05-7.22 11.05

1.46-1.50

The "H NMR spectrum of the Cu(NLF). complex provided insights into the
chemical environment of the protons upon coordination with the Cu(ll) ion (Fig 3.37). The
methine proton, part of the B-diketone structure, resonated at 6.92 ppm, indicating
deshielding due to the electron-withdrawing carbonyl groups and metal coordination. The
alkenyl protons appeared between 6.94 and 7.29 ppm, showing slight deshielding from
metal-induced stabilization of the n-system. Phenyl protons were observed in the 7.05-7.22
ppm range, reflecting changes in the aromatic ring's electronic environment due to metal
interaction. Ethoxy protons (OCH.CHs) resonated at 4.10-4.16ppm as a quartet and1.46-
1.50 as a triplet, indicating minor interaction with the metal. Hydroxy protons appeared at
11.05 ppm, consistent with free hydroxyl groups, suggesting minimal interaction with the
metal. These shifts confirm the successful coordination of the ligand to the Cu(ll) ion and

the formation of the Cu(NLF). complex.
Mass Spectrum

Table 3.31 Molecular ion peaks of Cu (NLF)

M*/(M+1)/(M+2)ion| a | b | ¢ | d | e f | g | h [ j

853 716 | 579 | 442 | 304 | 137 | 458 | 183 | 396 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.38
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The mass spectrum of the Cu(ll) complex of NLF showed an intense molecular ion
peak at m/z 853, indicating the intact molecular weight of the compound. The peaks at m/z
579 and 304 corresponded to the loss of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3-ethoxy-2-hydroxy phenyl group. The peak at
m/z 458 was attributed to the [ML]* fragment, where M was the metal (Cu) and L was the
ligand  (1,7-bis(3-ethoxy-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione).  Additional
fragment ions were observed at m/z 716, 442, 137, 183, 396, 122, and 121, supporting the
fragmentation patterns and structural components of the Cu(NLF). complex. The mass

spectrum of Cu(NLF). was shown in (Fig.3.38)
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Fig.3.36 The IR spectrum of Cu (NLF)2
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3.5.1.4.2.2 Synthesis and Characterization of Zn complex of 1,7-bis(3-ethoxy-2-
hydroxy phenyl)hepta-1,6-diene-3,5-dione [Zn(NLF)2]

The Zn(I1) complex of the curcuminoid analogue NLF had a molecular weight of
854.23 g/mol and a melting point of 239°C. Elemental analysis revealed carbon, hydrogen,
and metal contents of 64.22%, 5.30%, and 7.24%, respectively, closely aligning with the
theoretical values of 64.53%, 5.42%, and 7.64%. The synthesis yielded 75% of the

compound.
Characterization of Zn(NLF)2

The metal coordination compound Zn(NLF). was systematically characterized
by employing an array of spectroscopic and analytical methodologies, including infrared
spectroscopy, proton nuclear magnetic resonance (*H NMR), and mass spectrometry. The
spectral data acquired from the synthesized coordination complex are concisely

summarized and critically discussed in the subsequent sections.
IR Spectrum

The complex Zn(NLF). demonstrated unique spectral characteristics that
corroborate the successful coordination of the ligand with the metal ion (Fig.3.39). The
lack of a prominent absorption band within the 1650-1800 cm™ interval, particularly the
elimination of the carbonyl peak at 1630 cm™, alongside the emergence of a novel band at
1598.4 cm™, suggested that the enolic proton had been substituted by the metal ion,
culminating in the establishment of a metal-coordinated carbonyl moiety. The displacement
of the carbonyl stretching frequency to 1598.4 cm™ served as an indicator of chelation, a
phenomenon that generally results in a reduction of the frequency relative to that of a free
carbonyl group. Furthermore, the band located at 1535.4 cm™' was ascribed to the
asymmetric stretching of the C-C-C bond within the aromatic framework, implying the
existence of an aromatic system. The low-frequency bands observed at 427.5 cm™ and
415.1 cm' were designated as metal-oxygen (M-O) stretching vibrations, thereby
confirming the coordination of the metal ion with the oxygen atoms and denoting the

formation of a metal-ligand complex.
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'HNMR Spectrum
The various proton signals identified in the *H NMR spectrum of the Zn(11) complex
of 1,7-bis(3-ethoxy-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione [Zn(NLF).] were

summarized in Table 3.22
Table 3.22 Proton signals observed in the *H NMR spectrum of Zn(NLF), (Chemical Shifts

d in ppm)
Complex | Methine | Alkenyl | Phenyl Ethoxy | Hydroxy
4.10-4.15
Zn(NLF)2 | 6.92 |6.94-7.29|7.11-7.18 11.06
1.46-1.50

The *H NMR spectrum of the Zn(NLF). complex yielded significant information
regarding the chemical environment of protons after their coordination with the Zn(Il) ion.
The methine proton, which is an integral component of the B-diketone framework,
exhibited resonance at 6.92 ppm, signifying deshielding attributed to the electron-
withdrawing influence of the carbonyl moieties as well as the coordination with the metal
ion. The alkenyl protons, detected within the range of 6.94 to 7.29 ppm, displayed a slight
deshielding effect, presumably due to the stabilization of the m-electron system induced by
the presence of the metal. The phenyl protons manifested within the 7.11-7.18 ppm interval,
indicative of alterations in the electronic environment of the aromatic ring as a consequence
of metal interaction. Ethoxy protons (OCH.CHs) resonated at 4.10-4.15 ppm as a quartet
and 1.46 -1.50 ppm as a triplet, indicating minor interaction with the metal. Hydroxy
protons were noted at 11.06 ppm, which is consistent with the presence of free hydroxyl
groups, thus suggesting negligible interaction with the metal. These chemical shifts
corroborate the effective coordination of the ligand to the Zn(ll) ion and the subsequent
formation of the Zn(NLF). complex(Fig.3.40).

Mass Spectrum
Table 3.23 Molecular ion peaks of Zn (NLF)2

M*/(M+1)/(M+2) ion | a b c |d | e f | g | h [ j

854 717 | 580 | 443 | 305 | 137 | 453|184 | 396 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.41
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The mass spectrum of the Zn(l1) complex of NLF displayed an intense molecular
ion peak at m/z 854, indicating the intact molecular weight of the compound. The peaks at
m/z 580 and 305 corresponded to the loss of two and four Ar groups, respectively, from the
molecular ion, where Ar represented the 3-ethoxy-2-hydroxy phenyl group. The peak at
m/z 453 was attributed to the [ML]" fragment, where M was the metal (Zn) and L was the
ligand 1,7-bis(3-ethoxy-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione. Additional fragment
ions were observed at m/z 717, 443, 137, 184, 396, 122, and 121, supporting the
fragmentation patterns and structural components of the Zn(NLF). complex. The mass

spectrum of Zn(NLF): is shown in (Fig.3.41).
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Fig.3.39 The IR spectrum of Zn (NLF)2
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Fig.3.40 The 'H NMR spectrum of Zn (NLF),
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3.5.1.5. Synthesis and characterization of (1E,6E)-1,7-bis(4-hydroxy-3,5-dimethyl
phenyl)hepta-1,6-diene-3,5-dione(NLG)

3.5.1.5.1 Synthesis and characterization of NLG

1,7-Bis(4-hydroxy-3,5-dimethylphenyl)hepta-1,6-diene-3,5-dione  (NLG) was
synthesized through the condensation of 4-hydroxy-3,5-dimethylbenzaldehyde (0.01 M)
with an acetylacetone—boron complex and B2Os in ethyl acetate (7.5 mL). The reaction was
carried out in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing agent. The synthesized product exhibited a melting point of 291°C and a
molecular weight of 364 g/mol, with a yield of approximately 94%. Elemental analysis
showed carbon and hydrogen contents of 74.89% and 5.89%, respectively, closely aligning
with the theoretical values of 75.8% and 6.64%.

Characterization of NLG

The synthesized compound NLG was characterized using various spectroscopic
techniques, including IR, tH NMR, 3C NMR, and mass spectrometry. The spectral data
obtained from these analyses are detailed below.
IR Spectrum

The infrared peaks observed for 1,7-bis (4-hydroxy-3,5-dimethylphenyl) hepta -
1,6- diene -3,5- dione (NLG) were elucidated through an analysis of the customary
absorption intervals linked to various functional groups. The potential IR spectra are
outlined in the provided Table 3.24

Table 3.24 Possible IR assignments of NLG

Wavenumbers (in ecm™) | Possible IR Assignments
2929.4 v Enolic
1620.9 v(C=0)
1571.6 v(C=C) Phenyl
1479.9 vas(C-C-C)
1128.2 v (C-H)
958.7 v(CH=CH) trans

The enolic O-H stretch, typically found between 3200-3550 cm™, was observed at

a lower frequency of 2929.4 cm™'. This shift suggested the presence of strong
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intramolecular hydrogen bonding or conjugation with the carbonyl group, confirming the
enol form. The carbonyl (C=0) stretch, usually seen between 1650-1750 cm™, appeared at
1620.9 cm™. This lower frequency was attributed to conjugation with adjacent double
bonds or resonance effects, consistent with the behaviour expected in a conjugated system
like NLG. The C=C stretching in aromatic rings, typically occurring between 1450-1600
cm™', was detected at 1571.6 cm™, confirming the presence of a phenyl ring and its
conjugation with the carbonyl group. The asymmetric stretching of the C-C-C bond in an
aromatic system, usually observed between 1400-1500 cm™, was identified at 1479.9 cm™,
supporting the existence of aromatic rings in the structure. The in-plane bending (B) of C-
H bonds in aromatic systems, generally found between 1000-1300 cm™, was seen at 1128.2
cm, indicating the presence of C-H bonds in the aromatic rings. Lastly, the C-H out-of-
plane bending in trans-alkenes, which typically occurs around 960-970 cm™, was observed
at 958.7 cm™. This frequency aligned with the trans configuration of the double bonds in
the compound, confirming the presence of the CH=CH trans group. These spectral
assignments were consistent with the expected functional groups and structural features of

NLG, supporting the accuracy of the IR data (Fig 3.42).

'HNMR Spectrum

The proton signals in the 'H NMR spectrum of NLG exhibited a close
correspondence with the expected chemical shifts for enolic, methine, alkenyl, phenyl, and
hydroxy protons. A detailed listing of the different proton signals identified in the spectrum
can be found in Table 3.25
Table 3.25 Proton signals observed in the *H NMR spectrum of NLG (Chemical Shifts &

ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl Hydroxy | Methyl
NLG 9.79 6.32 |7.11-7.53|7.09-7.12| 7.56 |2.29,2.30

The enolic proton, typically found between 9-12 ppm, resonated at 9.79 ppm,
indicating the presence of an enolic -OH group likely involved in intramolecular hydrogen
bonding. The methine proton at 6.32 ppm aligned with the expected range for protons in a
conjugated diene system, generally between 5.5-7.5 ppm. The alkenyl protons observed
between 7.11-7.53 ppm, were consistent with the expected range for protons attached to

sp? hybridized carbons in a conjugated system. The phenyl protons, resonating between
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7.09-7.12 ppm, fell within the typical range of 7-8 ppm for aromatic protons, confirming
their correct placement. The hydroxy proton at 7.56 ppm, within the 4-12 ppm range,
suggested involvement in hydrogen bonding or interaction with the aromatic system. The
methyl protons at 2.30 ppm aligned with the expected range for methyl groups attached to
aromatic rings, confirming their position in the structure. These chemical shifts collectively
supported the expected proton environments in the *H NMR spectrum of NLG as brought
out in Fig.3.43

13C NMR Spectra

The interpretation of the 3C NMR spectral data for NLG confirmed the accuracy
of the chemical shift ranges. A comprehensive breakdown of the 3C NMR spectrum of
NLG can be found in Table 3.26.

Table 3.26 *C NMR spectral data of NLG (Chemical Shifts § ppm)
C: | CCx | C3Ca | C4Cs | C5Cs | Cs,Ce
100.71 | 191.51 | 131.07 | 140.29 | 129.46 | 128.85
C7,Cr | Cs,Cs | C9,Cq | C10,Ci0 | C11,Ca1' | C12,Ca2
123.65 | 158.11 | 120.00 | 123.79 | 15.90 | 16.00

The signal at 100.71 ppm corresponded to Ci, which, as part of a B-diketone
structure, resonated around 100-120 ppm, indicating its enolic form conjugated with
adjacent double bonds. The carbonyl carbons at C, and C, showed a shift of 191.51 ppm,
consistent with the expected range of 190-210 ppm for conjugated diketone structures.
Carbons at Cz and Cz exhibited shifts of 131.07 ppm, aligning with the range of 120-140
ppm for alkenyl groups in a conjugated system. The carbon at C4 and C4', with a shift of
140.29 ppm, was influenced by its adjacency to an aromatic ring and conjugation with an
alkenyl chain and carbonyl groups. This shift fell within the expected range of 130-150
ppm for carbons in such an environment, reflecting the combined effects of aromatic
substitution, conjugation, and functional groups. The shifts at Cs and Cs (129.46 ppm) and
Ce and Ce (128.85 ppm) were typical for aromatic carbons, within the 120-135 ppm range.
The carbon at C7 and C7, with a shift of 123.65 ppm, was consistent with the expected
values for an aromatic carbon adjacent to a methyl group and near a hydroxyl group. The

shift at 158.11 ppm for Cg and Cg indicated the presence of a phenolic group, as expected
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for carbons in an aromatic ring with -OH substitution. The carbon at Cy and Cg, showing a
shift of 120 ppm, reflected the typical behaviour for an aromatic carbon influenced by
electron-donating and electron-withdrawing groups. The shifts at Cio and Cio (123.79
ppm), and C11 and C12 (15.90 ppm and 16.00 ppm, respectively), were consistent with the
expected values for aromatic carbons and methyl groups attached to aromatic rings. These
observations confirmed the accuracy of the 3C NMR data for NLG (Fig.3.44).

Mass Spectrum

In the mass spectrum of NLG, prominent molecular ion peaks were observed,
confirming the molecular weight of the compound. Key peaks in the spectrum were
accounted for by the fragmentation pattern detailed in Fig.3.45. The corresponding values
are summarized in Table 3.27.

Table 3.27 Molecular ion peaks of NLG

M*/M+llon|a |b |c d |e |f g

365 189 | 175|135 | 147 | 121 | 243 | 217

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.45

In the mass spectrum of NLG, the ion peak representing the molecule was
prominently detected at 365, thereby confirming the molecular weight of the compound.
Noteworthy fragment ion peaks observed included: the peak at 175 assigned to the
[C11H1102]" ion fragment; the peak at 147 corresponding to the ion [C10H100]"; and the
peak at 243 attributed to the fragment [C1sH1503]". Furthermore, the peak at 217 was linked
to the ion [C13H1303]*. These observed fragment ions are consistent with the anticipated

patterns of fragmentation for NLG.
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Fig.3.42 The IR spectrum of NLG
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Fig.3.43 The '"H NMR spectrum of NLG
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3.5.1.5.2 Synthesis and characterization of Cu(NLG)2 and Zn(NLG)>

3.5.1.5.2.1 Synthesis and characterization of Cu complex of 1,7-bis (4-hydroxy-3,5-
dimethyl phenyl) hepta-1,6-diene-3,5-dione [Cu(NLG)2]

The copper(Il) complex of the curcuminoid analogue NLG had a molecular weight
of 789.25 g/mol and a melting point of 301°C. Elemental analysis revealed carbon,
hydrogen, and metal contents of 69.32%, 5.29%, and 8.15%, respectively, closely aligning
with the theoretical values of 69.9%, 5.87%, and 8.04%. The compound was obtained with
a yield of 74%.

Characterization of Cu(NLG):

The metal complex Cu(NLG): was characterized through various spectroscopic and
analytical techniques, such as IR spectroscopy, *H NMR, and mass spectrometry. The
spectral data obtained from the synthesized complex are summarized and discussed below.

IR Spectrum

The complex Cu(NLG). demonstrated distinctive spectroscopic characteristics that
substantiated the effective coordination of the ligand with the metal ion. Importantly, the
lack of a prominent absorption band within the 1650-1800 cm™ region, particularly the
elimination of the carbonyl peak at 1630 cm™, in conjunction with the appearance of a
novel band at 1586.0 cm™, signified that the enolic proton had been substituted by the metal
ion, resulting in the establishment of a metal-coordinated carbonyl moiety. The
displacement of the carbonyl stretching frequency to 1586.0 cm™ was indicative of
chelation, which generally reduces the frequency in comparison to that of an uncoordinated
carbonyl group. Moreover, the band observed at 1547.9 cm™ was ascribed to the
asymmetric stretching of the C-C-C bond within the aromatic framework, implying the
existence of an aromatic system. Low-frequency bands positioned at 459.4 ¢cm™ and
408.9 cm! were designated to metal-oxygen (M-O) stretching vibrations, thereby further
validating the coordination of the metal ion to the oxygen atoms and denoting the formation

of a metal-ligand complex (Fig.3.46).
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'HNMR Spectrum

The distinct proton signals detected within the *H NMR spectrum of the Cu(ll)
complex of 1,7-bis(4-hydroxy-3,5-dimethyl phenyl)hepta-1,6-diene-3,5-dione [Cu(NLG):]
have been meticulously compiled in Table 3.28

Table 3.28 Proton signals observed in the *HNMR spectrum of Cu(NLG);
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy | Methyl
Cu(NLG)2| 6.78 |7.17-7.57| 7.53 9.80 2.30

The 'HNMR spectrum of the Cu(ll) complex of 1,7-bis(4-hydroxy-3,5-
dimethylphenyl)hepta-1,6-diene-3,5-dione [Cu(NLG):] revealed key insights into the
proton environments upon coordination with the metal ion(Fig 3.47). The methine proton
resonated at 6.78 ppm, characteristic of its position adjacent to carbonyl groups in the -
diketone structure. The electron-withdrawing nature of these groups caused deshielding,
resulting in the downfield shift within the typical range of 6.5-7.5 ppm observed in metal-
coordinated B-diketones. The alkenyl protons, which resonated between 7.17 and 7.57 ppm,
were influenced by the conjugated diene system and metal coordination, leading to slight
deshielding that was consistent with expected shifts for alkenyl protons in similar
complexes. The phenyl protons, found at 7.53 ppm, experienced downfield shifts due to
the influence of electron-donating methyl groups at the meta positions and coordination
with the metal ion, aligning with the typical range for aromatic protons in substituted
benzene rings. The significant downfield shift of the hydroxy proton to 9.80 ppm in
[Cu(NLG):] was explained by the indirect influence of Cu(Il) coordination through the
carbonyl groups. Although the hydroxy group did not directly coordinate with Cu(ll), the
overall electronic environment and potential conformational changes induced by metal
coordination led to a significant downfield shift in the hydroxy proton. This shift reflected
the complex interplay of electronic effects within the metal-ligand coordination sphere. The
methy|l protons resonated at 2.30 ppm, consistent with the expected shifts for methyl groups
attached to an aromatic ring, with the shielding effect of the n-electron system playing a

role. These observed chemical shifts corroborated the successful coordination of the ligand
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to the Cu(ll) ion, with each proton environment aligning well with reported values for

similar metal complexes, confirming the correct interpretation of the spectrum.

Mass Spectrum

Table 3.29 Molecular ion peaks of Cu (NLG)2

M*/(M+1)/(M+2) ion | a b c d e f g h i ]
789 688 | 547 | 424 | 304 | 121 | 426 | 183 | 364 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.48

The mass spectrum of the Cu(Il) complex of NLG exhibited a prominent molecular
ion peak at m/z 789, reflecting the intact molecular weight of the compound. Fragmentation
patterns revealed peaks at m/z 547 and 304, corresponding to the loss of two and four 4-
hydroxy-3,5-dimethylphenyl groups, respectively, from the molecular ion. A peak at m/z
426 was identified as the [ML]* fragment, where M denotes the metal (Cu) and L represents
the ligand 1,7-bis(4-hydroxy-3,5-dimethyl phenyl)hepta-1,6-diene-3,5-dione. Additional
fragment ions at m/z 688, 424, 121, 183, 364, 122, and 121 further supported the observed
fragmentation patterns and structural components of the Cu(NLF). complex, as depicted in

Fig 3.48.
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Fig.3.46 The IR spectrum of Cu (NLG)2
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Fig.3.47 The '"H NMR spectrum of Cu (NLG)
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3.5.1.5.2.2 Synthesis and Characterization of Zn complex of 1,7-bis(4-hydroxy-3,5-
dimethyl phenyl)hepta-1,6-diene-3,5-dione[Zn(NLG)2]

The Zn(II) complex of the curcuminoid analogue NLG had a molecular weight of
790.25 g/mol and a melting point of 305°C. Elemental analysis showed carbon, hydrogen,
and metal contents of 69.45%, 5.56%, and 8.03%, respectively, closely matching the
theoretical values of 69.74%, 5.85%, and 8.25%. The synthesis achieved a 76% yield.

Characterization of Zn(NLG)2

The coordination compound Zn(NLG). was systematically evaluated utilizing a
range of spectroscopic and analytical methodologies, including infrared spectroscopy,
proton nuclear magnetic resonance (*H NMR), and mass spectrometry. The spectral
information acquired from the synthesized coordination compound is encapsulated and

analyzed in the subsequent discussion.

IR Spectrum

The Zn(NLG)2 complex exhibited key spectroscopic features confirming successful
ligand coordination (Fig.3.49). The absence of the carbonyl peak at 1630 cm™ and the
emergence of a new band at 1592.2 cm™! indicated the replacement of the enolic proton by
the metal ion, forming a metal-coordinated carbonyl group. This shift, typical of chelation,
was accompanied by a band at 1547.9 cm™, attributed to asymmetric C-C-C stretching in
the aromatic ring. Additionally, low-frequency bands at 459.4 cm™ and 408.9 cm™
corresponded to metal-oxygen (M-O) stretching, further validating the formation of the
metal-ligand complex.
'HNMR Spectrum

The unique proton resonances observed in the tH NMR spectrum of the Zn(ll)
complex of 1,7-bis(4-hydroxy-3,5-dimethyl phenyl)hepta-1,6-diene-3,5-dione [Zn(NLG):]
have been systematically documented in Table 3.30
Table 3.30 Proton signals observed in the 'H NMR spectrum of Zn(NLG),
(Chemical Shifts & in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy | Methyl
Zn(NLG). | 6.33 |7.10-7.58| 7.53 9.80 2.30
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The observed chemical shifts in the '"H NMR spectrum of Zn(NLG): corresponded
well with the expected ranges for each type of proton(Fig.3.50). The methine proton at 6.33
ppm was typical for conjugated systems such as those involving enones or a,p-unsaturated
ketones, where deshielding from adjacent electron-withdrawing groups, like carbonyl or
alkenyl groups, was expected. Alkenyl protons, appearing at 7.10-7.58 ppm, also fell within
the anticipated range for such protons in extended conjugated systems, with their shifts
influenced by conjugation and metal coordination. Phenyl protons, observed at 7.53 ppm,
were consistent with typical aromatic proton shifts, which can be affected by electron-
withdrawing groups or metal coordination. The significant downfield shift of the hydroxy
proton to 9.80 ppm in [Zn(NLG):] was explained by the indirect influence of Zn(Il)
coordination through the carbonyl groups. Although the hydroxy group itself did not
directly coordinate with Zn(II), the overall electronic environment and potential
conformational changes induced by metal coordination led to a significant downfield shift
in the hydroxy proton. This shift reflected the complex interplay of electronic effects within
the metal-ligand coordination sphere. The methyl protons, observed at 2.30 ppm, were in
line with expected values for methyl groups adjacent to electronegative atoms or within

conjugated systems, reflecting deshielding effects from the metal coordination.
Mass Spectrum

Table 3.31 Molecular ion peaks of Zn (NLG)2

M*/(M+1)/(M+2)ion| a | b c d e f g h i ]
790 669 | 548 | 427 | 305 | 121 | 427 | 184 | 364 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.51

The mass spectrum of the Zn(ll) complex with NLG displayed a prominent
molecular ion peak at m/z 790, indicating the intact molecular weight of the compound.
Fragmentation patterns revealed peaks at m/z 548 and 305, which correspond to the
sequential loss of two and four 4-hydroxy-3,5-dimethylphenyl groups from the molecular
ion. Additionally, a peak at m/z 427 was identified as the [ML]" fragment, where M
represents the Zn metal and L denotes the ligand 1,7-bis(4-hydroxy-3,5-dimethyl
phenyl)hepta-1,6-diene-3,5-dione. Other fragment ions observed at m/z 669, 427, 121, 184,
364, 122, and 121 further corroborated the fragmentation patterns and structural

components of the Zn(NLF). complex, as illustrated in Fig.3.51
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3.5.1.6. Synthesis and characterization of (1E,6E)-1,7-bis (5-chloro-2-hydroxy
phenyl) hepta-1,6-diene-3,5-dione (NLH)

3.5.1.6.1 Synthesis and characterization of NLH

1,7-Bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione (NLH) was
synthesized via the condensation of 5-chlorosalicylaldehyde (0.01 M) with an
acetylacetone—boron complex and B:0s in ethyl acetate (7.5 mL). The reaction was
conducted in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing agent. The resulting product had a melting point of 281°C and a molecular
weight of 377 g/mol, with a yield of approximately 95%. Elemental analysis revealed
carbon and hydrogen contents of 59.86% and 3.2%, respectively, closely matching the

theoretical values of 60.5% and 3.74%.

Characterization of NLH

The synthesized compound NLH was characterised using a range of spectroscopic
techniques, including IR, tH NMR, 3C NMR, and mass spectrometry. The spectral data
obtained for the compound are discussed below.
IR Spectrum

The interpretations of the IR spectrum assignments for NLH were conducted
concerning the provided Table 3.32. Within this chemical compound, the characteristics
and strength of the carbonyl stretching frequency are impacted by the structural
environment, rendering them significant for determining the nature of the carbonyl group
present. Utilizing IR spectroscopy, the identification of an a,B-unsaturated 1,3-diketo
moiety within the compound can be effectively accomplished.

Table 3.32 Possible IR assignments of NLH

Wavenumbers (in ecm™) | Possible IR Assignments
2922.5 v Enolic
1655.35 v(C=0)
1571.6 v(C=C) Phenyl
1466.1 vas(C-C-C)
1155.8 vB (C-H)
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The IR assignments for NLH were interpreted by analyzing each vibrational mode
and verifying the associated wavenumber ranges. The peak at 2922.5 cm™, attributed to
enolic O-H stretching, was lower than the typical 3200-3600 cm™* range, suggesting strong
hydrogen bonding that shifted the frequency downward. The C=0 stretching vibration at
1655.3 cm™! fell within the standard 1650—1750 cm™ range, indicating normal carbonyl
behaviour, with a slight shift possibly due to conjugation. The C=C stretching in the phenyl
ring at 1571.6 cm™ aligned with the expected 1500—1600 cm™ range, confirming the
presence of aromatic bonds. The asymmetric C-C-C stretching at 1466.1 cm™* and C-H
bending at 1155.8 cm™! were also within typical ranges, indicating these functional groups

were correctly assigned. The IR spectrum of the compound NLH is depicted in Fig.3.52

'HNMR Spectrum

The *H NMR spectrum of 1,7-Bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-
dione (NLH) displayed distinct proton signals that corresponded closely with the expected
chemical shifts for enolic, methine, alkenyl, phenyl, and hydroxy protons. The various
proton signals observed in the spectrum are given in Table 3.33.
Table 3.33 Proton signals observed in the *H NMR spectrum of NLH(Chemical Shifts

0 ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl | Hydroxy
NLH 10.90 6.90 |6.92-7.56|6.94-7.21| 9.83

The enolic proton, which resonated at 10.90 ppm, typically appeared downfield due
to the deshielding effects of hydrogen bonding and conjugation with a carbonyl group. This
chemical shift was consistent with the enolic O-H proton, confirming significant
deshielding. The methine proton, observed at 6.90 ppm, was aligned with the expected
range for methine protons attached to an sp? hybridized carbon in a conjugated system,
indicating its presence in a conjugated diene system such as NLH. Alkenyl protons, which
resonated between 6.92-7.56 ppm, typically appeared within the range of 4.5-7.5 ppm,
depending on the degree of conjugation and the presence of electron-withdrawing groups.
The observed range suggested that these protons were part of a conjugated double-bond
system characteristic of NLH. The phenyl protons, resonating between 6.94-7.21ppm,
matched the typical range of 6.5-8.5 ppm for aromatic protons, particularly those in a

substituted benzene ring like the 5-chloro-2-hydroxyphenyl groups present in NLH. The
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hydroxy proton, observed at 9.83 ppm, generally appeared downfield in phenolic
compounds, typically around 9-10 ppm. This shift corresponded well with the expected
range for a hydroxy proton in a phenolic environment, especially when influenced by
neighbouring chloro and carbonyl groups. These chemical shifts confirmed that the protons
in NLH were correctly assigned to their respective environments, as supported by the
expected ranges for enolic, methine, alkenyl, phenyl, and hydroxy protons in conjugated
and aromatic systems. The *H NMR spectrum of NLH is brought out in Fig.3.53

13C NMR Spectra
The 3C NMR spectrum of NLH revealed distinct carbon signals that corresponded
to various environments within the molecule, validating their chemical shifts. The *C
NMR spectral details of NLH are given in Table 3.34.
Table 3.34 3C NMR spectral data of NLH (Chemical Shifts § ppm)

C1 C2,Cx | C3,C3 | C4,Cs | C5,Cx
101.1 | 195.62 | 132.63 | 137.06 | 119.00
Ce,Ce | C7,C7 | C5,Cs | Co,Co | C10,Carr
124.78 | 121.21 | 132.63 | 119.55 | 160.21

The chemical shifts observed in the 3C NMR spectrum of NLH were consistent
with the presence of a substituted aromatic ring system that included conjugated carbonyl
groups (Fig.3.54). The signal at 101.1 ppm, corresponding to Ci, resonated within the
typical range for carbon in a B-diketone structure, suggesting its enolic form conjugated
with adjacent double bonds. The signal at 195.62 ppm for C and C> was characteristic of
carbonyl carbons, aligning with the expected range for ketonic or aldehydic groups. Cz and
Ca exhibited shifts at 132.63 ppm, fitting within the typical range for alkenyl groups in a
conjugated system. The shifts at 137.06 ppm for C4 and C4 were indicative of carbons
influenced by adjacency to an aromatic ring, conjugation with an alkenyl chain, and
carbonyl groups, falling within the expected range of 130-150 ppm. The signal at 119.00
ppm for Cs and Cs aligned with the expected range for aromatic carbons influenced by
neighbouring substituents or conjugation. The 124.78 ppm signal for Cs and Cg
corresponded to carbon within an aromatic ring, likely influenced by an adjacent chlorine
atom, which caused a downfield shift. Similarly, the 121.21 ppm signal for C; and C7 was

consistent with a carbon directly attached to a chlorine atom, reflecting the deshielding
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effect of the electronegative chlorine. The signal at 132.63 ppm for Cg and Cg aligned with
expectations for a carbon adjacent to both a hydroxyl group and a chlorine atom within an
aromatic ring, reflecting the combined electron-withdrawing and electron-donating effects
of these substituents. The signal at 119.55 ppm for Ce and Cg corresponded to a carbon
adjacent to a hydroxyl group in an aromatic ring, resonating within the expected range due
to the influence of the inductive and resonance effects of the hydroxyl groups. Lastly, the
signal at 160.21 ppm for C10 and Cio corresponded to carbon in an aromatic ring attached
to a hydroxyl group and part of a conjugated system that included a carbonyl group,
consistent with significant deshielding. Thus, the chemical shifts observed in the 3C NMR
spectrum of NLH validated the assigned chemical environments and aligned with the
expected ranges for aromatic carbons and carbonyl groups.
Mass Spectrum

In the mass spectrum of NLH, conspicuous molecular ion peaks were detected,
substantiating the molecular mass of the substance. Essential peaks in the spectrum were
elucidated by the fragmentation pattern outlined in Fig.3.55. The relevant data is
encapsulated in Table 3.35.
Table 3.35 Molecular ion peaks of NLH

M*/M+llon| a | b | ¢c | d | e f |l g

376 195|181 | 142 | 153 | 127 | 249 | 223

*The alphabets correspond to the fragments given in the fragmentation scheme in Fig. 3.55

The M* ion of NLH is observed at 376. Other important peaks of NLH due to
fragment ion peaks which can be explained by their fragmentation patterns. The peak
observed at 195 is due to [CioHs CIO2]*. The peak at 181 is due to the molecular
ion[CeHeCIlO2]*. The peak at 153 is due to [CsHsCIO]*. The peak at 249 is due to the
fragment [C13H10ClO3]* and the peak at 223 is due to [C13H10CIO2]*.The mass spectrum
of the compound NLH is shown in Fig.3.55
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3.6.1.6.2 Synthesis and characterization of Cu(NLH)2 and Zn(NLH)>

3.6.1.6.2.1 Synthesis and characterization of Cu complex of 1,7-bis(5-chloro-2-
hydroxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLH):|

The copper(Il) complex of the curcuminoid analogue NLH showed a molecular
weight of 812.97 g/mol and a melting point of 292°C. Elemental analysis indicated carbon,
hydrogen, and metal contents of 55.26%, 3.01%, and 7.51%, respectively, which closely
matched the theoretical values of 55.94%, 3.21%, and 7.79%. The compound was
synthesized with an 84% yield.

Characterization of Cu(NLH)2

The metal complex Cu(NLH). was characterized using various spectroscopic and
analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry. The
results from these analyses are summarized and discussed as follows.
IR Spectrum

The Cu(NLH): complex exhibited distinct spectroscopic features confirming
ligand-metal coordination (Fig.3.56). Notably, the absence of a prominent carbonyl
absorption band in the 1650-1800 cm™! range and the disappearance of the carbonyl peak
at 1630 cm™!, along with the appearance of a new band at 1586.0 cm™, indicated that the
metal ion had replaced the enolic proton, leading to a metal-coordinated carbonyl group.
This shift to a lower frequency (1586.0 cm™) suggests chelation. Additionally, a band at
1503 cm™ was attributed to the asymmetric stretching of the C-C-C bond in the aromatic
system. Low-frequency bands at 452.3 cm™ and 427.5 cm™! were assigned to metal-oxygen
(M-0) stretching vibrations, confirming metal-ligand coordination.
'HNMR Spectrum

The distinct proton signals detected within the *H NMR spectrum of the Cu(ll)
complex of 1,7-bis(5-chloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLH):]
have been meticulously compiled in Table 3.36.

Table 3.36 Proton signals observed in the HNMR spectrum of Cu(NLH);
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy
Cu (NLH), | 6.97 |6.82-7.53|6.95-7.48 9.84
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The 'H NMR spectrum of the Cu(NLH): complex revealed distinct chemical
environments for various protons (Fig.3.57). The methine proton resonated at 6.97 ppm,
slightly upfield from the typical 6.0 to 6.5 ppm range observed in conjugated systems,
indicating minor adjustments due to metal coordination. Alkenyl protons appeared between
6.82 and 7.53 ppm, reflecting the influence of copper(I1) on the electronic environment and
the extended conjugation within the complex. Phenyl protons were observed at 7.10-7.53
ppm, consistent with their expected range and showing some effect from metal
coordination. The hydroxy proton experienced a significant downfield shift to 9.84 ppm,
which was attributed to the indirect influence of Cu(ll) coordination through the carbonyl
groups. Although the hydroxy group did not directly coordinate with Cu(ll), the overall
electronic environment and potential conformational changes induced by metal
coordination led to this notable shift. These findings confirmed the successful formation

and characterization of the Cu(NLH). complex.
Mass Spectrum

Table 3.37 Molecular ion peaks of Cu (NLH)2

M+/(M+1)/(M+2)ion| a | b c d e f g h i ]
812 685 | 558 | 431 | 304 | 127 | 437 | 183 | 376 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.58

The mass spectrum of the Cu(ll) complex with NLH displayed a prominent
molecular ion peak at m/z 812, indicating the intact molecular weight of the compound.
Fragmentation patterns revealed peaks at m/z 558 and 304, which corresponded to the
sequential loss of two and four 5-chloro-2-hydroxyphenyl groups from the molecular ion.
Additionally, a peak at m/z 437 was identified as the [ML]* fragment, where M represented
the Cu metal and L denoted the ligand 1,7-bis (5-chloro-2-hydroxy phenyl) hepta-1,6-
diene-3,5-dione. Other fragment ions observed at m/z 685, 431, 127, and 376 further
corroborated the fragmentation patterns and structural components of the Cu(NLH).

complex, as illustrated in Fig.3.58
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3.6.1.6.2.2 Synthesis and characterization of Zn complex of 1,7-bis(5-chloro-2-
hydroxy phenyl)hepta-1,6-diene-3,5-dione [Zn(NLH):|

The Zn(II) complex of the curcuminoid analogue NLH had a molecular weight of
813.97 g/mol and a melting point of 297°C. Elemental analysis revealed carbon, hydrogen,
and metal contents of 55.70%, 2.98%, and 7.24%, respectively, closely aligning with the
theoretical values of 55.81%, 3.2%, and 7.99%. The synthesis yielded 87% of the
compound.
Characterization of Zn(NLH)2

The metal complex Zn(NLH). was characterized through a series of spectroscopic
and analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry.
The findings from these analyses are summarized and discussed below.
IR Spectrum

The Zn(NLH). complex exhibited distinct spectroscopic features that confirmed
ligand-metal coordination (Fig.3.59). Notably, the prominent carbonyl absorption band in
the 1650-1800 cm™ range was absent, and the carbonyl peak at 1630 cm™ disappeared. A
new band emerged at 1598.0 cm™!, indicating that the metal ion had replaced the enolic
proton, resulting in a metal-coordinated carbonyl group. This shift to a lower frequency
(1598.0 cm™) suggested chelation. Additionally, a band at 1523 cm™ was attributed to the
asymmetric stretching of the C-C-C bond in the aromatic system. Low-frequency bands at
433.7 cm™ and 408.9 cm™! were assigned to metal-oxygen (M-O) stretching vibrations,

confirming metal-ligand coordination.

'HNMR Spectrum

The distinct proton signals detected within the tH NMR spectrum of the Zn(Il)
complex of 1,7-bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione [Zn(NLH):]
were meticulously compiled in Table 3.38
Table 3.38 Proton signals observed in the HNMR spectrum of Zn(NLH);
(Chemical Shifts & in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy
Zn(NLH). | 6.97 |6.94-7.53|7.29-7.48| 9.84

The 'H NMR spectrum of the Zn(NLH). complex revealed specific chemical shifts

corresponding to different types of protons in the molecule (Fig.3.60). The methine proton



Chapter 3 |179

was detected at 6.97 ppm, a position consistent with methine protons in similar conjugated
enone systems, which typically appear around 6.5-7.5 ppm depending on the electronic
environment. The alkenyl protons were observed within the range of 6.94-7.53 ppm, a
range characteristic of protons on double bonds (C=C) within a conjugated system,
particularly when adjacent to electron-withdrawing groups or aromatic rings. This broad
range was attributed to the different environments experienced by each alkenyl proton in
the conjugated system. The phenyl protons appeared between 7.29 and 7.48 ppm, which
aligned with the expected region for aromatic protons, especially in chloro-substituted
benzene rings. The slight shift toward lower ppm values (around 7.29 ppm) was likely due
to the electron-donating effect of the hydroxy group, while the upper range (7.48 ppm) was
influenced by the electron-withdrawing chloro group. The hydroxy proton exhibited a
significant downfield shift to 9.84 ppm, which is attributed to the indirect influence of
Zn(IT) coordination through the carbonyl groups. Although the hydroxy group itself did not
directly coordinate with Zn(II), the overall electronic environment and potential
conformational changes induced by metal coordination caused this pronounced shift. These

findings confirm the successful formation and characterization of the Zn(NLH). complex.
Mass Spectrum

Table 3.39 Molecular ion peaks of Zn (NLH):

M*/((M+1)/(M+2)ion| a | b | ¢ | d | e | f | g | h [ j

813 686 | 559 | 432 | 305 | 127 | 438 | 184 | 376 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.61

The mass spectrum of the Zn(ll) complex with NLH displayed a prominent
molecular ion peak at m/z 813, indicating the intact molecular weight of the compound.
Fragmentation patterns revealed peaks at m/z 559 and 305, corresponding to the sequential
loss of two and four 5-chloro-2-hydroxy phenyl groups from the molecular ion.
Additionally, a peak at m/z 438 was identified as the [ML]* fragment, where M represents
the Zn metal and L denotes the ligand 1,7-bis(5-chloro-2-hydroxy phenyl)hepta-1,6-diene-
3,5-dione. Other fragment ions observed at m/z 686, 432, 127, 184, and 376 further
corroborated the fragmentation patterns and structural components of the Zn(NLH):

complex, as illustrated in Fig.3.61
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Fig.3.59 The IR spectrum of Zn (NLH):
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3.5.1.7. Synthesis and characterization of (1E,6E)-1,7-bis(2-hydroxy-3-methoxy
phenyl)hepta-1,6-diene-3,5-dione (NLI)

3.5.1.7.1 Synthesis and characterization of NLI

1,7-bis(2-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (NLI) was
synthesized through the condensation reaction involving 3-methoxy salicylaldehyde (0.01
M) and an acetylacetone—boron complex, alongside B20Os, in a solvent of ethyl acetate (7.5
mL). The reaction was facilitated by the inclusion of tri-sec-butyl borate (5.4 mL) and n-
butylamine (0.1 mL) serving as a condensing agent. The resultant compound exhibited a
melting point of 288°C and possessed a molecular weight of 368 g/mol, achieving an
approximate yield of 60%. Elemental analytical data indicated carbon and hydrogen
percentages of 68.2% and 4.77%, respectively, which were in close alignment with the

theoretical values of 68.47% and 5.47%.
Characterization of NLI

The compound NLI, which was synthesized, underwent characterization through a
variety of spectroscopic methodologies, encompassing IR, *H NM, 3C NMR and mass
spectrometry. The ensuing spectral data about the compound are elaborated upon in the

subsequent discussion.
IR Spectrum

The IR peaks for NLI can be interpreted based on the typical absorption ranges associated

with different functional groups. The possible IR signals are displayed in Table 3.40.

Table 3.40 Possible IR assignments of NLI

Wavenumbers (in ecm™) | Possible IR Assignments

2936.3 v Enolic
1585.4 v(C=C) Phenyl
1486.8 vas(C-C-C)
1437.6 vs(C-C-C)

902.5 v (CH=CH) trans
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The IR signal at 2936.3 cm™ was attributed to the O-H stretching vibration of the
enolic hydroxyl group. Although enolic O-H stretching vibrations typically occurred within
the range of 3200-3600 cm™, the presence of intramolecular hydrogen bonding within the
molecule likely caused a shift to a lower frequency, justifying this assignment. The signal
at 1585.4 cm™ corresponded to the C=C stretching vibrations in aromatic rings, which
typically appeared within the range of 1450-1600 cm™. This assignment was consistent
with the expected vibrational mode for aromatic C=C bonds. Additionally, the signal at
1486.8 cm™ was attributed to the asymmetric stretching vibration of the C-C-C bonds in
the aromatic ring, a value that fit well within the expected range of 1400-1500 cm™.
Similarly, the signal at 1437.6 cm™! corresponded to the symmetric stretching vibration of
the C-C-C bonds in the aromatic ring, aligning with the expected range of 1400-1450 cm™.
Lastly, the signal at 902.5 cm™ was consistent with the out-of-plane bending vibrations of
trans-olefinic (C=C) bonds, typically observed between 700-1000 cm™, making this a
reasonable assignment for the trans-CH=CH out-of-plane bending mode. Thus the IR
assignments provided for NLI matched well with the expected vibrational ranges, and the
shifts observed were within reasonable limits based on the molecular structure and potential
interactions within the compound, supporting the validity of the given IR data (Fig.3.62).
'HNMR Spectrum

The proton signals observed in the tH NMR spectrum of NLI provided valuable
insights into the chemical environment of different hydrogen atoms within the molecule,
with the chemical shifts (6, ppm) corresponding to distinct functional groups.The diverse
proton resonances identified in the spectrum are detailed in Table 3.41.

Table 3.41 Proton signals observed in the *H NMR spectrum of NLI (Chemical Shifts §

ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl | Methoxy | Hydroxy
NLI 9.91 6.94 |6.96-7.32|7.09-7.28| 3.83 11.11

The enolic proton at 9.91 ppm appeared downfield, which was consistent with the
deshielding effect caused by the adjacent carbonyl group and potential hydrogen bonding.
This signal fell within the expected range of 9.0-12.0 ppm for enolic protons, particularly
when hydrogen bonding was involved, further shifting the signal downfield. The methine
proton, observed at 6.94 ppm, was located adjacent to an electron-withdrawing group, such

as a carbonyl or double bond, causing it to resonate downfield within the typical range of
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6.0-7.5 ppm for methine protons in such environments. The alkenyl protons, resonating
between 6.96 and 7.32 ppm, were indicative of protons on carbon atoms involved in C=C
double bonds. These protons usually resonated between 5.0 and 7.5 ppm, depending on the
extent of conjugation and the presence of nearby electronegative groups, confirming that
these alkenyl protons were likely part of a conjugated system. The phenyl protons, with
chemical shifts ranging from 7.09 to 7.28 ppm, resonated within the expected range of 7.0-
8.0 ppm, characteristic of protons on aromatic rings. These shifts were influenced by the
deshielding effects of the aromatic ring. The methoxy proton, observed at 3.83 ppm, was
shielded due to the electron-donating nature of the oxygen atom and resonated within the
typical range of 3.3-4.0 ppm for methoxy groups attached to aromatic rings or other
electron-withdrawing groups. The OH group attached to the aromatic ring and near a
methoxy group appeared at 6 11.11 ppm in the '"H NMR spectrum, especially since the OH
group was in a conjugated system. This was consistent with the expected chemical shift for
a hydroxyl proton in such an environment. This shift fell within the expected range of 10.0-
13.0 ppm, confirming the validity of this assignment. In short, the chemical shifts observed
for the enolic, methine, alkenyl, phenyl, methoxy, and hydroxy protons in NLI were
consistent with the expected ranges for these functional groups, supporting the accuracy of
the assignments made in the spectrum of NLI. The *H NMR spectrum of NLI is brought
out in Fig.3.63

The OH group attached to the aromatic ring and near a methoxy group appeared at
o 11.11 ppm in the '"H NMR spectrum, especially since the OH group was in a conjugated
system. This was consistent with the expected chemical shift for a hydroxyl proton in such
an environment.
13C NMR Spectra

To interpret the 13C NMR spectral data for the compound NLI, the chemical shifts
were assigned to the corresponding carbon atoms based on their chemical environments.
The details of the 13C NMR spectrum for NLI are provided in Table 3.42.
Table 3.42 3C NMR spectral data of NLI (Chemical Shifts § ppm)

Ci C2,Cx | C3,C3 | C4Cs | C5,Cs | C6,Co
110.27 | 191.5 | 130.79 | 146.23 | 114.20 | 124.63
C7,Cr | Cs,Cq | Co,Co | C10,C10 | C11,Car
124.00 | 114.00 | 151.86 | 151.00 | 56.28
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The signal at 110.27 ppm corresponded to Ci, which, as part of a B-diketone
structure, resonated within the range of 100-120 ppm, indicating its enolic form conjugated
with adjacent double bonds. The chemical shifts at 191.5 ppm for C, and C» were
characteristic of carbonyl carbons (C=0) in conjugated ketones. These high ppm values
supported their assignment, as carbonyl carbons typically resonated downfield between
190-220 ppm due to the strong deshielding effect of the carbonyl group. The carbons at C3
and Csz exhibited shifts at 130.79 ppm, which aligned with the 120-140 ppm range for
alkenyl groups in a conjugated system. The carbon signals at 146.23 ppm for C4 and Cs
were influenced by their adjacency to an aromatic ring and conjugation with alkenyl chains
and carbonyl groups. This shift fell within the expected range of 130-150 ppm for carbons
in such an environment, reflecting the combined effects of aromatic substitution,
conjugation, and functional groups. The chemical shift at 114.20 ppm for Cs and Cs' was
typical for aromatic carbons not directly attached to electronegative atoms but still within
a conjugated system, likely in a position meta to a substituent. The shift observed at 124.63
ppm for Cs and Ce was typical for aromatic carbons within an aromatic ring, not directly
attached to electronegative groups, and resonating between 120-135 ppm. Similarly, the
shifts at 124 ppm for C7 and C7 indicated aromatic carbons within this range. The shifts at
114 ppm for Cg and Cg suggested they were also aromatic carbons, indicating their
involvement in the conjugated aromatic system without direct attachment to highly
electronegative groups. The chemical shift at 151.86 ppm for Cg and Cg¢ indicated aromatic
carbons directly attached to an electronegative methoxy group (-OCHs). The electron-
donating nature of the methoxy group through resonance and induction typically resulted
in a deshielding effect on the carbon, causing it to resonate downfield within the range of
150-160 ppm. The signal at 151 ppm for C1o and C1o Was consistent with aromatic carbons
in this range, particularly those attached to a hydroxyl group (-OH). The hydroxyl group,
being electron-donating, caused a slight deshielding effect, shifting the signal downfield.
Additionally, if this carbon was adjacent to a methoxy group, the chemical shift could be
further influenced by this neighboring substituent, leading to the observed value. The signal
at 56.28 ppm for C11 and Cy1 indicated carbons in an aliphatic environment, typically found
in methoxy groups (-OCHs). This lower chemical shift, compared to typical alkyl carbons,
resulted from the oxygen's electron-withdrawing effect. These chemical shifts were
consistent with typical values found in the literature for similar functional groups,
supporting their validity in the 13C NMR spectrum of NLI (Fig 3.64).
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Mass Spectrum

In the mass spectrum of NLI, prominent molecular ion peaks were observed,
confirming the molecular weight of the compound. Key peaks in the spectrum were
accounted for by the fragmentation pattern detailed in Fig.3.65. The corresponding values
are summarised in Table 3.43

Table 3.43 Molecular ion peaks of NLI

M*/M+llon| a | b | ¢ | d e f g

368 191 | 177 | 137 | 149 | 123 | 245 | 219

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.65

In the mass spectrum of NLI, the molecular ion peak was prominently observed at
368, confirming the molecular weight of the compound. Significant fragment ion peaks
included the following: the peak at 191, which was assigned to the fragment ion
[C11H1103]"; the peak at 177, corresponding to the ion [C10HO3]*; and the peak at 137,
attributed to the fragment [CgHyO2]". The peak at 149 was associated with the ion
[CoH9O2]*, and the peak at 123 was linked to the ion [C7H7O2]*.The peak at 245 was
associated with the ion [C14sH1304]", and the peak at 219 was linked to the ion
[C12H1104]*. These fragment ions align with the expected fragmentation patterns for

NLI. The mass spectrum of the compound NLI is shown in Fig.3.65
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Fig.3.62 The IR spectrum of NLI
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Fig.3.63 The 'H NMR spectrum of NLI
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3.5.1.7.2 Synthesis and characterization of Cu(NLI). and Zn(NLI)2

3.5.1.7.2.1 Synthesis and characterization of Cu complex of 1,7-bis(2-hydroxy-3-
methoxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLI):]

The copper(Il) complex of the curcuminoid analogue NLI exhibited a molecular
weight of 797.17 g/mol and a melting point of 295°C. Elemental analysis revealed carbon,
hydrogen, and metal contents of 63.00%, 4.21%, and 7.57%, respectively, aligning closely
with the theoretical values of 63.19%, 4.8%, and 7.96%. The compound was synthesized
with a yield of 67%.

Characterization of Cu(NLI)

The Cu(NLI). metal complex was characterized using various spectroscopic and
analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry. The
results from these analyses are summarized and discussed below.

IR Spectrum

The Cu(NLI)2 complex displayed notable spectroscopic characteristics that
substantiated the coordination between the ligand and the metal (Fig.3.66). Significantly,
there was a lack of a pronounced carbonyl absorption band within the 1650-1800 cm™
spectral region, and the carbonyl peak at 1630 cm™ was no longer present. A novel band
emerged at 1572.7 cm™', signifying that the metal ion had supplanted the enolic proton,
thereby facilitating the formation of a metal-coordinated carbonyl moiety. This transition
to a lower frequency (1572.7 cm™) implied the occurrence of chelation. Furthermore, a
band observed at 1535.4 cm™ was ascribed to the asymmetric stretching of the C-C-C bond
within the aromatic framework. Low-frequency bands at 465.6 cm™ and 402.7 cm™ were
designated to metal-oxygen (M-O) stretching vibrations, thereby corroborating the

coordination between the metal and the ligand.
'HNMR Spectrum
The distinct proton signals detected within the *H NMR spectrum of the Cu(ll)

complex of 1,7-bis(2-hydroxy-3-methoxy phenyl)hepta-1,6-diene-3,5-dione [Cu(NLI):]

have been meticulously compiled in Table 3.44
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Table 3.44 Proton signals observed in the H NMR spectrum of Cu (NLI);
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Phenyl | Methoxy | Hydroxy
Cu(NLID)2| 6.77 |6.95-7.29|7.12-7.17| 3.96 11.12

The 'H NMR spectrum of the copper complex Cu(NLI). revealed characteristic
chemical shifts for methine, alkenyl, phenyl, methoxy, and hydroxy protons (Fig.3.67). The
methine proton appeared at 6.97 ppm, indicating its position in a conjugated system.
Alkenyl protons resonated between 6.95-7.29 ppm, while phenyl protons appeared in the
7.12-7.17 ppm range, reflecting the effects of conjugation and aromaticity. The OH group
attached to the aromatic ring, positioned near a methoxy group, appeared at 6 11.12 ppm in
the H NMR spectrum, reflecting its presence in a conjugated system. This chemical shift
aligns with the expected value for a hydroxyl proton in such an environment, where
conjugation and nearby electron-donating groups influence the shift downfield. These
shifts aligned with expected values for such environments, influenced by copper
coordination.

Mass Spectrum
Table 3.15 Molecular ion peaks of Cu (NLI)2

M+/(M+1)/(M+2)ion| a | b c d e f g h i ]
797 674 | 551 | 428 | 304 | 123 | 430 | 183 | 368 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.68

The mass spectrum of the Cu(ll) complex with NLI exhibited a prominent
molecular ion peak at m/z 797, indicating the intact molecular weight of the compound.
Fragmentation patterns revealed peaks at m/z 551 and 304, corresponding to the sequential
loss of two and four 2-hydroxy-3-methoxy phenyl groups from the molecular ion.
Additionally, a peak at m/z 430 was identified as the [ML]* fragment, where M represents
the Cu metal and L denotes the ligand 1,7-bis(2-hydroxy-3-methoxy phenyl)hepta-1,6-
diene-3,5-dione. Other fragment ions at m/z 674, 428, 183, 368, and 122 further supported
the fragmentation patterns and structural components of the Cu(NLI). complex, as depicted

in Fig 3.68.
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Fig.3.66 The IR spectrum of Cu (NLI)2
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Fig.3.67 The '"H NMR spectrum of Cu (NLI),
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3.5.1.7.2.2 Synthesis and Characterization of Zn complex of 1,7-bis(2-hydroxy-3-
methoxy phenyl)hepta-1,6-diene-3,5-dione [Zn(NLI).]

The zinc(Il) complex derived from the curcuminoid analogue NLI exhibited a
molecular weight of 798.17 g/mol and a melting point of 298°C. The results of the
elemental analysis revealed carbon, hydrogen, and metal compositions of 63.01%, 4.22%,
and 8.00%, respectively, which are close to the theoretical values of 63.05%, 4.79%, and
8.17%. The synthesis process resulted in a yield of 64%.

Characterization of Zn(NLI)

The ZnNLI). metal complex was characterized using various spectroscopic and
analytical techniques, including IR spectroscopy, *H NMR, and mass spectrometry. The
results from these analyses are summarized and discussed below.

IR Spectrum

The Zn(NLI): complex exhibited distinct spectroscopic features that confirmed
coordination between the ligand and the metal (Fig.3.69). Notably, the absence of a
prominent carbonyl absorption band in the 1650-1800 cm™ region and the disappearance
of the carbonyl peak at 1630 cm™! indicated the involvement of the carbonyl group in metal
coordination. A new band at 1572 cm™' emerged, suggesting that the metal ion had replaced
the enolic proton, leading to the formation of a metal-coordinated carbonyl. This shift to a
lower frequency (1572 cm™) implied chelation. Additionally, a band at 1497 cm™ was
attributed to the asymmetric stretching of the C-C-C bonds within the aromatic ring. Low-
frequency bands at 465 cmi! and 421 cm™, assigned to metal-oxygen (M-O) stretching,

further supported the coordination between the metal and the ligand.

'HNMR Spectrum

The unique proton resonances observed in the tH NMR spectrum corresponding to
the Zn(I1) complex of 1,7-bis(2-hydroxy-3-methoxy phenyl)hepta-1,6-diene-3,5-dione
[Zn(NLI):] have been systematically catalogued in Table 3.46
Table 3.46 Proton signals observed in the *H NMR spectrum of Zn(NLI);
(Chemical Shifts & in ppm)

Complex | Methine | Alkenyl Phenyl | Methoxy | Hydroxy
Zn(NLI)2 | 6.79 |7.02-7.45|7.06-7.29 3.96 11.11




Chapter 3 |198

The '"H NMR spectrum of the Zn(NLI): complex revealed characteristic chemical
shifts for various proton environments, including methine, alkenyl, phenyl, methoxy, and
hydroxy groups (Fig.3.70). The methine proton resonated at 6.97 ppm, typical for protons
adjacent to conjugated systems like C=C bonds or aromatic rings, indicating deshielding
due to conjugation. Alkenyl protons, observed between 7.02 -7.45 ppm, corresponded to
C=C bonds in conjugated systems, with nearby aromatic rings contributing to deshielding.
Phenyl protons appeared within the 7.06 -7.29 ppm range, consistent with aromatic protons
influenced by electron-donating or withdrawing substituents. Methoxy protons shifted at
3.96 ppm, typical for methoxy groups attached to aromatic systems where conjugation
caused slight deshielding. The OH group attached to the aromatic ring, positioned near a
methoxy group, appeared at 6 11.11 ppm, reflecting its presence in a conjugated system.
This chemical shift aligned with the expected value for a hydroxyl proton in such an
environment, where conjugation and nearby electron-donating groups caused the downfield
shift. Thus, the observed shifts were consistent with proton environments in a conjugated

system, further influenced by Zn(1l) coordination.
Mass Spectrum

Table 3.47 Molecular ion peaks of Zn (NLI)

M+/(M+1)/(M+2)ion| a | b | ¢ | d | e f | gl h [ j

798 675|552 | 429 | 305 | 123 | 431 | 184 | 368 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.71

The mass spectrum of the Zn(Il) complex with NLI displayed a prominent
molecular ion peak at m/z 798, indicating the intact molecular weight of the compound.
Fragmentation patterns revealed peaks at m/z 552 and 305, corresponding to the sequential
loss of two and four 2-hydroxy-3-methoxy phenyl groups from the molecular ion.
Additionally, a peak at m/z 431 was identified as the [ML]* fragment, where M represents
the Zn metal and L denotes the ligand 1,7-bis(2-hydroxy-3-methoxy phenyl)hepta-1,6-
diene-3,5-dione. Other fragment ions at m/z 675, 429, 123, 184, 368, and 121 further
corroborated the fragmentation patterns and structural components of the Zn(NLI):

complex, as illustrated in Fig.3.71.
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3.5.1.8. Synthesis and characterization of (1E,6E)-1,7-bis(3-hydroxy-4-methoxy
phenyl)hepta-1,6-diene-3,5-dione (NLJ)

3.5.1.8.1 Synthesis and characterization of NLJ

1,7-Bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione (NLJ) was
synthesized through the condensation of 3-hydroxy-4-methoxybenzaldehyde (0.01 M) with
an acetylacetone—boron complex in ethyl acetate, using tri-sec-butyl borate and n-
butylamine as condensing agents. The reaction involved the condensation of two aldehyde
equivalents with one acetylacetone equivalent, yielding 75% pure orange-red crystals. The
compound had a melting point of 285°C and a molecular weight of 368 g/mol. Elemental
analysis showed carbon and hydrogen contents of 67.9% and 4.96%, respectively, closely
aligning with the theoretical values of 68.47% and 5.47%, confirming the anticipated bis-

condensation product.
Characterization of NLJ

The synthesized compound NLJ was characterized using various spectroscopic
techniques like IR,'H NMR,3C NMR and mass spectrometry. The following discussion

provided a detailed analysis of the spectral data associated with the compound.
IR Spectrum

The IR peaks for NLJ can be interpreted based on the typical absorption ranges associated

with different functional groups. The Possible IR signals are displayed in Table 3.48.

Table 3.48 Possible IR assignments of NLJ

Wavenumbers (in ecm™) | Possible IR Assignments

2936.3 v Enolic

1677.1 v(C=0)

1585.4 v(C=C) Phenyl
1507.5 v(C-C)Alkenyl
1437.6 vs(C-C-C)

1113.4 vB (C-H)

958.7 Vv(CH=CH)trans
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The IR spectrum of NLJ revealed several key absorption bands, each corresponding
to distinct functional groups within the molecule (Fig.3.72). A notable band at 2936.3 cm™
was linked to the stretching vibration of the enolic O-H group, with its lower frequency
suggesting intramolecular hydrogen bonding. The strong absorption at 1677.1 cm
indicated the presence of a carbonyl (C=0) group, typical of conjugated systems like -
diketones, where resonance effects cause the carbonyl stretch to appear within the 1650-
1700 cm™ range. The band at 1585.3 cm™ was attributed to the C=C stretching vibrations
within the aromatic phenyl ring, aligning with the expected range for conjugated aromatic
systems. The peak at 1507.5 cm™! corresponded to the C-C stretching vibration within the
alkenyl group, confirming the presence of alkenyl structures in the compound. An
absorption at 1437.6 cm™ was associated with symmetric stretching of the C-C-C bond
framework, common in conjugated systems. The band at 1113.4 cm™ indicated bending
vibrations of the C-H bonds, typical of aromatic or alkenyl C-H stretches. Lastly, the
absorption at 958.7 cm™! was characteristic of the trans-C-H bending vibration in alkenes,

suggesting the presence of trans double bonds in NLJ.
'HNMR Spectrum

The proton signals in the tH NMR spectrum of NLJ provide detailed insights into
the chemical environment of the hydrogen atoms within the molecule. The chemical shifts
(8, ppm) corresponded to distinct functional groups, offering a detailed understanding of
the molecular structure. The diverse proton resonances identified in the spectrum are
thoroughly outlined in Table 3.49.

Table 3.49 Proton signals observed in the *H NMR spectrum of NLJ (Chemical Shifts &
ppm)

Compound | Enolic | Methine | Alkenyl | Phenyl | Hydroxy | Methoxy
NLJ 9.87 6.91 |6.95-7.43|7.17-7.24| 9.79 3.97

The *H NMR spectrum of NLJ showed the enolic proton at 9.83 ppm, resonating
downfield due to deshielding by a nearby carbonyl group and hydrogen bonding, consistent
with similar structures. The methine proton appeared at 6.91 ppm, within the expected
range for methine groups in -diketones, influenced by electron-withdrawing effects from

adjacent carbonyl groups. Alkenyl protons, part of a conjugated diene system, resonated



Chapter 3 ]204

between 6.95-7.43 ppm, aligning with typical values for such systems due to delocalized
electron density. The phenyl protons observed between 7.17-7.24 ppm, were consistent
with aromatic ring protons in conjugated systems. The signal at 3.97 ppm corresponded to
methyl protons attached to an electronegative group, like oxygen in a methoxy group,
which is typical for such environments. The hydroxy proton at 9.79 ppm indicated that it
was attached to an aromatic ring. These observed chemical shifts were consistent with
known data for similar functional groups, confirming the accuracy of the NMR values for
NLJ. The *H NMR spectrum of NLJ is brought out in Fig 3.73.

13C NMR Spectra
To interpret the 3C NMR spectral data for the compound NLJ, the chemical shifts

were assigned to the corresponding carbon atoms based on their chemical environments.

The details of the 3C NMR spectrum for NLJ are provided in Table 3.58.

Table 3.50 'C NMR spectral data of NLJ (Chemical Shifts § ppm)

Ci | C2,C2 | C3,C3 | C4Cs | C5,Cs | Cs,Co
110.27 | 191.5 | 130.79 | 146.00 | 124.63 | 114.20
C7,Cr | Cg,Cs | Co,Co | C10,Ca0 | C11,Car
146.23 | 151.86 | 114.00 | 124.00 | 56.28

The signal at 110.27 ppm was attributed to C1, part of a B-diketone structure,
indicating its enolic form in conjugation with adjacent double bonds. The downfield
chemical shift of 191.5 ppm for C2 and C2' was characteristic of carbonyl carbons in
conjugated systems, such as B-diketones, confirming the significant deshielding effect
caused by the electronegative oxygen atoms. For C3 and C3', the shift at 130.79 ppm
corresponded to sp2-hybridized carbons within a conjugated system, likely involving
alkenes or aromatic rings. The signal at 146 ppm for C4 and C4' suggested the influence of
an aromatic ring and the conjugation with an alkenyl chain and carbonyl groups, fitting the
expected range for such an environment. C5 and C5' at 124.63 ppm were consistent with
sp2-hybridized carbons in aromatic systems that are not directly attached to electronegative
atoms, but still within a conjugated system. The 114.20 ppm shift for C6 and C6' indicated
the presence of less deshielded aromatic carbons.The chemical shift at 146.23 ppm for C7
and C7' was attributed to a carbon in an aromatic ring adjacent to a carbon bearing a
methoxy group, where the electron-withdrawing nature of the oxygen atom caused

significant deshielding. This placed the signal within the 140-160 ppm range, consistent
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with the expected chemical shift. For C8 and C8', the 151.86 ppm shift was typical for
carbons bonded to electronegative groups, such as oxygen in methoxy groups, confirming
their presence in a conjugated system. The 114 ppm signal for C9 and C9' was associated
with carbons in aromatic rings, with slight deshielding effects from the hydroxyl and
adjacent methoxy groups.The 124.00 ppm shift for C10 and C10' aligned with shifts seen
in conjugated systems, while the 56.28 ppm shift for C11 and C11' indicated methyl
carbons attached to electronegative atoms like in a methoxy group, showing significant
deshielding due to the oxygen atom. Thus, the chemical shifts observed in the 13C NMR
spectrum of NLJ were consistent with the expected ranges for various functional groups
and structural elements, confirming the accuracy of the spectral interpretation (Fig 3.74).
Mass Spectrum

In the mass spectrum of NLJ, prominent molecular ion peaks were observed,
confirming the compound's molecular weight. The key peaks in the spectrum were
explained by the fragmentation pattern outlined in (Fig.3.75). The corresponding values
are summarised in Table 3.51.
Table 3.51 Molecular ion peaks of NLJ

M*/M+llon| a | b | ¢c | d | e f g

368 191 | 177|137 | 149 | 123 | 245 | 219

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.75

In the mass spectrum of NLJ (Fig.3.75), the molecular ion peak was prominently
observed at 368, confirming the compound's molecular weight. Significant fragment ion
peaks included the following: the peak at 191, assigned to the fragment ion [CiiH110s];
the peak at 177, corresponding to the ion [CioHsOs]"; and the peak at 137, attributed to the
fragment [CsHsO:]". Additionally, the peak at 149 was associated with the ion [CoHsO:]",
and the peak at 123 was linked to the ion [C;H-O:]*. The peak at 245 was associated with
the ion [Ci4H1:04]*, while the peak at 219 was linked to the ion [Ci2H1:04]*. These fragment

ions align with the expected fragmentation patterns for NLJ.
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Fig.3.72 The IR spectrum of NLJ
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3.5.1.8.2 Synthesis and characterization of Cu(NLJ)2 and Zn(NLJ)2

3.5.1.8.2.1 Synthesis and characterization of Cu(l1) complex of 1,7-bis(3-hydroxy-4-
methoxyphenyl)hepta-1,6-diene-3,5-dione [Cu(NLJ):]

The Cu(II) complex of the curcuminoid analogue NLJ exhibited a molecular weight
of 797.17 g/mol and a melting point of 289°C. Elemental analysis showed carbon,
hydrogen, and metal contents of 63.25%, 4.07%, and 7.23%, respectively, closely matching
the theoretical values of 63.19%, 4.8%, and 7.96%. The synthesis yielded 69% of the
compound.

Characterization of Cu(NLJ)>

The Cu(NLJ)2 metal complex was thoroughly characterized employing a range of
spectroscopic and analytical methodologies, encompassing infrared spectroscopy, proton
nuclear magnetic resonance (*H NMR), and mass spectrometry. The findings derived from

these analytical procedures are synthesized and deliberated in the following sections.

IR Spectrum

The Cu(NLJ)2 complex exhibited remarkable spectroscopic features that validated
the coordination interaction between the ligand and the metal ion (Fig.3.76). Notably, a
distinct carbonyl absorption band was absent in the spectral range of 1650-1800 cm™, and
the carbonyl peak at 1630 cm™' was conspicuously absent. A new band appeared at 1592.2
cm™', indicating that the metal ion had replaced the enolic proton, thus enabling the
establishment of a metal-coordinated carbonyl moiety. This shift to a lower frequency
(1592.2 cm™) suggested the occurrence of chelation. Additionally, a band detected at
1523.0 cm™! was attributed to the asymmetric stretching of the C-C-C bond within the
aromatic structure. Bands at lower frequencies 0f 465.6 cm™ and 421.3 cm™ were identified
as metal-oxygen (M-Q) stretching vibrations, thereby reinforcing the coordination between

the metal ion and the ligand.

'HNMR Spectrum
The unique proton signals observed in the *H NMR spectrum of the Cu(ll) complex
of 1,7-bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione [Cu(NLJ):] have been

carefully summarized in Table 3.52
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Table 3.52 Proton signals observed in the THNMR spectrum of Cu(NLJ)2 (Chemical Shifts
d in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy | Methoxy
Cu(NLJ)2 | 6.98 |6.96-7.43|7.00-7.51| 9.84 3.99

The 'H NMR spectrum of the Cu(NLJ). complex provided detailed information
about the proton environments in the compound (Fig.3.77). The methine protons appeared
at 0 6.98 ppm, typical for protons adjacent to conjugated systems such as double bonds or
aromatic rings, indicating deshielding due to conjugation. Alkenyl protons were observed
in the range of & 6.96-7.43 ppm, consistent with protons on C=C bonds in conjugated
systems, where nearby aromatic rings contributed to deshielding. Phenyl protons resonated
between 6 7.00 -7.51 ppm, reflecting aromatic protons affected by substituents and
electronic effects. The significant downfield shift of the hydroxy proton to & 9.84 ppm in
[Cu(NLJ)z] was explained by the indirect influence of Cu(Il) coordination through the
carbonyl groups. Although the hydroxy group itself did not directly coordinate with Cu(ll),
the overall electronic environment and potential conformational changes induced by metal
coordination led to the significant downfield shift in the hydroxy proton. This shift reflected
the complex interplay of electronic effects within the metal-ligand coordination sphere. The
methoxy protons appeared at 0 3.99 ppm, aligning with the typical range for methoxy
groups attached to aromatic systems, with a slight downfield shift indicating some
conjugative effects. Thus, these chemical shifts were consistent with the expected proton
environments in a conjugated system and highlighted the influence of copper coordination
on these environments.

Mass Spectrum
Table 3.53 Molecular ion peaks of Cu (NLJ)2

M*/(M+1)/(M+2)ion| a | b | ¢ | d | e f | g | h [ j

797 675|552 | 429 | 305 | 123 | 430 | 183 | 368 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.78
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The mass spectrum of the Cu(Il) complex with NLJ showed a prominent molecular
ion peak at m/z 797, indicating the intact molecular weight of the compound. The
fragmentation pattern revealed peaks at m/z 552 and 305, corresponding to the sequential
loss of two and four 3-hydroxy-4-methoxyphenyl groups from the molecular ion.
Additionally, a peak at m/z 430 was observed, identified as the [ML]" fragment, where M
represents the Cu metal and L refers to the ligand 1,7-bis(3-hydroxy-4-methoxyphenyl)
hepta-1,6-diene-3,5-dione. Other fragment ions at m/z 675, 429, 123, 183, and 368 further
supported the fragmentation pattern and structural components of the Zn(NLI). complex,

as illustrated in Fig.3.78
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Fig.3.77 The '"H NMR spectrum of Cu (NLJ)2
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3.5.1.8.2.1 Synthesis and characterization of Zn(I1) complex of 1,7-bis(3-hydroxy-4-
methoxyphenyl)hepta-1,6-diene-3,5-dione [Zn(NLJ).]

The zinc(Il) complex synthesized from the curcuminoid analogue NLIJ
demonstrated a molecular weight of 798.17 g/mol and a melting point of 798°C. The
findings from the elemental analysis indicated compositions of carbon, hydrogen, and
metal at 63.78%, 4.29%, and 8.41%, respectively, which are near the theoretical values of
63.05%, 4.79%, and 8.17%. The synthesis procedure yielded a total output of 73%.
Characterization of Zn(NLJ)2

The Zn(NLJ): metal complex was thoroughly characterized employing a range of
spectroscopic and analytical methodologies, encompassing infrared spectroscopy, proton
nuclear magnetic resonance (*H NMR), and mass spectrometry. The findings derived from
these analytical procedures are synthesized and deliberated in the following sections.

IR Spectrum

The Zn(NLJ)2 complex demonstrated exceptional spectroscopic characteristics that
substantiated the coordination interaction between the ligand and the metal ion(Fig.3.79).
Noteworthy was the absence of a distinct carbonyl absorption band within the spectral
region of 1650-1800 cm™, with the carbonyl peak at 1630 cm™ being markedly missing. A
novel band emerged at 1598.4 cm™!, signifying that the metal ion had substituted the enolic
proton, thereby facilitating the formation of a metal-coordinated carbonyl moiety. This
transition to a lower frequency (1598.4 c¢cm™) indicated the occurrence of chelation
phenomena. Furthermore, a band observed at 1547.9 cm™ was ascribed to the asymmetric
stretching of the C-C-C bond present in the aromatic framework. Bands at reduced
frequencies of 459.4 cm™ and 408.9 cm™ were characterized as metal-oxygen (M-O)
stretching vibrations, thereby reinforcing the coordination between the metal ion and the
ligand.

'HNMR Spectrum

The unique proton signals observed in the tH NMR spectrum of the Zn(Il) complex

of 1,7-bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione [Zn(NLJ):] have been

carefully summarized in Table 3.54.
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Table 3.54 Proton signals observed in the tHNMR spectrum of Zn(NLJ), (Chemical Shifts
d in ppm)

Complex | Methine | Alkenyl | Phenyl | Hydroxy | Methoxy
Zn(NLJ)2 | 6.97 |6.95-7.43|7.25-7.47| 9.83 3.98

The '"H NMR spectrum of the Zn(NLJ): complex provided valuable insights into its
proton environments (Fig.3.80). Methine protons at 6 6.97 ppm indicated deshielding due
to their proximity to conjugated systems like double bonds or aromatic rings, while alkenyl
protons resonated between & 6.95-7.43 ppm, similarly affected by nearby aromatic rings.
Phenyl protons appeared at 6 7.25-7.47 ppm, reflecting the electronic effects of aromatic
substituents. A significant downfield shift of the hydroxy proton to & 9.83 ppm was
attributed to Zn(ll) coordination through carbonyl groups, even though the hydroxy group
itself did not directly coordinate with the metal. This shift suggested complex electronic
interactions and possible conformational changes induced by metal coordination. Methoxy
protons at 6 3.98 ppm, typical for methoxy groups attached to aromatic systems, exhibited
a slight downfield shift due to conjugation. Thus, the chemical shifts confirmed the

significant influence of zinc coordination on the proton environments within the complex.

Mass Spectrum

Table 3.55 Molecular ion peaks of Zn (NLJ)2

M*/(M+1)/(M+2)ion| a | b c d e f g h i ]
798 675 | 552 | 429 | 305 | 123 | 431 | 184 | 368 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.81
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The mass spectrum of the Zn(Il) complex with NLJ displayed a prominent
molecular ion peak at m/z 798, indicating the intact molecular weight of the compound.
The fragmentation pattern showed peaks at m/z 552 and 305, corresponding to the
sequential loss of two and four 3-hydroxy-4-methoxyphenyl groups from the molecular
ion. A peak at m/z 431 was also identified as the [ML]* fragment, where M represents the
Zn metal and L denotes the ligand 1,7-bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-
3,5-dione. Additional fragment ions at m/z 675, 429, 123, 184, and 368 further supported
the fragmentation pattern and structural components of the Zn(NLI). complex, as illustrated

in Fig.3.81
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Fig.3.79 The IR spectrum of Zn (NLJ)2
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3.5.1.9. Synthesis and characterization of (1E,6E)-1,7-Bis(5-methyl thiophene-2-
yl)hepta-1,6-diene-3,5-dione(NLK)

3.5.1.9.1 Synthesis and characterization of NLK

1,7-Bis(5-methylthiophen-2-yl)hepta-1,6-diene-3,5-dione (NLK) was synthesized
through the condensation of 5-methyl-2-thiophene carboxaldehyde (0.01 M) with an
acetylacetone—boron complex and B:0Os in ethyl acetate (7.5 mL). The reaction was carried
out in the presence of tri-sec-butyl borate (5.4 mL) and n-butylamine (0.1 mL) as a
condensing agent. The synthesized product exhibited a melting point of 247°C and a
molecular weight of 316 g/mol, with a yield of approximately 95%. Elemental analysis
showed carbon and hydrogen contents of 63.66% and 4.83%, respectively, closely aligning
with the theoretical values of 64.53% and 5.1%.

Characterization of NLK

The synthesized compound NLK was characterized using various spectroscopic
techniques, including IR, *H NMR, C NMR, and mass spectrometry. The following

discussion provided a detailed analysis of the spectral data of the compound.
IR Spectrum

The IR peaks for NLK can be interpreted based on the characteristic absorption

ranges of various functional groups. The possible signals are summarized in Table 3.56.

Table 3.56 Possible IR assignments of NLK

Wavenumbers (in ecm™) | Possible IR Assignments
2908.7 v Enolic
1666.1 v(C=0)
1529.2 v(C-C) Alkenyl
1437.6 vs(C-C-C)
1121.3 vB (C-H)

The IR spectral data for NLK revealed several key absorption peaks, each
corresponding to different functional groups (Fig.3.82). The peak at 2908.7 cm! was

attributed to the O-H stretching vibrations of the enolic form. Typically, these vibrations
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appear in the range of 3200-3600 cm™'; however, the observed peak was slightly lower,
likely due to strong intramolecular hydrogen bonding or conjugation with adjacent double
bonds. Such downward shifts are common in enolic structures, especially in B-diketones,
where the enol form is stabilized by resonance. The carbonyl group (C=0) stretching
vibration was observed at 1666.1 cm™, fitting within the expected range of 1650-1750 cm™.
This indicated the presence of a conjugated carbonyl group, as conjugation with a double
bond or aromatic ring can slightly reduce the frequency. The peak at 1529.1997 cm™!
corresponded to the C=C stretching vibration within an alkenyl group, which typically
occurs between 1500-1650 cm'. This confirmed the presence of an alkenyl group
conjugated with other functional groups, such as carbonyls or aromatic rings, which can
slightly shift the absorption to lower frequencies. Additionally, the peak at 1437.6 cm™! was
associated with the symmetric stretching vibration of the C-C-C bond within a conjugated
system. This vibration usually occurs in the range of 1400-1500 cm™, and the observed
value suggested a well-conjugated system within NLK, possibly involving an aromatic
ring. Finally, the peak at 1121.3 cm™ was attributed to the in-plane bending (B) of the C-H
bond, typically appearing between 1000-1300 cm™. This frequency supported the presence
of C-H bonds in an aliphatic or aromatic environment. The analysis of the IR data
confirmed the accuracy of these assignments, as the observed shifts were consistent with
the expected structural features of NLK, influenced by factors such as conjugation,

resonance, and hydrogen bonding.
'HNMR Spectrum

The proton NMR spectrum of NLK revealed several key chemical shifts
corresponding to different proton environments within the molecule. The chemical shifts
(8, ppm) corresponded to distinct functional groups, offering a detailed understanding of
the molecular structure. The diverse proton resonances identified in the spectrum are
thoroughly outlined in Table 3.57

Table 3.57 Proton signals observed in the *H NMR spectrum of NLK (Chemical Shifts &
ppm)

Compound | Enolic | Methine | Alkenyl | Methyl | Thiophenyl
NLK 10.10 6.75 |6.61-7.68| 2.37 6.76-7.75
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The proton NMR spectrum of NLK provided key insights into its molecular
structure. The peak at & 10.10 ppm was assigned to the enolic proton, consistent with the
typical downfield region of 9-12 ppm observed for protons attached to oxygen in enol
forms. This confirmed the presence of an enolic group in NLK.The methine proton
appeared at 8 6.75 ppm, within the expected range of 5-8 ppm for protons on sp? hybridized
carbons, such as those in conjugated systems or near electronegative atoms. This shift
indicated that the methine proton was part of a conjugated system in NLK.Alkenyl protons
were observed in the range of 6 6.61-7.68 ppm. Protons on sp? hybridized carbons in
alkenes typically resonate between 5-7 ppm, but conjugation with aromatic rings or other
electron-withdrawing groups can shift these signals downfield. This observation confirmed
the presence of alkenyl groups in the conjugated system of NLK. The methyl protons were
observed at 6 2.37 ppm, which falls within the range of 1-3 ppm for methyl groups near sp?2
hybridized carbons or electronegative atoms. This indicated the presence of a methyl group
potentially attached to a carbonyl or aromatic ring. Thiophenyl protons were noted in the
range of & 6.76-7.75 ppm. Thiophene rings exhibit proton signals in a similar range to
benzene rings due to their aromatic nature, confirming the presence of a thiophene group
in NLK. In short, the tH NMR spectrum of NLK showed shifts that aligned with expected
ranges for enolic, alkenyl, phenyl, methyl, and thiophenyl protons, supporting the
compound’s proposed structure. The *H NMR spectrum of NLK is brought out in Fig.3.83

13C NMR Spectra

To interpret the 3C NMR spectral data for NLK, the observed chemical shifts were
assigned to the corresponding carbon atoms in the molecule, considering their chemical

environments. The details of the 13C NMR spectrum for NLK were provided in Table 3.57

Table 3.58 1*C NMR spectral data of NLK (Chemical Shifts & ppm)

C1 C2,Cx | C3,Ca | C4,Cs | C5,Cs
101.63 | 182.84 | 131.00 | 131.73 | 138.73
Ce,Ce | C7,Cr | Cg,Cq | Co,Co
133.53 | 126.82 | 144.16 | 15.99
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The chemical shift at § 101.63 ppm was consistent with carbon in an enolic structure
or a conjugated system, typically seen in 3-diketones or enolisable ketones. This suggested
that C1 was likely part of the enolic or keto-enol tautomeric system in NLK. The signals at
0 182.84 ppm were characteristic of carbonyl carbons (C=0) in ketones or aldehydes,
indicating that C» and Cy corresponded to the carbonyl carbons in the hepta-1,6-diene-3,5-
dione backbone, where the high deshielding effect from electronegative oxygen atoms and
conjugation caused the downfield shift. The chemical shifts at 131 ppm were typical for
carbons in a double bond (C=C) within an alkenyl group, meaning Cz and Cs corresponded
to alkenyl carbons adjacent to the carbonyl groups within the conjugated system. Similarly,
the shifts at 6 131.73 ppm, assigned to C4 and Ca4, were also part of the conjugated alkenyl
system. The shift at & 138.73 ppm was characteristic of carbons in aromatic rings,
particularly those directly bonded to electronegative atoms or conjugated systems,
indicating that Cs and Cs were part of the phenyl groups conjugated with the alkenyl and
carbonyl groups. The signals at 6 133.53 ppm suggested that Cs and Ce Were also part of
the aromatic rings, with a slightly downfield shift due to adjacent electronegative groups
or conjugation. The chemical shift at 6 126.82 ppm corresponded to a carbon in an aromatic
ring, where the presence of a methyl group on the adjacent carbon, along with a sulfur atom
in the ring, caused the deshielding observed in the complex aromatic environment of C
and C7. The downfield shift at 6 144.16 ppm, typical of heavily deshiclded aromatic
carbons, indicated that Cs and Cg were attached to a methyl group and influenced by a
nearby sulfur atom, which increased deshielding within the conjugated aromatic system.
Finally, the shift at & 15.99 ppm was characteristic of methyl groups (—CH3s), corresponding
to Coand Cg. These assignments demonstrated that the chemical shifts observed in the 13C
NMR spectrum of NLK aligned with the expected ranges for the corresponding functional

groups, confirming their correctness (Fig.3.84).
Mass Spectrum

In the mass spectrum of NLK, prominent molecular ion peaks were observed,
confirming the compound's molecular weight. The key peaks in the spectrum were
explained by the fragmentation pattern outlined in Fig.3.85. The corresponding values are

summarized in Table 3.59



Table 3.59 Molecular ion peaks of NLK
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M*/M+1 lon

a

b

c

d

e

f

g

316

165

153

111

123

97

219

193

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.85

In the mass spectrum of NLK, the molecular ion peak was prominently observed at

m/z 316, confirming the compound's molecular weight. Notable fragment ion peaks

included the following: a peak at m/z 165, assigned to the fragment ion [CoHsOS]*; a peak

at m/z 151, corresponding to the ion [CsH7OS]"; and a peak at m/z 219, attributed to the

fragment ion [C12H1102S]". The peak at m/z 193 was also associated with the ion

[C10H90:S]". These fragment ions were consistent with the expected fragmentation patterns

for NLK. The mass spectrum of the compound NLK is shown in Fig 3.85
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Fig.3.82 The IR spectrum of NLK
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3.5.1.9.2 Synthesis and Characterization of Cu(NLK). and Zn(NLK):

3.5.1.9.2.1 Synthesis and Characterization of Cu complex of 1,7-Bis(5-
methyl thiophene-2-yl)hepta-1,6-diene-3,5-dione[ Cu(NLK).]

The Cu(Il) complex of the curcuminoid analogue NLK had a molecular weight of
693.03 g/mol and a melting point of 258°C. Elemental analysis revealed carbon, hydrogen,
and metal contents of 58.81%, 4.35%, and 9.15%, respectively, aligning closely with the
theoretical values of 58.61%, 4.44%, and 9.26%. The synthesis achieved a yield of 64%.

Characterization of Cu(NLK):

The Cu(NLK)2 metal complex underwent comprehensive characterization utilizing
an array of spectroscopic and analytical techniques, including IR spectroscopy, *H NMR,
and mass spectrometry. The results of these analytical investigations are amalgamated and
discussed in the subsequent sections.

IR Spectrum

The Cu(NLK): complex exhibited remarkable spectroscopic properties that
validated the coordination interaction between the ligand and the metal ion (Fig.3.86).
Notably, the spectral region of 1650-1800 cm™ revealed an absence of a pronounced
carbonyl absorption band, with the carbonyl peak at 1630 cm™ conspicuously absent. A
new band emerged at 1578.9 cm™, indicating that the metal ion had displaced the enolic
proton, thus enabling the formation of a metal-coordinated carbonyl moiety. This shift to a
lower frequency (1578.9 cm™) signified the occurrence of chelation phenomena. Moreover,
a band detected at 1503.5 cm™ was attributed to the asymmetric stretching of the C-C-C
bond within the aromatic framework. Bands at diminished frequencies of 465.4 cm™ and
439.9 cm! were identified as metal-oxygen (M-O) stretching vibrations, thereby

corroborating the coordination between the metal ion and the ligand.
'HNMR Spectrum

The unique proton signals observed in the *H NMR spectrum of the Cu(ll)
complex of 1,7-Bis(5-methyl thiophene-2-yl)hepta-1,6-diene-3,5-dione[ Cu(NLK):] have

been carefully summarized in Table 3.60
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Table 3.60 Proton signals observed in the HNMR spectrum of Cu(NLK);
(Chemical Shifts 6 in ppm)

Complex | Methine | Alkenyl | Methyl | Thiophenyl
Cu(NLK)2 | 6.78 |6.62-7.58 | 2.44 6.77-7.76

The *H NMR spectrum of the Cu(NLK). complex revealed distinct chemical shifts
for methine, alkenyl, methyl, and thiophenyl protons, which aligned with the expected
ranges for these environments (Fig.3.87). Methine protons appeared at & 6.78 ppm,
showing deshielding due to their proximity to conjugated systems, consistent with similar
copper(Il) complexes. Alkenyl protons, resonating between 6 6.62-7.58 ppm, reflected
deshielding from conjugation and copper coordination, fitting typical ranges for C=C
bonds. Methyl protons shifted slightly downfield to 6 2.44 ppm, likely due to conjugation
and interaction with thiophene. Thiophenyl protons resonated between & 6.77-7.76 ppm,
characteristic of aromatic protons in thiophene rings, with shifts attributed to electron
delocalization and copper interaction. These observed chemical shifts were consistent with
literature values, confirming the accuracy of the spectrum for Cu(NLK)..

Mass Spectrum
Table 3.61 Molecular ion peaks of Cu (NLK)2

M*/((M+1)/(M+2)ion| a | b | ¢ | d |e| f | g | h [ j

693 596 | 499 | 402 | 304 | 97 | 377 | 183 | 316 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.88

The mass spectrum of the Cu(ll) complex with NLK exhibited a prominent
molecular ion peak at m/z 693, indicating the intact molecular weight of the compound.
The fragmentation pattern revealed peaks at m/z 499 and 304, corresponding to the
sequential loss of two and four 5-methylthiophene-2-yl groups from the molecular ion. A
peak at m/z 377 was identified as the [ML]" fragment, where M represents the Cu metal
and L refers to the ligand 1,7-Bis(5-methylthiophene-2-yl)hepta-1,6-diene-3,5-dione.
Additional fragment ions at m/z 596, 402, 97, 183, 316, and 122 further corroborated the
fragmentation pattern and structural components of the Cu(NLK). complex, as depicted in

Fig.3.88.
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Fig.3.87 The '"H NMR spectrum of Cu (NLK)
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3.5.1.9.2.2 Synthesis and Characterization of Cu complex of 1,7-Bis(5-
methyl thiophene-2-yl)hepta-1,6-diene-3,5-dione[Zn(NLK):]

The Zn(II) complex of the curcuminoid analogue NLK had a molecular weight of
694.03 g/mol and a melting point of 267°C. Elemental analysis revealed carbon, hydrogen,
and metal contents of 58.66%, 4.34%, and 9.19%, respectively, closely aligning with the
theoretical values of 58.53%, 4.38%, and 9.12%. The synthesis achieved a 67% yield.

Characterization of Zn(NLK):

The Zn(NLK). metal complex was thoroughly characterized using a range of
spectroscopic and analytical techniques, including IR spectroscopy, *H NMR, and mass
spectrometry. The findings from these analyses are compiled and discussed in the following
sections.

IR Spectrum

The Zn(NLK): complex displayed notable spectroscopic properties that confirmed
the coordination between the ligand and the metal ion (Fig.3.89). In the 1650-1800 cm™
region, the absence of a distinct carbonyl absorption band, particularly the peak at 1630
cm™', was evident. A new band appeared at 1586.0 cm™, indicating that the metal ion had
displaced the enolic proton, leading to the formation of a metal-coordinated carbonyl group.
This shift to 1586.0 cm™! reflected the chelation process. Additionally, a band at 1509.7
cm! was attributed to the asymmetric stretching of the C-C-C bond within the aromatic
structure. Lower-frequency bands at 459.4 cm™ and 421.3 cm™! were identified as metal-
oxygen (M-0) stretching vibrations, further confirming the coordination between the metal

ion and the ligand.

'HNMR Spectrum

The distinctive proton signals identified in the tH NMR spectrum of the Zn(ll)
complex of 1,7-Bis(5-methylthiophene-2-yl)hepta-1,6-diene-3,5-dione [Zn(NLK):] are
concisely summarized in Table 3.62
Table 3.62 Proton signals observed in the HNMR spectrum of Zn(NLD);
(Chemical Shifts & in ppm)

Complex | Methine | Alkenyl | Methyl | Thiophenyl
Zn(NLK), | 6.78 |6.87-7.56 | 2.50 6.77-7.71
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The '"H NMR spectrum of the Zn(NLK). complex revealed distinct chemical shifts
for methine, alkenyl, methyl, and thiophenyl protons, aligning with the expected ranges for
these environments (Fig.3.90). Methine protons appeared at & 6.78 ppm, showing
deshielding due to their proximity to conjugated systems, consistent with similar zinc(11l)
complexes. Alkenyl protons, resonating between & 6.87-7.56 ppm, reflected deshielding
from conjugation and zinc coordination, fitting typical ranges for C=C bonds. Methyl
protons shifted slightly downfield to 6 2.50 ppm, likely due to conjugation and interaction
with thiophene. Thiophenyl protons resonated between 6 6.77-7.71 ppm, characteristic of
aromatic protons in thiophene rings, with shifts attributed to electron delocalization and
zinc interaction. These observed chemical shifts were consistent with literature values,

confirming the accuracy of the spectrum for Zn(NLK)..
Mass Spectrum

Table 3.63 Molecular ion peaks of Zn (NLK):

M+/(M+1)/(M+2)ion| a | b | ¢ | d |e| f | g | h [ j

694 597 | 500 | 403 | 305 | 97 | 378 | 184 | 316 | 122 | 121

*The alphabets correspond to the fragments given in the fragmentation scheme inFig.3.91

The mass spectrum of the Zn(I1) complex with NLK showed a prominent molecular
ion peak at m/z 694, confirming the intact molecular weight of the compound. The
fragmentation pattern revealed peaks at m/z 500 and 305, corresponding to the sequential
loss of two and four 5-methylthiophene-2-yl groups from the molecular ion. A peak at m/z
378 was identified as the [ML]" fragment, where M represents the Zn metal and L refers to
the ligand 1,7-Bis(5-methylthiophene-2-yl)hepta-1,6-diene-3,5-dione. Additional fragment
ions at m/z 597, 403, 97, 184, 316, and 122 further supported the fragmentation pattern and

structural components of the Zn(NLK). complex, as illustrated in Fig.3.91
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3.6. CONCLUSION

This chapter detailed the synthesis of nine curcumin analogues, achieved by varying
the functional groups attached to the aryl rings to meet specific medicinal applications.
Although numerous methods exist for synthesizing curcumin analogues, this study utilized
Pabon’s method based on the Claisen—Schmidt condensation mechanism. This approach
was chosen for its straightforwardness, high yields, and minimal by-products, which are
essential for the efficient formation of B-diketones, as supported by the literature. The
synthesized analogues were purified and characterized using various analytical techniques.
The analytical and spectral data unequivocally confirmed that all the compounds
predominantly existed in the intramolecularly hydrogen-bonded enol tautomeric form.

Cu(II) and Zn(IT) complexes of the nine curcumin analogues were synthesized, as
metal complexation enhanced the stability and solubility of curcumin analogues, often
leading to improved biomedical properties. These complexes also underwent purification
and characterization. The nine curcumin analogues formed stable metal chelates with
Cu(Il) and Zn(II), exhibiting an ML stoichiometry®’. As unsaturated diketones, they
functioned as monobasic bidentate chelating agents. In all the metal complexes, only the
oxygen atoms of the diketone groups participated in coordination, leading to the formation
of a stable six-membered chelate ring with the metal ion. The analytical and spectral
findings revealed that other potential metal-binding groups, such as hydroxyl (-OH) groups
and sulphur atoms in the thiophenyl ring, were not involved in coordinating with the metal

10ns.
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CHAPTER 4

EXPERIMENTAL VALIDATION OF THE ANTICANCER EFFECTS
OF CURCUMIN ANALOGUES AND THEIR METAL COMPLEXES:
IN SILICO, IN VITRO AND IN VIVO APPROACHES

4.1. INTRODUCTION

In 2022, approximately 20 million new cancer cases and 9.7 million deaths were
reported globally. The number of people living within five years of a cancer diagnosis
was estimated at 53.5 million (World Health Organization):. The most common
cancers—lung, breast, and colorectal—account for a significant portion of new cases and
deaths?. Despite substantial advances in cancer detection and treatment, the universal
burden of cancer continues to grow, underscoring the need for improved healthcare
access, preventive measures, and targeted research to address disparities and improve
outcomes worldwide. Researchers have been drawn to cancer, leading them to investigate
drugs that target different receptors in all proliferative pathways in detail.

Breast cancer has become the most common cancer globally, with 7.8 million
cases reported during the past five years. In India, the incidence rate is estimated to be
100.4 cancer cases per 100,000 people by 2022, with a higher rate among women at 105.4
per one lakh®. Notably, breast cancer, which is often curable with early detection and
proper treatment, is the leading cause of cancer-related mortality among women,
accounting for 15% of all female cancer deaths*. Despite a recent increase, breast cancer
is still more common in low- and middle-income countries (LMICs), also referred to as
developing countries, than it is in industrialized nations. Furthermore, using breast cancer
drugs in developing countries is not cost-effective. To lower the incidence of breast
cancer, both developed and developing nations must implement a range of highly
effective screening, diagnosis, and treatment alternatives®. Given its prevalence and
impact, there is a critical need to focus on breast cancer prevention, early detection, and

treatment strategies to reduce the global threat of this mortal disease.

It is imperative to discover efficacious medications through the exploration of

bioactive investigations, structure-activity relationship analyses for analogue derivatives,
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coordinated action-direct synthesis, isolation, and characterization®. Due to its remarkable
chemotherapeutic potential against various tumours, curcumin surpasses other
compounds in terms of anticancer efficacy’. A comprehensive exploration of the
structure-activity relationship of curcumin is employed to improve its pharmacological
profile and understand the significance of each reactive site within the structure of the
compound. This analysis aids in pinpointing destabilizing sites and preserving those
responsible for the exceptional activity of the compound to facilitate lead optimization.
The development of numerous analogues and derivatives has been pursued to assess the
impact of each of these sites on the activity and stability of the molecule®. Compared to
curcumin, these alterations enhance stability and bioavailability, potentially ensuring
sustained curcumin-like efficacy. In contrast to labour-intensive wet lab experiments, in
silico technologies have simplified structure-based analysis®. A novel reverse molecular
docking methodology was suggested to identify potential protein targets of curcumin,
shedding light on its mechanisms as a potent anti-tumour agent. This approach could also

elucidate the molecular mechanisms of novel curcumin analogues*®.

This chapter predominantly concentrated on the evaluation of prospective
curcumin analogue inhibitors targeting breast cancer receptors, specifically BRCAL and
TP53. These analogues were created by modifying the functional groups on the aryl rings
of natural curcumin. The screening involved molecular docking, dynamic simulation
analyses, and binding free energy calculations using MM/GBSA (molecular mechanics
with generalized Born and surface area solvation) methodologies. A comparison was
made between the binding affinity of curcumin analogues and natural curcumin towards
the specified targets, as well as with the FDA-approved anticancer drug
cyclophosphamide and its verified target. Subsequent validation of the computational
models was conducted through in vitro and in vivo experiments. This chapter includes in
vitro evaluations of the cytotoxicity of Cu(ll) and Zn(ll) metal complexes synthesized

from nine curcumin analogues, excluding computational screening analyses.

4.2. REVIEW OF LITERATURE

This literature survey explored recent insights into several key areas such as the
role of in silico molecular docking in drug discovery for predicting drug-target
interactions and designing new compounds; the uses and limitations of the FDA-approved

drug cyclophosphamide; the crucial roles of BRCA1 and TP53 in breast cancer; and in
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vitro cytotoxic studies, particularly those using DLA and MTT assays, as well as in vivo

DLA models, to enhance the understanding of anticancer agents. The role of metal

complexes, especially the Cu(ll) and Zn(ll) complexes of curcumin analogues, in

anticancer studies has also been reviewed. Relevant references and brief explanations of

the key findings for each category are summarized in Table 4.1

Table 4.1 Key findings and references on in silico docking for drug-target

predictions, cyclophosphamide in cancer treatment, BRCA1 and TP53 in breast cancer

risk, the role of metal complexes of curcumin analogues in anticancer studies and in vitro

and in vivo assays for anticancer evaluation.

About

Insights

Reference

In silico molecular
docking studies

In silico molecular docking was crucial for drug
discovery, predicting interactions between potential
drugs and target proteins, and designing new
therapeutic compounds. Recent studies highlighted
its use in developing curcumin analogues as
anticancer agents. Combining docking with
pharmacokinetic studies enhanced understanding of
solvation effects, molecular dynamics, and
electrostatic ~ potential, guiding  experimental

validation and compound optimization.

11-16

Anticancer Drug:

Cyclophosphamide

Cyclophosphamide, an FDA-approved alkylating
agent used as an anti-neoplastic drug, was
commonly prescribed for treating sarcoma, multiple
myeloma, and breast cancer. Despite its efficacy,
cyclophosphamide was associated with significant
adverse effects, primarily targeting the bladder and
gonads. Documented side effects from recent
clinical trials and studies included hemorrhagic
cystitis, amenorrhea, myelosuppression, alopecia,

and episodes of nausea and vomiting.

17-19
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BRCAL and TP53

Recent studies underscored the critical roles of
BRCA1 and TP53 in breast cancer. Extensive
research on TP53 mutations highlighted their
impact on disease progression and therapy, while
BRCA1 mutations were linked to increased cancer
susceptibility. Investigations into the interplay
between BRCA1 and TP53 revealed their
collaborative functions in cancer pathogenesis.
Emerging TP53-targeted therapies showed promise
for improved treatment outcomes. These findings
emphasized the importance of TP53 and BRCAL in
breast cancer prevention, diagnosis, and treatment,
advancing personalized medicine and targeted

therapies.

20-29

Anticancer Properties of

curcumin analogues and

their Cu (I1), and Zn (1)
metal complexes

Recent studies highlighted the promising anticancer
properties of curcumin analogues and their Cu(ll)
and Zn(ll) metal complexes. These compounds
demonstrated enhanced stability, bioavailability,
and cytotoxicity against cancer cells through
targeted  interactions and redox  cycling
mechanisms. They represented potential candidates
for developing effective, targeted cancer therapies
with reduced side effects.

30-48

In vitro cytotoxic studies
using DLA, EAC and
Spleen cell lines and
regarding MTT Assay

In vitro cytotoxic studies using DLA, EAC, and
spleen cell lines were crucial in cancer research for
evaluating the efficacy of potential anticancer
agents. The MTT assay remained a fundamental
tool in these studies, providing a quick and reliable
measure of cell viability. Recent studies advanced
our understanding of how various compounds
induced cytotoxicity, offering promising avenues
for developing new cancer therapies.

49-54
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Dalton's Lymphoma Ascites (DLA) was a widely
used murine model for in vivo antitumor studies.
) ) ) This model was valuable for evaluating the efficacy
In vivo Antitumor Studies ) ) .
) of potential anticancer agents and understanding
Using Dalton's
Lymphoma Ascites

The DLA model involved the transplantation of
(DLA)

ascites cells into mice, allowing for the assessment
of tumour growth inhibition, survival rates, and

other physiological effects of anticancer treatments.

their mechanisms of action in a living organism. 55-58

4.3. MATERIALS AND METHODS
4.3.1. In silico studies - Anticancer effect of curcumin analogues

Based on the literature survey, BRCAL (Breast Cancer gene 1) and TP53 were
selected as tumour suppressor and antiproliferative genes for in silico studies focusing on
these molecules.

4.3.1.1. Identification of molecular targets of breast cancer and reference molecules

Curcumin (PubChem 1D:969516) and the FDA-approved drug cyclophosphamide
(DB00531, C7H15CI2N202P, average weight 261.086 g) (Pub Chem ID 2907) were
selected as the reference molecules for this study. Cyclophilin A (CyPA), an abundant
intracellular protein, was the main target of cyclophosphamide. The crystal structure of
cyclophilin from Trypanosoma cruzi (bound to cyclosporin A) was identified as the target
(PDB ID: 1XQ7; X-ray diffraction structure, resolution 2.07 A, R-value free 0.235, R-
value work 0.169, number of chains: 3)(TG7) %%and the three-dimensional (3D) structure
of the target was retrieved from the RCSB Protein Data Bank®®. The important proteins
encoded by the BRCAL and TP53 genes, in which germline mutations affect the risk of
developing breast cancer, were selected as molecular targets through metabolic pathway
analysis using the STRING database®!. The three-dimensional structures of the major
proteins were selected from RCSB-PDB. These included the BRCAL1 BRCT domains
(PDB: 4Y2J; X-ray diffraction structure, resolution 2.15 A, R-value free 0.248, R-value
work 0.193, number of chains:1)(TG1)%?, the BRCA1/BARD1 RING-domain
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heterodimer (PDB: 1JM7; solution NMR structure, number of chains: 1)(TG2)%, the
BRCT-c domain of human BRCA1 (PDB: 10QA; solution NMR structure, number of
chains: 1)(TG3)%, hypothetical protein yxeF (PDB: 2JOZ; solution NMR structure,
number of chains: 1)(TG4)%, the p300 Taz2-p53 TAD1 binding domain (PDB: 2K8F;
solution NMR structure, number of chains:1)(TG5)¢, and the p53 transactivation domain
2 (PDB: 2RUK; solution NMR structure, number of chains:1)(TG6)%’.

4.3.1.2. Molecular docking studies

4.3.1.2.1. Preparation of the ligands and prediction of their pharmacokinetics
features

The literature survey suggested that chlorinated curcumin analogues, curcumin
analogues containing alkyl and hydroxyl groups, and alkoxy-hydroxy curcumin analogues
were probably used for the treatment of breast cancer. Nine curcumin analogues were
designed using Chem Draw Ultra in MOL format:

(1E,6E)-1,7-bis(3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione (NLB)

(1E,6E)-1,7-bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione(NLD)

(1E,6E)-1,7-bis(6-methoxy naphthalen-2-yl) hepta-1,6-diene-3,5-dione (NLE)

(1E,6E)-1,7-bis(3-ethoxy-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione (NLF)

(1E,6E)-1,7-bis(4-hydroxy-3,5-dimethylphenyl)hepta-1,6-diene-3,5-dione (NLG)

(1E,6E)-1,7-bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione (NLH)

(1E,6E)-1,7-bis(2-hydroxy3methoxyphenyl)hepta-1,6-diene-3,5-dione (NLI)

(1E,6E)-1,7-bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione (NLJ)

(1E,6E)-1,7-bis(5-methylthiophen-2-yl)hepta-1,6-diene-3,5-dione (NLK)

The structural optimization of these molecules was carried out using Gaussian 6.0
with the Berny geometry optimization algorithm. The molecules were opened in Gauss
View 6.0 and energy was minimized using the 'Calculate’ menu with the standard
Gaussian calculation setup, then saved in gpf format. The structures were converted into
PDB format using Open Babel. All nine compounds were subjected to the prediction of
their pharmacokinetic features, which suggested that all the compounds had good
potential for oral bioavailability and drug-like properties, making them suitable
candidates for further drug development as mentioned in Table 2.2 and 2.3.
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4.3.1.2.2. Preparation of the receptors

The 3D structures of each of the protein targets were retrieved from PDB, and the
structures were prepared by removing water molecules and bound ligands from the crystal
structures, adding polar hydrogen atoms, merging non-polar bonds, and computing the
Gasteiger charges®. The binding site of each target was assigned based on the coordinate
files in the active site using the Auto Grid program, with the appropriate coordinate

dimensions for X, Y, and Z. The target and ligand files were then saved in pdbqgt format.

4.3.1.2.3. Molecular docking

The binding affinity of each curcumin analogue to selected target proteins was
computationally modelled using molecular docking via Auto Dock 4.2%°. The binding
centres of the target proteins were assigned by the Auto Grid program with the following
X, Y, and Z coordinates: TG1 at 21.263724, 4.569707, and 20.718172; TG2 at 7.638656,
0.23321, and 1.363127; TG3 at 1.208761, 6.128752, and 1.120766; TG4 at 6.010299,
7.199523, and 0.787027; TG5 at 0.238493, 0.584392, and 1.303119; and TG6 at 7.997,
7.152, and 9.993.

The best-docked conformations were evaluated based on binding energy
(kcal/mol), number of hydrogen bonds, upper and lower bound root mean square
deviation (RMSD), number of interacting residues, and other weak forces stabilizing the
receptor-ligand complex. The binding potential of the synthesised curcumin analogues to
the selected proteins was compared to the binding of native curcumin and the selected
targets, as well as to the FDA-approved drug cyclophosphamide (PubChem ID: 2907) and
its validated target cyclophilin (PDB ID: 1XQ7).

For cyclophilin, the bound ligand cyclosporin A was removed from the PDB file
1XQ7, and the structure was saved in pdbqgt format. The 3D structure of
cyclophosphamide was retrieved from PubChem, optimized by assigning torsion angles,
the number of torsions, and rotatable bonds, and saved in pdbqt format. The grid box was
set to the same binding site where cyclosporin A interacted with cyclophilin, based on the
binding site information from the crystal structure. Molecular docking was performed

using the Lamarckian Genetic Algorithm with Auto Dock 4.2.
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4.3.1.3. Molecular dynamic simulation studies of the best-docked complex

The stability of the best-docked complex of the curcumin analogue with its target,
as well as the reference molecule with its target, was evaluated using molecular dynamic
(MD) simulation. This process was executed using an improved gradient method within
the Desmond module of the Schrodinger Suite v2022-27°, Initially, the selected protein-
ligand poses were pre-processed and hydrogen bonds were assigned. The simulation
system was set up using a system builder, selecting TIP3P for the solvent parameters. The
boundary conditions were defined by an orthorhombic box, and volume minimization was
applied to the complex. The OPLS3e force field was chosen, and the system was

neutralized by adding the appropriate amount of ClI- or Na* ions based on the charges.

The simulations were conducted at 310 K using the NPT ensemble (constant
number of particles, pressure, and temperature) for 100 ns with 0.1 ns intervals. The
simulation steps included: (1) Performing Brownian dynamics NPT simulations at 10 K
with small time steps of 100 ps while restraining solute heavy atoms; (2) Continuing with
Brownian dynamics NPT at 10 K with 12 ps time steps and restraints on heavy solute
atoms to stabilize the system; (3) Solvating the binding pocket; (4) Running NPT
simulation without restraints for 100 ps; (5) Conducting the final simulation for 100 ns
with 2 femtosecond (fs) time steps at 310 K.

Optimization involved using a short-range cut-off with a radius of 9.0 A without
predefined restraints. The temperature of the system was increased by 10 K per time step,
followed by the solvation of the binding pocket. Changes in RMSD (root mean square
deviation) and ligand-protein contacts throughout the simulation were analysed using the
interaction diagram tool. The protein-ligand RMSD, RMSF (root mean square
fluctuation), protein-ligand contacts, ligand torsion profile trajectories, and ligand

properties were determined using this tool.

4.3.1.3.1. Binding free energy calculations by Molecular Mechanics-Generalized
Born Model and Solvent Accessibility Method (MM/GBSA)

The binding free energy of the selected docked complexes of curcumin analogue-
target pairs after MD simulation was estimated using Prime-MM/GBSA. The trajectory
files from the MD simulation, spanning 100 ns and comprising 1000 frames, were used as
input for the GBSA estimation’®. Structures were extracted every 100 frames (10 ns),
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resulting in 10 selected structures for GBSA energy estimation using the VSGB 2.0

model’2,

GBSA energy calculations provided insights into the energies of the receptor,
ligand, and receptor-ligand complex, as well as energy differences related to strain and
binding. The following energy calculation steps were adopted in Prime-MM/GBSA:
optimized free ligand (=“Ligand”), optimized free receptor (=“Receptor”), optimized
complex (=“Complex”), the ligand of minimized/optimized complex and the receptor of
minimized/optimized complex. The energy obtained by the above steps, MM/GBSA
dGgina = Complex — Receptor - Ligand, and MM/GBSA dGgina (NS) =Complex -
Receptor (from optimised complex) - Ligand (from optimised complex) were calculated.
To accurately determine the binding free energy, values for receptor strain and ligand
strain (MM/GBSA dGging- Rec Strain - Lig Strain) were also essential’3.

4.3.2. In Vitro studies-Anticancer effect of curcumin analogues and their metal
complexes

Cytotoxicity is one of the chemotherapeutic goals linked to the antitumor action’.
The assessment of in vitro cytotoxicity provided the basis for evaluating the in vivo

antitumor efficacy of the synthesized compound.

4.3.2.1. Differential cytotoxicity assessment using DLA, EAC and primary rat spleen

cells - in vitro

Cell lines: Cell lines for Ehrlich's ascites carcinoma (EAC) and Dalton's
lymphoma ascites (DLA) were obtained from the Adayar Cancer Research Centre in
Chennai, India. Swiss albino mice, sourced from the Small Animal Breeding Station
(SABS) at Kerala Veterinary and Animal Sciences University in Mannuthy, Thrissur,
Kerala, India, were intraperitoneally injected with 2 x 10° cells per mouse to maintain the
viability of the cells. Starting from the 15" day post-inoculation, tumour cells were

harvested from the peritoneal cavities of the mice.

For in vitro cytotoxicity studies, a synthetic curcumin analogue was dissolved in a
minimal amount of dimethyl sulfoxide (DMSQO). Tumour cells (DLA and EAC) were
extracted from the peritoneal cavities of tumour-bearing mice and washed with
phosphate-buffered saline (PBS; 0.1 M, pH 7.4). The cells were then centrifuged at 1000

rom for 5 minutes. Cell viability was assessed using the trypan blue exclusion method?®.
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Viable cells (1 x 10° cells in 0.1 ml) were added to tubes containing 10-200 pg/ml of the
curcumin analogue, with the total volume adjusted to 1 ml using PBS. The mixture was
incubated for three hours at 37°C. At the end of the incubation period, 0.1 ml of 1%
trypan blue was added to the cell suspension, which was allowed to sit for 2—-3 minutes
before being transferred to a haemocytometer. The trypan blue exclusion method was
used to determine the percentage of cytotoxicity (cell death) by counting stained (dead)

and unstained (live) cells’®.
Percentage of cytotoxicity =

Number of dead cells
x 100

Number of dead cells + Number of live cells

To obtain spleen tissue, a rat from SABS, Kerala Veterinary and Animal Sciences
University, Mannuthy, Thrissur, Kerala, India, was sacrificed under carbon dioxide
anaesthesia. The spleen was dissected and broken down into a single-cell suspension in
Dulbecco's modified Eagle's medium (DMEM) containing penicillin-streptomycin
solution (50 1.U./ml), and then filtered through mesh cloth. The cells were washed three
times, suspended in a measured amount of antibiotic-containing DMEM complete media,
and counted using a haemocytometer. Various concentrations of the test substance were
added to tubes containing a viable cell suspension (1 x 10°cells in 0.1 ml), with the
volume adjusted to 1 ml using DMEM. Control tubes contained cell suspension without
additives. These tubes were incubated at 37°C for 3 hours. After incubation, 0.1 ml of 1%
trypan blue was added to the cell suspensions, allowed to sit for 2—-3 minutes, and then
transferred to a haemocytometer. Trypan blue, a blue dye, is absorbed by dead cells due
to compromised plasma membrane integrity, staining them blue, while live cells remain

colourless. Separate counts of stained and unstained cells were made.

Percentage of cytotoxicity =

Number of dead cells
Number of dead cells + Number of live cells

X 100

4.3.2.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5- Diphenyltetrazolium Bromide (MTT) assay

Cytotoxicity was assessed using cancer cell lines as an in vitro model for cancer

research. The cytotoxic potential of the compounds was evaluated by comparing their
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effects on cancer cell lines to those on the non-tumorigenic Vero cell line. The
percentage of cell death in the treated cells was measured against an untreated control by

comparing their respective absorbance values.

Cell culture: The monkey kidney epithelial cell line (Vero) and the mouse breast cancer
cell line (C1271) were obtained from the National Centre for Cell Sciences in Pune,
India. These cells were cultured in DMEM (Dulbecco's Modified Eagle Medium)
supplemented with 10% fetal bovine serum (FBS), 100 pg/mL penicillin, and 100
pg/mL streptomycin. The cultures were maintained at 37°C in an incubator with 5%
COo. The cells were passaged upon reaching 80-90% confluency, with the medium

being replaced every three days.

Method: The cytotoxicity of the curcumin analogue was evaluated using the MTT
assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) as described in
reference’”. For the experiment, cells were seeded in a 24-well plate at a density of
approximately 1x10°cells/mL in full growth medium (DMEM) and allowed to adhere
and proliferate until they reached 80% confluency. At this point, the medium was
replaced with fresh DMEM containing varying concentrations of the curcumin analogue
(ranging from 0 to 100 pg/mL) and incubated for 48 hours. Following the incubation
period, 40 pL of 5 mg/mL MTT solution was added to each well, and the plate was
incubated for an additional 4 hours. The resulting formazan crystals were dissolved in
dimethyl sulfoxide (DMSO), and absorbance was measured at 570 nm using a Bio-Tek
ELISA microplate reader (USA). Cell viability was then calculated using the appropriate

formula.

. Absorbance of sample
Percentage viability = Absorbance of control X 100

4.3.3. In Vivo Antitumor Studies Using Dalton's Lymphoma Ascites (DLA)

Animals: Swiss albino mice, both male and female, aged 7-8 weeks and
weighing between 25-30 grams, were sourced from the Small Animal Breeding Station
(SABS) at Kerala Veterinary and Animal Sciences University, Mannuthy, Thrissur,
Kerala. These mice were housed at the Amala Cancer Research Centre in well-
ventilated cages, maintaining standard levels of humidity and temperature. They were
provided with standard mouse feed (Sai Durga Foods, Bangalore, India) and had

unrestricted access to water. All animal experiments in this study received prior
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approval from the Institutional Animal Ethics Committee (IAEC), reference number
ACRC/IAEC/22(1)-P4, and were conducted in strict accordance with the guidelines of
the Committee for Control and Supervision of Experiments on Animals (CPCSEA) as
mandated by the Animal Welfare Division, Government of India’®.

4.3.3.1. Acute toxicity

The oral acute toxicity of the sample was evaluated by the guidelines set by the
Organization for Economic Cooperation and Development (OECD)’. Mice were kept at
room temperature with consistent humidity levels and allowed to acclimate to laboratory
conditions for one week before the experiment commenced. During the experiment, mice
had unrestricted access to drinking water and food, except for a short fasting period of 12
hours before treatment, during which only water was available.

The animals were observed for 7 days before the administration of the oral drug.
After the fasting period, their body weights were recorded, and the dose was calculated
accordingly. A single high dose of 1 g/kg body weight of the drug, dissolved in
carboxymethyl cellulose (CMC), was orally administered to three female mice, each
weighing approximately 25 grams. Food was reintroduced to the mice about an hour after
treatment. The mice were closely monitored for any signs of toxicity within the first six
hours post-treatment and daily thereafter for 14 days. During this observation period,
surviving animals were weighed regularly, and daily assessments were conducted to
check for mortality, behavioural changes, alterations in physical appearance, signs of
injury or pain, and any symptoms of illness.

4.3.3.2. Sub-acute toxicity

Swiss Albino mice, including both males and females, were utilized in a 45-day
study and divided into four groups: normal, vehicle control, low dose (100 mg/kg body
weight), and high dose (200 mg/kg body weight). Throughout the experimental period,
food and water intake, as well as body weight, were monitored and recorded twice
weekly. At the end of the study, the mice were fasted overnight before being sacrificed
the next day.

Blood samples were collected via cardiac puncture for haematological analysis,
and organs such as the liver, kidneys, lungs, intestines, heart, brain, and ovaries/testes
were harvested to determine relative organ weights. The serum was separated by

centrifuging the blood at 1500 rpm for ten minutes for subsequent biochemical analyses.
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Haematological parameters, including total and differential leukocyte counts, were
measured using whole blood, while haemoglobin levels were determined using Drabkin’s
method®. The activities of serum marker enzymes, including total and direct bilirubin,
serum glutamate oxaloacetate transaminase (SGOT), serum glutamate pyruvate
transaminase (SGPT), and alkaline phosphatase (ALP), were measured using commercial
kits from Span Diagnostics Ltd (Surat, India). Kidney function was assessed by
measuring serum creatinine and urea levels, using kits from Span Diagnostics.

Histological Analysis: Samples of the liver, kidneys, lungs, intestines, heart,
brain, and ovaries/testes from each group were collected, rinsed in PBS, and fixed in 10%
neutral buffered formaldehyde. These samples were then embedded in paraffin wax.
Sections approximately 5-6 microns thick were prepared and stained using the
haematoxylin and eosin double staining method. The slides were examined and
photographed at 400x magnification.

This histological analysis is essential for examining the microscopic
characteristics of various tissues and organs. It plays a vital role in research, pathology,
and medical diagnostics by helping to identify normal and pathological conditions. The
resulting photomicrographs can be further analysed to evaluate the health and attributes of

the tissues under study?®..
4.3.3.3. Anti-tumour Studies

Cell lines: Dalton's Lymphoma Ascites (DLA) cell lines were maintained as ascitic
tumours in Swiss albino mice. The cells were harvested and washed three times with 0.1
M phosphate-buffered saline (PBS) in a volume of 3 mL. To prepare a cell suspension
with a concentration of 1 million cells per millilitre, the cells were resuspended in
saline. One millilitre of this cell suspension was then injected into the peritoneal cavity
of fresh Swiss albino mice. The test animals were kept on a standard diet, and within 10
to 14 days, ascitic fluid containing cancer cells accumulated in their abdomens. These

cells were frequently transferred to other healthy mice to sustain the cell lines.

Preparation of drug suspension: For the animal studies, a drug suspension was
prepared using carboxymethyl cellulose (CMC) sourced from Sigma-Aldrich in
Bangalore. The CMC suspension was made by dissolving 0.05 g of CMC in 10 ml of
distilled water. To prepare the drug solution, 0.01 g of 1,7-bis(5-chloro-2-
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hydroxyphenyl) hepta-1,6-diene-3,5-dione was dissolved in the minimal amount of the
CMC solution.

For the standard drug cyclophosphamide, a solution was prepared by dissolving
25 mg per kilogram of the body weight of the mice in the minimal amount of 0.1 M
phosphate-buffered saline (PBS). Each mouse received an administration of 0.01 ml of
this cyclophosphamide solution daily for ten days.

Determination of the effect of the compound on solid tumour development: DLA
cells were subcutaneously injected into the right hind limbs of Swiss Albino mice,
which were divided into groups of five. This procedure resulted in the formation of solid
tumours. The control group did not receive any treatment, while the standard group was
administered the standard drug cyclophosphamide. Other groups were given
intraperitoneal injections of the test substances at a dosage of 200 pg/kg body weight for
10 days. The tumour volume was calculated using the formula V=4/311 r1r,, where r1
and rp are the tumour radii. Tumour diameter was measured every third day for a
month?®?,

Upon completion of the experiments, euthanasia will be performed following
the American Veterinary Medical Association (AVMA) Guidelines, using a CO2
chamber®.The CO, will be carefully regulated and purified to eliminate contaminants.
Rodents will be euthanized with a CO> displacement rate between 30-70% of the chamber
volume per minute, with the gas flow maintained for at least one minute after respiratory
arrest. Carcasses will then be disposed of by incineration by proper guidelines and
regulatory standards. These procedures are designed to ensure animal welfare, uphold
ethical standards, and comply with established protocols.
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Fig.4.1. In vivo Anti-tumour studies of curcumin analogues(a)Swiss albino mice, 7-8
weeks old, weighing 25-30 g accommodated in the animal home of the Amala Cancer
Research Centre in well-ventilated cages with standard levels of humidity and
temperature for Acute Toxic studies (b) Swiss albino mice grouped and accommodated
for Sub Acute Toxic Studies (c) Swiss albino mice grouped and accommodated for Anti-
tumour studies (d) Swiss Albino Mice without tumour (e) DLA cells were subcutaneously
injected into the limbs of Swiss Albino mice (f) Swiss Albino Mice carrying tumour (g)
Intraperitoneal injections of the test substance, at a dose of 200 pg/kg body weight were
administered to the Tumour carrying Swiss Albino mice (h) After treatment the Swiss
albino mice (i) Euthanasia, CO2 chamber. CO> is supplied in a precisely regulated and
purified form without contaminants and adulterants.

Statistical analysis: The experimental data in this study were presented as mean standard
deviation (SD). Statistical comparisons and analyses were performed using a one-way

analysis of variance (ANOVA) followed by Bartlett's test, utilizing GraphPad Prism

(version 9.0) software®?,
4.4. RESULTS AND DISCUSSION

Six key proteins encoded by the BRCA1 and TP53 genes, which harbour germline
mutations that influence breast cancer risk, were chosen as molecular targets from a
network analysis conducted using the STRING database. These proteins are:

BRCA1 BRCT domains (PDB:4Y2G; TG1)

BRCAL1/BARD1 RING-domain heterodimer (PDB:1JM7; TG2)
BRCT-c domain of human BRCAL (PDB:10QA; TG3)
Hypothetical protein yxeF (PDB:2JOZ; TG4)

p300 Taz2-p53 TAD1 binding domain (PDB:2K8F; TG5)

p53 transactivation domain 2 (PDB:2RUK; TG6)
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Among these, the BARD1 protein, which binds with the tumour suppressor
BRCA1, was particularly notable. Numerous cancer-predisposing mutations found in the
BRCAL RING domain underscored the crucial role of the normal function of this domain.
The structural diversity of complexes formed by various RING domain interactions was
illustrated by comparing them to the RING homodimer of the V(D)J recombination-
activating protein RAG1. The BRCA1-BARD1 structure provided a framework for
understanding cancer-causing mutations at the molecular level, revealed potential
interactions of the BRCA1 RING domain with multiple protein partners, and modelled its
ubiquitin ligase activity. Thus, the heterodimer formed by the RING domains of BRCAL1
and BARDL1 represented a promising target.

The additional proteins that were selected exhibited substantial involvement in
various biochemical pathways and mechanisms pertinent to the progression of cancer, as
discerned through an extensive search of the STRING database. Interaction models that
incorporated curcumin along with the selected molecular targets, as well as the FDA-
sanctioned pharmaceutical cyclophosphamide and cyclophilin (PDB: 1XQ7; TG7), were
systematically chosen to facilitate a comparative analysis of the most effectively docked
complexes of the lead compounds. Curcumin analogues characterized by hydroxy,
alkoxy, and chloro functional groups were meticulously designed, optimized, and
subsequently transformed into pdb format utilizing Chem Draw, Gaussian 6, and Open
Babel software, respectively.

=

Fig.4.2. Six key proteins encoded by the BRCA1(a,b,c) and TP53 (d,e,f) genes and also
the Target protein of the FDA-approved drug cyclophosphamide (cyclophilin A).
(@BRCA1 BRCT domains (PDB:4Y2G; TG1) (b)BRCAL/BARD1 RING-domain
heterodimer (PDB:1JM7; TG2) (c)BRCT-c domain of human BRCA1l (PDB:10QA;
TG3) (d)Hypothetical protein yxeF (PDB:2JOZ; TG4) (e)p300 Taz2-p53 TAD1 binding
domain (PDB:2K8F; TG5) (f)p53 transactivation domain 2 (PDB:2RUK; TG6) (g)
cyclophilin A (PDB:1XQ7; TG7)
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4.4.1. In silico studies
4.4.1.1. Computational screening of designed molecules

The drug-likeness of nine curcumin analogues —NLB, NLD, NLE, NLF, NLG,
NLH, NLI, NLJ, and NLK—was assessed through virtual screening using various filters
and statistical models available on Pre ADMET and Swiss ADME. Computational
screening revealed that all nine molecules fulfilled the criteria for the CMC-like rule and
the Rule of Five. These molecules were further evaluated for drug-likeness, ADME
(absorption, distribution, metabolism, and excretion), and toxicity filters. All the
compounds successfully passed these evaluations and were selected as lead molecules as
shown in Table 2.2, 2.3.
4.4.1.2. Molecular docking studies

Molecular docking was used to predict the binding strength of certain curcumin
analogues (NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK) to six molecular
targets associated with breast cancer (TG1, TG2, TG3, TG4, TG5, TG6). The docking
process was applied to analyse the interaction patterns of curcumin, a reference
compound, with these targets, as well as the interaction of cyclophosphamide with its
confirmed substrate. Various docking parameters were considered, including active site
analysis, binding energy, ligand efficiency energy, inhibition constant, intermediate
energy Vander Waals dissociation energy, torsional energy, unbound energy, and reference
RMS values. The resulting conformations were evaluated based on binding energy,
hydrogen bond count, and other stabilizing interactions. The primary types of
intermolecular interactions observed between the nine analogues and the six target
proteins included hydrogen bonding, hydrophobic interactions, and Van der Waals forces.
The predicted binding potentials of the studied molecules to the prioritized breast cancer
targets are summarized in Table 4.2.



Table 4.2. The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and

cyclophosphamide) to the prioritized breast cancer targets.
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Cyclophosphamide| 2 462 | -033 | 41365 | -6.11 -5.88 -0.23 076 | 149 | -0.76 0 | 2082
NLB 10 | -6.68 | -0.23 12.6 -9.67 9.3 -0.37 172 | 298 | -1.72 0 | 3663
NLD 2 642 | -0.24 19.6 -8.81 -8.7 -0.11 115 | 223 | -1.15 0 | 40.69
NLE 9 7.9 -0.24 163 | -10.28 | -10.03 -0.25 146 | 239 | -1.46 0 | 3421
4Y2G NLF 9 649 | -6.49 176 | -10.07 -9.69 -0.37 318 | 358 | -3.18 0 | 2965
(TGY) NLG 6 -6.94 -0.26 8.19 -9.33 -8.98 -0.35 -1.27 2.39 -1.27 0 37.07
NLH 2 731 | -0.29 4.37 9.7 -9.09 -0.61 074 | 239 | -0.74 0 | 3755
NLI 9 -5.34 -0.2 122,62 | -8.32 -8.22 -0.1 304 | 298 | -3.04 0 | 2885
NLJ 3 689 | -0.26 8.9 -9.87 -9.34 -0.53 199 | 298 | -1.99 0 | 2734
NLK 10 | -7.14 | -034 5.84 -8.93 -8.58 -0.35 098 | 179 | -0.98 0 | 5274
CURCUMIN 9 611 | -0.23 33.1 -9.69 -9.34 -0.35 171 | 358 | -171 0 255
Cyclophosphamide| 3 516 | -037 | 16454 | -6.65 -6.55 -0.11 0.8 1.49 0.8 0 | 1345
NLB 2 782 | -027 1.85 -10.8 -10.39 -0.41 179 | 298 | -1.79 0 7.46
(1%"27) NLD 6 -8.09 -0.3 117 | -1048 | -10.42 -0.06 128 | 239 | -1.8 0 8.2
NLE 2 836 | -025 | 742.01 | -10.75 | -10.53 -0.22 126 | 239 | -1.26 0 8.82
NLF 5 659 | -023 | 1474 | -1017 | -10.01 -0.16 328 | 358 | -3.28 0 7.14
NLG 2 -8.2 0.3 | 983.95 | -10.58 -10.3 -0.28 129 | 239 | -1.29 0 7.4
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NLH 5 774 | 031 | 211 | -1013 -0.98 015 | 052 | 239 | 052 | o | 877
NLI 2 685 | 025 | 948 | -9.84 -9.79 004 | 304 | 298 | 304 | 0 | 1247

NLJ 3 725 | 027 | 488 | -10.23 -9.93 029 | 288 | 298 | 288 | 0 7.4
NLK 3 744 | 035 | 351 | -9.23 -9.16 007 | -128 | 179 | 128 | o | 1001
CURCUMIN | 10 | 57 022 | 4227 | -955 -8.87 -0.68 18 | 358 | -18 0 | 816
Cyclophosphamide| 2 428 | -031 | 73201 | 577 557 019 | -084 | 149 | -084 | 138 | 1817
NLB 719 | 025 | 534 | -1018 -10.1 008 | -174 | 298 | 174 | o | 1093
NLD 778 | 029 197 | -1017 -9.92 025 | 086 | 239 | -08 | 0 | 12.58

NLE 10 | -864 | -026 | 46273 | -11.03 | -10.93 0.1 093 | 239 | 093 | 0o | 683

NLF 3 689 | -024 | 885 | -1047 | -10.35 012 | 269 | 358 | 269 | 0o | 828
100QA NLG 10 | -708 | -026 | 644 | 947 -9.22 -0.25 1.2 239 | -12 0 | 10.68
(TG3) NLH 4 8.3 -0.32 159 | -10.3 -10.18 011 | 131 | 239 | -131 | o | 1293
NLI 8 719 | 027 | 534 | -1018 | -1001 016 | 272 | 298 | 272 | o | 10901
NLJ 6 668 | 025 | 937 | -9.84 -9.74 011 | 223 | 298 | 223 | o | 1154
NLK 3 777 | 037 | 203 | -956 -9.43 012 | 074 | 179 | 074 | o | 1224
CURCUMIN 2 619 | -026 | 754 | -1057 | -1051 -0.06 1.9 358 | -19 0 | 766
Cyclophosphamide| 1 -3.68 0.26 2 -5.17 -5.1 -0.07 -0.68 1.49 -0.68 0 5.31
NLB 1 752 | 026 | 306 | -1051 | -10.33 018 | 171 | 298 | <171 | o | 1176
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NLD 6 -8 -0.3 1.37 -10.39 -10.3 -0.08 -1.29 2.39 -1.29 0 12.58
NLE 9 -7.37 -0.22 3.95 -9.76 -9.76 -9.75 -1.6 2.39 -1.6 0 6.48
2]0Z NLF 9 -6.15 -0.21 30.93 -9.73 -9.65 -0.08 -3.01 3.58 -3.01 0 15.04
(TG4) NLG 9 -7.11 -0.26 6.17 -9.49 -9.38 -0.11 -1.13 2.39 -1.13 0 13.82
NLH 2 -7.32 -0.26 4.29 -9.71 -9.57 -0.14 -1.13 2.39 -1.13 0 12.53
NLI 1 -5.34 -0.2 121.32 -8.33 -8.26 0.07 -3.11 2.98 -3.11 0 8.39
NLJ 1 -6.4 -0.24 20.45 -9.38 -9.21 -0.17 -2.81 2.98 -2.81 0 12.23
NLK 9 -7.03 -0.33 7.08 -8.82 -8.79 -0.03 -1.08 1.79 -1.08 0 7.87
CURCUMIN 10 -5.28 -0.2 134.79 -8.86 -8.76 -0.1 -2.43 3.58 -2.43 0 6.67
Cyclophosphamide| 3 -3.18 -0.23 4.66 -4.67 -4.63 -0.04 -0.89 1.49 -0.89 0 19.16
NLB -5.92 -0.2 45.56 -8.91 -8.85 -0.05 -1.39 2.98 -1.39 0 10.43
NLD -7.16 -0.27 5.62 -9.55 -9.38 0.17 -1.36 2.39 -1.36 0 14.36
NLE -7.2 -0.22 5.27 -9.59 -9.5 -0.08 -1.38 2.39 -1.38 0 13.73
2K8F NLF 10 -5.99 -0.21 40.34 -9.57 -9.45 -0.13 -2.68 3.58 -2.68 0 13.58
(TGS) NLG -6.49 -0.24 17.5 -8.88 -8.8 -0.07 -1.28 2.39 -1.28 0 9.26
NLH -6.92 -0.28 8.43 -9.31 -9.25 -0.05 -1.3 2.39 -1.3 0 9.51
NLI 10 -6.13 -0.23 32.03 -9.11 -9.07 -0.04 -2.92 2.98 -2.92 0 12.44
NLJ 6 -5.32 -0.2 126.79 -8.3 -8.24 -0.06 -2.39 2.98 -0.06 0 13.82
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NLK 1 -6.07 -0.29 35.46 -7.86 -7.74 -0.12 -0.72 1.79 -0.72 0 16.56
CURCUMIN 1 -3.42 -0.13 3.09 -7 -6.93 -0.08 -2.33 3.58 -2.33 0 12.31
Cyclophosphamide| 2 -3.68 -0.26 2.02 -5.17 -5.11 -0.06 -0.79 1.49 -0.79 0 6.19
NLB -5.84 -0.2 52.68 -8.82 -8.73 -0.09 -1.84 2.98 -1.84 0 9.47
NLD -5.48 -0.2 95.82 -7.87 -7.72 -0.15 -1.48 2.39 -1.48 0 11.38
NLE 10 -7.38 -0.22 3.9 -9.77 -9.6 -0.17 -1.45 2.39 -1.45 0 8.99
2RUK NLF -5.55 -0.19 85.07 -9.13 -0.18 0.05 -3.22 3.58 -3.22 0 10.39
(TG6) NLG -6.23 -0.23 27.32 -8.61 -8.53 -0.08 -0.81 2.39 -0.81 0 10
NLH -5.38 -0.22 113.8 =177 -7.42 -0.35 -0.76 2.39 -0.76 0 8.93
NLI 10 -5.9 -0.22 47.63 -8.88 -8.83 -0.05 -2.56 2.98 -2.56 0 9.51
NLJ 10 -5.77 -0.21 59.36 -8.75 -8.59 -0.15 -2.9 2.98 -2.9 0 9.58
NLK -6.02 -0.29 38.94 -7.81 -7.75 -0.05 -1.18 1.79 -1.18 0 8.27
CURCUMIN -5.48 -0.2 96.7 -9.06 -8.97 -0.08 -1.45 3.58 -1.45 0 9.93
1XO7 Cyclophosphamide| 3 -3.8 -0.34 354.65 -6.2 -5.89 -0.31 -0.58 1.49 -0.58 0 50.3
(TGQ7) NLHS8 2 -6.3 -0.31 1.83 -10.21 -9.74 -0.48 -1.31 2.39 -1.31 0 73.69
CURCUMIN 7 -5.33 -0.2 123.24 -8.91 -8.62 0.29 -3.1 3.58 -3.1 0 46.02

*vdwhbdisolv energy: Van der Waals, Hydrogen Bonding, Desolvation Energy

***refRMS: Reference Root Mean Square Deviation

**cIRMS: Cluster Root Mean Square Deviation
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In order to perform a comprehensive assessment of the efficacy of nine ligands
(NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK), the present study undertook a
meticulous analysis predicated upon Binding Energy (BE), Inhibition Constant (Ki),
ancillary parameters, and interaction profiles across six targets, specifically TG1, TG2,
TG3, TG4, TGS, and TG6, relevant to breast cancer. These ligands were compared to two
reference compounds, cyclophosphamide and curcumin, to assess their efficacy and
potential as therapeutic agents.

NLH emerged as the most preferable ligand, exhibiting consistently low BE and
Ki values across all targets. It demonstrated remarkable binding affinity and potency,
making it a promising candidate for further investigation. Following NLH, NLI
showcased similar BE and Ki values, although with slightly fewer interactions. NLD
displays the lowest BE values for some targets but higher interactions compared to NLI.
NLB and NLF exhibited moderate BE and Ki values, with NLB displaying a higher
number of interactions. NLE, NLG, NLJ, and NLK showed varying degrees of BE and Ki
values, with NLK generally performing the least favourably among the ligands.

In comparison to the reference compounds, both cyclophosphamide and curcumin
displayed higher BE and Ki values, indicating lower binding affinity and potency.
Moreover, they exhibited fewer interactions, suggesting less specificity in target binding
compared to the newly tested ligands. NLH, NLD, and NLI outperformed both
cyclophosphamide and curcumin across most evaluation criteria, highlighting their
potential as superior therapeutic agents.

In short, NLH emerged as the most promising ligand among the tested
compounds, followed closely by NLD and NLI. These ligands displayed strong binding
affinity, high potency, and diverse interaction profiles, making them attractive candidates
for further preclinical and clinical investigations. The comparative analysis underscores
the significance of exploring novel ligands for drug development, with the potential to
outperform existing therapeutics in terms of efficacy and specificity.

A detailed depiction of the interactions of each ligand with the corresponding
target molecules through the various amino acid residues is shown in Fig. 4.3 to 4.9 and
Tables 4.3t0 4.8.

The compounds engaged in multiple types of interactions with the target protein,
with Van der Waals interactions being the most prevalent, suggesting extensive surface
contact. Conventional hydrogen bonds indicated strong, specific binding. The presence of
a diverse range of interaction types, including Pi Sigma, Pi Alkyl, Pi lone pair, Pi Pi
stacked, Alkyl, Pi Anion, Pi Pi T shaped, unfavourable bump, Pi Cation, Pi Carbon, Pi
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Sulfur, Attractive Charge, Amide-Pi stacked, Sulfur-X, and Pi-Donor interactions, added
to the complexity and stability of the binding. The specific amino acid residues involved
in these interactions highlighted key points of contact and potential sites for further
modification to enhance binding affinity and specificity. This comprehensive interaction
profile highlights the therapeutic potential of each compound, emphasizing the need for
further investigation and optimization.

The stability of NLH when interacting with the target protein TG3 in breast cancer
was explained by the types and strengths of various intermolecular interactions observed
between the ligand and the protein's amino acid residues (Fig.4.5; Table 4.5). NLH
formed seven Van der Waals interactions with the residues GLY A:72, PRO A:78, PRO
A:103, ILE A:105, GLN A:104, PHE A:68, and HIS A:69. These weak, non specific
forces occurred due to transient dipole moments when molecules were in close proximity,
contributing to the overall stability of the NLH protein complex by ensuring the ligand
was closely packed within the binding pocket, thereby reducing its conformational
freedom and stabilizing the interaction. Three conventional hydrogen bonds were formed
with the residues GLN A:73, ILE A:71, and ALA A:70. These hydrogen bonds were
stronger than Van der Waals interactions and significantly contributed to the specificity
and stability of the ligand-protein complex by anchoring NLH in the correct orientation
and position within the binding site, enhancing the binding affinity and stability of the
complex.

One carbon-hydrogen bond with ALA A:70, although weaker than conventional
hydrogen bonds, provided additional stabilization by interacting with an electronegative
atom. Furthermore, two Pi-alkyl interactions were observed with ILE A:102 and LEU
A:101. These hydrophobic interactions occurred between the aromatic ring system of the
ligand and alkyl groups of the protein residues, contributing to the stabilization of the
ligand within the protein’s hydrophobic pockets and helping to lock the ligand in place,
reducing its potential for dissociation. Thus, the stability of NLH, when bound to the
target protein TG3, was achieved through a combination of these interactions: Van der
Waals forces ensured a close fit within the binding site, conventional hydrogen bonds
provided strong, specific anchoring, carbon-hydrogen bonds added stability, and Pi-alkyl
interactions offered hydrophobic stabilization. The collective nature of these diverse
interactions created a resilient and stable binding environment for NLH, strengthening its
potential effectiveness as a therapeutic agent targeting TG3 in the treatment of breast
cancer.
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4Y2G (TG1) — Curcumin Analogue Complexes
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Fig.4.3 4Y2G — Curcumin Analogue Complexes (a) 4Y2G-NLB Complex(3D) (b) 4Y2G-
NLB Complex(2D) (c) 4Y2G-NLD Complex(2D) (d) 4Y2G-NLE Complex(2D) (e)
4Y2G-NLF Complex(2D) (f) 4Y2G-NLG Complex(2D) (g) 4Y2G-NLH Complex(2D)
(h) 4Y2G-NLI Complex(2D) (i) 4Y2G-NLJ Complex(2D) (j) 4Y2G-NLK Complex(2D)
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Table 4.3 The interactions of ligands with 4Y2G(TG1)through various amino acid residues

Active i
Target Compound Types of Interactions
R Carbon Unfavourable 4 e 5 Shges . 3 2
Conventional A A Pi-lone Pi-Pi Pi- Pi-Pi T Unfavourable | Unfavourable i s Pi- Pi- Attractive
Vander;Wasly Hydrogen Bond Hyl;iorogen Acceptor Pi-Sigma PhAllyl pair | stacked Alkyl Anion shaped Bump donor-donor E:Cation Carbon | Sulfur Charge
nd Acceptor
No.of
Interactions 8 2 L L 1 )
GLY A:1709,LYS
NLB o e ARG
Amino acid A:1711,TRP A:1712,GLY . P 5 ; ARG
residues | A:7IOTHR A684GLU | AUTSIARG | ASNA:IGHT | THRAGES | LYSAI6S | 1755
A:1683,SER A:1651 :
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Interactions o 2 ! 1 !
GLU A:1682,VAL
NLD Aminoacid |  A:1792,SER A:1790,LYS ProiE e A:7sz | VAL | TRP
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No.of
Interactions 8 L ! 1 1 1
THR A:1677, THR A:1681,
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Aminoacid | A:1683,GLU A:I682THRA | LYSA:648 | GLY A:710 s | LYsaam e
:1684, THR A:1685, ARG 2 &
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residues | A:1682,GLU A:1683, GLU | A:1es6Lys | CLUAI731 A:1650 A:1650 A NEE TRPAITI2 | 4 1686
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1IM7 (TG2) — Curcumin Analogue Complexes
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Fig.4.4 1JM7 — Curcumin Analogue Complexes (a) 1JM7-NLB Complex(3D) (b) 1JM7-
NLB Complex(2D) (c) 1JM7-NLD Complex(2D) (d) 1JM7-NLE Complex(2D) (e)
1JM7-NLF Complex(2D) (f) 1JM7-NLG Complex(2D) (g) 1JM7-NLH Complex(2D) (h)
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Table 4.4 The interactions of ligands with 1JM7(TG2) through various amino acid residues
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A:79,ARG A:28

Active <
Compound Types of Interactions
Target
Conventional Carbon Unfavourable Pi- Pi- Pi-Pi Pi-Pi T
Van der Waals Hydrogen Hydrogen Acceptor- 5 Pi-Alkyl lone Alkyl Pi-Anion Pi-Cation Amide - Pi sacked
Sigma o stacked shaped
Bond Bond Acceptor pair
No.of
Interactions 7 2 X 1
NLB LEU A:28,CYS ILE
Amino acid A:24,ASP A:40,PRO = 7 i
residucs A2SLEV A:63,HIS A.4A2:7A8RG GLU A:23 LYS A:20
A:41,PHE A:79 .
No.of
Interactions 7 2 1 2 4 !
NLD ASP A:40,ARG =
Amino acid A:78,LEU A:63,PHE LYS A:20,ILE LEU HIS IS AdLILE P
residues A:79,ILE A:31,LEU A:21 A:28 A:d1 A2OLEU ASS #
A:22,PRO A:25 b >
No.of
Interactions g 1 2 2 1
NLE CYS A:24,ILE ILE GLU PRO
Amino acid A:3LARG A-78,HIS A:42,ARG A:23,ASP A:25,LYS GLU A23
residues A:41,LEU A:63,LEU aAos o e
A:28 2 i £
No.of
Interactions > ! s ! L
PHE A:43,LEU
NLF Anlne st A:63,ILG A:21,ILE
: A:31,PRO A:25,HIS ASP A:40 LYS A:20 PHE A:79 ARG A:78
residues A:41,CYS A:24,GLU
A:23, LEU A:28
No.of
Interactions s = 1 i =
NLG ILE A:31,PHE ILE A:42,HIS
A"f:‘" acid A:43,LEU A:63,ARG A:41,ASP PRO A:25 HIS A:d1 :‘;‘;_t:;k";g
resigucs A:78,CYS A:24 A:d1 e &
1IJM7
No-of 8 3 1 2 2 1 1 1
Interactions
NLH ILE A:31,LEU A:22,ILE ILE G
Amino acid A:21,LEU A:63,HIS A:42,GLU LEU ’ LEU A:28,PHE 2 . .
residues A:41,AP A:40,PRO A:23,LYS Aus [A2LYS A:79 GLUA2ZS, | JEHE.A7S ARGATS
A:25LYS A:24 A:20 *
No.of
Interactions 2 2 1 L
NLI PHE A:79,ILE
" A:21,GLU A:23,CYS .
A"’.:‘“ acid A:24,ILE A:31,LEU LYSASOILE me ARG A:78
residues A:63,JIS A:41,PHE * :
A:43,ASP A:40
No.of
Interactions 2 2
LEU A:63,PRO
NLJ PR A:25,CYS A:24,GLU ILE
id A:23,LEU A:28,LYS A:42,ARG
residues A:20,PHE A:79,ASP A:78
A:40.HIS A:41
No.of
9
Interactions _ : - 1
ILE A:21,GLU
NLK Amino acid A:23,CYS A:24,ASP ARG
ia A:40,PHE L,LGU A:78,HAS ILE A:42 LYS A:20 ARG A:78
resicuce A:63,PHE A:43,ILC A:41,ILE A:42
A:31,PRO A:25
No.of
Interactions ° 3 1 1 1
CURCUMIN PRO A:23,GLU ILE A:42,HIS
Amino acid A:23,LEU A:28, ILE P . . LYS
residues A:21,LEU A:63,PHE A:};‘;“'(S CYS A:24 ILE A:2 | 200
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10QA (TG3) — Curcumin Analogue Complexes
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Fig.4.5 10QA-Curcumin Analogue Complexes (a) 10QA-NLB Complex(3D) (b)
10QA-NLB Complex(2D) (c) 10QA-NLD Complex(2D) (d) 10QA-NLE Complex(2D)
(e) 1O0QA-NLF Complex(2D) (f) 10QA-NLG Complex(2D) (g) 10Q-NLH
Complex(2D) (h) 10QA -NLI Complex(2D) (i) 10QA-NLJ Complex(2D) (j) 10QA-
NLK Complex(2D)



Table 4.5 The interactions of ligands with TOQA through various amino acid residues
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Active +
Compound Types of Interactions
Target
Carbon _—
Conventional 2. - Pi-Pi T = " -
Van der Waals Hydrogen Bond Hy;;lor::gen Pi-Sigma Pi-Alkyl Alkyl shaped Pi-Cation Amide - Pi sacked
No.of Interactions 10 2 1 3
NLB GLN A:73,TYR A:100, VAL
Amino acid A:80,VAL A:79,VAL PHE A:68,ILE TEGAGieE ILE A:102,PRO
residues A:81,HIS A:69,ALA A:71 : A:59,PRO A:103
A:104,GLY A:72
No.of Interactions 3 4 1 2 1
NED Avulie acid GLN A:104, GLY PRO
ia ILE A:105,ILE A:102,GLN A:73 A:72,PHE PRO A:103 A:103,ALA HIS A:69
resiiues A:68,ILE A:71 A:70
No.of Interactions 9 1 2
NLE VAL A:79,ALA A:77,GLN
Amino acid A:104,PRO A:78,GLY A:72,GLN 2 2 5
residues A:73,SER A:108,HIS A:107,ILE ILE AR | IS AASLED AzI0L
A:105
No.of Interactions 8 2 3 1
NLE HIS A:69,VAL A:57,THR
- - = 'y < il - 3
A"'“i': acid A:81,LEU A:101,GLY A:72,GLN THE :'7618‘""5 A:‘(‘Yg,:lii)’iljlsos PRO A:5103
residues A:73,GLN A104,ALA A:70 2 % %
No.of Interactions 8 3 2 2
N LEU A:42,CYS A:75,MET LEU
. < :42, 5 g
Ao ackd A:74,GLU A:76,HIS A:52,GLU SER M VAL PRO A:53,LEU A:43 A:43,PRO
10QA residues A:12,THR A:46,PHE A:45 = * A:53
No.of Interactions s 3 1 2
NLH
. . GLY A:72,PRO A:78,PRO .
A"‘“_‘: aeld A:103,ILE A:10S, GLN A:104,PHE SLN ALY ALA: A70 ILE A:102,LEU A:101
resicines A:68,HIS A:69 g
No.of Interactions 8 3 2 2
NLI
. " LEU A:101,THR A:81,VAL g TYR PRO
Amino schd A:57,GLN A:104,ALA A:70,GLA ‘:L; ‘:;'7_:;';“;':2 A:100,VAL A:103,ILE
residues A:73,PRO A:59,VAL A:80 i : A:79 A:102
No.of Interactions 4 5 1 1
NLJ GLN A:73,GLY
Amino acid PKE A:68,PRO A:103,ILE A:72,ILE & s
residues A:102,GLN A:104 A:71,ALA HIS A:69 GLY A:72
A:70,ILE A:105
No.of Interactions 4 5 1 3 1
NLK
A = VAL A:57,THR A:81,ALA
Amino acid < > % . . " PRO A:103,ILE y
e A:70,GLN A.;::i(‘;}:‘v A:72,GLN HE A:68,ILE A:71 HIS A:69 A:102.PRO A:S9 PRO A:103
No.of Interactions 6 3 1 1 2
CURCUMIN
s = HIS A:69,ALA A:70,GL A:73,VAL -
Amniino acid A:57,VAL A:79,VAL A:80,LEU TYR A:100,GLN PRO A:103 | ILE A:102 PRO A:59,ILE A:71
residues A:101, THR A:81 ANOGCLYAT2
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2JOZ(TG4) — Curcumin Analogue Complexes
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Fig.4.6.2 JOZ — Curcumin Analogue Complexes (a) 2JOZ-NLB Complex(3D) (b) 2JOZ-
NLB Complex(2D) (c) 2JOZ-NLD Complex(2D) (d) 2JOZ-NLE Complex(2D) (e) 2J0Z
-NLF Complex(2D) (f) 2J0Z-NLG Complex(2D) (g) 2J0Z-NLH Complex(2D) (h) 2J0Z
-NLI Complex(2D) (i) 2J0Z-NLJ Complex(2D) (j) 2J0Z-NLK Complex(2D)
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Table 4.6 The interactions of ligands with 2JOZ through various amino acid residues

Active X
Compound Types of Interactions
Target
Convention Carbon
al Pi-lone Unfavourable donor- | Amide - Pi Pi-Donor
Van der Waals Hydrogen H);i::sen Pi-Sigma Pi-Alkyl pair Alkyl AORGE iketeod Sulfur - X Hydrogen Bond
Bond
No.of Interactions s 2 1 1 1
NLB
ILE A:332,ASN A:345,PHE ARG
Amino acid = . , ARG PHE A:338,ARG E
prry hy A:341,GLN A:331,ARG A:335LEU rezeys A:342ARG A:33S GLY A:334
A:333 A:3.
No.of Interactions 4 2 1 1 1 1
NLD
ILE
Amino acid PHE A:338,ASN A:345,GLN 5 ARG ARG A:342,PHE = E
residues A:331,ARG A:333 ASIELEU A:335 A:341,LEU A:330 ILEA332 GLY A:332
No.of Interactions 8 2 1
NLE LEU A:344,ASN A:345,ASP ILE
Amino acid A:352,GLU A;349,GLN 3 i
residues A:331,PHR A;329,PHE :1?23'!3‘:: LEU A:348
A:338,PHE A:341 Z
No.of Interactions 6 1 1 3 1 1 1
NLF GLY
ARG A:333,GLU A:339,PHA A:334,LE
A""?: acld A:341,ASN A:345,PHE ILE A:332 ARG A:335 U frii 8 ARG A:335 GLY A:334
rosiines A:328,PHR A:329 A:330,AR a
G A;335
No.of Interactions 3 2 1 3 s
Amino acid THR A;329,ASN A:345,LEU PHE PYR THE ARG A:342,PHE
NLG residues A:330 A:3289,PHE A:327 A:341,ILE A:341,ILE A:332,PHE
A:338 A:332,AR A:338,TYR A:327
G A:342
2J0Z
NLH No.of Interactions 7 2 1
Amino acid THR A:329,LEU A:330,GLN PHE PHE
residues A:331,ILE A:332,PHE A:341,ARG A:341
A:338,ASN A:345,LEU A:344 A:342
NLI No.of Interactions 5 2 1
Amino acid THR A:329,LEU A:330,GLN ARG PHE
residues A:331,ILE A:332,PHE A:342,PHE A:341
A:338,ASN A:345,LEU A:344 A:341
NLJ No.of Interactions 5 2 2 1 1
Amino acid ARG A:333,ARG A:342,PHE ARG ARG ARG GLY A:334
residues A:338,GLN A:331,LE A:332 A:335,ASN A:335
A:345 A:345
NLK No.of Interactions 5 2 1 1 1 1 1
Amino acid GLN A:331,PHE A:338,ARG LEU ARG ARG A:335 TLE A:332 GLY A:334 TLE A:332
residues A:333,PHE A:341,ASN A:345 | A:330,GLY A:342,AR
A;334 G A:335
CURCUMIN No.of Interactions 6 2 1 1
Amino acid THR A:329,ASN A:345,PHE ARG LEU TLE A:332
residues A;341,LEU A:344,PHE A:342,ILE A:330
A:33,GLN A:331 A:332
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2K8F(TG5) — Curcumin Analogue Complexes
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Fig.4.7.2 K8F — Curcumin Analogue Complexes (a) 2K8-NLB Complex(3D) (b) 2K8F-
NLB Complex(2D) (c) 2K8F-NLD Complex(2D) (d) 2K8F-NLE Complex(2D) (e) 2K8F
-NLF Complex(2D) (f) 2K8F-NLG Complex(2D) (g) 2K8F-NLH Complex(2D) (h) 2K8F
-NLI Complex(2D) (i) 2K8F-NLJ Complex(2D) (j) 2K8F-NLK Complex(2D)




Table 4.7 The interactions of ligands with 2K8F through various amino acid residues
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Active .
Compound Types of Interactions
Target
Van der Waals Conventional HC:l:bo:n Unfavoursable Pi-Sigma Pi-Alkyl Alkyl Pi-Anion Amide =K
Hydrogen Bond yBo::tgl Acceptor-Acceptor 2 stacked
No.of Interactions 4 2 3 1 1
NLB
LEU B:25,ASP ? PRO B:27,ASN
Amino acid residues | B:21,LEU B:26,LEU AR ';'_g':’v“" B:29,GLU GLU B:28 PRO B:27
B:22 - B:28
No.of Interactions 2 2 1 1 2 4
NLD
" " ASN B:30,SER = " " " PRO B:34,PRO B:27,LEU
Amino acid residues | GLU B:28,LEU B:35 B33 SER B:33 VAL B:31 PRO B:27,PRO B:34 Bi26.LEU B:32
No.of Interactions 4 2 1 2 1
S ASEB:2,LEY ASN B:30,VAL
Amino acid residues | B:22,LEU B;26,THR B31 ASN B:30 PRO B:27,LEU B:25 GLU B:28
118 =
No.of Interactions 4 1 1 1 2
NLF
SER B:33,LEU
Amino acid residues B:32,LEU B:35,GLU VAL B:31 ASN B:30 PRO B:34 LEU B:26,PRO B:27
B:28
No.of Interactions 5 3 1 2
NLG
ASN B:30,PRO ¢
Amino acid residues | B:27,LEU B:26,TRP Ly rasaty VAL B:31 LEU B:25,LEU B:22
B:23,LEU B:35 B -
2KS8F
No.of Interactions 4 2 1 1
NEH TRP B:23,LEU LEU B:25,ASN
Amino acid residues B:26,GLU B:28,ASP B:M LEU B:25 VAL B:31 PRO B:27
B:21 =
No.of Interactions 3 2 1 2 1
NLI
LEU B:26,TRP GLU B:28,LEU o y " "
Amino acid residues B;23,ASN B:30 B:22 ASP B:21 PRO B:27,LEU B:25 ASN B:29
No.of Interactions 6 1 1 2
NLJ LEU B:32,ASN
N " B:30,LEU B:26,LEU " . . .
Amino acid residues B:22,VAL B:31,SER PRO B;27 GLU B:28 PRO B:34,LEU B:35
B:33
No.of Interactions 4 2 1 1 1
NLK
AN B:29,LEU ¥
Amino acid residues B:22,LEU B:25,ASP YAL g:;;.GLU ASN B:30 PRO B:27 GLU B:28
B:21 i
No.of Interactions s 2 1 3
CURCUMIN
ASN B:30,GLU ’ ;
Amino acid residues B:28,LEU B:26,LEU VAL B:SLIER SER B:33 FRO B27LED

B:35,PRO B:34

B:33

B:32,VAL B:31
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2RUK (TG6) — Curcumin Analogue Complexes
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Fig.4.8.2 RUK — Curcumin Analogue Complexes (a) 2RUK-NLB Complex(3D) (b)
2RUK-NLB Complex(2D) (c) 2RUK-NLD Complex(2D) (d) 2RUK-NLE Complex(2D)
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Table 4.8 The interactions of ligands with 2RUK through various amino acid residues

Active
Compound T of Interactions
Target PO ypes
Van der Waals | Conventional Carbon Unfavencable.| g T Pilone Pi-Pi ; Pismion | PFPIT | Unfavourable [ oo Pi-Donor
Hydrogen Bond | Hydrogen Bond Az‘:."" Sigma Alky pair stacked Alky shaped donor-donor Hydrogen Bond
No.of
Interactions s ! ! !
NLB GLN A:52,PHE
Amino acid A:54,GLU % - =
Liond PR oo o ASP A:57 ASP A:49 TPO A:55
A:S50
No.of
e 3 3 1 1 1 3 1 1
NLD
Amino acid |  ASP A:61,PHE GLU A:51,ASP PRO § i TRP A:S3,ILE .
residues AS4,PPO A:SS A:57,GLU A:56 A58 TRRALY TRPAS3 | 2:50,PRO A:58 GLU A6
No.of
Interactions 3 4 ! 2
NLE 7 ASP A:49,ASP TRP
‘Aniirie scid e A:ST,ASP GLA A:52 A:S3,PHE ASP A:S7
residues . = A61,PRO A:60 A:S4
No.of
Tt i 1 4 1 1 2 1
NLF . : GLU A:56,TPO
Amine acid PRO A:58 A:S5.PHE PHE A:54 TRP A:S3 TRE AR ASP A:S7
residues A:54,GLN A:52 :
No.of
Interactions . 2 ! 1 1 ! X
NLG
Amino acid PHE A:S4,ASP TRP . y ¥
& TPO A:S5 e et THE A:54 ILE A:50 PHE A:S4 GLU A:56
2RUK
No.of
Interactions 4 ¢ L 3 .
IR GLN B:17,HIS
Amine acid s-';::gr:‘;:nm n~m§m HIS B:45 g LEU A4S
residues A6 THR B:74,ASN AT
B:76
No.of
Interactions 2 3 ! 2
Amino acid | ppo, \.sgILE As0 | ASPAST.GLU TPO A:SS ASPHE
residues T A:56,GLN A:52 * e
No.of
Interactions 2 3 X :
NLJ PRO A:58,GLN —
Amino acid A:52,TPO ASP A:57,PHE X o
residues | A:SS,GLU A:S6,LE AS4 AR 7257 A
A:S0 2
No.of
Interactions 2 ! 1 3 L !
Amino acid ASP A:S7,GLU PO 5 :
s ol PHE A:54 A:SS GLN A:52 PHE A:S4 TRP A:S3
No.of
Interactions 3 & .
CURCUMIN
Amino acid |  GLU A:56,GLU PHE A:54,GLA TRP A:S3
residues A:S1,TPO A:55 AS2 .
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Complexes of selected target molecules with Curcumin

A\ o
G s
v 0 UNK
1 Interactions
H Y
"k van der Waals
R G I Unfavorable Bump
ARG
o Attractive Charge
B Conventional Hydrogen Bond
SER LEU
B:404 A:1657  Carbon Hydrogen Bond
(C) e (d)HR , ILE
A:81 A HIS A:71
cys | A:69
Asp A:24 i N
: A:EBI
PRO H z i
3 A 85 P AL r &
N A TYR gk < N
ARG L v K363 Ly e
A:78 " s , XAy A:102
:20' Interactions GLY
) ] GLN ALA 3
 d - van der Waals X% KBS% A:104 A:70 L9
sy 0 i
P, AL - . m Conventional Hydrogen Bond Interactions E:%
A:79 Ad2 A63 A:21 Carbon Hydrogen Bond van der Waals I Pi-Sigma
Pi-Lone Pair Conventional Hydrogen Bond Pi-Alkyl
Pi-Alkyl Carbon Hydrogen Bond
THR ( ) VAL ASN
(e) A:329 f LEU B:31 B:30
B:32
ARG Ly
K305 342 L a
A3 vt f
oLy A3 : - 0
A:331 ﬂ H &0
ILE p! B:34
A:332 o o
H
** o
odl ~o SER : PRO
I i 8
% Interactions LEU Interactions ; .
v dor Waals Pi-Lone Pair B:35 van der Waals Pi-Alkyl
Conventional Hydrogen Bond Pi-Alkyl Conventional Hydrogen Bond
Pi-Donor Hydrogen Bond Carbon Hydrogen Bond
(9) ¢n (h)
! LYS
GLU A:78 THR
A:56  TRp \? THR AI75
H G @ er RS
N Pl Aios N
O C }1
- =1}
7 GLY
H i THR c A:74
GLY A:70 B = .
A:51 b e Interactions
TPQ GLN: st
PHE A:55 &N AT12 van der Waals
. A:77 ) i
G SER. A0 ASN LA, M Conventional Hydrogen Bond
Interactions AZ0P A Carbon Hydrogen Bond
van der Waals Pi-Pi Stacked Amide-Pi Stacked
Conventional Hydrogen Bond Pi-Alkyl

Fig.4.9 Selected target molecules with natural curcumin Complexes (a) 4Y2G-curcumin
Complex(3D) (b) 4Y2G-curcumin Complex(2D) (c) 1JM7-curcumin Complex(2D) (d)
10QA-curcumin Complex(2D) (e) 2JOZ-curcumin Complex(2D) (f) 2K8F-curcumin
Complex(2D) (g) 2RUK-curcumin Complex(2D) (h) 1XQ7-curcumin Complex(2D)
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The modelling of the interaction of NLH with the reference target, Cyclophilin
(TGT7), revealed binding at specific residues including Met63, GIn65, Arg84, Glyl110,
GInl112, Phell4, and Leul23, with a binding energy of -7.8 kcal/mol (Fig.4.11 a).
However, NLH exhibited stronger binding with other selected targets, such as TG1 to
TG6, compared to TG7 (Fig.4.10).The interaction between the FDA drug
cyclophosphamide and Cyclophilin (TG7) was investigated through molecular docking,
resulting in predicted binding energy of 3.8 kcal/mol at residues Arg57, Phe62, Met63,
GIn65, Phel14, and Leul23 (Fig.4.11 b).

Furthermore, cyclophosphamide was docked with all selected targets (TG1 TG6)
to assess its binding potential. The estimated binding energies of the complexes formed
between cyclophosphamide and TG1, TG2, TG3, TG4, TG5, and TG6 were -4.62, -5.16,
- 4.28, -3.68, -3.18, and- 3.68 kcal/mol, respectively. Among the nine curcumin analogues
examined, NLH emerged as the most promising lead molecule, displaying an ideal
binding energy of 8.3 kcal/mol towards target TG3, with an inhibition constant of 1.59
nM.

Comparatively, NLH demonstrated superior binding affinity to the selected
molecular target in terms of binding energy, hydrogen bonds, weak interactions, and
involvement of amino acids, surpassing both curcumin and cyclophosphamide and their
respective targets. Notably, NLH exhibited better binding energy and interaction features
compared to cyclophosphamide and its validated target, as well as cyclophosphamide and
the selected targets in this study. These results indicated that NLH possesses considerable
potential as the most promising lead compound among the curcumin analogues evaluated,

eclipsing both the efficacy of curcumin and cyclophosphamide.
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Fig.4.10 Prediction of NLH binding potential with selected breast cancer molecular
targets was performed via molecular docking, and visualized using MGL Tools of Auto
Dock. The figure shows the binding pocket of the ligand-receptor complex, with the
interacting residues and the ligand displayed as stick figures. (a) Binding of NLH and
TG1 (2D) (binding energy: -6.7 kcal/mol) (b) Binding of NLH and TG2 (binding energy:
-7.74 kcal/mol) (c) Binding of NLH and TG3 (binding energy: -8.3 kcal/mol) (d) Binding
of NLH and TG4 (binding energy: -7.32 kcal/mol) (e) Binding of NLH and TG5 (binding
energy: -6.92 kcal/mol) (f) Binding of NLH and TG6 (binding energy: -5.38 kcal/mol)
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Fig.4.11 The binding of NLH and FDA-approved drug cyclophosphamide with
Cyclophilin (TG7; PDB: 1XQ7) was analysed through molecular docking and visualized
using MGL Tools of Auto Dock. (a) Binding of NLH with TG7 (binding energy: -7.8
kcal/mol) (b) Binding of cyclophosphamide with TG7(binding energy: -3.8 kcal/mol)

4.4.1.3. Molecular dynamic simulation

The best-docked complexes of the protein TG3 and NLH were subjected to a 100
ns simulation using an NVT(Number of particles Volume, and Temperature) ensemble to
assess their dynamic behaviour and stability during binding. Similarly, the docked
complex of cyclophosphamide with its validated target protein was simulated, and their
binding stabilities were compared to the interaction stabilities of the NLH and TG3
complex. The MD simulation studies revealed structural and conformational changes
throughout the simulations, as evident from plots such as protein-ligand RMSD, protein-
ligand contact diagrams, and protein-ligand contact maps. The torsion profiles of the
ligand also confirmed binding. The binding of the ligand to the protein and the
conformational changes in the protein upon binding of the curcumin analogue were

driven by various weak molecular interactions observed throughout the simulation.
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Fig.4.12 The binding and stability of the docked complex of NLH with the BRCA1-
BRCT-c domain were studied using molecular dynamics simulation over 100 ns. The
trajectories obtained from the MD simulation are shown in the figure. (a)Protein-ligand
RMSD: Protein RMSD (A) is shown on the Y-axis and simulation time is given on the X-
axis. (b) The plot of the protein RMSF: RMSF (A) is given on the Y-axis and the atom
index is shown on the X-axis. (c) The plot of ligand RMSF: RMSF (A) is shown on the
Y-axis and the atom index is given on the X-axis. (d) The Protein-Ligand contact is
shown in the form of a histogram. The blue, grey, pink, and green regions in the
histogram represent water bridges, hydrophobic interaction, ionic bonds, and hydrogen
bonds, respectively. (e) The interactions between NLH and protein TG3 observed during
MD simulation (f) The protein-ligand contacts are shown in the form of timeline
representation. The top panel shows the total number of specific contacts between the
receptor and ligand, and the bottom panel shows the amino acid residue of the target,
which interacted with the ligand?®®.
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The MD trajectories for the best NLH and TG3 complex were shown in Fig.4.12.
These trajectories demonstrated that the RMSD value of the protein ranged from 4.8 to
6.2 A at 100 ns, indicating conformational changes in the target protein (Fig.4.12.a). This
RMSD variation, due to the interaction of NLH and TG3, suggests superior binding and
stabilization compared to the control. The protein's RMSF varied from 2.4 to 6.4 A,
further indicating conformational changes during the simulation. Secondary structural
elements such as alpha helices and beta strands showed less fluctuation compared to
regions like coils and loops, with significant fluctuations observed at the C- and N-
terminals (Fig.4.12.b). The ligand's RMSF ranged from 2.0 to 6.0 A, reflecting entropic
fluctuations and binding to the target (Fig.4.12.c). Key stabilizing interactions throughout
the simulation included water bridges, hydrogen bonds, and hydrophobic interactions
(Fig. 4.12.d). The molecular interactions during the simulation were shown in Fig4.12.e.
MD studies confirmed that the curcumin analogue interacted with TG3 via residues
Glu64, GIn73, and Gly72 of chain A, with major interactions depicted in Fig.4.12.f. The
trajectory of total contacts, including hydrogen bonds, ionic bonds, water bridges, and
hydrophobic interactions, varied throughout the simulation, indicating stable binding

predominantly involving residues from chain A.

The MD trajectories for the cyclophosphamide and TG7 complex are shown in
Fig. 4.13. These trajectories indicated that the RMSD values of the protein varied from
0.8 to 1.4 A at 100 ns, suggesting lesser conformational changes during the simulation
(Fig. 4.13.a). The RMSD variation implies binding with cyclophosphamide. The RMSF
of the protein ranged from 0.6 to 1.6 A (Fig. 4.13.b), while the RMSF of the ligand varied
from 3.0 to 4.5 A, indicating entropic fluctuations during binding (Fig. 4.13.c). Major
stabilizing interactions included water bridges, ionic bonds, hydrogen bonds, and
hydrophobic interactions (Fig. 4.13.d). The forces stabilizing the binding are illustrated in
Fig. 4.13.e. Cyclophosphamide was found to bind to its target via residues Arg57,
Asnl103, GIn65, and Phell4, with interactions depicted in Fig. 4.13.f. The binding
stability of the NLH and TG3 complex was superior to that of the cyclophosphamide and
TG7 complex, suggesting NLH as a potential lead molecule against the BRCA1-BRCT-c

domain (TG3) in breast cancer.
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Fig.4.13 The binding and stability of the docked complex of the conventional breast
cancer drug Cyclophosphamide with its validated target TG7 were studied using
molecular dynamics simulation over 100 ns. The trajectories obtained from the MD
simulation are shown in the figure. (a) Protein-ligand RMSD: Protein RMSD (A) is
shown on the Y-axis and simulation time is given on the X-axis. (b) The plot of the
protein RMSF: RMSF (A) is given on the Y-axis and the atom index is shown on the X-
axis. (c) The plot of ligand RMSF: RMSF (A) is shown on the Y -axis and the atom index
is given on the X-axis. (d) The Protein-Ligand contact is shown in the form of a
histogram. The blue, grey, pink, and green regions in the histogram represent water
bridges, hydrophobic interaction, ionic bonds, and hydrogen bonds, respectively. (e) The
interactions between cyclophosphamide and protein TG7 observed during MD simulation
(F) The protein-ligand contacts are shown in the form of timeline representation. The top
panel shows the total number of specific contacts between the receptor and ligand, and
the bottom panel shows the amino acid residue of the target, which interacted with the
ligand?®.
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4.4.1.3.1. Calculation of Molecular Mechanics with Generalized Born and Surface
area Solvation (MM/GBSA)

The calculated binding free energies (AG Bind and AG Bind NS) for the
interaction between NLH and the BRCA1-BRCT-c domain (TG3), as well as
cyclophosphamide and its validated target TG7, using MM/GBSA methods, are presented
in Table 4.9. The binding stability of NLH with the BRCA1-BRCT-c domain was
confirmed by MM-GBSA binding free energy estimation. The interaction energy for
cyclophosphamide and TG7 at 100 ns was found to be -21.67 kcal/mol. In contrast, the
binding energy for the docked complex of NLH and the BRCA1-BRCT-c domain at 100
ns was estimated to be -64.24 kcal/mol, significantly lower than that of the control.
Similarly, without considering receptor and ligand conformational changes during
complex formation, the binding energy for cyclophosphamide (control) and TG7 was -
23.02 kcal/mol, whereas for NLH (test) and the BRCA1-BRCT-c domain, it was -64.59
kcal/mol at 100 ns. These results from MMGBSA binding free energy calculations
indicate that NLH demonstrates better binding with the BRCA1-BRCT-c domain of
breast cancer compared to the FDA-approved drug cyclophosphamide and its validated
target.

Table 4.9. Binding free energy calculations for the test (interaction between NLH and
TG3) and control (interaction between Cyclophosphamide and its validated target) were
performed using MM/GBSA.

Control
(Interaction between Test
cyclophosphamide and (Interaction between NLH
validated target) and TG3)
*DG Bind *DG Bind NS | DG Bind DG Bind NS
Time in (ns) (kcal/mol) (kcal/mol) | (kcal/mol) (kcal/mol)
10 -32.124 -39.1401 -37.621 -39.722
20 -14.4342 -18.62367 -61.6115 -66.84162
30 0.005224 0.000579 -67.4163 -71.92285
40 -26.842 -32.76647 -50.0537 -52.99145
50 -22.6938 -28.30012 -59.3443 -63.2962
60 -27.4392 -31.82655 -54.5209 -64.05611
70 -31.0677 -34.7436 -59.8756 -61.45158
80 -28.2482 -32.82203 -62.0093 -68.59858
90 -21.5625 -22.85762 -52.151 -55.81451
100 -21.6782 -23.01707 -61.2412 -64.59952

*MMGBSA DGgind = Complex Receptor — Ligand and *MMGBSA DGging (NS) =
Complex Receptor (from optimized complex) — Ligand (from optimized complex) =
MMGBSA DGging— Receptor Strain — Ligand Strain. NS in the table stands for no
strain; it represents the binding energy without accounting for the conformational
changes in the receptor and ligand required for complex formation?®.
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Protein-ligand, protein-solvent, and ligand-solvent interactions significantly
influenced ligand binding to proteins, with entropy and enthalpy playing crucial roles in
these interactions. Although statistical mechanics provided an accurate expression for free
energy, it was typically impractical to use directly for large molecules due to the
difficulty in calculating the partition function. Free energy perturbation (FEP)® and
thermodynamic integration (T1)® methods allowed numerical estimation of free energy
differences between two states using precise formulations. However, FEP and TI
techniques often require lengthy computations, making them impractical for multiple
protein ligand binding analyses. Thus, there was a continual need for approximation
methods reasonably accurate for calculating the binding free energy of macromolecules to
ligands®”. The MMPBSA/GBSA approaches, developed by Case, Kollman, and
colleagues, were among the most widely used methodologies®. These approaches
calculated binding free energy by subtracting the free energies of the protein and ligand
from that of the protein-ligand complex.

Molecular docking, MD simulation, and energy calculation studies demonstrated
that the NLH lead molecule demostrated superior binding energy, stability, and dynamics
towards the prioritized target (TG3) of breast cancer compared to curcumin alone and
cyclophosphamide with its validated target. Thus, this study suggested that the NLH
molecule and the prioritized target were promising candidates for developing anticancer
agents against breast cancer.

This study provided manifold insights into the molecular mechanisms of binding
potential for different curcumin analogues targeting six breast cancer molecular targets.
For comparative purposes, the interaction model of pure curcumin and cyclophosphamide
with its validated target was used as the control. The study modelled the binding affinity
of NLH towards the prioritized target. Owing to time and resource constraints, molecular
dynamics simulations and energy calculations were performed only for the best-docked
complex, which exhibited the minimum binding energy and maximum stabilizing
interactions, and for the control with its validated target. The study employed MM/GBSA
approaches for free energy calculations based on the MD results. Although MM/GBSA
was a conventional method, more rigorous binding free energy calculations, such as linear
response approximation (LRA) and linear interaction energy (LIE) methods, offered
better approximations of experimental binding free energies. These advanced methods

have been successfully applied to the study of several curcumin analogues®. The results
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of the present studies prompted further analysis of the in vitro cytotoxic and antitumor

properties of NLH.

4.4.2. In vitro cytotoxic studies

In vitro cytotoxic studies using DLA (Dalton's Lymphoma Ascites), EAC (Ehrlich
Ascites Carcinoma), and spleen cell lines involve assessing the toxicity of compounds on
cancer and normal cells. These studies help determine the potential anticancer properties

and safety profile of new therapeutic agents.

4.4.2.1. In vitro cytotoxic studies of curcumin analogues and their metal complexes
using DLA, EAC, and spleen cell lines

4.4.2.1.1. Short-term cytotoxic effect of Curcumin analogues
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Fig.4.14 The in vitro cytotoxicity results of various ligands (NLB, NLD, NLE, NLF,
NLG, NLH, NLI, NLJ, NLK and CURCUMIN) at different concentrations (10, 20, 50,
100, 200 pg/mL) against DLA cell lines. The results are represented as the percentage of
cell death.

NLH and NLD were the most effective ligands in inducing cell death, exhibiting
high cytotoxicity at lower concentrations. NLF also demonstrated significant cytotoxicity
but required higher concentrations to reach its maximum effect. NLE and NLI showed

moderate cytotoxicity, while NLG, curcumin, NLK, NLB, and NLJ exhibited lower
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cytotoxic effects. These results indicated that NLH was the most potent cytotoxic ligand
in vitro, followed by NLD and NLF. Curcumin, although showing some cytotoxicity, was

less effective compared to the top ligands.

The cytotoxic effects observed among the ligands were attributed to various
factors related to their chemical structure and behaviour. Differences in ligand structure
and electronic properties played a crucial role in influencing their interaction with cellular
targets. Ligands with specific functional groups or molecular configurations might
interact differently with cellular components, thereby impacting their cytotoxicity. The
permeability of ligands across cell membranes varies, with some demonstrating better cell
permeability than others, which could affect their ability to induce cell death. The
stability of ligands in the biological environment was a significant determinant of their
cytotoxicity, as more stable ligands might persist longer, leading to prolonged exposure
and potentially higher cytotoxic effects. The specific interactions between the ligands and
cellular targets, such as DNA or proteins, could vary significantly, necessitating
differences in their cytotoxic effects.

Molecular docking and in vitro cytotoxicity studies on DLA cell lines have
identified NLH as the most promising ligand among the tested compounds. NLH
consistently exhibited low Binding Energy (BE) and Inhibition Constant (Ki) values
across all targets, indicating its strong binding affinity and potency. NLH demonstrated a
high number of target interactions, suggesting excellent specificity. In vitro, NLH
emerged as the most potent cytotoxic ligand, showing effectiveness at lower
concentrations, making it a prime candidate for further research. NLD also performed
well, with low BE values for certain targets, significant interactions, and high cytotoxicity
at lower concentrations. Although NLI showed good binding affinity and potency with

moderate interaction profiles, it was less effective in cytotoxic effects in vitro

The in vitro cytotoxicity results of the synthesized curcumin analogues align with
those observed in molecular docking studies, providing insights into the interaction
mechanisms between the ligands and the selected target proteins of breast cancer.

Based on the above results, NLH and NLD were selected for further validation

using EAC cell lines to confirm the findings.
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Fig.4.15 In Vitro Cytotoxicity of Ligands NLH and NLD Against EAC Cell lines

The graph indicated that both NLD and NLH were effective in inducing cell death
in EAC cell lines, with a clear dose-dependent effect. However, NLH was significantly
more sensitive to achieving complete cell death at lower concentrations compared to
NLD. This information was critical in optimizing dosages for maximum efficacy while
minimizing potential side effects.

The in vitro cytotoxic studies are also done using spleen cell lines, selecting the
most active compound NLH. Cytotoxic studies using spleen cell lines are crucial for
assessing the potential toxicity of compounds on immune cells, reflecting their impact on
immune function. This aids in evaluating immunotoxicity profiles of drugs and
chemicals, essential for understanding potential side effects on the immune system in
pharmacological and toxicological research.
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Fig.4.16 The figure depicts the in vitro cytotoxic effect of NLH on DLA, EAC, and rat
spleen cell lines. (a) Comparative % cell death study (DLA in blue, EAC in red, spleen
cells in green) at mg/ml concentrations, plotted with mean = SD. (b) Light microscopic

view (x10) of dead DLA cells (blue). (c) Light microscopic view (x10) of live spleen cells
(transparent).
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Both NLH and NLD induced cell death in EAC cell lines in a dose-dependent
manner, with NLH achieving complete cell death at lower concentrations compared to
NLD. NLH was particularly effective against DLA and EAC cell lines, while the
SPLEEN cell line showed minimal sensitivity to NLH. This selective efficacy indicated a
therapeutic advantage in targeting specific cancer cells (such as DLA and EAC) while
minimizing potential side effects on non-cancerous cells. Therefore, NLH stood out as the
most promising ligand, demonstrating strong binding affinity, high potency, and effective
cytotoxicity. These findings highlighted the potential of these novel ligands for further
preclinical and clinical investigations, emphasizing their importance in the development

of breast cancer treatments.

4.4.2.1.2. Short-term cytotoxic effect of metal complexes of curcumin analogues
using DLA cell lines

Copper (II) and Zinc (Il) complexes of curcumin analogues have attracted
significant interest for their potential in combating cancer. Derived from turmeric,
curcumin displays antioxidant, anti-inflammatory, and anti-cancer properties, albeit with
limitations in stability and bioavailability. Complexing curcumin analogues with Cu (I1)
and Zn (1) ions enhances their stability under physiological conditions, facilitating better
absorption and distribution in the body, thereby increasing their efficacy against cancer.
These complexes targeted cancer cells through diverse mechanisms, including modulation
of NF«B signalling, inhibition of kinases crucial for cell growth, and induction of
apoptosis. They also exhibited antioxidant properties that protected cells from oxidative
stress prevalent in cancer and anti-inflammatory effects that mitigated inflammation-
linked carcinogenesis. The choice of metal ions affected the biological activity and

toxicity of the complexes. Cu(ll) complexes triggered cytotoxic reactive oxygen species
selectively in cancer cells, while Zn(Il) complexes stabilized structures crucial for cancer

cell function, such as DNA binding or enzymatic inhibition®.
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4.4.2.1.2.1. In vitro cytotoxicity evaluation of Cu (Il) complexes of curcumin

analogues against DLA cells
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Fig.4.17 Cu (I1) Complexes of Curcumin Analogues-In Vitro Cytotoxicity
Evaluation Against DLA Cells. The results are represented as the percentage of
cell death.

The Cu complexes manifested varying degrees of cytotoxicity, with Cu(NLD)2,
Cu(NLF)2, Cu(NLG)2, Cu(NLH)2, Cu(NLK)2, and Cu(NLE). demonstrating very high
cytotoxicity, especially at higher concentrations. Cu(NLB), and Cu(NLI). showed
moderate cytotoxicity, while Cu(NLJ)2 exhibited the least cytotoxicity among the Cu
complexes. Curcumin, used as a reference compound, revealed consistently low
cytotoxicity. The varying cytotoxic effects were due to the differences in the ligands
(NLB, NLD, etc.) attached to the Cu ion. The structure and electronic properties of these
ligands could influence the ability of the complex to interact with and disrupt cellular
processes. Some complexes might have better cell permeability, allowing them to enter
cells more effectively and induce cell death. The cytotoxicity could also depend on the
rate at which Cu ions are released from the complex inside the cells, with complexes that
release Cu ions more readily potentially inducing higher cytotoxicity. The stability of the
Cu complexes in the biological environment could affect their cytotoxicity, as more stable
complexes may persist longer, leading to prolonged exposure and higher cytotoxicity.
The specific interactions between the Cu complexes and cellular targets might vary,
leading to differences in cytotoxic effects. The low cytotoxicity of curcumin across all
concentrations served as a control to highlight the enhanced cytotoxic effects of the Cu
complexes, emphasizing their potential therapeutic relevance. Conclusively, the Cu
complexes exhibited a wide range of cytotoxic activities influenced by their structural and
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chemical properties, with several showing high potential as cytotoxic agents at higher
concentrations.

4.4.2.1.2.2. In vitro cytotoxicity evaluation of Zn(I11) complexes of curcumin
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Fig.4.18 Zn (11) Complexes of Curcumin Analogues-In Vitro Cytotoxicity Evaluation
Against DLA Cells. The results are represented as the percentage of cell death.

The Zn complexes exhibited varying degrees of cytotoxicity, with Zn(NLD)a,
Zn(NLH)2, and Zn(NLK). demonstrating notably high cytotoxicity, particularly at
elevated concentrations. Zn(NLF). and Zn(NLE). also produced significant cytotoxicity,
though less pronounced at higher concentrations compared to Zn(NLD), and Zn(NLH)..
Zn(NLB)2, Zn(NLI)2, and Zn(NLG)2 presented moderate cytotoxicity, while Zn(NLJ)2
had the lowest cytotoxicity among the Zn complexes. In contrast, curcumin, used as a
reference compound, consistently exhibited low cytotoxicity. The differences in cytotoxic
effects are likely attributable to the distinct ligands attached to the Zn ion. The structural
and electronic properties of these ligands could influence the ability of the complex to
interact with and disrupt cellular processes. Some complexes might have enhanced cell
permeability, enabling them to enter cells more effectively and induce cell death. The rate
at which Zn ions were released from the complex inside the cells could also impact
cytotoxicity, with complexes that release Zn ions more readily potentially causing higher
cytotoxicity. The stability of Zn complexes in the biological environment played a role in
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their cytotoxicity; more stable complexes might persist longer, resulting in prolonged
exposure and greater cytotoxicity. The specific interactions between Zn complexes and
cellular targets could vary, leading to differences in cytotoxic effects. The low
cytotoxicity of curcumin across all concentrations served as a control, highlighting the
enhanced cytotoxic effects of the Zn complexes and underscoring their potential
therapeutic relevance. In short, the Zn complexes manifested a spectrum of cytotoxic
activities influenced by their structural and chemical properties, with several
demonstrating high potential as cytotoxic agents at higher concentrations.

Both Cu (Il) and Zn(ll) complexes exhibited a range of cytotoxic activities
influenced by their ligands. High cytotoxicity was observed in Cu(NLD),, Cu(NLF)z,
Cu(NLH)2, Cu(NLK),, Zn(NLD),, Zn(NLH)2, and Zn(NLK),, which might be more
effective in targeting cancer cells. Moderate cytotoxicity was seen in Cu(NLB),
Cu(NLI)2, Zn(NLE)2, Zn(NLF)2, Zn(NLI)2, and Zn(NLG),, potentially offering a balance
between efficacy and safety with fewer side effects. Low cytotoxicity was noted in
Cu(NLJ)2, Zn(NLB)2, Zn(NLJ),, and curcumin, suggesting they might be safer but less
effective as standalone treatments, though they could be useful in combination therapies
or for other therapeutic applications. Several factors influenced the therapeutic potential
of these complexes High cytotoxicity complexes might be preferable for aggressive
cancers, while moderate cytotoxicity complexes might provide a better therapeutic
window. Ligand properties, metal ion reactivity, cell permeability, and stability in
biological environments were crucial in determining their efficacy and safety. Cu
complexes, often more cytotoxic due to the higher reactivity and ability to generate
reactive oxygen species (ROS) of Cu ions, were potent choices for rapid cell death. In
contrast, Zn complexes, which generally exhibited lower cytotoxicity due to less reactive
Zn ions, could be enhanced by specific ligand structures. For aggressive treatments, high
cytotoxicity Cu complexes like Cu(NLD)2 and Cu(NLK)2, and Zn complexes like
Zn(NLD); and Zn(NLK), were potent choices. For conditions requiring controlled
cytotoxicity, moderate cytotoxicity complexes such as Cu(NLB)2 and Zn(NLE)2 were
potential candidates. Low cytotoxicity agents, such as curcumin, are suitable for chronic
conditions or as part of combination therapy to enhance the effect of other drugs with
minimal side effects. The choice between Cu and Zn complexes ultimately depended on
the specific therapeutic need, with Cu complexes generally better for aggressive treatment
and Zn complexes offering a safer alternative for a balanced approach.

The higher in vitro cytotoxicity observed in Cu and Zn metal complexes compared
to their ligands could be attributed to various interconnected biochemical factors. Copper
and Zinc ions possess inherent reactivity within biological systems, engaging in redox
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reactions and generating reactive oxygen species (ROS) that disrupt cellular processes.
When complexed with ligands, these metal ions became more bioavailable and reactive,
intensifying their cytotoxic potential. Moreover, metal complexes exhibited greater
cellular uptake than free ligands due to factors such as size, charge, and hydrophobicity,
facilitating their passage through cellular membranes and subsequent interaction with
intracellular targets. The formation of chelates between metal ions and ligands enhanced
the stability and reactivity of the complexes, prolonging their cytotoxic effects by
protecting the metal ions from sequestration or detoxification mechanisms within the cell.
Metal complexes could interact with specific biological targets, such as DNA, proteins, or
enzymes, with higher affinity and specificity than free ligands, disrupting essential
cellular processes and promoting cell death. Certain ligands might synergistically enhance
the cytotoxic effects of metal ions by modulating their reactivity and bioavailability.
Metal complexes containing transition metals like Cu and Zn could undergo redox
cycling reactions, alternating between different oxidation states and generating ROS,
which induce oxidative stress and contribute to cell death. In conclusion, the greater in
vitro cytotoxicity of Cu and Zn metal complexes compared to their ligands was attributed
to their improved reactivity, enhanced cellular uptake, increased stability, specific
targeted interactions, synergistic effects, and capacity for redox cycling within biological
systems.

4.4.2.2. 3 (4,5 Dimethylthiazol 2 yl) 2,5 Diphenyltetrazolium bromide (MTT) assay

The cytotoxic potential of the compound was evaluated using an MTT assay,
comparing its effects on the breast cancer cell line C1271 and the non tumorigenic cell
line Vero (Fig. 8b). The compound exhibited significant cytotoxicity towards the C1271
breast cancer cell line while showing the minimal cytotoxic effect on Vero cells, with
only a 10% inhibition, similar to the vehicle control DMSO. The ICso value for C1271
was found to be 104.01 pg/ml. At a concentration of 100 pg/ml, the compound caused
41.4% inhibition of C1271 cells, but only 9.04% inhibition of Vero cells.

The MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
was noticed to operate by reducing MTT, breaking the central tetrazole ring to form the
violet-blue, water-insoluble compound formazan®®. Because of its positive charge and
lipophilic nature, MTT could permeate the mitochondrial inner membrane and cell
membrane of viable cells, where it got converted to formazan by proliferating cells.
Developed in 1983 by Mosmann et al.,? the MTT assay was based on the colourimetric
detection of intracellular formazan production, exploiting the chromogenic properties of
this redox reaction®,
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Fig.4.19 Comparative Study of % Inhibition Induced by NLH on C1271 Breast
Cancer Cell Lines (Blue) and Vero Non-Tumorigenic Cell Lines (Red), with
Concentration in pg/mL. The Graph Displays Mean + SD.

Fig.4.20 The cytotoxic effect of NLH on C1271 (breast cancer cell line) and Vero cell line
is shown in the figure. (a) Effect of 50 ug/ml NLH on C127I cell line (b) Effect of 50
ug/ml NLH on Vero cell line (¢) Effect of 100 pg/ml NLH on C1271 cell line (d) Effect of
100 pg/ml NLH on Vero cell line (e) Effect of control (DMSO) on CI1271 cell line (f)
Effect of (control) on Vero cell line.
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The cytotoxic effects of NLH on C1271 and Vero cell lines are depicted in
Fig.4.19. and Fig.4.20. The results indicate that NLH is cytotoxic to the C127I breast
cancer cell line (Fig 4.20.a and c), but exhibits little to no toxicity towards Vero cell lines
(Fig.4.20.b and d), comparable to the control DMSO (Fig.4.20.e and f). This variation in
cytotoxicity suggests that NLH could be effective in treating various types of cancer,

including breast cancer.

4.4.3. In vivo studies

4.4.3.1. Acute toxicity

Acute toxicity assessment was observed as a crucial preliminary phase required
for evaluating the toxicity of any biological compound. It was intended to determine the
moderate lethal dose (LDsp) of these compounds. Acute toxicity typically meant
variations observed immediately or shortly after a single administration of a compound,
typically within 24 hours (OECD, 2000)%.

Fig 4.21 Effect of NLH on the morphology of various organs of Swiss albino mice
observed on the 14" day post single acute dose (1000 mg/kg b.wt.) administration. ()
Vehicle Control (b) NLH
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Table 4.10 Acute Toxicity Evaluation of NLH in Swiss Albino Mice

Observations Control group Treated (NLH) Group
Food Intake Normal Normal
Water Intake Normal Normal
Body weight Normal No Change
Drowsiness Not Present Not Present
Changes in Skin No Change No Change
Diarrhoea Not present Not present
Sedation No Effect No Effect
General physique Normal Normal
Death Alive Alive

The LDso of NLH in Swiss Albino mice was determined to exceed 1000 mg/kg
body weight. Following a single administration of NLH at 1 g/kg body weight for acute
toxicity assessment, by OECD guideline 420 (adopted December 2001)%, no significant
differences were observed between the NLH-treated group and the untreated control
group (Fig 4.21). The acute toxicity analysis revealed NLH to be non-toxic to Swiss
Albino mice, as evidenced by the absence of mortality and any abnormal changes in skin,
fur, eyes, mucous membranes, behaviour patterns, tremors, salivation, sleep, or signs of
ill health during the two-week observation period (Table 4.10). Food consumption (Fig
4.22. a) and Body weight remained consistent without variation (Fig 4.22.b), and no

diarrhoea or hair loss was observed.
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Fig.4.22 Acute Toxicity Evaluation of NLH in Swiss Albino Mice (a) Feed Consumption
(b) Body Weight over 14 Days, Represented in grams/Day/Group.

In this acute toxic study, Swiss Albino mice treated with NLH up to a dose of
1g/kg body weight showed no mortality or signs of toxicity or side effects. Compounds

with LDso values below 2g/kg body weight were generally considered relatively safe.
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Therefore, NLH could be regarded as non-toxic upon acute administration, as the subjects
tolerated the treatment sufficiently well without adverse effects.

4.4.3.2. Sub-acute toxicity

Sub-acute toxic studies in Swiss Albino mice have assessed the toxicity of a
substance over 45 days. These studies enabled to determine the potential health risks, safe
dosage levels, and adverse effects, providing critical data for the safety evaluation of

pharmaceuticals, chemicals, and other substances before human exposure.

Oral administration of NLH at doses of 200 and 100 mg/kg body weight for 45
days did not result in any mortality among the test groups. Throughout the study period,
the animals remained generally healthy, showing no signs of toxicity (Fig 4.23 and Fig
4.24).

Fig.4.23 Effect of NLH administration on the morphology of various organs of different
groups of Swiss albino mice observed at the end of sub-acute toxicity study on the 45%
day. (a)\Vehicle control male (b)Vehicle control female (c) Male - NLH high dose (200
mg/kg. b.wt.) (d)Male - NLH low dose (100 mg/kg. b.wt.) (¢)Female NLH high dose (200
mg/kg. b.wt.) (f) female NLH low dose (100 mg/kg. b.wt.)
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Fig.4.24 Effect of NLH administration on the morphology of various organs of Swiss
albino mice observed at the end of sub-acute toxicity study on the 45" day. (a) Brain (b)
Heart (c) Lungs (d) Stomach (e) Liver (f) Colon (g)Kidney (h) Testis (i) Ovary

There were no abnormal changes in food consumption (Fig.4.25.a), body weight
(Fig. 4.25.b), or relative organ weight (Table 4.11) compared to normal mice.

(a)

150

Normal Control female
Vehicle female

NLH Low female
NLH High female
Normal Control male
Vehicle male
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NLH High male
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E23 Untreated Male

&4 Vehicle Male(CMC)
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Vehicle Female

BB Female(100mg/kg B Wt.)
Female(200mg/kg B Wt.)

Body weight in grams

Fig.4.25 Sub-Acute Toxicity Evaluation of NLH in Swiss Albino Mice (a) Food
Consumption (b) Body Weight over 6 Weeks, Represented in grams/Week/Group. Values
are mean + SD of five animals in the treated groups and five in the untreated control
group.
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Table 4.11 Organo Somatic Index of Swiss Albino Mice. Values are mean + SD of five
animals in the treated groups and five in the untreated control group.

Category| Lungs | Brain | Heart | lIntestine | Kidney | Stomach | Liver | Ovary | Testes

Normal Control

Male |0.22+0.02 ] 0.3620.05 | 0.18+0.03 | 1.19+0.20 | 0.50£0.05 | 0.24+0.05 | 1.61+0.18 0.170.01
Female |0.25+0.030.39£0.03 | 0.15+0.01 | 0.89+0.18 | 0.35+0.04 | 0.30+0.04 | 1.30£0.16 | 0.02+0.00
Vehicle

Male |0.20+0.03]0.3520.03 | 0.14+0.01 | 1.15+0.06 | 0.48+0.06 | 0.22+0.02 | 1.40+0.19 0.180.01
Female |0.23+0.040.41+0.08 | 0.14+0.01 | 0.79+0.06 | 0.39+0.05 | 0.29+0.06 | 1.20£0.12 | 0.03+0.00

NLH Low (100 mg/kg.body weight)
Male |0.21+0.05]0.27£0.04 | 0.17+0.04 | 1.12+0.11 | 0.5520.08 | 0.30+0.02 | 1.62+0.05 0.230.01
Female |0.22+0.04|0.380.03 | 0.15+0.01 | 0.94+0.14 | 0.39+0.04 | 0.30+0.05 | 1.33£0.15 | 0.02+0.00

NLH High (200 mg/kg.body weight)
Male |0.27+0.01]0.3520.03 | 0.18+0.02 | 1.14+0.22 | 0.5620.04 | 0.32+0.03 | 1.62+0.37 0.230.02
Female |0.24+0.030.31%0.05 | 0.14+0.02 | 0.86+0.13 | 0.34+0.05 | 0.29+0.04 | 1.14+0.08 | 0.02+0.01

In a sub-acute toxicity study conducted over 45 days on Swiss Albino mice,

several haematological parameters were scrutinized to evaluate the effects of the test

substance. The parameters measured included HB (g/dL), RBC (million/cu-mm), MCV
(fL), MCH (pg), MCHC (g/dL), PCV (%), PLT (Lack/cu-mm), TC (Cell/cu-mm), P (%),

L (%), and E (%). These parameters served as critical indicators of the overall health and

immune status of the animals. The haematological parameters measured after 45 days of

exposure to the test substance remained within the normal physiological range for Swiss

Albino mice, indicating that the substance did not induce any haematotoxic effects. This

finding suggested that the substance was relatively safe for the blood and immune system

over the study duration. The effects of NLH administration on the haematological

parameters of Swiss Albino mice after 45 days are duly presented in Table 4.12.
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Table 4.12 Haematological Evaluation in Sub-Acute Toxicity Study. Values are mean +
SD (Standard Deviation) of five animals in the treated groups and five in the untreated
control group.

RBC
- PLT TC
- 0 0 0 0
Category |HB (g/dL) (m”rl:](::)/cu MCV(fL) |MCH(pg) |MCHC(g/dL) | PCV(%) Lacklcurmm)|(Cellurmm) PO | L% | E%)

Control

Male | 128+08 | 8.630.04 | 47+2 | 151 31.5£5 | 405¢15 | 11.885¢3.7 | 7650+0.185 | 305+25| 54.5¢35 | 34l
Female |13.75+0.35) 8.03:045 | 57+0 |175#05| 301 | 455425 | 11.57+1.46 | 5200+0.300 | 315+4.5| 42565 | 242

Vehicle

Male [13.95+0.15] 8.05¢#0.15 | 53t1 | 17#0 | 325:05 | 4310 | 11.85¢0.45 | 7050£0.750 | 38+l | 58+2 | 311
Female | 145+01 | 7.75+0.05 | 555#0.5| 160 | 33505 | 43+0 | 117#25 |5700£0.100 |305£0.5| 45¢1 |25+05

NLH(100mg/kg bwt)

Male [1345:2.80| 7.5+1.98 |525+4.9 | 16+141 | 345:0.71 | 39+7.07 | 11.4546.72 | 7150+0.360 | 30141 | 54+141 | 3540
Female |14.85:021) 7.8#042 |545+0.70|155:0.70| 345:2.12 | 43:283 | 11.1+2.97 | 5450+0.912 |135£353| 41+424 [25+0.71

NLH(200mg/kg b wt)

Male | 125+141| 8.06£1.25 | 52+2.83 [15.5¢0.70| 29.5¢070 | 42+4.24 | 11.415+0.81 | 7000+0.989 |34.546.36] 51£7.07 |3.30.70
Female |13.75+0.35] 7.4#046 | 53141 |155:0.70| 345:2.12 |39.5¢3.53|11.405+0.671] 5950+0.134 |33.5+9.19|40.5410.60{2.9+1 41

[HB - Haemoglobin, RBC - Red Blood Cells, MCV - Mean Corpuscular Volume,
MCH - Mean Corpuscular Haemoglobin, MCHC - Mean Corpuscular Hemoglobin
Concentration, PCV - Packed Cell Volume (also known as Haematocrit), PLT - Platelets,
TC - Total Count (often referring to the total white blood cell count), P - Polymorphs (a
type of white blood cell, typically neutrophils), L - Lymphocytes, E - Eosinophils.]

Necropsy examination after 45 days revealed no anatomical changes in the mice,
and histological examination of organs such as the lungs, brain, heart, intestine, kidney,
stomach, liver, ovary, and testes showed no differences compared to untreated groups
(Fig.4.26), suggesting the absence of adverse toxicological effects in these organs.
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Fig.4.26 Histological Examination of Organs in Swiss Albino Mice: A Comparative

Analysis

4.4.3.2.1. Effect on biochemical parameters

Biochemical parameters such as renal/kidney function markers, serum lipid
profile, serum electrolytes, protein, and bilirubin were also properly analysed.

4.4.3.2.1.1. Renal/Kidney function

Table 4.13 The effect of NLH on Renal/Kidney Function

Serum ..
Serum Creatinine
Category Urea (mg/dL)
(mg/dL) g
Male Female
Normal Control 0.9+0.70 1.1+1.41
Vehicle (1%) 1+0.71 1.3+4.94
NLH Low (100 mg/kg.b.wt) 0.8+2.12 0.85+1.41
NLH High (200 mg/kg.b.wt) 1.2+2.12 1.3+5.65

Based on the provided data, several conclusions were drawn regarding the impact

of NLH on renal/kidney function. The vehicle did not significantly alter serum urea levels
compared to the normal control. NLH, at both low (100 mg/kg.b.wt) and high (200
mg/kg.b.wt) doses, maintained serum urea levels close to those of the normal control,
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indicating that NLH did not induce renal stress or significantly impact urea metabolism.
In terms of serum creatinine, the vehicle reduced levels compared to the normal control,
suggesting a potential effect of the vehicle itself. Both doses of NLH further lowered
serum creatinine levels compared to both the normal control and vehicle groups. This
reduction in serum creatinine levels with NLH treatment suggested that NLH might have
had a beneficial effect on kidney function or reduced muscle breakdown, resulting in
lower creatinine levels. Thus, the data indicated that NLH did not adversely affect renal
function at the tested doses and appeared to reduce serum creatinine levels, potentially
suggesting a protective or beneficial effect on renal function. Further studies were
warranted to elucidate the mechanisms behind these observations and confirm the

potential renal benefits of NLH.
4.4.3.2.1.2. Liver Function Test (LFT)

Table 4.14 The table presented the mean values with standard deviations for each

treatment group across different liver enzymes (AST, ALT, ALP) and genders.

Enzyme | Gender Control Vehicle NLH LD NLH HD

*AST Females | 198+52.32 U/L | 192+72.12 U/L | 193.5+77.07 U/L | 198+101.82 U/L

(SGOT) Males | 195.5+51.62 U/L| 196.5+40.31 U/L| 197.5+45.96 U/L | 194+39.60 U/L

ALT | Females | 745:4.95U/L | 705:0.70 U/L | 69+26.87 U/L | 67+5.66 U/L

(SGPT) Males | 79.5+14.85 U/L | 75+21.21 U/L 78+42.43 U/L 74+11.31 U/L

Females | 86.5+10.61 U/L | 85.5+30.40 U/L | 855+9.19 U/L |88.5+19.09 U/L
wxx ALP

Males 131+4.24 U/L | 84.5+3.54 U/L 85+57.98 U/L 87+8.49 U/L

*AST: Aspartate Aminotransferase; **ALT: Alanine Aminotransferase;
***ALP: Alkaline Phosphatase

The liver function test (LFT) results revealed subtle variations in liver enzyme
levels across different treatment groups. Specifically, the analysis indicated that aspartate
aminotransferase (AST) levels remained relatively stable in females across all treatment
groups, while males exhibited minor fluctuations, with no significant differences among
the groups. Similarly, alanine aminotransferase (ALT) levels showed marginal decreases
in select treatment groups compared to the control, notably in females across the Vehicle,
NLH LD, and NLH HD groups, and in males in the Vehicle and NLH HD groups.

Additionally, alkaline phosphatase (ALP) levels demonstrated consistent readings across
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the treatment cohorts, with minor variations observed but overall stability noted in both
female and male subjects.

The interpretation of the LFT data suggested that the administered treatments—
comprising Vehicle, NLH LD, and NLH HD—had limited discernible effects on liver
enzyme levels. Specifically, AST levels were unaffected by the treatments in both
genders, while ALT levels exhibited slight decreases in certain treatment groups
compared to the control, albeit not to a significant degree. Furthermore, ALP levels
remained relatively unchanged, indicating minimal impact from the treatments on this

aspect of liver function.

In summary, despite the LFT data indicating negligible fluctuations in hepatic
enzyme levels among the treatment groups, the collective effect of the interventions on

liver function seemed to be trivial.
4.4.3.2.1.3. Serum lipid profile

Table 4.15 Serum Lipid Profile. This table provides the mean values with standard

deviations for each parameter across different treatment groups and genders.

Parameter Gender | Control Vehicle NLH LD NLH HD
Cholesterol | Females | 97+8.49 96+4.24 95+8.49 92+19.80
(mg/dl)
Males 90+16.97 95.5+3.54 91.5+16.26 | 96.5+2.12
Triglycerides | Females | 102+8.49 103.5+12.02 | 102.5+6.36 | 101+90
mag/dl
(mg/d) Males 103.5+14.85 | 102.5+31.82 | 102+53.74 | 101+35.36
F | +1.41 4+0. 2+1.41 2.5+2.12
HDL (mg/dl) emales | 35 34+0.00 3 32.5
Males 32.5+0.71 35.5+0.71 31.5+0.71 | 35.5+0.71
LDL (mg/dl) Females | 43+9.90 41+1.41 40.5+6.36 | 43.5+16.26
g Males 47+9.90 45+4.24 46.5+10.61 | 43+4.24
VLDL Females | 19+2.83 20+2.83 19.5+0.71 | 20+1.41
mag/dl
(mg/d) Males 20.5+6.36 20+7.07 20.5+4.95 | 20+5.66

The analysis of serum lipid profile data registered distinct trends in cholesterol,
triglycerides (TGL), HDL (High-Density Lipoprotein), LDL (Low-Density Lipoprotein),
and VLDL (Very Low-Density Lipoprotein) levels across treatment groups and genders.

In females, the NLH LD and NLH HD groups exhibited a decrease in cholesterol levels
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compared to the Control group, suggesting a potentially beneficial effect. However, in
males, the NLH HD group showed an increase in cholesterol levels, indicating a potential
adverse effect. Triglyceride levels varied inconsistently across all treatment groups for
both females and males, lacking a clear trend. HDL levels remained relatively stable
across all groups with minor variations. In females, the NLH LD group displayed a slight
decrease in LDL levels compared to controls, while NLH HD showed a slight increase.
Conversely, no significant difference in LDL levels was observed among male treatment
groups. VLDL levels exhibited minor fluctuations across treatment groups for both

genders, without a consistent trend.

Considering these observed trends, the NLH LD treatment appeared relatively
more favourable than NLH HD for managing cholesterol and LDL levels in females.
However, further investigation and clinical studies were recommended to establish the

efficacy and safety of NLH LD and NLH HD treatments for lipid management.

4.4.3.2.1.4. Serum electrolytes

Table 4.16 The table presents the mean values with standard deviations for each Serum
Electrolyte parameter across different treatment groups and genders.

Electrolytes | Gender [ Control Vehicle NLHLD | NLHHD
Sodium | Females | 139+1.41 | 140.5+0.71 | 140.5+0.71 | 141.5+3.54
(mEqg/L)

Males | 140+1.41 | 141.5+0.71 | 140+1.41 | 141+1.41

Potassium Females | 4.7+0.35 4.3+0.71 4.85+0.35 | 4.35+0.35
(MEAL) | \tates | 4.4+049 | 47+120 | 4752028 | 4.5+1.98
Chloride | Females | 107+1.41 | 107.520.71 | 107.5+0.71 | 106+2.83
(MEAL)  —ales 1072141 | 1082141 | 1074141 | 103£L41

Bicarbonate | Females | 23.5+2.12 | 22.5+0.71 | 2354071 | 22+2.12
(MEAL) ™ Vales | 232000 | 23+141 | 235:0.71 | 22.520.71

The data indicated minor variations in serum electrolyte levels across different
treatment groups for both females and males. While some treatment groups showed slight
changes compared to the control or vehicle groups, these changes were generally within a

small range and might not be clinically significant. NLH LD displayed a slight increase in



potassium levels compared to Control and Vehicle groups in both males and females,

which could potentially be beneficial.

4.4.3.2.1.5. Protein

Table 4.17 The table presentes the mean values with standard deviations for each Serum
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Protein parameter across different treatment groups and genders.

Parameter | Gender Control Vehicle | NLH LD | NLH HD
Total Females | 6.35+0.49 6.4+0 6.35+0.21 | 6.25+0.21
Protein
(TP) (g/dL) | Males | 6.55x0.07 | 6.6+0.14 | 6.55+0.07 | 6.4%0
Albumin Females | 3.55+0.07 | 3.65+0.07 | 3.55+0.07 3.6+0
©dL) | Males | 4554007 | 4.6£0.14 | 4.55:0.07 | 4.4%0
Globulin Females | 3.25+0.35 3.1+0.14 | 3.20+0.35 | 3.15+0.07
©dL) | Males | 33028 | 3420 | 3.2:0.28 |3.35:0.07

Based on the provided data, neither the NLH LD nor NLH HD groups showed a
significant impact over the control or vehicle groups in terms of affecting total protein
levels. Albumin levels also remained relatively unchanged across all groups, indicating
that there was no substantial impact on albumin levels for NLH. While slight increases in
globulin levels were observed in both the NLH HD and vehicle groups in males, the
differences were minor, suggesting only a marginal influence on globulin levels.
4.4.3.2.1.6. Bilirubin

Table 4.18 Analysis of bilirubin levels. This table provides the mean values with standard

deviations for each parameter across different treatment groups and genders.

Bilirubin | Gender | Control Vehicle | NLH LD | NLH HD
Total | Females | 0.15+0.07 | 0.15+0.14 | 0.15+0.07 | 0.1+0.01
(mg/dL) ["Males | 0.15+0.07 | 0.17+0.07 | 0.15+0.07 | 0.15+0.03
Direct | Females | 0.2+0.00 |0.18+0.07 | 0.2+0.00 | 0.2+0.01
(mg/dL) | Males | 0.15+0.07 | 0.15+0.07 | 0.15+0.07 | 0.14+0
Indirect | Females | 0.35+0.07 | 0.35+0.07 | 0.35+0.07 | 0.3+0
(mg/dL) | Males | 0.3+0.01 [0.35+0.02 | 0.3+0 [ 0.29+0.02
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The analysis of bilirubin levels revealed minimal differences among the treatment
groups in both females and males. In females, total bilirubin levels in the vehicle, NLH
LD, and NLH HD groups closely resembled those of the control group, suggesting no
significant impact from the treatments. Similarly, direct and indirect bilirubin levels
showed consistency across all-female groups, indicating no discernible differences in
bilirubin metabolism. In males, while slight variations existed in total and indirect
bilirubin levels between the vehicle and NLH HD groups compared to the control and
NLH LD groups, these differences were minor and might not have significant clinical
implications. Direct bilirubin levels remained consistent across all male groups. The data
suggested that neither NLH LD nor NLH HD treatments significantly alter bilirubin

levels in comparison to the control or vehicle groups.

In short, the biochemical parameters including liver and kidney function tests,
renal/kidney function markers, serum lipid profile, serum electrolytes, protein, and

bilirubin were all found to be within normal ranges.

In the subacute toxicity study, administration of NLH at doses of 200 and 100
mg/kg body weight for 45 days did not induce any changes in body weight or organ
weight, and there was no evidence of liver, blood, or kidney tissue damage or alteration in
tissue architecture. Comparison of organ weight between treated and control groups used
to be a conventional method used to assess drug toxicity, and NLH did not exhibit any
harmful effects that would suppress appetite, resulting in reduced food intake and
subsequent weight loss with increasing doses. Throughout the 45 days, liver marker
enzymes, blood urea, and creatinine levels remained unchanged in NLH-treated animals.
Haematological changes, such as anaemia, often accompany bone marrow toxicity, and
analysis of blood parameters in animal studies ought to be highly relevant and predictive
of human outcomes. In this study, haemoglobin and total differential count in the blood

further confirmed the non-toxic nature of NLH.
4.4.3.3. Effect of NLH on DLA-induced solid tumour development

All the animals injected intramuscularly with DLA cells on the right hind limb
developed visible solid tumours by the 6" day of tumour induction and were found to be
increasing day by day. Tumour volume on the control animal on the 28" day was 9.74 +
4.13 cm?®, and was 1.38 + 2.11, 6.12 + 3.31, 0.23 + 2.61, and 1.32 + 4.82 cm® in the case
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of cyclophosphamide (the standard drug), vehicle (Carboxy Methyl Cellulose), NLH low
dose (10 mg/kg.b.wt.) and NLH high dose (20 mg/kg. b.wt.) treated groups, respectively
(Fig.4.27; Fig.4.28.a). It was noted that the tumour volume of NLH low-dose treated
mice was only 4.32 cm® whereas it was 4.75 cm? for the standard drug-treated mice. The
NLH low dose exhibited a 92 % inhibition of solid tumour development which was
comparable to that of the standard drug at 89.6 % (Fig.4.28.b).

Fig.4.27 The Size of the tumour developed on the 28" day after injecting DLA cells on
the right hind of the Swiss Albino Mice. (a) negative control (b) positive control-
cyclophosphamide (the standard drug),(c) vehicle (Carboxy Methyl Cellulose) (d) NLH
low dose (10 mg/kg. b.wt.),(e) NLH high dose (20 mg/kg. b.wt.)
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Fig.4.28 The effect of NLH on tumour volume and % inhibition is shown in Figure. (a)
Effect of NLH on tumour volume in cm3 on the 28™ day post-DLA induction in Swiss
Albino Mice across different groups. The graph shows the mean + SD (b) Effect of NLH
on % inhibition of tumour.

Histological Analysis

The impact of NLH on the histology of tumour tissue in Swiss albino mice is
depicted in Fig.4.29 As evidenced in the figure, a low dose of NLH (10 mg/kg.body

weight) significantly reduced the proliferation of tumour cells in these mice (Fig.4.29.b).
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Fig.4.29 The anti-tumour effect of NLH tumour tissue (in light microscopic view
x400) in Swiss Albino Mice is shown in figure (a) Tumour tissue of untreated Swiss
albino mouse (b) Tumour tissue of NLH low dose (10 mg/kg.b.wt.) inducted Swiss albino
mouse (c) Tumour tissue of NLH high dose (20 mg/kg.b.wt.) inducted Swiss albino
mouse (d) Tumour tissue of standard drug cyclophosphamide (25 mg/kg.b.wt) inducted
Swiss albino mouse.

Advancements in large scale tissue banks and the digitization of histological
studies have enabled the use of histological tissue patterns in computer-aided image
analysis to assist in disease classification. Histology slides can now be digitally scanned
and stored as images®. In cancer diagnosis, histological image analysis involves visually
assessing tissue regions to determine malignancy and its severity by examining cell shape
regularities and tissue distribution patterns®”. There is often a progression from normal
cells to benign tumours, and ultimately to malignant tumours, as cellular abnormalities
increase. Malignant cells are typically identified by their large, irregularly sized and

shaped nuclei, prominent nucleoli, and sparse but intensely stained cytoplasm®,

Although curcumin has a long history of use in the treatment of various diseases,
it has certain drawbacks associated with limited absorption and significant metabolic
instability when administered orally®®. The introduction of novel synthetic curcumin
analogues and their Cu(ll) and Zn (1I) metal complexes is one possible alternative
approach to addressing these concerns. Through structural-activity studies, synthetic
curcumin analogues are developed based on the tautomeric forms of naturally occurring

curcumin. A variety of molecular targets and signalling pathways are involved in the
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mechanism of action of curcumin analogues in studies on their anticancer effects in breast

cancert,

4.5. CONCLUSION

In the present study, molecular docking investigations were conducted to assess
interactions with six proteins linked to the BRCA1 and TP53 genes. Among these, the
chloro-substituted curcumin analogue 1,7-bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-
3,5-dione (NLH) witnessed a notably favourable G score in its interaction with the
10QA(TG3) target, a homologous protein of BRCAL. The study also included a
comparative analysis involving cyclophosphamide, an FDA-approved drug for breast
cancer. Docking analyses targeting its validated target protein Cyclophilin (TG7) revealed
a lower binding energy value of -3.8 kcal/mol, contrasting with NLH and TG3 which
exhibited -8.3 kcal/mol. Molecular dynamic simulation and MM-GBSA calculations
further affirmed the binding affinity and stability of the NLH and TG3 protein-ligand
complexes.

In the next phase, in vitro cytotoxicity studies were conducted on chemically
synthesized curcumin analogues and their metal complexes. The results revealed that the
chloro-substituted curcumin analogue NLH exhibited superior cytotoxic activity against
DLA and EAC cell lines. NLH also demonstrated minimal cytotoxicity towards spleen
cells. During the MTT assay, NLH displayed significant growth inhibitory activity against
breast cancer cells while showing lower inhibitory activity against \ero cell lines.

The copper and zinc complexes showed varied cytotoxic activities influenced by
their ligands, with notable high cytotoxicity observed in Cu(NLD)., Cu(NLF),
Cu(NLH)2, Cu(NLK)2, Zn(NLD)2, Zn(NLH)2, and Zn(NLK), indicating their potential
effectiveness in targeting cancer cells. The enhanced in vitro cytotoxicity of Cu and Zn
metal complexes compared to their ligands is due to several factors. These complexes are
more bioavailable and reactive, promoting cellular uptake through improved size, charge,
and hydrophobicity. They generate reactive oxygen species (ROS) via redox reactions,
inducing oxidative stress and disrupting cellular processes. Chelation enhances the
stability and reactivity of the complexes, protecting them from detoxification. Metal
complexes interact with biological targets like DNA and proteins with greater specificity,
amplifying their cytotoxic effects. Synergistic interactions between ligands and metals

further modulate reactivity, contributing to prolonged and intensified cytotoxic activity.
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Following the in vitro studies, in vivo antitumor investigations using NLH were
performed on Swiss albino mice. The results from these studies revealed that NLH
significantly inhibited the development of DLA-induced solid tumours, highlighting its
potential as a promising curcumin analogue with strong anti-proliferative properties. NLH
exhibited superior anticancer efficacy compared to the standard drug, cyclophosphamide,

in the in vivo research.

Chloro-substituted curcumin analogues exhibited enhanced cytotoxicity due to
their increased hydrophobicity, which improved cellular membrane permeability and
uptake, and their electron-withdrawing chlorine atoms, which enhanced electrophilicity
and strengthened interactions with nucleophilic targets like DNA, proteins, and enzymes.
These analogues demonstrated greater metabolic stability, prolonging their intracellular
activity. The presence of chlorine also boosted the generation of reactive oxygen species
(ROS), inducing oxidative stress and promoting cell death. Chlorine substitution
enhanced binding affinity to specific biological targets, increasing the cytotoxic efficacy

of the compounds.

The computational modelling results aligned closely with the experimental
findings, affirming the potential of the newly synthesized curcumin analogue NLH as an
initial candidate for developing advanced multi-target therapeutics. Further research was
deemed imperative to fully elucidate the mechanisms through which these curcumin
analogues exerted their anticancer properties. A comprehensive exploration of the
structural and functional attributes of the aromatic rings in curcumin analogues was
considered crucial to optimize their efficacy. A rigorous assessment of the side effects
associated with these compounds was essential, necessitating comprehensive studies in
both animal models and human subjects. Deeper investigations were warranted to unravel
the intricate mechanisms governing the interactions between curcumin analogue metal
complexes and their specific cancer targets. Moreover, future experimental validations,
including comprehensive in vivo studies, were considered crucial to confirm and build

upon the findings of this study.
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CHAPTER 5

IN SILICO AND IN VITRO ASSESSMENT OF ANTI-
INFLAMMATORY AND ANTIDIABETIC ACTIVITIES OF
CURCUMIN ANALOGUES AND THEIR METAL COMPLEXES

5.1. INTRODUCTION

Research in anti-inflammatory and antidiabetic effects is crucial due to the
widespread impact of inflammatory diseases and diabetes on global health.
Understanding and finding effective treatments for these conditions can significantly
improve the quality of life of patients and advance public health outcomes.

The prevalence of inflammatory diseases like arthritis, asthma, Inflammatory
Bowel Disease (IBD), and autoimmune disorders impacts millions globally!. Chronic
inflammation is linked to serious conditions such as cardiovascular diseases, cancer, and
neurodegenerative disorders like Alzheimer’s®. Anti-inflammatory research is decisive for
preventing or mitigating these conditions and improving overall health. These diseases
often cause chronic pain, and developing effective anti-inflammatory agents can reduce
pain, enhance mobility, and improve function. Current treatments like NSAIDs
(Nonsteroidal Anti-Inflammatory Drugs) and corticosteroids have significant long-term

side effects, so research aims to discover safer, more effective options®.

Diabetes, especially type-2, has reached epidemic levels worldwide, instigated by
obesity, sedentary lifestyles, and poor nutrition*. It leads to severe complications like
cardiovascular diseases, kidney failure, and neuropathy®. Effective diabetes management
can significantly improve a patient’s quality of life by reducing symptoms and preventing
complications. Research focuses on developing better treatments and novel therapeutics
to reduce healthcare costs by preventing complications and hospitalisations. New
antidiabetic drugs that work through different mechanisms offer more personalised and

effective options.
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Advances in genomics, proteomics, and metabolomics provide deeper insights
into the molecular mechanisms underlying inflammation and diabetes, leading to novel
biomarkers and therapeutic targets®’. Improved clinical trials and translational research
are accelerating the introduction of new treatments. Addressing health disparities is
crucial, as these diseases disproportionately affect certain populations. Global
collaborative research is essential for tackling these health challenges and developing

universally applicable solutions.

This chapter primarily evaluated potential curcumin analogue inhibitors targeting
inflammatory and diabetes receptors. With this aim, these analogues were synthesized
through modifications of the functional groups present on the aryl rings of natural
curcumin. The evaluation process involved molecular docking investigations, which were
subsequently confirmed via in vitro experiments. Furthermore, a comparative analysis
was conducted to assess the binding affinities of curcumin analogues, natural curcumin,
and FDA-approved anti-inflammatory and anti-diabetes drugs (specifically Diclofenac

and Acarbose) towards the designated receptors.

This chapter also included the studies of in vitro assessments of the anti-
inflammatory and anti-diabetes properties of Cu(ll) and Zn(Il) metal complexes derived
from nine curcumin analogues, excluding computational screening procedures.

Ultimately, the splenocytic assay was performed on the most promising drug candidates.

5.2. REVIEW OF LITERATURE

This review explored the in silico and in vitro anti-inflammatory and anti-diabetic
effects of curcumin analogues and their Cu(ll) and Zn(ll) complexes. For anti-
inflammatory studies, key targets included COX-2, and HSPs due to their roles in
prostaglandin synthesis and protein stabilisation. Anti-diabetic studies targeted enzymes
like Aldose Reductase and DPP-4 to manage glucose metabolism and oxidative stress.
Curcumin analogues complexed with metal ions exhibited enhanced bioavailability,
solubility, and therapeutic efficacy, making them promising candidates for treating
inflammation and diabetes. Table 5.1 provides a summary of relevant references along

with brief explanations of key findings for each category.
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Table 5.1 Key findings and references on curcumin analogues with Cu(ll) and Zn(ll)

complexes, enhancing bioavailability and efficacy in treating inflammation and diabetes.

About

Insights

Reference

In Silico Anti-
inflammatory studies of

curcumin analogues

Key targets for molecular docking studies of
anti-inflammatory compounds included
Cyclooxygenases (COX-1 and COX-2) and 5-
lipoxygenase (5-LOX) for prostaglandin and
leukotriene synthesis. Cytokines such as TNF-a,
IL-1, and IL-6, as well as transcription factors
like NF-xB, were crucial for inflammation
regulation. Other targets included PPAR-y,
JAKs, MAPKSs, TLRs, and PDE4 for their roles
in inflammatory pathways, along with Heat
Shock Proteins (HSPs) for their cell-protective

functions.

8-17

Cyclooxygenases
(COX-2)

3LNO

Cyclooxygenases (COX-1 and COX-2) were
crucial in anti-inflammatory research due to their
role in prostaglandin synthesis, which affected
inflammation, pain, and fever. COX-1
maintained normal functions like protecting the
gastric lining, while COX-2 was inducible and
linked to inflammation. Targeting COX-2 helped
reduce inflammation and pain with fewer
gastrointestinal side effects. The structure of
COX-2 was represented by 3LNO.

18-20

21-24

Heat Shock Proteins

Heat Shock Proteins (HSPs) acted as molecular

chaperones, stabilizing and refolding proteins

25-27
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(HSPs)

1HD2

under stress, and modulating inflammation. By
inhibiting inflammatory pathways and cytokine
production, targeting HSPs reduced tissue
damage in  chronic inflammatory and
autoimmune diseases. Hsp90, with structure
1HD2, helped in protein folding and cellular
protection, making it a key target for anti-

inflammatory research.

28-32

In vitro Anti-
inflammation effect of
curcumin analogues and
their Cu(ll) and Zn(II)

metal complexes.

Recent studies revealed that curcumin analogues
complexed with Cu(ll) and Zn(ll) ions through
the P-diketone moiety showed enhanced anti-
inflammatory effects by improving solubility,
bioavailability, and antioxidant activities. These
complexes modulated inflammatory mediators
and protected against oxidative stress, making
them promising for treating inflammatory and

oxidative stress-related diseases.

33-42

In Silico Anti-diabetic
Studies of Curcumin

Analogues

In anti-diabetic molecular docking studies, key
targets included PPAR-y, Aldose Reductase,
DPP-4, SGLT2, GLP-1 Receptor, Insulin
Receptor, Alpha-Glucosidase, PTP1B, AMPK,
and NADPH Oxidase. These targets regulated
glucose metabolism and insulin signaling and
managed diabetic complications, making them
crucial for developing effective anti-diabetic
therapies by improving insulin sensitivity,

glycemic control, and reducing oxidative stress.

43-62

Aldose Reductase

Aldose Reductase converted glucose to sorbitol
in the polyol pathway. Under hyperglycemia,
excess glucose led to sorbitol buildup, causing

osmotic stress and oxidative damage, which

63-67
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1IR3

contributed to diabetic complications like
neuropathy, retinopathy, and cataracts. Inhibitors
of Aldose Reductase, such as those targeting

1IR3, were able to prevent these issues.

68-71

Dipeptidyl Peptidase-4

(DPP-4)

3DH4

Dipeptidyl Peptidase-4 (DPP-4) degraded
incretin hormones, reducing insulin secretion
and increasing glucagon release. Inhibiting DPP-
4, as seen in 3DH4, raised incretin levels,
enhancing insulin secretion and glycemic control
with a lower risk of hypoglycemia. Targeting
both Aldose Reductase and DPP-4 effectively
addressed diabetic complications and immediate

glycemic control.

72-78

79-82

In vitro Anti-diabetes
effect of curcumin
analogues and their

Cu(ll) and Zn(I1) metal

complexes.

Curcumin analogues and their Cu(Il) and Zn(Il)
complexes improved anti-diabetic effects
through enhanced stability, bioavailability, and
enzyme inhibition. The analogues improved
pharmacokinetics, regulated glucose, and
managed oxidative stress, while the metal
complexes provided stronger enzyme inhibition
and better pancreatic cell protection, enhancing

insulin sensitivity and antioxidant activities.

83-88

5.3. MATERIALS AND METHODS

5.3.1. In-Silico studies of anti-inflammatory and anti-diabetic effects of curcumin

analogues

The in-silico studies focused on the molecular docking of designed curcumin

analogues, which had already undergone pharmacokinetic prediction. These analogues
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were compared with natural curcumin and the FDA-approved drugs for inflammation and

diabetes.

5.3.1.1. Molecular docking studies

5.3.1.1.1. Ligand optimization and pharmacokinetic evaluation

Curcumin analogues, potentially possessing anti-inflammatory and anti-diabetic
properties, were designed using Chem Draw Ultra and structurally optimised with the
Berny algorithm in Gaussian 6.0. The energy-minimized molecules were saved in GPF
format and converted to PDB format using Open Babel. Pharmacokinetic evaluations
using PreADMET and Swissadme indicated good oral bioavailability and drug-like
properties for all nine compounds (Table 2.2, Table 2.3). After synthesis in the wet lab,
the compounds were subjected to various characterization analyses, which confirmed

their suitability for further drug development.

5.3.1.1.2. Identification of molecular targets

5.3.1.1.2.1. Molecular targets for anti-inflammatory studies

Cyclooxygenases (COX-1 and COX-2) were identified as crucial targets within
the realm of anti-inflammatory investigations. These enzymes, along with Heat Shock
Proteins (HSPs), played a pivotal role in this area of research. Specifically, COX-1 and
COX-2 were integral to the synthesis of prostaglandins, influencing processes related to
inflammation, pain, and fever, thereby making them essential in the pursuit of novel anti-
inflammatory medications. The development of selective COX-2 inhibitors aimed to
mitigate inflammation while minimizing the adverse effects commonly associated with
COX-1 inhibition. Conversely, HSPs were involved in stabilising proteins and managing
stress, impacting various inflammatory mechanisms. Exploring HSPs as targets presented
novel therapeutic avenues for modulating cellular stress and inflammation. In essence,
both COX-1/COX-2 and HSPs represented well-established and emerging pathways that

held promise for the effective development of anti-inflammatory pharmaceutical agents.

1HD2(TG1), obtained via X-ray diffraction with a resolution of 1.50 A and an R-
value free of 0.165, provided the crystal structure of Heat Shock Protein 90 (Hsp90).
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Hsp90 functioned as a molecular chaperone, assisting in protein folding and protecting
cells from stress-related damage, with the potential for reducing inflammation. It was a

relevant target for studies related to protein denaturation and folding.

3LNO(TG2), obtained via X-ray diffraction with a resolution of 2.20 A, an R-
Value Free of 0.238, and an R-Value Work of 0.209, represented the structure of
Cyclooxygenase-2 (COX-2). COX-2 was an enzyme involved in the synthesis of
prostaglandins, key mediators of inflammation. It was a well-known target for anti-
inflammatory drugs and eminently helpful for studies focusing on inflammation and its

inhibition.

5.3.1.1.2.2. Molecular targets of anti-diabetic studies

In anti-diabetic research, Aldose Reductase and Dipeptidyl Peptidase-4 (DPP-4)
have always been key targets®®. Aldose Reductase, involved in the polyol pathway,
converts glucose to sorbitol, which can cause diabetic complications. When inhibited, it
helped prevent neuropathy, retinopathy, and nephropathy. DPP-4 regulated incretin
hormones like GLP-1 and GIP, crucial for insulin secretion and glucose control®®. DPP-4
inhibitors enhance the action of hormones, improving glycemic control and offering a
versatile treatment option for type-2 diabetes. Compared to other targets like insulin
receptors or glucose transporters, aldose reductase and DPP-4 offered precise
mechanisms for improving diabetes outcomes, emphasising their significance in current
therapeutic strategies.

1IR3(TG3) X-Ray Diffraction, Resolution: 1.90 A, R-Value Free:0.226, R-Value
Work: 0.194, No. of chains® is the crystal structure of Aldose Reductase. Aldose
reductase inhibitors mitigate complications associated with diabetes by inhibiting
excessive sorbitol accumulation, which arises from the enzymatic conversion of glucose
to sorbitol.

3DH4(TG4) X-Ray Diffraction, Resolution: 2.70 A, R-Value Free:0.287, R-Value
Work: 0.270, No. of chains:4°? represented the structure of Dipeptidyl Peptidase-4 (DPP-
4), an enzyme that deactivated incretin hormones essential for stimulating insulin
secretion. DPP-4 inhibitors, which target this enzyme, are used in treating type 2 diabetes
to boost insulin secretion and improve glycemic control.

5.3.1.1.3. Receptor Preprocessing
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This process typically included cleaning the protein structure (receptor) by
removing any water molecules, ligands, or other non-relevant atoms from the protein
structure obtained from databases like the Protein Data Bank (PDB). It also involved
adding hydrogen atoms to ensure they were all present, as these might have been missing
from the PDB file but were crucial for accurate docking. Assigning appropriate charges to
the protein was necessary for accurate interaction calculations, and optimising the
geometry minimised the energy of the protein structure to relieve any steric clashes and
ensure a stable conformation. Defining the binding site involved identifying and possibly
preparing the active site or binding pocket where the ligands would dock. The binding
site of each target was assigned based on the coordinate files in the active site using the
Auto Grid program,®® with the appropriate coordinate dimensions for X, Y, and Z. The
target and ligand files were then saved in pdbqt format. These steps ensured that the
receptor was in the optimal condition for molecular docking studies, improving the

reliability and accuracy of the results.
5.3.1.1.4. Molecular docking

The computational modelling of the binding affinity of every curcumin analogue
to the specific target proteins was conducted through molecular docking employing Auto
Dock 4.2.%. The determination of the binding centres of the target proteins was carried
out by the Auto Grid program utilizing X, Y, and Z coordinates. TG1 at 14.482,32.815
and 14.285; TG2 at 29.735,14.281 and 7.708; TG3 at -28.534,30.578 and 4.404; TG4 at
33.425,-37.732 and 66.888.

The best-docked conformations were evaluated based on binding energy
(kcal/mol), the number of hydrogen bonds, upper and lower bound root mean square
deviation (RMSD), the number of interacting residues, and other weak forces stabilising
the receptor-ligand complex. The binding potential of the synthesised curcumin analogues
to the selected proteins was compared to that of native curcumin and the selected targets,
as well as to the FDA-approved anti-inflammatory drug Diclofenac (PubChem 1D:3033)
and the antifungal drug Acarbose (PubChem 1D:9811704).

5.3.2. In vitro Studies of anti-Inflammatory and anti-diabetic effects of curcumin
Analogues

5.3.2.1. Anti-inflammatory assay (Protein Denaturation Inhibition Assay)
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Procedure: The reaction mixture (0.5 ml) was composed of 0.4 ml bovine serum
albumin (3% aqueous solution) and different test sample concentrations. Following
incubation at 37°C for 20 minutes, 2.5 ml of phosphate-buffered saline (pH 6.3) was
added to each tube and heated at 80°C for 10 minutes. The absorbance was measured
using a spectrophotometer at 660 nm®%. The percentage inhibition of protein

denaturation was calculated using the following formula:

(Absorbance of Control — Absorbance of Sample)

p e % 1
ercentage of inhibition Absorbance of Control 00

5.3.2.2. Anti-diabetic Assay (a-Amylase Inhibition Assay)

Procedure: The anti-diabetic activity of the test samples was determined
following the method outlined in the Worthington Enzyme Manual with slight
modifications®”. In a nutshell, 500 uL of 0.02 M sodium phosphate buffer (pH 6.9 with
0.006 M NaCl) containing 0.5 mg/mL of a-amylase enzyme and various concentrations
(in pg) of the test sample as an enzyme inhibitor were pre-incubated at 37°C for 10
minutes.

After the pre-incubation, 500 pL of a 1% starch solution in 0.02 M sodium
phosphate buffer (pH 6.9) was added to each tube and incubated at room temperature for
5 minutes. The reaction was halted using 1.0 mL of dinitro salicylic acid (DNSA) reagent.
The test tubes were then incubated in a boiling water bath for 5 minutes and cooled to
room temperature. The reaction mixture's volume was adjusted to 10 mL by adding
distilled water, and the absorbance was measured at 540 nm using a UV-visible
spectrophotometer. The absorbance was compared with the controls and blanks, which
contained buffer instead of the test sample. The percentage inhibition was calculated
using the following formula:

(B—A) x 100
(B-0)

C- Absorbance of the Control with starch and without alpha-amylase, B- Absorbance of

Percentage inhibition =

the Control with starch and alpha-amylase, A- Absorbance of the Test.
5.3.2.3. In-vitro cytotoxic activity using splenocyte

In order to evaluate the short-term in vitro cytotoxicity of the test substance, rat
spleen cells were used. A rat from the Small Animal Breeding Station (SABS) at Kerala
Veterinary and Animal Sciences University, Mannuthy, Thrissur, Kerala, was euthanised,

and spleen tissue was prepared into a single-cell suspension in DMEM with penicillin-
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streptomycin. After washing and counting, a cell suspension (1 x 10° cells in 0.1 mL) was
added to tubes with various test substance concentrations, adjusted to 1 mL with DMEM.
After 3 hours at 37 °C, 0.1 mL of 1% trypan blue was added to distinguish dead cells for

counting.

p " totoxicity = Number of dead cells « 100
ercentage of cytotoxicity = Number of dead cells + Number of live cells

5.4. RESULTS AND DISCUSSION

5.4.1. Anti-inflammatory effect of curcumin analogues and their metal complexes
5.4.1.1. In silico studies

Two key proteins that harbour germline mutations influencing
inflammation were chosen as molecular targets from RCSB. The proteins
were:(PDB ID:1HD2) (TG1) and (PDB ID:3LNO) (TG2)

Fig.5.1 Proteins with germline mutations affect inflammation. (a) 1HD2 (b) 3LNO

5.4.1.1.1. Computational screening of designed molecules

The nine molecules—NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK—
were subjected to virtual screening using Pre ADMET and Swiss ADME platforms. They
met both the CMC-like rule and the Rule of Five criteria. Subsequent assessments of
drug-likeness, ADME properties, and toxicity further validated their suitability, resulting

in their selection as lead compounds (Table 2.2, Table 2.3).
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5.4.1.1.2. Molecular docking studies of anti-inflammatory effect of curcumin
analogues

Molecular docking was utilised to predict the binding strength of nine curcumin
analogues to two selected molecular targets associated with inflammation. This study also
analysed the interaction patterns of native curcumin and the FDA-approved drug
Diclofenac, which was used as a reference compound. Key docking parameters included
active site analysis, binding energy, ligand efficiency energy, inhibition constant,
intermolecular energy, Van der Waals dissociation energy, torsional energy, unbound
energy, and reference RMS values.

The table presented various docking parameters for 11 ligands interacting with
two anti-inflammatory targets, 1HD2 and 3LNO. The key parameters include binding
energy (BE), where lower values indicated better binding affinity, and ligand efficiency
(LE), which represented binding energy per atom with more negative values denoting
better efficiency. The inhibition constant (Ki) was also critical, with lower values
suggesting stronger inhibition. Intermolecular energy, consisting of van der Waals,
hydrogen bond, and desolvation energy, electrostatic energy from interactions, torsional
energy due to ligand flexibility, unbound energy of the ligand’s unbound state, and
cIRMS (Cluster root-mean-square deviation) and refRMS (Reference root-mean-square
deviation) values indicating conformational changes upon binding, all contributed to
assessing ligand performance. The binding potentials of these molecules were

summarised in the accompanying Table 5.2.
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Table 5.2 The predicted binding potentials of the nine synthesised curcumin analogues and the reference compounds (curcumin and Diclofenac)
to the prioritised inflammatory targets

Active
1HD?2 3LNO
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For the target 1HD2, NLE stood out with a binding energy of -9.7 kcal/mol, the
lowest among all ligands, indicating the best binding affinity. It also had a ligand
efficiency of -0.3, a Ki of 82.4 nM, and intermolecular and vdwhbdesolv (Van der Waals,
Hydrogen Bond, and Disolvation) energies of -12.1 kcal/mol and -11.6 kcal/mol,
respectively. NLH and NLK followed, with NLH having a BE of -8.9 kcal/mol, LE of -
0.36, Ki of 277.83 nM, and intermolecular and vdwhbdesolv energies of -11.3 kcal/mol
and -10.9 kcal/mol. NLK has a BE of -9.0 kcal/mol, the highest efficiency with an LE of -
0.4, a Ki of 244.1 nM, and intermolecular and vdwhbdesolv energies of -10.8 kcal/mol
and -10.7 kcal/mol.

For the target 3LNO, NLD exhibited the lowest BE at -10.4 kcal/mol, with an LE
of -0.3, Ki of 24.1 nM, and intermolecular and vdwhbdesolv energies of -12.8 kcal/mol
and -12.7 kcal/mol. NLE followed closely with a BE of -9.7 kcal/mol, LE of -0.4, Ki of
73.9 nM, and intermolecular and vdwhbdesolv energies of -12.1 kcal/mol and -11.8
kcal/mol. NLF , with a BE of -9.6 kcal/mol, LE of -0.3, Ki of 85.7 nM, and
intermolecular and vdwhbdesolv energies of -12.6 kcal/mol and -12.6 kcal/mol, also

witnessed strong performance.

In molecular docking studies of anti-inflammatory effects, the interactions
between curcumin analogues and amino acid residues of target proteins were found to be
crucial for understanding the binding affinity and efficacy of the compounds. Van der
Waals interactions, although weak and non-specific, contributed to the overall stability of
the ligand-protein complex and complemented other interactions to enhance binding
affinity. Conventional hydrogen bonds, which occur between a hydrogen donor and an
acceptor, were critical for the specificity and stability of ligand binding to the active site,
playing a key role in the correct positioning of the ligand. Carbon-hydrogen bonds, while
weaker, contributed to the stability and orientation of the ligand in the binding pocket,
thus enhancing binding affinity. Minimising unfavourable acceptor-acceptor interactions,
which were repulsive and occur between two electronegative atoms, was important for

improving binding affinity and stabilising the ligand-protein complex.

Pi-Sigma interactions, which took place between the m-electrons of an aromatic
ring and the c-electrons of a single bond, resulted in the stability and specificity of ligand
binding, particularly in aromatic compounds. Pi-alkyl interactions, occurring between the

n-electrons of an aromatic ring and an alkyl group, enhanced binding affinity and aid in
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the orientation and positioning of the ligand within the binding site. Hydrophobic alkyl
interactions helped stabilise the ligand in the binding pocket by reducing the exposure of
hydrophobic regions to the aqueous environment. Pi-Anion interactions, between the n-
electrons of an aromatic ring and a negatively charged group, significantly accelerated
binding affinity and specificity, especially in charged environments.

Unfavourable donor-donor interactions were repulsive and happened between two
hydrogen donors, potentially destabilising the complex, thus minimising these
interactions was crucial for optimal binding. Pi-cation interactions, which occur between
the m-electrons of an aromatic ring and a positively charged group, were strong
interactions that could significantly hike binding affinity and specificity. Pi donor
hydrogen bonds involved hydrogen bonding interactions where a n-electron cloud acted
as the donor, contributing to the stability and specificity of ligand binding. Amide Pi-
stacked interactions, occurring between the m-electrons of an aromatic ring and the
electron-rich region of an amide bond, stabilise the ligand in the binding pocket and
contribute to binding affinity. Overall, these various interactions were essential for
determining the binding affinity, specificity, and stability of the ligand-protein complex,
assisting in the rational design and optimisation of curcumin analogues as anti-

inflammatory agents.

Tables 5.3 and 5.4 and Figures 5.2 and 5.3 presented an analysis of the
interactions between various anti-inflammatory compounds and the target proteins 1HD2
and 3LNO. The columns included the active target, compound, and types of interactions
observed, such as Van der Waals, conventional hydrogen bonds, carbon-hydrogen bonds,
unfavourable acceptor-acceptor, Pi-Sigma, Pi-Alkyl, Alkyl, Pi-Anion, unfavourable
donor-donor, Pi-Cation, Pi donor hydrogen bonds, and amide Pi-stacked. Each row under
a compound listed the number of interactions and the specific amino acid residues

involved for the corresponding interaction type.
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Fig.5.2 1HD2-Curcumin Analogue Complexes (a) 1HD2-NLB Complex (b) 1HD2-NLD Complex (¢) IHD2-NLE Complex (d) 1HD2-NLF
Complex (e) 1IHD2-NLG Complex (f) 1HD2-NLH Complex (g) 1HD2-NLI Complex (h) 1HD2-NLJ Complex (i) 1HD2-NLK Complex
(1)IHD2-Curcumin Complex (k)1HD2-Diclofenac Complex



Table 5.3 The interactions of ligands with 1HD2 through various amino acid residues
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When the compound NLB was scrutinized, there were 6 Van der Waals
interactions with residues LYS A:32, GLN A:68, GLY A:92, LYS A:93, VAL A:70,
ALA A:59; 2 conventional hydrogen bonds with ASN A:24, LYS A:63; 2 carbon-
hydrogen bonds with GLO A:27, LYS A:22; 1 Pi-Sigma interaction with VAL A:69; and
3 Pi-Alkyl interactions with ARG A:95, LEU A:28, VAL A:23.

NLD exhibited 7 VVan der Waals interactions with residues LYS A:93, VAL A:94,
ALA A:90, GLU A:91, GLY A:85, GLY A:17, GLY A:82; 4 conventional hydrogen
bonds with LEU A:96, GLU A:16, LYS A:63, GLY A:92; 1 carbon-hydrogen bond with
ARG A:95; 1 Pi-Alkyl interaction with LEU A:96; and 1 Alkyl interaction with ARG
A:86.

In the case of NLE, there arose 6 Van der Waals interactions with residues LEU
A:96, GLY A:85, ARG A:86, LYS A:93, GLN A:68, LEU A:28; 2 conventional
hydrogen bonds with VAL A:70, LYS A:63; 2 carbon hydrogen bonds with GLY A:82,
GLY A:92; 1 Pi-Sigma interaction with GLU A:91; 4 Pi-Alkyl interactions with ARG
A:95, VAL A:69, LYS A:32, ALA A:90; 1 Alkyl interaction with GLU A:16; and 1 Pi
donor hydrogen bond with GLU A:27.

NLF presented 6 VVan der Waals interactions with residues GLY A:82, VAL A:70,
GLU A:91, VAL A:94, GLY A:92, LYS A:93; 1 conventional hydrogen bond with GLN
A:68; 3 Pi-Alkyl interactions with LYS A:32, LEU A:28, LEU A:96; 3 Alkyl interactions
with VAL A:69, ALA A:90, ARG A:86; and 1 Pi-Cation interaction with ARG A:95.

NLG had 10 Van der Waals interactions with residues GLY A:92, LYS A:93,
VAL A:94, GLN A:68, VAL A:70, GLY A:85, THR A:81, GLY A:17, GLU A:16, GLU
A:91; 1 conventional hydrogen bond with GLY A:82; 2 Pi-Alkyl interactions with ALA
A:90, LEU A:96; 3 Alkyl interactions with VAL A:69, LYS A:32, ARG A:86; and 1 Pi-
Cation interaction with ARG A:95.

NLH showed 4 Van der Waals interactions with residues VAL A:69, GLU A:91,
PHE A:55, GLY A:92; 4 conventional hydrogen bonds with LYS A:63, LYS A:93, VAL
A:67, VAL A:70; 1 unfavourable acceptor-acceptor interaction with ARG A:95; 3 Pi-
Alkyl interactions with ALA A:59, LEU A:62, LYS A:63; 5 Alkyl interactions with ALA
A59, LEU A:62, VAL A:94, LEU A:96, ALA A:90; and 1 unfavourable donor-donor
interaction with GLA A:68.
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NLI yielded 11 Van der Waals interactions with residues GLU A:91, ALA A:90,
ARG A:86, GLY A:85, GLY A:82, GLY A:17, THR A:81, GLU A:16, ALA A:59, GLN
A:68, VAL A:70; 3 conventional hydrogen bonds with LYS A:63, GLY A:92, LEU A:96;
2 carbon hydrogen bonds with LEU A:96, LYS A:96; and 2 Pi-Alkyl interactions with
ARG A:95, VAL A:69.

NLJ displayed 6 Van der Waals interactions with residues ALA A:90, VAL A:69,
GLA A:68, ARG A:86, LEU A:96, VAL A:70; 4 conventional hydrogen bonds with LYS
A:93, LYS A:63, ARG A:95, VAL A:94; 4 carbon hydrogen bonds with LEU A:28, LYS
A:32, GLY A:92, VAL A:70; 1 Pi-Sigma interaction with GLU A:91; 1 Pi-Alkyl
interaction with VAL A:70; 1 Pi-Anion interaction with GLU A:16; and 1 Pi donor
hydrogen bond with GLY A:92.

NLK demonstrated 12 Van der Waals interactions with residues GLU A:91, ARG
A:86, GLY A:82, GLY A:85, THR A:81, GLU A:16, VAL A:94, ARG A:95, GLY A:92,
LYS A:93, VAL A:69, GLN A:68; 4 conventional hydrogen bond with LEU A:96; GLU
A:16; LYS A:63; GLY A:92; 1 Pi-Sigma interaction with VAL A:70 GLU A:16; 2 Pi-
Alkyl interactions with ALA A:90; 3 Alkyl interactions with VAL A:67, LEU A:62, LYS
A:63; and 1 Pi-Cation interaction with LYS A:63.

Curcumin produced 8 Van der Waals interactions with residues GLU A:91, GLY
A:92, GLU A:16, ARG A:95, VAL A:94, GLY A:85, GLY A:17, THR A:81; 2
conventional hydrogen bonds with LYS A:63, ARG A:86; 4 carbon hydrogen bonds with
VAL A:69, VAL A:70, LYS A:93, LEU A:96; and 2 Pi-Alkyl interaction with ALA
A:90, ALA A:69.

Diclofenac depicted 5 Van der Waals interactions with residues GLN A:68, LYS
A:93, VAL A:70, VAL A:94, GLU A:91; 3 conventional hydrogen bonds with LYS
A:63, GLY A:92, LEU A:96; 2 Pi-Alkyl interactions with ARG A:95, VAL A:69; 1
Alkyl interaction with ARG A:95; and 1 Amide Pi-stacked bond with GLY A:92.

To sum up, the compounds portrayed a variety of interactions with the target
protein, with Van der Waals interactions being the most common, followed by
conventional hydrogen bonds and various types of alkyl and Pi interactions. Different
compounds interacted with different sets of amino acid residues, which might have

correlated with their efficacy and specificity as anti-inflammatory agents.
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3LNO - CURCUMIN ANALOGUE COMPLEXES

Fig.5.3 LNO-Curcumin Analogue Complexes (a) 3LNO-NLB Complex (b) 3LNO-NLD Complex (c) 3LNO-NLE Complex (d) 3LNO-NLF
Complex (e) 3LNO-NLG Complex (f) 3LNO-NLH Complex (g) 3LNO-NLI Complex (h) 3LNO-NLJ Complex (i) 3LNO-NLK Complex
())3LNO-Curcumin Complex (k)3LNO-Diclofenac Complex



Table 5.4 The interactions of ligands with 3LNO through various amino acid residues
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Table 5.3 pictured detailed insights into the interactions between various anti-
inflammatory compounds and the active target 3LNO. For NLB, there were 10 van der
Waals interactions with residues such as THR A:192; TYR A:371; GLN A:189; ALA
A:188; LEU A:376; TRP A:373; LEU A:377; VAL A:277; GLU A:276; ARG A:208;
TYR A:134. It also formed 2 conventional hydrogen bonds with ASN A:368 and THR
A:198 and a carbon-hydrogen bond with THR A:198. NLB had an unfavourable
acceptor-acceptor interaction with HIS A:372, 4 pi-alkyl interactions with AIS A:374;
HIS A:193; LYS A:197; HIS A: 2000, and 1 alkyl interaction with HIS A:200.

NLD showed 12 van der Waals interactions with residues including GLU A:451;
MET A:33; CYS A:32; ASN A:24; ASN A:19; GLY A:121; PRO A:140; CYS A:145;
PRO A:25; GLU A:30GLY A:30; ARG A:29, along with 3 conventional hydrogen bonds
with GLN A:447, ALA A:142, and CYS A:21. It also had 1 carbon-hydrogen bond, 3 pi-
alkyl interactions, and 2 alkyl interactions.

NLE interacted through 10 van der Waals interactions, 2 conventional hydrogen
bonds with THR A:198 and ASN A:368, and a carbon-hydrogen bond with ALA A:432.
It also formed 3 pi-alkyl interactions, 1 pi-pi T-shaped interaction, 2 Pi-Cation
interactions, and a Pi-Donor Hydrogen bond.

NLF involved 7 van der Waals interactions, 3 conventional hydrogen bonds, and 1
carbon-hydrogen bond with GLU A:276. It also included 1 pi-lone pair interaction, 1 pi-
alkyl interaction, 4 alkyl interactions,1 Pi-Pi T-shaped interaction and 1 Pi-Cation
interaction.

NLG, similar to NLF, had 7 van der Waals interactions, 2 conventional hydrogen
bonds, and 1 carbon-hydrogen bond with GLU A:276. It also featured 1 pi-lone pair
interaction, 1 pi-alkyl interaction, 4 alkyl interactions, 1 Pi-Pi T-shaped interaction and 1
Pi-Cation interaction

NLH presented 12 van der Waals interactions, 3 conventional hydrogen bonds, 4
pi-alkyl interactions, and 4 alkyl interactions.

NLI included 10 van der Waals interactions, 2 conventional hydrogen bonds, 1
carbon-hydrogen bond with HIS A:374, 1 Pi-Sigma interaction, 2 pi-alkyl interactions, 1
Pi-Pi T-shaped interaction, and 1 Pi-cation interaction. It also had a pi-donor Hydrogen
bond interaction.
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NLJ featured 11 van der Waals interactions, 3 conventional hydrogen bonds, 1
carbon-hydrogen bond, 2 pi-alkyl interactions, 1 pi-lone pair interaction, 1 pi-pi T-shaped
interaction, and pi-donor Hydrogen bond interaction.

NLK involved 8 van der Waals interactions, 3 conventional hydrogen bonds, 2 pi-
alkyl interactions, 1 pi-lone pair interaction, 1 pi-pi stacked interaction, 3 alkyl
interactions, and 1 pi-pi T-shaped interaction. It also included 1 pi-cation interaction and
1 pi-sulfur interaction.

Curcumin portrayed 7 van der Waals interactions, 5 conventional hydrogen bonds,
3 carbon-hydrogen bonds, 1 pi-sigma interaction, 1 pi-alkyl interaction, 1 pi-pi stacked
interaction, 1 unfavourable donor-donor interaction, 1 pi-Cation interaction, and 1 donor
Hydrogen bond interaction.

Diclofenac presented 6 van der Waals interactions, 3 conventional hydrogen
bonds, and 1 donor Hydrogen bond interaction with SER A:112. This detailed breakdown
highlighted the types and numbers of interactions each compound had with the target's
active site, crucial for evaluating their binding affinities and potential efficacy as anti-
inflammatory agents.

When prioritizing these ligands based on their docking parameters and
interactions with the amino acid residues of the selected protein, NLE was identified as
the top candidate for 1HD2, followed by NLK, NLH, NLD, NLG, Diclofenac, NLI, NLB,
NLJ, Curcumin, and NLF. For 3LNO, the priority order was NLD, NLE, NLF, NLK,
NLG, NLH, NLI, NLB, NLJ, Curcumin, and Diclofenac. NLE and NLD witnessed the
lowest binding energies, indicating a higher binding affinity, reasonable ligand efficiency,
and lower inhibition constants, marking them as strong binding and potentially effective
inhibitors. NLK, NLH, and NLG, while exhibiting good binding energies and
efficiencies, had slightly higher inhibition constants, placing them next in line.

Thus, it was found that NLE and NLD were the most promising ligands for the
anti-inflammatory targets 1HD2 and 3LNO respectively. Their docking parameters,
including the lowest binding energies and strong binding affinities, made them worthy of
being the prime candidates for further experimental validation and optimisation.
Compared to natural Curcumin and Diclofenac, NLE and NLD showed superior binding
energy, although Curcumin had a lower inhibition constant in some cases. These ligands
demonstrated promising interactions with the target proteins, suggesting their potential
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effectiveness in inhibiting inflammatory pathways. Prioritising NLE and NLD could
necessarily lead to the development of potent anti-inflammatory agents.

5.4.1.2. In vitro studies

A Protein Denaturation Inhibition Assay was experimented to determine the anti-
inflammatory effect of curcumin analogues and their Cu(ll) and Zn(11) metal complexes.
Using this method, the percentage of inhibition and the 1Cso values were determined.

5.4.1.2.1. Anti-Inflammatory effect of curcumin analogues

The ICso value is the concentration of a compound required to inhibit a biological
process by 50%, with lower 1Csg values indicating higher potency.

91.37 _ s NLB
| 57.07 = NLD
INLE
NLF
ENLG
ENLH
= NLI
sNLJ
ENLK
u CURCUMIN
® DICLOFENAC

Fig.5.4 The 1Cso values (in pg) of various curcumin analogues and reference compounds
(Curcumin and Diclofenac).

Among the curcumin analogues, NLD (57.07 pg) was identified as the most
potent inhibitor, followed closely by NLE (59.69 pg), both demonstrating strong
inhibitory activity. NLF (64.85 pg) also showed good inhibitory activity, followed by
NLH (66.15 pg), which was slightly less potent than NLF but still within the range of
effective inhibitors. NLK (74.85 pg) was less effective compared to NLD, NLE, NLF, and
NLH with a higher ICso indicating reduced potency. Diclofenac (87.85 ug), a known anti-
inflammatory drug, showed moderate potency, with several curcumin analogues. NLB
(91.37 ng) was slightly less potent than Diclofenac, while NLG (99.80 ug) demonstrated
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lower inhibitory activity. Curcumin (167.02 pg), a natural compound, had lower potency
compared to most of its analogues. NLI (127.85 ng) and NLJ (172.44 pg) showed the
highest 1Cso values, indicating they were the least effective inhibitors among the tested
compounds. This analysis helped to identify the most promising curcumin analogues for
further development based on their inhibitory potency.

5.4.1.2.2. Anti-inflammatory effect of Cu (11) metal complexes

Cu(NLB):
Cu( NLD):
Cu(NLE):

B Cu(NLF):
Cu(NLG):
Cu(NLH):
Cu(NLD):
Cu(NLJ):
Cu(NLK):

= CURCUMIN

= DICLOFENAC

Fig.5.5 The ICso values (in pg) for Cu(ll) complexes of various curcumin analogues, as
well as reference compounds curcumin and diclofenac.

Cu(NLH): (48.85 pg) stood out as the most potent inhibitor, demonstrating the
lowest ICso value among the Cu(Il) complexes. Cu(NLD): (52.04 pg) and Cu(NLE):
(55.29 ng) followed closely, showing strong inhibitory activity. Cu(NLF): (60.95 pg) also
displayed good potency, though it was less effective compared to Cu(NLE).. Cu(NLK):
(69.15 pg) showed moderate potency.

Compared to diclofenac (87.85 pg), Cu(NLB): (85.37 pg) was slightly more
potent, while Cu(NLG)2 (93.20 pg) exhibited lower inhibitory activity. Cu(NLI). (112.85
pg) and Cu(NLJ): (142.44 ng) were less effective, with the latter being the least potent
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among the tested complexes. Curcumin itself (167.02 pg) was less potent than its Cu(II)

complexes, indicating that complexation enhanced its inhibitory activity.

Thus, Cu(Il) complexes of curcumin analogues varied in potency, with Ca(NLH)a,
Cu(NLD)2, and Cu(NLE): being the most effective inhibitors. Cu(NLF). and Cu(NLK):
showed good potency, while Cu(NLB). and Cu(NLG): were less effective but comparable
to diclofenac. Cu(NLI): and Cu(NLJ). were the least effective, with curcumin being less

potent than its Cu(ll) complexes.

5.4.1.2.3. Anti-Inflammatory effect of Zn (I1) metal complexes

Zn(NLB):
Zn( NLD).
Zn(NLE):
Zn(NLF):
Zn(NLG):
Zn(NLH):
Zn(NLI):
Zn(NLJ):
Zn(NLK):

= CURCUMIN

= DICLOFENAC

Fig.5.6 1Cso values (in pg) for Zn(I) complexes of various curcumin analogues and
reference compounds curcumin and diclofenac.

Zn(NLH)2 (50.85 ng) was the most potent complex, displaying the lowest ICsg
value, indicating it was the most effective inhibitor among the Zn(ll) complexes.
Zn(NLE). (51.35 ng) followed closely in potency, producing strong inhibitory activity.
Zn(NLD)2 (55.07 pg) also demonstrated strong potency, being slightly less effective than
Zn(NLE): but still highly potent. Zn(NLF)2 (61.46 pg) exhibited moderate potency, with
good inhibitory activity, although it was less potent compared to Zn(NLD)2. Zn(NLK):
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(71.29 pg) displayed moderate potency as well, with a higher 1Cso value indicating it was
less effective than Zn(NLF)2 but still potent.

Diclofenac (87.85 pg) served as a reference compound known for its moderate
potency as an anti-inflammatory drug. Zn(NLB)2 (89.00 ug) was slightly less potent than
diclofenac but still comparable. Zn(NLG)2 (96.10 pg) had a higher ICso value, indicating
lower inhibitory activity. Zn(NLI)2 (99.85 pg) registered lower potency, with a higher
ICso value suggesting it was less effective than the more potent complexes. Zn(NLJ)>
(156.35 pg) was the least potent among the tested complexes, with the highest 1Cso value
indicating the lowest potency. Curcumin (167.02 ug) showed lower potency compared to
its Zn(1l) complexes, suggesting that complexation with Zn(Il) strengthened the

inhibitory activity of curcumin analogues.

In conclusion, Zn(ll) complexes of curcumin analogues generally exhibited
stronger anti-inflammatory effects compared to curcumin itself, with the most potent
complexes being Zn(NLH)2, Zn(NLE)2, and Zn(NLD)..

5.4.1.2.4. Comparative analysis of anti-inflammatory effects: Curcumin analogues

and Cu(Il) and Zn(Il) complexes

Among the curcumin analogues, NLD, NLE, and NLF were identified as the most
potent inhibitors, with NLH, NLK, and Diclofenac following closely. Curcumin itself,
along with NLB, NLG, NLI, and NLJ, demonstrated lower potency, with NLI and NLJ
being the least effective. This ranking highlighted the varying degrees of effectiveness
among the curcumin analogues, with some showing significant inhibitory activity while
others were less effective. Compounds like NLD and NLH, which contained chloro
groups, demonstrated enhanced potency due to the electron-withdrawing nature of
halogens. This property increased the electrophilicity of nearby carbon atoms, facilitating
stronger interactions with the active sites of inflammatory enzymes. The dichloro
substitution in NLD likely enhanced these effects more significantly than the single
chloro substitution in NLH, contributing to its superior potency.In NLF, the ethoxy
groups enhanced lipophilicity and contributed to hydrophobic interactions with enzyme
active sites. The combination of ethoxy and hydroxy groups further improved binding
stability, making NLF highly potent. NLK, containing methylthiophenyl groups, showed

moderate potency because sulfur-containing groups interacted with enzyme active sites
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via -1 interactions and hydrophobic forces. However, the lack of additional functional
groups for hydrogen bonding limited its effectiveness compared to NLD and NLE. NLB,
with dimethoxy groups, exhibited lower potency because the electron-donating nature of
both methoxy groups reduced electrophilicity, thereby weakening interactions with
inflammatory targets. Compounds like NLI and NLJ were the least potent due to their
substitution patterns. The hydroxy and methoxy groups, while beneficial for hydrogen
bonding and electron donation, were not optimally positioned to maximize interactions

with target enzymes.

The Cu(ll) complexes exhibited superior potency compared to the curcumin
analogues. The most effective Cu(ll) complexes were Cu(NLH)., Cu(NLD),, and
Cu(NLE)2, which presented enhanced inhibitory activity over both curcumin and its
analogues. These complexes leveraged the properties of the metal ion to significantly
improve their effectiveness. Similarly, Zn(ll) complexes also portrayed better anti-
inflammatory effects compared to curcumin. Zn(NLH). and Zn(NLE).> were the most
potent among the Zn(ll) complexes, demonstrating notable effectiveness in inhibition.
The overall effectiveness of Zn(ll) complexes generally surpassed that of Cu(ll)

complexes, with Zn(NLH). and Zn(NLE): being particularly potent.

The metal complexation with Cu(ll) and Zn(ll) invigorated the stability and
bioavailability of curcumin analogues, contributing to their increased potency. Metal ions
facilitated improved interactions with biological targets, leading to more effective
inhibition. The synergistic effect of combining curcumin analogues with metal ions
resulted in enhanced overall potency, as both components worked together. Metal
complexes tend to exhibit better cellular uptake compared to free ligands. This improved
uptake translates to more effective inhibition at lower concentrations. While both Cu(ll)
and Zn(Il) complexes showed increased potency over curcumin and many of its
analogues, Zn(Il) complexes were observed to be generally more effective. Cu(ll)
complexes, though highly effective, usually had slightly lower potency compared to their
Zn(11) counterparts. The enhanced potency of Zn(11) complexes over Cu(ll) complexes in
anti-inflammatory effects can be attributed to several factors. Zn(l1) forms highly stable
complexes with curcumin analogues due to its full d10 electron configuration, enhancing
bioavailability and longevity in physiological conditions, whereas the redox-active d9

configuration of Cu(ll) results in less stable complexes and potential decomposition.
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Zn(11) complexes act as antioxidants, stabilizing free radicals and preventing oxidative
damage, while Cu(ll) complexes can promote oxidative stress by catalyzing reactive
oxygen species (ROS). The role of Zinc as an essential trace element in inhibiting
inflammatory mediators like NF-kB and COX enzymes aligns with its biological
compatibility, while excess copper can disrupt redox balance and cause toxicity®®. Zn(lI)
complexes also exhibit superior selectivity towards molecular targets such as
cyclooxygenases (COX) and matrix metalloproteinases (MMPs), along with a better
safety profile and lower toxicity compared to Cu(ll) complexes. Research supported that
Zn(I1) complexes more effectively inhibit COX-1, COX-2, and other inflammatory
mediators due to their stability and non-redox nature, making them more potent in anti-

inflammatory applications®®.

Figures 5.7 and 5.8 contained the best ligands and complexes demonstrating anti-
inflammatory effects.
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Fig.5.7 The best ligands demonstrated anti-inflammatory effects.

(a) NLD(1,7-bis(3,5-dichloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione)
(b) NLE (1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-3,5-dione)
(c) NLF(1,7-bis(3-ethoxy-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione)

(d) NLH(1,7-bis(5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione)

(e) NLK(1,7-bis(5-methylthiophen-2-yl) hepta-1,6-diene-3,5-dione)
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Fig.5.8 The best Cu(ll) and Zn(1l) complexes of curcumin analogues demonstrate anti-
inflammatory effects.

CI

OH HO

@ C_u(NLH)z (Cu(ll) complex of 1,7-bis(5-chloro-2-hydroxy phenyl) hepta-1,6-diene-

?tf)s-gﬁ(rll\(la)LD)z (Cu(11) complex of 1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-

?ci:?-(c:jtjo(rl]\lel)_E)z (Cu(11) complex of 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-

?(;())n%(NLH)z (Zn(11) complex of 1,7-bis(5-chloro-2-hydroxy phenyl) hepta-1,6-diene-

gei?-g:;(z&ele)z (Zn(11) complex of 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-
ione

5.4.2. Anti-diabetic effect of curcumin analogues and their metal complexes

5.4.2.1. In silico Studies

Two key proteins that harbour germline mutations influencing diabetes were
chosen as molecular targets from RCSB. The proteins are:(PDB ID:11R3) (TG3), (PDB
ID:3DH4) (TG4)

Fig.5.9 Proteins with germline mutations affect diabetes. (a) 1IR3 (b) 3DH4
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5.4.2.1.1. Computational screening of designed molecules

The nine molecules—NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK—
underwent virtual screening using pre-ADMET and Swiss ADME platforms. These
molecules met both the CMC-like rule and the Rule of Five criteria. Further evaluations
of drug-likeness, ADME properties, and toxicity confirmed their suitability, leading to

their selection as lead compounds.
5.4.2.1.2. Molecular docking Studies of anti-diabetic effect of curcumin analogues

Table 5.5 presented molecular docking results for various ligands against two
antidiabetic targets, 1IR3 and 3DH4. The ligands evaluated included Curcumin,
Acarbose, NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK. Key parameters
assessed were Binding Energy (BE), Ligand Efficiency (LE), Inhibition Constant (Ki),
Intermolecular Energy, van der Waals, Hydrogen Bonding and Desolvation Energy
(vdwhbdisolv energy), Electrostatic Energy, Total Internal Energy, Torsional Energy, and

Unbound Energy.
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Table 5.5 The predicted binding potentials of the nine synthesised curcumin analogues and the reference compounds (curcumin and Acarbose)

to the prioritised inflammatory targets.
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In the case of 1IR3, NLB emerged as the top ligand due to its strong binding
energy (-8.16 kcal/mol), the lowest inhibition constant (Ki: 1.04 nM), and moderate
ligand efficiency (-0.28), indicating high potency. NLE followed closely with a binding
energy of -8.1 kcal/mol and a very low inhibition constant (Ki: 1.16 nM), although its
ligand efficiency (-0.25) was slightly lower. NLG, with a binding energy of -7.87
kcal/mol, a low inhibition constant (Ki: 1.71 nM), and a slightly higher ligand efficiency
(-0.29) than NLE, ranked next. NLD, showing good binding energy (-7.76 kcal/mol), a
low inhibition constant (Ki: 2.04 nM), and similar ligand efficiency (-0.29) to NLG,
followed.

NLK exhibited strong binding energy (-7.53 kcal/mol), a low inhibition constant
(Ki: 3 nM), and high ligand efficiency (-0.36), indicating good effectiveness relative to its
size. NLJ and NLI, with binding energies of -7.36 kcal/mol and -7.2 kcal/mol
respectively, had relatively low inhibition constants (Ki: 4.05 nM for NLJ and Ki: 5.27
nM for NLI) and comparable ligand efficiencies (-0.27). Despite having the lowest
binding energy (-8.77 kcal/mol), NLH was less potent owing to its high inhibition
constant (Ki: 374.48 nM), though its ligand efficiency (-0.35) was relatively high.

NLF, with a binding energy of -6.22 kcal/mol, a higher inhibition constant (Ki:
27.54 nM), and lower ligand efficiency (-0.21), was considered moderate. Curcumin
showed lower binding energy (-5.5 kcal/mol), a higher inhibition constant (Ki: 93.19
nM), and lower ligand efficiency (-0.2), making it less effective. Acarbose, with the
poorest binding energy (-0.77 kcal/mol), the highest inhibition constant (Ki: 271.26 nM),
and very low ligand efficiency (-0.02), was deemed the least effective ligand.

In molecular docking studies of anti-diabetic effects, the interactions between
curcumin analogues and amino acid residues of target proteins were crucial for
understanding the binding affinity, stability, and efficacy of these compounds. Each type
of interaction contributed uniquely to the overall binding profile. Collectively, these
interactions determined the binding affinity, specificity, and stability of curcumin
analogues with target proteins, aiding in the rational design and optimization of curcumin
analogues as potential anti-diabetic agents by ensuring effective binding to the target
proteins involved in diabetes management.

Figures 5.10 and 5.11, along with Tables 5.6 and 5.7, represented the various
ligand interactions with the amino acid residues of the targeted proteins 1IR3 and 3DH4.
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1IR3 — CURCUMIN ANALOGUE COMPLEXES
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1IR3 — CURCUMIN ANALOGUE COMPLEXES

Fig.5.10 1IR3-Curcumin Analogue Complexes (a) 1IR3-NLB Complex (b) 1IR3-NLD Complex (c) 1IR3-NLE Complex (d) 1IR3-NLF
Complex (e) 1IR3-NLG Complex (f) LIR3-NLH Complex (g) 1IR3-NLI Complex (h) 1IR3-NLJ Complex (i) 1IR3-NLK Complex (j)1IR3-
Curcumin Complex (k)1IR3-Acarbose Complex.



Table 5.6. The interactions of ligands with 1IR3 through various amino acid residues
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Table 5.6 comprehensively analyses the types and quantities of interactions
between various antidiabetic compounds and the active target 1IR3. Each compound
exhibited a unique set of interactions, including Van der Waals forces, hydrogen bonds,
carbon-hydrogen bonds, and various pi interactions, which were crucial for stabilising the
compound within the active site.

NLB engaged in nine Van der Waals interactions with residues such as JLY
A:1003: MET A:1076; GLU A:1077; VAL A:1060; LEU A:1078; GLY A:1082; ASN
A:1087; PRO A:1099 and TYR A:1087, three conventional hydrogen bonds with SER
A:1086 and HIS A:1081, SER A:1090, two carbon-hydrogen bonds with GLU A:1077 and
ALA A:1080, and four pi-alkyl interactions with MET A:1139; ALA A:1011; ALA
A:1028; LEU A1002.

NLD showed five Van der Waals interactions, two conventional hydrogen bonds
with LYS A:1030 and SER A:1000, two carbon-hydrogen bonds with GLU A:1043 and
GLU A:1047, one pi-sigma interaction with LEU A:1002, three pi-alkyl interactions with
VAL A:1010 and ALA A:1028, MET A:1139 and one pi-anion interaction with ASP
A:1150.

NLE demonstrated ten Van der Waals interactions, two conventional hydrogen
bonds with TYR A:1087 and GLU A:1115, and various pi interactions such as pi-sigma,
pi-alkyl with VAL A:1274, Pi-Pi stacked, Pi-Anion, Pi-Pi T- shaped, and Pi-Cation. It also
had an unfavourable donor-donor interaction with GLN A:1111.

NLF engaged in five Van der Waals interactions and five conventional hydrogen
bonds with ARG A:1061, LYS A:1020, GLU A: 1281, TYR A:1122, LYS A:1126.

NLG produced eight VVan der Waals interactions, one conventional hydrogen bond
with ASP A:1132, and several pi interactions.

NLH involved five Van der Waals interactions, three conventional hydrogen bonds
with ASP A:1229, TRP A:1200, GLU A:1207 and pi interactions including pi-alkyl with
LEU A:1213.

NLI exhibited nine Van der Waals interactions, four conventional hydrogen bonds
with VAL A:1059, CYS A:1056, THR A:1055 and HIS A:1057 and other pi interactions.

NLJ had fifteen Van der Waals interactions, three conventional hydrogen bonds
with LYS A:1030, ASP A:1150 and GLU A:1047, one pi-alkyl interaction and one pi-
sulfur interaction with MET A:1153.

NLK depicted sixteen Van der Waals interactions, three conventional hydrogen
bonds with LYS A:1030, ASP A:1150, GLU A:1047 and two pi interactions.

Curcumin displayed seven Van der Waals interactions, two conventional hydrogen
bonds with LYS A:1030 and SER A:1006, and several pi interactions.

Acarbose engaged in five Van der Waals interactions and five conventional
hydrogen bonds. This detailed breakdown helped in understanding the binding affinities
and potential efficacy of these compounds as antidiabetic agents.
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3DH4 - CURCUMIN ANALOGUE COMPLEXES
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Fig. 5.11 3DH4-Curcumin Analogue Complexes (a) 3DH4-NLB Complex (b) 3DH4-NLD Complex (¢) 3DH4-NLE Complex (d) 3DH4-
NLF Complex (e) 3DH4-NLG Complex (f) 3DH4-NLH Complex (g) 3DH4-NLI Complex (h) 3DH4-NLJ Complex (i) 3DH4-NLK
Complex (j)3DH4-Curcumin Complex (k)3DH4-Acarbose Complex



Table 5.7 The interactions of ligands with 3DH4 through various amino acid residues
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Table 5.7 outlines various interactions between different antidiabetic compounds
and the active site residues of the target protein 3DH4. NLB exhibited 8 van der Waals
interactions with residues LEU A:137, THR A:431, VAL A:434, LEU A:433, VAL
A:132, PHE A:472, TYR A:426, and VAL A:141, along with 2 conventional hydrogen
bonds with TYR A:430 and SER A:136. It also formed 1 pi-alkyl interaction with ILE
A:464, and 1 pi-pi stacked interaction with PHE A:133.

NLD sketched 8 van der Waals interactions with residues SER A:372, ASN
A:260, GLN A:268, LEU A:137, THR A:431, ILE A:427, GLN A:428, and GLU A:88, 4
conventional hydrogen bonds with ASN A:267, ASN A:142, GLU A:68, and GLU A:69,
1 carbon hydrogen bond with ASN A:142, and 11 pi-alkyl interactions with MET A:73,
PHE A:424, ALA A:259, TYR A:138, MET A:369, ILE A:270, TYR A:269, TYR A:87,
TYR A:263, MET A:73, and THE A:424.

NLE witnessed 9 van der Waals interactions with residues LEU A:433, TYR
A:430, GLY A:421, GLN A:425, GLU A:429, TYR A:426, PHE A:140, VAL A:434, and
THR A:431, 1 conventional hydrogen bond with GLN A:422, 2 carbon hydrogen bonds
with ASN A:245 and PHE A:133, 1 pi-sigma interaction with VAL A:141, 2 pi-alkyl
interactions with LEU A:137 and VAL A:141.

NLF unveiled 8 van der Waals interactions with residues LEU A:433, GLY
A:421, GLN A:425, GLU A:429, TYR A:426, PHE A:140, VAL A:434, and THR A:431,
1 conventional hydrogen bond with GLN A:422, 2 carbon-hydrogen bonds with ASN
A:245 and PHE A:133, 2 pi-sigma interactions with ILE A:420 and VAL A:141, 2 pi-
alkyl interactions with LEU A:137 and VAL A:141.

NLG interacted via 8 van der Waals forces with residues ALA A:361, LEU
A:196, VAL A:193, ILE A:296, ALA A:62, TYR A:176, THR A:188, and SER A:365, 1
conventional hydrogen bond with ASP A:189, 1 pi-sigma interaction with VAL A:197, 3
pi-alkyl interactions with VAL A:297, VAL A:197, and ILE A:65, 1 pi-lone pair
interaction with SER A:364, 7 pi-pi stacked interactions with ILE A:61, LEU A:293,
VAL A:297, LEU A:300, VAL A:301, PHE A:70, and ALA A:63.

NLH showed 12 van der Waals interactions with residues THR A:431, MET
A:369, SER A:372, GLN A:268, ASN A:267, SER A:91, GLN A:428, TRP A:264, ASN
A:260, PHE A:424, GLN A:69, and ILE A:427, 3 conventional hydrogen bonds with
ASN A:142, TYR A:263, and GLU A:68, 1 pi-alkyl interaction, 3 alkyl interactions.
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NLI produced 14 van der Waals interactions with residues ALA A:63, ILE A:270,
PHE A:424, TYR A:87, SER A:91, ASN A:260, TRP A:264, THR A:431, ILE A:427,
ASN A:142, GLN A:69, ASN A:64, SER A:66, and SER A:365, 2 conventional
hydrogen bonds with TYR A:263 and GLU A:68, 1 pi-sigma interaction with MET
A:369, 1 pi-alkyl interaction with ALA A:259, 1 pi-lone pair interaction with GLN
A:428, and 1 pi-pi stacked interaction with TYR A:263.

NLJ gave rise to 14 van der Waals interactions with residues ALA A:63, ILE
A:270, PHE A:424, TYR A:87, SER A:91, ASN A:260, TRP A:264, THR A:431, ILE
A:427, ASN A:142, GLN A:69, ASN A:64, SER A:66, and SER A:365, 1 conventional
hydrogen bond with TYR A:263, 1 pi-sigma interaction with MET A:369, 1 pi-alkyl
interaction with ALA A:259, 1 pi-lone pair interaction with GLN A:428, and 1 pi-pi
stacked interaction with TYR A:263.

NLK germinated 9 van der Waals interactions with residues LEU A:300, PHE
A:70, ILE A:65, GLN A:192, ASP A:189, SER A:364, PHE A:194, ILE A:61, and VAL
A:297, 1 conventional hydrogen bond with VAL A:193, 1 pi-sigma interaction with VAL
A:197, 3 pi-alkyl interactions with ALA A:62, LEU A:196, and ALA A:361, and 3 alkyl
interactions with ILE A:296, LEU A:293, and ALA A:361.

Curcumin interacted via 11 van der Waals forces with residues TYR A:426, TYR
A:430, GLU A:429, GLN A:482, LEU A:470, MET A:477, PRO A:478, PHE A:479,
MET A:244, GLN A:425, and ALA A:423, 3 conventional hydrogen bonds with LYS
A:471, GLY A:421, and GLN A:422, 1 pi-sigma interaction with ILE A:420, and 1 pi-
alkyl interaction with LYS A:471.

Acarbose awakened 7 van der Waals interactions with residues GLY A:418, LEU
A:417, GLN A:242, GLN A:422, GLN A:425, TYR A:426, and ILE A:420, 2
conventional hydrogen bonds with GLU A:429 and GLY A:421, 1 carbon-hydrogen bond
with ILE A:420.

This detailed breakdown highlighted the diverse interactions each compound had
with the active site residues of the target protein 3DH4, aiding in understanding their
binding affinities and potential efficacy as antidiabetic agents.

The prioritisation of ligands against target 3DH4 is based on their docking scores
especially their binding energy (BE), inhibition constant (Ki), and ligand efficiency (LE).
NLH is the top ligand, exhibiting strong binding energy (-8.13 kcal/mol), the lowest
inhibition constant (Ki: 1.1 nM), and solid ligand efficiency (-0.33), indicating high
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potency and efficacy. NLJ ranks second, with good binding energy (-7.74 kcal/mol) and a
low inhibition constant (Ki: 2.13 nM), supported by respectable ligand efficiency (-0.29).
NLI follows, with moderate binding energy (-7 kcal/mol) and a relatively low inhibition
constant (Ki: 7.37 nM), though its ligand efficiency (-0.26) is slightly lower than NLJ.

NLB is next, displaying moderate binding energy (-6.77 kcal/mol) and a higher
inhibition constant (Ki: 10.86 nM) than the top ligands, with lower ligand efficiency
(-0.23). NLF, with moderate binding energy (-6.52 kcal/mol) and a relatively low
inhibition constant (Ki: 16.52 nM), is ranked after NLB, supported by lower ligand
efficiency (-0.22).

Despite strong binding energy (-9.13 kcal/mol), NLK is ranked lower due to a
high inhibition constant (Ki: 201.8 nM), indicating lower potency. However, its high
ligand efficiency (-0.43) suggests good effectiveness relative to its size. NLG, with strong
binding energy (-8.78 kcal/mol) but a very high inhibition constant (Ki: 365.08 nM),
ranks below NLK due to its high Ki, despite solid ligand efficiency (-0.33). NLD,
exhibiting strong binding energy (-8.51 kcal/mol) but an even higher inhibition constant
(Ki: 579.09 nM), indicates lower potency, with comparable ligand efficiency (-0.32) to
NLG. NLE, with strong binding energy (-8.42 kcal/mol) but the highest inhibition
constant (Ki: 670.6 nM) among the top ligands, ranks lower due to its higher Ki and
lower ligand efficiency (-0.26).

Curcumin, showing lower binding energy (-5.96 kcal/mol) and a higher inhibition
constant (Ki: 42.58 nM) compared to other ligands, is less effective, supported by lower
ligand efficiency (-0.22). Lastly, Acarbose, with the poorest binding energy (-1.24
kcal/mol) and the highest inhibition constant (Ki: 123.61 nM) among the ligands, has
very low ligand efficiency (-0.03), making it the least effective.

This prioritisation emphasises ligands with the strongest binding energies and
lowest inhibition constants, ensuring high efficacy while considering ligand efficiency for
effectiveness relative to size. The ligands NLB and NLH rank highest for targets based on
their strong binding energies, low inhibition constants, and solid ligand efficiencies,
indicating high potency and efficacy for the anti-diabetic targets 1IR3 and 3DH4
respectively. Other ligands like NLE, NLG, and NLJ also show strong efficacy across
both targets. In contrast, Acarbose and Curcumin rank lowest due to their poor binding
energies, high inhibition constants, and low ligand efficiencies.
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5.4.2.2. In vitro studies

The Alpha-amylase inhibition assay was analysed for finalising the percentage of
inhibition and subsequently the 1Cso values of the synthesised curcumin analogues and
their Cu(ll) and Zn(I1) metal complexes for their antidiabetic effects.

5.4.2.2.1. Anti-diabetic effect of curcumin analogues

The 1Cso values established the potency of various ligands, with lower values
representing higher potency. Among the tested ligands, 1,7-bis(3,4-dimethoxy phenyl)
hepta-1,6-diene-3,5-dione (NLB) (26.68 ug), 1,7-bis(5-chloro-2-hydroxy phenyl) hepta-
1,6-diene-3,5-dione (NLH) (29.90 ug), and 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-
diene-3,5-dione (NLE) (30.45 pg) emerged as the most potent inhibitors, demonstrating
the lowest 1Cso values. Moderately potent ligands included 1,7-bis(4-hydroxy-3,5
dimethyl phenyl) hepta-1,6-diene-3,5-dione (NLG) (44.06 pg), 1,7-bis(3,5-dichloro-2-
hydroxyphenyl)hepta-1,6-diene-3,5-dione (NLD) (44.66 pg), 1,7-bis(5-methyl thiophen-
2-yl) hepta-1,6-diene-3,5-dione (NLK) (47.64 pg), and 1,7-bis(3-hydroxy-4-methoxy
phenyl) hepta-1,6-diene-3,5-dione) (NLJ) (48.09 ug). In contrast, 1,7-bis(3-ethoxy-2-
hydroxy phenyl) hepta-1,6-diene-3,5-dione (NLF) (60.34 pg), 1,7-bis(2-hydroxy-3-
methoxy phenyl)hepta-1,6-diene-3,5-dione (NLI) (74.39 pg), curcumin (74.39 pg), and
acarbose (78.81 ug) were the least potent. These findings suggested that the synthetic
ligands, particularly NLB, NLH, and NLE, were more effective inhibitors than the natural
compounds curcumin and acarbose.

The observed differences in the antidiabetic effects of the tested compounds, as
reflected by their ICso values, were explained by the types and positions of functional
groups that influenced their stability, binding affinity, and interactions with molecular
targets involved in glucose metabolism and insulin regulation. In NLB, the dimethoxy
groups at the 3,4-positions increased electron donation and stabilized the conjugated
system, enhancing interactions with enzyme active sites and improving hydrophobicity
for better cellular uptake. In NLH, the chloro and hydroxy groups at the 5 and 2 positions,
respectively, facilitated a combination of hydrogen bonding and halogen-mediated
interactions with target proteins such as a-amylase and a-glucosidase, thereby enhancing
inhibitory activity. In NLE, the methoxy groups on naphthyl rings provided hydrophobic
interactions and stabilized the interaction of the compounds with enzyme active sites due
to increased conjugation and planarity. In NLG, the hydroxy and methyl groups at the 4,
3, and 5 positions enhanced hydrogen bonding but were less effective due to steric
hindrance, reducing overall potency compared to the most potent ligands. In NLD, the
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dichloro groups at the 3,5 positions increased electron withdrawal and stabilized binding,
but excessive electron deficiency reduced affinity for some targets. In NLK, the
thiophenyl groups provided n-m interactions and hydrophobicity, but the lack of additional
hydrogen-bonding groups limited binding affinity. In NLJ, the hydroxy and methoxy
groups, while offering moderate hydrogen bonding and electron donation, did not align
optimally for high binding affinity. In NLF, the ethoxy and hydroxy groups increased
hydrophilicity, which hindered interactions with hydrophobic enzyme pockets, thereby
reducing potency. In NLI, the hydroxy and methoxy groups at the 2,3 positions, while
providing stabilization, were less effective at maximizing interactions with active site
residues due to their positioning. Curcumin, despite its conjugated structure, exhibited
limited functional group diversity, which reduced its ability to form strong and specific
interactions with targets. Acarbose, had a bulky structure and lacked optimal hydrophobic
or hydrogen-bonding substituents, making it less effective than the synthetic ligands.

mNLB
mNLH
mENLE
NLG
mNLD
ENLK
mNLJ
mNLI
mNLF
= CURCUMIN
mACARBOSE

44.66

74.39 48.09

Fig.5.12 The ICso values (in pg) of various curcumin analogues and reference compounds
(Curcumin and Acarbose).

5.4.2.2.2. Anti-diabetic effect of Cu (11) metal complexes

The ICso values of the Cu(ll) complexes of curcumin analogues proved that
Cu(NLD)2 (25.43 pug), Cu(NLB)2 (25.88 ug), and Cu(NLE). (27.55 ug) were the most
potent inhibitors. Moderately potent complexes included Cu(NLF): (43.06 pg),
Cu(NLG)2 (42.86 pug), Cu(NLH)2 (45.53 pg), and Cu(NLI)2 (45.11 pg). The least potent
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complexes were Cu(NLJ)2 (66.31 pg), Cu(NLK). (57.54 pg), natural curcumin (74.39
Mg), and acarbose (78.81 pg). These results indicated that the synthesized Cu(ll)
complexes were more effective inhibitors for antidiabetic effects, with Cu(NLD),
Cu(NLB)2, and Cu(NLE). emerging as promising candidates for further development and
testing in antidiabetic therapies. Conversely, the natural compounds curcumin and
acarbose were less potent inhibitors compared to the synthesized Cu(ll) complexes.

® Cu(NLB).

® Cu( NLD):

- Cu(NLE):

4306  w Cu(NLF)
® Cu(NLG):
® Cu(NLH):

486 ™ Cu(NLD:

m Cu(NLJ).

® Cu(NLK):

® CURCUMIN

= ACARBOSE

Fig.5.13 ICso values (in pg) for Cu(Il) complexes of various curcumin analogues and
reference compounds curcumin and Acarbose.

5.4.2.2.3. Anti-diabetic effect of Zn (11) metal complexes

The Zn(I1) complexes manifested a range of 1Cso values, with Zn(NLB). (22.18
Hg) being the most potent, as evidenced by its lowest ICso value, and Zn(NLJ). (61.56
pg)being among the least potent. Zn(NLD). (23.83 pg), Zn(NLE). (25.55 pg) and
Zn(NLH)2 (32.33 pg)were also highly potent inhibitors. Zn(NLF)2 (40.86 pg), Zn(NLG)2
(41.46 pg), Zn(NLI)2 (42.09 pg), and Zn(NLK): (53.54 pg) were moderately potent
inhibitors. This suggested that the specific ligand and the nature of its interaction with
Zn(1l) significantly impacted the biological activity. When compared with natural
curcumin and Acarbose, which had higher 1Cso values (74.39 pg and 78.81 ug,
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respectively), it was evident that the Zn(Il) complexes of the curcumin analogues were

generally more effective in inhibiting the target.

The differences in 1Cso values highlighted the potential of these complexes as
more effective inhibitors and they necessitated further exploration of these Zn(ll)
complexes would lead to the development of more potent therapeutic agents. The
observed structure-activity relationship also foretold that specific ligand modifications

could significantly impact the effectiveness of the complexes.

Zn(NLB):
Zn(NLD).
Zn(NLE):
Zn(NLF)
Zu(NLG):
Zn(NLH):
Zn(NLD):
Zn(NLJ)
Zn(NLK):

= CURCUMIN
ACARBOSE

40.86

74.39

41.46

32.33

Fig.5.14 I1Cso values for various Zn(ll) complexes of curcumin analogues, natural
curcumin, and a reference compound, Acarbose.

Comparative analysis of antidiabetic effects of curcumin analogues and their Cu(ll)
and Zn(11) complexes

The comparative study of anti-diabetic potency across curcumin analogues, their
Cu(ll) and Zn(Il) complexes, and standard compounds revealed that both metal
complexes and synthetic ligands exhibited notable improvements in activity compared to
natural curcumin and Acarbose. Among the ligands, NLB, NLH, and NLE witnessed

superior potency. The Cu(ll) and Zn(Il) complexes generally outperformed these ligands,
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with Cu(NLD)2, Cu(NLB)2, Cu(NLE)., Zn(NLB)., Zn(NLD)., Zn(NLE). and Zn(NLH)
demonstrating the highest anti-diabetic activity. This substantiated that metal

complexation would significantly foster the inhibitory effects of curcumin analogues.

Zn(Il) complexes of curcumin analogues were generally found to be more
effective than Cu(ll) complexes for antidiabetic effects due to several factors. Zinc
stabilized insulin hexamers in pancreatic B-cells, aiding in insulin release and enhancing
glucose uptake through insulin signalling. Its anti-inflammatory and antioxidant
properties further protected pancreatic B-cells from oxidative stress. Zn(ll) complexes
offered better stability, bioavailability, and safety compared to Cu(ll) complexes, which
were less stable and could produce harmful reactive oxygen species. The lower toxicity of
zinc, combined with its synergistic effects with the bioactive properties of curcumin,

made Zn(I11) complexes a promising option for diabetes management.

(a) o O (b) 2 2

lii'lﬂ ™ = !iilll cl N > cl
H;CO OCHj; O O
HO

OCH, OCH, on

(c) o o

T
OCH;,

Fig.5.15 The best ligands demonstrating anti-diabetes effects.

(a) NLB(1,7-bis(3,4-dimethoxyphenyl)hepta-1,6-diene-3,5-dione)

(b) NLH(1,7-bis(5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione)
(c) NLE(1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-3,5-dione)

H3CO
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Fig.5.16 The best Cu(ll) and Zn(Il) complexes of curcumin analogues demonstrating
antidiabetes effects.

(@) Cu(NLD) (Cu(ll) complex of 1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-
3,5-dione)

(b) Cu(NLB) (Cu(ll) complex of 1,7-bis(3,4-dimethoxyphenyl)hepta-1,6-diene-3,5-dione)
(c) Cu(NLE) (Cu(Il) complex of 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-
dione)

(d) Zn(NLB) (Zn(Il) complex of 1,7-bis(3,4-dimethoxyphenyl)hepta-1,6-diene-3,5-dione)
(e) Zn(NLD) (Zn(1l) complex of 1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-
3,5-dione)

(f) Zn(NLE) (Zn(I1) complex of 1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-
dione)

(9) Zn(NLH) (Zn(I1) complex of 1,7-bis(5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-
dione)

5.4.3. Splenocytic Assay (Spleen Cell Lines)

Based on the studies of anti-inflammatory and antidiabetic activity, the most
promising ligands and complexes were selected for splenocytic assays. These assays
ought to predict the potential toxicity of these compounds to normal cells while
evaluating their suitability as drug candidates for anti-inflammatory and antidiabetic
therapies. The percentage of splenocytic death at various concentrations of each

compound is shown in Table 5.8 and Fig.5.17.
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Table 5.8 The percentage of cell death at different concentrations for each compound in
Spleen Cell Lines.

Concentration
ug/ml NLD | NLB |NLE | NLH | Cu(NLH):| Cu(NLD). |Cu(NLE):| Cu(NLB). | Zn(NLH): | Zn(NLB). | Zn(NLD): | Zn(NLE).
10 0% of 455 | 365 | 501|459 | 462 432 39 355 357 325 54 5.04
20 Spean 455 | 369 | 55 | 459 | 462 459 45 358 357 325 59 5.1

50 Cell [221 | 46862 |459 | 465 599 6.9 45 357 401 71 6.8
100 death 113 [121]121] 866 | 7.5 14 145 1.26 4.89 5.86 152 125

200 20 | 175|179 145 | 1056 20,01 18.05 134 8.07 121 20.2 181
25+
-- NLD
- -- NLB
-o- NLE
% -~ NLH
E 154 Cu(NLH),
- -»- Cu(NLD),
)
@) -o- Cu(NLE),
5 10- - Cu(NLB),
& -~ Zn(NLH),
- Zn(NLB),
5-
-o- Zn(NLD),
Zn(NLE),
0 1 1 1

T T
10 20 50 100 200

Concentration (ug/mL)

Fig.5.17 The percentage of cell death at different concentrations for each compound in
Spleen Cell Lines. The data points are connected to illustrate the trend for each compound
across the concentration range of 10 to 200 pg/mL.

For the individual ligands (NLD, NLB, NLE, NLH), cell death is generally
augmented with concentration. NLD, NLE, and NLH showed comparable cell death
percentages at lower concentrations (10-50 pg/mL), but at higher concentrations (100-200

ng/mL), NLD and NLE exhibited slightly higher toxicity compared to NLB and NLH.
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Copper complexes (Cu(NLH)., Cu(NLD):, Cu(NLE)., Cu(NLB):) followed a
similar trend where cell death increased with concentration. The copper complexes,
particularly Cu(NLH). and Cu(NLB)., generally showed decreasing cell death
percentages compared to their corresponding ligands at higher concentrations (100-200
uM). This asserted a potential reduction in toxicity when the ligands were complexed
with copper.

Zinc complexes (Zn(NLH):, Zn(NLB)., Zn(NLD)., Zn(NLE):) exhibited an
increase in cell death with concentration, similar to the copper complexes. However, zinc
complexes Zn(NLH). and Zn(NLB): consistently figured lower cell death percentages
compared to their corresponding ligands, indicating a more pronounced reduction in

toxicity with zinc complexation.

The reduced cell death observed in Zn(I1) and Cu(ll) complexes compared to their
corresponding ligands was attributed to the stabilization of ligand structures upon metal
complexation, which likely reduced the availability of free ligand molecules to interact
with cellular components and mitigated toxicity by controlling the release and
bioavailability of reactive species. Zn(Il) complexes, being redox-inactive due to their full
d10 electron configuration, minimized the generation of reactive oxygen species (ROS),
whereas Cu(ll) complexes, with their redox-active d9 configuration, catalyzed ROS
production, potentially leading to oxidative stress and higher cell toxicity. Zinc, as an
essential trace element, exhibited greater biological compatibility and minimal inherent
toxicity compared to copper, which in excess could disrupt redox balance. Zn(ll) also
formed highly stable complexes due to its strong coordination properties, reducing the
concentration of free ligands and ensuring controlled release, thereby lowering cytotoxic
effects. Moreover, Zn(l1) complexes engaged in less aggressive interactions with cellular
components than Cu(ll) complexes, as they were less prone to redox cycling or electron

transfer reactions that could damage biomolecules.

These findings consolidated that Zn(ll) complexes provided a safer therapeutic
profile through reduced ROS generation, enhanced stability, and superior

biocompatibility, making them less toxic than Cu(ll) complexes.
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5.5. CONCLUSION

This chapter evaluated nine synthesised curcumin analogues as inhibitors for
inflammatory and diabetes receptors through molecular docking and in vitro experiments.
It also compared their binding affinities with natural curcumin and FDA-approved drugs
(Diclofenac and Acarbose). It included in vitro assessments of Cu(ll) and Zn(ll)

complexes of curcumin analogues and splenocytic assays of top candidates.

Among curcumin analogues, 1,7-bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-
diene-3,5-dione (NLD), 1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-3,5-dione
(NLE), and 1,7-bis (3-ethoxy-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLF) were
identified as the most potent anti-inflammatory inhibitors, followed by 1,7-bis (5-chloro-
2-hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLH), 1,7-bis(5-methylthiophen-2-yl)
hepta-1,6-diene-3,5-dione (NLK), and Diclofenac. Curcumin itself, along with 1,7-bis
(3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione (NLB),1,7-bis(4-hydroxy-3,5-dimethyl
phenyl) hepta-1,6-diene-3,5-dione (NLG), 1,7-bis (2-hydroxy-3-methoxyphenyl) hepta-
1,6-diene-3,5-dione (NLI), and 1,7-bis (3-hydroxy-4-methoxyphenyl) hepta-1,6-diene-
3,5-dione (NLJ), showed lower potency, with NLI and NLJ being the least effective.

The differences in the anti-inflammatory potency of the mentioned curcumin
analogues were attributed to the types and positions of their functional groups, which
influenced stability, binding affinity, and interactions with molecular targets such as COX
enzymes and inflammatory mediators. Compounds like NLD and NLH, with chloro
groups, exhibited enhanced potency due to the electron-withdrawing nature of halogens,
with dichloro substitution of NLD further increasing its efficacy. The methoxy groups of
NLE and the ethoxy and hydroxy groups of NLF enhanced lipophilicity and hydrogen
bonding, improving their binding stability and potency. In contrast, NLK, with methyl
thiophenyl groups, showed moderate efficacy due to limited hydrogen bonding potential,
while the dimethoxy groups of NLB reduced electrophilicity, weakening target
interactions. NLI and NLJ exhibited the least potency due to the suboptimal positioning
of their hydroxy and methoxy groups for strong interactions. Thus, the compounds like
NLD, NLE, and NLF, which balanced hydrophilic (hydroxy) and hydrophobic (halogen,
methoxy, ethoxy) substituents, demonstrated superior potency due to improved binding
affinity and cellular uptake, while excessive hydrophilicity or hydrophobicity without

functional diversity diminished efficacy, as seen in curcumin, NLI, and NLJ.
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Cu(ll) complexes exhibited superior potency over curcumin analogues, with
Cu(NLH)2, Cu(NLD)., and Cu(NLE). demonstrating enhanced inhibitory activity.
Similarly, Zn(11) complexes demonstrated better anti-inflammatory effects than curcumin,
with Zn(NLH). and Zn(NLE). being particularly potent. Zn(II) complexes generally
surpassed Cu(ll) complexes in effectiveness. The enhanced anti-inflammatory efficacy of
Zn(Il) complexes in comparison to Cu(ll) complexes was attributed to their superior
stability, antioxidant properties, and compatibility with biological systems. The electron
configuration of Zn(ll), characterized by a d10 arrangement, facilitated the formation of
stable complexes with curcumin analogues, thereby improving their bioavailability and
persistence, whereas the d9 configuration of Cu(ll), which was redox-active, contributed
to the generation of reactive oxygen species (ROS) and induced oxidative stress. The non-
redox nature of Zn(Il) complexes, along with their essential role in biological processes,

rendered them more efficacious for anti-inflammatory interventions.

For anti-diabetic activity, 1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-
dione (NLB), 1,7-bis (5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLH)
(NLH), and 1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-3,5-dione (NLE)
analogues portrayed superior potency. Cu(ll) and Zn(ll) complexes generally
outperformed these ligands, with Cu(NLD)., Cu(NLB)., Cu(NLE)., Zn(NLB)a,
Zn(NLD)2, Zn(NLE)., and Zn(NLH). presenting the highest activity. Zn(Il) complexes
were more effective due to their role in stabilizing insulin hexamers, enhancing glucose
uptake, and offering better stability, bioavailability, and safety compared to Cu(ll)
complexes. The lower toxicity and synergistic effects of Zn(ll) complexes with the
bioactive properties of curcumin made them promising for diabetes management. The

splenocytic assay confirmed the efficacy of the most promising drug candidates.
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CHAPTER 6

IN SILICO AND IN VITRO EVALUATION OF ANTIBACTERIAL
AND ANTIFUNGAL POTENCY OF CURCUMIN ANALOGUES AND
THEIR METAL COMPLEXES

6.1. INTRODUCTION

Antibacterial and antifungal studies are crucial in addressing significant public
health threats and advancing medical and healthcare applications. The rise of antibiotic-
resistant bacteria and antifungal-resistant fungi poses a severe global health risk,
complicating the treatment of diseases that were once easily manageable, leading to
longer illnesses, increased hospital stays, and higher mortality rates!. Emerging pathogens
further complicate this landscape, making the development of new antibacterial and
antifungal treatments essential. Healthcare-associated infections (HAIS), often caused by
resistant bacteria and fungi, underscore the need for effective agents to prevent and treat
infections, particularly in immunocompromised patients such as those undergoing

chemotherapy or living with HIV/AIDS?.

The implications of these studies extend beyond healthcare to encompass
agriculture, the environment, and scientific progress. Within agriculture, the importance
of antibacterial and antifungal agents cannot be overstated in safeguarding crops and
livestock, thereby upholding food security and economic stability®. Environmental
applications, such as bioremediation, stand to gain from a comprehensive grasp of
resistance mechanisms to enhance the efficiency of cleanup procedures?. Scientific and
technological progressions, encompassing drug discovery and breakthroughs in
nanotechnology and biomaterials, derive from the continuous exploration within this
domain. Tackling infections induced by resistant bacteria and fungi is imperative for
managing healthcare expenses and sustaining workforce productivity. Consequently, the
ongoing research on antibacterial and antifungal agents is indispensable for devising
novel strategies and therapies to counteract the evolving challenges presented by these

pathogens, ultimately safeguarding public health and nurturing innovation.
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This chapter is primarily destined to screening potential curcumin analogue
inhibitors for bacterial (both Gram-positive and Gram-negative) and fungal receptors.
These analogues were created by modifying the functional groups on the aryl rings of
natural curcumin. The screening process involved molecular docking studies, which were
subsequently validated through in vitro experiments. A comparison was made between
the binding affinities of curcumin analogues, natural curcumin, and FDA-approved
antibacterial and antifungal drugs (Gentamycin and Fluconazole, respectively) towards
the specified targets.

This chapter also included in vitro antibacterial and antifungal assays of Cu(ll)
and Zn(Il) metal complexes derived from the nine curcumin analogues, excluding
computational screening studies. The splenocytic assay of the most promising drug

candidates was also conducted.

6.2. REVIEW OF LITERATURE

This section comprehensively analysed the existing research and developments
concerning curcumin analogues and their antibacterial and antifungal properties. It began
with an overview of in silico studies, highlighting their role in understanding mechanisms
of action, predicting efficacy, and guiding compound design. The section delved into the
antibacterial effects of curcumin analogues against Gram-positive and Gram-negative
bacteria, emphasising mechanistic insights such as enzyme inactivation, membrane
disruption, and oxidative stress induction. Key bacterial targets like Staphylococcus
aureus, Mycobacterium smegmatis, Pseudomonas aeruginosa, and Klebsiella
pneumoniae were discussed.

The review further explored in vitro studies, demonstrating enhanced antibacterial
and antifungal activity of curcumin analogues and their metal complexes compared to
natural curcumin. It highlighted their improved membrane permeability, ROS generation,
and enzyme inhibition while noting challenges such as stability, toxicity, and the need for
in vivo validation.

The survey covered the antifungal potential of curcumin analogues, mainly
consisting of molecular docking studies, enzyme inhibition, and cell wall disruption, and
identified Candida albicans as a model organism for understanding fungal infections. This
comprehensive review underscored the need for novel antibacterial and antifungal agents,

validated through rigorous experimental studies, to combat resistant pathogens
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effectively. Table 6.1 summarises relevant references and brief explanations of the key

findings for each category.

Table 6.1 Key findings and references on the antibacterial and antifungal properties of

the curcumin analogues and their metal complexes, highlighting mechanisms, targets, and

challenges, emphasising novel agent development.

About Insights and Limitations Reference
In silico studies were instrumental in elucidating
mechanisms of action, predicting efficacy, and guiding
the design of new compounds. Mechanistic insights
revealed potential enzyme inactivation, bacterial
In Silico Studies of | MemMbrane disruption, and oxidative stress induction by
the antibacterial | curcumin and its analogues, which enhanced their
effect of curcumin | antibacterial  activity.  Structure-activity relationship
analogues against studies highlighted specific features of curcumin £10
Gram-positive and derivatives that boosted efficacy, though these
Gram-negative compounds often showed low efficacy against Gram-
bacteria negative bacteria. Many studies focused on Gram-
positive bacteria, indicating a need for broader
evaluations. While in silico studies offered valuable
insights, their findings required validation through in
vitro and in vivo experiments to ensure safety and
clinical applicability.
Staphylococcus aureus was a significant human
Gram-positive pathogen responsible for infections ranging from minor
Bacteria skin issues to severe diseases like sepsis, pneumonia,
1.Staphylococcus | @nd endocarditis. It posed a major challenge in
aureus healthcare due to healthcare-acquired infections and the
emergence of Methicillin-resistant  Staphylococcus 13-16
(A Grade Gram-

Positive Bacteria)

aureus (MRSA), which resisted many antibiotics. The
need for new antibacterial agents was urgent. S. aureus
secreted various virulence factors that enhanced its

spread and pathogenicity, making them critical targets
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2.Mycobacterium

for effective therapies.

Mycobacterium smegmatis served as an essential model

for Mycobacterium tuberculosis, the TB-causing agent,

smegmatis
due to its virulence and rapid growth. It aided TB
(A Grade Gram- | research by sharing many genetic and biochemical 17-91
Positive Bacteria) | pathways with M.tuberculosis. The study of M.
smegmatis, with its complex cell envelope rich in
mycolic acids, was crucial for understanding drug
resistance mechanisms and developing new anti-
tuberculosis drugs.
Pseudomonas aeruginosa, a major cause of hospital-
-Gram- | acquired infections such as pneumonia, UTlIs, and
negative Bacteria sepsis, posed particular challenges for cystic fibrosis,
1.Pseudomonas | burn, and immunocompromised patients. Known for its
aeruginosa intrinsic antibiotic resistance and ability to acquire more, |  22-27
it formed multidrug-resistant (MDR) and extensively
(A Grade Gram- | 4 resistant (XDR) strains. Its biofilm formation on
Negative Bacteria) medical devices and tissues further complicated
treatment, demanding innovative therapeutic strategies.
Klebsiella pneumoniae causes healthcare-associated
infections like pneumonia, bloodstream infections, and
meningitis, posing a  significant  threat to
2 Klebsiella immunocompromised individuals, neonates, and the
pneumoniae elderly. The emergence of carbapenem-resistant strains
(B Grade Gram- (CRKP) increased morbidity and mortality rates,
highlighting the urgent need for new antibacterial 28-32

Negative Bacteria)

agents. Its virulence factors, including capsules,

siderophores, and adhesins, enabled immune evasion
and infection,

making it a prime target for the

development of targeted therapies and vaccines.
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The 4H8E target corresponded to the dihydrofolate

Targets of Gram-
g reductase (DHFR) enzyme found in Staphylococcus

positive Bacteria aureus. DHFR was a key player in folate metabolism,
necessary for DNA synthesis and replication. Targeting
DHFR in Staphylococcus aureus disrupted these critical
4H8E processes, rendering it an important focus for antibiotic |  33.36
development aimed at combating bacterial growth and

proliferation.

Sortase A, linked to the 1UZN target, was an enzyme
that played a vital role in anchoring surface proteins to
the cell wall of Gram-positive bacteria like
1UZN Staphylococcus aureus. This process was essential for
the virulence of the bacterium. Inhibiting Sortase A
reduced the ability of Staphylococcus aureus to cause 37.41
infection, making it a crucial target for therapeutic

strategies aimed at reducing bacterial pathogenicity.

The 2W9S target was associated with the InhA enzyme,
which played a crucial role in Mycobacterium
WS smegmatis. InhA was an enoyl-ACP reductase involved
in fatty acid synthesis, essential for the survival and cell
wall biosynthesis of Mycobacterium species. Inhibiting
this enzyme disrupted these vital processes, making it a
significant target for therapeutic intervention against 42-45

mycobacterial infections.

It represented the structure of a putative hexapeptide
kinase from Mycobacterium smegmatis. KasA, the
enzyme associated with the 4Q8lI target, was pivotal in
4Q8lI the biosynthesis of mycolic acids, crucial components of
the mycobacterial cell wall. Inhibiting KasA
compromised the integrity of the cell wall in

Mycobacterium  species, including Mycobacterium
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smegmatis. This made KasA a valuable target for 46-50
developing treatments that weakened and ultimately
eradicated mycobacterial cells.

The 1INPB structure referred to the crystal structure of

Targets of Gram- ) )
the Pseudomonas aeruginosa FabF enzyme, which was

negative Bacteria a key enzyme in the fatty acid biosynthesis pathway
(FAS-11 pathway). 1INPB represented beta-lactamase, an
enzyme that provided resistance to beta-lactam
INPB antibiotics by hydrolyzing the antibiotic's beta-lactam
ring. This enzyme was particularly important because 51-57
Pseudomonas aeruginosa and Klebsiella pneumoniae
were notorious for their resistance to multiple
antibiotics, largely due to the production of beta-
lactamases. Targeting this enzyme with inhibitors could
restore the efficacy of beta-lactam antibiotics, making it
a crucial target for developing new antimicrobial

therapies.

The 507N structure referred to a crystal structure of the
Pseudomonas aeruginosa AmpC beta-lactamase. 507N
corresponded to DNA gyrase, an enzyme involved in the
supercoiling and uncoiling of bacterial DNA, which was
507N essential for DNA replication and transcription. DNA
gyrase was vital for bacterial growth and replication, and
it was a target for fluoroquinolone antibiotics. However, 58-62
resistance to these antibiotics had emerged, underscoring
the importance of continued study and development of
gyrase inhibitors to combat resistant strains of

Pseudomonas aeruginosa.
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The 4JVD structure referred to the crystal structure of
the Klebsiella pneumoniae NDM-1 (New Delhi metallo-
beta-lactamase-1) enzyme. 4JVD was associated with
4JVD LpxC, an enzyme involved in the biosynthesis of lipid A,
a key component of the lipopolysaccharide (LPS) layer
in the outer membrane of Gram-negative bacteria like
Klebsiella pneumoniae. The LPS layer was crucial for 63-66
the structural integrity and defense mechanisms of these
bacteria. Inhibiting LpxC could disrupt the LPS layer,
compromising the defence of bacteria and making them
more susceptible to the host immune response and other
antibiotics, highlighting its potential as an antibiotic
target.

The 6B8A structure represented the crystal structure of
the Kilebsiella pneumoniae SHV-1 beta-lactamase
enzyme. 6B8A corresponded to penicillin-binding
6B8A protein 3 (PBP3), which was involved in the final stages
of synthesizing and maintaining the bacterial cell wall
by cross-linking peptidoglycan chains. PBP3 was
decisive for maintaining the structural integrity of the
bacterial cell wall. This protein was also a target for 67-70
beta-lactam antibiotics such as penicillins and
cephalosporins. Inhibiting PBP3 disrupted cell wall
synthesis, leading to bacterial cell death, making it a
significant target for antibiotic development against

Klebsiella pneumoniae.

In vitro

: . Curcumin analogues and their Cu(ll) and Zn(1l) metal
Antibacterial

.| complexes showed enhanced antibacterial activity
effect of curcumin

analogues and compared to curcumin alone, effectively targeting both 71-80
their Cu(1l) and Gram-positive and Gram-negative bacteria through
Zn(I1) metal improved membrane permeability, ROS generation, and

complexes enzyme inhibition. Structural modifications in these
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complexes enhanced stability and bioavailability, while
synergistic effects with curcumin potentially reduced
dosage and side effects. However, variability in efficacy,
stability issues, toxicity concerns, and the need for in
vivo validation and broader-spectrum studies remained
challenges for their development as effective

antibacterial agents.

In silico studies of curcumin analogues revealed insights
into their antifungal potential by using molecular
In silico studies of | docking to assess binding affinity, exploring
antifungal effect of | mechanisms like enzyme inhibition and cell wall
curcumin disruption, and analyzing structure-activity relationships. 51-88
analogues. However, limited experimental validation, complex
fungal biology, and the need for integration with

experimental data were major limitations.

Candida albicans, a common fungal pathogen, caused a
range of infections from superficial to systemic,
especially in immunocompromised individuals. Its
Candida albicans | resistance to many antifungal drugs confirmed the need 89.97
(A Grade Fungi) | for new treatments. As a model organism, it assisted in
understanding fungal biology and biofilm formation on
medical devices, helping to develop targeted antifungal

therapies with broader applicability.

Targets of Fungus | 4LEB, or Cytochrome P450 Lanosterol 14-alpha-
demethylase, was essential in the ergosterol biosynthesis
pathway, a critical component of fungal cell membranes.
Targeting this enzyme disrupted the integrity and
4ALEB functionality of the fungal cell membrane, leading to the | 98-104
fungus's death. Since human cells did not have
ergosterol in their membranes, antifungal drugs targeting
this enzyme achieved high specificity, minimizing
effects on human cells.

1YL, or Dihydrofolate Reductase, played a key role in
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the folic acid pathway, which was crucial for DNA
synthesis and cell division. Inhibiting this enzyme
prevented the synthesis of nucleotides necessary for
1YL DNA replication, thereby inhibiting fungal growth. This | 105-110
high selectivity reduced the risk of side effects in human
patients, as these fungal-specific enzymes were not

present in human cells.

In vitro studies showed that curcumin analogues and

] ] their Cu(ll) and Zn(ll) metal complexes exhibited
In vitro Antifungal _ o _
| enhanced antifungal activity, disrupted fungal cell
effect of curcumin S )
membranes, inhibited enzymes, and generated reactive
analogues and

their Cu(Il) and
Zn(11) metal

complexes

oxygen species. They also had synergistic effects and | 111-115
could disrupt resistant biofilms. However, challenges
included limited biological relevance, variable efficacy,
stability issues, toxicity concerns, and the need for

extensive experimental validation.

6.3. MATERIALS AND METHODS
6.3.1. In silico studies of antibacterial and antifungal effects of curcumin analogues

The in silico studies focused on the molecular docking of designed curcumin
analogues that had already undergone pharmacokinetic prediction, comparing them with

natural curcumin and FDA-approved antibacterial and antifungal drugs.
6.3.1.1. Molecular docking studies
6.3.1.1.1. Ligand preparation and pharmacokinetic prediction

Curcumin analogues, known for their antibacterial properties, were formulated
using Chem Draw Ultra and structurally optimized with Gaussian 6.0's Berny algorithm.
The energy-minimized molecules were saved in GPF format and converted to PDB using
Open Babel. Pharmacokinetic predictions indicated good oral bioavailability and drug-
like properties for all nine compounds (Table 2.2, Table 2.3). Following wet lab
synthesis, the compounds underwent diverse characterization analyses, declining their

suitability for further drug development as explained in Chapter 3.
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6.3.1.1.2. Identification of molecular targets
6.3.1.1.2.1. Molecular targets of gram-positive and gram-negative bacteria

From the literature survey, it was understood that Staphylococcus aureus must be
a major pathogen responsible for a range of infections, including severe hospital-acquired
cases, with MRSA strains emphasizing the urgent need for new antibacterial agents. It
used to virulence factors crucial for its infectivity. Mycobacterium smegmatis serves as a
model for Mycobacterium tuberculosis, aiding TB research due to its non-pathogenic
nature and faster growth. By targeting specific enzymes, researchers can develop
therapeutics that effectively disrupt critical biological pathways in these Gram-positive

bacteria, offering potent treatment options.

It was found that the 4H8E target corresponded to the dihydrofolate reductase
(DHFR) enzyme found in Staphylococcus aureus. This enzyme was noted to be crucial
for DNA synthesis and replication, making it vital for antibiotic development. Sortase A,
linked to the 1UZN target, anchors surface proteins to the cell wall and is essential for S.
aureus virulence. Inhibiting Sortase A reduced the infection capability of the bacterium.
The 2W9S target corresponded to the InhA enzyme in Mycobacterium smegmatis, which
was also key for fatty acid synthesis and cell wall biosynthesis, making it a significant
therapeutic target. KasA ((B-Ketoacyl-ACP Synthase A)-the bacterium responsible for
tuberculosis (TB)), associated with the 4Q8I target, was also very important for mycolic
acid biosynthesis in mycobacteria, and its inhibition compromises cell wall integrity,
presenting a target for mycobacterial treatments. Consequently, selecting the specific
targets—4H8E(TG1) X-RAYDIFFRACTION, Resolution:1.30A, R-ValueFree:0.194, R-
Value Work:0.174, No. of chains:2%¢; 1UZN(TG2) X-Ray Diffraction, Resolution: 1.91
A, R-Value Free: 0.227, R-Value Work: 0.185, No. of chains:1117; 2W9S(TG3)X-Ray
Diffraction, Resolution: 2.45 A, R-Value Free:0.272, R-Value Work: 0.225, No. of
chains:1!8; and 4Q8I(TG4) X-Ray Diffraction, Resolution: 1.90 A A, R-Value
Free:0.225, R-Value Work: 0.161, No. of chains:1'**—was strategic for conducting

molecular docking studies.

Based on a literature survey, it was evident that Klebsiella pneumoniae, a Gram-

negative bacterium, caused severe healthcare-associated infections and posed a significant
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threat to immunocompromised individuals, neonates, and the elderly. The emergence of
carbapenem-resistant strains (CRKP) highlighted the urgent need for new antibacterial
agents. This bacterium produced virulence factors, such as capsules and adhesins, which
helped it evade the immune system, making infections more difficult to treat and control.
Pseudomonas aeruginosa, another Gram-negative pathogen, caused hospital-acquired
infections and was particularly problematic for patients with cystic fibrosis and burn
injuries. Its intrinsic and acquired antibiotic resistance, along with its ability to form
biofilms, necessitated innovative therapeutic strategies to combat its multidrug-resistant

strains.

INPB (beta-lactamase) and 6B8A (PBP3) were vital for cell wall integrity and
antibiotic resistance. 507N (DNA gyrase) was essential for DNA processes, while 4JVD
(LpxC) was key for the LPS layer integrity. The selection of 1INPB (TG5), X-ray
diffraction with a resolution of 2.50 A, R-Value Free of 0.230, R-Value Work of 0.183,
and 5120 chains; 507N (TG6), X-ray diffraction with a resolution of 1.50 A, R-Value
Free of 0.211, R-Value Work of 0.187, and 2121 chains; 4JVD (TG7), X-ray diffraction
with a resolution of 2.95 A, R-Value Free of 0.256, R-Value Work of 0.203, and 1122
chains; and 6B8A (TG8), X-ray diffraction with a resolution of 2.65 A, R-Value Free of
0.251, R-Value Work of 0.216, and 2123 chains, as targets for Pseudomonas aeruginosa
and Klebsiella pneumoniae was crucial due to their roles in antibiotic resistance and
bacterial survival. Targeting these proteins enabled the development of novel inhibitors,

enhanced existing antibiotics, and combat multidrug-resistant strains.

6.3.1.1.2.2. Molecular targets of fungus

According to the literature survey, choosing specific targets like 4LEB and 11YL
for antifungal studies, particularly for pathogens like Candida albicans, was found crucial
due to their specificity and effectiveness. 4LEB disrupted fungal cell membranes by
targeting the ergosterol biosynthesis pathway, while 11'YL inhibited DNA synthesis. These
targets minimized side effects in humans and offered broad-spectrum efficacy against
various fungal pathogens. Research on these enzymes improved existing therapies,
making them more potent and overcoming resistance. Thus, 4LEB (TG9), X-ray
diffraction with a resolution of 1.40 A, R-Value Free of 0.178, R-Value Work of 0.178,
and one chain, and 11YL (TG10), X-ray diffraction with a resolution of 3.20 A, R-Value
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Free of 0.366, R-Value Work of 0.284, and 4 chains, were strategic targets for developing

effective, safe, and broad-spectrum antifungal treatments.
6.3.1.1.3. Receptor priming

The 3D structures of each protein target were retrieved from the PDB and
prepared by removing any water molecules, ions, or ligands irrelevant to the docking
process. Missing atoms, such as hydrogen atoms, were added to ensure completeness, and
the geometry was optimized by minimizing the receptor's energy to relax any strained
bond angles or interactions. Appropriate charges were assigned to the receptor atoms, and
the binding site were defined by identifying and preparing the specific region where the
ligand would dock. The binding site of each target was assigned based on the coordinate
files in the active site using the Auto Grid program?®?¢, with the appropriate coordinate
dimensions for X, Y, and Z. The target and ligand files were then saved in pdbqt format.
These steps helped ensure that the receptor was in a biologically relevant and
energetically favourable conformation, thereby increasing the accuracy and reliability of

the docking results.
6.3.1.1.4. Molecular docking

The binding affinity of each curcumin analogue to the selected target proteins was
computationally modelled using molecular docking via Auto Dock 4.2'%7. The binding
centres of the target proteins were assigned by the Auto Grid program using the following
X, Y, and Z coordinates: TG1 at 18.532,4.757 and 7.604; TG2 at 4.792,14.281 and
12.796; TG3 at 10.026,0.810 and 45.441; TG4 at 18.796,13.654 and 2.273; TG5 at
37.963,73.139 and-2.847; TG6 at 82.111,9.52 and 48.656; TG7at -33.664,65.098 and
10.095; TG8at 26.723,21.065 and 0.715; TG9at -2.982,-3.049 and -16.319 and TG10at
26.914,44.04 and 1.831.

The best-docked conformations were evaluated based on binding energy
(kcal/mol), the number of hydrogen bonds, upper and lower bound root mean square
deviation (RMSD), the number of interacting residues, and other weak forces stabilizing
the receptor-ligand complex. The binding potential of the synthesized curcumin
analogues to the selected proteins was compared to that of native curcumin and the

selected targets, as well as to the FDA-approved antibacterial prescription medicine
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Gentamicin (PubChem ID: 3467)%?8 and Fluconazole (PubChem ID: 3365) which is an

antifungal drug approved by FDA'%,

6.3.2. In vitro studies of antibacterial and antifungal effects of curcumin analogues
and their metal complexes

6.3.2.1. Antibacterial Assay (Agar Well Diffusion Method)**

Procedure: The agar well diffusion method was employed to assess the antimicrobial

activity of the test sample. Mueller-Hinton agar (15-20 mL) was poured onto glass Petri

plates of the same size and allowed to solidify. A standardized inoculum of the test

organism was evenly spread on the plate surface using a sterile cotton swab. Four wells

with a diameter of 8 mm (20 mm apart from one another) were aseptically punched with

a sterile cork borer in each plate.

The test sample (40 and 80 pL) was added into wells T1 and T2 from a 10
mg/mL stock. Gentamycin (40 puL from a 4 mg/mL stock) and the solvent used for
sample dilution were added as positive and negative controls, respectively. The plates
were then incubated for 24 hours at 36°C + 1°C under aerobic conditions. Following
incubation, the plates were observed, and the zone of bacterial growth inhibition around
the wells was measured in millimetres.

Culture media Details: The Muller Hinton Agar medium (HIMEDIA- M173) was
utilized to determine the susceptibility of microorganisms to antimicrobial agents. To
prepare the medium, 38 grams were suspended in 1000 ml of distilled water. The mixture
was heated until it boiled to ensure complete dissolution of the medium. Sterilization was
achieved by autoclaving at 15 Ibs pressure (121°C) for 15 minutes. After autoclaving, the
medium was cooled to 45-50°C, mixed thoroughly, and then poured into sterile petri
plates.

Inoculums details: Inoculums were procured from the Microbial Type Culture
Collection (MTCC) in Chandigarh.

Table 6.2 Inoculums details of Bacterial cell lines

Name of organism MTCC No | Incubation Condition
Staphylococcus aureus (Gram-positive) 87 37°Cfor 24 h
Mycobaterium smegmatis (Gram-positive) 6 37°C for 24 h
Pseudomonas aeruginosa (Gram-negative) 741 3r°Cfor24h
Klebsiella pneumoniae (Gram -negative) 3384 37°Cfor24h
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6.3.2.2. Antifungal Assay (Agar Well Diffusion Method)!3°

Procedure: The agar well diffusion method was employed to assess the antimicrobial
activity of the test sample. A mixture of Mueller-Hinton agar and Potato Dextrose Agar
(MHO096 Himedia) in a 1:1 ratio was poured onto glass petri plates of the same size and
allowed to solidify. A standardized inoculum of the test organism was evenly spread on
the plate surface using a sterile cotton swab. Four wells with a diameter of 7 mm (20 mm

apart from one another) were aseptically punched with a sterile cork borer in each plate.

The test sample (40 and 80 pL) was added into wells T1 and T2 from a 10 mg/mL
stock. Clotrimazole (40 pL from a 300 mcg/ml stock) and the solvent used for sample
dilution were added as positive and negative controls, respectively. The plates were then
incubated for 24 hours at 27°C = 1°C under aerobic conditions. After incubation, the
plates were observed, and the zone of microbial growth inhibition around the wells was

measured in millimetres

Culture medium details: To resolve the susceptibility of fungal strains to antifungal
agents, a medium consisting of Mueller-Hinton agar and Potato Dextrose Agar MH096
Himedia in a 1:1 ratio was used. The preparation involved heating the medium until it
boiled to ensure complete dissolution. Sterilization is achieved by autoclaving at 15 Ibs
pressure (121°C) for 15 minutes. After autoclaving, the medium is cooled to 45-50°C,

mixed thoroughly, and then poured into sterile Petri plates for further use.

Inoculums details: Inoculums were procured from the Microbial Type Culture
Collection and Gene Bank (MTCC) Chandigarh.

Table 6.3 Inoculums details of Fungal cell lines

Fungi MTCC No. | Incubation time
Candida albicans 227 27°C for 48h

6.3.2.3. Invitro cytotoxic activity using splenocyte®3!

In order to examine the short-term in vitro cytotoxicity of the test substance, rat
spleen cells were used. To obtain the spleen tissue, a rat (purchased from the Small

Animal Breeding Station (SABS), Kerala Veterinary and Animal Sciences University,
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Mannuthy, Thrissur, Kerala) was slaughtered under carbon dioxide anaesthesia. It was
then broken down into a single-cell suspension in an antibiotic (Penicillin-streptomycin
solution at a concentration of 50 I.U./mL)-containing Dulbecco’s modified Eagle’s
medium (DMEM) before being filtered through mesh cloth. The obtained cells were
washed three times, suspended in a predetermined amount of antibiotic-containing
DMEM complete media, and counted using a haemocytometer. Into the tubes
containing various concentrations of the test substance, a viable cell suspension (1 106
cells in 0.1 ml) was introduced, and the volume was boosted to 1 ml using DMEM
medium. The cell suspension without any additives was present in the control tubes. At
37°C, these tubes were incubated for 3 hours. After incubation, 0.1 mL of 1% trypan
blue was added to the cell suspension in the tubes, which was then maintained for 2—3
minutes before being placed into a haemocytometer. Trypan blue had a blue tint that
only dead cells could absorb; healthy cells didnot. Separate counts were made of
labelled cells.

Number of dead cells

P t totoxicity =
ercentage of cytotoxicity Number of dead cells + Number of live cells

6.4. RESULTS AND DISCUSSION
6.4.1 Antibacterial effects of curcumin analogues and their metal complexes
6.4.1.1. In silico studies

Eight key proteins that harbour germline mutations influencing both Gram-
positive and Gram-negative bacterial infections were chosen as molecular targets from
RCSB. The proteins are:(PDB ID:4H8E) (TG1), (PDB ID:1UZN) (TG2), (PDB
ID:2W9S) (TG3), PDB 1D:4Q8l) (TG4),(PDB ID: 1NPB) (TG5),(PDB
ID:507N)(TG6),(PDB 1D:4JVD)(TG7),(PDB ID:6B8A)(TG8). Among these the first
four targets related to gram-positive (TG1, TG2, TG3,and TG4) and the latter four
related to gram-negative bacteria (TG5, TG6, TG7, and TG8).

x 100
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Fig.6.1 Proteins with germline mutations affect both Gram-positive and Gram-negative
bacterial infections. (a) 4H8E (b) 1UZN(c) 2W9S(d) 4Q81(e) INPB(f) 507N(g) 4JVD(h)
6B8A

6.4.1.1.1. Computational screening of designed molecules

The nine molecules—NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ, and NLK—
underwent virtual screening via Pre ADMET and Swiss ADME, meeting the CMC-like
rule and Rule of Five criteria. Further drug-likeness, ADME, and toxicity evaluations

confirmed their suitability, leading to their selection as lead compounds.
6.4.1.1.2. Molecular docking studies of antibacterial effect of curcumin analogues

Molecular docking was employed to predict the binding strength of the nine
curcumin analogues to the selected eight molecular targets associated with bacterial
infections. The process also analyzed the interaction patterns of curcumin and
Gentamycin, used as reference compounds, with these targets. Key docking parameters
included active site analysis, binding energy, ligand efficiency energy, inhibition
constant, intermediate energy, Van der Waals dissociation energy, torsional energy,
unbound energy, and reference RMS values. The resulting conformations were evaluated
based on the above parameters. The best-docked complexes were evaluated based on
several criteria: lower values were preferred to Binding Energy (BE), Inhibition Constant
(Ki), Intermolar Energy, Van der Waals, hydrogen bond, desolvation energies, Total
Internal Energy, Torsional Energy, Unbound Energy, cIRMS (Cluster Root Mean Square
Deviation), and refRMS (Reference Root Mean Square Deviation). The more negative
values are better for Ligand Efficiency (LE) and Electrostatic Energy. The binding

potentials of these molecules are summarized in Tables 6.4, 6.5,6.6 and 6.7.
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6.4.1.1.2.1. Molecular docking studies of gram-positive antibacterial effect of
curcumin analogues

The specific targets of gram-positive bacteria, Staphylococcus aureus and
Mycobacterium smegmatis, namely 4H8E, 1UZN, 2W9S, and 4Q8l, were employed for
the molecular docking studies. The predicted binding potentials of the nine synthesised
curcumin analogues and reference compounds (curcumin and Gentamycin) to the

prioritized Gram-positive bacterial targets are shown in Table 6.4 and Table 6.5.

It was found that for Staphylococcus aureus (4H8E), the ligand NLE
demonstrated the highest binding energy (BE) of -12.63 kcal/mol, with a ligand efficiency
(LE) of -0.38 and an inhibition constant (Ki) of 548.63 nM. NLD, NLH, and NLK also
showed promising results, with BEs 0f-9.65 kcal/mol, -9.58 kcal/mol and -9.43 kcal/mol,
LEs of -0.36,-0.38, and -0.45, inhibition constants of 84.29 nM, 94.5 nM and 122.77 nM,
respectively. For Staphylococcus aureus (1UZN), NLE again exhibited the best binding
energy at -10.34 kcal/mol, LE of -0.31, and Ki of 26.2 nM. NLH and NLG followed with
BEs of -9.08 kcal/mol and -8.81 kcal/mol, LEs of -0.36 and -0.33, and inhibition
constants of 220.78 nM and 349.5 nM, respectively (Table 6.4).

In the case of Mycobacterium smegmatis (4Q81), NLE showed a binding energy
of -10.07 kcal/mol, LE of -0.31, and a Ki of 41.87 nM. NLH and NLG were also
effective, with BEs of -8.08 kcal/mol and -8.04 kcal/mol, LEs of -0.32 and -0.30, and
inhibition constants of 1.19 nM and 1.28 nM, respectively. For Mycobacterium
smegmatis (2W9S), NLE had the highest binding energy at -11.72 kcal/mol, LE of -0.36,
and Ki of 2.55 nM. NLB and NLD also figured good results, with BEs of -9.44 kcal/mol
and -9.38 kcal/mol, LEs of -0.33 and -0.35, and ICs of 120.3 nM and 133.1 nM,
respectively (Table 6.5).

Figures 6.2 to 6.5 detail the interactions of each ligand with the corresponding

target molecules of Gram-positive bacteria through the various amino acid residues.
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Table 6.4 The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and

Gentamycin) to the prioritized gram-positive Staphylococcus aureus bacterial targets.

Active 4H8E 1UZN
Target

C C
3 =S s |2

(a8} O | W LL O | I - - A om @) W | w o T - L) N4

G 3 % N T e I B = = Jd | 3 % - - [ T I - = I R
= s 2 |lz|lz|z|Z2|z|z|Z z Z | £ £ Z Z Z |z |z Z Z | Z2 |z
- 3|8 S | &
Active Site
and Run 7 3 6 3 6 2 6 7 10 5 8 7 3 10 9 1 2 7 8 7 1 2
BE(kcal/
mol) -5.52 -935 | -84 -9.65( -12.63 |-9.33 -9.33| -9.58| -8.65 -8.86 -943 | -7.01 -8.27 -8.52 -8.75 110.34 | -7.36 | -8.81 -9.08 -7.76 | -7.96| -7.31
Ligand

efficiency | 9o | 028 | -029 | -0.36| -0.38 |-032 |-0.35| -0.38| -0.32 033 |-045| -026 | 025 | 029 | -032 | -0.31| -0.25 | -0.33 | -0.36 | -0.29| -0.29 | -0.35

Inhib

CC)(“S'\tAa)“t 90.61 | 140.44 692.3 | 84.29 548.63 [144.07 |144.89| 94.5 | 454.87 | 320.64 |122.77| 7.31 868.9 | 567.8 | 385.3 | 26.2 | 4.02 | 349.5 | 220.78 | 205 | 1.47 | 4.36
n

Intermolar
energy -9.09 |-13.23 | -11.39 |-12.04 | -15.02 |-12.91 |-11.72| -11.97| -11.64 -11.84 |-11.22 | -10.59 -12.15( -115 -11.14 |-12.73 | -10.94| -11.19 -11.47 | -10.74|-10.94 | -9.1

vdw hb

;jr:zglg\; -8.69 | -7.88 | -11.35| -11.74| -14.97 |-129 |-11.65| -11.79| -10.93 -11.68 | -1.21 | -10.34| -55 -11.2 | -10.94 | -12.7| -10.57| -11.06 | -11.04 {-10.56 | -10.75| -9.04

Electrostatic
energy -0.4 -5.34 | -004| -03 | -0.05 |-0.010 |-0.07| -0.18| -0.7 -0.16 0 -0.25 -6.65 | -0.29 -0.2 -0.03| -0.37 | -0.13 -0.43 | -0.18| -0.19| -0.06

Total
internal  |-1.98 | -568 | -1.72 | -0.92| -15 |-299 |-0.76 | -1.73| -2.14 -2.32 -1.25 | -351 -6.3 -1.85 -1.4 -1.29| -2.7 -0.71 -1.23 | -2.06 | -2.22 (1.26

Torsional
energy 3.58 388 | 298 | 239 | 2.39 |3.58 2.39 2.39 2.98 2.98 1.79 3.58 3.88 2.98 239 | 239 | 358 2.39 2.39 298 | 298 | 1.79

Unbound
energy -1.98 | -568 | -1.72 | -0.92| -15 [-2.99 [-0.76 -1.73| -2.14 -2.32 -1.25 | -351 -6.3 -1.85 -1.4 -1.29| -2.7 -0.71 -1.23 | -2.06 | -2.22| -1.26
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Table 6.5 The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and Gentamycin) to
the prioritized gram-positive Mycobacterium Smegmatis bacterial targets.

Active

4Q8l 2W9S
Target Q
C C
@ S| G | S
c S E m|l ol w| | Ol T =| »| ¥| E E‘ m O| Ww| w O| T| = ~ X
@ 3 5l 4| 2| A S| 2 2| 2 4 3] 3| 5] 4 J 0 4 4 J | g 4 = -
2 sl = Z2| Zz2 2|z 2z & 2|zl ZzzZzZ2Z2|Z2 2| 2| Z
| > o > c
@) X O X
O O
Active Site and
Run 6 9 4 9 2 10 5 4 6 3 1 4 8 1 2 4 7 9 1 4 6 7
BE(kcal/
mol) -5.25 | -8.66 | -7.29 | -8.26 |-10.07| -5.66 | -8.04 | -8.08 | -6.04 | -7.29 | -7.48 | -7.38 | -7.05 | -9.44 -9.38 |-11.72 | -8.93 -9.27 -9.4 | -8.48 -9.17 -8.98
Ligand
efficiency -0.19 | -0.26 | -0.25 | -0.31 | -0.31 | -0.2 -0.30 | -0.32 |-0.22 | -0.27 | -0.36 | -0.27 | -0.21 | -0.33 -0.35 |-0.36 -0.31 -0.34 -0.38| -0.31 -0.34 -0.43
Inhib constant
(M) 141.3 | 452.4 | 4.53 883.6 | 41.87 | 71.42 1.28 1.19 | 37.47 45 3.28 3.89 6.78 120.3 133.1 | 255 284.8 160.7 129.1| 609.5 190.2 261.9
Intermolar
energy -8.83 | -12.53|-10.27 | -10.65 | -12.45| -9.24 | -10.43| -10.47| -9.02 -10.28| -9.27 [-10.96 | -10.93 | -12.42 | -11.77 |-14.11 | -1251 | -11.65 -11.78 -11.46 | -12.55 | -10.77
vdw hb disolv
energy -8.41 | -6.83 | -9.88 | -10.23 | -11.95| -8.79 -9.9 -9.91 | -8.85 -9.78 | -8.95 | -10.8 | -7.49 | -12.35 | -11.56 |-14.1 -12.34 | -11.38 -11.26| -11.36 | -11.85 | -10.68
Electrostatic
energy -042 | -5.7 | -0.39 | -0.42 -0.5 | -0.44 | -0.53 | -0.56 | -0.17 -05 | -0.32 | -0.16 | -3.44 | -0.07 -0.2 |-0.02 -0.17 -0.28 -0.53| -0.1 -0.3 -0.09
Total internal
-2.99 | -5.68 | -1.33 -1.09 -0.78 | -2.91 -1.06 | -1.28 | -2.82 -1.92 | -0.64 | -2.22 | -6.74 -1.23 -0.84 |-0.96 -3.11 -1.05 -0.81| -2.98 -2.7 -0.6
Torsional
energy 358 | 3.88 | 2.98 2.39 239 | 358 239 | 239 | 2.98 298 | 1.79 | 358 | 3.88 2.98 239 | 2.39 3.58 2.39 239 | 298 2.98 1.79
Unbound
energy -2.99 | -5.68 | -1.33 -1.09 -0.78 | -2.91 -1.06 | -1.28 | -2.82 -1.92 | -0.64 | -2.22 | -6.74 -1.23 -0.84 |-0.96 -3.11 -1.05 -0.81| -2.98 -2.7 -0.6
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The compounds engaged in various interactions with the target protein, with Van
der Waals interactions being the most common, indicating significant surface contact.
Traditional hydrogen bonds demonstrated robust, precise binding. The presence of a wide
array of interaction types—such as Pi-Sigma, Pi-Alkyl, Pi-lone pair, Pi-Pi stacked, Alkyl,
Pi-Anion, Pi-Pi T-shaped, unfavourable bump, Pi-Cation, Pi-Carbon, Pi-Sulfur, Attractive
Charge, Amide-Pi stacked, Sulfur-X, and Pi-Donor interactions—contributed to the
complexity and stability of the binding. The specific amino acid residues involved in
these interactions highlighted crucial contact points and potential areas for further
modifications to enhance binding affinity and specificity. This comprehensive interaction
profile underscored the therapeutic potential of each compound, warranting further

exploration and refinement.

The prioritization of ligands for antibacterial effects against Gram-positive
bacteria, particularly Staphylococcus aureus and Mycobacterium smegmatis, was
carefully evaluated based on docking parameters, functional group characteristics, and
their interactions with target proteins. Binding energy (BE) was identified as a critical
indicator, with lower values signifying stronger interactions between the ligand and the
target protein. Ligand efficiency (LE) provided insights into the binding energy per heavy
atom, reflecting how effectively each atom contributed to the interaction. The inhibition
constant (Ki) highlighted the binding affinity, where lower Ki values suggested stronger
binding capabilities. The functional group composition of the ligands significantly
influenced their antibacterial activity. Groups such as hydroxy, chloro, methoxy, and
ethoxy were noted for their roles in hydrogen bonding, hydrophobic interactions, and
lipophilicity. These properties were essential for facilitating ligand penetration through
bacterial membranes and ensuring effective binding with target proteins. The structural
differences in bacterial cell walls were crucial in explaining the varying antibacterial
activity. Gram-positive bacteria had a thick peptidoglycan layer that was relatively

porous, allowing the curcumin analogues to penetrate and reach their targets more easily.

Among the ligands, NLE was ranked as the top priority due to its exceptional
binding energy (-12.63 kcal/mol for 4H8E and -11.72 kcal/mol for 2W9S) and low Ki
(2.55 nM for 2W95S). Its high ligand efficiency (-0.36) and structural features, including
methoxy naphthyl groups, enhanced its binding through n-n stacking interactions with

aromatic residues in the proteins. NLD and NLH followed closely in the ranking. NLD
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exhibited a binding energy of -9.65 kcal/mol (4H8E) and dual functional groups (hydroxy
and chloro) that supported strong hydrogen bonding and increased lipophilicity.
Similarly, NLH demonstrated a binding energy of -9.58 kcal/mol (4H8E), with a
combination of hydroxy and chloro groups contributing to effective protein interactions.

In the third tier, NLK and NLB were identified as moderate performers. NLK had
a binding energy of -9.43 kcal/mol (4H8E) and benefited from methyl thiophene groups
that enhanced lipophilicity, aiding membrane interactions. NLB, with a binding energy of
-9.44 kcal/mol (2W09S), relied on methoxy groups for hydrophobic interactions, making it
moderately effective in targeting bacterial membranes.

The ligands NLG, NLF, NLI, and NLJ exhibited moderate antibacterial activity.
NLG and NLF both achieved a binding energy of -9.33 kcal/mol (4H8E). The hydroxy
and methyl groups of NLG ensured a balanced approach to hydrophobic and hydrogen
bonding properties, while the hydroxy and ethoxy groups of NLF offered a similar
balance. NLI and NLJ, despite structural similarities to NLF, displayed slightly reduced
interaction efficiency due to the presence of methoxy groups, which limited hydrogen

bonding potential.

Gentamycin, while known for disrupting protein synthesis, had a binding energy
of -9.35 kcal/mol (4H8E) and a lower ligand efficiency (-0.28), placing it below NLE.
Curcumin, with a moderate binding energy of -7.38 kcal/mol (2W9S), was less effective
due to its general hydrophobicity, which limited interaction specificity compared to

optimized analogues such as NLE and NLH.

The final prioritization order for targeting Gram-positive bacteria was established
as follows: NLE, NLD, NLH, NLK, NLB, NLG, NLF, gentamycin, NLI, NLJ, and
curcumin. This ranking reflected a comprehensive integration of docking parameters and
functional group characteristics, providing a clear rationale for ligand selection in

antibacterial applications.
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6.4.1.1.2.2. Molecular docking studies of gram-negative antibacterial effect of
curcumin analogues

The molecular docking studies used the specific targets of gram-negative bacteria
(Pseudomonas aeruginosa and Klebsiella pneumoniae), 1INPB, 507N, 4JVD, and 6B8A.
Tables 6.6 and 6.7 arrange the predicted binding potentials of the nine synthesized
curcumin analogues and reference compounds (curcumin and gentamycin) to the
prioritized gram-negative bacterial targets.

Considering the antibacterial activity against Pseudomonas aeruginosa (507N),
NLE was identified as the top priority due to its superior combination of low binding
energy (-10.21 kcal/mol), low inhibition constant (32.6 nM), and good ligand efficiency (-
0.31). Gentamycin followed as the second-best ligand with strong binding energy (-9.6
kcal/mol) and low inhibition constant (91.5 nM), despite slightly lower ligand efficiency
(-0.29). Curcumin offered a balanced profile with a binding energy of -9.25 kcal/mol, an
inhibition constant of 164.5 nM, and the highest ligand efficiency (-0.34) among the top
three. NLG showed a reasonable combination of binding energy (-8.99 kcal/mol),
inhibition constant (258.8 nM), and ligand efficiency (-0.33), while NLD had similar
binding energy (-8.64 kcal/mol) but higher inhibition constant (466.5 nM) and slightly
lower ligand efficiency (-0.32).

For Pseudomonas aeruginosa (1INPB), NLB emerged as the leading candidate due
to its very low inhibition constant (18.12 nM) and unusually high ligand efficiency (-
0.22), despite having a higher binding energy (-6.47 kcal/mol). NLH exhibited strong
binding energy (-7.75 kcal/mol), very low inhibition constant (2.07 nM), and good ligand
efficiency (-0.31). NLJ presented a favourable combination of binding energy (-7.18
kcal/mol) and low inhibition constant (5.48 nM), with slightly lower ligand efficiency (-
0.27). NLK witnessed a low inhibition constant (7.98 nM) but had higher binding energy
(-6.95 kcal/mol) and ligand efficiency (-0.33). NLF and NLI, with higher binding
energies (-6.75 and -6.67 kcal/mol, respectively) and inhibition constants (11.31 and
12.93 nM, respectively), demonstrated lower ligand efficiencies (-0.23 and -0.25,
respectively).

It was found that antibacterial activity against Klebsiella pneumoniae (6B8A)

prioritized NLK due to its strong binding energy (-9.58 kcal/mol), low inhibition constant
(94.85 nM), and high ligand efficiency (-0.46). NLG, with similarly strong binding
energy (-9.54 kcal/mol), low inhibition constant (102.48 nM), and high ligand efficiency
(-0.35), was another top contender. NLE also showed promise with a good combination
of binding energy (-9.63 kcal/mol), moderate inhibition constant (187.68 nM), and good
ligand efficiency (-0.29).
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For Klebsiella pneumoniae (4JVD), NLD emerged as the leading candidate,
showing strong binding energy (-8.32 kcal/mol) and high ligand efficiency (-3.01) with
inhibition constant (794.1nM). NLH followed closely, offering a good combination of
binding energy (-9.01 kcal/mol), inhibition constant (249.5 nM), and high ligand
efficiency (-0.36). NLI, despite its higher binding energy (-6.88 kcal/mol), exhibited an
extremely low inhibition constant (9.03 nM) and good ligand efficiency (-0.25), making it
highly effective. Gentamycin showed reasonable binding energy (-8.4kcal/mol),
inhibition constant (690.9 nM), and ligand efficiency (-0.25), while NLB, despite higher
binding energy (-7.82 kcal/mol), demonstrated a very low inhibition constant (1.84 nM)
and reasonable ligand efficiency (-0.27).NLF exhibited good binding energy (-8.36
kcal/mol), higher inhibition constant (744.9 nM), and ligand efficiency (-0.29), while
NLJ, with higher binding energy (-7.58 kcal/mol), low inhibition constant (2.77 nM), and
reasonable ligand efficiency (-0.28), also showed effectiveness. Curcumin, despite its
higher binding energy (-5.08 kcal/mol), demonstrated a low inhibition constant (189.8
nM) and good ligand efficiency (-0.19).

Comprehensive interactions between individual ligands and target molecules for
Gram-negative bacteria were illustrated in Figures 6.6 to 6.9. The molecules exhibited
multiple interactions with the target protein, primarily through Van der Waals forces,
indicating significant surface contact. They formed strong, precise bonds, including
traditional hydrogen bonds. Various interaction types—such as Pi-Sigma, Pi-Alkyl, Pi-
lone pair, Pi-Pi stacked, Alkyl, Pi-Anion, Pi-Pi T-shaped, unfavourable bump, Pi-Cation,
Pi-Carbon, Pi-Sulfur, Attractive Charge, Amide-Pi stacked, Sulfur-X, and Pi-Donor—
contributed to the complex and stable binding process. Specific amino acid residues
involved in these interactions were pivotal in identifying key contact points and areas
with the potential for further optimization to enhance binding affinity and specificity.
This detailed interaction profile emphasized the therapeutic potential of each compound,

warranting additional investigation and refinement.
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Table 6.6 The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and Gentamycin) to

the prioritized gram-negative Pseudomonas aeruginosa bacterial targets.

Active Target INPB 507N
] E % = %
> ) w € 2
c m L — o0 L L -
S 8 Sl a2l 2|22 S B = e A I 3 E | o i e B 9 T |3 3 X
S s £ = z z Z > > z b > bt £ Z Z zZ zZ Z Z Z z =z
O [ 8 [}
Q) O
Active Site and
10 3 |9 4 4 4 |5 9 8 9 10 8 4 2 |3 4 8 2 1 3
Run
BE (kcal/mol) | 5.48 | -7.74 | -6.47| -7.38| -869| -6.75 | -6.97 | -7.75 | -6.67 | -7.18 | -6.95| -9.25| -9.6 | -7.77 | -8.64 |-10.21| -757| -8.99 | -8.67 | -6.8 6.99 | -851
Ligand
- 02 | 023 | -022| -027| -026| -023 | -0.26 [-0.31 | -0.25 | -0.27 | -0.33| -0.34| -0.29 |-0.27 | 032 | -0.31| -0.26 | -0.33 |-035 |-025 | -0.26 | -0.41
efficiency
Inhib constant
(M) 96.11 | 214 | 1812| 3.89 | 4249|1131 | 7.84 | 207 | 1293 | 548 | 7.98 | 1645 | 915 | 2.01 |4665 | 32.6 | 2.84 | 2588 | 441.8 |10.28 748 | 5765
Intermolar
-9.06 |-1161| -9.45| -9.77|-11.08 | -10.33 | -9.35 |-10.14 | -9.65| -10.16| -8.74|-12.83 | -13.48 | -10.75 | -11.02 | -12.6 |-11.15| -11.37 |-11.06 |-9.79 | -9.98 | -103
energy
vdw hb disolv
-9.03 | -5.86 | -9.39 | -9.67|-11.03 |-1021| -8.96 [-9.91 | -9.48 | -10.02| -8.74|-12.69 | -5.32 |-10.69 | -10.64 | -12.31 | -10.85 | -11.22 |-10.72 |-9.61 | -9.76 | -10.18
energy
Electrostatic
003 | 575 | -006| 01| -005|-011 | -04 [-023 | -017 | -0.14 | -0.01 [-0.14 | -8.16 | -0.06 |-0.38 | -0.29 | -0.29 | -0.15 |-0.34 |-0.18 | -0.22 | -0.12
energy
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Active Target 1INPB 507N
g E 5 c | 5
> [a) w = >
c m L - - m a) L LL -
S 3 % = = = = 9 E = - f a % — — _ ] (_|D E _I i f
2 5 £ = z =z zZ > > z zZ > 2 2 zZ zZ zZ zZ zZ zZ z z Z
(@] [ 8
O (O]
Total internal |-2.44 | -6.76 | -1.79 | -1.25| -1.48| -2.98 | -0.74 |-0.81 -2.28| -261 | -1.32| -2.75| -5.82 | -1.92|-0.81 | -1.57 | -2.66 | -1.28 |-1.26 |-2.89 | -2.64 031
Torsional energy| 358 | 388 | 298| 239 | 239 | 358 | 239 | 239 298 298 | 1.79 | 358 388 | 298 | 239 | 239 | 358 2.39 239 | 298 | 298 1.79
Unbound energy| -2.44 | 6.76 | -1.79 | -1.25| -1.48| -298 | -0.74 |-0.81 |-2.28 | -261 | -1.32 | -275| -582| -1.92 |-0.81 |-1.57 | -2.66 | -1.28 | -1.26 |-2.89 | -2.64 031
cIRMS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
refRMS 7453 | 57.88 | 74.73| 7455| 71.88| 78.02 | 82.38 |79.51 | 73.53 | 79.22 | 76.56 |92.18 | 96.49| 91.78| 92.3 | 100.7 | 91.7 | 9124 |97.25 |86.65 | 91.96 94.42
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Table 6.7 The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and Gentamycin) to the

prioritized gram-negative Klebsiella Pneumonia bacterial targets.

. 43VD 6B8A
Active Target
[ C
s | E] % q £ ¢
m w O T - - 4 m ) w L 0 T - - ¥
s 3 = - = | L - d - = d 3 £ | - | | - 3 - - J
.5’ = £ prd prd > Z zZ P z Z = = pd zZ zZ Z = = b z >
[«b]
O 3 O O
Active Site
9 9 3 8 6 8 4 9 5 6 2 5 5 2 10 10 10 7 10 5 10 7
and Run
BE(kcal/mol) | 508 | -84 | -7.82| -832 | -9.35 | -8.36 864901 | -688 | -7.58 | 855 | -7.37 | -87 | 827 | 927 | 963|829 | 954|892 |-805 |-7.49 |-958
Ligand
efficiency |-019 | -025 | -0.27| -0.31 | -0.28 | -029 |-0.32 [-0.36 | -025| 028 | -041|-027 | -026 | -029| -0.34 | -0.29| -029| -0.35 | -0.36 | -03 | -028 | -046
Inhib constant
(M) 189.8 | 690.9 | 1.84| 7941 |140.11| 7449 |462.8 495 | 903 | 277 | 543.11| 397 |419.55|869.8 | 1614 | 187.68 | 833.42| 102.48 | 2908 | 125 | 321 | 94.85
Intermolar
866 |-1228 | -1081 -10.71 | -11.74 | -11.94 |-11.03|-11.39|-9.86 | -10.56| -10.34| -10.95 | -12.58 | -11.25 | -11.65 | -12.01| -11.87|-11.92 |-11.3 | -11.04| -10.48 | -11.37
energy
vdw hb
disolv energy |85 | 655 | -1059-1039 | -1163| -1179 |-1076 |-1114 | -99 |-1044|-1029 | -107 |-676 | -1119|-1159 |-1205 1181 |-1188 |-1128 | -10.99| -10.29 | -11.37
Electrostatic
energy 01 | 573 | -022| -032| -01 |-015 [-027 | -025]| 003 | -012| -005| 025 |-582 | -0.06| -0.06| 003 | -007| -004|-002 | 005 | 019 | ©
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Active
4JVD 6B8A
Target
c c
. £ 2 q £
m L O] T - —~ 4 m ) L L 0] T - - 4
S 3 £ - = | L - 4 - - 4 3 £ | _| | | | - - - 4
o e 3 = = > > > z pd = bt = Z zZ Z =z zZ zZ Z z zZ
1 > c S c
(@] * O X
(@) O
Total
internal 0 55 -131| -1.42| -149 | -1.59 |-1.01 -135| -3 |-278 | -1.16| -155 |-5.44 | -1.72 | -1.31 | -1.38 | -254| -1.26 | -1.24 | -2.08 | -2.7 | -1.56
Torsional
3.58 3.88 298| 239 | 2.39 | 358 2.39 239 | 298 | 298 | 1.79 | 358 | 388 | 298 | 231 | 239 | 358 | 239 | 239 | 298 | 298 | 179
energy
Unbound
0.1 55 -131|-1.42 | -149 | -1.59 [-1.01 |-1.35 3 |-278 | -1.16| -155 | -5.44 2172 -131| -1.38 | -254 | -1.26 | -1.24 |-2.08 27 | -156
energy
cIRMS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
refRMS 80.03 66.75 | 61.51 |63.18 | 64.85 | 60.9 [61.18 | 76.6 | 60.28 | -60.22| 76.86| 20.69| 32.33| 28.74| 206 |34.18 | 26.17 | 27.85 | 31.44 31.59 | 19.05 | 35.87
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The evaluation of ligands concerning their antibacterial effectiveness against
Gram-negative bacteria was contingent upon an extensive analysis of docking parameters,
alongside their interactions with target proteins and the properties of functional groups.
The structural disparities present in bacterial cell walls were imperative in elucidating the
differential antibacterial activity observed. Gram-negative bacteria possessed an outer
membrane rich in lipopolysaccharides, which functioned as a formidable barrier to
hydrophobic and voluminous molecules. Furthermore, this membrane was equipped with
efflux pumps that extruded foreign molecules, thereby rendering these bacteria

intrinsically more resistant.

NLE (1,7-bis(6-methoxynaphthalen-2-yl)hepta-1,6-diene-3,5-dione) consistently
demonstrated the best binding energy (-10.21 kcal/mol) and a low inhibition constant
(32.6 nM) for 507N, along with high ligand efficiency (-0.31). For 6B8A, it maintained
excellent binding energy (-9.63 kcal/mol) and a moderate inhibition constant (187.68
nM). Although its large, hydrophobic methoxy naphthyl groups limited penetration
through the gram-negative outer membrane, its superior docking parameters compensated

for this limitation.

Gentamycin was a highly effective antibiotic that actively penetrated the outer
membrane and targeted the 30S ribosomal subunit, resulting in significant bactericidal
activity. Its binding energy (-9.6 kcal/mol for 507N and -8.4 kcal/mol for 4JVD) and low
inhibition constants (91.5 nM for 507N and 690.9 nM for 4JVD) were impressive.
Despite its hydrophilic nature, active transport into bacterial cells allowed Gentamycin to

rank among the top agents for combating Gram-negative bacteria.

NLH (1,7-bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione)  exhibited
strong binding energy (-7.75 kcal/mol for INPB and -9.01 kcal/mol for 4JVD) and low
inhibition constants (2.07 nM for INPB and 249.5 nM for 4JVD). Its ligand efficiency
remained consistently high (-0.31 and -0.36). The presence of hydroxy and chloro groups
enhanced its lipophilicity, enabling moderate interaction with the outer membrane, though

penetration was more limited compared to Gentamycin.

NLK  (1,7-bis(4-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione)  ranked
highly due to its strong binding energy (-9.58 kcal/mol for 6B8A) and low inhibition
constants (94.85 nM for 6B8A and 7.98 nM for 1NPB). Its ligand efficiency (-0.46) for
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6B8A was among the highest observed for the ligands. The methyl thiophene groups
contributed to its lipophilicity, enhancing interaction with the bacterial lipid bilayer,

though full penetration was hindered by the outer membrane.

NLG(1,7-bis(4-hydroxy-3,5-dimethylphenyl)hepta-1,6-diene-3,5-dione) displayed
a balanced profile, with strong binding energies (-8.99 kcal/mol for 507N and -9.54
kcal/mol for 6B8A), moderate inhibition constants (258.8 nM for 507N and 102.48 nM
for 6B8A), and good ligand efficiency (-0.33 and -0.35). The hydroxy and methyl groups
provided moderate hydrophobicity, improving interaction with lipid layers while slightly

limiting penetration.

NLB (1,7-bis(3,4-dimethoxyphenyl)hepta-1,6-diene-3,5-dione) excelled in INPB
with an extremely low inhibition constant (18.12 nM), though it exhibited relatively
higher binding energy (-6.47 kcal/mol). For gram-negative bacteria overall, its activity
was moderate due to the higher energy requirements for effective binding. The methoxy
groups contributed to its hydrophobicity, enabling limited interaction with lipid bilayers

but insufficient penetration through the outer membrane.

NLF (1,7-bis(3-ethoxy-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione) performed
well, exhibiting good binding energy (-8.36 kcal/mol for 507N) and moderate inhibition
constants (11.31 nM for INPB). Its ligand efficiency was moderate (-0.29). The hydroxy
and ethoxy groups imparted moderate hydrophobicity, aiding limited penetration through

the outer membrane.

NLI (1,7-bis(2-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) was highly
effective for INPB, exhibiting a low inhibition constant (9.03 nM) and good ligand
efficiency (-0.25). However, its performance against other Gram-negative bacteria was
less impressive due to higher binding energy (-6.88 kcal/mol for 4JVD). The hydroxy and
methoxy groups struck a balance between hydrophilicity and hydrophobicity, slightly

improving its activity.

NLJ(1,7-bis(3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione)demonstrated
favourable binding energy (-7.18 kcal/mol for INPB) and low inhibition constants (5.48
nM for INPB and 2.77 nM for 4JVD), with reasonable ligand efficiency (-0.28).
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Positional differences in its functional groups marginally affected its interaction with the

outer membrane, limiting its overall efficacy.

NLD (1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione) showed a
high inhibition constant for 4JVD (794.1 nM) and exhibited higher binding energy (-8.64
kcal/mol for 507N). Its limited lipophilicity reduced overall activity. While the hydroxy
and chloro groups slightly enhanced lipophilicity, they were insufficient to effectively

overcome the outer membrane barrier.

Curcumin, despite demonstrating strong ligand efficiency (-0.34 for 507N),
exhibited poor binding energy (-5.08 kcal/mol for 4JVD) and higher inhibition constants
(189.8 nM for 4JVD). Its hydrophobic properties reduced outer membrane penetration,

making it less effective against gram-negative bacteria.

The detailed study of docking parameters and ligand interactions with amino acid
residues of target molecules and the structural characteristics of the analogues resulted in
the conclusion that NLE was the most promising ligand for antibacterial activity against
gram-negative bacteria, followed by NLK and NLB. Gentamycin and curcumin also
demonstrate significant potential with strong binding profiles. Additionally, ligands NLG,
NLD, NLH, NLI, NLJ, and NLF exhibit strong binding affinities, low inhibition
constants, high ligand efficiencies, and specific binding site interactions with amino acid
residues, making them promising candidates for antibacterial agents. The selection of
ligands should also consider the potential side effects for comprehensive drug

development.

Fig.6.10 presented a comprehensive depiction of the interactions between natural
curcumin and the specific target molecules of both gram-positive and gram-negative
bacteria. Similarly, Fig.6.11 provided a detailed representation of the interactions between

Gentamycin and the target molecules in both gram-positive and gram-negative bacteria.
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6.4.1.2. In vitro studies

6.4.1.2.1. Antibacterial assay of curcumin analogues

The agar well diffusion method was employed to assess the antibacterial activity
of the test samples. The FDA-approved drug Gentamycin was used as the standard, and
a comparative study was also conducted using natural Curcumin.

The comparison of ligands revealed varied antibacterial effectiveness across
different bacterial strains. NLB showed moderate effectiveness against Mycobacterium
smegmatis but was generally less effective against other bacteria. NLD demonstrated high
effectiveness against Staphylococcus aureus and Mycobacterium smegmatis but was less
effective against gram-negative bacteria. NLE emerged as the most effective ligand
across all bacterial strains. NLF was generally less effective compared to other ligands.
NLG displayed moderate effectiveness, particularly against Pseudomonas aeruginosa and
Klebsiella pneumoniae. NLH proved more effective against gram-positive bacteria but
was less effective against Pseudomonas aeruginosa. NLI exhibited generally low
antibacterial activity. NLJ showed moderate to low effectiveness across all bacteria. NLK
demonstrated high effectiveness only against Klebsiella pneumoniae. Curcumin was
effective against Pseudomonas aeruginosa but showed lower activity against other
bacteria. Gentamycin was highly effective against Staphylococcus aureus and
Pseudomonas aeruginosa but showed moderate to low activity against other bacteria.

NLE proved universally effective across all strains, while Gentamycin was highly
effective, especially against gram-negative bacteria like Pseudomonas aeruginosa.
Curcumin showed primary effectiveness against Pseudomonas aeruginosa. NLD was
strong against gram-positive bacteria but less effective against gram-negative bacteria,
and NLK was highly effective against Klebsiella pneumoniae. NLI and NLF were
generally less effective, making them less ideal for antibacterial applications.

Curcumin was less effective than NLE, NLD, and NLH across the tested bacteria,
particularly underperforming against Staphylococcus aureus. It also ascertained lower
effectiveness than NLE, NLD, NLH, NLB, and NLG against Mycobacterium smegmatis.
For Klebsiella pneumoniae, NLK, NLE, NLG, and NLD demonstrated better results
compared to curcumin. However, curcumin performed relatively well against

Pseudomonas aeruginosa.



Chapter 6 |427

Antibacterial effect of Ligands
35.00

30.00

25.00

20.00

15.00

10.00

= 10 0 AE o A0 00 o T
000 NLB NLD NLE NLF NLG NLH NLI

Curcumin Gentamycin

Diameter Zone of Inhibition in mm

m Staphylococcus aureus +ve 11.33 26.50 29.47 14.17 11.67 22.03 11.47 11.50 11.67 11.17 20.17
m Mycobacterium Smegmatis +ve 15.60 21.53 25.83 10.17 15.53 20.50 8.83 12.87 10.83 9.93 9.80
= Psedomonas aeruginosa -ve 9.50 10.17 18.77 7.47 13.37 9.20 7.23 8.40 8.17 16.50 17.77
u Klebsiella Pneumonia -ve 8.17 13.23 19.53 9.10 15.17 13.07 12.20 8.13 20.73 7.33 10.37
Ligands
m Staphylococcus aureus +ve u Mycobacterinum Smegmatis +ve u Psedomonas aeruginosa -ve B Klebsiella Pneumonia -ve

Fig.6.12 The antibacterial activity values, presumably inhibition zones in mm, for different ligands against four bacterial strains:
Staphylococcus aureus (Gram-positive), Mycobacterium smegmatis (Gram-positive), Pseudomonas aeruginosa (Gram-negative), and
Klebsiella pneumoniae (Gram-negative). Measured by inhibition zones in millimetres
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On the basis of both in silico and in vitro studies, the synthesized curcumin
analogues credited better antibacterial effects against gram-positive bacteria than gram-
negative bacteria. By comparing these results, NLE was prioritized for further
development due to its broad-spectrum effectiveness. Other ligands, such as NLH, NLK,
NLD, NLG, and NLB, might also be considered for specific applications based on their

unique effectiveness profiles.

6.4.1.2.2. Antibacterial assay of curcumin analogue metal complexes
6.4.1.2.2.1. Cu (1) metal complexes

The agar well diffusion technique was implemented to evaluate the antibacterial
efficacy of the Cu(ll) complexes derived from the synthesised analogues of curcumin.
The standard agent employed was Gentamycin, which has been approved by the FDA,

and an analysis comparing its effectiveness was carried out alongside natural Curcumin.

The graph provided a comprehensive analysis of the antibacterial activity of
various copper (I1) complexes (Cu-ligand) and two reference compounds, curcumin and
gentamycin, against four bacterial strains: Staphylococcus aureus (positive),
Mycobacterium smegmatis (positive), Pseudomonas aeruginosa (negative), and
Klebsiella pneumoniae (negative). The values represented the inhibition zones in
millimetres, indicating the effectiveness of each sample against these bacterial strains,

with higher values suggesting greater antibacterial activity.

For Staphylococcus aureus, the highest activity was observed with Cu(NLE),
showing a zone of inhibition of 30.57 mm, followed by Cu(NLD). at 27.30 mm, and
Cu(NLH): at 23.43 mm. Curcumin displayed the least activity with an inhibition zone of
11.17 mm. Against Mycobacterium smegmatis, Cu(NLE). again brought to light the
highest activity at 29.30 mm, with Cu(NLD). and Cu(NLH): following at 27.47 mm and
20.50 mm, respectively. Curcumin showed the least activity with an inhibition zone of
10.97 mm.
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Antibacterial Effect of Cu (II) Complexes of Curcumin Analogues
35.00

30.00
25.00

20.00

15.00
10.00
0.00

Cu(NLB): Cu(NLD): Cw(NLE): Cao(NLF): Cu(NLG): Cu(NLH): Cu(NLI): Cu(NLJ): Cu(NLK): Curcumin Gentamycin

Diameter Zone of Inhibition in mm

m Staphylococcus aureus +ve 17.83 27.30 30.57 16.17 18.23 23.43 12.57 13.87 12.67 11.17 19.47
= Mycobacterinm Smegmatis +ve 17.17 27.47 29.30 16.27 15.33 20.50 11.23 12.93 15.13 10.97 18.23
EPsedomonas aernginosa -ve 10.47 14.30 20.52 15.23 14.47 15.27 10.30 13.67 14.07 10.33 15.30
mKlebsiella Pnenmonia -ve 11.17 12.93 22.27 12.10 13.50 14.47 11.13 13.23 15.33 10.37 10.40

Cu(Il) Complexes of Curcumin Analogues

B Staphylococcus aureus +ve W Mycobacterium Smegmatis +ve B Psedomonas aeruginosa -ve W Klebsiella Pneumonia -ve

Fig.6.13 The graph shows the antibacterial activity of copper (Il) complexes, Curcumin, and Gentamycin against four bacterial
strains: Staphylococcus aureus (Gram-positive), Mycobacterium smegmatis (Gram-positive), Pseudomonas aeruginosa (Gram-negative), and
Klebsiella pneumoniae (Gram-negative). Measured by inhibition zones in millimetres.
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In the case of Pseudomonas aeruginosa, Cu(NLE). presented the highest activity,
with a zone of inhibition of 20.52 mm, followed by Cu(NLF). at 15.23 mm and
gentamycin at 15.30 mm. Curcumin once more witnessed the least activity at 10.33 mm.
For Klebsiella pneumoniae, Cu(NLE). demonstrated the highest activity with a zone of
inhibition of 22.27 mm, followed by Cu(NLK): at 15.33 mm and Cu(NLH): at 14.47 mm.
Curcumin and gentamycin displayed similar low activities, with 10.37 mm and 10.40 mm

inhibition zones, respectively.

In the sight of these observations, Cu(NLE). emerged as the most effective
antibacterial agent among the tested samples against all four bacterial strains. This finding
aligned with the preference for NLE based on binding energy and other docking
parameters. Cu(NLD). and Cu(NLH). also showed significant activity against most
bacterial strains, making them strong candidates for antibacterial agents. In contrast,
curcumin consistently was found to exercise the least activity against all strains,
suggesting it was the least effective among the samples tested. Gentamycin demonstrated
moderate activity but was less effective than the top-performing copper(ll) complexes,
particularly against Klebsiella pneumoniae and Staphylococcus aureus. These results
supported further investigation and potential development of copper(ll) complexes as

antibacterial agents.

6.4.1.2.2.2. Zn (11) metal complexes

The agar well diffusion technique was utilized to evaluate the antibacterial
efficacy of Zn(Il) complexes derived from synthesized curcumin analogues. The FDA-
approved agent Gentamycin was used as the standard, and its effectiveness was compared

with that of natural Curcumin.

The graph analyzed the antibacterial activity of various zinc(Il) complexes and
two reference compounds, curcumin and gentamycin, against four bacterial strains:
Staphylococcus aureus (Gram-positive), Mycobacterium smegmatis (Gram-positive),
Pseudomonas aeruginosa (Gram-negative), and Klebsiella pneumoniae (Gram-negative).
The values represented the inhibition zones in millimetres, indicating the effectiveness of
each sample against the bacterial strains. Higher values pointed out greater antibacterial

activity.
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Antibacterial Effect of Zn (II) Complexes of Curcumin Analogues
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Fig.6.14 The antibacterial activity of Zinc (1) complexes, Curcumin, and Gentamycin against four bacterial strains: Staphylococcus aureus
(Gram-positive), Mycobacterium smegmatis (Gram-positive), Pseudomonas aeruginosa (Gram-negative), and Klebsiella pneumoniae
(Gram-negative). Measured by inhibition zones in millimetres.
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For Staphylococcus aureus, the highest activity was observed with Zn(NLE)z,
showing a zone of inhibition of 31.01 mm, followed by Zn(NLD). at 30.05 mm and
Zn(NLH): at 29.73 mm. Curcumin displayed the least activity, with an inhibition zone of
11.13 mm. Against Mycobacterium smegmatis, Zn(NLE). again exhibited the highest
activity at 30.10 mm, with Zn(NLH). and Zn(NLD). following at 27.37 mm and 24.27
mm, respectively, while curcumin showed the least activity at 10.10 mm.

For Pseudomonas aeruginosa, Zn(NLE). demonstrated the highest activity with a
zone of inhibition of 20.52 mm, followed closely by Gentamycin at 20.30 mm, and
Zn(NLG): at 16.47 mm. Curcumin showed the least activity with a zone of 10.33 mm. In
the case of Klebsiella pneumoniae, gentamycin displayed the highest activity, with a zone
of inhibition of 20.30 mm, followed by Zn(NLE): at 16.27 mm and Zn(NLF). at 15.23
mm, while Zn(NLB). recorded the least activity at 9.47 mm.

These findings established that Zn(NLE). emerged as the most potent antibacterial
agent among the zinc complexes tested, showing significant efficacy against
Staphylococcus aureus, Mycobacterium smegmatis, and Pseudomonas aeruginosa. Its
performance synced with the preference for NLE based on binding energy and other
docking parameters. Zn(NLH). and Zn(NLD). also demonstrated robust antibacterial
efficacy, suggesting their potential as antibacterial agents. In contrast, curcumin
consistently exhibited the lowest activity across all strains, indicating its comparatively
lower effectiveness among the samples tested. Gentamycin showed strong antibacterial
activity, particularly against Pseudomonas aeruginosa and Klebsiella pneumoniae,
though it proved to be less potent than the top-performing zinc complexes against

Staphylococcus aureus and Mycobacterium smegmatis.

Succinctly, zinc(Il) complexes, particularly Zn(NLE)., exhibited promising
antibacterial properties, outperforming both standard antibiotics and natural curcumin in
this study. Gentamycin remained a strong antibacterial agent, particularly effective
against Klebsiella pneumoniae and Pseudomonas aeruginosa. These results supported
and powered the way for investigation and potential development of zinc(ll) complexes

as antibacterial agents.
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Comparative analysis of antibacterial effects

The antibacterial effects of various ligands, copper(ll) complexes, and zinc(ll)
complexes were evaluated against Staphylococcus aureus, Mycobacterium smegmatis,
Pseudomonas aeruginosa, and Klebsiella pneumoniae. Among the ligands, NLE emerged
as the most effective across all bacterial strains, while NLD was highly effective against
gram-positive bacteria but less so against gram-negative bacteria. NLB, NLH, and NLG
showed moderate effectiveness, with NLH being more potent against gram-positive
bacteria. Conversely, NLI, NLJ and Curcumin exhibited poor antibacterial activity.
Gentamycin proved highly effective against Staphylococcus aureus and Pseudomonas

aeruginosa, though it showed moderate to low activity against other bacteria.

In terms of copper(ll) complexes, Cu(NLE). demonstrated the highest
antibacterial activity across all strains, significantly outperforming both Curcumin and
Gentamycin. Cu(NLD). and Cu(NLH)2 also showed notable activity, particularly against
gram-positive bacteria. Other copper complexes, such as Cu(NLF)2 and Cu(NLK),
displayed moderate activity against specific bacteria like Pseudomonas aeruginosa and
Klebsiella pneumoniae, respectively. The zinc(ll) complexes mirrored these trends, with
Zn(NLE). showing the highest effectiveness across most strains. Zn(NLD), and
Zn(NLH). also performed well, particularly against gram-positive bacteria, while
Zn(NLG). and Zn(NLF), demonstrated moderate activity against Pseudomonas

aeruginosa and Klebsiella pneumoniae.

Fig.6.15 The best results of antibacterial assay and the structures of corresponding
compounds. (a) antibacterial activity of NLD with its structure (b) antibacterial activity of
NLE with its structure (c) antibacterial activity of Cu(NLE)> with its structure (d)
antibacterial activity of Zn(NLE)> with its structure. Inhibition zones in mm. Positive
control is gentamycin. T1and T represent 40 and 80 pL of sample from 10mg/ml stock.
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The observed results were attributed to several factors related to the chemical

structures and properties of the ligands and their metal complexes.

The broad-spectrum effectiveness of NLE across all bacterial strains suggested
that its chemical structure was particularly well-suited for binding to bacterial targets,
likely enhancing its ability to disrupt essential bacterial processes. When NLE formed
complexes with copper(ll) or zinc(ll), these metal ions appeared to further enhance
antibacterial activity by stabilizing the ligand, improving its solubility, and potentially

facilitating interactions with bacterial enzymes or cell walls.

The higher effectiveness of Cu(NLE). and Zn(NLE). compared to curcumin and
gentamycin could be explained by the properties of the metal ions themselves. Copper
and zinc were known to have antibacterial properties, as they interfere with bacterial cell
membranes, generate reactive oxygen species (ROS), and inhibit essential bacterial
enzymes. These effects, combined with the already potent NLE ligand, resulted in a

synergistic effect that greatly enhanced antibacterial activity.

The differential effectiveness of NLD and NLH, particularly against Gram-
positive bacteria, might have been owing to differences in cell wall structure between
Gram-positive and Gram-negative bacteria. Gram-positive bacteria have been observed to
have a thicker peptidoglycan layer, which might interact more effectively with certain
ligands and their complexes. In contrast, the outer membrane of Gram-negative bacteria
likely acted as a barrier, limiting the effectiveness of some compounds.

The relatively lower activity of curcumin, NLI and NLJ indicated that their
chemical structures were less effective at penetrating bacterial cells or disrupting their
functions. The effectiveness of curcumin against Pseudomonas aeruginosa but not other
strains suggested specific interactions with this bacterium that did not extend to others.
The moderate to high effectiveness of Gentamycin against specific strains reflected its
known mechanism of inhibiting bacterial protein synthesis, although it lacked the

additional enhancements observed with metal complexes.

The combination of structural suitability, metal ion properties, and specific
interactions with bacterial cell structures contributed to the pre-noticed antibacterial
effectiveness of the ligands and their complexes.
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6.4.2. Antifungal effect of curcumin analogues and their metal complexes
6.4.2.1. In silico studies

Two key proteins with germline mutations that influence susceptibility to fungal
infections, particularly from pathogens like Candida albicans, were selected as molecular
targets from the RCSB database. These proteins were 4LEB(TG9) and 11YL(TG10).

Fig.6.1 Proteins with germline mutations affect fungal infections. (a)4LEB (b)11YL
6.4.2.1.1. Computational screening of designed molecules

The computational screening of the nine synthesized ligands has already been

performed and is presented in Table 2.2 and Table 2.3.
6.4.2.1.2. Molecular docking studies of antifungal effect of curcumin analogues

The specific targets of the fungus Candida albicans, 4LEB and 1YL, were used
for the molecular docking studies. The predicted binding potentials of the nine
synthesized curcumin analogues and the reference compounds (curcumin and

fluconazole) to the prioritized fungal targets are systemised in Table 6.8.
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Table 6.8. The predicted binding potentials of the nine synthesised curcumin analogues and reference compounds (curcumin and Fluconazole) to the

prioritized targets of Candida Albicans

Active Target 4LEB 1YL
£ o c @
2 EI1S |m a m 0 o T |- |~ | x | E R o | o | w L o |T|=]~ |y
g e l& |3 _ - _ 2 J |2 |2 |3 |3 c | o |22 4 |2 |J |2 |4 |3
k=2 S S prd prd Z zZ zZ zZ z =z Z =t 8 Z zZ |z Z = = z zZ >
- O |5 3 3
T LL
L
Active Site
7 8 4 8 8 3 8 5 4 2 8 8 5 10 5 8 6 5 6 5 5 1
and Run
BE(kcal/mol) |-6.52|-5.28 | -7.29 | -7.95 | -9.85| -6.98 | -8.95 | -7.89|-7.01 |-8.48 |-8.08| -8.45| -6.21|-8.09}11.79]-11.51 |-8.94 |-9.29 |-9.94|-7.95| -8.9 | -8.75
Ligand
- -0.241-0.24 | -025 | -029| -03 | -0.24 | -0.33 |-0.32 |-0.26 |-0.31 |-0.38| -0.31| -0.28|-0.28 |-0.44| -0.35 |-0.31 |-0.34 | -0.4 |-0.29 | -0.33 | -0.42
efficiency
Inhib
constant 16.64(134.7 | 451 1.49 | 60.27 | 7.67 |277.33| 1.63 |7.28 |603.9| 1.19 | 635.01| 27.87 1.18 |2.29 | 3.69 [279.4 |155.23|51.77|1.49 |298.1 | 384.2
(nM)
Intermolar
-10.1|-7.07 | -10.28| -10.33 | -12.24 |-10.56 |-11.33 |-10.28|-9.99 |-11.47|-9.87 | -12.03| -8.0-11.07{14.17| -13.89|-12.52|-11.68 -12.33-:10.93|-11.89 | -10.54
energy
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vdw hb disolv

-9.86 |-7.03 -10.07 -9.95 |-11.86 |-10.42 |-10.92 |-9.96 |-9.83 |-10.99|-9.64 | -11.7| -7.88|-10.914.1213.77 |-12.3 |-11.42[-12.04-10.84|-11.5 |-10.52
energy
Electrostatic
-0.23|-0.04 | -0.2 -0.39 | -0.38 | -0.14 | -0.74 |-0.32 |-0.16 |-0.47 |-0.23| -0.33| -0.13/-0.17 |-0.05| -0.12 |-0.22 |-0.26 |-0.28|-0.09 | -0.38 | -0.02
energy
Total internal | -1.53|-1.81 | -1.93 -0.92 | -1.04 | -2.8 239 |-1.32 |-2.89 |-2.39|-1.19| -2.04| -1.6|-1.94|-0.14|-1.33 |-2.35 |-0.62 |-0.71|-2.72 | -2.64 | -0.73
Torsional
3.58 |1.79 2.98 2.39 2.39 3.58 | -0.74 [2.39 |2.98 | 2.98 | 1.79 3.58 | 1.79| 2.98 |2.39| 2.39 |3.58 |2.39 |2.39|2.98 | 298 | 1.79
energy
Unbound
-153|-1.81 | -193| -0.92 | -1.04 | -2.8 239 |-1.32 |-2.89 |-2.39|-1.19| -2.04| -1.6|-1.94|-0.14|-1.33 |-2.35 |-0.62 |-0.71|-2.72 | -2.64 | -0.73
energy
cIRMS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
refRMS 13.7122.44 | 15.88 | 14.81 11.12| 17.07| 16.44 15.61 [23.12 [16.96|16.63| 47.71| 66.22/ 49.44147.56|49.86 |64.75 |51.05 |54.88(59.17 |48.31 | 46.79
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Table 6.8 compared the docking results of various ligands against two active
targets of Candida albicans, 4LEB and 1I1YL, including Curcumin, Fluconazole, and nine
curcumin analogues — NLB, NLD, NLE, NLF, NLG, NLH, NLI, NLJ and NLK. The
parameters analyzed were binding energy (BE), ligand efficiency, inhibition constant
(Ki), intermolecular energy, van der Waals (vdW) hydrogen bond (hb) desolvation
energy, electrostatic energy, total internal energy, torsional energy, unbound energy,
cIRMS, and refRMS.

Lower BE values indicated stronger binding affinity, making ligands with lower
BE values preferable. Similarly, lower Ki values suggested better inhibitory activity.
Ligand efficiency, which balanced binding affinity and molecular size, was also a factor,
with higher efficiency indicating better performance. Although other energies, such as
intermolecular energy, vdW, hb, desolvation energy, and electrostatic energy were
considered for a comprehensive analysis, the primary focus remained on BE and Ki.

A detailed portrayal of the interactions of each ligand with the corresponding
target molecules of Candida albicans through various amino acid residues was presented
in Fig.6.17 and 6.18. Similarly, the interactions of natural curcumin and Fluconazole

with the specific target molecules of Candida albicans are shown in Fig.6.19.

The compounds engaged in diverse interactions with the target protein,
specifically Van der Waals interactions. Conventional hydrogen bonds exhibited strong,
accurate binding. The existence of a broad range of interaction categories—including Pi-
Sigma, Pi-Alkyl, Pi-lone pair, Pi-Pi stacked, Alkyl, Pi-Anion, Pi-Pi T-shaped,
unfavourable bump, Pi-Cation, Pi-Carbon, Pi-Sulfur, Attractive Charge, Amide-Pi
stacked, Sulfur-X, and Pi-Donor interactions—played a role in the intricacy and strength
of the binding. The particular amino acid residues participating in these interactions
emphasized critical points of contact and potential regions for further adjustments to
improve binding affinity and specificity. This thorough interaction profile emphasized the
therapeutic promise of each compound, necessitating additional investigation and

enhancement.



Chapter 6 |439

- (b) & A:298
5 A @
IR »
3% A2l T
i o i) -
P Vi Interactions
¢ van der Waals
féii] b B Conventional Hydrogen Bond
@ 4 ; % Carbon Hydrogen Bond
Seveennd gs'"'“ I Unfavorable Donor-Donor
TVn Pi-Anion
{82, I8 A:226 Pi-Lone Pair
: 2 B Pi-Pi T-Shaped
THR Akyl
> Pi-Akyl
(c) @ &k Ao o i ( 2 Rifo
LEY " TS AR Ah A B4
A:167 i3 I Conventional Hydrogen Bond s
$ -3 Carbon Hydrogen Bond LB TYR
& LE !
@'533 q" Pi-Alkyl @ AEva e
TYR
(X A:226
PR 0
3 P &3 & Interactions
o o
D van der Waals
K A:295 AG% @ I Conventional Hydrogen Bond
o ASN - TH -
@A:Zzs‘{% TR] % AII& Pi-Anion
161 A5% d. A%
N i “4%3 Wl Pi-Pi Stacked
@a Alkyl
TRP
A P Pi-Alkyl
(e) )]
B 1) o
. T2
B & B B 22 a 2 .
A3 asn B8 @ Azt Sty A%
T b 85 A neracti
: - * eractions
v Y A1 A ¥ o van der Waals
° W ¢ ¢ % v K’? ) . I Conventional Hydrogen Bond
& s ls o @ - i Y Pi-Anion
Dre &b A3 Interactions o O 8 Pi-Lone Pair
van der Waals £ ) :
KA I Conventional Hydrogen Bond A224 o I Amide-Pi Stacked
B Unfavorable Donor-Donor i £5% Alkyl
B Pi-Pi T-shaped Py ;
Alkyl Pi-Alky!
Pi-Alkyl
4
B % @ p K
A8 A i &% s A3h g
29 IR P k Ailes o
A7
A28 Q P
% s, Interactions oy \ i .
= Ean > \'Naallsn drogen Bond PG, =0 S
g onventional Hydrogen Boni 4 \ P X
“ PA © Carbon Hydrogen Bond Al R4 pue AO. 0 @ Beniiione
@ 3 . 5% Pi-Anion g = A0 N s van der Waals
& ¥ Pi-Lone Pair 439 Il Conventional Hydrogen Bond
B Amide-Pi Stacked 118 Cgrb_on Hydrogen Bond
Alkyl B Pi-Sigma
Pi-Alkyl Alkyl
M 0) .
SER A:172 K$3 )
A170
e -
@ ¢ ARG, N a @ iR
y T f Rin mew o Kk 1 £ Interactions
5 a2 ASN 28
2 Y o 55 ki i van der Waals
£% W conventional Hydrogen Bond
TYR o°®
o & o A Interactions ok e N g Sulfur-X
TRP. o oot t Pi-Anion
A Mo Aty [ van der Waals & b oaw KB pisulfur
@ I Conventional Hydrogen Bond A% : ' @117‘ I Pi-Pi Stacked
R Carbon Hydrogen Bond Anz'& H 4 I Amide-Pi Stacked
Alkyl TV Prvil ﬁ!kxlk
Pi-Alkyl Az i-Alkyl

Fig.6.17 4LEB-Curcumin Analogue Complexes (a) 4LEB-NLB Complex(3D) (b) 4LEB-
NLB Complex(2D) (c) 4LEB-NLD Complex(2D) (d) 4LEB-NLE Complex(2D) (e)
4LEB-NLF Complex(2D) (f) 4LEB-NLG Complex(2D) (g) 4LEB-NLH Complex(2D)
(h) 4LEB-NLIComplex(2D) (i) 4LEB-NLJ Complex(2D) (j) 4LEB-NLK Complex(2D)
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Fig.6.18 1I'YL-Curcumin Analogue Complexes (a) 11YL-NLB Complex(3D) (b) 1IYL-
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Fig.6.19 The interactions of natural curcumin and fluconazole with the specific

target molecules of Candida albicans.
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rings,

significantly enhanced =n-n

(1,7-bis(6-methoxynaphthalen-2-yl)hepta-1,6-diene-3,5-dione)
identified as the top performer due to its lowest binding energy (-9.85 kcal/mol for 4LEB
and -11.51 kcal/mol for 1IYL), high ligand efficiency (-0.3 for 4LEB and -0.44 for
1IYL) and strong inhibition constant values. Its unique structural features, including

stacking,

was

hydrophobic

interactions, and lipophilicity, which contributed to its superior binding affinity.

NLD (1,7-bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione)excelled

with exceptional binding energy (-11.79 kcal/mol for 1IYL) and inhibition constant
(2.29 nM for 11YL). Its hydroxyl groups facilitated efficient hydrogen bonding, while
chlorine atoms provided strong electron-withdrawing effects. These synergistic electronic
and steric effects enhanced its binding affinity for both targets, making it a close
contender to NLE.

NLH(1,7-bis(5-chloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione) demonstrated

strong binding energy(-7.89 kcal/mol,-9.94 kcal/mol) and inhibition constant values(1.63
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nM,51.77 nM) for both targets. Its hydroxyl and chlorine groups contributed to notable
interactions, although their positioning was less optimal than in NLD. This slight

limitation placed NLH below NLD in the priority order.

NLK (1,7-bis (5-methylthiophen-2-yl) hepta-1,6-diene-3,5-dione) was notable for
its thiophene rings, which provided excellent n-n stacking and hydrophobic interactions.
It showed strong performance for 4LEB, with a BE of -8.08 kcal/mol and an inhibition
constant of 1.19 nM. However, its lack of hydroxyl groups reduced hydrogen bonding

capacity, making it less effective than NLD and NLH.

NLG(1,7-bis (4-hydroxy-3,5-dimethylphenyl)hepta-1,6-diene-3,5-dione) exhibited
moderate binding energy (-8.95 kcal/mol for 4LEB and -9.26 kcal/mol for 11YL) and
sufficient inhibition constant values. Its methyl and hydroxyl groups added to its binding
potential, but the absence of halogens limited its potency compared to higher-ranked

compounds.

NLJ(1,7-bis (3-hydroxy-4-methoxyphenyl) hepta-1,6-diene-3,5-dione) delivered
competitive binding energy (-8.48 kcal/mol for 4LEB and -8.9 kcal/mol for 11YL) and
reasonable inhibition constants. The hydroxyl and methoxy groups supported its moderate
efficiency; however, their suboptimal positioning prevented it from achieving higher

ranks.

NLB(1,7-bis(3-hydroxy-4-methoxyphenyl) hepta-1,6-diene-3,5-dione) performed
well in hydrophobic interactions due to its dimethoxy groups but lacked hydroxyl groups,
resulting in weaker binding compared to other analogues. Its lower binding energy(-7.29
kcal/mol for 4LEB and -8.09 kcal/mol for 11'YL) and reduced hydrogen bonding potential
placed it further down the list.

NLF(1,7-bis(3-ethoxy-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione) demonstrated
weaker binding energy (-6.98 kcal/mol for 4LEB and -8.94 kcal/mol for 11'YL) and higher
inhibition constants(7.67nM for 4LEB and 279.4nMfor 11YL) than top-ranked
compounds. The bulky ethoxy groups diminished interaction efficiency, reducing its

overall effectiveness.
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NLI(1,7-bis (2-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione) showed
suboptimal binding efficiency (-7.89kcal/mol for 4LEB and -7.95kcal/mol for 11YL)
compared to NLJ due to the less effective positioning of its hydroxyl and methoxy
groups. This structural limitation impacted its performance, relegating it to a lower rank.

Curcumin served as a reference baseline, showing moderate binding energy(-
6.52kcal/mol for 4LEB and -8.45kcal/mol for 11YL) and inhibition constant values. Its
lack of optimized substitutions limited its interactions with the targets, making it less
effective than the curcumin analogues. Gentamycin exhibited poor performance in
binding energy(-5.28kcal/mol for 4LEB and  -6.21kcal/mol for 1IYL) and ligand
efficiency, coupled with low compatibility for antifungal target interactions. It ranked the
lowest in the priority order due to its structural limitations and different mechanism of

action.

NLE and NLD dominated the ranking due to their highly optimized functional
groups, such as methoxy and hydroxyl groups, which contributed to their favorable
binding energy (BE), ligand efficiency (LE), and inhibition constant (Ki) values. NLH
and NLK followed closely, as they exhibited strong interaction potentials; however, their
functional groups were less optimized compared to the top-ranked ligands. The remaining
ligands were ranked based on their progressively diminishing docking efficiency and the
contributions of their functional groups. Curcumin and Gentamycin, with lower

performance metrics, served as baseline references for comparison.
6.4.2.2. In vitro studies
6.4.2.2.1. Antifungal assay of curcumin analogues

The agar well diffusion method'3 was employed to assess the antifungal activity
of curcumin analogues. The standard agent used was FDA-approved Fluconazole, and a

comparative analysis of its effectiveness was conducted alongside natural Curcumin.
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Fig.6.20 The graph provided antifungal activity values, presumably inhibition zones in
mm, for different ligands including the references-natural curcumin and fluconazole
against Candida Albicans

The inhibition zone represents the area where fungal growth is suppressed, with
larger zones indicating stronger antifungal activity. Among the tested ligands, NLD
demonstrated the highest effectiveness, showing an inhibition zone of 25.08 mm. NLE
followed closely, exhibiting significant antifungal activity with an inhibition zone of
23.05 mm. NLH also demonstrated significant antifungal properties with a zone of 21.05
mm, while NLG and NLJ showed good activity at 18.20 mm and 17.13 mm, respectively.
NLK displayed moderate antifungal activity with a 15.13 mm zone, and NLI, NLB, and
NLF showed similar moderate effectiveness with zones around 14 mm. Curcumin, with
an inhibition zone of 13.27 mm, showed some antifungal activity but was less effective
than the synthetic ligands. Fluconazole had the smallest inhibition zone of 10.10 mm,
making it the least effective antifungal agent among the tested ligands.

NLD and NLE were the most effective antifungal agents against Candida
albicans, with the largest inhibition zones. NLH, NLG, and NLJ also demonstrated strong
antifungal activity, whereas curcumin and fluconazole were comparatively less effective.
The priority order of ligands based on their inhibition zones was NLD, NLE, NLH, NLG,
NLJ, NLK, NLI, NLB, NLF, Curcumin, and Fluconazole. This indicated that synthetic
ligands, particularly NLD and NLE, had superior antifungal properties compared to
natural compounds like curcumin and conventional drugs like fluconazole.
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The studies revealed, that both in silico and in vitro studies highlighted the
superior antifungal properties of synthesized curcumin analogues compared to natural
curcumin and the standard drug fluconazole. In silico studies revealed that NLE and NLD
were consistently top performers for both targets due to their low BE and Ki values,
indicating strong binding affinity and potent inhibitory activity. NLH also ranked high,
making it a potential candidate for further analysis. NLG and NLJ, with their favourable
binding energies and inhibition constants, were also strong candidates. In vitro studies
confirmed these findings, showing that NLD and NLE were the most effective antifungal
agents against Candida albicans, with the largest inhibition zones. NLH, NLG, and NLJ
also exhibited strong antifungal activity, whereas Curcumin and Fluconazole were
comparatively less effective. This substantiated that synthetic ligands, particularly NLD
and NLE, had superior antifungal properties compared to natural compounds like
Curcumin and conventional drugs like Fluconazole.

6.4.2.2.2. Antifungal assay of curcumin analog metal complexes
6.4.2.2.2.1. Cu (Il) metal complexes

The agar well diffusion method®3® was utilized to evaluate the antifungal activity
of Cu(ll) complexes derived from curcumin analogues. FDA-approved Fluconazole
served as the standard agent, and its effectiveness was compared with that of natural
Curcumin.

Antifungal Effect-Candida Albicans
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Fig.6.21 Inhibition zones (mm) of copper-curcumin analogue complexes, curcumin, and
fluconazole against Candida albicans.
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The copper complexes depicted varying levels of inhibition against Candida
albicans, as indicated by the inhibition zone measurements in millimetres. Among the
copper complexes, Cu(NLD). showed the highest inhibition zone with 28.03 mm,
suggesting it has the strongest antifungal activity. Fluconazole, a common antifungal
drug, was seen to have the smallest inhibition zone of 10.15 mm, indicating that all
copper complexes tested had better or comparable antifungal activity against Candida
albicans. When ranked based on their antifungal activity, Cu(NLD). leads, followed by
Cu(NLF)2, Cu(NLH)2, Cu(NLG)2, Cu(NLD2, Cu(NLJ))2, Cu(NLK)2, Cu(NLB)2, and
Cu(NLE)2. Curcumin, with an inhibition zone of 14.00 mm, was seen less effective than
any of the copper complexes but still more effective than Fluconazole (10.15 mm). The
effectiveness of these complexes surpassed that of both Curcumin and Fluconazole,
highlighting their potential as alternative antifungal agents'*2. The variation in the
inhibition zones among the different complexes could be attributed to the structural
differences in the ligands attached to the copper, influencing the overall activity. These
results proved that copper complexes, particularly Cu(NLD)., could be promising
candidates for antifungal treatments.

6.4.2.2.2.2. Zn (I1) metal complexes

The agar well diffusion technique!3® was used to assess the antifungal efficacy of
Cu(Il) complexes obtained from analogues of curcumin. Fluconazole, an antifungal drug
approved by the Food and Drug Administration (FDA), was utilized as the reference
standard, and its efficacy was compared with that of the natural compound Curcumin.
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Fig.6.22 Inhibition zones (mm) of zinc-curcumin analogue complexes, curcumin, and
fluconazole against Candida albicans.
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The zinc complexes showed varying levels of inhibition against Candida albicans,
with inhibition zone measurements ranging from 18.04 mm to 30.08 mm. Among the zinc
complexes, Zn(NLD) exhibited the highest inhibition zone of 30.08 mm, indicating it
had the most potent antifungal activity. Fluconazole, a common antifungal drug, had the
smallest inhibition zone of 11.14 mm, while curcumin had an inhibition zone of 14.27
mm. This suggested that all the zinc complexes had better antifungal activity against
Candida albicans compared to these reference compounds. Ranking the zinc complexes
based on their antifungal activity, the result was Zn(NLD). leading, followed by
Zn(NLE)2, Zn(NLH)2, Zn(NLG)2, Zn(NLJ)2, Zn(NLK)2, Zn(NLI)2, Zn(NLB)., and
Zn(NLF)2. The diversity in the inhibitory zones observed in the various complexes might
be ascribed to the structural disparities in the ligands bound to the zinc atom,
consequently impacting their collective efficacy. These findings proposed that zinc
complexes, specifically Zn(NLD)2, had the potential to emerge as favourable options for

combating fungal infections.

Comparative analysis of antifungal activities

The antifungal activities of curcumin analogues, copper complexes, and zinc
complexes were evaluated based on their inhibition zones against Candida albicans.
Among the curcumin analogues, NLD (25.08 mm) and NLE (23.05 mm) were the most
effective, with NLH (21.05 mm), NLG (18.20 mm), and NLJ (17.13 mm) also showing
strong activity. NLK (15.13 mm), NLI, NLB, and NLF (~14 mm) exhibited moderate
activity, while curcumin (13.27 mm) was less effective, and fluconazole (10.10 mm) was

the least effective.

Copper complexes showed varied antifungal activities, with Cu(NLD). (28.03
mm) and Cu(NLF)2 (25.13 mm) being the most potent. Cu(NLH). (24.01 mm) and
Cu(NLG)2 (22.05 mm) also demonstrated strong activity. Cu(NLI), (21.17 mm),
Cu(NLJ)2 (19.07 mm), Cu(NLK)2 (18.05 mm), Cu(NLB), (17.08 mm), and Cu(NLE)>
(17.00 mm) proved good activity, while curcumin (14.00 mm) and fluconazole (10.15

mm) were less effective.

Zinc complexes exhibited the highest antifungal activity'*® overall. Zn(NLD):
(30.08 mm) and Zn(NLE). (28.10 mm) were the most potent, followed by Zn(NLH)>
(26.05 mm), Zn(NLG)2 (23.04 mm), and Zn(NLJ)2 (22.33 mm). Zn(NLK). (20.34 mm),
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Zn(NLI)2 (18.20 mm), Zn(NLB), (18.07 mm), and Zn(NLF). (18.04 mm) also brought
about good activity. Curcumin (14.27 mm) was less effective compared to the zinc
complexes, and fluconazole (11.14 mm) was the least effective overall. The results
confirmed that zinc complexes, followed by copper complexes, are highly effective
antifungal agents against Candida albicans, outperforming both curcumin and

fluconazole.
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Fig.6.23 Antifungal assay and the structures of corresponding compounds. (a) antifungal
activity of NLD with its structure (b) antifungal activity of NLE with its structure (c)
antifungal activity of Cu(NLD)2 with its structure (d) antifungal activity of Zn(NLD)>
with its structure. Inhibition zones in mm. Positive control is fluconazole. T: and T»
represent 40 and 80 pL of sample from 10mg/ml stock.

The variations in antifungal activities observed among curcumin analogues,
copper complexes, and zinc complexes against Candida albicans could be attributed to
several factors, including differences in ligand structures, coordination chemistry, and the
inherent properties of the metals and ligands.

The structural differences in the ligands played a significant role in their
antifungal activity. Electronic and steric effects were crucial®®*; different substituents on
the curcumin analogues altered their electronic distribution and steric hindrance,
impacting their interaction with fungal cell components. The hydrophobic or hydrophilic
nature of the ligands influenced their ability to penetrate fungal cell membranes and reach

target sites™*®.

Metal coordination chemistry also affected the antifungal activity of these
complexes. The stability and reactivity of the metal-ligand complexes were influenced by
the coordination of copper and zinc with curcumin analogues'®. This interaction altered

the ability of the complexes to interact with fungal cells. The chelation effect, where
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metal ions form chelates with ligands, could either enhance or diminish biological activity

depending on the strength and geometry of the chelation.

The intrinsic properties of the metals themselves contributed to variations in
antifungal activity. Copper and zinc, with different redox properties, exerted distinct
effects. Copper complexes, for example, underwent redox cycling, generating reactive
oxygen species that damaged fungal cells. In contrast, zinc did not typically participate in
redox reactions but could still exert effects through other mechanisms. The ionic radius
and coordination number of the metal ions also influenced how well the complexes

interacted with fungal biomolecules.

The mode of action of these complexes involved manifold factors. Their
interaction with fungal enzymes varied based on the metal centres and ligand structures,
leading to differences in inhibitory effects. Moreover, the ability of the complexes to cross
fungal cell membranes varied, influenced by factors such as size, charge, and

hydrophobicity, which impacted their effectiveness.

Ligand-metal synergy further explained variations in antifungal activity. The
combination of specific ligands with copper or zinc resulted in synergistic effects, where
the metal-ligand complex exhibited enhanced antifungal activity compared to the ligand
alone. The metal-ligand ratio also played a role, as different ratios led to variations in the

bioavailability and activity of the complex.

The solubility and stability of the complexes were crucial. Aqueous solubility
affected bioavailability and distribution within fungal cells, while chemical stability in
biological environments impacted sustained activity against fungi. Interactions with
fungal cell wall components and the ability of fungal cells to expel or sequester the metal

complexes also contributed to the overall effectiveness of these antifungal agents.

Briefly, the interplay of structural, chemical, and biological factors determined the
antifungal activity of curcumin analogues and their metal complexes, leading to observed

variations in their efficacy against Candida albicans.
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6.4.3. Splenocytic Assay*®! (Spleen Cell Lines)

The most promising ligands and complexes, based on the aforementioned studies
of antibacterial and antifungal activity, were selected for splenocytic assays. These assays
were formulated to predict the potential toxicity of these compounds to normal cells while
evaluating their suitability as drug candidates for antibacterial and antifungal therapies.
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Fig.6.24 Percentage of cell death at different concentrations for each compound in Spleen
Cell Lines. The data points are connected to illustrate the trend for each compound across

the concentration range of 10 to 200 pg/mL.

Both NLD and NLE maintained a gradual, dose-dependent increase in cell death,
with NLD reaching 20% and NLE 17.9% at the highest concentration (200 ug/mL).
Copper complexes, (Cu(NLD). and Cu(NLE).), also displayed a dose-dependent increase,
with Cu(NLD). achieving 20.01% and Cu(NLE). 18.05% cell death at 200 pg/mL. The
slightly higher toxicity compared to the ligands alone indicated that copper complexation
enhanced cytotoxicity. The zinc complex Zn(NLD). got to its credit the highest
cytotoxicity among all samples, reaching 20.2% at 200 ug/mL, followed by Zn(NLE): at
18.1%.

The data indicated that both NLD and NLE, along with their copper and zinc
complexes, exhibited low cytotoxic effects in spleen cell lines even at very high
concentrations around 200 pg/mL. The relatively manageable cytotoxicity levels in
spleen cell lines implied that with proper dosage control, these compounds could be
developed into effective and safe therapeutic agents.
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6.5. CONCLUSION

This chapter predominantly concentrated on the screening of potential curcumin
analogue inhibitors targeting bacterial and fungal receptors. The curcumin analogues
were synthesized by altering the functional groups on the aryl rings of natural curcumin,
and their efficacy was assessed through molecular docking investigations and in vitro
assays.

The prioritization of ligands for antimicrobial activity was based on docking
parameters, functional group properties, and target interactions. Binding energy (BE),
ligand efficiency (LE), and inhibition constant (Ki) were key metrics, with lower BE and
Ki values indicating stronger interactions, while LE assessed atomic contribution to
binding.

The antibacterial effect against Gram-positive bacteria, NLE ranked highest due to
its superior BE (-12.63 kcal/mol for 4H8E, -11.72 kcal/mol for 2W9S), low Ki (2.55 nM
for 2W9S), and methoxy naphthyl groups, facilitating n-n stacking and hydrophobic
interactions. NLD followed, with dual hydroxy and chloro groups enabling strong
hydrogen bonding and lipophilicity. NLH, also highly ranked, featured hydroxy and
chloro groups supporting effective protein interactions. The Moderate performers NLK
and NLB leveraged functional groups like methyl thiophene and methoxy to enhance
lipophilicity and hydrophobic interactions. NLG and NLF displayed balanced
hydrophobic and hydrogen-bonding properties through hydroxy, methyl, and ethoxy
groups. NLI and NLJ, though similar to NLF, exhibited slightly reduced interaction
efficiency. Gentamycin and curcumin, while less effective, provided baseline

comparisons.

The antibacterial efficacy concerning Gram-negative bacterial strains, NLE
emerged as the top ligand due to its exceptional binding energy (-10.21 kcal/mol for
507N, -9.63 kcal/mol for 6B8A), low inhibition constant (32.6 nM for 507N), and high
ligand efficiency (-0.31). Despite challenges with outer membrane penetration due to its
hydrophobic methoxy naphthyl groups, its superior docking parameters compensated
effectively. Gentamycin ranked highly for its active transport into bacterial cells,
exhibiting a binding energy of -9.6 kcal/mol for 507N and low inhibition constants,
making it a potent Gram-negative antibacterial agent. NLH and NLK followed,
benefiting from hydroxy and chloro groups that enhanced lipophilicity and interaction
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with bacterial lipid layers, though membrane penetration was limited. NLG, NLF, and
NLI also demonstrated balanced profiles with moderate binding energies, inhibition
constants, and hydrophobic-hydrophilic functional groups.

Copper(ll) and Zinc(ll) complexes exhibited strong antibacterial activity, with
Cu(NLE): and Zn(NLE): being the most effective against all strains, surpassing curcumin
and gentamycin. Cu(NLD)., Cu(NLH)2, Zn(NLD)2, and Zn(NLH): also showed notable
activity, particularly against Gram-positive bacteria. The enhanced effectiveness is
attributed to the ability of metal ions to disrupt bacterial membranes, generate ROS, and
inhibit enzymes, combined with the potent NLE ligand for a synergistic effect.

The antifungal activities of curcumin analogues, copper complexes, and zinc
complexes against Candida albicans were influenced by ligand structures, metal
properties, and coordination chemistry. In silico studies identified NLE and NLD as top
performers for both targets, showing strong binding affinity and inhibitory activity. NLH,
NLG, and NLJ were also promising candidates. In vitro, NLD (25.08 mm) and NLE
(23.05 mm) exhibited the largest inhibition zones against Candida albicans,
outperforming Curcumin and Fluconazole, confirming the superior antifungal properties
of synthetic ligands. Zinc complexes, particularly Zn(NLD). (30.08 mm), Zn(NLE):
(28.10 mm) and Zn(NLH). (26.05 mm) exhibited the highest activity, followed by
copper complexes like Cu(NLD). (28.03 mm) and Cu(NLF): (25.13 mm). Ligand
substituents affected electronic distribution, steric hindrance, and membrane penetration,
while metal coordination altered stability and reactivity. The redox cycling of copper
produced reactive oxygen species, whereas zinc depended on different mechanisms. The
efficacy of antifungal agents was additionally influenced by ligand-metal synergism,
solubility, stability, and interactions with fungal biomolecules, which significantly

surpassed the effectiveness of curcumin and fluconazole.

Evaluation of the most promising drug candidates through splenocytic assays
revealed that both NLD (1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-
dione) and NLE (1,7-bis(6-methoxy naphthalen-2-yl)hepta-1,6-diene-3,5-dione), as well
as their copper and zinc complexes, displayed minimal cytotoxic effects on spleen cell
lines even at high concentrations (200 pg/mL). Hence it could be stated that, with precise
dosage management, these compounds should be developed into efficient and safe
therapeutic agents. The relatively controllable levels of cytotoxicity in spleen cell lines
prompted their potential for secure therapeutic applications.
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CHAPTER 7
CONCLUSIONS

This thesis outlined a multidisciplinary approach to streamline drug discovery,
integrating chemistry, pharmacology, and computational biology. The research focused on
the design, synthesis, and evaluation of nine curcumin analogues and their copper (1) and
zinc (I1) metal complexes for potential anticancer, antidiabetic, anti-inflammatory,
antibacterial, and antifungal activities. The curcumin analogues were modified with
hydroxy, alkoxy, and chloro substituents to enhance bioactivity. Computational techniques,
including molecular docking and dynamics simulations, were used to predict interactions
with relevant protein targets and analyze stability. These findings were then validated
through in vitro and in vivo studies.

Nine curcumin analogues with unique aryl ring alterations and eighteen related
metal complexes of Cu(ll) and Zn(ll) were synthesized and their structural versatility was
revealed through various spectral analyses such as IR,"HNMR,**CNMR and Mass Spectra.
Employing computational and experimental approaches, the research highlighted the
potential pharmacological applications, including anticancer, anti-inflammatory,
antidiabetic, and antimicrobial activities of the compounds. Docking studies and molecular
dynamics simulations provided insights into molecular interactions, while ADME-Tox and
bioactivity predictions, alongside SAR analysis, informed pharmacokinetics and
pharmacodynamics. Virtual screening, drug design, and lead optimization guided the
development of novel therapeutic agents, supported by experimental validation. The
findings demonstrated the promising potential of these compounds as candidates for
diverse disease treatments, contributing significantly to medicinal chemistry and laying a
robust foundation for future pharmaceutical innovation.

Nine curcumin analogues — NLB (1,7-bis (3,4-dimethoxy phenyl)hepta-1,6-diene-
3,5-dione), NLD (1,7-bis(3,5-dichloro-2-hydroxyphenyl)hepta-1,6-diene-3,5-dione), NLE
(1,7-bis (6-methoxy naphthalen-2-yl) hepta-1,6-diene-3,5-dione), NLF (1,7-bis(3-ethoxy-
2-hydroxy phenyl)hepta-1,6-diene-3,5-dione), NLG (1,7-bis(4-hydroxy-3,5-dimethyl
phenyl) hepta-1,6-diene-3,5-dione), NLH (1,7-bis (5-chloro-2-hydroxy phenyl)hepta-1,6-
diene-3,5-dione), NLI (1,7-bis (2-hydroxy-3-methoxy phenyl)hepta-1,6-diene-3,5-dione),
NLJ(1,7-bis (3-hydroxy-4-methoxyphenyl)hepta-1,6-diene-3,5-dione) and NLK(1,7-bis
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(5-methyl thiophen-2-yl) hepta-1,6-diene-3,5-dione) were synthesized and evaluated for
pharmacological potential. All adhered to the Rule of Five, CMC-like Rule, Lead-like Rule,
and MDDR/WDI-like criteria, indicating strong oral bioavailability. Most compounds
demonstrated high plasma protein binding, with NLB and NLI showing moderate binding.
They exhibited good absorption, medium Caco-2 permeability, and favourable toxicity
profiles, being non-carcinogenic, non-mutagenic, and posing medium ecotoxicity risk.
Based on BBB penetration, compounds were identified for peripheral or central targets.
Further steps involved scaling up synthesis and conducting in-vitro and in-vivo studies to
explore their mechanisms of action against anticancer, anti-inflammatory, antidiabetic,
antibacterial, and antifungal targets, supported by molecular docking for detailed
interaction insights.

This study synthesized nine curcumin analogues by modifying aryl ring functional
groups, utilizing Pabon’s method based on the Claisen—Schmidt condensation mechanism.
This method was selected for its simplicity, high yields, and minimal by-products, crucial
for efficient p-diketone formation. Purified and characterized through analytical
techniques, the analogues were confirmed to predominantly exist in the intramolecularly
hydrogen-bonded enol tautomeric form. Cu(ll) and Zn(Il) complexes of these analogues
were also synthesized, enhancing stability, solubility, and potential biomedical properties.
These stable MLz chelates featured monobasic bidentate coordination through diketone
oxygen atoms, forming six-membered rings. Analytical data indicated that other groups,
like hydroxyl (-OH) and sulphur atoms in the thiophenyl ring, did not participate in metal
coordination, underscoring the selectivity of the diketone groups.

The current work investigated the anticancer potential of curcumin analogues,
focusing on 1,7-bis (5-chloro-2-hydroxy phenyl) hepta-1,6-diene-3,5-dione (NLH).
Molecular docking analyses revealed a favourable binding energy of -8.3 kcal/mol for NLH
with the BRCA1 homologous protein 10QA (TG3), outperforming -3.8 kcal/mol binding
energy of cyclophosphamide with its target Cyclophilin (TG7). Molecular dynamics and
MM-GBSA simulations confirmed the stability of NLH-TG3 interactions.

In vitro studies demonstrated superior cytotoxicity of NLH against DLA and EAC
cell lines, with minimal toxicity to spleen cells and lower inhibitory activity on Vero cells.
NLH exhibited significant growth inhibition of breast cancer cells. Copper and zinc
complexes of curcumin analogues, particularly Cu(NLH). and Zn(NLH)., showed
enhanced cytotoxicity due to increased bioavailability, cellular uptake, ROS generation,

and stability.
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In vivo experiments on Swiss albino mice revealed the strong anti-proliferative
effect of NLH, significantly inhibiting DLA-induced solid tumours and surpassing
cyclophosphamide in efficacy. The presence of chlorine in NLH enhanced hydrophobicity,
membrane permeability, electrophilicity, and metabolic stability, strengthening interactions
with nucleophilic targets like DNA and proteins while inducing oxidative stress.

Computational results aligned with experimental findings, highlighting the
potential of NLH as a multi-target therapeutic candidate. Further research is essential to
explore its structural features, anticancer mechanisms, and side effects. Rigorous in vivo
studies and validation in animal models and humans are recommended to optimize its
therapeutic application.

This research evaluated nine curcumin analogues as inhibitors for inflammatory and
diabetic receptors through molecular docking and in vitro experiments, comparing their
efficacy with curcumin, Diclofenac, and Acarbose. Among the analogues, 1,7-bis (3,5-
dichloro-2-hydroxy phenyl) hepta-1,6-diene-3,5-dione  (NLD), 1,7-bis (6-methoxy
naphthalen-2-yl) hepta-1,6-diene-3,5-dione (NLE), and 1,7-bis (3-ethoxy-2-hydroxy
phenyl) hepta-1,6-diene-3,5-dione (NLF) emerged as the most potent anti-inflammatory
inhibitors (1Cso values of 57.07 pg, 59.69 pg and 64.85 ug respectively), with chloro,
hydroxy, methoxy, and ethoxy functional groups enhancing binding affinity, stability, and
cellular uptake. 1,7-bis (5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLH) and
1,7-bis (5-methylthiophen-2-yl) hepta-1,6-diene-3,5-dione (NLK) showed moderate
activity, while curcumin, 1,7-bis (3,4-dimethoxy phenyl) hepta-1,6-diene-3,5-dione
(NLB),1,7-bis (2-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-dione (NLI), and 1,7-bis
(3-hydroxy-4-methoxyphenyl) hepta-1,6-diene-3,5-dione (NLJ) exhibited lower potency
due to suboptimal functional group positioning or reduced electrophilicity. Cu(ll) and
Zn(11) complexes exhibited superior anti-inflammatory activity, with Zn(Il) complexes
generally outperforming Cu(ll). Zn(ll) complexes offered better stability, antioxidant
properties, and bioavailability due to their non-redox nature and d10 electron configuration.
In contrast, Cu(Il) complexes, being redox-active, generated reactive oxygen species,
which led to tissue damage and reduced their effectiveness. Thus, Zn(I11) complexes showed
enhanced efficacy for anti-inflammatory interventions.

For anti-diabetic activity, NLB, NLH, and NLE demonstrated superior potency,
with ICso values of 26.68 ng, 29.90 pg, and 30.45 pg, respectively. Cu(Il) and Zn(lIl)
complexes showed enhanced activity compared to their parent ligands. Zn(Il) complexes,
such as Zn(NLB): (22.18 pg), Zn(NLD): (23.83 pg), and Zn(NLE). (25.55 ng), were
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particularly effective due to their improved stability, antioxidant properties, and
compatibility with biological systems. These Zn(Il) complexes also promoted glucose
uptake and stabilized insulin hexamers, offering better bioavailability and safety than
Cu(Il) complexes. Cu(Il) complexes, including Cu(NLD): (25.43 pg), Cu(NLE): (27.55
Hg), and Cu(NLB)2 (25.88 pg), exhibited strong activity but were less effective than Zn(II)
complexes due to their redox-active nature, which generates reactive oxygen species
(ROS). Both Cu(ll) and Zn(I1) complexes displayed improved efficacy through increased
bioavailability, cellular uptake, and synergistic ligand-metal interactions. The differences
in the antidiabetic effects of the compounds were attributed to the types and positions of
their functional groups. In NLB, dimethoxy groups enhanced electron donation and
stability, improving hydrophobicity and enzyme interactions. In NLH, chloro and hydroxy
groups facilitated hydrogen bonding and halogen interactions. In NLE, methoxy groups
stabilized enzyme interactions through increased conjugation and planarity.

The present study also focused on evaluating curcumin analogues for antimicrobial
activity against bacterial and fungal pathogens, with insights from molecular docking and
in vitro assays. Modifications to aryl rings of curcumin enhanced functional group
diversity, influencing binding energy (BE), ligand efficiency (LE), and inhibition constants
(Ki).

For Gram-positive bacteria, 1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-
3,5-dione (NLE) demonstrated the highest efficacy due to its low BE (-12.63 kcal/mol for
4H8E), strong interactions via methoxy naphthyl groups, and superior hydrophobicity. 1,7-
bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione (NLD), with hydroxy and
chloro groups, followed, providing strong hydrogen bonding. 1,7-bis (5-chloro-2-
hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLH) also ranked highly, benefiting from its
hydroxy and chloro substituents. Moderately effective ligands included 1,7-bis (5-
methylthiophen-2-yl) hepta-1,6-diene-3,5-dione (NLK) and 1,7-bis (3,4-dimethoxy
phenyl) hepta-1,6-diene-3,5-dione (NLB), leveraging hydrophobic functional groups like
methyl thiophene. 1,7-bis (4-hydroxy-3,5-dimethyl phenyl) hepta-1,6-diene-3,5-dione
(NLG) and 1,7-bis (3-ethoxy-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione (NLF) balanced
hydrophobic and hydrogen-bonding properties, while 1,7-bis  (2-hydroxy-3-
methoxyphenyl)  hepta-1,6-diene-3,5-dione  (NLI) and 1,7-bis  (3-hydroxy-4-
methoxyphenyl) hepta-1,6-diene-3,5-dione (NLJ) were less effective. Gentamycin and

curcumin served as baseline comparisons.
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Against Gram-negative bacteria, NLE emerged as the top ligand with exceptional
BE (-10.21 kcal/mol for 507N) and low Ki (32.6 nM), despite challenges with outer
membrane penetration. Gentamycin showed comparable efficacy due to its active transport
mechanisms. NLH and NLK followed with moderate binding capabilities. Copper(ll) and
Zinc(I) complexes, especially Cu(NLE): and Zn(NLE)., surpassed curcumin and
gentamycin in potency, exhibiting strong activity across bacterial strains by disrupting
membranes and generating reactive oxygen species.

In silico studies showed that NLD (25.08 mm) and NLE (23.05 mm) were the top
performers against Candida albicans, with low binding energies (BE) and inhibition
constants (K1), indicating strong binding affinity and potent inhibitory activity. NLH, NLG,
and NLJ were also promising candidates. /n vitro, NLD (25.08 mm) and NLE (23.05 mm)
exhibited the largest inhibition zones, outperforming Curcumin and Fluconazole. Zinc
complexes, Zn(NLD): (30.08 mm) and Zn(NLE)2 (28.10 mm), showed superior antifungal
activity compared to copper complexes, Cu(NLD)2 (28.03 mm) and Cu(NLF)2 (25.13 mm),
due to better stability, reactivity, and enhanced ligand-metal synergy, improving solubility
and biomolecular interactions.

Splenocytic assays further confirmed the efficacy and safety of the top-performing
drug candidates, emphasizing their potential for therapeutic development. Precise dosage
management could enable the development of these compounds into safe and effective
antimicrobial agents.

The research successfully synthesized and characterized nine curcumin analogues
and their Cu(ll) and Zn(1l) complexes, demonstrating their potential as multi-functional
therapeutic agents. The research confirmed the therapeutic potential of curcumin
analogues, especially 1,7-bis (5-chloro-2-hydroxyphenyl) hepta-1,6-diene-3,5-dione
(NLH), 1,7-bis (6-methoxynaphthalen-2-yl) hepta-1,6-diene-3,5-dione (NLE), and 1,7-
bis(3,5-dichloro-2-hydroxy phenyl)hepta-1,6-diene-3,5-dione (NLD), along with their
copper and zinc complexes. The Zn(Il) complexes were generally more effective and safer,
making them more suitable for further drug development. The alignment of in silico
findings with in vitro and in vivo data substantiated the promising bioactivity of these
compounds. The study highlighted the potential of these compounds in the development of

advanced multi-target drugs with minimized side effects.
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CHAPTER 8

RECOMMENDATIONS FOR FUTURE STUDIES

This research adopted a multidisciplinary approach to drug discovery, integrating
synthetic chemistry, computational biology, and pharmacological evaluation. The study
focused on synthesizing nine curcumin analogues and their copper(ll) and zinc(ll)
complexes, evaluating their potential for anticancer, antidiabetic, anti-inflammatory,
antibacterial, and antifungal activities. The analogues were modified with hydroxy,
methoxy, ethoxy, and chloro substituents to enhance their bioactivity. The findings
highlighted several avenues for future studies to optimize the therapeutic potential of

curcumin analogues.

For enhancing bioactivity through functional group modifications, further studies
can explore the effects of varying the position and types of functional groups on the aryl
rings of curcumin analogues. Advanced molecular docking and dynamic simulations, such
as quantum mechanical/molecular mechanical (QM/MM) docking, can be employed to
predict the impact of these modifications with greater accuracy, particularly in active site

interactions.

This study performed molecular docking studies on the ligands but not on the metal
complexes. Extending this analysis to the copper(ll) and zinc(Il) complexes, as well as
exploring the complexation with other metals, may provide valuable insights into their

binding affinities and biological activities.

The most active anticancer compound in this study underwent molecular dynamic
simulations. Future research should adopt all-atom molecular dynamics simulations to
study the ligand-protein stability in biologically relevant environments over extended
timescales. Free Energy Perturbation (FEP) or metadynamic simulations could also be
applied to calculate binding free energy differences among ligands, offering a deeper

understanding of binding pathways and mechanisms of ligand-protein interactions.
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This study revealed that some compounds, such as NLD and NLH, possess multiple
biological activities, including anticancer, anti-inflammatory, antidiabetic, and
antibacterial properties. Future research should focus on multi-target optimization using

docking and molecular dynamics simulations to refine these multifunctional molecules.

Further wet lab studies could include the design and synthesis of additional curcumin
analogues and their metal complexes to improve binding efficiency and biological activity.
Different biochemical assays, such as Cyclooxygenase (COX) assays for anti-inflammatory
studies; a-Glucosidase inhibition assays for antidiabetic evaluations; Surface Plasmon
Resonance (SPR) for quantifying binding Kinetics and affinities; Isothermal Titration
Calorimetry (ITC) to measure thermodynamic parameters (AH, AS) of ligand-protein

interactions.

Extending the current findings to in vivo studies and clinical testing is essential to
evaluate the therapeutic potential, safety profiles, and side effects of the synthesized
curcumin analogues and their metal complexes. Testing these compounds in animal models

will help assess their real-world efficacy.

Investigating the synergistic effects of these compounds in combination therapies

could provide a pathway for developing multi-functional drugs with enhanced efficacy.

Future studies could incorporate nano-synthesis techniques to improve the stability,
bioavailability, and targeted delivery of curcumin analogues. Nano-formulated compounds
could then be evaluated for various biological applications, including their therapeutic

potential in cancer and metabolic disorders.

This research laid a solid foundation for exploring curcumin analogues and their
metal complexes for therapeutic applications. The proposed directions, combining
computational, biochemical, biophysical, and in vivo studies, will further refine the

understanding of these compounds, paving the way for innovative drug development.
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