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Abstract
‘Click Chemistry’ a concept introduced by Sir Karl Barry Sharpless in 2001, transformed

the chemical synthesis by enabling efficient, selective, and direct product formation of complex
molecules. Click Chemistry has gained significant attention, with CuUAAC emerging as one of
the most widely used synthetic approaches due to its modularity, broad applicability, high yield
and stereospecificity. These key advantages make it highly efficient for synthesizing 1,4-
disubstituted 1,2,3-triazoles via the cycloaddition of a terminal alkyne and an organic azide,
catalyzed by a Cu(I) catalyst. The reaction is regioselective, tolerates a wide range of functional
groups, and operates under mild, environment friendly conditions, making it indispensable in
modern synthetic chemistry. The remarkable ability of this synthetic methodology to rapidly
synthesize structurally diverse 1,2,3 triazole derivatives have paved the way for new avenues
for the creation of complex molecules with tailored functionalities.

Chalcones, characterized by their unsaturated ketone structure, offer a versatile platform for
functionalization, due to the presence of carbonyl group and extended conjugation, making
them sensitive to the changes in their environment. These features are particularly useful in
synthesizing ion sensors, where chalcone backbone can be modified to enhance selectivity and
sensitivity. Incorporating the 1,2,3-triazole ring into chalcone structure via CuAAC further
expands the versatility of these molecules, as the chalcone-based 1,2,3-triazoles represent a
unique class of hybrid molecules that combine the photophysical properties of chalcones with
the chemical diversity of 1,2,3-triazoles, resulting in compounds with enhanced fluorescence
and metal-binding capabilities, thereby making them wvaluable tools in environmental
monitoring and biological systems.

The chalcone based 1,2,3-triazole derivatives have great significance in the metal ion
detection. Metal ion detection is crucial for monitoring environmental pollution, ensuring food
safety, and diagnosing various health conditions. Reliable detection methods allow for the
identification of trace metal concentration in samples, providing insights into their
physiological roles and potential toxic effects. The presence of nitrogen in the 1,2,3 triazole
structure, these sensors undergo specific structural changes upon binding with metal ion, often
resulting in noticeable shifts, observed by UV-Visible/or fluorescence spectrophotometer,
allowing for sensitive and selective metal ion detection. Therefore, due to the efficiency and

reliability of CuAAC for regioselective synthesis of 1,2,3-triazole, this method was chosen as



a core approach in this research. Based on the literature review of the chalcone based 1,2,3-
triazoles via ‘CuAAC’ methodology, following are the main objectives of the proposed
research work.
1) Synthesis of new chalcone based 1,2,3—triazole derivatives via Cu(l) catalysed alkyne azide
cycloaddition reaction.
2) Characterization of the synthesized novel compounds by spectroscopic techniques like IR,
NMR ('H, *C) and mass spectrometry.
3) Exploring ion sensing behaviour of the synthesized 1,2,3—triazole derivatives using different
spectroscopic techniques.
A total of six chalcone-based 1,2,3-triazole derivatives were synthesized via ‘CuAAC’
and characterized using a different spectroscopic technique like IR, 'H NMR, 3C NMR and
mass spectrometry. These chalcone appended 1,2,3-triazole derivatives were subsequently

employed as selective chemosensors.

Chalcones, known for their conjugated carbonyl system and chromophoric properties,
serves as essential precursors for synthesizing a variety of bioactive molecules. In this thesis,
chalcones are modified to form chalcone based alkynes, which acted as a key molecule for the
synthesis of 1,2,3-triazole derivatives. The chalcone was synthesised by the reaction of an
aldehyde and a ketone in the presence of potassium hydroxide as a base and ethanol as a
solvent. The synthesis of terminal alkyne was carried out through nucleophilic substitution of
a propargyl group onto chalcone containing labile protons, preferably amino groups, in the
presence of a base like KoCOs. To quench the reaction, ice-cold water was added and the
product was separated by filtration of precipitates or solvent extraction for liquid products. For
the synthesis of organic azide, starting material like benzyl chloride was reacted with sodium
azide (NaN3) at a temperature range 85-90 °C to yield the organic azide. The organic azide was
subsequently subjected to a ‘CuAAC’ with terminal alkynes, leading to the efficient synthesis
of chalcone-based 1,4-disubstituted 1,2,3-triazoles. The synthesized compounds were
characterized using a range of spectroscopic techniques, including IR, "TH NMR, *C NMR and

mass spectrometry.

The ion-sensing capabilities of chalcone-based 1,2,3-triazole derivatives were assessed
using UV-Visible and fluorescence spectroscopy for various metal ions such as Cr(I11), Mn(II),
Fe(III), Fe(Il), Zn(1), Pb(1I), Hg(II), Cd(1I), Ce(11I), Ba(II), Ca(Il), Mg(II),Na(I), K(I), Cu(Il),
Ni(II), Co(Il), in appropriate solvents. The changes in the absorption and emission responses

of the newly synthesized chalcone-based 1,2,3-triazole derivatives upon metal ion binding,

iv



highlighting their selectivity towards various metal ions, are presented in this thesis through
series of graphs and figures to assess the chemosensing potential. Additionally, analytical
parameters such as the stoichiometric ratio, association constant (K,), limit of detection (LoD),
and limit of quantification (LoQ) of the sensors towards certain metal ions were calculated and

presented.
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Chapter I

Introduction

This section of the thesis explains the key terminologies, methodologies, and
recent advancements related to the undertaken research, which will be detailed
in subsequent chapters. It provides an in-depth review of the existing literature,
specifically, it outlines the important aspects considered when addressing the
identified research gap and integrated to form a comprehensive and conclusive
study. This study not only contextualizes the research within the scientific field

but also elucidates the approach employed to bridge the proposed research gap.



1.1. Organic Chemistry

Organic compounds play central part in the production of many materials including
synthetic fibres', pharmaceuticals, dyes, fertilizers, cosmetics, fuels, etc.>* that can range from
simple hydrocarbons, to alcohols, amines, and ketones, giving them distinct chemical
characteristics.*’ The study of heterocyclic compounds—wherein, one or more than one carbon
atoms in a ring are substituted by other elements like nitrogen, oxygen, sulphur, etc. became

crucial, as these structures are integral to many biological molecules and pharmaceuticals.®

1.2. Heterocyclic Compounds

Half of the reported organic compounds are encompassed under the category of
‘heterocyclic’ compounds,’® having aromatic as well as non-aromatic ring structures.”!°
Heterocyclic compounds are capable of exhibiting aromaticity!!, provided that the ring
structure meets the requisite criteria such as having a certain number of electrons that allows
for a continuous overlap of p-orbitals, and making them more stable as compared to non-
aromatic heterocycles.'?!* The structural properties of heterocyclic compounds are crucial for
predicting their behaviour, reactivity, and chemical interactions, including electrophilic or
nucleophilic substitutions, catalysis, and coordination chemistry. Furthermore, in biological
interactions, these compounds play important roles in enzyme-substrate interactions, receptor

binding, and metabolic processes, influencing their function in biological systems. 4!

1.2.1. Classification of Heterocyclic Compounds

Heterocyclic compounds can be classified based on aromaticity, electronic properties,
or functional group interactions as well as can be grouped based upon their natural or synthetic
accessibility.!® Additionally, heterocyclic compounds can also be classified based on several
criteria like size of the ring, the type of heteroatoms, and the saturation level of the ring, as
illustrated in figure 1.1 and figure 1.2.
> By Ring Size

The heterocyclic compounds can be systematically categorized based on their ring size,
including 3 to 6-membered, and fused heterocycles, which significantly influence their
chemical reactivity as well as properties.'® 3-Membered heterocycles often possess significant
ring strain, leading to high reactivity and unique chemical behaviour whereas 4-membered
heterocycles also experience ring strain and exhibit distinct reactivity patterns useful in organic
synthesis and medicinal chemistry. 5S-Membered heterocycles include well-known compounds

such as pyrrole, furan, triazole, thiophene, etc are crucial structural components for various



antibacterials. Six-membered heterocycles, such as aromatic pyridine and non-aromatic
piperidine, generally have lower ring strain, resulting in a balance of stability and reactivity
that makes them versatile in chemical synthesis and pharmacological application.!*!” Fused
heterocycles, involving two or more rings sharing common atoms, such as indole and
quinoline, often exhibit unique properties that are not present in their parent ring structure,

offering enhanced stability and complex reactivity profiles suitable for advanced material
sciences and drug development.!®2°

Classification
of
Heterocyclic

Compounds

Aromatic
Compounds

Figure 1.1: An illustration of the classification of heterocyclic compounds based on ring size,
heteroatom type, and saturation level '+
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Figure 1.2: Illustrate the hierarchical classification of heterocyclic compounds according to
ring size, heteroatom type, and saturation level and their applications!%!4
> By Heteroatom Type

Heterocyclic compounds can also be classified based upon the type and number of
heteroatoms present in the ring and thus play noteworthy role in the determination of their
chemical properties and regulate their reactivity.”!** For instance, 1) nitrogen heterocycles
include pyrrole, pyridine, indole, quinoline, etc. are particularly significant in medicinal
chemistry; 2) Oxygen containing heterocycles include furan, benzofuran, etc. are known for
their roles in both natural products and synthetic materials like conducting polymers, resins,
agrochemicals and pharmaceuticals.*> 3) Similarly, sulphur containing heterocycles like
thiophene, benzothiophene, and thiazoles, and are important in various chemical industries like
organic semiconductors, agrochemicals and dyes. Furthermore, the number of heteroatoms
within the ring also impacts the properties of these compounds such as imidazole, which
contains two nitrogen atoms in five-membered rings, and pyrimidine, which features two
nitrogen atoms in a six-membered ring, exhibits distinct electronic and steric hindrance

characteristics.26%7



» By Saturation Level
The saturation level of the ring/aromaticity is another crucial factor in the classification

of heterocyclic compounds'®?®

such as five or six-membered rings with one or multiple
heteroatoms. These heterocycles have unique chemical properties, such as enhanced stability
and distinct reactivity patterns, making them essential in various applications, including
pharmaceuticals, agrochemicals, and organic electronics, whereas non-aromatic heterocycles
do not have fully conjugated m-system and include compounds like tetrahydrofuran (THF),
piperidine, etc.2°3!
1.2.2. Synthesis of different Heterocyclic Compounds
The synthesis of heterocyclic compounds follows key synthetic strategies like Diels-

Alder reaction’?, involving the cycloaddition of a conjugated diene with a suitable dienophile,
which can include heteroatoms to produce compounds like pyran or thiopyran.>*** The
Hantzsch reaction synthesizes dihydropyridines via three-component condensation of
aldehydes, B-keto esters, and ammonia or amines.*> Additionally, Pechmann condensation
allows for the synthesis of flavonoids, which are polycyclic compounds containing
heterocycles, through the reaction of phenols with B-keto esters in the presence of acid
catalysts.*® The Mannich reaction leads to the formatoion of B-amino carbonyl compounds,
which can further cyclize into nitrogen-containing heterocycles such as piperidines.>’° The
CuAAC reaction, is another powerful approach for constructing heterocycles like 1,2,3-triazole
derivatives exclusively.***! The synthetic methodology is known for its efficiency and versatile
production of N-based heterocyclic compounds, which have been proved to be crucial for
advancements in diverse research areas like pharmaceuticals, material science, agriculture,
bioconjugation, nanotechnology, and environmental science.*
1.3. Click Chemistry

The term ‘Click Chemistry’ was coined by Sir Karl Barry Sharpless to describe a set of
reactions that are highly reliable and efficient that form the basis for synthesizing a wide variety
of complex molecules from relatively small molecules using benign reaction conditions.* The
process exhibits distinctive properties such as modularity, wide scope, high yield, use of benign
solvents, and simple product isolation. If purification is required, non-chromatographic
methods such as crystallization should be used, ensuring that the product remains stable under
physiological conditions. (figure 1.3). This approach is driven by a strategy that promotes
irreversible connections between the substrates involved in the reactions.***> These conditions
are advantageous for ensuring the practicality and broad applicability of click reactions,

especially in organic solvents which are of high significance in polymer and material

4



science.***” The ‘CuAAC’ reaction serves as a reliable, efficient, simple and robust molecular
linking methodology; this has gained widespread application in organic synthesis due to its
ability to facilitate the creation of desirable compounds with precise control and high

selectivity.

Modularity

Stereospecific
Product

Click
Chemistry

Benig

Yielding
By-Products

Products

Figure 1.3: Depicting key characteristics of Click Chemistry methodology
1.3.1. Historical Background
1.3.1.1. 1,3-Dipolar Cycloaddition — A key reaction in synthetic chemistry

The Huisgen 1,3-dipolar cycloaddition reaction, pioneered by Rolf Huisgen in the early
1960s, stands as a pivotal evolutionary development in 3+2 cycloaddition reaction that involves
the reaction between a 1,3-dipole and a dipolarophile to form five-membered heterocycles
(figure 1.4).*° The 1,3-dipoles are generally three-atom m-electrons systems represented by
zwitterion octet resonance structures, which undergoes cycloaddition with multiple bond
system, termed as ‘dipolarophile’. Common examples of 1,3-dipoles include nitrile imines,
azomethine ylides, and diazo compounds, whereas compounds such as alkenes and alkynes are
encompassed under dipolarophiles. The mechanism of 1,3-dipolar cycloaddition involves the
concerted overlap of the frontier molecular orbitals of the 1,3-dipole and the dipolarophile. 1,3-
Dipolar cycloaddition reactions are extensively utilized in the synthesis of natural products,

pharmaceuticals, and advanced materials such as the synthesis of isoxazoles, pyrazoles, and



1,2,3-triazoles-scaffolds found in many bioactive compounds.®*>? The integration of alkyne
and azide components into a diverse array of substituents presents significant advantages for
the 1,3-dipolar cycloaddition reaction. However, the reaction was plagued for more than 40
years due to the lack of selectivity, yielding a mixture of 1,4 and 1,5-regioisomers.
Additionally, this reaction requires high temperature and the separation of two isomers

becomes challenging.>?

® o { ’
Dt+ (R:N:N ﬂ» N\w + O\N\ \7
stirr, solvent N=N N=N

Alkyne Azide 1,4-disubstituted 1,5-disubstituted
1,2,3-triazole 1,2,3-triazole

Figure 1.4: A schematic representation of the Huisgen cycloaddition reaction®*
1.3.1.2. Development of ‘CuAAC’: A Variant of the Huisgen Reaction

The development of ‘CuAAC’, a variant of the Huisgen reaction, has revolutionized
the synthetic chemistry by providing a reliable, high-yielding, and regioselective methodology
for constructing 1,4-disubstituted 1,2,3-triazoles. Developed independently by Dr. Morten
Meldal and Dr. Karl Barry Sharpless in the early 2000s,%>>¢ the reaction involves the use of
Cu(I) species as the catalyst which not only enhances the rate of the reaction but also leads to
the regioselective synthesis of 1,4-disubstituted 1,2,3-triazoles (figure 1.5), thereby
overcoming the limitations of the Huisgen Cycloaddition. This reaction is widely used in
bioconjugation, materials science, and polymer chemistry due to its robustness and broad
substrate scope.’’*® The development of metal-catalyzed and organocatalytic variants has
enabled the reaction to proceed under milder conditions, enhancing functional group tolerance

and increasing the reaction's applicability.>*°

— © O Cu(l), solvent, stirr N\/yc
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Figure 1.5: A schematic representation of ‘CuAAC’ reaction for the synthesis of 1,4-

disubstituted 1,2,3-triazole>*



1.3.2. Mechanism of CuAAC

Sharpless and co-workers proposed a mononuclear mechanism for CuAAC, ¢! The
reaction initiates with the deprotonation of the terminal alkyne, followed by its complexation
with the copper(I) catalyst, leading to the formation of a Cu(I)-acetylide complex. This is
followed by the coordination of the organic azide to the same copper centre, positioning the
azide in close proximity to the acetylide. A nucleophilic attack occurs, forming a C-N bond
between the azide and the alkyne, which leads to the formation of a six-membered metalacyclic
intermediate. This transformation involves a two-electron oxidation of the copper from Cu(I)
to Cu(Ill). After the formation of the Cu(Ill) metallacycle, the structure undergoes a ring
contraction and is accompanied by the reduction of the copper from the +3 oxidation state back
to the +1 state to form Cu(I)-triazolide complex. In the final step, the triazolide complex
undergoes deprotonation, releasing the copper catalyst and yielding the final 1,4-disubstituted
1,2,3-triazole product. The copper(I) species is now free to re-enter the catalytic cycle,
facilitating further reactions®® (figure 1.6). The whole mechanism is briefly explained

sequentially in the following steps:
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Figure 1.6: Illustrating the mononuclear mechanism of CuAAC proposed by Sharpless et al.%

(A) Formation of Cu(I)-acetylide complex.
(B) Coordination of the organic azide to the copper(I)-acetylide complex.
(C) Formation of six-membered Cu(Ill)-metallacyclic intermediate.

(D) Ring contraction and reduction of Cu from +3 to +1 to form a cuprous triazolide complex.
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(E) Formation of the 1,4-disubstituted 1,2,3-triazole.

With the advancement in research studies, a binuclear mechanism was reported by Finn
and Fokin showing two copper atoms binding to the alkyne on different positions forming w —
complex followed by the azide nucleophilic attack leading to the formation of six-membered
rings. The product was then obtained by the new C-N bond formation.®'** The proposed
mechanism (figure 1.7) is envisioned through the following steps:

(A) o, n-dicopper-acetylide complex is formed.

(B)  The azide group is coordinated with the dicopper-acetylide complex via one Cu(I) and
the alkylated nitrogen, leading to the synthesis of the ternary complex.

(C)  Oxidation of second Cu(I) from +1 to +3, resulting in the formation of a metallacycle.

(D)  Ring contraction, yielding the Cu(I)-triazolide complex, accompanied by the reduction
of Cu(II) to Cu(l).

(E)  Protonation of triazolide complex, producing 1,2,3-triazole moiety.
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Figure 1.7: An illustration of the binuclear mechanism of CuAAC proposed by Finn and
Folkin®



1.4. Various substituents for click reactions

The synthesis of 1,4-disubstituted 1,2,3-triazole derivatives via click reactions has
garnered extensive attention in the literature, with a wide array of methodologies developed to
incorporate various substituents onto the 1,2,3-triazole backbone. These 1,2,3-triazole
derivatives often utilize different structural frameworks such as Schiff bases, chalcones,

dendrimers, polymers, etc,%%

commonly containing aromatic substituents, particularly
benzene rings functionalized with electron-donating groups (-OCH3, -OH, etc.) and/or
electron-withdrawing groups (-NO,, -CN, halogens, etc.)®*® Moreover, the inclusion of
heterocyclic rings, like pyridine, provides additional opportunities for functionalization and
fine-tuning of the chemical reactivity and coordination abilities of the 1,2,3-triazole
derivatives.”” Furthermore, more complex substituents, such as dendritic or polymeric
structures, allow for the development of highly functionalized 1,2,3-triazole systems with
enhanced solubility, stability, and multifunctional properties.”” Overall, the strategic selection
of substituents for click reactions enables tailored physical, chemical, and electronic properties

of 1,2,3-triazoles, making them suitable for a wide range of applications, including metal ion

detection, drug development, and materials science.”!
1.4.1. Chalcones

Chalcones are a class of organic compounds belonging to the flavonoid family with the
core structure of Ar-CO-CH=CH-Ar’ linked together by a three-carbon a, B-unsaturated
carbonyl system, wherein Ar and Ar’ are aromatic rings which can be either the same or

different and may contain various substituents.”

Figure 1.8: A depiction of the 3-dimensional structure of an a, f-unsaturated carbonyl system

chalcone) "



In this structure, the C=0 is conjugated with the double bond (CH=CH), which can be
further conjugated with the aromatic rings (figure 1.8). This extended conjugation in o, -
unsaturated carbonyl system imparts distinct electronic and photophysical properties to
chalcones such as conjugation and planarity that enhance the stability and reactivity, having
significant biological and chemical properties, making them valuable in pharmaceuticals,
73,74

agrochemicals, and materials science.

1.4.2. Methods for synthesizing chalcones

There are various methods reported in literature for the synthesis of chalcones such as
the carbonylated Heck coupling reaction, where aryl halides are coupled with alkenes in the
presence of a palladium catalyst and carbon monoxide, resulting in the formation of chalcone
derivatives with carbonyl functionality.” The Sonogashira isomerization coupling offers a
versatile approach for synthesizing chalcones by reacting terminal alkynes with aryl halides
under copper and palladium co-catalysis. This reaction can lead to alkyne-containing
chalcones, which may undergo isomerization to form conjugated enones, expanding the scope
of chalcone derivatives.”® Similarly, the Suzuki-Miyaura coupling involves the cross-coupling
of aryl boronic acids with aryl halides in the presence of a palladium catalyst, providing a
highly functional group-tolerant route to biaryl chalcones.”” In addition, solid acid catalyst-
mediated reactions are also used for chalcone synthesis. Heterogeneous acid catalysts such as
zeolites, montmorillonite, and sulfated zirconia promote the condensation of aldehydes and
ketones, offering environmentally friendly alternatives that are easy to recover and reuse.’® One
of the most widely used methods is the Claisen-Schmidt condensation, which involves the
reaction of an aromatic aldehyde with an acetophenone under basic conditions to form
chalcones through aldol condensation followed by dehydration. This method is simple and

provides high yields, making it ideal for both laboratory and industrial-scale production.”

1.4.3. The Claisen-Schmidt Condensation Reaction

The Claisen-Schmidt condensation reaction is a widely employed method for
synthesizing chalcones, involving the condensation of an aromatic aldehyde with an aromatic
ketone possessing at least one a-hydrogen with another carbonyl compound in the presence of
a base or acid catalyst to form B-hydroxy aldehydes (aldols) or B-hydroxy ketones.®® This
fundamental carbon-carbon bond-forming reaction proceeds via the enolate ion, which reacts
with the carbonyl compound to form the aldol product. Subsequent dehydration of the aldol
product yields a chalcone (figure 1.9). In the synthesis of chalcones, the base (commonly

NaOH or KOH) abstracts the a-hydrogen of the ketone to form an enolate ion, which then
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attacks the carbonyl carbon of the aromatic aldehyde, forming a B-hydroxy ketone (aldol). This
B-hydroxy ketone undergoes base-catalyzed or acid-catalyzed dehydration to form the
chalcone. This reaction is efficient and typically occurs at room temperature or mild heating,

with dehydration often facilitated by heating, making it a valuable method for producing

chalcones.?!#2
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Figure 1.9: Mechanism of Claisen-Schmidt Condensation reaction "
1.5. Click-Derived Chalcone Based 1,2,3-Triazoles

Chalcone derivatives, distinguished by their o, B-unsaturated carbonyl systems,
represent a versatile class of compounds commended for their extensive range of biological
activities and pronounced fluorescence.®® By using click chemistry to combine these chalcone
derivatives with 1,2,3-triazoles, it improves their intrinsic properties that lead to the
development of chalcone-based 1,2,3-triazoles with superior functionality.®* This synthesis,
particularly through the CuAAC reaction, yields compounds that not only retain but augment
the desirable traits of both the parent structures. Moreover, the combination of the electron-rich
1,2,3-triazole ring with chalcone's conjugated system facilitates strong m-m interactions and
hydrogen bonding, thereby contributing to the stability and robustness of the material in solid-
state applications, as it leads to enhanced electron delocalization across the entire molecule.
This extended conjugation results in improved electronic and optical properties, including

increased fluorescence and enhanced charge transport characteristics.

11



1.6. Applications of 1,2,3-triazole derivatives

The 1,2,3-triazole derivatives have attracted substantial interest in the scientific
community due to their unique structural and electronic properties. Their ability to engage in
diverse chemical reactions and form stable complexes makes them integral in various fields of
research and industry such as in medicinal chemistry as key scaffolds for drug development,
and in materials science, polymer synthesis, and organic electronics. Significantly, their key
applications are in metal ion detection, anion sensing, biological and environmental
monitoring, medicinal chemistry, material science, and catalysis as elaborated below and
illustrated in figure 1.10. Furthermore, their structural stability and ease of functionalization
enable the development of advanced materials and innovative solutions across multiple

domains,’"®
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Figure 1.10: Highlighting the versatility of 1,2,3-triazoles’!%

> Metal Ion Detection

The 1,2,3-triazole tailored chemosensors have demonstrated remarkable efficacy in the
recognition of metal ions, an area of considerable importance due to the environmental and
biological implications of metal ion contamination. The nitrogen atoms within the 1,2,3-
triazole ring exhibit a strong propensity to coordinate with metal ions, which induces

measurable changes in the sensor’s optical or electrochemical properties.®® This coordination
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is facilitated by the electron-rich nature of the 1,2,3-triazole ring, which can interact with
electron-deficient metal ions. For instance, 1,2,3-triazole-based sensors have been successfully
developed for the detection of copper, mercury, lead, zinc, cobalt, magnesium, manganese,
aluminum, iron, barium, calcium, chromium, cerium etc., known for their toxicity, when
present in excess to cause severe environmental and health issues. The sensitivity and
selectivity of 1,2,3-triazole-based sensors make them indispensable tools in environmental and
biological monitoring; and is typically achieved using UV-Visible and fluorescence
spectroscopy.’’” To verify metal ion recognition through UV and/or fluorescence, the
absorption/emission spectrum of the pure 1,2,3-triazole-based sensor in the solution phase is
compared with the spectrum of the solution of the sensor in which a particular metal ion has
been introduced, focusing on shifts in absorption maxima and intensity changes. The
complexation of the sensor molecules with the metal ions can alter the energy gap between the
ligand's ground and excited states, leading to a shift in the absorption peak or changes in its
intensity. Therefore, these techniques efficiently allow for the monitoring of changes in
absorbance or emission spectra upon binding with metal ion, enabling the accurate and reliable

detection of trace metal ions.?*

» Anion Sensing

The detection of anions such as fluoride, chloride, iodide, nitrate, sulfate, carbonate,
cyanide, bicarbonate, and phosphate are critical due to their potential harmful effects when
present in excess in environmental and biological systems. These anions can disrupt ecological
balance, contribute to water contamination, or pose direct toxicological risks to human health.*
For example, cyanide and fluoride are highly toxic even at trace levels, making their sensitive
detection crucial for public safety. Similarly, elevated levels of phosphate and nitrate can lead
to eutrophication, causing significant environmental degradation in aquatic ecosystems.”® The
1,2,3-triazole ring is particularly effective in detecting these anions through hydrogen bonding
or electrostatic interactions, leading to measurable signal changes in sensors. This interaction
is largely driven by the electron density provided by the nitrogen atoms in the 1,2,3-triazole
ring. Furthermore, electron-donating substituents attached to the 1,2,3-triazole structure
enhance the formation of stable complexes with anions, improving the sensitivity and

selectivity of detection.”!
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> Biological and Environmental Applications

In addition to metal ion and anion sensing, 1,2,3-triazole-based chemosensors have
found extensive applications in biological and environmental monitoring.”? In biological
systems, these sensors are utilized for the detection of biomolecules such as proteins, nucleic
acids, and small metabolites.”>** The 1,2,3-triazole ring's ability to form stable interactions
with a variety of biomolecules underpins its utility in medical diagnostics and therapeutic
monitoring.”>*® For example, 1,2,3-triazole-based sensors can aid in disease diagnosis by
detecting specific biomarkers such as estrogen related receptor o for therapeutic treatment of
breast cancer®’, protein biomarkers associated with neurodegenerative diseases, nucleic acids
linked to genetic disorders, metabolites indicative of metabolic disease like diabetes. Moreover,
in environmental applications, 1,2,3-triazole-based sensors can be employed for the detection
of pollutants and toxins such as pesticides, organic contaminants, heavy metals, etc. in soil and

water samples.”®%

» Medicinal Chemistry

The incorporation of 1,2,3-triazoles into drug molecules has been widely explored due
to their bio-isosteric properties for various functional groups, such as amides, esters, and
heterocycles. This means it can replace these groups in drug molecules without significantly
altering their biological activity, while often improving stability, solubility, and binding
properties.”® For example, in peptide-based drugs, the 1,2,3-triazole ring can be used to mimic
the planar structure of amide bonds, while being resistant to enzymatic hydrolysis. The 1,2,3-
triazole ring is also capable of forming hydrogen bonds through its nitrogen atoms, which
enhances its interaction with biological macromolecules, such as proteins and nucleic acids.
This hydrogen bonding ability allows 1,2,3-triazole-based drugs to form strong, selective
interactions with active sites of enzymes, receptors, and other biomolecular targets.!® As a
result, the 1,2,3-triazole-containing drugs can exhibit higher binding affinity and specificity,
leading to more effective inhibition or activation of biological pathways. These interactions are
particularly important in designing drugs for targeting enzymes, such as kinases or proteases,
and receptors involved in disease mechanisms. The 1,2,3- triazole ring's high stability and
ability to form hydrogen bonds make it a valuable scaffold in medicinal chemistry.!®! The
1,2,3-triazole-containing compounds have shown promising results in the development of

antiviral, antibacterial, antifungal, and anticancer agents owing to the fact that the 1,2,3-triazole
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moiety can improve the solubility, metabolic stability, and target specificity of drugs, leading

to more effective treatments with fewer side effects.!'%?

> Material Science

1,2,3-triazoles have also found applications in material science, particularly in the
development of advanced polymers and nanomaterials. The 1,2,3-triazole ring can impart
unique mechanical, thermal, and electronic properties to materials, making them suitable for
various applications such as thermal stability in fire resistant materials, high-performance
polymers, anticorrosion coatings.!®® For example, 1,2,3-triazole-based polymers exhibit
excellent thermal stability and mechanical strength, which are desirable characteristics for
materials used in aerospace, automotive, and electronics industries. 1,2,3-triazole-containing
materials have been employed in the fabrication of organic light-emitting diodes (OLEDs),

solar cells, and sensors, demonstrating their versatility and potential for innovation,!%+-1%

> Catalysis

The catalytic applications of di-substituted 1,2,3-triazole derivatives have gained significant
attention, particularly in organic synthesis. These 1,2,3-triazole-based ligands and catalysts
have demonstrated efficiency in facilitating several key reactions, including cross-coupling,
oxidation, and reduction processes. The electron-rich nature of the 1,2,3-triazole ring enables
it to stabilize transition states and reactive intermediates during these catalytic reactions,
thereby enhancing both reaction efficiency and selectivity.'%” Specifically, 1,2,3-triazoles play
an essential role in palladium-catalyzed cross-coupling reactions (such as Suzuki, Heck, and
Sonogashira couplings), where they serve as ligands to stabilize the active palladium species,
improving catalyst longevity and activity. Additionally, 1,2,3-triazole-based ligands have been
employed in oxidation reactions like the aerobic oxidation of alcohols and reduction processes
such as the hydrogenation of alkenes, where the 1,2,3-triazole ring helps modulate the
electronic environment of the metal center.!”® Moreover, 1,2,3-triazole-based catalysts have
shown particular value in enantioselective synthesis, where controlling stereochemistry is
critical. The tunability of the 1,2,3-triazole scaffold allows for precise adjustment of electronic
and steric properties, enabling the development of chiral 1,2,3-triazole ligands that can steer
the reaction towards high enantioselectivity. These properties make them indispensable in

asymmetric catalysis, facilitating reactions such as asymmetric hydrogenations.'®
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1.7. Overview of Chemosensors

Chemosensors, often referred to as chemical sensors, are molecular entities that can
detect and respond to chemical substances, converting chemical information into an
analytically useful signal. Sensor consists of a recognition element that interacts specifically
with the target analyte, and a transducer that converts the chemical interaction into a
measurable signal, such as optical, electrical, or thermal signals, an optical device consists of
a light source and a detector.''®!"! The advancement of chemosensors has significantly
revolutionized various fields such as environmental monitoring, medical and healthcare
industries, the food and beverage industry, etc., to enable the detection of pollutants at trace
levels and pathogens in biological samples for ensuring better management and protection of
ecosystem by providing tools for real-time monitoring and analysis with high sensitivity and
specificity.!!? The development of chemosensors, molecular devices capable of detecting
chemical species with high selectivity and sensitivity, has become increasingly important in
various fields such as environmental monitoring, medical diagnostics, and chemical
analysis.!'®> Chemosensors can be categorized based on specific interactions between the
recognition element and the target analyte:
> Electrochemical interactions: These involve redox reactions or changes in electrical
properties (e.g., impedance, conductivity) upon binding of the analyte to the sensor’s surface.
These interactions can lead to measurable changes that correlate directly with the concentration
of the target analyte, making electrochemical chemosensors highly sensitive tools for detection
of ions, gases, and organic molecules due to their high sensitivity and simplicity. The ability to
operate in diverse conditions, including aqueous and non-aqueous environments, further
enhances their applicability. The rapid response time and real-time monitoring capabilities of
these sensors make them invaluable in scenarios where timely detection is crucial, such as in
emergency response situations or continuous health monitoring.''*

» Optical interactions: Optical interactions in chemosensors are characterized by observable
changes in properties such as absorbance, fluorescence, phosphorescence, or refractive index
upon the binding of an analyte. Optical chemosensors are particularly favored in analytical
chemistry for their high specificity, which allows for the selective detection of target molecules
even in complex mixtures. These sensors enable real-time, non-invasive analysis, making them
ideal for applications in biological systems, environmental assessments, and industrial
processes. Techniques such as fluorescence resonance energy transfer (FRET) are commonly

employed in optical sensing applications.'!”
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» Mass-sensitive interactions: Mass-sensitive interactions form the basis of a different
category of chemosensors that rely on detecting changes in mass resulting from analyte
binding. These changes can be measured using advanced techniques such as piezoelectric
sensors or surface acoustic wave (SAW) devices, which translate mass changes into electrical
signals. These sensors are particularly adept at detecting large biomolecules, such as proteins
and nucleic acids, making them invaluable in biochemical and biomedical applications. For
instance, the binding of a large analyte to the sensor surface induces a measurable shift in
frequency or amplitude, allowing for quantitative analysis of biomolecular interactions.!!¢

1.7.1. Metal ion sensors

Metal ion sensors typically operate based on specific interactions between the sensor
and target metal ions, often utilizing mechanisms such as coordination, chelation, or
electrochemical processes. The design of these sensors incorporates selective ligands that bind
to particular metal ions, ensuring high specificity and minimizing interference from other
species present in the sample.!!” For example, chemosensors based on 1,2,3-triazole derivatives
can form stable complexes with transition metals like copper, mercury, lead, zinc, cobalt,
magnesium, manganese, aluminum, iron, barium, calcium, chromium, cerium etc, allowing for
the selective detection of these ions in complex matrices such as biological fluids or

environmental water samples.'!®

These sensors typically consist of three main components: a recognition site/receptor,

a signaling unit, and a linker or spacer that connects these two parts'!’

, as depicted in figure
1.11. The recognition site is the core of the sensor, responsible for the selective binding of the
target metal ion, often incorporating specific ligands or functional groups like amines, thiols,
carboxylates, or heterocyclic rings that interact strongly with the metal ion through
coordination bonds.'? The design of the recognition site is important for the selectivity of the
sensor, tailored to match the size, charge, and coordination preferences of the target metal ion.
The signaling unit, which produces a detectable signal upon metal binding, can be a
fluorophore, chromophore, or any other moiety that undergoes a measurable change in
response to metal binding.*® The linker or spacer connects the recognition site and the signaling
unit, playing a crucial role in ensuring that the binding event at the recognition site can
effectively induce a change in the signaling unit. The binding of the metal ion induces a
conformational or electronic change in the sensor molecule, transmitted through the linker to

the signaling unit, leading to an alteration in its properties.'°%107
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Figure 1.11: A pictorial representation of the components of a chemosensor and their specific
functions in the detection of an analyte!!”
1.8. Elucidating Chemosensing Mechanisms: Advanced Spectroscopic Insights from UV-
Visible and Fluorescence Analysis

The determination of chemosensing behavior through spectroscopic analysis,
particularly utilizing UV-visible and fluorescence spectroscopy, is an essential approach for
understanding and characterizing the interactions between chemosensors and their target
analytes. This technique provides critical insights into the electronic and optical properties of
chemosensors, allowing for the elucidation of their sensitivity, selectivity, and overall
performance in detecting various chemical species.'?>!?* For example, a 1,2 3-triazole
decorated imino-phenol sensor was reported for the selective detection of Zn(II) and Cu(II).!
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Figure 1.12: Illustrating the significant spectral changes observed in absorption and emission

spectra upon binding of the chemosensor with an analyte!?°
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UV-visible spectroscopy is a powerful tool for analyzing the chemosensing behavior of
compounds, as it measures the absorbance or transmittance of light in the ultraviolet and visible
regions of the electromagnetic spectrum. This method is particularly effective in monitoring
changes in the electronic transitions of molecules, which can occur upon interaction with
analytes.®> When a chemosensor binds to a target molecule, it often results in the change of the
of the electronic environment, leading to shifts in the absorption spectra (figure 1.12). These
shifts, which can be in the form of hypsochromic or bathochromic shifts, provide quantitative
data on the binding affinity and stoichiometry of the sensor-analyte complex. By analyzing
these spectral changes, researchers can determine the effective concentration range and
detection limits of the chemosensor, which are critical parameters for its practical
applications.®%126

Fluorescence spectroscopy, on the other hand, measures the changes in the emission of
light by a substance that has interacted with the electromagnetic radiations. This technique is
highly sensitive and is capable of detection of even little changes in the environment of the
fluorescent molecules. In the context of chemosensing, fluorescence spectroscopy is frequently
employed to observe changes in the emission intensity or wavelength upon binding of the
sensor to an analyte,'?” and the phenomenon of fluorescence quenching or enhancement is often
indicative of specific interactions between the sensor and the target molecule. Quenching
occurs when the presence of an analyte leads to a decrease in fluorescence intensity, while

enhancement results in an increase in fluorescence emission.
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Figure 1.13: An illustration of the process of (A) Photo-induced Electron Transfer (PET) and

(B) Forster resonance energy transfer (FRET)Y

19



These changes are typically attributed to mechanisms such as photoinduced electron
transfer (PET), Forster resonance energy transfer (FRET) (figure 1.13), or changes in the local
environment of the fluorophore.!”® 13 The combination of UV-visible and fluorescence
spectroscopy allows for a comprehensive analysis of chemosensing behavior. UV-Visible
spectroscopy provides information on the ground-state electronic transitions and helps in
understanding the initial interaction mechanisms, while fluorescence spectroscopy offers
insights into the excited-state dynamics and the subsequent changes in the sensor’s optical
properties. This dual approach is particularly beneficial in studying complex systems where
multiple interaction pathways might be involved. For example, the detection of metal ions
using a 1,2,3-triazole-based chemosensor can be elucidated by observing both the absorbance
changes in the UV-Visible spectra and the fluorescence response, providing a robust

understanding of the sensing mechanism. 3!
1.9. Conclusion

In summary, heterocyclic compounds, characterized by their ring structures, are crucial
in organic chemistry due to their extensive occurrence and diverse applications. With the
advent of Click Chemistry, i.e. the concept of highly efficient and modular chemical reactions
introduced to construct complex molecules through heteroatom bond formation, has
revolutionized synthetic methodologies. A cornerstone of click chemistry is the Huisgen 1,3-
dipolar cycloaddition reaction, a seminal development by Rolf Huisgen. This reaction laid the
groundwork for the CuAAC, a variant that has become a quintessence of regioselective and
high-yielding synthesis, enabling the construction of 1,2,3-triazoles with remarkable precision
and efficiency. 1,2,3-Triazole derivatives have found extensive utility across various domains,
including medicinal chemistry, materials science, and chemosensing. These heterocyclic
compounds exhibit unique structural and electronic properties, making them ideal candidates
for the development of chemosensors. Chalcone-linked 1,2,3-triazole moieties in particular,
combine the advantageous attributes of chalcones and 1,2,3-triazoles, resulting in compounds
with good fluorescence and metal ion recognition activities, which are crucial for sensitive and
selective detection of analytes. The study of chemosensing behavior through advanced
spectroscopic techniques, such as UV-visible and fluorescence spectroscopy, provides
profound insights into the chemosensor behavior, revealing binding affinity, stoichiometry, and
interaction mechanisms. These techniques facilitate comprehensive analyses of both ground-

state and excited-state dynamics in sensor-analyte interactions.
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Chapter 11

Review of literature

This section offers a thorough review of the methodologies, including a detailed
analysis of the existing literature on chalcones, terminal alkynes, organic
azides and 1,4-disubstituted 1,2,3-triazoles, employed for chemosensing along
with an overview of the spectroscopic methods for characterizing the
synthesized molecules, addressing all phases involved in their potential use as

chemosensors.



2.1. Click chemistry

The term ‘Click’ refers to a chemical process that is highly efficient, selective, and
results the product formation in a single step', a concept introduced by Sir Karl Barry Sharpless
and his colleagues in 2001 as ‘Click Chemistry’.? The significance of this breakthrough was
further highlighted in 2022, when Sir Karl Barry Sharpless, along with Prof. Carolyn Bertozzi
and Sir Morten Meldal, were awarded the Noble Prize for developing Click chemistry and
Biorthogonal Chemistry.> Under moderate reaction conditions, Click chemistry has developed
into a versatile tool offering a quick and simple method for joining two molecular fragments.
The synthetic methodology involves the use of benign solvents, is insensitive to oxygen and
moisture, generates minimal waste and allows for easy product isolation.* Owing to these
substantial attributes, Click Chemistry has found extensive applications (figure 2.1) in
pharmaceutical sciences and drug delivery, playing a crucial role in the synthesis of bioactive
compounds and the development of drug delivery systems, particularly through target-guided

synthesis.>®

Drug
Delivery

Biomedical
Imaging Sensing

Protein Polymer
Labelling 4 . Synthesis

Proteomics

Figure 2.1: An illustrative representation of applications of click chemistry
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In polymer sciences, Click reactions are utilized for post polymerization modifications,
facilitating the design of functionalized polymers for advanced materials and biomedical
applications’. Beyond these areas, Click Chemistry has gained importance in bioconjugation,
enabling the attachment of biomolecules to synthetic materials, often used in imaging
techniques and protein labelling. In cell biology and proteomics, Click reactions have been
employed for the creation of fluorogenic probes.®” Moreover, Click Chemistry is increasingly
applied in material science, nanotechnology and even environmental chemistry, where it aids
in the development of sensors, surface modifications, and the synthesis of environmentally

benign materials.!°

In recent years, the development of various ‘Click’ based approaches has expanded the
scope of organic reactions with some notable Click reactions, include CuAAC, Inverse
Electron Demand Diels—Alder reaction (IEDDA), Thiol-ene reactions, Thiol-yne reactions,
Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC), Strain-Promoted Alkyne-Nitrone
Cycloaddition (SPANC), and Staudinger ligation.!"!> Click Chemistry has garnered
considerable interest, with the CuAAC being recognized as the most implemented synthetic
methodology encompassed under Click Chemistry due to its key features of modularity, wide
scope, high yields, stereospecific nature; and due to these desirable properties it is widely used

for the synthesis of heterocyclic molecular structures with desired functions.’

2.2. The 1,2,3-triazole derivatives
The CuAAC is a significant reaction in Click Chemistry, owing to its role in
synthesizing 1,4-disubstituted 1,2,3-triazole derivatives with 100% conversion rate and high
purity by facilitating a 3+2 cycloaddition reaction of a terminal alkyne and an organic azide in
the presence of a Cu(I) catalyst under mild reaction conditions.'*!* The 1,4-disubstituted 1,2,3-
triazoles feature two nitrogen atoms (N3 and N2) with lone pairs, enabling diverse
supramolecular interactions. These include anion complexation through hydrogen or halogen
bonds, often assisted by charge, and metal coordination using their nitrogen atoms in anionic,
neutral, or cationic forms, as well as carbanionic and mesoionic carbene donors.">™!
Furthermore, their capacity to form hydrogen bonds, engage in dipole-dipole interactions, and
participate in m-stacking has increased their importance in medicinal chemistry, as these
interactions boost binding affinity to biological targets and improve solubility.'®! The
literature 1s abundant with several methodologies for the formation of 1,2,3-triazole derivatives
20,21 22,23

incorporating different structural frameworks such as Schiff bases™™“', chalcones ",

dendrimers®*, polymers® and organic derivatives® as a backbone structure (figure 2.2) in order
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to achieve diverse functional properties. These frameworks can accommodate different
substituent groups such as aromatic rings, electron withdrawing/ donating groups (-OCHs, -
OH, Cl, Br, -NO2) on aromatic rings, heteroatomic rings (such as Pyridine) etc., which
significantly influence their properties.’”?® Among the mentioned structural frameworks,
chalcone skeleton is notable due to its ease of modification, strong m-conjugation, and an
inherent ability to enhance interactions with metal ions, making it an ideal moiety for designing

highly sensitive and selective chalcone based 1,2,3-triazole-based metal ion sensors.

R
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1,2,3-triazole-based conjugated porous polymers 1,2,3-triazole-tethered uracil-ferrocenylchalcone conjugate

Figure 2.2: An illustration of 1,2,3-triazole derivatives having different structural

frameworks!~’
2.3. Chalcones

Chalcones are particularly advantageous as a skeleton for designing chemosensors due
to their distinctive o, f-unsaturated ketone structure, which provides a versatile framework for
functionalization and modification. The conjugated system of chalcones, consisting of two
aromatic rings linked by a three-carbon a,B-unsaturated carbonyl group, facilitates strong
electronic interactions that are crucial for sensor development.?® This structural arrangement

allows for fine tuning of optical properties; for example, electron donating groups and electron
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withdrawing groups can increase the electron density of the conjugated system as well as
enhance selectivity for specific analytes by altering the electronic environment and
fluorescence characteristics.>® The planarity of chalcones ensures efficient 7 conjugation,
which is essential for maximizing fluorescence and enhancing sensor performance. Extended
conjugation within the chalcone structure can lead to a redshift in emission/absorption spectra.
The incorporation of carbonyl group can facilitate effective anion detection by forming stable
hydrogen-bonded complexes, which alter the fluorescence properties.?!*? Furthermore, for
metal ion detection, chalcones can be modified by integrating heteroatoms such as nitrogen,
oxygen etc., can co-ordinate with metal ions, providing selective binding sites and enhances

sensor’s efficiency in detecting specific metal ions.*

2.3.1. Chalcone tethered 1,2,3-triazoles

Chalcone tethered 1,2,3-triazole compounds represent a fascinating class of hybrid
molecules that synergistically integrate the structural and electronic attributes of chalcones with
distinct functionalities of 1,2,3-triazoles.’ The chalcone scaffold, characterized by its
extensive conjugation significantly enhances the photophysical properties of these hybrids,
offering a highly customizable platform for fluorescence-based applications.*> Meanwhile, the
1,2,3-triazole ring, introduced as a robust, five-membered heterocycle that is capable of
integrating with a variety of metal ions and biomolecules, thereby enriching the synthesized

moieties with significant functional capabilities.>¢

Incorporating the 1,2,3-triazole moiety into the chalcone architecture not only imparts
additional structural stability but also provides strategic coordination sites for metal ion
binding, thereby rendering these hybrids particularly suitable for applications in sensing and
catalysis.’” Moreover, these hybrid molecules also pave the way for the development of
multifunctional materials, utilizing the complementary properties of the chalcone and 1,2,3-
triazole moieties. For instance, the capability to show strong absorptive and emissive properties
of chalcones can be effectively coupled with the 1,2,3-triazole’s metal-chelation capabilities,
resulting in sophisticated sensors capable of both detecting and responding to specific
analytes.*® Additionally, the modular approach of Click Chemistry enables the facile synthesis
of diverse chalcone-tethered 1,2,3-triazole derivatives, allowing for precise tailoring of their
properties to meet specific application requirements.>* The synthesis of chalcone-tethered
1,2,3-triazoles via ‘CuAAC’ reaction, is generally carried out in the following 4 steps:

1. Synthesis of chalcone derivatives
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2. Synthesis of terminal alkynes from the chalcones
3. Synthesis of organic azides

4. Synthesis of chalcone-based 1,2,3-triazole derivatives

2.3.2. Synthesis of chalcone

Chalcones are aromatic enones (figure 2.3) and are regarded as open-chain flavonoids,
possessing a simple chemistry that allows for a wide range of replacements via simple synthetic
methodologies. The crucial step in their synthesis technique usually involves the condensation
of two aromatic systems, each containing nucleophilic and electrophilic groups, resulting in
the formation of chalcone scaffolds. They exhibit a broad range of biological activities,
including antibacterial, antifungal, antiparasitic, antioxidant, anti-inflammatory, antimalarial,
antitumor, analgesic, and antidepressant effects.?*~%%° The following are some of the several

sets of reactions for chalcone synthesis that have been documented in the literature:

Figure 2.3: A pictorial representation of basic backbone structure of chalcones®
2.3.2.1. Carbonylated heck coupling reaction

The carbonylated heck coupling process involves the synthesis of chalcones by the
carbonylated vinylation of a phenyl halide with styrene. This reaction involves the presence of
carbon monoxide and utilizes palladium (Pd) as a catalyst. Wu et al. first developed the method
for the synthesis of chalcone 11 via the carbonylated vinylation of halides 8 with styrene 10 in
the presence of carbon monoxide 9, catalyzed by Pd, yield ranging from 41 to 90% (figure
2.4). This approach allows for the simple production of a variety of building blocks, starting

from readily available aryl halides and olefins.*!
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| 4 N [(cinnamyl)PdClI], | X | X R
—R' - T
R/ P + CcO + | _ 5 / _— =
g 9 10 100 °C, 20 h 1
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Figure 2.4: Synthesis of chalcone via carbonylative vinylation of phenyl halides with styrene*!

2.3.2.2. Coupling reaction

The synthesis of chalcone 14 was carried out through a coupling reaction between
benzaldehyde 12 and phenylacetylene 13 with yield ranging from 60-90 %. This reaction was
conducted in the presence of HBr and the ionic liquid 1-butyl-3-methyl-1H-imidazolium 4-
methylbenzenesulfonate (BmimOTs), under conditions of 100 °C for 12 hours (figure 2.5).*?

o) o
©)‘\ X HBr, BmimOTs Z
i \© 100 °C, 12 h > O O
12 13 14
benzaldehyde phenylacetylene chalcone

Figure 2.5: Synthesis of chalcone via coupling reaction*?

2.3.2.3. Sonogashira isomerization coupling

The Sonogashira isomerization coupling process was used to synthesize chalcone 17
with the good yield of 41- 96 % by reacting equimolar amounts of an electron-deficient phenyl
halide 15 with propargyl alcohol 16 under microwave irradiations, catalyzed by PdCl2(PPhs)z
and THF as the solvent (figure 2.6).*

Hal OH o
alogen
\ /
o PdClI,(PPh3), X
EWG O/ . /\@ > EWG—r
KW, THF =
15 16 17
phenyl halide propargyl alcohol chalcone

Figure 2.6: Sonogashira isomerization coupling reaction for the synthesis of chalcone (EWG:

electron withdrawing group)*

2.3.2.4. Suzuki-Miyaura reaction

The Suzuki-Miyaura coupling process is another method for synthesizing chalcone 14
by the coupling of benzoyl chloride 18 with styrylboronic acid 19 using Pd(PPhs3)4, CsCO3, and

anhydrous toluene (figure 2.7 a). Alternatively, synthesis of chalcone can be carried out via
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coupling of phenylboronic acid 20 with cinnamoyl chloride 21 under the same reaction
conditions using Pd(PPh3)4, CsCO3, and anhydrous toluene (figure 2.7 b) having a good yield
of 68-93 %.*

(o)

0] (u)H Pd(PPhg)s, _
) Ho Bns CsCO;
Cl + >
toluene
18 19 14
benzoyl chloride styrylboronic acid chalcone
b)
oH Q Pd(PPhy)4, it P
Bon + c = CsCO; O O
toluene
20 21 14
phenylboronic acid cinnamoyl chloride chalcone

Figure 2.7: Suzuki-Miyaura coupling reaction for the synthesis of chalcone a) the coupling of
benzoyl chloride with styrylboronic acid b) the coupling of phenylboronic acid with cinnamoyl
chloride*

2.3.2.5. Solid acid catalyst mediated reaction

The synthesis of chalcone 14 has also been achieved using a heterogenous solid acid
catalyst methodology, wherein, equimolar quantities of benzaldehyde 12 and phenylacetylene
13 were combined using 1,2-dichloroethane as the solvent, with exposure to microwave
irradiation and the yield of the product was in the range of 30- 91% (figure 2.8). The reaction

utilized Amberlyst-15, an ion exchange resin, as the heterogenous solid catalyst.*’

fe) (0]
A
ot Amberlyst-15 =
1,2 dicholoroethane O O
12 13 uw 14
benzaldehyde phenylacetylene chalcone

Figure 2.8: Chalcone synthesis via microwave-assisted coupling of benzaldehyde and

phenylacetylene using Amberlyst-15 in 1,2-dichloroethane®
2.3.2.6. Claisen-Schmidt reaction

Alarcon et al. gave the green synthesis of chalcone 24 from Claisen Schmidt
condensation with substituted benzaldehyde 22 and acetophenone 23 using ethanol as a solvent

at room temperature (figure 2.9).%
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Figure 2.9: Synthesis of chalcone from substituted benzaldehyde and acetophenone*®

Sharma and co-workers gave the synthesis of a, B unsaturated carbonyl compound from
S-substituted salicylic acid 25, which was acetylated with acetic anhydride and concentrated
sulfuric acid to form an intermediate 26. The intermediate 26 was then heated at 160 °C in a
Fries rearrangement process with anhydrous aluminium chloride to transfer the acetyl group
from the 2-position to the 3-position, yielding 3-acetyl salicylic acid intermediate 27. To get
the target chalcone 28, the intermediate 27 was subjected to a Claisen— Schmidt condensation
reaction with different aryl aldehydes at room temperature using NaOH as presented in figure

2.10.*7 The yield of the products obtained was in the range of 27- 94 %.

CHs Ar
CH
* ArCHO, NaOH, N oH
ACQO HQSO4 X anhy A|C|3 EtOH X
>~ O
160 °C
R1
25 26 27 28

Figure 2.10: Synthesis of target chalcone 5-substituted salicylic acid (X = COOH)*’

Jacob et al. gave the synthesis of chalcones having high yield of 90% via a Claisen-
Schmidt condensation reaction (figure 2.11), wherein acetophenone (1-phenylethan-1-one) 23
underwent a reaction with substituted benzaldehyde 29 in the presence of acetic acid, potassium
hydroxide, and ethanol, maintained on ice for 24 hours, resulting in the formation of chalcone

30 (2E-1,3-diphenylprop-2-en-1-one).*8

0 H ice bath, KOH, 0
acetic acid, ethanol =
ik -
R 24 h R
23 29 30
acetophenone substituted benzaldehyde chalcone R=H, 4-Cl

Figure 2.11: Synthesis of chalcone via Claisen-Schmidt condensation in acidic medium*®
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Sandip et al. synthesized a chalcone derivative 23 with high yield ranging between 53-
94 % and good antioxidant properties utilizing the traditional Claisen-Schmidt condensation
method, wherein, substituted benzaldehyde 17 and acetophenone 16 were used in the presence
of methanol as a solvent and sodium hydroxide as a base at ambient temperature for a duration

of 45 minutes (figure 2.12).%

o H NaOH, 9
methanol Z
S - ¢
R 45 min R
23 29 30
acetophenone benzaldehyde chalcone

Figure 2.12: Synthesis of chalcone using sodium hydroxide via Claisen-Schmidt

condensation*’

Among various methods reported in the literature, the Claisen-Schmidt condensation
stands out as one of the best approaches for synthesizing chalcones due to its simplicity,
efficiency, and versatility. This reaction involves the base-catalyzed condensation of
benzaldehyde and acetophenone derivatives, offering a straightforward route to produce
chalcones with excellent yields. One of the key advantages is the mild reaction conditions, as
it typically only requires a common base such as sodium hydroxide or potassium hydroxide,
avoiding the need for expensive or hazardous reagents. Additionally, the reaction can be
conducted in standard solvents like ethanol or methanol, making it both cost-effective and
environmentally friendly. The process is highly efficient, often completing in just a few hours,

and allows for easy purification of the product.
2.3.3. Synthesis of terminal alkyne

Alkynes are a significant class of compounds which are widely used as precursor for
the formation of heterocycles. They are divided into two types: terminal alkynes and internal
alkynes. Terminal alkynes (R-C=C-H), particularly valuable as precursors in the synthesis of

internal alkynes,>*!

are characterized by an alkyl group connected to the sp-hybridized carbon
atom of a triple bond situated at the terminal position of a carbon chain. Moreover, because of
its distinctive electrical characteristics and adaptability, the C=C bond has been used as a
fundamental component in biological and material science application.’? Additionally, terminal
alkynes can be produced through a variety of techniques employing diverse starting materials

under varying conditions, some of which are discussed below:
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2.3.3.1. Carbene rearrangement

Hijfte and his team synthesised different terminal alkynes 33 via the combination of
aldehydes 31 with carbon tetrabromide, produced vinyl dibromides 32. These vinyl
dibromides, when refluxed with magnesium in THF, successfully formed terminal alkynes
(figure 2.13). The reaction is driven by the negative reduction potential of magnesium, which
facilitates electron transfer to the vinyl dibromide. This method suggests that magnesium is an
effective alternative base, which are prone to cause undesirable side reactions, and its

consistently produce terminal alkynes with high yields ranging from 75 % to 95 %.>*

O cBr,PPh; T BT Mg, THF
g tia N -

_—

R H DCM, rt R Br Reflux
31 32 33
R = CgHs, CgH5CH(CH3)

Figure 2.13: Depicting the synthesis of terminal alkyne via the reaction of aldehyde™

By refluxing acetoxynitrosamide 34 in THF, terminal alkynes can be produced with
high yields in the range of 77 % to 97 %. The process involves the generation of carbene 36,
which then undergoes rearrangement to form the terminal alkyne 33 (figure 2.14). This
approach is versatile, suitable for synthesizing terminal alkynes with either aryl or alkyl

substituents.>*

T L L
‘ reflux \[\ + =N
N C N2 N, (‘)
N
O 34 35 36 37 33
R:Ph, C6H19

Figure 2.14: Synthesis of terminal alkynes with alkyl and aryl substituents>*
2.3.3.2. a, B-eliminations

Kuang et al. demonstrated the decarboxylation and dehalogenation of 3-aryl-2,3-
dibromopropanoic acid 34 using KoCO3 as the base to synthesize terminal alkynes 35. The
reaction was conducted at 115 °C in DMSO and proceeded smoothly, showing compatibility

with a broad range of heteroaryl and aryl substituents, whether they are electron withdrawing
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or electron donating (figure 2.15).% Its consistently produce terminal alkynes with high yields

ranging from 68- 95%.

Br O K,CO3, DMSO
AFMOH 115 °C, 12 h
Br 35
34
= = o
Seivegiive
’ ' X=F ClBr

Figure 2.15: Synthesis of terminal alkyne from dibromopropanoic acid>?

Singh and coworkers developed a method for synthesizing terminal alkyne from gem-
dibromoalkenes 32 using Na,S as the reagent. The reaction occurs at room temperature (20 —
40 °C) and does not require a base, proceeds efficiently in air with yields ranging from 65 % to
83% (figure 2.16). This approach successfully produced terminals alkyne 33 from a variety of

gem-dibromoalkenes, including heteroatomic, aromatic and aliphatic types.*®

H Br Na,S (0.5 eq)

>_< - R_
R Br 20-40 °C, open flask

32 33

Pz P
=
|\ AN I\ SN 7
R= ¢ | HaCOf- )
N cl ZSN el

Figure 2.16: Synthesis of terminal alkyne from gem-dibromoalkene>®

2.3.3.3. Miscellaneous Reactions

As illustrated in figure 2.17, Bestmann ef al. suggested the synthesis of terminal alkyne
33 by treating aldehydes 36 with Ohira—Bestmann reagent (a phosphate derivative) 37 in the
presence of KxCO3 and methyl alcohol.>’

O O
1.OMe  K,CO,, MeOH
P 2~ Vs,
RCHO + Me)H( \OMe > R—

N, rt, 4-16 h

36 37 33

Figure 2.17: Synthesis of terminal alkyne by treating aldehyde with the Ohira—Bestmann

reagent’’
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The direct synthesis of alkynes 40 under moderate circumstances was made possible by
dehydrogenating and dehydrating alcohols 38 with SO2F> 39 in potassium carbonate and
DMSO as solvent was used (figure 2.18) with yields ranging from 77-92%. Cu(I)—catalyzed
alkyne—azide cycloaddition can be employed directly with the alkyne produced.’®

direct dehydration
and dehydration
transition metal free

HH>02<R + SO2F2 ) — ?
0 R H DMSO, mild conditions
38 39 40

Figure 2.18: Dehydration and dehydrogenation of alcohols™®
The kursunlu research group described synthesis of the di-alkyne 42 (figure 2.19) via
the propargylation of phenolic O-H groups in compound 41, employing potassium carbonate

as a base and dimethylformamide (DMF) as thr solvent.>’

/
(0] 4
OH  propargyl bromide ﬁ /
> @)
Oﬁ S O/\

OH K,COs, DMF
41 42

Figure 2.19: Synthesis of di-alkyne via propargylation of O-H group®’

El. Azab et al. reported the synthesis of terminal alkyne 44 by propargylation of O-H
group in compound 43, employing DMF as solvent and potassium carbonate as base (figure
2.20). After 6 hours of stirring along with refluxing, a 75% of the yield of the final product was

attained.®®

Ph Me propargyl bromide Ph Mj\
N\N)\OH DMF, K,CO4 /N\N o\
N _ - \N,N—<N L
pn” N N"" e reflux/ stirr, 6 h Ph Me
43 44

Figure 2.20: Synthesis of terminal alkyne reported by El. Azab and research group®

2.3.3.4. Synthesis of chalcone based terminal alkyne

Guantai et al. reported the alkylation reaction involving vanillin 45 with propargyl
bromide using DMF in the presence of K2COs3 to obtain an acetylenic intermediate 46. The
reaction between acetylenic intermediate and acetone is carried out to in the presence of sodium

hydroxide as base to form the next intermediate 47. Afterwards, an appropriate benzaldehyde
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was added in the presence of dioxane and under optimum reaction conditions the final product

48 was obtained in yield ranging between 31-88 % (figure 2.21).%!

0 0 o)
propargyl bromide, MeO acetone, MeO N
MGOD)LH DMF H  NaoH
(@)
HO K,COj 9
45 X 46 X 47
H

H

benzaldehyde,
dioxane

(o]
MeO N = X
| R
(e}
K 48

Figure 2.21: Synthesis of alkyne reported by Guantai research group®!

Similarly, Singh and co-workers initiated the propargylation of 4-
hydroxyacetophenone 49 in the presence of potassium carbonate as a base and acetone as a
solvent to get terminal alkyne 51 with good yield ranging from 71 -81 %, which was then
followed by aldol condensation with ferrocene carboxaldehyde 52 in the presence of ethanol

and sodium hydroxide to obtain O-propargylated ferrocenyl chalcone 53 as represented in

figure 2.22.%

50 H O (0]
o (0]
~ 4
Br NaOH @
CH3 - CH3 + Fe —_—
EtoH O Fe
HO KCOs 0 = N \ =
acetone K
49 51 52 53

Figure 2.22: Synthesis of O-propargylated ferrocenyl chalcone®

Nagameni research group designed a chalcone derivative featuring propargyl group.
Initially, the O-substituted phenylketone 54 derivative was reacted with propargyl bromide 46
and via a nucleophilic substitution process terminal alkyne 51 was synthesized. Then, the
alkyne 55 and 3-bromo acetophenone 56 were reacted in the presence of methanol and 50%

potassium hydroxide to form chalcone derivative 57 as represented in figure 2.23.9 The
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resulting chalcone derivative 57, incorporating the propargyl group, serves as a versatile
intermediate for further functionalization and could be explored for various applications,

including in the development of organic sensors.

o)
OH K,COj o~ Br\©)\
+
S
N O/ Br\/ NS O/
54 50 55 56

MeOH | KOH 50 %

o
O 57 O o N
Figure 2.23: Synthesis of chalcone based alkyne from O-substituted phenylketone derivative®

A review of the literature highlights several methods for synthesizing terminal alkynes
as mentioned above. By utilizing chalcones with labile protons (such as -OH, -NHb>) can also
be used for the synthesis of terminal alkynes. The method involves the reaction of chalcone
based reactant with propargyl bromide in solvents like N,N-dimethylformamide, acetone, and
acetonitrile, along with bases such as potassium carbonate. This approach is advantageous for
its high yield potential, normal laboratory conditions and does not require expensive
equipments or harsh reaction conditions.

2.3.4. Synthesis of an organic azide

Organic azides were synthesized over a century ago, and have been valued for their
exceptional reactivity, making them indispensable in various chemical reactions such as amine
synthesis, azide- azide homocoupling, photochemistry, and the synthesis of heterocycles like
1,2,3-triazoles. Phenyl azide 59 was the first organic azide to be synthesized by Peter Griess in
1864 (figure 2.24), and marks a significant milestone in the history of organic chemistry.%
This discovery not only expanded the understanding of azide compounds but also laid the
foundation for further exploration into their unique reactivity. The earliest methods of
producing these compounds relied on hazardous materials such as hydrogen azides, which
posed significant safety risks due to their volatility, toxicity, and explosive nature.> However,
advancements in synthetic chemistry have led to the development of safer, more practical

azidation techniques that avoid the use of such dangerous chemicals.®® One of the most widely
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adopted methods is the SN»-azidation reaction, where sodium azide is used to react with alkyl
halides, acyl halides or aryl halides.®”-%® This approach is favoured for its efficiency and
simplicity, particularly in producing aryl azides, which are highly stable and conjugated,
making them crucial precursors in organic chemistry. These properties have broadened the
application of organic azides in various fields, including biology and industry, where they serve
as photoaffinity labels, cross linkers in photoresistors, and activators of polymer surfaces under
light exposure. The shift toward modern azidation methods has not only improved laboratory

safety but also expanded the utility of organic azides in scientific research, polymer industry,

material science, agriculture and pharmaceuticals.®*"
NaNO,, HCI
Ph—NH—NH, >  Ph—Nj
Et,O, H,O
58 59

Figure 2.24: Synthesis of phenyl azide 52 from phenylhydrazine

Jiang et al. developed a fully automated and reproducible method for converting
primary amines 60 into organic azides 62 using prepacked capsules that contain all required
reagents, including imidazole-1-sulfonyl azide tetrafluoroborate 61 (figure 2.25). Once the
primary amine is manually loaded into the reaction vessel, the entire reaction and product

isolation process runs automatically, with no further user input, producing the desired organic

azide in high purity.”!
Supported Et3N (5 equiv.)
0 CuS0,.5H,0 0
NH, SN Solvent, rt, 3h N,
60 61 62

1.HX = HBF,
Figure 2.25: Synthesis of organic azide from primary amine’!

Kitamura ef al. described a method for directly synthesizing organic azides 65 from
alcohols 63 using 2-azido-1,3-dimethylimidazolium hexafluorophosphate (ADMP) 64 as the
azide transfer agent. By employing 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as the base, the
reaction was completed in 10 minutes at room temperature, achieving high yields of 65 % to

96 % (figure 2.26 a).”?> Similarly, when a primary amine 66 was used as the starting material
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with ADMP 64 and N,N-dimethyl-4-aminopyridine (DMAP) as the base, the reaction yielded
products with yields ranging from 63 % to 94 % (figure 2.26 b), demonstrating the
effectiveness of the base and amine in promoting the reaction and providing good to excellent

yields under these conditions.”

(@) N3 PFg
s DBU
R-OH + MeN"SNMe —— R-N;
rt, 10 min
63 ADMP 65
64

R = (E)-PhCH=CHCH,, Ph(CH,)s, n-octyl

(b) N3 PFg
+
R-NH, * MeN SNMe —MAP R-N;
CH,Cl,
66 ADMP 67

64
R = Ph, 4-MeOCgH,, 1-naphthyl

Figure 2.26: Synthesis of organic azide by reacting (a) alcohol with ADMP and DBU as the
base; and (b) primary amine with ADMP and DMAP as the base”*"

Synthesis of organic azide 69 by nucleophilic substitution of aryl halide 68 by sodium
azide (method A) is reported by Qiang hu ef al. Another efficient way to synthesis azides is
conversion of aniline 70 into aryldiazonium salt 71 and then to aryl azide 69 as shown in (figure
2.27) is method B. Alternative method C, for the synthesis of organic azide with high yields of

71- 92 %, is the reaction of organometallic reagent 72 with tosyl azide.”

X N, Method C M]
Method A
R I R
TSN3
Hatls talli t
organometallic reagents
aryl halide 69 9 Y
68 72
+
N, X
©/NH2 Method B 2
—_—
aniline aryldiazonium salts
70 4l

Figure 2.27: Synthesis of organic azide by nucleophilic substitution of aryl halide’

The Gavenonis research group reported a method to convert 2,6-dimesityphenyliodide

73 into its corresponding azide 74 with a 96 % yield. The process involved the reaction of 2,6-
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dimesityphenyliodide with n-BuLi at 0 °C in hexane, followed by the addition of p-
toluenesufonyl azide to the resulting lithium salt. This reaction produced the azide as red-
orange crystals. (figure 2.28).”> The high yield and simple procedure make this method a

valuable approach for synthesizing azides from aryl iodides.

I N3

i) n-BuLi, 0 °C
Mes Mes ii)) TsN Mes Mes
Hexane
73 74

Figure 2.28: Synthesis of an azide based on 2,6-dimesitylphenyliodide by Gavenonis
research group’

Kim et al. described a well-established method for producing various aromatic azides
76 by using substituted hydrazine 75 in combination with nitrosyl ions or their precursors,

achieving outstanding yields of 84 % to 95 % (figure 2.29).7¢

NHz  N,0,, CH,CN
O,N NH ———2" s O,N N,

75 76

Figure 2.29: Synthesis of azide based on nitrosyl-hydrazine’®

2.3.5. Synthesis of 1,2,3-triazole via CuAAC reaction

The 1,2,3-triazoles are versatile heterocycles that have become substantial molecular
scaffolds in modern organic synthesis, particularly through the ‘CuAAC’. The reaction
selectively produces 1,4-disubstitution 1,2,3-triazole derivatives with high yields,
stereospecificity, and under mild conditions, often in benign solvents.!®”” The following
section lists several reported studies on the cycloaddition of terminal alkynes and organic

azides for the synthesis of 1,2,3-triazoles.

2.3.5.1 Synthesis of 1,2,3-triazole having different substituents via CuAAC methodology

Eoin P. McCarney et al. synthesized 1,4-(dipyridin-2-yl)-1,2,3-triazole 79 with 69 %
yield by mixing 2- ethynylpyridine 78 and 2-azidopyridine 77 in the presence of toluene as a
solvent and tetrakis(acetonitrile)copper(I)hexafluorophosphate as a catalyst at 90 °C for 48 h

as shown in figure 2.30.7
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Figure 2.30: Synthesis of 1,4-(dipyridin-2-yl)-1,2,3-triazole’

Shaily and colleagues developed a 1,2,3-triazole-linked derivative 82 by initially
transforming 4-hydroxycoumarin into its respective alkyne 80 and azide 81 in individual steps.
Thereafter, CuSO4.5H>0/ Na ascorbate was employed as a catalyst to merge these
intermediated through a cycloaddition reaction, a compound 89 obtained with yield 88% where

two coumarin units are connected via a 1,2,3-triazole bridge (figure 2.31).”

o N

O (e}
(0] (0]
©51 . CuS0,4.5H,0, Na ascorbate w
THF, £BuOH, H,0
=
0] @) DIPEA N

N~ o
N THF/H,0 W J/\o N
80 81 3 N /

Figure 2.31: The synthesis of a probe based on coumarin-linked 1,2,3-triazole”’

Ghosh et al. reported a newly synthesized 1,2,3-triazole decorated imino-phenol
compound 84 with yield of 57%, using CuSO4.5H,0O/ Na ascorbate as a catalyst and water as
the solvent medium to carry out the reaction (figure 2.32). The compound was then utilized

for metal ion sensing of Zn**, Cu** and picric acid.*

1-azido naphthalene,

NH; tert-butyl alcohol, NH, N="‘\N
sodium ascorbate, CuSO,4 S
83 84

Figure 2.32: Synthesis of 1,2,3-triazole decorated imino-phenol compound®

Similarly, Ghosh et al. reported the synthesis of 1,4-diaryl-1,2,3-triazole 86 through
CuAAC methodology, utilizing phenylacetylene 13 and hydroxy substituted azide 85 in the
presence of CuSO4.5H20/ Na ascorbate as a catalyst. The obtained compound 93 with yield of
74%, bearing a phenol moiety has an ability to act as a fluorescence chemo sensor (figure

2.33)8!
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Figure 2.33: Synthesis of 1,2,3 triazole through click chemistry®!

Joshi research group described the synthesis of coumarin-1,2,3-triazole-based
chemosensor 89 probe having yield of 79% by linking amino acyl O-propargyl esters 87 with
4-azidomethyl-7-hydroxycoumarin 88 through a cycloaddition reaction, facilitated by a Cu(I)

catalyst at ambient temperature (figure 2.34).%

H (0]
_N
Pg Y CuS0,4.5H,0/
< Na ascorbate
EtOH HZO
87

/

Pg = -OCOC(CH3), -OCOCH,CgHs
Figure 2.34: Synthesis of coumarin-1,2,3-triazole based chemosensors®
2.3.5.2 Synthesis of 1,2,3-triazole having chalcone as a backbone via CuAAC methodology

Nagaraja et al. reported the synthesis of pyrazole embedded 1,2,3 triazole 92 by mixing
aryl acetylene 91 with 1-(p-azidophenyl)-3-(3-methyl-1-phenyl-5-(otolyloxy)-1H-pyrazol-4-
yl)-prop-2-en-1-one 90 in the presence of CuSO4.5H>0/ NaASc as a catalyst. The reaction
mixture was agitated for 10 to 12 hours at room temperature in order to get the intended product

with a good yield of 67—-77% as demonstrated in the figure 2.35.%

CuS0,4.5H,0/ NaASc
R-0O rt, 10-12 h

91

Figure 2.35: Synthetic route for synthesis of 1,2,3- triazole®?
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Similarly, P. Rajakumar et al. reported the efficient synthesis of a 1,2,3-triazole
derivative (95) through a CuAAC reaction involving chalconated alkyne (93) and bis-azide
(94). The reaction was carried out in the presence of CuSO4-5H-0 and sodium ascorbate, using
a tert-butanol and water mixture (1:1) as the solvent system at room temperature, as illustrated
in figure 2.36. The process yielded a 1,2,3-triazole-based dendrimer product with an
impressive yield of 92%, showcasing the efficiency and practicality of this synthetic

approach.®

OH CuS0,4.5H,0 Q

(0]
MeO N + (0]
O O o~ Ns Ns tert BUOH (1:1), 1t~
MeO OMe

O OMe
MeO
OMe

93 94

Figure 2.36: Synthesis of 1,2,3 triazole from bis azide®*

Yadav and colleagues reported the synthesis of substituted 1,2,3-triazoles (98) with a
yield of 75% through a CuAAC reaction. The reaction involved a chalcone-based alkyne and
a fluorinated azide, utilizing copper nanoparticles as the catalyst. Water was used as the solvent
while the mixture was agitated for four hours at 70 °C as depicted in figure 2.37. This method
highlights an efficient and environmentally friendly approach to synthesizing fluorinated 1,2,3-

triazoles with moderate to high yields.®

R' R’
O o N, O (o)
X + X N:N
‘ O ONg H,0, 70 °C, 4 h OO OWNQ‘F

F

Cu nanoparticles,

96 97 98

R' = NO,, OCHj, Br

Figure 2.37: Synthesis of chalcone based 1,2,3-triazole®®
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Singh and their research group described the synthesis of Schiff base-chalcone-
functionalized bis(1,2,3-triazolyl-y-propyltriethoxysilanes) (101) through an efficient “Click
Silylation” approach. The reaction employed CuBr(PPhs); as a catalyst and a mixture of
tetrahydrofuran (THF) and triethylamine (TEA) as the solvent system. The process was carried
out at 60 °C for 6 hours, resulting in excellent yields ranging from 90% to 96%, as illustrated
in figure 2.38. This method demonstrates a highly effective strategy for the synthesis of

functionalized triazole-based silane derivatives.®

Si(OCyH5)3
\/O
JCL NN
R ¢H N
N
CuBr(PPh3)3 o
O fONeN GO THRTEA (CoH50)sSi
N )O/ o/ 60°C, 6 h
o

R CH i N
100 & N
o o 0
R = H, OCHa, OC,Hs O
AN
9 101

Figure 2.38: Synthesis of Schiff base — chalcone functionalised bis (1,2,3-triazolyl-y-

propyltriethoxysilanes) using an efficient “Click Silylation” method®®

The extensive literature on the synthesis of 1,2,3-triazoles through Cu-catalyzed azide-
alkyne cycloaddition (CuAAC) underscores its superiority as a highly efficient and versatile
methodology in organic synthesis. CuUAAC has gained widespread recognition due to its ability
to facilitate the regioselective formation of 1,4-disubstituted triazoles under mild conditions
with excellent yields. The development of advanced catalytic systems, particularly Cu(I)
coordination complexes, has significantly enhanced the scope and utility of this reaction.
Complexes such as [CuBr(PPhs)s] have proven to be highly effective catalysts, offering
improved stability for Cu(I) species and minimizing the risk of oxidation to Cu(Il), which can
otherwise diminish catalytic activity. The bulky ligands in these complexes stabilize the active
Cu(I) center, allowing for smooth catalytic cycles and minimizing the formation of unwanted

byproducts.
2.4. Exploring synthesized compounds via spectroscopic approach

Spectroscopic analysis is essential for the thorough characterization of synthesized

products, providing critical validation of their formation and integrity. Various analytical
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techniques are employed to confirm the identity and purity of compounds. Infrared (IR)
spectroscopy, NMR spectroscopy (both 'H and '*C), and mass spectrometry are commonly
used to identify functional groups, confirms molecular structures, and determine molecular

weights.

Additionally, fundamental analytical methods, such as determining melting points and
performing CHN analysis, further verify the synthesis and purity of the products. Physical
inspection, including observation of color, texture etc. also contributes to the overall

examination of the synthesized materials.
2.4.1. Infrared (IR) spectroscopy

IR spectroscopy provides valuable insights into the vibrational modes of molecules,
making it a crucial tool for identifying functional groups and characterizing molecular
structures. A sample absorbs IR radiations within the 4000 — 400 cm! range, specific functional
groups can be identified based on their characteristic absorption peaks.®’ For instance, In the
infrared (IR) spectrum of chalcones, several distinct peaks are observed due to the functional
groups present in the structure. The carbonyl group (C=0) in chalcones produces a strong and
characteristic peak typically in the 1750—1650 cm™ range, with chalcones commonly showing
absorption near 1660—1680 cm™ due to conjugation with the double bond. The C=C stretching
vibrations of the a,B-unsaturated carbonyl system are observed around 1680-1600 cm™.
Primary amines typically display two distinct peaks in the 3300-3500 cm™ region,
corresponding to symmetric and asymmetric N—H stretching vibrations. These two peaks are
generally weaker and broader compared to O-H stretching. Additionally, primary amines
exhibit a bending vibration (N—H bend) around 16001580 cm™. The C-H stretching appears
above 3000 cm™ for aromatic compounds and between 3000 — 2850 cm for aliphatic
compounds. In alkynes, triple bonds (C=C) show absorption in 2250 — 2100 cm! range.
Additionally, the fingerprint region below 1500 cm™ offers a complex pattern of peaks that

further aids in the detailed structural elucidation of molecules.3®%°

2.4.2. NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a widely used analytical technique
used to determine the structure of molecules by analyzing the behaviour of certain nuclei
(usually hydrogen and carbon) in reaction to a strong magnetic field. When placed in a

magnetic field, these nuclei resonate at specific frequencies which are determined by its

51



specific chemical surroundings, including the electronegativity of adjacent atoms or the type
of bonding present.”® Through the measurement of these frequencies, nuclear magnetic
resonance (NMR) may provide comprehensive structural information, including the nature of
atom bonds, the quantum number of atoms in comparable surroundings, and even spatial
configurations. Hence, NMR has emerged as a crucial method for studying the structure of
both simple and complicated molecules. In organic chemistry, there are two main types of
NMR spectroscopy commonly used: Proton NMR (*H NMR) and Carbon-13 NMR (**C NMR),

provides distinct understanding of the molecular structure.”!
2.4.2.1. Proton NMR (*H)

'"H NMR spectroscopy focuses on the detection of hydrogen atoms (protons) in a
molecule. Due to the abundance of hydrogen in organic compounds, each proton in a molecule
experiences a unique environment, leading to the distinctive chemical shifts. The chemical shift
of a proton provides crucial insights on its electronic surroundings such as specifying its
proximity to electronegative atoms or m-systems (double bonds, aromatic rings, or triple
bonds), while the splitting pattern provides insights into the number of adjacent protons.”! The
protons located in the close proximity to electronegative atoms experience deshielding, and the
signal appears at high chemical shift value (downfield), while the protons in electron rich
environment (shielded protons) resonate at lower chemical shift values (upfield). For instance,
'H NMR of a terminal alkyne, a signal in the region of § = 1.7 — 2.7 ppm corresponds to alkynyl
protons, whereas the peaks emerging at 6 = 7 — 8 ppm are suggestive of protons attached to a
1,2,3-triazole ring/or aromatic groups.”? The Protons on a methylene group (-CH:) adjacent to
nitrogen typically resonate between 2.5-3.5 ppm, as the nitrogen withdraws electron density,
causing deshielding. The protons of the o,B-unsaturated carbonyl system (C=C) typically
resonate between 7.2-8.0 ppm. The B-proton (closer to the carbonyl group) usually appears
downfield (around 7.5-8.0 ppm) due to the deshielding effect of the carbonyl group, while the
a-proton appears slightly upfield, around 7.2-7.5 ppm. These shifts can vary depending on the

substitution on the aromatic rings and the overall molecular structure.
2.4.2.2. Carbon-13 NMR (**C)

13C NMR provides information on the carbon skeleton of a molecule. Since, '°C is less
abundant in nature, it requires higher sensitivity and longer acquisition time than 'H NMR;
therefore, produces distinct signals in the NMR spectrum. The chemical shift range of '*C

NMR is much wider than that of "H NMR, typically from 0 to 220 ppm. Carbons in different
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environments (e.g., alkanes, alkenes, aromatics, carbonyls) exhibit distinct shifts, making it
easier to identify functional groups and carbons. For example, sp> hybridized carbons typically
resonate at lower values (0 — 50 ppm), while sp> hybridized carbons, such as those in aromatic
systems, resonate at higher values (100 — 150 ppm). The carbon of the carbonyl group (C=0)
resonates at 185 — 220 ppm. The proton decoupled '3C NMR spectrum displayed signal
corresponding to the carbon with attached hydrogen of the 1,4-disubstituted 1,2,3-triazole at

around 120 ppm.>>**

2.4.3. Mass spectrometry

Mass spectrometry is a versatile analytical technique that ionizes chemical compounds
to generate charged molecules or fragments, which are then measured by their mass-to-charge
(m/z) ratio. This method is widely used for applications such as reaction monitoring, structural
characterization, and determining the molecular mass of unknown substances.”> By analyzing
the resulting spectrum, where peaks correspond to different ion masses and abundances, the
mass spectrometer identifies the molecular mass of the compound from the peak with the
highest m/z ratio.”® The principle of mass spectrometry enables precise molecular weight
determination and structural elucidation, making it crucial in chemistry, biochemistry,
pharmaceuticals, and environmental chemistry. When integrated with various chromatographic
techniques like gas chromatography (GC) or liquid chromatography (LC), mass spectrometry
delivers a thorough analysis of complex samples. GC or LC firsts separates the components of
a mixture based on their chemical properties, such as volatility or solubility. Following
separation, mass spectrometry measures the mass to charge ratios of the individual
components. The molecular ion peak (M") represents the ion formed by the removal of one
electron from the molecule, corresponding to the molecular weight of the compounds. The base
ion peak is the most intense peak, represents the most stable and abundant fragment ion. The
M-+1 peak results from the presence of isotopes, such as carbon-13, adding one atomic mass
unit (amu) to the molecular ion. Similarly, the M+2 peak often arises due to isotopes like
chlorine-37 or bromine-81. The M+23 peak in mass spectrometry typically indicates the
presence of a sodium ion (Na*) adduct. This combination allows for the detection of trace level

analytes and facilitates accurate quantification of each component.®’8
2.5. Utilization of Chalcone-based 1,2,3-triazoles in Chemosensing

Over the past few decades, 1,2,3-triazole-based ligands have been extensively

investigated for their ability to detect ions, particularly for cations using absorption and
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emission spectroscopy across various solvent systems. The unique electronic properties of the
1,2,3-triazole ring, often in combination with other functional groups, enhances the selectivity
and senstivity of these ligands, making them highly effective in identifying and quantifying
specific metal ions in complex media.®® As a result, 1,2,3-triazole based sensors have become
indispensable tools in analytical chemistry, contributing to advancements in environmental

monitoring, biological studies, and industrial applications.>*

Singh et al. reported a highly sensitive and selective 1,2,3-triazole appended
organosilicon sensor 102 featured an azo dye (figure 2.39). The CH3CN/H>O (4:1) solvent was
used for the photophysical investigations, which were conducted using UV-visible
spectroscopy, Cu(Il) and Fe(Il) ions detection utilizing. According to estimates, the sensor's

limit of detection for Cu(Il) and Fe(II) was 0.12 pM and 0.11 pM, respectively..”
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Figure 2.39: 1,2,3-triazole appended organosilicon sensor for the selective detection of Cu(Il)
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Kaur et al. reported the synthesis of a triazole linked naphthalimide-ferrocenyl-
chalcone (TNFC) 105 derivative as a potentiometric sensor specifically for the detection of
Cu(Il) ions (figure 2.40), comprehensively evidenced by UV-Vis and fluorescence
spectroscopy. The sensor exhibited the detection limit of 0.79 pM.*
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Figure 2.40: A triazole linked naphthalimide-ferrocenyl-chalcone (TNFC) derivative was

synthesised as a potentiometric sensor designed in particular for the detection of Cu(II) ion*

Rathinam and colleague described the click reaction between a rhodamine alkyne
derivatives and 11-azidoundecan-1-ol using a CuSO4/Na ascorbate catalytic system in
tBuOH/H>0, resulting in the formation of a 1,2,3-triazole 107 based receptor for the specific
detection of Cu(Il) and Fe(III) ions (figure 2.41).!%
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Figure 2.41: Development of a receptor based on 1,2,3-triazole for the selective detection of

Cu(II) and Fe(III) ions'®
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Wahab’s research group developed new optical sensors for detecting heavy metals by
preparing a novel organic linker [4-(1-(2-(2,4-dinitrophenyl)hydrazineylidene)-5-phenylpenta-
2,4-dien-1-yl)-1-(4-methoxyphenyl)-5-methyl-1H-1,2,3-triazole] 110. This new linker was
employed to detect various metal ions, including Cu?**, Zn**, Cr**, Co?**, Cd**, and Hg>. Notably,
the linker demonstrated high sensitivity and selectivity towards Hg? with a binding

stoichiometry of 1:1 (figure 2.42).'°!
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Figure 2.42: The synthesis of an optical sensor specifically designed for the targeted detection
of Hg(II) ions'"!

A research publication by Singh and co-workers reported the cationic chemo sensing
capabilities of chalconyl-triazole caged organosilicon complexes were reported using the o-,
m-, and p-isomeric units. The absorption spectra as well as molar absorptivity constant reveal
significant variability in UV-vis spectral analyses. The ortho isomer of chalcone based 1,2,3-
triazole silatrane (CTS) 112, operating as double ion fluorescence sensors for Cu** and Ni**
ions, shows effective sensing (figure 2.43). Organosilicon compounds have been employed to

actively detect Cu®" and Ni*" ions in a solvent combination that includes water.!%?
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Figure 2.43: organosilicon compounds caged with chalconyl-triazole were investigated for

the detection of Cu(II), Ni(II) ions!??
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A tripropargylamine pyrene azide click adduct-based ratiometric fluorescent 'on-off'
Zn(IT) chemosensor 115 (figure 2.44) was reported by Ingale and colleagues. The observed
ratiometric shift in emission, characterized by an augmentation in monomer emission and
reduction in excimer emission, suggests the presence of Zn(II) selectivity in the fluorescence

'on-off' sensor and the detection limit was 0.2 pM.!'%
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Figure 2.44: Pyrene-linked tris-1,2,3-triazole amine sensor for the detection of Zn(II) ions'®
2.6. UV-Visible and Fluorescence spectroscopy

UV-visible spectroscopy is a widely used analytical technique that measures the
absorption of light in the ultraviolet (200-400 nm) and visible (400-800 nm) regions. The
principle of this technique is based on the excitation of electrons from lower energy states to
higher energy states within a molecule upon exposure to light of specific wavelengths.®
Different functional groups exhibit characteristic absorption patterns. A low-intensity band
between 250 and 360 nm typically indicates an n—n* transition, observed in groups like N=N,
C=0,—-COOR, —NO2, and -COOH. Aromatic systems generally display two medium-intensity
bands above 200 nm. Molecules such as aldehydes, ketones, amides, and esters, which contain
n-electrons along with lone pairs, exhibit two distinct bands: a high-intensity n—mn* transition
near 250 nm, and a lower-intensity n—n* transition above 300 nm.!°*!% As conjugation
increases, both the wavelength and intensity of absorption increase. It primarily provides
information on the presence of chromophores (light-absorbing groups) but does not offer
detailed structural information, making it necessary to combine with other techniques such as
NMR and IR for complete molecular characterization. Additionally, its sensitivity is lower
compared to fluorescence spectroscopy, limiting its effectiveness in detecting trace amounts of

analytes.!%
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Fluorescence refers to the emission of light that occurs after a fluorescent molecule or
fluorophore absorbs ultraviolet (UV) or visible light. Upon absorbing light at a specific
wavelength, the fluorophore becomes excited and subsequently releases energy in the form of
emitted light at a longer wavelength.!”” The process begins with excitation (i), where the
molecule absorbs light and transitions from its ground singlet state (So) to an electronically
excited singlet state (S:). This is followed by vibrational relaxation or internal conversion (ii),
during which the molecule transitions from a higher to a lower electronically excited state (Si)
without emitting radiation. Finally, emission occurs (iii) typically within 107® seconds after
excitation, as the electron returns to the stable ground state (So), releasing light at a wavelength

determined by the energy difference between the excited and ground states.!%

In molecules, each electronic state is associated with multiple vibrational levels. In the
ground state, nearly all molecules reside in the lowest vibrational level. When exposed to UV
or visible light, the molecule can be excited to one of several vibrational levels within the
corresponding electronically excited state. As a result, fluorescence emission does not occur at
a single wavelength but spans a range of wavelengths, representing various vibrational
transitions within one electronic transition. This is why both excitation and emission spectra
are used to capture the fluorescence behaviour of molecules in detail. The use of two distinct
wavelength parameters in fluorescence increases its specificity compared to spectroscopic

methods based solely on absorption.!*!1?

Table 2.1: Chemosensors integrated with 1,2,3-triazole moiety for the targeted detection of

metal ions
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2.7. Aims and objectives of the thesis

The goal of this thesis “SYNTHESIS AND CHARACTERIZATION OF
CHALCONE BASED 1,2,3-TRIAZOLE VIA CuAAC REACTION AND THEIR
APPLICATION AS CHEMOSENSORS” was to design and synthesize new chalcone based
1,2,3-triazoles and to investigate their practicability as optical sensors tailored for the
quantification of metal ions which can be lethal to human body when present above the
permissible limits, and hence the detection of transition metal ions has become of paramount
importance due to their potential to be either necessary or hazardous to human life.
Furthermore, the traditional approaches established for the recognition of these toxic metal ions
like atomic absorption spectroscopy (AAS) need expensive analytical equipments and
laborious sample preparation. Extensive research demonstrates that the CuAAC methodology
can be implemented to synthesize a diverse array of novel chalcone based 1,2,3-triazole

derivatives, by modifying functional groups in various organic molecules, including those with
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strong fluorophoric properties. After synthesis and characterization, these new compounds can

further be applied in ion sensing.

The insights have guided the formulation of objectives for this study as follows:

1) Synthesis of new chalcone based 1,2,3—triazole derivatives via Cu(I) catalysed alkyne azide

cycloaddition reaction.

2) Characterization of the synthesized novel compounds by spectroscopic techniques like IR,
NMR ('H, *C) and mass spectrometry.

3) Exploring ion sensing behaviour of the synthesized 1,2,3—triazole derivatives using different
spectroscopic techniques.

In recent years, the identification of harmful analytes that negatively impact the
environment and living systems has become a major focus worldwide. For example, Cu (II)
ion serves as both a vital micronutrient and a potential toxin. While essential for processes
like enzymatic activation and iron metabolism, elevated Cu(Il) levels from industrial
discharge and agricultural runoff can cause bioaccumulation in aquatic ecosystems, leading
to the disrupted biodiversity and ecosystem function. In humans, excess Cu(Il) can result in
neurological abnormalities, liver and kidney damage, gastrointestinal damage.'?”!?8 Co(II), a
trace element essential for vitamin B> can be detrimental when present in excess, leading to
serious health issues like heart problems, lungs infection etc.!? Furthermore, the long-lasting
presence of Pb(II) in the human body can severely damage nervous system, increases blood
pressure and harms kidneys. Also, it has been linked to memory problems in adults as well as
children on exposure to high levels.'*

Therefore, the development of new, selective chemosensors is crucial, and
chalcone-based 1,2,3-triazole sensors have made significant progress in the last decade,
particularly for detecting important metal ions in biological and environmental contexts. Over
the past decade, chalcone-based 1,2,3-triazole sensors synthesized through click chemistry
have shown great versatility, with excellent selectivity and binding abilities.!*® This thesis
discusses the synthesis of molecular sensors using the CuAAC methodology, combined with
chalcone component that absorb well in the UV-Visible region. Their sensing abilities can be
easily studied using reliable methods like absorption and fluorescence spectroscopy. The
molecules feature a chalcone backbone with a 1,2,3-triazole ring, providing N atoms for
binding to metal ions. When these molecules form complexes with metal ions, changes in

their absorption can be analyzed using UV-Visible or fluorescence spectroscopy.
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Chapter 111

Synthesis and Characterization

This section provides details of the synthetic methodologies employed in
experimental synthesis of compounds, accompanied by thorough structural
characterization, using analytical techniques, such as Infrared (IR)
Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy, and Mass
Spectrometry.



3.1. General synthetic route for the synthesis of chalcone based 1,2,3-triazole derivatives

The methodology for synthesizing chalcone based 1,2,3-triazole derivatives
encompasses series of steps detailed in the following subsections 3.1.1 to 3.1.4. The procedure

typically involves the following key stages:

1. Synthesis of chalcone derivatives

2. Synthesis of terminal alkynes from the chalcones
3. Synthesis of organic azide
4

Synthesis of chalcone based 1,2,3-triazole derivatives

The reaction conditions in the synthesis of chalcone-based 1,2,3-triazole derivatives are
crucial for obtaining the desired product. Factors such as temperature, solvent, and catalyst
type greatly influence the efficiency and outcome of the reaction. The choice of solvent, for
example, can affect the solubility of the reactants and the overall reaction rate, while
temperature controls the reaction kinetics. The catalyst, typically copper in the case of the
CuAAC reaction, is essential for facilitating the cycloaddition between the azide and alkyne
groups. Additionally, the specific types of azides and chalcone-tethered alkynes selected also
influence the reaction outcome. These parameters can be adjusted based on the desired
properties of the final product, ensuring that the reaction proceeds efficiently and yields the

intended chalcone-based 1,2,3-triazole derivatives.

3.1.1. Synthesis of chalcone

The synthesis of chalcones from aldehyde and ketone follows a systematic procedure,
starting with the preparation of an ethanolic solution of the ketone (1.00 mmol). Potassium
hydroxide (KOH) (20% w/v) was then introduced to the ketonic solution in order to speed up
the reaction with constant stirring for 10 minutes. Following this, the ethanolic solution of
aldehyde (1.00 mmol) is added dropwise gradually to the reaction mixture and left to stir at
room temperature. The aldol condensation reaction proceeds via intermediate B-hydroxy
ketone to the product (scheme 3.1.) The reaction mixture continues to stir until completion, as
indicated by TLC monitoring with ethyl acetate and hexane in different ratios. To isolate the
desired chalcone product, ice-cold water was added to the reaction mixture, causing the
chalcone to precipitate out of solution. The precipitated chalcone was then collected through
filtration and thoroughly dried to constant weight, ensuring the removal of any residual solvents

or impurities.
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Step | &
2 NH, EtOH, KOH . |

H Z rt, stirr, 8-21 h R

/

O + H3C | X
_NH2
=

Aldehyde Ketone Chalcone

Scheme 3.1: General reaction methodology for the synthesis of chalcones

3.1.2. Synthesis of terminal alkyne from chalcone

The previously synthesised chalcone is used as starting material (1.00 mmol) that was
completely dissolved in DMF, followed by the addition of anhydrous potassium carbonate
(5.00 mmol) as the base by stirring for 10 minutes. Subsequently, the mixture underwent
dropwise addition of propargyl bromide (1.30 mmol) while being stirred at room temperature
(scheme 3.2). The reaction progress was observed using TLC with ethyl acetate and hexane in
different ratios. After confirmation of reaction completion via TLC, ice-cold water was

employed to quench the reaction and stirred till precipitate of the desired product was formed.

If the product formed precipitates, it was filtered, washed with copious amounts of cold
water (2-3 times) to remove residual solvent, and air-dried until a consistent weight was
achieved. In cases where the product was an oil, solvent extraction was performed using a
combination of ethyl acetate and water. Ethyl acetate was used to separate the organic layer
while the aqueous layer was discarded. The organic phase, containing the product, was then
dried over anhydrous sodium sulphate to remove any residual water. Following the drying and

vacuum evaporation process, yielding the final product as oil.

Step Il o o
AN AN DMF, K,CO3 _ o N )
[ _NHz+ B ft, stirr, 26-48 h | N
R = ) ) R ZEAN
Chalcone Propargyl Bromide Terminal Alkyne

Scheme 3.2: General reaction methodology for the synthesis of chalcone based terminal
alkynes
3.1.3. Synthesis of an organic azide

The drying of sodium azide was carried out to remove any residual moisture before use
in the reaction. Initially, the sodium azide was placed under a vacuum to ensure thorough
removal of moisture. This was done by placing the sodium azide in a vacuum desiccator or

vacuum pump under reduced pressure for 3 — 4 hours, until the substance reached a constant
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weight, indicating complete drying. Dried sodium azide (5.00 mmol) was carefully added to
the solution of organic halide (1.00 mmol) in 25 ml DMF, serving as a solvent medium (scheme
3.3). After that, the reaction mixture was heated and kept between 85 and 90 °C, with
continuous stirring for 5 hrs. The nucleophilic substitution reaction proceeds such that azide
group is replace with the halide ion. Following the reaction, ice-cold water was added to quench
the reaction, once it had cooled to room temperature. The product was subsequently separated
through solvent extraction using a combination of ethyl acetate and water. The organic layer
was separated using ethyl acetate, while the aqueous layer was discarded. The organic phase,
containing the product, was then dried over anhydrous sodium sulphate to remove any residual
water. Following the drying process, the final product as oil was obtained by vacuum

evaporation, which eliminated the solvent.

Step 1] DMF
R-CI + NaNj > R-N;
85 — 90 °C, stirr
. Sh o
R = Aromatic  Sodium Organic Azide
system Azide

Scheme 3.3: General reaction methodology for the synthesis of organic azides
3.1.4. Synthesis of chalcone based 1,4-disubstituted 1,2,3-triazole derivative

After dissolving the terminal alkyne (1.00 mmol) in a THF and TEA (1:1) solution, the
organic azide (1.00 mmol) was added to the reaction mixture. A catalytic quantity of the
[CuBr(PPh3)3] complex (0.001 mmol) was then added, and the mixture was stirred while being
heated to 55 - 60 °C (scheme 3.4). The reaction's progress was tracked using TLC with ethyl
acetate and hexane in different ratios. Once the reaction was confirmed to be complete, the
mixture was quenched by ice-cold water, causing product to precipitate. Afterwards, the
filtration was done to obtain the solid product, thoroughly washed with distilled water, and air-
dried until it reached a stable weight. In cases where the product was an oil, solvent extraction
was performed using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the final product as oil was obtained by vacuum evaporation,
which eliminated the solvent. This step ensured the complete removal of the solvent, leaving

behind the pure product.
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Step IV //@

[Cu(PPhg)sBr] N~N
o o |
THF, TEA N
X N /) + RN " X N
| =N stirr, 55 - 60 °C | N
A =
R 6-13 h R N
o 72
Terminal Alkyne Organic Azide \ N

1,4-disubstituted
1,2,3-triazole

Scheme 3.4: General reaction methodology for the synthesis of chalcone based 1,2,3-triazole
derivatives

3.2. Synthesis of organic azide

3.2.1. Synthesis and characterization of benzyl azide (135)

A solution of benzyl chloride (134) (5.5 g, 47.8 mmol, 1 equivalent) was prepared by
dissolving it in 25 mL of dimethylformamide (DMF). Sodium azide (15.5 g, 238.9 mmol, 5
equivalents) was then introduced into the mixture. The reaction conditions were optimized to
ensure efficient conversion while maintaining a controlled environment for the reagents. The
reaction mixture was stirred at a temperature of 85 — 90 °C for 5 hours (scheme 3.5). The
product 135 was subsequently separated through solvent extraction using a combination of
ethyl acetate and water. The organic layer was separated using ethyl acetate, while the aqueous
layer was discarded. The organic phase, containing the product, was then dried over anhydrous
sodium sulphate to remove any residual water. Following the drying process, Following the
drying process, the final product as oil was obtained by vacuum evaporation, which eliminated
the solvent.!

Cl N3

NaN;, DMF

85 -90 °C, stirr, 5h
134 135

Scheme 3.5: Synthesis of benzyl azide from benzyl chloride

Yield: 61 %

Colour/texture: light yellow oil

M.F.: C7H7N3

IR (neat, cm-1): 3032, 2930, 2089, 1452, 1252, 876, 697, 568.

76



H NMR (500 MHz, CDCL3): & = 7.22 (d, J = 7.5 Hz, 2H), 7.19 (d, ] = 7.2 Hz, 1H), 7.18 -
7.14 (m, 2H), 4.14 (s, 2H).

13C NMR (126 MHz, CDCls3): 6 = 135.53, 128.91, 128.37, 127.78, 54.82.

3.3. Synthesis and characterization of 4-benzyloxybenzaldehyde-based ortho, para and
meta substituted chalcones, alkynes and their corresponding 1,2,3-triazoles

3.3.1. General synthetic route for the synthesis of ortho-, meta-, and para- substituted
chalcones and their characterization

3.3.1.1. ortho-substituted chalcone ((E)-1-(2-aminophenyl)-3-(4-(benzyloxy)phenyl)prop-
2-en-1-one) (138)

4-Benzyloxybenzaldehyde (136, 2.0 g, 9.4 mmol) and 2-aminoacetophenone (137, 1.25
g, 9.4 mmol) were combined in ethanol with continuous stirring to ensure thorough mixing. A
20% (w/v) solution of potassium hydroxide (5.0 mL) was gradually added to the reaction
mixture to initiate the reaction. The mixture was stirred at room temperature until the reaction
reached completion, which was monitored by TLC using a solvent system of ethyl acetate:
hexane (1:9). Once the reaction was complete, it was quenched by the addition of ice-cold
water, leading to the precipitation of the product. The precipitated solid was filtered, dried, and
purified using ethanol as the solvent..? The reaction for the same has been illustrated in scheme

3.6.

o] O NH, O NH
EtOH, KOH
0 R O
rt, stirr, 18h
136 137 138

Scheme 3.6: Synthesis of ortho-substituted chalcone from 4-benzyloxybenzaldehyde and 2-
aminoacetophenone

Yield: 91%
Colour/texture: bright yellow solid powder
MLF. = C22H19NO2

Elem. Anal. Calc. (%): C=80.22; H=5.81; N =4.25; Found (%): C=80.27, H=5.85, N
=4.34
mp: 135136 °C

IR (neat, cm™): 3436, 3328, 3044, 1638, 1581, 1502, 1336, 1263, 1205, 1161, 1003.
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'H NMR (500 MHz, CDCl3) 6 = 7.85 (d, ] = 8.4 Hz, 1H), 7.71 (d, J = 15.5 Hz, 1H), 7.60 —
7.55 (m, 2H), 7.49 (d, J = 15.5 Hz, 1H), 7.45 — 7.37 (m, 4H), 7.34 (d, ] = 7.1 Hz, 1H), 7.29 —
7.22 (m, 1H), 7.03 — 6.96 (m, 2H), 6.74 — 6.64 (m, 2H), 6.29 (s, 2H), 5.10 (s, 2H).
13C NMR (126 MHz, CDCl3) & = 191.69, 160.42, 150.81, 142.66, 136.43, 134.02, 130.84,
129.89, 128.59, 128.18, 128.07, 127.40, 120.87, 119.25, 117.20, 115.77, 115.17, 70.03.
3.3.1.2. meta-substituted chalcone ((E)-1-(3-aminophenyl)-3-(4-(benzyloxy)phenyl)prop-
2-en-1-one) (140)

4-Benzyloxybenzaldehyde 136 (2.0 g, 9.4 mmol) and 3-aminoacetophenone 139 (1.25 g,
9.4 mmol) were dissolved in ethanol under constant stirring. Potassium hydroxide solution (5.0
mL, 20% w/v) was added dropwise, and the reaction mixture was stirred at room temperature
until the formation of the desired product was complete, as confirmed by TLC (ethyl acetate:
hexane, 1:9). The reaction was quenched by adding ice-cold water, and the resulting solid was
collected by filtration, dried, and purified using ethanol as the solvent. The reaction for the

same has been illustrated in scheme 3.7.

o
X NH,
_KOH, EtOH ‘
o}

rt, mwr16h

136 140

Scheme 3.7: Synthesis of meta-substituted chalcone from 4-benzyloxybenzaldehyde and 3-

aminoacetophenone

Yield: 87 %
Colour/texture: light yellow powder
ML.F. = C2H19NO>

Elem. Anal. Calc. (%): C=280.22; H=5.81; N =4.25; Found (%): C =80.29, H=5.89, N
=431.

mp: 121 -122°C

IR (neat, cm™): 3453, 3358, 3054, 2902, 1653, 1581, 1506, 1453, 1385, 1302, 1250, 1172,
985.
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'H NMR (500 MHz, CDCls) § = 7.88 (d, J = 10.1 Hz, 1H), 7.81 — 7.72 (m, 1H), 7.67 — 7.48
(m, 2H), 7.42 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 9.2 Hz, 2H), 7.35 — 7.30 (m, 3H), 7.27 — 7.23
(m, 1H), 7.07 — 6.86 (m, 3H), 5.16 (s, 2H), 5.10 (s, 2H).

13C NMR (126 MHz, CDCl3) 5 = 190.73, 160.77, 146.94, 144.32, 139.64, 136.40, 130.74,
130.20, 129.39, 128.68, 128.18, 127.48, 120.22, 119.21, 118.78, 115.30, 114.42, 70.12.

3.3.1.3. para-substituted chalcone ((E)-1-(4-aminophenyl)-3-(4-(benzyloxy)phenyl)prop-
2-en-1-one) (142)

4-Benzyloxybenzaldehyde (2.0 g, 9.4 mmol) 136 and 4-aminoacetophenone (1.25 g, 9.4
mmol) 141 were continuously stirred while dissolved in ethanol. Following a gradual addition
of potassium hydroxide (5.0 mL, 20% w/v), the mixture was allowed to stir at room
temperature until the reactants were fully transformed into the intended product 142, as
determined by TLC (ethyl acetate: hexane; 1:9). Ice-cold water was added to quench the
reaction, and ethanol was used as the eluent to filter, dry, and purify the solid result. The

reaction for the same has been illustrated in scheme 3.8.

(0]
/©)J\ /©)‘\ EtOH o
rt, stirr, 21h
©/\o NH,

136 141 142

Scheme 3.8: Synthesis of para-substituted chalcone from 4-benzyloxybenzaldehyde and 4-

aminoacetophenone

Yield: 90%

Colour/texture: dark yellow powder
MLF. = C22H19vNO2

Elem. Anal. Calc. (%): C =80.22; H=5.81; N =4.25; Found (%): C=80.23, H=5.83, N
=427

mp: 119-120 °C

IR (neat, cm™): 3373, 3336, 3192, 3035, 2912, 1624, 1593, 1505, 1454, 1421, 1382, 1341,
1291, 1247, 1220, 1166, 1078, 1017.
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H NMR (500 MHz, CDCls) § = 7.92 (d, J = 8.7 Hz, 1H), 7.89 — 7.60 (m, 2H), 7.65 — 7.44
(m, 3H), 7.44 — 7.38 (m, SH), 7.02 (dd, J = 24.5, 15.0 Hz, 2H), 6.68 (d, ] = 8.7 Hz, 2H), 5.15
(s, 2H), 5.10 (s, 2H).

13C NMR (126 MHz, CDCl3) 5 = 188.15, 160.48, 150.95, 142.89, 131.01, 130.22, 129.97,
129.87, 129.31, 128.67, 128.32, 128.18, 127.49, 120.98, 119.92, 115.23, 113.93, 70.11.

3.3.2. General synthetic route for the synthesis of ortho-, meta-, and para- substituted

chalcone based terminal alkynes and their characterization

3.3.2.1. ortho-substituted chalcone based terminal alkyne ((E)-3-(4-(benzyloxy)phenyl)-
1-(2-(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (143)

Chalcone (1.0 g, 3.03 mmol) 138 was dissolved in 20 mL DMF with constant stirring on
a magnetic stirrer. Next, anhydrous potassium carbonate (2.1 g, 15.2 mmol) was added, and
then propargyl bromide (0.78 g, 6.88 mmol) 50 was added dropwise. 45 hours were spent
stirring the reaction mixture at room temperature. The reaction's development was tracked by
TLC (ethyl acetate: hexane; 1:9). The product 143 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

final product as oil. The reaction for the same has been illustrated in scheme 3.9.

O NH, Br_ 0O °N

‘ o O = ‘ S O
K,CO
o) Zves 0
rt, stirr, 45h
138 143

Scheme 3.9: Synthesis of ortho-substituted chalcone based terminal alkyne

/

Yield: 83%

Colour/texture: brown viscous oil

MLF. = C23H23NO>
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IR (neat, cm™): 3287, 3029, 2910, 2113, 1684, 1637, 1570, 1504, 1456, 1420, 1293, 1245,
1203, 1161, 1077, 1007.

'TH NMR (500 MHz, CDCl3): 5 =791 (d, J=11.7 Hz, 1H), 7.51 — 7.48 (m, 2H), 7.43 — 7.32
(m, 8H), 6.98 (d, J = 8.9 Hz, 4H), 5.08 (s, 2H), 4.02 (s, 4H), 2.23 (s, 2H).

13C NMR (126 MHz, CDCl3): § = 191.86, 160.53, 150.44, 142.80, 136.52, 134.73, 134.11,
131.50, 130.01, 128.68, 128.17, 127.50, 120.91, 115.28, 112.04, 80.33, 71.31, 70.12, 32.35.

3.3.2.2. meta-substituted chalcone based terminal alkyne ((E)-3-(4-(benzyloxy)phenyl)-1-
(3-(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (144)

Chalcone (1.0 g, 3.03 mmol) 140 was dissolved in 20 mL DMF with constant stirring on
a magnetic stirrer. In the reaction mixture, propargyl bromide (0.78 g, 6.88 mmol) was added
dropwise 50 and anhydrous potassium carbonate (2.1 g, 15.2 mmol) was added. For 46 hours
at room temperature, the reaction mixture was agitated. TLC was used to track the reaction's
development (ethyl acetate: hexane; 1:9). After adding ice-cold water to quench the reaction,
the solid product 144 was filtered and allowed to dry at room temperature. The reaction for the

same has been illustrated in scheme 3.10.

0 l
lo) SBr A AN
NS NH> 50
U e (U
o K,CO3
rt, st, 46 h
140 144

Scheme 3.10: Synthesis of meta-substituted chalcone based terminal alkyne
Yield: 81 %

Colour/texture: light brown powder

M.F. = C2sH23NO2

Elem. Anal. Calc. (%): C=282.94; H=15.72; N = 3.45; Found (%): C =82.10; H=5.81; N
=3.54

mp: 112-113 °C
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IR (neat, cm™): 3280, 3056, 2930, 2111, 1656, 1579, 1502, 1446, 1380, 1327, 1239, 1170,
1036.

'H NMR (500 MHz, CDCl3): 6 =7.76 (d, J = 15.6 Hz, 1H), 7.57 (d, J = 8.2 Hz, 2H), 7.49 (d,
J=17.4Hz, 1H), 7.48 — 7.36 (m, 9H), 6.99 (d, J = 8.4 Hz, 2H), 5.09 (s, 2H), 4.17 (s, 4H), 2.27
(s, 2H).

13C NMR (126 MHz, CDCl3): § = 190.45, 147.90, 143.23, 138.86, 136.17, 133.37, 130.77,
129.49, 129.38, 129.32, 129.15, 122.74, 119.90, 119.78, 114.97, 78.70, 72.98, 40.42.

3.3.2.3. para-substituted chalcone based terminal alkyne ((E)-3-(4-(benzyloxy)phenyl)-1-
(4-(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (145)

Chalcone (1.0 g, 3.03 mmol) 142 was dissolved in 20 mL DMF with constant stirring
on a magnetic stirrer. To the reaction mixture, anhydrous potassium carbonate (2.1 g, 15.2
mmol) was added, and propargyl bromide (0.78 g, 6.88 mmol) was introduced dropwise 50.
The mixture was stirred at room temperature for 48 hours, with the reaction progress monitored
periodically by TLC (ethyl acetate: hexane, 1:9). The ice-cold water was added to quench the
reaction and the product 145 was subsequently separated through solvent extraction using a
combination of ethyl acetate and water. The organic layer was separated using ethyl acetate,
while the aqueous layer was discarded. The organic phase, containing the product, was then
dried over anhydrous sodium sulphate to remove any residual water. After the drying process,
the final product (oil) was obtained by vacuum evaporation, which eliminated the solvent. The

reaction for the same has been illustrated in scheme 3.11.

Br-_

o) )
50
>
K,COs4 P
© NH tt, stirr, 48h ©/\O N

142 145

o

Scheme 3.11: Synthesis of para-substituted chalcone based terminal alkyne
Yield: 85%
Colour/texture: brown viscous oil

MLF. = C23H23NO»
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IR (neat, cm—1): 3286, 2970, 2913, 2115, 1651, 1587, 1505, 1421, 1331, 1293, 1220, 1165,
1017.

'H NMR (500 MHz, CDCl): 5 = 7.82 (d, J = 10.8 Hz, 1H), 7.70 (d, J = 6.1 Hz, 2H), 7.44 —
7.37 (m, 6H), 7.06 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 7.2 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 5.08
(s, 2H), 3.98 (d, J = 2.6 Hz, 4H), 2.25 (t, J = 2.5 Hz, 2H).

13C NMR (126 MHz, CDCl3): § = 190.79, 160.46, 150.70, 142.87, 136.50, 131.99, 130.79,
129.97,128.65, 128.13,127.47,121.92,119.82,115.36,115.29,115.21, 115.15, 112.32,79.89,
71.86, 70.08, 33.06.

3.3.3. General synthetic route for the synthesis of ortho-, meta-, and para- substituted

chalcone based 1,2,3-triazoles and their characterization

3.3.3.1. ortho-substituted chalcone based 1,2,3-triazole ((E)-3-(4-(benzyloxy)phenyl)-1-(2-
(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amino)phenyl)prop-2-en-1-one) (146)

A chalcone-based alkyne (0.70 g, 1.73 mmol, compound 143) was dissolved in a
THF/TEA mixture (1:1) and combined with an organic azide (0.46 g, 3.46 mmol, compound
135) and a Cu(I) catalyst (0.001 mmol). The reaction mixture was heated to reflux at 55-60 °C
for 8 hours, and the progress was monitored using TLC (ethyl acetate:hexane, 1:4) to ensure
the reactants were fully converted. Upon completion, the reaction was quenched by adding ice-
cold water. The resulting solid product (compound 146) was collected through filtration and
dried.The reaction for the same has been illustrated in scheme 3.12.

N3

& T

N 135 0 N&[ °N
- N
‘ O THF/TEA (1:1)
0 [CuBr(PPh3)3] o
55-60 °C, 8 ©/\

143 146

Scheme 3.12: Synthesis of ortho-substituted chalcone based 1,2,3-triazole
Yield: 93 %
Colour/texture: yellow powder

M.F.: C42H37N70,
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Elem. Anal. Calc. (%): C=75.09; H=5.55; N =14.59, Found (%): C=75.11; H=5.50; N
=14.57

mp: 165-166 °C

IR (neat, cm™): 3068, 3033, 2931, 1638, 1570, 1507, 1455, 1419, 1280, 1242, 1198, 1165,
1009.

IH NMR (500 MHz, CDCL): 3 = 7.93 (d, J = 6.5 Hz, 2H), 7.86 (d, J = 16.5 Hz, 1H), 7.72 (s,
1H), 7.69 (s, 1H), 7.59 (d, J = 8.8 Hz, 3H), 7.47 — 7.40 (m, 9H), 7.41 — 7.26 (m, 6H), 7.02 (d,
J=8.9 Hz, 2H), 6.81 (d, J = 8.3 Hz, 2H), 5.49 (s, 4H), 5.12 (s, 2H), 4.61 (d, J = 5.6 Hz, 4H).

13C NMR (126 MHz, CDCl3): § = 190.79, 159.49, 150.06, 141.64, 135.45, 133.84, 133.64,
130.46, 128.94, 128.04, 127.63, 127.17, 127.12, 126.92, 126.45, 119.83, 117.97, 114.23,
113.89, 111.10, 69.06, 53.12, 38.04.

LC-MS: m/z (calculated) = 671.81; m/z (found) = 672.25 (M+1).

3.3.3.2. meta-substituted chalcone based 1,2,3-triazole ((E)-3-(4-(benzyloxy)phenyl)-1-(3-
(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amino)phenyl)prop-2-en-1-one) (147)

A chalcone-based alkyne (0.70 g, 1.73 mmol, compound 144) was dissolved in a
THF/TEA mixture (1:1) and combined with an organic azide (0.46 g, 3.46 mmol, compound
135) and a Cu(l) catalyst (0.001 mmol). The mixture was refluxed at 55-60 °C for 6 hours,
with the reaction progress monitored via TLC (ethyl acetate:hexane, 1:4) to confirm the
complete conversion of the reactants. After completion, the reaction was quenched with ice-
cold water, and the solid product (compound 147) was collected by filtration and dried. The

reaction for the same has been illustrated in scheme 3.13.

N3
Q' ,N:N
N

o |
/‘NJ\‘/N\ 135 NN
‘ O THF/TEA (1:1) O
0 [CuBr(PPh3)3] o 7~ N
55-60 °C, 6 h N—
144 147

Scheme 3.13: Synthesis of meta-substituted chalcone based 1,2,3-triazole

Yield: 79 %
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Colour/texture: light yellow powder
MLF.: C4H37N702

Elem. Anal. Calc. (%): C=75.09; H=15.55; N =14.59, Found (%): C=75.15; H=547; N
=14.52

mp: 161 —162 °C

IR (neat, cm™): 3129, 3064, 2916, 1654, 1571, 1511, 1448, 1384, 1333, 1235, 1174, 1121,
1029.

'H NMR (500 MHz, CDCL3): § = 7.62 (d, J = 15.7 Hz, 2H), 7.53 — 7.37 (m, 3H), 7.36 — 7.25
(m, 7H), 7.17 (d, J = 18.6 Hz, 7H), 7.02 (d, J = 47.3 Hz, 6H), 6.89 (d, J = 8.3 Hz, 2H), 5.30 (s,
4H), 4.99 (s, 2H), 4.58 (s, 4H).

13C NMR (126 MHz, CDCl3): § = 190.70, 160.74, 148.04, 144.24, 139.28, 136.40, 134.66,
130.26, 129.38, 129.01, 128.62, 128.58, 128.11, 127.88, 127.78, 127.43, 122.22, 120.10,
117.93,117.84, 115.27, 113.05, 70.04, 53.98, 46.68.

LC-MS: m/z (calculated): 671.81, m/z (observed): 672.30 (M+1).

3.3.3.3. para-substituted chalcone based 1,2,3-triazole ((E)-3-(4-(benzyloxy)phenyl)-1-(4-
(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amino)phenyl)prop-2-en-1-one) (148)

A solution of chalcone-based alkyne (0.70 g, 1.73 mmol) 145 in THF/TEA (1:1) was
mixed with the organic azide (0.46 g, 3.46 mmol) 135 and Cu(I) catalyst (0.001 mmol). The
reaction mixture was refluxed at 55 — 60 °C for 6 hours until the complete conversion of the
reactants monitored by TLC (ethyl acetate: hexane, 1:4). The reaction was then quenched by
adding ice-cold water, and the product 148 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

final product as oil. The reaction for the same has been illustrated in scheme 3.14.
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Scheme 3.14: Synthesis of para-substituted chalcone based 1,2,3-triazole

Yield: 86 %

Colour/texture: dark brown viscous oil

MLF.: C42H37N702

IR (neat, cm™): 3146, 3031, 2958, 2922, 1649, 1590, 1503, 1455, 1327, 1293, 1224, 1169,
1114, 1017.

'H NMR (500 MHz, CDCl3): 6=7.83 (d,J=8.8 Hz, 1H), 7.72 (d, J = 3.4 Hz, 2H), 7.55 (s,
2H), 7.45 — 7.42 (m, 5H), 7.43 — 7.38 (m, 5H), 7.37 — 7.31 (m, 6H), 7.07 (d, J = 8.8 Hz, 2H),
6.82 (d, J=9.2 Hz, 2H), 6.68 (d, J= 9.7 Hz, 2H), 5.46 (d, J = 3.3 Hz, 4H), 5.09 (s, 2H), 4.47
(d, J=3.2 Hz, 4H).

13C NMR (126 MHz, CDCl3): 6 = 189.79, 166.75, 159.43, 141.71, 135.48, 130.97, 129.87,
128.94, 128.10, 127.77, 127.70, 127.63, 127.29, 127.11, 127.00, 126.45, 118.79, 114.19,
110.98, 69.06, 67.14, 37.70

LC-MS: m/z (calculated) = 671.81; m/z (found) = 672.32 (M+1).

3.4. Synthesis and characterization of 4-chlorobenzaldehyde-based ortho, para and meta
substituted chalcones, alkynes and their corresponding 1,2,3-triazoles
3.4.1. General synthetic route for the synthesis of ortho-, meta-, and para- substituted
chalcones and their characterization
3.4.1.1. ortho-substituted chalcone ((E)-1-(2-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one) (150)

4-chlorobenzaldehyde (2 g, 14.22 mmol) 149 and 2-aminoacetophenone (1.72 mL, 14.22
mmol) 137 were dissolved in ethanol with continuous stirring. Potassium hydroxide (5.0 mL,
20% w/v) was then slowly added to the mixture, which was stirred at room temperature for 12

h until the reactants were completely converted to the desired product 150, as confirmed by
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TLC (ethyl acetate: hexane; 1:9). The reaction was quenched by adding ice-cold water, and the
solid product was filtered, dried, and purified using ethanol as the eluent.>* The reaction for

the same has been illustrated in scheme 3.15.

O NH
o O NH, \ 2
EtOH, KOH
H + HsC -
rt, stirr, 12 h Cl
Cl
149 137 150

Scheme 3.15: Synthesis of ortho-substituted chalcone from 4-chlorobenzaldehyde and 2-

aminoacetophenone

Yield: 90%

Colour/texture: Bright yellow powder
M.F.: CisH:i2CINO

Elem. Anal. Calc. (%): C=69.91, H=4.69, N =5.44; Found (%): C=69.87, H=4.71, N =
5.42

mp: 92 -93 °C

IR (neat, cm™): 3461, 3295, 3032, 1639, 1606, 1564, 1533, 1484, 1404, 1328, 1280, 1207,
1154, 1083, 994, 822, 747.

TH NMR (500 MHz, CDCl3) & = 7.83 (d, J = 7.2 Hz, 1H), 7.67 (d, J = 15.6 Hz, 1H), 7.61 —
7.53 (m, 3H), 7.37 (d, J = 8.5 Hz, 2H), 7.32 — 7.27 (m, 1H), 6.77 — 6.62 (m, 2H), 6.34 (s, 2H).

13C NMR (126 MHz, CDCl3) & = 191.17, 151.08, 141.42, 135.92, 134.46, 130.97, 129.40,
129.16, 123.61, 118.90, 117.35, 115.90.

3.4.1.2. meta-substituted chalcone ((E)-1-(3-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one) (151)

4-chlorobenzaldehyde (2 g, 14.22 mmol) 149 and 3-aminoacetophenone (1.72 mL, 14.22
mmol) 139 were dissolved in ethanol with continuous stirring. Potassium hydroxide (5.0 mL,
20% w/v) was then slowly added to the mixture, which was stirred at room temperature for 8
h until the reactants were completely converted to the desired product 151, as confirmed by

TLC (ethyl acetate: hexane; 1:9). The reaction was quenched by adding ice-cold water, and the
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solid product was filtered, dried, and purified using ethanol as the eluent. The reaction for the

same has been illustrated in scheme 3.16.

0 o o
NH X NH,
ﬁH HaC 2 EtOH, KOH o
cl * rt, stirr, 8 h cl
151

149 139

Scheme 3.16: Synthesis of meta-substituted chalcone from 4-chlorobenzaldehyde and 3-

aminoacetophenone

Yield: 92%

Colour/texture: clay yellow powder
M.F.: CisH12CINO

Elem. Anal. Calc. (%): C=69.91, H=4.69, N =5.44; Found (%): C=69.87, H=4.71,N =
5.42

mp: 98 — 99 °C

IR (neat, cm™): 3449, 3359, 3047, 2868, 1658, 1585, 1487, 1441, 1317, 1215, 1160, 1087,
978,911, 824, 783, 681, 631.

'H NMR (500 MHz, CDCL3) § = 8.47 (d, J = 12.6 Hz, 1H), 7.89 — 7.75 (m, 4H), 7.60 — 7.48
(m, 2H), 7.45 — 7.37 (m, 2H), 7.28 (dd, J = 38.6, 11.2 Hz, 1H), 2.64 (s, 2H).

13C NMR (126 MHz, CDCl3) 5 = 189.82, 159.90, 152.08, 138.18, 134.39, 130.11, 129.66,
129.19, 125.85, 122.36, 120.27, 114.01.

3.4.1.3. para-substituted chalcone ((E)-1-(4-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one) (152)

4-chlorobenzaldehyde (2 g, 14.22 mmol) 149 and 4-aminoacetophenone (1.72 mL, 14.22
mmol) 141 were dissolved in ethanol with continuous stirring. Potassium hydroxide (5.0 mL,
20% w/v) was then slowly added to the mixture, which was stirred at room temperature for 9
h until the reactants were completely converted to the desired product 152, as confirmed by

TLC (ethyl acetate: hexane; 1:9). The reaction was quenched by adding ice-cold water, and the
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solid product was filtered, dried, and purified using ethanol as the eluent. The reaction for the

same has been illustrated in scheme 3.17.

(0]
(0] o -
cl NH, rt, stirr, 9 h Cl NH,
149 141 152

Scheme 3.17: Synthesis of para-substituted chalcone from 4-chlorobenzaldehyde and 4-

aminoacetophenone

Yield: 87%

Colour/texture: lemon yellow powder
M.F.: CisHi2CINO

Elem. Anal. Calc. (%): C=69.91, H=4.69, N =5.44; Found (%): C=69.87, H=4.71,N =
5.42

mp: 125-126 °C

IR (neat, cm™): 3457, 3340, 3054, 1635, 1598, 1541, 1490, 1446, 1343, 1224, 1172, 1087,
1017, 980, 811, 672, 597.

H NMR (500 MHz, CDCls) § = 7.92 (d, J = 7.6 Hz, 1H), 7.72 (d, ] = 15.5 Hz, 2H), 7.53 (dd,
J=23.8, 11.6 Hz, 3H), 7.37 (d, J = 7.5 Hz, 2H), 6.70 (d, J = 7.6 Hz, 2H), 4.19 (s, 2H).

13C NMR (126 MHz, CDCl3) & = 187.76, 151.24, 141.63, 135.90, 133.86, 131.12, 129.41,
129.14, 128.39, 122.51, 113.81.

3.4.2. General synthetic route for the synthesis of ortho-, meta-, and para- substituted

chalcone based terminal alkynes and their characterization

3.4.2.1. ortho-substituted chalcone based terminal alkyne ((E)-3-(4-chlorophenyl)-1-(2-
(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (153)

To a solution of chalcone (1.0 g, 3.88 mmol, compound 150) in 20 mL of DMF,
anhydrous potassium carbonate (2.68 g, 19.4 mmol) was added under continuous stirring on a

magnetic stirrer. Propargyl bromide (1.06 mL, 9.3 mmol, compound 50) was then added
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dropwise to the mixture. The reaction was allowed to stir at room temperature for 30 hours,
and its progress was tracked using TLC (ethyl acetate:hexane, 1:9). The reaction was quenched
by adding ice-cold water, and the product 153 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

final product as oil. The reaction for the same has been illustrated in scheme 3.18.

O NH, Bre_ o N7
0 - h
K2COs O O
Cl 150 , stirr, 30h  C! 153

Scheme 3.18: Synthesis of ortho-substituted chalcone based terminal alkyne
Yield: 93%

Colour/texture: brown viscous oil

M.F.: C2iHisCINO

IR (neat, cm™): 3279, 3069, 2925, 2862, 2113, 1640, 1574, 1497, 1411, 1278, 1202, 1153,
1079, 999, 818, 742, 636.

'H NMR (500 MHz, CDCL): § = 7.91 (d, J = 7.5 Hz, 1H), 7.83 (s, 1H), 7.65 — 7.54 (m, 3H),
7.46 (d,J= 8.0 Hz, 1H), 7.37 (d, J = 8.4 Hz, 2H), 6.87 (s, 2H), 4.07 (s, 4H), 2.25 (s, 2H).

13C NMR (126 MHz, CDCL:): 6 = 191.72, 168.11, 150.84, 141.75, 136.21, 135.36, 134.73,
134.01, 131.85, 131.17, 129.68, 129.43, 123.81, 80.45, 71.64, 38.98.

3.4.2.2. meta-substituted chalcone based terminal alkyne ((E)-3-(4-chlorophenyl)-1-(3-
(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (154)

Chalcone (1.0 g, 3.88 mmol, compound 151) was dissolved in 20 mL of DMF with
continuous stirring using a magnetic stirrer. Anhydrous potassium carbonate (2.68 g, 19.4
mmol) was added to the solution, followed by the gradual addition of propargyl bromide (1.06

mL, 9.3 mmol, compound 50) dropwise. The reaction mixture was stirred at room temperature
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for 36 hours, with its progress monitored via TLC (ethyl acetate:hexane, 1:9). Upon
completion, the reaction was quenched by adding ice-cold water. The resulting product
(compound 154) was isolated through solvent extraction using a mixture of ethyl acetate and
water. The organic layer was separated using ethyl acetate, while the aqueous layer was
discarded. The organic phase, containing the product, was then dried over anhydrous sodium
sulphate to remove any residual water. Following the drying process, the solvent was removed
by vacuum evaporation, yielding the final product as oil. The reaction for the same has been

llustrated in scheme 3.19.

Br\
NH»
O O O O
rt, stirr, 36 h

Scheme 3.19: Synthesis of meta-substituted chalcone based terminal alkyne
Yield: 89%

Colour/texture: brown viscous oil

M.F.: C2iHisCINO

IR (neat, cm™): 3289, 3065, 2938, 2112, 1671, 1587, 1488, 1439, 1326, 1261, 1090, 983,912,
823,782, 642.

'H NMR (500 MHz, CDCL): 5 = 7.81 (d, J = 8.3 Hz, 1H), 7.73 (d, J = 15.7 Hz, 2H), 7.62 —
7.52 (m, 2H), 7.51 — 7.35 (m, 3H), 7.18 (d, J = 8.3 Hz, 2H), 4.18 (s, 4H), 2.28 (s, 2H).

13C NMR (126 MHz, CDCls): 6 = 190.51, 147.96, 143.20, 138.91, 136.34, 133.42, 130.89,
130.11, 129.55, 129.37, 129.21, 122.79, 115.02, 78.76, 73.03, 40.48.

3.4.2.3. para-substituted chalcone based terminal alkyne ((E)-3-(4-chlorophenyl)-1-(4-
(di(prop-2-yn-1-yl)amino)phenyl)prop-2-en-1-one) (155)

Chalcone (1.0 g, 3.88 mmol, compound 152) was dissolved in 20 mL of DMF and stirred
continuously on a magnetic stirrer. Anhydrous potassium carbonate (2.68 g, 19.4 mmol) was
then added, followed by the slow addition of propargyl bromide (1.06 mL, 9.3 mmol,

compound 50). The mixture was stirred at room temperature for 26 hours, and the reaction
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progress was monitored using TLC (ethyl acetate:hexane, 1:9). The reaction was quenched by
adding ice-cold water, and the product 155 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

kfinal product as oil. The reaction for the same has been illustrated in scheme 3.20.

(o] Br- (o]
5 g /‘/\)J\‘\
K2CO3 O O ~
Cl NH; rt, stirr, 26 h Cl N
152 155 |

Scheme 3.20: Synthesis of para-substituted chalcone based terminal alkyne
Yield: 90%

Colour/texture: brown viscous oil

M.F.: C2:H1sCINO

IR (neat, cm™): 3324, 3067, 2929, 2116, 1656, 1594, 1486, 1407, 1332, 1275, 1225, 1176,
1079, 1019, 975, 811, 743, 663.

'H NMR (500 MHz, CDCL): § = 7.98 (d, J= 18.5 Hz, 2H), 7.62 (d, J = 8.2 Hz, 3H), 7.32 (d,
J=4.9 Hz, 3H), 6.94 (s, 2H), 4.11 (d, J = 10.8 Hz, 4H), 2.27 (s, 2H).

13C NMR (126 MHz, CDCls): 6 = 187.76, 167.79, 151.04, 141.58, 130.95, 129.42, 129.12,
128.80, 128.16, 122.47, 112.35, 79.83, 68.17, 38.72.

3.4.3. General synthetic route for the synthesis of ortho-, meta-, and para- substituted

chalcone based 1,2,3-triazoles and their characterization

3.4.3.1. ortho-substituted chalcone based 1,2,3-triazole ((E)-1-(2-(bis((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one) (156)

A chalcone-based alkyne (0.70 g, 1.72 mmol, compound 153) was dissolved in a mixture

of THF and TEA (1:1) and combined with the organic azide (0.43 mL, 3.46 mmol, compound
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135) and a Cu(I) catalyst (0.001 mmol). The reaction was heated to reflux at 55-60 °C for 7
hours, and its progress was monitored by TLC (ethyl acetate:hexane, 1:4) to ensure the
complete conversion of the reactants. After completion, the reaction was quenched by adding
ice-cold water, and the solid product (compound 156) was isolated by filtration and dried. The

reaction for the same has been illustrated in scheme 3.21.

N
3 N—N/\Q

\ N\
135 @ N/\[ N
cl THF/TEA (1:1)
[CuBr(PP3)3]

153 55-60 °C, 7 h 156

Scheme 3.21: Synthesis of ortho-substituted chalcone based 1,2,3-triazole
Yield: 92%

Colour/texture: yellow powder

M.F.: C35H30CIN;O

Elem. Anal. Calc. (%): C=75.56, H=4.83, N=4.20; Found (%): C=75.55,H=4.82, N =
4.22

mp: 127 -128 °C

IR (neat, cm™): 3071, 2953, 2851, 1642, 1573, 1505, 1413, 1301, 1260, 1200, 1162, 1088,
1046, 1013, 972, 810, 749, 712, 635, 573.

'H NMR (500 MHz, CDCL): 5 = 7.88 (d, J= 7.8 Hz, 1H), 7.62 (d, J= 7.6 Hz, 2H), 7.53 (d, J
= 8.3 Hz, 3H), 7.37 - 7.31 (m, 9H), 7.23 (d, J = 6.2 Hz, 3H), 6.80 (d, J = 8.1 Hz, 2H), 6.67 (t,
J=17.5Hz, 2H), 5.48 (s, 4H), 4.60 (s, 4H).

3C NMR (126 MHz, CDCL): 6 = 191.39, 151.24, 141.34, 135.94, 135.22, 134.62, 133.76,
131.57, 129.38, 129.16, 129.09, 128.71, 127.97, 123.57, 114.99, 112.23, 54.22, 39.05.

LC-MS: m/z (calculated) =599.22; m/z (found) = 600.12 (M+1).
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3.4.3.2. meta-substituted chalcone based 1,2,3-triazole ((E)-1-(3-(bis((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one) (157)

A solution of chalcone-based alkyne (0.70 g, 1.72 mmol) 154 in THF/TEA (1:1) was
mixed with the organic azide (0.43 mL, 3.46 mmol) 135 and Cu(]) catalyst (0.001 mmol). The
reaction mixture was refluxed at 55 — 60 °C for 13 hours until the complete conversion of the
reactants monitored by TLC (ethyl acetate: hexane, 1:4). The reaction was then quenched by
adding ice-cold water, and the product 157 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

final product as oil. The reaction for the same has been illustrated in scheme 3.22.

N3
N=N
N
THF/TEA (1:1)

Cl Cl 7
[CuBr(PPh3)3] N

o N_ﬁ
154 55-60 °C, 13 h 157 @\/

Scheme 3.22: Synthesis of meta-substituted chalcone based 1,2,3-triazole

Yield: 86%
Colour/texture: brown viscous oil
M.F.: C35H30CIN;O

IR (neat, cm™): 3139, 3060, 2963, 1671, 1590, 1487, 1447, 1327, 1260, 1090, 1016, 798, 700,
540.

'H NMR (500 MHz, CDClLs): & = 7.70 (d, J = 15.7 Hz, 1H), 7.62 — 7.54 (m, 2H), 7.54 — 7.47
(m, 1H), 7.47 — 7.40 (m, 2H), 7.40 — 7.34 (m, 6H), 7.25 — 7.21 (m, 1H), 7.21 — 7.18 (m, 2H),
7.18 — 7.12 (m, 6H), 7.10 — 7.02 (m, 1H), 5.39 (d, J = 10.1 Hz, 4H), 4.68 (d, J= 12.6 Hz, 4H).
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13C NMR (126 MHz, CDCL): 6 = 189.48, 147.11, 141.92, 137.86, 133.68, 133.61, 129.88,
128.66, 128.19, 127.97, 127.65, 126.77, 125.79, 121.77, 121.21, 117.21, 116.89, 115.80,
112.23, 111.57, 53.06, 45.68.

LC-MS: m/z (calculated) = 599.21; m/z (found) = 600.22 (M+1).

3.4.3.3. para-substituted chalcone based 1,2,3-triazole ((E)-1-(4-(bis((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one) (158)

A solution of chalcone-based alkyne (0.70 g, 1.72 mmol) 155 in THF/TEA (1:1) was
mixed with the organic azide (0.43 mL, 3.46 mmol) 135 and Cu(]) catalyst (0.001 mmol). The
reaction mixture was refluxed at 55 — 60 °C for 11 hours until the complete conversion of the
reactants monitored by TLC (ethyl acetate: hexane, 1:4). The reaction was then quenched by
adding ice-cold water, and the product 158 was subsequently separated through solvent
extraction using a combination of ethyl acetate and water. The organic layer was separated
using ethyl acetate, while the aqueous layer was discarded. The organic phase, containing the
product, was then dried over anhydrous sodium sulphate to remove any residual water.
Following the drying process, the solvent was removed by vacuum evaporation, yielding the

final product as oil. The reaction for the same has been illustrated in scheme 3.23.

o) o g
N y
N Il
135 N
cl N THF/TEA (1:1) cl 158 N
155 / [CuBr(PPh3)3] N,
Z 55-60 °C, 11 h | 'N

Scheme 3.23: Synthesis of para-substituted chalcone based 1,2,3-triazole
Yield: 88 %

Colour/texture: brown viscous oil

M.F.: C35H30CIN;O

IR (neat, cm™): 3047, 2926, 1654, 1587, 1509, 1323, 1228, 1168, 1018, 814, 736, 684.
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'H NMR (500 MHz, CDCL): § = 7.95 (s, 1H), 7.73 (d, J = 23.5 Hz, 3H), 7.63 (s, 1H), 7.45
(d,J=5.3 Hz, 8H), 7.37 (d, J= 2.7 Hz, TH), 6.95 (s, 2H), 5.46 (s, 4H), 4.22 (s, 4H).

13C NMR (126 MHz, CDCL:): 6 = 187.78, 161.13, 141.62, 133.83, 130.96, 130.21, 129.65,
129.42, 129.14, 128.86, 127.70, 127.49, 121.89, 113.93, 112.36, 68.18, 38.73.

LC-MS: m/z (calculated) =599.22; m/z (found) = 600.27 (M+1).
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Chapter IV

Results and Discussion

This chapter offers a clear explanation of the spectroscopic and
photophysical data. It covers the synthetic and spectroscopic aspects
of the compounds and explains the results from the photophysical
data.



Chapter 1V

Part A

Interpretation and discussion of spectroscopic data

”

) o~
=

This section discusses the spectroscopic analysis of the synthesized
compounds in detail. The results of the analysis, along with the
reason for these specific outcomes, are shown through text and

figures in this chapter.



4.1 Synthetic approaches for the synthesis of chalcone based 1,2,3-triazoles

Chalcone-based 1,2,3-triazoles represent a unique class of compounds that merge the
structural versatility of chalcones with the stability and functional diversity of the 1,2,3-triazole
ring.!? By the coupling of chalcones with 1,2,3-triazoles, researchers can harness the potential
of conjugated system of the chalcone, enhancing as fluorescence studies leading to the study
of metal-ion binding, and their chemical reactivity.>* This synthesis is typically achieved
through CuAAC reaction, which connects terminal alkyne-functionalized chalcones with
azides, forming the 1,2,3-triazole ring with high selectivity and yield.> These 1,2,3-triazole
compounds have shown promising applications in chemosensing, medicinal chemistry, and
materials science, offering enhanced sensitivity in ion detection, therapeutic potential, and
novel optoelectronic properties due to their extended conjugation and structural stability® .
The current research work focuses on the synthesis of chalcone based 1,2,3-triazole derivatives

via CuAAC methodology through a series of sequential steps as follows:
4.1.1. Synthesis of chalcone

The synthesis of chalcones involves mixing an ethanolic solution of ketone with
potassium hydroxide (KOH) to catalyze the reaction. After stirring for 10 minutes, aldehyde is
added gradually, allowing aldol condensation to form the B-hydroxy ketone intermediate. The
mixture was stirred until the reactants were fully converted into the desired product, as
confirmed by TLC analysis (ethyl acetate: hexane, 1:9). The chalcone was then precipitated by
pouring the mixture into ice-cold water, filtered, and dried. The synthesized chalcones were

obtained in the yield ranging from 87 % to 92 %.
4.1.2. Synthesis of chalcone based terminal alkyne

The synthesis of chalcone-based terminal alkynes was performed by reacting chalcones
with labile protons of -NH» group with propargyl bromide in the presence of anhydrous
potassium carbonate as a base through a nucleophilic substitution reaction, carried out at room
temperature in DMF solvent. The reaction time is substrate-dependent, as different chalcone
derivatives exhibit varying tendencies to lose protons. The resulting chalcone-based terminal
alkynes can be isolated from the reaction mixture either by filtration in case of solid product or
through extraction using a combination of ethyl acetate and water solvent system for liquid

product. The synthesized alkynes were obtained in the yield ranging from 81 % to 93%.

98



4.1.3. Synthesis of organic azide

Organic azide was synthesized according to the method outlined by Lourdes et al.’,
using a nucleophilic substitution reaction between an aralkyl halide and dried sodium azide.
The reaction occured in DMF as a solvent at a temperature range of 85-90 °C. The organic
azide was obtained in moderate yield of 61%. Due to the sensitivity of sodium azide to heat

and shock, all necessary safety precautions were carefully observed.
4.1.4. Synthesis of chalcone based 1,2,3-triazole

The 1,3-dipolar cycloaddition reaction between chalcone-based terminal alkynes and
organic azides was facilitated by Cu(I) catalysis, using TEA as a base and THF as the solvent.
By maintaining the reaction at 55-60 °C, depending on the reactants, chalcone-based 1,4-
disubstituted 1,2,3-triazole linkers were formed through ‘click’ cycloaddition. The Cu(I)

catalyst played a key role in both accelerating the reaction and ensuring stereospecificity.
4.2. Synthesis and spectral analysis of benzyl azide (135)
4.2.1. Synthesis

Benzyl azide (135) (figure 4.1) was prepared by reacting benzyl chloride (134) with
dried sodium azide (NaNs) in DMF through a nucleophilic substitution reaction. The reaction
was completed after 5 hours of stirring at 85 — 90 °C. Due to the high reactivity and explosive
nature of sodium azide, careful monitoring of the reaction conditions was essential to ensure
safety. After the reaction, the product was extracted using a solvent extraction process and
dried to remove any remaining solvent. The synthesized benzyl azide was then analyzed using
infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy to confirm its successful

formation.

N3

135
Figure 4.1: Structure of benzyl azide 135
4.2.2. Analysis of IR spectrum

The IR spectrum of the newly synthesized benzyl azide (135) was recorded in the range
of 4000-500 cm™ (neat). A key signal at 2089 cm™, characteristic of the -N3 group, confirmed
the substitution of the -Cl group in benzyl chloride with the azide group to form benzyl azide
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which was previously absent in the IR spectra of the benzyl chloride. The stretching signal for
the aromatic C-H bond appeared at 3032 cm™', while the symmetric stretch of the aliphatic C-
H bond from the benzylic carbon was observed at 2930 cm™. The aromatic C=C stretching was

observed at 1452 cm™ and C-N stretching at 1252 cm™.
4.2.3. NMR spectral analysis

The "H NMR spectrum of benzyl azide (135) was recorded at 500 MHz in CDCls with
tetramethylsilane as the reference. A singlet at 6 = 4.14 ppm was detected in the 'H NMR
spectrum of benzyl azide corresponding to the two protons on the benzylic carbon. In case of
benzyl chloride, this singlet is observed around 6 = 4.5 - 4.6 ppm as benzylic position is
deshielded by chlorine atom, therefore confirm the successful formation of benzyl azide.
Additionally, a multiplet in the range of 6 = 7.24 - 7.14 ppm was assigned to the five aromatic

protons on the benzene ring.

The *C NMR spectrum of benzyl azide (135) was also obtained in CDCls, providing
additional confirmation of the product's synthesis. The carbon atoms in the benzene ring
showed signals between 6 = 135.53 - 128.31 ppm, while the benzylic carbon gave a signal at 6
= 54.82 ppm, which is generally observed at 6 =44 — 46 ppm in the benzyl chloride due to the

electronegative atom attached to it.
4.3. Synthesis and spectral analysis of chalcones 138, 140, and 142
4.3.1. Synthesis

The chalcones (138, 140, 142) (figure 4.2) were synthesized by reacting the starting
materials, i.e., 4-benzyloxybenzaldehyde with o-, m-, and p-aminoacetophenone respectively,
which reacted in the presence of potassium hydroxide as the base, deprotonating the alpha-
carbon of the aminoacetophenone to form enolate ion. Then enolate ion attacks the carbonyl

carbon of 4-benzyloxybenzaldehyde, leading to the formation of an intermediate.

O NH, o o
o o o
138 140 142

Figure 4.2: Structure of chalcones 138, 140, and 142

Afterwards, intermediate undergoes elimination reaction, losing a water molecule to
form the unsaturated system. The products were obtained in solid nature after filtration and air

dying. The purification of the obtained products was done using ethanol as eluent, then after
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drying the yield of the products 138, 140, 142 were calculated to be 91 %, 87 %, 90 %

respectively.
4.3.2. Analysis of IR spectrum

The vibrational spectroscopic data for the synthesized chalcones 138, 140, 142 were
recorded as neat spectra within the 4000—400 cm™' range. For compound 138, a signal at 3436
and 3328 cm ™' corresponded to N-H stretching of NH» group. Additional signals included 3044
cm™! for alkenyl C-H stretching, 1638 cm™ for carbonyl stretching, 1581 and 1502 cm™ for
aromatic C=C stretch, and 1263 cm™* for C-N stretching.

For compound 140, a signal at 3453 and 3358 cm™ corresponded to N-H stretching of
NH; group. Additionally, the peaks at 3054 cm™ for alkenyl C-H stretching, 1653 cm™ for
carbonyl stretching, 1581 and 1506 cm™ for aromatic C=C stretch, and 1250 cm™ for C-N

stretching.

For compound 142, a signal at 3373 and 3336 cm ™ corresponded to N-H stretching of
NH; group. Additional signals included 3035 cm™ for alkenyl C-H stretching, 1624 cm™ for
carbonyl stretching, 1593 and 1505 cm™ for aromatic C=C stretch, and 1247 cm™ for C-N

stretching.
4.3.3 Analysis of NMR spectra

The successful synthesis of three 4-benzyloxybenzaldehyde-based chalcones (138, 140,
142) was confirmed through both 'H and *C NMR spectra. For compound 138, the 'H NMR
spectrum exhibited a singlet at 8 = 5.10 corresponding to the methylene protons of the
benzyloxy group, singlet at & = 6.67 ppm corresponding to the NH: protons. The doublet at 6
= 7.84 ppm was assigned to alkenyl proton of the C=C attached to the benzene ring. The
aromatic protons were attributable to the multiplet in the range of 6 = 7.72 - 6.67 ppm. The *C
NMR spectrum further supported the 'H NMR findings, showing signals at § = 70.03 ppm
corresponding to the methylene carbon (CHb») attached to the benzyloxy group. The peaks at &
=120.87 ppm and 142.66 ppm corresponding to the alkenyl carbons. The aromatic carbons are
attributable in the range of 6 = 160.42 - 115.17 ppm. The peak at 6 = 191.69 ppm was

attributable to the carbonyl carbon.

For compound 140, the 'H NMR spectrum exhibited a singlet at 6 = 5.10 corresponding
to the methylene protons of the benzyloxy group, singlet at = 5.16 ppm corresponding to the
NHa> protons. The doublet at 6 = 7.89 ppm was assigned to alkenyl proton of the C=C attached

to the benzene ring. The aromatic protons were attributable to the multiplet in the range of 6 =
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7.87 - 6.99 ppm. The *C NMR spectrum further supported the 'H NMR findings, showing
signals at 6 = 70.12 ppm corresponding to the methylene carbon (CH») attached to the
benzyloxy group. The peaks at & = 120.22 ppm and 144.32 ppm corresponding to the alkenyl
carbons. The aromatic carbons are attributable in the range of § = 160.77 - 114.42 ppm. The
peak at 6 = 190.73 ppm was attributable to the carbonyl carbon.

For compound 142, the '"H NMR spectrum exhibited a singlet at 6 = 5.10 corresponding
to the methylene protons of the benzyloxy group, singlet at = 5.15 ppm corresponding to the
NHo protons. The doublet at 6 = 7.93 ppm was assigned to alkenyl proton of the C=C attached
to the benzene ring. The aromatic protons were attributable to the multiplet in the range of 6 =
7.91 - 6.67 ppm. The 3C NMR spectrum further supported the 'H NMR findings, showing
signals at 6 = 70.11 ppm corresponding to the methylene carbon (CH:) attached to the
benzyloxy group. The peaks at & = 120.98 ppm and 142.89 ppm corresponding to the alkenyl
carbons. The aromatic carbons are attributable in the range of 6 = 160.48 - 113.93 ppm. The
peak at & = 188.15 ppm was attributable to the carbonyl carbon.

4.4. Synthesis and spectral analysis of terminal alkynes 143, 144, and 145
4.4.1. Synthesis

The terminal alkynes (143, 144, 145) were synthesized by reacting the previously
synthesized chalcones (138, 140, 142) respectively with 80% propargyl bromide solution in
toluene (figure 4.3). The reaction was performed at room temperature with constant stirring,
using K>COs as the base. The base abstracted the labile protons from the amino group on the
starting material, allowing the propargyl groups to replace them and form the terminal alkyne
derivatives of the chalcones. The resulting brown oily product in the case of 143 and 145 was
obtained through solvent extraction, followed by drying the combined organic layers over
anhydrous sodium sulphate and evaporating the solvent under reduced pressure. In the case of
144, the product obtained was solid in nature, which was filtered, washed with distilled water

and air dried.
(o]

9hA®
o NT

0 |
/‘/\)J\‘/ N\
(¢}
143 144 145 ‘

Figure 4.3: Structure of termina alkynes 143, 144, and 145
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4.4.2. Analysis of IR spectra

The IR spectra (4000-500 cm™', neat) were recorded for the chalcone-based terminal
alkynes (143, 144, 145), with each compound exhibiting characteristic signals. For compound
143, a signal at 3287 cm™' corresponded to -C=C-H bond stretching, while 2113 cm™
confirmed the presence of the C=C bond stretch. Additional signals included 3029 cm™ for
alkenyl C-H stretching, 2910 cm™ for methylene C-H stretching, 1637 cm™ for carbonyl
stretching, 1570 and 1504 cm™ for aromatic C=C stretch, 1452 cm™ for -CH> bending, and
1293 cm™ for C-N stretching. The absence of a signal around 3400 cm™, corresponding to N-

H stretching, indicated the successful conversion of -NH> group into the terminal alkyne.

Similarly, for compound 144, a signal at 3280 cm™' indicated -C=C-H bond stretching,
while a signal at 2111 cm™ confirmed the C=C bond stretch. Additional peaks appeared at
3056 cm™ for alkenyl C-H stretching, 2930 cm™ for methylene C-H stretching, 1656 cm™ for
carbonyl stretching, 1579 and 1502 cm™ for aromatic C=C stretching, 1446 cm™ for -CH>
bending, and 1239 cm™ for C-N stretching. The absence of N-H stretching at around 3400 cm™

validated the formation of the terminal alkyne.

For compound 145, the -C=C-H stretching signal appeared at 3286 cm™!, with a C=C
stretching signal at 2115 cm™'. The methylene C-H stretching was observed at 2970 cm™,
carbonyl stretching at 1651 cm™, C=C aromatic stretching at 1587 and 1505 cm™, and C-N
stretching was observed at 1293 cm ™. The absence of N-H stretching confirmed the conversion

to the terminal alkyne.
4.4.3. Analysis of NMR spectra

The successful synthesis of three 4-benzyloxybenzaldehyde-based terminal alkynes
(143, 144, 145) was confirmed through both 'H and *C NMR spectra. For compound 143, the
'H NMR spectrum exhibited a singlet at 6 = 2.23 ppm corresponding to the alkynyl protons
(C=C-H). Additionally, a singlet at 6 = 4.02 ppm was assigned to methylene protons of the
propargyl groups, whereas the single at & = 5.08 ppm was observed for the methylene protons
of the benzyloxy group. The aromatic protons were attributable to the multiplet in the range of
§=7.91 -6.97 ppm. The *C NMR spectrum further supported the 'H NMR findings, showing
signals at & = 71.31 ppm and 6 = 80.33 ppm for the C=C carbons, along with a singlet at 6 =
32.35 ppm for methylene carbons of the propargyl groups. Furthermore, the methylene carbon
belonging to the benzyloxy group was observed at d = 70.12 ppm. The aromatic carbons were

recorded in the range of & = 160.53 - 112.04 ppm, and the carbonyl carbon at 3 = 191.86 ppm.
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For compound 144, The 'H NMR spectrum showed a singlet at & = 2.27 ppm for the
alkynyl protons, and another singlet at 6 = 4.17 ppm, which corresponded to the methylene
protons of the propargyl groups. The methylene protons of the benzyloxy group were
represented by a singlet at & = 5.09 ppm. The aromatic protons were attributable to the multiplet
in the range of 6 = 7.78 — 6.98 ppm. In the *C NMR spectrum, the C=C carbons were observed
at & = 72.98 ppm and 6 = 78.70 ppm, while the methylene carbons of the propargyl groups
appeared as a singlet at 6 = 40.42 ppm. Also, the methylene carbon belonging to the benzyloxy
group was observed at & = 70.14 ppm. The aromatic carbons were recorded in the range of 6 =

147.90 - 114.97 ppm, and the carbonyl carbon at & = 190.45 ppm.

In the case of compound 145, a triplet at 6 = 2.25 ppm in the "H NMR spectrum was
assigned to alkynyl protons, and a doublet at & = 3.98 ppm corresponded to methylene protons
of the propargyl groups. The methylene protons of the benzyloxy group were represented by a
singlet at & = 5.08 ppm The aromatic protons were attributable to the multiplet in the range of
0 =7.83 — 6.67 ppm. The *C NMR spectrum showed signals at 6 = 71.86 ppm and & = 79.89
ppm for the C=C carbons, while the methylene carbons of the propargyl groups were reflected
by a singlet at 8 = 33.06 ppm. Additionally, the methylene carbon of the benzyloxy group was
observed at 6 = 70.08 ppm. The aromatic carbons were recorded in the range of 6 = 160.46 —

112.32 ppm, and the carbonyl carbon at 6 = 190.79 ppm.

The table 4.1 highlights the differences in physical and spectroscopic properties of
alkyne derivatives 143, 144, 145 at their ortho, meta and para position. The observations
revealed that the solid state of the meta isomer can be attributed to its more symmetrical
packing, which allow for relatively stronger intermolecular interactions. In contrast, the ortho
and para isomers may have disrupted packing due to steric hinderance (ortho) or less favourable
interaction (para) resulting in their liquid state at room temperature. The carbonyl stretching
appears at lower wavenumber for ortho (1637 cm™') compared to meta and para isomers which
is attributable to the presence of the -NH» group adjacent to the carbonyl group, thereby
resulting in reduced double bond character of the carbonyl group through resonance which can
slightly alter the bond strength, leading to shift in IR frequency. In the meta isomer (1656 cm™),
the -NH> group is not directly conjugated with the carbonyl group which limits the
delocalization of the lone pair on -NH: towards the carbonyl, retaining more of the double-

bond character in the carbonyl group.
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Table 4.1: Comparison of 4-benzyloxy benzaldehyde based ortho, meta and para substituted alkynes

Melti NMR (ppm)
Alkyne Structure Texture ‘e ng IR (cm™)
point (°C) H oC

-C=C-H 71.31
-C=C-H 3287

Ortho o N7 Brown .C=C-H | 223 80.33
X viscous N/A C=C 2113

143 O O oil N-CH: 4.02 N-CH, 32.35
0 C=0 1637

()A C=0 191.86

-C=C-H 72.98
o | , -C=C-H 3280

Meta ~ N | Light -C=C-H 2.27 78.70
O O brown | 112—113 C=C 2111

144 o powder N-CH: 4.17 N-CH, 40.42
g C=0 1656

C=0 190.45

o -C=C-H 71.86
-C=C-H 3286

Para O AN O Brown -C=C-H 2.25 79.89
| viscous N/A C=C 2115

145 ()A 0 N oil N-CH: 398 | N-CH» 33.06
C=0 1651

C=0 190.79
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The -NH: group exerts an electron-donating inductive effect, which can slightly
increase electron density on the carbonyl carbon. However, this effect is less significant
compared to the resonance effect observed in the ortho isomer. Consequently, the bond strength
ofthe carbonyl is slightly higher than in the ortho case, leading to a higher stretching frequency.
Additionally, the IR frequencies for -C=C-H and C=C stretching is observed nearly similar for

ortho para and meta isomers.

In '"H NMR of para (3.98 ppm) and ortho (4.02 ppm) isomers, resonance effects
dominate due to the favourable positions for delocalization of electrons involving the nitrogen
atom. The resonance contributes to greater electron density around the nitrogen, increasing the
shielding of the N-CH: protons.'” As a result, the chemical shifts for these isomers appear
upfield compared to the meta isomer. In the meta isomer, the electronic effect of the carbonyl
group is less effectively delocalized through resonance with the nitrogen due to the position of
the substituents on the aromatic ring. However, the inductive electron-withdrawing effect of
the carbonyl group is still significant, pulling electron density away from the CH> group. This
decreases the shielding on the CH: protons, resulting in a downfield shift (chemical shift at
4.17 ppm). The peak corresponding to -C=C-H in '*C NMR at shows insignificant variation
among all isomers whereas the chemical shift value for N-CHo varies for ortho (32.35 ppm),
meta (40.42 ppm) and para (33.06 ppm) due to the same shielding and resonance effect as
attributed in "H NMR.

4.5. Synthesis and spectral analysis of 1,2,3-triazoles 146, 147, and 148
4.5.1. Synthesis

The three 4-benzyloxybenzaldehyde-based 1,2,3-triazole derivatives (146, 147, 148)
(figure 4.4) were regioselectively synthesized using their respective terminal alkynes (143,
144, 145) and benzyl azide 135 through 1,3-dipolar cycloaddition reactions. These reactions
were catalyzed by the [CuBr(PPhs)s;] complex (0.001 mmol) in a THF (v/v, 3:2) solvent
mixture. Triethylamine (TEA) acted as the base, facilitating the deprotonation of the terminal
alkynes. The stereoselectivity of the cycloaddition, yielding exclusively 1,4-disubstituted
products, was directed by the Cu(I) catalyst. Each reaction, carried out at 55-60 °C for 6-8
hours under stirring, was completed with the formation of solid products in the case of 146 and
147 upon treatment of the reaction mixture with ice-cold water, which was filtered, washed
with distilled water and air dried. In the case of compound 148, the oily product was

successfully obtained through a solvent extraction process. This involved extracting the desired
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compound from the reaction mixture using an appropriate solvent. The final 1,2,3-triazole
derivatives were thoroughly characterized using standard spectroscopic techniques, confirming

their successful synthesis.

N—N
©/\ 146 147

Figure 4.4: Structure of 1,2,3-triazoles 146, 147, and 148
4.5.2. Analysis of IR spectra

The IR spectra (neat, 4000-500 cm™) for the 4-benzyloxybenzaldehyde-based 1,2,3-
triazole derivatives (146, 147, 148) provided strong evidence for the successful formation of
the target compounds. In all the cases, the absence of signals associated with C=C-H and C=C
stretching at about 3287 - 3280 cm™ and 2115 - 2111 cm™, along with the disappearance of
the -N=N=N stretching signal at 2089 cm™!, confirmed the modification of the C=C-H and N

groups, indicating the formation of the 1,2,3-triazole moiety.

For compound 146, a signal at 3068 cm™! was attributed to aromatic C-H stretching,
while 3033 cm™ indicated the C-H stretching of the triazole ring. A peak at 2931 cm™ was due
to methylene C-H stretching, with additional signals at 1638 cm™ for carbonyl stretching, 1570
and 1507 cm™ for aromatic C=C stretching, 1455 cm™ for -CH> bending, and 1280 cm™ for
C-N stretching.
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Similarly, for compound 147, aromatic C-H stretching appeared at 3129 cm™!, with C-
H stretching of the triazole ring at 3064 cm™, and methylene C-H stretching at 2916 cm™. The
carbonyl stretching was observed at 1654 cm™, whereas the aromatic C=C stretching was
attributable to 1571 and 1511 em™. The -CH» bending and C-N stretching were represented by
the signals at 1448 cm™ and 1235 cm™! respectively.

For compound 148, the aromatic C-H stretching signal appeared at 3146 cm™, with the
C-H stretching of the triazole ring at 3031 cm™ and methylene C-H stretching at 2958 cm™.
The carbonyl stretching was observed at 1649 cm™, while the aromatic C=C stretching was
attributable to 1590 and 1503 cm™. The -CH> bending was represented by the signal at 1455
cm', and the C-N stretching was identified at 1224 cm™.

4.5.3. Analysis of NMR spectra

At 500 MHz in CDCls, the '"H NMR spectra of the 4-benzyloxybenzaldehyde-based
1,2,3-triazole derivatives (146, 147, 148) were analyzed relative to tetramethylsilane,
confirming the conversion of the alkyne moieties into 1,2,3-triazole rings. For all the three
compounds, the absence of triplets at about 6 = 2.23 — 2.27 ppm, characteristic of the alkynyl
protons in the precursors, indicated the successful transformation of the alkyne into the 1,2,3-

triazole moiety.

For compound 146, the doublet at & =4.61 ppm was assigned to the methylene protons
adjacent to the triazole ring and the nitrogen atoms of the parent structure, while the singlet at
0 = 5.49 ppm corresponded to the benzylic protons. The singlet at = 5.12 ppm was attributed
to the methylene protons of the benzyloxy group, and the aromatic protons appeared as a
multiplet in the range of § = 7.93 — 6.81 ppm. The '3C NMR spectrum further confirmed the
successful formation of the 1,2,3-triazole derivative, as no signals were observed for the C=C
carbons, indicating the conversion of the alkyne into the 1,2,3-triazole ring. The signal at 6 =
38.04 ppm was assigned to the methylene carbons adjacent to the triazole ring and nitrogen
atoms, while the signal at 6 = 53.12 ppm was attributed to the benzylic carbons. Additionally,
the methylene carbon of the benzyloxy group was represented by the signal at & = 69.06 ppm.
The aromatic carbons were recorded in the range of 6 =159.49 — 111.10 ppm, and the carbonyl

carbon at 6 = 190.79 ppm.

Similarly, in compound 147, the methylene protons adjoining the 1,2,3-triazole ring
and nitrogen atoms produced a singlet at 6 = 4.58 ppm, with the benzylic protons resonating at

0 = 5.30 ppm. The methylene protons of the benzyloxy group gave a singlet at 6 = 4.99 ppm,
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while aromatic protons appeared as a multiplet at & = 7.64 — 6.89 ppm. The absence of signals
corresponding to the C = C carbons in the '*C NMR spectrum provided additional evidence for
the successful formation of the 1,2,3-triazole derivative. A distinct signal at 3 = 46.68 ppm was
attributed to the methylene carbons adjacent to the 1,2,3-triazole ring and nitrogen atoms,
whereas a signal at d = 53.98 ppm was observed for the benzylic carbons, verifying the presence
of this functional group. The methylene carbon of the benzyloxy group appeared at 6 = 70.04
ppm. The aromatic carbons resonated in the range of 6 = 160.74 — 113.05 ppm, consistent with
the expected aromatic structure, and the carbonyl carbon was recorded at & = 190.70 ppm,

further validating the successful synthesis of the target compound.

In compound 148, the methylene protons adjacent to the 1,2,3-triazole ring and nitrogen
atoms produced a doublet at 6 = 4.47 ppm, while the benzylic protons resonated at 6 = 5.46
ppm. The methylene protons of the benzyloxy group appeared as a singlet at 3 = 5.09 ppm,
with the aromatic protons showing as a multiplet in the range of 8 = 7.84 — 6.67 ppm. The *C
NMR spectrum also demonstrated absence of signals for the C = C carbons. A signal at § =
37.70 ppm corresponded to the methylene carbons adjacent to the 1,2,3-triazole ring and
nitrogen atoms, while a signal at 6 = 67.14 ppm verified the presence of benzylic carbons. The
methylene carbon of the benzyloxy group resonated at 6 = 69.06 ppm. The aromatic carbons,
appearing within 6 = 166.75 — 110.98 ppm, aligned with the anticipated aromatic structure, and
the carbonyl carbon recorded at 6 = 189.79 ppm further validated the target compound’s

successful synthesis.
4.5.4. Analysis of mass spectra

The synthesized 1,2,3-triazole derivatives (146, 147, and 148) were further subjected
to mass spectrometry analysis to confirm their successful synthesis and validate the predicted
molecular structures. The mass spectrometric data provided critical evidence for the formation

of these compounds, with the observed peaks closely matching the theoretical predictions.

For compound 146, the calculated molecular mass peak (m/z) was 671.81. The mass
spectrum exhibited a prominent peak at m/z = 672.25, which corresponds to the protonated
molecular ion [M+H]". This close agreement between the observed and theoretical values

strongly supports the successful synthesis of compound 146.

Similarly, compound 147 was analyzed, with its predicted molecular mass peak (m/z)

also being 671.81. The mass spectrum revealed a significant peak at m/z = 672.30, consistent
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with the expected [M+H* ion. This result further corroborates the formation of compound 147

as per the proposed structure.

For compound 148, the theoretical molecular mass peak was again 671.81. The
experimental mass spectrum confirmed this prediction by displaying a strong peak at m/z =
672.32, indicative of the protonated molecular ion. This finding validates the successful

synthesis of compound 148.

Table 4.2 presents a comparative analysis of the physical and spectroscopic properties
of 1,2,3-triazole derivatives (146, 147, 148) at the ortho, meta, and para positions. The ortho
and meta isomers are found to exist in solid states, owing to better molecular packing, while
the para isomers exhibit a liquid state at room temperature due to less favorable interactions
and disrupted packing. The ortho isomer, with a higher melting point, likely benefits from
enhanced intramolecular interactions that contribute to its solid state. The lower carbonyl
stretching frequency observed for the ortho isomer (1638 cm™) can be attributed to the
proximity of the -NH: group to the carbonyl group. This adjacency allows for resonance effects
that reduce the double bond character of the carbonyl group, weakening the C=0 bond strength
and shifting the IR frequency. In addition, steric hindrance from the -NH: group also

contributes to this shift.

In the '"H NMR spectra, the chemical shift of the CH group for the para isomer appears
at 4.47 ppm, where resonance effects dominate due to the favourable positions for electron
delocalization involving the nitrogen atom. This results in greater electron density around the
nitrogen and enhanced shielding of the N-CH: protons, leading to an upfield shift of the signal.
In contrast, the meta isomer experiences less effective delocalization of electron density due to
the positioning of the substituents on the aromatic ring. This decreases the shielding of the CH>
protons, causing a downfield shift to 4.58 ppm. In the 1*C NMR spectra, the chemical shift for
the N-CH: group varies for the ortho (38.04 ppm), meta (46.68 ppm), and para (37.70 ppm)
isomers. This variation mirrors the shielding and resonance effects observed in the 'H NMR
spectra, further supporting the differences in electronic environments across the isomers. These
spectroscopic data collectively highlight the impact of substitution position on the molecular

structure and electronic properties of the 1,2,3-triazole derivatives.
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Table 4.2: Comparison of 4-benzyloxy benzaldehyde based ortho, meta and para substituted chalcone based 1,2,3-triazoles

1,2,3- NMR (ppm) Mass
t;iz:zo Structure Texture Melting IR value
le point °C) | (em) H sC (m/2)
(LCMS)
O Phci, | 12
§ Ph-CH
" Y549 | eem, | 3804
Ortho
Yell N.CH
0 N/\[N\‘N ellow | 165 166 | c=0 | 1638 | N | 461 CH (T, | 12645 | 67225
146 N powder
= C-H (Tz ting)
\‘C . 7.59 g
© = ring)
=0 190.79
Q N<p Ph-CH, 53.98
[ Ph-CH
N . CH2 1 53 N-CH, 46.68
Meta o Light NCH
O X O N yellow | 161 — 162 4S8 | oy (T2 | 12743 | 67230
147 C=0 | 1654 !
o Q\N powder C_H (Tz s ring)
N—N ring)
@ =0 190.70
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1,2,3- ) NMR (ppm) Mass
triazo Structure Texture Meltlng IR value
le point (°C) (cm™) H 15C (m/z)
(LCMS)
o jN_N Ph-CH, 67.14
W Ph'CHZ
N
Para N N Dark 5.46 N-CH2 37.70
o brown N/A N-CH>
148 (jA N viscous B 447 | ci(Tz | 12645 | 67232
N, : C=0 | 1649 | c_H (T ]
| °N oil - (Tz 7 54 ring)
N ring)
Cﬁ =0 189.79
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4.6. Synthesis and spectral analysis of chalcones 150, 151, and 152
4.6.1. Synthesis

The chalcones (150, 151, 152) (figure 4.5) were prepared by reacting 4-
chlorobenzaldehyde with o-, m-, and p-aminoacetophenone, respectively, in the presence of
potassium hydroxide as a base. Potassium hydroxide deprotonates the alpha-carbon of
aminoacetophenone, generating an enolate ion. This enolate then attacks the carbonyl carbon
of 4-chlorobenzaldehyde, forming a reaction intermediate. The intermediate subsequently
undergoes an elimination reaction, releasing a water molecule and creating the conjugated
double bond system characteristic of chalcones. The resulting products (150, 151, 152) were

isolated as solids through filtration and air drying.

0 NH, o 0
O N O NH2 /‘/\)‘\‘\
cl ‘ ‘ NH
cl 150 Cl 151 152 2

Figure 4.5: Structure of chalcones 150, 151, and 152
4.6.2. Analysis of IR spectra

The vibrational spectroscopic data for the synthesized chalcones 150, 151, 152 were
recorded as neat spectra within the 4000400 cm™ range. For compound 150, a signal at 3461
and 3295 cm ™! corresponded to N-H stretching of NHz group. Additional signals included 3032
cm™! for alkenyl C-H stretching, 1639 cm™ for carbonyl stretching, 1564 and 1484 cm™ for
aromatic C=C stretch, and 1280 cm™* for C-N stretching.

For compound 151, a signal at 3449 and 3359 cm™* corresponded to N-H stretching of
NH; group. Additional signals included 3047 cm™* for alkenyl C-H stretching, 1658 cm™ for
carbonyl stretching, 1585 and 1587 cm™ for aromatic C=C stretch.

For compound 152, a signal at 3457 and 3340 cm ™' corresponded to N-H stretching of
NH> group. Additional signals included 3045 cm™ for alkenyl C-H stretching, 1635 cm™ for
carbonyl stretching, 1598 and 1490 cm™* for aromatic C=C stretch.

4.6.3 Analysis of NMR spectra

The successful synthesis of three 4-chlorobenzaldehyde-based chalcones (150, 151,
152) was confirmed through both 'H and '*C NMR spectra. For compound 150, the 'H NMR
spectrum exhibited a singlet at 6 = 6.34 ppm corresponding to the NH> protons. The doublet at
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0 = 7.84 ppm was assigned to alkenyl proton of the C=C attached to the benzene ring. The
aromatic protons were attributable to the multiplet in the range of 6 = 7.83 - 6.68 ppm. The *C
NMR spectrum further supported the 'H NMR findings, showing signals at the peaks at § =
123.61 ppm and 141.42 ppm corresponding to the alkenyl carbons (C=C). The aromatic
carbons are attributable in the range of 6 = 151.08 - 115.90 ppm. The peak at = 191.17 ppm

was attributable to the carbonyl carbon.

For compound 151, the 'H NMR spectrum exhibited a singlet at 6 = 2.64 ppm
corresponding to the NH> protons. The doublet at 6 = 8.48 ppm was assigned to alkenyl proton
of the C=C attached to the benzene ring. The aromatic protons were attributable to the multiplet
in the range of § = 7.90 — 7.23 ppm. The *C NMR spectrum further supported the 'H NMR
findings, showing peaks at 6 = 120.27 ppm and 138.18 ppm corresponding to the alkenyl
carbons (C=C). The aromatic carbons are attributable in the range of 6 = 159.90 - 114.01 ppm.
The peak at 6 = 189.82 ppm was attributable to the carbonyl carbon.

For compound 152, the 'H NMR spectrum exhibited a singlet at 6 = 4.19 ppm
corresponding to the NH» protons. The doublet at 6 = 7.93 ppm was assigned to alkenyl proton
of the C=C attached to the benzene ring. The aromatic protons were attributable to the multiplet
in the range of § = 7.91 - 6.69 ppm. The *C NMR spectrum further supported the 'H NMR
findings, the peaks at 6 = 122.51 ppm and 141.63 ppm corresponding to the alkenyl carbons
(C=C). The aromatic carbons are attributable in the range of 6 = 151.24 - 113.81 ppm. The
peak at 6 = 187.76 ppm was attributable to the carbonyl carbon.

4.7. Synthesis and spectral analysis of terminal alkynes 153, 154, 155
4.7.1. Synthesis

The synthesis of terminal alkynes (153, 154, 155) involved the reaction of previously
synthesized chalcones (150, 151, 152) respectively with an 80% propargyl bromide solution in
toluene (figure 4.6). This reaction was conducted at ambient temperature with continuous
stirring, utilizing K-CO:s as the base. The base effectively abstracted the labile protons from the
secondary amino groups present in the starting materials, facilitating the replacement of these
protons by the propargyl group, thereby yielding terminal alkyne derivatives of the chalcones.
The resulting brown oily product was isolated through solvent extraction, followed by the
evaporation of the combined organic layers under reduced pressure. Ultimately, the product

solidified upon cooling to room temperature.
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Figure 4.6: Structure of terminal alkynes 153, 154, and 155
4.7.2. Analysis of IR spectra

The IR spectra for the 4-chlorobenzaldehyde-based terminal alkynes 153, 154, and 155
were obtained in the range of 4000-500 cm™ (neat) and revealed specific bands corresponding
to the targeted functional groups, verifying the formation of the alkyne derivatives. For
compound 153, the characteristic -C=C-H stretching signal was observed at 3279 cm™, while
apeak at 2113 cm™ indicated the C=C bond stretch. Other notable signals included alkenyl C-
H stretching at 3069 cm™, methylene C-H stretching at 2925 cm™, carbonyl stretching at 1640
cm™’, and aromatic C=C stretching at 1574 and 1497 cm™'. Additional peaks were noted at 1411
cm™! for -CH: bending and 1278 cm™ for C-N stretching. The absence of a signal near 3400
cm’, typically corresponding to N-H stretching, confirmed the conversion of the -NH: group

into the terminal alkyne.

Similarly, compound 154 showed an IR signal at 3289 cm ™' for -C=C-H stretching and
apeak at 2112 cm™ for the C=C bond stretch. Alkenyl C-H stretching appeared at 3065 cm™,
methylene C-H stretching at 2938 cm™, and carbonyl stretching at 1671 cm™. Aromatic C=C
stretching bands were detected at 1587 and 1488 cm™', with -CH2 bending at 1439 cm™ and C-
N stretching at 1261 cm™. The absence of the N-H stretches around 3400 cm™ validated the

formation of the terminal alkyne derivative.

For compound 155, the IR spectrum showed the -C=C-H stretching at 3324 cm™!, with
a distinct C=C stretching signal at 2116 cm™. The alkenyl C-H stretching was attributed to
3067 cm™ whereas the methylene C-H stretching appeared at 2929 cm™. The carbonyl
stretching at 1656 cm™ and aromatic C=C stretching bands at 1594 and 1486 cm™.
Additionally, a C-N stretching signal was observed at 1275 cm™. As with the other compounds,
the absence of an N-H stretching band confirmed the successful transformation of the amino

group to the terminal alkyne.
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4.7.3. Analysis of NMR spectra

The successful synthesis of 4-chlorobenzaldehyde-based terminal alkynes, 153, 154,
and 155, was confirmed through detailed 'H and *C NMR spectroscopic analysis. For
compound 153, the 'H NMR spectrum showed a singlet at 6 = 2.25 ppm, corresponding to
alkynyl protons (C=C—H). A singlet at 6 = 4.07 ppm was attributed to the methylene protons
of the propargyl groups. The aromatic protons were present as a multiplet within the range of
0 =17.92 — 6.87 ppm. Supporting these observations, the *C NMR spectrum displayed signals
at 6 = 71.64 ppm and & = 80.45 ppm for the C=C carbons, along with a singlet at 5 = 38.98
ppm for the methylene carbons of the propargyl group. The aromatic carbons appeared in the

range of 6 = 168.11 — 112.39 ppm, and the carbonyl carbon was observed at 6 = 191.72 ppm.

For compound 154, the 'H NMR spectrum showed a singlet at & = 2.28 ppm for the
alkynyl protons, and a singlet at 6 = 4.18 ppm was assigned to the methylene protons of the
propargyl group. The aromatic protons resonated as a multiplet in the & = 7.82 — 7.17 ppm
range. In the *C NMR spectrum, signals at & = 73.03 ppm and 6 = 78.76 ppm confirmed the
presence of C=C carbons, with a singlet at 6 = 40.48 ppm for the methylene carbons of the
propargyl group. The aromatic carbons appeared in the range of 6 = 147.96 — 115.02 ppm, and
the carbonyl carbon was noted at 6 = 190.51 ppm.

For compound 155, the '"H NMR spectrum displayed a singlet at 6 = 2.27 ppm,
indicating the presence of alkynyl protons, and a doublet at 6 =4.11 ppm, which was attributed
to the methylene protons of the propargyl group. The aromatic protons appearing as a multiplet
in the range of 6 = 7.98 — 6.94 ppm. In the *C NMR spectrum, signals at 6 = 71.93 ppm and 6
= 79.84 ppm represented the C=C carbons, and a singlet at & = 38.74 ppm indicated the
methylene carbons of the propargyl group. The aromatic carbons were noted in the range of 6

=167.80 — 112.36 ppm. The carbonyl carbon was present at & = 187.77 ppm.

The table 4.3 presents the physical and spectroscopic properties of alkyne derivatives
(153, 154, 155) at ortho, meta, and para positions. The IR variations are attributed to differences
in electronic environments and steric effects induced by substituent positioning. The ortho
isomer shows the lowest carbonyl (C=0) stretching frequency (1640 cm™), is attributable to
the presence of the -NH2 group adjacent to the carbonyl group, thereby resulting in reduced
double bond character of the carbonyl group through resonance. which can slightly alter the

bond strength, experiences steric hindrance and leading to shift in IR frequency.
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Table 4.3: Comparison of 4-chloro benzaldehyde based ortho, meta and para substituted alkynes

Melting NMR (ppm)
Alkyne Structure Texture point IR value (cm™)
(OC) lH 13C

C=C-H | 71.64
-C=C-H | 3279

Ortho 0 SN -C=C-H | 2.25 80.45
C=C 2113

153 X N-CH: | 407 | N-CH» 38.98
O O C=0 1640

Cl C=0 191.72

C=C-H | 73.03
o -C=C-H | 3289

Meta | -C=C-H | 2.28 78.76
X N [Brown. N/A c=C | 2112

154 O O viscous oil N-CH> | 418 | N-CH» | 4048
cl C=0 1671

C=0 190.51

o C=C-H | 71.93
“ C=C-H | 3324

Para -C=C-H | 2.27 79.84
(T

155 Cl N N-CH: | 411 | N-CH, | 38.74
C=0 1656

C=0 187.77
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The meta and para isomers exhibit higher wavenumbers for C=0, reflecting less steric
strain and a stronger bond. The IR frequencies for C=C stretching is nearly similar for ortho
para and meta isomers, whereas the peaks corresponding to -C=C-H stretching shows variation
in para (3324 cm™") isomer due to the resonance stabilization. Furthermore, in '"H NMR, the
chemical shift values for -C=C-H and N-CH: are almost same in all isomers. The peak
corresponding to -C=C-H in '*C NMR at shows insignificant variation among all isomers
whereas the chemical shift value for N-CH; varies for ortho (38.98 ppm), meta (40.48 ppm)
and para (38.74 ppm) due to the de-shielding of meta electrons. The ortho isomer exhibits the
most deshielded carbonyl carbon (191.72 ppm), consistent with increased steric hindrance and
electronic withdrawal. Conversely, the para isomer has the least deshielded carbonyl carbon

(187.77 ppm), reflecting a more symmetric electronic distribution.
4.8. Synthesis and spectral analysis of 1,2,3-triazoles 156, 157, and 158
4.8.1. Synthesis

The synthesis of 4-chlorobenzaldehyde -based 1,2,3-triazole derivatives (156, 157, and
158) was achieved through the reaction of their respective terminal alkynes (153, 154, and
155) with benzyl azide 135 in a solvent system of THF (v/v, 1:1), utilizing [CuBr(PPhs)s]
(0.001 mmol) as the catalyst (figure 4.7).

Figure 4.7: Structure of 1,2,3-triazoles 156, 157, and 158
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Following 7 - 13 hours of stirring at a temperature range of 55-60 °C, the reactions
reached completion. For compounds 157 and 158, brown oily products were obtained by
solvent extraction, with the combined organic layers subsequently dried over anhydrous
sodium sulphate. The solvent was then evaporated under reduced pressure, yielding the final
product. In contrast, for compound 156, a solid product was obtained, which was isolated by

filtration, washed thoroughly with distilled water, and air-dried to achieve a purified form.
4.8.2. Analysis of IR spectra

The IR spectra (neat, 4000-500 cm™) of the synthesized 4-chlorobenzaldehyde-based
1,2,3-triazole derivatives (156, 157, 158) provided compelling evidence for the successful
formation of the target compounds. In all cases, the absence of signals at about 3324 - 3279
cm™’, corresponding to C=C-H stretching, 2116 - 2112 cm™ for C=C stretching, and 2089 cm™
associated with -N=N=N stretching, indicated the modification of C=C-H and Ns groups,

confirming the synthesis of the 1,2,3-triazole moiety.

For compound 156, a signal at 3071 cm™ was attributed to aromatic C-H stretching,
while the C-H stretching of the methyl groups appeared at 2953 cm™'. The carbonyl group
corresponded to 1642 cm™; additional peaks at 1573 cm™ and 1505 cm™ corresponded to
aromatic C=C stretching while the peak at 1413 cm™ was associated with the bending

vibrations of the methylene groups.

In the case of compound 157, the IR spectrum showed similar trends. The
disappearance of the C=C-H and C=C stretching signals confirmed the formation of the triazole
ring. Aromatic C-H stretching was exhibited at 3139 cm™', and C-H stretching of the 1,2,3-
triazole moiety was observed at 3060 cm'. The methylene group C-H stretching appeared at
2963 cm', while peaks at 1590 cm™ and 1487 cm™ indicated aromatic C=C stretching.

Bending vibrations of the -CH; were also demonstrated with signal at 1447 cm™.

For compound 158, the spectrum displayed an aromatic C-H stretching peak at 3047
cm™!, while the methylene C-H stretching was recorded at 2926 cm™. The other significant
peaks were displayed at 1587 cm™ and 1509 cm™, indicating the presence of aromatic C=C

stretching.
4.8.3. Analysis of NMR spectra

At 500 MHz in CDCls, the "H NMR spectra of the 4-chlorobenzaldehyde-based 1,2,3-
triazole derivatives (156, 157, 158) were recorded with tetramethylsilane as the reference,

providing clear evidence for the successful conversion of alkyne moieties into 1,2,3-triazole
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rings. For all three compounds, the absence of the characteristic triplet at around 6 = 2.25 —
2.28 ppm, which would indicate alkynyl protons in the precursors, confirmed the complete

transformation into the 1,2,3-triazole structure.

For compound 156, a singlet at 6 = 4.60 ppm was assigned to the methylene protons
adjacent to the 1,2,3-triazole moiety and nitrogen atoms, while a singlet at 6 = 5.48 ppm was
observed for the benzylic protons. Additionally, the aromatic protons displayed a multiplet
between 6 = 7.88 — 6.67 ppm. In the *C NMR spectrum, the lack of C=C carbon signals further
confirmed the conversion of the alkyne moiety into the 1,2,3-triazole ring. A signal at 3 = 39.05
ppm was attributed to the methylene carbons adjacent to the 1,2,3-triazole ring and nitrogen
atoms, while the signal at 6 = 54.22 ppm corresponded to the benzylic carbons. The aromatic
carbons resonated between 6 = 151.24 — 112.23 ppm, with the carbonyl carbon at & = 191.39

ppm, aligning with expected values for this derivative.

For compound 157, the methylene protons adjacent to the 1,2,3-triazole ring and
nitrogen atoms produced a doublet at & = 4.68 ppm, while benzylic protons resonated at 6 =
5.39 ppm. The aromatic protons appeared as a multiplet between & = 7.70 — 7.12 ppm. In the
BC NMR spectrum, a signal at 6 =45.68 ppm was attributed to the methylene carbons adjacent
to the 1,2,3-triazole moiety and nitrogen atoms, with the benzylic carbons at 6 = 53.06 ppm,
confirming their presence. The aromatic carbons ranged from 6 = 147.11 — 111.57 ppm, with

the carbonyl carbon at & = 189.48 ppm.

In compound 158, the methylene protons adjacent to the 1,2,3-triazole ring and nitrogen
atoms appeared as a singlet at 5 = 4.22 ppm, while the benzylic protons resonated at 6 = 5.46
ppm. The aromatic protons were observed as a multiplet within 6 = 7.95 — 6.95 ppm. The *C
NMR spectrum showed methylene carbons adjacent to the 1,2,3-triazole ring at 6 = 38.73 ppm,
with benzylic carbons at d = 68.18 ppm. The aromatic carbons resonated within 6 = 161.13 —
112.36 ppm, with the carbonyl carbon at 6 = 187.78 ppm, supporting the successful synthesis

of the target compound.
4.8.4. Analysis of mass spectra

The successful synthesis of the 1,2,3-triazole derivatives (156, 157, and 158) was
confirmed through mass spectrometry analysis. The observed mass spectra provided strong
evidence for the formation of the desired compounds by revealing prominent [M+H]+ peaks

closely aligned with their predicted molecular masses.
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For compound 156, the theoretical molecular mass was calculated as m/z=599.22. The
mass spectrum displayed a strong [M+H]+ peak at m/z = 600.12, indicating the addition of a
proton and validating the successful synthesis of the compound. The close match between the

predicted and observed values supports the proposed molecular structure.

In the case of compound 157, the expected molecular mass was m/z=599.21. The mass
spectrum confirmed its successful formation by showing a prominent [M+H]+ peak at m/z =

600.22, further corroborating the structural integrity of the synthesized derivative.

Similarly, for compound 158, the predicted molecular mass was m/z = 599.22. The
mass spectrum revealed a strong [M+H]+ peak at m/z = 600.27, providing definitive evidence

of its successful synthesis and alignment with the expected molecular architecture.

The table 4.4 provides a comparative analysis of the physical and spectroscopic
properties of 1,2,3-triazole derivatives (156, 157, 158) at the ortho, meta, and para positions.
The ortho isomers exhibit solid state due to better molecular packing, meta and para isomers
may have disrupted packing due to less favourable interactions resulting in their liquid state at
room temperature. The lower carbonyl stretching frequency for ortho isomer (1642 cm™), is
due to its proximity to substituents, is attributable to the presence of the -NH» group adjacent
to the carbonyl group, thereby resulting in reduced double bond character of the carbonyl group
through resonance, which can slightly alter the bond strength, experiences steric hindrance and
leading to shift in IR frequency. The meta and para isomers have relatively less steric strain,
leading to higher frequencies. The ortho isomer exhibits the most downfield shifts for protons
(Ph-CH: (5.48 ppm), likely due to deshielding caused by nearby electronegative groups or
steric hindrance. The meta and para isomers experience less electronic interaction, resulting in
slightly upfield shifts. The proton of N-CH: (4.22 ppm) shoes significant upfield shift on para
position due to the more shielding effect. The protons attached to the 1,2,3-triazole ring
resonate at higher frequency due to the pronounced shielding effect on the para position as
compared to the meta and ortho position. In '*C NMR, the para isomer shows the most
significant shifts in the Ph-CH: region (68.18 ppm), likely due to enhanced electronic

delocalization in the para configuration.
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Table 4.4: Comparison of 4-chloro-benzaldehyde based ortho, meta and para substituted chalcone based 1,2,3-triazoles

Meltin NMR (ppm) Mass
1,2,3- ) g IR value
iaz0l Structure Texture | point o (m/z)
triazole °C) (em™) Hq BC
(LCMYS)
Ph-
{ >/\ 54.22
) CH:
N e 5.48 39.05
Ortho N Yellow 127 — N-CH: | et |
N C=0 | 1642 4.60 | g 123.57 600.12
156 o N/\[ N powder 128 C-H
o0
: ring
rin
Cl 2 191.39
Cc=0
: Ph- 53.06
N/N:N Ph-CH: CH2 45.68
= 5.42
Meta o] \/H Brown N-CH: N-CH;
X viscous N/A 4.68 | c.g 600.22
157 O O oil c=0 | 1671 | C-H 121.21
Cl (Tz 7.54 (TZ
C=0 | 189.48
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Melti NMR (ppm) Mass
1,2,3- g | 1R value
iazol Structure Texture | point B (m/z)
triazole ©C) (cm™) H 13C
(LCMS)
Ph-
68.18
o N-N Ph-CH: CH,
N 5.46 38.73
Para O N O K/( Brown N-CH2 N-CHz
cl N viscous N/A 422 | ol 121.89 600.27
158 N oil Cc=0 | 1654 | C-H
. Tz
B (Tz | 745 | ( |
N rin rng
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Cc=0
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Chapter IV

Part B

Analysis of photophysical data

11111

In this section of chapter 4, the photophysical properties of the newly
synthesized chalcone based 1,4-disubstituted 1,2,3-triazole
derivatives are comprehensively discussed. UV-Visible and
fluorescence spectroscopic techniques were employed to investigate

the photophysical behaviour of these compounds.



4.9. Introduction to electronic spectroscopy
4.9.1. UV-Visible spectroscopy

UV-Visible spectroscopy is an essential analytical technique for examining the
interaction of ultraviolet (UV, A = 200400 nm) and visible (A = 400 —700 nm) light with
molecules. This method is based upon the absorption of light, which corresponds to the
excitation of electrons from lower-energy molecular orbitals (ground states) to higher-energy
molecular orbitals (excited states).'? The resulting absorption spectra provide valuable insights
into the electronic structure of molecules, making this technique fundamental in ion recognition
studies. The process of light absorption in UV-Visible spectroscopy is governed by the Beer-
Lambert law, which establishes that absorbance (A) is directly proportional to the concentration
(c) of the absorbing species and the path length (I) of the medium through which the light
travels. The electronic energy levels probed by UV-Visible spectroscopy primarily involve
transitions of m-electrons, non-bonding (n) electrons, and c-electrons.>* An electron is moved
from a lower-energy orbital to a higher-energy orbital by the energy of photon of light that a

molecule absorbs. The common electronic transitions observed include:

e ¢ — o*: Electrons in ¢ bonds are excited to their antibonding sigma c¢* orbitals. These
transitions require high energy and occur predominantly in alkanes and other molecules with
strong covalent bonds, typically absorbing light in the far-UV region (below 200 nm).

e n — c*: Non-bonding electrons, often associated with atoms like oxygen, nitrogen, or
halogens, are excited to antibonding c* orbitals. This transition occurs at slightly lower
energies compared to 6 — o* and is characteristic of saturated compounds containing lone
electron pairs.

e 1 — m*: Electrons in 7 bonds are promoted to antibonding ©* orbitals. These transitions are
commonly observed in unsaturated systems, including alkenes, alkynes, and aromatic
compounds, and they typically absorb light within the UV-Visible spectrum.

e n — 7*: Non-bonding electrons are excited to antibonding n* orbitals. This transition is
prevalent in molecules with conjugated systems, carbonyl groups, or other chromophores,
often absorbing in the visible or near-UV region.

The absorption spectrum produced during UV-Visible spectroscopy is unique to each molecule,

reflecting the specific energy gaps (AE) between its electronic states. The energy difference

between ground and excited states governs the wavelength of light absorbed, with smaller

energy gaps resulting in the absorption of light at longer wavelengths.” Conjugation and
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resonance significantly influence these energy gaps, as extended conjugated systems and
delocalized electrons lower AE, shifting absorption from the UV region to the visible range.
This shift, often referred to as a bathochromic or red shift, is a hallmark of systems with high
degrees of conjugation or aromaticity.® Consequently, UV-Visible spectroscopy is particularly
effective in studying chromophores and other molecular systems where electronic transitions
occur within accessible energy ranges.

In ion sensing, the binding of transition metals with ligands is a crucial interaction that can be
effectively studied using UV-Visible spectroscopy. Transition metals, due to their partially
filled d-orbitals, exhibit coordination behaviour with organic ligands having donor atoms like
O, N, S etc., leading to measurable changes in the electronic structure of the ligand.”* These
changes is often manifested as shifts in absorption peaks (hyperchromic/ hypochromic or
bathochromic/ hypsochromic shifts) or the appearance of new absorption bands in the UV-
Visible spectrum.®!°

4.9.2. Fluorescence spectroscopy

Fluorescence spectroscopy, an emission-based technique, is instrumental in the study of
molecular luminescence following excitation by UV or visible light. This technique operates
on the principle that molecules absorb photons, become excited to higher electronic states, and
subsequently emit light as they return to their ground state. The emitted light, a result of a
radiative relaxation process, typically occurs at a longer wavelength than the absorbed light
due to energy dissipation during relaxation.!! This phenomenon, characterized by the Stokes
shift, is a cornerstone of fluorescence spectroscopy, enabling its application in sensitive and
selective detection methodologies, including transition metal ion sensing. The electronic
energy levels in fluorescence spectroscopy resemble those of UV-Visible spectroscopy but

encompass both absorption and emission processes.!?

In the context of metal ion sensing, fluorescence spectroscopy provides critical insights into
metal-ligand interactions. Transition metals, often possessing unfilled d-orbitals, exhibit unique
coordination chemistry with fluorescent ligands, inducing measurable changes in the ligand's
photophysical properties.!®* Binding with a metal ion can lead to fluorescence enhancement
(turn-on), quenching (turn-off), or shifts in the emission wavelength, driven by mechanisms
such as photoinduced electron transfer (PET), energy transfer, or changes in electronic
structure.!* The significance of fluorescence spectroscopy in ion sensing lies in its high
sensitivity, enabling the detection of trace amounts of metal ions, and its ability to provide real-

time information about metal-ligand interactions. This technique also allows for the elucidation
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of complexation mechanisms, making it a powerful tool in designing and optimizing
fluorescent chemosensors for transition metals. By exploiting the principles of fluorescence
and the unique optical properties of transition metal complexes, researchers can develop robust
and selective systems for environmental monitoring, biological assays, and industrial

applications. !>

4.10. Chemosensing analysis of 4-benzyloxybenzaldehyde based 1,2,3-triazoles 146, 147,
and 148

The ion recognition abilities of the synthesized 1,2,3-triazole derivatives were evaluated using
UV-Vis and fluorescence spectroscopy for various metal ions, where the design of the probes
was based on the incorporation of a chalcone backbone known for their reliable UV-Vis spectral
performance. The chalcone structure was strategically modified by linking it to a benzyl group,
which served as the transducer unit, through a 1,2,3-triazole bridge that not only acted as a
spacer but also provided receptor sites for electron-deficient metal ions due to the nitrogen
atoms bearing lone pairs. Consequently, the synthesized derivatives exhibited a robust aromatic
framework that reinforced their molecular stability and enhanced their potential as
chemosensing agents.

4.10.1. Ton recognition analysis of 1,2,3-triazole derivative 146

Dimethylsulfoxide (DMSO) was selected as the solvent medium for UV-Vis and
fluorescence spectroscopic investigations due to the excellent solubility and favourable spectral
properties of probe 146. After optimizing the solution concentrations for the UV-Vis
examinations, it was determined that 0.05 mM concentration would be used to monitor the
sensing behavior of probe 146, owing to the presence of well-defined absorption bands. The
maximum absorbance (Amax) of probes 146 was recorded at 340 nm.

The ion sensing characteristics of the probe were next investigated using 1 mM
solutions of Ca(Il), Mg(Il), Ba(Il), Cr(I1I), Mn(II), Fe(II), Fe(III), Co(II), Ni(II), Cu(Il), Zn(1I),
Cd(II), and Pb(II) chlorides, which were dissolved in DMSO. Upon titration of each of the
probe solutions with 1 mM metal chloride solutions in separate experiments, it was observed
that the absorption spectra showed no significant changes in the absorption maxima or
intensity, except for Pb(I) and Cu(II), which exhibited the most pronounced variations in
absorbance peaks. The relative chemosensing response of the probes 146 towards these metal
ions is depicted in figure 4.8, which indicates a higher sensitivity of the probe to Pb(Il) and

Cu(Il) compared to other metal ions of equimolar concentrations.
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Figure 4.8: Relative chemosensing behaviour of probe 146 with different metal ions in DMSO

4.10.2. Chemosensing response of probe 146 for Pb(II) and Cu(Il) via UV-Vis

spectroscopy

The interactions of probe 146 with Pb(II) and Cu(II) ions was investigated through UV-
Vis spectroscopy, wherein solution of the probe was titrated with 1 mM solutions of these metal
ions in separate experiments. With the gradual addition of Pb(II) ions, the absorption peaks at
340 nm and 414 nm, corresponding to n—n* transitions, showed a hypochromic shift,
indicating a decrease in absorption intensity. At the same time, the absorption band at 269 nm,
which is attributed to m—n* transitions, experienced a significant hyperchromic shift,
reflecting an increase in absorption intensity. This led to the formation of an isosbestic point at
293 nm, suggesting a clear interaction between the probe and Pb(II) ions, due to complexation
or coordination between the metal and the probe. This phenomenon can be attributed to an
increased electronic transition, wherein a greater number of electrons are promoted from the
ground state to the excited state. In contrast, the successive addition of Cu(II) ions to the probe
solution caused a hypochromic shift in the absorption peak at 414 nm, while the peak at 340

nm remained largely unaffected. Additionally, a new broad and intense peak appeared at 284
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nm, accompanied by the formation of an isosbestic point at 337 nm, thereby confirming the

effective sensing of these metal ions by the probe (figure 4.9 (a) and (b)).

Furthermore, the inset plots in figure 4.9 (a) and (b) illustrate the relative changes in
maximum absorbance (An/A,) for probe 146 where A, represents the absorption maxima
recorded after successive additions of the metal ions, and A, corresponds to the initial
absorption maxima of the probe. Additionally, the Benesi-Hildebrand (B-H) equation (A) was
employed to determine the association constant (Ka) for the 1:1 host-guest complexation. The
B-H plots for the complexation of probe 146 with Pb(Il) as well as Cu(Il) are presented in
figure 4.10 (a) and (b). The K, values for probe 146 for Pb(II) and Cu(II) ions were 6.18 x 10°
M and 7.57 x 10°. Moreover, the binding ratio of 1:1 (M:L) were established probe based on

the Job’s plot analysis, as depicted in figure 4.11 (a) and (b).

1 1 1

- A
A—Ao A —Ao " Ka(Ad' — 4o)[M™] (4)

Where 4o = initial absorption intensity
A = absorption intensity with a specific concentration of metal ions
A’ = final absorption intensity
[M""] = concentration of metal ions, and

K, = association constant
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Figure 4.9: The changes in the absorption maxima of probe 146 were recorded during titration

with (a) Pb(II) ions and (b) Cu(II) ions in DMSO, highlighting the spectral shifts indicative of

metal-probe interactions. The inset graphically represents the variation in the relative

absorbance of probe 146 (A./A,) plotted against the concentration of the metal ions (mM),
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Figure 4.10: B-H plots representing the complexation behaviour of the synthesized probe 146
with (a) Pb(II) ions and (b) Cu(Il) ions, demonstrating the interaction profiles and binding

affinities between the probe and the respective metal ions
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Figure 4.11: Job’s plot analysis of probe 146 on interaction with metal ion (a) Pb(II) (b) Cu(Il)

4.10.3. Chemosensing response of probe 146 Pb(II) and Cu(Il) via fluorescence

spectroscopy

The interactions of probe 146 with Pb(II) and Cu(Il) ions were also examined through
fluorescence spectroscopy, where solution (30 uM) of the probe was titrated with 30 uM
solutions of the metal ions in separate experiments. When excited at 350 nm (Aex), probe 146
displayed a strong emission peak at 438 nm (Aem), along with a smaller shoulder at 412 nm.
Separate titrations with Pb(Il) and Cu(II) ions, as shown in figure 4.12 (a) and (b), revealed
an increase in fluorescence emission intensity upon the addition of either metal ion to the
solution. This enhancement in fluorescence is likely due to a photoinduced electron transfer

(PET) process, which occurs upon metal ion interaction with the probe.'*
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Figure 4.12: Changes in the fluorescence emission of probe 146 were observed with the
gradual addition of (a) Pb(II) and (b) Cu(II) ions in DMSO. The inset shows the relative change
in the emission intensity of probe 146 as a function of metal ion concentration (uM).
Furthermore, to evaluate the sensitivity of the probe towards Pb(II) and Cu(II) ions,
correlation plots figure 4.13 (a) and (b) were used to calculate the limits of detection (LoD)
and quantification (LoQ). The LoD values for probe 146 for detecting Pb(I1) were determined
to be 5.69 uM, while for detecting Cu(Il) ions, the LoD values were 6.55 uM. The LoQ values
for the probe 146 for the recognition of Pb(Il) ions were found to be 18.97 uM, whereas for
Cu(Il) ions, the values were 21.85 uM. The values for LoD, LoQ, K., and stoichiometric ratio

for the probe have been compiled and presented in table 4.5.
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Figure 4.13: Correlation plot of probe 146 illustrating (I-I)/I, vs. (a) [Pb(II)] and (b) [Cu(II)]
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4.10.4. Competitive metal ion interaction analysis of probes 146

In addition to the selective ion recognition analysis, the selectivity of probes 146 was
also evaluated in the presence of all metal ions simultaneously in an equimolar ratio. In this
experiment, a single solution containing an equimolar ratio of various metal ions was prepared
and subsequently the titration of each probe solution was done, wherein it was observed that
the UV-Vis spectra obtained in each separate titration closely resembled those obtained when
Pb(II) was used alone for the aforementioned probes, thereby indicating that each probe
selectively sensed Pb(I) even in the presence of other metal ions figure 4.14 These
experiments effectively demonstrated that Pb(Il) was selectively detected by all the three
probes, confirming that the presence of other metal ions did not interfere with their
chemosensing properties.

1.50 ;

Pb(ll)

Pb(Il)

Pb(ll)

Absorbance (A.U)

300 350 400 450 500
Wavelength (nm)
Figure 4.14: UV-Vis spectrum of probe 146, in DMSO, highlighting the selective detection of

Pb(II) among various metal ions at equimolar concentrations

4.10.5. Time dependence analysis of probe-metal ion complexation for 146

The examination of the time-based response of the metal-bound probe 146 provided
valuable insights into their sensitivity to metal ions. To investigate the effect of time on the
behaviour of these metal-bound probe, absorption spectroscopy was utilized. The results,
presented in figure 4.15 (a) and (b), demonstrated that the absorbance of Pb(II)-bound and
Cu(Il)-bound solution of probe 146 did not exhibit any significant changes, even after
prolonged periods of standing. This indicates that probe 146 possessed a high degree of stability

and a robust affinity for the metal ions.
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Figure 4.15: The time-dependent absorption spectrum of (a) probe 146-Pb(Il) and (b) probe

146-Cu(Il) complex solution demonstrating a consistent absorbance over time

4.10.6. Temperature dependence analysis of probe-metal ion complexation for 146

The influence of temperature on the binding properties of probe 146 was investigated
over a range of temperatures, wherein the absorption spectra of the metal-bound probe solution
was recorded at 2 °C intervals from 20 °C to 50 °C for each probe. The results, as depicted in
figure 4.16 (a) and (b), revealed that temperature variations had no significant effect on the

binding abilities of probe 146. This indicated that the interactions between the probe and the

metal ions were highly stable and robust, even under varying thermal conditions.
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4.10.7. Ion recognition analysis of 1,2,3-triazole derivatives 147

After optimizing the solution concentration for UV-Vis analysis, a concentration of 0.05
mM was selected for monitoring the sensing behavior of probe 147, as it exhibited well-defined
absorption bands, wherein, DMSO was chosen as the solvent. The maximum absorbance (Amax)
of probe 147 was recorded at 348 nm. These probes' ion detecting capabilities were then
examined using 1 mM solutions of Ca(II), Mg(II), Ba(II), Cr(IIT), Mn(II), Fe(II), Fe(IIT), Co(II),
Ni(II), Cu(Il), Zn(II), Cd(II), and Pb(Il) dissolved in DMSO. Titration experiments were
performed by incrementally adding the metal chloride solutions to the probe solution. For most
metal ions, the absorption spectra showed negligible changes in the absorption maxima or
intensity. However, significant variations in absorbance peaks were observed specifically for
Pb(II) and Cu(Il), indicating a pronounced chemosensing response. The relative sensitivity of
probe 147 toward these metal ions is illustrated in figure 4.17, which highlights its superior

selectivity for Pb(Il) and Cu(Il) compared to other tested ions at equimolar concentrations.
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4.10.8. Chemosensing response of probe 147 for Pb(II) and Cu(Il) via UV-Vis
spectroscopy

Using UV-Vis spectroscopy, the interaction of probe 147 with Pb(II) and Cu(II) ions
was investigated. Wherein, 1 mM solutions of each metal ion were gradually added to separate
probe solutions. When Pb(II) was introduced, the absorption peak at 348 nm experienced a
reduction in intensity (hypochromic shift), while a smaller shoulder at 264 nm showed an
increase in intensity (hyperchromic shift), leading to the appearance of an isosbestic point at

283 nm, as illustrated in figures 4.18 (a) and (b).
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In the case of Cu(Il), the absorption peak shifted approximately 6 nm toward shorter
wavelengths, from 348 nm to 342 nm, likely due to the metal-to-ligand charge transfer
(MLCT)!"!® interaction. This shift was accompanied by a decrease in absorption intensity and
a notable increase in intensity at 270 nm, suggesting a higher probability of electronic
transitions. As a result, peak broadening occurred, and an isosbestic point appeared at 320 nm.
The inset plots in figures 4.18 (a) and (b) illustrate the relative changes in maximum
absorbance (An/A,) for probe 147, where A, represents the absorbance after successive
additions of the metal ions, and A, corresponds to the initial absorbance of the probe. The
Benesi-Hildebrand plots for probe 147 with Pb(II) and Cu(Il) are presented in figures 4.19 (a)
and (b), yielding K. values of 2.18 x 10* M™" and 2.35 x 10* M, respectively. Additionally,
the 1:1 binding stoichiometry was confirmed through Job’s plot analysis, as depicted in figures
4.20 (a) and (b).
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4.10.9. Chemosensing response of probe 147 for Pb(II) and Cu(lIl) via fluorescence
spectroscopy

The interactions of probe 147 with Pb(II) and Cu(Il) ions were further investigated
using fluorescence spectroscopy. Solutions of the probe were titrated with 30 uM solutions of
the metal ions in separate experiments. Upon excitation at 340 nm (Aex), probe 147 displayed a
distinct fluorescence emission peak at 437 nm (Aem) With a minor shoulder peak at 413 nm. The
fluorescence intensity of probe 147 showed a significant enhancement upon the addition of
Pb(II) and Cu(Il) ions figures 4.21 (a) and (b), can be attributed to the PET phenomenon. This
increase in emission intensity indicates a strong interaction between the probe and the metal
ions, likely due to coordination or complexation.

To assess the sensitivity of probe 147 toward Pb(II) and Cu(Il) ions, correlation plots
(figure 4.22 (a) and (b)) were utilized to calculate the limits of detection (LoD) and
quantification (LoQ). The LoD for detecting Pb(Il) was determined to be 3.64 uM, while for
Cu(II) detection, it was 1.37 pM. Similarly, the LoQ values for Pb(II) and Cu(II) detection were
calculated to be 12.15 uM and 4.58 uM, respectively. A comprehensive summary of the LoD,
LoQ), association constant (K.), and stoichiometric ratio for all the probes is presented in Table
4.5.
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Figure 4.21: Variations in the emission of probe 147 upon the gradual addition of (a) Pb(II)

and (b) Cu(Il) ions in DMSO; the inset illustrates the relative change in emission of probe 147
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Figure 4.22: Correlation plot of probe 147 illustrating (I-I.)/I, vs. (a) [Pb(II)] and (b) [Cu(I])]
4.10.10. Competitive metal ion interaction analysis of probes 147

To further investigate the selective ion recognition capabilities, the selectivity of probe
147 was assessed in the presence of all metal ions simultaneously at equimolar concentrations.
A solution containing equimolar ratios of various metal ions was prepared, and the probe
solution was titrated with this mixed metal ion solution. The resulting UV-Vis spectra closely
resembled those obtained when Pb(II) was tested individually with the probe. This observation,

depicted in figure 4.23, indicates that probe 147 selectively detects Pb(II) even in the presence
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of other competing metal ions. These experiments conclusively demonstrated the high
selectivity of probe 147 for Pb(II), confirming that the presence of other metal ions does not
interfere with its chemosensing properties. This selective recognition highlights the potential

of probe 147 as an effective and reliable sensor for Pb(Il) in complex mixtures.
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Figure 4.23: UV-Vis spectrum of probe 146, in DMSO, highlighting the selective detection of

Pb(II) among various metal ions at equimolar concentrations

4.10.11. Time dependence analysis of probe-metal ion complexation for 147

The time-dependent response of the metal-bound probe 147 was thoroughly
investigated to evaluate its stability and sensitivity toward metal ions. Absorption spectroscopy
was employed as the analytical technique to monitor the behavior of the metal-bound
complexes over prolonged durations. The results, as depicted in figure 4.24 (a) and (b),
demonstrated that the absorbance of Pb(II)-bound and Cu(Il)-bound solutions of probe 147
remained steady, with no significant variations observed even after extended periods of
standing. These findings emphasize the remarkable stability of probe 147 in its metal-bound
state and its robust and enduring affinity for Pb(II) and Cu(II) ions. This exceptional stability
underscores the reliability of probe 147 for long-term chemosensing applications, making it a

promising candidate for the development of durable and efficient sensing systems.
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Figure 4.24: The time-dependent absorption spectrum of (a) probe 147-Pb(Il) and (b) probe

147-Cu(Il) complex solution demonstrating a consistent absorbance over time

4.10.12. Temperature dependence analysis of probe-metal ion complexation for 147

The influence of temperature on the binding capabilities of probe 147 was evaluated by

recording the absorption spectra of its metal-bound solutions across a temperature range from

20 °C to 50 °C, with measurements taken at 2 °C intervals. The results, presented in figure

4.25 (a) and (b), demonstrated that temperature variations had no discernible impact on the

binding behavior of probe 147. These findings indicate that the interactions between the probe

and the metal ions are highly stable and resilient, maintaining robust binding affinity even

under varying thermal conditions. This stability underscores their potential for applications in

diverse environmental and operational settings.
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4.10.13. Ion recognition analysis of 1,2,3-triazole derivatives 148

Dimethyl sulfoxide (DMSO) was chosen as the solvent medium for UV-Vis and
fluorescence spectroscopic studies of probe 148 due to its excellent solubility and compatible
spectral characteristics. To optimize the experimental conditions for UV-Vis analysis, a
concentration of 0.03 mM was selected for probe 148, as this concentration provided distinct
and well-defined absorption bands. The maximum absorbance (Amax) for probe 148 was
observed at 368 nm. Subsequently, the ion sensing properties of the probe was analyzed using
1 mM solutions of Ca(II), Mg(II), Ba(Il), Cr(III), Mn(II), Fe(Il), Fe(IlI), Co(II), Ni(II), Cu(Il),
Zn(II), Cd(II), and Pb(II) chlorides dissolved in DMSO. After titrating the probe solution with
these metal ion solutions individually, the absorption spectra showed minimal changes in both
maxima and intensity for most metal ions. However, pronounced alterations in the absorbance
peaks was observed specifically with Pb(II) and Cu(Il). The comparative chemosensing
response of probe 148 toward these metal ions, shown in figure 4.26, demonstrates its

significantly higher sensitivity to Pb(II) and Cu(Il) compared to other tested ions at the same

concentration.
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4.10.14. Chemosensing response of probe 148 for Pb(II) and Cu(Il) via UV-Vis
spectroscopy

The interactions of probe 148 with Pb(II) and Cu(Il) ions were investigated through
UV-Vis spectroscopy, wherein solutions of the probe was titrated with 1 mM solutions of Pb(II)
and Cu(Il) ions in separate experiments. When Pb(II) ions were gradually added to the probe
148 solution, the peak at 368 nm underwent a hypochromic shift, attributed to n—n*
transitions. At the same time, a pronounced hyperchromic shift was seen at 268 nm, linked to
an increased probability of electronic transitions related to m—n* transitions. This resulted in

a ratiometric change, with the formation of an isosbestic point at 298 nm.
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A hypochromic shift was observed in the 368 nm peak upon titration with Cu(II) ions,
while the peak initially observed at 284 nm shifted significantly, both intensifying in absorption
(hyperchromic shift) and shifting 16 nm to shorter wavelengths, forming a new peak at 284
nm. The appearance of an isosbestic point at 347 nm further confirmed the selective sensing of
Cu(II) ions by probe 148, which displayed a ratiometric response and a blue shift, as shown in

figure 4.27 (a) and (b).
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Figure 4.28: B-H plot for the complexation of probe 148 with (a) Pb(II) and (b) Cu(II)

Furthermore, the inset plots in figure 4.27 (a) and (b) illustrate the relative changes in
maximum absorbance (An/Ao) for probe 148, where A, represents the absorption maxima
recorded after successive additions of the metal ions, and A, corresponds to the initial
absorption maxima of each probe. The corresponding Benesi-Hildebrand plots for the
complexation of probe 148 with Pb(II) as well as Cu(Il) are presented in figure 4.28 (a) and
(b). The K, values for probe 148 for Pb(Il) and Cu(Il) ions were 8.54 x 10> M, 9.37 x 10°
M, respectively. Moreover, the binding ratio of 1:1 (M:L) were established for the probe based
on the Job’s plot analysis, as depicted in figure 4.29 (a) and (b).
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4.10.15. Chemosensing response of probe 148 for Pb(II) and Cu(Il) via fluorescence

spectroscopy

The interaction of probe 148 with Pb(Il) and Cu(Il) ions was further explored using
fluorescence spectroscopy. In separate experiments, solutions of probe 148 were titrated with
30 uM solutions of each metal ion, and the resulting fluorescence emission was measured.
When excited at 370 nm (Aex), probe 148 displayed a strong emission peak at 436 nm (Aem),
accompanied by a smaller shoulder at 412 nm, suggesting a characteristic fluorescence profile
of the probe in the absence of metal ions. Upon incremental addition of Cu(II) and Pb(II) ions,
the fluorescence intensity of probe 148 increased significantly, indicating a strong interaction
between the probe and the metal ions. The metal ion binding likely alters the electronic
environment of the probe, leading to enhanced fluorescence emission. This behaviour is
depicted in figure 4.30 (a) and (b), where the increase in fluorescence intensity is shown as a
function of metal ion concentration. Furthermore, to evaluate the sensitivity of the probes
towards Pb(II) and Cu(II) ions, correlation plots figure 4.31 (a) and (b), were used to calculate
the limits of detection (LoD) and quantification (LoQ). The LoD values for probe 148 for
detecting Pb(II) were determined to be 5.06 uM, while for detecting Cu(II) ions, the LoD values
were 7.52 uM. The LoQ values for the probe 148 for the recognition of Pb(Il) ions were found
to be 16.89 uM, whereas for Cu(Il) ions, the values were 25.08 uM. The values for LoD, LoQ,

K., and stoichiometric ratio for all the probes have been compiled and presented in table 4.5.
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Figure 4.30: Variations in the fluorescence emission of probe 148 upon the incremental
addition of (a) Pb(Il) and (b) Cu(Il) ions in DMSO; the inset illustrates the relative change in

emission of probe 148 versus metal ion concentration (uM)

a = - ¢ 1.5
(a) y: _0.1575x 0.1011 ® B) Y = 0.0989x - 0.227 o
2.04 R*=0.981 * R? = 0.9614 .
1.5 1.0
_O
= _o
-3 =
- )
~ 1.0 =
0.5
0.5
0.0 T T T 0.0 : : :
0 5 10 15 0 5 10 15
[Pb(l1)] (uM) [Cu(I] (uM)

Figure 4.31: Correlation plot of probe 148 illustrating (I-I.)/I, vs. (a) [Pb(II)] and (b) [Cu(I])]
4.10.16. Competitive metal ion interaction analysis of probe 148

In addition to the selective ion recognition analysis, the selectivity of probe 148 was
also evaluated in the presence of all metal ions simultaneously in an equimolar ratio. In this
experiment, a single solution containing an equimolar ratio of various metal ions was prepared

and subsequently the titration of probe solution was done, wherein it was observed that the UV-
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Visible spectra obtained in each separate titration closely resembled those obtained when Pb(II)
was used alone for the probe, thereby indicating that probe selectively sensed Pb(Il) even in
the presence of other metal ions (figure 4.32), confirming that the presence of other metal ions

did not interfere with their chemosensing properties.
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Figure 4.32: UV-Vis spectrum of probe 148 in DMSO, highlighting the selective detection of

Pb(II) among various metal ions at equimolar concentrations

4.10.17. Time dependence analysis of probe-metal ion complexation for 148

The time-dependent response of the metal-bound probe 148 was thoroughly examined
to gain deeper insights into its sensitivity, stability, For this purpose, absorption spectroscopy
was utilized to assess the influence of prolonged standing time on the behavior of the probe in
its metal-bound state. The results, depicted in figure 4.33 (a) and (b), clearly demonstrate that
the absorbance of both Pb(II)-bound and Cu(Il)-bound solutions of probe 148 remained
remarkably stable over extended periods, showing no notable variations. These findings
suggest that probe 148 exhibits a high degree of stability when complexed with these metal

ions, along with a robust and enduring affinity for them.
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4.10.18. Temperature dependence analysis of probe-metal ion complexation for 148

The influence of temperature on the binding properties of probe 148 was investigated
over a range of temperatures. wherein the absorption spectra of the metal-bound probe solution
were recorded at 2 °C intervals from 20 °C to 50 °C for each probe. The results, as depicted in
figure 4.34 (a) and (b), revealed that temperature variations had no significant effect on the

binding abilities of probe 148. This indicated that the interactions between these probes and the

metal ions were highly stable and robust, even under varying thermal conditions.
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Figure 4.34: Variation in maximum absorbance of (a) probe 148-Pb(II) complex and (b) probe

148-Cu(Il) complex showing minimal variation in absorbance across a range of temperatures.
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Table 4.5: A comprehensive summary of the LoD, LoQ, association constant (Ka), and stoichiometric ratio for probe 146. 147, 148

UV- Fluoresce
Metal . LoD LoQ Association Bindin
Probe Visible | 1ype of shift nce Type of shift .
ion (uM) (uM) Constant (Ka) Ratio
)\.max ;»em
Pb(II) Fluorescence | 509 18.97 6.18 x 10° M!
146 340 Hyperchromic 438
Cu(Il) enhancement ¢ 55 5 g5 7.57 x 10° M}
Pb(II) Fluorescence | 3-04 12.15 2.18 x 10°M™! 1:1
147 348 Hyperchromic 437
Cu(Il) enhancement | 37 | 458 235 % 10° M
Pb(II) Fluorescence | >-00 16.89 8.54 x 10> M!
148 368 Hyperchromic 436
Cu(I) enhancement 7 55T 55 (g 9.37 x 10° M’
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The table 4.5 provides insight into the influence of positional isomerism (ortho, meta,
and para) of the chalcone based 1,2,3-triazole moiety in probes 146, 147, and 148 on their
binding properties. All the three probes detected Pb(Il) and Cu(Il) ions. For probe 146, the
ortho configuration, exhibited Amax value 340 nm due to the influence of its structural
arrangement. The ortho positioning of the 1,2,3-triazole moiety can lead to enhanced electronic
interactions between the 1,2,3-triazole and adjacent groups in the molecule. These interactions
can create distinct electronic transitions, likely involving both n-n* and n-n* transitions,
resulting in two observable absorption peaks in 146. In contrast, probes 147 (meta) and 148
(para) showed only a single peak, as their configurations provide a more symmetric
environment. Probe 147, the meta isomer showed slightly lower LoD values for both metal
ions but its binding constant is less which is suggestive of unstable binding of probe 147 with
the metal ions. This trend suggests that the meta-arrangement may result in a less favorable
spatial orientation for strong metal coordination. Probe 148, the para configuration
demonstrated superior performance, for both metal ions as it is having highest association
constant for both the metal ions. The enhanced binding affinity and sensitivity can be attributed
to the para-arrangement, which likely provides an optimal spatial arrangement for metal ion

coordination.

4.10.19. Plausible mode of interaction

According to the HSAB theory, both Pb(Il) and Cu(Il) are classified as weak acids.
These metal ions can form coordination bonds with atomic groups possessing lone pairs, such
as nitrogen, oxygen, and sulfur atoms. The ability of probes 146, 147, and 148 to capture the
incoming electron deficient metal ions can be attributed to the presence of lone pairs on the
nitrogen atoms of the 1,2,3-triazole moiety integrated into their respective structures.
Furthermore, it was also determined from the Job’s plots that all the three probes form a 1:1
metal-ligand complex with both Pb(II) and Cu(Il). These observations provided insights into
the binding mechanism between the receptor probes 146, 147, and 148 and the metal ions, as
illustrated in figure 4.35, wherein it was hypothesized that the probe was able to bind with the
metal ions through both the 1,2,3-triazole ring-containing arms, thereby forming a claw like
structure to capture the metal ion. The binding interactions were further supported by 'H NMR
spectroscopic analysis, focusing on the complexation of probes 146, 147, and 148 with Pb(II).
The '"H NMR data for probe 146 showed a significant downfield shift in the proton signal
corresponding to the 1,2,3-triazole ring, from 6 = 7.59 ppm to 6 = 7.77 ppm, indicating
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coordination between the nitrogen atoms of the triazole moiety and the Pb(II) ion. Similarly,
probe 147 exhibited a shift in the triazole proton peak from 6 = 7.48 ppm to 6 = 7.79 ppm,
confirming its interaction with the metal center. For probe 148, a comparable downfield shift
from 0 = 7.59 ppm to & = 7.71 ppm was observed upon complexation with Pb(Il), further
corroborating the involvement of the triazole moiety in metal binding. These 'H NMR
observations are consistent with the proposed binding mode, where the triazole rings act as key
binding sites for both Pb(II) and Cu(II). The similarity in binding behavior for Pb(Il) and Cu(II)
is inferred due to their comparable chemical properties as soft acids, further validating the

proposed claw-like binding mechanism of the probes.

O = Pb(ll), Cu(ll)

= Solvent //@

Y, o

148

Figure 4.35: Plausible binding mode of probe 146, 147, and 148 with Pb(II)/Cu(Il)
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4.11. Chemosensing analysis of 4-chlorobenzaldehyde based 1,2,3-triazoles 156, 157, and
158

The ion recognition capabilities of the synthesized 1,2,3-triazole derivatives were
assessed using UV-Vis and fluorescence spectroscopy with various metal chlorides. The design
of these probes were also based on the incorporation of a chalcone backbone, selected for its
well-established performance in UV-Vis spectral analysis. The chalcone structure was
purposely modified by introducing a benzyl group, functioning as the transducer unit, via a

1,2,3-triazole bridge. This bridge not only served as a spacer but also provided receptor sites

151



for electron-deficient metal ions due to the lone pairs present on the nitrogen atoms. As a result,
the synthesized derivatives displayed a stable aromatic framework, which enhanced their

effectiveness as chemosensing agents.
4.11.1. Ion recognition analysis of 1,2,3-triazole derivative 156

Tetrahydrofuran (THF)/water (4:1) was selected as the solvent media for conducting
UV-Vis and fluorescence spectroscopic studies due to the excellent ability of THF to dissolve
the probes and the favourable impact of H>O keeping in mind its biological relevance. To
optimize the conditions for UV-Vis analysis, the concentrations of the probe solutions were
adjusted at 0.02 mM would be used for probe 156 respectively, as these concentrations provided
well-defined and distinct absorption bands suitable for monitoring their sensing behavior. The
maximum absorbance (Amax) for probe 156 was observed at 311 nm, the distinct spectral

properties as depicted in a figure 4.36.
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Figure 4.36: Relative chemosensing behaviour of probe 156 with different metal ions in THF:

water (4:1)
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4.11.2. Chemosensing response of probe 156 for Co(Il) and Cu(Il) via UV-Visible

spectroscopy

The interactions of probe 156 with Co(Il) and Cu(Il) ions were systematically
investigated using UV-Vis spectroscopy. In these experiments, solutions of probe were titrated
with 1 mM solutions of Co(II) and Cu(II) ions in separate titrations. The corresponding spectral
changes are depicted in figure 4.37 (a) and (b). For probe 156, the addition of Co(II) ions
resulted in a significant hyperchromic shift in the absorption peak observed at 311 nm,
attributable to the increased probability of electronic transitions form ground state to excited
state, accompanied by a smaller hyperchromic shift at 425 nm. These changes are attributed to
n—Tr* transitions, indicating a strong interaction between the probe and Co(Il) ions. Similarly,
titration with Cu(Il) ions led to pronounced hyperchromic shifts at 311 nm and minor
hyperchromic changes at 425 nm. Furthermore, the inset plots in figure 4.37 (a) and (b)
illustrate the relative changes in maximum absorbance (An/A,) for probe 156, where A,
represents the absorption maxima recorded after successive additions of the metal ions, and A,
corresponds to the initial absorption maxima of the probe. The corresponding Benesi-
Hildebrand plots for the complexation of probe 156 with Co(II) as well as Cu(II) are presented
in figure 4.38 (a) and (b). The K. values for probe 156 for Co(II) and Cu(II) ions were 8.80 x
10° M, 5.99 x 10° M for the aforementioned metal ions, respectively. Moreover, the binding

ratio of 1:1 (M:L) were established based on the Job’s plots analysis (figure 4.39 (a) and (b)).
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Figure 4.37: Shifts in the absorption maxima of probe 156 observed during titration with (a)
Co(II) and (b) Cu(Il) in THF: H>O (4:1) as the solvent; the inset exhibits the relative absorbance
change of probe 156 (An/A,) and metal ion concentration (mM)

(a) b
y = 0.3562x + 1.4437 80 - ®)
30+ R2? = 0.9986 y =2.0557x - 10.868 e
R?=0.9848
60 -
f 20 ;IB
= < a0
= =
10
> 20
0 T T T T 0 T T T T
0 20 40 60 80 0 10 20 30 40 50

1I[Co(ll)] 1/[Cu(in)]

Figure 4.38: B-H plots representing the complexation behaviour of the synthesized probe 156
with (a) Co(Il) ions and (b) Cu(Il) ions, demonstrating the interaction profiles and binding

affinities between the probe and the respective metal ions
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Figure 4.39: Job’s plot analysis of probe 156 on interaction with metal ion (a) Co(II) (b) Cu(II)

4.11.3. Chemosensing response of probe 156 for Co(II) and Cu(Il) via fluorescence
spectroscopy

The interactions of probe 156 with Co(Il) and Cu(Il) ions were investigated using
fluorescence spectroscopy, where probe solutions were titrated with 10 uM solutions of each
metal ion in separate experiments. Upon excitation at 295 nm (Aex), probe 156 displayed a
strong emission peak at 355 nm (Aem). Titrations with both Co(II) and Cu(II) ions, as shown in
figure 4.40 (a) and (b), revealed that the fluorescence emission intensity of probe 156
increased with the addition of either metal ion to the solution. Throughout the experiment, the
metal ion concentration was progressively raised to a maximum of 15 equivalents, while the

probe concentration remained constant at 5 uM.
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Figure 4.40: Variations in the fluorescence emission of probe 156 upon the incremental

addition of (a) Co(Il) and (b) Cu(Il) ions in THF: H>O (4:1); the inset illustrates the relative

change in emission of probe 156 versus metal ion concentration (WM)

Furthermore, to evaluate the sensitivity of the probe towards Pb(Il) and Cu(Il) ions,
correlation plots (figure 4.41 (a) and (b)) were used to calculate the limits of detection (LoD)
and quantification (LoQ). The LoD values for probe 156 for detecting Co(Il) were determined
to be 1.64 uM, while for detecting Cu(Il) ions, the LoD values were 3.19 uM. The LoQ values
for the probe 156 for the recognition of Co(Il) ions were found to be 5.46 uM, whereas for
Cu(Il) ions, the values were 10.64 uM, respectively. The values for LoD, LoQ, K,, and

stoichiometric ratio for all the probes have been compiled and presented in table 4.6.
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Figure 4.41: Correlation plot of probe 156 illustrating (I-1,)/I, vs. (a) [Co(I)] and (b) [Cu(I)]
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4.11.4. Competitive metal ion interaction analysis of probes 156

The selectivity of probe 156 was further assessed in the presence of all metal ions
simultaneously, prepared in an equimolar ratio. A single solution containing an equimolar
mixture of various metal ions was titrated with each probe, and the resulting UV-Vis spectra
were analyzed (figure 4.42). It was observed that the spectra obtained during these titrations
closely matched those recorded when Co(Il) was used alone with the probe. This finding
indicates that each probe selectively recognized Co(II) even in the presence of other competing
metal ions. These results conclusively demonstrate that probe exhibit high selectivity for
Co(Il), with no interference from other metal ions, thereby confirming their robust

chemosensing properties.
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Figure 4.42: UV-Vis spectrum of probe 156 in THF: H>O (4:1), highlighting the selective

detection of Co(Il) among various metal ions at equimolar concentrations

4.11.5. Time dependence analysis of probe-metal ion complexation for 156

The time-dependent behaviour of the metal-bound probes 156 was evaluated to gain
insights into their stability and sensitivity toward metal ions. Absorption spectroscopy was
employed to monitor the effect of time on these metal-bound probe. As depicted in the
corresponding figure 4.43 (a) and (b), the absorbance of Co(Il)- and Cu(Il)-complexed
solutions of probe 156 remained consistent, showing no significant variation even after
extended periods of standing. These findings confirm that the probe exhibit excellent stability

and maintain a strong, robust affinity for the respective metal ions over time.
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Figure 4.43: The time-dependent absorption spectrum of (a) probe 156-Co(Il) and (b) probe

156-Cu(Il) complex solution demonstrating a consistent absorbance over time

4.11.6. Temperature dependence analysis of probe-metal ion complexation for 156

The influence of temperature on the binding efficiency of probe 156 was investigated

by recording the absorption spectra of their metal-bound complexes at 2 °C intervals over a

temperature range of 20 °C to 50 °C. As illustrated in the accompanying figure 4.44 (a) and

(b), no significant changes were observed in the binding behaviour of the probe across the

tested temperatures. These results highlight the thermal stability and robustness of the

interactions between the probe and the metal ions, demonstrating their consistent performance

under varying thermal conditions.
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4.11.7. Ion recognition analysis of 1,2,3-triazole derivatives 157

Tetrahydrofuran (THF)/H2O (4:1) was selected as the solvent media for conducting UV-
Vis and fluorescence spectroscopic studies due to the excellent ability of THF to dissolve the
probe and the favourable impact of H>O keeping in mind its biological relevance. To optimize
the conditions for UV-Vis analysis, the concentrations of the probe solutions were adjusted at
0.05 mM would be used for probe 157, as these concentrations provided well-defined and
distinct absorption bands suitable for monitoring their sensing behaviour. The maximum
absorbance (Amax) for probes 157 was observed at 317 nm, highlighting their distinct spectral

properties as depicted in a figure 4.45.
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Figure 4.45: Relative chemosensing behaviour of probe 157 with different metal ions in THF:

water (4:1)

4.11.8. Chemosensing response of probe 157 for Co(II) and Cu(II) via UV-Visible

spectroscopy

The interactions of probe 157 with Co(II) and Cu(II) ions were analyzed in detail using
UV-Vis spectroscopy. In these studies, the probe solution was titrated separately with 1 mM
solutions of Co(Il) and Cu(Il) ions, allowing the observation of distinct changes in the
absorption spectra corresponding to its interaction with each metal ion. Upon the stepwise
addition of Co(II) ions, a significant reduction in the intensity of the absorption peak at 317 nm

was observed, indicating a hypochromic effect. Notably, an isosbestic point emerged at 370
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nm, suggesting a transition between two distinct species in solution are illustrated in figure
4.46 (a) and (b).
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Conversely, the titration of probe 157 with Cu(II) ions elicited a different response. The
absorption maximum at 317 nm underwent a notable blue shift, decreasing by approximately
24 nm to 293 nm. This spectral shift was accompanied by a hyperchromic effect, as evidenced
by a marked increase in absorbance intensity at the new maximum. These variations in spectral
behaviour upon interaction with Co(II) and Cu(Il) ions point to the probe's selective and

differential binding properties for these metal ions.
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Figure 4.47: B-H plot for the complexation of probe 157 with (a) Co(II) and (b) Cu(II)
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Figure 4.48: Job’s plot analysis of probe 157 on interaction with metal ion (a) Co(II) (b) Cu(II)

Furthermore, the inset plots in figure 4.46 (a) and (b). illustrate the relative changes in
maximum absorbance represented by An/A, for probe 157 where A, represents the absorption
maxima recorded after successive additions of the metal ions, and A, corresponds to the initial
absorption maxima of each probe. The corresponding Benesi-Hildebrand plots for the
complexation of probe 157 with Co(Il) as well as Cu(II) are presented in figure 4.47 (a) and
(b). The K, values for probe 157 for the aforementioned metal ions were 7.66 x 10° M, 4.74
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x 10> M, respectively. Moreover, the binding ratio of 1:1 (M:L) were established for probe
based on the Job’s plots analysis (figure 4.48 (a) and (b)).

4.11.9. Chemosensing response of probe 157 for Co(II) and Cu(Il) via fluorescence
spectroscopy

The interactions of probe 157 with Co(II) and Cu(Il) ions were also examined through
fluorescence spectroscopy, where solutions of each probe were titrated with 10 uM solutions
of the metal ions in separate experiments. For probe 157, upon excitation at a wavelength of
(Aex) 320 nm, a distinct fluorescence emission peak was observed at (Aem) 442 nm. The
fluorescence intensity of probe 157 significantly increased upon the addition of Co(Il) and
Cu(Il) ions, as depicted in the corresponding figure 4.49 (a) and (b).

Furthermore, to evaluate the sensitivity of the probes towards Pb(II) and Cu(II) ions,
correlation plots (figure 4.50 (a) and (b)) were used to calculate the limits of detection (LoD)
and quantification (LoQ). The LoD values for probe 157 for detecting Co(II) were determined
to be 2.08 uM, while for detecting Cu(Il) ions, the LoD values were 2.30 pM. The LoQ values
for the probe 157 for the recognition of Co(Il) ions were found to be 6.94 uM, whereas for
Cu(Il) ions, the values were 7.68 uM. The values for LoD, LoQ, K,, and stoichiometric ratio

for all the probes have been compiled and presented in table 4.6.
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Figure 4.49: Variations in the fluorescence emission of probe 157 upon the incremental
addition of (a) Coll) and (b) Cu(Il) ions in THF: H,O (4:1); the inset illustrates the relative

change in emission of probe 157 versus metal ion concentration (uM)
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Figure 4.50: Correlation plot of probe 157 illustrating (I-1,)/I, vs. (a) [Co(I)] and (b) [Cu(I)]

4.11.10. Competitive metal ion interaction analysis of probe 157
The selectivity of probe 157 was further assessed in the presence of all metal ions
simultaneously, prepared in an equimolar ratio. A single solution containing an equimolar

mixture of various metal ions was titrated with each probe, and the resulting UV-Vis spectra

163



were analyzed (figure 4.51). It was observed that the spectra obtained during these titrations
closely matched those recorded when Co(Il) was used alone with the probe. This finding
indicates that the probe selectively recognized Co(II) even in the presence of other competing
metal ions. These results conclusively demonstrate that the probe exhibit high selectivity for

Co(II), with no interference from other metal ions, thereby confirming their robust

chemosensing properties.
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Figure 4.51: UV-Vis spectrum of probe 157 in THF: H>O (4:1), highlighting the selective

detection of Co(Il) among various metal ions at equimolar concentrations

4.11.11. Time dependence analysis of probe-metal ion complexation for 157

The time-dependent behavior of the metal-bound probe 157 was comprehensively
evaluated to gain valuable insights into its stability, durability, and sensitivity toward metal
ions. Absorption spectroscopy was employed as a key analytical technique to monitor the effect
of prolonged standing on the performance and integrity of the metal-bound probe. The
corresponding results, illustrated in figure 4.52 (a) and (b), reveal that the absorbance of
Co(II)- and Cu(II)-complexed solutions of probe 157 remained stable and consistent, exhibiting
no significant variations even after extended periods of time. These observations unequivocally
confirm that probe 157 demonstrates exceptional stability when bound to these metal ions and

retains its strong and robust affinity for them over prolonged durations.
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Figure 4.52: The time-dependent absorption spectrum of (a) probe 157-Co(Il) and (b) probe

157-Cu(Il) complex solution demonstrating a consistent absorbance over time
4.11.12. Temperature dependence analysis of probe-metal ion complexation for 157

The influence of temperature on the binding efficiency of probe 157 was investigated
by recording the absorption spectra of their metal-bound complexes at 2 °C intervals over a
temperature range of 20 °C to 50 °C. As illustrated in the accompanying figure 4.53 (a) and
(b), no significant changes were observed in the binding behaviour of the probe across the
tested temperatures. These results highlight the thermal stability and robustness of the

interactions between the probe and the metal ions, demonstrating their consistent performance

under varying thermal conditions.
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Figure 4.53: Variation in maximum absorbance of (a) probe 157-Co(Il) complex and (b) probe

157-Cu(Il) complex showing minimal variation in absorbance across a range of temperatures.
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4.11.13. Ion recognition analysis of 1,2,3-triazole derivatives 158

The ion recognition capabilities of the synthesized 1,2,3-triazole derivatives 158 were
assessed using UV-Vis and fluorescence spectroscopy with various metal chlorides. Wherein,
THF/water (4:1) was selected as the solvent media for conducting UV-Vis and fluorescence
spectroscopic studies due to the excellent ability of THF to dissolve the probe and the
favourable impact of H>O keeping in mind its biological relevance. To optimize the conditions
for UV-Vis analysis, the concentration of the probe solutions were adjusted at 0.02 mM, would
be used for probe 158, as these concentrations provided well-defined and distinct absorption
bands suitable for monitoring their sensing behavior. The maximum absorbance (Amax) for
probe 158 was observed at and 362 nm, highlighting their distinct spectral properties as
depicted in a figure 4.54.
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Figure 4.54: Relative chemosensing behaviour of probe 158 with different metal ions in THF:
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4.11.14. Chemosensing response of probe 158 for Co(Il) and Cu(Il) via UV-Visible

spectroscopy

The interactions of probe 158 with Co(II) and Cu(Il) ions were systematically
investigated using UV-Vis spectroscopy. In these experiments, solutions of the probe were

titrated with 1 mM solutions of Co(II) and Cu(Il) ions in separate titrations. The stepwise
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addition of Co(II) ions to the solution of probe 158 induced a significant hyperchromic effect

at the absorption peak at 362 nm, which is characteristic of n—m* electronic transitions.
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Figure 4.55: Shifts in the absorbance peak of probe 158 observed during titration with (a)
Co(II) and (b) Cu(Il) in THF: H2O (4:1) as the solvent; the inset exhibits the relative absorbance

change of probe 158 (An/A,) and metal ion concentration (mM)
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This spectral change was further highlighted by the appearance of an isosbestic point
at 284 nm, suggesting a well-defined interaction and equilibrium between the free and metal-
bound forms of the probe. In contrast, the titration of probe 158 with a 1 mM Cu(II) solution
produced a prominent hyperchromic shift in the absorption band at 279 nm. This effect was
accompanied by the formation of an isosbestic point at 354 nm, further indicating a distinct
binding interaction between the probe and Cu(Il) ions depicted in figure 4.55 (a) and (b).
Furthermore, the inset plots in figure 4.55 (a) and (b) illustrate the relative changes in
maximum absorbance. Additionally, the association constant (K,) for probe 158 for the
aforementioned metal ions were 6.61 x 10° M™, 1.00 x 10* M, respectively. The
corresponding Benesi-Hildebrand plots for the complexation of probe 158 with Co(II) as well
as Cu(Il) are presented in figure 4.56 (a) and (b). Moreover, the binding ratio of 1:1 (M:L)
were established for probe based on the Job’s plots analysis (figure 4.57 (a) and (b)).
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4.11.15. Chemosensing response of probe 158 for Co(II) and Cu(Il) via fluorescence

spectroscopy

Using fluorescence spectroscopy, the interactions of probe 158 with Co(II) and Cu(Il)
ions were also investigated, where solutions of probe were titrated with 10 uM solutions of the
metal ions in separate experiments. In the case of probe 158, when exposed to an excitation
wavelength (Aex) of 360 nm, a pronounced emission peak (Aem) at 438 nm was observed. The
fluorescence emission intensity of probe 158 for both Co(II) and Cu(II) (figure 4.58 (a) and

(b)) increased with the addition of metal ions to the solution.

Furthermore, to evaluate the sensitivity of the probe towards Pb(II) and Cu(II) ions,
correlation plots (figure 4.59 (a) and (b)) were used to calculate the limits of detection (LoD)
and quantification (LoQ). The LoD values for probe 158 for detecting Co(Il) were determined
to be 1.81 uM, while for detecting Cu(Il) ions, the LoD values were 1.17 uM. The LoQ values
for the probes 158 for the recognition of Co(Il) ions were found to be 6.04 uM, whereas for
Cu(Il) ions, the values were 3.92 uM. The values for LoD, LoQ, K., and stoichiometric ratio

for all the probes have been compiled and presented in table 4.6.
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Figure 4.58: Changes in the emission of the probe 158 with the gradual addition of (a) Co(II)
and (b) Cu(II) ions in a THF: H>O (4:1) mixture. The inset shows the relative emission

change of probe 158 as a function of metal ion concentration (uM).
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Figure 4.59: Correlation plot of probe 158 illustrating (I-1,)/I, vs. (a) [Co(I)] and (b) [Cu(I)]
4.11.16. Competitive metal ion interaction analysis of probe 158

The selectivity of probe 158 was further assessed in the presence of all metal ions
simultaneously, prepared in an equimolar ratio. A single solution containing an equimolar
mixture of various metal ions was titrated with each probe, and the resulting UV-Vis spectra

were analyzed (figure 4.60). It was observed that the spectra obtained during these titrations
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closely matched those recorded when Co(Il) was used alone with the probe. This finding
indicates that the probe selectively recognized Co(Il) even in the presence of other competing
metal ions. These results conclusively demonstrate that the probe exhibit high selectivity for
Co(Il), with no interference from other metal ions, thereby confirming their robust

chemosensing properties.
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Figure 4.60: UV-Vis spectrum of probe 158 in THF: H>O (4:1), highlighting the selective

detection of Co(II) among various metal ions at equimolar concentrations

4.11.17. Time dependence analysis of probe-metal ion complexation for 158

The time-dependent behavior of the metal-bound probe 158 was systematically
evaluated to gain valuable insights into its stability and sensitivity toward metal ions.
Absorption spectroscopy was utilized as the analytical tool to monitor the effect of time on the
metal-bound probe's performance and integrity. The results, illustrated in figure 4.61 (a) and
(b), reveal that the absorbance of Co(II) and Cu(II)-complexed solutions of probe 158 remained
stable and consistent, with no significant variations observed even after extended periods of
standing. These findings demonstrate that probe 158 exhibits excellent stability in its metal-
bound form and maintains a strong and robust affinity for Co(II) and Cu(II) ions over time.
This high level of stability highlights its potential for reliable and long-term applications in

metal ion detection and chemosensing, ensuring consistent performance without degradation.
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Figure 4.61: The time-dependent absorption spectrum of (a) probe 158-Co(Il) and (b) probe

158-Cu(Il) complex solution demonstrating a consistent absorbance over time

4.11.18. Temperature dependence analysis of probe-metal ion complexation for probe 158

The influence of temperature on the binding efficiency of probe 158 was investigated

by recording the absorption spectra of their metal-bound complexes at 2 °C intervals over a

temperature range of 20 °C to 50 °C. As illustrated in the accompanying figure 4.62 (a) and

(b), no significant changes were observed in the binding behaviour of the probe across the

tested temperatures. These results highlight the thermal stability and robustness of the

interactions between the probe and the metal ions, demonstrating their consistent performance

under varying thermal conditions.
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Figure 4.62: Variation in maximum absorbance of (a) probe 158-Co(II) complex and (b) probe

158-Cu(Il) complex showing minimal variation in absorbance across a range of temperatures.
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Table 4.6: A comprehensive summary of the LoD, LoQ, association constant (Ka), and stoichiometric ratio for probe 156, 157, 158

UV-
Fluorescence .. .
Metal - LoD LoQ Association Binding
Probe Visible Type of shift Type of shift
ion Aem (M) (M) Constant (Ka) Ratio
)\.max
Co(1I) Fluorescence | 164 5.46 8.80 x 10> M!
156 311 Hyperchromic 445
Cu(Il) enhancement [~3779 | 10 64 5.99 x 10° M
) 2.08
Co(II) Hypochromic Fluorescence 6.94 7.66 x 10° M™! 1:1
157 317 442
enhancement
Cu(ID) Hyperchromic 2.30 7.68 474 x 10°M™!
Co(II) 1.81 6.04 6.61x 10° M!
Fluorescence
158 362 Hyperchromic 438
Cu(Il) enhancement [ 17 | 397 1.00 x 10° M
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The table 4.6 provides insight into the influence of positional isomerism (ortho, meta,
and para) of the chalcone based 1,2,3-triazole moiety in probes 156, 157, and 158 on their
binding properties, wherein all the three probes sensed Co(Il) and Cu(II). For probe 156, the
ortho configuration exhibited moderate sensitivity and binding affinity for both Co(Il) and
Cu(Il), suggesting that steric hindrance in the ortho position might partially restrict optimal
binding interactions. Also, the probe 156 (ortho configuration) exhibited two peaks at 311 nm
and 425 nm due to the influence of its structural arrangement. The ortho positioning of the
1,2,3-triazole moiety can lead to enhanced electronic interactions between the 1,2,3-triazole
and adjacent groups in the molecule. These interactions can create distinct electronic
transitions, likely involving both n-n* and n-m* transitions, resulting in two observable
absorption peaks. In contrast, probes 157 (meta) and 158 (para) showed only a single peak, as

their configurations provide a more symmetric environment.

Probe 157, the meta isomer showed slightly reduced sensitivity, with higher LoD values
for both metal ions. This trend suggests that the meta-arrangement may result in a less favorable
spatial orientation for strong metal coordination. Probe 158, the para configuration
demonstrated superior performance, particularly for Cu(Il) detection, with the lowest LoD
(1.17 uM) and the highest association constant (1.00 x 10* M™"). The enhanced binding affinity
and sensitivity can be attributed to the para-arrangement, which likely provides an optimal

spatial arrangement for metal ion coordination.

The enhanced fluorescence emission observed in all six probes (146, 147, 148, 156,
157, and 158) upon metal ion addition is attributed to the photoinduced electron transfer (PET)
mechanism. In the metal-free state, the lone pairs of electrons on the nitrogen atoms within the
1,2,3-triazole moiety are likely involved in PET, facilitated by their proximity to the benzyl
groups. This PET activity introduces a non-radiative de-excitation pathway, effectively

quenching the fluorescence emission.

However, upon coordination of metal ions to the nitrogen atoms of the 1,2,3-triazole
group, a notable structural reorganization occurs. The benzyl groups are displaced from their
proximity to the 1,2,3-triazole structure, as illustrated in figure 4.63. This displacement
disrupts the PET mechanism by restricting the involvement of the nitrogen lone pairs in
electron transfer, thereby favoring radiative pathways. Consequently, the fluorescence
emission is significantly enhanced, showcasing the role of metal ion coordination in

modulating the photophysical properties of these probes. !’
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Figure 4.63: A representative picture depicting the PET mechanism of probe on binding with

metal ions

4.11.19. Plausible mode of interaction

According to the Hard and Soft Acids and Bases (HSAB) theory, Co(Il) is categorized
as a borderline acid, while Cu(Il) is classified as a weak acid. Both metal ions can form
coordination bonds with donor atoms, such as nitrogen, oxygen, and sulfur, which possess lone
electron pairs. The binding affinity of probes 156, 157, and 158 for electron-deficient metal
ions is predominantly attributed to the presence of lone electron pairs on the nitrogen atoms
within the 1,2,3-triazole moiety integrated into their molecular frameworks. This functional
group provides an electron-rich site, enabling effective coordination with metal ions. Job’s plot
analyses confirmed the formation of 1:1 metal-ligand complexes for all three probes with both
Co(Il) and Cu(Il), offering a deeper understanding of their coordination mechanisms. As
depicted in figure 4.64, the proposed binding model reveals that the probes interact with the
metal ions through the nitrogen atoms of the 1,2,3-triazole rings. This interaction results in a
claw-like structural conformation, which efficiently encapsulates the metal ion. This structural
arrangement underscores the role of the 1,2,3-triazole moiety in facilitating selective and stable
metal ion coordination. The binding site for Co(II) and Cu(II) ions in probes 156, 157, and 158
demonstrates a significant degree of consistency with the binding sites observed for Pb(Il) and
Cu(Il) ions in previously studied probes 146, 147, 148. This similarity is due to the preserved
structural integrity of the 1,2,3-triazole moiety, which remains a central feature in the design
of these probes. The conserved structural framework of the 1,2,3-triazole moiety ensures that
its binding properties remain unchanged across various probes, irrespective of slight

modifications in other parts of the probe structure.
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Figure 4.64: Plausible binding mode of probe 156, 157, and 158 with Co(II)/Cu(Il)

4.12. Conclusion

In this section, chalcone-based 1,2,3-triazole-tethered frameworks are highlighted as
pivotal structural motifs in chemosensing due to their facile synthesis and pronounced
selectivity for specific analytes. These compounds were developed as selective recognition
agents for various ecologically and physiologically relevant metal ions. The molecular design
incorporated chalcone as a core scaffold, chosen for its labile protons and aromatic framework,
which was subsequently functionalized via nucleophilic substitution with propargyl groups to
introduce terminal alkynes. These alkynes underwent CuAAC reactions to yield 1,2,3-triazole
derivatives equipped with chromogenic and fluorogenic units. These functional groups
enhanced the optical properties of the derivatives, enabling precise absorption and emission

measurements upon metal ion binding to evaluate their selective recognition behaviour.

The sensing selectivity was observed to vary with changes in the structural
configuration of the probes, which influenced the size and flexibility of the receptor cavity and,
consequently, the specificity for different metal ions. The stability and robustness of the probe-

metal ion complexes were assessed through absorption studies conducted over extended
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durations and across varying temperature ranges. Quantitative analysis of the interactions was
performed, including the determination of critical parameters such as the limit of detection
(LoD), limit of quantification (LoQ), association constant (K,), and the stoichiometric ratio of
probe-metal ion complexation. This systematic evaluation underscored the potential of these
chalcone-triazole ensembles as reliable and selective chemosensors for targeted metal ion

detection.

Variations in the substitution pattern of the benzoyl unit—ortho, meta, and para—were
systematically evaluated to understand their impact on sensing efficiency. Despite these
positional changes, the probes retained consistent recognition capabilities for target metal ions.
This consistency can be attributed to the preservation of the triazole ring's nitrogen atoms as
the primary binding site, maintaining an effective interaction with the analytes. However,
subtle differences were observed in LoD, LoQ, and binding constant values, reflecting the
influence of steric and electronic factors associated with the substituent's position. The para
configuration showed slightly enhanced binding affinity due to reduced steric hindrance, while
the ortho and meta derivatives exhibited comparable yet distinct behaviors. These findings
emphasize the importance of molecular design in optimizing probe performance and
demonstrate the potential of these chalcone-triazole scaffolds as adaptable and efficient

platforms for selective metal ion sensing.
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Summary

This chapter provides a concise summary of the entire thesis,
presenting an overview of the methodology, experimental
findings and key outcomes.



This thesis presents the synthesis of chalcone based 1,2,3-triazole derivatives,
accompanied by their characterization through an array of spectroscopic techniques, with an
emphasis on their applications in chemosensing for the selective detection of metal ions via
UV-Visible and fluorescence spectroscopy. The research is systematically organized into four
sections: Chapter I provides an introduction to the context of the study, Chapter Il is the review
of literature, Chapter III details the synthesis and characterization, and chapter IV presents

the results and discussion.
Chapter I: Introduction

This chapter of the thesis serves as a comprehensive introduction to the key concepts
underlying the research on chalcone-based 1,2,3-triazole derivatives. The chapter begins by
exploring the revolution of organic chemistry towards the heterocyclic compounds and their
classification, emphasizing the critical role of heterocycles in various biological,
pharmaceutical, and materials science applications. The subsequent subsection detailed about,
click chemistry, a revolutionary approach introduced by Sir Karl Barry Sharpless. This
methodology focuses on highly efficient and selective reactions that yield specific products
with minimal byproducts. Click chemistry is particularly relevant for its modular nature,
allowing for the easy assembly of complex molecular architectures from simpler building
blocks. CuAAC facilitates the formation of 1,4-disubstituted 1,2,3-triazoles through the
cycloaddition of terminal alkynes and azides in the presence of a copper (I)-catalyst (figure
S1). A detailed mechanistic analysis of CuAAC is presented, discussing both mononuclear and
binuclear pathways. The chapter further explores the applications of 1,2,3-triazoles, focusing
on their strong coordination capabilities with various metal ions due to the presence of nitrogen
heteroatoms in the ring. This property makes them suitable as chemosensors for detecting toxic
heavy metal ions, addressing the pressing issue of environmental contamination. Finally, the
chapter briefly discusses UV-Visible and fluorescence spectroscopy, emphasizing their

applications in evaluating the chemosensing capabilities of chalcone based 1,2,3-triazoles.

OE + %:CNB:NO LN N9
/

N—/N
Alkyne Azide 1,4-disubstituted 1,2,3-triazole

Figure S1: A schematic representation of synthesis of 1,4-disubstituted 1,2,3-triazole via

CuAAC reaction
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Chapter II: Review of Literature

The first section of this chapter describes about the Click Chemistry, its potential
applications in polymer science, drug delivery, bioconjugation, cell biology, proteomics,
pharmaceutical science, material science and environmental chemistry. Among various notable
click reactions, Cu(I) catalyzed alkyne azide cycloaddition reaction have gained popularity due
to its key features of modularity, wide scope, high yields, stereospecific nature. The subsequent
section highlights CuA AC reaction for the synthesis of 1,2,3 triazole derivatives with complete
conversion and exceptional purity. The literature presents numerous methodologies for
synthesizing 1,4-disubstituted 1,2,3-triazole derivatives utilizing various structural
frameworks, including Schiff bases, chalcones, dendrimers, polymers, and other organic
derivatives, to achieve diverse functional properties. Among these frameworks, the chalcone
scaffold stands out due to its ease of modification, strong n-conjugation, and intrinsic ability to
improve interactions with metal ions. These properties make chalcones particularly well-suited
for the design of highly sensitive and selective chalcone-based 1,2,3-triazole metal ion sensors.
In the next section the literature about the synthesis of chalcone based 1,2,3-triazole derivatives

1s discussed and divided into four subsections:

» Synthesis of chalcone

» Synthesis of chalcone based terminal alkyne

» Synthesis of organic azide

» Synthesis of chalcone based 1,2,3 triazole

Firstly, the synthesis of chalcone from various methodologies is described such as,
carbonylated heck coupling reaction, Sonogashira isomerization coupling, solid acid catalyst
mediated reaction, Claisen-Schmidt reaction etc. Similarly, various chemical strategies for
synthesizing terminal alkynes are outlined, highlighting the diverse reactants and reaction
conditions employed in each synthetic route, such as a,p-eliminations, carbene rearrangement,
the use of Ohira—Bestmann reagent, and chalcone-based alkynes. The following section
explores the different synthetic strategies used for creating both aliphatic and aromatic organic
azides. It then presents an overview of the [3+2] cycloaddition reaction between organic azides
and terminal alkynes to produce 1,4-disubstituted 1,2,3-triazoles, utilizing various Cu(l)
catalytic systems and solvent conditions. Several studies highlight the direct application of
Cu(I) salts as catalysts, as well as multicomponent systems where Cu(l) is generated from
Cu(I) salts. Consequently, this study utilizes the [CuBr(PPh3)3] complex as a Cu(I) catalyst

to synthesize new 1,2,3-triazole derivatives.
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The next section provides a concise overview of several spectroscopic methods,
including IR, NMR, and mass spectrometry, that are employed to characterize the synthesized
molecules. Lastly, the chapter details about the applications of 1,2,3-triazole derivatives, with
a particular focus on their use in chemosensing. In conclusion, the literature review on 1,2,3-
triazoles as ion sensors emphasizes their promising potential in developing highly selective and
sensitive ion detection systems. These sensors are capable of accurately detecting a wide range

of metal ions across diverse solvent environments.
Chapter III: Synthesis and characterisation

This chapter outlines the complete experimental work performed to achieve the
research objectives, including the synthesis and characterization of novel chalcone based 1,2,3-
triazole derivatives. It begins with a thorough overview of the general synthetic procedures
used to synthesize chalcones, chalcone based terminal alkynes, organic azide, and chalcone-
based 1,2,3-triazole derivatives. Following this, the chapter presents the actual experimental
method for synthesizing organic azide (benzyl azide) (figure S2), along with analytical data,
including yields, physical descriptions (color/texture), and IR and NMR (‘H, "C)
characterizations. In the next subsection, the synthesis of chalcone is presented (figure S3) and
the synthesis of novel chalcone based terminal alkynes from initial substrates (chalcone) is then
described (figure S4). For each synthesis, the experimental conditions, yields, color, and
melting points are detailed. Additionally, IR and NMR data for each alkyne are provided to

confirm successful synthesis.

The Cu(I)-catalyzed 3+2 cycloaddition reaction was used for the synthesis of chalcone
based 1,2,3-triazole derivatives (figure S5), which is presented in the subsequent section after
the synthesis of chalcone based alkynes, including all required experimental conditions. Each
1,2,3-triazole derivative was evaluated for product yield, colour/texture, melting point, IR,
NMR ('H and "*C), mass spectrum for the successful confirmation, with data presented
immediately after the reaction schemes. Appendix A outlines the material, procedures, and
instrumentation used in the analysis of the synthesized compounds, while the appendices B, C,

and D contains IR, NMR and mass spectra, respectively.
Chapter IV: Results and Discussion

This chapter presents a comprehensive analysis and interpretation of the data obtained from
spectroscopic techniques, providing an in-depth discussion on the successful synthesis of

chalcones, chalcone based terminal alkynes, organic azides and chalcone based 1,2,3-triazole
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derivatives. additionally, the chapter elaborated on the UV-Visible and fluorescence studies
conducted to evaluate the chemosensory potential of the synthesized chalcone based 1,2,3-
triazole compounds, specifically their ability to detect metal ions. This chapter is structured
into two sections based on the nature of the spectral data: Part A focuses on IR, NMR, and mass
spectroscopic analysis, confirming the successful synthesis of the target compounds, while Part
B details the UV-Visible and fluorescence studies, highlighting the selective ion recognition

capabilities of the synthesized probes.
Part A

Benzyl chloride (134) was converted to benzyl azide (135) by stirring with sodium
azide in DMF at 85-90 °C. The resulting product was oily at room temperature, and its structure
was confirmed using infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy. In the
IR spectrum (recorded neat within the 4000-450 cm™ range), a characteristic absorption peak
for the azide group (-Ns) was observed at 2089 cm™, along with other peaks consistent with
the expected azide structure. The benzyl azide was further characterized by 'H NMR
spectroscopy at 500 MHz in CDCls, showing a singlet at 6 = 4.14 ppm corresponding to the
methylene (-CHz) group attached to the azide functionality. Peaks in the range 6 = 7.22-7.14
ppm were attributed to aromatic protons. Similarly, the *C NMR spectrum aligned well with
the predicted structure. Signals from aromatic carbons appeared in the range 6 = 135.53—-127.78

ppm, while the methylene carbon of the azide group was observed at 6 = 54.82 ppm.

N3

135

Figure S2: Representation of the synthesized organic azide (benzyl azide)

Chalcones were synthesized by reacting 4-benzyloxybenzaldehyde and 4-
chlorobenzaldehyde with o-, m-, and p-aminoacetophenone, respectively. The reactions were
carried out in the presence of potassium hydroxide, which acted as a base to deprotonate the a-
carbon of aminoacetophenone, forming an enolate ion. The resulting chalcones were obtained
as solid products. A signal at 3461 - 3295 cm™! corresponded to N-H stretching of NH> group.
the '"H NMR spectrum exhibited a singlet at 6 = 6.67 — 2.64 ppm corresponding to the NH»
protons. The doublet at 6 = 8.84 - 7.84 ppm was assigned to alkenyl proton of the C=C attached
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to the benzene ring. The aromatic protons were attributable to the multiplet in the range of 6 =
7.91 - 6.67 ppm. The *C NMR spectrum further supported the 'H NMR findings, the peaks at
o = 123.61 — 120.22 ppm and 144.32 — 138.18 ppm corresponding to the alkenyl carbons
(C=C). The aromatic carbons are attributable in the range of 6 = 160.77 — 113.81 ppm. The
peak at 6 = 191.69 — 187.76 ppm was attributable to the carbonyl carbon.
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Figure S3: Representation of all the synthesized chalcones

To synthesize terminal alkynes, 1 mmol of a starting material containing labile proton(s)
was reacted with 1.30 mmol of an 80% propargyl bromide solution in toluene and an
appropriate base. The reaction, conducted at room temperature in DMF, involved stirring the
mixture with the base, which facilitated the extraction of the labile proton(s) from the starting
material and their replacement with propynyl group(s) via a nucleophilic substitution
mechanism. The reaction time varied depending on the substrate’s propensity to lose a proton.
The formation of the desired alkynes was confirmed by comparing their IR spectra (4000—450

cm™') with those of the starting materials.
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Figure S4: Representation of all the synthesized chalcone-based terminal alkynes

183



The characteristic -C=C-H stretch was observed at approximately 3324-3279 cm™,
while the -C=C stretch appeared at around 2111-2116 cm™. "H NMR spectra further validated
the synthesis, showing a peak for the alkyne proton (=C-H) at 6 = 2.28-2.23 ppm and a peak
for methylene protons attached to nitrogen (N-CH:) at 6 =4.57—4.18 ppm. Peaks corresponding
to aromatic protons were observed between 6 = 7.98—6.67 ppm. In the *C NMR spectra, signals
attributed to the C=C carbons appeared at 6 = 73.03—71.31 ppm, confirming the successful
synthesis of the alkyne.

To synthesize the 1,2,3-triazole-derived chemosensor probes, the precursor alkynes
underwent [3+2] cycloaddition with organic azides using [CuBr(PPh3)s3] as the catalyst in a
THF:TEA solvent mixture (v/v, 1:1). Characterization by IR, NMR, and mass spectrometry
confirmed the successful cycloaddition process. In the IR spectra, a strong absorption peak
observed at 2089 cm™! for azides and in the range of 2111-2116 cm™ for terminal alkynes
disappeared completely in the products, indicating full cyclization of the precursors. NMR
analysis further validated this, with the disappearance of the alkyne proton signal at 6 = 2.28—
2.23 ppm in the 1H NMR spectrum, confirming the formation of 1,2,3-triazole derivatives.
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Figure S5: Representation of all the synthesized chalcone-based 1,2,3-triazole derivative

Additionally, the methylene (-CH:) protons in the alkyne molecules showed a
downfield shift to 6 = 4.57-4.18 ppm, reflecting the deshielding effect from the newly formed
triazole ring. In the '*C NMR spectra, the signals at § = 73.03-71.31 ppm, attributed to the
terminal alkyne carbons, were absent in the spectra of the triazole derivatives, further indicating

successful ring formation. Mass spectrometry data corroborated these findings, with the
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observed molecular ions matching the expected structures of the 1,2,3-triazole compounds,

confirming their synthesis via the CuAAC reaction.
Part B

To evaluate the ion-sensing properties of the synthesized 1,2,3-triazole derivatives, their
photophysical characteristics were systematically studied using UV-Vis and fluorescence
spectroscopy, as detailed in Part B of Chapter IV. The presence of 1,2,3-triazole moieties in
their structure, featuring nitrogen atoms as optimal coordination sites for specific metal ions,
makes these derivatives promising candidates for ion recognition. Accordingly, their sensing
capabilities were assessed through UV-Vis and/or fluorescence titrations performed with

selected metal ions.

The interactions of probe 146 with Pb(II) and Cu(II) ions were analyzed using UV-Vis
and fluorescence spectroscopy. UV-Vis titration with 1 mM metal ion solutions revealed
hypochromic shifts at 340 nm and 414 nm and a hyperchromic shift at 269 nm for Pb(Il),
forming an isosbestic point at 293 nm. For Cu(Il), a hypochromic shift at 414 nm, a new peak
at 284 nm, and an isosbestic point at 337 nm were observed (figure S6). Job’s plot confirmed
a 1:1 binding ratio for both ions. In fluorescence studies, excitation at 350 nm resulted in a
strong emission peak at 438 nm with a shoulder peak at 412 nm. Titration with Pb(II) and Cu(II)
ions enhanced fluorescence intensity as their concentrations increased to 15 equivalents (probe
concentration: 30 uM) (figure S7). The K. values for probe for Pb(Il) and Cu(Il) ions were
6.18 x 10° M and 7.57 x 10°. The LoD values were 5.69 uM for Pb(Il) and 6.55 uM for
Cu(Il), with LoQ values of 18.97 uM and 21.85 uM, respectively.

2.5

(a) (b)
A =269 nm A=284 nm
2.0 AL cutn
AN
204 /

= N
2 =) .
< 154 < i ’// \\ Isosbestic point = 337 nm
g g 1.5+ 0/ \
g g =
o K<
5 1.0 °
2 2 1.0
g 2 A= 414 nm

0.5 0.5+

Isosbestic point = 293 nm
0.0 0.0

T T T T
300 350 400 450
Wavelength (nm)

500

300

350

400

Wavelength (nm)

450

500

Figure S6: Shifts in absorption maxima of probe 146 on titration with (a) Pb(Il) (b) Cu(Il) in
DMSO
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Figure S7: Incremental increase in the fluorescence emission of probe 146 on titration with (a)
Pb(II) (b) Cu(Il) in DMSO

For probe 147, Upon the gradual addition of Pb(II), the absorption peak at 348 nm
showed a hypochromic shift, while a shoulder at 264 nm underwent a pronounced
hyperchromic shift, forming an isosbestic point at 283 nm. For Cu(Il), incremental addition
caused a blue shift of ~6 nm (348 nm to 342 nm) with a hypochromic effect and significant
hyperchromic broadening at 270 nm, leading to an isosbestic point at 320 nm (figure S8). Job’s
plot confirmed a 1:1 binding ratio for both ions. In fluorescence studies, probe 147, upon
excitation at 340 nm, exhibited a prominent emission peak at 437 nm with a minor shoulder at
413 nm. Fluorescence intensity significantly increased with the addition of Pb(Il) and Cu(Il)
ions (probe concentration: 30 uM) (figure S9). The Benesi-Hildebrand plots for probe with
Pb(II) and Cu(Il), yielding K. values of 2.18 x 10> M and 2.35 x 10°* M, respectively. The
LoD values for Pb(II) and Cu(Il) were 3.64 uM and 1.37 uM, with LoQ values of 12.15 uM
and 4.58 uM, respectively.
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Figure S8: Shifts in absorption maxima of probe 147 on titration with (a) Pb(II) (b) Cu(II) in
DMSO
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Figure S9: Incremental increase in the fluorescence emission of probe 147 on titration with (a)

Pb(II) (b) Cu(II) in DMSO

The incremental addition of Pb(II) ions to probe 148 caused a hypochromic shift at 368
nm (n—7* transitions) and a hyperchromic shift at 268 nm (m—n* transitions), forming an
isosbestic point at 298 nm. For Cu(Il), a hypochromic shift at 368 nm and a hyperchromic,
hypsochromic shift to 284 nm were observed, with an isosbestic point at 347 nm, confirming
selective sensing and ratiometric responses (figure S10). Fluorescence studies (Aex = 370 nm)
showed a strong emission peak at 436 nm with a shoulder at 412 nm. Emission intensity
increased with the addition of Pb(II) or Cu(II) ions (probe concentration: 30 pM; metal ion: up
to 15 equivalents) (figure S11). Benesi-Hildebrand plots provided K, values of 8.54x10° M
for Pb(I) and 9.37x10°> M* for Cu(Il), with a 1:1 binding ratio confirmed by Job’s plot. LoD
values were 5.06 uM for Pb(Il) and 7.52 uM for Cu(Il), with LoQ values of 16.89 uM and
25.08 uM, respectively.
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Figure S10: Shifts in absorption maxima of probe 148 on titration with (a) Pb(II) (b) Cu(Il) in
DMSO
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Figure S11: Incremental increase in the fluorescence emission of probe 148 on titration with

(a) Pb(II) (b) Cu(Il) in DMSO

The interactions of probe 156 with Co(Il) and Cu(Il) ions were systematically
investigated using UV-Vis spectroscopy. The addition of Co(II) ions resulted in a significant
hyperchromic shift in the absorption peak observed at 311 nm, accompanied by a smaller
hyperchromic shift at 425 nm. These changes are attributed to n—m* transitions, indicating a
strong interaction between the probe and Co(II) ions. Similarly, titration with Cu(II) ions led
to pronounced hyperchromic shifts at 311 nm and minor hyperchromic changes at 425 nm
(figure S12). The interactions of probes 156 with Co(II) and Cu(II) ions were also examined
through fluorescence spectroscopy, where solutions of each probe were titrated with 10 uM
solutions of the metal ions in separate experiments. When exposed to an excitation wavelength

(Aex) of 295 nm, probe 156 exhibited a prominent emission peak (Aem) at 445 nm.
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Figure S12: Incremental increase in the absorption maxima of probe 157 on titration with (a)

Co(1I) (b) Cu(ll) in THF/H20 (4:1)
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Independent titrations for both Co(Il) and Cu(Il) ions demonstrated that the
fluorescence emission intensity of probe 156 increased upon the introduction of either of the
metal ions into the solution (figure S13). The K, values for probe 156 for Co(Il) and Cu(II)
ions were 8.80 x 10> M, 5.99 x 10> M for the aforementioned metal ions, respectively.
Moreover, the binding ratio of 1:1 (M:L) were established based on the Job’s plots analysis.
The LoD value for probe 156 for detecting Co(Il) was determined to be 1.64 uM, while for
detecting Cu(Il) ions, the LoD value was 3.19 uM. The LoQ values for the probe 156 for the
recognition of Co(Il) ions was found to be 5.46 uM, whereas for Cu(Il) ions, the value was

10.64 pM.
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Figure S13: Incremental increase in the fluorescence emission of probe 156 on titration with

(a) Co(IT) (b) Cu(Il) in THF/H,O (4:1)

The interactions of probes 157 with Co(Il) and Cu(Il) ions were systematically
investigated using UV-Vis spectroscopy. Distinct spectral changes were observed upon titration
with Co(Il) and Cu(Il) ions, indicating specific interactions with the metal ions. During the
gradual addition of a 1 mM Co(Il) solution to the probe, the absorption peak at 317 nm
exhibited a pronounced hypochromic shift, characterized by a decrease in intensity. This shift
was accompanied by the emergence of an isosbestic point at 370 nm. In contrast, the
incremental addition of a 1 mM Cu(II) solution induced a notable blue shift of approximately
24 nm in the absorption maximum, shifting it from 317 nm to 293 nm. This shift was further
accompanied by a significant hyperchromic effect at 293 nm, highlighting an increase in
absorbance intensity (figure S14). The contrasting spectral responses to Co(II) and Cu(II) ions
reflect the probe's differential binding behaviour. The interactions of probes 157 with Co(II)
and Cu(II) ions were also examined through fluorescence spectroscopy, upon excitation at a

wavelength of (Aex) 320 nm, a distinct fluorescence emission peak was observed at (Aem) 442
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nm. The fluorescence intensity of probe 157 significantly increased upon the addition of Co(II)
and Cu(Il) ions (figure S15). The K. values for probe 157 for the aforementioned metal ions
were 7.66 x 10° M, 4.74 x 103> M, respectively. Moreover, the binding ratio of 1:1 (M:L)
were established for probe based on the Job’s plots analysis. The LoD value for probe 157 for
detecting Co(II) were determined to be 2.08 uM, while for detecting Cu(Il) ions, the LoD
values were 2.30 uM. The LoQ values for the probe 157 for the recognition of Co(II) ions was
found to be 6.94 uM, whereas for Cu(Il) ions, the value was 7.68 pM.
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Figure S14: Incremental increase in the absorption maxima of probe 157 on titration with (a)

Co(II) (b) Cu(IT) in THF/H,0 (4:1)
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Figure S15: Incremental increase in the fluorescence emission of probe 157 on titration with

(a) Co(IT) (b) Cu(Il) in THF/H20 (4:1)

The interactions of probe 158 with Co(II) and Cu(Il) ions were systematically
investigated using UV-Vis spectroscopy. In these experiments, solutions of each probe were
titrated with 1 mM solutions of Co(II) and Cu(Il) ions in separate titrations. The stepwise

addition of Co(II) ions to the solution of probe 158 resulted in a pronounced hyperchromic shift
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in the absorption peak at 362 nm, indicative of n—m* transitions. This spectral change was
accompanied by the emergence of an isosbestic point at 284 nm. In case of Cu(Il) , the
incremental addition of a 1 mM Cu(Il) solution induced a notable hyperchromic shift at 279
nm accompanied by the formation of an isosbestic point 354 nm (figure S16). The K. values

for probe 158 for the aforementioned metal ions were 6.61 x 10° M, 1.00 x 10* M,

respectively.
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Figure S16: Incremental increase in the absorption maxima of probe 158 on titration with (a)

Co(Il) (b) Cu(Il) in THF/H>0 (4:1)
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Figure S17: Incremental increase in the fluorescence emission of probe 158 on titration with

(a) Co(IT) (b) Cu(I) in THF/H,0 (4:1)

Moreover, the binding ratio of 1:1 (M:L) were established for probe based on the Job’s
plots analysis. The interactions of probe 158 with Co(II) and Cu(II) ions were also examined
through fluorescence spectroscopy, where solutions of each probe were titrated with 10 uM

solutions of the metal ions in separate experiments. In the case of probe 158, when exposed to
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an excitation wavelength (Aex) of 360 nm, a pronounced emission peak (Aem) at 438 nm was
observed. The increase in fluorescence emission intensity of probe 158 for both Co(II) and
Cu(Il) is depicted in figure S17. The LoD value for probe 158 for detecting Co(II) was
determined to be 1.81 uM, while for detecting Cu(Il) ions, the LoD value was 1.17 uM. The
LoQ values for the probes 158 for the recognition of Co(II) ions was found to be 6.04 uM,
whereas for Cu(II) ions, the value was 3.92 uM.
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Annexure A

Instrumentation and Chemicals

Annexure A details the instruments utilized for the spectroscopic
analysis of the synthesized compounds and lists the various reagents,

catalysts, and solvents employed in their chemical synthesis and

analytical evaluation.



General experimental techniques

e Infrared Spectra
The infrared spectra of the synthesized compounds were recorded in the range of 4000—

450 cm™ using a SHIMADZU FTIR-8400S spectrophotometer, accessed at the Central

Instrumentation Facility (CIF), Lovely Professional University, Phagwara, Punjab.

e NMR Spectra
The 'H and >C NMR spectra of the synthesized compounds were obtained using a
Bruker Advance Neo FT NMR spectrophotometer, with tetramethylsilane (TMS) as the internal
reference and CDClz and DMSO-d6 as solvents. The analyses were conducted at the
Sophisticated Analytical Instrumentation Facility (SAIF), Panjab University, Chandigarh.

e Mass Spectra
Mass spectrometric analyses (LCMS) of the synthesized 1,2,3-triazoles were performed
using a Bruker Esquire 3000 mass spectrometer, accessed at the Sophisticated Analytical

Instrumentation Facility (SAIF), Panjab University, Chandigarh.

e UV-Vis Spectra
UV-Vis spectroscopic measurements were carried out using a SHIMADZU UV-1900
spectrophotometer, accessed at the School of Chemical Engineering and Physical Sciences,

Lovely Professional University, Phagwara, Punjab.

e Fluorescence Spectra
Fluorescence spectroscopic studies were conducted using a Perkin Elmer FL 6500
spectrophotometer, accessed at the Central Instrumentation Facility (CIF), Lovely Professional

University, Phagwara, Punjab.

e Melting Point
The melting points of the synthesized compounds were determined using a Mel Temp
IT apparatus with sealed capillaries, performed at the School of Chemical Engineering and

Physical Sciences, Lovely Professional University, Phagwara, Punjab.
e General Materials

The following materials were utilized in the study:
Bromotris(triphenylphosphine)copper(l) [CuBr(PPhs)s] (Aldrich), propargyl bromide (80%
solution in toluene) (Spectrochem), N,N-dimethylformamide (DMF) (LOBA Chemie), benzyl
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chloride (LOBA Chemie), sodium azide (LOBA Chemie), tetrahydrofuran (THF) (SDFCL),
triethylamine (TEA) (LOBA Chemie), potassium carbonate (LOBA Chemie), ethyl acetate
(LOBA Chemie), n-hexane (LOBA Chemie), dimethyl sulfoxide (DMSO) (LOBA Chemie),
acetonitrile (SDFCL), 4-benzyloxybenzaldehyde (LOBA Chemie), 4-chlorobenzaldehyde
(LOBA Chemie), 2-aminoacetophenone (LOBA Chemie), 3-aminoacetophenone (LOBA
Chemie), and 4-aminoacetophenone (LOBA Chemie).
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Annexure B

Annexure B includes the IR, 'H and '>C NMR, for all the synthesized
chalcones, terminal alkynes, organic azides, and also mass spectrums

for chalcone-based 1,2,3-triazole derivatives.



Transmittance (%)

% Transmittance

IR spectrum of benzyl azide 135

110 —
| VY
100 — 3 3
a3
| 3 o
90 - @ @
o
80 —
70 ~
[T+
_ g |
[ ]
80 — 3
| N,
50 —
40 - &
[--]
(=]
1 (]
30 T ' | | ' T ' T ' T ' |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
IR spectrum of chalcone 138
100
(=1
[1=]
(=]
[==]
[i=]
=]
85 = @
© 3
3
80 1 O NH, ool ~
) % & S
Q& 8 ¢ g
75 @/\O
70 I 1 I T 1 v 1 T I v I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

195



IR spectrum of chalcone 140
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IR spectrum of alkyne 143
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IR spectrum of alkyne 145
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IR spectrum of 1,2,3-triazole 147
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IR spectrum of alkyne 154
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% Transmittance

% Transmittance

IR spectrum of 1,2,3-triazole 156
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% Transmittance

IR spectrum of 1,2,3-triazole 158
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'H NMR spectrum of benzyl azide 135
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'H NMR spectrum of chalcone 138
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'H NMR spectrum of chalcone 140
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'"H NMR spectrum of chalcone 142
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'"H NMR spectrum of alkyne 143
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'H NMR spectrum of alkyne 144

Lc'c—

L1y

86'9~
00°L”
9L~
6E'L |
'L
'L
sp'L
6v'L
LS'L
8s'L
TAVA
sLL’

O .IQQ.N

~E0'Y

~8£¢C

gt 1AL A
g}

sc8'8

T — ~66°0

‘91z
g0’}

25 2.0 15 1.0 0.5 0.0

30

35

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

9.0

13C NMR spectrum of alkyne 144

00'0-—

cror—

86°0L-

.

LAl

oL'sL”

L6'PTT,
8L'6TT-
06'611.
YL ZZ1|
ST'6ZT1\
ze'621-
8c'621 -+
6v'6217-
LLOETL
Leget
L1°9ET
98'8ET/
ET'ErT
06°LYT-

SP'061—

100
11 (ppm)

| |‘Mm“

10

T
90

T T
130 120 110

140

T T T
200 190 180

T
210

210



'H NMR spectrum of alkyne 145
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TH NMR spectrum of 1,2,3-triazole 146
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TH NMR spectrum of 1,2,3-triazole 148
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'H NMR spectrum of chalcone 150
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'H NMR spectrum of chalcone 151
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'"H NMR spectrum of chalcone 152
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'"H NMR spectrum of alkyne 153
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'"H NMR spectrum of alkyne 154
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"H NMR spectrum of alkyne 155
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TH NMR spectrum of 1,2,3-triazole 156
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TH NMR spectrum of 1,2,3-triazole 157
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TH NMR spectrum of 1,2,3-triazole 158
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'H NMR spectrum of 1,2,3-triazole 146 — Pb(II) complex
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'"H NMR spectrum of 1,2,3-triazole 148 — Pb(II) complex
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Mass spectrum of 1,2,3-triazole 147
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Mass spectrum of 1,2,3-triazole 156
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Mass spectrum of 1,2,3-triazole 158

o Ni M+
O = O hij) 800.2718
Cl N
N
n | “N
N
d M
a3
[T T epiebl i .
3s00o0ce 0 L- ] s 00 o= o o
prr 12 0029
arie
m» 428 1480
85 1180 AT 1808
s LL LL:;--:-.:
e L l.LJl; " TR TR A -llll;ll'. b
M T W0 W P W 4w e® em om oo mm o m Mo e@ o om T TE Tm 7i0 W0 &S Mo s S0 S 8 wm

228



List of Publications

Singh, R.; Singh, G.; George, N.; Singh, G.; Gupta, S.; Singh, H.; Kaur, G.; Singh, J. Copper-
Based Metal-Organic Frameworks (MOFs) as an Emerging Catalytic Framework for Click
Chemistry. Catalysts, 2023, 13, 130-159.

R Singh, G Singh, N George, G Singh, A Devi, H Singh, G Kaur, J Singh.; Cu (i)-catalysed 1,
2, 3-triazole stitched chalcomer assembly as Pb (ii) and Cu (ii) ion sensor: DFT and docking

scrutiny. RSC advances, 2023, 13 (46), 32399-32412.

R Singh, G Singh, N George, G Singh, P Malik, H Singh, G Kaur, J Singh.; Unveiling the ion
sensing capabailities of ‘click’ derived chalcone-tailored 1,2,3-triazolic isomers for Pb(ii) and

Cu(ii) ions: DFT analysis. RSC advances, 2024, 14 (22), 15374-15390.

R. Singh, G. Singh, N. George, G. Singh, A. Dalal, H. Singh, G. Kaur, J. Singh, Chalcone-
ensembled 1,2,3-triazole via click chemistry: Selective ‘Turn-On’ detection of Cu(II) ions via
photoinduced electron transfer in real water samples and computational analysis, Journal of

Molecular Structure, 2025, 1325, 140921.

R. Singh, G. Singh, N. George, H. Singh, G. Kaur, and J. Singh, in Click Chemistry in Polymer
Science Designs to Applications, ed. N. K. Singha, P. Mondal, and R. Hoogenboom, Royal
Society of Chemistry, 2024, vol. 39, ch. 16, pp. 428-450.

Singh, G.; Singh, R.; Singh, H.; Singh, J. Hydrogels Using Click Chemistry. In Click
Chemistry Volume 1: Fundamentals and Synthesis, Gupta, R. K., Ed.; CRC Press: Boca Raton,
2024; Vol. 1, pp 227-253.

Mehak; Singh, G.; Singh, R.; Singh, G.; J Stanzin; Kaur, G.; Kaur, G.; Singh, H.; Singh, J.
Clicking in harmony: exploring the bio-orthogonal overlap in click chemistry, RSC advances,

2024, 14 (11), 7383-7413

Singh, G.; Lal, B,; Singh, R.; George, N.; Singh, G.; Diksha; Kaur, G.; Singh, H.; Tittal, R,;
Kaur, G.; Singh, J., Ampyrone appended 1,2,3-triazole as selective fluorescent Cu(Il) ion
sensor: DFT and docking findings, Spectrochimica Acta Part A: Molecular and Biomolecular

Spectroscopy, 302, 2023, 123163.

229



Singh, G.; Singh, R.; George, N.; Singh, G.; Sushma; Kaur, G.; Kaur, G.; Singh, H.; Singh, J.
‘Click’-Synthesized PET Based Fluorescent Sensor for Hg(II), Pb(II) and Cr(III) Recognition:
DFT and Docking Studies. J Photochem Photobiol A Chem 2023, 441, 114741.

Singh, G.; Singh, R.; George, N.; Singh, G.; Satija, P.; Kaur, G.; Singh, H.; Singh, J. Selective
Recognition of Pb(Il) and Cr(IIl) by Novel Maleic Hydrazide-Based 1,2,3-Triazole Linked
Derivatives. J Mol Struct 2023, 1277, 134823.

Singh, G.; George, N.; Singh, R.; Singh, G.; Sushma; Kaur, G.; Singh, H.; Singh, J. Ion
Recognition by 1,2,3-Triazole Moieties Synthesized via “Click Chemistry.” Appl Organomet.
Chem 2023, 37, e6897.

George, N.; Singh, G.; Singh, R.; Singh, G.; Anita Devi; Singh, H.; Kaur, G.; Singh, J.
Microwave Accelerated Green Approach for Tailored 1,2,3-Triazoles via CuAAC. Sustain

Chem Pharm 2022, 30, 100824.

Singh, G.; George, N.; Singh, R.; Singh, G.; Kaur, J. D.; Kaur, G.; Singh, H.; Singh, J. ChAAC-
Derived Selective Fluorescent Probe as a Recognition Agent for Pb(II) and Hg(II): DFT and
Docking Studies. ACS Omega 2022, 7,39159-39168.

Singh, G.; Majeed, A.; Singh, R.; George, N.; Singh, G.; Sophia, N.; Singh, H.; Kaur, G.;
Singh, J. CuAAC Ensembled 1,2,3-Triazole Linked Nanogels for Targeted Drug Delivery: A
Review. RSC Adv 2023, 13,2912-2936.

George, N.; Singh, G.; Saini, P.; Singh, R.; Singh, G.; Singh, H.; Kaur, G.; Singh, J. Detection
of copper in tea and water sample: A click-oriented azomethine-based 1,2,3-triazole fluorescent

chemosensor with reversible INHIBIT logic gate behavior and computational aspects, J Mol

Struct, 1311, 2024, 138288.

George, N.; Singh, G.; Singh, R.; Singh, G.; Singh, H.; Kaur, G.; Singh, J. Click Modified Bis-
Appended Schiff Base 1,2,3-Triazole Chemosensor for Detection of Pb(II)lon and
Computational Studies. J Mol Struct 2023, 1288, 135666.

George, N.; Singh, G.; Singh, R.; Singh, G.; Sushma; Singh, H.; Kaur, G.; Singh, J. Schiff base
functionalized 1,2,3-triazole derivative for Fe(Ill) ion recognition, as N,O,0-Fe-O,0,N

sandwich complex: DFT analysis. Polyhedron 2023, 242, 116496.

230



Singh, G; Gupta, S; Kaur, J; Markan, P; Vikas; Yadav, R; Sehgal, R; Singh, J; Singh, R. Highly
selective Schiff base functionalized silatrane based receptor as Sn(II) ion chemosensor:

Synthesis, photophysical, DFT and docking studies. J Mol Struct 2023, 1288, 135687.

Singh, G.; Singh, R.; Singh, H.; Singh, J, Hydrogels Using Click Chemistry, CRC Press, 1%
edition, 2024, 27.

231



List of conference Presentations

Paper presented in the 9" HSCA International Conference on Recent Trends in Bio
and Material Sciences held on September 23-24, 2022, organized by the Him Science
Congress Association in collaboration with Sardar Patel University, Mandi, Himachal
Pradesh, India.

Paper presented in the International Conference in Chemistry — 2024 on Recent
advances in applied chemical sciences held on February 23-24, 2024, organized by the
chemistry section, Maulana Azad National Urdu University Hyderabad, India.

Poster presented in the International Conference on Molecules and Materials
Technology (MMT-2023) held on April 21-22, 2023, organized by the Department of
Chemistry, National Institute of Technology (NIT) Kurukshetra, Haryana, India.
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1. Completed one-week workshop in ‘Skill development program on sophisticated research
instruments’ held from 12 May - 18" May 2023, conducted by H.N.B.G.U Garhwal
(Uttrakhand), under the auspices of Department of chemistry, Government of India, under

Synergistic Training Program Utilizing Scientific and Technological Infrastructure (STUTI).

2. Completed three-day workshop and hands on training on ‘Spectroscopy, Separation, and
Surface Characterization Techniques’ held from March 04 — 06, 2024, organized by
department of Chemistry and Biochemistry (DCBC), at Thapar Institute of Engineering and
Technology (TIET), Patiala, Punjab.
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Abstract: In the extensive terrain of catalytic procedures for the synthesis of organic molecules,
metal-organic frameworks (MOFs) as heterogenous catalysts have been investigated in a variety
of chemical processes, including Friedel-Crafts reactions, condensation reactions, oxidations, and
coupling reactions, and utilized owing to their specific properties such as high porosity, tuneability,
extraordinary catalytic activity, and recyclability. The eminent copper-tailored MOF materials can be
exceptionally dynamic and regioselective catalysts for click reactions (1,3-dipolar cycloaddition reac-
tion). Considering the fact that Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reactions can
be catalyzed by several other copper catalysts such as Cu (II)-B-cyclodextrin, Cu(OAc),, Fe30,@5i0;,
picolinimidoamide-Cu(IT) complex, and Cu(II) porphyrin graphene, the properties of sorption and
reusability, as well as the high density of copper-MOFs, open an efficient and robust pathway for
regimented catalysis of this reaction. This review provides a comprehensive description and analysis
of the relevant literature on the utilization of Cu-MOFs as catalysts for CuAAC “click’ reactions
published in the past decade.

Keywords: metal-organic frameworks (MOF); Cu-MOF; catalyst; 1,4-disubstituted 1,2,3-triazole;
click chemistry; heterogenous catalysis

1. Introduction

Click chemistry is one of the most robust and versatile methodologies currently
known to researchers, capable of synthesizing large complex compounds from relatively
smaller moieties [1,2]. Due to its advantageous features and facile pathway of synthesis,
the methodology has received significant interest globally. Carolyn R. Bertozzi, Morten
Meldal, and K. Barry Sharpless in 2022 were awarded the Nobel Prize in Chemistry for
their ground-breaking contribution, which was a big step in advancement. The advent of
click chemistry has led to the discovery of nitrogen-rich azole heterocycles, which have
been shown to be fascinating compounds with broad potential significantly with their
pharmacological [3] and chemosensing [4] properties. ‘Click’ reactions, specifically Cu(I)-
catalyzed cycloaddition involving a terminal alkyne and an organic azide to synthesize
1,4-disubstituted-1,2,3-triazole, have received a large amount of consideration in the fields
of material science, polymer science, peptide chemistry [5], and synthetic organic chemistry
over the past few decades. However, due to the fact that alkynes are poor 1,3-dipole accep-
tors, this reaction cannot proceed regioselectively without a suitable catalyst. Significantly,
the presence of Cu(I), which forms bonds with terminal alkynes, greatly enhances the pace,
selectivity, and overall efficiency of click reactions [6].

The catalysts tailored from transition metals have the potential to act as fabricators in
the assemblage of supplementary intricate structures, yielding complex organic structures

Catalysts 2023, 13, 130. https:/ /doi.org/10.3390/catal13010130
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Cu(l)-catalysed 1,2,3-triazole stitched chalcomer
assembly as Pb(i) and Cu(i) ion sensor: DFT and

docking scrutinyf
Rigdimasiagh. © ° Gurleen Singh, 22 Nancy George,? Gurjaspreet Singh, ©°

Anita Devi,” Harminder Singh, 22 Gurpreet Kaur*® and Jandeep Singh {2 *2

Herein, a 12 3-triazole derivative (CBT), synthesized using the Copperl) catalyzed Alkyne Azide
Cycloaddition (CuAAC) procedure, based on a chalcone skeleton has been reported, that was
implemented as an effective sensor for Pbli) and Culi) ions. The synthesized CBT was characterized
using spectroscopic techniques such as FTIR, NMR (*H and **C), and mass spectrometry. The sensing
behaviour of CBT was analyzed using UV-Vis spectroscopy, demonstrating selective sensing for Pb(i) and
Culi} ions, competitively. The correlation plot revealed the detection limit for Pb(i) and Cul(i) ions to be
100 pM and 110 pM respectively. In addition, DFT simulations and molecular electrostatic potential (MEP)
studies scrutinized the binding strategy of the free CBT and its orientation towards the metal ions in the
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metal—ligand complex. The probe CBT was predicted wia the online platform Way2drug for its

pharmacological properties, investigating the possibility to inhibit early atherosclerosis. CBT was

DOI: 10.1039/d3ra05760g
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1. Introduction

The environmental accumulation of metal ions above the
permissible concentrations has led to their substantial upsurge,
which has put forward the need to explore efficient and robust
research alternatives for their instantaneous detection even in
low concentrations. The emphasis on analytical cation detec-
tion is due to their well-documented pervasive toxic effects on
both the terrestrial as well as aquatic living systems,'* thereby
rendering their qualitative as well as quantitative recognition as
the need of the hour.* Due to the unregulated use of lead via
mining, smelting, ceramics, paint, automobile exhaust emis-
sions, etc., its accumulation in the environment has undergone
an exponential ascent since the latter years of the ‘bygone
century’.” Also, exposure to lead can denature DNA and
proteins, is detrimental to bone health, and may result in cell
transformation, thereby rendering the cells to become malig-
nant.® Copper ions, though involved in biological processes in
electron and oxygen transport in the body's soft tissues, can be
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subsequently docked to the TRIB1 protein using AutoDock Vina and demonstrated a high binding affinity

toxic in higher concentrations where they can interfere with
biological functioning by altering essential proteins/enzymes.”
This can pose serious health risks like anaemia, interstitial
nephritis, oxidative damage, hypertension, cardiovascular
disease, severe neurological disease, etc.'™" Therefore, the
detection of these metal ions above the threshold limit needs
immediate attention to address environmental pollution and
minimize impacts on biological systems.'>* This leads to the
importance of metal ion sensors based on organic frameworks
for selective recognition.

In this pursuit, O-chalcones and N-heterocycles have been
potential sensors due to their selective cation binding capabil-
ities."* The chalcones have a backbone of unsaturated carbonyl
groups with conjugation and have the potential to exhibit
chemosensing."”"” The combination of these motifs with the
1,2,3-triazole moiety via ‘Click’ (CuAAC) methodology has
emerged as the most preferred synthetic route to form chalcone
appended 1,4-disubstituted-1,2,3-triazole derivatives." There is
an increased demand for these moieties owing to their extensive
selectivity for ion detection,” in addition to their significant
biological properties such as antibacterial, antioxidative, anti-
fungal activities etc.

The ion detecting property of a fluorescent chemosensor is
based on a host-guest relationship, wherein the interaction of
the receptor with the analyte induces photophysical changes in
the fluorophore which indicates successful ion recognition.?
Besides, exclusivity of a sensor is attributable to the cavity size,
wherein the N-rich 1,2,3-triazole ring helps in the recognition

RSC Adv, 2023, 13, 32399-32412 | 32399
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Unveiling the ion sensing capabailities of ‘click’
derived chalcone-tailored 1,2,3-triazolic isomers

for Pb(i) and Cu(i) ions: DFT analysist

Rigdimasinghl © ° Gurleen Singh, 2 Nancy George,? Gurjaspreet Singh,”
Pooja Malik,” Harminder Singh, (22 Gurpreet Kaur*® and Jandeep Singh & *

In this study, two novel chalcone-derived 1,2,3-triazole-appended positional isomers (probe 6 and probe 9)
were synthesized via the ‘CuAAC' (Cul) - catalysed alkyne azide cycloaddition) methodology for the
purpose of metal ion detection. The synthesized probes underwent characterization utilizing standard
spectroscopic methodologies including FTIR, NMR (*H and **C), and mass spectrometry. Subsequently,
the sensing capabilities of these probes were explored using UV-Vis and fluorescence spectroscopy,
wherein their selective recognition potential was established for Pb(i) and Culi), both of which can pose
serious health hazards when prevalent in the environment above permissible limits. Both the probes
exhibited fairly low limits of detection (LoD), determined as 5.69 uM and 6.55 uM in the case of probe 6
for Pb(i) and Culi) respectively; whereas the probe 9 exhibited an LoD of 5.06 uM and 7.52 pM for Pb(i)
and Cu(n), respectively. The job's plot for the probe demonstrates the formation of a 1:1 complex
between the metal and ligand. Furthermore, the interaction of the free probes with the metal ions in the
metal-ligand complex was elucidated through *H NMR analysis and validated theoretically using Density
Functional Theory (DFT) simulations with the B3LYP/6-311G++(d,p) and B3LYP/LANL2DZ basis sets for
geometry optimization of the probes and their corresponding metal complexes. These findings offer
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1. Introduction

The toxic heavy metal ions, such as copper (Cu) and lead (Pb),
pose significant ecological concerns due to their persistence in
the environment and the capacity to accumulate within various
ecosystems."* These metal ions are primarily released into the
environment through anthropogenic activities such as indus-
trial processes, mining, and improper waste disposal.®* Once
introduced, they undergo complex biogeochemical cycles and
can accumulate in soils, sediments, and aquatic systems,
thereby proving challenging as they tend to biomagnify through
the food chain, leading to higher concentrations in organisms
at higher trophic levels.*® The adverse effects of copper and lead
accumulation in living organisms are manifold. Copper, an
essential micronutrient at low concentrations, becomes toxic
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in environmental monitoring and analytical chemistry.

when present in excess, leading to oxidative stress, cellular
damage, and disruption of enzyme functions.® On the other
hand, Lead is a non-essential metal but can still interfere with
calcium metabolism, disrupt nerve transmission, impair
reproductive and developmental processes, and even at low
levels, pose severe neurological risks, especially to children.’”
The ecological and physiological impacts of copper and lead
accumulation underscore the critical importance of sensing
and monitoring these toxic heavy metal ions in the environment
to preserve the health of ecosystems and safeguard living
organisms.® For this purpose, 1,2,3-triazole-based chemo-
sensors, synthesized via ‘click chemistry’ provide a reliable
alternative that is simple to implement and yields accurate
findings with high selectivity and sensitivity.” "

Click chemistry constitutes a methodological paradigm
within chemical synthesis, characterized by its expeditious and
high-yield generation of products.”* Among its diverse modali-
ties, the Copper(i)-catalyzed Azide-Alkyne Cycloaddition
(CuAAC) has emerged as a preeminent avenue for constructing
1,2,3-triazoles.” This transformative reaction involves the
cyclization of an azide and alkyne moiety, mediated by a cop-
per(1) catalyst, culminating in the regioselective and efficient
formation of the 1,2,3-triazole scaffold. The versatility of CuAAC
in producing 1,2,3-triazoles has found remarkable applications,

@ 2024 The Author(s). Published by the Royal Society of Chemistry
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Chalcone-ensembled 1,2,3-triazole via click chemistry: Selective ‘Turn-On’
detection of Cu(II) ions via photoinduced electron transfer in real water
samples and computational analysis
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ARTICLEINFO ABSTRACT

Keywords:

Click chemistry
Chalcone-based 1,2,3-triazole
Copper(Il) ion sensing

Real water testing

DFT

A ‘Turn-On’ fluorescent chalcone based 1,2,3 triazole derivative (BRT) was synthesised using the Copper(I)
catalysed alkyne-azide cycloaddition (CuAAC) reaction. The probe BRT was characterized using FTIR, 'Hand '*C
NMR spectroscopy and mass spectrometry. The ion sensing capabilities of BRT were evaluated through
UV-Visible and fluorescence spectroscopy utilizing DMSO/H20 (9:1) solvent system. The probe demonstrated
the exclusive recognition of Cu(ll) ions, as evidenced through the substantial hyperchromic shifts in UV-Vis as
well as fluorescence spectra, attributed to a photo-induced electron transfer (PET) mechanism. A 1:1 binding
ratio between BRT and Cu(ll) ions was determined via a Job’s plot, and the limit of detection and limit of
quantification were calculated to be 1.77 yM and 5.91 pM respectively, from fluorescence spectroscopy. Addi-
tionally, the association constant (Ka) was calculated as 1.81 x 10°M! using the Benesi-Hilderbrand equation.
Furthermore, real-time water sample testing validated the practical applicability of the probe for environmental
monitoring, DFT was employed to optimize the molecular structures and generate HOMO — LUMO density plots
of BRT and its Cu(Il) complex.

1. Introduction

The detection and quantification of toxic metal ions in environ-
mental water sources are critical for public health and environmental
protection [1,2]. Metal ions, due to their widespread industrial usage
and natural occurrence, often find their way into water bodies, posing
significant risks when accumulated in excess [3,4]. Among various
metal ions, copper (II) ion is of particular concern due to its dual role as
both a vital nutrient and a potential toxicant [5,6]. While trace amounts
of Cu(Il) are essential for biological functions including enzyme acti-
vation, iron metabolism, and the formation of connective tissue, its
excessive concentrations can lead to severe environmental issues
including water contamination via industrial discharges, agricultural
runoff, and toxicity to aquatic life through bioaccumulation and bio-
magnification in the food chain [7-9]. This can result in detrimental
effects on aquatic ecosystems, such as impaired growth and reproduc-
tion in fish and invertebrates, and can alter the biodiversity and

* Corresponding authors.

functioning of aquatic environments [10,11]. For humans, excessive Cu
(1I) intake can cause gastrointestinal distress, liver and kidney damage,
and neurological disorders [12]. Furthermore, chronic exposure has
been linked to conditions such as Wilson's disease and other
copper-related metabolic disorders [13]. Over the past few years, fluo-
rescent chemical probes have gained widespread application in detect-
ing various analytes such as amino acids, metal cations, and anions, due
to their simplicity, ease of use, and high sensitivity [14-16]. Therefore,
the development of efficient and selective sensors for copper in aqueous
environments is of significant interest.

Chalcones, a class of natural or synthetic compounds with a char-
acteristic a,f-unsaturated carbonyl system, have garnered attention for
their versatile chemical reactivity and biological activity [17,18]. Their
structural framework offers a robust platform for further functionali-
zation, enabling the development of sophisticated chemosensing mate-
rials [19,20]. Recently, the click chemistry approach, particularly the
CuAAC, has turned out as a powerful tool for synthesizing 1,2,3-triazole
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Selective metal ion recognition via positional
isomers: fluorescent chalcone-1,2,3-triazole
hybrids for Co(i) and Cu(i)) detectiont
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This study reports the synthesis of three positional isomers (6a=6¢) of chalcone-tethered 1,2 3-triazoles via
the Cul)-catalyzed alkyne-azide cycloaddition (CuAAC) reaction. The synthesized probes were
comprehensively characterized using FTIR, *H and “*C NMR, and mass spectrometry. Their potential as
metal ion sensors was evaluated through UV-vis and fluorescence spectroscopy, revealing high
selectivity and sensitivity toward Coli) and Culi) ions. The probes 6a—c exhibited low limits of detection
(LoD): 1.64 pM (Coli)) and 3.19 pM (Cu(i)) for ortho isomer (6a), 2.08 uM (Coli)) and 2.30 uM (Culi) for
meta substituted (6b), and 181 uM (Coli)} and 117 uM (Culi)) for para-substituted (6€) 1,2,3-triazole
derivatives. Job's plot analysis confirmed a 1:1 metal-ligand complex formation. To further elucidate
binding interactions, Density Functional Theory (DFT) calculations were conducted, employing B3LYP/6-
31G+(d.p) for free probes and B3LYP/LANL2DZ for their metal complexes. The combined experimental
and theoretical results establish a robust and selective sensing platform for Culi) and Coli) detection,
with promising applications in environmental menitoring and analytical chemistry.
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Copper plays a crucial role in several biological processes,
such as serving as a cofactor for enzymes engaged in redox

1. Introduction

Open Access Article. Published on 23 May 2025, Downloaded on 8202025 4:06:38 PM.

|| This article is licensed undera Creative Commoans Attribution-NonCommercial 3.0 Unported Licence.

The pervasive integration of heavy metals in contemporary
industries, coupled with cutting-edge technological advance-
ments, has introduced profound risks that threaten both
humans and the environment.** Notably, cobalt, although
necessary in small quantities for the production of vitamin B12
and many enzymatic reactions, can also be very poisonous when
present in excessive amounts.” Exposure to cobalt in the work-
place, which is often found in mining, alloy production, and
battery manufacturing sectors, may result in significant health
problems. Prolonged exposure to elevated amounts of cobalt
mav lead to resniratory issues. such as asthma and inrerstitial

reactions, facilitating the creation of connective tissue, and
aiding in the manufacture of neurotransmitters.”® Excessive
buildup of copper may result in hazardous consequences
because it can produce reactive oxygen species via Fenton-like
processes, leading to oxidative stress and harm to cells.™
Prolonged exposure to elevated quantities of copper may lead to
severe health issues, including Wilson's disease.” Moreover,
the oecurrence of acute copper poisoning may result in
gastrointestinal discomfort, destruction of red blood cells, renal
failure, and potentially fatal consequences.** Copper pollution
resulting from industrial operations, mining, and agricultural
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16.1 Introduction

Sir Karl B. Sharpless and his research group formalized the “click chemistry”
paradigm and stated that click reactions are notably modular, simple and
quick, and produce significantly high yields," providing stereospecific prod-
ucts and only generating inoffensive byproducts that may be eliminated using
non-chromatographic techniques.*” The extensive use of click reactions
through metal catalyzed 1,3-dipolar cycloadditions, thiol-ene reactions,
Diels-Alder cycloadditions, and Michael additions has attracted consider-
able global interest in current research, particularly in polymer chemistry,
drug discovery, and materials science.” The click chemistry concept extends
and enhances the existing reaction techniques by focusing on the most effi-
cient reactions, thereby complementing combinatorial chemistry and struc-
ture-based design approaches. By selecting the right building blocks, click
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Organosilane based magnetic silica nanoparticles
for the detection of Al(i) ions and construction of
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Here, organosilane based magnetic silica nanoparticles were developed by grafting synthesized
organesilane onto the surface of magnetic silica nanoparticles and used as a turn-on fluorescent sensor
for Alln) ions. The resulting nanohybrids Fe;0,@SiO-@silane were characterized using a variety of
analytical methods, including FTIR, TGA, EDX, XRD. VSM and SEM. The fluorescence spectra changes
revealed that Fe;0,4@SiO,@silane is highly selective for Al(n) via the photoinduced electron transfer (PET)
mechanism. The sensor Fe;0,@SI0:@silane was also capable of specifically sensing 4-nitrophencl
(4-NP). The detection limits were determined to be 2.23 x 108 M for Al(u) and 1.83 x 10°® M for 4-NP.
Furthermore, the changes in fluorescence exhibited by Fez:04@SiO>@sllane upon the addition of Al(m)
and 4-NP serve as the basis for an IMPLICATION-type logic gate. The pharmacokinetic profile of the
synthesized compound 3 was examined using MOLINSPIRATION and ADMET scftware, and the findings
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1. Introduction

Magnetic materials have gained popularity in recent years due
to their broad range of applications, which include data sto-
rage, biotechnology, and catalysis."® In order to produce
magnetic materials with desired magnetic characteristics,
the assembly of magnetic nanoparticles is often needed. The
modification of magnetic nanoparticles (MNPs) has received
increased focus in materials science due to their unique
capabilites in magnetic targeting, magnetic resonance imaging,
chemotherapy, hyperthermia, bioseparation, gene therapy,
enzyme immobilization and controlled drug release.”* Iron
oxide nanoparticles (IONPs) have received a lot of interest in
various biomedical and industrial sectors due to their distinc-
tive physicochemical and magnetic properties.” In the biome-
dical sector, IONPs are being created for enzyme/protein
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immobilization, cell labelling, DNA detection and tissue
engineering.'""'> Additionally, the silica coating on iron oxide
nanoparticles increases their stability and protects them in an
acidic environment."? Silane is frequently employed to alter
and endow the functionalized end groups directly to the surface
of bare IONPs for post-connecting with metal ions, polymers,
biomolecules or other biological entities.'"™ Furthermore, as
seen in earlier research, 3-aminopropyltriethyloxysilane aided
in the preservation of IONP morphology. Silane functionalized
magnetic IONPs have recently emerged as a popular and
effective approach in biological separation, detection, sensor,
and other bio-applications.'®="

Modern industrial wastes are primarily high in toxic heavy
metal ions, which can cause adverse effects in living
organisms.*' As is well known, Al(u) is the third most abundant
metal ion in the earth’s crust (~8.3% by weight) and is widely
used in fabrics, medicine, papermaking, food additives, cook-
ware and wrapping paper.”*”>' However, an inereased level of
Al(m) in the brain can result in conditions like Parkinson’s
disease, osmotic encephalopathy and Alzheimer’s disease.>* 7
According to WHO standards, the daily consumption of Al{m)
ions should be less than 3-10 mg, and the maximum Al(m)
concentration in drinking water should not exceed 7.41 pM.**
On the other hand, 4-nitrophenol (4-NP), a nitroaromatic, is
commonly used in the production of dyes, pesticides, paper,
petroleum, explosives, hair pigment, drugs and other natural
pollutants that endanger public safety and health.”=*' In

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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In the quest to scrutinize and modify biclogical systems, the global research community has continued to
explore bic-orthogonal click reactions, a set of reactions exclusively targeting non-native molecules within
biological systems. These methodologies have brought about a paradigm shift, demonstrating the feasibility
of artificial chemical reactions occurring on cellular surfaces, in the cell cytosol, or within the body — an
accomplishment challenging to achieve with the majerity of conventional chemical reactions. This
review delves into the principles of bio-orthogonal click chemistry, contrasting metal-catalyzed and
metal-free reactions of bio-orthogonal nature. It comprehensively explores mechanistic details and
applications, highlighting the versatility and potential of this methodology in diverse scientific contexts,
from cell labelling to biosensing and polymer synthesis. Researchers globally continue to advance this
powerful tool for precise and selective manipulation of biomolecules in complex biological systems.
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click reactions, which exclusively alter non-native target mole-
cules in the biological system, heretofore introduced, making it
an ideal reaction for employing in vitro.*”* Bio-orthogonal
chemistry enables the execution of organic synthesis typically

1. Introduction

licensed under a Creative Commons Alttribution 3.0 Unported Licence.

Biological systems are accompanied by delicate networks of
native biomolecules, vital for conventional functioning. For

Open Access Article. Published on 01 March 2024. Downloaded on 3/1/2024 4:51:05 PM.
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- scrutinizing and modifying the biological systems, scientists ~conducted in a laboratory within living organisms and cells.” In

= have introduced a fresh set of reactions, namely bio-orthogonal =~ contrast to numerous laboratory reactions, bio-orthogonal

reactions are not designed for the bulk production of mate-

rials. Rather, their purpose is to covalently modify biomolecules
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Phagwara-144411, Punjab, India. E-mail: singhjandeep@gmail.com facilitating their examination and manipulation.™" The roots of
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1,3-dipolar cycloaddition of organic azide and terminal alkyne
to yield a racemic mixture of 1,4-disubstituted and 1,5-disub-
stituted 1,2,3-triazoles (Fig. 1).” The versatility of this reaction
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CuAAC ensembled 1,2,3-triazole linked nanogels
for targeted drug delivery: a review
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Copper() catalyzed alkyne azide cycloaddition (CuAAC), the quintessential example of ‘click chemistry,
provides an adaptable and adequate platform for the synthesis of nanogels for sustained drug release at
targeted sites because of their better biocompatibility. The coupling of drugs, carried out via various

synthetic routes including CuAAC, inte long-chain polymeric forms like nanogels has exhibited
considerable assurance in therapeutic advancements and intracellular drug delivery due to the

I M) Check for updates J

Cite this: RSC Adv., 2023, 13, 2912

progression of water solubility, evacuation of precocious drug release, and improved upthrust of the
pharmacokinetics of the nanogels, thereby rendering them as better and efficient drug carriers. The
inefficiency of drug transmission to the target areas due to the resistance of complex biological barriers
in vivo is a major hurdle that impedes the therapeutic translation of nanogels. This review compiles the
data of nanogels synthesized specifically via CUAAC ‘click’ methodology, as scaffolds for targeted drug
delivery and their assimilation into nanomedicine. In addition, it elaborates the ability of CuAAC to graft
specific moieties and conjugating biomolecules like proteins and growth factors, onto orthogonally
functionalized polymer chains with various chemical groups resulting in nanogels that are not only more
appealing but also more effective at delivering drugs, thereby enhancing their site-specific target
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1. Introduction

In the domains of biomedicine, bio-nanotechnology, and
pharmaceutics, polymer-based drug nanocarriers have always
been fascinating drug therapies for targeted site-specific drug
delivery."* A wide range of diseases including neurological
disorders, cardiovascular diseases, and malignancies can be
treated and healed in a better and more efficient manner using
polymeric drug delivery systems owing to the targeted and
controlled release of therapeutics,™ thereby reducing the side
effects of drugs, especially those for cancer which is a major
threat to human health after cardiovascular diseases which are
the leading cause of human fatality.”'® It was reported by the
International Agency for Research on Cancer (IARC), in 2018,
that there were 18.1 million cancer diagnoses globally, with
a projected increase to 29.5 million by 2040." Cancer therapy
still has high side effects of anti-cancerous drugs, while
damaging the fast-growing cells of the body as well as the tumor
sites in adequate immune responses resulting in adverse side
effects,""* To tackle such issues, researchers have focused on
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2912 | RSC Adv, 2023, 13, 2912-2936
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approach and initiating selective therapies.

the development of nanocarriers to transport the drugs for high
intracellular drug delivery.****

The design and expansion of nanocarriers play a key role in
the development of new advanced therapeutic ways as the
nanotechnology implied for their synthesis additionally
empowers the drugs of concern to enhance their vital prop-
erties like solubility and increased concentration at the target
site for higher potency and reduced side effects.'* These
desirable traits of drugs in consideration with the stealth
behavior of the nanocarriers towards the immune system are
being explored for the treatment of many chronic and acute
disorders, as the nanoparticles potentially improve the ther-
apeutic index, decrease off-target toxicity, and change the
pharmacokinetic profile of pharmaceuticals’ so that the
desirable drug gets incorporated into the body and accumu-
lates at the required site while exhibiting pharmacophoric
properties exclusively towards the target cells, known as ‘tar-
geted drug delivery’. A variety of nanocarriers have been re-
ported in the literature for applications in targeted drug
delivery such as mesoporous nanocarriers, dendrimers,
carbon nanotubes, gold nanoparticles, quantum dots, nano-
gels, etc., and are represented in Fig. 1.7

Nanogels have proved to be apt agents for targeted drug
delivery due to their high biocompatibility and beneficial
dimensions ranging from human organs, and cells to
viruses.'™"? Nanogels essentially are submicron-sized hydrogels

@ 2023 The Author(s). Published by the Royal Society of Chemistry
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ARTICLE INFO ABSTRACT

Keywords: In this study, a novel photoinduced electron transfer (PET) based 1,2,3-triazole appended chemosensor probe
Click Chemistry (PRT) for the recognition of toxic heavy metal ions has been developed via Cu(l)-catalyzed alkyne-azide
1,2,3-triazole

cycloaddition (CuAAC), a quintessential example of ‘click chemistry” for which the 2022 Nobel prize in chemistry
: i was awarded to Prof. K.B. Sharpless, Prof. M. Meldal and Prof. C. Bertozzi. The synthesized probe was suc-
Metal ion recognition A H 1 13,
Fluorescence spectroscopy cessfully characterized via IR spectroscopy, NMB ('H and "“C) spectroscopy, and mass spectrometry; and
DET additionally demonstrated to selectively sense the highly toxic Hg(II), Pb(Il), and the biologically essential Cr(11I)
ions via absorption and fluorescence spectroscopy. The Job plot of PRT suggested the stoichiometric ratio of 1:1
with the sensed metal ions, whereas the association constant values determined through Benesi-Hildebrand (B-H)
equation indicated the strongest binding of PRT with Cr(III) followed by Pb(Il) and Hg(II) respectively, even
though the competitive metal ion titration revealed the selectivity of PRT for Pb(II) over the other metal ions. The
density functional theory (DFT) approach as implemented in the Gaussian 09 package with B3LYP/6-311G++(d,
p) and B3LYP/LANL2DZ was used to perform geometry optimization and quantum chemical computations.
Above and beyond, PRT was also docked with Interleukin (IL)-6 protein, thereby providing glimpses of its anti-
inflammatory potential,

p-Rosolic acid

1. Introduction

The notion of environmental contamination, an exponentially aug-
menting threat to nature as well as all life forms, has grabbed the
attention of the global research community due to its distressing state
[1-3]. Laying a special emphasis on this contamination factor by the
non-biodegradable and persistent entities such as the heavy metal ions,
researchers have significantly ventured to resolve this menace via
discrete methodologies [4,5]. However, the ever-evolving challenges
such as bioaccumulation and the need for real-time analysis consistently
require researchers to find contemporary and sturdy courses of action to
curb such hazards. Due to the protein binding potential and enzyme
inactivation capabilities of heavy metal ions [6,7] resulting in detri-
mental effects on the vital body metabolic processes [8], their accu-
mulation in the environment is one such problem that has posed a

* Corresponding author.

serious threat since the industrial revolution, largely due to their
upsurged release as a result of anthropogenic activities like mining,
metallurgy, pesticide production, nuclear and thermal power plants, etc.
[9]. Out of the various heavy metals, mercury and lead are two of the
most pernicious elements having no biological function but capable of
earnest subversance [10,11]. Both the elements in their divalent form
are reported to cause impairment of several biological functions like
enzymatic and redox reactions; and soft tissues such as the brain, kid-
neys, heart, etc. [12-15] leading to pervasive and irreversible toxic ef-
fects. Also, chromium in its trivalent form is essential for the human
body to perform multiple functions including glucose metabolism
regulation, facilitation of macronutrient metabolism, stimulation of in-
sulin synthesis, etc. However, its overabundance is linked with irritation
of the respiratory tract, irritant dermatitis, carcinogenicity, etc. whereas
lower levels in the body tend to induce peripheral neuropathy,
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ARTICLEINFO ABSTRACT

Keywords: A fluorescent azomethine-scaffolded-1,2,3-triazole linked chemosensor was synthesized utilizing alkyne and
1.2,3-triazole azidomethylbenzene via Cu(l)-catalyzed click chemistry. The compounds (3-5 and L6) were analyzed using
Click chemistry FTIR, "H NMR, '*C NMR, and GCMS-. The exploration of ion sensing ability of L6 complex, using UV-Vis and
gzil‘n:’::iz;m fluorescence spectroscopy in ACN:H20 (4:1) medium resulted in detection of Cu(ll) ions, exclusively. Further L6-
Black T e:; Cu(Il) complex was characterized via FTIR, FE-SEM, LCMS and supported by DFT studies. A significant structural

maodification has rendered the current probe as highly selective for Cu®" ions, with ‘Turn-On’ response. The
chemical receptor (L6) establishes 1:1 molar ratio with Cu(Il) ions with binding constant of 6.0 x 10* M~ and
excellent detection limit of 20 nM. In addition, the sensitive reversible behavior of probe (L6) with two chemical
inputs (Cu®* and EDTA) contributes to the construction of an INHIBIT logic cireuit. The Copper ion detection was

effectively monitored for real-world samples like Black Tea with precise quantification of Copper(Il) ions.

1. Introduction

The ever-evolving field of ion-sensors, serving as selective probes for
detection of charged species exemplifies a highly promising domain
within applied supramolecular chemistry. Copper remains an indis-
pensable trace element ubiquitously found in cells and organs, critical
for cellular respiration, antioxidant defense, connective tissue forma-
tion, neurotransmitter biosynthesis, peptide hormone maturation,
pigmentation, keratinization, and iron homeostasis [1] Copper ions
form integral microelement with occurrence in most oxidases, including
cytochrome C and copper oxidase, and aids in the structural integrity
and orientation of the enzymes, ensuring appropriate in vivo redox
processes [2-4]. However, copper dysregulation in homo-sapiens can
develop Menkes, Wilson's diseases and/or lead to neurogenetic disor-
ders such as Alzheimer’s, Huntington's, Prion, and Parkinson’s syn-
drome, as well as amyotrophic lateral sclerosis, and metabolic disorders
including diabetes mellitus and adiposity. Consequently, copper has
been recognized to modulate malignancies that function via renowned

* Corresponding authors.

oncogenic BRAF mutations and influence tumorigenesis [5-9]. The
permissible tolerable limit of copper within a human body is 1.0-1.5
ppm, with recommended dietary intake in adults of 0.9 ppm, set forth by
FDA [10]. EPA has established a regulatory threshold, specifically
known as the maximum contaminant level goal for copper in potable
drinking water at 1.3 ppm [11]. Owing to the pivotal role of Cu®* and its
profound impact on metabolic pathways, it is imperative to employ a
forthright, selective and highly perceptive approach for the precise
quantification and identification of Cu®* in various matrices such as
drinking water, industrial settings, environmental contexts, and food
samples [12,13].

Despite the precision and sensitivity of atemic absorption spectros-
copy (AAS), inductively coupled plasma mass spectrometry (ICP-MS),
mass spectroscopy (MS), and time-of-flight mass spectrometry (TOFMS),
their utilization requires expensive instrumentation, meticulous sample
preparation, and expertise skill [14,15]. Subsequently, fluorescent
detection of metal ions is enticing a great deal of attentiveness for ap-
plications in optical imaging and analytical sensing owing to their
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Click chemistry FTIR, "H NMR, '*C NMR, and GCMS-. The exploration of ion sensing ability of L6 complex, using UV-Vis and
gzil‘n:’::iz;m fluorescence spectroscopy in ACN:H20 (4:1) medium resulted in detection of Cu(ll) ions, exclusively. Further L6-
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maodification has rendered the current probe as highly selective for Cu®" ions, with ‘Turn-On’ response. The
chemical receptor (L6) establishes 1:1 molar ratio with Cu(Il) ions with binding constant of 6.0 x 10* M~ and
excellent detection limit of 20 nM. In addition, the sensitive reversible behavior of probe (L6) with two chemical
inputs (Cu®* and EDTA) contributes to the construction of an INHIBIT logic cireuit. The Copper ion detection was

effectively monitored for real-world samples like Black Tea with precise quantification of Copper(Il) ions.

1. Introduction

The ever-evolving field of ion-sensors, serving as selective probes for
detection of charged species exemplifies a highly promising domain
within applied supramolecular chemistry. Copper remains an indis-
pensable trace element ubiquitously found in cells and organs, critical
for cellular respiration, antioxidant defense, connective tissue forma-
tion, neurotransmitter biosynthesis, peptide hormone maturation,
pigmentation, keratinization, and iron homeostasis [1] Copper ions
form integral microelement with occurrence in most oxidases, including
cytochrome C and copper oxidase, and aids in the structural integrity
and orientation of the enzymes, ensuring appropriate in vivo redox
processes [2-4]. However, copper dysregulation in homo-sapiens can
develop Menkes, Wilson's diseases and/or lead to neurogenetic disor-
ders such as Alzheimer’s, Huntington's, Prion, and Parkinson’s syn-
drome, as well as amyotrophic lateral sclerosis, and metabolic disorders
including diabetes mellitus and adiposity. Consequently, copper has
been recognized to modulate malignancies that function via renowned
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oncogenic BRAF mutations and influence tumorigenesis [5-9]. The
permissible tolerable limit of copper within a human body is 1.0-1.5
ppm, with recommended dietary intake in adults of 0.9 ppm, set forth by
FDA [10]. EPA has established a regulatory threshold, specifically
known as the maximum contaminant level goal for copper in potable
drinking water at 1.3 ppm [11]. Owing to the pivotal role of Cu®* and its
profound impact on metabolic pathways, it is imperative to employ a
forthright, selective and highly perceptive approach for the precise
quantification and identification of Cu®* in various matrices such as
drinking water, industrial settings, environmental contexts, and food
samples [12,13].

Despite the precision and sensitivity of atemic absorption spectros-
copy (AAS), inductively coupled plasma mass spectrometry (ICP-MS),
mass spectroscopy (MS), and time-of-flight mass spectrometry (TOFMS),
their utilization requires expensive instrumentation, meticulous sample
preparation, and expertise skill [14,15]. Subsequently, fluorescent
detection of metal ions is enticing a great deal of attentiveness for ap-
plications in optical imaging and analytical sensing owing to their
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ARTICLE INFO ABSTRACT

Keywords: A novel 1,2,3-triazole linked schiff base chemosensor was stitched via Cu(l) catalyzed click reaction with
Click chemistry excellent vield, high selectivity, sensitivity and characterized using fourier transform infrared spectroscopy
CuAAC (FTIR), NMR ('H and laC), mass spectrometry (MS), CHN analysis, thermal gravimetric analysis (TGA) and
];e;c:l;,([]rli)ﬂ::r:m differential scanning calorimetry (DSC). The developed chemosensor was investigated for it’s optical properties
Ci\émoscnsors using UV-visible and fluorescent spectroscopy. The detected limit of the synthesized probe was estimated 0.25

pM from fluorescence spectroscopy, which is particularly below the WHO guidelines. The binding stoichiometric
(2:1) of ligand was confirmed by the job's plot and the binding constant was determined to be 4.1 x 10° M~ and
1.4 x 10° M~" from the B-H plot and the Stern-Volmer curve, respectively. These results establish the developed
chemosensor as a potent probe for analytical and practical applications. The optimized geometrical structure of
the probe (4) was run on Gaussian 09 program using DFT method with (B3LYP)/6-311G++(d,p) basis set of

Computational chemistry

hybrid density functional theory.

1. Introduction

Metal ion pollution has become a worldwide ecological concern in
recent years due to rapid development and increasing industrialization.
The pervasive use of lead ions in particular has resulted in massive
environmental pollution, posing grave health concern to individuals and
biological systems. Petrol, paints, pigments, lead batteries, alloys, ce-
ramics, glass, chemicals, toys, electronics, water pipes, and other con-
sumer items are the most prevalent anthropogenic sources of lead
contamination in environmental matrices (water, soil, air, and food).
Excessive lead exposure causes a variety of health problems in humans,
affecting the kidneys, gastrointestinal, hematological, cardiae, repro-
ductive, and neurological systems. Furthermore, Pb**is far more
dangerous than those other metals since it is a neurotoxin that may
accumulate in muscles and bones, causing nervous system damage as
well as brain and blood disorders [1-5]. The United States Environ-
mental Protection Agency (USEPA) and the World Health Organization
(WHO) have precisely specified permitted concentration limits of Pb**
metal ions in drinking water as 16 ppb (16 ug L™') and 10 ppb (48 nM),

* Corresponding author.
E-mail address: singhjandeep@gmail.com (J. Singh).

https://doi.org/10.1016/j.molstruc.2023.135666

respectively. Similarly, the US Food and Drug administration had
established an action level of 2.5 pM for Pb?" in goods intended for use
by newborns and children. As a result, determining and monitoring the
level of the lead metal ion is critical to ensure that heavy metal lead
concentrations remain below the designated hazardous limit [6-8].
Schiff bases are widely recognized as tunable compounds with an
azomethine bond, and they are developing as a prominent class in
chemical and medicinal chemistry due to their distinguishing charac-
teristics and diverse biological activities. Schiff bases have been widely
explored as flexible ligands for analyte detection, and their facile in-
teractions with metal due to changes in electrical characteristics have
been intensively researched [9-13]. Synthetically achievable and
structurally versatile, 1,2,3-triazole derivatives are primarily produced
via 1,3-dipolar cycloaddition of organie azides and substituted alkynes
[10,14]. Recently, Carolyn R. Bertozzia, Morten Meldal, and K. Barry
Sharpless were awarded 2022 Nobel Prize in Chemistry for discovering
click chemistry, an ecologically benign approach for swiftly combining
molecules to produce cancer treatments and generate materials. The
potential of the generated 1,2,3-triazole system to behave as a binding

Received 6 January 2023; Received in revised form 24 April 2023; Accepted 25 April 2023
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Docking studies

The present report describes the application of versatile and stereospecific Copper(l) catalyzed alkyne-
azide cycloaddition (CuAAC) reaction to synthesize two novel maleic hydrazide appended 1,2,3-triazole
based chemosensors (5 and 6) as selective probes for Pb(II) and Cr{lll) recognition. Maleic hydrazide is
a plant growth regulator known to prevent cell division. The probes were characterized via IR, NMR ('H
and “C) spectroscopy and mass spectrometry; and subsequently explored for their ion sensing behavior
in DMSO as solvent media via UV-Vis spectroscopy. The probe 5 displayed peak at 312 nm accompanied
by a smaller peak at 258 nm; whereas the probe 6 exhibited peaks at 274 nm, 284 nm and 294 nm.
Furthermore, the association constants for probe 5 were determined to be 0.61x10°> M~' and 0.20x10°
M- for Pb(Il} and Cr(Ill} respectively; and for probe 6 the association constant values for Pb(ll) and
Cr{lll) were 0.46x106 M-' and 0.76x10° M~ respectively. Structural optimization of both the probes
was carried out using DFT with hybrid density functional (B3LYP)/6-311G++(d,p)basis set of theory and
LANL2DZ basis set was utilized to optimize the representative 5+metal complex . Subsequent docking
analysis of 5 and 6 was carried out with leukotriene b4 via AutoDock Vina to get perceptions about
their potential anti-inflammatory properties, wherein the binding energies of the probes 5 and 6 were

observed to be -8.3 and -9.6 kcal/mol respectively.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Selective recognition of biologically relevant metal ions is of
paramount interest among the research community at present ow-
ing to their importance in diverse physiological processes and envi-
ronmental toxicity [ 1-3]. Transition elements present in living sys-
tems in trace amounts and other heavy metal ions, in particular,
have received great attention in modern-day research [4-6| due to
their involvement and/or interference in various metabolic, enzy-
matic, and redox reactions taking place in the human body [7,8].
In addition to that, fluctuations in their levels from the prescribed
levels lead to health complications [9]. Lead is a significant el-
ement that has no known function in the human body but in
its divalent form is insidiously toxic, affecting almost every organ
and system in the body, with the most affected systems being
the central nervous system, cardiovascular system, liver, kidneys
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https://doi.org/10.1016/j.molstruc.2022.134823
0022-2860/© 2022 Elsevier B.V. All rights reserved.

247

and reproductive systems [10-12]. Since the twentieth century has
witnessed an exponential increase in the use of leaded gasoline
and other lead-based products, therefore environmental accretion
of lead [13] has posed a great health hazard. Among trivalent
ions, Cr(lll) is known to perform an imperative part in certain bi-
otic events viz glycometabolism improvement [14] and carbohy-
drates, proteins, fats and nucleic acid metabolism [15]. Deficiency
of Cr(lll) is related to increased risks of cardiovascular diseases
and diabetes |16] whereas its overabundance is linked with car-
cinogenicity [ 17]. Industrial utilization of metallic chromium is also
widespread [18] and hence its improper disposal poses a poten-
tial threat of its environmental accumulation and subsequent oxi-
dation to the immensely toxic hexavalent state [ 19]. Hence, there is
a constant need of developing new methodologies for quantitative
as well as qualitative recognition of such metal ions. Scheme 1
Imposing advantages over other reported methodologies for
ion recognition such as atomic absorption spectroscopy (AAS) and
inductively coupled plasma-mass spectrometry (ICPMS) [20-22],
development of highly selective and sensitive chemosensors as
metal ion recognition ensembles has been immensely explored



Inorganic Chemistry Communications 169 (2024) 113088

Contents lists available at ScienceDirect
Inorganic Chemistry Communications

journal homepage: www.elsevier.com/locatef/inoche

=
INURGANIC
CHEMISTI
COMML

Short communication

‘Turn On’ fluorescent imine linked 1,2,3-triazole based chemosensor for

detection of mercuric ions

Nancy George”, Gurleen Singh*, Riddima Singh’, Gurjaspreet Singh ", Sudha Malik ",

Harminder Singh, Gurpreet Kaur

, Jandeep Singh ™

* School of Chemical Engineering and Physical Sciences, Lovely Professional University, Phagwara 144411, Punjab, India
" Department of Chemistry and Centre of Advanced Studies in Chemistry, Panjab University, Chandigarh 160014, India
 Department of Chemistry, Gujranwala Guru Nanak Khalsa College, Civil Lines, Ludhiana 141001, Punjab, India

ABSTRACT

The exorbitant use or erroneous management of metal ions has been incurred with catastrophic pollution of our ecological system, particularly in soil and water
bodies, resulting in significant repercussions. Hence, precise identification and analysis of heavy-metal ions in intricate hydrological environments is imperative,
Therefore, an imine conjugated 1,2 3-triazole derivative VPT was synthesized, characterized via FTIR, NMR ('H & "%C), LCMS spectroscopic techniques and was
employed for the exclusive identification of ng’ jons in the presence of various other metal ions via UV-Visible and fluorescence spectroscopy. The sensor VPT
exhibited binding constant (K;) value of 2.93 x 10" M ! and detection limit value of 0.5 x 10°% M in the ACN:H20::4:1 medium. The stoichiometric ratio was
determined using Job’s plot, which revealed a (1:1) ratio of VPT with ng’ ions. In addition, time-dependent, temperature-dependent, and pH titration studies were
conducted via U.V-Visible spectroscopy to expand the sensor’s applicability. The viable configurations of probe VPT and its 1:1 stoichiometric with ng’ ion were
optimized using the B3LYP/6-311G++(d,p)/LANL2DZ levels of theory in the Gaussian 09 program respectively and this semi-empirical quantum mechanics
approach demonstrated a reduction in the energy gap confirming the stable formation of [VPT-Hg® ] complex. These insights facilitate the design of fluorescent

probe VPT for detecting Hg*" in both environmental and biological context.

1. Introduction

Mercury is a relentless bio-accumulative, hazardous metal that pos-
sesses distinct physicochemical properties, which are of significant
global health concern. The natural and anthropogenic dispersal of Hg
continues to pose a substantial risk to both human and environmental
well-being [1.2]. Mercury finds extensive application in various sectors
such as domestic items (cutlery, culinary pots, skin lotions), the elec-
trical industry (switches, thermostats, and batteries) dentistry (dental
amalgams), and numerous industrial processes, including the produc-
tion of caustic soda, its use in nuclear reactors, as antifungal agents for
wood processing, as a solvent for reactive and metallic substances, and
as a preservative for pharmaceutical products. However, humans are
exposed to several sources of mercury including accidental incidents,
environmental pollution, food adulteration, orthodontic treatments,
preventative healthcare measures, industrial, agricultural activities, and
occupational practices [3]. Therefore, excessive mercury accumulation
may cause mental retardation, cognitive impairment, and pro-
long exposure may accelerate the development of disorders including
Parkinson's, Alzheimer’s, and multiple sclerosis, subsequently damage
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the neurological system, respiratory tract, and cardiovascular system
[4,5]. The World Health Organization (WHO) has established guidelines
for the acceptable levels of Hg?" in drinking water, stipulating that it
should not exceed 6 parts per billion (30 nM) [6]. Consequently,
developing a method to accurately analyze the qualitative and quanti-
tative aspects of Hg>™ metal ions is crucial for studying their role in life
activities and timely monitoring their prevalence in the ecological
environment [7].

Photophysical mechanism such as Atomic absorption spectroscopy
(AAS), Gas chromatography-mass spectrometry (GC-MS), Inductively
coupled plasma atomic emission spectroscopy (ICP-AES), and X-ray or
laser-induced breakdown spectrometry (LIBS) remain as well recog-
nized, predominant techniques for heavy metal detection [8]. However,
the aforementioned procedures tend to incur high costs and lack
portability, since they need lengthy measurement durations, substantial
sample quantities, and the expertise personnel [9,10]. Alternatively,
prevalence of absorbance and emission-based techniques has surged in
several fields as these approaches have attained prominence owing to
their ease of implementation and their ability to provide ameliorated
levels of sensitivity and specificity. Chemosensors have shown

1387-7003/C 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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11.1 INTRODUCTION

Hydrogels are three-dimensional, hydrophilic polymer networks
composed of polymer chains that are interconnected through
crosslinking and can absorb large amounts of water or biological fluids,
even retaining them while maintaining their structural integrity. The
crosslinking points in the hydrogels create a porous structure that
enables the hydrogels to imbibe aqueous solutions, resulting in a swollen
state [1]. The presence of water within the hydrogels gives them a gel-
like consistency and a high degree of flexibility and elasticity. Due to
these unique abilities, they are widely recognized in several fields,
including biomedical, pharmaceutical, and materials sciences [2].

The hydrogels can be fine-tuned for specific functions by regulating
their chemical composition, crosslinking density, and network
architecture. The precursors for hydrogel synthesis include various
natural or synthetic polymers, such as polyacrylates, polyacrylamides,

*For Correspondence: Jandeep Singh (singhjandeep@gmail.com)
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1 | INTRODUCTION

Click chemistry is a vital synthetic tool that facilitates an
efficient and relatively simple method for construction of
large fragments using smaller molecules. The term “click
chemistry™ was first coined by Karl Barry Sharpless in
1998, in lieu for the discovery of Cu(I)-catalyzed alkyne-
azide cycloaddition (CuAAC) reaction on account of the
high efficiency, excellent yields, and regioselective prod-
uct, with inoffensive by-products.’t! The series of “click
reactions,” which share common trajectories,'” include
metal-catalyzed azide-alkyne cycloaddition,*™"?! strain-
promoted azide-alkyne cycloaddition (SPAAC),!*~%
strain-promoted  alkyne-nitrone  cycloaddition,!®!”!
inverse  electron demand Diels-Alder reaction
(IEDDA),""®") and Staudinger ligation,**?! as the most

| Gurpreet Kaur?®

| Harminder Singh' |

1,2,3-Triazole-based ligands obtained through copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) have been exploited in vast array of research domains
owing to the stitching of simpler molecules through a needle of Cu(I) catalyst.
The numerous reports on ion(s) detection capabilities of synthesized
1,4-disubstituted 1,2,3-triazole ligands using absorption and fluorescence
spectroscopy are accessible. This review enlists substituted 1,2,3-triazole-based
sensor probes, since 2010, synthesized selectively by CuAAC, having the ability
to sense either a single ion or multiple ions under specific set of conditions
along with their detection limits. The review also apprehends the different
techniques and sensing mechanisms involved in the detection of ions by che-

alkyne-azide cycloaddition, chemosensor, fluorescence spectroscopy, ion sensing, UV-Vis

widely performed and studied reactions. Amidst the
aforementioned reactions, CuAAC (categorized under
metal-catalyzed azide-alkyne cycloaddition) has been
extensively utilized in pursuit of synthesis of wide variety
of complexes attributable to its exceptional thermody-
namic and kinetic profile,” in addition to high
functional group tolerance™! wherein an azide binds
irreversibly with an alkynyl group in a highly regioselec-
tive manner*™ to give a five-membered 1,4-disubstituted
1,2,3-triazole ring,***") as illustrated in Figure 1.
Cu(T) catalyst'**) enhances the reaction rate by almost 107
times in comparison with uncatalyzed Huisgen cycload-
dition wherein no regioselective control yields 1,4- and
1,5-triazoles in nearly equal proportions.**! Click
chemistry has been extensively exploited in drug discov-
ery and delivery,”>** photodynamic therapy,***® solid-

Appl Organomet Chem. 2022;e6897.
https://doi.org/10.1002/a0c.6897
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ABSTRACT: Copper(I)-catalyzed alkyne—azide cycloaddition ] ag@d|
(CuAAC) is a resourceful and stercospecific methodology that ”° ".” ? | "‘: o "‘ “‘-li
has considerably yielded promising 1,2,3-triazole-appended “click” ; %t @ iR ) .
scaffolds with the potential for selective metal ion recognition. 'J“J‘

Based on “click” methodology, this report presents a chemosensor
probe (TCT) based on 4-tert-butylcatechol architecture, via the
CuAAC pathway, as a selective and efficient sensor for Pb(Il) and
Hg(II) ions, categorized as the most toxic and alarming
environmental contaminants among the heavy metal ions. The
synthesized probe was successfully characterized by spectroscopy g

o = Pb{llyHg(l)

TCT+PbillHg(Il)

TCT

[IR and NMR ('H and "*C)] and mass spectrometry. The - ;
0 80

chemosensing study performed in acetonitrile/water (4:1) solvent
media, via UV—vis and fluorescence spectroscopy, established its
selective sensitivity for Pb(II) and Hg(II) species among the list of explored metal ions with the limits of detection being 8.6 and 11
uM, respectively. Additionally, the 'H NMR and IR spectra of the synthesized TCT—metal complex also confirmed the metal—
ligand binding. Besides, the effect of time and temperature on the binding ability of TCT with Pb(II) and Hg(I1} was also studied via
UV—vis spectroscopy. Furthermore, density functional theory studies put forward the structural comprehension of the sensor by
availing the hybrid density functional (B3LYP)/6311G++(d,p) basis set of theory which was subsequently utilized for investigating

W s e
Wavelength (nm)
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its anti-inflammatory potential by performing docking analysis with human leukotriene b4 protein.

1. INTRODUCTION

The consistent search for efficient and suitable scaffolds for
toxic heavy metal ion(s) recognition has been the core idea of
ongoing research among the various researchers worldwide
owing to their potential deleterious effects on humans and
their ecotoxicological presence in the environment.' ™ The
presence of toxic ions such as Pb(II), Hg(II), and so forth
above the permissible threshold value can alter the
biomolecules mainly via oxidative damage and diminishing of
enzymatic activities, thereby interfering with the vital
processes occurring inside the body to sustain life. Lead has
become a ubiquitous heavy metal globa_lly.{i On accumulation
in significant quantities in the soft tissues such as the brain,
kidneys, heart, and so forth, it can interact with the
physiologically active groups of different proteins and hence
incapacitate their biological functions, which result in serious
health hazards such as hematological effects (anemia),
nephrotoxicity (interstitial nephritis), cardiovascular effects
(hypertension), neurological effects (lead encephalopathy),
and so forth.”™"" Mercury in its inorganic form [Hg(II)] is
severely toxic to living organisms, and the startling
consideration that other forms of mercury are convertible to
the insidiously toxic divalent form via “biomethylation” keeps

© 2022 The Authors. Published by
American Chemical Society

< ACS Publications

251

39159

the researchers on their toes for controlling mercury accretion
in the environment.'* Significant concentrations of mercury in
the body impairs enzymatic activity and causes mitochondrial
dysfunction and increased oxidative stress, thereby resulting in
complications such as hypertension, cardiac arrhythmia,
coronary heart disease, atherosclerosis, and so forth.'”™'®
Therefore, a constant need to confirm the presence of such
toxic and non-biodegradable heavy metal ions in the
environment becomes indispensable to keep their accumu-
lation in the environment well within the permissible limits.
The archetypal click reaction, that is, CuAAC'”" method-
ology, provides a well-organized, robust, and efficient pathway
to synthesize 1,2,3-triazole-based compounds for addressing
the research problem of metal ion toxicity in addition to other
sensing devices such as supramolecular polymers."* ™" The
development of new 1,2,3-triazole-linked compounds by

Received: August 8, 2022
Accepted: October 4, 2022
Published: October 20, 2022
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ARTICLE INFO ABSTRACT

Keywords: The present research aims to synthesize Schiff base tethered 1,2,3-triazole derivative using Cu(l) catalyzed click
Click Chemistry reaction as a highly sensitive and selective optical chemosensor for the recognition of ferric ions. The synthesized
CuAAC

probe was characterized using Fourier transform infrared spectroscopy (FTIR), NMR ("H and '*C), mass spec-
trometry, CHN analysis, and Thermal gravimetric analysis (TGA). The UV-vis spectroscopy was employed in eco-
friendly EtOH:H20 (9:1 v/v) solvent media to investigate the optical properties of the developed chemosensor
SBT, the association constant and limit of detection of Fe?" was determined to be 2.6 x 10" M ' and 1.3 x 107 M
establishing the designed SBT as a potent probe for analytical and practical applications. Additionally, the time-
dependent study and pH sensitivity of the developed probe SBT and metal-ligand complex were also studied via
UV-visible spectroscopy. Besides, FTIR spectra and TGA curve of the synthesized (SBT-metal complex) confirmed
the binding of the metal-ligand complex. Furthermore, the real sample application for detection of Fe** in
spinach (food rich in Iron) was analysed, and the SBT-based sensing system yielded a recovery rate of greater
than 99.07%. The synthesized probe was also explored for its computational-based DFT studies via Gaussian 09
programs using the DFT method with (B3LYP)/-311G (d,p) basis set of hybrid density functional theory.

1,2,3-Triazole
Iron (II1) sensor
Chemosensors

1. Introduction

Among the most persistent challenges for scientists is to develop
extremely sensitive and selective metal-ion responsive chemosensors for
the effective tracking of physiologically and ecologically relevant metal
ions. Although, Iron is a substantial transition metal that plays a
requisite role in oxygen transport in the human body, and subsequently
act as a cofactor in the enzymatic activities involved in biochemical
reactions [1]. However, excessive deposition of iron in ferritin proteins
can cause metabolic imbalance resulting in the disruption of cellular
processes, and hinders the biosynthetic activity. Iron in a trivalent state
is predominant owing to its capacity to oxidise during aerobic oxidation
photosynthesis [2]. But the concomitant accumulation of Fe*" can be
fatal to human beings, causing respiration syndrome, convulsions, skin
ailments, dysfunction of organs, Parkinson’s and Alzheimer’s diseases,
cardiac arrest and can lead to cancer [3-5]. Meanwhile, the daily
requirement of iron uptake in adult male and the female body is 9.1 and
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19.6 (mg/d) respectively as recommended by the World Health Orga-
nization (WHO) and exceeding these levels can lead to deterioration of
human’s health if left untreated [2.6,7]. Therefore, development of
versatile, precise and efficient Fe>* ion responsive chemosensor, below
the permissible levels, is essential [8-10]. Recently, the development of
Fe?* selective sensors feature drawbacks such as turn-off responses and
interferences with other metal ions. Additionally, these detectors are
structurally intricate and need a tedious multistep chemical synthesis,
resulting in excessively expensive costs. Most of the chemosensors re-
ported have the inability to clearly distinguish between Fe®" and Fe?*
oxidation states. Subsequently, various oxidation states have distinct
features, it is vital to identify one from the other in order to analyse their
course of action [11-14].Table 1.Table 2..

‘Click chemistry” has allured enormous research attention due to the
synthetic simplicity for synthesis of 1,2,3-triazole linkers, that act as
binding pockets in diverse applications in chemical biology, agro-
chemical, dyes, pigments and so forth. The CuAAC Meldal-Sharpless
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ARTICLE INFO ABSTRACT

Keywords: The persistent deterioration of our environmental assets has initiated ‘a push’ among the scientific
Green chemistry community for increased reliance on eco-friendly methodologies minimizing the utilization of
Microwave-assisted synthesis hazardous materials. As an outcome, there is a paradigm shift in the synthetic modules of organic
1,2,3-triazole reactions from conventional techniques to the parameters of green principles. Therefore, the

Click chemistry
CuAAC
Sustainability

demand for microwave (pw) tailored reactions has witnessed substantial and exponential growth
in the last two decades. In accordance, the employment of green methodology in Cu(l) catalyzed
alkyne-azide cycloaddition reaction (CuAAC) for the synthesis of 1,2,3-triazole derivatives have
reared fruitful results with the reduction of synthetic time, superior yields without benign sol-
vents. The use of the microwave technique has been amplified with its implementation of a range
of green methodologies by contributing to solvent-less, catalyst-free, use of ionic liquids and
aqueous medium. This review puts forward the microwave synthesis of 1,2,3-triazoles through
Cu(l) mediated click chemistry.

1. Introduction

Heterocyclic compounds have emerged as a special class of compounds owing to their numerous medicinal properties such as DNA-
virus inhibitors, anti-hepatotoxic, anti-microbial agents and industrial applications like the synthesis of dyes, cosmetics, weed killers,
reprography, antioxidants, and plastics, leading to the advancement in scientific research (Mishra et al., 2021; Dharavath et al., 2020;
Ashok et al., 2020a). The stitching of a terminal alkyne with an organic azide in a cycloadditive manner is one of the most extensive
techniques for the synthesis of N-heterocycles (Hernandez-Lopez et al., 2020; SinghSanchita et al., 2018; M'Hamed, 2015; Kumar
et al.,, 2021). and utilizing this methodology, particularly the 5-membered 1,2,3-triazole linked molecules can be effectively synthe-
sized. Huisgen in the 1960’s laid down the path for 1,3 dipolar cycloaddition reaction under uncatalyzed and prolonged thermal
conditions giving a mixture of 1,4 and 1,5-disubstituted products. However, the reaction methodology suffered from the serious
drawbacks of non-regioselectivity, long reaction time, and poor product yields (Brise et al., 2005; T.-S. L. and Prusoff, 1978; Singh
et al., 2018a; Tiwari et al., 2016; Huisgen, 1963; Huisgen et al., 1967; Kanemasa and Kanai, 2000; Bhuyan et al., 2018; Dheer et al.,
2017; Hein and Fokin, 2010).
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