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ABSTRACT

In the recent two decades, the field of chemical synthesis has been revolutionized by
the introduction of ‘Click Chemistry’, a set of remarkably efficient and precise processes that
facilitate the swift construction of intricate molecular structures. The flagship transformation
in ‘Click Chemistry’, i.c., the Copper(l)-catalyzed alkyne-azide cycloaddition (CUAAC), a has
gained immense prominence due to its remarkable versatility, mild reaction conditions, and
wide range of applications. The methodology has been instrumental in bridging the gap
between synthetic feasibility and structural diversity, and entails the amalgamation of a
terminal alkyne and an azide through a cycloaddition process, facilitated by a copper(l)
catalyst, yielding the production of a 1,4-disubstituted 1,2,3-triazole functional group. The
regioselectivity and tolerance of a plethora of functional groups under mild reaction conditions
have made CUAAC an indispensable tool in chemical synthesis. The ability to rapidly access
diverse 1,2,3-triazole derivatives through CUAAC has opened up avenues for the design and
creation of structurally complex molecules, that find utility in drug discovery, material science,
and chemical biology, owing to their unique electronic and steric properties. Additionally, the
modular nature of click chemistry allows for facile introduction of functional groups, enabling
the tailoring of the 1,2,3-triazole derivatives for specific applications including bioconjugation
and drug delivery, thereby highlighting its potential in both academic and industrial settings.

Particularly, the synthesized 1,2,3-triazoles via CUAAC have found relevance in the
recognition of metal ions. Metal ions play pivotal roles in various physiological and
environmental processes, necessitating the development of reliable methods for their detection.
The facile modification of 1,2,3-triazoles enables the design of chemosensors that exhibit
enhanced metal ion binding affinity and selectivity. By judiciously introducing chelating
groups onto the triazole scaffold, researchers have developed sensor platforms that undergo
specific structural changes upon metal ion coordination. These changes are often accompanied
by alterations in optical, electrochemical, or spectroscopic properties, allowing for sensitive
and quantitative metal ion detection. Therefore, in the light of the utility of CUAAC as an
efficient and robust methodology to regioselectively synthesize the 1,4-disubstituted 1,2,3-
triazoles, this synthetic pathway was selected as the main approach of organic synthesis to
pursue this research work, with the primary focus to develop selective, sensitive, and robust
1,2,3-triazole derivatives as chemosensors meeting the stringent criteria of analytical

chemistry. The literature review conducted in relation to the CUAAC methodology and the
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application of the products thereof as ion sensors, the following objectives were selected for

the proposed research:

1. Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives by Cu(l) catalyzed Click

reaction between terminal alkyne and organic azide.

2. Characterization of synthesized compounds by spectroscopic techniques like IR,
NMR (*H, 3C), mass spectroscopy and X-ray (wherever possible).

3. To study ion sensing behavior of synthesized 1,4-disubstituted 1,2,3-triazole

derivatives using UV-Visible spectroscopy and/or fluorescence.

In accordance with these objectives, six derivatives of 1,2,3-triazole were prepared and
after successful characterization via different spectroscopic techniques, these 1,2,3-triazole-
linked compounds were successfully implemented as selective chemosensors for various

biologically and ecologically relevant metal ions.

The selection of the starting reactant for the synthesis of the precursors for the
formation of the 1,2,3-triazole functional group, i.e., the terminal alkyne was undertaken on
the basis of the presence of labile protons in the parent structure, preferably with chromophoric
units. Every starting molecule had a labile proton containing hydroxyl group or amino group,
which was subjected to the action of a base such as K>CO3/Cs,COs3 to abstract the protons,
followed by the nucleophilic substitution by a propargyl group an appropriate solvent. The
addition of ice-cold water resulted in the reaction quenching, and the product was separated by
filtering (for solids) or solvent extraction (for liquids). The organic azides were prepared by
subjecting the starting material (benzyl chloride/ 1-chloromethylnaphthalene) to sodium azide
(NaNs) at a temperature of 85 - 90 °C for 5 hours. Subsequently, the terminal alkynes
underwent Cu(l)-catalyzed cycloaddition with organic azides to yield 1,4-disubstituted 1,2,3-
triazole derivatives. The characterization of the synthesized compounds was done utilizing
different spectroscopic techniques such as Infrared (IR) Spectroscopy, Nuclear Magnetic
Resonance (NMR) Spectroscopy (*H, *3C), and Mass Spectrometry.

The ion recognition potential of 1,2,3-triazole-linked probes was ascertained via
absorption and/or emission spectroscopy with various biologically and ecologically relevant
metal ions such as Cr(l11), Mn(ll), Fe(111), Co(l1), Ni(Il), Cu(ll), Zn(I1), Na(l), K(I1), Mg(ll),
Ca(ll), Ba(ll), Cd(11), Hg(I), Pb(lI1), and Ce(lll) in an appropriate solvent. To bind with a
particular metal ion, the synthesized molecular assemblies have the lone-pair bearing nitrogen

in the heterocyclic 1,2,3-triazole moiety in addition to the other electron rich heteroatoms like
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oxygen in their structure. Since various metal ions were added in separate titrations to the
solution of the molecule under study, the UV-Visible findings provided insight into the probe's
specificity and selectivity towards a particular metal ion. The changes observed in the receptor
unit's absorption and/or emission behaviour owing to the metal ion binding were used to
identify its chemosensing capability. On that basis, a variety of graphs and figures illustrating
the absorption and/or emission responses observed for the binding of different 1,2,3-triazole-
linked sensor probes with particular metal ions were presented in this research work.
Furthermore, the results of analytical calculations such as the stoichiometric ratio, the
association constant (Ka), the limit of quantification (LoQ), and the limit of detection (LoD of

the probes towards certain metal ions were also presented.
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Chapter |

Let’s
Get
Started !

Introduction

This section of the thesis pertains to the research terminologies, modus
operandi, and developments till date regarding the undertaken research work
that will be presented in subsequent chapters; and provides a comprehensive
review of the reported literature that was conducted as part of the research. In
particular, it outlines in significant detail, the factors that had to be considered
for working on the proposed research gap, while arranging the same like pieces

of a puzzle to successfully conclude the research work.



1.1. Click Chemistry- a general perspective

The idea of ‘click’ reactions can be traced back to the early 20th century, where the
chemists began to explore reactions that were straightforward, efficient, and had broad
applicability. For example, the development of the ‘click-like’ reactions like the Mannich
reaction, which involves the condensation of a primary or secondary amine with an aldehyde
or ketone, was an early step towards the principles of click chemistry. Dr. Karl Barry Sharpless,
the two times Nobel laureate in chemistry, played a pivotal role in shaping the concept of click
chemistry in 2001, wherein he and his colleagues bestowed on the global research community
a novel paradigm for organic synthesis, i.e., ‘Click Chemistry’, which is a modular approach
for generating novel and intricate molecular structures, meeting various essential requirements:
the method should be flexible, encompass a wide scope, yields should be high, and be
executable under mild conditions..® This guiding principle, inspired by the nature’s lead to
preferably form carbon-heteroatom (C-X) bonds such as proteins, nucleic acids, etc. resulting
in the joining of small units,* was magnificently accoutred to satisfy the needs of contemporary
chemistry.® In that aspect, several methodologies are encompassed under click chemistry that
share a common trajectory, which is further defined by some significant and distinct ‘click’
characteristics (figure 1.1) like modularity, wide scope, high product yields, inoffensive by-
product generation, stereospecificity, insensitivity to oxygen and moisture, utilization of

benign solvents, effortless product isolation, etc.>”

Modular Simple Reaction Conditions

Wide in Scope Readily available reagents

Very High Yields Benign solvents

Stereospecific Simple Product Isolation

Inoffensive By-products Physiologically Stable Products

Figure 1.1: Distinct characteristics of ‘Click Chemistry’ methodology®’

Over the past few years, the evolution of mechanistically discrete but conceptually
similar ‘click’ approaches have equipped the researchers to increase the range of the arsenal of
possible organic reactivity, by partially or fully satisfying the comprehensive set of 'click

chemistry’ characteristics including Cu(I)-catalyzed alkyne azide cycloaddition (CUAAC),®



Inverse electron demand Diels—Alder reaction (IEDDA),% Thiol-click (thio-ene and thiol-
yne) reactions,*'> SPAAC, i.e., Strain promoted azide-alkyne cycloaddition,**> SPANC, i.e.
Strain-promoted alkyne-nitrone cycloaddition,® and Staudinger ligation!"® (figure 1.2).
Among all these methodologies, CUAAC has stood out to be the quintessential example of click
chemistry, being implemented in the rapid assembly of heterocyclic molecular entities with
desirable functions and hence emerging as the gold standard of click chemistry that has swiftly
pushed the boundaries of previously established scientific specializations; The procedure
entails the utilization of Cu(l) species as a catalyst, leading to the selective combination of an

alkyne and an azide to produce 1,4-disubstituted 1,2,3-triazoles regioselectively.

Cu(l)-catalyzed Strain- promoted Strain-promoted Inverse electron
alkyne-azide alkyne-azide alkyne-nitrone demand Diels-
cycloaddition cycloaddition cycloaddition Alder reaction
(CuAAC) (SPAAC) (SPANC) (IEDDA)

L i J

Types of ‘Click’ Reactions

[__J

Thiol-ene Thiol-yne Staudinger Oxime
reaction reaction Ligation Reaction

Figure 1.2: Diverse reaction methodologies classified under ‘Click Chemistry’82°

The ‘click’ methodology has found diverse applications in a vast array of research
owing to its high efficiency and biocompatibility. For instance, under aqueous conditions with
orthogonality, click chemistry can be performed, opening the door to the possibility of
performing artificial chemical reactions in diverse biological systems such as cell surfaces and
cell cytosol.?12 Click chemistry for post-polymerization modification is a prominent example
of the functionalization strategies for polymeric product design.?*?° Another crucial use of click
chemistry is the construction of fluorogenic complexes between non-fluorescent alkynes and
azides, which enables the ligation of two biomolecules with extensive applications in the
developing field of cell biology and functional proteomics.?5-28 Furthermore, the synthesis of
low molecular weight compounds in a single step renders in situ click chemistry as a target-
guided synthesis (TGS) offers significant potential in drug delivery applications and can be
utilized as a new method to screen building block libraries.?*=? All these necessary utilities of
‘click chemistry’, in addition to many more such practical applications render this methodology

a ‘near ideal’ approach for obtaining the desirable results in a convenient and efficient manner.



1.2. Huisgen 1,3-dipolar cycloaddition- the precursor to ‘Click Chemistry’

The heterocycles synthesis involving the 1,3-dipolar addition is considered as one of
the most significant routes for the synthesis of heterocyclic compounds.®*3* The mechanism of
the reaction involves the concerted formation of a cyclic compound through the combination
of a 1,3-dipole (a three-atom m-electrons containing molecular entity having an atom of
incomplete valency at one terminal position with the adjacent atom carrying a formal positive
charge and a lone pair bearing atom at the other terminal position carrying a formal negative
charge) with a dipolarophile group bearing multiple bonds. The common examples of 1,3-
dipoles include nitrile imines, azomethine ylides, and diazo compounds. The electronic
arrangement of these dipoles makes them highly reactive and prone to seeking out regions of
high electron density in other molecules. On the other hand, the dipolarophile is typically an
electron-rich species, as it contains regions of high electron density that can interact with the
electron-deficient 1,3-dipole. The cyclic product is formed via cyclic electron displacement
involving the formation of two new c-bonds utilizing two available n-bonds®>=® as shown in
figure 1.3. The reaction follows a pericyclic process, meaning that it occurs in a single step
without the formation of intermediates.

®
Og % 1,3-dipole
_J R
/-L
O: Dipolarophile

Figure 1.3: Proposed concerted mechanism of 1,3-dipolar cycloadditions®>%

5-membered Heterocycle

The significance of 1,3-dipolar cycloaddition reactions lies in their versatility,
efficiency, and applicability across a wide range of scientific disciplines. These reactions have
revolutionized synthetic chemistry, enabled innovative material design, advanced drug
discovery, and facilitated the exploration of biomolecular interactions, among other
contributions to scientific and technological progress.”* As a result of its efficiency and
robustness, the 1,3-dipolar cycloaddition is also widely used in the synthesis of complexes of

biological significance.*



It was Rolf Huisgen's exceptional work to organize previously disparate findings
regarding the 1,3-dipolar cycloadditions into a logical progression, to go deeply into specifics,
and to creatively expand on the new knowledge which was largely responsible for the direction
in which this vital area of chemistry has progressed.*®*! He focused on the reactions involving
nitrile imines, azides, and diazo compounds as 1,3-dipoles and various alkynes and alkenes as
dipolarophiles, highlighting the regioselectivity and stereoselectivity of these reactions and laid
the groundwork for synthetically producing different five-membered heterocycles. It was
proposed that these species, characterized by alternating positive and negative charges, could
serve as highly reactive intermediates in cycloaddition reactions. A synthetic pathway for the
synthesis of 1,2,3-triazoles, also known as the Huisgen cycloaddition was presented by him in
1963% wherein a terminal alkyne (acting as a dipolarophile) was subjected to thermal fusion
with an organic azide (acting as a 1,3-dipole) under thermal conditions (> 100 °C) which
resulted in the production of 1,4-disubstituted as well as 1,5-disubstituted 1,2,3-triazoles*? (ca.

1:1) as shown in figure 1.4.

‘EJF %:%:N A» .\(\/N/D + / /N/D
N=N

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

ca. 1:1

Figure 1.4: An illustrative representation of Huisgen 1,3-dipolar cycloaddition®®

Huisgen's work was fundamental in shaping the click chemistry paradigm, as the
concept of highly efficient, selective, and reliable chemical reactions aligns closely with
Huisgen's emphasis on the practicality and versatility of 1,3-dipolar cycloadditions. The
methodology, although an effective and robust route for the synthesis of 1,2,3-triazoles

presented the following challenges resulting in the limiting of its utility:

» The reaction process involved the requirement of high temperature range (> 100 °C)
» Duration of the reaction was extremely long, ranging from a few days to a few weeks

» Due to no regiospecificity thereby resulting in the formation of a racemic mixture (ca.
1:1), the separation of the products imposed a challenge®®



1.3. Cu(l)-catalyzed alkyne azide cycloaddition (CUAAC)- the quintessential ‘Click
Chemistry’

The independent investigations led by Sharpless and Meldal research groups in 2001
brought renewed interest to the 1,3-dipolar cycloadditions*® wherein accentuating the
regioselectivity and tolerance of this reaction, the findings of the conducted research evidenced
that the introduction of Cu(l) species as the catalyst in Huisgen cycloaddition reaction
significantly enhances the regiospecificity** as the 1,4-disubstituted 1,2,3-triazole is formed
exclusively, and the reaction rate is accelerated by 107 times compared to the uncatalyzed
process; while allowing the reaction to advance at relatively milder temperatures. This
enhanced approach was termed as Cu(l)-catalyzed alkyne-azide cycloaddition, abbreviated as
CuAAC™ (figure 1.5), which since its inception, has become the flagship methodology that
represents the ‘click’ pathway*® with exceeding expectations, while also meeting majority of

the criteria of green synthesis.*
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Figure 1.5: A visual depiction showcasing the Cu(l)-catalyzed alkyne-azide cycloaddition

process®

As represented in figure 1.5, Cu(l) species mediates the cycloaddition of a terminal
alkyne with an organic azide by acting as the catalyst, and the reaction involves the use of
benign solvents like tetrahydrofuran (THF), acetonitrile, ethanol, water, etc. and providing
moderately elevated temperature (55 - 60 °C). Microwave irradiation (50 - 480 W) in
combination with Cu(l) in a suitable solvent is another cutting-edge technique that can be used
to carry out this cycloaddition reaction. “¢4°The high yield, tolerance of reaction conditions like
benign solvents, moisture and oxygen insensitivity, creation of a single product, and speed of
the CUAAC reaction are all features that contribute to the method's widespread appeal.>® The
utility of CUAAC in chemical synthesis, bioconjugation, materials science, and many other
areas has revolutionized the way researchers design molecules, materials, and technologies,
contributing to significant advancements in science and technology. However, in contrast to
the great majority of coupling systems, this reaction has a few extra properties that contribute

significantly to its advantages,®! such as:



» Under the mild conditions usually seen in CUAAC reaction, the azide and the alkyne
that serve as the reactants are resistant to interaction with many other functional groups,
which is remarkably useful when trying to immobilize a molecule with a lot of different

functional groups.s2

» Due to the non-availability of azide and alkyne in living organisms and hence their
consequential inertness towards the biological functions, the site-specific attachment of
biomolecules to surfaces is greatly facilitated by this reaction, due to which CUAAC

has been dubbed ‘bio-orthogonal’s3-55

» The catalysis can be turned on and off by adjustment of the copper redox state for a
wide range of catalytically active Cu(l) complexes, thereby providing control over the

reaction kineticsse

» The final product of the reaction has good stability, with excellent resistance to
hydrolysis and redox processes, compared to linkages originating from alternative

couplingss?

» Combining CUAAC with other orthogonal click reactions, such as oxime ligation or
Staudinger ligation, allows for the sequential modification of a molecule with different
functionalities. This can lead to the construction of intricate architectures with multiple

points of attachment®®

» Intramolecular versions of CUAAC have been developed, enabling the construction of
cyclic structures through the formation of triazole linkages within a single molecule.
This approach has been used in the synthesis of complex natural products and drug

candidates®®

» Advanced CuAAC products have been utilized to label and track molecular interactions
in situ. These applications provide insights into protein-protein interactions, enzyme

dynamics, and cellular signaling pathways?®

» CUuAAC is known for its high atom economy, meaning that a substantial portion of the
initial materials becomes part of the product, thereby minimizing waste generation,
while often avoiding the use of toxic or expensive reagents and implementing the use
of benign solvents. As a result, many features of CUAAC align with the principles of

green chemistry®



1.4. Mechanistic aspects of CUAAC

In order to improve and broaden the applications of any synthetic methodology, it is
essential to comprehend the reaction pathway(s) along with the probable intermediates and
various transition states. Any postulated mechanism regarding a methodology must account for
the kinetic credence of the various types of components involved in the reaction such as
reactants, catalysts, solvents, etc., as well as the stereoselectivity and regiospecificity.%! The
CUAAC has also remained a comprehensive subject regarding its mechanistic studies wherein
it has been established that while azides and alkynes typically engage in 1,3-dipolar
cycloaddition through a concerted mechanism, DFT simulations conducted on monomeric
copper acetylide complexes have confirmed that a stepwise approach is considerably preferred

over this mechanism.52

1.4.1. The mononuclear mechanism by Sharpless et al.

Sharpless research group initially proposed a mononuclear mechanistic pathway for
CuAAC involving a six-membered mononuclear copper(I11) species.®® It is possible to think of
the first proposed mechanism as a crude outline for a more veritable diagram. It clarifies why
the presence of copper(l) is essential for the progression of the reaction and why the resulting
triazole is regiospecific, while also emphasizing the appropriate copper-alkyne and copper-

azide interactions,®*% as shown in figure 1.6.
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Figure 1.6: Mononuclear mechanism of CUAAC as proposed by Sharpless research group®

7



The mechanistic approach outlined in figure 1.6 can be considered as a basic outline for a
complete and more elucidated pathway. It clarifies the copper(l) dependency of the reaction
and the regiospecificity of the 1,4-disubstituted 1,2,3 triazole. The o-bonded copper(l)
acetylide that must form and the azide that must coordinate with copper(l) through the alkylated
nitrogen are both specified. The kinetic and structural research have revealed the refinements
of this sequence since its conception.®>% The plausible mechanism was proposed to advance

in the following sequential manner:

» Emergence of Cu(l)-acetylide complex (A) by the substitution of the labile alkynyl

proton of the terminal alkyne with Cu(l)

» The coordination of azide group with the Cu(l)-acetylide complex through Cu(l) and
alkylated nitrogen (B)

» Formation of a C-N bond resulting in the transformation of the azide-coordinated Cu(l)
acetylide structure into a six-membered metallacycle (C) accompanied by change in the

oxidation state of Cu from +1 to +3

» Generation of cuprous-triazolide complex (D) due to ring contraction in combination

with the oxidation state reduction from Cu(ll1) to Cu(l)
» Protonation of triazolide complex to give the 1,2,3-triazole species

1.4.2. The binuclear mechanism by Fokin et al.

Fokin and Finn observed a rate order of two with regard to the concentration of
copper(l) ions in both ligand-free and most ligand-containing CUAAC reactions, thereby
suggesting that the rate-determining step involves two copper(l) ions. Molecular mechanics
studies using density functional theory (DFT) agree with this concept,%-% predicting that a
mechanistic approach involving binuclear copper(l)-acetylide complexes is preferable to a
mononuclear pathway®®"* (figure 1.7). The research in quantum mechanics corroborated this
reaction pathway by demonstrating that the energy barrier for the reaction route using a
binuclear structure is much lower than that for the reaction path including a mononuclear
structure, which was found to be on the order of the noncatalyzed path. Furthermore, the
conclusive evidence of the existence of bis(copper) intermediates has also been reported
experimentally via isotopic labelling, separation, and electrospray ionisation mass

spectrometry methods, thereby supporting the binuclear nature of the CUAAC process.®® "0
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Figure 1.7: Binuclear mechanism of CUAAC as proposed by Finn and Fokin'?
It was claimed that the conceivable mechanism would develop as follows:

» Formation of a o, n-dicopper-acetylide complex (A)

» The coordination of azide group with the dicopper-acetylide complex (B) through one

of the Cu(l) and the alkylated nitrogen leading to the formation of a ternary complex
» Oxidation of the other Cu(l) from +1 to +3 resulting in metallacycle formation (C)

» Ring contraction to yield the Cu(l)-triazolide complex (D) accompanied by the

oxidation state reduction from Cu(lll) to Cu(l)
» Protonation of triazolide complex to give the 1,2,3-triazole species

The activation barrier for the mononuclear mechanism is found to be greater than that
of the uncatalyzed process. Furthermore, it has been established that the Cu(l) catalyst is unable
to overcome the observed highest barrier for any concerted process, which stands at 23.7
kcal/mol, indicating its ineffectiveness to significantly impact the reaction rates. On the other
hand, the activation barrier for the binuclear mechanism is determined to be reduced by as
much as 11 kcal/mol compared to the uncatalyzed process, which explains the remarkable rate
improvement observed under Cu(l) catalysis. As a result, the binuclear mechanism is strongly
favoured over the mononuclear mechanism as supported by the DFT calculations and Kinetic

experiments.5>72



1.5. The 1,2,3-triazole ring
1.5.1. Structural aspects and properties

The 1,2,3-triazole is a five-membered, aromatic nitrogen heterocycle containing three
nitrogen atoms in a five-membered ring’®"* as represented in figure 1.8. Within a cyclic
arrangement, all three nitrogen atoms are adjacently coupled with two carbon atoms and have
two double bonds conjugating with the nitrogen lone pairs.”>’® The aromatic nature of 1,4-
disubstituted 1,2,3-triazoles stems from the sp? hybridization of all the atoms and hence the
delocalization of the accessible 6r electrons of the ring.”” The increasing demand for 1,2,3-
triazoles in modern synthetic chemistry is largely due to their easy and modular synthesis using
CUAAC click chemistry,”® and the 1,2,3-triazole ring's unique structure and its significance in
bioconjugation have made it a crucial building block, providing valuable tools for drug

development, materials science, and biochemical research.

Figure 1.8: An illustration of 1H-1,2,3-triazole ring

The following are some key characteristics of 1,2,3-triazoles:
» The 1,2,3-triazole motif is intriguing in and of itself due to its strong dipole moment,

hydrogen-bond donor (C-5 H) and acceptor (N-2 and N-3) sites, and cyclic nature.”®

» The 1,2,3-triazole units have been shown to have a wide range of biological activity

such as antibacterial and antiviral effects when included in synthetic compounds.8%8

» These moieties have the potential to function in the body at physiological pH levels
without being negatively affected by protonation or changing their structure, which
contrasts with the behavior of other aza-heterocycles.®

» The nitrogen-rich triazole is documented to implement hydrogen and halide bonding to
form complexes with anions, or charge-assisted hydrogen and halogen bonds in the

instance of triazolium salts.8?
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1.5.2. Potential Uses of 1,2,3-Triazoles

The CuAAC approach has been used globally to manufacture 1,2,3-triazole linked
molecules having a wide variety of potential uses. It is a well-known fact that scaffolds based
on 1,2,3-triazoles make up an important class of heterocycles, particularly in medicinal
chemistry because 1,2,3-triazoles have demonstrated pharmacological activity®*® against a
wide variety of pathogens. However, it is also important to note that these moieties have
substantial operations in several other research zones, such as medicinal attributes,?®
proteomics,®” polymer synthesis, 8 optical brightening agents,®*°! drug discovery,® cellular

bioimaging,®? antimicrobial activity,** chemosensing,® etc. (figure 1.9)

lon(s) sensing

@
)

Antinicrobial Proteomics

activity

Cellular
bioimaging

Polymer
synthesis

Drug discovery .Optica.l
and delivery brightening
agents

Figure 1.9: Diverse applications of 1,2,3-triazoles in several research areas®+

While the uses of 1,2,3-triazoles are certainly noteworthy, chemosensing is arguably
one of the most significant and extensively explored applications of 1,2,3-triazoles. Since the
contamination of our environment (be it water bodies or soil/land) by the accumulation of some
of the toxic heavy metal ions such as Arsenic, Chromium, Mercury, Cadmium, Lead, etc. in
significantly dangerous concentrations has become a serious cause of concern,”% therefore
cost-effective and effectual methodology for toxic ions detection rapidly as well as efficiently
has become of paramount importance and 1,2,3-triazole derivatives prepared through ‘click

chemistry’ can substantiate to be a great asset for addressing this particular problem.
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1.6. Chemical Sensor

1.6.1. Concept and classification

To perform chemical sensing, a target molecule (analyte) interacts with a receptor
(chemosensor), causing a readily observable change. The majority of chemical sensors rely on
a binding event or chemical reaction to modify the absorption and/or emission properties of an
attached fluorophore, while other chemosensors exhibit change in the redox potential or
conformational changes.’® This design principle, which leverages specific molecular
interactions, has been instrumental in the development of a wide array of chemosensors tailored
to identify and quantify a diverse range of substances that hold significance in both
physiological and ecological contexts.’?* Chemical sensors possess the remarkable capability
to transform various forms of chemical data, spanning from the precise measurement of
individual components to the comprehensive characterization of an entire sample's chemical
composition, into readily interpretable and actionable signals. Within an analyzer system, a
chemical sensor stands as the foundational component, serving as the frontline data gatherer
that interacts with the analyte. It is complemented by an array of essential components,
including signal processing units for amplifying and refining the sensor's output, data
processing systems for converting raw data into meaningful information, data storage
capabilities for archiving valuable results, and precise sample delivery mechanisms that ensure
a consistent and reliable flow of analytes to the sensor.1%

Within meticulously controlled laboratory settings, the distinctive advantage lies in the
ability to isolate and distinguish the analyte's signal from the complex matrix of other
substances within the sample. This capability minimizes the necessity for extensive and often
time-consuming sample pre-treatment procedures, streamlining the analytical process and
providing researchers with more precise and efficient means of quantifying and characterizing
target compounds, making laboratory analyses quicker and more accurate.%®* Chemical sensors
are categorically classified based on the nature of their output signal and their operational
principles,® as represented in figure 1.10. This systematic classification provides a structured
framework for understanding and differentiating the diverse array of chemical sensors
available. By grouping sensors into distinct categories, researchers can navigate the sensor
landscape more effectively and select the most suitable sensor type, thereby optimizing sensor

performance and analytical outcomes.
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Fluorescence pased
chemical sensor

Figure 1.10: A pie chart representation for the classification of chemical sensors into various

categories based upon the technique used®*

» Optical sensors: The interlinkage between an analyte and a receptor portion of such a
sensor causes changes in the overall optical phenomena, such as absorbance,

fluorescence, reflectance, etc., which can be recorded by optical instruments.10%:105

» Electrochemical sensors: An analyte and an electrode can interact electrochemically,
and the resultant signal, which is essentially an effect of such electrochemical
interactions can be transformed for useful interpretations.'% Both electrical stimulation
and spontaneous interaction under the zero-current state have been observed in cases of

such effects and some examples include voltametric sensors, potentiometric sensors,
e»[(:_107,108
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> Electrical sensors: No electrochemical activities take place in measurement-based
electrical devices; rather, the signal is generated by the analyte's interaction with its

surroundings, resulting in a change in electrical characteristics.%®

» Mass sensitive sensors: Devices that are sensitive to mass do so by converting a
variation in mass at a specifically modified surface into a variation in some other

property of the substrate. The shift in mass results from the analyte's accumulation.

» Thermometric sensors: Analyte-involved chemical reactions or adsorption processes

that generate heat can be measured using thermometric instruments.'!

1.6.2. Essential components of chemosensor

Any ligand designed to act as a chemosensor consists of three main parts: the receptor,
which serves as the first line of interaction, not only offers a specific binding site for the target
ion but also governs the chemosensor's sensitivity and selectivity. Meanwhile, the transducer
or signal unit acts as the dynamic reporter, responding to the receptor-ion interaction by
generating measurable photoluminescence changes. The spacer unit, a critical link between the
receptor and the transducer, ensures optimal distance and flexibility, facilitating efficient
molecular recognition and signal transmission within the chemosensor structure. (figure 1.11).
Additionally, the receptor's cavity should have roughly the same size as the metal ion, allowing
the ion to be precisely positioned within the cavity with no effort on the part of the ion. Using
such voids for reversible ion adhesion by ionophores is a step towards modifying the
chemosensor selectivity even further.1*213 Each chemosensor has its own characteristics due
to the specialized receptor unit that makes it work. The receptor, serving as the first line of
interaction, not only offers a specific binding site for the target ion but also governs the
chemosensor's sensitivity and selectivity. Meanwhile, the transducer or signal unit acts as the
dynamic reporter, responding to the receptor-ion interaction by generating measurable
photoluminescence changes. This integrated architecture forms the foundation of
chemosensors, allowing them to convert molecular recognition events into easily detectable
signals, making them invaluable tools in fields ranging from analytical chemistry to biomedical

research.
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Figure 1.11: An illustration of the indispensable components of a chemosensor and the

functions thereof

1.6.3. The sensing process

The whole procedure of chemosensing involves the target species, i.e., the guest
connecting non-covalently with the receptor unit, i.e., the host in chemosensors, based on the
host-guest relationship principle which in turn causes the transducer to exhibit photophysical
changes to confirm the metal ion binding.*4*® Additionally, the hard and soft acid-base
(HSAB) concept, a fundamental principle in coordination chemistry, serves as a guiding
framework for understanding how metal ions interact with chemosensors by elucidating the
nuanced preferences of metal ions for certain ligands based on their electronic and structural
characteristics.!%7 In lieu of this theory, the metal ions categorized under soft acids such as
Hg?*, Pt?*, Pd?*, Ag*, Au' etc. preferentially bind with the ligands having donor atoms
classified under soft bases such as sulphur, while the ligands having borderline bases such as
nitrogen atoms have a binding appetite for borderline acids like Fe?*, Co?*, Cs?*, Pb?* etc.
Molecules with chromophoric or fluorophoric units are an intriguing type of chemosensing
material since they possess all the desirable characteristics of a chemosensor. These compounds
can incorporate detecting features with optical transduction, i.e., an alteration in the absorbance

and/or fluorescence.!18-120
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1.7. Metal ion recognition by 1,2,3-triazoles

The analytical methods for metal ions recognition have expanded over past few
decades, and now include several techniques ranging from Atomic Absorption Spectroscopy
(AAS)21122 and voltammetry to Inductively Coupled Plasma Mass Spectrometry (ICP-
MS)12124 and electrochemical techniques. Despite their long-standing use in various fields, it
is important to recognize the substantial limitations associated with these methods. These
include expensive equipment, lack of precision in distinguishing similar substances, slow
response times, intricate procedures, and environmental concerns.'?>'%6 These drawbacks
collectively hinder the versatility and accessibility of these techniques, prompting the ongoing
search for more efficient and cost-effective alternatives in scientific research and industrial
applications. As a result of these problems, their application is constrained in achieving the
desired effects. But 1,2,3-triazole moiety-containing organic compounds have remarkable
success in the detection of a wide range of ions, owing to the presence of nitrogen lone pairs
(the 1,2,3-triazole ring is a very electron-rich site that can be coordinated by metal electrophile).
Thus, the presence of an electron-rich, non-hydrolyzable 1,2,3-triazole ring in a compound
makes it possible for the positively charged metal ions to interact with the ring via several
coordination strategies*?”1?8 as illustrated in figure 1.12. Furthermore, the exocyclic groups
that are meant to attach with this triazole ring by exchanging the existing H- atoms can be
electron rich in nature, hence improving the ring's functionality.?® To rephrase, click chemistry

allows us to consciously build molecules to have the qualities we find useful and desirable.
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bearing atoms
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Figure 1.12: An illustration of metal ion-binding with the ligand in accordance with the host-

guest relationship and HSAB concept*®
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1.8. Determination of chemosensing behaviour via spectroscopic analysis
1.8.1. UV-Vis spectroscopy

For metal ion recognition, UV-absorption spectroscopy is a fast, non-destructive, high-
resolution, and low-cost alternative to conventional spectroscopic methods. In addition, recent
instrumental and theoretical advancements have enhanced its usefulness, leading to a modest
renaissance in its use for chemosensing purposes.t3! As UV absorption spectrophotometers are
commonly found in biochemical labs, this method could be utilized to provide evidence for
metal ion recognition by the chemosensors in the absence of more specialist equipment.
Typically, chemosensors tend to have a pronounced peak in the UV-Vis region of the spectrum.
This is made up of several bands that overlap one another and originate mostly from aromatic
or conjugated residues. In great part, n—>n* and =—n* transitions involving the electrons of
their aromatic rings are responsible for these signals.t®2 To confirm ion recognition, the changes
in the absorption maxima and/or intensities are compared between the absorption spectra of
the pure ligand and the metal-ligand solution (figure 1.13). The addition of metal ions could
alter the energy difference between the ligand's ground state and its excited state, thereby
resulting in a shift of the absorption peak and/or a change in the peak's intensity.33134
Therefore, the detection of metal ions by the ligand under observation can be understood by

comparing the spectra before and after the addition of ions to the molecule.
1.8.2. Fluorescence spectroscopy

When a molecule absorbs photons of a specific wavelength, it transitions from its
ground state to an excited state. Following a brief interval, the molecule emits photons upon
returning to the ground state. This emitted light possesses longer wavelengths than the absorbed
photons, yielding a characteristic fluorescence spectrum®® and can be utilized to obtain
information about the ion recognition ability of a ligand. The molecular entities exhibiting
fluorescence emission on excitation with a suitable wavelength are referred to as fluorophores,
whose emission intensity depends on three factors: the concentration of the sample, the
absorbing power, i.e., extinction coefficient at the excitation wavelength, and the quantum
yield.*¥137 Since the emission spectra obtained is based on fluorescence, it can be used in the
same way as UV-Vis spectroscopy to estimate the metal binding ability of a ligand probe by
observing any significant influence of the metal ions on the position and/or intensity of the

fluorescence peak (figure 1.13) if metal binding with the probe occurs.138-140
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Figure 1.13: Different alterations exhibited in the absorption/emission spectrum of a

chemosensing probe on binding with an analyte
1.9. Conclusion

The CuAAC 'click’ methodology, known for its remarkable efficiency, affordability,
and biocompatibility, stands as a paramount approach for seamlessly joining molecular entities.
Beyond its role as a connector, this technique brings forth the intriguing world of 1,2,3-triazole
rings, offering a myriad of practical applications. Its versatility extends to the substrates
employed, enabling the creation of diverse 1,2,3-triazole-appended conjugated systems. These
systems possess an inherent capability for metal-ion recognition, presenting a promising
solution in the ongoing battle against the escalating menace of environmental contamination
caused by toxic heavy metal ions. With CUAAC at its core, this scientific innovation not only
facilitates molecular bonding but also opens doors to safeguarding our planet's ecological
balance. This innovative utilization of the CUAAC ‘click’ reaction is paving the way for the
creation of 1,2,3-triazole-based optical sensors which are engineered to excel in the precise
detection of metal ions through absorption and/or emission spectroscopy techniques. This
strategic fusion of click chemistry and spectroscopy promises to revolutionize the field of

analytical chemistry, offering selective and sensitive tools for monitoring and mitigating the

18



metal ions presence in various environmental and industrial settings. The contemporary
research is underway that seeks to elucidate the mechanism through which a triazole ring binds
metals, while the reported literature is reminiscent that the performance of such a 1,2,3-triazole
derivative is affected by several variables, including solvent, counterion, molecular, and
electronic structures. The development of more sensitive and selective metal ion sensors may
be made possible by future systematic research that provide light on definite patterns in metal

ion binding.
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Chapter I

What is it
all about ?

Review of Literature

This section is a comprehensive review of the approaches taken into
consideration and implemented in the conducted research. It provides a
detailed study of the literature on Nitrogen-based heterocyclic compounds
utilized for chemosensing as well as an overview of the spectroscopic
techniques for characterizing the manufactured molecules; and all the stages
involved in the synthesis of the molecules under investigation till their

application.



2.1. Heterocycles in organic chemistry
2.1.1. A general overview

Compounds having a cyclic structure that includes elements other than carbon and
hydrogen, such as oxygen, nitrogen, sulfur, etc., are referred to be heterocyclic, in the sense
that the term ‘heterocycle’ itself refers to the presence of different atoms in a ring structure, as
opposed to a homocyclic compound, where the ring consists only of carbon atoms. More than
half of all organic compounds are heterocycles, making them an exceptionally significant
family of molecules having wide applications.’ Some heterocyclic compounds are inorganic,
but the ring structure of most of the compounds often includes at least one carbon atom and
other heteroatoms like sulfur, oxygen, or nitrogen, making up both aromatic and non-aromatic
ring structures. The presence of heteroatoms imparts different electronic and chemical
properties to the heterocycles compared to their all-carbon counterparts, as the heteroatoms can
alter the reactivity, acidity/basicity, and overall chemical behavior of the compounds.*
Heterocyclic compounds can exhibit aromaticity provided that the ring satisfies the criteria,
and such compounds often have enhanced stability compared to the non-aromatic heterocycles.
In contrast to the more complicated reactivity seen in non-aromatic systems, the reactivity of
aromatic heterocycles is a mix of the normal non-cyclic derivatives and the effect of the
heteroatoms involved, making aromatic heterocycles a more interesting class of compounds,
as understanding the structural properties of heterocyclic compounds is crucial for predicting
their behavior, reactivity, and interactions in various chemical and biological processes.>”’
Heterocyclic compounds encompass a wide range of structures, including five-membered (e.g.,
pyrrole, furan, thiophene), six-membered (e.g., pyridine, pyrimidine, pyrazine), and larger ring
systems (e.g., indole, quinoline, porphyrins). The arrangement of atoms, the number of rings,
and the presence of different heteroatoms contribute to the diversity of these compounds.?®1°
Figure 2.1 shows the different heterocyclic compounds, both aromatic as well as non-aromatic,
grouped in accordance with the ring size, i.e., 3-membered, 4-membered, 5-membered, 6-
membered, and fused heterocycles. The heterocyclic molecule of interest, the required
heteroatom(s), and the accessible starting materials dictate the approach used for the synthesis
of these compounds. As a result, synthetic organic chemistry is still driven by the pursuit of
novel techniques and the strategic use of established methods for the synthesis of complex

heterocyclic molecules. !’
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Figure 2.1: Three, four, five, six-membered and fused heterocyclic systems?
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2.1.2. Applications of heterocyclic compounds

Being a bridge between the biological and chemical realms, where so much scientific
discovery and practical application takes place, they are present in more than 90% of new
medications.'®2° Their polarity, lipophilicity, pharmacokinetics, and toxicological qualities are
just a few of the physicochemical characteristics that are desirable and may be constructively
manipulated. The heterocyclic compounds are the constituent structural motifs in several
antidepressant, antitumor, antimalarial, anti-HIV, antidiabetic, anti-inflammatory,
antibacterial, fungicidal, herbicidal, insecticidal, and synthetic drugs®? found in
pharmaceuticals, vitamins, natural products, biomolecules, and biologically active
compounds,® 122425 while significant bio- and chemiluminescent, photochromic, and
solvatochromic characteristics are seen in several of these substances.?®3! In addition to this,
these groups as linkers do show some properties like fluorescent sensors, polymers, dyes,
brightening agents, and analytical reagents.®>® They may also be used in conjugated polymers
and other supramolecular and polymer chemistry, as molecular wires, light harvesting systems,
organic conductors, semiconductors, organic light-emitting diodes (OLEDs), photovoltaic
cells, optical data carriers, corrosion inhibitors, etc.3*° In addition to their synthetic value,
heterocycles are of interest due to their potential as metal ligands in chiral auxiliaries,
asymmetric catalysts, organocatalysts, protecting groups in organic synthesis, and synthetic
intermediates.*®*® The applications of heterocyclic compounds as mentioned above have been

illustrated in figure 2.2.

Agrochemicals Corrosion Inhibitors

Antimicrobials Optical Data Carriers

Anti-HIV drugs Molecular Wires

Heterocyclic

Fluorescent Sensors ~_B®ll) [o[lIT3Te &S Photovoltaic Cells

Synthetic drugs Semiconductors

Bio/Chemiluminescence Light Harvesting Systems

Figure 2.2: Applications of heterocyclic compounds®-1021-48
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2.1.3. The 1,2,3-triazole

The 1,2,3-triazoles and their derivatives are a class of N-containing, five-membered
heterocyclic compounds having three nitrogen atoms and two carbon atoms constituting the
heterocyclic ring, that have attracted a lot of interest from theoretical as well as experimental
chemists for their potential in the modification of biologically active chemicals with
applications in the chemical, biological, and medical sciences.*>* Since the 1,2,3-triazole core
often has a number of pharmacophore properties, the hybrids that contain or are fused by a
1,2,3-triazole ring are commonly referred to as ‘lead compounds’ and can form hydrogen bonds
with biomolecular targets, increasing their solubility and ability to interact with them.
Additionally, having an electron rich core attributable to the presence of lone pair containing
N atoms, they are prime moieties to be implemented as metal ion recognition agents. The 1,2,3-
triazoles are broadly categorized into three main categories as monocyclic 1,2,3-triazoles,
benzotriazoles, and triazolium salts (figure 2.3); and the position of the N-H proton allows for
further subdivision of the monocyclic 1,2,3-triazoles into three distinct groups, i.e., the
aromatic 1H- and 2H-1,2,3-triazoles, and the non-aromatic 4H-1,2,3-triazole which exists in
equilibrium with the aromatic 1H- and 2H-1,2,3-triazoles in solution and in the gas phase.?°!
A substantially high dipole moment of 4.18 D is observed in the 1,4-disubstituted 1,2,3-
triazoles due to which the hydrogen bonds and/or = - & stacking interactions ought to be
strengthened in such compounds. This is one of the quintessential features of these compounds
which makes them a likely moiety for ion recognition analysis; with the additional essential
ability of 1,4-disubstituted triazoles to be non-classical bioisosteres of the amide group for
medicinal chemists since the amide group is one of the most often represented functional

groups in medications.>2

H
N —N H N N —N
// W\ / \ W\ W\ \
/N X /NH N /N /N NS /NH

N N N N
H H N
1H-1,2,3-triazole  2H-1,2,3-triazole 4H-1,2,3-triazole 1H-benzotriazole 2H-benzotriazole
R
/\_ N \F N
® ®
N~ N
’\Il/ R ’\Il/
R R

1,2,3-triazolium salts

Figure 2.3: An illustrative categorization of 1,2,3-triazoles?
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2.2. CuAAC ‘click’ methodology for 1,2,3-triazole linked derivatives

The literature is abundant with several methods describing the formation of 1,2,3-
triazole derivatives,> however, the CUAAC has been the method of choice®* > for the past two
decades due to its desirable characteristics, such as mild reaction conditions, regioselective
nature, and high yields of pure products.®® Therefore, the use of CUAAC for synthesizing the
1,2,3-triazole derivatives has been extensively done, and fruitful results have been yielded by
the research community by implementing this methodology as a synthetic tool. The precursor
to the 1,2,3-triazole derivative, i.e., the terminal alkyne can also be synthesized via numerous
synthetic routes. While the Sonogashira coupling®” has remained a conventional method for
obtaining alkyne reagents, other methodologies involving in situ approaches like using the
Bestmann-Ohira®*® reagent have also been devised for obtaining alkyne reagents directly from
aldehyde precursors. As for the other reactant of CUAAC, i.e., the organic azides, diazonium
salts®12 provide a convenient route from amine precursors to the resulting azides, while the
conversion of diaryl ethers obtained via Ullmann reaction to yield aryl azides are also employed
to obtain the desired organic azides. In addition, the remarkable ability of CuUAAC to
accommodate diverse functional groups enables the introduction of supplementary donor
moieties at the 1- and 4-positions, thereby facilitating the synthesis of diverse chelating
ligands.5®%4 The synthesis of 1,2,3-triazoles, via the CUAAC pathway, is achieved through the

following three steps:

* Synthesis of a terminal alkyne
* Synthesis of an organic azide
« Synthesis of 1,2,3-triazole from terminal alkyne and organic azide

2.2.1. Synthesizing a terminal alkyne

Terminal alkynes are also called as monosubstituted alkynes (R-C=C-H), as they
consist of a single alkyl group bonded to a single sp hybridized carbon atom of the triple bond
present at the very end of the carbon chain.®® Terminal alkynes have been extensively used by
the organic chemists as valuable precursors in several reactions, including the synthesis of
carbocycles, heterocycles, enamines, etc. Additionally, the C=C owing to its electronic
properties and versatility has been implemented as a building block in biochemical and material
science.%%7 Several discrete pathways for synthesizing terminal alkynes from different starting
materials and under different sets of reaction conditions have been reported in the literature,

some of which are:
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2.2.1.1. a, B-eliminations

Zhao et al. presented a practical and effective method to synthesize terminal alkynes 2
from 1,1-dibromo-1-alkenes 1, wherein the reaction was conducted using Cs2CO3 as the base
and DMSO as the solvent (figure 2.4). The reaction was maintained at 115 °C and progressed
rapidly, while also being tolerant to several different functional groups.®® The synthesized

products were isolated with a yield of 85 - 94% via this methodology.

H  Br Cs,CO,

—=( ~ R——H
DMSO, 115 °C

R Br
1 2

Figure 2.4: Synthesis of terminal alkyne from 1,1-dibromo-1-alkene employing Cs,CO3 as the

base®®

Singh and co-workers synthesized terminal alkynes 4 from gem-dibromoalkenes 3
wherein the reagent, i.e. NazS, being readily available in commercial quantities and at a
moderate cost, the approach was considered preferable to others. With no base needed, the
reaction can take place at room temperature (20 - 40 °C) and in air, with good yields of 65 -
83% (figure 2.5). With this approach, various heteroaromatic, aromatic, and aliphatic gem

dibromoalkenes gave rise to matching terminal alkynes.®°

H Br Na,S (0.5 eq)

Y=( » R——H
R Br 20-40 °C, open flask

3 4
= =
| XY | XN
R= — | _ HCO-- D
NT el ZSN el

Figure 2.5: Synthesis of terminal alkynes from gem-dibromoalkenes via NazS mediation®

Morri research group reported the conversion of 1,1-dibromoolefin 5 to yield the
terminal alkynes by using excess 1,8-Diazabicycloundec-7-ene (DBU), thereby taking
advantage of its nucleophilicity in anhydrous conditions which resulted in the production of
the terminal alkynes 6 with a high yield of 76 - 93% for substrates with electron rich moieties
(figure 2.6).7°
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H Br  DBU (4 equiv)

R Br CH3CN,rt

5

6
. Meo:©/ O
. OMe ’ O

Figure 2.6: Conversion of geminal-dibromoalkene into terminal alkyne

®)

The decarboxylation and dehalogenation of 3-aryl-2,3- dibromopropanoic acid 7 was
demonstrated by Kuang’s group using K2COz3 as the base for the synthesis of terminal alkynes
8, which was carried out at 115 °C in DMSO (figure 2.7). The reaction was observed to go
without a hitch and was tolerant to a wide variety of heteroaryl substituents in addition to aryl
groups that may either remove or donate electrons, and demonstrated high yields of 83 - 94%. "

Br 9 K,COs3, DMSO

Ar OH  115°C,12h

Ar————H

Figure 2.7: Synthesis of terminal alkyne from dibromopropanoic acid’

Kuang et al. reported the terminal alkyne synthesis from 3-aryl-2,3- dibromopropanoic
acids 9 through microwave irradiation in the presence of EtsN and DBU. Initially, a mixture of
isomers of alkene 10 were produced in the presence of EtsN. The weak basic character of EtsN
prevented the abstraction of a vinylic hydrogen and the direct synthesis of the alkyne. Then,
DBU was used to carry out the elimination of the HBr form of the (Z)-aromatic alkene to get

the terminal alkynes 11 with excellent yield of 88 - 99% (figure 2.8)."

r O Et;N, DMF H>_<H DBU A —
Ar)\(U\OH uW, 1 min - AF g MW, 1 min
Br

1"

9 10
H

Figure 2.8: Microwave-assisted one-pot synthesis of terminal alkyne’
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2.2.1.2. Carbene rearrangement

Corey and Fuchs presented an efficient strategy for converting aldehydes to alkynes via
Ramirez olefination followed by Fritsch-Buttenberg- Wiechell (FBW) rearrangement (figure
2.9). The 1,1-dihaloalkene 13 obtained from the aldehyde 12 was subjected to n-BuL.i to give
the carbenoid 14 which subsequently gave the carbene 15. A 1,2-shift of 15 resulted in the
synthesis of the terminal alkyne 16 with good yields of 80 - 95%."3

0 Br. H .. L] - .
1 CBr, PPh, r)_( RLi '-':_:H R(J\)H‘I,Z-smft h—
15

R"SH zn,DCM g/ R RBr g/ R -LiBr

12 13 14 16

R = alkyl, phenyl, cyclohexenyl

Figure 2.9: Synthesis of terminal alkynes from aldehydes as reported by Corey and Fuchs”
Hijfte and colleagues observed that aldehyde 17 reacted with carbontetrabromide to

form vinyl dibromide 18, which reacted with Mg in THF during refluxing to form terminal

alkynes. This reaction proceeds owing to the sufficiently negative reduction potential of

magnesium to transfer electrons to vinyl dibromide (figure 2.10). The methodology suggested

the use of magnesium as a useful alternative to a strong base, which causes many unwanted

side reactions, and the terminal alkynes 19 were also in good yields of 75 - 95%."*

j\ CBr,, PPhs H:_:Br Mg, THF . __
—_— . JR—
R H DCM, rt R Br Reflux

17 18 19
R = C6H5, C6H5CH(CH3)

Figure 2.10: Synthesis of terminal alkynes from aldehydes as reported by Hijfte et al.”
Beshai group demonstrated the dehydrohalogenation of 1-iodo-1-alkenes 20 using
tetrabutylammonium fluoride (TBAF) as the base, to produce terminal alkynes 21 in high
yields of 81- 98% (figure 2.11(a)). The methodology was applicable to many functional
groups, including -NO,, C=0, aromatic halogens, and -CFs. Also, under the usual reaction
conditions, heteroaromatic groups like pyridine also posed no difficulty. Above and beyond, a
one-pot direct synthesis of terminal alkynes from aldehydes 22 was also demonstrated (figure
2.11(b)), eliminating the need to isolate the intermediate iodoalkene. This reaction approach is

a promising addition to the existing arsenal of ways to synthesis terminal alkynes 23 in good
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yields of 73 - 86% from aldehydes because of its extensive substrate scope and functional group

tolerance.”

a) /=\ "BuyN* F~ (1.5 equiv.)

20 THF, 60 °C, 6 h 21

R = 2-MeOCgHy, 4-BrCqHy, 1-Naphthyl, 2-Pyridyl

(i) PhsP=CHI (1.1 equiv.)
THF, -78 °C to rt

R H (i) "BugyN* F~ (2.5 equiv.)
22 60 °C,6h 23

R = 2-MeOCgH,, 4-CH3C(0)CgH,, 1-Naphthyl, 3-Pyridyl

» R—

Figure 2.11: a) synthesis of terminal alkynes via dehydrohalogenation of (Z)-1-iodo-1-alkenes

with TBAF. b) synthesis of terminal alkyne directly from aldehyde’

Illa and colleagues successfully produced several different alkynes 26 in moderate
yields of 40 - 67% beginning with a carbonyl molecule 25 by using the neutral reagent C-

silylated-diazophosphines 24 under relatively mild reaction conditions (figure 2.12).7

o o Q
Me3S|\n/P\RR + THERT | pi— 4+ R-P__OH
N R" “H] 10- 15 min R
2 R1
24 25 26 27

R = NMey, [i-Pr-N-CH5]5, R'= alkyl, aryl, hetroaryl
Figure 2.12: Synthesis of terminal alkyne from aldehyde using C-silylated-diazophosphines’®
Acetoxynitrosamides 28 may be converted to terminal alkynes 32 in high yields of 77
- 97% by refluxing in THF leading to the formation of carbene 29 and subsequently undergoing
a rearrangement to generate the corresponding terminal alkyne (figure 2.13). This strategy was

applicable to the synthesis of terminal alkynes with either aryl or alkyl substituents.””

AcO R ﬁ H R
\[ THE AcO R
2

H R
N'AC reflux C\/[\Nz |ltl -N; (\H:) =R
29

30 31 32

R = Ph, CGH19

Figure 2.13: Synthesis of terminal alkyne from acetoxynitrosamide’’
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2.2.1.3. Miscellaneous Reactions

The reaction of aldehydes 33 with the Ohira—Bestmann reagent 34, which is a
phosphate derivative, in the presence of potassium carbonate and methanol was suggested by
Bestmann research group as a method for the synthesis of terminal alkynes 35 with good yields
of 65 - 89% (figure 2.14).7

o 0
p-OMe  K,C03, MeOH
RCHO + Me OMe — ——— > R—=
% ’
33 34 35

R =n-CqqHp3 ,CI4©7

Figure 2.14: Synthesis of terminal alkynes by reacting aldehyde with Ohira—Bestmann

reagent’®

Using [*®F]-fluorobenzaldehyde 36, Krapf et al. produced radiofluorinated
phenylacetylene 37 with a yield of 40 - 60% and more than 98% radiochemical purity in under
20 minutes by treating the former with Ohira-Bestmann reagent, with KoCOs3 as the base in
CH3CN solvent (figure 2.15).7

0]

=
1o AN H Ohira-Bestmann reagent g A
= K,CO3, MeCN -
120 °C, 15 min
36 37

Figure 2.15: Synthesis of radiofluorinated phenylacetylene from [*®F]-fluorobenzaldehyde’

Beier group described the production of phenylacetylene 39 with a good yield of 71%
via the removal of HF from a,a-difluorophosphonate 38, mediated by t-BuOK. In addition to
this, the phenylethynylphosphonate was discovered as a minor byproduct (figure 2.16).8°

Q P I
P-OEt KO'Bu, DMF Z N OB
OBt — > + OEt
FF -40°C, 2h F

38 39 40

Figure 2.16: Synthesis of phenylacetylene from a,a-difluorophosphonate®
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An examination of the pertinent literature uncovers numerous publications that describe
the creation of new terminal alkynes through the utilization of different compounds that have
functionalities containing at least one labile proton (-OH, -NH> etc.); and with the use of
propargyl bromide in conjunction with various solvents such as N,N-dimethylformamide,
acetone, and acetonitrile; and bases such as potassium carbonate, cesium carbonate, and sodium
hydride, the successful synthesis of terminal alkynes from a wide range of compounds can be
accomplished.®-8 This method can be studied for the synthesis of new terminal alkynes with
high yield since it does not necessitate robust reaction conditions or expensive experimental
equipment, and can be conducted under normal laboratory conditions in an efficient and facile

manner.

Ozukanar et al. reported the synthesis of compound 43 with 65% yield by reacting
propargyl bromide 42 with p-hydroxy benzaldehyde 41 using potassium carbonate base in
acetone as a solvent. This compound was then reacted with 2,7-dihydroxynaphthlane in glacial
acetic acid and catalytic amount of HCI to yield the corresponding product 44, which was
further nucleophilically substituted with propynyl moieties to yield the terminal alkyne 45 as
the final product (figure 2.17).%°

@) o

. I
H L
/@)‘\H + \\\/Br K2003 /@)\H o
Acetone
HO P (0)
a1 42 //\ e HoOH OH OH

K,CO3
Acetone

Figure 2.17: Synthesis of terminal alkyne based on p-hydroxy benzaldehyde®®
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Kursunlu research group reported the propargylation of phenolic O-H groups of
compound 46 using the base potassium carbonate and solvent media dimethylformamide

(DMF), leading to the formation of the molecule containing di-alkyne 47 (figure 2.18).8¢

OH cO O/
2C03
NG GIRT - oI
DMF
OH O/\%
46 42 47

Figure 2.18: Synthesis of the 3,4-dihydroxybenzaldehyde-based terminal alkyne®®

Tamanini and co-workers reported a synthetic procedure wherein a solution of 48 in
acetonitrile (50 mL) was subjected to the addition of propargyl bromide and then stirred
overnight. Subsequently, the cyclam based terminal alkyne 49 was formed with 78% yield
(figure 2.19), which was subjected to washing with cold acetonitrile after filtration, and dried

in vacuum.®’
28t m
N\/N 42 N\/L\rj/\
[ ] CHLCN. 1t « [ ]
PN \\/N/\

N

pzd

48 49

Figure 2.19: Synthesis of the cyclam based terminal alkyne®’

Huang et al. presented the synthesis of a terminal alkyne wherein compound 50 was
etherified using propargyl bromide using a base (potassium carbonate), potassium iodide, and
acetonitrile over a period of twelve hours, which resulted in 94% yield of the bispropargylether
51 (figure 2.20).58

S S
N —_— VR
N( /N 2Br N \ /N —
42 /
HO OH O (0]
K,COs, KI, CH;CN  =—_/
50 80 oC, 12 h 51

Figure 2.20: Synthesis of the bispropargylether containing terminal alkyne®
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Shen and co-workers proposed a synthesis route in which the terminal alkyne Py-NRhB
53 was produced when NH2-NRhB 52 was nucleophilically substituted with propargyl bromide
in acetonitrile at a temperature of 60 °C (figure 2.21). Consequently, the labile protons of the
-NH2 group were substituted with propargyl groups, leading to the synthesis of the terminal

alkyne in the form of a yellow solid.%

53

Figure 2.21: Synthesis of the terminal alkyne Py-NRhB from NH,-NRhB®°

Ko research group synthesized two terminal alkynes 55 and 57 via the nucleophilic
substitution of the -OH groups of salicylaldehyde 54 and 2-(benzo[d]thiazol-2-yl)phenol 56
separately. The reaction conditions and solvent used for both the starting materials were the
same, with the base being K.COs3 and the solvent being CH3CN; refluxing the reaction mixture

for 12 hours gave the corresponding terminal alkynes® (figure 2.22(a) and 2.22(b)).

(a) 5

. " K,COs, CHsCN
_ >
( reflux, 12 h
HO o |l S 0
H
H /
54 42 55
(b) Br
+
( K,COj3, CH5CN
B
HO —N | | reflux, 12 h O =N
S. i 42 / EN i
56 57

Figure 2.22: Synthesis of salicylaldehyde and 2-(benzo[d]thiazol-2-yl)phenol based terminal

alkynes®!
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2.2.2. Synthesizing an organic azide

Phenyl azide 59, which was originally synthesized by Peter Griess in 1864,% was the
first organic azide ever to be synthesized (figure 2.23). Since then, researchers are interested
in these highly reactive compounds owing to their possible applications in organic synthesis,
medicine delivery, and other fields. Due to their usefulness in the synthesis of heterocycles
including triazoles and tetrazoles, organic azides have established themselves in the realm of
commercial science as well.** Sodium azide is often used for the SN»-azidation of alkyl halides,
acyl halides, and aryl halides. Aryl azides are crucial precursors in organic chemistry due to
their high stability and high degree of conjugation. These properties have led to their
widespread application in different research fields,%> including biology and industry, where
they are used as photoaffinity labels, cross-linkers in photoresistors, building blocks for
conducting polymers, and activators of polymer surfaces when exposed to light.%-*8 Organic
azides were traditionally produced using extremely volatile, poisonous, and explosive materials
like hydrogen azide (figure 2.24)%; but, recently, alternative azidation techniques have been

tried out that eliminate the need for these dangerous chemicals.'®

NaNO,, HCI
Ph—NH-NH, ——>—> Ph—N,
Et,0, H,0
58 59

Figure 2.23: Synthesis of phenyl azide 59 from phenylhydrazine 58%

Boc. Boc.

NH O NH O

: PPhs, HN, :
Y OMe > OMe
oH DEAD, CH,Cl, ©/\’f‘\

60 61

Figure 2.24: Synthesis of an organic azide 61 by using the highly toxic hydrogen azide®
The different methodologies reported for synthesizing organic azides are discussed below:

Organic azides have been synthesized directly using alcohols, as described by Kitamura
et al., who used 2-azido-1,3-dimethylimidazolinium hexafluorophosphate (ADMP) 63 for
azide transfer to an alcohol 62 to obtain the desired product 64 by using 1,8-
Diazabicyclo(5.4.0)undec-7-ene (DBU) as base (figure 2.25(a)). The whole reaction was
completed in 10 minutes at room temperature, with high product yield (65 - 96%).1%* Similar

results were also reported when primary amine 65 was used as the starting material to react
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with ADMP 63 using N,N-dimethyl-4-aminopyridine (DMAP) as base to yield the products 66
with yields of 63 - 94% (figure 2.25(b)).1%?

(a) N3 PFg
R-OH + MeN)\the —BB0__ g-p,
rt, 10 min
62 ADMP 64
63

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

(b) N3 PFg
+
RNH, + e Siwe  DMAP o
v/ CH,Cl,
65 ADMP 66
63

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

Figure 2.25: 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!®1%2

An alternative approach to produce aromatic azides includes the diazotization of
aromatic amines, and their subsequent a nucleophilic substitution using sodium azide. Capitosti
and co-workers reported a procedure for azide synthesis wherein the nitro group of the
heterocyclic reactant 67 was efficiently reduced using 10% Pd/C and Hy, resulting in 80% yield
of the 4-amino-substituted analogue. The corresponding 4-azido-substituted thalidomide
analogue 69 was obtained in 35% yield through diazotization of 68 by using sodium nitrite in

aqueous HCI, and subsequently adding sodium azide (figure 2.26).1%

O.N 2 ON0) [o}Ne)
2 o H,, 10 % Pd/C  H,N {N}Hﬁ i) NaNO,, HCI, 0 °C N, NH
Acetone, 80 % N 9 ii) NaN3, 0 °C, 35 % N 0
67 © O 68 O 69

Figure 2.26: Synthesis of azido-thalidomide from 4-amino-substituted analogue'®

Knepper et al. reported the synthesis of diaryl ethers 73 in varying yields of 34 - 95%
via Ullmann reaction through the cleavage of polymer-bound aryl triazenes 72, which provided
a combinatorial route to aryl azides, wherein in the presence of trimethylsilyl azide, the aryl

triazenes underwent conversion to yield the corresponding azides (figure 2.27).1%
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O/\’}‘/\Ph O/\’}‘/\Ph

N N
N OH CuEré—OSMeZ N TFA N
2L 03 .
| BT s X MeCN / pyridine | 2 | Xy MesSiNg | Y | N
o Y~ 80 °C, 36 h _ N _ N
R»] R2 Rq R2 R4 R2
70 7 72 73
R, = H, Me

R, = H, OMe, NMe,
Figure 2.27: Synthesis of diaryl ether thorugh trimethylsilyl azide following Ullmann
reaction%
Gavenonis research group proposed the conversion of 2,6-dimesitylphenyliodide 74 to
its corresponding azide 75 with 96% yield by reacting the former with n-BuL.i at 0 °C in hexane
and then subjecting p-toluenesulfonyl azide to the resulting lithium salt with to yield the azide

(figure 2.28) as red-orange crystals in 96% yield.%

| N3
i) n-BulLi, 0 °C
Mes Mes ii) TsN 5 Mes Mes
Hexane
74 75

Figure 2.28: Synthesis of 2,6-dimesitylphenyliodide based azide!%®

The utilization of hydrazines 76 in conjunction with nitrosyl ions or their precursors is
a recognized procedure that is applicable in the production of different aromatic and aliphatic
azides. 77 with excellent yields (84 - 95%) as described by Kim et al. (figure 2.29).1%

NHz  N,0,, CH,CN
O,N NH > O,N N,

76 77

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

Liu and Tor described that the reaction of anilines 78 with triflyl azide 79 yielded aryl
azides and heteroaryl azides 80 with good yields (78 - 96%) (figure 2.30). These
transformations are the go-to for preparing a wide variety of aromatic azides due to their low

reaction temperatures, good yields, and ease of use.%’

| ~ + CF3SO,N; @ag. CuSOy, Et:N |
> CH,Cl,/MeOH N
79 N
78 N2 g

Figure 2.30: Synthesis of aromatic azide from the corresponding amine using triflyl azide’
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2.2.3. Synthesizing 1,2,3-triazoles via cycloaddition of a terminal alkyne with an organic

azide mediated via Cu(l) catalyst

The Huisgen cycloaddition, which yielded 1,2,3-triazoles as a racemic mixture (1,4-
and 1,5-disubstituted, ca. 1:1), was further improved independently by Sharpless and Meldal
by introducing Cu(l) salt as the catalyst and since its inception, the methodology has been
extensively explored to synthesize several 1,2,3-triazole derivatives, owing to the desirable
characteristics of this pathway including modularity, high yields, stereospecific nature, benign
solvents, etc. in addition to the overlapping features with green synthesis such as atom
economy, energy efficient, less hazardous, waste prevention, etc. The 1,3-dipolar nature of the
organic azide makes it possible to undergo [3+2] cycloaddition with the unsaturated alkyne
mediated via Cu(l) catalytic system to yield the 1,4-disubstituted 1,2,3-triazole. Some of the
reports of synthesizing 1,2,3-triazole derivatives via the cycloaddition of a terminal alkyne with

an organic azide have been enlisted as under:

Puthiyedath and Bahulayan demonstrated the successful formation of a 1,2,3-triazole-
linked compound 83 consisting of two different coumarin derivatives by reacting an equimolar
amount of 4-azidomethyl umbeliferone 82 and the coumarin based alkyne 81 in the presence
of CuSO4/Na ascorbate catalyst for 12 h at room temperature following the CuAAC
methodology (figure 2.31).1%

N=N
CuSOy/ {
o-propargyl 0.0 4 Y
9y . HO 0.0 Na ascorbate N\)\\o CHs
= = 3° BUOH:H,0:DMSO x \
(4:2:1) o)
CH
3 CHzNa HO 0o o
81 82 83

Figure 2.31: Synthesis of CUAAC-derived 1,2,3-triazole-coumarin derivative'®

Tane and Michinobu demonstrated that by combining the monomeric 1,8-
diethynylcarbazole 84 with counter monomer 2,7-diazidofluorene 85 via the CUAAC pathway,
the polymeric systems based on 1,8-carbazole 86 were produced, by employing
CuS04.5H20/Na ascorbate as the catalytic system and THF/t-BuOH/H20 (5:1:1) as the solvent
media (figure 2.32).1%°
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// \\ CuS0,.5H,0/

84 Na ascorbate
THF, BUOH, H,0

(1

H3C(H2C)7~ ~(CH»);,CH

85
Figure 2.32: Synthesis of carbazole-triazole-fluorene conjugated polymer'®

Xu research group designed 1,2,3-triazole-tethered cyclen-functionalized anthracene
conjugates 89 via ‘click’ reaction between anthracene azide 88 and boc-cyclen alkyne 87 using

Cul catalytic system in acidic medium (figure 2.33).10

EI’:oc
e T e
+ —
\\/Q/ N/\\\
N Ns
Boc 2
87 88

Figure 2.33: Synthesis of 1,2,3-triazole-linked dianthracene-cyclen based conjugate!®

Shaily research group synthesized a 1,2,3-triazole tethered compound 92 by converting
4-hydroxycoumarin into its corresponding alkyne 90 as well as azide 91 in separate reactions,
and then combining the two precursors via the cycloaddition process in the presence of
CuS04.5H20/Na ascorbate catalyst to produce the final product, having two coumarin moieties
connected via a 1,2,3-triazole moiety (figure 2.34).11

O/\

O (0]
(0] (0]
©51 . CuS0,4.5H,0, Na ascorbate m
THF, t-BuOH, H,0
=
(0) 0] DIPEA N (0]

N/
N THF/H,0 \ j/\o N\
90 91 3 N /

Figure 2.34: Synthesis of coumarin-linked 1,2,3-triazole-based probe!!!
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According to the work of Dwivedi et al., a 1,2,3-linked compound 94 was synthesized
by connecting naphthalimide-based alkyne 93 and anthracene-based azide 88 via a molecular
bridge comprising piperazine and triazole units via the click reaction, utilizing the CuSO4/Na
ascorbate catalytic system in DMSO/H0 solvent (4:1, v/v) (figure 2.35).112

CuSOy/ N / _Q/N
Na ascorbate
DMSO H,O O

Figure 2.35: Synthesis of dual fluorophore containing 1,2,3-triazole derivative!!?

Joshi and coworkers demonstrated the successful formation of two coumarin-1,2,3-
triazole based chemosensor probes 97 by stitching together protected amino acyl O-propargyl
esters 95 with 4-azidomethyl-7-hydroxycoumarin 96 via cycloaddition mediated by Cu(l)
catalyst (figure 2.36).113

95

P N CuS0,4.5H,0/
Na ascorbate HO 0 0O
EtOH H,O \©/\€r
(1:1) 0
"!V

Pg = -OCOC(CHj), -OCOCH,CgHs
97

Figure 2.36: Synthesis of coumarin-1,2,3-triazole based chemosensors'

Kang and co-workers demonstrated the development of a 1,2,3-triazole-linked

derivative 100 via the cycloaddition of 98 and 99. The catalytic system used for the

cycloaddition reaction was CuSOa4/Na ascorbate in EtOH/H2O (1:1) solvent system (figure
2.37).114

CUSO4.5H20
NaVC
CzH5OH
N3 -

114

Figure 2.37: Synthesis of rhodamine 6G based 1,2,3-triazole derivative
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Zhang et al. reported the cycloaddition of N-phenylaza-15-crown-5 ether 101 with
coumarin fluorophore 102 to synthesize a 1,2,3-triazole-linked compound 103 using
CuS04.5H20/Na ascorbate as the catalyst in partial aqueous solvent system (THF/H20, 1:1)
with 65% yield (figure 2.38).1%°

N=

@
o CuS04.5H,0/ o m
[ ‘@i I;@/ Na aséorb;te (\ /\\

THF/H20

(1:1) Q_O \J 103
Figure 2.38: Synthesis of phenylaza-15-crown-5-triazol-substituted  coumarin
fluoroionophore!®®

Kaur group reported a fluorescein based 1,2,3-triazole derivative 106 obtained via
CUuAAC reaction between fluorescein based moiety 104 and benzyl azide 105 using
Cu(PPhz3)3Br as the Cu(l) source and THF/TEA (1:1) as the solvent media with a high yield of
81% (figure 2.39).11

\/o o o\/ N, : q
‘ O Cu(PPhg);Br N N
+ B ——
o THF/TEA (1:1) N\N]\/o 0 o\/[NoN
U (LD

104 105 0

Figure 2.39: Synthesis of 1,2,3-triazole probe based on fluorescein®®

Liu and co-workers designed an amphiphilic 1,2,3-triazole based probe 109 by the
cycloaddition of a hydroxylquinoline ring 107 with a hydrophobic cetyl chain 108, while using
CuS04.5H,0/ NaVc as the Cu(l) source in DMF as the solvent with 80% yield (figure 2.40).11’

0

. /W\N?’ CuS0,.5H,0/ NaVe, H,0 O\—f’?'/%\
\ /N 13 \ /N NﬁN

107 108 109

Figure 2.40: Synthesis of an amphiphilic 1,2,3-triazole based probe!’
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The aforementioned examples demonstrate the emergence of CUAAC as a versatile and
efficient methodology in the realm of organic chemistry. It has revolutionized the production
of 1,4-disubstituted 1,2,3-triazoles, thereby offering an exceptionally efficient, selective, and
adaptable approach for constructing heterocyclic compounds. These reactions further
underscore the substantial benefits offered by CUAAC, such as its ability to work effectively
with a wide range of functional groups and under various reaction conditions. This flexibility
serves diverse 1,2,3-triazoles with tailored properties, making it a valuable methodology in
drug discovery, materials science, and analytical chemistry. The simplicity of the reaction
setup, relatively low cost of copper catalysts, and high yields further contribute to the

widespread adoption of CUAAC in academic and industrial laboratories.
2.3. Spectroscopic analysis of the products

The products of every synthesis must undergo critical characterization, which
irrefutably proves the product formation and is thus of the highest significance. In the
characterization of 1,2,3-triazole-based probes, various analytical techniques such as IR
spectroscopy, NMR spectroscopy (*H and *3C), mass spectrometry, etc. can be employed. The
additional studies to understand the photophysical properties of the synthesized molecules can
be performed using UV-Vis and fluorescence spectroscopy. In addition to these spectroscopic
techniques, some basic analytical methods can also help us to confirm the product formation
that include melting/boiling point determination, CHNS analysis, etc. Apart from these,
physical inspection can also help a researcher to evaluate the product by looking at the color,

texture, and odour of the compound.
2.3.1. Infrared (IR) spectroscopy

IR spectroscopy provides information about the vibrational modes of molecules,
thereby allowing for the identification of functional groups and structural characterization. The
shifts in a molecular dipole are due to the vibrations and can provide a detailed understanding
of the interaction of IR radiations with the product, especially the functional groups present in
a synthesized molecule/compound.’® The interaction of IR radiations with a sample is
measured as a function of frequency using an infrared spectrometer, yielding an IR spectrum.
The absorption of the IR radiations by distinct functional groups at a particular frequency
causes vibrations in various bonds in the molecule,*'® and the strength of vibration determines

the specific frequencies at which the bonds vibrate.'?® Several important distinguishing peaks
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and regions in IR spectroscopy provide valuable information for the structure elucidation of
organic compounds. These peaks correspond to specific functional groups or structural
features, allowing chemists to identify and characterize different bonds and groups within a
molecule. Here are some notable peaks and regions in IR spectroscopy:

e O-H Stretch: A broad peak around 3600 - 3200 cm™ indicates the presence of hydroxyl
groups (alcohols, phenols, carboxylic acids) or water molecules.

e (C=0 Stretch: The carbonyl group (C=0) shows characteristic peaks around 1750 - 1650
cm™. The position of the peak can vary depending on the specific type of carbonyl
compound: ketones (~1715 cm™), aldehydes (~1735 cm™), amides (~1670 - 1650 cm™),
carboxylic acids (~1725 - 1710 cm™), and esters (~1750 - 1740 cm™).

e C=C Stretch: Double bonds (C=C) typically exhibit peaks in the range of 1680 - 1600 cm"
! The exact position of the peak can depend on factors such as conjugation and substitution
patterns.

e C-H Stretch: The aromatic C-H stretch generally appears above 3000 cm™ whereas the
aliphatic C-H stretch lies in the range of 3000 - 2850 cm™. The presence of other functional
groups can cause shifts or splitting of these peaks.

e N-H Stretch: Amine groups (primary, secondary, and tertiary) exhibit peaks in the range
of 3300-3500 cm?, which can vary depending on the degree of substitution and hydrogen
bonding.

e C=C Stretch: The triple bond (C=C) stretching frequency typically appears around 2250 -
2100 cm™ and is characteristic of alkynes.

e  Fingerprint Region: The region below 1500 cm™, known as the fingerprint region, contains
a complex pattern of peaks that can provide additional information about the molecule’s

overall structure and functional groups present.
2.3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is an indispensable technique for
the structure elucidation of organic compounds, as it provides detailed information about the
connectivity, hybridization, and environment of atoms within a molecule, allowing chemists to
determine the structure and identify functional groups. Thus, the newly synthesized compounds
are often characterized using *H and *C NMR spectroscopy to get insights into their
structures.'?122 The recent innovations in magnet technologies, equipment gear, pulse

sequences, data collecting and processing, and sample preparation have led to a significant
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upsurge in the quality of information regarding the structure and dynamics of chemical as well
as biological systems owing to the exceptional increase in the accuracy of the acquired data.'?*
125 The signals from chemical shifts at various magnetic field strengths shown by the
magnetically non-equivalent protons help to deduce the molecular structure. For instance,
looking at the *H NMR of a terminal alkyne, a signal in the region of § = 1.7 - 2.7 ppm
corresponds to an alkynyl proton, whereas the peaks emerging at 6 = 6.5 - 8.0 ppm are
suggestive of protons attached to a 1,2,3-triazole ring and/or aromatic groups (figure 2.41).
The proton of the aldehyde (-CHO) group usually gives a signal at 6 = 10 ppm. Moreover,
since the magnetic field of a proton combines with field of neighbouring protons to induce
splitting of signal, the number of neighbouring protons for each observed proton can be
validated. To a similar extent, the ¥*C NMR spectrum displays signals that correspond to
various forms of carbon in a molecule, for example, the proton decoupled **C NMR spectrum

exhibits the Cs signal of a 1,4-disustituted 1,2,3-triazole at around & = 120 ppm, whereas the
C4 signal appears at 6 = 133 ppm.

b
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Figure 2.41: Comparative *H NMR analysis of an alkyne and a 1,2,3-triazole derivative
depicting the presence of a peak at 6 = 2.52 ppm and & = 7.54 ppm corresponding to the alkynyl

proton and the triazole ring proton respectively
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2.3.3. Mass Spectrometry

Mass spectrometry is used for a wide variety of applications, including reaction
monitoring and optimization, library compound quality evaluation, and structural
characterization of library products'?®!?” as well as for determining the molecular mass of
unidentified substances. The process begins with the vaporization of the product molecules,
which is followed by their ionization by electrons, and finally their fragmentation into smaller
ions. The mass spectrometer is used to calculate the mass-to-charge ratio of ions, and peaks are
produced in the corresponding spectrum for a range of mass-to-charge ratios and ion
abundances.*?®'?° In order to determine the molecular mass, the peak is read against the ratio
of mass to charge that is the highest. By coupling mass spectrometry with chromatographic
techniques such as Gas chromatography (GC) or Liquid chromatography (LC), the resulting
hybrid technique provides a highly comprehensive analysis of complex samples owing to the
detection and quantification of trace-level analytes in addition to providing structural

information about the analytes, such as molecular weight and fragmentation patterns.
2.3.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

The excitation of electrons from the ground state to an excited state and their
instantaneous reversion to the ground state by emitting energy occurs when ultraviolet light
passes through a solution of a compound and some of the photons of the radiation have energy
equal to the difference in energies of the ground state and the excited state of an electron are
absorbed by the molecules of the compound (figure 2.42).13%%31 |n general, UV may be used
to describe compounds that are conjugated, aromatic, or have unpaired electrons on O, N, or S
atoms connected through double or triple bonds, e.g., a single low-intensity band between 250
nm and 360 nm represents n—z* transitions, suggestive of functional groups like -N=N, -C=0,
-COOR, -NOg, -COOH, etc, whereas two medium-intensity bands above 200 nm are indicative

of the presence of an aromatic system. 32133
2.3.5. Fluorescence Spectroscopy

Fluorescence spectroscopy is a powerful analytical technique used to study the
fluorescent properties of molecules. It involves the absorption of light energy by a molecule,
followed by its subsequent re-emission at a longer wavelength (figure 2.42). This phenomenon,
known as fluorescence, occurs due to the molecule's transition from an excited electronic state

to a lower energy state. The emitted fluorescence light is characterized by its intensity,
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spectrum (wavelength distribution), and lifetime (duration of fluorescence emission).3*13% By
measuring and analyzing these properties, one can gain insights into various aspects of the
molecule under investigation. Fluorescence spectroscopy offers several advantages over other
analytical techniques, as it is highly sensitive, capable of detecting extremely low
concentrations of fluorescent molecules, making it suitable for trace analysis.**® Secondly, it
has a wide dynamic range, allowing the quantification of both weak and strong fluorescence
signals. Additionally, fluorescence spectroscopy is highly selective, as the emitted light is
specific to the molecule of interest, enabling selective detection in complex mixtures. Lastly,
it is a non-destructive technique, allowing for repeated measurements and sample

reusability. 137139
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Figure 2.42: A representative illustration of the electronic transition corresponding absorption

and emission spectroscopy
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2.4. Applications of 1,2,3-triazole linkers as chemosensors

Click-generated 1,2,3-triazole derivatives have emerged as significant structural motifs
in the area of chemical sensing owing to the ease with which they can be synthesized and the
great selectivity they exhibit toward certain analytes of interest like heavy metal ions, anions,
and neutral analytes.*%14! Because of this ability, click-generated triazoles are considered to
be one among the many essential classes of chemosensors.'#>143 Beyond serving as a bridge
between the binding site and the reporter, the 1,2,3-triazole component often plays an
additional role as an integral part of a conjugated fluorophore which in turn aids in the binding
of the target analyte.}**1% Numerous studies have documented the use of chemosensors
wherein the 1,2,3-triazole establishes connections, either directly or indirectly, between the

binding unit and the reporter unit (the chromophore).146-149

Areti and coworkers presented the synthesis of a quinoline-conjugated glucopyranose
based 1,2,3-triazole appended chemosensor probe 110 via ‘click’ cycloaddition of 8-
propargyloxyquinoline and tetra acetyl-B-glucopyranosyl azide which was subsequently
utilized for selectively recognizing Hg(ll) , Cd(ll), and Zn(ll) ions (figure 2.43). The probe
exhibited fluorescence enhancement on the introduction of Zn(ll) and Cd(Il) ions whereas

fluorescence quenching was observed on the introduction of Hg(ll) ions.*>

OH O OH
— — 0
&&/Nr—f\o Zn(IlyCd(llyHg(ll) &&/NFT/
HO NG HO ~\7 /
N H,O/HEPES N<_ B
HO Ny 2 HO O/ NG

OH
110 111

Figure 2.43: Quinoline-conjugated glucopyranose based 1,2,3-triazole-linked sensor for the
recognition of Hg(ll), Cd(I1), and Zn(11)**

Pu and co-workers presented a naked eye chemosensor 112 for Al(l11) and Cu(ll) which
consisted of a rhodamine B unit linked with triazole along with diarylethene (figure 2.44). The
diarylethene unveiled significant change in fluorescence for Al(I11), converting to yellow color
from dark in acetonitrile as the solvent, whereas for Cu(ll) recognition, the observed
phenomenon involved a transition in fluorescence intensity, shifting from a low intensity, dark

yellow color to a high intensity, bright yellow color in CH3CN/H20 (2:3 v/v ratio).*>*
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Figure 2.44: Rhodamine B- diarylethene based 1,2,3-triazole-linked chemosensor for Al(I11)

and Cu(ll) recognition®!

Aljabri et al. analyzed the binding characteristics of a newly synthesized substituted-
bis(naphthyl)methane ‘capped’ calix[4]arene-based 1,2,3-triazole receptor 114 (figure 2.45)
toward several clinically relevant metal ions via fluorescence spectroscopy titrations, wherein
the sensitivity and selectivity of the probe for Fe(lll) ions were confirmed by the quenched

fluorescence spectrum shifts upon successive addition of Fe(lI11) ions.?

%:'\\:\\l N}gj,\% CH3C(3S’3\1:/1C)IHC|3 %:'\\:\\l\ /,\j’\/l\_%

o OHOH 5 o'\\OHo

/ Al _ )

T laQe!
114 115

Figure 2.45: Bis(naphthyl)methane ‘capped’ 1,2,3- triazole-based calix[4]arene receptor for

sensing Fe(I11) ions!®

Rathinam and colleagues reported the click reaction of rhodamine alkyne derivative
with 11- aziodoundecan-1-ol in CuSO4/Na ascorbate catalytic system and ‘BuOH/H0 (3:1)
which vyielded the 1,2,3-triazole derived receptor 116 (figure 2.46). An increase in the



fluorescence by 20-fold compared to the free probe is achieved by adding Cu(ll), while an

increase of 14-fold is achieved by adding Fe(l11).1%3

N
HO/\@/\N °N
9 I
Q) °
N N=N
Sl S WA
9

/\NON/\

CH3CN/H,0 116 () | CH,CNH,0
(1:1) Fe(lll) Cu(l) (1:1)

Figure 2.46: Rhodamine alkyne derived fluorescent sensor for Cu(ll) and Fe(l11) detection®®®

Gahlyan group described a novel isatin triazole-tethered rhodamine-based fluorescent
probe 119 using the click chemistry technique. The fluorescence of the probe was enhanced on
successive introduction of both Cu(l1) and Fe(l11) ions, making it a useful dual-sensor (figure
2.47). These metal ions were visually recognizable due to the distinctive color shift of the probe
solution, changing to pink from colorless. The selective recognition of Cu(ll)/Fe(l1) ions was
confirmed by strong bands at 585 nm on Cu(l1)/Fe(l1) ions addition and a faint band for Fe(ll)
at 583 nm in the fluorescence spectrum, while other metal ions did not induce any such shift.?>
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Figure 2.47: Isatin-triazole-tethered rhodamine-based fluorescent probe for selective Cu(ll)

recognition>*

Hou and colleagues presented a BINOL-based cyclophane with two triazole moieties
121. The emission of the sensor probe was selectively decreased by Ag(l) ions among various
metal ions screened, in methanol solution (figure 2.48). The probe was conceptualized keeping
in mind the Stokes shift of roughly 70 nm due to the BINOL moiety, possibility of the O atom
of the BINOL taking part in binding with the metal ion, and the preorganized cavity of the

cyclophane formed via click chemistry to enhance the metal ion selectivity of the probe.'*®

Ag(l)

CH3OH/CHCl;
(98:2)

Figure 2.48: BINOL-based cyclophane with two triazole moieties for Ag(l) sensing*>®

Mandal et al. synthesized unsymmetrically 1,19-disubstituted ferrocene based 1,2,3-
triazole derivative 123 with successive functionalization at the cyclopentadienyl rings, wherein
a cholesterol moiety was connected to the first position of the ferrocene center through a 1,2,3-
triazole ring. Additionally, a fluorescent moiety, i.e., pyrene unit was attached to the 19-
position of the same core using another 1,2,3-triazole-ether linkage. (figure 2.49); these were
the unique structural features present in these ligands. A colorimetric response was seen from

the probe, and it was able to selectively exhibit ‘turn off” fluorescence response on adding
Hg(11) and Cu(11).1%

57



‘ e CH3((12!\1/)H20 _ COQ
AN A @ . @

123 124

Figure 2.49: 1,19-disubstituted ferrocene-appended 1,2,3-triazole-linked compound for the
sensing of Hg(l1) and Cu(11)*%

The synthesis of a ferrocene-naphthalene conjugate 125 with 1,2,3-triazole linkages
(figure 2.50) was described by Bhatta and coworkers. The conjugate was employed as a simple
colorimetric, electrochemical, and fluorescent chemosensor. The strong binding affinity
towards Hg(II) ions was demonstrated by the significant quenching of the probe’s fluorescence
on introducing the metal ions, accompanied by color change from yellow to greenish blue

rapidly, proving its naked-eye detectability of Hg(I1).x>’

N/\/\o N._\ 0
@ N=N Hg(Il) @ N=N_

CH3CN/H,0

N=N N=N
AN S LD NI
CONR

125 126

Figure 2.50: Ferrocene-naphthalene conjugate with 1,2,3-triazole linkages for detecting Hg(l1)

ionst®’

Zhang group produced a new b-cyclodextrin derivative chemosensor 127 with 8-
hydroxyquinolino and 1,2,3-triazole group. The probe showed a strong switch-on fluorescence
response to Cd(I1) relative to other common metal ions under physiological conditions, and it
was water soluble up to 0.03 mol/L. (figure 2.51).%8
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Figure 2.51: Quinolinotriazole-b-cyclodextrin as a selective sensor probe for Cd(1l) ions'®

Ingale and co-workers described a tripropargylamine pyrene azide click adduct-based
ratiometric fluorescent ‘on-off” Zn(II) chemosensor 129. The ratiometric shift in emission,
wherein the monomer emission displayed an enhancement whereas the excimer emission
displayed quenching, was indicative of Zn(II) selectivity in the fluorescence ‘on-off’ sensor

(figure 2.52).1%°
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Figure 2.52: A pyrene-linked tris-1,2,3-triazole amine based sensor for Zn(11)**°
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe ) Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
N=N
I 2+
N\/)\\O CH, Ca v v 2.61 uM
01 N \ DMSO 1:1 108
o)
HO (@] 3+
0 Fe v v 3.81 uM
83
02 Sn?* CHCI3 N/A 11 109
% v
H20 (with
03 Pb%* HEPES N/A 1:1 110
% v
Buffer)
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
N= .
SN _ Fe . y 3.6 uM
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N
08 O j ° 0 on H0 11| s
C o
@)
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
0]
10 \_f'}‘/\% Hg? H20 4.42 nM 11 | W
N NﬁN X v
\
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n
= o N % 10° M
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Spectroscopy Detection | Stoichio

Metal
Entry Sensor probe on(s) UV Fluores | Solvent media Limit metry Ref
-Vis
cence (LoD) (L:M)
cu(l) CH3CN/H20 N/A
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
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Oy o
N/
HO—
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HO € .
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
\ ( 12.2 x 10°
N 0] N
GOSN ||
15 N=N N/A 1:2 154
N—NH \
SSes
O Fe(l11) 0.33 uM
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CH30H/CHCI3
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Spectroscopy Detection | Stoichio

Metal
Entry Sensor probe on(s) UV Fluores | Solvent media Limit metry Ref
-Vis
cence (LoD) (L:M)
17 ‘ Q/\N 3 H Ha(ll) CH3CN/H20 2 o0b 11 156
N. o) :
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N=N
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
N/\ﬂo
18 " Hg (Il CHCNIO - o o 11 |
O\/K/N 4: :;
125
\
/ N
o) Nx CH3OH/H20 | 1.89 x 10
N 158
19 | Cd(ln 1:1
N\ _N x v (200:1) M
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
! N-<
N N
NN, f
N=N N
N CH3CN/CHCI
20 i/» N Zn(I) 0.2 uM 1:1 159
N’ x v 2(1000:1)
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
D,0/CDs0OD
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
2+
Fe v v N/A
9,
0]
A
ANe) .
23 Z>N N=N, @) CHsOH 1:2 !
X l OWN
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Me Me
o
: O
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Metal Spectroscopy Detection | Stoichio
eta
Entry Sensor probe _ Fluores | Solvent media Limit metry Ref
ion(s) | UV-Vis
cence (LoD) (L:M)
i°* S5 uM
Ni v v 0.5
25 C2HsOH 1:1 164
2+ 2 UM
Cu v v 0.2

Table 2.1: Chemosensors appended with 1,2,3-triazole moiety for recognizing distinct metal ions
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2.5. The advantages of using 1,2,3-triazole derivatives for ion sensing

As the widespread heavy metal ion build-up in the environment, which is harmful to
terrestrial and aquatic life, posing a serious worldwide environmental threat, therefore it is
essential that their presence be detected as quickly and accurately as possible.1®> Many methods
and approaches have been developed specifically for this objective, out of which one of the
most common approaches of metal ion sensing is Atomic Absorption Spectroscopy (AAS),66-
189 which involves the utilization of metal atom absorption and emission spectra, capitalizing
on their distinct and robust spectral lines. Additionally, Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) stands out as a well-regarded technique, offering multi-elemental
detection capabilities at ultratrace levels. It has proven particularly valuable in geological
material analysis, leveraging the selectivity of mass spectrometry and ICP in atomizing and
ionizing samples.1’®172 Despite their remarkable sensitivity, these methods present several
drawbacks, including the requirement for expensive instrumentation, extensive sample
preparation, intricate sample pre-treatment procedures, the need for skilled personnel to operate
the equipment, and the inability to perform on-site analyses.'”®"* Recognizing these
limitations, the scientific community has been exploring alternative methodologies, Notably,
1,2,3-triazole-linked chemosensors synthesized through CuAAC have shown promise, as these
probes offer distinct advantages, including , rapid reaction times, high sensitivity, and in some
cases, the possibility of on-site analysis, all of which may be achieved by their simple
laboratory synthesis without the utilization of sophisticated equipment and/or instruments.*’>-
17 The following features of ion sensing ligands are of special relevance in terms of their

effectiveness and selectivity:
2.5.1. Tailor-made functionalities for the 1,2,3-triazole moiety

The flexibility of organic chemistry allows for the precise design of an unlimited variety
of host compounds including numerous centres capable of interacting with one another in
mutually beneficial ways. In turn, this allows for comprehensive experimental studies
predicated on binding increments, which may be demonstrated to be highly additive.l’
Researchers now have the option of producing a wide range of 1,2,3-triazole-based ligands by
means of ‘click chemistry’, which facilitates the efficient stitching of substituted alkynes and
azides.’®182 These ligands act as selective recognition agents for many different cations and
anions. According to the HSAB principle,'® exocyclic moieties linked to the 1,2,3-triazole

component may display high electron density, like F-, CI, -OH, -OR, and similar species (often
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referred to as hard bases), or in some cases the exocyclic moieties may exhibit low electron
density, such as -H, -RS, -PR3, and similar species (referred to as soft bases) that demonstrate
selective binding with the corresponding cations. To further enhance selective ion
identification, the 1,2,3-triazole ring includes aza atoms that facilitate metal ion attachment to
the ring.

2.5.2. Lower limit of detection

It is generally agreed that chemosensing probes with a lower metal ion detection limit8*
than the allowable value in the environment as stated by the EPA are superior examples of their
Kind.8>18 The limit of detection (LOD) for metal ion sensing using 1,2,3-triazole derivatives
can vary depending on the specific functional groups, the metal ion being detected, and the
sensing method used. In this endeavor, sensor probes that exhibit fluorescence upon interacting
with metal ions demonstrate exceptional sensitivity, capable of detecting concentrations as low

as parts per billion (ppb).
2.5.3. Visual changes to naked eye

Many studies on 1,2,3-triazole derivatives that are able to display colour changes
following complexation with metal ions can be found in the published scientific literature.
These visual changes can be useful for rapid and easy detection of metal ions, especially in
field applications or scenarios where complex instrumentation is not readily available. One
common approach is the development of colorimetric sensors based on 1,2,3-triazole
derivatives. These sensors undergo specific interactions with metal ions, leading to changes in
their molecular structure or conformation. As a result, their absorption properties in visible

region are altered, leading to changes in color.187-189
2.6. Aims and objectives of the thesis

The extensive research shows that novel 1,2,3-triazole derivatives may be synthesized
from simple alkynes and azides using the CUAAC technique, and this potential spans a broad
range of structures. To create novel 1,2,3-triazole linked compounds, a wide variety of organic
molecules, including those with excellent fluorophoric units, may be used by first changing
their functional groups using straightforward procedures, yielding new terminal alkynes and
organic azides. A method of ion sensing may be used to the newly synthesized compounds
once they have been characterized. The following aims for this study were developed in light

of this realization:
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1. Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives by Cu(l) catalyzed Click

reaction between terminal alkyne and organic azide.

2. Characterization of synthesized compounds by spectroscopic techniques like IR,
NMR (*H, 3C), mass spectroscopy and X-ray (wherever possible).

3. To study ion sensing behavior of synthesized 1,4-disubstituted 1,2,3-triazole

derivatives using UV-Visible spectroscopy and/or fluorescence.

The aim of this thesis titled ‘SYNTHESIS AND CHARACTERIZATION OF 1,4-
DISUBSTITUTED 1,2,3-TRIAZOLES, AS ION SENSORS, USING Cu(l) CATALYZED
CLICK REACTION’ was to design and test novel 1,2,3-triazole-appended probes with the

hope of using them as optical sensors for the detection of certain metal ions such as Cr(lll),
Pb(I1), Cu(ll), Hg(ll), Ce(lll), etc.

The identification of harmful analytes that have an adverse effect on the environment
and the development of living systems has received a great deal of attention globally in recent
years and is now regarded as one of the most important areas of study in the discipline of
chemistry. For instance, humans are susceptible to the harmful effects of cadmium, which may
have an adverse impact on their skeletons, lungs, kidneys, and reproductive systems, and even
cause cancer. Because of its tenacious nature, it may build up in several human organs. Every
chemical form of mercury is neurotoxic, but it is particularly dangerous for developing brains.
Many organs are susceptible to Hg poisoning, but the CNS is particularly vulnerable on both
the high and low end of the scale. The non-biodegradable nature of lead is a major contributor
to its long-lasting presence in the environment, including the soil, the air, and the water. Lead
is a likely human carcinogen and has been linked to memory and intellectual functioning
deficiencies in both adults and children who have been exposed to it at high levels.

Hence, the synthesis of novel and selective chemosensors is a fundamental endeavour,
wherein the 1,2,3-triazole-tethered sensors have made great strides in the past decade, with one
major aim being the detection and sensing of physiologically and ecologically relevant metal
ions. In that realm, UV-Vis and fluorescence spectroscopy are two important analytical
instruments because of their high detection limit, instantaneous results, and ability to be used
in bioimaging. Consequently, over the past decade, 1,2,3-triazole-based chemosensors
generated through click chemistry have proven to be versatile functional structures, exhibiting
remarkable selectivity and binding capabilities. It has become common practice to employ click

reactions in the production of extremely sensitive and selective sensors for metal cations
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because of their adaptability, efficiency, and durability. As an added bonus, click chemistry
allows for the preparation of photoactive materials with highly adjustable and fascinating
sensing capabilities, as well as the use of a broad variety of substrates, which opens the door to

exploring a vast array of ligand structures for a variety of purposes.
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Chapter 11

Synthetic Procedures
and
Characterization Data =\

Synthetic Procedures and Characterization Data

This section contains detailed information regarding the synthetic routes for
the experimental work that was carried out for several novel molecules, as well
as the comprehensive structural characterization of these molecules, which
includes various studies such as colour, yield, melting point, Infrared (IR)
Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy, and Mass

Spectrometry.



3.1. Generalized synthetic route for 1,2,3-triazole synthesis

The typical technique for synthesizing 1,2,3-triazole-appended compounds involves the
sequential steps as described in subsections 3.1.1 to 3.1.3 below. Additionally, the reaction
conditions and the specific azide and alkyne precursors used can vary depending on the desired

outcome and the substrates being used.

3.1.1. Synthesizing a terminal alkyne

The starting material consisting of labile protons (1.00 mmol) was completely dissolved
in DMF followed by adding anhydrous potassium carbonate/cesium carbonate (5.00 mmol).
Subsequently, the slow and dropwise addition of propargyl bromide (1.30 mmol) was done,
with constant stirring at room temperature within 5 minutes (scheme 3.1). Thin layer
chromatography (TLC) with hexane and ethyl acetate solvent mixtures was implemented for
monitoring the progress. After completion of reaction, the mixture was subjected to chilled
water for reaction quenching and stirred to separate out the desired product. The resulting
product, if in the form of precipitates, was filtered and subsequently washed with plentiful
distilled water to eliminate the residual solvent, then air-dried until consistent weight. In case
of oily product, the solvent extraction technique was used, wherein the organic compound was
isolated by ethyl acetate or diethyl ether, and the combined organic phases were desiccated
using sodium sulphate (anhydrous) and afterwards vacuum evaporation was used to eliminate

the solvent to yield the pure product.

DMF
— K,CO3/Cs,CO
Step | R—XH + /\Br 2003/Cs,L 03 R—X/\Q

rt, stirr

R = Aromatic/ Propargyl Terminal

Conjugated Bromide Alkyne

system
X=0,NH

Scheme 3.1: General reaction procedure for the synthesis of terminal alkyne

3.1.2. Synthesizing an organic azide

Caution! Sodium azide must be handled with extra precaution and care as it is heat and shock
sensitive.

As a preliminary step, the sodium azide was subjected to vacuum drying in order to
completely remove any traces of moisture. Subsequently, the dried sodium azide (5.00 mol)
was added to a solution of benzyl azide/ 1-chloromethyl naphthalene (1.00 mol) in 25 mL of
DMF and the reaction temperature was maintained at 85 - 90 °C with continuous stirring for 4

- 5 h (scheme 3.2). Subsequently, the reaction was allowed to come to room temperature and
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then terminated employing ice-cold water. The product was isolated by the solvent extraction
process utilizing ethyl acetate, wherein the organic layers underwent drying with sodium

sulphate (anhydrous) and vacuum evaporated to yield the pure product.

Step I R'—Cl + NaN, __DMF . R—N; + NaCl
. 85 - 90°C, stirr .
Sodium Organic

Azide 4-5h Azide
R' = @ ’

Scheme 3.2: General reaction procedure for the synthesis of organic azide

3.1.3. Synthesizing 1,2,3-triazole

The terminal alkyne (1.00 mol) was completely dissolved in THF/TEA solution, and
subsequently the organic azide (1.00 mol) was added. The reaction mixture was then stirred at
55 - 60 °C after the addition of a catalytic quantity of [CuBr(PPhs)s] (0.001 mmol) complex
(scheme 3.3). TLC determined the reaction progress and after confirming the reaction
completion, the product was separated from the mixture by first quenching the reaction using
ice cold water, and then filtering the solid precipitates followed by their washing with distilled
water and air-drying, until the weight remained constant. Scheme 3.1 depicts the overall

reaction procedure including all the steps.

Cu(PPh3)3Br] .
Step Il R—x~ == . R—N [ 3)3 R\(\ _R
3 N
Terminal Organic THETEA N_N/
ti -60° =
Alkyne Azide ~ Surm 95-60°C

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

Scheme 3.3: General reaction procedure for synthesizing 1,4-disubstituted 1,2,3-triazole from

terminal alkyne and organic azide
3.2. Synthesis of organic azides
3.2.1. Synthesis and characterization of benzyl azide (105)

After dissolving benzyl chloride 135 (5.5 g, 47.8 mmol (1 equiv)) in DMF (25 mL),
sodium azide (15.5 g, 238.9 mmol (5 equiv)) was added. After 5 hours of stirring the mixture
at 85 - 90 °C, the product 105 was extracted via the solvent extraction process using ethyl
acetate. After combining the organic layers, they were desiccated using sodium sulphate
(anhydrous), filtered, and then evaporated under vacuum for solvent elimination (scheme 3.4.).
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Cl Ng

NaN5, DMF
85 -90 °C, stirr, 5h

135 105

Scheme 3.4: Synthesis of benzyl azide 105 from benzyl chloride

Yield: 60 %

Colour/texture: light yellow oil

Molecular formula: C7H7N3

IR (neat, cm™1): 3032, 2930, 2089, 1452, 1252

'H NMR (500 MHz, CDCls): 8 = 7.22 (d, J = 7.5 Hz, 2H), 7.19 (d, J = 7.2 Hz, 1H), 7.17 -
7.13 (m, 2H), 4.14 (s, 2H)

13C NMR (126 MHz, CDCls): 8 = 135.53, 128.91, 128.37, 128.31, 54.82

3.2.2. Synthesis and characterization of 1-(azidomethyl)naphthalene (137)

After dissolving 1-(chloromethyl)naphthalene 136 (6.0 g, 34.0 mmol, 1 equiv) in DMF
(25 mL), sodium azide (11.0 g, 170.0 mmol, 5 equiv) was added. After 5 hours of refluxing the
reaction mixture at 85 - 90 °C, the product 137 was extracted with ethyl acetate via the solvent
extraction process. After combining the organic layers, they were desiccated over sodium
sulphate (anhydrous), filtered, and then evaporated under vacuum to remove the solvent
(scheme 3.5).

Cl N3
NaN3;, DMF
85 -90 °C, stirr, 5h
136 137

Scheme 3.5: Synthesis of 1-(azidomethyl)naphthalene 137 from 1-(chloromethyl)naphthalene
Yield: 61 %

Colour/texture: light yellow oil

Molecular formula: C11HgN3

IR (neat, cm™1): 3051, 2938, 2091, 1510, 1229

IH NMR (500 MHz, CDCls): & =8.10 (d, J = 9.0 Hz, 1H), 7.96 (d, J = 8.1 Hz, 1H), 7.90 (d,
J=6.9 Hz, 1H), 7.68 - 7.58 (m, 2H), 7.53 - 7.48 (m, 2H), 4.76 (s, 2H)

13C NMR (126 MHz, CDCls): & = 134.05, 131.50, 131.15, 129.53, 128.97, 127.37, 126.86,
126.31, 125.37, 123.64, 53.02
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3.3. Synthesis and characterization of maleic hydrazide-based alkyne and its

corresponding 1,2,3-triazoles

3.3.1. Synthesis and characterization of terminal alkyne 1,2-di(prop-2-yn-1-yl)-1,2-
dihydropyridazine-3,6-dione (139)

Maleic hydrazide 138 was treated with propargyl bromide, as per the procedure
described in section 3.1.1, to generate the terminal alkyne (scheme 3.6). After dissolving
maleic hydrazide (1.0 g, 8.92 mmol) in DMF, potassium carbonate (anhydrous) (6.16 g, 44.6
mmol) was added, subsequently the dropwise addition of propargyl bromide 42 (2.44 g, 20.5
mmol) was done. The mixture was stirred for 74 hours and the reaction progress was monitored
by using TLC (hexane: ethyl acetate:: 4:1). The desired product 139 was obtained by first
quenching the reaction with chilled water and then proceeding with the solvent extraction
process using ethyl acetate. The solvent was removed by evaporating the mixed organic layers
in vacuum, after they had been dried on anhydrous sodium sulphate. Upon the complete

removal of the solvent, the product solidified.

p— / —_—
/
O:(_>:O + // KZCOSs DMF O:(—_—>::O
,N_N\ Br
H H

rt, 74 h N—N

138 42 139

Scheme 3.6: Synthesis of maleic hydrazide-based terminal alkyne 139

Yield: 74 %

Colour/texture: dark brown powder
mp: 69 -71°C

MF: C10HgN202

Elem. Anal. Calculated (%0): C = 63.83, H = 4.29, N = 14.89; Found (%): C =63.79, H =
431, N=1491

IR (neat, cm-1): 3289, 3059, 2930, 2125, 1665, 1586, 1433, 1276, 1197, 1149, 839, 646

IH NMR (500 MHz, CDCls): & = 7.01 (d, J = 9.8 Hz, 1H), 6.95 (d, J = 9.8 Hz, 1H), 4.83 (d,
J=2.4Hz, 2H), 4.80 (d, J = 2.5 Hz, 2H), 2.59 (t, J = 2.4 Hz, 1H), 2.35 (t, J = 2.4 Hz, 1H)

13C NMR (126 MHz, CDCls): 8 = 159.27, 133.15, 75.56, 72.74, 40.56
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3.3.2. Synthesis and characterization of 1,2-bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-
1,2-dihydropyridazine-3,6-dione (140)

The maleic hydrazide-based alkyne 139 (0.7 g, 3.72 mmol) was dissolved in minimal
volume of THF:TEA (v/v, 3:2) to get a clear solution. Afterwards, freshly synthesized benzyl
azide 105 (1.0 g, 7.44 mmol) was added, along with a catalytic quantity of [CuBr(PPhs)z]
(0.001 mmol). After 5 hours of stirring at 55 - 60 °C (Scheme 3.5), the reaction was completed,
as confirmed by TLC (hexane: ethyl acetate:: 4:1). The addition of chilled water into the
mixture led to reaction quenching, and a solid product 140, identified by its characteristic dark
brown appearance, was obtained by filtering the reaction mixture, rinsing multiple times with
distilled water, and drying the final product till constant yield (scheme 3.7).

N3

=—/ = [Cu(PPhy);BI] ©AE\/\>4 ﬁEAQ
“ >

THF/TEA (3:2)
55-60 °C, 5 h

Scheme 3.7: Synthesis of 1,2,3-triazole derivative 140 from maleic hydrazide-based terminal
alkyne

Yield: 85 %

Colour/texture: light brown solid

mp: 136 - 138 °C

MF: C24H22NgO2

Elem. Anal. Calculated (%): C = 63.43, H = 4.88, N = 24.66; Found (%): C = 63.34, H =
4.34,N =14.97

IR (neat, cm-1): 3134, 3061, 2970, 1660, 1576, 1527, 1439, 1281, 1145, 1026, 949, 776, 658

IH NMR (500 MHz, CDCla): 8 = 7.69 (s, 2H), 7.39 (d, J = 6.2 Hz, 4H), 7.37 - 7.28 (m, 6H),
6.89 - 6.79 (m, 2H), 5.51 (d, J = 21.3 Hz, 4H), 5.29 (d, J = 17.2 Hz, 4H).

13C NMR (126 MHz, CDClg): § = 158.52, 142.72, 130.10, 129.76, 129.03, 128.82, 127.21,
125.39, 52.27, 46.66

Molar Mass Calculated: 454.49; Observed (m/z): 454.25
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3.3.3. Synthesis and characterization of 1,2-bis((1-(naphthalen-1-ylmethyl)-1H-1,2,3-
triazol-4-yl)methyl)-1,2-dihydropyridazine-3,6-dione (141)

The maleic hydrazide-based alkyne 139 (0.7 g, 3.72 mmol) was dissolved in a minimum
amount of THF:TEA (v/v, 3:2). Thereafter, [CuBr(PPhs)s] (0.001 mmol) and freshly prepared
1-(azidomethyl)naphthalene 137 (1.36 g, 7.44 mmol) were added. TLC (hexane: ethyl acetate::
4:1) verified the reaction completion after the reaction mixture was stirred for 5 hours at 55 -
60 °C. After subjecting the reaction mixture to ice-cold water, it was filtered to produce a solid
product 141 with a distinctive dark brown colour. After many washes in distilled water, the
product was dried at room temperature till a steady yield was maintained (scheme 3.8).

N3
e o [
137
N—N N / N
=/ = [Cu(PPhy)sBr] ,{, Nﬁh',
139 THF/TEA (3:2)
55-60 °C, 5 h

Scheme 3.8: Synthesis of 1,2,3-triazole derivative 141 from maleic hydrazide-based terminal
alkyne

Yield: 80 %

Colour/texture: light brown solid

mp: 152 - 154 °C

MF: C32H26NgO2

Elem. Anal. Calculated (%): C = 69.30, H = 4.73, N = 20.20; Found (%): C = 69.64, H =
4.20, N =14.77

IR (neat, cm-1): 3140, 3059, 2960, 1660, 1585, 1437, 1274, 1149, 1039, 925, 840, 776

1H NMR (500 MHz, CDCl3): & = 8.13 (d, J = 4.4 Hz, 2H), 8.01 (d, J = 5.7 Hz, 2H), 7.89 (d,
J=4.0 Hz, 2H), 7.63 - 7.58 (m, 2H), 7.55 - 7.47 (m, 4H), 7.47 - 7.42 (m, 2H), 7.39 (dd, J =
7.5,3.8 Hz, 2H), 6.79 (g, J = 9.7 Hz, 2H), 5.85 (d, J = 2.0 Hz, 4H), 5.17 (d, J = 5.0 Hz, 4H)

13C NMR (126 MHz, CDCls): § = 159.18, 142.42, 133.79, 132.52, 129.89, 129.50, 129.17,
129.09, 128.76, 128.12, 127.94, 126.86, 126.05, 125.42, 124.79, 54.11, 43.86

Molar Mass Calculated: 554.61; Observed (m/z): 555.40 (M+1)
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3.4. Synthesis and characterization of 4-tert butyl catechol-based alkyne and its

corresponding 1,2,3-triazole

3.4.1. Synthesis and characterization of terminal alkyne 4-(tert-butyl)-1,2-bis(prop-2-yn-
1 yloxy)benzene (143)

With constant stirring, 4-tert butyl catechol 142 (1.0 g, 6.0 mmol, 1 equiv) was
completely dissolved in DMF (15.0 mL). Thereafter, cesium carbonate (anhydrous) (6.84 g,
21.0 mmol, 3.5 equiv.) was added to this solution, followed by adding propargyl bromide 42
(2.05 g, 13.8 mmol, 2.3 equiv.) dropwise over the course of 10 minutes at room temperature.
TLC (hexane: ethyl acetate:: 4:1) analysis confirmed the reaction completion in 88 hours. Ice-
cold water was used for reaction quenching, and ethyl acetate was used to extract the oily
product 143. The solvent was removed by drying the mixed organic layers over anhydrous

sodium sulphate, filtering, and then evaporating under vacuum (scheme 3.9).

OH o/\

pZ
HO . / Cs,CO5, DMF o)
Br rt, 88 h M

142 42 143

Scheme 3.9: Synthesis of 4-tert butyl-catechol based terminal alkyne 143

Yield: 95 %

Colour/texture: dark brown viscous oil

MF: C16H1802

Elem. Anal. Calculated (%): C =79.31, H =7.49; Found (%): C=79.44,H=7.41

IR (neat, cm™1): 3290, 3054, 2961, 2869, 2121, 1756, 1590, 1505, 1453, 1366, 1261, 1199,
1142, 1016, 924, 852, 808

IH NMR (500 MHz, CDCls): & = 7.12 (s, 1H), 6.97 (s, 2H), 4.74 (dd, J = 7.0, 2.4 Hz, 4H),
2,50 (dt, J = 6.9, 2.3 Hz, 2H), 1.31 (s, 9H)

13C NMR (126 MHz, CDCls): & = 146.94, 145.48, 145.30, 118.72, 114.50, 113.62, 78.85,
75.71, 75.68, 57.14, 56.90, 34.35, 31.39
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3.4.2. Synthesis and characterization of 4,4'-(((4-(tert-butyl)-1,2-
phenylene)bis(oxy))bis(methylene))bis(1-benzyl-1H-1,2,3-triazole) (144)

THF: EtsN (1:1) solution was used to dissolve 4-tertbutyl catechol-based alkyne 143
(0.7 g, 2.9 mmol). The reaction mixture was then supplemented with benzyl azide 105 (0.77 g,
5.8 mmol), followed by 0.001 mmol Cu(l) catalyst. Stirring of the reaction mixture at 55 - 60
°C for 5.5 hours resulted in completion and ascertained by TLC (ethyl acetate: hexane, 1:4).
The reaction was quenched by using ice-cold water, and the solid product 144 was filtered, and
washed with distilled water (3x5 mL), and then air-dried till constant weight (scheme 3.10).

N3
0N O/Y\,N
0] N/Y\O N=p
105 Y =N
N/
Il [Cu(PPh3);81]
THF/TEA (1:1)
55-60 °C, 5.5 h

143 144

Scheme 3.10: Synthesis of 1,2,3-triazole derivative 144 from 4-tert butyl-catechol based

terminal alkyne

Yield: 81 %

Colour/texture: light brown fine powder
mp: 120 - 122 °C

MF: C30H32N6Oz

Elem. Anal. Calculated (%): C = 70.84, H = 6.34, N = 16.52; Found (%): C = 70.75, H =
6.36, N = 16.59

IR (neat, cm™): 3134, 3062, 2956, 2862, 1591, 1511, 1460, 1384, 1315, 1255, 1200, 1145,
1013, 917, 800, 694

IH NMR (500 MHz, CDCls): § = 7.58 (d, J = 5.6 Hz, 2H), 7.32 (dt, J = 4.3, 2.2 Hz, 4H), 7.28
-7.19 (m, 6H), 7.04 (d, J = 2.0 Hz, 1H), 6.93 - 6.89 (M, 2H), 5.45 (s, 4H), 5.19 (d, J = 2.2 Hz,
4H), 1.24 (s, 9H)

13C NMR (126 MHz, CDCls): § = 147.86, 146.41, 145.50, 134.69, 129.09, 128.71, 128.12,
128.08, 123.15, 123.10, 118.88, 115.10, 114.05, 63.92, 63.68, 54.11, 34.40, 31.46

Molar Mass Calculated: 508.63; Observed (m/z): 509.50 (M+1)

94



3.5. Synthesis and characterization of p-rosolic acid-based alkyne and its corresponding

1,2,3-triazole

3.5.1. Synthesis and characterization of terminal alkyne 4-(bis(4-(prop-2-yn-1-
yloxy)phenyl)methylene)cyclohexa-2,5-dien-1-one (146)

The constant stirring of p-rosolic acid 145 (1.0 g, 3.4 mmol) in DMF (10 mL) resulted
in a clear solution, which was subjected to the addition of potassium carbonate (anhydrous)
(2.4 g, 17 mmol), and then propargyl bromide 42 (0.8 g, 6.8 mmol) was added drop by drop
over the course of 15 minutes. TLC (ethyl acetate: hexane, 2:3) was employed to observe the
reaction progress; the reaction was finished after 30 hours. Adding ice-cold water led to the
reaction quenching, and afterwards, the oily product 146 was extracted using ethyl acetate via
solvent extraction process. The solvent was removed by drying the combined organic layers
using sodium sulphate (anhydrous), filtering them, and then evaporating them in a vacuum
(scheme 3.11).

" " I -~
0 0
0 o
O O Br «,co, DMF O O
| + M i, 30 h |

@)
145 42 146

Scheme 3.11: Synthesis of p-rosolic acid-based terminal alkyne 146

Yield: 93 %

Colour/texture: dark brown viscous oil

MF: C25H1803

Elem. Anal. Calculated (%0): C = 81.95, H = 4.95; Found (%): C =81.88, H = 4.99

IR (neat, cm™): 3286, 3047, 2923, 2121, 1754, 1603, 1503, 1218, 1021, 923, 827, 641

IH NMR (500 MHz, CDCls): & = 7.19 - 7.14 (m, 2H), 7.03 (d, J = 9.0 Hz, 4H), 6.91 - 6.85
(m, 4H), 6.71 (d, J = 9.4 Hz, 2H), 4.65 (d, J = 2.2 Hz, 4H), 2.51 (t, J = 2.4 Hz, 2H)

13C NMR (126 MHz, CDCls): & = 185.26, 157.76, 139.14, 135.72, 131.47, 130.48, 129.18,
114.19, 78.67, 75.70, 55.90
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3.5.2. Synthesis and characterization of 4-(bis(4-((1-(naphthalen-1-ylmethyl)-1H-1,2,3-
triazol-4-yl)methoxy)phenyl)methylene)cyclohexa-2,5-dien-1-one (147)

The p-rosolic acid-based alkyne 146 (1.0 g, 2.73 mmol) was thoroughly dissolved in a
THF:EtsN (2:1) solution. To the preceding solution, 1-(azidomethyl)naphthalene 137 (1.0 g,
5.46 mmol) was added, and then Cu(l) catalyst (0.001 mmol) was introduced. For 12 hours,
the reactants were stirred at 55 - 60 °C. TLC (ethyl acetate: hexane, 1:4) was used to determine
reaction completion. Adding ice-cold water led to reaction quenching, and the solid product
147 was filtered, rinsed with water (3x5 mL), and air-dried till constant yield (scheme 3.12).

N3
PN, O
S CD
1L N N
137 5 5
I THFITEA (2:1) C C
‘ [CuBr(PPhs),]
55-60°C, 12 h |
0 (]

o
147

146

Scheme 3.12: Synthesis of 1,2,3-triazole derivative 147 from p-rosolic acid-based terminal
alkyne

Yield: 83 %

Colour/texture: Golden yellow fine powder
mp: 113 -115°C

MF: C47H3sN6O3

Elem. Anal. Calculated (%): C = 77.03, H = 4.95, N = 11.47; Found (%): C = 77.15, H =
4.87,N=11.44

IR (neat, cm): 3142, 3057, 2951, 1602, 1504, 1462, 1300, 1240, 1172, 1120, 1009, 785

IH NMR (500 MHz, CDCla): 8 = 7.97 - 7.91 (m, 2H), 7.91 - 7.84 (m, 4H), 7.53 - 7.47 (m,
4H), 7.45 (dd, J = 11.1, 5.7 Hz, 4H), 7.38 (dd, J = 12.0, 6.2 Hz, 6H), 7.32 (d, J = 6.5 Hz, 2H),
7.05 (d, J = 8.8 Hz, 4H), 6.78 (d, J = 9.0 Hz, 2H), 5.94 (s, 4H), 5.04 (s, 4H)

13C NMR (126 MHz, CDClg): & = 185.52, 158.40, 149.41, 138.31, 133.94, 131.16, 130.13,
129.65, 129.02, 128.55, 127.97, 127.35, 126.44, 125.36, 124.08, 121.72, 113.97, 62.07, 52.42

Molar Mass Calculated: 732.28; Observed (m/z): 733.30 (M+1)
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3.6. Synthesis and characterization of glyoxal bis-(2-hydroxyanil)-based alkyne and its

corresponding 1,2,3-triazole

3.6.1. Synthesis and characterization of terminal alkyne (1E,2E)-N1,N2-bis(2-(prop-2-yn-
1-yloxy)phenyl)ethane-1,2-diimine (149)

Glyoxal bis-(2-hydroxyanil) 148 (1.0 g, 4.16 mmol) was dissolved in DMF (15.0 mL),
subsequently adding caesium carbonate (anhydrous) (4.74 g, 14.5 mmol) and the addition of
propargyl bromide (anhydrous) 42 (0.98 g, 8.32 mmol) over the course of 10 minutes. The
progress of reaction was monitored by TLC (hexane: ethyl acetate:: 1:4), which confirmed the
completion after 40 hours. The reaction was quenched with chilled water and the product 149
was extracted using ethyl acetate. The combined organic layers were dried using sodium
sulphate (anhydrous). The product was precipitated on the addition of n-hexane, which was

then filtered, washed, and dried till constant yield (scheme 3.13).

o e
OH Br (@)
Cs,CO;, DMF
’ ﬁ

N— rt, 40 h N—
0 g
;
148 42 149

Scheme 3.13: Synthesis of glyoxal bis-(2-hydroxyanil)-based terminal alkyne 149

Yield: 95 %

Colour/texture: dark brown fine powder

mp: 112 - 114 °C

MF: C20H16N20>

Elem. Anal. Calculated (%): C = 75.93, H = 5.10, N = 8.86; Found (%): C =75.81, H =
5.15,N=8.92

IR (neat, cm™): 3283, 2967, 2907, 2120, 1670, 1596, 1498, 1452, 1372, 1246, 1198, 1109,
1018, 924, 801, 741, 634

'H NMR (500 MHz, CDCl3): 6 = 7.05 - 7.00 (m, 2H), 7.00 - 6.94 (m, 2H), 6.92 - 6.87 (m,
2H), 6.82 (td, J = 7.3, 1.4 Hz, 2H), 6.75 - 6.72 (m, 2H), 4.73 (dd, J = 5.9, 2.5 Hz, 4H), 2.51 (t,
J=6.2 Hz, 2H)

13C NMR (126 MHz, CDCl3): § = 159.20, 145.42, 136.69, 122.35, 122.21, 118.47, 115.71,
112.76, 78.88, 75.55, 56.68, 56.58

97



3.6.2. Synthesis and characterization of (1E,2E)-N1,N2-bis(2-((1-(naphthalen-1-ylmethyl)-
1H-1,2,3-triazol-4-yl)methoxy)phenyl)ethane-1,2-diimine (150)

Glyoxal bis-(2-hydroxyanil)-based alkyne 149 (0.7 g, 2.2 mmol) was dissolved in
THF:EtsN  (3:2). This reaction mixture was then supplemented with 1-
(azidomethyl)naphthalene 137 (0.8 g, 4.4 mmol), subsequently incorporating Cu(l) catalyst
(0.001 mmol). For six hours, the reactants were heated between 55 and 60 °C. The end of the
reaction (ethyl acetate: hexane, 1:4) was determined by TLC. Addition of ice-cold water led to
reaction quenching, and the solid product 150 was filtered, washed with water (3x5 mL), and

finally air-dried till constant yield (scheme 3.14).

3
O &
oTat
N 1

L _
=N THF/TEA (3:2) N¥N
_ o%i > [Cu_Br(F;Ph3)3] N o@
55-60 °C, 6 h N
149 NS
150

Scheme 3.14: Synthesis of 1,2,3-triazole derivative 150 from glyoxal bis-(2-hydroxyanil)-
based terminal alkyne

Yield: 86 %

Colour/texture: dark brown fine powder

mp: 130 - 132 °C

MF: Cs2H34NgO>

Elem. Anal. Calculated (%): C = 73.88, H = 5.02, N = 16.41; Found (%): C = 73.82, H =
5.05,N=16.44

IR (neat, cm™): 3138, 3051, 2963, 1667, 1654, 1596, 1499, 1454, 1396, 1258, 1212, 1162,
1093, 1044, 1012, 859, 787, 743

IH NMR (500 MHz, DMSO-ds): & = 8.31 - 8.21 (m, 6H), 7.82 (d, J = 16.4 Hz, 2H), 7.59 (d,
J=7.0Hz, 4H), 7.46 (d, J=8.1 Hz, 4H), 7.34 (d, J = 6.7 Hz, 2H), 7.18 (dd, J = 22.2, 13.9 Hz,
4H), 6.97 (dd, J = 21.4, 12.9 Hz, 4H), 5.98 (d, J = 13.5 Hz, 4H), 5.15 (d, J = 11.7 Hz, 4H)
13C NMR (126 MHz, DMSO-ds): § = 143.27, 140.50, 133.31, 131.37, 130.57, 128.98, 128.62,
127.55, 126.75, 126.13, 125.49, 124.57, 123.15, 121.51, 116.09, 112.77, 61.97, 50.79

Molar Mass Calculated: 682.28; Observed (m/z): 683.28 (M+1)
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3.7. Synthesis and characterization of Schiff base-derived alkyne and its corresponding

1,2,3-triazole

3.7.1. Synthesis and characterization of Schiff base (E)-2-methoxy-4-(((5-methylpyridin-
2-yl)imino)methyl)phenol (153)

2-amino-5-methylpyridine (1.0 g, 9.26 mmol) 151 was dissolved in ethanol with
continuous stirring and to this solution, 4-hydroxy-3-methoxybenzaldehyde 152 (1.4 g, 9.26
mmol) was intorduced. The reaction mixture was then subjected to refluxing and TLC (ethyl
acetate: hexane, 1:4) ascertained reaction completion after 30 hours. The product 153 was
obtained by adding ice-cold water to the reaction mixture, which resulted in precipitates
formation, which were subsequently filtered, whased with water (3x5 mL) and dried till

constant weight (scheme 3.15)

OCH,

NH, + OH /N
—Q7 2 H Reflux \ N L@OH
151 152 153

Scheme 3.15: Synthesis of Schiff base 153 from 2-amino-5-methylpyridine and vanillin
Yield: 93 %

Colour/texture: golden yellow fine powder

mp: 152 - 153 °C

MF: C14H14N20:

Elem. Anal. Calculated (%): C = 69.41, H = 5.82, N = 11.56; Found (%): C = 69.28, H =
5.86, N = 11.62

IR (neat, cm): 3367, 2934, 2837, 1672, 1613, 1587, 1498, 1457, 1392, 1282, 1144, 1062,
1030, 856, 814, 728, 633

IH NMR (500 MHz, CDCl3): § = 8 9.68 (s, 1H), 7.90 (d, J = 25.7 Hz, 2H), 7.59 - 7.32 (m,
4H), 6.85 (d, J = 25.2 Hz, 1H), 3.91 (s, 3H), 2.12 (s, 3H)

13C NMR (126 MHz, CDClz): 8 = 163.66, 160.46, 149.81, 149.23, 133.23, 129.29, 127.19,
124.97, 114.56, 110.87, 59.53, 14.13
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3.7.2. Synthesis and characterization of terminal alkyne (E)-1-(3-methoxy-4-(prop-2-yn-
1-yloxy)phenyl)-N-(5-methylpyridin-2-yl)methanimine (154)

The newly synthesized Schiff base 153 (1.0 g, 4.13 mmol) was dissolved in DMF (5.0
mL). This solution was augmented with potassium carbonate (anhydrous) (2.85 g, 20.65
mmol), and subsequently, propargyl bromide 42 (0.5 g, 4.13 mmol) was added dropwise over
a period of 10 minutes with continuous stirring at room temperature. The reaction was observed
for its progress using thin-layer chromatography (TLC) with a solvent mixture of hexane: ethyl
acetate:: 1:4, which confirmed its completion after 24 hours. The product 154 was extracted
using ice-cold water, which resulted in precipitates formation which were subsequently filtered,

washed with water (3x5 mL) and dried till constant weight (scheme 3.16).

— OCH;

— K,CO3, DMF = OCHj
/ N + = 2 3
\ N LQ—OH ‘B M, stirring, 24 h \ N/ NLGO

Scheme 3.16: Synthesis of Schiff base-derived terminal alkyne 154

Yield: 94 %

Colour/texture: light brown fine powder
mp: 165 °C (decomp.)

MF: C17H16N20:

Elem. Anal. Calculated (%): C = 72.84, H = 5.75, N = 9.99; Found (%): C = 72.87, H =
5.74,N =9.97

IR (neat, cm): 3282, 3007, 2937, 2867, 2117, 1684, 1608, 1497, 1460, 1383, 1299, 1209,
1141, 1065, 992, 924, 858, 809

IH NMR (500 MHz, CDCls): § = 7.96 (s, 1H), 7.90 (s, 1H), 7.54 (s, 1H), 7.47 (d, J = 1.2 Hz,
1H), 7.44 (d, J = 1.9 Hz, 2H), 6.78 (d, J = 8.0 Hz, 1H), 4.70 (d, J = 2.5 Hz, 2H), 3.90 (s, 3H),
2,57 (t, = 2.4 Hz, 1H), 2.12 (s, 3H)

13C NMR (126 MHz, CDCls): § = 163.80, 160.53, 150.96, 149.22, 133.65, 129.09, 127.37,
124.18, 114.60, 110.61, 79.56, 75.74, 56.79, 55.74, 17.36
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3.7.3. Synthesis and characterization of (E)-1-(4-((1-benzyl-1H-1,2,3-triazol-4-
yl)methoxy)-3-methoxyphenyl)-N-(5-methylpyridin-2-yl)methanimine (155)

A solution of Schiff base alkyne 154 (0.8 g, 2.86 mmol) was prepared by dissolving it
in a mixture of THF and Et3N in a ratio of 2:1. Subsequently, benzyl azide 105 (0.38 g, 2.86
mmol) and 0.001 mmol Cu(l) catalyst were introduced. The reactants were stirred at 55 to 60
°C for a duration of six hours. The completion of the reaction was ascertained through thin-
layer chromatography (TLC) (ethyl acetate/hexane, 1:4). Ice-cold water was utilized to
terminate the process, and subsequently the resultant solid product 155 was filtered, washed
water (3x5 mL), and subsequently air-dried until constant yield was achieved (scheme 3.17).

N3
— OCHj — OCHj
7N 7N
154 Y= THRTEA@1) \—&N \/@
CuBr(PPhy); 155
55-60 °C, 6 h

Scheme 3.17: Synthesis of 1,2,3-triazole derivative 155 from Schiff base-terminal alkyne

Yield: 91 %

Colour/texture: dark brown fine powder
mp: 184 °C (decomp.)

MF: C24H23Ns0:

Elem. Anal. Calculated (%): C =69.72, H = 5.61, N = 16.94; Found (%): C = 69.77, H =
5.58, N =16.92

IR (neat, cm): 3137, 3007, 2964, 2811, 1690, 1610, 1498, 1459, 1385, 1301, 1261, 1216,
1140, 1026, 800, 718

I1H NMR (500 MHz, CDCls): & = 7.96 (s, 1H), 7.90 (s, 1H), 7.67 (s, 1H), 7.54 (s, 1H), 7.50 -
7.42 (m, 8H), 6.79 (d, J = 4.8 Hz, 1H), 5.84 (s, 2H), 5.09 (s, 2H), 3.90 (s, 3H), 2.13 (s, 3H)
13C NMR (126 MHz, CDCls): & = 163.24, 160.34, 151.25, 150.05, 149.79, 149.49, 149.26,
133.98, 131.08, 129.58, 128.95, 128.60, 127.44, 126.88, 126.05, 124.16, 114.88, 114.34,
110.94, 58.55, 54.94, 52.14, 18.16

Molar Mass Calculated: 413.19; Observed (m/z): 414.19 (M+1)
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To summarize, different compounds including organic azides, terminal alkunes, and
1,2,3-triazole derivatives have been synthesized and characterized via elemental analysis, IR,
NMR (*H, *¥C), and mass spectrometry. Table 3.1 illustrates the various compounds
synthesized, the reaction conditions utilized, and the percentage yield obtained.

Reactions _
Entry Compound . % yield
conditions
N3
NaN3z, DMF
01 85 - 90 °C, stirr, 5 60
h
105
N3
NaN3z, DMF
02 OO 85 - 90 °C, stirr, 5 61
h
137
0 O:(N:}:O K2COs, DMF .y
= = rt, 74 h
139
TN
o)
Cs2C0O3, DMF
04 l | 95
rt, 88 h
143
\ /
heves
K2CO3, DMF
05 | 03
‘ rt, 30 h
0
146
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Reactions

Entry Compound o % yield
conditions
e
0]
N=—
Cs2COs, DMF
06 QS s 95
rt, 40 h
_f
149
‘_@ OCH;
)—N EtOH,
07 \_y \\———C}»OH 93
Reflux, 4 h
153
— OCHj
—Q'N\ K2COs, DMF
08 O _ 94
= rt, stirr, 24 h
154
o= =0 [Cu(PPhs):Br]
09 gw N N_NLfﬁ‘/\@ THF/TEA (3:2) 85
NN NN 55 - 60 °C, 5 h
140 )
o= o ‘ [Cu(PPha)sBr]
N—N
10 N N THF/TEA (3:2 80
DA CR D o
N 4 55-60 °C, 5 h
(0] = N
~" o N=
N\;:\N}/\ N b [Cu(PPhs3)sBr]
11 THF/TEA (1:1) 81
55 - 60 °C, 5.5 h
144
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Reactions

Entry Compound o % yield
conditions
N N
' NL ([N 0
N 1 [ N [Cu(PPhs)sBI]
12 O O THF/TEA (2:1) 83
‘ 55 - 60 °C, 12 h
O
7 N
N N
Q [Cu(PPh3)3Br]
13 AN THF/TEA (3:2) 86
@ 55-60 °C, 6 h
N N
o
4@ Ot [Cu(PPh:):BH]
14 L@ \_<\1/N THF/TEA (2:1) 91
|
\ N\/© 55-60 °C, 6 h

Table 3.1: A tabular representation of the synthesized compounds, their corresponding reaction

conditions, and the percentage yield
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Chapter IV

Results
and
Discussion

Results and Discussion

This chapter provides a detailed interpretation of the spectroscopic
and photophysical data, giving the conceptions about the synthetic as
well as spectroscopic aspects of the compounds while explaining the

outcomes of the photophysical data thereof.



Chapter IV

Part A

Interpretation and
discussion of
spectroscopic data

Interpretation and discussion of spectroscopic data

This section presents a detailed discussion of the spectroscopic analysis of the
synthesized compounds and the findings and outcomes of the analysis as well
as the causes for those specific results are presented in the form of text and
figures in this chapter of the thesis.



4.1. Synthetic aspects in reference to the N-heterocyclic 1,2,3-triazole ring

The 1,2,3-triazoles, owing to their ‘click’ features such as regioselectivity, high yields,
benign nature in addition to orthogonality enhancement, and processing ease, etc., have been
frequently used as a linker and a functional moiety in several disparate compounds throughout
the last several decades.!? Consequently, being one of the most important nitrogen-containing
compounds, 1,2,3-triazoles have been extensively investigated and have found their use in a
wide variety of organic synthesis, supramolecular chemistry, drug discovery, polymer
chemistry, cell biology, chemosensing, and material science applications®® mainly attributable
to their aromaticity, polarity, thermal and chemical stability, and inertness to oxidation and
reduction conditions.”® Since 1,2,3-triazole derivatives can be used in a wide variety of
contexts, their synthesis has been a subject of intensive study. Among the many methods
utilised to create these extraordinary compounds, the CuAAC is considered a major
advancement in synthetic organic chemistry.®!® The CUAAC reaction is notable for its great
regioselectivity, i.e., its ability to generate 1,2,3-triazole molecules: its outstanding yield of
product and its scope under moderate circumstances, and its relatively low toxicity.*** This
study focused on the CUAAC reaction for synthesising of different 1,2,3-triazole derivatives,
with the stages being as follows:

4.1.1. Synthesis of terminal alkyne

The terminal alkynes were synthesised by reacting a labile proton(s) bearing substrate
with propargyl bromide and a suitable base. Stirring the reaction mixture using a base at room
temperature in DMF as the solvent resulted in the extraction of the labile protons from starting
material and subsequent substitution by the propynyl groups. Using TLC, the reaction progress
was monitored. Since the propensity to lose a proton differs between substrates, the reaction
time varied accordingly for different substrates. If the synthesised alkyne was a solid, it was
filtered out of the reaction mixture, and if it is was oily/liquid, then solvent extraction process

was implemented for its extraction using ethyl acetate.
4.1.2. Synthesis of organic azide

Organic azides were synthesised using the process described by Lourdes et al., ¥ by
nucleophilic replacement of an aralkyl halide with dried sodium azide. The reaction was
conducted in DMF while being heated at 85 - 90 °C for 5 hours. All the necessary precautions

were followed to handle sodium azide as it is sensitive to heat and shock.
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4.1.3. Cu(l)-catalyzed alkyne-azide cycloaddition

The cycloaddition between terminal alkynes and organic azides was catalysed by
utilising the Cu(l) species with THF as the solvent and EtsN base. Maintaining the reaction at
55 - 60 °C ranging from 5 - 12 hours (depending on the reactants) resulted in the formation of
1,2,3-triazole derivates by ‘click’ cycloaddition. The Cu(l) catalyst not only accelerated the

reaction, but also imparted stereospecificity.
4.2. Synthesis and spectral analysis of benzyl azide (105)
4.2.1. Synthesis

Benzyl azide 105 was synthesized via the combination of benzyl chloride 135 with
dried sodium azide (NaNs) in DMF as the solvent, wherein the reaction proceeded via
nucleophilic substitution. The reaction came to completion after 5 hours of stirring the reaction
mixture at 85-90 °C. The reaction conditions were carefully monitored and managed to prevent
any mishaps from occurring, which was necessary due to the extreme reactivity and
explosiveness of sodium azide under these circumstances. After following solvent extraction
process, benzyl azide was dried to eliminate any traces of the solvent before being analysed by
infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy to establish its successful

synthesis.

N3

105

Figure 4.1: Structure of benzyl azide 105
4.2.2. Analysis of IR spectrum

The IR spectrum of the newly synthesised benzyl azide 105 was reported as neat in the
range 4000 - 500 cm, wherein a significant signal at 2089 cm* distinctive of azide group was
observed, thereby suggesting the replacement of the chloro group of benzyl chloride with the

azide group to form benzyl azide. The aromatic C-H bond stretching signal was at 3032 cm™,
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whereas the aliphatic C-H bond symmetric stretch signal was at 2930 cm™ for the protons of

the benzylic carbon.
4.2.3. Analysis of NMR spectra

The *H NMR spectrum of benzyl azide 105 was recorded at 500 MHz in CDCl5 relative
to tetramethylsilane, wherein it showed a singlet at 5 = 4.14 ppm, which was due to the two
protons on the benzylic carbon, and the multiplet in the region of & = 7.22 - 7.13 ppm

corresponded to five aromatic protons on the benzene ring.

The *C NMR spectrum was also obtained for benzyl azide 105 in CDCls, providing
further evidence in support of the successful synthesis of the product. The C atoms in the
benzene ring provided the signals at & = 135.53 - 128.31 ppm, whereas benzylic carbon
contributed the signal at & = 54.82 ppm.

4.3. Synthesis and spectral analysis of 1-(azidomethyl)naphthalene (137)
4.3.1. Synthesis

The aromatic organic azide 1-(azidomethyl)naphthalene 137 (figure 4.2) was
synthesised by the nucleophilic substitution reaction of 1-(chloromethyl)naphthalene with the
highly reactive sodium azide. The light yellow coloured oily product was obtained by stirring
at 85-90 °C in DMF and then extracting it via solvent extraction process. Thereafter, the
combined organic layers containing the extracted product were first dried using sodium
sulphate (anhydrous) and then implementing vacuum evaporation to completely remove the
solvent. Finally, IR and NMR spectroscopic methods were used to characterize the pure

product and verify its formation.

N3

137

Figure 4.2: Structure of 1-(azidomethyl)naphthalene 137
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4.3.2. Analysis of IR spectrum

The IR spectrum of 1-(azidomethyl)naphthalene 137 was measured in the region of
4000 - 500 cm™ (neat), and the obtained results verified the formation of the desired product.
A sharp signal of high intensity at 2091 cm™ evidenced the presence of a N3 group, whereas a
signal at 3051 cm™ was due to the vibrational frequency of the aromatic C-H groups. In

addition, the signal at 2938 cm™* corresponded to the C-H stretching of the benzylic carbon.
4.3.3. Analysis of NMR spectra

In the 500 MHz *H NMR spectrum of 1-(azidomethyl)naphthalene 137 in CDCls, the
aromatic protons of the naphthyl group were represented by the multiplet at 6 = 8.10 - 7.48
ppm, while the benzylic protons were represented by the singlet at 6 = 4.76 ppm.

Similarly, the *C NMR findings were also consistent with what was hypothesised. The
carbon atoms in the aromatic ring contributed to the signals at & = 134.05 - 123.64 ppm, while

the singlet at 6 = 53.02 ppm corresponded to the methylene carbon in the synthesized molecule.

4.4. Synthesis and spectral analysis of terminal alkyne 1,2-di(prop-2-yn-1-yl)-1,2-
dihydropyridazine-3,6-dione (139)

4.4.1. Synthesis

The nucleophilic substitution reaction of the starting material (maleic hydrazide) 138
with 80% propargyl bromide solution 42 (in toluene) was used to synthesise the terminal alkyne
139 (figure 4.3). By continuous stirring of the mixture while using K2COz as the base, the
labile protons of the secondary amino groups on the starting material were abstracted, and
subsequently replaced by the propargyl group to synthesize the terminal alkyne derivative of
maleic hydrazide. Thereafter, the brown coloured oily product was obtained by employing
solvent extraction process and further evaporating the combined organic layers through

vacuum evaporation to get the final product, which eventually solidified.

Figure 4.3: Structure of terminal alkyne 139
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4.4.2. Analysis of IR spectrum

IR spectrum in the range of 4000 - 500 cm™ (neat) was used to characterize the maleic
hydrazide-based terminal alkyne 139, and the findings were consistent with those that were
predicted. The signal observed at 3289 cm™ is attributed to C=C-H bond. Similarly, the signal
observed at 2125 cm™ is attributed to C=C bond, thereby confirming the successful synthesis
of terminal alkyne. The signal at 3059 cm™ was because of the alkenyl C-H stretching, 2930
cm™ was attributable to C-H stretching of methylene group, 1665 cm™ was owing to the
carbonyl stretch, 1586 cm™ was due to C=C stretching and 1276 cm™ was due to C-N stretching.
In addition to this, the absence of signal at about 3400 cm™ corresponding to the N-H stretching

confirmed the successful conversion of the NH groups to form the terminal alkyne.
4.4.3. Analysis of NMR spectra

The predicted terminal alkyne 139 synthesis was ascertained owing to the presence of
two triplets at & = 2.35 ppm and & = 2.59 ppm, which was attributable to the alkynyl protons
(C=C-H). The signal at 5 = 4.80 ppm corresponded to the methylene protons, whereas the
alkenyl protons exhibited doublets at & = 6.95 ppm and 6 = 7.01 ppm.

The ¥C NMR spectrum of the terminal alkyne 139 also confirmed its successful
synthesis, wherein the signals at 6 = 72.74 ppm and 6 = 75.56 ppm corresponded to the C atoms
of the C=C moiety and a singlet at & = 40.56 ppm corresponded to the methylene C atoms. The
signal at 6 = 133.15 ppm was due to the alkenyl C atoms, whereas the signal at 6 = 159.27 was

due to the carbonyl C atoms.

4.5. Synthesis and spectral analysis of 1,2-bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-1,2-
dihydropyridazine-3,6-dione (140)

4.5.1. Synthesis

The maleic hydrazide-based 1,2,3-triazole derivative 140 (figure 4.4) was
regioselectively synthesized by the combination of maleic hydrazide-based terminal alkyne
139 and benzyl azide 105 via CuUAAC carried out in in a THF:TEA (v/v, 3:2) solvent media
and in the presence of [CuBr(PPhs)s] (0.001 mmol) complex serving as the catalyst. The
reaction was facilitated by the triethylamine base, which allowed for the simple abstraction of
the terminal proton, whereas the stereoselectivity of the cycloaddition to get exclusively the

1,4-disubstituted product was determined by the presence of Cu(l)-complex as catalyst. The
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reaction reached completion after 5 hours of stirring at 55-60 °C. The product was produced
by treating the reaction mixture with ice-cold water, and its comprehensive characterization

was accomplished via standard spectroscopic techniques.
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Figure 4.4: Structure of 1,2,3-triazole derivative 140
4.5.2. Analysis of IR spectrum

The measurement of the IR spectrum (neat) of compound 140 between 4000 - 500 cm’
! provided conclusive evidence of the production of the target compound. The absence of
signals due to the C=C-H and C=C stretching at 3289 cm™ and 2126 cm™ respectively, and -
N=N=N stretching at 2090 cm™ indicated the modification of C=C-H and N3 groups to form
1,2,3-triazole ring. Furthermore, the signal at 3134 cm™ was due to the aromatic C-H stretching,
3061 cm™ was due to the C-H stretching of the 1,2,3-triazole moiety, 2970 cm™ was due to the
C-H stretching of the methylene groups, 1660 cm™ corresponded to the carbony! stretching,

and 1281 cm™ was due to C-N stretching.
4.5.3. Analysis of NMR spectra

The 'H NMR spectrum of compound 140 was observed in comparison to
tetramethylsilane at 500 MHz, wherein the absence of triplets at & = 2.35 ppm and & = 2.59
ppm indicated the conversion of the alkyne moieties into 1,2,3-triazole rings. Due to this, the
signal of the erstwhile alkynyl proton was observed in aromatic range of *H NMR spectrum of
140. Furthermore, the doublet at & = 5.29 ppm corresponded to the methylene protons adjoining
the 1,2,3-triazole ring and the N atoms of parent structure, whereas the doublet at 5 = 5.51 ppm
resulted from the benzylic protons. The alkenyl protons gave the multiplet at 6 = 6.89 - 6.79

ppm, whereas the multiplet at 5 = 7.39 - 7.28 ppm were due to the aromatic protons.

The confirmation of effective synthesis of compound 140 was also provided by *3C
NMR spectroscopy. The methylene C atoms in the *C NMR of maleic hydrazide-based
terminal alkyne 139 exhibiting signal at 6 = 40.55 ppm was shifted downfield to & = 46.66

ppm, due to their presence near the 1,2,3-triazole moiety in the 3C NMR of the 1,2,3-triazole
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derivative 140. Also, the signals at 6 = 72.74 ppm and & = 75.55 ppm corresponding to the C=C
moiety in the *C NMR of maleic hydrazide-based terminal alkyne were absent in the 3C NMR
of 140, thereby indicating their conversion to form the 1,2,3-triazole ring. The signal at & =
52.27 ppm was due to the benzylic C atoms, whereas the signals at & = 142.72 - 125.39 ppm
corresponded to the aromatic C atoms. Furthermore, the signal at 6 = 158.52 ppm corresponded

to the C atoms of the carbonyl groups.
4.5.4. Analysis of mass spectrum

The synthesised 1,2,3-triazole derivative 140 had a predicted molecular mass peak
(m/z) of 454.49 and its mass spectrum (GC-MS) revealed a prominent peak at m/z = 454.25,

thereby verifying its successful synthesis.

4.6. Synthesis and spectral analysis of 1,2-bis((1-(naphthalen-1-ylmethyl)-1H-1,2,3-
triazol-4-yl)methyl)-1,2-dihydropyridazine-3,6-dione (141)

4.6.1. Synthesis

The regioselective synthesis of the maleic hydrazide-based 1,2,3-triazole derivative 141
(figure 4.5) was achieved by reacting the terminal alkyne 139 derived from maleic hydrazide
with 1-(azidomethyl)naphthalene 137 in the presence of [CuBr(PPhs)s] (0.001 mmol) complex
in THF:TEA (v/v, 3:2) solvent media. The triethylamine base assisted the reaction by allowing
for the easy abstraction of the terminal protons, while the presence of Cu(l)-complex as a
catalyst regulated the stereoselectivity of the cycloaddition, resulting in the selective formation
of the 1,4-disubstituted product. The reaction completion was achieved after 5 hours of stirring
at 55-60 °C. Using chilled water, the solid product was obtained from the reaction mixture, and

conventional spectroscopic methods were used to characterize it.
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Figure 4.5: Structure of 1,2,3-triazole derivative 141
4.6.2. Analysis of IR spectrum

The 1,2,3-triazole derivative of maleic hydrazide 141 was shown to have been

synthesised by measuring its infrared spectrum (neat) between 4000 - 500 cm™. The synthesis
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of the 1,2,3-triazole was verified by the elimination of the signals at 3289 cm™ owing to C=C-
H stretching, 2126 cm™ due to C=C stretching, and 2091 cm™ due to -N=N=N stretching of 1-
(azidomethyl)naphthalene. The signal due to aromatic C-H stretching was observed at 3140
cm?, and the C-H stretching of the 1,2,3-triazole moiety was attributed to 3059 cm, 2960 cm-
L for C-H stretching of the methylene groups, 1660 cm™ for carbonyl stretching, and 1274 cm®
! for C-N stretching.

4.6.3. Analysis of NMR spectra

The *H NMR spectrum of compound 141 was obtained in CDCls at 500 MHz in
reference to tetramethylsilane. The absence of triplets at 5 = 2.35 ppm and & = 2.59 ppm
suggested that the alkyne moieties had been converted into 1,2,3-triazole rings. As a
consequence of this, the signal of the alkynyl proton manifested itself in aromatic range. In
addition, the doublet at 5 = 5.17 ppm belonged to the methylene protons, whilst the doublet at
d = 5.85 ppm was due to the benzylic protons. The signal at & = 6.79 ppm was caused by the

alkenyl protons, whilst the multiplet at 6 = 8.13 - 7.39 ppm was caused by the aromatic protons.

The 3C NMR spectroscopy also presented evidence for the successful synthesis of
compound 141. Due to their proximity to the aromatic 1,2,3-triazole ring, the methylene C
atoms in the *C NMR of the terminal alkyne 139, displaying signal at § = 40.55 ppm, were
shifted downfield to & = 43.86 ppm in the 3C NMR of the 1,2,3-triazole derivative 141.
Additionally, the 3C NMR of the terminal alkyne 139 showed signals at & = 72.74 ppm and &
= 75.55 ppm corresponding to the C=C moiety; these signals were missing in the *C NMR of
the 1,2,3-triazole derivative 141, confirming their conversion to create the 1,2,3-triazole ring.
Besides, the benzylic C atoms contributed the signal at 6 = 54.11 ppm, whereas the aromatic C
atoms were responsible for the signals at 6 = 142.42 - 124.79 ppm. The carbonyl C atoms
exhibited the signal at & = 159.18 ppm.

4.6.4. Analysis of mass spectrum

The synthesised 1,2,3-triazole derivative 141 had a predicted molecular mass peak
(m/z) = 554.61 and its mass spectrum (GC-MS) revealed a prominent peak at m/z = 555.40
corresponding to M+1, thereby verifying its successful synthesis.
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4.7. Synthesis and spectral analysis of terminal alkyne 4-(tert-butyl)-1,2-bis(prop-2-yn-1-
yloxy)benzene (143)

4.7.1 Synthesis

The terminal alkyne 143 (figure 4.6) was synthesised by reacting 4-tert butyl catechol
142 with a solution of propargyl bromide 42 in toluene at a concentration of 80%. The reaction
proceeded with the abstraction of the labile protons of the hydroxyl groups on the starting
material via CsCOs as the base, and replacing them with the propargyl groups. Ice-cold
distilled water was used to quench the reaction, and ethyl acetate was used to extract the final
product. The organic layers were combined and desiccated over sodium sulphate (anhydrous),
and the solvent was evaporated using vacuum evaporation to obtain the dark brown oily
product. Subsequently, IR and NMR spectroscopy were used to determine the precise structure

of the terminal alkyne, thereby proving its effective synthesis.

143

Figure 4.6: Structure of terminal alkyne 143
4.7.2. Analysis of IR spectrum

The characterization of 4 tert-butyl catechol-based terminal alkyne 143 was done by
infrared spectroscopy in the region of 4000 - 500 cm™ (neat), and the findings agreed with
those expected. The synthesis of terminal alkyne was verified by the signal at 2121 cm™,
attributable to C=C stretching and the signal at 3290 cm™, owing to C=C-H stretching. At the
same time disappearance of a broad signal at 3341 cm™ indicated the modification of -OH
functional group on starting compound. The methylene C-H stretching contributed to the signal
at 3054 cm, whereas the methyl C-H stretching contributed to the signal at 2961 cm™. The
aromatic C=C stretching contributed the signals at 1590 cm™ and 1505 cm™ and the signals at
1453 cm™ and 1366 cm™ were attributed to methylene groups and the methyl groups
respectively (bending vibrations). In addition to this, the absence of a broad signal at about
3400 cm'! corresponding to the O-H stretching confirmed the successful conversion of the OH

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

The signal at § = 2.50 ppm in the *H NMR spectrum of 143, which corresponded to the
alkynyl protons, provided evidence that the terminal alkyne synthesis that had been anticipated
was successfully achieved. Additionally, the singlet at 8 = 1.31 ppm was due to the methyl
protons. The methylene protons were responsible for the signal at 6 = 4.74 ppm, whereas the

signals at 6 = 6.97 ppm and 6 = 7.12 ppm corresponded the aromatic protons.

The 1*C NMR spectrum of compound 143 further validated the successful synthesis of
the compound. In this spectrum, the signals at 6 = 75.71 ppm and 6 = 78.85 ppm belonged to
the C atoms of the C=C moiety, while the signals at 6 = 31.39 ppm and & = 34.35 ppm were
due to the C atoms of the methyl groups and the quaternary C atom attached to them
respectively. Also, the signals at 3 = 56.90 ppm and 6 = 57.14 ppm were due to the methylene
C atoms. The signals that appeared at 6 = 146.94 - 113.62 ppm were due to the aromatic C

atoms.

4.8. Synthesis and spectral analysis of 4,4'-(((4-(tert-butyl)-1,2-
phenylene)bis(oxy))bis(methylene))bis(1-benzyl-1H-1,2,3-triazole) (144)

4.8.1. Synthesis

The 4-tert butyl catechol-based 1,2,3-triazole derivative 144 (figure 4.7) was
synthesised by reacting the terminal alkyne 143 with benzyl azide 105 using [CuBr(PPhs)s]
(0.001 mmol) catalytic system in THF:TEA (v/v, 1:1) solvent medium. By facilitating the
abstraction of the terminal protons, the triethylamine base aided the reaction, while the Cu(l)-
complex controlled the stereoselectivity of the cycloaddition. After 5.5 hours of stirring at 55
- 60 °C, the reaction reached completion. The solid product was separated from reaction

mixture using ice-cold water, and then characterized using traditional spectroscopic techniques.
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Figure 4.7: Structure of 1,2,3-triazole derivative 144
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4.8.2. Analysis of IR spectrum

The measurement of the IR spectrum (neat) of compound 144 between 4000 - 500 cm’
! gave strong evidence of the target compound's synthesis. The absence of signals at 3290 cm"
! owing to C=C-H stretching, 2121 cm™ due to C=C stretching, and 2089 cm™ due to -N=N=N
stretching suggested that the C=C-H and Nz groups were modified to produce the triazole
moiety. Furthermore, the signal at 3134 cm™ was caused by aromatic C-H stretching, 3062 cm-
1 by C-H stretching of the 1,2,3-triazole moiety, 2956 cm™ by C-H stretching of the methyl
groups, 1591 cm™ and 1511 cm™ by aromatic C=C stretching, and the signals at 1460 cm™ and
1384 cm™ were attributable to the methylene groups and the methyl groups respectively

(bending vibrations).
4.8.3. Analysis of NMR spectra

The *H NMR spectrum of compound 144 was observed at 500 MHz in CDCls, with
tetramethylsilane as the reference. The lack of triplet at 6 = 2.50 ppm indicated the conversion
of alkyne moieties into the 1,2,3-triazole rings. The methyl protons caused the singlet at 6 =
1.24 ppm, while the methylene protons exhibited the signal at 6 = 5.19 ppm. In addition, the
benzylic protons caused the signal at 6 = 5.45 ppm. The aromatic protons provided the multiplet
at 6 = 7.32 - 6.89 ppm, and the protons of the 1,2,3-triazole rings were represented by the
singlet at & = 7.58 ppm.

The 3C NMR spectroscopy also confirmed the successful synthesis of compound 144,
The signals at 6 = 75.71 ppm and & = 78.85 ppm owing to the C=C moiety of the terminal
alkyne were absent in the *C NMR of the 1,2,3-triazole derivative 144, showing their
conversion to the 1,2,3-triazole ring. Also, the methylene C atoms in the **C NMR spectrum
of the terminal alkyne 143 displaying signals at & = 56.90 ppm and & = 57.14 ppm were
displaced downfield to & = 63.68 ppm and & = 63.92 ppm due to their presence in the proximity
of the aromatic 1,2,3-triazole ring in the 3C NMR of the 1,2,3-triazole derivative 144. The
benzylic C atoms were responsible for the signal at 6 = 54.11 ppm, whereas the aromatic C

atoms were responsible for the signals at & = 147.86 - 114.05 ppm.

4.8.4. Analysis of mass spectrum
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The 1,2,3-triazole derivative 144 had a predicted molecular mass peak (m/z) of 508.63,
and its mass spectrum (GC-MS) showed a strong peak at m/z = 509.50 corresponding to M+1,

thereby confirming that the synthesis was successful.

4.9. Synthesis and spectral analysis of terminal alkyne 4-(bis(4-(prop-2-yn-1-
yloxy)phenyl)methylene)cyclohexa-2,5-dien-1-one (146)

4.9.1. Synthesis

The terminal alkyne 146 (figure 4.8) was synthesised by combining p-rosolic acid 145
with an 80% propargyl bromide solution 42 in toluene. Using K.COs as the base, the labile
protons of the starting material were removed and replaced with propargyl groups. The reaction
was quenched with ice-cold water, and the product was isolated using ethyl acetate. The dark
brown viscous product was obtained by removing the solvent by dehydrating the combined
organic layers over sodium sulphate (anhydrous), filtering them, and then evaporating them
under vacuum. IR and NMR spectroscopy were then used to ascertain the precise structure of

the terminal alkyne, thereby demonstrating its successful synthesis.
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Figure 4.8: Structure of terminal alkyne 146
4.9.2. Analysis of IR spectrum

The terminal alkyne 146 was characterized by infrared spectroscopy (4000 - 500 cm™)
with expected results. A signal at 2121 cm, attributed to the C=C stretching, and an additional
signal at 3286 cm™, owing to the C=C-H stretching, confirmed the synthesis of the terminal
alkyne. The aromatic C-H stretching corresponded to the signal at 3047 cm™, whereas the C-

H stretching of the methylene groups contributed to the signal at 2923 cm™. The aromatic C=C
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stretching contributed the signals at 1603 cm™ and 1503 cm™. In addition to this, the absence
of a broad signal at about 3400 cm™ corresponding to the O-H stretching confirmed the

successful conversion of the OH group to form the terminal alkyne.
4.9.3. Analysis of NMR spectra

The *H NMR spectrum of the terminal alkyne 146 was obtained at 500 MHz in CDCl3
using tetramethylsilane as the reference. The presence of a triplet at 5 = 2.51 ppm, which
corresponded to the alkynyl protons, was evidence that the anticipated terminal alkyne
synthesis was successful. Additionally, methylene protons were responsible for the doublet at

d = 4.65 ppm, and the aromatic protons corresponded the multiplets at 6 = 7.19 - 6.71 ppm.

The 3C NMR spectrum of the terminal alkyne 146 further validated the effective
synthesis of the compound. The signals at 8 = 75.70 ppm and & = 78.67 ppm in this spectrum
belonged to the C atoms of the C=C moiety, whereas the signal at 3 = 55.90 ppm was caused
by the C atoms of the methylene groups. The signals at 6 = 157.76 - 114.19 ppm were caused

by aromatic C atoms, whereas the carbonyl C atom gave the signal at 185.26.

4.10. Synthesis and spectral analysis of 4-(bis(4-((1-(naphthalen-1-ylmethyl)-1H-1,2,3-
triazol-4-yl)methoxy)phenyl)methylene)cyclohexa-2,5-dien-1-one (147)

4.10.1. Synthesis

The p-rosolic acid-based 1,2,3-triazole derivative 147 (figure 4.9) was synthesized by
reacting the terminal alkyne 146 with 1-(azidomethyl)naphthalene 137 in the presence of
[CuBr(PPhz)3] (0.001 mmol) in a solvent medium of THF:TEA (v/v, 2:1). The triethylamine
base helped the reaction by enabling the abstraction of the terminal protons, while the Cu(l)-
complex regulated the stereoselectivity of the cycloaddition, resulting in the selective synthesis
of the 1,4-disubstituted product. The reaction was complete after 12 hours of stirring at 55-60
°C. Using chilled water, the solid product was obtained from the reaction mixture and

subsequently characterized using standard spectroscopic methods.
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147

Figure 4.9: Structure of 1,2,3-triazole derivative 147
4.10.2. Analysis of IR spectrum

The infrared spectrum (neat) between 4000 and 500 cm™ of compound 147 provided
conclusive evidence that the compound had been synthesised. The disappearance of -N3
stretching signal at 2091 cm™* from 1-(azidomethyl)naphthalene, C=C stretching signal at 2126
cm™?, and C=C-H stretching signal at 3289 cm™ due to the alkyne group confirmed the
successful conversion of these moieties to synthesize the 1,2,3-triazole ring. Additional signals
were seen at 3142 cm for aromatic C-H stretching, 3059 cm™ for C-H stretching of the 1,2,3-
triazole moiety, and 2951 cm for C-H stretching of the methylene groups. The signals for the
aromatic C=C stretching were present at 1602 cm™ and 1504 cm®, while the C-H bending of

the methylene groups corresponded to the signal at 1462 cm™.
4.10.3. Analysis of NMR spectra

The *H NMR spectrum of compound 147 was measured in CDCls at a frequency of 500
MHz relative to tetramethylsilane wherein the lack of a triplet at & = 2.51 ppm evidenced that
the alkyne moieties had been transformed into 1,2,3-triazole rings. Because of this, the signal
from the alkynyl protons appeared in the aromatic range of the *H NMR spectrum of the 1,2,3-
triazole derivative 147. In addition, the singlets that appeared at 6 = 5.04 ppm and & = 5.94
ppm were attributed to the methylene protons and the benzylic protons respectively. The
aromatic protons were responsible for the multiplets that appeared at 6 = 7.97 - 6.78 ppm.

The effective synthesis of compound 147 was also validated by 3C NMR spectroscopy.

The signals at & = 75.70 ppm and 6 = 78.67 ppm owing to the C=C moiety were absent in the
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13C NMR of the 1,2,3-triazole derivative 147, indicating their conversion to the 1,2,3-triazole
ring. Furthermore, the methylene C atoms in the alkyne *C NMR spectrum with signal at & =
55.90 ppm were displaced downfield to 6 = 62.07 ppm due to their proximity to the aromatic
1,2,3-triazole ring in the 3C NMR of compound 147. The signal at & = 52.42 ppm was
attributed to the benzylic C atoms, whereas the signals at 6 = 185.52 - 113.97 ppm were caused

by aromatic C atoms.

4.10.4. Analysis of mass spectrum

The mass spectrum (LC-MS) of the synthesised 1,2,3-triazole derivative 147 displayed
a prominent peak at m/z = 733.30, matching to M+1, verifying the accuracy of the expected
molecular mass peak (m/z) of 732.28.

4.11. Synthesis and spectral analysis of terminal alkyne (1E,2E)-N*N?-bis(2-(prop-2-yn-
1-yloxy)phenyl)ethane-1,2-diimine (149)

4.11.1. Synthesis

By reacting glyoxal bis-(2-hydroxyanil) 148 with propargyl bromide solution 42 in
toluene at a concentration of 80%, the terminal alkyne 149 (figure 4.10) was synthesised. The
Cs2CO0s acting as the base led to the removal of the labile protons which were substituted with
propargyl groups. The adding ice-cold water resulted in the quenching of the reaction, and ethyl
acetate was used to separate the product. The drying of the combined organic layers was done
over sodium sulphate (anhydrous) and then filtered. The final product was obtained after the
addition of n-hexane, which precipitated the product, followed by filtration, washing, and

drying.
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Figure 4.10: Structure of terminal alkyne 149
4.11.2. Analysis of IR spectrum

Infrared spectroscopy was used in the region of 4000 - 500 cm™ (neat) in order to

characterize the terminal alkyne 149, and the findings were as anticipated. The synthesis of the
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terminal alkyne was validated by the appearance of a signal at 3283 cm™, which corresponded
to the C=C-H stretching, as well as an additional signal at 2120 cm™*, which was attributable to
the C=C stretching. The C-H stretching of the aromatic groups contributed to the signal that
was seen at 3062 cm™, while the C-H stretching of the methylene groups was responsible for
the signal that was observed at 2967 cm™. The signal at 1670 cm™ was attributed to the C=N
stretching, whereas the 1596 cm™ and the 1498 cm signals were due to the aromatic C=C
stretching. In addition to this, the absence of a broad signal at about 3400 cm™ corresponding
to the O-H stretching confirmed the successful conversion of the OH group to form the terminal

alkyne.
4.11.3. Analysis of NMR spectra

Using tetramethylsilane as a standard, the *H NMR spectrum of the terminal alkyne 149
was recorded at 500 MHz in CDCls. The terminal alkyne synthesis was confirmed owing to
the observation of a triplet at § = 2.51 ppm in the 'H NMR spectrum of the alkyne,
corresponding to the alkynyl protons. The methylene protons were attributable to the signal at

d = 4.73 ppm, whereas aromatic protons showed up as multiplet at 6 = 7.05 - 6.72 ppm.

The *C NMR spectrum of the terminal alkyne 149 provided additional validation of
the effective synthesis. The C atoms that make up the C=C moiety were ascribed to the signals
that appeared at 6 = 75.55 ppm and & = 78.88 ppm. On the other hand, the methylene C atoms
were responsible for the signal at & = 56.58 ppm. The presence of aromatic C atoms was the

origin of the signals that were observed between & = 159.20 - 112.76 ppm.

4.12. Synthesis and spectral analysis of (1E,2E)-N*,N?-bis(2-((1-(naphthalen-1-yImethyl)-
1H-1,2,3-triazol-4-yl)methoxy)phenyl)ethane-1,2-diimine (150)

4.12.1. Synthesis

Figure 4.11 shows the glyoxal bis-(2-hydroxyanil)-based 1,2,3-triazole derivative 150,
which was synthesized by reacting the previously synthesized terminal alkyne 149 with 1-
(azidomethyl)naphthalene 137 in the presence of 0.001 mmol of [CuBr(PPhs)z] ina THF: TEA
(v/v, 3:2) solvent media. The triethylamine base helped the reaction by allowing the terminal
alkynyl protons to be removed; while the Cu(l)-complex acted as a catalyst to control the
stereoselectivity of the cycloaddition, which made it possible to make only the desired 1,4-

disubstituted product. After 6 hours of stirring at 55 to 60 °C, the process was completed, as
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ascertained via TLC. The solid product was separated from the reaction mixture with ice-cold

water and then analyzed with standard spectral methods.

150

Figure 4.11: Structure of 1,2,3-triazole derivative 150
4.12.2. Analysis of IR spectrum

The synthesis of compound 150 was shown by its characteristic infrared spectrum
(neat) between 4000 and 500 cm™. The effective formation of the 1,2,3-triazole ring was
verified by the absence of -N=N=N stretching signal at 2091 cm™, C=C-H stretching signal at
3283 cm™?, and C=C stretching signal at 2120 cm™, owing to the alkyne group. C-H stretching
signals were also seen at 3138 cm™ for aromatic C-H stretching, 3051 cm for the 1,2,3-triazole
moiety, and 2963 cm™ for the methylene groups. The signals at 1596 and 1499 cm™ were
suggestive of aromatic C=C stretching and the signal at 1454 cm™ corresponded the C-H

bending in methylene groups.
4.12.3. Analysis of NMR spectra

The *H NMR spectrum of compound 150 was measured in DMSO as the solvent at a
frequency of 500 MHz relative to tetramethylsilane. It was shown that the alkyne moieties had
been converted into 1,2,3-triazole rings as a result of the absence of a triplet at 5 = 2.51 ppm.
As a result of this, one of the signals in the aromatic section of the *H NMR spectrum of the
1,2,3-triazole derivative 150 was caused by the protons that were previously connected to the

alkynyl group. In addition, the doublets that manifested at 6 = 5.15 ppm and 5.98 ppm were
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assigned to the methylene protons and the benzylic protons, respectively. The multiplets that

emerged at 6 =8.31 - 6.94 ppm was caused by aromatic protons.

The 3C NMR spectroscopy was also used to demonstrate the effective synthesis of
compound 150. In the spectrum, the absence of signals at & = 75.55 ppm and & = 78.88 ppm
corresponding to the C=C moiety of the terminal alkyne indicated that the moiety was
converted to the 1,2,3-triazole ring. Furthermore, the methylene C atoms of the terminal alkyne
149, which had a signal at 5 = 56.58 ppm, were displaced downfield to 6 = 61.97 ppm in the
13C NMR spectrum of 150 because of their proximity to the aromatic ring. The benzylic C
atoms were responsible for the signal at 6 = 50.79 ppm, whilst the aromatic C atoms were the

source of the signals at & = 143.27 - 112.77 ppm.
4.12.4. Analysis of mass spectrum

The mass spectrum (LC-MS) of the synthetic 1,2,3-triazole derivative 150 showed a
peak at m/z = 683.28, which corresponded to the theoretically calculated [M+1] peak
(theoretical m/z = 682.28). This verified that the desired 1,2,3-triazole derivative was

successfully synthesized.

4.13. Synthesis and spectral analysis of Schiff base (E)-2-methoxy-4-(((5-methylpyridin-
2-yl)imino)methyl)phenol (153)

4.13.1. Synthesis

The Schiff base 153 was synthesized by subjecting the reaction mixture containing
equimolar  concentration of  2-amino-5-methylpyridine 151 and  4-hydroxy-3-
methoxybenzaldehyde 152 (vanillin) to refluxing in ethanol as the solvent, wherein the two
reactants underwent nucleophilic addition to get connected via a newly formed imine moiety.
A TLC analysis confirmed the reaction completion after 40 hours. After separating the solid
product from the reaction mixture using ice-cold water, it was examined using conventional

spectroscopic techniques.

— OCHj
OH

153

Figure 4.12: Structure of Schiff base 153
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4.13.2. Analysis of IR spectrum

The IR spectrum (neat) analyzed for the Schiff base 153 in the range of 4000 - 500 cm’
! was suggestive of its successful synthesis. The broad signal corresponding to the -OH moiety
appeared at 3367 cm™*, whereas the signal at 1672 cm™ was suggestive of the formation of a
C=N bond. In addition to this, the absence of signals at 3450 cm™ and 3300 cm™* corresponding
to the NH> stretching confirmed the successful conversion of the NH. group to form the Schiff

base.
4.13.3. Analysis of NMR spectra

The *H NMR spectrum of compound 153 was measured in CDClIs as the solvent at a
frequency of 500 MHz relative to tetramethylsilane. The methyl protons were attributable to
the singlet at & = 2.12 ppm, while the methoxy protons were responsible for the singlet at 6 =
3.91 ppm. The aromatic protons appeared as multiplets at 6 = 7.93 - 6.82 ppm. The proton of
the hydroxyl group was attributed to the singlet at 6 = 9.68 ppm.

The 3C NMR spectroscopy was also used to demonstrate the effective synthesis of
compound 153. The C atom of the methyl group was assigned to the signal at 6 = 14.13 ppm,
whereas the C atom of the methoxy group was responsible for the signal at & = 59.53 ppm. The
aromatic C atoms were marked by the presence of the signals between 6 = 160.46 - 110.87

ppm, and the C atom of the C=N group was attributed to the signal at 5 = 163.66 ppm.

4.14. Synthesis and spectral analysis of terminal alkyne (E)-1-(3-methoxy-4-(prop-2-yn-
1-yloxy)phenyl)-N-(5-methylpyridin-2-yl)methanimine (154)

4.14.1. Synthesis

The terminal alkyne 154 (figure 4.13) was synthesized by reacting the synthesized
Schiff base 153 with propargyl bromide solution 42 in toluene at an 80% concentration. Stirring
the reaction mixture with KoCOs3 as the base at room temperature resulted in the removal of
labile protons from the hydroxyl group on the Schiff base and their replacement with propargyl
groups. Following the addition of ice-cold water to terminate the reaction, the resultant solid
product was subjected to filtration, further washing with water, and subsequent drying until a
constant weight was achieved. The structure of the terminal alkyne was then determined using
infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy, thereby evidencing that

the synthesis was successful.
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Figure 4.13: Structure of terminal alkyne 154
4.14.2. Analysis of IR spectrum

The terminal alkyne 154 was characterized using infrared spectroscopy (4000 - 500 cm™
1), and the findings corroborated the anticipated outcomes. A sharp signal at 3282 cm™,
corresponding to the C=C-H stretching, and an additional signal at 2117 cm™, related to the
C=C stretching, confirmed the terminal alkyne synthesis. The signal at 3007 cm™ was due to
the aromatic C-H stretching, and the signal at 2937 cm™* corresponded to the C-H stretching of
the aliphatic groups. Furthermore, the absence of a broad signal at 3367 cm™ due to the O-H
stretching was absent, which confirmed the successful conversion of the O-H moiety into the

terminal alkyne.
4.14.3. Analysis of NMR spectra

The *H NMR spectrum of the terminal alkyne 154 was attained at 500 MHz in CDCls
using tetramethylsilane as a reference, and the results were suggestive of successful synthesis
of the product. The detection of a triplet at & = 2.57 ppm, corresponding to the alkynyl proton,
validated the terminal alkyne synthesis. Also, the methylene protons were responsible for the
singlet at 6 = 4.70 ppm. The methyl protons were attributable to the singlet at 6 = 2.12 ppm,
while the methoxy protons were responsible for the singlet at & = 3.90 ppm. The aromatic

protons appeared as multiplet at 6 = 7.96 - 6.78 ppm.

The 3C NMR spectrum of the terminal alkyne 154 gave further confirmation of the
successful synthesis. The C atoms that comprised the C=C moiety were assigned to the signals
at 6 = 75.74 ppm and & = 79.56 ppm, while the methylene C atom was attributed to the signal
at 6 = 56.79 ppm. Additionally, the C atom of the methyl group was assigned to the signal at &
= 17.36 ppm, whereas the C atom of the methoxy group was responsible for the signal at 6 =
55.74 ppm. The aromatic C atoms were marked by the presence of the signals between & =
160.53 - 110.61 ppm, and the C atom of the C=N group was attributed to the signal at & =
163.80 ppm.
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4.15. Synthesis and spectral analysis of (E)-1-(4-((1-benzyl-1H-1,2,3-triazol-4-
yl)methoxy)-3-methoxyphenyl)-N-(5-methylpyridin-2-yl)methanimine (155)
4.15.1. Synthesis

The 1,2,3-triazole derivative 155 of the Schiff base alkyne is shown in figure 4.14,
which was prepared by reacting the previously synthesized terminal alkyne 154 with benzyl
chloride 105 in THF:TEA (v/v, 2:1) solvent medium containing 0.001 mmol of [CuBr(PPhsz)3].
The removal of the terminal alkynyl protons was facilitated by the triethylamine base, and the
Cu(l)-complex worked as a catalyst to maintain stereoselectivity throughout the cycloaddition,
allowing for the production of solely the required 1,4-disubstituted product. TLC confirmed
completion of reaction after 6 hours of stirring at 55 to 60 °C. The solid product was extracted
from the reaction mixture using ice-cold water, and then conventional spectrum techniques

were applied to it for analysis.

Figure 4.14: Structure of 1,2,3-triazole derivative 155
4.15.2. Analysis of IR spectrum

The successful synthesis of compound 155 was demonstrated by its infrared spectrum
(neat) between 4000 and 500 cm™. The absence of -N=N=N stretching signal at 2089 cm™* due
to the azide group, the C=C stretching signal at 2117 cm™, and C=C-H stretching signal at 3282
cm™ due to the alkyne group confirmed the efficient synthesis of 1,2,3-triazole moieties to
create the 1,2,3-triazole ring. The signals for aromatic C-H stretching were seen at 3137 cm™
for the C-H stretching of the 1,2,3-triazole moiety, 3007 cm for the aromatic C-H stretching,
and 2964 cm™* for the methylene groups. The signals at 1610 and 1498 cm™ indicated aromatic
C=C stretching, while the signals at 1459 cm™ and 1385 cm™ indicated C-H bending of the

methylene and methyl groups respectively.
4.15.3. Analysis of NMR spectra

The *H NMR spectrum of compound 155 was measured in CDCls at a frequency of 500

MHz relative to tetramethylsilane, wherein the results obtained were suggestive of successful

125



synthesis of the product. The absence of a triplet at 5 = 2.57 ppm demonstrated that the alkyne
moiety had been converted into the 1,2,3-triazole moiety. Therefore, the aromatic region of the
'H NMR spectrum of 155 showed a signal from the proton that was originally connected to the
alkynyl group. Furthermore, the singlets at 6 = 5.09 ppm and & = 5.84 ppm were assigned to
methylene protons and benzylic protons, respectively. Additionally, the methyl protons were
attributable to the singlet at & = 2.13 ppm, while the methoxy protons were attributed to the
singlet at 5 = 3.90 ppm. The aromatic protons were responsible for the multiplet at 6 = 7.96 -

6.79 ppm.

The successful synthesis of compound 155 was also confirmed via 3C NMR spectrum,
which was also obtained in CDClIs in reference to tetramethylsilane. The spectrum displayed
no signal at § = 75.74 ppm and & = 79.56 ppm, which were due to the C=C moiety in the *C
NMR spectrum of terminal alkyne, thereby indicating the conversion of this group into the
1,2,3-triazole ring. Additionally, two signals at = 58.55 ppm and & = 52.14 ppm were assigned
to the methylene C atom and the benzylic C atom, respectively. Furthermore, the methyl C
atom was attributable to the signal at 56 = 18.16 ppm, while the methoxy C atom was attributed
to the signal at & = 54.94 ppm. The aromatic C atoms were marked by the presence of the
signals between 6 = 160.34 - 110.94 ppm, and the C atom of the C=N group was attributed to
the signal at 5 = 163.24 ppm.

4.15.4. Analysis of mass spectrum

The mass spectrum (LC-MS) of the synthesised 1,2,3-triazole derivative 155 revealed
a prominent peak at m/z = 414.19 (M+1), which corresponded to the theoretically calculated
peak (413.19). This confirmed the effective synthesis of the required 1,2,3-triazole derivative.

126



References

1 Y. Bourne, K. B. Sharpless, P. Taylor and P. Marchot, J. Am. Chem. Soc., 2016, 138,
1611-1621.

2  W. Zhai, B. M. Chapin, A. Yoshizawa, H. C. Wang, S. A. Hodge, T. D. James, E. V.
Anslyn and J. S. Fossey, Org. Chem. Front., 2016, 3, 918-928.

3 H. J. Park, S. Yoo, I. S. Shin, Y. K. Chung and J. Kim, Electroanalysis, 2013, 25, 1111
1115.

4 K. S. Son, M. Yahiro, T. Imai, H. Yoshizaki and C. Adachi, Chem. Mater., 2008, 20,
4439-4446.

5 P. N. Kalaria, S. C. Karad and D. K. Raval, Eur. J. Med. Chem., 2018, 158, 917-936.
6 E. Kabir and M. Uzzaman, Results Chem., 2022, 4, 100606.
7 A. T. Balaban, D. C. Oniciu and A. R. Katritzky, Chem. Rev., 2004, 104, 2777-2812.

8 F. Feixas, J. Poater, E. Matito and M. Sola, in Structure, Bonding and Reactivity of
Heterocyclic Compounds, eds. F. De Proft and P. Geerlings, Springer-Verlag, 1st edn.,
2014, pp. 129-160.

9 V.V Rostovtsev, L. G. Green, V. V Fokin and K. B. Sharpless, Angew. Chem., 2002,
41, 2708-2711.

10 S. Neumann, M. Biewend, S. Rana and W. H. Binder, Macromol. Rapid. Commun.,
2020, 41, 1900359.

11 S. Chassaing, V. Bénéteau and P. Pale, Catal. Sci. Technol., 2016, 6, 923-957.
12 M. Meldal and F. Diness, Trends Chem., 2020, 2, 569-584.

13 C. Ozen and N. S. Tiiziin, J. Mol. Catal. A Chem., 2017, 426, 150-157.

14 Y. Ozklllg and N. S. Tiiziin, Organometallics, 2016, 35, 2589-2599.

15 M. De Lourdes G. Ferreira, L. C. S. Pinheiro, O. A. Santos-Filho, M. D. S. Pe¢anha, C.
Q. Sacramento, V. Machado, V. F. Ferreira, T. M. L. Souza and N. Boechat, Med. Chem.
Res., 2014, 23, 1501-15.

127



Chapter IV

Scrutinization i
Photophysical
Data

Scrutinization of Photophysical Data

In this part of chapter 4, the photophysical properties of the newly
synthesised 1,4-disubstituted 1,2,3-triazole-appended compounds are
described in detail. UV-Visible and fluorescence spectroscopy were
used to investigate the photophysical behaviour of these compounds,
on the basis of which the selective chemosensing behaviour of the

1,2,3-triazole appended probes is established.



4.16. Electronic spectroscopy- mechanistic aspect and application for ion(s) sensing
4.16.1. UV-Visible spectroscopy

Lambert-Beer's law is the foundation of early spectroscopic observations involving
UV-Vis spectroscopy and many current analytical procedures in the environment and the
laboratory.!? The principle i.e., “in a medium of uniform transparency the light remaining in a
collimated beam is an exponential function of the length of the path in the medium” was
originally described by Bouguer,® which forms the foundation of UV-Vis spectroscopy. In
comparison to other typical spectroscopic methods employed for analysis, UV-Vis
spectroscopy has the advantages of being quick, non-destructive, high-resolution, and low-cost,
due to which it has found widespread applications in qualitative and quantitative analysis, such
as pharmaceutical analysis, pollution monitoring, DNA and RNA analysis, nanoparticle

characterization, etc.*8

Electronic transitions occur when a molecule absorbs UV-Visible light, with the most
likely transition involving excitation of an electron from the HOMO, i.e., the highest occupied
molecular orbital to the LUMO, i.e., the lowest unoccupied molecular orbital, thereby resulting
in the attenuation of the incident light which is subsequently measured by the UV-Vis
spectrophotometer. Due to the presence of different types of molecular orbitals in a compound
(bonding, antibonding and non-bonding), the electronic transitions occurring are also of several

types depending on the type of electrons present, as represented in figure 4.15.

» Molecules such as alkanes which possess only single bonds are able to exhibit only c—c*
transitions, owing to the exclusive presence of ¢ electrons. Such transitions are extremely
energetic, absorbing ultraviolet light at wavelengths that are too short to be measured by
conventional spectrophotometers in experiments and hence it is not feasible to deduce
much information about such compounds through UV.

» n—o™ transitions are observed in saturated molecules having atoms with lone pairs of
electrons, such as alcohols, amines, ethers, etc. Although being high-energy transitions
like o—c*, these are observed in experimentally accessible range, with alcohols and
amines exhibiting such transitions in the range of 175-200 nm whereas sulfides and thiols
demonstrate these transitions in the range of 200-225 nm. However, most of these
transitions are below the cut-off value for the solvents used in UV-Vis spectroscopy and

hence are not observed.
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» Unsaturated molecules having n electrons demonstrate n—n* transitions, such as the
alkenes show absorption at 175 nm, whereas alkynes show absorption at 170 nm.
Furthermore, the positions of such transitions are highly sensitive to the presence of
substitution, despite their relatively high energy.

» Unsaturated molecules having lone pair bearing heteroatoms such as oxygen or nitrogen
exhibit n—n* transitions. When it comes to carbonyl compounds, these are the transitions
that have received the greatest attention and study, and the changes are also rather sensitive
to substitutions made to the chromophoric structure. Transition occurs at 280-290 nm for
the typical carbonyl compound. Because most n—m* transitions are forbidded, they are

relatively weak in intensity.
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Figure 4.15: An illustrative representation of the types of electronic transitions in conjugated

system and/or C=0 group!?

UV-vis spectroscopy is still the standard spectroscopic technique for many niche
applications, especially those involving distinctive chromophoric compounds like dyes,

indicators, and filters,% but it is not as commonly used as other spectroscopies like nuclear
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magnetic resonance for initial structural analysis. An analyte possessing chromophoric
group(s) and absorptions typical of a certain family of functional groups can be investigated by
UV-vis spectroscopy.!! Taking direction from this idea, the analysis of new compounds with
chemosensing applications using UV-Vis spectroscopy was the focus of this research.
Therefore, in this research work, using aromatic compounds as building blocks, novel
chemosensing compounds were synthesized, and their ability to detect various metal ions was

analyzed through UV-Vis and/or fluorescence spectroscopic techniques.

The transition metal ions in their solution state exist as cations due to their
electropositive nature. These cationic species are also capable of exhibiting electronic
transitions by absorbing radiations in the UV-Vis region. Their positive charge is mainly
responsible for their interaction with electron rich species, thereby potentially altering the
electron density on both the interacting species due to the potential for different types of
electronic transitions to occur during this interaction.*? The metal ion or its binding ligands
(other ions or molecules that coordinate with the metal ion) may be involved in these
excitations. In case of the metal ion, these are the d-d transitions, and they are unique to
transition metals, whereas for the ligands, the type of electrons present is responsible for the
different transitions as discussed above. In any case, if the electronic arrangement of a free
ligand gets transformed due to its interaction with an analyte in the solution state (in this case
a metal ion) then there is a distinctive change in the absorbance of the sensor probe after metal-
ion binding, which provides evidence for the successful interaction of the ligand and the metal
ion which can be established by comparing the UV-Vis spectrum before and after the addition

of the metal ions.1>18
4.16.2. Fluorescence spectroscopy

The theory and practice of fluorescence spectroscopy have been widely used in the
fields of chemistry and biochemistry to examine molecular structure and function.'® The
electron density of a chromophore is redistributed upon absorption of light of visible and
ultraviolet wavelengths, inducing an electronic transition.?> Some organic compounds, such as
those with a system of conjugated double bonds, can radiate the absorbed energy as
fluorescence, which is typically the rapid emission of the photons from the singlet state.?* There
are a number of benefits unique to fluorescence spectroscopy that make it ideal for studying
molecular interactions and reactions. To begin, its sensitivity is 100-1000 times higher than

that of conventional spectrophotometric methods. Second, the environment has a profound
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effect on the sensitivity of fluorescent compounds.?? Therefore, fluorescence spectroscopy in
the light of such desirable advantages is employed in a diverse range of applications, ranging

from in vivo analysis to wastewater monitoring.2®2’

Regarding the recognition of metal ions by electron-rich ligands, fluorescence
spectroscopy is employed in a manner akin to UV-Vis spectroscopy. The synthesized ligands
in this research work contain fluorophores, which are the functionalities that emit fluorescence
when excited by light of a certain wavelength.?2?° On binding with a metal ion, the electronic
rearrangement within the metal-ligand complex induces substantial changes in the fluorescence
spectrum, which on comparison with the fluorescence of the free sensor confirms the

recognition of metal ions.3%3!
4.17. Chemosensing analysis of maleic hydrazide based 1,2,3-triazoles 140 and 141
4.17.1. lon recognition analysis of 1,2,3-triazole derivative 140

Utilizing UV-Vis spectroscopy, the ion recognition potential of the synthesized 1,2,3-
triazole derivative 140 was analyzed utilizing a variety of metal chlorides. The molecule was
designed by modifying the parent maleic hydrazide moiety in such a way that it was connected
to a benzyl group (acting as the transducer group) via a 1,2,3-triazole bridge, which in addition
to serving as the spacer unit, also had the potential to provide the receptor sites for the electron-
deficient metal ions due to the presence of lone pair bearing N atoms. As a result, an overall
strong molecular framework accompanied by aromaticity presented the synthesized probe as a

robust molecule to possess chemosensing potential.

Dimethylsulfoxide (DMSO) was chosen as the solvent for UV-Vis investigations of the
1,2,3-triazole derivative 140 owing to its good solubility and favourable spectral data.
Following the completion of the optimization for the solution concentration in the UV-vis
examinations of the probe, a concentration of 0.5 mM was established to be employed for
monitoring the sensing behaviour because of the presence of interpretable absorption band. The
probe 140 exhibited an absorption peak at 312 nm, along with a slight shoulder peak at 258
nm, characterized by respective intensities of 1.7 and 0.8. Subsequently, the chemosensing
potential of the probe were evaluated using 1 mM chlorides of Ca(ll), Mg(Il), Ba(ll), Cr(llI),
Mn(11), Co(ll), Ni(ll), Zn(I1), and Pb(ll) dissolved in DMSO. When the probe solution was
subjected to titration with 1 mM solutions of the metal chlorides, the absorption spectrum of

the probe exhibited negligible alterations in absorption maxima and/or absorption intensity,
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except for Pb(Il) and Cr(lI1), which displayed the most significant changes in absorbance
peaks. Figure 4.16 is a graphical representation of the relative chemosensing behavior of the

probe 140 for several metal ions, where it can be seen that the probe has a relatively higher

recognition potential for Pb(11) and Cr(l11) over other metal ions.
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Figure 4.16: An illustration of the relative absorption change of probe 140 for several metal

ions in DMSO solvent
4.17.1.1. Chemosensing response of probe 140 for Pb(Il) and Cr(IlIl) via UV-Vis

spectroscopy
In order to investigate the interaction between probe 140 and Pb(I1) and Cr(l11I) ions, an

analysis was performed by UV-Vis spectroscopy wherein titration of a 0.5 mM solution of
probe 140 was undertaken with 1 mM solutions of Pb(Il) and Cr(l11) ions. The results of these
titrations are shown in figure 4.17, wherein the incremental introduction of Pb(I1) ions resulted
in a significant hyperchromic shift at 258 nm in probe 140, surpassing the shift observed in
Cr(111) by more than twofold. A bathochromic shift of 4-5 nm was also observed in addition to
the hyperchromic response. On the contrary, the absorption peak at 312 nm exhibited a
decrease in intensity, resulting in the appearance of an isosbestic point around 288 nm. The
relative change in the maximum absorbance (An/A,) for peaks at 258 nm and 312 nm is
displayed in figure 4.18, wherein A, = absorption maxima with succeeding addition of Pb(Il)
ions, and A, = absorption maxima of the probe. Furthermore, the correlation plot as depicted

in figure 4.19 was utilized to determine the limit of detection (LoD) and limit of quantification
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(LoQ) of the probe for Pb(ll), which came out to be 58 uM and 195 uM respectively, whereas
the binding ratio calculated from the plot was established to be 2:1 (M:L). In addition to this,
the Benesi-Hildebrand (B-H) equations (A) and (B) were implemented to calculate the first
association constant Ka: and second association constant Ka» for 1:1 and 1:2 host-guest
complexation respectively, and the corresponding B-H plot for the complexation of the probe
for Pb(ll) is represented in figure 4.20. The first association constant (Ka1) of 140 for Pb(ll)
was determined to be 0.22 x 10* M1; whereas the second association constant (Kaz) was 0.61
x 10° ML,

1 1 1
= A
A—Ao A’—A0+Ka(A’—A0)[M”+] (4)
11 N 1 5
A—Ao A —Ao Ka(A' — Ao)[M"]2 (B)

Where Ao = initial absorption intensity
A = absorption intensity with a specific metal ion concentration
A’ = final absorption intensity
[M"™] = metal ion concentration, and
Ka = association constant
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Figure 4.17: UV-Vis spectra of probe 140 (0.5 mM) upon the progressive addition of Pb(Il) in
DMSO as the solvent
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Figure 4.20: Benesi-Hildebrand plot for probe 140-Pb(11) complexation

The probe 140 showed a consistent hyperchromic change in the absorbance intensity
measured at 258 nm when Cr(111) ions were utilized in the titration procedure. In addition to
this, a hypochromic shift of equivalent magnitude was seen in the absorbance at 312 nm,
thereby resulting in an isosbestic point located at 279 nm (figure 4.21). The relative absorption
change (An/Ao) for the peaks at 258 nm and 312 nm is shown in figure 4.22, where A, denotes
the absorption maxima with further addition of Cr(Ill) ions and A, denotes the maximum
absorption of the probe. Additionally, the correlation plot shown in figure 4.23 was used to
calculate the binding ratio, which was established to be 2:1 (M:L), as well as the limit of
detection (LoD) and limit of quantification (LoQ) of the probe for Cr(l11), which turned out to
be 79 UM and 263 UM, respectively. Moreover, the B-H equations (A) and (B) were used to
calculate the first association constant Ka; and second association constant Ka, for 1:1 and 1:2
host-guest complexation respectively, and the corresponding B-H plot for the complexation of
the probe for Cr(111) is shown in figure 4.24. In the case of a 1:1 host-guest complex, the first
association constant (Ka1) for the probe for Cr(I11) was found to be 0.55 x 10* M*; whereas,
with a 1:2 stoichiometry, the second association constant (Ka2) was found to be 0.20 x 105 M-
. The values of LoD, LoQ, stoichiometric ratio, and association constants of the probe for
Pb(I1) as well as Cr(l1l) have been compiled in table 4.1.
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Figure 4.21: UV-Vis spectra of probe 140 (0.5 mM) upon the progressive addition of Cr(l11)
in DMSO as the solvent
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Figure 4.22: Relative absorbance maxima (An/Ao) shifts of probe 140 according to the
concentration of Cr(I11) ions added
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Figure 4.23: Correlation plot of relative absorption intensity of probe 140 (Ao-An)/Ao as a
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Figure 4.24: Benesi-Hildebrand plot for probe 140-Cr(111) complexation
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) LoD LoQ Ist association | IInd association | Stoichiometry
Entry | Metal ion
(UM) (LM) constant (Kai1) | constant (Kaz) (M:L)
140 Pb(Il) 58 195 0.22 x 10*M?* | 0.61 x 10°M™? 2:1
Cr(I1) 79 263 0.55 x 10* M | 0.20 x 10° M 2:1

Table 4.1: LoD, LoQ, Kai, Kaz, and stoichiometric ratio values for probe 140 on binding with

Pb(I1) and Cr(l11)

4.17.1.2. Competitive metal ion interaction analysis

In addition to the analysis focused on selective ion recognition, the probe 140's

selectivity was also assessed when all the metal ions were present in equimolar concentrations,

and the titration carried out of a 0.5 mM probe solution in DMSO with a solution comprising

equimolar ratio of all the metal ions produced a UV-Vis spectrum that closely resembled the

one observed for pure Cr(l11) as shown in figure 4.25. This experiment effectively showcased

the probe's specificity for Cr(lll) and established that other metal ions did not impact the

chemosensing capabilities of the probe.
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Figure 4.25: Absorption spectra of probe 140 (0.5 mM) in DMSO recognizing Cr(l11) ions

among several metal ions at equimolar concentrations
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4.17.1.3. Time dependence analysis of probe 140-metal ion complexation

The examination of the response of the probe 140-metal ion complex to variations in
time provides valuable insights about its susceptibility for the analytes (metal ions). The impact
of time on the behavior of metal-bound probe 140 by the utilization of absorption spectroscopy
was carried out, and the results (figure 4.26) indicated that the absorbance of Pb(Il)-bound and
Cr(111)-bound probe solutions displayed no significant change despite being left to stand for

long periods of time. This demonstrated a very stable and robust affinity of the probe 140 for

metal ions.
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Figure 4.26: Time dependent absorption spectrum of probe 140-Pb(11)/Cr(111) complex
solution exhibiting a constant absorbance at 258 nm

4.17.1.4. Temperature dependence analysis of probe 140-metal ion complexation

The temperature effect on the binding capability of probe 140 was also studied
throughout a range of temperatures, complementing the time-dependent study. Absorption
spectra were recorded at 2 °C intervals from 20 °C up to 50 °C, wherein the investigation
revealed that variations in temperature did not have a substantial impact on the binding capacity
of probe 140, as illustrated in figure 4.27. This suggests a strong and stable binding interaction
between the probe and the metal ions.
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Figure 4.27: Temperature dependent absorption spectrum of probe 140- Pb(11)/Cr(I11)
exhibiting a constant absorbance over a temperature range of 20 - 50 °C

4.17.1.5. Plausible binding mode

Pb(I1) is classified as a borderline acid in accordance with the HSAB hypothesis, but
Cr(111) is regarded as a hard acid. Both ions have the ability to form bonds with the lone-pair
containing N, O or S. The synthetic probe 140 contains 1,2,3-triazole moieties with lone pair-
bearing N atoms, and O atoms on the parent structure, which can be attributed for binding with
the ions mentioned above. This is attained through the regulation of the orientation of the 1,2,3-
triazole moieties, resulting in the formation of a binding core designed to have a cavity of
appropriate size to accept Pb(11) and Cr(l11) ions through coupling with the nitrogen and oxygen
atoms. Consequently, a ligand-metal stoichiometry of 1:2 is observed. (figure 4.28). Rest of
the coordination sites are expected to be filled by the solvent molecules.
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Figure 4.28: Proposed interaction between probe 140 and Pb(11)/Cr(I11)
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4.17.2. lon recognition analysis of 1,2,3-triazole derivative 141

The ion sensing potential of the synthesised 1,2,3-triazole derivative based on maleic
hydrazide 141 was studied using UV-Vis spectroscopy in a similar manner as that of probe
using a number of metal chlorides. The synthesis of this molecule was carried out to achieve
relatively more aromaticity on the transducer moiety in order to get better UV-Vis spectral
results. For this, the parent maleic hydrazide moiety was modified so that it was linked to a
naphthyl group (the transducer group) via a 1,2,3-triazole bridge, thereby providing higher
aromaticity to the transducer in comparison to the previous 1,2,3-triazole derivative. Similar to
the probe, the 1,2,3-triazole moiety not only served as a spacer unit, but also had the potential
to provide receptor sites for electron-deficient metal ions owing to the presence of electron-
rich N atoms. Therefore, the synthesised probe was presented as a strong molecule with
relatively better chemosensing potential due to its overall strong molecular framework and high

aromaticity.

Dimethylsulfoxide (DMSO) was chosen as the solvent medium for the UV-Vis
examinations of the 1,2,3-triazole derivative 141 in this case also due to its admirable solubility
and good spectrum data. Because of the existence of an interpretable absorption band, a
concentration of 0.5 mM was chosen to be used for monitoring the sensing behaviour after
optimizing the solution concentration for the UV-Vis examinations of the probe. The probe's
absorption peak was found at 284 nm, with additional smaller peaks at 274 nm and 294 nm.
The absorption intensities corresponding to these peaks were 1.5, 1.3, and 1.2 respectively.
Thereafter, the probe's ion sensing capabilities were tested using 1 mM chlorides of Ca(ll),
Mg(lt), Ba(ll), Cr(111), Mn(lI1), Co(I1), Ni(1l), Zn(I1), and Pb(Il) dissolved in DMSO. With the
exception of Pb(Il) and Cr(I11), which showed the greatest changes in absorbance peaks when
the probe solution was titrated with the aforementioned metal chlorides, no appreciable change
was observed in the former's absorption spectrum. Figure 4.29 shows a graphical depiction of
the probe's relative chemosensing behaviour for several metal ions of equimolar concentration,
with Pb(II) and Cr(I11) showing a significantly stronger behavioural response than the other

metal ions.
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4.17.2.1. Chemosensing response of probe 141 for Pb(Il) and Cr(lll) via UV-Vis

spectroscopy

Similar to the experiments to establish the chemosensing potential of probe, UV-Vis
analysis for probe 141 was conducted wherein 0.5 mM of the probe solution was titrated with
15 equiv. of 1mM of Pb(ll) solution, to analyze the UV-Vis spectrum for evidence of the
interaction of the probe with Pb(ll) ions. The titration outcomes shown in figure 4.30 reveal
that the peak at 294 nm was shown to undergo a hypochromic shift when Pb(ll) ions were
successively added to the probe solution, whereas the peaks at 274 nm and 284 nm underwent
an immense hyperchromic shift, eventually merging at about 270 nm and giving rise to a broad
band. The emergence of an isosbestic point was observed at about 287 nm. Figure 4.31
illustrates the relative variation in maximum absorption intensity (An/Ao) for the peaks at 270
nm and 294 nm, wherein A, represents the maximum absorption with the addition of Pb(ll)
ions, while A, denotes the absorption maximum of the probe. The correlation plot (figure 4.32)
was employed to determine the limit of detection (LoD) and limit of quantification (LoQ), and
was found to be 142 uM and 473 uM respectively, with the binding ratio of probe with Pb(ll)
being 2:1 (M:L). Moreover, the B-H equations (A) and (B) were employed to determine the

first association constant (Ka1) and second association constant (Ka2) respectively, and the
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values were 0.18 x 10° M for K1 and 0.46 x 10° M for K2 in case of binding with Ph(lI).
The B-H plot for the same has been represented in figure 4.33.
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Figure 4.30: UV-Vis spectra of probe 141 (0.5 mM) upon the progressive addition of Pb(ll) in
DMSO as the solvent
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Figure 4.31: Relative absorbance maxima (An/Ao) shifts of probe 141 according to the

concentration of Pb(I1) ions added
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A hypochromic shift was seen in the absorption peaks at 274 nm, 284 nm, and 294 nm
for probe 141 when Cr(I11) ions were employed in the titration experiment. Furthermore, an
additional spectral peak was detected at a wavelength of 260 nm, accompanied by the
appearance of an isosbestic point at 270 nm (figure 4.34). The relative absorption change
(An/Ao) is shown in figure 4.35 for the peaks at 260 nm, 274 nm, 284 nm and 294 nm, wherein
the absorption maxima with subsequent accumulation of Cr(111) ions are denoted by the symbol
An, whereas the maximum absorbance of the probe is denoted by the symbol A,. The limit of
detection (LoD) and limit of quantification (LoQ) of the probe for Cr(l1l) were determined to
be 87 UM and 290 uM, respectively, and the binding ratio was shown to be 2:1 (M:L) using
the correlation plot given in figure 4.36. Furthermore, the complexation of the probe 141 for
Cr(111) is depicted in a B-H plot (figure 4.37), and the association constants Ka: and Ka2 for 1:1
and 1:2 host-guest complexation were calculated using the B-H equations (A) and (B),
respectively. The first association constant (Kaz1) for the probe for Cr(I11) was determined to be
0.30 x 10° M for a 1:1 host-guest complex, while the second association constant (Kaz2) was
determined to be 0.76 x 10° M for a 1:2 stoichiometry. The values of LoD, LoQ,
stoichiometric ratio, and association constants of the probe for Pb(Il) ans well as Cr(l11) have

been compiled in table 4.2.
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Figure 4.34: UV-Vis spectra of probe 141 (0.5 mM) upon the progressive addition of Cr(I1)
in DMSO as the solvent
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Figure 4.36: Correlation plot of relative absorption intensity of probe 141 (Ao-An)/A, as a
function of Cr(lll) concentration; where Ao = initial absorption of probe 141 and A, =
absorption of probe 141 in the presence of Cr(l1l)
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Figure 4.37: Benesi-Hildebrand plot for probe 141-Cr(111) complexation

) LoD LoQ Ist association | IInd association | Stoichiometry
Entry | Metal ion
(UM) (LM) constant (Ka1) | constant (Kaz) (M:L)
141 Pb(1I) 142 473 0.18 x 10°M* | 0.46 x 10° M 2:1
Cr(1) 87 290 0.30 x 10°M?* | 0.76 x 10° M 2:1

Table 4.2: LoD, LoQ, Kaz, Kaz, and stoichiometric ratio values for probe 141 on binding with

Pb(I1) and Cr(111)

4.17.2.2. Competitive metal ion interaction analysis

In addition to the analysis focused on selective ion recognition, the probe 141's

selectivity was also evaluated when all the metal ions were present in equimolar proportions.

The titration carried out of a 0.5 mM probe 141 solution in DMSO with a solution comprising

equimolar ratio of all the metal ions yielded UV-Vis spectrum similar as in the case of pure

Cr(l11), thereby proving the selectivity of the probe 141 for Cr(l1l) (figure 4.38).
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Figure 4.38: Absorption spectra of probe 141 (0.5 mM) in DMSO recognizing Cr(l1l) ions

among several metal ions at equimolar concentrations
4.17.2.3. Time dependence analysis of probe 141-metal ion complexation

The effects of time on metal-bound probe 141 were also explored using absorption
spectroscopy, and the results (figure 4.39) indicated that the absorbance of Pb(ll)-bound and
Cr(111)-bound probe solutions displayed no significant change despite being left to stand for
long periods of time. This demonstrated that the probe 141 had a very stable and robust affinity
for metal ions.
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Figure 4.39: Time dependent absorption spectrum of probe 141-Pb(Il)/Cr(l11) complex

solution exhibiting a constant absorbance at 260 nm
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4.17.2.4. Temperature dependence analysis of probe 141-metal ion complexation

The study of the binding ability of probe 141 influenced by temperature was conducted
across a spectrum of temperatures, complementing the time-dependent investigation.
Absorption spectra were recorded at 2 °C intervals from 20 °C up to 50 °C, wherein it was
observed that the A variation in temperature did not produce any noteworthy impact on the
binding capacity of probe 141, as shown in figure 4.40, thereby suggesting a strong and

consistent binding between the probe and the metal ions.
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Figure 4.40: Temperature dependent absorption spectrum of probe 141-Pb(11)/Cr(111)

exhibiting a constant absorbance over a temperature range of 20 - 50 °C

4.17.2.5. Plausible binding mode

Since the structure of the probe 141 is similar to that of probe, with the only difference being
the transducer, therefore, the binding of the probe to the metal ions was achieved in a manner
analogous to the probe 140, through the manipulation of the arrangement of the 1,2,3-triazole
groups to create a binding core structured to allow for the accommodation of Pb(I1) and Cr(l11)
ions through interaction with the nitrogen and oxygen atoms, thereby exhibiting a 1:2 ligand-
metal stoichiometry (figure 4.41). Rest of the coordination sites are expected to be filled by

the solvent molecules.
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Figure 4.41: Proposed interaction between probe 141 and Pb(I1)/Cr(I11)

4.18. Chemosensing analysis of 4-tert butyl catechol based 1,2,3-triazole 144
4.18.1. lon recognition analysis of 1,2,3-triazole derivative 144

Analysis of the ion recognition potential of 4-tert butyl catechol-based 1,2,3-triazole
derivative 144 was carried out using UV-Vis spectroscopy, and a number of different metal
chlorides were used in the analysis. The molecule was designed by modifying the 4-tert butyl
catechol moiety in such a way that it was connected to a benzyl group (which acted as the
transducer group) via a 1,2,3-triazole bridge. This bridge, in addition to serving as the spacer
unit, also had the potential to provide the receptor sites for the metal ions due to the presence
of N atoms having lone pairs of electrons. As a consequence of this, the synthesised probe was
a robust molecule that had chemosensing potential.

For the purposes of sensing, the probe 144 displayed fine quality and interpretable
spectral data. The solvatochromic evaluation of probe 144 resulted in the identification of
acetonitrile and water in a ratio of 4:1 as the preferred solvent system for conducting UV-Vis
analysis after considering other solvents such as DMSO, THF, acetonitrile, and
acetonitrile/water (4:1). The selection was based on the solvent's effective solubility properties
and the high quality of the obtained spectral data, as shown in figure 4.42. Following the
completion of an optimization process aimed at determining the optimal solution concentration
for conducting UV-Vis experiments, the concentration of the probe 144 solution was adjusted
to 0.4 mM. The probe exhibited an absorption peak at 277 nm, which was equivalent to a 1.5

magnitude intensity.
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Figure 4.42: Absorption spectra of probe 144 (0.4 mM) solution in various solvents: (a)
CH3CN/H20 (4:1), (b) CH3CN, (c) DMSO, and (d) THF

Thereafter, the ion sensing capabilities of the probe 144 were tested by utilizing 1 mM
chlorides dissolved in CH3CN/H20 (4:1) of the ions Na(l), Mg(ll), Ba(ll), Cr(I1l), Mn(ll),
Co(I), Ni(11), Cu(l), Zn(11), Cd(11), Hg(l1), and acetate of Pb(Il), wherein the metal ions were

put through their paces in terms of sensing experiments using the probe solution. It was found

that only the metal ion solutions of Pb(I1) and Hg(Il) (ImM) were able to effectively generate

significantly large changes in the absorption spectra of probe 144, as represented in figure 4.43

as relative absorption change.
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Figure 4.43: An illustration of the relative absorption change of probe 144 for several metal
ions in CH3CN/H20 (4:1) solvent
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4.18.2. Chemosensing response of probe 144 for Hg(ll) and Pb(Il) via UV-Vis
spectroscopy

The assessment of probe 144's ability to detect Pb(ll) and Hg(Il) ions involved
conducting a titration using a 0.4 mM solution of probe 144 and 1 mM solutions of Pb(I1) and
Hg(1l). During this process, absorption spectra for every titration were recorded, wherein the
concentration of the probe was kept constant at 0.4 mM while incrementally increasing the
concentration of the metal ions from 0 to 15 equivalents. In figure 4.44, it is evident that the
binding of Hg(ll) ions to the probe solution was confirmed as indicated by a gradual decrease
in absorption intensity at 277 nm (hypochromic shift) and a slight increase at 249 nm
(hyperchromic response), and an isosbestic point at 255 nm was also observed. An inset graph
displaying the ratio of the absorbance maxima (An/Ao) at 277 nm as a function of the molar
concentration of Hg(ll) ions, where An represents the absorption maxima with incremental
Hg(ll) ions and A, represents the absorption maxima of the probe, is included. While
progressively titrating the ligand solution with Pb(ll), the probe 144 displayed a strong
hyperchromic response at 277 nm, with a blue shift of roughly 22 nm as shown in figure 4.45.
Furthermore, the association constant (Ka) of probe 144 was calculated using the B-H equation,
yielding values of 2.46 x 10° M and 0.71 x 103 M in the case of interaction with Hg(ll) and
Pb(I1) respectively; figure 4.46 and figure 4.47 depict the B-H plot for the same.
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Figure 4.44: UV-Vis spectra of probe 144 (0.4 mM) upon the progressive addition of Hg(ll)
in CH3CN/H20 (4:1); the inset exhibits the relative absorbance change (An/Ao) vs metal ion
concentration (mM)
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Figure 4.46: Benesi-Hildebrand plot for probe 144-Hg(Il) complexation
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Figure 4.47: Benesi-Hildebrand plot for probe 144-Pb(1l) complexation

4.18.3. Chemosensing response of probe 144 for Hg(ll) and Pb(ll) via fluorescence

spectroscopy

Fluorescence spectroscopy was also used to analyze the sensing behaviour of the probe
144 for different metal ions. When excited at a wavelength of 280 nm (Aex), probe 144 displayed
a peak emission (Aems) characterized by a prominent peak at 340 nm and a secondary peak at
653 nm, which exhibited a relatively lower intensity. The excimer formation accounts for the
653 nm emission peak, whereas the monomer emission is responsible for the 340 nm emission
peak, wherein it is possible for the benzyl groups of distinct molecules to undergo n-n stacking,
thereby allowing for the formation of the excimer. The ratio of the relative intensities of the
monomer and excimer bands for the free probe 144 (Maso/Ees3) was 2.45, which went up to
2.53 when either of the metal ions was added, which signifies that a probe 144-metal complex
was formed. The successive introduction of Hg(ll) and Pb(ll) ions in distinct analytical
titrations to probe 144 resulted in an enhanced fluorescence emission at the peaks at 340 nm
and 653 nm, with the emergence of an isosbestic point at about 630 nm, as shown in figure
4.48 and figure 4.49 respectively; and the insets on both plots show the relative fluorescence
emission (I/lo) plotted against metal ion concentration, wherein | is the intensity of the
fluorescence emission of probe 144 when metal ions are added, and I, is the intensity of
fluorescence emission of pure probe 144. Also, the correlation plot (lo-1)/lo vs. Pb(ll)
concentration (figure 4.50) revealed that the probe's limit of detection (LoD) and limit of

quantification (LoQ) were 8.6 uM and 28.7 uM, respectively, while the metal-to-ligand
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binding ratio was 2:1 (table 4.3). In the same way, the correlation plot for Hg(I1) (figure 4.51)
showed that the probe's limit of detection (LoD) and limit of quantification (LoQ) were 11 uM
and 38 uM, respectively, and the ratio of metal to ligand binding was 2:1 (table 4.3).
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Figure 4.48: Fluorescence spectra of probe 144 (50 uM) upon the progressive addition of

Hg(I1) ions in CH3CN/H20 (4:1); the inset exhibits the relative emission change (/1) vs

metal ion concentration (LM)
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Figure 4.49: Fluorescence spectra of probe 144 (50 uM) upon the progressive addition of
Pb(I1) ions in CH3CN/H20 (4:1); the inset exhibits the relative emission change (/1) vs metal
ion concentration (UM)
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Figure 4.50: Correlation plot of relative fluorescence emission of probe 144 (lo-1)/1o as a
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Figure 4.51: Correlation plot of relative fluorescence emission of probe 144 (lo-1)/1o as a

function of Pb(Il) concentration; where I, = initial emission of probe 144 and | = emission of

probe 144 in the presence of Pb(ll)

Metal Association Stoichiometry
Entry | LoD (uM) | LoQ (uM)
ion constant (Ka) (M:L)
144 Hg(ll) 11 38 2.46 x 10° M1 2:1
Pb(Il) 8.6 28.7 0.71 x 10°M™? 2:1

Table 4.3: LoD, LoQ, Ka and stoichiometric ratio values of probe 144 on binding with Hg(ll)

and Pb(lI)
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4.18.4. Competitive metal ion interaction analysis

A solution of 0.4 mM probe 144 in CH3CN/H20 (4:1) was subjected to a competitive
titration with the aim of determining whether the probe could selectively detect either Hg(ll)
or Pb(1l) when other metal ions were present. This involved titrating the 0.4 mM probe solution
with a solution containing an equivalent quantity of all the metal ions in an equimolar ratio.
The absorption spectra obtained after the titrations closely resembled those observed during
Hg(1l) complexation, indicating that the sensor probe 144's ability to detect Hg(ll) remained
unaffected by the presence of other metal ions (figure 4.52).
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Figure 4.52: Absorption spectra of probe 144 (0.4 mM) in CH3CN/H20O (4:1) recognizing

Hg(ll) ions among several metal ions at equimolar concentrations
4.18.5. Time dependence analysis of probe 144-metal ion complexation

The time-dependent binding of probe 144 to Pb(Il) and Hg(Il) ions was examined by
monitoring changes in the absorbance of probe 144-Pb(ll) and 144-Hg(ll) complex solutions
over a period of one hour. As illustrated in figure 4.57, the spectral data suggests a gradual
reduction in the absorption intensity of the 144-Pb(11) complex over time, while the absorption
intensity of the 144-Hg(11) complex increases towards the end of the spectrum (figure 4.53 and
4.54). Furthermore, immediate changes in absorbance and fluorescence intensity were
observed upon the addition of these metal ions to the probe solution, indicating that probe 144

serves as an efficient and "no-wait™ sensor for Pb(11) and Hg(ll).
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Figure 4.53: Time dependent absorption spectrum of probe 144-Hg(ll) complex solution

exhibiting a successive enhancement in absorbance at 277 nm
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Figure 4.54: Time dependent absorption spectrum of probe 144-Pb(Il) complex solution
exhibiting a successive decline in absorbance at 277 nm

4.18.6. Temperature dependence analysis of probe 144-metal ion complexation

The probe's potential for recognizing metal ions was also evaluated over a spectrum of
temperature range, from 30 °C to 50 °C. The resulting absorbance of solutions of probe 144-
Hg(l1) and probe 144-Pb(Il) were recorded at intervals of 2 °C. The 144-Hg(ll) combination
showed a temperature-dependent rise in absorption strength in the spectra (figure 4.55),
however this trend might just as well be explained by the behavior of the probe with respect to
change in time. Absorption intensity for the 144-Pb(Il) complex diminishes with decreasing

temperature, as shown in figure 4.56. This observed decrease in absorption intensity with
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increasing temperature is attributed to the time dependency, as the delayed recording of the
absorption intensity values of 144-Pb(11) complex at temperatures of 34 °C and 36 °C provides
further confirmation of this. Consequently, it was determined that the interaction between
probe 144 and Hg(l1) and Pb(I1) was not influenced by changes in temperature.
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Figure 4.55: Temperature dependent absorption spectrum of probe 144-Hg(ll) exhibiting
variation in absorbance over a temperature range of 20 - 50 °C
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Figure 4.56: Temperature dependent absorption spectrum of probe 144-Pb(ll) exhibiting
variation in absorbance over a temperature range of 20 - 50 °C
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4.18.7. Plausible binding mode

The HSAB concept recognizes Pb(Il) to be a borderline acid whereas Hg(ll) is a soft
acid. Interactions can be established between these metal ions and groups that possess atoms
carrying lone pairs like N, O, and S. The probe 144 may attach to the incoming metal ions via
the 1,2,3-triazole moiety, as it contains the lone pairs present on the N atoms. The probe 144
formed a 2:1 metal-ligand combination with both Pb(Il) and Hg(ll), as confirmed by the
correlation plot. Based on the foregoing, figure 4.57 depicts a possible mode of interaction of
the receptor 144 with the metal ions; wherein it is hypothesized that the triazole moiety's arms
adjust such that the the N atom of the triazole ring bind with the metal ions on either side of

the molecule. Rest of the coordination sites are expected to be filled by the solvent molecules.
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O = Hg(I1)/Pb(ll)

L = solvent

Figure 4.57: Proposed interaction between probe 144 and Hg(11)/Pb(11)
4.19. Chemosensing analysis of p-rosolic acid-based 1,2,3-triazole derivative 147

4.19.1. lon recognition analysis of 1,2,3-triazole derivative 147

Using UV-Vis spectroscopy, an evaluation of the ion recognition potential of the newly
synthesized p-rosolic acid-based 1,2,3-triazole derivative 147 was performed employing a
variety of various metal chlorides. The evaluation was carried out in order to determine whether
or not the ion recognition potential was present. The molecule was selected on the basis of the
presence of labile protons which could be replaced to synthesize the corresponding alkyne,
thereby subsequently subjecting it to cycloaddition with organic azide to form the 1,2,3-triazole
derivative, Besides, the high aromaticity of the parent structure could be useful for better
spectroscopic investigations. p-rosolic acid was likewise changed in the same way as the other

compounds mentioned, with a 1,2,3-triazole bridge connecting it to a naphthyl moiety (the
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transducer group). The 1,2,3-triazole bridge had electron-rich receptor sites for electron-
deficient metal ions in addition to serving as the spacer unit, thanks to the presence of lone pair

carrying N atoms. As a result, the synthesized probe was a robust molecule that had the ability

to exhibit chemosensing potential.

The probe 147 showed fine quality and interpretable spectrum data, making it a good
candidate for usage in sensing applications. For the spectral study of PRT, DMSO was chosen
as the solvent of choice due to its solvability and fine spectrum data. Once the optimal
concentration of probe 147 for UV-Vis studies was established, the concentration was set at 50
MM. Absorption maximum for the probe was observed at 284 nm, with two additional smaller
peaks at 274 nm and 294 nm. Assessment for the recognition ability of probe 147 towards 0.5

mM chlorides of Cr(l11), Mn(Il), Co(Il), Ni(ll), Zn(1l), Na(l), K(1), Mg(ll), Ca(ll), Ba(ll),
Cd(i1), Hg(ll), and Pb(I1) prepared in DMSO, via UV-Vis analysis resulted in substantial
changes in the UV-Vis spectrum exclusively for Cr(I11), Hg(ll) and Pb(Il), whereas in the case

of the remaining metal ions, no significant changes were observed (figure 4.58).
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Figure 4.58: An illustration of the relative absorption change of probe 147 for several metal

ions in DMSO solvent
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4.19.2. Chemosensing response of probe 147 for Hg(l1), Pb(Il), and Cr(I11) via UV-Vis
spectroscopy

To assess the remarkable selectivity of probe 147 in detecting the metal ions Hg(ll),
Pb(I1), and Cr(111), a comprehensive investigation was conducted employing UV-Vis spectral
analysis. This analytical approach involved titrating a solution of probe 147 with solutions
containing each of these metal ions individually at a concentration of 0.5 mM. Throughout all
UV-Vis analyses, the probe's concentration was consistently maintained at 50 puM, while the
metal ions concentration was systematically raised from 0 to 15 equivalents. The titration
process was methodically executed by incrementally increasing the metal ions concentration
from an initial concentration of 0 mM, representing the absence of metal ions, to a maximum
of 15 equiv. This gradual increment in metal ion concentration enabled the monitoring of
spectral changes in the probe's UV-Vis absorption profile as the metal ion concentration

increased.

When 15 equivalents of Hg(l1) ions were introduced into the solution of probe 147, all
three peaks at 274 nm, 284 nm, and 294 nm significantly exhibited hypochromic shift, and a
concomitant hyperchromic effect resulting in the emergence of a peak at 262 nm was observed,
thereby creating an isosbestic point at 271 nm (figure 4.59). For Pb(Il) ions, the peak at 294
nm was barely impacted, but the peaks at 274 nm and 284 nm exhibited an immense
hyperchromic response, leading to their merging into a single peak with a simultaneous

hypsochromic shift to around 266 nm (figure 4.60).

Titration of the probe solution with Cr(l11) ions yielded a hypochromic response at 274
nm, 284 nm, and 294 nm, with a new peak observed at 262 nm exhibiting a significant
hyperchromic response (figure 4.61). The insets in all the absorption spectra demonstrate the
relative change in the absorption intensity (An/Ao) as a function of the metal ion concentration;
A, = absorbance maxima of probe 147 and A, = absorbance maxima of probe 147 with
successive addition of metal ions. Additionally, the association constant (Kz) of probe 147 was
calculated using the B-H equation (A), yielding values of 1.312 x 10* M, 1.527 x 10* M,
4.94 x 10* M1 in the case of interaction with Hg(Il), Pb(ll), and Cr(l1) respectively; figure
4.62 - 4.64 depict the B-H plot for the same respectively.

162



1.0

Hg(l)  2.=262nm}

1.0 T T T T T T
0.00 005 010 015 020 025 0.30

Hg(ll) concentration (mM)

Absorbance (A.U.)
o
(6]
|

0.0 - T . T .
250 275 300 325
Wavelength (nm)

Figure 4.59: UV-Vis spectra of probe 147 (0.05 mM) upon the progressive addition of Hg(ll)
in DMSO; the inset exhibits the relative absorbance change (An/Ao) vs metal ion concentration
(mM)
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Figure 4.60: UV-Vis spectra of probe 147 (0.05 mM) upon the progressive addition of Pb(ll)
in DMSO,; the inset exhibits the relative absorbance change (An/Ao) vs metal ion concentration
(mM)
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Figure 4.61: UV-Vis spectra of probe 147 (0.05 mM) upon the progressive addition of Cr(l1I)
in DMSO; the inset exhibits the relative absorbance change (An/As) vs metal ion concentration
(mM)
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Figure 4.62: Benesi-Hildebrand plot for probe 147-Hg(l1) complexation
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4.19.3. Chemosensing response of probe 147 for Hg(ll), Pb(ll), and Cr(lll) via
fluorescence spectroscopy

The complexation of the sensor probe 147 with the aforementioned metal ions was also
investigated using fluorescence spectroscopy. Intense fluorescence emission (Aem) at 365 nm
and a comparatively weak emission at 657 nm, attributable to excimer emission were observed
in the fluorescence spectrum of the probe 147 when excitation wavelength (Aex) was set to 290
nm. The effect of the three distinct metal ions on probe 147 solution was done at a concentration
of 0.1 pM, it was observed that the fluorescence emission peaks at 365 nm and 657 nm
experienced an increase in intensity as the metal ions concentration increased from 0.5 UM to
4 uM (figures 4.65 - 4.67), the inset illustrates the relative change in emission (1/lo) plotted
against metal ion concentration. Furthermore, figure 4.68 - 4.70 show the correlation plot of
(I-1o)/1o against [M™], and the LoD and LoQ values calculated using these plots for all three
metal ions were determined to be 0.09 uM and 0.29 uM for Hg(ll), 0.10 uM and 0.33 uM for
Pb(I1), and 0.12 uM and 0.41 uM for Cr(111). Additionally, the binding ratio as calculated from
the correlation plots was determined to be 1:1 in all three cases. The values of LoD, LoQ,

binding ratio, and association constant have been compiled in table 4.4.
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Figure 4.65: Fluorescence spectra of probe 147 (0.1 uM) upon the progressive addition of

Hg(I1) ions in DMSO,; the inset exhibits the relative emission change (1/1o) vs metal ion
concentration (UM)
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Figure 4.66: Fluorescence spectra of probe 147 (0.1 uM) upon the progressive addition of

Pb(ll) ions in DMSO; the inset exhibits the relative emission change (I/lo) vs metal ion
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Figure 4.67: Fluorescence spectra of probe 147 (0.1 uM) upon the progressive addition of
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Figure 4.68: Correlation plot of relative fluorescence emission of probe 147 (lo-1)/lo as a
function of Hg(Il) concentration; where I, = initial emission of probe 147 and | = emission of

probe 147 in the presence of Hg(Il)
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Figure 4.69: Correlation plot of relative fluorescence emission of probe 147 (lo-1)/lo as a
function of Pb(Il) concentration; where I, = initial emission of probe 147 and | = emission of

probe 147 in the presence of Pb(ll)
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Figure 4.70: Correlation plot of relative fluorescence emission of probe 147 (lo-1)/lo as a
function of Cr(I11) concentration; where I, = initial emission of probe 147 and | = emission of

probe 147 in the presence of Cr(l1l)

) o Stoichiometry
Probe | Metal ion LoD (uM) | LoQ (uM) | Association Constant (Ka) ML)
Cr(l) 0.12 0.41 4.94 x 10* M1 1:1
147 Pb(Il) 0.10 0.33 1.527 x 10* M1 1:1
Hg(ll) 0.09 0.29 1.312 x 10* Mt 1:1

Table 4.4: LoD, LoQ, K, and stoichiometric ratio values of probe 147 on binding with Hg(ll),
Pb(II), and Cr(I1I)

4.19.4. Competitive metal ion interaction analysis

The probe 147's ability to selectively detect a particular metal ion, regardless of the
presence of other metal ions, was demonstrated through a competitive titration. In this
experiment, probe 147 was titrated with a solution containing equal concentrations of various
metal ions. The absorption spectrum shown in figure 4.71, obtained after the titration,
displayed an identical pattern to that of probe 147-Pb(Il). This observation suggests that probe

147's capacity to identify Pb(Il) remained unaffected, even when other metal ions were present.
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Figure 4.71: Absorption spectra of probe 147 (0.05 mM) in DMSO recognizing Pb(ll) ions

among several metal ions at equimolar concentrations

4.19.5. Time dependence analysis of probe 147-metal ion complexation

The time dependent study investigated the impact of time on the metal-bound probe
147, aiming to understand the contributions to sensing and to gain insights into the probe's
capability for detecting metal ions. The absorption spectroscopy technique was employed to
analyze the time dependence of metal-bound probe 147. The spectra of the probe in case of
distinct metal ions, depicted in figure 4.72, indicated that the absorbance remained unchanged
even after an extended period of time. This observation indicates a significant level of stability
and a strong attraction between the probe and the metal ions.
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Figure 4.72: Time dependent absorption spectrum of probe 147-Hg(11)/Pb(I1)/Cr(I11) complex
solution exhibiting a constant absorbance at 284 nm
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4.19.6. Temperature dependence analysis of probe 147-metal ion complexation

In addition to the time-dependent analysis, an investigation was carried out to assess
how the probe's binding capacity was affected by the variations in temperature over a range of
values. The temperature of the solutions containing probe 147 bound to metal ions was
systematically increased from 20 °C to 50 °C, with absorbance being recorded at 2 °C intervals
during this temperature escalation. Because of this progressive increase in temperature, the
findings that were obtained showed that all the solutions had increased absorbance, as seen in
figure 4.73 - 4.75.
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Figure 4.73: Temperature dependent absorption spectrum of probe 147-Hg(1l) exhibiting a

successive enhancement in absorption over a temperature range of 20 - 50 °C
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Figure 4.74: Temperature dependent absorption spectrum of probe 147-Pb(ll) exhibiting a

successive enhancement in absorption over a temperature range of 20 - 50 °C
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4.19.7. Plausible binding mode

The interaction between probe 147 and the electron-deficient metal ions can be
elucidated using the HSAB approach, according to which Hg(ll) is classified as a soft acid,
Pb(I1) enacts as a borderline acid, and Cr(l1l) is a hard acid. Based on the observation that the
Job plot of the probe corresponds to a 1:1 (M:L) complex, and taking into account that the
nitrogen atoms within the 1,2,3-triazole moiety and the oxygen atoms within the ligand are
likely responsible for interacting with the metal ions, a proposed binding mode between probe
147 and the metal ions is illustrated in figure 4.76. Rest of the coordination sites are expected
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Figure 4.76: Proposed interaction between probe 147 and Hg(I1)/Pb(I1)/Cr(111)
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4.20. Chemosensing analysis of glyoxal bis-(2-hydroxyanil)-based 1,2,3-triazole derivative
150

4.20.1. lon recognition analysis of 1,2,3-triazole derivative 150

The newly synthesised glyoxal bis-(2-hydroxyanil)-based 1,2,3-triazole derivative 150
was tested for its ion recognition potential using UV-Vis spectroscopy and fluorescence
spectroscopy for different metal chlorides. The molecule was chosen owing to its high
aromaticity and the presence of labile protons which are easily replaceable, allowing for the
synthesis of the appropriate alkyne and subsequent cycloaddition with organic azide, yielding
the 1,2,3-triazole derivative. Like the other compounds discussed, glyoxal bis-(2-hydroxyanil)
underwent a similar transformation by adding a 1,2,3-triazole bridge to its naphthyl moiety (the
transducer group). Due to the existence of lone pair carrying N atoms, the 1,2,3-triazole bridge
not only served as the spacer unit, but also as electron-rich receptor sites for electron-deficient
metal ions. The resulting synthetic probe was a robust molecule with chemosensing

capabilities.

The 1,2,3-triazole-linked probe 150 demonstrated fine spectrum data when used as a
sensing probe. For the ion recognition investigations of the probe, DMSO was selected as the
solvent due to its high solubility and fine quality spectrum data. The optimal concentration of
probe 150 solution was set at 50 uM and subsequently employed for UV-Vis studies. The
maximum absorption (Amax) was observed at 284 nm, with two additional bands at 274 nm and
294 nm. The metal ions including Na(l), K(1), Mg(Il), Ca(ll), Ba(ll), Mn(Il), Co(ll), Ni(ll),
Cu(ll), Zn(11), Cd(11), Pb(I1), and Ce(l11) were solubilized in dimethyl sulfoxide (DMSO) at a
concentration of 1 mM. These metal ion solutions, which are of physiological and
environmental importance, were subsequently subjected to analysis in order to evaluate the
sensing characteristics of the probe. Substantial shifts in the absorption spectrum of the probe
were seen when metal ion solutions of Cu(ll) and Pb(Il) were progressively added, whereas no

significant change was observed for the rest of the ions as shown in the figure 4.77.
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Figure 4.77: An illustration of the relative absorption change of probe 150 for several metal

ions in DMSO solvent

4.20.2. Chemosensing response of probe 150 for Cu(ll) and Pb(ll) via UV-Vis

spectroscopy
Titrations of a 0.05 mM probe 150 solution with 0.5 mM solutions of Cu(Il) and Pb(I1)

were performed separately to examine the ion detection potential of probe 150 with these metal
ions by UV-Vis spectral analysis. The probe showed a hyperchromic shift with the incremental
addition of Cu(ll) ions to the ligand solution, confirming the binding of Cu(ll) to the probe as
shown in figure 4.78, with an inset showing the relative maximum absorbance change (An/Ao)
as a function of the increase in Cu(ll) molar concentration. In the case of Pb(ll) ions, a
hypochromic shift in the 294 nm peak was observed, as well as a hyperchromic shift in the 274
nm and 284 nm peaks, with the latter two peaks merging into a single peak at about 270 nm as
shown in figure 4.79, the inset exhibits the relationship between the relative change in the
absorption intensity (An/Ao) and the increase in Pb(Il) molar concentration at, where A, =
maximum absorbance of the probe, and An = maximum absorbance upon progressive addition
of Pb(Il) ions. In addition, the association constant (Ki) for the 1:1 probe 150-metal
complexation in respect to both metal ions was calculated using the B-H equation (A), and the
related B-H graphs are shown in figure 4.80 and figure 4.81, wherein the Ka values for Cu(ll)

and Pb(11) were determined to be 1.16 x 10° M and 1.10 x 10° M respectively.
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Figure 4.78: UV-Vis spectra of probe 150 (0.5 mM) upon the progressive addition of Cu(ll)

in DMSO,; the inset exhibits the relative absorbance change (An/Ao) vs metal ion concentration
(mM)
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Figure 4.79: UV-Vis spectra of probe 150 (0.5 mM) upon the progressive addition of Pb(Il) in

DMSO; the inset exhibits the relative absorbance change (An/Ao) vs metal ion concentration
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Figure 4.81: Benesi-Hildebrand plot for probe 150-Pb(Il) complexation
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4.20.3. Chemosensing response of probe 150 for Cu(ll) and Pb(ll) via fluorescence
spectroscopy

To further investigate the ion-binding properties of probe 150, the fluorescence
emission of a 20 uM probe 150 solution was monitored, wherein the probe when excited at 270
nm, showed a monomer emission at about 324 nm and a weak excimer emission at about 617
nm, attributed to the m-m interactions of the naphthyl moieties. When testing probe 150's
selective ion recognition behaviour for Cu(ll), it was observed that the emission intensity of
the probe decreased dramatically as more and more Cu(ll) ions were added, reaching a
minimum at 15 equiv. of Cu(ll). The development of the probe 150-Cu(ll) complex was
accountable for the drop in fluorescence intensity since it resulted in a charge transfer from the
metal to the ligand. The d° electronic structure of Cu(ll) often results in chelation-enhanced
fluorescence quenching (CHEQ) effect throughout the formation of its metal complex, and the

results obtained in this case were in line with expectations.

When it came to Pb(ll) ions, their gradual introduction into solution of probe 150
resulted in a modest red shift of the Aem and an intense enhancement of the fluorescence
emission, suggesting the formation of a probe 150-Pb(I1) complex. In the presence of Pb(ll),
the amplification of the monomer emission as well as the excimer emissions of the probe were
ascribable to chelation-enhanced fluorescence (CHEF). Figure 4.82 and figure 4.83 represent
the fluorescence spectra of the probe on incrementally adding Cu(ll) and Pb(ll) ions
respectively, wherein the inset displays the relative emission change against metal ion
concentration. Moreover, from the correlation plots exhibiting relative emission intensity (I-
lo)/lo against the metal ion concentration, the LoD and LoQ were calculated for Cu(ll) and
Pb(I1) ions, using the widely used criteria of LoD = 3c/S and LoQ = 10c/S, where o is the
blank standard deviation and S is the slope of the calibration curve, as shown in figure 4.84
and figure 4.85 respectively. It was found that the LoD for Cu(ll) was 3.16 uM and for Pb(Il)
it was 2.52 uM, whereas the LoQ was 10.53 uM and 8.40 uM. In addition, the correlation plots
showed that the stoichiometric ratio was 1:1 in both instances. The stoichiometric ratio, Ka,

and the values for LoD and LoQ have been tabulated in table 4.5

177



500 - Cu(ll) e ® 324nm
0.9 *
*
0.8 *
400 - _o -
_g' =71 # .
2 ..
2 0.6 # .
= 300 .,
§ | 05 .
8 0 5 10 15 2 25 30
7 i Cu(ll) concentration (uM)
220041/
) v
=1
T
100

300 400 500 600 700
Wavelength (nm)

Figure 4.82: Fluorescence spectra of probe 150 (20 uM) upon the progressive addition of
Cu(ll) ions in DMSO; the inset exhibits the relative emission change (I/lo) vs metal ion

concentration (UM)
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Figure 4.83: Fluorescence spectra of probe 150 (20 uM) upon the progressive addition of
Pb(Il) ions in DMSO; the inset exhibits the relative emission change (I/lo) vs metal ion

concentration (UM)
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Figure 4.84: Correlation plot of relative fluorescence emission of probe 150 (lo-1)/lo as a
function of Cu(ll) concentration; where |, = initial emission of probe 150 and | = emission of
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probe 150 in the presence of Pb(Il)
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) o Stoichiometry
Probe | Metal ion LoD (uM) | LoQ (uM) | Association Constant (Ka) (M:L)
150 Cu(ll 3.16 10.53 1.16 x 103 M 1:1
Pb(1l) 2.52 8.40 1.10 x 103 M 1:1

Table 4.5: LoD, LoQ, K, and stoichiometric ratio values of probe 150 on binding with Cu(ll)
and Pb(lI)

4.20.4. Competitive metal ion interaction analysis

An essential characteristic exhibited by some potential metal ion sensors is their
capacity to selectively detect specific metal ions among other competing metal ions. In the
presence of other metal ions, the chemosensor 150 was shown to be effective using competitive
ions titration for specifically detecting Pb(ll). The process of ion titration involved the
incremental introduction of a solution containing multiple metal ions at equimolar
concentrations into the probe solution at a concentration of 50 uM, dissolved in DMSO.
Absorption spectrum observed after titrations (figure 4.86) revealed that the ability of the

sensor probe to selectively detect Pb(I1) was unaffected by the presence of other metal ions.
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Figure 4.86: Absorption spectra of probe 150 (0.5 mM) in DMSO recognizing Pb(ll) ions

among several metal ions at equimolar concentrations
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4.20.5. Time dependence analysis of probe 150-metal ion complexation

To comprehend the probe’s sensitivity towards metal ions, it is necessary to examine its
reaction to temporal fluctuations. The technique of absorption spectroscopy was employed to
investigate the temporal evolution of the metal-bound probe 150, and the findings (figure 4.87)
were suggestive of the fact that the absorbance of Cu(ll)-bound and Pb(I1)-bound probe 150
solutions exhibited no substantial change despite keeping them undisturbed for long periods of

time. This established that the binding of the chemosensor with the metal ions was stable and

strong.
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Figure 4.87: Time dependent absorption spectrum of probe 150-Cu(I1)/Pb(Il) exhibiting a
constant absorbance at 284 nm

4.20.6. Temperature dependence analysis of probe 150-metal ion complexation

The efficiency of binding of the probe with the metal ions was also assessed at various
temperature levels to observe the impact of the latter on the ion sensing potential of the probe.
To demonstrate that the Cu(Il) and Pb(11) binding to the probe was temperature-insensitive, the
absorption spectra of metal-bound probe 150 solutions at 2 °C intervals from 20 °C up to 50
°C (figure 4.88) was obtained, wherein it was observed that the absorption of metal-bound

probe 150 solution was insensitive to temperature variation across these temperature ranges.
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Figure 4.88: Temperature dependent absorption spectrum of probe 150-Cu(Il)/Pb(Il)

exhibiting constant absorbance over a temperature range of 20 - 50 °C

4.20.7. Plausible binding mode

The HSAB theory states that Cu(ll) is a borderline acid whereas Pb(ll) is a weak acid.
Coordination bonds can be established between metal ions and atomic groups that possess lone
pairs, including N, O, and S. The probe 150 can be ascribed to be able to capture the incoming
metal ions because of the presence of lone pairs of N atoms on the 1,2,3-triazole moiety
incorporated within its structure. As expected from the probe's Job plot, it forms a 1:1 metal-
ligand combination with Cu(ll) and Pb(II). From these findings, the manner of interaction of
the receptor 150 with the metal ions can be inferred, as shown in figure 4.89. Rest of the

coordination sites are expected to be filled by the solvent molecules.
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Figure 4.89: Proposed interaction between probe 150 and Cu(I1)/Pb(I1)
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4.21. Chemosensing analysis of Schiff base-derived 1,2,3-triazole derivative 155
4.21.1. lon recognition analysis of Schiff base-derived 1,2,3-triazole derivative 155

The newly synthesised Schiff base-derived 1,2,3-triazole derivative 155 was examined
for its chemosensing potential against a variety of metal chlorides using UV-Vis and
fluorescence spectroscopy. The molecule was synthesized starting from the combination of an
aldehyde and an amine to form a Schiff base, which possesses C=N functionality in addition
to the aromatic functionalities of the parent compounds, thereby imparting it the ability to
exhibit t—n* as well as n—7* transitions which in turn yields fine quality absorption and/or
emission spectrum.

Besides, other fluorophore moieties attached to this compound by subjecting it to the
CuAAC methodology further improved the molecular design to obtain the desirable results.
Above and beyond, the 1,2,3-triazole moiety attached to the Schiff base functionality also acted
as an electron-rich receptor sites owing to the N atoms, thereby enhancing the probability of
the probe to act as a selective metal ion recognition agent. As a result, the end product was a
robust molecule with chemosensing capabilities.

When utilized as a sensing probe, the Schiff base-derived 1,2,3-triazole derivative 155
produced fine and interpretable spectrum data. For determining the ion sensing potential of the
probe, DMSO/H-0 (4:1) was chosen as the solvent as it exhibited good solubility and spectral
results.. The ideal concentration of probe 155 solution was determined to be 0.1 mM and was
then used for UV-Vis investigations. The greatest absorption (Amax) was measured at 284 nm,
corresponding to an intensity of 0.76. Subsequently, chlorides of Mg(ll), Ca(ll), Ba(ll), Cr(l11),
Mn(l1), Co(ll), Ni(IT), Zn(11), Cd(I1), Hg(I1), Pb(I1), Na(l), K(I), and Ce(l11) were prepared in
DMSO/H20 (4:1) (0.5 mM) and the probe was examined for sensing behaviour with these
physiologically and ecologically relevant metal ion solutions. Significant changes in the probe's
absorption spectra were seen when metal ion solution of Ce(lll) was gradually introduced,

whereas no significant change was found for the other ions, as indicated in the figure 4.90.
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Figure 4.90: An illustration of the relative absorption change of probe 155 for several metal
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4.21.2. Chemosensing response of probe 155 for Ce(l11) via UV-Vis spectroscopy

The metal ion recognition potential of probe 155 with Ce(l11) ions was investigated by
successively adding a solution of Ce(ll1) ions (0.5 mM) to a 0.1 mM probe 155 solution and
observing the absorption spectra after every addition. The binding of Ce(l1) to the probe was
confirmed by a substantial hyperchromic shift, concomitant with a red shift of about 23 nm,
thereby leading to the shifting of Amax from 284 nm to 307 nm when Ce(lll) ions were
progressively intorduced to the ligand solution, as depicted in the figure 4.91; the inset depicts
the relative maximum absorbance change (An/Ao) as a function of the increase in Ce(l11) molar
concentration. Additionally, the Ka value for the 1:1 probe 155-Ce(l11) complexation was
calculated using the B-H equation (A), which came out to be 3.55 x 10° M, while the B-H

graph is depicted in figure 4.92.

184



1.0

1.4

Ce(lll) [ = 307nm] .
-*
1.34 *‘
° *
0.8 < »
< 1.24 £
‘ B
~~~ £ 3
3:, 06 . - *
1.0 T T T T T
8 0.00 0.05 0.10 0.15 0.20 0.25
% Ce(lll) concentration (mM)
X =320 nm
o 0.4 4
(72}
Q0
<
0.2 1
0.0

T T T T T T T T T

275 300 325 350 375 400
Wavelength (nm)

Figure 4.91: UV-Vis spectra of probe 155 (0.1 mM) upon the progressive addition of Ce(ll1)
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Figure 4.92: Benesi-Hildebrand plot for probe 155-Ce(l11) complexation
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4.21.3. Chemosensing response of probe 155 for Ce(l11) via fluorescence spectroscopy
The ion-binding properties of probe 155 were further studied by monitoring the
fluorescence emission of a 50 UM probe 155 solution, which revealed a monomer emission at
around 313 nm and a weak excimer emission at around 611 nm, ascribable to =-r interactions
of the benzyl moieties. The emission of the solution of probe 155 significantly enhanced when
Ce(111) ions were incrementally introduced into the probe 155 solution, reaching a maximum
intensity at 15 equiv. of Ce(lll). The relative emission change vs the concentration of metal
ions is shown in the inset of the figure 4.93 depicting the probe's fluorescence spectrum after
incremental addition of Ce(lll) ions. LoD = 3c/S and LoQ = 10c/S, where ¢ is the standard
deviation of blank and S is the slope of the calibration curve, were applied to the correlation
plot (figure 4.94) displaying relative emission intensity (lo-1)/1o versus Ce(l11) concentration to
determine the LoD and LoQ for Ce(lll) ions. It was determined that the LoD was 9.53 uM,
whereas the LoQ value was 31.75 uM. The stoichiometric ratio was also shown to be 1:1 using
the correlation plot. The values for LoD and LoQ as well as the stoichiometric ratio, Ka, are

reported in table 4.6
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Figure 4.93: Fluorescence spectra of probe 155 (50 uM) upon the progressive addition of
Ce(111) ions in DMSO/H20 (4:1); the inset exhibits the relative emission change (1/15) vs metal

ion concentration (UM)
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_ o Stoichiometry
Probe | Metalion | LoD (uUM) | LoQ (uM) | Association Constant (Ka) (ML)
155 Ce(I11) 9.53 31.75 3.55 x 10°M? 1:1

Table 4.6: LoD, LoQ, K and stoichiometric ratio values of probe 155 on binding with Ce(l11)

4.21.4. Competitive metal ion interaction analysis

The selective detection capability of various potential metal ion sensors, distinguishing

specific metal ions from competing ones, represents a fundamental attribute. In the presence of

other metal ions, the probe 155 was proven to be effective for precisely detecting Ce(lll)

utilizing competitive ions titration, which was performed by progressively adding an equimolar

quantity of several metal ions to the 0.1 mM probe solution. The absorption spectrum, as

depicted in Figure 4.95, obtained subsequent to the titration experiments, revealed that the

presence of alternative metal ions did not exert any influence on the sensor probe's capacity to
detect Ce(111).
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4.21.5. Time dependence analysis of probe 155-metal ion complexation

Investigating the way in which the metal ions-appended probe behaves with variations
in time might offer useful information on the sensitivity of the probe to metal ions. The
influence of time on the metal-bound probe 155 was investigated through absorption
spectroscopy, and the results (figure 4.96) indicated that the absorbance of Ce(l11)-bound probe
155 solution did not display any significant change despite being left to stand for extended
periods of time. This demonstrated that the probe has a great affinity for Ce(ll1) as well as a
high degree of stability of the complexation.
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Figure 4.96: Time dependent absorption spectrum of probe 155-Ce(l11) exhibiting a constant
absorbance at 307 nm
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4.21.6. Temperature dependence analysis of probe 155-metal ion complexation

The influence that varying temperatures had on the effectiveness with which the sensor
probe bound with the metal ion was investigated. After obtaining the absorption spectra of
metal-bound probe 155 solutions from 20 °C up to 50 °C at every 2 °C intervals (figure 4.97),
it was observed that the absorption of metal-bound probe 155 solution was insensitive to
temperature variation across these temperature ranges. The results corroborated that the probe-

metal ions interaction exhibited temperature insensitivity.
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Figure 4.97: Temperature dependent absorption spectrum of probe 155-Ce(l11) exhibiting
constant absorbance over a temperature range of 20 - 50 °C

4.21.7. Plausible binding mode

Ce(1l1) is regarded as a hard acid in accordance with the HSAB hypothesis. The metal
ion may form coordination bonds with atomic groups including N, O, and S which carry lone-
pair electrons. Owing to the presence of lone pairs of N atoms within the 1,2,3-triazole moiety
included in the structure of probe 155, it is hypothesised that probe 155 is able to grab the
incoming metal ions via these receptor sites. The Job plot shows that the probe forms a 1:1
metal-ligand complex with Ce(lll), and therefore, these results allowed us to deduce, as seen
in figure 4.98, how the receptor probe 155 might be able to bind to the metal ions. Rest of the
coordination sites are expected to be filled by the solvent molecules.
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L =solvent
Figure 4.98: Proposed interaction between probe 155 and Ce(l11)

Concluding from the observed results, in the specific context of metal ion sensing,
1,2,3-triazole derivatives stand out as promising ligands, leveraging the HSAB concept and
host-guest relationship for the selective recognition of metal ions. The nitrogen atoms within
the triazole ring facilitate multifaceted interactions with the metal ions, as the nitrogen and/or
oxygen atoms bearing lone pair of electrons act as lewis bases whereas the metal ions which
are electron deficient act as lewis acids. Furthermore, the host-guest relationship involves
1,2,3-triazole derivatives providing a suitable sized cavity for the meal ions as hosts and metal
ions as the guests, yielding stable complexes characterized by discernible electronic
configurations. Through deliberate molecular design, these 1,2,3,-triazole-based ligands serve
as effective sensors, demonstrating heightened sensitivity and specificity in detecting targeted
metal ions. These findings affirm the efficacy of 1,2,3-triazole derivatives as sensors,
showcasing their potential as robust tools in analytical chemistry, which further contributes
significantly to the advancement of analytical chemistry methodologies, particularly in the

realm of metal ion detection.

4.22. Conclusion

In conclusion, the interpretation of spectroscopic data for the synthesized compounds
through spectroscopic methods such as Infrared spectroscopy, Nuclear Magnetic Resonance
(NMR) spectroscopy, and Mass spectrometry discussed in this chapter has provided invaluable
insights into the structural and chemical properties of these compounds, aiding in the
identification of functional groups, and unravelling the intricate details of molecular structures.
The IR spectroscopic data revealed vital information about the functional groups present in the

compounds under investigation. The absorption peaks in the IR spectra provided evidence of
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the presence of key chemical bonds and allowed for the determination of compound purity.
Moreover, the identification of characteristic peaks aided in confirming the success of the
synthesis process. NMR spectroscopy played a pivotal role in elucidating the molecular
structure of the compounds. By examining chemical shifts, coupling patterns, and integration
values, a deeper understanding of the connectivity of atoms within the molecules was
established. Mass spectrometry provided valuable data regarding the molecular weight and
fragmentation patterns of the synthesized compounds. It offered insights into the stability of
the molecules and allowed for the identification of specific fragments, aiding in the

determination of their structural components.

Additionally, the synthesized N-heterocyclic 1,2,3-tethered ensembles, were explored
as selective recognition agents for different ecologically and physiologically significant metal
ions. The molecules were designed from commercially available compounds having labile
protons and fine aromaticity which were subjected to ‘click’ pathway after converting them to
terminal alkynes via nucleophilic substitution with propargyl groups. The resulting 1,2,3-
triazole derivatives were well equipped with chromogenic/fluorogenic units, thereby allowing
for better absorption/emission results which were interpreted, after metal ion addition, to
analyze their selective ion recognition behaviour. The selectivity of the sensing probes was
observed to diversify with the variation in the structural arrangement of the probe, thereby
resulting in the alteration of the size and/or flexibility of the receptor cavity which was
responsible for distinct selectivity in every compound. The probes were also scrutinized for the
robustness of their binding with the metal ions by subjecting them to absorption analysis over
prolonged durations of time as well as different temperature ranges. The analytical
determination of the limit of detection (LoD), limit of quantification (LoQ), association
constant (Ka), and stoichiometric ratio of the probe-metal ion complexation was also performed

to elucidate the interaction between the metal ions and the recognition probes.
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Thesis overview

Summary

This chapter summarises the whole thesis in a few concise
paragraphs, providing an overview of the methodology, experimental

data, and outcomes.



Dr. M. Meldal's invention of the CUAAC reaction in 2001, which nicely coincided with
Dr. K.B. Sharpless's broad characterization of the need for such click chemistry, was a case in
point. The prevalence of the quintessential CUAAC click reaction, which is employed
extensively across all fields of chemistry to synthesize molecules of inconceivable chemical
complexity, may be attributed to the fact that it complies with the laws that govern click
chemistry. The current study activity covers the implementation of CuAAC ‘click’
methodology to synthesize 1,2,3-triazole-appended molecules, their subsequent
characterization using standard spectroscopic methods, and their application as selective metal
ion recognition agents via absorption and emission spectroscopy. The whole thesis may be
broken down into four primary sections: The first chapter is the introduction, the second
chapter is a review of literature, the third chapter describes the synthetic procedures and
characterization data, and the fourth chapter presents the interpretation and discussion of

spectroscopic and photophysical data.
Chapter I: Introduction

This chapter provides a comprehensive analysis of the key class of ‘click chemistry'
known as the Cu(l)-catalyzed alkyne-azide cycloaddition reaction (CUAAC) (figure S1) and
its further application in the synthesis of 1,4-disubstituted 1,2,3-triazoles as potential ion
recognition agents. The chapter is divided into subsections that detail the many features as well
as mechanistic characteristics of the CUAAC reaction, followed by the significance of the 1,4-
disubstituted 1,2,3-triazole derivatives formed via this cycloaddition. Initiating by providing a
general prespective of ‘click chemistry’ and the distinct reaction pathways that share this
common trajectory, the major focus of this chapter is the description of 1,3-dipolar
cycloaddition processes, which were first explored in the late 19th and early 20th centuries
when a variety of 1,3-dipoles were developed. After Dr. K. B. Sharpless achieved the same
reaction in 2001 using Cu(l) as catalyst, it became a major scientific breakthrough worldwide,
owing to the enhanced reaction rate, and regioselective production of 1,4-disubstituted 1,2,3-
triazole in high yield and purity, under modest reaction conditions.

© @ Cu(l)
R —m—— + N—/—/—N—/]/N— R' ——>» R R'
\(\N/
Terminal alkyne Organic azide /

N—/—N
1,4-disustituted 1,2,3-triazole

Figure S1: An illustration of Cu(l)-catalyzed alkyne-azide cycloaddition
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A description of the mechanistic aspects of CUAAC, discussing both the mononuclear
as well as binuclear reaction pathways in support of the regioselective nature of the
methodology has also been provided in the subsequent subsections. The succeeding
subsections lay emphasis on the fact that the relevance of 1,2,3-triazole ring and its derivatives
at physiological pH is considerable because they are aromatic with low basicity, very stable to
small thermal and chemical changes. Most pharmaceuticals include the heterocyclic ring 1,2,3-
triazole, which has several important pharmacological functions (including antiviral,
anticancer, antibacterial, anti-HIV, and antifungal properties). However, the N heteroatoms in
the ring provide these compounds a strong propensity to coordinate with a wide variety of metal
ions, and due to this quality, they may be used as chemosensors for a variety of toxic heavy
metal ions, thereby providing a substantial solution to tackle the escalating problem of
environmental contamination. In fields such as drug development, environmental research, and
process control, these chemosensors prove to be a useful analytical tool for situations in which
constant monitoring and up-to-the-moment data are necessary. The final subsections include
the categorization of chemical sensors and the criteria for a molecular ensemble to have
chemosensing abilities, followed by the recognition of metal ions by the 1,4-disubstituted
1,2,3-triazole derivatives decorated with chromophoric/fluorophoric units. The chapter
concludes with a brief discussion of UV-Visible and fluorescence spectroscopy and its

applications in evaluating the chemosensing capability of 1,2,3-triazole based molecules.
Chapter I1: Review of Literature

The literature review begins with an overview of heterocyclic compounds, their primary
applications as significant pharmacophoric agents including antibiotic, antidepressant,
antitumor, antimalarial, anti-HIV, antimicrobial, antidiabetic, anti-inflammatory, antibacterial,
etc. Apart from that, their secondary applications such as conjugated polymers, molecular
wires, light harvesting systems, organic conductors, etc. have also been mentioned. The
literature on the methods used to synthesise the predicted heterocyclic compounds is discussed
in the next part, divided into the three categories below:

»  Synthesis of a terminal alkyne
»  Synthesis of an organic azide

»  Synthesis of 1,2,3-triazole from alkyne and azide

The different chemical approaches to the synthesis of terminal alkynes are described,

along with the wide range of reactants and reaction conditions used in each synthetic pathway,
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such as a,B-eliminations, carbene rearrangement, Ohira—Bestmann reagent, etc. These methods
are discussed in terms of the practicality and feasibility of the reaction conditions, both
economically and experimentally. In a similar manner, the next section details the various
synthetic approaches implemented in the synthesis of both aliphatic and aromatic organic
azides. Subsequently, a description of the [3+2] cycloaddition reaction of organic azide with
terminal alkyne to yield 1,4-disubstituted 1,2,3-triazoles reported in various instances with
different Cu(l) catalytic systems and solvent media has been presented. Research contributions
involving direct use of Cu(l) salts as catalyst have also been reported in the literature, alongside
multicomponent catalytic systems that involve generation of Cu(l) from Cu(ll) salts; however,
the stability/existence of Cu(l) in a particular solvent system is generally questioned, owing to
the observed low yields of Cu(ll) since the Cu(l) readily oxidises to Cu(ll) form, a stable
oxidation state of copper. For this, the usage of exogenous ligands that include donor atoms
like N, O, S, or P in combination with Cu(l) salt has been proposed as a solution to the oxidation
state-conversion problem, with the latest addition of bulky organic moieties containing
coordination complexes of Cu(l) to stabilize the Cu(l) state. Therefore, this study reports the
use of the [CuBr(PPhs)s] complex as a Cu(l) catalyst for the synthesis of new 1,2,3-triazole

derivatives.

The next subsection of this chapter provides a short overview of the different
spectroscopic methods, including infrared (IR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and mass spectrometry (MS), that are used to characterize the
synthesised compounds. The last section focuses on the practical uses of 1,2,3-triazole
derivatives, with particular attention paid to their potential in chemosensing via presenting the
reported examples of 1,2,3-triazole based molecular sensors used to analyse a wide range of
toxic heavy metal ions. In conclusion, the literature review on 1,2,3-triazoles as ion sensors
highlights the potential of these compounds for the development of highly sensitive and
selective ion sensors. These sensors can detect a range of metal ions in various solvent media,
with high selectivity and sensitivity. The incorporation of chromophoric and/or fluorophoric
groups onto the 1,2,3-triazole moiety enhances their absorption/emission response, thereby
improving the spectral responses for easy interpretation. Future research in this field is
expected to focus on the development of new 1,2,3-triazole-based ion sensors with improved
properties, such as distinct visible changes to the naked eye, increased sensitivity and
selectivity, applications in biosensing, etc.
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Chapter I11: Synthetic procedures and characterization data

This chapter provides a full account of the experimental work carried out to complete
the research objectives. It provides a comprehensive explanation of all the experimental
procedures to synthesize the novel 1,2,3-triazole-tethered compounds, in addition to the
necessary analytical measurements for supporting the synthesis. The chapter starts with a
detailed description of the general synthetic procedures implemented for the terminal alkyne,
the organic azide, and the 1,2,3-triazole derivative. The subsequent section provides a
description of the actual experimental work that was done to synthesise two different organic
azides, i.e., benzyl azide and 1-(azidomethyl)naphthalene, accompanied by the analytical data
such as yield, color/texture, and characterization data of IR and NMR (*H, *3C) of the
synthesised azides. Thereafter, a description of the synthesis of novel terminal alkynes from
starting materials is demonstrated, and the structures of the synthesized azides and terminal
alkynes are shown in figure S2. The experimental conditions for each synthesis are also
mentioned, while the characterization data such as the yield, colour, and melting point is
provided following every reaction scheme. The IR and NMR (*H and **C) data values of each

individual alkyne is provided in order to confirm their successful synthesis.

The [3+2] cycloaddition procedure to obtain the 1,2,3-triazole-appended molecules
(figure S3) from their preceding alkynes are described in the individual subsections subsequent
to the subsections describing the terminal alkyne synthesis, along with the necessary
experimental conditions. Each 1,2,3-triazole derivative was analyzed for its product yield,
melting point, color/texture, IR, NMR (*H, *3C), and mass spectrum using appropriate
instrumentation, and the data values are provided immediately following the reaction schemes.
In appendix A, the materials, procedures, and instruments employed in the analysis of the
synthesized compounds have been provided. Infrared (IR), nuclear magnetic resonance (H,

13C), and mass spectra are all included as appendices B, C, and D, respectively.
Chapter IV: Interpretation and discussion of spectroscopic and photophysical data

This chapter compiles the interpretation and scrutiny of the data obtained from the
standard spectroscopic analysis and provides a detailed discussion about the successful
synthesis of the proposed terminal alkynes, the organic azides and the 1,2,3-triazole
derivatives. Furthermore, the UV-Vis and fluorescence analysis performed to establish the
chemosensing potential of the synthesized 1,2,3-triazole derivatives is also discussed in detail

to confirm the metal ion sensing by these compounds. On the basis of the type of spectral
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results, the chapter is divided into two parts: part A consists the IR, NMR and mass analysis to
establish the successful synthesis of the desirable products, whereas part B presents the UV-
Vis and fluorescence analysis which explores the selective ion recognition response of the
synthesized probes.

Part A

Benzyl chloride 135 and 1-(chloromethyl)naphthalene 136 were substituted with
sodium azide by stirring the mixture while heating at 85-90 °C in DMF to produce the
corresponding azides 105 and 137 respectively. Both the azides were oily at room temperature,
and their synthesis was corroborated by infrared and nuclear magnetic resonance spectroscopy.
The IR spectra of both azides recorded as neat in the 4000 - 450 cm™ range revealed the
characteristic peak around 2090 cm-1 for the -Ns group, while the other peaks were also in
good accord with the synthesised azide structures. Both the azides were characterized via 1H
NMR spectra at 500 MHz in CDCls; the singlet at 5 = 4.78 - 4.14 ppm is the result of the -CH>
group linked to the azide functionality, and the peaks in the range 6 = 8.12 - 7.14 ppm
correspond to aromatic protons. Since the naphthyl group is more effective at deshielding than
the phenyl group, the signal from the -CH> protons is somewhat further deshielded in 1-
(azidomethyl)naphthalene than in benzyl azide. Like *H NMR spectra, the 3C NMR data is in
well agreement with the hypothesised structures. The C atoms belonging to the aromatic rings
contribute to signals between 6 = 135.53 - 123.64 ppm, while the methylene C atoms in both
the azides contributes to signals between 6 = 54.82 ppm and & = 53.02 ppm.

To generate the terminal alkynes, 1 mol of the starting material containing labile
proton(s) was treated with 1.30 mol of an 80% propargyl bromide solution in toluene and a
suitable base. At room temperature with DMF as the solvent, stirring the reaction mixture with
the base causes the labile proton(s) of the starting material to be extracted and replaced by the
propynyl group(s) via the nucleophilic substitution reaction. As the propensity to lose a proton
differs amongst substrates, the time required for a reaction to occur also varies accordingly.
Using IR spectroscopy in the 4000 - 450 cm™ region, the characterization and comparison of
the newly formed alkynes with their respective starting materials, and the recorded results have
thoroughly validated the formation of the predicted output. The -C=C-H group contributes an
IR peak at about 3287-3280 cm™ to the spectra of various alkynes, whereas the -C=C moiety
of alkynes contributes a peak at around 2120-2100 cm™. The alkyne proton (=C-H), is ascribed
in the *H NMR spectra of compounds as a peak at & = 2.47 - 2.40 ppm, and the benzylic group
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(-CH>) is confirmed as a peak at & = 4.57 - 4.52 ppm. The production of alkyne from the
reactants having hydroxyl groups is also confirmed by the absence of a signal at 6 = 5.00 - 3.00
ppm for the proton of the -OH group, which is suggestive of their replacement by the propynyl
group, while the aromatic protons are ascribed to the peaks between & = 7.20 - 6.95 ppm. Peaks
at 5 =78.70 - 76.65 ppm in 3C NMR spectra of alkynes are attributable to C=C, whereas peaks
at 6 = 60.02 - 55.23 ppm belong to -CH20O moiety, thereby demonstrating the effective

synthesis of alkyne.
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Figure S2: An illustration of the synthesized azides and terminal alkynes

To synthesize the 1,2,3-triazole-derived chemosensor probes, the preceding alkynes
were subjected to [3+2] cycloaddition with the organic azide in small amounts of
[CuBr(PPhz)3] complex as the catalytic system in THF:TEA (v/v, 1:1) as a solvent media. The
IR, NMR, and mass analysis performed on all these heterocyclic compounds demonstrate the
efficacy of the cycloaddition process. A strong peak observed in the IR spectrum of the azides
at 2090 cm™ and in the area of 2120-2100 cm™ for terminal alkynes vanished entirely from the
IR spectra of the products after the cycloaddition process, demonstrating that the alkyne and
azide precursors had been fully cyclized. The NMR experiments corroborated this behaviour
by showing that the 1,2,3-triazole derivatives were successfully synthesized, as shown by the
disappearance of a peak at 6 = 2.59 - 2.35 ppm for the proton of the alkyne group (C=C-H).
Due to the creation of the 1,2,3-triazole ring, which has a considerable deshielding effect, the

peaks at 6= 4.83 - 4.65 ppm, caused by the -CH: of the methylene protons in every alkyne
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molecule, were pushed downfield. As the C atoms of the terminal alkyne and organic azide
have formed the triazole ring during cyclization, the peaks at § = 78.91 - 72.75 ppm in the *C
NMR spectra of the alkynes were displaced downfield in the spectra of 1,2,3-triazole
derivatives. In addition, the mass spectrum information strongly suggested that the heterocyclic
compounds resulted from CuAAC reactions. All the 1,2,3-triazole-based compounds had mass

spectra in accordance with their structures.
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Figure S3: An illustration of the synthesized 1,4-disubstituted 1,2,3-triazoles
Part B

In order to investigate the ion sensing behaviour of the synthesized 1,2,3-triazole
derivatives, their photophysical characteristics were investigated in detail by UV-Vis and
fluorescence spectroscopy, as exhibited in part B of Chapter IV. Having 1,2,3-triazole moieties
incorporated in their structure with N atoms that are the ideal coordinating sites for certain
metal ions, the synthesized chemosensor probes were explored for their ion recognition

potential via UV-Vis and/or fluorescence titrations carried out towards specific metal ions.
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The selectivity of the 1,2,3-triazole-appended maleic hydrazid-based probes 140 and
141 for Pb(I1) and Cr(l1l) ions was analyzed by their respective responses to different metal
ions in their absorption spectra. As can be seen in figure S4 and figure S5, a discernible
hyperchromic shift at 258 nm, and a hypochromic shift at 312 nm is shown by the probe 140
in response to an increase in the concentration of Pb(I1) as well as Cr(l11) ions respectively. As
a result, this selective chemosensor a qualified for a direct quantitative measurement of Pb(ll)
and Cr(II) ions by UV-Visible spectroscopy, with LoD of 58 uM and 79 uM respectively,
while having LoQ 195 uM and 263 uM respectively, as determined by the correlation plots for
probe a. The association constants calculated from the Benesi - Hildebrand equation were 0.61
x 10° M for Pb(Il) and 0.20 x 10® M for Cr(lll) for 2:1 (M:L) complexation, and the
stoichiometry was deduced to be 2:1 (M:L) in both cases.
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Figure S4: Absorption maxima shifts of the probe 140 as a result of titration with Pb(Il)
solution in DMSO
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Figure S5: Absorption maxima shifts of the probe 140 as a result of titration with Cr(llI)
solution in DMSO

For the probe 141, the peak at 294 nm displayed a hypochromic shift whereas the peaks
at 274 nm and 284 nm displayed an intense hyperchromic shift, ultimately merging into a single
broad band around 270 nm on the addition of Pb(ll) ions (figure S6). However, addition of
Cr(111) resulted in a hypochromic shift in the peaks at 274 nm, 284 nm,, and 294 nm, with a
concomitant hyperchromic shift at 260 nm, leading to the emergence of an isosbestic point at
270 nm (figure S7). Therefore, probe b like its counterpart probe a also qualified for a direct
quantitative measurement of Pb(Il) and Cr(lll) ions, with LoD of 142 yM and 87 uM
respectively, while having LoQ 473 pM and 290 pM respectively, as determined by the
correlation plots for probe a. The association constants calculated from the Benesi - Hildebrand
equation were 0.46 x 108 M for Pb(ll) and 0.76 x 10® M for Cr(lll) for 2:1 (M:L)

complexation, and the stoichiometry was deduced to be 2:1 (M:L) in both cases.
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Figure S6: Absorption maxima shifts of the probe 141 as a result of titration with Pb(lI)
solution in DMSO
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Figure S7: Absorption maxima shifts of the probe 141 as a result of titration with Pb(II)
solution in DMSO
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UV-Vis and fluorescence spectroscopy were used to analyze the response of the 1,2,3-
triazole-appended 4-tert butyl catechol-based probe 144 for different metal ions and determine
the probe's selectivity and sensitivity for Hg(l1) and Pb(ll) ions. As illustrated in figure S8, the
probe 144 displayed a hypochromic shift at 277 nm in response to Hg(ll) addition, with an
isosbestic point at 255 nm, whereas for Pb(Il) addition, an intense hyperchromic shift in
addition to a blue shift of about 22 nm was observed (figure S9). Additionally, the fluorescence
spectra of the probe 144 in separate titrations with Hg(ll) and Pb(Il) yielded similar results,
exhibiting hyperchromic response at both the monomer and excimer peaks at 340 nm and 653
nm respectively (figure S10 and figure S11). The correlation plots deduced from the
fluorescence spectroscopic data were employed to determine the LoD, LoQ, and stoichiometric
ratio of the probe for both the metal ions; the LoD was 11 pM and 8.6 uM for Hg(11) and Pb(Il),
while the LoQ was 38 uM and 28.7 uM respectively. Additionally, the association constant
(Ka) determined from the Benesi - Hildebrand equation was 2.46 x 10°M™ and 0.71 x 10° M
for Hg(I1) and Pb(ll) respectively, while the stoichiometric ratio for both the metal ions was
2:1 (M:L).
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Figure S8: UV-Vis spectra of probe 144 during titration with Hg(Il) in CH3CN/H20 (4:1)
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Figure S9: UV-Vis spectra of probe 144 during titration with Pb(Il) in CH3CN/H20 (4:1)

ol

IaN
1

Fluorescence Intensity(x 105)

T T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure S10: Incremental enhancement in the fluorescence emission of probe 144 upon the
progressive addition of Hg(l1) ions in CH3CN/H20 (4:1)
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Figure S11: Incremental enhancement in the fluorescence emission of probe 144 upon the
progressive addition of Pb(Il) ions in CH3CN/H-0 (4:1)

The selectivity and sensitivity of the 1,2,3-triazole-appended p-rosolic acid-based probe
147 for Hg(Il), Pb(ll), and Cr(lll) ions was determined by analyzing the probe's spectral
response to various metal ions using UV-Vis and fluorescence spectroscopy. Addition of Hg(I1)
ions to the probe solution led to a hypochromic shift at 274 nm, 284 nm, and 294 nm, with the
concomitant hyperchromic shift at 262 nm leading to an isosbestic point around 271 nm (figure
S12). Addition of Pb(ll) ions led to hyperchromic shift at 274 nm and 284 nm, with their
merging into a single broad peak at 270 nm (figure S13). Cr(I11) ions had similar effect on the
probe’s absorption spectrum as in the case of Hg(II) ions, however, the hyperchromic shift was
less intense in this case (figure S14). In fluorescence spectral analysis, addition of any of the
three metal ions led to hyperchromic shift at monomer emission at 356 nm as well as excimer
emission at 657 nm (figure S15, S16, S17). The correlation plots were employed for the
determination of LoD and LoQ); the LoD was calculated to be 0.09 yuM, 0.10 pM, and 0.12 uM
for Hg(I1), Pb(I1), and Cr(lI11) respectively, while the LoQ was calculated to be 0.29 uM, 0.33
MM, and 0.41 uM for Hg(ll), Pb(ll), and Cr(lll) respectively. Furthermore, the Benesi -
Hildebrand equation was used to calculate the association constant (Ka), which had the values
1.312 x 10* M for Hg(ll), 1.527 x 10* M for Pb(ll), and 4.94 x 10* M for Cr(lll). The

stoichiometric ratio of the complexation of the probe with all the metal ions was 1:1.
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Figure S12: Absorption spectrum of probe 147 demonstrating cumulative changes on

incremental addition of Hg(I1)
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Figure S13: Absorption spectrum of probe 147 demonstrating cumulative changes on
incremental addition of Pb(Il)
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Figure S14: Absorption spectrum of probe 147 demonstrating cumulative changes on
incremental addition of Cr(l11)
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Figure S15: Incremental enhancement in the fluorescence emission of probe 147 upon the
progressive addition of Hg(ll) ions
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Figure S16: Incremental enhancement in the fluorescence emission of probe 147 upon the
progressive addition of Pb(Il) ions
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Figure S17: Incremental enhancement in the fluorescence emission of probe 147 upon the
progressive addition of Cr(l11) ions
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The selectivity and sensitivity of the 1,2,3-triazole-appended glyoxal bis-(2-
hydroxyanil)-based probe 150 for Cu(ll) and Pb(ll) ions were assessed utilising UV-Vis and
fluorescence spectroscopy on the probe's spectrum response to different metal ions. Addition
of Cu(ll) ions to the probe solution showed a hyperchromic shift at 274 nm, 284 nm and 294
nm, confirming the binding of Cu(ll) to the probe solution (figure S18). Pb(Il) ions resulted
into a hypochromic shift in the 294 nm peak, as well as a hyperchromic shift in the 274 nm and
284 nm peaks, with the latter two peaks merging into a single peak at about 270 nm (figure
S19). In fluorescence spectral analysis of probe 150, adding Cu(ll) ions to the probe solution
caused a gradual decrease in the emission intensity for both the monomer emission at 324 nm
and excimer emission at 617 nm (figure S20), whereas Pb(lIl) ions led to enhancement in the
intensity of both the peaks (figure S21). The LoD and LoQ as determined by the correlation
plots for the complexation of the probe with Cu(ll) ions was 4.35 pM and 14.52 pM
respectively; while for Pb(Il) ions, the LoD and LoQ was 3.10 UM and 10.34 uM respectively.
Also, the Benesi - Hildebrand equation resulted in the association constant (K,) being 1.16 x
103 M1 for Cu(ll) and 1.10 x 10° M for Ph(ll). The stoichiometric ratio for the probe
complexation with either of the metal ions was 1:1.
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Figure S18: Absorption spectrum of probe 150 representing collective changes on incremental
addition of Cu(ll)
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Figure S19: Absorption spectrum of probe 150 representing collective changes on incremental
addition of Pb(ll)
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Figure S20: Decrease in the fluorescence emission of probe 150 upon the sequential

accumulation of Cu(ll) ions
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Figure S21: Increase in the fluorescence emission of probe 150 upon the sequential

accumulation of Cu(ll) ions

The 1,2,3-triazole-appended probe 155’s reaction to various metal ions was studied using UV-
Vis and fluorescence spectroscopy, and the probe's selectivity and sensitivity for Ce(ll1) ions
were determined. The probe 155 revealed a hyperchromic shift at 307 nm in response to Ce(l11)
addition, accompanied by a red shift of roughly 23 nm (figure S22). Furthermore, the probe's
fluorescence spectra during titrations with Ce(lI11) ions showed a hyperchromic response at both
the monomer and excimer peaks at 313 nm and 611 nm, respectively (figure S23). The
correlation plots derived from the fluorescence spectroscopic data were used to calculate the
LoD, LoQ, and stoichiometric ratio of the probe; the LoD was 9.53 uM while the LoQ was
31.75 pM. Furthermore, the association constant (Ka) derived using the Benesi - Hildebrand

equation was 3.55 x 10° M, whereas the stoichiometric ratio was 1:1 (M:L).
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Figure S22: Absorption spectrum of probe 155 representing collective changes on incremental
addition of Ce(l1l)
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Figure S23: Increase in the fluorescence emission of probe 155 upon the sequential

accumulation of Ce(l1l) ions
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Annexure A

Instrumentation
and

Chemicals

Instrumentation and Chemicals

Annexure A provides all the instruments implemented for
spectroscopic analysis of the synthesized compounds, and enlists the
different reagents, catalysts, and solvents used in the chemical

synthesis and analytical examination of the synthesised molecules.



General experimental techniques

1. Infrared spectra
The infrared spectra of the synthesized compounds were recorded in the range of 4000 - 450
cm™? using SHIMADZU FTIR-8400S, availed at Central Instrumentation Facility (CIF),

Lovely Professional University, Phagwara, Punjab.

2. NMR spectra

The *H and *C NMR spectra of all the synthesized compounds were recorded utilizing a
Bruker Advance Neo FT NMR spectrophotometer, with tetramethylsilane (TMS) as the
internal reference, and CDClz and DMSO-des as the solvents. The facility was availed at
Sophisticated Analytical Instrumentation Facility (SAIF), Panjab University, Chandigarh.

3. Mass spectra
The mass spectrometric analysis (LCMS) of the synthesized 1,2,3-triazoles was obtained
through Bruker Esquire 3000 mass spectrometer, availed at Sophisticated Analytical

Instrumentation Facility (SAIF), Panjab University, Chandigarh.

4. UV-Vis spectra
UV-Vis spectroscopic investigations were carried out on SHIMADZU UV-1900
spectrophotometer, availed at School of Chemical Engineering and Physical Sciences, Lovely

Professional University, Phagwara, Punjab.

5. Fluorescence spectra
The fluorescence spectroscopic investigations were carried out on a Perkin Elmer FL 6500
spectrophotometer, availed at the Central Instrumentation Facility (CIF), Lovely Professional

University, Phagwara, Punjab.

6. Melting Point
The melting points of the synthesized substances were determined through the Mel Temp 11
apparatus using sealed capillaries at School of Chemical Engineering and Physical Sciences,

Lovely Professional University, Phagwara, Punjab.

7. General materials
Bromotris(triphenylphosphine)copper(l) [CuBr(PPhs)s] (Aldrich), propargyl bromide (80% by
weight in toluene) (spectrochem), N,N-dimethylformamide (DMF) (LOBA Chemie), benzyl
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chloride (LOBA Chemie), 1-naphthyl chloride (LOBA Chemie), sodium azide (LOBA
Chemie), tetrahydrofuran (THF) (SDFCL), triethylamine (TEA) (LOBA Chemie), potassium
carbonate (LOBA Chemie), cesium carbonate (LOBA Chemie), ethyl acetate (LOBA Chemie),
n-hexane (LOBA Chemie), dimethyl sulfoxide (LOBA Chemie), acetonitrile (SDFCL), maleic
hydrazide (LOBA Chemie), 4-tert butyl catechol (LOBA Chemie), p-rosolic acid (LOBA
Chemie), glyoxal bis-(2-hydroxyanil) (LOBA Chemie), 2-amino-5-methylpyridine (LOBA
Chemie), 4-hydroxy-3-methoxybenzaldehyde (vanillin) (LOBA Chemie).
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Annexure B contains all the IR, NMR (*H and **C), and mass spectra
of all the synthesized terminal alkynes, organic azides, and the 1,2,3-

triazole derivatives.



IR spectrum of benzyl azide 105
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IR spectrum of alkyne 139
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IR spectrum of 1,2,3-triazole derivative 141
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IR spectrum of 1,2,3-triazole derivative 144

- 8
29% o
Sv9
69
" |
= 008
) .
——=. €10} - .Wu
SviL
00zZL |
Siel gszlL
14115
091 &
LiSL L m
8
&
NI
4 L
/ 7]
=
o
- 2
o
o o
R -
8
=
/ .
S
N o
- 3
©
8
T T T T 8
e [ 2 ]

(%) @duepiwsues]

Wavenumber (cm™)

IR spectrum of alkyne 146

V 19

—= /28
S e 28

— 120}

6.€1

€051

€091

1747

100

(%) @ouepiwsuel]

50 —

4000

Wavenumber (cm™)

220



IR spectrum of 1,2,3-triazole derivative 147
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IR spectrum of 1,2,3-triazole derivative 150
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IR spectrum of alkyne 154
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'H NMR spectrum of benzyl azide 105
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'H NMR spectrum of 1-(azidomethyl)naphthalene 137
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'H NMR spectrum of alkyne 139
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H NMR spectrum of 1,2,3-triazole derivative 140

OO N ONMNLM=— MO OM [=]
COMMEM@MONRRRKE B MmN =}
NhMMMMMMNMNOO OO nWwww o
e ~\ e
0 0
N—N
N
(=0
Pt i bﬂ- A . |
0 O < K O
8§83 3 88
N T 0 ('] < <
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)
13C NMR spectrum of 1,2,3-triazole derivative 140
©
(6]
o
N NOWMN«™O® o
n NN OONM 0 M- N~ O
0 NSO OO ®N LW i B N © S
 YSANAKS FEE g =
| —\ P S | |
o o
N—N
N N
(D
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

1 (ppm)

227




H NMR spectrum of 1,2,3-triazole derivative 141
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'H NMR spectrum of alkyne 143
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'H NMR spectrum of 1,2,3-triazole derivative 144
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'H NMR spectrum of alkyne 146
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H NMR spectrum of 1,2,3-triazole derivative 147

000

v0'S
Z6'G
v6'S
Iy
8.°91
vO'L
90°L]
sz
LeL

e
yX-92 |
8¢,
6¢°L
or'L
S |
vyl
S¥'L
'L
8t L]
6t L)
0521
05'L-
gL
98
181
88,
68°L
£6°L]
v6'L
5672

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

9.0

50 45 4.0 35

1 (ppm)

13C NMR spectrum of 1,2,3-triazole derivative 147

100

eres—
1029~

bL9L
€100 20°LL
ve'LL’
1611
zLe)
80'¥Z)
9¢8'62l
vr'9zl
§¢'22
167221}
55'8211
20’6zl
S9'6Z1-
€L0EL7
9LIEL]
veeel’
1£'8E L
Wepl—

ov'8sk

2s's8l—

T

0

T T T T T T T T T T T T T T T T T T

T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

1 (ppm)

232



'H NMR spectrum of alkyne 149
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H NMR spectrum of 1,2,3-triazole derivative 150

00°0

5 10 05 00

1.5

6v7'C

vL's o
9lL'g
16§
66'S
¥6'9
16'91
869
102 ﬁ
WA
SL'L
IV
(WA |
€L
£e.
Ge L1
St L
9L
8621
0924
18 Ly
8 L=

mmww

(R 2

5 40 35 30 25 20
f1 (ppm)

90 85 80 75 7.0 65 60 55 50 45 4.0

13C NMR spectrum of 1,2,3-triazole derivative 150

LT
60°9LL{
1S 121
SL'EZ),
LS'¥Z)
6Y'SZh1
€19z}
§L°92)

5512V
z9'8zL’
86'8Z1
L5°0E}
1181

Le'eeh

om.ov:
LeevL

70 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

180 170 160 150 140 130 120 110 100 90

1 (ppm)
234




'H NMR spectrum of Schiff base 153
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'H NMR spectrum of alkyne 154
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H NMR spectrum of 1,2,3-triazole derivative 155
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Mass spectrum of 1,2,3-triazole derivative 140

100
90-
30
70—
60-
50-
40
30-
20-

104

322.15

335.15

358.20 374.20

425.25

42

|

2

454

25

N
|||||||||||

300

IIIlIIII‘lIIIIllll

320

II|IIII||I.III|HII|III

340

I|Il||[

360

380

400

238

lllllllllllllll]llllllII|IIIIIHIl|IIIllIIIIIIIIIIIIIIllIIIIlIlHlIIIIlIIII

420

lIlI|IIII|IIIIIIIII|IIII|III

440

IIII|IIIl|IIlIlIIII|IIIIIllllllllllllllllllllllll

460

480

m/z



Mass spectrum of 1,2,3-triazole derivative 141

11

I I O T I I A B O A I O A A A A |

— [\ 1 P
) je] [l o
b= (= f=4 =
ol < k=4 jo]
fom’ ol ol o
f) o (] o
BRI, TN, SO,

[ B A

120.25

= 12

—————555.40

e l.LlL_L

T T T T I T T T T T T T B T T T
200 300

T | T l T ALI T T I T I ] T I T
400 500 600 700 800 900

239




5000000

4000000

3000000

2000000

1000000

Mass spectrum of 1,2,3-triazole derivative 144

T NRET] IR RERT] FART A EN1 AT ETA RN R AT RRTT] FARTURNET!

a¢
T7OT

T I T
200

T | T | T I | 1 1 l T
300 400 500 600

240



Mass spectrum of 1,2,3-triazole derivative 147
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Mass spectrum of 1,2,3-triazole derivative 150
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Mass spectrum of 1,2,3-triazole derivative 155
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ABSTRACT: Copper(I)-catalyzed alkyne—azide cycloaddition
(CuAAC) is a resourceful and stereospecific methodology that
has considerably yielded promising 1,2,3-triazole-appended “click”
scaffolds with the potential for selective metal ion recognition.
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(IT) 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
[IR and NMR ('H and *C)] and mass spectrometry. The
chemosensing study performed in acetonitrile/water (4:1) solvent
media, via UV—vis and fluorescence spectroscopy, established its
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selective sensitivity for Pb(II) and Hg(I1) species among the list of explored metal ions with the limits of detection being 8.6 and 11

4#M, 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(I1) and Hg(1I) 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

its anti-inflammatory potential by performing docking analysis with

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(ll), 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 globally.” 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(11)] 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

39159

. 4 ACS Publications

human leukotriene b4 protein.

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 discase, 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 7 method-
ology, provides a well-organized, robust, and efficient pathway
to synthesize 1,2,3-triazole-based compounds for addressing
the rescarch problem of metal ion toxicity in addition to other
sensing devices such as supramolecular polymers.lx_m The
development of new 1,2,3-triazole-linked compounds by
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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(Il) and Cr(II1} recognition. Maleic hydrazide is
a plant growth regulator known to prevent cell division. The probes were characterized via IR, NMR ('H
and BC) 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(Il) and
Cr(111) were 0.46x105 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 BV, 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

“ Corresponding authors.
E-mail address: singhjandeep@gmail.com (J. Singh).

https:|/doi.org{10.1016/j.molstruc.2022.134823
0022-2860/€ 2022 Elsevier B.V. All rights reserved.

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(Ill) 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 impreper 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
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Tn this study, a novel photoinduced electron transfer (PET) based 1,2,3-triazole appended chemosensor probe
(PRT) for the recognition of toxic heavy metal ions has been developed via Cu(l)-catalyzed alkyne-azide
cycloaddition (CUAAC), a quintessential example of ‘click chemistry® for which the 2022 Nobel prize in chemistry

8 . was awarded to Prof. K.B. Sharpless, Prof. M. Meldal and Prof. C. Bertozzi. The synthesized probe was suc-
Metal ion recognition ¥ . 1 13

cessfully characterized via IR spectroscopy, NMR ('H and '“C) spectroscopy, and mass spectrometry; and

Fluorescence spectroscopy i , ¢ 2 : 5 %
DET additionally demonstrated to selectively sense the highly toxic Hg(II), Pb(II), and the biologically essential Cr(IIT)
ions via absorption and fluorescence spectroscopy. The Jab 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(IIT) followed by Pb(II) and Hg(IT) respectively, even
though the competitive metal ion titration revealed the selectivity of PRT for Pb(Il) over the other metal ions. The
density functional theory (DFI) 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.

1. Introduction 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

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.

most pernicious elements having no biclogical 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,

E-mail addresses: harminder env@yahoo.com (H. Singh), singhjandeep@gmail.com (J. Singh).
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ARTICLE INFO ABSTRACT
Keywords: The present report describes the application of the ‘Click Chemistry® pathway to synthesize a fluorescent probe
Click chemistry (APT) based on ampyrone (4-aminoantipyrine), entailing two benzyl groups as the fluorophores coupled to the

1,2,3-triazole

antipyrine structure through 1,2,3-triazole moieties. Infrared spectroscopy (IR), nuclear magnetic resonance (*H
4-aminoantipyrine

and 1°C), and mass spectrometry were the standard spectroscopic methods used to characterize APT. The ion

Fluorescent probe e & fe . 5

DET recognition potential of the probe was analyzed through absorption and emission spectroscopy employing a 4:1

CHEQ combination of CH3;CN and H»0, which demonstrated APT to be an efficient sensing agent for Cu(I) ions,
wherein the absorption spectrum of the probe displayed a hypsochromic shift with a hyperchromic shift on
gradually adding the metal ion solution of Cu(ll), whereas quenching of the probe’s fluorescence emission on Cu
(Il) addition was attributed to the chelation-enhanced fluorescence quenching (CHEQ), induced by the &
electronic configuration of Cu(II). The stoichiometry of the complexation of APT with Cu(II) is indicative of a 1:1
ratio, while the detection limit (LOD) and quantification limit (LOQ) as estimated from the fluorescence titration
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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.l"! The series of *click
reactions,” which share common trajectories,’” include
metal-catalyzed azide-alkyne cycloaddition,*'? strain-
promoted azide-alkyne cycloaddition (SPAAC),31
strain-promoted  alkyne-nitrone  cycloaddition, 7!
inverse  electron demand Diels-Alder reaction
(IEDDA),'®*) and Staudinger ligation,!?*22! as the most

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,[zﬁ'zﬂ as illustrated in Figure 1.
Cu(l) 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

wileyonlinelibrary.com/journal/aoc
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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, into long-chain polymeric forms like nanogels has exhibited
considerable assurance in therapeutic advancements and intracellular drug delivery due to the
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 biclogical 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
pharmaceuties, 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 therapeuties,** 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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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, efc., 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

254




Journal of Molecular Structure 1305 (2024) 137740

Contents lists available at ScienceDirect

Journal of Molecular Structure

e oo

ELSEVIER

journal homepage: www.elsevier.com/locate/molstr

Check for
et |

Click-derived o-cresolphthalein linked 1,2,3-triazole: Pb(II) ion sensing, in
silico analysis, and aromatase inhibition
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ARTICLE INFO ABSTRACT

Keywords: The present study demonstrates the synthesis, characterization, and multifaceted applications of a 1,2,3-triazole
CLiCk chemistry derivative synthesized via Copper(I)-Catalyzed Azide-Alkyne Cycloaddition (CuAAC). The design of the probe
Chemosensor

was carried out using o-cresolphthalein moiety, owing to its substantial absorption and emission behaviour,
which was connected to a benzyl group (which acted as the transducer group) via a 1,2,3-triazole bridge. This
bridge, in addition to serving as the spacer unit, also had the potential to provide the receptor sites for the metal
ions due to the presence of N atoms having lone pairs of electrons. The compound’s structural integrity was
confirmed through Infrared (IR) Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy, and Mass
Spectrometry analyses. Its selective responsiveness to Pb(II) ions, established by UV-vis spectroscopy, revealed
its potential as a robust Pb(II) ion sensor with a limit of detection of 11.2 uM and binding constant (K,) value of
3.2 x 10" M7, thereby facilitating applications in environmental monitoring and analytical chemistry. Addi-
tionally, the compound’s versatility extends to the realm of biology, as indicated by the in silico pharmacological
studies and molecular docking simulations. These investigations underscored its significant potency as aromatase
inhibitor, suggesting opportunities for therapeutic interventions and drug devel d’

Metal ion sensing
Environmental
Aromatase inhibitor

, as the comp s
molecular architecture and distinctive binding interactions offer promise in addressing intricate biological
processes.

1. Introduction

The field of chemical synthesis has witnessed remarkable advance-
ments over the years, driven by the quest for efficient and versatile
methodologies to construct complex molecular architectures [1-3].
Among these methodologies, the Copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction stands out as a pivotal methodology
that has revolutionized the field of organic synthesis. The significance of
CuAAC arises from its ability to synthesize 1,4-disubstituted 1,2,3-tri-
azole linked compounds, which are valuable motifs in medicinal
chemistry, materials science, and bioconjugation [4,5]. In this context,
the utilization of 1,2,3-triazole derivatives as molecular probes for metal

* Corresponding authors.

ion sensing has emerged as a promising avenue as the unique electronic
and structural properties of 1,2,3-triazoles confer them with the ability
to coordinate with metal ions, leading to distinctive changes in their
physicochemical properties, such as fluorescence, absorbance, and
electrochemical behavior [6,7]. The toxic heavy metal ions such as lead
(Pb), mercury (Hg), cadmium (Cd), and arsenic (As) have garnered
significant attention due to their widespread occurrence in the envi-
ronment and their detrimental impact on human health and ecosystems,
as they pose a grave threat due to their persistent presence, bio-
accumulative nature, and ability to interfere with biological processes at
the cellular and molecular levels, thereby resulting in a spectrum of
acute and chronic health consequences, ranging from neurological
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In the quest to scrutinize and modify biological systems, the global research community has continued to
explore bio-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 majority 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
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1. Introduction

Biological systems are accompanied by delicate networks of
native biomolecules, vital for conventional functioning. For
scrutinizing and modifying the biological systems, scientists
have introduced a fresh set of reactions, namely bio-orthogonal
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powerful tool for precise and selective manipulation of biomolecules in complex biological systems.

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
conducted in a laboratory within living organisms and cells.* In
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
with non-native functional groups under biological conditions,
facilitating their examination and manipulation.*® The roots of
bio-orthogonal chemistry can be traced way back to the Huisgen
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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Keywords:

Quinizarin

Bis-1,2,3-triazole

Fe(II)/(11I) sensor

Molecular docking

DFT and Molecular electrostatic potential

Herein, two new molecular probes of quinizarin-linked bis-1,2,3-triazoles have been synthesized via CuAAC
reaction to detect transition metal(s), such as iron (Fe). FTIR, H & 13C-NMR, and HRMS spectroscopy fully
characterized the synthesized probes. Absorption spectroscopy showed selective binding of probes with Fe(II)
and Fe(IIT) ions. Job's plot suggested a 1:1 stoichiometric ratio of ligand and metal ion. Both probes 3a and 3b
showed association constant of 4.42 x 10° M ! and 4.35 x 10°M ! for Fe(II) and 4.35 x 10° M ! and 4.59 x 10°
M! for Fe(IlI), through Benesi-Hildebrand (B-H) plots. The DFT was performed for geometrical optimization of
probes and their complexes, supported by Mulliken charges and Molecular electrostatic potential. Above and
beyond, probes and their complexes were also docked with human histamine H1 receptor (PDB ID: 3RZE)
protein, providing foretastes of its anti-allergic activity.

1. Introduction

In recent years, the design and development of effective molecular
sensors for the selective and sensitive detection of metal ions have
garnered significant attention in analytical chemistry, monitoring
environmental issues, materials science, etc. Iron (Fe) holds a central
position among the myriad metals of interest due to its vital roles in
biological, environmental, and industrial processes. Iron is one of the
most crucial transition metals found in living organisms that perform
many physiological functions, like red blood cells as hemoglobin, muscle
cells as myoglobin, DNA synthesis, and storing and transporting oxygen
in the human body [1-4]. Both deficiency and an excess of iron level in
the human body can trigger several physiological disorders. A low iron
level due to blood loss or lack of dietary iron causes anemia. People with
anemia may experience itchy skin (pruritis) that can become red,
bumpy, and sore when scratched, i.e., allergic sensitization. Many
epidemiological studies have connected allergy with deficient iron sta-
tus in the last decade [5]. Some studies have suggested that Fe(II)
complexes may have anti-allergic properties due to their ability to

* Corresponding author.
E-mail address: rktittaliitd@nitkkr.ac.in (R.K. Tittal).
! These authors contributed equally to this work.
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modulate the immune system and reduce inflammatory responses. These
complexes might inhibit the release of histamine and other inflamma-
tory mediators involved in allergic reactions. Histamine is essential for
allergic symptoms such as itching, sneezing, and nasal congestion [6,7].

In contrast, excess iron can cause metabolic imbalance, disrupting
cellular processes and leading to hemochromatosis. Iron in the +3
oxidation state is predominant due to its oxidization capacity during
aerobic oxidation photosynthesis. However, the simultaneous accumu-
lation of Fe(Ill) ions can be fatal to humans, causing respiration syn-
drome, skin ailments, convulsions, dysfunction of organs, Parkinson’s
and Alzheimer’s diseases, and cardiac arrest. Also, it may lead to cancer
[8-10]. According to the Food and Nutrition Board (FNB) at the Institute
of Medicine (US), the daily iron requirement in adults for males and
postmenopausal females is 8 mg/d, and premenopausal females are 18
mg/d [11]. Therefore, the ability to detect and monitor Fe(II) and (III)
ions with high precision and selectivity is paramount in understanding
their biological implications and the environmental impact of iron-rich
pollutants. Most chemosensors reported cannot clearly distinguish be-
tween Fe(lll) and Fe(Il) oxidation states. Subsequently, various
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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 scrutiny+t
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Herein, a 1,2,3-triazole derivative (CBT), synthesized using the Copper() catalyzed Alkyne Azide
Cycloaddition (CuAAC) procedure, based on a chalcone skeleton has been reported, that was
implemented as an effective sensor for Pb(i) and Cu(i) 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
Cu(n) ions, competitively. The correlation plot revealed the detection limit for Pb(i) and Cul(i) ions to be
100 puM 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
metal-ligand complex. The probe CBT was predicted via the online platform Way2drug for its
pharmacological properties, investigating the possibility to inhibit early atherosclerosis. CBT was
subsequently docked to the TRIB1 protein using AutoDock Vina and demonstrated a high binding affinity

rsc li/rsc-advances with a value of —6.2 kcal mol ™™,

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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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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Keywords:
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CuAAC
1-Naphtholphthalein
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Co(1l) ion detection

Current rescarch work reports the ‘Click’ gencration of a ligand, 1- naphtholphthalein linked 1,2,3-triazole (1-
NPT) and its “turn-off* absorbance response on binding with Co(Il) ions. Copper(I) catalyzed alkyne-azide
cycloaddition reaction (CuAAC), a highly stereoselective reaction of ‘Click Chemistry’ is employed to synthe-
size the five membered heterocyclic ring based probe 1-NPT, that has been successfully characterized by spec-
troscopic techniques like IR, NMR (‘H, '°C) and Mass spectroscopy. The chemosensing behavior of 1-NPT was

analyzed by performing UV-Visible titrations with different metal ions like Mn(II), Hg(II), Cd(II), Pb(II), Cu(ID),
Fe(II), Zn(II), Ba(IT), Cr(IIT), Co(II), K(I) and Na(I) in CH3CN:H»O (4:1, v/v) solution and the results obtained
signify the selectivity of synthesized receptor towards Co(I) ions with minimum detection limit of 1.87 yM and
1:1 stoichiometry of 1-NPT:Co(Il) complex with no interference of other metal ions.

1. Introduction

The selective detection of analytes, having no characteristic spec-
troscopic properties of their own is of great challenge. Organic moieties
tailored for analyte binding and having subunits signaling modulations
in their spectroscopic behavior on binding with specific analyte are quite
effectively and significantly used for their recognition [1-3]. ‘Click
chemistry’ is a wonderful approach of various organic syntheses that
includes a family of diverse linking reactions, easy to perform, fast and
high yielding with minimal or inoffensive byproducts have been proved
as highly promising to generate such type of organic molecules [4-7].
Since its discovery in 2001, by an American Nobel laureate Sir K. B.
Sharpless, this approach of organic syntheses gained worldwide popu-
larity. The various categories of click chemistry reactions found in
literature are metal catalyzed cycloaddition reactions such as Hetero-
Diels-alder reaction, 1,3-dipolar cycloaddition reaction, thiol-ene re-
actions, photo-click reactions, Michael addition, nucleophilic ring
opening of strained heterocycles such as epoxides and aziridines etc.
[8-12]. Now a day, the click reactions are being incorporated onto or
into biomolecules, including introduction of synthetic amino acids with

* Corresponding authors,

different reactive sites as well as modifications in DNA and nucleotides.
Recently, in 2022, the nobel prize in chemistry was awarded to three
scientists C. R. Bertozzi, M. P. Meldel and K. B. Sharpless for the
‘Development of Click Chemistry and Bioorthogonal Chemistry”
[13-14]. Among the various types of click reactions, the 1,3-dipolar
cycloaddition reaction, especially CuAAC resulting into the generation
of 1,4-disubstituted 1,2,3-triazole linkers as exclusive product has bag-
ged immense importance due to their wide range of applications in the
areas like material science, drug discovery, bioconjugation, chemo-
sensing, fluorescent imaging, catalysis and polymer chemistry [15-20].
1,2,3-triazole linked molecules are also used as predecessors for the
synthesis of mesoionic carbenes, very reactive N-heterocyclic carbene
intermediates that act as ligands for a category of metal ions. The co-
ordination complexes of transition metals such as Rh, Ir, Pd, Pt, Ni, Ag
etc. with mesoionic carbenes are used to catalyze various organic syn-
theses [21-22].

The CuAAC reaction is a highly stereoselective, [3 - 2] cycloaddition
reaction of terminal alkyne with organic azide using catalytic amount of
Cu(l) under benign reaction conditions to produce 1,4-disubstituted
1,2,3-triazole as single and pure product as shown in Fig. 1. The
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Present research work illustrates the ‘Click’ generation of 4-((1-((1-benzyl-1H-1,2,3-triazol-4-yl) methoxy)
naphthalen-4-yl) (phenyl)methylene) naphthalen-1(4H)-one a-NBT, a heterocyclic compound analyzed as an
optical chemosensor for the selective detection of Cu(ll) ions. The molecule is synthesized by [3 + 2] cycload-
dition reaction of a-naphtholbenzein based terminal alkyne 2 with 1-(azidomethyl) benzene 3 under Cu(I)-
catalyzed conditions (CuAAC) and is further characterized for its structural components by various spectro-
scopic techniques like IR, NMR ('H, '*C) and Mass spectrometry. Being having significant absorption in
UV-Visible region, the receptor molecule «-NBT is analyzed for its chemosensing characteristics by UV-Visible
and fluorescence spectroscopy and found to be very selective towards Cu(Il) ions among a range of metal ions
including Na(l), K(I), Ba(II), Cr(III), Mn(II), Fe(II), Fe(I1I), Co(1I), Ni(II), Cu(I), Zn(ID), Cd(II), Hg(II), Pb(II), Th(IV)
and Ce(Ill) in CH3CN:H,0 (4:1, v/v) solvent system. From the recorded spectral responses with change in
concentration of Cu(II) ions, the binding ratio of a-NBT:Cu(II) complexation is calculated as 2:1 with the limit of
detection of Cu(II) ions as 3.12 pM and binding constant for ligand-metal interaction equal to 0.15 x 10° Mm%

1. Introduction

The potential to sense and recognize analytes through optical tech-
niques such as UV-Visible and fluorescence spectroscopy is quite easy
and highly reliable way of analyte detection [1,2]. Out of a variety of
optical signaling units working with different signal transduction
mechanisms employed to detect a specific ion, the organic molecules
appended with structural units having certain photophysical charac-
teristics are of great concern and demand for analytical chemists
working in the field of chemosensing [3-5]. Metal ions are one among
such species whose selective recognition is of substantial relevance in
the present times mainly owing to their detrimental effects on the vital
body metabolic processes in the living systems via protein binding po-
tential and enzyme inactivation capabilities [6,7]. For instance, Cu(Il)
ion is of great importance in living organisms and is a cofactor of various
metalloenzymes, responsible for their proper functioning [8]. However,
an overdose of these ions is attributed to cells and organs damaging,
Wilson disease, Parkinson disease and Alzheimer disease [9]. Therefore,

* Corresponding authors.

there has been a significant interest in recent years in investigating
diverse techniques for selective sensing of metal ions, wherein chemo-
sensors capable of instantaneous and sensitive detection of trace
amounts of Cu(1l) in the environment have been developed [10-12]. The
designing and development of such organic scaffolds in pure form is
another task that becomes very much handy through ‘Click Chemistry’,
a set of reactions which are highly stereospecific with diverse chemical
functions to generate a single product with no or inoffensive byproducts
that can be extracted out by non-chromatographic techniques [13,14].

Among all the click reactions, the Cu(l)-catalyzed azide-alkyne
cycloaddition (CuAAC), is a highly versatile and robust reaction
involving the 1,3-dipolar cycloaddition of organic azide with terminal
alkyne in the presence of Cu(l) as catalyst to generate 1,4-disubstituted
1,2,3-triazole [15]. The methodology has proved to be a great tool for
the researchers to stitch a variety of structural units to develop tailored
organic moieties for chemosensing purposes. [16-18]. The resultant
1,2,3-triazole group not only functions as a proficient covalent linker but
also serves as a binding site for specific metal ions via the nitrogen

E-mail addresses: singhjandeep@gmail.com (J. Singh), harminder env@yahoo.com (H. Singh).

https://doi.org/10.1016/j.ica.2024.122063

Received 8 March 2024; Received in revised form 8 April 2024; Accepted 9 April 2024

Available online 10 April 2024
0020-1693/© 2024 Elsevier B.V. All rights reserved.

260




Journal of Molecular Structure 1288 (2023) 135666

Contents lists available at ScienceDirect

Journal of Molecular Structure

3
EVIER journal homepage: www.elsevier.com/locate/molstr

ELSE

Click modified bis-appended Schiff base 1,2,3-triazole chemosensor for
detection of Pb(Il)ion and computational studies

Nancy George*, Gurleen Singh °, Riddima Singh °, Gurjaspreet Singh ", Priyanka ",
Harminder Singh °, Gurpreet Kaur ¢, Jandeep Singh
* School of Chemical Engineering and Physical Sciences, Lovely Professional University, Phagwara, Punjab 144411, India

Y 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, Punjab 141001, India

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 yield, high selectivity, sensitivity and characterized using fourier transform infrared spectroscopy
CurAG (FTIR), NMR (*H and '°C), mass spectrometry (MS), CHN analysis, thermal gravimetric analysis (TGA) and
11‘;1 ‘1::)3 j::':m differential scanning calorimetry (DSC). The developed chemosensor was investigated for it’s optical properties
C’he:'nosensors using UV-visible and fluorescent spectroscopy. The detected limit of the synthesized probe was estimated 0.25

pM from fluorcscence 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, cardiac, 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 pg L Y 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 yM 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 organic 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
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ARTICLE INFO ABSTRACT

Keywords: The present rescarch 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
GUAC ) probe was characterized using Fourier transform infrared spectroscopy (FTIR), NMR (*H and '*C), mass spec-
Ilr’fn’;gl‘“[)d:::m trometry, CHN analysis, and Thermal gravimetric analysis (TGA). The UV-vis spectroscopy was employed in eco-
Chisgserian friendly EtOH:H20 (9:1 v/v) solvent media to investigate the optical propertics 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 Fe3! 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. Introduction 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

versalile, precise and efficient Fe?! ion responsive chemosensor, below

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

* Corresponding authors.
E-mail address: singhjandeep@gmail.com (J. Singh).
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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*t 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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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(l)-catalyzed alkyne-azide cycloaddition (CuAAC) reactions can
be catalyzed by several other copper catalysts such as Cu (I1)-B-cyclodextrin, Cu(OAc)s, Fez04@Si0s,
picolinimidoamide—Cu(1T) complex, and Cu(IT) porphyrin graphene, the properties of sorption and
reusability, as well as the high density of copper-MOFTs, 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-MOFTs 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()-
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(l), 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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ARTICLEINFO 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 (uw) 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(I) 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 (Herndndez-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 (Brase 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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discussed in the review.

This review emphasizes on the efficacy of various metals in their diverse oxidation states to efficiently
sew terminal alkyne to azide to give triazole ring. The emergence of Alkyne-Azide Cycloaddition reac-
tion as one of the finest tools for the tailoring of two unsaturated fragments has equipped researchers
with a methodology to weave in the alkyne-azide groups into either 1,2,3- or 1,2,4-traizole. The use of
metal catalysts have efficiency comparative to CuAAC but comes at an expensive cost. The use of different
metals involving the mechanistic cycles, reusability studies, solvent system/reacting conditions have been

© 2021 Elsevier B.V. All rights reserved.

Abbreviations: 2D, Two Dimensional; AAC, Azide alkyne cycloaddition; AAcP,
azide-alkyne click polymerization; AcOH. Acetic acid; AEB, N-(4-azidophenyl)-4-
ethynylbenzamide; AgAAC, Silver catalyzed alkyne azide cycloaddition; AgNO;,
Silver nitrate; AgOTf, Silver triflucromethanesulfonate; AuAAC, Gold catalyzed
azide-alkyne cycloaddition; Au | TiO;AAC, Gold | Titanium dioxide azide-alkyne
cycloaddition; BuyNBr, Tetrabutylammonium bromide; BuOH, Butanol; CH,Cl,,
Dichloromethane; CHs;CN, Acetonitrile; CuAAC, Cu (I} Catalysed Alkyne Azide
Cycloaddition.; Cu(l), Copper {I); CuNPs, Copper-based nanoparticles: Cu(OAc),,
Cupric acetate; Cu{PPhs)3Br, Bromotris{triphenylphosphine)copper{I}; CuSos, Cop-
per(ll) sulfate; DA, Diels-Alder; DBU, 1,8-Diazbicyclo[5.4.0Jundec-7-cne; DFT, Den-
sity functional theory; DIPEA, N,N-Diisopropylethylamine {Hunig's base); DMF,
Dimethylformaide; DMSO, Dimethylsulphoxide; EDC, Electron data capture; EG3N,
Ethylenetriamine; EtQH, Ethanol; EWG, Electron withdrawing group; FTIR, Fourier
Infrared Spectroscopy; FMO, Frontier Molecular Orbital; 'H NMR, Proton Nuclear
Magnetic Resonance; H;O, water; HOBt, Hydroxybenzotriazole; HPLC, High pressure
liquid chromatography; IEG, iterative exponential growth; IR, Infrared Spectrum;
IrAAC, Iridium-catalyzed intermolecular azide-alkyne cycloaddition; K,CO;, Potas-
sium carbonate; KOH, Potassium hydroxide; MAAC, Metal catalyzed azide-alkyne
cycloaddition; MCRs, Aqeous solvent reaction; MeCN, Methyl cyanide: MNPs, Mag-
neric Nanoparticles; MW, Microwave; NaNs, Sodium azide; NaNQ,, sodium nitrire;
NiAAC, Raney Nickel azide-alkyne cycloaddition; NMI, N-methylimidazole; NPA,
Natural Population Analysis: OTES, Organotriethoxysilanes; OTs, O-tosyl; P(Cy)s,
Tricyclohexylphosphine; PdAAc, Palladium catalyzed azide-alkyne cycloaddition;
Pd,(dba);, Tris(dibenzylideneacetone)dipalladium(0); Pd@PR, Polystyrene resin as-
sisted by palladium(0}; PED, Performance-cnhancing substance; PhMe, Toulene;
PhSiMe;, Trimethyl{phenyljsilane; P,0s, Phosphorus pentaoxide; P(Ph)s, Triph-
enylphosphine; PryNET, Diisopropylethylamine; PTA, Purified Terephthalic acid; PIC,
Phase transfer catalyst; RD32, Gold Rhombic Dodecahedra; ROS, Reactive oxy-
gen species; RT, Room temperature; RuAAc, Ruthenium-catalyzed azide alkyne cy-
cloaddition; RuAAcP, Ru(ll)-catalyzed azide-alkyne click polymerization; SEM, 2-

https:|/doi.org/10.1016/].jorganchem.2021.121846
0022-328X/© 2021 Elsevier B.V. All rights reserved.

1. Introduction

‘Click chemistry’, a term devised by Sir K. B. Sharpless in 2001
defines a set of high yielding and stereospecific reactions giving
off effortlessly separable inoffensive by-products [1]. This modu-
lar technique produces clean and efficient reactions at the molec-
ular level from precise and small group of molecules [2]. The term
‘Click’ mimics the molecular building blocks annotating the ‘seat
belt-buckle’ module that can be easily conjoined but is insepara-
ble. Metal catalyzed alkyne-azide cycloaddition reactions form an
incredible synthetic framework which functions as a true chemi-
cal click by enabling functional reactions easily regulated joining of
readily available but specific fragments [3,4]. In general, ‘Click’ de-
scribe a class of chemical transformation with a variety of attrac-
tive features including excellent functional group tolerance, strong

{trimethylsilylJethoxymethyl; TBAF. Tetra-n-butylammonium fluoride; TBTA, tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]amine); TEA, Triethanolamine; TEM, Transmis-
sion Electon Microscopy: TETA, Triethylenetratramine; THF, Tetrahydrofuran; TiO,,
Titanium dioxide; TLC, Thin Layer Chromatography; TMS, Tetramethylsilane; TMSA,
Trimethylsilacetylene; UHV, Ultra-high vacuum; XPS, X-ray photoelectron spec-
troscopy; ZnAAC, Zinc catalyzed azide-alkyne cycloaddition; Zn/C, Zinc on charcoal;
ZnEt,, Diethylzinc; ZnNPs, Zinc nanoparticles; Zn{OAc);, Zinc acetate,

* Corresponding author.
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A simple chemosensor, 4-amino antipyrine linked bis-1,2,3-triazole, was synthesized via the “click™
approach using the CuAAC method and characterized by FTIR, NMR, and ESI-MS spectroscopy. The
synthesized chemosensor upon ion sensing study showed a selective and significant detection of Hg(i) and
Cul} ions, with the LOD being 56 and 63 uM, respectively. Mercury and copper are toxic heavy metals.
The quantitative and qualitative detection of these ions is paramount for human health and the
environment. The effect of time and temperature on the binding capability of APT with Hg(i) and Cu(i) ions
was also studied using UV-Vis spectroscopy. Additionally, DFT studies lay forward the structural
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1. Introduction

In recent years, heavy metal exposure has increased due to
anthropogenic  and  agricultural activity and modern
industrialization, which negatively impact human health.
Worldwide, millions of people are intoxicated by toxic metal
contamination in water, air, and food, which are a matter of
grave concern for humankind and the complete ecosystem of
the environment. Among them, mercury and copper are toxic
heavy metals that can cause severe health problems in
humans and wildlife. Copper in surface waters occurs
predominantly in Cu(u) cupric form. Mercury is a naturally
occurring element found in air, water, and soil in various
forms: elemental (or metallic) and inorganic (to which people
may be exposed through their occupation), and organic (e.g.,
methylmercury, to which people may be exposed through
their diet). Exposure to mercury, even in small amounts, may
cause serious health problems. The toxicity and potential of
mercury may bio-accumulate and be biomagnified in the food
chain, leading to severe health problems such as neurological
disorders, renal failure, and congenital disabilities." The
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optimization of the chemosensor by the (B3LYP)/6-311G(d,p) and B3LYP/LanL2DZ level of theory.

permissible limit of Hg and Cu in human physiology
according to the World Health Organisation (WHO) and
Indian Standard Institutions (IS1) is (0.001 mg ™" and 0.001
mg I™) and (1.0 mg 1" and 0.05 mg ™), respectively.” Beyond
this limit, the aforementioned harmful cffects may appear.
Therefore, quantitative and qualitative detection of essential
trace elements is vital to balance the smooth physiological
functioning in biological systems. Developing reliable and
sensitive sensors for detecting Hg and Cu ions is crucial.

Various analytical methods have been developed for
detecting mercury and copper, including atomic absorption
spectroscopy’  (AAS), inductively coupled plasma mass
spectroscopy” (ICPMS), and electrochemical sensing.” However,
these techniques require expensive instrumentation, large
sample volume, and trained personnel, and are not always
suitable for field applications. Therefore, there is a growing
demand to develop a low-cost, portable, and reliable sensing
platform for metal ion detection.

One promising approach for developing such a sensing
platform is to use 1,2,3-triazole linked with a suitable
fluorophore as a sensing molecule®® that allows researchers
to develop recognition devices that have distinct advantages
like low detection limit, naked eye visual changes, etc., over
the other techniques mentioned above. 1,2,3-Triazole is a
heterocyclic compound containing a five-membered ring with
two carbon atoms and three nitrogen atoms that has been
extensively used as a building block in synthetic organic
chemistry. The biological importance of 1,4-disubstituted
1,2,3-triazoles  includes  antimicrobial,”™'  anticancer,'?
antiviral activities,'” etc. It has also been widely used in
developing various analytes due to its unique electronic and
structural properties, including its complexation ability with
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ARTICLE INFO ABSTRACT

Keywords:
4-aminoantipyrine
Bis-1,2,3-triazole
X-ray crystallography
Cu®" sensor

DFT

and Molecular docking

Herein, two molecular probes of 4-aminoantipyrine-linked bis-1,2,3-triazoles have been studied for metal ion
sensing applications. The crystal structure of one of the probes named as 4,4-((4,4-(((1,5-dimethyl- 3- oxo- 2-
phenyl- 2,3- dihydro- 1H- pyrazol- 4-yl) azanediyl) bis(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(methylene))
dibenzonitrile (3b) crystalizes in Monoclinic crystal system in P 1 21/n 1 space group. Both probes responded
more strongly and selectively to Cu(II) than other tested metal ions (K™, Na™, Mgz', Bazv, Caz', Cra', Mn?",
Co*, Zn®", Cd*", Ni**, Hg?", and Pb*"). Job's plot suggested a 1:1 stoichiometric ratio of ligand and metal ion.
Both probes showed an association constant of 2.48 x 10> M ! and 3.73 x 10° M ! through Benesi-Hildebrand
(B-H) plot. The geometries of both probes and their complexes were optimized by DFT using B3LYP/6-311 G(d,
p) and B3LYP/LanL2DZ basis sets, and properties were supported by Mulliken atomic charge and Molecular
electrostatic potential. Molecular docking on both probes and their complexes with Type-II topoisomerases(PDB

ID: 4GOV) protein was conducted to foretastes anticancer activity.

1. Introduction

In recent years, developing highly efficient and sensitive sensors for
detecting metal ions has garnered significant attention in various sci-
entific fields, such as monitoring environmental issues, bio-medicinal
research, industrial processes, etc. Among heavy transition metals,
copper, the 3rd most abundant element, plays a crucial role due to its
essential biological systems like the transportation and activation of
cellular oxygen and signal transduction [1]. Also, its potential toxicity,
when present in excessive amounts, can disrupt cellular functions, which
cause neurodegenerative disorders like Alzheimer's disease, Wilson's
disease |2], Hodgkin's lymphoma, Parkinson's disease (PD), and
Menkes [3,4]. In 1991, as per the Environmental Protection Agency
(EPA), the recommended maximum limit of Cu®" ion concentration in
drinking water must not exceed 1.3 mg/L [5]. Also, Cu®>" ion concen-
tration became a global environmental pollutant due to its extensive
large-scale use in chemical industries and agricultural processes [6].
Therefore, the design and development of selective and sensitive Cu®*
ion sensors have become paramount.

One promising class of compounds that have emerged in this context

* Corresponding author.
E-mail address: rktittaliitd@nitkkr.ac.in (R.K. Tittal).
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is 1,2,3-triazoles [7-9]. These heterocyclic molecules containing
five-membered rings have two carbon and three nitrogen atoms, possess
various structural features, and exhibit significant potential as a building
block for the construction of functional materials in biology and sensors.
The ability to modulate their properties by acquiring appropriate func-
tional groups makes 1,2,3-triazole derivatives an attractive platform for
sensor development.

Moreover, the development of Cu?’ ion sensors hold significant
promise for various applications, including environmental monitoring,
biological & biomedical research, and industrial quality control. Copper
was also involved in antiangiogenic anticancer activity, leading to an
interest in copper chelation as a mechanism to decrease the angiogenic
activity of cancerous cells [10]. Additionally, 1,2,3-triazoles are
nitrogen-containing heterocycles particularly important in life sciences
because they are very familiar and also found as subunits in various
natural products, including nutrients, hormones, and medications. Also,
base pairs of DNA and RNA comprise N-heterocycles, like purines, py-
rimidines, etc.

Herein, we focus on the rational design and the synthesis of a metal
ion sensor based on 4-amino antipyrine, known for its versatile

Received 12 September 2023; Received in revised form 15 October 2023; Accepted 2 November 2023
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ARTICLE INFO ABSTRACT

Keywords: The designing of chemosensors is a fascinating and growing rescarch field among the scientific community. This
Thiosemicarbazone article emphasizes the synthesis of thiosemicarbazone-triazole bearing siloxy framework (5a-5¢) by utilizing an
1,2,3-triazole

effective and biocompatible Cu(l) catalyzed “Click Silylation” approach. All the newly synthesized compounds
(4a-4c and 5a-5¢) have been well-characterized by various spectroscopy techniques like Infrared, Nuclear Mag-
netic Rasonance (*H NMR and '*C NMR), mass spectrometry and Thermogravimetric Analysis. The photo-
physical properties of 5a and its precursor alkyne 4a were investigated by employing UV-vis spectroscopy, which
showed the selective and sensitive recognition of Hg? and Cu? ions with negligible interference from different
metal ions. All types of the binding interaction between chemosensors (4a/5a) and Hg®~/Cu®~ ions got reversed
upon addition of salt of ethylene diamminetetraacetic acid. The association constant and limit of detection values
were also determined by plotting BH-plot and linear calibration curve respectively. Furthermore, the cytotoxic
activity results indicate that the siloxy compounds were found to be excellent postulants compared to ascorbic
acid and hence can be applied for biological purposes.

Siloxy framework
Hg* and Cu®~ ions
Cytotoxic activity

1. Introduction

In the realm of science, the identification of heavy and transition
metal ions (HTM's) has attained considerable attention as their exposure
is extremely harmful to human health and other living systems because
they are toxic, even in trace amounts [1-3]. Among HTM's, Hg>* and
Cu®* ions are of prime concern due to their adverse effect on living
organisms as well as on the environment [4-6], Hg?  is highly poisonous
and non-biodegradable metal ion that can be released in the biosphere in
the form of methylmercury from gold mining, caustic soda, mercury
lamps and burning of fossil fuels [7,8]. It is famous for Minamata disease
and poisoning in Iraq and ranked as the third most toxic substance by
Agency for Toxic Substances and Disease Registry (ATSDR) [9,10]. It can
enter inside the human body via the food chain and causes severe health
problems like various cognitive and motion disorders, cancer, neuro-
toxic effect, genotoxic effect, immunotoxic effect and damages to DNA,
brain, endocrine and central nervous system [11-13]. Cu®~ ions are the
third most abundant crucial nutrients in humans that help in multiple

biochemical processes such as dopamine production, brain functioning,
bone development, gene transcription, free radical scavenging, mito-
chondrial respiration, iron absorption etc. [14-16]. However, disruption
of Cu** homeostasis in the human body commences to several neuro-
degenerative diseases like Wilson’s disease, Parkinson's disease, Alz-
heimer’s disease, Indian Childhood Cirrhosis and also damages liver and
kidney [17-19]. In view of the above, the detection and quantification of
Hg?' and Cu?' are of vital importance. There are so many traditional
instrument-assisted methods like chromatography, voltammetry, atomic
absorption spectrometry (AAS), inductively coupled plasma-mass spec-
troscopy (ICP-MS), inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) and electrochemical methods that are employed for
the detection of Hg?' and Cu®' ions. Although, these methods show
acceptable sensitivity but they required sophisticated and expensive
instruments, special operators for analysis, pre treatment of samples and
are time-consuming [20-22]. Presently the UV-vis absorption spectros-
copy method is favoured over these conventionally used techniques for
the selective and sensitive recognition of Hg?' and Cu? ' ions due to their

* Corresponding authors at: Department of Chemistry and Centre of Advanced Studies, Panjab University, Chandigarh 160014, India (G. Singh).
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ARTICLEINFO ABSTRACT

Keywords: The presence of mercury ion (Hg (I)) in the environment is a serious health concern. Therefore, it is essential to
Mercury measure and monitor the levels of Hg (II) in the environment to safeguard public health. This study focuses on
Schiff bases the synthesis of carbohydrazide-based Schiff bases (4-5) and exhibit a red-shift in absorption upon addition of Hg
SI‘\/S_:‘::\:]ljzsis (I1) ion, making them highly selective and sensitive in detecting Hg (1I). The confirmation of the synthesized

compounds was achieved using ('H and '3C) NMR spectroscopy and mass spectrometry. Additionally, the
detection limits towards Hg (IT) were determined to be 7.56 x 107 M and 1.42 x 10°® M for compounds 4 and 5,
respectively. The 'H NMR spectra provided evidence of interactions between compounds 4-5 and Hg (IT) ion.
The compounds 4 and 5 were evaluated for Bioactivity, Drug likeness parameters and Prediction of Activity
Spectra (PASS) analysis to design a new molecule with a favorable pharmacological profile. Based on the PASS
results, molecular docking studies of compounds 4 and 5 were performed with Cholesteryl Ester Transfer Protein
(CETP) (PDB ID: 20BD), revealing inhibitory activity. These findings suggest the potential of these compounds as

Molecular docking

Jid

ic or chol

« for antihyperlipi

ol-lowering agents.

1. Introduction

The rapid growth of industries and insufficient waste disposal has led
to notable chemical pollution in water sources. This contamination in-
troduces harmful elements such as heavy metals, pharmaceuticals, and
pesticides from diverse industrial sources, posing risks to both ecosys-
tems and human well-being, while also exacerbating water scarcity
problems [1-3]. Therefore, there's an urgent need for effective methods
to detect these contaminants. Among these pollutants, mercury stands
out as an exceptionally dangerous heavy metal ion [4-7]. Its deadly
toxicity primarily stems from its ability to bind with proteins and en-
zymes, leading to severe health consequences [8,9]. Accumulation of
mercury in the biological system, whether through drinking water, the
food chain, or other means, can result in a range of severe health
problems, including abdominal pain, minamata disease and in extreme
cases, even death [10-12]. The inorganic form of mercury, specifically
Hg (II), poses significant risks to both the environment and human
health, as it readily transforms into methyl mercury through methyl-
ation reactions involving aquatic microorganisms [13-15]. As a result,

the development of reliable and highly sensitive methods to detect
mercury (II) is critical.

Hydrazide derivatives are important organic compounds known for
their nitrogen-nitrogen covalent bond and acyl group substituent
[16,171. These compounds possess significant pharmaceutical relevance
due to their distinctive functional groups and demonstrate diverse bio-
logical properties, including antibacterial, anti-inflammatory, anti-
cancer, antimalarial and antioxidant activities [18-21]. In drug
synthesis, hydrazide-hydrazones play a crucial role, offering versatile
applications in pharmaceuticals and materials science [22].

Schiff bases are compounds formed through a condensation reaction
between primary amines and carbonyl compounds [23]. These com-
pounds are highly valued for their versatility as ligands, making them
suitable for applications in chelating agents, catalysts, and corrosion
inhibitors [24-26]. Moreover, the integration of hydrazide compounds
into Schiff bases enhances their stability in biological environments,
leading to improved efficacy in biological applications [27].

Herein, we utilized carbohydrazide to synthesize new Schiff bases.
Carbohydrazide play a crucial role in hetero-chemistry and find
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Heterocycle-derived organosilatranes as naked
eye sensors for Sn** ions and their potential
inhibiting activity against HIV-1 protease

via a computational approachf
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Nitrogen-based heterocycles are frequently present in active pharmaceutical products. Inspired by this,
we design heterocycle-appended organosilatranes having an azomethine linkage using a simple
synthetic approach. All the synthesized organosilatranes were well characterized by elemental analysis;
FTIR, NMR (*H and ‘*C) and mass spectrometry. The chemosensor shows high sclectivity towards Sn?*
metal ions and the transparent solution of the ligand turned to yellow colour in the presence of Sn?*
ions. The ligand binds with metal ions with a high binding affinity (K, = 3.5 x 10° M %). Furthermore, by
using fluorometric spectroscopy, the limit of detection was calculated to be 4.5 x 10 & M. In addition,
to find the binding mode of the ligand and metal, the complex was synthesized and characterized
by "H NMR spectroscopy and DFT calculations were also performed. Also, the bioavailability of the
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1. Introduction

Medicinal chemistry is science at the junction of chemistry,
particularly organic synthesis, pharmaceutics, and various
other biological specialities that lead to the design, chemical
synthesis, and evolution of bioactive molecules that can be
prescribed and purchased.' Heterocyclic compounds which are
the most significant organic compounds, are commonly found
in medicinal chemistry applications.> Nitrogen-containing
heterocycles are particularly important in life sciences because
they are common in nature and may be found as subunits in a
variety of natural products, including nutrients, hormones,
and medications.>" Base pairs of DNA and RNA are composed
of N-heterocycles (i.e., purines, pyrimidines).>® Additionally,
the electron-rich nitrogen heterocycles may casily create a
variety of weak interactions like hydrogen bonding, n-stacking
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interactions and van der Waals forces and because of their
increased solubility, they can interact with a wide range of
enzymes and proteins in biologically active compounds with
strong potential.”® The pharmaceutical industry relies heavily
on the utilization of the morpholine moiety as a building unit
because it has been utilized in anti-inflammatory medicines,
used to treat diseases such as asthma and migraines.”'® Due to
their unique characteristics, the heterocyclic rings used in the
manufacture of sensors for the detection of metal ions have
expanded."’'

For the time being, a number of analytical and spectro-
photometric methods have been created to identify heavy
metals in the environment. Various traditional analytical
techniques, such as adsorptive stripping voltammetry,'* high-
performance liquid chromatography,”® atomic absorption/
emission spectrometry,’ electrochemical approaches'® and
spectrophotometry,’® provide accurate detection and quantifi-
cation of metal ions but they all have drawbacks, such as high
operational costs, complex handling, and the use of hazardous
solvents.'” Therefore, effective methods for measuring metal
ions should be created that are inexpensive, easy to use, and
quick to react and have excellent sensitivity and selectivity.
Resecarchers have recently started to use optical sensors
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