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(CuAAC) cycloaddition. The structures of all the synthesized compounds were ascertained
considering spectro-analytical data from 'H NMR, '3C NMR, and FTIR and Mass studies.
Subsequently, molecular docking studies were performed taking into account the P. gingivalis
as the heme binding targeted protein.
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1. Introduction

The triazole scaffold has been noticed as the core integral moiety in the variegated domain of azaheterocycles.! 2 The
development of new synthetic protocols enabling rapid and straightforward access to this heterocyclic scaffold is the key
focus of current research and development scenario®>. In this context, the click chemistry approach has become one of the
leading strategies in the current synthetic chemistry domain.®8 The approach is highly efficient and reliable with a wider
scope, high productivity, and operational simplicity under benign conditions with easy product isolation.’Specifically, the
copper-catalyzed azide-alkyne cycloaddition (CuAAC) represents an excellent contribution to transition metal catalysis in
synthetic organic chemistry.!®!! The efforts of Sharpless'? and Meldal-'">made copper-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction as a prime example of “Click Chemistry” for assembling complex molecules which are widely used in
organic chemistry,' polymer chemistry, material science,'>pharmaceutical chemistry and biological conjugation.'®

Furthermore, the Cu-catalysed cycloaddition of alkynes with azide could afford a number of substituted 1, 2, 3-
triazoles.'” '® Such substituted triazoles and their derivatives are key components of many skeletal frameworks of
biologically active molecules.!®?2 Moreover, the synthesis of triazole coupled to other heterocyclic nuclei has attracted
greater attention because of the augmented pharmacological profile of the hybrid skeleton.”Their derivatives possess a
number of vital biological activities. viz antibacterial,**anti-viral, anti-fungal,?anti-cancer, anti-depressant, anti-
inflammatory,?® antipyretic, and anti-convulsant activities.?’” Henceforth, considering aforementioned discussion and in
continuation of our work in the domain of heterocyclic synthesis,?®3 herein we attempted to report the synthesis of a new
series of hetero-bicyclic scaffolds involving click reactions between terminal alkynes and azides. Initially, a series of N-
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alkenyl-arylazo pyrazolone was synthesized as one of the synthetic equivalents. Subsequently, azidationof the precursor
leads to the generation of substituted triazole derivatives.

The most straightforward method for creating 1, 2, 3-triazoles involves the azide molecular segment participating in non-
catalyzed cycloaddition reactions. Recent literature has delved into various aspects of this process, particularly focusing on
the questions of region-selectivity, kinetics, and the underlying mechanisms of numerous thermal azide cycloaddition
examples. These studies aim to elucidate the factors that influence the selective formation of triazole isomers and the rates
at which these reactions proceed. After understanding the mechanistic pathways and kinetic parameters, researchers can
better control and optimize the synthesis of 1,2,3-triazoles, which are valuable compounds in pharmaceuticals and materials
science. 3638

The Cu-catalyzed approach to cycloaddition is particularly effective for reactions involving non-activated 2m-
components. This method enhances region-selectivity, which is typically low in non-catalyzed transformations, thereby
allowing for more precise and predictable product formation. The catalytic action of copper facilitates the cycloaddition
process, leading to higher yields and cleaner reactions compared to thermal methods.*® An overview of a synthetic scheme
of triazole-linked pyrazolone is delineated in scheme 1.
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Schemel.Synthesisof triazole-linked pyrazolone.

The objective of these studies is to develop an efficient and environmentally friendly comprehensive investigation into
a base and additive-free click chemistry strategy for the synthesis of amalgamated pyrazolo-triazole heterocyclic scaffolds.
Consequently, we seek to contribute to the advancement of synthetic methodologies and the understanding of molecular
interactions with the goal of exploring novel compounds with pharmacological significance.

2. Results and Discussion

A series of substituted 1, 2, 3-triazolesembracing both eclectron-withdrawing and electron-donating groups was
synthesized under optimized reaction conditions. Optimization studies assess the feasibility of a reaction in terms of the role
of different solvents, catalysts, reaction time and temperature. To evaluate the role of different solvents, the reaction was
performed in various solvents such as dichloromethane, dimethylformamide, dichloroethane, chloroform, methanol and
ethanol. These optimizations revealed the use of polar protic solvents such as methanol and ethanol to be unsuitable on
account of very low product yields. However, the use of polar-aprotic and non-polar solvents gave appreciable yield of the
desired product. It was inferred that among all the solvents used, DMF was found to be the optimal for this reaction to result
in maximum yield (Fig. 1). Hence, considering this in view, the reaction was performed in dimethylformamide with 5 mol%
loading of Cul as the catalyst. Likewise, the optimization study of temperature and time has revealed 20 minutes of reaction
time at room temperature as the optimized parameters required to yield the final product. Increase of temperature from 50
to 90 °C resulted in decreased product yield with two-to-three-fold increase in reaction time. These optimizations were
carried out by regular monitoring of the reaction through TLC studies. Increase in temperature resulted in diminishing the
yield of product for all the compounds optimized. Compounds with para-chloro substituent resulted in the decrease in the
yield of product from 87% to 65% while the compounds with para-methoxy substituent resulted in the decrease from 88%
to 62%. However, yield of para-nitro substituent resulted in a slight decrease with simultaneous reaction time increase in
to twice to that of reaction carried out at room temperature. An overview of optimization studies is given in Table 1 and
Table 2.
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Table 1. Optimization study of reaction time and temperature examined for different substituents.
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" HN_N
4a-41 N Ry~ —CH, 5a-5
Entry Ry Product Time(min) Temperature Yield (%)
1 4-NO; S5a 20 rt 91
2 4-NO, S5a 40 rt 91
3 4-NO, 5a 40 50 80
4 4-NO, Sa 20 60 72
5 4-Cl1 5b 20 60 69
6 4-Cl 5b 40 80 65
7 4-Cl 5b 20 rt 87
8 4-Cl 5b 30 50 71
9 4-OCHj3; S5k 50 90 62
10 4-OCH; 5k 20 rt 88
11 4-OCHj3; S5k 20 80 70
12 4-OCHj; 5k 40 60 75

Further, in order to establish the role of different catalysts the reaction was performed with various metal salts/
hydroxide/ oxide viz; Cul, Cu (OAc),, Zn (OH) 2, EtsN, PTSA, Cu,0.1t is inferred from the data presented in Table 2 that
the use of Cul, Cu,O and Cu (OAc) sresulted in the appreciable yield of the final compound. However, the use of Cul
resulted in the highest yield. Thus, it was chosen as the catalyst of choice for this transformation. Furthermore, out of
different loadings of Cul, maximum yield was obtained with 5mol% of this catalyst (Table 2).

Consequently, with these optimized reaction conditions in hand, a library of 12 differently substituted 1, 2, 3-triazolo-
linked pyrazolone compounds was synthesized (Table3).

Table 2. Optimization of catalytic activity for different derivatives(1a-k).

Entry Aza compound Ry R, Product Catalyst Yield (%)
1 la 4-NO, -CH; 5a Cul (5mol %) 91
2 la 4-NO, -CH; 5a Cul (10mol %) 87
3 la 4-NO, -CH; 5a Cu (OAc), 78
4 1b 4-Cl -CH; 5b Zn (OH), (5mol %) 50
5 1b 4-Cl -CH; 5b Cul (5mol %) 87
6 1b 4-Cl -CH; 5b Et;N (10mol %) 58
7 1k 4-OCH; -CH; 5k Cul (5mol %) 88
8 1k 4-OCH; -CH; 5k PTSA (10mol %) 30
9 1k 4-OCH; -CH; 5k Cu,0O (5mol %) 55
Table 3. Library of synthesized compounds
Entry Precursor-1 Precursor-11 Product Time Yield
° HaQ N HyC (min.) (%)
ON N=N 2 = N b
2 @ ;z;oczus \\\ \/[N,N
H
1. la 4a 5a 20 91
2. 1b 4b 5b 20 87
3. lc 4c 5¢ 20 86
4. 1d 4d 5d 20 84
5. le 4e Se 20 85
6. 1f Af 5f 20 88
Vo g 4g 5g 20 84
8. lh 4h 5h 20 65
9. li 4i 5i 20 51
10. 1j 4j 5j 20 81
11. 1k 4k 5k 20 88
12. 11 41 51 20 82
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The plausible mechanism for the formation of compound 5a involving Cul was framed according to the literature
reports.*” 4! The formation of pyrazolone substituted with alkyne as one of the precursors was depicted in Scheme A. The
reaction proceeds through a nucleophilic attack of hydrazine on the carbonyl carbon atom of ethyl 2-((4-nitrophenyl)
diazenyl)-3-oxobutanoate with loss of water molecule. Further, intramolecular nucleophilic attack on carbonyl carbon by
another nitrogen atom on the ester functionality with loss of an alcohol molecule resulted in ring closure to pyrazolone
nucleus3a. Further, the attack of propargyl bromide on pyrazolone resulted in the formation of alkyne-
substitutedpyrazolone4a. The product thus formed was used as one of the substrate precursors to synthesizel, 2, 3-triazole-
linked pyrazolones. The deduced mechanism is delineated in Scheme B. The interaction of Cul with terminal alkyne
generated copper (I) acetylide III. This intermediate undergoes fast cycloaddition with sodium azide followed by
protonation and reductive elimination to regenerate the Cu (I) catalyst giving the final product 5a.
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Scheme A. plausible Mechanism for alkyne-substituted pyrazolone (4a).
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Scheme B. Plausible mechanistic pathway for the synthesis of pyrazolone linked -1, 2, 3-triazole (5a).
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Visualization plays a crucial role in depicting molecular structures and interactions, enhancing our comprehension of
biomolecule relationships and docking simulation outcomes. Docking, as a valuable tool, economizes time and resources
by reducing the necessity for experimentation. Furthermore, it efficiently screens numerous compounds, and when coupled
with visualization, aids in prioritizing promising candidates. The combined use of docking and visualization offers insights
into drug mechanisms and disease pathology. Clear and informative visual representations are essential for effectively
interpreting and communicating the results of docking simulations. To address this need, various software tools have been
developed. PyMOL-3 is one such tool, offering features for visualizing protein structures and protein-ligand interactions
effectively. VMD4 (Visual Molecular Dynamics) provides powerful flexibility in analyzing and visualizing biomolecules,
while UCSF Chimera5 focuses on identifying relevant non-covalent interactions. Additionally, Biovia Discovery Studio6
(BDS) is a comprehensive software suite that includes specialized modules for visualizing protein-ligand interactions and
conducting in-depth analyses of protein-ligand complexes.*?

BDS encompasses a suite of visualization tools for interpreting and communicating the results of molecular simulations
and analyses. Key tools within BDS include a 3D Structure Viewer for analyzing protein and small molecule structures, a
Ligand Explorer for visualizing interactions between ligands and proteins, a Complex Viewer for visualizing protein-protein
and protein-ligand complexes, an Electrostatic Potential Map for illustrating electrostatic potential distribution on a protein
surface, and Surface and Volume Rendering for creating detailed and interactive visual representations of molecular
structures. These tools empower users to swiftly assess molecular simulation results and make informed decisions in drug
discovery. BDS's visualization tools are designed to assist researchers in understanding and communicating the outcomes
of molecular simulations, docking studies, and other molecular analyses. This protocol provides guidelines for displaying
molecular structures in 3D, emphasizing specific interactions between proteins and ligands, such as hydrogen bonding and
hydrophobic interactions, which influence complex stability and binding affinity. BDS's integrated platform consolidates a
wide range of molecular modeling and simulation tools, offering a comprehensive solution for drug discovery and molecular
biology research. Table 4 details the results of the molecular docking study obtained for the synthesized compounds with
the selected heme-binding protein P. gingivalis (PDB ID: 5IAE).

Our docking analyses of L-1 have forecasted the establishment of conventional hydrogen bond interactions (indicated
by green dashed lines) with the heme-binding protein of Porphyromonas gingivalis (PDB ID: 5IAE) at an energy of -11.0
kcal/mol, involving the residues THRC:140 and TYRC:195. The LYSC:137 residue is anticipated to engage in unfavorable
positive-positive stacking, depicted by a red dashed line interaction, with the aromatic ring of the protein. Additionally, it
is expected to form pi—anion interactions, represented by orange dashed lines with GLUC:124. Furthermore, attractive
charges between the ligand and protein are predicted, illustrated by orange dashed lines.

The docking analyses of L-2 indicate the potential formation of three hydrogen bond interactions with the heme-binding
protein of Porphyromonas gingivalis (PDB ID: SIAE) at an energy of -10.1 kcal/mol. These interactions are predicted to
occur with the residues ASPC:40 and TYRC:276. Additionally, the TYRC:274 residue is anticipated to engage in pi—pi
stacking, as denoted by a purple dashed line, with the aromatic ring of the protein. Furthermore, it is expected to participate
in pi—anion interactions, illustrated by gray dashed lines. Lastly, carbon-hydrogen interactions between the ligand and
protein are predicted and depicted by blue dashed lines.

Our docking analyses of L-3 have anticipated the occurrence of conventional hydrogen bond interactions (indicated by
green dashed lines) with the heme-binding protein of Porphyromonas gingivalis (PDB ID: 5IAE) at an energy of -10.6
kcal/mol, specifically involving the LYSC: 137 residues. Additionally, the LYSC: 137 residue is projected to engage in
unfavorable positive-positive stacking, depicted by a red dashed line interaction, with the aromatic ring of the protein.
Furthermore, it is expected to form pi—alkyl and alkyl bonds, represented by purple dashed lines, with PROC: 201, PHEC:
266, PROA: 201, and PHEA: 266. Alongside, an attractive charge is predicted with GLUC: 124, illustrated by orange
dashed lines, between the ligand and protein.

Our docking analysis of L-4 has foreseen the occurrence of conventional hydrogen bond interactions (depicted by green
dashed lines) with the heme-binding protein of Porphyromonas gingivalis (PDB ID: 5IAE) at an energy of -10.8 kcal/mol,
particularly involving the LYSC:137 residue. Additionally, the LYSC: 137 residue is anticipated to partake in unfavorable
positive-positive stacking, represented by a red dashed line interaction, with the aromatic ring of the protein. Furthermore,
it is expected to establish pi—alkyl and alkyl bonds, illustrated by purple dashed lines, with PROC: 201 and PHEA: 266.
Simultaneously, an attractive charge is predicted with GLUC: 124, shown by orange dashed lines, between the ligand and
protein.

Our analysis of L-5 docking has predicted the occurrence of conventional hydrogen bond interactions (illustrated by
green dashed lines) with the heme-binding protein of Porphyromonas gingivalis (PDB ID: S5IAE) at an energy of -11.1
kcal/mol, specifically involving the LYSC: 137residue. Additionally, the LYSC: 137 residue is expected to engage in
unfavorable positive-positive stacking, portrayed by a red dashed line interaction, with the aromatic ring of the protein.
Moreover, it is anticipated to form pi—alkyl and alkyl bonds, depicted by purple dashed lines, with PROC: 201, PHEC: 266,
PROA: 201, and PHEA: 266. Concurrently, an attractive charge is foreseen with GLUC: 124, as indicated by orange dashed
lines, between the ligand and protein.
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Table 4. Molecular docking scores of synthesized compounds (1-5) against the heme-binding protein of Porphyromonas
gingivalis (PDB ID: 5SIAE)

Docking
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According to the docking studies, compounds L-5, L-1 and L-4 have a higher affinity (-11.1, -11.0 and -10.8 respectively)
for the target cancer cells than the medication doxorubicin,* Amoxicillin (-8.6), Moxifloxacin (-8.6), Sulfanilamide (-6),
Sulfamethoxazole (-8.1). Therefore, the substances can be regarded as lead compounds for the development of more
effective anticancer pharmaceutical agents.

Scheme B suggests a "concerted" nature for the cycloaddition between a cuprum-acetylene complex and azide, implying
that the reaction proceeds through a single, simultaneous transition state without intermediates. However, considering the
current state of knowledge, it is premature to assume this cycloaddition mechanism a priori. In some instances, alternative
stepwise mechanisms involving the formation of zwitterionic or biradical intermediates are possible. These intermediates
can significantly influence the reaction pathway and outcome, indicating that the mechanism may vary depending on the
specific conditions and substrates involved. Therefore, a thorough investigation is required to definitively determine the
mechanistic pathway of such cycloadditions.*

3. Conclusion

A new series of 1, 2, 3-triazoles coupled to the pyrazolone nucleus was synthesized using a multi-component click
reaction strategy catalyzed by copper. As precursors, a number of arylazo pyrazolones were first synthesized. The sodium
azide treatment of the alkenyl pyrazolone was then permitted in the copper-catalyzed click reaction mode. A variety of
substituted triazoles can be synthesized using the developed method with good yields. This protocol offers several benefits,
including easy work-up procedures, quick reaction times, and mild experimental conditions. Additionally, the
environmentally friendly green synthetic protocol benefited from the base-free and additive-free synthetic approach.
Compounds L-5, L-1, and L-4 have a higher affinity for the target cancer cells (-11.1, -11.0 and -10.8 respectively) than do
drugs like doxorubicin, amoxicillin (-8.6), levofloxacin (-8.6), sulfanilamide (-6), and sulfamethoxazole (-8.1). As a result,
these compounds listed above can be thought of as lead compounds for the creation of pharmaceuticals that are more potent
against cancer.

Supporting Information Summary
Experimental procedure and spectroscopic data are available in supporting information.
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