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Cu(l)-catalysed 1,2,3-triazole stitched chalcomer
assembly as Pb(i) and Cu(n) ion sensor: DFT and
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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(i) ions, competitively. The correlation plot revealed the detection limit for Pb(i) and Cuf(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
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Accepted 30th October 2023 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

DOI: 10.1039/d3ra057609 subsequently docked to the TRIB1 protein using AutoDock Vina and demonstrated a high binding affinity
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1. Introduction

The environmental accumulation of metal ions above the
permissible concentrations has led to their substantial upsurge,
which has put forward the need to explore efficient and robust
research alternatives for their instantaneous detection even in
low concentrations. The emphasis on analytical cation detec-
tion is due to their well-documented pervasive toxic effects on
both the terrestrial as well as aquatic living systems,* thereby
rendering their qualitative as well as quantitative recognition as
the need of the hour.* Due to the unregulated use of lead via
mining, smelting, ceramics, paint, automobile exhaust emis-
sions, etc., its accumulation in the environment has undergone
an exponential ascent since the latter years of the ‘bygone
century’.® Also, exposure to lead can denature DNA and
proteins, is detrimental to bone health, and may result in cell
transformation, thereby rendering the cells to become malig-
nant.® Copper ions, though involved in biological processes in
electron and oxygen transport in the body's soft tissues, can be
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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


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra05760g&domain=pdf&date_stamp=2023-11-03
http://orcid.org/0000-0002-2737-8658
http://orcid.org/0000-0001-7713-4769
http://orcid.org/0000-0002-8627-420X
http://orcid.org/0000-0003-0755-5407
http://orcid.org/0000-0003-2681-7820
https://doi.org/10.1039/d3ra05760g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05760g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013046

Open Access Article. Published on 03 November 2023. Downloaded on 2/10/2026 8:44:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

process by behaving as a linker between the fluorophore and the
receptor unit.> Furthermore, the chemosensor must have
a lower limit of detection (LOD) and limit of quantification
(LOQ) for efficient ion sensing.?>>*

The 2022 Nobel Prize winning ‘Click Chemistry’ reaction was
exploited for the synthesis of a chalcone-based 1,2,3-triazole
derivative (CBT), that was a selective Pb(u) and Cu(u) ion sensor,
as explored via UV-vis spectroscopy. The Density Functional
Theory (DFT) for the CBT and its corresponding metal complex
was calculated using the (B3LYP)/631G+(d,p) basis set of theory
and LANL2DZ basis set for the CBT-metal complex. Using the
energy-optimized structure, the CBT was subsequently docked
with TRIB1 protein to analyze its anti-atherosclerosis proper-
ties. While several 1,2,3-triazole-based sensors for Pb(u) as well
as Cu(u) have been reported in the past,* this is the first study,
as per our knowledge demonstrating that a single chalcone-
based 1,2,3-triazole-appended ligand serves as a suitable
detection agent for the simultaneous sensing of Pb(i)and Cu(u)
ions.

2. Synthesis
Alert! Sodium azide is shock & heat sensitive and must be
handled cautiously.

2.1. Materials and method

The materials used in this reported synthesis were 4-benzylox-
ybenzaldehyde (Spectrochem), 3-amino acetophenone (LOBA),
potassium hydroxide (CDH), ethyl acetate (LOBA), hexane
(LOBA), anhydrous potassium carbonate (LOBA), propargyl
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[CuBr(PPh;);] (Sigma Aldrich), tetrahydrofuran (THF) (LOBA),
ethanol, benzyl chloride (LOBA), triethylamine (Et;N) (SDFCL),
sodium azide (LOBA), N,N-dimethylformamide (DMF) (LOBA).
The chloride salts of Ba(u), Ca(u), Co(u), Cr(m), Cu(u), Hg(u),
Mg(u), Ni(u), Pb(u), and Zn(u), Ce(m), Mn(u), Cd(u), Na(r), K(1)
were bought from LOBA. Benzyl azide was synthesized by
reacting benzyl chloride with dried sodium azide by a known
procedure.”® The spectroscopic analysis was carried out using
SHIMADZU FTIR-8400S Spectrometer and BRUKER-ADVANCE-
II FT-NMR-AL 500 MHz spectrometer. The chemical shifts in
NMR were recorded against tetramethylsilane considered as
a standard reference. Mass spectrometry (LCMS) was performed
on Bruker make mass spectrometer model Esquire 300 mass
spectrometer and melting point was detected with Labtronics
LT 108 device. The PerkinElmer Model 2400 CHNS elemental
analyzer was used to obtain CHN analyses and for chemo-
sensing analysis, SHIMADZU UV-1900 Spectrometer was used.
For DFT analysis, Gaussian 09 software with hybrid density
functional (B3LYP)/631G+(d,p) basis set and LANL2DZ basis set
was employed, and AutoDock Vina was used for molecular
docking.

2.2. Synthesis of CBT

The synthesis of chalcone-based 1,2,3-triazole (CBT) was carried
out in a three-step sequential pathway (Scheme 1) wherein
initially the chalcone (3) was synthesized from 4-benzylox-
ybenzaldehyde (1) and 3-aminoacetophenone (2) as described
in sub-Section 2.2.1. The chalcone (3) was subsequently con-
verted into its corresponding terminal alkyne (4) by reaction
with propargyl bromide (sub-Section 2.2.2.) and in the final

bromide (80% by weight in toluene) (Spectrochem), step, the terminal alkyne (4) was reacted with benzyl azide (5) to
} N Cl
CHs Z B j DMF
O
+ + NaN
KOH, EtOH_ KoCOs I p—— 3
rt, st, T, st 16h rt, st, 46 h O
5
7 7
" o THF/TEA (1:1)
1 2 O ‘ O : [CuBr(PPhs)s]
k 55-60 °C, 6 h
NH, 4 \/N\/ 4

Scheme 1 Schematic representation for the synthesis of chalcone-based 1,2,3-triazole (CBT).
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synthesize the corresponding 1,2,3-triazole derivative (6) (sub-
Section 2.2.4).

2.2.1. Synthesis of chalcone (3). 4-Benzyloxybenzaldehyde
(2.0 g, 9.4 mmol) (1) and 3-aminoacetophenone (1.25 g, 9.4
mmol) (2) were dissolved in ethanol with continuous stirring.
To the reaction mixture, potassium hydroxide (5.0 mL, 20% w/v)
was added slowly. The reaction mixture was continuously stir-
red at room temperature until the complete conversion of
reactants into the desired product (3), while the reaction prog-
ress was supervised by TLC (ethyl acetate : hexane; 1:9). The
reaction was quenched by the addition of ice-cold water into the
reaction mixture, and the solid product was then filtered and
dried. The product obtained was then purified using ethanol as
an eluent.”

2.2.1.1. (E)-1-(3-Aminophenyl)-3-(4-(benzyloxy)phenyl)prop-2-
en-1-one (3). Yield: 87%; colour/texture: light yellow
powder; M.F. = C,,H;oNO,; elem. anal. calc. (%): C = 80.22; H =
5.81; N = 4.25; found (%): C = 80.29, H = 5.89, N = 4.31; mp:
121-122 °C; IR (neat, cm™%): 3447, 3357 (-NH,, % T = 66), 3061
(aromatic C-H str., % T = 77), 2892 (aliphatic C-H str., % T =
79), 1654 (C=0, % T = 58), 1627 (C=C, % T = 68), 1570, 1507
(aromatic C=C, % T = 36), 1453 (-CH, bend, % T = 46), 1381,
1334, 1287, 1248, 1168, 1115, 1035, 1015.

2.2.2. Synthesis of the chalcone-based alkyne (4). Chalcone
(3) (1.0 g, 3.03 mmol) was dissolved in 20 mL DMF by swirling
the mixture constantly on the magnetic stirrer. To this solution,
anhydrous potassium carbonate (2.1 g, 15.2 mmol) was added,
immediately followed by the addition of propargyl bromide
(0.78 g, 6.88 mmol) in a dropwise manner. The reaction was
stirred at room temperature for 46 h. The completion of the
reaction was monitored by TLC (ethyl acetate: hexane; 1:9).
Thereafter, ice-cold water was used for quenching the reaction
mixture, the solid product so obtained was filtered and dried at
room temperature.

2.2.2.1. (E)-3-(4-(Benzyloxy)phenyl)-1-(3-(di(prop-2-yn-1-yl)
amino)phenyl)prop-2-en-1-one (4). Yield: 81%; colour/texture:
light brown powder; M.F. = CygH,3NO,; elem. anal. calc. (%):
C = 82.94; H = 5.72; N = 3.45; found (%): C = 82.10; H =5.81; N
= 3.54; mp: 112-113 °C; IR (neat, cm™'): 3279 (C=C-H str., % T
= 78), 3066, 3033 (aromatic C-H str., % T = 88, 87), 2918
(aliphatic C-H str., % T = 87), 2111 (C=C str., % T = 89), 1655
(C=0 str., % T = 76), 1570, 1505 (aromatic C=C str., % T =
60,67), 1451 (~CH,, bend, % T = 71), 1381, 1290 (C-N str., % T =
76,71), 1237, 1167 (C-O str., % T = 56, 59), 1115, 1073; "H NMR
(500 MHz, CDCl;): 6 = 7.76 (d, J = 15.6 Hz, 1H), 7.57 (d, J =
8.2 Hz, 2H), 7.49 (d, ] = 7.4 Hz, 1H), 7.40 (dd, J = 24.5, 10.3 Hz,
9H), 6.99 (d, J = 8.4 Hz, 2H), 5.09 (s, 2H), 4.17 (s, 4H), 2.27 (s,
2H) ppm; C NMR (126 MHz, CDCl;): 6 = 190.81, 160.82,
147.96, 144.55, 136.45, 130.23, 129.31, 128.69, 128.19, 127.96,
127.49, 120.29, 119.87, 119.71, 115.33, 115.17, 78.87, 73.02,
70.14, 40.53 ppm.

2.2.3. General procedure for the synthesis of benzyl azide
(5). Benzyl chloride (5.5 g, 47.8 mmol) was dissolved in DMF (25
mL) using a magnetic stirrer, followed by the addition of
sodium azide (15.5 g, 239 mmol). The reaction mixture was
heated to 85-90 °C, while allowing it to reflux for 4-5 hours. TLC
analysis confirmed the successful completion of the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(ethyl acetate:hexane; 1:4). Ethyl acetate was used in the
solvent extraction process to obtain the product. The combined
organic layers were separated and dried with anhydrous sodium
sulphate, filtered, and evaporated in a vacuum to eliminate any
leftover solvent.

Yield: 61%; color/texture: light yellow oil; M.F.: C;H;N3; IR
(neat, cm™"): 3032 (aromatic C-H str.), 2930 (aliphatic C-H str.),
2089 (-N; str., % T = 40), 1452 (-CH, bend, % T = 95), 1252 (C-
N str., % T = 70), 876, 697 (monosubstituted ring, % T = 95, 65),
568; '"H NMR (500 MHz, CDCl;) 6 = 7.27-7.12 (m, 5H), 4.14 (s,
2H) ppm; *C NMR (126 MHz, CDCl;) 6 = 135.53, 128.91, 128.37,
128.31, 54.82 ppm.

2.2.4. Synthesis and characterization of chalcone-based
triazole derivative (6) (CBT). To the solution of chalcone-based
alkyne 4 (0.70 g, 1.73 mmol) in the THF:TEA (3:2), the
organic azide (0.46 g, 3.46 mmol), and the Cu(1) catalyst (0.001
mmol) was added. The reaction mixture was refluxed for 5 hours
at 55-60 °C until the complete conversion of reactants into the
desired product and was observed by TLC (ethyl acetate:
hexane; 1:4). The quenching of the reaction was done by the
addition of ice-cold water into the reaction mixture, and the
solid product was then filtered and dried.

2.2.4.1. (E)-3-(4-(Benzyloxy)phenyl)-1-(3-(bis((1-benzyl-1H-
1,2,3-triazol-4 yl)methyl)amino)phenyl)prop-2-en-1-one (6) (CBT).
Yield: 79%; colour/texture: light brown powder; M.F.:
C42H3,N;0,; elem. anal. cale. (%): C = 75.09; H = 5.55; N =
14.59, found (%): C = 75.15; H = 5.47; N = 14.52, mp: 162-
163 °C; IR (neat, cm ™ '): 3120, 3069, 3030 (aromatic C-H str., %
T =93, 92, 92), 2903 (aliphatic C-H str., % T = 93), 1653 (C=0
str., % T = 87), 1570, 1511, 1492 (aromatic C=C str., % T = 75,
83, 84), 1450 (-CH, bend, % T = 81), 1330, 1291 (C-N str., % T
= 84, 86), 1250, 1174 (C-O str., % T = 77), 1121, 1028; '"H NMR
(500 MHz, DMSO-d6): 6 = 8.03 (s, 2H), 7.83-7.82 (d, 2H), 7.36-
7.67 (s, 2H), 7.56 (s, 1H), 7.48-7.39 (m, 6H), 7.35-7.28 (m, 7H),
7.23-7.22 (m, 4H), 7.17-7.08 (m, 3H), 5.54 (s, 4H), 5.19 (s, 2H),
4.73 (s, 4H) ppm; C NMR (126 MHz, DMSO-d6): 189.31,
160.27, 147.82, 144.48, 143.34, 138.55, 136.60, 136, 130.55,
129.12, 128.57, 128.37, 127.90, 127.84, 127.65, 127.58, 127.45,
123.23, 119.92, 117.28, 116.72, 115.15, 112.36, 69.29, 52.61,
45.75 ppm; LC-MS: m/z (calculated): 671.81, m/z (observed):
672.30 (M + 1).

3. Result and discussion

3.1. Synthesis

The synthesis of CBT probe follows three-step procedure
wherein initial step is chalcone synthesis, followed by the
synthesis of alkyne from the priorly formed chalcone through
nucleophilic substitution with propargyl group using anhy-
drous potassium carbonate as a base. As a result, the labile
protons of the chalcone were replaced with propargyl groups
yielding terminal alkyne as a product. Subsequently, in the final
step, azide was fused with the alkyne in the presence of THF as
a solvent, triethylamine (TEA) as a base, and [CuBr(PPh;);] as
a catalyst to achieve the final product. The final step follows the
principle of Green Chemistry where in complete atom economy
was observed.

RSC Adv, 2023, 13, 32399-32412 | 32401
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3.2. Spectroscopic analysis

3.2.1. IR spectroscopy. The appearance of sharp signal at
1627 cm™ " corresponding to the formation of C=C in the IR
spectrum, confirmed synthesis of chalcone, since this peak was
absent in the IR spectra of either of the reactants. The peaks at
3447 cm ™" and 3357 cm™ ! corresponded to the N-H stretching
of the NH, group present in the chalcone. In the IR spectrum of
alkyne 4, the peaks at 3279 em™ " and 2111 cm ™" corresponded
to the -C=C-H and -C=C- stretching, respectively, thereby
confirming the successful formation of the alkyne. The sharp
peak of high intensity at 2089 cm ™" in the IR spectrum of benzyl
azide due to the -N; group confirmed its successful formation.
In the IR spectrum of CBT, the disappearance of peaks at
3279 cm ™' due to -C=C-H stretching, 2111 cm™ " due to -C=C-
unit and 2089 cm ™" due to the -N; group of benzyl azide indi-
cated the merging of -C=C-H functional group of alkyne with
the azide to form the 1,2,3-triazole ring. In addition to this, the
peak at 3120 cm ™' due to C-H stretching of the 1,2,3-triazole
moiety, 3069 cm~ ' due to aromatic C-H stretching, and
2903 cm™' due to aliphatic C-H stretching confirms the
successful formation of the desired product.

-
[=2]
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3.2.2. NMR spectroscopy and mass spectrometry. 'H and
3C NMR spectra of the alkyne 4 and CBT confirmed the
synthesis of both compounds. The peak at § = 2.27 ppm in the
"H NMR spectrum of alkyne 4 corresponded to the alkynyl
proton, which was missing in the '"H NMR spectrum of CBT,
confirming the successful conversion of alkynyl group to
produce the 1,2,3-triazole moiety during the cycloaddition
process. Moreover, the peak at 6 = 4.17 ppm due to ~-CH,-N-
protons in the 'H NMR spectrum of alkyne were displaced
downfield, as observed at 6 = 4.58 ppm in the 'H NMR spectrum
of CBT. In addition to this, the protons attached to the 1,2,3-
triazole ring emerged as sharp peak at 6 = 7.67 ppm in the 'H
NMR spectrum of CBT. In the "*C NMR spectrum of alkyne 4,
the peaks belonging to the C=C moiety were seen at 6 =
73.02 ppm and 6 = 78.87 ppm. However, these peaks were
absent in the "*C NMR spectrum of CBT, thereby confirming the
successful conversion of the alkyne moiety into the 1,2,3-tri-
azole ring. To confirm the formation of pure product, the mass
spectrum was also analysed, and a peak observed at m/z =
672.30 evidenced the successful synthesis of CBT and spectro-
scopic data is provided in the ESL.{

Relative change in the absorbance intensity

e e A A L L A

Blank Ba(ll) Ca(ll) Co(ll) Cr(lll) Cu(ll) Hg(l) Mg(ll) Ni(l) Pb(ll) Zn(ll) Mn(ll) Cd(ll) Ce(ll) Na(l)

K(I)

Metal ions

Fig. 1 Relative absorption change in the recorded chemosensing behaviour of CBT with different cations.
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3.3. UV-vis studies to analyze the chemosensing behavior

The ion recognition potential of CBT was scrutinized using UV-
visible spectroscopy, wherein DMSO was selected as an ideal
solvent confirmed by the "H NMR spectrum of the probe CBT
(Fig. S9t), recorded in DMSO and the results were suggestive
that the product is stable in this solvent., with 0.05 mM solution
of CBT displaying absorption maxima (Amay) at 348 nm. The
chemoselectivity of the probe CBT was tested using the metal
chloride solutions (1 mM) of Ba(u), Ca(u), Co(u), Cr(ut), Cu(u),
Hg(1u), Mg(u), Ni(u), Pb(u), and Zn(u), Mn(u), Cd(u), Ce(u), Na(1),
K(1) in DMSO. For the above-listed ions, titration of 0.05 mM
CBT solution with 1 mM solutions of the ions exhibit negligible
absorption change (Fig. 1), except for Pb(u) and Cu(u) ions,
which exhibited maximum shifts in absorbance peaks.

3.3.1. Response of CBT towards Pb(u) and Cu(u) ions. UV-
visible spectroscopic analysis was conducted by titrating CBT
with Pb(u) and Cu(u) solutions in separate titrations. With the
gradual addition of 1 mM Pb(u) solution, the peak at 348 nm
exhibited a hypochromic shift whereas the small shoulder peak
at 264 nm witnessed an intense hyperchromic shift, with the
production of isosbestic point at 283 nm. The absorption
spectrum of CBT upon incremental addition of Pb(u), and its
corresponding relative change in the absorption intensity is
shown in Fig. 2(a) and (b), whereas the correlation plot for the
same has been shown in Fig. 3. In the case of Cu(u), the
progressive addition of the metal ion solution resulted in a blue
shift of about 6 nm in the absorption spectrum from 348 nm to
342 nm with a hypochromic shift. Simultaneously, a significant
hyperchromic shift at 270 nm was observed yielding a relatively
broad peak with an isosbestic point at 320 nm. The absorption
spectrum of CBT with Cu(u) and its corresponding relative
absorption change is shown in Fig. 4(a) and (b), respectively,
whereas the correlation plot for the same has been shown in
Fig. 5.

Furthermore, the absorption profiles of the individual cations
have been included in the ESI (Fig. S14t), and the comparison of

a)
1.50
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Pb(Il)

1.254
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Fig. 2
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]
<
c
< 0.2
1
[o]
<
=
0.1+
0.0 T T T T
0.0 0.1 0.2 0.3 0.4

Pb(ll) concentration (mM)

Fig.3 Correlation plot of ((A; — An)/Ao) vs. concentration of Pb(i) ions,
wherein, A, = absorbance maxima of CBT complex; A,, = absorbance
maxima on the addition of ions to CBT complex.

the absorption profiles of the sensed metal ions, i.e., Pb(u) and
Cu(n) with the absorption in Fig. 2(a) and 4(a) further confirms
the selective ion binding potential of the chemosensor, owing to
the shift in the absorption intensity in accordance with the
ligand concentration only, and additionally the appearance of an
isosbestic point in the absorption spectrum of CBT on titration
with either of the metal ions, thereby indicating the chemical
reaction in process and presence of only two species in equi-
librium, i.e., the free CBT and metal-bound CBT. Moreover, the
analysis of the correlation plots between {(4, — A,)/A,} and
concentration (Fig. 3 and 5) of Pb(u) and Cu(u) ions, respectively
revealed the detection limit values to be 0.10 mM and 0.11 mM,
respectively, and quantification limit values to be 0.35 mM and
0.37 mM, respectively as shown in Table 1. A 1: 1 metal-to-ligand
binding ratio was confirmed for both Pb(i1) and Cu(u) ions via
Job's plot as shown in Fig. 6(a) and (b).
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T T
0.0 0.1 0.2 0.3 0.4
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(a) The observed absorption spectrum with the successive addition of 15 equiv. of 1 mM Pb(i)) ions solution in 0.05 mM solution of CBT; (b)

the relative change in the absorption intensity on stepwise addition of Pb(i) ions.
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Table1 LOD, LOQ, and stoichiometric values of CBT on the addition
of Pb(i) and Cu(n) ions

Probe Metal ions LOD (uM) LOQ (nM) Stoichiometry
CBT Pb(n) 100 0.35 1:1
Cu(u) 110 0.37 1:1

Furthermore, the information presented in Table 2 provides
a comparative analysis of the limit of detection between the
chemosensors synthesized previously and the current research,
which employs 1,4-disubstituted 1,2,3-triazoles for the detec-
tion of Pb(u) and Cu(u) ions, as the limit of detection plays
a pivotal role in environmental monitoring, especially con-
cerning permissible limits for metal ions set by the Environ-
mental Protection Agency (EPA). It represents the lowest
concentration at which a particular metal ion can be reliably
detected and quantified, ensuring the accuracy and precision of

32404 | RSC Adv, 2023, 13, 32399-32412

analytical methods. Meeting or surpassing EPA's specified
LODs is crucial in safeguarding public health and the envi-
ronment by enabling the identification and regulation of
potentially harmful metal contaminants in air, water, and soil,
thereby facilitating effective pollution control and risk
management strategies.>

3.3.2. Time-dependent analysis of CBT with metal ions.
The influence of time on the binding of CBT with Pb(u) and Cu(u)
ions, were analyzed for 30 minutes and the results obtained
indicated the time-independent behavior of CBT on binding with
either of the two metal ions. The obtained spectral findings (ESI,
Fig. S12 and S13f), represented no change in the binding
intensity of the probe over a range of time, as indicated by the
straight-lined graph parallel to x-axis. It is also worth mentioning
that the incremental addition of either of the abovementioned
ions to the solution of CBT results in instantaneous and rapid
changes in the absorption intensity of the CBT.

3.3.3. Competitive metal ion titration. The competitive ion
titration using a 0.05 mM probe solution of CBT in DMSO as the
solvent against a solution containing an equimolar concentra-
tion of multiple metal ions verified the probe's practical
usefulness to preferentially detect Pb(u) independent of the
presence of other metal ions. This was recognized by the
observed absorption spectra (Fig. 7) which tend to exhibit
similar results as in the spectra of Pb(n) only. Furthermore, the
isosbestic point in case of competitive metal ion titration shif-
ted to 304 nm instead of 283 nm as observed in the case of pure
Pb(u). This shift of 20 nm may be attributed to a combined effect
of the change in the molar absorptivity of ligand and a change
in the concentration of metal ion in an equimolar solution of all
metal ions.

3.4. Synthesis and confirmation of CBT-metal complex: "H
NMR

After confirming the binding ratio between the ligand CBT and
the metal ions via Job's plot, the metal-ligand complex

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The compilation of data from chemosensors previously developed for Pb(i) and Cu(n)
Metal ion Limit of
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corresponding to CBT was synthesized by dissolving the CBT
and the metal chloride (1:1 by moles) in CHCI3/MeOH (1:1)
and subsequently refluxing the reaction mixture for 4 h. A clear
indication of the successful synthesis of the desired product
was obtained due to the color change of the solution after
refluxing. After filtering the solution, the solvent was evapo-
rated under vacuum. The crude product was scrapped off and
characterized via '"H NMR analysis, wherein the formation of
the complex through the interaction of the metal atom with
the N atoms of both the triazole moieties was evidenced by the
spectroscopic analysis as shown in ESI (Fig. S15%). The
downfield shifts of the peaks from ¢ = 7.67 ppm correspond-
ing to the 1,2,3-triazole ring proton; and from 6 = 4.73 ppm
and § = 5.54 ppm corresponding to the CH, protons adjacent
to either side of both the 1,2,3-triazole moieties in the 'H NMR
spectrum of CBT to 6 = 7.79 ppm, 6 = 5.02 ppm and ¢ =
5.62 ppm, respectively, in the '"H NMR spectrum of the CBT-
metal complex supported the binding of the metal atom with
the 1,2,3-triazole moiety. Furthermore, the DFT analysis of the
metal-ligand complex was also undertaken by applying the
631G+(d,p) basis set for CBT; whereas the LANL2DZ basis set

Fig. 8 The optimized structure of CBT probe using DFT (B3LYP/631G+(d,p) basis set).

32406 | RSC Adv, 2023, 13, 32399-32412
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was applied for the metal atom which also reinforced the
experimental results by exhibiting binding interactions
between the metal atom and the N atoms of both the triazole
moieties.

4. Computational details

4.1. Ligand optimization (DFT)

The structural insights about complex structures with extensive
conjugation can be gleaned from quantum chemical simula-
tions using density functional theory (DFT). The simulations
based on DFT were used to perceive the special aspects of the
energy-optimized structure of the synthesized probe CBT
employing the B3LYP/631G+(d,p) basis set for C, H, O, N and the
B3LYP/LANL2DZ set for the metal. The energy-minimized
structure of CBT and the CBT-metal complex was obtained
and analyzed using Gaussian 09 software package.’* Fig. 8
depicts the optimized structure of CBT (Cartesian coordinates
are given in the ESI, Table S1t), and Fig. 9 depicts the structural
aspects of CBT-metal complexation, wherein the simulations
are suggestive of interaction between the probe and the metal
ion via the lone pairs of the N atoms of the 1,2,3-triazole rings
(one N atom from each 1,2,3-triazole moiety). In addition,

View Article Online

RSC Advances

Fig. 10(a) and (b) depicts the energy difference between the
HOMO and the LUMO densities over the molecular structure for
both CBT and CBT-metal complex respectively. HOMO (7
donor) in case of CBT is delocalized adjoining the 1,2,3-triazole
rings, while LUMO (v acceptor) is delocalized on the electron
withdrawing carbonyl group, whereas the metal ion and the
1,2,3-triazole ring have a delocalized LUMO electron density.
Compared to the free CBT, the CBT-metal complex has a lower
AE value of 2.2893 eV, indicating improved stability of the
complex (Table 3).

4.3. Molecular electrostatic potential (MEP) analysis

It is crucial to identify electrophilic and nucleophilic sites in
the molecule before making any predictions about the mole-
cule's reactivity.*"*> The MEP is used to identify the preferred
positions for electrophilic and/or nucleophilic attack. The
MEP scale has a color bar from red > orange > yellow > green >
blue indicating the negative to positive potential values. Red
has the most negative electrostatic potential value and vice
versa for blue color. In the case of CBT, as shown in Fig. 11(a),
the electron-rich triazole rings and carbonyl group simulta-
neously appeared red having a negative electrostatic potential
and availability for intermolecular interactions. Further,

& =Pb(ll), Cu(ll)

Fig. 9 The binding mode of CBT, through the 1,2,3-triazole moiety, with the metal ions as studied by B3LYP/LANL2DZ basis set using Gaussian

09 software.
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Fig. 10 Pictorial representation of HOMO-LUMO (a) CBT (b) CBT-metal complex.

Table 3 Calculated electronic data of CBT and metal complex

CBT-metal
Parameters CBT complex
Eromo (V) —5.466 —10.3439
Erumo (eV) —2.1099 —8.05463
Eg4 (eV) 3.3561 2.2893
Charge 0 2
Dipole moment 4.1998 10.1056
(Debye)
Point group C1 Cc1

Fig. 11(b) demonstrates that the N atom of the 1,2,3-triazole
ring binds with the metal ion, thereby reducing its electron
density.

5. Molecular docking

The 1,2,3- triazole moiety-containing compounds are rapidly
becoming a focal point in the design and synthesis of bioactive
compounds, which have been linked to an inclusive range of
biological activities such as antibacterial, antifungal, anti-
inflammatory, anticonvulsant, anti-HIV, antineoplastic, and

Fig. 11 Molecular electrostatic potential (MEP) map (a) CBT (b) CBT—metal complex.
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Fig.12 A representation of the binding mode of CBT with TRIB1 protein through several amino acid residues (Envisioned through UCSF chimera

software).3®

antiproliferative effects.**** Keeping in view this aspect, the
synthesized CBT probe was predicted for its pharmacological
properties using the Way2drug platform, a highly cited and
trusted prediction tool for analyzing the potential of organic

@& =Pb(ll), Cu(ll)

Fig. 13 Plausible binding mode of CBT with metal ion via nitrogen
atoms of both triazole rings (H atoms have been omitted for clarity).

© 2023 The Author(s). Published by the Royal Society of Chemistry

probes in pharmacology.** The results so obtained were
suggestive of the atherosclerosis inhibitory effect of the probe,
and hence in order to investigate the potential of CBT as
atherosclerosis inhibitor, it was subsequently docked to the
TRIB1 protein using Auto Dock Vina.*”** As represented in
Fig. 11, CBT exhibited interactions with the protein via
multiple amino acid residues such as TYR180, SER181,
LYS183, ALA184, SER244, ALA249, etc., and also demonstrated
a high binding affinity with the value of —6.2 kcal mol "
(Fig. 12).

6. Plausible mode of interaction

Using the hard soft acid base (HSAB) framework, Pb(u) and
Cu(u) are categorized as weak acids. Both metal ions may
interact with the lone-pair-carrying atomic groups like N, O, or
S.** Therefore, in accordance to the HSAB concept, the CBT
probe can capture the incoming electron deficient metal ions by
interacting via the lone pair-bearing N atoms of both the 1,2,3-
triazole moieties. The same prediction is experimentally vali-
dated by the DFT calculations of the CBT-metal complex are
also suggestive of CBT-metal binding via the N atoms of the
1,2,3-triazole rings. On the basis of these observations, a plau-
sible binding mode that demonstrates a 1:1 stoichiometry of
ligand-metal is illustrated in Fig. 13.

RSC Adv, 2023, 13, 32399-32412 | 32409
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7. Conclusion

The 'CuAAC' based synthesis of chalcomer containing 1,2,3-
triazole based chemosensor (CBT) and was characterized using
standard spectroscopic techniques such as IR, NMR (*H and
13C), and mass spectrometry. The probe was determined to have
selective recognition behavior for Pb(u) and Cu(u) ions, two of
the several metal ions known to cause insidious toxicity to
humans on accumulation in significant concentrations in the
body. In addition to this, the competitive metal ion titrations
revealed the preferential binding of CBT for Pb(u) ions, even in
the presence of multiple ions. The 1:1 metal-to-ligand stoi-
chiometric ratio was observed for Pb(u) and Cu(u) ions, as
shown in Job's plot. The time-independent behavior of CBT was
evidenced by its binding to Pb(u) and Cu(u) ions resulting in
a straight line with no change in binding strength over time,
thereby confirming its robust binding potential. In addition, the
unique molecular arrangement of the probe was identified by
DFT analyses, and the molecule’s electronic properties corre-
sponding to the spatial orientation are reported. Furthermore,
CBT was explored for its anti-atherosclerosis capability by per-
forming docking analysis on the TRIB1 protein, which is known
to cause early atherosclerosis.
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