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A carboxamide based fluorescent probe N2,N®-bis(5-(p-tolyl)thiazol-2-yl)pyridine-2,6-dicarboxamide was synthesized by the condensation
reaction between pyridine-2,6-dicarboxylic and amino derivative of thiazole and characterized by FT-IR spectroscopy, *H NMR, 3C NMR,
UV-vis spectroscopy and LC-MS spectral studies. Absorption and fluorescence titrations were used to study the fluorescent. The probe
exhibits high selectivity and sensitivity towards Cu?* ions over a spectrum of metal ions (Cu?*, Co?*, Ni?*, Hg?*, Cr®*, AlI%*, Fe?*, Sn?*
and Pb?%). Using Job’s plot measurements, the binding stoichiometry mode of the probe with the Cu?* ion was estimated to be 2:1. The
Benesi-Hildebrand equation yielded a stability constant value of 8.252 x 107 M2 for the fluorescent probe. It was found that the fluorescent
probe’s limit of detection (LOD) for the Cu?* ion was 0.0242 uM. DFT analyses have also been performed to support the sensing technique.
The Cu(ll) complex's catalytic activity was assessed using the one-pot azide—alkyne cycloaddition click reaction in water without the use

of any supplementary agents.
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INTRODUCTION

Although many fluorescent and colorimetric chemosensors
have been developed for the identification of heavy metal ions,
researchers are still working to develop inexpensive and eco-
friendly molecules [1-3]. These probes, which have different
reactions to different metal ions, provide significant advanta-
ges for both in vitro and in vivo research due to their high
selectivity and sensitivity, biological compatibility, ease of
utilization and quick detection [4,5]. Copper (Cu?*) is the third
most prevalent transition metal ion in the human body, foll-
owing ferrous (Fe?*) and zinc (Zn?*) ions, respectively [6]. It
is essential for a number of biological functions, including
acting as a cofactor for electron transfers in many proteins
and a catalyst for redox reactions in biological pathways. The
maximum acceptable concentration of Cu?* ions in drinking
water is 20 uM. However, excessive absorption of copper

ions in humans can lead to serious neurological disorders,
including Alzheimer’s, Parkinson’s, Huntington’s and prion
diseases [7]. Further, long exposure to copper ions may result in
liver or kidney damage, along with digestive problems [8,9].
Due to the harmful effects on human health, fluorescence
sensors for Cu?* have attracted significant attention, resulting
in the development of numerous devices for detecting copper
pollutants in environmental settings, aquatic systems and cell-
ular matrices [10-13]. Copper(Il) ions is recognized as a fluo-
rescence quencher due to its paramagnetic properties, leading
most fluorescent chemosensors to detect Cu?* by fluorescence
quenching mechanisms [14-19].

Carboxamide (R'"CONRy), which are synthesized from car-
boxylic acid (R'"COOH), represent an important functional group.
Pyridine-2,6-dicarboxylic acid (PDC) is also known as dipico-
linic acid (DPA), which acts as vital role in the heat resistance
of bacterial endospores. Ligands based on pyridine-2,6-dicarb-
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oxamide have been extensively used in different field of appl-
ications because such type of ligand have some unique feat-
ures [20,21]. Through five membered chelated rings between
the nitrogen of the pyridine and the nitrogen of amide groups,
they have the ability to form a N° pincer cavity [22]. They
form stable complexes in their higher oxidation state and also
have possibilities to introduce assorted appended functional
group on the amide atom to generate large number of interes-
ting ligands [23]. From last decade, this field is much interes-
ting for scientist because these types of ligand used in coordi-
nation chemistry as stabilization of reactive species, catalyst
and sensing as well as in recognition.

2-Amino-4-(p-tolyl)thiazole is a compound that contains
both a thiazole ring and a tolyl group. The amino group’s exis-
tence suggests that it could be involved in various biological
activities or serve as a building block in synthetic chemistry.
However, fluorimetric and colorimetric dual-detection tests
are now considered as promising candidates for the detection
of heavy metal ions, including cobalt ions, because they cannot
only offer a highly sensitive fluorescence evaluation of metal
ions but also help in simple and affordable "naked eye" metal
ion detection [24]. In addition to being essential for numerous
biological functions, these ions have been shown to be deadly
when present in excess of their acceptable limits [25].

EXPERIMENTAL

All analytical-grade reagents were acquired from Sigma-
Aldrich, USA. All solvents used were also laboratory grade
and were used without further purification. The Perkin-Elmer
UV spectrometer was used to obtain the UV-visible spectra.
Perkin-Elmer USA Spectrum, FTIR spectra were recorded.
A JEOL, Japan 400 MHz spectrometer was used to acquire
'H and *C NMR spectra. Using the SCIEX Triple TOF 5600
mass spectrometer, liquid chromatography-mass spectral anal-
ysis was performed. A quartz route length of 1 cm was used
to record fluorescent spectra on a spectrofluorometer. The
fluorescent sensor’s stock solution was made with a 1 mM
concentration of THF. At a concentration of 60 pM, the ligand
exhibits saturation intensity. The chloride, acetate and nitrate
salts of metal ions were combined with methanol to create a
stock solution with a concentration of 2.5 mM. The Shimadzu
RF 5301 PC spectrofluorophotometer features a quartz tube
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with a slit width of (5 nm) and a route length of (1 cm), was
used to measure fluorescence. A Perkin-Elmer FT-IR spectro-
meter was used to collect the probe’s infrared spectra using
KBr in the 4000-400 cm™* range. Using a Bruker Avance NEO
500 MHz spectrometer, the NMR spectra were recorded at
ambient temperature.

Synthesis of probe: Probe was synthesized by reacting
2-amino-4-(p-tolyl)thiazole with pyridine-2,6-dicarboxylic
acid. In brief, 20 mL of pyridine was mixed with 1.0 g of
pyridine-2,6-dicarboxylic acid (0.0059 mol) and 2.27 g of 2-
amino-4-(p-tolyl)thiazole (0.0118 mol) and refluxed for 30 min
at 120 °C. After adding P(OPh); (3.844 g, 0.0125 mol) drop-
wise, the reaction mixture was agitated for 12 h at 80 °C. The
combination was allowed to normal to ambient temperature
before being poured into ice-cold water, which resulted in the
precipitation of a brown substance (Scheme-1). The product
underwent filtering, multiple ethanol and water washes, vacu-
um drying and recrystallization in methanol. Yield: 90%, m.p.:
190 °C; Elemental analysis of C27H21Ns0-S;: calcd. (found) %:
C, 63.39 (63.41); H, 4.14 (4.25); N, 13.69 (13.71); O, 6.25
(6.32); S, 12.53 (12.61); 'H NMR (500 MHz, DMSO, & ppm):
8.85 (s, 2H, N-H), 8.23 (d, 2H), 7.57 (d, 4H), 7.40 (d, 4H)
and 7.51 (t, 1H), 7.12 (s, 2H), (arom. protons, 13H, 7.0-8.3).
13C NMR (DMSO, & ppm): 150-120, (21C, arom. carbon),
168.41 (C=0), 157.32 (C=N), FT-IR (KB, vmax, cm™): 3580
(NH), 3200-2800 (C-H), 1496 (C=N) and 1645, 1624 (C=0).
UV-vis (Amax, NM); 257 and 328. LC-MS (m/z); Calcd.
(found) for C7H21Ns0,S,: 511.11 (511.43).

Titration and sample preparation: The metal ions viz.
Cu?*, Co?*, Ni?*, Hg?*, Cr¥*, AI%*, Fe?*, Sn®* and Pb?* solut-
ions were prepared and conducted the titration studies at 1.0
x 10° M in CH3COOH and their stock solutions (2.5 mM)
were dissolved to 1.0 x 10~° M. At room temperature, all the
spectrum measurements were performed.

Optical studies: UV-vis and fluorescence spectroscopy
were used to examine the synthesized probe’s sensing beha-
viour toward different metal ions in methanol. The fluores-
cence spectra of the probe were recorded at an excitation wave-
length of 341 nm with a slit width of 5 nm

DFT studies: Density functional theory (DFT) calculat-
ions were carried out using the ORCA 3.0.1 computational
package [26]. In order to improve the geometry, the B3LYP
functional was combined with Aldrich's def2—-TZVP basis set

H;C CH;

Scheme-1: Chemical structure of probe N?,Né-bis(5-(p-tolyl)thiazol-2-yl)pyridine-2,6-dicarboxamide
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for copper atoms and def2—SVP basis set for C, H, O, N and
S atoms. The def2-TZVP basis set for each atom was used to
further recalculate the optimal structures in order to find the
HOMO and LUMO energy. After the computations were comp-
leted, the energy-minimized geometry was built, optimized,
and visualized using the Avogadro program [27].

Experimental procedure of CUAAC reaction: A stan-
dard approach involved dissolving an alkyne-functionalized
molecule (1.0 mmol) and an amide-functionalized compound
(1.0 mmol) ina 1:1 combination of water (5 mL) and t-butanol.
To obtain Cu(l) in situ, sodium ascorbate (0.1 mmol, 19.8 mg)
and copper(l1) sulfate pentahydrate (0.05 mmol, 12.5 mg) were
added to this solution. In a nitrogen environment, the reaction
mixture was agitated for 12 to 24 h at room temperature. TLC
was used to determine when the reaction was finished. Follo-
wing completion, 10 mL of water was added to the reaction
mixture and 3 x 10 mL of ethyl acetate was used for extraction.
Anhydrous sodium sulfate was used to dry the mixed organic
layers, after which they were filtered and concentrated under
lower pressure. By using column chromatography (silica gel,
hexane/ethyl acetate) to purify the crude product, the inten-
ded thiazole product was obtained in a good yield.

RESULTS AND DISCUSSION

The carboxamide-based sensor probe was synthesized in
one step. The synthesized probe showed a brown colour and
was soluble in a variety of organic solvents, such as DMSO,
ethanol, methanol, chloroform and dichloromethane (DCM).
Fluorescence spectroscopy and UV-vis were used to investi-
gate the probe’s sensing behaviour toward different metal
ions in methanol.

FT-IR studies: FT-IR spectrum of probe (Fig. 1) shows
the characteristic stretch peak at 3580 (NH) and 1645 (C=0),
The peak value of stretching vibration found lower at 1496
(C=N), 3200-2800 (C-H) and 1323 (C=C).
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Fig. 1.

UV-vis absorption studies: The n—n* and n—n* transi-
tions associated with the tolyl chromophore is combined with
the NH_ group were identified as the source of two absorption
bands’, which were centered at 257 nm and 328 nm as shown
in Fig. 2 [28].
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Fig. 2. UV-visible spectra of probe showing absorption characteristics

across wavelengths

Fluorescence emission studies: The probe’s selective
fluorescence sensitivity toward several metal ions (Cu?*, Co?*,
Niz*, Hg?", Cr¥*, AP*, Fe?*, Sn?* and Pb?"), was examined
following excitation at a wavelength of 328 nm. When the
same amount of various metal ions was added to the probe’s
solution the wavelength significantly increased to the emis-
sion maximum observed at 520 nm, whereas the ligand’s
fluorescence intensity gradually decreased (Fig. 3). The fluore-
scence intensity of the probe was much enhanced by the chel-
ation of Cu?* ion with the NH, group, the nitrogen of the free
NH2 group and the corresponding imine bond C=N. Further-
more, through the chelation enhanced fluorescence (CHEF)
effect, the binding of Cu?* to the probe prevents the C=N iso-
merization and photoinduced electron transfer (PET) processes
[29]. The fluorescence intensity expanded significantly up to
8 UM and remained constant, as a consequence of the fluoro-
metric titration tests with Cu?* being detected in a limited range
of intensities 0-13 uM.
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Fig. 3. Fluorescence emission spectra of probe with various metal ions
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Effect of probe concentration and time-based response:
The effect of probe’s concentration on fluorescence intensity
upon binding with the Cu?* ion was observed while the probe’s
concentration increased from 1 to 12 uM. According to the
results, the fluorescence intensity decreased as the probe’s
concentration increased and then stabilized at higher concen-
tration (Fig. 4). In addition, the fluorescence intensity of probe
and 1-Cu?* was recorded with time. Although there were no
apparent shifts for the probe, the fluorescence intensity of 1-
Cu?* enhanced rapidly, peaked in a matter of minutes and
subsequently stabilized. This demonstrates clearly showed that
the probe’s response time for Cu?* detection was fast.
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Fig. 4. Fluorescence emission spectrum of probe displaying intensity
variations with increasing concentrations of Cu?*

520 530

Studies of competitive binding using various metal
ions: In arange of various metal ions (Cu?*, Co?*, Ni**, Hg®*,
Cr¥*, AIF*, Fe?*, Sn®* and Pb?"), competitive binding experi-
ments were carried out in order for evaluating the function-
ality of the probe as a Cu?* selective fluorescence sensor. The
data clearly show that, with the exception of Cu?* and Co?*,
there was minimal interference from other metal ions in Cu?*
detection. The slight decrease in Cu?* and Co?* fluorescence
intensity is caused by electron or energy transfer [30]. Accor-
ding to the experimental findings, probe can be employed as
a selective fluorescence sensor for Cu?* detection even in the
existence of various competitive metal ions.

Stoichiometry and probable binding mode: Job’s plot
method was used to explain the probe-Cu?* complex’s stoi-
chiometry [31]. While the mole percentage fluctuated from
0.1 to 0.9 uM, the overall strength of probe-Cu?* remained
constant at 10 uM. Using the absorbance approach, the stoi-
chiometry ratio was determined to be 2:1 for the Cu?* complex,
with emission maxima at a 0.3 molar ratio [32]. Using a
nonlinear least square fit of the data, the association constant
(Ka) was determined to be 8.252 x 107 M2. Using the formula
3o0/k, where ¢ was the standard deviation of blank readings
and k was the slope of the linear calibration curve, the range
of detection for the probe was determined to be 0.0242 uM
[33].

Confirmation of the sensing mechanism using spectro-
scopic studies: At room temperature, *H NMR analysis was
performed in DMSO-dg solvent to confirm the binding and
interaction characteristics of the probe. The addition of Cu?*
ions caused a downfield shift in the amine proton signal of
the probe from 8.85 ppm to 8.95 ppm. Likewise, in the pre-
sence of the Cu?* ion, the aromatic proton signal was observed
in the 8.3-7.0 ppm range was likewise moved to an upfield
region at 7.67-6.82 ppm. These modifications to the proton's
chemical shifts in the presence of Cu?* ions indicated that the
probe’s -NH and N atom of pyridine are the mechanism by
which the probe and Cu?* interact. LC-MS spectra of probe
show peaks at 511.43. [Expected value, m/z: 511.11] (Fig. 5).
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Fig. 5. LC-MS spectra of probe
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Confirmation of sensing mechanism by DFT studies:
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies of Probe
were determined, along with its kinetic and thermodynamic
stability, using DFT studies. The optimized structure of probe
obtained by DFT is shown in Fig. 6 and the associated para-
meters, specifically bond length and bond angle values, are
listed in Table-1. The DFT results verified that the HOMO
electron density is uniformly distributed over the fluff moiety
along with the Cu?* ion, while the LUMO electron density is
primarily concentrated on the Cu?*ion (Fig. 6). The energy gap
between probe HOMO-LUMO has been calculated and deter-
mined to be 0.466 eV. The central metal ion coordinates with
the two ligand moieties via carboxylic and NHz nitrogen atoms

TABLE-1
DETERMINED VALUES FOR THE PROBE'S REACTIVITY
AND THERMODYNAMIC CHARACTERISTICS

Parameters Probe

LUMO energy (eV) 0.771
HOMO energy (eV) 0.305
LUMO-HOMO energy (eV) 0.466
1 (eV) 0.466

u (eV) 4.192

n (eV) 1.848

o (eV) 1.515
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as well as an oxygen atom, resulting in an octahedral shape,
according to the probe’s 2:1 binding stoichiometry with Cu?*.
According to the frontier orbital analysis, the HOMO orbital is
primarily centered at the 2-amino-4-(p-tolyl)thiazole moiety,
whilst the LUMO was found over the ligand’s entire struct-
ure. After complexation, the 1-Cu?* complex showed that the
HOMO electrons were mostly adorned throughout the whole
molecule, whereas the LUMO orbital was found to be localized
around the metal center. As a result, the 1-Cu?* complex disp-
layed significant fluorescence activity and no electron transport.

Using DFT studies, the probe’s IR spectra revealed the
absorption peaks at 1496, 1624, 3089 and 3580 cm?, which
were ascribed to the H-C=N, C=0 and NH> groups. The probe’s
free —OH stretching vibration is the cause of the absence of
the —OH band in the FT-IR spectrum [34]. The experimental
spectrum acquired with the same shift show a good correla-
tion with the theoretical values. From the geometry-optimized
structures, the bond length and bond angles of the probe and
1-Cu?* were determined. The bond length for —C=N in the
probe instance was determined to be 1.284 A, which stretched
out to 1.320 A upon coordination with Cu?*. In contrast, the
bond lengths for -C—N and —C—O decreased from 1.515 A and
1.5143 Ato 1.505 A and 1.471 A, respectively. Likewise, C—
N=C, C=C-N and C=C-0O have bond angles of 122.16°,
119.11° and 126.86°, respectively, which shifted to 122.31°,
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Fig. 6. (a) DFT-optimized geometry of probe. (b) Frontier molecular orbitals of probe, showing the energy difference between the (HOMO)
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114.46° and 125.31° when they interact with Cu?*. The binding
of the ligand via pincer cavity nitrogen is thus further confir-
med by the observed’ changes in the bond lengths and bond
angles of the probe upon complexation with Cu?*.

Catalytic activity: By promoting the regioselective synth-
esis of N?,N8-his(5-(p-tolyl)thiazol-2-yl)pyridine-2,6-dicarb-
oxamide by the CUAAC reaction, the catalytic activity of the
copper(l) species is crucial. Copper(ll) sulfate pentahydrate
and sodium ascorbate, which under mild circumstances converts
Cu(ll) to the catalytically active Cu(l) species, were used in
this study to construct the catalytic system in situ.

By optimizing the catalyst loading to 5 mol% CuSQO4 and
10 mol% sodium ascorbate, the reactants were efficiently con-
verted without the requirement for high temperatures or an
inert atmosphere. Under typical reaction conditions, the catal-
ytic system’s excellent efficiency and recyclability were demon-
strated by its high turnover numbers (TON) and turnover fre-
quencies (TOF). According to kinetic studies, the cycloadd-
ition reaction started quickly after the catalyst was added and
was finished in 6-12 h at room temperature. It was found that
the reaction was extremely tolerant of a large range of funct-
ional groups and chemoselective. The system’s resilience and
broad application were demonstrated by the catalytic
activity’s uniformity throughout a range of alkyne and azide
substrates. The stability of the Cu(l) species produced in situ
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TABLE-2
COMPARISON OF DIFFERENT CATALYTIC SYSTEMS FOR CuAAC REACTION [35]
Catalyst system Reaction conditions Yield (%) Advantages Drawbacks

CuSO4/Sodium ascorbate ~ Room temperature, t-BuOH/H-O 85-95 Mild conditions, clean Requires in situ generation of
reaction, easy to handle Cu(l)

Cul/CuBr Room temperature, inert atmosphere 75-90 Pre-formed Cu(l), faster Air-sensitive, potential side
reaction reactions

Cu(0) (powder or 60-80 °C, extended time 60-80 Inexpensive, readily Requires heat, heterogeneous

turnings) available mixture, slower rate

CuSOa4/Asc + TBTA or Room temperature, aqueous/organic 90-98 High efficiency, water- Ligands may be costly or

THPTA mixed media soluble, biocompatible require separate synthesis

was demonstrated by the lack of a discernible decrease in cata-
lytic performance upon reuse in subsequent cycles. These find-
ings support the strong catalytic efficiency of the CuSOa/sodium
ascorbate system in promoting effective and regioselective
thiazole synthesis via the CUAAC reaction (Table-2).

Correlation of probe with previous studies: The probe
exhibited significantly better systematic performance than the
previously reported ligands, according to a comparison with
previously published Cu?* sensors. The probe is more effici-
ent to the selective detection of Cu?* in various biological and
environmental samples.

Conclusion

A new fluorescent probe based on carboxamide has been
successfully synthesized and characterized with spectroscopic
techniques like UV-vis spectroscopy and fluorescence titra-
tion measurements, the fluorescent probe demonstrated exce-
ptional sensitivity to the selective detection of Cu?* ions in
the range of various metal ions. The limited C=N isomeriza-
tion of the —-NH; group was identified as the "turn-on" fluore-
scence mechanism in the presence of Cu2*. This behaviour is
attributed to fluorescence enhancement resulting from confor-
mational restriction induced by coordination with the metal
center, thereby strengthening the chelation effect. Job’s plot
was employed to determine the stoichiometry of complexa-
tion, revealing a 2:1 binding ratio between the probe and Cu?".
An association constant of 8.252 x 107 M2 was calculated for
the probe—metal complex. According to WHO standards, the
acceptable limit for Cu?* (2 uM) is significantly higher than
the detection limit of the probe, which was determined to be
0.0242 pM. For practical purposes, the probe can be used to
identify lower Cu?* amounts in water samples due to its lower
detection limit. In mild conditions, the Cu(ll)-complex catal-
yzed the azide—alkyne cycloaddition (AAC) reaction in water,
producing high yields in a brief reaction time under aerobic
conditions. As a result, the detection strategy presented here
provides a practical method for the Cu?* selective detection
in different applications.
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