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Lawesson's reagent is a thionating compound that can convert a carbonyl group into a thiocarbonyl
analogue by replacing oxygen atoms with sulphur. Herein, ester-functionalised coumarin compounds
Sla and S2a were successfully mono-substituted and disubstituted with sulphur atoms using Lawesson'’s
reagent. It was noted that the lactone carbonyl was first substituted, resulting in the mono-substituted
analogues S1b and S2b, followed by the formation of disubstituted derivatives Slc and S2c. The
thionated compounds were separated using preparative TLC with a dichloromethane: petroleum ether
mixture as the mobile phase. NMR and FT-IR spectroscopies were utilised to identify and confirm the
compounds isolated from the thionation reaction. The thioanalogues were then tested as potential
chemosensors for metal ion detection in an acetonitrile solvent system. The results showed unique
selectivities, with the unsubstituted derivatives displaying selectivities for Fe?* and Fe3*. In contrast, the
mono-substituted and disubstituted derivatives were selective for Hg?* and Cu?*, demonstrating the
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Introduction

Natural secondary metabolites such as coumarins (2H-1-benzo-
pyran-2-ones) are privileged structures due to the oxygen-
containing o-pyrone ring fused to a benzene moiety."™ The
coumarin moiety is a planar heterocyclic compound that can
non-covalently bond to various sites in biological systems." Cou-
marin derivatives have shown diverse biological activities, such as
antimicrobial and anti-cancerous, and can be used as antioxi-
dants, anticoagulants, and anticonvulsants.” Furthermore, cou-
marins have a highly flexible moiety that is easily modified,
leading to coumarins being widely studied.®” The ability of
coumarins to be easily modified and form non-covalent bonds
and their photophysical properties have led them to be used as
the core of numerous chemosensors.®™°

Chemosensors are sensors in the field of host-guest chem-
istry. Chemosensors are compounds that convert an interactive
response into a measurable signal that can be used to identify
or determine the concentration of an analyte. Chemosensors
have rapidly expanded over the last few decades due to their
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prospective applications of these compounds as chemosensors for these metal ions.

advantages over traditional detection methods. Conventional
analytical techniques include atomic emission spectroscopy
(AES), atomic absorption spectroscopy (AAS), electrochemical
techniques, surface plasmon resonance, inductively coupled
plasma mass spectrometry (ICP-MS) and X-ray spectroscopic
methods. These traditional analytical techniques have many
advantages; however, they suffer similar disadvantages, including
weak sensitivity and selectivity, poor signal-to-noise ratios,
signal drifts, high costs associated with these techniques, and
specialised sample preparation and technicians required for
operations.'™"> Chemosensors have thus been employed due to
their simplicity, fast response time and reliable detection while
still having high sensitivity and selectivity.">

Mercury is a heavy metal commonly found in the +1 and +2
oxidation states."®® This metal ion can be exposed to the
environment through volcanic and geothermal springs and
geological deposits.’®™® Mercury cations are highly toxic and can
cause various health problems in multiple organisms. The high
affinity of mercury for sulphur atoms is attributed to the soft base
and soft acid nature of the sulphur and mercury atoms, causing a
covalent bond to form."*?° The soft acid properties of mercury are
associated with its large size, high polarisability, and low
electronegativity.”’ The affinity of mercury(n) ions for sulphur
atoms was used to design a coumarin-based chemosensor that is
selective for mercury cations. A carbonyl oxygen can be converted
to a thiocarbonyl functional group using a thionating reagent.>?
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Lawesson’s reagent is the most popular thionating reagent, and it
is synthesised using phosphorus pentasulphide and anisole.*

Results and discussion
Synthesis of thionated chemosensors

Coumarin derivatives were synthesised via the Knoevenagel
condensation reaction, as shown by the first reaction step in
Scheme 1.>*?° The two coumarin derivatives S1a and S2a were
then reacted with Lawesson’s reagent to convert the carbonyl
groups from the lactone ring and ester moiety to the corres-
ponding sulphur analogues.

The reaction yielded two compounds in which the major
product (derivatives S1b and S2b) was identified as the mono-
substituted coumarin analogue in which only the carbonyl from
the lactone rings was thionated. As shown in Fig. 1, the lactone
carbonyl carbon (A) of S2a shifted from 156 ppm (Fig. 1(b)) to
191 ppm in the thiocarbonyl analogue S2b (Fig. 1(a)). The ethyl
carbon (%) from the ester unit remained at 62 ppm, indicating
that the ester carbonyl (@) had not been thionated. A second
compound was isolated as a minor product and was identified as
the disubstituted (derivatives S1c and S2c) thiocarbonyl analogues.
As with the mono-substituted analogues, in Fig. 1(c) the lactone
carbonyl carbon (A) shifted from 156 to 191 ppm. However, the
ester carbonyl carbon (@) shifted from 163 ppm (Fig. 1(b)) to
211 ppm (Fig. 1(c)) which indicated that both carbonyls were
thionated. In addition, the ethyl carbon (¥ ) from the ester moiety
shifted from 62 to 69 ppm due to the thionation. ("H and "*C NMR
overlay of all compounds can be found in ESI} Fig. S1-525).

The shift in the carbon-13 peaks caused by the thionation
was observed to be relatively constant between the two groups
(S1 and S2), as shown in Table S1 in the ESLt

FT-IR studies were also performed on the synthesised com-
pounds, as seen in Fig. 2 and in the ESIt (Fig. S7, S10, S13, 517,
S21, and S25). In Fig. 2(a) the two carbonyl carbon peaks, 1735 and
1701 cm ', for S2a are clearly visible (indicated by ® and A) as
expected. However, in Fig. 2(b) after the first thionation, the first
peak (@) shifted to 1728 cm ™" and the second carbonyl peak (4 ) has
disappeared (indicated by the blue dashed box), thus indicating the
replacement of the carbonyl oxygen by sulphur to form the corres-
ponding thiocarbonyls S1b and S2b. Moreover, in Fig. 2(c) both
carbonyl functional groups have disappeared, indicating that both
these carbonyl functional groups have been thionated, confirming
the formation of the disubstituted compounds Sic and S2c.

The thionation reaction was monitored by thin-layer chromato-
graphy (TLC) and developed using a 60:40 mixture of
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Scheme 1 General synthetic pathway to obtain the thiocoumarin deri-
vatives. (i) Diethyl malonate, piperidine, ethanol GAA, 2 h reflux. (i) Law-
esson’s reagent, toluene, 8 h reflux, No.
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Fig. 2 FT-IR spectra of compounds (a) S2a, (b) S2b, and (c) S2c.

dichloromethane and petroleum ether. Aliquots were taken hourly
and are shown in ESIt Fig. S26. After the first hour, the mono-
substituted thio-coumarin derivative (S1b) was observed visually
(orange spot in (a)) and under the UV light (black spot in (b)).
Subsequently, after two hours, trace amounts of the disubstituted
thiocoumarin derivative (Slc) were only visible under UV light
indicated by the red dotted line in (b). The concentration of Sic
increased and after four hours, Sic was visible under ambient light
indicated by the blue dotted line in (a). The TLC plates showed that
the disubstituted compounds formed via sequential substitution.

UV-Visible spectroscopy analysis

The application of these thionated compounds as chemosen-
sors for detecting metal ions was evaluated using UV-vis
spectral analysis in acetonitrile at room temperature.

Metal ion screening

The metal ions were screened by adding a solution of various
metal nitrate salts to a quartz cuvette containing these com-
pounds in acetonitrile and measuring the absorbance. A

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 3 Metal screening absorption studies of chemosensors (a) Sla and (b)
S2a. The chemosensors are indicated in blue, Fe?™ in yellow, Fe** in
orange, Hg?" in red, and all other metal complexes in grey.

change in the absorbance was attributed to the complexation
between the chemosensor and the metal analyte.

Compounds S1a and S2b (shown in blue in Fig. 3) displayed a
strong absorbance band between 250 nm and 340 nm, which
could be attributed to the m-n* transition in the coumarin
moiety.'® The addition of metal ions, as seen in Fig. 3, caused
an increase in the absorbance of these compounds. In the
presence of both Fe’* and Fe*' ions, the absorbance was
increased substantially compared to the spectra of S1a and S2a
alone (shown in blue). Notably in Fig. 3(a), the S1a-Hg>" complex
had lower absorbance compared to S1a, whereas S2a-Hg”* had a
slight increase in absorbance compared to S2a alone (Fig. 3(b)).

The substitution on the thiolactone group resulted in a broad
new band between 310 nm and 460 nm, attributed to the
introduction of the sulfurs’ nonbonding electron pair to a pi
antibonding orbital (n-r*) transition.*® The metal screening for
the mono-substituted coumarin analogue is shown in Fig. 4. The
most notable changes observed between the chemosensors Sla
and S2a and the thionated analogues S1b and S2b were the
absorbance spectra of the Hg”* complexes, which in both pro-
duced a strong band at 390 nm for S1b (Fig. 4(a)) and 395 nm for
S2b (Fig. 4(b)). Additionally, the Fe*" and Fe** complexes for S1b
and S2b were less pronounced, indicating that the sulphur atom
in the lactone ring affected the interactions.

With the addition of the second sulphur atom in the
disubstituted analogue, the n-n* transition band between
250 nm and 320 nm broadened and decreased due to the
additional n-n* transition of the second thiocarbonyl group. In
the screening analysis, Fe** and Fe*" complexes persisted with
an increase in absorbance, as seen in Fig. 5. Surprisingly, both
Hg”" and Cu®" complexes significantly decreased the absorbance
around the 400 nm band. As seen in the inset in Fig. 5(b), this
decrease in the absorbances is accompanied by a change in
colour from the yellow solution to a clear solution in the
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Fig. 4 Metal screening absorption studies of chemosensors (a) S1b and
(b) S2b. The chemosensors are indicated in blue, Fe* in yellow, Fe** in
orange, Hg?" in red, and all other metal complexes in grey.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

View Article Online

Paper

Fe2+ Fed*
__ S2c-Fe?* & S2c-Fe

S2c-Cu?*
S2c

_ S2c-Hg?*

Slc-Cu*
_Slc-Hg?

\ _Fe2+ _Fe3t g
\ 206

\ 3

N Slc 5

; 3

\ % N =

500 200 300 400 500
Wavelength (nm)

200 300 400
Wavelength (nm)

Fig. 5 Metal screening absorption studies of chemosensors (a) Slc and
(b) S2c. The chemosensors are indicated in blue, Fe®* in yellow, Fe** in
orange, Cu?* in green, Hg?" in red, and all other metal complexes are
displayed in grey. Inset (a): Photograph of solutions containing, from the
left, Sic, Slc—Fe?*, S1c—Fe®*, S1c—Hg?*, and S1c—Cu?*. Inset (b): Photo-
graph of solutions containing, from the left, S2¢, S2c—Fe?*, S2c—Fe®",
S2c-Hg?*, and S2c-Cu?*.

presence of Hg>* and Cu®". As discussed in the Introduction
section, the interactions between sulphur and mercury were
attributed to soft-soft interactions. Copper is a borderline Lewis
acid and therefore can also form soft-soft interactions.””*® Thio-
copper(n) complexes have been observed in the literature,>*>°
although thio-copper(i) complexes are more common.*’ 3

Selectivity studies

Selectivity studies were conducted to determine the preference of
a chemosensor towards a specific analyte in the presence of a
competing analyte. These studies were conducted by adding a
solution of the chemosensor to the solution containing two
equimolar analytes; the change in absorbance indicates the
preferred complex. When the selectivity profile of Sla was eval-
uated, it was observed that S1a was not selective for Fe** (Fig. 527,
ESIt), which gave the strongest response during the screening
process (Fig. 3(a)). Poor selectivity was observed when the mono-
substituted chemosensors S1b and S2b were analysed towards
Hg”" in the presence of all metal cations (Fig. S28, ESIT). However,
the disubstituted analogues (Sic and S2c¢) showed remarkable
selectivity towards both Hg”* and Cu®" analytes in the presence of
other competing metal ions. Furthermore, Cu®* was preferred
over Hg*", as indicated in Fig. 6 and Fig. S29 (ESIt). When both
Cu®" and Hg>" were present in the solution, both Slc and S2e¢
preferred Cu®" as the absorbance intensity at 390 nm more closely
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Fig. 6 Selectivity studies for S2c towards (a) Hg?* and (b) Cu?*.
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resembles that of Cu*'. As mentioned earlier, it was suspected
that Hg®* would be the preferred analyte due to the soft-soft Lewis
acid and base interactions; however, it was observed that the
borderline Lewis acid, Cu®, was the preferred analyte. Many
variables can affect the hardness of Lewis acids and bases, such
as the fractional charge of the atoms,** solvents used,*” and the
interaction between reactants;** therefore, the hardness value of
Hg**, Cu®* and sulphur (from the sensor) can fluctuate and affect
the complexes that form.

It was also observed that Fe>* (a borderline Lewis acid)
slightly interfered with the sensing ability of both Sic and
S2¢ for both Hg*" and Cu®".

Titration studies

UV-Vis titration studies were conducted on all relevant chemo-
sensors by gradually increasing the amount of the selected
metal ion to determine the binding stoichiometry, the limit of
quantification (LOQ), the limit of detection (LOD), and to
construct the calibration curve. The studies were conducted
in acetonitrile at room temperature. Titration curves for the
mono-substituted analogue can be found in the ESIT (Fig. S30);
a linear increase in absorbance was observed for both S1b and
S$2b with the addition of Hg>*, and the saturation point (SP) was
reached after the addition of 20 pM and 60 uM, respectively.
Both Hg?" and Cu®" were used for titrations for Sic (Fig. S31,
ESIT) and S2c (Fig. 7) and a linear decrease in absorbance was
observed for all titration studies of S1c and S2c. Interestingly,
Sic displayed a decrease in absorbance at 390 nm and an
increase in absorbance at 280 nm, creating an isosbestic point
at 335 nm. This was also observed with S2¢, where the decrease
in absorbance was also at 390 nm, and the increase in the
absorbance band was shifted to 330 nm, resulting in the
isosbestic point occurring at 340 nm.

Using the titration data at 390 nm, calibration curves were
constructed for these compounds (Fig. S32, S33, ESIt and
Fig. 8). The obtained results were used not only to construct
the calibration curve, which could be used to calculate the
concentration of an unknown sample but also to determine the
LOD and the LOQ. The LOD is the lowest concentration of
the analyte that a chemosensor can reliably detect, whereas
the LOQ is the lowest concentration that can be accurately
measured. Table 1 illustrates the LOD, LOQ and SP of all
the chemosensors in the presence of their selected metal
cations. It was observed that the disubstituted compounds
(S1c and S2c¢) generally had a broader detection range

Isosbestic point b)

al o
) os 340 nm
\

Isosbestic point
s2c 340 nm

e
©

Absorbance
o
~
Absorbance

S2¢-Cu?*
S2c-Hg?*

250 350 450 550 250 350 450 550
Wavelength (nm) Wavelength (nm)

Fig. 7 Titration studies of S2c with increasing amounts of (a) Hg®* and (b)
Cu?*. Both graphs show an isosbestic point at 340 nm.
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Table1 Summary of the LOD, LOQ and SP for all relevant chemosensors

S1b Sic S2b S2c

[Hg”]  [Hg”] [cu®™]  [Hg]  [Hg”]  [Cu”]

(uM) (uM) (uM) (uM) (uM) (uM)
LOD 3.78 4.56 0.85 3.75 1.94 1.12
LOQ 11.47 13.83 2.57 11.37 5.89 3.40
SP 20.00 46.67 13.33 20.00 26.51 9.96

compared to the mono-substituted chemosensors S1b and S2b.
Furthermore, Sic and S2c displayed a lower LOD and LOQ
towards Cu®" than those of Hg”".

Benesi-Hildebrand plot and Job’s plot and bonding predictions

The absorbance, at 390 nm, from the titration curves was used to
construct the Benesi-Hildebrand plots for all relevant chemo-
sensors (Fig. S34, S35, ESIT and Fig. 9). The binding constants
were calculated and are shown in Table 2. The highest binding
constants were observed for S1c-Cu”* and $2¢-Cu** with binding
constants of 32784.59 M~ " and 16 319.59 M ', respectively, thus
further confirming the selectivity towards Cu®". The plots also
indicated that all complexes formed a 1:1 binding ratio due to
the linearity of the trend line; this was further confirmed by
performing Job’s plot experiment, which showed a 1:1 binding
ratio during complexation (Fig. $36, ESIT).

Molecular modelling and carbon-13 studies

Spartan software was utilised to visualise the binding of the
various complexes formed in the presence of Hg®" and Cu*". We
have previously shown in our group a metal analyte complex
between the lactone carbonyl and the ester carbonyl,'® as
illustrated in Scheme 2 using the thio analogue. This was again
confirmed using carbon-13 NMR shown in Fig. 10.

DFT calculations of the free coumarin derivatives showed
that the coumarin moiety exists in a planar geometry with the
ester side chain at position 3 freely rotating out of the plane;
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Fig. 9 The Benesi—-Hildebrand plot for (a) S1c and (b) S2c in the presence
of Cu?*.
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Table 2 Summary of the binding constants (BC) and binding ratios (BR) of
all relevant chemosensors

S1b Sic S2b S2¢

[Hg™"] [Hg™] [Cu™] [Hg™] [Hg™"] [Cu™]

M) @MY M) M) wMT) (M)
BC 5065.81 8412.23 32784.59 14043.72 5250.83 16319.59
BR 1:1 1:1 1:1 1:1 1:1 1:1

Free Slc

C

Slc-Cu®

Scheme 2 Computational calculations illustrating the complexation
between the two thiocarbonyl groups of Sic and Cu?*.

however, the carbonyl ester was observed to be pointing away
from the lactone carbonyl due to the electrostatic repulsion of
oxygen and sulphur atoms.

During complexation, the thioester group rotates towards
the thiolactone group, overcoming the electrostatic repulsion
due to the positively charged metal ions, to form the S1e-Cu”*
complex, thereby yielding a stabilising 6-membered ring
structure at the binding site between the two thiocarbonyl
groups.

As mentioned, carbon-13 NMR analysis was performed to
confirm the binding site observed in Scheme 2. To achieve this,
the >C NMR spectrum of Slc was obtained and compared to
the spectrum of the S1c-Cu®" complex (Fig. 10(a)). The two
thiocarbonyl carbon peaks observed at 192 ppm and 210 ppm
in Sic (Fig. 10(b)) completely disappeared in the presence of
Cu”* ions, illustrating the involvement of both sulphur atom
interactions during complexation.

Reversibility studies

Reversibility studies were conducted on the Hg®>" and Cu®*
complexes for chemosensors Sic (Fig. S37, ESIf) and S2c
(Fig. 11) using EDTA as the chelating agent. Upon the addition

b)

_Ester thiocarbonyl
ps

s Lactone thiocarbonyl

200 150 100 50 [
[ppm]

Fig. 10 **C NMR spectra of (a) Slc-Cu®* and (b) Sic.
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Fig. 11 Reversibility studies of S2c with (a) Hg?" and (b) Cu®* in the
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of excess EDTA to the complexes, there were no significant
changes noted in the absorbances, indicating that both com-
plexes (Fig. 11(a) and (b)) were not reversible.

Real-life application studies

Real-world water samples are complex matrices of different
substances that could interfere with the chemosensors’ ability
to detect the preferred analyte. Therefore, mono-substituted
S2b and the disubstituted S2¢ chemosensor abilities were
further tested using lake water as the complex real-world water
samples, collected from the North End Lake, Gqeberha, Eastern
Cape, South Africa. Pharmaceutical companies, factories and
the iconic Nelson Mandela Bay Stadium surround the North
End Lake, which could contribute to the contamination/
pollution.

However, when the collected samples from the lake were
tested for target metal ions, the amount present was too low to
be detected using our chemosensors. Hence, the samples were
spiked with known concentrations of Hg>" and Cu**, as shown
in Fig. 12 and 13.

The mono-substituted thiocoumarin derivative S2b showed
a change in its colourimetric properties from yellow to clear in
the presence of an increasing concentration of Hg>" shown in
Fig. 12. At a low mercury concentration, 33.3 pM, the solution’s
colour slightly decreased. A notable decrease was observed in
the presence of 66.7 uM Hg>", which continued with higher
concentrations; however, a clear solution was not observed.

The disubstituted thiocoumarin derivative S2¢ was also tested
for its real-world practicality in detecting dissolved Hg>" using the
spiked North End Lake water. S2¢ showed a gradual colourimetric
change from yellow to clear with the increase of Hg>" as seen in
Fig. 13(a). A notable change is observed in the presence of 33.3 M
Hg”", which gradually lightens in colour till a clear solution is
observed in the presence of 166 UM Hg>". S2¢ was also tested in
the presence of Cu®*, Fig. 12 and 13(b). A much lower

H [1! [166,
—_— ——— T——

Hg?

Fig. 12 Real-world application study of the mono-substituted S2b
(166.7 uM) chemosensor using the North End Lake water samples spiked
with Hg®* (uM).
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Fig. 13 Application study of the disubstituted S2¢ (166.7 uM) chemosen-
sor using the North End Lake water samples (a) spiked with Hg®* (uM) and
(b) spiked with Cu2* (uM).

concentration of 100.0 pM was required to produce a clear
solution; this indicated and reiterated that the disubstituted
thiocoumarin derivative was much more sensitive towards Cu**
identification.

Experimental

All the chemicals used for synthesis and analysis were purchased
from Sigma Merck and used without further purification. The
reactions were monitored using thin-layer chromatography (TLC)
and nuclear magnetic resonance (NMR) spectroscopy. The TLC
plates were pre-coated silica gel 60 F254 aluminium sheets with
0.063-0.2 mm/70-230 mesh plates. A 60:40% dichloromethane-
PET ether solution was used unless otherwise stated. The plates
were monitored under UV light to observe the formation of
synthesised compounds. The formation of the compounds was
confirmed using NMR spectra using a Bruker Advance DPX 400
(400 MHz) spectrometer. The samples were prepared in CDCl; or
CD;CN with tetramethyl silane (TMS) as the internal reference.
The chemical shift of the NMR is recorded in parts per million
(ppm). The FT-IR spectra were obtained using a Bruker TENSOR 27
spectrometer. UV-Vis analysis was conducted at room temperature
using a Shimadzu UV-3100 spectrophotometer and the UV Probe
v2.42 software. Computational studies were carried out using
Spartan Student v9.03, 2023 software. Elemental analysis was
outsourced and performed by the University of KwaZulu-Natal.

Synthetic procedures

Scheme 1 outlines the general synthetic route taken to synthesise
the desired thionated analogues of S1a and S2a and confirmed
using NMR, FT-IR and elemental analysis (for '"H NMR, *C
NMR, and FT-IR of all the products, see ESIt Fig. S.1-5.25).

Synthesis of coumarin derivatives

Ethyl 2-oxo-2H-chromene-3-carboxylate, Sla. Diethyl malo-
nate (8.01 g, 50.00 mmol) was added to salicylaldehyde (10.91 g,
50.00 mmol), 1 mL of piperidine, and five drops of glacial acetic
acid in 25 mL EtOH. The mixture was refluxed for two hours,
after which the mixture was placed in an ice bath, and the
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resulting precipitate was filtered and dried to afford the ethyl
2-oxo0-2H-chromene-3-carboxylate derivative, Sla, as a white
solid. Yield: 47%. 'H NMR: (CDCl,) dy: 1.42-1.45 (t, 3H),
4.41-4.47 (q, 2H), 7.34-7.39 (m, 2H), 7.63-7.69 (m, 2H), 8.54
(s, 1H). *C NMR (CDCl;) S¢: 14.24, 62.00, 116.82, 117.92,
118.42, 124.84, 129.49, 134.32, 148.57, 155.21, 156.71, 163.10.
IR Vpay (cm ™ *): 3065-2914 (C-H), 1761 (C=0).>*

Ethyl 8-methoxy-2-oxo-2H-chromene-3-carboxylate, S2a.
Diethyl malonate (6.30 g, 39.33 mmol) was added to o-vanillin
(5.00 g, 32.82 mmol), 1 mL piperidine, and five drops of glacial
acetic acid in 25 mL EtOH. The mixture was refluxed for two hours,
after which the mixture was put onto ice, and the resulting
precipitate was filtered and dried to afford the ethyl 2-oxo-2H-
chromene-3-carboxylate derivative, S2a, as a white solid. Yield:
95%. "H NMR: (CDCly) 8y: 1.33-1.37 (t, 3H), 3.91 (s, 3H), 4.32-4.37
(q, 2H), 7.12-7.22 (m, 3H), 8.43 (s, 1H). *C NMR (CDCl;) 6c: 14.18,
56.27, 61.84, 115.86, 118.29, 118.35, 120.60, 124.74, 144.70, 146.94,
148.74, 156.12, 162.92. IR 14 (cm™'): 3040-2854 (C-H), 1735
(C=0), 1701 (C=0).**

Synthesis of Lawesson’s reagent

Anisole (270 g, 2.50 mol) was added to phosphorus sulfide
(111.0 g, 0.25 mol). The mixture was refluxed, and after two hours,
the product precipitated. When the reaction was complete, the
mixture was cooled to room temperature. The resulting precipi-
tate was filtered and washed with anhydrous ether and anhydrous
chloroform (alcohol-free).*® 2,4-Bis(4-methoxyphenyl)-1,3,2,4-
dithiadiphosphetane-2,4-disulfide (Lawesson’s reagent) was iso-
lated as a pale yellow solid. Yield: 80%.

Synthesis of thiocoumarin analogues
General thionation reaction

The respective coumarin derivative (8.06 mmol) and Lawes-
son’s reagent (16.12 mmol) were combined and dissolved in
25 mL of dry toluene. The mixture was refluxed for eight hours
under an N, atmosphere, after which the mixture was poured
into water and extracted with ethyl acetate. The ethyl acetate
extracts were washed with brine water and distilled water. The
ethyl acetate was dried with anhydrous NaSO,, and the solvent
was removed under reduced pressure. Two compounds were
isolated using prep plates (60 :40, DCM : PET ether).*”

Major products

Ethyl 2-thioxo-2H-chromene-3-carboxylate, S1b. S1b was iso-
lated as a dark orange solid. "H NMR: (CDCl;) 6y 1.42-1.45
(t, 3H), 4.41-4.47 (q, 2H), 7.36-7.39 (t, 1H), 7.48-7.61 (d-d, 2H),
7.66-7.70 (t, 1H), 7.88 (s, 1H). "*C NMR (CDCl;) ¢: 14.06, 62.28,
116.58, 119.44, 125.73, 128.76, 132.31, 133.78, 135.62, 157.01,
164.89, 192.16. IR v (em™1): 3055-2930 (C-H), 1718 (C=O0).
C1,H,003S: 58.37% C, 4.48% H, 11.97% S.

Ethyl 8-methoxy-2-thioxo-2H-chromene-3-carboxylate, S2b.
S2b was isolated as a light orange solid. "H NMR: (CDCl;) dy:
1.41-1.45 (t, 3H), 4.01 (s, 3H), 4.41-4.44 (q, 2H), 7.14-7.19
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(m, 2H), 7.29-7.31 (m, 1H), 7.85 (s, 1H). "*C NMR (CDCl;) d¢:
14.06, 56.32, 62.24, 115.13, 119.78, 120.13, 125.69, 132.54,
135.72, 146.61, 146.98, 164.94, 191.38. IR Vpa (cm™): 3022-
2852 (C-H), 1728 (C=O0). Cy3H;,0,S: 59.48% C, 4.47% H,
11.28% S.

Minor products

O-Ethyl 2-thioxo-2H-chromene-3-carbothioate, Sic. Sic was
isolated as a light orange solid. "H NMR: (CDCl;) &y: 1.51-1.55
(t, 3H), 4.71-4.77 (q, 2H), 7.34-7.38 (t, 1H), 7.48-7.60 (d-d, 2H),
7.62-7.66 (t, 1H), 7.77 (s, 1H). *C NMR (CDCl;) d¢: 13.33, 69.56,
116.48, 119.97, 119.97, 125.64, 128.56, 133.06, 133.87, 141.11,
156.11, 192.40, 210.96. IR vpay (cm™'): 3050-2840 (C-H).
C1,H100,S: 55.30% C, 4.21% H, 24.62% S.

O-Ethyl  8-methoxy-2-thioxo-2H-chromene-3-carbothioate,
S2¢. S2c was isolated as a brown solid. "H NMR: (CDCl;) &y
1.51-1.54 (t, 3H), 4.01 (s, 3H), 4.71-4.76 (q, 2H), 7.13-7.16
(m, 2H), 7.28-7.29 (m, 1H), 7.74 (s, 1H). "*C NMR (CDCl;) d¢:
13.33, 25.32, 69.54, 114.53, 119.67, 120.69, 125.59, 133.97,
141.33, 146.61, 146.74, 191.63, 211.05. IR vmqa (cm™*): 3015-
2845 (C-H). C3H;,0;S,: 55.81% C, 4.40% H, 23.84% S.

Materials and methods
Spectroscopic measurements

Various metal stock solutions of 0.01 M were prepared by
dissolving the appropriate nitrate salts in deionised water.
The stock solution of the coumarin-based chemosensors was
prepared in a solvent system containing a 50:50 ratio of DCM
and acetonitrile to achieve a concentration of 0.01 M. The metal
screening investigation was conducted by adding 33.33 uM ali-
quots of the chosen metal ions and 33.33 pM of the coumarin-
based chemosensor to acetonitrile in a 3 mL quartz cuvette. The
competition studies were investigated in an acetonitrile solvent
system. To the quartz cuvette, 33.33 uM of the selective metal
cation, 33.33 pM of the competing metal cation and 33.33 pM
of the chemosensor were added to acetonitrile. The spectral
response of the chemosensor was investigated using UV-analysis
between absorbances of 200 and 600 nm. This study was carried
out at room temperature. Titration studies were performed by
increasing the concentrations of the selected metal cation in a
solution of acetonitrile and the chemosensor (a constant concen-
tration of 33.33 uM), and the spectral change was analysed.
These metal cations include Na', Mg”*, AI**, K*, Ca*", Cr*",
Mn**, Fe**, Fe*", Co®*, Ni**, Cu**, zn>*, Pb**, Cd**, Ba", and Hg”".

Determination of detection limits

The titration data obtained from the spectroscopic studies were
used to set up a calibration curve, Benesi-Hildebrand plot, and
calculate the limit of detection (LOD) and the limit of quanti-
fication (LOQ) for various chemosensors using eqn (1) and (2):

LOD =33 x ~ )
m
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LOQ =10 x — (2)
m

In the above equations, ¢ = the standard deviation and m =
the slope of the calibration curve.'®?®

Determination of binding stoichiometry by Job’s plot method

The binding ratio between the preferred metal cation and the
coumarin-based chemosensor was investigated using Job’s
plot UV-visible spectroscopic analysis. In this investigation,
the molar ratio between the chemosensor and the preferred
metal cation varies; however, the total molar concentration
remains at 33.33 pM. The molar ratios occur between 0.1 and
1. Job’s plot was plotted using the mole fraction vs. absorbance.
This plot shows the binding ratio between the chemosensor
and the preferred metal cation. The point of intersection on the
plot determines the binding ratio between the chemosensor
and the preferred metal cation.'®*®

Calculation of the association constant by Benesi-Hildebrand
analysis

The binding constant can also be calculated by using the
Benesi-Hildebrand plot. The Benesi-Hildebrand plot is then
used along with eqn (3):

Ao 1_ a- (AO _IAMax) * (K[analyte}ntAo - AMHX)) (3)

In the above equation, A, presents the initial absorbance of the
chemosensor, A represents the absorbance of the chemosensor
in the presence of the analyte, Ay, represents the absorbance
when the analyte is in excess, [analyte] is the concentration of
the metal cation, n is the stoichiometric ratio, and K represents
the binding constant. The Benesi-Hildebrand plot was plotted

1 1

vs. 1039
(Ag— A)  |preferred metal cation]

Reversibility studies

The reversibility of the chemosensor complexes was conducted
using UV-vis analysis in acetonitrile at room temperature.
The study was conducted by adding a single amount of the
preferred cation and monitoring the absorbance response of
the saturation point. Upon complexation, the hexadentate
chelating ligand EDTA was sequentially added to the solution
of the complex, and the absorbance response was monitored.
No change in the absorbance response indicates no reversibil-
ity, and regaining the chemosensor’s absorbance spectra
indicates complete reversibility.*°

Computational analysis

Computational analysis of the coumarin-based chemosensor
and the complex that forms in the presence of the preferred
metal cation was investigated by using Spartan. The conformer
distribution was performed at the MMFF level to obtain the
different conformers and coordination complexes that can
form. The equilibrium geometry was then performed at the
density functional level using a ®B97X-D method and a 6-31G*
basis set. The molecular modelling calculations were carried
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out in the gas phase, and the electron density map was used
to visualise the flow of electrons in the complexes that form
and determine where the metal cation complexes with the
chemosensor. The molecular modelling studies were per-
formed in a vacuum.'®*®

'"H-NMR and *C-NMR complexation analysis

Titration studies were carried out using '"H-NMR and *C-NMR
spectroscopies to determine the atoms of the chemosensors
involved in the complexation with the preferred metal cation.
The chemosensor sample was prepared by dissolving a small
amount of the sensor in CDCl;. A small aliquot of the preferred
metal cation stock solution, dissolved in deionised water, was
added to the NMR tube containing the chemosensor. The
'H-NMR and C-NMR analyses were run on the chemosensor
before the addition of the analyte. After adding the analyte, the
spectra were compared to investigate which atoms of the chemo-
sensors were involved in complexation with the selected analyte.'?®

Application studies

Colourimetric real-world application studies were performed by
spiking water sourced from the North End Lake, Ggeberha, Eastern
Cape, South Africa. The water was used to make a 0.05 M solution
of Hg”* and Cu”" that was then added to a 3 mL acetonitrile
solution containing 10 pL of the chemosensor (0.05 M).

Conclusions

Herein, we successfully synthesised ethyl 2-oxo-2H-chromene-3-
carboxylate, Sla, and ethyl 8-methoxy-2-oxo-2H-chromene-3-
carboxylate, S2a. These compounds were then subjected to thio-
nation using Lawesson’s reagent. The reaction resulted in two
products: the major product was identified and characterised as
the mono-substituted analogues (S1b and S2b), and the minor
product was identified and characterised as the disubstituted
analogues (Slc and S2c¢) of Sla and S2a. The substitution of
the carbonyl oxygens by sulphur atoms was predicted to occur
stepwise in which the carbonyl of the lactone ring was first
substituted, followed by a second substitution on the ester moiety.
This was supported by following the reaction with TLC plates; the
mono-substituted was first synthesised, followed by the appear-
ance of the disubstituted thiocoumarin derivatives.

The mono- and disubstitution effect on S1a and S2a as a
chemosensor for metal ions was investigated in acetonitrile.
It was observed that the selectivity changed from Fe>* and Fe**
to Hg®" in the mono-substituted analogues S1b and S2b.
Subsequently, the disubstituted analogues Slc and S2c were
selective for Hg** and Cu®'. Further studies have shown that
S1a was not selective for the preferred metal cation, Fe*" and
poor selectivity was observed for S1b and S2b towards Hg>".
However, remarkable selectivity towards Hg®>" and Cu®" was
observed for S1c and S2¢, with only Fe*" slightly interfering with
the selectivity. Furthermore, it was also concluded that S1c and
S2¢ selected Cu** above Hg*".
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Lastly, real-world application studies showed that S2b could
be used as a qualitative colourimetric chemosensor for Hg*",
and S2c¢ can be used as both a qualitative and quantitative
colourimetric chemosensor for Hg*". It is recommended that
S2c¢ is used as a qualitative colourimetric chemosensor for Cu**
due to the high sensitivity towards Cu®*. However, quantitative
analysis of the analytes could be performed using a UV-vis
spectrophotometer for all sensors tested.

In this paper, we have shown that it is possible to change the
selectivity of a chemosensor by substituting the carbonyl oxy-
gens with their sulphur analogues, leading the way to designing
chemosensors that are selective for Hg”".
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