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Abstract

A new coumarin-based fluorescent chemosensor, 3, incorporating a hydrazone (-NH-N=C-), was designed and
synthesized. The chemosensor displayed higher affinity towards Fe3* in water-acetonitrile solution in the
presence of other competing cations in emission and absorption essays. The binding stoichiometry between the
chemosensor 3 and Fe3* was shown to occur in a 1:1 ratio, and the binding modes of the chemosensor towards
Fe3* were identified through the emission response, 'H NMR, FT-IR and molecular modelling studies. The
hydroxyl and amine functionalities on 3 were recognized as possible binding sites. The chemosensor presented
a limit of detection, a limit of quantification and the association constant of 0.45 uM, 1.50 uM and 3.01 x 10 M-
1 respectively.
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Introduction

Iron is the second most abundant heavy metal on Earth 1. It is an essential heavy metal in the human body,
playing a crucial role in complex formation with proteins and enzymes that facilitate important physiological
processes, including oxygen binding and participation in the electron transport chain 23 . However, excessive
iron can be toxic to humans and other living organisms 4. When free iron accumulates in the liver, heart, and
nervous system, it enters cells and causes damage to mitochondria °. This interruption of vital cellular
mechanisms leads to the formation of radicals, ultimately resulting in cell death &7, The presence of ferric ions
in the environment is mainly attributed to natural resources and human activities such as mining 8, as well as
industrial ° or municipal wastewater 19, which subsequently contaminate soil, vegetation, and water 1. In
developing communities, ferric ions may contaminate drinking water through pipe corrosion. The World Health
Organization (WHO) regulations recommend a ferric ion dose of 0.3 mg/L in drinking water, although this may
slightly vary depending on the geographical location and coagulating agents used in water treatment plants 2.
Monitoring the concentration of Fe3*in drinking water is crucial for the preservation of public health. Water
purification facilities commonly employ spectroscopy techniques, such as atomic absorption spectroscopy (AAS)
13 inductively coupled plasma-mass spectrometry (ICP-MS) 14, cold-vapor atomic fluorescence spectroscopy
(CV-AFS) >, and neutron activation analysis (NAA) ¢, to quantitatively monitor iron levels in water. However,
these techniques are expensive, destructive, and highly labor-intensive 7-'8  Additionally, they require
sophisticated instrumentation unsuitable for field use, skilled personnel, complicated sample collection, pre-
treatment, and long measurement periods 1°.Optical sensors, including colorimetric and fluorometric
chemosensors, utilize electromagnetic radiation to detect analytes across a broad range of wavelengths 2022,
These sensors employ principles such as absorbance, reflectance, fluorescence, and phosphorescence to
measure the properties of light and determine the presence of analytes. Comprising a synthetic binding site, a
chromophore or fluorophore, and mechanisms for modifying optical properties upon analyte binding, these
sensors offer stability and can be tailored for diverse analytes, unlike biological receptors. Optical sensors
provide several advantages over conventional analytical methods, including enhanced sensitivity, selectivity,
and the capability to operate across different wavelengths 22, Several small molecule fluorescent sensors have
been developed to detect Fe3+23-24, However, many of these sensors still face challenges such as poor selectivity,
weak sensitivity, and low water solubility. Typically, fluorescent molecular sensors consist of a receptor unit
chemically bonded to a light-emitting chromogenic or electrochemical fluorophore or recognition unit. The
sensitivity of the recognition unit towards a specific analyte characterizes molecular sensors 2°. Recent studies
indicate that fluorescent chemosensors incorporating a coumarin motif as a recognition unit, along with ligands
attached to their core, can address issues such as poor metal ion selectivity and sensitivity 2°. This is attributed
to the coumarin molecule's sensitivity, high quantum vyield, ease of synthesis, and structural tunability of the
conjugated coumarin motif 228, Additionally, hydroxyl functionalities have also been reported to enhance the
hydrophilic properties of the coumarin backbone 2°3%31, Quang et al. developed a chemodosimeter based on a
rhodamine-6G Schiff base for the selective detection of Fe3* ions. Upon the addition of Fe(lll) ions to an aqueous
solution, the chemosensor demonstrated a significant enhancement in fluorescence. This study not only
showcased the high selectivity of the chemosensor towards Fe3* ions but also highlighted its potential
application in monitoring Fe(lll) levels in living cells 32. In a separate investigation, Zhang et al. presented a cation
sensor with the capability of specifically detecting Fe3* ions even in the presence of other metal ions 33, The
sensor design was characterized by its simplicity and its ability to achieve remarkable sensitivity and selectivity
towards Fe3+ ions. Additionally, Luo and colleagues designed a colorimetric chemosensor based on bis-
(rhodamine) for the recognition of trivalent ferricions (Fe3+). The chemosensor exhibited exceptional selectivity
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and sensitivity towards Fe3* ions 3*. Furthermore, several other Fe3+ chemosensors have been reported and
discussed in the literature 3>-38,

Building upon the aforementioned research and our investigation into fluorescent colorimetric
chemosensors 32, this study introduces a novel coumarin derivative bearing a hydrazone moiety, namely (E)-
8-(2-(dihydrofuran-2(3H)-ylidene)hydrazinyl)-7-hydroxy-4-methyl-2H-chromen-2-one (3). The incorporation of
nitrogen groups in the hydrazone and the lone pairs of the hydroxyl group provides specific binding sites for
Fe3*. Chemosensor 3 exhibits a strong affinity towards Fe3* ions, even in the presence of other commonly
occurring metal ions in water-acetonitrile solutions, via a turn-off fluorescence mechanism.

Results and Discussion

Synthesis of (E)-8-(2-(dihydrofuran-2(3H) ylidene)hydrazinyl)-7-hydroxy-4-methyl-2H-chromen-2-one (3)

The study commenced with the synthesis of fluorescent coumarin-containing hydrazone compound 3. The
synthesis of compound 3 involved a series of multi-step reactions starting from resorcinol. Initially, 37 g of
resorcinol was dissolved in 45 ml of ethyl acetoacetate, and the resulting solution was slowly added to a cold
150 ml solution of H,SO4 while carefully maintaining the temperature below 10°C. The mixture was stirred for
0.5 hours, followed by its pouring into ice-cold water. Subsequently, the solid product, 7-hydroxy-4-methyl-2H-
chromen-2-one, was isolated by filtration and drying.In parallel, coumarin derivative 1 was prepared using
established procedures described in the literature*®*’. The synthesis of coumarin derivative 1 involved a two-
step process starting from resorcinol. By employing these multiple-step syntheses, various coumarin derivatives
were generated as intermediates, ultimately leading to the synthesis of the target fluorescent coumarin-
containing hydrazone compound 3.

NH, \\,(, ~
HO ) o
HO ) o o o o

NaNO,, EtOH, HC CuS0,.5H,0, NaAsc, PMDTA, THF

Z P -

Scheme 1. Reaction scheme for the synthesis of (E)-8-(2-(dihydrofuran-2(3H)-ylidene)hydrazinyl)-7-hydroxy-4-

methyl-2H-chromen-2-one (3)

X-Ray structure of 3
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Further structure confirmation of chemosensor 3 was done using single-crystal X-ray diffraction analysis.
Compound 3 was recrystallized in THF solvent to afford suitable crystals for x-ray studies. The single-crystal
structure for chemosensor 3 (Figure 1B) is presented as expected, with the coumarin ring and all substituents
in the same plane. However, there is a difference in the orientation of the tetrahydrofuran ring in the X-ray
structure to that of the computational structure of 3 (Figure 1C). This is because the crystal structure was
obtained in its fixed solid state, whereas the computational structure was in its gas state. Otherwise, all the
substituents and functionalities of 3 are presented on the crystal structure. Hydrogen bonding was observed to
stabilize 3 through the hydroxyl group at position 7 of the coumarin and the imine nitrogen, connected to the
furan ring.

(A)

Figure 1. (A) Single-crystal X-ray structures of 2; (B) Single-crystal X-ray structures of 3; (C) computational
molecular structure of 3 at PM3 level using Spartan ‘10 V1.10.

UV-Vis absorption assays

The chemosensing ability of 3 was investigated using UV-Vis spectral analysis in a water/acetonitrile (50/50)
solvent system. 3 showed a spectral pattern in its unbound state with two absorption bands at 275 nm and 320
nm. We further explored the selectivity of 3 towards various metal ions that are mostly found in the water by
mixing a solution of 3 with 0.5 molar equivalence of metal ions solutions of Ag*, Na*, AI**, Ca®*, Ba?*, Fe?*, Fe3*,
Cr3*, Hg?*, Cu?t, Co?*, Cd*, Zn?, Li*, Pb?* and Ni?* at room temperature. Interestingly, Cu?*, Fe3* and Hg?** showed
distinct spectral changes where a new absorption band formed at 300 nm upon adding any of these metal ions.
The formation of the new peak indicates that 3 forms complexes with these metal ions. None of the other tested
cations presented a notable change in the absorption spectra (Figure 2).

A systematic approach was carried out to determine the effect of competing cations on 3-Cu?*, 3-Hg?* and
3-Fe3* complexes (Figure 3). This was accomplished by adding 4.5 molar equivalence of metal ions to the solution
of 3 before adding the same amount of Fe3* to the recognition sensing system. The formation of the 3-Fe3*
complex was not affected by the addition of competing metal ions compared to the 3-Cu?* and the 3-Hg?*
complexes. This means that 3 is selective to Fe3* in the presence of other metal ions, forming a more stable
complex with Fe3* than any other competing cations. The chemosensor properties of 3 were further explored
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by examining its absorption spectra in the presence of different concentrations of Fe3*. The gradual addition of
Fe3* resulted in a hyperchromic shift of the new absorption band at 300 nm. This further indicates that 3 forms
a complex with Fe3*. The complex’s saturation point was attained after adding three molar equivalences of Fe3*.

Exactly two isosbestic points, at 280 nm and 325 nm, were observed in the absorption spectra of 3 with the
addition of Fe3* (Figure 4). This proves that there exist various stable complexes of 3-Fe3".
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Figure 2. Absorption spectra of chemosensor 3 (1.53 x 10* mol/L) in the presence of 0.5 molar equivalence of
different metal ions in water. Metal ion stock solution: 0.01M.
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Figure 3. Absorption responses of 3 (1.53 x 10 M) upon addition of 4.5 molar equivalence of various metal ions
(green bar) and addition of Fe3* (mol eq) with other metal ions (mol eq) (orange bars). The experiments were
performed in water, and the concentration of metal ion stock solutions was 0.01 M.
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Figure 4. Absorption spectra of 3 (1.53 x 10> mol/L) in water-acetonitrile upon stepwise addition of Fe3* aliquots
(0-4.33x 10 mol/L).

Emission spectroscopy

The metal cation chemosensing ability of 3 was investigated using emission spectral analysis in the water-
acetonitrile solvent system. The selectivity of 3 towards metal ions was initially investigated by mixing it with
metal ions solutions of Ag*, Na*, Ca?*, Ba%*, Fe?*, Fe3* Cr3*, Hg?*, Cu?*, Co?*, Cd?*, Zn**, Li*, Pb?* and Ni?* at room
temperature. There were no notable changes in the spectra of 3 when the metal was added except for Fe3*
(Figure 5). The interaction of Fe3* with 3 caused a quenching in the emission of 3, which indicates interaction.
The competition experiments were conducted to assess the stability of the 3-Fe3* complex in the presence of
other metal ions using fluorescence analysis.
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Figure 5. Emission spectra of chemosensor 3 (6.12x107 M) in the presence of the aliquot (8.33x10* M) of
different metal ions. The experiments were conducted in water at an excitation wavelength of 320 nm.

To achieve this, 1.0 molar equivalence of metal ions were added to the solution of 3 before adding the
equivalence of Fe3* and monitoring the resultant fluorescence emission at 450 nm. In the presence of Ag*, the
quenching caused by Fe3* could not be realized, whereas the opposite outcome was realized in the presence of
other metal ions (Figure 6). This shows that the 3-Ag* is a non-reversible complex, and thus Fe3* complex can’t
form. However, 3 could still be used as a fluorometric chemosensor for Fe3*.
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Figure 6: Fluorescence responses of 3 (6.12 x 10* M) upon the addition of various metal ions (8.33 x 10* M
aliquot) (blue bar) and upon addition of Fe3* (1.0 mol eq) with other metal ions (1.0 mol eq) (brown bars). The
experiments were performed in water at an excitation wavelength of 320 nm, and the metal ion stock solutions
had a concentration of 0.01 mol/L.

The titration experiments were conducted at room temperature at Aexcitation = 320 nm, and a decrease in
fluorescence intensity at 450 nm was observed with an increase in Fe3* concentration (Figure 7). The saturation
point of 3 was achieved after adding one molar equivalence of Fe3*. The fluorescence quenching was due to the
heavy metal effects of Fe3* ions %8, The linearity in Fe3* ion concentration was found in the 0 — 25 pmol/L range
with a correlation coefficient of R?= 0.99.
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Figure 7: Emission spectra of chemosensor 3 (6.12 x 10 mol/L) in water/acetonitrile upon stepwise addition of
Fe3* aliquots (0-1.4 x 1073 mol/L).

A Job’s plot of 3 with Fe3* was constructed to establish the stoichiometry relation of the 3-Fe3* complex
using the continuous variation method %°. The graph of emission intensity versus the molar fraction of Fe3* at
450 nm indicates that the trend lines fitted to linear sections intersect exactly at 0.5 molar fraction (Figure 8a).
This proposes a 1:1 stoichiometry of 3-Fe3* complexation. A plot of I/l against the molar concentration of Fe3*
is presented in Figure 8b, where | and |, are the emission intensity in the presence of different concentrations
of Fe3* and the absence of Fe3*, respectively. A linear Stern - Volmer calibration plot (Eq.1) with a correlation
coefficient of 0.99 confirmed the presence of static quenching mode due to the formation of the 3-Fe3* complex.
The association constant of 3.71 x 10 M and the detection limit of 2.2 uM were evaluated graphically from a
similar equation °%->1,
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Figure 8. (A) A Job’s plot for 3-Hg?* binding in water/ acetonitrile with a constant total concentration of 6.12 x
10~7 mol/L. (B) A Stern — Volmer plot of lo/I against [Fe3*].
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Io
— =1+ Ksv [Fe3*]
1 Equation .1

To understand the complexation mode of 3-Fe3*, 'H NMR titration experiments using increasing amounts of
Fe3* were carried out. Stepwise addition of Fe3*aliquots (3 uM) in deuterated dimethyl sulfoxide (DMSO-ds)
solution of 3 caused a decrease in intensity of all proton signals for the chemosensor3 (Figure 9). This illustrates
that Fe3* interact with 3, which causes a decrease in signal due to paramagnetism.
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Figure 9. 'H NMR signals of 3 with increasing amounts of Fe3* in DMSO-de
Molecular modelling studies were used to confirm the binding sites. The unbounded 3 shows higher electron
density around the hydroxyl at position-7 and the hydrazone at position-8, and low electron density at carbonyl

at position-2 and the methyl group at position-4 on the coumarin ring (Figure 10A). The electron-dense region
can then take up a Lewis acid Fe3* which can take up a lone pair of electrons, as illustrated in Figure 10B.

Io
7= 1+ Ksv [Fe®*]
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Figure 10. (A): Electron density of 3 and (B) 3-Fe3* complex at MMFF level using Spartan ’10 V1.10.

The interaction between Fe3* and the electron-dense region of 3 interrupts the charge transfers around the
coumarin ring. The absorption and emission spectra analysis, Job’s plot study and *H NMR titration experiment
data of 3 all support the complexation with Fe3*. It can be concluded that the complexation of Fe3* with 3

involves the lone pairs of electrons on the hydroxyl and primary amine functionalities via a stable six-membered
ring.

Table 1. Comparative study on the proposed method and the existing fluorogenic Fe3* probes

Proposed methods LOD Ka (M-1) Ref.
3
/ N 0.46 pM 1.59x 10* M 2
L
N N
HNJ— 71.4 nM 1.49x 10' M 40
N

-
=,/
—’—HN
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1.3x107 M 2.6 x10°M? 53
/N
\0 N?N
\N
ovg/
8.45 x 10° M - 54
N
" 1.4 UM 3.3x 10*°M?! 4
1.5x10°M - 55
2.0x10°M - 56

Conclusions
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In summary, a new coumarin-based fluorescent chemosensor 3 incorporating a hydrazone was successfully
synthesized through multiple-step syntheses. The addition of Fe3* into acetonitrile/water solution of 3 resulted
in the formation of a new absorption band at 300 nm and the quenching of the fluorescence. The competition
studies of the 3-Fe3* complex showed that 3 could act as a highly sensitive fluorescent chemosensor for
quantitative recognition of Fe3* ions. The Job’s plot analysis showed a possible 1: 1 binding ratio for the 3-Fe3*
complex. The selectivity is greatly based on the involvement of the lone pairs of electrons on the hydroxyl and
primary amine functionalities via stable six-membered rings, as illustrated by molecular modelling.

Experimental Section

General. All the reagents and solvents used to prepare the chemosensor were purchased from Sigma Aldrich,
Merck and utilized without any purification. All derivatives of 8-amino-7-hydroxy-4-methyl-2H-chromen-2-one,
1, were obtained according to the literature method #°. The stock solution used for absorbance and fluorescence
studies was obtained from pure solid samples of (E)-8-(2-(dihydrofuran-2(3H)-ylidene)hydrazinyl)-7-hydroxy-4-
methyl-2H-chromen-2-one, 3, which was dissolved in acetonitrile to yield a solution of 1.53 x 10™* mol/L. Metal
ion stock solutions (0.01 M) were prepared with pure water (Millipore water) (50ml) using sulphates salt for Fe?*
and nitrate salts for all other metals (Ag*, Na*, AI**, Ca?*, Ba®*, Fe?*, Fe3*, Cr3*, Hg?*, Cu?*, Co?*, Cd?*, Zn?*, Li*, Pb**
and Ni%*). The solutions of 3 were used in titration experiments conducted at room temperature using a 3 ml
quartz cuvette.

Synthesis of Compound 1. Compound 1 was synthesized from literature proceedings*’ [32]. Yield 67%. Mp 112-
127 °C. *H NMR (400 MHz, DMSO) & 11.71 (s, 1H), 7.49 (d, J 8.3 Hz, 1H), 7.06 (d, J 8.4 Hz, 1H), 6.23 (s, 1H), 2.39
(s, 3H). 13C (400 MHz, DMSO) 160.80, 154.56, 148.04, 141.75, 124.01, 112.89, 111.66, 110.39, 18.68. FT-IR V/cm
3040 (OH), 2380 (NH2), 1702 (C=0).

Synthesis of coumarin derivative 2. Coumarin derivative, 2, was synthesized by adding a solution mixture of 20
ml EtOH and 30 ml HCI (1M) to 1 (1.00 g, 5.70 mmol. The mixture was kept in ice until its temperature was below
5°C. NaNO; (2.00 g, 28.50 mmol) was added to the cooled mixture, and the mixture was stirred for 0.5 h. After
a period of stirring, the resulting precipitate was filtered off, washed with water and dried under reduced
pressure to afford the reddish-brown product 2 in 63% vyield.

Synthesis of 3. Compound 2 (0,5 g), but-3-yn-2-ol (2 mol eq), Cu2SO4 (0.02g, 0.054 mmol), sodium ascorbate
(0.03 g, 0.15 mmol), and PMDETA (0.03 g, 0.15 mmol) were added to tetrahydrofuran (THF) (20 mL) and stirred
for 72 hours. THF was removed under reduced pressure, and the resultant crude product was purified by column
chromatography over silica gel (Hexane: Ethyl acetate, 70:30) to yield compound 3 as a yellow solid in 75% yield.
m.p. 125-130 °C. IR vmax (cm~1): 3393 (0-H), 3302 (C-H), 2127 (Na), 1683 (C = 0), 1601 (C = C). *H NMR (500
MHz, DMSO-d) 10.88 (s, OH), & 9.79 (s, 1H), 7.12 (d, J 7.5 Hz, 1H), 6.65 (d, J 7.5 Hz, 1H), 6.55 (g, J 0.9 Hz, 1H),
3.89 (d, J 2.2 Hz, 1H), 3.80 (d, J 2.2 Hz, 1H), 2.53 (t, J 7.1 Hz, 2H), 2.15 (t,3H), 1.54 — 1.45 (m, 2H). 13C NMR (125
MHz, DMSO-d) 6§ 168.45,162.92,155.55, 151.15,137.18,123.78,122.87,121.96,113.55,113.26, 97, 71.37
,29.81,21.59, 21.31.

Measurements

The crude products were purified using Column Chromatography technique with silica gel of particle size 0.050 —

0.063 mm (70% ethyl acetate and 30% hexane). FT-IR spectra analysis to confirm compound functionalities was
Page 12 of 15 ©AUTHOR(S)



Arkivoc 2023, (viii) 202312030 Hamukoshi, S. S. et al.

done using Opus software on a Perkin-Elmer FT-IR 180 spectrometer, and the *H NMR and 3C NMR analyses
were done on a Bruker Advance DPX 400 Spectrometer (400 MHz) in CDCl; or DMSO-ds. NMR analyses were
done at room temperature, and tetramethyl silane (TMS) was used as the internal reference. The Perkin Elmer
Lambda 35 UV-Vis spectrometer and Perkin Elmer LS 45 spectrometer were used for recording UV-Vis and
emission spectrum, respectively.
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