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r(II) and dimeric oxovanadium(V)
complexes of amide–imine conjugate: bilirubin
recognition and green catalysis†

Jayanta Das,a Sabyasachi Ta, a Noor Salam,ab Sudipta Das, c Subhasis Ghosha

and Debasis Das *a

An exceptionally simple amide–imine conjugate, (E)-N′-(4-(diethylamino)-2-hydroxybenzylidene)-4-

methylbenzohydrazide (L), derived by the condensation of 4-methyl-benzoic acid hydrazide (PTA) with

4-(diethylamino)-2-hydroxybenzaldehyde was utilized to prepare a dimeric oxo-vanadium (V1) and

a one-dimensional (1D) copper(II) coordination polymer (C1). The structures of L, V1 and C1 were

confirmed by single crystal X-ray diffraction analysis. The experimental results indicate that V1 is

a promising green catalyst for the oxidation of sulfide, whereas C1 has potential for a C–S cross-

coupling reaction in a greener way. Most importantly, C1 is an efficient ‘turn-on’ fluorescence sensor for

bilirubin that functions via a ligand displacement approach. The displacement equilibrium constant is

7.78 × 105 M−1. The detection limit for bilirubin is 1.15 nM in aqueous chloroform (chloroform/water, 1/4,

v/v, PBS buffer, and pH 8.0).
Introduction

The signicance of amide functionality has attracted special
attention in pharmaceutical chemistry1,2 as reected by the fact
that ∼25% of drug molecules contain amide functionalities.3

Moreover, conformational diversities allow amide moieties to
be useful in synthetic chemistry.4–10 However, metal complexes
having variable oxidation states are promising catalysts for
organic transformation and the synthesis of bio-active
compounds and functional materials.

In this context, oxo-vanadium(V) complexes play a vibrant
role in several biochemical processes, such as insulin
mimicking activities,11–13 anti-cancer activities,14–17 nitrogen
xation,18 halo peroxidation,19 phosphorylation20 and sulphide
oxidation.21 Sulphide oxidation plays a crucial role in the acti-
vation of enzymes and useful synthetic intermediates in several
chemical and bio-active molecules.22–24 Traditional synthesis
generates a signicant amount of waste25–27 and causes over-
oxidation, leading to sulfones.28 To overcome the issues
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regarding selectivity and yield, metal complexes may play
a signicant role as catalysts.29–35

However, Cu(II) complexes have occasionally been employed
as catalyst, antiviral, antibacterial and anti-tumor agents.36–43

Several Cu(II) complexes have also been used for trace level
detection and estimation of amino acids.37–40 Most notably,
copper-catalyzed Ullmann-type C–S cross coupling reaction is
very useful.44 Aryl sulphide component is commonly encoun-
tered in several drugs for the treatment of diseases, such as
Alzheimer's, Parkinsons, cancer, HIV, diabetes and inamma-
tion.45 The transition metal complex catalyzed C–S cross-
coupling reactions have been relatively less explored
compared to other carbon–heteroatom bonds, viz. C–N, C–O
and C–P, probably owing to the associated S–S coupling and
poisoning of the catalyst, particularly thiophilic Pd-based cata-
lysts.46 To overcome catalyst poisoning, different systems, such
as palladium compounds,47–50 nickel compounds,51,52 CoI2(-
dppe)/Zn,53 In(OTf)3,54 FeCl3 (ref. 55 and 56) and copper
compounds,57–63 have been employed. However, it requires
unfavourable reaction conditions, such as toxic polar solvent,
high temperature (over 200 °C) and high catalyst loading.64

Hence, there is ample scope to contribute to the development of
environment-/reaction-friendly and efficient catalysts for
Ullmann-type C–S cross coupling reactions.

In addition, the literature suggests that metal complexes are
potential candidates for the recognition of bio-molecules65–68

and bio-relevant analytes.69–73 Bilirubin (C33H36N4O6), a natural
yellow colored linear tetrapyrrole compound, is catabolically
produced by the degradation of red blood cells (RBCs) in the
body.74,75 Aer its formation in the tissue, heme is transported
RSC Adv., 2023, 13, 13195–13205 | 13195
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to the liver in an unconjugated form using serum albumin as
a carrier protein. In the liver, bilirubin predominantly trans-
forms into bilirubin diglucuronide via an enzymatic conjuga-
tion reaction. This conjugated bilirubin, unlike unconjugated
bilirubin, is fairly water soluble and thus excreted via the
bile.76,77 The normal bilirubin concentration in the blood of
a healthy and adult person lies in the range of 0.3–1.9 mg dL−1,
including conjugated bilirubin (CB) (0.1–0.4 mg dL−1), uncon-
jugated bilirubin (UCB or free bilirubin) (0.2–0.7 mg dL−1) and
a trace amount of non-protein-bound unconjugated bili-
rubin.78,79 It is already known that bilirubin level in new born
babies is almost ten times higher than that of adults.80 A low
level of serum bilirubin concentration is associated with several
clinical symptoms viz. iron deciency and coronary artery
disease, whereas its higher concentration (>2.5 mg dL−1) leads
to hyper-bilirubinemia or jaundice. The elevated level of serum
bilirubin in new-born babies oen causes neonatal jaundice
with symptoms of yellow skin and sclera, liver diseases (viz.
cirrhosis and hepatitis), hearing loss, athetosis, brain damage
related to lifelong neurologic sequelae (kernicterus) or even
death.81,82

Although several methods of bilirubin determination, such
as Jendrassik–Grofmethod, spectrophotometric method,83,84

HPLC,85,86 chemiluminescence combined with ow injection
analysis,87,88 capillary micellar electrokinetic chromatog-
raphy89,90 and bilirubin oxidase enzymatic analysis are avail-
able,91,92 uorescence technique has more advantage over
others owing to its operational simplicity, instantaneous
response, high sensitivity, and non-destructive
methodology.93–95 Hence, the development of uorescence-
based bilirubin sensors has attracted immense attention. For
example, recognition of unconjugated, conjugated and total
bilirubin has been performed using a D-glucuronic acid
appended polymer (PF-Ph-GlcA),96 modied MOF (UIO-66-
PSM),97 Zr-MOF: Eu3+ probe,98 HSA-AuNCs,99 L-cysteine modu-
lated-CuNCs,100 BSA-CuNCs,101 Fe(III)-modulated BSA-CuNCs,102

2,2′-((1E,1′E)-(6-bromopyridine-2,3-diyl) bis-(azanylylidene)) bis-
(methanylylidenediphenol),103 ber optic uorescent bio-
sensors,80,104 Ru(bipy)3

2+,105 S,N-doped CDs106 and 4,4,4-
triuoro-1-(thiophen-2-yl)-butane-1,3-dione europium(III)
complex (Eu(tta)3),107 pyrene based Schiff-base,108 polystyrene
based probe,109 and N-doped graphene QDs/CoFe2O4-DOPA/
H2O2 system.110

A careful review of the literature indicates that very few metal
complex-based bilirubin sensors111,112 are available that func-
tion via a uorescence quenching mechanism, a highly unde-
sirable protocol. Herein, we explored a 1D copper(II)
coordination polymer (C1) for the recognition of bilirubin via
“turn-on uorescence” without any signicant interference
from competing bio-molecules. We proposed that the recogni-
tion of bilirubin proceeds via the “ligand displacement
approach”113,114 in which the amide–imine conjugate (L) from
the C1 is displaced by bilirubin in solution, resulting in the
uorescence enhancement of the system. Moreover, it is found
that the dimeric oxovanadium(V) (V1) and 1D copper(II) coor-
dination polymer (C1) of the amide–imine conjugate efficiently
13196 | RSC Adv., 2023, 13, 13195–13205
catalyse the oxidation of sulphide and C–S cross-coupling
reactions in a greener way, respectively.

Experimental
Synthesis

4-Methyl-benzoic acid hydrazide (PTA, Scheme 1). 4-Methyl-
benzoic acid hydrazide (PTA) was synthesized by the developed
procedure.115 Calculated yield: 76%. Anal. calcd (%) for
C8H10N2O: C, 73.98; H, 6.71 and N, 18.65; found: C, 73.65; H,
6.82 and N, 18.71. ESI-MS (p+) spectrum shows m/z at 151.602
and 173.659 for [PTA + H+] and [PTA + Na+] adduct (Fig. S1,
ESI†). 1H NMR (Fig. S2, ESI†) [400 MHz, DMSO-d6, TMS, J (Hz),
d (ppm)]: (a) 9.698 (1H, s), (b) 3.557 (2H, s), (c) 2.320 (3H, s),
aromatic proton. 7.695 (2H, d, J = 8) and 7.23 (2H, d, J = 8). 13C
NMR (Fig. S3, ESI†): 166.24, 141.27, 130.57, 129.11, 127.15,
21.14. FTIR spectrum (Fig. S4, ESI†) (KBr, cm−1): 2821 n(C–H
aromatic); 2970 n(N–H); 1657 n(C]O) and 1271 n(N–N).

(E)-N′-(4-(Diethylamino)-2-hydroxybenzylidene)-4-
methylbenzohydrazide (L, Scheme 1). A mixture of 4-methyl-
benzoic acid hydrazide (PTA) (150 mg, ∼1 mmol) and 4-
(diethylamino)-2-hydroxybenzaldehyde (193 mg, ∼1 mmol) in
methanol is reuxed for 6 hours, and the resulting brown
solution was kept for slow evaporation. Aer three days, X-ray
quality needle-shaped brown crystals were isolated at 82%
yield. X-ray crystallographic analysis is performed using
a Bruker SMART APEXIII CCD diffractometer with Mo-Ka
radiation (l = 0.71073 Å). L belongs to the ‘P�1’ space group. The
crystallographic renement parameters are listed in Table S1,
ESI.† Anal. calcd (%) for C19H23N3O2: C, 70.13; H, 7.12 and N,
12.91; found: C, 71.01; H, 7.27 and N, 12.87. 1H NMR (Fig. S5,
ESI†) [400 MHz, CDCl3, TMS, J (Hz), d(ppm)]: (a) 11.792 (1H, s, –
CONH), (b) 11.506 (1H, s, –OH), (c) 8.410 (1H, s, –N–CH–), (d)
2.372 (3H, s, –CH3), (e) 3.369 (4H, m), (f) 1.09 (6H, t, J = 7.2),
7.815 (2H, d, J = 8), 7.326 (2H, d, J = 8), 7.178 (1H, d, J = 8.8),
6.116 (1H, d, J= 2.4) and 6.116 (1H, d, J= 2.4).13C NMR (Fig. S6,
ESI†): 162.55, 160.17, 150.56, 150.24, 142.19, 132.09, 130.71,
129.50, 127.95, 106.91, 104.08, 97.94, 44.26, 21.50 and 13.00.
ESI-MS (p+) (Fig. S7, ESI†) m/z calculated. For C19H23N3O2:
325.18, found: 326.48 (100%). FTIR (KBr, cm−1) (Fig. S8, ESI†),
3279 n(N–H); 1595 n(C]N); 1632 n(C]O); 3029 n(C–H); 1279
n(N–N). The quantum yield is 0.78.

Dinuclear oxovanadium(V) complex (V1). A mixture of
methanol solutions of VOSO4 (0.033 g, 1 mmol, and 5 mL) and L
(0.065 g and 1 mmol) was stirred for 4 hours at room temper-
ature (Scheme 2). The slow evaporation of the solvent resulted
in dark brown crystals, which are suitable for X-ray diffraction
analysis. Calcd yield, 73%. Single crystal X-ray diffraction
analysis was performed using a Bruker SMART APEXIII CCD
diffractometer with Mo-Ka radiation (l = 0.71073 Å), conrm-
ing the structure of the V1. It belongs to the ‘P�1’ space group.
The crystallographic renement parameters are listed in Table
S1, ESI.† Anal. calcd (%) for C40H48V2N6O8: C, 57.01; H, 5.74
and N, 9.97; found: C, 57.37; H, 5.48 and N, 9.82. ESI-MS (p+)
(Fig. S9, ESI†) m/z for one asymmetric unit C20H24VN3O4

calculated: 421.37, found: 422.14; selected FTIR bands
(KBr, cm−1) (Fig. S10, ESI†): 3185 n(O–H); 2970 n(C–Har); 1244
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of V1 and C1.

Scheme 3 The V1 catalyzed oxidation of sulfide.

Scheme 1 Synthesis of PTA and L.
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n(N–N); 1188 n(C–O), stretching vibration; 963 n(V]O); 830 n

[V–(m-O)–V] mode and 1586 n(C]N). The UV-vis spectrum in
aqueous methanol (1 : 1, v/v, 10 mM, Fig. S11, ESI†): l, nm
(3, M−1 cm−1); 371 (37 000).

1D Cu(II) coordination polymer (C1). C1 was prepared by
mixing a solution of Cu(OAc)2 (0.051 g, 1 mmol, and 5 mL) in
DMF with a prestirred solution of L (0.091 g, 1 mmol, and 5 mL)
in DMF. The stirring was continued for 3 hours, and the
resulting intense green solution was used for slow evaporation.
Aer 15 days, X-ray quality green crystals were collected at 81%
yield and analysed by SC-XRD, as aforementioned. C1 belongs
to the ‘P�1’ space group. The crystallographic renement
parameters are listed in Table S1, ESI.†

ESI-MS (p+) (Fig. S12, ESI†) m/z calcd for C19H22Cu3N3O4:
547.04, found: 547.99. FTIR (KBr, cm−1): 3085 n(N–H); 3370
n(OH); 2970 n(C–Har); 1601 n(C]N) (Fig. S13, ESI†). UV-vis.
spectrum in CHCl3 solution lmax/nm (3max/M

−1 cm−1): 395 (64
000), 415 (53 000) (Fig. S14, ESI†).
General procedure for catalytic studies

Oxidation of sulphide. A mixture of sulde (5.0 mmol),
catalyst (V1) (50 mg), and 30% hydrogen peroxide (10 mmol)
was magnetically stirred in acetonitrile at room temperature
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Scheme 3). Aer completion of the reaction, the catalyst was
separated by ltration and washed with ethyl acetate. The
product was extracted with ethyl acetate. The organic layer was
dried over anhydrous Na2SO4. Aer the solvent was removed,
the product was subjected to gas chromatographic (GC) analysis
to determine its yield.

Aryl-sulphur cross-coupling using thiophenol and aryl
iodide. To a mixture of iodobenzene (1 mmol) and thiophenol
(1.1 mmol), 3 mL water, K2CO3 (276 mg) and C1 (15 mg) were
added. At the end of a specied time, the reaction mixture was
ltered for analysis by GC and compared with standard refer-
ences. The identication of the reaction products was per-
formed by GC-MS analysis.
Results and discussion
Single crystal X-ray structures of L, V1 and C1

The ORTEP view of V1 along with the atom labelling scheme is
presented in Fig. 1a. A summary of the crystallographic data and
renement details for L, V1 and C1 is presented in Table S1
(ESI†). The V1 belongs to the orthogonal crystal system with
space group P�1. Each unit in the symmetric dinuclear vana-
dium(V) complex is coordinated by one nitrogen (N2) and two
oxygen (O1 and O2) donors of the ligand. One terminal oxo (O4)
donor is also present along with a methoxy group (O3). The
latter (O3) acts as a m2-bridging unit to bind two identical parts
of the complex together. Two square pyramidal asymmetric
units form the complete structure of V1, where the central m2-
bridgingmethoxy group imposes a V/V separation of∼3.337 Å,
with a V–O–V bridging angle of ∼107.30(12)° and O–V–O angles
of 72.70(12)° (Fig. 1b). The methoxido groups display two
different V–O distances, 1.853(3) Å and 2.278(3) Å. The former is
quite longer than other reported oxovanadium(V) complexes116

but similar to other bis-(m-methoxy) bridged vanadium(V) dimer,
1.8207(13) Å.117 Other V–O bonds are V–Ooxide, 1.597(3) Å, V–
Oketone, 1.955(3) Å and V–Ophenolate, 1.857(3) Å. The vanadium–

oxygen bond lengths follow the order V–Ooxido < V–Oalkoxo < V–
Ophenolate < V–Oketone. The V–Nimine bond length of 2.090(4) Å is
comparable to the literature values.118 Thus, V1 is highly dis-
torted, and vanadium centres deviate from the equatorial plane.
The selected bond lengths and angles for V1 are presented in
Table S2 (ESI†).

The ORTEP view of C1 is presented in Fig. 2a along with the
atom labelling scheme. The C1 crystallizes in triclinic space
group P�1, while the asymmetric unit comprises the independent
molecule [C19H21CuN3O2] where the Cu(II) centre is attached to
imine nitrogen (N2) and two oxygen (O1 and O2 from hydrazide
and aldehyde moiety, respectively) atoms of the ligand. O1 and
O2 act as end-on bridging groups and link [C19H21CuN3O2]
RSC Adv., 2023, 13, 13195–13205 | 13197
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Fig. 1 (a) ORTEP of V1 with 50% ellipsoid probability and (b) significant features around the bridging portion. H atoms are omitted for clarity.

Fig. 2 (a) ORTEP view of C1 with 50% ellipsoid probability, (b) 1D coordination polymer chain of C1, and (c) important distances around the
central atom. H atoms are omitted for clarity.
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moieties into a one-dimensional (1D) coordination polymer
chain (Fig. 2b). The asymmetric unit [C19H21CuN3O2] grows in
a 1D polymer chain by two m-oxo bridges having a bond angle of
86.96° with the other plane, resulting in two different Cu/Cu
separations of ∼3.589 Å and 3.080 Å. In one identical unit, the
Cu–O1 distance is 1.982(5) Å, which differs from the other, Cu–
O2, 2.012(5) Å, while the Cu–N2 distance is 1.896(5) Å, which
varies in the 1D-polymer chain. In another plane, the distances
are Cu–O1, 2.675 Å and Cu–O2, 1.972(4) Å. Signicant distances
around the central copper ion in one identical square plane are
3.203 Å, 2.807 Å, 2.529 Å and 2.518 Å (Fig. 2c). Important inter
atomic distances and angles relevant to the copper(II) coordi-
nation sphere are presented in Table S3 (ESI†).

The ORTEP view along with the atom labelling scheme of L is
presented in Fig. 3a. The L belongs to a triclinic crystal system
with a P�1 space group. Themolecules of L are self-assembled via
13198 | RSC Adv., 2023, 13, 13195–13205
a hydrogen bond between amide groups (N/O = 2.935 Å and
angle N–N/O = 105.96°), leading to the formation of a 1D
chain (Fig. 3b). Important bond distances and angles are pre-
sented in Table S4 (ESI†).
Fluorescence recognition of bilirubin using C1

To demonstrate the ability of C1 to act as a bilirubin sensor,
rst, the media and their pH were optimized. Bilirubin is
practically insoluble in water but soluble in bio-compatible
organic solvent chloroform.119 Therefore, to optimize solvent
composition, several sets of solutions of C1 and bilirubin have
been prepared in chloroform/water (v/v), viz. 5 : 1, 4 : 1, 3 : 1, 2 :
1,1 : 1, 1 : 2, 1 : 3, 1 : 4 and 1 : 5 in PBS buffer at pH 8.0. It is
observed that the solvent composition 1 : 4 (chloroform/water,
v/v, PBS buffer, pH 8.0) is the best to monitor their interaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) ORTEP view of L at 50% ellipsoid probability and (b) centro-symmetric disposition of three units self-assembled through hydrogen
bond (black dashes). H atoms are omitted for clarity.

Fig. 4 Changes in the spectra of C1 (20 mM, lex, 369 nm, lem, 444 nm) upon the gradual addition of bilirubin (0–2500 mM, CHCl3/water, 1/4, v/v,
0.1 M PBS buffer, pH 8.0), (a) absorption; (b) emission.
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using spectroscopy (emission and absorption). The C1 (20 mM)
exhibits absorptions at 377 nm, 395 nm, 415 nm and 461 nm in
the media, as stated earlier. Upon the gradual addition of bili-
rubin to C1, the shoulder at 461 nm further weakens markedly,
whereas the absorbance at 395 nm increased gradually with an
isobestic point at 434 nm (Fig. 4a), indicating their interaction.

The uorescence experiments were performed in the same
solvent system (chloroform/water, 1/4, v/v, PBS buffer, pH 8.0) at
25 °C. The C1 (lex, 369 nm) is weakly uorescent owing to the
quenching (via energy transfer and/or electron transfer from the
excited state of uorescence probe to a low-lying empty d-orbital
of the Cu2+) nature of paramagnetic Cu2+ ion (d9-system).120–122

The C1 in solution alone (20 mM) exhibited weak emission at
444 nm and 460 nm with almost the same intensity. The incre-
mental addition of bilirubin to C1 (20 mM) resulted in signicant
uorescence enhancement at both wavelengths (Fig. 4b).
However, the emission band centred at 444 nm increased to
a higher extent than the emission band at 460 nm. The uores-
cence enhancement of C1 in the presence of externally added
bilirubin occurred because of the displacement of uorescent
amide-imine moiety (L, as an indicator) from the coordination
sphere of C1 (via IDA process113,114), or in other words, Cu2+ is
© 2023 The Author(s). Published by the Royal Society of Chemistry
extracted from C1 by bilirubin to liberate free uorescent L,
resulting in uorescence enhancement (Scheme 4).

This displacement event is also corroborated by Job's plot
(Fig. S15†), mass spectrum (Fig. S16†) and FTIR spectrum
(Fig. S17 and S18†) of the C1-bilirubin molecular assembly. In
the mass spectrum of the C1-bilirubin molecular assembly, we
found peaks at m/z = 647.35, 675.47, and 697.52 for the C1 and
m/z= 370.30 for the displaced L as indicators. Again, comparing
the FTIR spectrum of the C1-bilirubin molecular assembly with
the FTIR spectrum of pure bilirubin123 and C1, we found
distinctively different band positions and shapes of those
spectra that indicate the formation of new adducts (Fig. S17 and
S18†). The characteristics of IR stretching frequencies for free
bilirubin and its adduct with C1 are summarized in Table S5.†

However, uorescence titration indicates that aer the
addition of a certain amount of bilirubin (2500 mM), the emis-
sion intensity remains almost unaltered (Fig. S19†). The
displacement equilibrium constant is evaluated using Hill's
equation:124,125

log[Y/(1 − Y)] = n log[G] + logK,
RSC Adv., 2023, 13, 13195–13205 | 13199
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Scheme 4 Proposed bilirubin sensing mechanism of C1.

Fig. 5 Spectra ofC1 (20 mM, lex, 369 nm) in the presence of amino acids, bio-relevant ions and biomolecules viz.Met, Arg, Cys, Pro, Lys, Trp, Phe,
Gly, Asp, Na+, K+, Ca2+, Mg2+ and Cyt C, SOD, bisphenol, insulin, creatinine, GSH, uric acid (100 mM; chloroform/water, 1/4, v/v, PBS buffer, pH,
8.0), (a): emission and (b): absorption.
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Fig. 5 where Y, n, [G] and Kapp represent the fraction of ligand
binding sites lled, Hill coefficient, and the concentration of
guest (bilirubin) and displacement equilibrium constant,
respectively. The value of the Hill coefficient describes the
cooperativity of ligand binding in the following way: n > 1,
positive cooperativity; n = 1, non-cooperativity and n < 1,
negative cooperativity. Y is determined from the following
equation: Y = (Fx − F0)/(Fmax − Fx), where F0, Fx, and Fmax are
emission intensities of C1 in the absence of bilirubin, at inter-
mediate bilirubin concentration, and at the concentration of
complete interaction, respectively. The value of K is 7.78 × 105

M−1 (Fig. S20†). The detection limit for bilirubin, determined by
3s
K

method,126 is 1.15 nM (Fig. S21†). We know that the devel-

opment of sensors specic to any analyte in the complex
background of potentially competing species is very challenging
and requires extensive studies for any potential interferences.
13200 | RSC Adv., 2023, 13, 13195–13205
Hence, the effects of several bio-relevant ions viz. Na+, K+, Ca2+,
Mg2+, a-amino acids viz. methionine, arginine, cysteine,
proline, lysine, tryptophan, phenylalanine, glycine, aspartic
acid and bio-molecules viz. cytochrome C, superoxide dis-
mutase, bisphenol, insulin, creatinine, glutathione and uric
acid are tested (Fig. 5a and b). No signicant interferences are
observed (Fig. S22†).
V1 catalyzed H2O2-assisted oxidation of sulphide

Oxidation of sulphide to sulfoxide and sulfone is important for
the synthesis of several chemicals and pharmaceuticals. Hence,
the catalytic activity of V1 for the oxidation of sulphide in
diphenyl sulphide using hydrogen peroxide (Scheme 5) is
investigated as a model reaction.

To optimize reaction conditions, rst, the effect of solvent
(methanol, DMF, acetonitrile, CHCl3 and toluene) and amount
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 H2O2-assisted oxidation of diphenyl sulphide using V1 as
a catalyst.
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of H2O2 were tested (Table S5, ESI†). The highest yield of the
product is observed in acetonitrile (Table S5, entry 3, ESI†).
Protic solvents favour yield, whereas less polar solvents are very
ineffective (Table S5, entries 4, 5, ESI†). Solvents, such as ethyl
cyanide and iso-propanol, give low product yield (Table S6,
entries 6, 7, ESI†).

At a low concentration of H2O2 (5 mmol), the yield of the
product is low and requires a longer reaction time. The
Table 1 The V1 catalyzed oxidation of sulphide functionality using 30%

Entry Sulde Co

1 98

2 96

3 91

4 83

5 81

6 78

7 98

8 91

9 90

10 81

11 85

12c Tr

a Reaction conditions: sulphide (5 mmol); 30% aqueous H2O2 (10 mmol)
determined using GC. c Without catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
increasing amount of H2O2 from 5 mmol (Table S5,† entry 8) to
10 mmol (run 3) increases the product yield. However, a further
increase to 15 mmol of H2O2 (Table S6,† entry 9) did not
improve the yield but led to a higher amount of sulfone over
sulfoxide.

To expand the scope of the conversion, oxidation reactions
with several other sulphides (aliphatic and aromatic sulphides)
were investigated and found to have a signicantly high
conversion rate and selectivity for sulfoxide under mild condi-
tions (Table 1). It is interesting to note that the reaction rate
becomes slow with the increased chain length of the alkyl group
of the sulphidemoiety. This may be due to the orientation of the
hydrophobic alkyl chain around the sulphur centre. In addition,
the reactivity and the conversion rate depend on the nature of
the substituents present in the aryl moiety of ArSMe. The elec-
tron donating substituents accelerate the rate, whereas electron
withdrawing substituents retard the rate (Table 1, entries 7 and
8). Interestingly, the yield of diphenyl sulfoxide is lower than
H2O2
a

nversion (%)b (time, h) Selectivity of sulfoxideb (%)

(3) 96

(3) 91

(5) 90

(6) 93

(4) 81

(4) 79

(3) 94

(3) 93

(5) 81

(5) 87

(5) 94

ace Trace

; CH3CN (10 mL), RT; 50 mg catalyst. b Conversion and selectivity were

RSC Adv., 2023, 13, 13195–13205 | 13201
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Table 2 The C–S cross-coupling reactions involving thiophenol and
aryl iodide using C1 as a catalysta

Entry ArI Ar–SH Products Yieldb (%)

1 98

2 70

3 81

4 89

5 38

6 91

7 60

8 39

9 70

10c No reaction No reaction

a Reaction conditions: aryl iodides (1 mmol), thiophenol (1.1 mmol),
water (3 mL), K2CO3 (2 mmol) and C1 (15 mg), temperature (90 °C),
and time (12 h). b Yields were determined by GC analysis. c Without
catalyst.

Scheme 6 The C–S cross-coupling reaction of thiophenol with aryl
iodide using C1 as a catalyst.
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that of methyl phenyl sulfoxide probably due to the steric effect.
The catalyst (V1) exhibited excellent chemo-selectivity towards
the thio-centre over other oxidation prone functional groups,
viz. C]C and OH (Table 2, entries 9 and 10).
13202 | RSC Adv., 2023, 13, 13195–13205
Aryl-sulphur coupling of thiophenol with aryl iodide using C1
as a catalyst

The catalytic efficiency of C1 for aryl-sulphur (C–S) cross-
coupling in a model reaction involving thiophenol and aryl
iodide to prepare diaryl sulphide is investigated (Scheme 6).

The effects of base and solvent are summarized in Table S7
(ESI†). Among different solvents that have been examined for
the S-arylation reaction, viz. DMSO, DMF and H2O, it is found
that the yield is highest in water,∼98% (Table S7,† entry 3). The
effect of the base is also investigated. Among various inorganic
and organic bases tested, such as K2CO3, Et3N, Cs2CO3 and
KOH, it is found that the efficiency of KOH is poor, while that of
Cs2CO3 is moderate and K2CO3 performs the best. Other bases
are not effective at all (Table S7,† entry 3). It is interesting to
note that the reaction does not proceed in the absence of any
base (Table S7,† entry 6). Extreme moisture-sensitivity and cost
of Cs2CO3 compelled us to choose more cheap and stable K2CO3

as the base for the C–S cross-coupling reaction.
To evaluate the scope and limitations and cover a broad

range of aryl thiols and aryl iodides, the developed method is
tested with substrates having different types of substituents.
Under optimized conditions, as outlined in Table 2, the reac-
tions are very clean and smooth with moderate yield. It is
observed that aryl iodides with the electron withdrawing group
were more reactive than those with the electron donating group.
For example, aryl iodides containing methyl/methoxy group
produced corresponding biphenyl derivatives in 70–81% yield
(Table 2, entries 2 and 3). However, aryl iodides with nitro
substituents produced the desired products with an 89% yield
in water (Table 2, entry 4). The effect of halogen substituents on
the C–S cross-coupling reactions involving thiophenol has the
following reactivity order: iodobenzene > bromobenzene >
chlorobenzene (Table 2).
Conclusion

Single crystal X-ray structurally characterized 1D copper(II)
coordination polymer (C1) of an amide–imine conjugate (L),
derived by condensation of 4-methyl-benzoic acid hydrazide
(PTA) and 4-(diethylamino)-2-hydroxybenzaldehyde, efficiently
recognizes bilirubin via ‘turn-on’ uorescence through a ligand
displacement approach. The displacement equilibrium
constant is signicantly high, 7.78 × 105 M−1; the detection
limit for bilirubin is 1.15 nM. The present method is superior to
the available methods in terms of mechanism that imparts high
selectivity, specicity and the lowest level of detection. Almost
© 2023 The Author(s). Published by the Royal Society of Chemistry
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all the reported probes are of unimpressive, undesirable “turn-
off” kind. The only one of the “turn on” kind has LOD that is
much higher than our present probe. According to the litera-
ture, the present probe has the lowest LOD for bilirubin (Table
S8†). In addition, C1 acts as a potential green catalyst for the
C–S cross-coupling reaction in water. A dimeric oxo–vanadium
complex (V1) of the L functions as a promising catalyst for the
oxidation of sulphide. The structures of both V1 and L were
conrmed by SC-XRD analysis.
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