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Recently, there has been increasing interest in developing innovative synthetic strategies for the
decoration of rhodanine-cores. In addition, detection of anions from an aqueous organic solvent
medium has attracted lots of interest as it is commonly observed in most environmental and biological
systems. For this purpose, new N-substituted 5-oxindoline-rhodanine derivatives containing important
aromatic groups were synthesized via an easy and effective synthetic approach, and their anion sensing
properties were evaluated by colorimetric and fluorometric detection and *H-NMR spectroscopy. The
study revealed that the specific ion affinity for AcO™ ions in aqua systems and the multi-ion affinity for
AcO~, BnO™, CN7, and F~ in organic solvents resulted in drastic color and spectral changes. According
to the data obtained, while the peak intensity increased at 386 nm, the peak intensity decreased
at 253 nm in the absorption spectrum of 5-OxI-Rh and an increase in the fluorescence intensity of
5-OxI-Rh was observed in the presence of AcO™ ions. The binding ratio of 5-OxI-Rh to AcO™ was
found to be 1:1 according to Job's plot experiments. The binding constants were calculated using the
Benesi—Hildebrand equation and found to be 6.51 x 10° M~ for AcO™. Based on these concentration
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dependent fluorescence and absorbance changes, the LOD and LOQ values were also calculated and
found to be 6.4 uM and 19.3 uM for AcO™, respectively. Overall, the results suggest that 5-OxI-Rh is a

DOI: 10.1039/c9nj01732a

rsc.li/njc good selective candidate turn on sensor that can be used for AcO™ detection in industrial wastewaters.
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To date, rhodanine (1, Rh, 2-thioxothiazolidin-4-one) and oxindole : \\« N0 ‘\\< ;
(2, Ox1, indoline-2,3-dione) have become very important groups of e H o] 1 N0

heterocyclic compounds in drug discovery.'™ As a result of these
studies, the number of scientific publications and patents defining
a plethora of different biological activities of rhodanine and
oxindole-based compounds has been on the rise.*” Many natural N L o H4CO. N 7 -
and synthetic biological active compounds containing rhodanine & N e MN’O’ :
and oxindole cores are being used as therapeutic agents as S HO S

inhibitors of UDP-galactopyranose mutase,® lactamase and DNA
helicase,” antiviral agents'® etc. and are also showing antibacterial
activity and anticancer activity (Fig. 1). Therefore, there has been
increasing interest in developing innovative synthetic strategies for
the decoration of oxindole or rhodanine-cores.” ™ On the other

p-lactamase inhibitor

S OCH,3
Galactopyranose Mutase Inhibitors DNA helicase inhibitor

Fig. 1 Structures of rhodanine (1), oxindole (2), 3-amino-2-thioxothiazolidin-
4-one (3) and some oxindole and rhodanine-based medicines.

hand, the rich chemistry of rhodanine (1) and the importance of
the heterocyclic and metal complexes being steadily derived
from this, encourage the further development of green synthetic
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methods in this field. However, the studies over 3-amino-2-
thioxothiazolidin-4-one (3) require more attention. While rho-
danine derivatives with an exocyclic double bond at position five
are usually synthesized by base-catalyzed Knoevenagel condensation
between the rhodanine and aldehyde or ketone, they can
be obtained as aza-ylide derivatives as well as Knoevenagel
reaction derivatives via reaction of amino-rhodanine (3) with
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aldehyde or ketone.'® The direct synthesis of N-substituted
rhodanine derivatives from 3-amino-2-thioxothiazolidin-4-one
(3) is limited. A number of synthesized organic molecules
including functional groups such as alcohol, acid, esters and
aldehyde groups have been reported as important technological
and biologically active compounds.'”

On the other hand, ions play an essential role in many
biological and chemical processes and the sensing of anions is
often indispensable in environmental, biological, and industrial
research.'®2° Therefore, investigating the sensing ability of organic
compounds is always of great interest in the research of anion
sensing. In recent studies, researchers have focused on the
synthesis of fluorescent and colorimetric receptors that do not
require expensive instruments for anion sensing.”’>* Synthetic
chemosensors, which selectively detect and bind some anions,
especially HSO, , BnO™, and AcO ™, usually occur in hydrogen
bonding units such as phenol, amine, urea, and oxindole.*>™”
Among the various ions, the detection of acetate anions is of
great interest as it is an important raw material commonly used
in the food, solvent, medical and chemical industries, etc.?83°
In conventional experiments, acetate anions are analyzed by
several methods such as acid-base titration, gas chromatography,
and UV-Vis spectroscopy. But these methods are time-consuming,
expensive or complicated. In recent years, great effort has been
made to develop organic ligands for AcO™, which act as fluorescent
and chromogenic chemosensors.*'?

The synthesis of rhodanine derivatives and investigating
their potential applications are very popular. In one of these studies,
we developed a facile protocol for preparing 5-oxindoline-rhodanine
(5-OxI-Rh) by non-catalyzed Knoevenagel condensation between the
rhodanine (1, Rh) and isatine (2) (Fig. 2A).>* However, there are very
few studies on the synthesis of amino-rhodanine derivatives, and no
investigations of their sensing ability. For this purpose in the
present study, we synthesized novel N-substituted 5-oxindoline-
rhodanine derivatives 5a-5i containing important aromatic
groups, which are different in their nature, by a green synthetic
approach (Fig. 2B) and investigated their sensing ability (Fig. 2B).
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Results and discussion
Chemistry

In this study, initially, (2)-3-amino-5-(2-oxoindolin-3-ylidene)-2-
thioxothiazolidin-4-one (5-OxI-Rh), which is an output molecule,
was synthesized by a green synthetic approach. The no-catalysts
reaction of 3-amino-rhodanine (3) with isatin (2) in ethanol at
100 °C gave terminal oxindole derivative 5-OxI-Rh in 72% yield.
5-OxI-Rh was also synthesized by the reaction of isatin (2) with
3-amino-rhodanine (3) using a NH,OH/NH,CI catalyst in ethanol
at reflux temperature in 51% yield.>* Following the synthesis
of the output molecule 5-OxI-Rh, as mentioned above, we were
interested in the synthesis and sensing ability of novel
N-substituted 5-oxindoline-thodanine derivatives 5a-5i containing
important aromatic groups by a green approach synthesis starting
from 5-OxI-Rh and aldehydes (4a-4i) (Scheme 1). For this purpose,
initially, the reaction conditions were optimized by changing
parameters such as temperature, time, catalysts and solvents to
identify favorable reaction conditions. For catalyst selection and
optimization studies, the reaction of 5-OxI-Rh and 4-hydroxy-
benzaldehyde (4a) was chosen as the model and the results are
shown in Table 1. The first model reaction was carried out at
room temperature without a catalyst in varied solvent systems
and no product formation was observed as a result of the
reaction (Table 1, entries 1-5). Subsequently, the reaction under
the same solvent and temperature conditions was carried out
with Bi(NOs);-5H,0, NaOH and CH3;COOH, respectively. As a
result of these reactions, the formation of the expected addition
product was observed with low yields of 11% for NaOH, and
36% for CH;COOH and was not observed with a Bi(NO;);-5H,0
catalyst (Table 1, entries 6-8). After receiving this promising
result, the reaction was carried out at reflux temperature in
ethanol and under the catalysis of one-drop of CH;COOH and
the targeted product 5a was obtained with a high yield of 81%
(Table 1, entry 10).

As a result of optimization studies, it was determined that
the most favorable reaction conditions for the reactions were
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Fig. 2 Strategies for the synthesis of N-substituted 5-oxindoline-rhodanine derivatives 5a—>5i.
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Scheme 1 The scope of 5a->5i.

Table 1 Optimization of the reaction conditions?

Entry Catalyst Solvent Temp. (°C) Time Yields? (%)
1 — CH,CI, rt Overnight 0
2 — EtOH rt Overnight 0
3 — MeOH rt Overnight 0
4 — EtOH/H,O rt Overnight 0
5 — MeOH/H,0 rt Overnight 0
6 Bi(NO3);-5H,0 EtOH It Overnight 0
7 NaOH EtOH rt Overnight 11
8 CH;CO,H EtOH rt Overnight 36
9 — EtOH Reflux Overnight 19
10 CH;CO,H EtOH Reflux 5h 81
11 NaOH EtOH Reflux 6h 23

¢ Conditions: 5-OxI-Rh (1 equiv.), 4-hydroxybenzaldehyde (4a, 1 equiv.),
catalyst (0.01 equiv.) and solvent (10 mL). ? Isolated yields of 5a. rt:
room temperature.

one drop of CH;COOH catalyst in ethanol at reflux temperature,
and the synthesis of other N-substituted 5-oxindoline-rhodanine
derivatives 5b-5i was carried out under these conditions. The
reaction of 5-OxI-Rh with various aldehydes was investigated
under the optimized conditions, and as a result of the reactions
with aldehydes in which the electron provider OH, Me and OMe
groups were present, they were obtained in pretty good yields
such as 81%, 72%, and 74%, respectively. On the other hand,
as a result of the reaction with 4-nitrobenzaldehyde, which
contains an electron-withdrawing group, the target molecule 5d
was obtained in a high yield (86%). Heteroaromatic compounds
are highly important compounds in biological and technological
aspects. The N-substituted 5-oxindoline-rhodanine derivatives
5e-5h, which contain heteroaromatic groups, were obtained with
higher yields from the reactions of 5-OxI-Rh with aldehydes
containing heteroaromatic groups. In contrast, the reaction of
1H-pyrrole-2-carbaldehyde (4i) failed to produce the desired
product 5i under the optimized conditions and only lead to the
recovery of the starting material. We assume that the possible
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resonance contribution for 4i could decrease the reactivity of
carbonyl carbon toward the nucleophilic attack of 5-OxI-Rh-NH,
(Scheme 1). When NBoc-1H-pyrrole-1-carboxylate (4ia) reacted
with 5-OxI-Rh-NH,, the formation of a trace amount of product
5ia was estimated by "H NMR spectra.'®** The "H NMR spectrum
of 5a is shown in Fig. S10 (ESIT). When the "H NMR spectrum of 5a
is examined, it is seen that the NH (of indole core) proton peak is
present at 11.23 (s, NH, 1H) ppm. At the same time, it was observed
that protons of —HC—N- (aza-ylide group) in the structure of the
target molecule 5a gave resonance signals at 8.71 (s, N—CH, 1H)
ppm. Moreover, the most important evidence that N-substituted
5-oxindole-rhodanine derivative 5a was obtained is the dis-
appearance of the peak at 5.97 (bs, NH,, 2H) ppm, in the structure
of 5-OxI-Rh and the presence of a new exogenous N—CH peak at
8.71 (s, N—CH, 1H) ppm. Detailed procedures and characterization
are given in the Experimental section.

A plausible mechanism for the reaction of one equivalent of
5-OxI-Rh with one equivalent of aldehydes, which have different
natures, is shown in Scheme 2. The mechanism for the formation
of N-substituted 5-oxindoline-rhodanine derivatives 5a-5h involves
a classical condensation reaction of 5-OxI-Rh with aldehydes
4a-4h. AcOH interacts with the oxygen atom of aldehyde moieties
of the substrate and increases the electrophilicity of carbonic
carbon in the aldehyde position. Subsequently, 5-OxI-Rh is present
in a nucleophilic attack to the carbonyl carbon of the aldehyde
coordinated with AcOH with an attack of SN;. Finally, as a result
of dehydration, the target N-substituted 5-oxindoline-rhodanine
derivatives 5a-5h were obtained (Scheme 2).

Colorimetric sensing, UV-Vis and fluorescence spectral
recognitions

The interaction of 5-OxI-Rh and N-substituted 5-oxindoline-
rhodanines 5a and 5e with a wide range of anions, including
cl-, clo,~, I, Br, F, BnO~, H;PO,”, OH_, SCN_, CN™,
AcO™ and HSO," (in the form of tetra butyl ammonium salts),

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Scheme 2 Proposed formation mechanism for 5a—5h.

was studied in CH;CN with HEPES buffer solutions (pH 7.4).
Studies with anions (10 equiv.) revealed that 5-OxI-Rh, 5a and
5e responded selectively to an increased concentration of
HSO, , CN7, OH™, SCN™, BnO™, AcO™, and F, a response
characterized by a distinct color change (Fig. S1A-C, ESIY). As
the ligands showed a response to multiple-ions in CH;CN
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Fig. 3 UV-vis spectra of 5-OxI-Rh (5 uM) in CH3zCN (with HEPES buffer, A)
and CHsCN/H,O (v/v:1/1 with HEPES buffer, B) with various anions.
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solution, studies were also performed in aqueous solution.
While 5a showed multiple ion effects against HSO, , CN™,
OH™, and F~ anions in CH;CN/H,0, (v/v:1/1), the solubility of
5e under these conditions was found to be low (Fig. S1E, ESIT).
On the other hand, while the studies of 5-OxI-Rh with anions
(10 equivalent) in aqua systems (CH3CN/H,0, v/v:1/1) revealed
that 5-OxI-Rh responded selectively to an increased concentration
of BnO™ and AcO™ characterized by a response with a distinct color
(Fig. S1D, ESIt). The other N-substituted-5-oxindole rhodanines
5b-5d and 5f-5h showed no response to any ions in CH;CN,
while it was determined that they have solubility problems in
CH;CN/H,0 (v/v:1/1). The basic properties of the acetate anion
sensors are that they can make hydrogen bonds. The free amine
group in the structure of the 5-OxI-Rh presumably interacts with
the acetate ion to form a six-ring. The synthesized N-substituted-
5-oxindole rhodanines are the amine group protected 5-OxI-Rh
derivatives. N-Substituted-5-oxindole rhodanines which do not
interact with acetate ions imply that the [5-OxI-Rh-AcO™| inter-
action occurs via a free amine group. In addition to colorimetric
studies, to clearly investigate the interaction of organic ligands
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Fig. 4 UV-vis titration of 5-OxI-Rh (5 puM) in CH3CN/H,O (v/v:1/1)

solution with [BusNJAcO.
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(5 uM) with anions, the ultraviolet-visible (UV-Vis) absorption
studies of 5-OxI-Rh and 5a were studied in CH;CN or CH;CN/
H,O (v/v:1/1) at room temperature (Fig. 3 and Fig. S2, ESI}).
Spectra for all ions were recorded after 10 min of the addition of
10 equiv. of each mentioned ion, and the UV-Vis spectra were
obtained as given in Fig. 3. As displayed in Fig. 3A, the absorption
spectrum of 5-OxI-Rh exhibited the typical rhodanine and
oxindole absorption bands, such as a strong band at 272 nm
and also a weak broad band at 390 nm. The (S—C-N-C—O0)
bonds attributed to conjugation of an oxindole group with (HN-
C=0) bonds shifted the n-n* and n-n* transmissions towards
a longer wavelength. Upon the interaction of 5-OxI-Rh with
10 equiv. of anions, distinct changes in the absorption spectrum
of 5-OxI-Rh were observed for CN~, BnO, AcO, and F .
According to the experiments in CH;CN, in the presence of
CN7, BnO, AcO, and F, the absorption band of 5-OxI-Rh at
272 nm decreased to 270 nm (for CN), 257 nm (for BnO"),
253 nm (for AcO™), and 271 nm (for F~) with blue/red-shift
(Fig. 3A). On the other hand, according to the experiments in
CH;CN/H,0 (v/v:1/1) with HEPES buffer solutions (pH 7.4), it
was observed that the absorption band of 5-OxI-Rh at 272 nm
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Fig. 5 Fluorescence spectra of 5-OxI-Rh (5 uM) (A) with anions (lexc =
386 nm), and (B) with increasing concentration of [BuyNJAcO in CHzCN/
H,0 (v/v:1/1).
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decreased to 253 nm, and the absorption band at 390 nm
increased to 386 nm with blue-shift in the presence of AcO™
ions, but an absorbance change of 5-OxI-Rh in the presence of
CN™ and F~ ions was not observed (Fig. 3B). To investigate the
possibility that either the color changes or the new peaks resulted
from 5-OxI-Rh-HEPES interactions, we carried out a series of
control experiments with UV-Vis spectroscopy. It was detected with
both the naked eye and UV-Vis that there was no color change or
interaction of 5-OxI-Rh with HEPES (Fig. S3, ESIY).

The UV-Vis titration experiments were performed to under-
stand the binding rationale of 5-OxI-Rh with AcO™ ions with the
gradual addition of [Bu,N]JOAc to 5-OxI-Rh (5 uM) in CH;CN/
H,O (v/v:1/1) with HEPES buffer solutions (pH 7.4) (Fig. 4).
According to the experiments in the presence of [BuyN]AcO,
while the UV-Vis absorption peaks at 272 nm decreased to
253 nm, the absorption band at 390 nm increased to 386 nm,
with a substantial increase until 15 equiv. of [Bu,N]AcO were
added. These changes, the decrease at 272 nm and increase at
390 nm peak of 5-OxI-Rh, corresponding to the 5-OxI-Rh-AcO
complexes, could be due to the interaction of acetate with
5-OxI-Rh. The increase of the peak at 386 nm, and the decrease
of the peak at 272 nm began when the [Bu,N]AcO concentration
was greater than 1 equivalent, and it reached its saturation after
the addition of 15 equiv. of [BuyNJAcO. In addition to titration
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Fig. 6 Job's plot of the 5-OxI-Rh with [BusNJAcO.
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studies of 5-OxI-Rh with AcO™, we also performed to a titration
experiment between 5-OxI-Rh and BnO™ in CH3CN/H,O (v/v:1/1).
According to the experiments in the presence of BnO™~, while the
UV-Vis absorption peaks at 272 nm decreased to 264 nm, the
absorption band at 390 nm increased to 392 nm, with a
substantial increase until 10 equiv. of [Bu,N|BnO were added
(Fig. S4, ESIY).

UV-Vis studies implied hydrogen bond formation between
the 5-OxI-Rh and AcO™. In addition to UV-Vis studies, fluorescence
spectroscopy experiments were also carried out in order to
measure the ability of 5-OxI-Rh as a fluorescent anion sensor.
Thus to gain further insight, the selective and sensitive AcO™
binding ability of 5-OxI-Rh toward a series of selected anions
was evaluated by observing changes in their fluorescence
emission spectra in aqueous solution (CH;CN/H,0, v/v:1/1 with
HEPES buffer). As shown in Fig. 5A, 5-OxI-Rh alone exhibited
no fluorescence peak in CH3;CN/H,O (v/v:1/1 with HEPES bulffer)
with an excitation of 386 nm. Upon the addition of small
amounts of AcO™ to a solution of 5-OxI-Rh in the CH3;CN/H,0
(1/1, v/v, with HEPES buffer) a remarkable intensity formation of
the emission band was observed at 436 nm. Similarly, upon
addition of BnO™ to a solution of 5-OxI-Rh under the same
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conditions, a small emission band was also observed at 435 nm.
The investigation of other anions with 5-OxI-Rh in the fluores-
cence were also carried out by fluorescence spectroscopy, but in
all situations, very small changes were observed in the fluores-
cence signals on the addition of anions to the 5-OxI-Rh (Fig. 5A).
Namely, the 5-OxI-Rh can be used as a “turn on” fluorometric
sensor for AcO™ in the aqua solvent systems. After fluorescence
studies of the ligand with anions, the sensitivity of 5-OxI-Rh
toward AcO™ and BnO™ (Fig. S5, ESIt) ion sensing was studied.
The fluorescence response of the interaction of 5-OxI-Rh
with increasing AcO™ with excitation at 386 nm in CH3;CN/H,O
(v/v:1/1 with HEPES) was investigated. As shown in Fig. 5B, upon
the progressive addition of AcO~, the fluorescence intensity
gradually increased. In the presence of 15 equiv. of AcO™ ions,
the fluorescence difference between 5-OxI-Rh and 5-OxI-Rh-
AcO was ~37.5 times greater than that of other anions. The
fluorescence intensity as an increasing function of the equivalent
of AcO™ ions is shown in Fig. 5. According to Fig. 5, as more AcO™
ions were added, the emission intensity increased with the
concentration of ions. In the range of 1-15 equivalent of ions,
the emission intensity increased substantially, and after more
addition to 16 equivalent of ions, the rate of increase was reduced.
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Fig. 7 Benesi—Hildebrand plot based on a 1:1 association stoichiometry between 5-OxI-Rh and AcO™ (A: fluorescence and C: absorbance), and the
change in fluorescence (B) and absorbance (D) intensity of 5-OxI-Rh with increasing concentration of AcO™ (Aexe = 386 Nm).
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To determine the binding stoichiometry between 5-OxI-Rh
and AcO, Job’s plot experiments were performed. For this purpose,
the absorbance (Fig. 6A) and fluorescence (Fig. 6B) intensity of these
mixtures of AcO™ and 5-OxI-Rh in varying molar ratios was mea-
sured and the results showed that the interaction ratio of 5-OxI-Rh
with AcO™ ions was 1:1. This coordination of AcO™ with 5-OxI-Rh
was approved by the mass spectrum of the solution of 5-OxI-Rh with
AcO™ as shown in Fig. S6 (ESIt), where the molecular ion peak of
the [5-OxI-Rh-AcO~ + H'] complex could be found at 337.1443
(caled: 337.0237). This result also implies that the binding
stoichiometry between AcO™ ions and 5-OxI-Rh is 1:1.

The binding constant (Kj), limit of detection (LOD) and limit
of quantitation (LOQ) values of the 5-OxI-Rh for AcO™ ions were
calculated from the fluorescence and absorbance titration
results and relevant equations. The K values of 5-OxI-Rh with
AcO™ or BnO™ (Fig. S7A, ESIt) ions were obtained from the slope
of the graph drawn using the data obtained from the fluorescence
and absorbance titration and the following Benesi-Hildebrand
eqn (1) and (2).

1 1 1
F—F,

€

= +
Ks(FmafoO)[Xi]n FmafoO

1 1 1

= + 2
A4 - AO KS(Amax - AO)[X_}n Amax - AO ( )

Using the fluorescence titration data, the binding constant
of 5-OxI-Rh with AcO™ was calculated as 6.3 x 10> M ™" (Fig. 7A).
The LOD and LOQ values were calculated as 6.4 uM and
19.3 uM, respectively (Fig. 7B). Using the absorbance titration
data, while the K; of 5-OxI-Rh with AcO~ was calculated as
6.51 x 10° M, the LOD and LOQ values were calculated as
6.7 uM and 20.4 puM, respectively (Fig. 7C and D). The K; and
LOD values calculated using absorbance titration data were
found to be close to the results obtained using fluorescence
titration. In addition, we also determined the K; and LOD
values of 5-OxI-Rh with BnO~ using fluorescence titration.
The K, and LOD values were calculated as 4.8 x 10> M~ and
11.8 uM, respectively (Fig. S7A and B, ESIf).

On the other hand, the fact that the sensor candidate organic
ligands are suitable for working at wide pH ranges makes them
very valuable. For this purpose, in addition to analytical studies,
the effect of different pH environments, (ranging between) 2-12,
was studied for the practical application of 5-OxI-Rh (5 uM) in
the absence and presence of 6 equiv. of AcO™ (Fig. 8 and Fig. S8,
ESIt). The results demonstrated that the fluorescence intensity
of 5-OxI-Rh was not sensitive to pH, except for pH = 2-3.
However, upon the addition of the AcO™ ion, it was identified
that there was an evident increase in the emission bands of
5-OxI-Rh at 436 nm between pH 3 and 10. Such broad pH ranges
in an aqueous environment can offer a great usage opportunity
very useful in several applications, such as AcO™ detection in
wastewater.

A comparison of the applicability and analytical part of the
present probe with some of the previous reports on AcO™ sensors
in terms of their K and LOD in the presence of other interfering
ions is given in Table 2. It can be said that these values were
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Fig. 8 Fluorescence (at 436) values of 5-OxI-Rh (5 pM), and 5-OxI-Rh
(5 uM) + [BuyNJACO (30 uM) at different pH (2-12) values.

Table 2 Comparison of some AcO™ selective chemosensors

Ref. Binding constant (M~ ') Detection of limit Sensing ions
36 2.7 x 10° NA* AcO™, F

37 NA 3.0 x10°°M AcO™, CN™
38 4.0 x 10* 4.4 x10°°M AcO™

39 NA 1.2 x 10°°M AcO™, F
This study 6.51 x 10° 6.4 x 10°°M AcO™

% NA: Not available.

acceptable values as much as the values obtained for acetate ion
detection ligands in the literature.**°

Ion sensing mechanism: "H NMR studies

To gain a deeper insight into the AcO™ binding properties of
5-OxI-Rh, "H NMR experiments were carried out in the absence
and presence of AcO™ in CD;CN at room temperature as shown
in Fig. 9. In the "H NMR spectra of 5-OxI-Rh, the NH, proton
(amino rhodanine core) signal at 5.97 ppm showed down-field

/ 5 equiv. of AcO M MLJ
JA\ 4 equiv. of AcO™ ﬁL M‘__“
J 2 equiv. of AcO™ J ‘\\ \‘.
l 1 equiv. of AcO™ i \‘). \\,
J 0.5 equiv. of AcO” J \\ U > L_\
NH ;

0 equiv. of AcO™

L E

Hd He| Hb |Ha NH,

T T T T T T
12.0 115 11.0 10.5 10.0 95 9.0 8.5
f1 (ppm)

Fig. 9 H NMR (400 MHz) spectra in CDsCN of the 5-OxI-Rh (1 x 1072 M)
in the presence of [BusNJACO.
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Scheme 3 Plausible intermediates from the interaction between 5-OxI-Rh and AcO™ ions.

shifts (Ad = +0.85) upon the addition of AcO™. However, it was
observed that the NH group in the structure of the oxindole
nucleus appears to shift downwards following addition of three
equivalent acetate ions. The proton signals (H, and H,, oxindole)
showed slight shifts (up- and down-field) upon the addition of
four or more equivalents of AcO™, respectively. This indicated
that AcO™ binds to the NH, group of the rhodanine ring
and AcO~ binding affects the ring current at the phenyl ring.
The other proton signals (H, and Hy) at the oxindole ring were
slightly influenced by AcO™ binding as well. From these shifts
observed, it can be proposed that complexation exerts an effect
on the protons of the 5-OxI-Rh (Fig. 9).

There are a large number of hydrogen bond donors and
acceptor groups in the structure of 5-OxI-Rh. The interaction of
these groups with acetate ions was seen both with naked-eye
detection of the color change and with spectroscopic studies
such as UV-Vis and "H-NMR. This outcome indicated the formation
of a strong hydrogen bond between the acetate anions and the
active NH, groups. As a result of all these experiments, the
suggested mechanism for the interaction of 5-OxI-Rh with AcO™
ions is presented in Scheme 3. These observations imply that
probe 5-OxI-Rh complexes with ions through an NH, group of a
rhodanine core.

Conclusions

In conclusion, we have reported the synthesis of novel possible
biological active N-substituted 5-oxindoline-rhodanine deriva-
tives from the reaction of 5-OxI-Rh with aldehydes. In addition
to synthesis, we carried out studies concerning the chemo-
sensor properties of these new rhodanine derivatives. The
rhodanine derivatives 5-OxI-Rh showed acetate anion sensing
capabilities via naked-eye detection of color changes, absorption
and fluorescence signals. The absorption change and fluores-
cence intensity increasing effects of the AcO™ ions were in a
concentration dependent manner. The interaction ratio of
5-OxI-Rh with AcO™~ was found by Job’s method as 1:1. Using
the Benesi-Hildebrand equation, the binding constant of AcO™
to 5-OxI-Rh was found as 6.51 x 10° M~ '. The LOD and LOQ
values were calculated as 6.4 uM and 19.3 pM, respectively. In
addition to analytical studies, the interaction mechanism of
5-OxI-Rh with AcO~ was also proposed by using the "H-NMR
technique. Overall it can be concluded that 5-OxI-Rh may be a
useful and selective candidate turn-on sensor for AcO™ ion
sensing in industrial wastewaters.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

Experimental
Materials and apparatus

All chemicals and solvents were commercially available from
Sigma-Aldrich or Merck. The ethanol-4-(2-hydroxyethyl) piperazine-
1-ethanesulfonic acid (HEPES) buffer (pH range 6.8-8.2) was
prepared by dissolving 2.38 g of pure HEPES in deionized water
(100 mL) and adding one NaOH pellet to increase the pH
towards 7.4. The pH is modulated by adding 75% HCIO, or
NaOH solution. Infrared spectra were recorded on a Mattson
1000 FT-IR spectrophotometer. '"H NMR and "*C NMR spectra
were recorded on a 400 (100) MHz Bruker or 600 (150) MHz
Agilent spectrometer. Elemental analyses were carried out on
a LECO CHNS-932 instrument. The reaction progress was
monitored by thin-layer chromatography (TLC, 0.25 mm-thick
precoated silica plates). UV-Vis absorption and fluorescence
spectra of samples were recorded on a Shimadzu UV-3101PL
UV-Vis-NIR spectrometer and PerkinElmer (Model LS 55) Fluores-
cence Spectrophotometer, respectively.

Synthesis of novel N-substituted 5-oxindoline-rhodanine
derivatives 5a-5i

The synthesis of 5-OxI-Rh. The output compound 5-OxI-Rh
was prepared according to the literature method.** "H-NMR
(400 MHz, DMSO-dg): 6 11.25 (s, NH, 1H), 8.82 (d, J = 7.7 Hz,
=CH, 1H), 7.42 (t, J = 7.7 Hz, =CH, 1H), 7.10 (t, J = 7.7 Hz,
=CH, 1H), 6.97 (d, J = 7.7 Hz, =—CH, 1H), 5.97 (bs, NH,, 2H);
BC-NMR (100 MHz, DMSO-d¢): 6 191.9, 168.0, 163.5, 144.8,
133.2, 128.6, 127.8, 125.5, 122.2, 119.9, 110.7 (Fig. S9, ESIt); IR
(KBr, cm™'): 3410 ecm™ ' (NH,, stretch primary), 3146 cm ™"
(=C-H, isatin H), 1713 cm ' (C=O0), 1632 cm " (O=C-N-
C=S), 1595 cm ' (C-C, stretch in ring), 1458, 1335 cm "
(C=S), 1189 cm™ " (C-N, stretch peak), 742 cm ™' (NH, wag).

General procedure for synthesis of N-substituted 5-oxindoline-
rhodanine derivatives 5a-5h. A solution of aldehydes (4a-4h,
1.0 equiv.) in ethanol (10 mL) was added slowly to a solution of
5-OxI-Rh (1.0 equiv.). The reaction mixture was refluxed with a
CH;3CO,H (one drop) catalyst for between 5 h and 10 h, and was
monitored by TLC. Afterwards, the mixture product was recrystal-
lized from EtOH. After recrystallization, N-substituted 5-oxindole-
rhodanine derivatives 5a-5i were obtained as follows.

3-(((E)-4-hydroxybenzylidene)amino)-5-((Z)-2-oxoindolin-3-
ylidene)-2-thioxothiazolidin-4-one. The product 5a was obtained
as a pale red solid (81% yield). Mp. > 300 °C. 'H-NMR
(400 MHz, DMSO-dg): d 11.26 (s, NH, 1H), 10.48 (s, OH, 1H),

New J. Chem., 2019, 43, 8168-8178 | 8175



NJC

8.75 (d, J = 7.7 Hz, =CH, 1H), 8.70 (s, N—CH, 1H), 7.81
(d, J = 8.4 Hz, =—CH, 2H), 7.41 (t, J = 7.7 Hz, —CH, 1H), 7.05
(t, J = 7.7 Hz, =CH, 1H), 6.98-6.91 (m, =CH, 3H); “*C-NMR
(100 MHz, DMSO-d,): § 191.6, 171.7, 168.5, 163.1, 162.8, 145.3,
133.7,131.9, 130.1, 128.4, 125.9, 123.2, 122.7, 120.3, 116.6, 111.3
(Fig. S10, ESI}); LC-MS (m/z) [M + H]" caled for C;5H;,N305S,
382.4302, found: 382.4313; IR (KBr, cm ™ '): 3152 cm™ ' (=C-H,
aromatic H), 1714 ecm~ ' (C=0), 1627 cm ' (O=C-N-C=S),
1564 cm ' (C-C, stretch in ring), 1448, 1331 cm ' (C=S),
1119 cm™ ' (C-N, stretch peak).
3-(((E)-4-methylbenzylidene)amino)-5-((Z)-2-oxoindolin-3-ylidene)-
2-thioxothiazolidin-4-one. The product 5b was obtained as a red
solid (72% yield). Mp. > 300 °C. 'H-NMR (600 MHz, DMSO-d,):
6 11.29 (s, NH, 1H), 9.10 (s, N=CH, 1H), 8.77 (d, J = 7.9 Hz,
—CH, 1H), 7.45-7.41 (m, =—CH, 2H), 7.17 (t, ] = 7.9 Hz, —CH,
1H), 7.10-7.05 (m, =CH, 2H), 7.04-6.96 (m, =—CH, 2H), 3.32 (s,
CH3, 3H); "*C-NMR (150 MHz, DMSO-dg): 6 190.2, 171.9, 168.5,
162.9, 161.4, 158.0, 137.5, 134.4, 129.5, 128.4, 124.8, 123.7,
122.8, 120.3, 118.2, 112.3, 21.8 (Fig. S11, ESIt); LC-MS (m/2)
[M + H]" caled for C;oH;3N;0,S, 380.0514, found: 380.1003;
IR (KBr, cm '): 3142 cm™' (=C-H, aromatic H), 1719 cm™*
(C=0), 1614 cm™" (0=C-N-C=S), 1452, 1321 cm ™' (C=S).
3-(((£)-4-methoxybenzylidene)amino)-5-((Z)-2-oxoindolin-3-
ylidene)-2-thioxothiazolidin-4-one. The product 5¢ was obtained
as a red solid (74% yield). Mp. > 300 °C. 'H-NMR (600 MHz,
DMSO-dg): 6 11.27 (s, NH, 1H), 9.08 (s, N—CH, 1H), 8.75
(d, J = 7.8 Hz, =CH, 1H), 8.01 (d, J = 7.5 Hz, =—CH, 2H), 7.80
(d, J = 7.5 Hz, =CH, 2H), 7.59 (t, J = 7.8 Hz, —CH, 1H), 7.16
(t,J = 7.8 Hz, =—CH, 1H), 6.95 (d, J = 7.8 Hz, —CH, 1H), 3.88
(s, CH;, 3H); "*C-NMR (150 MHz, DMSO-d¢): § 189.8, 171.4,
168.4, 162.8, 161.4, 158.0, 146.5, 134.0, 129.5, 126.8, 124.8,
122.3, 120.5, 117.9, 115.3, 111.4, 56.5 (Fig. $12, ESI{); LC-MS
(m/iz) M + 2H]" caled for CioH;3N;05S, 397.4706, found:
397.4713; IR (KBr, cm '): 3161 cm ' (=C-H, aromatic H),
1721 em ! (C=0), 1619 cm ™' (O—=C-N-C=S), 1432, 1311 cm "
(C=sS), 1119 cm™* (C-N, stretch peak).
3-(((E)-4-nitrobenzylidene)amino)-5-((2)-2-oxoindolin-3-ylidene)-
2-thioxothiazolidin-4-one. The product 5d was obtained as a dark
red solid (86% yield). Mp. > 300 °C. "H-NMR (600 MHz, DMSO-
dg): 6 11.30 (s, NH, 1H), 8.76 (s, N—CH, 1H), 8.66 (d,J = 7.9 Hz,
—CH, 1H), 8.02 (d, J = 6.5 Hz, =—CH, 2H), 7.81 (d, J = 6.5 Hz,
=CH, 2H), 7.61 (t, J = 7.9 Hz, =CH, 1H), 7.17 (t, J = 7.9 Hz,
=CH, 1H), 6.96 (d, J = 7.9 Hz, =CH, 1H); C-NMR (150 MHz,
DMSO-dg): & 191.6, 172.0, 168.6, 163.0, 161.9, 157.8, 147.6,
145.5, 137.4, 134.6, 134.0, 129.4, 124.8, 122.7, 120.1, 112.4
(Fig. S13, ESIT); LC-MS (m/z) [M + H]" caled for C;3H;oN,0,S,
411.4302, found: 411.4311; IR (KBr, cm *): 3158 cm™* (=C-H,
aromatic H), 1718 em™ ' (C=0), 1612 cm ' (O=C-N-C==S),
1434, 1314 cm ™' (C=S).
5-((2)-2-oxoindolin-3-ylidene)-3-(((E)-pyridin-4-ylmethylene)-
amino)-2-thioxothiazolidin-4-one. The product 5e was obtained
as a dark red solid (76% yield). Mp. > 300 °C. 'H-NMR
(600 MHz, DMSO-dy): & 11.33 (s, NH, 1H), 9.13 (s, N—CH,
1H), 8.84 (d, J = 5.9 Hz, =CH, 2H), 7.91 (d, J = 5.9 Hz, =CH,
2H), 7.83 (d,J = 7.7 Hz, =—CH, 1H), 7.44 (t,] = 7.7 Hz, —CH, 1H),
7.18 (t, J = 7.7 Hz, =CH, 1H), 6.95 (d, J = 7.7 Hz, =CH, 1H);
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BC-NMR (150 MHz, DMSO-dg): J 190.2, 168.9, 162.8, 161.4,
158.0, 151.3, 145.5, 137.5, 134.0, 126.8, 124.8, 123.7, 122.6,
120.1, 112.3 (Fig. S14, ESI{); LC-MS (m/z) [M + 2H]" caled for
C17H1oN4O,S, 368.0443, found: 368.0301; IR (KBr, cm )
3161 cm ™' (=C-H, aromatic H), 1714 cm~ ' (C=0), 1610 cm ™"
(O=C-N-C=S), 1424, 1325 cm ' (C=S).

3-(((F)-(1H-indol-3-yl)methylene)amino)-5-((Z)-2-oxoindolin-3-
ylidene)-2-thioxothiazolidin-4-one. The product 5f was obtained
as a dark red solid (85% yield). Mp. > 300 °C. 'H-NMR
(600 MHz, DMSO-d,): § 12.11 (bs, NH, 1H), 11.32 (s, NH, 1H),
9.93 (s, N—CH, 1H), 8.81 (d, J = 7.9 Hz, =—CH, 1H), 8.27
(d, J = 3.1 Hz, =—=CH-NH, 1H), 7.51 (d, J = 7.6 Hz, =—CH, 1H),
7.42 (t, J = 7.6 Hz, =—CH, 1H), 7.30-7.16 (m, =CH, 3H), 7.07
(t,J = 7.9 Hz,—CH, 1H), 6.98 (d, ] = 7.9 Hz, =—CH, 1H); "*C-NMR
(150 MHz, DMSO-d,): 6 191.7, 185.4, 168.6, 167.0, 163.5, 158.0,
145.2, 137.8, 133.5, 130.6, 128.4, 125.6, 123.9, 122.5, 122.1,
121.3, 120.4, 118.6, 112.8, 110.6 (Fig. 515, ESIt); LC-MS (m/2)
[M + H]" caled for C,0H;,N,0,S, 405.4103, found: 405.4114; IR
(KBr, cm™"): 3162 cm™ ' (—=C-H), 1718 cm ' (C=0), 1612 cm "
(O=C-N-C=S), 1434, 1314 cm ' (C==S), 1129 cm ' (C-N,
stretch peak).

3-(((E)-furan-2-ylmethylene)amino)-5-((Z)-2-oxoindolin-3-ylidene)-
2-thioxothiazolidin-4-one. The product 5g was obtained as a black
solid (82% yield). Mp. > 300 °C. "H-NMR (600 MHz, DMSO-d,): 6
11.33 (s, NH, 1H), 8.78-8.76 (m, =—CH, N—CH, 2H), 8.68
(d, J = 7.5 Hz, =CH, 1H), 7.82 (d, J = 5.2 Hz, —CH, 1H), 7.61
(t, J = 5.2 Hz, =—CH, 1H), 7.43 (t, J = 7.5 Hz, =—CH, 1H), 7.17
(t,J = 7.5 Hz, =CH, 1H), 6.97 (d, J = 7.5 Hz, =CH, 1H); C-NMR
(150 MHz, DMSO-dg): 6 190.2, 168.5, 162.9, 161.4, 159.4, 149.2,
137.5, 134.0, 129.3, 126.8, 124.8, 123.7, 122.3, 120.3, 118.2, 113.7
(Fig. S16, ESIT); LC-MS (m/z) [M + H]" caled for C,4HoN;05S,
356.3902, found: 356.4002; IR (KBr, cm ™ '): 3163 cm " (—C-H),
1728 ecm ' (C=0), 1632 cm ™' (O=C-N-C=S), 1424, 1344 cm ™"
(C=S).

5-((Z)-2-oxoindolin-3-ylidene)-3-(((E)-thiophen-2-ylmethylene)-
amino)-2-thioxothiazolidin-4-one. The product 5h was obtained
as a red solid (83% yield). Mp. > 300 °C. 'H-NMR (600 MHz,
DMSO-dg): 6 11.27 (s, NH, 1H), 8.76-8.74 (m, =—CH, N—CH, 2H),
8.66 (d, J = 7.6 Hz, =—CH, 1H), 7.80 (d, J = 4.8 Hz, =—CH, 1H),
7.60 (t, ] = 7.6 Hz, =CH, 1H), 7.41 (t, ] = 4.8 Hz, =—CH, 1H), 7.15
(t,J = 7.6 Hz, =CH, 1H), 6.95 (d, J = 7.5 Hz, =—CH, 1H); ">*C-NMR
(150 MHz, DMSO-d¢): & 190.2, 168.3, 162.8, 161.4, 158.0,
146.5, 137.5, 134.0, 129.3, 128.3, 126.8, 124.8, 123.7, 120.1,
118.2, 111.3 (Fig. S17, ESI}); LC-MS (m/z) [M + H]" caled for
C16HoN;0,S; 371.4690, found: 371.4682; IR (KBr, cm ')
3148 cm ™' (=C-H), 1738 cm™ ' (C=0), 1623 cm ' (O—C-N-
C=S), 1421, 1324 cm " (C=S9).

Procedures of ions sensing, and photophysical property
measurement

UV-Vis and fluorescence studies of 5-OxI-Rh, 5a, 5e and 5f
with various anions. The solutions of organic ligands (1 x
10> M) and anions (tetrabutylammonium salt, 1 x 107> M)
were prepared in CH3;CN/H,O (v/v:1/1) with HEPES buffer
solutions (pH 7.4). A solution of organic ligands (5 uM) was
placed in a quartz cell and the UV-Vis and fluorescence spectra
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were recorded. After the introduction of the solution of anions
(2 equiv.), the changes in absorbance intensity were recorded at
room temperature each time. As a result of pH studies, all
measurements were carried out in CH3;CN/H,O (v/v:1:1) with
HEPES buffer solutions (pH 7.4).

UV-Vis and fluorescence titration of 5-OxI-Rh with [Bu,N]AcO.
The solutions of 5-OxI-Rh (1 x 107> M) and [BuyNJAcO (1 x
10> M) were prepared in CH;CN/H,O (v/v:1/1). The concentration
of 5-OxI-Rh used in the experiments was 5 uM. The UV-Vis and
fluorescence titration spectra were recorded by adding the corres-
ponding concentration of [Bu,N]AcO to a solution of 5-OxI-Rh in
CH;CN/H,0 (v/v:1:1) with HEPES buffer solutions (pH 7.4).

Job’s plot measurements. 5-OxI-Rh was dissolved in CH;CN/
H,O (1:1/v:v, with HEPES buffer solutions) to make the con-
centration of 1 x 102 M. 5.00, 4.50, 4.00, 3.50, 3.00, 2.50, 2.00,
1.50, 1.00, 0.50 and 0.0 mL of the ligand solution were taken
and transferred to vials. [Buy;N]AcO was dissolved in CH3CN/
H,O (1:1/v:v) to make the concentration of 1 x 10~> M. 0.0,
0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5 mL of the
[BuyNJACO solution were added to each ligand solution, and
each vial had a total volume of 5 mL. After the samples were
prepared, fluorescence measurements were performed at room
temperature.

'H-NMR titration of 5-OxI-Rh with [BusN]OAc. Increased
quantities of concentrated solution of [BuyNJOAc (1 x 107> M
in CD;CN) were added to a solution of 5-OxI-Rh (1 x 10™> M in
CD;CN). The chemical shift changes of 5-OxI-Rh were monitored.
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