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A highly selective ratiometric fluorescent probe for H,S based on new
heterocyclic ring formation and detection in live cells
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ABSTRACT

A 3-indolylacrylate derivative, 3-1A, prepared by connecting an ethyl acrylate in 3-position of
indole has been synthesised and characterised. Ethyl acrylate moiety acts as the Michael acceptor
towards H,S, and the resultant addition product then participates in intramolecular cyclisation
with the ester group at 2-position to form another new heterocyclic ring. Blue fluorescence of
3-IA turned into green in presence of H,S, leading to ratiometric behaviour of the fluorescent
sensor with large stokes shift of 55 nm. Probe 3-l1A has excellent selectivity towards H,S over
other biothiols and other competing anions. Density function theory/time-dependent density
function theory calculations were carried out to validate the reaction mechanism and the
electronic properties of 3-1A. Importantly, the ratiometric probe 3-1A shows great promise in
H,S detection by simple visual fluorescent inspection in filter paper-based protocol. The probe
shows its excellent ability to detect H,S in different natural water samples. Furthermore, we have
employed our probe to detect H,S for ratiometric imaging in live Vero cell.
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A reaction-based chemosensor, named as chemodosi-
meter, has a proficient application due to irreversible
chemical reaction with the external stimuli. Upon inter-
action with those external stimuli, receptors unit change
their electronic properties which are the basis of the
molecular recognition. Although lots of derivatives of
indole and thiophene have been prepared, an indole-
conjugated thiophene compound is still in investigation.
For the best of our knowledge, till, not much devotion
has been employed around this field of chemistry. Thus,
our aim of this work mainly focused on designing
an organic protocol which upon treatment with an ana-
lyte will produce those indole-thiophene-coupled

1. Introduction derivatives. Thus, in this work, we have prepared a new
heterocyclic compound via hydrogen sulfide detection
technique.

Hydrogen sulfide (H,S), the simplest biothiol, has
been considered as the gaseous molecular messenger
in a variety of human biological systems (1-4). Like
other reactive small molecules (5-7) eg. carbon mon-
oxide (CO) and nitric oxide (NO), endogenous H,S is
used by various organisms extending from bacteria to
mammals for production of energy, signal transduc-
tion, and response in immune system (8-10).
3-Mercaptopyruvate sulfur transferase, cystathionine-
y-lyase (CSE), and cystathionine B-synthase (CBS) are
such enzymes, responsible for the formation of endo-
genous H,S in a certain catalytic reaction (11, 12).
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Toxicity and hence lethal effect of H,S are attributed
as it is a colourless, highly water-soluble, and flam-
mable gas with an unpleasant rotten egg smell (13).
So, the irregular levels of H,S are strictly related to
many diseases, for example, slow growth, Alzheimer’s
disease, cardiovascular disease, Down’s syndrome, dia-
betes, osteoporosis, leucocyte loss, cancer, and liver
cirrhosis (14-20).

Therefore, to better comprehend the role of H,S in
pathological and physiological processes, the recognition
of H,S has become a vital topic of scientific research,
especially in biological systems (21). A number of analy-
tical techniques have been reported for the detection of
H,S, like gas chromatography and electrochemical (22)
and colorimetric (23) methods. But, due to the short life-
time of H,S in live cells, these approaches experience
complications in preserving precision and real-time
imaging.

Recently, fluorescent chemodosimeters have fascinated
a considerable devotion due to the benefit of high sensi-
tivity, selectivity, and real-time detection (24-26). To date,
lots of fluorescent sensors for H,S have been reported so
far. Mostly, reduction of azide and nitro functionality,
nucleophilic addition, and coppersulfide precipitation-
based fluorescent probes have been reported for H,
S detection (27-41). These sensors are highly efficient at
the task they are designed to perform. However, there is
still room for new ideas in this field. Cleavage of dinitro-
phenyl ether group has become an interesting approach
for H,S detection. Some design strategies relied on intra-
molecular cyclisation followed by regeneration fluorescent
moiety. In a few cases, S were recognised in terms of
secondary analyte detection from a metal-bound ensem-
ble. Recently, dinitrophenyl ether group incorporated into
a lysosome-targeted 1,8-naphthalimide fluorophore for
live cell imaging of H,S has been reported by Tang et al.
(42). A mitochondria-targeted fluorescent sensor for detec-
tion of H,S has been explored by Yoon et al., where the
response time is 40 min (43). Merocyanine-based fluores-
cent chemodosimeters for the detection of H,S over other
interfering biothiols have been synthesised by three inde-
pendent groups of authors, namely, Guo, Zhao and
Goswami et al. (44-46). In their strategy, an electrophilic
indolium part of merocyanine unit is responsible for the
facile nucleophilic reaction of $*/SH™ which is accompa-
nied by a change in optical properties. Recently our group
reported a merocyanine-based dual-reactive centre for H,
S, wherein the low the H,S concentration, the more reac-
tive indolium moiety was reacted and then the dinitrophe-
nyl-ether part was cleaved upon increasing the analyte
concentration (47). As manifested by Holmes et al. that at

a physiological pH, simple thiols can react readily with
some Michael acceptors. But, due to fast equilibrium, the
products could not be obtained or recognised from the
reaction mixture (48). Anchored in Holmes' fallout, we
proposed that, due to the high reactivity of H,S over the
biothiols, certain Michael acceptors might be helpful to
distinguish H,S from biological thiols by stimulating the
intramolecular cyclisation reaction at physiological pH. For
instance, biothiols have a nucleophilic sulfhydryl group (-
SH) and the pKa of H,S (6.9) is lower than that of Hcy (8.9),
Cys (8.3), or GSH (9.2), demonstrating that H,S has a higher
nucleophilicity than other biothiols under physiological
conditions. Therefore, it is effortless to discriminate Hcy/
Cys/GSH from H,S simply via nucleophilic reaction-based
strategies in physiological media. In this respect, Xian
group has successfully developed this type of fluorescent
chemosensors for the selective detection and bioimaging
of H,S (49). Nevertheless, in Table S7, (50-57) we have
compared some recent H,S probes with our probe in
different aspects.

Detection of H,S through the formation of S-
heterocycle, coupled with indole in a ratiometric manner.

Herein, we have designed a 3-indolylacrylate deriva-
tive, 3-1A, by connecting an ethyl acrylate in 3-position of
indole as Michael acceptor and an ester group ortho to
ethyl acrylate was employed as a specific function for
cyclisation via intramolecular nucleophilic attack. In parti-
cular, ratiometric fluorescent probes are always favoured
to ‘on-off’ or ‘off-on’ response as they are able to evade
fake detection and improved signal-to-noise ratio as the
detection occurs by using the intensity ratio of two differ-
ent wavelengths. The philosophy of the design lies in that
the methylene malonate will trap H,S through Michael
reaction to yield an intermediate 3-IASH moiety, which
can undergo tandem intramolecular nucleophilic attack
on the reactive ester carbonyl group, present in suitable
position, through a five-membered cyclic transition state,
illuminating blue to green emission. Thus, the design
strategy revealed a route for the synthesis of the indole-
thiophene-coupled new heterocyclic compound. In
adddition to this no ratiometric fluorescent response
was observed when probe 3-1A reacts with other biothiols.
Based on the above reaction strategy, highly discrimina-
tive detection of H,S over other biothiols can be succes-
sively employed. However, the detection limit is not as
impressive as that of some other reported H,S probe (58).
The sensing mechanism involving nucleophilic attack at
electrophilic centre leading to cyclisation that ultimately
leads to ratiometric fluorescent spectral changes is an
important aspect of this work. Most importantly, our
design strategy is completely different from those
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Scheme 1. Conventional way for detection of H,S

previously reported techniques, especially in cases where
nucleophilic addition of H,S followed by regeneration of
fluorescent moiety was occurred. Li et al. (59) reported
a BODYPI-based sensor containing a conjugated ester unit
placed in a close vicinity of an aldehyde group which acts
as nucleophilic acceptor and in presence of H,S undergo
intermolecular cyclisation to form a new heterocyclic
compound which was responsible for turn-on fluores-
cence response. But the response time and limit of detec-
tion towards H,S was very high. Here, in our case, we have
changed the design scheme by keeping an ester group to
the close vicinity of the conjugated ester unit. Thus, we
observed that the reaction rate is increased and the limit
of detection of the probe to H,S is reduced. Not only this,
we have achieved a ratiometric fluorescence response
upon treatment with H,S which is, in turn, favourable
than a turn-on sensor. Also, by using this design plan,
we have able to synthesise a new heterocyclic compound,
i.e. an indole-conjugated thiophene which is still an undis-
covered compound to the chemist.

(Ref. 27-41)

Fluorophore oH (Ref.50-52)

Fluorophore ‘ + MS l

(Ref. 53-57)

EtOO0C

2. Results and discussion
2.1. Synthesis and characterisation

Probe 3-1A can be readily synthesised in three steps
starting from indole-2-carboxylic acid followed by the
preparation of its ester and the subsequent formylation
reaction according to the standard procedure outlined
in Scheme 2. The probe molecule 3-lA has been synthe-
sised by the condensation of 2 with diethyl malonate in
presence of piperidine. The structure of 3-1A was recog-
nised by 'H-NMR spectroscopy, '*C-NMR spectroscopy,
LC-MS, and single crystal x-ray analysis (Supporting
Information). Details of experimental procedure and
data of characterisation of different structures are
given in the Supporting Information.

2.2 UV-Vis study

Probe 3-IA [10.0 uM in DMSO-H,0 (1:9), HEPES
buffer; pH 7.4, 10 mM] itself showed two main
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Scheme 2. Reagent and condition: (a) EtOH, H*, reflux, 12 h, 70%; (b) DMF, POCl5, 60°C, 35%; and (c) DEM, EtOH, piperidine, reflux,

24 h, 48%.

absorption bands at 278 and 354 nm. Then, to
a fixed concentration (10.0 uM) of 3-lA, varying
concentrations of H,S (using Na,S as the equivalent
source of H,S) were added to evaluate the absorp-
tion titration. Addition of H,S (0-12 equiv.)
persuades a red shift in both the absorption peaks
(Figure 1), resulting in two new absorption bands
centred at around 309 and 414 nm, respectively,
accompanied with the colour of the solution of
3-IA changing from colourless to yellow (Figure
1(a)).

So, compound 3-IA can serve as a ‘naked-eye’
sensor for H,S. Three distinct isosbestic points at
290, 320, and 378 nm indicate the formation of
a new compound upon reaction of probe 3-lA with
H,S.

414 nm

Absorbance
= >
;
_ e

o
o
1

0.0

3(|)0 I 3&0 I 400 ' 450
Wavelength (nm)

2.3 Fluorescence study

Upon excitation at 308 nm, sensor 3-1A [10.0 M in
DMSO-H,0 (1:9), HEPES buffer; pH 7.4, 10 mM] dis-
played an intense emission band at 408 nm.

However, as revealed in Figure 2(a), the addition of
H,S evoked a drastic decrease in the emission intensity
at 408 nm, and the concurrent appearance of a new
emission band at 463 nm accredited to the thiol-
mediated cyclisation. The free probe exhibited a blue
emission colour, and the addition of H,S elicited
a significant variation in emission colour from blue to
green. Thus, the probe provided a substantial ratio-
metric fluorescent response (l463/la08) from 0.3259 to
5.0746 (a 15.57-fold enhancement) upon addition of
12 equiv. of H,S (Figure 2). Figure 2(b) shows a graph
of the ratio of fluorescence intensity (F463/F408) Of the

; | | n n
4 .
| ]
+ 37
"{; '
<o .
v
- |
-
< 1] "
n
| ]
04 m Il.f
T T T T
0.0000 0.0001 0.0002 0.0003
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Figure 1. (colour online) (a) Absorption spectra of 3-1A (10.0 pM) upon addition of H,S (0-12 equiv.) (HEPES buffer, pH = 7.4). (b)
Absorbance intensity ratio changes (A414/Ass4) of 3-1A (10.0 uM) upon addition of various concentrations of H,S.
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Figure 2. (colour online) (a) Emission spectra of 3-1A (10.0 uM, A¢, = 308 nm) upon addition of H,S (0-12 equiv.). (b) Fluorescence
intensity ratio changes (F43/F408) Of 3-1A (10.0 pM) upon concomitant addition of H,S (0-12 equiv.).

sensor 3-1A against the concentration of H,S starting
from 0 to 50.0 uM. From the above-mentioned graph,
the corresponding linear fit (R? = 0.998) has been drawn
to the experimental data. From the linear fit of the
experimental data, the limit of detection 3-1A for H,
S was calculated to be 1.7 pM. (Figure S9 of the
Supplementary Information, available online).

2.4 Interference studies

Further, to test the efficient applications of sensor 3-1A as
a ratiometric fluorescent probe for H,S, the fluorescence
response of probe 3-lA to H,S in the presence of typical
competing species such as various anions F~, Cl —, Br~, I,
50,27, HSO5~, and S,05% and related thiol-containing
compounds (Cys, Hcy, and GHS) was studied (Figure 3).
As shown in Figure 3(b), during titration of allied
ions with the probe, no significant fluorescence
increase was observed. To examine whether probe

(A)25-

Probe + HyS

2.0

Absorbance

0.5

0.0

(B)

T T T
300 350 400 450

Wavelength (nm)

3-1A could still hold on to the sensing response to
H,S in the incidence of different potential competi-
tive analytes, the probe 3-IA (10.0 puM) was treated
with H,S in the presence of F~, CI7, Br , I, SO,°,
HSO;~, and S$,0;% (Displayed in Figure S10 of the
Supplementary Information, available online). All the
pertinent analytes examined have almost no impact
on the fluorescent detection of H,S. Furthermore,
when biothiols (1 mM) and H,S (10 uM) have coex-
isted, we are able to notice ratiometric fluorescence
change using this probe. These results established
that the ratiometric response of probe 3-IA was
highly selective for H,S and could be served for the
detection and discrimination of H,S in presence of
a high concentration of interfering biothiols. Notably,
no visible variations were observed upon addition of
other biological thiols, but the huge ratiometric fluor-
escent response delivered the probe suitable for
detection of H,S by easy visual assessment and

250 -
Probe + Other analyte

a

=200

] Probe + H,S
N’
2150+

2

s

8 100

= 100+

-

= 50

0 3 T T T i T y T
350 400 450 500 550

Wavelength (nm)

Figure 3. (colour online) (a) Absorption spectra of 3-IA (10.0 uM) in presence of various analytes (50.0 uM) in aqueous DMSO
(DMSO:H,0 = 1:9 v/v, 10.0 mM HEPES buffer, pH = 7.4). (b) Fluorescence spectra of probe 3-1A (10.0 uM) in presence of various
analytes (50.0 uM) in aqueous DMSO (DMSO:H,0 = 1:9 v/v, 10 mM HEPES buffer, pH = 7.4).
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established the potential ability of the sensor 3-IA for
detection of H,S in biological systems.

2.5 Kinetic study

Next, we wish to look at the kinetic profiles of the
reaction in the fluorescence method (at 463 nm) in
different concentrations of Na,S at room temperature.
Initially, the pseudo-first-order rate constant (Kgps)
was calculated by using the following equation: In
(Frax — Fo)/Fmax = — KopsXt. For this purpose, the time-
dependent fluorescence experiments were also car-
ried out on probe 3-1A (10.0 uM) with various con-
centrations of Na,S (5, 10, 15, and 20 equiv.). As
observed from Figure 4, the fluorescence intensity at
408 nm decreases, while fluorescence intensity at 463
nm increases with reaction time.

The higher concentration of Na,S resulted in a faster
reaction and pronounced fluorescence enhancement. The
ratio of fluorescence intensities (F4s3/Fagg) increases with
reaction time and gets saturated within 15 min. So, the H,
S-mediated cyclisation reaction was found to follow
a pseudo-first-order rate law of rate constant k = 0.292
min~" (Figure 512 of the Supplementary Information, avail-
able online) under excess H,S concentration. In addition,
the second-order rate constant was also evaluated by
calculating the linear fit between kg,s and the H,
S concentration, and it was to be 192.67 M~'Min™" (Figure
S13 of the Supplementary Information, available online).

2.6. pH study

To be useful in the practical applicability, we also stu-
died the emission behaviour of 3-IA treated with H,S in
different pH environments. The probe, in the absence

2.0x10°
£ 1.8x10°4
=
n —a—3-1A +pH
F 1 6x10°- —e—3.1A + H,S + pH
M J d
o
= 1.4x10%4
«
=

1.2x10° e—""

1.0x10 T . . . r - :

4 6 8 10
pH

Figure 5. (colour online) pH-dependent fluorescent spectra of 3-1A
in the absence (black line) and in the presence (red line) of H,S.

of H,S, is stable over a broad range of pH values from 4
to 11 and works well between pH 5.0 to 8.0 in response
to H,S (Figure 5).

However, with the addition of H-S, the fluorescence
intensity at 463 nm augmented appreciably in the pH
range of 6.5-7.8, which implies that the probe may work
well under these physiological conditions. When the pH
beat the value 8.0, the emission intensity drops down
because of poor reactivity of H,S at high pH, and at
lower pH, emission intensity sharply decreased because
of protonation of H,S. The results indicate that 3-IA
works well in physiological pH circumstances.

2.7 Study of the reaction mechanism

Based on the observations on UV and fluorescent beha-
viour of the probe in presence of H,S, we suggest the

5 vy
v
4
v A
=l ..
= |
= v a
N
$2~ A -
=
v °
14 "
"
] " ‘ » B n
0 . T T T T T
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n
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Figure 4. (colour online) F4s3/F40svs time plot 3-IA (10.0 yM) in DMSO-H,0O (1:9, v/v) solution upon addition

concentrations of H,S Aoy = 308 nm; Aoy = 463 nm.

of different
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probable mechanism as shown in Figure 6. The product
of this process was extracted from the reaction mixture
and characterised in order to achieve evidence to sup-
port this mechanistic proposal.

"H-NMR analysis of the product revealed that it con-
tains the structure constituted by the ring formation
through Michael addition of H,S, and subsequently an
intramolecular cyclisation yielded compound 3-IAS. The
resonance signal analogous to the alkene protons at 8.62
and 6.11 ppm moved out along with the aspect of two
new peaks at 432 and 3.29 ppm designated to the
methane and methylene protons of the compound
3-1AS. LCMS spectrum analysis also confirmed the cyclisa-
tion reaction between H,S and 3-lA. For probe 3-IA,
a characteristic peak at m/z = 287.1 was obtained which
is responsible for [3-1A]*. Upon addition of H,S, a new
peak at m/z = 275.1 (assigned to the cyclise product)
appeared, whereas peak at m/z = 287.1 was disappeared
(Figures S4 andS8 of the Supplementary Information,
available online).

2.8 Theoretical study

The electronic behaviour of the compound 3-1A and its
corresponding cyclic product 3-1AS upon reaction with
H,S was explored using density function theory (DFT)
and time-dependent density function theory (TDDFT)
calculation at the B3LYP/6-31G(d) level of the Gaussian
09 program. The most effective geometries and calcu-
lated electron distributions in the frontier molecular orbi-
tal's HOMO and LUMO of the probe 3-IA and its cyclic
product 3-IAS are shown in Figure 7(a). Main chromo-
phoric unit indole moiety exists in a nearly planar con-
formation with ethyl acrylate part. These planar
structures permit a proficient m-conjugation and esteem
the Internal Charged Transfer (ICT) transition between
the donor indole -NH and the acceptor acrylate group.
In particular, the HOMOs and LUMOs of the probe 3-IA
and its cyclic product are widely spread out over the
indolyl part. Additionally, the energy difference between
the HOMO and LUMO of the probe 3-IA was larger,
100.25 kcal/mol, than that of its corresponding cyclic

SUPRAMOLECULAR CHEMISTRY (&) 7
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product 3-1AS, 64.67 kcal/mol (Table S2 in
Supplementary Information), responsible for the batho-
chromic shift in the absorption spectra observed upon
the treatment of probe with H,S. Furthermore, TDDFT
calculations clarify the electronic properties of the probe
3-1A and its corresponding cyclic product 3-1AS. The
vertical main transitions, i.e. the calculated A,.c and
oscillator strength (f), are scheduled in Table S1 in
Supplementary Information, available online.

The vertical transitions calculated by TDDFT of 3-l1A
and its cyclic product show good concurrence with the
experimental data. The experiment recommends that
the vertical transitions observed at ~359 and ~319 nm
are analogous to those of the practically observed spec-
tra at ~354 and ~309 nm for 3-lA and its cyclic product,
3-IAS, respectively. The main fundamental transitions for
3-1A and its cyclic product, 3-1AS, are So—S; (~69.10%)
and So—S, (~68.50%), respectively, which corresponds
to energy states arises from HOMO—LUMO and HOMO-
1—LUMO, respectively. Thus, the calculated red shift is
accord with experimental results due to n — n*
transition.

2.9 Practical application

To build the detection experiments operationally sim-
ple, user-friendly, and less expensive detection device
for the on-site analysis of H,S, cellulose paper Whatman
40 filter paper was used. It was immersed into the
aqueous CH3CN solution of 3-1A (0.1 mg/mL) and then
dried in air. The colourless white filter paper changed
into yellow after spraying of an aqueous solution of Na,
S (Figure 8).

As it has shown, an obvious immediate colour
change occurs under a UV hand lamp (Figure 8 bot-
tom row), and an enhanced, rapid, and ratiometric
colour change can be obtained from blue to green
fluorescence in a longer time (3 min) that it could be
clearly observed by the naked eye. These results
exemplify the efficient application of 3-1A for the
advance of simple fluorimetric strips for H,
S detection.
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Figure 7. (colour online) (a) Energy-optimised structures of 3-1A and 3-1AS. (b) HOMO-LUMO distribution and energy difference of

3-1A and 3-IAS.

Now, we extend the application of our probe 3-1A
in detecting hydrogensulfide in presence of various
industrial waste materials and different water sources.
Though several interfering agents are present in nat-
ural surface water sources, yet we have successfully
detected H,S by using our probe 3-1A. We collected
various surface water samples from diverse parts of
West Bengal, India (Supplementary Information, avail-
able online) and observed the potentiality of our
probe 3-1A in detecting H,S in various surface water
samples.

To carry out this experiment, we prepared 10 uM
solutions of probe 3-IA which were added to different
water samples and emission spectral change observed
upon addition of H,S (12 equiv.). In case of all samples,
significant fluorescence (at 463 nm) improvement was

distinguished (Figure 9). No doubt these results
showed that whatever is the source of water, enhance-
ment in fluorescence of 3-lA is revealed in the pre-
sence of H,S only.

2.10 Cell imaging

Ideally, for cellular imaging experiments, higher exci-
tation wavelengths are desirable. However, we were
lucky enough to find that cells were able to survive our
experiments with probe 3-IA which required excitation
at 308 nm. Fluorescence imaging investigation was
accomplished in Vero cells to reveal the practical
applicability of the probe 3-lA in biological systems.
Prior to cell imaging, the MTT [3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2- H-tetrazolium bromide] assay
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Figure 8. (colour online) (1) Naked eye colour changes visua-
lised on TLC plate strips of (a) 3-1A (c = 1.0 x 1072M) alone and
after addition of H,S at (b)1.0 x 10™*M, (c) 1.0 x 107>M, and (d)
1.0 x 1072M in DMSO/H,0 = 1:9 (v/v). (2) Fluorescence colour
changes visualised on TLC plate strips of (a) 3-1A (c = 1.0 x
1072M) alone and after addition of H,S at (b) 1.0 x 107*M, (c)
1.0 x 107M, and (d) 1.0 x 1072M in DMSO/H,0 = 1:9 (V/v).
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Figure 9. (colour online) Sensing of H,S from surface water
sample by using 3-1A.

using the Vero cell line was carried out to evaluate the
cytotoxicity of 3-lA. As displayed in Figure S1 of the
Supplementary Information, available online, it is
observed that more than 80% of cells were viable
even after 24 h incubation. The result stipulates little
cytotoxicity of 3-1A, while the concentration of 3-1A
was augmented up to 100 mg/mL.

To image the cells, a fluorescence microscope was
used. Bright field images indicate that the cells were
not injured in presence of the probe (Figure 10(a)) and
H,S (Figure 10(d)). When Vero cells were incubated with
3-1A (1.0 uM) for 6 h, blue fluorescence was observed
inside cells (Figure 10(b,c)). Upon addition of Na,S (30.0
pM) to the above cells for another 8 h, a strong green
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emission inside cells was noticed (Figure 10(e/f)). This
surveillance reveals that 3-1A can detect the presence of
H,S in cells. Thus, the results indicate that 3-1A is cap-
able of detecting H,S in living cells with satisfactory cell
membrane permeability.

3. Synthesis and structure characterisation
3.1 Synthesis of 2

To a solution of indole-2-carboxylic acid (1) (1 g, 6.2
mmol) in 20 mL of ethanol, kept in an ice bath, four
drops of sulfuric acid was added. Then, the reaction
mixture was refluxed for 12 h with continuous TLC
monitoring. After that, the mixture was cooled down
to room temperature. After evaporation of the solvent
in vacuum, the solid residue was purified by column
chromatography on silica (eluted with 4% ethyl acetate/
hexane) to afford the indole-2- ethyl carboxylate (2)
(820 mg, 70%), a white solid."H-NMR (CDCl5, 300
MHz): & (ppm) 8.99 (s, TH), 7.71 (d, TH, J = 7.8 Hz),
744 (t, TH, J = 6.9 Hz), 7.34 (m, 1H),7.26 (t, 1H,), 7.17
(m, TH), 4.44 (q, 2H, J = 7.2 Hz), 1.44 (t, 3H, J = 7.2 Hz2).

3.2 Synthesis of 3

In nitrogen atmosphere, 2 ml dry DMF was taken and
then freshly distilled 2 ml phosphorus oxychloride
(POCI3) was added dropwise under ice-cold condition.
The mixture was stirred until a red colouration arise.
Then, indole-2-ethyl carboxylate (2) (500 mg, 2.65
mmol) dissolved in least amount of dry DMF was
added to the previous mixture. Then, the whole mix-
ture was heated to 50-60°C for 8 h. After completion
of the reaction (evaluated by TLC monitoring), the
mixture was cooled and poured into ice with stirring
and then work up with ethyl acetate. The organic layer
was dehydrated over sodium sulphate, and the sol-
vents were evaporated under reduced pressure. The
crude product was purified by column chromatogra-
phy using (8% v/v) ethyl acetate-hexane to give pure
aldehyde. White solid (200 mg, 35%). '"H-NMR (CDCls,
300 MHz): 6 (ppm) 10.67 (s, 1H), 8.34 (d, TH, J = 8.1 Hz),
7.54 (d, 1H, J = 8.1 Hz), 7.32 (m, 2H),4.48 (q, 2H, J = 7.2
Hz), 3.06 (s, TH), 1.46 (t, 3H, J = 7.2 Hz).

3.3 Synthesis of 3-I1A

Compound 3 (100 mg, 046 mmol) was taken in dry
ethanol. Then, diethyl malonate (110 mg, 0.69 mmol)
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Figure 10. (colour online) Fluorescence images of probe in Vero cells (20x objective lens): (a) Bright field image of only cells
treated with 3-1A (1.0 uM). (b) Blue channel fluorescence images of cells treated with 3-1A (1.0 uM) (blue channel, A¢, = 308 nm,
Aem = 408 nm). (c) Merged image of 3-1A. (d) Bright field image of 3-1A (1.0 uM) treated with H,S (30.0 uM). (e) Fluorescence image
of 3-1A (green channel, Aoy = 308nm, A, = 463 nm) treated with 30.0 uMH,S. (f) Merged image of 3-IA treated with H,S (30.0 uM)

(scale bar: 100 um).

and 0.5 ml piperidine were added and reflux for 24 h. In
the end of the reaction (TLC monitoring), the solvent was
removed under vacuum. Then, the solid product was
purified by column chromatography over silica (eluted
with 7% ethyl acetate/hexane) to afford the Light yellow
solid (63 mg, 48%), mp:190-195°C, MS (LCMS): (m/z, %):
287.1 [100%]; calculated for C,¢H;,NO,*: 287.06. 'H-NMR
(DMSO-dg, 500 MHz): & (ppm) 12.35 (s, 1H), 8.62 (d, 1H,J =
16.5Hz),8.0(d, 1H,J=8Hz),7.55(d, THJ=3.5),7.37 (d, TH,
J=77Hz),723(t,1H,1=7.7),6.11 (d, 1H,J=16.5 Hz), 4.41
(q,2H,J=7Hz),4.2(q,2HJ=7Hz),1.35(t,3H,J=7),1.23
(t, 3H, J = 7 Hz). "*C-NMR (DMSO-d, 100 MHz): 166.63,
160.71,136.87,127.18,125.05,121.76, 117, 115.39, 113.21,
61, 59.66, 39.59, 14.07.

3.4. Synthesis of the receptor 3-IA + H,S adduct
(3-1AS)

3-1A (50 mg, 0.17 mol) was taken in acetonitrile. Na,
S (70 mg, 0.85 mol) and few drops of water were
added to it. The mixture was stirred about 30 min,
and the resultant product was purified by column
chromatography using 10% ethyl acetate in hexane
(v/v) to give a white compound 3-IAS (31 mg, 65%).
Mp. 160-165°C. LCMS: (m/z, %): [M]*calcd for Cq4H;3
NO;S is 275.06; Found: 275.1. 'H-NMR (CDCl;, 300
MHz): & (ppm): 11.89 (s, T1H), 7.35(m, 4H), 4.31 (t, TH,

J=7.2Hz),4.06(q,3H,J=72Hz),329(d, 2H,J =72
Hz), 1.02 (t, 3H, J = 7.2 Hz).

4. Conclusion

In conclusion, we have planned and synthesised
3-indolylacrylate derivative, 3-1A, by connecting an
ethyl acrylate in 3-position. The probe itself showed
blue emission, but upon reaction with H,S, it ratio-
metrically turned into a compound which showed
green emission. The probe 3-lA is highly selective as
well as sensitive towards H,S and the sensing process
is governed by intramolecular cyclisation reaction.
X-ray data of the ratiometric probe showed that it
has lateral intramolecular hydrogen bonding along
with a pendant m...m stacking interactions. The for-
mation of 3-IAS has been recognised both experi-
mentally and theoretically (DFT/TDDFT). Importantly,
the ratiometric probe 3-1A to be best employed for
H,S detection by simple visual fluorescent inspection
in filter paper-based protocol. Additionally, further-
more, we have employed our probe to detect H,
S for ratiometric imaging in live Vero cell. Thus, this
molecule not only demonstrates H,S sensing effi-
ciency but also brings to light a simple method of
synthesising sulfur heterocycles fused with an indole
moiety. The possibility of such a specific targeted
chemical reaction can be explored in the design and



synthesis of the new fluorescent probe in the future
for H,S
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