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The design and synthesis of suitable chemodosimeters for the detection of toxic analytes has become
challenging for new researchers nowadays in the molecular recognition field. Among different chemical
reactions, name reaction-based approaches will help researchers to gain knowledge about different
types of name reactions for different analytes, the mechanism of sensing using these reactions, the
names of scientists who pioneered these name reactions, and also to explore unknown name reactions
for unexplored analytes. In this context, we have reported different sensing strategies, ie.,, name
reaction-based approaches involved in designing various chemodosimeters during the past decades.
The name reaction-based approaches have been classified into 11 types, such as (a) Tsuji—Trost
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allylic cleavage, (b) Suzuki—Miyaura coupling, (c) Claisen rearrangement, (d) benzil-cyanide reaction,
(e) intramolecular crossed-benzoin reaction, (f) Michael addition reaction, (g) Gabriel mechanism, (h) 2-aza-
Cope rearrangement, (i) Baeyer-Villiger reaction, (j) Beckmann rearrangement, and (k) Lossen rearrangement.
The focus of the review is mainly on how name reactions are used in analyte detection chemo-
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1. Introduction

Supramolecular chemistry is an interdisciplinary area, enticing
not just chemists but also biologists, biochemists, physicists,
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environmentalists, theoreticians, and a wide range of other
researchers. It is one of the most attractive and rapidly devel-
oping fields of chemistry, and its research encompasses a
variety of processes that are monitored by particular non-
covalent interactions between molecules. Charles J. Pedersen,
Jean-Marie Lehn, and Donald J. Cram shared the Nobel Prize
in Chemistry in 1987 for their achievements in the invention
and application of supramolecular chemistry.'™ One of the
key terms used frequently with supramolecular chemistry is
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molecular recognition.®” The concept of molecular recognition
emerges from the specific interactions between two or more
molecules such as H-bonding, metal-coordination, hydro-
phobic forces, van der Waals forces, m-n interactions, and
electrostatic forces, by which molecules can recognize each
other.®? In the last two decades, various receptors have been
designed for understanding molecular recognition. The roots
of molecular recognition lie in host-guest interaction.'>"" The
host is similar to a lock, in which the key fits perfectly. Now,
the terminology chemosensor is more closely connected with a
molecular event in host-guest chemistry. The indicator is
known as a chemosensor if the particular binding interaction
between the host and the guest is noncovalent and reversible,
and the interaction may be disturbed under certain variables.>™**
However, the indicator is referred to as a chemodosimeter if the
binding relationship between the host and the guest is totally
based on highly-selective irreversible chemical reactions.'>'®
The term chemodosimeter was coined by Chae and Czarnik to
describe an abiotic molecule that can recognize analytes while
also transduction a visible signal in an irreversible manner."”*°
The host-guest interactions between the chemodosimeter and
analyte trigger these chemical processes, which results in the
formation or breaking of covalent bonds instead of the genera-
tion of supramolecular complexes. Because of the structural
alterations caused by the chemical reaction, such chemo-
dosimeters have better selectivity, sensitivity, and excellent
photophysical properties changes compared to chemosensors,
which are mainly based on noncovalent interactions.>® The
design of suitable chemosensors/chemodosimeters for a parti-
cular analyte are now a great challenge to us in the molecular
recognition field. An ideal chemosensor/chemodosimeter
should elicit a change in the color/fluorescence to naked eyes
upon interaction with the analyte. Thus, it is very much
important to understand the molecular interactions. In the
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Scheme 1 Schematic presentation of (a) chemosensor and (b) chemo-
dosimeter.

past years, various types of chemosensors/chemodosimeters for
charged (anions and cations) and neutral analytes have been
developed.?*™> Moreover, chemodosimeter design, synthesis,
and application in analyte detection have drawn growing
attention and become a very active area of research due to their
quick reaction, good resistance in aqueous conditions, high
sensitivity, and good selectivity. Chemodosimeters are gene-
rally made up of at least two functioning units: (a) one is the
reaction site, where the host interacts with the analyte, and
(b) the second is the signaling unit, whose characteristics must
change upon interaction with the target analyte (Scheme 1).
In the past few years, many fluorescent probes have been
described for the chemodosimetric detection of several analytes
via selective name chemical reaction and additive signalling
mechanisms. The name chemical reactions implemented for
sensing several analytes are Tsuji-Trost allylic cleavage, Suzuki-
Miyaura coupling, Claisen rearrangement, benzil-cyanide reac-
tion, Intramolecular crossed-benzoin reaction, Michael addition,
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Gabriel mechanism, 2-aza-Cope Claisen rearrangement, Baeyer—
Villiger reaction, Beckmann rearrangement, and Lossen rearran-
gement. Tsuji-Trost allylic cleavage, Suzuki-Miyaura coupling,
and Claisen rearrangement are involved in palladium recogni-
tion. Various important name reactions are used to detect
anionic analytes, such as the benzil rearrangement and intra-
molecular crossed-benzoin reaction for CN~, and the Michael
addition for CN~. Name reactions for neutral analytes, ie.,
Gabriel mechanism for N,H, recognition, 2-aza-Cope rearrange-
ment for HCHO sensing, Michael reaction for biothiols, Baeyer-
Villiger reaction for H,0,, Beckmann rearrangement for COCl,,
and Lossen rearrangement for DCP sensing have been reported
in the literature.

In this review, we will briefly introduce selected examples of
fluorescent chemodosimeters characterized by different types
of name reactions implemented at the molecular recognition
site for toxic analytes (Pd°, Pd*", CN~, N,H,, HCHO, biothiols,
H,0,, COCl,, and DCP) detection. In addition, design strategies,
sensing processes, and applications of related fluorescent chemo-
dosimeters are also addressed here in detail. Moreover, the
directions for the future of research on the topic will be briefly
discussed. To the best of our knowledge, to date, there have been
no comprehensive studies that explain the progress and processes
of name reaction-based sensors. The aim of this study is to offer a
broad overview of the idea and development of chemodosimeters
based on name reactions, as well as to encourage researchers for
future research investigations in this promising subject.

2. Name reactions
2.1. Tsuji-Trost allylic cleavage

The Tsuji-Trost reaction®® is a palladium-catalyzed n-allyl sub-
stitution reaction where a leaving group in the allylic position
of a substrate is replaced by a nucleophile. Jiro Tsuji was the
pioneer of the above reaction and later Barry Trost adapted this
reaction in 1973 by introducing phosphine ligands. In this
reaction mechanism, palladium at first underwent the oxida-
tive addition reaction by coordinating with the allyl moiety to
form the n-allyl complex, which was subsequently attacked by a
nucleophile to form the substituted product (Scheme 2). Using
this reaction heterocyclic ring, the heterocyclic indole deriva-
tives can be synthesized through the formation of an intra-
molecular m-allyl complex and this reaction mainly gives an
allylic nucleophilic substituted product. This type of reaction
has been extensively used for the design of various fluorescent
probes for Pd** recognition.

Pd0

R\/\/X —_—

X= OH,OPh,OCOR,OCONHR,Cl,OCOZR etc.

Scheme 2 Mechanism of Pd(0)-mediated cleavage of allyl ethers.
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In 2014, Zhu and coworkers reported an NIR-based ratio-
metric fluorescent probe 1 for imaging palladium within live
cells based on Tsuji-Trost allylic cleavage.>” On the addition of
Pd(PPh;), to the PBS-CH;CN (3:1, pH = 7.4, 0.01 M) mixture
solution, the absorption band at 810 nm gradually decreased
and a new band appeared at 545 nm with a clear isosbestic
point at 640 nm. The color of the solution changed from light
green to red, which was clearly observable by the naked eye. The
observed color change was due to palladium-triggered allylic
carbamate bond cleavage that disrupted the extended conjuga-
tion and reduced the conjugated chain length in its keto
derivative (Fig. 1). The absorbance ratio of Asssnm/Asionm
showed a good linear relationship with the palladium concen-
tration. Upon the gradual addition of Pd(PPh;),, a gradual
decrease in emission intensities at 825 nm and, concurrently,
a significant enhancement of emission intensities at 655 nm,
were observed. The main reason behind the changes in the
probe’s optical nature was due to the removal of the masking
group chloroformate by palladium. "H NMR and mass spectro-
scopy were used to monitor the reaction between probe 1 and
palladium. Probe 1 displayed a ratiometric fluorescence color
change from green to red with an enhancement in the fluores-
cence intensity of about 130-fold at 655 nm. The fluorescence
intensity ratio of Isssnm/Is2snm Showed a good linear relation-
ship with [Pd**] over a wide range of concentration 0-50 pM.
The detection limit of probe 1 was found to be 0.3 ppb. The
authors also utilized probe 1 for the quantitative detection of
palladium in real water samples using an indicator paper.
Moreover, confocal microscopy experiments revealed that this
ratiometric cell permeable fluorescent probe 1 could image
palladium in live HeLa cells.

Koide’s group developed the allylated 2’,7’-dichlorofluo-
rescein derivative 2 to measure palladium contamination in
laboratory chemicals.”® Different chemical analytes (metal
halides and metal oxides) were added to a mixture of allyl ether
2, NaBH,, and TFP (tri(2-furyl)phosphine) in DMSO/1.23 M
phosphate buffer (pH = 7; 1:9 v/v) solution at a 0.5 mg mL ™"
concentration. The resulting mixture was heated at 45 °C for
80 min. The same reaction was studied under same reaction
conditions at various concentrations of palladium, i.e., 0.1, 0.2,
and 0.4 ppb. Exposure to either direct Pd(0) or palladium with
different oxidation states in the presence of reducing agents
converted the nonfluorescent fluorescein moiety to the highly
fluorescent Pittsburgh Green derivative by cleaving the allylic
ether bond (Fig. 2). Investigation showed that the fluorescence
intensity showed a good linear relationship with the palladium
concentration. The measured fluorescence intensities obtained

Nu~
R\/’\ —— R\/\/Nu
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Fig. 2 Sensing strategy of the palladium-induced Tsuji—Trost reaction.

from the reaction with different chemical analytes were com-
pared with the standard curve generated from the reaction with
different concentration of palladium. From the compared data,
the amount of palladium contamination was found in the
palladium-contaminated chemical reagents. The chemodosimeter
was also used as a quality control reactor using different reaction
flasks to identify the highest palladium-contamination in the
laboratory.

2.2. Suzuki-Miyaura coupling

Suzuki coupling or Suzuki-Miyaura coupling is the Pd-catalyzed
cross-coupling reaction between organo-boron reagents and
organo-halides (or triflates) in the presence of a mild base.
This reaction can be used for generating a new C-C bond. This
reaction was discovered by Akira Suzuki and Norio Miyaura in
1979.%° The general catalytic cycle of Suzuki-Miyaura coupling
includes three steps: (i) oxidative addition of the Pd(0) ligand
[L,Pd®] to alkyl, aryl, or vinyl halides to form the intermediate
complex L,Pd™(R*X (R? = alkyl, aryl, or vinyl); (ii) metathesis

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

Pd(X or TFP), ., 3

-Xor TFP  x=golvent or H

Fluorescent

involves the exchange of anion of the base (T"OR) with the anion
(X7) attached to the palladium intermediate species to gene-
rate L,Pd")(R*)OR; (iii) transmetallation between negatively
charged base-activated boronate complex [R'B(R),(OR)]” with
the L,Pd"(R*OR complex to generate L,Pd"’(R*(R"); and
(iv) Reductive elimination to give the final coupled product
(R'-R®) and regenerating original palladium(0) species
(Scheme 3).%°

The Suzuki-Miyaura coupling reaction can be used to design
functional polymers. Using this reaction, conjugated polymer-based
fluorescent sensors can be synthesized. The sensors include
(i) pyridine-based conjugated polymer chemosensors; (ii) imidazole-
based conjugated polymer chemosensors; and (iii) Fused
N-heterocycles-based conjugated polymer chemosensors.** ™3

In 2011, Bradley designed probe 3 based on Pd(0)-catalyzed
Suzuki-Miyaura cross coupling to transform the nonfluorescent
aryl triflate moiety into highly fluorescent anthofluorescein
derivative.>> Cross coupling between two components caused
extended conjugated moiety through the opening of the lactone

New J. Chem., 2021, 45, 20046-20074 | 20049
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Fig. 3 Chemical structure of probe 3 and its chemodosimetric reaction.

ring. Using mitochondria targeting triphenylphosphonium moiety,
they applied this probe 3 to localize Pd(0) in the mitochondria
within the HeLa cells. The authors at first incubated the
fluorescent-labelled Pd(0) microspheres within the HeLa cells
before the injection of probe 3 and Mito Tracker. After incuba-
tion for 48 h, the cellular fluorescence images were taken by
confocal microscopy. The confocal microscopy images showed
the co-localization of the highly fluorescent dye and the Mito
Tracker, which indicated Pd(0)-mediated intracellular aryl-aryl
bond formation. The Pd(0) microspheres identified in the
cytoplasm proved its potential ability to penetrate the cell
membrane and remain intact inside the cytoplasm for several
days. This was probably the first work where heterogeneous
Pd(0) was used as a catalyst for labelling intracellular studies.

20050 | New J. Chem., 2021, 45, 20046-20074

This type of reaction will inspire researchers to develop the
conjugated fluorescent molecules with the targeting moieties
and practically use it in live cell imaging in pharmacology
(intracellular formation of pro-drug-activated hydrophilic
molecules) and medicine (systemic administration of locally-
activated pro-drug molecules) purposes in the future (Fig. 3).

2.3. Claisen rearrangement

Allyl aryl and vinyl ethers undergo thermal intramolecular [3,3]
sigmatropic rearrangement reaction to generate allyl phenols
and unsaturated y-6 carbonyl compounds, which is called the
Claisen rearrangement (Scheme 4) and was named after the
German scientist Rainer Ludwig Claisen, who was the pioneer of
the above rearrangement reaction. The rearrangement reaction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Scheme 4 Plausible mechanism of Claisen rearrangement.

passes through the formation of the six-membered cyclic
transition state. Thus, through this rearrangement reaction,
the allyl group of the allyl aryl ether moiety migrates to the
ortho position of the benzene ring to generate the o-allyl
phenol. This is a synthetic route to convert the allyl aryl ether
molecule to its corresponding o-allyl phenol derivative.*®
Garner et al. reported a metal-catalyzed aromatic Claisen
rearrangement-based fluorescent probe 4 for the detection of
Pd(u) and Pt(v) species.’” After 4 h, the rearrangement took
place at 50 °C in 1:4 DMSO/pH 10 buffer solution only in the
presence of the Pd(u) and Pt(v) species and was not interfered by
other metal species including Pd(0) under the same conditions.
To measure the sensitivity of the probe, the authors also did an
experiment using PdCl, under suitable detection conditions (1:1
DMSO/pH 10 buffer, and after 24 h). Investigation showed that
with an increase in the incubation time, the intensity of the
fluorescence signal also increased. The fluorescence intensity was
correlated to the Pd(u) concentration in the range of 0.5-50 uM
(50 ppb-5 ppm). From the above experiment, the calculated
detection limit of probe 4 for Pd(u) was found to be 3.9 uM
(390 ppb). They also applied probe 4 to detect Pt(iv) contamination
in Pt(iv) contaminated water and to monitor the progress of the
electrochemical reduction of Pt(wv) to Pt(0) in water. The detection
limit of probe 4 for Pt(iv) was calculated to be 0.54 nM (0.11 ppb)

(Fig. 4).

2.4. Benzil-cyanide reaction

Sessler and his coworkers first introduced the idea of the
benzil-cyanide reaction for designing fluorescent chemosensors
for cyanide (Scheme 5).*® They first reported® probe 5 that
underwent benzil rearrangement in an aprotic solvent and in
the presence of TBACN (tetra butyl ammoniumcyanide) to
produce cyanobenzoyl benzoate. But due to a lack of solubility
in MeOH of probe 5, no benzil-cyanide reaction-mediated
bond cleavage took place and no detectable color change was
observed. To overcome this problem, the authors designed an
extended m-conjugated benzil probe 6, which was soluble in
MeOH. They utilized probe 6 with extended conjugation for
the selective detection of cyanide in methanol-water (80:20)
solvent system. Upon treatment with cyanide and base (10 uM,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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1 N aqueous NaOH) to probe 6, the peak centered at 410 nm
displayed a large bathochromic shift near about 43 nm, accom-
panied by a naked eye color change from pale yellow to
colorless. The color change was observed due to the addition
of cyanide in aqueous methanol to probe 6-triggered benzil-
cyanide reaction-mediated bond cleavage, which caused a
change in the m-conjugation. The sensing mechanism was
monitored by LC-MS analysis. Moreover, the addition of cya-
nide and base to aqueous methanol in probe 6 resulted in a
large fluorescence enhancement within 1 h. The limit of detec-
tion (LOD) of probe 6 was less than 1.7 uM (Fig. 5).

2.5. Intramolecular crossed-benzoin reaction

Suzuki and his coworkers first reported intramolecular crossed
benzoin reaction using the thiazolium precatalyst.”® 1t is
generally an extension of the simple benzoin condensation
reaction (condensation between two aldehydes in the presence
of cyanide to give a-hydroxy ketones or benzoins). But here,
instead of using two simple aldehydes, intramolecular cross
condensation reaction occurs between aldehyde and ketone to
give the six-membered cyclic acyloins. This reaction can be
used in cyclic ring formation.

Kim and coworkers designed probe 7 based on intramolecular
crossed-benzoin condensation for the selective sensing of cyanide
in aqueous environments.*' On the addition of KCN to the PBS
buffer, the absorption intensity at 565 nm increased 20-fold,
accompanied by a change in the color of the solution from pale
orange to deep pink. With an increase in the CN™ concentration,
the fluorescence intensity at Ae,, = 595 nm gradually increased
over the range of 0-3 equiv. The significant turn-on fluorescence
response was caused by intramolecular crossed benzoin reactions,
which released highly fluorescent resorufin when cyanide was
added to probe 7. Probe 7 was very sensitive to CN~ and showed
rapid fluorescence response within 10 s. This sensing mechanism
was confirmed by "H NMR titration and mass spectroscopy. The
detection limit of the probe was as low as 4 nM. The authors also
showed the selectivity of the probe using test stripes coated with

New J. Chem., 2021, 45, 20046-20074 | 20051
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probe 7. After the addition of various anions of potassium salts,
ie., CN", F, ClI”, Br, I, CH,CO,”, HPO,>", HCO;~, NO;~,
ClO,, and SCN™ and some neutral species, ie., Cys, Hcy, and
GSH, only a significant color change to pink and fluorescence
change were observed in the case of cyanide, proving the probe’s
potential use for the sensing of potassium cyanide in the presence
of other analytes. They also utilized the probe for the bioimaging
of KCN in live HeLa cells and blood serum (Fig. 6).

2.6. Michael addition

Michael addition is base-catalyzed 1,4 conjugate addition of a
nucleophile to the double bond of an a,B-unsaturated carbonyl
compound to give 1,4-Michael adduct (Scheme 6). This reaction
was named after Arthur Michael, who discovered the above
reaction in 1887. This reaction has practical utility to generate
new C-C bonds.*?

2.6.1. Cyanide chemodosimeters. Cyanide, being a good
nucleophile, can attack the o,f-unsaturated probe through
Michael addition. Park et al reported an o,B-unsaturated
carbonyl moiety-based probe 8 for the recognition of
cyanide.”® Upon the addition of CN™ in acetonitrile, the absorp-
tion maxima at 430 nm (¢ = 3.9 x 10* M~' cm™') decreased and
a new peak at 260 nm (¢ = 2.8 x 10* M~' cm™") appeared,
accompanied by a change in the color of the solution from

20052 | New J. Chem., 2021, 45, 20046-20074

yellow to colorless. An isosbestic point observed at 272 nm
clearly indicated the formation of a new species. Due to photo-
induced electron transfer from diethylamine phenyl to
hydrogen-bonded carbonyl group, the quenching of fluores-
cence of probe 8 was observed. But upon the addition of
cyanide to probe 8 in CH;CN, a strong turn-on blue fluores-
cence was observed at 469 nm. Due to effective intramolecular
hydrogen bonding of the o-hydroxyl group to the o,B-unsaturated
carbonyl group, the double bond was sufficiently activated to act
as a Michael acceptor to facilitate the nucleophilic attack of
cyanide, resulting in an enol intermediate, which, via tautomer-
ization, generated a stable keto form to furnish the fluorescent
phenolate and, as a result, a 1300-fold fluorescence intensity
enhancement was observed. The authors also showed that the
hydrogen bonding effect was important as the hydrogen-bonded
enone intermediate behaved as a sufficiently-strong electrophile
to induce the nucleophilic attack of cyanide to show naked-eye
fluorescence turn on signal. They also reported that without
hydrogen bonding, no such naked eye change was observed.
The reaction pathway was monitored by "H NMR spectroscopy.
Job’s plot showed that the stoichiometry between probe 8 and
CN™ was 1:1. The detection limit of probe 8 for cyanide detection
was found to be 1.7 pM. The time-dependent fluorescence study
showed that the reaction followed pseudo first order kinetics and
the rate constant was found to be 8.2 x 10> s~ . The authors also
applied probe 8 for the detection of cyanide in drinking water and
also for the detection of lethal levels of cyanide in fire victims
(Fig. 7).

Sun et al. designed and synthesized a 3-amido coumarin-
based fluorescent probe 9 for the colorimetric detection of
cyanide.** Upon the addition of CN~ to probe 9, the intense
absorption band at 332 nm gradually decreased and finally
vanished but the intense absorption band at 301 nm gradually
increased with the formation of an isosbestic point at 307 nm.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Probe 9 exhibited very weak fluorescence with low quantum
yield (@ = 0.002) and after the addition of cyanide, no change in
fluorescence was observed. But compound 10 exhibited strong
fluorescence with a quantum yield of ¢ = 0.11. Upon the
addition of CN™, the fluorescence intensity at 403 nm gradually
decreased, resulting in a blue shift of about 10 nm. The authors
stated that the reason behind this is the change in the C-N
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bond length from probe 10 to its cyanide binding adduct,
which remains unchanged in the case of compound 10 and
its adduct. The above results proved the reaction pathway,

, the reaction occurred through intramolecular cyclization
between the cyano and amido groups, followed by the Michael
addition of cyanide at the 4-position of coumarin. Probe 9 was
very sensitive toward CN~ and showed rapid response within
10 s. From Job’s diagram, it was obtained that CN~ showed 1:1
reaction stoichiometry for both probes 9 and 10. The reaction
intermediates were characterized by "H NMR and mass spectro-
scopy. From X-ray diffraction study, they also confirmed that
the attack of cyanide took place at the 4-position of coumarin
(Fig. 8).

Lee et al. introduced enone-functionalized benzochromene
probe 11 as a ratiometric fluorescent chemosensor for the
detection of cyanide in aqueous buffer solution.*> The sensing
of cyanide occurs through Michael addition. Upon the addition
of CN, the absorption band at 388 nm decreased and a new
band appeared at 297 nm, accompanied by a naked eye color
change from light yellow to colorless. Two clear isosbestic
points at 315 nm and 418 nm clearly indicated that new species
were being formed. Moreover, the fluorescence emission band
was blue shifted from 518 nm to 350 nm upon the addition of
CN™ and the fluorescence color of the solution changed from
strong green to weak blue. The Michael addition of CN™ to
probe 11 induced lactone ring-opening to give a keto-enol-
tautomerized intermediate, which subsequently underwent the
[1,3]-sigmatropic rearrangement reaction to give a free phenol
product, which was responsible for the above changes in the
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Fig. 8 (a) Chemical structures of probe 9 and 10. (b) CN™-assisted
Michael addition reaction of probe 9.

optical and spectroscopic properties upon the addition of CN™
to probe 11. The sensing mechanism was confirmed by
'"H NMR and mass spectroscopy. The fluorescence intensity
ratio Fsignm/F3s0nm Of probe 11 showed a ratiometric fluores-
cence response toward cyanide. The detection limit of probe 11
for cyanide detection was found to be 5.3 pM. The kinetic study
showed that the reaction followed second order kinetics and
the rate constant was found to be k= 3.8 x 107* M~ s™". The
authors further demonstrated that probe 11 could act as a
ratiometric fluorescent chemodosimeter for the detection of
toxic cyanide in aqueous solutions (Fig. 9).

2.6.2. Biothiol chemodosimeters. Yang et al. reported a
semi-napthofluorescein-based probe 12 for sensing biothiols
(cysteine) based on 1,4-conjugate additions to o—f unsaturated
carbonyl compounds.*® Upon the addition of cysteine, a naked
eye color change was observed from colorless to pink. The
emission intensity band at 621 nm gradually increased upon
the gradual addition of cysteine. The color change was due to
1,4-conjugate additions of cysteine to the double bond to give
the addition product I;, which underwent intramolecular cycli-
zation to a stable 7-membered intermediate I,, releasing semi-
napthofluorescein (12a). The investigation showed that the
reaction completed within 20 min after the addition of cysteine,
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and the detection limit of probe 12 was found to be 0.2 uM. The
authors further applied chemodosimeter 12 for the selective
detection of cysteine in biological samples (Fig. 10).

Zhang et al. reported an imidazole core unit based on
luminescent aggregate 13 with a hydroxynapthalene head group
and a benzyl tail unit.” With the addition of cysteine in PBS
buffer (20 mM, pH 7.2) solution of probe 13, the emission
intensity of the keto-form increased gradually, whereas the
intensity of the enol-form increased at first, then gradually
decreased. The first increase in the emission intensity of the
enol form was attributed to the conjugate addition of cysteine
to the double bond, inhibiting photoinduced electron transfer
process and then, due to the formation of the lactam ring,
induced product 13a to exhibit an ESIPT (excited-state intra-
molecular proton transfer) process via intramolecular proton
transfer, which was responsible for the increase in keto emis-
sion. Moreover, upon the addition of cysteine to the probe
solution, a weak emission peak at 425 nm, corresponding to
the enol tautomer and a strong emission peak at 553 nm,
corresponding to keto tautomer, were observed. To show the
selectivity of the probe toward cysteine, the authors also
compared the intensity of the enol emission peak in the
presence of cysteine with other structurally similar biothiols,
i.e.,, Hcy and GSH. It was observed that the intensity of enol
emission peak after addition of Hcy and GSH was strong
compared to Cys, which indicated the removal of these groups,
i.e., Hcy and GSH, did not easily take place after conjugation
with probe 13. Also, the keto-enol ratio for Cys was 12 with
yellowish-green emission, whereas for Hey and GSH, the ratio
was 2 with blue emission, indicating that probe 13 was highly
selective toward cysteine recognition. The authors also investi-
gated the fact that the ratio of the keto/enol tautomer of
product 13a varied with the solvent polarity. Depending on
the solvent polarity, different emission colors were observed in
different solvent media due to the varying content of the keto/
enol tautomer. The weak enol form emission peak centered at
415 nm showed a remarkable red shift at ~553 nm in polar
solvent (DMF) and protic solvent (EtOH), accompanied by
yellow and green emission, respectively. In nonpolar solvents,
i.e., in benzene and DCM, the emission peak was observed at
600 nm with orange yellow emission and in cyclohexane, the
emission peak was observed at 610 nm with red emission. The
large Stokes shift was due to the transformation of the enol
form to the keto form via proton transfer of imidazole NH

O, Me O™
(@) Me o) Me
PN e I~ .
CN NCW - Z “Me

0
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Green Fluorescence —

Fig. 9 CN™-assisted Michael addition reaction of probe 11.
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Fig. 10 Plausible cysteine sensing mechanism of probe 12.

through ESIPT, resulting in an increase in the conjugated chain
length, which indicated that product 13a mainly existed in the
keto form in the nonpolar solvent. Moreover, the normal keto
form emission of product 13a was observed at (> 540 nm) with
large Stokes shifts in strong polar and protic solvents but
displayed different bathochromic shifts in different solvents,
i.e., 553 nm in DMF and 610 nm in cyclohexane, depending on
the extent of stabilization of the n-n* transition of the keto
form in different solvent systems. The authors also reported an
emission intensity change for product 13a in DMF with varying
concentrations. At very low concentrations, ie., 2.5 ptM, a weak
emission peak was observed mainly at 480 nm due to the
interaction of product 13a with the solvent DMF. But with
increasing concentration, two new shoulders at 415 nm and
565 nm appeared, corresponding to the enol and keto tauto-
mer, respectively. The investigation showed that with an
increase in the concentration from 2.5 pM to 100 uM, the enol
emission intensity peak gradually disappeared and a keto form
emission intensity peak existed mainly at 565 nm, accompa-
nied by a change in the color of the solution from blue, yellow,
to bright yellow. The main existence of keto form emission was
due to increased planarity and rigidity in the keto form, which
restricted the molecular motion by J-aggregation. The authors
also studied the effect of water concentration on the emission
of product 13a. Investigation showed that for up to 80% water
content, the enol form predominated due to hydrogen bonding
with water, which inhibited intramolecular proton transfer
through the ESIPT process to give the keto form. But above
that, for up to 100% water content, mainly the keto form
predominated due to the aggregation of product 13a into
nanoparticles. This was also clear from the change in the color

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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of the solution from yellowish green (0%), yellow (60%), to
green (100%). The emission intensity of the keto form increased
linearly with cysteine concentration in the range from 0 to 30 pM.
The detection limit of the probe for cysteine detection was found
to be 0.21 pM (Fig. 11).

Manna et al. reported two intramolecular charge transfer
(ICT)-based fluorescent probes, 14 and 15, based on the acrylate
group as the cysteine recognition unit.*®* With the addition of
cysteine to probe 14 in aqueous DMSO (DMSO:H,0 = 7:3 v/v,
10 mM HEPES buffer, pH = 7.4), the absorption peak at 272 nm
gradually decreased and a new peak appeared at 410 nm with
an isosbestic point at 347 nm. It was also observed that the
absorption maxima showed a red shift of about 138 nm upon
the addition of cysteine and the color of the solution changed
from colorless to yellow. Upon the addition of cysteine to probe
14, a nearly 992-fold enhancement in the fluorescence intensity
was observed at 506 nm. The removal of the acrylate moiety
upon the addition of cysteine generated a phenoxide moiety,
which facilitated the ICT process and the fluorescence color of
the solution changed from colorless to intense green. But no
such significant fluorescence enhancement was observed for
probe 15. This was because in the presence of cysteine, the
cleavage of the acrylate moiety occurred at 7-positions in probe
14, which resulted in an enhancement in the ICT process but in
the case of probe 15, the cleavage occurred at 2-positions under
identical conditions for which no such ICT process was observed.
Moreover, the fluorescence intensity at 506 nm of probe 14 varied
with cysteine over a wide range of concentrations of 0-1.25 equiv.
The detection limit of probe 14 was found to be 47 ppb. To justify
the selectivity of the probe, the authors also did the experiments
in the presence of biothiols (Cys, Hcy, GSH) and other amino
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Fig. 11 Structure of probe 13 and its sensing mechanism with cysteine.
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Fig. 12 Structures of probe 14 and 15.

acids (Ala, Glu, Arg, Lys, Asp, Gly, Leu, Tyr, His, Trp, Ile, Thr, Phe,
Pro, Met, and Val). Investigation showed that the naked eye color
and fluorescence change only in the case of cysteine. The authors
explained the fact by considering seven-membered ring forma-
tions through Michael addition and intramolecular cyclization in
the presence of Cys, whereas in the presence of Hcy, eight-
membered ring formations took place. As seven-membered ring
formation was entropically more favorable compared to eight-
membered ring formation, probe 14 showed selective response
toward Cys in the presence of other structurally similar biothiols,
i.e., Hcy and GSH. The reaction mechanism was also proved by
"H NMR and mass spectroscopy. Time-dependent fluorescence
spectroscopy showed that the reaction completed within 12 min
after the addition of Cys. The authors also applied probe 14 for
cysteine recognition in osteosarcoma (MG-63) live cells (Fig. 12).

Feng and coworkers developed the acrylate-conjugated
benzopyran-based NIR fluorescent probe 16 for the recognition
of biothiols (cysteine, Hey, and GSH).*’ Upon the gradual
addition of cysteine to the DMSO-PBS bulffer solution (10 mM,
pH=7.4,1:1,v/v), the absorption maxima showed a red shift of
about 160 nm (395 nm to 555 nm) and a naked eye color change
was observed from light yellow to pink. In addition, after
treatment with cysteine, the NIR fluorescence emission inten-
sity band at 706 nm was also enhanced. The fluorescence
enhancement was observed due to cysteine-triggered acryloyl
moiety cleavage of probe 16, releasing a highly NIR fluorescent
molecule. The fluorescence intensity ratio of probe 16 varied
linearly with cysteine concentration in the range of 0-10 uM.
The detection limit of probe 16 for cysteine detection was 81 nM.

20056 | New J. Chem., 2021, 45, 20046-20074
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To justify the selectivity of the probe, the authors also carried
out an experiment in the presence of biothiols and other amino
acids. Among these species, significant color change was
observed only in the case of biothiols. From the above experi-
ment, it was clear that the probe was highly selective toward
biothiols (Cys and Hcy). To compare the response difference
between biothiols and the rate of reaction, the authors also
studied time-dependent fluorescence studies. Investigation
showed that the order of the rate of reaction of biothiols is
Cys > Hcy > GSH. The reaction followed pseudo-first order
kinetics and the rate constant for cysteine recognition was
found to be kyps = 0.167 min~ "' (¢, = 4.15 min), which indicated
that the reaction between probe 16 and cysteine was very fast.
The results clearly indicated that probe 16 could be used as an
NIR fluorescent turn-on sensor to detect cysteine rapidly in
aqueous solution. The product was isolated and characterized
by "H NMR and mass spectroscopy. They also applied this
probe for the bioimaging of cysteine inside the HeLa cells
(Fig. 13).

Bithiols

(o]
O)J\/

light yellow, no fluorescence

pink, strong NIR fluorescence

Fig. 13 Chemodosimetric reaction of probe 16 with biothiols.
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Fig. 14 Chemodosimetric reaction of probe 17 with cysteine.

The Michael addition reaction was also widely used for
cysteine®*° recognition based on the bioconjugation of thiol-
containing molecules to maleimide receptors.*’

Shen et al. designed benzoxadiazole (NBD)-linked maleimide-
based receptor 17 for thiol recognition based on Michael
addition.’® Upon the gradual addition of cysteine to probe 17,
the absorption maxima at 380 nm gradually decreased with the
simultaneous appearance of a new absorption maxima at 490 nm,
i.e., the absorption maxima displayed a red shift (110 nm) from
380 nm to 490 nm with a naked eye color change of the solution
from colorless to yellow. After treatment with cysteine, a signifi-
cant enhancement in the emission intensity band at 554 nm was
observed with a fluorescence color change from dark to green.
The significant enhancement of emission intensity was due to the
nucleophilic attack of the sulphur anion of cysteine on the
electrophilic maleimide moiety, which caused significant charge
transfer from maleimide to NBD. Furthermore, probe 17 showed a
linear relationship with cysteine over a range of concentration of
0-70 pM. From Job’s plot, it was obtained that cysteine showed
1:1 reaction stoichiometry toward probe 17. The detection limit
of probe 17 for cysteine recognition was found to be 1.2 x 10" M.
The authors also studied the pH effect of the probe. The investi-
gation showed that the probe displayed strong fluorescence only
at pH 7.0, ie., the biological pH region. They also applied this
probe 17 for the detection of thiols in HeLa cells (Fig. 14).

Nagano and coworkers designed the BODIPY-based probe 18
for thiol (N-acetyl cysteine) recognition.>® They also investigated
the fact that the position of the maleimide substituent to the
BODIPY core played a key role in effective fluorescence quenching.
It was observed that effective fluorescence quenching through
donor-excited photoinduced electron transfer (d-PET) hap-
pened in the case of the ortho-substituted maleimide derivative
of BODIPY compared to its meta and para substitution. The
observed fact was due to the minimized distance between the
electron donor and the electron acceptor in the PET process in
the case of ortho-substitution compared to the others. Thus,
the ortho-substituted maleimide derivative of BODIPY, which
quenched fluorescence through PET, showed a strong turn-on
fluorescence response toward thiols. Upon the addition of
thiols, near about 350-fold enhancement of fluorescence emis-
sion intensity was observed with an emission color change of
the solution from colorless to bright green and the fluorescence
quantum yield changed from ¢ = 0.002 to ¢ = 0.73. The large
increase in the fluorescence quantum yield was observed due to
the inhibition of the d-PET process from BODIPY to maleimide
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Fig. 15 Chemodosimetric reaction of probe 18 with biothiols.

upon the addition of thiols. They also applied this probe 18 for
monitoring the level of bovine serum albumin (Fig. 15).

Yi et al. also introduced a coumarin-based fluorescent probe
19 for thiol recognition.®® The probe was highly selective
toward thiols (GSH, Cys, p-mercaptoethanol) in the presence
of other amino acids. Upon the addition of thiols to probe 19,
immediate naked eye blue green fluorescence emission was
observed. The significant turn-on fluorescence response was
due to the Michael conjugate addition of the thiols to the cis
double bond of probe 19, causing significant quenching of the
PET process. Probe 19 was also used for monitoring the level of
GSH inside the cells. Probe 19 showed very weak fluorescence
intensity (¢ = 0.001) due to the effective PET process operating
through the intramolecular double bond. But after the addition
of GSH to probe 19, a large increase in the fluorescence
quantum yield (¢ = 0.47) was observed. Upon addition of
GSH to probe 19, the increase in the fluorescence quantum
yield was more than 470-fold due to the inhibition of the PET
process, which was operative through the intramolecular dou-
ble bond. Moreover, the fluorescence intensity of probe 19 was
linearly proportional to the GSH concentration in the range of
0-100 nM. The detection limit of probe 19 for GSH detection
was found to be at least less than 0.5 nM. Probe 19 was also
used to detect the quantity of GSH inside the cells based on an
enzymatic assay for glutathione reductase. Glutathione reduc-
tase (GR) is an enzyme that catalyzes the conversion of GSSG to
GSH using NADPH. Probe 19 gave a strong turn-on fluorescence
response with a rise in the amount of glutathione reductase
when the initial concentration of the substrate and NADPH was
the same. The maximum reaction rate was linearly proportional
to glutathione reductase concentration in the range between 0.1
and 0.75 mU mL™" for two different substrate concentrations,
from which unknown concentration of glutathione reductase was
calculated. The probe was also sensitive to B-mercaptoethanol
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Fig. 16 Structure of probe 19.

and cysteine. The time-dependent fluorescence response study
showed that the reaction between probe 19 and B-mercapto-
ethanol followed the pseudo-first order kinetics. The observed
rate constant (K,ps) between probe 19 and B-mercaptoethanol at
pH 7.4 and 25 °C was found to be 2.3 x 10> s~ " (1, = 3 ms),
which was 7.0 x 10 M~" s in the case of cysteine. The above
data indicated the higher rate of reaction between probe 19 and
cysteine, resulting in rapid fluorescence response within less
than one min at room temperature. The authors further
showed that when probe 19 was incubated with HEK-293 cells,
a strong fluorescence response within 5 min was observed,
proving its potential ability to monitor the level of the thiols
inside the cells. Moreover, the high level of GSH inside the cells
may cause different diseases. Hence, probe 19 could be used to
control cytosolic GSH level inside the cells based on an enzy-
matic assay (Fig. 16).

2.7. Gabriel mechanism

Gabriel amine synthesis method®! has been attractive nowa-
days for hydrazine recognition. This method involves two steps.
The first step is the phthalimide anion being alkylated to form
N-alkyl phthalimide, and then the N-alkyl phthalimide is
cleaved by hydrazine to form the primary amine (Scheme 7).
The above reaction was named after the German scientist
Siegmund Gabriel in 1887 who invented it along with his
partner James Dornbush.

Cui et al. displayed a 1,8-napthalimide fluorescent probe 20
for selective hydrazine recognition based on the Gabriel
mechanism.®” The treatment with hydrazine in H,0/DMSO
(4:6, v/v) solution triggered the deprotection of the phtha-
limide part, generating highly fluorescent amine and the
absorption peak at 340 nm decreased with the simultaneous
appearance of a new absorption peak at 440 nm with an
isosbestic point at 380 nm. Upon this cleavage, the probe
solution showed a naked eye color change from colorless to
yellow. Moreover, the addition of N,H, fluorescence intensity
was enhanced by about 100-fold at 540 nm with the emission
of strong yellow fluorescence. The fluorescence intensity at
540 nm displayed a good linear relationship with [N,H,] over

Scheme 7 Plausible mechanism of Gabriel amine synthesis.
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Fig. 17 (a) Chemodosimetric reaction of probe 20 with hydrazine;
(b) visual and fluorescence color change of probe 20 (5.0 mM)-coated
TLC plates + different concentrations of hydrazine in aqueous solution.
Reproduced/adapted from ref. 62 with permission from The Royal Society
of Chemistry.

a wide range of concentrations of 1-50 pM. The detection limit
of probe 20 for gaseous N,H, detection was found to be
111.7 mg m* and in solution phase detection, the detection
limit of probe 20 was found to be 0.3 ppb. Time-dependent
fluorescence response study showed that the reaction was
completed within 100 s, indicating rapid response toward
hydrazine. The authors also reported the fastest response of probe
20 compared to all other previously reported probes. Due to
the presence of strong electron withdrawing 1,8-naphthalimide
moiety, the nucleophilic substitution reaction was facilitated to
occur at a faster rate compared to the others. Furthermore,
utilizing the convenient test kits, this probe might be utilized
for gaseous phase hydrazine detection. Finally, fluorescent
imaging studies show that this probe 20 may be used to
visualize hydrazine in HeLa cells (Fig. 17).

Mahapatra and coworkers reported a highly selective and
sensitive benzothiadiazole-based fluorescent probe 21 for the
detection of hydrazine.®® With the addition of N,H, to H,O-
DMSO (4:6 v/v, 10 mM HEPES buffer, pH 7.4) solution, two

o

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021


https://doi.org/10.1039/d1nj04056a

Published on 02 October 2021. Downloaded by N-List College Programme on 11/9/2021 2:19:38 PM.

Perspective

@ (b)
0

N

I\
210 NN

View Article Online

NJC

Fig. 18 (a) Structure of hydrazine sensing probe 21. (b) Fluorescence color change of probe 21 coated TLC plates + different concentrations of
hydrazine in aqueous solution. Reproduced/adapted from ref. 63 with permission from The Royal Society of Chemistry.

major absorption bands at 306 nm and 313 nm decreased with
the sudden appearance of a new absorption band at 395 nm,
and a naked eye color change was observed from colorless to
yellow with the formation of a new isosbestic point at 362 nm.
After treatment with hydrazine, a near 9.05-fold enhancement
of fluorescence emission intensity was observed at 498 nm with
an emission color change from colorless to bright green. The
fluorescence intensities of probe 21 were linearly proportional
to the [N,H,] concentration in the range of 0.025-1.5 puM.
Job’s diagram proved that hydrazine showed 1:1 reaction
stoichiometry of the probe. Time-dependent fluorescence study
showed that after the addition of hydrazine, significant fluores-
cence enhancement was observed within 20 min. The detection
limit of probe 21 was found to be 8.47 x 10~% M (2.9 ppb). They
also applied probe 21 for the detection of hydrazine in real
water samples and for the bioimaging of hydrazine in live Vero
76 cells (Fig. 18).

Das and coworkers designed and synthesized a phen-
anthroline derivative-based fluorescent chemodosimeter 22
for the selective detection of hydrazine.** Probe 22 displayed an
absorption maximum at 329 nm (¢ = 2.55 x 10 * L mol ' cm ™)
by virtue of m-n* transition between the phenanthrene and
benzimidazole moiety. However, upon the addition of N,H, to
the probe solution, no change in the absorption spectra was
observed. Upon treatment with N,H,, the probe showed a
60-fold fluorescence enhancement value. The fluorescence
intensity at 540 nm varied linearly with [N,H,] concentration
in the range from 0 to 30 pM. The detection limit of the probe
was found to be 1.5 ppb. The time-dependent fluorescence
response study showed that the reaction was completed within
40 min, and the rate constant (K) was found to be 2.76 X
10~* s'. They also applied probe 22 for the quantification of
the intracellular release of N,H, in Hct 116 or HepG2 cells.
Patients of tuberculosis consuming isoniazid drugs can suffer
from liver toxicity, which is due to the metabolism of isoniazid.
Aminoacylase-1 enzyme catalyzes the metabolism of isoniazid
producing hydrazine. After the administration of probe 22,
significant fluorescence enhancement was observed in the
presence of aminoacylase-1, which gave a measurement of liver
toxicity through an enzymatic assay.

Zhao et al. reported a highly sensitive colorimetric and
fluorometric probe 23 for hydrazine detection.®> In HEPES buffer
(pH 7.0, 20 mM) and DMSO (1/9, v/v) solution, probe 23 showed
an absorption band at 365 nm. Upon exposure to hydrazine, the
absorption at 365 nm gradually blue-shifted about 33 nm,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

accompanied by a change in the color of the solution from
yellow to colorless. The isobestic point at 353 nm indicated the
formation of new species. Hydrazine-induced cleavage caused
an enhancement in the emission intensity of the solution with
a change in the color of the solution from light yellow to strong
greenish-yellow. The emission band centered at 475 nm was
shifted to 512 nm. A time-dependent fluorescence response
study showed a significant emission intensity change within
1 h after the addition of hydrazine. The detection limit of probe
23 was found to be 6.01 ppb. The authors also studied the pH
effect of probe 23 in the presence of hydrazine. The investiga-
tion showed that with an increase in the pH, the fluorescence
intensity gradually increased, reached a maximum only at pH
7.0, and then again gradually started to decrease at pH 9.0. The
decrease in the fluorescence intensity with an increase in the
pH was due to the decomposition of the amide moiety.
The above results showed that probe 23 could be used for the
practical use for biological and environmental purposes. The
authors described test kit experiments for detecting hydrazine
in vapor and aqueous phases. The probe was also utilized to
detect hydrazine in tap water and river water samples. In addition,
confocal microscopic imaging proved that the probes could be
used for the detection of hydrazine in HeLa cells.

Wang and his coworkers reported a highly sensitive fluoro-
metric probe 24 for hydrazine detection.®® Upon the addition of
hydrazine to PBS buffer solutions (pH 7.4, 10 mM, 30% CH;CN)
of probe 24, the absorption band centered at 380 nm blue-
shifted to 370 nm. Moreover, on exposure of the probe solution
to hydrazine, the emission band showed a red-shift from
450 nm to 490 nm with an 84.7-fold enhancement of the
fluorescence emission intensity and the fluorescence color of
the solution changed from colorless to bright blue. The
observed turn-on fluorescence emission intensity was due to
the quenching of the PET process by virtue of demasking of the
phthalimide group, which was operated in a free probe from
the pyrazoline fluorophore to the phthalimide moiety. The
fluorescence intensity at 490 nm varied linearly with [N,H,]
concentration in the range of 10-20 pM. The detection limit of
the probe was found to be 1.99 ppb or 0.0622 uM. Probe 24
showed a response to hydrazine within 4 min. To justify the
selectivity of probe 24, the authors also studied fluorescence
properties in the presence of various analytes, i.e., cations (Fe*",
cd>, cu™, AI**, Mg**, Ba®, K¥, Na*, Pb**, Co®", and Mn>") and
anions (SO, I, Br-, HPO,>", and H,PO, ). Experiments
revealed observable fluorescence property changes only in the
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presence of hydrazine, while no other change in the fluores-
cence property was observed in the presence of other analytes,
though Cu®" caused a little interference. The above results
showed that probe 24 was highly selective toward hydrazine
recognition. The authors utilized probe 24 for the biological
imaging of hydrazine inside live HeLa cells and also for detec-
tion in the gas phase. They also showed that probe 24 has the
potential for practical use in biological and pathological
purposes.

Lin and his coworkers developed a highly sensitive colori-
metric and ratiometric fluorescent probe 25 for hydrazine
detection.®” With the addition of hydrazine to EtOH-PBS buffer
solution (pH 7.2, 10 mM, 9:1, v/v) of probe 25, the absorption
band at 344 nm gradually decreased with the simultaneous
appearance of a new absorption band at 439 nm, accompanied
by a change in the color of the solution from colorless to yellow.
Moreover, upon exposure to hydrazine, the fluorescence emis-
sion intensity at 467 nm gradually decreased with simultaneous
enhancement (15-fold) of the fluorescence emission intensity at
528 nm and the fluorescence color of the solution changed
from blue to yellowish green, i.e., the probe showed a ratio-
metric fluorescence response toward hydrazine and two clear
emission peaks were observed before and after the addition of
hydrazine. The observed 15-fold enhancement in the fluores-
cence emission intensity was due to hydrazine-induced phtha-
limide group deprotection, which released electron-donating
free amine groups, facilitating the ICT process. The fluores-
cence emission intensity ratio (Isognm/ls67nm) Showed a linear
relationship with hydrazine concentration in the range of
0-7.5 pM. The authors also investigated the pH effect of probe
25 by varying the pH ranges. Under acidic conditions (pH 1.0 to
10.0), probe 25 showed blue fluorescence and under strongly
basic conditions (pH 12 to 14), probe 25 displayed red fluores-
cence. It was also noticed that the fluorescence color of the
solution after hydrazinolysis, and under strongly basic condi-
tion were totally different. From that investigation, it was clear
that probe 25 showed a sharp ratiometric fluorescence color
change from blue to yellowish green only in the presence of
hydrazine in the pH range between 5.0 and 9.0. Thus, the
acidic, hydrazinolysis, and basic condition intermediates can
be easily isolated depending on the fluorescence color change
of the solution and their fluorescence emission intensity values
(467, 528, and 596 nm, respectively). This result proved that
probe 25 can be used for the imaging of hydrazine inside live
cells without any pH interference. Time-dependent photolumi-
nescence measurement showed a variation in the mode of
decay of the intermediates. Probe 25 displayed monoexponen-
tial fluorescence decay with a lifetime of 4.31 ns, whereas the
probe-hydrazine complex displayed biexponential fluorescence
decay with a lifetime of 7.91 ns and 1.86 ns, respectively,
and the probe-hydroxide complex also showed biexponential
fluorescence decay but the lifetimes were 18.38 ns and 2.63 ns,
respectively. The drastic change in the lifetime values in the
case of the probe hydroxide was due to zwitter-ion formation in
strongly basic conditions, whereas the change between the lifetime
values is minimal in the case of the probe-hydrazine complex.
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The different ratiometric color changes in the hydroxide solution
(red) and in hydrazinolysis conditions (greenish yellow) were due
to the varying nucleophilicity of the analytes. Hence, hydrazine
recognition can be done in the presence of bases also. The
time-dependent fluorescence study showed that the reaction
completed within 15 min and the detection limit of probe 25
was found to be 4.2 nM. The authors utilized probe 25 for the
live cell (HeLa cells) imaging of hydrazine.

Li et al. synthesized two BODIPY-based fluorescent chemo-
dosimeters (26 and 27) for the detection of hydrazine.’® The
addition of hydrazine to the ethanolic aqueous solution (PBS
buffer solutions, pH 7.2, 10 mM, 1:9, v/v) of probe 26 caused
the disappearance of the absorption band at 502 nm with the
simultaneous appearance of a new band at 452 nm. A clear
isosbestic point at 472 nm indicated the formation of new
chemical species. Moreover, the fluorescence emission inten-
sity at 523 nm was increased two-fold with the addition of
hydrazine. The fluorescence enhancement was due to the
inhibition of the PET process by virtue of the complete hydra-
zinolysis of the N-protected group. The detection limit of probe
26 was found to be 1.4 pM. On the other hand, upon addition of
hydrazine to probe 27, the absorption band at 507 nm gradually
decreased with the formation of a new absorption band with
increased absorbance at 430 nm. A clear isosbestic point was
observed at 466 nm. Also, on exposure of hydrazine to probe 27
solution, the fluorescence emission intensity decreased about
three-fold at 528 nm. The fluorescence quenching was due to
an incomplete hydrazinolysis reaction. Here, hydrazine caused
an addition reaction, leading to the formation of hydrazide,
which induced effective PET operation from hydrazide to the
BODIPY fluorophore. The detection limit of probe 27 was found
to be 0.18 pM. The authors utilized these probes 26 and 27 for
the detection of hydrazine in the aqueous solution (Fig. 19).

2.8. 2-Aza-Cope rearrangement

Aza-Cope rearrangement® is a [3,3]-sigmatropic rearrangement
reaction of N-substituted 1,6-dienes under heating conditions
(Scheme 8). Using this rearrangement reaction, the N-
substituted 1,6-dienes can be converted to isomerized 3,4-
dienes. Cope rearrangement was named after the scientist Cope
who discovered the above rearrangement reaction in 1930. After
the discovery of Cope rearrangement, Horowitz and Geissman
discovered its variant 2-aza-Cope rearrangement.

The addition of formaldehyde to the homoallyl amine gives
an iminium ion, which undergoes [3,3]-sigmatropic rearrange-
ment to produce the rearranged iminium ion. The rearranged
iminium ion on hydrolysis gives the corresponding aldehyde
product (Scheme 9). Based on the above reaction mechanism
strategy, a series of formaldehyde responsive fluorescent
probes have been developed in the recent years.

In 2015, Chang’s group reported a silicon rhodamine-based
fluorescent probe 28 containing homoallylamino units.”® After
exposure to formaldehyde, the weakly fluorescent probe turned
into a highly red fluorescent one via aza-Cope rearrangement.
In the presence of formaldehyde at pH 7.4 after 1 h, the
fluorescence emission intensity was enhanced about 8-fold at
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Fig. 19 Chemical structures of hydrazine chemodosimeters 22—-27.
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Scheme 8 Plausible mechanism of aza-Cope rearrangement.
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Scheme 9 Plausible reaction mechanism for formaldehyde-selective
chemodosimeter based on a 2-aza-Cope rearrangement reaction.

662 nm. They also applied this probe for visualizing the
detection of endogenous formaldehyde in MCF7 human breast
cancer cells and the exogenous detection of formaldehyde in
HEK 293T cells (Fig. 20).

In 2016, Lin and his coworkers developed a ratiometric
fluorescent probe 29 for the intracellular detection of form-
aldehyde.”" After treatment with formaldehyde, the absorption
peak centered at 229 nm decreased and two new absorption
peaks centered at 245 nm and 318 nm appeared. The free
probe displayed an emission band at 359 nm in a PBS buffer

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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containing 1% acetone. Upon the gradual addition of formal-
dehyde, the band at 359 nm was red-shifted (about 92 nm) to
451 nm as the homoallylamino group in probe 29, which was
converted to a relatively strong electron withdrawing aldehyde
group. Moreover, with the introduction of formaldehyde, a
gradual decrease in the emission intensities at 359 nm and
concurrently a significant 53.2-fold enhancement in the emis-
sion intensities at 451 nm were observed. This is an indication
of the switching on the ICT process accompanied by a change
in the color of the solution from blue to green. The detection
limit of probe 29 for formaldehyde recognition was found to be
5.96 x 10> M at pH 7.4 and 1.87 x 10> M at pH 4.5, which was
much below compared to that at pH 7.4. The above fact was due
to the easier formation of the imine intermediates at lower pH,
which accelerated the reaction between the probe and the
formaldehyde. They also utilized that the probe to detect
formaldehyde in HeLa cells (Fig. 21).

Li et al. developed N,N-dimethylquinolin-6-amine fluores-
cent probe 30 based on the 2-aza-Cope rearrangement
reaction.”” After exposure to formaldehyde, the two major
absorption bands at 254 nm and 353 nm showed remarkable
bathochromic shifts (23 nm and 76 nm respectively) and two
new absorption bands emerged at 277 nm and 429 nm. The
probe displayed a broad emission peak at 495 nm. Upon the
addition of formaldehyde, the fluorescence intensity at 495 nm
gradually decreased with the simultaneous enhancement of
fluorescence intensity at 570 nm, indicating the disruption of
the ICT process. Moreover, the peak showed a remarkable red
shift from 495 nm to 570 nm with a fluorescence color change
of the solution from green to yellow. Due to the rearrange-
ment reaction, the homoallylamino group was replaced by a
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Fig. 22 Chemodosimetric reaction of probe 30 with formaldehyde.

comparatively strong electron withdrawing aldehyde group,
which induced such a red shift. The ratio of the fluorescence
emission intensities, 579 nm/li95 nm, Showed a 9-fold ratiometric
fluorescence enhancement and varied linearly with formalde-
hyde concentration in the range of 0-200 pM. The detection
limit of probe 30 for formaldehyde detection was found to be
0.5 uM. They also applied this ratiometric probe 30 to visualize
the detection of exogenous formaldehyde in living Arabidopsis
thaliana plant tissues. Moreover, probe 30 was utilized to measure
formaldehyde levels in different water samples. Furthermore, the
authors also developed an easy-to-use test kit for the detection of
various concentration formaldehyde in the solution phase (Fig. 22).

Chang’s group’® designed a series of formaldehyde-responsive
fluorescent dyes 31-34 based on the gem-disubstituent effect at
the 4-positions. The authors also showed that the introduction of
the gem-dimethyl groups at the 4-position triggered aza-Cope
rearrangement at a faster rate in the presence of formaldehyde.
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Moreover, upon exposure to formaldehyde, the emission color of
probe 31-34 solution changed from blue to green to orange to red,
respectively. The authors also showed that after exposure to
formaldehyde for 2 h, probe 31 displayed a 4.5-fold fluorescence
turn-on response, whereas in the case of probe 32, 33, and 34, the
increase was 2.2-, 10-, and 4-fold, respectively. Confocal micro-
scopic imaging experiments showed when these probes were used
for monitoring formaldehyde levels inside the cells (MEF KO and
HAPI KO), only the resorufin-based probe 34 scaffold displayed
the most red-shifted excitation, emission values, and best fluores-
cence response compared to the others. The best fluorescence
signal of probe 34 was due to its cellular stability and good nuclear
staining capacity during the experiment. Consequently, the bio-
imaging of the probes proved that these probes could be used as
indicators for visualizing the detection of exogenous and endo-
genous formaldehyde in live HEK293T cells. The authors also
applied probes 31-34 for detecting the change in the formalde-
hyde level during cellular metabolism through an enzymatic assay
for alcohol dehydrogenase 5 (Fig. 23).

Tang’s group reported an acidic pH (4.00-6.00)-activated
formaldehyde responsive lysosome-targeted two photon fluo-
rescent probe 35 by linking a napthalimide fragment to the
coumarin fluorophore, introducing a 4-(2-ethyl)morpholine
unit as a lysosome-targeting group.”* The authors designed
this probe 35 based on the “dual-key-and-one-lock” principle,”
i.e., in an acidic environment (first key), only the addition of
formaldehyde (second key) to the probe 35 triggered 2-aza-Cope
rearrangement reaction at the recognition site (lock), releasing
coumarin-containing fluorophore. Due to the generation of the
coumarin fluorophore, the weak fluorescence emission band at
566 nm caused a blue shift to generate a new fluorescence
emission band at 506 nm with enhanced fluorescence emission
intensity. Hence, probe 35 showed sensitivity toward formaldehyde
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Fig. 23 Chemical structures of formaldehyde recognition chemodosimeters 31-34.
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Fig. 24 Chemodosimetric reaction of probe 35 with formaldehyde.

in acidic buffer region (pH 4.0 to 6.0). The detection limit of probe
35 for formaldehyde detection was found to be 3 pM. The main
characteristics of probe 35 was that it had the lysosome targeting
morpholine unit, which facilitated the accumulation of the probe
inside the lysosome, proving its potential ability to detect formal-
dehyde in lysosome. Furthermore, this work will help researchers
to design “dual-key-and-one-lock” probe for the detection of
formaldehyde in the acidic microenvironment of lysosome and
tumor (Fig. 24).

2.9. Baeyer-Villiger reaction

In 1979, S. Foote and coworkers described the Baeyer-Villiger
oxidation, ie., the reaction mechanism of benzil with H,0,, as
shown in Scheme 10.”® The above reaction was named after the
German scientist Johann Friedrich Wilhelm Adolf von Baeyer
and the Swiss scientist Victor Villiger who discovered it in 1899.
The oxidation reaction occurs by the nucleophilic attack of
H,0, on the carbonyl carbon of benzil, resulting in the for-
mation of an unstable intermediate, which is then hydrolyzed,
generating benzoic acid.

In 2014, Sumimoto’s research group developed probe 36 by
covalently linking the fluorophore moiety to the SNAP-tag

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Scheme 10 Plausible mechanism of Baeyer-Villiger oxidation.

protein for H,0, recognition.”” Probe 36 displayed maximum
absorption at 508 nm and maximum emission at 528 nm. The
introduction of H,O, to probe 36 caused about 9-fold enhance-
ment of fluorescence red emission intensity at 525 nm. The
detection limit of probe 36 for H,0, recognition was found to
be 2.0 uM. The kinetic study showed that the reaction between
the SNAP-tag protein conjugated to the nitrobenzoyl carbonyl
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Fig. 25 Chemical structures of the hydrogen peroxide chemodosimeter
36.

fluorescein fluorophore followed the pseudo-first order kinetics
and the rate constant was found to be 6.2 x 107* s, The probe
was successfully applied to detect endogenous H,O, produced
during phagocytosis inside RAW264.7 macrophages and exo-
genous H,0, in living cells such as HEK293T. When the SNAP-
tag protein was terminally fused with the transmembrane
domain of growth factor PDGFR (Platelet derived growth
factor), the tag was expressed outside the plasma membrane.
If the HEK293T cells were transfected with SNAP-PDGFR-TM,
the SNAP tag was localized on the extracellular surface of the
plasma membrane. Thus, the SNAP tag expressing cells were
incubated with both H,0, recognition part of the cell and the
SNAP surface Alexa Fluor 546. The former gives green emission
after reaction with H,O, and the latter is a SNAP tag with red
emission. Thus, an enhancement in green fluorescence was
noticed after adding exogenous H,0, to these doubly labelled
HEK293T cells. In the case of doubly labelled RAW264.7
macrophages, which were incubated with IgG opsonized parti-
cles, fluorescence enhancement was seen more effectively in
the phagosome membrane than in the plasma membrane,
showing the fact that H,O, was mainly produced in the
phagosomal membrane (Fig. 25).

Li et al. designed two BODIPY probes 37 and 38 for H,O,
recognition.”® The authors reported that both probes 37 and 38
showed the same absorption maxima at 500 nm, which was
shifted to 498 nm after reaction with H,0,. The emission
spectra of both the probes 37 and 38 shifted from 510 nm to
508 nm upon treatment with H,0,. The molar absorption
coefficients of m-nitrobenzil-BODIPY-peroxide and p-nitro-
benzil-BODIPY-peroxide are 7.34 x 10* M~' ecm™" and 6.90 x
10* M~* em ™!, respectively. Moreover, after the addition of H,0,,
a highly green-emitting fluorescence turn-on response was
observed for both the probes. The fluorescence turn-on response
was observed because after reaction with H,O, to the benzil
recognition moiety, the donor-excited photo-induced electron
transfer mechanism (d-PET) restored the fluorescence of both
the probes. The investigation showed that in the reaction with
excess H,0,, the fluorescence intensity of 37 increased 78 times,
which is much higher than that of 38, which increased by 70
times. The above results are due to the 37 (m-nitrobenzil BODIPY)
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Fig. 26 (a) Chemical structures of hydrogen peroxide chemodosimeters
37 and 38; (b) chemodosimetric reaction of probe 37 with hydrogen
peroxide.

derivative due to the more pronounced steric effect of the carboxy
group at the meta position of the BODIPY derivative and less
electron withdrawing capacity compared to the para position of
the BODIPY derivative and less electron withdrawing capacity
compared to the para position of the BODIPY derivative. Probe 37
exhibited high sensitivity (0.94 ppb) and fast response (30 s) to
H,0, vapor. The fluorescence intensity at 508 nm showed a good
linear relationship with [H,0,] in the range of concentration from
10 to 500 ppb. The detection limit of probe 37 for gaseous [H,0,]
detection was found to be 0.94 ppb. The authors applied probe 37
successfully for the naked eye visual detection of H,0O, vapor and
live-cell imaging (Fig. 26).

Zhang’s group reported the o-keto amide ratiometric fluo-
rescent probe 39 for the selective detection of H,O, in the
endoplasmic reticulum.”® For the addition of H,O, in PBS
buffer (20 mM, pH = 7.4, 30% DMSO, v/v), the major absorption
peak at 365 nm decreased with the simultaneous appearance of
a new absorption peak at 458 nm. The fluorescence emission
peak at 465 nm gradually decreased and a new emission peak at
540 nm gradually increased, accompanied by a weak blue
fluorescence to strong green fluorescence change. The fluores-
cence change was after treatment with H,0,, and the a-ketoamide
probe converted to an amine, a stronger electron donating group.
The fluorescence emission intensity ratio (I540/ls65nm) Was linearly
proportional to the [H,0,] concentration in the range of 0-10 pM.
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Fig. 27 Chemodosimetric reaction of probe 39 with hydrogen peroxide.

The limit of detection of probe 39 was found to be 37 nM. Probe 39
was used for the quantitative detection of exogenous H,O, in HeLa
cells (Fig. 27).

Tang’s research group synthesized o-keto amide hemicya-
nine NIR fluorescent probe 40 for H,0, recognition.®® Due to
good biocompatibility and higher cell permeability, the authors
applied this NIR fluorescent probe 40 for mitochondrial loca-
lization and the spectral properties of 40 were studied. The
authors reported that after the addition of H,O, to the probe,
the absorption maxima at 598 nm was shifted to 670 nm with a
naked eye color change from blue to blue green. Upon the
addition of H,0,, the fluorescence emission intensity of 40 at
704 nm rapidly increased and the emission color of the solution
changed from colorless to red. It was noticed that near about
one-fold fluorescence enhancement was observed due to
the liberation of Cy-NH, after the addition of H,0,, which
facilitated the ICT (intramolecular charge transfer) process.

@
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Moreover, the fluorescence intensity at 704 nm varied linearly
with [H,0,] concentration in the range of 0-50 uM. The detec-
tion limit of the probe was 26 nM. Probe 40 was applied to
monitor the change in the H,0, level during ischemia-
reperfusion injury in HepG2 cells and damaged kidneys. The
strong fluorescence of the damaged organ was attributed to the
presence of a higher concentration of H,0,, which induced
oxidative damage of the organ. The above experiment proved
the probe’s potential ability to identify damaged organs inside
the body. The authors also injected probe 40 into a Kumming
mouse’s body to visualize endogenous H,0,. They did the
experiment by the sequential injection of the probe only, then
the probe, rotenone, and finally the probe, rotenone, N-acetyl-
cysteine into the mouse body. From the fluorescence cell
images, they observed that the weak fluorescence signal of
the probe suddenly converted to a strong fluorescence signal
after the injection of rotenone with the probe into the body and
then the fluorescence intensity again decreased after the injec-
tion of N-acetyl cysteine with the probe and rotenone into the
body. They also reported the reason for the observed sequen-
tial phenomenon by virtue of rotenone-induced endogenous
H,0, formation inside the body and, after that, the scavenging
of the produced H,0O, with the antioxidant N-acetyl cysteine
(Fig. 28).

2.10. Beckmann rearrangement

Beckmann rearrangement®' is a rearrangement reaction where
ketoximes undergo acid-catalyzed rearrangement to generate
N-substituted amides (Scheme 11). The above rearrange-
ment reaction was named after the German scientist Ernst Otto
Beckmann who invented the above rearrangement reaction

R =4-NO,-Ph
(®
Fig. 28 (a) Chemodosimetric reaction of probe 40 with hydrogen peroxide; (
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b) fluorescence microscopy images of endogenous H,O, inside mouse

a b c

body: (a) mouse body injected with 40 only; (b) mouse body injected with rotenone and 40; (c) mouse body injected with rotenone, N-acetyl cysteine,
and 40; (d) relative fluorescence intensity images. Reprinted (adapted) with permission from ref. 80. Copyright (2016) American Chemical Society.
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Scheme 11 Plausible mechanism of Beckmann rearrangement.
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Sometimes, nitrile is also generated as a side product through
Beckmann fragmentation, depending on the carbocation
stability.

Based on this strategy, Zheng and his coworkers developed a
1,8-napthalimide chromophore-based fluorescent probe 41 for
the selective detection of phosgene.®” In CH;CN solution, probe
41 displayed three major absorption peaks at 208, 238, and
346 nm. However, after treatment of probe 41 with phosgene,
the two former absorption peaks remained unchanged but only
the absorption peak centered at 346 nm red shifted to 362 nm.
After treatment of probe 41 with 10 uM phosgene, a nearly 260-
fold enhancement of the fluorescence intensity at 448 nm was
observed with bright blue fluorescence. The turn-on bright blue
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(a) Reaction mechanism of chemodosimeter 41 with phosgene; (b) fluorescence emission spectra of probe 41 in acetonitrile solution upon the

addition of phosgene. Inset: Photographic images of (i) 41 and (ii) 41 + phosgene. Reprinted from ref. 82. Copyright (2020), with permission from Elsevier.
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fluorescence was due to the addition of phosgene in aceto-
nitrile solution, which converted the keto-oxime probe 41 to
4-acetamide-1,8-napthalimide through Beckmann rearrangement,
i.e., the electron-withdrawing ketoxime group was replaced by an
electron-donating acetamido group. The detection limit of probe
41 for phosgene recognition was 6.3 nM. The authors also applied
the probe-loaded filter stripe for the successful monitoring of
gaseous phosgene (Fig. 29).

2.11. Lossen rearrangement

The thermal base-catalyzed rearrangement of hydroxamic acid
or its derivatives to their corresponding isocyanate derivative
is known as Lossen rearrangement (Scheme 12).** The higher
electron donating nature of R and the electron withdrawing
nature of R facilitate the reaction to occur at a faster rate. This
reaction can be utilized for the conversion of hydroxamate ester
to free amine. Lossen rearrangement was named after Wilhelm
Lossen, who discovered the above rearrangement reaction
in 1872.

Han et al. developed a rhodamine-hydroxamate fluorescent
probe 42 based on Lossen rearrangement.®" After the addition of
DCP (diethylchlorophosphate) in anhydrous DMF [5% (v/v) water],

. OH Hy0
RCONHOCOR ——» R-N=C=0 ———> RNH,

Scheme 12 Plausible mechanism of Lossen rearrangement.
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Fig. 30 Plausible DCP sensing mechanism of probe 42.
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the fluorescence emission intensity at 590 nm gradually
increased. The significant turn-on fluorescence response was
due to the addition of DCP-induced spirolactum ring opening of
the rhodamine fluorophore via Lossen rearrangement, which
converted the non-fluorescent probe (42) to a fluorescent one
(42a) and the color of the solution changed from colorless to
bright red. The time-dependent fluorescence spectra revealed
that the reaction completed within 20 min. The detection limit
of the probe was 25 ppm. Investigation showed that the reaction
was effective in anhydrous medium because of the rapid for-
mation of intermediate I compared to phosphate hydrolysis.
They also reported that the reaction rate was sufficiently
increased in nonpolar solvent, such as DMF, containing a
variety of bases, i.e., triethylamine and piperidine. The authors
successfully utilized probe 42 for the selective detection of a
lower concentration of nerve agents in air (Fig. 30).

Yang et al. designed fluorescent probe 43 for the detection
of DCP-based via the Lossen rearrangement reaction.®® After
exposure to DCP in acetonitrile solution containing triethyla-
mine, the absorption band centered at 248 nm gradually
decreased with the simultaneous increase of a new absorption
band at 338 nm. Moreover, upon the addition of DCP, the
fluorescence emission intensity at 418 nm rapidly increased
and the emission color of the solution changed from colorless
to blue-violet. The turn-on blue-violet fluorescence was due to
the addition of DCP to acetonitrile solution containing triethyl-
amine. The N-hydroxy group of probes 43 got phosphorylated to

N

Highly fluorescent
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= 2 g S form a phosphoryl derivative, which, via Lossen rearrangement,
generated isocyanate and aniline intermediates sequentially
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§ gﬂ % % % % and the aniline intermediate again through intramolecular
S8 83 | o288 covalent association, which yielded a highly fluorescent phe-
nanthrene molecule. Furthermore, the fluorescence intensity at
ey - 418 nm varied linearly with [DCP] concentration in the range of
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Eé“a g 0-20 uM. The detection limit of probe 43 was 10.4 nM. The
3 E §’§ = time-dependent fluorescence response study showed that the
§ = %“E § reaction completed within 100 s. The fluorescence quantum
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CE A e yield of probe 43 before and after the addition of DCP was
=5 0.0001 and 0.2533, respectively (Table 1). The authors applied
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2 8= 5 £ = handy test kits (Fig. 31).
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£ cent probes based on different types of name reactions taking
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recognition. The reported fluorescent probes involve 11 types
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- So| 5 & =2 8 e Benzil-cyanide reaction-based approaches are helpful for
2 %% %Doa %O T the design of rapid responsive cyanide sensing turn-on fluor-
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disrupting m-conjugation and the detection limit of cyanide
detection for such probes is very low.

e Intramolecular-crossed benzoin condensation reaction-
based approaches are helpful to design ratiometric fluorescent
probes, followed by cyanohydrin formation and intramolecular
nucleophilic attack of cyanohydrin to another carbonyl of the
same molecule.

e Michael reaction-based approach for cyanide recognition
shows strong turn on-fluorescence response by the conversion
of the keto form into the enol form. Moreover, Michael
addition-based approach for the recognition of thiols to the
maleimide moiety helps to design PET quenching turn-on
fluorescent probe. Also, cysteine-triggered acryloyl moiety cleavage
helps to develop turn-on fluorescent probe through the intra-
molecular cyclization of seven-membered ring formation; this
approach is also helpful for the detection of cysteine in biological
samples and in live cell imaging.

e In the Gabriel mechanism, hydrazine recognition occurs
through the hydrolysis of N-substituted phthalimide group,
resulting in a significant turn-on fluorescence response.

e In some of aza-Cope rearrangement-based formaldehyde
responsive fluorescent probes, ratiometric fluorescence response
occurs due to the presence of free NH, group at the allylic
position; moreover, the presence of the gem diethyl substituents
at the allylic position triggered faster rate of fluorescence response
compared to the others. These points should be remembered
during the design of such probes.

e There also mentioned keto amide-based probes, which
give turn-on fluorescence response through Baeyer-Villiger oxida-
tion, generating corresponding carboxylic acids. These methods
are generally used to detect intracellular H,O, in live cells.

e In Beckmann rearrangement-based approaches, ketoxime
probes rearrange to its N-substituted amides in the presence of
phosgene. Because of the substitution of the electron with-
drawing ketoxime group by the electron donating acetamide
group, significant turn-on fluorescence response was observed.

e Through Lossen rearrangement, hydroxamate probes rearrange
to form amine with significant turn-on fluorescence response. This
rearrangement technique has been utilized in DCP vapor detection.

The different name reaction-based approaches described here
help to design suitable reactive probes with specific sensitivity.

Despite achieving success, many issues are still present in
this field.

e The different fluorescent chemodosimeters reported here
are mostly turn on/turn off fluorescence response probes. But
signal interference by several external factors, i.e., temperature,
PH, unknown concentration of analytes, and light source fluctua-
tion may, cause errors in fluorescence intensity measurement.
Comparatively, dual emission intensity ratio-based ratiometric
fluorescent probes give more accurate fluorescent intensity
measurement without any signal interference.

e Though few ratiometric fluorescent probes have been
reported, the number of NIR-based fluorescent probes are very
few. NIR-based fluorescent probes have high advantages over
other fluorescent probes due to longer wavelength, deep tissue
penetration, minimum tissue damage, and very low signal inter-

20072 | New J. Chem., 2021, 45, 20046-20074

View Article Online

Perspective

ference. Due to these advantages, NIR-based fluorescent probes
are also useful for biological imaging. Thus, from these benefits,
researchers can gain some insights into the design of NIR probes
using name reaction-based approaches in the future.

e Though many fluorescent probes reported in this review
have practical application in aqueous solution and live cell
imaging, there are a few probes that have no practical implemen-
tation. Thus, while designing these probes, researchers should
keep the fact in mind that the probes should be water soluble for
use in live cell imaging and drinking water. The water solubility of
these probes can be improved by incorporating hydrophilic
groups, Le., sulfonate, phosphate, and hydroxide to the water
insoluble fluorophore core such as BODIPY and binaphthol.

e Various types of probes reported in this review have been
used for diagnosis purposes. However, there are also some
limitations. Most of the probes have been used in vitro, in cell
culture, or in cell imaging studies; however, there are relatively
few probes that have been used in vivo or for clinical diagnosis.
For in vivo studies, the fluorophore molecules must be quite
stable and easily excreted from the body. But unfortunately,
except for rhodamine derivatives, other derivatives, i.e., fluor-
escein, BODIPY, and other cyanine derivatives, rapidly lose
their fluorescence within days. Not only the fluorophore but
the stability of the linkage is also important. The linkage by
which the fluorophore molecule is conjugated to the targeting
moiety should be metabolized slowly. As a result, the length of
the conjugated linkage chain must be increased. The chosen
fluorophore molecule must be sufficiently brighter and its
wavelength should be in the NIR region so that it can penetrate
the tissue deeply and cause a higher signal-to-noise ratio, which
lowers the background signal.®® Thus, researchers should focus
on designing more NIR probes in the future for better in vivo
imaging. The molecular weight of the fluorophore molecules
should be low enough to activate enzyme catalysis and show
sensitivity in particular environments (i.e., in acidic environ-
ments). For that purpose, the researchers will also design
pH-sensitive fluorescent probes that change fluorescence in
the acidic pH region (in cancer cells, tumors, etc.). Researchers
should give emphasis to design particular targeting moieties
(i.e., lysosome, mitochondria, and endoplasmic reticulum)
conjugated fluorophores in the future for in vivo cell imaging.

e Furthermore, there are different types of sensing mechan-
isms, i.e., PET, ICT, and ESIPT, that have been reported in this
literature survey. Other sensing mechanisms such as AIE
(aggregation-induced emission), TBET (through-bond energy
transfer), TSCT (through-space charge transfer),*”"*® C—=N bond
isomerization, excimer, and exciplex formation also needs
future investigation.

We think that this review will motivate researchers to design
new fluorescent probes with new analytes through new and
unexplored reaction-based approach in the future.
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