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PREFACE

The thesis entitled “Development of Novel Molecular Probes for Metal lons and Small

Biomolecules” is divided into six chapters as follows

1% chapter deals with introduction and basic requirement for designing a molecular probe
selective for a particular bioanalyte in living cells. Living cells communicate each other and
with their environments through several elementary chemical pathways. Understanding the
molecular interactions not only a major challenge but also provide unique opportunity and
motivation for researchers to generate new molecular tools to study dynamic intracellular
biological relationships. Molecular imaging has been defined as the in vivo characterization
and measurement of biological phenomena at the cellular and molecular level, by combining
synergistic advances in synthetic molecular probe design and biological imaging
instrumentation. Molecular probe contains a recognition site with a signaling reporter. The
main aim of the binding unit is to recognize a target analyte. This molecular recognition
process accompanies the electronic or optical changes in the reporting unit, displays

colorimetric, fluorometric alterations.

I3

In 2" chapter, five AI** selective fluorescence-based molecular probes are reported. The

pyrrolidine-triazole linker was used as constrained spacer between ionophore and

fluorophore in three AP

selective molecular probes. The pyrrolidine-triazole constrained
bipyridyl-dansyl probe (BD) serves as a selective ratiometric and colorimetric molecular
probe for AI** based on internal charge transfer (ICT). Similarly, ICT based coumarin-
bipyridyl probe (CB) serves as ‘turn on’ molecular probe for AI**. The third probe is
conjugate of quinoline-coumarin (QC) exhibited differential dual selectivity for Zn®** and
A" in mixed aqueous media. The last two probes naphthaldehyde—carbonohydrazone (NC)
and naphthaldehyde—thiocarbonohydrazone (NTC) showed turn-on fluorescence in the

I3

presence of Al°", as a result of a restricted C=N isomerization mechanism.

In 3" chapter, four Cu?* selective colorimetric molecular probes are reported. Simple
carbonohydrazone and thiocarbonohydrazone systems are developed for selective detection
of paramagnetic Cu?* by visible color changes with a characteristic NIR absorbance band in

aqueous medium. Moreover julolidine-thiocarbonohydrazone was used for the detection of

VI



Cu?* fluorometrically, as it overall increases the sensitivity of the probe. The julolidine—
thiocarbonohydrazone ligand was also successfully used for bioimaging of Cu** in HEK293T

cells.

In 4™ chapter, different mechanism based fluorochrome are exploited to design reaction
based molecular probes for Cu?* and Cu*. FRET based probes CRS and CRO probes have
been effectively used for ratiometric bioimaging of Cu?* in HEK293T cells. Another four
probes are designed using Cu® catalyzed oxidative cleavage of the benzylic ether (C—O)
bond. ESIPT active 2-(2’-hydroxyphenyl)benzothiazole, ICT based resorufin, xanthone and
cyanine fluorophores are combined with tri-picolylamine moiety to design molecular probes
HBTCu, ResCu, XanCu and TPACYy for the selective ratiometric, switch-on detection of
Cu" in the UV-Vis-NIR region under reducing aqueous environment. Cu* catalyzed oxidative
cleavage of the benzylic ether bond in the probes releases unbound fluorophore in the
presence of O,.

In 5™ chapter, a new highly selective colorimetric molecular probe CTC for paramagnetic
Co?* was developed based on coumarin-conjugated thiocarbanohydrazone. This ligand
detects Co®* in solution by changing its visible color from light yellow to deep pink. The
molecular probe has been used in the development of practically viable colorimetric kits and
as a staining agent for Co?* in microorganisms. Another two fluorescent probes are designed
using Co* catalyzed oxidative cleavage of the benzylic ether (C—O) bond strategy varying
different mechanism based fluorophore. ESIPT active 2-(2’-hydroxyphenyl)benzothiazole,
ICT based resorufin fluorophore are combined with hydroxy-di-picolyl amine moiety to
design molecular probes HBTCo and ResCo for the selective ratiometric, switch-on
detection of Co*" under reducing aqueous environment. Co*" catalyzed oxidative cleavage of

the benzylic ether bond in the probes releases unbound fluorophore in the presence of O..

In 6 chapter, two novel reaction-based NIR fluorescence and colorimetric cyanine probes
have been developed for selective detection of small molecule thiol and hydrogen sulfide.
GSH reacted efficiently with the electron withdrawing sulfonyl ester moiety of DNBSCy,
releasing the quinine embedded heptamethine cyanine with extended m-electron conjugation
responsible forthe turn-on NIR fluorescence. This probe was effectively employed to monitor

the thiols in fetal bovine serum and also capable of monitoring the oxidized glutathione

Vil



(GSSG)/GSH redox process in the presence of glutathione reductase and NADPH. Thiolysis
of dinitrophenylphenyl ether reaction-based approach has been used to develop DNPOCy
probe for NIR ratiometric fluorescence and colorimetric detection of H,S. H,S reacted
efficiently with the electron withdrawing dinitrophenyl ether moiety of DNPOCly.

Vil
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Chapter 1: Introduction

The universe is a complex collection of elements, ions and molecules that continuously
experience a network of chemical interactions. Living organisms and their environments
communicate each other through several elementary chemical pathways like electron
transfer, acid—base chemistry and metal-ligand interactions as well as stoichiometric and
catalytic transformations. Understanding the molecular interactions present in these processes
not only a major challenge, but also provides unique opportunity and motivation for chemists
to develop new tools to study dynamic intracellular biological relationships. In this context,
the chemists are trying to create novel analytical methods that allow real-time studies of
intact biological systems with spatial resolution. Molecular imaging has been defined as the
in vivo characterization and measurement of biological phenomena at the cellular and
molecular level, by combining synergistic advances in synthetic molecular probe design and
imaging instrumentation.® This technology enables visualization of biomolecules and ions in
cells, tissues and organisms with the aim of acquiring information about the biological effects
of these analytes. Molecular probe contains a recognition site with a signaling
subunit/reporter.” The main purpose of the binding unit is to recognize a particular target
analyte. This molecular recognition process accompanied by the electronic or optical changes
in the reporting unit which display colorimetric, fluorometric or electrochemical alterations.’
An efficient molecular probe must be highly selective and sensitive for a particular target
analyte among others. To achieve this goal, it is essential to combine the recognition process
with smart photophysical behavior from a reporting unit. Generally, suitable molecular
probes have been designed based on the different receptor-analyte noncovalent interactions
which include hydrogen bonding, m—=, donor—acceptor, electrostatic, hydrophobic, and
hydrophilic interactions. Similarly, metal-coordination based molecular probes have been
developed to work in the physiological media.* Fluorescent probes have become very useful
tool owing to their simplicity and high sensitivity, for sensing biologically important species
such as metal ions, anions and other biomolecules in vitro and in vivo.” The advanced
spectroscopy and bioimaging techniques such as fluorescence light microscopy, two-photon
and confocal microscopy have motivated the chemists to develop novel functional
fluorescent probes that can be employed to monitor intra- and extracellular events with high
chemoselectivity.>® Colorimetric molecular probes have attracted much attention for

allowing “naked-eye” detection in an uncomplicated and inexpensive manner, offering



Chapter 1: Introduction

qualitative and quantitative information."®** A fluorescent or colorimetric molecular
probe/chemosensor is defined as a compound which recognizes an analyte with concomitant
fluorescent or colorimetric signal transduction.

The major underlying principle of molecular probe design is to optimize signal to
background ratio. This can be achieved either by maximizing signal from the target,
minimizing signal from the background, or both. Improving the signal to background ratio
increases the sensitivity and specificity for detecting target analyte in vivo. Strategies for
optimizing signal to background ratio can be considered from the whole organism level to the
atomic level. For the organism level optical imaging, the size of the animal (e.g. mouse vs.
human) should be considered, as the depth of signal penetration varies with the probe types.
Therefore the depth of target tissue from the organism surface is an important component of
detected signal strength. At the organ level, physiology should be considered, given that
probe pharmacokinetics, uptake, breakdown, clearance, and excretion, all affect signals to
background ratio. At cellular level, target expression, binding affinity, on and off targets,
intracellular processing and catabolism can affect the probe signal.’*'* The physical
interaction with target and chemical or enzymatic processing alter the probe signal at
molecular level. Finally, at the atomic level the inter- or intra-molecular energy transfer,
photon-induced electron transfer, and conjugation are significant means of achieving signal

activation and/or signal amplification (Figure 1).

Always on/ Activatable

Pre-vs post-activatation

Body/Tissue Cell Molecule O Photon/Electron
Medicine Cell biology Organic Chemistry Photo chemistry

>
Y

Pharmacology Biological chemistry Physical chemistry

Figure 1. A schemamtic of rational strategies for target specific imaging in all physical levels. Reprinted with

permission from reference 9, copyright 2008, by the Nature Publishing Group.
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Chapter 1: Introduction

Useful optical window for in vitro or in vivo molecular imaging and

spectroscopy

Optical detection and imaging relies on photons ranging in wavelength from the visible to the
near infrared (NIR) (450 to 1500 nm wavelength).">*® Charge coupled device (CCD)
detectors, which are used for optical sensing and imaging, generally show better sensitivity
for photons at shorter wavelengths, ranging from 650 to 800 nm. This range provides the best
visualization of samples deeper structures, up to several centimeters, from the surface, as this
range is less readily absorbed by living tissue. Shorter wavelength (400- 600) photons are
limited to imaging the surface or immediate subsurface phenomena of samples because of
near complete absorbance of light for example by oxy- and deoxyhemoglobin (Figure 2). Of
course, depth of penetration is partly related to the strength of the light source as it can
penetrate tissue more deeply and fluorophores with strong emission facilitate better signal
collection. Numerous visible-NIR emitting probes are used for optical sensing and imaging

and such fluorophores show picomolar sensitivity without employing ionizing radiation.

1000000 — ; 1.000
In vivo imaging

100000

10000 1 0.100
Hb Water

1000 B
HbO?

-
o
o

+0.010

Extinction Coefficient (Hb/HbO,)

(4338M) JUBID1YB0D UOHOUNXT

T T T 0.001
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 2. The in vivo NIR window and the extinction coefficient value of water, oxy- and deoxy-hemoglobin
are plotted ranging from visible to near infrared wavelength. Reprinted with permission from reference 16,
copyright 2011, by the Nature Publishing Group.
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Different analytes

There are several chemosensors have been developed to track following analytes in their

bioavailable/environmental forms.

Metal ions: Zn?*, Cu*, Fe?*, Pb®*, Cd*", Hg?*, Ag*, Au**, AI¥, Ca®*, Co®", Mg*", Ni**, Pd**,
K*, Mn**

Anions: F~,S0;,CN ", N3, HSO; ", 17, Br ", Cl , HSO, ", AsO,*
Reactive nitrogen species (RNS): NO*~, ONOO™, NO,, N,O3, HNO, NO3~
Reactive oxygen species (ROS): H,0,, ‘OH, HOCI

Nucleotides: ATP, GTP, AMP, ADP, GMP, UTP, UDP, TMP, TDP, TTP, DNA, FAD,
NADH, NAD*

Aliphatic amines: Histamine, Tyramine, Dopamine, Epinephrine, Morphine, Quinine,

Nicotine, Cocaine, Strychnine, Coniine

Amino acids: Lysine, Histidine, Tryptophan, Cysteine, Glutathione
Neurotransmitter agent: NO, H,S, CO

Intracellular pH, Cellular redox status

Chemical Warfare Agents, Chemical explosives
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Common dyes used to design fluorescent probes

Selection of suitable chromophore is very much important. An ideal chromophore must have

the following characteristics to work as reporter in a probe:

> High optical brightness to reduce the amount of probe needed for bioimaging
experiments. This also minimizes the interference generated from endogenous

cellular analytes and reactions.
> Non-toxic and biocompatible.

> Excitation and emission profiles in the visible or near-infrared region, or be
suitable for two-photon excitation, in order to minimize sample damage or

interference from autofluorescence.

> Finally, the balance between hydrophobicity and hydrophilicity should be
considered in the context of membrane permeability, cellular retention and water

solubility.

Ideally, an optical probe must allow monitoring of specific intra- and/or extracellular

regions.’’

Here are few common dyes used to design fluorescent probes in vitro or in vivo molecular

imaging and spectroscopy:

Naphthalene based fluorphores: Chersie and coworkers used dansyl chloride for direct “in
synthesis” to label peptides. **'° Fluorescently labeled proteins are very useful in a large
number of bioanalytical applications including in vivo imaging, high throughput screening,
diagnostics, proteomics, and single biomolecules spectroscopy.?®?> Summerer et al. report a

strategy for the selective and efficient biosynthetic incorporation of a low molecular weight
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Figure 3. Naphthalene based Fluorphores:(a) naphthalene; (b) pyrene; and (c) 1,8-naphthalimide.

fluorophore into proteins at defined sites.”® Dansyl chloride was used in the synthesis of
fluorescent amino acid 2-amino-3-[5-(dimethylamino)naphthalene-1-sulfonamide] propanoic
acid (dansylalanine), which was then incorporated into protein in yeast at genetically
specified sites in response to the nonsense codon TAG. Molecular probes incorporating
environmentally sensitive fluorophores, which alter their spectral properties in response to
changes in their environment are of great importance in the study of biological processes. 6-
Propionyl-2-(dimethylamino)naphthalene (PRODAN) is an example of environmentally
sensitive fluorophore. In hydrophobic environments PRODAN shows marked blue shift in
the emission maximum with increased fluorescence quantum vyield. Due to unique
photophysical properties, the naphthalimide molecular platform has found application in
many areas of chemistry. Its absorption and fluorescence emission lie within the UV and
visible regions, and the photophysical properties can be easily fine-tuned through judicious
structural design. Synthetic modifications are readily accommodated on either the aromatic
‘naphthalene’ core, or at the ‘N-imide site’, allowing variety of functional groups and
structural motifs to be incorporated. Consequently, the 1,8-naphthalimide has been
extensively used within the dye industry as strongly absorbing and colorful dyes in the
construction of novel therapeutics as well as in the construction of molecular probes,
particularly for sensing of biologically relevant cations.?** These are typical fluorophores
with intramolecular charge transfer (ICT) characteristics, an important design feature and
sensitive to changes in the microenvironment. These probes possess relatively simple

structural features for which facile and straightforward syntheses have been established. In
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addition, most importantly, they can be derivatized with two or more separate side chains in

sequence e.g. derivation sites for the 4,5- or 3,4-positions and the imide position.?®

Fluorophores based on oxygen heterocycles: 3-Oxo0-3H-benzopyrans, commonly
designated as coumarins are one of the most sensitive and commercially accepted categories
of reagents for fluorescent derivatization.?’ Modified fluorogenic amino acids with
oxobenzopyrans appear to be interesting molecules due to their
extended spectral range, high emission quantum yield, photostability,
QO and good solubility in several solvents.®®* Several natural and

synthetic coumarins and their derivatives such as coumarin glycosides

Coumarin possess potent biological activities. Coumarin scaffolds are found in

antibiotic, antimitotic, immune modulating, antiviral, anticancer, anti-inflammatory,
anticoagulant, antifungal, antioxidant and cytotoxic agents, as well as in some biological
assays. The fluorescent coumarin such as 7-hydroxycoumarin is widely used as a research
tool in polymer based science. Coumarins are used as laser dye-sensitized photoinitiators, for
incorporation into polymer chains by co-polymerization, in the estimation of polymer solvent
effects, for various structural characterizations, in monitoring of releasing properties of
poly(methylmethacrylate) nanospheres, and for polymeric fluorescent solar collectors.
Benzofurans and naphthofurans are other polycyclic oxygen heterocycles which have been
reported as fluorescent markers for biomolecules.

Fluorophores based on nitrogen heterocycles: The large Stokes shift is a desired feature
for fluorophores to avoid the self-absorption or the inner filter effect. The sensitivity and
selectivity of fluorescence analysis can be improved with excited state intramolecular proton

301t is difficult to increase the Stokes shift of the conventional

transfer (ESIPT) fluorophores.
fluorophores by chemical modification. One of the commonly adopted ESIPT
chromophoresis2-(2’-hydroxyaryl)benzazole (Figure 4a). Another category of fluorophores,
benzooxadiazoles (Figure 4b) substituted at positions 4 and 7, namely, the 4-chloro-7-
nitrobenzooxadiazole (NBD-CI), have been used as derivatization reagents for amino acids in
HPLC analysis and also for proteins in electrophoresis.®**? It emits in the green region (hem=

530 nm) upon 470 nm excitation. The amino acid tryptophan has been widely used as an



Chapter 1: Introduction

HO

(a) (b)

()

Figure 4. Napthalene based Fluorphores: (a) 2-(2’-hydroxyaryl)benzazole; (b) 4-chloro-7-

nitrobenzooxadiazole; (c) 1,3,5-triaryl-2-pyrazoline.

intrinsic fluorescent probe to study protein dynamics and ligand binding in solution.®® The
structural flexibility of 1,3,5-triaryl pyrazoline (Figure 4c) allows for facile tuning of the
photophysical properties.** The substituents on the aromatic groups influence the
photoinduced electron transfer (PET) thermodynamics of the investigated donor-substituted
fluorophores in distinctly different ways. The pyrazoline fluorophores works as a versatile
platform for the development of PET-based fluorescence ‘on-off” chemosensors for different

analytes.®

Spiro-ring openingof xanthenes: Xanthene dye, fluorescein was first synthesized by von
Bayer in 1871 by condensing resorcinol and phthalic anhydride via Friedel Crafts
acylation/cyclodehydration.?® Fluorescein, a polycyclic fluorophore with absorption and
emission maxima in the visible region of the electromagnetic spectra (Aaps= 490 nm and Aem=
512 nm, in water), is one of the most commonly employed labels in biological applications.
The amine-reactive fluorescein derivatives are the most common fluorescent derivatization
reagents for covalent labeling of proteins.®® In addition to its relatively high absorptivity,
excellent fluorescence quantum yield and good water solubility, fluorescein has an excitation
maximum closely matches the 488 nm spectral line of the argon-ion laser, making it an
important fluorophore for confocal laser-scanning microscopy and flow cytometry
applications. Fluorescein derivatives are nonfluorescent when they exist in the lactone form,
while the ring opened form can induce color changes and fluorescence enhancements.®
Spirocyclic fluorescein dyes are useful sensing platforms because the ring-opening process

leads to a turn on fluorescence change.*®
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Figure 5. Xanthene dyes (a) fluorescein; (b) rhodamine.

Rhodamine was first synthesized by Noelting and Dziewonsky in 1905 and has been
widely used in many research fields including the lasing medium in dye lasers and
fluorescent markers in biological studies.®” However, it was only in 1997 that the rhodamine
B derivative and its ring-opening reaction received a great deal of attention from organic
chemists.** Rhodamine spirolactam or spirolactone derivatives are nonfluorescent and
colorless, whereas ring-opening of the corresponding spirolactam/lactone gives rise to strong
fluorescence emission and colorometric change. In general, rhodamine derivatives display
red color change and strong fluorescence in acidic solutions by activation of carbonyl group
in the spirolactone or spirolactam moiety. Similarly, an appropriate ligand on the spirolactam
ring can induce visible color change as well as a fluorescence change upon addition of metal
ions, even though this process is somewhat dependent on the solvent system. They generally
have high molar absorptivities in the visible region, and its many derivatives are strongly
fluorescent. The absorption and emission properties are strongly influenced by substituent in

the xanthene nucleus.*

BODIPY: 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene  better known as BODIPY
(difluoroborondipyrromethene) shows perhaps the highest potential and has spectacularly
risen in popularity. The first member of this set was reported
as early as 1968 by Treibs and Kreuzer.** The uses of

<SY N \
\S N. N BODIPY-based dyes for biological labeling, for
E electroluminescent devices, as tunable laser dyes, as potential
BODIPY candidates for solid-state solar concentrators, as fluorescent

11
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switches, and fluorophores in chemosensors were totally recognized only in the mid-1990s.
These dyes are mainly used as fluorescent markers and sensors, owing to their very sharp
emissions, high fluorescent quantum yield, good photostability and insensitivity to pH. The
typical BODIPY compounds emit strong green light.*> Modification of its core to achieve
red-shifts has attracted considerable interest, as the long wavelength emission can avoid the
interference of inherent biological fluorescence in the short wavelength region.* The
conjugation length can be extended via introducing phenylethene groups at 2,6 positions to
obtain strong red-emissive derivatives. BODIPY derivatives have the disadvantage of very
small Stokes shifts which leads to self-quenching and measurement errors by excitation light
and scattering light. Modification of the core with an electron donor functionality to form
donor—acceptor system is an efficient way to increase the Stokes shifts of BODIFY system
due to very strong ICT characteristics.

Squaraine: Squaraines, a subclass of polymethine dyes with zwitterionic structure are one of
the most interesting classes of dyes which can be used as fluorescent probes in the near-

= infrared.*** Squaraines have been used in applications such as

NR, optical recording, solar-energy conversion, electro-photography,
nonlinear optics, photodynamic therapy, biochemical labeling,

0 chromo/fluorogenic probes, pH responsive probes,
Squaraine cation/anion/neutral molecule recognition, and self-assembled
aggregates. These compounds possess unique physico-chemical
properties such as extremely intense and sharp absorption and emission bands that can be in
the visible and near-infrared regions.*® They are also known to be unusual in exhibiting
photoconductivity.*’ Structural modifications in these compounds can be done by introducing
substituents on the aromatic ring or on the N-atom of the terminal heterocyclic moiety. It is
difficult to modify the squaraine ring but possible. Such changes can be used to produce a red

shift of the absorption and fluorescence bands.

Cyanine: Cyanine dyes are fluorescent compounds, have numerous technical applications
since their discovery including their use as photographic sensitizers, nonlinear optical

materials,*® and more recently fluorescent probes for biomolecular labeling.***® Applications

12
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of these dyes in genetic analysis,
DNA sequencing, in vivo
imaging,” and proteomics> are
increasing dramatically. The

basic structure of cyanine dyes

includes two aromatic or

Cyanine heterocyclic rings linked by a

polymethine chain with conjugated carbon-carbon double bonds. Nowadays, these
compounds can be considered to be the main source of organic long-wavelength fluorophores
and provide excitation bands in the range 600-900 nm. A further large bathochromic shift can
be obtained by addition of a vinyl group (-CH=CH-) to the polymethine chain. Much of the
interest on cyanine dyes stems from their straightforward synthesis,>* broad wavelength
tunability in particular, high NIR absorption and emission, and large molar absorptivities.
Some drawbacks in the analytical use of cyanine dyes are also known. For example, the
number of these dyes available as probes for labeling is very limited at present. In addition,
most cyanine dyes have short fluorescence lifetimes and low fluorescence quantum yields
and undergo extensive aggregation in aqueous solution leading to low fluorescence
intensities.> Nevertheless, the photophysical properties of these dyes can be improved in
solutions containing macromolecules or when organic solvents are present. Alteration of the
molecular structure of the dye, for example through introduction of alkyl sulfonate groups
help improves water solubility, fluorescence quantum yield, and photochemical stability. Use
of precursors with a labile chlorine atom at the central meso position facilitate the easy
substitution by various nucleophiles (such as metal alcoholates, amines, and thiols) which
allow the synthesis of new markers with appropriate reactivity and optical properties for in

vivo imaging.

Luminescent lanthanide complexes: Luminescent lanthanide complexes are particularly
advantageous for application in sensing and bioimaging due to long emission lifetime, large
Stokes shift and sharp emission profile.*” Especially the long emission lifetimes of lanthanide
ions allow the use of time-resolved luminescence detection to eliminate scattering excitation

lights and short-lived autofluorescence from both biological samples and optical

13
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Lanthanide complex

components.®® Because lanthanide ions exhibit low molar
extinction coefficients, they often require sensitization with
organic ligand capable of providing energy transfer to
lanthanide excited states. Thus, the luminescence of
lanthanide complexes depends on the energy transfer
efficiencies from ligand sensitizers to lanthanide ions, which
are determined by the chemical structures and triplet energy
levels of ligands.”’ If the reaction of ligand with the analyte

changes its chemical structure and triplet energy level, the energy transfer efficiency from

ligand to lanthanide ions will be changed, which results in the variation in luminescence

properties of lanthanide ions. Thus, luminescent chemodosimeters based on lanthanide

complexes can be realize

7 58-
d.3 ,58-60
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Conventional signal mechanisms

Integrating an organic fluorophore (reporter) with specific chelator (receptor) is the common
approach to design fluorescent probes for metal ions. Metal coordination to the receptor will
alter the fluorescence intensity, lifetime or excitation/emission maxima, reporting the
presence of metal cations. The intramolecular interaction between the fluorophore and
receptor is essential for the design of these fluorescent probes. A turn on emission or a shift
in excitation/emission profiles is preferred over a turn off quenching response. A turn on
response gives a bright signal against a dark background, which maximizes spatial resolution.
Likewise, a shift in excitation/emission maxima can be used for ratiometric imaging which
allows for internal calibration of reacted and unreacted probe to minimize artifacts that may
arise from variations in light intensity, sample thickness and heterogeneity, and dye
distribution. Conventional mechanisms such as PET, ICT, fluorescence resonance energy
transfer (FRET) and photoinduced excimer/exciplex formation have been frequently adopted
for the construction of probe molecules. On the other hand, a number of new rationales, such
as metal ion coordination inhibited ESIPT and aggregation-induced emission (AIE), have

also been explored to devise probes.

Photoinduced electron transfer (PET): PET is the most widely employed signaling
mechanism for the design of fluorescence based molecular probes.®’ Generally PET
probecontain three parts i) fluorophore, ii) spacer and iii) ionophore (Figure 6).* lonophores
are generally electron donors (e.g. amino-containing group), while fluorophores are electron
acceptors. In the free molecular probe, the electron occupying the highest occupied molecular
orbital (HOMO) of the fluorophore can be promoted to the lowest unoccupied molecular
orbital (LUMO) by absorbing an excitation photon. If energy of the ionophore HOMO is just
higher than that of the fluorophore, the electron in this molecular orbital will transfer to the
HOMO of the excited fluorophore through space, which blocks the emission transition of the
excited electron occupying the fluorophore LUMO to fluorophore HOMO. This fluorescence
quenching effect is termed as photoinduced electron transfer (PET). When the ionophore
coordinates to the target metal ion, the energy gap between the two HOMO orbitals is
changed from positive to negative due to the decreasing level of the ionophore HOMO via
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metal coordination. The emission transition of the excited electron occupying the fluorophore
LUMO to fluorophore HOMO is allowed and hence fluorescence of the probe is recovered.
This metal coordination enhanced fluorescence is also defined as chelation enhanced
fluorescence (CHEF) effect. In this case, emission of the formed metal complex is ascribed
mainly to the relaxation of the n—n* excited state of the organic fluorophore. Protonation of

the ionophore may also lead to the blockage of the PET process.’
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Figure 6. PET fluorescent probes for metal cations and their ‘‘turn on”’ sensing mechanism.

Internal Charge Transfer (ICT): When a fluorophore contains an electron-donating group
(often an amino group) conjugated to an electron-withdrawing group, it undergoes
intramolecular charge transfer from the donor to the acceptor upon excitation by light.>*’
The consequent change in dipole moment results in a Stokes shift that depends on the
microenvironment of the fluorophore; polarity probes have been designed on this basis. It can
thus be anticipated that cations in close interaction with the donor or the acceptor moiety will
change the photophysical properties of the fluorophore because the complexed cation affects
the efficiency of ICT. When a group (amino group) playing the role of an electron donor
within the fluorophore interacts with a cation, the latter reduces the electron-donating

character of this group owing to resulting reduction of conjugation, a blue shift in the
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absorption spectrum is expected together with decreased extinction coefficient. Conversely, a
cation interacting with the acceptor group enhances the electron-withdrawing character of
this group; the absorption spectrum is thus red-shifted and the molar absorption coefficient is
increased. The fluorescence spectra are in principle shifted in the same direction as those of
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Figure 7. ICT fluorescent probes for metal cations and their ratiometric sensing mechanisms.

the absorption spectra. The photophysical changes upon cation binding can also be described
in terms of charge dipole interaction. Let us consider only the case where the dipole moment
in the excited state is larger than that in the ground state. Then, the cation interaction with the
donor group strongly destabilizes the excited state compared to the ground state, and a blue
shift of the absorption and emission spectra is expected. Conversely, when the cation
interacts with the acceptor group, the excited state is more stabilized than the ground state,

and this leads to a red shift of the absorption and emission spectra.
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Twisted Internal Charge Transfer (TICT): Twisted intramolecular charge transfer (TICT)
process in various organic molecules containing electron acceptor and donor groups
separated by aromatic moietieshas received considerable attention.” Dual fluorescence
behavior is observed in a number of such cases, for example excitation of such systems
results in an excited state in which electron donor group is coplanar with the acceptor group
and this state isknown as locally excited (LE or B*) state. Formation of the second state,
known as TICT state is due to the intramolecular rotation of the electron donor group from
within the whole molecular plane to a position perpendicular to the other moiety of the
molecule, accompanying the intramolecular charge transfer from the electron donor to the
acceptor group during the excited state lifetime of the LE state. In most of these NMe,
studies, formation and stabilization of the TICT state is attributed to viscosity

and mainly to the polarity of the medium suggesting the energy barrier for TICT

state process decreases with increase in polarity of the medium. However some CN
authors have suggested that the specific hydrogen bonding between the electron donor group
and the solvent molecules also plays a role instabilizing the twisted conformer to facilitate
the formation of the TICT state. On the other hand, Kim et al. have shown that the hydrogen
bonding between electron acceptor group and solvent molecules play major role in the
stabilization of TICT state and enhancement inthe TICT emission. 4-Cyano-N,N’-
dimethylaniline is perhaps the most celebrated of these systems and gives emission from its
TICT excited state along with a shorter wavelength emission from a ICT-type excited state.
The latter has the more delocalized excitation even though it was formerly referred to as a LE
(locally excited) state. It has a planar skeleton and hence a well conjugated n-System. The
ICT-type excited state is similarly planar, whereas the TICT excited state has the dimethyl
amino unit orthogonalized from the rest of the m-System. The result is a dimethylamino

radical cation and an adjacent benzonitrile radical anion.

Fluorescence resonance energy transfer (FRET): Fluorescence resonance energy transfer
(FRET) relies on the distance-dependent transfer of energy from a donor molecule to an
acceptor molecule.>”® FRET is the radiationless transmission of energy from a donor
molecule to an acceptor molecule.®®® The donor molecule is the dye or chromophore that

initially absorbs energy and acceptor is the chromophore to which energy is subsequently
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transferred.®® This resonance interaction occurs over greater than inter atomic distances
without conversion to thermal energy and without any molecular collision. The transfer of
energy leads to a reduction in the donor’s fluorescence intensity and excited state lifetime,
and concomitant increase in the acceptor’s emission intensity. A pair of molecules the
irinteraction result in FRET is often referred to as a donor/acceptor pair. While there are
many factors that influence FRET, the primary conditions that need to be met in order for
FRET to occur are relatively few. The donor and acceptor molecules must be in close
proximity to one another (typically 10-100 A). The absorption or excitation spectrum of the
acceptor must overlap fluorescence emission spectrum of the donor (Figure 8). Genetically
encoded fluorophores, such as green fluorescent protein (GFP) and related blue, cyan, yellow
and red fluorescent proteins have provided the ability to perform FRET in vitro and in vivo,
particularly in living cells. These proteins form FRET pairs with each other as well as with

conventional dyes.

Donor Acceptor

A abs em abs em

Intensity

Spectral
overlap

Wavelength (nm)

Figure 8. Schematic representation of the spectral overlap integral.
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fluorescent fluorescent
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| 10-100 A ]

Figure 9. Schematic representation of the interaction of two different fluorescent protein. Protein-protein
interactions between proteins labeled A and B bring blue fluorescent protein and green fluorescent proteins in
close enough proximity to allow for FRET to occur. In this example, excitation of blue fluorescent protein

results in the emission of fluorescence by green fluorescent protein.

Excited state intramolecular proton transfer (ESIPT) mechanism: ESIPT process
requires a preformed intramolecular hydrogen bond (H-bond) between proton donor (-OH or
-NHy) and proton acceptor (-C=0 or -N=) groups in close proximity to each other in a
molecule.®®® In the electronic ground state, typical ESIPT molecules exist exclusively as an
enol (E) form, which is better stabilized by intramolecular H-bond (Figure 10). However,

upon photoexcitation redistribution of electronic charge occurs causing an increase in the
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Figure 10. ESIPT sensing mechanism.
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acidity of the proton donor and the basicity of the proton acceptor.®® As a result, fast proton
transfer from the proton donor to the proton acceptor takes place along the excited-state
potential energy surface via the intramolecular H-bond leading to a tautomeric
transformation from the excited enol form (E*) to the excited keto form (K*) in sub-
picosecond time scale. After decaying radiatively to the ground state, reverse proton transfer
occurs to their initial E form. Different absorbing (E) and emitting (K) molecular species in
this intrinsic four-level photocycle often give rise to the total exclusion of self-absorption and
the large Stokes’ shifted emission. In addition, this process brings about the transient
chemical change from E to K tautomer, resulting in the transient alternation of the electronic
properties such as electron density distribution, energies of electronic state, and dipole
moments. Due to the complicated photophysical process and transient changes involved in its
four-level photocycle, ESIPT is to be easily affected by its environmental conditions leading
to intricate spectral responses.

Monomer/Excimer: An excimer is formed by a fluorophore in the excited state with another
fluorophore molecule in the ground state via weak interactions (e.g. m—m* stacking).>"*® A
typical metal ion probe functioning via excimer formation consists of two identical
fluorophore moieties spaced by a flexible spacer which is also an ionophore. After
coordinating with metal ion, the altered spacer brings the fluorophore moieties in close
proximity (within van der Waals contact) which results in effective weak interactions
between the two fluorophores.®’ In this way, electronic excitation of one fluorophore causes
an enhanced interaction with its neighbor leading to the formation of an excimer. Compared
to the monomer, the excimer typically affords a red-shifted and broad emission band. In most
cases, both emission bands of the monomer and excimer can be observed simultaneously.
Therefore, the metal coordination to the spacer ionophore can effectively alter the ratio
between monomer emission and excimer emission. Thus excimer formation becomes an
approach to design ratiometric probes for metal cations (Figure 11). Several probes based on
this mechanism have been reported by Kim’s group for the detection of Cu?*. These probes
generally require highly m-delocalized planar systems such as pyrene as the monomer.
Therefore, they normally display poor aqueous solubility. Moreover, the excimer formation
is highly dependent on the distance resulting from metal coordination.
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Figure 11. Excimer formation-based fluorescent sensing.

Aggregation-induced emission (AIE): It is well known that fluorescent emission of organic
fluorophores is often quenched in aggregated form; this effect is denoted as aggregation-
caused quenching (ACQ).%® Because of the ACQ effect, the application of many organic

fluorophores in organic

light-emitting diodes D O g g O Q
(OLEF)s) and as sensing Q A O |
materials  (chemosensors, si @ @ @ G
biosensors)  has  been @

greatly  restricted.  To 1 2 3
overcome the ACQ effect, branched chains, bulky cyclic species and dendritic segments have
been covalently attached to the fluorophores to suppress the formation of aggregates.®®™ In
contrast, some organic molecules that are nonfluorescent in solution were shown to become
fluorescent upon aggregation, which is an unusual behavior. This unusual fluorescence
phenomenon was noted by Tang et al. in 2001 from a solution of 1-methyl-1,2,3,4,5-
pentaphenylsilole (1),”* and termed as aggregation-induced emission (AIE). The fluorescence
quantum yield (®f) of 1 in pure ethanol is 0.63x10 3, but rose to 0.21 when the water fraction
is increased to 90%. The AIE effect greatly boosts the fluorescence quantum yield of 1 by
333 times, turning it from essentially nonfluorescent to strongly fluorescent. The same group
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subsequently reported that a variety of tetraphenylethene (2), diphenyldibenzofulvenes (3),
substituted olefins, and pyran derivatives also showed AIE phenomena. Tang et al. studied
AIE phenomenon using a series of experimental investigations. They identified that the
restriction of intramolecular rotation in the aggregates was the main cause of AIE
phenomenon.”®"® Unhindered intramolecular rotation in AIE molecules in the free-state leads
to efficient nonradiative decay of the corresponding excited states, making them
nonemissive. Upon aggregation in a suitable environment, intramolecular rotation is
restricted and emission is thus greatly enhanced. For instance, in silole 1 and
tetraphenylethene (2), the propeller-like molecular conformation induces free intramolecular
rotation. In view of such strange fluorescence behavior, AIE phenomena have been
successfully utilized to design sensitive and selective bio-/chemo-sensors. The aggregation of
AIE molecules can be altered by guest molecules through electrostatic interaction,
coordination interaction, hydrophobic interaction, steric hindrance, particular mercapto
reaction, or the influence of polarity and viscosity. As a result, a variety of new AIE-active
fluorescent bio-/chemo-sensors have been developed to detect ionic species (Hg®*, Ag",
CN"), biomolecules (protein, heparin, ATP and DNA), and gases and explosives (CO,, TNT,

picric acid), as well as assay to study nuclease activities.

C=N isomerization: C=N isomerization as a signaling mechanism was reported in 2007.
This idea initiated from the study on photophysical properties of conformationally restricted
compounds. It was found that C=N isomerization is the predominant decay process of excited
states in compounds with an unbridged C=N structure and those compounds are often
nonfluorescent.”*"® In contrast, the fluorescence of their analogs containing a covalently
bridged C=N structure increases dramatically due to the suppression of C=N isomerization in
the excited states (Figure 12a). Thus it is reasonable to expect that C=N isomerization can
also be suppressed through complexation of a guest species to a sophisticatedly designed
fluorescent-sensing molecule rather than the covalently bridged C=N bond. Based on this
hypothesis, coumarin-derived imine was designed as a novel fluorescent chemosensor that
used C=N isomerization as a signal system (Figure 12b).”” The free ligand is nonfluorescent
because of rapid isomerization of the C=N double bond in the excited state. However,

solution of ligand in CH3CN shows 200-fold enhancement in fluorescence quantum yield
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upon complexation with zinc ions, along with a red shift in the emission maxima from 500 to
522 nm. As the first molecular probe based on C=N isomerization mechanism, some
problems exist, for example, interference from other competitive ions, and the need to use
organic solvents. Further modifications are required to improve the design of molecular

probes that operate based on C=N isomerization.
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Figure 12. C=N isomerization mechanism based fluorescence sensing. Reprinted with permission from

reference 77, copyright 2007, by the American Chemical Society.
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Approaches for designing Fluorescent molecular probes

Molecular probes (chemosensors) are highly valuable tools for selective recognition of
chemical and biological species. Host-guest interactions making use of hydrogen bonding,
electrostatic force, metal-ligand coordination, hydrophobic and van der Waals interactions
have been employed to develop chemosensors. Fluorescent molecular probes can be

categorized based on two different approaches.

(i) Classic combination of fluorophore and ionophore: The classic fluorescence-based
molecular probes (fluoroionophore) contains a receptor/ionophore (the recognition site)
connected via spacer (linker) to a fluorophore (the reporter) which displays differential
fluorescence response as a consequence of recognition process.”®* This is the most common
approach adopted for designing a fluorescent molecular sensor (Figure 13).
Receptor/ionophore are generally electron donors (e.g. amino-containing group), while
fluorophores are electron acceptors.>* In normal ‘off’ state condition, excitation of the
fluoroionophore produces an electron transfer from the receptor to the fluorophore. The
thermodynamic condition, first derived by Weller, is the excited state energy of the
fluorophore needs to be sufficient to provide both the reduction potential of the fluorophore
and the oxidation potential of the receptor. In ‘on’ state, excitation of the fluoroionophore
results in fluorescence only because the PET process is arrested by the arrival of the analyte
at the receptor site. The arresting PET process can be easily comprehended by considering

H* as the analyte. H" electrostatically attracts the electron which increases the oxidation

@

Figure 13. Classic approach: chemosensor bearing a signaling subunit as well as a binding site.
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potential of the analyte-bound receptor to the point that the thermodynamics for PET are no
longer favourable. These ideas can also be expressed with the aid of molecular orbital energy
diagrams. PET occurs if the oxidation potential of the receptor is smaller in magnitude than
that of the fluorophore and in opposite case PET does not occur. This rule of thumb is very
useful practically, even though several approximations are involved. Quantitative design of
fluorescent PET chemosensors is a rare example of molecular engineering design. Molecular
PET chemosensors can now be designed and built for a variety of individual purposes. Each
of the three components in the ‘fluorophore—spacer—receptor’ format deserves the designer’s
attention. The analyte to be sensed determines the choice of receptor. The reciprocal of the
binding constant for the receptor-analyte interaction determines the median analyte
concentration to be sensed. Consideration needs to be given at this stage to the selectivity of
the receptor towards the analyte and against anticipated levels of potential interferences.

(i) Reaction based probes: The host—guest interactions between receptor and analyte
undergo dynamic molecular transformations by making or breaking of covalent bonds rather
than forming supramolecular complexes in the biological milieu.”® Reactive probes undergo
structural changes after chemical conversion show maximum spectroscopic changes
compared to normal noncovalent interactions based chemical probes. The reactive probes are
designed in such way that the analyte can perform typical chemical reactions like
nucleophilic additions and substitutions with the probe moiety. The analyte can also undergo

tandem reaction in the probe to generate electronically different final product.®

(=¢c—80

Figure 14. Analyte assisted reaction based approach and their detection.
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Oxidative cycloaddition reaction: Cycloaddition reaction offers a broadly useful set of
potential reactions for chemoselective sensing and bioimaging, as the formation of new
heterocycles conjugated to a fluorophore can readily alter its optical properties. Aromatic
vicinal diamines can react with nitric oxide (NO) in the presence of O, to form triazole ring.
Diaminofluoresceins are weakly fluorescent because of PET quenching from the electron-
rich amino functional group. However, conversion to the triazole functionality results in turn
on emission because the extent of PET quenching is reduced.” Well-known cycloaddition
reaction between singlet oxygen (*O,) and anthracene to form an endoperoxide has been used

for sensing of 10, ®

Oxidative cleavage reaction: Another strategy for reaction-based detection of small
molecules is to use a pro-fluorophore approach, where reaction of a small molecule
selectively releases nonfluorescent or weakly fluorescent pro-fluorophore to produce the
parent dye. Chang and coworkers have reported hydrogen peroxide-mediated conversion of
arylboronates to phenols for H,O, detection.®* Dicarbonyl cleavage reactions offer another
attractive strategy for selective H,0, detection.’? Peroxynitrite (ONOQ") can selectively
oxidize a trifluoroketone functionality to form a labile dioxirane intermediate, which
decompose and oxidize a proximal anisole ring to the corresponding dienone functionality
with concomitant release of an alcohol.##* Hypochlorous acid (HOCI)-mediated oxidation
and cleavage of a p-methoxyphenol can serve as a selective trigger for detecting this highly
reactive oxygen species.*® Selenoether oxidations have also been reported to show some
specificity for ONOO™ detection.?® Finally, ozonolysis reaction oxidatively fragment an
olefin into two carbonyl products and has been elegantly used to create a probe for

chemoselective ozone sensing.?’

Reductive cleavage reaction: A prime example of reductive transformations is the hydrogen
sulfide-mediated reduction of azides to amines as a means of monitoring of analyte (H,S).%
This strategy has been elegantly implemented for detecting H,S using different azido-
fluorophores. First Chang and coworkers reported selective conversion of azides to amines

for H,S detection over biologically relevant thiols.®® Similarly, H,S mediated reduction of
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nitro and hydroxylamine to amino group has been used to design several probes for detection
of this small molecule.**®*

Oxidative and reductive transformations have been used together to design
fluorescent probe for the redox cycle process utilizing the redox property of the versatile
selenium. Selenium containing fluorescent probe monitors cellular redox change induced by
peroxynitrite and glutathione or hydrogen sulfide in solution. Upon addition of HCIO, an
increase in the fluorescence was observed as the PET process is blocked by the formation of
“selenoxide”. Then the “selenoxide” was reduced to “selenide” by H,S or GSH, switches off

the fluorescence.*

Nucleophilic reaction and tandem process: Generally, sensing of anionic or neutral
analytes is achieved by exploiting their nucleophilicity in the nucleophilic addition or
substitution reactions. Nucleophilicity of cyanide (CN) or carboxylates (RCOO) is
sufficient enough to react with highly electrophilic carbonyl functionality and has been
successfully implemented in the design of fluorescent probes for these analytes.®*® Neutral
bifunctional analytes such as amino-thiols (cysteine, homocysteine) reacts with aldehyde
group to form corresponding heterocyclic thiazolines and has been used for the development
of fluorescent probes for their sensing.® The soft nucleophilic thiols (RSH) also readily
undergol,4-addition (Michael or conjugate addition) to a, [-unsaturated carbonyl
compounds.®” This kind of reaction based approach has been extensively used in designing
various fluorescent probes for thiols. The thiol assisted nucleophilic aromatic substitution
removes 2,4-dibenzenesulfonyl moiety from the hydroxyl or amine group of a fluorophore
and this chemical transformation has been found to have excellent selectivity towards thiol
detection with off—on fluorescence signaling. Biogenic thiols such as glutathione can undergo
sulfide exchange reaction.®® Inclusion of disulfide bond in the molecular probe has been
extensively used for designing thiol selective probes. Boranes as anion receptors form
covalent bond with the nucleophilic anions CN™ and F. A number of molecular probes
containing borane have been reported for the detection of these toxic anions.”

Displacement reaction by metal-ligand substitution: Coordinated chemosensor can

undergo exchange reaction with the target analyte resulting change in fluorometric response.
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Figure 15. Displacement reaction based approach for chemosensors.

Introduction of a nucleophile to the solution of coordinated chemosensor, can release the
unbound probe which also results restoration of fluorometric behavior (Figure 15). Metal-
ligand substitution and reaction of small molecule with flexible pendant dyes offers a
versatile approach to tune fluorescence properties. Generally, metal ions are strong quenchers
of fluorescent excited states because of their unpaired electrons or partially filled orbitals, as
well as heavy-atom effects that can turn off emission by electron- or energy transfer
guenching pathways. The general approach relies on quenching of pendant fluorophores by
coordination to a paramagnetic and/or heavy-metal ion like Cu** or Hg?.*** Turn on
fluorescent sensing can be achieved from displacement of this metal ion by some other metal
ions such as Zn®* or Cd®* which has more affinity towards the coordination sphere of dye

192 Metal ions of same group like Mg?*/Ca®* or Zn**/Cd*" exhibit similar chemical

scaffolds.
properties.® It is a difficult task to develop chemosensors for these analytes as they
interferes each other recognition process. The minute change in the fluoroionophore
coordination site varies the cation binding affinity, giving rise to variations either in its
fluorescence intensity (turn on-off) or/and in emission wavelength (ratiometric).’** In this
context, reactive biological small molecule NO can be detected directly by displacement of
ligand-fluorophores from chelated metal centres. This general approach relies on
fluorescence quenching of pendant fluorophores by coordination to a paramagnetic and/or
heavy-metal ion, then NO can selectively displace and release the fluorophore with
concomitant emission turn on response.’® Detection of biologically relevant anionic
phosphates has been achieved using variety of Zn?*-coordinated di-2-picolylamine
derivatives of different dyes, where the fluorophore can coordinate with the bimetallic Zn*

ion and quench fluorescence.'®® Upon binding of a phosphorylated substrate such as ATP to
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the Zn’*~DPA moiety, the pendant fluorophore is displaced from the metal first-coordination
spheres to generate an emission turn-on response. Metal displacement strategy is also used
for H,S detection employing the classic gravimetric precipitation of CuS from Cu®
complexes. Cu?* binding to the fluorophore—ionophore conjugate quench its emission.
Addition of H,S triggers displacement of bound metal to precipitate CuS and release the free
dye, resulting in fluorescence enhancement.’?’'%® CN~ forms stable [Cu(CN),]" complex
reacting with copper ions. Fluorescence of a chemosensor is generally quenched by
complexing with paramagnetic Cu®*. Quenched fluorescence can be recovered mixing with
CN  as it forms stable complex with copper to release free chemosensor which give rise to

turn on detection for cyanide ions.*

Metal-mediated redox addition or cleavage reaction: Simple Lewis acid—base metal—
ligand substitution chemistry and metal-induced redox processes also provide a wealth of
opportunities for small molecule sensing and bioimaging. The reductive N-nitrosylation and
release of metal quenchers from fluorophore scaffolds emerged as a versatile and general
method for direct NO detection.'®*® The probe consists of a copper-bound fluoroionophore
conjugate where the paramagnetic Cu®* ion quenches dye fluorescence. Upon direct reaction
with NO, a metal-mediated reductive nitrosylation reaction releases the bound metal ion with
a concomitant increase in emission. Mechanistic study reveals the secondary amine as the
site of NO modification and show that this mechanism gives high selectivity for NO over a
variety of RNS and ROS analytes.™° Oxidative reactivity at metal centres can also provide a
path to chemoselective sensing and bioimaging applications. This approach has been used for
chemoselective monitoring of H,0,, inspired by the heme-mediated horseradish
peroxidase—Amplex red (N-acetyl-3,7-dihydroxyphenoxazine) assay that has been used
extensively to indirectly quantify the activity of various H,O,-producing enzymes.'**
Reaction between H,O, and probe leads to iron-mediated oxidation, cleavage and release of a
fluorescent dye. Cationic triarylstibine—palladium complex and tetraarylstibonium act as
fluoride anion receptor.***'** Formation of hypervalent fluorostiboranyl motif results in
photophysical property change of the complex ensuing fluoride sensing.*** Fluoride (F") has
strong affinity toward silicon atom; hence fluoride mediated desilylation reactions have been

used in designing fluoride selective fluorescent probes."*>*'®
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Lewis acid hydrolysis and related non-redox reaction: The inherent Lewis acidity of
metal ions promoted hydrolysis and related non-redox reactions, hard-soft acid base
chemistry, and a variety of such strategies can emerge for chemoselective turn on or
ratiometric detection. Two classic examples by Czarnik and colleagues have inspired a host
of subsequent elegant chemical designs for imaging metal ion. One reaction-based system
established that the strong thiophilic nature of Hg** can selectively enhance the activation
and desulfurization/hydrolysis of thiocarbonyl compounds, such as the conversion of
thioamides to carboxylates.'’’” The second study, on the Cu®**-catalyzed hydrolysis of
hydrazines to carboxylates with concomitant ring-opening of a non-fluorescent
spirorhodamine to its fluorescent open form, highlights this platform as a general and
versatile sensing molecular scaffold.**® The mercury-promoted cycloaddition of thiourea
substrates has developed as a universal reaction-based strategy for detection of this toxic
heavy metal.®**° The conversion of thioacetals to carbonyls has also been applied to
monitoring biological and environmental mercury.*?>*?! Finally, several copper- and silver-
promoted hydrolysis reactions have been reported for fluorescent in vivo detection of these

metal ions in aqueous media."?**

Organometallic reaction: Metal-mediated organometallic reactions can be used for metal
ion detection. Copper-accelerated alkyne click (CUAAC) chemistry offers an ideal reaction-

125

based mechanism for detection of this essential biological metal."** Tsuji-Trost'® and

Claisen*?®

chemistry of metal-allyl complexes offers another versatile approach to metal ion
sensing, particularly for palladium and platinum. The Tsuji—Trost probes operate through
hydrolysis of allyl ether by an electrophilic metal-allyl intermediate, whereas other
conditions favor aromatic Claisen rearrangements. Adjustments in pH, ligand additives and
other experimental conditions can promote specificity for palladium or platinum with
oxidation state selectivity. O-Propargylated fluorescein derivatives that can monitor
palladium in a variety of oxidation states (for example Pd°, Pd?*, and Pd**).**" Fluorescent
probes for Hg®* have also developed based on the oxymercuration of alkynes and alkenes,
where the phenolic hydroxyl group of a fluorescent dye is caged with a terminal butyne or a
vinyl ether moiety.*?® The Hg?*-catalyzed hydration and oxidation of the alkyne or alkene to

the corresponding ketone triggers facile B-elimination to yield the latent dye. Aryl vinyl ether
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probesare used for assaying mercury in fish, and alkynes with thioamide directing groups are
used to achieve mercury imaging in live cells. Au** selective fluorescent probes have been
developed by activating the fluorophore by reactive and alkynophilic Au®* ion.**3t Au®*
induced intramolecular cyclization changes the PET process towards fluorophore thus

allowing its detection.

Metal ion detection through small molecule reactivity: Reaction-based strategy for metal
ion detection is achieved through metal-mediated activation of small molecules. In an elegant
study, Taki and coworkers reported the Cu(l)-responsive fluorescent probe FIUTPA2.%? In
the absence of Cu(l), FIUTPAZ2 is inert to oxygen and weakly fluorescent owing to reduction
of the xanthenone ring and alkylation of its phenolic oxygen. Aerobic C—O bond cleavage
promoted by Cu(l) followed by air oxidation releases the free Tokyo Green dye. Similarly,
selective fluorescence probe for cobalt was reported by Chang and coworkers combining a
Tokyo Green scaffold alkylated with a N3O ligand.** Binding of Co®" in the presence of air

triggers oxidative C—O bond cleavage and a roughly 18-fold increase in turn on emission.
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An ideal molecular probe must fulfill following basic requirements:

Q) The receptor must have strong affinity towards the relevant target which shows
selective binding or reactivity.

(i) The signal should not be disturbed from environmental interference, such as probe

concentration, pH, polarity, temperature, and so forth.

(iii)  Fluorometric/colorimetric optical response must be quick over a wide dynamic

range of analyte concentrations.

(iv)  Biocompatibility of the probe in terms of toxicity, solubility, and stability.

The ultimate goal in developing a molecular probe is to detect and image the target of interest
in living cellular systems. Though, live cell imaging has been carried out to understand the
biological effects of particular analyte and this process is not yet attained the total perfection.
Images obtained from inside the living organisms are highly informative which emphasizes

the need for development of novel and efficient molecular probes.
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Chapter 2: Fluorescent molecular probes for AI**

1. Introduction

Aluminium is used excessively in the modern world with diverse applications due to its many
unusual combinations of properties. It is the third most prevalent element and the most
abundant metal in the biosphere accounting for approximately 8% of its mass. Such wide
spread applications of aluminium lead to its presence across variety of domains such as in
home, transportation, on land, sea, air, and industry. High concentrations of aluminium are
known to cause toxicity in plants, fish, algae, bacteria and other species in aquatic
ecosystems.? Environmental acidification due to increased solubility of aluminium minerals

I3

at lower pH increases the amount of available AI** which is deadly to growing plants.?

Aluminium in its ionic form (AP

) has the ability to react with biological species by
changing or suppressing their function leading to harmful effects. Aluminium can be toxic to
humans in excessive amounts and even in small amounts if deposited in the brain.®* Excess
aluminium is acquired by the use of antiperspirants, aluminium cookware, cans, bleached
flour, antacids and drinking water supplies. According to WHO report the average daily
human intake of aluminium is approx. 3-10 mg/day. Tolerable weekly aluminium intake in
the human body is estimated to be 7 mg/kg body weight.®” The superfluous ingestion of
aluminium influence the absorption of calcium in the bowel, causing the bone to soften,
atrophy, even aberrance and also affect the absorption of iron in blood causing anaemia. AI**
exerts several neurotoxic effects such as neurofibrillary, enzymatic and neurotransmitter
changes in the central nervous system. The toxicity of aluminium exhibits damage of the
central nervous system and suspected to be involved in neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and responsible for intoxication in haemodialysis patients.*®°
Therefore the detection of AI** is crucial to control its concentration levels in the biosphere
and direct impact on maintaining human health. At present, the main methods for aluminium
detection are graphite furnace atomic absorption spectrometry and inductively coupled
plasma atomic emission spectrometry. These techniques are relatively complex and involve
expensive instrumentation. The design of fluorescent molecular probes for selective
recognition and sensing of specific cations has attracted considerable interests due to their

I3

importance in biological and environmental applications. Detection of Al°" has always been

problematic due to the lack of spectroscopic characteristics and poor coordination ability
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comparing to other transition metals. The presence of H*, alkali and alkaline earth metal ions
do not allow the reduction of AI**.2 Therefore, the development of fluorescent probes is
critical in environmental and biological monitoring of aluminium ion. Probably a few
fluorescent molecular probes have been reported for the detection of AI** with moderate

success. B4

2. Rationality for designing molecular probes for aluminium

Chemical sensing™ involves the interaction between a target molecule (analyte) and a
receptor (chemosensor) that is signalled by an easily detectable change.'®*’ Most molecular
probes rely on a binding event or a chemical reaction to change the optical characteristics of
an appended chromophore reporter.®® Other molecular probes utilise changes in redox
potential or conformation as a means of detection. The major challenge in the design of
molecular probes is how to discriminate different metal ions with similar chemical
properties.?’ Hard and soft acids and bases theory (HSAB) and Irving-Williams rule are
general guiding principles for the design of related metal ionophores.?* Coordination atom,
coordination number, coordination geometry or cavity size are some of the key factors in
designing an ionophore.?? Additional non-covalent interactions may play synergetic roles in
differentiating similar metal cations. For example, ancillary n—ligand and =n—cation
interactions favour the enhancement of the binding ability for soft transition metal cations
from the second and third rows in the periodic table. Bidentate heteroaromatic ligands 2,2’-
bipyridine and 1,10-phenanthroline are among the best known coordination agents for many
metal ions.”® These multidentate nitrogen ligands generally afford high binding affinities for
metal ions due to the chelation effect. Since the advent of click chemistry in 2001, the 1,4-
disubstituted triazole has become an increasingly common motif in chemical sensors.?
Although these click-derived triazoles are generally used as a convenient method of ligation,
their prevalence in molecular probes can be attributed to their ability to bind both cations and
anions.” They may (1) contribute to the binding of the target analyte, (2) act as a linker
between the binding site and the reporter, or (3) contribute to the reporter, usually as part of a
conjugated fluorophore. Constrained pyrrolidinyl-triazolyl backbone in a molecular probe
can induces right balance of conformational rigidity for binding particular metal ion.

48



Chapter 2: Fluorescent molecular probes for AI**

Fluorophore dansyl moiety shows dual characteristic behavior as reporting and binding unit
to a metal ion. Keeping this in mind, a novel bipyridyl-dansyl (BD) based ionophore-
fluorophore (fluoroionophore) conjugate has been designed for the selective detection of
AI** % Coumarin and its derivatives have been heavily used as fluorophores because of their
tunable photophysical properties and significant fluorescent behavior in the visible region.?
Coumarin-moiety can display a dual behavior i.e. reporting as well as binding to a metal
ion.”® Based on these design principles a new conformationally constrained coumarin-
bipyridyl (CB) conjugate with pyrrolidinyl-triazolyl backbone has been developed.? It is
highly desirable to design molecular probe that shows differential optical response for
multiple metal ions based on single emission mechanism. Later a novel fluoroionophore QC
by conjugating two fluorophores (coumarin-hydroxyguinoline) by means of triazolyl-
pyrrolidinyl linker is synthesized.*® The oxygen atom and methylene groups in the linker

backbone were expected to impart water-solubility.

lonophore

Reporter

Differential Optical Response

1%

Figure 1. Basic structure of Al”" selective molecular probe.

Synthesis of these three probes was achieved through very simple and high yielding click
chemistry. Triazole moiety formed during click reaction served as both spacer and cation
binding site. Fluorophore plays a dual role as reporting unit and cation binding site. These
molecular probes can detect the AI** ion with differential optical response on the basis of
ICT with high sensitivity and selectivity.®® This study opens up the new possibility of
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designing new family of highly selective probes for AI** based on fluorophore-ionophore
click conjugates.

C=N isomerization as a new signaling mechanism was reported in 2007 based on the
photophysical properties of conformationally restricted compounds.® It was found that C=N
isomerization is the predominant decay process of excited states in compounds with an
unbridged C=N structure so those compounds are often nonfluorescent.”® In contrast, the
fluorescence of their analogs containing a covalently bridged C=N structure increases
dramatically due to the suppression of C=N isomerization in the excited states.*® Thus it is
reasonable expected that C=N isomerization may also be inhibited through complexation of a
metal ion to a suitably designed fluorescent-sensing molecule.>** Based on this hypothesis,
naphthaldehyde-carbonohydrazone (NC) and naphthaldehyde-thiocarbonohydrazone (NTC)
Schiff base ligands are designed as novel fluorescent chemosensors for AI** that use C=N
isomerization as a signal system.*® Probably these are the first examples where C=N
isomerization has been exploited as a signal transduction mechanism for the recognition of
the AI**.
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3.1 Pyrrolidine constrained bipyridyl-dansyl (BD) click molecular probe
for AI**

3.1.1 Synthesis

The synthesis of bipyridyl-dansyl based ligand BD was achieved through click chemistry
approach (Scheme 1). The 1,2,3-triazole framework formed by the click reaction between
alkyne and azide have been reported with anion and cation binding properties.* 6-Bromo-
2,2’-bipyridine was converted to 6-trimethylsilylethynyl-2, 2’-bipyridine (1) via Sonogashira
coupling.®” Then it was reacted with tetra-n-butylammonium fluoride (TBAF) to form 6-
ethynyl-2,2>-bipyridine (2). Boc-protected azido-pyrrolidine was synthesized from proline.*®
Boc-protected azido-pyrrolidine was subjected to click reaction with 6-ethynyl-2,2’-
bipyridine to obtain click compound Boc-protected pyrrolidinyl-triazolyl-bipyridine (3).

——SiMe,

7\ — Pd(PPh3)4 Cul TBAF THF, 6h 7\ —
— \ ) N / )
N N PPhg, TEA, Pyridine =N N
Br Reflux, 48 h 2 \%OH
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Toluene/t-BuOH N 3
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7\ - 7 —
— \ /) \ N/
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Scheme 1. Synthesis of molecular probe BD.
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After removal of Boc group using trifluoroacetic acid, free amine (pyrrolidinyl-triazolyl-

bipyridine) (4) was condensed with dansyl chloride to obtain final probe BD in good yield.

3.1.2 Photophysical properties of bipyridyl-dansyl (BD) click molecular probe and its

A detection

The photophysical properties of BD were investigated with fluorescence and absorption
studies upon addition of several metal ions such as Li*, Na*, K*, Ag*, Mg*, Co®*, Ba**, S,
Mn*, Fe**, Ni**, Cu®, Hg*, Pb*, Cd**, Zn?*, In*" and APF* in CHsCN (Figure 2). The
emission spectrum of free BD exhibit a band with maxima positioned around 532 nm upon
excitation at 350 nm in CH3CN. The examined alkali and alkaline earth metals exhibited no
changes relative to BD, where as d'° transition metal ions Zn**, Cd**, Ag*, Hg**, Pb** quench
the emission intensity to different extent and rest of the transition metal ions used,
completely quench the emission intensity. Interestingly AI** showed distinct behavior with
quenching of emission intensity at 532 nm and appearance of new peak at 446 nm. This blue
shift was accompanied by enhanced fluorescence intensity. Next change in fluorescence

3+
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47
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Figure 2. Fluorescence spectra of BD (100.0 uM) and on addition of salts of Li*, Na*, K*, Ag*, Mg®*, Co*,
Ba®*, Sr**, Mn?*, Fe*, Ni**, Cu®*, Hg**, Pb?*, Cd*, Zn®*, In** and AI** (1.0 equiv) in CH5CN.
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Figure 3. Fluorescence spectra of BD (100.0 pM) in CH,CN upon addition of AI** (0, 10, 20, 30, 40, 50, 60,

70, 80, 90 and 100 uM). Inset: Ratiometric fluorescence intensity [1.46/153,] as a function of [AI**].

behavior of BD was studied as a function of AI**

concentration (Figure 3). Initially,
quenching of the emission intensity around 532 nm due to binding of AI** to —~N(CHs), of
dansyl moiety reduce the electron transfer, thus suppressing the ICT process and causing the
blue shift in emission spectra.*® Further coordination of AI** to nitrogen atoms on the
bipyridyl-triazole moiety suppress the PET quenching process, thus leading to an
enhancement in the emission intensity.!” Emission intensity around 446 nm increased and

I3

attains saturation on reaching 1:1 ratio of BD: Al*".The host-guest complex formation via

coordination of Al

with BD occurs through two N-atoms on bipyridyl, one each from
triazole and dansyl rings.

The absorption study of BD was performed in presence of different metal ions at low
concentrations (uM). This study showed no proper selectivity for a particular metal ion
(Figure 4). The change in the emission color of BD was visible to naked eye under UV light
at low concentrations (uM) of AI**. At higher concentration (mM) of AI** BD gave color
changes in the visible light, which is corresponding to a new peak, positioned around 520 nm
in the absorption spectrum (Figure 5). Higher concentrations of AI** can be easily detected

by observing the change in color of BD solution by the naked eye in visible light. A similar
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Figure 4. UV-Vis absorption spectra of BD [100.0 uM] in the presence of different metal ions [100.0 uM] in

CH3CN.
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Figure 5. UV-Vis absorption spectra of BD (2.5 mM) in CH3CN upon adding various concentrations of

AI(CIOy)s (0, 1.25, 2.5, 5, 12.5, 25, 62.5, 125, 187.5, 250, 500, 750 and 1000 mM ). Inset: absorption intensity

in range 400-600 nm as a function of [AI*"].
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absorption band in the range of 400-600 nm was not observed in the absorption spectra of
different concentrations of Al(ClO,)3 recorded in the absence of ligand. BD as chemosensor
thus combines the sensitivity of fluorescence with the convenience and the aesthetic appeal

of a colorimetric assay.

3.1.3 Competitive study for fluorometric detection of AI** using BD

To utilize BD as ion-selective fluorescence chemosensor for AI*Y

, the effect of competing
metal ions was studied. For this purpose, BD was treated with 1 equiv of AI** in presence of
other metal ions of the same concentration. Relatively low interference was observed for the
detection of AI** in the presence of other metal ions (Figure 6). The BD responses for AlI** in
presence of Fe”*, Co?*, Ni?*, Zn*", Cd?* and Pb?* are relatively low but clearly detectable. In
case of Cu** and In®, quenching of the fluorescence signal was observed. Thus BD can be

used as a selective fluorescent sensor for AI** in the presence of most competing metal ions.
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Figure 6. Relative fluorescence intensities of BD and its complexation with AI**

in presence of various other
metal ions. Dark grey bar: BD (100.0 uM) with 1 equiv of metal ion stated. Light grey bar: 100.0 uM of BD
and 1 equiv of AI** with 1 equiv of metal ions stated. (for AI** effect 2 equiv of AI*") (E, = 446 nm). The
responses of the BD to AI**

added, light bar, 100.0 uM of ligand BD with 1 equiv of AI**.

, in the absence of competing ions, is included as controls, dark bar, no metal ion
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3.1.4 Determination of binding stoichiometry and binding mode of BD with AI**

'H NMR spectra of BD on addition of various concentrations of AI** in CDsCN were
recorded to determine the mode of complexation. Significant spectral changes observed upon
addition of AI** to BD are depicted in Figure 7. The main peaks considered for assigning the
binding mode of BD:AI** are methyl protons (H,) of dansyl moiety, triazole ring (Hy) and
ortho position of the bipyridyl ring (H:). Methyl protons undergo overall large downfield

I3

shift of 0.61 ppm upon addition of 1.0 equiv of Al*" salt. This is a clear indication of the
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Figure 7. Binding mode of BD<AI** and *H NMR spectra of BD with AI(CIO,); in CDsCN. BD with (1) 0.0
equiv, (11) 0.5 equiv, (111) 1.0 equiv and (1V) 1.5 equiv of AI*".
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I3

direct involvement of -N(CHjs), in coordinating with Al°". Similarly, peaks corresponding to

triazole ring (Hp) and ortho-proton of bipyridyl ring (Hc) were downfield shifted by 0.44 and
0.27 ppm respectively. Downfield shift of other aromatic protons from bipyridyl and dansyl
rings were also observed. There was no appreciable change observed in the peak positions on
addition of > 1.0 equiv of AI** to BD. These observed downfield shifts of various protons
suggest 1:1 binding stoichiometry for BD: AI** and tetra-coordination of AI** to BD through

four nitrogens, two from bipyridyl, one from triazole ring and another one being the -

I3

N(CHs), of dansyl moiety. The hexa-coordination of AlI°" can be satisfied by two solvent

molecules (or H,O) or counter ions.
Job plot (Figure 8) showed 1:1 stoichiometric complexation between BD and AI**.

|3

The association constant (log K,) of BD for AI°" was calculated to be 3.94 based on the

fluorescence changes of BD upon gradual addition of the AI** (Figure 9).*° The 1:1 binding
stoichiometry determined from *H NMR, absorption and emission spectral studies, was also

confirmed by CHNS elemental analysis. Elemental analysis data matched with the 1:1

I3

complex of BD: AI°" and two molecules of coordinated water. The 1:1 binding stoichiometry

and overall hexa-coordination was further confirmed by mass data of BD:AI**

(Figure 10). MALDI-MS showed exclusively the formation of BD=AI**+2H,0 complex

complex
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Figure 8. Job plot for the determination of the stoichiometry of BD and Al°" in the complex.
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Figure 9. Response parameter values (c) as a function of the logarithm of AI** concentration. « is defined as the

ratio between the free ligand (BD) concentration and the initial concentration of the ligand.
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Figure 10. MALDI-TOF mass spectrum of complex BD+AI**+2H,0 in acetonitrile.
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Figure 11. Thermogravimetric analysis of BD-AI**Complex. Experimentally 3.98% water loss is corresponding

to two water molecules.
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Figure 12. Color changes on addition of AI°" to BD solution. Visible color change shown corresponding to

(s

addition of excess of Al°" salt.

[MW: 602.27; calcd, 602.21 for C,9H33AICI3N7O16S]. Coordination of two water molecules
in the BD: Al**was also confirmed by thermogravimetric analysis (Figure 11).
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3.1.5 Conclusion

On the basis of rational designing of fluoroionophore, a new pyrrolidine constrained
bipyridyl-dansyl (BD) molecular probe was synthesized through very simple and high
yielding click chemistry. Triazole moiety formed during click reaction served as both spacer
and cation binding site. Dansyl moiety also plays a dual role as reporting unit and cation
binding site. Fluoroionophore BD can detect the AI** jon on the basis of ICT with high
sensitivity and selectivity. BD can be used as a selective fluorescent sensor for AI** in the
presence of most competing metal ions. BD binds AI** in 1:1 stoichiometry manner,
determined from *H NMR, absorption and emission spectral studies and also confirmed by
CHNS elemental analysis. This study opens up the new possibility of designing new family
of highly selective chemosensors for a range of cations based on bipyridyl-fluorophore click

conjugates.
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3.2 Pyrrolidine constrained coumarin-bipyridyl (CB) click molecular probe

for AIP* detection

3.2.1 Synthesis

The synthesis of coumarin-pyrrolidinyl-triazolyl-bipyridyl CB conjugate was achieved
through azide-alkyne click transformation as one of the key intermediate reaction. The 1,2,3-
triazole frameworks formed by the click reaction have been widely investigated for its
coordination properties.**® CB was obtained through a straight forward synthetic route as
shown in Scheme 2. 6-Bromo-2,2’-bipyridine was converted to 6-trimethylsilylethynyl-2, 2’-
bipyridine (1) via Sonogashira coupling.®” Then it was treated with tetra-n-butylammonium
fluoride (TBAF) to give 6-ethynyl-2,2’-bipyridine (2). Boc-protected azido-pyrrolidine
synthesized from proline®® was subjected to click reaction with 6-ethynyl-2,2’-bipyridine to

——SiMe;

Pd(PPhy),, Cul

— 72\ _ TBAF, THF, 6h 720\ -
7 N, yr————»{_ ) ————( »
—N N PPhg, TEA, Pyridine N N N N o
N
Br Reflux, 48 h \ 2 \ H H
SN A\
Cul, DIPEA (j\,
Toluene/t-BuOH N N3

o
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7\ - —
=\ &=y
(j\/ TFA, CH,Cl, N N
— ¢ (j\/ —
N K N N. %N
1 4 od\ N
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HOBt, EDC.HCI,
DMF, 8 h

SiMe;

Scheme 2. Synthesis of molecular probe CB.
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obtain click compound Boc-protected pyrrolidinyl-triazolyl-bipyridine (3). Free-amine (4)
generated from the Boc-deprotection, was coupled to coumarin-3-carboxylic acid to obtain

CB in excellent yield.

3.2.2 Photophysical properties of coumarin-bipyridyl (CB) click molecular probe and
AI®* detection

The photophysical properties of CB were investigated by monitoring absorption and
fluorescence behavior upon addition of several metal ions in CH3CN. CB exhibits an
absorption band centered around 301 nm, which remains unchanged on addition of Li*, Na",
K*, Ag*, Ba®" and Sr**. On addition of Mg?®*, Mn**, Co®*, Hg®*, Pb?*, Cd**, Cu®*, Zn**, In®"
and AI** slight red shift in the absorption maxima to different extents was observed (Figure
13). In case of AI**, the absorption maximum was red shifted to 324 nm (Figure 14). A clear
isobestic point was observed at 312 nm on recording the spectra with varying concentrations

of AI**.*> The observed changes in fluorescence emission are shown in Figure 15. At 320 nm
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Figure 13. UV-Vis absorption spectra of CB (50 uM) in the presence of 50 equiv of different metal ions in
CH,CN.
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Figure 14. UV-Vis absorption spectra of CB (50 uM) upon addition of 0.0, 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 30, 40,
50, 60, 80, 100, 150, 200 uM of AI**in CH;CN.
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Figure 15. Fluorescence spectra of CB (25.0 uM) and on addition of salts (50.0 equiv) of Li*, Na', K*, Ag",
Mg®*, Co®*, Ba*, Sr**, Hg?*, Pb®*, Cd**, Mn?*, Cu®*, Zn?*, In** and AI** in CH4CN.

63



Chapter 2: Fluorescent molecular probes for AI**

excitation, CB alone did not show any significant fluorescence. Coumarin fluorescence is
quenched due to photoinduced electron transfer (PET) from pyrrolidine-triazolyl-bipyridyl
moiety. When the ionophore coordinates to the target metal ion, the energy gap between the
two HOMO orbitals is changed from positive to negative due to the decreasing level of the
ionophore HOMO via metal coordination, and the fluorescence of the probe is recovered.?
Addition of Li*, Na*, K*, Ag*, Ba*" and Sr** have no effect on the fluorescence emission
whereas Mg**, Mn®*, Co?*, Hg?*, Pb?*, Cd**, Cu®*, Zn** and In** responded with very little
enhancement in fluorescent intensity. In contrast, the addition of AI** resulted in large
enhancement of emission intensity positioned around 443 nm, as shown in Figure 16.
Furthermore, AI** can be detected at least down to 1.0 x 10”7 M when CB was employed at
25 uM concentration (Figure 17). Enhancement of the fluorescence intensity of CB is
presumably due to metal binding to bipyridyl-triazolyl moiety followed by PET suppression.

13

There were no obvious changes in the fluorescence response to Al°" with different counter

ions (Figure 18).
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Figure 16. Fluorescence spectra of CB (25 pM) in CH3;CN upon addition of AI(CIO,); (0, 0.5, 1, 1.5, 2, 3, 4, 5,
6,7,8,9, 10, 12.5, 15 and 25 pM ) with an excitation of 320 nm. Inset: Fluorescence intensity at 443 nm as a
function of [AI**].
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Figure 17. Emission (at 443 nm) of CB at different concentrations of AI** (0, 0.5, 1.0, 1.5, 2.0 uM) added,
normalized between the minimum emission (0.0 uM AI**) and the maximum emission intensity. The detection

limit was determined to be 1 x 107 uM.
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Figure 18. The fluorescence responses of CB (25.0 uM) to 5 equiv Of AI(CIO,);, AI(NO3z)s, Alx(SO,); in
CHsCN.
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3.2.3 Competitive study for fluorometric detection of AI**

using CB

AI*" selectivity of fluorescence chemosensor CB was studied in presence of various
competing metal ions. For this purpose, 25.0 pM of CB was treated with 1 equiv of A" in
presence of 20 equiv of other metal ions. Data in Figure 19 show that there is no interference
for the detection of AI** in presence of most of the metal ions used in the competitive binding
studies. In case of In**, quenching of the fluorescence signal was observed. The response of
CB for AI** detection in presence of Co?* and Pb®" are relatively low but clearly detectable.

I3

Thus CB can be used as a selective fluorescent sensor for Al°" detection in the presence of

most competing metal ions.
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Figure 19. Relative fluorescence of CB and its complexation with AI** in presence of various metal ions. Dark
grey bar: CB (25.0 uM) with 20 equiv of metal ion stated. Light grey bar: 25.0 uM of CB and 20 equiv of AI**
with 20 equiv of metal ions stated. (for AI** effect, 40 equiv of AI**) (E; = 443 nm). The response of the CB is

included as controls, dark bar: no metal ion added, light bar: 25.0 uM of CB with 20 equiv of AI*".
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3.2.4 Determination of binding stoichiometry and binding mode of CB with AI**

For determination of stoichiometry of complexation and binding mode of CB with AI*,
NMR spectroscopy was used. 'H NMR spectra of CB were recorded in CDsCN on addition

I**. The main peaks considered for assigning the binding mode

of various concentrations of A
of CB:AI*" are p-proton (H,) of coumarin-moiety, triazole ring (Hp) and ortho-proton of the
bipyridyl ring (Hc). Significant spectral changes were observed upon addition of AI** as
shown in Figure 20. Coumarin 3-proton (H,) undergoes overall large downfield shift of 0.51
ppm upon addition of 1.0 equiv of AI** salt. This is a clear indication of the direct

involvement of coumarin-moiety in coordinating with AI**. Similarly, peaks corresponding
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Figure 20. Binding mode of CB+AI** and *H NMR spectra of CB with Al(ClO,);in CD;CN. 1) CB, I1) CB with
0.5 equiv of AI**, 111) CB with 1.0 equiv of Al**and 1V) CB with 1.5 equiv of AI**,
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to triazole ring (Hp) and ortho-proton of bipyridyl ring (Hc) were downfield shifted by 0.16

and 0.47 ppm respectively. There were no appreciable changes with any of the proton signals

on addition of > 1.0 equiv of AI** to CB suggesting 1:1 binding stoichiometry for CB: AI*".

Job plot obtained from emission data showed the 1:1 stoichiometric complexation
between CB and AI** (Figure 21). Response parameter o which is defined as the ratio of free
ligand concentration to the initial concentration of ligand is plotted as a function of AI**
concentration (Figure 22). This plot can serve as the calibration curve for the detection of

A", The association constant (log Ks) of CB for AI** was calculated to be 5.08.%° The 1:1
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Figure 21. Job plot for the determination of the stoichiometry of CB and AI** in the complex.

binding stoichiometry determined from *H NMR and emission spectral studies was further
confirmed by elemental analysis data which matches with the 1:1 complex of CB+Al(C104)3
and two coordinating water molecules. This data was also supported by mass data of CB:AI**
complex. MALDI/TOF-MS shows the formation of CB<AI***2H,0 complex [MW: 541.14;
calcd, 541.18 for C,7H26AINGOs (Figure 23). In IR spectra, stretching frequency of amide

carbonyl of coumarin-moiety was significantly decreased by ~26 cm™ upon AI**

binding and
suggests coordination to amide carbonyl-oxygen (Figure 24). Thus AI** binding to CB

through three nitrogens (two from bipyridyl, one from triazole ring) and amide carbonyl—
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Figure 22. Response parameter values (o) as a function of the logarithm of AI** concentration. o is defined as

the ratio between the free ligand concentration and the initial concentration of ligand.

—478 206

CB

CB+ AP+ 2H,0

=—455 340

—385.703

p———141 015

E

=5
s
|F-57153 \
1

L 40277

3

—— 722238

-

a8 230

1 b——-36a 048
1

Figure 23. MALDI-TOF mass spectrum of complex CB *AI***2H,0 in CH;CN.
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oxygen (Figure 20). The hexa-coordination of AI** can be satisfied by water molecules or
counter ions. From the above spectroscopic studies, it can be concluded that metal binding to

the amide carbonyl-oxygen leads to a red shift in the absorption band of CB by ICT.*

CB

CB+ A" Complex
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Figure 24. IR spectra of CB and CB -AI** complex.

3.2.5 Conclusion

In conclusion, a conformationally constrained coumarin-bipyridyl (CB) chemosensorwas
developed utilizing click chemistry protocols. The triazole spacer serves as cation binding
site and coumarin-moiety plays a dual role as reporting unit as well as cation binding site.
CB detects the AI** ion with high sensitivity and selectivity on the basis of suppression of
photoinduced electron transfer (PET) upon metal ion coordination. CB shows enhanced
fluorescence in presence of AI**, allowing its detection in presence of most competing metal
ions. CB binds AI** in 1:1 stoichiometry manner, determined from *H NMR, absorption and
emission spectral studies and also confirmed by CHNS elemental analysis. CB can be used
as a selective fluorescent chemosensor for AI** detection in the presence of other most

competing metal ions.
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3.3 Pyrrolidine constrained quinoline-coumarin (QC) click molecular

probe for dual-mode ratiometric detection of AI**

Molecular probes with differential response towards multiple analytes are cost effective and
would be highly desirable from the point of practical applications. Photoinduced electron
transfer (PET)-based molecular probes exhibit changes in emission intensity with little or no
spectral shift, whereas internal charge transfer (ICT) sensors exhibit both intensity changes
and spectral shifts. However, developing such sensors with multiple analyte recognition
capability is a challenging task. Investigating the concentration levels of free metal ions such
as Zn’* and AI** in analyte samples is difficult due to lack of spectroscopic properties.*®? It
is highly desirable to design molecular probe that shows differential optical response for
multiple metal ions based on single emission mechanism. A novel guinoline-coumarin (QC)
fluorescent molecular probe was designed. Quinoline and coumarin moieties were combined
through pyrrolidine-triazolyl spacer for multiple ion selectivity. Quinoline and coumarin

individually show dual behavior of reporting as well as chelation to a metal ion.”*>*

3.3.1 Synthesis

The QC molecular probe was synthesized for fluorometric detection of Zn** and AI** based
on ICT mechanism. Azide-alkyne click addition was employed as one of the key
intermediate reactions in the synthesis of QC conjugate.?* Ligand QC was accessed through
a high yielding synthetic route shown in Scheme 3. 8-Hydroxyquinoline was alkylated under
basic condition with progargyl bromide to give 8-(propargyloxy)quinoline (5). Boc-protected
azido-pyrrolidine was synthesized from proline.*® Quinoline-alkyne was subjected to Cu(l)
catalyzed 1,3-cycloaddition with Boc-protected pyrrolidinyl-azide to obtain Boc-
pyrrolidinyl-triazolyl-quinoline (6). After Boc group deprotection of triazole intermediate,
free amine (7) was coupled to coumarin carboxylic acid to obtain quinoline-coumarin (QC)
molecular probe in excellent yield. The oxygen atom and methylene groups in the linker
backbone were expected to impart water-solubility and multiple ion selectivity through right

balance of conformational rigidity.
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Scheme 3. Synthesis of molecular probe QC.

3.3.2 Photophysical properties of quinoline-coumarin (QC) click molecular probe and
dual-mode ratiometric detection of AI**

The photophysical property of QC was investigated upon addition of different metal ions
such as Li*, Na*, K*, Ba®*, Sr**, Mg®*, Ca**, Mn?*, Fe®*, Co?*, Ni?*, Cu**, zn**, Cd*", Ag",
Hg?*, Pb* and AI** in mixed solvent media (acetonitrile/water =9/1) (Figure 25). The
emission spectrum of free QC ligand showed a weak band with emission maxima positioned
around 400 nm upon excitation at 340 nm. The examined alkali and alkaline earth metals
exhibited no changes relative to emission spectrum of QC. While transition metal ions Mn*",
Co*", Ni?*, Cu?*, Zn**, Ag" and Hg** quenched the emission intensity of ligand to a different
extent. Cd®* showed little enhancement in emission, whereas Fe** and Pb®* red shifted ligand
emission band to 480 nm. In case of Zn%*, the spectra is red shifted to 418 nm with four fold
enhancement in the fluorescence intensity of QC as a typical of ICT based optical response.
Blue emission intensity increased with the concentration of Zn®" in titration experiment

(Figure 26). In contrast, AI**

exhibited distinct behavior by quenching of emission intensity
of the ligand at 400 nm with the appearance of a new band at 484 nm (green emission). The

red shift in emission band was accompanied by four fold enhancement in the fluorescence
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Figure 25. Fluorescence spectra of QC (20 uM) and on addition of salts of different metal ions (25 equiv) in

mixed solvent media (acetonitrile/water =9/1).
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Figure 26. Fluorescence spectra of QC (20 puM) upon addition of Zn®* (0, 10, 20, 50, 60, 75, 100, 150, 175,
200, 250, 275, 300, 350, 400, 450 and 500 uM in mixed media (acetonitrile/water = 9/1). Inset: Fluorescence

intensity as a function of [Zn

2+] )
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intensity around 484 nm. This ratiometric behavior leads to the formation of a clear isobestic
point at 430 nm (Figure 27). Minimum 20 pM concentration of AI** can be easily detected
by this ratiometric study employing 20 uM QC. Thus QC can be used as fluorometric sensor
for Zn?* and AP* by means of ‘turn on’ and ‘ratiometric’ fluorescence responses
respectively. Interestingly, another ratiometric fluorescent signal output for AI** was
exploited using [QC+Zn*"] complex. AI** exhibited higher affinity for QC and displace
ligand bound Zn** to form more stable [QC+AI**] complex (Figure 28). A competitive
experiment has been performed by titrating AI** into a solution of [QC+Zn?"] complex.
Addition of AI** resulted in change in the fluorescence emission from blue to green. The
emission maximum of [QC+Zn*"] gradually quenched and red shifted from 418 to 484 nm as
function of AI** with the formation of a clear isobestic point at 449 nm implying that
[QC+Zn?*] can be used as second optical response for sensing AI** with improved detection
limit of at least down to 10 uM. These results demonstrate that QC can be employed as dual-
mode AI** sensor via two ratiometric processes exploited through ICT mechanism and

competitive metal ion displacement approach.”?* Dual-mode ratiometric optical responses
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Figure 27. Fluorescence spectra of QC (20 pM) upon addition of AI** (0, 5, 10, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90 and 100 uM) in mixed solvent media (acetonitrile/water =9/1). Inset: Ratiometric fluorescence

intensity [l4g4/1307] @s a function of [AI*"].
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Figure 28. Fluorescence spectra of [QC+Zn?*"] (20 uM QC mixed with 250 uM Zn*") upon addition of AI** (0,
5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 30, 35, 40, 45 and 50 uM) in mixed solvent media (acetonitrile/water =9/1).

Inset: Ratiometric fluorescence intensity [l4g4/141¢] as a function of [AI3+].
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Figure 29. Fluorescence spectra of QC (20 pM) upon addition of AI** (0, 20, 40, 60, 80, 100, 120, 140, 160,
180, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 puM) in water. Inset: Fluorescence intensity at 482 nm as a
function of [AI**].
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effectively increased the dynamic range by signal rationing and provide built-in-correction to
environmental effects for the detection of AI** using QC.

Next, the fluorescence behavior of QC in presence of various metal ions has been
studied in water. QC showed weak and broad emission band around 440 nm. Some of the
metal ions tested have no effect on the emission behavior of QC whereas others show little
quenching or enhancement in the fluorescence intensity of QC in water. On the other hand
fluorescence intensity increased remarkably in presence of AI** with Enay around 482 nm
(Figure 29). QC can also sense AI** in the most common pH ranges (pH = 5.0-8.0) (Figure
30).
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Figure 30. Dependence of the fluorescence intensity at 482 nm of QC on pH. Black trace: QC (20 uM) and red

trace: QC with 20.0 equivalents of AI**in aqueous medium.
3.3.3 Competitive study for fluorometric detection of Zn?* and AI**

To utilize QC as selective chemosensor for Zn** and AI**, the effect of competing metal ions
was studied. Zn*" can be easily detected in presence of most competing metal ions from
fluorescence ‘turn on’ behavior using molecular probe QC in mixed solvent

media(acetonitrile/water =9/1) (Figure 31). In presence of AI**, Fe** and Cu?* quenching of
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QCZn*7In?~ Na- K- Li- Ca’ Ba»™ Mg Sr* AF Mn?~ Fe* Co~ Ni* Cu® Cd* Ag~ Hg» Pb*

Figure 31. Relative fluorescence intensities of QC and its complexation with Zn?* in the presence of various
other metal ions. Dark grey bar: QC (20 uM) with 20 equiv of metal ion stated. Light grey bar: 20 pM of QC
and 20 equiv of Zn?* with 20 equiv of metal ions stated (for Zn?* effect 40 equiv of Zn®"). The response of the
QC to Zn*, in the absence of competing ions, is included as controls. Extreme left dark bar: 20 uM of QC with

no metal ion; light bar, 20 pM of QC with 20 equiv of Zn®*. Solvent: mixed media (acetonitrile/water = 9/1).
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Figure 32. Relative fluorescence intensities of QC and its complexation with A
other metal ions. Dark grey bar: QC (20 uM) with 20 equiv of metal ion stated. Light grey bar: 20 pM of QC
and 20 equiv of AI** with 20 equiv of metal ions stated (for AI** effect 40 equiv of AI**). The response of the
QC to AI**, in the absence of competing ions, is included as controls. Extreme left dark bar: 20 uM of QC with

no metal ion; light bar, 20 uM of QC with 20 equiv of AI*". Solvent: mixed media (acetonitrile/water = 9/1).
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fluorescence was observed. QC detects AI** selectively in presence of all other metal ions by
means of ‘ratiometric’ phenomenain mixed solvent media (acetonitrile/water =9/1) (Figure

I** from other metal ions as confirmed

32). There was no interference for the detection of A
from competitive experiment in pure aqueous media (Figure 33). Thus, QC exclusively

detects AI** in presence of all other ions in water.
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Figure 33. Relative fluorescence intensities of QC and its complexation with Al°" in the presence of various

other metal ions in water. QC (20 pM) is mixed with 20 equiv of AI** in presence of 20 equiv of all other metal

ions.

3.3.4 Determination of binding stoichiometry and binding mode of QC with Zn*" and
APl

Job plot obtained from emission data showed 1:1 stoichiometric complexation of QC with
Zn?* and AIP* (Figure 34 & 35). The response parameter o, which is defined as the ratio of
free ligand concentration to the initial concentration of the ligand, is plotted as a function of
both Zn?* and AI** concentration. This plot can serve as the calibration curve for detection of
Zn** and AIP* respectively (Figure 36 & 37). The association constants (log K,) of QC for
Zn** and AI** were found to be 8.07 and 13.98 respectively in mixed media. The association
constant (log Ka) of QC for AI** is 13.04 in water.

78



Chapter 2: Fluorescent molecular probes for AI**

80

60

20

0.0 0.2 0.4 0.6 0.8 1.0
Zn*1) 7 1QC+Zn2 )

Figure 34. Job plot for the determination of the stoichiometry of QC and Zn** in the complex.
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Figure 35. Job plot for the determination of the stoichiometry of QC and AI** in the complex.
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Figure 36. Response parameter values (o) of QC as a function of the logarithm of [Zn?*]. o is defined as the

ratio between the free ligand concentration and the initial concentration of ligand.
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Figure 37. Response parameter values (o) of QC as a function of the logarithm of [Al*"]. o is defined as the

ratio between the free ligand concentration and the initial concentration of ligand.
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To understand the nature of interaction between probe QC and AI**/zn**, 'H NMR
titration experiments were carried out (Figure 38) independently with AI** and Zn**. Upon
complexation with metal ions the ortho-proton (H,) of quinoline moiety in QC downfield
shifted from 8.78 to 9.12 ppm for AI** and to 8.97 ppm for Zn®*. Similarly meta-proton (Hy)
downfield shifted from 8.16 to 9.10 and 8.66 ppm for AI** and Zn** respectively, suggested
N-metal coordination. Coumarin -proton (Hc) also experienced downfield shift (Ada= 0.39

ppm and Adz, = 0.20 ppm) indicating the involvement of coumarin moiety in metal-ligand
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Figure 38. Top: Sensing process and binding mode of QC for Zn?* and AI**. Bottom: *H NMR spectra of QC
in CD;CN: (a) free QC; (b) QC+ 1 equiv of APF*; (c) QC+ 1 equiv of Zn*" and (d) [QC+Zn*] + 1 equiv of
A,
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coordination. Relatively small downfield shifts were observed for triazolyl-proton (Hg) for
AI¥* and Zn?*. The significant downfield shifts of quinolinyloxy-methylene (H.) protons
(Ada= 0.22; Adz, = 0.30 ppm) suggest strong coordination of oxygen atom with metal ion
(AI**/Zn*"). These overall shifts in the proton signals were observed upon addition of 1.0
equiv of metal ion to the solution of QC. There was no shift in the position of proton signals
on further addition of metal ion (> 1.0 equiv) which confirms 1:1 complexation between
AlI**/Zn?* and QC (Figure 39 & 40). Relatively high proton downfield shifts observed during
AI* titration suggested stronger [QC+AI**] complex formation. In a subsequent
measurement, the NMR spectrum of [QC+Zn?*] complex was acquired by adding 1.0 equiv
of AI*. Interestingly, proton signals of QC in [QC+Zn?*] complex undergo significant

I3

change to match the proton NMR spectrum of [QC+AI*"] complex (Figure 38). This finding

I** in comparison to Zn**. This result is in

clearly indicated higher affinity of QC towards A
agreement with the displacement process observed in emission study (Figure 28) and NMR

titration experiment.
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Figure 39. 'H NMR spectra of QC with Zn*" in CDsCN.(i) QC, (ii) QC with 0.5 equiv of Zn%, (iii) QC with
1.0 equiv of Zn?* and (iv) QC with 1.5 equiv of Zn%".
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Figure 40. *H NMR spectra of QC with AI** in CD;CN. (i) QC, (ii) QC with 0.5 equiv of AI**, (iii) QC with

1.0 equiv of AI** and (iv) QC with 1.5 equiv of AI*",
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3.3.5 Conclusion

On the basis of rational design a novel differentially selective quinoline-coumarin (QC)
fluorescent molecular probe was synthesized. QC shows fluorescence turn on response to

I** based on ICT mechanism in mixed solvent media.

Zn?*, while ratiometric response to A
QC binds Zn?* and AP in 1:1 stoichiometry manner, determined from ‘H NMR and
emission spectral studies. Moreover, AI** displaces Zn** from [QC+Zn?*] complex with red
shifted second fluorescence ratiometric signature. This is further confirmed by *H NMR
competitive study. Thus, dual-mode QC sensor can be employed to detect AI** through two
distinct ratiometric processes based on ICT and competitive metal ion displacement
approach. Furthermore, QC can exclusively detect AI** in presence of all other competing
metal ions in water. This design concept can serve as platform to develop molecular probes

with differential selectivity for various metal ions employing single signalling mechanism.
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3.4 Naphthaldehyde-urea/thiourea conjugates as turn on fluorescent

probes for AI** based on restricted C=N isomerization

3.4.1 Synthesis

Solution of 2-hydroxy-1-naphthaldehyde in ethanol was added slowly to a solution of
thiocarbohydrazide or carbohydrazide in water. The reaction mixture was refluxed with
stirring for 24 h. Reaction mixture was cooled to room temperature and the precipitated was
filtered. The precipitate was washed with ethanol and dried under vacuo to obtain
naphthaldehyde-carbonohydrazone (NC) or naphthaldehyde-thiocarbonohydrazone (NTC) in
quantitative yield (Scheme 4).

X
HZN\ JL ,NHZ
2-hydroxy-1-napthaldehyde,
EtOH/H20 (1:1), reflux
NS
Q g O
X=0, NC
X=S, NTC

Scheme 4. Synthesis of ligands NC and NTC.
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3.4.2 Photophysical properties of naphthaldehyde-carbonohydrazone (NC) and
naphthaldehyde-thiocarbonohydrazone (NTC) Schiff bases and fluorometric turn on
detection of AI**

The photophysical properties of NC and NTC were investigated by monitoring absorption
and emission spectral behavior upon addition of metal ions such as Li*, Na*, K*, Ba®*, Sr*,
Mg*, Ca**, Mn**, Fe®*, Co**, Ni?*, cu*, zn*, Cd**, Ag', Hg®*, Pb**, In®*" and AI** in
CH3CN/DMSO (99.5/0.5). NTC exhibits an absorption band centered around 380 nm, which
remains unchanged for Li*, Na*, K*, Ba*", Sr**, Mg®*, Ca?*, Mn?* and Pb**. Addition of Fe®",
Co?*, Ni**, Cu®*, zn*, Cd*, Ag’, Hg”, In® and AI** leads red shift in the absorption
maxima to different extents (Figure 41). In case of AI**, the absorption intensity slightly
decreases around 380 nm and a new band appeared 440 nm (Figure 42). NC showed an
absorption band centered around 370 nm, which remains unchanged upon addition of Li",
Na*, K*, Ba®*, Sr**, Mg*, Ca**, Mn?*, Ag" and Pb*". Addition of Fe**, Co?*, Ni**, Cu*",
Zn**, Cd**, Hg?*, In*" and AI** leads to red shifts in the absorption maxima to different

extents (Figure 43). The absorption band gradually decreases around 370 nm on addition of

O

S

Absorbance (a.u.)

300 350 400 450
Wavelength (nm)

Figure 41. UV-Vis absorption spectra of NTC (10 uM) in the presence of 50 equiv of different metal ions (Li",
Na', K*, Ba?*, Sr**, Mg®*, Ca®, Mn%, Fe?*, Co®, Ni**, Cu®, zn%, Cd*, Ag*, Hg®*, Pb%, In*" and AI*") in
CH;CN/DMSO (99.5/0.5).
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Figure 42. UV-Vis absorption spectra of NTC (10 uM) upon addition of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 120, 140, 160, 180, 200, 300 and 400 pM of AI** in CH;CN/DMSO (99.5/0.5).
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Figure 43. UV-Vis absorption spectra of NC (10 uM) in the presence of 50 equiv of different metal ions (Li",
Na', K*, Ba?*, Sr**, Mg®*, Ca®*, Mn%, Fe?*, Co®, Ni**, Cu®, Zn%, Cd*, Ag®, Hg®*, Pb?, In*" and AI*") in
CH;CN/DMSO (99.5/0.5).
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one equivalent of AI**. Absorbance at 370 nm decreases sharply on addition of one more
equiv of A" to its limiting value and a new prominent peak appears at 400 nm with an
isobestic point at 378 nm (Figure 44). The color of the solution changes from colorless to
light green.

With 395 nm excitation, NTC did not show any significant fluorescence emission
(quantum yield ® = 0.00035). The addition of Li*, Na*, K*, Ba®*, Sr**, Mg®*, Ca**, Mn*",
Fe?*, Co?*, Ni**, Cu®*, Ag®, Hg?* and Pb®" has no effect on the fluorescence emission,

0.20

0.15

0.10

Absorbance

350 375
Wavelength (nm)

300 325

Figure 44. UV-Vis absorption spectra of NC (10 uM) upon addition of 0, 1, 5, 10, 15, 20, 30, 40, 50, 60, 70,
80, 90, 100, 150 and 200 pM of AI** in CH;CN/DMSO (99.5/0.5).

whereas Zn®*, Cd** and In®" shows little enhancement with red shift in the fluorescence
spectra. In contrast, addition of AI** resulted in turn on fluorescence with 33 fold
enhancement (quantum yield ® = 0.0115) of emission intensity positioned around 458 nm, as
shown in Figure 45. Fluorometric titration was performed by adding different concentration
of AI** to the solution appreciable fluorescence emission (quantum yield ® = 0.00026) with
390 nm excitation (Figure 46). Addition of Li*, Na*, K*, Ba**, Sr**, Mg®*, Ca®*, Mn?*", Fe?",
Co*, Ni**, cu*, zn®*, Cd*, Ag', Hg?*, Pb®" and In** has no effect on the fluorescence
emission (Figure 47) of NC. In contrast, addition of AI** resulted in turn on fluorescence

with 700 fold enhancement in the emission intensity (quantum yield @ = 0.1813) positioned
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Figure 45. Fluorescence spectra of NTC (10.0 uM) and upon the addition of metal ions (50.0 equiv) Li*, Na,

K*, Ba*, Sr**, Mg*, Ca?*, Mn?, Fe**, Co®*, Ni**, Cu®*, Zn**, Cd**, Ag’, Hg**, Pb*, In* and AP* with

excitation at 395 nm.
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Figure 46. Fluorescence spectra of NTC (10.0 pM) upon the addition of AI** (0, 10, 20, 30, 40, 50, 60, 70, 80,

90, 100, 120, 140, 160, 180,200, 300 and 400 uM) with excitation of 395 nm. Inset: Fluorescence intensity at

458 nm as a function of [AI**].
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Figure 47. Fluorescence spectra of NC (10.0 uM) and upon the addition of metal ions (50.0 equiv) Li*, Na*, K",
Ba?*, Sr**, Mg®*, Ca®*, Mn*, Fe*", Co?*, Ni?*, Cu®*, Zn**, Cd**, Ag", Hg*", Pb®", In*" and AI*".
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Figure 48. Fluorescence spectra of NC (10.0 pM) upon the addition of AI** (0, 1, 5, 10, 15, 20, 30, 40, 50, 60,
70, 80, 90, 100, 150 and 200 uM) with an excitation of 390 nm. Inset: Emission intensity at 450 nm as a
function of [AI**].
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around 450 nm. Fluorescence emission of NC with sequential addition of increasing
concentrations of AI** is shown in Figure 48. Minimum 20.0 uM and 10.0 uM of AI** can be
easily detected by using 10.0 uM of NTC and NC respectively.

NC and NTC ligands have no appreciable fluorescence emission in their free form
and show bright fluorescence on complexation with AI**. This phenomenon of turn on
fluorescence can be explained by considering the restricted C=N isomerisation mechanism.
Rapid C=N isomerisation of imine double bonds in ligands NC and NTC responsible for
non-radiative deactivation of the fluorophore in the excited state.** Hence these ligands
exhibit very poor fluorescence quantum vyield in unbound form.**** To support this
mechanistic proposal, two control compounds condensing 1-naphthaldehyde with
thiocarbohydrazide or carbohydrazide in water have been synthesized. Then fluorescence

I3

spectra of these two Schiff bases in presence of Al°" have been studied. Both compounds are

non-fluorescent and have not shown any fluorescent turn on behavior in presence of AlI**.
This is due to absence of phenolic —OH in these compounds and are not able to coordinate

properly with AI**

, therefore the free rotation around C=N is not restricted. Hence these
ligands exhibit very poor fluorescence quantum yield in unbound form as well as in presence
of AI**. This control study confirmed turn on fluorescent behavior of NC and NTC in
presence of Al**attributed to restricted C=N isomerization. There are some reports in the
recent past describing the specific detection of metal ions through Schiff base receptors based

on the C=N isomerization mechanism.?=°

3.4.3 Competitive study for AI** detection

Selectivity of NC and NTC as fluorescent chemosensor for the detection of Al** was studied
in presence of various competing metal ions. For this purpose, NTC was treated with 10
equiv of AI** in the presence of 10 equiv of other metal ions (Figure 49a). There was no
interference for the detection of AI** in presence of Li*, Na', K*, Ba**, Sr**, Ca?*, Mg*",
Mn%*, Cd**, Ag" and Pb?*.Relatively low but clearly detectable response was observed in
presence of Fe?*, Co®*, Ni**, Cu*", Zn**, Hg*" and In**. Similarly NC was treated with 10
equiv of AI** in presence of the same concentrations of other metal ions. Data in Figure 49b

I3

show that there is no interference for detection of Al*" in the presence of all other metal ions
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except Cu**, Hg®*, Fe?*, Co®*, Ni** and Zn?*. In case of Cu®* and Hg**, quenching of the

I3

fluorescence signal was observed. The NC responses for AI** in the presence of Fe?*, Co?",

Ni** and Zn?* are relatively low but clearly detectable.Thus, NC can be used as a selective
fluorescent probe for AI**

Cu?* and Hg*".

detection in the presence of most competing metal ions except
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Figure 49. Relative fluorescence of a) NTC (E;=458 nm) and b) NC (E;=450 nm) and its complexation with
AI** in the presence of various metal ions. Dark-gray bar: ) NTC (10.0 pM) and b) NC (10.0 uM) with 10
equiv of metal ion stated. Light-gray bar: 10.0 uM of a) NTC and b) NC and 10 equiv of AI** with 10 equiv of
metal ions stated (for an AI** effect. 20 equiv of AI**). The response of 10.0 uM of a) NTC and b) NC is
included as controls (dark grey bar, L) and NTC/NC with 10 equiv of AI** (light grey bar).
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3.4.4 Determination of binding stoichiometry and binding mode of NTC and NC with
AP

Job’s plot obtained from the absorbance data showed 1:1 stoichiometric complexation for

both NC and NTC with AI** (Figure 50 and 51). The 1:1 binding stoichiometry of NC with
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Figure 50. Job plot for the determination of the stoichiometry of NTC and Al*in the complex
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Figure 51. Job plot for the determination of the stoichiometry of NC and AlI**in the complex.
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Figure 52. *H NMR spectrum of Bis[[2-hydroxynapthylmethylene]-carbonic dihydrazide [naphthaldehyde-
carbonohydrazone (NC)] with Al(CIO4); in CD;CN: (1) NC; (11) NC with 0.5 equiv of AI**; (111) NC with 1.0
equiv of AI**; (IV) NC with 1.5 equiv of AI**. [full Spectra (right), magnified spectra (10.8-12.2 ppm) to show
double deprotonation of alcohol group at 11.87 ppm upon addition of 1.0 equiv of AI** (left)].

AI** was also supported by *H NMR spectra of NC on addition of various concentrations of
AI** in CDsCN (Figure 52). Both naphthol groups lose their protons at 11.87 ppm upon
addition of 1.0 equiv of AI**. After coordination of NC with AI**, all the protons of the NC—
AI** complex resonate slightly in the downfield region. A series of new peaks appear upon

addition of 1.0 equiv AI**

salt and those new peaks almost become constant after further
addition of AI**. Deprotonation of naphthol followed by the coordination of naphthoxy group
with AP* as depicted in Scheme 5. This data is further confirmed by mass spectroscopic
analysis of double deprotonated NC:AI** complex (Figure 53). MALDI/TOF-MS data
showed the formation of complex involving two molecules of double deprotonated NC and

two aluminium ions [MW: 845.75; calcd.845.75 for CsHs,AlLNgOs (2NC + 2A1*- 4HM)].
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Figure 53. MALDI-TOF mass spectrum of NC-AI** complex in CH;CN.
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Figure 54. MALDI-TOF mass spectrum of NTC-AIF* complex in CH5CN.
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Similarly MALDI/TOF-MS data (Figure 54) also showed the formation of 2:2 stoichiometric
complex between two molecules of double deprotonated NTC and two aluminium ions[MW:
901.18; calcd. 901.15 for CsgH3z2AlILNg NaO4S, (ZNTC + 2A|3+ +Na' - 4H+)]

L=H,0,ClO
‘Turn- on’ Fluorescence

Scheme 5. Proposed mechanism of formation of 2INTC/NC]:2AI** complex. Restricted isomerisation of C=N
is indicated by crossed arrows. Turn on fluorescence emission of ligands upon complexation with AI** is shown
(right). L =H,0/CIO, .

The response parameter o, which is defined as the ratio of the free ligand concentration to the
initial concentration of the ligand, is plotted as a function of the AI** concentration (Figure
55). This plot can serve as the calibration curve for detection of AI**. The association
constant (log Kz) of NC and NTC for AI** was calculated to be 14.5 and 14.1 respectively.
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Figure 55. Response parameter values (a) as a function of the logarithm of the AI** concentration. a is defined

as the ratio between the free ligand concentration and the initial concentration of the ligand. a) NTC and b) NC.
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3.4.5 Conclusion

Schiff base derivatives naphthaldehyde-carbonohydrazone (NC) and naphthaldehyde-
thiocarbonohydrazone (NTC) has been demonstrated as selective fluorometric chemosensors

of AI**. The strength of the work presented here is the ability to access Al**

probe through
highly economical, simple and straight forward synthetic route. Here, two signal transduction
mechanisms namely chelation-enhanced fluorescence and restricted C=N isomerization has
been exploited to design NC and NTC ligands as turn on fluorescence chemosensors for
aluminium ion. AI** can be detected in the presence of most of the competing metal ions
using NC and NTC. Both NC and NTC undergo 1:1 stoichiometric complexation with AI**,
confirmed from emission spectra, as clearly indicated by *H NMR and mass analysis. This
design concept can serve as platform to develop molecular probes for various metal ions

based on restricted C=N isomerisation mechanism.
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4. Experimental

4.1 General experimental procedure

All the solvents and reagents (analytical grade and spectroscopic grade) were obtained from
Sigma-Aldrich and used as received unless otherwise mentioned. The solutions of metal ions
were prepared from Al(ClO4)3-9H,0, LiClO4 3H,0, NaClO,4, KCIO4, Mg(ClO4)2, Sr(NO3),,
Ba(ClOy),, Mn(CIO4),'6H,0, Fe(ClOy),, Co(Cl04),'6H,0, Ni(ClO4),-6H,0,
Cu(Cl0Oy)2'6H,0, Zn(ClO4),:6H,0, Cd(ClO4),'H20, Ag(ClO4),, HGCly, Pb(ClO4),, IN(NO3)3
respectively in CHsCN. *H and **C NMR were measured on a Bruker AV-400 spectrometer
with chemical shifts reported as ppm (in CDCl3, CD3;CN and DMSO-ds, tetramethylsilane as
internal standard). Mass spectra are measured on Shimadzu 2020 LC-MS and Bruker
Ultraflex 11 MALDI/TOF spectrometers. Melting points were determined on hot oil-bath
melting point apparatus in an open-mouth capillary and were uncorrected. IR spectra are
recorded on a Bruker IFS 66/V spectrometer, using KBr discs. Thermal gravimetric analysis
was carried out on a TGA 850 Mettler Toledo instrument. Elemental analysis was carried out
on Thermo Scientific FLASH 2000 Organic Element Analyzer and specific rotation [o] o>
was recorded on a JASCO P-2000 polarimeter. UV spectra were recorded on a Perkin Elmer
Model Lambda 900 spectrophotometer and fluorescence spectra were recorded on a Perkin

Elmer model LS 55 spectrophotometer.
4.2 Detailed synthetic procedure

6-Trimethylsilylethynyl-2,2°-bipyridine (1): 6-Bromo-2,2’-bipyridine (1g, 4.25 mmol), Cul

7\ — (0.202g, 1.06 mmol) and PPhs (1.5g, 5.74 mmol) were added to a
\

=N N 4 mixture of 37.5 mL pyridine and 75 mL trimethylamine. The

\\ mixture was degassed for several times, followed by addition of

SiMes  ethynyltrimethylsilane (5.9 mL, 42.54 mmol). The reaction mixture
was degassed one more time. Pd(PPh3), (0.39g, 0.34 mmol) was added, and the reaction
flask was evacuated and flushed with argon. The reaction mixture was refluxed for 48 hrs at

85°C under an argon atmosphere. After cooling to room temperature the precipitated salt was
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filtered off and washed with triethylamine. The filtrate was evaporated and 100 mL of water
were added. The mixture was extracted with diethyl ether until the aqueous phase was
colorless. The combined organic phases were dried over Na,SO., and the solvent was
evaporated. The crude product was purified by column chromatography on silica gel with
ethyl acetate/pet ether (2:100) as an eluent to afford 1.06g of a dark yellow oily product (99
% yield). '"H NMR (400 MHz, CDCl3) § 0.295 (9H, s), 7.260-7.316 (1H, ddd, J = 3.6 Hz, 1.6
Hz, 0.8Hz), 7.468-7.490 (1H, dd, J = 6.8 Hz, 1.2 Hz), 7.741-7.819 (2H, m), 8.338-8.361 (1H,
dd, J = 6.8Hz, 1.2Hz), 8.454-8.479 (1H, ddd, J = 6Hz, 1.2Hz, 0.8Hz ), 8.643-8.660 (1H, ddd,
J = 2.8Hz, 1.2Hz, 0.8Hz). *C NMR (100 MHz) & 94.69, 104.24, 120.76, 121.83, 124.17,
127.75, 137.06, 137.15, 142.67, 149.26, 155.63, 156.67. MS (El): m/z = 252 (M"). Elemental
analysis: Calcd: C, 79.98; H, 4.47; N, 15.55. Found: C, 79.28; H, 4.47; N, 14.07.

6-Ethynyl-2,2’-bipyridine (2): 6-Trimethylsilylethynyl-2,2’-bipyridine (1g, 3.96 mmol) was
dissolved in 60 mL dry THF. A solution of TBAF (1.12g, 4.28 mmol) in 4.3 mL of THF was

added, and the reaction mixture was stirred at room temperature for 6

hrs. Then THF was evaporated under vacuum and residue was dissolved

\\ in 20 mL DCM. This organic layer was washed with 15 mL of water
three times. The organic phase was dried over Na,SO,4 and solvent was evaporated. The
crude product was purified by column chromatography on silica gel with ethyl acetate/pet
ether (1:10) as an eluent to afford 0.65g of brown crystalline product (92% vyield). Mp 82-
84°C. *H NMR (400 MHz, CDCls) 6 3.182 (1H, s), 7.294-7.328 (1H, ddd, J = 3.6 Hz, 1.6 Hz,
1.2 Hz), 7.489-7.511 (1H, dd, J = 6.4Hz, 1.2 Hz), 7.769-7.825 (2H, m), 8.393-8.416 (1H, dd,
J=7.2Hz, 1.2 Hz), 8.454-8.479 (1H, ddd, J = 6 Hz, 1.2 Hz, 0.8 Hz), 8.652-8.657 (1H, ddd, J
= 2 Hz, 1.2 Hz, 0.8Hz). **C NMR (100 MHz, CDCl3) & 76.78, 83.04, 120.92, 121.48, 124.04,
127.44, 136.90, 137.08, 141.64, 149.08, 155.25, 156.58. MS (El): m/z = 180 (M"). Elemental
analysis: Calcd: C, 79.98; H, 4.47; N, 15.55. Found: C, 79.28; H, 4.47; N, 14.07.

Boc-pyrrolidinyl-triazolyl-bipyridine (3): To a solution of Boc-protected azido-
pyrrolidine® (1g, 4.42 mmol) in toluene and tert-butanol (4:1), 6-ethynyl-2,2’-bipyridine®’
(0.8g, 4.42 mmol), Cul (0.042g, 0.221 mmol) and N,N’-diisopropylethylamine (DIPEA)
(1.54 mL, 8.84 mmol) were added. The reaction mixture was stirred at room temperature for
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overnight. After removal of the solvent under vacuo, the residue was diluted with 20 mL
CH,CIl, and washed with water (15 mL X 3). The
organic phase was dried over Na;SO, and solvent was
evaporated to dryness. The crude product was purified
by column chromatography on silica gel using
chloroform-methanol (10:1) as an eluent to afford white
product in good yield (1.72 g, 96%). M.P. 122-124°C.
[a]o?® +79.5 (c 1.0, CH;OH). *H NMR (400 MHz, CDCls) § 1.52 (9H, s), 1.72-1.75 (2H, m),
1.98-2.00 (2H, m), 3.18-3.43 (2H, m), 4.19 (1H, m), 4.50-4.78 (2H, m), 7.31-7.34 (1H, dd, J
=5.2 Hz, 1.6 Hz), 7.80-7.84 (1H, t, J = 7.4 Hz), 7.88-7.92 (1H, t, J = 7.6 Hz), 8.17-8.25 (2H,
m), 8.35-8.37 (1H, d, J = 8.0 Hz ), 8.48-8.50 (1H, d, J = 7.2 Hz), 8.68-8.69 (1H, d, J = 3.6
Hz). *C NMR (100 MHz, CDCls) & 23.3, 28.2, 28.5, 47.1, 51.4, 57.2, 136.6, 137.7, 148.8,
149.1, 149.6, 154.7, 155.6, 155.9. MS (EI): m/z = 406.30 [M"] for C2H2sNeO>. Elemental
analysis: Found: C, 65.16; H, 6.47; N, 20.62, Calcd: C, 65.01; H, 6.45; N, 20.68 for
C22H26N6O2.

Pyrolidinyl-triazolyl-bipyridine (4): To Boc-protected product (406 mg, 1.0 mmol),

7R\ —\ CHCI-TFA (30 mL, 50:50) was added slowly at ice
\ .
=N N Y, temperature. The mixture was warmed to room temperature
(j\’ Y and stirred for 2 hrs. After evaporating reaction mixture to
N Ns ‘
H N

dryness under vacuo, the residue was dissolved in CH,Cl, (15
mL) and then treated with a saturated NaHCO3 solution (30 mL) for 1h at room temperature.
The aqueous layer was extracted with CH,Cl, (10 mL x 3) and combined extracts were dried
over anhydrous Na,SO,. After filtration the CH,Cl, was evaporated to obtain light yellowish
solid of free-amine (300 mg, Yield 98 %). *H NMR (400 MHz, CDCls) & 1.54-1.61 (1H, m),
1.74-1.86 (2H, m), 1.97-2.05 (2H, m), 2.97-3.03 (2H, m), 3.68-3.75 (1H, m), 4.30-4.54 (2H,
m), 7.31-7.34 (1H, ddd, J = 1.6 Hz, 3.6 Hz, 1.2 Hz ), 7.81-7.85 (1H, td, J = 6.0 Hz, 1.6 Hz ),
7.88-7.93 (1H, t, J = 7.6 Hz), 8.17- 8.19 (1H, dd, J = 7.2 Hz, 0.8 Hz), 8.33- 8.35 (1H, dd, J =
7.2 Hz, 0.8 Hz), 8.39 (1H, s), 8.48-8.50 (1H, d, J = 8.0 Hz), 8.69- 8.70 (1H, dd, J = 4.0 Hz,
0.8 Hz). *C NMR (100 MHz, CDCls) & 25.3, 28.9, 46.4, 55.4, 57.8, 119.8, 119.9, 120.9,
122.8, 123.6, 136.6, 137.6, 148.2, 148.9, 149.6, 155.5, 155.8. MS (El): m/z = 306.50 [M"] for
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C17H18Ns. Elemental analysis: Found: C, 66.72; H, 5.94; N, 27.34, Calcd: C, 66.65; H, 5.92;
N, 27.43 for C17H18Ns.

Dansylatedpyrrolidine methylene triazolebipyridine (BD): To a solution of free
amine(300 mg, 0.98 mmol) and dansyl chloride (264 mg, 0.98 mmol) in dry DMF (15 mL)
triethylamine (TEA) (0.27 mL, 1.96 mmol) was added
drop wise over 30 min. The reaction mixture was stirred
for 3 hrs at room temperature. After removal of solvent in

vacuo, the residue was dissolved in CH,Cl, (15 mL) and

Q\/N”\' was washed with water (10 mL x 3). The organic phase
o:é:o was dried over Na,SO, and solvent was evaporated on
O rotavap. The crude product was purified by column

chromatography on silica gel using chloroform-methanol
(10:1) as an eluent to afford green fluorescent solid BD in
good yield (520 mg, 98 %). M.P. 76-78 C. [a]p®® +71.25 (c 1.0, CH3OH). 'H NMR (400
MHz, CDCl3) & 1.35-1.46 (1H, m), 1.54-1.63 (1H, m), 1.73-1.82 (1H, m), 1.98-2.04 (1H, m),
2.78 (1H, s), 3.24-3.33 (2H, m), 4.26-4.31 (1H, m), 4.64-4.77 (2H, m), 7.17-7.19 (1H, d, J =
7.6 Hz), 7.33-7.36 (1H, m), 7.54-7.62 (1H, m), 7.89-7.93 (2H, m), 8.14-8.17 (1H, dd, J = 6.8
Hz, 0.8 Hz), 8.27-8.29 (1H, dd, J = 6.4 Hz, 0.8 Hz), 8.36- 8.38 (1H, dd, J = 6.8 Hz, 0.8 Hz),
8.41 (1H, s), 8.53-8.60 (3H, m), 8.69-8.71 (1H, ddd, J = 2.4 Hz, 0.8 Hz, 0.8 Hz, 0.8 Hz). *C
NMR (100 MHz, CDClg) & 23.8, 29.1, 45.3, 49.2, 54.0, 58.9, 115.4, 119.2, 120.0,120.1,
121.2, 123.2, 123.4, 123.8, 128.4, 130.1, 130.2, 130.6, 131.0, 133.1, 136.9, 137.7, 148.8,
149.1, 1495, 151.8, 155.7, 155.9. LCMS: m/z = 540.28 [M* + H] for CjoHN;O,S.
Elemental analysis: Found: C, 64.43; H, 5.52; N, 17.88; S, 5.42, Calcd: C, 64.54; H, 5.42; N,
18.17; S, 5.94. for CyH,9N;O,S. Elemental analysis for BD+Al(Cl04)3*2H,0: Found, C,
38.74; H, 3.95; N, 10.43; S, 3.36; Calcd, C, 38.66; H, 3.69; N, 10.88; S, 3.56. for
Ca9H33AICI3N7046S.

Coumarin-pyrrolidinyl-triazolyl-bipyridine (CB): The free-amine (300 mg, 0.98 mmol)
was dissolved in dry DMF (15 mL). To this solution coumarin-3-carboxylic acid (205 mg,
1.08 mmol) was added. Then HOBt (158 mg, 1.17 mmol) and EDC.HCI (224.3 mg, 1.17
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mmol) were added to this solution followed by dropwise addition of DIPEA (0.51mL, 2.94
mmol) at 0°C. The reaction mixture was stirred at
room temperature for 8 hrs. After removal of solvent in
vacuo, the residue was dissolve in 15 mL CH,Cl,. This
organic layer was washed with 10 mL of water three
times (10 mL x 3). The organic phase was dried over
Na,SO, and solvent was evaporated. The crude

product was purified by column chromatography on

silica gel with methanol/chloroform (1:10) as an eluent to afford 460 mg of white crystalline
product CB (98 % yield). Mp 108-110°C. [a]p®® +68.35 (c 1.0, CH3sOH). *H NMR (400
MHz, CDCls) 6 1.46-1.54 (1H, M), 1.69-1.79 (1H, m), 1.98-2.07 (1H, m), 2.13-2.20 (1H, m),
3.26-3.41 (2H, m), 4.61-4.67 (1H, m), 4.76-4.80 (1H, dd, J = 14.0 Hz, 2.8 Hz), 5.10-5.14
(1H, dd, J = 14.0 Hz, 4.8 Hz), 7.24-7.28 (1H, m), 7.32- 7.42 (3H, m), 7.56- 7.61 (1H, m),
7.86-7.94 (2H, m), 7.99 (1H, s), 8.18-8.20 (1H, dd, J = 7.6 Hz, 0.8 Hz), 8.38-8.41 (1H, dd, J
=8.0 Hz, 0.8 Hz), 8.70- 8.71 (1H, d, J = 4.0 Hz), 8.76 (1H, s), 8.78-8.80 (1H, d, J = 8.0 Hz).
3¢ NMR (100 MHz, CDCls3) 6 24.15, 27.52, 48.85, 50.60, 57.44, 116.76, 118.13, 119.96,
120.00, 121.75, 123.80, 124.11, 124.93, 125.70, 128.75, 133.01, 137.06, 137.80, 142.94,
148.86, 149.16, 149.65, 154.16, 155.66, 155.96, 157.86, 164.38. MS (El): m/z = 478.40 (M")
for C27H22NgO3. Elemental analysis: Found. C, 67.62; H, 4.65; N, 17.52. Calcd. C, 67.77; H,
4.63; N, 17.56 for C,7H2NgO3. Elemental analysis for the complex CB 1:Al(ClO4)3:2H,0;
Found. C, 3855, H, 3.13; N, 9.98.Calcd.C, 38.61; H, 3.12; N, 10.01 for
Cy7H6AICI3NgO17.MALDI/TOF-MS for CBeAl**+2H,0 complex. MW found, 541.14;
calcd, 541.18 for Cy7H26AINgOs.

8-(propargyloxy)quinoline (5):To a solution of 8-hydroxyquinoline (5.0 g, 34 mmol) in dry
acetone (200 mL) excess anhydrous K,COj3 (28.15 g, 204 mmol) was added

S
_ and the mixture was refluxed for 30 min. To the mixture propargyl bromide

o (4.09 g, 34 mmol) was added over a period of 5 h using a pressure equalizing
funnel. The resulting mixture was refluxed over a period of 17 h. The reaction
mixture was then cooled, filtered and filtrate was evaporated. The brown oily

residue was dissolved in CHCI; and then solution was washed twice with water (50 mL)
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followed by saturated brine solution (50 mL). Organic layer was dried over anhydrous
Na,SO, and the solvent was evaporated under vacuo. The crude product was purified using
column chromatography on silica gel using EtOAc /Pet Ether (4:6) as eluent to afford 5.16 g
brown solid product (yield 88%)."H NMR (400 MHz, CDCl3) § 2.54 (1H,t, J =2.4), 5.05
(2H, d, J=2.4), 7.27 (1H, dd, J = 5.6 Hz, 1.6 Hz), 7.42-7.51 (3H, m), 8.14 (1H, dd, J = 6.8
Hz, 1.6 Hz), 8.94 (1H, dd, J = 2.4 Hz, 1.6 Hz). LCMS (EI): m/z = 184 (M+H"). Elemental
analysis: Found. C, 78.65; H, 4.95; N, 7.66. Calcd. C, 78.67; H, 4.95; N, 7.65 for C;,HgNO.

Boc-pyrrolidinyl-triazolyl-quinoline (6): To a mixture of N-Boc-2-azidomethyl

pyrrolidine (1.5 g, 6.63 mmol) and 8-(propargyloxy)quinoline (1.21 g, 6.63 mmol) in water/

ethanol (160 mL, v/v = 1:1), sodium ascorbate (1.3 mL, 1.32

mmol) of freshly prepared 1 M solution in water was added,

Q} followed by the addition of copper(ll) sulfate 7.5 % in water

/:(~o N= (0.705 mL, 0.332 mmol). The heterogeneous mixture was

N‘N"N stirred vigorously overnight in the dark at room temperature.

é/N»Boc The ethanol was removed under vacuo and the residue was

diluted with water, cooled in ice, and then the precipitate was

collected by filtration. After washing the precipitate with cold water (10 mL), it was dried

under vacuum and the crude product was purified using column chromatography on silica gel

with CHCls/MeOH (9:1) as eluent to afford brown oily product (2.26 g, yield 96%).'H

NMR (400 MHz, CDCl3) 8 1.3 (11H, m), 1.82 (2H, m), 2.77-3.23 (2H, m), 4 (1H, m), 4.46

(2H, m), 5.54 (2H, s), 7.19 (1H, m), 7.33 (3H, m), 7.57 (1H, m), 8.07 (1H, d, J =8 Hz), 8.88

(1H, d, J = 2.8 Hz). LCMS (El): m/z = 410 (M+H"). Elemental analysis: Found. C, 64.49; H,
6.65; N, 17.12. Calcd. C, 64.53; H, 6.65; N, 17.10 for Cy,H27N50s.

Quinoline-triazolyl-pyrrolidinyl-coumarin (QC): To Boc-protected product 6 (0.5 g, 1.22
mmol), CH,Cl,-TFA (30 mL, 50:50) was added slowly at ice temperature. The mixture was
warmed to room temperature and stirred for 2 h. After evaporating reaction mixture to
dryness under vacuo, the residue was dissolved in CH,Cl, (15 mL) and then treated with a
saturated NaHCO3 solution (30 mL) for 1 h at room temperature. The aqueous layer was

extracted with CHCI3 (10 mL x 3) and combined extracts were dried over anhydrous Na,SOj.
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After filtration the CH,CI, was evaporated to obtain dark brown oily Boc-deprotected amine

N (7) (0.35 g, Yield 92 %). This amine (7) (0.35 g, 85.6
—J/ mmol) was dissolved in dry DMF (15 mL) and
N

o coumarin-carboxylic acid (0.163 g, 85.6 mmol) was
f(:l added. Then HOBt (0.14 ¢, 1.027 mmol) and
O\/N‘N EDC.HCI (0.197 g, 1.027 mmol) were added to this

@:fo solution followed by dropwise addition of DIPEA (0.5

mL, 2.56 mmol) at ice temperature. The reaction
° e mixture was stirred at room temperature for 10 h.
After removal of solvent in vacuo, the residue was dissolve in 15 mL CH,Cl,. This organic
layer was washed with 10 mL of water (10 mL x 3). The organic phase was dried over
Na,SO, and solvent was evaporated under vacuo. The crude product was purified by column
chromatography on silica gel with methanol/chloroform (1:10) as an eluent to afford
crystalline light pink product guinoline-triazolyl-pyrrolidinyl-coumarin (QC) (0.52 g, 93 %
yield)."H NMR (400 MHz, CDCls) 1.25 (1H, m), 1.62 (1H, m), 1.92 (1H, m), 2.05 (1H, m),
3.02 (1H, m), 3.25 (1H, m), 4.52 (1H, m), 4.63 (1H, m), 4.91 (1H, dd, J = 9.2 Hz, 4.8 Hz),
5.59 (2H, s), 7.39 (6H, m), 7.53 (1H, dd, J = 6.4 Hz, 1.2 Hz), 7.60 (1H, m), 7.95 (1H, s),
8.09 (2H, m), 8.88 (1H, dd, J = 2.8 Hz, 1.6 Hz). *C NMR (100 MHz, CDCls) & 23.9, 27.5,
48.3, 50.7, 57.4, 62.7, 110.3, 116.8, 118.1, 120.1, 121.5, 124.9, 125.0, 125.5, 126.6, 128.8,
129.4, 133.0, 135.9, 140.3, 143.1, 144.2, 149.2, 153.8, 154.1, 157.7, 164.2. LCMS (EI): m/z
= 482 (M+H"). Elemental analysis: Found. C, 65.36; H, 4.81; N, 14.52. Calcd. C, 65.35; H,
4.81; N, 14.54 for Co7H23N50,.

Naphthaldehyde-carbonohydrazone (NC) or naphthaldehyde-thiocarbonohydrazone
(NTC):A solution of 2-hydroxy-1-naphthaldehyde (1.0 g, 6.0 mmol) in ethanol (40 mL) was
added slowly to a solution of thiocarbohydrazide or carbohydrazide (3.0 mmol) in water (40
mL). Initially the solution turned turbid and after complete addition the solution became
clear. The reaction mixture was refluxed with stirring for 24 h. Reaction mixture was cooled
to room temperature and the precipitated was filtered. The precipitate was washed with
ethanol and dried under vacuo to obtain naphthaldehyde-carbonohydrazone (NC) or

naphthaldehyde-thiocarbonohydrazone (NTC) in quantitative yield.
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Bis[[2-hydroxynaphthyl]methylene]-carbonic dihydrazide [naphthaldehyde-
carbonohydrazone (NC)]: Yield 94%. *H NMR (400 MHz, DMSO-dg) dppm 7.22-7.24 (2H,

oH . HO d, J = 8.8 Hz), 7.38-7.42 (2H, m), 7.58-7.62 (2H, m),
O n ALy O 7.87-7.90 (4H, m), 8.33-8.35 (2H, d, J = 8.4 Hz), 9.19
O HoH (2H, s), 11.00 (2H, s), 11.87 (2H, br). *C NMR (100

MHz, DMSO-dg) Sppm 109.4, 118.6, 121.6, 123.3,
127.6, 127.9, 128.7, 131.5, 131.9, 143.2, 151.6, 156.7. MS (EI): m/z = 399.2 [M+H]", calcd.
398.14 for Cy3H1sN4O3. Elemental analysis: Found C, 69.37; H, 4.57; N, 13.99; Calcd. C,
69.34; H, 4.55; N, 14.06 for Co3H13N4Os.

Bis[[2-hydroxynaphthyl]methylene]-carbonothioic dihydrazide dihydrazide
[naphthaldehyde-thiocarbonohydrazone (NTC)]: Yield 94%. 'H NMR (400 MHz,

OH S HO DMSO-dg) dppm 7.23-7.25 (2H, d, J = 9.2 Hz), 7.39-
O ne L g O 7.43 (2H, m), 7.59-7.63 (2H, m), 7.88-7.95 (4H, m),

O TR A O 8.24-8.52 (2H, br), 9.16-9.64 (2H, br), 10.61 (1H, br),

12.07 (2H, s), 12.88 (1H, br). *C NMR (100 MHz,
DMSO-dg) dppm 109.3, 118.7, 121.0, 123.5, 127.8, 127.9, 128.7, 131.7, 132.6, 145.8, 157.1,
174.0. MS (El): m/z = 415.4 [M+H]", calcd. For 414.12 C3H1gN4O,S. Elemental analysis:
Found C, 66.7; H, 4.39; N, 13.51; S, 7.72; Calcd. C, 66.65; H, 4.38; N, 13.52; S, 7.74 for
Ca3H1sN4O,S.

4.3 General method of UV-Vis and fluorescence titration

UV-Vis spectra were recorded on Perkin Elmer Lambda 900 spectrophotometer and
fluorescence spectra were recorded on a Perkin EImer model LS 55 spectrophotometer. 1 cm
cells were used for absorption and emission titration. For UV-Vis and fluorescence titrations
stock solution of probes (BD 1, CB 1 and QC) were prepared (¢c = 2000 uM) in CH3CN. For
UV-Vis and fluorescence titrations stock solution of ligands (NC and NTC) were prepared (c
= 2000 pM) in DMSO. The solutions of guest cations were prepared in CH3CN in the order
of 10° M. Working solutions of probes and metal ions were prepared from the stock

solutions 10 nm excitation and 10 nm emissions slit widths are used for study.
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4.4 Job plot by UV-Vis method

A series of solutions containing BD and Al(CIO,4); were prepared such that the sum of the
total metal ion and BD concentration remained constant (100 uM). The mole fraction (X) of
AI** was varied from 0.1 to 1.0. The corrected absorbance (ODaz«Xa>*+10%) at 332 nm was

I** solution.

plotted against the molar fraction of the A

A series of solutions containing CB and Al(ClO4); were prepared such that the sum of
the total metal ion and CB concentration remained constant (100 uM). The mole fraction (X)
of CB was varied from 0.1 to 1.0. The fluorescence intensity at 443 nm was plotted against
the molar fraction of the ligand (CB) solution.

A series of solutions containing QC and Zn?*/ AI** were prepared such that the sum
of the total concentration of QC and Zn*/ AI** remained constant (100 puM). The mole
fraction (X) of Zn*" /AI** was varied from 0.1 to 1.0.

A series of solutions containing NC/NTC and Al(ClO,)3 were prepared such that the
sum of the total concentration of metal ion and NC/NTC remained constant (100 pM). The
mole fraction (X) of AI**
[Ao]) at 440 nm for NTC and at 400 nm for NC were plotted against the molar fraction of the

was varied from 0.1 to 1.0. The corrected absorbance ([A-Aq] /

Al solution.

4.5 Determination of binding constant

The response parameter a is defined as the ratio of the free ligand concentration to the initial
concentration of the ligand. o defined as the ratio between the free ligand concentration ([L])
and the total concentration of ligand [L+]:
]

[LT]

a can be determined from the emission changes in the presence of different concentrations of
Mn+.
[ —1y]
[, —Io]
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where I; and lo are the limiting emission values for o = 1 (in the absence of M"™") and o = 0
(probe is completely complexes with M™), respectively.

Li et al.*® derived the Tsein equation®*to the following equations that can be used in any
stoichiometric ratio between the ligand and analyte.

—m—i. 1 .l—rx
[NIH] _TL.K [L]¥_1

Where K is complex equilibrium constant, ML, is metal-ligand, L is ligand, [L], [M"*], and

[MmLn] are the concentrations of respective species.
4.6 Calculation of detection limit for CB

The detection limit was determined from the fluorescence titration data based on a reported
and broadly used method.>*** According to the result of titrating experiment, the fluorescent
intensity data at 443 nm were normalized between the minimum intensity (0.0 equiv. free
AI*) and the maximum intensity. A linear regression curve was then fitted to these
normalized fluorescent intensity data, and the point at which this line crossed the ordinate

axis was considered as the detection limit (1x107 M).
4.7 Calculation of quantum yields for NC/NTC

Fluorescence quantum yields were determined using the reference of perylene (@ = 0.94) in
cyclohexane.”® The quantum yields of NC/NTC and its AI** complex are calculated

according to following equation at 395 nm excitation.
Dx=Ds(AsSx) / (AxSs)(nx/ns)

where Ax is the absorbance of NC/NTC-AI** complex and As of the standard perylene. Sx is
the integrated fluorescence emission corresponding to NC/NTC-AI** complex and Ss of the
standard perylene. nx and ns are the refractive index of the solvents used for complex and

standard sample measurements.
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4.8 Appendix

% Compound 1, *H and *C NMR

< Compound 2, *H and °C NMR

< Compound 3, *H and *C NMR

% Compound 4, *H and *C NMR

% Compound BD, *H and **C NMR
< Compound CB, *H and *C NMR
% Compound 5 and 6, *"H NMR

% Compound QC, 'H and *C NMR
% Compound NC, *H and *C NMR
% Compound NTC, *H and **C NMR

*

X/
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Chapter 3: Near Infrared colorimetric molecular probes for Cu**

1. Introduction

Copper is required by all living organisms owing in large part to its potent redox activity and
propensity to engage in catalytic chemistry.! The soft transition metal copper is the third most
abundant essential trace element in human body. However, copper as to be supplemented
through human diet in regular amounts for absorption.” The adult human body contains
between 1.4 — 2.1 mg of copper per kilogram of body weight under normal conditions.
Copper dependent enzymes act as catalysts to help a number of body functions to provide
energy for biochemical reactions, transform melanin for pigmentation of the skin, assist the
formation of cross-links in collagen and elastin, and thereby maintain and repair connective
tissues.” This is especially important for the heart and arteries®’ and research suggests that
copper deficiency is one of the factors leading to an increased risk of developing coronary
heart disease.®® In general most human diets contain enough copper (2-5 mg/day) to prevent
a deficiency, but not sufficient to cause toxicity. The World Health Organization (WHO) and
the Food and Agricultural Administration (FAA) reports suggest that the population mean
intake of copper should not exceed 10-12 mg/day for adults. Excessive copper in the human
body is highly dangerous and in general toxicity is progressing day by day due to the
widespread use of copper in industry, agriculture, household utensils, and hot water pipes etc.
The common nutritional deficiencies in zinc, manganese and other trace minerals also help
the accumulation of copper to very high levels. However, if unregulated, copper can cause

exacerbate oxidative stress and damage events connected with aging and disease,'**?

including serious neurodegenerative disorders such as Menkes and Wilson’s diseases,"
amyotrophic lateral sclerosis'® and Alzheimer’s disease®?. Free solvated copper ions catalyze
the formation of reactive organic species including radical and non-radical species that
participate in initiation and/or propagation of radical chain reactions which can damage
biomolecules. Because of its dual essential but toxic nature, cells exert exquisite control over
cellular copper pools through an elegant array of uptake, trafficking and storage mechanisms
to maintain a low concentration of thermodynamically free copper ions**®” while
concurrently maintaining excellent kinetic lability of cellular copper stores for function.
Along these lines, supplementation of cells with micromolar extracellular copper can

increase intracellular copper levels by up to 20-fold within 1 h.** In humans and higher
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eukaryotes, particularly in specialized cell types within brain, heart, intestine and liver tissue,
paradigms of how kinetically labile copper pools are regulated at the subcellular level and
consequences of copper misregulation in aging and disease remain insufficiently understood.
Therefore, it is crucial to detect trace amounts of copper for maintaining good human health.
In this regard, many efforts have been focused on developing Cu®* sensors involving
chromogenic sensors, fluorescent sensors and electrochemical devices for sensitive, selective
and convenient detection. Live-cell imaging with copper-specific fluorescent sensors offers a
potentially powerful method for studying copper cell biology. Designing fluorometric
molecular probe is practically difficult because of the fluorescence quenching nature of
paramagnetic Cu?*. Colorimetric techniques are widely accepted due to low cost and easy
detection without requiring the costly instrumental set-up. In the past few years, many
synthetic receptors have been reported for sensing of copper ion which shows visible color
changes in presence of this ion.™>?° Chemosensors with near-infrared (NIR) optical response
(700-1000 nm) are useful probes for in vitro and in vivo biological sensing and imaging of
metal ions. Main advantages of sensors with NIR response over UV-Vis probes include a)
low background to signal ratio, b) low absorption and light scattering of biological samples
facilitate deeper penetration of the NIR-radiation into biological matrices and helps obtaining
the information from inner regions of the tissues, ¢) no interference of the autofluorescence
generate from endogenous biomolecules and d) NIR-optical measurements do not require
expensive instrumentation.”*?® There have been few reports on UV-Vis-NIR sensing of
cation and anions.***’ Designing novel and efficient NIR chemosensors necessitates the need
for understanding detailed molecular mechanism involved in the origin of such interesting
phenomenon. The studies aimed at understanding the underlying mechanism of origin of NIR
response are scarce and hence the theoretical calculations would be of great help in order to

understand the microscopic details of such changes in the photophysical characteristics.
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2. Rationale for designing visible and near-infrared colorimetric molecular

probes for copper

Colorimetric chemosensors of cations can be generated based on right combination of a
receptor and chromophore. Colorimetric sensing of Cu®* reported through coordination of
conjugated imine and deprotonation of amide.?***3 One such combination would be a
conjugate of an amine and aldehyde carrying —CONH and —OH functionalities formed
through Schiff base linkage. In these sensors n-electron delocalization and amide or alcohol
deprotonation are mainly responsible for the signal generation as a consequence of cation
binding events. A simple design approach has been undertaken by conjugating urea/thiourea
with salicylaldehyde-derivative to form biscarbonohydrazone/bisthiocarbonohydrazone
system as efficient colorimetric sensor that can selectively detect Cu®* by visible color
change with a characteristic near-infrared (NIR) absorbance band at > 800 nm in aqueous
medium. In these probes, the tertiary amine group functionalized phenolic moiety serves as
the chromophore core. An intramolecular charge transfer (ICT) is thus enhanced as a result
of the extended m-conjugation and the stronger electron-withdrawing ability of the
ketone/thioketone group.***? The extended ICT usually exhibits high sensitivity to external
perturbations such as the polarity of solution and the electric field in its vicinity, often
showing as remarkable color changes. The imine and alcohol groups in those probes serve as
chelating sites for metal cations, in particular, transition- and post-transition-metal cations.
All atoms in these probes are almost in one plane upon metal ion coordination. The planarity
of these molecular probes is not disturbed upon deprotonation, which instead supports the
maximum delocalization of the negative charges over the entire molecule. Additional
stability is gained through conjugation and coordination with Cu** which is reflected as the
characteristic NIR signature in the UV-Vis spectrum in presence of Cu?*. To the best of our
knowledge these molecular probes are the first set of examples shows huge red-shifted NIR

signal in presence of only Cu?*.
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3. Visible and near-infrared colorimetric molecular probes for copper
3.1 Synthesis

A series of Schiff base ligands have been synthesized via one step condensation reaction
(Scheme 1). The ethanol solution different salicylaldehyde was added slowly to a solution of
carbohydrazide or thiocarbohydrazide in water. Different salicylaldehyde derivatives were
taken varying the electron donating and withdrawing functional groups. The reaction mixture
was refluxed for 24 h with constant stirring. Reaction mixture was cooled to room
temperature and the precipitate was filtered. The precipitate was washed with ethanol and
dried under vacuo to obtain Schiff base ligands (1-10) in quantitative yield (Figure 1). All the
synthesized Schiff base ligands (1-10) were characterized by NMR, mass spectrometry and

elemental analysis.
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Scheme 1. Synthesis of different Schiff base molecular probes (1-10).
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Figure 1. Different Schiff base molecular probes (1-10).
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3.2 Photophysical study of Schiff base molecular probes and Cu®* detection

The photophysical properties of different Schiff base ligands carrying electron withdrawing
and electron donating functional groups have been studied upon addition of several metal
ions such as Li*, Na*, K*, Ba®*, Sr**, Mg?*, AI**, Ca?*, Mn?*, Fe**, Co*, Ni**, Zn*, Ag",
Cd?*, Hg®*, Pb®* and Cu®*. Biscarbonohydrazone 1 showed an absorption band centered
around 365 nm, which remains unchanged upon addition of 25 equiv of Li*, Na*, K*, Ba*",
Sr?*, Mg®*, AI** and Ca®* in CHsCN (Figure 2). Upon addition of 25 equiv of Mn?*, Fe®",
Co?*, Ni**, Zn**, Ag"*, Cd**, Hg®* and Pb®* the absorption maxima was slightly red shifted to
different extents. On addition of 2 equiv of Cu?* to the solution of 1, the absorbance at 365
nm decreases gradually. After addition of one more equiv of Cu?*, absorbance at 365 nm
decreases sharply to its limiting value, while a new prominent peak was observed at 450 nm
and color changed from light green to primrose yellow. A clear isobestic point is observed at
390 nm upon recording the spectra with varying concentrations of 2 to 3 equiv of Cu®*

(Figure 3). Furthermore, addition of Cu®*, the absorbance at 450 nm decreases gradually, and

1L, K Na" LiT, Bat™,

15
24 L2+ 3 2+
Mg~ ,Sr" A" ,Ca
bl 2 bl 2
Mo~ Fe ", Co” T, Nit T,
bl bl pl bl
cd“",zn*", Agt, He*, Py
1.0
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T T T T ' 1
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Figure 2. UV-Vis absorption spectra of 1 (20.0 pM) and on addition of salts (25.0 equiv) of Li*, Na*, K*, Ba**,
Sr¥*, Mg?*, AI¥*, Ca**, Mn*, Fe?*, Co**, Ni**, Zn**, Ag*, Cd*, Hg**, Pb*" and Cu®* in CH,CN.
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Figure 3. (i) UV-Vis absorption spectra of 1 (20.0 pM) on addition of different concentrations of Cu®* (0-100.0
UM) in CH5CN. (ii) Cu?* = 0-40.0 uM, [1] = 20.0 pM. (iii) Cu?*" = 40.0-60.0 uM, [1] = 20.0 pM. (iv) Cu** =
60.0-100.0 uM, [1] = 20.0 uM.

an absorption band at 535 nm appears and reaches maxima upon addition of 5 equiv of Cu®",
which induces a color change from primrose yellow to pink. However, addition of more than
5 equiv of Cu®* leads to no significant changes in the UV-Vis spectra.
Bisthiocarbonohydrazone 2 showed excellent photophysical response in aqueous
medium (20% CHsCN, 50 mM HEPES at pH = 7.2). 2 can selectively detect Cu?*
colorimetrically with a NIR signature (Figure 4). 2 shows an absorption band centered
around 395 nm, which remains unchanged upon addition of 25 equiv of Li*, Na*, K*, Ba*",
Sr**, Mg?*, A** and Ca?*. Upon addition of 25 equiv of Mn?*, Fe?*, Co®*, Ni**, Zn**, Ag",
Cd?*, Hg®* and Pb** the absorbance decreases and slightly red shifted to different extents.
There was no significant change in absorption spectra of 2 on addition of 1.75 equiv of Cu?*.
After adding 2 equiv of Cu®" to the solution of 2, color was changed to purple. The maximum
peak shift is observed at 936 nm (541 nm red shift) along with a peak in the visible region at
535 nm. The absorbance at 535 and 936 nm reaches maximum upon addition of 5 equiv of
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Figure 4. UV-Vis absorption spectra of 2 (20.0 pM) and on addition of salts (25.0 equiv) of Li*, Na*, K*, Ba*,
Sr¥*, Mg?, AI¥, Ca?*, Mn?", Fe?*, Co®*, Ni¥*, Zn?*, Ag*, Cd*", Hg®*, Pb®* and Cu*" in aqueous medium (20%
CH,CN, 50 mM HEPES at pH = 7.2).
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Figure 5. UV-Vis absorption spectra of 2 (20.0 uM) on addition of different concentrations of Cu?* (0, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 60, 65, 70, 80, 90, 100 uM) in aqueous medium (20% CH3;CN, 50 mM HEPES at
pH = 7.2). Inset: Absorbance at 940 nm as a function of [Cu?].
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Cu?* as shown in Figure 5. Accordingly, 2 equiv of Cu** can be set as the colorimetric
threshold for determination using 2 in aqueous medium. Such a peak at the NIR region would
be useful for sensing of Cu®" in the system from unwanted interference of endogenous
chromophores in the visible region. The observed large redshift in the absorption peak of 2 is
presumed to arise from conjugation and planarity of the probe which allows maximum
distribution of negative charge of the deprotonated receptor. The structure of
biscarbonohydrazone 1 and bisthiocarbonohydrazone 2 clearly shows that all atoms
associated in this receptor are almost in one plane. Planarity of these molecules will not be
disturbed upon deprotonation which supports the maximum delocalization of the negative
charge. The thioketones (C=S) are less stable than ketones (C=0) because of poor overlap
between the 2sp® orbital on carbon and the 3sp? orbital on sulfur as well as the more or less
similar electronegativity values of the two elements. In case of 2, thioamide undergoes
conjugation with nitrogen to stabilize weak C=S bond providing extra conjugation and
coordination with Cu®* which is reflected in its UV-Vis spectrum in presence of Cu®* as NIR
signature.

Bisthiocarbonohydrazones have been recently reported for colorimetric sensors for
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Figure 6. UV-Vis absorption spectra of 2 (20.0 pM) and on addition of salts (25.0 equiv) of
tetrabutylammonium salts of F°, CI', Br’, I', NOs', H,SO,’, OAc” and H,PO, in CH;CN.
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al,]ionsl33,43,44

The absorption spectra of 2 in presence of different anions i.e.
tetrabutylammonium salts of halides, acetate, nitrate, hydrogen sulfate and hydrogen
phosphate have been studied in CH3CN (Figure 6). Absorbance spectra remain unchanged
upon addition of 25 equiv of CI ', Br , I, H,SO, and NO3 . But for F , OAc and H,PO,
absorption spectra are red shifted and two new peaks have been appeared at 450 nm and 478
nm. Thus all these anions can be classified colorimetrically into two classes using
bisthiocarbonohydrazone 2.

Next, the photophysical properties of julolidinal based Schiff base ligands 3 and 4
were investigated by monitoring the absorption spectral behaviour upon addition of several
metal ions such as Li*, Na*, Ba*", Sr**, Mg®*, AI**, Ca®*, Mn?*, Fe**, Co®*, Ni**, Zn**, Ag",
Cd?*, Hg**, Pb* and Cu?* in aqueous buffer medium (50 mM HEPES:CHsCN, 6:4, V/v;
pH=7.2). Ligands 3 and 4 have exhibited characteristic absorbance in the visible (460-600
nm) and NIR (700-1100 nm) regions in presence of Cu®* as shown in Figure 7 and Figure 8.
The presence of other metal ions did not lead to appearance of any such visible and NIR

absorbance of ligands 3 and 4. In contrast, other Schiff base ligands (5-10) did not exhibit
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Figure 7. UV-Vis absorption spectra of julolidine-carbonohydrazone 3 (10.0 uM) and on addition of salts (50.0
equivalents) of Li*, Na*, Ba*, Sr**, Mg, AlI**, Ca®*, Mn**, Fe?*, Co®, Ni**, Zn%, Ag®, Cd**, Hg*, Pb*" and
Cu® in aqueous medium (50 mM HEPES:CH4CN, 6:4, v/v; pH=7.2).
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Figure 8. UV-Vis absorption spectra of julolidine-thiocarbonohydrazone 4 (10.0 uM) and on addition of salts
(50.0 equiv) of Li*, Na*, Ba**, Sr**, Mg, Al**, Ca®*, Mn**, Fe?*, Co®*, Ni**, Zn*, Ag*, Cd*, Hg**, Pb* and
Cu* in aqueous medium (50 mM HEPES:CH4CN, 6:4, v/v; pH=7.2).

Absorbance

T T T T T T T
400 600 800 1000
Wavelength (nm)

Figure 9. UV-Vis absorption spectra of Schiff base ligands (10.0 uM) and on addition of 50.0 equiv of Cu?* in
aqueous medium (50 mM HEPES:CH;CN, 6:4, v/v; pH=7.2).
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any characteristic optical response in presence of Cu®* (Figure 9). Julolidine-
carbonohydrazone (3) showed an absorption band centered around 380 nm, which remains
unchanged upon addition of 50.0 equiv of Li*, Na*, Ba*", Sr**, Mg*", AI**, Ca®*, Mn*", Fe”",
Ag’, Cd*" and Pb®. With the addition of 50.0 equiv of Co®*, Ni**, Zn*" and Hg®" the
absorbance intensity decreases and is slightly red shifted to different extents as shown in
Figure 7. At similar concentration of Cu** (50.0 equiv), ligand 3 showed characteristic
absorbance in the visible (495 nm) and NIR (823 nm) regions. During sequential titration the
absorption spectra of ligand 3 in the visible region gradually red shifted to 412 nm with the
addition of 1.5 equiv of Cu®" and the colorless solution turns to light green (Figure 10).
Increasing concentration of Cu* in the solution of ligand 3 from 1.5 to 2.0 equiv leads to
change in the solution color from light green to light purple. A new absorption band (Amax =
570 nm) was appeared in the visible region accompanied by a distinguishable NIR band with
Amax centered at 930 nm. The absorbance at 570 nm reaches to maximum upon addition of

6.0 equiv of Cu?* with extinction coefficient (¢) of 2 x 10* M cm™ and then decreases with
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Figure 10. UV-Vis absorption spectra of julolidine-carbonohydrazone 3 (10.0 pM) on addition of different
concentrations of Cu®* (0, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100 uM) in
aqueous medium (50 mM HEPES:CHsCN, 6:4, v/v; pH=7.2). Inset: Absorbance at 825 nm as a function of
[Cu®].
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further addition of Cu®*. The absorbance in the NIR region reaches maximum (¢ = 5.2 x 10*
M™ cm™) upon addition of total 8.0 equiv of Cu?* with gradual blue shift of Amax from 930
nm to 825 nm and that remains unchanged upon further addition of Cu?*. The final solution
color of ligand 3 becomes aqua colored. The complete colorimetric titration of ligand 3 with
sequential addition of Cu®* is shown in Figure 10. Cu®* can be detected by NIR response at
least down to 20 uM when 10 pM of 3 is employed in aqueous medium (50 mM
HEPES:CH3CN, 6:4, v/v; pH=7.2). An absorbance peak in the NIR region would be useful
for sensing Cu®* in systems that contains unwanted interference of endogenous
chromophores in the visible region. Ligand 4 (10 uM) exhibited absorption band in the
visible region (Amax = 570 nm) accompanied by a well distinguished NIR absorption band
around 820 nm as shown in Figure 8. During sequential titration, two absorption bands were
appeared at 570 nm and 980 nm corresponds to visible and NIR region respectively after
addition of 1.0 equiv of Cu®* (Figure 11). At this concentration of added Cu?* the color of the

ligand 4 solution changes from greenish to light purple. The absorbance at 570 nm and 980
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Figure 11. UV-Vis absorption spectra of julolidine-thiocarbonohydrazone 4 (10.0 pM) on addition of different
concentrations of Cu®* (0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
200 pM) in aqueous medium (50 mM HEPES:CH3CN, 6:4, v/v; pH=7.2). Inset: Absorbance at 825 nm as a
function of [Cu®"].
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nm enhances by increasing the concentration of added of Cu** from 1.5 to 2.0 equivalents
and the purple colored solution turns to light violet. The absorbance at 570 nm reaches the
maximum at 5.0 equiv of Cu®" with extinction coefficient (¢) of 2 x 10* M™ cm™ and
consequent increase in the intensity of NIR absorption band was observed. At this
composition of ligand 4 and Cu?* the solution color changed from light violet to blue. Further
addition of Cu®" resulted in the gradual decrease in the absorbance at 570 nm as shown in
Figure 11 whereas the absorbance in the NIR region increases and band was gradually blue
shifted to 820 nm and reaches maximum with € = 2.5 x 10* M cm™ upon overall addition of
15.0 equiv of Cu?* (Figure 11). The final solution color of ligand 4 becomes greenish aqua.
Employing 10 pM concentration of ligand 4, Cu?* can be detected by NIR response at least
down to 10 pM in aqueous medium. Apart from selective detection of Cu** using ligands 3
and 4, different concentrations of Cu?* can also be detected (Figure 12). The specific
micromolar concentrations of added Cu®* gave distinct coloration to agueous solutions of
ligands 3and 4 (Figure 12a and 12b respectively). These colorimetric changes correspond to
well distinguishable visible absorbance spectra with characteristic NIR signature in Figure 10

and Figure 11.

Figure 12. Detectable colorimetric change with increasing concentration of Cu®" to the solution of a) julolidine-
carbonohydrazone 3 (10.0 uM) and b) julolidine-thiocarbonohydrazone 4 (10.0 uM) in aqueous medium (50
mM HEPES:CH5CN, 6:4, v/v; pH=7.2). The values indicated on the vials correspond to [Cu®'].
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3.3 Competitive study for NIR colorimetric detection of Cu®*

Selectivity of probe 1 and 2 as colorimetric sensors for Cu?* was studied in presence of
different other metal ions. Figure 2 shows Cu®* can be detected in presence of different metal
ions by significant color change in CH3CN. For ligand 2, all samples containing various other
metal ions exhibited a very distinguished color change after being exposed to Cu?* (Figure
13) except Ag". It reveals that 2 can discriminate Cu®* from other all metal ions (except Ag")
in a colorimetric manner in aqueous medium.

Selectivity of ligands 3 and 4 as Vis-NIR chemosensors for Cu** was also studied in the
presence of various competing metal ions. For these purpose ligands 3 and 4 were treated
with mixture of 5.0 equiv of Cu®* and 10.0 equiv of all other metal ions. Data shown in
Figure 14 confirms that there is no interference for the detection of Cu®* in presence of all
other metal ions tested. The aqua colour of the solutions of ligands 3 and 4 persist even in the
presence of other metal ions in excess. Thus, ligands 3 and 4 can serve as highly selective

colorimetric as well as NIR sensors for Cu®* in the presence of most competing metal ions.

Figure 13. (a) The color changes of 2 (20.0 uM) upon adding 5 equiv of different metal ions in aqueous
medium (20% CH5CN, 50 mM HEPES at pH = 7.2). (b): The color change of 2 (20.0 uM) upon adding 5 equiv
of Cu®" in the presence of various metal ions in aqueous medium (20% CH5CN, 50 mM HEPES at pH = 7.2).
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Figure 14. Competitive study of a) julolidine-carbonohydrazone 3 (10.0 puM) and b) julolidine-
thiocarbonohydrazone 4 (10.0 uM) with Cu®* in the presence of various metal ions in aqueous medium (50 mM
HEPES:CH4CN, 6:4, v/v; pH=7.2). 3 and 4 were treated with 5.0 equiv of Cu®* in the presence of 10.0 equiv of
other metal ions. Visible colors of ligand 3 and 4 solutions with Cu®" in presence of other metal ions as
indicated. Persistence of aqua blue (a) and greenish blue (b) colors corresponding to [3 + 2Cu?*] and [4 + 2Cu®]
complexes respectively in presence of all other metal ions indicate the high selectivity of sensor ligands towards

copper ions.
3.4 Determination of binding stoichiometry and binding constant

The stoichiometry of binding of Cu?* to molecular probes (2-4) was studied by various
analytical techniques. Job plot study shows (Figure 15-17) 1:2 stoichiometric complexation
between probes (2-4) and Cu®* respectively.

This data was further supported by mass spectrometry analysis. MALDI/TOF-MS
shows the formation of double deprotonated 2:2Cu®* complex [MW: 580.122; calcd.,
580.074 for Cy3H30Cu,NgO,S] (Figure 18). The addition of Cu®* to ligands 3 and 4 resulted
in deprotonation of hydroxyl functional groups of julolidine-moieties followed by complex
formation. MALDI/TOF-MS shows the formation of a complex between deprotonated
ligands and two copper ions [(C27H3CusNgO3 + Na* - 2H"), m/z: 635.17; calcd. for
C27H3,Cu;NgOs + Na*, 637.1] and [C27H32CuNgO,S + Na' - 3H*, m/z: 650.07; calcd. for
C27H31CusNgO,S + Na*, 653.07] (Figure 19 and 20).
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Figure 16. Job plot for the determination of the stoichiometry of julolidine-carbonohydrazone 3 and Cu?* in the

complex.
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Figure 17. Job plot for the determination of the stoichiometry of julolidine-thiocarbonohydrazone 4 and Cu®* in
the complex.
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Figure 18. MALDI-TOF mass spectrum of bisthiocarbonohydrazone 2:2Cu?* complex in CH;CN.
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Figure 19. MALDI-TOF mass spectrum of julolidine-carbonohydrazone 3-Cu?* complex in CH5CN.
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Figure 20. MALDI-TOF mass spectrum ofjulolidine-thiocarbonohydrazone 4-Cu®* complex in CH;CN.
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Response parameter a which is defined as the ratio of free ligand concentration to the
initial concentration of ligand is plotted as a function of Cu?* concentration (Figure 21). This
plot can serves as the calibration curve for the detection of Cu?*. The association constant
(log K) of 2 for Cu** was calculated to be 13.63 M™.The response parameter (o) is plotted as
a function of Cu®* concentration (Figure 22 and 23). This plot can serve as the calibration
curve for the detection of Cu®*. The association constant (log K,) of ligands 3 and 4 with

Cu?* was calculated to 13.52 and 14.36 M respectively.
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Figure 21. Response parameter values () of ligand 2 as a function of the logarithm of Cu®" concentration. o is

defined as the ratio between the free ligand concentration and the initial concentration of ligand.
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Figure 22. Response parameter values (o) of julolidine-carbonohydrazone 3 as a function of the logarithm of

[Cu*]. o is defined as the ratio between the free ligand concentration and the initial concentration of ligand.
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Figure 23. Response parameter values (o) of julolidine-thiocarbonohydrazone 4 as a function of the logarithm

of [Cu?"]. o iis defined as the ratio between the free ligand concentration and the initial concentration of ligand.
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3.5 pH dependent study

The influence of pH on the absorbance of molecular probes (2-4) upon complexation with
Cu®" was studied in aqueous medium.* Absorbance of 2-Cu?* complex at 535 and 936 nm
slowly decreases between pH 12.0 and 2.5 leading to a sigmoid curve as shown in Figure 24.
But Cu?* can be clearly detected by UV-Vis method using probe 2 in both acidic as well as in
basic medium. Cu® can be clearly detected from the visible and NIR absorbance
measurements using ligands 3 and 4 over pH range of 2-11 (Figure 25 and 26). Therefore
ligands 3 and 4 can be used for environmental monitoring and biological detection of copper

in most of the commonly encountered pH ranges.
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Figure 24. Dependence of the absorbance of the band at 535 nm (black line) and 936 nm (red line) on pH for a
solution of 1 equiv of 2 and 5 equiv of Cu* in aqueous medium (20% CH3CN, 50 mM HEPES).
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Figure 25. Dependence of the absorbance at 825 nm of julolidine-carbonohydrazone 1 on pH. Black trace:
ligand (10 pM) and red trace: ligand with 10.0 equiv of Cu®" in aqueous medium (50 mM HEPES:CH;CN, 6:4,
viv; pH=7.2).

0.3

Absorbance

Figure 26. Dependence of the absorbance at 820 nm of julolidine-thiocarbonohydrazone 2 respectively on pH.
Black trace: ligand (10 pM) and red trace: ligand with 10.0 equiv of Cu?* in aqueous medium (50 mM
HEPES:CH3CN, 6:4, v/v; pH=7.2).
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3.6 Fluorometric detection of Cu®* using Julolidine-thiocarbonohydrazone 4

Fluorometric behaviour of both the ligands 3 and 4 were studied upon addition of 20.0 equiv
of Li*, Na*, Ba*", Sr**, Mg*", AI**, Ca®*, Mn*, Fe**, Co**, Ni**, Zn**, Ag", Cd*", Hg*", Pb*
and Cu®* in aqueous medium (50 mM HEPES:CH3CN, 6:4, v/v; pH=7.2). Ligand 3 did not
show any specific changes in the fluorescence emission in presence of Cu** and other metal
ions used upon excitation at 402 nm (Figure 27). On the other hand, ligand 4 showed strong
fluorescence emission around 535 nm upon excitation at 430 nm. The fluorescence intensity
around 535 nm was quenched in presence of Cu** with 430 nm excitation, whereas no
significant changes were observed in the fluorescence emission of ligand 3 in presence of
other metal ions under similar conditions (Figure 28a). The quenched fluorescence of ligand
4 was restored upon treating the ligand 4:2Cu** complex with EDTA (Inset: Figure 28a).
Fluorescence emission of ligand 4 with sequential addition of increasing concentrations (0 to
50 uM) of Cu®" is shown in Figure 28b. This data shows that ligand 4 can easily detect
copper ions at least down to 1.0 uM in aqueous medium. The reason behind the fluorescence

quenching of 4 upon complexation with Cu** was understood by theoretical study as

Relative Fluorescence Intensity

450 500 550 600 650
Wavelength (nm)
Figure 27. Fluorescence spectra of julolidine-carbonohydrazone 3 (10.0 uM) and on addition of salts (20.0

equivalents) of Li*, Na*, Ba*, Sr**, Mg**, AI**, Ca**, Mn*", Fe*, Co®*, Ni**, Zn**, Ag*, Cd**, Hg**, Pb®* and
Cu?* in aqueous medium (50 mM HEPES:CH4CN, 6:4, v/v; pH=7.2).
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Figure 28. a) Fluorescence spectra of julolidine-thiocarbonohydrazone 4 (10.0 uM) and on addition of salts
(20.0 equivalents) of Li*, Na*, Ba*, Sr**, Mg®*, AI**, Ca?*, Mn%, Fe?*, Co®", Ni?*, Zn**, Ag*, Cd*, Hg*", Pb**
and Cu?* in aqueous medium (50 mM HEPES:CH;CN, 6:4, v/v; pH=7.2). Inset: fluorescence spectra of ligand
4 (10.0 uM), [4 + Cu®] and [4 + Cu** + EDTA (10.0 puM)]. b) Fluorescence spectra of julolidine-
thiocarbonohydrazone 4 (10.0 pM) on addition of different concentrations of Cu® (0, 1, 2, 3, 5, 10, 20, 30, 40,

50 and 60 UM) in aqueous medium. Inset: Intensity at 535 nm as a function of [Cu?*].
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discussed in theoretical calculations Section. Ligand 4 can be used for detection of Cu®* by
fluorescence “on-off” phenomena over wide pH (2-11) range in aqueous medium (Figure
29).

1000

800 -

600 -

400 -

200 -

Relative Fluorescence Intensity

Figure 29. Dependence of the fluorescence intensity at 535 nm on pH. Black trace: julolidine-
thiocarbonohydrazone 4 (10 uM) and red trace: julolidine-thiocarbonohydrazone 4 (10 uM) with 5.0 equiv of
Cu?* in aqueous (50 mM HEPES:CHCN, 6:4, viv; pH=7.2).

3.7 Theoretical investigation

To understand the molecular mechanism underlying the experimentally observed
photophysical characteristics of ligands 3 and 4 upon complexation with Cu®*, the structural,
electronic and optical properties have been investigated using ab initio density functional
theory (DFT) combined with time dependent density functional theory (TDDFT) calculations
as implemented in Gaussian 03 package.”® Hybrid B3LYP*“° exchange and correlation
function have been adopted using an effective core potential with LANL2DZ**2 basis set for
transition metal Cu and 6-31+g(d,p) basis set for all the other elements in the calculations.
Job’s plots and mass spectrometry analysis showed that ligand 3 and 4 form complexes with
Cu?* in 1:2 stoichiometric ratio. Consequently, two magnetic Cu?* (S,' = %) complexed with

3 and 4 have been considered for the DFT calculations. In order to find out the minimum
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energy magnetic ground state, unrestricted DFT calculations were performed considering
both the high-spin (S;' = 1) and low-spin (S,' = 0) states within the broken symmetry (BS)
approach.”®*® Vibrational energy calculations have also been conducted to confirm the local
energy minimum structures. All the DFT optimised geometries are shown in Figure 30.

Our calculated results showed that the two magnetic Cu®* centers are coupled with
ferromagnetic (FM) spin alignments while forming complexes with both the ligands 3 and 4.
The FM state is stabilised over anti-ferromagnetic (AFM) state by 5.61 kcal mol™ for ligand
3 + 2Cu®* and 3.58 kcal mol™ for ligand 4 + 2Cu*" complex (Table 1). To focus on the
strength of magnetic coupling constant (J), the simple 1D Heisenberg Hamiltonian have been
used for the interaction of two spins>® and have obtained the FM coupling constants for both
the complexes using the energy of low-spin state calculated within BS approach (Table 1).
As can be seen from Table 1, the relatively higher J value of 3 + 2Cu** complex results from

the strong super exchange interaction between two magnetic Cu** ions mediated by the

‘{ ‘J 9 J\é" ‘;\
,I. °® ‘f "!’ X‘ ‘ J’ 0’e® f 2%y
)/‘ */‘ ,/ J/‘Aj“/‘ v ° 4 J f “‘ g—"\J

9 9
J‘y )\JJ *JJ\¢J Jt/; ‘J 090 223 J}‘;"
J‘J/‘J"U?al%. "J {"/“/‘; ““‘J
2309090g0g80%0%9% 1,090 0 0 e 0000 8
9 +
3+ 2002 4+ 2Cu?

41’} ff_%232J2 33 %J ;*;J'J
/‘ 1.93 196 [

200000 * 2l ‘,«,ﬁ.w.?»’; P
r e IR 9

4+ 2 Cu?* + 2H,0

Figure 30. The optimised structures of julolidine-carbonohydrazone 3, julolidine-thiocarbonohydrazone 4 and
their Cu®* complexes. The numbers in each structure show the selected important bond length parameters in A

unit.
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Table 1: Relevant electronic energy terms for 3, 4, and their Cu®" ion complexes. AEgy.arm, J, AEy, CT
represent energy difference between ferromagnetic (FM) and anti-ferromagnetic (AFM) state, FM
coupling constant, HOMO-LUMO energy gap, and charge transfer, respectively. The experimental

transition energies are given within bracket. The symbols o and  represent two set of spin orbital.

System AErm-aFMm J AEy. CT Transition
(kcal mol™) | (kcal (eV) (e) energy (nm)
mol™)
3 - 3.60 381.50
(382.00)
3+2Cu” -5.61 11.22 3.35 (o) 0.92 1231.48,
1.08 (B) 455.83,

429.58, 420.30
(933, 558, 412)

4 - 3.35 411.49
(411)

4+ 2Cu** -3.58 7.16 3.28 (o) 0.98 1126.01,

1.07 (B) 993.86,

526.80,

472.15, 453.95
(980, 560, 414)

4 +2Cu”" + -2.11 4.22 0.12 (o) 0.92 916.45,
2H,0 0.04 (B) 518.61,
464.10,

447.68,

428.04, 403.42
(980, 560, 414)

oxygen bridge compared to the sulphur bridge in 4 + 2Cu** complex. The spin density
distribution (Figure 31) for both complexes also confirmed the FM spin alignments of two
copper ions. It should be noted that a significant amount of spin density is distributed over
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the delocalised conjugated =-orbital in both the complexes. To obtain insight on the charge
density profile and bonding aspects, the natural bond orbital (NBO) and natural electronic
configuration have been calculated. A significant amount of charge transfer from ligand 3
and 4 to the Cu**center was observed (Table 1). This excess transferred electronic charge was
found to be mainly localized on the d-orbital of the two Cu?* centers.

9
& )\‘J &J\)\o

B 1N Y

3+ 2Cu®

4 + 2Cu?t

‘%8 -io
:&i‘ Baaa 8,

.. ‘0

J

4+ 2Cu* + 2H20

Figure 31. The spin density distribution for 3 + 2Cu®*, 4 + 2Cu®* and 4 + 2Cu*" + 2H,0 complexes.

The experimentally observed peaks in the visible and NIR regions of absorption spectra
upon complexation with Cu?* were studied using TDDFT computations on ground state
optimized geometries of free ligands 3 and 4 as well as their Cu®* complexes. As shown in
Figure 32, the TDDFT computed excitation energies for free ligands (3 and 4) are in
quantitative agreements with the experimental transition energies (Table 1). From an analysis
of frontier molecular orbital (FMO) the lowest energy transition found to be consists of

mainly promoting the electron from delocalized highest occupied molecular orbital (HOMO)
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Figure 32. The calculated absorption spectra for 3 (black line, top panel), 4 (black line, bottom panel) and their
Cu*" complexes. The indices a (H>L), b (H-9(B)>L(B)), ¢ (H(B)>L(B)) and a"(H>L), b"(H(o)>L(w)), ¢
(H(B)=>L+1(B)) indicate contribution from major molecular orbital transitions corresponding to the peak as

shown in Figure 33.

to lowest unoccupied molecular orbital (LUMO) delocalized over the entire molecule (Figure
33). Interestingly the observed shift in absorption peak position towards near-IR in forming
charge transfer complex between Cu®* and ligands 3 and 4 corroborating qualitatively with
the experimental findings (Figure 32). The relevant FMOs responsible for these transitions
are shown in Figure 33. The B-spin orbital contributes mainly to the observed new transition
of these Cu®* complexes. Here, it should point out that the observed red shifting in transition
energy upon Cu® chelating compared only qualitatively with the experimental results. This
may be due to the consideration of the complexation of two Cu?* ions with each ligands (3
and 4) neglecting any coordination from water molecules. To compare and contrast the effect
of water coordination on photophysical properties, two water molecules have been

considered, coordinating with Cu®* in ligand 4:2Cu?* complex (Figure 30).1%°" Interestingly,
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Figure 33. The relevant frontier molecular orbital (FMO) for (a) 3, (b) 3 + 2Cu®", (c) 4, (d) 4 + 2Cu*, and (e) 4
+ 2Cu®* + 2H,0 complexes. The symbol H and L represent highest occupied molecular orbital and lowest

unoccupied molecular orbital, respectively.

the shifting of UV-Vis spectral peak position is less in comparison to the water free
coordination complex (Figure 32, bottom panel) resulting in good agreement with
experimentally observed shift in peak position.

In order to investigate the mechanism (energy transfer and/or charge transfer process) of
fluorescence quenching behaviour upon chelating with Cu?*, excited state geometry
optimization and subsequent single point transition energy calculations have been performed
employing TDDFT method as implemented in Gaussian suite of programs for compound 4 in
presence of Cu®* and two explicit water molecules. From an analysis of FMOs corresponding
to the lowest energy transition the fluorescence quenching by Cu?* could be rationalised in
terms of the occupancy of FMOs. As shown in Figure 34, the HOMO (B) - LUMO + 1 (B),
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HOMO -1 () » LUMO + 1 (B) and HOMO -2 () = LUMO + 1 (B) electronic excitations
are found to be relevant for the lowest energy fluorescence process showing predominantly
ligand to metal charge transfer (LMCT) and their contributions to the lowest energy

excitation are 24%, 18% and 9% respectively. The transferred charge is mainly localized on

J J ‘J “
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2 JJJ‘ 33

s X & N \J\
H a %, - ‘A:Jé ®a 2
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Figure 34. The relevant frontier molecular orbital (FMO) of 4 + 2Cu*" + 2H,0 complex corresponding to the
excited state charge transfer process. The symbol H and L represent highest occupied molecular orbital and

lowest unoccupied molecular orbital, respectively.

the two Cu?* centers as well as on its nearby regime. Note that the calculated values are
comparatively small and strongly dependent on the method and basis sets used for their
computations. Depending on this, the extent of excited state charge transfer may significantly
alter and causes the fluorescence quenching. These excitations correspond to the charge
transfer from the excited state of ligand 4 to the Cu?* center (LMCT) and thus provide a
pathway for the nonradiative deactivation of the excited state. Thus, fluorescence quenching
behaviour can be accounted primarily due to the excited state ligand (4) to metal (Cu®")

charge transfer (LMCT) processes.
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3.8 Bioimaging

Subsequent experiments proved the ability of julolidine-thiocarbonohydrazone (4) to track
Cu® levels in living cells using fluorescence microscopy. HEK293T cells were grown to
50% confluency in 30 mm dish with DMEM and 10% Fetal Bovine Serum (FBS) at 37°C
and 5% CO,. The cells were washed thrice with Phosphate buffered saline (PBS) and stained
using ligand 4 (10 uM) in the growth media without FBS for 10 min. The adherent cells were
washed thrice with PBS to remove excess of stain. Fluorescence emission was observed in
the optical window at 450-650 nm as shown in Figure 35. The stained cells were
subsequently supplemented with 10 uM Cu(ClO4),.6H,0 in DMEM without FBS at 37°C
and 5% CO, for 10 min and then intracellular fluorescence was almost completely
suppressed. Finally the excess Cu(ClO,),.6H,O was washed off with PBS and then
supplemented with 10 uM EDTA in DMEM without FBS for 10 min at 37°C to recover the
fluorescence. Since the cells stained with ligand 4 showed a clear cut cytoplasmic
localization. These studies clearly suggested that ligand 4 is cell-permeable and can respond

to copper ions within living cells.
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Figure 35. Fluorescence imaging of Cu® in live HEK293T cells. (a) Bright field transmission image and (b)
fluorescence image of HEK293T cells incubated with 10 uM of julolidine-thiocarbonohydrazone 4 for 5 min. (¢
and e) Bright field transmission image and (d and f) fluorescence quenched image of julolidine-
thiocarbonohydrazone 4 treated HEK293T cells incubated with 10 uM of Cu(ClO,4),.6H,0 for 5 and 10 minutes
respectively. (g) Bright field transmission image and (h) restoration of fluorescence of ligand 4 with addition of
10 uM EDTA. (EDTA = Ethylenediaminetetraacetic acid).

160



Chapter 3: Near Infrared colorimetric molecular probes for Cu**

4. Conclusion

Novel Vis—-NIR molecular probes accessed through a highly economical, simple, and
straightforward synthetic route have been developed and reported in this chapter for selective
Cu?* detection. The probe 1 selectively sense Cu** by colorimetry with remarkable redshifts
compared with other transition-metal ions in CH3;CN. Highly conjugated carbonohydrazone
and thiocarbonohydrazone (2-4) can independently detect Cu®* with high selectivity in the
presence of other metal ions with a characteristic NIR signature in aqueous medium. The
colorimetric sensing of Cu?* in the visible region by 2-4 was accompanied by a characteristic
NIR signature in the region >800 nm. Probes 3 and 4 can be used for detection of different
concentrations of Cu®*with the naked eye since these exhibits distinct colors in aqueous
solution and therefore one can easily assess the rough concentration levels of Cu?* in analyte
samples. These probes can be used for the environmental monitoring and biological detection
of copper in wide pH ranges. These probes undergo 1:2 stoichiometric complexation with
Cu?*, confirmed from absorbance study and mass spectrometry analysis.In addition,
fluorescent julolidine—thiocarbonohydrazone 4 selectively senses Cu®** by fluorescence
quenching in the presence of all other metal ions under aqueous conditions. The quenched
fluorescence emission of ligand 4 can be restored by the addition of EDTA. The utility of
ligand 4 as a reversible biosensor has been demonstrated by employing it for live cell
imaging of Cu®" in HEK293T cells. The results obtained from theoretical calculations
corroborate the experimental findings and provide a detailed microscopic understanding of
the observed NIR and fluorescence properties of these probes upon Cu®* chelation. These
molecular probes with optical responses in the visible and NIR regions can be applied for

biological imaging.
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5. Experimental

5.1 General experimental procedure

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless
otherwise mentioned. The solutions of metal ions were prepared from Al(ClO)3-9H,0,
LiClO4-3H,0, NaClO4, Mg(ClO4),,  Ca(ClOy4)2-4H,0,  Sr(NOs),,  Ba(ClOy),,
Mn(CIO4);-6H,0, Fe(ClO4)2-H,0, Co(ClO4),-6H,0, Cd(ClO4),-H,0, Ag(ClO4)2, HG(CIO,)2,
Pb(ClOy)2, Ni(ClO4),:6H20, Cu(ClOy),-6H,0 and Zn(ClO,4),-6H,0 respectively in CH3;CN.
'H and *C NMR were recorded on a Bruker AV-400 spectrometer with chemical shifts
reported as ppm (in DMSO-ds, tetramethylsilane as internal standard). Mass spectra were
obtained on Shimadzu 2020 LC-MS and Bruker Ultraflex Il MALDI/TOF spectrometers.
Elemental analysis was carried out on Thermo Scientific FLASH 2000 Organic Element
Analyzer. UV-Vis spectra were recorded on a Perkin ElImer Lambda 900 spectrophotometer

and fluorescence spectra were recorded on a Perkin Elmer LS 55 spectrophotometer.

5.2 General procedure for the synthesis of Schiff base ligands

A solution of different salicylaldehyde (6.0 mmol) in ethanol (40 mL) was added slowly to a
solution of carbohydrazide or thiocarbohydrazide (3.0 mmol) in water (40 mL). Initially the
solution turned turbid and after complete addition the solution became clear. The reaction
mixture was refluxed with stirring for 24 h. Reaction mixture was cooled to room
temperature and the precipitate was filtered. The precipitate was washed with ethanol and
dried under vacuo to obtain biscarbonohydrazone or bisthiocarbonohydrazone in quantitative

yield.
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1,5-Bis[[(4-N,N-diethylamino)-2-hydroxyphenyl]methylenesalicylaldene]
carbonohydrazide (1): Yield 92% (yellow powder). *H NMR (400 MHz, DMSO-ds) Sppm
( \ 1.08-1.12 (12H, m), 3.31 (8H, m), 6.10 (2H, d, J
FN@CH o H\O@,Nj = 2Hz), 6.21-6.24 (2H, dd, J = 2.4 Hz, 6.4 Hz),
/NsNJLN«N\ 7.30-7.32 (2H, d, J = 8Hz), 8.19 (2H, s), 10.35
HooH (2H, s), 10.58 (2H, br). 3C NMR (100 MHz,
DMSO-ds) 6ppm 12.5, 43.7, 97.5, 103.5, 107.3, 129.9, 144.3, 149.6, 151.9, 158.4. MS (EI):

m/z = 441.45 [M+ H"], calcd. 440.54 for C3H3NgO3. Elemental analysis: Found C, 62.56;
H, 7.34; N, 19.13; Calcd. C, 62.71; H, 7.32; N, 19.08 for C,3H3,N¢O3.

1,5-Bis[[(4-N,N-diethylamino)-2-
hydroxyphenyl]methylenesalicylaldene]thiocarbonohydrazide (2): Yield 92% (yellow
( \ powder). *H NMR (400 MHz, DMSO-dg) dppm
rN\©/\O/H S H\OKJ/NW 1.09-1.13 (12H, m), 3.34-3.37 (8H, m), 6.10
PP NPIN (2H, d, J = 2.4 Hz), 6.23-6.27 (2H, dd, J = 2.4
oA Hz,6.4 Hz), 7.09 (1H, br), 7.69 (1H, br), 8.30-
8.48 (2H, br), 9.57-9.61 (1H, br), 11.49 (2H, br), 11.65 (1H, br). *C NMR (100MHz, DMSO-
de) dppm 12.5, 43.7, 97.5, 103.5, 107.3, 130.0, 144.3, 149.5, 151.9, 158.4. MS (El): m/z =

457.4 [M+H'], cald. For 456.6 C,3H3,NO,S. Elemental analysis: Found C, 60.56; H, 7.08;
N, 18.39; S, 7.01; Calcd. C, 60.50; H, 7.06; N, 18.41; S, 7.02 for Ca3H3NgO5S.

Bis[[8-hydroxyjulolidine]methylene]-carbonic dihydrazide [julolidine-
carbonohydrazone (3)]: Yield 94%. 'H NMR (400 MHz, DMSO-dg) Sppm 1.76-1.82 (8H,
m), 2.51-2.56 (8H, m), 3.06-3.10 (8H, m), 6.61

N oH , HO NS (2H, s), 7.98 (2H, s), 10.33 (2H, s), 10.71 (2H,
/N\NJLN,N\ br). *C NMR (100 MHz, DMSO-ds) Sppm 20.3,

non 20.8, 21.6, 26.5, 48.8, 49.3, 106.4, 106.5, 112.3,

127.7, 144.6, 147.0, 151.7, 153.4. MS (El): m/z = 489.3 [M+H]", calcd. 488.25 for
C,7H32NgO3. Elemental analysis: Found C, 66.34; H, 6.61; N, 17.22; Calcd. C, 66.37; H,

6.60; N, 17.20 for Cy7H3oNgO3.
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Bis[[8-hydroxyjulolidine]methylene]-carbonothioic dihydrazide [julolidine-
thiocarbonohydrazone (4)]: Yield 93%. *H NMR (400 MHz, DMSO-dg) Sppm 1.83-1.87

(8H, m), 2.59-2.64 (8H, m), 3.15-3.19 (8H, m),
N oM MO N 6.73 (2H, s), 8.25 (2H, ), 9.43 (1H, s), 11.47-
n A ony 11.84 (3H, br). °C NMR (100 MHz, DMSO-ds)

H H

Sppm 20.3, 20.7, 21.5, 26.5, 48.8, 49.3, 106.0,
106.4, 112.6, 128.2, 145.2, 149.2, 153.7, 172.2, 191.6. MS (EI): m/z = 505.3 [M+H]", calcd.
504.23 for C,7H32NgO,S. Elemental analysis: Found C, 64.22; H, 6.40; N, 16.67; Calcd. C,
64.26; H, 6.39; N, 16.65 for C»;H3,NsO,S.

Bis[[2-hydroxyphenylmethylene]-carbonic dihydrazide (5)]: Yield 95%. *H NMR (400
on _ wo MHz, DMSO-ds) Sppm 6.86-6.90 (4H, m), 7.22-7.26 (2H,
@:/N\ I M;@ m), 7.68-7.71 (2H, m), 8.43 (2H, s), 10.84 (4H, br). ¥*C
~ H H NMR (100 MHz, DMSO-dg) Jppm 116.1, 119.1, 119.6,
128.1, 130.6, 142.6, 151.9, 156.6. MS (El): m/z = 299.11 [M+H]", calcd. 298.11 for
C15H14N4O3. Elemental analysis: Found C, 60.35; H, 4.74; N, 18.79; Calcd. C, 60.40; H,
4.73; N, 18.78 for C15H14N4O3.

Bis[[2-hydroxyphenylmethylene]-carbonothioic dihydrazide (6): Yield 94%. ‘H NMR
on _ wo (400 MHz, DMSO-ds) 8ppm 6.91-6.93 (4H, m), 7.28-7.43
@:/N\ L M;@ (3H, m), 8.07 (1H, s), 8.52-8.76 (2H, br), 10.02 (1H, s),
~ N A 11.62 (1H, s), 11.89-12.04 (2H, br). ®C NMR (100 MHz,
DMSO-ds) dppm 116.3, 118.1, 119.2, 120.0, 126.9, 130.4, 131.3, 141.1, 149.3, 156.9, 174.4.
MS (EI): m/z = 315.09 [M+H]", calcd. 314.08 for C1sH14N40,S. Elemental analysis: Found
C, 57.29; H, 4.50; N, 17.84; Calcd. C, 57.31; H, 4.49; N, 17.82 for C15H14N4O,S.

Bis[[2-hydroxy-4-methoxyphenylmethylene]-carbonic dihydrazide (7)] : Yield 94%. *H
NMR (400 MHz, DMSO-ds) dppm 3.75 (6H, ),

/O OH o HO O
\©/\/N\ Iy ,NQ/\©/ 6.45-6.50 (4H, m), 7.53-7.55 (2H, d, J= 8.8 Hz),
7 N N
H H

8.32 (2H, s), 10.64 (2H, s), 10.87 (2H, br). *°C
NMR (100 MHz, DMSO-ds) 8ppm 55.1, 100.9, 106.1, 112.7, 129.5, 142.8, 151.9, 158.2,
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161.4. MS (ED): m/z = 359.2 [M+H]", calcd. 358.13 for Cy7H:gN4Os. Elemental analysis:
Found C, 56.96; H, 5.07; N, 15.65; Calcd. C, 56.98; H, 5.06; N, 15.63 for C;7H15N4Os.

Bis[[2-hydroxy-4-methoxyphenylmethylene]-carbonothioic dihydrazide (8)]: Yield 94%.

_o oH o o '"H NMR (400 MHz, DMSO-ds) Sppm 3.77 (6H,

\@/N\ I ,Nﬁ s), 6.47-6.52 (4H, m), 7.31(1H, s), 7.96 (1H, s),

~ Nk 8.41-8.65 (2H, br), 10.08 (1H, s), 11.71-11.86

(3H, br). *C NMR (100 MHz, DMSO-ds) 8pm 55.2, 100.9, 106.3, 111.6, 112.9, 128.5, 131.6,

141.4, 149.2, 158.3, 159.2, 162.0, 173.7. MS (El): m/z = 375.1 [M+H]", calcd. 374.1 for

C17H18N4O4S. Elemental analysis: Found C, 54.51; H, 4.86; N, 14.97; Calcd. C, 54.53; H,
4.85; N, 14.96 for C17H1sN40,4S.

Bis[[2-hydroxy-5-nitrophenylmethylene]-carbonic dihydrazide (9)]: Yield 93%. %. H

oH WO NMR (400 MHz, DMSO-ds) 8ppm 7.07 (1H, 5),

/©;N\ J ,Nv\©\ 7.09 (1H, 5), 8.12-8.15 (2H, dd, J = 6.4 Hz, 2.8
O,N Z N N NO,

H H Hz), 8.50 (2H, s), 8.70 (2H, s), 11.22 (2H, s),

12.02 (2H, s). *C NMR (100 MHz, DMSO-dg) 8ppm 116.7, 120.7, 123.0, 125.9, 139.4, 140.0,

151.9, 161.9. MS (El): m/z = 389.1 [M+H]", calcd. 388.09 for Ci5H:1,NgO7. Elemental

analysis: Found C, 46.38; H, 3.12; N, 21.65; Calcd. C, 46.40; H, 3.11; N, 21.64 for
ClSleNGOGS.

Bis[[2-hydroxy-5-nitrophenylmethylene]-carbonothioic dihydrazide (10)]: Yield 94%.
o _ o 'H NMR (400 MHz, DMSO-ds) Sppm 7.12 (2H,
/@/N\ I ’NQ/\©\ s), 8.17-8.20 (2H, dd, J = 6.4 Hz, 2.8 Hz), 8.53
o2 “ R H N7 0H, s), 8.89-8.94 (2H, m), 11.72 (1H, s),
12.33-12.40 (2H, m), 12.72 (1H, s). *C NMR (100 MHz, DMSO-ds) 8pm 116.7, 117.5,
118.7, 120.8, 122.5, 125.7, 126.7, 139.0, 139.9, 146.8, 162.5, 175.1. MS (El): m/z = 405.1
[M+H]", calcd. 404.05 for C15H1,N¢O6S. Elemental analysis: Found C, 44.57; H, 2.98; N,
20.80; Calcd. C, 44.55; H, 2.99; N, 20.78 for C15H12NgOsS.
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5.3 General method of UV-Vis titration

UV-Vis spectra were recorded on Perkin Elmer Lambda 900 spectrophotometer and
fluorescence spectra were recorded on a Perkin EImer model LS 55 spectrophotometer. 1 cm
cells were used for absorption and emission titration. For UV-Vis and fluorescence titrations
stock solution of ligands were prepared (¢ = 2000 uM) in CH3CN. The solutions of guest
cations were prepared in CHsCN in the order of 10° M. Working solutions of ligands and
metal ions were prepared from the stock solutions. Excitation was carried out at 402 and 430

nm for 3 and 4 respectively with 15 nm excitation and 5 nm emission slit widths.
5.4 Job plot by UV-Vis method

A series of solutions containing 2 and Cu(CIO,), were prepared such that the sum of the total
concentration of metal ion and 2 remained constant (20 M). The mole fraction (X) of Cu**
was varied from 0.1 to 1.0. The corrected absorbance ([A-Ao] / [Ao]) at 940 nm was plotted
against the molar fraction of the Cu®* solution.

A series of solutions containing Schiff bases 3 and 4 and Cu(CIlO,), were prepared
such that the sum of the total concentration of metal ion and ligands 3 and 4 remained
constant (50 uM). The mole fraction (X) of Cu®* was varied from 0.1 to 1.0. The corrected
2+

absorbance ([A-Ao] / [Ag]) at 820 nm were plotted against the molar fraction of the Cu

solution.
5.5 Determination of binding constant

Tsein equation®® is derived to the following equations that can be used in any stoichiometric

ratio between the ligand and analyte.

w1, 1 Jl-a
[M*] Tk LRt

an
Where K is complex equilibrium constant, ML, is metal-ligand, L is ligand, [L], [M"*], and

[MmL,] are the concentrations of respective species. ais the ratio between free ligand
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concentration, [L], and the initial concentration of ligand, [L]. In our case, the stoichiometric

ratio of the Cu®* and chemosensor is 2:1. Thus, the equation can be written as

2472 _ 1 .1—a
[Cu™] T 2KLT a2
5.6 Bioimaging

Fluorescence microscopy:

HEK293T cells stained with 10 uM thiocarbonohydrazone 4 for 10 min were captured using
Axiovert 200M with an excitation at 488 nm under 40X magnification. Fluorescence
emission was observed in the optical window at 450-650 nm. The stained cells were
subsequently supplemented with 10 uM Cu(ClO,),.6H,O in DMEM (Dulbecco's Modified
Eagle Medium) without FBS at 37°C and 5% CO; for 5 to 10 min. Finally the excess
Cu(ClOy)2.6H,0 was washed off and then supplemented with 10 pM EDTA
(Ethylenediaminetetraacetic acid) in DMEM without FBS for 10 min at 37°C.

Cell culture and staining procedures:

HEK293T cells were grown to 50% confluency in 30 mm dish with DMEM and 10% Fetal
Bovine Serum (FBS) at 37°C and 5% CO,. The cells were washed thrice with Phosphate-
Buffered Saline (PBS) and stained using 10 uM julolidine-thiocarbonohydrazone 4 in the
growth media without FBS for 10 min. The adherent cells were washed thrice with PBS to
remove excess of stain and images were captured using Axiovert 200M with excitation at
488 nM under 40x magnification. The stained cells were subsequently supplemented with 10
uM Cu(Cl0O,)2.6H,0 in DMEM without FBS at 37°C and 5% CO; for 10 min and then the
loss in fluorescence was captured. Finally the excess Cu(ClO,),.6H,O was washed off with
PBS and then supplemented with 10 uM EDTA in DMEM without FBS for 10 min at 37°C.

Images were captured for the reappearance of fluorescence.
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5.7 Appendix

% Compound 1, *H and *C NMR
< Compound 2, *H and *C NMR
«% Compound 3, *H and *C NMR
«% Compound 4, *H and *C NMR
< Compound 5, *H and *C NMR
< Compound 6, *H and *C NMR
% Compound 7, *H and *C NMR
«% Compound 8, *H and *C NMR
< Compound 9, *H and °C NMR
< Compound 10, *H and *C NMR
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Chapter 4: Fluorescent molecular probes for cu”?

1. Introduction

The redox chemistry of copper (Cu*/Cu®) makes it crucial to biological processes but also
potentially dangerous if it is not controlled properly in the cell and becomes available for
Fenton-like chemistry to produce reactive oxygen species (ROS).* Copper is one of the trace
nutrients in humans that are essential for various biological processes.” Copper has to be
supplemented through daily diet and extensive regulatory mechanisms exist to maintain a its
balance in human body.® The adult human contains 1.4-2.1 mg of copper per kilogram of
body weight under normal conditions.* Copper-dependent enzymes are essential catalysts to
provide energy for biochemical reactions, transform melanin for pigmentation of the skin and
assist the formation of cross-links in collagen and elastin, thereby maintain and repair
connective tissues.>® Generally most human diets contain enough copper (2-5 mg/day) to
prevent a deficiency, but not sufficient to cause toxicity.” Copper deficiency is important
factor for developing coronary heart disease."®° Typically under the oxidizing extracellular
environment, copper exists as Cu®* but in the reducing conditions inside the cell, free copper
mostly exists in the Cu* oxidation state.”® Copper can be highly toxic when present in
excessive amounts in human body. Copper toxicity is one of the major reasons for oxidative
stress and disorders associated with neurodegenerative diseases including Alzheimer’s,
Parkinson’s, Menkes, Wilson’s, and prion diseases."** Free solvated copper ions catalyzes
the formation of ROS, including radical and nonradical species, which can also trigger
oxidative damage to proteins, nucleic acids and lipids.*® Therefore it is crucial to develop
novel methods for the detection of this redox-active cation in biological and environmental
samples. In general the development of cation responsive fluorescent probes is an active
research area in recent times due to wide range of applications in analytical, environmental,
materials and biological sciences. Fluorescence based detection methods are more appealing
due to high sensitivity and real-time monitoring of exchangeable metal ions in living
cells.***? Confocal imaging offers an attractive platform for monitoring metal ion

homeostasis in health and disease states with high spatial resolution.'**
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2. Rationale for designing fluorescent molecular probes for copper

Cu*, which is the major oxidation state within the reducing environment of the cytosol, can
readily disproportionate to Cu®* and Cu® in water and is an effective fluorescent quencher by
electron or energy transfer. Cu** also has quenching capabilities, particularly in aqueous
media, because of its redox activity and unfilled d-shell. It makes very tricky to use a
traditional chromophore—receptor binding scheme for selective detection of copper by
emission turn on response.*? A number of Cu?* selective chemosensors have been reported
based on photoinduced electron transfer (PET), internal charge transfer (ICT),
excimer/exciplex formation, chelation-enhanced fluorescence (CHEF), and more recently
fluorescence resonance energy transfer (FRET) mechanisms*®?’ but probes for monitoring
intracellular free copper i.e. Cu* are rare.”®® Soft character makes Cu* unique among the
biological metal ions, such that it has potential to be selected based on ligand donor groups.
In addition, Cu* in d'° state, giving it flexibility in geometric arrangements. Cu* can adopt
tetrahedral, trigonal, or even linear geometries that are disfavoured by other metal ions. In
designing probes for Cu®, fluorescence quenching problem has been partially addressed by
incorporating proper spacer between cation binding site and the fluorophore. These probes
show cation-dependent fluorescence response based on PET mechanism. However most of
the Cu” selective PET probes display incomplete recovery of fluorescence quantum vyield
compared to corresponding isolated fluorophores. Thus it is necessary to develop ideal
fluorescent probe for the detection of copper in bioavailable form under physiologically
reducing condition.

A modular probe was devised to visualize biological copper by means of turn on
fluorescence response. It is constructed by conjugation of a dye molecule and a trigger
moiety through functional group X (Figure 1). The masking of functional group reduces
conjugated m-electron system of the dye and thus turns off fluorescence of the probe. Copper
mediated removal of the trigger from the probe restores conjugation of functional group with

n-electrons of the dye and thereby turns on fluorescent signal of the probe.
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Figure 1. Mechanism of action of a modular turn on fluorescence probe.

The design strategy of the molecular probe for Cu™ detection relies on reaction-based
approach®*! in which a selective Cu*-mediated bond-cleaving reaction transforms a weakly
fluorescent probe into a highly fluorescent dye, where the final product will be free of any
paramagnetic metal ion. The coordination environment (trigger) was designed in such way
that only Cu™ binding would promote specific redox and/or small-molecule reactivity that
other competitor metal ions would not be able to achieve. O,-mediated Co?* reactivity was
observed for biomimetic N-dealkylation of a polypyridine-based ligand as shown by
McKenzie et al.,** Taki et al.** showed turn on detection of Cu* ions by oxidative ether
cleavage and Koide et al.***> demonstrated similar organometallic strategies for Pd, Pt, and
Hg detection. The tetradentate ligands N; linked chromophore was developed as
nonfluorescent caged probe for reaction-based turn on sensing of Cu* by Taki et al.*® The
metal ion mediated cleaving of benzylic ether bond in the nonfluorescent probe generates a
fluorescent dye under physiologically reducing conditions.

In this chapter, the reaction based approach have been explored to expand Cu®
selective molecular probe library for its turn on as well as ratiometric detection in the UV-
Vis-near infrared (NIR) region. A two-photon excitable Cu® probe XanCu has been
developed by combining a fluorescent reporter with pendant tetradentate ligand (N4) via
cleavable benzyl ether linkage. N4 ligand is combined with excited state intramolecular
proton transfer (ESIPT) based chromophore 2-(2’-hydroxyphenyl)benzothiazole (HBT) via
cleavable benzylic ether bond (C-O) to generate a probe HBTCu for ratiometric detection of
Cu*.* Cu* assisted benzyl ether bond cleavage releases ESIPT active HBT chromophore
which undergoes enol to keto tautomeric transformation and thus large Stokes shift in the

fluorescence emission was achieved.*’ Resorufin has maximal emission at 585 nm and can be

189



Chapter 4: Fluorescent molecular probes for cu”?

used to analyze intracellular processes without damaging the cell. The resorufin chromophore
has an absorption maximum around 573 nm, was also known for colorimetric detection of
fluoride, DNA hybridization, and hydrolase.**>* The alkylation of the 7-hydroxy group of
resorufin effectively weakens its intramolecular charge transfer which quenches its emission
by blocking push-pull mechanism in the chromophore. In accordance with above rationale a
nonfluorescent probes ResCu was designed by combining resorufin dye and tetradentate
ligand N4 through 7-hydroxyl functionality. Cu” mediated cleaving of benzylic ether bond in
nonfluorescent probe ResCu will release chromogenic resorufin dye which automatically
shows ratiometric visible absorption (colorimetric) and ‘switch-on’ fluorometric responses
for Cu® under physiologically reducing conditions. Similarly tetradentate N4 ligand masked
phenolic moiety is incorporated into cyanine type dye. The Cu® mediated oxidative cleavage
of TPACYy probe generates the Cyanine phenolate which rearranges itself by neutralizing the
positive charge on a nitrogen atom to form stable Cy-quinone. This Cy-quinone resumes the
extended m-electron conjugation pattern of the cyanine dyes to exhibit turn on NIR
fluorescence. Finally, two chemosensors have been developed with coumarin as donor and
rhodamine as acceptor for ratiometric fluorescent imaging of Cu?* based on metal ion
induced FRET off-on mechanism. Two chemosensors coumarin-rhodamine hydrazone
(CRO) and coumarin-rhodamine thiohydrazone (CRS) ratiometrically detects Cu®** in
judiciously chosen aqueous buffer medium. Free ligands (CRO and CRS) emit green
fluorescence and in presence of Cu®*, emission color changed to red as spirolactam ring of

rhodamine opens up upon complexation with the metal ion.
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3.1 A highly selective reaction-based two-photon probe (XanCu) for Cu” in

aqueous media

The short ultraviolet excitation wavelength used in commonly employed one-photon
fluorescence spectroscopy would adversely stimulate interfering absorbance, scattering and
background autofluorescence generated from endogenous biomolecules. However two-
photon fluorescence spectroscopy and microscopy techniques are particularly useful to
overcome these drawbacks.®****> Typically one-photon fluorescence spectroscopy uses
single photon to excite a fluorophore into its excited state whereas two-photon fluorescence
spectroscopy (TPS) uses two photons of much lower energy to generate a fluorophore
excited state.”®*® Recently, TPS has gained much attention because it offers a number of
advantages such as less photodamage of samples, low background absorption and scattering,
improved spatial resolution and sensitivity, and the ability to image thicker specimens.*®®
Thus designing fluorescent probes with optional two-photon excitation capability is an added
advantage. The design strategy comprised selective cation-mediated bond-cleaving reaction
transforming a non-fluorescent probe into a highly fluorescent dye and detached
paramagnetic metal ion bound ionophore unit. This design approach is also intent to
incorporate more than one metal binding unit to enhance the sensitivity of the reaction-based

probe towards the metal ion of interest.
3.1.1 Synthesis

A reaction-based two-photon excitable Cu* probe XanCu combining a fluorescent reporter
with pendant tetradentate ligands via cleavable benzyl ether linkage has been synthesized.
Blue fluorescent dye xanthone as a reporter and tripicolylamine (N4-Cl) ligand as metal
binding units were selected for reaction-based nonfluorescent molecular probe.
Tripicolylamine (N4s-Cl) ligand was synthesized from bis-(2-picolyl)amine and 2,6-bis-
(chloromethyl)pyridine under basic condition. N4-ClI ligand is known to be selective for Cu”
mediated benzylic ether bond cleavage reaction to generate free fluorescent reporter dye from
nonfluorescent probe under aerobic conditions. The XanCu probe was synthesized by O-

alkylation of two hydroxyl functionalities on 3,6-dihydroxyxanthone (Xan) with two

191



Chapter 4: Fluorescent molecular probes for cu”?

equivalents of tripicolylamine chloride (N4-CI) under basic condition in excellent yield
(Scheme 1).
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Scheme 1. Synthesis of XanCu
3.1.2 Photophysical property of molecular probe XanCu and Cu® detection

The fluorescence properties of XanCu was studied in aqueous buffer solution (50 mM
HEPES, pH 7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular
environments. The fluorometric behavior of 1.0 uM XanCu was investigated with the
addition of several metal ions such as Li*, Na*, K*, Ba**, Mg?*, Ca**, AI**, Mn**, Fe**, Co*,
Ni?*, Cu*, Cu®*, Zn*", Cd**, Ag", Hg®* and Pb?* after 2 h of mixing (Figure 2). Upon 350 nm
excitation XanCu was found to be nonfluorescent (quantum yield ® = 0.0088). The

examined millimolar concentrations of alkali and alkaline earth metals had no effect on the
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Figure 2. Fluorescence responses of XanCu (1.0 pM) upon addition 1 mM of Li*, Na*, K*, Ba*", Mg?®*, Ca**,
AP and 20.0 pM of Mn?*, Fe?*, Co®*, Ni**, Cu*, Cu®*, Zn**, Cd*, Ag*, Hg*" and Pb*" after 2 h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (e = 350 hm).

fluorescence behavior of XanCu. When tested with copper ions, it showed remarkable ~ 30-
fold enhancement in the blue fluorescence emission positioned around 445 nm (quantum
yield @ = 0.265). This significant ‘switch on’ fluorescence phenomenon is identical for both
Cu* and Cu?* ions as GSH (2 mM) rapidly reduces Cu®* to Cu*. The ‘switch on’ emission
around 445 nm indicates that Cu” react with XanCu and cleaves the benzyl ether (C—O)
linkages in presence of O, releasing blue emitting phenolic xanthone dye (Xan). Cu®* did not
show ‘switch on’ fluorescence response in the absence of GSH (Figure 3), while Cu"
exhibited minimal response as it undergo spontaneous oxidation to Cu®* in the absence of
GSH. Other transition metal ions except Co®* caused no significant change in the baseline
fluorescence intensity (Figure 3). While Co?* showed very minimal response in the emission
intensity both in presence and absence of GSH. Time dependent study showed that the
benzyl ether bonds cleavage reaction in XanCu and subsequent detection of Cu® is more
rapid compared to previous reports (Figure 4).33*® After addition of Cu® blue emission
reaches maximum within 30 min. Concentration dependent study showed that submicromolar

Cu” could be efficiently detected as this amount is sufficient enough to quantitatively release

193



Chapter 4: Fluorescent molecular probes for cu”?

1000 -

900 - ]

800 -

700 -

600 - B

500 -

400 - B

300 - |

Relative Fluorescence Intensity

200 -

[l

100 - ’
S 48 3F F JF 8
0 g

XanCu Nat K* Li* Ca® Ba?* Mg? Sr* AI¥* Mn? Fe?* Co?* Ni* Cu* Cu** Zn?* Cd?* Ag* Hg* Pb**

Figure 3. Fluorescent responses of XanCu (1.0 uM) in 50 mM HEPES buffer (pH 7.2). The bars represent the
fluorescence intensity at 445 nm after 2 h of reaction of 1.0 uM XanCu with different metal ion (20.0 pM) in
the absence (dark gray bars) or presence (light gray bars) of 2 mM GSH (4 = 350 nm).
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Figure 4. Time dependent fluorescence responses of XanCu (1.0 pM) upon addition of 20.0 uM of Cu” in
aqueous solution (50 mM HEPES, pH 7.2, 2 MM GSH) (Ze = 350 nm).
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phenolic xanthone dye (Xan) from XanCu (1.0 uM) through benzyl ether bonds cleavage

reaction (Figure 5). It should be noted that each molecule of XanCu probe contains two
100
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Figure 5. Fluorescence responses of XanCu (1.0 pM) upon addition of 0.0, 0.1, 0.5, 1.0, 5.0, 10.0 and 20.0 pM
of Cu" after 30 min in agueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A¢ = 350 nm).

tripicolylamino units and therefore can react with two Cu” ions.
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3.1.3 pH dependent study

The effect of pH on the Cu® mediated benzyl ether (C—O) bond cleavage was studied to
understand utility of the probe under various pH range (Figure 6). XanCu reacted efficiently
with Cu” in the biologically relevant pH range of 6.5-8.5 to release blue emitting xanthone
fluorophore (Xan). Thus XanCu can be conveniently used as ‘switch on’ probe for the

detection of Cu® without interference from pH-related effects in physiological media.
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Figure 6. Effect of pH on the fluorometric property of XanCu. Red trace: XanCu (1.0 uM) with 20.0 uM of
Cu" after 30 min in agueous solution (50 mM HEPES). Black trace: XanCu (1.0 uM) in agueous solution (50
mM HEPES).

3.1.4 Product analysis and proposed mechanism

The ESI-MS data confirmed benzyl ether bonds cleavage reaction in XanCu to release Xan
reporter and copper complex of oxidised N4 ligand (N4-Cu) (Figure 7). Mass peaks found at
m/z 397.2 and m/z 229.2 respectively correspond to carboxylated N4-Cu complex (calcd.
396.06 for Ci9H;7CuN4O) and xanthone (Xan) fluorophore (calcd. 228.04 for Ci3HgO,)
released from XanCu. The Cu" catalyzed oxidative benzyl ether bonds cleavage reaction in
XanCu to release free Xan reporter dye and metal ion bound carboxylated N4-ligands (Ns-
Cu) is shown in Scheme 2. This cleavage is happening probably through a mechanism
proposed based on the metal ion mediated C—N/C-0 bond cleavage reactions reported in the
literature.***®” The benzylic carbons of the N, ligands oxidized to benzylic radicals (1) in
presence of Cu® and activated oxygen. The bi-radical intermediate (1) transformed to bis-
oxonium ion (I1) which hydrolyzed to phenolic xanthone dye (Xan) and two equivalents of

tripicolylamino-aldehyde. The tripicolylamino-aldehyde intermediate subsequently oxidized
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to tripicolylamino-carboxylate by the hydroperoxide of the metal complex through a Baeyer—

Villiger type reaction to form two equivalents of N4-Cu complex (Figure 8).
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Figure 7. ESI mass spectra (positive ion mode) for the reaction of 10.0 uM XanCu with 20.0 uM Cu" in water
in presence of 100.0 pM GSH. Mass peaks observed at 397.2 [M + H]" is corresponds to N,-Cu complex
C1gH17CuN,O,. Mass peaks observed at 229.2 ([M + H]") is corresponds to 3, 6-dihydroxyxanthone. Mass
peaks observed at 308.2 [M + H]" is corresponds to glutathione. Peaks at 613.3 [M + H]", 635.2 [M + Na]",
651.1 [M + K]", 674.0 [M + Na + K]" and 695.9 [M + 2Na + K]* were attributed to the oxidized form of GSH

(GS-SG).
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N,-Cu Xan
‘Switch on’ Blue Fluorescence

Scheme 2. Cu'/O, mediated benzylic ether bond (C—O) cleavage in XanCu to release blue fluorescent

hydroxy-xanthone (Xan) dye and two equivalents of [N,-Cu] complex.
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Figure 8. Proposed mechanism for Cu*/O, mediated benzylic ether (C—O) bonds cleavage to release blue

fluorescent hydroxy-xanthone (Xan) dye.
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3.1.5 Two photon experiment for Cu™ detection

After establishing the utility of XanCu as ‘switch on’ fluorescent probe by one-photon
spectroscopy, the use of XanCu for probing Cu® by two-photon spectroscopy was explored.
The two-photon action spectrum of XanCu in presence of Cu* showed the maximum two-
photon action cross section value of 2.23 GM at 700 nm in 20 mM HEPES buffer (pH 7.2)
containing 2 mM GSH (Figure 9). At two photon excitation the probe showed sufficient
fluorescence enhancement in presence of Cu™ and can be potentially used as a two-photon
excitable sensor for Cu®. Two-photon excited fluorescence is expected to show a quadratic
dependence on the excitation power. To confirm this, fluorescence was recorded for XanCu
in presence of Cu™ at 690 nm varying the power from 40-200 mW at the back-aperture.
Figure 10 shows the log-log plot of fluorescence obtained as a function of excitation power.
The data can be fitted well by a straight line with a slope of 1.93 £ 0.04 (from first 5 points),
which is close to the value of 2 expected for two-photon excitation. The deviation from

linearity at higher power shows saturation and the saturation power is estimated to be ~125

mw.
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Figure 9. Two-photon action cross-sections obtained from a solution of 20 puM XanCu in the presence of 400
UM Cu® using fluorescein at pH 13 as a calibrant. The values corresponds to mean + sem from three
independent measurements.
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Figure 10. Fluorescence signal as a function of laser excitation power.

3.1.6 Conclusion

A reactive fluorescent probe XanCu was successfully developed for selective detection of
Cu" under physiologically reducing conditions. Cu” catalyzed oxidative benzylic ether (C—O)
bonds cleavage releases hydroxy-xanthone (Xan) reporter dye from the probe with ~ 30-fold
enhancement in the fluorescence intensity. Thus XanCu can effectively serve as ‘switch on’
fluorometric probe for the detection of redox-active paramagnetic copper ions. Furthermore
the utility of XanCu as two-photon fluorescent probe was also demonstrated for the
detection of Cu®. Thus XanCu probe can be used to track intracellular copper ions and could

inspire the development of reaction-based probes for other paramagnetic metal ions.
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3.2 Reactive probe (HBTCu) for ratiometric detection of Cu® based on

excited-state intramolecular proton transfer mechanism

3.2.1 Synthesis

The design strategy is based on the 2-(2’-hydroxyphenyl) benzothiazole (HBT) molecular
platform as this ESIPT chromophore shows large Stokes shift and corresponding efficient
ratiometric fluorescence response. A reactive ESIPT mechanism based Cu* probe HBTCu
combining HBT with pendant tetradentate ligand via cleavable benzyl ether linkage has been
designed. Tripicolylamine (N4-Cl) ligand was synthesized from bis-(2-picolyl)amine and 2,6-

bis-(chloromethyl)pyridine under basic condition. N4-Cl ligand is known to be selective for
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Scheme 3. Synthesis of HBTCu
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Cu’ mediated benzylic ether bond cleavage reaction to generate free dye under aerobic
conditions. The HBTCu probe was synthesized by the O-alkylation of 2-(2’-hydroxyphenyl)
benzothiazole (HBT) with N4-Cl under basic condition in excellent yield (Scheme 3).

3.2.2 Photophysical property of HBTCu and ratiometric detection of Cu”

The fluorescence properties of HBTCu was studied in aqueous buffer solution (50 mM
HEPES, pH 7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular
environment (Figure 11). Upon 350 nm excitation probe HBTCu emits blue fluorescence
(Emax = 380 nm) correspond to HBT ‘enol-form” emission. The fluorometric behavior of 20.0
UM probe was investigated in presence of several metal ions such as Li*, Na*, K*, Ba*,
Mg®, Ca®*, AI¥*, Mn?*, Fe**, Co?*, Ni**, Cu*, Cu®*, Zn?*, Cd**, Ag®, Hg®" and Pb®" after 2 h
of mixing. The examined millimolar alkali and alkaline earth metals showed no or negligible
change in fluorescence of HBTCu. Quenching of blue fluorescence (Emax = 390 nm)

accompanied by a new intense green emission band at Eax = 515 nm was observed when
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Figure 11. Fluorescence responses of HBTCu (20 pM) and upon addingl mM of Li*, Na*, K*, Ba*", Mg*",
Ca2+, AP’ and 20 uM of Mn2+, Fe**, Co**, Ni*', Cu’, Cu2+, Zn2+, Cd2+, Ag+, Hg2+ and Pb*" after 2 h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (4., = 350 nm).
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Figure 12. Fluorescence responses of HBTCu (20.0 uM) upon addition of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, 1.0 uM of Cu" after 2 h in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH)(Ae, = 350 nm).

HBTCu treated with copper ions (Figure 11). This significant transformation in fluorescence
behavior of HBTCu is indistinguishable for both oxidative states of copper; as GSH in the
medium rapidly reduces Cu®* to Cu®. Other control metal ions did not show blue
fluorescence quenching or new emission band in the green region. The ESIPT based
ratiometric emission study helped to improve the detection limit of Cu® down to
submicromolar concentration (Figure 12). Time dependent study showed that the blue
emission band around 390 nm decreases with the increase in intensity of green emission band
around 515 nm upon addition of just 1.0 pM Cu" after a period of 1 h (Figure 13). A clear
isoemissive point is found at 460 nm. As expected, Cu® catalyzed oxidative cleavage of
benzylic ether (C—O) bond in HBTCu release ESIPT active HBT fluorophore in presence of
O,. The phenolic HBT rapidly transformed to keto-form upon excitation, responsible for
green fluorescence emission (ESIPT) at longer wavelength (515 nm, stokes shift = 125 nm).
The reducing environment created by GSH is very much crucial as confirmed by control
experiments in the absence of GSH, which did not lead to benzylic ether bond cleavage
(Figure 14).
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Figure 13. Time dependent fluorescence responses of HBTCu (20 uM) after addition of 1 uM of Cu® in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A = 350 nm).
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Figure 14. Time dependent ratiometric study of 20.0 pM HBTCu incubated with 1.0 uM of Cu" in aqueous
solution (50 mM HEPES, pH 7.2) with (black trace) and without (red trace) 2 mM GSH.
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3.2.3 Competitive study for ratiometric detection of Cu*

Competitive experiment suggests the molecular probe HBTCu can clearly detects Cu*
ratiometrically in presence of all other metal ions respectively (Figure 15).

HBTCu Cu* Li* Na®* K° Ba* Mg¥ Ca* AI®* Mn* Fe* Co* Ni** Cu** Zn* Cd* Ag® Hg¥ Pb*

Figure 15. Competitive experiment for the detection of Cu® using 20.0 uM HBTCu. 100.0 uM Cu" is mixed
with 100.0 uM of corresponding metal ions. Left two bars are control response of the corresponding probe and
only metal ion.

3.2.4 pH dependent effects for ratiometric detection of Cu”

The effect of pH on Cu* mediated oxidative cleavage of benzylic ether bond was studied to
understand efficiency of the process (Figure 16). HBTCu reacted efficiently with Cu® in the
biologically relevant pH range of 6.5-8.5 to release ESIPT active HBT fluorophore. Hence,
this probe is very convenient for ratiometric detection of Cu® without interference from the

pH-dependent effects.
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Figure 16. Effect of pH on the ratiometric emission of HBTCu. HBTCu (20.0 uM) with 1.0 uM of Cu" after 2
h in aqueous solution (50 mM HEPES). Black trace: with 2 mM GSH and red trace: without GSH in the buffer.

3.2.5 Proposed reaction mechanism

Mass peak at m/z 396.26 correspond to carboxylated N4-Cu complex (calcd. 396.06 for
C1sH17CUN4O,), in agreement with the literature data (Figure 17).°™ The ESI-MS data
confirmed the and Cu® mediated oxidative benzylic ether (C-O) bond cleavage reaction in
HBTCu and formation of Cu complexes with carboxylated pentadentate ligand N4 (Scheme
4). A tentative mechanism was proposed for the metal ion (Cu™) catalyzed oxidative cleavage
of benzylic ether (C-O) bond between the HBT and N, ligand based on the C—N bond

cleavage reported by C. J. McKenzie et al.*?

The benzylic carbon of the ligand (N4) oxidized
to carboxylate via benzylic radical formation in presence of activated oxygen (Figure 18).
Subsequent transformation involves the formation of oxonium ion which hydrolyzed to
aldehyde liberating ESIPT active HBT. The aldehyde further oxidized to carboxylate by the
hydroperoxide of the metal complex through a Bayer—Villiger type reaction to form final Ng-

Cu complexes. The coordination sites played a major role by rendering differential metal ion
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selectivity to the probe, as C-O bond cleavage proceeds through the formation of Cu

complex with pentadentate moieties of Nj.
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Figure 17. ESI mass spectra (positive ion mode) for the reaction of 20.0 uM HBTCu with 10.0 uM Cu" in
water in presence of 100.0 uM GSH. Mass peaks observed at 396.26 ([M + H]") is corresponds to N4-Cu
complex C;9H1;CuN,O,. Mass peaks observed at 330.29 ([M + Na]") is corresponds to GSH.
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Scheme 4. Cu* mediated releases of ESIPT fluorophore HBT from HBTCu.
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Figure 18. Proposed mechanism of Cu" mediated oxidative cleavage of benzylic ether (C—O) bond in ESIPT

active fluorophore HBTCu.

3.2.6 Conclusion

In conclusion, a novel ESIPT-based molecular probe HBTCu for ratiometric fluorescence
detection of Cu™ was developed under physiologically reducing conditions. The metal ion
catalyzed oxidative benzylic ether bond cleavage was effectively used as switch on ESIPT in
HBT for fluorometric detection of paramagnetic metal ions overcoming their inherently
associated fluorescence quenching property. HBTCu reacted efficiently with Cu® in the
biologically relevant pH range of 6.5-8.5 to release ESIPT active HBT fluorophore. This
ratiometric probe can be efficiently used for monitoring Cu® in physiological and

environmental samples.
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3.3 Resorufin-based reactive probe (ResCu) for Cu® with dual output

(colorimetric and fluorometric) modes

3.3.1 Synthesis

The alkylation of the 7-hydroxy group of resorufin effectively weakens its intramolecular
charge transfer which quenches its emission by blocking push-pull mechanism in the
chromophore. The tetradentate ligand N, is found to be selective for binding Cu® for its
reaction-based detection under physiologically reducing conditions. In accordance with
above rationale nonfluorescent probes ResCu for Cu* was designed by combining resorufin
dye and tetradentate ligands N, through 7-hydroxyl functionality. Cu® mediated cleaving of
benzylic ether bond in nonfluorescent probes ResCu will release chromogenic resorufin dye
which automatically shows ratiometric visible absorption (colorimetric) and ‘switch on’

fluorometric responses for Cu* under physiologically reducing conditions. ResCu was
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Scheme 5. Synthesis of ResCu
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synthesized by the alkylation of 7- hydroxyl group of resorufin with tetradentate N4-CI under
basic conditions in excellent yield (Scheme 5). The synthesized molecular probe was

characterized by NMR and mass spectrometry (MS).

3.3.2 Photophysical property of ResCu and selective colorimetric and fluorometric

detection of Cu”
Colorimetric Study of ResCu:

The photophysical properties of ResCu was studied in aqueous buffer (50 mM HEPES, pH
7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular environment.
ResCu showed absorption band centered around 470 nm (Figure 19). The absorption spectra
of the probe did not exhibit any significant changes upon addition of millimolar
concentration of alkali and alkaline earth metal ions and 20.0 uM of other metal ions such as
Mn%, Fe?*, zn**, Cd**, Ag", Hg**, and Pb*" after 2 h of mixing. The absorbance band of
ResCu at 470 nm is red-shifted to 573 nm (AA = 103 nm) and the color of the solution

035 F A
ResCu and other metal ions Cu+, Cu

0.30

0.25

0.20

0.15

Absorbance

0.10

0.05

L ' L 1 ' n
400 450 500 550 600 650

Wavelength (nm)

Figure 19. Absorption spectra of ResCu (10.0 uM) upon addition of different metal ions after 2 h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH).
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changed from pale yellow to dark pink upon addition of 20.0 pM of Cu" after 2 h of mixing
(Figure 19). This significant ratiometric behavior in absorbance band of ResCu is
indistinguishable for both oxidation states of copper, as GSH in the medium rapidly reduces
Cu?* to Cu*. Time dependent study of the reaction between Cu® with ResCu showed
decrease in the absorbance at 470 nm (e = 1.75 x 10* M™' Cm™) with the appearance of a
strong new peak at 573 nm which reached maximum within 30 min (¢ = 3.17 X 10 M
Cm™") of mixing the sample (Figure 20). Clear isosbestic point at 510 nm was observed,
which strongly supports the formation of new product i.e., resorufin dye after Cu™ mediated
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Figure 20. Time dependent absorption spectra of ResCu (10.0 pM) after addition of 20.0 uM of Cu® in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (Isobestic point = 510 nm).

oxidative benzylic ether (C—O) bond cleavage in ResCu in physiological reducing condition
(Figure 20). ResCu showed slight colorimetric change with Co®* (Figure 19).
Submicromolar concentration of Cu® can be easily detected as confirmed from the
ratiometric absorption study of ResCu upon sequential addition of increasing concentrations
of Cu® (Figure 21). Moreover, this kind of ratiometric behavior of the probe ResCu is
advantageous over normal probes as it minimizes the error arising from physical or chemical

fluctuations in the sample and experimental conditions.
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Figure 21. Absorption spectra (top) and ratiometric responses (bottom) of ResCu (10.0 uM) upon addition of
0.0,0.2,0.5,0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0 uM of Cu" after 2 h in aqueous solution (50 mM HEPES, pH 7.2, 2
mM GSH).
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Fluorometric Study of ResCo:

As expected 1.0 uM solution of ResCu probe exhibits very weak fluorescence upon 540 nm
excitation (Figure 22). After mixing for 2h, millimolar concentrations of alkali and alkaline
earth metal ions did not show significant changes in the fluorescence behavior of the probe.
Next fluorometric behavior of the probe was tested upon addition 20.0 UM of several metal
ions such as Mn%", Fe?*, Co?*, Cu?*, Cu*, Zn*, Cd*, Ag*, Hg**, and Pb?* after 2 h of mixing.

As anticipated, addition of 20.0 uM of copper ions to the aqueous solution containing 1.0 uM
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Figure 22. Fluorescence responses of ResCu (1.0 uM) upon addition of different metal ions after 2 h in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A¢x = 540 nm).

ResCu resulted in a ca. 17-fold fluorescence (Emax = 586 nm) enhancement within 2 h
(Figure 22). This significant ‘switch on’ fluorescence enhancement of ResCu is also
indistinguishable for both oxidation states of copper, as GSH in the medium rapidly reduces
Cu® to Cu*. Other control metal ions tested did not show such switch on fluorescence while
only Co®* showed very minimal response in the emission intensity. The switch on
fluorescence indicates the Cu® catalyzed oxidative cleavage of benzylic ether (C—O) linkage

in ResCu in presence of O, releasing highly fluorescent resorufin dye.
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Time dependent study showed that Cu® mediated benzyl ether bond cleavage reaction in
ResCu complete within 30 min as indicated by the fluorescence spectra (Figure 23).
Concentration dependent study showed submicromolar concentration of Cu™ is good enough
to react with ResCu to release fluorescent resorufin dye which lead to subsequent detection
of the metal ions (Figure 24). The reducing environment generated by GSH is very essential
as confirmed by control experiments in the absence of GSH, which did not lead to benzylic
ether (C—O) bond cleavage (Figure 25).

Relative Fluorescence Intensity

560 580 600 620 640 660 680 700
Wavelength (nm)

Figure 23. Time dependent fluorescence responses of ResCu (1.0 uM) after addition of 20.0 uM of Cu" in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A = 540 nm).
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Figure 24. Fluorescence responses of ResCu (1.0 uM) upon addition of 0.0, 0.1, 0.25, 0.5, 0.75, 1.0, 2.5, 5.0,
10.0 uM of Cu" after 2 h in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A, = 540 nm).
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Figure 25. Time dependent fluorescence study of 1.0 uM ResCu incubated with 10 pM of Cu” in aqueous
solution (50 mM HEPES, pH 7.2) with (black trace) and without (red trace) 2 mM GSH.
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3.3.3 pH dependent study

The effect of pH on the Cu’ mediated oxidative cleavage of the benzylic ether bond in
ResCu was studied to understand the efficiency of this ‘switch on’ fluorometric method.
ResCu reacted efficiently with Cu® in the biologically relevant pH range of 6.5-8.5 to
release phenolic resorufin fluorophore (Figure 26). Hence, ResCu is very convenient for the
‘switch on’ fluorometric detection of Cu™ without the interference from the pH-dependent

effects.
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Figure 26. Effect of pH on the ‘switch on’ emission of ResCu. Red trace: ResCu (1.0 uM) with 10.0 uM of
Cu" after 2 h in aqueous solution. Black trace: ResCu (1.0 pM) without Cu*after 2 h in aqueous solution.

3.3.4 Competitive study for detection of Cu®

Selectivity of ResCu as the ‘switch on’ fluorescent probe for Cu* was studied in the presence
of various competing metal ions. For this purpose, 1.0 UM solutions of ResCu were treated
with 20.0 uM of Cu™ in the presence of 20.0 uM of other metal ions. Data in Figure 27 show
that there is no or very minimal interference for the detection of Cu® in the presence of other
metal ions. This indicates the selectivity of Cu® mediated oxidative benzylic ether bond

cleavage in ResCu to release fluorescent resorufin dye. Thus, ResCu can be used as selective
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ResCu Cu® Na® K' Ba® Mg™* Ca™ AI* Mn® Fel" Co™ Ni*" Cu™ Cu** Zn™ Cd* Ag® Hg™™ Pb**

Figure 27. Competitive experiment for the detection of Cu” using 1.0 uM of ResCu. 20.0 uM Cu" is mixed
with 20.0 uM of corresponding metal ions. Left two bars are control response of the corresponding probe and

only metal ion indicated.

reaction-based switch on fluorescent probes for Cu® in the presence of most competing metal

ions.
3.3.5 Product analysis

ESI-MS analysis further confirmed Cu® catalyzed oxidative benzylic ether (C—O) bond
cleavage in ResCu to release fluorescence reporter dye resorufin and metal ion bound
carboxylated tetradentate ligand [N4-Cu]. The mass peaks at m/z 396 and 418 correspond to
the carboxylated N;-Cu complex (calcd 396.06 for CigHi7CuN4O, and 419.05 for
C19H17CuN4O, + Na*) (Figure28). This mass spectroscopic data are in agreement with data
reported in the literature.***%®” Thus ESI-MS data validated the Cu* mediated oxidative
benzylic ether (C—O) bond cleavage reaction in ResCu and the formation of Cu complexes
with carboxylated pentadentate ligands of N, (Scheme 6). The metal ion (Cu®) catalyzed
oxidative cleavage of the benzylic ether (C—O) bond between the resorufin and Ny ligand is
presumed to follow the mechanism proposed for C-N/C-O bond cleavage reaction reported in

the literature.*24%67
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Figure 28. ESI mass spectra (positive ion mode) for the reaction of 10.0 pM ResCu with 100.0 uM Cu” in
water in presence of 100.0 pM GSH. Mass peaks observed at 396 ([M + H]") and 418 ([M + Na — H]") are
correspond to N,-Cu complex CygHi7CuN,O,. Mass peak observed at 578 ([M + Cu]*) correspond to copper
bound ResCu (calculated 578.12 for Cs;H,sCuNsO3). Mass peaks observed at 307 ([M]Y), 328 ([M + Na —
2HT"), 350 ([M + 2Na — 3H]") is corresponds to GSH.
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Scheme 6. Cu*/O, mediated benzylic ether bond (C—O) cleavage in ResCu to release resurufin dye and [N4-

Cu] complex.

3.3.6 Conclusion

In conclusion, the design and synthesis of new type reaction-based molecular probe ResCu
has been presented here with dual optical output for the detection of Cu™ ion in physiological
reducing media. The metal ion catalyzed oxidative benzylic ether bond cleavage was
successfully established for detection of paramagnetic metal ion overcoming the inherently
associated fluorescence quenching property. This molecular probe extended the scope of
reaction-based molecular platform for the detection of paramagnetic metal ions by employing
newer fluorescence reporter dye with emission in the longer wavelength region. Furthermore
this probe offers ratiometric visible absorption (colorimetric) based second mode of optical
response for the detection of Cu®. Thus ResCu probe can be efficiently used for monitoring
exchangeable Cu® pools in analytical samples and in living cells as this probe containing

fluorescence reporter resorufin dye which is not phototoxic to living cells.
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3.4 Switch on near infrared fluorescent reactive probe (TPACY) for Cu®

3.4.1 Synthesis

Design strategy for the development of a turn on NIR fluorescence probe relied on a
reaction-based approach in which Cu® mediated bond-cleaving reaction converted a weak or
non-fluorescence probe into a robust NIR fluorescent dye.®® The Cu* assisted removal of
pendant tripicolylamine (N4) group from phenolic moiety of a fluorophore has been found to
have excellent selectivity towards Cu® detection with off-on fluorescence signaling.*
Masking phenolic group through alkylation functionality would significantly disturb the
internal charge transfer (ICT) process, maximizing the fluorescence switching on-off
process.®® Heptamethine cyanine (Cy), a NIR fluorescent dye with high extinction coefficient
and quantum vyield, has been extensively used in NIR bioimaging.””’?> An interesting
approach has been devised by incorporating Ng-alkylated phenolic moiety onto the
conjugated cyanine backbone. The N4-phenolic moiety incorporated heptamethine cyanine
(TPACy) was designed, however with a completely altered m-conjugation pattern and
positive charges localized on both the nitrogen atoms (Scheme 7). The Cu® mediated
oxidative cleavage reaction on the TPACy probe will generate the Cy-phenolate which
rearranges itself by neutralizing the positive charge on a nitrogen atom to form stable Cy-
quinone. This Cy-quinone resumes the extended m-electron conjugation pattern of the
cyanine dyes to exhibit turn on NIR fluorescence. To synthesize TPACYy, first the hydroxyl
group of 4-hydroxy-1,3-benzenedicarboxaldehyde was alkylated using pendant N4-Cl ligand
under basic condition (Scheme 7). Good yield of TPACy was obtained by condensing the
Ng-alkylated dialdehyde (N4O-bda) intermediate with 2 equiv of indolium-3-butylsulfonate.
All the compounds were characterized by NMR, mass spectrometry, and elemental analysis.
The indolium-3-butyl-sulfonate chains in TPACy are chosen to impart water solubility and

to prevent aggregation of the cyanine backbone in solution.
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Scheme 7. Synthesis of TPACy
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3.4.2 Photophysical properties of TPACy and NIR fluorometric detection of Cu*

The fluorescence properties of TPACy was studied in aqueous buffer solution (50 mM
HEPES, pH 7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular
environments. The fluorometric behavior of 20.0 uM TPACy was investigated with the
addition of several metal ions such as Li*, Na*, K*, Ba**, Mg?*, Ca**, AI**, Mn**, Fe**, Co*,
Ni?*, Cu*, Cu®, zn*, Cd**, Ag", Hg*" and Pb?" after 2 h of mixing (Figure 29). As
anticipated, upon 600 nm excitation TPACy was found to be weakly fluorescent. The
examined millimolar concentrations of alkali and alkaline earth metals had no effect on the
fluorescence behavior of TPACy. When tested with copper ions, it showed remarkable ~ 8-
fold enhancement in the blue fluorescence emission positioned around 700 nm. This
significant ‘switch on’ fluorescence phenomenon is identical for both Cu* and Cu®* ions as
GSH rapidly reduces Cu?* to Cu*. The ‘switch on’ emission around 700 nm indicates that
Cu” react with TPACy and cleaves the benzyl ether (C—O) linkages in presence of O
releasing the Cy-phenolate anion. The negative charge of Cy-phenolate rearranges itself by
neutralizing the positive charge on one of the nitrogen atoms to form stable Cy-quinone

1000

24+

Cu” ,Cu

800 -

600

CO2+

ol / TPACy and
other metal ions

200 |-/

Relative Fluorescence Intensity

650 700 750 800 850
Wavelength (nm)

Figure 29. Fluorescence responses of TPACy (20.0 uM) upon addition 1 mM of Li*, Na*, K*, Ba*", Mg,
Ca®*, AI*" and 20.0 pM of Mn%, Fe**, Co*, Ni?*, Cu*, Cu**, Zn?*, Cd**, Ag*, Hg** and Pb?* after 2 h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (e = 600 nm).
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Scheme 8. Cu/O, mediated benzylic ether bond (C—O) cleavage in TPACYy to release NIR emitting Cy-

quinone dye.

(Scheme 8). In the process, Cy-quinone resumes a heptamethine cyanine-like (Cy7)
extended m-electron conjugation pattern which is responsible for the observed characteristic
turn on NIR fluorescence. Cu?* did not show ‘switch on’ fluorescence response in the
absence of GSH (Figure 30), while Cu® exhibited minimal response as it undergo
spontaneous oxidation to Cu?* in the absence of GSH. Other transition metal ions except
Co?" caused no significant change in the baseline fluorescence intensity (Figure 30). While
Co*" showed very minimal response in the emission intensity in presence of GSH.
Concentration dependent study showed that submicromolar Cu™ could be efficiently detected
as this amount is sufficient enough to react with TPACYy, releasing NIR emitting Cy-

quinone dye (Figure 31).
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Figure 30. Fluorescent responses of TPACy (1.0 uM) in 50 mM HEPES buffer (pH 7.2). The bars represent
the fluorescence intensity at 700 nm after 2 h of reaction of 20.0 uM TPACYy with different metal ion (20.0 uM)
in the absence (dark gray bars) or presence (light gray bars) of 2 mM GSH (/¢ = 600 nm).
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Figure 31. Fluorescence responses of TPACy (20.0 uM) upon addition of different concentration of Cu” after 2
h in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A¢ = 600 nm).
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3.4.3 pH dependent study

The effect of pH on the Cu™ mediated benzyl ether (C—O) bond cleavage was studied to
understand utility of the probe TPACy under various pH range (Figure 32). TPACYy reacted
efficiently with Cu® in the biologically relevant pH range of 6.5-8.5 to release NIR emitting
Cy-quinone fluorophore. Thus TPACy can be conveniently used as ‘switch on’ probe for

the detection of Cu” without interference from pH-related effects in physiological media.
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Figure 32. Effect of pH on the fluorometric property on TPACy. Red trace: TPACy (20.0 uM) with 5.0 uM of
Cu"after 2 h in aqueous solution (50 mM HEPES). Black trace: TPACy (20.0 uM) in aqueous solution (50 mM
HEPES).
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3.4.4 Conclusion

In conclusion, Cu™ selective water soluble turn on NIR fluorescence probe TPACYy has been
successfully developed. This molecular probe readily reacts with Cu” to release the NIR
fluorescence emitting cyanine dye over a wide pH range. Submicromolar concentration of
Cu’ can be efficiently detected as this amount is sufficient enough to react with TPACYy,
releasing NIR emitting Cy-quinone dye. In general, TPACy can be used as a non-invasive
tool for the determination of Cu® pool in biological fluids and in vivo NIR fluorescence

imaging applications.
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3.5 FRET-based rational strategy for ratiometric detection of Cu®* and live

cell imaging
3.5.1 Synthesis

7-Diethylamino-2-oxo-2H-chromene-3-carboxylic acid ethyl ester (A) was synthesized
refluxing a mixture of 4-diethylamino salicylaldehyde, diethylmalonate, and piperidine in

toluene. The ester A undergoes acid catalyzed decarboxylation to form 7-diethylamino-
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Scheme 9. Synthesis of coumarin-rhodamine hydrazone (CRO) and coumarin-rhodamine thiohydrazone

(CRS).
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chromene-2-one (B) which was further subjected to Vilsmeier—Haack reaction to obtain 7-
diethylamino-2-oxo0-2H-chromene-3-carboxyldehyde (C) in excellent yield. Rhodamine B
hydrazide was synthesized by refluxing rhodamine B and hydrazine hydrate in ethanol.
Rhodamine thiohydrazide was synthesized using Lawesson’s reagent from Rhodamine B
hydrazide. Molecular probes coumarin-rhodamine hydrazone (CRO) and coumarin-
rhodamine thiohydrazone (CRS) were prepared by condensing rhodamine hydrazide and
rhodamine thiohydrazide with 7-diethylamino-coumarin-3-aldehyde (C) respectively in
ethanol (Scheme 9). These two Schiff bases were characterized by NMR and mass

spectroscopy, and elemental analysis.

3.5.2 Spectral properties of CRO

The photophysical properties of CRO were investigated with absorption and fluorescence
studies upon addition of several metal ions such as Li*, Na*, Ba**, Sr**, Mg®*, AI**, Ca”",
Mn%, Fe**, Co®*, Ni**, Zn?*, Ag*, Cd**, Hg?*, Pb*, and Cu* in an aqueous buffer medium
(50 mM HEPES/CH3CN, 6:4, viv; pH 7.2). Rhodamine hydrazide moiety in spirolactam
form of CRO absorbs in the UV region (Figure 33). Free CRO absorbs around 460 nm

0.4

03

0.2

Absorbance

0.0 1 1 1 1 1 1 1
225 250 275 300 325 350 375 400

Wavelength (nm)

Figure 33. UV-Vis absorption spectra of rhodamine hydrazide (10.0 pM) in aqueous medium (50 mM
HEPES:CH;CN, 6:4, v/v; pH=7.2).
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Figure 34. UV-Vis absorption spectra of 7-diethylamino-coumarin-3-aldehyde (10.0 uM) (in black) and
coumarin rhodamine hydrazone (CRO) (10.0 uM) (in red) in aqueous medium (50 mM HEPES:CHsCN, 6:4,
viv; pH=7.2).

which is actually the absorbance of coumarin chromophore as confirmed by the absorption
study of 7-diethylamino-coumarin-3-aldehyde in aqueous media (Figure 34). The absorbance
at 460 nm remained unchanged on addition of various metal ions except Cu®* as shown in
Figure 35. Upon addition of Cu®*, the absorbance at 460 nm was decreased and slowly red
shifted to 475 nm with generation of a new peak at 556 nm, which indicated the generation of
rhodamine chromophore in visible region. Yellow colored probe (CRO) solution turned to
bright red upon metal ion complexation (CRO-Cu®"). In the Figure 36, an isosbestic point
was observed at 481 nm when spectra were recorded with varying concentrations of Cu?*.
CRO can detect minimum 20 pM of Cu®" ratiometrically with color change in aqueous
buffer medium (50 mM HEPES/CH3CN, 6:4, viv; pH 7.2). Free CRO emits in the green
region and its fluorescence emission band positioned at 524 nm which is characteristic for N,
N-diethyl coumarin moiety upon excitation at 480 nm (Figure 37). Except Cu®*, addition of
various other metal ions has no effect on the emission of CRO whereas few metal ions
showed slight quenching of the fluorescence. Upon sequential addition of Cu®*, the coumarin
emission signal intensity at 524 nm was decreased, and strong red colored emission signal

corresponding to ring-opened rhodamine appeared at 582 nm (Figure 38). A clear isosbestic
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Figure 35. UV-Vis absorption spectra of CRO (10.0 uM) and on addition of salts (50.0 equiv) of Li*, Na",
Ba?*, Sr¥*, Mg*", AI**, Ca®*, Mn?", Fe?*, Co®, Ni**, Zn**, Ag®, Cd**, Hg?*, Pb*" and Cu®* in aqueous media (50
mM HEPES:CH3CN, 6:4, viv; pH=7.2).
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Figure 36. UV-Vis absorption spectra of CRO (10.0 uM) on addition of different concentrations of Cu?* (0, 10,

20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180 and 200 puM) in aqueous media (50 mM HEPES:CH;CN,
6:4, viv; pH=7.2). Inset: Ratiometric absorbance [Asss/Aus.] as a function of [Cu®"].
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Figure 37. Fluorescence spectra of CRO (10.0 uM) and on addition of salts (50.0 equiv) of Li*, Na*, Ba*", Sr*,
Mg®*, AI¥*, Ca®*, Mn?*, Fe®*, Co®*, Ni**, Zn**, Ag®, Cd**, Hg®*, Pb?" and Cu** in aqueous media (50 mM
HEPES:CH3CN, 6:4, v/v; pH=7.2).
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Figure 38. Fluorescence spectra of CRO (10.0 uM) on addition of different concentrations of Cu?* (0, 10, 20,

30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180 and 200 puM) in aqueous media (50 mM HEPES:CH3CN,

6:4, viv; pH=7.2). Inset: Ratiometric intensity [lss/Is,4] as a function of [Cu?*].
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point was observed at 562 nm when spectra were recorded with varying concentrations of
Cu?*. CRO can detect at least down to 20 pM of Cu®* by means of ratiometric fluorescence
emission in aqueous buffer medium (50 mM HEPES/CH3CN, 6:4, v/v; pH 7.2). The overlap
integral between emission of N, N-diethyl coumarin moiety and absorption of ring-opened
zwitterionic rhodamine unit as shown in Figure 39 further support the possibility of FRET
mechanism in aqueous buffer medium (50 mM HEPES/CH3CN, 6:4, v/v; pH 7.2).

Normalised

475 500 525 550 575 600

Wavelength (nm)

Figure 39. The spectral overlap between emission of N, N-diethyl coumarin carboxaldehyde (red) and
absorbance of ring opened rhodamine unit (black) in CRO system.

3.5.3 Spectral properties of CRS

The photophysical properties of CRS were investigated by undertaking the absorption and
fluorescence studies upon addition of various metal ions in an aqueous buffer medium (50
mM HEPES/CH3CN, 6:4, v/v; pH 7.2). Rhodamine-thiolactam hydrazide also absorbs in the
UV region (Figure 40). Free CRS absorbs around 475 nm and spectrum is well overlapped
with absorbance spectra of 7-diethylamino-coumarin-3-aldehyde in aqueous media (Figure
41). Addition of Li*, Na*, Ba®*", Sr**, Mg®*, AI**, Ca®*, Mn*", Fe?*, Ni**, Zn?*, Cd** and Pb?**

to CRS solution has no effect. Upon addition of Co®*, Cu®*, Ag" and Hg?*, absorption spectra
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are red shifted to different extents with the generation of new peak around 560 nm indicating
ring opening of rhodamine-thiolactam in presence of these metal ions (Figure 42). The

fluorometric behavior of CRS was investigated upon addition of metal ions in an aqueous

0.3

0.2

Absorbance

0.1

0.0 1 1 1 1 1
225 250 275 300 325

Wavelength (nm)

Figure 40. UV-Vis absorption spectra of rhodamine thiohydrazide (10.0 uM) in aqueous medium (50 mM
HEPES:CH;CN, 6:4, v/v; pH=7.2).
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Figure 41. UV-Vis absorption spectra of 7-diethylamino-coumarin-3-aldehyde (10.0 pM) (in black) and
coumarin rhodamine thiohydrazone (10.0 uM) (in red) in agueous medium (50 mM HEPES:CH;CN, 6:4, v/v;
pH=7.2).
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Figure 42. UV-Vis absorption spectra of coumarin-rhodamine thiohydrazone (CRS) (10.0 uM) and on addition
of salts (50.0 equiv) of Li*, Na*, Ba®*, Sr**, Mg, AI**, Ca**, Mn**, Fe®*, Co*, Ni**, Zn**, Ag*, Cd*', Hg*', Pb**
and Cu?" in aqueous medium (50 mM HEPES:CH;CN, 6:4, v/v; pH=7.2).
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Figure 43. Fluorescence spectra of CRS (10.0 pM) and on addition of salts (50.0 equiv) of Li*, Na*, Ba®*, Sr**,
Mg®, AI**, Ca**, Mn*, Fe?*, Co®, Ni**, Zn**, Ag*, Cd**, Hg*, Pb* and Cu®* in aqueous media (50 mM
HEPES:CH;CN, 6:4, v/v; pH=7.2).
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buffer medium (50 mm HEPES/CH3CN, 6:4, v/v; pH 7.2) as shown in Figure 43. CRS emits
weak fluorescence positioned around 540 nm upon excitation at 480 nm. This emission was
relatively unaffected by most of metal ions tested. However fluorescence emission was
quenched by few transition and heavy transition metal ions. In case of Hg®*, weak
fluorescence of CRS was quenched with an appearance of another weak fluorescence band at
590 nm. Interestingly, addition of Cu®" to the solution of CRS, coumarin weak emission
signal at 540 nm was quenched, with the appearance of strong orange colored emission at
590 nm. The ratiometric titration of Cu®* with CRS is shown in Figure 44. Employing
ratiometric fluorescence emission property of CRS minimum 20 pM of Cu?* can be detected
in aqueous buffer medium (50 mm HEPES/CH3CN, 6:4, v/v; pH 7.2). The overlap integral
between emission of N,N-diethyl coumarin moiety and absorption of ring-opened
zwitterionic thiorhodamine unit further strengthened the existence of FRET mechanism in
aqueous buffer medium (50 mM HEPES/CH3CN, 6:4, viv; pH 7.2) (Figure 45).
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Figure 44. Fluorescence spectra of CRS (10.0 uM) on addition of different concentrations of Cu®* (0, 10, 15,
20, 25, 30, 40, 50, 60, 70, 75, 80, 90, 100, 120, 140, 160, 180 and 200 pM) in aqueous media (50 mM
HEPES:CH4CN, 6:4, v/v; pH=7.2). Inset: Ratiometric intensity [lses/ls4] as a function of [Cu?"].
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Figure 45. The spectral overlap between emission of N, N-diethyl coumarin carboxaldehyde (red) and

absorbance of ring opened thiorhodamine unit (black) in CRS system.

3.5.4 Competitive binding experiment

Selectivity of CRO and CRS towards Cu?* were studied in the presence of various
competing metal ions. For these purpose ligands CRO and CRS were treated with a mixture
of 10.0 equiv of Cu®* and 10.0 equiv of all other metal ions. Data shown in Figure 46
confirms that using CRO as chemosensor there is no interference for the detection of Cu®*
colorimetrically as well as fluorometrically in the presence of all other metal ions tested.
Thus CRO can be used as a selective probe for Cu?* in the presence of most competing metal
ions. Since Co?*, Cu®*, Ag* and Hg*" ions show red coloration, CRS cannot be used as
colorimetric chemosensor for any particular metal ion. However Cu®* can be successfully
detected in presence of other competing metal ions using CRS probe employing ratiometric

fluorescence property (Figure 47).
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CRO Na' Li* B2 Mg* Ca* AP* Sr** Mn®** Fe?* C Ni** Cu®** Zn** Cd** Ag' Hg** Pb**

CRO Na* Li* "a?* AP* Sr2* Mn?* Fe?* Co®* Ni?* Cu?* Zn®* Cd** Ag' Hg** Pb*

Figure 46. Competitive study of coumarin rhodamine hydrazone (CRO) with all metal ions for selective
detection of Cu®* in aqueous medium (50 mM HEPES:CH4CN, 6:4, v/v; pH=7.2). a) Selective color change
observed only for Cu?*. b) Selective colorimetric detection of Cu?* in presence of other metal ions. c) Selective
fluorescence color change observed only for Cu®". d) Selective fluorometric detection of Cu?* in presence of
other metal ions. For competitive study, CRO (10.0 pM) was treated with 10.0 equiv of Cu?* in presence of
10.0 equiv of other metal ions.
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CRS Na® Li® Ba Mg Ca? APF* SrZ Mn¥ Fe* Co?* Ni¥* Cu¥® Zn» Cd* Ag® Hg¥ Pb¥

T -

Figure 47. Competitive study of coumarin rhodamine thiohydrazone (CRS) with all metal ions for selective
detection of Cu?*" in aqueous medium (50 mM HEPES:CH4CN, 6:4, v/v; pH=7.2). a) Selective fluorescence
color change observed only for Cu?*. b) Selective fluorometric detection of Cu® in presence of other metal ions.
For competitive study, CRS (10.0 uM) was treated with 10.0 equiv of Cu®* in presence of 10.0 equiv of other
metal ions.

3.5.5 Stoichiometry of binding, response parameter and binding constant determination

The stoichiometry of binding of Cu®* to probes CRO and CRS were studied by various
analytical techniques. Job’s plots from UV-Vis absorbance data show 1:1 stoichiometric
complexation between CRO/CRS with Cu®* (Figure 48 and 49). This data was further
supported by mass spectrometry analysis. MALDI/TOF-MS showed the formation of a
complex between CRO and one copper ion: [CaHssCuNsO4]**: m/z: 746.14; calcd for
[C42HasCuNsO4]%": 746.27. MALDI/TOF-MS also showed the formation of a complex
between CRS and one copper ion: [CaHssCuNsOsS]*': miz: 762.17; caled for
[C42HasCUNsO5S]?": 762.25. (Figure 50 and 51).The response parameter (o) which is defined
as the ratio of free ligand concentration to the initial concentration of ligand is plotted as a
function of Cu®* concentration (Figure 52 and 53). This plot can serve as the calibration
curve for the detection of Cu®*. The association constant (log K,) of ligands CRO and CRS

with Cu?* was calculated to be 8.81 and 8.75 M respectively.
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Figure 48. Absorbance at 556 nm of coumarin rhodamine hydrazone (CRO) and Cu®* with a total concentration
of 40 uM in aqueous medium (50 mM HEPES:CH1CN, 6:4, v/v; pH=7.2).
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Figure 49. Absorbance at 560 nm of coumarin rhodamine hydrazone (CRS) and Cu®* with a total concentration
of 40 uM in aqueous medium (50 mM HEPES:CH1CN, 6:4, v/v; pH=7.2).
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Figure 51. MALDI-TOF mass spectrum of coumarin rhodamine thiohydrazone [CRS-Cu?"] complex.
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Figure 52. Response parameter values (o) of coumarin rhodamine hydrazone (CRO) as a function of the

logarithm of [Cu®*]. a is defined as the ratio between the free ligand concentration and the initial concentration

of ligand.
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Figure 53. Response parameter values (o) of coumarin rhodamine thiohydrazone (CRS) as a function of the

logarithm of [Cu®*]. a is defined as the ratio between the free ligand concentration and the initial concentration

of ligand.
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3.5.6 pH dependence study

The influence of pH on the absorbance and fluorescence property of probe CRO upon
complexation with Cu?* was studied in aqueous media (50 mM HEPES/CH3CN, 6:4, v/ v).
Cu?* can be clearly detected colorimetrically using CRO over a broad pH range of 3-9
(Figure 54). CRO also can be used to detect Cu®* fluorometrically over a pH range of 5.5-10
(Figure 55). CRS detects Cu®* fluorometrically in the most common physiological pH range
of 6-9 (Figure 56). Therefore both probes CRO and CRS can be used for the environmental

monitoring and biological detection of copper in most of commonly encountered pH ranges.
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Figure 54. Dependence of the absorbance at 556 nm of coumarin rhodamine hydrazone (CRO) on pH. Black
trace: ligand (10 pM) and red trace: ligand with 10.0 equiv of Cu?" in aqueous medium (50 mM
HEPES:CH;CN, 6:4, v/v).
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Figure 55. Dependence of the fluorescence intensity at 582 nm of coumarin rhodamine hydrazone (CRO) on
pH. Black trace: ligand (10 pM) and red trace: ligand with 10.0 equiv of Cu®" in agueous medium (50 mM
HEPES:CH3CN, 6:4, V/v).
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Figure 56. Dependence of the fluorescence intensity at 598 nm of coumarin rhodamine thiohydrazone (CRS)
on pH. Black trace: ligand (10 pM) and red trace: ligand with 10.0 equiv of Cu?* in aqueous medium (50 mM
HEPES:CH;CN, 6:4, v/v).
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3.5.7 Bioimaging

Subsequent experiments proved the ability of CRO and CRS to track Cu?* levels in living
cells by using fluorescence microscopy (Figure 57 and 58). HEK293T cells were seeded in
35 mm culture dishes and grown to 40% confluence in Dulbecco’s modified eagle medium
(DMEM) media containing 10% Fetal bovine serum at 37°C in presence of 5% CO, and then
supplemented with 10 uM of CRO/CRS for 24 h. At the end of 24 h, cells were washed with
phosphate buffered saline to remove the residual compound in the media and the cells show
intense fluorescence in the green channel and no fluorescence in red channel. Then cells were
supplemented with DMEM containing 10% fetal bovine serum (FBS) and 20 uM Cu®* and
allowed to grow for 2 h. After treatment with Cu?*, CRO/CRS loaded cells exhibit partial
fluorescence in the green channel where as strong fluorescence in the red channel. These
results indicate that CRO and CRS both are cell membrane permeable and could be
employed for ratiometric fluorescence imaging of Cu?* level in the living cells.

Figure 57. Top and bottom panel represents the HEK293T cells pre-incubated with 10 pM of compound CRO
for 24 h and then subsequently treated with 20 pM Cu?* for 2 h respectively. Panel | shows the bright field
images, Panel 11 and 11 are the images captured in the region of red (560 nm) and green (480 nm) fluorescence

respectively.
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Figure 58. Top and bottom panel represents the HEK293T cells pre-incubated with 10 uM of compound CRS
for 24 h and then subsequently treated with 20 pM Cu?* for 2 h respectively. Panel | shows the bright field
images, Panel 11 and 11 are the images captured in the region of red (560 nm) and green (480 nm) fluorescence

respectively.

3.5.8 Conclusion

In conclusion, two probes containing coumarin as donor and rhodamine as acceptor were
synthesized for ratiometric fluorescent imaging of Cu®* in the living cells on the basis of Cu®*
induced FRET off-on mechanism. The FRET efficiency for both CRO and CRS is higher
due to larger spectral overlap between acceptor and donor. These two chemosensors detect
Cu?* ratiometrically with two well-resolved emission peaks. The utility of CRO and CRS as
ratiometric biosensor have been further demonstrated by employing them for living cell
imaging of Cu®" in HEK293T cells. FRET mechanism on the basis of coumarin-rhodamine
platform has a great potential for the development of a wide variety of ratiometric fluorescent

chemosensors due to its excellent photophysical properties.
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4. Experimental

4.1 General experimental procedure

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless
otherwise mentioned. The solutions of metal ions were prepared from Al(ClO)s3-9H,0,
LiClO4-3H,0, NaClO4, Mg(ClO4),,  Ca(ClOy4)2-4H,0,  Sr(NOs),,  Ba(ClOy),,
Mn(CIQOy),-6H,0, Fe(ClO4),-H,0, Co(ClO,),-6H,0, Cd(ClO,),-H,0, Ag(ClOy4),, Hg(CIO,),,
Pb(CIO4)2, Ni(ClO4),-6H,0, Cu(ClOy),-6H,0, [Cu(CH3CN)4]PFs and Zn(ClOy),-6H,0
respectively in CH3zCN. *H and **C NMR were recorded on a Bruker AV-400 spectrometer
with chemical shifts reported as ppm (in CDCl3;, DMSO-dg, tetramethylsilane as internal
standard). Mass spectra were measured on Shimadzu 2020 LC-MS and BrukerUlItraflex Il
MALDI/TOF spectrometers. Elemental analysis was carried out on ThermoScientific
FLASH 2000 Organic Element Analyzer. UV-Vis spectra were recorded on a Perkin Elmer
Model Lambda 900 spectrophotometer. HRMS were recorded on Agilent 6538 UHD
Accurate-Mass Q-TOF LC/MS analyzer. Fluorescence spectra were recorded on a Perkin

Elmer LS 55 spectrophotometer.
4.2 Detailed synthetic procedure

Tripicolylamine-chloride (N4-Cl): Bis-(2-picolyl)amine (4 g, 20.0 mmol) and 2,6-bis-

~Z | (chloromethyl)pyridine (3.4 g, 19.3 mmol) were dissolved in 50mL

X of THF and placed in a round-bottom flask. N,N-
N | N

N NG diisopropylethylamine (20 mL, 114.8 mmol) was then added to the

ZanN Cl THF solution and the reaction mixture was stirred at room

G temperature for 7 days. The pale yellow solution changed over time

to an increasingly dark orange. A white powdery precipitate started to appear within the next
few days. It was filtered and washed thoroughly with THF. The filtrate, combined with the
THF solution used to wash the precipitate, was concentrated under reduced pressure to give a
reddish brown oily mixture. This was purified by column chromatography over alumina

using ethyl acetate/hexane (3:7) as eluent to afford the white solid (2.6 g, 40% yield). *H
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NMR (400 MHz, CDCls) 8yom 3.89 (4H, s), 3.90 (2H, s), 4.64 (2H, s), 7.12-7.15 (2H, m),
7.31 (1H, d, J = 7.6 Hz), 7.52-7.58 (3H, m), 7.62-7.69 (3H, m), 8.52-8.53 (2H, m). MS (EI):
m/z = 339.9 [M+H]" for C19H19CIN,. Elemental analysis: Found C, 67.33; H, 5.66; N, 16.56;
Calcd. C, 67.35; H, 5.65; N, 16.54 for C19H19CIN,.

XanCu: A mixture of 3, 6-dihydroxyxanthone (50 mg, 0.22 mmol) and tripicolylamine-

chloride (N4-CI) (149

'\? “ 9\‘ mg, 0.44 mmol) was
O O dissolved in

acetonitrile (15 mL).

\ \

/ / K,CO; (600 mg, 4.4
mmol) was added and the resulting mixture was refluxed at 90°C for overnight. After cooling
to room temperature, solvent was evaporated in vacuo. The residue in 50 mL of water was
extracted with 3x20 mL of CH,Cl,. This organic layer was washed with brine, dried over
Na,SO,, solvent was evaporated in vacuo and the residue was purified on basic alumina
column (solvent. CH,Cl,/MeOH: 95/5) to obtain the product as light brown oil (164 mg,
yield 90 %). 'H NMR (400 MHz, CDCly) 3ppm 3.92 (8H, s), 3.93 (4H, s), 5.27 (4H, s), 6.92
(1H, s), 6.93 (1H, s), 7.00 (2H, dd, J = 6.52 Hz, 2.36 Hz), 7.12-7.16 (4H, m), 7.35 (2H, d, J =
7.64 Hz), 7.53-7.58 (6H, m), 7.62-7.72 (6H, m), 8.20 (2H, d, J = 8.88 Hz), 8.53 (4H, m). *C
NMR (100 MHz, CDCl3) éppm 60.1, 71.0, 77.2, 101.4, 113.4, 116.0, 119.6, 122.1, 122.2,
123.0, 128.2, 136.5, 137.4, 149.0, 155.2, 157.8, 159.1, 159.2, 163.4, 175.4. Elemental
analysis: Found: C, 73.49; H, 5.32; N, 13.46, Calcd: C, 73.54; H, 5.32; N, 13.45 for
C22H26N6O2.

HBTCu: A mixture of 2-hydroxybenzothiazole (80 mg, 0.35mmol) and tripicolylamine-
chloride (N4-Cl) (143 mg, 0.42mmol) was dissolved in DMF (10 mL). K,COj3 (490 mg, 3.5
mmol) was added and the resulting mixture was heated at 90°C for overnight. After cooling
to room temperature, the solvent was evaporated in vacuo. The residue in water (50 mL) was
extracted with of CH,Cl, (3%x20 mL).This organic layer was washed with brine, dried over
Na,SQO,4, evaporated in vacuo and the residue was purified on neutral alumina column

(solvent. ethyl acetate) to obtain the product as light yellow oil (168 mg, yield 90%). *H
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S NMR (400 MHz, CDCl3) 8ppm 3.92 (4H, s), 3.93 (2H, s), 5.46 (2H,

@[ ,\f>_© s), 7.08-7.16 (4H, m), 7.33-7.39 (2H, m), 7.46-7.49 (2H, m), 7.50-

Q 7.70 (6H, m), 7.86 (1H, d, J = 7.6 Hz), 8.08 (1H, d, J = 8 Hz), 8.50

_ (1H, dd, J = 6.4 Hz, 1.6 Hz), 8.53 (2H, d, J = 4.4 Hz). *C NMR

W (100MHz, CDCl3) 8ppm 59.0, 59.2, 70.6, 76.1, 112.0, 119.0, 120.2,

120.5, 121.0, 121.1, 121.6, 121.8, 121.9, 123.6, 124.9, 128.8,

d N\_® 130.7, 135.0, 135.4, 136.3, 148.1, 151.2, 154.7, 154.9, 158.1,

WA 158.3, 162.0. HRMS: observed m/z = 530.2014 [M + H]" and
calculated m/z = 530.2015 for C3,H2gNsOS.

ResCu: A mixture of resorufin sodium salt (100 mg, 0.42 mmol) and N4-ClI ligand (158 mg,
N 0.47 mmol) was dissolved in DMF (10 mL). K,CO; (88
OX;[O@\O B mg, 0.63 mmol) was added.and the resulti.ng mixture
N2 was heated at 90°C for overnight. After cooling to room

temperature, the solvent was evaporated in vacuo. The

_N N residue in 50 mL of water was extracted with 3x20 mL

| _J of CH,Cl,. This organic layer was washed with brine,

dried over Na,SO,, evaporated in vacuo and the residue was purified on neutral alumina
column (solvent = CH,Cl,/MeOH: 90/10) to obtain the product as red colored powder (197
mg, yield 90 %). 'H NMR (400 MHz, CDCls) 8ppm 3.90 (4H, s), 3.93 (2H, s), 5.27 (2H, s),
6.27 (1H, d, J =2 Hz), 6.81 (1H, dd, J = 7.6 Hz, 2 Hz), 6.90 (1H, d, J = 2.4 Hz ), 7.01 (1H,
dd, J=6.4 Hz, 2.4 Hz), 7.13-7.16 (2H, m), 7.33 (1H, d, J = 7.6 Hz), 7.39 (1H, d, J = 10 Hz),
7.55-7.57 (3H, m), 7.62-7.72 (4H, m), 8.53 (2H, d, J = 4 Hz). **C NMR (100 MHz, CDCls)
dppm 58.9, 59.1, 70.5, 100.3, 105.7, 113.0, 118.7, 121.0, 121.4, 121.9, 127.5, 130.6, 133.2,

133.6, 135.3, 136.3, 144.5, 144.8, 148.1, 148.7, 153.8, 158.2, 158.4, 161.3, 185.2. HRMS:
observed m/z = 516.2022 [M + H]" and calculated m/z = 516.2036 for C3;H26N505.

N4O-bda: A mixture of 4-hydroxy-1,3-benzenedicarboxaldehyde (221 mg, 1.48 mmol), Ng-
Cl ligand (500 mg, 1.48 mmol) was dissolved in CH3CN (80 mL). K,COs3 (2 g, 14.76 mmol)
was added and the resulting mixture was refluxed at 90°C for overnight. After cooling to

room temperature, the mixture was filtered. The residue was washed thoroughly with
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CH3CN. Then total filtrate was evaporated in vacuo to obtain residue. This residue was
Z dissolved in 50 mL of CH,Cl, was extracted with 3x20 mL of
N

N

brine solution. Finally the organic layer was washed with 2x20

7 N
. N mL water, dried over Na,SO,, evaporated in vacuo and the residue
NZ was purified on neutral alumina column (solvent =
X | CH,Cl,/MeOH: 90/10) to obtain the product (600 mg, yield 90
o %). "H NMR (400 MHz, CDCl3) 8ppm 3.97 (6H, s), 5.39 (2H, 9),
o&o 7.16-7.19 (2H, t, J = 6.4 Hz), 7.24 (1H, d, J = 8.8 Hz), 7.36 (1H,

d, J = 7.6 Hz), 7.56-7.59 (3H, m), 7.65-7.75 (3H, m), 8.05-8.08 (1H, dd, J = 2 Hz, 6.8 Hz),
8.35 (1H, d, J = 2.4 Hz), 8.54 (2H, d, J = 4 Hz), 9.94 (1H, s), 10.59 (1H, s). *C NMR (100
MHz, CDCl3) dppm 29.6, 59.9, 71.5, 113.8,119.7,122.2, 122.6, 123.1, 125.0, 129.8, 131.6,
135.9, 136.7, 137.5, 148.7, 154.4, 158.8, 159.1, 164.5, 188.3, 190.0. MS (El): m/z = 453.6
[M+H]" for C7H24N403. Elemental analysis: Found C, 71.65; H, 5.36; N, 12.40; Calcd. C,
71.67; H, 5.35; N, 12.38 for Co7H24N4Os.

TPACYy: A mixture of N4O-bda (100 mg, 0.263 mmol), indolium-3-butyl-sulfonate (140 mg,

=z 0.473 mmol) and NaOAc (39 mg, 0.473 mmol)

7N N | was dissolved in 3 mL Ac,0. The reaction mixture
! N was stirred for 30 min at 80 °C under an argon
atmosphere. After completion, the reaction mixture

X was concentrated by evaporation under reduced
pressure. The crude product was diluted with 3.0
mL water, 3.0 mL CH3CN, 300 pL AcOH, and
purified by preparative RP-HPLC (grad. 10-90%

& ®
CH3CN in water, 20 min) to obtain the probe
o TPACy (185 mg, 70%) as a yellow powder. *H
SQs O3S NMR (400 MHz, DMSO-ds) dppm 1.71 (6H, 9),

1.82 (12H, s), 2.63-2.68 (4H, dd, J = 6.4 Hz, 7.2 Hz), 4.28 (2H, s), 4.38 (4H, s), 4.70-4.74
(4H, m), 5.57 (2H, s), 7.47-7.49 (2H, d J = 7.6 Hz), 7.54-7.68 (11H, m), 7.81-7.85 (3H, m),
7.90-7.94 (1H, m), 7.98-8.07 (5H, m), 8.41-8.54 (3H, m), 8.64-8.65 (2H, d, J = 4.8 Hz), 8.99
(1H, s). **C NMR (100 MHz, DMSO-ds) 8,pm 21.8, 24.0, 25.5, 25.7, 25.8, 26.5, 46.4, 46.8,
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49.6, 49.7, 52.2, 56.6, 58.6, 71.2, 112.1, 114.4, 114.5, 115.1, 115.4, 117.3, 121.3, 122.9,
123.5, 123.8, 124.8, 1255, 128.1, 129.2, 129.3, 129.5, 129.8, 133.1, 137.5, 138.3, 140.4,
140.5, 142.2, 143.5, 143.7, 144.7, 146.5, 148.9, 152.1, 153.0, 154.7, 158.3, 158.6, 159.0,
161.3, 181.6, 181.8. MS (EI): m/z = 1008.3 [M+H]" for Cs;Hg:NsO-S,. Elemental analysis:
Found C, 66.95; H, 6.20; N, 8.35; Calcd. C, 67.97; H, 6.20; N, 8.34 for Cs;Hg:NsO;S;.

7-Diethylamino-2-oxo-2H-chromene-3-carboxylic acid ethyl ester (A): 7-Diethylamino
N COzEt salicylaldehyde (2.66 g, 13.8 mmol) and diethyl malonate (3.31
/\Nmo g, 20.7 mmol) were dissolved in toluene-acetonitrile (150 mL,
) 1:2). Piperidine (3.53 g, 41.5 mmol) was added and the mixture
was refluxed for 12 h. After cooling, the solvent was evaporated and the residue was purified
by silica gel chromatography (methylene chloride/ethyl acetate; 8:2) to obtain the product A
as yellow oil (2.39 g, 60% yield). *H NMR (400 MHz, CDCls) dppm 1.21-1.25 (6H, m), 1.37-
1.41 (3H, m), 3.42-3.47 (4H, dd, J = 7.6 Hz, 6.8 Hz), 4.34-4.40 (2H, m), 6.47 (1H, s), 6.59
(1H, d, J = 9.2 Hz), 7.34 (1H, dd, J = 1.2 Hz, 8 Hz), 8.42 (1H, s). **C NMR (100 MHz,
CDCl3) dppm 12.4, 14.3, 45.0, 61.1, 96.7, 107.7, 109.1, 109.4, 130.9, 149.1, 152.8, 158.2,

158.4, 164.2. MS (EI): m/z = 290.4 [M+H]" for C1sH1gNO,. Elemental analysis: Found C,
66.40; H, 6.62; N, 4.85; Calcd. C, 66.42; H, 6.62; N, 4.84 for C16H19NOs.

7-Diethylamino-chromene-2-one (B): 7-Diethylamino-coumaric-3-carboxylic acid ethyl
S ester (1 g) in 60 mL of 18% strength hydrochloric acid was heated
/\Nmo for 5 h to the boil under reflux. After cooling, saturated sodium
) acetate solution was added and the pH was adjusted to 4-5 with 45%
strength sodium hydroxide, whilst cooling. The crystalline precipitate was filtered off,
thoroughly washed with water and dried in vacuum at 50 °C, which afforded product (B) as
light yellow solid (0.6 g, 80% yield). *H NMR (400 MHz, CDCls) dppm 1.24 (6H, t,J =7.2
Hz), 3.41-3.47 (4H, q, J = 7.2 Hz), 6.05 (1H, d, J = 9.6 Hz), 6.52 (1H, d, J = 2 Hz), 6.57-6.60
(1H, dd, J = 2.4 Hz, 6.4 Hz), 7.29 (1H, s), 7.54 (1H, d, J = 9.2 Hz). *C NMR (100 MHz,
CDCls) dppml2.4, 44.7, 97.6, 108.3, 108.6, 109.2, 128.7, 143.6, 150.7, 156.7, 162.2. MS (El):

m/z = 218.3 [M+H]" for C13H15sNO,. Elemental analysis: Found C, 71.85; H, 6.97; N, 6.47;
Calcd. C, 71.87; H, 6.96; N, 6.45 for C13H15NO,.
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7-Diethylamino-2-oxo-2H-chromene-3-carboxyldehyde (C): DMF (4 mL) was added
Y, dropwise to POCl; (0.4 mL) at 20-50 °C. The mixture was stirred
/\N/@C:\(O\ for 45 min at 50 °C under N, atmosphere. A suspension of 7-
) diethylamino coumarin (0.65 g, 3 mmol) in DMF (3 mL) was then
added, the mixture was warmed to 60 °C for 2 h and poured out onto ice water, and stirred
for 2 h. The crystalline precipitate was filtered off, thoroughly washed with water and dried
in vacuum at 50 °C, which afforded product C as orange solid. (0.47 g, 66% vyield). *"H NMR
(400 MHz, CDCl3) 8ppm 1.23 (6H, t, J = 6.8 Hz), 3.44 (4H, dd, J = 7.2 Hz, 6.8 Hz), 6.47 (1H,
d, J=2Hz), 6.61 (1H, dd, J = 2.4 Hz, 6.8 Hz), 7.39 (1H, d, J = 9.2 Hz), 8.24 (1H, s), 10.11
(1H, s). °C NMR (100 MHz, CDCls) 8,pm 12.4, 45.3, 97.2, 108.2, 110.2, 114.4, 132.5, 145.3,

153.4, 158.9, 161.8. MS (El): m/z = 246.3 [M+H]" for Cy4H;sNOs. Elemental analysis:
Found C, 68.54; H, 6.17; N, 5.72; Calcd. C, 68.56; H, 6.16; N, 5.71 for C14H5NO:s.

Rhodamine hydrazide: To a 100 mL flask, rhodamine B (1.2 g, 2.5 mmol) dissolved in 30

o mL ethanol was added. 85% Hydrazine hydrate (3.0 mL,

O N=-NH; excess) was then added dropwise with vigorous stirring at

O room temperature. After the addition, the stirred mixture

/)\l o l\(\ was heated to reflux for 2 h. The solution changed from

dark purple to light orange and became clear. Then the
mixture was cooled and solvent was removed under reduced pressure. 1 M HCI (50 mL) was
added to the solid in the flask to generate a clear red solution. After that, 1 M NaOH (70 mL)
was added slowly with stirring until the pH of the solution reached 9~10. The resulting
precipitate was filtered and washed with water (3 x 15 mL). After drying, the reaction
afforded 0.83 g of rhodamine hydrazide (75%) as pink solid. *H NMR (400 MHz, DMSO-ds)
dppm 1.06 (12H, t, J = 7.2 Hz), 3.30 (8H, q, J = 6.4 Hz), 4.24 (2H, s), 6.32-6.37 (6H, m), 6.97-
6.99 (1H, m), 7.45-7.48 (2H, m), 7.74-7.76 (1H, m). MS (EI): m/z = 457.6 [M+H]* for
CasH32N40,. Elemental analysis: Found C, 73.64; H, 7.06; N, 12.28; Calcd. C, 73.66; H,
7.06; N, 12.27 for CpgH32N4Oo.
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Rhodamine thiohydrazide: Rhodamine B hydrazide (0.6g, 1.3mmol) and Lawesson’s

S Reagent (0.52 g, 1.3 mmol) were dissolved in benzene, and

O N~ NH> the reaction mixture was refluxed for 4 h under nitrogen

O O atmosphere, after removal of benzene, the residue was

/J\' © '\(\ purified by flash chromatography with CH,Cl,/petroleum

(3/4) as eluent to afford rhodamine thiohydrazide (0.12 g,

yield: 19%). '"H NMR (400 MHz, DMSO-ds) 8ppm 1.06-1.10 (12H, t, J = 7.2 Hz), 3.33 (8H, q,

J =7.2 Hz), 5.35 (2H, s), 6.16 (2H, d, J = 8.8 Hz), 6.34-6.40 (4H, m), 7.03-7.05 (1H, m),

7.50-7.53 (2H, m), 7.87-7.88 (1H, m). MS (El): m/z = 473.7 [M+H]" for CasH32N40S.

Elemental analysis: Found C, 71.16; H, 6.83; N, 11.86; Calcd. C, 71.15; H, 6.82; N, 11.85 for
CasH32N4OS.

CRO: In 25 mL of ethanol, 7-diethylamino-2-oxo-2H-chromene-3-carboxyldehyde (C)
(0.245 g, 1.0 mmol) and rhodamine thiohydrazide
(0.457 g, 1.0 mmol) were dissolved to form a
mixture. The reaction mixture was stirred and
refluxed for 12 h under nitrogen atmosphere.
Yellow precipitate obtained was filtered, washed
with cold ethanol and dried under vacuum. (0.52 g,
76% yield). '"H NMR (400 MHz, CDCls) &ypm 1.10-
1.17 (18H, m), 3.26-3.38 (12H, ddd, J = 5.6 Hz,
6.8 Hz, 7.2 Hz, 7.2 Hz), 6.20-6.23 (2H, dd, J = 6.4 Hz, 2.4 Hz), 6.36 (1H, d, J = 2.4 Hz),
6.44-6.50 (5H, m), 7.06 (1H, m), 7.23 (1H, s), 7.39-7.46 (2H, m), 7.96-7.98 (1H, m), 8.17
(1H, s), 8.34 (1H, s). **C NMR (400 MHz, CDCls) Spm 12.4, 12.6, 44.3, 44.8, 65.8, 97.1,
98.3, 105.5, 108.0, 108.8, 109.1, 115.0, 123.3, 123.6, 127.7, 128.1, 128.4, 130.1, 133.3,
138.2, 141.2, 149.0, 151.0, 152.5, 152.9, 156.8, 161.3, 165.0. MS (El): m/z = 684.3 (M+H)*,
calcd. 683.3 for C4,H4sNsO4. Elemental analysis: Found C, 73.76; H, 6.63; N, 10.26; Calcd.
C, 73.77; H, 6.63; N, 10.24 for C4,H4sNs0s.

CRS: In 25 mL of ethanol, 7-diethylamino-2-oxo-2H-chromene-3-carboxyldehyde (C)
(0.245 g, 1.0 mmol) and rhodamine thiohydrazide (0.473 g, 1.0 mmol) were dissolved to
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form a mixture. The reaction mixture was stirred and refluxed for 12 h under nitrogen
( atmosphere. Orange-red precipitate obtained was
NJ filtered, washed with cold ethanol and dried under
o vacuum. (0.433 g, 62% vyield). '"H NMR (400 MHz,
CDCl3) &pm 1.13-1.23 (18H, m), 3.29-3.35 (8H,
dd, J = 6.8 Hz, 7.2 Hz), 3.39-3.44 (4H, dd, J = 7.2
Hz, 6.8 Hz), 6.28-6.32 (4H, m), 6.46 (1H, d, J =
2.4 Hz), 6.54-6.57 (1H, dd, J = 6.4 Hz, 2.4 Hz),
6.78 (2H, d, J = 8.8 Hz), 7.11-7.13 (1H, m), 7.24
(1H,s), 7.41-7.43 ( 2H, ddd, J = 2 Hz, 0.8 Hz, 2.8 Hz), 8.11-8.13 (1H, m), 8.37 (1H, s), 8.76
(1H, s). *C NMR (400 MHz, CDCls) &pm 12.4, 12.6, 44.3, 44.9, 63.0, 77.21, 97.2, 97.5,
108.3, 108.9, 109.5, 110.6, 113.8, 122.4, 127.0, 127.8, 130.2, 130.5, 132.1, 135.3, 140.4,
148.2, 151.6, 151.8, 153.5, 155.0, 157.4, 161.5, 170.8. MS (EI): m/z = 700.4 (M+H)", calcd.
699.3 for C4H4sNs03S. Elemental analysis: Found C, 72.05; H, 6.49; N, 10.03; Calcd. C,
72.07; H, 6.48; N, 10.01 for C42H4s5N503S.

4.3 General method for measurements of photophysical properties

UV-Vis spectra were recorded on a Perkin Elmer Model Lambda 900 spectrophotometer.
Fluorescence spectra were recorded on a Perkin ElImer model LS 55 spectrophotometer. 1 cm
cells were used for titration. For UV-Vis titrations, stock solutions of probe were prepared (c
= 2000 pM) in acetonitrile. For fluorescence titrations stock solution of ligands XanCu,
ResCu, TPACu, CRO and CRS was prepared (c = 2000 uM) in DMSO. For titrations stock
solution of ligand HBTCu was prepared (¢ = 2000 uM) in CH3CN. The solutions of guest
cations were prepared in acetonitrile/water/DMSO in the order of 10° M. Working solutions
were prepared from the stock solutions. 10 nm excitation and 10 nm emission slit widths

were used.
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4.4 Job plot by UV-Vis method

A series of solutions containing CRO/CRS and Cu(ClOg), were prepared such that the sum
of the total concentration of metal ion and CRO/CRS remained constant (40 uM). The mole

fraction (X) of Co®* was varied from 0.1 to 1.0.
4.5 Determination of binding constant

The response parameter a is defined as the ratio of the free ligand concentration to the initial
concentration of the ligand. o defined as the ratio between the free ligand concentration ([L])

and the total concentration of ligand [L+]:

_ I

[Lr]

a can be determined from the emission changes in the presence of different concentrations of
Mn+.

[I - Ip]

[l —Io]

=

where I; and lg are the limiting emission values for o = 1 (in the absence of M™) and o = 0

(probe is completely complexes with M™), respectively.

The Tsein equation” to the following equations that can be used in any stoichiometric ratio
between the ligand and analyte.

1 11—

T mzio—o
] T

nK am
Where K is complex equilibrium constant, ML, is metal-ligand, L is ligand, [L], [M"*], and
[MmLn] are the concentrations of respective species. a is the ratio between free ligand
concentration, [L], and the initial concentration of ligand, [L]. In this case, the stoichiometric
ratio of the Cu®*: fluoroionophore is 1:1. So, this equation can be written as

1 1-a
WLy at

[Cu*]1=
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4.6 Appendix

< Compound N4-Cl, *H NMR

% Compound XanCu, *H and **C NMR
«% Compound HBTCu, *H and *C NMR
% Compound ResCu, *H and *C NMR

% Compound N4-O-bda, *H and **C NMR
< Compound TPACYy, *H and *C NMR
% Compound A, *H and *C NMR

% Compound B, 'H and **C NMR

< Compound C, *H and **C NMR

<% Compound rhodamine hydrazide and rhodamine thiohydrazide, *H NMR
% Compound CRO, H and **C NMR

% Compound CRS, *H and *C NMR
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Chapter 5: Colorimetric and fluorometric molecular probes for Co**

1. Introduction

Cobalt is an important element for all multicellular organisms present in minute amounts as a
part of cobalamin.®* Cobalamin is necessary for myelin formation—an insulating layer found
around nerves, to supports red blood cell production, for the metabolism of fats,
carbohydrates and synthesis of proteins.* The deficiency of Co?** leads to anemia, retarded
growth, and loss of appetite. Apart from its biological role, exposure to high levels of cobalt
can cause health effects like decreased cardiac output, cardiac and thyroid enlargements,
heart disease, elevated red blood cells accompanied by increased cells in the bone marrow,
increased blood volume, and vasodilation and flushing.>® Cobalt is also responsible for
allergic contact dermatitis and possibly carcinogenic to humans.” The maximum tolerable
level of Co*" is ca. 10 ppm (170 pM). Major sources of cobalt in the atmosphere are soil,
dust, seawater, forest fires and volcanic eruptions. Cobalt is also released to the environment
from burning coal and oil, truck and airplane exhausts, and diamond polishing, porcelain,
chemical and hard metal industry.® Therefore, it is crucial to detect trace amounts of cobalt
samples in the environment for maintaining good human health. Many analytical techniques
such as flame atomic absorption and flow injection detect low levels of Co®, but require
either tedious sample pretreatments or expensive instrumentation. Despite the patent
contributions of cobalt homeostasis to physiology and pathology, the underlying mechanisms
of how its signal/stress dichotomy can affect healthy and disease states remain insufficiently
understood. Fluorometric detection is practically difficult because of the fluorescence
quenching nature of paramagnetic Co?*.° However, it is possible to develop novel new
methods for real-time monitoring of cobalt in biological and environmental samples,
particularly in bioavailable forms, offer potentially useful tools to help elucidate its
physiological and pathological effects. There have been only a few sensors reported for the

detection for Co®" with moderate success.*%*2
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2. Rationale for designing colorimetric and fluorometric molecular probes

for cobalt

Metal-responsive colorimetric and fluorometric indicators provide a convenient and effective
approach for studying the chemistry of exchangeable metal pools in live biological
samples.’**® Two major practical challenges for biological cobalt detection stem from the
fact that (i) its dominant oxidation state in biological systems, Co*, is paramagnetic and thus
a potent free radical quencher in all coordination environments, and (ii) biologically relevant
divalent metal ion competitors like Ni**, Cu?*, and zZn*" typically bind more tightly to
common ligand scaffolds over Co®" owing to Irving-Williams series considerations.’® As
such, these two critical issues make it difficult to use a traditional chromophore—receptor
binding scheme for selective detection of metal ions like Co®* by colorimetric as well as
emission turn on response.®

The development of sensitive chromogenic chemosensors has been gaining
momentum in recent years because of the potential application in medical biochemistry and
simplicity of the approach. Colorimetric chemosensors of cations can be generated based on
right combination of a receptor and chromophore. Compared to fluorometric sensors,
colorimetric sensors have attracted much attention for allowing “naked-eye” detection in an
uncomplicated and inexpensive manner, offering qualitative and quantitative information.?%®
Colorimetric chemosensors of cations can be generated based on the right combination of
receptor and chromophore. One such combination would be a conjugate of an amine and an
aldehyde carrying thioamides formed through Schiff base linkages.?*?® Coumarin and its
derivatives have been used as excellent chromogenic and fluorogenic chromophores because
of their tunable photophysical properties in the visible region. A simple approach has been
undertaken by conjugating thiourea with coumarin-3-carboxaldehyde derivative to form
bisthiocarbonohydrazone system as efficient colorimetric sensor that can selectively detect
Co?* by visible color change in aqueous medium. 7-(diethylamino)coumarin serves as a
chromophoric core. The m-conjugation and stronger electron-withdrawing ability of the
thioketone group have enhanced charge transfer within the molecule. The imine and thioketo

groups can act as chelating sites of the metal cations, in particular, transition- and post
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transition-metal cations. Tautomerized thioamide can easily coordinates to Co®* after
deprotonation, which will lead to a red shift in the absorbance band in the visible region.
Next, a modular fluorescence probe was devised to visualize biological cobalt by turn
on response. It is constructed of a dye molecule with a conjugated functional group (X)
linked to a trigger moiety (Figure 1). The masking of functional group suppresses conjugated

n-electron system of the dye and thus turns off fluorescence of the probe. Cobalt assisted

Fluorescence ON

Fluorescence OFF Trigger

— cleavage
Trigger Probe —|—> X

" Trigger

Figure 1. Classic mechanism for a modular turn on fluorescence probe.

removal of the trigger restore conjugation of lone pair electrons on functional group with -
electrons of the dye and thereby turns on fluorescent signal of the probe.

As the paramagnetic Co*"has tendency to quench fluorescence, the design strategy for
its turn on detection relies on reaction-based approach®*! in which a selective but transient
Co**-mediated bond-cleaving reaction transforms a weakly fluorescent probe into a highly
fluorescent dye, where the final product will be free of paramagnetic metal center. As a
secondary selectivity filter to overcome thermodynamic biases due to Irving-Williams series
considerations, the coordination environment (trigger) was designed in such way that only
Co?* binding would promote specific redox and/or small-molecule reactivity while other
competitor metal ions would not be able to achieve. O,-mediated Co®* reactivity was
observed for biomimetic N-dealkylation of a polypyridine-based ligand shown by McKenzie

1.2 1.3 on turn-on detection of Cu* ions by oxidative ether cleavage

et al.,” a report by Taki et. a
and Koide’s organometallic strategies for Pd, Pt, and Hg detection.?*3® The tetradentate
ligands N3O linked chromophore was developed as nonfluorescent probe for reaction-based
turn on sensing of Co?* by Chang et al.*” The metal ion mediated cleaving of the benzylic
ether bond in the nonfluorescent probes generates a fluorescent dye under physiologically

reducing conditions. Excited state intramolecular proton transfer (ESIPT) based chromophore
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2-(2’-hydroxyphenyl)benzothiazole (HBT) shows a large Stokes shift and corresponding
efficient ratiometric fluorescence response.®®*° In this chapter, Co?* reactive tetradentate
N3O ligand is combined with ESIPT active chromophore HBT to generate a molecular probe
HBTCo is presented. Co®" assisted benzyl ether bond (C-O) cleavage releases an ESIPT
active HBT fluorophore. The released HBT fluorophore undergoes enol to keto tautomeric
transformation as a result of ESIPT, and thus a large Stokes shift in the fluorescence emission
was achieved. Resorufin has maximal emission at 585 nm upon excitation at 550 nm and can
be used to analyze intracellular processes without damaging the cell. The resorufin
chromophore has an absorption maximum around 573 nm was also known for colorimetric
detection of fluoride, DNA hybridization, and hydrolase.***" The alkylation of the 7-hydroxy
group of resorufin effectively weakens its intramolecular charge transfer which quenches its
emission by blocking push-pull mechanism in the chromophore. In accordance with above
rationale a nonfluorescent probes ResCo was designed for Co?* by combining resorufin dye
and tetradentate ligands N3O through 7-hydroxyl functionality. Co?* mediated cleaving of
benzylic ether bond in nonfluorescent probe ResCo will release chromogenic resorufin dye
which automatically shows ratiometric visible absorption (colorimetric) and ‘switch-on’

fluorometric responses for Co?* under physiologically reducing conditions.
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3.1 Highly selective colorimetric molecular probe (CTC) for Co*

3.1.1 Synthesis

7-Diethylamino-2-oxo-2H-chromene-3-carboxylic acid ethyl ester (A) was synthesized
refluxing a mixture of 4-diethylamino salicylaldehyde, diethylmalonate, and piperidine in

toluene. The ester (A) undergoes acid catalyzed decarboxylation to form7-diethylamino-

CO,Et
So CO,Et Xy COF
P ) P
N OH Piperidine N A o o
) Reflux ) A)
HCI Reflux

AN oY, =« N oo
J ©

DMF ) (8)
X

H2N~NJ‘LN_NH2

H H

e
EtOH/ H,O (1:1)
/\N (@) o Reflux

J ©

Y

{ !
[ )
() I N. JXL NS I (@]

X=0; CC
X=8S; CTC

Scheme 1. Synthesis of coumarin-carbonohydrazone (CC) and coumarin-thiocarbonohydrazone (CTC).
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chromene-2-one (B) which was further subjected to Vilsmeier—Haack reaction to obtain 7-
diethylamino-2-oxo0-2H-chromene-3-carboxyldehyde (C) in excellent yield. 7-Diethylamino-
2-0x0-2H-chromene-3-carboxyldehyde ©) was treated with
carbohydrazide/thiocarbohydrazide in an ethanol/water (1:1) mixture under reflux condition
to form Schiff base derivatives coumarin-carbonohydrazone (CC) and coumarin-
thiocarbonohydrazone (CTC) respectively (Scheme 1) in quantitative yield. These ligands

were characterized by NMR, mass spectrometry and elemental analysis.

3.1.2 Photophysical property of coumarin-thiocarbonohydrazone (CTC) and

colorimetric detection of Co®*

The photophysical properties of CC and CTC were investigated by monitoring the
absorption spectral behavior upon addition of several metal ions such as Li*, Na*, K*, Ba*",
S, Mg*, AP, Ca*, Mn*, Fe**, Ni**, Cu®*, zn*, Ag®, Cd*, Hg?*, Pb®* and Co*'in
aqueous medium (0.05 mM HEPES, pH=7.2/CH3;CN = 60:40). CC shows an absorption
band centered around 455 nm and there was no specific selectivity for various metal ions

0.7

CC and
other metal ions

0.6
0.5
0.4

0.3

Absorbance

0.2

0.1%

450
Wavelength (nm)

Figure 2. UV-Vis absorbance spectra of CC (10.0 uM) and on addition of salts of Li*, Na‘, K*, Ca®*, Mg*,
AP, Ba*, Sr**, Mn*, Fe**, Ni**, Cu?*, Zn®*, Cd**, Ag", Hg®*, Pb®*, and Co* (50.0 equiv) in aqueous medium
(0.05 MM HEPES, pH=7.2/CH5CN = 60:40).
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Figure 3. UV-Vis absorption spectra of CTC (10.0 uM) and on addition of salts of Li*, Na*, K*, Ca®*, Mg*,
AP Ba®™, Sr**, Mn?*, Fe®*, Ni?*, Cu®*, zn*, Cd*, Ag', Hg**, Pb?*, and Co?* (50.0 equiv) in aqueous medium
(0.05 mM HEPES, pH=7.2/ CH,CN = 60:40).

tested (Figure 2). As shown in Figure 3, CTC exhibited an absorption band centered around
470 nm with extinction coefficient (&) of 6.8 x 10* M™* cm™, which remains unchanged upon
addition of 50.0 equiv of Li*, Na', K*, Ba?*, Mg**, AI** and Ca®". Upon addition of 50.0
equiv of Mn?*, Fe**, Cu?*, Ag" and Hg?" absorbance intensity decreases and band slightly
blue shifted to different extents. The absorption band slightly red shifted upon addition of
50.0 equiv of Sr**, Ni**, Zn®** Cd*" and Pb®* and no color changes in the CTC solution was
observed. In case of Co?", the absorbance band at 470 nm red shifted to 510 nm (A\ = 40 nm)
and color of the solution has changed from yellow to deep pink. Absorption study of CTC
with sequential addition of increasing concentrations of Co?* (0 — 3.0 uM) is shown in Figure
4. The absorbance is slowly decreased and band at 470 nm red shifted to 490 nm upon
addition of 1.5 uM of Co?*. After reaching 2.2 uM, the absorbance started increasing and
absorbance maxima overall red shifted to 510 nm. The absorbance attains saturation with
addition of 3.0 uM of Co*" (¢ =6 x 10* M cm™).
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Figure 4. UV-Vis absorption spectra of CTC (10.0 pM) upon additions of Co** (0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4,1.6,1.8,2.0,2.2,2.4,2.6,2.8and 3.0 uM) in aqueous medium.

3.1.3 Competitive study for colorimetric detection of Co®* using CTC

The preferential selectivity of CTC as colorimetric chemosensor for the detection of Co?**
was studied in presence of various competing metal ions. CTC exhibited a distinct color
change from yellow to deep pink upon addition of Co** (Figure 5a). For competition studies,
CTC was treated with 1.0 equiv of Co?* in the presence of 5.0 equiv of other metal ions as
indicated in Figure 5b. There was no interference for the detection of Co®" in presence of Li*,
Na*, K*, Ba*, Sr**, Ca**, Mg*, Mn%*", Fe?*, Ni¥*, Cu*, zZn**, Cd**, Hg*" and Pb**, except
Ag’. In case of Ag’, a relatively diminished, but detectable color change was observed for
Co?*. Thus, CTC can be used as a selective colorimetric sensor for Co* in the presence of

most competing metal ions.
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a) FRFRERES

L'I'C Na® Li* Ba?t

Figure 5. a) The observed color changes of CTC solution (10.0 uM) upon adding 5.0 equiv of different metal
ions in aqueous media. b) The color changes of CTC solution (10.0 pM) containing Co®* (1.0 equiv) in the

presence of different metal ions (5.0 equiv) in aqueous media.

3.1.4 Determination of binding stoichiometry of CTC with Co*" and pH dependent
study

Job’s plot obtained from absorbance spectral studies showed 2:1 stoichiometric complexation

between CTC and Co®* (Figure 6). This data was further supported by mass spectrometric
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Figure 6. Job plot for the determination of the stoichiometry of CTC and Co®* complex formation.
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Figure 7. MALDI-TOF mass spectrum of 2CTC:Co?* complex.

analysis of CTC-Co*" complex formation. MALDI/TOF-MS shows the formation of
complex between two molecules of deprotonated CTC and a cobalt ion [m/z: 1177.38 (2CTC
+ Co®* -2H"); calcd for CsgHgsCON1,08S,. 1179.37] (Figure 7). The response parameter a,
which is defined as the ratio of free ligand concentration to the initial concentration of ligand,
was plotted as a function of the Co?" concentration. This plot can serve as the calibration
curve for the detection of Co?* (Figure 8). The association constant (log K,) for the
complexation of CTC and Co®* was found to be 7.95 M.

In colorimetric sensor CTC, binding and signaling subunits are electronically
conjugated to each other to effectively induce color changes. Sulphur analogues (C=S) are
less stable because of the poor overlap between the 2sp? orbital on carbon and 3sp? orbital on
sulphur. In CTC, thioamide undergoes conjugation with nitrogen to stabilize the weak C=S
bond.®® Tautomerized thioamide coordinate to Co®" after deprotonation which leads to red

shift in the absorbance band in visible region (Figure 9).
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Figure 8. Response parameter values (o) as a function of the logarithm of Co?** concentration. o is defined as

the ratio between the free ligand concentration and the initial concentration of ligand.

Figure 9. Proposed structure of CTC-Co®* complex.
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The absorbance of [2CTC:Co®*] complex have been recorded as a function of pH. The
absorbance intensity at 510 nm was found to increase gradually from pH 2.0-12.5 (Figure
10). Co*" can be clearly detected by naked eye or UV/Vis absorption measurements using
CTC over a wide pH range of 2.0-12.5.
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Figure 10. Absorbance at 510 nm of CTC as function of pH. Red trace: absorbance intensity of a solution of
CTC and black trace: absorbance intensity of a solution of CTC and Co®* (1 equiv) are plotted against pH in
aqueous medium (50 mm HEPES, 40% CH3CN).

3.1.5 Colorimetric kit for Co?" detection

For practical applications, a colorimetric test kit has been developed. The test kit uses ligand
coated filter paper strips which were prepared by immersing them into CTC solution (2.0
mM). The aqueous solutions of different metal ions were sprayed onto these strips and
yellow colored strip changed its color to deep pink exclusively when Co®* solution was
sprayed (Figure 11). In addition, intensity of the colored strips can be used to estimate
different concentrations range of Co?*. This experiment exhibits steady colorimetric changes
for increasing concentrations of Co®* with at least down to 1.0 pM detection limit.
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I I 111 v

Figure 11. Colorimetric test kit. Photographs of the filter paper coated with CTC (10.0 uM)used for detecting
different concentrations of Co®* in aqueous solutions. I: CTC (control), II: Co®* (500 uM, control), 111-V: CTC
filter paper sprayed with 1.0, 2.0 and 3.0 uM Co*" respectively.

3.1.6 CTC as colorimetric reagent for the detection of Co®" in microbes

The use of CTC has been further demonstrated as colorimetric reagent for the detection of
Co?" in microbes. The E.coli strain DH5a were grown overnight in LB media (HIMEDIA) at
37°C incubation. The cells were harvested and vortexed for making the homogeneous
suspension in sterile distilled water. The cultured cells were first exposed to Co** (5.0 uM) in
a 50 mM HEPES/CHsCN buffer (v/v, 3:2; pH 7.2) for 30 min at 25°C. The excess Co**
present in the cultured media was removed through centrifugation. This process was repeated
after adding ~ 5 mL of 50 mM HEPES/CHsCN buffer to remove traces of Co*" that may
present on the microorganism surfaces in order to avoid the background color while
recording optical microscope images. The centrifuged bacterial cells were finally exposed to
CTC (10.0 uM) in 50 mM HEPES/CH3CN buffer. The treated bacterial cells were examined
at 100x magnification on a confocal laser scanning microscope (LSM 510 META, Carl
Zeiss), and captured using LSM5 Image Examiner (Figure 12). The microscopy images of
bacterial cells in the absence and presence of Co®* were observed for comparison. The E-coli
exposed to Co®* followed by CTC developed deep pink color as shown in light microscope
image (Figure 12d). This clearly revealed that the detection and staining of Co? in cell is

possible using colorimetric reagent CTC.
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Figure 12. Light microscope images of a) control cells of E. Coli, b) cells exposed to only Co* (5.0 uM), c)
cells exposed to only CTC (10.0 pM), d) cells exposed to Co?* (5.0 uM) and CTC (10.0 uM).

3.1.7 Conclusion

In summary, a new colorimetric chemosensor CTC was designed and synthesized. The
sensitivity and selectivity of CTC to Co?*" over other metal ions in aqueous media were
demonstrated by its optical response, ascribed to the formation of push-pull Co?* Schiff base
complex. The main strength of the work presented herein is the ability to access Co**
chromogenic sensor through a highly economical, simple and straightforward synthetic route.
CTC based colorimetric kit was developed for Co?* detection and demonstrated as staining
agent for Co®" in cellular microorganisms. Therefore molecular sensor CTC with optical
responses in the visible region can be used as a practically viable probe for environmental

and biological sensing of cobalt ions.
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3.2 Reactive probe (HBTCo) for ratiometric fluorescence detection of Co*
based on excited-state intramolecular proton transfer (ESIPT)

mechanism
3.2.1 Synthesis

The design strategy is based on the 2-(2’-hydroxyphenyl) benzothiazole (HBT) molecular
platform as this ESIPT chromophore shows large Stokes shift and corresponding efficient
ratiometric fluorescence response. Intermediate amino ligand 2-[(pyridin-2-ylmethyl)amino]
ethanol (PMAE) was prepared in a one-pot synthesis. Typically, pyridine-2-carbaldehyde
was reacted with aminoethanol, subsequent reduction with sodium tetrahydridoborate, gave
the amino ligand (Scheme 2). This amino ligand was treated with 2,6-dichloromethylpyridine
under basic condition to obtain receptor N3O-CIl. HBTCo was synthesized by linking HBT
with tetradentate N3O-CI under basic condition in excellent yield.

X i) Aminoethanol, CH,OH (j\/
| N
NZ N2 i) NaBH, ~"oH

PMAE

\

N NaHCO,, 70 °C
cl cl

N
S/ K,CO,, DMF, 90 °C

HBTCo
NzO-Cl

Scheme 2. Synthesis of HBTCo.
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3.2.2 Photophysical property of HBTCo and ratiometric detection of Co**

The fluorescence properties of HBTCo was studied in aqueous buffer solution (50 mM
HEPES, pH 7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular
environment (Figure 13). Upon 350 nm excitation probe HBTCo emit blue fluorescence
(Emax = 380 nm) correspond to HBT ‘enol-form” emission. The fluorometric behavior of 20.0
UM probe was investigated in presence of several metal ions such as Li*, Na*, K*, Ba®,
Mg®, Ca®*, AI¥*, Mn?*, Fe**, Co?*, Ni**, Cu*, Cu®*, Zn?*, Cd**, Ag®, Hg®" and Pb®" after 2 h
of mixing. The examined millimolar alkali and alkaline earth metals shown no or negligible
change in fluorescence of HBTCo. While addition of Co?* to HBTCo solution led to
quenching of blue emission (Emax = 380 nm) and subsequent appearance of a new intense
emission band in the green region (Emax = 510 nm). Other metal ions tested quench the blue
fluorescence of HBTCo to different extent but there was no new emission band in the green
region. The observed large red shift (130 nm) in emission indicate the Co®* catalyzed

oxidative cleavage of benzylic ether (C-O) linkage in presence of O, releasing ESIPT active
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Figure 13. Fluorescence responses of HBTCo (20 uM) upon addition 1 mM of Li*, Na*, K*, Ba®*, Mg®*, Ca**,
AP and 20 pM of Mn**, Fe**, Co®*, Ni**, Cu*, Cu®, Zn?*, Cd**, Ag®, Hg®" and Pb*" after 2 h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (e, = 350 nm).
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phenolic HBT. The decrease in blue emission and corresponding increase in green emission
band was also observed during sequential addition of Co?* in a titration experiment.
Minimum 20.0 pM Co®* can be easily detected by this ratiometric study employing HBTCo
(Figure 14). Time dependent study showed that the addition of Co?* quenches HBTCo
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Figure 14. Fluorescence responses of HBTCo (20.0 uM) upon addition of 0.0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0,
60.0, 70.0, 80.0, 90.0, 100.0 uM of Co?" after 2h in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (Aex
=350 nm).

blue fluorescence (Emax = 380 nm) rapidly with appearance of a new peak around 460 nm
(Figure 15). The rapid fluorescence quenching of probe is due to binding of paramagnetic
Co?*. Subsequent Co®* catalyzed oxidative cleavage of benzyl ether bond releases HBT. The
weak emission band at 460 nm is due to enolic rotamer,”’ as the Co?* coordination with
phenolic (—OH) moiety seems to initially stabilize the enol rotamer. Thus weak emission
band at 460 nm may be viewed as the evidence for the existence of enolic intermediate.
Then, the enol form slowly converts to keto tautomer upon excitation to emit bright green
fluorescence at longer wavelength (Enax = 510 nm). The reducing environment created by
GSH is very much crucial as confirmed by control experiments in the absence of GSH, which
did not lead to benzylic ether bond cleavage (Figure 16).
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Figure 15. Time dependent fluorescence responses of HBTCo (20 pM) after addition of 100 uM of Co®* in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (Ze = 350 nm).
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Figure 16. Time dependent ratiometric study of 20.0 uM HBTCo incubated with 100 uM of Co?" in aqueous
solution (50 mM HEPES, pH 7.2) with (black trace) and without (red trace) 2 mM GSH.
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3.2.3 Competitive study for ratiometric detection of Co**

Competitive experiment suggest that the ratiometric probe HBTCo can clearly detects Co**
in presence of all other metal ions respectively (Figure 17).
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I512 / 1380

HBTCo Co* Li* Na® K~ Ba®* Mg¥ Ca® AP Mn* Fe* Co* Ni** Cu** Zn** Cd** Ag® Hg™ Pb*

Figure 17. Competitive experiment for the detection of Co®* using 20.0 uM HBTCo. 100.0 uM Co?* is mixed
with 100.0 uM of corresponding metal ions. Left two bars are control response of the corresponding probe and

only metal ion.
3.2.4 pH dependent effects for ratiometric detection of Co?*

The effect of pH on Co®* mediated oxidative cleavage of benzylic ether bond was studied to
understand efficiency of the process (Figure 18). HBTCo reacted efficiently with Co®* in the
biologically relevant pH range of 6.5-8.5 to release ESIPT active HBT fluorophore. Hence,
this probe is very convenient for ratiometric detection of Co*" without the interference from
pH-dependent effects.
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Figure 18. Effect of pH on the ratiometric fluorescence emission of HBTCo. HBTCo (20.0 uM) with 100.0
uM of Co®" after 2h in aqueous solution (50 mM HEPES). Black trace: with 2 mM GSH and red trace: without
GSH in the buffer.

3.2.5 Proposed reaction mechanism

Mass peak at m/z 346.16 in ESI-MS spectrum is correspond to carboxylated N3;O-Co
complex (calcd. 346.06 for Ci5sH15CoN3O3), in agreement with the literature data (Figure
19).3” The ESI-MS data confirmed the Co®* mediated oxidative benzylic ether (C—O) bond
cleavage reaction in HBTCo and formation of Co complexes with carboxylate dpentadentate
ligand N3O (Scheme 3). A tentative mechanism was proposed for the metal ion (Co*")
catalyzed oxidative cleavage of benzylic ether (C—O) bond between the HBT and N3O ligand

based on the C—N bond cleavage reported by McKenzie et al.*

The benzylic carbon of the
ligand (N3O) oxidized to carboxylate via benzylic radical formation in presence of activated
oxygen (Figure 20). Subsequent transformation involves the formation of oxonium ion which
hydrolyzed to aldehyde liberating ESIPT active HBT. The aldehyde further oxidized to
carboxylate by the hydroperoxide of the metal complex through a Bayer—Villiger type

reaction to form final N3O-Co complexes (Scheme 3).
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Figure 19. ESI mass spectra (positive ion mode) for the reaction of 20.0 pM HBTCo with 100.0 pM Co*" in
water in presence of 100.0 uM GSH. Mass peaks observed at 346.16 ([M + 2H]"), 368.07 ([M + H+ Na]") and
389.96 ([M + 2Na]") are corresponds to N3O-Co complex C;sH16CoN3O3. Mass peaks observed at 308.38 ([M +
H1"), 330.26 ([M + Na]"), 352.10 ([M + 2Na-H]") and 374.01([M + 3Na-2H]") are corresponds to GSH.
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Scheme 3. Co?* catalyzed releases of ESIPT fluorophore HBT from HBTCo.
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Figure 20. Proposed mechanism of Co®" catalyzed oxidative cleavage of benzylic ether (C—O) bond in ESIPT
active fluorophore HBTCo.
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3.2.6 Conclusion

In conclusion, a novel ESIPT-based molecular probe HBTCo for ratiometric fluoroscence
detection of Co®" under physiologically reducing conditions is demonstrated. The metal ion
catalyzed oxidative benzylic ether bond cleavage was effectively used as switch-on ESIPT in
HBT for fluorometric detection of paramagnetic metal ions overcoming their inherently
associated fluorescence quenching property. HBTCo reacted efficiently with Co®* in the
biologically relevant pH range of 6.5-8.5 to release ESIPT active HBT fluorophore. This
ratiometric probe can be efficiently used for monitoring Co*" in physiological and

environmental samples.
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3.3 Resorufin-based reactive probe (ResCo) for Co* with dual output

(colorimetric and fluorometric) modes

3.3.1 Synthesis

The alkylation of the 7-hydroxy group of resorufin effectively weakens its intramolecular
charge transfer which quenches its emission by blocking push-pull mechanism in the
chromophore. The tetradentate ligand N3O is found to be selective for binding Co* for its
reaction-based detection under physiologically reducing conditions. In accordance with
above rationale nonfluorescent probe ResCo for Co** was designed by combining resorufin
dye and tetradentate ligands N3O through 7-hydroxyl functionality. Co®* mediated cleaving
of benzylic ether bond in nonfluorescent probe ResCo will release chromogenic resorufin
dye which automatically show ratiometric visible absorption (colorimetric) and ‘switch-on’
fluorometric responses for Co?* under physiologically reducing conditions. ResCo was
synthesized by the alkylation of 7- hydroxyl group of resorufin with tetradentate N;O-ClI
under basic conditions in excellent yield (Scheme 4). The synthesized molecular probe was

characterized by NMR and mass spectrometry.
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Scheme 4. Synthesis of ResCo.
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3.3.2 Photophysical property of ResCo and selective colorimetric and fluorometric

detection of Co®*

Colorimetric Study of ResCo

The photophysical property of ResCo was studied in aqueous buffer (50 mM HEPES, pH
7.2) in presence of 2 mM glutathione (GSH) for mimicking the intracellular environment.
ResCo probe showed absorption band centered around 470 nm (Figure 21). The absorption
spectra of the probes did not exhibit any significant changes upon addition of millimolar
concentration of alkali and alkaline earth metal ions and 20.0 uM of other metal ions such as
Mn%, Fe**, zn**, Cd**, Ag", Hg?*, and Pb*" after 2 h of mixing. When tested with 20.0 uM
Co?", the absorbance band of ResCo at 470 nm is red-shifted to 573 nm (AA = 103 nm) and
the color of the solution changed from pale yellow to pink (Figure 21). Submicromolar
concentration of Co®* can be easily detected as confirmed from the ratiometric absorption
study of ResCo upon sequential addition of increasing concentrations of Co®" (Figure 22).
Time dependent study showed that the absorbance at 470 nm (e = 1.70 x 10* M™' Cm™)
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Figure 21. UV-Vis absorption spectra of ResCo (10.0 uM) upon addition of different metal ions after 2h in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH).
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decreased slowly with concomitant appearance of a new prominent peak at 573 nm which
reaches maximum (g = 2.98 x 10* M™' Cm™) within 30 min after mixing of Co?* and ResCo
(Figure 23). Clear isosbestic point at 510 nm was observed, which strongly supports the
formation of new product i.e., resorufin dye after the Co?* mediated oxidative benzylic

0.20

0.15

0.10
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350 400 450 500 550 600 650
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Co*" / pM

Figure 22. UV-Vis absorption spectra (top) and ratiometric response (bottom) of ResCo (10.0 pM) upon
addition of 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 20.0uM of Co?" after 2h in aqueous solution
(50 mM HEPES, pH 7.2, 2 mM GSH).
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ether (C—O) bond cleavage in ResCo probe in physiological reducing condition (Figure 23).
Moreover, this kind of ratiometric behavior of the probe ResCo is advantageous over normal
probes as it minimizes the error arising from physical or chemical fluctuations in the sample

and experimental conditions.
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Figure 23. Time dependent absorption spectra of ResCo (10.0 uM) after addition of 20.0 pM of Co? in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (Isobestic point = 510 nm).

306



Chapter 5: Colorimetric and fluorometric molecular probes for Co**

Fluorometric study of ResCo

As expected, 1.0 uM solution of ResCo probe exhibited very weak fluorescence upon 540
nm excitation (Figure 24). After mixing for 2h, millimolar concentrations of alkali and
alkaline earth metal ions did not show significant changes in the fluorescence behavior of the
probe. Next we have tested fluorometric behavior of the probe upon addition 20.0 uM of
several metal ions such as Mn?*, Fe**, Co*", Cu?*, Cu*, Zn*", Cd**, Ag*, Hg?*, and Pb*" after
2 h of mixing. As anticipated, treating 1.0 uM ResCo with 20.0 uM of Co?* switched on a
ca. 7-fold fluorescence (Emax = 586 nm) enhancement within 2 h (Figure 24). While ResCo
did not exhibit switch on fluorescence phenomena with other metal ions tested. The switch
on fluorescence from the probe clearly indicate the Co®* catalyzed oxidative cleavage of
benzylic ether (C—O) linkage in ResCo in the presence of O, releasing highly fluorescent
resorufin dye. Time dependent study showed that the Co?** mediated benzyl ether bond
cleavage reaction in ResCo complete within 30 min respectively as indicated by the
fluorescence spectra (Figure 25). Concentration dependent study showed submicromolar
concentration of Co?" is good enough to react with ResCo to release fluorescent resorufin

dye which leads to subsequent detection of the metal ions (Figure 26).
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Figure 24. Fluorescence response of ResCo (1.0 uM) upon addition of different metal ions after 2h in aqueous
solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A¢x = 540 nm).
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Figure 25. Time dependent fluorescence response of ResCo (1.0 uM) after addition of 20.0 uM of Co*" in
aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (4., = 540 nm).
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Figure 26. Fluorescence response of ResCo (1.0 uM) upon addition of 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, 10.0 uM of Co®* after 2 h in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (A« = 540 nm).
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The reducing environment generated by GSH is very essential as confirmed by control
experiment in the absence of GSH, which did not lead to benzylic ether (C—O) bond cleavage
(Figure 27).
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Figure 27. Time dependent fluorescence study of 1.0 uM ResCo incubated with 10 uM of Co?* in aqueous
solution (50 mM HEPES, pH 7.2) with (black trace) and without (red trace) 2 mM GSH.

3.3.3 pH dependent study

The effect of pH on the Co** mediated oxidative cleavage of the benzylic ether bond in
ResCo was studied to understand the efficiency of this ‘switch-on’ fluorometric method.
ResCo reacted efficiently with Co?* in the biologically relevant pH range of 6.5-8.5 to
release phenolic resorufin fluorophore (Figure 28). Hence, ResCo is very convenient for the
‘switch-on’ fluorometric detection of Co* without the interference from the pH-dependent

effects.
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40
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Figure 28. Effect of pH on the ‘switch on’ emission of ResCo. Red trace: ResCo (1.0 uM) with 10.0 uM of

Co* after 2 h in aqueous solution. Black trace: ResCo (1.0 uM) without Co®* after 2 h in aqueous solution.

3.3.4 Competitive study for detection of Co**

2* was studied in the

Selectivity of ResCo as the ‘switch-on’ fluorescent probe for Co
presence of various competing metal ions. For this purpose, 1.0 uM solutions of ResCo were
treated with 20.0 pM of Co®" in the presence of 20.0 pM of other metal ions. Data in Figure
29 show that there is no or very minimal interference for the detection of Co®" in the
presence of other metal ions. This indicates the selectivity of Co*" mediated oxidative
benzylic ether bond cleavage in ResCo to release fluorescent resorufin dye. Thus, ResCo can
be used as selective reaction-based switch on fluorescent probe for Co®* in the presence of

most competing metal ions.
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/1,

ResCo Co*™ Na® K Ba¥ Mg¥ Ca* A" Mn* Fe*” Co¥Ni*” Cu* Cu** Zn** Cd** Ag™ Hg* Pb**

Figure 29. Competitive experiment for the detection of Co®* using 1.0 uM of ResCo. Top: 20.0 pM Co*" is
mixed with 20.0 uM of corresponding metal ions. Left two bars are control response of the corresponding probe

and only metal ion indicated.
3.3.5 Product analysis

ESI-MS analysis further confirmed the Co**catalyzed oxidative benzylic ether (C—0O) bond
cleavage in ResCo to release fluorescence reporter dye resorufin and metal ion bound
carboxylated tetradentate ligands N3O-Co. The mass peaks at m/z 387 and 406 correspond
to carboxylated N3O-Co complex (calcd 387.03 for CisH17CoN3zO3 + K™ + 2H™ and 405.99
for C15H1sCoN3Os+ K* + Na*) (Figure 30). This mass spectroscopic data are in agreement
with data reported in the literature.>”*® Thus ESI-MS data validated the Co** mediated
oxidative benzylic ether (C—O) bond cleavage reaction in ResCo and the formation of Co
complex with carboxylated pentadentate ligands of N3O (Scheme 5). The metal ion (Co?")
catalyzed oxidative cleavage of the benzylic ether (C—O) bond between the resorufin and
N3O ligand is presumed to follow the mechanism proposed for C-N/C-O bond cleavage
reaction reported in the literature.®**"*® Notably single cation coordination (hydroxyl) site in
ResCo played a crucial role by introducing differential selectivity of metal ions (Co®"), as the
C-O bond cleavage regulated through the formation of the Co complex with pentadentate

moieties of N3O in the probes.
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Figure 30. ESI mass spectra (positive ion mode) for the reaction of 10.0 uM ResCo with 100.0 uM Co®* in
water in presence of 100.0 uM GSH. Mass peaks observed at 387 ([M + K + 2H]") and 406 ([M + Na + K —
2H]") are corresponds to N;O-Co complex CisHi7CoN3O3. Mass peak observed at 469 ([M + H]") correspond to
ResCo (calculated 468.18 for C,;H,4N40,). Mass peak observed at 308 ([M + H]") correspond to GSH.
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Scheme 5. Co?"/O, mediated benzylic ether bond (C—0O) cleavage in ResCo to release resurufin dye and [N;O-

Co] complex.
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3.3.6 Conclusion

In conclusion, the design and synthesis of new type reaction-based molecular probe ResCo
has been presented here, with dual optical output (colorimetric and switch on fluorometric)
for the detection of Co®" ion in physiological reducing media. The metal ion catalyzed
oxidative benzylic ether bond cleavage was successfully established for detection of the
paramagnetic metal ion overcoming the inherently associated fluorescence quenching
property. This molecular probe extended the scope of reaction-based molecular platform for
the detection of paramagnetic metal ions by employing newer fluorescence reporter dye with
emission in the longer wavelength region. Furthermore this probe offer ratiometric visible
absorption (colorimetric) based second mode of optical response for the detection of Co*".
Thus ResCo probe can be efficiently used for monitoring exchangeable Co®* pools in
analytical samples and in living cells as these probes containing fluorescence reporter

resorufin dye which is not phototoxic to living cells.
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4. Experimental

4.1 General experimental procedure

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless
otherwise mentioned. The solutions of metal ions were prepared from Al(ClO)s3-9H,0,
LiClO4-3H,0, NaClO4, Mg(ClO4),,  Ca(ClOy4)2-4H,0,  Sr(NOs),,  Ba(ClOy),,
Mn(CIQOy),-6H,0, Fe(ClO4),-H,0, Co(ClO,),-6H,0, Cd(ClO,),-H,0, Ag(ClOy4),, Hg(CIOy,),,
Pb(CIO4)2, Ni(ClO4),:6H,0, Cu(ClO4),-6H,0, [Cu(CH3CN)4]PFs and Zn(ClOy),-6H,0
respectively in CH3zCN. *H and **C NMR were recorded on a Bruker AV-400 spectrometer
with chemical shifts reported as ppm (in CDCls;, DMSO-dg, tetramethylsilane as internal
standard). Mass spectra were measured on Shimadzu 2020 LC-MS and BrukerUlItraflex Il
MALDI/TOF spectrometers. Elemental analysis was carried out on ThermoScientific
FLASH 2000 Organic Element Analyzer. UV-Vis spectra were recorded on a Perkin Elmer
Model Lambda 900 spectrophotometer. HRMS were recorded on Agilent 6538 UHD
Accurate-Mass Q-TOF LC/MS analyzer. Fluorescence spectra were recorded on a Perkin

Elmer LS 55 spectrophotometer.
4.2 Detailed synthetic procedure

7-Diethylamino-2-oxo-2H-chromene-3-carboxylic acid ethyl ester (A): 7-Diethylamino
N COzEt salicylaldehyde (2.66 g, 13.8 mmol) and diethyl malonate (3.31
/\N,©\/OIO g, 20.7 mmol) were dissolved in (1:2) toluene-acetonitrile (150
) mL). Piperidine (3.53 g, 41.5 mmol) was added and the mixture
was refluxed for 12 h. After cooling, the solvent was evaporated and the residue was purified
by silica gel chromatography (methylene chloride/ethyl acetate; 8:2) to obtain the product A
as yellow oil (2.39 g, 60% yield). '"H NMR (400 MHz, CDCI;) 8pm 1.21-1.25 (6H, m), 1.37-
1.41 (3H, m), 3.42-3.47 (4H, dd, J = 7.6 Hz, 6.8 Hz), 4.34-4.40 (2H, m), 6.47 (1H, s), 6.59

(1H, d, J = 9.2 Hz), 7.34 (1H, dd, J = 1.2 Hz, 8 Hz), 8.42 (1H, s). >C NMR (100 MHz,
CDClL3) 8ppm 124, 143, 45.0, 61.1, 96.7, 107.7, 109.1, 109.4, 130.9, 149.1, 152.8, 158.2,
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158.4, 164.2. MS (El): m/z = 290.4 [M+H]" for C1sH19NO,4. Elemental analysis: Found C,
66.40; H, 6.62; N, 4.85; Calcd. C, 66.42; H, 6.62; N, 4.84 for C16H19NOs,.

7-Diethylamino-chromene-2-one (B): 1 g of 7-diethylamino-coumaric-3-carboxylic acid
X ethyl ester in 60 mL of 18% strength hydrochloric acid was heated
/\Nmo for 5 h to the boil under reflux. After cooling, saturated sodium
) acetate solution was added and the pH value adjusted to 4-5 with
45% strength sodium hydroxide, whilst cooling. The crystalline precipitate was filtered off,
thoroughly washed with water and dried in vacuum at 50 °C, which afforded product (B) as
light yellow solid (0.6 g, 80% yield). '"H NMR (400 MHz, CDCl;) Oppm 1.24 (6H, t, J=7.2
Hz), 3.41-3.47 (4H, q, J= 7.2 Hz), 6.05 (1H, d, J=9.6 Hz), 6.52 (1H, d, J= 2 Hz), 6.57-6.60
(1H, dd, J = 2.4 Hz, 6.4 Hz), 7.29 (1H, s), 7.54 (1H, d, J = 9.2 Hz). °C NMR (100 MHz,
CDCI;) dppm 12.4, 447, 97.6, 108.3, 108.6, 109.2, 128.7, 143.6, 150.7, 156.7, 162.2. MS (EI):

m/z = 218.3 [M+H]" for C13H1sNO,. Elemental analysis: Found C, 71.85; H, 6.97; N, 6.47;
Calcd. C, 71.87; H, 6.96; N, 6.45 for C13H15sNO..

7-Diethylamino-2-oxo-2H-chromene-3-carboxyldehyde (C): 4 mL of dry DMF are added

/@\/\j\(§0 dropwise to 0.4 mL of POCI; at 20-50 °C. The mixture was stirred
PN o, for 45 min at 50 °C under N, atmosphere. A suspension of 0.65 ¢

) of 7-diethylamino coumarin in 3 mL of dry DMF was then added;
the mixture was warmed to 60 °C for 2 h and poured out onto ice water, and stirred for 2 h.
The crystalline precipitate was filtered off, thoroughly washed with water and dried in
vacuum at 50 °C, which afforded product (C) as orange solid. (0.47 g, 66% yield)."H NMR
(400 MHz, CDCI3) dppm 1.23 (6H, t, J= 6.8 Hz), 3.44 (4H, dd, J = 7.2 Hz, 6.8 Hz), 6.47 (1H,
d, J=2 Hz), 6.61 (1H, dd, ] = 2.4 Hz, 6.8 Hz), 7.39 (1H, d, J = 9.2 Hz), 8.24 (1H, s), 10.11
(1H, s). °C NMR (100 MHz, CDCl5) 8,pm 12.4, 45.3, 97.2, 108.2, 110.2, 114.4, 132.5, 145.3,
153.4, 158.9, 161.8. MS (El): m/z = 246.3 [M+H]" for Cy4H;sNOs. Elemental analysis:

Found C, 68.54; H, 6.17; N, 5.72; Calcd. C, 68.56; H, 6.16; N, 5.71 for C14H15sNO3.
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General synthetic procedure for CC and CTC

A solution of 7-diethylamino-2-oxo-2H-chromene-3-carboxyldehyde (0.40 g, 1.63 mmol) in
ethanol (20 mL) was added slowly to a solution of carbohydrazide or thiocarbohydrazide
(0.81 mmol) in water (20 mL). Initially the solution turn turbid and after complete addition
the solution became clear. The reaction mixture was refluxed with stirring for 24 h. The
precipitate formed was cooled and filtered. The precipitate was washed with ethanol and
dried under vacuo to obtain biscarbonohydrazone CC or bisthiocarbonohydrazone CTC in

quantitative yield.

Bis[[7-(diethylamino)-2-ox0-2H-chromene]methylene]-carbonic  dihydrazide (CC):

( ﬁ Yield 92% (orange powder). *H NMR (400

N N< MHz, DMSO-ds) Sppm 1.14 (12H, t, J = 6.8
r . j Hz), 3.46 (8H, dd, J = 6.8 Hz, 7.2 Hz), 6.57
o /N,NJLN,N\ o (2H, d, J = 2.4 Hz), 6.77 (2H, dd, J = 2.4

o H H o Hz, 6.8 Hz), 7.57 (2H, d, J = 8.8 Hz), 8.22

(2H, s), 8.45 (2H, s), 10.78 (2H, s). *C NMR (100 MHz, DMSO-ds) 8ppm 12.3, 44.2, 96.5,
108.1, 109.7, 113.2, 130.3, 137.2, 137.9, 150.9, 151.7, 156.2, 160.8. MS (El): m/z = 545.3
[M+H]", calcd. 544.2 for CgH32NgOs. Elemental analysis: Found C, 63.92; H, 5.93; N,
15.44; Calcd. C, 63.96; H, 5.92; N, 15.43 for C,9H3,NgOs.

Bis[[7-(diethylamino)-2-0xo0-2H-chromene]methylene]-carbonothioic dihydrazide
( (CTC): Yield 92% (brick red powder). *H

N NMR (400 MHz, DMSO-dg) Sppm 1.12-1.16

j (12H, m), 3.45-3.50 (8H, m), 6.56-6.59

o N. i NS o (2H, dd, J = 2 Hz, 6.4 Hz), 6.77-6.79 (2H,
o TR N o d, J = 8.4 Hz), 7.57-7.59 (2H, d, J = 6.4
Hz), 8.18 (1H, br), 8.30 (1H, br), 8.67 (2H, br), 11.67 (1H, br), 11.94 (1H, br). *C NMR (100
MHz, DMSO-dg) dppm 12.3, 44.2, 96.5, 108.1, 109.8, 112.5, 130.6, 136.3, 138.8, 151.3, 156.5,
160.7, 173.9. MS (El): m/z = 561.2 [M+H]", cald. For 560.2 CxgH3NgO4S. Elemental

N

[
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analysis: Found C, 62.08; H, 5.76; N, 15.02; S, 5.71; Calcd. C, 62.12; H, 5.75; N, 14.99; S,
5.72 for Co9H3,N604S.

2-[(Pyridin-2-ylmethyl)amino]ethanol: Pyridine-2-carbaldehyde (2.14 g, 0.02 mol) was

X added slowly to an ice-cooled solution of aminoethanol (1.22 g, 0.02
[Nj\/n\/\OH mol) in 30 mL of methanol. The resulting solution was stirred at
ambient temperature for 2 h and subsequently treated with sodium tetrahydridoborate (1.89 g,
0.05 mol) in small portions. After additional 2 h, water (30 mL) was added and the reaction
mixture was concentrated to about 20 mL using a rotavap. The remaining solution was
extracted with dichloromethane (2 x 20 mL), and the organic layer was separated and
subsequently dried with sodium sulfate. Filtration and evaporation of the solvent gave the
amino ligand (1.92 g, 63%) as orange oil, which was used without further purification for the
synthesis of N3O-CI. "H NMR (400 MHz, DMSO-ds) 8ppm 2.60-2.64 (2H, br, s), 2.81 (2H, t, J
= 4.8 Hz), 3.62 (2H, t, J = 5.2 Hz), 3.91 (2H, s), 7.12-7.16 (1H, m), 7.23 (1H, d, J = 8.4 Hz),
7.59-7.64 (1H, m), 8.51 (1H, d, J = 4.8 Hz).MS (El): m/z = 153.2 [M+H]" for CgH1,N0.
Elemental analysis: Found C, 63.16; H, 7.96; N, 18.41; Calcd. C, 63.13; H, 7.95; N, 18.41 for
CsH12N20.

Synthesis of receptor N3O-Cl: To a mixture of 2,6-dichloromethylpyridine (352 mg, 2
Z mmol) and NaHCO3 (84 mg, 1 mmol) in CH3CN (30 mL)heated at
CNj\ Z I 70°C, a solution of compound 2 (152 mg, 1 mmol, 15 mL) in the

N\/C% same solvent was added slowly. The resulting mixture was stirred at
HO/'/ cl  70°C for overnight and cooled to room temperature. Insoluble
materials were removed by filtration. The filtrate was concentrated and purified by basic
alumina column (ethyl acetate/MeOH; 9:1). The product was obtained as pale yellow oil.
Yield = 106 mg, 36%. ‘H NMR (400 MHz, CDCI;) 8,,m2.86 (2H, t, J = 4.8 Hz),3.66 (2H, t, J
= 5.2 Hz), 3.92 (2H, s), 3.93 (2H, s), 4.65 (2H, s), 7.12-7.15 (1H, m), 7.27-7.32 (3H, m),
7.56-7.64 (2H, m), 8.52-8.54 (1H, m).MS (El): m/z = 292.8 [M+H]* for Cy5H15CIN;O.
Elemental analysis: Found C, 61.76; H, 6.21; N, 14.41; Calcd. C, 61.75; H, 6.22; N, 14.4 for
C15H15CIN3O.
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Synthesis of HBTCo: A mixture of 2-hydroxybenzothiazole (65 mg, 0.28 mmol) and N3O-

s Cl ligand (100 mg, 0.34 mmol) was dissolved in DMF (10 mL).

@[I\?_Q K2CO3 (400 mg, 2.8 mmol) was added and the resulting mixture was

o} heated at 90°C for overnight. After cooling to room temperature,

_ solvent was evaporated in vacuo. The residue in H,O (50 mL) was

\ /N extracted with of CH,Cl, (3x20 mL). This organic layer was washed

with brine, dried over Na,SO,, solvent was evaporated in vacuo and

_ N\_\ the residue was purified on basic alumina column (solvent.

\ /N OH  CH,CIl,/MeOH: 95/5) to obtain the product as light yellow oil (121

mg, yield 88%). "H NMR (400 MHz, CDCl3) 8,y 2.90 (2H, t, J = 5.2 Hz), 3.69 (2H, t, J =

5.2 Hz), 3.96 (4H, d, J = 4 Hz), 5.47 (2H, s), 7.11-7.16 (3H, m), 7.27-7.31 (2H, m), 7.34-7.43

(2H, m), 7.47-7.51 (2H, m), 7.54-7.58 (1H, td, J = 6 Hz, 1.6 Hz), 7.63 (1H, t, J = 7.6 Hz),

7.88 (1H, d, J = 8 Hz), 8.09 (1H, d, J = 8 Hz), 8.51-8.55 (2H, m)."*C NMR (100MHz,

CDCls) 6,pm 56.8, 59.7, 60.0, 60.1, 71.4, 113.1, 120.2, 121.2, 121.6, 122.1, 122.2, 122.7,

122.8, 123.0, 124.6, 125.9, 129.9, 131.8, 136.0, 136.5, 137.4, 149.0, 152.2, 155.8, 155.9,

159.1, 159.2, 163.0.HRMS: observed m/z = 505.1667 [M + Na]* and calculated m/z =
505.1674 for C,gH26N4NaO,S.

Synthesis of ResCo: A mixture of resorufin sodium salt (84 mg, 0.35 mmol) and N;O-Cl
ligand (125 mg, 0.43 mmol) was dissolved in DMF (10 mL). K,CO3 (72 mg, 0.53 mmol) was

added and the resulting mixture was heated at 90°C for

N
7
/IZ): :@\ overnight. After cooling to room temperature, solvent
®) o (@) N

' was evaporated in vacuo. The residue in 50 mL of H,O

NI~
HO~ was extracted with 3x20 mL of CH,Cl,. This organic
N N layer was washed with brine, dried over Na,SQ,,

| ; solvent was evaporated in vacuo and the residue was

purified on basic alumina column (solvent.
CH,Cl,/MeOH: 90/10) to obtain the product as red colored powder (142 mg, yield 85 %). 'H
NMR (400 MHz, CD30D) &,,,., 2.77 (2H, t, J = 5.6 Hz), 3.67 (2H, t, J = 5.6 Hz), 3.88 (2H, 9),
3.91 (2H, s), 5.32 (2H, s), 6.30 (1H, d, J = 2 Hz), 6.84 (1H, dd, J = 8 Hz, 2Hz), 7.12-7.18
(2H, m), 7.23-7.27 (1H, m), 7.44 (1H, d, J = 7.2 Hz), 7.51-7.58 (3H, m), 7.72-7.82 (3H, m),

319



Chapter 5: Colorimetric and fluorometric molecular probes for Co’*

8.42 (1H, m). 3C NMR (100 MHz, DMSO-ds) 6,,m 56.1, 59.0, 60.0, 60.1, 71.2, 101.2, 105.6,
114.1, 120.2, 121.9, 122.5, 127.9, 131.2, 133.6, 134.8, 136.3, 137.4, 137.6, 145.0, 145.2,
148.6, 149.5, 154.6, 159.4, 159.5, 162.0, 185.2. HRMS: observed m/z = 469.1855 [M + H]"
and calculated m/z = 469.1876 for Cy7H25N404.

4.3 General method for measurements of photophysical properties

UV-Vis spectra were recorded on a Perkin EImer Model Lambda 900 spectrophotometer.
Fluorescence spectra were recorded on a Perkin EImer model LS 55 spectrophotometer. 1 cm
cells were used for titration. For UV-Vis titrations, stock solutions of CC and CTC were
prepared (c = 2000 uM) in acetonitrile. For fluorescence titrations stock solution of ligand
HBTCo was prepared (c = 2000 puM) in CH3CN. For titrations stock solution of ligand
ResCo was prepared (¢ = 2000 uM) in DMSO. The solutions of guest cations were prepared
in acetonitrile/water/DMSO in the order of 10° M. Working solutions of CC, CTC, HBTCo
and ResCo and metal ions were prepared from the stock solutions. 10 nm excitation and 10

nm emission slit widths were used.

4.4 Job plot by UV-Vis method

A series of solutions containing CTC and Co(ClO,), were prepared such that the sum of the
total concentration of metal ion and CTC remained constant (10 puM). The mole fraction (X)
of Co®* was varied from 0.1 to 1.0. The corrected absorbance ([A-Ao] / [Ao]) at 510 nm was
plotted against the molar fraction of the Co?* solution.

4.5 Determination of binding constant

Tsein equation®® is derived to the following equations that can be used in any stoichiometric
ratio between the ligand and analyte.

| —
[Mr!—]m — . 1 - ]. 1 a
n-K [L]f o

320



Chapter 5: Colorimetric and fluorometric molecular probes for Co**

Where K is complex equilibrium constant, ML, is metal-ligand, L is ligand, [L], [M"*], and
[MmLn] are the concentrations of respective species. a is the ratio between free ligand
concentration, [L], and the initial concentration of ligand, [L]r. In this case, the
stoichiometric ratio of the CTC and Co®" is 2:1. So, this equation can be written as

1 |-
KLt o

=

-

[Coz—]o_s =

The curve fitting experimental data points were calculated from this equation with log K; =
7.95 M,
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4.6 Appendix

< Compound A, *H and *C NMR
Compound B, *H and *C NMR
Compound C, *H and *C NMR
Compound CC, *H and **C NMR
Compound CTC, *H and *C NMR

% Compound PMAE and N3;O-Cl , *H NMR
% Compound HBTCo, 'H and *C NMR
Compound ResCo, *H and *C NMR

X/
°e

X/
°e

>

/7
*

R/
X4

D)

X3

X3

R/
X4

D)
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4.7 HRMS data
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Figure 31.HRMS spectra of HBTCo. Observed m/z = 505.1667 [M + Na]" and calculated m/z = 505.1674 for
C28H26N4Na028.
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Figure 31. HRMS spectra of ResCo. Observed m/z = 469.1855 [M + H]" and calculated m/z = 469.1876 for
C27H25N4O4-
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5. References

1. Dennis, M.; Kolattukudy, P. E., A cobalt-porphyrin enzyme converts a fatty aldehyde to a
hydrocarbon and CO. Proc. Natl. Acad. Sci. USA 1992, 89, 5306-5310.

2. Vallee, W. M. B. L., Cobalt as probe and label of proteins. In Methods Enzymol., James, F. R.;
Bert, L. V., Eds. Academic Press: 1993; Vol. 226, pp 52-71.

3. Walker, K. W.; Bradshaw, R. A., Yeast methionine aminopeptidase | can utilize either Zn** or Co**
as a cofactor: A case of mistaken identity? Protein Sci. 1998, 7, 2684-2687.

4. Okamoto, S.; Eltis, L. D., The biological occurrence and trafficking of cobalt. Metallomics 2011, 3,
963-970.

5. Seldén, A. I.; Norberg, C.; Karlson-Stiber, C.; Hellstrom-Lindberg, E., Cobalt release from glazed
earthenware: Observations in a case of lead poisoning. Environ. Toxicol. Pharmacol. 2007, 23, 129-
131.

6. Barceloux, D. G.; Barceloux, D., Cobalt. Clin. Toxicol. 1999, 37, 201-216.

7. Basketter, D. A.; Angelini, G.; Ingber, A.; Kern, P. S.; Menné, T., Nickel, chromium and cobalt in
consumer products: revisiting safe levels in the new millennium. Contact Dermatitis 2003, 49, 1-7.

8. El-Safty, S., Functionalized hexagonal mesoporous silica monoliths with hydrophobic azo-
chromophore for enhanced Co(ll) ion monitoring. Adsorption 2009, 15, 227-239.

9. Zeng, Z.; A. Jewsbury, R., The synthesis and applications of a new chromogenic and fluorescence
reagent for cobalt(ll). Analyst 1998, 123, 2845-2850.

10. Lin, W.; Yuan, L.; Long, L.; Guo, C.; Feng, J., A fluorescent cobalt probe with a large ratiometric
fluorescence response via modulation of energy acceptor molar absorptivity on metal ion binding.
Adv. Funct. Mater. 2008, 18, 2366-2372.

11. Yao, Y.; Tian, D.; Li, H., Cooperative binding of bifunctionalized and click-synthesized silver
nanoparticles for colorimetric Co®* sensing. ACS Appl. Mater. Interfaces 2010, 2, 684-690.

12. Zhen, S. J.; Guo, F. L.; Chen, L. Q.; Li, Y. F.; Zhang, Q.; Huang, C. Z., Visual detection of
cobalt(ii) ion in vitro and tissue with a new type of leaf-like molecular microcrystal. Chem. Commun.
2011, 47, 2562-2564.

13. Que, E. L.; Chang, C. J., Responsive magnetic resonance imaging contrast agents as chemical
sensors for metals in biology and medicine. Chem. Soc. Rev. 2010, 39, 51-60.

14. McRae, R.; Bagchi, P.; Sumalekshmy, S.; Fahrni, C. J., In situ imaging of metals in cells and
tissues. Chem. Rev. 2009, 109, 4780-4827.

15. Haas, K. L.; Franz, K. J., Application of metal coordination chemistry to explore and manipulate

332



Chapter 5: Colorimetric and fluorometric molecular probes for Co**

cell biology. Chem. Rev. 2009, 109, 4921-4960.

16. Domaille, D. W.; Que, E. L.; Chang, C. J., Synthetic fluorescent sensors for studying the cell
biology of metals. Nat. Chem. Biol. 2008, 4, 168-175.

17. Pluth, M. D.; Tomat, E.; Lippard, S. J., Biochemistry of mobile zinc and nitric oxide revealed by
fluorescent sensors. Annu. Rev. Biochem 2011, 80, 333-355.

18. Terai, T.; Nagano, T., Fluorescent probes for bioimaging applications. Curr. Opin. Chem. Biol.
2008, 12, 515-521.

19. Irving, H.; Williams, R. J. P., 637. The stability of transition-metal complexes. J. Chem. Soc.
1953, 0, 3192-3210.

20. Gunnlaugsson, T.; Leonard, J. P.; Murray, N. S., Highly selective colorimetric naked-eye Cu(ll)
detection using an azobenzene chemosensor. Org. Lett. 2004, 6, 1557-1560.

21. Zhou, Y.; Won, J.; Lee, J. Y.; Yoon, J., Studies leading to the development of a highly selective
colorimetric and fluorescent chemosensor for lysine. Chem. Commun. 2011, 47, 1997-1999.

22. Maity, D.; Govindaraju, T., Pyrrolidine constrained bipyridyl-dansyl click fluoroionophore as
selective Al**sensor. Chem. Commun. 2010, 46, 4499-4501.

23. Quinlan, E.; Matthews, S. E.; Gunnlaugsson, T., Colorimetric recognition of anions using
preorganized tetra-amidourea derived calix[4]arene sensors. J. Org. Chem. 2007, 72, 7497-7503.

24, Sessler, J. L.; Tomat, E.; Lynch, V. M., Positive homotropic allosteric binding of silver(l) cations
in a Schiff base oligopyrrolic macrocycle. J. Am. Chem. Soc. 2006, 128, 4184-4185.

25. Katsiaouni, S.; Dechert, S.; Brifias, R. P.; Bruckner, C.; Meyer, F., Schiff base macrocycles
containing pyrroles and pyrazoles. Chem. Eur. J. 2008, 14, 4823-4835.

26. Devaoille, A. M. J.; Richardson, P.; Bill, N. L.; Sessler, J. L.; Love, J. B., Selective anion binding
by a cofacial binuclear zinc complex of a Schiff-base pyrrole macrocycle. Inorg. Chem. 2011, 50,
3116-3126.

27. Lippert, A. R.; New, E. J.; Chang, C. J., Reaction-based fluorescent probes for selective imaging
of hydrogen sulfide in living cells. J. Am. Chem. Soc. 2011, 133, 10078-10080.

28. Lippert, A. R.; Van de Bittner, G. C.; Chang, C. J., Boronate oxidation as a bioorthogonal reaction
approach for studying the chemistry of hydrogen peroxide in living systems. Acc. Chem. Res. 2011,
44 (9), 793-804.

29. Kim, H. M.; Cho, B. R., Two-photon probes for intracellular free metal ions, acidic vesicles, And
lipid rafts in live tissues. Acc. Chem. Res. 2009, 42, 863-872.

30. Quang, D. T.; Kim, J. S., Fluoro- and chromogenic chemodosimeters for heavy metal ion
detection in solution and biospecimens. Chem. Rev. 2010, 110, 6280-6301.

31. Cho, D.-G.; Sessler, J. L., Modern reaction-based indicator systems. Chem. Soc. Rev. 2009, 38,

333



Chapter 5: Colorimetric and fluorometric molecular probes for Co’*

1647-1662.

32. Vad, M. S.; Nielsen, A.; Lennartson, A.; Bond, A. D.; McGrady, J. E.; McKenzie, C. J.,
Switching on oxygen activation by cobalt complexes of pentadentate ligands. Dalton Trans. 2011, 40,
10698-10707.

33. Taki, M.; lyoshi, S.; Ojida, A.; Hamachi, I.; Yamamoto, Y., Development of highly sensitive
fluorescent probes for detection of intracellular copper(l) in living systems. J. Am. Chem. Soc. 2010,
132, 5938-5939.

34. Garner, A. L.; Koide, K., Oxidation state-specific fluorescent method for Palladium(ll) and
Platinum(1V) based on the catalyzed aromatic claisen rearrangement. J. Am. Chem. Soc. 2008, 130,
16472-16473.

35. Song, F.; Watanabe, S.; Floreancig, P. E.; Koide, K., Oxidation-resistant fluorogenic probe for
mercury based on alkyne oxymercuration. J. Am. Chem. Soc. 2008, 130, 16460-16461.

36. Song, F.; Garner, A. L.; Koide, K., A highly sensitive fluorescent sensor for palladium based on
the allylic oxidative insertion mechanism. J. Am. Chem. Soc. 2007, 129, 12354-12355.

37. Au-Yeung, H. Y.; New, E. J.; Chang, C. J., A selective reaction-based fluorescent probe for
detecting cobalt in living cells. Chem. Commun. 2012, 48, 5268-5270.

38. Taki, M.; Wolford, J. L.; O'Halloran, T. V., Emission ratiometric imaging of intracellular zinc:
design of a benzoxazole fluorescent sensor and Its application in two-photon microscopy. J. Am.
Chem. Soc. 2003, 126, 712-713.

39. Seo, J.; Kim, S.; Park, S. Y., Strong solvatochromic fluorescence from the intramolecular charge-
transfer state created by excited-state intramolecular proton transfer. J. Am. Chem. Soc. 2004, 126,
11154-11155.

40. Zhao, J.; Ji, S.; Chen, Y.; Guo, H.; Yang, P., Excited state intramolecular proton transfer (ESIPT):
from principal photophysics to the development of new chromophores and applications in fluorescent
molecular probes and luminescent materials. PCCP 2012, 14, 8803-8817.

41. Janes, L. E.; Cimpoia, A.; Kazlauskas, R. J., Protease-mediated separation of Cis and Trans
diastereomers of 2(R,S)-benzyloxymethyl-4(S)-carboxylic acid 1,3-dioxolane methyl ester:
intermediates for the synthesis of dioxolane nucleosides. J. Org. Chem. 1999, 64, 9019-9029.

42. Miller, E. W.; Albers, A. E.; Pralle, A.; Isacoff, E. Y.; Chang, C. J., Boronate-based fluorescent
probes for imaging cellular hydrogen peroxide. J. Am. Chem. Soc. 2005, 127, 16652-16659.

43. Li, Z.; Hayman, R. B.; Walt, D. R., Detection of single-molecule DNA hybridization using
enzymatic amplification in an array of femtoliter-sized reaction vessels. J. Am. Chem. Soc. 2008, 130,
12622-12623.

44. Kim, S. Y.; Hong, J.-1., Chromogenic and fluorescent chemodosimeter for detection of fluoride in

334



Chapter 5: Colorimetric and fluorometric molecular probes for Co**

aqueous solution. Org. Lett. 2007, 9, 3109-3112.

45. Choi, M. G.; Hwang, J.; Eor, S.; Chang, S.-K., Chromogenic and fluorogenic signaling of sulfite
by selective deprotection of resorufin levulinate. Org. Lett. 2010, 12, 5624-5627.

46. Chen, W.; Li, Z.; Shi, W.; Ma, H., A new resorufin-based spectroscopic probe for simple and
sensitive detection of benzoyl peroxide via deboronation. Chem. Commun. 2012, 48, 2809-2811.

47. Apfel, U.-P.; Buccella, D.; Wilson, J. J.; Lippard, S. J., Detection of nitric oxide and nitroxyl with
benzoresorufin-based fluorescent sensors. Inorg. Chem. 2013, 52, 3285-3294.

48. Maity, D.; Kumar, V.; Govindaraju, T., Reactive probes for ratiometric detection of Co®* and Cu*
based on excited-state intramolecular proton transfer mechanism. Org. Lett. 2012, 14, 6008-6011.

49. Grynkiewicz, G.; Poenie, M.; Tsien, R. Y., A new generation of Ca®" indicators with greatly
improved fluorescence properties. J. Biol. Chem. 1985, 260, 3440-3450.

335



Chapter 6

Near-infrared fluorometric and colorimetric
molecular probes for thiol and H,S

Paper based on this chapter have been published in Org. Biomol. Chem., 2013, 11, 2098-2104. (Inside Cover Page)
(Link). Reproduced by permission of the Royal Society of Chemistry. Another one manuscript has been submitted
for publication.



http://pubs.rsc.org/en/Content/ArticleLanding/2013/OB/c2ob27138a

Chapter 6: Near-infrared fluorometric and colorimetric molecular probes for thiol and H,S

Part A
1.Turn on NIR fluorescence and colorimetric cyanine probe (DNBSCy) for
thiol

1.1 Introduction

The optical monitoring of thiols such as glutathione (GSH), cysteine (Cys) and homocysteine
(Hcy) is of significant interest due to their crucial roles in maintaining the biological redox
homeostasis through the equilibrium of free thiols and oxidized disulfides in biological
systems.™ These low molecular weight thiols (LMWTSs) are essential for the growth of cells
and tissues in living organisms.>® Dramatic changes in the intracellular thiol concentrations
in biological fluids are implicated in a number of diseases including liver damage, heart
disease, cancer, AIDS, inflammatory bowel disease, osteoporosis, Alzheimer’s and
cardiovascular diseases.*** Among these LMWTs, GSH is a major endogenous antioxidant
produced in the cell (0.5-10 mM).*? GSH protects the cells from oxidative stress by trapping
free radicals and reactive oxygen species (ROS); it also maintains exogenous antioxidants in
their reduced forms.> The abnormal ratio of reduced GSH to oxidized glutathione is one of
the potential reasons for oxidative stress.”*® In cells, the enzyme glutathione reductase
catalyses the reduction of GSSG to free GSH, thus preventing the occurrence of oxidative
stress. Hence, it is very crucial to monitor the concentration of GSH and the activity of
glutathione reductase in physiological media. Although several strategies have been
developed to detect these mercapto-biomolecules, fluorescence detection has been
recognized as the most convenient method due to its simplicity and low detection limit. In the
past few years, researchers have developed thiol-selective fluorescence probes exploiting the
strong nucleophilicity of the thiol group and their cation binding affinity.!® However, the
existing fluorescence probes for thiols are plagued by certain serious limitations like
excitation and emission in the UV-visible region, relatively time consuming procedures, and
the use of organic—water mixed media.

NIR molecular probes have gained special interest in the recent years due to several

inherent advantages over the UV-visible probes.??* Deeper penetration of the NIR radiation
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(650-900 nm) enables the assessment of molecular and physiological events several layers
deep inside the analyte samples and tissues. Moreover, optical response in the NIR region is
not affected by the autofluorescence generated from chromophores and macromolecules
present in the analyte or tissue samples.?*?® A few research groups have taken the initiative
in designing thiol-selective NIR sensors.””*° However, many of these thiol sensors work by
means of reduction in NIR fluorescence. Therefore, a turn on NIR fluorescence probe based
on the extended m-electron conjugated system that could instantly monitor thiol in complete

physiological media is necessary.

1.2 Design strategy

The design strategy for the development of a turn on NIR fluorescence probe relied on a
reaction-based approach in which a thiol mediated bond-cleaving reaction converted a weak
or non-fluorescence probe into a robust NIR fluorescent dye.**" In this chapter a highly
sensitive turn on NIR fluorescence and colorimetric probe is discussed for monitoring thiols,
especially GSH, over GSSG in physiological media. The thiol assisted removal of 2,4-
dibenzenesulfonyl (DNBS) from the hydroxyl group moiety of a fluorophore has been found
to have excellent selectivity towards thiol detection with off-on fluorescence signaling.*®*?
Strong electron withdrawing DNBS functionality would significantly disturb the ICT
process, maximising the fluorescence switching on-off process. Heptamethine cyanine (Cy),
a NIR fluorescent dye with high extinction coefficient and quantum vyield has been
extensively used in NIR bioimaging.’® An interesting approach has been devised by
incorporating the DNBS protected phenolic moiety onto the conjugated cyanine backbone.**
The DNBS-phenolic moiety incorporated heptamethine cyanine (DNBSCy) was designed,
however, with a completely altered m-conjugation pattern and positive charges localised on
both the nitrogen atoms (Scheme 1). The thiol mediated nucleophilic reaction on the
DNBSCy probe releases thiol-dinitrobenzene by-product, generating the Cy-phenolate which
rearranges itself by neutralising the positive charge on a nitrogen atom to form stable Cy-
quinone. This Cy-quinone resumes the extended m-electron conjugation pattern of the
cyanine dyes. Similar to parent heptamethine cyanine (Cy), the Cy-quinone has an odd

number of carbon atoms between two nitrogen atoms to facilitate conjugation along the
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polymethine chain. It was thus expected to exhibit turn on NIR fluorescence besides showing

unique visible color changes due to the conjugated m-electron push-pull character.
1.3 Synthesis of molecular probe DNBSCy

A two-step straightforward synthetic route was developed for the preparation of the
DNBSCy probe as outlined in Scheme 1. The arenesulfonate ester moiety (DNP-SO,-BDA)
was synthesized by sulfonating the hydroxyl group of 4-hydroxy-1,3-

benzenedicarboxaldehyde with 2,4-dinitrobenzenesulfonyl chloride. Good yields of

NO,
NO,
o

(1}
O,N S-cl

OH o)
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Scheme 1. Synthesis of DNBSCy and molecular structure of Cy-quinone.

341



Chapter 6: Near-infrared fluorometric and colorimetric molecular probes for thiol and H,S

DNBSCy were obtained by condensing this dialdehyde-arenesulfonate ester intermediate
with 2 equiv of indolium-3-butyl-sulfonate. All the compounds were characterized by NMR,
mass spectrometry, and elemental analysis. The arenesulfonate ester moiety in the DNBSCy
probe is highly reactive towards thiolate, which releases the hydroxyl group of the cyanine
fluorophore backbone in the presence of free thiols. The indolium-3-butyl-sulfonate chains in
DNBSCy are chosen to impart water solubility and to prevent aggregation of the cyanine

backbone in solution.

1.4 Photophysical studies of DNBSCy in presence of thiol

DNBSCy is a yellow powder and readily dissolves in water to form a light green solution.
DNBSCy exhibits an absorption band centred around 390 nm with an extinction coefficient
(¢) of 2.6 x 10* M*em™ in 10 mM PBS buffer (pH = 7.4) (Figure 1). The probe itself is
almost non-fluorescent, displaying a very weak emission band around 700 nm (Figure 2). In
the presence of GSH, the absorbance at 390 nm decreased drastically while two new

absorption bands appeared at 476 nm and 581 nm (Figure 1). Concurrently, the color of the

0.30

Cys, Hey

Absorbance

1 L 1 1 1 1 L 1

" L 1 "
350 400 450 500 550 600 650
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Figure 1. UV-Vis absorption spectra of DNBSCy (10.0 uM) and on addition of 10.0 equiv of Cys, Hcy and
GSH in 10 mM PBS buffer medium (pH = 7.4).

342



Chapter 6: Near-infrared fluorometric and colorimetric molecular probes for thiol and H,S

1000

GSH, Cys, Hey

e

800
DNBSCy, Ala, Arg, Gln, Glu,
Leu, Lys, Phe, Pro, Thr, Trp,
Val, His, Ser, Met, Tyr,

600 -

+ 4 3+ 2+ 2+
Na ,K ,Al ,Ca ,Mn ,

2+ 24+ 242+ 2+
,Co |7 ,Cu )

400

200

Fluorescence Intensity (a.u.)

650 700 750 800 850
Wavelength (nm)

Figure 2. Fluorescence response of DNBSCy probe (10.0 uM) towards various amino acids (1.0 mM) and
metal ions (1.0 mM). Each spectrum was acquired after 30 min. incubation of the probe with analyte in 10 mM
PBS buffer (pH 7.4) with A¢, = 600 nm.

solution changed from light green to blue. As anticipated upon 600 nm excitation (Ae), the
fluorescence emission spectra displayed a switchon peak around 700 nm in the NIR region
(Figure 2). This large Stokes shift (~ 119 nm) between the absorbance and emission peaks is
a highly desirable characteristic feature of a fluorescence probe that assists in increasing the
signal-to-noise ratio. Other free thiol containing amino acids like Cys and Hcy showed
similar absorption and emission spectral changes. However, the presence of amino acids with
no thiol functionality or biologically relevant metal ions did not show any significant spectral
changes with DNBSCy (Figure 2). Though thiols are present in millimolar concentration
inside cells, only 5.0 uM GSH was found to be enough to display significant NIR
fluorescence response within two minutes after reacting with the arenesulfonate ester moiety
of the DNBSCy probe (10 uM) (Figure 3). This clearly emphasised the sensitivity of the
probe, as DNBSCy respond quickly towards the detection of GSH as low as three orders of
magnitude less than the actual concentration present in normal cells. On addition of GSH to
the DNBSCy solution, NIR fluorescence emission intensity at Ema= 695 nm increased

rapidly in the initial stage and reached the maximum (> 25 fold) over a period of 20 min. The
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Figure 3. Time-dependent NIR fluorescence spectra recorded when probe DNBSCy (10.0 uM) was treated with
GSH (5.0 uM) in 10 mM PBS buffer (pH 7.4) with 1, = 600 nm. Inset: Fluorescence intensity changes at 695

nm recorded as a function of time.
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Figure 4. Relative fluorescence response of DNBSCy (10.0 uM) on addition different concentration of GSH in
10 mM PBS buffer medium (pH = 7.4).
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GSH titration study showed that DNBSCy could detect submicromolar concentration of GSH
efficiently (Figure 4). GSH mediated rapid nucleophilic reaction with the electron
withdrawing sulfonyl ester moiety of DNBSCy probe releases the Cy-phenolate anion. The
negative charge of Cy-phenolate rearranges itself by neutralizing the positive charge on one
of the nitrogen atoms to form stable Cy-quinone (Scheme 1). In the process, Cy-quinone
resumes heptamethine cyanine-like extended =-electron conjugation pattern which is
responsible for the observed characteristic turnon NIR fluorescence. The conjugated n—
electron push-pull character is also generated in the Cy-quinone system that lends a unique

blue color to the solution.

1.5 Competitve study

Further, DNBSCy was also found to be highly selective for GSH over other competing non-

thiol amino acids in the buffer solution (Figure 5).

gl _gleglglglglglaglglalglel glalglal

DNBSCyGSH Ala Arg Gln Glu Len Lys Phe Pro Thr Trp Val His Ser Tyr Met

Figure 5. Relative fluorescence intensities of DNBSCy with GSH in the presence of various other amino acids.
Dark grey bar: DNBSCy (10.0 uM) with 10 equiv of amino acid stated. Light grey bar: 10.0 uM of DNBSCy
and 5 equiv of GSH with 10 equiv of amino acid stated. (E; = 695 nm). The responses of the DNBSCy to GSH,
in the absence of amino acids, is included as controls, dark grey bar, no amino acid added, light grey bar, 10.0
uM of DNBSCy with 5 equiv of GSH in 10 mM PBS buffer medium (pH = 7.4).
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1.6 Product analysis after reaction with GSH

Mass spectroscopic analysis confirmed that DNBSCy was converted to the Cy-quinone dye
under the experimental conditions used for GSH detection (Figure 6). The ESI-mass spectra
showed peaks at m/z = 705.2 (calculated for CsgHisN207S, + H") corresponding to Cy-
qguinone and at m/z = 474.0 (calculated for C15H19N5010S) corresponding to the by- product
v-glutamyl-S-(2,4- dinitrophenyl)cysteinylglycine.

Intens.
(%)
614.8

20

7052

935.1

Mol. Wt.: 703.89 NH, 0

Mol. Wt.: 935.05 Mol. Wt.: 473.41

Figure 6. ESI mass spectra (positive ion mode) for the reaction of 10.0 pM DNBSCy with GSH (10.0 uM) in
water. Mass peak observed at 935.1 was attributed to unreacted DNBSCYy, peak at m/z = 705.2, (calculated for
[C3sH43N,0S,” + H]") corresponding to this cyanine dye (Cy-quinone); peaks at 614.8 ([M + 2H]") , 637.0 (M
+ H+ Na]") and 653 ([M + H+ K]") were attributed to the oxidized form of GSH (GS-SG). Peak at m/z = 474.0
corresponding to the side product y-glutamyl-S-(2,4-dinitrophenyl)cysteinylglycine (calculated for
C16H19N5010S).
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1.7 pH dependent study

The effect of pH on the GSH mediated arenesulfonate ester bond cleavage was studied to
understand the efficiency of the process. DNBSCy alone was stable within the pH range of 5-
8 while small changes were observed in the pH range of 8-10 (Figure 7). However, the
DNBSCy probe reacted selectively with GSH in the biologically relevant pH range of 6-10 to
form the NIR fluorescence emitting Cy-quinone dye. The optimum NIR fluorescence
emission was observed in the commonly used physiological pH range of 6.5-8.5, which
makes the DNBSCy probe convenient for the detection and monitoring of thiols without

interference from the pH-dependent effects of the physiological media.
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Figure 7. Effect of pH on the NIR emission of DNBSCy monitored at 695 nm. Black trace: DNBSCy (10 uM)
and red trace: DNBSCy (10.0 uM) with 5.0 uM of GSH in 10 mM PBS buffer.
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1.8 Reduced thiol detection in fetal bovine serum (FBS)

To ascertain the practical applicability of our turn on NIR fluorescence probe, thiol content in
the fetal bovine serum (FBS) sample was studied. Thiol containing amino acids generally
occur in the disulfide form in blood serum. Estimation of the thiol pool in blood serum is
crucial for understanding the role of thiols in the pathogenesis of cardiovascular diseases.
The plasma (FBS) was treated with a reducing agent triphenylphosphine to reduce all the
oxidized disulfide to free thiols.*® Different aliquots of the reduced FBS were added to
DNBSCy in buffer solution (2 mL, 10 mM PBS, pH 7.4) at ambient temperature. Figure 8
shows the turn on NIR fluorescence signal and linear increase in the intensity of the signal
with the addition of reduced FBS. These data clearly suggest the presence of free thiols that
react rapidly with the DNBSCy probe to form the NIR emitting Cy-quinone dye. In addition,
spontaneous colorimetric changes were observed in the absorption spectra (Figure 9). The
visible light greenish color of the solution gradually changed to blue as the amount of
reduced FBS was increased in the analysis mixture under study. This experiment
demonstrates that DNBSCYy is capable of monitoring thiols in the serum sample by means of

characteristic turn on NIR fluorescence as well as colorimetric optical responses.
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Figure 8. NIR fluorescence spectra of DNBSCy (10.0 uM) upon addition of aliquots (0, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100 pL) of reduced fetal bovine serum (lex = 600 NM; Epax = 695 nm).
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Figure 9. UV-Vis absorption spectra of probe DNBSCy (10.0 uM) upon addition of various amounts (0, 5, 10,
15, 20, 30, 40, 50, 60, 70, 80, 90, 100 pL) of reduced fetal bovine serum solution to the 10 mM PBS buffer
solution (pH 7.4).

1.9 Selective detection of the reduced GSH over oxidized GSSG using a combination of

glutathione reductase and DNBSCy

Significant imbalance in the GSH/GSSG ratio is responsible for oxidative stress and has
direct implications for human health. Therefore, the measure of glutathione reductase activity
serves as an indicator for the assessment of oxidative stress. The enzyme glutathione
reductase catalyzes the reduction of GSSG to GSH in the presence of the reducing agent
nicotinamide adenine dinucleotide phosphate (NADPH) under physiological conditions.*
Thus, the formation of GSH by reducing the oxidized GSSG was monitored in the presence
of glutathione reductase by coupling our free thiol responsive DNBSCY/Cy-quinone
transformation with enzyme catalyzed GSSG/GSH conversion (Scheme 2). DNBSCy reacted
instantaneously with the free GSH generated from GSSG under the assay conditions (10 mM

PBS buffer, 1 unit/mL glutathione
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Scheme 2. Efficient monitoring of free thiol generated from glutathione reductase (in presence of NADPH)
catalyzed GSSG/GSH conversion by coupling the thiol responsive DNBSCy/Cy-quinone transformation with

unigue turn on NIR fluorescence and colorimetric optical response.

reductase, 0.4 mM NADPH) as indicated by the enhanced NIR emission (> 11 fold) within 2
min of adding the enzyme (Figure 10). This preliminary experiment motivated us to study the
kinetic effect of the reduction of GSSG to GSH at different concentrations of the enzyme.
This experiment revealed that higher concentrations of glutathione reductase lowered the
time required for completion of the GSSG/GSH redox process and its subsequent detection
(Figure 11). Maximum NIR emission signal was achieved within 20 min when 10 mU/mL of
glutathione reductase was employed. However, more time (double) was required to reach the
maximum intensity when half the concentration of glutathione reductase was used. In the

absorption spectra, the DNBSCy absorbance band at 385 nm decreased while new bands
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Figure 10. Fluorescence spectra of probe DNBSCy (10.0 uM) in response to enzymatic conversion of GSSG (2
mM) to free GSH using glutathione reductase (1 unit/mL) and 0.4 mM of NADPH in thel0 mM PBS buffer
solution (pH 7.4).

appeared at 475 and 582 nm with the addition of NADPH and glutathione reductase (Figure
12). A clear isobestic point at 440 nm indicated the formation of Cy-quinone dye by the
reaction of free GSH on DNBSCy. The solution color changed from light green to blue as a
result of formation of the cyanine dye with extended conjugation.

Normally, the glutathione reductase activity is monitored with NADPH consumption by
recording the decreased absorbance at 340 nm or the free GSH generated can be visualized
from the increased absorbance at 412 nm using Ellman's reagent. DNBSCy probe, with dual
optical response (turn on NIR fluorescence and colorimetric response), provides a
sophisticated, non-invasive and accurate way of monitoring the activity of glutathione
reductase which in turn can be a parameter for measuring oxidative stress. As an added
advantage, this probe allows the naked eye detection of GSSG to GSH conversion in the
presence of glutathione reductase without the need for expensive instrumentation. To the best
of our knowledge, dual responsive DNBSCly is the first probe with an excellent combination
of turn on NIR fluorescence and colorimetric optical response to detect free thiol content in
serum and to measure the activity of glutathione reductase in the GSSG/GSH redox process
(Scheme 2).
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Figure 11. Glutatathione reductase activity assay. NIR fluorescence response of DNBSCy (10.0 uM) at 695 nm
(hex = 600 nm) monitored as a function of time. In the assay mixture glutathione reductase reduces GSSG to
reduced free GSH form using a reducing agent NADPH (100.0 uM). The activity of enzyme glutathione
reductase was measured at three different concentrations (2.5, 5.0 and 10.0 mU/mL) in 10 mM PBS buffer (pH
7.4).
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Figure 12. Time-dependent UV-Vis absorption spectra of DNBSCy (10.0 uM). Assay conditions: 10 mM PBS
buffer (pH = 7.4), GSSG, NADPH (10.0 um), glutathione reductase (10 mU/mL). Inset: Absorbance changes at

582 nm recorded as a function of time.
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1.10 Conclusion

In conclusion, a thiol selective water soluble turn on NIR fluorescence probe DNBSCy has
been successfully developed. This molecular probe readily reacts with thiols, in particular
GSH, to release NIR fluorescence emitting cyanine dye over a wide pH range. The probe was
used effectively for the turn on NIR fluorescence and colorimetric monitoring of thiols in
fetal bovine serum (FBS). For the first time, we also demonstrated the ability of the
DNBSCy probe to be used in monitoring the GSSG/GSH redox process in the presence of
glutathione reductase enzyme and the reducing agent NADPH with the unique combination
of NIR turn on fluorescence and colorimetric optical response. Therefore, this probe is
capable of monitoring the activity of glutathione reductase which in turn serves as a tool to
assess the levels of oxidative stress. In general, DNBSCy can be used as a non-invasive tool
for the determination of thiol content in biological fluids, measuring the activities of the
enzymes involved in thiol coupled redox processes and in vivo NIR fluorescence imaging

applications.
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Part B
2. Ratiometric NIR fluorescence and colorimetric cyanine (DNPOCYy)

probe for H,S

2.1 Introduction

Hydrogen sulfide (H,S) is also known as “sewer gas” has strong odor similar to rotten eggs at
lower concentration levels. H,S has emerged as the third endogenous gaseous signaling
compound (gasotransmitter) after nitric oxide (NO) and carbon monoxide (CO). The typical
concentration of H,S in blood is found to be in the range 10-100 pm.*” H,S plays important
physiological role in many biological processes including regulation of cell growth,
vasodilation and angiogenesis, mediation of neurotransmission, inhibition of insulin
signaling, and regulation of inflammation.**" Unlike NO, H,S does not generate the toxic
reactive oxygen species (ROS) and moreover it acts as an antioxidant or scavenger of ROS.
There are three enzymes: cystathionine-p-synthase (CBS), cystathionine-y-lyase(CSE), and
3-mercaptopyruvate sulfur transferase (3MST) catalyze the cysteine or cysteine derivatives to
H.,S within different organs and tissues.> It was reported that mitochondrial sulfide quinine
oxidoreductase (SQR) and persulfidedioxygenase (ETHE1) inactivate H,S by oxidizing it,
which emphasizes the importance of H,S homeostasis.>® In humans, altered levels of H,S
have been correlated with central nervous system diseases such as Down syndrome,
Alzheimer’s disease, and other diseases of mental deficiency.>*® Furthermore, the abnormal
production of H,S has been associated with diseases such as chronic kidney disease, liver
cirrhosis and diabetes.>” Thus, it is crucial to understand the chemistry and properties of H,S
in biosystems. Though there are several methods reported for H,S detection, fluorometric
technique is now one of the most attractive molecular imaging tools for the in vivo detection
of biomolecules owing to its high sensitivity/selectivity, non-invasiveness, and aptness for
living cells, tissues, and small animals. In recent years, several fluorescent molecular probes
have been reported for H,S detection in vitro as well as in vivo. They are developed by taking
advantages of several significant characteristic properties of H,S, such as good reducing
power towards azide, nitro and hydroxy-amine groups, dual nucleophilicity, high binding
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affinity towards copper ion, and efficient thiolysis of dinitrophenyl ether.*” Though these
molecular probes are shown to be useful for H,S detection, they have some major drawbacks
which restricted their actual purposes. The major drawbacks of existing probes include (i) the
concentration of H,S is 10-100 uM in blood and much lower (submicromolar range) in
living cells. Most of probes detects H,S at higher concentration, (ii) almost all probes sense
H.S in fluorescence on—off manner which is not absolute perfect for quantitative analysis of
H,S in living systems. These techniques can be easily influenced by photobleaching, local
probe concentration, microenvironment etc, (iii) some of the reported probes trap this H,S
only in aqueous-organic mixture, (iv) these existing fluorescence probes for H,S are plagued
by a serious limitation i.e. high energy absorption and emission of the dyes, (v) Most of the
reported H,S probes display response time between 20 min to two hours, except for
dansylazide and HSip-1 (within seconds) reported by Wang et. al®® and Nagano et. al.,>®
these probes, however, are not suitable for real-time determination of the fluctuations in H,S
concentration in biological systems. The drawbacks discussed above can be addressed by
developing ratiometric and NIR fluorescent probes. Ratiometric analysis means the changes
in ratio of intensities of absorption or emission at two wavelengths which minimize the error
arise from the physical or chemical fluctuations in the sample. Ratiometric fluorescent probes
can do signal rationing to increase the dynamic range and provide built-in-correction for
aforementioned interferences. Near-infrared (NIR) dyes have the unique advantages of
tracing molecular activity in vivo because deeper penetration of the NIR radiation (650-900
nm) enables the assessment of molecular and physiological events several layers deep inside
the analyte samples and tissues.®® Moreover, NIR optical response is not affected by the
autofluorescence generated from chromophores and macromolecules present in the analyte or
tissue samples. The first ratiometric probe reported is Cy-Ng, but it responds to H,S in 20 min
with only 40 nm redshift in the NIR region.®" The second probe known is nitro derivatized
probe, which works only in pure organic solvent (DMF).®? The third probe is disulfide-
containing probe excited-state intramolecular proton transfer (ESIPT) based fluorescent
probe E1, whose excitation and emission wavelengths are comparatively short for biological
applications.®* The cresyl violet-based probe is developed with excellent ratiometric
fluorescent response in the visible region but the reaction time is about 40 min.%* Flavylium

derivative is reported with quick ratiometric fluorescent response within 10 sec but in
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organic-aqueous mixture which contains 30% acetonitrile.®® Hybrid fluorophore of coumarin
and merocyanine, CouMC also displays very quick ratiometric fluorescent response in
aqueous media but with fluorescence quenching in the NIR region.®® Therefore it is necessary
to design a highly sensitive molecular probe which can detect H,S from other competing
species at lower concentration levels by immediately displaying remarkable Stokes shift and

ratiometric response in the NIR region, in pure agueous media.

2.2 Design strategy

Shabat and coworkers developed NIR cyanine-based dye QCy7 in which a phenolic moiety
is incorporated as donor in conjugation with two acceptors.* This phenolate donor moiety
can be protected either by single proton or by a trigger moiety specific for a particular analyte
of interest. The removal of the protecting group upon reaction with target analyte releases the
single donor with double acceptor m-electron system that can undergo an intramolecular
charge transfer to generate a resonance species with a m-electron pattern similar to that of
Cy7. This has provided a very efficient approach for designing NIR turn on probe. We set out
to design a H,S selective NIR probe by incorporating a specific trigger moiety with the
phenolic cyanine scaffold QCy7. Selection of specific trigger moiety for H,S is tricky as it
should be reactive for only H,S not for other biothiols present inside the cells. We realize that
H,S has a pKa of 6.9 while biothiols like cysteine, glutathione etc. have higher pKa values.
Due to this significant difference in pKa values, it is expected that H,S should be a better
nucleophile than biothiols in physiological condition. Based on this this differential
nucleophilicity, researchers have developed several molecular probesselective for H,S over
biologically abundant thiols. Recently, Lin et. al. developed a probe selective for only H,S
over biothiols based on the thiolysis of the dinitrophenyl etherreaction.®’ Based on these
observations and facts we have designed a H,S selective reaction-based NIR probe by
incorporating a dinitrophenyl (DNP) group as a functional trigger moiety within cyanine
backbone (Scheme 3). The DNPO-phenolic moiety incorporated heptamethine cyanine
(DNPOCYy) has completely altered m-conjugation pattern and positive charges localized on
both nitrogen atoms. H,S mediated nucleophilic reaction on the DNPOCYy probe cleaves

phenolic ether bond to generate the Cy-phenolate which rearranges itself by neutralizing one
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of the positive charge on nitrogen atom to form stable quinone embedded Cy-quinone.® It

was thus expected to exhibit turn on NIR fluorescence due to restoration of extended =-
electron conjugation pattern of the cyanine dyes like QCy7. This NIR probe also features
unique colorimetric response for H,S due to the conjugated m-electron push—pull character in

aqueous environments.

2.3 Synthesis

DNPOCYy probe was synthesized in two-step straightforward synthetic route as outlined in
Scheme 3. The 2,4-dinitrophenyl phenyl ether moiety (DNP-O-BDA) was synthesized via
nucleophilic substitution of 1-fluoro-2,4-dinitrobenzene by treating the 4-hydroxy-1,3-
benzenedicarboxaldehyde under the basic conditions. Good yield of DNPOCy was obtained
by condensing the bisaldehyde (DNP-O-BDA) functionalized ether intermediate with 2
equiv of indolium-3-butylsulfonate. All the compounds were characterized by NMR and

mass spectrometry.
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Scheme 3. Synthesis of DNPOCy
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2.4 Photophysical studies of DNPOCy and H,S detection

DNPOCYy readily dissolves in water to form greenish yellow colored solution. DNPOCy
(10.0 pM) exhibits an absorption band located around 400 nm with an extinction coefficient
() of 3.9 x 10* M* cm ™! in PBS buffer (pH = 7.4) (Figure 13). This peak in the absorption
spectra can be attributed to the masking of the phenolic group which disrupts the conjugated
n-electron system of cyanine chromophore. Consequently, the removal of the trigger moiety
by H2S can restore the conjugation mt-electrons of the cyanine dye. As expected, DNPOCy
displayed an obvious spectral change when incubated with 20.0 uM of NaSH (common
source for H,S) in PBS buffer (pH = 7.4) (Figure 13). The absorbance at 400 nm decreased
while two new absorption bands appeared at longer wavelength i.e. 475 nm and 583 nm,
exactly matched with the spectroscopic behavior of Cy-quinone. Concurrently, the color of
the solution changed from greenish yellow to characteristic blue. The H,S reacts with the
electron withdrawing dinitrophenyl ether moiety of the DNPOCYy probe to release the Cy-

phenolate anion which rearranges itself by neutralizing the positivecharge on one of the

DNPOCYy and
other analytes

0.4

0.3

Absorbance

0.2

0.1

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 13. UV-Vis absorption spectra of DNPOCYy probe (10.0 uM) in presence of 20.0 uM of NaSH, different
anions (CI', Br, I /AcO’, N3, CN", CO3%, NO,) at 1 mM, metal ions (K*,Mg?, Ca*", Zn*") at 1 mM, 5 equiv of
reactive oxygen species (H,O,, OCI'), and reducing agents (ascorbic acid, $,05>, SO5”). Each spectrum was
acquired after 2 min. incubation of the probe with analyte in 10 mM PBS buffer (pH 7.4).
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nitrogen atoms to form stable extended m-electron conjugated Cy-quinone. Moreover, the
intensity of absorption peak at 400 nm decreased (¢ = 2.6 x 10* M~* cm ™) while that of two
new band at 475 and 583 increased and attained saturation (¢ = 3.8 x 10° M cm™ and ¢ =
43 x 10* Mt cm™ respectively) after addition of 20.0 pM of H,S during the titration
experiment with DNPOCYy (10.0 uM) (Figure 14). These facts indicate that DNPOCYy could

serve as a‘‘naked-eye’’probe for H,S.

Absorbance

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 14. UV-Vis absorption spectra of DNPOCYy probe (10.0 uM) upon addition of NaSH (0-20.0 uM). Each

spectrum was acquired after 2 min incubation of the probe with analyte in 10 mM PBS buffer (pH 7.4).

Fluorometric behavior of DNPOCYy probe has been tested varying the excitation wavelength
after the addition of NaSH. At 600 nm excitation, nonfluorescent DNPOCYy probe gave a
very quick fluorescence switch on (~ 90 fold) band around 695 nm in presence of NaSH
(Figure 15). The NIR emission intensity increased linearly with increasing concentration of
NaSH to 10.0 uM (Figure 16). This switch on fluorescence reposne of DNPOCy was not
observed for other tested bioanalytes (Figure 15). Biothiols like glutathione and cysteine
show very minimal fluorescence response. DNPOCYy exhibits an emission peak around 555
nm upon excitation at 510 nm in PBS buffer (pH = 7.4) (Figure 17). Addition of 20.0 uM
NaSH decreases the fluorescence intensity at 556 nm while a new band appeared around 695

nm corresponding to trigger removed product Cy-quinone in the NIR region. This
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Figure 15. Fluorescence spectra of DNPOCYy probe (10.0 uM) in presence of 20.0 uM of NaSH, different
anions (CI', Br,, I'AcO’, N5, CN", CO3%, NO,) at 1 mM, metal ions (K*, Mg**, Ca**, Zn*") at 1 mM, 5 equiv of
reactive oxygen species (H,0,, OCI’), and reducing agents (ascorbic acid, $,05>, SO5>). Each spectrum was
acquired after 2 min. incubation of the probe with analyte in 10 mM PBS buffer (pH 7.4). A, = 600 nm.
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Figure 16. Fluorescence spectra of DNPOCYy probe (10.0 uM) upon addition of NaSH (0-10.0 pM). Each
spectrum was acquired after 2 min. incubation of the probe with analyte in 10 mM PBS buffer (pH 7.4). Ay =
600 nm.
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remarkable large Stokes shift (~140 nm) is a highly desirable characteristic feature of a
fluorescence probe that assists in increasing the signal-to-noise ratio. As we know,
ratiometric analysis involves monitoring two signals at different wavelength. These signals
changes differentially with analyte concentration and the ratio of the signals are independent
of the probe concentration and environment which makes the ratiometric measurement to be

more accurate and quantitative.

1000

HS
800 -

600 - PNPOCy and
other analytes

400

200

Relative Fluorescence Intensity

1 "
550 600 650 700 750 800 850

Wavelength (nm)

Figure 17. Fluorescence spectra of DNPOCYy probe (10.0 uM) (Aex = 510 nm) in presence of 20.0 uM of NaSH,
different anions (CI', Br, I;/AcO’, N3, CN", CO5*, NO,) at 1 mM, metal ions (K*, Mg®*, Ca®*, Zn*")at 1 mM, 5
equiv of reactive oxygen species (H,0, OCI), and reducing agents (ascorbic acid, S,05%, SOs%). Each

spectrum was acquired after 2 min. incubation of the probe with analyte in 10 mM PBS buffer (pH 7.4).

The fluorescence ratio (lggsnm/lIsss hm) increased linearly as the concentration of H,S was
increased from 0 to 30 uM (Figure 18). Minimum 1.0 uM concentration of H,S can be
detected using this ratiometric study (Figure 19). This switch on as well as ratiometric
fluorescent response and colorimetric changes were not observed upon addition of different
anions (CI, Br,, I, AcO", N3, CN’, COs*, NO,) at 1 mM, metal ions (K*, Mg®*, Ca?*, Zn*")
at 1 mM, 5 equiv of reactive oxygen species (H,O,, OCI’), and reducing agents (ascorbic
acid, S,04%, SOs%) (Figure 13, 15, and 17). The small molecule thiols such as GSH and Cys

at 1 mM showed only very minimal fluorescence response.
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Figure 18. Fluorescence spectra of DNPOCYy probe (10.0 uM) upon addition of NaSH (0-35.0 uM). Each
spectrum was acquired after 2 min. incubation of the probe with NaSH in 10 mM PBS buffer (pH 7.4). Xe =
510 nm.
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Figure 19. Ratiometric study of DNPOCYy at different concentrations of NaSH (0.0, 0.5, 1.0, 2.5, 5.0, 7.5,
10.0puM) added, normalized between the minimum (0.0 pM of NaSH) to maximum ratiometric response. The

detection limit was determined to be 1 x 10°° pM.
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2.5 pH dependent study

The effect of pH on the H,S mediated dinitrophenyl phenyl ether bond cleavage was studied
to understand the efficiency of the ratiometric fluorometric method (Figure 20). DNPOCy
reacted efficiently with H,S in the biologically relevant pH range of 6.5-8.5 to release NIR
fluorescence emitting Cy-quinone dye. Hence, this probe is very convenient for the detection
and monitoring of H,S without interference from the pH dependent effects of the
physiological media.

4.0

3.0

20

Ig9s /1555

1.0

0.0 : —
6.5 7.0 7.5 8.0 8.5

pH

Figure 20. Effect of pH on the ratiometric emission of DNPOCy monitored at 695 and 555 nm. Black trace:
DNPOCYy (10 uM) and red trace: DNPOCy (10.0 uM) with 2.0 uM of NaSH in 10 mM PBS buffer.

2.5 Product analysis

The H,S mediated transformation from DNPOCYy to Cy-quinone dye under the experimental
conditions was confirmed by mass spectroscopic analysis (Figure 21). The ESI-mass
spectrum showed peaks at m/z = 705 (calculated for C3gH43N,0;S, + H) corresponding to
Cy-quinone and at m/z = 224.0 (calculated for CgH4N,04S + Na* + H") corresponding to the
by-product 2,4-dinitrothiophenol. The H,S triggered rapid nucleophilic reaction with the
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electron withdrawing dinitrophenyl ether moiety of the DNPOCYy probe releases the Cy-

phenolate anion which rearranges itself by neutralizing the positive charge on one of the

nitrogen atoms to form stable Cy-quinone dye. In the process, this dye resumes a

heptamethine Cy7-like extended n-electron conjugation pattern which is responsible for the
observed characteristic fluorescence in the NIR region.
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Figure 21. ESI-mass spectrum (positive ion mode) for the reaction of 10.0 M DNPOCYy with NaSH (50.0 uM)
in water. Mass peak observed at 705 was attributed to cyanine dye (Cy-quinone) (calculated for [CsgH43N,04S,

+ H]"). Peak at m/z = 224.0 corresponding to the side product 2,4-dinitrothiophenol (calculated for CgH4N,0,S
+Na* + H").
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2.6 Theoretical investigation

Doron Shabat et al. have performed computational study to understand the molecular
mechanism for near infrared fluorescence of Cy-quinone.®® Further, we have investigated the
molecular mechanism underlying experimentally observed band around 555 nm in the
emission spectra for DNPOCYy. The computations data is well matched with the observed
experimental spectra for DNPOCy. We have considered the molecules in gas phase for our
theoretical study. In our calculation the structure DNPOCy and Cy-quinone were simplified
with structure A and B respectively by replacing long chain sulphonic acid group with
methyl groups. Each molecule was optimized with the help of ab initio density functional
theory (DFT) combined with time-dependent density functional theory (TDDFT) as
implemented in Gaussian 09 package.”® For the DFT and TDDFT calculations we use
B3LYP'" exchange and correlation functional with 6-31g(d) basis set for all atoms. The
optimized structures are shown in the Figure 22. The absorbance spectra was calculated using
optimized ground state (Sp) geometry and the emission spectra was calculated using
optimized first excited state (S;) geometry. The TDDFT calculation provides excitation
energies and oscillator strengths to the lowest singlet states (Table 1). We found lowering in
energy for absorption and emission transition in Cy-quinone than DNPOCYy. This is because
of the extended delocalization of electron over Cy-quinone. Thus, though Cy-quinone (B)

emits in the near infrared region, the model compound of DNPOCYy (A) emits in the shorter

Figure 22. The optimized structures of the model compounds of DNPOCYy (A) and Cy-quinone (B).
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Table 1. Calculated absorption/emission transition with corresponding oscillator strength of A and B in gas

phase.
Compound Transition Excitation energy Oscillator Strength
(nm)
A So—S1 (abs) 458.55 0.71
S1—So (fluo) 503.72 1.40
B So—S;1 (abs) 562.81 1.53
S1—So (fluo) 629.08 1.02

(homo—lumo) + 0.5121 (homo—lumo+1) for A and 0.6995 (homo—lumo) + 0.1055
(homo—lumo+1) for Cy-quinone. The emission is approximately describes 0.3277
(lumo—homo-1)-0.6098 (lumo+l1—homo) for A and 0.7021 (lumo—humo) for B. The
frontier molecular orbital of DNPOCYy (A)and Cy-quinone (B) are included in Figure 23.

g
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i Mot 5V
ofaoty, hTieRy Aeledy

HOMO&Q.“% &ﬂ(' m-.,"“ SM “::’: :n%
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Figure 23. Frontier molecular orbital of the optimized ground state (S,) and optimized excited state (S,) of the

model compounds of DNPOCYy(A) and Cy-quinone (B).
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2.7 Conclusion

In conclusion, a hydrogen sulfide (H,S) selective water soluble ratiometric NIR fluorescence
probe DNPOCYy has been successfully developed. This molecular probe readily reacts with
H,S to release NIR fluorescence emitting cyanine dye over a wide pH range. The probe was
used effectively for colorimetric monitoring of H,S. In general, DNPOCYy can be used as a
non-invasive tool for in vitro detectionand in vivo NIR fluorescence imaging of H,S. Results
obtained from theoretical calculations corroborate the experimental findingsand provide us
with a detailed microscopic understanding of the observed fluorescence properties of
DNPOCy.
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3. Experimental

3.1 General experimental procedure

All the solvents and reagents were obtained from Sigma-Aldrich and used as received unless
otherwise mentioned. 'H and **C NMR were recorded on a Bruker AV-400 spectrometer
with chemical shifts reported as ppm (in CDCl;, DMSO-d6, tetramethylsilane as internal
standard). Mass spectra were obtained on Shimadzu 2020 LC-MS. Elemental analysis was
carried out on ThermoScientific FLASH 2000 Organic Element Analyzer. UV-Vis spectra
were recorded on a Perkin Elmer Lambda 900 spectrophotometer and fluorescence spectra
were recorded on a Perkin Elmer LS 55 spectrophotometer.

3.2 Detailed synthetic procedure

2,4-Dinitrophenyl 2,4-diformylphenyl sulphate (DNP-SO,-BDA): A mixture of 4-
NO, hydroxy-1,3-benzenedicarboxaldehyde (150 mg, 1 mmol), 24-
dinitrobenzenesulfonyl chloride (292 mg, 1.1 mmol) and

triethylamine (0.15 mL, 1.1 mmol) in dichloromethane (10 mL) was

0=s=0 stirred at 0°C for 1 h. under inert atmosphere. The reaction mixture

O . . .
\/@:/ was washed with water. The organic phase was dried over Na;SO4
°X Z° and solvent was evaporated to dryness. The crude product was

purified by column chromatography on silica gel using chloroform as an eluent to obtain
DNP-SO,-BDA as yellow solid (68%). ‘H NMR (400 MHz, DMSO-ds) dppm7.50 (1H, d, J =
8.4 Hz), 8.23 (1H, dd, J = 6.4 Hz, 2 Hz), 8.37 (1H, d, J = 8.8 Hz), 8.46 (1H, d, J = 2.0 Hz),
8.65 (1H, dd, J = 6.4 Hz, 2.0 Hz), 9.14 (1H, d, J = 2.4 Hz), 10.11 (1H, s), 10.16 (1H, s). °C
NMR (100 MHz, DMSO-d6) dppm 121.2, 124.2, 127.7, 129.3, 130.3, 131.4, 133.8, 135.6,
135.8, 148.0, 151.7, 152.0, 187.4, 191.5. LCMS: m/z = 381.2 [M + H]" for C14HgN>OgS.
Elemental analysis: Found: C, 44.19; H, 2.12; N, 7.38, Calcd: C, 44.22; H, 2.12; N, 7.37 for
C14HgN20gS.

368



Chapter 6: Near-infrared fluorometric and colorimetric molecular probes for thiol and H,S

Dinitrobenzenesulfonyl-cyanine (DNBSCy) probe: A mixture of 2,4-dinitrophenyl-2,4-

NO, diformylphenyl sulfate (DNP-SO,-BDA)
(76 mg, 0.2 mmol), indolium-3-butyl-
sulfonate (118 mg, 0.4 mmol) and NaOAc
(32 mg, 0.4 mmol) was dissolved in 3 mL
Ac;0. The reaction mixture was stirred

for 30 min at 80°C under an argon

atmosphere.  After  completion, the
reaction mixture was concentrated by evaporation under reduced pressure. The crude product
was diluted with 3.0 mL H,0, 3.0 mL ACN, 300 uL AcOH, and purified by preparative RP-
HPLC (grad. 10%-90 ACN in water, 20 min) to obtain the probe DNBSCy (130 mg, 70%) as
yellow powder. *H NMR (400 MHz, DMSO-d6) oppm 1.79 (6H, s), 1.84 (6H, s), 1.86-1.91
(4H, m), 2.04-2.11 (4H, m), 2.62 (2H, t, J = 6.8 Hz), 2.69 (2H, t, J = 6.7 Hz), 4.80-4.87 (4H,
m), 7.41 (1H, d, J = 8.5 Hz), 7.65-7.69 (4H, m), 7.89-7.93 (2H, m), 8.03-8.12 (3H, m), 8.21-
8.35 (3H, m), 8.48-8.53 (2H, m), 8.68 (1H, dd, J = 6.4 Hz, 2.2 Hz), 9.18 (1H, d, J = 2.2 Hz),
9.35 (1H, d, J = 1.5 Hz). *C NMR (100 MHz, DMSO-dg) dppm 22.0, 22.1, 25.3, 26.4, 26.6,
47.1, 47.4, 49.2, 49.4, 52.5, 53.0, 115.7, 115.9, 116.5, 118.1, 121.5, 123.1, 127.9, 129.0,
129.1, 129.3, 129.9, 130.1, 130.7, 131.1, 133.9, 135.1, 136.0, 140.6, 140.7, 142.4, 144.1,
144.2, 148.0, 149.4, 149.6, 151.7, 157.9, 158.3, 181.5, 181.9. LCMS: m/z = 935.1 [M]" for
Ca4H4N4013S3. Elemental analysis: Found: C, 56.51; H, 4.95; N, 6.01, Calcd: C, 56.52; H,
4.96; N, 5.99 for C44H46N4013S3.

2,4-dinitrophenyl 2,4-diformylphenyl ether (DNP-O-BDA): A mixture of 4-hydroxy-1,3-
NO, benzenedicarboxaldehyde (100 mg, 0.67 mmol), 1-fluoro-2,4-
dinitrobenzene (619 mg, 3.3 mmol) and K,CO3; (920 mg, 6.66

NO, mmol) in anhydrous DMF (4 mL) was stirred at room temperature

o for overnight under inert atmosphere. After completion, the reaction
O§/©/\90 mixture was concentrated by evaporation under reduced pressure.
The reaction mixture was dissolved in dichloromethane. The organic phase was washed with

water. Finally it was dried over Na,SO, and evaporated to dryness. The crude product was

purified by flash column chromatography (hexane/ethyl acetate = 7/3) as eluent to obtain
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DNP-O-BDA as light yellow solid (148 mg, 70%). *H NMR (400 MHz, CDCls) Oppm 7.09
(1H, d,J=8.4 Hz), 7.29 (1H, d, J = 8.8 Hz), 8.16 (1H, dd, J = 2 Hz, 6.4 Hz), 8.50 (2H, m),
8.98 (1H, d, J = 2.8 Hz), 10.08 (1H, s), 10.45 (1H, s). *C NMR (100 MHz, CDCl3) dppm
119.1, 121.8, 122.6, 127.3, 129.4, 132.8, 133.7, 135.5, 140.9, 143.7, 153.0, 160.2, 186.7,
189.4. LCMS: m/z = 316.3 [M]" for C14HgN,O7. Elemental analysis: Found: C, 53.15; H,
2.55; N, 8.87, Calcd: C, 53.17; H, 2.55; N, 8.86 for C14HgN,O-.

Dinitrophenyl-ether-cyanine (DNPOCYy) probe: A mixture of 2,4-dinitrophenyl 2,4-
diformylphenyl ether (DNP-O-BDA) (50
mg, 0.16 mmol), indolium-3-butyl-
sulfonate (84 mg, 0.28 mmol) and NaOAc
(23 mg, 0.28 mmol) was dissolved in
Ac,0 (3 mL). The reaction mixture was

stirred for 30 min at 80°C under an argon

atmosphere. After completion, the reaction
mixture was concentrated by evaporation under reduced pressure. The crude product was
diluted with 3.0 mL H;O, 3.0 mL ACN, 300 pL AcOH, and purified by preparative RP-
HPLC (grad. 10%-90 ACN in water, 20 min) to obtain the probe DNPOCYy (115 mg, 82%)
as yellow powder. *H NMR (400 MHz, DMSO-d6) Oppm 1.72 (6H, s), 1.86-1.89 (10H, m),
2.07-2.10 (4H, m), 2.62-2.70 (4H, m), 4.80-4.85 (4H, m), 7.49 (1H, d, J = 8.8 Hz), 7.64-7.67
(5H, m), 7.87-7.91 (2H, m), 8.01-8.21 (4H, m), 8.39-8.43 (1H, m), 8.53-8.60 (3H, m), 8.99
(1H, d, J = 2.4 Hz), 9.34 (1H, m). *C NMR (100 MHz, DMSO-dg) dppm 22.1, 25.5, 25.6,
26.5, 26.6, 46.9, 47.2, 49.3, 49.5, 52.4, 52.5, 114.9, 115.5, 115.8, 117.1, 119.6, 121.6, 122.1,
123.0, 126.6, 129.1, 129.2, 129.7, 129.9, 132.0, 132.6, 136.4, 140.1, 140.6, 140.7, 142.8,
143.3, 143.9, 144.1, 150.7, 152.6, 156.1, 158.0, 158.4, 181.5, 181.9. LCMS: m/z = 870.3
[M]" for CysH4sN4011S,. Elemental analysis: Found: C, 60.65; H, 5.32; N, 6.44, Calcd: C,
60.67; H, 5.32; N, 6.43 for C44H4sN4011S,.
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3.3 General method for measurements of photophysical properties

UV-Vis spectra were recorded on Perkin Elmer Lambda 900 spectrophotometer and fluorescence
spectra were recorded on a Perkin EImer model LS 55 spectrophotometer. 1 cm cells were used
for absorption and emission titration. For UV-Vis and fluorescence titrations stock solution of
probes were prepared (¢ = 2000 uM) in 10 mM PBS buffer (pH = 7.4). The solutions of guest
cations and amino acids were prepared in buffer solution in the order of 10° M. Working
solutions of the probeand metal ions were prepared from the stock solutions. 10 nm emission slit

widths were used.
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3.4 Appendix
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Compound DNP-SO,-BDA, *H and *C NMR
Compound DNBSCy, *H and *C NMR

< Compound DNP-O-BDA, *H and **C NMR
Compound DNPOCYy, *H and **C NMR
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Optimized Cartesian coordinate (in A) of model compound DNPOCYy (A) in ground state
(So): Total Energy: SCF Done: E(RB3LYP) = -2064.16330023 Hartree
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5.53762807 -3.62980890 0.19053002

4.64755607
5.09152708
6.43247908
7.31019108
6.87541507
3.56819207
3.28305107
4.42431908
6.79897508
8.34511308
7.55911107
5.54134306
6.07600907
6.26188406
4.84658006
2.25953008
2.20450108
2.56573008
1.25552407
2.68593306
3.11527406
4.84060307
2.83031406
2.74254707
1.85900206
3.55814006
1.35140306

-4.56687992
-5.85389792
-6.16430191
-5.20589690
-3.90946189
-2.49383291
-3.92397692
-6.60817393
-7.16407291
-5.47180489
-3.16960188
-1.24065089
-1.56408888
-0.86969190
-0.45226489
-4.64277591
-5.69631192
-4.59626790
-4.21991892
-1.36134892
-0.40795191
-2.40422190
-3.94741095
-4.98616895
-3.46484196
-3.44810796
-1.41637893

-0.33264896
-0.60671494
-0.34919294
0.17413804
0.45704902
-0.00575299
-0.48716096
-1.01341792
-0.55926493
0.36308304
0.85842901
0.93656899
1.83235099
0.20179298
1.21197398
0.43440005
0.14567007
1.48358005
0.34723405
0.02329300
0.29503198
0.37758001
-1.96930596
-2.30074294
-2.10677496
-2.61568397
-0.24736499
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0.90593006
-8.14416895
-7.85002194
-8.88592994

-10.20261694
-10.47551594
-9.44293595
-5.86311595
-6.34560694
-8.69057393
-11.02552794
-11.50461394
-9.66364095
-6.90422795
-7.02126896

-7.73424195

-5.97902295
-5.93628394
-6.39757694
-6.27977195
-4.85360794
-4.52537295
-4.41711695
-6.91740095
-5.85966093
-6.33599393
-4.77697693
-6.13446993
-3.39548694
-3.49446694
-1.66597195

-2.38011793
0.11119004
-1.24062997
-2.16174397
-1.69414798
-0.33103697
0.60496503
0.02798104
-1.42125696
-3.22138297
-2.39875798
0.00724702
1.65945903
2.28429305
2.79532403
2.54999605
2.59593506
-2.02046398
-3.00612698
-1.39328499
-2.14393498
0.53314905
1.61088205
0.83030604
-2.30728194
-3.28896894
-2.45757693
-1.87270493
-0.22545895
-1.30447295
1.61924306

-0.46946098
0.18738102
0.00926904

-0.07447294

0.01685906
0.18783604
0.27705902

0.09243601

-0.05845096

-0.21036992
-0.04830593

0.25062104
0.40054001

0.44669998

-0.51362102

1.10168198
0.92764498

-1.42893695

-1.53923994

-2.25681996

-1.51531396
0.05722100
0.10595198
0.24856301
1.12009605
1.04457407
1.10363705
2.08564905

-0.04826199

-0.09975297

-0.04931903
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-2.02563195
-0.98412694
0.37564805
0.67961505
-0.33995096
-2.42568596
-1.23570794
-0.09005496
1.99569505
2.42574504
2.22523303
3.12907804
2.71278003
1.69645703
3.60452404
3.39150303
2.57923102
413142704
3.40362405
3.90706402
4.51907002
3.67623501
3.50550806
3.53161205

0.25413206
-0.68472994
-0.33235293

1.05737407

2.01304307

2.38944106
-1.74216094

3.06695107

1.39023507

2.70110607

3.41158005

3.29947009

4.70956405

2.93486304

4.60382109

5.28397307

5.27686204

5.07451111

2.59146411

6.66728107

7.12385209

7.24271206

1.36071711

3.27480013

-0.09566100
-0.18606899
-0.21837801
-0.21127903
-0.11209804
0.03218696
-0.21192698
-0.08403006
-0.30405104
-0.39813806
-1.58251407
0.66175693
-1.71287009
-2.40126706
0.54880390
-0.64131010
-2.62640110
1.36980390
1.92385194
-0.77242813
0.18553986
-1.82984414
1.88696096
2.92827093

Optimized Cartesian coordinate (in A) of model compound Cy-quinone (B) in ground state
(So): Total Energy: SCF Done: E(RB3LYP) = -1423.81487058 Hartree

-7.07731294 -0.19714294 0.00248000
-6.49194795 -1.46553194 -0.00096501
-7.29689096 -2.59641793 -0.00713902
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-8.68788696
-9.25583695
-8.45613094
-4.82205694
-4.97948595
-6.86345897
-9.33129197
-10.33589595
-8.91106493
-6.27967592
-5.90682491
-7.34826692
-5.77100392
-4.37421395
-4.60193095
-4.79664794
-3.28777294
-3.66061993
-3.77152392
-6.04377493
-4.37868796
-4.60728097
-3.29224796
-4.80375797
-2.35927494
-2.18493494
7.21674106
6.62795305
7.42842804
8.82033804
9.39231205

-2.43369092
-1.15625992
-0.00930392
0.20498405
-1.32179795
-3.59278894
-3.30794192
-1.04725791
0.97517408
2.21796506
2.66954806
2.40485807
2.67683204
-1.95279094
-3.02320994
-1.50074493
-1.83587995
0.99824704
2.07525404
0.77405106
-1.95712697
-3.02743497
-1.84122598
-1.50757398
0.52972903
-0.54388397
-0.09703205
-1.36335604
-2.49727705
-2.34153106
-1.06645407

-0.01133403
-0.01010802
-0.00355901
0.00540702
0.00217400
-0.00941403
-0.01652205
-0.01509403
-0.00575600
0.02040403
-0.90340396
0.10426003
0.87204804
-1.27665700
-1.29551501
-2.17900900
-1.31125399
-0.00012096
-0.00884695
0.01150102
1.28117900
1.29595799
1.31961701
2.18354800
0.00276504
0.00921203
-0.00052290
0.00111108
0.00176608
0.00063309
-0.00117289
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8.59653106
4.95787606
5.11475705
6.99037903
9.45993204
10.47277005
9.05685907
6.43122808
5.99345908
7.50373908
6.00039609
4.51684704
4.75095203
4.94058303
3.42969104
3.79254507
3.92596108
6.18824807
451561305
4.74931605
3.42846606
4.93879406
2.48759407
2.34565306
1.26163608
1.29708507
0.05991707
-1.17880193
-1.21277192
0.09111109
2.19616309

0.08372494
0.31106497
-1.21866403
-3.49170305
-3.21853907

-0.00181189
0.00015909
0.00174708
0.00308106
0.00109508

-0.96079207 -0.00215389

1.06585694
2.31670696
2.77851395
2.50046595
2.77624897
-1.85388504
-2.92297104
-1.40033105
-1.74522803
1.08492398
2.16108898
0.87837196
-1.85639401
-2.92560102
-1.74734901
-1.40484801
0.59731999
-0.47915401
2.80384700
1.35598200
0.67945301
1.32676302
2.81639102
3.48462401
3.35731599

-0.00343487
-0.00184888
0.88866812
0.00227913
-0.89695688
1.28170606
1.29923705
2.18271407
1.32267206
-0.00091391
-0.00338190
-0.00068590
-1.27641594
-1.29192395
-1.31669694
-2.17868993
0.00055308
0.00326806
-0.00537391
-0.00121692
0.00106706
-0.00086194
-0.00525793
-0.00708791
-0.00724590
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0.07272006 -0.41026499 0.00434905
0.06245710 4.56972601 -0.01021190
-2.26214991 3.47430803 -0.00711293
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