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General remarks

General remarks

'H spectra were recorded on a JEOL ECX 400 MHz or a Bruker 400 MHz spectrometer
unless otherwise specified using as an internal tetramethylsilane (64 = 0.00). Chemical
shifts are expressed in ppm units downfield to TMS.

13C spectra were recorded on a JEOL 100 MHz or a Bruker 100 MHz spectrometer unless
otherwise specified using as an internal tetramethylsilane (6¢c = 0.0).

Chemical shifts (8) are reported in ppm and coupling constants (J) in Hz.

Mass spectra were obtained using HRMS-ESI-Q-Time of Flight LC-MS (Synapt G2,
Waters) or MALDI TOF/TOF Analyser (Applied Biosystems 4800 Plus).

FT-IR spectra were obtained using Bruker Alpha-FT-IR spectrometer and reported in
cm™.

All reactions were monitored by Thin-Layer Chromatography carried out on precoated
Merck silica plates (F254, 0.25 mm thickness); compounds were visualized by UV light.
All reactions were carried out under nitrogen or argon atmosphere with dried solvents under
anhydrous conditions and yields refer to chromatographically homogenous materials unless
otherwise stated.

All evaporations were carried out under reduced pressure on Buchi and Heildoph rotary
evaporator below 45 °C unless otherwise specified.

Silica gel (60-120) and (100-200) mesh were used for column chromatography.

Materials were obtained from commercial suppliers and were used without further
purification.

Preparative HPLC purification was performed using high performance liquid
chromatography (HPLC) with C-18 preparative column (21.2 mm x 250 mm, 10 pm;
Kromasil®C-18).

HPLC analysis data was obtained using Agilent Technologies 1260 Infinity, C18 reversed
phase column (4.6 mm x 250 mm, 5 pum).

Irradiation was done using 365 nm UV-LED flashlight-3W or HI-LITE Blue COB LED-
3W and intensity was calibrated using GENTEC-EO-UNO laser power meter.
Spectrophotometric and fluorimetric measurements were performed using Thermo

Scientific VVarioscan microwell plate reader.



Abbreviations

Ac — Acetyl

ACN — Acetonitrile

AcOH — Acetic acid

Ac20 — Acetic anhydride

Ag20 — Silver(l) oxide

AICI3 — Aluminium chloride

au — Arbitrary unit

AR — Amplex Red

ARE — Antioxidant response elements
BODIPY — Boron-dipyrromethene

bs — Broad singlet

CA — Carbonic anhydrase

Calcd — Calculated

CBS — Cystathionine-p-synthase
CDCIs — Chloroform-D

CHCI3 — Chloroform

CNS - Central nervous system

COS - Carbonyl sulfide

COX - Cyclooxygenase

CSE — Cystathionine-y-lyase

Ctrl — Control

CuS04.5H,0 — Copper sulfate pentahydrate
Cys — Cysteine

DAD - Diode array detector

DCF — 2',7'-dichlorodihydrofluorescein
dd — Doublet of doublet

DCM — Dichloromethane

DMAP — N, N-Dimethylaminopyridine
DMEM - Dulbecco's Modified Eagle's Medium
DMF — N, N-Dimethylformamide
DMSO — Dimethylsulfoxide
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DHE — Dihydroethidium

DNA — Deoxyribonucleic acid

DPBS — Dulbecco’s Phosphate-Buffered Saline
dt — Doublet of triplet

DTPA — Diethylenetriaminepentaacetic acid
d — Delta (in ppm)

E* - Ethidium

EDG — Electron donating group

eq. — Equivalent

ER — Estrogen-receptor

ERK — Extracellular signal-regulated kinase
ES — Esterase

ESIPT — Excited state intramolecular proton transfer

ESI — Electron spray ionization
ETC — Electron transport chain
EtzsN — Triethylamine

EtOH — Ethanol
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Et>O — Diethyl ether
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FAD — Flavin adenine dinucleotide
FBS — Fetal bovine serum

FLD — Fluorescence detector

g-— Gram

GABA — Gamma-aminobutyric acid
GFP — Green fluorescence protein
GSH — Glutathione

h — Hour

HCI — Hydrochloric acid
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HPLC — High performance liquid chromatography

HRMS — High-resolution mass spectrometry
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HRP — Horseradish peroxidase

Hz — Hertz
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H20 — Water

H202 — Hydrogen peroxide

H>S — Hydrogen sulfide

ICs0 — Half maximal inhibitory concentration

IR — Infrared

J — Coupling constant

JNK — c-JunNH:-terminal kinase
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LiAlIH4 — Lithium aluminium hydride

Lex — EXcitation wavelength

Xem — Emission wavelength

m — Multiplet
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min — Minute
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MS — Mass spectrum
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NaHCOs — Sodium bicarbonate
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Abstract

ABSTRACT

A majority of essential biomolecules or scaffolds are based upon carbon, oxygen, sulfur and
nitrogen. These molecules exist in a flux and are constantly broken down and resynthesized.
Some derivatives of O, S and N form highly reactive species, which can undergo redox
processes in cells and are termed as redox-active species. Based on the reactive atom(s), these
species are classified as reactive oxygen species (ROS), reactive sulfur species (RSS) and
reactive nitrogen species (RNS). Amongst these, ROS are oxygen-derived species, primarily
generated by NAD(P)H oxidase and the leakage of electrons in electron transport chain (ETC)
during oxidative phosphorylation in mitochondria. When present in an optimum concentration,
ROS are known to regulate several essential signaling pathways. However, at elevated levels,
ROS damage essential biomolecules which, in turn, leads to cell death. To counter ROS-
mediated damage, cells have evolved antioxidant machinery (which regulates ROS levels),
such as superoxide dismutase (SOD), catalases, thiols etc. Apart from ROS, RSS such as
glutathione (GSH), cysteine, sulfur dioxide (SO2) and hydrogen sulfide (H.S) are also
important redox species in cellular metabolism. For instance, they play vital roles in signaling
and antioxidant mechanisms. In addition, RNS — nitric oxide-based molecules — are
endogenously synthesized and perform important modulation for certain signaling
mechanisms. Therefore, it becomes essential to have tools to probe into redox-mediated
cellular pathways. In this attempt, several molecules have been developed which are either
triggered by one of several metabolic stimuli (such as cellular thiols, hydrogen peroxide and
enzymes) to generate the aforementioned reactive species or are spontaneous generators of the
same. Here, the triggerable approach provides control over the release of these reactive species.
However, due to the wide prevalence of the metabolic stimuli, reactive species are produced in
nearly all cells and achieving spatio-temporal control over release becomes challenging.
Alternatively, light was sought as a stimulus to attain spatio-temporally controlled release of
reactive species. As an external stimulus, it can provide better handle over localization and rate
of cleavage can be tuned by varying intensity of light. To this end, a masked ROS generator
was synthesized wherein the Diels-Alder adduct of 1,3-cyclohexadiene and juglone was
attached with a 2-nitrobenzyl-based photo-responsive linker. The designed molecule released
ROS only upon UV light irradiation, and was highly potent in inhibiting cancer cell growth

which was not observed in absence of light. However, few limitations associated with UV light

XV



Abstract

as stimulus include marginal increase in cellular ROS levels and low tissue penetration which

may hinder the usefulness of this strategy in studying cellular processes.

To address the above shortcomings, a linker was to be chosen such that it would cleave
upon visible light irradiation. Herein, the visible light activatable group in the form of BODIPY
was linked with a hydroquinone-based ROS generator. This molecule cleaved upon visible
light irradiation to release ROS. BODIPY-based photo-responsive group was further utilized
to mask hydrogen sulfide (H.S), a gasotransmitter, in the form of COS which was subsequently
hydrolyzed by carbonic anhydrase to generate H>S. This molecule was further evaluated for
cytoprotection against ROS-induced damage. In this thesis, the presented light-triggered tools
may find an application to study redox-mediated signaling pathways in a spatio-temporally

controlled manner.
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Chapter 1. Introduction

1.1 Redox Chemistry and Biology
In living organisms, several molecules undergo oxidation-reduction reactions to facilitate
cellular processes. These molecules play crucial roles in metabolic pathways which are
mediated by several enzymatic and non-enzymatic mechanisms that may exploit either an
intracellular redox-sensitive metal or a redox-active organic molecule. Among redox-active
organic molecules, the quinone functionality is commonly found. In the electron transport
chain (ETC), an array of quinones act as electron carriers from one complex to another by
oxidation-reduction reactions.>? Redox chemistry is also central to the NADP*/NADPH*
system, which act as a hydride carrier in the cell.® In addition, there are a number of cellular
thiols, such as glutathione and cysteine that also participate in redox processes, owing to the
variable oxidation states of sulfur. In addition to these small organic molecules, trace amounts
of metals such as Cu(l) and Fe(11)*° can also function as redox-active centers in the conversion
of H202> to the hydroxyl radical. Furthermore, there are certain short-lived species form during
normal metabolism, which are also known to participate in redox processes of cells. These
species are collectively termed reactive species. These species are majorly classified to three
categories based on the participating reactive atom (Figure 1.1).

1. Reactive oxygen species (ROS)

2. Reactive sulfur species (RSS)

3. Reactive nitrogen species (RNS)

1.1.1 Reactive Oxygen Species (ROS)

Oxygen (O) is a stable gaseous molecule which is essential for the survival of nearly all living
beings on earth. The occurrence of this molecule in the atmosphere is 20.9%. In the presence
of an electron donor, this molecule forms different short-lived species such as the superoxide
radical anion (O2"), hydrogen peroxide (H202), the hydroxyl radical (OH) and singlet oxygen
(*02), which are collectively termed reactive oxygen species (ROS) (Figure 1.2). In general,
ROS were considered toxic and deleterious substances due to their highly reactive nature and
the detrimental effects caused to essential biomolecules. But in the last 20-30 years, these
molecules have gained interest after it was found that, at subtoxic concentrations, they play a
critical role in signaling mechanisms which are essential for cellular survival.>® However,

during oxidative stress, where ROS levels exceed normal levels, they can irreversibly oxidize
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essential biomolecules like proteins, lipids and nucleic acids. This, in turn, can result in the
dysfunction of the cellular machinery, ultimately leading to cell death.®® ROS levels are
balanced by cellular antioxidants such as glutathione (GSH),'%*® superoxide dismutase

(SOD),** catalase* etc., which maintain redox homeostasis within the cell.

Figure 1.1. Classification of redox active species
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1.1.1.1 Endogenous Generation of ROS

Reactive oxygen species are produced in cells by several mechanisms. Some of these
mechanisms are initiated by cellular exposure to external elements such as, low wavelength
UV-radiation, which can generate hydrogen peroxide in cells'®; also, during substrate
hydroxylation processes, when lipid soluble substrates such as steroids, drugs, carcinogens etc.

are converted into a water-soluble form for easy excretion, the cytochrome P450 can generate
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021 In addition to these mechanisms, exogeneous elements such as pathogens or foreign
particles can also initiate inflammatory processes!’ where polymorphonuclear cells,
eosinophils, monocytes, Kupffer cells and macrophages generate a burst of O>" and H20> by
highly specialized NADPH-dependent oxidase; this enzyme is present in the outer surface of
the cell membrane and is coupled with the action of superoxide dismutase (SOD). Furthermore,
ROS are also produced during ATP synthesis, where, 1-2% of electrons may leak from the
ETC, which end up reducing molecular oxygen to O2".*® Apart from these, a large amount of
hydrogen peroxide is produced during the deamination of biogenic amines by monoamine
oxidase, which is present in the outer membrane of mitochondria.’® In addition to these,
xanthine oxidase generates O, using hypoxanthine as a substrate?® and O," is also generated

by cyclooxygenase (COX) and lipoxygenase during eicosanoid biosynthesis.?

1.1.1.2 ROS Regulation in the Cell

Multiple enzymatic and non-enzymatic systems have evolved to counter redox stress. One such
mechanism is superoxide dismutase (SOD) catalyzing the conversion of O™ to a more stable
species, H2O. This further undergoes degradation into water by several other enzymes such as
catalases and peroxidases.?? In the series of H.O,-degrading enzymes, an important one is
glutathione peroxidase, which utilizes glutathione as a substrate in order to quench H,02.12
Here, glutathione (GSH) is converted to oxidized glutathione (GSSG) in the presence of H>O>
and the GSSG s subsequently reduced back to GSH by GSH reductase.?® In addition to these,
another key enzyme is thioredoxin (TRX),?* having two cysteine residues in its catalytic site
which undergo reversible oxidation to form a disulfide bridge in the presence of H>O> and this
is reduced back in the presence of TRX reductase (Figure 1.3).%



Figure 1.3. Major pathways of endogenous ROS generation and regulation
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1.1.1.3 Physiology of ROS

ROS essay important physiological roles in biology; however, the beneficial and harmful

effects are dependent upon their concentration. At homeostatic levels of ROS, where

antioxidants and ROS generation are balanced, they regulate

several pathways which are

crucial for important cellular processes such as immune response,? inflammatory response,’

differentiation,?®?” proliferation,?82°

and cell signaling® (Figure 1.4). However, at low levels of R

pathways are inhibited®° whereas elevated levels of ROS

protein folding,3*3! angiogenesis,®3* metabolism3>-3’

0S, some of these signaling

are associated with several

pathophysiological conditions such as cancer,*#? Alzheimer’s disease,**** Parkinson’s

disease,*>* aging,*®! diabetes®*° etc. (Figure 1.5).

Figure 1.4. Physiological role of ROS
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Figure 1.5. Concentration dependent effects of ROS
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1.1.1.4 ROS Generators

As discussed, ROS are endogenously synthesized and play crucial roles for cell survival. These

species are generated from molecular oxygen after it reacts with compounds having a greater
reduction potential than itself. In the list of compounds which have a greater reduction potential
than oxygen, hydroquinone and its derivatives are one such class of molecule; these are electron
rich in nature and can readily reduce molecular oxygen to generate ROS and their quinone
counterpart (Scheme 1.1). Therefore, these hydroquinone derivatives are considered viable
scaffolds for ROS generation. Using this idea, several small organic molecules were developed
which generate ROS spontaneously®® or after activation by a particular trigger.>”~*° These ROS
generators can then be classified into the following categories on the basis of their mode of
activation to generate ROS:

1. Spontaneous ROS generators

2. Thiol-mediated ROS generators

3. Enzyme activated ROS generators

1.1.1.4.1 Spontaneous ROS Generators

Among reported ROS generators, juglone, a 1,4-naphthoguinone-based natural product, is
known to generate ROS in cellular systems after activation with bioreductive enzymes (Scheme
1.2). However, reaction of juglone with 1,3-cyclohexadiene results in a derivative which has a
reduced quinone moiety. This molecule can enolize in buffer to form a diolate intermediate.
This diolate intermediate is an electron rich unit and subsequently reacts with molecular oxygen

to generate ROS (Scheme 1.3).% As this molecule does not require any activation for ROS
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generation, it is considered a spontaneous ROS generator. This molecule is an excellent ROS

generator but does not provide us control over ROS generation.

Scheme 1.1. ROS generation by hydroquinone derivative
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Scheme 1.3. Mechanism of ROS generation from 1,3 cyclohexadiene adduct of juglone
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1.1.1.4.2 Thiol-Mediated ROS Generators

In the series of ROS generators, another category is 2,3-epoxy-1,4-naphthoquinone-based
compounds, which are candidates for thiol attack, due to the presence of a strained epoxide
ring. These molecules react with thiols to open up the epoxide ring, resulting in the formation
of a hydroquinone derivative which reacts with molecular oxygen to produce ROS, and a

naphthoquinone derivative as a by-product (Scheme 1.4).8 Apart from this, piperlongumine, a
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natural product, exhibits potent antiproliferative activity against cancer. This anticancer
activity is believed to be due to thiol depletion and ROS enhancement. However, the exact

molecular mechanism of ROS generation is not known (Figure 1.6).50-°

Scheme 1.4. Plausible mechanism of thiol mediated ROS generation from 2,3-epoxy-1,4-

naphthoquinone
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Figure 1.6. Reactive sites of piperlongumine for thiol attack and ROS generation
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1.1.1.4.3 Enzyme Activated ROS Generators

In cells, a number of enzymes regulate different metabolic pathways which are essential for
cellular homeostasis. Most of these enzymes are highly substrate specific; however, some of
these can also metabolize unnatural substrates to carry out different processes. This property
of enzyme can be utilizing in prodrug strategy where, an active molecule can be masked with
appropriate functionality and released by a suitable enzyme. Using this, a number of ROS

generators were developed which can be triggered by enzymatic reactions.

1.1.1.4.3.1 Bioreductively Activated ROS Generator

An efficient bioreductive machinery is present in cells for the detoxification of quinones, where
quinones are converted to their respective hydroquinones which are more water-soluble and
can be excreted from cellular systems. However, some quinones and their hydroguinone
counterparts are not highly water-soluble; these can subsequently react with molecular oxygen
to produce ROS. Using this idea, several molecules have been developed. In the list of these
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molecules, B-lapachone®° is one such example which is a type of 1,2-quinone that gets reduce
by the NAD(P)H:quinone oxidoreductase 1 (NQO1) enzyme to form a 1,2-hydroquinone
(Scheme 1.5). This hydroquinone further oxidizes to form B-lapachone and concomitantly
generates ROS. In addition to this, anthraquinone derivatives are also triggered by bioreductive
enzymes to form a hydroquinone derivative, which can reduce oxygen to form ROS, and
quinone as a byproduct (Scheme 1.6).%° Apart from quinone derivatives, paraquat,’®" a
quaternary ammonium derivative, also gets reduced by bioreductive enzymes to form paraquat

radical cation, which reacts with molecular oxygen to generate ROS (Scheme 1.7).

Scheme 1.5. Bioreductively ROS generation from p-lapachone
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Scheme 1.6. Mechanism of ROS generation from anthraquinone derivative after bioreduction
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Scheme 1.7. Bioreductive activation of paraquat to generate ROS
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Thiol-mediated and bioreductively activated ROS generators are activated by a trigger

and thus, offer us a better control over ROS generation compared to compounds that produce
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ROS spontaneously in buffer. However, these molecules undergo redox cycles to produce a
large amount of ROS. Apart from redox cycling by these molecules, ROS generation to a
specific cell type may not be achieved due to the ubiquitous nature of the triggers: thiols and
bioreductive enzymes; hence, these activation methods may not be very suitable for studying
ROS-mediated biology.

1.1.1.4.3.2 Esterase Activated ROS Generators

Apart from cellular thiols and bioreductive activation, in an alternative strategy, an ROS
generator can be masked with a specific linker such that the linker can be cleaved upon
activation with a specific stimulus to release the active ROS generator. In order to do this, the
cyclohexadiene adduct of juglone (which generates ROS spontaneously) has a free —-OH (which
is essential for ROS production’®), which can be protected with methyl pivalate and thus, used
in an esterase activation strategy; methyl pivalate is a substrate of esterase. Esterase is a serine-
based enzyme, known to hydrolyze the ester functionality and is present in nearly all cells. This
enzyme hydrolyzes pivalate, which further rearranges to release juglone derivative. This
juglone derivative reacts with molecular oxygen to generate ROS (Scheme 1.8). But due to the

wide prevalence of esterase, selective delivery of ROS cannot be achieved.

Scheme 1.8. Mechanism of ROS generation by esterase activation approach
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1.1.1.4.3.3 Nitroreductase Activated ROS Generators

In addition to the esterase activation approach, nitroreductase (NTR) triggered release of ROS
is also known where the enzyme NTR, present in bacterial cells and in hypoxic regions of
mammalian cells, can reduce nitro- groups to hydroxylamines or amines. To release the ROS
generator using NTR-mediated activation, the —OH of juglone derivative can be protected with
a 4-nitrobenzyl group, a well-established substrate of NTR. When the ROS generator is coupled
with this 4-nitrobenzyl group and is then treated in vitro with NTR, the nitro group is reduced

to form an amine or hydroxylamine, which release a juglone derivative upon molecular
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rearrangement. As previously discussed, this juglone derivative subsequently reacts with
molecular oxygen to generate ROS (Scheme 1.9).>” ROS enhancement was also observed in
bacterial cells. However, this scaffold was not effective in inhibiting the growth of bacterial
cells, which could either be due to the slow reduction of the nitro group, resulting in slow
generation of ROS or due to poor permeability. This slow and gradual increase in ROS levels
can be perhaps countered by antioxidant machinery of the bacterial cells to prevent ROS-

mediated damage.

Scheme 1.9. ROS generation by nitroreductase activation
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1.1.2 Reactive Sulfur Species (RSS)

Thiol-containing molecules are known to play important roles in redox biology because of the
variable oxidation states of sulfur and major endogenous RSS are glutathione (GSH), cysteine
(Cys), sulfur dioxide (SO2) and hydrogen sulfide (H.S).

Among these, glutathione is a major thiol, present in cells in the free form and plays
key roles in redox homeostasis.”””® This is also an important player in the detoxification of
quinone-based xenobiotics,”®® where the GSH forms a covalent bond with quinones to form
an adduct, which is eventually be effluxed from the cell.

Another RSS is cysteine, which is an important motif of proteins in cellular systems.
Several enzymes with active cysteine residues are known to be crucial for cellular
metabolism.8182 The free thiol of cysteine can be reversibly oxidized with H20; to form a
sulfenic acid, which is a crucial cellular signaling intermediate. Apart from sulfenic acid
formation, cysteine can also undergo irreversible oxidation to form sulfinic or sulfonic acids,
when excess H20- is present in cells. Such transformations may result in diminishing the
protein activity. In addition to this, active cysteine can also act as a nucleophile to covalently
react with electrophiles to form an adduct. If the adduct formation is irreversible, this might
lead to a loss in the activity of protein.
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Another RSS, sulfur dioxide (SO.), an oxidized form of sulfur, is a gaseous molecule
and known typically as an air-pollutant. In recent years, several studies have shown that SO is
produced endogenously in the cardiovascular tissues of rats®3# and exhibits physiological roles
including vasodilation®8® and regulation of lipid metabolism.2®®" It also plays a role in
pathophysiological conditions such as vascular structural remodeling (VSR),88 oxidative
response 8% and inflammatory responses.*

Among the redox sulfur species, H2S, a gaseous molecule, has attracted the attention of
the research fraternity after the discovery of its crucial role in signaling mechanisms of the
central nervous system (CNS),°%% aside from its antioxidant properties.®*-%° This molecule also

facilitates posttranslational modification of proteins.

1.1.2.1 Biosynthesis of H2S

Biosynthesis of H»S is mainly mediated by three enzymes; cystathionine-f-synthase (CBS),
cystathionine-y-lyase (CSE) and 3-mercaptopyruvate-sulfur-transferase (3-MST) using
cysteine as a substrate, %%

1.1.2.2 Role of H2S in Biology
H>S is known to mediate several signaling pathways which play important roles in
cytoprotection,®®1% inflammation,*%1% vascular function,’®* neurological systems,!
tissue repair and healing.!*18 |t is also known to mediate apoptosis, cell cycle
regulation,!*®120  mitochondrial function, energy metabolism and biogenesis,?:1%2
obesity, 13137 and aging. 13614

All the above mentioned phenotypes of H>S are a result of its unique properties, such
as its antioxidant nature by virtue of which elevated levels of ROS are scavenged.'*>¢ Apart
from this, H>S also takes part in S-sulfhydration of proteins; this is a posttranslation
modification to initiate several signaling pathways.!#"148 However, the signaling mechanisms
are more complicated due to the cross talk of H2S with other reactive species like, NO and
ROS.149_151

1.1.2.3 H2S Generators
The exact effects shown by H»S are concentration- and location-dependent and hence, studying
H>S-mediated processes are challenging due to its highly diffusible nature and reactivity

towards multiple sites in cells.®® Thus, to study the physiology of H2S, a tool is needed to

11



deliver this gaseous species in cells. There are several tools reported in literature for H.S

delivery.

1.1.2.3.1 Hydrolysis Based H2S Generators

To generate HS, inorganic salts like, Na>S and NaHS have been used for long, because of their
property of producing a burst of H>S under physiological conditions. These are an excellent
source of H2S; however, again, controlled generation of H>S cannot be achieved. In addition to
this, Lawesson’s reagent-based derivatives such as GYY4137 and FW1256 have been
developed for slow generation of H2S.1*® Apart from these, dithiolethione derivatives, such as
ADT and AP39, can also produce H.S in a slow manner after hydrolysis. Furthermore,
thioamino acid derivatives can also generate H,S after hydrolysis in carbonated buffer
(Figure 1.7). However, all of these methods produce H>S after buffer hydrolysis and lack
control over release, which may hinder the use of these molecules for studying H.S-mediated

cellular effects in a localized manner.

Figure 1.7. Hydrolysis-based H2S generators
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1.1.2.3.2 Triggerable H2S Generators
To overcome the problems associated with spontaneous H>S generation, controllable H>S
donors were developed such that they are triggered by different chemical and metabolic stimuli.

Examples of these molecules are discussed under.
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1.1.2.3.2.1 Thiol Activated H2S Generators

Thiols are a part of important physiological processes and can also be used as a trigger to
release bioactive molecules. Using this, a number of molecules have been reported which, upon
reaction with thiol, release H.S; for example, diallyl trisulfide, N-(acylthio)-benzamide
derivative, persulfides, dithioperoxyanhydrides derivatives (Figure 1.8). These donors offer a
great control over the release of H>S; however, due to the ubiquitous nature of thiols, localized

delivery towards a specific site cannot be achieved.

Figure 1.8. Thiol activated H2S generators
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1.1.2.3.2.2 H202 Activated HzS Generators

H20> is one of the reduced forms of ROS and can also be used as a stimulus to release bioactive
molecules. In order to release HS using H>O, mediated approaches, COS, a gaseous molecule,
is masked in the form of thiocarbamate or carbamothioate'®* !> which is connected with a
benzyl linker having a boronate ester at the para- position (Scheme 1.10). In the presence of
H>0>, the boronate ester gets oxidized to form a phenolate intermediate; this self-immolates to
release thiocarbamate or cabamothioate, which further rearranges to generate COS. This COS
can be hydrolyzed in the presence of carbonic anhydrase, an enzyme widely used to release
H.S.

Scheme 1.10. H2O; activated COS/H2S generators
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1.1.2.3.2.3 Enzyme Activated H2S Release

As described before, enzymes can also be used as a trigger to release bioactive molecules.
Using this idea, a number of approaches have been developed to release H>S. In one of the
methods, esterase is utilized to release H,S using an ester-protected trimethyl lock derivative
of a thioacid (Scheme 1.11). Apart from this, COS can also be masked with an esterase
cleavable moiety which ultimately releases H2S (Scheme 1.12). In addition to this, an NTR
activation strategy is also used where, a gem-dithiol is protected with the 4-nitrobenzyl group,
a well-established substrate of NTR®® (Scheme 1.13). When a gem-dithiol coupled with the 4-
nitrobenzyl group is treated with NTR, the nitro group reduces to form an amine or
hydroxylamine, which rearranges to release a gem-dithiol; this further hydrolyzes to generate
H.S.

Scheme 1.11. Esterase activated HzS generation
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Scheme 1.13. NTR activated H>S generator
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1.1.3 Reactive Nitrogen Species (RNS)

Reactive nitrogen species (RNS) are derivatives of nitric oxide (NO) such as nitroxyl (HNO),
nitrosonium cation (NO™), higher oxides of nitrogen, S-nitrosothiols and the peroxynitrite anion

(ONOO"). RNS play a crucial role in the regulation of different physiological functions in
certain living cells, such as smooth muscle cells, cardiomyocytes, platelets, and nerve
cells.®1%% Their properties undergo a change after their interaction with reactive oxygen
species and thiols. Apart from this, they also take part in posttranslational modifications of
proteins. As with other reactive species, RNS also exhibit concentration-dependent properties
where elevated levels can cause nitrosative stress, that might lead to cell injury and death.
However, at subtoxic levels, several signaling pathways can be stimulated. Hence, to modulate
RNS in cells, a number of compounds have been developed, which are also being evaluated
for the involvement of RNS-mediated therapeutic effects of drugs used to treat cancer,

neurodegenerative, metabolic, inflammatory and cardiovascular diseases.®

1.2 Lightasa Tool to Study Biology

It may be stated that all species that are highly reactive may indiscriminately interact with
several biomolecules and this may lead to the activation of non-specific cellular processes. For
instance, NO interacts with O>" to form ONOO™ which differs from NO and O™ alone.
Likewise, H2S also interacts with ROS to form polysulfides or sulfite. Further, RNS interact
with thiols to form S-nitrosothiols.'®®173 In order to reduce the cross talk and off-site reactivity
of the generated reactive species, one needs to develop molecules which can be activated under
highly specific conditions to produce the desired species without any complications to cellular
metabolic pathways. As discussed previously in this chapter that using metabolic stimuli such
as, thiols, H>.O2 and enzymatic triggers may not provide selectivity over the release of reactive
species because of some inherent limitations. These limitations either could be due to ubiquity

or slow metabolism with these triggers. Here, to overcome the problem of non-specific
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delivery, light may be used as a stimulus, since the localization and intensity of light can be
controlled externally thus providing spatio-temporal control over the delivery of reactive
species. This photo-triggered approach may minimize any off-site generation of reactive
species and may, further, be utilized for gaining valuable insights into understanding redox-

mediated signaling pathways.

1.2.1 Strategies Towards Photo-Controlled Generation of Metabolites
Light is an external stimulus and can provide spatio-temporal delivery of reactive species.
Based on the wavelength used, several light-activated approaches have been reported in recent

literature.

1.2.1.1 Selected UV Light Triggered Approaches

There have been several approaches used for the release of different metabolites using UV light
as a stimulus. Among them, the 2-nitrobenzyl group is commonly used as a caging group
(Figure 1.9).174180 However, the uncaging process produces a nitrosoaldehyde as a by-product
upon photolysis; this nitrosoaldehyde can affect cellular processes by reacting with different
cellular nucleophiles. Apart from this, another commonly used caging group is based on the
coumarin system as it is highly efficient in releasing its attached active compound.'®! In
addition to these, the analogue of brominated hydroxyquinoline is also used for the release of
carboxylate derivatives.'®# Another well-studied caging group is the para-hydroxyphenylacetyl
(pHP) group, used to release y-aminobutyric acid (GABA), a neurotransmitter.28 In addition
to these, the drug ibuprofen was released using a ketoprofen-derived caging group.'® Apart
from the above mentioned approaches, S-Pixyl derivatives were also utilized for the delivery
of nucleosides'® whereas anthraquinone derivatives'® were used to mask alcohol as their
carbonates; these are uncaged upon activation with UV light. Furthermore, there are different
caging groups such as, 7-nitroindoline,*®” benzophenone,!® 2-nitronaphthalene,!®® 2-
acetylphenyl*® and 2-dimethylamino-5-nitrophenoxy®®! derivatives; these are also used to

deliver different alcohol- and carboxylate-derivatives.

The caging-uncaging approach provides a very good handle over the release of active
motifs; however, it also has some limitations such as, the formation of stoichiometric amounts
of by-products which might influence biological processes. Apart from this, a major drawback

of the UV-triggered approach is the formation of radicals in cells because of the radiation-
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biomolecule interaction, which can cause macromolecular damage. In addition to these
limitations, performing in vivo studies is even more challenging due to low tissue penetration
of UV light and hence, such a UV-based activation approach may not be very useful to study
biological processes.

Figure 1.9. Different approaches for UV light triggered activation
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1.2.1.2 UV Light Activated ROS and HzS Generation
In order to release ROS and H»S using the light activation approach, there have been only a
few methods that have been adopted for such uncaging. Chang and co-workers had reported a

method to release ROS (Scheme 1.14), where the 2-nitrobenzyl derivative is used as a
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photosensitive group and hydroxyquinol is the ROS donor. This molecule was shown to photo-

cleave upon irradiation with 304 nm UV light to release hydroxyquinol, which further reacts
with molecular oxygen to produce ROS.

Scheme 1.14. UV light activated ROS release
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Apart from ROS generation, a number of UV light activated H>S donors have been also
developed. In one of the approaches, a gem-dithiol is caged with the 2-nitrobenzyl scaffold and

is seen to uncage upon irradiation with UV light (Scheme 1.15). This gem-dithiol hydrolyzes
in buffer to produce HS.1%

Scheme 1.15. H»S release by 2-nitrobenzyl thiol-based scaffold
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In addition, a ketoprofen scaffold is utilized to mask sulfur in a thioether form; this,
upon irradiation, undergoes decarboxylation to form a carbanion. This carbanion further
rearranges to release H,S (Scheme 1.16).175178
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Scheme 1.16. Release of H»S using ketoprofen derivative
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Apart from these methods, another method takes advantage of a phenylacetyl-based
scaffold to mask a thioether which undergoes a Norrish type 1l photo-cleavage to release a
thioaldehyde (Scheme 1.17). This thioaldehyde reacts with cellular amines to generate H,S.'%
Furthermore, a thiocarbamate derivative is masked with the 2-nitrobenzyl based photo-
sensitive group; this leads to the uncaging of the thiocarbamate derivative upon UV
irrdiataion.!’® This derivative undergoes a rearrangement to produce carbonyl sulfide (COS), a
gaseous molecule which is known to be hydrolyzed by carbonic anhydrase (CA) to produce
H>S (Scheme 1.18). While all these methods offer localized delivery of H2S, the phototoxicity
associated'®* 1% with UV light is a major limitation. Therefore, a potential visible-light
triggered generation of ROS and H>S can be said to have distinct advantages over these

methods.

Scheme 1.17. Release of thioaldehyde via Norrish type Il photo-cleavage
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Scheme 1.18. Generation of COS/H>S using 2-nitrobenzyl moiety
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1.2.1.3 Visible Light Triggered Approaches
As a result of the problems associated with UV light activation methods, there is a demand for
developing a molecule which can get activated under visible light to produce reactive species.

To this end, numerous strategies using a visible light uncaging group to release different
functional groups have been reported in literature. One such method takes advantage of
the N-methylpicolinium moiety as a photo sensitive group for the release of carboxylates
(Scheme 1.19). Uncaging of this carboxylate is initiated by a ruthenium complex, which is a
photosensitizer that, upon light irradiation, goes to its triplet excited state and transfers one
electron to the aforementioned N-methylpicolinium moiety to form a radical. This radical
rearranges to release a carboxylate. In this process, the ruthenium complex gets oxidized and
is reduced back by ascorbic acid.!®?% This is an excellent method to release carboxylate;
however, use of the metal center and ascorbic acid may change the redox environment of cells

and hence, cannot be used for the delivery of redox-active species.

Scheme 1.19. Release of carboxylate using N-Methylpicolinium moiety
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In another method, a fluorescein analogue was utilized as a photo-removable group?®®
where carbon monoxide (CO) was unmasked in the presence of visible light without using any
additives (Scheme 1.20), but lack of evidence for using this moiety in living systems may affect
its usefulness.

Scheme 1.20. CO release using fluorescein analogue
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Furthermore, a ruthenium bipyridyl system was also used to deliver the y-aminobutyric
acid (GABA),2022% an important neurotransmitter in mammals, which was uncaged with
visible light (Scheme 1.21). This system can provide the spatiotemporal delivery of GABA;
however, a ruthenium bipyridyl system may act as a photosensitizer to produce singlet

oxygen,2% which would not be desirable for the purpose of uncaging redox-active species.

Scheme 1.21. Release of GABA using ruthenium complex

In addition to these reports on visible light activation release of biologically active
molecules, a coumarin derivative has also been utilized for releasing cyclofen-OH, a ligand of
the estrogen-receptor (ER)-binding domain, under visible light (Scheme 1.22).2%.207 All above

described methods provide the spatio-temporal release of an active moiety under mild visible
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light. However, the above-mentioned drawbacks limit the use of these molecules for a

photoactivatable approach to release ROS.

Scheme 1.22. Release of an amine derivative using a coumarin analogue
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1.2.1.4 Visible Light Activated Release of ROS and H2S
To the best of our knowledge, there are no reports available in literature where an O>" releasing
moiety was uncaged upon visible light activation. However, photodynamic (PDT) therapy has
been developed for cancer treatment where O, is generated using visible light.?® O,
generation may not be relevant in the study of ROS-mediated pathways because of its typically
low endogenous generation, which is not known to contribute much to ROS physiology.?%
Whereas endogenous generation of ROS via O™ is the major pathway which contributes to
ROS physiology. Hence, the generation of O>™ is desired.

There are a few methods reported in literature for visible light triggered release of H2S.
One such report employed a 1,3-diarylisobenzothiophene (DBTP) as an HzS delivery system?%®
where singlet oxygen is necessary to initiate the uncaging process of H>S (Scheme 1.23). To
release singlet oxygen, a photosensitizer is irradiated with visible light, which subsequently
reacts with DBTP to form an endo-peroxide intermediate. This intermediate further rearranges
to release H>S. This molecule is a very good generator of H>S upon activation with visible
light; however, the generation of O; is not desirable because it can oxidize H2S to polysulfides

and may, thus, complicate the H.S mediated pathways.?1
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Scheme 1.23. Plausible mechanism of H>S generation from DBTP (PS: Photosensitizer)
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Another report is based on the ESIPT (excited state intramolecular proton transfer) process,
where intramolecular proton transfer occurs in an excited state. This excited state further
rearranges to uncage H,S?*! (Scheme 1.24). Further, another report utilizes transition metal
chemistry to cage GYY4137, an HS releasing molecule. This GYY4137 is uncaged upon
irradiation with light, whereupon it subsequently hydrolyzes in buffer to produce H,S?!2
(Scheme 1.25).

Scheme 1.24. Plausible mechanism of H.S release by the ESIPT-based method
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Scheme 1.25. Transition metal-based H.S generation
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Apart from these reports, a BODIPY-based scaffold is also used for masking a COS moiety in
the form of carbamothioate. This carbamothioate is released upon visible light activation to
release COS, which can hydrolyze in the presence of carbonic anhydrase to produce H,S?%3
(Scheme 1.26). This strategy offers several advantages over the other methods, such as
activation under longer wavelength light, and also, any metal or 'O are not required for
activation. However, the formation of the electrophilic by-product might affect the cellular

machinery by reacting with biological nucleophiles.

Scheme 1.26. BODIPY-based COS/H.S generation
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1.2.2 Limitations with Existing Visible Light Activation Methods

The above described methods to release ROS and H>S upon activation with UV and visible
light have certain limitations. As described, UV light can cause oxidative stress in cellular
systems, which can result in the damage of essential biomolecules, rendering it unsuitable for
studying the effects of reactive species; also, performing in vivo experiments is more

challenging due to the low tissue penetration of UV light. To overcome these problems, a
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number of methods have been developed where a molecule can be activated with visible light
to generate reactive species. However, a major limitation is the photosensitizer-mediated
generation of 'O, which can damage essential biomolecule and may present cytotoxicity.
Hence, such activation with O is not desirable. In another method, where a transition metal-
based complex was deployed, the limitation arises from the variable oxidation states of
transition metals, which can affect the cellular redox processes. In the method where an ESIPT
process was utilized to uncage H>S using 410 nm light, a marginal increase of the ROS levels
was found in cells, leading to cytotoxicity.?** Thus, this method is also not recommended for
studying cell signaling. In the BODIPY-based method, the produced electrophilic by-product
may react with different biological nucleophiles, which may create unnecessary complications
with the cellular machinery. Hence, there is a need to develop a visible light activatable scaffold
which does not require any metal or photosensitizer and also one that generates non-toxic
photo-cleavage products. Such a scaffold should be versatile such that it can offer a scope for

releasing different redox active species.

1.3 Aim

Our aim is to design, synthesize and evaluate molecules which can produce reactive species in
a localized manner. To do this, since light is an external stimulus, spatio-temporal control over
the generation of reactive species is possible. Here, in this thesis, light triggered strategies are
presented to release ROS and H,S.

In Chapter 2, an ROS generator coupled with 2-nitrobenzyl as a photo-responsive
moiety is proposed, which may release the ROS generator upon UV light irradiation. Such a
UV light activatable ROS generator can also be examined for being a potential candidate for a
cancer-targeted approach, since ROS can inhibit the growth of cancer cells. As it is known that
UV light-based methods have several drawbacks, rendering them unsuitable in studying ROS-
mediated biological processes. To overcome these problems, in Chapter 3, a visible light
triggered release of an ROS generator is developed, while making use of a BODIPY-based
photo-responsive group. Finally, in Chapter 4, the selfsame BODIPY-based photo-cleavable
linker is utilized to release H>S upon visible light activation.

The different types of reactive species present in a cell which can cross-talk with each
other and complicate the interpretation of results. These species can interact with different sites
in cells, which may further complicate the system’s study. As it is known that cellular processes

themselves are highly involved. Due to all these reasons, results might be obtained because of
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non-specific processes. Hence, the development of light activatable tools may find application
in delivering these highly reactive species to a particular site in a localized manner, followed
by the study of the effect(s) of these species. The proposed tools might be activated under mild

conditions, which may not be responsible for any non-specific results.
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Chapter 2

Chapter 2. UV Light Triggerable ROS Generators

2.1 Introduction

Reactive oxygen species (ROS) such as superoxide radical anion (O2") are majorly produced
in mitochondria during the aerobic metabolism by leakage of an electron from the electron
transport chain (ETC).12 This ROS diffuses to the cytoplasm and regulates several signaling
pathways?® in cells and maintains its integrity at the homeostatic level; this state is termed redox
homeostasis. During episodes of disease or cellular dysfunction, levels of ROS escalate. This
situation induces stress in the cell and is frequently referred to as oxidative stress.>~ Oxidative
stress is also stimulated when cells are treated with exogenous ROS generators such as
juglone,® menadione,®*° B-lapachone,*** paraquat,>?° etc. This, in turn, can lead to protein

oxidation, lipid peroxidation and double strand breaks in DNA, thereby resulting in cell death.

In pursuit of cancer therapeutics, there is a growing demand for developing new
interventional strategies. Perturbing the oxidative species levels in tumor®??2 is one of the
emerging strategies to inhibit proliferation. For instance, photodynamic therapy (PDT)% 2 is
one such method where oxidative species is elevated leading to cell apoptosis. In PDT, a
photosensitizer that produces singlet oxygen upon irradiation is used thereby leading to an
increase in the ROS levels which damages essential biomolecules in cellular system and
thereupon resulting in cell death. Herein, we propose to explore the concept of enhancing ROS
in cells by generating superoxide (O2") which dismutase to hydrogen peroxide (H20>)
followed by hydroxyl radical (OH) which may lead to cell death. These ROS can be generated
by several methods using various metabolic stimuli such as bioreductive,?® thiols,?’ esterase
enzyme,?® etc. Alternatively, we plan to generate ROS employing light as a stimulus to gain
improved handle over localization and intensity of light which governs the rate of release for a
molecule. These approach has gained a lot of interest in drug delivery systems where
spatiotemporally controlled delivery can be achieved by a photoactivatable prodrug
concept.?®

The efforts of releasing O™ using light as a trigger, have been initiated by Chang and
co-workers®. They used the 2-nitrobenzyl group as a photoactivable moiety and 1,2,4-
trihydroxybenzene as ROS generator (Scheme 2.1). Moreover, formation of cofilin/actin rod
which is symptomatic of increased level of ROS within cells has also been shown by the same

group. But there are certain drawbacks to this approach:
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1. Deployment of 304 nm UV light can cause oxidative stress* ! because of radiation-
biomolecule interaction, which is undesirable in biological applications

2. This strategy cannot be used to target cancers since the ROS generator used is not efficient
in ROS generation hence does not result in inhibition of cell proliferation

3. The end product formed after ROS generation can react with cellular thiols which

complicates interpretations.*?

Here, a molecule needs to be designed which would release ROS generator upon irradiation
and possess following properties:

1. Stable in buffer

2. Efficient in generating ROS

3. ROS donor or its end product should not react with thiols

Scheme 2.1. UV light activated H>O, release where trihydroxybenzene was used as ROS

generator and 2-nitro benzyl as a photo-cleavable linker

Bioreduction

OH

OH (o} OH OH
GS
304 nm
Q& OH GSH

° o \ OH ; ; OH o o

NO, N OH o . o) o OH

NO 2 O, .

l Thiol adduct

H20;

In most ROS generators, either a 1,4- or 1,2-quinone functional group is bioreductively
converted to its hydroquinone counterpart.**® These electron rich hydroquinones react with
molecular oxygen and are revert back to quinones, concomitantly generating ROS. These
quinones, for example, juglone and menadione have an a,B-unsaturated site where thiols can
react in a 1,4-Michael fashion to form thiol adducts.* These thiol adducts can either be effluxed
out of the cells as a detoxification mechanism* or can further generate ROS. Furthermore,
important cysteine residues can be covalently modified by quinones and crucial pathways can
eventually be affected in situ.*? In such scenario, the observed phenotype may not be due to
ROS generation alone. Therefore, to overcome the problems due to off-site reactivity of ROS
generators, an ROS releasing molecule need to be chosen which would not react with cellular

thiols thereby obtained results may only be due to the ROS generation.
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Thiol reactivity with juglone and menadione could be due to easy accessibility to the
less hindered a, B-unsaturated site. Here, rationale is to design a ROS donor having relatively
more hindered a, B-unsaturated site which may not be accessible by thiols. As known in the
literature that compound 1, a Diels-Alder adduct of juglone*’ converts to compound 2, a
quinone derivative after ROS generation. In compound 2, a,B-unsaturated site of quinone is
more hindered and hence may not accessible to thiols while, compound 1 is not a candidate for

thiol attack in the absence of a, B-unsaturated site 26 (Scheme 2.2).

Scheme 2.2. Representative scheme for thiol reaction with known ROS generators

(A) Reaction of thiol with juglone and menadione

o

OH
R2 R2
— D
‘\ sG
R' 0O R' O
GSH
Thiol Adduct
Juglone, R" = OH,

RZ=H

Menadione, R' = H

R2 = Me

(B) Reaction of thiol with derivatives of compound 1

OH O OH O

As it is known that compound 1 generates ROS in buffer, only when its hydroxyl group
is in free from, if this hydroxy is protected, the resulting scaffold shows diminished ROS
generating capacity.*’ Using this concept, the phenolic group of compound 1 can be protected
with a suitable trigger for selective activation to generate ROS in order to reduce its off-site
activity. The efforts of selective activation to release compound 1 as ROS generating molecule
were made in our lab where 4-nitro benzyl moiety, a substrate of nitroreductase (NTR) enzyme
was used to protect hydroxyl group of compound 1 (Scheme 2.3). Nitro group of the protected
compound metabolizes in the presence of NTR to produce amine/hydroxylamine derivative as
intermediates, which upon self-immolation releases compound 1.#8 Further, this compound 1

reacts with oxygen to produce ROS.
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Scheme 2.3. Activation methods to release compound 1
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Recently, an ester was used to protect hydroxyl group of compound 1, which hydrolyses
in the presence of an esterase to release compound 1, which further produces ROS?® (Scheme
2.3). These studies suggest that compound 1 and its quinone counterpart 2 have diminished
reactivity with thiol and also can be released in a selective manner if phenolic group is masked
with a suitable trigger. Inspired by these approaches, phenolic group of compound 1 can be
protected with light triggerable linker, 2-nitrobenzyl which may release compound 1 in the

presence of light to generate ROS.

2.2 Design

To design a photo responsive ROS generator, the free phenolic group of 1 can be protected by
a functional group that can be cleaved under light conditions. To carry out this, the phenolic
group of compound 1 can be attach with 2-nitrobenzyl moiety which is known to cleave under
light conditions and can release a phenolate.33344%-52 Apart from this, the biotin moiety can
also be incorporated in this ROS generator to facilitate the accumulation of the molecule in the
cancer cells over normal cells**® (Scheme 2.4). As it is known that cancer cells rapidly
multiply and need nutrition in higher amount than the normal cells. To meet this criteria, cancer
cells have evolved with overexpressed vitamin receptors that facilitate enhanced accumulation
of vitamin molecules in cancer cells than the normal cells.>® Thus, attaching a biotin molecule
to ROS donor might enhance the uptake as well as increases the buffer solubility of this

compound up to several folds.
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Scheme 2.4. Design of Light activatable ROS Generator
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Reactive Oxygen Species

The designed compound must be stable in cell growth media and should not produce
ROS under the dark condition while the attached biotin moiety might help the compound to
localized intracellularly. When compound treated cells will be irradiated under 365 nm light it
might release compound 1 which should react with oxygen to produce O2". This O, either
reacts with SOD or disproportionate to produce H20-. In the cellular system trace metal ions,
i.e., Fe(Il) and Cu(l) are present which can react with H20O. to form a highly reactive ROS,
hydroxyl radical (OH). This OH can damage essential biomolecules of cell that might result
into the cell death.

2.3 Results and Discussion

2.3.1 Synthesis

Synthesis of the designed molecules were done in the multiple steps. Bromides 10 and 11 are
commercially available and were used without any further purification. To synthesize
compounds 4 and 5, substitution reactions on bromides 10 and 11 with compound 1 were
performed in the presence of Ag.0, as it interacts with bromide to make it a better leaving
group and hydroxyl group of compound 1 attacks on the carbon bearing bromide to get O-
alkylated compounds 4 and 5. However, the C-alkylated product 9 was observed when the
bromide 11 was reacted with 1 (Scheme 2.5). Friedel-Crafts C-alkylation with phenols is
known. Here, both ortho- as well as para- substituted products are formed. In our hands, the
ortho- substituted product was only observed (Scheme 2.6). This is likely due to the 4- position
(para position) is in the resonance with the carbonyl, an electron withdrawing group hence has
lesser electron density. However, the 2-position is resonating with hydroxyl group and hence
is more electron rich which could resulting in the nucleophilic attack at the carbon bearing
bromide to give the C-alkylated product.
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Scheme 2.5. Reaction of bromides 10 and 11 with compound 1
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Scheme 2.6. Plausible mechanism of formation of C and O- Alkylated products
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Next, a bromide with an alkyne functionality appended was synthesized, which may

provide a handle for alkyne-azide click reaction to attach a biotin moiety. In order to synthesize
an alkyne appended bromide 12,% synthesis was started from commercially available vanillin
14, which was reacted with propargyl bromide to get propargylated-vanillin 15 in 82% yield.
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This compound 15 was further nitrated with nitric acid to obtained 16 in 84% yield. The sodium
borohydride mediated reduction of compound 16 gave alcohol 17 in 94% yield. Further, the
alcohol 17 was brominated in the presence of PBrs to obtain compound 12 as a white solid
(Scheme 2.7). In order to synthesize compound 6, bromide 12 was reacted with compound 1
in the presence of Ag.O with dichloromethane as solvent, but did not yield the desired
compound 6 (Scheme 2.8). The possible reason being the interaction of alkyne with Agz0,®
resulting in the formation of a complex that was insoluble in dichloromethane which may result

in decreased reactivity of compound 1 with bromide 12.

Scheme 2.7. Synthesis of bromide 12
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Scheme 2.8. Reaction of bromide 12 with compound 1
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Unfortunately, an attempt of synthesizing compound 6 was failed and therefore as an
alternative, a bromide 13 having an azide functionality which may be further utilized in the
azide-alkyne click reaction to attach a biotin moiety, was synthesized in five linear steps
(Scheme 2.9). The synthesis of 13 was started from commercially available vanillin 14, which
was reacted with 2-bromoethanol to get 18 as a white solid in moderate yield, which was further

nitrated with the mixture of nitric acid, sulfuric acid and acetic acid to obtained compound 19.
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The compound 19 was then reacted with sodium azide to get 20. Further, compound 20 was
reduced in the presence of sodium borohydride to form an alcohol 21 in good yield. Next,
alcohol 21 was brominated in the presence of PBrs to obtained bromide 13 as a white solid.
Furthermore, bromide 13 was reacted with compound 1 in the presence of Ag.O in
dichloromethane at room temperature to obtained compound 7 in moderate yield (Scheme
2.10).

Scheme 2.9. Synthesis of bromide 13

CHO CHO GHO
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Scheme 2.10. Reaction of bromide 13 with compound 1
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After synthesizing compound 7 bearing an azide moiety, a copper catalyzed alkyne-
azide click reaction was carried out with propargylated-biotin 22 in the presence of sodium
ascorbate and CuSO4 to afford biotinylated compound 8 (Scheme 2.11). All the new
compounds were fully characterized using *H-NMR, 3C NMR, HRMS and IR techniques.
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Scheme 2.11. Click reaction of Propargyl-biotin 22 with 7 to synthesize biotinylated photo-

clevable ROS generator
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2.3.2 In Vitro Photolysis Study

To test the hypothesis of the release of compound 1 upon UV irradiation, compounds 4, 5 and
8 were independently diluted in buffer:acetonitrile mixture and irradiated using 365 nm for 15
min and analyzed by reverse phase HPLC. As expected, it was found that compound 1 was
released from 2-nitrobenzyl derivatives only after irradiation (Figure 2.1, Figure 2.2 and
Figure 2.3). However, all the compounds were stable and remain in their caged form under
dark conditions. This study suggests that compounds were stable in dark and produce
compound 1, a ROS donor only in the presence of light.

Scheme 2.12. Mechanism of photolysis and ROS generation
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Figure 2.1. HPLC traces of photolysis study with compound 4 (50 uM) in the presence and

absence of light
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Figure 2.2. HPLC traces of photolysis study with compound 5 (50 puM) in the presence and
absence of light
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Figure 2.3. HPLC traces of photolysis study with compound 8 (50 uM) in the presence and

absence of light
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2.3.3 In Vitro ROS Detection

After performing the photolysis studies of 4, 5 and 8, it was found that these compounds
undergo cleavage upon irradiation with 365 nm UV light and release compound 1 which should
react with oxygen to produce O>™". This O should than be converted to H.O». To detect these

reactive species following assays have been performed.

2.3.3.1 Superoxide Detection Using DHE Assay

Dihydroethidium (DHE) is a dye which reacts with O," and other ROS species to form 2-
hydroxyethidium (2-OH-E*) and ethidium (E*) respectively (Scheme 2.13).474859-64 Thege 2-
OH-E™ and E* species are fluorescent in nature and can be separated in HPLC and gives two
distinct peaks. This assay has been performed with compounds 4, 5 and 8 in the presence of
light and an intense peak for 2-OH-E* was observed at 29.5 min only in the irradiated samples
of these compounds. This signal was diminished when reaction mixture was treated with
superoxide dismutase (SOD), a known quencher of O2" which suggests that the signal which
was observed in HPLC trace corresponds to O™ (Figure 2.4, Figure 2.5 and Figure 2.6). The
same experiment was also performed with these compounds in the absence of light and peaks
for 2-OH-E* and E* were not observed. As a positive control, compound 1 was used which
result in the formation of a peak that corresponds to 2-OH-E*. However, in the irradiated
samples an intense peak for E* at 30.5 min was observed, which remain even in the presence
of SOD, suggests that there is some non-specific oxidation occurred by the light. Taken
together, these results corroborate that these molecules photolyzed and produce O2" only in

the presence of light.

Scheme 2.13. Reaction of dihydroethidium (DHE) with superoxide and other ROS (H202, OH
etc.) to form 2-hydroxyethidium (2-OH-E") and ethidium (E*) respectively.
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Figure 2.4. HPLC traces of DHE assay for O," detection with compound 4
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Figure 2.5. HPLC traces of DHE assay for O>" detection with compound 5
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Figure 2.6. HPLC traces of DHE assay for O2" detection with biotinylated compound 8
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2.3.3.2 Hydrogen Peroxide Detection

As it was illustrated by DHE assay that these compounds produce O, which should
disproportionate to form H»O., another ROS species. Here, two independent assays were
conducted to detect H20,.

2.3.3.2.1 H20:2 Detection Using Boro-Umb Dye 23

H20: is a stable form of ROS which reacts with aryl boronate esters and boronic acids to form
corresponding phenols.®>® Utilizing this strategy, boronate-ester of umelliferone derivative
23, was used as H20> probe, which is weakly-fluorescent. Upon oxidation of the boronate-ester
with H20>, a highly fluorescent umbelliferone derivative (24) is formed (Scheme 2.14) and the
increase in the fluorescence signal can be measured by fluorimeter. H>,O, detection was
performed using 23 and enhanced fluorescence signal in the irradiated samples was observed.
However, the fluorescence signal was diminished when the irradiated mixture was treated with
the catalase, an enzyme which catalyzes the decomposition of H.O> to water and oxygen,
confirming that the signal was due to H.O2 (Figure 2.7). The same experiment was also
performed with the non-irradiated sample and any significant increase in the fluorescence
signal was not observed. This study suggests that these compounds produce H2O> only in the

presence of light.
Scheme 2.14. Reaction of Dye 23 with H20;
X
(0] pH7.4,2h HO (o) (o)
24

23

Aex = 320 nm
AEm = 460 nm
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Figure 2.7. Hydrogen peroxide detection using dye 23 as a probe; Data represent the mean £

s.d. for 3 technical replicates per group.
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2.3.3.2.2 Hydrogen Peroxide Detection Using Amplex Red Assay

The reactivity of H.O> with metal ions like, Fe(11) and Cu(l) is well known which results in the
formation of hydroxyl radical, a highly reactive form of ROS. Apart from the reactivity with
these metals, horseradish peroxidase (HRP) can convert H2O, to hydroxyl radical (OH).
Amplex Red (AR) is a non-fluorescent dye, a resorufin molecule is masked with an acetyl
group to form a non-conjugate double bond system resulting in non-fluorescent nature of this
molecule. OH can function as deacetylating agent followed by oxidation of AR which can
result in the formation of Resorufin,®”% a highly fluorescent molecule that can be detected by
fluorimeter (Scheme 2.15). Compound 8 was irradiated, incubated for 2 h and further incubated
with AR reagents, which contained AR dye and HRP. It was found that enhanced fluorescence
signal was observed in the irradiated samples. However, the fluorescence signal was
diminished when the irradiated mixture was treated with the catalase, an enzyme which convert
H20, to water and oxygen, confirming that the enhanced signal was due to H,O> (Figure 2.8).
The same experiment was also performed with the non-irradiated sample and no enhanced
fluorescence signal was observed. Taken together, this study suggests that the compound 8 was

stable in dark and produce H20: only in the presence of light.
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Scheme 2.15. Reaction of hydrogen peroxide with Amplex red in the presence of Horseradish

peroxidase enzyme to form a highly fluorescent molecule, resorufin

HO (o) OH
(LT e oy
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N
041‘\ H,0, H,0
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Amplex Red Aex = 550 nm
AEm = 590 nm

Figure 2.8. Hydrogen peroxide detection using Amplex Red dye; Data represent the mean +

s.d. for 3 technical replicates per group.
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2.3.4 In Vitro Thiol Reactivity with Known ROS Generators

As described in the introduction part of this chapter that most of the ROS donors are quinone
based and suffer with the thiol reactivity which eventually may lead to the interference in the
obtained results due to off-site reactivity. Here, to test the thiol reactivity, known ROS donors;
juglone, menadione, compound 1 and compound 2, an oxidized form of compound 1, were
chosen. These compounds were reacted with glutathione (GSH), a most abundant cellular thiol
and did not find reactivity with compound 1 and 2 (Figure 2.9). However, significant reaction
of thiol with juglone and menadione was observed (Figure 2.10). The possible reason of high
reactivity of thiol with juglone and menadione is easy accessibility to the less hindered a, -
unsaturated site whereas In the compound 2, o, B-unsaturated site of quinone is more hindered
and hence may not be accessible to thiols while compound 1 is not a candidate for thiol attack

because of the absence of a, B-unsaturated site. 2
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Figure 2.9. HPLC traces of glutathione reaction with compound 1 and 2
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Figure 2.10. HPLC traces of glutathione reaction with juglone and menadione
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2.3.5 Cellular Studies

In-vitro studies suggested that all the three compounds (4, 5 and 8) photo-cleaved to produce
compound 1 which reacts with oxygen to produce ROS. In order to test the hypothesis of ROS
generation in cellular system, two independent assays for extracellular H2O> detection and one

assay for intracellular detection of ROS were carried out.

2.3.5.1 Extracellular Hydrogen Peroxide Detection

For cellular studies, only the biotinylated compound 8 was chosen, because it has better
aqueous solubility than other two compounds. It might also have a better permeability because
of the presence of biotin moiety. In order to test the extracellular hydrogen peroxide release,
Lung carcinoma cells, A549 were used which were treated with compound 8, irradiated for 5
min and incubated for 2 h at 37 °C. After irradiation, compound 8 should release compound 1

which should produce O," followed by H20-. To detect H.O2, an aliquot of extracellular media
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was incubated with H.O> responsive dye 23 and fluorescence was measured after 1 h. As
expected, enhanced fluorescence signal was observed only in the irradiated and compound
treated wells, however no enhanced signal was observed in dark and in cells which were
irradiated without compound (Figure 2.11 A). This study suggested that compound 8 produces
hydrogen peroxide only in the presence of light and UV light alone does not cause an increase

in ROS level extracellularly in the conditions used for irradiation.

Extracellular H2O, was also detected by Amplex red assay where the enhanced
fluorescence signal was observed only in the presence of light and again, UV light alone does
not cause an increase in the level of H2O, extracellularly (Figure 2.11 B). Taken together, both
these studies suggested that compound 8 is stable in media under dark conditions and hence
does not produce H2O,. However, when compound treated wells were irradiated it results in
the release of H2O- in the extracellular media.

Figure 2.11. Extracellular Hydrogen peroxide detection; A) using dye 23 as a probe and D)
using Amplex Red dye; Data represent the mean + s.e.m. for 3 technical replicates per group.

A B
400 - 400
™ ™
o
& 200 | 200
0 x = X F +*« b= 0 = b= x £ = b=
5535358 553535
Ctrl 8 1 Ctrl 8 1

2.3.5.2 Intracellular ROS Detection Using H.DCF-DA Dye

After having established that compound 8 undergoes photocleavage and produce ROS in vitro
and extracellularly. This compound may permeate through the cellular membrane and
accumulate intracellularly. If these cells are exposed to light then, compound 1 should be
released intracellularly and can increase the ROS level. Whereas, if these cells are incubated
in dark, should not increase the ROS level. To evaluate the intracellular ROS generation from
compound 8, a cell permeable weakly fluorescent ROS responsive dye, 2',7'-
dichlorodihydrofluorescein diacetate (H.DCF-DA) was used which reacts with hydroxyl
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radical to form a highly fluorescent molecule, 2°,7’-dichlorodihydrofluorescein (DCF)%%7°
(Scheme 2.16). Cells having DCF molecule can be imaged using fluorescence microscopy and
also the fluorescence intensity of these cells can be measured using well plate reader. This
assay was performed using A549 cells and found that cells treated with compound 8 showed
enhanced fluorescence signal after irradiation. However, cells which were treated with
compound 8 but not irradiated and cells which were irradiated but not treated with compound
8, did not show intense fluorescence signal (Figure 2.12 A & B). This study reveals that
compound 8 is cells permeable and photo-cleaved to release compound 1. The released
compound 1 generate O™ which then converts to H2O, by SOD. This H20. can react with
trace metal ion like Fe(ll) to form hydroxyl radical. This hydroxyl radical can deacetylate
H>DCF-DA and further oxidize it to form a highly fluorescent molecule, DCF. This study also
suggested that conditions used for irradiation, 365 nm UV light for 5 min, alone does not

enhance the ROS level in cells.

Scheme 2.16. Reaction of H.DCF-DA with ROS to form DCF, a highly fluorescent molecule
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Figure 2.12. Intracellular ROS detection using H2.DCF-DA dye; A) Cellular images and B)
Relative intensity graph of intracellular ROS level; Data represent the mean + s.e.m. for 3

technical replicates per group.
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2.3.5.3 Effect on Cellular Proliferation

Generation of burst amount of ROS endogenously may damage essential bio-molecules which
may result into the cell death. As described by the experiments that compound 8 produces
intracellular ROS in the presence of light. Here, the potency of these compounds to inhibit the
growth of cancer cells was assayed. For this experiment A549, lung cancer cells have been
chosen and cellular growth inhibition assay was performed using MTT dye in the presence and
absence of light irradiation. Nearly complete inhibition in growth was observed, only in the
presence of light at 10 uM of compound 8 (Figure 2.13). This assay was performed with
different concentration of compound 8 and the inhibition of cellular growth was found in the
dose depended manner (Figure 2.15). The ICso of compound 8 in the presence of light, were
calculated and found to be 5.8 uM (Figure 2.14). However, in the dark, no cell growth

inhibition was observed up to 25 uM of compound 8.

Figure 2.13. Cell growth inhibition assay using MTT dye using A549 with 10 uM of

compounds; Data represent the mean + s.e.m. for 3 technical replicates per group.
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Figure 2.14. Growth inhibition curve using A549 cells with compound 8 after irradiation; Data

represent the mean = s.e.m. for 3 technical replicates per group.
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Figure 2.15. Cell viability assay using A549 cells varying the concentration of 8; Data

represent the mean + s.e.m. for 3 technical replicates per group.
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The cell growth inhibitory activity of compound 8 was also performed using DLD-1,
colon cancer cell and as expected, a nearly complete growth inhibition was found at 10 uM
concentration in the irradiated cells (Scheme 2.16). This assay was also performed varying the
concentration of compound 8 (Figure 2.18) and found dose dependent inhibition in cellular
growth. The ICso of the compound 8 in the presence of light, were calculated and found to be
5.3 uM (Figure 2.17). However, no effect on cellular growth was observed in the dark up to 50
UM of compound 8. This suggests that compound 8 remains in the caged form in the dark and
did not affect the cellular growth, exposing to light uncaged the compound 1 producing burst
of ROS, resulting in damage of the essential bio-macromolecules which eventually leads to
inhibition of cellular growth.

As it is known that alone UV light can cause the damage of essential biomolecules and
hence it can result in the inhibition of the cellular growth. When this experiment was
performed, the irradiation condition which was used in cellular experiments is not affecting the
cellular growth, suggested that 365 nm UV light for 5 min was well tolerated by cells and can

be used for cellular experiments.
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Figure 2.16. Cell growth inhibition assay using MTT dye using DLD-1 cells with 10 uM of

compounds; Data represent the mean + s.e.m. for 3 technical replicates per group.
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Figure 2.17. Growth inhibition curve using DLD-1 cells with compound 8 after irradiation;

Data represent the mean + s.e.m. for 3 technical replicates per group.
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Figure 2.18. Cell viability assay using DLD-1 cells varying the concentration of 8; Data

represent the mean = s.e.m. for 3 technical replicates per group.
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2.4 Conclusion

In this chapter, photoactivable ROS donors has been designed and synthesized. To achieve the
selectivity towards the cancer cells over normal cells, unique overexpression of vitamin
receptors was attempted to exploit, where vitamin molecules or vitamin moiety containing
molecules might have a better uptake in cancer cells. Using this feature of cancer cells, a biotin
moiety was attached, which only results in improving buffer solubility and enhanced uptake by
cancer cells over normal cells was not observed. These molecules contain a ROS generating
moiety which was caged with a photo-clevable linker. Upon irradiation with 365 nm UV light,
all these molecules photo-cleaved to release an active ROS generating molecule which generate
O, followed by H,0,. O2" was detected using DHE assay while H.O; detection was carried
out using Boronate-umbelliferone dye 23 and Amplex Red assays. Compound 8 was also
evaluated as an extracellular and intracellular ROS generator where it was found that
compound 8 produces H>O, extracellularly in the presence of light. Compound 8 is cell
permeable and produce ROS intracellularly which was confirmed using H.DCF-DA dye.
Finally, compound 8 was tested for cellular growth inhibitory activity with cancer cell lines
and it was found that compound 8 is highly potent only in the presence of light. However, no
toxicity was found in the absence of light. These studies suggest that compound 8 can be a
potential candidate for understanding the ROS mediated pathways of cellular system in

spatiotemporally controlled manner using light as a stimulus.

The unique photoactivable ROS generators were developed which produce ROS only in
the presence of light and might be used as cancer therapeutics. However, there are few
shortcomings associated with the UV triggered approach e.g., UV light induced oxidative
stress®”~*! and its lower tissue penetration. Owing to such limitations, in vivo experiments are
more challenging to perform with the compound 8. To overcome these drawbacks, there is

need to develop a molecule which can get activated under visible light to produce ROS.
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2.5 Experimental Protocols and Characterization Data

2.5.1 General Methods

All the chemicals and solvents were purchased from commercial sources and used as received
unless stated otherwise. Column chromatography was performed using Silica gel Spectrochem
(100-200 mesh) as stationary phase. Preparative high-performance liquid chromatography
(HPLC) was done using Combiflash EZ prep UV using a Kromasil®C-18 preparative column
(250 mm x 21.2 mm, 5 um). *H and *3C spectra were recorded on a JEOL 400 MHz (or 100
MHz for 3C) or a Bruker 400 MHz (or 100 MHz for '3C) spectrometer unless otherwise
specified using as an internal tetramethylsilane (64 = 0.00, dc = 0.0). Chemical shifts (d) are
reported in ppm and coupling constants (J) in Hz. The following abbreviations are used: br
(broad signal), m (multiplet), s (singlet), d (doublet), t (triplet) and dd (doublet of doublets).
High-resolution mass spectra were obtained from HRMS-ESI-Q-Time of Flight LC/MS. FT-
IR spectra were recorded using BRUKER-ALPHA FT-IR spectrometer. Analytical HPLC was
performed on an Agilent1260-infinity with Phenomenex® C-18 reverse phase column (250
mm x 4.6 mm, 5 um). Irradiation was done using 365 nm UV-LED flashlight-3W and intensity
was calibrated using GENTEC-EO-UNO laser power meter. Photometric and fluorometric

measurements were performed using a Thermo Scientific VVarioskan microtiter plate reader.

2.5.2 Synthesis Protocols
Compounds 1%, 247 1257 18", 2272 and 23% were synthesized using previously reported
procedures and analytical data were consistent with reported values.

Synthesis of 2-(4-formyl-2-methoxy-5-nitrophenoxy)ethyl nitrate (19): To a solution of 4-

CHO (2-hydroxyethoxy)-3-methoxybenzaldehyde (3.4 g, 17.33 mmol)

O2N in glacial acetic acid (10 mL) with continuous stirring at ice cold
OMe condition was added a mixture of conc. HNOs (10 mL) and conc.

OZNO/\/O H2SO4. This reaction mixture was stirred additionally for 1 h atr.t.

After completion of reaction as monitored by TLC analysis,

reaction was quenched with ice water and extracted with dichloromethane. This
dichloromethane layers were dried over anhydrous sodium sulphate and concentrated under
reduced pressure to get crude, which was purified by silica gel column chromatography to
obtain yellowish solid (1.5 g, 30 %); FT-IR (vmax, cm™): 2921, 1691, 1521, 1338; *H NMR (400
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MHz, CDCls): § 10.46 (s, 1H), 7.63 (s, 1H), 7.43 (s, 1H), 4.94 — 4.90 (m, 2H), 4.47 — 4.42 (m,
2H), 4.02 (s, 3H); HRMS (ESI-TOF) for [C10H10N20s + H]* calcd: 287.0515; found: 287.0507.

Synthesis of 4-(2-azidoethoxy)-5-methoxy-2-nitrobenzaldehyde (20): To a solution of 19

CHO (2.5 ¢, 8.74 mmol) in anhydrous DMF (20 mL) with continuous

O2N stirring, sodium azide (1.00 g, 15.38 mmol) was added. This reaction
OMe | Mixture was stirred at 80 °C for 16 h in inert atmosphere. After

N3/\/O completion of reaction as monitored by TLC analysis, DMF was

evaporated under reduced pressure to get crude, which was purified
by silica gel column chromatography to obtain yellowish solid (1.2 g, 52 %); FT-IR (vmax, cm’
1): 2109, 1691, 1520, 1337; *H NMR (400 MHz, CDCls): § 10.45 (s, 1H), 7.63 (s, 1H), 7.43
(s, 1H), 4.32 (t, J = 5.0 Hz, 2 H), 4.02 (s, 3H), 3.74 (t, J = 5.0 Hz, 2H); 3C NMR (100 MHz,
CDCIs): 6 187.7,153.7, 151.1, 143.4, 126.3, 110.2, 108.5, 68.6, 56.7, 49.8; HRMS (ESI-TOF)
for [C10H10N4Os+ H]* calcd: 267.0729; found: 267.0724.

Synthesis of (4-(2-azidoethoxy)-5-methoxy-2-nitrophenyl)methanol (21): To a solution of

oH 20 (936 mg, 3.52 mmol) in anhydrous methanol (20 mL) with

ON continuous stirring, NaBH4 (410 mg, 10.84 mmol) was added portion
wise. This reaction mixture was stirred at r.t. for 30 min in inert

OMe atmosphere. After completion of reaction as monitored by TLC

N3/\/o analysis, reaction was quenched with saturated NH4ClI solution and

extracted with ethyl acetate. The organic fractions were combined,
dried over anhydrous sodium sulphate and concentrated under reduced pressure to get crude.
The crude was purified by silica gel column chromatography to obtain yellowish solid (750
mg, 80 %); FT-IR (vmax, €M™ ): 3264, 2921, 2108, 1516, 1329; *H NMR (400 MHz, CDCls): §
7.73 (s, 1H), 7.21 (s, 1H), 4.98 (s, 2H), 4.25 (t, J = 5.0 Hz, 2H), 4.00 (s, 3H), 3.70 (t, J = 5.0
Hz, 2H), 2.20 — 2.20 (br, 1H); *C NMR (100 MHz, CDCls): & 154.6, 146.7, 139.5, 133.2,
111.4,110.2, 68.4, 62.8,56.5, 50.0; HRMS (ESI-TOF) for [C10H12N4Os + Na]* calcd: 291.0705
; found: 291.0702.

Synthesis of 1-(2-azidoethoxy)-4-(bromomethyl)-2-methoxy-5-nitrobenzene (13): To a
solution of 21 (1.00 g, 3.73 mmol) in anhydrous dichloromethane (40 mL) kept at ice bath,
PBr3 (1.06 mL, 11.16 mmol) was added. This reaction mixture was stirred at ice cold condition

for 2 h in inert atmosphere. After completion of reaction as monitored by TLC analysis,
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Br reaction was quenched with saturated NaHCOs solution and
O,N extracted with dichloromethane. The organic layers were combined.
dried over anhydrous sodium sulphate and concentrated under

OM . -
¢ reduced pressure to get crude. The crude was purified by silica gel

column chromatography to afford a white solid (450 mg, 36 %); FT-
IR (vmax, cm* ): 2920, 2103, 1517, 1338; *H NMR (400 MHz,
CDClz): 6 7.69 (s, 1H), 6.97 (s, 1H), 4.87 (s, 2H), 4.25 (t, J = 5.0 Hz, 2H), 3.99 (s, 3H), 3.70
(t, J = 5.0 Hz, 2H); 13C NMR (100 MHz, CDCls): & 153.8, 147.6, 140.0, 128.3, 114.1, 110.4,
68.4, 56.5, 49.9, 30.0; HRMS (ESI-TOF) for [C10H11BrN4O4 + Na]* calcd: 352.9861; found:
352.9860.

Synthesis of  5-((2-nitrobenzyl)oxy)-1,4,4a,9a-tetrahydro-1,4-ethanoanthracene-9,10-
dione (4): A solution of 10 (128 mg, 0.592 mmol), 1 (100 mg, 0.393 mmol) and Ag.0 (274

mg, 1.18 mmol) in anhydrous dichloromethane (5 mL) was kept

at continuous stirring for 3 days at room temperature in inert
atmosphere. After complete consumption of starting material

which was confirmed by TLC analysis, reaction mixture was

subjected to normal silica gel column chromatography using

hexane: ethyl acetate (100:0 to 70:30) as a eluent to afford white

solid which was further washed with acetonitrile to obtain pure
compound 4 (85 mg, 55 %); FT-IR (vmax, cm™): 2924, 1682, 1526, 1342; *H NMR (400 MHz,
CDCls): 6 8.40 (d, J = 7.8 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 7.83 (t, J = 7.5 Hz, 1H), 7.67 —
7.56 (m, 2H), 7.53 (t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 6.26 — 6.11 (m, 2H), 5.63 —
5.51 (m, 2H), 3.41 — 3.30 (m, 2H), 3.29 — 3.20 (m, 2H), 1.80 — 1.69 (m, 2H), 1.49 — 1.35 (m,
2H); 3C NMR (100 MHz, CDCls): § 197.9, 196.3, 156.7, 146.3, 138.7, 134.7, 134.6, 134.0,
1335, 133.2, 129.1, 128.4, 125.6, 124.9, 119.4, 118.0, 67.9, 52.1, 50.9, 34.5, 34.0, 24.8, 24.6;
HRMS (ESI-TOF) for [C23sH1sNOs + H]" calcd: 390.1341; found: 390.1345.

Synthesis of 5-((4,5-dimethoxy-2-nitrobenzyl)oxy)-1,4,4a,9a-tetrahydro-1,4-
ethanoanthracene-9,10-dione (5) and 6-(4,5-dimethoxy-2-nitrobenzyl)-5-hydroxy-
1,4,4a,9a-tetrahydro-1,4-ethanoanthracene-9,10-dione (9): A solution of 11 (114 mg, 0.413
mmol), 1 (149 mg, 0.586 mmol) and Ag-O (270 mg, 1.17 mmol) in anhydrous dichloromethane
(5 mL) was kept at continuous stirring for 3 days at room temperature in inert atmosphere.
After complete consumption of starting material which was confirmed by TLC analysis,

70



Chapter 2

reaction mixture was subjected to normal silica gel column chromatography using hexane:

ethylacetate (100:0 to 85:15) as a eluent to afford compound 5
(55 mg, 30 %) and 9 (20 mg, 11 %); Characterization of 4b; FT-
IR (vimax, cM™ ): 2923, 1737, 1682, 1517, 1376; 'H NMR (400
MHz, CDCls): & 8.25 (s, 1H), 7.80 (s, 1H), 7.69 — 7.62 (m, 1H),
o,N 7.62 —7.55 (m, 1H), 7.44 — 7.36 (m, 1H), 6.22 — 6.11 (m, 2H),
5.56 (s, 2H), 4.26 (s, 3H), 3.99 (s, 3H), 3.35—-3.26 (m, 2H), 3.23
(s, 2H), 1.78 —1.70 (m, 2H), 1.45—1.36 (m, 2H); *C NMR (100
MHz, CDClz): 6 198.0, 196.2, 156.6, 154.7, 147.8, 138.6, 138.3,
134.8,133.9, 133.6, 129.0, 125.2, 119.2, 117.7, 110.7, 107.7, 67.9, 57.2, 56.4, 52.1, 50.8, 34.6,
34.3, 24.8, 24.7; HRMS (ESI-TOF) for [CasH2sNO7 + Na]* calcd: 472.1372; found: 472.1374.

OMe
OMe

Characterization data of  6-(4,5-dimethoxy-2-nitrobenzyl)-5-hydroxy-1,4,4a,9a-
tetrahydro-1,4-ethanoanthracene-9,10-dione (9): FT-IR (vmax, cm™ ): 2929, 1734, 1681,
1520; *H NMR (400 MHz, CDCl3): & 13.10 (s, 1H), 7.66 (s,
1H), 7.46 (d, J = 7.8 Hz, 1H), 7.29 (s, 1H), 6.78 (s, 1H), 6.23-
6.13(m, 2H), 4.46-4.32 (m, 2H), 3.95 (s, 3H), 3.89 (s, 3H),
3.43-3.30 (m, 2H), 3.27 (m, 1H), 3.18 (m, 1H), 1.85 - 1.76 (m,
2H), 1.42 (dd, J = 6.5, 4.7 Hz, 2H); °C NMR (100 MHz,
CDClz): 6 205.1, 197.0, 159.8, 153.1, 147.7, 141.5, 136.5,
134.6, 134.1, 133.8, 133.3, 128.7, 117.9, 117.5, 114.2, 108.3,
56.4, 50.3, 49.9, 36.2, 35.9, 33.2, 25.0, 24.8; HRMS (ESI-TOF) for [C2sH23NO7 + H]* calcd:
450.1553; found: 450.1550.

Synthesis of 5-((4-(2-azidoethoxy)-5-methoxy-2-nitrobenzyl)oxy)-1,4,4a,9a-tetrahydro-
1,4-ethanoanthracene-9,10-dione (7): A solution of 13 (400 mg, 1.21 mmol), 1 (460 mg, 1.81
mmol) and Ag0 (1.95 g, 8.41 mmol) in anhydrous

dichloromethane (30 mL) was kept at continuous stirring for

4 days at room temperature in nitrogen atmosphere. After

complete consumption of starting material which was
O2N confirmed by TLC analysis, reaction mixture was subjected
OMe to normal silica gel column chromatography using hexane:
N A~_0 ethylacetate (100:0 to 50:50) as a eluent to afford pale yellow

solid as compound 7 (150 mg, 25 %); FT-IR (Vmax, cm™ ):
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2922, 2103, 1682, 1520; 'H NMR (400 MHz, CDCla): & 8.26 (s, 1H), 7.82 (s, 1H), 7.66 (t, J =
7.9 Hz, 1H), 7.61 — 7.57 (m, 1H), 7.40 (d, J = 8.0 Hz, 1H), 6.21 — 6.11 (m, 2H), 5.56 (s, 2H),
4.28 (t, J = 5.0 Hz, 2H), 4.24 (s, 3H), 3.73 (t, J = 5.0 Hz, 2H), 3.35 — 3.26 (m, 2H), 3.24 (s,
2H), 1.77 - 1.73 (m, 2H), 1.44 - 1.37 (m, 2H); 3C NMR (100 MHz, CDCl3): 5 198.0, 196.2,
156.5, 155.3, 146.4, 138.6, 138.0, 134.8, 133.9, 133.6, 129.9, 125.2,119.2,117.7,111.2, 109.7,
68.3, 67.8, 57.2, 52.0, 50.8, 50.0, 34.6, 34.3, 24.8, 24.7; HRMS (ESI-TOF) for [C26H24N4O7 +
Na]" calcd: 527.1543; found: 527.1542.

Synthesis of N-((1-(2-(4-(((9,10-dioxo-1,4,4a,9,9a,10-hexahydro-1,4-ethanoanthracen-5-
yloxy)methyl)-2-methoxy-5-nitrophenoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-

((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide  (8): A
H o solution of 7 (105 mg, 0.208 mmol), 22 (50 mg,
%(N 0.178 mmol), CuSO.5H,0 (88 mg, 0.352

O“) mmol) and sodium ascorbate (71 mg, 0.358
B\ mmol) in anhydrous DMF (7 mL) was kept at

continuous stirring for 14 h at room
temperature in inert atmosphere. After complete
N‘N

consumption of starting material which was

confirmed by TLC analysis, reaction mixture

was subjected to normal silica gel column chromatography using chloroform: methanol (100:0
to 90:10) as a eluent to give pale yellow solid, which was further purified by preparative HPLC
using MeOH:Acetonitrle (30:70): water as mobile phase to afford white solid as compound 8
(30 mg, 21 %); FT-IR (vmax, cm™): 3230, 2924, 1684, 1523, 1329; *H NMR (400 MHz, DMSO-
de): 8 8.31 (t, J = 5.7 Hz, 1H), 8.04 (s, 1H), 7.99 (s, 1H), 7.80 (s, 1H), 7.75 (t, J = 8.0 Hz, 1H),
7.53 (d, J =8.3 Hz, 1H), 7.44 (d, J = 7.6 Hz, 1H), 6.40 (s, 1H), 6.35 (s, 1H), 6.19 - 6.07 (m,
2H), 5.62 - 5.48 (m, 2H), 4.78 (t, J = 4.8 Hz, 2H), 4.55 (t, J = 4.9 Hz, 2H), 4.35 - 4.24 (m, 3H),
4.15 - 4.03 (m, 4H), 3.21 - 3.13 (m, 2H), 3.11 - 2.01 (m, 1H), 2.79 (dd, J = 12.4, 4.9 Hz, 1H),
2.56 (d, J = 12.7 Hz, 1H), 2.14 - 2.06 (m, 2H), 1.76 - 1.66 (m, 2H), 1.64 - 1.38 (m, 4H), 1.34 —
1.22 (m, 4H); C NMR (100 MHz, DMSO-ds): 5 197.4, 195.6, 171.8, 162.6, 156.0, 154.0,
145.8,145.1,138.3, 137.9, 134.9, 134.0, 133.4,128.9, 124.7,123.1, 118.4,118.2,111.1, 110.0,
67.6,67.2,60.9,59.1, 56.4, 55.3,51.3,50.1, 48.7, 34.9, 34.0, 33.5, 33.1, 28.1, 27.9, 25.1, 24.0;
HRMS (ESI-TOF) for [C39H3N7O9S + H]" calcd: 786.2921; found: 786.2916.
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2.5.3 General Preparation

10 mM stocks of all the compounds 4, 5 and 8 were independently prepared in DMSO and
stored in the dark at -4 °C. 10 mM stocks of Boronate ester probe 23 and dihydroethidium
(DHE) and Amplex® red were prepared in DMSO and stored at -4 °C. 100 U/mL stocks of
Superoxide dismutase (SOD) enzyme, 100 U/mL stocks of horseradish peroxidase (HRP) and
10000 U/mL stocks of catalase enzyme were prepared in phosphate buffer (50 mM) of pH 7.4
and stored at -4 °C. For making working solution for Amplex-red assay, HRP (100 uL of 100
U/mL) and Amplex® Red (50 uL of 10 mM) were mixed in phosphate buffer of pH 7.4 (4850
uL) and stored in dark at O °C until its use. (Working solution of Amplex® Red needs to be
freshly prepared)

2.5.4 Procedure for Irradiation

A quartz cuvette containing compounds 4, 5 and 8 in phosphate buffer or phosphate buffer:
acetonitrile mixture (60: 40) was irradiated at 365 nm (30 mW/cm?) using 365 nm LED
flashlight at room temperature in a closed chamber. This solution was used for further analysis

as described below.

2.5.,5 Photo-Cleavage Study by HPLC After Irradiation

A quartz cuvette containing compounds 4, 5 and 8 (2.5 puL of 10 mM) in 60: 40 mixture of
phosphate buffer:Acetonitrile of pH 7.4 (497 pL) was irradiated. Similarly, compounds 4, 5
and 8 (2.5 uL of 10 mM) in 60: 40 mixture of phosphate buffer: Acetonitrile of pH 7.4 (497
uL) was kept in dark for 40 min. 25 pL of aliquot from each Sample of these irradiated and
non-irradiated samples were injected in HPLC and analysis was conducted using a diode array
detector (DAD) operating at 250 nm. A mobile phase of water: acetonitrile was used with a run
time of 25 min. A multistep gradient was used with a flow rate of 1 mL/min starting with 50:
50 —0 to 2 min, 50:50to 10: 90 — 2 - 17 min, 10: 90 — 17 — 20 min, 10: 90 to 50: 50 — 20 -
22 min, 50:50 — 22 - 25 min.

2.5.6 Superoxide Detection Using DHE Assay

A quartz cuvette containing compounds 4, 5 and 8 (1.25 uL of 10 mM) in phosphate buffer of
pH 8.0 (496 ulL) was irradiated. Similarly, compounds 4, 5 and 8 (1.25 uL of 10 mM) in
phosphate buffer of pH 8.0 (496 pL) was kept in dark. In the non-irradiated and irradiated
samples, DHE (2.5 pL of 10 mM) was added and incubated for 1 h at 37 °C. The reaction
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mixture was filtered (0.45 um) and injected (50 pL) in an Agilent high performance liquid
chromatograph (HPLC) attached with a fluorescence detector (excitation at 480 nm; emission
at 580 nm). The column used was Agilent1260-infinity with Phenomenex®C-18 reverse phase
column (250 mm x 4.6 mm, 5 um), the mobile phase was water: acetonitrile containing 0.1%
trifluoroacetic acid and a gradient starting with 90: 10 % — 0 min, 10: 90 to 44: 56 — 0 — 35
min, 0: 100 — 35 — 37 min, 0: 100 — 37 — 40 min, 10: 90 — 40 — 42 min, 10: 90 — 42 — 45
min was used with a flow rate of 0.5 mL/min. Compound 1, a known superoxide generator
(1.25 pL of 10 mM) were mixed in phosphate buffer (pH 8.0, 50 mM) along with DHE (2.5
puL of 10 mM) for 1 h and served as a positive control. Known scavenger of superoxide,
Superoxide dismutase enzyme (5 pL of 100 U/mL) was also used as a control with the

irradiated sample. Signal for O>" was not observed in SOD treated samples.

2.5.7 H20:2 Detection Using Probe 23

A quartz cuvette containing compounds 4, 5 and 8 (2.0 uL of 10 mM) in phosphate buffer of
pH 7.4 (790 uL) was irradiated. Similarly, compounds 4, 5 and 8 (2.0 uL of 10 mM) in
phosphate buffer of pH 7.4 (790 uL) was kept in dark. In the non-irradiated and irradiated
samples, Boro-umb 23 (8 puL of 10 mM) was added and incubated for 2 h at 37 °C. A compound
1 (2.0 pL of 10 mM) in phosphate buffer of pH 7.4 (790 uL) followed by addition of Boro-
Umb probe 23(8 pL of 10 mM) and incubated for 2 h at 37 °C, was used as a positive control.
In another control experiment, 4, 5 and 8 (2.0 pL of 10 mM) in phosphate buffer of pH 7.4
(782 pL) was irradiated, followed by addition of catalase enzyme (8 pL of 10000 U/mL), which
treated with Boro-Umb probe (8 uL of 10 mM) and incubated for 2 h at 37 °C. All these
irradiation experiments were done in duplicates. Further aliquots (200 pL) of these solutions
were transferred to the 96 well-plate in triplicates and the fluorescence was measured using

Thermo Scientific Varioskan microtiter plate reader (Aex = 320 nm and Aem = 460 nm).

2.5.8 H20:2 Detection Using Amplex® Red

A quartz cuvette containing compounds 8 (1.25 uL of 10 mM) in phosphate buffer of pH 7.4
(499 pL) was irradiated. Similarly, compounds 8 (1.25 pL of 10 mM) in phosphate buffer of
pH 7.4 (499 uL) was kept in dark. As a positive control, 1 (1.25 pL of 10 mM) in phosphate
buffer of pH 7.4 (499 uL) was used in dark. In a separate control experiment, 8 (1.25 uL of 10
mM) in phosphate buffer of pH 7.4 (494 pL) was irradiated, followed by addition of catalase
enzyme (5 pL of 10,000 U/mL). Aliquots (100 uL) of these solutions were transferred to the
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96 well-plate in triplicates and incubated for 2 h at 37 °C. The working solution of Amplex®
Red (100 uL) was added in each well and further incubated for 30 min at 37 °C. Fluorescence
measurement was done using Thermo Scientific Varioskan microtiter plate reader (Aex = 550

nm and Aem = 590 nm).

2.5.9 Thiol Reactivity of ROS Generators

Compound 1, 2, Juglone and Menadione (5 puL of 10 mM stock in DMSO) in the 1:1 mixture
of pH 7.4 phosphate buffer: Acetonitrile (945 uL) were independently reacted with glutathione
(50 pL of 10 mM) for 4 h at 37 °C. Reaction mixtures were filtered (0.45 pum) and injected (25
pL) in an Agilent high performance liquid chromatograph (HPLC) attached with a Diode array
detector operating at 250 nm. A mobile phase of water: acetonitrile was used with a run time
of 20 min. A multistep gradient was used with a flow rate of 1 mL/min starting with 50: 50 —0
to 2 min, 50:50 to 10: 90 — 2 - 17 min, 10: 90 to 50:50 —17 — 19 min, 50:50 — 19 - 20 min.

2.5.10 Extracellular H202 Detection Using Boronate-Ester Probe 23

Human adenocarcinomic alveolar basal epithelial cells, A549 cells were seeded at a
concentration of 1x10* cells/well overnight in a 96-well plate in complete RPMI media. Cells
were treated with 50 UM concentrations of the compound 8 and 1. Cells were first exposed to
365 nm light for 5 min and as a control other section of plate was covered with aluminum foil
kept in dark then incubated for 2 h at 37 °C. In the non-irradiated and irradiated part of the
plate, 23 (100 pM) was added and incubated for 2 h at 37 °C. All these experiments were done
in triplicate. Further aliquots (200 pL) from these wells were transferred to another 96 well-
plate and the fluorescence was measured using Thermo Scientific Varioskan microtiter plate
reader (Aex = 320 nm and Aem = 460 nm).

2.5.11 Extracellular H202 Detection Using Amplex® Red

Human adenocarcinomic alveolar basal epithelial cells, A549 cells were seeded at a
concentration of 1x10* cells/well overnight in a 96-well plate in complete RPMI media. Cells
were treated with 50 uM concentrations of the compound 8 and 1. Cells were first exposed to
365 nm light for 5 min and other as a control other section of plate was covered with aluminum
foil kept in dark then incubated for 4 h at 37 °C. Further aliquots (50 uL) from these wells were
transferred to another 96 well-plate. The working solution of Amplex® Red (50 pL) was added
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in each well and further incubated for 30 min at 37 °C. Fluorescence measurement was done

using Thermo Scientific Varioskan microtiter plate reader (Aex = 550 nm and Aem = 590 nm).

2.5.12 Intracellular ROS Detection Using H.DCFDA Dye by Fluorescence Measurement
Human adenocarcinomic alveolar basal epithelial cells, A549 cells were seeded at a
concentration of 2x10* cells/well overnight in two parts of 96-well plate in complete RPMI
media. Cells in both parts were exposed to 50 uM of the compound 8. After 2 h incubation at
37 °C, old media of each wells was replaced with fresh media and one part of the plate was
exposed to 365 nm light for 5 min and other part of plate was covered with aluminum foil then
incubated for 1 h at 37 °C. A 10 uM solution of 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA) was prepared in RPMI media and 300 pL of this solution was added to each well.
After 10 min incubation, the excess dye was removed and washed twice with PBS and finally
200 pL of PBS was added. Intensity of all the wells were measured in Operetta CLS™ high-
content analysis system by PerkinElmer in the GFP channel (excitation 488 nm; emission 514

nm).

2.5.13 Intracellular ROS Detection by H.DCFDA Dye by Fluorescence Imaging

Human adenocarcinomic alveolar basal epithelial cells, A549 cells were seeded at a
concentration of 1x10° cells/well in two parts of 12-well plate in complete RPMI media and
incubated for 48 h at 37 °C. Cells were treated with 50 uM of the compound 8 and further
incubated for 2 h at 37 °C. Old media of each wells were removed and washed twice with PBS.
At this point, fresh media was added and one part of the plate was exposed to 365 nm light for
5 min and other part of plate was covered with aluminum foil then incubated for 1 h at 37 °C.
A 10 uM solution of 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) was prepared in
RPMI media and 1 mL of this solution was added to each well. After 10 min incubation, the
excess dye was removed and washed twice with PBS and finally 1 mL of PBS was added. All
the wells were Imaged in EVOS® FL Auto Imaging System in the GFP channel (excitation

488 nm; emission 514 nm).

2.5.14 Cell Viability Assay Using MTT Dye
Human adenocarcinomic alveolar basal epithelial cells, A549 and human colon
adenocarcinoma cells, DLD-1 were seeded independently at a concentration of 1x102 cells/well

overnight in a 96-well plate in complete RPMI media. Cells were exposed to varying
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concentrations of the compound 1 and 8 prepared as a 10 mM DMSO stock solution so that the
final concentration of DMSO was 0.5%. Cells were first exposed to 365 nm light for 5 min and
then incubated for 72 h at 37 °C. Similar plate was also kept in dark as a control. A solution of
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was prepared by
dissolving MTT reagent (3.5 mg) in 7 mL RPMI media. 100 pL of this solution was added to
each well. After 4 h incubation, the media was removed carefully and 100 uL of DMSO was
added. Spectrophotometric analysis of each well was carried out at 570 nm using a Thermo

Scientific Varioskan microplate reader to estimate cell viability.
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2.6 Spectral Charts

'H NMR spectrum (CDCls, 400 MHz) of 12

Chapter 2

@
=
[
n © NS ° coa S
] ~N (-} 0 0 o O Vi -
N N O ¢ <+ < < N AN ?
(. ~k I ~ I
Br
o}
Il
N
o
~
o
\/o
|
J - L
& Py & b &
Q < N = °. 4
- - N N L o
T T T T T T T T T T T T T T T T T T T T 1
0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5 1
Chemical Shift (ppm)
1
H NMR spectrum (CDCls, 400 MHz) of 19
[72]
=
[
m 0N MNNHeH YN 8
ERA 229358 I3 2
NNN FEIFFSSF TN <
/AN ] = I
o
0o =
Il
~N
o]
~
ﬁ o
O/N \O/\/o
|
1 y
A_L_JL ) L
& O .
QQ o ] ]
- - N N “©
T T T T T T T T T T T T T T T T T T T ]
0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5 1

4.5 4.0 3.5
Chemical Shift (ppm)

78



'H NMR spectrum (CDCls, 400 MHz) of 20
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'H NMR spectrum (CDCls, 400 MHz) of 21
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'H NMR spectrum (CDCls, 400 MHz) of 13
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'H NMR spectrum (CDCls, 400 MHz) of 4
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'H NMR spectrum (CDCls, 400 MHz) of 5
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'H NMR spectrum (CDCls, 400 MHz) of 7
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'H NMR spectrum (DMSO-ds, 400 MHz) of 8
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'H NMR spectrum (CDCls, 400 MHz) of 9

ISW.L 00°0 —

o't
w'T
wr
V't
SLT
8L'T
8L'T
51

v1'e
we

we

68°E~_
S6'€
€Y~
v f
ov'y \

1244

L1°9
8T'9
8T'9
6T°9

8'0
oL
sv'L
i
902/

OT'€ET —

=60'2

- €0'2

Hﬁ_‘a.r
560"L

O

6'C

0'€
== I¥e

7 6

Chemical Shift (ppm)

8

13 12 11 10

14

13C NMR spectrum (CDCls, 100 MHz) of 9

SWL10'0-—

8'vT

0'sT >
N
N.wmv

661 —
gos/
95—

€80T —
(4411

m.N.n.nW
6'L1IT—

£'8TT —
EEET~

8'EET
T'PET
9'VET
m.wnﬂ\
S'TVT
L'LYT

T'EST /
8'6ST —

0°L6T —

'S0 —

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Chemical Shift (ppm)

210

86



Chapter 2

'H-NMR spectrum (DMSO-ds, 400 MHz) of 22
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Chapter 3.1

Chapter 3.1. Synthesis and Evaluation of a Triggerable Hydroquinone
Based ROS Releasing Molecule

3.1.1 Introduction
Chapter 2, described the development of UV light activatable ROS generators which cleave
under 365 nm light to release molecule 1, which then reacts with oxygen to generate ROS. To
overcome the limitations associated with UV light based strategy,*™ a scaffold which would
cleave upon irradiation with visible light to release ROS generating moiety is desired. In order
to achieve the visible light triggered release of ROS, a well-known fluorescent molecule,
boron-dipyrromethene (BODIPY)®’ was chosen as the photolabile moiety. The rationale
behind choosing BODIPY over other photolabile scaffolds has been described in Chapter 1.

Scheme 3.1.1. Design of Visible light triggered ROS generating molecules

A) Visible-Light Activated Release of Phenols
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Release of several BODIPY-masked bioactive molecules under visible light has been
demonstrated in literature.®*” However, we were particularly inspired by the work carried out
by Urano and co-workers, wherein a phenolic group attached to the boron atom of BODIPY
was shown to uncage under visible light (Scheme 3.1.1 A).2° BODIPY moieties are typically
fluorescent in nature, but the presence of an electron rich aryloxy substituent on the boron atom
can result in the quenching of fluorescence, which is a result of photoinduced electron transfer
(PET). These BODIPY derivatives form a charge-separation intermediate upon irradiation,

which has a partial negative charge on the boron atom and a partial positive charge on the
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oxygen atom of the aryloxy group. This intermediate further undergoes solvolysis to release

the aryloxy group.

As described previously, compound 1 (which generates ROS) can be attached with the
boron atom of BODIPY; the adduct, then, cleaves with visible light to release compound 1
(Scheme 3.1.1 B). Here, two possibilities of attaching compound 1 with BODIPY were
described. First, where the phenolic group can be directly attached to the boron of BODIPY
and another, where a 4-hydroxybenzyl group can be used as a self-immolative linker between
compound 1 and the boron atom of BODIPY. This linker might decrease the steric hindrance
between the BODIPY core and compound 1 that may provide further stability to the scaffold.
These designed compounds should photocleave under visible light to release compound 1,

which is known to generate superoxide (O2") under ambient aerobic conditions.

3.1.2 Results and Discussion

3.1.2.1 Synthesis

To synthesize the designed molecules, first, synthesis of compound 26 was attempted, where
1 would be directly attached with BODIPY. To synthesize compound 26, BODIPY 25 was
reacted with compound 1 in the presence of AICls, but under the given conditions, the desired
compound 26 was not obtained (Scheme 3.1.2). A possible reason for failure in the synthesis
of 26 could be the poor stability of compound 1 in the presence of the Lewis acidic (AICI5),

resulting in non-specific decomposition.

Scheme 3.1.2. Attempted synthesis of a visible light ROS generator

Ph OH O
R O‘O)
\ N - N= CHzClz reﬂux
F F

After unsuccessful attempts to synthesize compound 26, compound 29, where a self-
immolative linker would be incorporated between compound 1 and BODIPY, was designed.
To synthesize 29, first, BODIPY 25 was reacted with 4-hydroxybenzaldehyde in the presence
of AICI3 to give compound 26, which was then reduced in the presence of NaBH4 to afford
compound 27'° (Scheme 3.1.3). Further attempts to synthesize 28 by brominative
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dehydroxylation of the alcohol 27 in the presence of PBr3 failed. Hence, the desired product 29
was not obtained. The problem in the brominative dehydroxylation reaction is likely the poor
stability of the B-O bond in acidic conditions. As it is known that nature of PBrz is acidic,

which may contribute to the falling off of 4-hydroxybenzyl alcohol.

Scheme 3.1.3. Attempted synthesis of a visible light ROS generator
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3.1.2.2 Limitations of Compound 1
As described that compound 1 is an excellent ROS generator; however, there are few

limitations associated with it.

1. The reduced stability of compound 1 even in mild basic and acidic conditions precludes

exploration of different methodologies for derivatization.

2. Any structural modification in compound 1 diminishes its ROS generation capability; hence,

any modification to functionalize for the site-specific delivery of ROS is complicated.

3. Compound 1 reacts with halogenated electrophiles. However, it does not offer wide range
of reactivity with other electrophiles; this could be due to the lesser nucleophilicity of its

hydroxy group as compared to other phenols.

To surmount these limitations, a scaffold for ROS generation need to be developed, which

would have a site to functionalize, for making it selective towards a particular organelle in a
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cell or towards one cell type, without compromising the ability to generate ROS. Further, the
scaffold should also be stable in mild acidic and basic conditions and also should be compatible

with a range of electrophiles of different triggers.

3.1.3 Design of Revised ROS Generator

Previous studies from our laboratory have shown that for derivatives of 1,4-hydroquinone (1,4-
HQ), an enol and a keto form are found to be in equilibrium (Scheme 3.1.4).18 This equilibrium
can be shifted towards the enol form by substituting the 1,4-quinone/1,4-hydroquinone ring
with an electron withdrawing group (EWG). The EWG stabilizes the enol form, resulting in
rapid generation of ROS, whereas an electron donating group (EDG) stabilizes the keto form,
which produces ROS in a slow manner.'® This concept may be utilized to manipulate the rate
of ROS production.

Scheme 3.1.4. Equilibrium of keto-enol forms of 6-aryl-2,3-dihydro-1,4-benzoquinones to
produce ROS

0 OH
R
R °— Fe(ll) .
- ' p 0y o > H0 ——) OH
OH A Y /
Keto form Enol form

Reactive Oxygen Species

Directed delivery of ROS to a particular organelle can be achieved by functionalizing
benzylhydroxy or benzylamino group on the phenyl ring attached with 1,4-quinone/1,4-HQ
ring. The O or N can be functionalized using an organelle specific group (Figure 3.1.1) such as
triphenylphosphonium to target mitochondria,'® morpholine for lysosomal delivery?® and folate

or biotin for targeting cancer cells.?!

Figure 3.1.1. General design of 1,4-hydroguinone-based ROS generator

(o]
Trigger”
‘99 R = Directing Group

R'= EWG or EDG
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As a proof-of-concept, compound 36, where one hydroxyl group is masked with an
ether linkage and further linked with an ester group, was designed. This compound was
envisaged to react with an esterase to release formaldehyde and 1,4-HQ, which would further
react with molecular oxygen to produce ROS (Scheme 3.1.5).

Scheme 3.1.5. Design of an esterase activated ROS generator

o
PN
(o) (0]
*J\ Esterase O o— Fe(ll) .
(.O 0, « > H,0; ——> OH
OH Reactive Oxygen Species

OH Y
36 34

3.1.4 Result and Discussion for the Revised ROS Generator

3.1.4.1 Synthesis of Revised ROS Generator

To synthesize the designed molecules, benzoquinone and methyl anthranilate were reacted in
the presence of tert-butyl nitrite to form compound 30, which was subjected to Diels-Alder
reaction with 1,3 cyclohexadiene to form a cyclohexadiene adduct. This adduct unexpectedly
lactonized during purification to give 31 in less than 10% yield. To improve the yield of 31,
the crude product of Diels-Alder reaction was treated with conc. HCI, which promoted the

enolization, followed by lactonization, providing a good yield (50%) of 31.

Scheme 3.1.6. Synthesis of ROS generator 34

o NH, O
tert-BuONO 1,3-Cyclohexadiene Conc. HCI
. OMe ———— > - . T,
DMSO:H,0 Toluene CHClj, r.t.
1h,rt. reflux, 24 h 24 h
o}
OH OH
AIIyI bromide L|AIH4 .O Pd( PPhs .O
K2003 Acetone .O THF PhS'HS
0 °C 1h 1h,rt.
32, 85% 33, 96% 34, 73%

Compound 31 has a hydroxyl group that might interfere in the next step; thus, to protect
this, allylation was carried out in the presence of allyl bromide and K>COs to provide 32 as a

white solid. Next, the cyclic ester needed breaking to free up the phenolic group, which was
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accomplished by reduction using lithium aluminum hydride (LiAlIHz) to give compound 33.
Finally, the compound 34 was obtained by deallylation of compound 33 using Pd(PPh3)s as a

catalyst and phenylsilane as a hydride source (Scheme 3.1.6).

To synthesize the esterase activated compound 36, compound 33 was reacted with
iodomethyl pivalate in the presence of K2COs to provide compound 35 which was further
subjected to deallylation in the presence of Pd(PPhs)4 as a catalyst and phenylsilane as a hydride
source to afford compound 36 (Scheme 3.1.7). These compounds were characterized by NMR

and IR spectroscopies and HRMS.

Scheme 3.1.7. Synthesis of esterase activated ROS generator

]
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33, 96% 35, 92% 36, 72%
3.1.4.2 Esterase Triggered Cleavage of 36
After successfully synthesizing compound 36, it was studied for possible ester hydrolysis in
the presence of esterase; the enzyme has a serine at its active site, which attacks the ester
carbonyl to release an alcohol. This alcohol further rearranges to produce compound 34, with
formaldehyde as a byproduct (Scheme 3.1.8). The compound 34 may possibly react with
molecular oxygen to form O2""

When compound 36 was treated with 0.5 U/mL of esterase, the complete disappearance
of a peak corresponding to 36 was observed within 30 min incubation and a new peak was
appeared at 5.4 min in the HPLC trace, which was attributable to compound 34 (Figure 3.1.2).
As the compound 34 has both its hydroxyl groups free, it should react with oxygen to form a
quinone derivative 37 (Scheme 3.1.9). When the esterase treated mixture was further incubated
at 37 °C, the intensity of the peak at 5.4 min was reducing over a period of time (Figure 3.1.2)
and the intensity of a peak at 8.00 min was increasing with time, which was attributed to the
quinone derivative 37; the assignment was confirmed by MALDI-TOF analysis (here, [M+K*]
calcd: 331.07; found 331.04) (Scheme 3.1.9). The presence of these intermediates suggested
that the hydroquinone derivative (34) reacts with oxygen to form the quinone derivative (37),

which indirectly indicated the formation of O>™.
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Figure 3.1.2. HPLC traces of ester hydrolysis of 36 in the presence and absence of esterase
(ES: Esterase)

‘I.‘I 37
&
36 +ES, 22h
\
|
A 34
ALN
34
/
36 + ES, 30 min
36
\j\ 36
5 8 11 14
Time, min

Scheme 3.1.8. Plausible reaction mechanism for reaction of 36 with esterase and subsequent

ROS generation

Esterase

[M+K]*Expected =331.07
Found =331.04

3.1.4.3 ROS Detection

HPLC studies suggested that esterase hydrolyzes compound 36 to form the intermediate 34,
which then converts into compound 37 over a period of time. This conversion from 34 to 37 is
possible only when 34 reacts with molecular oxygen. This reaction with molecular oxygen
would result in the formation of O™, which in turn can disproportionate to H2O2 and O3
(Scheme 3.1.8). These reactive species can be detected by the following assays.

3.1.4.3.1 Superoxide Detection by DHE Assay
As described in Chapter 2, dihydroethidium (DHE) is a dye which reacts with O™ and other
ROS to form 2-hydroxyethidium (2-OH-E*) and ethidium (E*) respectively.?>?* The species
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2-OH-E* and E* are fluorescent in nature and give two distinct peaks that can be separated via
HPLC. The present assay has been performed with compound 36; an intense peak for 2-OH-
E* was observed only in the presence of esterase and this signal was seen to diminish when the
reaction mixture was treated with superoxide dismutase (SOD), a known quencher of Oy,
suggesting that the signal observed in HPLC corresponds to the formation of O, (Figure
3.1.3). A similar experiment was also performed with compound 34 and as expected, the highly
intense peak for 2-OH-E* was again observed in the presence and absence of esterase and the
signal was seen to diminish when the reaction mixture was treated with SOD. In compound 34,
both the hydroxyl groups are unmasked and expected to generate O," even without esterase

(Figure 3.1.4). This experiment confirms the generation of O by compounds 36 and 34.

Figure 3.1.3. Superoxide detection using DHE assay for compound 36 (ES: Esterase)
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)\ —— 36
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Figure 3.1.4. Superoxide detection using DHE assay for compound 34 (ES: Esterase)
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3.1.4.3.2 Hydrogen Peroxide Detection Using Boro-Umb Dye 23

The boronate ester of the umbelliferone derivative 23 was used as an H2O2 probe, which is
weakly-fluorescent but upon oxidation of its boronate-ester with H2O>, a highly fluorescent
umbelliferone derivative 24 is formed. The enhanced fluorescence signal can be measured by
a fluorimeter. H>O> detection was performed using compound 36 in the presence and absence
of esterase and it was found that an enhanced fluorescence signal was observed in the enzyme-
treated samples. As expected, enhanced fluorescence signal was not observed in the absence
of enzyme (Figure 3.1.4). This study suggests that compound 36 produces H20- only in the
presence of esterase. By contrast, in compound 34, both the hydroxyl groups of its 1,4-HQ are
free, so that it should spontaneously produce H20: in buffer. To test this hypothesis, compound
34 was assessed for H2O> generation in the absence of esterase and as expected, compound 34
indeed produces H20, without enzymatic activation; however, the signal was diminished in the
esterase treated samples. This study suggests that the esterase used for the study may, in some
way, be quenching H20. and hence, a less intense signal was observed in the enzyme treated

samples (Figure 3.1.5).

Figure 3.1.5. H2O> detection by boronate dye 23; data represent (mean * s.d.) for three
independent experiments per group (ES: Esterase)
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3.1.4.4 Effect on Cellular Growth

As described by in vitro experiments, both the compounds 34 and 36 produce ROS in the
presence of esterase. Increasing the level of ROS endogenously may damage essential bio-
molecules, which might, then, result in cell death. Here, the growth inhibitory activity of these
compounds was assayed. For this experiment, lung cancer cells, A549 were chosen and the cell
growth inhibition assay was performed using the standard MTT dye. The cellular growth
inhibition assay was performed by means of varying the concentrations of compounds 36 and

34 and growth inhibition was observed in a dose dependent manner (Figure 3.1.6). The ICso
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values of 34 and 36 were found to be 5.2 uM and 17.9 uM respectively (Figure 3.1.7). Due to
the wide prevalence of esterase, compound 36 would likely cleave in cells and release

compound 34 to produce ROS; this would damage the essential bio-macromolecules of cells,

resulting in inhibition of growth.

Figure 3.1.6. Cellular growth inhibition assay using MTT dye with A) esterase activated

compound 36 B) compound 34; data represent the (mean = s.e.m.) for three independent

experiments per group
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Figure 3.1.7. Cellular Growth inhibition curve with compounds 36 (ICso: 17.9 uM) and 34

(ICs0: 5.2 uM); data represent the (mean £ s.e.m.) for three independent experiments per group
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3.1.5 Conclusion
To arrive at a proof-of-concept regarding the design of ROS generating moieties, an esterase

activated ROS donor was designed and synthesized. In the presence of esterase. an intermediate
34 is produced, which, in turn, underwent oxidation to form a quinone derivative. The
capability of generation of O," was assessed using the DHE assay where O™ was produced

by compounds 36 and 34. In addition, the generated H>O> from these compounds was also
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detected; however, the presence of the esterase appears to interfere with the detection of H20x.
Compound 36 has a free hydroxyl group in the scaffold. Further modification to append an
organelle-specific tag (that may direct it towards a specific location within the cell) to generate
ROS is possible. The ROS generating scaffold 36 does not offer selectivity to particular types
of cells over others, owing to the ubiquity of the trigger: esterase. Apart from selectivity, the
esterase possibly quenches the generated H.0O and hence, interferes with the in vitro detection
of H>O». Taken together, a new triggerable ROS-generating scaffold has been developed. The
next section describes our efforts to derivatize this with a photocleavable group.
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3.1.6 Synthesis Protocols and Characterization data
3.1.6.1 Synthesis Protocols

Compound 1,% 23,26 25,10 2710 and 3027 were synthesized according to reported procedure and

data were consistent with reported data. *H NMR spectrum of 30 is attached.

Synthesis of 12-hydroxy-1,4-dihydro-6H-1,4-ethanodibenzo[c,h]Jchromen-6-one (31): To
a solution of 30 (1.84, 7.6 mmol) in anhydrous toluene (40 mL) was
added 1,3 cyclohexadiene (1.5 mL, 15.74 mmol) and refluxed for 24 h
in inert atmosphere. After complete consumption of starting material

which was confirmed by TLC analysis and 2-4 dinitrophenylhydrazine

staining, toluene was evaporated to obtain solid residue which was

further dissolved in chloroform, conc. HCI (5 mL) was added and

allowed to stir for 24 h at r.t. to form a precipitate which indicated the formation of hydroxyl-
compound. At this point, chloroform was evaporated, diluted the mixture with water and
extracted with ethyl acetate. The organic layers were combined, dried over anhydrous Na;SO4
and concentrated under reduced pressure to get solid residue which was purified by silica gel
chromatography using hexane: ethyl acetate (85:15) as a eluent to afford compound 31 as a
white solid (1.1 g, 50%); FT-IR (vmax, cm™): 3743, 2366, 2319, 1690, 1677, 1514; 'H NMR
(400 MHz, DMSO-ds): 6 9.58 (s, 1H), 8.24 (dd, J = 8.0, 1.4 Hz, 1H), 8.15—8.09 (m, 1H), 7.96
—7.86 (m, 1H), 7.64 - 7.60 (m, 1H), 7.38 (s, 1H), 6.60 — 6.54 (m, 2H), 4.57-4.54 (m, 1H), 4.46-
4.43 (m, 1H), 1.59 — 1.44 (m, 2H), 1.41 — 1.29 (m, 1H); **C NMR (100 MHz, DMSO-de): &
160.5, 147.7,138.6, 135.2, 135.0, 134.6, 134.5, 133.1, 129.8, 128.4, 122.1, 120.1, 114.6, 105.0,
79.1, 32.9, 32.7, 24.7, 24.5; HRMS (ESI-TOF) for [C19H1403 + H]" calcd: 291.1021; found:
291.1027.

Synthesis of 12-(allyloxy)-1,4-dihydro-6H-1,4-ethanodibenzo[c,h]Jchromen-6-one (32) : To
a solution of 31 (1.27 g, 4.37 mmol) in anhydrous acetone (30 mL)
were added K>CO3( 1.85 g, 13.39 mmol) and allyl bromide (800 pL,

9.26 mmol). The mixture was refluxed for 4 h in inert atmosphere.

After completion of reaction acetone was evaporated, diluted with

water and extracted with dichloromethane. Organic layer was

combined, dried over anhydrous Na>SOs and concentrated under

reduced pressure to obtained solid residue which was purified by

silica gel column chromatography using Hexane: ethyl acetate (100:0 - 94:6) as a mobile phase
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to afford compound 32 as a white solid (1.23 g, 85%); FT-IR (vmax, cm™): 2945, 2869, 1723,
1607, 1486, 1101, 1314; *H NMR (400 MHz, CDCls): 5 8.40 (dd, J = 8, 1 Hz, 1H), 8.01 (d, J
= 8.1 Hz, 1H), 7.84 — 7.73 (m, 1H), 7.58 — 7.48 (m, 1H), 7.27 (s, 1H), 6.60 — 6.52 (m, 2H),
6.15 (ddt, J = 17.2, 10.5, 5.2 Hz, 1H), 5.50 (dd, J = 17.3, 1.5 Hz, 1H), 5.35 (dd, J = 10.5, 1.4
Hz, 1H), 4.86 — 4.73 (m, 1H), 4.73 — 4.60 (m, 2H), 4.60 — 4.51 (m, 1H), 1.60 (d, J = 7.2 Hz,
2H), 1.50 — 1.39 (m, 2H); **C NMR (100 MHz, CDCls): & 161.8, 149.5, 140.6, 137.4, 135.8.
135.2,135.1, 134.7, 134.6, 134.4, 133.5, 130.8, 128.2, 121.7, 121.0, 117.8, 115.1, 102.4, 70.1,
33.6, 33.4, 25.1, 25.0; HRMS (ESI-TOF) for [C2H180s + H]" calcd: 331.1334; found:
331.1340.

Synthesis of 8-(allyloxy)-6-(2-(hydroxymethyl)phenyl)-1,4-dihydro-1,4-
ethanonaphthalen-5-ol (33): A round bottomed flask was added anhydrous THF (40 mL) and
kept at ice bath for 5 min. LiAIH4 (480 mg, 12.65 mmol) was added
' O portion wise at continuous stirring. Compound 32 (500 mg, 1.51

(.O mmol) was added portion-wise which was further stirred for 1 h at
OH

5 ice-cold condition. After completion of reaction (confirmed by
~ X
h TLC analysis), ice-cold 1 N HCI was added drop-wise and extracted

with ethyl acetate. Organic layers were combined, dried over
anhydrous sodium sulphate and concentrated under reduced pressure to obtained semisolid
crude which was purified by column chromatography to afford compound 33 as a semisolid
(488 mg, 96%); FT-IR (vmax, cM™): 3416, 2938, 1467, 1421; 'H NMR (400 MHz, CDCls): &
7.56 — 7.50 (m, 1H), 7.45 — 7.35 (m, 2H), 7.32 — 7.21 (m, 1H), 6.57 — 6.51 (m, 2H), 6.42 (s,
1H), 6.13 - 6.00 (m, 1H), 5.39 (dq, J = 17.3, 1.6 Hz, 1H), 5.25 (dq, J = 10.5, 1.4 Hz, 1H), 4.57
—4.50 (m, 1H), 4.49 — 4.43 (m, 4H), 4.43 — 4.38 (s, 1H), 2.00 (s, 1H), 1.61 — 1.51 (m, 2H),
1.47 (t, J = 7.9 Hz, 4H); *C NMR (100 MHz, CDCls): § 146.5, 141.3, 141.2, 139.3, 139.1,
137.3,137.2,135.5,135.4,135.3,134.5, 134.3, 134.0, 133.3, 131.3, 131.2, 129.4, 129.3, 128.5,
124.7,117.2, 111.8, 70.3, 63.9, 63.8, 60.6, 33.7, 33.3, 21.2; HRMS (ESI-TOF) for [C22H2203
+ Na]* calcd: 357.1467; found: 357.1467.

Synthesis of 6-(2-(hydroxymethyl)phenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-diol
(34): To a solution of 33 (500 mg, 1.5 mmol) and
Tetrakis(triphenylphosphine)palladium(0) (173 mg, 150 pumol) in
anhydrous dichloromethane (20 mL) was added PhSiHz (560 pL,

4.54 mmol) and stirred for 1 h at r.t. After complete consumption

of starting material, solvent was evaporated, diluted with water
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and extracted with ethyl acetate. The organic layers were combined, dried over anhydrous
sodium sulfate and concentrated under reduced pressure to get solid residue which was purified
by column chromatography using silica gel as stationary phase and hexane: ethyl acetate (100:0
to 75:25) as mobile phase to afford compound 34 as a white solid compound (320 mg, 73%).
FT-IR (vmax, cm1): 3742, 3616, 2929; 'H NMR (400 MHz, DMSO-de): § 8.61 (s, 1H), 7.71 (s,
1H), 7.50 (d, J = 7.4 Hz, 1H), 7.35 — 7.17 (m, 2H), 7.15 — 6.97 (m, 1H), 6.60 — 6.39 (m, 2H),
6.22 (s, 1H), 5.06 — 4.96 (m, 1H), 4.48 — 4.32 (m, 2H), 4.32 — 4.16 (m, 2H), 1.49 -1.38 (m,
2H), 1.37 — 1.27 (m, 2H); HRMS (ESI-TOF) for [C1sH1s0s + Na]* calcd: 317.1154; found:
317.1133.

Synthesis of ((8-(allyloxy)-6-(2-(hydroxymethyl)phenyl)-1,4-dihydro-1,4-
ethanonaphthalen-5-yl)oxy)methyl pivalate (35): To a solution of 33 (363 mg, 1.09 mmol),
K2CO3 (450 mg, 326 mmol) and iodomethyl pivalate (396 mg,
1.64 mmol) in acetone (35 mL) was refluxed for 12 h. After

Py
0y

O\/\

O completion of reaction, acetone was evaporated and diluted
with water and extracted with dichloromethane. Organic
o]

H
layers were combined, dried over anhydrous sodium sulphate

and concentrated under reduced pressure to get semisolid

crude which was purified by column chromatography using
silica gel as stationary phase and hexane: ethyl acetate (100:0 to 80:20) as mobile phase to
obtain 35 as a semisolid compound (450 mg, 92%); FT-IR (vmax, cm™): 3515, 2976, 1736; H
NMR (400 MHz, CDCls): 6 7.58 (dd, J = 7.5, 1.2 Hz, 1H), 7.39 (td, J = 7.4, 1.6 Hz, 1H), 7.37
—7.31 (m, 1H), 7.31 - 7.22 (m, 1H), 6.60 — 6.50 (m, 2H), 6.50 (s, 1H), 6.06 (ddt, J = 17.2,
10.4,5.2 Hz, 1H), 5.41 (dq, J = 17.3, 1.6 Hz, 1H), 5.27 (dq, J = 10.5, 1.4 Hz, 1H), 5.09 — 5.05
(m, 2H), 4.55 — 4.31 (m, 6H), 1.59 — 1.51 (m, 2H), 1.50 — 1.40 (m, 2H), 1.13 — 1.07 (m, 9H);
13C NMR (100 MHz, CDCls): § 177.8, 149.3, 143.2, 142.9, 139.6, 138.5, 138.3, 137.5, 135.8,
135.5, 135.1, 134.8, 133.8, 133.7, 130.5, 130.3, 129.5, 128.2, 127.8, 117.4, 112.1, 90.6, 69.7,
63.6, 63.5,53.8, 38.8, 34.5, 34.4, 33.1, 27.1, 25.5, 25.4, 25.1; HRMS (ESI-TOF) for [C2sH32,05
+ Na]* calcd: 471.2147; found: 471.2156.

Synthesis of ((8-hydroxy-6-(2-(hydroxymethyl)phenyl)-1,4-dihydro-1,4-
ethanonaphthalen-5-yl)oxy)methyl pivalate (36): To a solution of 35 (160 mg, 357 umol)
and Tetrakis(triphenylphosphine)palladium(0) (42 mg, 36.4 pmol) in anhydrous
dichloromethane (5 mL) was added PhSiHz (132 pL, 1.07 mmol) and stirred it for 1 h at r.t.

After complete consumption of starting material, mixture was diluted with water, extracted
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with dichloromethane. Organic layers were combined, dried
over anhydrous sodium sulfate and concentrated under
reduced pressure to obtain a solid residue which was purified
by column chromatography using silica gel as stationary

phase and hexane: ethyl acetate (100:0 to 75:25) as mobile

phase to afford 36 as a white solid compound (105 mg, 72%).
FT-IR (vmax, cm™): 3356, 3056, 2668, 2870, 1732, 1472, 1732, 1429, 1282, 1207, 1156, 1076,
1028. *H NMR (400 MHz, CDCls): & 7.55 (dd, J = 7.6, 1.5 Hz, 1H), 7.37 (td, J = 7.4, 1.6 Hz,
1H), 7.31 (t, J = 7.3 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 6.60 - 6.47 (m, 2H), 6.42 (s, 1H), 5.23
(s, 1H), 5.04 (s, 2H), 4.55 - 4.36 (m, 2H), 4.36-4.30 (m, 2H), 2.80 (bs, 1H), 1.60 — 1.41 (m,
4H), 1.10 (s, 9H); 3C NMR (100 MHz, CDCls): & 177.7, 146.1, 139.1, 137.0, 135.4, 135.1,
135.1, 135.0,135.0 134.7, 130.4, 129.5, 128.1, 127.7, 114.8, 90.5, 63.5, 38.7, 34.4, 34.3, 33.2,
26.9, 25.0; HRMS (ESI-TOF) for [C25H280s + H]* calcd: 431.1834; found: 431.1805.
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3.1.6.2 General Preparation

10 mM stocks of the compounds 34 and 36 were prepared and stored at -4 °C. 10 mM stocks
of Boro-Umb probe 23 and dihydroethidium (DHE) were prepared in DMSO and stored at -20
°C. 100 U/mL stocks of Superoxide dismutase (SOD), 100 U/mL stocks of Esterase enzyme
were prepared in phosphate buffer (50 mM) of pH 7.4 and stored at -4 °C. At the time of assay

100 U/mL stock of esterase enzyme was further diluted to 1 U/mL and stored at 0 °C.

3.1.6.3 Esterase Triggered Cleavage Study of 36 Using HPLC

To a solution of Compound 36 (5 puL of 10 mM) and esterase enzyme (500 pL of 1 U/mL) was
added in phosphate buffer pH 7.4 (490 uL) and incubated at 37 °C for 30 min. Aliquots from
the reaction mixture was taken out at a particular time point, filtered (0.22 pm) and injected
(25 pL) in an Agilent high performance liquid chromatography (HPLC). This HPLC system
was attached with a diode-array detector (detection wavelength was 250 nm) and a
Phenomenex C-18 reversed phase column (250 mm x 4.6 mm, 5um). A mobile phase of
water:acetonitrile was used with a run time of 20 min. Multistep gradient starting with 0 min
50:50 — 0 min, 35:65 — 0 — 5 min, 25:75 —5 — 10 min, 15: 85 — 10 — 15 min, 25:75 — 15—

18 min, 50:50 — 18 — 20 min was used with the flow rate of 1 mL/min.

3.1.6.4 Superoxide Detection Using DHE Assay

A microcentrifuge tube containing compounds 34 and 36 (1.25 puL of 10 mM) in phosphate
buffer of pH 8.0 (490 uL) was incubated independently with DHE (2.5 uL of 10 mM) in the
absence and presence of esterase enzyme (5 uL of 100 U/mL) for 2 h at 37 °C. The reaction
mixture was filtered (0.45 um) and injected (50 pL) in an Agilent high performance liquid
chromatograph (HPLC) attached with a fluorescence detector (excitation at 480 nm; emission
at 580 nm). The column used was Agilent1260-infinity with Phenomenex®C-18 reverse phase
column (250 mm x 4.6 mm, 5 um), the mobile phase was water: acetonitrile containing 0.1%
trifluoroacetic acid and a gradient starting with 90: 10 % — 0 min, 10: 90 to 44: 56 — 0 — 35
min, 0: 100 — 35 — 37 min, 0: 100 — 37 — 40 min, 10: 90 — 40 — 42 min, 10: 90 — 42 — 45
min. Compound 1, a known O2" generator (1.25 pL of 10 mM) were mixed in phosphate buffer
(pH 8.0, 50 mM) along with DHE (2.5 pL of 10 mM) for 1 h and served as a positive control.
Known scavenger of O,", SOD (5 pL of 100 U/mL) was also used as a control with the

irradiated sample. Signal for O>" was not observed in SOD treated samples.
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3.1.6.5 H202 Detection Using Probe 23

For Detection of H.O2, 2 mM solutions of Dye 23, Compounds 34 and 36 were prepared in
ACN and stored at 0 °C. Compound 34 and 36 (10 uL of 2 mM) were independently incubated
with dye 23 (20 pL of 2 mM) in phosphate buffer of pH 7.4 (170 uL) in 96 well plate in
triplicates without esterase enzyme. Same concentration of compounds and dye were also
independently incubated with esterase enzyme (100 uL of 1 U/mL) in phosphate buffer of pH
7.4 (70 uL) in 96 well plate in triplicates. These reaction mixtures were incubated at 37 °C for
4 h. The fluorescence was measured using Thermo Scientific Varioskan microtiter plate reader
(Aex =320 nm and Xem = 460 nm).

3.1.6.6 Cell Viability Assay Using MTT Dye

Human adenocarcinomic alveolar basal epithelial cells, A549 were seeded at a concentration
of 1x103 cells/well overnight in a 96-well plate in complete RPMI media. Cells were exposed
to varying concentrations of the compound 34 and 36 prepared as a 10 mM DMSO stock
solution so that the final concentration of DMSO was 0.5% and incubated for 72 h at 37 °C. A
solution of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was
prepared by dissolving MTT reagent (3.5 mg) in 7 mL RPMI media. 100 pL of this solution
was added to each well. After 4 h incubation, the media was removed carefully and 100 pL of
DMSO was added. Spectrophotometric analysis of each well was carried out at 570 nm using

a Thermo Scientific VVarioskan microplate reader to estimate cell viability.
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3.1.7 Spectral Chart
'H NMR spectrum (400 MHz, CDCls) of 30
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'H NMR spectrum (400 MHz, DMSO-dg) of 31
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'H NMR spectrum (400 MHz, CDCls) of 32
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'H NMR spectrum (400 MHz, CDCls) of 33
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'H NMR spectrum (400 MHz, DMSO-dg) of 34
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'H NMR spectrum (400 MHz, CDCls) of 35
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'H NMR spectrum (400 MHz, CDCls) of 36
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Chapter 3.2. Synthesis and Evaluation of Visible Light Triggerable ROS
Generator

3.2.1 Introduction

To solve the problems encountered in the chapter 3.1, a different class of ROS releasing
scaffolds were developed which was based on the 1,4-hydroquinone (1,4-HQ)! moiety masked
with an ester moiety. It was established that ester-protected 1,4-HQ molecule hydrolyzes in the
presence of esterase to release 1,4-HQ, which produces ROS. Here, a molecule was designed
where one of the hydroxyl groups of 1,4-HQ derivative was masked with BODIPY,? a visible
light responsive moiety and the other hydroxyl group, with an esterase cleavable moiety
(Scheme 3.2.1) which, upon visible light irradiation and esterase treatment, should free up both
the hydroxyl groups of 1,4-HQ and the released molecule may react with molecular oxygen to
produce ROS.

Scheme 3.2.1. Revised design of Visible light activated ROS generation
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3.2.2 Results and Discussion

3.2.2.1 Synthesis

The synthesis of the designed compound 40 was done in multiple steps (Scheme 3.2.2); the
benzylic -OH of compound 35 was acylated using acetic anhydride in the presence of pyridine
to obtain 32 as a semi-solid, which was then deallylated using [Pd(PPhas)4] as a catalyst and
phenylsilane as a hydride source, to afford 39. Next, compound 39 was reacted with BODIPY
25 in the presence of AICls, a Lewis acid which abstracts one of the fluorides from the BODIPY
moiety, leaving a vacancy for the phenolic nucleophile to attack. The free phenolic group of
compound 39 attacks the vacant site of boron in BODIPY, resulting in the formation of

compound 40 as an orange colored solid.

Scheme 3.2.2. Synthesis of a BODIPY-coupled ROS donor

o) O
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3.2.2.2 Visible Light Triggered Cleavage of 40

In order to test the photocleavage property, compound 40 was irradiated using 500 nm light for
30 min. HPLC analysis revealed two new peaks that could correspond to BDP-OMe (Figure
3.2.2) and 39 (Figure 3.2.1). Intermediate 39 might hydrolyze in the presence of esterase to
produce 34, an active ROS generator. However, no cleavage was found to occur in the dark.
This study suggests that compound 40 was stable in the dark and cleaves upon irradiation with

visible light.
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Figure 3.2.1. Photocleavage study of compound 40 in visible light; HPLC was operated using

500 nm detector
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Figure 3.2.2. Photocleavage study of compound 40 in visible light; HPLC was operated using

250 nm detector
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3.2.2.3 ROS Detection

The above photolysis study suggests the formation of 39 which should hydrolyze in the
presence of esterase to produce ROS. To investigate the production of ROS, DHE assay was
conducted for O>™ detection.

3.2.2.3.1 Superoxide Detection Using the DHE Assay

As discussed in Chapter 3.1, the DHE assay can be used for Oy detection.®>® Here, the
detection of O>" with compound 40 was carried out, where a highly intense peak at 29.5 min
in the HPLC trace was observed only in the presence of light and esterase and this signal was
diminished when the reaction mixture was treated with superoxide dismutase (SOD), a known
guencher of O2"". This suggests that the observed intense signal in HPLC, is attributable to O>™
(Figure 3.2.3). However, signal for O2" was very weak in the dark, only-esterase-treated and

only-irradiated samples.
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Figure 3.2.3. Superoxide detection using the DHE assay
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The DHE assay suggests that the generation of O>" takes place only when both the
stimuli — light and esterase — are given to compound 40. As a consequence of the double
deprotection (that of both the hydroxyl groups), the formed HQ reacts with molecular oxygen
to generate O,". Taken together, this assay confirms the possibility of O." generation by

compound 40 in the presence of both stimuli, visible light and esterase.

3.2.3 Conclusion

In Chapter 3.2, atriggerable ROS donor was developed, using BODIPY as a photolabile linker
and a 1,4-hydroquinone derivative as an ROS generating moiety. One of the phenolates of the
1,4-hydroguinone moiety was covalently connected to boron atom of BODIPY moiety. In the
presence of visible light, the B-O bond cleaves and releases the 1,4-hydroquinone moiety. In
addition, the other phenolate of 1,4-hydroquinone was protected with an ester moiety which
was hydrolyzed in the presence of esterase. When both the hydroxyl groups of
1,4-hydroquinone are free, then, it can react with molecular oxygen to produce ROS. The
photocleavage studies were performed under visible condition the release of the ROS donor
was detected through HPLC. Subsequently, ROS detection was performed using the DHE
assay and as expected, the compound photocleaved and hydrolyzed with esterase to produce
O>"". This compound may find a potential application in studying ROS mediated signaling in

a spatio-temporally controlled manner, using a visible light-and-esterase activation method.

125



Chapter 3.2

3.2.4 Synthesis Protocols and Characterization Data
3.2.4.1 Synthesis Protocols
Compound 252 and 307 were synthesized according to reported procedure and data were

consistent with reported data. Synthesis of compound 35 was described in the chapter 3.1.

Synthesis of ((6-(2-(acetoxymethyl)phenyl)-8-(allyloxy)-1,4-dihydro-1,4-

ethanonaphthalen-5-yl)oxy)methyl pivalate (38): To a solution of 35 (497 mg, 1.11 mmol)

o and pyridine (270 pL, 3.35 mmol) in acetic anhydride (5

s
Q)

mL) was stirred for 1 h at r.t. in inert atmosphere. After

complete consumption of starting material, mixture was
diluted with water and extracted with ethyl acetate. Organic
layers were combined, dried over anhydrous sodium sulfate
and concentrated under reduced pressure to obtain a solid

residue which was purified by column chromatography
using silica gel as stationary phase and hexane: ethyl acetate as mobile phase to afford 38 as a
semisolid compound (540 mg, 99%). FT-IR (vmax, cm™): 2927, 1740, 1470; *H NMR (400
MHz, CDCl3): 6 7.48 — 7.42 (m, 1H), 7.39 — 7.28 (m, 3H), 6.58 — 6.48 (m, 3H), 6.07 (ddd, J =
16.2, 10.4, 5.2 Hz, 1H), 5.45 — 5.37 (m, 1H), 5.30 — 5.24 (m, 1H), 5.14 (d, J = 12.9 Hz, 1H),
5.08 — 4.86 (m, 3H), 4.55 — 4.44 (m, 3H), 4.39 — 4.33 (m, 1H), 1.98 (d, J = 9.0 Hz, 3H), 1.59 -
1.50 (m, 2H), 1.50 — 1.42 (m, 2H), 1.13 (s, 9H); 3C NMR (100 MHz, CDCls): § 176.5, 170.7,
148.9, 138.1, 135.5, 135. 3, 134.9, 134.4, 133.6, 130.9, 129.5, 128.7, 128.6, 128.1, 128.0,
127.7,117.3,111.9,90.7, 69.6, 64.7, 38.7, 34.3, 33.1, 27.0, 25.0, 20.9, 20.6; HRMS (ESI-TOF)
for [C30H3206 + Na]*: calcd., 513.2252, found, 513.2252.

Synthesis of ((6-(2-(acetoxymethyl)phenyl)-8-hydroxy-1,4-dihydro-1,4-

ethanonaphthalen-5-yl)oxy)methyl pivalate (39): To a solution of 38 (520 mg, 1.06 mmol)

5 and Tetrakis(triphenylphosphine)palladium(0) (120 mg,

104 pmol) in anhydrous dichloromethane (30 mL) was

.
0

OH

)

M

added PhSiH3 (270 pL, 2.19 mmol) and stirred for 15 min
at r.t. in inert atmosphere. After complete consumption of
starting material, mixture was diluted with water and
extracted with dichloromethane. Organic layers were

combined, dried over anhydrous sodium sulfate and
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concentrated under reduced pressure to obtain a solid residue which was purified by column
chromatography using silica gel as stationary phase and hexane: ethyl acetate as mobile phase
to afford 39 as a semisolid compound (390 mg, 82%). FT-IR (vmax, cm™): 3430, 2930, 1738;
'H NMR (400 MHz, CDCls): & 7.46 — 7.40 (m, 1H), 7.38 — 7.29 (m, 3H), 6.57 — 6.47 (m, 2H),
6.45 (s, 1H), 5.15 — 5.09 (m, 1H), 5.06 — 4.97 (m, 3H), 4.38 — 4.29 (m, 2H), 1.98 (d, J = 10.9
Hz, 3H), 1.59 — 1.51 (m, 2H),1.51 — 1.44 (m, 2H), 1.13 (s, 9H); *3C NMR (100 MHz, CDCls):
0 177.6, 170.9, 145.7, 137.5, 135.1, 135.0, 134.4, 131.0, 130.8, 130.2, 129.9, 128.5, 128.0,
127.7, 114.6, 90.7, 64.7, 38.7, 34.3, 33.2, 27.0, 25.1, 20.9, 20.4; HRMS (ESI-TOF) for
[C27H3006 + Na]*: calcd., 473.1939, found, 473.1937.

Synthesis of ((6-(2-(acetoxymethyl)phenyl)-8-((5-fluoro-1,3,7,9-tetramethyl-10-phenyl-
5H-424,5)*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-5-yl)oxy)-1,4-dihydro-1,4-
ethanonaphthalen-5-yl)oxy)methyl pivalate (40): To a solution of AICI3 (36 mg, 270 umol)

and 25 (175 mg, 540 pmol) in anhydrous dichloromethane
(20 mL) was added and refluxed for 10 min under inert
atmosphere. Compound 39 (240 mg, 533 pmol) in
dichloromethane solution (10 mL) was added dropwise and
the mixture was further refluxed for 1 h. The reaction was
monitored by TLC and cooled to room temperature which

was purified by column chromatography using neutral

alumina as the stationary phase and hexane: ethyl acetate as

the mobile phase which was further purified by preparative
HPLC using Kromasil®C-18 column and water: acetonitrile as mobile phase to afford
compound 40 as an orange solid (95 mg, 23%). FT-IR (vmax, cm™): 2924, 1739, 1470, 1405; H
NMR (400 MHz, CDCl3): § 7.50 — 7.27 (m, 5H), 7.24 — 7.10 (m, 3H), 7.07 — 6.93 (m, 1H),
6.58 — 6.43 (m, 2H), 6.12 — 6.02 (m, 1H), 5.93 (d, J = 7.4 Hz, 1H), 5.88 (d, J = 4.2 Hz, 1H),
5.83 (d, J = 6.1 Hz, 1H), 5.10 — 4.97 (m, 2H), 4.95 (m, 1H), 4.84 — 4.59 (m, 2H), 4.38 — 4.26
(bs, 1H), 2.53 (d, J = 5.5 Hz, 3H), 2.48 (d, J = 4.2 Hz, 3H), 1.88 (d, J = 1.9 Hz, 3H), 1.59 —
1.50 (m, 2H), 1.48 — 1.40 (m, 2H), 1.32 — 1.26 (m, 3H), 1.26 — 1.21 (m, 3H), 1.11 (d, J = 5.6
Hz, 9H); 3C NMR (100 MHz, CDCls): § 177.6, 170.5, 156.2, 146.5, 143.0, 142.9, 142.2, 141.9,
141.6,138.5, 138.4, 137.8, 137.6, 135.9, 135.6, 135.0, 134.8, 134.7, 134.6, 131.8, 130.9, 130.8,
129.1, 128.8, 128.6, 127.8, 127. 7, 127.6, 127.5, 127.4, 127.1, 121.7, 121.5, 115.1, 91.1, 91.0,
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64.5, 64.3, 38.7, 34.4, 34.3, 33.3, 27.0, 25.5, 25.3, 20.7, 14.8, 14.2; HRMS (ESI-TOF) for
[CasH4sBFN206 + Na]*: calcd., 777.3487, found, 777.3667.

3.2.4.2 General Preparation

10 mM stocks of compounds 39 and 40 were prepared in DMSO and stored in the dark at -4
°C. 10 mM stock dihydroethidium (DHE) was prepared in DMSO and stored at -20 °C. 100
U/mL stocks of Superoxide dismutase (SOD) and Esterase enzyme were prepared in phosphate
buffer (50 mM) of pH 7.4 and stored at -4 °C.

3.2.4.3 Procedure for Irradiation

A quartz cuvette containing compound 40 in MeOH or phosphate buffer was irradiated using
500 nm (50 mW/cm?) LED at room temperature in a closed chamber. This solution was used
for further analysis as described below.

3.2.4.4 Photo-Cleavage Study by HPLC

A quartz cuvette containing compound 40 (2.5 puL of 10 mM) in MeOH (497 uL) was irradiated
for 30 min in 500 nm Light using Cyan LED. Similarly, compound 40 (2.5 pL of 10 mM) in
MeOH (497 pL) was kept in dark for 30 min. 25 pL of aliquot from each irradiated and non-
irradiated sample were injected in HPLC and analysis was conducted using a diode array
detector (DAD) operating at 250 nm and 500 nm. The column used was Phenomenex® C-18
reverse phase column (250 mm x 4.6 mm, 5 um), the mobile phase was water: acetonitrile for
25 min and a gradient starting with 40: 60 % — 0 — 2 min, 40: 60 to 2: 98 — 2 — 10 min, 2: 98
— 10 — 21 min, 2: 98 to 40:60 — 21 — 22 min, 40: 60 — 22 — 25 min was used with a flow
rate of 1 mL/min.

3.2.4.5 Superoxide Detection Using DHE Assay?-58-10

A quartz cuvette containing compound 40 (1.25 pL of 10 mM) in phosphate buffer of pH 8.0
(496 pL) was irradiated. Similarly, compound 40 (1.25 pL of 10 mM) in phosphate buffer of
pH 8.0 (496 uL) was kept in dark for 30 min. In the non-irradiated and irradiated samples, DHE
(2.5 puL of 10 mM) was added and incubated for 2 h at 37 °C. The same experiment was also
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performed in the presence of 1 U/mL esterase enzyme where one of the irradiated samples was
treated with esterase enzyme (5 uL of 100 U/mL) and DHE (2.5 puL of 10 mM) followed by
incubation for 2 h at 37 °C. The reaction mixture was filtered (0.45 pum) and injected (50 pL)
in an Agilent high performance liquid chromatograph (HPLC) attached with a fluorescence
detector (excitation at 480 nm; emission at 580 nm). The column used was Agilent1260-infinity
with Phenomenex® C-18 reverse phase column (250 mm x 4.6 mm, 5 um), the mobile phase
was water: acetonitrile containing 0.1% trifluoroacetic acid and a gradient starting with 90: 10
% — 0 min, 10: 90 to 44: 56 — 0 — 35 min, 0: 100 — 35 — 40 min, 0: 100 — 37 — 40 min, 10:
90 — 40 — 42 min, 10: 90 — 42 — 45 min was used with a flow rate of 0.5 mL/min. A known
scavenger of superoxide, Superoxide dismutase enzyme (5 puL of 100 U/mL) was also used as
a control with the irradiated sample in the presence of esterase enzyme. Signal for O™ was not

observed in SOD treated samples.
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3.2.5 Spectral Chart

'H NMR spectrum (400 MHz, CDCls) of 38
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'H NMR spectrum (400 MHz, CDCls) of 39
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'H NMR spectrum (400 MHz, CDCls) of 40
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Chapter 4. Visible Light Triggered Uncaging of COS/H»S

4.1 Introduction

Cellular antioxidant mechanisms exploit the thiol moiety as a reactive center because of its
propensity to undergo oxidation as well as reduction reactions. This makes it a suitable redox
active center in cellular pathways.'~3 In one particular antioxidant mechanism, glutathione and
its dimeric form, GSSG (i.e., the GSH/GSSG system) regulate the level of ROS in the presence
of GSH reductase* and thioredoxin (TrX)>%; this serves to maintain the redox homeostasis of
the cell. As it was described, ROS is essential for several signaling pathways. Apart from ROS,
there are other redox active species, i.e., carbon monoxide (CO),% ™ nitric oxide (NO)**17.18-23
and hydrogen sulfide (H2S)%*? in cells, which play a crucial role in regulating the various
signaling pathways. These species are gaseous and are synthesized endogenously and regulated
by several pathways. CO and NO are known to essay a vital role in neuronal signal transduction
and are hence called neurotransmitters. These species can also act as antioxidants which help

reduce cellular oxidative stress.

As discussed in Chapter 1, HaS is a sulfur containing gaseous molecule which is
endogenously synthesized and plays a crucial role in signaling mechanisms.?’~2° However, the
exact effects of HoS are concentration- and location-dependent, so that studying these effects
is challenging due to its highly diffusible nature and reactivity towards multiple sites in a
cellular system.®® Thus, a tool is needed to deliver this gaseous species in cells to study its
physiological effects. In the process of searching for the tools for H2S-delivery, there are

several methods reported in literature which have already been illustrated in Chapter 1.

Chapter 3 deals with the synthesis and evaluation of a potential BODIPY -based 1,4-
hydroquinone derivative, which produces ROS after visible light activation. Here, releasing
another redox active species, H>S, using a BODIPY-based visible light uncaging group is
attempted. Our group has previously reported a scaffold which is activated by esterase to
release a phenolate intermediate.®* This phenolate intermediate subsequently self-immolates to
release carbonyl sulfide (COS), a gaseous molecule which produces H2S upon hydrolysis with
carbonic anhydrase (CA), a widely prevalent enzyme. To generate H>S in a spatio-temporally
controlled manner under ambient conditions, a phenolate (linked with a carbamothioate
moiety) can be masked with BODIPY, such that the phenolate can be released upon irradiation

with visible light.® This phenolate should self-immolate to release a carbamothioate
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intermediate which, then, should release COS to produce HzS upon hydrolysis with CA (Figure
4.1).34%40 This method may generate H,S in a spatio-temporally controlled manner under

ambient conditions.

Figure 4.1. Rational design for the visible light triggered uncaging of H>S
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4.2 Results and Discussion

4.2.1 Synthesis

Compound 47 was synthesized in several steps (Scheme 4.1).*! Intermediates such as the
BODIPY derivative (41),** 4-hydroxybenzyl thioacetate (42),*® 4-nitrophenyl (4-
methoxyphenyl)carbamate (44)* and azido-tetraethylene glycol (46)*® were synthesized using
previously reported methods. In order to synthesize compound 47, compound 41 was reacted
with 4-hydroxybenzyl thioacetate (42) in the presence of AICIs;, a Lewis acid, to form
compound 43 as a thioacetate derivative. This thioacetate derivative was deprotected using
potassium carbonate in methanol to obtain the free thiol. The thiol was not isolated due to its
inherent propensity for dimerization and was subsequently reacted with compound 44 in the

presence of triethylamine to afford a red coloured compound 45.
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Compound 45 is less soluble in aqueous media due to the presence of several
hydrophobic groups. To increase the aqueous solubility of 45, an alkyne tag which is present
in 45, can be used to incorporate a hydrophilic substituent. To do this, azide 46, having a short
oligo-ethylene glycol chain was reacted with compound 45 using copper catalyzed alkyne-

azide click (CuAAC) reaction to obtain 47 as an orange colored solid (Scheme 4.1).

Scheme 4.1. Synthesis of compound 47
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QW
N S
H

45, 75% (2 steps)

Next, to synthesize compound 50, compound 41 was reacted with
4-hydroxybenzaldehyde in the presence of AIClIs to form compound 48, which was reduced by
NaBH4 to obtain 49. The compound 49 was, then, further reacted with 46 using copper
mediated click reaction to afford 50 (Scheme 4.2). This molecule may undergo cleavage in

visible light but may not produce H>S, which may serve as a negative control for H»S release.
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Scheme 4.2. Synthesis of negative control 50
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4.2.2 Photo-Cleavage Studies by Means of HPLC

In order to look for possible photo-cleavage, previously reported conditions for the same were
used. A methanolic solution of 47 was irradiated using visible light (470 nm, 30 mW/cm?) for
predetermined time points and was analyzed by HPLC, connected with a diode array detector
(DAD) operated at 250 nm, 500 nm and Fluorescence detector (Excitation wavelength 470 nm,
Emission at 540 nm) using a reverse phase C-18 column. It was found that the peak at 20.4 min
corresponds to compound 47 had disappeared after 20 min of irradiation (Figure 4.2). The
kinetics of disappearance of 47 was also performed and a curve fitting first order kinetics gave
us 0.16 min? as a rate constant (Figure 4.4). This cleavage resulted in the formation of two
additional peaks (Figure 4.3). One of the peaks with retention time of 13.2 min was highly
intense in the HPLC trace recorded by operating a DAD at 500 nm (Figure 4.2). This peak was
also highly fluorescent and was found to be methoxy-BODIPY (51) by mass spectrometric
analysis (Figure 4.5). The time course for the formation of the compound 51 was assessed and

a curve fitting for first order kinetics gave 0.2 min as a rate constant (Figure 4.4).
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Scheme 4.3. Photo-cleavage reaction of compound 47 to form the shown putative

intermediates

OH

Figure 4.2. HPLC traces before and after irradiation with 470 nm light (30 mW/cm2) for
20 min in MeOH (detector was operated at 500 nm). Adapted with permission from Org. Lett.
2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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Figure 4.3. HPLC traces for 47 before and after irradiation with 470 nm light (30 mW/cm?)
for 20 min in MeOH (detector was operated at 250 nm). Adapted with permission from Org.
Lett. 2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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Figure 4.4. Time courses for disappearance of 47 and formation of BDP-OMe (51) after

irradiation. Adapted with permission from Org. Lett. 2017, 19 (18), 4822-4825. Copyright
(2017) American Chemical Society.
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In addition to the highly fluorescent peak, another peak was observed in the trace at
13.6 min, recorded using 250 nm Diode Array Detector (DAD) (Figure 4.3). This peak may
correspond to the phenolate intermediate 52 which would self-immolate in a pH 7.4 buffer to
release COS. In order to investigate this self-immolation of the putative intermediate 52, the
time course decomposition was studied using HPLC where complete disappearance of 52 was

observed within 2 h of incubation in buffer (Figure 4.6 A) and a curve fitting first order kinetics
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gave us 0.02 min* as a rate constant (Figure 4.6 B). Taken together, these studies suggest that
the compound 47 undergoes photo-cleavage resulting in a putative intermediate 52 that self-
immolates in buffer. This self-immolation might lead to the formation of COS, which, upon
hydrolysis produces HsS.

Figure 4.5. Detection of 51 by mass spectrometry. Adapted with permission from Org. Lett.
2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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Figure 4.6. Self-immolation of the putative intermediate 52 in buffer (A) HPLC traces of time

course analysis; (B) curve fitting of disappearance of 52. Adapted with permission from Org.

Lett. 2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.3 In Vitro Fluorescence Enhancement Assay

BODIPY containing electron rich aryloxy substituents on the boron atom can quench the
typically observed fluorescence of this moiety, through a photoinduced electron transfer (PET)
mechanism.*® This PET mechanism may result in a weakly fluorescent molecule as compared
to the native BODIPY. After photolysis, the aryloxy group would be released and

concomitantly result in the formation of a highly fluorescent BODIPY derivative.

Here, in the molecule 47, an aryloxy/phenolic substituent attached to the boron atom of
BODIPY which quenches fluorescence, making 47 a weakly fluorescent molecule. If
compound 47 is irradiated with visible light, it should release an aryloxy substituent and a
highly fluorescent BODIPY photo-product. To test this hypothesis, the fluorescence intensity
of 47 before and after irradiation was compared using a 96-well plate reader and a 20-fold
enhancement was found in the fluorescence signal after irradiation (Figure 4.8). Similar results
were also observed in HPLC traces where the peak corresponding to compound 47 is weakly
intense; however, that corresponding to the BODIPY product 52 is a highly intense one, when
HPLC was operated using a fluorescence detector (Figure 4.7). This study suggested that the
compound 47 forms a highly fluorescent molecule after photo-cleavage. Hence, real time

monitoring of the release of an aryloxy substituent is possible.

Figure 4.7. HPLC traces recorded before and after irradiation in methanol. Here, a fluorescence
detector was used with excitation wavelength 470 nm and emission wavelength 540 nm.
Adapted with permission from Org. Lett. 2017, 19 (18), 4822-4825. Copyright (2017)

American Chemical Society.
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Figure 4.8. Fluorescence was recorded before and after irradiation of 47 in methanol
(excitation wavelength 470 nm and emission wavelength 540 nm). Adapted with permission
from Org. Lett. 2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.4 H2S Detection

As it was established, compound 47 cleaves under visible light and releases a phenolate
intermediate which, then, self-immolates in buffer. This self-immolation should result in the
generation of COS, which is known to hydrolyze in the presence of carbonic anhydrase to
produce H»S. To test the formation of H2S from 47 in the presence of light and carbonic

anhydrase, two independent assays were conducted.

4.2.4.1 Methylene Blue Assay

Methylene blue (MB) is a well-known dye; it is also used as a bacteriologic stain. The synthesis
of MB is accomplished using Na.S, N,N-dimethyl-p-phenylenediamine and FeClz in an acidic
medium, which can be exploited to detect H>S, where N,N-dimethyl-p-phenylenediamine can
be treated with an H.S releasing moiety in the presence of FeCls in acidic conditions to form
the MB dye (Scheme 4.3).%° This MB has an absorption maximum at 676 nm which can be

measured using a spectrophotometer.

In order to infer the production of H>S, a methanolic solution of compound 47 was
irradiated for 25 min using blue light (470 nm) and subsequently, diluted in a buffer containing
CA and zinc acetate and incubated at 37 °C for predetermined time points. These samples were
independently reacted with the methylene blue cocktail (N,N-dimethyl-p-phenylenediamine
solution in 7.2 M HCI and FeCls solution in 1.2 M HCI) and further incubated for 30 min at

37 °C. These solutions were transferred to a 96 well plate and the absorbance spectra were
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recorded. It was observed that, in the irradiated samples, the absorbance peak at 676 nm
increased gradually with incubation time and a curve fitting first order kinetics gave 0.03 min
L as a rate constant (Figure 4.9) while in the non-irradiated samples, the peak at 676 nm was
not observed. In addition to this, this assay was also conducted in the absence of CA (Figure
4.10) and no signal was observed for the MB formation; this suggests that CA is essential for

hydrolyzing the generated COS to H>S.

Scheme 4.4. Formation of Methylene blue via H2S
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To test any possible interference due to the BODIPY photo-product, the MB assay was

also carried out with compound 50, a compound which does not contain a COS/H>S releasing

moiety. After irradiation, the compound 50 can produce the same BODIPY photo-product as

compound 47. When this assay was performed compound 50, no signal was observed for MB

in the irradiated as well as non-irradiated samples (Figure 4.11), suggesting that the BODIPY
photoproduct is not responsible for any signal at 676 nm.

Figure 4.9. HzS detection by the Methylene blue assay (A) Compound 47 was irradiated with
470 nm light for 25 min followed by incubation with carbonic anhydrase in pH 7.4 buffer for
predetermined time points (B) Curve fitting for first order kinetics gives rate constant = 0.03
min? (R? = 0.995). Adapted with permission from Org. Lett. 2017, 19 (18), 4822-4825.
Copyright (2017) American Chemical Society.
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Figure 4.10. Methylene Blue assay for H>S detection with compound 47 in the presence and
absence of the enzyme carbonic anhydrase. Adapted with permission from Org. Lett. 2017, 19
(18), 4822-4825. Copyright (2017) American Chemical Society.
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Figure 4.11. Methylene Blue assay for H>S detection with Na>S (50 uM) and after irradiation
of compound 50 (50 uM). Adapted with permission from Org. Lett. 2017, 19 (18), 4822-4825.
Copyright (2017) American Chemical Society.
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4.2.4.2 Electrochemical H2S Detection

Here, the detection of H>S has been carried out using a highly sensitive and specific
amperometric H>S sensor as an independent technique. This electrode contains
ferricyanide/ferrocyanide based redox mediator which reacts with H>S to change the ratio of
ferricyanide/ferrocyanide as well as the pH.*" Using electrochemical methods, these changes
can be detected and converted into a digital signal, which corresponds to H,S. In order to infer
the production of H.S, the compound 47 was irradiated and incubated in a buffer containing
CA and measured the H.S release by the said electrode and a gradual enhancement in the signal

was observed over a period of time. However, no significant enhancement was appeared when
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the analysis was conducted with the non-irradiated sample (Figure 4.12). This experiment

suggested that compound 47 produces H>S only after activation with light.

Figure 4.12. HS generation was assessed by a H»S-sensitive electrode for the irradiated and
non-irradiated samples of compound 47. Adapted with permission from Org. Lett. 2017, 19
(18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.5 Mechanism of HzS Generation

| was illustrated that when compound 47 is treated with radiation of wavelength 470 nm, it
produces a BODIPY photoproduct 51 and a phenolate intermediate 52. The kinetics of the said
photocleavage was also performed and the first order rate constant was found to be 0.16 min™*
(Scheme 4.5). The phenolate intermediate 52 rearranges to produce a quinone methide and
anisidine, along with COS. The first order rate constant for the decomposition of the putative
intermediate 52 was found to be 0.02 min. The produced COS was hydrolyzed to form HS
and the rate constant of this reaction is reported to be 1.82 s1.4¢ The kinetics study of HzS
generation via an MB assay was also performed and the first order rate constant was found to
be 0.03 min. Taken together, all these results suggest that the rate determining step of HzS
generation was the self-immolation step, which was comparable with the determined overall

rate of release of H>S.
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Scheme 4.5. Proposed mechanism of formation of H,S after photoirradiation of 47. Adapted
with permission from Org. Lett. 2017, 19 (18), 4822-4825. Copyright (2017) American
Chemical Society.

4.2.6 Cellular Assays

4.2.6.1 Fluorescence Enhancement in Cells
As described in section 4.2.3, BODIPY having an electron rich aryloxy substituent on the boron
can result in quenching the fluorescence of BODIPY molecule through PET mechanism. This
PET mechanism may result in a weakly fluorescent molecule as compared to native BODIPY.
After photolysis, the BODIPY moiety releases the aryloxy group which results in restoring the
fluorescence properties of BODIPY derivative.

Further, to test fluorescence enhancement in cells, HeLa cells were treated with
compound 47, and subsequently irradiated using visible light where a significant enhancement
in fluorescence was observed for irradiated cells (Figure 4.13). This study suggests that
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compound 47 photocleaves to releases a highly fluorescent BODIPY derivative in cells, which

can be used for the real time monitoring of the release of its aryloxy substituent.

Figure 4.13. (A) HelLa cells pre-treated with compound 47 (10 uM) were irradiated for 2 min
with 470 nm light; imaging showed an increased fluorescence signal (YFP channel); Scale
bar =50 mm (B) Fluorescence enhancement data for the cellular experiment. Data provided by
Kavya Gupta & Dr. Deepak Saini, 11Sc Bangalore. Adapted with permission from Org. Lett.
2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.6.2 Effects on Cellular Proliferation
To test the effect of compound 47 on cellular growth, two independent assays was conducted

on different cancer cell lines.

4.2.6.2.1 MTT Assay

Human cervical carcinoma (HeLa) cells, were treated with varying concentrations of
compound 47 and were irradiated with 470 nm light for 5 min, followed by incubation for 24
h at 37 °C. MTT was added, and incubation for an additional 4 h was done, followed by
recording the absorbance at 570 nm. No toxicity was observed for compound 47 up to 50 uM

(Figure 4.14), in mammalian cells.
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Figure 4.14. Effect of 47 on cell proliferation was determined by MTT assay. HeLa cells with
increasing doses of 47 followed by irradiation with 470 nm light for 5 min (24 h incubation).
Data provided by Preeti Chauhan, IISER Pune. Adapted with permission from Org. Lett.
2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.6.2.2 Crystal Violet Assay
Crystal violet is a dye which only stains viable cells. Human adenocarcinomic alveolar basal

epithelial (A549) cells were treated with varying concentrations of compound 47 and were
irradiated with 470 nm light for 5 min and incubated for 24 h. Again, no toxicity was nobserved
for compound 47 up to 50 uM (Figure 4.15), suggesting that compound 47 is well tolerated by

mammalian cells up to 50 UM concentration.

Figure 4.15. Effect of 47 on cell proliferation was determined by the Crystal violet assay. A549
cells were treated with compound 47, followed by irradiation with 470 nm light for 5 min (24
h incubation). Data provided by Preeti Chauhan, IISER Pune. Adapted with permission from
Org. Lett. 2017, 19 (18), 4822-4825. Copyright (2017) American Chemical Society.
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4.2.6.2.3 Cytoprotection from ROS Induced Damage

Hydrogen sulfide is a known antioxidant and has the ability to attenuate the cellular toxicity
caused by ROS; this implies it has a role in cytoprotection against ROS induced damage. As it
was confirmed through different assays that compound 47 generates H>S upon irradiation.
Here, to test the cytoprotective ability of compound 47 against H2O2-induced toxicity, lung
carcinoma (A549) cells were pretreated with H2O, and afterwards, with compound 47; they
were subsequently irradiated with 470 nm light for 5 min. These cells were incubated for 24 h
at 37 °C and cell viability was determined by the standard MTT assay. It was found that
viability of cells treated with only H>O> was 35%. When H,O»-treated cells were incubated
with compound 47 and irradiated with light, the viability was found to be 75%. However, no
attenuation of cell viability was observed with the negative control compound 50 (Figure 4.16).
This study suggested that the released H2>S might play the role of a cytoprotecting agent against

H202-induced damage.

Figure 4.16. Cytoprotective effect of 47 against H.O»-induced damage: A549 cells treated with
increasing doses of 47, followed by irradiation with 470 nm light for 5 min (24 h incubation,
MTT assay). Data provided by Preeti Chauhan, IISER Pune.
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4.3 Conclusion
In Chapter 4, the synthesis of a BODIPY -based visible light activated H2S donor was discussed,
where, 47 was found to be stable in the dark. The molecule cleaves upon irradiation with 470

nm light, as confirmed by way of an HPLC study. This cleavage results in the formation of a
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highly fluorescent BODIPY photoproduct 51 and a putative phenolate intermediate 52. This
phenolate intermediate 52 undergoes self-immolation to release COS, which, upon hydrolysis
(in the presence of CA), releases H>S. The released H»S was detected through a standard MB
assay and further, using an amperometric electrode. The compound 47 was also seen to be well
tolerated by mammalian cells. This compound was finally evaluated as an antioxidant which

protects cells from H202-induced stress.

For activating compound 47, 470 nm light is used; it shows a marginal increase in
cellular ROS levels and also displays phototoxicity*® to cells. Here, to address the problem
associated with phototoxicity of 470 nm light, a Pyridine-BODIPY-based compound 53 was
designed and synthesized (Scheme 4.6). Photolysis of compound 53 was performed using 530
nm light, which may not cause an increase in cellular ROS levels. The cleavage of compound
53 releases a putative phenolate intermediate 52 (Figure 4.17), which further rearranges to
produce COS. This COS hydrolyzes due to CA-activity to release H,S, which was detected in
an MB assay (Figure 4.18). A cell viability assay was also carried out and it was found that
compound 53 is not toxic in the presence and absence of 530 nm light (Figure 4.19). Compound
53 activates under green light; this radiation does not cause an increasing of ROS levels in the
cell, and thus, this strategy may provide us an opportunity to understand H,S-mediated

signaling pathways of cells in a spatio-temporally controlled manner.

Scheme 4.6. Design of Green light activated H>S donor
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Figure 4.17. HPLC traces of photocleavage study with 50 uM of compound 53. Data provided
by Aswin PK, IISER Pune.
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Figure 4.18. H,S detection for compound 53 via the standard methylene blue assay. Data
provided by Aswin PK, IISER Pune.
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4.4 Experimental Protocols and Characterization Data

4.4.1 Synthesis Protocols

Compounds 41,% 42,43 44,4 46,% 48% and 49* were synthesized using previously reported
procedures and analytical data were consistent with reported values.*"H NMR spectra of 41 and
49 are attached.

Synthesis of S-(4-((5-fluoro-1,3,7,9-tetramethyl-10-(4-(prop-2-yn-1-yloxy)phenyl)-5H-
44,504 -dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-5-yl)oxy)benzyl) ethanethioate (43): To
a solution of 41 (986 mg, 2.61 mmol) in anhydrous dichloromethane
was added AICIs (180 mg, 1.35 mmol) and refluxed for 10 min under
N2 atmosphere. A dichloromethane solution of 42 (528 mg, 2.90 mmol)

was added dropwise which was further refluxed for 30 min. The reaction

was monitored by TLC and cooled to room temperature which was

purified by column chromatography using neutral alumina as the
stationary phase and hexane:EtOAc (9:1) as the mobile phase to obtain

o a crude product. This crude was further purified by preparative HPLC
)J\S using Kromasil®C-18 column and water: acetonitrile as mobile phase to
afford the desired product 43 (350 mg, 25%) as a red-orange solid. FT-
IR (vmax, cM™): 1688, 1468, 1409, 1369; *H NMR (400 MHz, CDCl3): § 7.26 — 7.14 (m, 2H),
7.14 —7.08 (m, 2H), 6.99 (d, J = 8.5 Hz, 2H), 6.47 (d, J = 8.6 Hz, 2H), 5.92 (s, 2H), 4.78 (d, J
= 2.3 Hz, 2H), 4.00 (s, 2H), 2.57 (t, J = 2.3 Hz, 1H), 2.49 (s, 6H), 2.32 (s, 3H), 1.43 (s, 6H);
HRMS (ESI-TOF) for [C31H30BFN20OsS + Na]*: calcd., 563.1951, found, 563.1943.

Synthesis of S-(4-((5-fluoro-1,3,7,9-tetramethyl-10-(4-(prop-2-yn-1-yloxy)phenyl)-5H-
4)4,5)*dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-5-
yl)oxy)benzyl) (4-methoxyphenyl)carbamothioate(45)

To a solution of compound 43 (73 mg, 0.14 mmol) in
anhydrous methanol (10 mL) was added K>COs3 (62 mg,
0.45 mmol) and stirred under inert atmosphere for 30 min
at room temperature. After completion of the reaction as
monitored by TLC, the reaction was quenched by adding
water and extracted with EtOAc. Organic layers were
combined, dried over anhydrous sodium sulphate which

was concentrated under reduced pressure to obtain a thiol

intermediate as a red colored residue. To a solution of the
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thiol intermediate in anhydrous THF (5 mL), EtsN (0.06 mL, 0.43 mmol) was added the THF
solution of 44 (55 mg, 0.19 mmol) dropwise at 0 °C. The reaction mixture was stirred under
inert atmosphere for 3 h at room temperature. After completion of the reaction as monitored by
TLC, the reaction was quenched by adding water and extracted with ethyl acetate. Organic
fractions were combined, dried over anhydrous Na,SO4 and concentrated under reduced
pressure to obtained a red colored crude which was purified by column chromatography using
neutral alumina as the stationary phase and hexane:EtOAc (3:1) as the mobile phase followed
by purification with preparative HPLC using Kromasil®C-18 column and water: acetonitrile as
mobile phase to afford 45 (66 mg, 75% of 2 steps) as a red-orange solid. FT-IR (vmax, cm™):
3286, 1674, 1468, 1408, 1371; *H NMR (400 MHz, CDCls): § 7.32 - 7.26 (m, 2H), 7.25 - 7.14
(m, 2H), 7.13 — 7.08 (m, 2H), 7.06 (d, J = 8.5 Hz, 2H), 6.92 (s, 1H), 6.87 — 6.80 (m, 2H), 6.55
—6.41 (m, 2H), 5.91 (s, 2H), 4.77 (d, J = 2.4 Hz, 2H), 4.09 (s, 2H), 3.78 (s, 3H), 2.57 (t, J =
2.3 Hz, 1H), 2.49 (s, 6H), 1.42 (s, 6H); 3C NMR (125 MHz, CDCls): § 158.3, 156.9, 156.0,
143.3,141.7,132.2,130.4,129.9, 129.5, 129.4, 128.6, 128.2, 121.8, 118.2,115.9, 115.8, 114.5,
78.2,76.0,56.2, 55.6, 34.4, 15.0, 14.8; HRMS (ESI-TOF) for [C37H3sBFN304S + Na]*: calcd.,
670.2322, found, 670.2321. (Note: *C NMR was recorded on a 500 MHz instrument)

Synthesis of S-(4-((5-fluoro-10-(4-((1-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)-
1H-1,2,3-triazol-4-yl)methoxy)phenyl)-1,3,7,9-tetramethyl-5H-424,5)*-dipyrrolo[1,2-

c:2',1'-f][1,3,2]diazaborinin-5-yl)oxy)benzyl) (4-methoxyphenyl)carbamothioate(47): A
solution of 45 (51 mg, 0.08 mmol), 46 (26 mg, 0.12

mmol), sodium ascorbate (17 mg, 0.09 mmol), copper

sulphate pentahydrate (21 mg, 0.08 mmol) and benzoic
acid (17 mg, 0.14 mmol) in dichloromethane (2 mL),
methanol (2 mL) and water (1 mL) was stirred for 15 min
at room temperature. After completion of the reaction as
monitored by TLC, the reaction mixture was purified by
neutral alumina column chromatography using pet ether:
EtOAc (0:100) and EtOAc: methanol (96:4) as the

mobile phase which was further purified by preparative

HPLC wusing Kromasil®C-18 column and water:

acetonitrile as mobile phase to afford 1 (14 mg, 21%) as a red solid. FT-IR (vmax, cm™): 3397,
3358, 3315, 1678, 1464, 1406, 1374; *H NMR (400 MHz, CDCls): § 7.92 (s, 1H), 7.30 (d, J =
8.7 Hz, 2H), 7.24-7.17 (m, 2H), 7.18 — 7.10 (m, 2H), 7.10 — 7.07 (m, 1H), 7.05 (d, J = 8.5 Hz,
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2H), 6.83 (d, J = 8.9 Hz, 2H), 6.44 (d, J = 8.5 Hz, 2H), 5.91 (s, 2H), 5.25 (s, 2H), 4.59 (t, J =
4.9 Hz, 2H), 4.09 (s, 2H), 3.90 (t, J = 4.9 Hz, 2H), 3.77 (s, 3H), 3.75 — 3.70 (m, 2H), 3.69-3.65
(m, 2H), 3.65 — 3.56 (m, 8H), 2.73-2.57 (br, 1H), 2.51 (s, 6H), 1.40 (s, 6H): 3C NMR (150
MHz, CDCIs): 6 159.1, 155.9, 155.8, 143.6, 143.3, 141.8, 132.3, 130.0, 129.6, 129.4, 128.7,
127.8, 124.6, 121.7, 118.5, 115.6, 114.4, 72.6, 70.8, 70.7, 70.6, 70.4, 69.6, 62.2, 61.8, 55.7,
50.6, 34.4, 15.1, 14.8; HRMS (ESI-TOF) for [C4sH52BFNsOsS + H]™: calcd., 867.3722, found,
867.3732. (Note: *C NMR was recorded on a 600 MHz instrument)

Synthesis of 2-(2-(2-(2-(4-((4-(5-fluoro-5-(4-(hydroxymethyl)phenoxy)-1,3,7,9-
tetramethyl-5H-424,5)*dipyrrolo[1,2-c:2*,1'-f][1,3,2]diazaborinin-10-

yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethan-1-ol ~ (50): A
solution of 49 (50 mg, 0.10 mmol), 6 (34 mg, 0.16 mmol), sodium

ascorbate (23 mg, 0.12 mmol), copper sulphate pentahydrate (29
mg, 0.12 mmol) and benzoic acid (26 mg, 0.21 mmol) in
dichloromethane ( 2 mL), methanol (2 mL) and water (1 mL) was
stirred for 15 min at room temperature. After completion of the
reaction as monitored by TLC, the mixture was purified by neutral
alumina column using pet ether: EtOAc (0:100) and EtOAc:
methanol (92:8) as the mobile phase followed by preparative HPLC
using Kromasil®C-18 column and water: acetonitrile as mobile
phase to afford 50 (17 mg, 23%) as a red solid. FT-IR (Vmax, cm™):
3437, 1467, 1407, 1367; *H NMR (400 MHz, CDCl3): § 7.92 (s, 1H),
7.25-7.20 (m, 1H), 7.16 — 7.10 (m, 3H), 7.08 (d, J = 8.5 Hz, 2H), 6.58 — 6.50 (m, 2H), 5.91
(s, 2H), 5.25 (s, 2H), 4.58 (t, J = 5.0 Hz, 2H), 4.51 (s, 2H), 3.95 — 3.85 (m, 2H), 3.73 — 3.68
(m, 2H), 3.68 — 3.64 (m, 2H), 3.63 — 3.57 (m, 8H), 2.50 (s, 6H), 1.42 (s, 6H); 3C NMR (100
MHz, CDCls): & 159.1, 156.3, 156.2, 155.9, 143.4, 143.3, 141.7, 132.2, 132.0, 129.5, 129.4,
128.7,127.7, 124.5, 121.7, 118.1, 115.7, 115.5, 77.4, 72.6, 70.7, 70.5, 70.4, 69.6, 65.4, 62.2,
61.8, 50.5, 15.0, 14.8; HRMS (ESI-TOF) for [Cs7H4sBFNsO7 + Na]*: calcd., 724.3293; found:
724.3287.

4.4.2 Procedure for Irradiation
A quartz cuvette containing 47 in methanol was irradiated at 470 nm (30 mW/cm?) by blue
LED at room temperature in a closed chamber. This solution was used for further analysis as

described below.
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4.4.3 Photo-Cleavage Study by HPLC

Compound 47 (50 uM, 500 uL) in MeOH was irradiated for 5, 10, 15 and 20 min and HPLC
analysis of the aliquot was conducted. A diode array detector (DAD) operating at 250 nm and
500 nm and a fluorescence detector (FLD; Aex =470 nm and Aem = 540 nm) were used. A mobile
phase of water: acetonitrile was used with a run time of 25 min. A multistep gradient was used
with a flow rate of 1 mL/min starting with 70: 30 —0 min, 70:30 to 20: 80 — 0 - 20 min, 20:80
to 50: 50 — 20 - 22 min, 50:50 to 70: 30 —22 — 24 min. Retention time for 47 is 20.5 min, for
51 is 13.2 min and for intermediate (I) is 13.6 min (Figure S1)

4.4.4 Detection of 51 by Mass Spectrometry

Compound 47 (50 uM, 500 pL) was irradiated for 20 min and aliquot of the irradiated sample
was analyzed by a UPLC (Waters Co.) equipped with a Phenomenex®C-18 reversed phase
column (250 mm x 4.6 mm, 5 um), which is coupled with an ESI-MS.

445 In Vitro Fluorescence Enhancement Assay

Solution of compound 47 (200 uM, 500 uL) in methanol was irradiated using LED for 25 min.
Non — irradiated sample of same concentration was used as a control and was incubated in dark
for 25 min. After incubation, the samples (250 uL) were transferred to a 1.5 mL vial containing
750 uL phosphate buffer (pH 7.4). Further aliquots (200 uL) of these solutions were transferred
to the 96 well-plate in triplicates and the fluorescence was measured using microtiter plate
reader (Aex = 470 nm and Aem = 540 nm).

4.4.6 H2S Detection by Methylene Blue Assay

100 pL of irradiated samples of were added to 1.5 mL vials containing 292 pL of phosphate
buffer (pH 7.4), 4uL of carbonic anhydrase (1% stock in HEPES buffer) and 4 pL. of Zn(OAc)2
(40 mM stock in H20). The reaction mixtures were incubated at 37 °C for predetermined time
points. To this, 400 puL of FeCls (30 mM stock in 1.2 M HCI) and 400 uL of N,N—dimethyl-p-
pheneylenediamine sulfate (20 mM stock in 7.2 M HCI) was added. The reaction mixtures
were incubated at 37 °C for 30 min to allow the formation of methylene blue complex. After
completion of the reaction, aliquots were transferred to a 96 well plate (250 pL/well) and the
absorbance spectra were collected from 550 to 800 nm using microplate reader (Thermo

Scientific Varioskan) and the absorbance values were measured at 676 nm.

4.4.7 H2S Detection Using Electrode
The manufacturer's protocol was followed to make antioxidant buffer. The calibration of the

electrode (Lazar Research Laboratories, Inc.) was done using a freshly prepared NazS.9H,O

156



Chapter 4

solution in antioxidant buffer. Compound 47 (200 uM, 600 uL) was irradiated and in another
vial similar solution was prepared and kept in the dark for 25 min. The irradiated and non-
irradiated samples (250 uL) were transferred to 1.5 mL vial containing 725 pL phosphate buffer
(pH 7.4) along with carbonic anhydrase (25 uL) and a small magnetic bead. The electrode was

then inserted into the vial and the solution was incubated at 37 °C to measure the H>S.

4.4.8 Cell Culture Protocol

HelLa cells were grown overnight at 37°C with 5% CO- in the modified Dulbecco’s medium
DMEM & 10% fetal bovine serum from Sigma Aldrich (St. Louis, USA). For trypsinization
0.05% trypsin-EDTA from ThermoFisher Scientific was used.

4.4.9 Fluorescence Enhancement Assay in Cellular System

HeLa cells (0.1x10°) were seeded in 6 well plate (NEST, China) and incubated overnight at 37
°C with 5% COx. Cells were washed with 1X PBS and incubated with only DMEM. Compound
47 (10 uM in DMSO) was then added followed by incubation for 30 minutes at 37 °C with 5%
CO2in dark. Cells were washed with 1X PBS three times and irradiated with 470 nm light for
2 minutes. Images were acquired using an inverted epifluorescence microscope (Olympus
IX83, Japan) with 20x objective in YFP channel (excitation, 514 nm and emission, 527nm).
All devices were controlled using Slidebook 6 software (3i Inc., USA). Total image &
background intensity was calculated using ImageJ (NIH, US). Background intensity was
subtracted from total image intensity and resulting total fluorescence intensity was plotted as

fold change.

4.4.10 Cell Viability Assay Using MTT Dye

Human cervical cancer, HelLa cells, were seeded at a concentration of 1x10* cells/well
overnight in a 96-well plate in complete DMEM media. Cells were exposed to varying
concentrations of the compound 47 prepared as a DMSO stock solution so that the final
concentration of DMSO was 0.5%. Cells were first exposed to light for 5 min and then
incubated for 24 h at 37 °C. A solution of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide (MTT) was prepared by dissolving MTT reagent (3.5 mg) in 7 mL DMEM
media. 100 pL of this solution was added to each well. After 4 h incubation, the media was
removed carefully and 100 uL of DMSO was added. Spectrophotometric analysis of each well
was carried out at 570 nm using a microplate reader (Thermo Scientific Varioskan) to estimate

cell viability.
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4.4.11 Cell Viability Assay Using Crystal Violet Dye

Human adenocarcinomic alveolar basal epithelial cells, A549 cells, were plated in a poly-D-
lysine coated 12 well plate in complete DMEM media. Confluent cells were treated with
varying concentrations of 47 and incubated at 37 °C for 30 min. Cells were then exposed to
light for 5 min and further incubated for 24 h at 37 °C. Cells were washed thoroughly with
1xPBS (3 times). 500 pL of crystal violet solution (0.1% in 4% formalin) was added to each
well and kept for 20 min on the bench rocker. Cells were washed in a gentle stream of tap water
to remove excess reagent. After washing, the plate was inverted on a filter paper to remove
remaining water and was kept for drying at room temperature overnight. 500 pL of 10% acetic
acid was added to each well and kept on the bench rocker for 20 min. The solution was diluted
10 times and 200 pL of the diluted solution was transferred to a 96 well plate. The absorbance
was measured at 590 nm using a microplate reader (Thermo Scientific Varioscan) to estimate

cell viability.
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4.5 Spectral Charts

IH NMR of 41 (CDCls, 400 MHz)
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IH NMR of 45 (CDCls, 400 MHz)
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IH NMR of 47 (CDCls, 400 MHz)
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IH NMR of 49 (CDCls, 400 MHz)
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IH NMR of 50 (CDCls, 400 MHz)
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Appendix-1: Synopsis

Synopsis

Synthesis and Evaluation of Light Triggerable Redox-Active Species
Generators

Chapter 1. Introduction
In living organism, several molecules undergo oxidation-reduction reaction to facilitate cellular
processes. These molecules play crucial role in the different metabolic pathways of cells, which
are mediated by several enzymatic and non-enzymatic mechanisms. These mechanisms exploit
the use of either an intracellular redox sensitive metal™? or a redox active organic molecule.>#.
Apart from these, there are certain short-lived species formed during normal metabolism which
are also known to participate in redox processes of cells. These species are termed as redox-
active species and majorly were classified in three categories based on the reactive atom
(Figure 1).

1. Reactive oxygen species (ROS)

2. Reactive sulfur species (RSS)

3. Reactive nitrogen species (RNS)

Figure 1. Classification of different redox active species
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All these redox species are synthesized endogenously and help in maintaining the

integrity of cell by regulating the several signaling pathways. The physiology of these species
is dependent on the concentration and location of generation. At the homeostatic level, where

concentration of antioxidant and oxidants are balanced, these species mediate several pathways
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such as cell signaling, immune response, inflammatory response, cellular adhesion,
differentiation, proliferation, metabolism, autophagy, senescence, vascular diameter regulation
apoptosis, cell cycle, protein misfolding and endoplasmic reticulum-associated degradation of
proteins (Figure 2), which are beneficial to the cell.>® However, at the elevated levels, these
species can irreversibly oxidize essential biomolecules like proteins, lipids and nucleic acids
which result into dysfunction of cellular machinery, leading to cell death.”® The elevated levels
of these species are also associated with several pathophysiological conditions®*3 such as
cancer, Alzheimer’s disease, Parkinson’s disease, aging, diabetes, inflammation etc. To counter
the over production of reactive species, the cell evolved a powerful machinery which regulates
the generation of these species and maintain the integrity of cells to carry out the normal

functions.

Figure 2. Physiological role of redox active species
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It may be stated that all species that are highly reactive may indiscriminately interact
with several biomolecules and this may lead to the activation of non-specific cellular processes.
For instance, NO interacts with O,™ to form ONOO™ which differs from NO and O™ alone.
Likewise, H>S also interacts with ROS to form polysulfides or sulfite. Further, RNS interact
with thiols to form S-nitrosothiols.**?! In order to reduce the cross talk and off-site reactivity
of the generated reactive species, one needs to develop molecules which can be activated under
highly specific conditions to produce the desired species without any complications to cellular
metabolic pathways. There are several tools reported to generate different reactive species in
cellular system. Some of these tools can generate these species in spontaneous manner, without
any control; however, some tools are activated with metabolic stimuli such as thiols,

bioreduction, esterase, nitroreductase enzyme (NTR). Thiol and bioreductive mediated
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approaches do not provide the selectivity over generation because of their ubiquitous nature
and also slow metabolism of NTR limits the use of NTR mediated approach. Here, to overcome
the problem of non-specific delivery, light may be used as a stimulus, since the localization
and intensity of light can be controlled externally thus providing spatio-temporal control over
the delivery of reactive species. This photo-triggered approach may minimize any off-site
generation of reactive species and may, further, be utilized for gaining valuable insights into
understanding redox-mediated signaling pathways.

Our aim is to design, synthesize and evaluate molecules which can produce reactive
species in a localized manner. This can be achieved by using light as an external stimulus,
where a spatio-temporal control over the generation of reactive species is possible. Here, in
this thesis, we present light triggered strategies to release ROS and H5S.

In Chapter 1, background about the generation, regulation and physiological roles of
the redox active species is discussed. In Chapter 2, an ROS generator coupled with 2-
nitrobenzyl as a photo-responsive moiety is proposed, which may release the ROS generator
upon UV light irradiation. Such a UV light activatable ROS generator can also be examined
for being a potential candidate for a cancer-targeted approach, since ROS can inhibit the growth
of cancer cells. As it is known that UV light-based methods have several drawbacks, rendering
them unsuitable in studying ROS-mediated biological processes. To overcome these problems,
in Chapter 3, a visible light triggered release of an ROS generator is developed, while making
use of a BODIPY-based photo-responsive group. Finally, in Chapter 4, the BODIPY-based
photo-cleavable linker is further utilized to release H2S upon visible light activation.

The different types of reactive species present in a cell are known to cross-talk with
each other. Furthermore, these species can interact with different sites in cells and hence
complicate the interpretation of results. Hence, the development of light activatable tools may
find an application in delivering these highly reactive species to a particular site in a localized
manner, followed by the study of the effect(s) of these species. The proposed tools might be

activated under mild conditions, which may not be responsible for any non-specific results.
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Chapter 2. UV Light Triggerable ROS Generators

ROS are reduced forms of oxygen and play vital roles in biology. To study the ROS mediated
effects, here, the concept of increasing ROS in cells by generating superoxide (O2™) is
explored. O, can form hydrogen peroxide (H202) followed by hydroxyl radical (OH) which
may lead to cell death. These species can be generated by several methods using different
metabolic stimuli of cells e.g. bioreduction,? thiol activation,? esterase enzymatic activation,?
etc. These are very good approaches to generate ROS; however, few limitations such as
ubiquitous nature or slow metabolism of trigger(s), hinder their use in studying signaling
pathways. To overcome such limitations, alternatively, light can be employed as a stimulus
where spatio-temporal generation of ROS is possible. The light triggered approach has gained
a lot of interest in drug delivery systems where spatiotemporally controlled delivery can be
achieved by a photoactivatable prodrug concept.?>3! For instance, photodynamic therapy
(PDT),323 a photosensitizer that produces singlet oxygen upon irradiation is used thereby
leading to an increase in the ROS levels which damages essential biomolecules in cellular
system and thereupon resulting in cell death. The levels of ROS can be increased by generation
of either 1O, or O2"~. However, the 1O, generation may not be relevant to study ROS mediated
pathways because endogenous production of 1O is low and hence is not known to contribute
much to ROS physiology.®* Whereas O™, is the major contributing pathway in the ROS
physiology. Hence, the generation of O," is desired. The efforts of releasing O>™ using light
as a trigger, has been made by Chang and co-workers®. They used the 2-nitrobenzyl group as
a photoactivable moiety and 1,2,4-trihydroxybenzene as ROS generator. But certain limitations
such as cytotoxicity induced by 304 nm UV light, less efficient ROS generation and thiol
reactivity with quinone byproduct are associated with this approach. These shortcomings
hinder the use of the above approach to study ROS-mediated signaling pathways.

Therefore, a molecule needs to be designed which may release ROS generator upon irradiation
and should have following properties:

1. Stable in buffer

2. Efficient in generating ROS

3. ROS donor or its end product should not react with thiols

In most of the ROS generators, either a 1,4- or 1,2-quinone functionality is present

which bioreductively converted to its hydroquinone counterpart.®®-3% These electron rich
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hydroquinones react with molecular oxygen and revert back to quinones, concomitantly
generating ROS. These quinones, for example, juglone and menadione have an a,f-unsaturated
site where thiols can react in a 1,4-Michael fashion to form thiol adducts.*® These thiol adducts
can either be effluxed out of the cells as a detoxification mechanism* or can further generate
ROS. Furthermore, important cysteine residues can be covalently modified by quinones and
crucial pathways can eventually be affected in situ.*° In such scenario, the observed phenotype
may not be due to ROS generation alone. Therefore, to overcome the problems due to off-site
reactivity of ROS generators, a suitable molecule is chosen such that it would not react with
cellular thiols thereby obtained results may only be due to the ROS generation.

Thiol reactivity with juglone and menadione could be due to easy accessibility to the
less hindered o, B-unsaturated site. Here, rationale is to design a ROS donor having relatively
more hindered o, B-unsaturated site which may be inaccessible by thiols. As known in the
literature that compound 1, a Diels-Alder adduct of juglone*! converts to compound 2, a
quinone derivative after ROS generation. In compound 2, a, B-unsaturated site of quinone is
more hindered and may not accessible to thiols while, compound 1 is not a candidate for thiol
attack in the absence of o, B-unsaturated site.?*

As it is known that compound 1 generate ROS in buffer, only when its hydroxyl group
is in free from, if this hydroxy is protected, the resulting scaffold shows diminished ROS
generating capacity.** Furthermore utilizing this concept, the phenolic group of compound 1
was masked with 4-nitro benzyl moiety, a substrate of nitroreductase (NTR) and ester moiety
which upon activation with NTR* and esterase,?* respectively, release compound 1 to generate
ROS (Scheme 1).

Scheme 1. Activation methods to release compound 1
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Inspired by these approaches, phenolic group of compound 1 can be protected with light
triggerable linker, 2-nitrobenzyl which should release the compound 1 in the presence of light

to generate ROS. >3 Apart from this, a biotin moiety can also be incorporated to facilitate the
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accumulation of this molecule selectively in the cancer cells over normal cells (Scheme 2).4*
4 As cancer cells are known to overexpress vitamin receptors which may facilitate the
enhanced accumulation of this vitamin molecules.*® In addition, this biotin moiety may also

increase the buffer solubility of the compound.

Scheme 2. Design of Light activatable ROS Generator
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In order to do this, biotinylated compound 8 was synthesized in multiple steps, having
2-nitrobenzyl as a photo-cleavable linker coupled with a ROS generator 1. Next, a
photocleavage study was performed by HPLC analysis. In the HPLC trace, a peak corresponds
to the compound 8 was completely disappeared upon irradiation with 365 nm light within 15
min to form a new peak that corresponds to compound 1 (Figure 3). However, there was no
cleavage observed in the absence of light. This experiment suggests that the compound 8 is

stable in dark and upon irradiation, photo-cleave to release compound 1.

Figure 3. HPLC traces of photolysis study with compound 8 (50 uM) in the presence and
absence of Light
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After photolysis of compound 8, it releases compound 1 which should react with
molecular oxygen to generate ROS. To test the ROS generation, a DHE assay was conducted,
where DHE (dihydroethidium) dye was independently incubated with irradiated and non-

irradiated sample of compound 8 and injected in HPLC. In the irradiated sample, two new
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peaks were observed in HPLC trace and further an independent experiment was performed,
wherein irradiated sample was treated with SOD, a known quencher of O, resulting in
disappearance of one peak corresponding to superoxide adduct, 2-hydroxyethidium (2-OH-E").
However, no peak was observed in the dark sample, suggests the compound 8 generate

superoxide only after irradiation (Figure 4).

Figure 4. HPLC traces of DHE assay for O>™ detection with biotinylated compound 8
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Further, to test the ROS enhancement in cellular system, H.DCF-DA, a weakly
fluorescent and cell permeable dye was used for intracellular detection of ROS, which
produced an intense fluorescent signal only in cells which are exposed with compound 8 and
light (Figure 5). However, no fluorescent signal was observed in light alone and dark. This
suggests that light alone did not enhance the ROS level in cells. In contrast, an enhanced ROS

level was observed in the cells pretreated with compound on exposure to light.

Figure 5. Intracellular ROS detection using H2DCF-DA dye; A) Cellular images and B)
Relative intensity graph of intracellular ROS level; Data represent the mean = s.e.m. for 3

technical replicates per group.
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As described, compound 8 is cell permeable and photo-cleave to release 1, which
generates ROS intracellularly which further can damage essential biomolecules leading to
inhibition of cellular proliferation. To test the effect of the compound 8, MTT assay was carried
out where inhibition in cellular growth was not observed in absence of light with compound 8
and light alone; however; nearly complete inhibition in growth was found upon irradiation with

10 uM of compound 8 (Figure 6).

Figure 6. Cell growth inhibition assay with 10 uM of compound using A549 cells; Data

represent the mean + s.e.m. for 3 technical replicates per group.

ns

2 80

=

©

>

@

040

R

0

X & ¥ £ ¥ £ X =
wm O © OO O© o © D
O J 0 IJ 0o 53 a3
Ctl DMSO 8 1

In Chapter 2, the unique photoactivable ROS generators were developed which
produced ROS only in the presence of light and might be explored as cancer therapeutics.
However, there are few shortcomings associated with the UV triggered approach e.g., UV light
induced oxidative stress*’~°! and its lower tissue penetration. Owing to such limitations, in vivo
experiments are more challenging to perform with the compound 8. To overcome these
drawbacks, there is need to develop a molecule which can get activated under visible light to
produce ROS.

Chapter 3.1. Synthesis and Evaluation of a Triggerable Hydroquinone Based ROS
Releasing Molecule

Chapter 2, described the development of UV light activatable ROS generators which cleave
under 365 nm light to release molecule 1, which then reacts with oxygen to generate ROS. To
overcome the limitations associated with UV light based strategy,*’~! a scaffold which would

cleave upon irradiation with visible light to release ROS generating moiety is desired. In order

176



Appendix-1: Synopsis

to achieve the visible light triggered release of ROS, a well-known fluorescent molecule,

boron-dipyrromethene (BODIPY)%>°3 was chosen as the photolabile moiety.

Scheme 3. Design of Visible light triggered ROS generating molecules
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Release of several BODIPY-masked bioactive molecules under visible light has been
demonstrated in literature.?” 31461 However, we were particularly inspired by the work carried
out by Urano and co-workers, wherein a phenolic group attached to the boron atom of BODIPY
was shown to uncage under visible light (Scheme 3).°> BODIPY moieties are typically
fluorescent in nature, but the presence of an electron rich aryloxy substituent on the boron atom
can result in the quenching of fluorescence, as a result of photoinduced electron transfer (PET).
These BODIPY derivatives form a charge-separation intermediate upon irradiation, with a
partial negative charge on the boron atom and a partial positive charge on the oxygen atom of
the aryloxy group. The intermediate further undergoes solvolysis to release the aryloxy group.
As described previously, compound 1 (which generates ROS) can be attached with the boron
atom of BODIPY; the adduct, then, cleaves with visible light to release compound 1 (Scheme
3). Here, two possibilities of attaching compound 1 with BODIPY were described. First, where
the phenolic group can be directly attached to the boron of BODIPY and in another alternative,
a 4-hydroxybenzyl group can be used as a self-immolative linker between compound 1 and the
boron atom of BODIPY. These designed compounds should photocleave under visible light to

release compound 1, which is known to generate superoxide (O2") under ambient aerobic
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conditions. But despite of several attempts, we could not succeed in synthesizing the
derivatives of compound 1 which may cleave under visible light condition. The reason for
failure in synthesizing designed compounds could be few synthetic challenges such as less
stability under acidic and basic reaction conditions and limited scope of derivatization, are
associated with the ROS generator 1.

To surmount these limitations, a scaffold for ROS generation need to be developed,
which would have a site to functionalize, for making it selective towards a particular organelle
in a cell or towards one cell type, without compromising the ability to generate ROS. Further,
the scaffold should be stable in mild acidic and basic conditions and also should be compatible
with a range of electrophiles of different triggers. To do this, we inspired by a study where the
derivatives of 1,4-hydroquinone (1, 4-HQ) were used as ROS generating molecules. Where
both the hydroxy group should be free for generating ROS, thus protecting any one of the
hydroxyl group of 1,4-HQ should diminish its ROS generating ability. Here, as a proof of
concept, a compound was designed where one of hydroxyl group is masked with an ether
linkage and further linked with an ester group. The ester moiety should hydrolyzed with an
esterase enzyme to release 1,4-HQ, which should further react with molecular oxygen to
produce ROS (Scheme 4).

Scheme 4. Design of Esterase activated ROS generator
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An esterase activated ROS generator 36 and its unmasked 1,4-hydroquinone derivative
34 were synthesized in multiple steps. Further, it was studied for possible ester hydrolysis in
the presence of esterase by HPLC, where 36 was incubated with esterase for 30 min and
injected in HPLC. It was found that the peak corresponds to 36, completely disappeared and
new peak was observed which corresponds to 34, underwent oxidation to form quinone

derivative 37 (Figure 7).
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Figure 7. HPLC traces of ester hydrolysis of 36 in the presence and absence of esterase enzyme
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After ester hydrolysis of compound 36, compound 34 was formed which should react
with molecular oxygen to generate ROS. To test the generation of ROS, a DHE assay was
carried out to look for O>™ generation, where DHE (dihydroethidium) dye was independently
incubated with compound 36 in the absence and presence of esterase and injected in HPLC. In
the esterase treated sample, a new intense peak at 29.8 min in HPLC trace was observed and
disappeared in SOD treated samples, suggests that the peak at 29.8 min corresponds to O™
adduct, 2-hydroxyethidium (2-OH-E*). However, no peak was observed in the absence of
esterase, confirmed that the compound 36 generate O>" only in the presence of esterase

enzyme. (Figure 8).

Figure 8. Superoxide detection using DHE assay with compound 36
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The ROS generating scaffold 36 does not offer selectivity to particular types of cells over
others, owing to the ubiquity of the trigger: esterase. Apart from selectivity, the esterase
possibly quenches the generated H>O> and hence, interferes with the in vitro detection of H20..

Taken together, a new triggerable ROS-generating scaffold has been developed.

179



Appendix-1: Synopsis

Chapter 3.2. Synthesis and Evaluation of Visible Light Triggerable ROS Generator

To solve the problems encountered in the chapter 3.1, a different class of ROS releasing
scaffolds were developed based on the 1,4-hydroquinone (1,4-HQ)® moiety masked with an
ester moiety. It was established that ester-protected 1,4-HQ molecule hydrolyzes in the
presence of esterase to release 1,4-HQ, which produces ROS. Here, a molecule was designed
where one of the hydroxyl groups of 1,4-HQ derivative was masked with BODIPY,* a visible
light responsive moiety and the other hydroxyl group, with an esterase cleavable moiety
(Scheme 5) which, upon visible light irradiation and esterase treatment, should free up both the
hydroxyl groups of 1,4-HQ and the released molecule may react with molecular oxygen to
produce ROS.

Scheme 5. Revised design of Visible light activated ROS generation
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Here, a triggerable ROS donor 40 was synthesized, using BODIPY as a photolabile
linker and 1,4-hydroquinone derivative as a ROS generating moiety. To investigate the
cleavage under visible light, compound 40 was irradiated using 500 nm light and injected in
HPLC where two new peaks were appeared in the HPLC trace. One of the peaks corresponds
to compound 39 and another peak possibly for the BODIPY photo-product BDP-OMe (Figure
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9). However, 40 was stable in absence of light. This study demonstrates that compound 40

releases the compound 39, upon activation with visible light.

Figure 9. Photocleavage study of compound 40 in visible light, HPLC was operated using 250

nm detector
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When Oy detection was performed with compound 40 using DHE assay, as expected,
high intense peak for 2-OH-E* was observed in the presence of light and esterase enzyme and
this signal was diminished when reaction mixture was treated with superoxide dismutase
(SOD), a known quencher of O, suggests that the observed intense signal in HPLC is
attributable to O, (Figure 10). However, signal for O," was very weak in dark, only esterase

treated and only light irradiated samples.

Figure 10. Superoxide detection using DHE assay
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As this compound activates under mild visible conditions and may find application in

studying the ROS mediated signaling pathways in spatiotemporally controlled manner.
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Chapter 4. Visible Light Triggered Uncaging of COS/H2S

Chapter 3 deals with the synthesis and evaluation of a potential BODIPY-based 1,4-
hydroquinone derivative, which produces ROS after visible light activation. Here, releasing
another redox active species, H>S, using a BODIPY-based visible light uncaging group is
attempted. Our group has previously reported a scaffold which is activated by esterase to
release a phenolate intermediate.®® This phenolate intermediate subsequently self-immolates to
release carbonyl sulfide (COS), a gaseous molecule which produces H>S, upon hydrolysis with
carbonic anhydrase (CA), a widely prevalent enzyme. To generate H»S in a spatio-temporally
controlled manner under ambient conditions, a phenolate (linked with a carbamothioate
moiety) can be masked with BODIPY, such that the phenolate can be released upon irradiation
with visible light.® The phenolate should self-immolate to release a carbamothioate
intermediate which, then, should release COS to produce H.S upon hydrolysis with CA
(Scheme 6).2%63-87 This method may generate HS in a spatio-temporally controlled manner

under ambient conditions.

Scheme 6. Rational design for visible light triggered uncaging of H.S
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Here, a BODIPY based visible light activated H,S donor, 47 was synthesized in
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multiple steps. Next, photo-cleavage study was performed, where compound 47 was irradiated
with 470 nm light and injected in HPLC where two new peaks were observed in the HPLC

182



Appendix-1: Synopsis

trace (Figure 11). One of the peaks corresponds to a highly fluorescent BODIPY photoproduct
51. Another peak could be for phenolate intermediate 52. The phenolate intermediate 52 may
undergoes self-immolation to release COS which upon hydrolysis in the presence of CA to
generate H»S.

Figure 11. Photo-cleavage study with 47
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Next, H2S detection was performed with compound 47 using methylene blue formation
assay as HS is known to form methylene blue complex in the presence of N,N-dimethyl-p-
phenylenediamine and FeCls in acidic medium which can be estimated calorimetrically at 676
nm wavelength. When this assay was carried out with compound 47, a significant enhancement
at 676 nm was observed only in the irradiated sample; however, no enhancement in signal was
found in the absence of light (Figure 12). This experiment confirmed the generation of H2S by
compound 47 only in the presence of light. The compound 47 was well tolerated by cells and
protect cells from ROS-induced damage, assessed by MTT assay (Figure 13).

Figure 12. H,S detection by Methylene blue assay (A) compound 47 was irradiated with 470
nm light for 25 min followed by incubation with carbonic anhydrase in pH 7.4 buffer for
predetermined time points; (B) Curve fitting for first order kinetics give rate constant = 0.03
min(R? = 0.995).
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Figure 13. Cytoprotective effect of 47 against H2O. induced damage: A549 cells with
increasing doses of 47 followed by irradiation with 470 nm light for 5 min (24 h incubation,

MTT assay).
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These tools may provide an opportunity to understand the H>S mediated signaling
pathways of cell in spatiotemporally controlled manner as being activated under visible light
conditions which may not complicate the other cellular machinery.

In this thesis, presented light activated tools may solve few problems such as lack of
controlled and localized delivery of highly reactive species which were associated with the
existing methods. In addition, the visible light may not generate unwanted free radicals in cells
that may provide a better opportunity to understand the ROS and H>S mediated physiology.
However, these methods have few limitations such as, poor tissue penetration of 500 nm that
hinder their use in in vivo experiments. This opens the floor for the development of new tools
which may get activated under the conditions where low tissue penetration may not be a barrier

in probing the physiology of reactive species in vivo.
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A cell-permeable small molecule for light-triggered generation of
endogenous reactive oxygen species (ROS) is reported.

Oxygen and its reduced forms such as superoxide (0,°"),
hydrogen peroxide (H,0,) and hydroxyl radicals are generated
during the normal functioning of cells (Fig. 1)." A number of
intrinsic mechanisms have evolved to attenuate these reactive
oxygen species (ROS) levels.>” Elevated levels of ROS generated in
cells are associated with numerous pathophysiological conditions
including cancer, inflammation, diabetes and several neuro-
degenerative disorders.*® ROS are also deployed in immune
response to counter pathogens.” Elevation of endogenous ROS
levels has been associated with inhibition of cancer growth
both in vitro and in animal models.>'* For example, piper-
longumine has been shown to enhance ROS within cells**™®
but the precise mechanism by which this occurs is yet unclear
and would be critical to determine. Due to its short life, O,*~
must be produced in situ by reaction with oxygen and an
electron donor."® Either small organic molecules that sponta-
neously react with oxygen or enzymatic methods that turn over
a substrate to generate O,* are frequently used. A combination
of hypoxanthine and xanthine oxidase (X + XO), where hypox-
anthine is metabolized by XO to produce O,°", predominantly
produces O,*~ in the proximity of cells. Any O,° " that is produced
must diffuse across a lipid bilayer to exert its effects. However,
0,°*" is not highly permeable at neutral pH, and hence, this
protocol and other small-molecule based methods may not be
useful for enhancing intracellular ROS levels. A number of
bioreductively-activated ROS generators are known and they
have been evaluated previously for their cancer therapeutic
potential.?*>* Although triggered by a bioreductive enzyme,
these compounds have little spatiotemporal control over ROS
production. Paraquat, a quaternary amine or menadione, which
require bioactivation for O,*~ production,?**" have often been
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Fig.1 Endogenous ROS and some of their effects within cells.

used but at elevated concentrations that can potentially complicate
mechanistic interpretations. Furthermore, their reactivity with
biological thiols leading to covalent modification is also a major
concern. Hartley and coworkers developed a mitochondria-specific
ROS generator, MitoPQ, a paraquat derivative.”* This strategy
allows for organelle-specific generation of ROS. Since light as a
tool for activation offers spatiotemporal control,>>* photo-
cleavable ROS generators are expected to have significant
advantages. Chang and co-workers reported a light-triggerable
ROS generator that is based on hydroxyquinol.>* This compound
responds to light at a wavelength of 305 nm, which is not
desirable. Furthermore, the yield of hydrogen peroxide from this
compound was somewhat diminished. Here, we report the
design, synthesis and evaluation of a light-triggered endogenous
ROS generator.

Our laboratory has previously reported 1,>* which is a deri-
vative of juglone, as a ROS generator (Scheme 1). The proposed
mechanism for ROS generation was enolization of the carbonyl
as the first step, followed by generation of a 1,4-diol. Its diolate
is electron-rich and is known to produce superoxide. We found
that attaching a 4-nitrobenzyl group resulted in diminished
ROS generation.”® We also found that triggering with nitro-
reductase, an enzyme that is present in bacteria, enhanced
ROS generation.*® Thus, this strategy enabled triggerable and
localized ROS production.*® Recently, we reported an esterase-
activated ROS generator that was able to elevate ROS levels
within mammalian cells (Scheme 1).*° Here, we report the
design, synthesis and evaluation of a light-triggerable ROS
generator.
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Scheme 1 General strategy for generation of compound 1 after photocleavage. Compound 1 generates superoxide during incubation in buffer under
ambient aerobic conditions to produce quinone 2, which can further generate ROS through redox cycling. The 4-nitrobenzyl derivative is a substrate for
nitroreductase, while the pivaloyloxymethyl compound is triggered by esterase. The proposed substrate for photocleavage has a 2-nitroaryl functional
group, which is expected to undergo deprotection to produce the ROS generator 1 (see Table 1).

The 2-nitrobenzyl functional group has been widely used as
a protective group for alcohols.?®2®37 Upon irradiation, this
photo-cleavable group releases an alcohol (Scheme 1). This strategy
was used by Chang and co-workers to release the 1,4-diol.>*° The
yields of ROS were low possibly due to the poor efficiency of
cleavage and, perhaps, low ROS generation capability. Lastly,
aqueous solubility and cancer cell uptake may play major roles
in determining the efficiency of ROS generation within cells.
Thus, the ROS generator must have a synthetic handle to
incorporate additional functional groups (such as biotin).**™*°

Bromides 5a and 5b were commercially obtained and inde-
pendently reacted with 1, resulting in the formation of
compounds 4a and 4b (Table 1, entries 1 and 2). In the case
of the reaction of the dimethoxy electrophile 5b, the formation
of the C-alkylated product (6) was observed. It is likely that a
phenolate intermediate is formed, which can then react via the
oxygen or the carbon to produce the O-alkylated or C-alkylated
products. We next synthesized bromide 5¢, which has a propargyl
group. This alkyne should provide opportunities to conjugate
biotin through the copper-catalyzed alkyne-azide click reaction.
However, under the conditions we used, we found no reaction
between 5c¢ and 1 (Table 1, entry 3). Activation of the bromide by
silver ions is an important step in the substitution reaction. It is
likely that the alkyne coordinates with the silver ions and com-
petes with activation of the bromide. We therefore revised our
strategy and we first synthesized bromide 5d, which has an azide
that can be utilized for orthogonal conjugation (Scheme S1 in the
ESIt), and it was reacted with 1 to afford the corresponding azide
4d in 25% yield. The desired conjugate 4e was next synthesized by

Table 1 Reaction of bromides with 1

R? 1, Ag,0
CHZCIZ R2 i

NO, Br 0, OH O
5a-5d 4a-4d 6
Entry Bromide R' R? Product(s)  Yield(s) (%)
1 5a H H 4a 55
2 5b OMe OMe 4b & 6 30 & 11
3 5¢ OMe  O-Propargyl 4c —
4 5d OMe OCH,CH,N; 4d 25

Chem. Commun.

reacting 4d with the biotin-alkyne derivative 12 (Fig. 2A and
Scheme S2 in the ESIT).

Next, the stability of the derivatives was evaluated. In the
dark, we found no evidence for the decomposition of these
compounds in a pH 7.4 buffer. To evaluate the photocleavage
efficiency, 4a, 4b and 4e were irradiated with 365 nm light and
HPLC analysis revealed complete cleavage within 15 min. This
cleavage resulted in the formation of 1, a known ROS generator
(Fig. 3A and Fig. S2 in the ESIt). As previously reported, 1 reacts
with oxygen and produces O,*”, which disproportionates
to form H,0,,>* another ROS. To validate the generation of
0,*" during the incubation of 4e, this compound was irra-
diated and a dihydroethidium (DHE, see the ESIt) assay was
used. The DHE dye reacts with O,*~ and other ROS (H,0,, OH)
to form 2-hydroxy ethidium (2-OH-E') and ethidium (EY),
respectively (Scheme S4 in the ESIt), which can be detected
by HPLC analysis.”’ When 4e was incubated in the presence
of light under the assay conditions, HPLC analysis revealed a
peak at 29.5 min, which corresponds to 2-hydroxy ethidium
(2-OH-E"). This signal decreased when the solution was treated
with superoxide dismutase, a known quencher of O,*". When
this experiment was conducted in the dark, no peak for 2-OH-E"
was observed (Fig. 3B). This observation supports the genera-
tion of O,°~ by 4e only in the presence of light. This assay was
also performed with 4a and 4b and similar results were
obtained (Fig. S3 in the ESIT).

NH 0O N
K(\N/\/o m
4 HO o” "0

Fig. 2 (A) Structure of biotinylated adduct 4e. (B) Reaction of hydrogen
peroxide with coumarin boronate-ester dye 13. The boronate ester 13 is
weakly fluorescent, and upon oxidation, a turn on fluorescence is observed
due to the formation of 14.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Photolysis and ROS analysis of 4e. (A) HPLC traces of 4e (50 uM) in
the presence and absence of light. Light irradiation was performed with
365 nm light for 15 min with 30 mW cm~2 intensity. (B) HPLC traces of DHE
assay for superoxide detection; 4e (25 pm) was irradiated with 30 mW cm™2
365 nm light for 15 min followed by addition of DHE and incubated for 1 h;
as a control, SOD was used for quenching the superoxide. (C) Hydrogen
peroxide detection using the dye coumarin-boronate ester 13 as a probe
(excitation 320 nm; emission 460 nm). (D) Hydrogen peroxide detection
using Amplex Red assay; 4e (25 uM) was irradiated with 365 nm light for
15 min and incubated for 2 h (cat. = catalase enzyme). Data represent
the means + s.d. for 3 technical replicates per group.

The radical anion O,*” disproportionates to form H,0,.
We next assessed the production of H,0, using two independent
assays. First, the oxidation of fluorogenic boronic acids/esters
has been frequently used to detect the presence of hydrogen
peroxide.*”>** The non-fluorescent coumarin based dye 13 reacts
with H,0, to form umbelliferone derivative 14, a highly
fluorescent molecule (Fig. 2B).

Irradiated and non-irradiated samples of 4e were indepen-
dently incubated with dye 13 and fluorescence enhancement
was found only in the irradiated sample (Fig. 3C). This fluores-
cence signal was diminished in the presence of catalase, a
known quencher of H,0,. This study was also performed with
compounds 4a and 4b, and as expected, fluorescence enhance-
ment was observed in the irradiated samples (Fig. S4 in the
ESIT). These results suggest that the production of H,0, by 4e
occurred only in the presence of light. Next, an Amplex
Red assay was used to infer the production of H,0,. Again,
irradiated and non-irradiated samples of 4e were indepen-
dently treated with Amplex Red solution containing horseradish
peroxidase (HRP) enzyme and it was found that an enhanced
fluorescence signal was observed only in the irradiated sample.
This signal was diminished in the presence of catalase (Fig. 3D).
Taken together, our results support the ability of 4e to undergo
photocleavage to produce ROS.

Next, this compound was evaluated as an endogenous ROS
generator in cells after activation with light. First, generation of
extracellular H,O, was assessed using coumarin based dye 13

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Cellular assays. (A) Extracellular hydrogen peroxide detection by
Amplex Red assay (excitation 550 nm; emission 590 nm; ***p < 0.0001).
(B and Q) Intracellular ROS detection using H,DCF-DA as a probe; scale
bar = 200 pm and ns = not significant. (D) Cell viability assay using A549
cells with 10 uM compounds. (E) Growth inhibition curve after irradiation
with 4e and ICso was found to be 5.8 pM. Data represent the means +
s.e.m. for 3 technical replicates per group.

and Amplex Red in lung carcinoma A549 cells, and it was found
that 4e was able to generate H,O, extracellularly only in the
presence of light. However, no ROS enhancement was observed
in cells only in the presence of light and cells treated with 4e in
the dark (Fig. 4A and Fig. S5 in the ESI¥).

Further evaluation of intracellular ROS was also done using
a cell permeable weakly fluorescent ROS responsive dye,
2/,7'-dichlorodihydrofluorescein diacetate (H,DCF-DA), which
upon reaction with ROS forms a highly fluorescent molecule,
2',7'-dichlorodihydrofluorescein (DCF), and its fluorescence
intensity can be measured using a well plate reader. This assay
was performed in A549 cells and it was found that cells treated
with 4e had enhanced ROS levels in the presence of light when
compared with a similar treatment in the dark (Fig. 4B and C).
In addition, ROS enhancement was not observed when cells
without 4e were irradiated, suggesting that 365 nm UV light
alone does not enhance the ROS level in cells. This study
suggests that 4e is cell permeable and elevates the ROS level
only after irradiation with light.

Elevated levels of ROS can damage essential biomolecules,
leading to oxidative stress, which in turn can result in cell death.
In order to test the hypothesis, cell viability assay was conducted
using A549 and DLD-1 cell lines. Under the assay conditions,
in the presence of 4e, no significant inhibition of growth was
observed in the dark even at 50 uM (Fig. S7 and S9 in the ESIY).
When this experiment was conducted with cells that were irra-
diated (30 mW cm ™ intense 365 nm light, 5 min), nearly complete
inhibition of growth of these cells was observed at 10 pM (Fig. 4D
and Fig. S8 in the ESIY). The inhibitory concentration 50% (ICs) of
4e in the presence of light was found to be 5.8 uM (Fig. 4E).
Similarly, in DLD-1 cells, no significant inhibition was observed in
the dark, while potent inhibitory effects were observed during
irradiation (ICs, = 5.3 uM) (Fig. S8 and S9 in the ESIY).
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Recently, the ROS generation capability of 1 was compared
with those of various other probes. A major drawback of several
ROS generators is their inherent reactivity with thiols. For
example, menadione and Juglone react with glutathione
(Fig. S10 in the ESIt). However, with 1 and the oxidized form
of 1, i.e. 2, we found no evidence for reaction with glutathione
even after incubation for several hours (Fig. S10 in the ESIT).
The reason for negligible reactivity with glutathione might be
the absence of an o,B-unsaturated site in 1, whereas this site
could be sterically inaccessible in 2. Hence, this ROS generator
has advantages over other ROS generators such as menadione
since it allows us to study the effects of ROS without complica-
tions associated with covalent modification. Furthermore, the
improved aqueous solubility of 4e presents opportunities for
the wide applicability of this compound as a ROS generator.

Taken together, our results suggest the use of this compound
for photolabile “turn on” ROS generation and overexpression
of biotin receptors in cancer cells may provide an opportunity
to selectively target tumour cells.**™° As a cancer therapeutic,
singlet oxygen has been used;** however, examples of the use of
other biological ROS are fewer.”> The ability to conjugate this
ROS generator with directing groups enhances the versatility of
this tool.

This work was supported by the Department of Biotechnology,
India (Grant number: BT/PR17514/BRB/10/1615/2017), and the
Council for Scientific and Industrial Research (Fellowship award
number: 09/936(0110)/2014-EMR-I). The authors thank Ms Preeti
Chauhan, IISER Pune, for help with setting up cellular assays and
Mr Rafeeque Mavoor, Science media Centre, IISER Pune, for
support with the table of content image.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 M. Schieber and N. S. Chandel, Curr. Biol., 2014, 24, R453-R462.

2 S. B. Nimse and D. Pal, RSC Adv., 2015, 5, 27986-28006.

3 J.-M. L, P. H. Lin, Q. Yao and C. Chen, J. Cell. Mol. Med., 2010, 14,
840-860.

4 B. Uttara, A. Singh, P. Zamboni and R. Mahajan, Curr. Neuropharmacol.,
2009, 7, 65-74.

5 Z. Liu, T. Zhou, A. C. Ziegler, P. Dimitrion and L. Zuo, Oxid. Med.
Cell. Longev., 2017, 1-11.

6 G. H. Kim, J. E. Kim, S. J. Rhie and S. Yoon, Exp. Neurobiol., 2015,
24, 325.

7 Y. Yang, A. V. Bazhin, J. Werner and S. Karakhanova, Int. Rev.
Immunol., 2013, 32, 249-270.

8 J. Wang and J. Yi, Cancer Biol. Ther., 2008, 7, 1875-1884.

9 J.P. Fruehauf and F. L. Meyskens, Clin. Cancer Res., 2007, 13, 789-794.

10 S. Suzuki, M. Higuchi, R. J. Proske, N. Oridate, W. K. Hong and
R. Lotan, Oncogene, 1999, 18, 6380-6387.

11 D.]. Adams, Z. V. Boskovic, J. R. Theriault, A. J. Wang, A. M. Stern,
B. K. Wagner, A. F. Shamji and S. L. Schreiber, ACS Chem. Biol.,
2013, 8, 923-929.

12 A. T. Dharmaraja, J. Med. Chem., 2017, 60, 3221-3240.

13 J.-L. Roh, E. H. Kim, J. Y. Park, J. W. Kim, M. Kwon and B.-H. Lee,
Oncotarget, 2014, 5, 9227-9238.

14 K. Karki, E. Hedrick, R. Kasiappan, U.-H. Jin and S. Safe, Cancer Prev.
Res., 2017, 10, 467-477.

Chem. Commun.

View Article Online

ChemComm

15 H. Dhillon, S. Chikara and K. M. Reindl, Toxicol. Rep., 2014, 1,
309-318.

16 X. Xu, X. Fang, J. Wang and H. Zhu, Bioorg. Med. Chem. Lett., 2017,
27, 1325-1328.

17 W.-J. Yan, Q. Wang, C.-H. Yuan, F. Wang, Y. Ji, F. Dai, X.-L. Jin and
B. Zhou, Free Radical Biol. Med., 2016, 97, 109-123.

18 L.-H. Gong, X.-X. Chen, H. Wang, Q.-W. Jiang, S.-S. Pan, J.-G. Qiu,
X.-L. Mei, Y.-Q. Xue, W.-M. Qin, F.-Y. Zheng, Z. Shi and X.-J. Yan,
Oxid. Med. Cell. Longev., 2014, 906804.

19 M. Hayyan, M. A. Hashim and I. M. AlNashef, Chem. Rev., 2016, 116,
3029-3085.

20 D. N. Criddle, S. Gillies, H. K. Baumgartner-Wilson, M. Jaffar, E. C.
Chinje, S. Passmore, M. Chvanov, S. Barrow, O. V. Gerasimenko,
A. V. Tepikin, R. Sutton and O. H. Petersen, J. Biol. Chem., 2006, 281,
40485-40492.

21 D. M. Frank, P. K. Arora, ]J. L. Blumer and L. M. Sayre, Biochem.
Biophys. Res. Commun., 1987, 147, 1095-1104.

22 V. S. Khodade, M. Sharath Chandra, A. Banerjee, S. Lahiri,
M. Pulipeta, R. Rangarajan and H. Chakrapani, ACS Med. Chem.
Lett., 2014, 5, 777-781.

23 M. A. Silvers, S. Deja, N. Singh, R. A. Egnatchik, J. Sudderth, X. Luo,
M. S. Beg, S. C. Burgess, R. J. DeBerardinis, D. A. Boothman and
M. E. Merritt, J. Biol. Chem., 2017, 292, 18203-18216.

24 E. L. Robb, J. M. Gawel, D. Aksentijevic, H. M. Cochemé, T. S.
Stewart, M. M. Shchepinova, H. Qiang, T. A. Prime, T. P. Bright,
A. M. James, M. ]J. Shattock, H. M. Senn, R. C. Hartley and
M. P. Murphy, Free Radical Biol. Med., 2015, 89, 883-894.

25 P. Klan, T. Solomek, C. G. Bochet, A. Blanc, R. Givens, M. Rubina,
V. Popik, A. Kostikov and J. Wirz, Chem. Rev., 2013, 113, 119-191.

26 S. Chalmers, S. T. Caldwell, C. Quin, T. A. Prime, A. M. James,
A. G. Cairns, M. P. Murphy, J. G. McCarron and R. C. Hartley, J. Am.
Chem. Soc., 2012, 134, 758-761.

27 M. ]J. Hansen, W. A. Velema, M. M. Lerch, W. Szymanski and
B. L. Feringa, Chem. Soc. Rev., 2015, 44, 3358.

28 Y. V. Illichev, M. A. Schwo and J. Wirz, J. Am. Chem. Soc., 2004, 126,
4581-4595.

29 A. K. Sharma, M. Nair, P. Chauhan, K. Gupta, D. K. Saini and
H. Chakrapani, Org. Lett., 2017, 19, 4822-4825.

30 E. W. Miller, N. Taulet, C. S. Onak, E. J. New, ]J. K. Lanselle,
G. S. Smelick and C. ]J. Chang, J. Am. Chem. Soc., 2010, 132,
17071-17073.

31 Y. Li, Y. Shu, M. Liang, X. Xie, X. Jiao, X. Wang and B. Tang, Angew.
Chem., Int. Ed., 2018, 57, 12415-12419.

32 Y. Iwamoto, M. Kodera and Y. Hitomi, Chem. Commun., 2015, 51,
9539-9542.

33 X. Xie, J. Fan, M. Liang, Y. Li, X. Jiao, X. Wang and B. Tang, Chem.
Commun., 2017, 53, 11941-11944.

34 A. T. Dharmaraja, M. Alvala, D. Sriram, P. Yogeeswari and
H. Chakrapani, Chem. Commun., 2012, 48, 10325-10327.

35 A. T. Dharmaraja and H. Chakrapani, Org. Lett., 2014, 16, 398-401.

36 D. S. Kelkar, G. Ravikumar, N. Mehendale, S. Singh, A. Joshi,
A. K. Sharma, A. Mhetre, A. Rajendran, H. Chakrapani and
S. S. Kamat, Nat. Chem. Biol., 2019, 15, 169-178.

37 A. Patchornik, B. Amit and R. B. Woodward, J. Am. Chem. Soc., 1970,
92, 6333-6335.

38 S. Luo, V. S. Kansara, X. Zhu, N. K. Mandava, D. Pal and A. K. Mitra,
Mol. Pharmaceutics, 2006, 3, 329-339.

39 W. X. Ren, J. Han, S. Uhm, Y. J. Jang, C. Kang, J.-H. Kim and
J. S. Kim, Chem. Commun., 2015, 51, 10403-10418.

40 T.Kim, H. M. Jeon, H. T. Le, T. W. Kim, C. Kang and J. S. Kim, Chem.
Commun., 2014, 50, 7690.

41 H. Zhao, ]J. Joseph, H. M. Fales, E. A. Sokoloski, R. L. Levine,
J. Vasquez-Vivar and B. Kalyanaraman, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 5727-5732.

42 E. W. Miller, A. E. Albers, A. Pralle, E. Y. Isacoff and C. J. Chang,
J. Am. Chem. Soc., 2005, 127, 16652-16659.

43 V. S. Khodade, A. Kulkarni, A. Sen Gupta, K. Sengupta and
H. Chakrapani, Org. Lett., 2016, 18, 1274-1277.

44 P. Agostinis, K. Berg, K. A. Cengel, T. H. Foster, A. W. Girotti,
S. O. Gollnick, S. M. Hahn, M. R. Hamblin, A. Juzeniene, D. Kessel,
M. Korbelik, J. Moan, P. Mroz, D. Nowis, J. Piette, B. C. Wilson and
J. Golab, Ca-Cancer J. Clin., 2011, 61, 250-281.

45 A. N. Onyango, Oxid. Med. Cell. Longevity, 2016, 2398573.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cc01747j

Downloaded via lISER PUNE on April 30, 2019 at 09:16:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

LIE[TTERS

pubs.acs.org/OrglLett

Visible-Light-Triggered Uncaging of Carbonyl Sulfide for Hydrogen

Sulfide (H,S) Release

Ajay Kumar Sharma,’ MrutTyunjay Nair,” Preeti Chauhan,’ Kavya Gupta,i Deepak K Saini,*

and Harinath Chakrapani®

TDepartment of Chemistry, Indian Institute of Science Education and Research Pune, Dr. Homi Bhabha Road, Pashan, Pune 411 008,

Mabharashtra, India

J:Department of Molecular Reproduction, Development and Genetics, Indian Institute of Science, Bangalore, Karnataka, India

© Supporting Information

ABSTRACT: Generation of hydrogen sulfide (H,S) is challenging and

few methods are capable of localized delivery of this gas. Here, a boron

dipyrromethene-based carbamothioate (BDP-H,S) that is uncaged by

visible light of 470 nm to generate carbonyl sulfide (COS), which is rapidly hy i

hydrolyzed to H,S in the presence of carbonic anhydrase, a widely ':Hm - e 2

prevalent enzyme, is reported. Anhydrase

.Ar
( : aseous species derived from carbon, nitrogen, and sulfur #) Seloctsd examples of UV light activated H,S donars
are emerging as major mediators of cellular processes. | all

Some have been termed as “gasotransmitters”, which are small _ G (RN HyS é 302“5 COMH|
gaseous molecules that can act as signal transmitting agents NO; S__S NO;  365nm 300-350 nm  Ar Ar

within cells as well as across cells. For example, hydrogen
sulfide (H,S) is known to mediate a number of physiological
processes.” Due to its highly diffusible nature and multiple
targets within cells, cell signaling by H,S is often complex and
can depend on local concentrations of this species.”” This
underscores the need for spatiotemporally controlled gener-
ation of this gas under ambient conditions. A number of donors
of H,S with varying degrees of control over release of H,S are
known.”® Among these, light-triéggered donors have distinct
advantages for localized delivery.®™" On account of the ability
to direct the light source, generation of H,S in a spatially
controlled manner is possible. Although small molecule-based
light-triggered H,S generation methodologies are known, they
all are based on ultraviolet light. For example, Xian and co-
workers have reported a 2-nitrobenzyl-based donor that when
exposed to 365 nm light produces a geminal dithiol, which
undergoes hydrolysis to generate H,S (Figure la). Nakagawa
and co-workers have reported two scaffolds based on thioethers
that are triggered by UV light to produce H,S (Figure 1a).”*
More recently, Connal and co-workers have reported photo-
generated thiobenzaldehydes as H,S donors.” While these
methods offer excellent spatiotemporal control, the photo-
toxicity associated with UV light is a major limitation.'” Thus, a
method for photouncaging of a H,S source under ambient
visible light conditions is yet unavailable.

Recently, 4-arylalkoxy-boron dipyrromethene (4-OAr-BOD-
IPY)"" has been used to deliver histamine, an important
mediator of inflammation and allergy."> Our group and
others'*™"” have shown that carbonyl sulfide (COS)'® is an
excellent donor of H,S. The gas COS is known to undergo

-4 ACS Publications  © 2017 American Chemical Society
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Figure 1. (a) Selected UV-light-activated methodologies for H,S
generation R' = various alkyl groups; Ar = PhACOPh; R* = aryl group.
(b) Design of a visible light-triggered COS/H,S donor. Visible-light-
mediated cleavage of the B—O bond produces an intermediate I that
undergoes self-immolation to generate COS that undergoes hydrolysis
in the presence of CA to generate H,S.

rapid hydrolysis in the presence of the widely occurring enzyme
carbonic anhydrase (CA)," to produce H,S. Pluth and co-
workers have recently reported a UV light activated COS/H,S
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Scheme 1. Synthesis of H,S Donor 1

7 o Q|
N o 2 HN)=o N3\/“{o/\}’OH 8
P ozN_@—o g 2 o
S = o § 2
3 N NN 4; Ar = 4-OMe-Ph N\ Sodium ascorbate e = S
AICly, CHzCly FCid EtyN, THF CuS04.5H,0 AE Ao
reflux, 40 min Fo 0°C—=rt,3h PhCOOH A 2
CH,Cl/MeOH/H,0
& o it, 15 min ” SO
2 )}\S AHH}LS AHNJ\S il
- o 5; Ar = 4-OMe-Ph 1:'Ar = 4-OMe-Ph
75% (2 steps) 21%
donor (Figure 1a).” Again, the potential for phototoxicity due A B
to prolonged UV exposure may be a limitation of this method. o ..
Therefore, masking COS in the form of a carbamothioate with 2 L - ® 8
attachment of this functional group to a BODIPY-based J\ © | \o o 1
photolabile group was considered (Figure 1b). Upon exposure £051 & o 7
to visible light, this compound is expected to undergo cleavage t=0 k g | o .
to produce COS/H,S. 006 =
Compound 2 (Scheme 1) was first synthesized using a B 18 _1 ! _19 = ¢ 0
reported methodology (see Supporting Information (SI)).”! Retime; i t, min
Next, 4-S-(hydroxybenzyl) ethanethioate 3 was prepared, and C D oM
reaction of 3 with 2 in the presence of a Lewis acid AICI; gave a ) 2 .‘ - N
thioacetate (crude) as an intermediate, which was subsequently = ® _ L
hydrolyzed to the corresponding thiol (not isolated). Reaction X 1{ @
of the crude thiol with the 4-nitrophenylcarbamate 4 gave § in 3 & e 85N o
75% yield over two steps. Due to the increased hydrophobicity Cgl_ " i oH
associated with BODIPY derivatives, incorporation of a short 0 40 80 120 7 R=Ms
oligo-ethylene glycol functional group that should increase t, min S RrATREEM

aqueous solubility was considered. Using a copper-mediated
click reaction, the desired compound, BDP-H,S 1, was
prepared in 21% yield.

Using a reported method, BDP-H,S was incubated in MeOH
and exposed to 470 nm light for 20 min. HPLC analysis
(detection wavelength, S00 nm) revealed nearly complete
decomposition of 1 (Figure 2a; also see Figure S1, SI). Urano
and co-workers have reported that uncaging of the 4-aryloxy-
BODIPY derivative'” is accomplished by a photoinduced
electron transfer (PeT)***® process that results in the
formation of a charge-separated intermediate, involving a
cation radical of the aryloxy group and the anion radical of
BODIPY. This results in the cleavage of the B—O bond by
solvolysis, and the expected product in methanol is the B—
OMe derivative. The time course of decomposition of 1 was
studied, and a first-order rate constant of 0.16 min~' was
obtained (Figure 2b). During photolysis of 1, HPLC analysis
revealed the formation of a new product (Figure 2a), which was
characterized by mass spectrometry as the methoxy-derivative 7
(Figure 2d, Figure SS, SI). The time course for formation of 7
gave a first order rate constant of 0.20 min~' (Figure 2b).
Together, these data suggest cleavage of 1 is accompanied by
rapid solvolysis to produce 7.

When photolysis of 1 was monitored by HPLC attached with
a fluorescence detector, a distinct peak attributable to 7 was
formed (see SI, Figure S2). Thus, photocleavage of 1, a weakly
fluorescent compound, in methanol produces 7, which is highly
fluorescent (excitation 470 nm, emission 540 nm).

This enhancement in fluorescence is attributable to the
differences in the quenching ability of the O-aryl group in 1

4823

Figure 2. (a) HPLC traces for 1 before and after irradiation with 470
nm light (30 mW/cm?) for 20 min in MeOH showed nearly complete
disappearance of 1 with concomitant formation of an intermediate at
retention time of 13.2 min, which was later identified by mass
spectrometry analysis as BDP-OMe (7). (b) Time course of
disappearance of 1 and formation of intermediate 7 during the same
time period was determined by HPLC analysis. Curve fitting yielded
first-order rate constants for disappearance of 1 as 0.16 min~' and
formation of 7 as 0.20 min~". (c) Time course of disappearance of
intermediate I was followed by HPLC analysis. The rate constant for
decomposition was found as 0.02 min™, (d) Proposed structure of the
intermediate 7 produced during photolysis of 1 in methanol and the
negative control 8.

when compared with the OMe group in 7. In a separate
experiment, the fluorescence enhancement was monitored by a
microwell plate reader and the fluorescence enhancement after
irradiation was >20-fold (Figure 3a). In order to test whether
this fluorescence enhancement also occurred within cells,
human cervical cancer HeLa cells were incubated with 1 for 2
min followed by imaging using a fluorescence microscope. A
small fluorescence signal at S40 nm (excitation 470 nm) was
seen under these conditions (Figure 3b, dark). However, when
HeLa cells pretreated with 1 were irradiated with a 470 nm
light source for 2 min, and subsequent fluorescence enhance-
ment was studied by microscopy, a significant enhancement in
fluorescence signal was recorded (Figure 3b and 3c, light versus
dark).

A cell viability assay was next conducted to assess the
cytotoxicity during photocleavage of 1. HeLa cells were
independently incubated with 1 at various concentrations,
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Figure 3. (a) Enhancement in fluorescence (excitation 470 nm,
emission 540 nm) when 1 (50 M) was irradiated with 470 nm light;
(b) HeLa cells pretreated with 1 (10 uM) were irradiated for 2 min by
470 nm light and imaging showed increased fluorescence signal (YFP
channel); Scale bar = 50 um (c) Fluorescence enhancement data for
the cellular experiment. **p-value = 0.002.

and these cells were exposed to 470 nm light for S min. We
found no evidence for inhibition of proliferation of HeLa cells
by 1 during photocleavage suggesting that this compound was
not cytotoxic (Figure 4). The compound itself was not toxic in
the dark (Figure S9a), and the absorbance at 570 nm from this
compound was not significant (Figure Sb).
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Figure 4. Effect of 1 on cell viability was determined by two
independent assays: (a) HeLa cells with increasing doses of 1 followed
by irradiation with 470 nm light for S min (24 h incubation, MTT
assay). (b) AS49 cells with increasing doses of 1 followed by
irradiation with 470 nm light for S min (24 h incubation, crystal violet
assay). The differences in viability are not significant (ns) as
determined by Student’s t-test.

A crystal violet assay was independently conducted using the
AS549 human lung cancer cell line to validate our results: the
compound was not significantly cytotoxic (Figure 4b).
Together, these results indicate that 1 is nontoxic, is cell
permeable, and can be cleaved by a visible light source within
cells to generate a fluorescence signal.

Cleavage of the B—O bond results in the formation of a
phenolate-intermediate I, which has been previously reported
to generate COS (Scheme 2)."* The time course of
decomposition of I was monitored in pH 7.4 buffer (see
Figure S3, SI), and this intermediate disappeared within 2 h
(Figure 2c). The rate constant for decomposition was found to
be 0.02 min~". In the presence of carbonic anhydrase (CA),
COS is known to generate H,S (Scheme 2). In order to test
this hypothesis, 1 was irradiated using visible light at 470 nm in
methanol and the resulting mixture was incubated in pH 7.4
buffer in the presence of CA. The formation of H,S was
monitored by a methylene blue assay. If H,S were produced, a
characteristic UV—visible absorption spectrum with absorption
maxima at 676 nm would be expected.

When this experiment was conducted, as predicted, an
increase in absorption at 676 nm confirming the ability of 1 to
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Scheme 2. Proposed Mechanism for H,S Generation during
Photocleavage of BDP-H,S 1 in Methanol Followed by
Incubation in pH 7.4 Buffer”

7

Intermediate
I

k3 = 0.03 min”

“For further details, see Scheme S2, SI.

produce H,S was observed (Figure Sa). In the absence of CA or
when incubated in the dark, 1 was incapable of generating H,S
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Figure S. (a) A methylene blue formation assay was used to determine
H,S release from 1 when irradiated with 470 nm light for 25 min
followed by exposure to carbonic anhydrase in pH 7.4 buffer. Inset,
time course of increase in absorbance at 676 nm during 2 h. Curve
fitting to a pseudo-first-order release gave a rate constant of 0.03 min™"
(see SI). (b) H,S generation during incubation of 1 after irradiation
with visible light followed by exposure to CA in pH 7.4 buffer was
assessed by a H,S-sensitive electrode. Dark: A similar experiment was
conducted in the absence of light.

in 2 h (Figure S6, SI). The time course of H,S release showed a
gradual increase over 2 h (Figure Sa, inset). The rate constant
for H,S release was found to be 0.03 min™', which is
comparable with the disappearance of intermediate I (Figure
2¢). The yield of H,S was found to be in the range 30%—40%;
this efficiency is comparable with the previously reported
photouncaging of histamine that produced a similar yield of the
amine.

Next, a H,S-sensitive electrode was used to independently
verify the generation of H,S from 1. Here, the irradiated sample
of 1 in methanol was incubated in pH 7.4 buffer in the presence
of CA and H,S generation was monitored by the electrode. As
expected, a distinct signal attributable to H,S was recorded
(Figure Sb). No detectable signal was observed when the donor
was incubated under similar conditions in the absence of light.
BDP-H,S 1 was found to be stable in pH 7.4 buffer during 2.5 h
incubation in the dark as determined by HPLC analysis (see SI,
Figure S4). Together, these data confirm the ability of 1 to
generate H,S only when exposed to visible light of 470 nm.

Compound 8 was next synthesized (see Figure 2d, Scheme
S1, SI) and was similarly irradiated with 470 nm light in
methanol. The resultant reaction mixture was incubated in pH
7.4 bufter and was analyzed for H,S production by a methylene
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blue assay. As expected, no evidence for the formation of H,S
under these conditions was found (see SI, Figure S7).

Much like the other biological gases nitric oxide (NO),**~*°
carbon monoxide (CO),”" and sulfur dioxide (SO,),”* >’ both
chemical and biological tools to generate and detect H,S are
necessary. The ability to effectively localize H,S presents
numerous opportunities to study the biology of this gas as well
as progress toward site-directed delivery of H,S for therapeutic
purposes.”®~*' Again, BDP-H,S that we report herein has
distinct advantages over the existing class of UV-activated H,S
donors. Although blue light can cause moderate oxidative stress
in cells,"” the short irradiation times and low intensity of light
required for H,S release do not compromise cell viability
(Figure 4). The formation of a quinone-methide intermediate
may be a limitation for therapeutic use of this compound.
However, to our knowledge, this is the first example of a visible
light activated H,S donor, and it is anticipated that this tool will
lay the platform for delivery of this gas under ambient
conditions.
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