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General remarks 

 

 1
H NMR spectra were recorded on JEOL ECX 400 MHz spectrometer using 

tetramethylsilane (TMS) as an internal standard. Chemical shifts are expressed in 

ppm units downfield to TMS. 

 13
C NMR spectra were recorded on JEOL ECX 100 MHz spectrometer. 

 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 NICOLET 6700 FT-IR spectrophotometer as 

KBr disc or Bruker Alpha-FT-IR spectrometer and reported in cm
-1

. 

 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 freshly 

dried solvents under anhydrous conditions and yields refer to chromatographically 

homogenous materials unless otherwise stated. 

 All evaporators were carried out under reduced pressure on Büchi 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. 

 Semi-preparative HPLC purification was performed using high performance 

liquid chromatography (HPLC), Dionex ICS-3000 model. 

 HPLC analysis data was obtained using Agilent Technologies 1260 Infinity, C18 

(5 μm, 4.6 × 250 mm). 

 NO was detected using Sievers Nitric Oxide Analyzer (NOA 280i). 

 Spectrophotometric and fluorimetric measurements were performed using Thermo 

Scientific Varioscan microwell plate reader. 

 Cyclic voltammetry (CV) analysis was performed using a Basi Epsilon-EC-Ver 

2.00.71-USB Bioanalytical systems. 

 Scheme, Figure and Compound numbers in abstract and individual chapters are 

different.  
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ABSTRACT 

Nitric oxide (NO) is an endogenously produced important biomolecule that is 

involved in various physiological processes that range from vasodialation to 

immunoregulation. NO alongwith other reactive nitrogen species react with 

majority of biomolecules (DNA, proteins and lipids) that leads to nitrosative and 

oxidative stress in cells. The induction of nitrosative and oxidative stress is an 

important component of immunogenic role of NO. Though, the immunogenic role 

of NO in containing pathogens and in controlling growth of cancer cells have 

been studied for long time but yet not fully characterized. In order to precisely 

study the role of NO inside cells, reliable sources of NO that can selectively 

enhance intracellular NO levels are required. Although numerous methodologies 

for NO delivery have been reported, they are associated with certain limitations 

such as lack of specificity and tunability, poor cell permeability and lack of a 

reporter for intracellular NO release. The work in this thesis describes different 

approaches for reliably enhancing NO inside cells in a site specific manner and 

also monitoring intracellular NO with reporter based NO donor. 

For selective delivery of NO inside cells, firstly the bioreductive environment 

existing in cancer cells was exploited and enzyme activated NO donors which are 

substrates for bioreductive enzymes were synthesized. DT-Diaphorase (DT-D) is 

a bioreductive enzyme known to be over-expressed in certain solid tumors. Using 

indolequinone scaffold, INDQ/NO was designed and synthesized as a possible 

substrate for DT-D. INDQ/NO was found to be activated by DT-D to generate 

NO. Cellular assays revealed the capability of this compound to permeate cells to 

generate NO and damage DNA. Secondly, nitroreductase (NTR), a bacterial 

enzyme was chosen as a possible enzyme to activate NO donors. NTR has been 

extensively used in designing prodrugs for the directed enzyme prodrug therapies 

and is thus of therapeutic interest. 4-Nitrobenzyl based NO donors, possible 

substrates for NTR were synthesized and studied. These compounds were found 

to produce NO in the presence of NTR. The suitability of this compound to 

enhance NO within bacteria including mycobacteria was demonstrated. Current 

techniques to monitor NO inside cells depend solely on secondary assays. To 
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eliminate the need for secondary assays for detecting NO, we have developed a 

NTR-activated NO donor with a fluorescence reporter for NO. Lastly, for 

studying the possibilities of tunability of release, a new indole-based scaffold was 

designed, synthesized and release rates were studied. Using palladium as a 

chemical trigger that rapidly deprotects allyloxy carbonyl (alloc) group on indole 

scaffold, we found that the release rate could be modulated by simple structural 

modifications. 

In summary, the results address important problems associated with site-specific 

delivery of NO but may find use for directed and tunable drug delivery as well. 

Also, these approaches may be used as tools to study mechanisms of NO in 

cellular stress responses. 
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Chapter 1: Introduction 

1.1. Nitric oxide: History 

Nitric oxide (NO), a diatomic gaseous molecule is the simplest stable nitrogen oxide with 

bond order of 2.5. With odd number of electrons, its reactivity is high. Discovered by 

Joseph Priestley in 1772, it was considered to be an air pollutant and a toxic gas for 

almost two centuries. In late 1970’s it was discovered that NO was intrinsically involved 

in contraction and relaxation of blood vessels thus establishing it as the first gaseous 

signalling molecule.
1
 This remarkable discovery was honoured with the Nobel Prize in 

field of Medicine and Physiology to Ferid Murad, Loius J. Ignarro and Robert F. 

Furchgott for discovering NO as major signalling molecule in the cardiovascular system.
2
 

Subsequently, extensive research started in order to explore the role of NO in 

physiological processes other than cardiovascular system. NO was found to play critical 

role in many of the physiological processes including nervous and immune system.  

1.2. Biosynthesis of NO 

NO is produced in nearly all the living cells and mediates numerous physiological 

processes. It is endogenously synthesized by two pathways: nitric oxide synthase (NOS)-

dependent and NOS-independent pathway.
3
 The major enzymatic pathway for NO 

production is during turnover of L-arginine to L-citrulline by NOS (Scheme 1.1).
4
 

 

 Scheme1.1. Biosynthesis of NO catalysed by NOS. 

In mammalian cells, three different isoforms of NOS are present: endothelial NOS 

(eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS).
5
 The eNOS and nNOS are 

constitutively expressed in the endothelial cells and in the neuronal and peripheral cells, 
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respectively and release NO in nanomolar range. However, iNOS is expressed upon 

stimulation of immune cells and play important role in the immunity response. The NOS 

enzyme is a homodimer. Each monomer has two domains: a C-terminal reductase domain 

having binding sites for the cofactors: reduced nicotinamide-adenine-dinucleotide 

phosphate (NADPH), flavin-adenine-dinucleotide (FAD) and flavin-mononucleotide 

(FMN) and a N-terminal oxidase domain having binding site for the cofactors haem, 

biopterin (BH4) and substrate L-arginine (Figure 1.1).
6
 In a monomer, the flow of an 

electron starts from NADPH to FAD to FMN. The oxidase domain of unbound monomer 

is unable to bind to BH4 and L-arginine and thus cannot generate NO alone. In the 

presence of haem, the two monomers dimerize and binding of sufficient amount of BH4 

and L-arginine leads to reduction of O2 and generation of NO and L-citrulline as the by-

product. For efficient flow of electrons between the inter-reductase domains of the dimer, 

binding of calmodulin (CaM) is necessary. One complete cycle of conversion of 1 mole 

of L-arginine to 1 mole of NO consumes 1.5 moles of NADPH and 2 moles of oxygen 

and generates one mole of L-citrulline. 

 

 Figure 1.1. Structure of NOS and mechanism of NO release. 

Alternatively, NO can also be produced from the nitrate-nitrite-nitric oxide pathway, 

independent of NOS. Nitrate (NO3
  
) being the ultimate oxidation product of NO is 

obtained either from the complete oxidation of NO or from dietary sources that are rich in 

nitrates. The major portion of nitrates is reduced to nitrites (NO2
  
) by the oral commensal 

bacteria and to minor extent by xanthine oxidoreductase and other enzymes in the tissue. 
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The nitrite is further reduced to NO by various enzymatic and non-enzymatic routes that 

are enhanced in hypoxic and acidic environment (Scheme 1.2).
7
 

 

 Scheme 1.2. Biosynthetic pathways of NO. 

1.3. Biological effects of NO 

NO is involved in numerous physiological functions that involve neurotransmission, 

regulation of blood pressure, respiration, cardiac functioning, platelet aggregation, 

regulating multiple functions in reproductive systems, signal transduction, antimicrobial 

defence, altering cellular redox status and anti-proliferative activity (Figure 1.2).
8
 As NO 

is a multifaceted bio-effector molecule, it has become one of the most extensively studied 

molecules. 

 

 Figure 1.2. Physiological functions of NO. 

NO can exhibit both cytotoxic and cytoprotective roles, largely influenced by the type of 

cell that is exposed, duration of exposure, its intracellular concentration and source of 

generation. When NO is produced in low concentration, it rapidly diffuses and reacts 

with biomolecules and predominantly have cell regulatory effects. In nanomolar (nM) 
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range, NO stimulates angiogenesis by inducing vascular endothelial growth factor 

(VEGF), fibroblast growth factor (FGF) and platelet derived growth factors (PDGF) that 

lead to tumor progression.
8h

 Furthermore, it also plays important roles in 

neurotransmission, participation in vascular tone and inhibition of platelet aggregation. 

The fundamental mode of action for regulatory role exhibited by NO is by activation of 

soluble enzyme guanylate cyclase (sGC). NO, being a primary messenger, binds to the 

haem prosthetic group of sGC that brings about conformational change in the enzyme 

and enhances the conversion of GTP to 3′,5′-cyclic guanosine monophosphate (cGMP) 

about 100-200 times.
9
 cGMP is a secondary messenger and increase in cGMP activates 

cGMP-based protein kinases, phosphodiesterases and cyclic nucleotide gated ion 

channels (Figure 1.3).
10

 The various physiological processes controlled by cGMP 

activation include calcium homeostasis, platelet activation and adhesion, smooth muscle 

contraction, cardiac function, gene expression, feedback of the NO-signalling pathway 

and many other processes. Free NO is also known to react with proteins containing 

transition metals to form stable nitrosyls and then alter the protein activity. The 

nitrosylation modulates the protein behaviour which can either lead to inhibition of 

enzymes like cytochrome P450 or activation as in case of sGC. 

 

 Figure 1.3. Activation of soluble guanylate cyclase by NO to trigger cascade of reactions 

via cGMP formation. 

However, NO in micromolar (µM) concentration plays immunogenic and cytotoxic role. 

NO generated in the aerobic condition, reacts easily with oxygen and other oxygen 

species present within cells. The reaction of NO with molecular oxygen (O2) forms 

nitrogen dioxide (NO2) that further oxidizes NO to give unstable species dinitrogen 
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trioxide (N2O3). In physiological media N2O3 forms nitrosonium ion (NO
+
) and nitrite 

(NO2
  
) (Figure 1.4.A).

11
 Thus, N2O3 can nitrosylate nucleophiles in cells like thiols, 

secondary amines, phenols and can form oxidized species like S-nitrosothiols, metal-

nitrosyl complexes, N-nitrosamines. Reactive oxygen species (ROS) are generally 

formed during mitochondrial respiration due to leakage of electrons to molecular oxygen 

from the electron transport chain.
12

 One of the ROS, superoxide (O2
●

) when produced in 

the vicinity of NO can react in a diffusion-controlled manner to form a strong oxidant 

species, peroxynitrite (ONOO

.

13
 ONOO


 is also short-lived molecule (<10 ms) that 

initiates cell damaging free radical reactions. Peroxynitrite in aqueous medium forms 

peroxynitrous acid (ONOOH) and is quickly oxidized to nitrite (NO2
●
) and hydroxyl 

(
●
) radicals. The nitrite radical can lead to oxidation of biomolecules and formation of 

nitrated compounds. 
●
OH radical been a highly reactive oxygen species damages DNA, 

proteins and lipids by oxidation (Figure 1.4.B).
14

 

The biomarker for ONOO
 

formation is the presence of oxidized and nitrated 

biomolecules, especially nitration of proteins that contain tyrosine. The formation of 

nitrosylated and nitrated species by NO and reactive nitrogen species (RNS) leads to 

nitrosative stress inside cells.
15

 On the other hand, the formation of ROS (
●
) leads to 

hydroxylation, peroxidation of lipids, DNA damage and is termed as oxidative stress.
16

 

Higher levels of RNS and ROS lead to oxidative and nitrosative stress that impairs the 

cell machinery, inhibits respiration, enhances inflammatory response and leads to 

apoptosis.
17

 Host cells generally adapt to this system in order to kill the invading 

pathogens and/or malignant cells. Therefore, the direct effects of NO are observed by NO 

diffusion and exert regulatory effects. However, the oxidation of NO to its congener RNS 

can result in indirect effects which include cytotoxic and immunogenic effects. Indirect 

effects are observed when there is high flux of NO, generally produced by iNOS for 

antimicrobial and anti-tumor effects. 
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Figure 1.4. Cytotoxic effects mediated by reactive nitrogen species (RNS). 

1.4. NO and cancer 

The relationship between NO and cancer is complex and depends on NO’s concentration, 

dosage, duration and its site of production.
18

 A common phenotype associated with 

cancers is enhanced ROS in comparison with the paired normal tissue.
19

 During episodes 

of oxidative stress, nitric oxide can react with superoxide, O2
●

, a reactive oxygen species 

(ROS), to produce peroxynitrite, which is highly toxic to cells.
13, 20

 Thus, a synergy 

between ROS and RNS often leads to enhanced cytotoxicity (Figure 1.5). Hence, 

introduction of NO might result in greater inhibition of proliferation. At elevated 

concentrations, RNS can react spontaneously with metal ions and biomacromolecules 

possibly resulting in their inactivation. Some common RNS-induced modifications are 

nitration and nitrosylation of proteins, lipids and DNA, deamination of DNA leading to 
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mutations possibly causing loss in functions and triggering induction of necrosis and/or 

apoptosis; a favourable outcome in targeting cancers.
18, 21

 NO is also known to reverse 

chemotherapy resistance in colon cancer cells.
22

 Amongst the various mechanisms 

involved in the drug resistance, the important ones are the upregulation of efflux pumps 

in resistant cells that pump out the drugs out of the cell.
23

 Due to diminished 

accumulation of cytotoxic drugs in cancer cells, desired anti-proliferative effects are not 

observed. The most common classes of efflux pumps include P-glycoprotein and multiple 

drug resistance-associated proteins (MRP) and are particularly relevant due to their broad 

spectrum of substrates. It has been found that NO inhibited the MRP-3 efflux pump by 

nitrating the tyrosine and thereby led to inversion of drug resistance.
22a, 24

 Thus, it is 

likely that NO can be used in conjunction with traditional cancer drugs that have become 

ineffective due to such modes of efflux. 

 

 Figure 1.5. Cellular effects of increased exposure to nitric oxide. 

A number of solid tumors are associated with extensive regions of low oxygen 

concentrations (hypoxia) and these cells are found to be resistant to most anticancer 

drugs.
21a, 25

 Hypoxic cells are distant from blood vessels and as a result, are not 

adequately exposed to some types of anticancer drugs. The vasculature of tumours is 

chaotic and hence blood supply is not uniform to all regions. Also, hypoxia selects for 

cells that have lost sensitivity to p53-mediated apoptosis, and genes involved in drug 

resistance are upregulated, including genes encoding P-glycoprotein which might reduce 
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sensitivity to some anticancer agents.
15

 Multidrug resistance has emerged as a major 

clinical problem and hypoxia contributes to drug resistance in solid cancers. Recent 

studies show that tumor hypoxia induces resistance to anticancer drugs by interfering 

with endogenous NO signalling and hence, introduction of low concentrations of NO 

might attenuate hypoxia-induced drug resistance in tumour cells.
24, 26

 Furthermore, NO 

can also act as a hypoxic radiosensitizer
27

 and this aspect is particularly useful as low 

oxygen concentrations in tumours result in diminished sensitivity to radiation therapy and 

poor prognosis. NO can accentuate radiation-induced DNA damage thus causing 

increased cell death. Another important adaption of hypoxic cells resulting in 

uncontrolled growth and recurrence of tumours post-surgery is the expression of the 

transcription factor hypoxia inducible factor (HIF-1).
28

 HIF-1 has been reported to 

promote angiogenesis and promote metabolic adaptation through increase in glycolytic 

enzymes.
29

 Increased expression of HIF in human cancer cells has been shown to 

increase tumour growth, angiogenesis, and metastasis, whereas genetic manipulations 

that decrease HIF expression result in decreased tumour growth, angiogenesis, and 

metastasis in animal models. This and other similar data supports inhibiting HIF-1 is an 

important strategy towards developing new drugs targeting hypoxic tumours. Under 

hypoxic conditions, nitric oxide blocks activation of HIF-1
30

 by inhibition of an 

activation step of HIF-1to a DNA-binding form. Since NO diffuses easily across the 

cell membranes, it can show its tumoristatic effects in neighbouring tumour cells as well 

through the bystander effect. Thus, selectively enhancing NO levels in tumours might 

have enormous therapeutic value.
21c, 31

 

1.5. NO as an antimicrobial agent 

NO is a key mediator for cytotoxicity against pathogens and thus is an important element 

of the innate immunity system (Figure 1.6).
8g, 32

 In response to attack by pathogens, the 

immune cells like macrophages engulf the invading pathogen by endocytosis and try to 

either kill or inhibit the proliferation of pathogen inside host. The release of compounds 

like cytokines and interferon’s after the pathogen attack induces expression of iNOS 

inside macrophages which releases NO in high concentrations. Macrophages also 

generate ROS to combat with the pathogen attack. NO and ROS inside macrophage 
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forms RNS, which causes an upsurge in nitrosative and oxidative stress within pathogens 

and induces cytotoxic effects. The main cellular targets of NO during host-pathogen 

interaction involve microbial DNA, proteins and lipids. NO can also interact with 

reactive thiols, proteins containing haem group, iron sulphur clusters, aromatic 

functionalities and other proteins as well and can inactivate or modify protein 

functioning.
33

 RNS are known to oxidatively damage DNA by deaminating nucleobases 

to form abasic sites, alterations of DNA sequence and DNA strand breaks. Due to 

formation of peroxynitrite, lipid peroxidation is initiated in the pathogen that causes lipid 

damage.
13

 Thus, the interplay of NO and ROS contributes to nitrosative and oxidative 

stress during host-pathogen interaction and potentially enhances cytotoxic effects for 

pathogen. 

The important role of NO in immune system has been demonstrated by a series of key 

experiments that indicate NO production occurs in immune response to pathogens.
34

 

Firstly, significant increase in NO production in case of infection was detected (by 

measuring end products of NO oxidation in blood and urine samples).
35

 Secondly, the 

concentration of NO in animal model was directly proportional to the ability to contain 

the infection.
36

 Thirdly, it was also found that using NOS inhibitors like N
G
-monomethyl-

L-arginine, antimicrobial activity of NO was not observed.
37

 Lastly, by using sources that 

deliver NO also showed inhibition or killing of the pathogens.
38

 

 

 Figure 1.6. A pictorial representation of NO mediated immunogenic response in a 

macrophage. 

In contrast, recent studies have shown that endogenously produced NO by bacteria have 

cytoprotective role possibly by attenuating the oxidative stress induced by class of 

antibiotics.
39

 Bacterial NOS (bNOS) generate NO inside bacteria when exposed to 
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antibiotics and immune attack from the host cell. In case of B. anthracis, endogenous NO 

chemically detoxifies acriflavine by modifying it into less toxic form. In addition to this, 

NO also protects from the oxidative stress induced upon treatment with wide spectrum of 

antibiotics.
39a

 Also in Methicillin resistant Staphylococcus aureus (MRSA), bNOS forms 

part of bacterial innate immunity and bNOS deficient MRSA mutant were less virulent 

and hyper-susceptible to ROS, human macrophages, antibiotics like vancomycin.
40

 

Further, bacteria have developed resistance to the exogenous NO by enzymatically 

detoxifying NO with help of haemoglobin, NO reductases and by repair mechanism that 

reverses the damage caused by NO.
41

 However the mechanisms of detoxification in 

bacteria remain unclear. Thus, in order to study the precise antimicrobial role of NO, 

reliably enhancing the levels of NO inside bacteria and host immune cells is required. 

1.6. NO delivery system 

In order to study the precise roles of NO in cancer and immune response during infection, 

levels of NO within cells need to be reliably enhanced. As NO is a short-lived, highly 

diffusible and reactive gas that easily gets oxidized to inactive forms, namely, nitrate and 

nitrite, therefore delivering NO within cells is a challenging job. Furthermore, NO also 

forms a fundamental component of various physiological processes.  

 

 Figure 1.7. Structural representation of various classes of NO donors. 
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Hence, directed NO delivery to desired site in order to avoid the undesired side effects is 

necessary. So, in the interest of controlled and localised generation of NO, use of NO 

donors is a convenient strategy. NO donors are organic or inorganic compounds capable 

of releasing NO upon activation. NO donors have been used for the treatment of various 

ailments including cardiovascular diseases, inflammatory disorders and cancer.
42

 

Different classes of compounds that generate NO either spontaneously or with help of 

some external triggers have been used.
43

 A brief overview of the major classes of NO 

donors is available in the following sections (Figure1.7).  

 1.6.1. Organic nitrates 

Organic nitrates (RONO2) are well known among the NO donors and are frequently used 

as vasodilators. They are nitric acid esters of alcohols (Figure 1.8). 

 

 Figure1.8. Representative examples of organic nitrates. 

 

The vasodialatory effects are exerted by the denitration of organic nitrates in the coronary 

and the systemic blood vessels to produce NO.
44

 The breakdown of nitrates can occur 

either by enzymatic or non-enzymatic routes but involvement of thiols is suggested in 

both the cases (Scheme 1.3). 

 

 Scheme 1.3. Thiol mediated activation of organic nitrates to release NO. 

1.6.2. Metal-NO complexes 

Sodium nitroprusside (SNP) is one of most common example of metal-NO complexes 

and is used for vasodilation (Figure 1.7.B). During circulation, binding of SNP to 
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oxyhaemoglobin culminates in release of cyanide, methaemoglobin and nitric oxide. 

Release of NO from SNP is slow as it requires partial reduction by number of reducing 

agents inside the body to release NO.
45

 The release of NO can be mediated by thiols or 

irradiation of light. Persistent use of SNP results in severe toxicity due to accumulation of 

toxic cyanide. 

1.6.3. S-Nitrosothiols 

S-nitrosothiols (RSNO) is another important class of NO donors (Figure 1.9), that 

decompose enzymatically, thermally, photochemically or some metal ions or by 

 

Figure 1.9. Representative examples of S-nitrosothiols. 

superoxide and seleno compounds into NO and disulphide (Scheme 1.4).
46

 SNAP is a 

potent vasodilator and low concentrations of GSNO shows protection to the myocardial 

ischemia. 

 

 

 Scheme 1.4. Release of NO from S-nitrosothiols. 

1.6.4. Sydnonimines 

Derivatives of morpholine, these heterocyclic compounds release NO facilitated by the 

presence of alkaline pH and oxygen (Figure 1.7.D). The tandem release of superoxide 

radical combines with NO to generate peroxynitrite. Thus sydnoimines are better source 

for peroxynitrite. 
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1.6.5. Furoxans 

Furoxans are yet another important class of NO donors that have shown anti-aggregatory 

and vasodialotory effects .The release of NO takes place by the attack of thiol on the 

heterocyclic ring (Scheme 1.5). 

 

 Scheme 1.5. Mechanism of thiol-mediated NO release from furoxan. 

1.6.6. Diazeniumdialotes 

Diazeniumdiolates belong to a class of NO donors that is been extensively used as a 

source to deliver NO. These organic salts are among the most reliable sources of NO that 

tend to undergo hydrolysis in aqueous solution to release upto two moles of NO in 

neutral and acidic solutions. The release of NO in aqueous media does not require any 

metabolic activation (Scheme 1.6).
47

 

 

 Scheme 1.6. Hydrolysis of a diazeniumdiolate anion in the aqueous solution to release an 

amine and two molecules of NO. 

In the presence of aqueous solution, the diazeniumdiolate salt F gets protonated with 

three possible sites for protonation: a) at the terminal oxygen to form species G; b) at the 

second oxygen to form species H; c) at the amine nitrogen to form species I (Figure 1.7). 

The formation of species G and H, equilibrate back to diazeniumdiolate F, hence do not 

release NO. However, formation of I releases free amine and dimer of NO which 

undergoes homolytic cleavage to release 2 moles of NO (Scheme 1.7).
48 
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 Scheme 1.7. Mechanism of hydrolysis of diazeniumdiolate salt in aqueous medium to 

release NO. 

Depending on the bulk of alkyl groups on the amine nitrogen in species I, the half-lives 

of diazeniumdiolates range from 2 s to 20 h (Figure 1.10).
49

 Thus, the amount of NO 

generated from diazeniumdiolates can be easily controlled in a predictive manner. 

 

 Figure 1.10. Examples of diazeniumdiolate salts with their respective t1/2. 

The strategies developed in the thesis for NO delivery focuses on the use of 

diazeniumdiolates as source of NO. 

1.7. Bioactivated diazeniumdiolates for intracellular NO release 

The diazeniumdiolate salts release NO in a non-specific manner in aqueous solution. 

Thus, diazeniumdiolates cannot be used to selectively deliver NO within tissues due to 

their non-specific activation which may result in systemic side-effects. In order to 

overcome this problem, the protected diazeniumdiolates are developed by derivatizing 

the terminal oxygen with a protecting group (Scheme 1.8). Generally, the protecting 

groups incorporated for derivatizing diazeniumdiolates are substrates for cellular 

enzymes. Thus, unlike free diazeniumdiolates, the protected diazeniumdiolates are 

modelled into a more stable form of NO-donor in physiological solutions. Further, the 



  Chapter 1 

 

15 

 

protected diazeniumdiolates are metabolized into an active NO-donor by specific 

enzymes/biological triggers present within cells and thus ensure intracellular release of 

NO. 

 

 Scheme 1.8. Mechanism of activation of protected diazeniumdiolates by specific triggers 

for delivery of NO within cells. 

JS-K, an arylated diazeniumdiolate, is an example of the thiol activated diazeniumdiolate 

which is highly toxic to cancer cells known to over-express glutathione (GSH) and 

glutathione-S-tranferase (GS-T) (Scheme 1.9).
50

 The nucleophilic attack of GSH 

catalysed by GS-T on the aryl ring displaces diazeniumdiolate and releases NO within 

cells. JS-K effectively inhibits growth of a several cancer cells including gliomas, non-

small lung cancer cells, hepatoma cells, prostate cancer cells and myeloma cells. 

 

Scheme 1.9. Mechanism for GS-T catalysed GSH activation of 2, 4-dintrophenyl protected 

diazeniumdiolate, JS-K. 

Saavedra et. al studied the nature of diazeniumdiolate as a leaving group in the arylated 

diazeniumdiolates. It was reported that the diazeniumdiolates were reasonably good 

leaving group and the rate constant for nucleophilic displacement was similar to that of a 

chloride in an aromatic nucleophilic substitution reaction.
51
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1.8. Challenges for intracellular NO delivery 

So far, the reported bioactivated diazeniumdiolates are designed as substrates for 

esterases, glycosidases, and cellular thiols to deliver NO intracellularly (Figure 1.11).
50a, 

52
 Although these methodologies have been established for selective intracellular delivery 

of NO, however, aforementioned methodologies have the following limitations: a) the 

triggers like esterase and thiols that have been used for activation are present in normal 

cells as well; b) enzymes such as glycosidase do not efficiently catalyse activation to 

release NO; c) no scope for tunability of NO release; d) no reporter for monitoring 

intracellular NO release. So, an ideal NO delivery system should: a) be easily localized 

inside the desired target cell; b) be selectively activated by a specific trigger; c) have a 

provision for tuning the NO release; d) have a mechanism to report NO release within 

cells. 

1.8.1. Selective delivery of NO to target 

Although, the aforementioned bioactivated diazeniumdiolates as NO donors are useful 

(Figure 1.11) but the triggers that activate release of NO are generally present in normal 

cells as well. Hence these strategies cannot preclude the possibility of their activation in  

 

Figure 1.11. Bioactivated diazeniumdiolates for intracellular NO release. 

normal cells also to generate NO. In order to avoid activation of NO donors at 

undesirable site, it is essential to design bioactivated diazeniumdiolates with protecting 
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groups that are highly specific for triggers which are explicitly present in the tissue of 

interest and not ubiquitous in nature (Path I, Figure 1.12).  

 

 Figure 1.12. Some approaches for localized delivery of cytotoxic species including NO 

that are in development: (I) Enzymatic activation of NO prodrugs by enzymes over-expressed in 

tumors; (II) Gene directed enzyme prodrug therapy (GDEPT) and (III) Antibody directed enzyme 

prodrug therapy (ADEPT). 

Furthermore, an alternate strategy that may be advantageous is directed enzyme prodrug 

therapy (DEPT) where an exogenous enzyme can be introduced for activating the NO 

donor (Path II and III, Figure 1.12). The levels of NO can be increased substantially 

inside desired cells and effects of NO can also be studied precisely. 

To address the challenge of site-directed delivery of NO, a bioreductive enzyme DT-

diaphorase (DT-D, EC 1.6.99.2) was selected. DT-D is a flavoprotein present in cytosol 

and is involved in the two-electron reduction of various quinones with the help of 

cofactor NADPH.
53

 Bioreductive prodrugs are designed to exploit the reductive 

environment present in solid tumours. The inactive form of a drug gets metabolised into a 

cytotoxic drug in the presence of bioreductive enzymes.
54

 Due to relatively higher levels 

of expression of DT-D in many solid tumours, mainly colon cancers, liver cancers, breast 

cancers, gastric carcinomas and lung cancers, it has gained lot of importance as a trigger 

in the field of bioreductive prodrugs.
55,56 Several indolequinone based prodrugs have been 

developed as chemotherapeutic agents based on the activation of indolequinone scaffold 
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by DT-D. Mitomycin C (MMC) and indoloquinone EO9 (Figure 1.13) are the examples 

of bioreductive prodrugs containing indolequinone that are metabolized into cytotoxic 

DNA alkylating species by DT-D.
57

 

 

 Figure 1.13. Examples of indolequinone based DT-D activated prodrugs. 

The general mechanism for activation of indolequinone based prodrug involves two 

electron reduction of the indolequinone by DT-D to the dihydroxyindole intermediate (J) 

(Scheme 1.10). The dihydroxyindole intermediate has increased electron density on the 

indole nitrogen as a result of which electron rearrangement occurs that enables dispensing 

out the drug molecule attached to the quinone scaffold. Along with the release of 

cytotoxic drug, the electronic rearrangement results in the formation of a potentially 

cytotoxic DNA alkylating indolequinone iminium species (K). Thus, using an 

indolequinone scaffold targets the cells by releasing two cytotoxic species upon 

bioreduction that are sufficiently toxic to kill cancer cells. 

 

 Scheme 1.10. Mechanism of activation of indolequinone-based prodrug by DT-D. 

Thus, in Chapter 2, we propose to develop an indolequinone-based NO donor, using the 

concept of indolequinones as delivery vehicle for cancer cells over-expressing DT-D. 

This NO donor is expected to undergo activation by DT-D and can be used as a tool to 

deliver NO within cells that express this enzyme (Figure 1.14). 
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Figure 1.14. Proposed design of DT-D activated indolequinone based NO donor. 

Next, directed enzyme prodrug therapy (DEPT) is one of the strategies for selective 

delivery of cytotoxin. In DEPT, an exogenous enzyme usually not present in host cell is 

expressed in target cell. This is followed by the administration of non-active prodrug and 

then selective activation of the prodrug in cytotoxic drug where the enzyme is expressed 

(Figure 1.15).  

 

 Figure 1.15. Directed enzyme prodrug therapies for localized delivery of toxic drug 

using two approaches: antibody-directed enzyme prodrug therapy (ADEPT) and gene-directed 

enzyme prodrug therapy (GDEPT).  

Depending on the method by which enzyme is expressed in or on the host cell, DEPT is 

classified into gene-directed enzyme prodrug therapy (GDEPT) and antibody-directed 

enzyme prodrug therapy (ADEPT).
58

 In the first case, the gene for the desired enzyme is 

loaded on a vector like virus or liposome and inserted into the host cell. The gene after 

entering the cell is decoded to produce desired enzyme intracellularly. Once the non-toxic 

prodrug reaches the transfected cell, it is activated into a toxin that kills the cells. In case 

of ADEPT, the enzyme is conjugated to the antibody that has high affinity for the 
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antigens present on the target cell. The enzyme-antibody conjugate is directed towards 

the cell with specific antigen and the enzyme is either released in the periphery of cell or 

by means of endocytosis delivered inside the cell. 

Escherichia coli nitroreductase (NTR) is an enzyme that has been used as a metabolic 

trigger for directed prodrugs including ADEPT and GDEPT and is thus of therapeutic 

interest.
58a, 58c, 58d, 59

 As NTR is not usually found in human cells, this enzyme is 

introduced either by transfection methodologies (for GDEPT) or by the use of antibody, 

highly specific for tumour-antigens, conjugated to the enzyme (for ADEPT). NTR-

activated cancer drugs and cytotoxic species including DNA alkylating agents are 

previously reported.
58a, 59b, 60

 A typical NTR-activated prodrug contains a 4-nitrobenzyl 

group which forms a substrate for NTR.
60a, 60c, 60e, 60f, 61

 Several approaches for delivering 

cytotoxic species including DNA alkylating agents have been reported.  

 

 Scheme 1.11. An example of a rationally designed NTR-activated DNA alkylating agent. 

For example, a phosphoramide mustard being masked by a 4-nitrobenzyl group was 

reported.
60f, 61a

 This compound was metabolized by NTR to produce a DNA alkylating 

agent. NTR reduces the 4-nitrobenzyl group by two or four electron reduction using 

NADPH as the cofactor. Due to reduction, the electron withdrawing nitro group is 

converted into an electron donating hydroxylamine or amine group that pushes electron 

into the phenyl ring. As a result of this electronic rearrangement, the attached DNA 

alkylating species is released and cross-links the DNA (Scheme 1.11). A phosphoramide 

leaving group has been used, which then presumably irreversibly alkylates DNA through 

the generation of a cyclopropylaminium ion. 
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Therefore, in Chapter 3.1 we propose to synthesize NTR-activated NO donor which may 

have potential for applications in the directed or targeted prodrug therapy (Scheme 1.12). 

 

 Scheme 1.12. Proposed design of NTR-activated NO donor. 

1.8.2. Investigation into modulation of release rate 

The biological effects of NO are mainly dictated by the concentration of NO present in 

the tissue. At times, lower concentration of NO is required and in some 

pathophysiological conditions burst of NO is necessary. But majority of NO delivery 

systems used are unable to modulate the release of NO upon activation. Therefore, the 

second challenge in the NO delivery system is modulation of release rate of NO from the 

delivery system. This challenge can be potentially addressed by selecting a delivery 

system that can be tuned by modifying the structure of the trigger. 

Hay et al. studied the effects of substituent on the rate of reduction and release rate of 

leaving group upon reduction of the 4-nitrobenzyl group. It was reported that the 4 or 6 

electron reduction of the 4-nitrobenzyl carbamate achieved radiolytically to release the 

attached group was improved
62

 with electron donating groups at the C-2/C-3 of phenyl 

ring that stabilized the positive charge formed on the benzylic carbon and favoured the 

fragmentation. Also by placing an electron withdrawing group decelerates the 

fragmentation. The same study reported that the leaving group influenced the rate of 

fragmentation after reduction. But there were no such reports with NTR reduction of the 

4-nitrobenzyl group. There are two important features that dictate the rate of NTR 

reduction: a) the efficiency of the enzyme to reduce the substrate; b) the fragmentation of 

the leaving group after reduction.  
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Figure 1.16. Schematic diagram for the reduction of 4-nitrobenzyl group with NTR 

followed by fragmentation to release free phosphoramide. 

To further investigate the reduction in the presence E. coli. NTR, Hu et al. synthesized a 

series of substituted 4-nitrobenzyl phosphoramides and studied the structure activity 

relationship as substrate of NTR and effect on cytotoxicity in NTR transfected cells 

(Figure 1.16).
60f

 It was found that substituting groups with different electronics affected 

the reduction by NTR and the cytotoxicity was also influenced. But the rate of reduction 

and cytotoxicity could not be correlated. So far, only the effects of substituents on the 

phenyl ring have been studied on the NTR reduction and release of leaving group. In 

order to further investigate the release profile, in Chapter 3.2, we propose the 4-

nitrobenzyl based model with substitution at the benzylic position to study the release 

rate of leaving group using NTR activation (Scheme 1.13). 

 

 Scheme 1.13. NTR-activated model to study the effects of substituents at the benzylic 

position on the release of leaving group. 

Indole scaffold has attracted significant attention as a pharmacophore as it forms the core 

for numerous naturally occurring compounds and also it is an active element for 

discovery of new drug molecules. Due to remarkable pharmacological bioactivities of 

indole containing molecules, indole has been termed as a privileged molecule.
63

 Diverse 

synthetic routes have been established for efficiently synthesizing substituted indoles.
64

 

The indole molecule provides opportunities for modification that may assist in tunable 
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release (Figure 1.17). The indole nitrogen is a site for covalently linking different types of 

triggering group which may act as an activation site. The aromatic substituents may affect 

the total electron density on the indole ring. Due to the differences in the electron density 

of substituted indoles, the release of leaving group may be modulated. Therefore, indole 

may be an appropriate model to study for release tunability. 

 

 Figure 1.17. A versatile indole scaffold capable of tethering triggers at the indole 

nitrogen and also offers synthetic handle to tune the release of leaving group (LG) by aromatic 

substitutions, X and Y. 

In order to study the tunability of leaving group release, we need to select a trigger that 

gets rapidly cleaved off from the scaffold and subsequently depending on the flow of the 

electrons, the leaving group departs. Allyloxy carbonyl (alloc) group is sensitive to 

cleavage by palladium (Pd).
65

 The catalytic cycle of Pd starts with oxidative addition of 

the allyl bond to Pd(0) to form a Pd(II) π-allyl complex (A), which undergoes 

decarboxylation to form another Pd(II) π-allyl complex (B). Subsequently, reductive 

elimination affords deallylated product and regenerated Pd (0) (Scheme 1.14). 

 

Scheme 1.14. Catalytic cycle for palladium mediated deallylation of alloc protected 

compounds. 
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Figure 1.18. Molecular strategy designed by Schmid et al. for predictable and tunable 

release of phenols using palladium activated alloc group as trigger. 

Schmid et al. developed a molecular strategy for tunable release of phenols using alloc as 

Pd activated trigger (Figure 1.18).
65a

 In the presence of Pd catalyst, removal of the alloc 

group is accompanied by the release of phenol from the spacer molecule. Using the 

reported spacers, release of any type of phenols can be tuned. However the reported 

strategy has limitations: different spacers were used for modulating the release of phenol 

with different pKa’s and modification of the benzyl based spacers synthetically would be 

cumbersome. 

So, in order to have a synthetically accessible and more flexible scaffold, in Chapter 5, 

we propose a new indole based scaffold protected with alloc group and umbelliferone as 

the leaving group to study the tunability of the scaffold (Scheme 1.15). 

 

Scheme 1.15. A new indole based scaffold for studying the tunability of the release of 

umbelliferone from the scaffold. Alloc protected indole gets rapidly deprotected in the presence 
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of Pd catalyst and due to interplay of electronic and steric effects of substituents X and Y, the 

release of umbelliferone can be modulated. 

1.8.3. Monitoring NO release inside cells 

Physiological roles of NO are normally studied by using different classes of NO donors. 

The efficacy of the NO donor depends on its efficiency to enhance NO at the desired site. 

Due to high reactivity and diffusible nature, it is challenging to measure intracellular NO 

easily and accurately. DAF assay is a routinely used secondary assay for detection of 

intracellular NO.
66

 In the assay, the cells are pre-treated with non-fluorescent DAF-2A 

dye, which gets hydrolysed upon its entry inside cells to form a non-fluorescent species 

DAF-2. DAF-2 does not react with NO directly. Intracellular NO undergoes auto-

oxidation to form NO
+
 species like N2O3 which reacts with DAF-2 and forms a 

fluorescent triazole moiety, DAF-2T.
67

 By measuring fluorescence, a qualitative 

measurement of NO released from NO donor is achieved (Figure 1.19). 

 
NO

 

Figure 1.19. Intracellular NO measurement using a fluorescence based DAF assay. 
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However, once NO is released inside the cell, it can react with different molecules that 

are present inside cell, as a result of which measurement of NO might be imprecise. Thus, 

it is essential to monitor NO release as and when it is released. The secondary assays are 

typically destructive in nature and further cellular experiments are typically not possible. 

In other words, enhancement of NO within cells as well as simultaneous detection is 

cumbersome. It is therefore necessary to develop a reporter linked NO donor which 

would report NO release immediately without the need for secondary assays for 

detection. 

Weinstein et al. reported real-time monitoring of drug release using a reporting drug 

delivery system (RDDS) where a 7-hydroxycoumarin linker was attached to the peptidase 

substrate to one end and to the drug molecule on the other end.
68

 The activation of the 

RDDS by hydrolysis of amide bond by enzyme releases phenolate that undergoes 1,8-

elimination to release the drug and turn-on fluorescent molecule 7-hydroxycoumarin as 

reporter molecule (Figure 1.20). Likewise few other reporter linked prodrugs have been 

synthesized for real-time monitoring of drug release
69

 which enables real-time monitoring 

of the drug release with the help of a reporter molecule in a non-invasive manner.  

 

Figure 1.20. Reporting drug delivery system by Weinstein et al. for real-time monitoring 

of drug release using 7-hydroxycoumarin as the reporter molecule. 

Therefore, based on the above strategy of real-time monitoring of drug release, in 

Chapter 4, we propose a reporter linked NTR-activated NO donor for bacterial system. 

The reporter linked NO donor is expected to undergo NTR reduction to release NO and 

simultaneously report the release of NO inside cells This will facilitate monitoring of 

NO-donor localisation, permeability and to study its activation mechanism in vivo 

(Scheme 1.16). 
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Scheme 1.16. Bioreductively activated NO donor with a fluorescence reporter: the turn-

off reporter molecule inside bacteria gets reduced by NTR to form electron rich intermediate that 

spontaneously rearranges the electron and releases the turn-on fluorescent coumarin reporter 

molecule, 44 and NO. 

Altogether, the results presented in this thesis address important problems associated with 

site-specific delivery of NO and may find use for directed and tuneable drug delivery as 

well. Also, these approaches may be used as tools to study mechanisms of NO in cellular 

stress responses.  
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CHAPTER 2: INDQ/NO, A DT-Diaphorase activated NO donor 

2.1. Introduction 

In this chapter, in order to deliver NO in cancer cells, a bioreductive enzyme DT-

Diaphorase (DT-D) was selected. DT-D is a two electron reductase enzyme involved in 

detoxification of quinone containing compounds. The enzyme uses the cofactors NADPH 

and FAD for bioreduction of quinones. The over-expression of DT-D in certain type of 

cancers has been exploited for activation of many quinone containing prodrugs in 

chemotherapy.
1
 As normal cells have minimal levels of DT-D expression, the prodrug 

activation in normal cells to release cytotoxic species is considerably reduced and as a 

result the extent of side effects are also reduced remarkably. Mitomycin C (MMC), being 

a prototype for bioreductively activated chemotherapeutic agent, gets activated by DT-D 

to form cytotoxic DNA cross-linking species (Scheme 2.1). 

 

 Scheme 2.1. Bioreduction of Mitomycin C by DT-D. 
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The activation of MMC begins with removal of methanol to form an indolequinone 

moiety that undergoes two electron reduction by DT-D and forms the electron rich 

dihydroxyindole capable of crosslinking nucleophilic sites of DNA.
2
 

A number of indolequinone based prodrugs have been developed as bioreductive 

prodrugs activated by DT-D.
3
 Indolequinones have been used as a delivery vehicle for 

cytotoxic species under bioreductive environment by covalently linking a cytotoxic 

species at the C-3 position.
1d, 4

 Using the concept of indolequinones as delivery vehicle 

for cancer cells over-expressing DT-D, an indolequinone-based NO donor is proposed. 

This NO donor is expected to undergo activation by DT-D and can be used as a tool to 

deliver NO within cells that express this enzyme. Diazeniumdiolate is used as a source of 

NO in the design of novel DT-D activated NO donor. Thus, the proposed mechanism for 

bioreduction of indolequinone A is as follows: in the presence of DT-D enzyme, substrate 

A undergoes two electron reduction with the help of cofactors NADPH and FAD to form 

the dihydroxyindole intermediate B (Scheme 2.2). The reduction of indolequinone to the 

dihydroxyindole increases the electron density on the indole nitrogen and as a result, 

rearrangement of electrons take place to release the diazeniumdiolate and potentially 

cytotoxic DNA alkylating alkenyliminium species (C). The free diazeniumdiolate in 

physiological medium undergoes hydrolysis to release NO. 

 

 

 Scheme 2.2. Proposed model for bioreduction of indolequinone based NO donor. 
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2.2. Results and discussion 

2.2.1. INDQ/NO: Synthesis and evaluation of NO generation in buffer 

 

Scheme 2.3. Synthesis of INDQ/NO. 

In order to test our hypothesis of DT-D activated NO donor, INDQ/NO was synthesized 

(Scheme 2.3). The synthesis of INDQ/NO was started with formylation of 5-

methoxyindole to form compound 1 in quantitative yield. The indole nitrogen was 

protected with methyl group using methyl iodide in the presence of sodium hydride to 

obtain compound 2 in 100% yield. Nitration of compound 2 using concentrated nitric 

acid in acetic acid gave compound 3 in 90% yield. The nitro group was reduced using tin-

hydrochloride to obtain compound 4 in 80% yield. The oxidation of amino indole 4 to 

indolequinone 5 was achieved using Fremy’s salt in 90% yield. Compound 5 was 

subsequently reduced using NaBH4 to afford 6 in 55% yield. The synthesis of compounds 

1-6 were performed using reported procedures.
1d, 4b

 In order to introduce a 
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diazeniumdiolate at the 10-position, the alcohol 6 was converted into the bromide 7 using 

PBr3 in DCM. The bromide 7 (crude) was reacted soon after preparation with sodium N, 

N-(diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) in THF in the presence of 15-

crown-5 to afford INDQ/NO, in 10% yield. 

In order to test whether INDQ/NO was a suitable substrate for DT-D, it was treated with 

DT-D in the presence of NADPH and FAD at 37 
o
C in pH 7.4 buffer. HPLC analysis was 

performed to study DT-D reduction of INDQ/NO by monitoring the disappearance of 

peak for INDQ/NO. Significant amount of INDQ/NO (   ~ 70%) was consumed within 5 

min of DT-D addition and by the end of 3 h, 80% of INDQ/NO was consumed (Figure 

2.1.A). The data indicated that INDQ/NO was a substrate for bioreduction by DT-D. As 

we found INDQ/NO was reduced by DT-D, we next estimated the amount of NO 

released upon reduction over time.  

 

Figure 2.1. A) HPLC decompostion profiles of INDQ/NO (50 µM) in pH 7.4 buffer in 

the presence and absence of DT-D. B) NO release from INDQ/NO (50 µM) in the presence and 

absence of DT-D in pH 7.4 buffer detected using chemiluminesence based assay. C) NO release 

from INDQ/NO (50 µM) in the presence and absence of DT-D in pH 6.5 buffer detected using 

chemiluminesence based assay. D) Stablity of INDQ/NO (50 µM) in the presence of glutathione 

(20 eq.) in buffers with pH 7.4 and 6.5 at 37 
o
C. 
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In order to study the release of NO from INDQ/NO, a chemiluminescence based NO 

detection method was used. Incubation of INDQ/NO in the presence DT-D in pH 7.4 

buffer released NO (~ 30 µM) within 5 min (Figure 2.1.B). However, incubation of 

INDQ/NO in pH 7.4 buffer in the absence of DT-D under similar conditions, did not 

release NO in the buffer. Thus, INDQ/NO was reduced in aqueous media in the presence 

of DT-D to release NO. 

Solid tumor cells are characterised by low pH conditions in certain regions.
5
 Thus, we 

investigated the metabolism of INDQ/NO by DT-D to release NO at low pH by 

incubation INDQ/NO in pH 6.5 buffer in the presence and absence of DT-D for 60 min. 

It was observed that at low pH condition, the amount of NO released was ~ 20 µM at the 

end of 60 min. In pH 7.4, however, the amount of NO released by DT-D was slightly 

more (~30 µM). Possibly due to acidic condition, the release of NO from the 

dihydroxyindole intermediate (B) had been delayed which resulted in low NO yield in pH 

6.5 buffer (Scheme 2.1.C). 

2.2.2. Stability of INDQ/NO in the presence of GSH 

Glutathione (GSH) is an important anti-oxidant present in eukaryotic cells which protects 

the cell from damage caused by reactive species. In many cancers, the expression levels 

of GSH are elevated (approx. 10 mM) that protect cancer cells from xenobiotics, ionizing 

radiations, free radicals, etc.
6
 GSH alongwith glutathione-S-transferase (GST) has been 

used in the activation of (2, 4-dinitrophenyl) diazeniumdiolates, due to its nucleophilic 

nature and high intracellular levels of GSH in differnet cancer cells (Scheme 2.4). GST 

catalyses the nucleophilic substituion of diazeniumdiolate by GSH that releases free 

diazeniumdioalte in physiological media to release NO.
7
 

 

 

 Scheme 2.4. Activation of (2, 4-dinitrophenyl) diazeniumdiolate by GSH catalysed by 

GST.  
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Therefore, INDQ/NO can probably react with GSH and get metabolised when treated 

with cells. In order to test the stability of INDQ/NO towards GSH, it was reacted with 

GSH (20 equivalents) in pH 7.4 buffer at 37 
o
C. HPLC analysis was performed to 

monitor decomposition of INDQ/NO during 1 h. It was found that INDQ/NO was inert 

to GSH over peroid of 1 h. However, approximately 70% of INDQ/NO remained in the 

pH 7.4 buffer after 17 h. The stability of INDQ/NO was also examined at pH 6.5. HPLC 

analysis data showed nearly 92% INDQ/NO remained in the pH 6.5 buffer even after 17 

h. These results suggest that INDQ/NO was stable towards glutathione at pH 6.5 and it 

reacted sluggishly at pH 7.4 (Figure 2.1.D). Thus, INDQ/NO was found to be quite 

stable towards GSH, a predominant cellular thiol. 

2.2.3. Cell-based studies with INDQ/NO 

The activation of INDQ/NO in cellular environment was analysed by performing cell 

based assays. We selected three human cancer cell lines known to over express the 

bioreductive enzyme DT-D, namely, DLD-1 human colorectal adenocarcinoma,
8
 T-24 

human renal carcinoma and HeLa human cervical carcinoma cells.
1b, 9

 To begin with, we 

performed a cell based experiment to check whether INDQ/NO gets activated by cells or 

not. We incubated INDQ/NO in DLD-1 cells and studied NO released in extracellular 

medium using NOA over 5 h. We found that DLD-1 cells in the presence of INDQ/NO 

release significant amount of NO (~18 µM). However, negligible amount of NO was 

produced by DLD-1 cells in the absence of INDQ/NO (Figure 2.2). Thus, this 

experiment suggested that INDQ/NO was activated within cells to generate NO. 

 

Figure 2.2. Estimation of NO generation in extracellular medium of DLD-1 upon 

incubation with INDQ/NO (25 µM) detected using a chemiluminesence based assay. 
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Next the efficiency of INDQ/NO to inhibit cell proliferation was examined using a 

standard cell viability assay and a half maximal inhibitory concentration, IC50: 

concentration of test compound at which 50% of the cells are killed, was determined. 

Upon incubation of INDQ/NO in DLD-1 cells for 72 h, it effectively inhibited DLD-1 

proliferation with calculated IC50 to be 0.25 µM. Similarly, INDQ/NO exhibited anti-

proliferative effects in HeLa cells with an IC50 of 0.96 µM and in T-24 cells with an IC50 

of 0.56 µM (Figure 2.3). We performed cell viability assay with compound 6 in DLD-1 

cells and found it was killing 50% of cells at a concentration higher than IC50 of 

INDQ/NO in DLD-1 by a factor of fifty. 

 

 Figure 2.3. A) Cancer cell proliferation inhibition in DLD-1, T-24 and HeLa cells after 

72 h of incubation with INDQ/NO using a standard cell viability assay. B) Cancer cell 

proliferation inhibition in DLD-1after 72 h of incubation with compound 6 using a standard cell 

viability assay. 

Hernick et. al reported the 3-acetoxy indolequinone to be potent cell growth inhibitor 

cancer cells expressing DT-D.
1d

 The observed cytotoxicity was attributed to the 

indolequinone moiety. An indolequinone vehicle used for delivery of cytotoxin exhibits 

growth inhibitory in two fold action: delivery of cytotoxic molecule and release of 

potentially cytotoxic DNA alkylating indolequinone iminium species within cell. 

Therefore, the cytotoxicity of INDQ/NO in the cancer cells over-expressing DT-D was, 

in part, due to NO released upon bioreduction. 

RNS are well known to induce DNA damage, especially double strand breaks (DSBs).
10

 

The extent of DSBs induced by cytotoxic species is frequently investigated by using an 

immunofluorescence assay for detecting γ- H2AX.
11

 DNA damage occurring either due 

to endogenous or exogenous factors, leads to phosphorylation of serine-139 of a histone 
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protein, H2AX in the nucleus. This phosphorylation acts as a signal to initiate detection 

of DNA damage sites followed by its repair. γ- H2AX formation is a biomarker for DNA 

DSBs. Using a fluorescently-labelled antibody for γ- H2AX, the damaged sites can be 

visualized using an immunofluorescence assay as fluorescent spots in nuclei called foci.  

Therefore, in order to check whether NO released by INDQ/NO damaged DNA, we 

performed immunofluorescence assay for detecting γ- H2AX in HeLa cells. We 

incubated 10 µM of INDQ/NO in HeLa cells for 1.5 h. The immunofluorescence studies 

indicated that INDQ/NO induced a significant dose-dependent formation of DSBs (seen 

as foci) as early as 1.5 h of INDQ/NO treatment (Figure 2.4). This observation is 

consistent with an earlier report where NO release from JS-K, glutathione/glutathione-S-

transferase activated NO induced apoptosis by damaging DNA by DSBs both in in vitro 

and in vivo human multiple myeloma cells.
10a

 

 

 Figure 2.4. Representative images of HeLa cells labelled with anti-γ-H2AX antibody in 

immunofluorescence assays after treatment with INDQ/NO for 1.5 h. Nuclei were counterstained 

with DAPI. Arrow indicates γ-H2AX foci (Scale bar: ∼5 μm). 
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2.2.4. 2-Me INDQ/NO: Synthesis and evaluation of NO generation 

The metabolism of the indolequinone by DT-D has been found to be affected by 

introducing a substituent at the C-2 position. It has been reported that increasing the steric 

bulk at the C-2 of indolequinone, not only diminished the rate of its metabolism by DT-

D, but also reduced the cytotoxicity of the C-2 substituted indolequinone-based 

prodrugs.
1c, 12

 Using the concept, we proposed to synthesize 2-Me INDQ/NO, C-2 

substituted analogue of INDQ/NO and study the effects of DT-D metabolism on the 

release of NO. Using a similar synthetic route as for INDQ/NO, we synthesized 2-Me 

INDQ/NO starting from 5-methoxy-2-methylindole (Scheme 2.5). 

 

Scheme 2.5. Synthesis of 2-Me INDQ/NO. 

In order to study the metabolism of 2-Me INDQ/NO by DT-D, it was incubated with 

DT-D in presence of NADPH and FAD at 37 
o
C in pH 7.4 buffer under conditions 

similar for INDQ/NO. HPLC analysis was performed to study the enzymatic reduction of 

2-Me INDQ/NO by DT-D. 2-MeINDQ/NO was found to be barely reduced by DT-D 

even after 3 h. (Figure 2.5.A) and negligible amount of NO was released during 
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incubation of 2-Me INDQ/NO with DT-D in pH 7.4 buffer (Figure 2.5.B). Thus we 

observed that the methyl substituent at C-2 position diminished the metabolism by DT-D 

in comparison with unsubstituted analogue, INDQ/NO. 

To assess the effect of substitution on indolequinone in cellular assay, 2-Me INDQ/NO 

was treated with cells and the cytotoxicity of the compound was evaluated. The cell 

viability assay was performed to study the cytotoxicity effect of 2-Me INDQ/NO in 

DLD-1 and T-24. Although, 2-Me INDQ/NO was also a good inhibitor of cancer cells 

but the IC50 values were higher compared to INDQ/NO (Table 2.1) indicating that due to 

slow DT-D metabolism, the cytotoxicity was also reduced. Indeed, C-2 methyl 

substitution diminished the activity of INDQ/NO due to hindered interaction with DT-D 

and also impedes NO release both in cell-free systems as well in cells. 

 

 

Figure 2.5. A) HPLC decompostion profiles of 2-Me INDQ/NO (50 µM) in pH 7.4 

buffer in the presence and absence of DT-D. B) NO release from 2-Me INDQ/NO (50 µM) in 

presence and absence of DT-D detected using chemiluminisence based assay using NOA. 

 

 INDQ/NO  

IC50 (µM) 

2-Me INDQ/NO  

IC50 (µM) 

DLD-1 0.25 3.0 

T-24 0.56 9.4 

 

Table 2.1. IC50 comparison for INDQ/NO and 2-Me INDQ/NO. 
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2.3. Conclusion 

In this chapter, we presented the design and synthesis of a new indolequinone based NO 

donor, INDQ/NO. The proposed mechanism for activation is as follows, the 

indolequinone scaffold undergoes two electron reduction in the presence of DT-D to form 

the electron rich dihydroxyindole intermediate. The electronic rearrangement leads to 

expulsion of the diazeniumdiolate, which then hydrolyze to release NO. INDQ/NO was 

found to release NO in the presence of DT-D at physiological conditions. From the cell-

based experiments, it was shown that INDQ/NO was bioreductively activated by DLD-1 

human colorectal adenomacarcinoma cells to release NO in extracellular media. The 

cytotoxicity assays performed in the three human cancer cell lines known to over-express 

DT-D implied INDQ/NO was a potent inhibitor of proliferation with good IC50 values. 

We also showed using immunofluorescence assay for detecting γ-H2AX that NO 

released from INDQ/NO led to cellular DNA damage. Further, we also demonstrated that 

by increasing the steric bulk at C-2 position of indolequinone with introduction of 

methyl, the release of NO was slowed down due to reduced metabolism of 2-Me 

INDQ/NO by DT-D. 
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2.4. Experimental and characterization data 

2.4.1. Experimental section 

Compounds 1
13
, 2 – 6

1d
, 8

13
, and 9 – 14

14
 have been previously reported and analytical 

data that we collected were consistent with the reported values. 

Synthesis of 3-(bromomethyl)-5-methoxy-1-methyl-1H–indole-4,7-dione, 7. 

To an ice cold solution of 6 (0.31 g, 1.40 mmol) in dry DCM (15 mL), 

PBr3 (0.26 mL, 2.80 mmol) was added under a nitrogen atmosphere 

and the reaction mixture was stirred at 0 
o
C for 15 min. The reaction 

mixture was quenched with saturated NaHCO3 solution (10 mL) and 

extracted using DCM (3×10 mL). The combined organic layer was washed with brine, 

dried (Na2SO4), filtered and the filtrate was concentrated to give a crude orange solid 

which was used without further purification (0.32 g, 84%): FT-IR (νmax, cm
-1
): 1666, 

1645, 1596, 1517, 1215, 1031; 
1
H NMR (CDCl3, 400 MHz): δ 6.87 (s, 1H), 5.68 (s, 1H), 

4.69 (s, 2H), 3.93 (s, 3H), 3.82 (s, 3H); 
13
C NMR (CDCl3, 100 MHz): δ 179.0, 177.5, 

160.4, 130.2, 130.0, 121.7, 120.8, 106.9, 56.7, 36.5, 23.6; MALDI for 

C11H10
79
BrNO3[M+K]

+
: Calcd., 321.948, Found, 321.920. 

Synthesis of 3-(bromomethyl)-5-methoxy-1, 2-dimethyl-1H-indole-4,7-dione, 15. 

A procedure similar to the synthesis of 7 was used. Starting from 14 

(0.13 g, 0.55 mmol) and PBr3 (0.10 mL, 1.12 mmol), an orange 

colored crude compound was obtained (0.15 g, 90%): FT-IR (νmax, 

cm
-1
): 1671, 1634, 1597, 1509, 1460, 1336, 1183, 1065; 

1
H NMR 

(CDCl3, 400 MHz): δ 5.62 (s, 1H), 4.77 (s, 2H), 3.89 (s, 3H), 3.80 (s, 3H), 2.25 (s, 3H); 

MALDI for C12H12
79
BrNO3[M+K]

+
: Calcd., 335.9638, Found, 335.9079. 

Synthesis of (Z)-3, 3-diethyl-1-(2-(5-methoxy-1-methyl-4, 7-dioxo-4,7-dihydro-1H-

indol-3-yl)ethyl)triaz-1-ene 2-oxide, INDQ/NO. 

To an ice cold solution of DEA/NO (0.11g, 0.70 mmol) in THF 

(10 mL), 15-crown-5 (0.05 mL) was added and the reaction 

mixture was stirred at 0 
o
C for 15 min under a nitrogen 

atmosphere. Compound 7 (0.10 g, 0.35 mmol) was added to the 
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reaction mixture at 0 
o
C and allowed to stir at room temperature for 6 h. The solvent was 

evaporated, diluted with water (25 mL) and aqueous solution was extracted with DCM 

(3×15 mL). The combined organic layer was washed with brine, dried (Na2SO4), filtered 

and the filtrate was concentrated to give a crude compound, which was purified using 

semi preparative HPLC to obtain a yellow solid (15 mg, 10%): FT-IR (νmax, cm
-1
): 2360, 

2341, 1672, 1646, 1597, 1508, 1189, 1003; 
1
H NMR (CDCl3, 400 MHz): δ 6.84 (s, 1H), 

5.66 (s, 1H), 5.49 (s, 2H), 3.92 (s, 3H), 3.81 (s, 3H), 3.11 (q, J = 7.0 Hz, 4H), 1.09 (t, J = 

6.9 Hz, 6H); 
13
C NMR (CDCl3, 100 MHz): δ 179.1, 177.5, 160.4, 129.9, 129.1, 121.4, 

119.7, 106.9, 67.7, 56.6, 48.7, 36.4, 11.6; MALDI for C15H20N4O5[M+Na]
+
: Calcd., 

359.1331, Found,359.07; Anal. Calcd. for C15H20N4O5: C, 53.56; H, 5.99; N, 16.66. 

Found: C, 53.72; H, 5.068; N, 16.17. 

Synthesis of (Z)-3,3-diethyl-1-(2-(5-methoxy-1,2-dimethyl-4,7-dioxo-4,7-dihydro-1H-

indol-3-yl)ethyl)triaz-1-ene 2-oxide, 2-Me INDQ/NO. 

A procedure similar to synthesis of INDQ/NO was followed. 14 

(0.12 g, 0.5 mmol) was reacted with DEA/NO (0.09, 0.75 

mmol). The crude reaction mixture was purified using semi-

preparative HPLC to obtain an orange solid (15 mg, 8%): FT-IR 

(νmax, cm
-1
): 2921, 2853, 1675, 1639, 1510, 1464, 1224, 1152, 

996; 
1
H NMR (CDCl3, 400 MHz): δ 5.61 (s, 1H), 5.49 (s, 2H), 

3.88 (s, 3H), 3.79 (s, 3H), 3.09 (q, J = 7.1 Hz, 4H), 2.29 (s, 3H), 1.07 (t, J = 7.1 Hz, 6H); 

13
C NMR (CDCl3, 100 MHz): δ 178.9, 177.8, 159.7, 138.7, 128.9, 121.8, 115.1, 106.7, 

65.8, 56.5, 48.6, 32.4, 11.6, 9.9; MALDI for C16H22N4O5[M+K]
+
: Calcd., 389.1227, 

Found, 389.0968. 

2.4.2. Stability of INDQ/NO in glutathione 

A 10 mM stock solution of INDQ/NO was prepared in DMSO and 10 mM stock solution 

of GSH was prepared in tris(hydroxymethyl)aminomethane (TRIS) buffer pH 7.4. The 

reaction mixture was prepared by dissolving 5 μL of INDQ/NO and 100 μL of GSH 

stock solution in 895 μL of TRIS buffer pH 7.4. The corresponding blank solution was 

prepared by dissolving 5 μL of INDQ/NO in 995 μL of TRIS buffer pH 7.4. The reaction 

mixtures were stirred at 37 
o
C and the decomposition of starting material was monitored 
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by HPLC. Similar reaction conditions were used for determining the stability of 

INDQ/NO in TRIS buffer pH 6.5. 

2.4.3. DT-Diaphorase mediated reduction 

A 10 mM stock solution of INDQ/NO was prepared in DMSO and stock solutions of 10 

mM NADPH and 1 mM FAD were prepared in TRIS buffer pH 7.4. The enzyme stock 

solution was prepared by dissolving 1.5 mg of the lyophilized human DT-Diaphorase 

(Sigma) in TRIS buffer pH 7.4. 20 μL of this enzyme solution was further diluted to 100 

μL and was used in the subsequent reactions. The reaction mixture was prepared by 

dissolving 10 μL of INDQ/NO, 10 μL of FAD solution, 40 μL of NADPH solution and 2 

μL of the enzyme solution in 1938 μL of TRIS buffer. The corresponding blank solution 

was prepared by dissolving 10 μL of test compound in 1990 μL of TRIS buffer. The 

reaction mixture and blank solution were stirred at 37 
o
C and monitored by HPLC. A 

similar methodology for the study of decomposition of 2-Me INDQ/NO was used. 

INDQ/NO was similarly reduced using DT-diaphorase in pH 6.5. The decomposition of 

INDQ/NO was monitored using HPLC. 

2.4.4. NO detection 

A Sievers Nitric Oxide Analyzer (NOA 280i) was used to determine amount of NO being 

produced during decomposition. The reservoir contained NaI (50 mg) dissolved in 2 ml 

deionised water and acetic acid (5 mL) and was bubbled with argon, the carrier gas. A 10 

mM stock solution of NaNO2 was prepared in TRIS buffer pH 7.4. The standard 

calibration curve was obtained by using a concentration range varying from 0-50μM of 

NaNO2 solutions. 10 μL of each varying concentrations were injected in Sievers Nitric 

Oxide Analyzer (NOA 280i). For quantifying amount of NO release, the area under the 

peak of each signal was quantified and a standard calibration curve was obtained (Figure 

2.6). The reading for each concentration was average of three readings. 

For quantifying amount of NO release from enzymatic reduction of INDQ/NO, the 

reaction mixtures were prepared as mentioned in section 2.4.3 for both pH 6.5 and 7.4 

buffers and 10 μL of the reaction mixture and blank solution were injected at the 

specified time points into Sievers Nitric Oxide Analyzer (NOA 280i). The amount of NO 
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released was measured using the NaNO2 standard calibration curve; (Figure 2.6, y = 

40.86x + 30.24, R² = 0.997). A similar method was used for quantifying NO release from 

DT-D mediated reduction of 2-Me INDQ/NO. 

 

 Figure 2.6. The standard calibration curve for NaNO2 generated using 

chemiluminescence based NOA 280i. 

2.4.5. Extracellular NO release in DLD-1 cells 

DLD-1 human colorectal adenocarcinoma cells were seeded at a concentration of 1.0×10
6
 

cells/well in a 6-well plate in complete RPMI 1640 overnight at 37 
o
C. 5 μL of 

INDQ/NO (20 mM stock solution) was dissolved in 4 mL RPMI media to obtain 25 μM 

INDQ/NO solution. 2mL of this solution was added into two wells. Similarly, DMSO 

blank solution was prepared by dissolving 5μL DMSO in 4 mL of RPMI solution and 

2mL was added into other two wells. The remaining two wells were incubated with 

media only. The culture media was aliquot at mentioned time intervals and injected in 

NOA 280i for quantification of released NO. 

2.4.6. Cell viability assay 

DLD-1 cells were seeded at a concentration of 3×10
4
 cells/well overnight in a 96-well 

plate in complete RPMI 1640 media. Cells were exposed to varying concentrations of the 

test compounds prepared as a DMSO stock solution so that the final concentration of 

DMSO was 1%. The cells were incubated for 72 h at 37 
o
C. A stock solution of 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was prepared by 

dissolving 3.5 mg of MTT in 700 μL DPBS. This stock was diluted with 6.3 mL DPBS 

and 100 μL of the resulting solution was added to each well. After 4 h incubation, the 

media was removed carefully and 100 μL of DMSO was added. Spectrophotometric 
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analysis of each well using a microplate reader (Thermo Scientific Varioscan) at 570 nm 

was carried out to estimate cell viability. Similar MTT assays were performed with HeLa, 

human cervical adenocarcinoma cells and T24, human urinary bladder carcinoma. These 

cells were grown at a concentration of 1×10
4
 cells/well overnight in a 96-well plate in 

complete DMEM media followed by test compound treatments at varying concentrations.  

2.4.7. H2AX phosphorylation 

HeLa cells were seeded at 0.2×10
6
 cells/well in a 6-well plate overnight in complete 

DMEM at 37 
o
C. INDQ/NO treatment was done at a concentration range of 0.5 μM, 2 

μM, 5 μM and 10 μM for 1.5 h at 37 
o
C with 0.1% DMSO. At the end of 1.5 h, 

INDQ/NO was removed and each well was washed three times with phosphate buffered 

saline (1×PBS) for 5 min each. 1 mL of cytoskeleton buffer (CSK) pH 7.5 was added to 

each well and incubated for 4 min. The cells were then fixed with 4% paraformaldehyde 

(PFA) for 10 min followed by washing with 0.1 M TRIS-HCl pH 7.4 for 5 min. The cells 

were again washed two times for 5 min each with 1×PBS. The cells were permealised by 

incubating with 0.2% triton-100 in PBS for 10 min. Cells were then washed three times 

with 1×PBS for 5 min each. The cells were treated with 1% bovine serum albumin (BSA) 

in phosphate buffered saline with tween-20 (PBST) for 30 min for blocking and were 

then washed three times with 1×PBS. The primary antibody of H2AX (Anti-phospho-

Histone H2A.X (Ser139) Antibody, clone JBW301, FITC conjugate; 16-202A; Upstate) 

was diluted in ratio1:200. The cells were incubated with 50 μL of the diluted primary 

antibody solution for 1 h in dark and then washed three times with 1×PBS. The cells were 

stained with 1 mL of DAPI in 2xSSC solution for 3 min, washed with 1×PBS for 1 min 

and mounted on the slide. The fluorescent images were obtained using Zeiss Axio 

Imager.Z2 software. The slides were observed under the SKY microscope using FITC 

filter. For each concentration around 30 nuclei were viewed randomly for each set of 

experiment. The result shown is an average of two experiments performed on two 

different days. 
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2.5. Spectral charts: 
1
H NMR Spectrum (400 MHz, CDCl3) of compound 7 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 7 
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1
H NMR Spectrum (400 MHz, CDCl3) of INDQ/NO 

 

13
C NMR Spectrum (100 MHz, CDCl3) of INDQ/NO 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 14 

 

1
H NMR Spectrum (400 MHz, CDCl3) of 2- Me INDQ/NO
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13
C NMR Spectrum (100 MHz, CDCl3) of 2-Me INDQ/NO 
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CHAPTER 3.1: Nitroreductase-activated NO donors 

3.1.1. Introduction 

Enzyme activated prodrug strategy is employed for selective delivery and activation NO 

donor to tumours (Scheme 3.1.1).
1
 The enzymes used as trigger are generally over-

expressed in particular cell type. However, a shortcoming in such strategies for localized 

delivery of NO and other similar cytotoxic species is the presence of the trigger enzymes 

in normal tissues as well. In order to overcome this potential drawback of unwanted side-

effects, targeted prodrug therapies have been developed that include gene-directed 

enzyme prodrug therapy (GDEPT) and antibody-directed enzyme prodrug therapy 

(ADEPT).
2
 

 

 

 Scheme 3.1.1. Schematic diagram for enzyme prodrug therapy. 

Escherichia coli nitroreductase (NTR) is a bacterial enzyme which has been used as a 

metabolic trigger for ADEPT and GDEPT.
2a, b, 2f, 3

 Although there are several reported 

strategies for localizing cytotoxic species including DNA alkylating agents, but targeted 

prodrug therapy using nitric oxide was unreported. Therefore, in order to develop new 

NO-based cancer therapeutics, we propose 4-nitrobenzyl protected diazeniumdiolates, 

O
2
-(4-nitrobenzyl) diazeniumdiolates as NTR activated NO donor which may have 

potential for applications in directed or targeted prodrug therapy. NTR activated NO 

donor was designed by linking a typical NTR substrate, 4-nitrobenzyl group with 

diazeniumdiolate as NO source. The proposed mechanism of activation of O
2
-(4-

nitrobenzyl) diazeniumdiolates is as follows. The 4-nitrobenzyl group is expected to 

undergo two or four electron reduction in the presence of NTR. As a result of reduction, 

the strong electron withdrawing nitro group is converted into an electron donating 

hydroxylamine or amine group. The lone pair of electrons on the amine nitrogen thus 

formed is pushed into the phenyl ring to release the diazeniumdiolate and the 
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benzyliminium species. The diazeniumdiolate is hydrolysed to give upto two moles of 

NO (Scheme 3.1.2). 

 

 

 Scheme 3.1.2. Proposed mechanism of activation of NTR-activated NO donor. 

3.1.2. Results and discussion 

3.1.2.1. Synthesis 

 

 Scheme 3.1.3. Synthesis of O
2
-(4-nitrobenzyl) diazeniumdiolates, 15-18. 

To test our hypothesis of NTR-activated NO donor, four different O
2
-(4-nitrobenzyl) 

diazeniumdiolates were synthesized. The compounds, 15-18 in the series were prepared 

by reacting 4-nitrobenzyl bromide with the corresponding diazeniumdiolates (Scheme 

3.1.3). The diazeniumdiolates selected for synthesis of O
2
-(4-nitrobenzyl) 

diazeniumdiolates had a structural variability and the half-lives of NO release varied from 

2 s to 8.3 min (Table 3.1.1).
4
 A negative control 19, which was a substrate for NTR but 

not a source of NO, was synthesized by reacting 4-nitrobenzyl alcohol with benzoic acid 

(Scheme 3.1.4). 
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R
1
NR

2
 Diazeniumdiolate t1/2 Product Yield 

Me2N DMA/NO 24 s 15 9 

Et2N DEA/NO 2 min 16 15 

Pyrrolidine PYRRO/NO 2 s 17 16 

2-Me- piperidine 2-Me Piperidi/NO 8.3 min 18 25 

 

Table 3.1.1. Reported half-lives of diazeniumdiolates and synthetic yields of O
2
-(4-

nitrobenzyl) diazeniumdiolates. 

 

Scheme 3.1.4. Synthesis of 19. 

3.1.2.2. Chemoreduction 

In order to test the ability of the nitro group to undergo reduction, the chemical reduction 

of the O
2
-(4-nitrobenzyl) diazeniumdiolates was performed using a reported protocol.

5
 

The nitro group was reduced using Zn-ammonium formate and the reduction of the test 

compound was analyzed using HPLC by monitoring disappearance of the peak for the 

test compound. It was observed that all the compounds were completely reduced within 3 

h (Figure 3.1.1), suggesting the nitro group of O
2
-(4-nitrobenzyl) diazeniumdiolates was 

capable of getting reduced. 

 

 Figure 3.1.1. HPLC decompostion profiles of chemoreduction of compounds 15-19 using 

Zn-ammonium formate. 
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The reduction potentials of the nitro group of the O
2
-(4-nitrobenzyl) diazeniumdiolates 

were calculated using cyclic voltammetric (CV) analysis (Table 3.1.2). p-Nitrotoluene 

was used as a reference for nitro-group reduction and one electron reduction potential 

(Ered) of -0.11 V was recorded. The Ered values from CV data analysis were almost similar 

for all the compounds 15-19, indicating the diazeniumdiolate was not affecting the rate of 

nitro group reduction (Figure 3.1.2).  

Entry Compound ERed (V)
a
 % Remaining

b
 NO (µM)

c
 

1 15 -0.09 60 13.6 

2 16 -0.106 60 6.8 

3 17 -0.11 28 18.3 

4 18 -0.11 31 19.7 

5 19 -0.139 68 1.1 

 

Table 3.1.2. Cyclic voltammetric analysis and NTR-mediated decomposition and nitric 

oxide release profiles. 
a
One electron reduction potential of compounds 15-19. 

b
Decomposition of 

15-19 (50 µM) in the presence of NTR in pH 7.0 buffer after 1 h was estimated by HPLC. 
c
NO 

released during decomposition of 15–19 (50 µM) in the presence of NTR in pH 7.0 buffer after 1 

h measured using a chemiluminescence assay. 

 

Figure 3.1.2. A) Cyclic voltammetric curve recorded for compounds 15-17. B) Cyclic 

voltammetric curve recorded for compounds 18, 19 and p-nitrotoulene. Conditions: Pt disc 

working electrode; Pt wire auxiliary electrode; Ag/AgNO3 reference electrode; scan rate = 25 

mV/s; NBu4PF6 = 100 mM as the background electrolyte in acetonitrile. 

3.1.2.3. NTR reduction and evaluation of NO generation 

Next, in order to assess whether the compounds were substrates for NTR, the compounds 

were individually reacted with NTR alongwith the cofactor NADPH in pH 7.0 buffer for 
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1 h. HPLC analysis was performed to study the NTR reduction of the test compound by 

monitoring the disappearance of the compound peak. From the HPLC data it was 

observed that the compounds 15-18 were substrate for NTR (Figure 3.1.3.A). During this 

time period, no significant decomposition of 15-18 was observed in the absence of NTR 

suggesting that these compounds were not candidates for hydrolysis in pH 7.0 buffer and 

the decomposition must be due to metabolism by NTR. During 1 h nearly 60% of 15 and 

16 remained while in the cases of cyclic derivatives 17 and 18, 28 and 31 % remained 

after NTR treatment, respectively (Table 3.1.2). 

 

  Figure 3.1.3. A) Decompostion data of O
2
-(4-nitrobenzyl) diazeniumdiolates 15-18 (50 

µM) and 19 (50 µM) in pH 7.0 buffer in the presence and absence of NTR monitored by HPLC. 

B) NO release from O
2
-(4-nitrobenzyl) diazeniumdiolates 15-18 and 19 in the presence and 

absence of NTR in pH 7.0 buffer detected using chemiluminesence based assay. 

The amount NO released from the NTR reduction of the compounds was measured using 

the chemiluminescence based assay using NOA 280i. It was observed that the 

compounds 15-18 were reduced by NTR to release NO (Figure 3.1.3.B). The amount of 

NO released for compounds 17 and 18 was higher (~ 19 μM) in accordance with 

decomposition rates. We observe a discrepancy in the reduction of compounds 17 and 18 

(~70% reduction) and the amount of NO released after reduction (~20% release). So, 

probably the compound undergoes reduction by NTR reduction and forms intermediate 

which then slowly fragments to release the diazeniumdiolate, as a result low yields of NO 

were estimated. 

Although the negative control 19 was metabolized by NTR (68% remaining after 1 h) but 

the analysis of reaction mixtures of 19 in the presence NTR showed negligible NO 

release (Figure 3.1.2.A and 3.1.2.B). Nitroreductases are known to mediate generation of 

NO from nitro aromatic compounds.
6
 However, negligible NO generation from 
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incubation of 19 in the presence and absence of NTR, eliminates the possibility of the 

nitro group on the aromatic ring as a significant source of NO upon NTR reduction in 

case of O
2
-(4-nitrobenzyl) diazeniumdiolates.  

3.1.2.4. Cell based assays 

As O
2
-(4-nitrobenzyl) diazeniumdiolates were activated by NTR in buffer to release NO, 

next we studied the effects of these compounds in cells in the presence of NTR. 

Generally, a cell transfected with NTR protein is used as a model for studying NTR 

activated bioreductive prodrugs. However, we used a reported experiment setup in which 

cells were treated with compound and NTR enzyme and cofactor NADPH were added 

externally.
7
 An initial cell viability assay was performed with a concentration of 75 μM 

of the compounds in DLD-1 human colorectal adenocarcinoma cells, in the presence and 

absence of NTR. All compounds 15-18 showed moderate cell inhibitory activity in 

absence of NTR and compound 19 was not effective in killing cells (Figure 3.1.4). 

However, when NTR and NADPH were added to compound treated cells, there was an 

increase in the inhibitory activity by compounds 15-18. Also, only 25% inhibition was 

noticed for the negative control 19. As less inhibition was observed in case of 19, this 

indicated that the enhanced cytotoxic effects seen in O
2
-(4-nitrobenzyl) 

diazeniumdiolates upon addition of NTR were due to NO release alongwith cytotoxic of 

effects of the by-products of the bioreduction. 

Although in aqueous media compound 17 and 18 were found to be better source of NO in 

the presence of NTR, but in cell based assay compound 18 was better in inhibiting 

growth of cancer cells in the presence of NTR in comparison with 17. The origin of this 

difference is unclear. However, a recent study on NTR-activated DNA alkylating agents 

indicated that the anti-proliferative activity of the NTR substrate did not always correlate 

with propensity for its metabolism by NTR.
8
 Based on these results, O

2
-(4-nitrobenzyl) 1-

(2-methylpiperidin-1-yl)diazen-1-ium-1,2-diolate, 18 was identified as the best NTR-

activated NO donor with enhanced cytotoxicity in the presence of exogenously added 

NTR and was chosen for further evaluation. 
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Figure 3.1.4. Cell viability assay to assess anti-proliferative activity of 15-19 at 75 µM in 

the presence and absence of NTR conducted with DLD-1 human colorectal adenocarcinoma cells. 

Blank is untreated cells. 

Next, a detailed concentration based cytotoxicity assay was performed in DLD-1 cells to 

assess the difference in cytotoxicity in the presence and absence of NTR. Enhancement in 

the cytotoxicity of 18 was observed in the presence of NTR (Figure 3.1.5 A). A similar 

concentration dependent cytotoxicity assay was performed in HeLa human cervical 

cancer cells with compound 18 in the presence and absence of NTR. Again it was found 

that the anti-proliferative effects of 18 was increased in the presence of NTR (Figure 

3.1.5 B). 

 

Figure 3.1.5. A) A concentration dependent cell viability assay to assess anti-

proliferative activity of 18 in the presence and absence of NTR conducted with DLD-1 human 

adenocarcinoma cells. B) A concentration dependent cell viability assay to assess anti-

proliferative activity of 18 in the presence and absence of NTR conducted with HeLa human 

cervical cancer cells. Blank is untreated cells. 

As the pH varies across the tumour, we monitored release of NO from O
2
-(4-nitrobenzyl) 

diazeniumdiolate 18 by NTR in different aqueous solutions: phosphate buffer saline 

(PBS) and phosphate buffers with pH 7.4, pH 7.0 and pH 6.5 during 1 h. Compound 18 

(50 µM) was independently incubated in aqueous solutions with different pH with NTR 
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and NADPH for 1 h and the release of NO was detected using a chemiluminescence 

based assay. It was found that in PBS, buffers with pH 7.4 and 7.0, 18 released ~20 µM 

of NO was released after 1 h of incubation with NTR (Figure 3.1.6). However, in buffer 

of pH 6.5, it was found that 18 released ~10 µM after 1 h of incubation with NTR. The 

low amount of NO released in acidic pH may be due to protonation of the amine or 

hydroxylamine intermediate formed after the nitro group reduction. As a result of 

protonation, the release of diazeniumdiolate was probably slowed down and low amount 

of NO was observed. Despite low NO release, this data suggested that 18 might be useful 

for NO delivery to hypoxic tumors as well. 

 

Figure 3.1.6. Estimation of NO released during reduction of 18 (50 µM) in the presence 

of NTR in phosphate buffer saline (PBS) and in phosphate buffers with pH 7.4, 7.0 and 6.5 after 1 

h of incubation at 37 
o
C. 

3.1.2.5. Bioreduction in bacteria 

NTR is an enzyme which is present bacteria and 4-nitrobenzyl is well known substrate 

for NTR. Thus in order to check, whether O
2
-(4-nitrobenzyl) diazeniumdiolates is 

activated within bacteria to release NO, a frequently used diaminofluorescein based 

secondary assay was used for intracellular NO measurement in Mycobacterium 

smegmatis (M. smeg). For measuring intracellular NO, compound 17 was used as a 

representative of O
2
-(4-nitrobenzyl) diazeniumdiolates. In this assay, a 4,5-

diaminofluorescein diacetate (DAF-2DA) dye was treated with M. smeg. The dye 

permeates the cells and the diester gets hydrolysed to form DAF. Next bacteria was 

treated with compound 17 which is bioreductively activated to release NO. DAF reacts 

with NO
+
 formed by oxidation of NO, to form a flourescent dye DAF-2T. By measuring 
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the fluorescence for DAF-2T at λex: 495 nm and λem: 515 nm, we monitored NO release 

inside bacteria. Two different concentrations of compound 17 were incubated in M. smeg 

for 12 h and the fluorescence for DAF-2T was measured. A concentration dependent 

increase in fluorescence of DAF-2T in M. smeg was observed, indicating 17 was reduced 

within bacteria to generate NO intracellularly (Figure 3.1.7). 

 

 Figure 3.1.7. Levels of intracellular NO measured in M. smeg upon incubation with 50 and 

100 µM of 17 using DAF assay. 

3.1.3. Conclusion 

In this chapter, a series of O
2
-(4-nitrobenzyl) diazeniumdiolates were designed as 

substrates for E. coli nitroreductase (NTR), an enzyme that has been used to facilitate 

site-directed delivery of cytotoxic species to cancers. These compounds were found to be 

stable in pH 7.4 but were reduced in the presence of NTR to generate NO. Among the 

four O
2
-(4-nitrobenzyl) diazeniumdiolates, the study revealed that O

2
-(4-nitrobenzyl) 1-

(2-methylpiperidin-1-yl)diazen-1-ium-1,2-diolate (18) was selectively activated by NTR 

to produce NO. Finally, a cell viability assay revealed that cytotoxic effects of O
2
-(4-

nitrobenzyl) 1-(2-methylpiperidin-1-yl)diazen-1-ium-1,2-diolate (18) towards two cancer 

cell lines was significantly enhanced in the presence of NTR suggesting the potential for 

use of this compound in nitric oxide-based antibody or gene-directed prodrug therapy. 

We also developed that O
2
-(4-nitrobenzyl) diazeniumdiolates can be potentially used to 

enhance NO inside bacterial cells to study the effects of NO. 
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3.1.4. Experimental and characterization data 

3.1.4.1. General procedure for synthesis of O
2
-(4-nitrobenzyl) diazeniumdiolates 

To an ice cold solution of diazeniumdiolate salt (1.04 mmol) in THF (10 mL), 15-crown-

5 (25 µL) was added. After 15 min of stirring at 0 
o
C, 4-nitrobenzyl bromide (0.69 mmol) 

was added. The reaction mixture was warmed to room temperature and stirred for 3-5 h. 

The reaction mixture was concentrated under reduced pressure and the resulting crude 

was chromatographed using silica gel support to isolate pure product. 

Synthesis of O
2
-(4-nitrobenzyl) 1-(N,N-dimethyl)diazen-1-ium-1,2-diolate, 15. 

Pale yellow solid (15 mg, 9%): FT-IR (νmax, cm
-1

): 2933, 1605, 

1518, 1495, 1383, 1349, 1271, 1071; 
1
H NMR (400 MHz, 

CDCl3) δ: 8.23 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.8 Hz, 2H), 

5.30 (s, 2H), 3.00 (s, 6H); 
13

C NMR (100 MHz, CDCl3) δ: 148.0, 143.3, 128.7, 123.9, 

73.8, 42.7; HRMS (ESI) for C9H12N4O4 [M+Na]
+
: Calcd., 263.0756, Found, 263.0779. 

Synthesis of O
2
-(4-nitrobenzyl) 1-(N,N-diethyl)diazen-1-ium-1,2-diolate, 16. 

Light brown solid (27 mg, 15%): FT-IR (νmax, cm
-1

): 2359, 

2341, 1606, 1520, 1384, 1355, 1018; 
1
H NMR (400 MHz, 

CDCl3) δ: 8.23 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 

5.35 (s, 2H), 3.10 (q, J = 7.1 Hz, 4H), 1.02 (t, J = 7.1 Hz, 6H); 
13

C NMR (100 MHz, 

CDCl3) δ: 148.0, 143.2, 128.7, 123.9, 73.9, 48.7, 11.6; HRMS (ESI) for C11H16N4O4 

[M+Na]
+
: Calcd., 291.1069, Found, 291.1069. 

Synthesis of O
2
-(4-nitrobenzyl) 1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate, 17. 

Pale yellow solid (15 mg, 16%): FT-IR (νmax, cm
-1

): 2360, 

1652, 1540, 1521, 1507, 1343; 
1
H NMR (400 MHz, CDCl3) δ: 

8.22 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 5.26 (s, 2H), 

3.49-3.53 (m, 4H), 1.91-1.95 (m, 4H); 
13

C NMR (100 MHz, CDCl3) δ: 147.9, 143.7, 

128.7, 123.8, 73.5, 50.9, 22.9; HRMS (ESI) for C11H14N4O4 [M+Na]
+
: Calcd., 289.0913, 

Found, 289.0922. 
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Synthesis of O
2
-(4-nitrobenzyl) 1-(2-methylpiperidin-1-yl)diazen-1-ium-1,2-diolate, 

18. 

Pale yellow solid (50 mg, 25%): FT-IR (νmax, cm
-1

): 2934, 

2857, 1521, 1505, 1383, 1344, 1020; 
1
H NMR (400 MHz, 

CDCl3) δ: 8.22 (d, J = 8.6, 2H), 7.54 (d, J = 8.6 Hz, 2H), 5.36 

(s, 2H), 3.16-3.23 (m, 3H), 1.70-1.81 (m, 4H), 1.37-1.45 (m, 2H), 0.94 (d, J = 6.1 Hz, 

3H); 
13

C NMR (100 MHz, CDCl3) δ: 148.0, 143.1, 128.6, 123.9, 73.9, 56.7, 54.1, 32.8, 

25.1, 23.1, 18.2; HRMS (ESI) for C13H18N4O4 [M+Na]
+
: Calcd., 317.1226, Found, 

317.1245. 

Synthesis of 4-nitrobenzyl benzoate, 19. 

The compound has been previously reported
9
 but we 

synthesized using a different reaction condition as follows. To 

an ice cooled solution of 4-nitrobenzyl alcohol (0.1 g, 0.652 

mmol), benzoic acid (0.12 g, 0.98 mmol) and DMAP (0.16 g, 1.30 mmol) in dry DCM 

(10 mL), EDC (0.25 g, 1.30 mmol) was added. The reaction mixture was stirred at room 

temperature for 3 h. The reaction mixture was diluted with water and extracted in DCM 

(3×10 mL). The combined organic layer was washed with brine, dried (Na2SO4), filtered 

and the filtrate was evaporated under reduced pressure. The resulting crude was 

chromatographed using silica gel support to isolate pure product as a white solid (55 mg, 

33%): 
1
H NMR (400 MHz, CDCl3) δ: 8.24-8.26 (m, 2H), 8.08-8.10 (m, 2H), 7.58-7.62 

(m, 3H), 7.45-7.49 (m, 2H), 5.46 (s, 2H); 
13

C NMR (100 MHz, CDCl3) δ: 166.2, 147.8, 

143.4, 133.6, 129.8, 129.5, 128.7, 128.4, 124.0, 65.3. 

3.1.4.2. Zinc-mediated chemoreduction 

Zinc mediated chemoreduction was performed using a reported protocol.
5a, 10

 A solution 

of the test compound (20 μL, 10 mM stock) was diluted in a methanol-water solution 

(1:1; 1970 µL) so that the final concentration of compound in the solution was 100 µM. 

To this 10 μL of ammonium formate (10 mM stock in deionised water) was added and 

stirred at 37 
o
C. This served as blank solution. The zinc-mediated decomposition was 

carried out by preparing the reaction mixture as mentioned for blank followed by addition 
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of zinc powder (15 mg). At different time points, the reaction mixture was aliquot, 

centrifuged and the supernatant was filtered (10 micron, PTFE) and decomposition of test 

compound was analysed using HPLC (Eclipse Plus C18, 5 μm, 4.6 × 250 mm; flow rate: 

1 mL/min; eluent 70% ACN: H2O). The results reported are averages of three 

independent runs. 

3.1.4.3. Cyclic voltammetry (CV) 

Cyclic voltammetric analysis was performed using a Basi Epsilon-EC-Ver 2.00.71-USB 

Bioanalytical systems. A three-electrode setup was used: Pt wire auxiliary electrode, 

platinum disc working electrode, and Ag/AgNO3 reference electrode. All potential values 

were calibrated against the saturated calomel electrode (SCE) by measuring the oxidation 

of ferrocene as a reference (E° (Fc
+
/Fc) = 0.19 V vs SCE). The working electrode was 

polished with 0.05 µM alumina (Basi polishing solution) on a felt pad and washed with 

de-ionized water and rinsed using acetonitrile. All electrochemical samples were purged 

with nitrogen for 5 min and were measured under a nitrogen atmosphere. The supporting 

electrolyte of 0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPF6) and a 10 mM 

stock solution of the compound in DMSO was used and the analysis was carried out in 

acetonitrile. 

3.1.4.4. Nitroreductase-catalyzed decomposition and nitric oxide release 

Enzyme stock solution was prepared by dissolving 1.5 mg of lyophilized NTR powder in 

phosphate buffer pH 7.0 (100 μL). 10 mM stock solutions of the compounds were 

prepared in DMSO. 50 μL of the freshly prepared enzyme stock was added to a reaction 

solution consisting of 10 μL of the test compound (10 mM stock in DMSO) and 400 μL 

NADPH (1 mM stock in phosphate buffer pH 7.0) and 1540 μL of phosphate buffer pH 

7.0. The blank consisted of 10 μL of the test compound (10 mM stock in DMSO) and 

1990 μL of phosphate buffer pH 7.0. Data reported are averages of three independent 

runs. These reaction mixtures were stirred at 37 °C and after 1 h an aliquot was analysed 

for decomposition and NO generation. The reduction of starting compounds was 

monitored using HPLC (Eclipse Plus C-18, 5 μm, 4.6 × 250 mm; flow rate: 1 mL/min; 

eluent 70% ACN: H2O). For quantifying amount of NO release from enzymatic 

decomposition, the reaction mixtures were prepared in pH 6.5, pH 7.0, and 7.4. 10 μL of 
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the reaction mixture and blank solution were injected at the specified time points into 

NOA using argon as the carrier gas. Using a standard calibration curve of NaNO2, NO 

generated during enzymatic assay was quantified using the chemiluminescence detector. 

3.1.4.5. Cell viability assay 

DLD-1 human colorectal adenocarcinoma cells were seeded at 3 ×10
4
 cells/well 

overnight in a 96-well plate in complete RPMI 1640 media. A NTR (lyophilized powder) 

stock solution containing 6 mg in Dulbecco’s phosphate buffered saline (DPBS) 2 mL 

was prepared. A 1 mM NADPH stock solution was prepared in DPBS. Cells were 

incubated with varying concentrations of the test compound prepared as a DMSO stock 

solution so that the final concentration of DMSO was 1%. The cells were incubated for 

72 h at 37 
o
C. A stock solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) was prepared 3.5 mg in 7mL DPBS and 100 µL of this solution was 

added to each well. After 4 h incubation, the media was removed carefully and 100 µL of 

DMSO was added. Spectrophotometric analysis of each well using a microwell plate 

reader at 570 nm was carried out to estimate cell viability. A similar assay was conducted 

in the presence of NTR (5 µL stock) and NADPH (10 µL stock) to analyze the effect of 

addition of NTR on cell viability. 

3.1.4.6. DAF assay-Intracellular NO release in Mycobacterium smegmatis 

Using a reported protocol
11

 with slight modification, intracellular NO release was 

detected as follows: a 5 mM stock solution of diaminofluorescein-2 diacetate (DAF-

2DA) was prepared in DMSO. Using a 10 mM DMSO stock solution of 17, 2 mL 

solutions of concentration 100 and 200 µM were prepared in middle brook M7H9 

medium. Mycobacterium smegmatis [M. smeg (mc
2
155)] was inoculated in 10 mL M7H9 

for 16 h. The bacterial culture was suspended to apsirate out the medium and then 

resuspended in fresh medium to make bacterial solution of O.D 1.0. To 2 mL of this 

bacterial culture, 4 µL of DAF-2DA solution was added so as to obtain a final 

concentration of 10 µM. The bacterial suspension was incubated at 37 
o
C for 2 h. The 

bacterial cells were suspended to aspirate media and washed with fresh media twice. The 

cell pellet was resuspended in 1 mL fresh media and again incubated at 37 
o
C for 1 h. A 

diluted bacterial suspension with O.D 0.5 was prepared. In a 96-well plate, 100 µL of 
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bacterial suspension treated with DAF was added. For control set, 100 µL of bacterial 

suspension was diluted with 100 µL of medium. For obtaining 50 µM of 17, the 100 µL 

of bacterial suspension was diluted with 100 µL of 100 µM solution of 17. Likewise, for 

obtaining 100 µM of 17, the 100 µL of bacterial suspension was diluted with 100 µL of 

200 µM solution of 17. Each concentration three reading were taken. The 96-well plate 

was incubated at 37 
o
C for 12 h. Fluorimetric reading was recorded in a microwell plate 

reader with excitation wavelength of 490 nm and emission wavelength of 530 nm. 
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3.1.5. Spectral charts 
1
H NMR Spectrum (400 MHz, CDCl3) of compound 15 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 15 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 16 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 16 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 17 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 17 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 18 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 18 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 19 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 19 
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CHAPTER 3.2: Investigation into modulation of release rate 

3.2.1. Introduction 

In Chapter 3.1, we presented O
2
-(4-nitrobenzyl) diazeniumdiolates as nitroreductase 

(NTR) activated NO donor which can be potential candidates for delivery of cytotoxic 

NO in cancer cells in enzyme directed prodrug therapy (Figure 3.2.1). The release of 

NO from O
2
-(4-nitrobenzyl) diazeniumdiolates takes place after reduction of nitro 

group to hydroxyl amine or amine group which undergoes electronic rearrangement to 

expel the diazeniumdiolate. 

 

 

Figure 3.2.1. Proposed mechanism of activation of O
2
-(4-nitrobenzyl) 

diazeniumdiolates by NTR. 

There are two important features that dictate the rate of NTR reduction: a) the 

efficiency of the enzyme to reduce the substrate; and b) the fragmentation of the 

leaving group after reduction. In a study by Hu et al., it was reported that substituents 

on the phenyl ring not only affected the reduction by NTR but the cytotoxicity was 

also influenced. However, the rate of reduction and cytotoxicity could not be 

correlated.
1
 So far, the effects of substitution on the phenyl ring have been studied on 

NTR reduction and release of leaving group. The effect of benzylic substitution on 

NTR reduction has not been yet explored. As flow of electrons dictate release, 

substituting groups with different electron density at the benzylic position, may 

influence the release of the leaving group from the scaffold. Therefore, we propose 

the substituents on the benzylic position of 4-nitrobenzyl group may affect the release 

of NO or any other leaving group (Scheme 3.2.1). 

In order to investigate the effects of benzylic substituent variation on the release of 

leaving group, several 4-nitrobenzyl umbelliferone ethers were synthesized as model 

compounds. In the presence of NTR with cofactor NADPH, the nitro group of 4-

nitrobenzyl umbelliferone ethers gets reduced by NTR to form the electron rich 

hydroxylamine or amine species that releases umbelliferone. Using umbelliferone as 
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the fluorescence readout for NTR activation, the release profile of different benzylic-

substituted compounds can be monitored conveniently. 

 

 Scheme 3.2.1. NTR-activated model to study the effects of substituents at the 

benzylic position on the release of leaving group. 

3.2.2. Results and discussion 

3.2.2.1. Synthesis 

In order to test our hypothesis, we synthesized nine compounds 20, 21, 24, 27, 30, 32, 

34, 36 and 38 to study the effects of benzylic substituents on the release of leaving 

group upon NTR reduction (Figure 3.2.2). 

 

Figure 3.2.2. Substituted 4-nitrobenzyl umbelliferone ethers synthesized to study the 

modulation on release of umbelliferone from 4-nitrobenzyl group. 
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A negative control 20, which is not a substrate for NTR, was synthesized by reacting 

benzyl bromide with umbelliferone in the presence of K2CO3 to obtain 20 in 66% 

yield. Due to the absence of nitro group on the phenyl ring, compound 20 cannot be 

reduced by NTR to release umbelliferone. Using similar reaction conditions, 

compound 21 was synthesized with 88% yield by reacting 4-nitrobenzyl bromide with 

umbelliferone in the presence of K2CO3 (Scheme 3.2.2). 

 

Scheme 3.2.2. Synthesis of 20 and 21. 

In order to derivatize the benzylic position, 4-nitrobenzaldehyde was reacted with 

different Grignard reagents at -78 
o
C to afford benzyl substituted 4-nitrobenzyl 

alcohols in yields ranging from 21-72% (Table 3.2.1). 

 

Entry  Compound Substituent, R % Yield 

1 22 Phenyl 65 

2 25 Methyl 21 

3 28 2-Me phenyl 72 

4 31 4-Cl phenyl 62 

 

 Table 3.2.1. Synthesis of benzyl substituted 4-nitrobenzyl alcohols. 

The alcohols were then converted into bromides by treating with PBr3 in dry DCM 

with yields ranging from 36-87% (Table 3.2.2). 

The bromides were displaced with umbelliferone in the presence of K2CO3 to obtain 

the benzyl substituted 4-nitrobenzyl umbelliferone ethers in yields ranging from 37-

65% (Table 3.2.3). 
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Entry  Compound Substituent, R % Yield 

1 23 Phenyl 47 

2 26 Methyl 36 

3 29 2-Me phenyl 49 

 

 Table 3.2.2. Synthesis of benzyl substituted 4-nitrobenzyl bromides using PBr3. 

 

Entry  Compound Substituent, R % Yield 

1 24 Phenyl 37 

2 27 Methyl 45 

3 30 2-Me phenyl 65 

 

 Table 3.2.3. Synthesis of 4-nitrobenzyl umbelliferone ethers 24, 27 and 30. 

In order to synthesize benzhydrol 33, 4-methoxyphenyl magnesium bromide was 

generated in situ using 4-bromo anisole, magnesium and dibromoethane by refluxing 

in dry THF. The Grignard reagent thus generated was reacted with 4-

nitrobenzaldehyde in the same reaction flask to obtain 33 in 86% yield (Scheme 

3.2.3). 

 

 Scheme 3.2.3. In situ generation of 4-methoxy phenyl magnesium bromide followed 

by reaction with 4-nitrobenzaldehyde to form 33. 
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Next, 4-bromobenzonitrile was reacted with n-BuLi to generate lithiated benzonitrile 

which was then reacted with 4-nitrobenzaldehyde to obtain compound 35 in 57% 

yield (Scheme 3.2.4). 

 

 Scheme 3.2.4. In situ generation of lithiated benzonitrile followed by reaction with 4-

nitrobenzaldehyde to form 35. 

Similarly, compound 37 was synthesized by treating 2-bromo thiophene with n-BuLi 

in THF at -78 
o
C. The lithiated thiophene formed in situ was reacted with 4-

nitrobenzaldehyde to obtain compound 37 in 47% yield (Scheme 3.2.5). 

 

 Scheme 3.2.5. In situ generation of lithiated thiophene followed by reaction with 4-

nitrobenzaldehyde to form 37. 

The benzhydrols 33, 35 and 37 were then reacted with umbelliferone to form 4-

nitrobenzyl umbelliferone ethers using Mitsunobu reaction condition to form 

compounds 34, 36 and 38, respectively (Table 3.2.4). 

 

Entry  Compound Substituent, R % Yield 

1 32 4-Cl phenyl 65 

2 34 4-OMe phenyl 6 

3 36 4-CN phenyl 73 

4 38 2-Thiophenyl 29 

 

Table 3.2.4. Synthesis of substituted 4-nitrobenzyl umbelliferone ethers 32, 34, 36 

and 38. 
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3.2.2.2. Evaluation of NTR reduction 

To evaluate NTR activation and umbelliferone release, compound 21 (50 µM) was 

incubated with NTR in the presence of NADPH in pH 7.4 buffer at 37 
o
C and an 

increase in umbelliferone fluorescence was monitored over 3 h using a microwell 

plate reader (λex: 360 nm; λem: 460 nm). Compound 21 was reduced by NTR to 

release umbelliferone as measured by increase in fluorescence (Figure 3.2.3). Next, 

the negative control 20 was incubated with NTR under similar reaction condition and 

an increase in fluorescence was monitored over 3 h. Due to absence of 4-nitro group, 

20 was not a substrate for NTR and hence, it was not metabolised to release 

umbelliferone in buffer (Figure 3.2.3). 

 

 Figure 3.2.3. Fluorescence measurement due to umbelliferone release upon NTR 

reduction of 20 and 21 (50 µM) using NADPH as cofactor (λex: 360 nm; λem: 460 nm). 

Next, compounds 24, 27, 30, 32, 34, 36 and 38 (50 µM) were independently 

incubated with NTR and cofactor NADPH in pH 7.4 buffer in a 96-well plate and the 

release of umbelliferone over 3 h was monitored. Altogether, we found an increase in 

fluorescence for 4-nitrobenzyl umbelliferone ethers 20, 24, 27, 30, 32, 34, 36 and 38 

when incubated with NTR, suggesting these model compounds were reduced by NTR 

to release umbelliferone. However, 20 was not reduced by NTR to release 

umbelliferone (Figure 3.2.4). Comparing the fluorescence intensity of umbelliferone 

(50 µM) under similar buffer conditions, it was found that none of the 4-nitrobenzyl 

umbelliferone ethers were able to generate 100% umbelliferone upon incubation with 

NTR (Table 3.2.5). In case of the unsubstituted compound 21, the umbelliferone 

release was found to be 27%. Compound 38 with thiophene substituent was slightly 

better in releasing umbelliferone (~ 7% more) compared to 21. Compounds 24 

(phenyl substituent) and 36 (4-CN phenyl substituent) released similar amount of 
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umbelliferone as compound 21. Compounds 30 (2-Me phenyl substituent) and 34 (4-

OMe phenyl substituent) released ~20% umbelliferone. However, compounds 27 

(methyl substituent) and 32 (4-Cl phenyl substituent) were found to release very less, 

~10% umbelliferone after 3 h of NTR incubation. 

 

 Figure 3.2.4. Fluorescence measurement due to umbelliferone release upon NTR 

reduction of 20 and 4-nitrobenzyl umbelliferone ethers by NTR (λex: 360 nm; λem: 460 nm). 

 

Entry Compound %Fluorescence 

1 20 0.1 

2 21 27.5 

3 24 25.5 

4 27 11.5 

5 30 20.4 

6 32 9.9 

7 34 17.9 

8 36 25.5 

9 38 35.3 

10 Umbelliferone 100.0 

 

Table 3.2.5. Estimation of umbelliferone released from incubation of 50 µM of 20 

and 4-nitrobenzyl umbelliferone ethers with NTR and NADPH in pH 7.4 buffer at 37 
o
C after 

3 h. Fluorescence intensity (λex: 360 nm; λem: 460 nm) from 50 µM of umbelliferone was 

considered to be 100%. 
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Thus, we found 4-nitrobenzyl umbelliferone ethers were reduced by NTR to release 

umbelliferone in different amounts. During HPLC based experiment to monitor the 

decomposition of 4-nitrobenzyl umbelliferone ethers in the presence of NTR, it was 

found that some compounds were precipitating out in buffer. Therefore, due to 

solubility issues, the results of enzymatic reduction of 4-nitrobenzyl umbelliferone 

ethers in buffer may not be conclusive and it would be difficult to explain the effects 

of benzylic substituent on the release profile. 

3.2.2.3. Bioreduction in bacteria 

As NTR is a bacterial enzyme and 4-nitrobenzyl is well known substrate for bacterial 

NTR so, it is expected that the 4-nitrobenzyl umbelliferone ethers undergo 

bioreduction when incubated in bacteria to release umbelliferone. In order to study the 

bioreduction of the 4-nitrobenzyl umbelliferone ethers, we selected Escherichia coli 

(E. coli), a gram negative bacteria and Staphylococcus aureus (SA), a gram positive 

bacteria, that express NTR.
2
 

 

 Figure 3.2.5. Bioreduction of 4-nitrobenzyl umbelliferone ethers (5 µM) in bacteria. 

A) Fluorescence measurement due to umbelliferone release (λex: 360 nm; λem: 460 nm) upon 

incubation of different 4-nitrobenzyl umbelliferone ethers and 20 in E. coli. for 12 h at 37 
o
C. 

B) Fluorescence measurement due to umbelliferone release (λex: 360 nm; λem: 460 nm) upon 

incubation of different 4-nitrobenzyl umbelliferone ethers and 20 in SA for 12 h at 37 
o
C. 

5 µM of the 4-nitrobenzyl umbelliferone ethers were independently incubated in E. 

coli at 37 
o
C for 12 h in a 96-well plate and increase in umbelliferone fluorescence 

was monitored (λex: 360 nm; λem: 460 nm). An increase in fluorescence for 4-

nitrobenzyl umbelliferone ethers treated E. coli was observed as compared to 

compound untreated E. coli. A similar bioreduction experiment performed by 

independently incubating 5 µM of the 4-nitrobenzyl umbelliferone ethers in SA 

resulted in increase in fluorescence. Thus, an increase in fluorescence for both E. coli 
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and SA cultures treated independently with 21, suggested that 21 was bioreductively 

activated by bacterial NTR to release umbelliferone. On the contrary, negligible 

increase in fluorescence was seen with the negative control 20 when incubated in both 

bacteria. However, here also we noticed that the compounds were precipitating out to 

some extent in media. In E. coli, it was found that aromatic substituents reduced the 

rate of bioreduction presumably due to increased steric bulk that hinders NTR 

reduction and subsequently reduces umbelliferone release (Figure 3.2.5.A). However, 

methyl substituent at the benzylic position in 27 is sterically less bulkier group and 

therefore fluorescence increase was similar to 21. In SA, aromatic substituted 

compounds showed almost similar umbelliferone release as 21 (Figure 3.2.5.B). We 

found that compound 32 (4-Cl phenyl substituent) was found to be reduced slowly in 

both bacteria to release umbelliferone. 

3.2.3. Conclusion 

In this chapter, we synthesized benzylic substituted 4-nitrobenzyl umbelliferone 

ethers to study substituent effect on NTR reduction. There are two main aspects of 

NTR reduction: the selectivity of enzyme for substrates and fragmentation of leaving 

group after NTR reduction. With the help of 4-nitrobenzyl umbelliferone ethers, we 

attempted to study the effects of benzylic substituent of the 4-nitrobenzyl group on 

NTR reduction. The enzymatic reduction of the model compounds, led to an increase 

in fluorescence indicating that 4-nitrobenzyl umbelliferone ethers were reduced to 

release umbelliferone. Bioreduction of the compounds was performed in E. coli and 

SA. It was observed that the 4-nitrobenzyl umbelliferone ethers were reduced inside 

bacteria to generate umbelliferone as well. However, solubility issue of the model 

compounds may complicate interpretation during enzymatic reduction in buffer and 

also in culture media during bioreduction. Thus due to solubility issue of the 

compounds, no correlation between substituent effect and umbelliferone release could 

be inferred. 
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3.2.4. Experimental Section 

3.2.4.1. General procedure for synthesis of benzhydrols 22, 25, 28 and 31 

A solution of dry THF was cooled to -78 
o
C under nitrogen atmosphere. The Grignard 

reagent (1.2 eq.) was added and stirred at -78 
o
C for 30 min. To the reaction mixture, 

a solution of 4-nitrobenzaldehyde (1 eq.) in dry THF was added drop wise and 

reaction mixture was stirred at -78 
o
C for 1 to 2 h. The reaction mixture was quenched 

using saturated NH4Cl solution and the aqueous solution was extracted using ethyl 

acetate. The combined organic layer was washed with brine, dried (Na2SO4), filtered 

and the filtrate was evaporated to give crude product. The crude product was purified 

using silica gel column chromatography. 

Compounds 22, 25, 28 and 31 have been previously reported and the analytical data 

that we obtained were consistent with reported data.
3
 

3.2.4.2. General procedure for bromination of benzhydrols 23, 26 and 29 

The solution of benzhydrol (1 eq.) in dry DCM under nitrogen atmosphere was cooled 

to 0 
o
C. To the reaction mixture PBr3 (1.2 eq) was added and the reaction mixture was 

stirred at 0 
o
C with gradual warming to room temperature for 1 to 2 h. The reaction 

mixture was quenched using saturated NaHCO3 solution. The aqueous solution was 

extracted in DCM. The combined organic layer was washed with brine, dried 

(Na2SO4), filtered and the filtrate was evaporated to give crude product. Purification 

was done using silica gel column chromatography to obtain pure product. 

Compounds 23
4
 and 26

5
 have been previously reported and the analytical data that we 

obtained were consistent with the reported data. 

Synthesis of 1-(bromo(4-nitrophenyl)methyl)-2-methylbenzene, 29. 

Brown liquid (0.26 g, 49%); FT-IR (νmax, cm
-1

): 1599, 1519, 

1345, 701; 
1
H NMR (CDCl3, 400 MHz) δ: 8.17 (d, J = 8.8 Hz, 

2H), 7.59 (d, J = 8.7 Hz, 2H), 7.39-7.43 (m, 1H), 7.16-7.25 (m, 

3H), 6.47 (s, 1H); 
13

C NMR (CDCl3, 100 MHz) δ: 147.6, 147.4, 137.7, 135.5, 131.1, 

129.6, 129.5, 128.9, 126.9, 123.8, 50.7, 19.6; HRMS (ESI) for C14H12BrNO2 [M+H]
+
: 

Calcd., 306.0129, Found, 306.0107. 
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3.2.4.3. General procedure for synthesis of umbelliferone ethers from bromides 

20, 21, 24, 27 and 30 

To a stirred solution umbelliferone (1 eq.) in dry DMF under nitrogen atmosphere at 

room temperature, K2CO3 (1 eq.) was added and stirred for 10 min. To this solution, 

substituted bromide (1.2 eq.) was added and the reaction mixture was stirred at room 

temperature for 3-8 h. Ice cold water was added and the reaction mixture was 

extracted in ethyl acetate. The combined organic layer was washed with brine, dried 

(Na2SO4), filtered and the filtrate was evaporated to give crude product. Purification 

was done using silica gel column chromatography to obtain pure product. 

Compound 20 has been previously reported and the analytical data that we obtained 

was consistent with the reported data.
6
 

Synthesis of 7-((4-nitrobenzyl)oxy)-2H-chromen-2-one, 21. 

White solid (0.24 g, 88%); m.p. 181-182 
o
C; FT-IR 

(νmax, cm
-1

): 1728, 1614, 1516, 1346, 1127; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.27 (d, J = 8.7 Hz, 2H), 7.61-

7.66 (m, 3H), 7.41 (d, J = 8.6 Hz, 1H), 6.93 (dd, J = 

8.6, 2.4 Hz, 1H), 6.86 (d, J = 2.2 Hz, 1H), 6.28 (d, J = 9.5 Hz, 1H), 5.23 (s, 2H); 
13

C 

NMR (CDCl3, 400 MHz) δ: 161.1, 161.0, 155.8, 147.9, 143.3, 143.2, 129.1, 127.8, 

124.1, 113.8, 113.3, 113.1, 102.0, 69.1; HRMS (ESI) for C16H11NO5 [M+H]
+
: Calcd., 

298.0715, Found, 298.0685. 

Synthesis of 7-((4-nitrophenyl)(phenyl)methoxy)-2H-chromen-2-one, 24. 

White solid (0.10 g, 37%), m.p. 210-211 
o
C; FT-IR 

(νmax, cm
-1

): 1724, 1611, 1513, 1342, 1124; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.22 (d, J = 8.8 Hz, 2H), 7.60-

7.63 (m, 3H), 7.35-7.41 (m, 1H), 6.95 (dd, J = 8.6, 2.5 

Hz, 1H), 6.82 (d, J = 2.4 Hz, 1H), 6.25 (d, J = 9.4 Hz, 1H); 
13

C NMR (CDCl3, 400 

MHz) δ: 161.0 ,160.4, 155.6, 147.6, 147.4, 143.3, 138.8, 129.3, 129.0, 129.0, 127.5, 

126.8, 124.2, 114.0, 113.8, 113.3, 103.3, 81.3; HRMS (ESI) for C22H15NO5 [M+H]
+
: 

Calcd., 374.1028, Found, 374.1033. 
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Synthesis of 7-(1-(4-nitrophenyl)ethoxy)-2H-chromen-2-one, 27. 

White solid (72 mg, 45%), m.p. 172-173 
o
C; FT-IR 

(νmax, cm
-1

): 1712, 1610, 1514, 1343, 1125; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.21 ( d, J = 8.7 Hz, 2H), 7.59 (d, 

J = 9.4 Hz, 1H), 7.53 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.6 Hz, 1H), 6.82 (dd, J = 8.5, 

2.4 Hz, 1H), 6.66 (d, J = 2.4 Hz, 1H), 6.22 (d, J = 9.4 Hz, 1H), 5.46 (q, J = 6.4 Hz, 

1H), 1.69 (d, J = 6.4 Hz, 3H); 
13

C NMR (CDCl3, 400 MHz) δ: 161.0, 160.4, 155.6, 

149.3, 147.6, 143.3, 129.0, 126.4, 124.3, 113.7, 113.6, 113.0, 102.9, 75.8, 24.3; 

HRMS (ESI) for C17H13NO5 [M+H]
+
: Calcd., 312.0872, Found, 312.0836. 

Synthesis of 7-((4-nitrophenyl)(o-tolyl)methoxy)-2H-chromen-2-one, 30. 

White solid (58 mg, 65%), m.p 154-155 
o
C; FT-IR 

(νmax, cm
-1

): 1728, 1610, 1517, 1344, 1123; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.23 (d, J = 8.8 Hz, 2H), 7.61 (d, 

J = 9.5 Hz, 1H), 7.55 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 

8.6 Hz, 1H), 7.23-7.29 (m, 4H), 6.91 (dd, J = 8.6, 2.4 Hz, 1H), 6.74 (d, J = 2.4 Hz, 

1H), 6.48 (s, 1H), 6.25 (d, J = 9.5 Hz, 1H), 2.36 (s, 3H); 
13

C NMR (CDCl3, 400 MHz) 

δ: 161.0, 160.6, 155.7, 147.7, 146.2, 143.3, 136.2, 135.8, 131.5, 129.1, 128.4, 127.2, 

126.9, 124.0, 113.9, 113.7, 113.2, 103.0, 78.9, 19.6; HRMS (ESI) for C23H17NO5 

[M+H]
+
: Calcd., 388.1185, Found, 388.1162. 

Synthesis of (4-methoxyphenyl)(4-nitrophenyl)methanol, 33. 

To a stirred solution of 4-bromo anisole (10.7 mmol) in 

dry THF (20 mL) under nitrogen atmosphere, activated 

magnesium (10.7 mmol) and dibromoethane (2.07 mmol) 

were added and the reaction mixture was refluxed until a grey coloured precipitate 

was seen. The reaction mixture was cooled to room temperature and then to -78 
o
C 

under nitrogen atmosphere. To this reaction mixture, a solution of 4-

nitrobenzaldehyde (6.42 mmol) in dry THF (15 mL) was added dropwise and the 

reaction mixture was stirred at -78 
o
C with gradually warming to 0 

o
C (1.5 h). The 

reaction mixture was quenched using saturated NH4Cl solution and the aqueous 

solution as extracted using ethyl acetate. The combined organic layer was washed 

with brine, dried (Na2SO4), filtered and the filtrate was evaporated to give crude 

product. Purification was done using silica gel column chromatography using 20% 
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ethyl acetate: pet ether as eluent to obtain pure product. This compound has been 

previously reported and the analytical data that we obtained was consistent with the 

reported data.
7
 

Synthesis of 4-(hydroxy(4-nitrophenyl)methyl)benzonitrile, 35. 

A solution of isopropyl magnesium chloride (1.1 mmol) in 

dry THF (5 mL) was cooled to 0 
o
C under nitrogen 

atmosphere. To the reaction mixture n-BuLi (1.1 mmol.) 

was added and the reaction mixture was stirred at 0 
o
C for 30 min. The reaction 

mixture was then cooled to -78 
o
C and stirred at the same temperature for 1 h. To this 

reaction mixture, a solution of 4-bromo benzonitrile (0.88 mmol) in dry THF (5 mL) 

was added dropwise and the reaction mixture was stirred -78 
o
C for an additional one 

hour. The reaction mixture was quenched using saturated NH4Cl solution and the 

aqueous solution was extracted using ethyl acetate. The combined organic layer was 

washed with brine, dried (Na2SO4), filtered and the filtrate was evaporated to give 

crude product. Purification was done using silica gel column chromatography and by 

using 20-25% ethyl acetate: pet ether as eluent, pure product was obtained as a yellow 

solid (0.4 g, 57%), m.p. 152-153 
o
C; FT-IR (νmax, cm

-1
): 3424, 2231, 1676, 1516, 

1344; 
1
H NMR (CDCl3, 400 MHz) δ: 8.19 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 8.2 Hz, 

2H), 7.55 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 5.97 (s, 1H), 2.91 (s, 1H); 
13

C 

NMR (CDCl3, 400 MHz) δ: 149.6, 147.7, 147.6, 132.7, 127.3, 127.2, 124.1, 118.5, 

112.0, 74.7; HRMS (ESI) for C24H10N2O3 [M+H]
+
: Calcd., 255.0769, Found, 

255.0773. 

Synthesis of (4-nitrophenyl)(thiophen-2-yl)methanol, 37. 

A solution of 2-bromo thiophene (2.69 mmol) in dry THF (5 

mL) was cooled to -78 
o
C under nitrogen atmosphere. To the 

reaction mixture n-BuLi (2.69 mmol) was added dropwise and 

the reaction mixture was stirred at -78 
o
C for 1 h. To the reaction mixture, a solution 

of 4-nitrobenzadehyde (2.40 mmol) in dry THF (5 mL) was added dropwise and the 

reaction mixture was stirred at -78 
o
C for an additional 1 h. The reaction mixture was 

quenched using saturated NH4Cl solution and aqueous solution was extracted using 

ethyl acetate. The combined organic layer was washed with brine, dried (Na2SO4), 

filtered and the filtrate was evaporated to give crude product. Purification was done 
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using silica gel column chromatography, 15% ethyl acetate: pet ether was used as 

eluent to obtain pure product. This compound has been previously reported and the 

analytical data that we obtained was consistent with the reported data.
8
 

3.2.4.4. General procedure for Mitsunobu reaction 32, 34, 36 and 38 

A solution of benzhydrol (1 eq.), umbelliferone (1 eq.) and PPh3 (2 eq.) in dry THF 

was cooled to 0 
o
C under nitrogen atmosphere. To the reaction mixture, DIAD (2 eq.) 

was added and the reaction mixture was gradually warmed to room temperature and 

stirred for 12 h. The reaction mixture was diluted with water and the aqueous solution 

was extracted using DCM. The combined organic layer was washed with brine, dried 

(Na2SO4), filtered and the filtrate was evaporated to obtain crude product. Purification 

was done using silica gel column chromatography to afford pure product. 

Synthesis of 7-((4-chlorophenyl)(4-nitrophenyl)methoxy)-2H-chromen-2-one, 32. 

White solid (0.155 g, 65%), m.p. 185-186 
o
C; FT-IR 

(νmax, cm
-1

): 1728, 1611, 1519, 1345, 1125; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.22 (d, J = 8.7 Hz, 2H), 7.61 (d, 

J = 8.3 Hz, 3H), 7.36-7.39 (m, 5H), 6.93 (dd, J = 8.6, 

2.3 Hz, 1H), 6.80 (d, J = 2.2 Hz, 1H), 6.34 (s, 1H), 6.25 

(d, J = 9.5 Hz, 1H); 
13

C NMR (CDCl3, 400 MHz) δ: 160.9, 160.0, 155.6, 147.8, 146.8, 

143.2, 137.3, 134.9, 129.5, 129.1, 128.2, 127.5, 124.3, 114.0, 113.9, 113.4, 103.3, 

80.6; HRMS (ESI) for C22H14ClNO5 [M+H]
+
: Calcd., 408.0639, Found, 408.0618. 

Synthesis of 7-((4-methoxyphenyl)(4-nitrophenyl)methoxy)-2H-chromen-2-one, 

34. 

White solid (30 mg, 6%), m.p. 215-216 
o
C; FT-IR (νmax, 

cm
-1

): 1720, 1610, 1510, 1343, 1124, 1021; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.22 (d, J = 8.8 Hz, 2H), 7.58-

7.61 (m, 3H), 7.35 (d, J = 8.6 Hz, 1H), 7.31 (d, J = 8.7 

Hz, 2H), 6.89-6.95 (m, 3H), 6.81 (d, J = 2.4 Hz, 1H), 

6.30 (s, 1H), 6.24 (d, J = 9.5 Hz, 1H), 3.79 (s, 3H); 
13

C NMR (CDCl3, 400 MHz) δ: 

161.0, 160.5, 160.0, 155.7, 147.7, 147.6, 143.3, 130.8, 129.0, 128.4, 127.4, 124.1, 

114.7, 114.1, 113.8, 113.2, 103.4, 81.1, 55.4; HRMS (ESI) for C23H17NO6 [M+H]
+
: 

Calcd., 404.1134, Found, 404.1113. 
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Synthesis of 4-((4-nitrophenyl)((2-oxo-2H-chromen-7-yl)oxy)methyl)benzonitrile, 

36. 

White solid (180 mg, 73%), m.p. 123-124 
o
C; FT-IR 

(νmax, cm
-1

): 2230, 1719, 1610, 1518, 1345, 1227, 1126; 

1
H NMR (CDCl3, 400 MHz) δ: 8.22 (d, J = 8.5 Hz, 2H), 

7.68 (d, J = 8.1 Hz, 2H), 7.60-7.64 (m, 3H), 7.58 (d, J = 

8.2 Hz, 2H), 7.38 (d, J = 8.6 Hz, 1H), 6.93 (dd, J = 8.5, 

2.1 Hz, 1H), 6.68 (d, J = 2.1 Hz, 1H), 6.42 (s, 1H), 6.24 (d, J = 9.5 Hz, 1H); 
13

 C 

NMR (CDCl3, 400 MHz) δ: 160.8, 159.7, 155.5, 147.9, 146.0, 144.0, 143.2, 133.0, 

129.3, 127.5, 127.4, 124.4, 118.2, 114.1, 113.8, 113.6, 112.7, 103.3, 80.3; HRMS 

(ESI) for C23H14N2O5 [M+H]
+
: Calcd., 399.0981, Found, 399.0984. 

Synthesis of 7-((4-nitrophenyl)(thiophen-2-yl)methoxy)-2H-chromen-2-one, 38. 

White solid (70 mg, 29 %), m.p. 197-198 
o
C; FT-IR 

(νmax, cm
-1

): 1718, 1161, 1510, 1339, 1123; 
1
H NMR 

(CDCl3, 400 MHz) δ: 8.24 (d, J = 8.8 Hz, 2H), 7.66 (d, 

J = 8.6 Hz, 2H), 7.60 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 

8.6 Hz, 1H), 7.34 (dd, J = 5.1, 1.4 Hz, 1H), 7.00-7.01 (m, 1H), 6.96-6.98 (m, 1H), 

6.93 (dd, J = 8.6, 2.4 Hz, 1H), 6.83 (d, J = 2.4 Hz, 1H), 6.58 (s, 1H), 6.24 (d, J = 9.4 

Hz, 1H); 
13

C NMR (CDCl3, 100 MHz) δ: 160.9, 160.0, 155.5, 147.9, 146.7, 143.3, 

142.0, 129.1, 127.4, 127.3, 127.1, 126.9, 124.3, 114.0, 114.0, 113.5, 103.3; HRMS 

(ESI) for C20H13NO5S [M+H]
+
: Calcd., 380.0592, Found, 380.0597. 

3.2.4.5. Nitroreductase reduction 

A 10 mM stock solution of the test compound was prepared in DMSO. Enzyme stock 

solution was prepared by dissolving 1.5 mg of NTR in phosphate buffer pH 7.4 (100 

μL). A 210 μM stock solution of NADPH was prepared in phosphate buffer pH 7.4. A 

typical reaction mixture in a 96 well plate consisted of 50 μL of test compound (from 

50 μM solution of test compound in buffer), 95 μL of NADPH and 5 μL of NTR 

enzyme. The control set was prepared by dissolving 50 μL of test compound (from 50 

μM solution of test compound in buffer), 95 μL of NADPH and 5 μL of buffer. The 

96-well plate was then incubated at 37 
o
C for 3 h. Fluorescence was measured using a 

Thermo Scientific Varioscan microwell plate reader (λex: 360 nm and λem: 460 nm). 

The fluorescence reading for mentioned time point was average of four readings. 
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3.2.4.6. Bioreduction in bacteria 

A stock solution of the test compound was prepared in DMSO. Escherichia Coli 

(EC2065) was cultured in 10 mL of Luria Bertani (LB) medium at 37 ºC for 16 h. 

Staphylococcus aureus (SA5021) was cultured in 10 mL of LB medium at 37 ºC for 

16 h. The cultured E. coli bacterial suspension was centrifuged to aspirate out the 

medium and resuspended in fresh medium to obtain bacterial suspension of O.D 0.5. 

The experiment was performed in a 96 well plate. In control set, 100 µL of bacterial 

suspension was diluted with 100 µL LB. In another set serving as bioreductively 

activated set, 100 µL of bacterial suspension was diluted with 100 µL of test 

compound solution (final concentration of test compound: 5 µM). The 96-well plate 

was incubated at 37 
o
C for 12 h. Fluorescence was measured using a Thermo 

Scientific Varioscan microwell plate reader (λex: 360 nm and λem: 460 nm). The 

fluorescence reading for mentioned time point was average of four readings. Same 

protocol was followed for monitoring bioreduction in Staphylococcus aureus. 
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3.2.5. Spectral charts 
1
H NMR Spectrum (400 MHz, CDCl3) of compound 21 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 21 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 24 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 24 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 27 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 27 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 29 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 29 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 30 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 30 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 32 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 32 

 

  



  Chapter 3.2 

107 

 

1
H NMR Spectrum (400 MHz, CDCl3) of compound 34 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 34 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 35

 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 35 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 36 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 36 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 38 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 38 
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CHAPTER 4: A bioreductively-activated NO donor with a fluorescence reporter 

4.1. Introduction 

NO forms an important constituent of our immune system.
1
 The cytostatic or 

cytotoxic ability of host immune cells towards pathogens has been correlated to 

endogenous production of NO.
2
 Furthermore, it has been demonstrated in various 

studies that NO when delivered from exogenous sources showed cytotoxicity to a 

wide spectrum of bacteria in vitro.
3
 However, certain pathogens are capable of 

detoxifying or deactivating the damage induced by NO.
4
 Also, endogenously 

produced NO in bacteria has been implicated with cytoprotective role in bacteria by 

attenuating the oxidative stress induced by class of antibiotics.
5
 In order to address the 

exact role of NO inside bacteria, it is necessary to localise NO inside bacteria using 

appropriate NO donors and subsequently study the effects of NO. Having developed a 

method for releasing NO within bacteria in Chapter 3.1, we next wanted to study the 

possibility of incorporating a reporter in the NO delivery system. Activation of the 

trigger is expected to release NO and simultaneously a reporter molecule which may 

enable real-time monitoring of the NO release in a non-invasive manner.  

Weinstein et al. reported real-time monitoring of drug release using a reporting drug 

delivery system where 7-hydroxycoumarin linker was attached to the peptidase 

substrate to one end and to the drug molecule on the other end (Scheme 4.1).
6

 

Scheme 4.1. Reporting drug delivery system by Weinstein et al. for real-time 

monitoring of drug release using 7-hydroxycoumarin as the reporter molecule. 

Based on the above strategy of real-time monitoring of drug release, we propose to 

design a reporter linked NTR-activated NO donor for bacterial system. The design 

consists of 4-nitrobenzyl group as a trigger for bacterial enzyme, NTR and 

diazeniumdiolate, as the source of NO linked through the fluorescent reporter 7-

hydroxycoumarin (Scheme 4.2). The proposed strategy is expected to facilitate 
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monitoring of NO donor localisation, its permeability and studying prodrug activation 

mechanism in vivo. 

 

Scheme 4.2. Proposed design of model for the real-time monitoring of NO release. 

The proposed mechanism of activation of the reporter probe, 47 is as follows. In the 

presence of NTR, the nitro group is reduced to the hydroxylamine or amine with an 

increased electron density on the phenyl group. Subsequently, the flow of electrons 

release the self-immolative phenolate linker, followed by 1,8 elimination to release 

the diazeniumdiolate that is hydrolysed to generate NO and fluorescent molecule, 44 

(Scheme 4.3). 

 

 

Scheme 4.3. Proposed mechanism of activation of the bioreductively activated reporter 

linked NO donor to release NO and the turn-on fluorescent probe 44. 
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4.2. Results and discussion 

4.2.1. Synthesis 

 

Scheme 4.4. Synthesis of 47. 

In order to test our hypothesis that compound 47 is a bioreductively activated reporter 

linked NO donor, we synthesized 47 in nine steps starting from 2, 4-dihydroxy 

benzaldehyde (Scheme 4.4). Briefly, 2, 4-dihydroxy benzaldehyde was reacted with 

diethyl glutaconate to form the coumarin 39 in 85% yield. It was acetylated using 

acetic anhydride in DCM-pyridine to form 40 in quantitative yield. Using osmium 

tetraoxide (OsO4) and N-methyl morpholine N-oxide, olefin 40 was oxidised to diol 
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41 in 73% yield. The resulting diol was cleaved using sodium periodate and silica to 

obtain aldehyde 42, in quantitative yield. Deacetylation of 42 was achieved using 

K2CO3 to get 43 in 100% yield. Fluorescent reporter compound 44 was obtained by 

reducing the aldehyde 43 with NaBH4. Compound 44 was protected with 4-

nitrobenzyl bromide to obtain 45 in 40% yield. The alcohol 45 was converted into the 

bromide 46 using PBr3 in DCM which was further used without purification. The 

bromide was displaced by DEA/NO to afford 47 in 9% yield. 

4.2.2. Evaluation of NTR reduction 

In order to evaluate the suitability of compound 47 to undergo reduction by NTR to 

release NO, compound 47 was incubated in the presence and absence of NTR and the 

cofactor NADPH at 37 
o
C in pH 7.4 buffer and the amount of NO released was 

measured using chemiluminescence based NOA. Compound 47 (12.5 µM) in the 

presence of NTR was reduced to release approximately 3 µM NO after 30 min 

(Figure 4.1.A). However under similar reaction conditions, negligible amount of NO 

was estimated from 47 in the absence of NTR.  

 

 

Figure 4.1. A) NO release from 47 in the presence and absence of NTR in pH 7.4 

buffer detected using chemiluminesence based assay using NOA. B) Estimation of 44 release 

from 47 in the presence and absence of NTR in pH 7.4 buffer detected using increase in 
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flourescence at λex: 315 nm and λem: 460 nm. C) Concomitant release of NO and 44, products 

of reduction of 47 by NTR in pH 7.4 buffer at 37 
o
C. 

As per the proposed mechanism, the release of NO should be accompanied by the 

release of fluorescent reporter compound, 44. So an increase in fluorescence of 44 

was measured using a microwell plate reader at λex: 315 nm and λem: 460 nm. An 

increase in the fluorescence intensity was detected from 47 when incubated with 

NTR, which was estimated to be 1.5 µM of 44 after 30 min. On the contrary, no 

fluorescence was seen from 47 in the absence of NTR (Figure 4.1.B). 

A direct comparison of release of NO and release of fluorescent reporter 44 was done 

to compare the % release of the products of NTR reduction. It was observed that the 

% release of both products were almost equivalent, approximately 12-13% over 3 h 

duration (Figure 4.1.C). Thus, the enzymatic reduction of 47 by NTR showed that 47 

was substrate for NTR enzyme and gets reduced in the presence of NTR to release 

NO and fluorescent reporter compound, concomitantly. 

4.3. Intracellular activation in bacteria 

4.3.1. Bioreduction to release 44 

In order to study the bioreduction of 47, we selected Escherichia coli (E. coli), 

Mycobacterium smegmatis (M. smeg) and Staphylococcus aureus (SA).
7
 A HPLC 

based experiment was performed to qualitatively assess the release of fluorescent 

reporter 44 in the bacterial supernatant from incubation of 47 in the bacteria after 12 

h. Compound 47 was incubated in E. coli for 12 h and the supernatant was injected in 

the HPLC attached with a fluorescence detector. The release of fluorescent reporter 

44 was monitored at λex: 315 nm and λem: 460 nm (Figure 4.2.A). In E. coli 

supernatant, an increase in fluorescence corresponding to release of 44 was observed. 

However, negligible increase in fluorescence was observed in E. coli control which 

was not treated with 47. Using same protocol, 47 was treated individually with M. 

smeg and SA and we found an increase in the fluorescence in the compound treated 

supernatants compared to untreated bacterial supernatants (Figure 4.2.B and Figure 

4.2.C, respectively). Thus, the release of fluorescent reporter 44 in bacterial culture 

incubated with 47, suggested that 47 was bioreductively activated to release 

fluorophore 44. 
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Figure 4.2. HPLC profiles of bacterial supernatants incubated with 47 at 37 
o
C for 12 

h to monitor release of fluorescent reporter 44. A) Incubation of 47 in E. coli. B) Incubation 

of 47 in M. smeg. C) Incubation of 47 in SA. 

4.3.2. Intracelular NO release 

As 47 was reduced in the bacterial cultures to release fluorescent reporter 44, so next 

to demonstrate that NO is also released during bioreduction, a frequently used 

diaminofluorescein based secondary assay was used.
8
 M. smeg was used as a model to 

study bioreduction of 47 to release NO. In this assay, a 4,5-diaminofluorescein 

diacetate (DAF-2DA) dye was treated with M. smeg. The dye permeate the cells and 

the diester is hydrolysed to form DAF. Bacteria was then treated with 47 which is 

bioreductively activated to release NO. In the presence of NO
+
, DAF reacts with NO 

to form a flourescent dye DAF-2T. By measuring the fluorescence for DAF-2T at λex: 

495 nm and λem: 515 nm, intracellular NO release was monitored. Two different 

concentrations of compound 47 were independently incubated in DAF treated M. 

smeg for 12 h and the fluorescence for DAF-2T was then measured. A concentration 

dependent increase in fluorescence of DAF-2T in M. smeg was seen in 47 treated 

cells, indicating it was reduced by bacteria to generate NO intracellularly (Figure 

4.3.A). 
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Figure 4.3. A) Levels of intracellular NO measured using fluorescence of DAF-2T in 

M. smeg upon incubation with 50 and 100 µM of 47 using DAF assay (λex: 490 nm and λem: 

530 nm). B) Fluorescence measurement for released 44 in M. smeg upon incubation with 50 

and 100 µM of 47 at λex: 315 nm and λem: 460 nm.  

Furthermore, the release of fluorescent reporter 44 in the bacterial suspension of M. 

smeg was simultaneously examined under similar conditions. A concentration 

dependent increase in fluorescence of 44, a pattern similar to intracellular NO release, 

was noticed (Figure 4.3.B). Therefore, from intracellular activation of 47 in M. smeg 

it was inferred, that 47 is capable to undergo bioreduction by bacterial nitroreductases 

to release NO within bacteria and simultaneously report the activation of NO donor to 

release NO, without performing any secondary assays for NO detection. 

Next, to verify the activation of 47 occurs inside bacteria and not in the bacterial 

media, we used fluorescence-activated cell sorting (FACS) to track the release of 44 

within the M. smeg at different time points using λex: 405 nm and λem: 460 nm. We 

determined the release of 44 in M. smeg in aerated and standing cultures of M. smeg, 

which serves as a model for bacteria in oxic and hypoxic condition, respectively. The 

aerated and standing cultures were incubated with 100 µM of compound 47 and the 

release of 44 was pursued every 5 min using fluorescence. In case of M. smeg, the 

standing culture was found to be able to activate 44 release more potently than the 

aerated culture (Figure 4.4) probably due to the greater relative abundance of 

nitroreductases in the standing culture, as opposed to the aerated culture.(FACS data 

provided by Dr. Amit Singh, IISc, Bangalore.) 

4.3.3. Study in Mycobacterium tuberculosis, H37Rv 

PA-824, a cyclic nitroimidazole, has been reported to get reduced intracellulary by 

deazaflavin-dependent nitroreductase (Ddn) to release NO under anaerobic conditions 
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and has been implicated in killing Mycobacterium tuberculosis (Mtb) which is the 

causative agent of tuberculosis affecting a million each year.
8-9

 

 

Figure 4.4. Time dependent activation of 47 in the aerated and standing cultures of 

M. smeg to release the flourescent probe 44 using FACS at λex: 405 nm and λem: 460 nm. Data 

provided by Dr. Amit Singh, IISc Bangalore. 

Since 47 produced NO inside M. smeg, the bioreduction of 47 was examined in Mtb 

H37Rv as well. The activation of reporter linked NO donor 47 releases NO 

intracellulary and is reported by the turn-on fluorescence of reporter 44. So we 

monitored release of NO in H37Rv by means of increase in fluorescence of turn-on 

fluorescent reporter 44. The bioreduction of 47 in H37Rv demonstrated that the 

activation of incubation of 47 occurred to release 44, similar to M. smeg. 

Next, 47 was tested for its ability to inhibit the growth of Mtb. Minimum inhibitory 

concentration (MIC) of 47, the lowest compound concentration that prevents visible 

growth of bacteria, was found to be 1mM. Since the MIC value for 47 is very high, it 

reveals that intracellular nitric oxide does not kill H37Rv, unless very high doses of 

the NO donor is administered. Further studies on role of NO and cellular stress in Mtb 

are underway. (Mtb data provided by Dr. Amit Singh, IISc, Bangalore.) 

4.4. Conclusion 

In this chapter, we have designed a bioreductively activated real-time monitoring NO 

donor, 47 for bacterial system to understand the role of NO in bacteria. With help of 

bacterial nitroreductases, the compound is activated to release NO intracellularly and 

a turn-on fluorescent reporter 44, concomitantly. Therefore, the release of turn-on 

probe 44 within cell reports the delivery of NO donor and also its activation inside 

cell to release NO without help of secondary assay for NO detection. Further, the 
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compound 47 was found to be bioreductively activated in E. coli, M. smeg, SA to 

release 44 and enhanced the intracellular levels of NO. Using FACS it was 

demonstrated that the activation of 47 to release 44 occurred within cells. In the 

cytotoxicity studied performed in H37Rv, we found that 47 was toxic to mycobacteria 

at a very high concentration. Together, we have developed a tool for bacterial system 

that enables monitoring the intracellular delivery of NO. As NO has been used as an 

adjuvant with antibiotics to increase cytotoxicity, it would be beneficial to study the 

roles of NO in adjuvant therapy as well. 
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4.5. Experimental and characterization data 

4.5.1. Synthesis and characterization 

Compounds 30–44
6, 10

 have been previously reported and analytical data that we 

collected were consistent with the reported values. 

Synthesis of 3-(hydroxymethyl)-7-((4-nitrobenzyl)oxy)-2H-chromen-2-one, 45. 

To a solution of compound 45 (0.10 g, 0.53 mmol) 

in dry acetonitrile (10 mL) under a nitrogen 

atmosphere, K2CO3 (0.22 g, 1.59 mmol) was added 

and the reaction mixture was stirred for 15 min. To this reaction mixture, 4-

nitrobenzyl bromide (0.17 g, 0.79 mmol) was added and stirring was continued at 

room temperature for 18 h. The reaction mixture was diluted with ethyl acetate and 

washed with water. The organic layer was washed with brine, dried (Na2SO4), filtered 

and the filtrate was evaporated to give crude product. Purification was done using 

silica gel column chromatography using methanol to obtain pure product, 45 (0.15 g, 

57%) as an off-white solid: m.p. 237-238 °C; FT-IR (νmax, cm
-1

): 3397, 2921, 2854, 

1692, 1607, 1514, 1384, 1340, 1237,1155; 
1
H NMR (400 MHz, DMSO-d6): δ 8.27 (d, 

J = 8.7 Hz, 2H), 7.91 (s, 1H), 7.74 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.6 Hz, 1H), 7.10 

(d, J = 2.4 Hz, 1H), 7.04 (dd, J = 8.6, 2.3 Hz, 1H), 5.39 (s, 2H), 4.32 (d, J = 1.1 Hz, 

2H); 
13

C NMR (100 MHz, DMSO-d6): δ 160.2, 159.9, 154.0, 147.1, 144.2, 137.4, 

129.2, 128.4, 125.8, 123.7, 113.1, 112.9, 101.4, 68.5, 58.1; HRMS (ESI) for 

C17H13NO6 [M]
+
: Calcd., 327.0743, Found, 327.0792. 

Synthesis of 3-(bromomethyl)-7-((4-nitrobenzyl)oxy)-2H-chromen-2-one, 46. 

A solution of 46 (65 mg, 0.19 mmol) in dry DCM 

(10 mL) was cooled to 0 
o
C under a nitrogen 

atmosphere. To this solution, PBr3 (0.04 mL, 0.39 

mmol) was added and the reaction mixture was 

stirred at 0 
o
C and gradually warmed to room temperature for 1 h. The reaction 

mixture was quenched with saturated NaHCO3 solution. The aqueous layer was 

extracted with ethyl acetate (3×10 mL). The combined organic layer was washed with 

brine, dried (Na2SO4), filtered and the filtrate was evaporated to give crude product. 

The crude product 47 obtained as a pale yellow solid was used without further 

purification (73 mg, 94%); FT-IR (νmax, cm
-1

): 2920, 2846, 1719, 1605, 1510, 1337, 
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1256; 
1
H NMR (400 MHz, (CD3)2CO): δ 8.30 (d, J = 8.7 Hz, 2H), 8.14 (s, 1H), 7.82 

(d, J = 8.8 Hz, 2H), 7.67 (d, J = 8.6 Hz, 1H), 7.09 (dd, J = 8.6, 2.4 Hz, 1H), 7.06 (d, J 

= 2.4 Hz, 1H), 5.47 (s, 2H), 4.51 (s, 2H). 

Synthesis of (Z)-3,3-diethyl-1-((7-((4-nitrobenzyl)oxy)-2-oxo-2H-chromen-3-

yl)methoxy)triaz-1-ene 2-oxide, 47. 

To an ice-cooled dry THF, DEA/NO (50 

mg, 0.12 mmol) was added under a nitrogen 

atmosphere and the reaction mixture was 

stirred at 0 
o
C for 15 min followed by the 

addition of 15-crown-5 (50 µL). This reaction mixture was stirred at 0 
o
C for 15 min 

and then compound 46 (29 mg, 0.19 mmol) was added and reaction mixture was 

stirred at room temperature for 4 h. The reaction mixture was diluted with water and 

extracted with ethyl acetate (3×15 mL). The combined organic layer was washed with 

brine, dried (Na2SO4), filtered and the filtrate was evaporated to give crude product. 

The final product 47 was purified using column chromatography in 40-50% ethyl 

acetate: pet ether as a pale yellow solid (10 mg, 9%): m.p. 145-146 °C; FT-IR (νmax, 

cm
-1

): 2925, 2856, 2364, 1722, 1613, 1517, 1458, 1347, 1263, 1161, 1012; 
1
H NMR 

(400 MHz, CDCl3): δ 8.28 (d, J = 8.7 Hz, 2H), 7.71 (s, 1H), 7.62 (d, J = 8.7 Hz, 2H), 

7.41 (d, J = 8.6 Hz, 1H), 6.93 (dd, J = 8.5, 2.4 Hz, 1H), 6.87 (d, J = 2.0 Hz, 1H), 5.23 

(s, 2H), 5.22 (d, J = 1.1 Hz, 2H), 3.15 (q, J = 7.2 Hz, 4H), 1.09 (t, J = 7.0 Hz, 6H); 
13

C 

NMR (100 MHz, CDCl3): δ 161.2, 160.2, 155.2, 147.9, 143.1, 140.4, 129.3, 127.8, 

124.1, 120.6, 113.4, 113.1, 101.8, 70.0, 69.2, 48.6, 11.6; HRMS (ESI) for C21H22N4O7 

[M+Na]
+
: Calcd., 465.1385, Found, 465.1388. 

4.5.2. NTR mediated reduction 

A 10 mM stock solution of 47 was prepared in DMSO and a 1 mM stock solution of 

NADPH was prepared in TRIS buffer pH 7.4. The NTR enzyme stock solution of 0.5 

mg/mL was prepared in TRIS buffer pH 7.4. A 2 mL solution of compound 47 (final 

concentration of 47 = 12.5 µM in 2 mL) and NADPH (final concentration of NADPH 

= 125 µM in 2 mL) was prepared in TRIS buffer pH 7.4. This solution was divided 

into several portions of 200 μL in a 96-well plate. To the reaction mixture, 5 μL of 

NTR was added while to the blank, 5 μL TRIS buffer was added. This assay was 

conducted in quadruplicate. The 96-well plate was incubated at 37 
o
C in microwell 
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plate reader and fluorescence measurement was done at the mentioned time intervals, 

using λex: 315 nm and λem: 460 nm. 

4.5.3. Fluorescence detection 

A 10 mM stock solution of 44 was prepared in DMSO. The standard calibration curve 

was obtained by using a concentration range varying from 0-100 μM solutions of 44 

prepared in TRIS buffer pH 7.4. 200 μL of each concentration was aliquot in a 96-

well plate and fluorescence was measured at λex: 315 nm and λem: 460 nm (bandwidth 

± 4nm). The assay was conducted in triplicate. 

The amount of 44 released from enzymatic reduction of 47 was quantified as follows: 

the reaction solutions were prepared as mentioned in previous section 4.5.2 and 200 

μL of the blank and reaction mixtures were aliquot in 96-well plate. Increase in 

fluorescence with respect to blank was measured using a microwell plate reader and 

amount of 44 released was quantified using the standard calibration curve for 44 

(Figure 4.5.A; y = 5.505x; R
2
 = 0.984). 

4.5.4. Nitric oxide (NO) detection 

A 10 mM stock solution of NaNO2 was prepared in TRIS buffer pH 7.4. The standard 

calibration curve was obtained by using a concentration range varying from 0-25 μM 

solutions of NaNO2 prepared in TRIS buffer pH 7.4. 10 μL of each varying 

concentrations were injected in NOA.  

 

Figure 4.5. A) Calibration curve for 44 in TRIS buffer pH 7.4 using fluorescence. B) 

Calibration curve for NaNO2 in TRIS buffer pH 7.4 using chemiluminescence based assay. 

For quantifying amount of NO released from enzymatic reduction of 47, the reaction 

solutions were prepared as mentioned in section 4.5.2 and 10 μL of the blank and 

reaction mixtures were analysed at the specified time points. The amount of NO 
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released was measured using the NaNO2 standard calibration curve (Figure 4.5.B; y = 

56.62x; R
2
 = 0.999). 

4.5.5. Intracellular activation in bacteria 

Escherichia coli (EC2065) was cultured in 10 mL of Luria Bertani (LB) medium at 37 

ºC for 16 h. Mycobacterium smegmatis (mc
2
155) was inoculated in 10 mL middle 

brook M7H9 medium for 16 h. Staphylococcus aureus (SA5021) was cultured in 10 

mL of Luria Bertani (LB) medium at 37 ºC for 16 h. The cultured bacteria were 

centrifuged to aspirate out the medium and resuspended in fresh medium to obtain 

O.D of 0.5. 1 mL of the bacterial suspension was aliquot in six falcon tubes. For 

control set, three falcons containing the bacterial suspension were untreated. In 

remaining three falcon tubes, 12.5 µL of 47 (final concentration of 47 = 125 µM in 1 

mL) was added in each falcon. The treated and untreated bacterial solutions were 

incubated at 37 
o
C for 12 h. The bacterial suspension was then centrifuged, washed 

with fresh media and then lysed using acetonitrile. The cell lysate was filtered and 

injected into HPLC attached with a fluorescent detector (Phenomenex, 5 μm, 4.6 × 

250 mm; flow rate: 1 mL/min; eluent 70% ACN: H2O). The appearance of peak for 

44 in fluorescence detection channel with λex: 315 nm and λem: 460 nm was recorded. 

4.5.6. DAF assay-Intracellular NO release in M. smeg 

Using a reported protocol
8
 with slight modification intracellular NO release was 

detected as follows: a 5 mM stock solution of diaminofluorescein 2 diacetate (DAF-

2DA) was prepared in DMSO. Using a 10 mM DMSO stock solution of 47, 2 mL 

solutions of concentration 100 and 200 µM were prepared in middle brook M7H9 

medium. M. smeg (mc
2
155) was inoculated in 10 mL M7H9 for 16 h. The bacterial 

culture was suspended to apsirate out the medium and then resuspended in fresh 

medium to make bacterial solution of O.D 1.0. To 2 mL of this bacterial culture, 4 µL 

of DAF-2DA solution was added so as to obtain a final concentration of 10 µM. The 

bacterial suspension was incubated at 37 
o
C for 2 h. The bacterial cells were 

suspended to aspirate media and washed with fresh media twice. The cell pellet was 

resuspended in 1 mL fresh media and again incubated at 37 
o
C for 1 h. A diluted 

bacterial suspension with O.D 0.5 was prepared. In a 96-well plate, 100 µL of 

bacterial suspension treated with DAF was added. For control set, 100 µL of bacterial 

suspension was diluted with 100 µL of medium. For obtaining 50 µM of 47, the 100 
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µL of bacterial suspension was diluted with 100 µL of 100 µM solution of 47. 

Likewise, for obtaining 100 µM of 47, the 100 µL of bacterial suspension was diluted 

with 100 µL of 200 µM solution of 47. The 96-well plate was incubated at 37 
o
C for 

12 h. Fluorimetric reading was recorded in a microwell plate reader with excitation 

wavelength of 490 nm and emission wavelength of 530 nm. Reading for each 

concentration corresponds to average of three readings. 
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4.6. Spectral charts 

 

1
H NMR Spectrum (400 MHz, DMSO-d6) of compound 45 

 

 

13
C NMR Spectrum (100 MHz, DMSO-d6) of compound 45 
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Crude 
1
H NMR Spectrum (400 MHz, (CD3)2CO) of compound 46 

 

1
H NMR Spectrum (400 MHz, CDCl3) of compound 47 
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13
C NMR Spectrum (100 MHz, CDCl3) of compound 47 
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CHAPTER 5: Indole based scaffold for tunable release rate 

5.1. Introduction 

An ideal delivery vehicle should provide a structural handle to tune the release of 

leaving group. In Chapter 2, our results indicated that NO release was retarded from 

indolequinone scaffold by substituting methyl group at the C-2 position. Next, in 

Chapter 3.2, we examined 4-nitrobenzyl scaffold for studying tunability by varying 

substituents at the benzylic position. However, due to inconclusive differences 

probably arising due to solubility issues, the 4-nitrobenzyl scaffold was not explored 

further for tunability. Although, indolequinone and 4-nitrobenzyl scaffolds used for 

delivery of NO are specific for DT-D
1
 and NTR

2
, respectively but they are limited 

due to their inefficiency for modulating release profile. Therefore, to explore the 

tunability aspect of a delivery system we need to have a more versatile scaffold with 

a) feasibility to modulate the scaffold synthetically; and b) potential to accommodate 

variety of protecting groups for designing delivery vehicle for different triggers. 

In order to study the tunability aspect, we propose a new indole based scaffold. In this 

model the indole nitrogen is protected with palladium (Pd) sensitive allyloxy carbonyl 

(alloc) group. Additionally, the substituents present on the indole may affect the 

release of leaving group due to their electronic and steric effects.  

 

Scheme 5.1. A new indole based scaffold for studying the tunability of the release of 

umbelliferone from the scaffold. Alloc protected indole gets rapidly deprotected in the 

presence of a Pd catalyst and due to interplay of electronic and steric effects of the 

substituents X and Y, the release of umbelliferone may be modulated. 

In order to study the indole scaffold, few indole based model compounds using 

umbelliferone as the leaving group and alloc as the protecting group on the indole 

nitrogen were synthesized. In the presence of a Pd catalyst, alloc gets rapidly cleaved
3
 

to release umbelliferone (Scheme 5.1) and the increased fluorescence upon activation 
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serves as a convenient signal to monitor the release profiles of the model compounds. 

The proposed mechanism is as follows: in the presence of a Pd catalyst, alloc group 

gets deprotected to form the intermediate (I), followed by decarboxylation to generate 

the intermediate (II). The electrons are relayed through the indole ring of the 

intermediate (II) to release the umbelliferone. The relay of electrons and release of 

leaving group may depend on the electron density on the indole ring, which in turn 

may depend on the substituents present on the indole. Furthermore, the substituents 

may affect the release of leaving group due to steric effects as well. To study the 

substituent’s effect on the release profile we focused on a) the C-5 position of the 

indole that may regulate the release electronically; b) the C-2 position which may 

affect the release by virtue of its steric as well as the electronic effects. 

5.2. Results and discussion 

5.2.1. Synthesis 

In order to evaluate the indole-based model, we synthesized a set of five alloc 

protected indole compounds with substituents varying at the C-5 and C-2 position of 

the indole ring (Figure 5.1). 

 

Figure 5.1. Palladium-activated indole based compounds. 

We first synthesized the alloc protected indole compound 50 starting from indole-3-

carbaldehyde. Briefly, the indole nitrogen of the indole-3-carbaldehyde was protected 

with the alloc group using allyl chloroformate in the presence of TEA in DCM to 

obtain 48 in 90% yield. The aldehyde 48 was reduced using NaBH4 to obtain the 

indole-3-carbinol 49 in 65% yield. The alcohol 49 was subjected to Mitsunobu 

reaction with umbelliferone in the presence of PPh3 and DIAD to obtain 50 in 72% 

yield (Scheme 5.2). 
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Scheme 5.2. Synthesis of 50. 

Next, the 5-NO2 substituted indole compound, 54 and the 5-OMe substituted indole 

compound 58 were synthesized using a similar synthetic scheme (Scheme 5.3). The 5-

substituted indole was first formylated using POCl3 and DMF (Vilsmeiyer reagent) to 

obtain the indole-3-carbaldehyde which was reacted with allyl chloroformate to form 

alloc protected indole. The substituted indole-3-carbaldehyde was reduced by reacting 

it with NaBH4 to obtain alcohol, which was then reacted with umbelliferone using 

Mitsunobu reaction to afford final compound. 

 

Scheme 5.3. Synthesis of 54 and 58. 
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Further, we synthesized C-2 substituted indole compounds, 63 and 67, in order to 

study effects of the C-2 substitutents. The synthesis of 63 was started with Pd 

catalysed C-2 arylation of indole to afford 2-phenyl indole 59 in 80% yield. 

Compound 59 was formylated using POCl3 and DMF to obtain 60 in 63% yield. 

Using allyl chloroformate, the indole nitrogen was protected with the alloc group to 

get 61 in 37% yield. The aldehyde 61 was then reduced using NaBH4 to obtain 

alcohol 62 in 97% yield. Finally, the alcohol was reacted with umbelliferone in the 

presence of PPh3 and DIAD in THF to obtain the 2-phenyl substituted indole 

compound, 63 (Scheme 5.4). 

 

Scheme 5.4. Synthesis of 63. 

In order to synthesize the 2-Me substituted indole compound 67, we started from 2-

Me indole. It was formylated using Vilsmeiyer reagent to obtain 64 in 83% yield. The 

alloc protection on the indole nitrogen was achieved by reacting 64 with allyl 

chloroformate and TEA in DCM to obtain 65 in 71% yield. The aldehyde 65 was 

reduced using NaBH4 to obtain alcohol 66, which was then reacted with 

umbelliferone in the presence of PPh3 and DIAD in THF to obtain 2-methyl 

substituted compound, 67 (Scheme 5.5). 

To determine the suitability of the alloc protected indole scaffold for delivery of NO, 

we synthesized a Pd-activated NO donor using the alloc protected indole scaffold, 69 

(Scheme 5.6). The indole-3-carbinol, 49 was converted into the bromide 68 by 
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treatment with PBr3 in DCM. The bromide was displaced by PYRRO/NO to afford 69 

in 4% yield. 

 

Scheme 5.5. Synthesis of 67. 

 

Scheme 5.6. Synthesis of 69. 

5.2.2. Palladium-catalysed deallylation and evaluation of umbelliferone release 

The proposed alloc protected indole compounds undergo deallylation in the presence 

of Pd catalyst and releases umbelliferone. So, in order to evaluate the release of 

umbelliferone from indole scaffold using palladium-catalysed deallylation, we used a 

reported protocol.
3
 We first reacted 50 with 10 mol% of Pd(PPh3)4, excess of Bu3SnH 

and acetic acid in THF for 30 min. A 10 µL aliquot of the reaction mixture was 

removed at the specified time and diluted with 1:1 ACN-buffer solution and this 

solution was then analysed using HPLC for decomposition of 50 and the release of 

umbelliferone. From the HPLC profile data of the reaction mixture, it was found that 

the peak for compound 50 (Abs λ: 320 nm) disappeared in 5 min of catalyst addition, 

suggesting 50 was deprotected completely by Pd within 5 min (Figure 5.2.A). In 
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addition to the peak disappearance of 50, emergence of a new peak was observed, 

which was identified as umbelliferone (Abs λ: 320 nm). 

Next, we quantified the umbelliferone release from 50 using HPLC over 30 min. The 

aliquots from the reaction mixture were hydrolysed and then injected into HPLC at 

the specified time points. The amount of umbelliferone released was quantified using 

a standard calibration curve for umbelliferone obtained from HPLC (Abs λ: 320 nm). 

It was found that the Pd-activated indole scaffold 50 released nearly 80% of 

umbelliferone during 30 min (Figure 5.2.B). However, under similar conditions in 

absence of Pd, 50 was stable and did not release umbelliferone. Thus, 50 was found to 

be a substrate for activation by a chemical trigger to release a fluorophore. 

 

Figure 5.2. A) HPLC traces for monitoring decomposition of 50 in the presence of 

Pd catalyst over time (Abs λ: 320 nm). Umbelliferone was injected to identify the new 

emerging peak. B) Estimation of umbelliferone released from 50 in the presence and absence 

of Pd catalyst using HPLC (Abs λ: 320 nm). 

In the tunable model for release of phenols by Schmid et al., the methoxy substituted 

phenyl rings released phenols at a faster rate compared to unsubstituted analogue.
3
 So 

next, in order to evaluate the release of umbelliferone from the C-5 substituted alloc 

protected indoles, we performed Pd-catalysed deallylation of 54 and 58. It was found 

from the HPLC decomposition data that both 5-NO2 and 5-OMe were deprotected in 

presence of Pd catalyst. However, a remarkable difference in the amount of 

umbelliferone released from the two compounds was noticed (Figure 5.3.A). The 5-

NO2 indole, 54 was found to release umbelliferone at a slow rate during 30 min with 

~25% umbelliferone produced. The compound 54 was incubated with Pd catalyst for 

180 min to efficiently produce umbelliferone (Figure 5.3.B). However, the 5-OMe 

substituted indole, 58 release profile of umbelliferone was comparable with 50. Being 
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a strong electron withdrawing group, 5-NO2 presumably delocalises the electron 

density being formed on the indole ring after the alloc deprotection. As a result of 

which the electrons are not free to flow in the direction that expels the leaving group.  

 

Figure 5.3. A) Estimation of umbelliferone released from 54 and 58 in the presence 

of Pd using HPLC (Abs λ: 320 nm), comparing umbelliferone release from 50 under similar 

condition. B) Time course release of umbelliferone from 54 during 3 h. 

Next, in order to evaluate the release of umbelliferone from the C-2 substituted alloc 

protected indoles, we performed the Pd-catalysed deallylation of 63 and 67. Under the 

similar reaction conditions as 50, it was found that the release of umbelliferone was 

reduced to 60% after 30 min for both 63 and 67 (Figure 5.4). Probably due to an 

increase in the sterics at the C-2 position, the release of umbelliferone was 

decelerated.  

 

 Figure 5.4. Estimation of umbelliferone released from 63 and 67 in the presence of 

Pd using HPLC (Abs λ: 320 nm), comparing umbelliferone release from 50 under similar 

condition. 

The calculated half-lives of the five alloc protected indole compounds in the presence 

of Pd varied from 2 min to 1 h (calculated using 3×t1/2 = 90% decomposition). Thus, 

using substituted indole scaffold, the release of umbelliferone was tuned by varying 
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the substituents on the indole ring. As alloc group is highly sensitive to the presence 

of Pd, we compared the release of umbelliferone after 5 min to comment on the 

differences in the release profile from indole scaffold. We found that 50 

(unsubstituted indole) released ~80% umbelliferone; 54 (5-NO2 substituted indole) 

released ~4% umbelliferone, 58 (5-OMe substituted indole) released ~90% 

umbelliferone, 63 (2-Ph substituted indole) released ~40% umbelliferone and 67 (2-

Me substituted indole) released ~60% umbelliferone (Figure 5.5). 

 

 Figure 5.5. Estimation of umbelliferone released using HPLC during deallylation of 

the alloc protected indoles in the presence of Pd catalyst after 5 min. 

We observed a distinct difference in the release profile of umbelliferone from indole 

scaffold after 5 min. The presence of strong electron withdrawing 5-NO2 group on 

indole decelerates the release of umbelliferone from the indole ring. However, due to 

high electron density for 5-OMe indole 58, release of umbelliferone was marginally 

better than 50. We observed 2-Me indole 67 was better in releasing umbelliferone as 

compared to 63, due less steric bulk of 2-Me group. As a result of bulky phenyl group 

at the C-2 position, it becomes difficult for the molecule to achieve planarity for 

smooth flow of electrons and to release umbelliferone.  

Furthermore, the increase in fluorescence of umbelliferone was simultaneously 

measured using microwell plate reader (λex: 320 nm; λem: 460 nm). A similar release 

profile as HPLC data was observed. 5-OMe indole compound 58 released comparable 

amount of umbelliferone as 50. The C-2 substituted indole compounds, 63 and 67, 

however released umbelliferone at a slower rate. Compound 54, 5-NO2 substituted 

indole compound was releasing umbelliferone sluggishly (Figure 5.6). 



  Chapter 5 

139 
 

Thus using the palladium deprotection strategy, we demonstrated that the subsitutents 

on the indole ring were capable of modulating the release of leaving by means of 

electronic and steric effects. 

 

Figure 5.6. Estimation of umbelliferone released from alloc protected indole 

compounds in the presence of Pd by fluorescence using microwell plate reader (λex: 320 nm; 

λem: 460 nm). 

5.2.3. Evaluation of palladium-catalysed NO release 

In order to check the suitability of the indole scaffold to deliver NO, compound 69 

was synthesized (Scheme 5.6). It was reacted with 10 mol% of Pd(PPh3)4 in the 

presence of Bu3SnH and AcOH in THF. 10 µL of the reaction mixture was 

hydrolysed in 1:1 ACN: buffer solution and the decomposition of 69 was monitored 

by HPLC and release of NO was quantified using Sievers NOA (280i) in the reaction 

mixture. HPLC analysis (Abs λ: 250 nm) of the reaction mixture showed that peak 

corresponding to 69 reduced within 5 min indicating Pd mediated deallylation of 

indole scaffold (Figure 5.7.A).  

 

Figure 5.7. A) HPLC traces for monitoring decomposition of 69 in the presence of 

Pd catalyst over time (Abs λ: 250 nm). B) NO release from 69 in the presence and absence of 

Pd detected using a chemiluminesence-based assay. 
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Simultaneously, the amount of NO released in the reaction mixture was measured and 

it was found that nearly 80% of NO was detected in the reaction mixture after 30 min 

(Figure 5.7.B). 

When NO release and the umbelliferone release were compared, we found similar 

release profiles (Figure 5.8). Thus, based on the tunability on the umbelliferone 

release by varying substituents on the indole ring, we suggest suitability of the indole 

scaffold to tune NO releases rate as well. 

 

Figure 5.8. Comparison of NO release from 69 and umbelliferone release from 50 

after Pd activation during 30 min. 

5.3. Conclusion 

Two important features of a drug delivery vehicle are i) targeted delivery of the drug; 

and ii) controlled release of the drug at the desired site. A scaffold capable of 

tethering to variety of triggers and also offering synthetic handle to tune release of 

drug molecule would be preferred as an appropriate drug delivery vehicle. In this 

chapter, we presented a new indole scaffold which can be synthetically modified to 

tune the release rate of leaving group. We used indole as a scaffold, alloc as a 

cleavable protecting group and umbelliferone as the fluorescent readout for 

monitoring release profile. We observed comparable umbelliferone release profile 

from indole compound with an electron donating group at C-5 with unsubstituted 

indole. However, an electron withdrawing group on the C-5 of indole, decelerated the 

release of umbelliferone. By increasing steric bulk at the C-2 position, we found that 

the umbelliferone release rate was reduced. Also, we found the indole–alloc scaffold 

was suitable for delivery of NO using Pd as chemical trigger. When the release of 

umbelliferone and NO as leaving group from same scaffold were analysed, we found 

similar release profile. Thus, taken together we provide evidence that by using indole 
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scaffold, the release profile of the leaving group can be predictably tuned by varying 

the aromatic substituents on the indole ring. 
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5.4. Experimental and characterization data 

Compounds 48,
4
 51,

5
 55,

6
 59

4
 and 60

7
 were synthesized by using previously reported 

procedures and analytical data that we collected were consistent with the reported 

values. 

5.4.1. General procedure for alloc protection 

To an ice cold stirred solution of sodium hydride (0.67 mmol, 1.5 eq.) in DMF (5 mL) 

under nitrogen atmosphere, indole-3-carbaldehyde (0.45 mmol, 1 eq.) was added and 

the reaction mixture was stirred at 0 
o
C for 15 min. To the reaction mixture allyl 

chloroformate (0.45 mmol, 2 eq.) was added and the reaction mixture was gradually 

warmed to room temperature and stirred for 3 h. The reaction mixture was quenched 

with ice cold water (100 mL) and extracted in ethyl acetate (3×20 mL). The combined 

organic layer was washed with brine, dried (Na2SO4) and filtered. The filtrate was 

evaporated to get crude product which was purified by column chromatography. 

Synthesis of allyl 3-formyl-1H-indole-1-carboxylate, 48. 

The crude product was purified by column chromatography using 

5% ethyl acetate: pet ether as eluent to obtain 48 as a white solid 

(2.82 g, 89%): m.p. 38-39 °C; FT-IR (νmax, cm
-1

): 1749, 1675, 

1451, 1224, 1093; 
1
H NMR (CDCl3, 400 MHz): δ 9.99 (s, 1H), 

8.20–8.22 (m, 1H), 8.11 (s, 1H), 8.08 (d, J = 7.68 Hz, 1H), 7.29–7.38 (m, 2H), 6.01–

6.10 (m, 1H), 5.45–5.50 (m, 1H), 5.37–5.40 (m, 1H), 4.90–4.92 (m, 2H); 
13

C NMR 

(CDCl3, 100 MHz): δ 185.5, 149.7, 135.8, 130.7, 126.2, 125.9, 124.7, 122.0, 120.2, 

115.0, 68.4; HRMS (ESI) for C13H11NO3 [M+H]
+
: Calcd., 230.0817, Found, 

230.0827. 

Synthesis of allyl3-formyl-5-nitro-1H-indole-1-carboxylate, 52. 

The crude product was purified by column chromatography 

using dichloromethane as eluent to obtain 52 as a white solid 

(0.23 g, 53%): m.p. 145-146 °C; FT-IR (νmax, cm
-1

): 1755, 

1687, 1517, 1454, 1339, 1267, 1090; 
1
H NMR (CDCl3, 400 

MHz): δ 10.13 (s, 1H), 9.17 (m, 1H), 8.42 (s, 1H), 8.32-8.32 (m, 2H), 6.05-6.15 (m, 

1H), 5.52-5.57 (m, 1H), 5.45-5.48 (m, 1H), 5.01-5.03 (m, 2H); 
13

C NMR (CDCl3, 100 

MHz): δ 184.9, 149.4, 145.4, 138.9, 137.8, 130.2, 126.2, 122.3, 121.8, 121.5, 118.7, 
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115.7, 69.5; HRMS (ESI) for C13H10N2O5 [M+H]
+
: Calcd., 275.0668, Found, 

275.0681. 

Synthesis of allyl 3-formyl-5-methoxy-1H-indole-1-carboxylate, 56. 

The crude product was purified using 10% ethyl acetate: pet 

ether as eluent to obtain 56 as a white solid (0.25 g, 56%): 

m.p. 74-75 °C; FT-IR (νmax, cm
-1

): 1746, 1672, 1398, 1245, 

1084; 
1
H NMR (CDCl3, 400 MHz): δ 10.07 (s, 1H), 8.23 (s, 

1H), 8.04 (d, J = 9.0 Hz, 1H), 7.76 (d, J = 2.6 Hz, 1H), 7.02 (dd, J = 9.0, 2.6 Hz, 1H), 

6.03-6.13 (m, 1H), 5.47-5.53 (m, 1H), 5.39-5.43 (m, 1H), 4.95-4.97 (m, 2H), 3.89 (s, 

3H); 
13

C NMR (CDCl3, 100 MHz): δ 185.9, 157.7, 150.1, 136.4, 130.9, 130.6, 127.1, 

122.2, 120.5, 116.0, 116.0, 104.1, 68.6, 55.9; HRMS (ESI) for C14H13NO4 [M+H]
+
: 

Calcd., 275.0668, Found, 275.0678. 

Synthesis of allyl 3-formyl-2-phenyl-1H-indole-1-carboxylate, 61. 

The crude product was purified using 5% ethyl acetate: pet ether 

as eluent to obtain 61 as a white solid (0.26 g, 37%): m.p. 60 -61 

°C; FT-IR (νmax, cm
-1

): 1744, 1662, 1481, 1306, 1079; 
1
H NMR 

(CDCl3, 400 MHz): δ 9.73 (s, 1H), 8.39-8.41 (m, 1H), 8.17-8.19 

(m, 1H), 7.39-7.51 (m, 7H), 5.58-5.68 (m, 1H), 5.13-5.20 (m, 2H), 4.66-4.68 (m, 2H); 

13
C NMR (CDCl3, 100 MHz): δ 188.2, 150.8, 150.1, 136.1, 130.3, 130.2, 129.5, 

128.1, 126.3, 125.8, 125.1, 122.2, 120.5, 120.1, 115.2, 68.4; HRMS (ESI) for 

C19H15NO3 [M+H]
+
: Calcd., 306.1130, Found, 306.1137. 

Synthesis of allyl 3-formyl-2-methyl-1H-indole-1-carboxylate, 65. 

The crude product was purified using 10-15% ethyl acetate: pet 

ether as eluent to obtain 65 as a white solid (0.54 g, 71%): m.p. 

88-89 °C; FT-IR (νmax, cm
-1

): 1744, 1658, 1455, 1321, 1218; 
1
H 

NMR (CDCl3, 400 MHz): δ 10.33 (s, 1H), 8.28-8.32 (m, 1H), 

8.04-8.09 (m, 1H), 7.32-7.36 (m, 2H), 6.06-6.16 (m, 1H), 5.49-5.54 (m, 1H), 5.41-

5.44 (m, 1H), 4.98-5.00 (m, 2 H), 2.94 (s, 3H); 
13

C NMR (CDCl3, 100 MHz): δ 186.0, 

151.4, 148.8, 135.5, 130.8, 126.3, 125.3, 124.8, 121.2, 120.7, 119.0, 115.3, 68.6, 13.8; 

HRMS (ESI) for C14H13NO3 [M+H]
+
: Calcd., 244.0973, Found, 244.0973. 
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5.4.2. General procedure for aldehyde reduction 

The alloc protected aldehyde (1 eq.) was dissolved in 1: 2 solution of THF and MeOH 

cooled to 0 
o
C under a nitrogen atmosphere. To this ice cooled solution, sodium 

borohydride (0.6 eq.) was added and the reaction mixture was stirred at 0 
o
C for 15 

min to 30 min (till reactant was completely consumed). The reaction mixture was 

quenched using saturated NH4Cl solution and then extracted using ethyl acetate (3 × 

10 mL). The combined organic layer was washed with brine, dried (Na2SO4) and 

filtered. The filtrate was evaporated to get crude product which was purified by 

column chromatography. 

Synthesis of allyl 3-(hydroxymethyl)-1H-indole-1-carboxylate, 49. 

The crude product was purified using 20-25% ethyl acetate: pet 

ether as eluent to obtain 49 as a brown liquid (1.8 g, 64 %): FT-

IR (νmax, cm
-1

): 1730, 1452, 1392, 1244, 1087; 
1
H NMR (CDCl3, 

400 MHz): δ 8.17 (d, J = 7.8 Hz, 1H), 7.63-7.66 (m, 1H), 7.60 (s, 

1H), 7.33-7.37 (m, 1H), 7.26-7.30 (m, 1H), 6.01-6.11 (m, 1H), 5.43-5.48 (m, 1H), 

5.33-5.37 (m, 1H), 4.89-4.91 (m, 2H), 4.83 (s, 2H), 1.71 (s, 1H); 
13

C NMR (CDCl3, 

100 MHz): δ 150.8, 136.0, 131.5, 129.3, 125.1, 123.3, 123.2, 121.5, 119.5, 115.5, 

67.7, 57.3; HRMS (ESI) for C13H13NO3 [M+Na]
+
: Calcd., 254.0792, Found, 

254.0799. 

Synthesis of allyl 3-(hydroxymethyl)-5-nitro-1H-indole-1-carboxylate, 53. 

The crude product was purified using 50% ethyl acetate: pet 

ether as eluent to obtain 53 as a white solid (0.182 g, 94 %): 

m.p. 128-129 °C; FT-IR (νmax, cm
-1

): 3286, 1737, 1518, 1453, 

1395, 1339, 1247; 
1
H NMR (CDCl3, 400 MHz): δ 8.54 (d, J = 

2.1 Hz, 1H), 8.18-8.25 (m, 2H), 7.74 (s, 1H), 6.02-6.12 (m, 1H), 5.46-5.52 (m, 1H), 

5.39-5.42 (m, 1H), 4.93-4.95 (m, 2H), 4.88 (s, 2H), 2.17 (s, 1H); 
13

C NMR (CDCl3, 

100 MHz): δ 150.1, 143.9, 138.9, 130.9, 129.2, 125.9, 122.0, 120.4, 120.2, 116.1, 

115.5, 68.4, 56.8; HRMS (ESI) for C13H12N2O5 [M+H]
+
: Calcd., 277.0824, Found, 

277.0832. 
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Synthesis of allyl3-(hydroxymethyl)-5-methoxy-1H-indole-1-carboxylate, 57. 

The crude product was purified using 50% ethyl acetate: pet 

ether as eluent to obtain 57 as a white solid (0.23 g, 99%): 

m.p. 68-69 °C; FT-IR (νmax, cm
-1

): 3442, 1731, 1457, 1397, 

1257, 1081, 1247; 
1
H NMR (CDCl3, 400 MHz): δ 8.05 (d, J 

= 6.7 Hz, 1H), 7.59 (s, 1H), 7.11 (d, J = 2.5 Hz, 1H), 6.96 (dd, J = 9.0, 2.5 Hz, 1H), 

6.01-6.11 (m, 1H), 5.43-5.48 (m, 1H), 5.33-5.36 (m, 1H), 4.89 (d, J = 5.8 Hz, 2H), 

4.81 (s, 2H), 3.87 (s, 3H); 
13

C NMR (CDCl3, 100 MHz): δ 156.2, 150.6, 131.5, 130.4, 

130.1, 123.8, 121.2, 119.4, 116.1, 113.7, 102.1, 67.5, 57.1, 55.7; HRMS (ESI) for 

C14H15NO4 [M+Na]
+
: Calcd., 284.0898, Found, 284.0905. 

Synthesis of allyl 3-(hydroxymethyl)-2-phenyl-1H-indole-1-carboxylate, 62. 

The crude product was purified using 20-25% ethyl acetate: pet 

ether as eluent to obtain 62 as a brown liquid (0.14 g, 97%): FT-

IR (νmax, cm
-1

): 3369, 1729, 1452, 1318, 1076; 
1
H NMR (CDCl3, 

400 MHz): δ 8.19–8.21 (m, 1H), 7.72-7.75 (m, 1H), 7.29-7.42 (m, 

7H), 5.57-5.67 (m, 1H), 5.07-5.14 (m, 2H), 4.60-4.62 (m, 4H), 

1.65 (bs, 1H); 
13

C NMR (CDCl3, 100 MHz): δ 151.4, 137.8, 136.4, 132.6, 131.0, 

129.9, 129.0, 128.3, 127.9, 125.1, 123.5, 120.4, 119.4, 119.1, 115.6, 67.5, 55.9; 

HRMS (ESI) for C19H17NO3 [M+Na]
+
: Calcd., 330.1105, Found, 330.1104. 

Synthesis of allyl3-(hydroxymethyl)-2-methyl-1H-indole-1-carboxylate, 66. 

The crude product was purified using 50% ethyl acetate: pet ether 

as eluent to obtain 66 as a white solid (0.23 g, 95%): m.p. 93-94 

°C; FT-IR (νmax, cm
-1

): 3352, 1733, 1459, 1320, 1142; 
1
H NMR 

(CDCl3, 400 MHz): δ 8.08-8.12 (m, 1H), 7.59-7.63 (m, 1H), 7.23-

7.30 (m, 2H), 6.04-6.14 (m, 1H), 5.45-5.50 (m, 1H), 5.35-5.38 (m, 1H), 4.92-4.94 (m, 

2H), 4.80 (s, 2H), 2.63 (s, 3H), 1.45 (bs, 1H); 
13

C NMR (CDCl3, 100 MHz): δ 152.0, 

135.8, 135.7, 131.5, 129.3, 124.1, 123.2, 119.7, 118.3, 118.3, 115.7, 67.7, 55.6, 13.8; 

HRMS (ESI) for C14H15NO3 [M+Na]
+
: Calcd., 268.0949, Found, 268.0920. 
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5.4.3. General procedure for Mitsunobu coupling 

A solution of alloc protected alcohol (1 eq.), umbelliferone (1 eq.) and PPh3 (2 eq.) in 

dry THF was cooled to 0 
o
C under a nitrogen atmosphere. After 5 min, DIAD (2 eq.) 

was added to the reaction mixture and warmed to room temperature. The reaction 

mixture was stirred at room temperature for 2-4 h (reaction progress was monitored 

by TLC). The reaction mixture was then diluted with water and the aqueous layer was 

extracted using ethyl acetate (3 × 10 mL). The combined organic layer was washed 

with brine, dried (Na2SO4) and filtered. The filtrate was evaporated to get crude 

product which was purified by column chromatography. 

Synthesis of allyl 3-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-indole-1-

carboxylate, 50. 

The crude product was purified using 10-15% ethyl acetate: 

pet ether as eluent to obtain 50 as a white solid (0.14 g, 87%): 

m.p. 117-118 °C; FT-IR (νmax, cm
-1

): 1733, 1612, 1455, 1369, 

1228, 1901; 
1
H NMR (DMSO-d6, 400 MHz): δ 8.10 (d, J = 

8.2 Hz, 1H), 7.95-7.97 (m, 2H), 7.70-7.72 (m, 1H), 7.61 (d, J 

= 8.6 Hz, 1H), 7.36-7.40 (m, 1H), 7.28-7.32 (m, 1H), 7.18 (d, 

J = 2.3 Hz, 1H), 7.04 (dd, J = 8.6, 2.4 Hz, 1H), 6.27 (d, J = 9.4 Hz, 1H), 6.06-6.15 (m, 

1H), 5.45-5.51 (m, 1H), 5.41 (s, 2H), 5.32-5.36 (m, 1H), 4.92-4.94 (m, 2H); 
13

C NMR 

(DMSO-d6, 100 MHz): δ 161.2, 160.1, 155.2, 149.9, 144.2, 134.9, 131.9, 129.4, 

128.9, 125.3, 124.9, 123.1, 119.8, 118.8, 116.4, 114.7, 113.0, 112.5, 112.4, 101.5, 

67.3, 62.2; HRMS (ESI) for C22H17NO5 [M+H]
+
: Calcd., 376.1185, Found, 376.1189. 

Synthesis of allyl 5-nitro-3-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-indole-1-

carboxylate, 54. 

The crude product was purified using 10-15% ethyl 

acetate: pet ether as eluent to obtain 54 as a light green 

solid (0.07 g, 35%): m.p. 230-231 °C; FT-IR (νmax, cm
-1

): 

1713, 1618, 1517, 1395, 1342, 1239; 
1
H NMR (DMSO-

d6, 400 MHz): δ 8.66-8.67 (m, 1H), 8.29 (m, 2H), 8.21 (s, 

1H), 7.99 (d, J = 9.4 Hz, 1H), 7.65 (d, J = 8.6 Hz, 1H), 

7.22 (d, J = 2.3 Hz, 1H), 7.07 (dd, J = 8.6, 2.4 Hz, 1H), 6.30 (d, J = 9.4 Hz, 1H), 6.07-

6.16 (m, 1H), 5.48-5.54 (m, 3H), 5.35-5.38 (m, 1H), 4.97-4.99 (m, 2H); due to poor 
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solubility of the compound in DMSO-d6 
13

C NMR could not obtained; HRMS (ESI) 

for C22H16N2O7 [M+H]
+
: Calcd., 421.1036, Found, 421.1039. 

Synthesis of allyl 5-methoxy-3-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-indole-

1-carboxylate, 58. 

The crude product was purified using 25-30% ethyl 

acetate: pet ether as eluent to obtain 58 as a white solid 

(0.09 g, 38%): m.p. 162-163 °C; FT-IR (νmax, cm
-1

): 

1732, 1612, 1477, 1260, 1083; 
1
H NMR (CDCl3, 400 

MHz): δ 8.07 (d, J = 7.4 Hz, 1H), 7.71 (s, 1H), 7.63 (d, J 

= 9.48 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 6.99 (d, J = 2.5 

Hz, 1H), 6.92-7.00 (m, 3H), 6.26 (d, J = 9.4 Hz, 1H), 6.02-6.12 (m, 1H), 5.44-5.49 

(m, 1H), 5.35-5.38 (m, 1H), 5.24 (s, 2H), 4.90-4.92 (m, 2H), 3.85 (s, 3H); 
13

C NMR 

(CDCl3, 100 MHz): δ 161.8, 161.2, 156.5, 155.9, 150.4, 143.4, 131.5, 130.5, 129.9, 

128.9, 125.3, 119.7, 116.3, 116.2, 113.9, 113.4, 113.3, 113.0, 102.3, 101.9, 67.8, 63.1, 

55.9; HRMS (ESI) for C23H19NO6 [M+Na]
+
: Calcd., 428.1109, Found, 428.1111. 

Synthesis of allyl3-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-2-phenyl-1H-indole-1-

carboxylate, 63. 

The crude product was purified using 25% ethyl acetate: pet 

ether as eluent to obtain 63 as a white solid (0.56 g, 22%): 

m.p. 110-111 °C; FT-IR (νmax, cm
-1

): 1722, 1611, 1455, 1224, 

1116; 
1
H NMR (CDCl3, 400 MHz): δ 8.21-8.24 (m, 1H), 

7.68-7.70 (m, 1H), 7.60 (d, J = 9.4 Hz, 1H) 7.30-7.46 (m, 

8H), 6.80 (dd, J = 8.5, 2.4 Hz, 1H), 6.75 (d, J = 2.4 Hz, 1H), 

6.23 (d, J = 9.4 Hz, 1H), 5.59-5.69 (m, 1H), 5.10-5.16 (m, 

2H), 5.06 (s, 2H), 4.63-4.66 (m, 2H); 
13

C NMR (CDCl3, 100 MHz): δ 161.8, 161.2, 

155.9, 151.3, 143.4, 139.1, 136.4, 132.2, 130.9, 129.9, 128.8, 128.8, 128.7, 128.2, 

125.4, 123.7, 119.5, 119.4, 115.8, 115.8, 113.4, 113.3, 112.8, 102.1, 67.7, 62.4; 

HRMS (ESI) for C28H21NO5 [M+Na]
+
: Calcd., 474.1317, Found, 474.1317. 
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Synthesis of allyl 3-(((2-oxo-2H-chromen-7-yl)oxy)methyl)-1H-indole-1-

carboxylate, 67. 

The crude product was purified using 10-15% ethyl acetate: 

pet ether as eluent to obtain 67 as a white solid (0.03 g, 37 

%): m.p. 134-135 °C; FT-IR (νmax, cm
-1

): 1732, 1611, 1461, 

1320, 1122; 
1
H NMR (CDCl3, 400 MHz): δ 8.11-8.13 (m, 

1H), 7.63 (d, J = 9.4 Hz, 1H), 7.54-7.56 (m, 1H), 7.37 (d, J = 

8.5 Hz, 1H), 7.23-7.31 (m, 2H), 6.94 (d, J = 2.2 Hz, 1H), 6.90 

(dd, J = 8.4 Hz, 1H), 6.25 (d, J = 9.4 Hz, 1H), 6.05-6.15 (m, 1H), 5.46-5.51 (m, 1H), 

5.36-5.39 (m, 1H), 5.22 (s, 2H), 4.94-4.95 (m, 2H), 2.68 (s, 3H); 
13

C NMR (CDCl3, 

100 MHz): δ 162.0, 161.2, 155.9, 151.8, 143.4, 136.9, 135.8, 131.4, 129.1, 128.9, 

124.3, 123.4, 119.9, 118.3, 115.8, 113.6, 113.4, 113.3, 112.9, 101.9, 67.8, 61.9, 14.1; 

HRMS (ESI) for C23H19NO5 [M+Na]
+
: Calcd., 412.1161, Found, 412.1167. 

Synthesis of allyl 3-(bromomethyl)-1H-indole-1-carboxylate, 68. 

A solution of compound 49 (1.78 g, 7.69 mmol) was dissolved in 

dry DCM under a nitrogen atmosphere and was cooled to -78 
o
C. 

To the reaction mixture, PBr3 (0.87 mL, 11.54 mmol) was added 

and the reaction mixture was stirred at -78 
o
C for 2 h. The 

reaction was quenched with saturated NaHCO3 solution. The aqueous layer was 

extracted with ethyl acetate (3×20 mL). The combined organic layer was washed with 

brine, dried (Na2SO4), filtered and the filtrate was evaporated to obtain crude product 

68 as a brown solid (1.70 g, 75%). Due to its sensitivity to decomposition this 

compound was not isolated and the crude data is presented as follows: 
1
H NMR (400 

MHz, CDCl3): δ 8.19 (d, J = 5.8 Hz, 1H), 7.68-7.72 (m, 2H),7.32-7.41 (m, 2H), 6.01–

6.10 (m, 1H), 5.44-5.50 (m, 1H), 5.35-5.38 (m, 1H), 4.91-4.92 (m, 2H), 4.67 (d, J = 

0.6 Hz, 2H). 

Synthesis of (Z)-2-((1-((allyloxy)carbonyl)-1H-indol-3-

yl)methoxy)-1-(pyrrolidin-1-yl)diazene oxide, 69. 

To an ice cold solution of the PYRRO/NO (0.62 g, 4.07mmol) in 

THF (30 mL), 15-crown-5 (0.10 mL) was added under a nitrogen 

atmosphere and the reaction mixture was stirred at 0 
o
C for 15 
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min. To this reaction mixture a solution of compound 68 in dry THF was added. The 

reaction mixture was stirred at room temperature for 12 h. The reaction mixture was 

then diluted with water and was extracted using ethyl acetate (3×20 mL). The 

combined organic layer was washed with brine, dried (Na2SO4) and filtered. The 

filtrate was evaporated to get crude product which was purified by column 

chromatography using 20% ethyl acetate: pet ether as eluent. The product was further 

purified using semi-preparative HPLC to obtain 69 as a light yellow solid (0.044 g, 

4%): m.p. 90-91 °C; FT-IR (νmax, cm
-1

): 1738, 1483, 1394, 1294; 
1
H NMR (CDCl3, 

400 MHz): δ 8.17 (d, J = 7.8 Hz, 1H), 7.70-7.72 (m, 2H), 7.33-7.37 (m, 1H), 7.26-

7.30 (m, 1H), 6.02-6.11 (m, 1H), 5.44-5.49 (m, 1H), 5.34-5.38 (m, 1H), 5.31 (d, J = 

0.6 Hz, 2H), 4.91-4.93 (m, 2H), 3.47-3.51 (m, 4H), 1.88-1.92 (m, 4H); 
13

C NMR 

(CDCl3, 100 MHz): δ 150.6, 135.7, 131.5, 129.6, 125.7, 125.1, 123.3, 119.8, 119.6, 

116.9, 115.3, 67.7, 66.6, 51.0, 22.9; HRMS (ESI) for C17H20N4O4 [M+Na]
+
: Calcd., 

367.1382, Found, 367.1386. 

5.4.4. Estimation of palladium catalysed umbelliferone release 

A 10 mM stock solution of umbelliferone was prepared in acetonitrile. The standard 

calibration curve was obtained by using a concentration range varying from 0-150μM 

of umbelliferone prepared in 1:1 solution of acetonitrile and TRIS buffer pH 7.0. 50 

μL of each concentration was injected in HPLC attached with a diode-array detector 

(DAD) and fluorescence detector (FLD).  

 

Figure 5.9. A) Calibration curve for umbelliferone in 1:1 ACN and TRIS buffer pH 

7.0 water solution using HPLC (absorbance 320 nm). B) Calibration curve for NaNO2 in 1:1 

ACN and TRIS buffer pH 7.0 solution using chemiluminescence based assay. 
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A 70% acetonitrile: TRIS buffer pH 7.0 system was used as eluent with flow rate of 1 

mL/min. Analysis was performed by measuring peak area detected using diode array 

detector, absorbance λ: 320 nm. The standard calibration curve was obtained by 

measuring area under the peak for various concentration (Figure 5.9.A; y = 83324x 

and R
2
 = 0.997). Each concentration represents average of two values. 

A 10 mM stock solution of test compound was prepared in THF and a 1 mM stock 

solution of tetrakis(triphenylphosphine)palladium (0) [Pd(PPh3)4] was prepared in 

THF. To 50 µL of test compound (10 mM stock) in a vial, 50 µL of [Pd(PPh3)4] 

solution (1 mM stock) was added. To this vial, 0.25 µL of tributyl tin hydride and 

0.075 µL of acetic acid were added. In control set, the 50 µL of test compound was 

diluted with 50 µL of THF and then 0.25 µL of tributyl tin hydride and 0.075 µL of 

acetic acid were added. Both control and reaction mixture vials were stirred at room 

temperature. At specified time points, 10 µL of control and reaction mixtures were 

aliquot, diluted with 490 µL of 1:1 ACN and TRIS buffer pH 7.0 solution (final 

concentration of test compound: 100 µM). This solution was filtered and then injected 

into HPLC attached with DAD and FLD. The decomposition of test compound and 

release of umbelliferone was monitored by using HPLC. 

5.4.5. Estimation of palladium-catalysed umbelliferone release 

A 10 mM stock solution of NaNO2 was prepared in TRIS buffer pH 7.0. The standard 

calibration curve was obtained by using a concentration range varying from 0-150μM 

of NaNO2 prepared in 1:1 ACN and TRIS buffer pH 7.0 solution.10 μL of each 

varying concentrations were injected in NOA and the standard calibration curve was 

obtained by measuring area under the peaks for each concentration. (Figure 5.9.B; y = 

41.68x, R
2
 = 0.996). Each concentration represents average of three values. 

A stock solution of 69 was prepared in THF. The control and reaction vials were 

prepared as mention in previous section 5.4.4 for estimation of release of NO from 69. 

10 μL of the blank and reaction mixtures were aliquot at specified time points and 

diluted to 1 mL to make a solution with final concentration of 50 µM. 10 μL of the 

diluted reaction mixture was injected into NOA. The amount of NO released was 

measured using the NaNO2 standard calibration curve.   
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5.5. Spectral charts 

 

1
H NMR Spectrum (400 MHz, CDCl3) of compound 48 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 48
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 49 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 49 
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1
H NMR Spectrum (400 MHz, DMSO-d6) of compound 50

 

 

13
C NMR Spectrum (100 MHz, DMSO-d6) of compound 50
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 52 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 52 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 53 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 53
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 56 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 56 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 57 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 57 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 58 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 58 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 61 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 61 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 62 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 62 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 63 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 63 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 65 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 65 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 66 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 66 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 67 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 67 
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1
H NMR Spectrum (400 MHz, DMSO-d6) of compound 54

 

 

Crude 
1
H NMR Spectrum (400 MHz, CDCl3) of compound 68 
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1
H NMR Spectrum (400 MHz, CDCl3) of compound 69 

 

 

13
C NMR Spectrum (100 MHz, CDCl3) of compound 69 
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Summary and future perspective 

 

Nitric oxide (NO) has multifaceted roles in biological system including 

neurotransmission, respiration, regulation of blood pressure, platelet aggregation, 

cardiac functioning, signal transduction, regulating multiple functions in reproductive 

systems, antimicrobial defence, altering cellular redox status and anti-proliferative 

activity. The biological roles of NO depend on its concentration, dosage, duration and 

its location of release. NO is known to exhibit either pro- or anti-apoptotic effects in 

cells depending on concentration of NO and cell type. When NO is produced in low 

concentration, it rapidly diffuses and stimulates angiogenesis that leads to tumor 

progression. However, at elevated concentrations NO inhibits proliferation of cancer 

cells. Similarly, the role of NO as an antimicrobial agent is uncertain. NO and reactive 

oxygen species (ROS) generated by the immune cells induce oxidative and nitrosative 

stress and shows cytotoxicity to pathogens. On the other hand, there have been reports 

demonstrating NO protecting bacteria from oxidative and nitrosative stress induced by 

immune cells and antibiotics. NO being a key weapon of immune system against 

invading cells, it is thus important to precisely understand role of NO. Also, it is 

necessary to understand the complexity in the behaviour of NO, i.e., why NO shows 

contradictory effects in condition of cancer and infection. Therefore, developing 

methodologies for delivery of NO in a controlled manner at the desired site is 

important.  

Resistance to drugs is a major concern in the field of medicine which puts burden of 

inventing new drugs over period of time. It would be better to make resistant cells 

more vulnerable to existing drugs using adjuvant therapy rather than designing new 

drug molecules. The role of NO as an adjuvant in drug treatment can be studied. Solid 

tumors with improper vascularization have regions of low partial oxygen pressure. As 

a result of hypoxia, these cells are resistant to both chemotherapy and radiation 

therapy. Over expression of efflux pumps or multiple drug resistance-associated 

proteins (MRP) are observed in drug resistant tumors. It has been found that NO 

inhibited the MRP-3 efflux pump by nitrating the tyrosine and thereby led to reversal 

of drug resistance. Furthermore, NO also acts as a hypoxic radiosensitizer and can 

accentuate radiation-induced DNA damage thus causing increased cell death. We 
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have developed two methodologies for selectively delivering NO within cancer cells: 

a) DT-Diaphorase activated indolequinone based NO donor, INDQ/NO for delivering 

NO in cancer cells over-expressing the enzyme, in Chapter 2; and b) Nitroreductase 

activated NO donors for delivering NO in cancer cells which can be a candidate for 

directed enzyme prodrug therapy, in Chapter 3.1. Therefore, our NO donors can be 

used in conjunction with other clinical agents to overcome drug resistance and 

sensitize cancers to other cytotoxic agents. The adjuvant therapy of NO with clinical 

drugs might lower the effective dosage of the clinical drug as well. 

In case of infection assault, NO is generated by the immune cells. In the presence of 

superoxide in the vicinity of NO, formation of reactive nitrogen species (RNS) 

potentiates the cytotoxic effects against pathogen. Nitrosative stress and oxidative 

stress are induced by RNS and ROS which leads to alteration in the redox potential of 

the bacterial cell, as a result of which bacteriostasis or bacterial killing is observed. 

However, NO from macrophage or produced within bacteria has been reported to 

mediate cytoprotective behaviour in bacteria against immunogenic response and 

antibiotics. Generally, pathways or genes that potentially deactivate the toxic effects 

of NO are activated in bacteria. However, the exact role of NO in cellular stress 

condition induced in bacteria upon antibiotic treatment or within macrophages is not 

fully understood. The NTR activated NO donors capable of delivering NO within 

bacteria can be used in future to study the effects of NO on the redox potential of 

bacteria in macrophages or treatment with antibiotics. Also, NTR activated NO 

donors can also be used as an adjuvant with known antibiotics and enhancement in 

toxicity profile can be examined. 

Another area of interest is to develop methodologies that actively visualize NO 

released in cells and study responses in cells with increased NO. With the current 

methods for detecting NO in cells, simultaneous enhancement of NO and detection is 

cumbersome. So, in Chapter 4 we developed, a NTR activated reporter linked NO 

donor which released NO and reporter probe concomitantly. The molecule can be 

used in cells to monitor the permeability and localisation of the NO donor and its 

activation to release NO by visualizing the reporter. Also, the mechanism of NO 

donor activation can be studied in vivo. The bacterial studies to understand the role of 

NO on the redox potential in mycobacteria are presently underway. 
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Another important aspect in development of NO based donors is use of delivery 

vehicle capable of tuning NO release. The indole scaffold-based model compounds, 

synthesized in Chapter 5, need to be further studied for substituents effect. Based on 

the results obtained, next we would like to study the scaffold with incorporation of 

bioactivable trigger in place of chemically activated trigger. A bioactivable indole 

based prodrug design would suitable for studying the release profiles and cytotoxicity 

of drugs/cytotoxic species in cell based systems. 

Therefore, the present strategies for delivering NO focus only on designing and 

optimizing NO delivery systems in in vitro and in animal models. However, further 

investigations are required on safety, site-specificity and suitability to use in animal 

models.
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Synopsis 

Synthesis and Evaluation of Bioactivable Nitric Oxide (NO) Donors 

Chapter 1: Introduction 

Nitric oxide (NO), a highly reactive gaseous molecule, is produced in nearly all living 

cells. The major enzymatic pathway for NO production is during turnover of L-

arginine to L-citrulline by nitric oxide synthases, NOS (Scheme 1).
1
 NO mediates 

various physiological processes that include vasodilation, immune regulation, 

neurotransmission and respiration. Depending on the location, concentration and 

duration of NO production, the effects of NO can vary from cytoprotective to 

cytotoxic.
2
 NO, when produced in submicromolar concentration, mediates cell 

protective and regulatory processes. These cytoprotective effects are mainly due to 

improved blood flow to local areas and inhibition of platelet aggregation or cell 

adhesion, inhibition of key enzymes involved in cell destruction.
3
 However, elevated 

levels of NO are often associated with cytotoxicity and form a vital part of 

immunogenic response.
3a

 NO reacts with oxygen or reactive oxygen species (ROS) 

such as the superoxide radical (O2
●

) to form reactive nitrogen species (RNS). ROS 

and RNS are often deployed during infection or cancer and the synergy between the 

two leads to enhanced cytotoxicity.
4
 RNS can directly react with a spectrum of 

molecules in cells such as transition metals, thiols and aromatic groups present in 

proteins and nucleobases in DNA/RNA leading to impaired functioning (Figure 1). 

 

Scheme1. Biosynthesis of NO catalysed by NOS. 

NO has been reported to play dichotomous role in the pathophysiological conditions 

of cancer and pathogen attack.
3a, 4-5

 On the one hand, NO shows cytotoxicity towards 

cancer cells
2, 6

 and pathogens,
4-5, 7

 whereas on the other hand, NO is also known to 

stimulate cancer growth
3a, 6b

 and protect bacteria
8
 from phagocytes. In order to 
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understand the precise roles of NO in a cellular environment, it is necessary that an 

appropriate amount of NO is released at the desired site in a controlled manner. 

 

 

 Figure 1. Damage caused to cellular components by RNS derived from NO. 

The effects of NO have been studied using different classes of NO donors, which are 

organic or inorganic compounds capable of releasing NO upon activation.
3b

 These 

include organic nitrates and nitrites, metal-NO complexes, nitrosothiols and 

diazeniumdiolates. Diazeniumdiolates are a highly efficient, reliable and versatile 

class of NO donors. These organic salts undergo hydrolysis in aqueous solution to 

release upto two moles of NO (Scheme 2). The half-lives of diazeniumdiolates range 

from 2 s to 20 h depending on the groups present on the amine nitrogen.
3b, 9

 

 

 

Scheme 2. Hydrolysis of a diazeniumdiolate anion in the aqueous solution to release 

an amine and two molecules of NO. 

Another major advantage of using diazeniumdiolates as a surrogate for NO is that 

they can be synthetically modified to afford protected diazeniumdiolates. The 

protecting groups generally incorporated for derivatizing diazeniumdiolates are 

substrates for cellular enzymes. The protected diazeniumdiolates are then metabolized 
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into an active NO-donor by specific enzymes/biological triggers and thus ensure 

release of NO inside the cell (Scheme 3). 

 

Scheme 3. Protected diazeniumdiolates as stable donors of NO. 

So far, the reported bioactivated diazeniumdiolates are designed as substrates for 

esterases, glycosidases and cellular thiols.
10

 However, aforementioned methodologies 

have the following limitations: a) the triggers that have been used for activation are 

present in normal cells as well thus possibly compromising directed delivery; b) 

enzymes such as glycosidase do not efficiently catalyse activation to release NO; c) 

no scope for tunability of NO release; and d) no reporter for monitoring intracellular 

NO release. Therefore, an ideal NO-delivery vehicle should: a) be easily localized 

inside the desired target cell; b) be selectively activated by a specific trigger; c) have a 

provision for tuning NO release rates; and d) have a mechanism to report NO release 

within cells. 

Delivery of NO inside the cell requires a three-pronged strategy for effectively 

studying its role intracellularly (Figure 2). First, the specificity for NO delivery to 

target cells can be achieved by selecting trigger that have high expression levels in the 

target cells and/or is not present in normal cells. Next, as the biological effects of NO 

mainly depend on its concentration, it would be beneficial to have a scaffold where 

the release of NO can be tuned. Lastly, there should be easy ways of monitoring 

released NO inside the cells. The existing methods for detecting NO lack specificity 

and are dependent on secondary assays. These assays are typically destructive in 

nature and further cellular experiments are typically not possible. In other words, 

enhancement of NO within cells as well as simultaneous detection is cumbersome. A 

reporter linked NO donor would report NO release immediately without the need for 

secondary assays for detection. 
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 Figure 2. Strategies to study the effects of NO intracellularly. A) Selectively 

delivering NO in the desired cell or tissue. B) Modulation of NO release from the scaffold. C) 

Monitoring NO inside cell, once released from the NO donor. 

This thesis contains five chapters. An overview of NO and NO delivery methods is 

presented in Chapter 1. In Chapter 2, a new indolequinone based NO donor, 

INDQ/NO which is a substrate for bioreductive enzyme DT-Diaphorase (DT-D) is 

presented. In Chapter 3.1, nitroreductase (NTR), a bacterial enzyme is considered for 

selective activation and the utility of O
2
-(4-nitrobenzyl) diazeniumdiolates as 

substrates for NTR is demonstrated. In Chapter 3.2, a model for understanding release 

rates was constructed and the effects of substitution at the benzylic position of 4-

nitrobenzyl on release profile was studied. In Chapter 4, in order to eliminate the need 

of secondary assays for detecting NO, a NTR-activated NO donor with a fluorescence 

reporter was developed. Lastly, in Chapter 5, a new indole-based scaffold where the 

release of leaving group is modulated by varying the substituent on the indole scaffold 

was developed. Altogether, the results presented in this thesis address important 

problems associated with site-specific delivery of NO and may find use for directed 

and tuneable drug delivery as well. Also, these approaches may be used as tools to 

study mechanisms of NO in cellular stress responses. 

Chapter 2: INDQ/NO, a DT-Diaphorase Activated NO Donor 

DT-Diaphorase (DT-D) is a two electron reductase enzyme involved in detoxification 

of quinone containing compounds.
11

 The enzyme uses the cofactors NADPH and 

FAD for bioreduction of quinones. DT-D is over-expressed in certain types of cancers 

and has been exploited for activation of many quinone containing prodrugs in 

chemotherapy.
12

 Due to diminished expression of DT-D expression in normal cells, 
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considerably reduced activation to release cytotoxic species is expected. 

Indolequinone is a suitable substrate for DT-D and several prodrugs have been 

reported with indolequinone as the enzyme trigger.
13

 

 

Scheme 4. Proposed mechanism of activation of INDQ/NO by two electron 

reduction by DT-Diaphorase. 

Using indolequinone as a DT-D substrate and diazeniumdiolates as the NO donor, 

compound INDQ/NO was synthesized (Scheme 4). In the presence of DT-D, 

INDQ/NO is expected to undergo two electron reduction in the presence of cofactors 

NADPH and FAD to form the dihydroxyindole intermediate B. The electronic 

rearrangement releases the diazeniumdiolate, which is hydrolysed to release NO.  

In order to study enzymatic activation, INDQ/NO was incubated with DT-D in 

presence of NADPH and FAD in pH 7.4 buffer at 37 
o
C. The decomposition of 

INDQ/NO and release of NO were independently monitored. It was found that 

INDQ/NO was reduced by DT-D to release NO in physiological solution (Figure 3.A 

and 3.B). 

 

Figure 3. A) HPLC decompostion profiles of INDQ/NO in pH 7.4 buffer in the 

presence and absence of DT-D. B) NO release from INDQ/NO in the presence and absence 

of DT-D in pH 7.4 buffer detected using a chemiluminesence-based assay. 
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Next, to study metabolism of this NO donor in cells, DLD-1 human colorectal 

adenocarcinoma cells were incubated with INDQ/NO. Increased nitrite release in 

extracellular media for cells treated with INDQ/NO in comparison with untreated 

cells supported the ability of this compound to enhance NO in cells (Figure 4). 

 

 Figure 4. NO released during incubation of INDQ/NO with DLD-1 human colorectal 

adenocarcinoma cells for 5 h was estimated by analysis of an aliquot of extracellular medium 

using a chemiluminescence-based assay. 

RNS-induced modifications are nitration and nitrosylation DNA, deamination of 

DNA leading to mutations possibly causing loss in functions and triggering induction 

of necrosis and/or apoptosis. RNS are known to induce DNA double strand breaks.
14

 

So, in order to determine whether INDQ/NO induces DNA damage or not, HeLa cells 

were exposed to INDQ/NO. By using an immunofluorescence assay for detecting γ-

H2AX, the levels of DNA damage induced were detected.  

 

Figure 5. Representative images of HeLa cells labelled with anti-γ-H2AX antibody 

in immunofluorescence assay after treatment with 10 µM INDQ/NO for 1.5 h. Nuclei were 

counterstained with DAPI. Arrow indicates γ-H2AX foci (Scale bar: ∼5 μm). 
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A dose dependent increase in DNA damage was observed (Figure 5), which indicated 

that INDQ/NO induced DNA double strand breaks presumably as a result of released 

NO.  

Further, 2-Me INDQ/NO was prepared in order to study the effects of C-2 

substitution on the release of NO. Diminished metabolism of 2-Me INDQ/NO by 

DT-D as well as low NO yields were observed, consistent with previous reports.
14

 

Chapter 3.1: Nitroreductase-Activated NO Donors 

Another methodology to selectively enhance cytotoxic species within cells is directed 

prodrug therapy. Escherichia coli nitroreductase (NTR) is an enzyme that is 

frequently used as a metabolic trigger for “directed” prodrugs including antibody 

directed enzyme prodrug therapy (ADEPT) and gene directed enzyme prodrug 

therapy (GDEPT).
15

 As NTR is not usually found in human cells, this enzyme is 

introduced either by transfection methodologies (for GDEPT) or by conjugating the 

enzyme to an antibody specific for tumour-antigen (for ADEPT). Upon exposure to 

the exogenous enzyme, the inactive prodrug, which is a substrate for the enzyme is 

metabolized to produce the cytotoxic species either intracellularly or in the proximity 

of tumours. As normal cells do not express this enzyme, potential deleterious side-

effects can be minimized. A typical NTR-activated prodrug contains a 4-nitrobenzyl 

group which forms a substrate for NTR.
16

 

Based on this, O
2
-(4-nitrobenzyl) diazeniumdiolates were synthesized as NTR 

activated NO donors. It is proposed that NTR reduces the 4-nitrobenzyl group by two 

or four electron reduction using NADPH as the cofactor (Scheme 5). Due to 

reduction, the electron withdrawing nitro group is converted into an electron donating 

hydroxylamine or amine group that pushes electron into the phenyl ring. As a result of 

this electronic rearrangement, the diazeniumdiolate is freed from the benzylic position 

and gets hydrolysed to release upto 2 moles of NO. 

 

 

Scheme 5. Proposed design and activation of NTR-activated NO donor. 
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In order to study NTR-activated NO release, four different O
2
-(4-nitrobenzyl) 

diazeniumdiolates were synthesized (Figure 6).  

 

 Figure 6. O
2
-(4-Nitrobenzyl) diazeniumdiolates 15-18 and compound 19 synthesized 

as substrates for NTR. 

A negative control 19, which is a substrate for NTR but not a source of NO, was 

synthesized. To evaluate the NTR activation and NO release, the compounds were 

independently incubated with NTR in the presence of NADPH in pH 7.4 buffer at 37 

o
C. O

2
-(4-Nitrobenzyl) diazeniumdiolates were found to be reduced by NTR to 

release NO. However, under similar incubation condition, 19 did not generate NO, but 

was found to be reduced by NTR (Figure 7.A and 7.B). 

 

  Figure 7. A) HPLC decompostion profiles of O
2
-(4-nitrobenzyl) diazeniumdiolates 

and 19 (50 µM) in pH 7.4 buffer in the presence and absence of NTR after 1 h. B) NO release 

from O
2
-(4-nitrobenzyl) diazeniumdiolates in the presence and absence of NTR in pH 7.4 

buffer after 1 h, detected using a chemiluminesence based assay. 

Next, the cytotoxicity assay was performed in DLD-1 cells using 15 to 19 and it was 

found that the compounds showed moderate inhibitory activity at 75 µM, however the 

cytotoxicity was increased in the presence of NTR (Figure 8). Compound 19 did not 

exhibit significant cytotoxicity even in the presence of NTR, demonstrating minimal 

cytotoxicity due to by-products of NTR reduction. 
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 Figure 8. Percent viability of DLD-1 cells upon 72 h incubation with 75 µM of 15-19 

in the presence and absence of NTR. 

As compound 18 was found to be a better substrate for NTR, a concentration-

dependent cell viablity assay was performed in DLD-1 cells and an enhancement in 

the cytotoxicity of compound 18 in the presence of NTR was observed. The cell 

viability assay performed in HeLa cells also showed similar enhanced cytotoxic 

effects of 18 in the presence of NTR. 

As NTR is a bacterial enzyme, release of NO from O
2
-(4-nitrobenzyl) 

diazeniumdiolate, 17, in Mycobacterium smegmatis (M. smeg) was monitored. The 

incubation of M. smeg with 17 resulted in intracellular release of NO suggesting that 

O
2
-(4-nitrobenzyl) diazeniumdiolates are capable of enhancing NO in bacterial cells 

as well.  

Chapter 3.2: Investigation into modulation of release rate 

 

 Scheme 6. NTR-activated model to study the effects of substituents at the benzylic 

position on the release of leaving group. 

The release of NO from O
2
-(4-nitrobenzyl) diazeniumdiolates takes place after 

reduction of the nitro group to an hydroxyl amino or amino group which undergoes 

electronic rearrangement to expel the diazeniumdiolate. As the flow of electrons 

dictate the release of leaving group, we hypothesized that the substituents on the 
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benzylic position of 4-nitrobenzyl group may affect the release of NO or any other 

leaving group (Scheme 6). In order to investigate the effects of substituent variation 

on the release of leaving group, several 4-nitrobenzyl umbelliferone ethers were 

synthesized as model compounds (Figure 9). The increased fluorescence upon 

activation of the latent fluorophore serves as a convenient signal to monitor. 

 

 Figure 9. Substituted 4-nitrobenzyl umbelliferone ethers synthesized to study the 

modulation on release of umbelliferone from 4-nitrobenzyl group. 

In order to verify the activation of the test compounds by NTR, 21 was first incubated 

with NTR and it was found that umbelliferone was released upon NTR reduction. 

Next, the negative control 20 was incubated with NTR under similar conditions and 

an increase in fluorescence was not observed suggesting that 20 was not a substrate 

for NTR (Figure 10).  

Next, compounds 24, 27, 30, 32, 34, 36 and 38 were independently incubated with 

NTR and the release of umbelliferone over 3 h was monitored. Although these 

compounds were reduced by NTR to release umbelliferone, no major effect on the 

rate of release of umbelliferone with changing substituent at the benzylic position was 

observed. In addition, due to solubility issues the compounds were not further pursued 

for studying the tunability aspect of 4-nitrobenzyl scaffold. 
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 Figure 10. Fluorescence measurement due to umbelliferone release upon NTR 

reduction of 20 and 21 (50 µM) using NADPH as cofactor (λex: 360 nm; λem: 460 nm). 

Chapter 4: A Bioreductively-Activated NO Donor with a Fluorescence Reporter 

Having developed a method for releasing NO within bacteria, we next examined the 

possibility of incorporating a reporter in the NO delivery system. Using a reported 

self-immolative fluorescent coumarin linker,
17

 a NTR-activated reporter linked NO 

donor, 47 was synthesized. Inside bacteria, 47 is expected to undergo activation by 

NTR and subsequently release NO and fluorescent coumarin reporter molecule 44, 

simultaneously upon self-immolation (Scheme 7). 

 

Scheme 7. Bioreductively activated NO donor with a fluorescence reporter: the turn-

off reporter molecule inside bacteria gets reduced by NTR to form electron rich intermediate 

that spontaneously rearranges the electron and releases the turn-on fluorescent coumarin 

reporter molecule, 44 and NO. 

In order to evaluate the reduction of 47 by NTR, 47 was incubated with NTR and 

NADPH in pH 7.4 buffer at 37 
o
C and the release of reduction products: NO and 44, 

were monitored. Concomitant release of both NO and 44 was observed (Figure 11). 
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Figure 11. Percent release of NO and 44 from reduction of 47 in the presence of NTR 

and cofactor NADPH at 37 
o
C over 3 h. 

The cell permeability of the compound was studied using Escherichia coli (E. coli), 

Staphylococcus aureus (SA) and M. smeg. Compound 47 was incubated in the 

bacterial suspension of M. smeg for 12 h and release of 44 was monitored. Comound 

47 was bioreductively activated to release 44 (Figure 12.A). In order to monitor 

intracellular NO, fluorescence based DAF assay was used.
18

 Based on fluorescence 

measurement, the intracellular NO measured in M. smeg was similar to the release of 

44 (Figure 12.B). 

 

Figure 12. A) A concentration dependent increase in fluorescence for 44 was 

observed when 47 was incubated in M. smeg for 12 h (λex: 315nm; λem: 460 nm). B) Using 

DAF assay, intracellular NO generated by bioreduction of 47 in M. smeg was monitored. 

Increase in the fluorescence (λex: 490 nm; λem: 530 nm) corresponding to the formation of 

fluorescent triazole DAF-2T was measured. 

In order to demonstrate that the activation of 47 occurs intracellularly and not in the 

media fluorescence assisted cell sorting (FACS) was used. Various strains of M. smeg 

were incubated with 47 and the cells were analysed for intracellular release of 44. The 

FACS data indicated 47 was bioreductively activated inside M. smeg to release 

fluorescent molecule 44. 
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Chapter 5: Indole-Based Scaffold for Tunable Release Rate 

One of the ideal characteristics of a delivery vehicle is its capability to tune the 

release of leaving group by structural modification. In order to study the tunability 

aspect, a new indole based scaffold is presented. The substituents present on the 

indole may be expected to affect the release of leaving group due to their electronic or 

steric effects. To study the tunability of indole scaffold, we focused on a) the C-5 

position of indole that may electronically regulate the release and b) the C-2 position, 

which may sterically and electronically affect the release. In order to study the indole 

scaffold, few indole based compounds using umbelliferone as the leaving group and 

allyloxy carbonyl (alloc) as protecting group on the indole nitrogen were synthesized. 

In the presence of a palladium catalyst, alloc is rapidly cleaved
19

 to release 

umbelliferone (Scheme 8). 

 

Scheme 8. A new indole based scaffold to study the tunability of the release of 

leaving group. Alloc protected indole gets rapidly deprotected in the presence of Pd catalyst 

and due to interplay of electronic or/and steric effects of substituents: X and Y, the release of 

umbelliferone may be modulated. 

In order to investigate the effects of substituent variation on the release of leaving 

group, alloc protected indoles were synthesized as model compounds (Figure 13). In 

order to study palladium mediated alloc deprotection, the compounds were 

independently treated with tetrakis(triphenylphosphine)palladium(0) and 

umbelliferone release was measured using HPLC. A significant difference in the 

release of umbelliferone from the compounds over 30 min was observed. 5-OMe 

substituted indole compound 58 was better in releasing umbelliferone whereas 5-NO2 

substituted indole compound 54 slowly released umbelliferone (Figure 14.A). 
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Figure 13. Palladium activated indole based compounds. 

Under similar conditions, in the absence of palladium no umbelliferone release were 

observed from these compounds. It was found that 54 released upto 90% 

umbelliferone over 3 h (Figure 14.B). Thus, the calculated half-lives of these 

compounds in the presence of palladium varied from 2 min to 1 h. 

 

Figure 14. A) Representative data for release of umbelliferone after alloc 

deprotection using palladium. B) Time course release of umbelliferone from 54 over 3 h. 

In order to determine the suitability of the indole scaffold to deliver NO, an NO donor 

69 was synthesized (Figure 13). Compound 69 was treated with palladium catalyst 

and the amount of NO released was measured. When NO release from 69 and 

umbelliferone release from 50 were compared, it was found that the release profiles 

were similar (Figure 15). Thus, in principle, indole-based scaffold can be used for 

tunable release of leaving group. 

Taken together, we attempted to solve the three major aspects of NO delivery inside 

living cells. Two new strategies for selective NO delivery using DT-D and NTR as 

enzyme triggers were developed. For monitoring NO release in cells, a NTR-activated 

NO donor linked with reporter molecule was presented. Finally, the new indole-based 

scaffold was synthesized that offers a handle to tune the release profile of the leaving 
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group. These strategies may help in accurately studying the roles of NO inside living 

cells. 

 

Figure 15. Comparison of NO release from 69 and umbelliferone release from 50 

after Pd activation. 
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