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 1
H NMR spectra were recorded on JEOL ECX 400 or Bruker Avance 500 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 or Bruker Avance 125 MHz 

spectrometer. 

 High resolution mass spectrometry (HRMS) was performed on Waters Synapt G2 and 

Maldi-TOF. 

 IR spectra were recorded on Perkin-Elmer 1310 and Perkin-Elmer 1600 FT-IR 

spectrometers with sodium chloride optics and are measured 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 and staining with anisaldehyde or 2,4-dinitrophenylhydrazine spray. 

 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 evaporations 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. 

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

different. 
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ABSTRACT 

Nearly all aerobic organisms use oxygen for respiration. Electrons released during 

respiration from redox enzymes are accidentally abstracted by O2 to produce superoxide 

(O2
●–

), which is subsequently converted to hydrogen peroxide (H2O2). In the presence of 

trace metal ions such as Fe
2+

 or Cu
+
, H2O2 can produce the highly reactive hydroxyl 

radical (OH
●
). Together, these species can react with the majority of biomacromolecules 

such as DNA, proteins and lipids, causing oxidative damage and are hence called reactive 

oxygen species (ROS). It is therefore not surprising that ROS are generated in immune 

cells to combat invading pathogens as a protective mechanism. Recently, ROS have been 

shown to sensitize infectious pathogens to clinical antibiotics suggesting that ROS-

generating drugs could be used as antibacterials. With the rapid rise in bacteria acquiring 

drug resistance to most commercial antibiotics, development of new interventional 

strategies to help overcome drug resistance is critical. This however requires developing 

methodologies for the controlled generation of ROS. Although there are few methods 

available, none of them are suited for reliable ROS generation. Here, three distinct 

approaches for controlled ROS generation will be presented. First, a series of 

dihydrobenzoquinones were evaluated as sources of O2
●–

in physiological pH. These 

compounds are expected to undergo an enolization in buffer to produce a 1,4-

dihydroxyarene, which are known to react with oxygen to generate ROS. In this series, 

ROS generation was found to depend in part on the propensity of the “keto” form of the 

dihydrobenzoquinone to enolize thus providing a structural handle to regulate rates of 

ROS generation. Having established the utility of these compounds to generate ROS in 

cell-free systems, we investigated the ability of these compounds to permeate cells to 

elevate ROS. Using an array of techniques, we provide evidence for these compounds to 

enhance ROS in bacteria including mycobacteria. We next exploited the utility of the 

ROS generator as an adjuvant to sensitize a Gram negative bacterium, E. coli to 

aminoglycoside antibiotics such as kanamycin and gentamycin. Next, a methodology for 

ROS generation triggered by a bacterial enzyme was developed. This enzyme activated 

ROS generator was found to permeate cells and enhance ROS levels inside bacteria. A 

spatiotemporally controlled generation of ROS was observed with this enzyme triggered 

ROS generator. Our comparative data suggests that this compound is better suited for the
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enhancement of intracellular ROS than the routinely used ROS sources. Finally, two 

scaffolds for thiol activated ROS generation were synthesized and studied. Here, an 

enhanced induction of oxidative stress is expected through depletion of intracellular 

antioxidant thiols and concomitant ROS generation. This synergestic effect was 

anticipated to be lethal to drug resistant bacteria. When tested, we found that a majority 

of the compounds were highly potent in vitro inhibitors of methicillin resistant 

Staphylococcus aureus supporting this as a viable strategy to overcome bacterial drug 

resistance. 
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CHAPTER 1: INTRODUCTION 

1.1. Oxygen: 

Oxygen is an element present in the second row of the periodic table positioned next to 

nitrogen (N) and before fluorine (F).
1
 In its molecular form oxygen exists as a colorless, 

odorless and tasteless gaseous diatomic molecule (O2), and it constitutes 20.8 % by 

volume of the atmospheric gases and 87% of seawater by weight.
2
 Oxygen is a common 

element in the Earth’s crust (47%) and the third most abundant element in the universe 

ranked next to hydrogen and helium.
2
 Oxygen constitutes most of the living organisms. 

Biomolecules like nucleic acids, proteins, carbohydrates and fats contain oxygen (Figure 

1.1).
2
 

Figure 1.1. Oxygen containing biomolecules 

 

Oxygen is central to life because nearly all aerobic organisms breathe oxygen for 

their survival.
3
 During photosynthesis, oxygen is continuously replenished in the 

atmosphere by the conversion of water to oxygen using sunlight as an energy source 

(Scheme 1.1).
4
 Converse to photosynthesis, during respiration, aerobic organisms use 

oxygen for metabolism to produce energy, this is one of the most important biological 

applications of O2.
5
 In the process of cellular respiration oxygen catabolizes the 

biomacromolecules such as carbohydrates and proteins to carbon dioxide and produces 

energy, which is utilized for the needs of cellular activities in living organisms (Scheme 

1.1).
6-8
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Scheme 1.1. Natural process of oxygen production during photosynthesis and its 

utilization during respiration for metabolism in eukaryotes 

 

1.2. Respiration in mitochondria: 

Mitochondrion, a cellular organelle found in eukaryotes, is the house of adenosine 

triphosphate (ATP). ATP is produced as a product of glycolysis (glucose is being 

oxidized to CO2), fatty acid oxidation and amino acid oxidation.
9
 Cells use ATP as an 

energy source for their cellular functions, so ATP is also called as cellular energy 

currency.
9
 ATP is synthesized via oxidative phosphorylation of adenine diphosphate 

(ADP) in mitochondrial electron transport chain (ETC) during respiration (Figure 1.2).
9
 

ETC consists of a multi-enzyme complex, where a four electron reduction of oxygen to 

water occurs by controlled redox reactions and followed by release of energy. Mainly, 

four enzyme complexes are found to be involved in transferring electrons, viz., complex 

I) Nicotinamide adenine dinucleotide (NADH) dehydrogenase, complex II) succinate 

dehydrogenase, complex III) cytochrome complex (Cyt C) and complex IV) cytochrome 

C oxidase. In addition to these enzyme complexes, ubiquinone (Q) and cytochrome C are 

found in the ETC as electron carriers (Figure 1.2).
7,9

  

Figure 1.2. Mitochondrial electron transport chain  
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Complex I: Nicotinamide adenine dinucleotide (NADH) dehydrogenase enzyme is a 

large enzyme with 42 different polypeptide chains including six iron-sulfur (Fe-S) 

clusters and a flavin mononucleotide (FMN) containing flavoprotein (Figure 1.2). 

Complex I catalyzes a reversible oxidation of reduced nicotinamide adenine dinucleotide, 

NADH to NAD
+ 

and gives out two electrons and two protons (Scheme 1.2).
10

 As NADH 

is not permeable through inner mitochondrial membrane, the electrons are transferred to 

ubiquinone, a fat soluble quinone, which is present in the ETC and subsequently the 

protons are pumped into the inner membrane space through complex I.
10

 

Scheme 1.2. Oxidation of NADH to NAD
+
 in respiratory complex I 

 

Complex II: Enzyme complex II contains succinate dehydrogenase and is found in the 

citric acid cycle as the only membrane bound enzyme (Figure 1.2). At this stage of ETC, 

succinate is oxidized to fumarate, during the process flavin mono- and di-nucleotides are 

reduced to FMN and FAD, respectively (Scheme 1.3).
11

 These reduced flavin adenine 

nucleotides, are oxidized and the freed electrons are carried by ubiquinone. The complex 

contains a heme group with a binding site for ubiquinone, which carries the electrons 

from complex II and transfers to cytochrome C.
11

 

Scheme 1.3. Oxidation of FADH2 to FAD in respiratory complex II 
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Ubiquinone: This is also called as Co-enzyme Q10 (Q10), a lipid soluble 1,4-

benzoquinone with a long isoprenoid side chain. Q10 undergoes one electron- as well as 

two electron- reduction. Addition of the first electron leads to the formation of 

ubiquinone radical intermediate and addition of the second electron produces a 1,4-diol, 

ubiquinol (Scheme 1.4). This diol carries electrons from complex I and II to cytochrome 

C oxidase (complex III). Ubiquinone is a highly diffusible small molecule in the inner 

mitochondrial membrane (Figure 1.2). It carries both electrons and protons, thus playing 

a central role in coupling electron flow to the proton movement.
12-14

  

Scheme 1.4. Reduction of ubiquinone to ubiquinol by electron transfer from 

respiratory complexes I and II  

 

Complex III: The third respiratory complex III is the cytochrome C complex, which 

transfers the electrons from ubiquinol to cytochrome C in the inner membrane space; 

upon this reaction ubiquinone is regenerated (Scheme 1.5). A functional core of complex 

III has 3 subunits, viz., cytochrome C with two hemes, Fe-S protein and cytochrome with 

its heme (Figure 1.2). In complex III electrons are transferred from two electron 

transferring quinone to one electron transferring cytochrome C.
15

 Cytochrome C is a 

small protein found in the intermembrane space, where the molecule accepts an electron 

from complex III and transfers to the respiratory complex IV.
15

 

Scheme 1.5. Electrons transfer from ubiquinol to cytochrome C in enzyme 

complex III 
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Complex IV: Complex IV is a large protein with 13 subunits positioned in the inner 

mitochondrial membrane. Subunit I contains two heme groups and subunit II has 

binuclear copper complex coordinated with -SH groups of the cysteine residues (Figure 

1.2). Electron transfer from cytochrome C to oxygen in the respiratory enzyme complex 

IV is the final step of the electron transport chain (Scheme 1.6). Only one electron is 

transferred at a time to carry out the complete four electron reduction of O2 to H2O. 

During the entire process all the partially reduced oxygen intermediates are tightly 

regulated.
9
  

Scheme 1.6. Four electron reduction of O2 to H2O in enzyme complex IV 

 

Complex V: The synthesis of ATP from ADP and phosphate (Pi), catalyzed by the ATP 

synthase in the inner membrane, which is driven by proton motive force (Figure 1.2). 

Energy released from enzyme complexes I – IV is conserved by the proton motive force. 

Approximately 200 kJ/mol of energy is released per pair of electron transfer and the 

energy utilized for the ATP synthesis is 50 kJ/mol (Scheme 1.7).
7,9

 

Scheme 1.7. ATP synthesis catalyzed by ATP synthase in mitochondria 

 

During cellular respiration, glucose is oxidized to carbon dioxide (CO2) to produce 30 

molecules of ATP per glucose molecule. It is a thermodynamically favoured process as 

oxidation of glucose to CO2 has a high standard free energy of G° is equal to`2840 

kJ/mol.
7
 In the ETC, O2 is converted into H2O through a 4e


 reduction process and the 

energy released is used for ATP synthesis. Oxygen is reduced by a sequential one-

electron transfer process in the mitochondrial electron transport chain to water. Succinate 
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dehydrogenase enzyme complex-II in the mitochondrial ETC is not linked with the inner 

mitochondrial membrane, which usually transfers electrons to ubiquinone. During this 

process electrons are leaked from ETC and directly transferred to oxygen and produce 

reduced oxygen species. Apart from enzyme complex II, reduced ubiquinone (ubiquinol) 

and enzyme complexes I and III also have been identified to transfer electrons directly to 

oxygen inadvertently to generate partially reduced oxygen species. For example, 

premature reduction of oxygen by one electron

produces superoxide radical anion, 

O2
●
Subsequent divalent reduction forms peroxide, O2

2-
, which then can react with trace 

metal ions present in biological systems to generate OH
●
 radical. All these species are 

known to oxidatively damage biomacromolecules such as DNA, proteins and lipids, thus 

collectively called as reactive oxygen species (ROS).
12,16,17

 

1.3. Reactive Oxygen Species (ROS): 

Reactive oxygen species is a collective term used for defining highly reactive molecules 

which can either be neutral or  radical species containing oxygen. Some of the examples 

are: singlet oxygen 
1
O2, superoxide radical anion O2

●
, hydrogen peroxide H2O2, 

hydroxyl radical OH
●
, organoperoxyl radical ROO

●
, hypochlorite anion OCl


, and 

peroxynitrite anion ONOO


(Scheme 1.8A).
18,19

 These species are known to oxidize 

biomacromolecules such as DNA, proteins and lipids and enhance stress called oxidative 

stress, inside the cells (Scheme 1.8B). Among these, ROS, O2
●

, H2O2 and OH
●
 are 

frequently formed during cellular respiration.
12,18,20,21

 

Scheme 1.8. (A). General scheme for ROS production; (B). Damaging effects of 

ROS to biomacromolecules  
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Figure 1.3. Electronic configuration of oxygen and its reduced species. 

 

 

1.3.1. Molecular oxygen, 
3
O2: 

Oxygen is a neutral molecule with two unpaired electrons occupying the * 2p orbitals 

with parallel spins in its ground state called triplet state (Figure 1.3). Diamagnetic 

molecules with empty * orbitals are more reactive than the half-filled paramagnetic 

molecules. Thus molecular oxygen is relatively less reactive than the diamagnetic form, 

the singlet oxygen 
1
O2.

22
  

 

1.3.2.  Singlet oxygen, 
1
O2: 

The electrons in the * 2p orbitals of molecular O2 are paired to give a diamagnetic 

neutral species, singlet oxygen 
1
O2 (Figure 1.3). This is formed when oxygen is exposed 

to ultra-violet (UV) irradiation (photochemical process).
23,24

 Chemically, a reaction of 

H2O2 with sodium hypochlorite (NaOCl) is used to generate singlet oxygen, 
1
O2 (Scheme 

1.9), which is highly reactive and unstable (half-life in microseconds). 
1
O2 is acting as a 

photosensitizer in photodynamic therapy (PDT) for skin, liver and lung cancers. 

Literature evidence suggests that 
1
O2 causes oxidative damage to biomacromolecules 

such as iron-sulfur (Fe-S) cluster proteins by oxidation and lipid peroxidation and hence, 

classified under the category of ROS.
22-24
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Scheme 1.9. Singlet oxygen generations by photochemical and chemical methods 

 

1.3.3.  Superoxide radical anion, O2
●

: 

The paramagnetic superoxide (O2
●

) radical anion is formed by the addition of an 

electron to * 2p orbital of the oxygen molecule (Figure 1.3). This is a radical anion with 

one unpaired electron in its valence shell and the oxidation number of oxygen in O2
●

 is 

½. Inadvertent transfer of electrons from ubiquinone and ETC complex-II during 

mitochondrial respiration produces O2
●

 in cells. Mainly, O2
●

 is produced in inner 

mitochondrial membrane, through one electron reduction of oxygen by NADH 

dehydrogenase in the respiratory chain, or a catalytic enzymatic oxidation by cytochrome 

P450 or CYP450.
22,25-27

 O2
●

 is unstable and highly reactive in its free form, but this is 

trapped as a stable potassium salt, KO2 and commercially sold in this form (Scheme 

1.10). A reaction of molten potassium with molecular oxygen produces potassium 

superoxide (KO2).
28

 O2
●

 has a high reduction potential of +0.94 V in comparison to 

other oxidative species (-0.16 for O2 and +0.38 for H2O2), thus expected a slow reactivity, 

despite that, oxidative damage caused by O2
●

 to Fe-S cluster proteins are well 

documented.
25,29,30

 A diffusion controlled reaction of nitric oxide (NO
•
) radical with O2

●
 

produces peroxynitrite anion (ONOO

), which is in equilibrium with peroxynitrous acid 

(ONOOH), has a half-life of 1–3 s, and generates 
•
OH radical and nitrogen dioxide (N2O) 

upon decomposition.
19,22

 ONOO

 is a highly reactive ROS, reported to induce oxidative 

damage to most of the biomolecules including DNA, proteins and lipids.
26

 

Scheme 1.10. Synthesis of potassium superoxide (KO2) 
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1.3.4.  Hydrogen peroxide, H2O2: 

A one electron reduction of O2
•

 leads to the formation of hydrogen peroxide (H2O2), 

which is a neutral diamagnetic molecule with completely filled * 2p orbital and the 

oxidation number of oxygen in H2O2 is -1 (Figure 1.3). This ROS is relatively stable 

when compared with other ROS, commercially available, and can be stored at 2 to  °C 

for long periods of time, but at 30 °C, its estimated half-life is reduced to 10 h .
8,29-31

 

Industrially H2O2 is produced by a palladium catalyzed reduction of 2-ethyl-9,10-

anthraquinone to form the corresponding hydroquinone and subsequent exposure to 

oxygen (Scheme 1.11).
32

 In cells, dismutation of O2
•

 by a family of superoxide 

dismutase enzymes leads to the formation of H2O2.
22,33

 Although highly diffusible 

through biological membranes, the toxicity of H2O2 to cells is reported to be sub-lethal at 

low concentrations (sub micro molar level), but at elevated concentrations (milli molar 

level) could result in damage to DNA and Fe-S cluster proteins.
31,34,35

 A trace amount of 

metal ions such as copper(I) or iron(II) can catalyze the formation of OH
•
 from H2O2.

36,37
 

Scheme 1.11. Industrial production of hydrogen peroxide (H2O2) 

 

1.3.5.  Hydroxyl radical, 
•
OH: 

Homolytic cleavage of H2O2 upon UV irradiation leads to the formation of OH
●
 radical. 

Also, in the Fenton reaction H2O2 is reduced to OH
●
 and water at the expense of 

oxidation of ferrous ion, Fe (II) to ferric ion, Fe (III). In cells, Fe(II) is generated through 

the Haber-Weiss process, by a reaction of O2
●

 with Fe(III) (Scheme 1.12).
38

 OH
●
 is one 

of the highly reactive ROS with a half-life in nanoseconds.
36,37

 A diffusion controlled 

reactivity of OH
●
 causes oxidative damage at minimum concentrations in nucleic acids, 

mainly in DNA. The damaging effects of OH
●
 to proteins are caused by oxidation of 

tyrosine and thiol containing amino acids such as cysteine and methionine which affects 
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the protein structure and functions. In the case of lipids, an oxidative damage is caused by 

OH
●
 through initiation of a chain reaction such as lipid peroxidation. These harmful 

effects of OH
●
 radical to all biomolecules could lead to cell death.

22,37,39
 

Scheme 1.12. Hydroxyl radical formation (OH
●
) from H2O2 by Fenton reaction 

 

1.3.6. Other reactive oxygen species (ROS): 

Hypochlorite and peroxyl radicals are capable of inducing oxidative stress in side cells. 

HOCl is a product of H2O2 reacting with chloride ion (Cl
-
) in cells and one of the highly 

reactive species in physiological conditions. Peroxyl radicals such as hydroperoxyl 

radical and organo peroxyl radicals are mainly involved in lipid peroxidation and 

produced by a reaction of H2O2 and OH
●
 with lipids. These ROS are generated in very 

low levels in cells, so the precise roles of these ROS in biological systems are barely 

understood.
18,30

  

1.4. Molecular Effects of ROS in Biological Systems: 

Scheme 1.13. ROS generation in biological systems.  

ETC: Electron transport chain; NOX: NADPH oxidase; SOD: Superoxide dismutase; 

MPO: Myeloperoxidase. 

 

In cells, superoxide (O2
●

) is generated by 1 e

 transfer to O2 either from ETC or by 

NADPH oxidase (NOX) enzyme. O
●

 is known to damage the Iron-sulfur cluster protein 

(Fe-S) in cells and Fe(II) is released into the extracellular matrix and as an effect, 
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inactivates the Fe-S protein function.
20,26

 This O2
●

species undergoes a dismutation to 

H2O2 in a buffer or catalyzed by a family of enzymes called superoxide dismutase (SOD) 

(Scheme 1.13). H2O2 is reactive towards a variety of functional groups in biomolecules; 

for example, thiol of the cysteine containing proteins is oxidized to form sulfenic acids. 

This inturn can undergo further oxidations by second and third equivalent of H2O2 to 

form sulfenic and then sulfonic acids, respectively (Scheme 1.14a).
12,20,21,40,41

  

Next, OH
●
 radical is generated by a metal (Fe(II) or Cu(I)) mediated reduction of 

H2O2 through Fenton reaction (Scheme 1.13). Hydroxyl radical directly reacts with DNA 

and causes oxidative damage which is often irreversible causing mutations in the DNA 

sequence.
12,20

 The reactive sites for DNA damage are sugar backbone and nucleobases. In 

ribose, C-4′ tertiary radical is generated and subsequent uncontrolled reactions lead to 

DNA degradation or mutations. Among the nucleobases guanine is a highly reactive base 

and 8-oxoguanine is formed during its reaction with OH
●
. Another nucleobase called 

thymine undergoes addition reaction with OH
●
, forms thymine radical species (Scheme 

1.14b) and induces mutations in DNA. Proteins are found to be damaged by OH
●
, mainly 

thiol containing amino acids including methionine residues are oxidized to form 

methionine sulfoxides by OH
●
 radical. Protein carbonyls are generated by a reaction of 

OH
●
 with amino acids such as lysine, arginine, proline and histidine at the carboxylic 

acid functional group and oxidation of histidine residues in protein produces 2-oxo-

histidines (Scheme 1.14a).
21,40

  

Formation of hypochlorus acid from H2O2 in cells is catalyzed by an enzyme 

myeloperoxidase (MPO). This species is reactive towards biomolecules and found to 

oxidize cysteine residues of protein to cysteine sulfenic acid and tyrosine to 

chlorotyrosine. HOCl is much more reactive (3 × 10
7
 M

-1
, s

-1
) than H2O2 (0.9 M

-1
, s

-1
) as 

observed in oxidizing glutathione (Scheme 1.14a).  

Hydroxyl radical, 
•
OH, is the source for generation of hydroperoxyl or organoperoxyl 

radicals, which can oxidatively damage lipids by oxidation and lipid peroxidation.
40

 

(Scheme 1.14c) 
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Scheme 1.14. Molecular effects of ROS in biological systems. 

 

 A. Oxidative reactions of ROS with amino acids in proteins 

Hydrogen peroxide (H2O2): 

 

 

Hydroxyl radical (
●
OH): 

 

 

Hypochlorus acid (HOCl): 
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B. Oxidative DNA damage by 
●
OH and ROO

●
: 

 

C. Oxidative reactions of ROS with lipids: 

 

Together a majority of these ROS are known to oxidatively damage biomolecules to 

different extents depending on the reactivity of ROS. As discussed below, elaborate 

antioxidant as well as repair systems are typically present to counter these damaging 

effects of ROS. However, irreparable damage caused by ROS in biomacromolecules 

leads to cell damage and death.  

1.5. Antioxidant Systems: 

Aerobic organisms are continuously exposed to an oxidative environment and are prone 

to undergo oxidative damage by ROS. As an evolution, cells have developed a strong 

antioxidant response to these ROS, mainly by small molecule cellular thiols such as 

cysteine (Cys) and glutathione (GSH).
42

 These reduced thiols are important for the 

maintenance of cellular redox homeostasis which works through neutralization of ROS. 

During the homeostasis process reduced thiols such as GSH undergo a dimerization to 

form glutathione dimer (GS-SG), which is reduced back in the cells by reducing enzymes 

such as glutathione reductase.  
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Scheme 1.15. Antioxidant system for controlling the level of ROS  

ETC: Electron transport chain; NOX: NADPH oxidase; SOD: Superoxide dismutase; 

Cat: Catalase; GPO: Glutathione peroxidase; MPO: Myeloperoxidase; GSH: Glutathione; 

AA: Amino acids. 

 

Due to the spin restrictions for the addition of electrons in triplet oxygen, one electron 

reduced species superoxide (O2
●

) should be the first ROS generated from O2.
43,44

 A 

family of metal cofactored superoxide dismutase are found in cells as antioxidant systems 

to control the level of O2
•

 production in cells (Scheme 1.15). Some examples are, 

manganese superoxide dismutase (MnSOD), copper superoxide dismutase (CuSOD), and 

iron superoxide dismutase (FeSOD). These SODs are found to quench O2
●

 by 

dismutation into H2O2 and O2 (Scheme 1.15). Next, H2O2 is converted to O2 and water, 

mainly, by catalase and glutathione peroxidase enzymes.
42

 Sensor proteins such as OxyR, 

hydroperoxidase I (KatG), and peroxiredoxin (AhpC) are expressed in cells to detect the 

level of H2O2 generated in cells. OxyR is an enzyme activated upon exposure to H2O2 via 

oxidation of a cysteine-199 residue in OxyR, and induces more than 20 antioxidants to 

scavenge H2O2.
45-48

 Other antioxidants are KatG and AhpC which is also found to act 

through oxidation of the cysteine residue in the enzymes.
42

 Upon detection of any excess 

H2O2 production in cells, these enzymes activate an array of antioxidant systems to 

control the intracellular H2O2 levels (Scheme 1.15). Further, H2O2 can react with trace 

amount of metal ions to generate OH
●
, a highly reactive ROS. The reduced thiols present 

in excess in cells such as cysteine and glutathione traps the OH
●
 to protect the cellular 

components from the oxidative damaging effects (Scheme 1.15).
22,42 
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1.6. ROS During Immune Response: 

Due to the aforementioned damaging effects of ROS in biomolecules, ROS are generated 

deliberately by the immune cells including macrophages and neutrophilsin the presence 

of pathogens.
18,22,40,42

 The immune system can be divided into two types: 1) innate 

immune system, formed by multicellular organisms and 2) acquired immune system, 

mostly found in vertebrates. T-cells and B-cells play important roles in acquired 

immunity by antigen-antibody reaction, whereas the innate immune system contains 

macrophages, neutrophils and dendritic cells, which are primary prophylactic systems 

working by eliminating one-self.
49

 ROS and reactive nitrogen species (RNS) are 

generated immediately after the recognition of any invading foreign bodies such as virus 

and bacteria (Scheme 1.16). NOX proteins are the main source inducing ROS production 

in macrophages for phagocytic killing of invading pathogens.
50-52

 Nitric oxide synthase 

(NOS) is an enzyme responsible for generating nitric oxide, a RNS during immune 

response, where arginine is converted into citrulline for the production of NO by NOS 

catalysis.
53-55

 

Scheme 1.16. Phagocytosis of bacteria during immune response in cells 

 

1.7. Enhancement of ROS: 

Mimicking biological systems and enhancing the level of ROS in cells by systems 

biology or chemical approaches have been considered as potential strategies to target 

bacterial infections. ROS is produced invariably in all aerobic organisms; however they 

have evolved antioxidant systems to counteract oxidative stress.
42

 Bacteria have evoled 

with strong antioxidant response, but enhancing the level of endogenous ROS could 

affect the bacteria survival.
56

 Either impairing antioxidant systems or enhancing the 

endogenous levels of ROS in bacteria could be useful strategies to increase oxidative 

damage for bacterial growth inhibition.  
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1.7.1. Impairing antioxidant systems: 

Bacteria with impaired antioxidant systems are more sensitive to ROS and antibiotics. In 

E.coli mutations were induced to deplete SOD levels on the genes of antioxidant MnSOD 

and FeSOD enzymes. These SOD deficient mutants were found to be highly sensitive 

when subjected to treatment with paraquat, a superoxide generating small organic 

molecule, during reaction with oxygen. Conversely, when the bacteria were cultured in 

anaerobic conditions no effect in the growth was observed, thus proving a vital role for 

SOD in protecting bacteria against enhanced oxidative attack by ROS.
57

 Catalase is an 

enzyme expressed in cells as a major antioxidant for the scavenging of H2O2. A detailed 

study of the effect of H2O2 on the growth of catalase deficient mutants of E. coli was 

reported. When compared with wild type E. coli bacterium, catalase null mutants were 

identified to be 50-60 fold more sensitive to H2O2.
58

 Catalase is one of the most important 

antioxidant systems present in cells for the protection from harmful effects of H2O2.
58,59

 

RecA is a gene expressed as a response to DNA damage in cells. RecA mutants of E. coli 

were found to be 6-7 folds more sensitive to H2O2 than the wild type E. coli.
58

  

Not just Gram negative bacteria, Staphylococcus aureus, a Gram positive bacterium 

also has shown to be sensitive to ROS when its antioxidant system is impaired. S. aureus 

is an infective pathogen associated with community and hospital acquired skin infections, 

which has been known to affect around a million each year. Staphyloxanthine is a 

pigment found in S. aureus and it is an important virulence factor identified to promote 

resistance against ROS and host-immune system (Figure 1.4). Staphyloxanthine quenches 

ROS such as O2
•
H2O2, and HOCl generated by the innate immune systems. Thus, 

inhibition of staphyloxanthine biosynthesis could increase the levels of endogenous ROS 

that could be lethal to the bacterium. As the staphyloxanthine biosynthesis is a close 

resemblance to cholesterol biosynthesis, a series of cholesterol biosynthetic inhibitors 

were evaluated to inhibit the staphyloxanthine biosynthesis and the BPH-652 was found 

to inhibit at nano molar concentrations (inhibitory concentration, Ki = 1.5 nm). An 

increased susceptibility of S. aureus was observed when BPH-652 was co-treated with 

H2O2 (Figure 1.4).  
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Figure 1.4. Stuctures of staphyloxanthine and its inhibitor BPH-652 

 

Thus, impairing the antioxidant system in Gram positive and Gram negative bacteria 

was found to sensitize bacteria to ROS and antibiotics.
60

 

1.7.2. Enhancement of endogenous ROS levels: 

Another way of interfering or even inhibiting bacterial growth is by increasing 

endogenous ROS thereby increasing the oxidative damage for the inhibition of bacteria. 

Flavins and flavoproteins in their reduced forms react with molecular O2 to produce ROS 

such as O2
●

 and H2O2 by sequential 1e

 reduction process (Scheme 1.17).

61
  

Scheme 1.17. ROS generation from oxidation of flavins during reaction with O2 

 

Flavoproteins such as flavodoxin, flavoredoxin, flavin dehydrogenase (acyl CoA 

dehydrogenase) DT-diaphorase, and flavin monooxygenase are known to react with 

molecular oxygen to generate ROS.
25,61,62

 Each enzyme has different rate of reactivity 

with oxygen for ROS generation, the stability of the flavin radical determining the type of 

ROS generated. Unstable radical species reacts faster with oxygen and O2
●

 is found to 

be the major ROS generated, whereas more stable flavin radical is found to generate 
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H2O2 as a major ROS.
62

 In E. coli NADH is another cofactor undergoing oxidation to 

generate ROS in cells catalyzed by NADH-oxidase enzyme.
33,63

 

An emerging research field in biomedical engineering is systems biology, where 

complex interactions of cell components and their functions are studied. Systems biology 

based approach for studying complex enzymatic interactions and the metabolic products 

has led to advances in biotechnology and microbiology.
56

 Using this approach, a genome 

scale metabolic models were created for predicting the increase in intracellular ROS 

production in bacteria. In this metabolic pathway 133 reactions that involve ROS 

generation were identified and in addition 266 ROS producing reactions were also found. 

For example, SOD for H2O2 production were included for the in silico analysis. Specific 

gene deletion analyses provided information about pathways involving ROS 

enhancement in bacterium. To validate the findings experimentally, genetic mutations 

(incorporation or deletion of 21 identified genes) were successfully carried out and the 

analysis of metabolic by-product showed a predictable enhancement of ROS in E. coli. 

Next, bacterial mutants deficient of antioxidants were found to be highly sensitive when 

treated with oxidants such as H2O2, NaOCl and menadione, whereas the wild type 

bacterium E. coli was resistant. A significantly enhanced sensitivity of mutants to H2O2 

suggested the utility of enhancement of ROS as a method to target bacterial inhibition.
56

  

Traditional antibiotics have largely independent mechanisms for their bactericidal 

activities, and hence if bacteria develop resistance to one antibiotic, typically remain 

sensitive to others. For example, -lactam antibiotics (such as ampicillin, amoxicillin 

etc.) are known to inhibit bacterial cell wall biosynthesis, quinolone antibiotics 

(norfloxacin, ciprofloxacin etc.) are DNA gyrase inhibitors and amino acid biosynthesis 

in bacteria is inhibited by aminoglycoside antibiotics (Kanamycin, gentamycin etc.).
64

 

However, a common mechanism of bactericidal activity for traditional antibiotics was 

proposed as an enhancement intracellular ROS in bacteria along with their individual 

targets for bactericidal activity.
65

 Although this concept was disputed by few independent 

reports,
66-68

 ROS was used as an adjuvant to potentiate the antibacterial activity of the 

commercial antibiotics.
56,69

 Thus, enhancing intracellular ROS was considered as a 

potential strategy to target bacterial infection.  
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Using the systems biology approach toxicity of OH
●
 generated from silver ion in 

silver nitrate (AgNO3) to a Gram negative bacterium, E. coli was studied. Detection of 

OH
●
 generated from Ag

+
 treated bacteria was carried out using hyroxyphenylfluorescein 

(HPF) based fluorescence assay, further confirmed by quenching of this fluorescence 

using thiourea, a standard quencher of OH
●
.
69

 A series of mutants such as SOD-A, a 

superoxide overproducing mutant and iron import gene mutants were incubated with Ag
+
 

and the growth profile was monitored. A significant inhibition of bacterial growth 

suggests the utility of ROS as antibacterial agents. In addition, Ag
+
 was also found to 

enhance the killing efficacy of the bacterial antibiotics both in vitro and in vivo.
69

 

Scheme 1.18. Antibacterial agents acting by ROS generation mechanism 

 

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis and is one of 

the highly infective pathogens. One third of the world population is infected by Mtb as 

estimated by World health organization (WHO).
70

 Vitamin C (VC) is a known 

antioxidant and one of the essential nutrients for mammals.
71

 VC is shown to reduce the 

ferric ion (Fe
3+

) and increase the level of free ferrous ions (Fe
2+

) in the extracellular 

medium. The free Fe
(2+)

 can react with O2 and generate O2
●

, H2O2 and highly reactive 

●
OH by Haber-Weiss process and Fenton reaction (Scheme 1.18).

38
 VC (4 mM) was 

shown to enhance the ROS levels and found to be lethal to Mtb. Addition of 

deforaxamine, a Fe
2+

 chelator along with VC showed no effect in the bacterial growth, 

providing evidence for Fe
2+

 mediated ROS generation for bacterial inhibition. Due to 

thick waxy cell wall Mtb is considered to be one of the difficult pathogens to treat and is 

shown to be sensitive to enhanced oxidative stress.
72

 

Clofazimine (CLF) is a commercial drug used for the treatment of leprosy, a chronic 

infection caused by mycobacterium leprae. The mechanism of action exerted by CLF is 
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proposed to generate intracellular ROS and induce oxidative stress.
73,74

 A bioreduction of 

CLF by NADH-oxidoreductase, which is present in the ETC, leads to reduced CLF and a 

concomitant reaction with O2 produces ROS (Scheme 1.18). As a support of ROS 

generation, bacterium was found to be less sensitive to CLF when cultured in 

antioxidants supplemented medium.
73,74

 Thus the development of ROS based 

antibacterial agents might have therapeutic potential against Gram positive and Gram 

negative bacteria and also could serve as an adjuvant to enhance the efficacy of 

commercially used antibiotics. 

1.8. ROS in Cancer and Aging: 

Mitochondrion is the main source of endogenous ROS production in cells. A sub lethal 

level of ROS is always maintained in cells for proliferation, cell survival and 

signaling.
12,21,22,40

 Cancer cells are characterized for producing higher levels of reactive 

oxygen species when compared to normal cells. This property is due to enhanced 

metabolism in cancer cells. As a response to enhanced ROS, reduced thiols such as 

glutathione are also over expressed in cancer cells to maintain the redox homeostasis.
75-78

 

A considerable body of evidences suggest an established correlation of enhancement of 

ROS with mutagenesis. Ironically, controlled generation of ROS above the normal level 

can induce apoptosis (programmed cell death, a controlled process) or necrosis 

(uncontrolled damage of cellular components leading to cell death) in cancer. Thus 

disturbing the redox hemeostasis by increasing the level of ROS in cancer is considered 

as a potential strategy to eliminate cancer.
79-81

  

Figure 1.5. Structures of ROS based anticancer agents 

 

Bioreductively activated ROS generators such as menadione,
82-87

 

deoxynyboquinone,
88,89 

β-lapachone,
90,91

 mitomycin C,
92,93

 and streponigrin
94,95

 were 
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developed as anticancer agents (Figure 1.5). Indiscriminate damage caused by ROS were 

used to support free radical theory of aging and the effects of ROS were considered 

cumulative and random. It was proposed that accumulation of ROS in mitochondria 

causes mutations in mitochondrial DNA (mtDNA); as a consequence rapidly aging 

phenotypes could be produced. However, no alteration in the level of ROS was identified 

when experiments were carried out in mitochondria ex vivo, declining the theory of 

oxidative damage for aging. Ironically, when the levels of ROS in mitochondria depleted, 

delay in the onset of aging was observed. While the role of ROS in aging process is 

puzzling with coupled evidences, involvement of ROS such as superoxide and hydrogen 

peroxide in cell regulation and activation of prosurvival signals for increasing the life 

span of cells are known. Thus ROS is not just mediating aging but also involved in cell 

maturation and survival, the harmful effect is due to compromised signaling.
12,41,50,96,97

 

Thus, the link between ROS and cancer has been widely understood and accepted, but its 

antibacterial effects and its effects on aging are being investigated.
50,75,79,81,88,89,98

  

1.9. Sources of ROS and Their Limitations: 

Although the sensitivity of bacteria to ROS is well documented, only limited sources of 

reliable ROS generators are available. We have classified them into two types of ROS 

sources used: 1) direct sources of ROS (self-decomposing), 2) enzymatically activated 

ROS generators.  

1.9.1. Direct sources of ROS: 

Potassium superoxide is used as a source of O2
●

 for most of the extracellular assays. 

However, due to its poor cell permeability this is not suitable for intracellular assays.
25

 

H2O2 is frequently used as a hospital disinfectant as it is freely cell permeable unlike 

O2
●

. However, the potential limitation is the absence of structural handle to control 

reactivity.
99

 The organic derivative of H2O2 is tert-butyl hydroperoxide (t-BuOOH), used 

for the induction of oxidative stress in cells to study the effects of enhanced oxidative 

stress in biological pathways, mainly in cancer. The sluggishness of t-BuOOH in 

decomposition to generate a radical under physiological conditions is a concern.
100-102

 

Sodium hypochlorite is another ROS used in conjunction with H2O2 for sterilization of 
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surgical apparatus from bio-contaminants. Similar to O2
●

, sodium hypochlorite also has 

issues with cell permeability (Figure 1.6).
20,21

 Unless these species are generated in 

intracellular environment or produced by cell permeable sources, studying the effects or 

the role of ROS in biological systems would be complicated. 

Figure 1.6. Self decomposing sources of ROS 

 

1.9.2. Enzymatically activated ROS generators: 

1.9.2A. Bioreductive activation for ROS generation: 

Menadione and flavin are known to generate ROS and the mechanism is proposed 

through an enzymatic reductive activation in biological systems. Menadione is a 2-methyl 

derivative of 1,4-naphthoquinone which is reduced to 1,4-diol by DT-diapharase also 

known as NADH-dehydrogenase, using NADH co-factor as an electron source. The 

product 1,4-diol is highly reactive and upon exposure to molecular O2 generates ROS and 

the parent quinone (Menadione) is regenerated (Scheme 1.19). Although the compound is 

used for cell based studies, it has poor solubility in aqueous media. The bioreduction 

product 1,4-diol(ate) reacts rapidly with O2 to generate ROS. In addition to its poor 

aqueous solubility inability to provide temporal control over ROS generation is a 

significant drawback.
80,103,104

  

Scheme 1. 19. Bioreduction of menadione by DT-diapharase for ROS generation 

  

Flavin is a class of isoalloxazine derivatives found in many biological sources such as 

flavin mononucleotide (FMN), flavin dinucleotide (FAD), and in many flavoproteins. 
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The reduced form of flavins are known to react with molecular O2 to generate ROS, the 

reduction of flavin moiety is mediated by NOX enzyme (Scheme 1.20). Poor cell 

permeability of flavins limits the utility of flavins for intracellular ROS 

generation.
61,62,105-107

 

Scheme 1. 20. ROS generation from flavin mediated by NOX enzymes 

 

1.9.2B. Generation of ROS by enzymatic oxidation: 

Xanthine and xanthine oxidase are routinely used for extracellular O2
●

 production. The 

reaction consists of oxidation of xanthine is which catalyzed by the enzyme xanthine 

oxidase and the reduced product is O2
●

. This is an efficient method for rapid O2
●

 

generation (Scheme 1.21). However, poor cell permeability of xanthine as well as 

superoxide radical anion raises the concern over the suitability of this method for 

intracellular applications.
25

 

Scheme 1.21. Superoxide, O2
●

 generation from xanthine, catalysed by xanthine 

oxidase 

 

H2O2 is generated enzymatically by glucose oxidase catalyzed oxidation of glucose. This 

is highly selective and a rapid generation of H2O2 is observed by this enzymatic oxidation 

(Scheme 1.22).  

Although the aforementioned methods are widely used, they all suffer from 

limitations. For example, X + XO generates superoxide only outside the cell. The 
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substrate for glucose oxidase is widely present and would be unsuitable for site-directed 

delivery of ROS.  

Scheme 1.22. Glucose oxidase mediated H2O2 generation by oxidation of glucose 

 

Considering the limitations with the available sources of ROS, new sources with 

desirable properties, such as stability, structural control, temporal control and site 

selectivity for biological studies are necessary. Despite the known importance of ROS in 

biochemical and biological systems, organic sources for reliable ROS generation are 

limited.  

In this thesis, in Chapter 2, we describe the identification of a new scaffold for ROS 

generation in aerobic buffers and explore the utility of ROS generators to enhance ROS 

levels within bacteria. Further, we report the study of substituent effects on this scaffold 

for tunable ROS generation. In Chapter 3, for a site directed delivery of ROS, a bacterial 

enzyme, nitroreductase activated intracellular ROS generation is demonstrated using a 

pro-ROS generator and its potential to sensitize E. coli to antibiotics is evaluated. Finally, 

we have shown a thiol activated ROS generation for depletion of antioxidant thiol in cells 

and subsequent enhancement of ROS to target drug resistant bacteria in Chapter 4. 
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CHAPTER 2.1: DESIGN, SYNTHESIS AND EVALUATION OF 

DIHYDROQUINONES AS REACTIVE OXYGEN SPECIES (ROS) 

GENERATORS 

2.1.1. Introduction: 

Generation of reactive oxygen species (ROS) plays crucial role in different areas of 

pathology and physiology. ROS such as superoxide, O2
●

, hydrogen peroxide, H2O2 and 

hydroxyl radicals, 
●
OH are produced by reduction of oxygen in electron donor redox 

centers in cells (Scheme 2.1.1A). Mitochondria can produce O2
●

and H2O2 in cells, which 

can get converted into 
●
OH by Fe

2+
 in the Fenton reaction.

1-4
 Damaging effects of ROS at 

elevated concentrations to biomacromolecules such as DNA, protein and lipids are well 

documented (Scheme 2.1.1B).
1-3

 Immune system produces ROS in a highly controlled 

fashion to counteract invading pathogens during pathogenesis. A scaffold based on 

organic small molecules that generate ROS in a programmed manner inside cells could be 

a mimic to immune system for enhancement of intracellular ROS to target pathogens.  

Scheme 2.1.1. (A) Reactive oxygen species (ROS) are generated through 

reduction of oxygen; (B) ROS can damage biomacromolecules such as proteins and 

DNA.  

 

Scheme 2.1.2 Bioreduction of 1,4-quinones to hydroquinones and ROS 

generation upon exposure to oxygen 
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Quinones are ubiquitous in nature and constitute an important class of natural product 

that is involved in electron transport chain and photosynthesis in plants, fungi and 

bacteria. Quinones are well known sources of ROS, where these undergo a bioreduction 

to generate 1,4-diol (hydroquinone) and subsequent exposure to oxygen produces ROS 

such as O2
●

and H2O2 (Scheme 2.1.2).
5-7

 Quinones such as 1,4-naphthoquinone, 2-

methyl-1,4-naphtoquinone, juglone, plumbagin, 1,2-naphthoquinone, 2-

methylanthraquinone, 9, 10-phenanthraquinone and acenaphthenquinone (Figure 2.1.1) 

were studied for their ability to generate ROS in cells and consequent damaging effects to 

DNA.
8,9

  

Figure 2.1.1. Structures of quinone based ROS generators 

 

Industrial production of H2O2 is initiated by in situ catalytic hydrogenation of 

anthraquinone to produce 9,10-dihydroxyanthracene, which then spontaneously reacts 

with molecular oxygen to produce H2O2, presumably through the intermediacy of 

superoxide anion (Scheme 2.1.3).
10

  

Scheme 2.1.3. Anthraquinone process for the production of H2O2. 
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However, there are just a few reliable methods for the controlled generation of ROS 

in vivo. It is anticipated that such a strategy would not only facilitate investigating the 

roles of ROS in bacterial responses to antibiotics but could help with the development of 

novel therapeutic agents to overcome drug resistance as well. Our design of ROS sources 

was based on the observation that aromatic 1,4-diols react with molecular oxygen to 

produce H2O2. Aromatic quinols themselves are not good candidates as H2O2 generators 

due to their susceptibility to undergo aerobic oxidation, difficulty of isolation. 

Furthermore, these diols do not have a structural handle to modulate rates of ROS 

generation. Instead, we considered surrogates of hydroquinone, 2,3-dihydro-1,4-

benzoquinones (A) as potential ROS generators (Scheme 2.1.4). Conversion of A to its 

tautomer 1,4-dihydroxynaphthalene (B) might occur under physiological pH; the diol B 

can undergo aerobic oxidation to give C with concomitant production of superoxide and 

H2O2 as inorganic products (Scheme 2.1.4). Ring size “n” and functional groups X and Y 

provide structural handles to modulate ROS generation profiles through perturbation of 

the keto-enol equilibrium (Table 2.1.1). 

Scheme 2.1.4. Compounds of type A tautomerize to B, which can react with 

oxygen to generate superoxide and H2O2 as the inorganic products with concomitant 

formation of C. Bioreduction of quinone C and further redox cycling might also produce 

ROS. 

 

 

1,4-Quinones such as C are candidates for bioreduction by enzymes such as NADPH: 

cytochrome P450 reductase to generate quinol B, which can react with oxygen to produce 

ROS.
11-15

 Thus, the use of A as a candidate for intracellular oxidation
16-18

 with 

concomitant introduction of reactive oxygen species could act in conjunction with 

introduction of quinone C, and together result in perturbation of intracellular redox 

equilibrium (Scheme 2.1.4).  
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2.1.2 Results and Discussion: 

2.1.2.1 Synthesis, characterization and ROS generation studies in buffer: 

In order to test our hypothesis that 2,3-dihydro-1,4-benzoquinones are candidates for 

ROS generation, compounds 1-8 were synthesized from commercially available 1,4-

naphthoquinones and 1,3-dienes in yields ranging from 58-87% (Table 2.1.1). Starting 

from 1,4-benzoquinone, compounds 9-12 were synthesized in excellent yields after 

reacting with either 1,3-cyclopentadiene or 1,3-cyclohexadiene (Scheme 2.1.5). 

 

Table 2.1.1. Synthesis of 1-8 by a [4 + 2] cycloaddition. 

 

Entry X Y n Product Yield (%) 

1 H H 1 1 87 

2 H H 2 2 81 

3 OH H 1 3 80 

4 OH H 2 4 78 

5 OH OH 1 5 83 

6 OH OH 2 6 71 

7 OBn H 1 7 58 

8 OBn H 2 8 72 

 

In order to test whether 1-12 were sources of ROS, these compounds were incubated 

in pH 8.0 buffer under ambient aerobic conditions and their ability to generate superoxide 

(O2
●

) was evaluated using a luminol based chemiluminescence assay. A reaction of 

luminol with O2
●

 leads to nitrogen extrusion and simultaneous formation of excited state 

species of 3-aminobenzene-1,2-dicarboxylate. Returning of the excited state species to 
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ground state emits light (luminescence), and the emission is recorded as a measure of 

superoxide generated during the reaction (Scheme 2.1.6).  

 

Scheme 2.1.5. Synthesis of 9-12 from benzoquinone. 

 

 

Scheme 2.1.6. Reaction of luminol with superoxide radical (O2
●) 

  

Using this luminol assay, superoxide generated by 1-12 during 30 min in pH 8.0 was 

evaluated (Figure 2.1.2).
19

 A wide range of superoxide levels were observed with 1-12 

and 4 was found to be the best superoxide generator amongst 1-12 (Figure 2.1.2). The 

intermediacy of superoxide was also confirmed by complete abrogation of luminescence 

attributable to this species in the presence of superoxide dismutase (SOD), an enzyme 

that catalyzes the decomposition of superoxide to oxygen and hydrogen peroxide. 

Hydrogen peroxide, the less reactive and more stable ROS, is formed by a 1e

 transfer to 

superoxide (Scheme 2.1.1A). The amount of H2O2, generated during 30 min incubation 

of 1-12 in pH 7.4 was estimated using a xylenol orange-based colorimetric assay (Figure 

2.1 3).
20,21

 Compounds 4 and 6 were the best hydrogen peroxide generators amongst 

analogues 1-12 (Table 2.1.2, entries 4 and 6).  
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Figure 2.1.2. Superoxide detection: Superoxide generated during incubation of 1-

12 (5 M) in pH 8.0 buffer at 37 ºC for 30 min was estimated by a luminol-based 

chemiluminescence assay.  

 

Table 2.1.2. H2O2 yields during incubation of 1-12 in pH 7.4. 

Entry Compd H2O2, pH 7.4 (%)
a
 

1 1 5.1 

2 2 5.1 

3 3 8.7 

4 4 11.1 

5 5 4.0 

6 6 11.1 

7 7 4.7 

8 8 6.0 

9 9 4.1 

10 10 1.9
c 

11 11 10.4 

12 12 5.0
c 

a
H2O2 generated during incubation of 1-12 (5 M) in pH 7.4 buffer at 37 ºC during 30 

min was estimated by a xylenol orange-based colourimetric assay. We found no 

significant colour formation in the presence of catalase suggesting the generation of 

H2O2. 
c
Calculated based on 2 mol H2O2 from 1 mol of compound.  
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Figure 2.1.3. Hydrogen peroxide estimation: Hydrogen peroxide generated during 

incubation of 1-12 (5 M) in pH 7.4 buffer for 30 min at 37 ºC was estimated using 

xylenol orange-based colorimetric assay.  

 

Figure 2.1.4. DNA damage assay: (a) Reaction mixtures (20 L) contained 100 

ng of Form I DNA in pH 8.0 phosphate buffer (100 mM) and compounds were incubated 

at 37 °C for 6 h: CTR: untreated control; Lane 1, 50 M 1 + Fe(II); Lane 2, 50 M 2 + 

Fe(II); Lane 3, 50 M 3 + Fe(II); Lane 4, 50 M 4 + Fe(II); Lane 5, 50 M 5 + Fe(II); 

Lane 6, 50 M 6 + Fe(II); Lane 7, 50 M 7 + Fe(II); Lane 8, 50 M 8 + Fe(II); Lane 9, 

50 M 9 + Fe(II); Lane 10, 50 M 10 + Fe(II); Lane 11, 50 M 11 + Fe(II); Lane 12, 50 

M 12 + Fe(II). Nicked DNA is represented by II. (b) Relative nuclease activity is with 

respect to untreated control and is defined as the ratio of Form II (nicked) to Form I 

(supercoiled plasmid) and is obtained by digitized image analysis. 

 

 

Hydroxyl radical is perhaps the most reactive of the ROS generated in vivo and is 

produced through Fenton-type chemistry in the presence of metal ions. Hydroxyl radical 
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causes extensive damage to biomacromolecules such as DNA.
22-24

 Nuclease activity of 1-

12 was estimated using a pBR322 supercoiled plasmid DNA-based assay.
25

 In the 

presence of Fe(II) and compounds 1-12 at 50 M concentrations during 6 h, nick 

induction was observed in nearly all compounds tested (Figure 2.1.4a). We found no 

evidence for nick induction in the absence of Fe(II) suggesting the involvement of 

hydroxyl radical in mediating the observed nuclease activity. 

Again, 4 was found to be the best DNA damage-inducing agent with nearly 70-fold 

increase in nuclease activity in comparison with control (Figure 2.1.4b) followed by 6 

(54-fold) and 3 (33-fold). Compounds 3, 4 and 6 were also amongst the best superoxide 

and hydrogen peroxide generators of 1-12 suggesting a role for the proximal hydroxyl 

group. Several reports have shown a strong intramolecular H-bonding in 3-

hydroxyketones (Scheme 2.1.7).
26

 For example, H-atom exchange is documented in 9-

hydroxyphenalenone leading to delocalization of -electrons (inset, Scheme 2.1.7). The 

O
…

O bond distance in the case of 9-hydroxyphenalenone was found to be 2.486 Å.
26

  

Scheme 2.1.7. Strong intramolecular H-bonding results in delocalization of -

electrons of 9-hydroxyphenalenone. 

 

Figure 2.1.5. Crystal  structures: ORTEP diagrams for (a) 4 and (b) 6 shows 

intramolecular H-bonding between the H-atom of the hydroxyl group and the carbonyl 

oxygen. 
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We found evidence for intramolecular H-bonding by X-ray diffraction analysis of 

crystalline 4 and 6 and obtained O
…

O bond distances as ~2.54 Å (Figure 2.1.5). Thus, 

delocalization of the -electrons (4B) through H-exchange between 4 and 4A (Scheme 

2.1.8) might be predicted. 

Scheme 2.1.8. Intramolecular H-bonding might result in rearrangement of 4 to 

4A; structure 4B is a representation of the expected -electron delocalization. 

 

Figure 2.1.6. IR stretching frequencies for selected compounds prepared in this 

study. 

 

A possible consequence of delocalization is the lengthening of the carbonyl of C-1 in 

4 in comparison with C-4 of 4 (Figure 2.1.5a). Indeed, X-ray diffraction analysis shows 
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C-1
…

O bond distance as 1.218 Å while the C-4
…

O bond distance was found to be 1.235 

Å (Figure 2.1.5a). A similar elongation of the C
…

O bond (1.24 Å) was observed for 6 

(Figure 2.1.5b). Lengthening of the carbonyl of C-1 in 4 was also confirmed by IR 

spectroscopy. The C=O for 1 and 2 were experimentally determined as 1674 and 1677 

cm
1

, respectively (Figure 2.1.6). The C-4 C=O for 3 and 4 were significantly diminished 

as 1630 and 1628 cm
1

, respectively (Figure 2.1.6). Similarly, in the cases of 5 and 6, 

C=O were found as 1616 and 1621 cm
1

, respectively (Figure 2.1.6). The C-1 carbonyls 

of 3 and 4 were comparable with 1 and 2 suggesting that intramolecular H-bonding leads 

to significant reduction of the carbonyl double bond character. Removal of H-bonding 

capability by introduction of a benzyl group results in a higher stretching frequency: C-4 

C=O for 8 was found as 1651 cm
1

 (Figure 2.1.6).  

Scheme 2.1.9. Proposed mechanism for generation of ROS during incubation of 

2,3-dihydro-1,4-benzoquinones in pH 7.4 buffer. 

 

The following mechanism for ROS generation during incubation of 4 was considered. 

Keto-enol tautomerism produces enolates A1 (path a) and/or A2 (path b), which then 

rearranges to give B1, which can react with oxygen to generate superoxide by a 1 e

 

transfer to produce B2 (Scheme 2.1.9).
27-29 

B2 can further transfer an additional electron 
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to superoxide to produce hydrogen peroxide and the quinone C (Scheme  2.1.9).
26-28

 

Energy minimizations on 2, 4, 6 and 8 using DFT-B3LYP-631G (d,p) were carried out 

and an electron density map were generated. Here, we found an increased 

electronegativity (0.556 versus 0.480) on the oxygen of carbonyls adjacent to a 

hydroxyl group (Figure 2.1.7). This result supports a preferential enolization at C-3, C-4 

(path b) in comparison with C1-C2 (path a, Scheme 2.1.9). 

Figure 2.1.7. Calculated electronegativities for 2, 4, 6 and 8. 

 

As enolization of 3 would result in the formation of a double bond attached to a 5-

membered ring, placing an olefin adjacent to a five-membered ring might be less 

favourable than a six-membered ring (angle strain) in the case of 4. Perhaps, relative ease 

of enolization of 4 in comparison with 3 might help explain the higher levels of ROS 

generation from 4 (Figure 2.1.2, Table 2.1.2, Figure 2.1.3). A similar trend was seen in 

the cases of 5 and 6 as shown in Table 2.1.2, entries 5,6. As the juglone derivative 4 was 

the best generator of superoxide and H2O2 amongst 1-12 (Figure 2.1.2, Figure 2.1.3, 

Table 2.1.2), further studies were carried out on compound 4.  

2.1.2.2. Studies on ROS generation and mechanisms of compound 4: 

A time course experiment for superoxide generation from 4 was conducted. A gradual 

increase in the level of superoxide over a period of 30 min was measured using luminol 

based chemiluminescence assay. Superoxide generation profile of 4 was compared with a 

derivative of 4, in which 5-OH group protected with benzyl group, 8, in which 

significantly a lower level of superoxide generation was observed from 8 proving further 

the importance of hydrogen bonding to promote superoxide generation. A standard 

method for superoxide generation is enzymatic oxidation of xanthine by xanthine oxidase 

(X+XO). We found a sharp rise in the chemiluminescence as an evidence for superoxide 

generation within 5 min of incubation and slow decay in the level of superoxide was 
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recorded. A slow and steady generation of superoxide in cells is necessary to study 

intracellular effects of superoxide, which cannot be achieved with X+XO based 

enzymatic method and thus, compound 4 is better suited for intracellular studies than 

X+XO (Figure 2.1.8A).  

Figure 2.1.8. Measurement of superoxide generation from 4 and 8 in pH 8.0 

phosphate buffer at 37 °C. (A) Time course of O2
­• 

generation during incubation in pH 8.0 

buffer over 30 min was studied by a luminol chemiluminescence assay (B) A high 

performance liquid chromatograph (HPLC)-based dihydroethidium (DHE) assay was 

used to infer generation of O2
•­
 after incubation of compounds (50 µM) in pH 8.0 buffer 

for 1 h. 2-Hydroxyethidium (2-OH-E
+
), which is exclusively formed by the reaction of 

O2
•­
 with DHE

 
elutes at 28.6 min, and ethidium E

+
, which is formed by non-specific 

oxidation of DHE elutes at 29.5 min.(Figure 2.1.8B)  

 

Scheme 2.1.10. A scheme for formation of 2-OH-E
+
 and E

+
 during reaction of 

DHE with ROS 

 

A dihydroethidium (DHE) based HPLC analysis was used to infer superoxide 

generation independently. DHE is a fluorescent probe regularly used for intracellular 

ROS detection.
30-32

 A reaction of DHE with superoxide produces 2-hydroxyethidium (2-
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OH-E
+
) as a specific oxidized product which is fluorescent whereas the non-specific 

oxidation of DHE with other ROS produces fluorescent ethidium (E
+
) dye (Scheme 

2.1.10). Both these oxidized products elute in different retention times under HPLC 

conditions. This fluorescence based HPLC method is widely used for the detection of 

superoxide as well as other oxidative species generation.
30-32

  

An authentic sample of DHE was injected in HPLC which indicated a peak at 20.8 

min, an addition of X+XO to DHE in pH 7.4 phosphate buffer generated a new peak at 

30.8 min corresponding to 2-OH-E
+
 indicating superoxide is a major product, and a small 

peak at 31.6 min was identified as E
+
 as an evidence for the formation of other oxidative 

species in minor proportions (Figure 2.1.8B). A similar experiment was carried out for 4 

with DHE in pH 7.4 phosphate buffer. After incubation for 60 min at 37 °C the reaction 

mixture was injected in HPLC to find a neat conversion of DHE to 2-OH-E
+ 

(as a major 

product) and E
+ 

(Figure 2.1.8B). Evidence for formation of both the oxidized species (2-

OH-E
+
 and E

+
) were obtained from mass spectral analysis. This experiment authenticates 

the generation of superoxide from 4 in buffer under physiological conditions. 

Figure 2.1.9. Decomposition studies and estimation of H2O2 from 4. (A) HPLC traces of 

incubation of 4 in pH 7.4 buffer during 12 h shows complete conversion of 4 to 18; (B) 

Estimation of H2O2 generated during incubation with 10 µM of the compound 4 in pH 

7.4 phosphate buffer was estimated using an Amplex Red
®

 fluorescence assay.  

 

Next, HPLC mediated decomposition study was carried out to identify the product 

formed during the reaction of 4 in aerobic buffer. Compound 4 was incubated in pH 7.4 

aerobic buffer at 37 °C, and the decomposition profile was monitored using HPLC 

analysis. After 12 h of reaction in buffer, nearly complete disappearance of the peak for 4 
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at 10.6 min was observed with concomitant formation of a new peak at 13.8 min (Figure 

2.1.9A). The expected decomposition product is 18, which is the oxidized derivative of 4. 

Independently we have synthesized 18 by a reported procedure (Scheme 2.1.11)
33

 and the 

decomposition product of 4 was identified by comparing the HPLC trace of authentic 

compound 18. A nearly complete conversion of 4 to 18 was found in 12 h which was 

followed using HPLC analysis (Figure 2.1.9a).  

Simultaneously, a time course for H2O2 generation from 4 was recorded for 12 h in 

pH 7.4 buffer using Amplex Red assay. Amplex red is a non-fluorescent colorless 

substrate, highly sensitive to H2O2 (10 picomoles in 100 L volume detection limit). A 

H2O2 selective enzyme, horse radish peroxidase (HRP) & catalyzed reaction of Amplex 

red with H2O2 at 1:1 stoichiometry, produces resorufin, a highly fluorescent dye. In this 

reaction, HRP catalyzes the formation of OH radical from H2O2 and a reaction of OH 

radical with Amplex Red produces resorufin (Scheme 2.1.12). A maximum H2O2 yield of 

58% was quantified from compound 4 after 6 h and almost no change in the level was 

observed in the next 6 h (Figure 2.1.9b). Thus, 4 offers a temporal control over generation 

of ROS such as superoxide and H2O2 in buffer, hence proving to be a promising 

candidate for cellular studies. 

Scheme 2.1.11. Synthesis of 18 from 4 and 19 from 15 

 

Scheme 2.1.12. A scheme for oxidation of non-fluorescent Amplex Red
®

 by H2O2 

to fluorescent resorufin in the presence of horse radish peroxidase (HRP) enzyme 
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2.1.2.3. Extracellular and intracellular ROS generation studies in bacteria: 

Having established ROS generation in aerobic buffer using a series of 2,3-

dihydronaphthoquinone based small organic molecules we have tested the compounds for 

their ability to generate ROS in two different bacterial cultures viz., a Gram negative 

bacterium, Escherichia coli (E. coli) and a Gram positive bacterium Mycobacterium 

smegmatis (Msm).  

2.1.2.3.1. ROS generation studies in Escherichia coli (E. coli): 

Due to its bi-layered cell wall with peptidoglycan and phospholipid, E. coli a Gram-

negative bacterium, is one of the most difficult bacterium to inhibit. Cell permeability of 

a drug has been a primary challenge. E. coli has evolved with strong antioxidant response 

to counteract intracellular ROS induced by immune system for its survival. However, 

many recent reports have demonstrated that enhancement of intracellular ROS can 

sensitize this bacterium to antibiotics.
34-37

 In this context, first the ability of the 

compounds to generate H2O2 in the presence of E. coli bacterium was studied using 

Amplex Red
®

 based fluorescence assay. Using this assay extracellular H2O2 generation 

from 4 was recorded by incubating 4 (100 M) with E. coli for 1 h at 37 °C, a maximum 

yield of 20 M (20%) of H2O2 was measured after 1 h. Thus the ability of compound 4 to 

generate ROS in extracellular medium in the presence of bacterium was inferred. When 

the negative control 8 was tested, as expected no significant level of H2O2 generation was 

observed (Figure 2.1.10b). 

Next, the ability of the compounds to permeate cells to generate ROS intracellularly 

was studied using two independent assays, namely, DHE assay and DCF-DA assay. 

Firstly, DHE assay was carried out for the detection of intracellular superoxide 

production in E. coli with 4 using HPLC attached with a fluorescent detector. Bacterial 

control showed unreacted DHE with diminished levels of 2-OH E
+
 and E

+
, upon the 

treatment of 4 and DHE with bacterium, significant increase in the peak intensity for 2-

OH E
+
 and E

+
 was seen, this result is consistent with increase in intracellular superoxide 

production (Figure 2.1.10A).  
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Figure 2.1.10. ROS generation studies with bacteria: (A) HPLC traces of assay 

for intracellular O2
•- 

production using a dihydroethidium (DHE) assay in E. coli. 

Incubation with the compounds (50 µM) was for 30 min and DHE levels indicate un-

oxidized dye while 2-OH-E
+
 formed is an indicator for O2

•-
 production and E

+
 is 

indicative of increase in oxidative species. (B) Estimation of hydrogen peroxide (H2O2) 

generated during incubation of E. coli with 50 µM of the compound in pH 7.4 was 

estimated using an Amplex Red
®

 fluorescence assay. Student T-test performed on this 

data provided a P value of <0.001. (C) Increase in intracellular oxidative species upon 

treatment of E.coli with 4 and 8 was determined by a 2,7-dichlorodihydrofluorescein-

diacetate (DCFH-DA)-based fluorescence assay and DMSO (0.5%) was used as control 

(Figure 2.1.10 B). Increase in intracellular fluorescence is obtained with respect to 

DMSO control. Student T-test performed on this data provided a P value of <0.001. 

 

Scheme 2.1.13. A scheme for oxidation of non-fluorescent DCFH2-DA by ROS 

to fluorescent dye  

 

Further evidence for cell permeability of compounds and intracellular ROS 

generation was obtained using 2,7-dichlorodihydrofluorescein-diacetate (DCFH2-DA)-

based fluorescence assay. DCFH2-DA is a weakly fluorescent cell permeable dye, which 

reacts efficiently with OH radical and to some extent with H2O2, and the fluorescence 



Chapter: 2.1 

51 

 

turns on when DCFH2-DA is oxidized by these ROS. When compound 4 was incubated 

with DCFH2-DA treated E. coli, a significant increase in the fluorescence intensity was 

observed, while bacterial control alone did not show any enhanced fluorescence emission 

(Figure 2.1.10C). In support of fluorescence emission only by intracellular ROS 

generation, compound 8, a negative control for ROS generation was incubated with pre-

treated E. coli with DCF dye; only negligible level of fluorescence enhancement was 

observed (Figure 2.1.10C). These results suggest that, compound is capable of 

permeating E. coli and produce ROS inside cells to enhance the level of intracellular 

ROS.  

2.1.2.3.1. ROS generation in Mycobacterium smegmatis (Msm): 

Tuberculosis (TB) remains a leading cause of morbidity and mortality in much of the 

world.
38,39

 Mycobacterium tuberculosis (Mtb), the etiological agent of this infectious 

disease, is a highly adaptive pathogen and possesses a nearly impenetrable cell wall thus 

making it an extremely difficult pathogen to kill.
39

 Due to its thick waxy cell wall 

containing a peptidoglycan layer, cell permeability is being a major challenge in drug 

discovery for Mtb. The anti-mycobacterial activity exhibited by vitamin C was attributed 

to intracellular enhancement of ROS. Thus, enhancing intracellular ROS has a potential 

to target Mtb.
40

 

Next, we sought to study the ROS generators prepared in this study to permeate 

mycobacterium cell wall to generate ROS inside cells. Since Mtb is a contagious 

pathogen, we performed our studies with Mycobacterium smegmatis (Msm) a non-

pathogenic model bacterium comes under the class of mycobacterium. Amplex Red 

fluorescence assay was used to determine extracellular H2O2 generation from 4 in Msm, a 

yield of 6.8 % H2O2 was quantified after 60 min of incubation (Table 2.1.3, entry 1). We 

envisaged that the removal of external double bond in 4 could perturb the enolization and 

subsequent reaction with oxygen to generate ROS. An analogue of 4 was synthesized by 

a palladium catalyzed hydrogenation reaction and obtained 15 in 81% yield (Table 2.1.4, 

entry 3). Then, we have treated 15 with Msm for 60 min and measured to find an 

improved H2O2 yield of 11.1 % in comparison with its structural analogue 4 (Table 2.1.3, 

entry 5). Next, we have synthesized the reduced analogues of 1, 3, 5 & 6 using similar 



Chapter: 2.1 

52 

 

experimental conditions to obtain compounds 13, 14, 16 & 17 in yields ranging from 78 – 

95% (Table 2.1.4, entries 1, 2, 4 & 5). Extracellular H2O2 produced from 14 and 15 in 

Msm after 60 min were better than 4 (Table 2.1.3, entries 3, 4). During the decomposition 

of 15 for ROS generation, 19 resulted as an oxidized product and this was confirmed by 

comparing the HPLC traced of reaction mixture of 15 in buffer with authentic 19 

independently synthesized (Scheme 2.1.11). No ROS generation is expected from 19 in 

buffer, consistently 19 did not produce any extracellular H2O2 during its incubation with 

Msm.  

Table 2.1.3. H2O2 yields during incubation of 4, 13-17, 19 in the presence of Msm 

Entry Compd Extracell. H2O2 (%)
a
  

1 4 6.8  

2 13 2.5  

3 14 8.2  

4 15 11.1  

5 16 2.7  

6 17 3.8  

7 19 -  

a
Extracell.= Extracellular, Amplex Red fluorescence assay was used for the measurement 

of H2O2 from compounds (50 M) with Msm. 

Generation of intracellular ROS from 13-17 were assayed using a HPLC based DHE 

assay, which is highly selective for the detection of intracellular O2
•-
. During a reaction of 

DHE with O2
•-
, 2-Hydroxyethidium (2-OH-E

+
) is formed as an exclusive product, which 

elutes at 28.6 min and a non-specific oxidation of DHE leads to the formation of ethidium 

E
+
, which elutes at 29.5 min. Compounds (50 µM) were incubated with DHE in Msm for 

30 min and a peak at 21.6 min indicates unoxidized DHE, while 2-OH-E
+
 formed is an 

indicator for O2
•-
 production and E

+
 is indicative of increase in oxidative species (Figure 

2.1.11).  
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Table 2.1.4. Synthesis of 13-17 by palladium catalyzed hydrogenation  

 

Entry X Y n Product Yield (%) 

1 H H 1 13 91 

2 OH H 1 14 78 

3 OH H 2 15 81 

4 OH OH 1 16 87 

5 OH OH 2 17 95 

Figure 2.1.11. Dihydroethidium (DHE) assay with wt-Msm: HPLC traces of assay 

for intracellular O2
-•
production using a dihydroethidium (DHE) assay in Mycobacterium 

smegmatis (Wt-Msm). 

 

Thus, we have synthesized a library of 2,3-dihydro-1,4-naphtoquinones, and the 

compounds were found to enhance the extracellular H2O2 levels when treated with two of 

the highly challenging bacteria E.coli and Mycobacterium. We have demonstrated the 

compounds ability to permeate bacterial cell wall to enhance intracellular ROS levels. 

2.1.2.4. Antimicrobial properties of ROS generators: 

When tested for the inhibitory potential of 4 and 13-17 against E. coli, we observed no 

effect on the bacterial growth, suggesting the compounds are non-toxic to E. coli even at 

100 M and the model bacterium is capable of tolerating the enhanced intracellular ROS 
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levels. Recently, ROS based sources were reported to sensitize bacteria to commercially 

used antibiotics, called as adjuvants. Adjuvants can be defined as the compound 

themselves may not have antimicrobial properties, but during co-treatment with 

antibiotics they enhance the efficacy of antibiotics for bacterial inhibition. Hence, it was 

predicted that compound 4 can act as an adjuvant to commercial antibiotics to inhibit 

bacterial growth at lower concentrations. 

Table 2.1.5. Minimum inhibitory concentration (MIC) of 4, Kanamycin, 

Gentamycin, Menadione and H2O2 with E. coli and fold increase in the inhibitory effect 

Entry Compound MIC in M
a
 Fold increase

b
 

1 4 >250  - 

2 8 >250 - 

3 Kanamycin 16.5 - 

4 Gentamycin 4.2 - 

5 4 (50 M) + Kanamycin 4.1 4 

6 4 (50 M) + Gentamycin 0.5 8 

7 8 (50 M) + Kanamycin 16.5 0 

8 8 (50 M) + Gentamycin 4.1 0 

9 Menadione >250 - 

10 H2O2 > 250 - 

11 Menadione (250 M) + Kanamycin 16.5 0 

12 H2O2 (250 M) + Kanamycin 8.2 2 

a
Minimum inhibitory concentration (MIC) is the lowest concentration required to inhibit 

>99% of the bacterial growth;
 b

Fold increase in MIC of compounds in combination with 

antibiotics was compared with MIC of antibiotic control 

Aminoglycoside antibiotics are effective inhibitors of E. coli and their mechanism of 

action is through the inhibition of amino acid biosynthesis. However, a lower level of 

ROS generation in cells was reported during treatment of aminoglycoside antibiotics such 

as kanamycin and gentamycin. Ototoxicity and nephrotoxicity are associated with 

prolonged treatment of aminoglycoside antibiotics are major issues and require suitable 

adjuvants to reduce the effective dose levels by enhancing antibiotic efficacy.
42-44

 Next, 
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we have tested the inhibitory potential of the aminoglycoside antibiotics against E. coli. 

Kanamycin was found to have 16.5 M of minimum inhibitory concentration (MIC) for 

more than 99% inhibition of E. coli (Table 2.1.5, entry 3) and gentamycin was effective 

at 4.2 M (Table 2.1.5, entry 4). When the compound 4 (50 M) was co-treated with 

kanamycin and gentamycin a significant enhancement in their inhibitory potential was 

observed. For kanamycin 4 fold (4.1 M, Table 2.1.5, entry 5) and for gentamycin 8 fold 

(0.5 M, Table 2.1.5, entry 6) enhancement in MICs’ were observed. Menadione (MD) is 

regularly used for mimicking intracellular ROS environment. When the E. coli bacterium 

was exposed to 250 M of MD, no effect on the growth of bacterium was observed 

(Table 2.1.5, entry 9), and the co-treatment of MD with kanamycin also did not show any 

enhanced sensitivity (Table 2.1.5, entry 10). H2O2 itself was tested for disturbing the 

bacterial growth, even at 250 M concentration of H2O2 bacteria were growing as 

efficiently as the untreated control (Table 2.1.5, entry 10). However, addition of 250 M 

of H2O2 with kanamycin did sensitize the bacterium and a 2 fold reduction in the MIC 

(8.2 M) was observed (Table 2.1.5, entry 12). Here, 4 (50 M) was identified to 

sensitize bacterium to aminoglycoside antibiotics at 5 fold lesser concentration than H2O2 

(250 M). Further, 4 was identified as an efficient, cell permeable ROS generator, better 

suited for studying the effects of enhancement of intracellular ROS generation at low 

concentrations than the currently used organic small molecule, MD, which is used in 

millimolar concentrations.
45

 Here, we have identified a new scaffold for effective and 

spontaneous ROS generation in buffer as well as in intracellular environment and studied 

the potency as an adjuvant to traditional antibiotics such as kanamycin and gentamycin 

for the inhibition of a Gram- negative bacterium E coli.  

These ROS generators were tested for their ability to inhibit the growth of 

Mycobacterium tuberculosis (Mtb), which is the causative agent of tuberculosis affects a 

million each year. From our studies, many of these ROS generators were found to inhibit 

growth of Mtb - including multidrug resistant (MDR), extremely drug resistant (XDR) 

strains of Mtb with less than 1 g/mL of minimum inhibitory concentration (Data for Mtb 

was obtained from Dr. Sriram and Dr. Amit Singh). Further studies on the precise 

mechanism of these ROS generators to inhibit Mtb are underway.  
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2.1.3. Conclusion: 

In this Chapter 2.1, we have presented design and synthesis of 2,3-dihydro-1,4-

benzoquinones as surrogates of hydroquinone. These compounds undergo a keto-enol 

tautomerism to react with molecular oxygen to produce ROS such as superoxide, H2O2 

and OH radical mediated by Fe
2+

. The capability of these compounds to generate ROS in 

buffer as well as in extracellular medium is studied using independent assays. Among the 

compounds tested, compounds 4, 14 and 15 were found to generate higher levels of ROS. 

Evidence for cell permeability of compounds and enhancement of intracellular ROS 

levels also studied using two independent assays, DHE assay (for superoxide) and 

DCFH-DA assay (oxidative species). Having established cell permeable highly efficient 

ROS generators, we have shown the utility of 4 as an adjuvant to aminoglycoside 

antibiotics for the inhibition of Gram-negative bacterium E. coli, efficiency of 4 was 

better than currently used sources of ROS, H2O2 and menadione. Mycobacterium 

tuberculosis (Mtb), is one of the highly challenging pathogens to treat. Due to its thick 

waxy cell wall, many of the drug candidates have compromised cell permeability in Mtb. 

However, Mtb has been shown to be sensitive to ROS suggesting that enhancement of 

intracellular ROS could be a viable strategy to target Mtb. Initially, evidence for 

compound’s ability to generate extracellular and intracellular ROS was obtained using 

DHE and Amplex Red
®

 assays. Then, the inhibitory potential of these ROS generators 

were tested against virulent strain of Mtb H37Rv. Many of the compounds (4, 15 and 19) 

were found to be highly potent and lead compound 14 was identified to inhibit Mtb at less 

than 1 g/mL of MIC (0.76 g/mL). Further studies on these compounds mechanism of 

Mtb inhibition are in progress. Taken together, we have identified small organic molecule 

based sources of cell permeable and spontaneous ROS generators, and applied as an 

adjuvant to aminoglycoside antibiotics for bacterial growth inhibition.  

  



Chapter: 2.1 

57 

 

2.1.4Experimental and Characterization Data 

2.1.4.1. General:  

All reactions were conducted under nitrogen atmosphere. All the chemicals were 

purchased from commercial sources and used as received unless stated otherwise. 

Dichloromethane (DCM), toluene and tetrahydrofuran (THF) for reaction were used as 

dried, and petroleum ether and ethyl acetate (EtOAc) for chromatography were distilled 

before use. Column chromatography was performed on Merck silica gel (100–200 mesh). 

1
H and 

13
C spectra were recorded on JEOL 400 MHz (or 100 MHz for 

13
C) spectrometers 

using either residual solvent signals as an internal reference (CDCl3 δH, 7.24 ppm, δC 77.1 

ppm) or an internal tetramethylsilane (δH = 0.00, δC = 0.0). Chemical shifts (δ) are 

reported in ppm and coupling constants (J) in Hz. The following abbreviations are used: 

m (multiplet), s (singlet), br s (broad singlet), d (doublet), t (triplet) dd (doublet of 

doublet) and dt (doublet of triplet). High-resolution mass spectra were obtained from 

HRMS-ESI-Q-Time of Flight LC/MS or MALDI TOF/TOF analyzer (Applied 

Biosystems 4800 Plus). FT-IR spectra were obtained using NICOLET 6700 FT-IR 

spectrophotometer as KBr disc and reported in cm
-1

. Melting point was measured using a 

VEEGO melting point apparatus; all melting points were measured in open glass 

capillary and values are uncorrected. High performance liquid chromatography (HPLC) 

was performed on a Dionex ICS-3000 model or a Metrohm 882 compact IC plus 

instrument equipped with a Phenomenex C-18 reverse phase column (250 × 4.6 mm, 

5μm). Fluorimetric, luminometric and spectrophotometric measurements were performed 

using Thermo Scientific Varioscan microwell plate reader.  

2.4.1.2. Experimental Section 

Compounds 1
46

, 2
33,47

, 3
48,49

, 4
33,47

, 5
50,51

, 9
52

, 10
53,54

, 11
55,57

 12,
53

, 13
57

 and 18
33

 have 

been previously reported and analytical data that we collected were consistent with the 

reported values. 

2.1.4.3.General procedure for [4 + 2] cycloaddition with 1, 3-cyclopentadiene. 

To a solution of 1,4-naphthoquinone (20, 1.0 mmol) in dichloromethane (10 mL), 

freshly distilled 1,3-cyclopentadiene (25, 1.2 mmol) was added and the reaction mixture 

was stirred at room temperature. The reaction progress was monitored by thin layer 
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chromatography (TLC). After completion of the reaction the volatiles were evaporated 

under reduced pressure to obtain crude product, which was purified by silica gel column 

chromatography using solvent system of ethyl acetate (1→ 5 %) and petroleum ether to 

afford pure material. 

2.1.4.4 General procedure for [4 + 2] cycloaddition with 1, 3-cyclohaxadiene. 

To a solution of the 1,4-naphthoquinone (20, 1.44 mmol) in toluene (10 mL), freshly 

distilled 1,3-cyclohexadiene (26, 1.72 mmol) was added and the mixture was refluxed for 

12 h. Upon complete consumption of the starting material (TLC analysis), the reaction 

mixture was evaporated to dryness under reduced pressure to obtain crude product. The 

crude material was purified by silica gel column chromatography using ethyl acetate 

(1→5 %) and petroleum ether solvent system to obtain pure material. 

 

5,8-Dihydroxy-1,4,4a,9a-tetrahydro-1,4-ethano-9,10-anthraquinone (6).  

Starting from 5,8-dihydroxy-1,4-naphthoquinonoe (22 100 mg, 

0.53 mmol), 6 was isolated as a bright yellow crystalline solid (101 

mg, 71%): mp 133 – 135 °C; FT-IR (max, cm
-1

): 3437, 1629, 1569, 

1417, 1351, 1185, 1112, 1021, 808; 
1
H NMR (400 MHz, CDCl3): δ 

12.59 (s, 2H), 7.19 (s, 2H), 6.19 (dd, J = 3.2, 6.1 Hz, 2H), 3.36 (d, J = 1.4 Hz, 2H), 3.15 

(s, 2H), 1.77 (dd, J = 5.5, 13.2 Hz, 2H), 1.40 (dd, J = 4.2, 11.8 Hz, 2H); 
13

C NMR (100 

MHz, CDCl3): 203.6, 155.9, 133.8, 128.4, 114.7, 49.7, 36.2, 24.9; Elemental analysis for 

C16H14O4 calcd. C, 71.10; H, 5.22. Found C, 71.28; H, 5.03; HRMS (MALDI) for 

[C16H14O4+K]
+
: calcd., 309.0529; Found: 309.0168. 

 

5-benzyloxy-1,4,4a,9a-tetrahydro-1,4-methano-9,10-anthraquinone (7).  

Starting from 5-benzyloxy-1,4-naphthoquinone (23, 50 

mg, 0.19 mmol), 7 was isolated as a pale yellow semi-solid 

(36 mg, 58%): FT-IR (max, cm
-1

): 2927, 2858, 1642, 1574, 

1416, 1346, 1279, 1119, 1023, 976; 
1
H NMR (400 MHz, 

CDCl3): δ 7.49-7.54 (m, 4H), 7.37-7.40 (m, 2H), 7.28-7.32 

(m, 1H), 7.20-7.22 (m, 1H), 6.06 (dd, J = 2.8, 5.6 Hz, 1H), 5.99 (dd, J = 2.8, 5.6 Hz, 1H), 
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5.20 (dd, J = 12.3, 20.9 Hz, 2H), 3.58 (d, J = 13.1 Hz, 2H), 3.46 (dq, J = 3.5, 12.5 Hz, 

2H), 1.55 (dt, J = 1.7, 8.7 Hz, 1H), 1.47 (d, J = 8.6 Hz, 1H); 
13

C NMR (100 MHz, 

CDCl3): δ 198.5, 196.6, 157.8, 138.8, 136.5, 136.3, 135.8, 134.4, 128.8, 128.0, 126.9, 

126.2, 119.2, 119.0, 71.0, 51.6, 50.5, 48.7, 48.1, 47.8; HRMS (ESI) for [C22H18O3+Na]
 +

: 

calcd., 353.1154; Found: 353.1157. 

 

5-benzyloxy-1,4,4a,9a-tetrahydro-1,4-ethano-9,10-anthraquinone (8). Starting from 

5-benzyloxy-1,4-naphthoquinone (23, 200 mg, 0.76 

mmol), 8 was isolated as a yellowish white semi-solid (189 

mg, 72%): FT-IR (max, cm
-1

): 2936, 2863, 2374, 1645, 

1577, 1416, 1346, 1283, 1242, 1182, 1113, 1020, 911; 
1
H 

NMR (400 MHz, CDCl3): δ 7.49-7.53 (m, 4H), 7.36-7.40 

(m, 2H), 7.28-7.32 (m, 1H), 7.19 (m, 1H), 6.09-6.19 (m, 2H), 5.20 (d, J = 8.0 Hz, 2H), 

3.29-3.34 (m, 2H), 3.21 (s, 2H), 1.70 (d, J = 7.6 Hz, 2H), 1.38 (d, J = 8.8 Hz, 2H); 
13

C 

NMR (100 MHz, CDCl3): δ 198.2, 196.2, 157.3, 138.7, 136.3, 134.3, 134.2, 133.5, 128.8, 

128.0, 126.9, 126.3, 119.0, 118.8, 71.0, 52.1, 51.1, 34.4, 33.6, 24.8, 24.7; HRMS (ESI) 

for [C23H20O3+Na]
+
: calcd., 367.1310; Found: 367.1311. 

 

2.1.4.5.General procedure for palladium catalyzed hydrogenation reaction:  

To a 25 mL round bottom flask containing tetrahydrofuran (THF, 6 mL), compound 

(1 mmol) was added followed by Pd/C (5 mol%); the reaction mixture was flushed with 

hydrogen gas using a balloon and stirred under hydrogen atmosphere at room temperature 

for 2 h. Upon complete consumption of starting material (TLC analysis), the reaction 

mixture was filtered through a celite bed and washed with THF of 10 mL. The resulting 

filtrate was evaporated under reduced pressure and washed with n-pentane (3 × 3 mL) to 

obtain pure product. 

5-Hydroxy-1,2,3,4,4a,9a-hexahydro-1,4-methano-9,10-anthraquinone (14). Starting 

from 3 (120 mg, 0.50 mmol), 14 was isolated as a yellow crystalline solid (102 mg, 

91%): mp 139 – 141 °C; FT-IR (max, cm
-1

): 3450, 2943, 2937, 1667, 1633, 1578, 1456, 

1416, 1355, 1304, 1263, 1230, 1168, 1067; 
1
H NMR (400 MHz, CDCl3): δ 12.79 (s, 1H), 
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7.61-7.68 (m, 2H), 7.26 (dd, J = 0.9, 8.0 Hz, 1H), 3.21 (dd, J = 4.7, 

10.8 Hz, 1H), 3.12 (dd, J = 4.8, 10.8 Hz, 1H), 3.01 (d, J = 13 Hz, 

2H), 1.45-1.60 (m, 4H), 1.13-1.20 (m, 2H); 
13

C NMR (100 MHz, 

CDCl3): δ 206.4, 198.4, 162.1, 137.5, 135.5, 124.1, 118.3, 118.2, 

50.3, 50.0, 43.9, 43.8, 39.3, 24.9, 24.8; HRMS (ESI): calcd. for [C15H14O3+Na]
+
: 

265.0841; Found: 265.0845. 

 

5-hydroxy-1,2,3,4,4a,9a-hexahydro-1,4-ethano-9,10-anthraquinone (15). 

Starting from 4 (100 mg, 0.39 mmol), 15 was obtained as a yellow 

crystalline solid (82 mg, 81%): mp 90 – 92 °C; FT-IR (max, cm
-1

): 

3448, 2939, 2860, 1662, 1630, 1574, 1418, 1351, 1261, 1163, 1113; 

1
H NMR (400 MHz, CDCl3): δ 12.74 (s, 1H), 7.61-7.68 (m, 2H), 

7.26 (dd, J = 1.7, 7.8 Hz, 1H), 3.17 (dd, J = 2.8, 10.7 Hz, 1H), 3.07 (dd, J = 3.0, 10.7 Hz, 

1H), 2.36 (d, J = 13.7 Hz, 2H), 1.70-1.76 (m, 4H), 1.38-1.42 (m, 4H); 
13

C NMR (100 

MHz, CDCl3): δ 206.3, 198.4, 162.0, 137.4, 135.2, 123.8, 118.2, 48.6, 48.1, 30.3, 30.0, 

25.9, 25.8, 22.0, 21.9; Elemental analysis for C16H16O4calcd.: C, 74.98; H, 6.29. Found 

C, 75.29; H, 6.12; HRMS (MALDI) for [C16H16O3+Na]
+
: calcd., 279.0997; Found: 

279.0840. 

 

5,8-dihydroxy-1,2,3,4,4a,9a-hexahydro-1,4-methanoanthracene-9,10-dione (16).  

Starting from 5 (150 mg, 0.59 mmol), 16 was isolated as a yellow 

crystalline solid (132 mg, 87%): mp 138 – 140 °C; FT-IR (max, cm
-

1
): 3440, 3088, 2950, 2876, 1620, 1451, 1360, 1310, 1205, 1072, 

1023, 934; 
1
H NMR (400 MHz, CDCl3): δ 12.78 (s, 2H), 7.24 

(s,2H), 3.13 (s, 2H), 2.98 (s, 2H), 1.45-1.58 (m, 4H), 1.16-1.19 (m, 2H); 
13

C NMR (100 

MHz, CDCl3): 205.0, 156.0, 129.1, 114.9, 49.7, 44.0, 39.3, 24.8; HRMS (ESI) for 

[C15H14O4+H]
+
: calcd., 259.0970; Found: 259.0972. 

5,8-dihydroxy-1,2,3,4,4a,9a-hexahydro-1,4-ethanoanthracene-9,10-dione (17). 

Starting from 6 (150 mg, 0.56 mmol), 17 was isolated as a rosy red crystalline solid (143 

mg, 95%): mp 152 – 154 °C; FT-IR (max, cm
-1

): 3441, 3080, 2935, 2863, 1604, 1488, 
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1453, 1370, 1314, 1211, 1029, 951; 
1
H NMR (400 MHz, CDCl3): 

δ 12.75 (d, J = 1.6 Hz, 2H), 7.26 (d, J = 1.4 Hz, 2H), 3.10 (s, 2H), 

2.36 (s, 2H), 1.72-1.74 (m, 4H), 1.42-1.44 (m, 4H); 
13

C NMR (100 

MHz, CDCl3): 205.0, 155.8, 128.8, 114.5, 48.0, 30.3, 25.7, 21.9; 

HRMS (ESI) for [C16H16O4+H
+
]: calcd., 273.1121; Found: 273.1125. 

2.1.4.6Synthesis of 5-hydroxy-2,3,4a,9a-tetrahydro-1,4-ethano-9,10-anthraquinone 

(19) 

In a 25 mL round bottom flask compound 15 (100 mg, 0.39 mmol) 

was dissolved in chloroform (CHCl3, 5 mL) and DBU (50 L, 0.33 

mmol) was added drop wise to the above solution. The reaction 

mixture was stirred at room temperature for 20 min, complete 

conversion of the starting material was followed by thin layer chromatography (TLC). 

The reaction mixture was evaporated under reduced pressure to obtain crude product. The 

crude product was passed through a silica plug (5 cm) to obtain an orange yellow 

crystalline solid (29 mg, 48%): mp 141 – 143 °C; FT-IR (max, cm
-1

): 3419, 2938, 2867, 

1621, 1440, 1361, 1286, 1236, 1178, 1103, 1022, 969; 
1
H NMR (400 MHz, CDCl3): δ 

12.19 (s, 1H), 7.6 (dd, J = 1.2, 7.5 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 7.21 (dd, J = 1.2, 8.3 

Hz, 1H), 3.52 (s, 2H), 1.78 (d, J = 7.5 Hz, 4H), 1.34 (d, J = 7.6 Hz, 4H); 
13

C NMR (100 

MHz, CDCl3): δ 187.1, 181.1, 161.5, 151.9, 150.4, 135.9, 132.6, 124.1, 119.1, 115.2, 

27.1, 26.3, 25.3, 25.2.; HRMS (ESI) for [C16H14O3+Na]
+
: calcd., 255.1021; Found: 

255.1020. 

2A.5.5 Stability studies of compound 4.  

To a 5 mL glass vial compound 4 (500 L, 10 mM) was reacted with potassium 

phosphate buffer (450 L, 100 mM) under an air balloon at 37 °C. Each time 500 L of 

the reaction mixture was diluted to 5 mL using CH3CN: H2O (1:1 v/v) and injected into 

high performance liquid chromatography at different time intervals during 14 h. An 

authentic sample of 18 was injected as a control. 
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2A.5.6 Computational calculations.  

The DFT calculations are being performed with the Gaussian 03 program and are 

analyzed with the help of the GaussView program. The geometries of the model 

compounds are optimized using the 6-31G basis set, at the DFT level, and these 

calculations are mainly carried out in the framework of the Becke–Lee–Yang–Parr 

[B3LYP] functional. Isoelectronic molecular electrostatic potential surfaces (EPS) are 

plotted by the computer program GaussView. The Mulliken charge density distributions 

derived from periodic quantum calculation with density functional theory and B3LYP/6-

31G(d,p) geometry. Atomic coordinates for compounds 4 and 6 were taken from 

crystallographic information file (CIF) obtained from the respective X-ray crystal 

structure data. 

2.1.4.7 Crystallographic data:  

Crystals of compounds 4 and 6 were grown by slow evaporation from a solution of 

ethylacetae / hexane (25:75 v/v). A single crystal was mounted in a loop with a small 

amount of the mother liquor. The X-ray data were collected at 296 K temperature on a 

Bruker AXS SMART APEX CCD diffractometer using MoKα radiation (= 0.71073 Å). 

Compound 4, (C16H14O3) an orange yellow crystalline needle, ω-scans (θ = 28.91°), for a 

total number of 3181 independent reflections with a space group P(-1) , a = 6.536(4), b = 

10.053(1), c = 10.130(1) Å, α = 67.597 (3), β = 79.986(2), = 82.187 (2), V = 604.26(15) 

Å
3
, triclinic P-1, Z = 2 for chemical formula C16H14O3.ρ calcd = 1.398 g cm

-3
, μ = 0.096 

mm
-1

, F(000) = 268.14, Rint = 0.0511 for 2161 reflections and wR
 
= 0.1591 (for 3136) 

reflections. The structure was obtained by direct methods using SHELXS-97. All non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were fixed 

geometrically in the idealized position and refined in the final cycle of refinement as 

riding over the atoms to which they are bonded. The final R value was 0.0511 (wR = 

0.1591) for 2161, S = 0.997.  

Compound 6, (C16H14O5); yellow crystal, ω-scans (θ = 28.68°), for a total number of 

3103 independent reflections with a space group P(-1), a = 6.410(3), b = 9.943(7), c = 

10.590(5) Å, α = 113.766 (2), β = 90.148(2), 97.772(2), V = 610.93(13) Å
3
, triclinic 
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P-1, Z = 2 for chemical formula C16H14O5. ρ calcd = 1.469 g cm
-3

, μ = 0.106 mm
-1

, 

F(000) = 284.0, Rint = 0.0388 for 2825 reflections and wR
 
= 0.1158 (for 3103) 

reflections. The structure was obtained by direct methods using SHELXS-97. All non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were fixed 

geometrically in the idealized position and refined in the final cycle of refinement as 

riding over the atoms to which they are bonded. The final R value was 0.0388 (wR = 

0.1158) for 2825, S = 1.045.  

2.1.4.8. Luminol assay for superoxide estimation:
19,59

  

A luminol stock solution (4 mM) was prepared by dissolving 7.1 mg of luminol in 10 mL 

of 30 M sodium hydroxide solution. To a 96-microwell plate, compound (5 M) in 

quintuplicate was incubated with 180 L of potassium phosphate buffer (100 mM, pH 

8.0) and 5 L of luminol stock solution (4 mM, in 30 M sodium hydroxide) for 30 min 

at RT and luminescence was measured using microwell plate reader. As a positive control 

superoxide (O2
•

) was generated from the enzymatic reaction of xanthine oxidase (0.1 

U/mL) and hypoxanthine (1 mM in phosphate buffer pH 8.0) in the presence of 5 units 

catalase as a scavenger for H2O2; for compound 4 superoxide estimation was done in the 

presence of H2O2 scavenger (catalase, 5 units) as well. Superoxide dismutase (SOD from 

Bovine erythrocytes, sigma), 10 U/mL was prepared in 1 mM phosphate buffer (1 mM in 

phosphate buffer pH 7.8. The complete quenching of luminescence was observed during 

the addition of SOD. 

2.1.4.9. Dihydroethidium (DHE) assay
30-32

  

A stock solution of dihydroethidium (1.12 mg, 3.55 mol) was prepared in DMSO (355 

L) and stored in the dark at 20 ºC until its use. A stock solution of the compound (10 

L, 10 mM) and DHE (10 L of 10 mM) were reacted in acetonitrile: phosphate buffer 

of pH 7.4 (1:1, v/v, 100 mM, final volume 100 L) for 3 h at 37 ºC. The reaction mixture 

was diluted to 100 M using acetonitrile: phosphate buffer of pH 7.4 (1:1, v/v, to a final 

volume of 1 mL). The reaction mixture was filtered (0.22 m) and injected (25 L) in an 

Agilent high performance liquid chromatograph (HPLC) attached with a fluorescence 

detector (excitation at 356 nm; emission at 590 nm). The column used was Zorbax SB C-
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18 reversed phase column (250 mm × 4.6 mm, 5 m), the mobile phase was water: 

acetonitrile containing 0.1% trifluoroacetic acid and a gradient starting with 10: 90 to 30: 

70  0 – 45 min, 0: 100  45 – 50 min, 0: 100  50 – 55 min, 10: 90  55 – 60 min 

was used with a flow rate of 0.5 mL/min. Under these conditions literature report indicate 

that if superoxide is produced, a peak for 2-hydroxyethidium (2-OH-E
+
¸), which elutes at 

30.9 min, would be observed.
29-31

 When other oxidative species are generated, ethidium 

(E
+
) is formed. Again, according to literature reports E

+
 elutes at 31.7 min (Figure 

2.1.8).
29-31

 We independently confirmed the formation of 2-OH-E
+
 and E

+
 by mass 

spectrometry. Hypoxanthine (10 L, 1 mM) and xanthine oxidase (5 L of 0.02 U/mL) 

were mixed in phosphate buffer (pH 7.4, 100 mM) along with DHE (10 L of 10 mM, 

100 M final concentration) for 2 h and served as a positive control.  

2.1.4.10. Estimation of hydrogen peroxide:
20,60

  

Xylenol orange (1.25 mM) stock solution was prepared by dissolving 9.5 mg (12.5 mol) 

in 10 mL of de-ionised water. This solution was diluted 10-fold using de-ionised water to 

get a 125 M stock solution. A 1 M solution of sorbitol (1.82 g, 1 mol in 10 mL dI water) 

was also prepared and diluted to produce 100 mM stock solution. A 250 mM ferrous 

ammonium sulphate (FAS) solution was prepared by dissolving 980.3 mg of FAS in 10 

mL of 2.5 M sulphuric acid. This solution was further diluted 10-fold by using 2.5 M 

sulphuric acid for the final stock solution of FAS (25 mM). Xylenol orange and sorbitol 

stock solutions were mixed together in a ratio of 1:1 (v/v) and to this 100:1 (v/v) FAS 

stock solution was added to obtain the final FOX stock solution, which is used for the 

hydrogen peroxide estimation. A calibration was generated with hydrogen peroxide. 

Hydrogen peroxide estimation experiments were performed in 96-microwell plates. 

Compound (5 M) in triplicate was incubated at pH 7.4 with potassium phosphate buffer 

(20 L, 0.5% acetonitrile for solubility) for 30 min. FOX reagent (180 L) was added to 

the above, incubated for 30 min at room temperature (25 C) for the color development 

and the absorbance (586 nm) was measured using a Thermo Scientific Varioscan 

microwell plate reader.  

Catalase from Bovine liver (1.03 mg) was dissolved in 1.0 mL of de-ionized water to 

obtain 2000 U/mL stock solution. 10 mL of catalase stock solution was added to 30 min 
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reaction mixture of compound 13 (5 mM) in phosphate buffer (pH 7.4); After 5 min, 

FOX reagent (180 L) was added and reacted for 30 min at RT, measured the absorbance 

at 586 nm. We found no significant color formation in the presence of catalase 

confirming the production of H2O2. 

2.1.4.11 Supercoiled plasmid DNA cleavage:  

DNA cleavage was analyzed by the conversion of pBR322 circular DNA to open circular 

and/or linear forms. Briefly, pBR322 DNA (100 ng) was incubated with compound in the 

presence of 1 eq. of FeCl2 in 1 mM phosphate buffer (pH 8.0), in a final volume of 20 μL, 

the solutions were incubated at 37 C for 6 h. The solutions were mixed with 

bromophenol blue (0.25 wt.%) and 1X GelRed™ (2 L), this mixture was loaded in a 

1.0% agarose gel (0.5 g in 50 mL of 1x TAE (40 mM Tris-acetate buffer containing 1 

mM EDTA, pH 8.0)) and immediately subjected to electrophoresis in a horizontal slab 

gel apparatus containing 1x TAE buffer as medium for 40 min under constant 95 V. After 

electrophoresis, the DNA was visualized under GBOX Syngene UV-transilluminator, 

photographed using Genesnap-7.04. Image analysis for quantifying the amount of DNA 

damage was done using Syngene-gene tools software, where the pixels of bands were 

quantified and analyzed. 

2.1.4.12. Extracellular hydrogen peroxide estimation in E. coli:
61

 

E. coli (EC2065) was cultured in 5 mL of Luria Bertani (LB) medium at 37 ºC for 16 h 

and centrifuged to aspirate out the medium and re-suspended to an O.D of 1.0 with fresh 

LB medium. A stock solution of the compound in DMSO (0.5%) was added so that the 

final concentration was 100 M. After incubation for 1 h, the bacterial suspension was 

centrifuged and the extracellular media was separated. To the media (divided in several 

50 L portions in a 96-well microplate), 50 L of a premixed solution of 10-acetyl-3,7- 

dihydroxyphenoxazine or Amplex Red
®

 (prepared by following manufacturer’s protocol 

from Invitrogen) was added and incubated at RT for 25 min before measuring the 

fluorescence using a microtiter plate reader (excitation 550 nm; emission 590 nm). A 

calibration curve with known concentrations of hydrogen peroxide was generated (Figure 

2.1.16) in LB medium and was used to quantify hydrogen peroxide produced during 
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incubation of test analytes. Data presented are an average of three independent 

experiments.  

 

 

2.1.4.13. Intracellular superoxide detection in E. coli.
30-32

 

Escherichia Coli (EC2065) was cultured in 5 mL of Luria Bertani (LB) medium at 37 ºC 

for 16 h. The cultured bacteria were centrifuged to aspirate out the medium and re-

suspended to an O.D of 1.0 with fresh LB medium. This bacterial solution was incubated 

with 250 M of compound and 50 M of dihydroethidium for 30 min in dark by covering 

the falcon tube in an aluminum foil. The suspension was centrifuged to aspirate out any 

excess of the compound and/or DHE in the medium. The collected bacterial pellet was 

re-suspended with acetonitrile and the cells were lysed using a probe sonicator for 3 min 

on ice. The cell lysate was then removed by centrifugation and the supernatant 

acetonitrile was separated and stored at 20 ºC before injecting in HPLC. The HPLC 

method used was as described previously.
30-32

  

2.1.4.14. Estimation of intracellular oxidative species - DCFH2-DA assay in E. Coli.
62

  

Escherichia Coli (EC2065) was cultured in 5 mL of Luria Bertani (LB) medium at 37 ºC 

for 16 h. The cultured bacteria were centrifuged to aspirate out the medium and re-

suspended in LB medium of O.D adjusted to 1.0 The bacterial medium was incubated 

with 200 M of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) a weakly 

fluorescent dye for 60 min. Next, centrifugation of the bacterial suspension followed by 

removal of extracellular media to remove any excess DCFH2-DA was carried out. The 

collected bacterial pellet was re-suspended with LB medium and 100 L aliquots were 

placed in triplicate in wells of sterile flat bottom 96-well microtiter plates. A final 

concentration of 100 M compound in DMSO (0.5%) was added in each well and 

incubated for 60 min; bacterial solution with 0.5% DMSO was used as the control. The 

fluorescence of oxidized green fluorescent 2′,7′-dichlorofluorescein (DCF) was measured 

(excitation, 490; emission, 520 nm). DCFH2DA is reported to be more reactive with 
•
OH 

in comparison with other ROS.
62,63
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2.1.4.15. Extracellular H2O2 generation in Mycobacterium smegmatis:
64 

The 10-acetyl-3,7-dihydroxyphenoxazine (Amplex red) solution was used to estimate 

hydrogen peroxide. The Amplex red solution was prepared by following the 

manufacturer’s protocol from invtirogen-Amplex red hydrogen peroxide assay kit (100 

M Amplex red reagent and 0.2 U/mL HRP (Horse Radish Peroxidase enzyme) in 50 

mM PBS (phosphate buffered saline). Using hydrogen peroxide a calibration curve was 

generated. The cultured Mycobacterium smegmatis MC
2
155 was centrifuged to aspirate 

out the media and re-suspended in LB medium of 5 mL. The bacterial medium was 

incubated with a final concentration of 50 M compound in DMSO (0.5%) was placed in 

each well and incubated for 60 min, bacterial solution with 0.5% DMSO was used as the 

control. To the 96-microwell plate 50 L of Amplex red solution was added and 

incubated at room temperature for 30 min. Fluorescence of resulting Amplex red dye 

reaction (resorufin) was measured by exciting at 550 nm and the emission was collected 

at 590 nm. 

2.1.4.16. Intracellular superoxide detection in Mycobacterium smegmatis:
30-32

 

Mycobacterium smegmatis MC
2
155 were inoculated in a ten milliliter 60 hours cultures, 

grown from single colonies in Dubos medium monitored by measuring OD600 0.1 - 0.5. 

The cultured bacteria was centrifuged to aspirate out the media and re-suspended in 

Lysogeny broth (LB) medium of 5 mL. This bacterial solution was incubated with 50 M 

of compound and 50 M of dihydroethidine (DHE) for 30 min in dark by covering the 

falcon tube in an aluminum foil. The suspension was centrifuged to aspirate out any 

excess of the compound and/or DHE in the medium. The collected bacterial pellet was 

re-suspended with acetonitrile and the cells were lysed using a probe sonicator for 3 min 

on ice. The cell lysate was then removed by centrifugation and the supernatant 

acetonitrile was separated and stored at 20 ºC before injecting in HPLC. The HPLC 

method used was as described previously.
30-32

  

2.1.4.17. Intracellular ROS generation in Mycobacterium smegmatis:  

Mycobacterium smegmatis MC
2
155 were inoculated in a ten milliliter 60 hours cultures, 

grown from single colonies in Dubos medium (middle brook-M7H9) monitored by 
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measuring OD600 0.1 - 0.5. The cultured bacteria was centrifuged to aspirate out the 

media and re-suspended in M7H9 medium of 5 mL. The bacterial medium was incubated 

with 200 M of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) a pre-

nonfluorescent dye for 60 min followed with centrifugation to aspirate out the DCFH2-

DA loading LB medium. The collected bacterial pellet was re-suspended with LB 

medium and 100 μL aliquots were placed in triplicate in wells of sterile flat bottom 96-

well microtiter plates. A final concentration of 50 M compound 15 in DMSO (0.5%) 

was added in each well and incubated for 60 min; bacterial solution with 0.5% DMSO 

was used as the control. The fluorescence of oxidized green fluorescent 2′,7′-

dichlorofluorescein (DCF) was measured by exciting at 490 nm and the emission was 

collected at 530 nm wavelength. 

2.1.4.18. Determination of minimum inhibitory concentration.  

The Minimum Inhibitory Concentration (MIC) assay is used to determine the 

inhibitory potential of a compound against bacterial pathogens. To determine the MIC, 

the microbroth dilution technique is commonly used as recommended by National 

Committee for Clinical Laboratory Standards.
63

 For this, a fixed bacterial inoculum (5 × 

10
5
 CFU/mL) is added into a series of test wells in a microtitre plate that contain various 

concentrations of compound under test. Following a period of incubation (37 ºC, 18-20 

h), the wells are examined for growth. The lowest concentration of antibiotic that inhibits 

growth of the organism, as detected visually is designated as the MIC. 

2.1.4.19. Bacterial strains and culture conditions: 

Gram positive (Staphylococcus aureus – SA5021 and Bacillus subtilis – BS2063) and 

Gram negative (Escherichia coli – EC2065, Salmonella typhimurium – ST2501, 

Klebsiella pneumonia – KP2957 and Pseudomonas aeruginosa – PA5029). The bacteria 

were grown in freshly prepared nutrient broth (NB) at 37 ºC for 14-16h. Mycobacterium 

smegmatis - MC
2
155, was cultured in middlebrook 7H9 media at 37 °C for 60 h  

2.1.4.20 Drug stock preparation: 

Ampicillin and kanamycin were dissolved in sterile de-ionized water; chloramphenicol, 

rifampicin and test compounds were prepared in DMSO; ciprofloxacin was dissolved in 

0.2 N HCl and diluted with sterile de-ionized water.  
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2.1.4.21. MIC experiment protocol: 

Briefly, subculture 1 of bacterium was streaked in an agar plate and grown at 37 ºC for 

overnight. An agar slant subculture 2 was prepared by streaking isolated colonies from 

subculture 1 agar plate. From the slant 2-3 colonies were isolated, grown in 5 mL of LB 

medium (except E. coli B strain, 5% NaCl nutrient broth was used) for 1-2 h (OD625 of 

0.08 – 0.13, 1×10
8
 cfu/mL). A dilution of logarithmic phase culture to 1×10

6
 cfu/mL was 

performed and 50 L were aliquoted into a 96-well microtiter plate. In another 96 well 

plate antibiotics and test compounds were taken as 2 fold of treatment concentration in 

LB medium (maximum of 2% DMSO solution). A concentration range 0.2 to 100 M of 

14 and 15 in LB (2% DMSO) were added to the above bacterial medium. Ampicillin, 

kanamycin, ciprofloxacin, rifampicin and chloramphenicol concentrations ranging from 

0.06 to 32 g/mL were used as positive controls. Broth control was used to verify any 

medium contamination with other organisms, bacterial growth control was with 2% 

DMSO. Verification agar plate was streaked with 1000 fold dilute bacterial medium of 

the growth control. After 16-18 h of incubation at 37 ºC inhibition was visualized and 

also O.D (optical density) was measured at 625 nm using Thermo Varioscan microplate 

reader to determine the extent of bacterial growth inhibition. The assay was validated by 

checking broth and growth controls; and the verification agar plates were counted to be ~ 

40 to 65 individual colonies (within the limits of 50 ± 30 CFU). The MIC (minimum 

inhibitory concentration) of the commercial antibiotics observed was in the prescribed 

range of CLSI values.
65

 

2.1.4.22. Adjuvant Studies: 

Growth inhibition studies in the presence of additives were performed by co-treatment of 

aminoglycosides including kanamycin, gentamicin and streptomycin independently with 

the additive. A premixed media of LB with 50 M of the additive (in 2% DMSO) was 

used for bacterial dilution, and plated in a 96 well plate before adding the antibiotics, 

remaining protocol was followed as mentioned above. Data presented here are results of 

three independent experiments.
65
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2.1.5 Spectral Charts 

1
H NMR Spectrum (400 MHz, CDCl3) of Compound 6 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 6 
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 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 Compound 8 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 8 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 14 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 14 
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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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CHAPTER 2.2: SUBSTITUENT EFFECTS ON REACTIVE OXYGEN SPECIES 

(ROS) GENERATION BY HYDROQUINONES 

2.2.1 Introduction: 

In chapter 2.1, we described small molecule based reactive oxygen species (ROS) 

generators in aerobic buffer. Hydroquinones or 1,4-dihydroxyarenes occupy an important 

position among the small molecule based ROS generators. These diols can transfer 1 e

 to 

oxygen to produce O2
●–

, which is subsequently converted to hydrogen peroxide, H2O2 

(Scheme 2.2.1).  

Scheme 2.2.1. Generation of superoxide, O2
●– 

from hydroquinone enolate upon 

reaction with molecular O2  

 

Design and synthesis of a library of 2,3-dihydro-1,4-naphthoquinones and their 

evaluation for ROS generation was presented in Chapter 2.1.
1
 A mechanism for ROS 

generation from these compounds involved enolization as the first step that produces an 

aromatic 1,4-diol, which is known to react with oxygen to produce O2
●–

. Although a 

majority of these 2,3-dihydro-1,4-naphthoquinones were efficient ROS generators there 

are no structural handle to fine tune the ROS generation profile (Scheme 2.2.2). 

Scheme 2.2.2. A scheme for ROS generation from 2,3-dihydro-1,4-

naphthoquinone derivatives. 
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Furthermore, substituent effects on stabilizing the enol and subsequent reaction with 

O2 is poorly understood. Thus, we hypothesized that introducing substituents near 

carbonyl group on dihydrobenzoquinones (keto form, Scheme 2.2.3) might affect its 

stability by increasing the propensity to enolize. We hypothesized that tautomerization of 

the hydroquinone was the key step for ROS generation and accordingly, placing 

substituents on the aryl ring might perturb the position of the equilibrium of tautomers 

possibly offering opportunities to tune ROS generation (Scheme 2.2.3). These tools 

would allow us to study the differences in inhibitory effects of ROS generation profiles. 

Scheme 2.2.3. 6-Aryl-2,3-dihydro-1,4-benzoquinones equilibrate with their 

corresponding diols. 

 

2.2.2. Results and Discussion: 

2.2.2.1. Synthesis and characterization:  

In order to synthesize the designed scaffold 6-aryl-2,3-dihydrobenzoquinone, substituted 

p-benzoquinones 27-38 were first synthesized using a silver nitrate catalyzed arylation of 

1,4-benzoquinone with substituted arylboronic acids with electron releasing and 

withdrawing functional groups (Table 2.2.1, entries 1- 12)
2
. A reaction of phenylboronic 

acid with 1,4-benzoquinone produced 2-phenyl-1,4-benoquinone (27) in 88% yield. 

Under similar conditions 2-aryl-1,4-benzoquinone derivatives with electron donating 

methyl (28) and methoxy (29 & 38) substituents on the aryl ring were obtained in yields 

ranging from 41-63 % (Table 2.2.1, entries 2,3, 12). Similarly, halogenated derivatives 

such as bromo (30), chloro (31) and fluoro (32) derivatives of 2-phenyl-1,4-

benzoquinone were synthesized by a reaction of corresponding arylboronic acids with 

1,4-benzoquinone (Table 2.2.1, entries 4-6). Introduction of electron withdrawing groups 

such as 4-acetyl (33), 4-nitro (34), 4-formyl (35), 3-nitro (36) and 3-formyl (37) on 2-
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phenyl-1,4-benzoquinone were carried out by a reaction of respective arylboronic acids 

with 1,4-benzoquinone (Table 2 2.1, entries 7-11).  

Table 2.2.1. Synthesis of 2-aryl-1,4-benzoquinones (27-38) 

 

Entry Reactant Product % Yield 

1 Ph 27 88 

2 4-MePh 28 59 

3 4-MeOPh 29 63 

4 4-BrPh 30 69 

5 4-ClPh 31 74 

6 4-FPh 32 76 

7 4-AcPh 33 66 

8 4-NO2Ph 34 14 

9 4-CHOPh 35 60 

10 3-NO2Ph 36 39 

11 3-CHOPh 37 49 

12 2-MeOPh 38 41 

 

Next, 5, 27-38 were independently reacted with 1,3-cycohexadiene to produce the 

Diels-Alder adducts (11, 39-50) in yields ranging from 67-95% (Table 2.2.2, entries 1-

13).
 1

H nuclear magnetic resonance (
1
H-NMR) spectroscopy study conducted on 39 

showed that this compound exclusively existed in the keto form (39a) as evidenced by 

signals for the hydrogens of - and - (bridgehead) to the C=O, which appeared in the 

range 3.0–3.4 ppm (Figure 1). A similar result was recorded for the 4-methyl as well as 

4-methoxyphenyl derivatives 40 and 41 (Figure 1) suggesting no major effect of 

introduction of an electron donating group on the position of the equilibrium. 
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Table 2.2.2. Synthesis of hydroquinones 39-50 

 

Entry Reactant R Product % Yield 

1 5 H 11 70 

2 27 Ph 39a 73 

3 28 4-MePh 40a 66 

4 29 4-MeOPh 41a 74 

5 30 4-BrPh 42 (42a + 42b) 81 

6 31 4-ClPh 43 (43a + 43b) 95 

7 32 4-FPh 44 (44a + 44b) 66 

8 33 4-AcPh 45 (45a + 45b) 84 

9 34 4-NO2Ph 46b 47 

10 35 4-CHOPh 47b 81 

11 36 3-NO2Ph 48 (48a + 48b) 67 

12 37 3-CHOPh 49b 87 

13 38 2-MeOPh 50a 70 

 

Next, 
1
H NMR spectrum for the 4-bromo derivative 42 was recorded and this 

compound was found to exist predominantly in its keto form 42a. In addition, a set of 

peaks at 4.2–4.5 ppm for the bridgehead hydrogens of the enol form 42b was also 

observed (Figure 2.2.1). The major tautomer was the keto form 42a estimated as 93% 

(Figure 2.2.1). A similar result was recorded for 44, 45, 46 (Figure 2.2.1) and 48 and 

these compounds were found to have 27-89% keto forms (Table 2.2.3, entries 6-8, 11). 

Compounds 46, 47 and 49 with electron withdrawing substituents were found to exist 

nearly exclusively in the enol forms 46b, 47b and 49b in solution (Table 2.2.3, entries 9, 

10, 12). The aryl derivative 50 with a 2-methoxy substituent was found to behave similar 
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to the 4-methoxy derivative 41 and only the keto form 50a could be detected (Table 

2.2.3, entry 13). 

Figure 2.2.1. Portions of 
1
H NMR spectra of 39, 41, 42, 45 and 47. Compounds 

39a and 41a were nearly exclusive equilibrium components while evidence for a mixture 

was seen in the cases of 41 and 45 with 41a and 45a being the major isomers. In the case 

of 47, we found no evidence for the keto isomer 47a and the enol form 47b was the major 

component. Arrows indicate the characteristic C-H bridgehead signals for the enol 

isomer. 

 

Based on the ratios of the keto and enol forms, an equilibrium constant for enolization 

Keq was calculated (Table 2.2.3). Using these Keq, a Hammett plot was constructed, a 

moderate linear correlation (R
2
 = 0.6751) was observed with  and an overall reaction 

constant of +3.6 was obtained (Figure 2.2.2a).
3
 In order to estimate the resonance 

contribution to the position of the equilibrium, a similar plot was constructed with 

 and 

a  value of +2.37 was obtained but with better linearity (R
2
 = 0.7420, Figure 2.2.2b).

4
 

This result suggests that the position of the equilibrium was dictated more by resonance 

effects than by induction. Thus, electronic effects of the adjacent aryl ring significantly 

perturb the 2,3-dihydro-1,4-benzoquinone-hydroquinone equilibrium in an organic 

medium and is in favor of the enol tautomer in the presence of electron withdrawing 

groups. Previous reports of such equilibria in related -diketones such as benzoylacetones 
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and benzoylcyclohexanones indicate that electron deficient keto forms are stabilized by 

the electron releasing groups. Conversely, the presence of electron withdrawing groups 

resulted in domination by the enol form, possibly by destabilization of the keto form or 

by stabilizing relatively electron rich enols. Although the magnitude of the reaction 

constant  derived from 
+
 and equilibrium constants was significantly lower (0.6 – 0.9

5-

7
) in the aforementioned studies than the  that we find in this study, the sign was positive 

supporting similar trends in stability of keto and enol forms. 

Figure 2.2.2. Plot of log (KX/KH) for keto-enol equilibria of 2,3-

dihydrobenzoquinones versus Hammett substitution constant a),
3
 obtained reaction 

constant  = 3.60; R
2
 = 0.6751; b) 


,
4
 obtained reaction constant = 2.37; R

2
 = 0.7420. 

 

Under basic conditions, the keto form is expected to undergo an enolization to produce 

the 1,4-diol and this could be used to understand the substituents’ effect on the rate of 

enolization in basic media. Hence, 39 which predominantly exists in the keto form 39a 

was exposed to NaOD (0.2 equiv, pH = 10.0) and NMR spectrum was recorded after 15 

min (Figure 2.2.3a). We found nearly complete disappearance of 39a presumably to the 

enolate form as suggested by characteristic peaks for the bridgehead hydrogens indicated 

by arrows in Figure 2.2.3a. A similar experiment conducted with 41a showed that in the 

same time period, 62% of 41a remained supporting that electron donating groups 

decreased the propensity of the ketone to enolize (Figure 2.2.3b). Complete enolization 

was however observed in 1 h. A similar experiment conducted with 42 (93:7; 42a:42b) 

and 45 (77:23; 45a:45b) showed complete conversion to the corresponding enolate in 15 

min. When 47b was exposed to NaOD, we did not observe any significant change in the 
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pattern of 
1
H NMR signal for the bridgehead hydrogens of 47b (indicated by arrow, 

Figure 2.2.3c). 

Table 2.2.3. Keto-enol tautomers (%), equilibrium constants (Keq) and Hammett 

parameters 

Entry Compd % Keto
a
 % Enol

a
 Keq

b
 

c
 

d
 

1 11 100 n.d. 0.0204
e
 - - 

2 39 100 n.d. 0.0204
e
 0 0.00 

3 40 100 n.d. 0.0204
e
 -0.14 -0.31 

4 41 100 n.d. 0.0204
e
 -0.17 -0.78 

5 42 93 7
f
 0.0753 0.26 0.15 

6 43 62
b
 38 0.6129 0.24 0.11 

7 44 89 11
f
 0.1235 0.15 -0.07 

8 45 74 26
f
 0.3513 0.47 0.50 

9 46 n.d. 100
f
 49 0.78 0.79 

10 47 n.d. 100
f
 49 0.47 0.73 

11 48 27 73
f
 2.703 0.71 0.71 

12 49 n.d. 100 49
e
 0.41 0.67 

13 50 100 n.d. 0.0204 - - 

a
% keto and enol forms were estimated by 

1
H NMR spectroscopy in CDCl3 unless 

otherwise indicated (spectra were recorded on a 400 MHz NMR spectrometer);
 b

Keq was 

estimated by ratio of peaks corresponding to - and -hydrogens to the C=O (for the keto 

form) and the bridgehead hydrogens for the enol form; 
c
Hammett parameters were 

obtained from ref. 33; 
d
Hammett parameters were obtained from ref. 34; 

e
Estimated by 

considering 98% of the major tautomer; 
f
experiment was conducted in DMSO-d6; n.d. = 

not detected 
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Figure 2.2.3. Keto-enol tautomerization of 39, 41 and 47 with sodium deutroxide 

(NaOD, 0.2 equiv in DMSO–d6, pH = 10.0) was studied using 
1
H NMR spectroscopy. 

Portions of 
1
H NMR spectra displayed here are before and 15 min after addition of 

NaOD, (a) 39 alone and 39 + NaOD; (b) 41 alone and 41 + NaOD; and (c) 47 alone and 

47 + NaOD. Arrows indicate the characteristic C-H bridgehead signals for the enol 

isomer.  

 

2.2.2.2. Stability studies in buffer: 

In ambient aerobic buffer, the hydroquinone is expected to rapidly react with oxygen to 

produce the corresponding 1,4-benzoquinone while the 2,3-dihydro-1,4-benzoquinone 
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would be expected to tautomerize to the corresponding hydroquinone and then undergo 

oxidation. Accordingly, the hydroquinone is expected to be more reactive in ambient 

aerobic buffer. When 11 was dissolved in pH 7.4 buffer: acetonitrile (1:1, v/v), we find 

nearly 32% of compound remaining after 60 min from HPLC analysis (Table 2.2.3, entry 

1). When a similar experiment was conducted with 39, 74% of the compound remained 

after 1 h (Table 2.2.3, entry 3). The time course of decomposition of 39 was recorded and 

nearly 15% of compound remained after 8 h (Figure 2.2.4a); curve fitting to a first order 

reaction gave a rate constant of 0.28 h
-1

 (R
2
 = 0.9875) and a half-life (t1/2) of 2.49 h.  

Figure 2.2.4. Decomposition studies on 39 and  47: Time course of decomposition of (a) 

39 (1 mM, k39 = 0.28 h
-1

, R
2
 = 0.9875) and (b) 47 (1 mM, k47 = 1.48 h

-1
, R

2
 = 0.9546) in 

acetonitrile: pH 7.4 buffer (1:1 ratio, v/v) based on HPLC analysis. 

 

Compounds 40a and 41a with electron donating groups were found to have comparable 

decomposition profiles after 1 h (Table 2.2.3, entries 3, 4). In the cases of compounds 42-

45 and 48 which existed as mixtures of keto and enol forms in organic media, the % 

remaining in these cases was calculated based on the keto form and ranged from 18-57%, 

all lower in comparison with 39a (Table 2.2.3, entries 5-8, 11). In addition, compounds 

46b and 47b were 90% decomposed in 1 h while the 40% of the formyl derivative 49b 

remained in the same time period (Table 2.2.3, entries 9, 10, 12). Under these conditions, 

a first order rate constant k = 1.48 h
-1

 (R
2
 = 0.9546) was recorded for decomposition of 

47b. The half-life of this compound was estimated as 0.47 h, which is lower in 

comparison with 39a (Figure 2.2.4b). Taken together, these results suggest that the enol 

form in buffer was significantly less stable in comparison with the keto form. 

Decomposition of 6-phenyl-2,3-dihydro-1,4-benzoquinone 39a in pH 7.4 buffer was 

monitored by HPLC showed concurrent formation of the oxidized product 51. We have 
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independently synthesized 51 by reacting 39a with K2CO3 in THF under atmospheric 

conditions (Scheme 2.2.4). Similarly, compounds 52 and 53 were synthesized from the 

corresponding 6-aryl-2,3-dihydro-1,4-benzoquinones 41a and 45a respectively. The 

product of decomposition 6-aryl-2,3-dihydro-1,4-benzoquinones (41a, 42a+42b and 

45a+45b) in aerobic buffer was validated by comparing the HPLC traces of respective 

benzoquinones 51-53.  

Scheme 2.2.4. Synthesis of 51-53. 

 

 

2.2.2.3. Studies on Generation of ROS: 

The decomposition product of hydroquinone in aerobic buffer is benzoquinone and a 

simultaneous direct 1e

 transfer to O2 should produce superoxide O2

•–
. We studied the 

level of superoxide (O2
•–

) generated from 39–50 in buffer using a reported 

chemiluminescence assay.
8
 All compounds 39–50 (10 M) were independently incubated 

in pH 8.0 buffer for 25 min, following which addition of luminol and measurement of 

chemiluminescence was carried out. Results of this assay confirms that 39-50 were 

capable of generating O2
•–

 in buffer.  

Figure 2.2.5. Estimation of H2O2 generation from  39  and 47: Time course of H2O2 

generated from (a) 39 (10 M) and (b) 47 (10 M) during 6 h in pH 7.4 buffer measured 

using Amplex Red
®

 based fluorescence assay. 
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Table 2.2.4. % Compound remaining and H2O2 from 11, 39-50 in pH 7.4 

phosphate buffer  

Entry Compound 
% 

remaining
a
 

H2O2 (M)
b
 

1 11 32 1.16 

2 39 74 1.66 

3 40 60 0.75 

4 41 86 1.07 

5 42 25 0.85 

6 43 52 3.67 

7 44 57 2.65 

8 45 17 2.44 

9 46 9.6 1.59
d 

10 47 11.4 5.42 

11 48 18 3.55 

12 49 40 3.55 

13 50 70 0.45 

a
The compound (1 mM) was incubated in pH 7.4 phosphate buffer for 60 min at 37 °C 

under ambient aerobic conditions and HPLC was used to determine % compound 

remaining; 
b
The compound (10 M) was incubated in pH 7.4 buffer under ambient 

aerobic conditions for 60 min and H2O2 was assayed by an Amplex Red
®

 fluorescence 

assay; 
d
HPLC analysis of this reaction mixture showed multiple unidentified products 

suggesting possible side reactions or collateral consumption of starting material possibly 

contributing to diminished yield of H2O2. 

Addition of an electron to O2
•–

 would lead to the formation of H2O2, which was assayed 

using a commercially available Amplex Red
®

 reagent.
9
 Compound 39a, which 

predominantly existed in its keto form, generated H2O2 during 6 h with a yield of 3.95 

M (Figure 2.2.5a). On the other hand, an exclusive enol isomer 47b is stable in organic 

media, generated H2O2 rapidly upon dissolution in buffer (Figure 2.2.5b). All compounds 

tested were found to generate H2O2 and in a majority of the cases, we find that the 
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presence of an electron withdrawing substituent enhanced ROS generation. This result is 

in consistent with enolization being the critical step in ROS production and once formed, 

the enolate reacts rapidly with O2 to generate ROS. However, a decreased yield of H2O2 

was observed for strong electron withdrawing 4-nitrophenyl derivative 46. We have 

examined the decomposition of 46 in buffer using a HPLC analysis, we found multiple 

uncharacterized products formed, perhaps ROS might get quenched by a cross reaction 

with 46 or with resultant organic product and hence showing a diminished H2O2 yield in 

buffer. 

2.2.3. Conclusion 

Taken together, we provide evidence for predictably tuning keto-enol tautomerism in 

dihydrobenzoquinones by varying substituent electronic effects. The position of the 

equilibrium appears to have significant effects on ROS generation ability. Compounds 

with dominant enol forms were better ROS generators. Most tools for ROS generation 

offer certain level of temporal control. For example, xanthine-xanthine oxidase is used 

for the generation of superoxide O2
●–

 and glucose-glucose oxidase is used to generate 

H2O2, both the enzymatic methods generate ROS as a burst. H2O2 itself is used for 

studying the effect of induced oxidative stress in mammalian cells
10-12

 and in bacteria at 

higher concentrations.
13

 An organic hydrogen peroxide derivative, tert-

butylhydroperoxide (TBHP) is widely used as a model compound to investigate the 

mechanisms of cellular damage by oxidative stress although TBHP is sluggish in its 

decomposition in buffer.
14-16

 Taken together we provide evidence for predictably tuning 

keto–enol tautomerism in dihydrobenzoquinones by varying substituent electronics and 

the position of this equilibrium significantly affects ROS generation. 
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2.2.4. Experimental and Characterization Data: 

Compounds 12,
17

 39
18

 and 27–38
2,19

 have been previously reported and analytical data 

that we recorded were consistent with the reported values. 

2.2.4.1. General procedure for [4 + 2] cycloaddition with 1, 3-cyclohaxadiene.  

To a solution of the 1,4-benzoquinone (1.44 mmol) in toluene (10 mL), freshly distilled 

1,3-cyclohexadiene (1.72 mmol) was added and the mixture was refluxed for 12 h. Upon 

complete consumption of the starting material (TLC analysis), the reaction mixture was 

evaporated to dryness under reduced pressure to obtain crude product. The crude material 

was purified by silica gel column chromatography using ethyl acetate (1→5 %) and 

petroleum ether solvent system to obtain pure material. 

 

6-(4-Methylphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (40a). 

 Starting from 28 (150 mg, 0.76 mmol), 40a was isolated 

as a pale yellow solid (174 mg, 66%): mp 116 – 118 °C; 

FT-IR (max, cm
-1

): 2927, 2861, 1743, 1681, 1653, 1516, 

1462, 1208, 1029; 
1
H NMR (400 MHz, CDCl3): δ 7.30 (d, 

J = 8.2 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 6.74 (s, 1H), 

6.15 – 6.31 (m, 2H), 3.21 – 3.27 (m, 2H), 3.15 (dd, J = 2.5, 9.3 Hz, 1H), 3.06 (dd, J = 2.5, 

9.3 Hz, 1H), 2.37 (s, 3H), 1.69 – 1.76 (m, 2H), 1.34 – 1. 69 (m, 2H); 
13

C NMR (100 

MHz, CDCl3): δ 199.6, 198.9, 151.7, 140.6, 137.7, 133.8, 133.4, 130.5, 129.3, 128.8, 

50.7, 50.2, 35.6, 35.5, 24.8, 21.5; Elemental analysis for C19H18O2 calcd., C, 81.99; H, 

6.52. Found, C 81.71; H, 6.42; HRMS (ESI) for [C19H18O2+Na]
+
: calcd., 301.1204; 

Found: 301.1194. 

 

6-(4-Methoxyphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (41a).  

Starting from 29 (100 mg, 0.47 mmol), 41a was isolated as 

an orange yellow solid (101 mg, 74%): mp 121 – 123 °C; 

FT-IR (max, cm
-1

): 2928, 2859, 1743, 1678, 1652, 1515, 

1462, 1258, 1023; 
1
H NMR (400 MHz, CDCl3): δ 7.39 (d, J 
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= 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.72 (s, 1H), 6.18 – 6.33 (m, 2H), 3.82 (s, 3H), 

3.23 (s, 2H), 3.13 (dd, J = 2.1, 9.3 Hz, 1H), 3.05 (dd, J = 2.1, 9.3 Hz, 1H), 1.72 (d, J = 6.9 

Hz, 2H), 1.38 (d, J = 7.8 Hz, 2H); 
13

C NMR (100 MHz, CDCl3): δ 199.5, 199.2, 161.4, 

151.0, 136.7, 133.8, 133.4, 130.5, 125.6, 114.1, 55.5, 50.8, 50.1, 35.5, 35.4, 24.9; 

Elemental analysis for C19H18O3 calcd., C, 77.53; H, 6.16. Found, C, 77.64; H, 5.82; 

HRMS (ESI) for [C19H18O3+Na]
+
: calcd., 317.1153; Found: 317.1149. 

 

6-(4-Bromophenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (42a).  

Starting from 30 (500 mg, 1.9 mmol), 42a+42b was isolated 

as a pale yellow solid (531 mg, 81%): mp 132 – 134 °C; FT-

IR (max, cm
-1

): 3531, 2920, 2873, 1741, 1651, 1460, 1339, 

1201, 1073; 
1
H NMR (400 MHz, CDCl3): δ 7.50 – 7.54 (m, 

2H), 7.24 – 7.27 (m, 2H), 6.69 – 6.77 (m, 1H), 6.19 – 6.28 (m, 

2H), 3.23 (dd, J = 2.5, 5.0 Hz, 2H), 3.15 (d, J = 2.5 Hz, 1H), 3.13 (d, J = 2.5 Hz, 1H), 

1.66 – 1.79 (m, 2H), 1.33 – 1.46 (m, 2H); 
13

C NMR (100 MHz, CDCl3): δ 199.3, 198.4, 

150.5, 138.4, 133.9, 133.4, 132.3, 132.1, 131.8, 130.9, 130.5, 124.8, 50.6, 50.2, 35.6, 

35.5, 24.8; Elemental analysis for C18H15BrO2 calcd. C, 62.99; H, 4.41. Found, C, 63.21; 

H, 4.09; HRMS (ESI) for [C18H15BrO2+Na]
+
: calcd., 365.0152; Found: 365.0152. 

 

6-(4-Chlorophenyl)-1,4,4a,8a-tetrahydro-1,4-

ethanonaphthalene-5,8-dione (43a). 

Starting from 31 (300 mg, 1.4 mmol), 43a+43b was isolated 

as a yellow solid (391 mg, 95%): mp 149 – 151 °C; FT-IR 

(max, cm
-1

): 3581, 3422, 3055, 2952, 2869, 1742, 1653, 1467, 

1259, 1040; 
1
H NMR (400 MHz, DMSO-d6): δ 7.41 – 7.45 

(m, 4H), 6.82 (s, 1H), 6.12 – 6. 23 (m, 2H), 3.23 (dd, J = 2.4, 9.5 Hz, 1H), 3.01 – 3.13 

(m, 3H), 1.67 (d, J = 8.2 Hz, 2H), 1.20 – 1.40 (m, 2H); 
13

C NMR (100 MHz, DMSO-d6): 

δ 199.2, 198.4, 150.4, 138.4, 133.9, 133.4, 130.6, 130.2, 129.4, 128.7, 113.3, 63.8, 50.6, 

50.2, 35.6, 35.5, 25.0, 24.8 (a mixture of keto (62%) and enol (38%) tautomers ); 

Elemental analysis for C18H15ClO2 calcd., C, 72.36; H, 5.06. Found, C, 72.61; H, 4.58; 

HRMS (ESI) for [C18H15ClO2+Na]
+
: calcd., 321.0658; Found: 321.0656. 
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6-(4-Fluorophenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (44a).  

Starting from 32 (300 mg, 1.48 mmol), 44a+44b was isolated as a yellow semi-solid (277 

mg, 66%): FT-IR (max, cm
-1

): 3567, 2961, 1742, 1695, 1652, 1513, 1462, 1220, 1157; 
1
H 

NMR (400 MHz, CDCl3): δ 7.36 – 7.41 (m, 2H), 7.03 – 7.12 (m, 2H), 6.72 (s, 1H), 6.24 

(dd, J = 3.4, 4.3 Hz, 2H), 3.22 - 3.27 (m, 2H), 3.14 (dd, J = 2.5, 9.3 Hz, 1H), 3.06 (dd, J = 

2.5, 9.3 Hz, 1H), 1.67 – 1.78 (m, 2H), 1.32 – 1.43 (m, 2H); 
13

C 

NMR (100 MHz, CDCl3): δ 199.3, 198.6, 165.2, 162.7, 150.4, 

138.2, 133.9, 133.3, 131.0, 130.9, 115.8, 115.6, 113.5, 50.6, 

50.2, 35.6, 35.5, 24.8; HRMS (ESI) for [C18H15FO2+Na]
+
: 

calcd., 305.0953; Found: 305.0957. 

 

6-(4-Acetylphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (45a).  

Starting from 33 (500 mg, 2.2 mmol), 45a+45b was 

isolated as a yellow solid (566 mg, 84%): mp 127 – 128 

°C; FT-IR (max, cm
-1

): 3563, 2980, 2862, 1742, 1659, 

1519, 1461, 1354, 1170, 1044; 
1
H NMR (400 MHz, 

CDCl3): δ 7.95 (dd, J = 2.1, 8.4 Hz, 2H), 7.46 (dd, J = 

1.8, 8.3 Hz, 2H), 6.76 (d, J = 2.2 Hz, 1H), 6.25 (dd, J = 2.5, 4.8 Hz, 2H), 3.04 – 3.30 (m, 

4H), 2.59 (d, J = 2.2 Hz, 3H), 1.73 (d, J = 7.4 Hz, 2H), 1.38 (d, J = 8.1 Hz, 2H);
 13

C 

NMR (100 MHz, CDCl3): δ 199.3, 198.3, 197.6, 150.6, 144.4, 139.1, 134.0, 133.4, 129.2, 

129.1, 128.4, 127.5, 50.6, 50.2, 35.7, 35.5, 26.8, 24.8; Elemental analysis for C20H18O3 

calcd. C, 78.41; H, 5.92. Found, C, 78.09; H, 5.57; HRMS (ESI) for [C20H18O3+Na]
+
: 

calcd., 329.1153; Found: 329.1154. 

 

NMR data of enol tautomer, 6-(4-acetylphenyl)-1,4-dihydro-1,4-

ethanonaphthalene-5,8-diol (45b): 

1
H NMR (400 MHz, DMSO-d6): δ 8.73 (s, 1H), 7.99 (s, 

1H), 7.91 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 7.8 Hz, 2H), 

6.42 – 6.49 (m, 3H), 4.39 (s, 1H), 4.26 (s, 1H), 2.54 (s, 

3H), 1.40 (d, J = 8.1 Hz, 2H), 1.28 (d, J = 9.6 Hz, 2H); 
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13
C NMR (100 MHz, DMSO-d6): δ 198.05, 145.1, 145.0, 140.9, 135.8, 135.6, 135.0, 

134.2, 132.0, 129.9, 128.4, 126.1, 113.7, 33.7, 33.3, 27.2, 25.4, 25.3. 

 

6-(4-Nitrophenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-diol (46b). 

Starting from 34 (100 mg, 0.41 mmol), 46b was isolated as a pale yellow semi-solid (64 

mg, 47%): FT-IR (max, cm
-1

): 3517, 3452, 2936, 2869, 

1741, 1653, 1517, 1460, 1196, 1021; 
1
H NMR (400 MHz, 

DMSO-d6): δ 8.79 (s, 1H), 8.17 – 8.20 (m, 3H), 7.69 (d, J = 

8.7 Hz, 2H), 6.49 (s, 1H), 6.44–6.46 (m, 2H), 4.40 (s, 1H), 

4.26 (s, 1H), 1.40 (d, J = 7.6 Hz, 2H), 1.27 (d, J = 9.9 Hz, 

2H); 
13

C NMR (100 MHz, DMSO-d6): δ 172.8, 166.1, 147.3, 146.1, 145.2, 140.9, 135.7, 

135.6, 134.4, 132.9, 130.7, 125.0, 123.6, 113.6, 33.7, 33.4, 25.3, 25.1; HRMS (ESI) for 

[C18H15NO4+H]
+
: calcd., 310.1079; Found: 310.1078. 

6-(4-Formylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-diol (47b).  

Starting from 35 (150 mg, 0.71 mmol), 47b was isolated as 

a pale yellow solid (168 mg, 81%): mp 193 – 195 °C; FT-IR 

(max, cm
-1

): 3568, 2930, 2862, 1743, 1684, 1598, 1551, 

1520, 1461, 1266, 1067, 1020; 
1
H NMR (400 MHz, DMSO-

d6): δ 9.96 (s, 1H), 8.73 (s, 1H), 8.03 (s, 1H), 7.86 (d, J = 

8.2 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 6.37 – 6.58 (m, 3H), 4.40 (s, 1H),4.26 (s, 1H), 1.40 

(d, J = 7.9 Hz, 2H), 1.28 (d, J = 8.9 Hz, 2H); 
13

C NMR (100 MHz, DMSO- d6): δ 193.2, 

146.6, 145.1, 140.9, 135.7, 135.6, 134.5, 134.3, 132.3, 130.3, 129.7, 126.0, 113.7, 33.7, 

33.3, 25.4, 25.3; HRMS (ESI) for [C19H16O3+H]
+
: calcd., 293.1177; Found: 293.1173. 

 

6-(3-Nitrophenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-diol (48).  

Starting from 36 (100 mg, 0.46 mmol), 48a+48b was 

isolated as a yellow solid (96 mg, 67%): mp 163 – 165 °C; 

FT-IR (max, cm
-1

): 3615, 2928, 1741, 1688, 1517, 1421, 

1339, 1272, 1154; 
1
H NMR (400 MHz, DMSO-d6) δ 8.78 

(s, 1H), 8.27 – 8.32 (m, 1H), 8.17 (s, 1H), 8.07 (dd, J = 1.8, 

8.1 Hz, 1H), 7.82 – 7.88 (m, 1H), 7.62 (t, J = 8.0 Hz, 1H), 6.46 (dd, J = 9.1, 12.9 Hz, 
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3H), 4.39 (s, 1H), 4.26 (s, 1H), 1.40 (d, J = 8.0 Hz, 2H), 1.22 – 1.31 (m, 2H); 
13

C NMR 

(100 MHz, DMSO-d6): δ 199.2, 198.4, 148.8, 148.0, 145.2, 141.6, 140.8, 139.2, 136.1, 

135.9, 135.7, 135.6, 135.4, 134.3, 134.1, 132.4, 130.4, 130.0, 124.9, 124.7, 124.3, 124.2, 

121.4, 113.5, 50.4, 50.1, 34.8, 33.7, 33.3, 25.4, 25.3, 24.7, 24.6 (a mixture of keto: enol 

(27: 73) tautomers); HRMS (ESI) for [C18H15NO4+Na]
+
: calcd., 332.0899; Found: 

332.00898. 

6-(3-Formylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-diol (49b). 

Starting from 37 (400 mg, 1.88 mmol), 49b was isolated as 

a yellow solid (477 mg, 87%): mp 158 – 160 °C; FT-IR 

(max, cm
-1

): 3455, 3323, 2913, 2865, 1833, 1742, 1675, 

1514, 1459, 1288, 1146, 1071; 
1
H NMR (400 MHz, DMSO-

d6): δ 10.00 (s, 1H), 8.72 (s, 1H), 8.00 (s, 1H), 7.97 (s, 1H), 

7.76 (dd, J = 1.4, 7.6 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 6.45 – 6.48 (m, 3H), 4.40 (s, 1H), 

4.27 (s, 1H), 1.40 (d, J = 7.8 Hz, 2H), 1.29 (d, J = 9.4 Hz, 2H); 
13

C NMR (100 MHz, 

DMSO-d6): δ 193.9, 145.1, 141.0, 140.7, 136.5, 135.8, 135.7, 135.7, 134.2, 131.7, 130.8, 

129.3, 127.8, 125.9, 113.7, 33.7, 33.3, 25.4, 25.3; Elemental analysis for C19H16O3 calcd. 

C, 78.06; H, 5.52. Found C, 77.66; H, 5.31; HRMS (ESI) for [C19H16O3+H]
+
: calcd., 

293.1177; Found: 293.1170. 

6-(2-Methoxyphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaphthalene-5,8-dione (50a).  

Starting from 38 (200 mg, 0.93 mmol), 50a was isolated as an 

orange yellow solid (193 mg, 70%): mp 143 – 145 °C; FT-IR 

(max, cm
-1

): 2927, 2856, 1743, 1655, 1518, 1462, 1256, 1167, 

1019; 
1
H NMR (400 MHz, CDCl3): δ 7.37 (ddd, J = 1.8, 7.3, 

8.3 Hz, 1H), 7.08 (dd, J = 1.8, 7.4 Hz, 1H), 6.94 – 6.99 (m, 1H), 

6.90 (d, J = 8.3 Hz, 1H), 6.65 (s, 1H), 6.16 – 6.39 (m, 2H), 3.76 (s, 3H), 3.13 – 3.26 (m, 

3H), 3.07 (dd, J = 2.7, 9.2 Hz, 1H), 1.66 – 1.78 (m, 2H), 1.34 – 1. 46 (m, 2H); 
13

C NMR 

(100 MHz, CDCl3): δ 198.3, 196.8, 155.8, 151.5, 138.0, 133.1, 131.8, 130.2, 128.8, 

122.9, 119.9, 110.2, 54.5, 49.4, 49.1, 34.1, 33.8, 24.1, 23.4; Elemental analysis for 

C19H18O3 calcd. C, 77.53; H, 6.16. Found C, 77.19; H, 6.04; HRMS (ESI) for 

[C19H18O3+Na]
+
: calcd., 317.1153; Found: 317.1149. 
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2.2.4.2. General Procedure for the synthesis of 27 – 30:  

To a 10 mL round bottom flask compound (0.2 mmol) was dissolved in tetrahydrofuran 

(THF, 5 mL) and potassium carbonate (0.5 mmol, 2.5 equiv) was added to the above 

solution. The reaction flask was stirred at room temperature overnight. Consumption of 

the starting material was confirmed by TLC analysis. The reaction mixture was washed 

with 5 mL of de-ionized water and extracted with ethyl acetate (4 × 5 mL). The combined 

organic layer was dried (anhydrous Na2SO4, 5 g), filtered and the filtrate was evaporated 

under reduced pressure to obtain crude product. The crude mixture was purified by a 

short silica gel column by washing with ethyl acetate: petroleum ether (3:4 ratio, v/v). 

The organic solvent was evaporated under reduced pressure to obtain pure material. 

 

6-Phenyl-1,4-dihydro-1,4-ethanonaphthalene-5,8-dione (51).  

Starting from 39 (50 mg, 0.19 mmol), 51 was isolated as a yellow 

semi-solid (41 mg, 83%): FT-IR (max, cm
-1

): 2928, 2817, 1648, 

1585, 1488, 1337, 1011; 
1
H NMR (400 MHz, CDCl3): δ 7.33 – 

7.48 (m, 5H), 6.68 (s, 1H), 6.33 – 6.50 (m, 2H), 4.39 (dd, J = 1.7, 

18.5 Hz, 2H), 1.50 (dd, J = 4.8, 6.0 Hz, 2H), 1.35 – 1.44 (m, 2H); 

13
C NMR (100 MHz, CDCl3): δ 183.7, 182.8, 148.6, 148.5, 144.4, 134.0, 133.2, 132.8, 

132.1, 131.7, 130.9, 124.5, 34.2, 33.8, 24.8, 24.7; HRMS (ESI) for [C18H14O2+H]
+
: 

calcd., 263.1072; Found: 263.1063. 

 

6-(4-Methoxyphenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-dione (52).  

Starting from 41 (50 mg, 0.17 mmol), 52 was isolated as 

an orange semi-solid (19 mg, 38%): FT-IR (max, cm
-1

): 

2924, 1649, 1563, 1511, 1460, 1340, 1240, 1181, 1028; 
1
H 

NMR (400 MHz, CDCl3): δ 7.32 – 7.54 (m, 2H), 6.84 – 

7.02 (m, 2H), 6.64 (s, 1H), 6.31 – 6.50 (m, 2H), 4.27 – 

4.47 (m, 2H), 3.83 (s, 3H), 1.42 – 1.53 (m, 2H), 1.31– 1.41 (m, 2H); 
13

C NMR (100 

MHz, CDCl3): δ 184.1, 183.6, 161.1, 148.5, 148.3, 144.8, 134.0, 133.9, 131.0, 130.6, 

125.7, 114.0, 55.4, 34.2, 33.7, 24.8, 24.7.; HRMS (ESI) for [C19H16O3+H]
+
: calcd., 

293.1177; Found: 293.1174. 
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6-(4-Acetylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-dione (53).  

Starting from 45a+45b (50 mg, 0.16 mmol), 53 was 

isolated as a yellow semi-solid (31 mg, 62%): FT-IR 

(max, cm
-1

): 2929, 2872, 1682, 1650, 1602, 1460, 1359, 

1268, 1142, 1041; 
1
H NMR (400 MHz, CDCl3): δ 7.91 – 

7.99 (m, 2H), 7.51 – 7.56 (m, 2H), 6.72 (s, 1H), 6.40 – 

6.44 (m, 2H), 4.35 – 4.43 (m, 2H), 2.61 (s, 3H), 1.49 – 1.54 (m, 2H), 1.37 – 1.41 (m, 2H); 

13
C NMR (100 MHz, CDCl3): δ 197.7, 183.6, 182.6, 148.6, 144.5, 137.8, 137.6, 134.0, 

133.8, 132.9, 129.7, 128.5, 128.4, 128.3, 34.2, 33.8, 26.8, 24.8, 24.7; HRMS (ESI) for 

[C20H16O3+H]
+
: calcd., 305.1177; Found: 305.1172. 

 

2.2.4.3. 
1
H NMR experiment for studying enolization potential. A stock solution of 

sodium deuteroxide (NaOD) in DMSO-d6 was prepared by mixing 10 L of 30 wt. % 

NaOD in D2O with 490 L of DMSO-d6. 
1
H NMR spectrum was recorded for 39 (10 mg) 

in DMSO–d6 (0.6 mL) at 25 °C. To the solution of 39 in DMSO-d6 (0.6 mL) 0.2 equiv of 

NaOD (10 L from the above mentioned stock solution) was added at room temperature 

(25 °C) and after 15 min 
1
H NMR spectra was recorded on a 400MHz NMR 

spectrometer. By following similar experimental conditions the 
1
H NMR experiments for 

41, 42, 45 and 47 were carried out. 

 

2.2.4.4. Stability studies using HPLC. A stock solution of compound (10 mM) was 

diluted to 1 mM in pH 7.4 phosphate buffer (100 mM): acetonitrile ACN (1:1 ratio, v/v) 

and incubated at 37 ºC over a period of 2-8 h. The reaction mixture was filtered (0.22 

m) and injected (25 L) in a high performance liquid chromatograph (HPLC) attached 

with a diode-array detector (detection wavelength was 254 nm) and a Zorbax SB C-18 

reversed phase column (250 mm × 4.6 mm, 5m). A mobile phase of water: acetonitrile 

was used with a run time of 25 min: multistep gradient technology with a flow rate of 1 

mL/min – starting with 50:50 %  0 – 5 min, 40:60  5 – 10 min, 30:70  10 – 15 

min, 20:80  15 – 20 min, 50:50  20 – 23 min, 50:50  23 – 25 min.  
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2.2.4.5. Superoxide detection by luminol assay:  5-Amino-2,3-dihydro-1,4-

phthalazinedione solution (Luminol, 4 mM) was prepared in 30 mM aqueous sodium 

hydroxide and stored under ice. To a microwell plate, a stock solution of the compound 

(2 L of 1 mM) was added to phosphate buffer (100 mM pH 8.0, 193 L) followed by 

luminol (5 L, final 100 M in 200 L) in 6 repeats. The resulting mixture was incubated 

at 37 ºC for 25 min and chemiluminescence was measured using a microtiter plate reader. 

 

2.2.4.6. Estimation of hydrogen peroxide. A solution of the test compound (1 L, 1 

mM, 10 M final concentration) was added to 25 mM phosphate buffer of pH 7.4 (45 

L) and incubated at 37 ºC for 60 min. To the incubated reaction mixture, 50 L of a 

premixed solution of 10-acetyl-3,7- dihydroxyphenoxazine or Amplex Red
®

 (prepared by 

following manufacturer’s protocol from Invitrogen) was added and incubated at RT for 

25 min before measuring the fluorescence using a microtiter plate reader (excitation 550 

nm; emission 590 nm). 
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2.2.5 Spectral Charts: 

1
H NMR Spectrum (400 MHz, CDCl3) of Compound 40 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 40 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 41 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 41 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 42 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 42 
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1
H NMR Spectrum (400 MHz, DMSO-d6) of Compound 43 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 43 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 45 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 45 
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1
H NMR Spectrum (400 MHz, DMSO-d6) of Compound 47 

 

13
C NMR Spectrum (100 MHz, DMSO-d6) of Compound 47 
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CHAPTER 3: SMALL MOLECULE BASED ENZYME ACTIVATED REACTIVE 

OXYGEN SPECIES GENERATOR IN BACTERIA 

3.1 Introduction: 

In Chapter 2.1, we have identified a new small molecule scaffold for ROS generation in 

buffer as well as in cells. 2,3-dihydro-1,4-naphthoquines undergo a keto-enol 

tautomerism in buffer to form a 1,4-diol, which upon exposure to aerobic atmosphere 

reacts with molecular O2 to generate ROS such as O2
•

 and hydrogen peroxide, H2O2. 

From the library of compounds evaluated, 4 was identified as an efficient ROS generator 

in extracellular as well as intracellular media. Although compound 4 could enhance the 

level of intracellular ROS in E. coli an extracellular decomposition of 4 to generate ROS 

is inevitable (Figure 3.1).  

Figure 3.1. Graphical representation of ROS generation from 4 in extracellular as 

well as intracellular media  

 

Due to its poor cell permeability and short life, O2
•

 must be produced in situ by reaction 

with oxygen for use in biochemical studies.
1
 Hence, either small organic molecules that 

spontaneously generate O2
•

 or enzymatic methods that turnover a substrate to generate 

O2
•

 are frequently used. A combination of hypoxanthine and xanthine oxidase (X + 

XO), where hypoxanthine is metabolized by XO to produce O2
•

, is often used for 

biochemical studies and predominantly produces O2
•

in the proximity of cells.
2
 Any 

O2
•

 that is produced must diffuse across a lipid bilayer to exert its effects.
3
 However, 

several studies indicate that O2
•

 is not highly permeable at neutral pH and hence, this 

method may not be useful for enhanced intracellular ROS generation.
4
 The aromatic 

quaternary amine, paraquat
5
 or menadione,

6
 which require bioactivation for O2

•
 

production, have often been used in biological studies but at elevated concentrations that 
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can potentially complicate mechanistic interpretations (Figure 3.2).
5,7

 Although the azo 

compound, SOTS-1, generates O2
•

 in a temporally controlled manner after dissolution 

in buffer,
8,9

 its selectivity for intracellular ROS production is not predicted (Figure 3.2). 

Thus, a cell permeable small molecule that can predictably increase intracellular O2
•

 is 

not available. Such a tool could be useful to study the vulnerability of E. coli to enhanced 

intracellular ROS. In this chapter, we design and synthesize a small molecule that is 

activated by a bacterial enzyme to generate ROS and is well suited to simulate enhanced 

ROS in bacteria. 

Figure 3.2. Structures of organic small molecules based ROS generators 

 

3.2. Results and Discussion: 

3.2.1. Synthesis and Characterization: 

From our previous studies, 4 was identified to generate O2
•

 in ambient aerobic buffer 

through a keto-enol tautomerism as the first step (Scheme 3.1).
10

 Enolization of the 

carbonyls in 4 is promoted by a proximal H-bonding of the 5-OH and 4-C=O group. As a 

consequence, ROS generation by this compound was enhanced in comparison with an 

analogous benzylated derivative 8, which was a poor generator of O2
•

 under similar 

conditions (Figure 3.3).
10

  

Figure 3.3. Pro-ROS generator design: A generic design of enzyme triggered intracellular 

ROS generator derived from 4 and 8 based on hydrogen bonding for enolization and ROS 

generation. 
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Thus, protection of 5-OH group in 4 with a self-immolative linker attached with a 

substrate for an enzyme that is expressed intracellularly was designed for selective 

enhancement of intrabacterial ROS (Figure 3.3).  

Scheme 3.1. A scheme for activation of 54, a cell permeable ROS generator: the 

4-nitrobenzyl derivative 54 is a substrate for nitro reduction, which would convert 54 to 

the active ROS producing 4. When this transformation is catalyzed by a bacterial enzyme 

E. coli nitroreductase (NTR), exclusive intracellular accumulation of ROS is predicted in 

bacteria. 

 

Scheme 3. 2. Synthesis of 54 from a reaction of 4 with 4-nitrobenzyl bromide 

 

5-(4-Nitrobenzyloxy)-1,4,4a,9a-tetrahydro-1,4-ethanoanthracene-9,10-dione (54) was 

considered as a cell-permeable O2
•

 generator (Scheme 3.1). The 4-nitrobenzyl group is a 

known substrate for E. coli nitroreductase (NTR),
11

 a commonly expressed oxygen-

insensitive
12

 bacterial enzyme, that reduces a broad range of aromatic nitro compounds to 

amines using nicotinamide adenine dinucleotide phosphate (NADPH) as a reducing co-

factor.
13

 Reduction of the nitro group might lead to a rearrangement leading to the 

departure of the active ROS generator 4. Similarly in the case of 54, where intramolecular 
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H-bonding is not possible, enolization is disfavoured and this compound is predicted to 

be a poor O2
•

 generator in buffer (Scheme 3.1). Compound 54 was synthesized from 4 

by reaction with 4-nitrobenzylbromide in 66% yield (Scheme 3.2).  

3.2.2. Chemoreductive activation of 54 and ROS generation studies in buffer: 

Initially, suitability of the substrate 54 for reductive activation and release of 4 was 

examined by chemoreduction. Here, 54 was reduced by treatment with a reducing 

mixture Zinc and ammonium formate in 1:1 methanol and buffer medium (Scheme 3.3).
14

 

A complete conversion of 54 to 4 was observed after 60 min as followed by HPLC 

analysis.  

Scheme 3.3. Chemoreduction of 54 using Zinc and ammonium formate for 60 min at 37 

°C in pH 7.4 phosphate buffer and methanol (1:1, v/v)  

 

Figure 3.4. HPLC analysis of chemoreduction of 54: HPLC traces of 54, 4 and a reaction 

mixture of 54 (1 mM) with Zn/ ammonium formate in MeOH: phosphate buffer (1:1, v/v) 

after 1 h.  

 

Under the HPLC experimental conditions we did not observe any peak for intermediate 

formation, however mass spectral analysis of the reaction mixture revealed the formation 

of 4-hydroxylamine (4a) and 4-aminobenzyl (4b) intermediates along with 4 (Figure 3.5) 
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This study suggests that the compound 54 is capable of undergoing reduction and 

decomposes to release the active ROS generator 4, which is consistent with a reduction-

rearrangement cascade (Figure 3.3).
13

 

Figure 3.5. Mass spectra: Chemoreduction of 54 using Zn/ammonium formate in MeOH: 

pH 7.4 phosphate buffer (1 mL, 1:1 v/v) after 1 h.  

 

 

 

Next, luminol-based chemiluminescence assay was performed to determine O2
•

 

generation from 54 in ambient aerobic buffer. When compound 54 alone was treated with 

luminol in buffer no chemiluminescence was observed. However, upon addition of NTR 

(a stock of NTR and NADPH (3 L of 1 mM solution in buffer)) to 54 indicated an 

enhanced O2
•

 level suggesting that this compound is activated only in the presence of 

NTR to generate O2
•
(Figures 3.6A & 3.6B).

15
 An efficient O2

•
 generation was observed 

from 4 and addition of NTR to 4 did not have any effect on the O2
•

 generation profile 

implying NTR does not interfere with compound’s ROS generation potential (Figures 

3.6A & 3.6B). Under similar conditions, 8 (a benzyl-protected derivative of 4) produced a 
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minimal level of O2
•

 reiterating the importance of nitro-group to trigger the release of 4 

and subsequent O2
•

 generation. (Figures 3.6A & 3.6B).  

Scheme 3.4. Decomposition products of 55, a NTR enzyme substrate during a reaction 

with NTR 

 

Figure 3.6. Estimation of O2
•

 in ambient aerobic aqueous buffer. (A) 

Chemiluminescence measurement upon reaction with luminol as a measure of O2
•

 

production was carried out with various compounds (10 M) and combinations in pH 8.0 

buffer. (B) Results of the above assay conducted after 30 min. + NTR implies E. coli 

nitroreductase and NADPH; X + XO: hypoxanthine and xanthine oxidase were used; 10 

equiv of 55 (1 mM) was wherever applicable.  

 

4-Nitrobenzyl benzoate 55, which is a substrate for NTR, which should not produce ROS 

during its metabolism by this enzyme, was synthesized using a reported procedure.
16

 

Compound 55 (100 M) was metabolized by NTR and as predicted no evidence for O2
•

 

was found (Figure 3.6A & 3.6B) indicating that possible products of metabolism of the 4-

nitrobenzyl group were incapable of generating ROS (Scheme 3.4).
16

 When 54 and 55 

(10 equiv) were co-incubated in the presence of NTR,
17

 diminished O2
•

 was observed 

possibly due to inhibition in the turnover of 54 to 4 (Figure 3.2). Under similar 

experimental conditions, O2
•

 generated by 4 and 8 was consistent with previously 

reported data (Figures 3.6A & 3.6B).
10
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During a time course for superoxide generation from 54 with NTR, a gradual increase in 

the level of O2
•

 over a period of 20 min in aerobic buffer was observed. Whereas, a rapid 

generation of O2
•

 was observed with hypoxanthine and xanthine oxidase (X+XO), a 

routinely used method for O2
•

 generation (Figure 3.6B). A bacterial enzyme, NTR 

triggered ROS generation from 54, offers advantages over X+XO by a temporally 

controlled generation of O2
•

 and better suited for biological studies (Figure 3.6B).  

A HPLC-based dihydroethidium (DHE) assay was used to independently assess O2
•

 

production from 54 (Figure 3.7). While oxidation of DHE to ethidium (E
+
) is possible 

with numerous oxidants, 2-OH-E
+
is produced exclusively by the reaction of O2

•
 with 

DHE 
 
(Figure 3.7).

18
 In the DHE assay, 4 was found to generate 2-OH-E

+
 confirming that 

this compound generates O2
•

 (Figure 3.7). During incubation of 54 in the presence of 

NTR, nearly complete disappearance of DHE with concomitant formation of 2-OH-E
+
 

was observed,
19

 thus confirming the intermediacy of O2
•

 (Figure 3.7). A comparable 

O2
•

generation profile for 54 was observed with X+XO in buffer by the means of DHE 

assay indicating a NTR mediated activation of 54 to generate O2
•

. 

 

Figure 3.7. A HPLC-based dihydroethidium (DHE) assay: DHE assay was used to infer 

generation of O2
•

 from 100 M of compounds after incubation in pH 8.0 buffer for 3 h. 

2-OH-E
+
, which is exclusively formed by the reaction of O2

•
 with DHE

 
elutes at 30.9 

min, and E
+
, which is formed by non-specific oxidation of DHE elutes at 31.7 min. 
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H2O2 is produced by 1e

 transfer to O2

•
and we estimated H2O2 using an Amplex Red

® 

fluorescence assay.
20

 In the absence of NTR, negligible H2O2 was produced during 

incubation of 54 (10 M). But in the presence of NTR, a yield of 3.65 M H2O2 was 

recorded during 1 h (Figure 3.8). As expected, the non-ROS generating NTR substrate 55 

alone did not generate any H2O2 during its incubation with NTR in buffer, while co-

treatment of 55 with 54 and NTR has significantly suppressed the level of H2O2 

produced. This result is consistent with O2
• 

data obtained from 54 with and without 55 

(Figure 3.6). Taken together, our data supports 54 as a NTR-activated ROS generator 

under ambient aerobic conditions in aqueous buffer. 

Figure 3.8. Estimation of hydrogen peroxide generated during incubation of 10 M of 

each compound in pH 7.4 was estimated using an Amplex Red
®

 fluorescence assay. 

 

3.2.3. Stability studies on 54 and mechanism of ROS generation: 

Two pathways by which compound 54 can generate ROS; one is a direct reaction of 54 

with molecular O2 in buffer and is expected to produce 56 as an organic product (Scheme 

3.5). Further, a NTR mediated decomposition cascade can produce 18 from 56. Other 

pathway is NTR mediated activation of 54 to release 4 and the mechanism of ROS 

generation from 4 is well established. In order to study this possibility, HPLC mediated 

decomposition study was conducted on 54 under physiological conditions. After 18 h of 

incubation of 54 in buffer at 37 °C <20% of decomposition of 54 to 56 was observed, 

thus eliminating the possibility of a direct electron transfer from 54 to O2 for ROS 

generation (Figure 3.9B). Formation of 56 as an oxidized product of 54 was confirmed by 

comparing authentic HPLC trace of 56 (Figure 3.9B). Compound 56 was independently 

synthesized by a reaction of 54 with K2CO3 in THF (Scheme 3.6). During the same time 
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period (18 h) a nearly complete conversion of 4 to 18 was observed (Figure 3.9A). Thus 

data indicates that 54 need to be converted to 4 for any significant ROS generation 

(Scheme 3.5). This observation was further supported by O2
•

 and H2O2 generated from 

54 only in the presence of NTR (Figure 3.6 & 3.8) 

Scheme 3.5. Proposed mechanisms for ROS generation during incubation of 54 in 

buffer in the presence of NTR. 

 

Figure 3.9. Stability studies on 54 and 4 in ambient aerobic buffer carried out using 

HPLC: Representative traces for: A) Conversion of compound 4 to 18 in phosphate 

buffer (pH 7.4, 100 mM). Nearly complete decomposition of 4 was observed at 18 h; B) 

decomposition of compound 54 to 56 in phosphate buffer (pH 7.4, 100 mM) during 18 h, 

where <20% decomposition of 54 was observed. 
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Scheme 3.6. Synthesis of 56 from 54. 

 

3.2.4. Extracellular and intracellular ROS generation studies: 

DHE assay was used for the detection of intracellular O2
•

 generation from 54, in order to 

determine the ability of 54 to enhance intracellular O2
•

 in bacteria. DHE assay is 

reported to be selective for intracellular O2
•
detection.

21
  

Figure 3.10. ROS generation during incubation with E. coli: (A) HPLC traces of assay 

for intracellular O2
•

 production using a dihydroethidium (DHE) assay. Incubation with 

54 (250 M) was for 30 min and DHE levels indicate unoxidized dye while 2-OH-E
+
 

formed is an indicator for O2
•

 production and E
+
 is indicative of increase in oxidative 

species. (B) Extracellular H2O2 generated by compounds (100 M) during incubation of 

E. coli during 1 h was estimated using an Amplex Red
®

 fluorescence assay; 10 equiv of 

55 (1 mM) was used. Ctrl: untreated bacteria.  

 

In this assay, E. coli was incubated with DHE with and without 54 for 30 min. Cell pellet 

was collected after centrifugation to remove any excess reagents. Using a probe sonicator 

the cells were lysed in buffer, the resulting lysate was analyzed to assess DHE, and 2-

OH-E
+
 using HPLC attached with a fluorescence detector.

19,21
 A control experiment was 

carried out on E. coli bacterium by treating with DHE and the analysis showed unreacted 

DHE with negligible amount of oxidized DHE (Figure 3.10A). Under similar 
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experimental conditions, incubation of 54 and DHE with E. coli produced 2-OH-E
+
 with 

concomitant loss of DHE, suggestive of intracellular O2
•

 production (Figure 3.10A). 

Thus, the experiment confirms that, 54 is a cell permeable organic small molecule and 

intracellular NTR is capable of activating 54 for ROS generation in bacteria.  

An accurate quantification of O2
•

 using the DHE assay is difficult, hence a measurement 

of H2O2 was carried out as this provides a quantitative basis for assessing ROS 

production.
22

 H2O2 is a freely diffusible ROS across bacterial cell walls and is typically 

estimated as extracellular H2O2.
23,24

 Incubation of E. coli with 54 (100 M) produced 

10.5 M H2O2 during 1 h (Figure 3.10B). Under similar conditions, 4 was found to 

significantly enhance the extracellular H2O2. In the treatment of E. coli with a 

competitive substrate for intracellular NTR, 55 alone did not increase the extracellular 

H2O2. While nearly complete abrogation of H2O2 was observed when 54 was co-treated 

with 55 (10 equiv).
17

 However, no inhibition in ROS generation by 4 was observed 

during the treatment with 55 (Figure 3.10B) suggesting that 55 inhibited metabolism of 

54 to 4. 

Figure 3.11. Extracellular and intracellular ROS generation from 54 in E. coli: (A) H2O2 

generation during incubation of E. coli with 54 (100 M) was recorded during 6 h as 

described above. A first order rate constant for ROS production was calculated as 0.96 

h
1

. (B) E. coli treated with 54 (100 M) for 1 h; centrifugation and removal of the 

supernatant followed by re-suspension of bacteria in fresh media. H2O2 generated after 

incubation of bacteria for 3 h was recorded as described above. (C) A 2,7-

Dichlorodihydrofluorescein-diacetate (DCFH2-DA)-based fluorescence assay was used to 

estimate oxidative species generated intracellularly in E. coli. Increase in relative 

fluorescence intensity (RFI) with respect to DMSO (0.5%); ROS generation during 

incubation with E. coli: (A) equiv of 55 (1 mM) was used. Ctrl: untreated bacteria. 

Student T-test performed on this data provided a P value of <0.001. 
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Further, a temporally controlled intracellular ROS generation profile from 54 was 

observed when a time course for ROS generation was carried out during incubation of E. 

coli with 54, a yield of 17% of H2O2 was quantified during 6 h of incubation (Figure 

3.11A). Next, to understand the metabolism of 54 in E coli by intracellular NTR enzyme, 

a series of experiments were designed. Firstly, E. coli was incubated with 54 for 1 h, 

centrifuged to aspirate the media containing any 54, re-suspended with fresh media and 

measured the H2O2 generation over 6 h. During the process any 54 remaining in the 

extracellular media was discarded and detection of any H2O2 produced would be due to 

intracellular activation of 54 and we have recorded a H2O2 yield of 16.5%. A minimal 

difference in yields of H2O2 obtained during this experiment (Figure 3.11B) and during a 

bolus treatment of 54 (17%) (Figure 3.11A) supporting intracellular metabolism to 

produce ROS was the major pathway. Further, to investigate if any NTR is secreted in the 

extracellular medium during the bacterial culture, which could catalyze the activation of 

54 for extracellular H2O2 generation, E. coli was grown overnight and the cell-free media 

was incubated with 54. No significant increase in H2O2 was found even after 3 h 

suggesting that extracellular activation of 54 was not important. 

Figure 3.12. Representative data for supercoiled pBR322 plasmid DNA damage assay: 

Reaction mixtures (20 μL) containing 100 ng of Form I DNA in pH 8.0 phosphate buffer 

(100 mM) and compound (50 μM) were incubated at 37 °C for 6 h. NTR refers to NTR + 

NADPH; equimolar Fe(II) was used where applicable. Nicked DNA is represented by II.  
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Generation of 
•
OH is inevitable when O2

•
 and H2O2 (Scheme 3.1) are produced in the 

intracellular environment.  Exposure of E. coli to 54 could also produce 
•
OH. Generation 

of 
•
OH radical from 54 with NTR in the presence of Fe

2+
 was assessed using a 

supercoiled plasmid DNA cleavage assay. Gel image of the compound treated DNA 

describes the capability of this compound to generate 
•
OH in the presence of metal ions 

(Figure 3.12).
10

 A treatment of 54 alone or 54 and Fe
2+

 with DNA did not induce any nick 

in the supercoiled plasmid. Addition of NTR into the reaction mixture containing 54, Fe
2+

 

and DNA showed significant cleavage in the plasmid evident from DNA gel image 

supporting the use of 54 for the enhancement of ROS. Under similar conditions, control 

experiments carried out with 4 and 55 were consistent with the expected result (Figure 

3.12).  

Due to its extremely short half-life and indiscriminate reactivity, in vivo detection of 

hydroxyl radical is challenging and the specificity of previously used fluorescence assays 

for 
•
OH has been questioned.

25
 Instead, using two independent methods, the ability of 54 

to increase intracellular oxidative species was studied. E. coli was incubated with 

dichlorofluorescein-diacetate, DCFH2-DA, a non-fluorescent dye and followed by 

treatment with 54 resulting in an increased intracellular fluorescence attributable to 

oxidative species (including 
•
OH) (Figure 3.11C).

26
 Further evidence obtained for an 

increased oxidative intracellular environment caused by 54 was through the formation of 

E
+
 in DHE assay (Figure 3.10A).

21
  

Compound 54 was next compared with some routinely used methods for ROS generation 

both in the test-tube as well as in cellular assays. As described in Section 3.2.2, the X + 

XO protocol produced both O2
•

 and H2O2 in buffer (Figures 3.6A, 3.6B & 3.7 ). The 

time course of X + XO showed a burst of O2
•

 production while 54 + NTR showed a 

gradual increase in ROS during this time period (Figure 3.6A). Thus, for biochemical 

studies, the distinct pattern for ROS production by 54 + NTR might simulate gradual 

ROS production. In cell-based assays, the increase in intracellular ROS by X + XO was 

much lower in comparison with 54, an observation that is consistent with diminished 

permeability of X + XO (Figure 3.11C).
27

 Identical to the observation in the test tube 

assays, intracellular ROS generation by 54 was nearly completely inhibited by 55 in 
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E.coli (Figure 3.11C). Similarly, in cellular assays at comparable concentrations with 

menadione, despite several attempts, non-specific decomposition of DHE without 

formation of 2-OH-E
+
 or E

+
 was observed. This result might help explain the need for 

elevated concentrations of this compound for intracellular O2
•

 generation in bacteria.
7
 

Hence, the use of 54 complements the existing repertoire of ROS generators while 

offering distinct advantages such as cell permeability and temporal control. 

Bioreduction of quinone 56 by enzymes including NTR can also produce ROS.
13,17

 

However, we find significantly low levels of ROS generation from 56 in cellular assays 

(Figures 3.10B and 3.11C), a diminished rate for intracellular redox cycling of 56 might 

be possible. The precise rationale for this observation is unclear but steric hindrance 

might hamper the accessibility of the quinone ring to reductive enzymes. Menadione is 

often used for enhancement of intracellular ROS levels to induce oxidative stress in 

cells,
7,28,29

 however, in addition to bioreduction this quinone also was found to react with 

intracellular thiols such as cysteine and glutathione. Unlike menadione, 56 was 

unreactive with thiols including cysteine suggesting that thiol addition may not be of 

relevance.
30

 Although biocatalytic reduction of 54 by NTR requires NADPH as a 

cofactor,
13

 our observation that the treatment of E. coli with 55 resulted in no significant 

increase of H2O2 (Figure 3.10B)
31

 suggested that such perturbations of NADPH levels 

(estimated millimolar concentrations)
32

 does not result in ROS generation. 

 

3.2.5. Effect of enhanced intracellular ROS on bacterial growth: 

A growth inhibition assay was performed on E. coli with 54 to assess the impact of 

intrabacterial ROS enhancement.
33

 No evidence for inhibition of growth of four wild-type 

strains of E. coli was found even at 100 M concentration of 54. Under these assay 

conditions, major classes of clinical antibiotics such as kanamycin, ciprofloxacin, 

ampicillin, rifampicin and chloramphenicol were effective in bacterial growth inhibition 

with MICs in the previously reported ranges (0.06 – 8 g/mL).
34

 Compounds 4, 18 and 

the nitroaryl derivatives, 55 and 56 were found to be poor inhibitors of E. coli growth 

suggesting that the possible products of metabolism
17

 of the 54 were not toxic to E. coli.
22

 

Previously, it has been shown that due to its poor cell permeability, O2
•

 by itself exhibits 
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little toxicity towards bacteria.
4
 In our study, we demonstrated that a gradual increase in 

intracellular O2
•

 produced upon treatment of E. coli with 54 is tolerated well by this 

bacterium. However, this does not preclude the possibility of other bacteria including 

Mycobacterium tuberculosis being sensitive to ROS. As discussed previously, Brynildsen 

and coworkers,
7
 using a library of E. coli mutants that have been engineered to study 

effects of increasing ROS, have suggested the possible use of ROS as an adjuvant. Using 

54, we tested this hypothesis and found that the efficacy of aminoglycoside antibiotics 

have significantly enhanced in the presence of 54 (Table 3.1). For example, when co-

treated with 54, we found an 8-fold decrease in MIC of gentamycin suggesting that this 

antibiotic could be used at lower concentrations to achieve similar bactericidal effects in 

the presence of 54. This result might thus help develop new ROS-based adjuvants to 

address the major side-effects of aminoglycosides including nephrotoxicity and 

ototoxicity. 

Table 3. 1. Bacterial growth inhibition by antibiotics in the presence of additives 

determined against E. coli
a
 

Entry Compound Additive
b
 MIC, g/mL Fold Change

c
 

1 Kanamycin - 8 - 

2 Kanamycin 4 2 4 

3 Kanamycin 54 2 4 

4 Kanamycin 55 8 - 

5 Kanamycin 56 8 - 

6 Gentamycin - 2 - 

7 Gentamycin 54 0.25 8 

8 Streptomycin - 8 - 

9 Streptomycin 54 2 4 

a
E. coli K12 MG1655 was used; 

b
The additive was used in 50 M; 

c
Fold change is (MIC 

without any additive)/(MIC with additive at the specified concentration). 
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3. 3. Conclusion: 

In summary, we developed a small molecule that is capable of predictably increasing 

intracellular levels of ROS in a model bacterium. A bacterial enzyme, E. coli 

nitroreductase was used as a trigger to activate 54 and showed that the compound was 

responding to the enzyme to generate ROS in buffer as well as in bacteria. A temporally 

controlled generation of ROS in bacteria was characterized from compound 54. To our 

knowledge, this is the first report of a rationally designed cell permeable enzyme 

activated O2
•

 generator that is highly suited for spatio-temporally controlled ROS 

generation to study oxidative stress in bacteria. Under our experimental conditions, 

enhancement of intracellular ROS using 54 or 4 did not affect the bacterial growth. 

However, an enhanced sensitivity of the bacterium to aminoglycoside antibiotics was 

found when co-treated with 54 (8 fold), implying a potential application of intracellular 

ROS generator 54 as an adjuvant to aminoglycoside antibiotics.  
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3.4. Experimental and Characterization Data: 

3.4.1. Experimental Section 

3.4.1.1. Synthesis of 5-(4-nitrobenzyloxy)-1,4,4a,9a-tetrahydro-1,4-ethanoanthracene-

9,10-dione (54).  

To a 50 mL round bottom flask containing 1,1-

dichloromethane (DCM, 8 mL), 4 (200 mg, 0.79 

mmol), 4-nitrobenzylbromide (510 mg, 2.36 mmol) 

were added followed by Ag2O (729 mg, 3.15 mmol); 

the reaction flask was covered with aluminium foil, 

flushed with nitrogen gas and stirred for 24 h at room temperature. Upon complete 

consumption of starting material as determined by thin layer chromatography (TLC) 

analysis, the reaction mixture was filtered through a celite bed. The filtrate was 

evaporated to dryness under reduced pressure to obtain crude product. The crude material 

was purified by silica gel column chromatography using ethyl acetate (5→30 %) and 

petroleum ether solvent system to obtain a pale yellow solid (201 mg, 66%): mp 178 – 

180 °C; FT-IR (max, cm
-1

): 2958, 2864, 1684, 1590, 1520, 1452, 1340, 1288; 
1
H NMR 

(400 MHz, CDCl3): δ 8.25 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.50 – 7.61 (m, 

2H), 7.11 – 7.22 (m, 1H), 6.05 – 6.23 (m, 2H), 5.28 (d, J = 13.5 Hz, 1H), 5.23 (d, J = 

13.6 Hz, 1H), 3.28 – 3.40 (m, 2H), 3.13 – 3.28 (m, 2H), 1.67 – 1.71 (m, 2H), 1.31 – 1.46 

(m, 2H); 
13

C NMR (100 MHz, CDCl3): δ 197.9, 196.2, 156.7, 147.6, 143.7, 138.8, 134.4, 

134.1, 133.6, 127.3, 126.2, 124.0, 119.6, 118.3, 69.7, 52.1, 51.0, 34.3, 33.7, 24.7, 24.6; 

HRMS (ESI) for [C23H19NO5+H]
+
: calcd., 390.1341; Found: 390.1346; Elemental 

analysis for C23H19NO5 calcd. C, 70.94; H, 4.62; N, 3.60. Found. C 70.84; H, 4.46; N, 

3.38. 

 

3.4.1.2 Synthesis of 5-(4-nitrobenzyloxy)-1,4-dihydro-1,4-ethanoanthracene-9,10-

dione (56):  

To a 10 mL round bottom flask compound 54 (30 mg, 

0.08 mmol) was dissolved in tetrahydrofuran (THF, 5 

mL) and potassium carbonate (21 mg, 0.16 mmol) was 
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added to the above solution. The reaction flask was stirred at room temperature 

overnight. Consumption of the starting material was confirmed by TLC analysis. The 

reaction mixture was washed with 5 mL of de-ionized water and extracted with ethyl 

acetate (4 × 5 mL). The combined organic layer was dried (anhydrous Na2SO4, 5 g), 

filtered and the filtrate was evaporated under reduced pressure to obtain crude product. 

The crude mixture was purified by a short silica gel column by washing with ethyl 

acetate: petroleum ether (3:4 ratio, v/v). The organic solvent was evaporated under 

reduced pressure to obtain a yellow solid (17 mg, 57%): mp 290 °C; FT-IR (max, cm
-1

): 

2923, 1643, 1439, 1384, 1339, 1295; 
1
H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 8.5 Hz, 

2H), 7.88 (d, J = 8.5 Hz, 2H), 7.82 (d, J = 7.5 Hz, 1H), 7.65 (t, J = 8.0 Hz, 1H), 7.26-7.29 

(m, 1H), 6.42 – 6.46 (m, 2H), 5.36 (d, J = 13.4 Hz, 1H), 5.32 (d, J = 13.4 Hz, 1H), 4.56 – 

4.59 (m, 1H), 4.48 – 4.53 (m, 1H), 1.54 (d, J = 9.1 Hz, 2H), 1.42 (d, J = 7.8 Hz, 2H); 
13

C 

NMR (100 MHz, CDCl3): δ 134.5, 134.0, 133.9, 127.3, 124.0, 120.2, 69.7, 34.0, 29.7, 

24.8; HRMS (ESI) for [C23H17NO5+H]
+
: calcd., 388.1185; Found: 388.1176. 

 

3.4.2 Superoxide Estimation. 

3.4.2.1 Luminol Assay:  

5-Amino-2,3-dihydro-1,4-phthalazinedione solution (Luminol, 4 mM) was prepared in 30 

mM aqueous sodium hydroxide and stored under ice. To a microwell plate, a stock 

solution of the compound (2 L of 1 mM) was added to phosphate buffer (100 mM pH 

8.0, 193 L) followed by luminol (5 L, final 100 M in 200 L). The resulting mixture 

was incubated at 37 ºC for 25 min during which the luminescence was measured using a 

microtiter plate reader. A stock solution of commercially available E. coli nitroreductase 

(NTR) was prepared using 1 mg of a lyophilized powder dissolved in phosphate buffer 

(150 L). For experiments with nitroreductase, NADPH (3 L, 1 mM), E. coli 

nitroreductase (NTR, 2 L of stock) was added with total volume of the reaction mixture 

being 200 L. Hypoxanthine (2 L, 1 mM) and xanthine oxidase (2 L of 0.02 U/mL) 

were used as a positive control. When the experiments with 4 or 55 + NTR were 

conducted in the presence of EDTA (10 equiv), no significant difference in luminescence 
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values suggesting that superoxide generation was not affected by metal ions such as 

Fe(II). 

 

3.4.2.2 Dihydroethidium (DHE) assay:  

A stock solution of dihydroethidine (DHE, 1.12 mg, 3.55 mol) was prepared in DMSO 

(355 L) and stored in the dark at 20 ºC until its use. A stock solution of the compound 

(10 L, 10 mM) and DHE (10 L of 10 mM) were reacted in acetonitrile: phosphate 

buffer of pH 7.4 (1:1, v/v, 100 mM, final volume 100 L) for 3 h at 37 ºC. The reaction 

mixture was diluted to 100 M using acetonitrile: phosphate buffer of pH 7.4 (1:1, v/v, to 

a final volume of 1 mL). In the experiments with NTR, NADPH (4 L of 1 mM), 

nitroreductase (NTR, 2 L stock as previously prepared) was used. The reaction mixture 

was filtered (0.22 m) and injected (25 L) in an Agilent high performance liquid 

chromatograph (HPLC) attached with a fluorescence detector (excitation at 356 nm; 

emission at 590 nm). The column used was Zorbax SB C-18 reversed phase column (250 

mm × 4.6 mm, 5 m), the mobile phase was water: acetonitrile containing 0.1% 

trifluoroacetic acid and a gradient starting with 10: 90 to 30: 70  0 – 45 min, 0: 100  

45 – 50 min, 0: 100  50 – 55 min, 10: 90  55 – 60 min was used with a flow rate of 

0.5 mL/min. Under these conditions literature report indicate that if superoxide is 

produced, a peak for 2-hydroxyethidium (2-OH-E
+
), which elutes at 30.9 min, would be 

observed.
3-5

 When other oxidative species are generated, ethidium (E
+
) is formed. Again, 

according to literature reports E
+
 elutes at 31.7 min.

3-5
 We independently confirmed the 

formation of 2-OH-E
+
 and E

+
 by mass spectrometry. Hypoxanthine 10 L, 1 mM) and 

xanthine oxidase (5 L of 0.02 U/mL) were mixed in phosphate buffer (pH 7.4, 100 mM) 

along with DHE (10 L of 10 mM, 100 M final concentration) for 2 h and served as a 

positive control.  

 

3.4.3 Estimation of hydrogen peroxide.  

A solution of the test compound (1 L, 1 mM, 10 M final concentration) was added to 

50 mM phosphate buffer of pH 7.4 (45 L) and incubated at 37 ºC for 60 min. To the 
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incubated reaction mixture, 50 L of a premixed solution of 10-acetyl-3,7- 

dihydroxyphenoxazine or Amplex Red
®

 (prepared by following manufacturer’s protocol 

from Invitrogen) was added and incubated at RT for 25 min before measuring the 

fluorescence using a microtiter plate reader (excitation 550 nm; emission 590 nm). For 

the enzymatic assay, NADPH (2 L of 1 mM) and nitroreductase (NTR, 1 L stock as 

previously prepared) was used. For the assay with X + XO, a mixture of hypoxanthine (1 

L, 1 mM) and xanthine oxidase (1 L of 0.02 U/mL) were mixed in phosphate buffer 

(pH 7.4, 100 mM) was used.  

3.4.4 Intracellular superoxide detection.  

A similar procedure was followed from Section 2.1.4.13 

3.4.5 Extracellular hydrogen peroxide estimation.  

E. coli (EC2065) was cultured in 5 mL of Luria Bertani (LB) medium at 37 ºC for 16 h 

and centrifuged to aspirate out the medium and re-suspended to an O.D of 1.0 with fresh 

LB medium. A stock solution of the compound in DMSO (0.5%) was added so that the 

final concentration was 100 M. In the experiments where 55 was co-treated with 4 or 

56, 10 eq., of 55 (1 mM) was used. After incubation for 1 h, the bacterial suspension was 

centrifuged and the extracellular media was separated. To the media (divided in several 

50 L portions in a 96-well microplate), 50 L of a premixed solution of 10-acetyl-3,7- 

dihydroxyphenoxazine or Amplex Red
®

 (prepared by following manufacturer’s protocol 

from Invitrogen) was added and incubated at RT for 25 min before measuring the 

fluorescence using a microtiter plate reader (excitation 550 nm; emission 590 nm). A 

calibration curve with known concentrations of hydrogen peroxide was generated in LB 

medium and was used to quantify hydrogen peroxide produced during incubation of test 

analytes. Data presented are an average of three independent experiments.  

3.4.6 Estimation of intracellular oxidative species - DCFH2-DA assay.  

A similar procedure was followed from Section 2.1.4.14 
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3.4.7 Supercoiled plasmid DNA damage assay.  

DNA cleavage was analyzed by the conversion of pBR322 circular DNA to open circular 

and/or linear forms. Briefly, pBR322 DNA (100 ng) was incubated with the compound 

(50 M) in the presence of 1 eq. of FeCl2 in pH 8.0 phosphate buffer and the final 

volume was 20 μL. The solutions were incubated at 37 C for 6 h. For the experiment of 

54 with NTR, NADPH (2 L of 1 mM), nitroreductase (NTR, 1 L stock as previously 

prepared) were used. The solutions were mixed with bromophenol blue (0.25 wt.%, 4 L) 

and loaded in a 1.0 % agarose gel (0.5 g in 50 mL of 1x TAE; 1.0 μg/mL Gel Red
®

), and 

immediately subjected to electrophoresis in a horizontal slab gel apparatus containing 1x 

TAE buffer as medium for 45 min under constant 90 V. After electrophoresis, the DNA 

was visualized under GBOX Syngene UV-transilluminator, photographed using 

Genesnap-7.04. Only NTR and NADPH did not induce significant DNA cleavage (see 

below lane marked NTR) and neither did Fe(II).  

3.4.8 Chemoreduction of 1c with Zn and ammonium formate:  

Compound 54 (5 mg, 12.8 mmol) was dissolved in 2 mL of a 1:1 solution of methanol 

and phosphate buffer (100 mM, pH 7.4). To this mixture, ammonium formate (2 mg, 2 

eq.) and zinc dust (100 mg) were added and the reaction mixture was stirred at 37 ºC for 

60 min. The reaction mixture was filtered (0.22 m) and injected (25 L) in an Agilent 

high performance liquid chromatograph (HPLC) attached with a diode-array detector 

(detection wavelength was 254 nm) and a Zorbax SB C-18 reversed phase column (250 

mm × 4.6 mm, 5 m). A mobile phase of water: acetonitrile was used with a run time of 

25 min: multistep gradient technology with a flow rate of 1 mL/min – starting with 50:50 

%  0 – 5 min, 40:60  5 – 10 min, 30:70  10 – 15 min, 20:80  15 – 20 min, 50:50 

 20 – 23 min, 50:50  23 – 25 min. Authentic compounds 4 and 18 were injected to 

identify the peak position of the reaction products. Mass Spectrometry (LC-MS, Waters 

LC/MS) of the ensuing mixture after 1 h was carried out to identify the products and 

intermediates formed during the reaction. Two independent experiments were conducted, 

each carried out in duplicate and representative data is presented below. 
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3.4.9 HPLC decomposition data.  

Compounds 4 and 54 (1 mM) were reacted independently in pH 7.4 phosphate buffer 

(100 mM): acetonitrile ACN (1:1 v/v) with a concentration of 1 mM at 37 ºC over a 

period of 18 h, in duplicate. The reaction mixture was filtered (0.22 m) and injected (25 

L) in an Agilent high performance liquid chromatograph (HPLC) following method as 

described above. Authentic compounds 18 and 56 were injected to verify the peak 

position of the reaction products. Two independent experiments were conducted, each 

carried out in duplicate and representative data is presented below. 

3.4.10 Determination of minimum inhibitory concentration.  

A similar protocol was followed from section 2.1.4.18. 

3.4.11. Adjuvant Studies.  

A similar protocol was followed from section 2.1.4.22. 

  



Chapter: 3 

134 

 

3.5. Spectral Charts: 

1
H NMR Spectrum (400 MHz, CDCl3) of Compound 54 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 54 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 56 
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF THIOL-

TRIGGERED REACTIVE OXYGEN SPECIES (ROS) GENERATORS AND 

ANTIBACTRERIAL STUDIES 

4.1. Introduction: 

In Chapter 2, we developed small molecule based ROS generators for enhancement of 

intracellular ROS and antibacterial applications. These ROS generators were found to 

inhibit the growth of Mycobacterium tuberculosis with a minimum inhibitory 

concentration of <1 g/mL, whereas other Gram positive and Gram negative bacteria 

were resistant to the enhanced ROS environment. One of the highly efficient ROS 

generators, 4 (Chapter 2.1) was treated with E. coli, a Gram negative bacterium, and 

Staphylococcus aureus, a Gram positive bacterium, where no significant effect on the 

bacterial growth was observed even at 100 M concentrations of 4. The possibility of 

4 to decompose in extracellular medium to generate ROS is a concern. Hence, an 

intracellular ROS generator selectively activated inside bacteria to generate ROS 

could be better suited for antibacterial applications. 

In Chapter 3, a bacterial nitroreductase activated ROS generator 54 was shown to 

permeate bacterial cells and triggered only inside bacteria to enhance intracellular 

ROS. However, an enhancement of intrabacterial ROS using 54 (100) in E. coli 

was appeared ineffective in inhibiting bacterial growth. Thus, enhancing intracellular 

ROS alone does not significantly inhibit bacterial growth. Bacteria have developed a 

strong antioxidant system to tolerate enhanced intracellular ROS production. Reduced 

thiols (RSH) such as cysteine (Cys) and glutathione (GSH) are the main small 

molecule based antioxidants ubiquitous in cells (Figure 4.1). They maintain the 

intracellular redox homeostasis and during enhanced ROS conditions these RSH react 

with ROS to suppress the oxidative stress induced and generate oxidized thiol dimers, 

RS-SR (Cys-Cys or GS-SG). The glutathione dimer, GS-SG is found in low 

concentrations in comparison to its reduced counterpart (GSH) in cells, where GSH: 

GS-SG acts as redox buffer and the ratio is found in the range of 1:1 to 3:1.
1,2

 

Enhanced production of ROS in cells could elevate the levels of GS-SG and induce 

stress inside cells. Hence, the excess GS-SG is reduced by enzymes such as 
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thioredoxin reductase or glutathione reductase to restore the levels of GSH:GS-SG in 

cells.
2
 Thus, maintaining the ratio of RSH: RS-SR is vital for cellular functions and 

depleting the reduced thiol levels inside bacteria could disturb the redox homeostasis. 

This process would result in increased cellular stress that could lead to cell death.  

Figure 4.1. Low molecular weight reduced thiols found in cells  

 

Fosfomycin is an epoxide containing polar small molecule and a broad spectrum 

antibiotic that has been used to treat a number of bacterial infections (Figure 4.2).
3
 Its 

mechanism of action involves inhibition of a cell wall biosynthetic enzyme UDP-N-

acetylglycosamine-1-carboxyvinyltransferase (MurA) through a covalent 

modification. Another epoxide based small molecule, terreic acid is a 2-methyl-3-

hydroxy-5,6-dihydroepoxybenzoquinone (Figure 4.2). Terreic acid is a fungal 

metabolite, with antibiotic properties, is also found to modify the same target, MurA 

for its bacterial inhibitory action. In addition to its targets, fosfomycin is also reported 

to deplete intracellular bacterial thiols such as bacillithiol (BSH) (Figure 4.1). BSH is 

a low molecular weight thiol found in Bacillus and Staphylococcus bacteria.
4,5

 A 

covalent modification of BSH by fosfomycin might lead to depleted intracellular thiol 

levels which in turn could induce oxidative stress.  

Figure 4.2. Structure of thiol alkylating epoxides 

 

 

Since ROS generation alone does not appear be sufficient to inhibit the bacterial 

growth as inferred from our earlier studies (Chapter 2 and 3), we hypothesized that a 

design for depleting intracellular thiol and concomitantly enhancing intracellular ROS 

could be useful for targeting bacteria. Thus, 2,3-epoxy-1,4-naphthoquinone could be a 
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model scaffold, which would get activated by a thiol to generate ROS. 1,4-

Naphthoquinone-based epoxides (NQE) are constituents of a number of natural 

products with medicinal properties.
6,7

 For example, 2,3-epoxysesamone
8,9

 and 

frenolicin
10-17

 have shown anti-bacterial, anti-fungal and/or anti-proliferative 

activities (Figure 4.3). 

Figure 4.3. Some naturally occurring 1,4-naphthoquinone-based epoxides 

 

A reaction of 2,3-epoxy-1,4-naphthoquinones with biologically relevant 

nucleophiles including GSH might contribute to their medicinal properties.
18

 For 

example, 2,3-epoxy-2,3-dihydro-1,4-naphthoquinone (74) is a target for reaction with 

nucleophiles such as thiols.
19

 Furthermore, under aerobic conditions, addition of GSH 

to 74 has been shown to generate ROS.
19

 Recently, Vitamin K3-epoxide (Figure 4.3) 

was shown to generate ROS intracellularly to induce oxidative stress in human glioma 

cells.
20

  

In our study, we proposed to synthesize a series of 2,3-epoxy-1,4-

naphthoquinones and evaluate their reactivity with biologically relevant nucleophiles, 

their ROS generation profiles, and their ability to inhibit bacterial growth. We 

hypothesized that the propensity of epoxides to react with nucleophiles for ROS 

generation could be modulated by systematic variation of substituents around the 

epoxide as well as aryl ring of 2,3-epoxy-1,4-naphthoquinone (Figure 4.4). An 

enhanced reactivity of the epoxide with nucleophiles is expected for compounds with 

an electron withdrawing group in proximity to the epoxide functionality of 2,3-epoxy-

1,4-naphthoquinone and perhaps affect ROS generation; conversely, a diminished 

reactivity is possible with an electron-donating group. A series of compounds with a 

range of H2O2 generation profiles would allow us to study the effects of modulating 

rates of ROS generation and their antibacterial efficiency. 



Chapter: 4 
 

143 

 

Figure 4.4. Proposed scaffold for systematically modulating epoxide reactivity of 

quinone epoxides. R = Electron withdrawing or donating groups. 

 

 

 

4.2. Results and Discussion: 

4.2.1. Synthesis and characterization: 

Epoxidation of substituted 1,4-naphthoquinones produced corresponding 2,3-epoxy-

1,4-naphthoquinones.
21

 Nitration of 1,4-naphthoquinone (20) gave 5-nitro-1,4-

naphthoquinone (57) and 6-nitro-1,4-naphthoquinone (58) in 78% and 9% yields, 

respectively (Scheme 4.1).
22,23

 An electron donating amino group on the aryl ring 

could be obtained by reduction of 57 with Sn/HCl to afford 59 in a nearly quantitative 

yield (Scheme 4.1).
24

 

Scheme 4.1. Synthesis of 57 – 59. 

 

5-Hydroxy-1,4-naphthoquinone (Juglone, 21), which was synthesized using a reported 

reaction and subjected to a silver oxide (Ag2O) mediated alkylation with bromoethane 

produced 60 in 87% yield (Table 4.1, entry 1).
25

 Under similar conditions, a reaction 

of 21 with benzyl bromides produced 23 and 61 in 98% and 96% yields, respectively 

(Table 4.1, entries 2-3). Menadione or Vitamin K3 (62) and plumbagin (63) were 

obtained from commercial sources. Benzylation of 63 produced 64 in 99% yield 

(Table 4.1, entry 4). 
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Table 4.1. Synthesis of derivatives of Juglone (21) and Plumbagin (63) 

 

Entry Quinone R R′ Product Yield 

1 21 H Me 60 87 

2 21 H Ph 23 98 

3 21 H 4-CF3Ph 61 96 

4 63 Me Ph 64 99 

 

Table 4.2. Synthesis of 2-aryl-1,4-naphtoquinones 66 - 73 

 

Entry Ar Product Time (h) Yield (%) 

1 Ph 66 1.5 90 

2 3-NO2Ph 67 12 28 

3 4-AcPh 68 10 43 

4 4-FPh 69 5 52 

5 4-MePh 70 10 78 

6 2-OMePh 71 24 82 

7 3-OMePh 72 7 93 

8 4-OMePh 73 7 81 

 

 Next, a Pd-catalyzed Suzuki coupling of 2-bromo-1,4-naphthoquinone with 

phenylboronic acid was carried out to afford 2-phenyl-1,4-naphthoquinone (66) in 

90% yield (Table 4.2, entry 1).
26

 Under similar reaction conditions, arylboronic acids 
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containing electron withdrawing groups with 2-bromo-1,4-naphthoquinone produced 

the desired products 67-69 in diminished yields in comparison with 66 (28-52%, 

Table 4.2, entries 2-4).
26-28

 Compounds 70-73 with electron donating substituents on 

the aryl ring were isolated in yields ranging from 78-93% (Table 4.2, entries 5-8), 

which were comparable or better than the yield of 66 under similar reaction 

conditions.
26-28

 

 A sodium hypochlorite mediated epoxidation of 20 produced the corresponding 

epoxide 74 in 88% yield (Table 4.3, entry 1).
29

 Compounds 21, 57-61 reacted 

completely in 30 min upon treatment with hypochlorite to produce the epoxides 75-81 

in moderate to good yields (Table 4.3, entries 2-8).
30,31

 X-ray diffraction analysis of 

78 revealed the presence of intramolecular H-bonding between 5-hydroxyl group and 

4-carbonyl group (Figure 4.5A).  

Figure 4.5. X-ray diffraction analysis of 78 (A) and 92 (B) 

 

 Epoxidation of quinones 62-64 with hypochlorite afforded the corresponding 

products 82-84 in yields ranging from 45-89% (Table 4.3, entries 9-11). A slow 

reaction of 2-phenyl-1,4-naphthoquinone with sodium hypochlorite (120 min) was 

observed in comparison with all other compounds prepared in this study (Table 4.3, 

entry 12). Other 2-aryl epoxides were synthesized in yields ranging from 52-93% 

(Table 4.3, entries 12-19). Additional evidence for the structure of 92 was obtained by 

X-ray crystallographic analysis of this compound (Figure 4.5B).  

 

4.2.2. Stability studies of 74 with biologically relevant nucleophiles in buffer:  

The ability of compound 74 to react with various biologically relevant nucleophiles in 

pH 7.4 buffer was examined following its synthesis. Initially a reaction of 74 with 

thiols such as cysteine (Cys) and glutathione (GSH) showed nearly 70% of 
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decomposition within 5 min (Figure 4.6). The reactivity of 74 with GSH was 

consistent with previous reports.
19

 Compound 74 was stable and unreactive towards 

other amino acids (10 equiv) tested such as glycine, alanine, serine, methionine, 

arginine and tyrosine with >90% of 74 remaining after 7 h. No significant 

decomposition was observed in the presence of 10 equiv of nucleobases and the 

epoxide was nearly completely recovered after 24 h. Taken together, these results 

suggested that 74 was highly selective towards reaction with thiols. 

 

4.2.3. Stability studies of compounds with glutathione in buffer:  

Further, we examined the reactivity of other epoxides prepared in this study with 

GSH (1 equiv) under similar conditions used for 74. A range of reactivities for the 

2,3-epoxy-2,3-dihydro-1,4-naphthoquinones 75-81 with GSH was recorded under 

these conditions (Figure 4.6). An electron withdrawing nitro group has enhanced the 

reaction rate with GSH (Figure 4.6) as predicted while electron donating groups 

reduced the reaction rate. In the case of 75, 12% remained after 5 min while 6% of 76 

remained during the same time period (Table 4.3, entries 2-3). 

A diminished reactivity for compounds with electron donating group is expected. For 

example, 5-amino derivative 77, after 5 min of reaction 68% still remained, which 

was slower than 74 (Table 4.3, entry 4). Reactivity of Juglone derivative 78 (26% 

remained after 5 min) was similar to 74 suggesting that the hydroxyl group had no 

major effect on modulating the rate of epoxide opening (Table 4.3, entry 5). On the 

other hand, O-alkylated juglone derivatives with ethyl or benzyl groups (79, 80 or 81) 

showed a diminished reactivity with GSH in comparison to 78 or 74. Intramolecular 

H-bonding in 74 might have accelerated epoxide opening by GSH (Table 4.3, entries 

6-8). Thus, these results suggested that although remote, substitution on the aryl ring 

appeared to have a significant effect on the rate of reactivity of the epoxide with 

thiols.  
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Table 4.3. Synthesis of 2,3-epoxy-1,4-naphthoquinones 74-92 

 

Entry Quinone Time (min) Epoxide X Y R Yield (%)
 

1 20 5 74 H H H 88 

2 57 20 75 NO2 H H 67 

3 58 15 76 H NO2 H 88 

4 59 30 77 NH2 H H 43 

5 21 5 78 OH H H 68 

6 60 25 79 OEt H H 68 

7 23 15 80 OBn H H 81 

8 61 35 81 OCH2(4-CF3Ph) H H 82 

9 62 15 82 H H Me 89 

10 63 30 83 OH H Me 65 

11 64 60 84 OBn H Me 45 

12 66 120 85 H H Ph 97 

13 67 25 86 H H 3-NO2Ph 81 

14 68 30 87 H H 4-AcPh 74 

15 69 20 88 H H 4-FPh 52 

16 70 15 89 H H 4-Me 78 

17 71 40 90 H H 2-OMe 82 

18 72 25 91 H H 3-OMe 93 

19 73 45 92 H H 4-OMe 81 

 

A decreased reactivity with GSH was observed with an introduction of a methyl 

group at the 2-position of 2,3-epoxy-1,4-naphthoquinone (as in 82) (Table 4.3, entry 

9; Figure 4.6). This result was consistent with previous reports where the rate of 

reaction of 82 with GSH was found to be diminished in comparison with 74. No 

major effect was observed with an addition of a 5-hydroxyl (83) group to Vitamin 
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K3-epoxide on reactivity with thiols (Table 4.3, entry 10). However, the presence of a 

5-benzyloxy group (84) resulted in a diminution in reactivity with GSH and 94% of 

84 remaining after 5 min (Table 4.3, entry11). The reactivity of 2-aryl-2,3-epoxy-1,4-

naphthoquinone with GSH was also studied under similar conditions. Reaction of 85 

with GSH in 5 min was comparable with that of 82 under similar reaction conditions 

(Table 4, entry 12). An increased reactivity was seen in the case of electron 

withdrawing substituents on the aryl ring (86-88, Table 4.3, entries 13-15). Electron 

donating groups did not have a major effect on the reactivity of 2-aryl epoxides with 

thiols (89-92, Table 4.3, entries 16-19). 

Figure 4.6. Reactivity of 2,3-epoxy-1,4-naphthoquinones 74-84 towards thiols as 

measured by % compound remaining after 5 min of reaction with GSH (1 equiv) in pH 

7.4 buffer.  

 

4.2.4. Studies of ROS generation from epoxides 74-92: 

Epoxide ring opening of 74 with glutathione leads to formation of 74b, which then 

undergoes a keto-enol tautomerism to form the 1,4-diol 74c. Subsequent reaction of 

74c with molecular oxygen generates ROS and 74d as a major organic product. 

(Scheme 4.2).
19

 Xylenol orange based colorimetric assay was used to estimate the 

amount of H2O2 generated from the epoxides 74-92. Compound 74 (100 M) in the 

presence of 5 equiv GSH in aerobic pH 7.4 buffer produced 4.4 M of H2O2 during 

30 min (Table 4.4, entry 1).
32

 An enhanced yield of H2O2 (5.2 M) was observed with 

introduction of an electron withdrawing nitro substituent 75 (Table 4.4, entry 2). 

Under similar conditions, the 6-nitro derivative 76 had produced 8.34 M of H2O2, 
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which was also the fastest in reacting with GSH amongst the analogues tested (Table 

4.4, entry 3). A diminished level of H2O2 generation was observed with 77 containing 

an electron-donating amino group in comparison with 74 (Table 4.4, entry 4).  

Scheme 4.2. 2,3-Epoxy-2,3-dihydro-1,4-naphthoquinone reacts with thiols in the 

presence of oxygen to generate peroxide. 

 

The juglone derivative 78 formed 5.64 M of peroxide in the same time period, which 

was comparable with peroxide generated from 74 under similar conditions (Table 4.4, 

entry 5). Derivatives 79-81 with electron donating ether substituents produced 

negligible amounts of peroxide (Table 4.4, entries 6-8). Taken together, these results 

suggested that thiol-mediated peroxide generation profiles from 2,3-epoxy-2,3-

dihydro-1,4-naphthoquinones can be modulated by changing substituents on the aryl 

ring. Rationalizing the differences in amounts of peroxide generated require further 

characterization and study. However, a possible contributor to differences in peroxide 

levels would be the reactivity of intermediate 74c with oxygen, which might be 

affected by steric and electronic effects of the aryl ring (Scheme 4.2) Electron 

withdrawing groups on 2,3-epoxy-1,4-naphthoquinone were found to enhance the 

reactivity with thiol consequently increased ROS generation, conversely, electron 

releasing groups were found to diminish reactivity with thiol and ROS generation.  

Addition of GSH to 82 would produce the thiolated adduct 82b and elimination of 

water from 82b produces 82c as a major organic product (Scheme 4.3).
19,33

 For a keto 

tautomer to undergo enolization to give the enol tautomer -hydrogen is necessary. 

Due to the absence of -hydrogen in 82b, a buffer mediated enolization in 82b is 

disfavoured, hence no ROS generation is expected from 82. Under similar conditions 

only negligible amount of H2O2 generation was observed with 82 in comparison with 

74.
19

 Similar results were observed with 83 and 84 in pH 7.4 phosphate buffer after 

30 min of incubation with GSH. (Table 4.4, entry 9). 
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Table 4.4. Glutathione-mediated decomposition of 2,3-epoxy-1,4-

naphthoquinones (74-92) and H2O2 yield upon reaction with GSH. 

 

Entry Compd X Y R % Rem.
a 

H2O2 (M)
b 

1 74 H H H 30 4.40 

2 75 NO2 H H 12 5.20 

3 76 H NO2 H 6 8.34 

4 77 NH2 H H 68 1.68 

5 78 OH H H 26 5.64 

6 79 OEt H H 41 1.68 

7 80 OBn H H 59 1.60 

8 81 OCH2(4-CF3Ph) H H 83 1.68 

9 82 H H Me 45 1.52 

10 83 OH H Me 64 1.60 

11 84 OBn H Me 94 1.58 

12 85 H H Ph 44 1.44 

13 86 H H 3-NO2Ph 29 1.40 

14 87 H H 4-AcPh 16 1.36 

15 88 H H 4-FPh 32 1.36 

16 89 H H 4-Me 66 1.48 

17 90 H H 2-OMe 54 1.28 

18 91 H H 3-OMe 43 1.46 

19 92 H H 4-OMe 37 1.40 
a
Reaction of the various compounds with 1 equiv GSH were conducted in pH 7.4 and 

% compound remaining after 5 min was estimated using HPLC analysis. Values 

represented are an average of two independent runs. 
b
compounds (100 M) were 

reacted with 5 equiv GSH in the presence of oxygen and H2O2 formed after 30 min. of 

reaction was estimated using a xylenol orange-based colorimetric assay.  
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Scheme 4.3. 2-Methyl-2,3-epoxy-1,4-naphthoquinone (82) reacts with thiols to 

produce 2-methyl-3-glutathionyl-1,4-naphthoquinone (82c). 

 

Furthermore, in all the cases tested, only a negligible amount of H2O2 was produced 

for compounds with a substituent on the epoxide ring, irrespective of nature of the 

substituent (Table 4.4, entries 10-19). Thus, unlike compound 74-81 where a thiol 

alkylation and subsequent ROS generation is possible, for compounds 82-92 (2-

substituted 2,3-epoxy-1,4-naphthoquinones) any biological effects might be primarily 

due to reactions with thiols.  

4.2.5. Antibacterial studies: 

Staphylococcus aureus (S. aureus) is among the most prevalent Gram-positive 

pathogens predominantly causing invasive skin infections.
34

 This pathogen has 

acquired resistance to most frontline antibiotics including those belonging to the 

methicillin class.
35,36

 Globally, infections caused by methicillin-resistant strains of S. 

aureus (MRSA) is on the rise but only a limited number of antibiotics are in 

development.
37

 Hence, new strategies to target MRSA are in urgent need. Intracellular 

reducing environment inside cells is maintained using BSH in  S. aureus. Attenuating 

anti-oxidant systems such as BSH enhances the stress inside cells and has been shown 

to sensitize S. aureus.
5
 The clinical use of Fosfomycin is wide spread due to its 

excellent bactericidal effects against multi-drug resistant strains.
3,38

 A recent study 

shows that of >400 clinical isolates of S. aureus including MRSA, 99.3% were found 

to be susceptible to Fosfomycin.
39

 Hence, covalent modification of thiols could be a 

possible strategy to develop new MRSA inhibitors.  

Having synthesized a series of thiol activated ROS generators, we tested the ability of 

these ROS generators to inhibit methicillin sensitive (MSSA) and resistant strains of 

S. aureus (MRSA). Antibacterial testing was performed on MSSA and MRSA with 

only selective compounds, such as 74-76 and 78. These were the fastest in reacting 

with thiols and also the best ROS generators among the analogues tested. We found a 
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minimum inhibitory concentration of 16 g/mL for 74-76 and 78 against MSSA and 

MRSA (Table 4.5).  

Table 4.5. Antibacterial activity of 74-76 and 78 against MSSA and MRSA 

Entry Compd 
% MIC g/mL

a 

MSSA MRSA 

1 74 16 16 

2 75 16 16 

3 76 16 16 

4 78 16 16 

a
Minimum inhibitory concentration (MIC) is the lowest concentration required to 

inhibit 99% of bacterial growth MSSA = Staphylococcus aureus ATCC 29213, 

MRSA = Staphylococcus aureus ATCC 33591; MICs were provided by Vitas Pharma. 

The difference in the reactivity of these compounds with thiol as well as ROS 

generation did not have an effect on their inhibitory potential against S. aureus. 

Although these compounds could completely inhibit S. aureus only at 16 g/mL 

concentration, this is a significant improvement, since enhancement of intracellular 

ROS alone did not have an impact on the bacterial growth as learned from Chapters 2 

and 3.  

4.3 Revised design of Indole based thiol activated ROS generators: 

4.3.1. Revised design of Indole-epoxide scaffold (IND-NQE): 

Preliminary results have shown that thiol depletion in conjunction with proposed ROS 

generation was an effective strategy to inhibit drug resistant Gram positive bacterium 

S. aureus. We have revised the design in order to improve the antibacterial efficiency. 

An indole based scaffold was preferred to introduce a structural handle for fine tuning 

thiol reactivity and ROS generation of the compounds. The ability of 2,3-epoxy-1,4-

naphthoquinones to react with thiols to generate ROS is well documented.
40,41

 Fusing 

this scaffold with an indole, which is considered as a “privileged” scaffold, might lead 

to improved pharmacological properties (Scheme 4.4).
42

 Furthermore, reactivity of 

thiols to the epoxide is predicted in part to affect antimicrobial activity and hence, the 

presence of three structural handles (R, X and Y) might be useful in modulating thiol 

reactivity and as a consequence MRSA inhibitory potency (Scheme 4.4).  
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Scheme 4.4. Proposed indole-based 2,3-epoxy-1,4-naphthoquinone scaffolds 

 

The proposed IND-NQE analogues were synthesized in three steps starting from 

substituted indole-3-carboxaldehydes.  

4.3.2. Synthesis and characterization: 

Initially, 3-vinyl-indole was synthesized by Wittig olefination of indole-3-

carboxaldehyde with methyltriphenylphosphonium bromide, which was not isolated 

but subjected to Diels-Alder cycloaddition reaction with 1,4-benzoquinone followed 

by aerobic oxidation in ethanol gave 121 in 64% yield (Table 4.6, entry 1).  

Table 4.6. Synthesis of 121-130 

 

Entry R Y Product % Yield
c 

1 H H 121 64 

2 Et H 122 18 

3 
i
Pr H 123 23 

4 Allyl H 124 10 

5 Bn H 125 14 

6 H Me 126 14 

7 Et Me 127 13 

8 
i
Pr Me 128 11

d
 

9 Allyl Me 129 21 

10 Bn Me 130 25 

a
Conditions: YCH2PPh3Br, 

n
BuLi, THF; 

b
Conditions: EtOH, RT, overnight; 

c
isolated 

yield; 
d
Crude yield (>80% purity by 

1
H NMR analysis) 
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Next, a sodium hypochlorite mediated epoxidation of 121 produced the desired 

epoxide 135 (Table 4.7, entry 1) in 94% yield. Following similar synthetic strategy: 

Wittig followed by Diels-Alder methodology, indole-quinones with various N-alkyl 

substituents (122-125) were synthesized (Table 4.6, entries 2-5).  

 

Epoxidation of these quinones gave the corresponding epoxides in yield ranging from 

94-96% (Table 4.7, entries 2-5). Next, substituent Y was changed during the Wittig 

reaction by the use of ethyltriphenylphosphonium bromide and 126-130 where Y = 

Me were isolated in 11-25% yields (Table 4.6, entries 6-10). Subsequent epoxidation 

of these compounds gave the corresponding epoxides 140-144 in 71-95% yields 

(Table 4.7, entries 6-10).  

Table 4.7. Synthesis of epoxides 135-144 

 

Entry R Y Product % Yield
 

1 H H 135 94 

2 Et H 136 96 

3 
i
Pr H 137 96 

4 Allyl H 138 94 

5 Bn H 139 96 

6 H Me 140 85 

7 Et Me 141 71 

8 
i
Pr Me 142 84 

9 Allyl Me 143 95 

10 Bn Me 144 88 

 

X-ray diffraction analysis of crystalline 138 and 143 showed that the quinone ring 

assumed a boat-like conformation with the remaining aromatic rings being nearly 

planar (Figure 4.8). The approach of the nucleophile must occur from the side 
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opposite to the epoxide ring where it might encounter a steric barrier due to the 

carbonyls at the C-2 and C-10 positions. 

Figure 4.7. X-Ray diffraction analysis of (A) 138 and (B) 143 

 

4.3.3. Stability studies on 135 – 144 with cysteine in pH 7.4 buffer: 

Reactivity of the compounds with thiol was examined by reacting compounds 135-

144 with cysteine (10 equiv) at 37 ºC in pH 7.4 phosphate buffer. The reaction 

mixture was analyzed by HPLC after 60 min of incubation to estimate amount of 

epoxide remaining (%) was determined.  

Figure 4.8. Comparison of data obtained for analogues 135-139 and their 

respective homologues 140-144: (A) % remaining upon reaction with cysteine (10 

equiv) determined by HPLC analysis of the reaction mixture after 1 h; (B) 

Extracellular hydrogen peroxide estimated after incubation of the compound at 50 M 

with S. aureus for 1 h. 

 

For 135 in buffer mediated reaction with cysteine, 33% remaining after 60 min was 

quantified. A nearly comparable level of decomposition for 136 and 137 (33 and 34% 

respectively) was observed. Reactivity of N-allyl derivative 138 was slightly on the 

lower side with 58% remaining in comparison with 135. Under similar conditions the 

introduction of benzyl substituent (139) resulted in decreased reactivity with 76% of 
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compound remaining. Our data showed that the analogues with Y = H have a range of 

reactivity with cysteine (33-76% remaining; Table 4.8, entries 1-5).  

It appears that a larger substituent on the nitrogen of indole led to decreased reactivity 

of the epoxide ring. However, the effect of introducing a methyl substituent at  the C-3 

position resulted in diminished reactivity with >80% remaining in all cases tested 

(Table 4.8, entries 6-10). The trend in reactivity was apparent during comparison of 

the two groups with the same “R” at the N-position was identical (Figure 4.9A). Thus, 

our data suggests that increasing sterics on the C-3 diminishes reactivity of the 

epoxide towards nucleophilic attack. Although the precise structural basis for the 

hindrance remains to be completely determined, it appears that a structural tool for  

controlling the reactivity with thiols is possible.
43,44

  

4.3.4. Extracellular ROS generation from 135 – 144 in S. aureus: 

The ability of compounds 135-144 to permeate cells and react with intracellular thiols 

to generate ROS was assessed by measurement of extracellular hydrogen peroxide. 

We have incubated compounds with S. aureus for 60 min and quantified extracellular 

H2O2
45-47

 using an Amplex Red-based fluorescence assay.
48

 There was no particular 

trend in H2O2 production observed with 135 – 139 and majority of compounds when 

treated at 25 M were found to generate in excess of 5 M of H2O2 (Table 4.8, entries 

1-5). Similar to thiol reactivity, it was found that compounds with Y = H (135-139) 

had enhanced ROS generating capability in comparison with the Y = Me (140-144)  

(Table 4.8, entries 6-10, Figure 4.9B) suggesting that increased reactivity with a thiol 

in a test-tube correlated well with enhanced ROS production in bacteria. 

4.3.5. Antibacterial studies: 

The inhibitory potential of these compounds against methicillin-sensitive S. 

aureus (MSSA) was next tested. The minimum inhibitory concentrations (MICs) for 

135-139 were in the range of 0.5-4 g/mL (Table 4.8, entries 1-5). Compound 137 

was identified as highly efficient inhibitor with an MIC of 0.5 g/mL with MSSA. An 

MIC of 4 g/mL was obtained for 135 and three compounds (136, 138 and 139) were 

effective at 2 g/mL in inhibiting MSSA. Analogues with methyl substitution at the 

3-position (Y = Me), which had diminished reactivity with thiols and poor ROS 

generating capability, were also found to be poor inhibitors of MSSA at the highest 
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concentrations of 32 g/mL tested (Table 4.8, entries 6-10). Thus, it appears that both 

thiol reactivity and ROS generation are important for the compound to be a good 

inhibitor of MSSA (Table 4.8, entries 1-5).  

Table 4.8. Results of thiol-mediated decomposition and antibacterial activity 

against MSSA and MRSA  

Entry Compd % Remaining
a
 H2O2 (M)

b
 

% MIC g/m
c 

MSSA MRSA 

1 135 33 12.1 4 8 

2 136 33 7.1 2 1 

3 137 34 4.9 0.5 0.25 

4 138 58 8.5 2 2 

5 139 76 6.7 2 2 

6 140 86 6.6 >32 >32 

7 141 93 2.6 >32 4 

8 142 84 5.0 >32 16 

9 143 91 4.4 >32 >32 

10 144 98 0.4 >32 >32 

11 145 29 4.0 >32 >32 

12 146 27 4.0 >32 >32 

13 147 43 2.4 >32 >32 

14 148 38 5.2 2 2 

15 Vancomycin 0.5 1.0 
a
Reaction of the epoxide with 10 equiv cys was conducted in pH 7.4 and % compound 

remaining after 60 min was estimated using HPLC analysis. 
b
Extracellular H2O2 

measured using Amplex Red
®

 assay after 60 min incubation with S. aureus. 

c
Minimum inhibitory concentration (MIC) is the lowest concentration required to 

inhibit 99% of bacterial growth MSSA = Staphylococcus aureus ATCC 29213, 

MRSA = Staphylococcus aureus ATCC 33591; MICs were obtained from Vitas 

Pharma. 

When this library (135-144) was tested against methicillin resistant strain of S. 

aureus, MRSA 33591 (Table 4.8, entries 1-5) four compounds (136-139) were found 
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to have excellent MICs ≤ 2 g/mL (Table 4.8, entries 2-5) and the best inhibitor was 

found to be 137 with MIC of 0.25 g/mL (Table 4.8, entry 3), which was better than 

one of the commercially used antibiotics for the treatment of MRSA infections, 

Vancomycin (Table 4.8, entry 15). Similar to MSSA, for compounds Y = Me (140 – 

144) observed MICs were greater than 8 g/mL, further insisting that reactivity of 

compounds with thiol and ROS generation together plays an important role in 

inhibiting bacterial growth (Table 4.8, entries 6-10).  

 

4.3.6. Analogues of 137 and their antibacterial studies: 

Among the compounds tested in this study, highly potent inhibitor of MRSA was N-

isopropyl derivative of IND-NQE (137). To study the effect of varying substitutions 

at the 6-position of 137, compounds 145-148 were synthesized. Starting from indole-

3-carboxaldehyde (103-106), a Wittig olefination was carried out with 

methyltriphenylphosphonium bromide to obtain 3-vinylindoles followed by a [4+2] 

cycloaddition reaction with 1,4-benzoquinone produced the quinones  131-134 (Table 

4.9, entries 1-4). The crude quinones were epoxidized to obtain 145-148 with two step 

overall yields ranging from 36 – 88%. (Table 4.10, entries 1-4). The 6-position is 

located “para” to the nitrogen of indole and hence, may have an effect on changing 

availability of the lone pair, which is conjugated to the carbonyl of the quinone.  

Table 4.9. Synthesis of 131-134  

 

Entry R X Reactant Product Yield
a 

1 
i
Pr Br 103 131 30 

2 
i
Pr CN 104 132 13

b
 

3 
i
Pr F 105 133 22 

4 
i
Pr OMe 106 134 60 

a
Crude yield (>80% purity determined by 

1
H NMR analysis); 

b
Isolated yield. 
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The analogues 145-148 were found to react with thiols and also generated H2O2 when 

incubated with S. aureus (Table 4.8, entries 11-14). There was no clear effect of 

changing substituents on the 6-position suggesting that the lone-pair on the nitrogen 

did not significantly affect epoxide reactivity or ROS generating ability. When tested 

for bacterial growth inhibitory activity, among the N-isopropyl derivatives (Table 4.8, 

entries 11-14) only 148 was found to be a good MRSA inhibitor (Table 4.8, entry 14), 

and remaining compounds 145-147 were found to be inactive (Table 4.8, entries 11-

13), reason for which is not clear and needs further investigation. Thus, our structure-

activity relationship study shows that substitution at the 3-position resulted in 

diminished thiol reactivity, lower ROS generation and poor inhibitory activity while 

no clear trend could be found by changing substitution at the 6-position. Nevertheless, 

our data reveal 137 as the best MRSA inhibitor among analogues tested and this 

compound was identified as the lead for further studies. 

Table 4.10. Synthesis of 145-148  

 

Entry R X Reactant Product Yield
a 

1 
i
Pr Br 131 145 65 

2 
i
Pr CN 132 146 53

b
 

3 
i
Pr F 133 147 36 

4 
i
Pr OMe 134 148 88 

a
Yield was for epoxidation of crude quinone; 

b
Isolated yield 

4.3.7. Mechanistic studies on 137: 

ROS generation by 137 involves reaction with free thiols to form thiolated adduct (I, 

Scheme 4.5), which then subsequently undergoes a keto-enol tautomerism to produce 

a diol(ate) II. The intermediate II transfers an electron to oxygen to produce O2
●

 and 

in the process this intermediate is oxidized to III (Scheme 4.5). Mass spectrometry of 

the reaction mixture of 137 glutathione in pH 7.4 buffer revealed the formation of III 

supporting the proposed mechanism as shown in Scheme 4.5. In addition, under these 
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reaction conditions, we also observed the formation of GS–SG (expected [M+K]
+
 = 

651.1157; obtained [M+K]
+
 = 651.0668), which is indicative of thiol oxidation, again, 

symptomatic of ROS generation. 

Scheme 4.5. Proposed mechanism for glutathione-mediated decomposition of 

137 to generate ROS. 

  

 

The cell permeability of the compounds and their capability to deplete intracellular 

thiols was tested using a mono-bromobimane (mBBr) fluorescence assay.
4,49,50

 In this 

study, a reaction of thiol with weakly fluorescent mBBr produces a highly fluorescent 

thiolated adduct (Scheme 4.6). Hence, increased fluorescence is an indicator of 

greater free thiol levels inside cells and vice versa. The results of this assay were 

consistent with depletion of intracellular thiols in S. aureus upon exposure to 137 in 

comparison with untreated control (Figure 4.10A).  

Scheme 4.6. Reaction of mono-bromobimane (mBBr) with thiol 

 

 

When compared with Fosfomycin and N-phenylmaleimide (NPM), we find that 137 

was better at depleting thiols intracellularly (Figure 4.10A). In order to understand 

whether thiol depletion and ROS generation were integral to the mechanism of action 

of this series of compounds, selected analogues were compared with 137 in the 

aforementioned assay. We chose 135 (MIC = 4 g/mL) and 140 (MIC = 16 g/mL). 
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Among these derivatives we found that the MICs roughly correlated with thiol 

depleting ability. For example, 140, did not appear to deplete thiols in comparison 

with untreated control and was a poor MRSA inhibitor (Figure 4.10A). 

 Further, intracellular ROS generation by 137 in S. aureus was examined using 

dihydroethidine (DHE) assay.
46,51,52

 DHE specifically reacts with O2
●

 to produce 2-

hydroxyethidium (2-OH-E
+
) and the presence of ethidium (E

+
) is an indicator for 

global enhancement of oxidative species including hydroxyl radical. After 60 min of 

incubation of 137 and DHE with S. aureus, cells were lysed, and extracted with 

acetonitrile: buffer (1:1, 100 L, v/v) and the supernatant was analyzed by HPLC 

connected with a fluorescence detector. When MSSA cells were incubated with 137 

for 1 h, we find nearly complete disappearance of DHE as well as increased levels of 

2-OH-E
+
 and E

+
 suggestive of increased intracellular ROS (Figure 4.10B). Under 

similar conditions, when fosfomycin was tested, we find increased oxidative species 

including O2
●

 suggesting that depletion of intracellular antioxidant thiols resulted in 

increased oxidative stress.  

 

Figure 4.9. Intracellular thiol depletion and ROS generations studies: (A) 

Intracellular thiol depletion in S. aureus measured after 60 min of incubation at 37 °C 

using mono-bromobimane (mBBr) based fluorimetric assay: Fos: Fosfomycin; NPM: 

N-phenylmaleimide. (B) Representative traces of a dihydroethidium (DHE) assay for 

study of increased intracellular ROS in S. aureus during independent incubation of 

137 and Fosfomycin (Fos). Superoxide specifically react with DHE to produce 2-

hydroxyethidium (2-OH-E
+
); Ethidium (E

+
) is formed by non-specific oxidation of 

DHE and is indicative of a general increase in oxidative species. 
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Table 4.11. Minimum inhibitory concentrations (MIC) against MRSA clinical 

isolates.
a
  

Entry 
MRSA Isolate 

MIC of 137 MIC of Vancomycin 

g/mL M g/mL M 

1 7419 0.25 0.8 1 0.7 

2 B19506 0.25 0.8 0.5-2 0.35-1.4 

3 K-1 0.25 0.8 1 0.7 

4 7425 0.25 0.8 0.5-2 0.35-1.4 

5 7386 0.25 0.8 0.5-1 0.35-0.7 

6 9902 1 3.2 0.5 0.35 

7 288 0.5 1.6 0.5 0.35 

8 21838 0.25 0.8 0.5 0.35 

9 853 0.5 1.6 0.5 0.35 

10 7419 0.5 1.6 0.5 0.35 

11 151 0.5 1.6 0.5 0.35 

a
MICs were provided by Vitas Pharma. 

Finally, the lead 137 was tested for its toxicity towards mammalian cells using a 

standard cell viability assay against human lung carcinoma cell line A549. The 

growth inhibitory potency 50% (GI50) was found to be >30 M, suggesting 137 is not 

toxic to human cells at concentrations where it is effective against MRSA (0.8-3.2 

M). Next, in order to test if 137 unique mechanisms would allow it to overcome 

resistance in MRSA, we tested the efficacy of 137 to inhibit patient-derived stains of 

drug resistant MRSA. In this assay, MICs of 0.25-0.5 g/mL were recorded 

suggesting that 137’s activity against patient-derived strains were conserved (Table 

4.11). The in vitro activity of 137 against MRSA appears to be comparable or better 

than the commercially used antibiotic Vancomycin (MIC = 0.5 – 2 g/mL, Table 

4.11). 

 

4.4. Conclusion: 

We have developed a 2,3-epoxy-1,4-naphthoquinone based thiol activated scaffold for 

ROS generation in buffer as well as inside cells. A series of 2,3-epoxy-1,4-
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naphthoquinones were found to be efficient in reacting with thiols to generate ROS 

and moderately active against MSSA and MRSA. Our revised design of indole based 

scaffold offered structural handle to modulate the reactivity with thiols for ROS 

generation. From our study, we have shown that the compound permeates inside to 

react with thiols and to enhance intracellular ROS in S. aureus. Introduction of a 

substituent at 6-position found to decrease the reactivity with thiols, consequently 

slowing down the ROS generation. We have identified highly potent inhibitor of 

MRSA 137 with an MIC of 0.25 g/mL, which is better than commercially used 

antibiotic Vancomycin (1.0 g/mL). In addition, 137 was found to retain its activity 

against many of the hospital isolates of drug resistant strains of S. aureus. From the 

mechanistic studies, it appears that a combination of covalent modification of 

biological thiols and enhancement of ROS in bacteria is an integral mechanism of 

action of the lead compound. 
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4.5. Experimental and Characterization Data: 

Experimental Section: 

Compounds 58, 59, 60, 21, 61, 23, 66, 67, 70, 71, 72, 73, 74, 78, 89, 81 and 82 are 

previously
22-30

 reported and spectral data that we obtained was consistent with literature 

values.  

4.5.1General procedure for benzylation of 5-hydroxy-1,4-naphthoquinones. 

To a 50 mL round bottom flask containing 1,1-dichloromethane (DCM, 8 mL),compound 

(1 mmol), benzylbromide (2.0 mmol) were added followed by Ag2O (3.0 mmol); the 

reaction flask was covered with aluminium foil, flushed with nitrogen gas and stirred for 

24 h at room temperature. Upon complete consumption of starting material as determined 

by thin layer chromatography (TLC) analysis, the reaction mixture was filtered through a 

celite bed. The filtrate was evaporated to dryness under reduced pressure to obtain crude 

product. The crude material was purified by silica gel column chromatography using 

ethyl acetate (5→30 %) and petroleum ether solvent system to obtain pure material. 

 

5-(4-Trifluoromethylbenzyloxy)-1,4-naphthoquinone (61).  

Starting from 21 (200 mg, 1.15 mmol), the naphthoquinone 

61 was isolated as a bright yellow crystalline solid (366 

mg, 96%): mp 136 – 138 °C; FT-IR (max, cm
-1

): 3075, 

1658, 1614, 1583, 1451, 1386, 1305, 1250, 1170, 1106, 

1058, 1026, 955; 
1
H NMR (400 MHz, CDCl3): δ 8.32 (d, J 

= 6.0 Hz,1H), 7.77 (d, J = 5.2 Hz,1H), 7.69 (d, J = 5.6 Hz, 3H), 7.44 (t, J = 5.8 Hz, 1H), 

7.35 (d, J = 6.2 Hz, 1H), 6.90 (s, 2H), 5.45 (s, 2H); 
13

C NMR (100 MHz, CDCl3): δ 

196.2, 184.4, 158.1, 141.0, 136.5, 135.3, 128.4, 127.9, 112.0, 119.3, 77.5, 77.2, 77.0, 

67.1; HRMS (ESI): calcd. for [C18H11F3O3+Na]
+
: 355.0558; Found: 355.0558. 

 

5-Benzyloxy-2-methyl-1,4-naphthoquinone (64).  

Starting from 63 (200 mg, 1.06 mmol), the naphthoquinone 64 was isolated as a bright 

yellow solid (298 mg, 98%): mp 150 – 152 °C; FT-IR (max, cm
-1

): 3043, 2854, 2346, 

1747, 1653, 1575, 1446, 1363, 1251, 1054, 965, 903, 831, 768, 729; 
1
H NMR (400 MHz, 
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CDCl3): δ 7.75 (dd, J = 1.0, 7.6 Hz, 1H), 7.55-7.62 (m, 

3H), 7.40 (t, J = 7.5 Hz, 2H), 7.28-7.33 (m, 2H), 6.72 (q, J 

= 1.5 Hz, 1H), 5.27 (s, 2H), 2.10 (d, J = 1.6 Hz, 3H); 
13

C 

NMR (100 MHz, CDCl3): δ 185.9, 184.4, 158.4, 145.5, 

138.0, 136.2, 134.6, 128.8, 128.0, 126.8, 120.6, 119.8, 

119.6, 71.0, 16.0; HRMS (ESI): calcd., for [C18H14O3+Na]
+
: 301.0841; Found: 301.0844. 

4.5.2General procedure for coupling of arylboronic acids with 2-bromo-1,4-

naphthoquinone 

To a mixture of THF: H2O (9:1 v/v, 100 mL) under nitrogen atmosphere, 2-bromo-1,4-

naphthoquinone (1equiv), sodium carbonate (2 equiv), arylboronic acid (1.5 equiv) and 

Pd(PPh3)4 (3 mol%) were added. The reaction mixture was stirred at room temperature 

until TLC analysis showed complete disappearance of starting material. Work up 

involved separation of the aqueous layer from the organic layer, washing of the aqueous 

layer with ethyl acetate (3 × 10 mL). The combined organic layers were dried (sodium 

sulphate) and filtered; removal of solvent under reduced pressure from the filtrate 

produced the crude product, which was purified by silica gel column chromatography 

(5→15 % ethyl acetate in petroleum ether) to obtain the desired product. 

 

2-(4-Acetylphenyl)-1,4-naphthoquinone (68).  

Starting from 2-bromo-1,4-naphthoquinone 64 (300 mg, 

1.27 mmol), the naphthoquinone 68 was isolated as a 

yellow solid (159 mg, 43%): mp 170 – 172 °C; FT-IR 

(max, cm
-1

): 3068, 1744, 1657, 1591, 1548, 1402, 1357, 

1302, 1258, 1171, 1109, 1018, 958; 
1
H NMR (400 MHz, 

CDCl3): δ 8.18-8.19 (m, 1H), 8.12-8.13 (m, 1H), 8.04 (d, J = 6.3 Hz, 2H), 7.80 (d, J = 3.4 

Hz, 2H), 7.66 (d, J = 6.4 Hz, 2H), 7.10 (s, 1H), 2.65 (s, 3H); 
13

C NMR (100 MHz, 

CDCl3): d 197.6, 184.9, 184.0, 147.2, 137.9, 136.0, 134.2, 134.17, 129.8, 129.1, 128.4, 

127.5, 127.2,  126.2, 26.9; HRMS (ESI): calcd. for [C18H12O3+Na]
+
: 299.0684; Found: 

299.0684. 
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2-(4-Fluorophenyl)-1,4-naphthoquinone (69).  

Starting from 2-bromo-1,4-naphthoquinone 64 (154 mg, 1.10 

mmol), the naphthoquinone 69 was isolated as a yellow solid 

(142 mg, 66%): mp 142 – 144 °C; FT-IR (max, cm
-1

): 3068, 

2961, 1742, 1685, 1593, 1507, 1301, 1259, 1160, 1102, 1009; 

1
H NMR (400 MHz, CDCl3): δ 8.16-8.18 (m, 1H), 8.10-8.12 

(m, 1H), 7.76-7.78 (m, 2H), 7.55-7.59 (m, 2H), 7.16 (t, J = 8.6 Hz, 2H), 7.05 (s, 1H); 
13

C 

NMR (100, MHz, CDCl3):  185.1, 184.4, 165.3, 162.8, 147.1, 135.1, 134.0, 132.4, 

132.1, 131.6, 131.5, 129.4, 127.2, 126.1, 115.9, 115.7; HRMS (ESI): calcd. for 

[C16H9FO2+Na]
+
: 275.0484; Found: 275.0484. 

 

4.5.3General Procedure for Epoxidation 

To a stirred solution of the naphthoquinone (1 mmol) in THF (2 mL), sodium 

hypochlorite (1 mmol, 1.5 mL of 5 wt % solution) was added and the resulting reaction 

mixture was stirred at room temperature (25 °C). The reaction mixture was diluted with 

water (15 mL), and extracted using ethyl acetate (3 × 10 mL). The organic layers were 

combined and then washed with brine (10 mL), and dried (Na2SO4). The crude obtained 

by removal of sodium sulfate by filtration was then purified by silica gel column 

chromatography (1 → 5 % ethyl acetate in petroleum ether). 

 

2,3-Epoxy-2,3-dihydro-5-nitro-1,4-naphthoquinone (75).  

Starting from 57 (100 mg, 0.49 mmol), the epoxide 75 was isolated as 

a white solid (72 mg, 67%): mp 141 – 142 °C; FT-IR (max, cm
-1

): 

3051, 2922, 2852, 1703, 1595, 1542, 1373, 1323, 1294; 
1
H NMR (400 

MHz, CDCl3):  8.15 (dd, J = 0.9, 7.8 Hz, 1H), 7.97 (dd, J = 8.0, 1.2 

Hz, 1H), 7.86 (t, J = 7.8 Hz, 1H), 4.15 (d, J = 4.1 Hz, 1H), 4.12 ( d, J = 4.1 Hz, 1H); 
13

C 

NMR (100 MHz, CDCl3):  188.8, 188.2, 148.7, 134.4, 132.6, 130.5, 129.2, 126.3, 55.6, 

55.1; Elem. Anal. Calcd., for C10H5NO5·0.05 H2O: C, 54.81; H, 2.30; N, 6.39. Found: C, 

54.69; H, 2.77; N, 6.49. 
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2,3-Epoxy-2,3-dihydro-6-nitro-1,4-naphthoquinone (76).  

Starting from 58 (100 mg, 0.49 mmol), the epoxide 76 was 

isolated as a white solid (94 mg, 88%): mp 140 – 141 °C; FT-IR 

(max, cm
-1

): 3076, 3040, 2372, 1705, 1603, 1573, 1344, 1290, 

994; 
1
H NMR (400, MHz, CDCl3):  8.82 (d, J = 2.2 Hz, 1H), 

8.58 (dd, J = 2.3, 8.3 Hz, 1H), 8.20 (d, J = 8.6 Hz, 1H), 4.15 (dd, 

J = 3.7, 6.4 Hz, 2H); 
13

C NMR (100 MHz, CDCl3): δ 189.2, 188.6, 144.9, 135.5, 129.3, 

128.8, 122.7, 55.7, 55.6; HRMS (MALDI): calcd. for [C10H5NO5+K]
+
: 258.2487; Found: 

258.2380. 

 

2,3-Epoxy-2,3-dihydro-5-amino-1,4-naphthoquinone (77).  

Starting from 59 (173 mg, 1.00 mmol), epoxide 77 was isolated as a 

pale yellow solid (81 mg, 43%): mp 131 – 132 °C; FT-IR (max, cm
-1

): 

3746, 3403, 2926, 1704, 1646, 1601, 1540, 1327, 1287, 1002, 993; 
1
H 

NMR (400 MHz, CDCl3):  7.41 (dd, J = 7.4, 8.2 Hz, 1H), 7.28 (dd, J 

= 1.2, 7.3 Hz, 1H), 6.92 (dd, J = 0.9, 8.7 Hz, 1H), 6.33 (br, 2H), 3.94 (d, J = 3.7 Hz, 1H), 

3.90 (d, J  = 3.7 Hz, 1H); 
13

C NMR (100 MHz, CDCl3):  192.4, 191.6, 150.4, 135.3, 

133.0, 123.1, 116.9, 111.4, 56.0, 55.2; HRMS (MALDI) calcd., for [C10H7NO3+K]
+
: 

228.0063; Found: 228.0014. 

 

2,3-Epoxy-2,3-dihydro-5-ethyloxy-1,4-naphthoquinone (79).  

Starting from 60 (150 mg, 0.74 mmol), the epoxide 79 was 

isolated as a grayish white solid (109 mg, 68%): mp 110 – 112 

°C; FT-IR (max, cm
-1

): 3079, 2982, 2940, 1697, 1584, 1457, 

1396, 1325, 1285, 1156, 1115, 1048, 995; 
1
H NMR (400 MHz, 

CDCl3): δ 7.61 (t, J = 8.0 Hz, 1H), 7.47 (dd, J = 0.9, 7.8 Hz, 

1H), 7.25 (d, J = 8.7 Hz, 1H), 4.16-4.22 (m, 1H), 3.96-4.14 (m, 3H), 1.47 (t, J = 6.9 Hz, 

3H); 
13

C NMR (100 MHz, CDCl3):  191.9, 190.2, 158.7, 135.1, 133.9, 120.4, 119.1, 

65.3, 55.5, 55.3, 14.6; HRMS (ESI): calcd., for [C12H10O4+Na]
+
: 241.0477; Found: 

241.0478. 
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2,3-Epoxy-2,3-dihydro-5-(4trifluoromethylbenzyloxy)-1,4-naphthoquinone (81).  

Starting from 61 (150 mg, 0.45 mmol), the epoxide 81 

was isolated as a white solid (129 mg, 82%): mp 144 – 

146 °C; FT-IR (max, cm
-1

): 3080, 1698, 1585, 1450, 

1395, 1317, 1284, 1261, 1173, 1109, 1064, 985; 
1
H NMR 

(400 MHz, CDCl3): δ 8.05 (d, J = 7.8 Hz, 1H), 7.62-7.68 

(m, 3H), 7.56 (d, J = 7.8 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 7.30 (d, J = 8.7 Hz, 1H), 5.40 

(d, J = 13.7 Hz, 1H), 5.34 (d, J = 13.7 Hz, 1H), 3.99-4.01 (m, 2H); 
13

C NMR (100 MHz, 

CDCl3):  191.6, 190.1, 157.6, 135.4, 134.5, 134.0, 132.7, 128.1, 127.9, 125.9, 125.8, 

120.6, 119.9, 119.3, 66.92, 66.89, 55.6, 55.3; HRMS (ESI): calcd. for [C18H11F3O4+Na]
+
: 

371.0507; Found: 371.0506. [Note: Multiple and weak signals were seen in the aromatic 

region of 
13

C NMR due to the coupling of fluorine atoms (–CF3)with the adjacent phenyl 

ring carbons]. 

 

2,3-Epoxy-2-methyl-5-benzyloxy-1,4-naphthoquinone (84).  

Starting from 64 (150 mg, 0.57 mmol), the epoxide 84 was 

isolated as a pale yellow solid (72 mg, 45%): mp 115 – 117 

°C. FT-IR (max, cm
-1

): 3080, 1699, 1583, 1447, 1387, 1327, 

1286, 1251, 1075, 1032, 965; 
1
H NMR (400 MHz, CDCl3): δ 

7.55-7.59 (m, 2H), 7.49 (d, J = 7.3 Hz, 2H), 7.39 (t, J = 7.3 

Hz, 2H), 7.27-7.32 (m, 2H), 5.25 (d, J = 12.4 Hz,1H), 5.17 (d, J = 12.4 Hz, 1H), 3.83 (s, 

1H), 1.71 (s, 3H); 
13

C NMR (100 MHz, CDCl3):  193.0, 191.1, 157.9, 135.9, 135.0, 

134.4, 128.8,128.2 126.9, 121.1, 119.9, 119.4, 71.0, 61.7, 61.65, 14.6; HRMS (ESI): 

calcd for [C18H14O4+Na]
+
: 317.0790; Found: 317.0790. 

 

2,3-Epoxy-2-(3-nitrophenyl)-1,4-naphthoquinone (86).  

Starting from 67 (100 mg, 0.36 mmol), the epoxide 86 was 

isolated as a white solid (84 mg, 81%): mp 129 – 131 °C; 

FT-IR (max, cm
-1

): 3089, 2924, 1695, 1590, 1530, 1345, 

1296, 1200, 1123, 1028; 
1
H NMR (400 MHz, CDCl3): δ 8.35 

(s, 1H), 8.28 (d, J = 8.2 Hz, 1H), 8.06-8.09 (m, 1H), 7.99-8.02 (m, 1H), 7.79-7.83 (m, 
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3H), 7.63 (td, J= 2.8, 8.0 Hz, 1H), 3.96 (d, J = 3.0 Hz, 1H); 
13

C NMR (100 MHz, 

CDCl3):  189.9, 189.4, 148.3, 135.1, 135.06, 133.8, 133.1, 132.1, 131.8, 129.7, 128.1, 

127.2, 124.4, 122.9, 63.5, 63.0; HRMS (MALDI): calcd., for [C16H9NO5+K]
+
: 334.0118; 

Found: 334.0220. 

 

2,3-Epoxy 2-(4-acetylphenyl)-1,4-naphthoquinone (87).  

Starting from 68 (100 mg, 0.36 mmol), the epoxide 87 was 

isolated as a pale yellow solid (78 mg, 74%): mp 147 – 149 

°C; FT-IR (max, cm
-1

): 3068, 2319, 1744, 1657, 1592, 1548, 

1462, 1402, 1357, 1302, 1258, 1171, 1109, 1018; 
1
H NMR 

(500 MHz, CDCl3): δ 8.08-8.10 (m, 1H), 8.02 (d, J = 8.4 Hz, 

3H), 7.79-7.81 (m, 2H), 7.57 (d, J = 8.4 Hz, 2H,), 3.94 (s, 

1H), 2.63 (s, 3H); 
13

C NMR (125 MHz, CDCl3):  197.7, 190.4, 189.8, 137.7, 135.9, 

135.0, 134.9, 132.3, 131.8, 129.1, 128.5, 128.0, 127.9, 127.5, 127.1, 64.1, 63.0, 26.9; 

HRMS (MALDI): calcd., for [C18H12O4 +H]
+
: 293.0814; Found: 293.0990. 

 

2,3-Epoxy-2-(4-fluorophenyl)-1,4-naphthoquinone (88).  

Starting from 69 (70 mg, 0.28 mmol), the epoxide 88 was isolated 

as a white solid (39 mg, 52%): mp 143 – 145 °C; FT-IR (max, cm
-

1
): 2923, 1690, 1597, 1515, 1333, 1298, 1233, 1160, 1023; 

1
H 

NMR (400 MHz, CDCl3): δ 8.07-8.09 (m, 1H), 8.00-8.02 (m, 1H), 

7.79 (dd, J = 3.5, 5.7 Hz, 2H), 7.44-7.48 (m, 2H), 7.13 (t, J = 8.7 

Hz, 2H), 3.94 (s, 1H); 
13

C NMR (100 MHz, CDCl3):  190.8, 

190.2, 134.9, 134.8, 132.4, 131.9, 129.7, 128.0, 127.0, 126.7, 115.9, 115.6, 64.1, 63.1; 

HRMS (MALDI): calcd., for [C16H9FO3+Na]
 +

: 291.0433; Found: 291.0443. 

 

2,3-Epoxy-2-(4-methylphenyl)-1,4-naphthoquinone (89).  

Starting from 70 (100 mg, 0.40 mmol), the epoxide 89 was isolated as a white solid (81 

mg, 78%): mp 146 – 148 °C; FT-IR (max, cm
-1

): 2919, 1701, 1585, 1516, 1457, 1381, 

1324, 1282, 1260, 1152, 1115, 1028; 
1
H NMR (400 MHz, CDCl3): δ 7.97 (dd, J = 3.2, 

5.5 Hz, 1H), 7.89 (dd, J = 3.2, 6.0 Hz, 1H), 7.66 (dd, J = 3.4, 5.9 Hz, 2H), 7.26 (d, J = 7.8 
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Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 3.84 (s, 1H), 2.29 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3):  191.2, 190.5, 139.4, 134.8, 134.6, 

132.6, 131.9, 129.3, 128.0, 127.8, 127.6, 127.0, 64.7, 63.1, 21.4; 

HRMS (MALDI): calcd., for [C17H12O3+Na]
+
: 287.0684; Found: 

287.0773. 

 

2,3-Epoxy-2-(2-methoxyphenyl)-1,4-naphthoquinone (90).  

Starting from 71 (110 mg, 0.42 mmol), the epoxide 90 was 

isolated as a white solid (96 mg, 82%): mp 122 – 124 °C; FT-

IR (max, cm
-1

): 2934, 2842, 1694, 1594, 1498, 1463, 1398, 

1284, 1193, 1105, 1019; 
1
H NMR (400 MHz, CDCl3): δ 8.06-

8.08 (m, 1H), 8.02-8.04 (m, 1H), 7.75-7.77 (m, 2H), 7.37-7.43 

(m, 2H), 7.02 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 8.3 Hz, 1H), 3.89 (s, 1H), 3.75 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3):  191.6, 189.4, 157.9, 134.7, 134.5, 132.4, 132.1, 130.9, 128.1, 

128.0, 127.0, 120.7, 110.5, 63.4, 62.0, 55.7; HRMS (ESI): calcd., for [C17H12O4+Na]
+
: 

303.0663; Found: 303.0634. 

 

2,3-Epoxy-2-(3-methoxyphenyl)-1,4-naphthoquinone (91).  

Starting from 72 (100 mg, 0.34 mmol), the epoxide 91 was isolated as a pale yellow 

semi-solid (89 mg, 93%): FT-IR (max, cm
-1

): 2926, 2844, 

1697, 1594, 1460, 1279, 1234, 1179, 1114, 1045; 
1
H NMR 

(400 MHz, CDCl3): δ 8.03 (dd, J = 2.6, 4.6 Hz, 1H), 7.95 

(dd, J = 2.7, 4.4 Hz, 1H), 7.72 (dd, J = 2.6, 4.6 Hz, 2H), 

7.29 (t, J = 6.4 Hz, 1H,), 6.99 (d, J = 6.1 Hz, 1H), 6.93 (d, J 

= 1.1 Hz, 1H), 6.90 (dd, J = 1.4, 6.6 Hz, 1H), 3.89 (s, 1H), 3.76 (s, 3H); 
13

C NMR (100 

MHz, CDCl3):  191.0, 190.2, 159.7, 134.8, 134.7, 132.6, 132.3, 131.9, 129.7, 128.0, 

127.0, 120.0, 115.3, 113.0, 64.6, 63.0, 58.4; HRMS (MALDI): calcd. for [C17H12O4+H]
+
: 

281.0814; Found: 281.0966. 
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2,3-Epoxy-2-(4-methoxyphenyl)-1,4-naphthoquinone (92).  

Starting from 73 (70 mg, 0.27 mmol), the epoxide 92 was 

isolated as a white solid (60 mg, 81%): mp 126 – 128 °C; FT-

IR (max, cm
-1

): 2988, 2924, 2826, 1696, 1601, 1515, 1463, 

1392, 1301, 1246, 1180, 1111, 1034; 
1
H NMR (400 MHz, 

CDCl3): δ 8.08 (dd, J = 3.0, 6.0 Hz,1H), 8.00 (dd, J = 3.3, 6.4 

Hz, 1H), 7.77 (dd, J = 3.4, 5.5 Hz, 2H), 7.40 (d, J = 8.7 Hz, 

2H), 6.96 (d, J = 8.7 Hz, 2H), 3.95 (s, 1H), 3.83 (s, 3H); 
13

C NMR (100 MHz, CDCl3):  

191.3, 190.7, 160.4, 134.8, 134.6, 132.6, 131.9, 129.2, 128.0, 126.9, 122.7, 114.1, 64.6, 

63.1, 55.5; HRMS (ESI): calcd., for [C17H12O4+Na]
+
: 303.0633; Found: 303.0632. 

 

4.5.4. General procedure for Vilsmeier–Haack formylation: 

To a cold solution (0 ºC) of indole (1 eq.) in dry N,N-dimethylformamide (DMF, 10 mL), 

drop wise addition of the Vilsmeier adduct (generated by mixing phosphoryl chloride 

(POCl3, (4 equiv) and DMF (4equiv) at 0 ºC under nitrogen atmosphere) in a 50 mL RB 

flask was carried out. The reaction mixture was stirred for 90 min at room temperature. 

Then, the reaction was quenched with aqueous sodium hydroxide (5 M, 50 mL) and the 

stirring was continued for 60 min at 100 ºC. After bringing the reaction mixture to RT, it 

was diluted with cold water (0 - 4 ºC, 50 mL) and the compound was extracted with 

multiple fractions of ethyl acetate (5×10 mL). The combined organic phase was washed 

with brine (20 mL), dried over anhydrous Na2SO4 (5 g), filtered. The filtrate was 

evaporated to dryness under reduced pressure to obtain crude product. This crude product 

was purified using silica gel (60-120 mesh) column chromatography with a mixture of 

ethyl acetate and hexane (1:1 ratio, v/v) as the eluant.  

 

4.5.5. General procedure for synthesis of N-substituted indole-3-carboxaldehydes:  

To an ice-cold solution of indole-3-carboxaldehyde in dry DMF (25 mL) NaH (60% in 

mineral oil, 2 eq.) was added in portions and stirring was continued in melting ice bath 

for 2h. Upon complete consumption of the starting material (TLC analysis), the reaction 

mixture was diluted with ice-cold water (50 mL). The aqueous layer was extracted with 

multiple fractions of chloroform (5 × 10 mL), the combined organic phase was washed 
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with brine (10 mL), dried over anhydrous Na2SO4 (5 g), filtered and the filtrated was 

evaporated under reduced pressure to obtain the crude product. This was purified by 

silica gel (100-200 mesh) chromatography using ethyl acetate and hexane mixture (1:2, 

v/v) as an eluant. 

 

4.5.6General procedure for Wittig olefination:  

A turbid solution of Wittig salt, alkyltriphenylphosphonium bromide (1.5 eq.) in 

anhydrous THF was cooled to -50 ºC, to this n-BuLi (2.5 M in hexane, 1.1 eq.) was 

added drop wise, and stirred for 60 min at -50 ºC. A solution of indole-3-carboxaldehyde 

(1 equiv) in dry THF was added drop wise to the above solution and stirred at -50 ºC for 

2 h. Then the reaction mixture was quenched with cold water (0 – 4 ºC, 20 mL), and 

extracted using ethyl acetate (5 × 10 mL). The combined organic layer was washed with 

brine (10 mL), dried over anhydrous Na2SO4 (5 g), filtered and the filtrate evaporated to 

dryness under reduced pressure. The crude material was purified by silica gel column 

chromatography eluting with ethyl acetate and hexane mixture (1:4, v/v). Note: During 

purification compound decomposes in silica column, needs to be eluted out within 15-20 

min form the silica column. These olefins are unstable and are either used for the next 

reaction immediately or stored at -20 ºC but used within 2-3 days. 

 

4.5.7. General procedure for synthesis of 121-134. 

To a solution of the 3-alkenylindole (1 eq.) in ethanol (5 mL), a solution of p-

benzoquinone (2.5 equiv) in ethanol (5 mL) was added at room temperature by slow 

addition, and stirring was continued at RT until complete consumption of the starting 

material was observed (TLC analysis). The volatiles were removed under reduced 

pressure to obtain the crude product and this was purified by silica gel column 

chromatography using ethyl acetate and hexane mixture (1:6, v/v) as an eluant.  

 

11H-Benzo[a]carbazole-1,4-dione (121).  

Starting from 3-vinyl-1H-indole, 107 (510 mg, 3.56 mmol), 121 was isolated as a 

brownish red solid (560 mg, 64%): mp 251 – 253 °C; FT-IR (max): 1646, 1566, 1414, 

1303, 1216, 1114, 1019; 
1
H NMR (400 MHz, CDCl3): δ 10.40 (s (br), 1H), 8.33 (d, J= 
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8.1 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.92 (d, J = 7.9 Hz, 1H), 

7.52 – 7.54 (m, 2H), 7.28 – 7.32 (m, 1H), 6.93 (s, 2H); 
13

C 

NMR (100 MHz, DMSO-d6): δ 187.0, 185.8, 143.4, 139.4, 

139.0, 137.0, 130.1, 129.3, 128.6, 126.5, 121.8, 121.3, 121.0, 

119.9, 117.1, 113.4; HRMS (ESI) for [C16H9NO2+H]
+
: calcd., 

248.0712; Found: 248.0711. 

 

11-Ethyl-1H-benzo[a]carbazole-1,4(11H)-dione (122).  

Starting from N-ethyl-3-vinylindole, 108 (1 g, 5.83 mmol), 122 

was isolated as a brownish red-solid (285 mg, 18%): mp 138 – 

140 °C; FT-IR (max): 1740, 1643, 1512, 1443, 1375, 1221, 

1038; 
1
H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 7.9 Hz, 1H), 

8.07 (d, J = 7.7 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.51-7.58 (m, 

2H), 7.28-7.32 (m, 1H), 6.92 (q, J = 14.0 Hz, 2H), 4.63 (q, J = 10.6 Hz, 2H), 1.40 (t, J = 

7.0 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 186.0, 185.6, 144.3, 140.2, 137.0, 131.6, 

131.3, 128.4, 125.1, 122.2, 121.0, 120.8, 118.6, 118.2, 110.8, 42.5, 14.4; HRMS (ESI) for 

[C18H13NO2+H]
+
: calcd., 276.1025; Found: 276.1033. 

 

11-Isopropyl-1H-benzo[a]carbazole-1,4(11H)-dione (123).  

Starting from N-isopropyl-3-vinylindole, 109 (765 mg, 4.13 

mmol), 123 was isolated as a brownish red solid (280 mg, 23%): 

mp 138 – 140 °C; FT-IR (max): 1740, 1643, 1512, 1443, 1375, 

1038; 
1
H NMR (400 MHz, CDCl3): δ 8.25 (d, J = 7.8 Hz, 1H), 

8.05 (d, J = 7.7 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 8.4 

Hz, 1H), 7.44-7.48 (m, 1H), 7.25 (t, J = 7.4 Hz, 1H), 6.88 (d, J = 5.5 Hz, 1H), 6.72 (s, 

1H), 4.85-4.96 (m, 1H), 1.65 (d, J = 6.9 Hz, 6H); 
13

C NMR (100 MHz, CDCl3): δ 186.2, 

185.8, 143.0, 140.0, 139.6, 136.8, 136.6, 131.5, 131.4, 127.6, 124.8, 123.7, 121.1, 120.8, 

118.8, 118.4, 114.3, 52.3, 21.2; HRMS (ESI) for [C19H15NO2+H]
+
: calcd., 290.1181; 

Found: 290.1184. 
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11-Allyl-Benzo[a]carbazole-1,4-dione (124).  

Starting from N-allyl-3-vinylindole, 110 (500 mg, 2.72 mmol), 

124 was isolated as a brownish red solid (80 mg, 10%): mp 138 – 

140 °C; FT-IR (max): 1741, 1649, 1588, 1462, 1413, 1118, 1024, 

923; 
1
H NMR (400 MHz, DMSO- d6): δ 8.58 (dt, J = 1.3, 7.8 Hz, 

1H), 8.26 (d, J = 7.8 Hz, 1H), 7.86 – 7.88 (m, 1H), 7.70 (d, J = 

8.4 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 7.06 (dd, J = 1.4, 10.1 Hz, 

1H), 6.97 (dd, J = 1.1, 10.3 Hz, 1H), 5.82 (ddd, J = 5.2, 10.4, 22.0 Hz, 1H), 5.20 (d, J = 

4.8 Hz, 2H), 5.02 (d, J = 10.4 Hz, 1H), 4.80 (d, J = 17.2 Hz, 1H); 
13

C NMR (100 MHz, 

DMSO- d6): δ 186.2, 185.5, 144.8, 140.9, 137.8, 137.2, 134.3, 131.2, 131.1, 129.0, 126.0, 

122.1, 121.7, 119.1, 118.5, 117.3, 112.0, 49.7; HRMS (ESI) for [C19H13NO2+H]
+
: calcd., 

288.1025; Found: 288.1026. 

 

11-Benzyl-1H-benzo[a]carbazole-1,4(11H)-dione (125).  

Starting from N-allyl-3-vinylindole, 111 (1 g, 4.28 mmol), 125 

was isolated as a brownish red solid (190 mg, 14%): mp 139 – 

141 °C; FT-IR (max): 1655, 1611, 1463, 1412, 1289; 
1
H NMR 

(400 MHz, CDCl3): δ 8.38 (d, J = 8.3 Hz, 1H), 8.13 (d, J = 7.8 

Hz, 1H), 8.02-8.04 (m, 1H), 7.49-7.53 (m, 1H), 7.43 (d, J = 8.2 

Hz, 1H), 7.31 -7.35 (m, 1H), 7.15 -7.20 (m, 3H), 6.90 (ABq, J = 

10.1, 18.6 Hz, 2H), 6.83 (s, 2H), 5.79 (s, 2H); 
13

C NMR (100 MHz, DMSO- d6): δ 186.3, 

185.4, 150.0, 140.6, 138.2, 138.0, 137.2, 131.4, 131.2, 129.1, 128.9, 127.4, 126.8, 126.2, 

122.1, 121.8, 119.1, 118.7, 112.1, 50.3; HRMS (ESI) for [C23H15NO2+H]
+
: calcd., 

338.1181; Found: 338.1178. 

 

5-Methyl-2,3-dihydro-1H-benzo[a]carbazole-1,4(11H)-dione (126).  

Starting from 3-(1-propenyl) –indole, 112 (1 g, 6.36 mmol), 126 

was isolated as a brownish red-solid (235 mg, 14%): mp 224 – 

226 °C; FT-IR (max): 1739, 1646, 1367, 1224; 
1
H NMR (400 

MHz, CDCl3): δ 10.46 (s, 1H), 8.05 (s, 1H), 8.01 (d, J = 8.5 Hz, 
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1H), 7.48 (dd, J = 1.2, 6.2 Hz, 2H), 7.23-7.27 (m, 1H), 6.82 (d, J = 1.9 Hz, 2H), 2.80 (s, 

3H); 
13

C NMR (100 MHz, CDCl3): δ 188.1, 187.0, 142.5, 140.5, 137.5, 136.8, 132.6, 

129.5, 128.5, 126.3, 121.5, 121.2, 120.8, 115.2, 111.7, 23.4; HRMS (ESI) for 

[C17H11NO2+H]
+
: calcd., 262.0868; Found: 262.0863. 

 

11-Ethyl-5-methyl-1H-benzo[a]carbazole-1,4(11H)-dione (127).  

Starting from N-ethyl-3-(1-propenyl) –indole, 113 (350 mg, 1.88 

mmol), 127 was isolated as a red-solid (70 mg, 13%): mp 132 – 

134 °C; FT-IR (max): 1740, 1645, 1512, 1443, 1375, 1221, 

1038; 
1
H NMR (400 MHz, CDCl3): δ 8.13 (d, J = 3.3 Hz, 1H), 

8.05 (d, J = 7.7 Hz, 1H), 7.50-7.57 (m, 2H), 7.26-7.30 (m, 1H), 

6.91 (dd, J = 1.3, 10.1 Hz, 1H), 6.84 (dd, J = 1.3, 10.1 Hz, 1H), 4.51 (dq, J = 1.7, 7.1 Hz, 

2H), 2.83 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 187.7, 186.6, 

145.1, 138.7, 138.0, 132.7, 131.1, 129.0, 128.4, 121.0, 120.8, 110.8, 100.0, 42.1, 23.8, 

13.7; HRMS (ESI) for [C19H15NO2+H]
+
: calcd., 290.1181; Found: 290.1176. 

 

11-Allyl-5-methyl-1H-benzo[a]carbazole-1,4(11H)-dione (129).  

Starting from N-allyl-3-(1-propenyl) –indole, 115 (1 g, 5.07 

mmol),129 was isolated as a red-solid (310 mg, 21%): mp 140 – 

142 °C; FT-IR (max): 1646, 1616, 1466, 1265, 1253, 1191, 1100; 

1
H NMR (400 MHz, CDCl3): δ 8.13 (s, 1H), 8.06 (dd, J = 0.6, 

7.8 Hz, 1H), 7.50-7.56 (m, 2H), 7.28-7.32 (m, 1H), 6.86 (dd, J = 

10.1, 23.3 Hz, 2H), 5.77-5.87 (m, 1H), 5.06-5.13 (m, 3H), 4.92-

4.97 (m, 1H), 2.84 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 187.6, 186.5, 145.6, 138.7, 

138.0, 133.4, 133.0, 129.0, 128.5, 122.0, 121.0, 120.8, 117.2, 111.1, 49.8, 23.7; HRMS 

(ESI) for [C20H15NO2+H]
+
: calcd., 302.1181; Found: 302.1191. 
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11-Benzyl-5-methyl-1H-benzo[a]carbazole-1,4(11H)-dione (130).  

Starting from N-benzyl-3-(1-propenyl) –indole, 116 (1 g, 4.04 

mmol), 130 was isolated as a red-solid (360 mg, 25%): mp 145 – 

147 °C; FT-IR (max): 1740, 1644, 1512, 1443, 1375, 1038; 
1
H 

NMR (400 MHz, CDCl3): δ 8.15 (s, 1H), 8.08 (t, J = 7.3 Hz, 

1H), 7.48-7.52 (m, 1H), 7.43 (d, J = 8.2 Hz, 1H), 7.30 (t, J = 7.8 

Hz, 1H), 7.12-7.15 (m, 3H), 6.82-6.85 (m, 2H), 6.75 (q, J = 13.3 

Hz, 2H), 5.72 (s, 2H), 2.82 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 187.5, 186.6, 146.0, 

138.6, 138.0, 137.7, 137.2, 133.1, 131.1, 129.0, 128.6, 128.5, 127.2, 126.7, 122.0, 121.1, 

121.0, 120.5, 111.2, 50.5, 23.7; HRMS (ESI) for [C24H17NO2+H]
+
: calcd., 352.1338; 

Found: 352.1337. 

 

11-Isopropyl-1,4-dioxo-4,11-dihydro-1H-benzo[a]carbazole-8-carbonitrile (132).  

Starting from N-isopropyl-5-cyano-3-vinylindole,118 (338 

mg, 1.60 mmol),  132 was isolated as a red-solid (67 mg, 

13%): mp 252 – 254 °C; FT-IR (max): 2221, 1658, 1607, 

1477, 1288, 1206, 1119; 
1
H NMR (400 MHz, CDCl3): δ 8.43 

(d, J = 1.1 Hz, 1H), 8.35 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 8.1 

Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.66 (dd, J = 8.7, 1.7 Hz, 1H), 6.95-7.04 (m, 2H), 5.01 

(septet, J = 7.0 Hz, 1H), 1.72 (d, J = 7.1 Hz, 6H);
13

C NMR (100 MHz, CDCl3): δ 186.0, 

185.2, 144.4, 140.0, 137.0, 132.5, 130.2, 129.7, 126.0, 125.3, 123.8, 119.8, 119.3, 114.8, 

103.8, 52.7, 21.2; HRMS (ESI) for [C20H14N2O2+H]
+
: calcd., 315.1134; Found: 

315.1141. 

 

4.5.8. General procedure for epoxidation. To a solution of the quinone in THF, sodium 

hypochlorite (9-12 wt. % in water, 10 eq.) was added and the reaction mixture was stirred 

at RT in an open container. Upon complete consumption of the starting material (TLC 

analysis), the reaction mixture was diluted with water (10 mL), and extracted with 

multiple portions of ethyl acetate (5 × 5 mL). The combined organic phase was washed 

with brine (10 mL), dried over anhydrous Na2SO4 (5 g), filtered and the filtrate was 
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evaporated to dryness to get the crude product. Silica gel chromatography of the crude 

using a mixture ethyl acetate and hexane (1:5, v/v) as an eluant gave pure material. 

 

1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (135).  

Starting from 121 (70 mg, 0.28 mmol), 135 (70 mg, 94%) was 

isolated as an orange yellow crystalline solid: mp 226 – 228 

°C; FT-IR (max): 3397, 2921, 1681, 1587, 1114; 
1
H NMR (400 

MHz, DMSO- d6): δ 11.97 (s, 1H), 8.58 (dd, J = 1.6, 7.9 Hz, 

1H), 8.23 (d, J = 7.9 Hz, 1H), 7.74 (dd, J = 8.2, 16.6 Hz, 2H), 7.50 (t, J = 7.6 Hz, 1H), 

7.25 (t, J = 7.5 Hz, 1H), 4.17 (dd, J = 3.9, 10.4 Hz, 2H); 
13

C NMR (100 MHz, DMSO- 

d6): δ 192.3, 191.6, 143.1, 137.1, 130.0, 129.1, 128.6, 127.2, 121.8, 121.2, 121.0, 117.3, 

114.5, 113.4, 55.8, 55.7; HRMS (ESI) for [C16H9NO3+H]
+
: calcd., 264.0655; Found: 

264.0660. 

 

9-Ethyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (136).  

Starting from 122 (50 mg, 0.18 mmol), 136 (51 mg, 96%) was 

isolated as a bright yellow crystalline solid: mp 145 – 147 °C; 

FT-IR (max): 3042, 2964, 1682, 1626, 1432, 1202, 1131, 1026; 

1
H NMR (400 MHz, CDCl3): δ 8.29-8.32 (m, 1H), 8.07 (d, J = 

7.7 Hz, 1H), 7.83 (dd, J = 2.5, 9.1 Hz, 1H), 7.49-7.58 (m, 2H), 

7.30 (t, J = 7.4 Hz, 1H), 4.36-4.51 (m, 2H), 4.10-4.14 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H); 

13
C NMR (100 MHz, CDCl3): δ 192.5, 191.4, 143.6, 136.8, 131.3, 130.0, 128.5, 125.3, 

121.9, 121.0, 120.9, 118.1, 117.6, 110.3, 56.1, 54.7, 40.6, 13.1; Elemental analysis for 

C18H13NO3calcd. C, 74.22; H, 4.50; N, 4.81. Found C 74.18; H, 4.33; N, 4.74; HRMS 

(ESI) for [C18H13NO2+H]
+
: calcd., 292.0968; Found: 292.0983. 
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9-Isopropyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (137).  

Starting from 123 (70 mg, 0.242 mmol), 137 (74 mg, 96%) was 

isolated as a bright yellow crystalline solid: mp 204 – 206 °C; 

FT-IR (max): 2968, 1683, 1622, 1569, 1416, 1373, 1200, 1116, 

1026; 
1
H NMR (400 MHz, CDCl3): δ 8.24 (d, J = 8.0 Hz, 1H), 

8.06 (d, J = 7.8 Hz, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.72 (d, J = 

8.5 Hz, 1H), 7.50 (dt, J = 1.0, 8.2 Hz, 1H), 7.26 (dd, J = 7.6, 14.1 Hz, 1H), 4.64-4.74 (m, 

1H), 4.10 (s, 2H), 1.96 (d, J = 6.8 Hz, 3H), 1.39 (d, J = 6.9 Hz, 3H); 
13

C NMR (100 MHz, 

CDCl3): δ 193.3, 191.0, 142.1, 138.6, 130.9, 130.0, 127.7, 125.0, 123.3, 121.2, 120.6, 

118.3, 117.4, 113.9, 56.5, 54.6, 51.3, 20.7, 20.4; HRMS (ESI) for [C19H15NO2+H]
+
: 

calcd., 306.1125; Found: 306.1126. 

 

9-Allyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (138). 

 Starting from 124 (50 mg, 0.174 mmol), 138 (50 mg, 94%) 

was isolated as a greenish yellow crystalline solid: mp 152 – 

154 
°
C; FT-IR (max): 3004, 2923, 2252, 1740, 1443, 1375, 

1039; 
1
H NMR (400 MHz, CDCl3): δ 8.37 (d, J = 8.1 Hz, 1H), 

8.12 (dd, J = 0.8, 7.8 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.51-

7.60 (m, 2H), 7.34 (dt, J = 1.2, 7.9 Hz, 1H), 5.70 (tdd, J = 3.6, 6.8, 13.8 Hz, 1H), 5.20-

5.17 (m, 1H), 5.08-5.10 (m, 1H), 4.96-5.03 (m, 1H), 4.87-4.92 (m, 1H), 4.09 (s, 2H); 
13

C 

NMR (100 MHz, CDCl3): 192.4, 191.4, 143.9, 136.9, 131.8, 131.2, 129.8, 128.5, 125.2, 

121.9, 121.2, 121.0, 118.4, 118.2, 118.1, 110.4, 56.1, 54.6, 48.0; Elemental analysis for 

C19H13NO3 calcd. C, 75.24; H, 4.32; N, 4.62. Found, C 74.83; H, 4.57; N, 4.244; HRMS 

(ESI) for [C19H13NO3+H]
+
: calcd., 304.0968; Found: 304.0971. 

 

9-Benzyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (139).  

Starting from 125 (50 mg, 0.148 mmol), 139 (50 mg, 96%) was isolated as a greenish 

yellow crystalline solid: mp 134 – 136 
°
C; FT-IR (max): 2922, 2853, 1680, 1587, 1117; 

1
H NMR (400 MHz, CDCl3): δ 8.39 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 7.8 Hz, 1H), 7.85 (d, 
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J = 7.9 Hz, 1H), 7.57-7.61 (m, 2H), 7.34-7.38 (m, 1H), 7.21-

7.18 (m, 3H), 6.78-6.80 (m, 2H), 5.79 (d,  J = 16.6 Hz, 1H), 

5.55 (d, J = 16.6 Hz, 1H), 3.94 (d, J = 4.3 Hz, 1H), 3.87 (d, J 

= 4.3 Hz, 1H); 
13

C NMR (100 MHz, CDCl3): δ 192.5, 191.3, 

144.5, 136.8, 136.0, 131.3, 129.7, 128.7, 128.6, 127.6, 127.0, 

125.1, 121.9, 121.3, 121.1, 118.6, 118.4, 110.5, 55.8, 54.3, 

49.1; Elemental analysis for C23H15NO3 calcd. C, 78.17; H, 4.28; N, 3.96. Found, C 

77.87; H, 4.095; N, 3.95; HRMS (ESI) for [C23H15NO3+H]
+
: calcd., 354.1125; Found: 

354.1128. 

 

3-Methyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione (140).  

Starting from 126 (50 mg, 0.19 mmol), 140 (45 mg, 85%) was 

isolated as an orange red crystalline solid: mp 224 – 226 
°
C; 

FT-IR (max): 2252, 1740, 1643, 1512, 1443, 1375, 1038; 
1
H 

NMR (400 MHz, CDCl3): δ 10.13 (s, 1H), 8.13 (s, 1H), 8.03 

(d, J = 7.8 Hz, 1H), 7.47 – 7.52 (m, 2H), 7.27 (td, J = 5.8 Hz, 

2.2 Hz, 1H), 4.00 (q, J = 9.5 Hz, 2H), 2.71 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ 

193.3, 193.1, 142.0, 137.2, 131.4, 130.1, 129.1, 128.5, 126.9, 121.3, 121.1, 120.9, 114.3, 

111.7, 55.5, 55.4, 21.8; HRMS (ESI) for [C17H11NO3+H]
+
: calcd., 278.0817; Found: 

278.0813. 

 

9-Ethyl-3-methyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione 

(141).  

Starting from 127 (45 mg, 0.15 mmol), 141 (37 mg, 71%) was 

isolated as a yellow solid: mp 159 – 161 
°
C; FT-IR (max): 1680, 

1427, 1258, 1199, 1124; 
1
H NMR (400 MHz, CDCl3): δ 8.14 (s, 

1H), 8.05 (d, J = 7.8 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.47 (d, J 

= 8.3 Hz, 1H), 7.27 (t, J = 7.4 Hz, 1H), 4.38 (q, J = 14.2 Hz, 

2H), 4.14 (d, J = 4.6 Hz, 1H), 4.12 (d, J = 4.5 Hz, 1H), 2.71 (s, 3H), 1.21 (t, J = 7.1 Hz, 
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3H); 
13

C NMR (100 MHz, CDCl3): δ 193.7, 193.4, 143.9, 135.4, 130.4, 130.2, 128.3, 

127.8, 121.6, 121.0, 120.6, 118.4, 110.1, 56.2, 54.5, 40.1, 21.8, 12.8; Elemental analysis 

for C19H15NO3calcd. C, 74.74; H, 4.95; N, 4.59. Found C 75.01; H, 4.61; N, 4.14; HRMS 

(ESI) for [C19H15NO3+H]
+
: calcd., 306.1125; Found: 306.1133. 

 

9-Isopropyl-3-methyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (142).  

Starting from 128 (55 mg, 0.18 mmol), 142 (48 mg, 84%) was 

isolated as a yellow solid: mp 177 – 179 
°
C; FT-IR (max): 

1680, 1264, 1202, 1192, 1031; 
1
H NMR (400 MHz, CDCl3): δ 

8.10 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 

7.49 (dt, J = 0.9, 6.8 Hz, 1H), 7.27 (d, J = 7.4 Hz, 1H), 4.55 – 

4.66 (m, 1H), 4.12 (qAB, J = 9.5 Hz, 2H), 2.72 (s, 3H), 1.92 (d, J = 6.8 Hz, 3H), 1.38 (d, J 

= 7.0 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 194.9, 193.0, 142.5, 137.6, 130.9, 129.8, 

128.0, 127.6, 123.0, 121.1, 120.3, 118.6, 113.7, 56.6, 54.5, 51.1, 22.0, 20.6, 20.3; 

Elemental analysis for C20H17NO3 calcd. C, 75.22; H, 5.37; N, 4.39. Found, C 75.55; H, 

5.16; N, 4.03; HRMS (ESI) for [C20H17NO3+H]
+
: calcd., 320.1281; Found: 320.1286. 

 

9-Allyl-3-methyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-dione 

143).  

Starting from 129 (70 mg, 0.23 mmol), 143 (70 mg, 95%) was 

isolated as a yellow crystalline solid: mp 148 – 150 
°
C; FT-IR 

(max): 2921, 1690, 1455, 1258, 1194, 1002; 
1
H NMR (400 

MHz, CDCl3): δ 8.11 (s, 1H), 8.05 (d, J = 7.7 Hz, 1H), 7.53 (t, 

J = 8.7 Hz, 1H), 7.46 (d, J = 8.3 Hz, 1H), 7.28 (t, J = 7.3 Hz, 

1H), 5.57 – 5.63 (m, 1H), 5.15 (d, J = 19.1 Hz, 1H), 5.04 (d, J 

= 19.1 Hz, 1H), 4.79 – 4.90 (m, 2H), 4.07 (d, J = 1.7 Hz, 2H), 2.69 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3): δ 193.4, 193.3, 144.2, 135.5, 131.8, 130.7, 130.1, 128.4, 128.1, 
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127.5, 121.5, 121.0, 120.8, 119.1, 118.0, 110.1, 56.3, 54.5, 47.4, 21.8; Elemental analysis 

for C20H15NO3 calcd. C, 72.06; H, 4.56; N, 4.20. Found, C 72.22; H, 4.50; N, 4.22; 

HRMS (ESI) for [C20H15NO3+H]
+
: calcd., 318.1125; Found: 318.1134. 

 

9-Benzyl-3-methyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (144).  

Starting from 130 (50 mg, 0.20 mmol), 144 (65 mg, 88%) was 

isolated as a yellow crystalline solid: mp 161 – 163 
°
C; FT-IR 

(max): 3024, 2920, 1735, 1684, 1454, 1259, 1194; 
1
H NMR 

(400 MHz, CDCl3): δ 8.17 (s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 

7.53 – 7.57 (m, 2H), 7.33 (dt, J = 1.6, 7.8 Hz, 1H), 7.15 – 7.19 

(m, 3H), 6.73 – 6.75 (m, 2H), 5.76 (d, J = 16.6 Hz, 1H), 5.42 

(d, J = 16.6 Hz, 1H), 3.90 (d, J = 4.6 Hz, 1H), 3.78 (d, J = 4.6 Hz, 1H), 2.68 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3): δ 193.5, 193.2, 144.8, 136.0, 135.3, 130.8, 130.2, 128.6, 128.5, 

128.0, 127.5, 127.3, 127.1, 121.4, 121.0, 120.8, 110.1, 55.8, 54.2, 48.6, 21.7; Elemental 

analysis for C24H17NO3 calcd. C, 78.46; H, 4.66; N, 3.81. Found, C 78.82; H, 4.61; N, 

3.53; HRMS (ESI) for [C24H17NO3+H]
+
: calcd., 368.1281; Found: 368.1293. 

 

6-Bromo-9-isopropyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (145).  

Starting from 131 (30 mg, 0.08 mmol), 145 (20 mg, 65%) 

was isolated as a yellow crystalline solid: mp 194 – 196 
°
C; 

FT-IR (max): 2967, 1680, 1447, 1276, 1202, 731; 
1
H NMR 

(400 MHz, CDCl3): δ 8.22 (d, J = 8.1 Hz, 1H), 8.19 (d, J = 

1.1 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.59 (d, J = 1.3 Hz, 

2H), 4.63 – 4.73 (m, 1H), 4.12 (s, 2H), 1.94 (d, J = 7.0 Hz, 3H), 1.37 (d, J = 7.0 Hz, 3H); 

13
C NMR (100 MHz, CDCl3): δ 193.1, 190.8, 140.6, 138.8, 130.6, 130.4, 129.6, 125.2, 
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125.1, 123.8, 118.6, 118.1, 115.2, 113.7, 56.4, 54.5, 51.4, 20.7, 20.4; HRMS (ESI) for 

[C19H14BrNO3+H]
+
: calcd., 384.0230; Found: 384.0222. 

 

6-Cyano-9-isopropyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (146).  

Starting from 132 (55 mg, 0.17 mmol), 146 (30 mg, 53%) 

was isolated as a yellow solid: mp 247 – 249 
°
C; FT-IR 

(max): 2222, 1683, 1475, 1286, 1211; 
1
H NMR (400 MHz, 

CDCl3): δ 8.39 (d, J = 1.0 Hz, 1H), 8.30 (d, J = 8.1 Hz, 

1H), 7.92 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 

7.73 (dd, J = 1.6, 8.7 Hz, 1H), 4.68 – 4.78 (m, 1H), 4.15 (s, 2H), 1.98 (d, J = 6.9 Hz, 3H), 

1.42 (d, J = 7.0 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 193.0, 190.5, 143.6, 139.1, 

131.2, 130.3, 129.3, 126.1, 125.4, 123.4, 119.6, 119.5, 118.8, 114.4, 103.8, 56.4, 54.6, 

51.8, 20.9, 20.4; HRMS (ESI) for [C20H14N2O3+H]
+
: calcd., 331.1077; Found: 331.1095. 

 

6-Fluoro-9-isopropyl-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (147).  

Starting from 133 (40 mg, 0.13 mmol), 147 (15 mg, 36%) 

was isolated as a yellow solid: mp 210 – 212 
°
C; FT-IR 

(max): 2921, 2851, 1672, 1468, 1450, 1276, 1130, 854; 
1
H 

NMR (400 MHz, CDCl3): δ 8.23 (d, J = 7.9 Hz, 1H), 7.85 

(d, J = 7.9 Hz, 1H), 7.73 (dd, J = 2.5, 8.3 Hz, 1H), 7.66 

(dd, J = 4.1, 9.1 Hz, 1H), 7.27 (dd, J = 2.6, 8.9 Hz, 1H), 4.65 – 4.72 (m, 1H), 4.12 (s, 

2H), 1.95 (d, J = 6.9 Hz, 3H), 1.37 (d, J = 7.0 Hz, 3H); 
13

C NMR (100 MHz, CDCl3): δ 

193.1, 191.0, 159.1, 156.6, 139.4, 138.3, 130.5, 130.2, 125.3, 124.0, 118.2, 116.0, 115.7, 

114.6, 114.5, 106.7, 106.5, 56.4, 54.5, 51.4, 20.8, 20.5; HRMS (ESI) for 

[C19H14FNO3+H]
+
: calcd., 324.1030; Found: 324.1033. 
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9-Isopropyl-6-methoxy-1aH-oxireno[2',3':4,5]benzo[1,2-a]carbazole-2,10(9H,10aH)-

dione (148).  

Starting from 134 (50 mg, 0.16 mmol), 148 (46 mg, 

88%) was isolated as a orange crystalline solid: mp 179 

– 181 
°
C; FT-IR (max): 2968, 2937, 1672, 1480, 1279, 

1195, 1031; 
1
H NMR (400 MHz, CDCl3): δ 8.24 (d, J = 

8.0 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.62 (d, J = 8.8 

Hz, 1H), 7.52 (d, J = 2.5 Hz, 1H), 7.15 (dd, J = 2.6, 9.0 Hz, 1H), 4.62 – 4.72 (m, 1H), 

4.11 (s, 2H), 3.91 (s, 3H), 1.94 (d, J = 6.8 Hz, 3H), 1.36 (d, J = 7.0 Hz, 3H); 
13

C NMR 

(100 MHz, CDCl3): δ 193.2, 191.1, 154.6, 137.0, 130.8, 130.0, 125.0, 124.0, 117.8, 

117.5, 114.7, 103.1, 56.4, 56.0, 54.5, 51.2, 20.8, 20.6; HRMS (ESI) for [C20H17NO4+H]
+
: 

calcd., 336.1230; Found: 336.1244. 

 

4.5.9 Nucleophile-mediated decomposition of epoxides 74-92: 

4.5.9.1 Reaction of 74 with nucleophiles: 

To a solution of the naphthoquinone epoxide (10 mM) in CH3CN: H2O (1:1, v/v, 10 L), 

10 equiv of nucleophile (10 mM, 100 L) in pH 7.4 phosphate buffer (25 mM) was 

added. This solution was diluted to 1 mL by adding 890 L CH3CN: H2O (1:1, v/v). The 

reaction mixture was maintained at RT before the measurement of amount of epoxide 

remaining by using high performance liquid chromatography (HPLC). 

 

4.5.9.2 Reaction of epoxides 74-92 with GSH: 

To a solution of 10 mM naphthoquinone epoxide in DMSO (10 L), 1 eq. of GSH (10 

mM, 10 L) in water, and pH 7.4 phosphate buffer (180 L, 25 mM) were added and the 

solution was diluted to 1ml by adding 800 L CH3CN: H2O (1:1, v/v). The reaction 

mixture was kept at RT for 30 min before the measurement of amount of epoxide 

remaining by using high performance liquid chromatography (HPLC). Mass 

spectrometric analysis of the products of reaction of 75 and 77 with GSH provided 

evidence for the formation of 75a and 77a respectively. 
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4.5.10. Hydrogen peroxide Estimation 74-92: 

Xylenol orange (1.25 mM) stock solution was prepared by dissolving 9.5 mg (12.5 mol) 

in 10 mL of de-ionised water. This solution was diluted 10-fold using de-ionised water to 

get 125 M stock solution. A 1 M solution of sorbitol (1.82 g, 1 mol in 10 mL dI water) 

was also prepared and diluted to produce 100 mM stock solution. A 250 mM ferrous 

ammonium sulphate (FAS) solution was prepared by dissolving 980.3 mg of FAS in 10 

mL of 2.5 M sulphuric acid. This solution was further diluted 10-fold by using 2.5 M 

sulphuric acid for the final stock solution of FAS (25 mM). Xylenol orange and sorbitol 

stock solutions were mixed together in a ratio of 1:1 (v/v) and to this 100:1 (v/v) FAS 

stock solution was added to obtain the final FOX stock solution, which is used for the 

hydrogen peroxide estimation. A calibration curve was generated with hydrogen 

peroxide. Estimation of hydrogen peroxide generated during the reaction of epoxides 

with GSH: To a solution of 10 mM epoxide in DMSO (5 L) 5 equiv of GSH (10 mM, 

25 L) in water and 70 L pH 7.4 phosphate buffer (25 mM) were added and the reaction 

mixture was exposed to 1 mL of oxygen gas and kept at RT for 30 min and 900 L of 

FOX solution. The final solution was kept at RT for 25 min and the absorption at 586 nm 

was measured using a spectrophotometer. 

 

4.5.11. Thiol mediated decomposition studies of 135-148 by HPLC.  

Compound (1 mM) was reacted with cysteine (10 mM) in pH 7.4 phosphate buffer (100 

mM): acetonitrile ACN (1:1 v/v) at 37 ºC for 1 h. The reaction mixture was filtered (0.22 

m filter) and injected (25 L) in an Agilent high performance liquid chromatograph 

(HPLC) attached with a diode-array detector (detection wavelength was 254 nm) and a 

Zorbax SB C-18 reversed phase column (250 mm × 4.6 mm, 5m). The following 

method with a mobile phase of water: acetonitrile was used with a run time of 25 min: 

multistep gradient with a flow rate of 1 mL/min – starting with 50:50 % → 0 – 5 min, 

40:60 → 5 – 10 min, 30:70 → 10 – 15 min, 20:80 → 15 – 20 min, 50:50 → 20 – 23 min, 

50:50 → 23 – 25 min. Each assay was conducted in duplicate and an average is reported. 
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4.5.13. Extracellular hydrogen peroxide estimation 135-148.  

S. aureus (MSSA 29213) was cultured in 5 mL of Miller Hinton Broth (CA-MHB) 

medium at 37 ºC for 2 h. The cultured bacteria were centrifuged to aspirate out the 

medium and re-suspended in LB medium to an optical density (O.D) of 0.1. A stock 

solution of the compound in DMSO was added so that the final concentration was 50 

M. After incubation for 1 h the cells were plated in a 96-microwell plate (divided in 

several 50 L portions in a 96-well microplate), 50 L of a premixed solution of 10-

acetyl-3,7- dihydroxyphenoxazine or Amplex Red
®

 (prepared by following 

manufacturer’s protocol from Invitrogen) was added and incubated at RT for 25 min 

before measuring the fluorescence using a microtiter plate reader (excitation 550 nm; 

emission 590 nm). A calibration curve with known concentrations of hydrogen peroxide 

was generated in LB medium and was used to quantify hydrogen peroxide produced 

during incubation of test analytes.  

 

4.5.14. Intracellular superoxide detection by DHE assay from 137.  

S. aureus (MSSA 29213) was cultured in 5 mL of Miller Hinton Broth (CA-MHB) 

medium at 37 ºC for 2 h. The cultured bacteria were centrifuged to aspirate out the 

medium and re-suspended in LB medium of O.D adjusted to 0.1 and incubated with 25 

M of compound and 50 M of dihydroethidine (DHE) for 30 min in dark by covering 

the falcon tube in an aluminum foil. The suspension was centrifuged to aspirate out any 

excess compound and/or DHE in the medium. Collected bacterial pellet was lysed by 

mixing with acetonitrile and vortexing it for 3 min (60s × 3). The cell lysate was then 

removed by centrifugation and the supernatant acetonitrile was separated and stored at 

20 ºC before injecting in HPLC. Agilent high performance liquid chromatograph 

(HPLC) attached with a fluorescence detector (excitation at 356 nm; emission at 590 nm) 

and a Zorbax SB C-18 reversed phase column (250 mm × 4.6 mm, 5 m) was used. The 

mobile phase was water: acetonitrile containing 0.1% trifluoroacetic acid and a gradient 

starting with 10: 90 % → 0 min, 10: 90 to 30: 70 → 0 – 45 min, 0: 100 → 45 – 50 min, 0: 

100 → 50 – 55 min, 10: 90 → 55 – 60 min was used with a flow rate of 0.5 mL/min. 
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Under these conditions, if superoxide is produced, a peak for 2-hydroxyethidium (2-OH-

E
+
), which elutes at 30.9 min, would be observed.  

 

4.5.15. Intracellular thiol depletion (mBBr assay). 

Methicillin resistant Staphylococcus aureus (MRSA - ATCC 33591) was cultured in 5 

mL of cation adjusted Miller Hinton broth (CA-MHB) at 37 ºC for 3 h and re-suspended 

with fresh medium to an O.D of 1.0. Compounds (50 M of 135, 137, 139, N-

phenylmaleimide (NPM) in DMSO and fosfomycin (Fos in water) (0.5%) were added to 

the bacterial suspension and incubated for 60 min at 37 ºC. Next, centrifugation of the 

bacterial suspension followed by removal of extracellular media to remove any excess 

compound was carried out. The collected bacterial pellet was re-suspended with pH 7.4 

phosphate buffer and 100 L aliquots were placed in 4 repeats in wells of sterile flat 

bottom 96-well microtiter plates. A solution of mono-Bromobimane (mBBr 50 M in 

DMSO (0.5%)) was added wells and incubated for 30 min before measuring fluorescence 

(excitation at 390nm; emission at 490 nm) using a Varioskan microplate reader. 

 

4.5.16 Bacterial Growth inhibition studies. 

The Minimum Inhibitory Concentration (MIC) assay is used to determine the inhibitory 

potential of a compound against bacterial pathogens. To determine the MIC, the 

microbroth dilution technique is commonly used as recommended by National 

Committee for Clinical Laboratory Standards.
6
 For this, a fixed bacterial inoculum (5 × 

10
5
 cfu/mL) is added into a series of test wells in a microtitre plate that contain various 

concentrations of compound under test. Following a period of incubation (37 ºC, 18-20 

h), the wells are examined for growth. The lowest concentration of antibiotic that inhibits 

growth of the organism, as detected visually is designated as the MIC. 
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4.5.17 Cytotoxicity Assay 

To test the effect of 137 on the growth of mammalian cells, a cytotoxicity assay was 

performed as per published protocols.
7
 In brief, 10,000 A549 (lung cell carcinoma) cells 

were seeded in a 96-well plate and grown for 24 hours at 37°C in a humidified 

atmosphere of 5% CO2 and 95% air in F12K medium supplemented with 10% heat-

inactivated fetal bovine serum, 1.5 g Sodium bicarbonate/L, 100 µg/mL of Penicillin and 

10 µg/mL of Streptomycin. The next day, cells were washed with PBS and different 

concentrations of 137 were added in serum free media in triplicate. Following 72 h of 

incubation, MTT (3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide) 

was added to a final concentration of 1 mg/mL for 5 hours. At the end of the incubation 

period, the media were removed by gently inverting the plate. DMSO was added to the 

wells to solubilize the formazan crystals and absorbance was read at 595 nm in a plate 

reader. 
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4.6. Spectral Charts: 

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 70 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 70 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 75 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 75 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 76 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 76 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 79 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 79 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 92 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 92 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 122 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 122 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 123 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 123 
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1
H NMR Spectrum (400 MHz, DMSO-d6) of Compound 124 

 

13
C NMR Spectrum (100 MHz, DMSO-d6) of Compound 124 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 126 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 126 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 129 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 129 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 132 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 132 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 136 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 136 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 137 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 137 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 138 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 138 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 143 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 143 
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1
H NMR Spectrum (400 MHz, CDCl3) of Compound 146 

 

13
C NMR Spectrum (100 MHz, CDCl3) of Compound 146 
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19
F NMR Spectrum (400 MHz, CDCl3) of Compound 147 
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Synopsis 

Synthesis and Evaluation of Small Molecule Based Reactive Oxygen Species 

(ROS) Generators 

Aerobic organisms are continuously exposed to oxygenated atmosphere and as a 

consequence, they are associated with elevated levels of intracellular reactive oxygen 

species (ROS) such as superoxide radical, O2
•−

, hydrogen peroxide, H2O2, and 

hydroxyl radical, 
•
OH (Scheme 3.1).

1,2
 In cells, O2

•−
is produced by enzyme NADPH 

oxidases NOX2 and dismutation of O2
•−

produces H2O2. Myeloperoxidase (MPO) is a 

cellular enzyme which mediates the transformation of H2O2 into hypochlorous acid 

(HOCl) (Scheme 1A).
1
 These species are known to damage iron-sulfur (Fe-S) cluster 

proteins and in the process, release Fe
2+ 

into the extracellular matrix.
3
 A reaction of 

Fe
2+

 with H2O2 (Fenton reaction) generates hydroxyl radical (
•
OH), which is well 

known for causing oxidative damage in DNA, proteins and lipids (Scheme 1B).  

Scheme 1. (A) Reactive oxygen species generation and control by 

antioxidants in biological settings; (B) Damaging effects of ROS to 

biomacromolecules such as DNA, proteins and lipids. 

 

 

Together, these reactive oxygen species (ROS) can damage vital cellular 

components and are hence deployed by the immune system to counter infectious 

pathogens.
1,4

 During immune response, ROS is mainly produced in phagocytes by 

NOX2. Strong phagosomal ROS production is essential for an efficient host defense 

against bacterial and fungal infections. However, oxidative damage is held in check 

by microorganisms which have sophisticated antioxidant and repair systems.
5,6 

Thus 

ROS is an integral component of host response and during situations where oxidative 

stress can be overcome, infection results. In order to overcome these infections, three 

major classes of antibiotics are used: quinolones (DNA gyrase inhibitor), 
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aminoglycosides (amino acid biosynthesis inhibitor) and -lactams (cell wall 

biosynthesis inhibitors). Their targets and binding mechanisms are well established in 

the literature.
6
 However, recently it was proposed that along with these established 

molecular targets, antibiotics affects tricarboxylic acid cycle (TCA cycle) resulting in 

perturbations of NADPH homeostasis. All these events lead to an enhancement of 

intracellular free Fe
2+

 and ROS levels. This accumulation of ROS was reasoned out as 

a common mechanism for bacterial inhibition by clinical antibiotics.
7
 Due to the 

paradigmatic shift in our understanding of antibiotic action, these findings have 

generated a lot of interest in the scientific community. A systems biology approach 

for predictably enhancing intrabacterial ROS was reported to sensitize bacteria to 

clinical antibiotics. In addition, the efficacy of clinical antibiotics was significantly 

improved in the presence of oxidative species suggesting a possible use for ROS as 

adjuvants.
11

 Furthermore, reducing the ROS levels in Staphylococcus aureus by 

staphyloxanthine, a carbenoid antioxidant was reported to promote drug resistance in 

bacteria.
12 

Thus, enhancement of intracellular ROS could be used to overcome drug 

resistance in bacteria. Due to the overuse of antibiotics, bacteria have acquired 

resistance to a majority of frontline drugs and hence any strategy that can help solve 

this global problem assumes importance.
6 

Recently, three independent and contrarian 

reports have questioned the aforementioned hypothesis and show that ROS may not 

have a significant role to play in the mechanism of bacterial inhibition by clinical 

antibiotics.
8-10

 Therefore, the precise roles of ROS in bacterial responses to antibiotics 

and its role in resistance remain to be completely elucidated and new studies are 

necessary. 

We hypothesized that due to the capacity of ROS to severely damage cellular 

components at elevated levels, exposing bacteria to ROS using reliableROS sources 

might be effective against certain bacteria. In order to test this hypothesis, reliable 

organic sources of cell permeable ROS generators are necessary. This thesis 

comprises of four chapters. Chapter 1 presents an overview of ROS and the 

techniques used to enhance ROS in biochemical as well as cellular settings. In 

Chapter 2.1, we present the design, synthesis and evaluation of 2,3-dihydroquinones 

as ROS generators. Chapter 2.2 describes our efforts towards developing tunable ROS 

generators by varying substituent electronic effects on 2,3-dihydroquinones. In 

Chapter 3, a strategy for site directed ROS generation selectively inside bacteria and 
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its effects on bacterial growth are described. Finally, using a two-fold approach of 

thiol depletion and enhancement of ROS, we test the inhibitory effects of enhanced 

ROS against drug resistant bacteria. Together, scaffolds developed in this study for 

reliably enhancing intracellular ROS could be used for studying the precise role of 

ROS in biochemical events and certain compounds presented here might have 

applications as therapeutic agents. 

 

Chapter 2.1: Design, Synthesis and Evaluation of Dihydroquinones as Reactive 

Oxygen Species (ROS) Generators: 

Industrially H2O2 is produced from reduced anthraquinone upon exposure to 

atmospheric O2. Based on this observation, a new design of surrogates of 

hydroquinone was considered (Scheme 2). These hydroquinones were synthesized by 

a [4+2] cycloaddition reaction of substituted 1,4-naphthoquinoes with cyclic-1,3-

dienes. These 2,3-dihydroquinones were found to undergo a keto-enol tautomerism to 

form the 1,4-hydroquinone in aerobic buffer (Scheme 2), which can react with 

molecular O2 to generate O2
●

, H2O2,and 
●
OH (in the presence of trace metal ions).  

 

Scheme 2. Compound 4 tautomerize to enol, which can react with oxygen to 

generate superoxide and H2O2 as the inorganic products with concomitant formation 

of 18. Bioreduction of quinone 18 and further redox cycling might also produce ROS. 

 

 

The compound’s potential to generate O2
●
was estimated using two independent 

assays. Luminol based chemiluminescence assay was used to infer O2
●

generation in 

buffer from the compounds prepared in this study (Figure 1A).
13

 A high performance 

liquid chromatography (HPLC) based dihydroethidium (DHE) assay was performed 

to independently confirm the O2
●

generation (Figure 1B).
14-16

 Dismutation of 

O2
●
leads to the formation of H2O2, which was confirmed by an Amplex Red 

fluorescence assay.
17

 A DNA damage assay was performed on compounds to confirm 
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the production of 
●
OH in the presence of ferrous ions (Fe

2+
).

18
 From the 

aforementioned studies compound 4 (Scheme 2) was found to be an efficient ROS 

generator (65% yield of H2O2 generated after 3h in pH 7.4 buffer) among the 

compounds evaluated. A mechanism of buffer mediated keto-enol tautomerism 

followed by reaction with molecular O2 to generate ROS was proposed. The 

participation of OH- group, possibly through intramolecular hydrogen bonding, was 

implicated in enhanced ROS generation by 4. Removal of H-bonding capability by 

derivatization with a benzyl (Bn) group 8 was found to diminish the ROS generation, 

indicating the importance of free OH-group and its H-bonding for ROS generation 

(Scheme 2).  

 

Figure 1. (A) Measurement of superoxide generation from 4 and 8 in pH 8.0 

phosphate buffer at 37 °C using luminol based chemiluminescence assay; (B) ROS 

generation from 4 determined using a HPLC based dihydroethidium (DHE) assay. 

These data were compared with routinely used superoxide source xanthine and 

xanthine oxidase (X+XO). 

 

 

Next, the ability of compound 4 to permeate bacterial cells and generate ROS was 

established by DHE, Amplex Red and dichloro-dihydrofluorescein diacetate (DCFH2-

DA) assays.
18

 Only in the presence of 4 an enhanced intracellular ROS was observed. 

ROS generated by 8 and untreated bacterial control were significantly lower in 

comparison with 4. Having established a cell permeable efficient ROS generator, we 

tested the effect of enhancement of intracellular ROS in inhibiting bacteria. When a 

Gram negative bacterium, E. coli was exposed to ROS generator 4, no substantial 

effect on the bacterial growth was detected. Next, the potential use of ROS as an 

adjuvant to commercial antibiotics was tested with aminoglycoside antibiotics such as 

kanamycin and gentamycin. We observed a significant enhancement in sensitivity of 
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E. coli to aminoglycoside antibiotics when co-treated with 50 M of 4 (minimum 

inhibitory concentrations (MIC) enhancement of 4 fold with kanamycin and 8 fold 

with gentamycin). Under similar conditions with kanamycin, H2O2 (250 M) showed 

a 2 fold enhancement in MIC and no effect was observed with menadione (250 M), 

a routinely used ROS generator for enhancing intracellular ROS. A small library of 

closely related analogues was synthesized by reducing the external double bond and 

their ROS generation profiles were documented. All these compounds were tested for 

their ability to inhibit Mycobacterium tuberculosis (Mtb), one of the highly infective 

pathogens, that kills a million each year. A majority of the compounds were found to 

inhibit Mtb at less than 1 g/mL MIC and further studies on mechanisms of these 

ROS generators to inhibit Mtb are currently underway. Thus, Chapter 2.1 describes 

the results of our design, synthesis and characterization of ROS generation from 2,-

dihydro-1,4-napthoquinones. Their suitability for intracellular enhancement of ROS 

has been demonstrated.  

 

Chapter 2.2: Substituent Effects on Reactive Oxygen Species (ROS) Generation 

by Hydroquinones 

A reaction of 2,3-dihydro-1,4-benzoquinones with molecular O2 for ROS generation 

was mediated by the intermediacy of an enol(ate), which was produced by 

tautomerization. Here, we studied effects of systematically changing substituents on 

the propensity of hydroquinones to enolize and the enol’s ability to react with oxygen 

to generate ROS. We hypothesized that enhancing the electron density on the quinone 

ring might stabilize compound in keto form; conversely, introduction of electron 

withdrawing group would decrease the electron density on the quinone ring and 

expected to induce enolization to produce a stable enol. In order to achieve the goal, a 

series of 2-aryl-1,4-benzoquinones were synthesized following a two-step synthetic 

protocol: Firstly, a silver nitrate catalyzed reaction of arylboronic acids with 1,4-

benzoquinone produced 2-aryl-1,4-benzoquinones and these were subjected to a [4+2] 

cycloaddition reaction with 1,3-cyclohexadiene to obtain desired 6-aryl-2,3-dihydro-

1,4-benzoquinones. 

 

Figure 2. (A) Portions of 
1
H NMR of 39-42 and 45-47 depicting ratio of keto-

enol tautomers (Hydrogens highlighted in red – keto isomer; gray – enol isomer; R = 
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H, 39; R = Me, 40; R = OMe, 41; R = Br, 42; R = Ac, 45; R = NO2, 46; R = CHO, 

47); (B) Plot of log(KX/KH) for keto–enol equilibria of 2,3-dihydrobenzoquinones 

versus the Hammett substitution constant σ
+
 (overall reaction constant ρ = 2.37; R

2
 = 

0.7420). (C) Time course of decomposition of 39 (1 mM, k39 = 0.28 h
–1

, R
2
 = 0.9875) 

and 47 (1 mM, k47 = 1.48 h
–1

, R
2
= 0.9546) in acetonitrile (pH 7.4 phosphate buffer 

(1/1, v/v)) based on HPLC analysis. (D) Time course of H2O2 generated from 39 (10 

μM) and 47 (10 μM) over 6 h in pH 7.4 phosphate buffer measured using Amplex 

Red based fluorescence assay. 

 

 

Next, stability of the keto and enol forms of 6-aryl-2,3-diydrobenzoquiones was 

studied using a proton-nuclear magnetic resonance (
1
H-NMR). As predicted 

compounds with electron releasing groups (Me (40), and MeO (41)) were found to be 

stable predominantly in its keto form. In the 
1
H NMR, signals for protons of  and  

to the carbonyl (highlighted in red, Figure 2A) for the keto isomer appeared at 3.0-

3.14 ppm.  

Increasing electron withdrawing ability of the substituents on the aryl ring was 

found to promote enolization. This was evidenced by a new set of peaks that appeared 
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at 4.2-4.5 ppm for the bridgehead protons of enol tautomer (highlighted in gray, 

Figure 2A). A mixture of keto and enol tautomers were observed for compounds with 

Br (42), Cl (43), F (44) and acetyl substitutions and the calculated keto: enol ratio 

were ranging from 94:6 to 62:38. Further, with electron withdrawing substituents such 

as -NO2 (46) and -CHO (47), only enol tautomer could be detected from 
1
H NMR 

(Figure 2A). A linear free energy relationship (LFER) analysis of the equilibrium 

constant calculated based on the keto-enol ratio obtained from 
1
H NMR studies and 

the Hammett substituents constant, 
+
 showed a nearly linear correlation and 

produced an overall reaction constant,  of +2.37, supporting the importance of 

electronic effects in controlling the position of the keto-enol equilibrium (Figure 2B). 

Next, we tested our hypothesis that propensity of the compounds to enolize 

determines reactivity with O2 to generate ROS in buffer. Initially, we tested the 

stability of the compounds in buffer, where a slow decomposition was observed for 39 

(keto form, t1/2 = 2.5 h), on the other hand enol tautomer 47 (t1/2 = 0.47 h) 

decomposed rapidly under similar conditions (Figure 2C). Thus, using a single 

scaffold, slow as well as rapid ROS generation was possible. Due to comparable 

physicochemical properties offered by a single scaffold, it is anticipated that this 

scaffold with diverse ROS generation profiles would be useful for biological studies. 

 

Chapter 3: Small Molecule Based Enzyme Activated Reactive Oxygen Species 

(ROS) Generator in Bacteria 

The hydroquinones synthesized and studied thus far are found to react with molecular 

O2 to generate ROS in bacteria. However, decomposition of these hydroquinones in 

extracellular medium to generate ROS as well as within cells is possible. Selectively 

enhancing only intracellular ROS levels in bacteria is desirable but no reliable 

methods are available. Here, we proposed to develop a tool that only enhances ROS 

within cells. In order to achieve this goal, the presence of an intracellular bacterial 

enzyme trigger for ROS generation is necessary. As previously described, H-bonding 

through 5-OH group is crucial for efficient ROS generation by 4, removal of the H-

bonding by substitution of the -OH group in 4 with benzyl group (8) was found to 

significantly diminish the ROS generation (Scheme 3). Taking advantage of this 

observation, a scaffold for spatio-temporally controlled delivery of ROS in a model 
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bacterium E. coli was designed by protecting 5-hydroxy-2,3-dihydro-1,4-

naphthoquinone (4) with an enzyme triggered self-immolative linker (Scheme 3). 

Scheme 3. A design of enzyme triggered release of active ROS generator 4 for 

intracellular ROS generation 

 

 

Nitroreductase (NTR) is a bacterial enzyme over expressed in E.coli and the 4-

nitrobenzyl moiety is a reported substrate for NTR. We considered 54, a O-4-

nitrobenzyl derivative of 4, as a potential Pro-ROS generator. A silver oxide (Ag2O) 

mediated benzylation of 4 with 4-nitrobenzyl bromide, afforded the Pro-ROS 

generator (54). We studied the release of 4 from the reduced 4-nitrobenzyl derivatives 

4a and/or 4b(Figure 3A). HPLC based analysis revealed the formation of 4 during a 

chemoreduction of 54 using Zinc and ammonium formate in methanol: buffer (1:1, 

v/v) at 37 °C. Further evidence for the formation of intermediates 4a, 4b and 4 was 

obtained by a mass spectral analysis of the reaction mixture. Next, the compound’s 

ability to generate ROS such as O2
●
 H2O2 and 

●
OH in buffer with and without NTR 

was studied using established assays described in Chapter 2 (Figure 3B and 3C). As 

predicted, in the absence of NTR, no significant ROS generation was observed from 

54 and an addition of NTR produced nearly comparable levels of O2
●

and H2O2 to the 

ROS generated by 4 in buffer. Thus, bacterial NTR enzyme triggered ROS generation 

in buffer has been achieved using 54. Next, we tested the compound’s permeability in 

bacteria to enhance the level of intracellular ROS. Carefully designed control 

experiments revealed a selective activation of 54 only inside bacteria to enhance 

intracellular ROS. When we tested the possibility of sensitizing bacteria to elevated 

ROS levels using 54, E. coli was found to tolerate an enhanced intracellular ROS and 

no significant effect on the growth of this bacterium was observed under our 

experimental conditions. Nevertheless, the compound’s utility as an adjuvant for 

potentiating the efficacy of aminoglycoside antibiotics against E. coli was 
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demonstrated. In summary, Chapter 3 describes an enzyme triggered scaffold for 

selectively increasing intracellular ROS in bacteria and their potential as an adjuvant 

to sensitize E. coli to aminoglycoside antibiotics. 

 

Figure3. (A) Bacterial nitroreductase (NTR) activated release of 4 for spatio-

temporally controlled ROS generation; (B) Superoxide generation from only 54 and 

in the presence of NTR in buffer measured using luminol based chemiluminescence 

assay; (C) Intracellular ROS generation determined using a HPLC based 

dihydroethidium (DHE) assay  

 

 

 

 

 

Chapter 4: Synthesis and Characterization of Thiol–Triggered Reactive Oxygen 

Species (ROS) Generators and Antibacterial Studies 

We developed a small molecule based scaffold for ROS generation in extracellular 

medium and a scaffold triggered by an intracellular bacterial enzyme, nitroreductase 

to enhance ROS levels selectively inside bacteria. Although these compounds were 

found to permeate bacteria to enhance intracellular ROS levels, bacteria do not appear 

to be sensitive to elevated ROS levels. Thus, enhancing intracellular ROS alone 

appears insufficient to inhibit E. coli growth (Chapter 2.1). In this Chapter, a scaffold 
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that is induced by cellular thiols to generate ROS was considered (Scheme 4). Here, 

an amplification effect of ROS induced oxidative stress might occur: (a) due to 

depletion of intracellular antioxidant thiols and (b) by an enhancement of intracellular 

ROS levels.  

 

Scheme 4. A design for increasing oxidative stress using thiol inducible ROS 

generators 

 

 

We synthesized a series of 2,3-epoxy1,4-naphthoquinones with electron releasing 

and withdrawing functional groups. Upon reaction with glutathione (GSH) we found a 

range of reactivities from 6-94% compound remaining after 30 min of reaction in 

buffer. In part, compounds ability to react with thiol was appeared to determine the 

level of ROS produced. Next, best ROS generators (74-76, 78) among the compounds 

were tested for their inhibitory potential against methicillin resistant Staphylococcus 

aureus (MRSA). S. aureus is a Gram positive pathogen that affects a million each 

year and mainly causes skin infection in infants. All the compounds tested were found 

to inhibit MRSA but at elevated concentrations. Based on this result, our revised 

design was focused on an indole core which is found in many natural products and 

therapeutics. We synthesized a library of indole-2,3-epoxy-1,4-naphthoquinones 

(IND-NQE). Next, the reactivity of the compounds with cysteine was performed in 

buffer and a majority of the compounds were highly reactive with cysteine. Increasing 

the sterics on the indole nitrogen was found to slightly decrease the reactivity with 

cysteine. The ROS generating ability of the compounds in the presence of S. aureus 

was determined using Amplex Red based fluorescence assay after 60 min of 

compound treatment with S. aureus and compounds were found to generate above 5 

M of H2O2.  
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Scheme 5. Proposed mechanism for glutathione-mediated decomposition of 

137 to generate ROS. 

 

Next, the compounds inhibitory potential against MRSA was tested and a majority 

of the compounds were found be active at MIC ranging from 0.25 – 2 g/mL. We 

have identified a lead compound N-isopropylindole derivate 137 with an MIC of 0.25 

g/mL. The in vitro inhibitory potential of the lead compound was better than 

commercially used antibiotic vancomycin (1 g/mL). Further mechanistic studies 

were focused on 137. The ROS generated by the reaction of 137 with GSH can react 

with excess glutathione (GSH) to produce the oxidized dimer GS-SG (Scheme 5). We 

find evidence for reaction of the formation of the adduct III and GS-SG thus 

suggesting multiple pathways for depletion of thiols. Accordingly, cellular assays 

with 137 showed intracellular thiol depletion and enhanced intracellular ROS. 

Furthermore, inhibitory potency of 137 against clinical isolates of MRSA (11 

bacterial strains) was tested by our collaborators. The lead compound 137 was found 

to be a potent inhibitor with MICs that were comparable or better than vancomycin. In 

this Chapter, we presented the design and development of ROS-based efficient MRSA 

inhibitors including patient derived strains. Our data suggests that the enhancement of 

oxidative stress by thiol depletion and ROS generation could be used as a new 

strategy to overcome drug resistance in bacteria. 

Taken togerther, enhancement of ROS within cells is challenging and among the 

methodologies available, 2,3-dihydro-1,4-naphthoquinones that we have developed 

are unique. They can spontaneously react with oxygen to produce superoxide radical 

anion in buffer and do not require bioreduction for ROS production. We have also 

developed scaffolds triggered by a bacterial enzyme or by intracellular thiols for site 

selective deliver of ROS in bacteria. Our preliminary investigation revealed that 

compounds capable of generating ROS and were good inhibitors of Mtb and MRSA 
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We have synthesized several new and improved analogues and conducted detailed 

investigations that support Mtb and MRSA are sensitive to enhanced intracellular 

ROS.  
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Here, we report 5-hydroxy-1,2,3,4,4a,9a-hexahydro-1,4-ethano-

9,10-anthraquinone (13), a small molecule generating reactive

oxygen species (ROS) in pH 7.4 buffer under ambient aerobic

conditions that has selective and potentMycobacterium tuberculosis

growth inhibitory activity.

Tuberculosis (TB) remains a leading cause of morbidity and

mortality in much of the world. Mycobacterium tuberculosis

(Mtb), the etiological agent of this infectious disease, is a

highly adaptive pathogen and an extremely difficult pathogen

to kill. The alarming rise in co-infection with HIV as well as

extensively drug resistant (XDR) and multi-drug resistant

(MDR) strains1 necessitates new chemotherapeutic strategies.2

Maintenance of redox homeostasis is integral to the sustenance of

metabolic processes andmycobacterial persistence. Any significant

alterations in oxidative or reductive species might cause break-

down of this balance and lead to cell death.3 For example, elevated

levels of reactive oxygen species (ROS) such as superoxide O2
��,

hydrogen peroxide H2O2 and hydroxyl radical �OH can cause

irreparable damage to biomacromolecules including DNA leading

to oxidative stress and might severely affect Mtb survival

(Scheme 1).4 A growing body of evidence points to normal human

cells’ ability to better tolerate alterations in redox homeostasis in

comparison with cancer cells5,6 and forms the basis of an emerging

paradigm for new redox-directed cancer chemotherapeutics.7

Thus, small molecules capable of perturbing mycobacterial redox

homeostasis through generation of ROS might have selectiveMtb

growth inhibitory potential.4

2,3-Dihydro-1,4-benzoquinones (A) were considered as

potential ROS generators (Scheme 2). Conversion of A to its

tautomer 1,4-dihydroxyarene (B) might occur at physiological

pH; the diol B can undergo aerobic oxidation to give C with

concomitant production of O2
�� and H2O2.

8 Variation of ring

size ‘‘n’’ and functional groups X and Y could perturb keto–enol

equilibria and as a consequence, ROS yields, allowing us to study

the effects of varying ROS levels on Mtb growth inhibitory

activity. Finally, 1,4-quinones such as C are candidates for

bioreduction to regenerateB, which is capable of generating ROS.

In order to test our hypothesis, 2,3-dihydro-1,4-benzoquinones

1–12were synthesized (ESIw) from commercially available starting

materials by a [4+2] cycloaddition between a quinone and

appropriate equivalents of a 1,3-diene (Fig. 1).

The ability of 1–12 to generate O2
�� (Fig. 2a) and H2O2

(Fig. 2b) under ambient aerobic conditions in pH 7.4 buffer

was estimated using reported assays.9,10 The juglone derivative

4 generated the highest levels of ROS amongst 1–12. Based on

this result, we prepared a closely related analogue 13 by

hydrogenation of 4 (Fig. 1). This compound was found to be

superior to 4 in ROS generation for 30 min (Fig. 2a and b).

Anti-microbial effects of ROS are primarily mediated

through induction of DNA damage.4 Fe(II)-mediated nuclease

activity of 1–13 was estimated using a pBR322 supercoiled

plasmid cleavage assay and nick induction was observed in

nearly all compounds tested (Fig. 2c). The compound’s nuclease

activity correlated well with its ROS generating ability, indicating

that the observed DNA damaging effects were ROS-mediated

(Pearson’s correlation coefficient R= 0.9475, P-valueo 0.0001,

Fig. S2, ESIw).
In order to test our hypothesis that ROS generators can inhibit

Mtb growth, a reported assay was used to determine minimum

inhibitory concentrations (MICs) for 1–13 againstMycobacterium

tuberculosis H37Rv (Table 1, entries 1–13).
11 Amongst these, four

compounds: 3, 4, 6 and 13 were found to be good Mtb growth

inhibitors with MICs o 10 mg mL�1. Compounds 5 and 12 did

not show any detectable inhibitory activity at 100 mg mL�1

(Table 1, entries 5 and 12). MIC of the best ROS generator 13

was superior to those of clinically used first-line TB drugs

ethambutol and pyrazinamide (Table 1, entries 16–17) and presents

opportunities for further development as a TB drug candidate.

Scheme 1 Reactive oxygen species (ROS) generated through reduction

of oxygen can damage biomacromolecules including DNA.
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Upon incubation of 13 at pH 7.4, HPLC analysis showed

complete disappearance of 13 with concomitant formation of 14

at comparable rates in a nearly quantitative HPLC yield (Fig. 3a

and b).12 A first order increase of H2O2 for 12 h was observed with

a maximal H2O2 yield of 72% (Fig. 3c). These results are consistent

with a tentative mechanism based on enolization of 2,3-dihydro-

1,4-naphthoquinones to produce a 1,4-diolate followed by reaction

with oxygen to sequentially produce O2
�� and H2O2 (Scheme S1,

ESIw).13,14 The presence of a proximal hydroxyl group appeared to

diminish carbonyl p-character (IR spectroscopy, Fig. S6, ESIw);
and enhanced electronegativity on the carbonyl oxygen (computa-

tional analysis, Fig. S7, ESIw). Together, these structural effects,

likely due to intramolecular H-bonding (Fig. S8, ESIw), could

promote enolization of C-4 carbonyl of 4 (or 13) leading to

enhanced ROS generation by these juglone derivatives in

comparison with other analogues without a proximal hydroxyl

group including the benzylated derivatives 8 and 9 (Fig. 1).

Compound 14, the exclusive organic product during incubation

of 13 did not generate O2
�� or H2O2 in aerobic buffer (Tables S1

and S3, ESIw) and neither did it induce significant DNA damage

(Fig. 2c). An increased intracellular fluorescence in the DCFH-

DA-based assay conducted in the presence of Mycobacterium

smegmatis MC2155 (Msm) was observed (Fig. S4, ESIw).
A quinone with a reduction potential in the range of �0.7 to

�1.1 V would be predicted to be a candidate for reduction by

enzymes such as NADPH:cytochrome P450 reductase15 and CV

analysis of 14 gave a reduction potential of �0.94 V (Fig. S9,

ESIw). Together, these data are consistent with a bioreductive

mode of activation of 14 to produce oxidative species

(Scheme 1). Quinone 14 inhibited Mtb growth with a MIC of

1.56 mg mL�1 (Table 1, entry 14) supporting our hypothesis that

direct generation of ROS by 13 (Fig. 1) in conjunction with

intracellular production of oxidative species by redox cycling by

14 could result in inhibition of Mtb growth (Scheme 2).

The ROS generator 13 was not a significant inhibitor

(IC50 > 25 mM) of normal human kidney (HEK) cells (Fig. S10,

ESIw). This result is consistent with anti-cancer oxidative stress

inducers which have shown selective toxicity towards cancers but

spared normal cells.5,6 The lead compound 13 (at 100 mgmL�1) did

not significantly inhibit several fast-growing Gram-positive

and Gram-negative bacterial strains tested (Table S8, ESIw).
The microbe selectivity of 13 parallels that of an artemisinin–

mycobactin drug conjugate which has shown high Mtb inhibitory

potency.17

Scheme 2 Design of compounds that can perturb redox homeostasis

by generating ROS.

Fig. 1 Compounds 1–14.

Fig. 2 (a) Superoxide (O2
��) generated during incubation of 1–13 (5 mM) in pH 7.4 buffer at 37 1C for 30 min was estimated by a luminol-based

chemiluminescence assay. Hypoxanthine/xanthine oxidase was used as a positive control in this assay. (b) H2O2 generated during incubation of 1–13

(5 mM) in pH 7.4 buffer at 37 1C for 30 min was estimated by a xylenol orange-based colorimetric assay; (c) nuclease activity of 1–14: reaction mixtures

(20 mL) contained 100 ng of form IDNA in pH 8.0 phosphate buffer (100 mM) and compound (50 mM)were incubated at 37 1C for 6 h: lane 1, untreated

control; lane 2, 1; lane 3, 2; lane 4, 3; lane 5, 4; lane 6, 5; lane 7, 6; lane 8, 7; lane 9, 8; lane 10, 9; lane 11, 10; lane 12, 11; lane 13, 12; lane 14, 13; lane 15, 14.

Nicked DNA is represented by II. A relative increase in nuclease activity is defined as the ratio of form II (cleaved) to form I (uncleaved) in comparison

with untreated control (lane 1); (d) comparison of MICs determined againstMycobacterium tuberculosis and extracellular H2O2 yields during incubation

of that compound with Mycobacterium smegmatis for 1 h and Spearman’s correlation coefficient was found to be r = �0.91, P-value o 10�5.
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At the outset our goal was two-fold: one, to design, synthe-

size and study compounds that were capable of generating

ROS; and two, to identify compounds with a range of ROS

generation profiles by structural modifications to study the

effects of varying ROS on Mtb growth. Having established

that compounds 1–13 were ROS generators in buffer, we

estimated ROS generated by 1–13 in the presence of cultured

Mycobacterium smegmatis MC2155 (Msm) and extracellular

H2O2 was estimated using an Amplex Red-based fluorescence

assay (Table 1). A good range of ROS in the presence of

mycobacteria (1–11%) was observed with 13 being the best

H2O2 generator (Table 1, entry 13). Statistical analysis

between the compound’s extracellular H2O2 yield in the

aforementioned assay and the compound’s measurable MIC

against Mtb revealed a strong negative correlation (Fig. 2d)

between these variables (Spearman’s rank correlation

coefficient r= �0.91, P-valueo 10�5). This result is indicative

of ROS generating ability of the compound being important for

inhibitory effects but without detailed mechanistic investiga-

tions, a conclusive connection cannot be established. However,

previous studies show that the exquisite susceptibility ofMtb to

isoniazid, a clinically used TB drug that in part acts through

induction of oxidative stress, is attributable to inactivation of

oxyR, a regulatory system that activates >20 anti-oxidant

genes in response to ROS;18 while oxyR is present in most

actinobacteria, paradoxically, it is an inactive pseudogene in

Mtb suggesting that a coherent response to induction of

oxidative stress might be impaired.19 Precursors of reactive

species such as nitric oxide and sulfur dioxide have shown

Mtb inhibitory activity.11,16 Here, we demonstrate the feasibility

of a tuberculosis drug design strategy based on compounds

generating reactive oxygen species in order to perturb redox

homeostasis.
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Table 1 Extracellular ROS generation, Mycobacterium tuberculosis
growth inhibitory activity and calculated partition coefficients (clogPs)

Entry Compd
MICa

(mg mL�1)
MIC
(mM)

Extracellular
H2O2

b (%) clogPc

1 1 25 111.0 3.6 2.43
2 2 12.5 52.4 4.2 2.99
3 3 3.13 13.0 5.8 2.76
4 4 0.76 3.0 6.8 3.32
5 5 >100 >350 1.9 2.72
6 6 6.25 23.1 4.3 3.28
7 7 25 75.6 2.5 4.29
8 8 25 72.5 4.2 4.85
9 9 25 143.5 2.6 0.43
10 10 50 208.0 1.0d 1.93
11 11 12.5 66.4 2.6 0.99
12 12 >100 >350 2.2d 3.04
13 13 0.76 3.0 11.0 3.81
14 14 1.56 6.1 3.8 4.52
15 Isoniazid 0.05 0.37 — �0.67
16 Ethambutol 1.56 7.64 — 0.12
17 Pyrazinamide 6.25 50.8 — �0.68
a Minimum inhibitory concentration (MIC) is the minimum concen-

tration of the compound required to inhibit 99% of bacterial growth

and was found against Mycobacterium tuberculosis H37Rv strain.
b Extracellular H2O2 measured during incubation of 1–14 (50 mM)

in the presence of Msm at 37 1C for 1 h estimated by an Amplex red-

based fluorescence assay. c Calculated values using Chembiodraw

Ultra. d Calculated based on 2 mol H2O2 from 1 mol of compound.

Fig. 3 (a) HPLC traces of incubation of 13 in pH 7.4 buffer for 12 h show

complete conversion of 13 to 14; (b) time courses of disappearance of 13

(k13 = 0.24 � 0.01 h�1) and appearance of 14 (k14 was 0.28 � 0.04 h�1)

based on HPLC analysis; (c) time course of H2O2 generated during

incubation of 13 (kHP = 0.7 h�1) in pH 7.4 buffer.
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ABSTRACT: In order to understand the structural aspects of stabilization
of hydroquinones and their ability to generate reactive oxygen species
(ROS), we designed and synthesized a series of 6-aryl-2,3-dihydro-1,4-
benzoquinones. These compounds equilibrate with the corresponding 6-
aryl-1,4-dihydroxybenzenes in an organic medium; a linear free energy
relationship analysis gave ρ = +2.37, suggesting that this equilibrium was
sensitive to electronic effects. The propensity of the compound to enolize appears to determine ROS-generating capability, thus
offering scope for tunable ROS generation.

During aerobic respiration, inadvertent 1e transfer to
molecular O2 produces the superoxide radical anion

O2
−•.1,2 O2

−• is converted to hydrogen peroxide (H2O2), which
in the presence of trace metal ions through Fenton chemistry
can generate the highly reactive hydroxyl radical •OH.1−3

Together, O2
−•, H2O2 and •OH are considered as reactive

oxygen species (ROS) and are central to redox biology,
immune response, an understanding of the pathology of
numerous diseases, including cancer, and aging.4−6 Recently, a
number of studies provide evidence for the use of ROS as a
therapeutic.4 For example, cancers have been reported to have
impaired capability to maintain redox homeostasis4 and are
sensitive to small molecules capable of generating ROS.7,8 Drug
resistance in bacteria can be overcome by enhancement of
ROS,9 suggesting possible applications for ROS generators as
an adjuvant that can enhance the efficacy of existing drugs.10−16

However, the precise roles of ROS are yet to be completely
understood17 and the rate of ROS generation plays an
important role in the observed biological effects.11 Although
multiple strategies can be used for ROS generation with
variable rates, a single scaffold with control over ROS
generation rates is not available.18−20 Such a tool would allow
us to study the differences in biological effects of varying ROS
generation. Furthermore, due to comparable physicochemical
properties offered by a single scaffold, development of one with
diverse ROS generation profiles would be useful. We
considered 6-aryl-2,3-dihydro-1,4-benzoquinones as a possible
candidate scaffold for tunable ROS generation (Scheme 1). A
mechanism for ROS generation from these compounds
involves enolization as the first step that produces an aromatic
1,4-diol, which reacts with oxygen to produce O2

−•.12 Placing
substituents on the position adjacent to the carbonyl functional
group might affect the propensity of the keto form to enolize.
Being able to systematically alter the position of this
equilibrium might offer opportunities to tune ROS generation.
In addition to ROS generation, hydroquinones find frequent
use as a functional group capable of transferring electrons21−23

and are components of numerous bioactive natural prod-
ucts.24−26 Understanding substituent effects on stabilizing the
enol would hence enable us to better characterize the reactivity
of this important functional group.
In order to synthesize the 6-aryl-2,3-dihydrobenzoquinone

scaffold, substituted p-benzoquinones 15−26 were first
synthesized using a silver nitrate catalyzed arylation of 1,4-
benzoquinone (14) with functionalized arylboronic acids
(Table S1 (Supporting Information), entries 1−12).27 Next,
14−26, containing electron-withdrawing and electron-donating
groups, were independently reacted with 1,3-cyclohexadiene to
produce the corresponding Diels−Alder adducts in yields
ranging from 67 to 95% (Table 1, entries 1−13). A 1H nuclear
magnetic resonance (1H NMR) spectroscopy study conducted
on 2 showed that this compound exclusively existed in the keto
form (2a), as evidenced by signals for the hydrogens of α and β
(bridgehead) to the CO, which appeared in the range 3.0−
3.4 ppm (Figure S1 (Supporting Information)). A similar result
was recorded for the 4-methyl as well as 4-methoxyphenyl
derivatives 3 and 4 (Figure S1), suggesting no major effect of
introduction of an electron-donating group on the position of
the equilibrium (Table 1). Next, the 1H NMR spectrum for the
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Scheme 1. Equilibration of 6-Aryl-2,3-dihydro-1,4-
benzoquinones with Their Corresponding Diols, Which
under Physiological Conditions React with Oxygen To
Produce ROS
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4-bromo derivative 5 was recorded and this compound was
found to exist predominantly in its keto form 5a; however, a set
of peaks at 4.2−4.5 ppm for the bridgehead hydrogens of the
enol form 5b was also observed (Figure S1). The major
tautomer was the keto form 5a, estimated as 93% (Table 1,
entry 5). A similar result was recorded for 6−8 (Figure S1),
whose equilibria were found to be 62−89% in favor of the keto
tautomer (Table 1, entries 6−8).
Among the compounds with electron-withdrawing groups,

the enol form was dominant and 9, 10, and 12 were found to
exist nearly exclusively in the enol forms 9b, 10b, and 12b while
the 3-nitroaryl derivative 11 was 73% enol in DMSO-d6 (Table
1, entries 9−12). The aryl derivative 13 with a 2-methoxy
substituent was found to behave similarly to the 4-methoxy
derivative 4, and only the keto form 13a could be detected
(Table 1, entry 13).
On the basis of the ratios of the keto and enol forms, the

equilibrium constant for enolization Keq was calculated (Table

1). In order to understand substituent effects on the position of
this equilibrium, using these Keq values, a Hammett plot was
constructed. A moderately linear correlation (R2 = 0.6751) was
observed with σ, and an overall reaction constant ρ of +3.6 was
obtained (see the Supporting Information, Figure S2). The
resonance contribution to the position of the equilibrium was
estimated using a similar plot that was constructed with σ+, and
a ρ value of +2.37 was obtained, but with better linearity (R2 =
0.7420, Figure 1a).28 Previous reports of such equilibria in
related β-diketones such as benzoylacetones and benzoylcyclo-
hexanones indicate that the keto form is stabilized by electron-
releasing groups.29−31 Although the magnitude of the reaction
constant ρ derived from σ+ and equilibrium constants in the
aforementioned studies was significantly lower (i.e. 0.6−
0.929−31) than the ρ value that we find in this study, the sign
was positive, supporting similar trends in substituent effects on
the stability of keto and enol forms.

Table 1. Synthesis of 1−13, Results of Keto−Enol Ratios Studied by 1H NMR, Percent Compound Remaining in Buffer
Calculated from HPLC Studies, and H2O2 Generated from 1−13 in Buffer

entry R quinone product yield (%) keto (%)a enol (%)a Keq
b remaining (%)c H2O2 (μM)d

1 H 14 1a 70 100 n.d. 0.0204e 32 1.16
2 Ph 15 2a 73 100 n.d. 0.0204e 74 1.66
3 4-MePh 16 3a 83 100 n.d. 0.0204e 60 0.75
4 4-MeOPh 17 4a 74 100 n.d. 0.0204e 86 1.07
5 4-BrPh 18 5a + 5b 81 93 7f 0.0753 25 0.85
6 4-ClPh 19 6a + 6b 95 62f 38 0.6129 52 3.67
7 4-FPh 20 7a + 7b 66 89 11 0.1235 57 2.65
8 4-AcPh 21 8a + 8b 84 74 26f 0.3513 17 2.44
9 4-NO2Ph 22 9b 84 n.d. 100f 49e 9.6 1.59g

10 4-CHOPh 23 10b 81 n.d. 100f 49e 11.4 5.42
11 3-NO2Ph 24 11a + 11b 67 27 73 2.703 18 3.55
12 3-CHOPh 25 12b 87 n.d. 100f 49e 40 3.55
13 2-MeOPh 26 13a 70 100 n.d. 0.0204e 70 0.45

aThe percent keto and enol forms were estimated by 1H NMR spectroscopy in CDCl3 unless otherwise indicated (spectra were recorded on a 400
MHz NMR spectrometer). n.d. = not detected. bKeq was estimated by the ratio of peaks correspnding to α- and β-hydrogens to the CO (for the
keto form) and the bridgehead hydrogens (for the enol form). n.d. = not detected. cThe compound (1 mM) was incubated in pH 7.4 phosphate
buffer for 60 min at 37 °C under ambient aerobic conditions, and HPLC was used to determine percnet compound remaining. dThe compound (10
μM) was incubated in pH 7.4 phosphate buffer under ambient aerobic conditions for 60 min, and H2O2 was assayed by an Amplex Red fluorescence
assay. eEstimated by considering 98% of the major tautomer. fExperiment was conducted in DMSO-d6.

gHPLC analysis of this reaction mixture
showed multiple unidentified products, suggesting possible side reactions or collateral consumption of H2O2 likely contributing to the diminished
yield of H2O2.

Figure 1. (a) Plot of log(KX/KH) for keto−enol equilibria of 2,3-dihydrobenzoquinones versus the Hammett substitution constant σ+ 28 (reaction
constant ρ = 2.37; R2 = 0.7420). (b) Time course of decomposition of 2 (1 mM, k2 = 0.28 h−1, R2 = 0.9875) and 10 (1 mM, k10 = 1.48 h−1, R2 =
0.9546) in acetonitrile (pH 7.4 phosphate buffer (1/1, v/v)) based on HPLC analysis. (c) Time course of H2O2 generated from 2 (10 μM) and 10
(10 μM) over 6 h in pH 7.4 phosphate buffer measured using Amplex Red based fluorescence assay.
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Next, the electronic effect on the keto form’s propensity to
enolize was studied by exposing the compound to base, which
would promote enolization. Compound 2, which predom-
inantly exists in the keto form 2a, was exposed to NaOD (0.2
equiv) in DMSO-d6, and the NMR spectrum was recorded after
15 min (see the Supporting Information, Figure S3). The
formation of signals that were characteristic of the bridgehead
hydrogens of the enolate was observed (indicated by arrows in
Figure S3) with concomitant disappearance of the α-keto
hydrogens. A similar experiment conducted with 4a showed
that, in the same time period, 62% of 4a remained and
complete enolization was observed in 1 h, suggesting that an
electron-donating group on the aryl ring significantly lowered
the rate of enolization (see the Supporting Information, Figure
S4). A similar experiment conducted with 5 (93/7; 5a/5b) and
8 (77/23; 8a/8b) showed nearly complete enolization in 15
min (see the Supporting Information, Figures S5 and S6).
These observations are consistent with electron-donating
groups significantly decreasing the propensity of the hydro-
quinone to enolize.
Our data suggest that the enolization of 6-aryl-2,3-

dihydrobenzoquinones is dependent on electronic effects and
the ratio of keto and enol tautomers can be modulated by
simple structural modifications on the aryl ring. Accordingly,
compounds with dominant enol forms are expected to be more
reactive in ambient aerobic buffer and vice versa. When 1a was
dissolved in pH 7.4 phosphate buffer/acetonitrile (1/1, v/v),
we found nearly 32% of the compound remaining after 60 min
(Table 1, entry 1). When a similar experiment was conducted
with 2a, 74% of the compound remained after 1 h (Table 1,
entry 2). Curve fitting of percent 2a remaining to a first-order
reaction gave a rate constant of 0.28 h−1 (R2 = 0.9875) and a
half-life (t1/2) of 2.49 h (Figure 1b). Compounds 3a and 4a
with electron-donating groups were found to have comparable
decomposition profiles after 1 h (Table 1, entries 3 and 4). In
the cases of compounds 5−8 and 11, which existed as mixtures
of keto and enol forms in organic media, the percent remaining
in these cases was calculated on the basis of the keto form and
ranged from 18 to 57%, all lower in comparison with 2a (Table
1, entries 5−8 and 11). Compounds 9b and 10b were 90%
decomposed in 1 h, while 40% of the formyl derivative 12b
remained in the same time period (Table 1, entries 9, 10, and
12). Under these conditions, the first-order rate constant k =
1.48 h−1 (R2 = 0.9546) was recorded for decomposition of 10b
(Figure 1b). The half-life of this compound was estimated as
0.47 h, which is lower in comparison with 2a (Figure 1b).
In ambient aerobic buffer, the hydroquinone is expected to

rapidly react with oxygen to produce the corresponding 1,4-
benzoquinone (see the Supporting Information, Table S3,
compounds 27−29). Its keto tautomer, on the other hand,
would have to first tautomerize to generate hydroquinone
enolate in buffer, and a sequential one-electron transfer from
the enolate to molecular oxygen produces ROS such as O2

−•

and H2O2 (Scheme S2, Supporting Information).12,13 We
studied superoxide (O2

−•) generated from 1−13 using a
reported chemiluminescence assay,32 and results of this assay
confirmed that 1−13 were capable of generating O2

−• in buffer
(see the Supporting Information, Figure S12). Addition of an
electron to O2

−• would lead to the formation of H2O2, which
was assayed using a commercially available Amplex Red
reagent.33,14 All compounds tested were found to generate
H2O2, and in a majority of the cases, we found that the
presence of an electron-withdrawing substituent enhanced ROS

generation (Table 1, entries 1−13). This result is consistent
with enolization being the critical step in ROS production; once
formed, the enolate reacts rapidly with O2 to generate ROS
(Scheme 1). Hence, the keto−enol ratio in organic media was a
good indicator of the ability to generate ROS in buffer,
suggesting that enolization is the key step to control ROS
generation by these compounds.37 Finally, the tunability offered
by this scaffold is illustrated by time courses of H2O2 generated
by 2a, which is gradual, and 10b, which rapidly dissociates to
generate ROS (Figure 1c). Taken together, we provide
evidence for predictably tuning keto−enol tautomerism in
dihydrobenzoquinones by varying substituent electronics and
the position of this equilibrium significantly affects ROS
generation.

■ EXPERIMENTAL SECTION
Compounds 1,34 2,35 and 15−2627,36 have been previously reported,
and analytical data that we recorded were consistent with the reported
values.

General Procedure for Synthesis of Compounds 1a−13a. To
a solution of 2-aryl-1,4-benzoquinone (1 mmol) in toluene (10 mL)
was added freshly distilled 1,3-cyclohexadiene (2 mmol), and the
mixture was refluxed. Upon complete consumption of the starting
material (TLC analysis), the reaction mixture was evaporated to
dryness under reduced pressure to obtain the crude product. The
crude material was purified by silica gel column chromatography using
an ethyl acetate (5 → 15%) and petroleum ether solvent system. This
material was recrystallized in chloroform to obtain pure material.

General Procedure for Synthesis of 27−29. To a solution of
2,3-dihydro-1,4-benzoquinone (0.2 mmol) in tetrahydrofuran (THF, 5
mL) was added potassium carbonate (0.5 mmol, 2.5 equiv), and the
reaction mixture was stirred at room temperature overnight. The
reaction mixture was washed with 5 mL of deionized water and
extracted with ethyl acetate (4 × 5 mL). The combined organic layer
was dried (anhydrous Na2SO4, 5 g) and filtered, and the filtrate was
evaporated under reduced pressure to obtain the crude product. The
crude mixture was purified by a silica gel column by washing with ethyl
acetate/petroleum ether (1/3 ratio, v/v). The organic solvent was
evaporated under reduced pressure to obtain pure material.

6-(4-Methylphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-
thalene-5,8-dione (3a). Starting from 16 (150 mg, 0.76 mmol), 3a
(174 mg, 66%) was isolated as a pale yellow solid: mp 116−118 °C;
FT-IR (νmax, cm

−1) 2927, 2861, 1743, 1681, 1653, 1516, 1462, 1208,
1029; 1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 8.2 Hz, 2H), 7.20
(d, J = 8.0 Hz, 2H), 6.74 (s, 1H), 6.15−6.31 (m, 2H), 3.21−3.27 (m,
2H), 3.15 (dd, J = 2.5, 9.3 Hz, 1H), 3.06 (dd, J = 2.5, 9.3 Hz, 1H), 2.37
(s, 3H), 1.69−1.76 (m, 2H), 1.34−1. 69 (m, 2H); 13C NMR (100
MHz, CDCl3) δ 199.6, 198.9, 151.7, 140.6, 137.7, 133.8, 133.4, 130.5,
129.3, 128.8, 50.7, 50.2, 35.6, 35.5, 24.8, 21.5; HRMS (ESI-TOF) for
[C19H18O2 + Na]+ calcd 301.1204, found 301.1194. Anal. Calcd for
C19H18O2: C, 81.99; H, 6.52. Found: C, 81.71; H, 6.42.

6-(4-Methoxyphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-
thalene-5,8-dione (4a). Starting from 17 (100 mg, 0.47 mmol), 4a
(101 mg, 74%) was isolated as an orange-yellow solid: mp 121−123
°C; FT-IR (νmax, cm

−1) 2928, 2859, 1743, 1678, 1652, 1515, 1462,
1258, 1023; 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.7 Hz, 2H),
6.90 (d, J = 8.7 Hz, 2H), 6.72 (s, 1H), 6.18−6.33 (m, 2H), 3.82 (s,
3H), 3.23 (s, 2H), 3.13 (dd, J = 2.1, 9.3 Hz, 1H), 3.05 (dd, J = 2.1, 9.3
Hz, 1H), 1.72 (d, J = 6.9 Hz, 2H), 1.38 (d, J = 7.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3) δ 199.5, 199.2, 161.4, 151.0, 136.7, 133.8, 133.4,
130.5, 125.6, 114.1, 55.5, 50.8, 50.1, 35.5, 35.4, 24.9; HRMS (ESI-
TOF) for [C19H18O3 + Na]+ calcd 317.1153, found 317.1149. Anal.
Calcd for C19H18O3: C, 77.53; H, 6.16. Found: C, 77.64; H, 5.82.

6-(4-Bromophenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-
thalene-5,8-dione (5a). Starting from 18 (500 mg, 1.9 mmol), 5
(531 mg, 81%) was isolated as a pale yellow solid: mp 132−134 °C;
FT-IR (νmax, cm

−1) 3531, 2920, 2873, 1741, 1651, 1460, 1339, 1201,
1073; 1H NMR (400 MHz, CDCl3) δ 7.50−7.54 (m, 2H), 7.24−7.27
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(m, 2H), 6.69−6.77 (m, 1H), 6.19−6.28 (m, 2H), 3.23 (dd, J = 2.5,
5.0 Hz, 2H), 3.15 (d, J = 2.5 Hz, 1H), 3.13 (d, J = 2.5 Hz, 1H), 1.66−
1.79 (m, 2H), 1.33−1.46 (m, 2H); 13C NMR (100 MHz, CDCl3) δ
199.3, 198.4, 150.5, 138.4, 133.9, 133.4, 132.3, 132.1, 131.8, 130.9,
130.5, 124.8, 50.6, 50.2, 35.6, 35.5, 24.8; HRMS (ESI-TOF) for
[C18H15BrO2 + Na]+ calcd 365.0152, found 365.0152. Anal. Calcd for
C18H15BrO2 calcd. C, 62.99; H, 4.41. Found, C, 63.21; H, 4.09. Note:
NMR data presented here are for the major isomer.
6-(4-Chlorophenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-

thalene-5,8-dione (6a). Starting from 19 (300 mg, 1.4 mmol), 6
(391 mg, 95%) was isolated as a yellow solid: mp 149−151 °C; FT-IR
(νmax, cm

−1) 3581, 3422, 3055, 2952, 2869, 1742, 1653, 1467, 1259,
1040; 1H NMR (400 MHz, DMSO-d6) δ 7.41−7.45 (m, 4H), 6.82 (s,
1H), 6.12−6.23 (m, 2H), 3.23 (dd, J = 2.4, 9.5 Hz, 1H), 3.01−3.13
(m, 3H), 1.67 (d, J = 8.2 Hz, 2H), 1.20−1.40 (m, 2H); 13C NMR (100
MHz, DMSO-d6) δ 199.2, 198.4, 150.4, 138.4, 133.9, 133.4, 130.6,
130.2, 129.4, 128.7, 113.3, 63.8, 50.6, 50.2, 35.6, 35.5, 25.0, 24.8 (a
mixture of keto (62%) and enol (38%) tautomers); HRMS (ESI-
TOF) for [C18H15ClO2 + Na]+ calcd 321.0658, found 321.0656. Note:
NMR data presented here are for the major isomer.
6-(4-Fluorophenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-

thalene-5,8-dione (7a). Starting from 20 (300 mg, 1.48 mmol), 7
(277 mg, 66%) was isolated as a yellow semisolid: FT-IR (νmax, cm

−1)
3567, 2961, 1742, 1695, 1652, 1513, 1462, 1220, 1157; 1H NMR (400
MHz, CDCl3) δ 7.36−7.41 (m, 2H), 7.03−7.12 (m, 2H), 6.72 (s, 1H),
6.24 (dd, J = 3.4, 4.3 Hz, 2H), 3.22−3.27 (m, 2H), 3.14 (dd, J = 2.5,
9.3 Hz, 1H), 3.06 (dd, J = 2.5, 9.3 Hz, 1H), 1.67−1.78 (m, 2H), 1.32−
1.43 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 199.3, 198.6, 165.2,
162.7, 150.4, 138.2, 133.9, 133.3, 131.0, 130.9, 115.8, 115.6, 113.5,
50.6, 50.2, 35.6, 35.5, 24.8; HRMS (ESI-TOF) for [C18H15FO2 + Na]+

calcd 305.0953, found 305.0957. Note: NMR data presented here are
for the major isomer.
6-(4-Acetylphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-

thalene-5,8-dione (8a). Starting from 21 (500 mg, 2.2 mmol), 8
(566 mg, 84%) was isolated as a yellow solid: mp 127−128 °C; FT-IR
(νmax, cm

−1) 3563, 2980, 2862, 1742, 1659, 1519, 1461, 1354, 1170,
1044; 1H NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 2.1, 8.4 Hz, 2H),
7.46 (dd, J = 1.8, 8.3 Hz, 2H), 6.76 (d, J = 2.2 Hz, 1H), 6.25 (dd, J =
2.5, 4.8 Hz, 2H), 3.04−3.30 (m, 4H), 2.59 (d, J = 2.2 Hz, 3H), 1.73 (d,
J = 7.4 Hz, 2H), 1.38 (d, J = 8.1 Hz, 2H); 13C NMR (100 MHz,
CDCl3) δ 199.3, 198.3, 197.6, 150.6, 144.4, 139.1, 134.0, 133.4, 129.2,
129.1, 128.4, 127.5, 50.6, 50.2, 35.7, 35.5, 26.8, 24.8; HRMS (ESI-
TOF) for [C20H18O3 + Na]+ calcd 329.1153, found 329.1154. Anal.
Calcd for C20H18O3: C, 78.41; H, 5.92. Found: C, 78.09; H, 5.57.
Note: NMR data presented here are for the major isomer.
NMR Data of Enol Tautomer, 6-(4-Acetylphenyl)-1,4-dihy-

dro-1,4-ethanonaphthalene-5,8-diol (8b). 1H NMR (400 MHz,
DMSO-d6) δ 8.73 (s, 1H), 7.99 (s, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.57
(d, J = 7.8 Hz, 2H), 6.42−6.49 (m, 3H), 4.39 (s, 1H), 4.26 (s, 1H),
2.54 (s, 3H), 1.40 (d, J = 8.1 Hz, 2H), 1.28 (d, J = 9.6 Hz, 2H); 13C
NMR (100 MHz, DMSO-d6) δ 198.05, 145.1, 145.0, 140.9, 135.8,
135.6, 135.0, 134.2, 132.0, 129.9, 128.4, 126.1, 113.7, 33.7, 33.3, 27.2,
25.4, 25.3; HRMS (ESI-TOF) for [C20H18O3 + H]+ calcd 307.1334,
found 307.1330.
6-(4-Nitrophenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-

diol (9b). Starting from 22 (100 mg, 0.41 mmol), 9b (64 mg, 47%)
was isolated as a pale yellow semisolid: FT-IR (νmax, cm

−1) 3517, 3452,
2936, 2869, 1741, 1653, 1517, 1460, 1196, 1021; 1H NMR (400 MHz,
DMSO-d6) δ 8.79 (s, 1H), 8.17−8.20 (m, 3H), 7.69 (d, J = 8.7 Hz,
2H), 6.49 (s, 1H), 6.44−6.46 (m, 2H), 4.40 (s, 1H), 4.26 (s, 1H), 1.40
(d, J = 7.6 Hz, 2H), 1.27 (d, J = 9.9 Hz, 2H); 13C NMR (100 MHz,
DMSO-d6) δ 172.8, 166.1, 147.3, 146.1, 145.2, 140.9, 135.7, 135.6,
134.4, 132.9, 130.7, 125.0, 123.6, 113.6, 33.7, 33.4, 25.3, 25.1; HRMS
(ESI-TOF) for [C18H15NO4 + H]+ calcd 310.1079, found 310.1078.
6-(4-Formylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-

5,8-diol (10b). Starting from 23 (150 mg, 0.71 mmol), 10b (168 mg,
81%) was isolated as a pale yellow solid: mp 193−195 °C; FT-IR
(νmax, cm

−1) 3568, 2930, 2862, 1743, 1684, 1598, 1551, 1520, 1461,
1266, 1067, 1020; 1H NMR (400 MHz, DMSO-d6) δ 9.96 (s, 1H),
8.73 (s, 1H), 8.03 (s, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.1

Hz, 2H), 6.37−6.58 (m, 3H), 4.40 (s, 1H), 4.26 (s, 1H), 1.40 (d, J =
7.9 Hz, 2H), 1.28 (d, J = 8.9 Hz, 2H); 13C NMR (100 MHz, DMSO-
d6) δ 193.2, 146.6, 145.1, 140.9, 135.7, 135.6, 134.5, 134.3, 132.3,
130.3, 129.7, 126.0, 113.7, 33.7, 33.3, 25.4, 25.3; HRMS (ESI-TOF)
for [C19H16O3 + H]+ calcd 293.1177, found 293.1173.

6-(3-Nitrophenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-
diol (11b). Starting from 24 (100 mg, 0.46 mmol), 11 (96 mg, 67%)
was isolated as a yellow solid: mp 163−165 °C; FT-IR (νmax, cm

−1)
3615, 2928, 1741, 1688, 1517, 1462, 1339, 1272, 1154; 1H NMR (400
MHz, DMSO-d6) δ 8.78 (s, 1H), 8.27−8.32 (m, 1H), 8.17 (s, 1H),
8.07 (dd, J = 1.8, 8.1 Hz, 1H), 7.82−7.88 (m, 1H), 7.62 (t, J = 8.0 Hz,
1H), 6.46 (dd, J = 9.1, 12.9 Hz, 3H), 4.39 (s, 1H), 4.26 (s, 1H), 1.40
(d, J = 8.0 Hz, 2H), 1.22−1.31 (m, 2H); 13C NMR (100 MHz,
DMSO-d6) δ 199.2, 198.4, 148.8, 148.0, 145.2, 141.6, 140.8, 139.2,
136.1, 135.9, 135.7, 135.6, 135.4, 134.3, 134.1, 132.4, 130.4, 130.0,
124.9, 124.7, 124.3, 124.2, 121.4, 113.5, 50.4, 50.1, 34.8, 33.7, 33.3,
25.4, 25.3, 24.7, 24.6 (a mixture of keto/enol (27/73) tautomers);
HRMS (ESI-TOF) for [C18H15NO4 + Na]+ calcd 332.0899, found
332.0898. Note: NMR data presented here are for the major isomer.

6-(3-Formylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-
5,8-diol (12b). Starting from 25 (400 mg, 1.88 mmol), 12b (477 mg,
87%) was isolated as a yellow solid: mp 158−160 °C; FT-IR (νmax,
cm−1) 3455, 3323, 2913, 2865, 1833, 1742, 1675, 1514, 1459, 1288,
1146, 1071; 1H NMR (400 MHz, DMSO-d6) δ 10.00 (s, 1H), 8.72 (s,
1H), 8.00 (s, 1H), 7.97 (s, 1H), 7.76 (dd, J = 1.4, 7.6 Hz, 2H), 7.56 (t,
J = 7.6 Hz, 1H), 6.45−6.48 (m, 3H), 4.40 (s, 1H), 4.27 (s, 1H), 1.40
(d, J = 7.8 Hz, 2H), 1.29 (d, J = 9.4 Hz, 2H); 13C NMR (100 MHz,
DMSO-d6) δ 193.9, 145.1, 141.0, 140.7, 136.5, 135.8, 135.7, 135.7,
134.2, 131.7, 130.8, 129.3, 127.8, 125.9, 113.7, 33.7, 33.3, 25.4, 25.3;
HRMS (ESI-TOF) for [C19H16O3 + H]+ calcd 293.1177, found
293.1170. Anal. Calcd for C19H16O3: C, 78.06; H, 5.52. Found: C,
77.66; H, 5.31.

6-(2-Methoxyphenyl)-1,4,4a,8a-tetrahydro-1,4-ethanonaph-
thalene-5,8-dione (13a). Starting from 26 (200 mg, 0.93 mmol),
13a (193 mg, 70%) was isolated as an orange-yellow solid: mp 143−
145 °C; FT-IR (νmax, cm

−1) 2927, 2856, 1743, 1655, 1518, 1462, 1256,
1167, 1019; 1H NMR (400 MHz, CDCl3) δ 7.37 (ddd, J = 1.8, 7.3, 8.3
Hz, 1H), 7.08 (dd, J = 1.8, 7.4 Hz, 1H), 6.94−6.99 (m, 1H), 6.90 (d, J
= 8.3 Hz, 1H), 6.65 (s, 1H), 6.16−6.39 (m, 2H), 3.76 (s, 3H), 3.13−
3.26 (m, 3H), 3.07 (dd, J = 2.7, 9.2 Hz, 1H), 1.66−1.78 (m, 2H),
1.34−1. 46 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 198.3, 196.8,
155.8, 151.5, 138.0, 133.1, 131.8, 130.2, 128.8, 122.9, 119.9, 110.2,
54.5, 49.4, 49.1, 34.1, 33.8, 24.1, 23.4; HRMS (ESI-TOF) for
[C19H18O3 + Na]+ calcd 317.1153, found 317.1149. Anal. Calcd for
C19H18O3: C, 77.53; H, 6.16. Found: C, 77.19; H, 6.04.

6-Phenyl-1,4-dihydro-1,4-ethanonaphthalene-5,8-dione
(27). Starting from 2a (50 mg, 0.19 mmol), 27 was isolated as a yellow
semisolid (41 mg, 83%): FT-IR (νmax, cm

−1) 2928, 2817, 1648, 1585,
1488, 1337, 1011; 1H NMR (400 MHz, CDCl3) δ 7.33−7.48 (m, 5H),
6.68 (s, 1H), 6.33−6.50 (m, 2H), 4.39 (dd, J = 1.7, 18.5 Hz, 2H), 1.50
(dd, J = 4.8, 6.0 Hz, 2H), 1.35−1.44 (m, 2H); 13C NMR (100 MHz,
CDCl3) δ 183.7, 182.8, 148.6, 148.5, 144.4, 134.0, 133.2, 132.8, 132.1,
131.7, 130.9, 124.5, 34.2, 33.8, 24.8, 24.7; HRMS (ESI-TOF) for
[C18H14O2 + H]+ calcd 263.1072, found 263.1063.

6-(4-Methoxyphenyl)-1,4-dihydro-1,4-ethanonaphthalene-
5,8-dione (28). Starting from 4a (50 mg, 0.17 mmol), 28 was isolated
as an orange semisolid (19 mg, 38%): FT-IR (νmax, cm

−1) 2924, 1649,
1563, 1511, 1460, 1340, 1240, 1181, 1028; 1H NMR (400 MHz,
CDCl3) δ 7.32−7.54 (m, 2H), 6.84−7.02 (m, 2H), 6.64 (s, 1H),
6.31−6.50 (m, 2H), 4.27−4.47 (m, 2H), 3.83 (s, 3H), 1.42−1.53 (m,
2H), 1.31−1.41 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 184.1,
183.6, 161.1, 148.5, 148.3, 144.8, 134.0, 133.9, 131.0, 130.6, 125.7,
114.0, 55.4, 34.2, 33.7, 24.8, 24.7; HRMS (ESI-TOF) for [C19H16O3 +
H]+ calcd 293.1177, found 293.1174.

6-(4-Acetylphenyl)-1,4-dihydro-1,4-ethanonaphthalene-5,8-
dione (29). Starting from 8a (50 mg, 0.16 mmol), 29 (31 mg, 62%)
was isolated as a yellow semisolid: FT-IR (νmax, cm

−1) 2929, 2872,
1682, 1650, 1602, 1460, 1359, 1268, 1142, 1041; 1H NMR (400 MHz,
CDCl3) δ 7.91−7.99 (m, 2H), 7.51−7.56 (m, 2H), 6.72 (s, 1H),
6.40−6.44 (m, 2H), 4.35−4.43 (m, 2H), 2.61 (s, 3H), 1.49−1.54 (m,
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2H), 1.37−1.41 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 197.7,
183.6, 182.6, 148.6, 144.5, 137.8, 137.6, 134.0, 133.8, 132.9, 129.7,
128.5, 128.4, 128.3, 34.2, 33.8, 26.8, 24.8, 24.7; HRMS (ESI-TOF) for
[C20H16O3 + H]+ calcd 305.1177, found 305.1172.

1H NMR Experiment for Studying Enolization Potential. A
stock solution of sodium deuteroxide (NaOD) in DMSO-d6 was
prepared by mixing 10 μL of 30 wt % NaOD in D2O with 490 μL of
DMSO-d6. The

1H NMR spectrum was recorded for 2 (10 mg) in
DMSO-d6 (0.6 mL) at 25 °C. To a solution of 2 in DMSO-d6 (0.6
mL) was added 0.2 equiv of NaOD (10 μL from the aforementioned
stock solution) at room temperature (25 °C), and after 15 min the 1H
NMR spectrum was recorded on a 400 MHz NMR spectrometer. By
following similar experimental conditions the 1H NMR experiments
for 4, 5, 8, and 10 were carried out.
Stability Studies using HPLC. A stock solution of compound (10

mM) was diluted to 1 mM in pH 7.4 phosphate buffer (100 mM)/
acetonitrile ACN (1/1 ratio, v/v) and incubated at 37 °C over a period
of 2−8 h. The reaction mixture was filtered (0.22 μm) and injected
(25 μL) in a high-performance liquid chromatograph (HPLC)
attached with a diode-array detector (the detection wavelength was
254 nm) and a Zorbax SB C-18 reversed-phase column (250 mm ×
4.6 mm, 5 μm). A mobile phase of water/acetonitrile was used with a
run time of 25 min: multistep gradient technology with a flow rate of 1
mL/min starting with 50/50 for 0−5 min, 40/60 for 5−10 min, 30/70
for 10−15 min, 20/80 for 15−20 min, 50.50 for 20−23 min, and 50/
50 for 23−25 min.
Superoxide Detection by Luminol Assay.32 5-Amino-2,3-

dihydro-1,4-phthalazinedione solution (Luminol, 4 mM) was prepared
in 30 mM aqueous sodium hydroxide and stored under ice. To a
microwell plate was added a stock solution of the compound (2 μL of
1 mM) to phosphate buffer (100 mM pH 8.0, 193 μL) followed by
Luminol (5 μL, final 100 μM in 200 μL) in six repeats. The resulting
mixture was incubated at 37 °C for 25 min, and chemiluminescence
was measured using a microtiter plate reader.
Estimation of Hydrogen Peroxide.33 A solution of the test

compound (1 μL, 1 mM, 10 μM final concentration) was added to 25
mM pH 7.4 phosphate buffer (45 μL), and the mixture was incubated
at 37 °C for 60 min. To the incubated reaction mixture was added 50
μL of a premixed solution of 10-acetyl-3,7- dihydroxyphenoxazine or
Amplex Red (prepared by following the manufacturer’s protocol from
Invitrogen), and this mixture was incubated at room temperature for
25 min before measuring the fluorescence using a microtiter plate
reader (excitation 550 nm; emission 590 nm).
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ABSTRACT: Due to the short half-life of reactive oxygen species (ROS) such as a superoxide radical, controlled and localized
generation of ROS is challenging. Here, we report a rationally designed small-molecule 1c that generates ROS only when
triggered by a bacterial enzyme. We provide evidence for 1c predictably enhancing the intracellular superoxide radical in a model
bacterium. Spatiotemporal control over ROS generation offered by 1c should help better understand stress responses in bacteria
to increased ROS.

Nearly all organisms inadvertently produce superoxide
O2

•−, by 1-electron transfer to oxygen during respira-
tion.1 O2

•− is subsequently converted to hydrogen peroxide
H2O2, which through the Fenton reaction generates the highly
reactive •OH.1 Together, these reactive oxygen species (ROS)
can damage vital cellular components and are hence deployed
by the immune system to counter infectious pathogens. Several
recent studies have shown that ROS can sensitize infectious
bacteria to clinical antibiotics suggesting the possible
therapeutic utility for ROS. Due to a weak pipeline of
antibiotics in preclinical development and the global emergence
of antibiotic resistance, methodologies for selectively enhancing
intracellular ROS including O2

•− might help better understand2

and evaluate the therapeutic potential of ROS.3

Due to its short life, O2
•− must be produced in situ by

reaction with oxygen for use in biochemical studies. Hence,
either small organic molecules that spontaneously generate
O2

•− or enzymatic methods that process a substrate to generate
O2

•− are used.4 For example, a combination of hypoxanthine
and xanthine oxidase (X + XO) where hypoxanthine is
metabolized by XO predominantly produces O2

•− in the
proximity of cells.4 Any O2

•− that is produced must diffuse
across a lipid bilayer to exert its effects. However, O2

•− is not
highly permeable at neutral pH and such a method may not be
useful for enhancing intracellular ROS.5 Small molecules such
as paraquat or menadione, which require bioactivation for O2

•−

production, have often been used but at elevated concen-
trations that can potentially complicate mechanistic interpre-
tations (see Supporting Information, Chart S1).3 Thus, a cell
permeable small molecule that can predictably and exclusively
increase O2

•− within cells is not available. Herein, we report a
small molecule that is activated by a bacterial enzyme to

generate O2
•− that is well suited to simulate increased ROS in

bacteria.
5-(4-Nitrobenzyloxy)-1,4,4a,9a-tetrahydro-1,4-ethanoanthra-

cene-9,10-dione (1c) was considered as a cell-permeable O2
•−

generator (Scheme 1).6 The 4-nitrobenzyl group is a known
substrate for E. coli nitroreductase (NTR), a commonly
expressed oxygen-insensitive bacterial enzyme that reduces a
broad range of aromatic nitro compounds to amines.7

Reduction of the nitro group might lead to a rearrangement
leading to the departure of 1a, which has been previously
reported to generate O2

•− in ambient aerobic buffer through a
keto−enol tautomerism as the first step (Scheme 1).
Enolization of the carbonyls in 1a is promoted by a proximal
H-bonding hydroxyl group, and as a consequence, ROS
generation by this compound was enhanced in comparison
with an analogous benzylated derivative 1b (Scheme 1). Hence,
similarly in the case of 1c, where intramolecular H-bonding is
not possible, enolization is disfavored and this compound is
predicted to be a poor O2

•− generator in buffer.
Compound 1c was synthesized from 1a by reaction with 4-

nitrobenzylbromide (Supporting Information, Scheme S1).
During the incubation of 1c in ambient aerobic buffer,
increased O2

•− was observed only in the presence of NTR as
determined by a luminol-based chemiluminescence assay
(Figure 1a and 1b).8 An HPLC-based dihydroethidium
(DHE) assay was used to independently assess O2

•−

production (Figure 1c). During incubation of 1c in the
presence of NTR, the nearly complete disappearance of DHE
with concomitant formation of 2-hydroxyethidium (2-OH-E+)
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was observed, thus, confirming the intermediacy of O2
•−

(Figure 1c).9 H2O2 is produced by 1e− transfer to O2
•−, and

we estimated H2O2 using an Amplex Red fluorescence assay.10

In the absence of NTR, negligible H2O2 was produced during
incubation of 1c (10 μM), but in the presence of NTR, a yield
of 3.65 μM H2O2 was recorded after 1 h (Figure 1d). 4-
Nitrobenzyl benzoate 3 (Chart S1), which is a substrate for
NTR but should not produce ROS during its metabolism by
this enzyme, was synthesized using a reported procedure.11

Compound 3 (100 μM) was metabolized by NTR, and as
predicted no evidence for O2

•− or H2O2 was found (Figure 1)
indicating that possible products of metabolism of the 4-
nitrobenzyl group were incapable of generating ROS. When 1c

and 3 (10 equiv) were coincubated in the presence of NTR,
diminished O2

•− and H2O2 were produced possibly due to
inhibition of turnover of 1c to 1a (Figure 1). Under similar
experimental conditions, the amounts of O2

•− and H2O2

generated by 1a and 1b were consistent with previously
reported data (Figure 1b and 1d).6

Next, the possibility of the use of 1c as a tool for predictably
enhancing intracellular O2

•− in bacteria was examined. The
production of O2

•− in E. coli was estimated using a DHE assay
that is selective for intracellular O2

•− (Figure 2a).9 The bacterial
control showed unreacted DHE with negligible oxidized DHE
(Figure 2a), but in the presence of 1c, the formation of 2-OH-
E+ was observed with concomitant loss of DHE suggestive of

Scheme 1. Design of a Cell Permeable ROS Generatora

aThe 4-nitrobenzyl derivative 1c is a substrate for nitro reduction, which would convert 1c to the active ROS producing 1a. When this
transformation is catalyzed by E. coli nitroreductase (NTR), exclusive intracellular accumulation of ROS is predicted.

Figure 1. Estimation of ROS in ambient aerobic aqueous buffer. + NTR implies E. coli nitroreductase and NADPH; X + XO: hypoxanthine and
xanthine oxidase were used. (a) Chemiluminescence measurement upon reaction with luminol as a measure of O2

•− production was carried out with
various compounds (10 μM) and combinations in pH 8.0 buffer. (b) Results of the above assay conducted after 30 min; (c) A HPLC-based
dihydroethidium (DHE) assay was used to infer generation of O2

•− after incubation of compounds (100 μM) in pH 8.0 buffer for 3 h. 2-
Hydroxyethidium (2-OH-E+), which is exclusively formed by the reaction of O2

•− with DHE, elutes at 30.9 min, and ethidium E+, which is formed
by nonspecific oxidation of DHE, elutes at 31.7 min. (d) The amount of hydrogen peroxide generated during incubation of 10 μM of each
compound in pH 7.4 was estimated using an Amplex Red fluorescence assay.

Figure 2. ROS generation during incubation with E. coli: (a) HPLC traces of assay for intracellular O2
•− production using a hydroethidine (DHE)

assay. Incubation with 1c (250 μM) was for 30 min; DHE levels indicate unoxidized dye while 2-OH-E+ formed is an indicator for O2
•− production

and E+ is indicative of an increase in oxidative species. Ctrl: untreated bacteria. (b) Extracellular H2O2 generated during incubation of E. coli with
compounds (100 μM) for 1 h was estimated using an Amplex Red fluorescence assay. Ctrl: untreated bacteria. (c) H2O2 generation during
incubation of E. coli with 1c (100 μM) was recorded during 6 h as described above. A first-order rate constant for ROS production was calculated as
0.96 h−1. Ctrl: untreated bacteria. (d) E. coli treated with 1c (100 μM) for 1 h; centrifugation and removal of the supernatant followed by
resuspension of bacteria in fresh media. H2O2 generated after incubation of bacteria for 3 h was recorded as described above. Ctrl: untreated bacteria.
(e) A 2,7-dichlorodihydrofluorescein-diacetate (DCFH2-DA)-based fluorescence assay was used to estimate oxidative species generated
intracellularly in E. coli. Increase in relative fluorescence intensity (RFI) with respect to DMSO (0.5%).
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O2
•− production intracellularly (Figure 2a). Due to the

difficulty in accurately quantifying O2
•− using the DHE assay,

measurement of H2O2, which provides a quantitative basis for
assessing ROS production, was carried out. During incubation
of E. coli with 1c (100 μM), a yield of 10.5 μM H2O2 after 1 h
was recorded (Figure 2b). The formation of H2O2 was nearly
completely abrogated when 1c was cotreated with 3 (10 equiv),
a substrate for intracellular nitroreductases including NTR
(Figure 2b).
Treatment of E. coli with 3 did not increase H2O2 and this

compound did not inhibit ROS generation by 1a (Figure 2b),
suggesting that 3 inhibited the metabolism of 1c to 1a. A time
course for ROS generation during incubation of E. coli with 1c
showed an increase in H2O2 levels during 6 h, which is
consistent with temporally controlled enhancement in intra-
cellular ROS (Figure 2c).
Next, a series of experiments to test if 1c was metabolized

only intracellularly in bacteria to enhance levels of ROS were
carried out. E. coli was incubated with 1c for 1 h, which was
followed by removal of media, and cells were resuspended in
fresh media: under these conditions, any 1c that does not
permeate cells would be removed and any H2O2 produced
would be due to intracellular activation. The difference in yields
of H2O2 obtained during this experiment (Figure 2d) and
during a bolus treatment of 1c (Figure 2b) was minimal, which
supports intracellular metabolism to produce ROS as the major
pathway. Next, E. coli was grown overnight and the cell-free
media was incubated with 1c: any reductases secreted might
activate 1c to produce ROS. However, no significant increase in
H2O2 was found even after 3 h suggesting that extracellular
activation of 1c was not important (see Supporting
Information, Figure S3).
Next, the intermediacy of hydroxyl radical •OH was assessed

by a supercoiled plasmid DNA cleavage assay. When cotreated
with Fe(II), the ROS generator 1c produced nicks only in the
presence of NTR, supporting the use of this protocol for
enhancement of ROS (Figure S4). For cellular assays, the
ability of 1c to increase intracellular oxidative species including
•OH was studied.12 Incubation of E. coli with dichlorofluor-
escein-diacetate, DCFH2-DA, followed by treatment with 1c
resulted in an increased intracellular fluorescence attributable to
oxidative species (Figure 2e).13 In addition, formation of
ethidium (E+) in the DHE assay is suggestive of an increased
oxidative intracellular environment caused by 1c (Figure 2a).
Taken together, our data suggest that the use of 1c

predictably increases ROS in bacteria. Compound 1c was
next compared with the X + XO protocol. The time course of X
+ XO indicates that a burst of O2

•− is produced while 1c +
NTR showed a gradual increase in ROS during this time period
(Figure 1a). Thus, for biochemical studies, the use of 1c + NTR
might simulate gradual ROS production. In cell-based assays,
the ability of X + XO to increase intracellular ROS was
diminished in comparison with 1c (see Supporting Informa-
tion, Figure S1).14 Thus, 1c complements the existing
repertoire of ROS generators while offering distinct advantages
such as cell permeability and temporal control.
Two possible pathways for metabolism of 1c to generate

O2
•− were considered (Scheme 2). First, NTR-induced

reduction of the nitroaryl group should produce an amine or
hydroxylamine, which might initiate a deprotection cascade to
produce 1a (Scheme 1). Under chemoreductive conditions
(Zn/HCOONH4) in pH 7.4 buffer, complete consumption of

1c with concomitant formation of 1a as the major product was
observed (Figure S5).
Mass spectrometric analysis of this reaction mixture (Figure

S6) revealed the formation of an amine and hydroxylamine
byproducts (Scheme 1), which is consistent with a reduction−
rearrangement cascade.15 When 1c was treated with NTR and
NADPH, mass spectrometric analysis revealed the formation of
2a, again consistent with the proposed mechanism.
Incubation of 1a in aerobic buffer generated O2

•− (Figure 1b
and 1c) and produced 2a as the major organic product (Figure
S7). The role of intramolecular H-bonding is apparent in the
large difference in the rate of conversion of 1c to 2c (<20%
conversion after 18 h) and the oxidation of 1a to 2a, which was
nearly complete in the same time period (Figure S7). The
quinone 2a is also a candidate for ROS generation in the
presence of bioreductive enzymes including NTR. However,
our cellular assays showed that 2a did not produce ROS
(Figure 2b and 2d) perhaps due to the diminished rates of
redox cycling of this compound intracellularly.16 This
observation also implies that once 1a converts to 2a, no
further ROS is produced suggesting that 1c might produce up
to 2 mol of O2

•− per mol of compound (Scheme 2).17 An
alternate ROS producing pathway occurred during conversion
of 1c to 2c, which in turn can be cleaved in the presence of
NTR to produce 2a (Scheme 2). If this was a major pathway,
ROS generation from 1c neither would depend on NTR nor
should be inhibited by 3. However, ROS generation by 1c is
significant only in the presence of NTR and was nearly
completely inhibited by 3 in both test tube and cellular assays
(Figures 1 and 2). In addition, the nitrobenzyl derivative 2c was
a poor ROS generator (Figures 1 and 2). Thus, ROS generation
by direct conversion of 1c to 2c appears to be minor. Although
biocatalytic reduction of 1c by NTR requires NADPH as a
cofactor, our observation that treatment of E. coli with 3
resulted in no significant increase of H2O2 (Figure 2b) suggests
that such perturbations of NADPH levels (estimated millimolar
concentrations) do not result in ROS generation.18

Recently, compounds that potentiate ROS in bacteria were
proposed as adjuvants, which are small molecules that may not
have significant antimicrobial properties themselves but when
cotreated with antibiotics can reduce effective dosages and
minimize side effects.4,19 As few drug candidates with novel
mechanisms are in the pipeline, the development of adjuvants
assume importance.18 The ROS generator 1c did not inhibit E.
coli growth (Table S5), but this compound significantly
sensitized bacteria to aminoglycosides supporting possible
applications of ROS as an adjuvant to this class of antibiotics
(Table S6).20

In conclusion, we report that 1c is capable of predictably
increasing intracellular levels of ROS in a model bacterium. To
our knowledge, this is the first report of a rationally designed

Scheme 2. Proposed Mechanisms for ROS Generation
during Incubation of 1c in Buffer in the Presence of NTR
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enzyme activated O2
•− generator that is suitable for enhancing

ROS in bacteria. It is anticipated that 1c would facilitate the
understanding of bacterial responses to ROS, mechanisms of
antibiotic action, and the therapeutic potential of ROS. The use
of 1c to predictably enhance ROS in bacteria other than E. coli
is expected to depend on the expression levels of NTR and on
the uptake of this small molecule. These studies are underway
in our laboratory.
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inhibitory concentration (MIC) against E. coli (Table S5). No
significant inhibition of bacterial growth by 1c was observed at
elevated concentrations (MIC >100 μM) suggesting that perhaps ROS
alone is well tolerated by E. coli. However, when gentamycin was
cotreated with 1c (50 μM), an 8-fold decrease in MIC for this
antibiotic was observed suggesting that a lower antibiotic dosage was
required to obtain similar efficacy.
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Synthesis, thiol-mediated reactive oxygen species generation profiles and
anti-proliferative activities of 2,3-epoxy-1,4-naphthoquinones†
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Here, we report that thiol-mediated decomposition of 2,3-epoxy-1,4-naphthoquinones to generate

peroxide, a reactive oxygen species (ROS), could be modulated by changing the substitution pattern on

the aryl ring and the epoxide. Epoxides which generated higher amounts of peroxide upon reaction with

thiols were better inhibitors of human leukaemia (THP1) cell proliferation.
1,4-Naphthoquinone-based epoxides are constituents of

a number of natural products with medicinal properties.1,2 For

example, 2,3-epoxysesamone3,4 and frenolicin5–12 have shown

anti-bacterial, anti-fungal and/or anti-proliferative activities

(Fig. 1).

The biological activity of 2,3-epoxy-1,4-naphthoquinones is in

part attributable to the reactivity of the epoxide ring towards

nucleophiles.13 For example, 2,3-epoxy-2,3-dihydro-1,4-naph-

thoquinone (1a) is a target for reaction with nucleophiles such as

thiols.14 Thiols such as glutathione (GSH) are critical for main-

tenance of redox homeostasis and depletion of thiols could

induce cellular stress and trigger cell death.15,16 Furthermore,

under aerobic conditions, addition of GSH to 1a has been shown

to generate the reactive oxygen species (ROS) peroxide anion

(O2
2�) by redox cycling.14 ROS such as peroxide, superoxide
Fig. 1 Some naturally occurring 1,4-naphthoquinone-based epoxides.
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reference numbers [CCDC NUMBER(S)]. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/c1md00234a
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(O2_
�) and hydroxyl radical (_OH) are generated during immune

response to combat pathogens17 and these reactive species cause

cellular stress by damaging biomacromolecules such as proteins,

DNA and lipids.18–25 Recently, Vitamin K3-epoxide (Fig. 1) was

shown to generate ROS intracellularly to induce oxidative stress

in human glioma cells.33

The relationship between ROS and cancer is complex.26–28

Several reports indicate that ROS prevented differentiation of

certain cancers.29,30 However, other studies show that ROS such

as peroxide can inhibit proliferation of cancer cells by induction

of apoptosis.31,32 Here, we proposed to synthesize a series of 2,3-

epoxy-1,4-naphthoquinones and evaluate their reactivity with

biologically relevant nucleophiles, their ROS generation profiles,

and their ability to inhibit human leukaemia cell proliferation.

We hypothesized that modulating rates of epoxide-opening by

systematic variation of substituents around the epoxide and the

aryl ring of 2,3-epoxy-1,4-naphthoquinone could affect their

propensity for reaction with nucleophiles, ROS generation

profiles, and biological properties (Fig. 2). Introduction of an

electron withdrawing group in proximity to the epoxide func-

tionality of 2,3-epoxy-1,4-naphthoquinone could enhance the

reactivity of the epoxide with nucleophiles and perhaps affect

peroxide generation; conversely, an electron-donating group

might diminish the rate of this process. A series of compounds

with a range of peroxide generation profiles would permit us to

study the effects of modulating rates of peroxide generation on

in vitro human leukaemia cell proliferation.
Fig. 2 Proposed scaffold for systematically modulating epoxide reac-

tivity of quinone epoxides. E¼ electron withdrawing or donating groups;

R ¼ methyl or aryl groups.
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Table 1 Synthesis of derivatives of juglone (5) and plumbagin (10)

Entry Quinone R R0 Product Yield

1 5 H Me 6 87
2 5 H Ph 7 98
3 5 H 4-CF3Ph 8 96
4 10 Me Ph 11 99

Table 2 Synthesis of 2-aryl-1,4-naphthoquinones
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2,3-Epoxy-1,4-naphthoquinones are synthesized by epoxida-

tion of the corresponding 1,4-naphthoquinones.34 1,4-Naphtho-

quinone (1) was nitrated to produce 5-nitro-1,4-naphthoquinone

(2) and 6-nitro-1,4-naphthoquinone (3) in 78% and 9% yields,

respectively (Scheme 1).35,36 An electron donating amino group

on the aryl ring could be obtained by reduction of 2 with Sn/HCl

to afford 4 in a nearly quantitative yield (Scheme 1).37

5-Hydroxy-1,4-naphthoquinone (juglone, 5), which was

synthesized using a reported reaction, was reacted with bromo-

ethane in the presence of Ag2O to afford 6 in 87% yield (Table 1,

entry 1).38 The reaction of 5 with benzyl bromides under similar

conditions produced 7 and 8 in 98% and 96% yields, respectively

(Table 1, entries 2 and 3). Menadione or Vitamin K3 (9) and

plumbagin (10) were obtained from commercial sources. Ben-

zylation of 10 produced 11 in 99% yield (Table 1, entry 4). Next,

2-phenyl-1,4-naphthoquinone was synthesized in 90% yield using

a Pd-catalyzed Suzuki coupling of 2-bromo-1,4-naphthoquinone

with phenylboronic acid (Table 2, entry 1).39 Coupling of aryl

boronic acids containing electron withdrawing groups with 2-

bromo-1,4-naphthoquinone produced the desired products 13–

15 in diminished yields in comparison with 12 (28–52%, Table 2,

entries 2–4).39–41 Compounds 16–19 with electron donating

substituents on the aryl ring were isolated in yields ranging from

78 to 93% (Table 2, entries 5–8), which were comparable or better

than the yield of 12 under similar reaction conditions.39–41

Epoxidation of 1 was carried out using sodium hypochlorite to

produce the corresponding epoxide 1a in 88% yield (Table 3,

entry 1).42 Compounds 2–8 were completely reacted in 30 min

upon treatment with hypochlorite to produce the epoxides 2a–8a

in moderate to good yields (Table 3, entries 2–8).43,44 X-Ray

diffraction analysis of 5a revealed the presence of intramolecular

H-bonding between the 5-hydroxyl group and 4-carbonyl group

(see the ESI†).

Quinones 9–11 were epoxidized with hypochlorite to produce

the corresponding products 9a–11a in yields ranging from 45 to

89% (Table 3, entries 9–11). 2-Phenyl-1,4-naphthoquinone was

the slowest (120 min) in undergoing epoxidation in comparison

with all other compounds prepared in this study (Table 3, entry

12). Other 2-aryl epoxides were synthesized in yields ranging

from 52 to 93% (Table 3, entries 13–19). Additional evidence for

the structure of 19a was obtained by X-ray crystallographic

analysis of this compound (see the ESI†).

Compound 1a was reacted with various biologically relevant

nucleophiles in pH 7.4 buffer. This compound was found to be

reactive with thiols such as cysteine (Cys) and glutathione (GSH)

with nearly 70% of 1a decomposed within 5 min (Fig. 3).

Compound 1a was unreactive towards other amino acids (10 eq.)

tested such as methionine, arginine and tyrosine with >90% of 1a
Scheme 1 Synthesis of 2, 3 and 4.

220 | Med. Chem. Commun., 2012, 3, 219–224
remaining after 7 h. In the presence of 10 eq. of nucleobases, the

epoxide was also nearly completely recovered after 24 h. Taken

together, these results suggested that 1a was highly selective

towards reaction with thiols.

Next, in order to estimate the reactivity of other epoxides

prepared in this study with thiols, we chose similar conditions as

those used in our previous experiment with 1a and glutathione

(1 eq.). The 2,3-epoxy-2,3-dihydro-1,4-naphthoquinones 2a–8a

all reacted to varying extents under these conditions (Fig. 3). As

predicted, an electron withdrawing nitro group enhanced the

reaction rate with GSH (Fig. 3). In the case of 2a, 12% remained

after 5 min while 6% of 3a remained during the same time period

(Table 4, entries 2 and 3).

In the presence of an electron donating amino group (4a), the

reaction rate was diminished in comparison with 1a with 68% 4a

still remaining after 5 min (Table 4, entry 4). 26% of the juglone

derivative 5a remained after 5 min, which was comparable to 2a

suggesting that the hydroxyl group had no major effect on the

modulating rate of epoxide opening (Table 4, entry 5).

Replacement of the H in the hydroxyl with ethyl or benzyl groups

(6a, 7a or 8a) resulted in diminished reactivity with GSH in

comparison with 5a or 1a suggesting that the intramolecular H-

bonding in 5a played a role in accelerating epoxide opening by
Entry Ar Product Time/h Yield (%)

1 Ph 12 1.5 90
2 3-NO2Ph 13 12 28
3 4-AcPh 14 10 43
4 4-FPh 15 5 52
5 4-Me 16 10 78
6 2-OMe 17 24 82
7 3-OMe 18 7 93
8 4-OMe 19 7 81

This journal is ª The Royal Society of Chemistry 2012
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Table 3 Synthesis of 2,3-epoxy-1,4-naphthoquinones

Entry Quinone Time/min Epoxide X Y R
Isolated yield
(%)

1 1 5 1a H H H 88
2 2 20 2a NO2 H H 67
3 3 15 3a H NO2 H 88
4 4 30 4a NH2 H H 43
5 5 5 5a OH H H 68
6 6 25 6a OEt H H 68
7 7 15 7a OBn H H 81
8 8 35 8a OCH2(4-CF3Ph) H H 82
9 9 15 9a H H Me 89
10 10 30 10a OH H Me 65
11 11 60 11a OBn H Me 45
12 12 120 12a H H Ph 97
13 13 25 13a H H 3-NO2Ph 81
14 14 30 14a H H 4-AcPh 74
15 15 20 15a H H 4-FPh 52
16 16 15 16a H H 4-Me 78
17 17 40 17a H H 2-OMe 82
18 18 25 18a H H 3-OMe 93
19 19 45 19a H H 4-OMe 81

Fig. 3 Reactivity of 2,3-epoxy-1,4-naphthoquinones 1a–9a towards

thiols as measured by% compound remaining after 5 min of reaction with

GSH (1 eq.) in pH 7.4 buffer.
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GSH (Table 4, entries 6–8). Thus, these results suggested that

although remote, substitution on the aryl ring appeared to have

a significant effect on the rate of reactivity of the epoxide with

thiols.

Addition of a methyl group at the 2-position of 2,3-epoxy-1,4-

naphthoquinone (as in 9a) resulted in diminution of reactivity

with GSH (Table 4, entry 9; Fig. 4). This result was consistent

with previous reports where the rate of reaction of 9a with GSH

was found to be diminished in comparison with 1a. Addition of

a 5-hydroxyl (10a) group to Vitamin K3-epoxide did not have

a major effect on reactivity with thiols (Table 4, entry 10).

However, the presence of a 5-benzyloxy group (11a) resulted in

a diminution in reactivity with GSH with 94% of 11a remaining

after 5 min (Table 4, entry11).

Next, the effect of introduction of an aryl group on the 2-

position of 2,3-epoxy-1,4-naphthoquinone on reactivity with

thiols was studied. Reaction of 12a with GSH in 5 min was
This journal is ª The Royal Society of Chemistry 2012
comparable with that of 9a under similar reaction conditions

(Table 4, entry 12). An increased reactivity was seen in the case of

electron withdrawing substituents on the aryl ring (Table 4,

entries 13–15). Electron donating groups did not have a major

effect on the reactivity of 2-aryl epoxides with thiols (Table 4,

entries 16–19).

Reaction of 1a with glutathione has been previously reported

to generate peroxide through the intermediacy of quinol 1b;

reaction of 1b with molecular oxygen produces peroxide and 1c

as the major organic product (Scheme 2).14 In our hands,

compound 1a (100 mM) produced 4.4 mMperoxide during 30 min

in the presence of 5 eq. GSH in aerobic pH 7.4 buffer supple-

mented with oxygen (Table 4, entry 1).46 The presence of an

electron withdrawing nitro substituent enhanced the amount of

peroxide generated with 2a producing 5.2 mM of peroxide (Table

4, entry 2). The 6-nitro derivative 3a, which reacted the fastest

with GSH amongst the analogues tested, produced 8.34 mM of

peroxide under similar reaction conditions, which was nearly

double the amount of peroxide generated by 1a under similar

conditions (Table 4, entry 3). The derivative 4a with an electron-

donating amino group produced diminished amounts of

peroxide in comparison with 1a (Table 4, entry 4). The juglone

derivative 5a formed 5.64 mM of peroxide in the same time

period, which was comparable with peroxide generated from 2a

under similar conditions (Table 4, entry 5). Derivatives 6a–8a

with electron donating ether substituents produced negligible

amounts of peroxide (Table 4, entries 6–8). Taken together, these

results suggested that thiol-mediated peroxide generation profiles

from 2,3-epoxy-2,3-dihydro-1,4-naphthoquinones can be

modulated by changing substituents on the aryl ring (Fig. 4).
Med. Chem. Commun., 2012, 3, 219–224 | 221
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Table 4 Glutathione-mediated compound decomposition, peroxide yield upon reaction with GSH, in vitro anti-proliferative activity and calculated
partition coefficients of 2,3-epoxy-1,4-naphthoquinones

Entry Compd X Y R
% Compd
remaininga Peroxide yield/mMb IC50/mM

c c log Pd

1 1a H H H 30 4.40 6.3 0.44
2 2a NO2 H H 12 5.20 3.6 0.21
3 3a H NO2 H 6 8.34 2.3 0.21
4 4a NH2 H H 68 1.68 >50 0.36
5 5a OH H H 26 5.64 11.2 0.77
6 6a OEt H H 41 1.68 9.6 1.10
7 7a OBn H H 59 1.60 28 2.29
8 8a OCH2(4-CF3Ph) H H 83 1.68 >50 3.18
9 9a H H Me 45 1.52 13.6 0.35
10 10a OH H Me 64 1.60 22.8 1.28
11 11a OBn H Me 94 1.58 >50 2.81
12 12a H H Ph 44 1.44 >50 2.13
13 13a H H 3-NO2Ph 29 1.40 >50 1.88
14 14a H H 4-AcPh 16 1.36 >50 1.57
15 15a H H 4-FPh 32 1.36 11.7 2.27
16 16a H H 4-Me 66 1.48 20.4 2.63
17 17a H H 2-OMe 54 1.28 12.4 2.05
18 18a H H 3-OMe 43 1.46 >50 2.05
19 19a H H 4-OMe 37 1.40 11.6 2.05
20 Doxorubicine — — — — — 0.11 —

a Reaction of the compound with 1 eq. GSH was conducted in pH 7.4 and % compound remaining after 5 min was estimated using HPLC analysis.
Values represented are an average of two independent runs. b The compound (100 mM) was reacted with 5 eq. GSH in the presence of oxygen and
peroxide formed after 30 min of reaction was estimated using a xylenol orange-based colorimetric assay. Values represented are an average of two
independent runs. c 50% Inhibitory activity of compounds was determined against human monocytic leukaemia THP1 cells using a standard cell
viability assay. d Calculated using ChemBiodraw Ultra 12.0. e Reported value for IC50 of Doxorubicin against THP1 cells was 0.05 mM.45

Fig. 4 Reaction of 1a–9a (100 mM) with glutathione (5 eq.) and oxygen

produced peroxide as estimated by a xylenol orange-based colorimetric

assay. Peroxide measurement was done after 30 min.

Scheme 2 2,3-Epoxy-2,3-dihydro-1,4-naphthoquinone reacts with thiols

in the presence of oxygen to generate peroxide.

222 | Med. Chem. Commun., 2012, 3, 219–224
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However, rationalizing the differences in amounts of peroxide

generated requires further characterization and study but

a possible contributor to differences in peroxide levels would be

the reactivity of an intermediate of type 1b with oxygen, which

might be affected by sterics and electronics of the aryl ring

(Scheme 2).

Addition of GSH to 9a produces 9c as the major product; the

mechanism proposed for the formation of 9c was addition of

GSH to form 9b; elimination of water from 9b produces 9c as

a major organic product (Scheme 3).14,47 Peroxide generation

from 9a was reported as negligible in comparison with 1a and the

mechanism of peroxide generation is complicated and has been

proposed to involve radical intermediates.14 When we reacted 9a
Scheme 3 2-Methyl-2,3-epoxy-1,4-naphthoquinone (9a) reacts with

thiols to produce 2-methyl-3-glutathionyl-1,4-naphthoquinone (9c).

This journal is ª The Royal Society of Chemistry 2012
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Table 5 In vitro anti-proliferative activities against human embryonic
kidney 293 cells (HEK) and human monocytic leukaemia cells (THP1)

Entry Compd IC50 (mM, HEK)a IC50 (mM, THP1)b SIc

1 1a 18.9 6.3 3
2 2a 12.4 3.6 3.4
3 3a 55.4 2.3 24
4 Doxorubicin 0.7 0.11 6.4

a Human embryonic kidney 293 cells (HEK). b Human monocytic
leukaemia (THP-1) cells. c IC50 (HEK)/IC50 (THP1).
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with GSH, we also found diminished amounts of peroxide

formed in comparison with 1a under similar reaction conditions

(Table 4, entry 9; Fig. 4).

Furthermore, in all the cases tested, compounds with

a substituent on the epoxide ring, irrespective of the nature of the

substituent, produced negligible amounts of peroxide (Table 4,

entries 10–19). Thus, 2-substituted 2,3-epoxy-1,4-naph-

thoquinones’ biological effects might be primarily due to reac-

tions with thiols whereas some of their corresponding 2,3-epoxy-

2,3-dihydro-1,4-naphthoquinones might act by both thiol

alkylation and peroxide generation.

Next, the efficacy of these compounds as anti-proliferative

agents against THP1 human monocytic leukaemia cells29,30 was

determined using a standard cell viability assay.48 Compound 1a

was found to be a good inhibitor of THP1 cells with IC50

determined as 6.3 mM (Table 4, entry 1). Compound 2a which

produced comparable amounts of peroxide and reacted faster

with GSH than 1a was found to have good anti-proliferative

activity with IC50 of 3.6 mM (Table 4, entry 2). The most thiol-

reactive 6-nitro derivative, 3a which also produced the highest

amount of peroxide, was the best inhibitor of proliferation of

THP1 cells with an IC50 of 2.3 mM (Table 4, entry 3). The 5-

amino derivative 4a was found to be inactive at 50 mM (Table 4,

entry 4). IC50s of the juglone derivatives 5a–7a ranged from 9.6

to 28 mM; 8a was found to be inactive at 50 mM (Table 4, entries

5–8). 2-Substituted 2,3-epoxy-1,4-naphthoquinones were also

tested for their ability to inhibit proliferation of THP1 cells

(Table 4, entries 9–19). The IC50 for Vitamin K3-epoxide 9a was

found to be 13.6 mM (Table 4, entry 9). This IC50 value was

comparable to the reported IC50 of 15.7 mM against human

glioma cells.33 The 2-aryl-derivatives were all marginally good or

poor inhibitors of proliferation of THP1 cells (Table 4, entries

10–19).49 Doxorubicin, a clinically used anti-cancer drug was

used as a positive control in this assay; IC50 of this compound

against THP1 cells was determined as 0.11 mM (Table 4, entry

20), which was comparable to a reported IC50 of 0.05 mM against

the same cell line.45

An earlier study showed that in cultured human fibroblast

cells, increased peroxide concentrations resulted in a higher

proportion of cells in apoptosis.50 Our study shows that

compounds with enhanced peroxide generation in 30 min upon

reaction with GSH were better inhibitors of leukaemia cell

proliferation (Table 4, entries 1–3).29 For example, 3a was the

best inhibitor in the series prepared and this compound also

generated the highest amount of peroxide amongst the

compounds studied in this work (Table 4). Compound 11a,

which was the least reactive amongst the compounds tested, did

not show any inhibitory activity at 50 mM against THP1 cells

(Table 4). Generation of ROS intracellularly in glioma cells

leading to apoptosis with activation of ROS-dependent extra-

cellular-regulated protein kinase (ERK) and c-Jun N-terminal

kinase (JNK) was recently reported.33 Thus, the inhibitory

activity of epoxides prepared in this study might be due to

peroxide-mediated apoptosis induction. Fosfomycin, a broad

spectrum antibiotic used for the treatment of urinary tract

infections, and terreic acid,51–57 a quinone-based epoxide, were

found to inhibit a bacterial cell wall biosynthetic enzyme, UDP-

N-acetylglucosamine enol-pyruvyl transferase (or MurA)

through covalent modification of Cys115-thiol by reaction with
This journal is ª The Royal Society of Chemistry 2012
the epoxide group. Being catalytically active, modification of this

cysteine resulted in inactivation of the enzyme and associated

pathways. Thus modification of cysteine residues of proteins that

could be critical for cell survival and growth might be a mecha-

nism of action of the epoxides prepared in this study. Further

mechanistic studies are currently underway to characterize

molecular targets and study the possible role of ROS generation

from these epoxides as mechanisms of stress induction in human

leukaemia cells.

Finally, the anti-proliferative activity of compounds 1a–3a

against human embryonic kidney cells (HEK293) was deter-

mined: the IC50s of 1a–3a were in excess of 10 mM (Table 5,

entries 1–3).

The compound with the best selectivity index, SI ¼ IC50

(HEK)/IC50 (THP1), was 3a whose SI was 24 suggesting that this

compound was selective in inhibiting cancer cells. It is note-

worthy that 3a had a higher SI than Doxorubicin under similar

assay conditions (Table 5, entry 4). Thus, we report several 2,3-

epoxy-1,4-naphthoquinones with inhibitory potency higher than

Vitamin K3-epoxide; in particular 6-nitro-2,3-epoxy-2,3-dihy-

dro-1,4-naphthoquinone (3a) shows promise as an anti-cancer

agent and future mechanistic studies will focus on this

compound.
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