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Abstract 

Poorly developed vasculature results in low intracellular O2 regions within tumour 

tissues. Such areas of hypoxia are under intense reductive stress due to the lack of O2 and 

lead to the upregulation of oxidoreductase enzymes such as nitroreductases (NTRs). 

NTRs are a particularly valuable marker for reductive stress being capable of reducing 

nitroaromatics to corresponding amino derivatives, a feature that has been exploited in 

the design of hypoxia sensitive fluorescent imaging agents. To date, 1,8-naphthalimide 

fluorophores have attracted considerable attention owing to their exceptional 

fluorescence characteristics, making them ideal candidates for the design of NTR 

responsive fluorescent probes. Given their synthetic versatility, which allows for the 

consequential modulation of fluorescence, coupled with their inherent sensitivity and 

selectivity, 1,8-naphthalimide fluorophores are considered highly applicable for 

monitoring NTR activity in hypoxic environments. 

This thesis entitled ‘The Design, Synthesis, and Evaluation of Nitroreductase Triggered 

Sensors and Theranostics’ is divided into 6 chapters and begins with Chapter 1, an 

introductory chapter which provides a literature review regarding the background and 

current research in the field of cancer, hypoxia, fluorescent sensors, and NTR based 1,8-

naphthalimide fluorescent sensors. This chapter also outlines the aims and the objectives 

of the research carried out within this thesis.  

Chapter 2 details the synthesis and luminescence response of 3 novel Ru(II) polypyridyl 

complexes, a moiety not yet exploited for NTR sensing. It was proposed that the MLCT 

emission of these compounds could be quenched by nitroaromatic moieties allowing for 

an OFF-ON luminescence response in the presence of NTR. These complexes exhibited 

luminescence Turn-ON responses towards NTR, with one compound in particular 

displaying a significant OFF-ON response coupled with sensitivity and selectivity 

towards NTR. This compound was further investigated with regards to its DNA binding 

ability as well as its potential as an imaging agent for NTR in cellulo. 

Chapter 3 introduces four novel self immolative dendrimers designed to elicit a blue to 

green ratiometric fluorescent response in the presence of NTR. The synthesis of these 

dendrimers through the use of carbamate bond formation allows for the modulation of 

either fluorophore or prodrug. The fluorescent response of each probe was evaluated first 

by using a reducing agent and then by NTR under physiological conditions. One 

compound in particular established remarkable change in fluorescence as well as 
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exceptional selectivity towards NTR, showcasing the utility of such a design as a self 

immolative theranostic approach for NTR sensing.  

Chapter 4 presents two novel fluorescence sensors for NTR described as quaternarised 

phenanthroline-naphthalimide conjugates. By quaternarization of the phenanthroline 

moiety, a compound with water solubility and potential DNA binding ability is achieved 

through its cationic nature, without the requirement of a heavy metal. Both compounds 

were observed to be responsive towards NTR with one of the compounds displaying both 

exceptional sensitivity towards varying concentrations of NTR and selectivity towards 

NTR in comparison to other biologically relevant species. 

Chapter 5 consists of a thesis summary that outlines the key findings and future work for 

each chapter. Subsequently, Chapter 6 includes the general experimental procedures as 

well as the synthesis and characterisation of all compounds. Literature references are also 

provided, followed by the Appendix which consists of the spectroscopic data that 

validates the work described in the main text. 
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1. Introduction 

1.1 Cancer 

Cancer defined by the World Health Organisation ‘is a generic term for a large group of 

diseases that can affect any part of the body.’1 A key characteristic of cancer is metastasis 

which is the rapid division of abnormal cells which can invade and spread amongst other 

parts of the body and to other organs. It is these metastases that are responsible for the 

large number of fatalities caused by cancer worldwide. In 2020 cancer accounted for 10 

million deaths worldwide.1 In Ireland, cancer is the second most frequent cause of 

mortality. Between the years of 2011-2013, a total of 8,700 deaths were as a result of 

cancer.2  

The characteristics of cancer are best described by the ‘Hallmarks of Cancer’ published 

by Douglas Hanahan and Robert A. Weinberg.3-5 The concept being that it was possible 

to unify all cancer cells at the cellular phenotype level with a set of shared commonalities. 

Proposing that a shared set of underlying cellular parameters could be used to distinguish 

phenotypes of a wide range of human tumours. Developing upon the original six 

hallmarks of cancer there are now eight hallmarks seen in Figure 1.1. In addition to these 

eight hallmarks genome instability and tumour-promoting inflammation were included as 

enabling characteristics.4 

 

 

 

Figure 1.1: The eight hallmarks of cancer, including genome instability and tumour-

promoting inflammation as enabling characteristics. Adapted with permission form 

Cancer Discov. 2022;12(1):31-46. 
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Whilst changes in gene expression, protein function, and mitogenic signalling all 

contribute to these phenotypes.4 There are many genetic and phenotypic variations 

amongst tumours known as intertumor and intratumor heterogeneity. Subclones of the 

tumour that can be spatially separated, or coexisting are genetically diverse and can result 

in dynamic changes as the disease undergoes progression. Genomic instability is largely 

responsible for the genetic diversity within tumours which results in diverse cell 

populations. Different mechanisms of instability can occur throughout tumour 

development resulting in distinct genomic characteristics that impact tumour evolution 

and patient outcomes.6 

Current methods of treatment for cancer rely on traditional practices such as surgery, 

radiotherapy, and chemotherapy. There are also newer methodologies of treatment for 

example hormone therapy, stem cell therapy, immunotherapy, and targeted 

chemotherapeutics.7 Whilst there has been vast amounts of research carried out in these 

areas there is growing interest in therapeutic strategies targeting the tumour 

microenvironment (TME).8 In recent years research has shown that genetic mutation is 

not solely responsible for the development of cancer and that the TME owes to the 

complexity of the disease.9 Within the TME resides cells that are genetically more stable 

in comparison to cancer cells, suggesting a significant therapeutic advantage by avoiding 

drug resistance caused by genomic instability in cancer cells.10   

The TME is a dynamic and complex multicellular environment in which a tumour grows. 

It consists of a variety of immune cells and encompasses the extracellular matrix along 

with the various excreted molecules. The TME also includes the vascular network of 

blood and lymphatic vessels, facilitating communication among its diverse cellular 

components as well as heterogeneous cancer cells.11  

The TME has its own set of hallmarks with two in particular posing as promising targets 

for cancer therapy, the immune microenvironment and the hypoxic niche.8, 12, 13 It is 

suggested that the hypoxic niche extends throughout the entire TME as there is a constant 

state of hypoxia in malignant and stromal cancer cells as well as the surrounding 

microenvironment.8, 12 
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1.2 Hypoxia 

Tumour hypoxia was initially proposed by Thomlinson et al. in 1955 from examining the 

tumour tissue of patients diagnosed with lung cancer.14 Since then, over the last six 

decades of clinical and experimental research it has been demonstrated that hypoxia is a 

prevalent characteristic in 90% of solid tumours.14, 15  

Oxygen (O2) plays a critical role in both cell metabolism and various physiological 

processes. Upon its binding to haemoglobin, it is transported through the bloodstream 

towards capillaries and  then enters tissue cells through the process of diffusion.16 As 

cancer cells sustain proliferative growth outwards from a blood vessel, the oxygen 

demand surpasses that of oxygen supply due to dysregulated angiogenesis, resulting in 

hypoxic areas within the tumour (Figure 1.2).17 Tissue that are located at 100-200 µm 

from an adequate blood vessel are deemed to be undergoing hypoxia, a widespread 

condition in solid tumours.18-21 Hypoxia can be described as acute or chronic. Acute 

hypoxia can arise from transient opening and closing of blood vessels from within the 

tumour. Whereas chronic hypoxia is the term given to cells in the TME with reduced 

oxygen diffusion because of their distance from the blood vessel.22  

 

 

 

Figure 1.2: Hypoxic cells at a distance from the blood vessel with depleted oxygen 

concentration. Adapted from The Lancet Oncology Volume 1, Issue 1, September 2000, 

Pages 25-29. 

Cells within these hypoxic areas contribute to the malignant alteration of tumours through 

hypoxia inducible factors (HIFs) which are regulated by a multitude of signalling 

pathways.23-26 These comprise of α (HIF-1α, HIF-2α, and HIF-3α) and β (HIF-1β) 
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subunits. HIF-2α and HIF-3α are expressed in certain tissues whereas HIF-1α is widely 

expressed amongst body tissues.27, 28 Under normoxic conditions, HIF-1α is degraded as 

a consequence of hydroxylation by the oxygen-dependent proline hydroxylase (PHD) 

family and interaction with von Hippel-Lindau tumour suppressor protein followed by 

subsequent ubiquitination.29, 30 Conversely, under hypoxic conditions PHD activity is 

inhibited due to the low concentrations of oxygen < 10%, allowing for the dimerization 

of HIF-1α with HIF-1β forming a heterodimer that can translocate into the nucleus and 

bind to the hypoxia response element in target gene promotors thus reducing the cells 

oxygen consumption (Figure 1.3).31-33 HIF regulates cancer cell growth by regulating 

genes related to glycolysis, angiogenesis, and apoptosis/stress response.34 

 

 

 

Figure 1.3: Regulation of HIF-1 in the presence of PHDs. Under normoxic conditions 

HIF-1α undergoes degradation whereas under hypoxic conditions dimerization occurs 

between HIF-1α with HIF-1β allowing for the expression of HIF-1 responsive genes. 

Adapted from Cancer Science, Volume 100, Issue8, August 2009, Pages 1366-1373. 

HIF results in the production of glucose transporters (GLUTs) and the activation of 

aerobic glycolysis. GLUTs and aerobic glycolysis are important to generate adenosine 

triphosphate (ATP) in an oxygen deficient environment contributed by the Warburg 

effect.35, 36 HIF-mediated upregulation of angiogenic factors, such as vascular endothelial 

growth factor (VEGF) and erythropoietin (EPO), stimulates angiogenesis the formation 

https://onlinelibrary.wiley.com/toc/13497006/2009/100/8
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of new blood vessels improving oxygen delivery to hypoxic tissues. This also promotes 

endothelial cell proliferation and migration.37-39 Key mediators of hypoxia HIF-1α and 

HIF-2α are pivotal in cancer progression and therapy resistance as it induces changes in 

TME stromal cells, including immune cells.40 HIF can also inhibit apoptosis promoting 

cell survival through expression of inhibitor of apoptosis protein 2, and regulation of 

tumour suppressor protein p53.41, 42 

Cancer cells under hypoxia have an increased expression of drug resistant genes that 

promote the efflux of chemotherapeutic drugs and as a result lower the intracellular drug 

concentration for example through multidrug resistance-associated protein 1 (MRP1) 

expressions induced by HIF-1α.43-45 Furthermore, hypoxic tumour cells are also resistant 

towards radiation therapy due to the low O2 partial pressure (<10 mmHg). At 1 mmHg, 

cancer cells display three times greater resistance to radiation compared to normoxic 

cells.46, 47 This radio resistance arises from the role of oxygen in the radiochemical process 

to induce DNA damage. Oxygen facilitates the generation of DNA strand breaks through 

free radicals such as hydroxyl radicals produced by ionizing radiation. In clinical trials it 

has been shown that double strand breaks of DNA to be 2 to 3-fold under hypoxic 

conditions with activation of additional DNA repair pathways.15, 47, 48 

Given that hypoxia is present to varying degrees in solid tumours and is associated with 

treatment resistance and patient prognosis, it is deemed to be an appealing target for 

refining therapies while also serving as a predictive and prognostic biomarker for 

treatment.42, 49-51 

 

1.2.1 Methods of Measuring Hypoxia 

Given the clinical importance of hypoxia in cancer progression there is an increasing need 

of methods for assessing tumour hypoxia of which can be either invasive or non-

invasive.52  

Direct methods of measurement have been of major clinical importance for hypoxia most 

notably the direct partial pressure of oxygen (pO2) measurement via oxygen electrode. 

The polarographic electrode is an invasive and direct technique used to measure tissue 

oxygen concentration by employing the electrochemical reduction of oxygen molecules. 

This method has been viewed as the gold standard. The method depends on accessible 

lesions in which the electrode can be inserted whereby oxygen is measured from several 

points per needle.53-56 There are however many disadvantages to oxygen electrodes 
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regarding their application in clinical practice. Due to the electrode being highly invasive 

it is difficult to repeat measurements and requires skilled technical staff. It is also difficult 

to generate 3D oxygen maps due to limiting spatial resolution. Halogenated anaesthetics 

and difficulty in differentiating between necrotic and hypoxic tissue can also give rise to 

differentiating oxygen measurements.54  

Immunolabelling of endogenous and exogenous markers is another method used to 

identify hypoxic cells and is achieved through immunohistochemical (IHC) or 

immunofluorescent (IF) imaging techniques. This is achieved through immunolabelling 

HIF-1α and HIF-2α or using exogenous probes such as pimonidazole forming hypoxic 

adducts which can be detected through antibodies specific to the probe via IHC or IF. 

Whilst this technique is useful there is the invasive disadvantage of requiring a biopsy 

making deeper tumour tissue difficult to access. Furthermore, the sample size required 

for biopsy is small which may not represent the entirety of the tumour.52, 57, 58  

Magnetic resonance imaging (MRI) is a non-invasive method of evaluating hypoxia 

allowing for 3D images of tumours. Blood-oxygen-level dependent (BOLD) functional 

MRI measures the magnetic distortions caused by the paramagnetic character of 

deoxygenated haemoglobin and Tumour Oxygenation Level-Dependent (TOLD) MRI 

measures O2 concentration of the tumour tissue. Electron Paramagnetic Resonance 

Imaging (EPRI) is similar to TOLD MRI in the sense that it also measures O2 

concentration via a spin probe.59-61  

To date there has been more selective techniques developed based on the exploitation of 

the bioreductive environment characteristic of the hypoxic tumour microenvironment 

which includes that of 19F NMR, positron emission tomography (PET), single-photon 

emission computed tomography (SPECT), and fluorescence imaging. All of which 

exploit the use of a recognition moiety capable of undergoing reduction in a reducing 

environment.62-66  

 

1.2.2 Fluorescence as a Technique for Measuring Hypoxia 

Fluorescence is a useful approach to monitor hypoxia. It is the phenomenon by which a 

fluorophore absorbs photons at a specific wavelength resulting in an excitation of the 

fluorophore to a singlet excited state (S1). A photon is then emitted upon relaxation of the 

fluorophore to its ground state (So) with accordance to Kasha’s rule stating that 

fluorescence occurs from the lowest S1 excited state. This is best described by a simple 
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Jablonski diagram in Figure 1.4. Fluorescence is widely applicable as a method of 

measurement as changes in wavelength of emission, quantum yield, and fluorescence 

lifetimes are all measurable outputs.67, 68 

 

 

 

Figure 1.4: The Jablonski diagram shows the absorption of a blue photon of light 

resulting in excitation to S2 excited state, followed by vibrational relaxation and internal 

conversion to the lowest lying S1 excited state resulting in the emission of a green 

photon.69  

An alternative method for real-time hypoxia monitoring involves the introduction of 

vectors designed to express fluorescent proteins specifically under hypoxic conditions. 

The concept is to incorporate a human response element that results in the production of 

a green fluorescent protein by the HIF-complex.70 This approach has been well utilized 

in showing the development of a hypoxic core in colorectal carcinoma cell line HCT116 

spheroids. It’s also been used to establish the metabolic phenotypes of hypoxic cells.71, 72 

This approach has also been applied in vivo. Wang and coworkers successfully established 

an MDA-MB-231 an epithelial like cell line in which a DNA construct (GFP-5HRE-

ODD-mCherry) was introduced, this allowed for the constant expression of GFP while 

only allowing for the expression of mCherry (a red fluorescent protein) under hypoxic 

conditions. By applying intravital imaging techniques, real-time monitoring of individual 

hypoxic cells within an orthotopic tumour situated in a living mouse model could be 

visualised.73 
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In lieu of introducing a DNA construct to induce the synthesis of a fluorescent protein in 

response to hypoxia, some research groups are exploring the utilization of bioreductive 

activators of fluorescence. These activators are designed to trigger fluorescence in the 

presence of specific substrates and can be termed fluorescent chemosensors. The design 

of these chemosensors is incredibly versatile. Activators can consist of anions, cations, 

small molecules, or biomolecules. While Fluorescence can be activated by a variety of 

fluorophores with varying photophysical properties as previously mentioned.74, 75 

Fluorescence-based imaging techniques heavily rely on small molecule-based dyes due 

to their compact size, facile chemical modification, consistent reproducibility, and 

compatibility with biological systems. Among the prominently developed organic 

fluorescent dyes are rhodamine, coumarin, fluorescein, anthocyanins, naphthalimide, 

BODIPY, and quinoline. These dyes have found widespread use in applications like ion 

sensing, enzyme analysis, and cellular imaging within scientific research.76 

Desirable characteristics such as minimal invasiveness, heightened sensitivity, precise 

spatial and temporal resolution, real-time capabilities, and in situ detection, fluorescence 

has emerged as a predominant approach for cellular and molecular imaging. Its focus 

extends to unveiling the localization and identification of intracellular molecules. 

Fluorescent signals have been widely utilized for analysing various biological processes 

both in vitro and in vivo. Methods like confocal microscopy offer detailed views with 

precise high spatial and temporal resolutions. This allows for sensitive sensing of specific 

enzymes within cells, offering insights into their functions and significance in biological 

activities. Additionally, the concept of fluorescent probes that become active ('turn on') 

under certain conditions has brought unmatched levels of sensitivity and specificity. This 

has sparked a growing fascination with fluorescent imaging agents that are activated 

through reduction processes.66 However, to further understand this concept, and place the 

overall thesis within context, the following section will detail an overview of the concept 

of fluorescent chemosensors. 
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1.3 Fluorescent Chemosensors 

Fluorescent chemosensors are compounds that consist of a binding site, a fluorophore, 

and a mechanism for communication between these components seen in Figure 1.5. 

 

 

 

Figure 1.5: A general schematic of the workings of a chemosensor upon binding of an 

analyte with the recognition site. 

The origins of fluorescent chemosensors trace back to 1867 when F. Goppelsröder 

introduced the first example, which involved a highly fluorescent morin chelate for 

detecting aluminum ions (Al3+). In subsequent decades thanks to the groundbreaking 

work of de Silva and Czarnik, there has been a rapid and expansive growth in the 

development of fluorescent chemosensors.77, 78 This progress was also accompanied by 

advancements in microscopic imaging technologies. A variety of chemosensors have been 

designed for the sensing of a wide range of biologically significant analytes, including 

cations, anions, small neutral molecules, and biomolecules such as proteins and DNA. 

Initially, these chemosensors primarily targeted metal ions due to the easier selectivity of 

their binding in water compared to anions or neutral species.74  

 

1.3.1 Fluorescence Chemosensors for Cations and Anions 

One example of such sensors is compound 1.1 (Figure 1.6) a commercially available 

sensor capable of measuring potassium (K+) in whole blood or serum. As potassium binds 

to the cryptand PET quenching is interrupted and increasing emission at 540 nm is 

observed with increasing concentration of KCl. Furthermore, this sensor was selective for 

potassium amongst other cations of clinical relevance such as calcium and sodium.79 
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There have also been sensors developed for other cations such as magnesium (Mg2+). 

Farruggia et al. synthesised two diaza-18-crown-6 hydroxyquinoline derivatives 1.2 

(Figure 1.6) both of which showed significant fluorescence enhancement upon binding 

with Mg2+ as PPT and PET are both hindered. Both chemosensors displayed exceptional 

sensitivity and selectivity towards Mg2+ with no fluorescence output observed for other 

divalent cations such as Ca2+. Both chemosensors were also applicable to live cell 

imaging of Mg2+ in live cells.80 

 

Figure 1.6: Compound 1.1 and Compound 1.2. 

There has also been chemosensors developed for d-block metal cations such as zinc (Zn2+) 

owing to its abundance in the human body and its involvement in programmed cell death 

and neurological disease.81 The Lippard group developed a far-red emitting probe 1.3 

(Figure 1.7) for the detection of zinc. The sensor exhibits a reversible and broad dynamic 

range response when exposed to exogenously introduced Zn2+ within the lysosomes of 

HeLa cells, endogenous Zn2+ within insulin granules of MIN6 cells, and zinc-abundant 

mossy fiber boutons within hippocampal tissue extracted from mice.82 

 

Figure 1.7: Compound 1.3 upon binding to Zn2+. 

The advancement of chemosensors with selectivity for anions historically lagged behind 

their cation counterparts due to the hydration properties of anions. This transformation 

has been catalysed by the importance of anions in both biological and industrial processes, 
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coupled with the imperative to devise innovative techniques for detecting anionic 

contaminants in the environment. Over the past several decades, there has been a 

proliferation of fluorescent chemosensors designed for the precise identification of 

anions, employing mechanisms rooted in host-guest interactions or chemical reactions.83  

An example of an anion chemosensor is 1.4 by Amendola et al. which is composed of a 

pyrene moiety serving as the fluorophore and a urea binding group. 1.4 exhibits a 

noteworthy and distinctive fluorescence response pattern described as "on–off–on" upon 

interaction with fluoride ions (F−), as seen in Figure 1.8. In its initial state within 

acetonitrile (MeCN), 1.4 emits fluorescence with typical pyrene characteristics, peaking 

at 394 nm. However, upon the introduction of F− ions, the fluorescence is switched off. 

This can be attributed to an electron transfer process within the excited complex and the 

subsequent transformation of this complex into a less emissive excited tautomeric state. 

However, with the continued addition of F− ions, the fluorescence reactivates, with a 

yellow emission, while a novel emission band cantered at 500 nm emerges. This emission 

can be ascribed to a charge-transfer mechanism facilitated by the deprotonation of the 

receptor induced by F− ions.84 

 

 

 

Figure 1.8: The emission spectra changes of compound 1.4 upon increasing addition of 

F-. 
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1.3.2 Fluorescence Chemosensors for Small Molecules 

Whilst cation/anion binding through previous examples of host guest interaction can 

result in changes in fluorescence, similar changes can also be observed through reactions 

with anions or small molecules. These can include both neutral and anionic molecules of 

both reactive oxygen species (ROS), reactive nitrogen species (RNS), and reactive sulfur 

species (RSS).  Hydrogen peroxide (H2O2) is a ROS species known to be associated with 

Alzheimer’s disease and reactive with boronate based fluorescent probes. B. C. Dickinson 

et al. synthesized five fluorescent probes 1.5, 1.6, 1.7, 1.8, and 1.9, all consisting of aryl 

boronic ester moieties (Figure 1.9), all of which were responsive and selective towards 

H2O2 in aqueous solution amongst other biologically relevant ROS such as hypochlorous 

acid (HClO), nitric oxide (NO), superoxide (O2
-) , tert-butyl hydroperoxide (tBuOOH), 

and hydroxyl radical (OH.) resulting in fluorescence intensity enchancements. 

Figure 1.9: Removal of the boronic ester constituent for each probe by reaction with H2O2 

results in restoration of fluorescent intensity of the methoxyfluorescein (1.5), fluorescein 

(1.6) or rhodol derivatives, aminophenol (1.7), diethylaminophenol (1.8), and julolidine 

(1.9). 

In live A431 cells under oxidative stress and incubated with 1.5, 1.8, and 1.9 an increase 

in intracellular fluorescence was observed, the same probes also displayed fluorescence 

intensity increases in RAW264.7 macrophages under induced H2O2 production.85 

Peroxynitrite (ONOO−) an anionic reactive nitrogen species is a strong oxidant in both 

physiological and pathological processes. The Qian research group developed a 

mitochondria-specific fluorescent chemosensor 1.10 which relies on Fluorescence 

Resonance Energy Transfer (FRET) for the ratiometric detection of ONOO−, as illustrated 

in Figure 1.10. This chemosensor 1.10 is composed of two cyanine dyes, Cy3 and Cy5, 
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strategically designed to exploit the distinct reactivity of these dyes towards ONOO−. 

When excited at 530 nm, the chemosensor exhibits fluorescence emission at 660 nm due 

to the efficient FRET process from Cy3 to Cy5. However, a remarkable transformation 

occurs upon the introduction of ONOO− into the system. An increase in fluorescence 

intensity at 560 nm accompanied by a concomitant decrease at 660 nm. This phenomenon 

can be attributed to the selective oxidation of the Cy5 component within 1.10 by ONOO−. 

Furthermore, the authors demonstrated the chemosensor's potential in semi-quantitative 

analysis of cellular ONOO− levels.86  

 

Figure 1.10: Reaction of Compound 1.10 consisting of two cyanine dyes Cy3 (green) and 

Cy5 (red) with ONOO-. 

Cysteine (Cys), homocysteine (Hcy), glutathione (GSH) and hydrogen sulfide (H2S) play 

critical roles in a variety of biological processes. A subgroup of chemosensors designed 

for the detection of thiols consist of a 2,4-dinitrobenzenesulfonyl (DNBS) moiety known 

to quench the fluorescence of the given fluorophore. In a recent development, a novel 

fluorescent probe based on the BODIPY scaffold 1.11 (Figure 1.11), has been reported 

for the specific detection of thiols. Upon exposure to Cysteine (Cys) or Glutathione 

(GSH) in a phosphate-buffered saline (PBS) solution for a brief period of 10 minutes, an 

astonishing 20- to 25-fold increase in fluorescence at 570 nm was observed as the DNBS 

moiety is removed forming sulfur dioxide in the process. To validate its practical 

applicability, this probe was successfully employed for cellular imaging using monkey 

renal fibroblast COS-7 cell lines.87 

An interesting approach was taken by Ji and co-workers with Probe 1.12 in Figure 1.11 

which represents a cleverly designed complex, featuring a DNBS moiety linked to a 
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Ru(II) poly(1,10-phenanthroline) complex as its luminophore. The red emission from the 

metal to ligand transfer of the ruthenium complex is quenched by the DNBS moiety as a 

result of a dark singlet excited state. Upon the introduction of 20 μM Cys the amino 

derivate of the compound is formed as DNBS is removed and an extraordinary 90-fold 

amplification in phosphorescent emission at 600 nm is observed. What's particularly 

interesting is the probe's remarkable selectivity for Cys, exceeding other amino acids by 

more than 40-fold. This high degree of specificity underscores the probe's utility as a 

precision tool for thiol detection within complex chemical environments. Moreover, to 

validate its applicability, fluorescence imaging of NCI-H446 cells was successfully 

carried out.88 

 

Figure 1.11: Structure of compounds 1.11 and 1.12. 

The above examples aim to highlight the structural diversity and potential use of 

chemosensors targeting small molecule analytes to a wide variety of diagnostic 

applications. However, a vast array of chemosensors have also been developed to measure 

the activity of large biomolecules such as enzymes. The primary aim may be to 

understand certain biochemical pathways. Or in other instances the objective is to 

distinguish between qualitative disparities that arise in an anatomical region such as a 

tumour, this is achieved through corelating the specific anatomical region to the activity 

level of an enzyme of interest. This often necessitates an enzyme activated fluorescent 

chemosensor; a synthetic substrate that produces a measurable output upon undergoing 

an enzyme-catalysed reaction.89 
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1.3.3 Enzyme Activated Fluorescent Chemosensors 

The design and synthesis of small molecules that exhibit changes in fluorescence output 

due to a reaction or interaction with an enzyme have garnered substantial research interest 

recently due to their versatile applicability spanning across a wide variety of enzymes.74, 

77, 90 There are many advantages to these kind of fluorescent sensors as previously 

mentioned such as high sensitivity and selectivity, synthetic versatility and feasibility, 

tuneable emission characteristics, and high spatiotemporal resolutions. These sensors not 

only serve as a diagnostic tool but also as indispensable tools for elucidating the 

involvement of various analytes in disease and thus contributing to the biological 

understanding of such analytes.  

 

Enzyme activated fluorescent chemosensors aim to function within densely populated 

cellular milieu and so there are often challenges when these probes are applied to 

biological imaging applications where important factors have to be taken into 

consideration such as the cytotoxicity of the probe, probe stability, uptake and 

localisation, modes of activation, and enzyme rates.91  

 

Various methodologies have been employed so far to achieve desired fluorescent 

modulations.92-95 In Figure 1.12, the three predominant strategies commonly employed in 

this context are shown using a 1,8-naphthalimide fluorophore as an example. Firstly, we 

have the enzymatic cleavage of a blocking group, resulting in the liberation of an active 

fluorophore.96-98 Secondly, enzymatic transformations can be harnessed to convert these 

blocking groups into alternative substituents.99-101 Lastly, enzymatic processes can 

facilitate the release of fluorescent quenchers.102-104 Further elaboration on the 

comprehensive spectrum of modulations will be provided in subsequent sections of this 

chapter. 

 

https://www.sciencedirect.com/topics/chemistry/reaction-selectivity
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Figure 1.12: Illustrative depiction of the structural frameworks utilized in crafting 

enzyme-responsive 1,8-naphthalimide fluorogenic probes, with examples of differing 

enzymes capable of reacting with a given blocking group/fluorescent quencher (1) 

Cleavage of a blocking group via alkaline phosphatase (ALP) to release an active 

fluorophore,105 (2) transformation of blocking group by NTR from nitro to amino 

derivatives,106 (3) Release of a fluorescent quencher by DT-diaphorase upon reduction of 

the quinone moiety.107 

 

Enzyme activated fluorescent chemosensors take advantage of several photophysical 

mechanisms aimed at eliciting alterations in fluorescence. Numerous techniques have 

been harnessed for the precise modulation of fluorescence emission. These encompass 

Förster Resonance Energy Transfer (FRET), Photoinduced Electron Transfer (PET), 

Internal-charge Transfer (ICT), Through-bond Energy Transfer (TBET), Excited-state 

Intramolecular Proton Transfer (ESIPT), Aggregation-induced Emission (AIE), 

Restriction of Intramolecular Motion (RIM), and Monomer–excimer based ratiometric 

sensing, among others.108, 109 

 

In the context of enzyme activated chemosensor design, an equally significant aspect to 

consider is the choice of fluorophore scaffold. In considering an ideal fluorophore, one 

must take into account the physicochemical attributes, including the excitation and 

 

 

Modulation Method Example 
1. 

2. 

3. 
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emission properties,95, 110 photostability,111 solvatofluorochromism,112 and membrane 

permeability.113 As previously shown, several fluorophore options exist for the design and 

synthesis of chemosensors such as coumarins, rhodamines, BODIPY’s, fluorescein, 

cyanines, and 1,8-naphthalimides. All of which have been applied in the detection of an 

extensive array of enzymatic analytes.93, 94, 114, 115 

 

With such a vast scope of enzymes that can be targeted such as oxidoreductases, 

transferases, hydrolases, lyases, isomerases, and ligases there is already a large library of 

such chemosensors reported in literature.91 All of which have differing 

substrate/recognition units and fluorophores. Take oxidoreductases for example, within 

this class resides the nitroreductase enzyme, which has the ability to reduce nitroaromatic 

components. Probe 1.13 (Figure 1.13) is an example of a coumarin based probe for NTR 

which is an OFF-ON probe displaying a 5-fold increase in fluorescence intensity at 455 

nm in the presence of NTR upon reduction of the nitrobenzyl moiety.116 A similar design 

with a different substrate unit and fluorophore can also be seen in the case of probe 1.14 

(Figure 1.13), here a nitroimidazole moiety is used and the fluorophore of choice is a 

resorufin derivative capable of a much longer wavelength of emission at 705 nm upon 

reduction of the nitroimidazole moiety.117 

 

Figure 1.13: Compounds 1.13 and 1.14. 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemistry/fluorescein
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The idea of varying either the substrate unit or the fluorophore is consistent for all 

enzymes previously mentioned and can also be seen in transferases. If we take 

acyltransferases for example, we can see in Probe 1.15 and 1.16 (Figure 1.14) that the 

glutamyl amide moiety is present in both compounds but both differ in terms of 

fluorophore. With probe 1.15 releasing an indocyanine and probe 1.16 releasing a 

silarhodamine in the presence of γ-glutamyltransferase.118, 119 

 

Figure 1.14: Compounds 1.15 and 1.16. 

Furthermore, this concept can also be applied to hydrolases such as glycosidases, these 

probes incorporate a monosaccharide as an enzyme activatable unit in this case β-D-

galactopyranoside. When 1.17 (Figure 1.15) reacts with β-galactosidase the β-glycosidic 

bond is broken, and fluorescence is turned on at 720 nm as the cyanine fluorophore is 

released. The same reaction is also observed for 1.18 (Figure 1.15) except in this case 

there is the release of a BODIPY fluorophore resulting in a change of fluorescence from 

575 nm to 730 nm.120, 121 

 

Figure 1.15: Compounds 1.17 and 1.18. 

With such variability and versatility in terms of the design and synthesis of enzyme 

activated fluorescent chemosensors they have become an appealing target to target 

hypoxic regions under reductive cell stress. 
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1.4 Targeting Hypoxia 

The basis of forming selective imaging agents for hypoxia is based on utilising a motif 

capable of undergoing reduction only under hypoxic conditions. A strategy that has been 

applied in developing both hypoxia-activated prodrugs and fluorescent probes for tumour 

hypoxia.122 

Selectively targeting the hypoxic environment is achieved through exploiting 

oxidoreductase enzymes which are upregulated under reductive stress. Reductive stress 

can be seen as the opposite of oxidative stress. While oxidative stress disrupts redox 

homeostasis by promoting an abundance of oxidants O2
− and H2O2 relative to antioxidants 

(superoxide dismutases, catalase, glutathione peroxidases, and thioredoxins), reductive 

stress results from an increase in the concentration of reducing agents such as reduced 

nicotinamide adenine dinucleotide (NADH). Consequently, an excessive accumulation of 

reducing equivalents, in comparison to oxidizing species, dysregulates redox homeostasis 

and contributes to reductive stress.123, 124  

As previously mentioned, HIF can contribute to the Warburg effect resulting in a switch 

from oxidative phosphorylation to glycolysis.35, 36 This shift leads to an enhanced 

generation of NADH as a biproduct, a pivotal electron donor in the cell. The outcome is 

an imbalance of the NAD+ and NADH equilibrium.122 It is also known that this imbalance 

can occur in the mitochondria where oxidative phosphorylation is slowed down due to a 

lack of oxygen under hypoxic conditions. NADH-producing reactions in the tricarboxylic 

acid cycle are inhibited thus diminishing the efficiency with which the malate-aspartate 

shuttle can transport the NADH generated during glycolysis into the interior of the 

mitochondrial matrix, ultimately contributing to the buildup of NADH that contributes to 

the environment of reductive stress.125 Under these reducing environmental conditions, 

there is also an upregulation of various oxidoreductase. Examples of such enzymes 

include nitroreductases (NTRs), azoreductases, cytochrome p450 reductase, and xanthine 

oxidase.126, 127  

Hypoxic regions within tumours can be considered regions that are under intensive 

reductive stress with great amounts of oxidoreductase enzymes present. Reductive stress 

can therefore be deemed useful as a biomarker for hypoxia and for developing motifs 

specific to tumour hypoxia. 
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1.4.1 Hypoxia Activated Prodrugs  

Hypoxia-activated prodrugs (HAPs) operate based on bioreductive activation. 

Bioreduction is carried out by oxidoreductase enzymes in hypoxic cells resulting in 

cytotoxic species also known as the active drug.128 

The main classes of bioreductive prodrugs are nitroaromatics, quinones, aromatic N-

oxides, Aliphatic N-oxides, and transition metal complexes. The conversion of the 

prodrug from an inactive species to an active species occurs via a two-step process. For 

most HAPs such as nitroaromatics, quinones, and benzotriazine di-oxides. The first step 

involves the formation of an oxygen-sensitive intermediate, which is carried out by a one-

electron reduction via a flavin-dependent oxidoreductase enzyme. The second step occurs 

when oxygen pressure is low (less than 5-10 mmHg in hypoxic regions) resulting in 

further reduction and the formation of the active species. If oxygen pressure is that of 

normal tissue in between 20-80 mmHg the intermediate is re-oxidized back to its inactive 

form (Figure 1.16).17, 128 

 

 

 

Figure 1.16: Schematic of the bioreductive activation mechanism for hypoxia-activated 

prodrugs. 

In recent years HAPs research has been successful in its approval in clinical trials. Five 

compounds in particular managed to reach phase III of clinical trials TH-302 (1.19), 

porfiromycin (1.20), EO9 (1.21), tirapazamine (1.22), and nimorazole (1.23) and are yet 

to attain regulatory approval (Figure 1.17).122 
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Figure 1.17: Structure of HAP’s that have reached Phase III of clinical trials. 

Amongst these compounds TH-302 (1.19) is of interest, as it takes advantage of a 2-

nitroimidazole moiety. Since the discovery of Varghese et al. in 1976 that 2-

nitroimidazoles are capable of forming adducts with cellular nucleophiles in hypoxic 

cells. There has been great effort put into the design of 2-nitroimidazoles based HAPs and 

imaging agents. The reason being, they have high electron affinity and selective hypoxic 

toxicity that is dependent on a bioreductive mechanism resulting in reactive intermediates 

having the capability to bind to macromolecules in the cell such as proteins (Figure 

1.18).129-132  

TH-302 (1.19) is a good example that proves the efficiency and effectiveness of 2-

nitroimidazole based prodrugs. The 2-nitroimidazole moiety of TH-302 undergoes a 

bioreductive activation mechanism under hypoxic conditions which releases the active 

drug, a DNA cross linking agent (bromo-isophosphoramide mustard) via reduction of 

nitro group to an amine followed by fragmentation (Figure 1.18). The cross-linking agent 

can interfere with transcription and translation of DNA leading to tumour cell death. It 

was also reported that TH-302 contributed to the downregulation of HIF-1α. TH-302 

showed great promise as a hypoxic selective drug reaching phase III clinical trials.122, 133 
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Figure 1.18: (a) Schematic showing the reduction of 2-nitroimidazole motif under both 

normoxic and hypoxic conditions. Under normoxic conditions there is a 1 electron 

reduction to a reactive nitro radical which can be back oxidized to the nitro compound, 

however under hypoxia follows further reduction to the nitroso, hydroxylamine and amine 

derivative. (b) A schematic that shows the fragmentation of TH-302 under hypoxia. 

Whilst HAPs consisting of a 2-nitroimidazole moiety are capable of undergoing reduction 

under hypoxic conditions it’s is also important to recognise the role of the oxidoreductase 

enzymes in this process. Nitroreductase is an enzyme that reduces a nitro group to its 

corresponding amine. Understanding the substrate units that nitroreductase can reduce 

can enhance the knowledge on the design of HAPs. More interestingly, it can lead to the 

development of nitroreductase responsive fluorescent probes capable of eliciting a 

measurable fluorescence response in hypoxic cells or tissue.  

To date, 1,8-naphthalimide fluorophores have garnered substantial interest due to their 

remarkable fluorescence properties, which deem them suitable candidates for the design 

of nitroreductase responsive fluorescent probes. Their inherent sensitivity and selectivity 

coupled with their synthetic versatility and consequential modulation of fluorescence, 

considers these probes widely applicable for monitoring nitroreductase activity in 

hypoxic environments.90 
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1.5 The 1,8-Naphthalimide Fluorophore 

Firstly documented by Middleton and his colleagues in 1986134, the 1,8-naphthalimide 

core has many advantageous characteristics that stand out amongst other fluorophores, 

these include a large Stokes shift, resistance to photobleaching, and a brightness 

comparable to other fluorophores that possess high quantum yields.135 The photophysical 

characteristics of the naphthalimide fluorophore are largely affected by the electronic 

properties of its substituents. For instance, taking the 4-position on the 1,8-naphthalimide 

core and incorporating a nitro functional group results in a broad absorption peak with 

λmax of approximately 360 nm with limited fluorescence observed on the fluorescence 

emission spectra.  

This can be attributed to the blocking of ICT caused by the electronegativity of the oxygen 

atoms, hindering the conjugation throughout the 1,8-naphthalimide core from the donor 

nitrogen of the nitro substituent. In contrast, if the nitro substituent was to be replaced 

with an amine a “push–pull” ICT excited-state would be observed as electrons from the 

nitrogen donor can be pushed into the 1,8-naphthalimde core, this red shifts both 

absorption and emission bands to 450 and 550 nm, respectively (Figure 1.19) and 

increases the fluorescent quantum yield substantially.136  In more recent studies, there has 

been substantial research focus on 4-hydroxy-1,8-naphthalimide. This compound exhibits 

UV absorption peaks at approximately 380 nm and emits light at around 550 nm or 450 

nm in aqueous solutions. Furthermore, in DMSO, its quantum yields observed we 

comparable to that of the 4-amino-1,8-naphthalimides.137 

 

 

Figure 1.19: Schematic depicting the ICT that occurs withing the 4-amino-1,8-

naphthalimide fluorophore throughout the push pull excited state. 
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The characteristics possessed by the 1,8-naphthalimide are qualities that are essential for 

their application in biological contexts, including assay development and confocal 

microscopy. Particularly noteworthy is the ability to fine-tune the ICT excited state. For 

instance, by introducing an electron-withdrawing carbamate or ester group at the 4-

position a blue emission (with a peak around 450 nm) can be observed through 

spectroscopy or through confocal microscopy. However, upon conversion to an electron-

donating amino functional group the emissive properties are significantly altered, 

resulting in green emission (with a peak around 550 nm). Additionally, the ether- and 

esterification of 4-hydroxy-1,8-naphthalimide also induces a shift toward shorter 

wavelengths in the emission maxima, offering further advantages in the design of 

fluorescent probes. The influence of electron donating and withdrawing substituents on 

the ICT, can alter the photophysical characteristics of the 1,8-naphthalimide core. 138, 139  

 

1.5.1 1,8-Naphthalimide Chemosensors for Cations and Anions 

 

The 1,8-naphthalimide fluorophore has shown significant success as a chemosensor for 

the detection of various analytes, including: cation recognition140, anion recognition136 

and small molecules.141  Compound 1.24 and 1.25 in Figure 1.20 are examples of 1,8-

naphthalimide cation sensors. 1.24 shows enhancement in the fluorescence emission 

intensity at 416 nm upon binding Zn(II) within the cyclam moiety, and displayed 

significant selectivity towards Zn(II) in the presence of biologically relevant divalent 

metals.142 Compound 1.25 was capable of sensing Cu(II). As a result of Cu(II) binding 

deprotonation of the secondary amines of the naphthalimide moiety was observed through 

a yellow to pink colorimetric response as well as a green to red fluorescence response.143 

 

Figure 1.20: Structure of compounds 1.24 and 1.25. 
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Many anion sensing based 1,8-naphthalimides make use of a urea or a thiourea moiety to 

achieve anion binding as seen in Figure 1.21. Compounds 1.26 and 1.27 were shown to 

bind F- ions in DMSO observed by its decreasing emission intensity observed at 530 nm. 

Whereas, only minor decreases in the emission intensity was observed for other anions 

such as Acetate (AcO-). It was proposed that the initial binding of F- to the thiourea 

followed be deprotonation establishes an electron rich receptor capable of enhanced PET 

quenching.144 Compound 1.28 consists of two naphthalimides linked together via a urea. 

Increasing the number equivalents of F- in DMSO results in a two-step deprotonation of 

the urea moiety resulting in a decrease of the absorption band at 400 nm, an increase 

followed by subsequent decrease at 540 nm, and an increase at 600 nm. It was noted that 

AcO- and dihydrogen phosphate (H2PO4
-) only result in deprotonation of one NH of the 

urea. Establishing that the two-step deprotonation was unique to F-.145 

 

 

Figure 1.21: Structure of compounds 1.26, 1.27, and 1.28. 

 

1.5.2 1,8-Naphthalimide Chemosensors for Small Molecules 

 

1,8-naphthalimides targeted to sense small molecules are designed with a moiety that the 

small molecule can either interact or react with. In Figure 1.22 Compound 1.29 for 

example can detect HClO, prior to the addition of HClO the ICT of 1.29 was hindered 

resulting in weak fluorescence. However, upon increasing concentrations of HClO the 

dimethythiocarbamate is oxidised and removed resulting in a green fluorescence 

enhancement at 550 nm. Furthermore, due to the presence of the phenylsulfonamide 

compound 1.29 was capable of imaging HClO present in the golgi of HeLa cells.146 

Compound 1.30 (Figure 1.22) displayed significant fluorescence intensity enhancement 

upon the removal of the aryl boronic ester moiety in the presence of H2O2. Compound 
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1.30 proved selective for H2O2 in comparison to other ROS species and was capable of 

imaging lysosomes via red emission in both HeLa cells and in RAW 264.7 cells.147 

 

 

Figure 1.22: Structure of compounds 1.29 and 1.30. 

 

More interestingly, there has been an increasing interest for enzyme activated 

chemsosensors which make use of the 1,8-naphthalimide core. The next section will 

provide a summary of the recent advancements in the development of 1,8-napthalimide 

based enzyme activated fluorescent chemosensors for the flavin associated 

oxidoreductase enzyme nitroreductase, known to be upregulated under hypoxic 

conditions. Examples will include the differing designs and substrate moieties for 

nitroreductase as well as the different responses that can be elicited upon activation of the 

substrate be it ‘turn on’ or ‘ratiometric’ response.90 
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1.6 1,8-Naphthalimide Based Fluorescent Chemosensors for 

Nitroreductase 

Nitroreductases (NTRs) are flavin-associated oxidoreductase enzymes. Categorised into 

two primary subgroups; Type I NTRs are oxygen insensitive and exhibit the capability to 

undergo reduction in the presence of O2, while type II NTRs are oxygen sensitive and 

therefore only function in an oxygen poor environment.148 NTR is a homodimeric 

globular protein consisting of two subunits, each composed of a core domain comprising 

four beta strands surrounded by alpha helices, as well as an excursion domain (Figure 

1.23). The placement of the two FMN cofactors is approximately 27 Å apart, in contact 

with both subunits, and strategically positioned near the hydrophobic base of a cavity 

encircled by positively charged groups. The isoalloxazine portion of the FMN cofactor is 

oriented with its re face directed towards the proposed substrate-binding site.  

Whereby, reduction of nitroaromatic moieties can take place via a ping-pong bi-bi 

mechanism.149-151 

 

 

 

Figure 1.23: Ribbon diagram of NfsA (Escherichia coli nitroreductase). One subunit is 

in light brown and the other subunit is in differing colours. The alpha helices are labelled 

A–I, and the beta strands are labelled 1–4. FMN is displayed as a ball and stick 

structure.149 

 

Due to the relevance of hypoxia in various diseases, type II NTRs, in recent years have 

been considered as a noteworthy biomarker for hypoxic tumour formation as previously 

mentioned. NTR’s can reduce a nitro functionality to the corresponding nitroso or amino 

derivatives (Figure 1.24) and so numerous NTR based sensors have been developed that 

leverage this property in both prodrug strategies as seen with HAP’s and fluorometric 

techniques for detecting tumour hypoxia.17, 65  
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Figure 1.24: Schematic representing the 2-electron reduction of a nitroaromatics in the 

presence of NTR and NADPH involving a series of consecutive electron transfer events 

necessary for the full reduction to the amino group. 

 

With such boastful photophysical characteristics established by the 1,8-naphthalimide 

fluorophore and the capability to modulate the fluorescence through substituent changes 

at the 4-position influencing the sensitive ICT, naphthalimides can be deemed highly 

suitable to NTR sensing. 

 

Qian and co-workers have developed several fluorescent probes designed for hypoxia 

detection, utilising 1,8-naphthalimides as seen in Figure 1.25. By linking the 

naphthalimide to 2-nitroimidazole they synthesised structures 1.31 and 1.32, it was 

observed in various lung cancer and ovarian cancer cell lines 95D cells, V79 Chinese 

hamster, and CHO that these compounds exhibited a substantial increase in fluorescence 

intensity in hypoxic conditions. Notably, 1.32 under hypoxic conditions had an emission 

profile 20 times greater in comparison to the normoxic conditions in V79 cells.152 

 

Qian and co-workers also developed probes 1.33 and 1.34,  with probe 

1.33 demonstrating a significant difference in fluorescence between cells in normoxic and 

hypoxic conditions.153 They also investigated a series of naphthalimide N-oxides 

(compounds 1.35 – 1.39) and assessed their ability to bind to DNA, as well as their 

potential as fluorescent probes for hypoxia. Although not considered to be targeted by 

NTR and more likely reduced by cytochrome P450 reductases these compounds proved 

capable of distinguishing between cells in hypoxic and normoxic environments.  

 

In their findings, compound 1.35 stood out as particularly effective marker for hypoxia, 

showing a 17-fold increase in fluorescence when incubated for 4.5 hours in V79 Chinese 
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hamster cells under hypoxic conditions. This enhanced response was attributed to the 

reduction of the N-oxide to a tertiary amine and the conversion of the nitro group to a 

primary amine.154 

 

 

Figure 1.25: compounds 1.31–1.39. 

 

Cui et al. developed a ratiometric probe for hypoxia using the 1,8-naphthalimide, one of 

the earlier examples in literature. Compound 1.40 in Figure 1.26 was a highly selective 

sensor with the design entailing a p-nitrobenzyl group that was linked to the 4-amino 

position through a carbamate linkage.  The sensor was activated by NTR in the presence 

of NADH resulting in a change from blue to green fluorescence. This shift in emission 

from 475 nm to 550 nm occurred due to the release of the 4-amino-1,8-naphthalimide 

fluorophore through a 1,6-elimination process, accompanied by the loss of CO2 and aza-

quinone-methide. 1.40 was non cytotoxic and effective in detecting hypoxia in A549 cells 

through its ratiometric blue to green response.155 
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Figure 1.26: Schematic showing the reduction of 1.40 involving a 1,6-elimination with 

subsequent release of CO2 and aza-quinone-methide. 

 

Ma and colleagues developed a naphthalimide-based probe, compound 1.41 in Figure 

1.27, which was capable of establishing an off to on fluorescence response in the presence 

of NTR. This probe consisted of a morpholine unit linked to a 4-nitro-1,8-naphthalimide, 

and prior to treatment with NTR, it displayed very low fluorescence (Φf = 0.002 at 543 

nm). However, upon exposure to NTR, a substantial increase in fluorescence (Φf = 0.13) 

was observed due to the reduction of the nitro group to the corresponding amino 

derivative. This change in fluorescence was directly proportional to the concentration of 

NTR, with a detection limit of 2.2 ng mL−1. Additionally, the application of 1.41 did not 

significantly affect the viability of A549 cells, even at concentrations as high as 2 mM. 

1.41 could be seen to specifically target lysosomes within living cells, as confirmed 

through co-localization studies with a known commercial lysosomal tracker called DND-

99 (Figure 1.27). Moreover, it could simultaneously provide imaging of the hypoxic status 

of A549 cells by visualizing lysosomal NTR activity under hypoxic conditions.106 

 

 



  Chapter 1 

 

32 
 

 

 

Figure 1.27: Colocalization experiment of DND-99 (100 nM) and probe 1.41 (2 mM) in 

hypoxic A549 cells. (A) Emission from Lyso-NTR. (B) Emission from DND-99. (C) 

Merged image of images A and B. The scale bar used in the images was set at 20 mm for 

reference. 

 

Compound 1.42 designed and synthesised by He et al. was introduced as a ratiometric 

fluorescent probe designed with a dual function to detect both NTR activity and acidity a 

key factor in a cancer environment simultaneously. This innovative probe harnessed the 

concept of weak ICT caused by the carbamate moiety within its structure and efficient 

PET quenching resulting from the nitro-group attached to a 1,8-naphthalimide via a 

carbamate linkage as well as the morpholine moiety itself (Figure 1.28). It was observed 

that 1.42 exhibited significant quenching of fluorescence in a neutral aqueous solution  

(Φ = 0.02). 

 

However, weak blue fluorescence (Φ = 0.11) was observed in an acidic environment 

where the morpholine group underwent protonation. The subsequent addition of NTR 

triggered the reduction of the 4-nitrobenzyl moiety, resulting in the release of a highly 

emissive product with a large quantum yield (Φ = 0.78). Importantly, no noticeable 

fluorescence response without both analytical inputs of NTR and acidity (Figure 1.28). 

1.42 demonstrated high sensitivity at pH 5, with a low detection limit of 0.92 μg mL−1. 

Confocal fluorescence microscopy imaging of lung carcinoma A549 cells confirmed its 

effectiveness in detecting both acidity and NTR in cellulo, deeming 1.42 suitable for 

tumour imaging.156  
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Figure 1.28: schematic showing the Proposed detection mechanisms of probe 1.42. 

 

Similarly, Fang et al. have also synthesised a naphthalimide fluorophore based on a dual 

function in Figure 1.29. They utilized a hybrid like structure consisting of 1,8-

naphthalimide and rhodamine compound 1.43, which incorporates recognition sites for 

both ATP and NTR. This innovative design allowed them to effectively demonstrate 

distinct fluorometric responses to ATP and NTR individually but also a combination of 

ATP and NTR.157 

 

Initially, 1.43 exhibited weak fluorescence due to quenching caused by the spirocyclic 

rhodamine structure and the nitro group within the 1,8-naphthalimide. Upon introducing 

NTR, the nitro substituent is reduced and an enhancement in fluorescence intensity was 

observed at 520 nm, due to the subsequent formation of the 4-amino-1,8-naphthalimide 

moiety and its highly emissive profile. Similarly, the introduction of ATP led to an 

enhancement in fluorescence intensity at 580 nm, as ATP causes the spirocyclic structure 

of rhodamine to open. In both cases, there is a linear relationship established between 

both concentration and fluorescence of the respective analyte, which allows for the 

calculation of a 0.12 μg mL-1 LOD for NTR and 0.05 mM LOD for ATP. 

 

Through confocal fluorescence microscopy, it was observed that by varying the 

wavelengths of excitation of 1.43 the presence of ATP and NTR could be determined. 
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Upon incubating 1.43 with HeLa cells, it was noticed that ATP levels within cells are 

significantly influenced by the concentration of O2. More interestingly, it was observed 

NTR activity increased with decreasing O2 content from 20% to 1%. Alternatively, ATP 

concentration decreased with decreasing O2 content (Figure 1.29). 

 

 

 

 

Figure 1.29: The structure of probe 1.43 and confocal fluorescence images of HeLa cells 

exposed to compound 1.43 under different O2 concentrations (20%, 10%, 5%, and 1%). 

Two separate channels were utilized for detection: a green channel (λex = 405 nm) and a 

red channel (λex = 559 nm). 

 

Liu and co-workers demonstrated the effectiveness of naphthalimide-based probes for 

detecting NTR. They synthesised compound 1.44 a turn on probe for the sensing of NTR 

in both bacterial and mammalian cells (Figure 1.30). Structurally, 1.44 consists of a 4-

hydroxy-1,8-naphthalimide ether linked to a 4-nitrobenzyl group. Upon exposure to NTR 

in the presence of NADH, 1.44 elicited a fluorescence response, with a significant 

enhancement in fluorescence intensity at 489 nm. The detection sensitivity of the probe 

was significant, with an LOD of 3.4 ng mL−1. Through confocal microscopy, the 

researchers demonstrated that the probe could penetrate E. coli and S. aureus cells, where 

an increase in blue emission intensity was observed upon interacting with intracellular 

NTR. The same turn on in blue emission response was also observed in breast and liver 

cancer cell lines MCF-7 and HepG-2 with no cytotoxicity observed.158 

 

Compound 1.45 in Figure 1.30 reported by Wei and colleagues made use of a carbonate 

linker, to modulate the fluorescence of the 1,8-naphthalimide fluorophore. A green 

fluorescence at 550 nm was observed upon 1.45 reacting with NTR and NADH. Once 

again, the fluorescence a linear relationship was established between 1.45 and NTR 
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within the concentration range of 0.1–0.3 µg mL−1. 1.45 was also effective in the imaging 

hypoxic malignant glioma U87 cells.159 

 

Figure 1.30: Compounds 1.44 and 1.45. 

 

Lin and colleagues developed compound 1.46, featuring a 4-nitro-1,8-naphthalimide core 

with a methylsulphonamide group designed to target the endoplasmic reticulum (Figure 

1.31). 1.46 sought to take advantage of NTR's ability to reduce the 4-nitro functionality 

to its 4-amino derivative, leading to the activation of naphthalimide's ICT, resulting in a 

green fluorescence turn on response. This probe proved to be highly sensitive, with an 

LOD at 36 ng mL−1. Furthermore it demonstrated selectivity and biocompatibility 

amongst other biologically relevant analytes, and established remarkable photostability 

allowing for both one-photon and two-photon excitation.160 

 

The researchers further proved the capability of 1.46 to image NTR in HeLa cells. In 

normoxic conditions, the cells exhibited no fluorescent signal. However, under hypoxic 

conditions, a significant fluorescence signal became evident. Furthermore, co-

localization studies, carried out in with ER-Tracker Red, revealed a substantial degree of 

overlap as indicated by Pearson's colocalization coefficient of 0.90, suggesting that the 

spatial distribution of both signals was consistent with each other. 1.46 was shown to be 

successful as an imaging agent as it was further applied to visualize the activity of 

endogenous NTR through two-photon fluorescence excitation in mouse tumour. 
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Figure 1.31: Compound 1.46 and the proposed mechanism upon reduction by NTR. 

 

The Elmes group synthesised two compounds 1.47 and 1.48 in Figure 1.32 both of which 

being examples of 2-nitroimidazole-1,8-naphthalimide conjugates. Like prior examples, 

these probes make use of the reduction-fragmentation mechanism carried out by NTR, 

resulting in a ratiometric fluorescent response perceptible to the naked eye (Figure 1.32).  

 

Notably, the 2-nitroimidazole component demonstrates significantly higher sensitivity to 

NTR when compared to its 4-nitrobenzyl counterpart reaching a plateau in fluorescence 

intensity over the course of 30 minutes for concentrations ranging from 0.02–5 μg mL−1 

NTR, a linear response was also observed within this range. 1.47 could detect reductive 

stress in HeLa cells using both flow cytometry and confocal microscopy methods 

methods, as well as maintaining a high level of biocompatibility and causing minimal 

cytotoxic effects.99 

 

 

 

Figure 1.32: Compounds 1.47 and 1.48 and the ratiometric change in fluorescence 

observed for 1.47 (10 µM) (λex = 345 nm) upon addition of NTR (1 µg mL−1) over 10 

minutes. Within the graph is an inset representing the Naked eye changes seen under UV 

light.  
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A series of 1,8-naphthalimides designed for biological imaging purposes with a focus on 

hypoxia-responsive properties were designed by Jolliffe, New, and co-workers. They 

developed various methods to diversify the range of available structures. While the 3 or 

4- position of 1,8-naphthalimides are typically modified, or the imide, recent efforts have 

enabled the introduction of substitutions at the 6-position as well. This innovative 

approach enhances the versatility of the fluorophore scaffold, enabling the creation of 

molecules that incorporate a sensing group, a targeting group, and an ICT donor to 

optimize their photophysical characteristics. 

 

Utilizing this methodology, initially involves the synthesis of a crucial intermediate 1.49, 

followed by functionalisation at the imide position with aspartic acid to afford 1.50, and 

subsequent Suzuki coupling, the researchers successfully syntehsised 1.51 as a hypoxia 

sensor. This compound was effectively applied for imaging hypoxic and necrotic regions 

within DLD-1 tumor cell spheroids (Figure 1.33).161-163 

 

 

 

 

Figure 1.33: Synthesis of compound 1.51 showing intermediates 1.49 and 1.50 

(Top). Confocal microscopy images of 1.51 in DLD-1 spheroids (Bottom).  

 

https://www.sciencedirect.com/topics/chemistry/confocal-microscopy


  Chapter 1 

 

38 
 

In a recent study by Tang and their research team, they have introduced a ratiometric 

fluorescent probe compound 1.52 consisting of a water-soluble conjugated polymer 

combined with a p-nitrobenzene-modified 1,8-naphthalimide, (Figure 1.34). The 

fluorescence of 1.52 is quenched due to two mechanisms: PET taking place between the 

naphthalimide and the nitrobenzene group and FRET occurring between the polymer and 

the naphthalimide, and photoinduced electron transfer This quenching results in an 

exceptionally low background signal.164 However, when the nitro group is reduced by 

NTR, FRET is turned on, and the PET process is interrupted. This leads to a fluorescence 

enhancement at 526 nm, allowing for the detection of NTR at a LOD of 19.7 ng mL-1. 

Importantly, 1.52 showed low cytoxicity selectivity, and high selectivity deeming in 

useful for imaging of intracellular NTR in A549 tumour cells undergoing hypoxia. 

 

 

Figure 1.34: Structure of compound 1.52. 

 

The above sections have given a background to the field of hypoxia as a biomarker for 

tumours, chemosensors in general, and chemosensors developed for the detection of 

nitroreductase utilising the 1,8 – naphthalimide fluorophore. It is clear from the literature 

that a vast amount of work has been conducted in exploiting chemosensors for the 
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detection of various biological analytes. More interesting is the application of 1,8-

naphthalimides for the detection of hypoxia and NTR. Given the versatility that exists 

within the 1,8-naphthalimide in terms of what can be substituted at the imide site, or the 

4-position leaves an open scope of designs to be sought after to contribute to the library 

of chemosensors for hypoxia. This thesis will aim to expand the knowledge of 1,8-

naphthalimides as chemosensors for hypoxia and seeks to develop chemosensors of 

greater variety. The following section will consist of the aims of this thesis and provide a 

summary of the work discussed in each chapter. 
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1.7 Aims 

Chemosensors for hypoxia taking advantage of a 1,8-naphthalimide motif has been in 

constant growth and development in recent years. With hypoxia and the upregulation of 

NTR acting as a promising biomarker for malignant tumours there has been an ever-

increasing interest in the design of selective 1,8-naphthalimide NTR activated fluorescent 

chemosensors. The aim of this research is to expand on the current knowledge based 

around 1,8-naphthalimide fluorophores but also to develop new motifs for NTR sensing. 

The first objective was to synthesise a Ru(II) polypyridyl complex capable of sensing 

NTR (Chapter 2).  While several probes have been reported recently there remains a lack 

of examples that display photophysical characteristics in the red or NIR regions. Ru(II) 

polypyridyl complexes display many of the desired characteristics for an NTR 

chemosensor including red emission, long luminescence lifetimes, large stoke shift and 

water solubility, but have not been exploited in this capacity to date. We sought to design 

three novel Ru(II) poly(1,10-phenanthroline) complexes to act as substrates for NTR and 

give rise to a ‘switch on’  of the Ru(II) metal-to-ligand-charge-transfer (MLCT) based 

emission.  

The second objective was to develop a family of NTR sensitive self immolative 

dendrimers utilising 1,8-naphthalimide fluorophores (Chapter 3). While there have been 

chemosensors and theranostics for NTR cited in literature, to the best of our knowledge 

there has been no attempt to develop a self immolative dendrimer for NTR utilising 1,8-

naphthalimide moieties as fluorophores or a theranostic consisting of a 1,8-naphthalimide 

fluorphore and a prodrug. The ability of these dendrimers to immolate in the presence of 

NTR was investigated through a detailed photophysical evaluation. 

The third objective was to investigate the utility of quaternarised naphtalimide-

phenathroline conjugates for NTR (Chapter 4). The interest here resided in the fact that 

by quaternarising the phenathroline moiety, a compound with water solubility is achieved 

through its cationic nature without the requirement of a heavy metal. Solubility is an issue 

faced for many small organic chemosensors generally requiring DMSO as a co-solvent. 

The response of these quaternarised naphtalimide-phenathroline conjugates were 

evaluated towards NTR. 

 

 



  Chapter 2 

 

41 
 

 

 

 

 

 

 

Chapter 2 

Ruthenium (II) Polypyridyl 

Complexes: A Novel Moiety 

for NTR Sensing 

 

 

 

 



  Chapter 2 

 

42 
 

2. Ruthenium (II) Polypyridyl Complexes: A Novel Moiety for NTR 

Sensing  

2.1 Introduction 

As mentioned in Chapter 1 there has been a vast array of fluorescent chemosensors 

developed for the detection of cations, anions, small molecules, and large biomolecules 

such as enzymes. Amongst these the 1,8-naphthalimide has been exploited in the 

application of fluorescent chemosensors for NTR a flavin associated oxidoreductase 

enzyme upregulated in the hypoxic tumour microenvironment. Several probes have been 

reported recently for NTR, however, there remains a lack of examples that display 

photophysical characteristics in the red or NIR regions.  

Ru(II) polypyridyl complexes display many of the desired characteristics of an 

appropriate fluorophore including red emission, long luminescence lifetimes, large stoke 

shift and water solubility, but have not yet been exploited for the sensing of NTR to date. 

Indeed, there has been considerable use of Ru(II) polypyridyl complexes as sensors in the 

realm of cation and ion sensing.165 More interesting is their ‘Turn – On’ luminescent 

response in the presence of small molecules or large biomolecules, resulting from the 

3MLCT excited state which can be described by the simplified Jablonski diagram in 

Figure 2.1.166 

 

Figure 2.1: A simplified Jablonski diagram showing the excitation of the 1MLCT at 

approximately 450 nm, vibrational relaxation (yellow arrow), followed by intersystem 

crossing (ISC) (purple arrow) to the lowest spin forbidden 3MLCT which results in 

phosphorescence emission at approximately 600nm upon relaxation to the 1GS (singlet 

ground state).167  
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A diverse array of Ru(II) complexes has been conjugated with peptides and biomolecules 

to facilitate targeted delivery. These complexes primarily focus on enhancing cellular 

uptake rather than modulating luminescence.168 In order to develop a Ru(II) polypyridyl 

complex capable of modulating fluorescence there is a requirement for a PET quenching 

moiety. This involves modifying one of the ligands of the complex with an electron 

acceptor capable of inducing a dark excited state. In this state, rather than acquiring 

fluorescence through relaxation from S1 to S0, the relaxation is non-radiative (Chapter 1 

– Figure 1.4).88 This is seen to be the case with the vast majority of Ru(II) polypyridyl 

complexes developed for biomolecule sensing. 

If we consider thiols and hypochlorous acid (HClO) we gain insight to these PET 

quenching moieties. In the case of thiols and HClO we can see a repetitive pattern of 

utilising dinitro phenyl moiety to quench the red emission arising from the 3MLCT of 

Ru(II) polypyridyl complexes, this can be seen for complexes 2.1, 2.2, and 2.3 (Figure 

2.2). Complex 2.1 when oxidised by HClO results in 190-fold increase in luminescence 

intensity as the Ru(II) carboxybipyridine complex is formed and was successful in 

sensing HClO exogenously when incubated with HeLa cells. Complex 2.2 and 2.3 can 

detect and image thiols whereby the dinitro phenyl group is cleaved by thiophenol in the 

case of 2.2, and Cys in the case of 2.3 resulting in a turn on in luminescence intensity at 

approximately 600 nm, complex 2.3 was capable of imaging NCI-H446 cells via red 

luminescence.88, 169, 170 

 

Figure 2.2: Complexes 2.1, 2.2, and 2.3 highlighted in red is the dinitro phenyl group 

consistent amongst all compounds to quench the luminescence from the 3MLCT excited 

state. 
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Another example of this turn-on in luminescence has been observed by the interaction of 

Ru(II) polypyridyl complexes with DNA. Since Barton and coworkers established the 

light switch behaviour of [Ru(bpy)2dppz]2+ in 1990 there has been an extensive amount 

of research conducted on this concept, the complex being quenched in water and 

switching on upon intercalating DNA.171-173 Researchers have since explored the 

utilization of Ru(II) complexes that incorporate intercalating groups or attached organic 

chromophores for the purpose of DNA interaction. These modified structures offer the 

potential for specific DNA targeting, improved photophysical characteristics, and the 

ability to induce DNA cleavage.174-176  

Compound 2.4 (Figure 2.3) is an example of a Ru(II) complex that consists of a dppz 

ligand which can elicit a light switch effect towards mitochondrial DNA. Increments were 

observed in both hyperchromicity at 450 nm and luminescence intensity at approximately 

610 nm with increasing concentration of calf thymus DNA. Furthermore, because of the 

mitochondrial penetrating peptide, compound 2.4 establishes uptake and localisation to 

mtDNA in HeLa cells observed through confocal microscopy. Compound 2.4 was also 

deemed to be applicable as a theranostic due to its capability to both image and trigger 

photoinduced cell death upon irradiation at 470 nm.177 Compound 2.5 (Figure 2.3) is a 

Bi-chromophoric ruthenium polypyridyl complex which showed significant quenching of 

the MLCT emission arising from the Ru(II) complex. In a PBS solution compound 2.5 

has a significantly low quantum yield of < 0.001. The addition of stDNA resulted in 27% 

hypochromism and an 11-fold increase in luminescence enhancement, showing the 

effectiveness of the 4-nitronaphthalimide moiety to contribute to a light switch effect.175 

 

Figure 2.3: Structure of Compounds 2.4 and 2.5. 
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Ru(bpy)3-4-nitro- and -4-amino-1,8-naphthalimide conjugates 2.6 and 2.7 (Figure 2.4) 

were developed by Gunnlaugsson and co-workers. Notably, 2.6 had weak emission at 625 

nm upon excitation at 450 nm into the MLCT absorption band (ΦMLCT = 0.001). Whereas 

2.7 had a much stronger emission profile ΦMLCT = 0.018 in PBS 7.4 solution. Both 

complexes were shown to interact with DNA with significant changes in both the 

absorption and emission spectra, with 2.7 showing an approximately 2.6-fold increase in 

luminescence enhancement upon increasing concentrations of st-DNA in comparison to 

minor enhancements observed for 2.6. Furthermore, 2.7 was superior in its ability to 

photocleave pBR322 DNA in comparison to 2.6 deeming it useful as a photosensitiser.176 

It is suggested that the triplet excited states of both the MLCT and the naphthalimide are 

in equilibrium with recorded intersystem crossing from the 1MLCT to the triplet excited 

state of the naphthalimide moiety.178 As the triplet excited state of the naphthalimide can 

undergo non radiative decay thus giving off no luminescence it is proposed that this is 

what may quench the luminescence arising from the 3MLCT excited state for compound 

2.6. However, in the case of compound 2.7 the likelihood is that the triplet excited state 

of the naphthalimide sits higher in energy than the 3MLCT and so there is a greater extend 

of intersystem crossing to that of the 3MLCT that results in phosphorescence upon 

relaxation to its ground state.  

 

Figure 2.4: Complex 2.6 and 2.7. 

To our knowledge there has been no ‘turn on’ sensors developed for NTR that utilise 

ruthenium as a luminophore. However there has been some approaches made towards 

hypoxia sensing these include complexes 2.8, 2.9, and 2.10 (Figure 2.5). Complex 2.8 is 
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a dual emissive probe consisting of a Ru(II) chromophore that exhibits oxygen-sensitive 

phosphorescence and a coumarin unit which is unaffected by changes in oxygen levels 

and emits a constant fluorescence signal.179 2.8 was capable of eliciting strong 

phosphorescent signals in hypoxic A549 cells whilst weaker signals were observed in 

aerobic cells where oxygen could quench the Ru(II) chromophore. Complex 2.9 shows 

three reversible two-photon luminescent probes, utilizing the redox shift of the 

quinone/hydroquinone pair to selectively detect hypoxia.180 Initially, 2.9 show no 

luminescence due to anthraquinone quenching after photoexcitation. However, under 

hypoxic conditions, reductases reduce these probes, leading to the formation of two-

photon luminescent Ru(II) hydro-anthraquinone complexes and a substantial increase in 

luminescence intensity. These probes have proven effective for visualizing internal 

hypoxia in 3D tumour spheroids and monitoring hypoxia-reoxygenation cycles in living 

zebrafish. Complex 2.10 the nitroimidazole–ruthenium conjugate selectively 

accumulated in hypoxic A549 cells compared to normoxic cells.181 Its luminescence 

properties were highly responsive to its environment, with binding to human serum 

albumin leading to an enhancement in luminescence intensity and lifetime, while binding 

to calf thymus DNA resulted in reduced emission and a shorter luminescence lifetime. 

Unfortunately, complex 2.10 exhibited high cytotoxicity to cells, making it unsuitable for 

use as an imaging agent. 

 

Figure 2.5: Complexes 2.8, 2.9, and 2.10. 
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2.2 Chapter Objectives  

The objective of this chapter is to synthesise three novel Ru(II) poly(1,10-phenanthroline) 

complexes that act as substrates for NTR and give rise to a ‘switch on’ of the Ru(II) 

3MLCT based emission. The complexes are based off two main design principles, for 

compound 2.11 and 2.12 (Figure 2.6) there is a carbamate linker between that of the Ru(II) 

and the nitroreductase substrate, and for Compound 2.13 there is a direct conjugation 

between the 4-nitro-1,8-naphthalimide and the phenanthroline bound to the Ru(II) centre.  

 

 

Figure 2.6: Target structures 2.11, 2.12, and 2.13 for Chapter 2. 

In the case of complexes 2.11 and 2.12 there is a carbamate linkage between that of the 

1,10-phenanthroline-5-amine and the 4-nitrobenzyl or the 2-nitroimidazole moiety 

respectively. Both moieties are well established substrates for NTR and are capable of 

inducing PET quenching on the appending fluorophore.75 The 4-nitrobenzyl moiety as 

seen in 2.1 is the most popular substrate for NTR amongst literature due to its commercial 

availability. However, the 2-nitroimidazole has gathered recent attention owing to its 

rapid reduction and selectivity towards NTR and hypoxic tumour cell lines.99, 117 Upon 

reduction of 2.11 or 2.12 in the presence of NTR and the co-factor NADH it is expected 

that the complex will be reduced to the corresponding amino derivative and undergo self-

immolation to result in the release of an amino Ru(II) luminophore eliciting the OFF-ON 

turn on in luminescence response as seen in Figure 2.7. 
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Figure 2.7: Schematic showing the OFF-ON turn on in luminescence as a result of the 

self-immolation that results upon NTR and NADH in reducing 2.11 to the corresponding 

amino derivative. 

Compound 2.13 is expected to display the same OFF-ON turn on in luminescence through 

the direction reduction of the 4-nitro-1,8-naphthalimide moiety to the corresponding 

amino derivative as seen in Figure 2.8. It is intended that 4-nitro-1,8-naphthalimide 

moiety will act as a PET quencher until it is reduced in the presence of NTR and NADH. 

As shown in the introduction of this chapter, Gunnlaugsson and co-workers have shown 

that 4-nitro-naphthalimides are efficient quenchers of Ru(II) MLCT emission while 4-

amino-naphthalimide conjugates display significantly higher emission quantum yields. 

We expect that modulating this structural change may lead to a measurable fluorescence 

response. 

 

Figure 2.8: Schematic showing the OFF-ON turn on in luminescence as a result of the 

direct reduction carried out by NTR and NADH in reducing 2.13 to the corresponding 

amino derivative. 

Overall, this chapter will outline the work synthesis and evaluation of these Ru(II) probes 

for NTR as well as some preliminary results on their use in biological models. 

 

 

 

 

 



  Chapter 2 

 

49 
 

2.3 Synthesis and Characterisation of 2.11, 2.12, 2.13, and 2.29 

2.3.1 Synthesis of Compound 2.11 

The synthesis of novel ligand compound 2.14 was firstly synthesised prior to 

complexation to Dichlorobis(1,10-phenathroline)ruthenium(II) as seen in Scheme 2.1.  

 

 

Scheme 2.1: Reaction scheme for compound 2.14. 

The initial step involved the reduction of commercially available 5-nitro-1,10-

phenanthroline to its corresponding amino derivative 2.15 using reducing conditions 10% 

Pd/C and N2H4 refluxed in EtOH to yield a solid in 85% yield. Compound 2.15 was then 

subjected to a reaction with triphosgene and NEt3 to result in a proposed carbamoyl 

chloride intermediate, which was then further reacted with 4-nitrobenzyl alcohol in a one 

pot reaction to form the carbamate linkage between the 4-nitrobenzyl moiety and 2.15 to 

afford 2.14 in a 72% yield. The main impurities present consist of 2.15, excess 4-

nitrobenzyl alcohol and the isocyanate derivative of 2.15 which were solubilised by the 

MeCN during the precipitation process. The ligand was fully characterised using 1H 

NMR, 13C NMR, IR and HRMS analysis. 1H NMR peaks were assigned using 1H-1H 

COSY analysis. The 1H NMR spectrum (500 MHz, DMSO-d6) of 2.14 can be seen in 

Figure 2.9. 
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Figure 2.9: 1H NMR of compound 2.14 in DMSO-d6. 

As shown in Figure 2.9 the sharp singlet of the carbamate NH is shifted downfield to 

10.11 ppm as a result of the strong electron withdrawing properties of the carbamate 

moiety as well as the electron deficient phenanthroline moiety. The CH2 protons can also 

be seen to appear as a singlet at 5.39 ppm upon formation of the carbamate where 

previously these protons would’ve shown as a doublet on the 4-nitrobenzyl alcohol. The 

singlet of the phenanthroline portion at 8.12 ppm also shifted downfield due to the 

enhanced electron withdrawing properties of the neighbouring carbamate linkage. 

Characteristic doublets for the 4-nitrobenzyl group can also be seen at 8.29 ppm and as a 

multiplet at 7.73 ppm. 

Compound 2.14 was then complexed to 2.16 Dichlorobis(1,10-

phenathroline)ruthenium(II) which was synthesised as previously reported,182, 183 to give 

Compound 2.11 following Scheme 2.2. 
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Scheme 2.2: Reaction scheme for compound 2.11. 

2.16 and 2.14 were reacted in a 1:1 EtOH:H2O using microwave chemistry to rapidly 

increase the complexation of ligand 2.14 in comparison to traditional reflux. Microwave 

chemistry relies on the efficient heating of substances through microwave dielectric 

heating. This process depends on a material's capacity to absorb microwave energy and 

convert it into heat, primarily through dipolar polarization and ionic conduction. When 

materials are irradiated with microwaves, dipoles or ions align with the electric field, 

causing energy loss as heat due to molecular friction and dielectric loss. This rapid and 

direct energy transfer leads to high localized temperatures, activating a significant portion 

of reacting species, reducing reaction times, and enhancing overall yield and 

reproducibility compared to traditional conductive heating methods.184 The literature 

suggests such complexations can take 18-24 hours through traditional reflux. However, 

utilising microwave enhanced chemistry allows for the reaction to occur over much 

shorter time periods of 45 – 60 minutes.  

Ammonium hexafluorophosphate was added to form the water insoluble ammonium 

hexafluorophosphate salt that could then be isolated via centrifugation and purified by 

column chromatography to give 2.11 in 42% yield. The chloride salt of the complex was 

re-formed by dissolution in methanol followed by stirring with Amberlite IRA-400 ion 

exchange resin. Compound 2.11 was fully characterised using 1H NMR, 13C NMR, IR 

and HRMS analysis. 1H NMR peaks were assigned using 1H-1H COSY, HSQC and 

HMBC analysis. The 1H NMR spectrum (500 MHz, DMSO-d6) of 2.11 can be seen in 

Figure 2.10. 
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Figure 2.10: 1H NMR of compound 2.11 in DMSO-d6. 

It can be seen from Figure 2.10 that 2.14 has been successfully complexed to the Ru(II) 

metal centre to result in 2.11, as all peaks are clearly visible associated with the modified 

ligand. Furthermore, peaks labelled 8 and 11 can be seen to have shifted upfield which is 

to be expected because of the electron density shielding provided upon complexation. 

Peaks labelled 6 and 9 do not result in a similar upfield shift due to the distance of these 

protons from the metal centre. 

As compound 2.11 is a doubly charged species it can also be characterised by its half the 

mass (M) represented by M/2. Looking at the HRMS (Figure 2.11) it can be seen that 

there is strong ionisation at 418.0724 corresponding the M2+ ion and at 835.1358 

corresponding to the M+ ion. 

 

Figure 2.11: HRMS of compound 2.11. 
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2.3.2 Synthesis of Compound 2.12  

Compound 2.12 was synthesised following scheme 2.3 which required the initial 

synthesis of 2.17 and 2.18. This alternative synthetic route was followed due to the 

instability of the ligand highlighted purple within structure 2.12 where the carbamate of 

the ligand was cleaved upon complexation to 2.16 under the same microwave conditions 

as previously stated to form compound 2.11. 

 

Scheme 2.3: Reaction scheme for compound 2.12. 

2.17 was synthesised through the complexation of 2.15 to 2.16 in a 1:1 EtOH:H2O in the 

microwave as described above and provided the desired complex in 40% yield after 

column chromatography. As previously, Compound 2.17 was fully characterised using 1H 

NMR, 13C NMR, and IR analysis. 1H NMR peaks were assigned using 1H-1H COSY, 

HSQC and HMBC analysis. The 1H NMR spectrum (500 MHz, DMSO-d6) of 2.17 can 

be seen in Figure 2.12. 

 

Figure 2.12: 1H NMR of compound 2.17 in DMSO-d6. 

From the 1H NMR of 2.17 in Figure 2.12 key characteristic peaks of the coordinated 

ligand 2.15 can be seen. The broad singlet at 6.91 ppm integrating for 2H is representative 
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of the NH2 and the singlet at 7.09 ppm is representative of the of the singlet on the 

modified ligand. Peaks of the ancillary ligands can be observed from the multiplet at 8.75 

ppm integrating for 4H and the intense singlet at 8.38 ppm integrating for 4H. 

2.18 was synthesised through a 6-step synthetic pathway as seen in scheme 2.4 which was 

adapted and adjusted from literature.185 

 

Scheme 2.4: Reaction scheme for the synthesis of Compound 2.18. 

2.19 was reacted with Sodium hydride in a solution of ethyl formate to initially form the 

neutral form of 2.19 and to form the enolate 2.19 as the reactive species with ethyl 

formate. This resulted in the formation of the N-formyl moiety and the formylation of the 

α-carbon to afford 2.20 as a solid. Ethanol and HCl were then added to the solid and 

further refluxed to afford alcohol 2.21 with the removal of the N-formyl group. The white 

precipitate formed was filtered out of the solution (the N-formylated product) and the 

filtrate was concentrated and diluted with 10% AcOH and adjusted to pH 3. Cyanamide 

was added to the reaction mixture and refluxed resulting in the imidazole formation of 

2.22. K2CO3 was added to the and the precipitate 2.22 was collected to yield the product 

in 44% yield.  

A Sandmeyer reaction was used to go from the amino derivative 2.22 to the nitro 

derivative 2.23. 2.22 was dissolved in glacial acetic acid and treated with sodium nitrite. 

2.23 was extracted from the reaction mixture and worked up to remove the acid. Solvent 

was removed in vacuo to yield an oil that was purified by column chromatography to 

afford the product in 54% yield.  

Hydrolysis of 2.23 to 2.24 was carried out in a 1 N aqueous solution of NaOH. The 

carboxylic acid moiety of 11 was exploited for precipitation by using concentrated HCl 
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which resulted in the formation of white precipitate. The organic compound was extracted 

concentrated to afford a solid in 82 % yield. 

The final step to form 2.18 was a reduction from the carboxylic acid to the alcohol. 2.24 

was reacted with isobutyl chloroformate with use of NEt3 as a base. This allows for the 

formation of a carbonate. Sodium borohydride was then added followed by the addition 

of water this process hydrolysed the carbonate moiety releasing CO2 gas affording 2.18 

as the alcohol. The aqueous layer was separated from organic layer and the solvent was 

removed in vacuo to afford a solid in 56 % yield. 2.18 was characterised using 1H NMR, 

13C NMR, and IR. 1H NMR peaks were assigned using 1H-1H COSY in Figure 2.13. 

 

Figure 2.13: 1H NMR of compound 2.18 in DMSO-d6. 

From Figure 2.13 the methyl substituent is observed as a singlet integrating for 3H at 3.92 

ppm. The singlet integrating for 1H at 7.11 ppm is the heterocyclic proton of the imidazole 

moiety. Whereas the peaks at 5.48 ppm and 4.54 ppm are representative of the 

hydroxymethyl substituent as observed through the correlations seen in the 1H-1H COSY 

in Figure 2.14. 
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Figure 2.14: 1H-1H COSY of compound 2.18 in DMSO-d6.. Correlations shown by blue 

lines. 

The carbamate linkage was then formed between 2.17 and 2.18. This was done with the 

use of triphosgene and NEt3 as the base which resulted in the formation of 2.12 which 

was then isolated following previous methods of column chromatography in 15% yield. 

Compound 2.12 was fully characterised using 1H NMR, 13C NMR, and IR analysis. The 

1H NMR spectrum (500 MHz, DMSO-d6) of 5 can be seen in Figure 2.15. Key 

characteristic peaks for the novel imidazole moiety can be observed. The peak at 4.00 

ppm integrating for 3 H represents the N-methyl substituent of the imidazole and the peak 

at 7.36 ppm integrating for 1 H represents the aromatic proton of the imidazole ring. 

Furthermore, evidence of carbamate formation is observed through the singlet at 5.43 

ppm integrating for 2 H and the singlet at 10.50 ppm integrating for 1 H representative of 

the NH. Peaks residing within 7.25 ppm and 9.00 ppm are all characteristic of the 

coordinated phenanthroline ligands. 
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Figure 2.15: 1H NMR of compound 2.12 in DMSO-d6. 

More evidence of the formation of 2.12 can be seen in the HRMS data provided in Figure 

2.16. Where strong ionisation at 420.0710 corresponds to the M2+ ion and at 985.1032 

corresponds to [M + PF6]
+.  

 

Figure 2.16: HRMS of Compound 2.12. 

 

2.3.3 Synthesis of Compound 2.13  

The synthesis of compound 2.13 firstly involved the condensation 2.15 and 4-nitro-1,8-

naphthalic anhydride as seen in Scheme 2.5. The amine of 2.15 underwent condensation 

into the anhydride moiety of the 4-nitro-1,8-naphthalic anhydride in neat AcOH to result 

in compound 2.25. 2.25 precipitated out of the AcOH as the reaction cooled back to room 

temperature and was isolated through filtration in 75 % yield. 
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Scheme 2.5: Reaction scheme for compound 2.25. 

Compound 2.25 was fully characterised using 1H NMR, 13C NMR. 1H NMR peaks were 

assigned using 1H-1H COSY. The 1H NMR spectrum (500 MHz, DMSO-d6) of 2.25 can 

be seen in Figure 2.17. Where distinctive peaks of the phenanthroline moiety are seen 

such as the singlet at 8.23 ppm integrating for 1 H and the doublet of doublets observed 

at 9.21 ppm and 9.16 ppm both integrating for 1 H. Characteristic doublet of doublets 

integrating for 1 H that appears almost like a triplet was observed for the naphthalimide 

moiety at 8.17 ppm. 

 

Figure 2.17: 1H NMR of compound 2.25 in DMSO-d6. 

Compound 2.25 was then complexed onto 2.16 to give compound 2.13 as seen in Scheme 

2.6. 
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Scheme 2.6: Reaction scheme for compound 2.13. 

Again using a 1:1 EtOH:H2O solution with the application of microwave chemistry 2.25 

was complexed onto 2.16. The reaction mixture was then filtered and ammonium 

hexafluorophosphate was added to the filtrate to form an orange precipitate. However, in 

this instance Compound 2.13 was purified through recrystallisation using a diethyl ether 

diffusion to yield a red crystalline solid in 61% yield. 2.13 was fully characterised using 

1H NMR, 13C NMR, and IR analysis. The 1H NMR spectrum (500 MHz, DMSO-d6) of 

2.13 can be seen in Figure 2.18 and was assigned using 1H-1H COSY, HSQC, and HMBC. 

From Figure 2.18 we can distinguish some peaks which are representative of the 

coordinated ligand 14.  

Peaks at 8.69 ppm and 8.56 ppm are representative the protons labelled 1 and 2 of the 4-

nitro-1,8-naphthalimide moiety. Whilst the doublet of doublet at 8.96 ppm integrating for 

1H is representative either of protons labelled 7/12 of the phenanthroline moiety of the 

conjugate ligand. Furthermore, ancillary ligand protons labelled 16 and 17 are represented 

by a multiplet integrating for 4H at 8.41 ppm. 

 

Figure 2.18: 1H NMR of compound 2.13 in DMSO-d6. 
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From the 13C NMR in Figure 2.19 two signature carbonyl carbon peaks downfield at 

162.9 ppm and 163.7 ppm of the 4-nitro-1,8-naphthalimide moiety were observed, again 

confirming the presence of the complexed ligand. 

 

Figure 2.19: 13C NMR of compound 2.13. Carbonyl carbon peaks circled in blue in 

DMSO-d6. 

Further confirmation of the successful synthesis of 2.13 can be seen using HRMS data 

(Figure 2.20). Where strong ionisation at 441.0647 corresponding to the M2+ ion is 

observed for 2.13. 

 

Figure 2.20: HRMS of compound 2.13. 

 

2.3.4 Synthesis of Compound 2.29  

The amino derivative 2.26 of compound 2.13 was also synthesised, this was done by 

firstly synthesising the amino derivative of compound 2.25. Unfortunately, direct 

reduction of compound 2.25 utilising a variety of reduction conditions such as Pd/C and 

H2 / N2H4, and SnCl2 and HCl did not result in quantitative conversion of 2.25 and instead 
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provided a mixture of both the hydroxylamine and amine derivatives observed through 

LCMS. The same results were also obtained by direct reduction of compound 2.13. An 

alternative synthetic pathway was therefore followed as seen in Scheme 2.7. 

 

Scheme 2.7: Reaction scheme for compound 2.26. 

The first step required the condensation of the amine on 2.15 into the anhydride site of 

the 4-bromo-1,8-naphthalic anhydride. This was carried out in acetic acid in a pressure 

tube. 2.27 was isolated as a precipitate from room temperature AcOH in 41% yield. NaN3 

was then used to go from 2.27 to the corresponding azide derivative 2.28 which was 

precipitated out of DMF by the addition of water in 34% yield. 2.28 was reduced to the 

amino derivative 2.26 through standard reducing conditions using Pd/C and H2 to yield 

the final product as a yellow solid in 78% yield.  

Compound 2.26 was fully characterised using 1H NMR, 13C NMR and IR. The 1H NMR 

spectrum (500 MHz, DMSO-d6) of 2.26 can be seen in Figure 2.21 and was assigned 

using 1H-1H COSY. 

 

Figure 2.21: 1H NMR of compound 2.26 in DMSO-d6. 
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Key signals in Figure 2.21 indicate successful synthesis of 2.26. The distinctive peak at 

7.64 ppm integrating for 2 H represents the aromatic amine of the naphthalimide moiety. 

Characteristic doublets both integrating for 1 H at 6.93 ppm and 8.25 ppm are also 

associated with the naphthalimide moiety. Peaks corresponding to the phenanthroline 

moiety are the doublet of doublets integrating for 1 H at 9.14 ppm and 9.18 ppm. The 

characteristic singlet of the phenanthroline portion is also observed at 8.12 ppm 

integrating for 1 H. 

2.26 was then complexed onto 2.16 as seen in Scheme 2.8 following the same microwave 

chemistry conditions as previously described to result in compound 2.29 in 44% yield.  

 

Scheme 2.8: Reaction scheme for compound 2.29. 

Compound 2.29 was fully characterised using 1H NMR, 13C NMR, IR. The 1H NMR can 

be seen in Figure 2.22 and was assigned using 1H-1H COSY, HSQC, and HMBC. 

Characteristic doublet of doublet of the naphthalimide moiety can be observed at 7.86 

ppm and 7.75 ppm two peaks corresponding to the same proton label number 5 are 

observed as a result of atropoisomerism. Furthermore, evidence of the amine of the 

naphthalimide is observed as a broad singlet at 7.69 ppm, and proton labelled 2 was seen 

to upfield shift to 6.95 ppm when compared to corresponding proton labelled 1 at 8.65 

ppm of compound 2.13 in previous Figure 2.18. This shows how the electronics on the 

naphthalimide moiety change upon reduction from the nitro to the amine derivative. 
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Figure 2.22: 1H NMR of compound 2.29 in DMSO-d6. 

Further confirmation of the successful synthesis of 2.29 can be seen using HRMS data in 

Figure 2.23. Where strong ionisation at 426.0774 corresponding to M/2 of the M2+ ion is 

observed for 2.29 and at 852.1529 corresponding to the M+ ion.  

 

Figure 2.23: HRMS of compound 2.29. 
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Having successfully synthesised compounds 2.11, 2.12, 2.13, 2.17, and 2.29 it was 

necessary to investigate the absorption and emission characteristics of each compound to 

determine their applicability as OFF-ON luminescent sensors towards NTR. It is 

necessary to compare those compounds with a nitroaromatic moiety to the corresponding 

amino derivatives to determine differences in both luminescence intensity and quantum 

yield. This gives an indicator as to how efficient the nitroaromatic moiety is at quenching 

MLCT emission.  

 

 

2.4 Photophysical Characterisation of 2.11, 2.12, 2.13, 2.17, and 2.29 

With compounds 2.11, 2.12, 2.13, 2.17, and 2.29 successfully synthesised Figure 2.24a, 

the next objective was to evaluate their photophysical properties, sensitivity, and 

selectivity towards NTR. 

 

 

Figure 2.24a: Structures of compounds 2.11, 2.12, 2.13, 2.17, and 2.29. 
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2.4.1 Absorption and Emission Spectra of 2.11, 2.12, and 2.17. 

The absorption spectra of compound 2.11, 2.12, and 2.17 was recorded at pH 7.4 in 10 

mM phosphate buffer. In general, the chloride salt of the compound was dissolved as a 

concentrated solution 3 mM in DMSO to allow for complete dissolution. Solutions for 

analysis were then made by dilution of the stock in 10 mM PBS. At no stage did the total 

conc. of DMSO go above 1%. 

 

Figure 2.24b: The UV/Vis spectra of compound (10µM) 2.11 (blue),2.12 (orange), and 

2.17 (grey) in 10 mM phosphate buffer at pH 7.4. 

The UV/vis spectra in Figure 2.24b shows similarities between compound 2.11, 2.12, and 

2.17. Compound 2.11 had a λmax 263 nm and 444 nm. The broad band at 263 nm was 

characteristic of π-π* intra-ligand transitions of the ancillary phenanthroline ligands as 

well as the π-π* intra ligand transition of ligand 2.14. The broad band centred at 444 nm 

can be assigned to the MLCT transitions within the Ru(ll) polypyridyl centre.88 

Compound 2.12 shows similar characteristics as seen for compound 2.11 with a λmax 263 

nm characteristic of π-π* intra-ligand transitions and a broad band at 446 nm 

representative of MLCT transitions. Similarly with compound 2.17 the λmax 263 nm was 

observed and an MLCT absorption band at 452 nm. 
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Upon excitation into the MLCT band at 450 nm of compound 2.11 emission spectra 

Figure 2.25 is obtained. 

 

Figure 2.25: The emission spectra of compound 2.11 (10 µM) in 10 mM phosphate buffer 

at pH 7.4. λex = 450 nm. Ex slit width: 5 nm and Em slit width: 5 nm. 

The emission spectrum in Figure 2.25 shows that upon excitation at 450 nm luminescent 

emission is observed at 599 nm for compound 2.11 which is characteristic of Ru(II) 

polypyridyl complexes.88, 168 

Upon excitation into the MLCT band of compound 2.12 at 450 nm emission spectra 

Figure 2.26 is obtained. 

 

Figure 2.26: The emission spectrum of compound 1.12 (10 µM) in 10 mM phosphate 

buffer at pH 7.4. λex = 450 nm. Ex slit width: 5 nm and Em slit width: 5 nm. 
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The emission spectra in Figure 2.26 shows that upon excitation at 450 nm luminescent 

emission is observed at 601 nm which was again consistent with the MLCT emission 

observed for Ru(II) polypyridyl complexes. As compound 2.17 was the immolated 

complex of compound 2.11 and 2.12 it was of interest to compare the photophysical 

characteristics of 2.17 to these parent compounds to establish if there could be a 

significant turn-on in the luminescence intensity of the complexes in the presence of NTR 

and known co-factor NADH.  

 

Figure 2.27: The emission spectra of compound (10 µM) 2.11, 2.12, and 2.17 in 10 mM 

phosphate buffer at pH 7.4 showing the varying degrees of luminescence intensity for 

each compound. Compound 2.11 (grey), Compound 2.12 (orange), Compound 2.17 

(blue). λex = 450 nm. Ex slit width: 5 nm and Em slit width: 5 nm. 

The emission spectra in Figure 2.27 showed that upon excitation at 450 nm luminescent 

emission is approximately 600nm for all Ru(II) polypyridyl complexes. It can be seen 

that the luminescence intensity was greatest for compound 2.17 with emission λmax of 596 

nm and a quantum yield of ΦMLCT = 0.032 (the quantum yield of each complex was 

determined in an aerated PBS solution utilising [Ru(bpy)3]
2+ as a reference compound 

where n = 1. An error between 8-10% is normal for the reference method). This was 

expected as the luminophore 2.17 is predicted to be released and turn on luminescence 

upon reaction with NTR and NADH. Compounds 2.11 and 2.12 are less luminescent than 

compound 2.17 which was expected due to the expected dark singlet excited state that is 

predicted to be introduced as a consequence of the nitroaromatic moieties present in both 

of these compounds capable of PET quenching.88, 117, 169  
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Compound 2.11 had a quantum yield of ΦMLCT = 0.02 and compound 2.12 had a quantum 

yield of ΦMLCT = 0.011. The 2-nitroimidazole moiety of compound 2.12 poses to be a 

greater electron sink to quench the luminescence when carbamate linked to compound 

2.17 as there is an observed 6.9-fold difference in the luminescence intensity between that 

of compound 2.12 and 2.17. Comparatively compound 2.11 quenches luminescence to a 

lesser extent than that observed for compound 2.12 with a 1.6-fold difference in the 

luminescence intensity between that of compound 2.11 and 2.17. The 2-nitroimidazole 

moiety is likely a better PET quencher than the 4-nitrobenzyl moiety. This can be 

determined from the reduction potentials recorded for both substrates in literature. The 2-

nitroimidazole has a reduction potential of -0.39 V whereas the 4-nitrobenzyl moiety has 

a reduction potential of -0.49 V.117 As the 2-nitroimidazole moiety has a more positive 

reduction potential it may have a greater affinity for the electrons arising from the PET 

quenching process.117 

 

2.4.2 Absorption and Emission Spectra of 2.13 and 2.29. 

The absorption spectrum of compound 2.13 was recorded at pH 7.4 in 10 mM phosphate 

buffer (Figure 2.28). 

 

Figure 2.28: The UV/Vis spectrum of compound 2.13 (10 µM) in 10 mM phosphate buffer 

at pH 7.4. 

Examination of the UV/vis spectrum of compound 2.13 shows bands characteristic of 
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centred at 262 nm was attributed mainly to π-π* intraligand transitions, the band at 364 

nm to the 4-nitro-1,8-naphthalimide π-π* transitions, and the band centred at 445 nm to 

the MLCT transitions of the Ru(II) polypyridyl centre.176 

When the UV/Vis spectrum of compound 2.13 was compared to that of compound 2.29 

the key difference is the disappearance of the band centred at 364 nm as compound 2.29 

is the amine derivative of the compound and so there will be a bathochromic shift to 

approximately 450 nm as this is the expected absorption of amine functionalised 

naphthalimides.186 For compound 2.29 we again see a band centred at 262 nm which is 

mainly to π-π* intraligand transitions, and a band at 448 nm which is attributed to the 

MLCT transitions of the Ru(II) polypyridyl centre seen in Figure 2.29.  

 

Figure 2.29: The UV/Vis spectrum of compound 2.29 (10 µM) in 10 mM phosphate buffer 

at pH 7.4. 

In Figure 2.30 by overlaying the emission spectra of compound 2.13 and compound 2.29 

in 10 mM phosphate buffer at pH 7.4 we gain insight as to how intensely these compounds 

can give off luminescence at approximately 605 nm when excited at MLCT absorption 

wavelength 445 nm.  
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Figure 2.30: The emission spectra of compound (10 µM) 2.13 (blue) and 2.29 (orange) 

in 10 mM phosphate buffer at pH 7.4. λex = 445 nm. Ex slit width: 10 nm and Em slit 

width: 10 nm. 

From Figure 2.30 it was clear that there is a significant difference in the luminescent 

intensity between compound 2.13 and compound 2.29, with the luminescent intensity of 

compound 2.29 being 23.3-fold greater with ΦMLCT  = 0.005 than that of compound 2.13 

with ΦMLCT = 0.0005. This was similar to what was observed by Gunnlaugsson and co-

workers.176 Following literature precedent there is strong communication between that of 

the naphthlaimide moiety and the Ru(II) polypyridyl centre. It is suggested that the triplet 

excited states of both the MLCT and the naphthalimide are in equilibrium with recorded 

intersystem crossing from the 1MLCT to the triplet excited state of the naphthalimide 

moiety.178 As the triplet excited state of the naphthalimide can undergo non radiative 

decay thus giving off no luminescence it is proposed that this is what may quench the 

luminescence arising from the 3MLCT excited state. However, in the case of the amino 

derivative compound 2.29 the likelihood is that the triplet excited state of the 

naphthalimide sits higher in energy than the 3MLCT and so there is a greater extend of 

intersystem crossing to that of the 3MLCT that results in phosphorescence upon relaxation 

to its ground state.  

Given the difference in the quantum yields and luminescence intensity of compounds 2.11 

and 2.12 in comparison to compound 2.17, and compound 2.13 in comparison to 

compound 2.29, compounds 2.11, 2.12, and 2.13 were subject to treatment with NTR and 

NADH to determine if the expected turn on luminescent response could be achieved upon 

reduction of these nitro compounds to their corresponding amino derivatives.  
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2.5 Luminescence Response of 2.11, 2.12, and 2.13 Towards NTR 

Firstly, the luminescent response of all 3 compounds was determined to establish if the 

probes are NTR sensitive. This was done by incubating each of the compounds with NTR 

(oxygen sensitive NTR expressed by E. coli) and its cofactor NADH. NTR works via a 

ping-pong bi-bi mechanism, this mechanism involves the subsequential binding and 

release of substrates and products as well as the transfer of electrons from a cofactor to 

the substrate.151 Firstly, NADH is recruited by the enzyme in which it reduces the flavin 

mononucleotide (FMN) substituent with the release of NAD +, this then allows for the 

substrate moiety of the fluorophore/luminophore to be recruited and reduced to the 

released nitroso derivative (scheme 2.9). This 2 e- reduction is repeated to result in the 

amino derivative which will result in a turn-on in luminescence.187 

 

Scheme 2.9: Proposed mechanism of the NTR reduction of a nitroaromatic moiety.  

The emission spectrums were measured at pH 7.4 in 10 mM PBS with <1% DMSO as 

co-solvent in the presence of NADH (500 µM) at 25 °C. 

 

2.5.1 Compound 2.11 Treated with NTR. 

In Figure 2.31 compound 2.11 (10 µM) was treated with NTR (5 µg mL-1) in the presence 

of the co factor NADH (500 µM) over 60 minutes. The luminescence intensity increased 

over the course of 1 hour as a result of the reduction of the 4-nitrobenzyl moiety and 

subsequent self-immolation to give compound 2.17. This resulted in a 1.6-fold increase 

in the luminescence enhancement at 600 nm. However, as previously mentioned 

sufficient quenching of the 3MLCT emission was poor in the case of compound 2.11 so a 

lesser turn on response was expected.  



  Chapter 2 

 

72 
 

 

 

Figure 2.31: (Top) Changes in the emission spectrum of compound 2.11 (10 µM) at 

various time points (0 - 60mins) after addition of NTR (5 µg mL-1), NADH (500 µM) in 

10 mM phosphate buffer at pH 7.4. The black line is representative of compound 2.11 + 

500 µM NADH. (Bottom) Shows changes in the luminescence intensity as a function of 

time from (0 - 60 minutes) at λem = 605 nm after addition of NTR. λex = 450 nm. Ex slit 

width: 5 nm and Em slit width: 5 nm. n = 1. 

 

2.5.2 Compound 2.12 Treated with NTR. 

In Figure 2.32, Compound 2.12 (10 µM) was treated with NTR (5 µg mL-1) in the 

presence of the co factor NADH (500 µM). In this case there was a greater increase in the 

luminescence intensity of 2.12 in the presence of NTR likely due to the 2-nitroimidazole 

moiety acting as a greater electron sink as previously mentioned. A 4.1-fold increase in 

luminescence intensity was observed at 605 nm. While there was a greater luminescence 

0

10

20

30

40

50

60

470 520 570 620 670 720 770

In
te

n
si

ty
 (

A
U

)

Wavelength (nm)

0

10

20

30

40

50

60

0 10 20 30 40 50 60

In
te

n
si

ty
 (

A
U

)

Time (minutes)



  Chapter 2 

 

73 
 

enhancement in the presence of NTR in comparison to compound 2.11 the probe was still 

to some extent luminescent in the absence of NTR. 

 

 

Figure 2.32: (Top) Changes in the emission spectrum of compound 2.12 (10 µM) at 

various time points (0 - 60mins) after addition of NTR (5 µg mL-1) NADH (500 µM) in 10 

mM phosphate buffer at pH 7.4. The black line is representative of compound 2.12 + 500 

µM NADH. (Bottom) Shows changes in the luminescence intensity as a function of time 

from (0 - 60 minutes) at λem = 605 nm after addition of NTR. λex = 450 nm. Ex slit width: 

5 nm and Em slit width: 5 nm. n = 1. 
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2.5.3 Compound 2.13 Treated with NTR. 

Compound 2.13 (10 µM) showed an exceptional turn-on in luminescence intensity seen 

in Figure 2.33 when treated with NTR (5 µg mL-1) which resulted in a significant 13.8-

fold increase in luminescence enhancement. There is a significant deal of quenching 

established by the 4-nitro-1,8-naphthalimide moiety which was turned on when reduced 

to its corresponding amino derivative compound 2.29 in the presence of NTR. The 

expected naked eye turn on response can be observed in the insert of Figure 2.33.  

  

Figure 2.33: (Top) Changes in the emission spectrum of compound 2.13 (10 µM) at 

various time points (0 - 60mins) after addition of NTR (5 µg mL-1), NADH (500 µM) in 

10 mM phosphate buffer at pH 7.4. The black line is representative of compound 3 + 500 

µM NADH. (Insert) Compound 2.13 (1:1 DMSO:PBS) (left) sodium dithionite (right) 

showing the expected naked eye response under reducing conditions (5 mM Na2S2O4). 

λex = 445 nm. Ex slit width: 10 nm and Em slit width: 10 nm. n = 1. 

What was interesting was the absence of a plateau for compound 2.13 over the course of 

60 minutes. Compound 2.11 and 2.12 displayed a plateau of luminescence at 

approximately 30 minutes which was not the observed with compound 2.13. However, at 

30 minutes compound 2.13 had already established a much greater fold of luminescence 

enhancement of 9.3-fold, and 15.9-fold after 60 minutes as seen in Figure 2.34. In 

comparison to compound 2.13, compound 2.11 was poorly responsive towards NTR due 

to the inability of the 4-nitrobenzyl moiety to fully quench the MLCT emission prior to 

reaction, deeming it unsuitable as an OFF-ON NTR luminescent sensor. The same can be 

said for compound 2.12 even though there was significantly greater quenching the probe 
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is still not completely switched OFF nor does it achieve a fold increase in luminescence 

intensity superior to that of compound 2.13. Given the significance of the OFF-ON 

response of compound 2.13 towards NTR and its continuous increase in luminescent 

intensity over time, it was of interest to carry out time dependent studies towards different 

concentrations of NTR.  

 

Figure 2.34: Changes in the luminescence intensity for compound 2.13 (10 µM) as a 

function of time from (0 - 60 minutes) at 600 nm after addition of NTR (5µg mL-1), NADH 

(500 µM) in 10 mM phosphate buffer at pH 7.4. λex = 445 nm. Ex slit width: 10 nm and 

Em slit width: 10 nm. n = 1. 

 

 

2.6 Sensitivity of 2.13 Towards NTR  

Considering the above results our efforts were focused on determining the utility of 

compound 2.13 as both a sensitive and selective probe for NTR. To evaluate compound 

2.13 sensitivity towards NTR we analysed the turn on response towards varying 

concentrations of NTR. 

It is only over long time periods do we observe a plateau in the luminescence intensity of 

compound 2.13. In Figure 2.35 a plateau is observed for lower concentrations of NTR as 

low as 0.02 µg mL-1. This is a significant result comparable to the LOD of previously 

cited naphthalimide based NTR probes in literature.157, 160 However, at higher 

concentrations much longer time periods are required to reach a plateau in intensity. 
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Nevertheless, it can be said that compound 2.13 over the course of 660 minutes displays 

sensitivity towards NTR as these plateaus can be seen to increase with increasing 

concentrations of NTR. 

 

Figure 2.35: Compound 2.13 treated with varying concentrations of NTR (0.02 µg mL-1-

2.5 µg mL-1) and NADH (500 µM) in 10 mM phosphate buffer at pH 7.4. over the course 

of 660 minutes at 600 nm. λex= 445 nm. Ex slit width: 10 nm and Em slit width: 10 nm.  

n = 1 

Furthermore, looking at 300-minute time points where there was generally a large 

discrepancy in term of luminescence intensity of compound 2.13 when treated with 

varying concentrations of NTR. In Figure 2.36, it can be seen that as the concentration 

increased from 0.02 µg mL-1 - 5 µg mL-1 there was an increase in luminescence intensity 

at 600 nm for compound 2.13.  
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Figure 2.36: 300-minute time stamps of compound 2.13 (10 µM) treated with varying 

concentrations of NTR (0.02 µg mL-1 - 5 µg mL-1) and NADH (500 µM) in 10 mM 

phosphate buffer at pH 7.4. λex = 445 nm. Ex slit width: 10 nm and Em slit width: 10 nm. 

n = 1. 

These longer time periods required to reach the plateau in luminescence intensity are not 

entirely unusual for compounds that rely on the direct reduction of the 4-nitro substituent 

of the 4-nitro-1,8-naphthalimide.160, 162 This could be due to the lack of hydrophobic 

interactions and key hydrogen bonding interactions with surrounding amino acid residues 

by the Ru(II) moiety required to fix 2.13 within the hydrophobic interspace of NTR, 

consequently resulting in a poorer fit in the active site of the enzyme.117 However, 

substantial hydrophobic interactions, π-π stacking and hydrogen bonding with the 

oxygens of the nitro substituent should be established by the interactions of the 4-nitro-

1,8-naphthalimide moiety within the binding pocket, this may suggest that the 4-nitro-

1,8-naphthalimide may have a lower reduction potential and is consequently less readily 

reduced by NTR in comparison to that of known substrates that are highly reactive such 

as the 2-nitroimidazole moiety seen in compound 2.12.162, 188 
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2.7 The Selectivity of 2.13 Towards NTR  

To first determine that compound 2.13 was indeed selective for NTR and that the 

luminescent response is a product of the reduction from 2.13 to 2.29, dicoumarol was 

added to a solution of NTR and NADH thus inhibiting NTR through the inhibition of the 

FMN active site through π-overlap.189 

In Figure 2.37 NTR (2.5 µg mL-1) and NADH (500 µM) were treated with varying 

concentrations of dicoumarol (0 – 100 µM) prior to the addition of compound 2.13 (10 

µM). When looking at the bar chart it was noted that upon introducing 1 eq of dicoumarol 

to 1 eq of compound 2.13 there was a 2-fold reduction in the luminescence intensity in 

comparison to when no dicoumarol was added prior to the introduction of compound 

2.13. Furthermore, 10 eq of dicoumarol to 1 eq of compound 2.13 quenched almost all 

the expected luminescent emission of compound 2.13 by 21.5-fold. 

 

Figure 2.37: Varying concentrations of dicoumarol (0 – 100 µM) in the presence of 

compound 2.13 (10µM), NTR (2.5 µg mL-1), 500 µM NADH in 10 mM phosphate buffer 

at pH 7.4 over 300 minutes. λem = 600 nm. λex = 445 nm. Ex slit width: 10 nm and Em slit 

width: 10 nm. n = 1. 

To further examine the reaction selectivity of compound 2.13 for NTR various potential 

biological interfering species were examined in Figure 2.38 these included salt NaCl, 

amino acids such as cysteine and homocysteine, reactive oxygen species H2O2, ascorbic 

acid (vitamin C), glucose, BSA and PBS. Cytochrome C a small soluble electron carrier 

hemeprotein located in the inner mitochrondrial membrane was included due to its ability 
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to carry out electron transfer. DT-diaphorase another oxidoreductase enzyme known to be 

upregulated under hypoxic conditions involved in the reduction of quinone moieties to 

hydroxyquinones was also included as part of the study. Compound 2.13 (10 µM) and 

NADH (500 µM) were present with each species to determine if they could reduce 

compound 2.13 and result in a similar Turn-ON in luminescence that was achieved by 

NTR.   

 

Figure 2.38: Selectivity study of compound 2.13 (10 μM) and NADH (500 µM) in 10 mM 

phosphate buffer at pH 7.4 over 300 minutes reacted with different species: NaCl (50 

mM), Ascorbic acid (1 mM), cysteine (1 m), cytochrome C (1 µg mL-1), glucose (1 mM), 

glutathione (1 mM), H2O2 (1 mM), homocysteine (1 mM), DT-diaphorase (1 µg mL-1), 

BSA (10 µg mL-1), PBS (blank NADH absent), NADH (500 µM), Nitroreductase  

(1 µg mL-1). λem = 600 nm. λex = 445 nm. Ex slit width: 10 nm and Em slit width: 10 nm. 

n = 1  

It can be noted from Figure 2.38 that compound 2.13 was indeed selective for NTR as the 

greatest luminescent enhancement was elicited from compound 2.13 in the presence of 

NTR (1 µg mL-1) and NADH (500 µM). Whilst NADH is a co-factor for NTR it could 

also be considered a mild reducing agent by itself which could potentially have given rise 

to the observed minor enhancements in luminescence observed for some of the samples 

that exhibited similar luminescence intensity to that of the NADH sample. In the case of 

BSA with a slighter greater luminescence intensity than the NADH sample, this could be 

attributed to the binding and subsequent shielding of 2.13 from water by hydrophobic 

regions within the protein structure, the same could be said for cytochrome C.190 

Interestingly, DT-diaphorase another flavoenzyme involved in the 2-electron reduction of 
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quinones to their corresponding hydroquinones in the presence of NADH did not elicit 

any significant luminescence response.90 

 

 

2.8 LCMS Study of 2.13 Towards NTR 

The increases in luminescence intensity from compound 2.13 is suggested to arise from 

the reduction of the nitro substituent to an amine by NTR and co factor NADH to give 

compound 2.29. Whilst this can be assumed to be occuring through the use of emission 

spectra as previosuly referred to, we can also take advantage of the LCMS to show that 

through mass changes and changes in the UV trace at 254 nm that indeed compound 2.13 

is reduced to compound 2.29. In Figure 2.39 an LCMS trace of compound 2.13 is 

provided. Compound 2.13 was then treated with NTR and NADH for 1 hour and another 

LCMS is provided. 

 

Figure 2.39: (Top) LCMS trace of compound 2.13 circled in blue is the corresponding 

M/2. Bottom is the LCMS trace of compound 2.13 after 1 hour treatment with NTR 

(15 µg mL-1) and NADH (250 µM), circled in red is the corresponding M/2. 

2.13 

2.13 + NTR + NADH 

https://www.sciencedirect.com/topics/chemistry/hydroquinone
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It can be seen in Figure 2.39 that the peak at Rt = 24.90 minutes showed strong ionisation 

at 441 corresponding to M/2 of the M2+ ion for 2.13. After reaction of compound 2.13 

with NTR (15 µg mL-1) and excess NADH (500 µM) there was evident ionisation at 426 

corresponding to M/2 of the M2+ ion for compound 2.29 under the peak at Rt = 24.56 

minutes. It was also observed that there was minimal ionisation at 441 corresponding to 

M/2 of the M2+ ion for 2.13 after 1 hour treatment with NTR and excess NADH. It was 

noted that the Rt values of 2.13 and 2.29 only slightly differ whereas clear changes in the 

ionisation were observed after reaction of compound 2.13 with NTR and excess NADH. 

Compound 2.13 displays novel responsiveness and selectivity towards NTR. Given the 

literature precedent, the focus of Ru(II) complexes as DNA sensors has been well 

established as discussed in the introduction of this chapter. Light switch behaviour was 

established by compound 2.4 with observed luminescence enhancements upon increasing 

the concentration of calf thymus DNA. Furthermore, 2.7 showed a 2.6-fold increase in 

luminescence enhancement upon increasing concentrations of st-DNA. It was therefore 

of interest to investigate the interactions of compound 2.13 and 2.29 with DNA. 

 

 

2.9 UV/Vis DNA Titrations of 2.13 and 2.29  

The interaction of Compound 2.13 and 2.29 with double stranded DNA was firstly 

examined using UV/Vis absorption spectroscopy. The titrations were carried out by 

addition of small aliquots of stDNA to a 10 mM phosphate buffer solution pH 7.4 of each 

complex. Changes in the 3MLCT band were monitored for each complex. Upon the 

titration of 2.13 and 2.29 with stDNA significant changes were observed in their 

absorption spectra. In Figure 2.40 there was a 19 % hypochromism at 361 nm, with only 

6% hypochromism experienced by the MLCT band at 446 nm for compound 2.13. 
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Figure 2.40: The changes in the UV/Visible absorption spectrum of compound 2.13 (10 

µM) with increasing additions of stDNA (0-211.2 µM) in 10 mM phosphate buffer pH 7.4. 

The UV/Vis absorption spectrum of Compound 2.29 in Figure 2.41 had a greater degree 

of hypochromicity observed at 447nm than that observed for compound 2.13, with 18 % 

hypochromism of the MLCT band at 447 nm. 

 

 

Figure 2.41: The changes in the UV/Visible absorption spectrum of compound 2.29 (10 

µM) with increasing additions of stDNA (0-211.2 µM) in 10 mM phosphate buffer pH 7.4. 

The distinct reductions in absorption observed in the spectra of both complexes strongly 

indicates interactions taking place with DNA. For compound 2.13, the significant 19% 

decrease in absorption in the π–π* bands suggests that the 4-nitro-1,8-naphthalimide 

moiety is likely intercalating between the stacked bases, which was the anticipated 
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behaviour of such a planar structure interacting with DNA.191 Additionally, alterations in 

the MLCT region affirm the binding of the Ru(II) metal centre to DNA. In the instances 

of compound 2.29, where the MLCT and the 4-amino-1,8-naphthalimide bands overlap, 

it's challenging to conclude about the individual hypochromism changes. Nevertheless, 

the notable 18 % decline in absorbance coupled with a slight shift toward longer 

wavelengths are indicators of intercalation and tight binding of the metal center to 

DNA.176 

 

2.10 Luminescence Enhancement of 2.13 with DNA 

Referring to the introduction of this chapter, Ru(II) polypyridyl naphthalimide conjugates 

show luminescent enhancements in the presence of DNA.176 It was therefore of interest 

to determine if compound 2.13 could elicit a dual response that upon reduction of 

compound by NTR in the presence of NADH and reaching a plateau of luminescence 

intensity, by then introducing DNA, could this result in a further increase in the 

luminescent intensity of compound 2.13 (Figure 2.42).  

 

Figure 2.42: compound 2.13 (10 µM) treated with NTR (1 µg mL-1) and NADH (500 µM) 

for 240 minutes followed by the addition of increasing concentrations of stDNA (11.06 

µM – 276.5 µM) in 10 mM phosphate buffer pH 7.4. λex = 445 nm. Ex slit width: 10 nm 

and Em slit width: 10 nm. n = 1. 
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From Figure 2.42 it is observed that there was a 17.3-fold increase in the luminescence 

intensity of compound 2.13 after treatment with NTR (1 µg mL-1) for 240 minutes with a 

significant further increase in the luminescence intensity upon the addition of stDNA 

(11.06 µM – 276.5 µM) establishing an overall 41.2-fold increase in luminescence 

intensity. This enhancement was indicative of a binding interaction of compound 2.13 

with stDNA. It is suggested that the 4-amino-1,8-naphthalimide moiety binds tightly to 

DNA and places the Ru(II) centre in the DNA groves whereby it is shielded from the 

aqueous environment and oxygen molecules which can cause quenching of Ru(II) 

polypyridyl complexes.175 This luminescent enhancement was similarly observed for 

compound 2.29 when treated with stDNA (0 µM - 281.6 µM) as seen in Figure 2.43, 

where there was an established 3- fold increase in the luminescence intensity indicating 

that it was likely that the amino derivative is responsible for the additional enhancement 

observed. 

 

Figure 2.43: Treatment of compound 2.29 (10 µM) with increasing concentrations of 

stDNA (0 µM - 281.6 µM) in 10 mM phosphate buffer pH 7.4. λex = 445 nm. Ex slit width: 

10 nm and Em slit width: 10 nm. n = 1. 

Furthermore, there is negligible increase in the luminescence intensity of compound 2.13 

when treated with stDNA prior to the addition of NTR in Figure 2.44 
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Figure 2.44: Treatment of compound 2.13 (10 µM) with increasing concentrations of 

stDNA (0 – 110.6 µM) in 10 mM phosphate buffer pH 7.4. λex = 445 nm. Insert shows 

changes in luminescence intensity with increasing P/D ratio, λem = 600 nm. Ex slit width: 

10 nm and Em slit width: 10 nm. n = 1. 
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Interestingly, it was observed that if NTR (1 µg mL-1) was introduced that we again see a 

significant Turn-on in luminescence of 36.7-fold increase in luminescence intensity 

(Figure 2.45) much greater than if compound 2.13 was just treated with NTR and NADH. 

 

 

Figure 2.45: (a) Treatment of compound 2.13 (10 µM) with increasing P/D ratio of stDNA 

(0 – 110.6 µM) (left).  Addition of NTR (1 µg mL-1) and NADH (500 µM) (right). (b) 

Treatment of compound 2.13 (10 µM) with NTR (1 µg mL-1) and NADH (500 µM) (left). 

Increasing P/D ratio of stDNA (0 – 276.5 µM) after compound 2.13 has been treated with 

NTR (right). λem = 600 nm. Ex slit width: 10 nm and Em slit width: 10 nm. n = 1. 

Given the successful Turn-On responses observed by compound 2.13 towards both NTR 

and DNA it was of interest to carry out biological imaging using a cancer cell line to 

determine the utility of compound 2.13 to monitor NTR and DNA in cellulo. Firstly, to 

be considered a viable imaging agent 2.13 must be non-cytotoxic and so the cytotoxicity 

of compound 2.13 was determined.  
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2.11 Cytotoxicity of 2.13 

Cytotoxicity was assessed on the glioma cell line T98G a cancer cell line derived from a 

human glioblastoma multiforma tumor (Figure 2.46) and a non-cancerous cell line dermal 

fibroblasts (Figure 2.47) by The Grillon group in the centre national de la researche 

scientifique (CNRS), Orleans, France. Cells were plated in 96-well plates and incubated 

in either a standard normoxic incubator or a hypoxia workstation (1% O2). Cells were 

then treated for 24h with compound 2.13 at various concentration (in triplicate) in the 

culture medium containing 0.5% DMSO. Cytotoxicity was determined using the Alamar 

Blue Cell Viability Reagent. Fluorescence was measured using the CLARIOstar 

Microplate Reader (Ex 545 +/- 20, Em 600 +/- 40). Results were expressed as the 

percentage of cell viability compared to the control (0.5% DMSO in the medium). 

 

Figure 2.46: Cell viability of glioma cell line T98G incubated with varying 

concentrations of compound 2.13 under normoxia and hypoxia. n = 3. 

 

Figure 2.47: Cell viability of dermal fibroblasts incubated with varying concentrations 

of compound 2.13 under normoxia and hypoxia. n = 3. 

0

25

50

75

100

125

N
o

rm
al

iz
ed

T
9

8
 c

el
l

v
ia

b
il

it
y

(%
) 

NT DMSO 0,5% 0,8 µM 1,6 µM 3,1 µM 6,2 µM 12,5 µM 25 µM 50 µM 100 µM
Normoxia Hypoxia

0

25

50

75

100

125

150

N
o

rm
al

iz
ed

 c
el

l 
v
ia

b
il

it
y
 (

%
) 

NT DMSO 0,5% 0,8 µM 1,6 µM 3,1 µM 6,2 µM 12,5 µM 25 µM 50 µM 100 µM

Normoxia Hypoxia



  Chapter 2 

 

88 
 

Across the glioma cell line T98G and dermal fibroblasts compound 2.13 establishes 

minimal cell cytotoxicity over a concentration range of 0.8 µM – 100 µM deeming it 

useful as an imaging agent. Under normoxic conditions in the dermal fibroblast cell line 

compound 2.13 establishes some variability in cell viability however the cells remain 

quite viable above 75% at 100 µM suggesting low toxicity. 

Cytotoxicity was also assessed on the glioma cell line T98G for compound 2.11 (Figure 

2.48) and compound 2.12 (Figure 2.49). Over the concentration range of 0.8 µM – 100 

µM minimal cell cytotoxicity was observed. The same was observed for dermal 

fibroblasts (see appendix). 

 

Figure 2.48: Cell viability of glioma cell line T98G incubated with varying 

concentrations of compound 2.11 under normoxia and hypoxia. n = 3. 

 

Figure 2.49: Cell viability of glioma cell line T98G incubated with varying 

concentrations of compound 2.12 under normoxia and hypoxia. n = 3. 
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2.12 Confocal Microscopy of 2.29 

Compound 2.29 was first applied to HeLa cells to determine if luminescence of any kind 

could be observed within the cells through the use of confocal microscopy. It was seen in 

Figure 2.50 that compound 2.29 was up taken by HeLa cells and displayed luminescence 

in the cytosol. More interestingly, through the use of DAPI nuclear staining we can see 

localisation of compound 2.29 within the nucleus with what appears to be greater 

luminescence intensity, this coincides with what was observed experimentally for 

compound 2.29. 

 

Figure 2.50: Confocal microscopy images of Compound 2.29 in HeLa cells. The images 

on the left show luminescent HeLa cells through the red filter. The images in the middle 

show DAPI staining of the nucleus. The images on the right show luminescence from 2.29 

in the nucleus of the HeLa cells. λex = 488nm laser for compound 2.29. λex = 405nm laser 

for DAPI. λem = 585-685nm for compound 18. λem = 416-452nm for DAPI. 

Optimisation of compound 2.13 HeLa cell work is still required. Two methods were used, 

2.13 was incubated with HeLa cells to allow for uptake of the complex and then 

transferred to a hypoxia chamber or incubated with glutathione ethyl ester (to mimic a 

state of hypoxia by decreasing the oxygen level).192 Sufficient incubation time periods up 

to 42 hours were provided for both methods which were then mounted in glycerol/PBS 

mix, sealed and imaged immediately.  There was no increased signal observed in 

comparison to 2.13 under normoxic conditions which raised uncertainty if 2.13 was up 

taken by cells. 
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2.13 Confocal Microscopy of 2.13 

To display the turn on response in cellulo bacteria strain staphylococcus aureus can be 

used as bacteria are known to express NTR.158 In Figure 2.51 through the application of 

stimulated emission depletion microscopy (STED) analysis it was observed that when 

compound 2.13 was added to S. aureus there was a desired red luminescent turn on 

response achieved within the bacteria due to the reduction of the nitro substituent on 

compound 2.13 to the corresponding amine derivative 2.29 by NTR. To determine that 

NTR was responsible for the observed switch on in luminescence the bacteria were 

pretreated with dicoumarol an NTR inhibitor (previously discussed in this chapter) 

followed by the addition of compound 2.13. It was observed that no turn-on luminescence 

response was achieved because of the inability of NTR to carry out the reduction of 

compound 2.13. As a control compound 2.29 was incubated with S. aureus in the presence 

and absence of dicoumarol where it was seen that the red luminescence was present in 

both images as expected as the amine derivative is always switched on.   

 

Figure 2.51: Confocal microscopy of (a) S. aureus incubated with compound 2.13. (b) S. 

aureus incubated with compound 2.13 in the presence of dicoumarol. (c) S. aureus 

incubated with compound 2.29. (d) S. aureus incubated with compound 2.29 in the 

presence of dicoumarol. Excitation laser λ455 nm, depletion laser λ775 nm, 30% power. 
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2.14 Conclusions and Future Work 

In conclusion, we synthesised 3 novel Ru(II) polypyridyl complexes for the sensing of 

NTR. The complexes were based off two main design principles, for compound 2.11 and 

2.12 there was a carbamate linker between that of the Ru(II) and the nitroreductase 

substrate. In the case of compound 2.11 we successfully carbamate linked a commercially 

available 4-nitrobenzyl moiety to the Ru(II) centre and for compound 2.12 we 

successfully carbamate linked a 2-nitroimidazole moiety to the Ru(II) centre.  The 

successful synthesis of compound 2.13 resulted from the direct conjugation between the 

4-nitro-1,8-naphthalimide and the phenanthroline bound to the Ru(II) centre. Novel 

structures were characterised by NMR, HRMS, and IR spectroscopy.  

To determine the utility of compounds 2.11, 2.12, and 2.13 as luminescent probes for 

NTR the UV/Vis and emission spectra were recorded for each compound to distinguish 

any differences in the quenching of the MLCT emission established by each compound 

in comparison to their amino derivatives. Compounds 2.11 – 2.13 were then reacted with 

NTR in the presence of the enzyme cofactor NADH to determine any turn-on response in 

luminescent intensity. The greatest turn-on in luminescent enhancement was recorded for 

compound 2.13 with a 15.9-fold enhancement in the luminescence intensity after 

treatment with NTR (5 µg mL-1) for 60 minutes at 600 nm. The order of greatest turn-on 

in luminescence intensity follows compound 2.13 > 2.12 > 2.11.  

Compound 2.13 was sensitive to varying concentrations of NTR ranging from 0.02 µg 

mL-1 to 5 µg mL-1 Compound 2.13 also displayed excellent selectivity towards NTR as 

the turn-on response significantly diminished with increasing concentration of 

dicoumarol. Compound 2.13 was also shown to be selective for NTR in comparison to 

other biologically relevant species. Through the use of the LCMS the reduction of the 

nitro substituent to the amine was shown, which proved that the reduction mechanism 

carried out by NTR was indeed responsible for the observable turn-on response.  

It was further confirmed that compound 2.13 was capable of binding stDNA through 

potential intercalation and the electrostatic attraction of Ru(II) metal centre as noted by 

the hypochromism seen in the UV/Vis DNA titrations for both compound 2.13 and 2.29. 

This interaction was taken advantage of to achieve an enhanced luminescent response. 

When compound 2.13 was treated with NTR (1 µg mL-1) for 240 minutes a 17.3-fold 

increase in luminescent intensity was observed however upon the addition of stDNA 

(11.06 µM – 276.5 µM) this fold increase was seen to increase to 41.2-fold.  
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In terms of cytotoxicity glioma cell line T98G and dermal fibroblasts were viable over 

the concentration range of 0.8 µM – 100 µM with minimal cell cytotoxicity for 2.11 – 

2.13. Moreover, this deemed 2.13 useful as an imaging agent as it was shown to be non-

cytotoxic. Compound 2.29 was applied to HeLa cells and showed that the nucleus of the 

cells appeared to have a greater luminescence intensity than the cytosol which was 

expected. However, due to the difficulty faced regarding the luminescence turn-on of 2.13 

under hypoxic conditions and potential issues faced with the uptake of 2.13, no HeLa cell 

results were obtained. Alternatively, S. aureus was used to achieve the turn on response 

of 2.13 in cellulo. Compound 2.13 was selectively turned on by NTR in S. aureus deeming 

it useful as an imaging agent for NTR in bacteria.  

Future work will be to carry out the sensitivity and selectivity photophysical studies for 

NTR sensing in triplicate and further investigate the binding affinity towards stDNA. 

Additionally, the DNA photosensitising ability of compound 2.29 towards pBR322 DNA 

will be examined to determine if the reduced amino derivative acts as a superior 

photosensitiser than that of compound 2.13. Further consideration will also be given 

regarding uptake of compound 2.13 into a cancer cell line under hypoxic conditions to 

achieve a desired turn-on response. Given the success of a turn on response in a hypoxic 

tumour cell line it would also be of interest to determine if upon reduction that different 

lifetimes could be observed for different regions or organelles within hypoxic cells by the 

amino derivative compound 2.29, further enhancing the selectivity of the probe. Other 

future studies to be considered could be the treatment of multicellular tumour spheroids 

with compound 2.13 as these can mimic hypoxic and normoxic niches within tumours.  
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3. Self immolative dendrimers: A Novel Theranostic for NTR Sensing  

3.1 Introduction 

In recent years self immolative dendrimers have emerged as a revolutionary platform for 

applications in fluorescence imaging. Since being reported by Shabat, de Groot, and 

McGrath in the early 2000’s there has been significant progress in the development of the 

dendritic design towards theranostics.193-196 The self immolative theranostic design 

follows that of a fluorescent prodrug concept whereby an adapter unit links a trigger 

moiety, which is activatable by an analyte or enzyme, to a fluorophore and a 

chemotherapy drug. Upon reaction of the trigger moiety with by an analyte there is 

subsequent self-immolation resulting in the emission of fluorescent signals and the 

release of an active chemotherapy drug. The research aims to achieve targeted delivery 

of chemotherapy agents, enable real-time monitoring of tumour locations, and assess drug 

release kinetics, all while mitigating the adverse impact of chemotherapy drugs on healthy 

tissues. 

The renowned work of Shabat and co-workers established the use of these dendrimers for 

drug delivery, reporter delivery, and theranostics.197-199 

Early work showed the ability of compound 3.1 (Figure 3.1) to incorporate two differing 

prodrugs camptothecin (CPT) and doxorubicin (DOX), and a catalytic antibody 38C2 as 

the trigger moiety. Bioactivation of a heterodimeric prodrug immolating both CPT and 

DOX resulted in a significant and noteworthy enhancement in toxicity of the human Molt-

3 leukemia cell line.197 

 

Figure 3.1: Structure of compound 3.1. 

Similarly, compound 3.2 (Figure 3.2) utilises two differing reporter groups 6-

aminoquinoline and 4-nitrophenol, due to their carbamate linkages to the adapter unit the 

signals of these reporters are switched off. However, upon the introduction of bacterial 

enzyme penicillin-G–amidase and cleavage of the phenylacetamide trigger moiety the 6-
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aminoquinoline can be detected by fluorescence emission at 460 nm and 4-nitrophenol 

gives off a visible yellow colour. The PEG5000 group para to the trigger improves the 

solubility of the dendrimer.198 

 

Figure 3.2: Structure of compound 3.2. 

Compound 3.3 (Figure 3.3) is an example of a theranostic capable of real-time in vivo 

monitoring of drug release. It takes advantage of a latent fluorogenic linker QCy7 which 

is masked by a phenylboronic ester and linked to CPT. In the presence of H2O2 the 

phenylboronic ester moiety is removed and the resulting phenolate undergoes 1,4-

elimnation followed by decarboxylation to release QCy7 as the active fluorophore and 

CPT. This release is monitored by a large turn on response at 720 nm. Compound 3.3 

showed exceptional correlation between emitted NIR fluorescence with drug release and 

in vitro toxicity. The activation of the compound 3.3 was successfully within murine 

models, revealing specific localisation within tumour sites following systemic 

administration. 

 

Figure 3.3: Structure of compound 3.3. 
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To date there has been little exploitation of NTR using theranostics. The majority of such 

theranostics recently developed have a focus on some photo therapy aspect avoiding the 

use of an adapter unit capable of undergoing self-immolation. This can be seen for 

compound 3.4 and compound 3.5 (Figure 3.4). Compound 3.4 has a very weak NIR signal 

at 1046 nm and low photoacoustic and photothermal signals. However, upon increasing 

NTR concentration up to 5 µg mL-1 a fluorescence increase is observed accompanied by 

increases in both photoacoustic and photothermal signals. This increase in temperature 

was also observed in vivo in mice when irradiated with a 980 nm NIR laser.200 Compound 

3.5 a fluorescein derivative shows increasing fluorescence intensity upon the addition of 

NTR at 635 nm and displayed photodynamic therapy efficiency under hypoxic conditions 

in HeLa cells. HeLa tumour growth in mice was also completely inhibited when 

intratumorally injected with compound 22 and irradiated with 590 nm LED.201 

 

Figure 3.4: Structures of compound 3.4 and 3.5. 

Given the unique properties of self-immolative dendrimers, a class of multifunctional 

molecules, it can be said that these types of theranostics allow for a vast amount of 

versatility in terms of delivering diagnostic and therapeutic units. More interesting is how 

this can be applied selectively to tumour microenvironments rich with NTR by 

incorporating a nitroaromatic substrate as the tigger moiety. However, despite the great 

potential of self-immolative dendrimers in this context, their utilisation as theranostics 

for NTR has not yet been fully exploited, leaving a significant gap in the literature yet to 

be explored. 
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3.2 Chapter Objectives 

The objective of this chapter is to synthesise 4 novel NTR responsive dendrimers based 

on the previously mentioned dendritic design. The two designs are simply portrayed by 

Figure 3.5 whereby an adapter unit links 3 moieties together, in this case a trigger, 

reporter/fluorophore, and a drug.  

 

Figure 3.5: Basic design of NTR responsive dendrimers. 

The expected release mechanism for this design is seen in Figure 3.6. Upon reduction of 

the nitroaromatic trigger to the amine derivative there is removal of the trigger moiety 

and formation of a phenol intermediate. This intermediate undergoes a self immolative 

1,4-elimination cascade to result in a quinone methide intermediate and the release of the 

reporter resulting in a change of fluorescence from blue to green emission. The methide 

is quenched by water to restore aromaticity of the ring resulting in subsequent 1,4-

elimination to release from what was a prodrug to now the active drug. The methide is 

quenched once again to afford 2,6-bis-hydroxymethyl-p-cresol. 

 

Figure 3.6: The reduction and self-immolation of an NTR responsive dendrimer. 
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With this design and release mechanism principle in mind we set out to synthesise 

compound 3.6, 3.7, 3.8, and 3.9. Compound 3.6 and 3.7 in Figure 3.7 consists of a 4-

nitrobenzyl trigger moiety ether linked to the adapter unit and two 4-amino-1,8-

naphthalimides carbamate linked to the adapter unit. As the naphthalimide moieties are 

bound to the adapter unit via carbamate their fluorescence is modulated as referred to in 

Chapter 1 and therefore are expected to result in a red shift in emission wavelength upon 

reduction of the 4-nitrobenzyl trigger by NTR and NADH, resulting in the self-

immolation of the naphthalimide moieties causing a blue to green change in the emission 

wavelength.  

Given the potential insolubility issues that could be faced with compound 3.6 due to the 

presence of the n-butyl moieties of the naphthalimide fluorophores it was of interest to 

incorporate an acetylated ethylene glycol moiety on the imide of the naphthalimide as this 

would be expected to improve the solubility of compound 3.7 in aqueous solution. 

 

Figure 3.7: Structures of compounds 3.6 and 3.7. 4-nitrobenzyl trigger moiety (purple). 

Naphthalimide moieties (blue). 

Compounds 3.8 and 3.9 in Figure 3.8 take into account the theranostic approach whereby 

3.8 consists of a 4-nitrobenzyl trigger moiety ether linked to the adapter unit, a 4-amino-

1,8-naphthalimide carbamate linked to the adapter unit, and amonafide carbamate linked 

to the adapter unit. Amonafide is a topoisomerase II inhibitor and can also act as a DNA 

intercalator, by inhibiting topoisomerase II there is subsequent DNA cleavage as a result 

of the suppression of DNA re-ligation ultimately leading to cell death. While amonafide 

displayed a significant amount of efficacy during phase II clinical trials for breast cancer, 
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its progression halted at phase III trials due to dose-dependent bone marrow toxicity. In 

literature precedent prodrug strategies through the use of carbamate functionalities at the 

3-amine position of amonafide have been exploited.202, 203 Compound 3.9 follows a 

similar design to that of compound 3.8 but rather uses sulfisoxazole as the therapeutic 

moiety. Sulfisoxazole is known to possess antibiotic activity against both gram-positive 

and gram-negative bacteria. This along with the expression of NTR in bacteria allows for 

the monitoring of the release of sulfisoxazole in bacteria due to the change in fluorescence 

expected to be observed from the naphtalimide moiety.204-206 Furthermore, varying the 

drug moiety establishes the synthetic versatility amongst these dendrimers. 

 

Figure 3.8: Structures of compounds 3.8 and 3.9. 4-nitrobenzyl trigger moiety (purple). 

Naphthalimide moieties (blue). Therapeutic moieties (red). 

The proposed synthetic pathway for the aforementioned dendrimers can be seen in Figure 

3.9 and 3.10. The aim of the synthesis was to generate the carbamoyl chloride derivates 

of the aromatic amines in question be it a fluorophore or drug through the use of 

triphosgene. The carbamoyl chloride derivatives can then be further reacted with the 

hydroxymethyl substituent of the adapter unit (ether linked to the enzyme substrate 

highlighted in purple) to form a carbamate linkage between either the fluorophore or drug 

moiety. 

In Figure 3.9 to attain two fluorophores on each side of the adapter unit the carbamoyl 

chloride derivative of the fluorophore in question is added in excess to the adapter unit. 
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In Figure 3.10, the formation of carbamate linkages between the adapter unit and both the 

fluorophore and the drug necessitates the initial synthesis of an intermediate compound. 

This intermediate consists of a single fluorophore carbamate linked to the adapter unit. 

This can then be followed up by forming the carbamoyl chloride of the drug and 

carbamate linking it to the free hydroxymethyl substituent on the intermediate to form a 

suspected prodrug moiety. 

 

Figure 3.9: The proposed synthetic pathway of compounds 3.6 and 3.7. 
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Drug Drug

Drug

 

Figure 3.10: The proposed synthetic pathway of compounds 3.8 and 3.9. 

3.3 Synthesis and Characterisation 3.6, 3.7, 3.8, and 3.9  

3.3.1 Synthesis of 3.10, 3.11 and 3.12  

The synthesis of 3.10, 3.11, and 3.12 were firstly required for the synthesis of 3.6 and 3.7. 

Scheme 3.1 shows the synthesis of 3.10.  

 

Scheme 3.1: Synthesis of compound 3.10. 

Compound 3.10 was synthesised via Williamson ether synthesis through the reaction of 

2,6-bis-hydroxymethyl-p-cresol with 4-nitrobenzyl bromide in the presence of potassium 
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carbonate as the base. This resulted in 3.10 in a 58 % yield possessing an ether linkage 

between the 4-nitrobenzyl and the cresol unit. 3.10 was fully characterised using 1H 

NMR, 13C NMR, and IR. 1H NMR peaks were assigned using 1H-1H COSY analysis. The 

1H NMR spectrum (500 MHz, DMSO-d6) of 3.10 can be seen in Figure 3.11. 

 

Figure 3.11: 1H NMR of compound 3.10 in DMSO-d6. 

The 1H NMR spectrum (500 MHz, DMSO-d6) in Figure 3.11 displays key characteristic 

peaks for compound 3.10. The doublets observed at 8.27 ppm and 7.75 ppm both 

integrating for 2H are representative of the aromatic protons of the 4-nitrobenzyl moiety. 

The peak at 5.00 ppm integrating for 2H indicates the presence of the ether linkage. It 

was also seen that the clearly resolved triplet at 5.10 ppm integrates for 2H characteristic 

of the hydroxyl moieties of the adapter unit. 

Compound 3.11 was synthesised following Scheme 3.2, which involved a condensation 

of n-butyl amine into the anhydride site of the 4-nitro-1,8-naphthalic anhydride to result 

in 3.13 in 66 % yield. This intermediate was then reduced to the corresponding amino 

derivative in the presence of Pd/C and H2 to afford compound 3.11 in 91 % yield. 
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Scheme 3.2: Synthesis of compound 3.11. 

Compound 3.11 agreed with literature 1H NMR and can be seen in Figure 3.12. 

 

Figure 3.12: 1H NMR of compound 3.11 in DMSO-d6. 

From the 1H NMR in Figure 3.12 the NH2 protons appear as a singlet integrating for 2H 

at 7.42 ppm and signature doublets of the naphtalimide moiety are observed at 6.83 ppm 

and 8.17 ppm both integrating for 1H. Furthermore, we can see n-butyl moiety peaks at 

4.00 ppm, 1.56 ppm, 1.32 ppm, and 0.91 ppm all integrating for the correct number of 

protons. 

Compound 3.12 was synthesised following scheme 3.3. Given the potential insolubility 

issues that could be faced with compound 3.6 due to the presence of the n-butyl moieties 

of the naphthalimide fluorophores it was of interest to determine if by incorporating a 

acetylated ethylene glycol moiety could this improve the solubility of compound 3.7 as it 



  Chapter 3 

 

104 
 

is cited that self immolative dendrimers usually incorporate a PEG like moiety to enhance 

their solubility and functionalities of this kind have shown to enhance the water solubility 

of naphthalimides.155, 198, 207 

 

Scheme 3.3: Synthesis of compound 3.12. 

The synthesis of 3.12 first required the condensation between 4-nitro-1,8-naphthalic 

anhydride and 2-(2-aminoethoxy) ethanol to afford compound 3.14 in 48 % yield. 

Compound 3.14 was then acetylated in the presence of acetic anhydride and pyridine to 

result in 3.15 in 50 % yield, this was done in order to protect the aliphatic alcohol which 

would be reactive with future steps in the synthesis. Compound 3.15 was then reduced to 

compound 3.12 in the presence of Pd/C and H2 to result in the amino derivative and 

desired compound 3.12 in 84 % yield. Compound 3.12 was fully characterised using 1H 

NMR, 13C NMR, IR, and HRMS. 1H NMR peaks were assigned using 1H-1H COSY 

analysis. The 1H NMR spectrum (500 MHz, DMSO-d6) of 3.12 can be seen in Figure 

3.13. 
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Figure 3.13: 1H NMR of compound 3.12 in DMSO-d6. 

From Figure 3.13 key characteristic signals of the naphthalimide are observed such as the 

doublets both integrating for 1H at 6.83 ppm and 8.18 ppm, and the singlet at 7.44 ppm 

integrating for 2H representative of the aromatic NH2. Furthermore, we can also see the 

peaks representative of the acetylated ethylene glycol moiety as the CH3 protons of the 

acetyl group appear as a singlet integrating for 3H at 1.91 ppm as well as the expected 

signals along the chain of the acetylated ethylene glycol all integrating for 2H at 4.20 

ppm, 4.06 ppm, and 3.62 ppm. 
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3.3.2 Synthesis of 3.6 and 3.7.  

The synthesis of 3.6 and 3.7 were carried out following scheme 3.4.  

 

Scheme 3.4: The synthesis of compound 3.6 and 3.7 represented by the varying R group. 

The same synthetic pathway was used to synthesise both compound 3.6 and compound 

3.7. Compounds 3.11 and 3.12 were reacted with triphosgene in the presence of NEt3 as 

a base. This allowed for the formation of a highly reactive intermediate species compound 

3.16, the carbamoyl chloride derivative of either 3.11 or 3.12. Following a one pot 

reaction compound 3.10 was then introduced in a manner so that there were at least 3 

equivalents of the carbamoyl chloride in excess of 3.10 this favoured the carbamate 

formation on both hydroxymethyl substituents of 28 rather than just mono carbamate 

formation. The method of isolation of 3.6 and 3.7 differed in the sense that 3.6 was 

isolated in a 41 % yield through precipitation of the target compound by simply adding 

methanol to the crude mixture of compounds. Whereby, compound 3.7 required the use 

of column chromatography which resulted in a 26 % yield. 

Compounds 3.6 and 3.7 were fully characterised using 1H NMR, 13C NMR, IR, and 

HRMS. 1H NMR peaks were assigned using 1H-1H COSY, HSQC, and HMBC analysis. 

The 1H NMR spectrum (500 MHz, DMSO-d6) of 3.6 can be seen in Figure 3.14 and the 

1H NMR spectrum (500 MHz, CDCl3) of 3.7 can be seen in Figure 3.16. 
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Figure 3.14: 1H NMR of compound 3.6 in DMSO-d6. 

From Figure 3.14 there was clear evidence of the synthesis of the target compound 3.6. 

The broad singlet at 10.29 ppm integrating for 2H was indicative of the NH protons as a 

result of carbamate bond formation with the aromatic NH2 moiety of compound 3.11. 

Moreover, the appearance of the intense singlet at 5.32 ppm integrating for 4H shows that 

disubstitution of 3.11 onto compound 3.10, as disubstitution results in a compound with 

a centre of symmetry meaning this peak represents both CH2’s on the hydroxymethyl 

substituents of compound 3.10. If disubstitution had not occurred a doublet integrating 

for 2H would be expected to be observed in the 4.50 – 5.50 ppm region of the 1H NMR 

spectrum. Furthermore, confirmation of compound 3.6 was observed through HRMS. The 

HRMS in Figure 3.15 showed ionisation at 892.3189 corresponding to [M + H]+ of 

compound 3.6. 

 

Figure 3.15: HRMS of compound 3.6. 
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The same can be said for Figure 3.16. Compound 3.7 again possesses a centre of 

symmetry and evidence of target compound formation can be assigned. The broad singlet 

at 7.54 ppm integrating for 2H was indicative of the NH protons as a result of carbamate 

bond formation with the aromatic NH2 moieties of compound 3.12. Moreover, the 

appearance of the intense singlet at 5.37 ppm integrating for 4H shows that disubstitution 

of 3.12 onto compound 3.10. 

 

Figure 3.16: 1H NMR of compound 3.7 in CDCl3. 

Further confirmation of compound 3.7 can be observed from the HRMS in Figure 3.17. 

Figure 3.17 showed ionisation at 1062.3019 corresponding to [M + Na]+ of compound 

3.7. 

 

Figure 3.17: HRMS of compound 3.7. 
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3.3.3 Synthesis of 3.8 and 3.9.  

The synthesis of 3.8 and 3.9 required intermediate product compound 3.17, compound 

3.18 (amonafide) and compound 3.19 (sulfisoxazole). Compounds 3.17 and 3.18 were 

synthesised whereas 3.19 was purchased commercially. Compound 3.17 was initially 

required as an intermediate product and consisted of compound 3.12 mono carbamate 

linked to compound 3.10. Scheme 3.5 shows the reaction scheme for the synthesis of 

compound 3.17. The reaction follows similar steps and conditions as seen for compounds 

3.6 and 3.7. However, in this case to attain mono substitution of the fluorophore moiety 

an excess equivalent of compound 3.10 was added to the carbamoyl chloride intermediate 

compound 3.20 which was formed in the one pot reaction. This was achieved by adding 

compound 3.10 dropwise at 0°C to afford compound 3.17 in a 59 % yield.  

 

Scheme 3.5: Synthesis of compound 3.17. 

Compound 3.17 was fully characterised using 1H NMR, 13C NMR, IR, and HRMS. 1H 

NMR peaks were assigned using 1H-1H COSY, HSQC, and HMBC analysis.  

In Figure 3.18 a 1H-1H COSY spectra of compound 3.17 can be seen where the 

correlations are observed for neighbouring protons of the naphthalimide moiety (blue 

lines), the 4-nitrobenzyl moiety (red lines), the acetylated ethylene glycol moiety (green 

lines), and the coupling between the CH2 and the OH on the hydroxymethyl substituent 

(yellow lines) 
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Figure 3.18: 1H-1H COSY spectra of compound 3.17 in CDCl3. 

The 1H NMR spectrum (500 MHz, CDCl3) of 3.17 can be seen in Figure 3.19. From the 

1H NMR of compound 3.17 it can be seen that the characteristic NH signal of the 

carbamate at 7.42 ppm integrating for 1H was indicative of mono substation of compound 

3.17. Furthermore, downfield shift of the CH2 protons on the hydroxyl methyl substituent 
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of compound 3.10 was observed as a result of the deshielding effect established by the 

formation of the carbamate moiety at 5.34 ppm integrating for 2H. The free 

hydroxymethyl substituent of compound 3.17 can be confirmed as the doublet at 4.73 

ppm integrating for 2H is the expected splitting that would be observed due to the 

neighbouring OH. 

 

Figure 3.19: 1H NMR of compound 3.17 in CDCl3. 
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To further confirm the synthesis of compound 3.17, the HRMS in Figure 2.20 showed 

ionisation at 624.2008 corresponding to [M + Na]+  

 

Figure 3.20: HRMS of compound 3.17. 

 

Compound 3.18 required for further reaction with compound 35 was synthesised 

following Scheme 3.6.  

 

Scheme 3.6: The synthesis of compound 3.18. 

To synthesise compound 3.18, 3-nitro-1,8-naphthalic anhydride and N,N-

dimethylethylenediamine undergo a condensation reaction to result in compound 3.20 

which was then reduced to its corresponding amino derivative following reducing 

conditions of Pd/C and H2 to afford compound 3.18 in 51 % yield. Compound 3.18 was 

fully characterised using 1H NMR, 13C NMR, IR, and HRMS. 1H NMR peaks were 

assigned using H-H COSY, HSQC, and HMBC analysis. The 1H NMR spectrum (500 

MHz, DMSO-d6) of 3.18 can be seen in Figure 3.21 and agrees with literature spectra of 

the same compound. 
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Figure 3.21: 1H NMR of compound 3.18 in DMSO-d6. 

From Figure 3.21 we can assign key peaks of compound 3.18. The peak at 6.01 ppm 

integrating for 2H corresponds to the NH2 substituent, while characteristic triplet at 7.61 

ppm integrating for 1H is representative of the naphthalene moiety. The dimethyl amine 

substituent can be seen to be represented at 2.19 ppm as a singlet integrating for 6H. 
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Compounds 3.8 and 3.9 were synthesised following scheme 3.7. The same synthetic 

pathway and conditions were followed for each compound with the only variable being 

the change in solvent. In both cases compound 3.18 or 3.19 were reacted with triphosgene 

to form a carbamoyl chloride intermediate which was then reacted with compound 3.17 

in a one pot reaction to result in compound 3.8 or compound 3.9 which were then purified 

via column chromatography to result in relatively low yields of the target compounds,  

4 % yield and 3 % yield respectively. 

 

 

 

Scheme 3.7: The synthesis of compounds 3.8 (a) and 3.9 (b). 

Attempts to increase the percentage yields of 3.8 and 3.9 were carried out with no success 

and were monitored using TLC. The use of nucleophilic base DMAP in place of NEt3 

upon addition of compound 3.17 to the reaction mixture did not result in the formation of 

(a) 

(b) 
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3.8 or 3.9. Furthermore, given the potential for isocyante formation rather than carbamoyl 

chloride formation upon reaction of 3.18 or 3.19 with triphosgene a catalyst known as 

dibutyltin dilaurate was added to the reaction mixture upon the addition of compound 

3.17. Dibutyltin dilaurate increases the reactivity of 3.17 towards the isocyante derivates 

of 3.18 and 3.19 however no product formation was observed through TLC analysis. The 

reaction mixture was also refluxed at this point in the reaction to overcome any kinetic 

barriers but again no product formation was observed.  

Attempts to synthesise a reactive intermediate avoiding the use of triphosgene were also 

carried out whereby a p-nitrophenyl leaving group was reacted with the amine of 3.19. 

Whilst the synthesis of this compound was successful, no reaction was observed between 

this derivative and compound 3.17. Whilst Scheme 3.7 was very low yielding possibly 

due to the poor solubility of amonafide upon hydrochloride salt formation, it was the only 

pathway that could yield the desired target compounds 3.8 and 3.9 to obtain proof of 

principle data.  

Compound 3.8 was fully characterised using 1H NMR, 13C NMR, IR, and HRMS. 1H 

NMR peaks were assigned using 1H-1H COSY, HSQC, and HMBC analysis. The 1H NMR 

spectrum (500 MHz, CDCl3) of 26 can be seen in Figure 3.22. 

 

Figure 3.22: 1H NMR of compound 3.8 in CDCl3. 
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From Figure 3.22 the addition of compound 3.18 via carbamate was clearly noted by the 

singlet at 5.15 ppm integrating for 2H which is the CH2 of the hydroxymethyl substituent 

of compound 3.17. Previously this would’ve appeared as a doublet due to the coupling 

observed with the free neighbouring OH. The dimethyl amine substituent can also be seen 

at 2.36 ppm integrating for 6H a characteristic peak indicating that of the amonafide 

moiety of compound 3.8. Further confirmation of compound 3.8 was observed through 

HRMS and LCMS. The HRMS in Figure 3.23 showed ionisation at 981.3307 

corresponding to [M + H]+ of compound 3.8. 

 

Figure 3.23: HRMS of compound 3.8. 

The LCMS in Figure 3.24 showed one peak at Rt = 31.03 minutes on the UV 

chromatogram with corresponding ionisation under the UV peak to that of [M + H]+ of 

compound 3.8 at 981. 

 

Figure 3.24: LCMS of compound 3.8.  
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The synthesis of compound 3.9 was also confirmed using 1H NMR, 13C NMR, IR, and 

HRMS. 1H NMR peaks were assigned using 1H-1H COSY, HSQC, and HMBC analysis. 

The 1H NMR spectrum (500 MHz, CDCl3) of 3.9 can be seen in Figure 3.25. 

 

Figure 3.25: 1H NMR of compound 3.9 in CDCl3. 

As previously mentioned in the case of compound 3.8. From Figure 3.25 we can 

determine the carbamate formation to form 3.9 between compound 3.17 and 3.19 as the 

previously observed doublet is now a singlet integrating for 2H at 5.08 ppm. Signals 

corresponding to the 3.19 can also be observed at 7.43 ppm integrating for 2H 

representing aromatic protons of the benzenesulfonamide moiety, as well as the two 

methyl substituents of the oxazole moiety appearing as singlets at 1.96 ppm and 1.92 ppm 

both integrating for 3H. Again, with the use of HRMS and LCMS we can further confirm 

the synthesis of compound 3.9. The HRMS in Figure 3.26 showed ionisation at 965.2651 

corresponding to [M + H]+ of compound 3.9. 
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Figure 3.26: HRMS of compound 3.9. 

The LCMS in Figure 3.27 showed one peak at Rt = 39.67 minutes on the UV 

chromatogram with corresponding ionisation under the UV peak to that of M + H 

compound 3.9 at 965. 

 

Figure 3.27: LCMS of compound 3.9.  
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3.4 Photophysical Characterisation of 3.6, 3.7, 3.8, 3.9, and 3.21 

With compounds 3.6 – 3.9, and 3.21 successfully synthesised, the next objective was to 

evaluate their photophysical properties. In order to fully understand their ability to 

immolate and their sensitivity to NTR, a series of spectroscopic measurements were 

carried out to understand their ground and excited state properties.  

 

Figure 3.28: Structures of compounds to be measured. 

 

3.4.1 Absorption and Emission Spectra of 3.6, 3.7, 3.8, 3.9, and 3.21 

The absorption spectra of compounds 3.6, 3.7, 3.8, 3.9, and 3.21 were recorded at pH 7.4 

in 10 mM phosphate buffer. In general, the compound was dissolved as a concentrated 

solution in DMSO (3 mM) to allow for complete dissolution. Solutions for analysis were 

then made by dilution of the stock in 10 mM PBS. At no stage did the total conc. of 

DMSO go above 1%.  
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The UV/vis spectra in Figure 3.29 show similarities between compound 3.6 and 3.7. 

Compound 3.6 had a λmax 252 nm and 385 nm. The band at 252 nm is characteristic of π-

π* naphthalimide transitions whereas the broad band at 385 nm is a characteristic ICT 

absorption of carbamate functionalised amino naphthalimides.99 Similarly compound 3.7 

had a  λmax 250 nm and 383 nm and control compound 3.21 (synthesised in similar manner 

to compound 3.6 and 3.7, refer to Chapter 6) had a λmax of 384 nm. In comparison, 

compound 3.11 and 3.12 displayed an expected bathochromic shift in the wavelength of 

absorption observed at 433 nm and 432 nm respectively. The hypsochromic shift in 

wavelength of compound 3.6 and 3.7 is indicative of carbamate functionalisation 

attributing to the blocking of ICT of the naphthalimide moieties 3.11 and 3.12 in each 

structure. 

 

Figure 3.29: The UV/Vis spectra of compound 3.6 (blue),3.7 (orange), 3.11 (green), 3.12 

(yellow) and control compound 3.21 (black) in 10 mM phosphate buffer at pH 7.4. All 

compound concentrations are 10 µM. 

The UV/vis spectra in Figure 3.30 shows similarities in the absorption spectra of 

compound 3.8 and 3.9. Compound 3.8 had a λmax 253 nm and 383 nm. Likewise, 

compound 3.9 had a λmax 250 nm and 382 nm. When compared to 3.8 and 3.9 the expected 

immolated fluorophore compound 3.12 displayed a bathochromic shift in the wavelength 

of ICT absorption observed at 433 nm. The bathochromic shift was shorter when 

comparing compound amonafide 3.18 to compound 3.8 with absorption bands established 

at 346nm and 413 nm and this was likely a consequence of unfavourable delocalisation 
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of ICT within 3-substituted-1,8-naphthalimides.99 Moreover no change in absorption was 

observed for  sulfisoxazole 3.19 as it only exhibited π-π* transitions at 251 nm. The 

hypsochromic shift in wavelength of compound 3.8 and 3.9 is again representative of 

carbamate functionalisation attributing to the blocking of ICT of both compound 3.12 and 

3.18.  

Figure 3.30: The UV/Vis spectra of compound 3.8 (grey), 3.9 (orange), 3.12 (yellow), 

3.18 (green) and 3.19 (blue) in 10 mM phosphate buffer at pH 7.4. All compound 

concentrations are 10 µM. 
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To determine what the expected ratiometric response would be for compounds 3.6, 3.7, 

3.8, and 3.9 each compound was excited at 420 nm. This wavelength was chosen as it 

would excite the ICT absorption band of the carbamate functionalised naphthalimide 

moieties in all compounds and would also excite the expected immolated fluorophores 

3.11 and 3.12 in each case. In Figure 3.31 it was noted that the maximum wavelength of 

emission for compound 3.6 was 484 nm and for compound 3.11 was 546 nm which would 

give rise to what would be expected to be a 62 nm red shift in the emission wavelength 

upon self-immolation of compound 3.6. Compound 3.7 established a broad emission band 

centred at 489 nm and for compound 3.12 an emission band centred at 544 nm which 

would give rise to a predicted 55 nm red shift in the emission wavelength upon self-

immolation of compound 3.7. Compound 3.21 had an emission band centred at 493 nm 

which differs by 51 nm when compared to compound 3.12. 

 

Figure 3.31: The emission spectra of 10µM of compound 3.6 (blue), 3.7 (orange), 3.11 

(green), 3.12 (yellow) and control compound 3.21 (grey) in 10 mM phosphate buffer at 

pH 7.4. All compound concentrations are 10 µM. λex = 420 nm. 3.6, 3.7, and 3.21 Ex slit 

width: 5 nm and Em slit width: 10 nm. 3.11 and 3.12 Ex slit width: 5 nm and Em slit  

with: 5 nm. 

In Figure 3.32 it can be seen that the maximum wavelength of emission for compound 

3.8 was 487 nm and for compound 3.12 was 544 nm which would result in an expected 

57 nm red shift in the emission wavelength upon self-immolation of compound 3.8. 

Furthermore, the emissions band for compound 3.18 centred at 587 nm which poses an 

even greater red shift in comparison to compound 3.12 of 100 nm. However, 3.18 is 

inherently weakly fluorescent due to its poor delocalisation of ICT. Compound 3.9 
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produced a broad emission band centred at 492 nm which would give rise to a predicted 

52 nm red shift in the emission wavelength upon self-immolation in comparison to 

compound 3.12.  

 

 

Figure 3.32: The UV/Vis spectra of compound 3.8 (black), 3.9 (green), 3.12 (yellow), 3.18 

(blue) in 10 mM phosphate buffer at pH 7.4. All compound concentrations are 10 µM. 

λex = 420 nm. 3.8 and 3.9 Ex slit width: 5 nm and Em slit width: 10 nm. 3.12 and 3.18 Ex 

slit width: 5 nm and Em slit with: 5 nm. 

Given the stark differences in both absorption and emission wavelengths of compounds 

3.6, 3.7, 3.8, and 3.9 when compared to their relevant fluorophores 3.11 and 3.12. The 

next step was to determine could these differences be observed as a ratiometric 

fluorescence response in the presence of a reducing agent.  

 

 

3.5 Sodium Dithionite Fluorescence Response of 3.6, 3.7, 3.8, 3.9 

To understand if the chemical reduction of the nitro substituent on each compound to the 

corresponding amino derivative could result in subsequent self-immolation and a 

ratiometric change in the fluorescent emission wavelength sodium dithionite Na2S2O4 

was used in place of NTR. This was done in order to investigate all parameters that may 

affect the self-immolation of the novel set of dendrimers. Na2S2O4 can tolerate changes 
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to solvent and pH whereas an enzyme like NTR would not be suited to such variations, it 

is also inexpensive in comparison to NTR. Compound 3.7 was used to determine the 

conditions required for self-immolation due to the fact that it was likely to be the most 

soluble in an aqueous solution out of the 4 dendrimers, owing to the presence of the two 

the acetylated ethylene glycol moieties on the head of the 1,8-naphthalimides.  

 

3.5.1 Fluorescence Response of 3.7 to Sodium Dithionite  

In general, the compound was dissolved as a concentrated solution in DMSO (3 mM) to 

allow for complete dissolution. Solutions for analysis were then made by dilution of the 

stock in either 10 mM PBS or 10 mM Tris HCl buffer. The percentage of DMSO was 

varied throughout the study. 

Initially it was determined if any fluorescence response could be attained upon the 

addition of Na2S2O4 (1mM) towards compound 3.7 (10 µM) where the amount of DMSO 

present in 10 mM PBS 7.4 was less than 1 %. In Figure 3.33 it can be seen that negligible 

change in fluorescence was observed other than a decrease in the fluorescence intensity 

centred at 488 nm. No ratiometric change in fluorescence was observed which initially 

was thought to be a consequence of initial reduction but slow immolation, previously 

cited for dendrimers based on a similar adapter unit.198 

 

Figure 3.33: The emission spectra of compound 3.7 (10 µM) (blue) and the addition of 

Na2S2O4 (1mM) (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. λex = 420 

nm. Ex slit width: 5 nm and Em slit with: 5 nm. 
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Taking into account that the self-immolation process may not be occurring upon reduction 

of compound 3.7 to its corresponding amino derivative a change in buffer was taken into 

consideration to determine if a more basic buffer could increase the rate of self-

immolation in the case that either the amine or phenol intermediates formed were 

somewhat stable (refer to Figure 3.6 in the introduction of this chapter). In the initial 

stages of the development of self immolative dendrimers bases such as triethylamine were 

utilised in non-physiological solutions to promote self-immolation likely to deprotonate 

the phenol intermediate formed.193 Furthermore, basic solutions consisting of NaHCO3 

have also been used in examples where self-immolation of a dendritic unit is required.208  

In Figure 3.34 a 10mM Tris HCl Buffer solution at pH 8.7 was used and the fluorescence 

response of compound 3.7 was monitored upon the addition of Na2S2O4 (1mM) where 

the amount of DMSO present in 10 mM Tris HCl Buffer 8.7 was less than 1 %.  

Figure 3.34: The emission spectra of compound 3.7 (10µM) (blue) and the addition of  

Na2S2O4 (1mM) (green) in 10 mM Tris HCl Buffer 8.7 over 180 minutes. λex = 420 nm. 

Ex slit width: 5 nm and Em slit with: 5 nm. 

As negligible changes in fluorescence were again observed for compound 3.7 in a more 

basic buffer the solubility of compound 3.7 was brought into question. The percentage of 

DMSO was varied in order to determine if the compound posed issues of insolubility in 

the aqueous buffered solutions. In Figure 3.35 the percentage volume of DMSO in 10 

mM phosphate buffer at pH 7.4 was increased to 10 % and 20 % where negligible changes 

were observed similar to when less than 1 % of DMSO was used. 
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Figure 3.35: The emission spectra of compound 3.7 (10µM) (blue) and the addition of 

Na2S2O4 (1mM) (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. 10 % 

DMSO (left). 20 % DMSO (right). λex = 420 nm. Ex slit width: 5 nm and Em slit with: 5 

nm. 

However, upon increasing the volume of DMSO in 10 mM phosphate buffer at pH 7.4 to 

50 % significant changes in fluorescence wavelength and fluorescence intensity were 

observed as seen in Figure 3.36. 

Figure 3.36: The emission spectra of compound 3.7 (10µM) (blue) and the addition of 

Na2S2O4 (1mM) (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. DMSO 

50 %. λex = 420 nm. Ex slit width: 5 nm and Em slit with: 5 nm. 

From Figure 3.36 it can be seen that compound 3.7 established a significant change in 

both emission wavelength and fluorescence intensity. Compound 3.7 showed a significant 

enhancement in the fluorescence intensity at 534 nm by 5.9 - fold and a red shift in the 

λem by 43 nm, which was indicative of the release of compound 3.12 from the expected 
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reduction and self immolative fragmentation of compound 3.7. Knowing the capability 

of compound 3.7 to elicit a change in fluorescence upon reaction with Na2S2O4 in 10 mM 

phosphate buffer at pH 7.4 where the volume of DMSO was 50% the same conditions 

were applied but 10 mM Tris HCl Buffer 8.7 was used in place of PBS (Figure 3.37). The 

hypothesis was that the more basic pH would increase the rate of immolation and thus the 

intensity of fluorescence compound 3.12 upon fragmentation. However, this was not 

observed, whilst there was a significant red shifted change in the λem wavelength by 43 

nm the fluorescence intensity enhancement centred at 528 nm was 2-fold in comparison 

to the 5.9-fold enhancement observed in PBS 7.4 with 50 % DMSO. This could be due to 

the more basic media resulting in the deprotonation of the liberated fluorophore 

compound 3.12. 

 

Figure 3.37: The emission spectra of compound 3.7 (10µM) (blue) and the addition of 

Na2S2O4 (1mM) (green) in Tris HCl Buffer 8.7 over 180 minutes. DMSO 50 %. λex = 420 

nm. Ex slit width: 5 nm and Em slit with: 5 nm. 

 

3.5.2 Fluorescence Response of 3.6, 3.8, and 3.9 to Sodium Dithionite  

Knowing that a 50 % volume of DMSO in 10 mM phosphate buffer at pH 7.4 elicited the 

greatest response for compound 3.7 when reacted with Na2S2O4 (1 mM), the same 

conditions were applied to compound 3.6, 3.8, and 3.9 to determine if any response could 

be observed upon the reduction of each compound. 
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In Figure 3.38 it was observed that no significant changes to the λem wavelength nor the 

fluorescence intensity of compound 3.6 occurred. This was likely due to compound 3.6 

precipitating out of solution. In comparison to compound 3.7 the head of compound 3.6 

consisted of an N-butyl moiety which is lipophilic and would not contribute to the 

solubility of compound 3.6 in aqueous solution.  

 

Figure 3.38: The emission spectra of compound 3.6 (10µM) (blue) and the addition of 

1mM Na2S2O4 (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. DMSO 50 

%. λex = 420 nm. Ex slit width: 5 nm and Em slit with: 5 nm. 

The two theranostic compounds 3.8 and 3.9 were also evaluated under the same 

conditions. In Figure 3.39 compound 3.8 showed both a change in λem wavelength and 

fluorescence intensity. The λem was observed to red shift by 48 nm from 484 nm to 532 

nm. The fluorescence intensity at 532 nm was also seen to increase by 3.9 - fold. This 

gave an indication that compound 3.12 was indeed being released upon reduction by 

Na2S2O4.  
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Figure 3.39: The emission spectra of compound 3.8 (10µM) (blue) and the addition of 

1mM Na2S2O4 (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. DMSO 50 

%. λex = 420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. 

Compound 3.9 displayed a large 10.9 - fold increase in the fluorescence intensity at 533 

nm it also exhibited a 58 nm red shift in the emission wavelength from 475 nm to 533 nm 

as seen in Figure 3.40. This suggested that the release of compound 3.12 was indeed 

occurring through the reduction followed by the onset of self immolative fragmentation 

facilitated by Na2S2O4. 

Figure 3.40: The emission spectra of compound 3.9 (10µM) (blue) and the addition of 

Na2S2O4 (1mM) (green) in 10 mM phosphate buffer at pH 7.4 over 180 minutes. DMSO 

50 %. λex = 420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. 
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Given the fact that there was an increase in the fluorescence intensity observed at 

approximately 533 nm for compounds 3.7, 3.8 and, 3.9 was an indicator of the proposed 

release of compound 3.12. To be certain that compound 3.12 was released via a reduction 

event followed by self immolative fragmentation control compound 3.21 was placed 

under the same conditions. From Figure 3.41 it was observed that no fluorescent 

enhancement at 533 nm was observed nor was there a change in the emission wavelength 

which indicated that the reduction by Na2S2O4 reducing the 4-nitrobenzyl moiety to a p-

aminobenzyl moiety results in self immolative fragmentation of compounds 3.7, 3.8, and 

3.9 which lead to the release of the fluorophore compound 3.12 and the observed red 

shifts in wavelengths and fluorescence enhancements at 533 nm. 

 

Figure 3.41: The emission spectra of control compound 3.21 (10µM) (blue) and the 

addition of Na2S2O4 (1mM) (green) in 10 mM phosphate buffer at pH 7.4 over 3 hours. 

DMSO 50 %. λex = 420 nm. Ex slit width: 5 nm and Em slit with: 5 nm. 
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3.6 NTR Fluorescence Response of 3.6, 3.7, 3.8, and 3.9. 

As reduction and subsequent self-immolation was shown to occur in the presence of 

Na2S2O4 in the case of compounds 3.7, 3.8, and 3.9, it was of interest to determine the 

applicability of these dendrimers towards the sensing of NTR. As previously mentioned, 

this is done by incubating each of the compounds with NTR (oxygen sensitive NTR 

expressed by E. coli) and its cofactor NADH. The emission spectrums were measured at 

pH 7.4 in 10 mM PBS with <1% DMSO as co-solvent in the presence of 500 µM NADH 

over the course of 24 hours. As solubility has already been shown to be an issue in the 

case of compound 3.7 we sought to increase the temperature of the following experiments 

to that of physiological conditions at 36.7 °C.  

In the case of Figure 3.42 it was seen that a 26 nm red shift in the emission wavelength 

was observed for compound 3.6 from 484 nm to 510 nm coupled with a minor 

enhancement of 1.5-fold in the fluorescence intensity observed at 510 nm. Whilst the red 

shift is suggestive of the release of fluorophores 3.11 a much greater fold increase in the 

fluorescence intensity was to be expected as two fluorophores were to be released upon 

reduction of NTR followed by self immolative fragmentation. The poor response is likely 

due to the poor solubility of compound 3.6 as noted in the previous section. 

 

Figure 3.42: Compound 3.6 (10 µM) in PBS 7.4 (black). Compound 3.6 (10 µM) in PBS 

7.4 and NADH (500 µM) (blue). Changes upon the addition of NTR (8 µg mL-1) (green) 

over 24 hours.  λex = 420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. 

Compound 3.7 displayed a 32 nm red shift in fluorescence from 507 nm to 539 nm with 

an initial increase in fluorescence intensity followed by a decrease as it shifted towards 
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539 nm (Figure 3.43). This was likely due to the insolubility of compound 3.7 as shown 

in the previous section. Whilst there is some indication that fluorophores 3.12 are released 

seen by the shift in the λem wavelength. The absence of an increase in the fluorescence 

intensity at 539 nm suggests that compound 3.7 lacks solubility and precipitates out of 

solution. 

 

Figure 3.43: Compound 3.7 (10 µM) in PBS 7.4 (black). Compound 3.7 (10 µM) in PBS 

7.4 and NADH (500 µM) (blue). Changes upon the addition of NTR (8 µg mL-1) (green) 

over 24 hours.  λex = 420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. 

Compound 3.8 established a ratiometric response towards NTR and NADH seen in Figure 

3.44 with a 38 nm red shift in the λem wavelength from 487 nm to 525 nm. The 

fluorescence intensity at 487 nm was observed to have decreased by 1.9-fold whilst the 

fluorescence intensity at 525 nm increased by 2.2-fold. From this it can be suggested that 

the release of compound 3.12 was occurring upon reduction of compound 3.8 by NTR 

followed by self immolative fragmentation however the response at 525 nm was not as 

intense as the response observed in the 50 % DMSO solution with Na2S2O4 in Figure 3.39. 
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Figure 3.44: Compound 3.8 (10 µM) in PBS 7.4 (black). Compound 3.8 (10 µM) in PBS 

7.4 and 500 µM NADH (blue). Changes upon the addition of NTR (8 µg mL-1) (green) 

over 24 hours.  λex = 420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. 

Compound 3.9 elicited the greatest response towards NTR and NADH seen in Figure 

3.45. Compound 3.9 had a red shift in the λem wavelength of 48 nm and resulted in a 

significant enhancement of 19.2-fold in fluorescence at 540 nm indicative of the release 

of compound 3.12.  

 

Figure 3.45: Compound 3.9 (10 µM) in PBS 7.4 (black). Compound 3.9 (10 µM) in PBS 

7.4 and NADH (500 µM) (blue). Changes upon the addition of NTR (8 µg mL-1) (green) 

over 24 hours.  λex = 420 nm. Insert: Naked eye visual upon the addition of (8 µg mL-1 

NTR) to compound 3.9 (10 µM) in PBS 7.4 and NADH (500 µM). Ex slit width: 5 nm and 

Em slit with: 10 nm. 

0

10

20

30

40

50

60

70

80

90

100

440 460 480 500 520 540 560 580 600 620 640 660 680 700

In
te

n
si

it
y
 (

A
U

)

Wavelength (nm)

0

50

100

150

200

250

300

350

400

450

500

440 480 520 560 600 640 680 720 760 800

In
te

n
si

ty
 (

A
U

)

Wavelength (nm)



  Chapter 3 

 

134 
 

Compound 3.9 in Figure 3.46 showed a linear increase in fluorescence over 80 minutes 

and continued to increase as long as 300 minutes where then a plateau in the fluorescence 

intensity began to form. This fluorescence enhancement was of great noteworthiness as 

the time required to reach a plateau in fluorescence intensity was much greater than 

previously cited probes using the same adapter unit in literature as this design avoided the 

use of 1,2-dimethylethylenediamine spacers (refer to the introduction of this chapter). 

This can be owed to the fact that the carbamate moieties directly functionalised onto the 

adapter unit could potentially increase the rate of immolation through their strong electron 

withdrawing properties. The strong electron withdrawing properties that the imide moiety 

of the naphthalimide has on the NH on the carbamate, and the para positioned 

sulfonamide has on the NH of the sulfisoxazole 3.19, is likely to contribute to faster 

immolation times. This strong withdrawing effect could decrease the pKa of the phenol 

intermediate forming the  phenolate, which in turn would increase the rate that electrons 

can cascade through the adapter unit to result in the required 1,4 – elimination.209, 210 

Furthermore, referring to the introduction of this chapter by utilising a 4-nitrobenzyl 

moiety directly linked to the adapter unit this would lead to an expected increase the rate 

that the phenol intermediate was formed as no cyclisation was required of a 1,2-

dimethylethylenediamine spacer. Ether linkages of this kind have shown rapid release of 

fluorophores as cited in literature.116 

 

 

Figure 3.46: Intensity as a function of time of Compound 3.9 (10 µM) in PBS 7.4 and 

NADH (500 µM) upon the addition of NTR (8 µg mL-1).  λex = 420 nm. λem = 540 nm. Ex 

slit width: 5 nm and Em slit with: 10 nm. n = 1. 
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To validate that the changes in fluorescence observed for compounds 3.6, 3.7, 3.8, and 

3.9 were caused by NTR and NADH, a control compound was used. Control compound 

3.21 was treated with NTR and NADH under the same conditions as seen in Figure 3.47. 

A much smaller degree of a 15 nm red shift in the λem wavelength is observed in control 

compound 3.21 with a slight 1.3-fold increase observed in the fluorescence intensity at 

508 nm. 

 

Figure 3.47: control compound 3.21 (10 µM) in PBS 7.4 (black). 10 µM of control 

compound 3.21 (10 µM) in PBS 7.4 and NADH (500 µM) (blue). Changes upon the 

addition of NTR (8 µg mL-1) (green).  λex = 420 nm. Ex slit width: 5 nm and Em slit with: 

10 nm. 

While this result questions the validity of NTR and NADH to react with compound 3.6 

and 3.7, the differences in λem wavelength observed and changes in the fluorescence 

intensity in the case of compounds 3.8 and 3.9 differ by a larger degree. Especially in the 

case of compound 3.9 where a 19.2-fold increase in fluorescence intensity at 540 nm was 

observed as well as a 48 nm shift in the λem wavelength which was greater than that of 

compound 3.6, 3.7, 3.8, and control compound 3.21. 

The naked eye response upon excitation with a UV torch of compounds 3.7, 3.8, and 3.9 

in Figure 3.48 provided a nice visual as to how compound 3.9 displayed a superior 

ratiometric fluorescent response in comparison to compounds 3.7 and 3.8. Compound 3.9 

provided a blue to green fluorescence response towards NTR and NADH. Compound 3.7 

appeared mildly green fluorescent both before and after treatment with NTR and NADH. 

Compound 3.8 appeared weakly fluorescent prior to treatment with NTR and NADH with 

minimal visual changes in fluorescence observed post treatment.  
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Figure 3.48: The naked eye response upon excitation with a UV torch of compounds 3.7, 

3.8, and 3.9. Left: compounds 3.7 (middle), 3.8 (left), and 3.9 (right) all 40 µM in PBS 

7.4. Right: Incubation with NTR (8 µg mL-1) and NADH (500 µM) after 72 hours. 

Considering the above results our efforts were focused on determining the utility of 

compound 3.9 as a selective probe for NTR.  
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3.7 Selectivity of 3.9 Towards NTR 

To first determine that compound 3.9 is in fact selective for NTR and that the fluorescent 

response is a consequence of the reduction from 3.9 to its corresponding amine derivative 

and subsequent self-immolation to release compound 3.12, dicoumarol can be added to a 

solution of NTR and NADH thus inhibiting NTR as previously referred to in chapter 2. 

In Figure 3.49, NTR (2.5 µg mL-1) and NADH (500 µM) were treated with varying 

concentrations of dicoumarol prior to the addition of compound 3.9 (10 µM). When 

looking at the bar chart it was noted that upon introducing 1 eq of dicoumarol to 1 eq of 

compound 3.9 there was a 1.1 - fold reduction in the fluorescence intensity at 540 nm in 

comparison to when no dicoumarol was added prior to the introduction of compound 3.9. 

Furthermore, 10 eq of dicoumarol to 1 eq of compound 3.9 quenches the fluorescence 

emission at 540 nm of compound 3.9 by 1.7 - fold. 

 

Figure 3.49: Varying concentrations of dicoumarol in the presence of compound 3.9 

(10µM), NTR (2.5 µg mL-1), and NADH (500 µM) over 24 hours. λem = 540 nm. λex = 420 

nm. Ex slit width: 5 nm and Em slit with: 10 nm. n = 1. 

To further examine the reaction selectivity of compound 3.9 various potential biological 

interfering species were examined in Figure 3.50 these include salt NaCl, amino acids 

such as cysteine and homocysteine, reactive oxygen species H2O2, ascorbic acid (vitamin 

C), glucose, BSA and PBS. Cytochrome C a small soluble electron carrier hemeprotein 

located in the inner mitochrondrial membrane is included due to its ability to carry out 

electron transfer. DT-diaphorase another oxidoreductase enzyme known to be upregulated 

under hypoxic conditions involved in the reduction of quinone moieties to 
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hydroxyquinones was also included as part of the study. Compound 3.9 (10 µM) and 

NADH (500 µM) were present with each species to determine if they could reduce 

compound 3.9 and result in a similar fluorescence response that was achieved by NTR.   

 

Figure 3.50: Fluorescent responses of compound 3.9 of (10 μM) and NADH (500 µM) 

reacted with different kinds of species, NaCl (50 mM), Ascorbic acid (1 mM), cysteine (1 

m), cytochrome C (1 µg mL-1), glucose (1 mM), glutathione (1 mM), H2O2 (1 mM), 

homocysteine (1 mM), DT-diaphorase (1 µg mL-1), BSA (10 µg mL-1), PBS (blank NADH 

absent), NADH (500 µM), Nitroreductase (8 µg mL-1) over 24 hours. λem = 540 nm. λex = 

420 nm. Ex slit width: 5 nm and Em slit with: 10 nm. n = 1. 

From Figure 3.49 it can be seen that dicoumarol has an effect on the fluorescence intensity 

of compound 3.9, whilst the excess of 100 µM doesn’t have the desired inhibition as was 

achieved for compound 2.13 in chapter 2, the decrease in fluorescence intensity observed 

would suggest reduction by NTR and NADH was taking place. From Figure 3.50 it can 

be said that compound 3.9 was indeed selective for NTR as the greatest fluorescence 

enhancement was elicited from compound 3.9 in the presence of NTR (8 µg mL-1) and 

NADH (500 µM).  
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3.8 LCMS Study of 3.9 Towards NTR 

The change in fluorescence established by compound 3.9 was suggested to arise from the 

reduction of the nitro substituent to an amine by NTR and co factor NADH followed by 

self immolative fragmentation to give compound 3.12 and the release of sulfisoxazole 

3.19. Whilst this can be assumed to be occuring through the use of emission spectra, 

LCMS can also be used to show that through mass changes and changes in Rt in the UV 

trace at 254 nm that compound 3.9 results in the release of compound 3.12 and 3.19. In 

this study compound 3.9 and compound 3.21 were treated with NTR and NADH for 72 

hours to give sufficient time for complete self immolation to occur was provided. In both 

cases the compound was dissolved in DMSO to give a 3mM concentration and added to 

1 mL of PBS solution to result in 50 µM concentration of the compound. The 50 µM of 

compound was shaken with 8 µg mL-1 of NTR and 500 µM NADH for 72 hours and 

subject to lyophalisation. The components were rediluted with DMSO 250 µL prior to 

running LCMS samples. This was done in order to obtain peaks of suitable intensity on 

the UV chromatogram as well as to redisolved any fragments that may have precipitated 

out of the PBS solution. 

In Figure 3.51 a pure trace of compound 3.9 is seen with no treatment of NTR or NADH. 

One peak can be obsereved in the UV trace at 254nm at an Rt = 39.67 minutes with a 

corresponding mass of 965 the mass of [M + H]+ for compound 3.9. 

 

Figure 3.51: LCMS of compound 3.9. 
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In Figure 3.52 a trace of compound 3.9 was provided after treatment with 8 µg mL-1 of 

NTR and 500 µM NADH for 72 hours.  

 

 

Figure 3.52: LCMS trace of compound 3.9 after 72-hour treatment with NTR  

(8 µg mL-)1 and NADH (500 µM).  

It can be seen in Figure 3.52 that the peak at Rt = 39.62 minutes shows ionisation at 965 

corresponding to the mass of [M + H]+ for compound 3.9. The peak at Rt = 35.97 minutes 

was a likely fragment of the self-immolation as no strong ionisation was observed under 

the peak. At Rt = 29.90 minutes there was ionisation for 365 which corresponds to the 

mass of [M + Na]+ for compound 3.12. The peak at Rt = 17.19 minutes shows ionisation 

for NADH (appendix) and [M + H] of 3.19 at 267.9. Interestingly, there was another peak 

observed at Rt = 7.47 minutes that corresponds to the mass of compound 3.12 but does 

not match the ionisation pattern nor the Rt of compound 3.12 (appendix).  

In comparison, Figure 3.53, an LCMS trace of control compound 3.21 was treated with 

NTR and NADH for 72 hours to give sufficient time for complete self-immolation to 

occur was provided. However, the peaks and masses observed in Figure 3.52 were not 

observed for compound 3.21 in Figure 3.53. At Rt = 42.07 minutes a mass of 1017 was 

observed for [M + Na]+ of compound 3.21. However, no UV peaks at 254 nm were 

3.12 
3.9 3.19 
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observed for compound 3.12 except for the peak an Rt = 7.52 minutes as previously 

explained. The ionisation of 3.19 at 267.9 doesn’t appear as strongly under the peak 

observed at Rt = 17.28 as seen in Figure 3.52.  

 

Figure 3.53: LCMS trace of compound 3.21 after 72 hour treatment with NTR  

(8 µg mL-1)  and NADH (500 µM).  

By comparing both Figure 3.52 and Figure 3.53, it can be confirmed that there was release 

of compound 3.12 from parent compound 3.9. There was also some evidence to suggest 

that the sulfisoxazole 3.19 component was also released due to the ionisation under the 

peak at Rt = 17.19 minutes for 267.9 in Figure 3.52 not appearing in the chromatogram 

of compound 3.21 in Figure 3.53. 
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3.9 Conclusions and Future work 

In conclusion, four novel NTR dendrimers 3.6, 3.7, 3.8, and 3.9 were synthesised. All 

compounds were synthesised in a similar fashion with the use of triphosgene to generate 

carabamate linkages between the adapter unit and either the fluorophore or drug in use. 

The success of this synthesis proved the versatility of such a design to modulate the 

fluorophores or drugs bound to the adapter unit. In the case of 3.6 and 3.7 it was shown 

that two of the same fluorophores can be added to the same adapter unit such as 4-amino-

n-butylnaphthalimides in the case of compound 3.6, and a more water soluble 

naphthalimide compound 3.12 in the case of compound 3.7. More interestingly, for 

compound 3.8 and 3.9 it was shown that having synthesised intermediate compound 3.17 

a wide selection of drugs could be chosen and modulated to their corresponding prodrug 

through carbamate formation with the adapter unit. amonafide 3.18 and sulfisoxazole 3.19 

were chosen as the drug candidates and were carbamate linked to the adapter unit to result 

in 3.8 and 3.9 respectively.  

The desired modulation of the naphthalimide fluorophore was achieved for all 

compounds 3.6, 3.7, 3.8, and 3.9 in the UV/Vis studies with an expected hypsochromic 

shift observed in comparison to the expected liberated fluorophore in each case. A blue 

shift was also observed for all compounds noted by their fluorescence emission spectra. 

Such changes were expected to be observed upon formation of the carbamate linkage with 

3.11 or compound 3.12 due to the quenching of the ICT process.  

The sodium dithionite studies showed that solubility in aqueous solution posed a problem 

for the reduction and immolation in the case of compound 3.7. However, upon suitable 

ratio of DMSO:PBS 1:1 a fluorescence response was elicited for compounds 3.7, 3.8, and 

3.9. When all compounds were reacted under physiological conditions with NTR with 

<1% DMSO the greatest response was observed for compound 3.9 towards 8 µg mL-1 

NTR with a 19.2-fold increase in fluorescence intensity at 540 nm and a 48 nm shift in 

the λem. Compound 3.9 also displayed selectivity towards NTR with the turn-on response 

diminished in the presence of dicoumarol. Compound 3.9 was also shown to be selective 

for NTR in comparison to other biologically relevant species.  

From the fluorescence changes observed for compound 3.9 it was clear that compound 

3.12 was released as seen by the significant turn on in fluorescence at 540 nm. To 

determine that both compound 3.12 and sulfisoxazole 3.19 were released upon the 

reduction and immolation of compound 3.9 by NTR and NADH, LCMS studies were 
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carried out whereby compound 3.9 and 3.21 were treated with 8 µg mL-1 of NTR and 500 

µM NADH for 72 hours. This provided evidence of both compounds 3.12 and 3.19 

release. In comparison no release of compound 3.12 by compound 3.21 was observed.  

Given the successful fluorescent response of compound 3.9 coupled with the release of 

sulfisoxazole, future work will be to carry out the sensitivity and selectivity photophysical 

studies for NTR sensing in triplicate and perform similar studies as seen in chapter 2. 

Whereby, it would be determined if a blue to green emissive response could be observed 

through confocal microscopy within S. aureus in the presence and absence of dicoumarol. 

Moreover, the cytotoxicity of compound 3.9 towards bacteria would be determined to 

understand if bacteria pretreated with dicoumarol are viable as the compound should not 

be reduced to allow for immolation, in comparison to those bacteria that are not treated 

with dicoumarol where 3.9 is reduced to release sulfisoxazole. This study would help 

determine the utility of this dendritic design as a self immolative theranostic for NTR.  

As there appeared to be insolubility issues faced with compounds 3.6, 3.7 and 3.8 with 

little to no response observed in the presence of NTR and NADH a redesign could be 

implemented. Whereby, instead of a methyl substituent in the para position of the adapter 

unit a solubilising moiety could be incorporated as seen in Figure 3.54 which incorporates 

a PEG moiety to compound 3.8.198 If improved solubility results in the desired 

fluorescence responses the applicability of the theranostic could be assessed towards a 

cancer cell line under hypoxic conditions.  

Figure 3.54: Modification to compound 3.8. 
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4. Quaternarised Naphthalimide-Phenanthroline Conjugates as 

Fluorescent Sensors for NTR 

4.1 Introduction 

As seen in chapter 2, the use of ruthenium polypyridyl complexes have been the focus of 

intensive research regarding their application as luminophores due to their appealing 

photophysical properties arising from the 3MLCT excited state, these include 

luminescence at longer wavelengths and long-lived luminescent lifetimes. Another key 

characteristic of such complexes is their water solubility with chloride Cl- counter ions 

which is a highly advantageous trait for NTR sensing. Nitroaromatic compounds 

consisting of large degrees of aromaticity often lack solubility in aqueous solution as seen 

in chapter 3, where generally there is a requirement of DMSO as a co-solvent. In order to 

overcome this, efforts have been made to introduce solubilising such probes.164, 211-213 

Quaternarisation of phenanthroline moieties has been exploited in literature as a method 

to bind DNA without the use of a heavy metals such as Ru(II), but also to achieve water 

solubility of such ligands that would be rendered insoluble in aqueous solution prior to 

quaternarisation. Thomas et al. showed the ability of quaternarised dppz derivates to bind 

DNA whilst also establishing water solubility as the nitrate salts seen for compound 4.1 

and 4.2 in Figure 4.1.  

 

Figure 4.1: Structure of compounds 4.1 and 4.2 

Compound 4.1 was shown to have the ability to bind DNA with similar affinity to many 

metal complexes of dppz with a binding constant of 3.78 x 105 mol-1 dm3, whilst 

compound 4.2 showed the same capabilities at an order of magnitude greater than that 

observed for compound 4.1. Compound 4.2 had a binding constant of 1.33 x 106 mol-1 dm3 

and was comparable to [Ru(phen)2(dppz)]2+ in terms of its DNA binding affinity. 

Interestingly, emission was quenched for both compounds upon binding to DNA. In the 

case of compound 4.1 emission at approximately 510 nm decreased and was completely 

quenched upon addition of calf thymus DNA. Whereas, in the case of compound 4.2 
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emission is quenched and blue shifted from 637 nm to 625 nm with luminescence still 

residing as a result of poly(dA).poly(dT) induced enhancement of luminescence due to 

the poor quenching of ICT by adenine sites in comparison to that of guanine sites.214, 215 

In terms of naphthalimide conjugates Gunnlaugsson and co-workers synthesised 

compounds 4.3, 4.4, and 4.5 seen in Figure 4.2. In the case of compound 4.3 a 

hypochromic shift of 25% was noted upon addition of DNA. Compound 4.4, 

characterized by a wedged structure, exhibited a comparable alteration of 21%. Notably, 

compound 4.5 displayed more pronounced hypochromic changes with a substantial 42% 

reduction in the absorption band centered at 450 nm for the naphthalimide moiety, 

accompanied by an 11% decrease in the diquaternaristed-centred band at 311 nm. 

Furthermore, fluorescence emission centred at 530 nm was quenched in order of 

magnitude of 4.3 > 4.5 > 4.4 upon addition of DNA. Through the use of ethidium bromide 

displacement assay it was also shown the interaction with 4.5 includes not only 

intercalation with the 1,8-naphthalimide but also involves a significant extent of groove 

association facilitated by the wedged arrangement of the diquaternarised moiety.216 

 

 

Figure 4.2: Structures of compounds 4.3, 4.4, and 4.5.  
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The applicability of such quaternarised compounds to impose cancer cell death was 

shown by compound 4.6 in Figure 4.3. Compound 4.6 demonstrated notable DNA affinity 

with a binding constant of 6.5 × 105 M−1. Its binding occurred through intercalation and 

was capable of light-mediated cleavage of plasmid DNA through the generation of 

suggested singlet oxygen. Compound 4.6 also exhibited efficient uptake by diverse 

malignant cancer cell lines, with subsequent induction of cell death upon 

photoactivation.217 

 

Figure 4.3: The structure of compound 4.6. 

 

 

Chapter objectives 4.2 

The objective of this chapter was to synthesise compounds 4.7 and 4.8 seen in Figure 4.4 

and evaluate their responses towards NTR and NADH.  

 

Figure 4.4: Structure of compound 4.7 and 4.8. 
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Given the OFF-ON response achieved for compound 2.13 in Chapter 2, which consisted 

of the naphthalimide-phenanthroline conjugate ligand, it was of interest to synthesise 

compound 4.7. It was hypothesized that by quaternizing the ligand itself, it could 

potentially serve as an OFF-ON fluorescent sensor for NTR, achieving both water 

solubility of the ligand coupled with potential DNA binding capabilities without the use 

of the Ru(II) centre. In Figure 4.5 the expected OFF-ON to result in green fluorescence 

can be seen upon the reduction of compound 4.7 by NTR and NADH to its corresponding 

amine derivative 

 

Figure 4.5: The expected fluorescent response of compound 4.7 in the presence of NTR 

and NADH. 

Following upon this concept we sought to extend the conjugation of the probe to result in 

compound 4.8. In theory the degree of conjugation should result in a greater degree of 

ICT of the naphthalimide and subsequently red shift the absorption wavelength and 

emission wavelength of the naphthalimide.218 In Figure 4.6 the predicted ratiometric 

fluorescence response from green to orange/red can be seen upon the reduction of 

compound 4.8 by NTR and NADH. 

 

Figure 4.6: The expected fluorescent response of compound 4.8 in the presence of NTR 

and NADH. 
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4.3 Synthesis and Characterisation of 4.7 and 4.8 

4.3.1 Synthesis of 4.7  

The synthesis of compound 4.7 firstly involved the condensation of 1,10-phenanthroline-

5-amine and 4-nitro-1,8-naphthalic anhydride which can be seen in chapter 2. The amine 

of the 1,10-phenanthroline-5-amine underwent condensation into the anhydride moiety 

of the 4-nitro-1,8-naphthalic anhydride in neat AcOH to result in compound 2.25. 2.25 

was then precipitated from AcOH and isolated through filtration in 75 % yield. Compound 

2.25 was fully characterised using 1H NMR, 13C NMR, IR, and HRMS. The 1H NMR 

spectrum (500 MHz, DMSO-d6) of 2.25 can be seen in the appendix.  

Compound 2.25 was refluxed in neat dibromoethane to result in the quaternarisation of 

the phenanthroline moiety to form compound 4.7 which resulted in a precipitate that was 

filtered (Scheme 4.1). The filtered solid was washed with water and the filtrate was 

collected. NH4PF6 was added to the filtrate to form a precipitate which was isolated and 

purified via diethyl ether diffusion to result in the PF6
- salt of compound 4.7 in a 21 % 

yield which was then exchanged to the Cl- salt via amberlite chloride ion exchange resin.  

 

Scheme 4.1: Synthesis of compound 4.7. 

Compound 4.7 was fully characterised using 1H NMR, 13C NMR, H-H COSY, HSQC, 

HMBC, IR, and HRMS. The 1H NMR spectrum (500 MHz, DMSO-d6) of 4.7 can be seen 

in Figure 4.7.  
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Figure 4.7: 1H NMR of Compound 4.7 in DMSO-d6. 

From Figure 4.7, the key characteristics of compound 4.7 can be observed with the 

quaternarisation of the ligand as an ethylene bridge observed as a singlet at 5.68 ppm 

integrating for 4H. Furthermore, the quaternarisation results in electron deficient 

quaternary amines which results in significant downfield shifts of the neighbouring 

protons labelled 9 and 10 to approximately 9.88 ppm. Characteristic triplet of the 4-nitro-

naphthalimide moiety can also be observed integrating for 1H at 8.21 ppm. 

To further confirm the synthesis of compound 4.7, HRMS was carried out as seen in 

Figure 4.8. The HRMS showed ionisation at 448.1166 corresponding to M+ of compound 

4.7. 

 

Figure 4.8: HRMS of compound 4.7. 
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4.3.2 Synthesis of 4.8  

The synthesis of compound 4.8 required the synthesis of compound 4.9, which was 

synthesised by Wynne, C. via a Heck reaction.219 Compound 4.9 and 5-amine-1,10-

phenanthroline was dissolved in DMF with NEt3 as a base as well as Zn(OAc)2 as a lewis 

acid catalyst, and heated to 210°C with the use of microwave chemistry to afford 

compound 4.10 as a crude mixture seen in Scheme 4.2. 

 

Scheme 4.2: Synthesis of compound 4.10. 

The crude mixture consisting mostly of compound 4.10 was refluxed in neat 

dibromoethane to afford the quaternarization of the 1,10-phenanthroline moiety to form 

compound 4.8 which can be seen in Scheme 4.3. A precipitate formed that was filtered 

and washed with water so that the compound 4.8 was be dissolved in the filtrate. NH4PF6 

was added to the filtrate to form a precipitate which was isolated and purified via diethyl 

ether diffusion to result in the PF6
- salt of compound 4.8 which was exchanged to the Cl- 

salt via amberlite chloride ion exchange resin to result in a 11 % yield.  
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Scheme 4.3: Synthesis of compound 4.8. 

Compound 4.8 was fully characterised using 1H NMR, 13C NMR, HSQC, HMBC, IR, 

and HRMS. The 1H NMR spectrum (500 MHz, DMSO-d6) of 4.8 can be seen in Figure 

4.9.  

 

Figure 4.9: 1H NMR of Compound 4.8 in DMSO-d6. 

From Figure 4.9, the key characteristics of compound 4.8 can be observed with the 

quaternarisation of the ligand as an ethylene bridge observed as a singlet at 5.68 ppm 

integrating for 4H. Doublets of the 4-nitrobenzene moiety can be seen at 8.34 ppm and 

8.19 ppm both integrating for 2H. Clear indication of one of the vinyl protons can be seen 
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at 7.85 ppm integrating for 1 H as a doublet this is further confirmed by the coupling 

constant of J = 16.08 Hz which falls within the range of vinylic trans protons. 

To further confirm the synthesis of compound 4.8, HRMS was carried out as seen in 

Figure 4.10. The HRMS showed ionisation at 550.1631 corresponding to M+ of 

compound 4.8. 

 

Figure 4.10: HRMS of compound 4.8. 

 

 

4.4 Photophysical Characterisation of 4.7 and 4.8 

With compounds 4.7 and 4.8 successfully synthesised, the next objective was to evaluate 

their photophysical properties. Spectroscopic measurements were carried out to 

determine if these compounds had a turn-on fluorescence response in the presence of 

NTR and NADH.  

 

4.4.1 Absorbance Spectra of 4.7 and 4.8 

The absorption spectra of compounds 4.7 and 4.8 were recorded at pH 7.4 in 10 mM 

phosphate buffer. In general, compound 4.7 was dissolved as a concentrated solution 1.5 

mM in PBS to allow for complete dissolution and compound 4.8 was dissolved as a 

concentrated solution 3 mM in DMSO to allow for complete dissolution. Solutions for 

analysis were then made by dilution of the stock in 10 mM PBS. At no stage did the total 

conc. of DMSO go above 1% for compound 4.8.  

The UV/Vis of compound 4.7 can be seen in Figure 4.11. The absorption peak at 357 nm 

was characteristic of that of the 4-nitro-1,8-naphthalimide moiety, whereas the peak at 

301 nm was likely to be representative of the diquaternarised phenanthroline moiety. The 
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peak that can be seen at 282 nm was the π-π* transitions of either the naphthalimide or 

phenanthroline moieties. 

 

Figure 4.11: The UV/Vis spectrum of compound 4.7 (10 µM) at pH 7.4 in 10 mM 

phosphate buffer. 

The UV/Vis spectrum of compound 4.8 can be seen in Figure 4.12. Where in comparison 

to compound 4.7 in Figure 4.11 it was noted that the naphthalimide absorption band 

underwent a bathochromic shift to 401 nm. This occurred as a result of the increased 

degree of conjugation in compound 4.8 resulting in a higher absorption wavelength. 

Similarly, the peak at 306 nm appeared to be representative of the diquaternarised 

phenanthroline moiety whilst π-π* transitions of either the naphthalimide or 

phenanthroline moieties appeared at 285 nm. 

 

Figure 4.12: The UV/Vis spectrum of compound 4.8 (10 µM) at pH 7.4 in 10 mM 

phosphate buffer. 
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4.5 Fluorescence Response of 4.7 and 4.8 Towards NTR. 

4.5.1 Excitation Spectra of 4.7 and 4.8 Towards NTR. 

To determine the wavelength of excitation for compound 4.7 and 4.8 excitation spectra 

of each compound were obtained. These studies were carried out again at pH 7.4 in 10 

mM phosphate buffer.  

From Figure 4.13 it was seen that upon the addition of NTR (8 µg mL-1) and NADH 500 

µM to compound 4.7 over 30 minutes, the excitation spectra at approximately 455 nm, 

when measured at emission wavelength 540 nm, showed the greatest enhancements in 

intensity. Therefore, this wavelength was selected as the excitation wavelength for 4.7. 

This was expected to be the wavelength that the amine derivative of 4.7 would be 

estimated to absorb. This result was anticipated as the wavelength of the amine derivative 

of 4-amino-1,8-naphthalimides typically absorbs around this wavelength.  

 

Figure 4.13: Excitation spectrum of compound 4.7. Compound 4.7 (10 µM) in PBS 

(black), Compound 4.7 (10 µM) and NADH (500 µM) (blue). Compound 4.7 changes 

upon the addition of NTR (8 µg mL-1) and NADH (500 µM) (green) over 30 minutes. λem = 

540 nm 

In Figure 4.14 it was similarly seen that upon the addition of NTR (8 µg mL-1) and NADH 

500 µM to compound 4.8 over 30 minutes, the excitation spectra at approximately 450 

nm showed the greatest enhancements in intensity which was not expected. Given that 

the absorbance of compound 4.8 had red shifted in comparison to compound 4.7 in the 

UV/Vis spectra it was thought that upon reduction of 4.8 to the corresponding amine 

derivative, the excitation wavelength would be much greater than that of compound 4.7.  
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Figure 4.14: Excitation spectrum of compound 4.8. Compound 4.8 (10 µM) in PBS 

(black), Compound 4.8 (10 µM) and NADH (500 µM) (blue). Compound 4.8 changes 

upon the addition of NTR (8 µg mL-1) and NADH (500 µM) (green) over 30 minutes. λem = 

610 nm. 

Given that the excitation wavelengths of both compounds 4.7 and 4.8 were known the 

fluorescence response of each was monitored in response to NTR and co-factor NADH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

410 430 450 470 490 510 530

In
te

n
si

ty
 (

A
U

)

Wavelength (nm)



  Chapter 4 

 

157 
 

4.5.2 Emission Spectra of 4.7 and 4.8 Towards NTR. 

The emission spectra were measured at pH 7.4 in 10 mM PBS, in the case of compound 

4.7 no pre dissolution with DMSO was required. However, for compound 4.8 < 1% 

DMSO as co-solvent was required. In both cases NTR (4 µg mL-1) and NADH (500 µM) 

was added to the compound (10 µM) and the emission spectra were recorded over 120 

minutes. 

In Figure 4.15 it was noted that compound 4.7 established an OFF-ON response with a 

12.3-fold increase in fluorescence intensity at 530 nm upon the addition of 4 µg mL-1 of 

NTR.  

 

Figure 4.15: Emission spectrum of compound 4.7. Compound 4.7 (10 µM) in PBS (black), 

Compound 4.7 (10 µM) and NADH (500 µM) (blue). Compound 4.7 changes upon the 

addition of NTR (4 µg mL-1) and NADH (500 µM) (green) over 120 minutes. λem = 530 

nm. λex= 455 nm. (Insert) Compound 4.7 (1:4 DMSO: PBS) (left) sodium dithionite (right) 

showing the expected naked eye response under reducing conditions (5 mM Na2S2O4). Ex 

slit width: 10 nm and Em slit width: 10 nm. n = 1. 
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Similarly, in Figure 4.16 an OFF-ON response was also established for compound 4.8 at 

529 nm with a fluorescence intensity increase of 4.8-fold.  

 

Figure 4.16: Emission spectrum of compound 4.8. Compound 4.8 (10 µM) in PBS (black), 

Compound 4.8 (10 µM) and NADH (500 µM) (blue). Compound 4.8 changes upon the 

addition of NTR (4 µg mL-1) and NADH (500 µM) (green) over 120 minutes. λex= 450 

nm. Ex slit width: 10 nm and Em slit width: 10 nm. n = 1. 

As compound 4.7 provided a greater fold increase of 12.3 - fold at 530 nm in comparison 

to compound 4.8 it was used for further studies to determine its sensitivity and selectivity 

towards NTR. Unfortunately, the expected red shift in the emission wavelength of 

compound 4.8 did not occur. This could be in part due to solvatochromism characteristic 

of naphthalimide fluorophores.218 

 

 

4.6 Sensitivity of Compound 4.7 Towards NTR. 

Considering the above results our efforts were focused on determining the utility of 

compound 4.7 as both a sensitive and selective probe for NTR. To evaluate compounds 

4.7 sensitivity towards NTR we analysed the turn on response towards varying 

concentrations of NTR. From Figure 4.17 it was seen that compound 4.7 was sensitive to 

increasing concentrations of NTR from 0.5 µg mL-1 to 8 µg mL-1 over the course of 120 

minutes. An 18.8 - fold increase in the fluorescence intensity was observed at 530 nm 

when compound 4.7 was treated with 8 µg mL-1 NTR and even at lower concentrations 

of 0.5 µg mL-1 NTR there was a 3 - fold increase in the fluorescence intensity. 
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Figure 4.17: Compound 4.7 treated with varying concentrations of NTR (0.5 µg mL-1 to 

8 µg mL-1) and NADH (500µM) over the course of 120 minutes. λem = 530 nm. λex= 455 

nm. Ex slit width: 10 nm and Em slit width: 10 nm. n = 1. 

Given the sensitivity of compound 4.7 towards NTR the selectivity of the compound was 

determined to confirm NTR was solely responsible for the OFF-ON response observed. 

 

 

4.7 Selectivity of Compound 4.7 Towards NTR. 

To first determine that compound 4.7 was in fact selective for NTR and that the 

fluorescent response is a consequence of the reduction of 4.7 to its corresponding amine 

derivative dicoumarol can be added to a solution of NTR and NADH thus inhibiting NTR 

as referred to in previous chapters. 

In Figure 4.18, NTR (2.5 µg mL-1) and NADH (500 µM) were treated with varying 

concentrations of dicoumarol prior to the addition of compound 4.7 (10 µM). When 

looking at the bar chart it was observed that upon introducing 1 eq of dicoumarol to 1 eq 

of compound 4.7 there was a 1.6-fold reduction in the fluorescence intensity in 

comparison to when no dicoumarol was added prior to the introduction of compound 4.7. 

Furthermore, 10 eq of dicoumarol to 1 eq of compound 4.7 quenches the fluorescence 

emission of compound 7 by 3.2-fold. The decrease in fluorescence intensity observed 

from 0 µM to 100µM of dicoumarol would suggest reduction of compound 4.7 by NTR 

and NADH was indeed taking place. 
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Figure 4.18: Varying concentrations of dicoumarol in the presence of compound 4.7 

(10µM), NTR (2.5 µg mL-1), and NADH (500 µM). λem = 530 nm. λex = 455 nm. Ex slit 

width: 10 nm and Em slit width: 10 nm. n = 1. 

Compound 4.7 selectivity was further tested in the presence of various potential 

biological interfering species which can be seen in Figure 4.19 these include salt NaCl, 

amino acids such as cysteine and homocysteine, reactive oxygen species H2O2, ascorbic 

acid (vitamin C), glucose, BSA and PBS. Cytochrome C a small soluble electron carrier 

hemeprotein located in the inner mitochrondrial membrane, and DT-diaphorase another 

oxidoreductase enzyme known to be upregulated under hypoxia. Compound 4.7 (10 µM) 

and NADH (500 µM) were present with each species to determine if they could reduce 

compound 4.7 and result in a similar fluorescence response that was achieved by NTR.   
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Figure 4.19: Fluorescent responses compound 4.7 (10 μM) and NADH (500 µM) reacted 

with different kinds of species, NaCl (50 mM), Ascorbic acid (1 mM), cysteine (1 m), 

cytochrome C (1 µg mL-1), glucose (1 mM), glutathione (1 mM), H2O2 (1 mM), 

homocysteine (1 mM), DT-diaphorase (1 µg mL-1), BSA (10 µg mL-1), PBS (blank NADH 

absent), NADH (500 µM), Nitroreductase (8 µg mL-1). λem = 530 nm. λex = 455 nm. Ex 

slit width: 10 nm and Em slit width: 10 nm. n = 1. 

In Figure 4.19 the greatest fluorescence enhancement was elicited from compound 4.7 in 

the presence of NTR (8 µg mL-1) and NADH (500 µM). Therefore, it can be said that 

compound 4.7 was deemed selective for NTR amongst other biologically relevant 

species. Given the sensitivity and selectivity of compound 4.7 another way to determine 

that the reduction event in the presence of NTR and NADH was responsible for the 

observed OFF-ON fluorescence response was to carry out an LCMS study. 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

In
te

n
si

ty
 (

A
U

)



  Chapter 4 

 

162 
 

4.8 LCMS Study of 4.7 Towards NTR 

The increases in fluorescence intensity from compound 4.7 was expected to be as a result 

of the reduction of the nitro substituent to an amine by NTR and co factor NADH. Whilst 

this was suggested from the emission spectra the LCMS can also be taken advantage of 

to show that through mass changes and changes in the UV trace at 254 nm that indeed 

compound 4.7 was reduced to the corresponding amine. In Figure 4.20 an LCMS trace of 

compound 4.7 was provided. Compound 4.7 was then treated with NTR and NADH for 

5 hours and another LCMS is provided. 

 

Figure 4.20: (Top) LCMS trace of compound 4.7 (300 uM) circled in black is the 

corresponding M+. Bottom is the LCMS trace of compound 4.7 after 5-hour treatment 

with NTR (15 µg mL-1) and NADH (1 mM), circled in red is the corresponding M+. 

From Figure 4.20 the peak at Rt = 20.73 minutes showed strong ionisation at 448 

corresponding to M+ ion for compound 4.7. After the reaction of compound 4.7 with 15 

µg mL-1 of NTR and 1 mM NADH there was evident ionisation at 434 corresponding to 

the M+ ion of the hydroxylamine derivative of compound 4.7 at Rt = 18.19 minutes. This 

was an interesting result as there was not complete reduction to the corresponding amine 

derivative of compound 4.7 which suggests that it was the hydroxylamine that was 

responsible for the OFF-ON fluorescence responses observed for compound 4.7 seen in 

scheme 4.4. 
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Scheme 4.4: Reduction of compound 4.7 by NTR and NADH. 

Given the sensitivity and selectivity achieved by compound 4.7 it was of interest to 

determine if 4.7 was capable of DNA binding as seen for similar quaternarised ligands 

referred to in the introduction of this chapter.  

 

 

4.9 Compound 4.7 in The Presence of DNA. 

The interaction of Compound 4.7 with double stranded DNA was firstly examined using 

UV/Vis absorption spectroscopy. The titration was carried out by addition of small 

aliquots of stDNA to a 10 mM phosphate buffer solution pH 7.4 and changes in the 

absorption band were monitored in Figure 4.21. It was noted from the absorption spectra 

that there was a 27% hypochromism at 355 nm for compound 4.7 which was indicative 

of a decrease in the naphthalimide centred absorption. This suggested that binding of the 

naphthalimide moiety had occurred. The lack of hypochromism observed at 306 nm may 

suggested that the majority of the binding takes place by naphthalimide intercalation with 

DNA whilst the wedged quaternarised phenathroline moiety points away.216 
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Figure 4.21: The changes in the UV/Visible absorption spectrum of 10 µM compound 7 

with increasing additions of stDNA (0-211.2 µM) in 10 mM phosphate buffer pH 7.4. 

It was then determined if stDNA would have an effect on the fluorescence response of 

4.7 upon reaction with NTR and NADH. In Figure 4.22 compound 4.7 was treated with 

NTR (8 µg mL-1) and NADH (500 µM) over a period of 1200 minutes to ensure that a 

plateau in the fluorescence intensity at 530 nm was reached. Upon reaching the plateau 

of fluorescence intensity a stDNA titration was carried out to determine any changes in 

the fluorescence intensity. After increasing the DNA concentration from 0 – 110.6 µM 

represented by a P/D ratio (0 – 11.06) it was noted that minimal change was observed in 

the fluorescence intensity. This was an interesting result and may suggest minimal 

interaction of the diquaternarised phenanthroline portion with stDNA. Generally, a degree 

of quenching in this case can be considered an additional indicator of a strong binding 

interaction. The strong oxidizing properties of the diquaternarised moiety imply that the 

quenching of emission is likely a result of electron transfer from the DNA bases to the 

diquat centre. The closer the diquaternarised phenanthroline to the bases the greater this 

process is enhanced.216 
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Figure 4.22: Treatment of compound 4.7 (10 µM) with NTR (8 µg mL-1) and NADH (500 

µM) (left). Increasing P/D ratio (0 – 11.06) of stDNA after compound 4.7 has been treated 

with NTR (right). λem = 530 nm. λex = 455 nm. Excitation slit width: 10 nm and Emission 

slit width: 10 nm. n = 1. 
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4.10 Conclusions and Future Work 

In conclusion, two novel fluorescence sensors for NTR compound 4.7 and 4.8 were 

synthesised. Both of which followed a similar synthetic pathway which involved the use 

of dibromoethane to quaternarise the phenanthroline portion of the compounds 2.25 and 

4.10.  

Firstly, an excitation spectrum of each compound treated with NTR (8 µg mL-1) and 

NADH was ran to determine the excitation wavelength of the supposed amine derivative 

of each compound as the amine derivatives of compound 4.7 and 4.8 were not 

synthesised. Having the excitation wavelengths of compound 4.7 and 4.8, 455 nm and 

450 nm respectively emission spectra of each compound was determined in the presence 

of NTR (4 µg mL-1) and NADH (500 µM) where it was determined that compound 4.7 

elicited a greater response than compound 4.8 at 530 nm.  

Compound 4.7 was shown to be water soluble as the Cl- salt, sensitive towards NTR over 

a range of concentrations from 0.5 µg mL-1 to 8 µg mL-1, and established an 18.8-fold 

increase in the fluorescence intensity at 530 nm when treated with 8 µg mL-1 over 120 

minutes. Compound 4.7 also displayed excellent selectivity towards NTR with 10 eq of 

dicoumarol to 1 eq of compound 4.7 quenching the fluorescence emission of compound 

4.7 by 3.2-fold. Furthermore, Compound 4.7 was also shown to be selective for NTR in 

comparison to other biologically relevant species. The reduction mechanism of NTR on 

compound 4.7 was shown through LCMS runs whereby it was found that the 

hydroxylamine derivative of compound 4.7 was responsible for the OFF-ON fluorescence 

response observed.  

To determine if compound 4.7 had any binding interactions with DNA, a DNA titration 

using stDNA was carried out. A 27% hypochromism at 355 nm for compound 4.7 was 

observed which was indicative of a decrease in the naphthalimide centred absorption 

which suggested that the naphthalimide moiety was largely responsible for DNA binding. 

This was also seen when compound 4.7 was treated with NTR and NADH prior to the 

treatment of increasing concentrations of stDNA. A lack of strong fluorescence quenching 

may indicate weak binding from the quaternarised phenanthroline moiety of compound 

4.7.  

Future work will be to conduct sensitivity and selectivity photophysical studies for NTR 

sensing in triplicate. Additionally, the amine derivative of compound 4.7 would be 

synthesised to determine its photophysical characteristics and to compare its DNA 



  Chapter 4 

 

167 
 

binding to that of compound 4.7. It would then be of interest to investigate the DNA 

photosensitising ability of compound 4.7 with pBR322 DNA and to determine if the 

amine derivative acts as a superior photosensitiser than that of compound 4.7. Further 

consideration will also be given regarding uptake of compound 4.7 into a cancer cell line 

under hypoxic conditions to achieve a desired turn-on response.  

Given the long response times observed for compound 4.7 and given the successful 

synthesis of the amine derivative of 4.7 it would be of interest to synthesise compound 

4.11 (Figure 4.23) an expected blue to green, fluorescent probe for NTR. It was 

established in Chapter 2 that the 2-nitroimidazole moiety resulted in a rapid response 

towards NTR and co-factor NADH. Moreover, the reduction of the 2-nitroimidazole 

moiety would result in self-immolation to release the amine derivative of compound 4.7 

which could potentially have greater fluorescence than the hydroxyl amine derivative 

formed upon reduction of compound 4.7 as seen in the LCMS studies in this chapter.  

 

Figure 4.23: Structure of compound 4.11. 
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5.1 Thesis Summary and Future Work 

Chemosensors for hypoxia that take advantage of a 1,8-naphthalimide motif have been in 

constant growth and development in recent years. Given the association between hypoxia 

and the upregulation of NTR, which serves as a biomarker for malignant tumors, there 

has been a growing focus on the development of selective fluorescent chemosensors 

activated by NTR, particularly those based on 1,8-naphthalimide. The aim of the research 

described in this thesis was to build upon the existing understanding of 1,8-naphthalimide 

fluorophores while also exploiting novel motifs for sensing NTR. 

Chapter 2 details the synthesis and luminescence response of Ru(II) polypyridyl 

complexes capable of sensing NTR. Three new Ru(II) polypyridyl complexes were 

designed and synthesised for NTR sensing. Complexes 2.11 and 2.12 featured a 

carbamate linker between Ru(II) to nitroreductase substrates, 4-nitrobenzyl and 2-

nitroimidazole moieties, respectively. Compound 2.13 resulted from direct conjugation 

between 4-nitro-1,8-naphthalimide and phenanthroline bound to Ru(II). Characterized by 

NMR, HRMS, and IR spectroscopy, these complexes exhibited luminescent turn-on 

responses to NTR. Compound 2.13 elicited the greatest luminescent response of 17.3-

fold enhancement at 600 nm. It displayed sensitivity to varying NTR concentrations, 

excellent selectivity, and DNA binding ability resulting in an enhanced luminescence 

response of 41.2-fold. Moreover, in cellular studies, compound 2.29, the amine derivative 

of compound 2.13 showed potential to image HeLa cells whilst compound 2.13 showed 

potential as an imaging agent for NTR in bacteria. Future work for compound 2.13 is to 

consider applications in DNA photosensitizing studies and cancer cell imaging under 

hypoxic conditions. 

In Chapter 3, four novel nitroreductase (NTR) dendrimers (3.6, 3.7, 3.8, and 3.9) were 

successfully synthesized using triphosgene to form carbamate linkages between the 

adapter unit and either the fluorophore or drug. This design demonstrated versatility in 

modulating the attached fluorophores or drugs. For compounds 3.6 and 3.7, two of the 

same fluorophores 3.11 in the case of 3.6 or 3.12 in the case of 3.7 were linked to the 

same adapter unit. Compounds 3.8 and 3.9 showcased the ability to choose and modulate 

various drugs to be appended to the dendrimer upon synthesising 3.17, either amonafide 

or sulfisoxazole were carbamate-linked to 3.17, resulting in the corresponding 

theranostics 3.8 and 3.9. UV/Vis and fluorescence studies confirmed the successful 

modulation of naphthalimide fluorophores 3.11 and 3.12, exhibiting expected 

hypsochromic shifts due to the carbamate linkage formation. Sodium dithionite studies 
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revealed issues faced with solubility which were addressed by optimizing DMSO:PBS 

ratios, yielding fluorescence responses for compounds 3.7, 3.8, and 3.9. Compound 3.9 

exhibited a remarkable 19.2-fold increase in fluorescence intensity at 540 nm and 

exceptional selectivity towards NTR. Furthermore, LCMS studies confirmed the release 

of compound 3.12 and sulfisoxazole 3.19 upon reduction and immolation of compound 

3.9 by NTR and NADH. Future work involves confocal microscopy studies in bacteria, 

assessing cytotoxicity, and consideration of a redesign for compounds 3.6, 3.7, and 3.8 to 

improve solubility and to explore potential applications in cancer cell lines under hypoxic 

conditions. 

In chapter 4, two novel fluorescence sensors for NTR, compounds 4.7 and 4.8, were 

synthesized following a common synthetic pathway involving dibromoethane to 

quaternarise the phenanthroline moiety. Compound 4.7 demonstrated superior 

responsiveness at 530 nm compared to compound 4.8. Compound 4.7 exhibited 

sensitivity to NTR across a concentration range (0.5 µg mL-1 to 8 µg mL-1), achieving an 

18.8-fold increase in fluorescence intensity at 530 nm after 120 minutes. Selectivity 

towards NTR, as confirmed by dicoumarol quenching, and specificity against other 

biologically relevant species were also observed. LCMS studies revealed the 

hydroxylamine derivative of compound 4.7 as the responsible species for the observed 

fluorescence response. DNA titration studies suggested naphthalimide binding of 

compound 4.7 with no influence on the fluorescence of compound 4.7 upon reduction by 

NTR. Future work involves the synthesis of the amine derivative of compound 4.7 for 

further exploration of DNA interactions and photosensitizing abilities. Future work also 

involves the synthesis of compound 4.11 as a blue-to-green, fluorescent probe for NTR, 

as this could lead to rapid response times and enhanced fluorescence intensity. 
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6.1 General Procedures and Instrumentation 

Reagents were all of commercial quality. Solvents were dried by standard methods – 

DCM was distilled over CaH2 and MeCN was dried over 3 Å molecular sieves. Silica gel 

60 (230-400 mesh) was used for flash chromatography. Analytical TLC was performed 

on aluminium sheets coated with a 0.2 mm layer of silica gel 60 F254. LC-MS was 

performed on an Agilent Technologies 1200 series setup, utilising an Agilent  Eclipse 

XDB-C18 (5µm, 4.6 x 150mm) column at 40°C. A flow rate of 0.2 ml min-1 and gradient 

of 0.1% of formic acid in CH3CN (solvent A) in 0.1% of formic acid in H2O (solvent B) 

was used as mobile phase. Electrospray in positive & negative mode was used for 

ionisation. Compounds were lyophilised on a Labconco Freezone 1 Dry system. NMR 

spectra were recorded using a Bruker Ascend 500 spectrometer, operated at 500 MHz for 

1H NMR analysis and 126 MHz for 13C analysis, both at 293 K. The residual solvent peak 

was used as an internal standard for DMSO-d6 and TMS for CDCl3. Chemical shifts (δ) 

were reported in ppm. NMR spectra were processed on MestReNova software. J values 

are given in Hz. The NMR spectra assignments were based on 1H NMR, 13C NMR, 1H-

1H COSY, HSQC, and HMBC spectra. Multiplicity is given as s = singlet, d = doublet, 

dd = doublet of doublets, t = triplet, q = quartet, m = multiplet. High resolution mass 

spectra (HRMS) were recorded by Bath University on an Agilent 6200 series TOF/6500 

series Q-TOF instrument with an ESI source. IR spectra were obtained via ATR as a solid 

on a zinc selenide crystal in the region of 4000 – 400 cm-1 using a Perkin Elmer Spectrum 

100 FT-IR spectrophotometer. Microwave experiments were carried out in a CEM 

Discovery MW, with an IR sensor for reaction temperature monitoring. UV-visible 

spectroscopy measurements were made at 25 ºC on a Lambda 365 Perkin Elmer UV-vis 

spectrophotometer. Fluorescence emission spectra were performed at 25 ºC and 37 ºC on 

an Agilent Spectrofluorometer equipped with a 450 W xenon lamp for excitation. Quartz 

cuvettes of 1 cm path length were used for UV/Vis and Fluorescence studies. 
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6.2 Synthetic Procedures for Chapter 2 

1,10-phenanthrolin-5-amine (2.15) 

 

5-nitro-1,10-phenanthroline (1 g, 4.44 mmol) and 10% palladium on carbon (0.1 g) was 

stirred in EtOH (100 mL) in a round bottom flask. Hydrazine monohydrate (3.23 mL, 66 

mmol) was added slowly dropwise at room temperature. The reaction mixture was 

brought to reflux at 80℃ for 18 hours. The reaction mixture was filtered through celite 

and solvent was removed in vacuo to yield a brown solid that was triturated with 

petroleum ether to afford the product as a brown solid. (0.735 g, 85 % yield). 1H NMR 

(500 MHz, DMSO-d6) δ 9.05 (dd, J = 4.2, 1.6 Hz, 1H), 8.71 – 8.65 (m, 2H), 8.04 (dd, J 

= 8.2, 1.7 Hz, 1H), 7.73 (dd, J = 8.3, 4.2 Hz, 1H), 7.50 (dd, J = 8.1, 4.2 Hz, 1H), 6.87 (s, 

1H), 6.15 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 149.3, 149.3, 146.2, 144.8, 142.7, 

140.5, 132.7, 130.8, 130.6, 123.2, 122.0, 121.8, 101.8. This is in agreement with 

previously published NMR data in the literature.220 

 

4-nitrobenzyl (1,10-phenanthrolin-5-yl)carbamate (2.14) 

 

Compound 2.15 (0.1 g, 0.51 mmol) was dissolved in anhydrous CHCl3 (25 mL) in a round 

bottom flask. Triethylamine (0.4 mL, 2.97 mmol) was added and stirred. This mixture 

was then added dropwise to a CHCl3 solution of triphosgene (0.23 g, 0.77 mmol) at 0℃ 

in a round bottom flask. After 4 hours the solvent was removed by bubbling nitrogen 

through the reaction mixture. When dried (4-nitrophenyl)methanol (0.195 g, 1.275 mmol) 

and triethylamine (0.4 mL, 2.97 mmol) dissolved in CHCl3 (25 mL) was added and the 

reaction was stirred for 24 hours. The solvent was removed in vacuo and MeCN (20 mL) 

was added to the crude solid. The precipitate formed was collected via centrifugation to 

afford the product as a pale pink solid. (0.138 g, 72 % yield). 1H NMR (500 MHz, DMSO-
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d6) δ 10.11 (s, 1H), 9.12 (dd, J = 4.2, 1.6 Hz, 1H), 9.03 (dd, J = 4.3, 1.7 Hz, 1H), 8.66 

(dd, J = 8.4, 1.5 Hz, 1H), 8.44 (dd, J = 8.2, 1.7 Hz, 1H), 8.29 (d, J = 8.7 Hz, 2H), 8.12 (s, 

1H), 7.81 (dd, J = 8.4, 4.2 Hz, 1H), 7.78 – 7.69 (m, 3H), 5.39 (s, 2H). 13C NMR (126 

MHz, DMSO-d6) δ 154.50, 149.98, 149.34, 147.13, 145.84, 144.55, 143.69, 135.78, 

131.74, 131.56, 128.48, 128.08, 124.56, 123.67, 122.94, 119.21, 64.99. IR (ATR): νmax 

(cm-1) = 3134, 2962, 2904, 1715, 1607, 1543, 1510, 1454, 1409, 1344, 1210, 1156, 1120, 

1078, 1043, 1013, 872, 803, 766, 739, 701, 623, 578, 515, 476. HRMS (ESI+) m/z calcd 

for C20H14N4O4 [M + H]+ 375.1049, found 375.1093 (+1.31 ppm).   

 

6-nitro-2-(1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (2.25) 

 

Compound 2.15 (0.459 g, 2.351 mmol) and 4-nitro-1,8-naphthalic anhydride was 

dissolved in acetic acid (10 mL) in a boiling tube and heated to 140℃ for 6 hours. The 

reaction mixture was poured into of deionised water (150 mL) and a pale brown 

precipitate was formed. The precipitate was filtered and washed with saturated sodium 

bicarbonate solution and water to afford a brown solid. (0.747 g, 75 % yield). 1H NMR 

(500 MHz, DMSO-d6) δ 9.21 (dd, J = 4.0, 1.2 Hz, 1H), 9.16 (dd, J = 2.9 Hz, 1H), 8.81 

(d, J = 8.8 Hz, 1H), 8.71 – 8.60 (m, 4H), 8.55 (dd, J = 8.1, 1.2 Hz, 1H), 8.23 (s, 1H), 8.17 

(dd, J = 8.7, 7.5 Hz, 1H), 7.86 (dd, J = 8.0, 4.3 Hz, 1H), 7.72 (dd, J = 8.3, 4.2 Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 163.7, 162.9, 151.0, 150.3, 149.6, 145.9, 145.5, 136.6, 

132.2, 131.9, 130.9, 130.1, 129.8, 129.4, 129.1, 127.6, 127.6, 127.4, 126.3, 124.2, 123.8, 

123.6, 123.5, 123.0. IR (ATR): νmax (cm-1) = 3366, 1708, 1662, 1625, 1581, 1524, 1462, 

1422, 1349, 1234, 1190, 1146, 1106, 1084, 1026, 978, 896, 845, 781, 739, 708, 627, 604, 

574, 497, 413. HRMS (ESI+) m/z calcd for C24H12N4O4 [M + Na]+ 443.0756, found 

443.0755 (-0.23 ppm). 
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6-bromo-2-(1,10-phenanthroline-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(2.27) 

 

1,10-Phenanthroline-5-amine (0.4 g, 2.049 mmol) and 4-bromo-1,8-naphthalic anhydride 

(0.568 g, 2.049 mmol) was dissolved in acetic acid (10 mL) in a boiling tube and heated 

to 140℃ for 6 hours. The reaction mixture was poured into deionised water (150 mL) and 

a pale brown precipitate was formed. The precipitate was filtered and washed with 

saturated sodium bicarbonate solution and water to afford a brown solid. (0.382 g, 41 % 

yield). 1H NMR (500 MHz, DMSO-d6) δ 9.20 (dd, J = 4.3, 1.5 Hz, 1H), 9.15 (dd, J = 4.1, 

1.4 Hz, 1H), 8.69 (d, J = 8.6 Hz, 1H), 8.64 (d, J = 6.9 Hz, 1H), 8.58 – 8.50 (m, 2H), 8.40 

(d, J = 7.8 Hz, 1H), 8.32 (d, J = 7.8 Hz, 1H), 8.21 (s, 1H), 8.13 – 8.05 (m, 1H), 7.85 (dd, 

J = 8.0, 4.3 Hz, 1H), 7.70 (dd, J = 8.3, 4.2 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 

163.7, 163.7, 151.0, 150.3, 145.9, 145.5, 136.6, 133.2, 132.2, 131.9, 131.5, 131.3, 131.2, 

130.2, 129.6, 129.5, 129.0, 127.7, 127.6, 126.4, 123.8, 123.7, 123.6, 122.8. IR (ATR): 

νmax (cm-1) = 3358, 3067, 1706, 1664, 1585, 1507, 1459, 1420, 1398, 1362, 1235, 1187, 

1133, 1107, 1083,1046, 1025, 953, 918, 883, 851, 820, 778, 743, 706, 627, 602, 559, 513, 

475. HRMS (ESI+) m/z calcd for C24H12BrN3O2 [M + Na]+ 476.0011, found 477.9983  

(-1.00 ppm). 

 

6-azido-2-(1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (2.28) 

 

Compound 2.27 (0.708 g, 1.559 mmol) and sodium azide (0.507 g, 7.795 mmol) was 

dissolved in DMF (30 mL) and stirred for 24 hours at 80 ℃. The reaction mixture was 

poured into deionised water (150 mL) and a pale brown precipitate was formed. The 
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precipitate was filtered and washed with water and diethyl ether to afford a brown solid. 

(0.220 g, 34 % yield). 1H NMR (500 MHz, DMSO-d6) δ 9.20 (dd, J = 4.3, 1.7 Hz, 1H), 

9.15 (dd, J = 4.2, 1.6 Hz, 1H), 8.63 – 8.50 (m, 4H), 8.48 (dd, J = 8.3, 1.6 Hz, 1H), 8.20 

(s, 1H), 7.96 (dd, J = 8.5, 7.3 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.70 (dd, J = 8.3, 4.2 Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 164.0, 163.5, 150.9, 150.3, 145.9, 145.5, 143.4, 136.5, 

132.0, 131.9, 131.9, 131.4, 129.4, 128.9, 127.7, 127.6, 127.5, 126.4, 123.9, 123.8, 123.7, 

122.8, 118.7, 116.0. IR (ATR): νmax (cm-1) = 3071, 2115, 1708, 1659, 1584, 1509, 1464, 

1421, 1359, 1295, 1235, 1187, 1139, 1104, 1053, 1027, 984, 951, 890, 835, 812, 782, 

739, 708, 652, 625, 567, 515, 492, 457. HRMS (ESI+) m/z calcd for C24H12N6O2 [M + 

H]+ 417.1100, found 417.1091 (-0.33 ppm). 

 

6-amino-2-(1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(2.26) 

 

Compound 2.28 (0.220 g, 0.288 mmol) was dissolved in 20 mL DMF with Pd/C (0.023 

g, 0.212 mmol) under H2 gas and stirred for 24 hours. Pd/C was removed from the reaction 

mixture via filtration with celite and the filtrate was removed in vacuo to afford a pure 

yellow solid. (0.160 g, 78 % yield). 1H NMR (500 MHz, DMSO-d6) δ 9.19 (d, J = 3.4 

Hz, 1H), 9.14 (d, J = 3.4 Hz, 1H), 8.74 (d, J = 8.4 Hz, 1H), 8.56 – 8.45 (m, 2H), 8.24 (dd, 

J = 8.3, 2.7 Hz, 2H), 8.12 (s, 1H), 7.84 (dd, J = 8.0, 4.4 Hz, 1H), 7.77 – 7.67 (m, 2H), 

7.64 (s, 2H), 6.93 (d, J = 8.4 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 164.4, 163.4, 

162.3, 153.4, 150.7, 150.1, 146.0, 145.4, 136.4, 134.4, 132.0, 131.8, 131.5, 130.8, 130.0, 

127.9, 127.5, 126.5, 124.2, 123.7, 122.1, 119.7, 108.4, 107.5. IR (ATR): νmax (cm-1) = 

3411, 3310, 3202, 1681, 1645, 1574, 1527, 1482, 1420, 1362, 1302, 1247, 1190, 1143, 

1103, 1025, 995, 947, 897, 843, 814, 769, 738, 709, 673, 625, 600, 565, 493, 463, 406. 

HRMS (ESI+) m/z calcd for C24H14N4O2 [M + H]+ 391.1195, found 391.1185 (-0.86 

ppm). 
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ethyl 2-amino-1-methyl-1H-imidazole-5-carboxylate (2.22) 

 

Sarcosine ethyl ester hydrochloride (2 g, 13 mmol) was added to a stirring solution of 

ethyl formate (45 mL). Sodium hydride (1.09 g, 27.2 mmol) was added slowly to the 

reaction mixture at 0℃ and stirred for 3 hours. Solvent was removed in vacuo to afford a 

beige solid that was triturated with petroleum ether. Ethanol (40 mL) and HCl (8 mL) was 

then added to the solid and the reaction mixture was refluxed for 90 mintues. The white 

precipitate formed was filtered out of the solution and the yellow filtrate was concentrated 

in vacuo to afford a yellow oil. The oil was diluted with 10% AcOH (30 mL) and adjusted 

to pH 3 using NaOAc. Cyanamide (0.9g, 21.2 mmol) was added to the reaction mixture 

and refluxed for 90 minutes. The mixture was cooled to room temperature and adjusted 

to pH 9 with K2CO3 to afford a precipitate. The precipitate was collected via filtration to 

yield the product as a pale yellow solid. (0.879 g, 44 % yield). 1H NMR (500 MHz, 

DMSO-d6) δ 7.27 (s, 1H), 6.16 (s, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.52 (s, 3H), 1.23 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 159.7, 154.3, 136.1, 116.9, 58.9, 30.2, 

14.4.  

 

ethyl 1-methyl-2-nitro-1H-imidazole-5-carboxylate (2.23) 

 

Sodium nitrite (2.71g, 39.4 mmol) was dissolved in 10 mL of water in a 100 mL round 

bottom flask. Compound 2.22 (0.67 g, 3.94 mmol) was dissolved in 6 mL of acetic acid 

and was added dropwise at 0℃. The reaction mixture was stirred for 4 hours at room 

temperature. The reaction mixture was extracted with DCM and washed with water 50 

mL, saturated sodium bicarbonate (100 mL), brine (50 mL), and dried with MgSO4. 

Solvent was removed in vacuo to yield a yellow oil that was purified by column 

chromatography (SiO2, DCM) to afford an off white crystalline product. (0.427 g, 54 % 

yield). 1H NMR (500 MHz, DMSO-d6) δ 7.78 (s, 1H), 4.34 (q, J = 7.1 Hz, 2H), 4.18 (s, 

3H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 158.8, 147.7, 133.8, 

126.1, 61.4, 35.2, 14.0. 
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1-methyl-2-nitro-1H-imidazole-5-carboxylic acid (2.24) 

 

Compound 2.23 (0.840 g, 4.218 mmol) was added to a 1 N aqueous solution of NaOH 

and stirred for 18 hours. The reaction was then acidified to pH 1 using concentrated HCl, 

resulting the formation of white precipitate. The organic compound was extracted with 

EtOAc (3 x 50 mL), and dried with MgSO4. The filtrate was concentrated in vacuo to 

afford a white solid (0.599 g, 82 % yield). 1H NMR (500 MHz, DMSO-d6) δ 7.73 (s, 1H), 

4.19 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 160.4, 133.7, 127.0, 35.0. 

 

(1-methyl-2-nitro-1H-imidazol-5-yl)methanol (2.18) 

 

Compound 2.24 (0.36 g, 2.123 mmol) was added to a 100 mL round bottom flask with 

THF (30 ml) at -15℃ and trimethylamine (0.504 ml, 3.609 mmol). Isobutyl 

Chloroformate (0.44 ml, 3.396 mmol) was added dropwise to the reaction mixture. The 

reaction was stirred for 1 hr at -15℃. Sodium borohydride (401.53 mg, 10.614 mmol) 

was added and stirred for 5 minutes, then water (15 mL) was added slowly and the 

reaction was stirred as 0℃ for 1 hour. The reaction was filtered to remove the precipitate 

which was washed with THF. The organic layers were combined, separated from the 

aqueous layer, and dried with MgSO4. The solvent was removed in vacuo to afford a 

yellow solid which was triturated with diethyl ether to yield the product as a pure yellow 

solid. (0.176 g, 56 % yield). 1H NMR (500 MHz, DMSO-d6) δ 7.11 (s, 1H), 5.48 (t, J = 

5.4 Hz, 1H), 4.54 (d, J = 5.2 Hz, 2H), 3.92 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 

145.7, 138.6, 126.6, 53.0, 34.1. IR (ATR): νmax (cm-1) = 3224, 1538, 1491, 1395, 1358, 

1329, 1275, 1239, 1186, 1123, 1036, 965, 832, 769, 687, 648, 553, 466. This is in 

agreement with previously published NMR data in the literature.221 
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Bis(1,10-phenanthroline)-(4-nitrobenzyl (1,10-phenanthrolin-5-

yl)carbamate)ruthenium(II) Bis(hexafluorophosphate) (2.11) 

 

Dichlorobis(1,10-phenathroline)ruthenium(II) (0.1 g, 0.188 mmol) and 2.14 (0.079 g, 

0.188 mmol) were added to a 1:1 EtOH:H2O solution in a microwave tube and bubbled 

with nitrogen for 15 minutes. The reaction mixture was heated to 110℃ in the microwave 

for 45 minutes. The reaction mixture was then filtered and ammonium 

hexafluorophosphate was added to the filtrate to form an orange precipitate. The 

precipitate was isolated via centrifugation and washed with water (2 x 20 mL). The 

precipitate was dissolved in a 40:4:1 acetonitrile: water: sodium nitrate solution and 

purified by column chromatography (SiO2, 40:4:1 acetonitrile: water: sodium nitrate). 

The product was precipitated with ammonium hexafluorophosphate to afford the product 

as a red solid. (0.045 g, 42 % yield). 1H NMR (500 MHz, DMSO-d6) δ 10.56 (s, 1H), 

8.93 (dd, J = 8.4 Hz, 1H), 8.81 – 8.69 (m, 5H), 8.56 (s, 1H), 8.38 (s, 4H), 8.29 (d, J = 8.7 

Hz, 2H), 8.14 – 8.03 (m, 5H), 7.96 (dd, J = 4.7 Hz, 1H), 7.81 – 7.66 (m, 8H), 5.45 (s, 

2H). 13C NMR (126 MHz, DMSO-d6) δ 154.2, 152.8, 152.7, 151.5, 147.6, 147.2, 144.7, 

144.2, 136.8, 136.1, 134.0, 132.4, 130.4, 130.2, 128.6, 128.0, 126.4, 126.3, 126.1, 125.7, 

123.7, 118.0, 65.4. IR (ATR): νmax (cm-1) = 3083, 1978, 1728, 1631, 1581, 1517, 1427, 

1344, 1212, 1143, 1096, 1025, 951, 823, 719, 590, 554, 424. HRMS (ESI+) m/z calcd for 

C44H30F12N8O4P2Ru [M]2+ 418.0711, found 418.0724 (+3.11 ppm).  
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Bis(1,10-phenanthroline)-(1,10-phenanthrolin-5-amine)ruthenium(II) 

Bis(hexafluorophosphate) (2.17) 

 

Dichlorobis(1,10-phenathroline)ruthenium(II) (0.03 g, 0.0056 mmol) and 2.15 (0.011g, 

0.0056 mmol) was added to a 1:1 EtOH:H2O solution in a microwave tube and bubbled 

with nitrogen for 15 minutes. The reaction mixture was heated to 110℃ in the microwave 

for 45 minutes. The reaction mixture was then filtered and ammonium 

hexafluorophosphate was added to the filtrate to form an orange precipitate. The 

precipitate was isolated via centrifugation and washed with water (2 x 20 mL). The 

precipitate was dissolved in a 40:4:1 acetonitrile: water: sodium nitrate solution and 

purified by column chromatography (SiO2, 40:4:1 acetonitrile: water: sodium nitrate). 

The product was precipitated with ammonium hexafluorophosphate to afford the product 

as a red solid. (0.022 g, 40% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.88 (dd, J = 8.5 

Hz, 1H), 8.81 – 8.70 (m, 4H), 8.38 (s, 4H), 8.28 (dd, J = 8.4 Hz, 1H), 8.13 – 8.03 (m, 

4H), 8.01 (dd, J = 5.2 Hz, 1H), 7.84 – 7.72 (m, 4H), 7.69 (dd, J = 8.5, 5.3 Hz, 1H), 7.56 

(dd, J = 5.1 Hz, 1H), 7.46 (dd, J = 8.3, 5.1 Hz, 1H), 7.09 (s, 1H), 6.91 (s, 2H). 13C NMR 

(126 MHz, DMSO-d6) δ 152.7, 152.7, 152.6, 152.5, 152.3, 148.1, 147.3, 147.3, 147.2, 

147.2, 146.8, 145.3, 140.9, 136.7, 133.3, 132.6, 131.9, 130.5, 130.4, 130.4, 130.4, 128.1, 

126.4, 126.3, 126.3, 125.9, 124.7, 123.3, 101.5. IR (ATR): νmax (cm-1) = 3389, 1635, 1593, 

1512, 1492, 1460, 1425, 1340, 822, 719, 662, 554, 470. This is in agreement with 

previously published NMR data in the literature.222 
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Bis(1,10-phenanthroline)-(1-methyl-2-nitro-1H-imidazol-5-yl)methyl (1,10-

phenathroline-5-yl)carbamate)ruthenium(II) Bis(hexafluorophosphate) (2.12) 

 

Compound 2.17 (0.1 g, 0.188 mmol) was dissolved in anhydrous MeCN (25 mL) in a 

round bottom flask. Triethylamine (0.065 mL, 0.47 mmol) was then added and stirred. 

This mixture was then added dropwise to a MeCN solution of triphosgene (0.056 g, 0.188 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried (1-methyl-2-nitro-1H-imidazol-5-

yl)methanol (0.059g, 0.376 mmol) and triethylamine (0.065 mL, 0.47 mmol) dissolved 

in MeCN (25 mL) was added and the reaction was stirred for 24 hours. The solvent was 

removed in vacuo. The red solid was dissolved in a 40:4:1 acetonitrile: water: sodium 

nitrate solution and purified by column chromatography (SiO2, 40:4:1 acetonitrile: water: 

sodium nitrate). The product was precipitated with ammonium hexafluorophosphate to 

afford the product as a red solid. (0.031 g, 15 % yield). 1H NMR (500 MHz, DMSO-d6) 

δ 10.50 (s, 1H), 8.87 (dd, J = 8.6 Hz, 1H), 8.81 – 8.69 (m, 6H), 8.53 (s, 1H), 8.39 (s, 5H), 

8.15 – 8.02 (m, 6H), 7.96 (dd, J = 5 Hz, 1H), 7.81 – 7.66 (m, 7H), 7.36 (s, 1H), 5.43 (s, 

2H), 4.00 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 153.9, 153.0, 152.8, 151.7, 147.7, 

147.3, 146.2, 144.9, 136.9, 136.2, 133.9, 133.1, 132.5, 130.5, 130.2, 129.1, 128.1, 126.5, 

126.4, 126.2, 125.7, 118.4, 56.1, 34.4. IR (ATR): νmax (cm-1) = 3391, 3093, 2923, 1735, 

1658, 1632, 1579, 1536, 1488, 1428, 1351, 1295, 1210, 1152, 1106, 1060, 1025, 947, 

838, 776, 722, 652, 626, 557, 528, 472, 408. HRMS (ESI+) m/z calcd for 

C44H30F12N8O4P2Ru [M]2+ 420.0742, found 420.0710 (-7.61 ppm). 
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Bis(1,10-phenanthroline)-(6-nitro-2-(1,10-phenanthrolin-5-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione)ruthenium(II) Bis(hexafluorophosphate) 

(2.13) 

 

Dichlorobis(1,10-phenathroline)ruthenium(II) (0.1 g, 0.188 mmol) and 2.25 (0.079 g, 

0.188 mmol) was added to a 1:1 EtOH:H2O solution in a microwave tube and bubbled 

with nitrogen for 15 minutes. The reaction mixture was heated to 110℃ in the microwave 

for 45 minutes. The reaction mixture was then filtered and ammonium 

hexafluorophosphate was added to the filtrate to form an orange precipitate. The 

precipitate was isolated via centrifugation and washed with water (2 x 20 mL). The 

precipitate was then diluted with acetonitrile in a 100 mL RBF and placed in a jar with 

diethyl ether to afford the pure product as a red crystalline solid. (0.134 g, 61 % yield) 1H 

NMR (500 MHz, DMSO-d6) δ 8.95 (dd, J = 8.5 Hz, 1H), 8.87 – 8.75 (m, 6H), 8.74 – 8.62 

(m, 4H), 8.45 – 8.37 (m, 4H), 8.24 – 8.14 (m, 5H), 8.12 (dd, J = 5.2 Hz, 2H), 7.93 – 7.77 

(m, 5H), 7.70 (dd, J = 8.5, 5.2 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 163.8, 163.7, 

163.0, 162.9, 153.9, 153.5, 152.8, 152.6, 149.7, 147.5, 147.3, 147.3, 147.3, 147.2, 137.2, 

137.1, 137.0, 136.9, 133.2, 132.6, 131.9, 130.6, 130.5, 130.5, 130.2, 129.7, 129.4, 129.3, 

129.2, 128.6, 128.1, 127.4, 127.3, 126.8, 126.6, 126.5, 126.4, 124.2, 123.5, 123.5, 123.0. 

IR (ATR): νmax (cm-1) = 3649, 3087, 1716, 1674, 1628, 1583, 1527, 1463, 1425, 1347, 

1236, 1192, 1146, 1095, 1046, 823, 719, 621, 554, 488, 426, 400. HRMS (ESI+) m/z 

calcd for C48H28F12N8O4P2Ru [M]+ 441.0633, found 441.0647 (+3.17 ppm).  
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Bis(1,10-phenanthroline)-( 6-amino-2-(1,10-phenanthrolin-5-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione)ruthenium(II) Bis(hexafluorophosphate) 

(2.29) 

 

Dichlorobis(1,10-phenathroline)ruthenium(II) (0.096 g, 0.180 mmol) and 2.26 (0.070 g, 

0.179 mmol) was added to a 1:1 EtOH:H2O solution in a microwave tube and bubbled 

with nitrogen for 15 minutes. The reaction mixture was heated to 110℃ in the microwave 

for 45 minutes. The reaction mixture was then filtered and ammonium 

hexafluorophosphate was added to the filtrate to form an orange precipitate. The 

precipitate was isolated via centrifugation and washed with water (2 x 20 mL). The 

precipitate was dissolved in a 40:4:1 acetonitrile: water: sodium nitrate solution and 

purified by column chromatography (SiO2, 40:4:1 acetonitrile: water: sodium nitrate). 

The product was precipitated with ammonium hexafluorophosphate to afford the product 

as a red solid. (0.091 g, 44 % yield). 1H NMR (500 MHz, DMSO-d6) δ 8.85 – 8.74 (m, 

12H), 8.61 – 8.55 (m, 4H), 8.51 (dd, J = 7.3, 0.9 Hz, 1H), 8.45 – 8.38 (m, 9H), 8.27 (d, J 

= 8.4 Hz, 1H), 8.21 – 8.13 (m, 9H), 8.11 (m, 4H), 7.93 – 7.63 (m, 18H), 6.95 (d, J = 8.5 

Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 164.5, 164.4, 163.3, 

163.3, 153.6, 153.3, 152.8, 152.8, 152.5, 147.4, 147.3, 147.3, 147.2, 147.0, 137.0, 137.0, 

136.9, 134.5, 133.8, 133.8, 133.1, 131.5, 130.9, 130.6, 130.5, 130.5, 130.1, 129.6, 129.0, 

128.8, 128.80, 128.1, 126.7, 126.5, 126.4, 124.2, 124.2, 122.1, 122.00, 119.7, 108.4, 

108.4, 107.3, 107.2. IR (ATR): νmax (cm-1) = 3338, 3193, 3056, 1634, 1574, 1426, 1366, 

1238, 1148, 1097, 1023, 847, 773, 721, 471, 409. HRMS (ESI+) m/z calcd for 

C48H28F12N8O4P2Ru [M]+ 852.1535, found 852.1529 (-0.73 ppm).  

 

 



  Chapter 6 

 

185 
 

6.3 Synthetic Procedures for Chapter 3 

(5-methyl-2-((4-nitrobenzyl)oxy)-1,3-phenylene)dimethanol (3.10) 

 

2,6-bis-hydroxymethyl-p-cresol (0.5 g, 2.973 mmol) and 4-nitrobenzyl bromide (0.706 g, 

3.270 mmol) were dissolved in MeCN (200 mL) and K2CO3 (1.23 g, 8.919 mmol) was 

added. The reaction was stirred for 24 hours at room temperature. Solvent was removed 

in vacuo and the remaining solid was extracted with EtOAC with the use of a separatory 

funnel. The organic layers were combined and EtOAC was removed in vacuo to afford a 

crude product which was purified by column chromatography (SiO2, 5:1 CHCl3 : EtOAC) 

to afford the product as a crystalline white solid. (0.52 g, 58 % yield). 1H NMR (500 

MHz, DMSO-d6) δ 8.28 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 8.9 Hz, 2H), 7.16 (s, 2H), 5.10 

(t, J = 5.5 Hz, 2H), 5.00 (s, 2H), 4.52 (d, J = 5.5 Hz, 4H), 2.29 (s, 3H). 13C NMR (126 

MHz, DMSO-d6) δ 151,0, 147.0, 145.6, 134.7, 132.9, 128.3, 127.9, 123.6, 74.1, 58.1, 

20.8. IR (ATR): νmax (cm-1) = 3300, 2914, 2864, 1607, 1522, 1456, 1419, 1343, 1293, 

1201, 1140, 1108, 1073, 1027, 867, 826, 731, 684, 608, 576, 521, 457.3. HRMS (ESI-) 

m/z calcd for C16H17NO5 [M - H]- 302.1034, found 302.1036 (-0.8 ppm). 

 

2-butyl-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-dione (3.13) 

 

 

4-nitro-1,8-naphthalic anhydride (1 g, 4.115 mmol) and butyl amine (0.406 mL, 4.115 

mmol) were dissolved in EtOH (10 mL) in a microwave tube and heated at 110°C for 50 

minutes in the microwave. EtOH was then removed in vacuo and the resulting residue 
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was purified by column chromatography eluting with DCM to afford the product as a 

white solid (0.811 g, 66% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.69 (dd, J = 8.7, 0.9 

Hz, 1H), 8.62 (dd, J = 7.3, 0.9 Hz, 1H), 8.59 (d, J = 8.0 Hz, 1H), 8.54 (d, J = 8.0 Hz, 1H), 

8.08 (dd, J = 8.6, 7.4 Hz, 1H), 4.08 – 3.99 (m, 2H), 1.69 – 1.57 (m, 2H), 1.42 – 1.31 (m, 

2H), 0.93 (t, J = 7.4 Hz, 3H). This is in agreement with literature precedent.99 

 

6-amino-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (3.11) 

 

Compound 3.13 (0.5 g, 1.693 mmol) was dissolved in 20 mL MeOH with Pd/C (0.1 g, 

0.940 mmol) under H2 gas and stirred for 24 hours. Pd/C was removed from the reaction 

mixture via filtration with celite and the filtrate was removed in vacuo to afford a pure 

yellow solid. (0.411 g, 91 % yield). 1H NMR (500 MHz, DMSO-d6) δ 8.60 (dd, J = 8.4, 

1.1 Hz, 1H), 8.42 (dd, J = 7.3, 1.1 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H), 7.64 (dd, J = 8.4, 7.3 

Hz, 1H), 7.42 (s, 2H), 6.84 (d, J = 8.4 Hz, 1H), 4.05 – 3.94 (m, 2H), 1.64 – 1.49 (m, 2H), 

1.37 – 1.27 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H). This is in agreement with literature 

precedent.99 
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(5-methyl-2-((4-nitrobenzyl)oxy)-1,3-phenylene)bis(methylene) bis((2-butyl-1,3-

dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)carbamate) (3.6) 

 

Compound 3.11 (0.2 g, 0.745 mmol) was dissolved in anhydrous CHCl3 (50 mL) in a 

round bottom flask. Triethylamine (0.415 mL, 2.982 mmol) was then added and stirred. 

This mixture was then added dropwise to a CHCl3 solution of triphosgene (0.221 g, 0.745 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried 3.10 (0.068 g, 0.224 mmol) and 

triethylamine (0.415 mL, 0.745 mmol) dissolved in CHCl3 (50 mL) was added and the 

reaction was stirred for 24 hours. The solvent was removed in vacuo and MeCN (20 mL) 

was added to the crude solid. The precipitate formed was collected via centrifugation to 

afford the product as an off white solid. (0.082 g, 41 % yield). 1H NMR (500 MHz, 

DMSO-d6) δ 10.29 (s, 2H), 8.61 (d, J = 8.5 Hz, 2H), 8.46 (d, J = 7.1 Hz, 2H), 8.40 (d, J 

= 8.2 Hz, 2H), 8.08 (d, J = 8.3 Hz, 4H), 7.79 (t, J = 7.9 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 

7.43 (s, 2H), 5.32 (s, 4H), 5.21 (s, 2H), 4.01 (t, J = 7.3 Hz, 4H), 2.36 (s, 3H), 1.67 – 1.52 

(m, 4H), 1.33 (dd, J = 14.8, 7.4 Hz, 4H), 0.91 (t, J = 7.3 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 163.4, 162.9, 153.9, 153.3, 146.8, 145.0, 140.7, 134.0, 131.6, 131.5, 130.9, 

129.5, 129.2, 128.3, 127.9, 126.3, 123.9, 123.4, 122.2, 118.3, 117.1, 74.9, 62.2, 29.7, 20.5, 

19.8, 13.7. IR (ATR): νmax (cm-1) = 3267, 2959, 2873, 1691, 1655, 1592, 1635, 1467, 

1443, 1389, 1348, 1224, 1155, 1060, 1003, 956, 844, 780, 734, 657, 579, 495, 465, 415. 

HRMS (ESI+) m/z calcd for C50H45N5O11 [M + Na]+ 914.3013, found 914.3002 (-0.36 

ppm).  
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2-(2-(2-hydroxyethoxy)ethyl)-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(3.14) 

 

4-nitro-1,8-naphthalic anhydride (0.5 g, 2.056 mmol) was dissolved in THF (150 mL) and 

2-(2-aminoethoxy)ethanol (0.412 mL, 4.112 mmol) was added and refluxed at 70℃ for 

4 hours. THF was then removed in vacuo. The crude solid was purified by column 

chromatography (SiO2, ACN) to afford a white solid (0.32 g, 48 % yield) 1H NMR (500 

MHz, DMSO-d6) δ 8.67 (dd, J = 8.7, 1.0 Hz, 1H), 8.62 – 8.55 (m, 2H), 8.52 (d, J = 8.0 

Hz, 1H), 8.06 (dd, J = 8.6, 7.4 Hz, 1H), 4.60 – 4.53 (m, 1H), 4.23 (t, J = 6.5 Hz, 2H), 3.67 

(t, J = 6.5 Hz, 2H), 3.49 – 3.43 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 163.0, 162.2, 

149.1, 131.8, 130.1, 129.70, 128.8, 128.3, 126.5, 124.3, 122.7, 122.6, 72.1, 66.7, 60.2. IR 

(ATR): νmax (cm-1) = 3481, 1698, 1656, 1623, 1593, 1520, 1463, 1438, 1406, 1333, 1271, 

1229, 1185, 1151, 1118, 1051, 946. 891, 861, 842, 785. 760, 730, 666, 632, 579, 538, 

519, 485, 456, 410. HRMS (ESI+) m/z calcd for C16H14N2O6 [M + Na]+ 353.0750, found 

353.0741 (-0.72 ppm). 
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2-(2-(6-nitro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethoxy)ethyl acetate 

(3.15) 

 

Compound 3.14 (0.56 g, 1.698 mmol) was dissolved in neat pyridine (15 mL) and acetic 

anhydride (0.24 mL, 2.547 mmol) was added. The reaction was stirred at RT for 24 hours. 

Pyridine was removed in vacuo to result in a yellow oil which was purified by column 

chromatography (SiO2, 19 : 1 DCM : MeOH) to afford a white solid (0.317 g, 50 % yield). 

1H NMR (500 MHz, DMSO-d6) δ 8.91 – 8.29 (m, 4H), 8.09 (s, 1H), 4.25 (t, J = 6.3 Hz, 

2H), 4.10 – 4.02 (m, 2H), 3.70 (t, J = 6.3 Hz, 2H), 3.66 – 3.61 (m, 2H), 1.87 (s, 3H).  13C 

NMR (126 MHz, DMSO-d6) δ 170.2, 163.0, 149.2, 131.8, 130.1, 129.7, 128.9, 124.3, 

122.8, 68.0, 66.7, 63.0, 20.5. IR (ATR): νmax (cm-1) = 3073, 2922, 2877, 1736, 1700, 1662, 

1621, 1592, 1525, 1462, 1432, 1407, 1378, 1345, 1326, 1230, 1177, 1152, 1125, 1101, 

1060, 976, 922, 880, 831, 791, 762, 732, 647, 608, 581, 509, 458. HRMS (ESI+) m/z 

calcd for C18H16N2O7 [M + H]+ 373.1036, found 373.1027 (-0.72). 
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2-(2-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethoxy)ethyl acetate 

(3.12) 

 

Compound 3.15 (0.3 g, 0.8 mmol) was dissolved in DMF (20 mL) with Pd/C (0.4 g, 3.759 

mmol) under H2 gas and stirred for 24 hours. Pd/C was removed from the reaction mixture 

via filtration with celite and the filtrate was removed in vacuo to afford a pure yellow 

solid. (0.229g, 84 % yield). 1H NMR (500 MHz, DMSO-d6) δ 8.61 (dd, J = 8.4, 1.1 Hz, 

1H), 8.42 (dd, J = 7.3, 1.1 Hz, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.65 (dd, J = 8.4, 7.3 Hz, 

1H), 7.44 (s, 2H), 6.84 (d, J = 8.4 Hz, 1H), 4.20 (t, J = 6.5 Hz, 2H), 4.09 – 4.03 (m, 2H), 

3.68 – 3.58 (m, 4H), 1.91 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 170.3, 163.8, 162.9, 

152.8, 134.0, 131.1, 129.7, 129.4, 124.0, 121.7, 119.4, 108.2, 107.4, 67.9, 67.0, 63.1, 38.2, 

20.5. IR (ATR): νmax (cm-1) = 3434, 3353, 3254, 1719, 1688, 1630, 1570, 1522, 1474, 

1426, 1374, 1342, 1290, 1245, 1190, 1134, 1094, 1050, 958, 886, 850, 826, 768, 641, 

589, 525, 467, 430. HRMS (ESI+) m/z calcd for C18H18N2O5 [M + Na]+ 365.1113, found 

365.1105 (-0.68). 
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((((((((5-methyl-2-((4-nitrobenzyl)oxy)-1,3-

phenylene)bis(methylene))bis(oxy))bis(carbonyl))bis(azanediyl))bis(1,3-dioxo-1H-

benzo[de]isoquinoline-6,2(3H)-diyl))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-

diyl) diacetate (3.7) 

 

Compound 3.12 (0.15 g, 0.438 mmol) was dissolved in anhydrous DCM (50 mL) in a 

round bottom flask. Triethylamine (0.244 mL, 1.752 mmol) was then added and stirred. 

This mixture was then added dropwise to a DCM solution of triphosgene (0.130 g, 0.438 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried 3.10 (0.022 g, 0.073 mmol) and 

triethylamine (0.244 mL, 1.752 mmol) dissolved in DCM (50 mL) was added and the 

reaction was stirred for 24 hours. DCM was removed in vacuo to result in a yellow oil 

which was purified by column chromatography (SiO2, EtOAC) to afford a yellow solid 

(0.02 g, 26 % yield). 1H NMR (500 MHz, CDCl3) δ 8.61 (d, J = 7.2 Hz, 2H), 8.56 (d, J 

= 8.3 Hz, 2H), 8.31 (d, J = 8.3 Hz, 2H), 8.20 (d, J = 8.7 Hz, 2H), 8.13 (d, J = 8.5 Hz, 2H), 

7.74 (dd, J = 8.4, 7.4 Hz, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.54 (s, 2H), 7.37 (s, 2H), 5.37 

(s, 4H), 5.13 (s, 2H), 4.42 (t, J = 6.0 Hz, 4H), 4.20 – 4.14 (m, 4H), 3.83 (t, J = 6.0 Hz, 

4H), 3.76 – 3.72 (m, 4H), 2.41 (s, 3H), 1.97 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 171.2, 

164.2, 163.7, 153.5, 153.1, 144.0, 138.8, 135.4, 132.6, 132.3, 131.6, 129.2, 129.1, 127.9, 

126.9, 126.0, 124.0, 123.5, 68.6, 68.0, 63.8, 63.0, 41.1, 39.1, 21.0. IR (ATR): νmax (cm-1) 

= 3360, 1735, 1696, 1656, 1592, 1544, 1467, 1375, 1345, 1239, 1203, 1104, 1047, 1010, 

953, 855, 828, 778, 755, 638, 605, 578, 542, 516, 487, 456, 404. HRMS (ESI+) m/z calcd 

for C54H49N5O17 [M + H]+ 1040.3202, found 1040.3179 (0.32 ppm).  
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2-(2-(6-((((3-(hydroxymethyl)-5-methyl-2-((4-

nitrobenzyl)oxy)benzyl)oxy)carbonyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethoxy)ethyl acetate (3.17) 

 

Compound 3.12 (0.05 g, 0.146 mmol) was dissolved in anhydrous DCM (50 mL) in a 

round bottom flask. Triethylamine (0.061 mL, 0.438 mmol) was then added and stirred. 

This mixture was then added dropwise to a DCM solution of triphosgene (0.043 g, 0.146 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried 3.10 (0.089 g, 0.292 mmol) and 

triethylamine (0.061 mL, 0.438 mmol) dissolved in DCM (50 mL) was added and the 

reaction was stirred for 24 hours. DCM was removed in vacuo to result in a yellow oil 

which was purified by column chromatography (SiO2, 10:3 Petroleum Ether: Ethyl 

Acetate) to afford a yellow solid (0.058 g, 59 % yield). 1H NMR (500 MHz, CDCl3) δ 

8.61 (dd, J = 7.3, 1.0 Hz, 1H), 8.57 (d, J = 8.3 Hz, 1H), 8.32 (d, J = 8.2 Hz, 1H), 8.25 – 

8.19 (m, 2H), 8.11 (dd, J = 8.6, 0.9 Hz, 1H), 7.74 (dd, J = 8.5, 7.3 Hz, 1H), 7.65 (d, J = 

8.8 Hz, 2H), 7.42 (s, 1H), 7.29 (d, J = 4.1 Hz, 2H), 5.34 (s, 2H), 5.11 (s, 2H), 4.73 (d, J = 

5.5 Hz, 2H), 4.42 (t, J = 6.0 Hz, 2H), 4.17 (dd, J = 5.4, 4.1 Hz, 2H), 3.83 (t, J = 6.1 Hz, 

2H), 3.76 – 3.72 (m, 2H), 2.38 (s, 3H), 1.98 (s, 3H), 1.88 (t, J = 5.7 Hz, 1H). 13C NMR 

(126 MHz, CDCl3) δ 171.2, 164.3, 163.7, 153.2, 153.0, 147.8, 144.3, 138.9, 135.3, 134.1, 

132.7, 131.5, 131.5, 131.2, 129.1, 128.7, 128.0, 126.8, 125.9, 124.0, 123.6, 123.0, 118.1, 

117.0, 75.8, 68.6, 68.0, 63.8, 63.2, 61.0, 39.1, 21.0. IR (ATR): νmax (cm-1) = 3222, 2158, 

1977, 1735, 1686, 1594, 1542, 1466, 1347, 1229, 1130, 1055, 991, 853, 782, 669, 580, 

466. HRMS (ESI+) m/z calcd for C35H33N3O11 [M + Na]+ 694.2013, found 694.2008 

(0.10 ppm).  
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5-amino-2-(2-(dimethylamino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (3.18) 

 

3-nitro-1,8-naphthalic anhydride (0.66 g, 2.714 mmol, 1 eq) was dissolved in EtOH (150 

mL) in a RBF and refluxed at 80°C with N,N-dimethylethylenediamine (0.598 mL, 5.428 

mmol, 2 eq) for 24 hours. The reaction mixture was cooled on ice and resulted in a brown 

precipitate that was filtered off and dissolved in a 1:1 mixture of EtOH and MeOH. Pd/C 

(0.067 g, 6.268 mmol, 0.4 eq) was added and the reaction mixture was placed under H2 

gas and stirred for 24 hours. Pd/C was removed from the reaction mixture via filtration 

with celite and the filtrate was removed in vacuo to afford an orange solid (0.391 g,  

51 % yield). 1H NMR (500 MHz, DMSO-d6) δ 8.06 (dd, J = 7.2, 1.1 Hz, 1H), 8.03 (dd, 

J = 8.4, 0.8 Hz, 1H), 7.95 (d, J = 2.3 Hz, 1H), 7.61 (dd, J = 8.2, 7.2 Hz, 1H), 7.27 (d, J = 

2.3 Hz, 1H), 6.01 (s, 2H), 4.12 (t, J = 6.9 Hz, 2H), 2.19 (s, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 163.9, 163.7, 148.0, 133.6, 131.6, 127.1, 125.6, 122.6, 121.8, 121.8, 120.6, 

111.8, 56.6, 45.5, 37.6. IR (ATR): νmax (cm-1) = 3410, 2818, 2770, 1692, 1656, 1617, 

1578, 1516, 1444, 1377, 1304, 1236, 1171, 1149, 1104, 1018, 931, 874, 850, 815, 779, 

746, 633, 548, 501, 422. 
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2-(2-(6-((((3-((((2-(2-(dimethylamino)ethyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-5-yl)carbamoyl)oxy)methyl)-5-methyl-2-((4-

nitrobenzyl)oxy)benzyl)oxy)carbonyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethoxy)ethyl acetate (3.8) 

 

Compound 3.18 (0.05 g, 0.176 mmol) was dissolved in anhydrous DCM (50 mL) in a 

round bottom flask. Triethylamine (0.074 mL, 0.528 mmol) was then added and stirred. 

This mixture was then added dropwise to a DCM solution of triphosgene (0.053 g, 0.176 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried 3.17 (0.118 g, 0.176 mmol) and 

triethylamine (0.074 mL, 0.528 mmol) dissolved in DCM (50 mL) was added and the 

reaction was stirred for 24 hours. DCM was removed in vacuo to result in a yellow oil 

which was purified by column chromatography (SiO2, 20:1 DCM: MeOH) to afford a 

yellow solid (0.0074 g, 4 % yield). 1H NMR (500 MHz, CDCl3) δ 8.60 (dd, J = 7.3, 0.8 

Hz, 1H), 8.56 (d, J = 8.2 Hz, 1H), 8.37 (s, 1H), 8.31 (dd, J = 11.0, 7.9 Hz, 2H), 8.16 (dd, 

J = 18.0, 7.8 Hz, 4H), 7.98 (d, J = 8.1 Hz, 2H), 7.75 – 7.59 (m, 5H), 7.41 (d, J = 1.9 Hz, 

1H), 7.36 (d, J = 1.9 Hz, 1H), 5.37 (s, 2H), 5.32 (s, 2H), 5.15 (s, 2H), 4.43 (t, J = 6.0 Hz, 

2H), 4.29 (t, J = 6.4 Hz, 2H), 4.20 – 4.15 (m, 2H), 3.83 (t, J = 6.0 Hz, 2H), 3.74 (dd, J = 

5.4, 4.1 Hz, 2H), 2.70 (t, J = 6.2 Hz, 2H), 2.42 (s, 3H), 2.36 (s, 6H), 1.97 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 171.2, 164.4, 164.3, 164.0, 163.7, 153.7, 153.3, 153.2, 147.8, 

144.2, 139.0, 136.9, 135.4, 133.7, 132.6, 132.5, 132.4, 131.5, 129.8, 129.5, 129.1, 129.1, 

127.9, 127.7, 126.8, 126.2, 124.6, 124.0, 123.5, 123.4, 123.2, 122.4, 118.2, 75.9, 68.6, 

68.1, 63.8, 63.1, 62.6, 57.5, 45.9, 39.1, 38.1, 21.0. IR (ATR): νmax (cm-1) = 3309, 2955, 

2921, 2859, 1732, 1697, 1655, 1591, 1544, 1520, 1466, 1433, 1376, 1343, 1297, 1234, 

1204, 1173, 1146, 1108, 1048, 985. HRMS (ESI+) m/z calcd for C52H48N6O14 [M + H]+ 

981.3307, found 981.3304 (0.33 ppm).  
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2-(2-(6-((((3-((((4-(N-(3,4-dimethylisoxazol-5-

yl)sulfamoyl)phenyl)carbamoyl)oxy)methyl)-5-methyl-2-((4-

nitrobenzyl)oxy)benzyl)oxy)carbonyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethoxy)ethyl acetate (3.9) 

 

Sulfisoxazole 3.19 (0.05g, 0.187 mmol) was dissolved in anhydrous MeCN (50 mL) in a 

round bottom flask. Triethylamine (0.078 mL, 0.561 mmol) was then added and stirred. 

This mixture was then added dropwise to a DCM solution of triphosgene (0.056 g, 0.187 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 

nitrogen through the reaction mixture. When dried 3.17 (0.118 g, 0.176 mmol) and 

triethylamine (0.078 mL, 0.561 mmol) dissolved in MeCN (50 mL) was added and the 

reaction was stirred for 24 hours. MeCN was removed in vacuo to result in a yellow oil 

which was purified by column chromatography (SiO2, 5:1 DCM: ACN) to afford a off 

white solid (0.0052 g, 3 % yield). 1H NMR (500 MHz, CDCl3) δ 8.59 (d, J = 6.6 Hz, 1H), 

8.54 (d, J = 8.2 Hz, 1H), 8.26 (d, J = 8.0 Hz, 1H), 8.20 – 8.10 (m, 3H), 7.71 (dd, J = 8.4, 

7.4 Hz, 1H), 7.66 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.5 Hz, 2H), 7.57 (s, 1H), 7.44 (d, J = 

8.7 Hz, 2H), 7.33 (s, 1H), 7.31 (s, 1H), 7.21 (s, 1H), 5.34 (s, 2H), 5.27 (s, 2H), 5.08 (s, 

2H), 4.42 (t, J = 6.0 Hz, 2H), 4.20 – 4.13 (m, 2H), 3.83 (t, J = 6.0 Hz, 2H), 3.73 (dd, J = 

5.4, 4.1 Hz, 2H), 2.38 (s, 3H), 2.16 (s, 3H), 1.96 (s, 3H), 1.92 (s, 3H). 13C NMR (126 

MHz, CDCl3) δ 171.3, 164.3, 163.8, 162.3, 154.7, 153.6, 153.2, 152.7, 147.8, 144.1, 

144.0, 142.8, 138.9, 135.3, 133.5, 132.6, 132.4, 132.3, 131.6, 129.3, 129.1, 128.9, 127.8, 

126.9, 126.2, 124.0, 123.5, 118.2, 108.2, 75.9, 68.6, 68.0, 63.8, 63.1, 62.7, 41.1, 39.1, 

21.0, 11.0, 6.8. IR (ATR): νmax (cm-1) = 2920, 1734, 1697, 1651, 1592, 1539, 1465, 1380, 

1344, 1207, 1162, 1095, 1051, 915, 840, 779, 736, 709, 642, 588, 554, 507, 467. HRMS 

(ESI+) m/z calcd for C47H44N6O15S [M + H]+ 965.2664, found 965.2651 (-0.18 ppm). 
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(2-(benzyloxy)-5-methyl-1,3-phenylene)dimethanol (3.22) 

 

2,6-bis-hydroxymethyl-p-cresol (0.5 g, 2.973 mmol) and benzyl bromide (0.388 mL, 

3.270 mmol) were dissolved in MeCN (200 mL) and K2CO3 (1.23 g, 8.919 mmol) was 

added. The reaction was stirred for 24 hours at room temperature. Solvent was removed 

in vacuo and the remaining solid was extracted with EtOAC with the use of a separatory 

funnel. The organic layers were combined and EtOAC was removed in vacuo to afford a 

crude product which was purified by column chromatography (SiO2, 5:1 CHCl3 : EtOAC) 

to afford the product as a white solid. (0.3 g, 39 % yield). 1H NMR (500 MHz, DMSO-

d6) δ 7.48 – 7.44 (m, 2H), 7.44 – 7.38 (m, 2H), 7.38 – 7.33 (m, 1H), 7.15 (d, J = 0.5 Hz, 

2H), 5.10 (t, J = 5.6 Hz, 2H), 4.81 (s, 2H), 4.52 (d, J = 5.5 Hz, 4H), 2.28 (s, 3H). 13C 

NMR (126 MHz, DMSO-d6) δ 151.0, 137.7, 134.8, 132.6, 128.5, 128.0, 127.7, 75.6, 58.0, 

20.9. IR (ATR): νmax (cm-1) = 3315, 2917, 2881, 1455, 1364, 1291, 1201, 1142, 1048, 

1023, 976, 917, 868, 790, 766, 737, 697, 588, 566, 494, 469, 411. 

 

((((((((2-(benzyloxy)-5-methyl-1,3-

phenylene)bis(methylene))bis(oxy))bis(carbonyl))bis(azanediyl))bis(1,3-dioxo-1H-

benzo[de]isoquinoline-6,2(3H)-diyl))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-

diyl) diacetate (3.21) 

 

Compound 3.12 (0.15 g, 0.438 mmol) was dissolved in anhydrous DCM (50 mL) in a 

round bottom flask. Triethylamine (0.244 mL, 1.752 mmol) was then added and stirred. 

This mixture was then added dropwise to a DCM solution of triphosgene (0.130 g, 0.438 

mmol) at 0℃ in a round bottom flask. After 4 hours the solvent is removed by bubbling 
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nitrogen through the reaction mixture. Compound 3.22 (0.019 g, 0.073 mmol) and 

triethylamine (0.244 mL, 1.752 mmol) dissolved in DCM (50 mL) was added and the 

reaction was stirred for 24 hours. DCM was removed in vacuo to result in a yellow oil 

which was purified by column chromatography (SiO2, EtOAC) to afford a yellow solid 

(0.018 g, 25 % yield). 1H NMR (500 MHz, CDCl3) δ 8.60 – 8.53 (m, 4H), 8.34 (d, J = 

8.2 Hz, 2H), 8.12 (dd, J = 8.7, 0.9 Hz, 2H), 7.70 (dd, J = 8.5, 7.3 Hz, 2H), 7.58 (s, 2H), 

7.49 (d, J = 7.0 Hz, 2H), 7.41 – 7.33 (m, 5H), 5.36 (s, 4H), 5.01 (s, 2H), 4.41 (t, J = 6.0 

Hz, 4H), 4.19 – 4.13 (m, 4H), 3.83 (t, J = 6.0 Hz, 4H), 3.76 – 3.71 (m, 4H), 2.38 (s, 3H), 

1.96 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 171.2, 164.3, 163.8, 154.1, 153.1, 139.1, 

136.6, 134.9, 132.7, 132.4, 131.5, 129.3, 129.1, 128.9, 128.9, 128.7, 128.2, 126.7, 126.2, 

123.4, 117.9, 117.0, 68.6, 68.0, 63.8, 63.3, 39.0, 21.0. IR (ATR): νmax (cm-1) = 3269, 2907, 

2882, 1740, 1721, 1691, 1654, 1592, 1541, 1509, 1447, 1373, 1345, 1236, 1197, 1127, 

1051, 989, 957, 891, 854, 778, 753, 696, 647, 607, 578, 526, 487, 455, 406. HRMS 

(ESI+) m/z calcd for C54H50N4O15 [M + Na]+ 1017.3170, found 1017.3159 (-0.53 ppm). 

 

 

6.4 Synthetic Procedures for Chapter 4 

11-(6-nitro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-5,6-

dihydropyrazino[1,2,3,4-lmn][1,10]phenanthroline-4,7-diium 

hexafluorophosphate(V) (4.7) 

 

Compound 2.25 (0.3 g, 0.714 mmol) was suspended in a solution of neat dibromoethane 

(20 mL) and refluxed at 120°C for 72 hours. A brown precipitate was formed and isolated 

by Buchner filtration to afford a brown solid. The brown solid was washed with water 

and the filtrate was collected. NH4PF6 was added to the filtrate to result in a precipitate 



  Chapter 6 

 

198 
 

which was isolated via centrifugation. The resulting precipitated was dried and purified 

by diethyl ether diffusion to afford compound 4.7 as a brown solid (0.112 g, 21 % yield). 

1H NMR (400 MHz, DMSO-d6) δ 9.93 – 9.83 (m, 3H), 9.68 (d, J = 7.6 Hz, 1H), 9.05 (s, 

1H), 8.87 (dd, J = 8.7, 0.9 Hz, 1H), 8.78 (dd, J = 8.4, 5.8 Hz, 1H), 8.75 – 8.62 (m, 4H), 

8.21 (dd, J = 8.7, 7.4 Hz, 1H), 5.68 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 163.12, 

162.91, 149.80, 148.58, 133.44, 132.06, 131.97, 131.41, 130.68, 130.44, 130.21, 130.04, 

129.85, 129.30, 129.19, 128.74, 127.26, 126.00, 124.22, 123.59, 123.45, 52.55. IR 

(ATR): νmax (cm-1) = 1716, 1676, 1596, 1530, 1502, 1401, 1340, 1236, 829, 782, 757, 705, 

645, 556, 497, 473, 425, 405. HRMS (ESI+) m/z calcd for C26H16N4O4 [M]+ 448.1172, 

found 448.1166 (1.42 ppm). 

 

(E)-11-(6-(4-nitrostyryl)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-5,6-

dihydropyrazino[1,2,3,4-lmn][1,10]phenanthroline-4,7-diium 

hexafluorophosphate(V) (4.8) 

 

Compound 4.9 (0.1 g, 0.290 mmol) and 5-amine-1,10-phenanthroline (0.056 g, 0.290 

mmol) were dissolved in DMF (10 mL) in a microwave tube. TEA (0.242 mL, 1.74 mmol) 

and Zn(OAc)2 (0.013 g, 0.058 mmol) were added to the reaction mixture and and bubbled 

with nitrogen for 15 minutes. The reaction mixture was heated to 210℃ in the microwave 

for 90 minutes. DMF was removed in vacuo and neat dibromoethane (20 mL) was added 

and refluxed at 120°C for 72 hours. A brown precipitate was formed and isolated by 

Buchner filtration to afford a brown solid. The brown solid was washed with water and 

the filtrate was collected. NH4PF6 was added to the filtrate to result in a precipitate which 
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was isolated via centrifugation. The resulting precipitated was dried and purified by 

diethyl ether diffusion to afford compound 4.8 as a brown solid (0.026 g, 11 % yield). 1H 

NMR (600 MHz, DMSO-d6) δ 9.84 (dd, J = 12.0, 6.9 Hz, 3H), 9.64 (d, J = 8.2 Hz, 1H), 

9.22 (d, J = 8.6 Hz, 1H), 9.06 (s, 1H), 8.76 (dd, J = 8.3, 5.8 Hz, 1H), 8.68 – 8.56 (m, 4H), 

8.44 (d, J = 7.8 Hz, 1H), 8.34 (d, J = 8.7 Hz, 2H), 8.19 (d, J = 8.7 Hz, 2H), 8.09 – 8.04 

(m, 1H), 7.85 (d, J = 16.1 Hz, 1H), 5.68 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

164.43, 164.11, 149.96, 149.82, 147.55, 147.14, 143.61, 143.24, 141.05, 134.11, 133.46, 

131.81, 131.42, 130.92, 130.75, 130.44, 129.96, 129.71, 129.43, 129.40, 129.36, 128.68, 

128.03, 127.90, 127.84, 127.56, 124.45, 124.17, 123.12, 122.18, 52.62, 52.28. IR (ATR): 

νmax (cm-1) = 1708, 1667, 1585, 1515, 1474, 1433, 1401, 1366, 1340, 1238, 1190, 834, 

780, 742, 714, 644, 557, 498, 456, 434, 405. HRMS (ESI+) m/z calcd for C34H22N4O4 

[M]+ 550.1641, found 550.1631 (-0.94 ppm). 
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6.5 NTR Experiments 

6.5.1 Fluorescence Titrations 

NTR fluorescence titrations were carried out using an Agilent Spectrofluorometer 

equipped with a 450 W xenon lamp for excitation. A stock solution of compound 3 mM 

was prepared in either DMSO or PBS (if water soluble) before being diluted to a final 

volume of 2.5 mL in a fluorescence cuvette to result in a final concentration of 10 µM in 

10 mM PBS where in general the total amount of DMSO present was < 1 %. A stock 

solution of 30 mM NADH was prepared in PBS and was diluted to a concentration of 500 

µM in the final volume of 2.5 mL in a fluorescence cuvette. 1 mg of NTR ≥90% 

recombinant, expressed in E. coli was purchased from Sigma Aldrich and was diluted to 

1 mL with Millipore grade water to give a concentration of 1 µg/µL and was typically 

added to the fluorescence cuvette in a manner so that the final concentration would be 

measured in µg mL-1 in a range of 0 to 8 µg mL-1. Upon addition of NTR to a final volume 

of 2.5 mL an excitation wavelength was selected, and emission slit widths were adjusted. 

The emission spectra were generated from a selected emission wavelength range varying 

from 400 nm to 800 nm over a certain time period with intermittent cycles running every 

2, 5, or 10 minutes.  

 

6.5.2 Dicoumarol Study 

NTR dicoumarol inhibitor studies were carried out using an Agilent Spectrofluorometer 

equipped with a 450 W xenon lamp for excitation. A stock solution of 3 mM of 

dicoumarol was prepared in DMSO before being diluted to a final volume of 2.5 mL in a 

fluorescence cuvette to result in a final concentration of 10-100 µM in 10 mM PBS where 

in general the total amount of DMSO present was < 1 %. A stock solution of 30 mM 

NADH was prepared in PBS and was diluted to a concentration of 500 µM in the final 

volume of 2.5 mL in a fluorescence cuvette. A stock solution of NTR 1 µg µL-1 was added 

to the 2.5 mL volume so that the final concentration would be 2.5 µg mL-1 this was done 

prior to the addition of compound. A stock solution of compound 3 mM was prepared in 

either DMSO or PBS (if water soluble) before being diluted to a final volume of 2.5 mL 

in a fluorescence cuvette to result in a final concentration of 10 µM in 10 mM PBS where 

in general the total amount of DMSO present was < 1 %. An excitation wavelength was 

chosen, and the emission spectra would be generated from a selected emission wavelength 
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range varying from 400 nm to 800 nm over a certain time period with intermittent cycles 

running every 2, 5, or 10 minutes. 

 

6.5.3 Selectivity Studies 

NTR selectivity studies were carried out using an Agilent Spectrofluorometer equipped 

with a 450 W xenon lamp for excitation. 13 samples were prepared. A stock solution of 

compound 3 mM was prepared in either DMSO or PBS (if water soluble) before being 

diluted to a final volume of 2.5 mL in each glass vial to result in a final concentration of 

10 µM in 10 mM PBS where in general the total amount of DMSO present was < 1 %. A 

stock solution of 30 mM NADH was prepared in PBS and was diluted to a concentration 

of 500 µM in the final volume of 2.5 mL in each glass vial. Stock solutions were made 

up for the following biologically relevant species in PBS and a glass vial was assigned 

for each species to result in a final concentration of NaCl 50 mM, Glucose 1 mM, 

Cysteine 1 mM, Glutathione 1 mM, DT-Diaphorase 1 µg mL-1, Vitamin C 1 mM, 

Cytochrome C 1 µg mL-1, Bovine serum albumin (10 mg mL-1), Homocysteine (1mM), 

H2O2 1mM, 1-8 µg mL-1 NTR. Two blanks NADH 500 µM, and PBS with no NADH 500 

µM were also included in the study. After a set time period the contents of each vial were 

placed into a fluorescence cuvette and an emission spectrum was recorded for each 

species at a constant wavelength of excitation. 

 

6.5.4 LCMS Studies 

LCMS studies were conducted on an Agilent Technologies 1200 series setup, utilising an 

Agilent Eclipse XDB-C18 (5µm, 4.6 x 150mm) column at 40°C. A flow rate of 0.2 ml 

min-1 and gradient of 0.1% of formic acid in CH3CN (solvent A) in 0.1% of formic acid 

in H2O (solvent B) was used as mobile phase. Electrospray in positive mode was used for 

ionisation. Samples were prepared in PBS to a final concentration of either 300 µM (if 

soluble in PBS) or 40 µM (if the stock was to be redissolved in DMSO) with NADH 500 

µM in 10 mM PBS where the total amount of DMSO present was < 1%. In general, the 

final concentration of NTR in each study was 8-15 µg mL-1. Before each LCMS was ran 

sufficient incubation time was given for reduction of the compound to occur. Solutions 

where the final volume of the compound was 300 µM were injected straight from the PBS 

solution onto the LCMS. Whereas, the compounds where the final volume of the 
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compound was 40 µM were subject to lyophilisation followed by dilution in 250 µL 

DMSO and were then injected onto the LCMS. 

 

 

6.6 Sodium Dithionite Studies  

Soidum dithionite studies were carried out using an Agilent Spectrofluorometer equipped 

with a 450 W xenon lamp for excitation. A stock solution of 3 mM of sodium dithiontite 

was prepared in 10mM PBS. A stock solution of compound 3 mM was prepared in DMSO 

before being diluted to a final volume of 2.5 mL in a fluorescence cuvette to result in a 

final concentration of 10 µM in either 10 mM PBS or 10mM Tris HCl of varying 

percentages of DMSO. Sodium dithionite was then diluted to a final volume of 2.5 mL in 

a fluorescence cuvette to result in a final concentration of 1 mM. An excitation 

wavelength was chosen, and the emission spectra would be generated from a selected 

emission wavelength range varying from 400 nm to 800 nm with intermittent cycles 

running every 5 minutes. 

 

 

6.7 Quantum Yield Calculations  

Quantum yield calculations were estimated with the use of the following formula. 

 

Where Φst is the reference quantum yield value for [Ru(bpy)3]
2+ which was 0.028.223, 224 

Ast and Ax are the absorbance values of the standard and the unknown sample respectively, 

at the excitation wavelength chosen which was kept constant for both samples. F is the 

area under the emission curve. n is the refractive index values. D is the dilution ratio. 
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6.8 DNA Titrations 

A stock solution of stDNA was prepared in H2O. Generally, 14 mg of stDNA was stirred 

in 10 mL of H2O until it appeared to be fully dissolved. The concentration of 10 µL of the 

stock solution in 2.5 mL of PBS was determined from UV/Vis spectroscopy recording the 

absorbance at 260 nm and using beer lamberts law equation A = ƐCl where Ɛ = 6600 M-

1cm-1. The known concentration was then added in 10 µL aliquots for all titrations UV/Vis 

and fluorescence titrations. 

 

 

6.9 Cytotoxicity Assay 

Carried out by Dr. Catherine Grillon, CNRS, Orleans, France. Cells were plated in 96-

well plates and incubated in either a standard normoxic incubator or a hypoxia 

workstation (1% O2). Cells were then treated for 24h with 2.11, 2.12 or 2.13 at various 

concentrations (in triplicate) in the culture medium containing 0.5% DMSO. Cytotoxicity 

was determined using the Alamar Blue Cell Viability Reagent. Fluorescence was 

measured using the CLARIOstar Microplate Reader (Ex 545 +/- 20, Em 600 +/- 40). 

Results are expressed as the percentage of cell viability compared to the control (0.5% 

DMSO in the medium). 

 

 

6.10 HeLa Cell Imaging 

Carried out by Dr. Martina Shroeder. Compound 2.29 was dissolved in DMSO result in a 

stock solution of 20 mM. HeLa cells were grown on coverslips. The final concentration 

of compound 18 was 20 µM diluted directly into the cell culture supernatants. The cells 

were then incubated for 30 minutes at 37 °C. After incubation the cells were washed with 

PBS and then mounted onto slides with Sigma Fluoromount and were imaged 

immediately on an Olympus Fluoview FV1000 Confocal microscope and the proprietary 

software for it. A 488nm laser for excitation of the compound 2.29 was used and a 405nm 

laser for the DAPI. Scanning with both lasers was sequential. Emission window for 2.29 

was set to 585-685nm. Emission window for DAPI was 416-452nm.  
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6.11 Bacteria Cell Imaging 

Carried out by Luke Brennan within the Elmes group. S. aureus were grown to stationary 

phase overnight before being isolated (1 mL – OD600 – 1.0) washed twice with PBS, and 

resuspended in 100 µL PBS, where they were treated with compound 2.13 at 3 µM or 

dicoumarol at 10 µM for 30 minutes in the absence of light. Thereafter, cells were once 

again isolated, washed twice with PBS and resuspended in 100 µL PBS (4% 

paraformaldehyde, pH 8) and fixed for 30 minutes before being isolated, washed as 

previous and resuspended in 20 µL prolong golf anti fade mountant. 10µL aliquots of cell 

suspensions were placed atop slides which catered for both super resolution, STimulated 

Emission Depletion Nanoscopy (STED), and diffraction limited Confocal Scanning 

Microscopy (d-LSCM) and covered with a similarly compatible coverslip before being 

sealed with varnish, and stored in the dark until they were used for imaging. Using a Leica 

Stellaris 8 STED falcon microscope. Utilising both LSCM White Light (WL) laser (EL 

λ455/465/495 nm) and STED Depletion Laser (DL) (EL λ455/465/495 nm, DL λ775 nm, 30% power) 

alterations to the fluorescence lifetime of Compound 2.13 was analysed, when excited by 

WL, and when emission is depleted (DL), using Fluorescence Lifetime Imaging 

Microscopy (FLIM). Obtaining both fluorescence lifetime phasor plots and lifetime 

histograms from both d-LSCM and STED depleted images, the STED compatibility of 

compound 2.13 was demonstrated. Given the STED compatibility of compound 2.13 cells 

were imaged using LSCM (EL l455/465/495 nm) and STED (EL l455/465/495 nm, DL l775 nm, 30% 

power, time gating; 0.5 – 11 ns).   
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Chapter 2 Appendix Data 

 

Figure A1: 1H NMR spectrum of 2.15 

 

Figure A2: 13C NMR spectrum of 2.15 
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Figure A3: 1H–1H COSY spectrum of 2.15 

 

Figure A4: HSQC spectrum of 2.15 
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Figure A5: HMBC spectrum of 2.15 

 

Figure A6: 1H NMR spectrum of 2.14 
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Figure A7: 13C NMR spectrum of 2.14 

 

Figure A8: 1H–1H COSY spectrum of 2.14 
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Figure A9: HSQC spectrum of 2.14 

 

Figure A10: HMBC spectrum of 2.14 
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Figure A11: IR spectrum of 2.14 

 

 

Figure A12: HRMS of 2.14 
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Figure A13: 1H NMR spectrum of 2.11 

 

Figure A14: 13C NMR spectrum of 2.11 
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Figure A15: 1H-1H COSY spectrum of 2.11 

 

Figure A16: HSQC spectrum of 2.11 



  Appendix 

 

241 
 

 

Figure A17: HMBC spectrum of 2.11 

 

Figure A18: IR spectrum of 2.11 
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Figure A19: HRMS of 2.11 
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Figure A20: 1H NMR spectrum of 2.17 

 

Figure A21: 13C NMR spectrum of 2.17 
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Figure A22: 1H-1H COSY spectrum of 2.17 

 

Figure A23: HSQC spectrum of 2.17 
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Figure A24: HMBC spectrum of 2.17 

 

 

 

Figure A25: IR spectrum of 2.17 

 

 

 

 

 



  Appendix 

 

246 
 

 

Figure A26: 1H NMR spectrum of 2.22 

 

Figure A27: 13C NMR spectrum of 2.22 
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Figure A28: 1H-1H COSY spectrum of 2.22 

 

Figure A29: HSQC spectrum of 2.22 
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Figure A30: HMBC spectrum of 2.22 

 

 

Figure A31: 1H NMR spectrum of 2.23 
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Figure A32: 13C NMR spectrum of 2.23 

 

Figure A33: 1H-1H COSY spectrum of 2.23 
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Figure A34: HSQC spectrum of 2.23 

 

Figure A35: HMBC spectrum of 2.23 
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Figure A36: 1H NMR spectrum of 2.24 

 

Figure A37: 13C NMR spectrum of 2.24 
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Figure A38: 1H-1H COSY spectrum of 2.24 

 

Figure A39: HSQC spectrum of 2.24 
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Figure A40: HMBC spectrum of 2.24 

 

Figure A41: 1H NMR spectrum of 2.18 
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Figure A42: 13C NMR spectrum of 2.18 

 

Figure A43: 1H-1H COSY spectrum of 2.18 
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Figure A44: HSQC spectrum of 2.18 

 

Figure A45: HMBC spectrum of 2.18 
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Figure A46: IR spectrum of 2.18 

 

Figure A47: 1H NMR spectrum of 2.12 
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Figure A48: 13C NMR spectrum of 2.12 

 

Figure A49: 1H-1H NMR spectrum of 2.12 
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Figure A50: HSQC spectrum of 2.12 

 

Figure A51: HMBC spectrum of 2.12 
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Figure A52: IR spectrum of 2.12 

 

Figure A53: HRMS of 2.12 

 

Figure A54: 1H NMR spectrum of 2.25 
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Figure A55: 13C NMR spectrum of 2.25 

 

Figure A56: 1H-1H COSY spectrum of 2.25 
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Figure A57: HSQC spectrum of 2.25 

 

Figure A58: HMBC spectrum of 2.25 
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Figure A59: IR spectrum of 2.25 

 

Figure A60: HRMS of 2.25 
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Figure A61: 1H NMR spectrum of 2.13 

 

Figure A62: 13C NMR spectrum of 2.13 
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Figure A63: 1H-1H COSY spectrum of 2.13 

 

Figure A64: HSQC spectrum of 2.13 
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Figure A65: HMBC spectrum of 2.13 

 

Figure A66: IR spectrum of 2.13 
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Figure A67: HRMS of 2.13 

 

Figure A68: 1H NMR spectrum of 2.27 
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Figure A69: 13C NMR spectrum of 2.27 

 

Figure A70: 1H-1H COSY spectrum of 2.27 
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Figure A71: HSQC spectrum of 2.27 

 

Figure A72: HMBC spectrum of 2.27 
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Figure A73: IR spectrum of 2.27 

 

 

 

Figure A74: HRMS of 2.27 
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Figure A75: 1H NMR spectrum of 2.28 

 

Figure A76: 13C NMR spectrum of 2.28 
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Figure A77: 1H-1H COSY of 2.28 

 

Figure A78: HSQC of 2.28 
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Figure A79: HMBC of 2.28 

 

 

Figure A80: IR of 2.28 
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Figure A81: HRMS of 2.28 
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Figure A82: 1H NMR spectrum of 2.26 

 

Figure A83: 13C NMR spectrum of 2.26 
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Figure A84: 1H-1H COSY of 2.26 

 

Figure A85: HSQC of 2.26 
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Figure A86: HMBC of 2.26 

 

Figure A87: IR of 2.26 
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Figure A88: HRMS of 2.26 

 

 

Figure A89: 1H NMR spectrum of 2.29 
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Figure A90: 13C NMR spectrum of 2.29 

 

 

Figure A91: 1H-1H COSY of 2.29 
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Figure A92: HSQC of 2.29 

 

Figure A93: HMBC of 2.29 
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Figure A94: IR of 2.29 

 

 

 

Figure A95: HRMS of 2.29 
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Figure A96: Compound 2.13 (10 µM) and NADH (500 µM) in the presence of varying 

concentrations of NTR over 120 minutes. 

 

 

Figure A97: UV/Vis spectra used for determination of quantum yield. Compound (10 

µM). 
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Figure A98: Emission spectra used for determination of quantum yield. Compound (10 

µM). 

 

 

Figure A99: Cell viability of dermal fibroblasts incubated with varying concentrations 

of compound 2.11 under normoxia and hypoxia. 
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Figure A100: Cell viability of dermal fibroblasts incubated with varying concentrations 

of compound 2.12 under normoxia and hypoxia. 

 

 

Figure A101: LCMS of 2.11 

 

 

Figure A102: LCMS of 2.12 
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Chapter 3 Appendix Data 

 

Figure B1: 1H NMR spectrum of 3.10 

 

Figure B2: 13C NMR spectrum of 3.10 
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Figure B3: 1H-1H COSY of 3.10 

 

Figure B4: HSQC of 3.10 
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Figure B5: HMBC of 3.10 

 

 

Figure B6: IR of 3.10 
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Figure B7: HRMS of 3.10 

 

 

Figure B8: 1H NMR spectrum of 3.13 
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Figure B9: 1H NMR spectrum of 3.11 

 

Figure B10: 1H NMR spectrum of 3.14 
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Figure B11: 13C NMR spectrum of 3.14 

 

 

Figure B12: 1H-1H COSY of 3.14 
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Figure B12: HSQC of 3.14 

 

 

Figure B13: IR of 3.14 
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Figure B14: HRMS of 3.14 

 

 

Figure B15: 1H NMR spectrum of 3.15 
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Figure B16: 13C NMR spectrum of 3.15 

 

Figure B17: 1H-1H COSY of 3.15 
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Figure B18: HSQC of 3.15 

 

Figure B19: HMBC of 3.15 
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Figure B20: IR of 3.15 

 

 

 

Figure B21: HRMS of 3.15 
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Figure B22: 1H NMR spectrum of 3.12 

 

 

Figure B23: 13C NMR spectrum of 3.12 
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Figure B24: 1H-1H COSY of 3.12 

 

Figure B25: HSQC of 3.12 
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Figure B26: HMBC of 3.12 

 

 

Figure B27: IR of 3.12 
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Figure B28: HRMS of 3.12 

 

Figure B29: 1H NMR spectrum of 3.6 
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Figure B30: 13C NMR spectrum of 3.6 

 

Figure B31: 1H-1H COSY of 3.6 
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Figure B32: HSQC of 3.6 

 

Figure B33: HMBC of 3.6 
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Figure B34: IR of 3.6 

 

 

Figure B35: HRMS of 3.6 
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Figure B36: 1H NMR spectrum of 3.7 

 

Figure B37: 13C NMR spectrum of 3.7 
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Figure B38: 1H-1H COSY of 3.7 

 

Figure B39: HSQC of 3.7 
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Figure B40: HMBC of 3.7 

 

Figure B41: IR of 3.7 



  Appendix 

 

305 
 

 

 

 

Figure B42: HRMS of 3.7 
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Figure B43: 1H NMR spectrum of 3.17 

 

Figure B44: 13C NMR spectrum of 3.17 
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Figure B45: 1H-1H COSY of 3.17 

 

Figure B46: HSQC of 3.17 



  Appendix 

 

308 
 

 

Figure B47: HMBC of 3.17 

 

Figure B48: IR of 3.17 
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Figure B49: HRMS of 3.17 
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Figure B50: 1H NMR spectrum of 3.18 

 

Figure B51: 13C NMR spectrum of 3.18 
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Figure B52: 1H-1H COSY of 3.18 

 

Figure B53: HSQC of 3.18 
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Figure B54: HMBC of 3.18 

 

 

Figure B55: IR of 3.18 
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Figure B56: 1H NMR spectrum of 3.8 

 

 

Figure B57: 13C NMR spectrum of 3.8 
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Figure B58: 1H-1H COSY of 3.8 

 

 

Figure B59: HSQC of 3.8 
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Figure B60: HMBC of 3.8 

 

 

Figure B61: IR of 3.8 
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Figure B62: HRMS of 3.8 

 

 

Figure B63: 1H NMR spectrum of 3.9 
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Figure B64: 13C NMR spectrum of 3.9 

 

Figure B65: 1H-1H COSY of 3.9 
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Figure B66: HSQC of 3.9 

 

Figure B67: HMBC of 3.9 
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Figure B68: IR of 3.9 

 

 

 

 

Figure B69: HRMS of 3.9 
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Figure B70: 1H NMR spectrum of 3.22 

 

Figure B71: 13C NMR spectrum of 3.22 



  Appendix 

 

321 
 

 

Figure B72: 1H-1H COSY of 3.22 

 

Figure B73: HSQC of 3.22 
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Figure B74: HMBC of 3.22 

 

 

Figure B75: IR of 3.22 
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Figure B76: 1H NMR spectrum of 3.21 

 

Figure B77: 13C NMR spectrum of 3.21 
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Figure B78: 1H-1H COSY of 3.21 

 

Figure B79: HSQC of 3.21 
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Figure B80: HMBC of 3.21 

 

 

Figure B81: IR of 3.21 
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Figure B82: HRMS of 3.21 

 

 

Figure B83: ESI + spectrum corresponding to the peak at Rt = 29.90 minutes 
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Figure B83: ESI + spectrum corresponding to the peak at Rt = 7.47 minutes 

 

 

Figure B83: LCMS of 3.12. 
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Figure B83: ESI + spectrum corresponding to the peak at Rt = 17.19 minutes 
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Figure C1: 1H NMR spectrum of 4.7 

 

Figure C2: 13C NMR spectrum of 4.7 
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Figure C3: IR of 4.7 

 

 

 

Figure C4: HRMS of 4.7 
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Figure C5: 1H NMR spectrum of 4.8 

 

 

Figure C6: 13C NMR spectrum of 4.8 
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Figure C7: HSQC of 4.8 

 

Figure C8: HMBC of 4.8 
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Figure C9: IR of 4.8 

 

 

 

Figure C10: HRMS of 4.8 

 


