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Abstract 

With the ever-growing understanding of the complexity of disease progression, be it 

cancer, microbial or other, comes a rapid need for more targeted treatments plans. 

Despite these positive advancements however, this is an area that is still in vital need 

of research. Non-targeted therapies are leading to antimicrobial resistance and chemo 

resistant cancers which is putting strain on healthcare systems and leading to reduced 

efficacy of traditional treatments. The development of responsive molecular systems 

for use in medicinal settings should allow for more patient specific treatments lessened 

side-effects and early diagnosis/intervention, all of which may lead to improved 

treatment efficacy. This will be achieved by improving site selective activation of 

sensors and drugs, which will not only lessen damage to healthy cells, but should also 

result in increased efficacy meaning lower administered dosages. This thesis will focus 

on the development of responsive molecular systems for use in diverse areas; from a 

theranostic agent against glioblastoma multiforme to the design and synthesis of a new 

strategy towards responsive anion binding based on ring-expansion. 

This thesis will open with a literature review (Chapter 1) outlining the various 

strategies employed in the development of responsive systems, with particular 

emphasis on self-immolative modes of action. The review will also include discussion 

of the functional groups utilised for the targeting of specific stimuli. The application 

of these motifs will then be considered within the medicinal context, encompassing 

both imaging and therapeutic systems. Finally, the review will address the role of 

molecular responsiveness within supramolecular chemistry, particularly in relation to 

anion recognition and binding. This section will outline current approaches to the 

design of responsive binders, which represent distinct, yet conceptually related, 

strategies to those discussed previously. 

Chapter 2 details the design, synthesis and characterisation of two ROS-responsive 

self-immolative dendrimers for use as cold atmospheric plasma activated theranostics. 

This compound shows an ability to release its cargo upon reaction with peroxide, 

demonstrated using UV/Vis and fluorescence spectroscopy, as well as LCMS analysis. 

It also shows the ability to induce a ‘switch-on’ in cytotoxicity upon exposure to CAP, 

with the parent compound remaining non-toxic at high concentrations. Furthermore, 

confocal microscopy shows a ratiometric change in fluorescence output in UMG-251 
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cells after CAP treatment, exemplifying its utility as a selective theranostic in this cell 

model. 

Chapter 3 then switches to a responsive supramolecular focus, reporting a new 

strategy for developing responsive anion receptors was established through ring 

expansion of cyclic squaramides. The optimal scaffold was identified as a medium-

sized cyclic squaramide, with side-chain length playing a critical role in enabling 

controlled intramolecular rearrangements. Using this approach, a series of 

squaramide–amino acid conjugates were synthesised, and selective ring expansions 

were achieved under mild conditions. Expanded macrocycles exhibited selective 

binding towards carboxylate anions, while the unexpanded precursors showed 

minimal interaction. The binding behaviour varied with macrocycle size, influencing 

both affinity and stoichiometry. These findings demonstrate that cyclic squaramides 

provide a versatile and tuneable platform for responsive anion recognition, 

highlighting the potential of ring expansion strategies in the design of functional 

supramolecular receptors. 

Finally, Chapter 4 builds upon the findings of Chapter 3 to enhance the use case of 

the novel responsive anion binding scaffold and make them more applicable to a 

biological setting. The aim of this chapter was to modulate the N-terminus protecting 

groups previously used and employ linker chemistry to conjugate NTR and H2O2 

targeting triggers. This chapter outlines the design and synthesis of this second-

generation of responsive anion binders and investigates their ability to undergo ring 

expansion to allow for a ‘switch-on’ in anion binding. The design of a potential sensing 

approach is also discussed. 
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1. Introduction 

Stimuli-responsive molecular systems are broadly characterised by their ability to 

change or modulate their structure, chemical properties, or function in response to an 

external stimulus. In healthcare, the global burden of disease continues to challenge 

existing systems. Traditional therapies are continuing to show diminishing returns, and 

non-specific therapies are resulting in multidrug resistance (MDR).1 The financial 

implications of these issues are staggering, with antimicrobial resistance alone 

estimating to cost over $1 trillion by 2030.2 Similar challenges exist in cancer 

treatments, where MDR has been implicated in a therapeutic failure of over 90%.3 

Beyond the economic costs, these issues compromise patient care, prolong treatment 

durations, and reduce overall outcomes. 

Stimuli-responsive systems in medicine are a strategy in which therapeutic or 

diagnostic tools are developed to modulate their output under specific and controlled 

conditions (Figure 1.1). They have become vital in imaging, enabling tracking of 

biomarker location or levels for earlier disease detection and a better understanding of 

the cellular environment. In therapy, stimuli-responsive drugs help overcome MDR 

and reduce unwanted side effects by minimising damage to healthy cells. 

 

Figure 1.1: Cartoon schematic depicting the variety of stimuli utilised in the activation of 

stimuli-responsive molecules and their uses. 
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This chapter discusses the methodologies behind the design, synthesis, and application 

of synthetic responsive molecular architectures, with particular emphasis on their roles 

in medicine. It explores how responsive triggers and molecular mechanisms are used 

to achieve controlled therapeutic and diagnostic outcomes. Advances in biomedical 

applications of these systems will be examined in detail, along with recent 

developments in responsive supramolecular systems. Finally, current limitations, 

future prospects, and the aims of this research project will be outlined.  
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1.1 Design Strategies for Responsive Function 

Building synthetic scaffolds that undergo a structural change upon response to a 

chosen analyte begins with a simple question; ’what is the chosen target, and by what 

mechanism will it be recognised and reacted upon?’ The target in question may be a 

small molecule, anion, biomarker or physical stimulus, and its identification dictates 

much of the systems subsequent design considerations. The recognition of the marker 

must operate selectively in the intended environment while avoiding activation in the 

presence of competing species: a fine balance when aiming to develop an efficient, but 

selective system. Achieving this often requires molecular architectures in which the 

recognition unit and the output, or cargo, are linked through a bridge. Among the 

various design strategies, one particularly versatile approach involves linkers that 

undergo programmed bond-cleavage events, which allow for a single recognition site 

to initiate complete molecular disassembly. This ‘bridge’ is commonly referred to as 

the self-immolative spacer. 

1.1.1 Self-immolative spacers and linkers 

Self-immolative spacers are chemical linkers engineered to release a payload through 

a programmed disassembly process after activation. Put more specifically, in their 

2015 review, Schmidt and Julien defined them as “covalent assemblies tailored to 

correlate the cleavage of two chemical bonds in an inactive precursor”.4 In general, 

upon reaction with a chosen analyte, the protecting group is cleaved from one end of 

the spacer and subsequently releases the desired cargo from the other end of the spacer. 

They were initially introduced as a means by which to overcome limitation in drug 

delivery,5 with spatiotemporal control over the release of active therapeutics providing 

a key advantage over regular therapies. Over recent decades, they have found 

application across a number of areas for example in polymer science, they enable 

programmable degradation of materials, contributing to greater sustainability.6 The 

elimination of a cargo via self-immolation generally occurs via two pathways: 

electron-cascade through a spacer, or via an intramolecular cyclisation. Although these 

pathways both differ from each other in terms of their mechanisms of action, they are 

both driven by similar factors, notably a release of a thermodynamically favoured by-

product, (CO2), or an increase in entropy. 4,7 
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1.1.1.1 Self-immolation based on electron cascade 

The vast majority of self-immolative spacers that feature an electronic cascade 

immolation procedure employ a benzyl linker with an electron donating group, 

typically a hydroxyl or amino group, ortho- or para- to the leaving group. This form 

of elimination is typically referred to as quinone-methide elimination.8 Quinone 

methides are quinone analogues whereby one of the carbonyl oxygens are substituted 

for a methylene group. Aza-quinones are structural analogues, differing by replacing 

the second carbonyl oxygen for a nitrogen atom (Figure 1.2).  

 

Figure 1.2: Structure of para quinone and its methide analogues 

Quinone-methide type elimination is among the most common mechanism of self-

immolation employed in molecular design and is typically accessed via a para-

substituted benzyl derivative. Introduction of an electron donating group at the para-

position relative to the leaving group increases electron density in the aromatic core. 

This increased electron density facilitates the intramolecular electron cascade that 

culminates in the formation of the quinone methide intermediate. This EDG  is also  

essential in the for the immolation process, as it reduces the energy barrier of de-

aromatisation by forming the conjugated quinone methide intermediate.9 However, 

due to the necessity of the electron donating ability in initiating the elimination, 

blocking this function can result in completely switching off the immolation process. 

This is done by replacing or converting the EDG to an EWG, which can be chemically 

converted to the desired EDG under specific conditions. Therefore, due to the 

numerous electron-donating groups capable of initiating the process, (hydroxyl-, 

amino-, thiol-), electron cascade based immolative spacers provide a versatile scaffold 

about which to build a responsive molecular system.  

Typically, the release of the leaving group is following a 1,4- or 1,6- elimination, 

depending on whether the leaving group is ortho or para to the EDG. As shown in 
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Figure 1.3, upon stimulation and conversion to the EDG, electron cascade occurs 

irreversibly. Upon elimination, the quinone methide acts as an excellent Michael 

acceptor, which can undergo nucleophilic attack at the methylene functional group, 

which results in the re-aromatisation of the ring. 

 

Figure 1.3: Mechanism of electron cascade via quinone-methide type elimination. 1,4-

elimination (top) and 1,6-elimination (bottom) 

One important aspect to be considered for the conjugation of the leaving group (LG) 

to the spacer is the nature of the linker to be employed (Figure 1.4). The release of 

CO2
 is a strong thermodynamic driving force for self-immolation, and as a result, 

carbamates and carboxylates are commonly employed. This is contrast with ether 

linkages which facilitate the release of the LG (HO-R in the case of carboxylates and 

H2N-R in the case of carbamates) at orders of magnitude slower than their carboxylate 

counterparts.10 In work probing these disassembly rates using light activation, Schmidt 

et al. demonstrated that carboxylates and carbamates disassembled significantly faster 

(2.3 and 3.7 seconds respectively), compared to ethers (> 1600 seconds).11 

Furthermore, stabilisation of the partial positive charge at the benzylic position also 

increases the rate of disassembly. To this end, incorporation of a methyl group at this 

position has significantly increased the rate of immolation.12 
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Figure 1.4: Different linkages between leaving group and aromatic core. 

Aside from its role in facilitating the electron cascade, the aromatic ring also dictates 

the distance between the activation site and the leaving group, which can help to avoid 

steric hindrance. This is often particularly useful in the case of enzyme targeted 

derivatives, which suffer greatly from steric effects in activation.13 The distance 

between the activation site and the leaving group can be increased by extending the 

conjugation through styryl moiety, with the EDG para- to the alkene, which enables a 

1,8-elimination pathway. However, simply extending the conjugated system does not 

always lead to leaving group elimination, with naphthalene and bi-phenyl spacers not 

undergoing immolation, despite the electron donating ability of the EDG. While this 

is suggested to be due to the high energy barrier associated with the loss of aromaticity 

upon immolation,14 this can be overcome by incorporating a heteroatom into the ring 

system, which can facilitate the charge delocalisation and resonance stabilisation of 

the transition state. This can be seen in the case of coumarinyl alcohol systems, which 

can undergo 1,8-elimination upon activation (Figure 1.5).15 

 

Figure 1.5: Unobserved 1,8-elimination through naphthalene system (top), 1,8-elimination 

via coumarinyl alcohol (bottom). 

The heteroaromatic spacer is not limited to benzyl scaffolds, with 5-membered 

derivatives also seeing use. Indeed, the lower aromatic nature of the 5-membered 
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heteroaromatics with respect to benzene16 lowers the energy barrier needed to 

overcome the loss of aromaticity even further and as a result, would be expected to 

increase the immolation kinetics.17 As depicted in Figure 1.6 their mode of 

immolation, like the benzyl scaffolds, is a 1,6-elimination upon activation. Due to the 

lower energy transition states formed during the immolation, 5-membered 

heteroaromatic scaffolds have been shown to be effective in releasing poor leaving 

groups upon activation, in comparison to the benzyl derivatives.18 

 

Figure 1.6: Mechanism of electron cascade through 5-membered heteroaromatic spacers. 

1.1.1.2 Self-immolation based on cyclisation 

In certain self-immolative linker designs, activation proceeds through the liberation of 

a nucleophilic heteroatom. This heteroatom then undergoes an intramolecular 

cyclisation with a neighbouring electrophilic site, initiating the disassembly of the 

linker, shown graphically in Figure 1.7. This process usually leads to slower LG 

release, owing to the slower rate of cyclisation as opposed to electron cascade, with 

the former often being the rate determining step when both processes are employed in 

the same system.19 This lower immolation rate is often governed by the distance 

between the two activation sites, with longer distances reducing the rate of 

intramolecular reaction, and also the relative electronegativity and nucleophilicity of 

the reaction sites. 

 

Figure 1.7: General schematic of self-immolation via intramolecular cyclisation. 

Similar to electron-cascade based systems, the blocking of immolation can be done by 

conversion of the nucleophile to a non-nucleophilic entity. As expected, the stronger 

the nucleophile released, the faster the cyclisation, as is seen in a comparison between 

amine and thiols with thiols demonstrating more efficient cyclisation. Furthermore, 
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tuning the electrophilic site also had significant differences in the disassembly rate, 

with carbonates displaying 103 times faster rates than the carbamate analogue.20 

Modification of the α-position of the electrophilic portion of the spacer aims to take 

advantage of the Thorpe-Ingold effect in order to favour cyclisation. This is clearly 

seen in the “trimethyl lock” effect, where three interlocking methyl groups induce a 

large steric strain, and as a result, the electrophilic site (the case below being an amide) 

is essentially locked into a conformation favourable for nucleophilic attack.21 This 

steric strain, which is relieved upon cyclisation leads to rapid release of the leaving 

group, even for poor electrophiles such as amides (Figure 1.8).22 

 

Figure 1.8: General schematic of the trimethyl lock mechanism. Steric strain induced by 

methyl groups is released upon cyclisation 

Building on the self-immolation pathways described above, the next step is to consider 

the design of triggering units capable of initiating these disassembly processes. The 

nature of the trigger - whether responsive to chemical, enzymatic or physical stimuli - 

directly influences the rate and efficacy of the linker cleavage. Subtle changes in 

electronic properties, steric, or spatial arrangement between the trigger and core can 

have a marked effect on overall performance. Consequently, this has driven the 

development of a wide range of trigger motifs, often tailored to the same analyte but 

optimised for different environments or performance criteria. 

1.1.2 Triggering Groups 

One of the most important aspects of a responsive system is the decision on which 

functional group or groups are to be employed as the trigger. This decision will be 

linked closely to the analyte that has been chosen as the target, and even within that 

scope, the trigger may differ depending on the specific response required or the 

payload that is being introduced. Due to the growing research into more selective 

systems across a magnitude of areas such as medicine, materials chemistry and 

polymer chemistry, the number of triggering systems being employed is ever growing 
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(Figure 1.9). In fact, the number of ROS responsive systems alone have well over 10 

different functional groups to choose from.23  

 

Figure 1.9: Graphical schematic of self-immolative spacers and examples of their protecting 

groups. 

1.1.2.1 ROS-Triggering Groups 

Of the numerous ROS-responsive units in use, the boronic ester/acid is one of the most 

popular and well understood. The elevated levels of ROS within cells are often 

correlated to significant diseases, such as cancer.24, and self-immolation systems based 

on the boronic ester reaction with ROS, such as peroxide, are seeing continued interest. 

Boronic esters are highly effective ROS triggers, particularly for hydrogen peroxide, 

owing to the Lewis acid character of the boron centre. The presence of an empty pz 

orbital makes them reactive toward nucleophilic species such as water, anions, and 

other electron-rich species.25 Boronic esters can easily be installed to a phenyl group, 

typically through Miyaura borylation between an aryl halide and 

bis(pinacolato)diboron (B2pin2),
26,27 though they can also be directly installed via 

synthetic pathways beginning with the parent phenol.28 Once installed, the boronic 

ester is unable to initialise the electron cascade necessary to facilitate self-immolation. 

However, upon reaction with H2O2 the mechanism follows a Baeyer-Villiger type 

oxidation, shown in Figure 1.10 below, whereby peroxide in its anionic form can 

coordinate to the boron atom forming a boronate complex. This is then followed by an 

aryl bond migration of the C-B bond to the O-atom, which is then converted to a 
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phenol via hydrolysis releasing the pinacol boric acid. Re-establishment of the phenol 

then switches on the electron cascade allowing for self-immolation.  

 

Figure 1.10: Mechanism of action of peroxide mediated boronic ester oxidation 

Whilst undoubtedly being the most popular ROS-responsive trigger, arylboronic esters 

are certainly far from the only one used to target ROS. For the protecting of carboxylic 

acids for example, thiazolidinones can be used.29 Installation of the protecting group 

can be easily done through traditional amide formation, such as coupling reagents.30 

the proposed mechanism follows nucleophilic attack by the hydroperoxide anion on 

the carbonyl carbon forms a tetrahedral intermediate. This then collapses with the 

thiozolidinone moiety acts as a good leaving group. The newly formed peroxy acid is 

rapidly hydrolysed, leading to the release of the free carboxylic acid (Figure 1.11). 

This hydrolysis of the peroxy acid can be carried out under physiological conditions, 

making thiazolidinone protection an attractive one from a biological context. This 

strategy, however, and other ROS-responsive units such as thioketals and proline 

oligomers, have yet to see use in electron cascade-based systems, with the former 

seeing preferential use in cyclisation-based immolation systems.31 
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Figure 1.11: Proposed mechanism of action of peroxide mediate oxidative hydrolysis of 

thiazolidinones.29 

1.1.2.2 Triggering systems for reductive species 

Given that electron cascade–driven self-immolation can be initiated by anilines, 

reductively triggered self-immolative systems have also been reported. This strategy 

sees high usage in the targeting of hypoxia and its associated biomarkers, which are 

increasingly recognised as critical contributors to the progression of diseases such as 

cancer.32 As tumour mass expands, oxygen availability diminishes - particularly at the 

periphery - leading to hypoxic conditions.33 This environment promotes the 

overexpression of reductive enzymes such as nitroreductase (NTR).34 NTR catalyses 

the reduction of aryl nitro groups to their corresponding amines,35 making 4-

nitrobenzyl derivatives a valuable trigger in the design of NTR-responsive 

fluorophores and prodrugs. The strongly electron-withdrawing nature of the nitro 

group decreases electron density in the benzene ring, thereby suppressing self-

immolative fragmentation. Upon enzymatic reduction to the corresponding amine, 

electron donation into the aromatic ring is restored, enabling a 1,6-elimination via an 

aza-quinone methide intermediate and subsequent release of the active payload 

(Figure 1.12). In a similar fashion, azide groups positioned para to the leaving group 

are capable of targeting hydrogen sulphide (H2S) through H2S mediated azide 

reduction, as well as standard nitro reduction.36  

 

Figure 1.12: Mechanism of action of peroxide mediate boronic ester oxidation 
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1.1.2.3 Enzyme-Responsive Triggers 

Among the various efforts to modify the benzyl spacer for selective biomarker 

detection, the most significant progress has arguably been made in the development 

of enzyme-cleavable triggers. This growth is driven not only by the expanding list of 

enzyme-based biomarkers but also by the synthetic flexibility to functionalise both 

ends of the linker. In contrast to ROS- and reductive-responsive systems, which 

typically use the trigger as a terminal masking group, enzyme-responsive linkers offer 

the unique advantage of dual functionalisation. This allows for the incorporation of 

additional targeting elements, such as peptides or saccharides, on the opposite end of 

the cleavage site enhancing selectivity and biological relevance. However, this is not 

without its own difficulties. Not only does the incorporation of a linker and payload 

not need to interfere with the peptide’s affinity to the chosen receptor, but it also 

increases the chance for cleavage at sites other than the target. 

Enzyme cleavable linkers generally involve the inclusion of an amide or ester bond, 

(Figure 1.13), and can be made site-specific by targeting microenvironments which 

has upregulation of a specific biomarker. For example, cancer cells are often correlated 

with upregulation of esterases and amidases.37,38 The functionalisation of peptides to 

a benzyl based linker can be easily done by converting the phenol to a carbonate 

through reaction with acid chlorides, or by conversion to an amide by coupling aniline 

to a carboxylic acid. The choice of functional group can have drastic effects on the 

efficacy of the chosen reaction and the overall stability of the molecule itself, with 

amides being considerably more resistant to hydrolysis compared to carbonates and 

carbamates.39 
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Figure 1.13: Examples of enzyme cleavable triggers. 

The diverse range of activation mechanisms available for self-immolative spacers, 

with the above section only covering a small selection, has made them highly 

adaptable for biomedical application. These responsive linkers allow for precise 

control over molecular release, a vital advantage in selective treatments for diseases. 

This has seen them used in the development of advanced therapeutic and diagnostic 

tools. The following section will explore how activation mechanisms and self-

immolative spacers have been integrated into medical applications. 

1.2 Stimuli Responsive Systems in Diagnostics and Therapy. 

Despite the tremendous advancements made since the 20th century in our 

understanding of disease progressions – both in terms of mechanisms at a molecular 

level and in the development of new therapeutics – this progress has also been met 

with continuing challenges. Taking cancer for example, while conventional treatments 

such as surgery, radiotherapy and chemotherapy have significantly improved patient 

outcomes,40–42 our overreliance on broad spectrum chemotherapeutics (i.e. cisplatin) 

has led to phenomena like multidrug resistance (MDR)43 and the lack of selectivity in 

these methods has consequences by way of unselective killing of healthy cells.44 As a 

result, there is a growing need for more selective and targeted therapeutic approaches. 

Targeting specific biomarkers expressed in cancer cells can enhance treatment 

precision and reduce harm to healthy tissue, while early detection strategies are 

essential for improving prognosis and preventing cancer progression.24,25 The 

following sections will explore how triggering chemistry and self-immolative linkers 
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serve as fundamental components in the design of advanced sensors, prodrugs, and 

theranostic agents, highlighting their crucial role in enabling more precise, responsive, 

and effective cancer diagnostics and treatments. 

1.2.1 Stimuli Responsive Sensors. 

In recent decades, there has been a substantial increase in the volume of research into 

optical bioimaging technologies for the aim of both early detection of certain diseases 

such as cancer, but also the in-situ monitoring of disease progression or therapeutic 

efficacy. Not only have these advancements come in the form of higher-resolution 

power, i.e. super-resolution microscopy,47 but also in probe development. With the 

ever-growing understanding of the complexity of molecular events within cells, comes 

the advantage of identifying biomarkers that may be used in the development of 

activatable fluorophores. Activatable fluorophores, sometimes named “smart” 

fluorophores or profluorophores, change their fluorescence behaviour in response to a 

specific biomarker (enzymes, small molecules).48 This fluorescence modulation can 

come in the form of off/on sensors, where reaction with an analyte ‘switches-on’ 

fluorescence,49 or as ratiometric fluorophores, whose fluorescence wavelength 

changes upon reaction.50 The chemical scaffolds underpinning activatable 

fluorophores continue to diversify, with rhodamines, BODIPYs, and coumarins among 

the most widely employed.51 In more recent decades, however, the 1,8-naphthalimide 

core has attracted growing attention due to its exceptional synthetic versatility, 

enabling its application across a broad range of fluorescence-based systems. 

1.2.1.1 The 1,8-naphthalimide. 

The 1,8-naphthalimide has become a widely used scaffold around which to design a 

fluorescent probe, particularly ratiometric sensors, due primarily to its high 

fluorescence quantum yield, good photostability, large Stokes’ shift and excellent 

chemical modifiability.52–54 Naphthalimide ‘smart’ fluorophores are primarily based 

on derivatives with substitution in the 4-position of the naphthalene portion of the 

compound. The luminescent properties of naphthalimides are heavily dependent on 

the Internal Charge Transfer (ICT) and in effect, the electronic characteristics of the 

substituent, with electron-donating groups leading to strong fluorescent output.55 

Amines and alcohols for example evoke a “push-pull” ICT excited state and lead to 

broad emission bands from 450 – 550 nm, with primary amines possessing strong 
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donating character resulting in long wavelength emission of >530 nm.56 However, 

conversion to a less effective electron donating group, for example a carbamate, 

decreases the ICT character of the fluorophore and shifts the emission to shorter 

wavelengths of < 500 nm. On the more extreme end, inclusion of a nitro-group in the 

4-position almost completely shuts off the ICT and renders the fluorophore non-

fluorescent (Figure 1.14).57 Furthermore, the fluorescence characteristics of 

naphthalimides are highly sensitive to solvent, with aqueous and protic solvents 

leading to dramatic red-shifts in emission compared to in non-polar aprotic organic 

solvents such as hexane. This increased Stoke’s shift has been proposed to be due to 

intermolecular H-bonding between the naphthalimides and the hydroxy functionalities 

of water and alcohols, accelerating the interconversion between fluorescent states.58 

 

Figure 1.14: Schematic illustration of the influence of 4-position substitution on the ICT 

behaviour of naphthalimides. 

Blocking the ICT behaviour of naphthalimide with a "triggering" group has led to the 

development of many on/off fluorescent probes. Xu and coworkers were successful in 

developing an on/off probe for the imaging of NTR within HeLa cells.59 This design 

leveraged the ability of NTR to reduce the nitro-functionality to the corresponding 

amino group, resulting in a switch on in fluorescence at 543 nm. In the aim of detecting 

peroxynitrite, shown in Figure 1.15 below, Guo et el. developed sensor 1.1 by 

blocking the ICT behaviour through conjugation of a p-aminophenol group in the 4-

position, yielding the naphthalimide non-fluorescent.60 However, reaction with 

peroxynitrite revealed the 4-amino derivative through N-/O- dearylation, switching on 

the fluorescence. Their design was successfully able to image -OONO in both HepG2 

cells and live C. elegans in real time.  
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Figure 1.15: -ONOO sensor developed by Guo et el. 

Ratiometric probes represent the predominant class of naphthalimide-based sensors 

and are typically developed via conjugation to a linker via the 4-position. The Elmes 

group has reported a family of naphthalimide-based fluorophores, 1.2 and 1.3, for the 

detection of nitroreductase (NTR), aimed at monitoring reductive stress in cellulo 

(Figure 1.16).61  In this design, a nitroimidazole moiety was introduced via a 

carbamate linker, resulting in blue-shifted emission at 435 nm and 410 nm for the 4- 

and 3-substituted naphthalimides, respectively. Upon enzymatic reduction by NTR, 

the nitroimidazole was cleaved through a reduction-triggered self-immolative 

mechanism, restoring the free amine. This transformation induced a red shift in 

emission, with the 4-amino derivative exhibiting superior fluorescence intensity. 

Confocal microscopy confirmed cellular uptake of the fluorophore in HeLa cells and 

its ability to report on NTR-mediated reductive stress in mammalian systems.  
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Figure 1.16: Structures of NTR-responsive 1,8-napththalimides developed by the Elmes 

Group (top) and confocal laser scanning microscopy images of 1.2 in HeLa cells (bottom) 

Additionally, the Elmes group has employed naphthalimide scaffolds in apoptosis 

detection via caspase-3 activity.62 In this system, a 4-amino naphthalimide was linked 

to an Ac-DEVD-PABA peptide substrate. Caspase-3-mediated cleavage of the DEVD 

sequence-initiated self-immolation through the PABA linker, releasing the free 

fluorophore. This reaction resulted in a ratiometric fluorescence change with high 

selectivity for caspase-3. 

While the above example involves functionalisation at the amino position, the 

synthetic flexibility of the naphthalimide scaffold also permits modification at the 

imide "head" group, enabling the introduction of targeting moieties to enhance 

fluorophore selectivity for specific biological environments (Figure 1.17). For 

instance, conjugation with a triphenylphosphonium cation has facilitated the selective 

detection of carbon monoxide within mitochondria.63 Collectively, the structural 
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tunability at both the amino and imide positions make naphthalimides a functionally 

rich and adaptable platform for the development of “smart” fluorophores. 

 

Figure 1.17: Examples of targeting groups which can be functionalised at the imide “head” 

of naphthalimides. 

This strategy of “blocking” essential functional groups to control probe activity also 

has clear parallels in the therapeutic space. The activity of many pharmaceutical agents 

often relies on the presence and accessibility of key functional groups within the 

molecule. Masking or modifying this group can effectively ‘switch off’ drug activity, 

while selective restoration of the group can ‘switch-on’ the therapeutic effect. Such 

control can improve selectivity, enhance efficacy, and reduce off-target side effects 

compared to the parent drug. Strategies that exploit this concept are commonly 

referred to as prodrugs. 

1.2.2 Stimuli Responsive Prodrugs 

Prodrugs can be broadly defined as pharmacologically inactive compounds that are 

converted within the body into active drugs through enzymatic or chemical processes. 

The primary rationale behind the use of prodrugs is to optimise key properties such as 

absorption, distribution, metabolism, and excretion (ADME) while enhancing the 

selectivity of the drug for its intended target. This increased specificity improves 

therapeutic efficacy and reduces adverse effects, such as off-target tissue toxicity.64 

Although the term ‘prodrug’ was coined by Adrien Albert in the 1950s,65 the concept 

predates this, with examples of prodrug use dating back to the late 1800s. The first 

synthetic prodrug is often attributed to the development of methenamine in 1899.66 

Prodrugs are designed through various approaches, but the overarching principle 

remains consistent: the incorporation of a pro-moiety containing a triggering group 
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that activates the drug in response to specific conditions or analytes. Upon activation, 

this triggering group induces a functional group conversion or releases the active drug 

via a structural modification, such as self-immolation. This strategy is particularly 

advantageous in cancer treatment due to the complexity and heterogeneity of cancer 

types.67 The distinct biochemical landscape of cancerous tissues, characterised by 

aforementioned factors such as hypoxia, oxidative stress, and dysregulated enzymatic 

activity, offers numerous opportunities for selective therapeutic intervention. By 

strategically incorporating moieties responsive to these tumour-associated biomarkers, 

prodrugs can be designed to undergo activation preferentially within malignant 

environments, thereby enhancing target specificity and therapeutic precision. 

Targeting Reactive Oxygen Species (ROS) in the tumour microenvironment has 

become an attractive means to build a prodrug strategy, with cancer cells expressing 

higher than typical levels of ROS.24 As such, boronic esters, and their aryl linked 

derivatives have become a staple of ROS-responsive prodrugs, with aryl boronic esters 

being incorporated into the structures of FDA approved cytotoxins, such as the  

camptothecin (CPT) analogue SN-38.68 In their work Li et al. incorporated a boronic 

acid to SN-38, with their prodrug derivative showing similar and, in some cases, 

higher potency than the parent compound alone.69 Doxorubicin (DOX) is another 

example of an FDA approved drug that has been modified to incorporate a boronic 

ester, notably to overcome the cardiotoxic side-effects.70 Prodrug 1.4 below, developed 

by Labruere and co-workers, fixed an aryl boronic ester to the free amine of DOX, 

with tumour regression in MiaPaCa-2 tumour models similar for both the prodrug and 

parent drug.71 Furthermore, they developed a control compound by replacing the 

boronic ester with a carboxylic acid and no drug activation was observed, confirming  

a ROS-initiated mechanism. In a rather unique fashion, Ye et al. successfully 

encapsulated DOX within polymeric micelles, by way of converting the 1,3-diol 

functional group to a boronic ester, resulting in prodrug 1.5.72 Release of β-Lapachone, 

a known ROS generator,73 led to the subsequent release of the free drug and displayed 

significantly enhanced cytotoxic ability compared to free DOX, with LC50 values 75% 

lower. Furthermore, the prodrug displayed significantly higher toxicity in cancer cells 

when compared to normal cells (Figure 1.18).  
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Figure 1.18: Structures of Doxorubicin prodrugs 1.4 and 1.5 

Similar to oxidative stress, hypoxia has also been the target of much prodrug design. 

DOX again has been shown to be a promising drug for the implementation of a 

hypoxia-targeting group, such as a disulfide bridge. Disulfide bridges have become a 

mainstay for the targeting of glutathione (GSH), which has been shown to be 

upregulated in cancer cells74. Prodrug 1.6 below in Figure 1.19 is a good example 

showing the increasing sophistication of prodrug architecture. Here, Zhang and 

coworkers have utilised two immolative mechanisms; the first being a disulfide bridge 

which undergoes an intramolecular cyclisation upon GSH exposure to release a 4-

hydroxybenzyl alcohol DOX derivative. This then immediately undergoes 1-6 

elimination via electron cascade to release the active drug.75  Furthermore, their design 

incorporates a folic acid targeting moiety on the opposing side of the disulfide bridge, 

leveraging the higher levels of folate receptors in cancer cells for further selectivity. 

Their design had better cellular uptake in vivo when compared to free DOX, similar 

cytotoxicity and was also non-toxic prior to activation.  

Figure 1.19: Mechanism of action of thiol responsive prodrug 1.6. 

NTR responsive prodrugs for specific cancers have seen development, with some 

examples making it to phase III clinical trials.76 Much of the focus on NTR self-
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immolative prodrugs has been on the 2-nitroimidazole moiety. One such example is 

prodrug 1.7 below, a SN-38 derivative, which features a nitroimidazole moiety 

carbamate linked to a dimethylethylenediamine linker, which itself is carbamate linked 

to SN-38 (Figure 1.20).77 This, similar to 1.6, follows two immolation pathways; the 

NTR initialised 1,6-elimination through the imidazole core, followed by the 

intramolecular cyclisation-elimination of the active drug. It was reported that the 

prodrug had good stability in PBS and showed moderate selectivity towards hypoxic 

cells in comparison to normoxic. Similar reduction based scaffolds have also been 

employed for nitrofurans, nitropyrrols and nitrothiphenes.78,79 

 

Figure 1.20: Structure of SN-38 prodrug X 

While it’s clear that the vast number of self-immolative linkers utilised in drug design, 

including the ever-growing enzyme responsive families for cancer treatment,80–83 what 

is also becoming clear is the complexity of these systems, and how they can be 

exploited to further enhance efficacy, selectivity or other pharmacokinetic properties. 

This has also given rise to the ability to employ both a diagnostic and a therapeutic 

within the same molecule, allowing for real time imaging of drug release and efficacy, 

in a family of compounds known as theranostics. 

1.2.3 Stimuli Responsive Theranostics 

The term “theranostic”, coined by John Funkhouser, is used to refer to molecular 

systems which combine therapeutics and diagnostics into a single integrated 

construct.84 Theranostic approaches have a number of advantages to traditional 

methods of imaging and drug delivery, chief of which is the ability to monitor the 

delivery of the therapeutic agent and confirm its efficacy. This also allows for a more 

patient focused treatment, which could allow for easing some of the financial burden 
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on the worlds healthcare systems caused by ineffective treatments.85 Much like the 

prodrugs and sensors previously described, its general mechanism of action is based 

around masking a functional group with an analyte specific trigger, which upon 

cleavage or functional group conversion, corresponds to both a change in fluorescence 

behaviour, and the ’switch on’ of cytotoxicity.  

As with both the smart fluorophores and prodrugs shown previously, the targeting of 

ROS in the tumour microenvironment continues to be one of the most popular 

biomarkers in theranostic approaches. Perhaps unsurprising is the continued use of 

boronic esters as the ROS-responsive unit. To this end, Kim et al reported a ROS-

responsive theranostic 1.8 consisting of three parts: a boronic ester, SN-38, and a 

coumarin moiety (Figure 1.21). This coumarin moiety acts as both a self-immolative 

spacer and as the fluorescent reporter.86 7-hydroxycoumarin fluorescence is based on 

its ICT behaviour and this can be blocked by functionalising an electron withdrawing 

group in the 7-position.87 Furthermore, its conjugated system allows for electron-

cascade self-immolation via 1,8-elimination to release a second molecule upon 

activation. Upon exposure to H2O2, there was an 8.3-fold increase in fluorescence 

intensity, confirming cleavage of the boronic ester. In order to determine the anticancer 

effects, colorimetric cell viability assays were carried out in B16F10 and HeLa cell, 

with cytotoxicity in both cell lines identical to SN-38 upon prodrug activation via 

endogenous H2O2 addition. Furthermore, 1.8 was non-toxic without treatment with 

H2O2. Fluorescence imaging also confirmed the fluorescence activation. A similar 

design was developed by Ravikumar et al. using NO as the anti-cancer agent in 

conjugation with a coumarin fluorophore.88 

Figure 1.21: Structure of theranostic 1.8, and cellular fluorescence images of treated 

B16F10 cells. 
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Fluorophores that can both undergo immolation and change their fluorescence 

characteristics are highly advantageous in theranostic design. In one such example, 

Cao et al developed theranostic 1.9, which features their novel benzorhodol derivative 

named LHX, who’s fluorescence is switched off through ether linkage of a phenol 

group to an arylbenzyl spacer.89 SN-38 is carbonate linked ortho- to the ether link and 

upon immolation of the spacer, a second 1,6-elimination occurs spontaneously, 

releasing the active drug (Figure 1.22). While cell viability assays showed the probes 

moderate cytotoxicity in KB cancer cells (>70% at 5 µM), it showed no cytotoxicity 

in WI38 normal cells, attributed to peroxide induced activation. This was also an 

improvement on the free drug alone, which was toxic in in both cell lines (<30% cell 

viability at 5 µM). 

Figure 1.22: Mode of action of theranostic 1.9. 

Due to the relatively new nature of theranostics, the number of biomarkers used in 

their activation mechanism remains small. However, the targeting of specific enzymes 

has also seen use in theranostic approaches. In an early example in 2016 by Zhang and 

coworkers, theranostic 1.11, used both NTR and photo-induced isomerisation to 

release the anticancer drug Gemcitabine, with high selectivity to hypoxic conditions 

and high cytotoxicity.90 In a very recent example in 2025, Wu et al. utilised the 7-

hydroxycoumarin moiety to develop a Evodiamine theranostic, 1.10, which was 

released following NTR reduction of the nitrobenzyl moiety (Figure 1.23).91 
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Figure 1.23: Structures of NTR-responsive theranostics 1.10 and 1.11. 

Wu et al. developed a DT-diaphorase activatable theranostic 1.12 (Figure 1.24).92 DT 

diaphorase can rapidly and selectively reduce quinone moieties,93 and their work takes 

advantage of this selectivity to incur an intramolecular cyclisation. This releases a 4-

amino benzyl moiety which then undergoes classic aza-quinone methide elimination 

and subsequently releases CPT. Its ability to act as a theranostic comes from the 

fluorescence quenching by the quinone via photoinduced electron transfer. Upon the 

release of CPT the fluorescence is turned on, resulting in a 6-fold increase after 60 

minutes. Furthermore, the prodrug showed strong cytotoxicity towards A549 cells, 

known to over express DT-diaphorase, with a measured LC50 of 1.179 µM. This is 

contrast to an LC50 of 80 µM in non-DT-diaphorase overexpressed cells. 

Figure 1.24: Structure of DT-Diaphorase theranostic X and dicoumarol inhibition study 

confirming DT-Diaphorase mediated activation. 

Despite promising developments, the field of theranostics is in its early stage, with 

few such agents advancing beyond clinical trials and even fewer achieving regulatory 

approval.94,95 This is particularly true for systems based on self-immolative systems, 

which, while offering elegant solutions for triggered activation, add another layer of 
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complexity to already multifunctional molecular designs. The integration of diagnostic 

and therapeutic functions within a single framework poses unique regulatory and 

translational challenges that traditional clinical trial models are often ill-equipped to 

manage.96 Nevertheless, academic interest in theranostic platforms continues to 

accelerate, as evidenced by the rapid rise in related publications since the term’s 

inception (Figure 1.25). 

 

Figure 1.25: Usage of the term “theranostic” in published articles from 2002. Source: 

PubMed. 

While responsive molecular systems have demonstrated considerable promise in 

medicinal chemistry in terms of drug release and imaging, the principles underlying 

their design have also increasingly extended further afield, to areas such as 

supramolecular chemistry. In particular, the use of stimuli-responsive motifs to 

regulate non-covalent interactions offers opportunities in the development of selective 

and responsive anion binding. 
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1.3 Responsive Supramolecular Systems 

Since the term “supramolecular chemistry” was first coined in the 1970s by Jean-

Marie Lehn, it has become a rapidly growing field of study, even winning the Nobel 

Prize in Chemistry in both 1987 and 2016.97 In his 1988 paper, he defined it as “the 

chemistry of the intermolecular bond, covering the structures and functions of the 

entities formed by two or more chemical species”.98 Put more broadly, it can be 

considered the design, synthesis, and investigation of molecules that assemble into 

larger, well-defined architectures through non-covalent interactions. These structures 

include, but are not limited to, host-guest complexes and self-assembled structures. A 

key factor of supramolecular chemistry is that these “weak” interactions are reversible. 

Since many biological processes are based on these weak interactions, such as the 

transportation of ions through the cell membrane,99 much of the inspiration for 

supramolecular chemistry comes from mimicking these natural processes. This has led 

to supramolecular systems being the focal point of research for anion binding, sensing 

and transport.  

1.3.1 Anion binding and sensing in supramolecular chemistry 

Anions play a key role in role in many aspects of daily life, be it environmental, 

chemical or biological process. From a biology perspective, anions are fundamental 

for the maintenance of cellular pH100 and are key to the distribution of electrical signals 

throughout the nervous system.101 Imbalances in these anion concentrations within the 

body have been shown to play a key role in the development of numerous diseases, 

with the most common of which being cystic fibrosis, caused by an imbalance of 

chloride ions.102 It is this biological importance that has led to significant research into 

the design and synthesis of molecules that are capable of binding and recognising 

anions. Non-covalent interactions have been at the forefront of this emerging field of 

study, particularly the hydrogen bond with the hydrogen bond donor and acceptor 

motif now a widely established area of anion binding in supramolecular scaffolds. The 

anion binding capabilities of supramolecular receptors are influenced by a number of 

factors, such as pKa of the H-bond donors103 and preorganisation of the binding 

pocket.104 Within this subsection many of these binders focus on the N-H bond. As 

anion binding Early synthetic anion binders using the N-H bond donor strategy 
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employed ammonium-based receptors, particularly ureas, thioureas and amides 

(Figure 1.26).  

 

 

Figure 1.26: Commonly used motifs for H-bonding of anions and schematic of H-

bonding interaction between ureas and chloride showing partial charges. 

One of the earliest examples of a ammonium-based ion anion receptor was reported 

by Wilcox et al., in 1992, who showed that compound 1.13, shown below in Figure 

1.27, was capable of binding to a number of oxoanions such as sulfonate, oxylate and 

carboxylate.105 Studies such as this led to an explosion in interest in the area, such to 

a point that Gale et al, published yearly reports highlighting the advancements in anion 

receptor chemistry. 106–110 

 

Figure 1.27: Anion receptor developed by Wilcox et al. 

Since these earliest examples in the late 1980s, supramolecular scaffolds have evolved 

in complexity, from simple aryl amides to macrocyclic structures111, foldamers112 and 

supramolecular cages.113 The integration of fluorescent reporters into these designs 

has enhanced the use cases of these motifs, moving them from simple anion binders 

to anion sensors with applications in biological and environmental settings. Moreover, 

the field has expanded beyond this again, with the development of effective anion 

transporters, which show promise in addressing channelopathies114 and serving as 
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antimicrobial agents.115 Despite these notable advances that have firmly entrenched 

supramolecular chemistry in chemical research, efforts to enhance the spatiotemporal 

control over anion binding behaviour has been comparatively slow. 

1.3.2 Responsive anion binding systems 

Similar to the theranostic strategies above, the ability to control a desired output (in 

this case binding affinity) has stark advantages over non-selective strategies. For the 

most part, most anion binders and transporters are built upon a scaffold that is 

constantly in a high-affinity state and there is a growing need for research into 

responsive anion binding methodologies. These systems would have the ability to 

locally activate under desirable physiological conditions, dependent on the stimuli 

chosen as the target, and this would allow for deactivation at other sites and prevent 

undesired side effects and a build-up of resistance.116,117 Early examples of responsive 

binder were based on allosterism118 and metal-ligand coordination,119 but throughout 

the last two  decades, photo-initiated systems have become the most popular means of 

activating anion binding.  

Using light as the external stimulus provides a high spatiotemporal control over the 

activation of anion binding, as well as non-invasiveness. In general, these systems are 

based on photo-induced isomerisation, interconverting a non-binding isomer to one 

which conformationally allows for efficient binding. One such example is based on a 

molecular tweezer approach,120 whereby a pair of anion receptors are positioned far 

apart from each other in one isomeric configuration and are brought close together 

under exposure to light of a certain wavelength. Shimasaki et al. developed an early 

example of a stiff-stilbene core which interconverted between an E- and Z- isomer 

under irradiation with 365 nm light to go from E- to Z-, and 410 nm to achieve reverse 

isomerisation.121 In testing the binding affinities of both isomers, the E- showed an 

enhanced infinity for Cl- by a factor of 8 compared to the Z- isomer, providing an early 

example of a responsive binder. Building on this design, Feringa et al. developed a 

bis-urea derivative of the stiff-benzene concept in compound 1.14.122 Similarly to the 

early example, the reversible isomerisation under light irradiation showed a significant 

increase in binding affinity for both acetate and phosphate. It also differed in its 

binding behaviour, with the Z- isomer allowing for a 1:1 binding fit, due to the urea 
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groups being in close proximity to each other, however the E- isomer adopts a 2:1 

binding fit, which much lower affinity (Figure 1.28).  

 

Figure 1.28: Photo switchable anion receptor developed by Feringa. 

Azobenzenes have also emerged as a popular backbone about which to build 

responsive binders. Despite their popularity however, they suffer from a flaw of being 

less rigid than their stiff-benzene counterparts.123 This lack of rigidity results in 

reversion back to the E- isomer in the dark at room temperature, making analysis of 

the anion binding behaviour of the Z- isomer incredibly challenging. Early work into 

the design of azobenzene based tweezers by Jurczak et al. showed that mono and bis 

urea functionalised derivatives could be interconverted from the E- to Z- isomer via 

irradiation at 368 nm.124 In order to overcome the thermal conversion to the E- isomer, 

Bhosale and co-workers synthesised a naphthalenediimide based receptor 1.15 that 

could be converted from E- to Z- by irradiation at 366 nm and subsequently reversed 

back via irradiation at 500 nm.125 However, interestingly, upon binding with fluoride, 

the receptor adopted the Z- isomer quantitatively and irreversibly, with 1H NMR 

studies showing it formed a di-anionic radical species upon addition of excess fluoride 

(Figure 1.29). The binding of fluoride stabilised the complex, with isomerisation back 

to E- occurring only under oxidative conditions. 
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Figure 1.29: Photoswitchable Fl- receptor developed by Bhosale. 

Although light induced anion binding has been without doubt the most common way 

of ‘switching-on’ binding activity, recent research has expanded the scope to include 

redox-switchable receptors. Beer et al. synthesised a series of chloride binders based 

on a hydroquinone motif (Figure 1.30).126 Their receptor 1.16 displayed a diminished 

binding affinity when converted from the hydroquinone to the quinone motif, due to 

the intramolecular hydrogen bond between the amide and the newly formed quinone 

carbonyl. Although, interestingly, this intramolecular interaction was also seen 

between the amide carbonyl and the hydroxyl group, leading to an overall lower 

binding affinity than expected, it was still greater than in the quinone form. 

Furthermore, this oxidation was reversible, demonstrating the potential of the receptor 

to be a switchable one. This field of redox-switchable receptors has been expanding 

over the last five years and is now including probes with on/off fluorescence behaviour 

upon binding,127 further enhancing the application of this field of responsive anion 

binders.  

 

Figure 1.30: Redox-switchable anion binder 1.16 

Research into responsive anion binding has progressed steadily over the past decade, 

with ureas dominating much of the field owing to their well-established hydrogen-

bonding capabilities. Nonetheless, reliance on a narrow set of binding motifs may 
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constrain the development of novel strategies, highlighting the need to explore 

alternative scaffolds. Among these, squaramides have emerged as particularly 

promising candidates, offering both synthetic versatility and strong, bi-directional 

binding interactions. These characteristics position squaramides as valuable building 

blocks for advancing the design of next-generation responsive anion binders and 

sensors. 

1.3.3 The Squaramide 

Squaramides have garnered much attention over the past two decades as key scaffolds 

for the development of novel anion receptors. Structurally, squaramides comprise of a 

four membered cyclobutadione ring, featuring two carbonyl hydrogen bond acceptors 

and two N-H hydrogen bond donors (Figure 1.31). It is this system of functional 

groups which makes squaramides incredibly auspicious in the field of anion binding 

and recognition. Notably, the lone pairs on the nitrogen atom can delocalise into the 

ring system, enhancing the aromatic character and stabilising the resulting hydrogen 

bonded complexes. Additionally, the strong H-bond donating ability of the NH 

moieties further contributes to the efficacy of squaramides in self-assembly and 

molecular recognition. Conformationally, squaramides favour an anti/anti 

arrangement with respect to their R substituents, in which the two N-H groups are 

orientated in the same direction - particularly favourable for bidentate hydrogen 

bonding. This conformational has been confirmed by both NMR and X-ray 

crystallographic studies, notably by Costa and co-workers.128 However, it should be 

noted that an anti/syn conformation has also been observed, indicating some level of 

conformational flexibility depending on substituents/environment. 

 

Figure 1.31: General structure of a squaramide, showing anti/anti-conformation 

A key advantage of squaramides is their relative ease of synthesis. Symmetric bis-

squaramides can be readily prepared from the ethyl ester derivative of squaric acid via 

simple aminolysis. More importantly, squarates can form squaramide esters: 

nucleophilic attack by an amine on the ester, followed by elimination of ethanol, leads 

to amidation at a single reactive site. The resulting amido-squarate is less electrophilic 
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than its parent di-squarate, yet further amidation can be carried out to produce 

asymmetric bis-squaramides (Figure 1.32). This synthetic accessibility allows for 

extensive structural variation and functional group incorporation, enabling fine-tuning 

of anion-binding properties. 

 

Figure 1.32: General mechanism for the formation of an asymmetric bis-squaramide. 

Squaramides have predominately been used as isosteres for ureas, thioureas and 

guanidine, but also for carboxylic acids, amino acids and phosphates. The ability of 

squaramides to act as isosteres for ureas has been extensively studied in terms of their 

anion binding capabilities. Early work by Fabbrizzi et al. directly compared a series 

of urea binders with their analogous squaramide derivatives in a series of 

publications.129 These works showed that the squaramide 1.17 showed a 1:1 

anion/receptor complex with Cl- with a higher binding affinity than the urea 

derivatives. (logK = 6.05 for compound 1.17, and 4.55 for its urea counterpart). The 

same group also showed similar results when comparing compound 1.18 with the 

corresponding urea and sulfonamide derivates (Figure 1.33).130 

 

Figure 1.33: Structure of squaramide based receptors developed by Fabbrizzi et al. 

The ease with which functional R-substituents can be introduced to the squaric acid 

core enables modulation of both the geometry and strength of anion binding. As anion 

binding affinity is closely related to the pKa of the NH groups,131 the ability to 

modulate this value with different R-groups makes squaramides highly tuneable.132 

Furthermore, this modulation of R-groups also allows for additional binding sites to 

be introduced. For instance, Li et al. developed a family of N-tert-butyl sulfinyl 

squaramide receptors and found that the symmetrical bis-derivatives exhibited 

enhanced Cl- affinity when compared to the asymmetric variants (Figure 1.34).133 This 
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enhancement was attributed to weak C -H - anion interactions involving the tert-butyl 

group. This interaction was then absent when the sulfinyl substituent was replaced by 

aromatic groups.  

 

Figure 1.34: Receptors developed by Li et al showing C-H assisted hydrogen bonding. 

While initial research focused on simple anion binders, this chemical flexibility of 

squaramides has rapidly expanded their use in the development in fluorescent sensors 

for use in anion sensing. As with much of the early pioneering work into squaramides 

as anion binders, it was again the work of Costa and co-workers that began the 

chemical space of anion sensing using squaramides. Their early work was based on 

host-guest complexes whereby there is an intermolecular competition between the 

indicator and target analyte for interaction with the receptor, leading to a measurable 

response.134–136 Their family of squaramide-ammonium charge-assisted receptors 

which targeted oxyanions in aqueous media, leading to both fluorescent changes and 

colorimetric changes. Indeed, the Elmes group has developed a squaramide-

naphthalimide based fluorescent sensor, 1.19, which showed a remarkable 500% 

increase in fluorescence intensity upon Br- binding (Figure 1.35).137 As the 

fluorescence of naphthalimides is sensitive to π- π stacking and aggregation,138,139 the 

binding of Br- was capable of disrupting the packing and subsequently lead to 

disaggregation induced emission (DIE).  

 

Figure 1.35: Structure of 1.19 and confocal microscopy images of 1.19 in HeLa cells. 
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As bioisosteres, squaramides have also been utilised in contemporary drug design. 

While early reports in the literature of squaramide based drugs go as far back as the 

70’s, uptake in their use in drug design has remained surprisingly low, especially when 

compared to seemingly unending research into their applications in catalysis and 

molecular recognition. This is made doubly surprising when you take into account 

their relative ease of synthesis and most importantly, their stability towards hydrolytic 

attack.140 The available examples can, perhaps somewhat crudely, be described as 

arising from simply replacing the bioisoster with a squaramide. This led to the first 

squaramide containing drug candidates, developed by Smith Kline & French.141 Of 

the numerous examples of squaramide based drugs however, ranging from isosteres 

of ureas, guanadines, amides and phosphates, to date, only 4 have entered clinical 

trials, with their structures shown below in Figure 1.36.142–144  

 

Figure 1.36: Structures of squaramide-containing drugs that have reached clinical trials 

In an effort to aid the fight against antimicrobial resistance (AMR), the Elmes’ group 

reported the design and synthesis of several squaramide-indole hybrids, titled 

“squindoles”, which displayed potent antimicrobial activity, stemming from its 

chloride transport ability and subsequent induction of oxidative and osmotic stress. 

Compound 1.20, shown below in Figure 1.37, displayed clinically relevant LC50 

values against both S.aureus and MRSA (2.5 µM and 2.35 µM respectively.145 

Furthermore, more recent observations within the group have seen cyclic squaratide 

derivatives showing antimicrobial activity, although at the time of writing the exact 

mechanism is yet to be established.  
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Figure 1.37: Structure of squindole 1.20 

1.3.3.1 Responsive squaramide based systems 

The ease of synthesis of squaramides has also allowed them to be used as a linker to 

bioconjugate active compounds.146 and very recently, squaramides have shown the 

potential to act as a new family of self-immolative spacers. This design and strategy 

were reported in 2021 by Rotger and coworkers, who developed both a proof of 

concept, and followed up with an NTR responsive prodrug, 1.21, capable of delivering 

an Aniline Nitrogen Mustard (ANM) derivative.147 Their design featured two self-

immolative spacers, one being the classic nitrobenzyl moiety, which upon NTR 

reduction underwent electron cascade releasing a free N-methylated amine. This then 

promoted an intramolecular nucleophilic attack forming a seven-membered ring and 

releasing the active drug (Figure 1.38). Drug activity was verified in both U87-MG 

and LN229 glioblastoma cells. The authors also remark at the inclusion of the N-

methyl groups in the design, which showed faster cyclisation times compared to the 

primary amine derivates. This was owed to the favouring of the E,Z conformation of 

the N-methylated squaramide precursor,148 giving a favourable conformation towards 

cyclisation. Despite this promising and innovative result however, at the time of 

writing it remains the sole example of this prodrug design strategy. 

Figure 1.38: Self-immolation of compound 1.21 based on intramolecular cyclisation 

developed by Rotger et al. (top), Survival Factor index for LN229 (black) and U87-MG 

(grey) cells as determined by the clonogenic assay. (bottom) 
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The above sections have aimed to provide an overview of the chemical space 

surrounding responsive molecular systems, with particular emphasis on the use of 

linker chemistry to mask the activity of fluorophores or therapeutics until selectively 

triggered. While the literature highlights rapid growth in this area, it is equally evident 

that the landscape continues to evolve, and there remains a persistent need for 

innovative methodologies to advance the development of responsive systems. This 

need is especially pronounced in the context of anion binding, where examples of 

selective and responsive binders are still relatively scarce. This thesis aims not only to 

build upon existing approaches but also to introduce a new strategy for designing and 

constructing responsive molecular scaffolds. The following section outlines the 

specific aims of this work and provides a summary of the research presented in each 

chapter. 
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1.4 Aims 

The field of stimuli-responsive molecular systems has become a vital area of research 

across a multitude of use cases, from material science to medicinal applications. The 

aim of the above introduction was to highlight the triggers and spacers used in their 

design, focusing particular attention on the use of self-immolative spacers. Their use 

has seen success in the development of profluorophores and prodrugs and are now 

beginning to become a mainstay in theranostic design. However, despite this, their use 

in the newly developed responsive anion binding motifs is few and far between  

The work carried out in this thesis builds upon the current knowledge of self-

immolative spacers in theranostic design, while also introducing them into the 

chemical space of responsive anion binding systems. The three primary objectives of 

this thesis are as follows: 

The first objective of this thesis is to develop a ROS-responsive self immolative 

dendrimer capable of being activated by Cold Atmospheric Plasma (CAP) treatment 

(Chapter 2). The design will consist of 4 distinct motifs: an arylboronic ester 

triggering group, a cresol core, a naphthalimide fluorophore and amonafide drug. It is 

hypothesised that under CAP treatment, the induced ROS would cleave the trigger, 

releasing the fluorophore and drug. This would have a two-fold advantage of not only 

increasing the selectivity of the treatment, also allowing for real time monitoring of 

drug release. This selectivity will be even further enhanced by the incorporation of 

CAP, giving a high degree of spatiotemporal control over the ROS production (Figure 

1.39). 

 

Figure 1.39: Graphical representation of a CAP-activated theranostic. 
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The second objective is to develop a small ring-closed squaramide scaffold about 

which to build a responsive anion binder that will undergo a skeletal rearrangement 

and subsequent ring-expansion (Chapter 3). This will in turn result in a “switch-on” 

in anion binding, depicted graphically in Figure 1.40. The parameters about which the 

rearrangement occurs will be investigated, along with the ability to introduce 

orthogonal triggers to further increase the use cases and selectivity of the binders. 

Successful candidates will then be screened to assess their anion binding capabilities.  

 

Figure 1.40: Graphical representation a ring expansion strategy towards selective ring 

expansion 

The final objective (Chapter 4) is to build upon the aforementioned responsive 

binders, with an emphasis on biologically relevant stimuli as the targets (Figure 1.41). 

The ‘switch-on’ on rearrangement will be achieved via peroxide mediated hydrolysis 

and NTR-mediated reduction. The design will also be expanded upon to include a 

profluorophore, with the aim of developing a responsive anion sensor.   

 

Figure 1.41: Modulation of N-terminus protecting groups to allow for the targeting of 

biologically relevant stimuli.
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2. Towards the Synthesis of Cold Atmospheric Plasma 

Activated Theranostics 

2.1 Introduction 

Reactive Oxygen Species play a pivotal role in cancer cells and can often be described 

as a “double-edged sword”. Typically, cancer cells display elevated levels of ROS 

when compared to normal cells, which contributes to their growth, cell proliferation 

and metastasis.149 However, sufficiently high concentrations of ROS lead to cell death 

and, most importantly, makes cells more sensitive to treatment.150 Glioblastoma 

Multiforme is particularly relevant given its aggressive nature as a malignant primary 

brain tumour where long term survival is rare. Gliomas are typically graded I-IV in 

terms of severity, with GBM being a grade IV and having a survival rate of only 10 

months following traditional treatment of adjuvant temozolomide treatment.151 GBM 

cells appear to be especially sensitive to ROS levels, with cell death occurring when 

ROS concentrations rise above or fall below a critical threshold.152,153 Therefore, a 

treatment which can manipulate the finely tuned ROS concentration of GBM cells 

would represent a promising strategy to selectively induce tumour cell death while 

sparing healthy tissue, potentially enhancing therapeutic efficacy. 

Building on the concept of leveraging oxidative stress for therapeutic benefit, Cold 

Atmospheric Plasma (CAP) emerges as a promising tool that induces ROS to target 

cancer cells with a high degree of precision.154 Cold Atmospheric Plasma, as the name 

suggests, is a partially ionised gas consisting of electrons, ions and neutral particles, 

which can be generated at standard temperature and pressure. It is classified as a 

nonthermal plasma, characterised by high electron temperatures while the bulk heavy 

particles remain near ambient temperature. This unique property facilitates the 

generation of CAP at relatively low power, making it a versatile tool for various 

applications. Most importantly, however, as CAP is generated under atmospheric 

conditions, air can diffuse into the discharge region resulting in the generation of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS), such as H2O2, O3, 

O2
- and NO to name just a few. It is the generation of these biologically important 

analytes that have made CAP a tool of expanding interest for medicinal research, most 

recently in cancer research.155 Initially CAP was investigated and implanted for wound 

healing156 and sterilisation,157 however recent advancements have shown promising 
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results for CAP anticancer efficacy, driven by its ability to locally induce cytotoxic 

levels of RONS within a cancer cell. A study published in 2020 by Shokri et al. showed 

CAPs ability to trigger apoptosis within Hela and MDA-MB-231 cell lines, via both 

direct CAP and plasma activated medium treatments.158 Likewise, CAP  was 

demonstrated to have anticancer abilities in both colorectal adenocarcinoma and lung 

adenocarcinoma cells, with CAP treatment leading to an expression of apoptosis 

related markers such as a Cyt c, caspase-3 and Bax, both in vitro and in-vivo.159  

Recently, research into the anti-cancer capabilities of CAP have moved to include to 

use of prodrugs in combination to CAP treatment to enhance treatment efficacy. 

Stephens et al. demonstrated that in U-251MG cells, a select number of 

pyrazolopyrimidinones, showed between a 5–15-fold increase in reactive species 

dependant cytotoxicity when used synergistically with CAP. This result was 

demonstrated for both direct and indirect CAP treatment.160 Although the exact 

activated forms of these compounds, along with the mechanism of action, was not 

explored within the study, it was determined that the CAP-generated ROS was a key 

player in the activation process. 

 

Figure 2.1: Structure of pyrazolopyrimidinone 2.1. 

Despite being published in 2021, this remains the only study to the best of our 

knowledge that probes the ability of CAP, not only as a cancer therapy of its own, but 

also as a tool for activating latent prodrugs and enhancing the efficacy of treatment. 

The induction of ROS species within cells via CAP treatment makes it an immensely 

attractive means by which to “switch-on” ROS-responsive theranostics with extremely 

high spatiotemporal control of drug activation. 

The use of self-immolative dendrimers has emerged in recent years as an innovative 

new ideology around which to build compounds for applications in fluorescence 

imaging, and even more recently, theranostics. Since the near-simultaneous reports by 

Shabat, Scheeren, and McGrath in 2003, significant advances have been made in 

dendritic design, enabling more complex functionalities and a broader range of 
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applications.161–163 The core concept behind self-immolative dendrimers involves a 

"trigger" that masks the compound's activity. When this trigger is activated by an 

analyte, it is cleaved, causing the dendrimer to fragment into its core components and 

release its tail units (Figure 2.2). This release activates the compound, leading to 

effects such as increased fluorescence (as seen with profluorophores), enhanced 

cytotoxicity (in prodrugs), or both (in theranostics). 

 

Figure 2.2: Schematic of the activation and disassembly of self-immolative dendrimers 

Building on the scaffold initially developed by Shabat in 2004, Gao and colleagues 

synthesized compound 2.2; a doxorubicin-based theranostic incorporating 

tetraphenylethene with aggregation-induced emission properties (Figure 2.3). Their 

studies demonstrated a remarkable 142-fold increase in fluorescence intensity in the 

presence of in situ-generated H₂O₂. Furthermore, cytotoxicity assays revealed that 2.2 

exhibited no significant cytotoxic effects in the absence of H₂O₂; however, the 

introduction of H₂O₂ resulted in a concentration-dependent increase in cytotoxicity, 

with higher prodrug concentrations leading to greater reductions in cell viability.164 

 

Figure 2.3: Structure of compound 2.2. 

Together, the precise ROS delivery offered by CAP and the selective activation of self-

immolative dendrimers suggest strong potential for a combined therapeutic approach. 

However, this integration has received little attention to date, representing a clear gap 

in the current research. This chapter aims to address this gap through the design, 

synthesis and evaluation of two novel self-immolative dendrimers capable of releasing 

either a pro-fluorophore or pro-fluorophore and a pro-drug through CAP activation 
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2.2 Chapter Objectives 

The aim of this chapter is to synthesise two novel CAP-activated self-immolative 

dendrimers. This design of these compounds is graphically portrayed in Figure 2.4, 

where three moieties are linked together by a central core. In our instance, the 3 

moieties consist of a trigger, a profluorophore and a cytotoxic agent. 

 

Figure 2.4: Graphical representation for the design of CAP activated prodrugs 

The dendritic release of our cargo is expected to proceed as shown in Figure 2.5. 

Following exposure to ROS, the boronic ester is oxidised and converted to a phenol 

intermediate. This intermediate then undergoes a dendritic collapse by way of quinone 

methide elimination, which releases the phenol of the cresol unit. 1,4-elimination then 

releases the fluorescent reporter, corresponding in a modulation in fluorescence output 

from blue to green emission. The newly formed ortho quinone methide-type 

intermediate then acts as a Michael acceptor, where it is quenched by water to restore 

the aromaticity of the ring. Consequently, this is then followed by a second 1,4-

elimination, releasing a dormant cytotoxic agent in its active form.  

 

Figure 2.5: Self-immolation of a ROS-responsive dendrimer 

Once the overall design and release mechanism had been finalised, compounds 2.3 

and 2.4 were chosen as the target compounds. Compound 2.3, depicted in Figure 2.6, 

features a phenylboronic ester linked to the central cresol core, with two n-butyl-4-



  Chapter 2 

45 

 

amino-1,8-naphthalimides appended to the core via a carbamate linkage. 

Naphthalimides were selected due to their fluorescent properties being highly sensitive 

to the nature of their substituents, allowing precise tuning of the intramolecular charge 

transfer (ICT) excited state.165 They are also highly resistant to photobleaching and 

have a considerable Stokes’ shift. The alteration in ICT behaviour, accompanied by a 

corresponding shift in emission characteristics, is also well-documented in the context 

of converting a carbamate into a free amine.166 Both compounds 2.3 and 2.4 utilise 

this transformation to achieve their functionality.  

 

Figure 2.6: Structure of compound 2.3. Phenylboronic ester (orange) and naphthalimides 

(blue) 

Compound 2.4 in Figure 2.7 builds on the structure shown above, and follows a 

theranostic approach, where 2.4 is comprised of a phenylboronic ester linked to the 

central cresol core, n-butyl-4-amino-1,8-naphthalimide conjugated via a carbamate 

bond to the core and amonafide conjugated via a carbamate bond to the core. 

Amonafide was chosen in the design as it is a known topoisomerase inhibitor and DNA 

intercalator that showed activity against breast and prostate cancer.167,168 However, 

amonafide is no longer undergoing clinical trials due to the toxicity of N-acetyl-

amonafide, one of its metabolites.169 The design of 2.4 has the potential to overcome 

some of the toxicity associated with amonafide as it will limit its release in a 

spatiotemporally controlled manner. Examples of amonafide based prodrugs 

strategies, which target ROS as the stimuli, have appeared in the literature, in efforts 

to reintroduce amonafide as a relevant chemotherapeutic.170 
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Figure 2.7: Structure of compound 2.4. Phenylboronic ester (orange), naphthalimide (blue) 

and amonafide (red) 

The synthetic pathways to reach the proposed target structures are shown in figures 

2.8 and 2.9. The primary goal was to first synthesise an hydroxymethyl derivative of 

the central core, via ether linkage to the ROS responsive trigger, and then react with 

the carbamoyl chloride derivatives of the naphthalimides forming a carbamate linkage. 

These carbamoyl chlorides can be accessed by reaction of the aromatic amines with 

triphosgene. In Figure 2.8, the aim is to react the core with an excess of the carbamoyl 

chloride derivative of the fluorophore with the aim of obtaining two fluorophores on 

each side of the dendrimer. This will allow for the proof of concept to be investigated 

fluorometrically. 

 

Figure 2. 8: Proposed synthetic pathway of compound 2.3 

In Figure 2.9 on the other hand, it would be required that firstly an intermediate of 

amonafide would be conjugated to the core, with one hydroxyl arm remaining free. 

Following this, the fluorophore could be reacted with this intermediate giving the 

target compound. 
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Figure 2.9: Proposed synthetic pathway of compound 2.4 

2.3 Synthesis and Characterisation of 2.3 and 2.4 

2.3.1 Synthesis of 2.5, 2.6, 2.7. 

Before synthesising 2.3 and 2.4, the syntheses of 2.5, 2.6 and 2.7 were required for the 

proposed synthesis to be completed successfully. 2.5 was synthesised via silyl ether 

protection of the hydroxyl groups, shown in Figure 2.1 below. This was achieved by 

reacting 2,6-bis-hydroxymethyl-p-cresol with tert-butyldimethylsilyl chloride in the 

presence of imidazole. Compound 2.1 was obtained in an 75% yield following column 

purification.  
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Scheme 2.1: Synthesis of compound 2.5 

As seen from the below 1H NMR in Figure 2.10, the key characteristic peaks of 2.5 

are the two peaks in the aliphatic region. The singlets at 0.12 and 0.94 ppm being the 

protons of the dimethyl groups and the tert-butyl groups of the silyl ether respectively, 

with the former integrating for 12H and the latter 18H. This double integration value, 

along with the presence of the singlet at 4.82 ppm, integrating for 4H, confirms the 

protection of both hydroxyl groups. The singlet peak at 8.02 ppm, integrating for 1H, 

shows the presence of the phenol OH. 

 

Figure 2.10: 1H NMR of 2.5 in CDCl3. 

2.6 was synthesised via Williamson ether synthesis, as shown in Scheme 2.2. This 

involved the reaction of 2.5 and 2-(4-(bromomethyl)penyl)-4,4,5,5-tertamethyl-1,3,2-

dioxaborolane in the presence of potassium carbonate as the base to yield the target 

compound in a 71% yield after column chromatography 
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Scheme 2.2: Synthesis of 2.6 

Figure 2.11 below shows the 1H NMR spectra of 2.6. From this figure, the two sets of 

doublets at 7.85-7.83 and 7.43-7.42 ppm are characteristic of the two sets of aromatic 

protons of the phenyl ring of the arylboronic ester. This is further indicated by the 

appearance of the peak at 1.36 ppm, integrating for 12H, corresponding to the 

methylene protons of the boronic ester. Finally, the peak at 4.89 ppm, integrating for 

two, indicates successful ether linkage. Also, it is noted the disappearance of the 

singlet peak at 8.08 ppm, indicating functionalisation of the phenol. 

 

Figure 2.11: 1H NMR of 2.6 in CDCl3. 



  Chapter 2 

50 

 

The synthesis of 2.7 is depicted below in Scheme 2.3. Silyl ether deprotection was 

achieved by stirring 2.6 in MeOH with a catalytic amount of p-toluenesulfonic acid to 

yield the deprotected product in a 66% yield. 

 

Scheme 2.3: Synthesis of 2.7. 

Figure 2.12 shows the 1H NMR spectrum with the key evidence being the 

disappearance of the signals corresponding to the silyl ether groups at approx. 0.25 

and 0.92 ppm. There is also restoration of the hydroxy OH protons at 1.92 ppm.  

 

Figure 2.12: 1H NMR of compound 2.7 in CDCl3  
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2.3.2 Synthesis of 2.8, 2.9 

With the above central scaffold in hand, it was next required to synthesise both the 

fluorophore and the chemotherapeutic agent. Compound 2.8 was synthesised via 

Scheme 2.4. Firstly, condensation of n-butylamine with 4-nitro-1,8-naphthalic 

anhydride gave 2.10 in 75% yield. Reduction of 2.10 in the presence of catalytic 

amounts of Pd/C and H2 gave the amino derivative 2.8 in 93% yield. 

 

Scheme 2.4: Synthesis of 2.8 

Observing the 1H NMR below, the characteristic NH2 protons of 2.8 are seen as a 

singlet at 4.94 ppm. Also seen are the two doublets each integrating for 1H at 8.42 and 

6.88 ppm, corresponding to the protons in the 2 and 3 position of the naphthalimide 

moiety. The butyl protons are also observed at 4.16, 1.71, 1.43 and 0.97 ppm, all 

showing the correct integration and splitting patterns.  
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Figure 2.13: 1H NMR of 2.8 in CDCl3. 

Compound 2.9 was synthesised as outlined in Scheme 2.5, using a synthetic route 

analogous to that of compound 2.8. N,N-dimethylethylenediamine was condensed 

with 3-nitro-1,8-naphthalic anhydride to give 2.11 in a 78% yield. Following 

condensation, 2.11 was reduced in the presence of catalytic amounts of Pd/C and H2 

gave amonafide, 2.9, in 91% yield. 

 

Scheme 2.5: Synthesis of 2.9 

Figure 2.14 shows the 13C NMR of 2.9. the signature carbonyls of the naphthalimide 

moiety can be seen at 164.7 and 164.4 ppm, as well as the carbons of the dimethyl 

amino moiety at 45.91 ppm. In the 1H NMR, (see Fig S2.20), characteristic signals are 

seen at 4.85 ppm integrating for 2H which is corresponding to the NH2 group in the 3-

position of the naphthalimide. Also seen are the two singlets at 8.01 and 7.29 ppm, 
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both integrating for 1H, and correspond to the protons in the 2- and 4- position of the 

naphthalimide moiety respectively. Finally, the singlet at 2.35 ppm integrating for 6H 

is indicative of the protons of the dimethylamino group.  

 

Figure 2.14: 13C NMR of 2.9 in CDCl3. 

2.3.3 Synthesis of 2.3. 

The synthesis of 2.3 proceeded as shown in Scheme 2.6. Firstly, 2.7 was reacted with 

triphosgene in the presence of TEA as the base. This reaction led to the formation of 

the highly reactive carbamoyl chloride intermediate 2.12. This was reaction was 

carried out in a one-pot fashion, with 2.7 being added to the reaction mixture, ensuring 

that 2.12 remained in excess (approx. 3:1 2.12 to 2.7) to promote carbamate formation 

at both hydroxymethyl sites. Purification of 2.3 was carried out by precipitation from 

ethyl acetate, followed by washing of the precipitate with cold methanol, removing 

any 2.8 remaining in the crude mixture, and giving 2.3 in a 73% yield. 
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Scheme 2.6: Synthesis of 2.3. 

As seen in Figure 2.15, there is strong evidence confirming the formation of 2.3. The 

singlet peak at 7.50 ppm integrating for 2H, corresponds to the two NH protons of the 

carbamate bond formed between the aromatic NH2 of the naphthalimide moiety and 

the hydroxymethyl groups of 2.3. Furthermore, the singlet at 5.34 ppm, integrating for 

4H corresponds to the methylene protons adjacent to the carbamate bonds, and the 

integration value shows the desired di-substitution of 2.18 to the core due to the centre 

of symmetry of compound 2.3. Finally, further confirmation is observed through the 

n-butyl protons of the fluorophore at 4.15, 1.70, 1.43 and 0.96 ppm, which all integrate 

for double the number of protons expected from one substituent, certifying di-

substitution has occurred.  
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Figure 2.15: 1H NMR of 2.3 in CDCl3. (inset) zoom of aromatic region. 

Formation of 2.3 was also confirmed using HRMS, where Figure 2.16 below shows 

ionisation at 995.1010, corresponding to [M + Na]+ of 2.3. Unfortunately, because of 

the lipophilicity of the compound, an LCMS trace was not possible, due to the 

compound not eluting under the given LC operational parameters. Nevertheless, NMR 

analysis confirms the high degree of purity of 2.3.   

 

Figure 2.16: HRMS of 2.3. 

2.3.4 Synthesis of 2.4 

As compound 2.4 required two different cargo units appended to the core of the 

dendrimer, initially it was hoped that orthogonal protecting groups would remove the 
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issue of having to rely on mono-substitution of the cresol core. To this end, synthesis 

of a selectively protected derivative was carried out, utilising TIPS and allyl ether as 

the protecting groups. However, efforts to remove the allyl group using sodium 

borohydride led to the degradation of the compound, by way of removal of the boronic 

ester so ultimately this strategy was abandoned. This forced an alternative synthetic 

pathway which would involve mono-substitution of 2.9 to 2.7. To this end, compound 

2.13 was required as an intermediate. 2.13 was comprised of 2.9 carbamate linked to 

one of the hydroxymethyl arms of 2.7. The synthesis of 2.13 was carried out as 

outlined in Scheme 2.7 shown below. This reaction is closely related to that for 2.3, 

however it differs in the equivalents of the starting materials used. To favour mono-

functionalisation, 2.7 was used in a slight excess with respect (approx. 1.1 eq.) to 2.14 

and the order of addition was changed. Instead of a one-pot reaction, 2.14 was added 

dropwise to a stirring solution of 2.7, which was cooled to 0oC. This led to formation 

of the mono-substituted 2.13 in an isolated 25% yield after column chromatography. 

This low yield was presumed to be due to the formation of side products such as the 

double O-alkylated derivative, and the possible formation of a bis-urea derivative of 

2,9.  

 

Scheme 2.7: Synthesis of 2.13 

Figure 2.17 shows the 1H NMR spectrum of 2.13. From this spectrum, the splitting of 

the two CH2 signals of the central cresol unit can be observed at 5.30ppm and 
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4.96ppm, with both signals integrating for 2H, with the former correlating to the CH2 

adjacent to the carbamate linker. This splitting is indicative of mono-substitution of 

the amonafide moiety and resulting in the desymmetrisation of the compound. Further 

confirmation is the disappearance of the NH2 signal seen in compound 2.9 (Figure 

S2.20) as it is converted to a carbamate NH, which was not observed on the 1H NMR 

of 2.13. 

 

Figure 2.17: 1H NMR of 2.13 in CDCl3. (inset) zoom of aromatic region. 

Formation of 2.13 was also confirmed using LCMS analysis, shown below in Figure 

2.18. Under the mobile phase conditions used to carry out LC-MS analysis of 2.13, 

which includes 1% formic acid in water, two peaks are observed on the UV 

chromatogram. The peak with retention time at approx 29 minutes with ionisation 

corresponding to that of [M+H]+ of 2.13 at 694 is of the boronic ester derivative of 

2.13. However, under acidic aquous conditions, boronic esters have a propensity to 

undergo hydrolysis, converting to the diboronic acid.171 This phenomenom was 

observed on the UV trace, with the appearance of a second peak, with retention time 

of approx 26 minutes, showing ionisation mass of 612, corresponding to [M+H]+ of 

the diboronic acid derivative of 2.13. Additional proof of compound formation 2.13 
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was also achieved via HRMS with observed ionisation at 694.33, which corresponds 

to [M+H]+ for compound 2.13. 

 

Figure 2.18: LCMS of 2.13. 

Compound 2.4 was then prepared according to Scheme 2.8. Compound 2.8 was 

reacted with triphosgene and TEA to form 2.12, the carbamoyl chloride derivative of 

the fluorophore, which was subsequently reacted with 2.13 in a 2:1 excess, in a one 

pot reaction to result in 2.4, and was then purified using column chromatography to 

give a final yield of 49%. 
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Scheme 2.8: synthesis of 2.4. 

2.4 was fully characterised using 1H NMR, 13C NMR, IR and HRMS. 1H-1H COSY, 

HSQC and HMBC were used to assign 1H NMR peaks. The 1H NMR spectrum is 

shown below in Figure 2.19. Similarly to 2.13, following the chemical shifts of the 

CH2 protons on the cresol core, we can now see two peaks integrating for 2 protons at 

5.34ppm and 5.33ppm. This is strongly indicative that we have functionalised 2.12 to 

the core via a carbamate. The almost identical chemical shifts of the CH2 are to be 

expected as both are adjacent to the carbamate bonds of the naphthalimide moieties. 

It is also observed in the aromatic region the singlets of the amonafide moiety at 8.52 

and 8.21 ppm. Interestingly however, is the apparent broadening of the peaks 

correlating to the amonafide portion of the compound. This is most noticeable at peaks 

at the head of the dimethylamino moiety, at 2.72 and 2.39ppm. For the purpose of 

characterising the singlet at 2.39 ppm, HSQC analysis was used and confirmed that 

the peak corresponded to two signals, the 6 protons of the dimethylamino groups, and 

the methyl group in the 4-position of the central benzyl core. 
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Figure 2.19: 1H NMR (top) and HSQC (bottom) of 2.4 in CDCl3. Top inset: zoom of 

aromatic region. (lines on HSQC show peak at 2.39 ppm coupling to two carbon signals). 
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Further confirmation of the formation of 2.4 was also achieved via HRMS, where 

figure 2.20 below showing ionisation at 988.33, which corresponds to [M+H]+ for 

compound 2.4. 

 

Figure 2.20: HRMS of 2.4 

It is also worth noting the LC-MS trace of 2.4, shown in Figure 2.21, which shows 

the same hydrolysis pattern seen with 2.13. The observed hydrolysis may also be 

attributed to the use of DMSO as the sample diluent, as residual water in DMSO could 

promote hydrolytic degradation. The observed masses of 988 and 906 correspond to 

[M + H]+ of  both 2.4 and its corresponding boronic acid respectively, confirming this 

degredation. This was similarly reflected in the NMR spectra of compound 2.4, where 

the use of DMSO-d₆ as the solvent resulted in the appearance of multiple additional 

peaks, likely corresponding to degradation products. In contrast, spectra acquired in 

CDCl₃, which contains substantially less water, showed significantly cleaner profiles. 

Nonetheless, using this LC-MS analysis in conjunction with 1H NMR spectra in 

chloroform and HRMS, it can be confirmed 2.4 was synthesised to a high degree of 

purity. 
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Figure 2.21: LC-MS trace of 2.4, showing hydrolysis of compound. 

2.4 Spectroscopic Response of 2.3 and 2.4 to Peroxide 

With compounds 2.3 and 2.4 in hand, we next wished to evaluate the spectroscopic 

response of both compounds upon exposure to ROS using both UV/Vis and 

fluorescence spectroscopy. Hydrogen peroxide (H2O2) was used as a model for the 

ROS induced via CAP owing to it being one of the most abundant and long lived ROS 

induced by CAP,172 and also its oxidation reaction with boronic esters is well 

established,173 with the mechanism shown in Figure 1.10. Due to the relative 

quantaties of 2.3 available it was decided that it would be used to carry out the initial 

studies and these parametres would then be used to guide similar experiments using 

2.4. Firstly the changes in the UV/Vis spectrum of compound 2.3 were investigated 

upon addition of H2O2, where, as seen in Figure 2.22, this resulted in a decrease in the 

absorbance of the parent compound at 375 nm. However this was anticipated to be 

matched with a subsequnt increase in absorbance at 440 nm, which would be 

emblamatic of release of 2.8. Instead, there was no significant increase in absorbance 

at this wavelength, which brought into question the solvent system used. Due to the 

inclusion of n-butyl moieties at the head of the naphthalmide fluorophore, it was 

postulated that upon release from the dendritic core, the fluorophore was precipitating 

from solution due to hydrophobicity, thus affecting its absorbance. Importantly, this 

was not believed to be affecting the mechanism of action, as the decrease in 
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absorbance of the parent compound still suggested that some form of self-immolation 

was occuring.  
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Figure 2.22: The UV/Vis spectra of 2.3 (10µM) following treatment with 1 mM H2O2 in 

PBS pH 7.4 over the course of 24 hours. 

In order to investigate this, DMSO was added to the solvent system and at 50% DMSO 

concentration, there is a clear increase in absorbance at 440 nm, thus giving validation 

to the claim that a highly aqueous eniviroment is compromising the spectroscopic 

studies due to the poor solubility of 2.8  under these conditions. 
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Figure 2.23: The UV/Vis spectra of 2.3 (10 µM) following treatment with 1 mM H2O2 in 

PBS:DMSO (50:50) over the course of 24 hours. 

Using the isosbestic point of 420 nm as the excitation wavelength, 2.3 displayed an 

emission maximum at 489 nm. Upon addition of 1 mM peroxide (100 eq.), emission 

at 489 nm was diminished significantly after 24 hours, with a new emission maximum 

present at 535 nm: indicative of free naphthalimide release. This emission continued 

to increase beyond 24 hours. To investigate further, the experiments were extended to 

72 hours. The results showed a plateau in intensity around the 60-hour mark, consistent 

with literature reports indicating that immolation can take up to 72 hours due to the 

slow hydrolysis of the benzyl ether.174 The ratiometric fluorescence signal had also 

displayed a 5.1-fold increase in emission output. As with the UV/Vis experiments, a 

concentration of 50% DMSO was required, where the fluorescence output of the 

naphthalimide in aqueous solution was quenched. Fluorescence experiments in PBS 

buffer displayed a similar decrease in fluorescence emission at 489 nm, but this was 

met with a much smaller increase in output at 535 nm, due to this quenching effect, as 

well as the aforementioned solubility issues. 
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Figure 2.24: Fluorescence spectrum of 2.3 (10µM) following the addition of H2O2 (1 mM) 

in 50% DMSO in PBS over the course of 72 hours. λexc = 420 nm. (inset) changes in 

fluorescence intensity at 535 nm as a function of time. 

As it was postulated that without the initial hydrolysis of the boronic ester to the 

corresponding phenol via peroxide coordination, the immolation process would not 

occur and would not lead to an increase in emission at 535 nm. it was necessary to 

investigate the role of this ROS oxidation. To this end, a solution of 100 µM H2O2 in 

DMSO:PBS (50%) was pretreated with 4 mM N-acetyl cysteine (NAC), a known ROS 

scavenger,175 for 6 hours. Following incubation, 2.3 (10 µM) was added and the 

reaction was further incubated for 18 hours. As seen in Figure 2.25, the NAC 

pretreated sample showed minimal increase in emission at 535 nm following 18 hours 

incubation, comparing favourably to a solution of 2.3 with no H2O2 present. This is in 

stark contrast to a solution containing H2O2, which displayed an approx. 3.9-fold 

increase in emission at 535 nm. 
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Figure 2.25: Inhibition of the fluorescence response of 2.3 to H2O2 via N-acetyl cysteine. 

2.3 concentration was 10µM and H2O2 concentration was 100 µM in all cases. Reaction time 

was 18 hours and λexc was 420 nm.   

Finally, in order to probe the sensitivity of 2.3 towards ROS and evaluate it efficacy 

as a ROS responsive probe, a limit of detection (LOD) analysis was carried out, 

whereby a calibration curve was generated showing the relative intensity of 

fluorescence output for 2.3 (10 µM) at λmax = 535 nm, at known concentrations of 

peroxide (1 – 100 µM) following incubation for 24 hours. Using the formula LOD = 

3.33(σ/K), where σ is the standard deviation of the blank measurement, and K is the 

slope of the line between fluorescence intensity and peroxide concentration, the LOD 

was calculated to be 0.58 µM. This LOD value is slightly higher compared with other 

reported LOD values for ROS-responsive boronic esters reported in the literature.176 

It is also important to note that the R2-value is above the 0.990 threshold,177 so this 

result can be extrapolated to a good degree of confidence. 
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Figure 2.26: Calibration curve of fluorescence intensity of 2.3 (λmax = 535) at known conc. 

of H2O2 (1 – 100 µM). Reaction was incubated for 24 hours. 

With the above information in hand, it was next investigated whether 2.4 would 

display similar results upon exposure to peroxide. Under analogous conditions, the 

changes in the UV/Vis spectrum of 2.4 matched closely the behaviour seen for 2.3, 

with a decrease in the parent compound absorption at 375 nm, and a subsequent 

increase at 440 nm.  
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Figure 2.27: The UV/Vis spectra of 2.4 (5 µM) following treatment with 1 mM H2O2 in 

PBS:DMSO (50:50) over the course of 24 hours. 

Similarly, the fluorescence emission response was investigated and, in this case, had a 

much smaller red shift in emission when excited at 420 nm of only 9 nm. As previously 

noted, the fluorescence characteristics of naphthalimides are highly solvent dependant, 

with aqueous environments leading to red shifts in emission. It has been reported than 

3-substituted naphthalimides are more greatly red-shifted than their 4-substituted 

counterparts.58 It is therefore plausible that the inclusion of the amonafide (2.9) moiety 

may have an impact on the emission maxima observed in 2.4. Possible FRET 

interactions between both naphthalimide moieties also cannot be discounted. Despite 

this, a clear increase in emission at 535 nm was observed, with a 3.3-fold increase in 

fluorescence intensity. It should also be noted that although 2.9 displays an emission 

maximum at 595 nm which would result in a much larger red shift in emission, its 

intensity relative to 2.8 is substantially less. This reduced intensity is likely due to the 

poor ICT efficiency of 3-amino-naphthalimides, which typically exhibit significantly 

lower quantum yields than their 4 amino counterparts.178  
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Figure 2.28: Fluorescence spectrum of 2.4 (10µM) following the addition of H2O2 (1 mM) 

in 50% DMSO in PBS over the course of 24 hours. λexc = 420 nm. (inset) changes in 

fluorescence intensity at 535 nm as a function of time. 

2.5 LC-MS study of 2.4 towards peroxide 

The above changes in both UV/Vis and fluorescence behaviour of both dendrimers 

were strong evidence that the conversion of the boronic ester to the corresponding 

phenol, via coordination of the peroxide anion, followed by self-immolation was 

releasing compounds 2.8 and 2.9. To further confirm this hypothesis, an LC-MS 

analysis was conducted, where changes in mass and retention time in the UV trace at 

254 nm were tracked to show release of both cargo units. In this study, a reaction of 

2.4 (2.5 mM) and H2O2 (25 mM) was prepared in DMSO/PBS (80/20). As can be seen 

in Figure 2.29, the parent compound has a retention time of approximately 37 minutes. 

Following peroxide addition, there was the appearance of two peaks; one at 23.58 

minutes, which is in agreement with LCMS analysis of free 2.9, and shows ionisation 

for 239, which corresponds to that of [M + H]+ of 2.9, and the other at 36.17 minutes 

shows ionisation for 269, again, matching that of free 2.8 and corresponds to that of 

[M + H]+ of 2.8. Importantly, there was no evidence of the peak for 2.4, indicating that 

it had fully reacted with the peroxide present and completely fragmented. The large 
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cluster of peaks at approximately 27 minutes may correspond to numerous degradation 

products, with no discernible masses found. 

 

Figure 2.29: TIC trace of 2.4 after 18-hour treatment with H2O2 (10 eq.). a) Compound 2.4, 

b) trace following peroxide treatment, c) ESI+ trace for peak at 36.17 mins, d) ESI+ trace for 

peak at 23.58 mins 

The above LCMS study confirms that upon reaction with H2O2, compound 2.4 

undergoes a self-immolation mechanism, releasing both 2.8 and 2.9. This result then 

allowed for subsequent cytotoxic evaluations to be undertaken. 

2.6 Cytotoxicity Analysis of 2.4 

To validate the ability of 2.4 to act as a CAP-activated theranostic, cell viability assays 

were carried on the U-251 MG cell line derived from human glioblastoma cells by Dr. 

Janith Wanigasekara of the Curtin group in Technological University Dublin, Ireland. 

Cells were plated in 96-well plates and treated with 2.4 at various concentrations in 

the culture medium. Cells were then exposed to 20 seconds of CAP treatment and 

incubated for 24 hours. 20 seconds of CAP treatment was chosen as the treatment 

duration due to CAP’s ability to induce cytotoxicity in a dose-dependent manner. 20 

seconds of treatment would allow for induction of ROS into the cell but not to the 
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extent that CAP treatment itself is inducing a killing effect on the cells, with the 

LC50 for a single CAP treatment reported to be 164s for U-251 MG 2D cells.179 This 

would ensure that any cytotoxicity measured would be as a result of prodrug 

activation. Cytotoxicity was determined using the Almar Blue Cell Viability Reagent. 

Fluorescence was measured using the Varioskan Lux multi-plate reader and results 

were described as cell viability percentage. As shown in Figure 2.30 below, 20 

seconds of CAP treatment did not cause a significant increase in cytotoxicity, with 

only marginal increases even at high concentrations of 2.4. 

 

Figure 2.30: Cell viability of U-251 cells upon treatment with 2.4, followed by 20 seconds 

of CAP treatment and 24 hours incubation 

This result brought into question whether the lack of cytotoxicity demonstrated was a 

result of incubation time, as 24 hours may not have been long enough to allow for 

complete immolation and subsequent drug release, or a ROS concentration 

dependency. To examine the latter, cells pretreated with 2.4 were exposed to three 

repetitions of 20s CAP exposure. This extended treatment allowed for a higher 

concentration of ROS to be generated within the cells, while remaining well below the 

tolerated threshold. After treatment, the cells were again incubated for 24 hours. As 

seen in Figure 2.31, this resulted in a substantial increase in the cytotoxicity observed, 

with a moderate LC50 of 84 µM after multiple CAP treatments. To further examine 
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whether this cytotoxicity was as a result of amonafide release or CAP-mediated 

cytotoxicity analogous experiments were carried out with 2.3, which was expected to 

not show a similar cytotoxic ability due to the design lacking the amonafide moiety. 

Indeed, multiple CAP treatments of cells pretreated with 2.3 showed much greater cell 

viability than those treated with 2.4. (See Appendix)   

 

Figure 2.31: Cell viability of U-251 cells upon treatment with 2.4, followed by 20 seconds 

of CAP treatment (x3) and 24 hours incubation 

It should also be noted that single 20s CAP treatments left to incubate for 96 hours 

also showed a marginal increase in cytotoxicity compared to 24 hours incubation, so 

it’s plausible that a greater incubation time coupled with increased CAP treatment 

times would have an even more drastic effect on cytotoxicity. Nevertheless, the 

cytotoxicity results clearly showed a ‘turn on’ of cytotoxicity as a function of CAP 

treatment, indicating the successful release of 2.9. 

2.7 Confocal Microscopy of 2.3 and 2.4 

Finally, to observe the ratiometric change in fluorescence following CAP treatment, 

confocal imaging was carried out by Dr. Abhik Mallick in RSCI, Dublin. Both 2.3 and 

2.4 were added to U-251 MG cells, treated with 20s of CAP and allowed to incubate 

for 24 hours. As can be seen in Figure 2.32 below, prior to CAP treatment, the merged 

image of the blue and green channels showed predominately blue fluorescence output 
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as anticipated. CAP treated cells however clearly display more intense green 

fluorescence, likely due to the CAP initiated immolation of 2.3, releasing 2.8 

 

Figure 2.32: Confocal microscope images of U-251 MG GBM cells pretreated with 2.3 

before and after CAP treatment. The images on the left show the fluorescence output through 

the green filter. The images in the middle show fluorescence through the blue filter. The 

images on the left show the merged images 

A similar result was seen for 2.4, with the absence of CAP treatment resulting in 

predominantly blue fluorescence output, which contrasted with the CAP exposed cells, 

which displayed strong green fluorescence. In order to quantify the change in 

emission, the ratio of relative intensities from both channels was measured. CAP 

treated cells displayed a 7:1 ratio of green:blue (512:421 nm) intensity following CAP 

treatment (Figure 2.33(b)). While the below ratiometric change in fluorescence is 

much more pronounced than in the spectroscopic studies shown previously, it may be 

caused by the naphthalimide fluorophores entering hydrophobic pockets within the 

cells, behaviour which has been demonstrated with other naphthalimide derivatives in 

cancer cell lines.180 This may have the effect of reducing the red-shift caused by the 

highly aqueous environment demonstrated in Figure 2.28, and lead to a much more 

dramatic ratiometric change in fluorescence in vitro. 
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Figure 2.33: a) Confocal microscope images of U-251 MG GBM cells pretreated with 2.4 

before and after CAP treatment. b) ratio of intensity in green vs blue channels before and 

after CAP  
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2.8 Conclusions and Future Work 

In conclusion, two novel ROS-responsive self immolative dendrimers 2.3 and 2.4 were 

synthesised. These compounds were both achieved through a common intermediate 

scaffold utilising an aryl-boronic ester as the ROS-responsive triggering group. This 

was then followed by carbamate linkages of two instances of the fluorescent reporter 

in the case of 2.3, and carbamate linkages between the core and a chemotherapeutic 

and a fluorescent reporter in the case of 2.4.  

The anticipated ratiometric changes in spectroscopic characteristics were observed for 

both 2.3 and 2.4, with the expected increase in absorbance at 440 nm exhibited for 

both compounds upon peroxide exposure suggesting release of 2.8 in both cases. This 

was matched with a fluorescence wavelength modulation with a red shift in emission 

to 535 nm also in both cases. These results were then coupled with an LCMS study of 

the release of both compounds 2.8 and 2.9, confirming that the self-immolation of 2.4 

proceeds as expected.  

The CAP studies added further validation to the potential of 2.4 as a CAP-activated 

theranostic. Cells treated with 2.4 and subjected to multiple CAP treatments exhibited 

a pronounced increase in cytotoxicity attributed to the release of 2.9, whereas cells not 

exposed to CAP showed no cytotoxic effects. This provides compelling evidence that 

CAP-generated reactive oxygen species directly activates 2.4, triggering the release of 

the cytotoxic agent and thereby mediating the observed cell death with a moderate 

LC50
 of 84 µM calculated for 2.4 following multiple CAP treatments. Furthermore, 

confocal microscopy experiments showed a clear ratiometric change in fluorescence 

from blue to green upon treatment with CAP. Both of these results provide clear 

evidence that CAP treatment can be used to active a latent theranostic and may provide 

an exciting new therapy against cancer. 

With regards future work, since the immolation of the compound is proposed to rely 

on the oxidation of the boronic ester to initiate the process, it would be valuable to 

synthesize a control compound in which an unsubstituted benzyl group is ether-linked 

to the scaffold. Exposing this control to various oxidative and biologically relevant 

species would not only reinforce the critical role of reactive oxygen species - and thus 

CAP - in the activation mechanism but also serve to validate the overall stability of 

the molecule, particularly the carbamate linkages. 
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Due to clear solubility issues demonstrated by the fluorophore used, efforts could be 

made to help increase the solubility of 2.7 upon release from the central core. This can 

be done by modulation of the head of the naphthalimides, by incorporating a PEG-like 

chain instead of the simple alkyl chain used in this chapter, a strategy that has been 

previously demonstrated to enhance the solubility of naphthalimides.181 Furthermore, 

the fluorescent characteristics of the fluorophore could also be modulated by changing 

the substituent at the 4-position of the naphthalimide (Figure 2.35). Changing the 

amino group in the 4-position to a styrene moiety for example, would red-shift the 

fluorescence of both the bound and free fluorophore, with the free derivative emitting 

red light, making it more attractive from an imaging perspective. This could be easily 

incorporated into the design shown in this chapter, by carbamate linkage to the core 

using the same synthetic pathway as described in this chapter.  

 

Figure 2.35:  Possible modulation to 2.4 to allow for red emission upon immolation. 
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3. Ring-expansion as a Strategy Towards Responsive Anion 

Binders 

3.1 Introduction 

In recent decades, squaramides have begun to be employed in macrocyclic receptor 

design. Hydrogen bond macrocycles consist of a cyclic array of hydrogen bond doners 

in a specific geometry to create a pocket for the anionic guest. These macrocyclic 

receptors contain numerous key features which make then highly effective for anion 

recognition, premium of which is the preorganised conformation which minimise the 

entropic cost of binding.182 The control over the binding cavity size also is 

advantageous as it allows for the receptor to be tailored to the desired anion, increasing 

sensitivity and selectivity.183 Some of the earliest examples of squaramide based 

macrocyclic receptors was carried out by Jolliffe et al. where they synthesised a series 

of macrocycles (3.1 and 3.2) comprised of alternating squaramide and benzylic 

groups.184 Both compounds demonstrated a 1:1 binding fit and showed strong binding 

affinity towards SO4
2-, with Ka > 104 M-1 in DMSO-d6 (0.5% water) in both instances, 

while additionally 3.2 showed a similar affinity towards H2PO4
- (Ka > 104 M-1) and 

AcO- (Ka = 7530 M-1) (Figure 3.1).  

 

Figure 3.1: Structures of compounds 3.1 and 3.2 

Building on this work, Romanski et al. developed a fluorescent sensor with selectivity 

towards SO4
2- based on a macrocyclic squaramide core, appended to which was a 

benzo-18-crown-6 and a naphthalene fluorophore (Figure 3.2).185 This compound, 
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3.3, showed a change in fluorescent output upon addition of TBA sulphate, with a 

bathochromic shift in the absorbance maximum from 291 nm to 296 nm. 

Consequently, this led to an increase in emission intensity and an appearance of a new 

band at 420 nm.  

 

Figure 3.2: Structure of anion sensor 3.3 

One of the most crucial aspects of anion recognition using macrocycles is matching 

the cavity size of the receptor to the size of the anion.183 The term “large ring” is 

usually used to describe a ring size greater than twelve atoms, while cyclic compounds 

of 8-11 atoms are termed “medium rings”, and small rings being anything below seven 

atoms. While small rings experience ring strain, making their synthesis more nuanced 

than they would appear,186 large rings suffer from a loss of entropy, requiring typical 

end-to-end cyclisation to be carried out under high dilution to avoid intermolecular 

interactions.187 Medium rings, however, fall between these two extremes, and their 

synthesis is hampered by both high levels of transannular strain and the loss of entropy, 

making them incredibly difficult to access.188 

A popular means by which to access medium sized rings is via “ring expansions.” This 

method attempts to avoid the barriers faced with medium sized ring formation, by 

“growing” the ring size from a smaller ring. This ensures that the cyclisation step 

involves the formation of ring sizes of 4-6 atoms, which are much more favourable to 

form. One way of achieving this ring expansion is via “side-chain insertion”; that is, a 

side chain with a reactive handle is appended to a small ring which under certain 

conditions will rearrange via nucleophilic attack, expanding the ring size. The scope 

of this work is broad, with side-chain activation achieved through various strategies, 
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such as a simple deprotonation,189 protecting group cleavage,190 or functional group 

conversion.191 Furthermore, an often key mechanistic step is the cleavage of a C-X 

bond, with X commonly being a nitrogen atom.192 Although the early pioneering work 

for this field was carried out by Hesse and co-workers, who developed a method for 

ring expansions based on the use of N-containing side chains,189 the group of Will 

Unsworth continue to move the needle and expand the scope of what they have coined 

Successive Ring Expansions (SuRE).193 They have demonstrated that following C-

acylation of a 12-membered β-keto ester with an acid chloride, fmoc deprotection 

yielded a ring expansion intermediate which spontaneously rearranged forming the 

16-membered ring expanded product (Scheme 3.1).194 

 

Scheme 3.1: Work carried out by the Unsworth group in the synthesis of medium-sized 

lactams via the SuRE method. 

This methodology for ring expansion is particularly compelling, as squaramides and 

their cyclic derivatives are known for their effective anion binding capability but their 

lack of selectivity and control over binding behaviour remains underexplored. When 

applied to SuRE methodology, squaramides offer a promising scaffold for constructing 

ring-expansion motifs. They not only contain the requisite C-N bond but are also easily 

modified to introduce a reactive handle. Indeed, previous work within the group have 

shown that squaramides are capable of undergoing amide bond formation between the 

NH of the squaramide and a carboxylic acid to form a new class of squaramides named 

“amidosquaramides”195. Building on this, one could envision inserting an amino acid 

side chain into a ring-closed squaramide, triggering a similar ring-expansion 

mechanism. This approach could enable precise control over the binding site and allow 

for ‘switch-on’ anion binding in response to a specific analyte. This chapter will aim 

to apply this theoretical framework to develop a new family of reactive anion binders 
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that respond to external stimulation. By leveraging ring expansion in squaramide-

based systems, this approach could open new avenues for designing functional 

molecular architectures with potential applications in sensing and transport.
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3.2 Chapter Objectives 

The aim of this chapter is to synthesise a series of expanding anion receptors which, 

upon reaction with an analyte will remove a ‘triggering’ group from the compound 

and lead to an intramolecular cyclisation reaction, culminating in a ring expansion and 

a “turn-on” in anion binding. This concept is graphically portrayed in Figure 3.3, 

whereby the proposed receptors will feature an initial small ring, consisting of a ring-

closed amidosquaramide with N-terminus protection. These medium ring macrocycles 

will lack the cavity space size to allow for anion binding, while also containing one 

‘tertiary squaramide” which will lack the hydrogen bond doner group necessary for 

anion binding. The side chain amino acids will be of varying chain length to allow for 

a variety of cavity sizes upon rearrangement and will be protected in the first instance 

by simple N-boc-protection, to allow for a proof of concept to be established.  

 

Figure 3.3: Schematic representation of the principal behind expanding anion receptors. 

(top), proposed chemical structures and general scheme towards spontaneous ring expansion 

(bottom). 

This idea builds upon a serendipitous discovery within the group, whereby attempts 

to Boc-deprotect the squaratide structure shown below in Scheme 3.2 showed a 

skeletal rearrangement in which the newly liberated N-terminus formed a C-N bond 

with the cyclobutadione ring, releasing a terminal amide. It can be envisioned 

therefore, that upon N-terminus deprotection, this skeletal rearrangement could result 

in ring expansion, increasing the cavity size of a cyclic squaramide, and subsequently 

switch on anion binding behaviour. 
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Scheme 3.2: Previous work within the group displaying the skeletal rearrangement of a 

simple squaratide upon n-terminus deprotection. 

In the first instance, the ‘ideal’ medium ring sized will be assessed by reaction of 

various diamines with diethyl squarate. Following this, the optimal ‘arm’ length will 

be identified by way of reaction with various amino acids of varying chain lengths. 

Upon the synthesis of a family of lead compounds, all will be subjected to N-terminus 

deprotection to assess their ability to undergo spontaneous ring expansion. If 

successful, the possibility of a double rearrangement will be assessed by including a 

second reactive handle to the unexpanded scaffold. (pathway A in Figure 3.4 below). 

Finally, the ability to incorporate orthogonal triggers will be assessed by introducing 

an fmoc group to the scaffold. Sequential rearrangements will then be investigated. 

(pathway B below). Once all expansions are complete, the expanded macrocycles will 

be probed for their anion binding capabilities and compared with the unexpanded 

derivatives to verify the claim that they can act as responsive anion binders. 

 

Figure 3.4: Proposed proof of concept to show the feasibility of (A) a double ring expansion 

approach to responsive anion binding and (B) orthogonal protecting groups for further 

selectivity of ring expansion 

In the following sections, the synthesis of the protected squaramides will be discussed 

along with the discussion as to any failed synthetic derivatives, as the ideal starting 

macrocycle size and amino acid chain length were investigated. 
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3.3 Synthesis and Characterisation of Protected Medium Sized 

Macrocycles 

The first step towards synthesising the expanded macrocycles was to first investigate 

the scope of the starting macrocycle size. This was to be done according to Scheme 

3.3, whereby conversion from squaric acid to diethyl squarate (3.4) was carried out 

followed by reaction with 1,3-diaminopropane to give the cyclised product, 3.5. In 

order to promote cyclisation over dimerisation, the reaction was carried out using 

syringe pumps, in which the starting materials were each dissolved in 5 mL of ethanol, 

and added at a flow rate of 5 mL/hr to a reseviour of ethanol, leading to isolated yields 

of 78% after filtration of the precipitate. 

 

Scheme 3.3. General synthetic pathway of 3.5. 

Upon successful synthesis of 3.5, the same protocol was applied to a range of 

derivatives to asses whether different diamine lengths could yield a family of medium 

sized squaramide rings. Under similar conditions however, in the case of both 1,2 and 

1,4 diamines, the desired product was not isolated, with LCMS analysis suggesting 

the favourable formation of dimers and trimers. This was not entirely unexpected, with 

derivatives using a 2-carbon chain also showing poor cyclisation in the literature, 

attributed to the ring strain about the cyclobutadione ring.196 LCMS analysis of both 

reactions did show formation of the desired macrocycles, however due to the highly 

insoluble nature of both, and the apparent low yields, it was decided not to optimise 

this step. 

With the above cyclic squaramide in hand, the neccesary side chains were assessed to 

optimise rearrangement. In this reaction, succinimide-N-boc-amino acids were 

coupled to the squaramides, forming amide bonds. This reaction was successful for 

each of glycine, β-alanine and γ-amino-β-alanine, to varying yields, with each instance 

only showing amide bond formation at one of the squaramide NHs. The N-

hydroxysuccinimide ester derivative of γ-(Boc-amino)butyric acid was not 

commercially available and its synthesis is described in Section 6.3 (Compound 
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3.16). In the first instance, amino acids derivatives without side chains were selected 

to maintain consistency in the synthesis and eliminate any variables that side chains 

might introduce. As shown in Scheme 3.4 below, this reaction involved reaction 

between in 3.5 and various activated-amino acid derivates in DMSO under basic 

conditions, yielding the desired responsive scaffolds to various yields following 

column chromatography. 

 

Scheme 3.4. General synthetic pathway of responsive anion binders 

Below is the 1H NMR for compound 3.7, the β-Alanine derivative (Figure 3.5). The 

spectra shows the characteristic NH signal of the squaramide at 9.31 ppm, along with 

the Boc-NH triplet at 6.76 ppm. Signals corresponding to the β-Alanine spine are seen 

at 3.17 and 3.2 ppm, both integrating for 2 protons. Finally, 3 CH2 signals at 3.84, 3.39 

and 1.98 ppm were obsereved which correspond to the CH2 groups of the propylene 

portion of the ring.  

 

Figure 3.5: 1H NMR of 3.7 in DMSO-d6.  
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In order to identify the amide carbonyl carbon conjugated to the squaramide, HMBC 

analysis was used. As can be seen in Figure 3.6 below, both the beta alanine methylene 

protons (labelled 5 and 6 above) and the methylene protons of the squaramide (labelled 

4) show coupling to the carbon signal at 172 ppm.  

 

Figure 3.6: zoom of HMBC spectrum of 3.7 showing coupling between the amide carbonyl 

and methylene protons, labelled 4,5 and 6 in Figure 3.4. 

A crystal structure of the compound was also obtained from the slow evaporation of 

DMSO. Analysis of the crystals were carried out by Dr. Brendan Twamley in Trinity 

College Dublin. X-ray analysis found the structure existed in two conformers shown 

in in Figure 3.7 below, in a 74:26% majority of the A conformer. 3.7 was also found 

to engage in intermolecular H-bonding between the carbonyls and the squaramide NH 

of a neighbouring molecule. 
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Figure 3.7: Individual representations of each disordered moiety in 3.7. 

While not discussed in this section, the synthesis of both 3.6 and 3.8 were successful 

to isolated yields of 34 and 63% respectively and the characterisation data for each 

can be found in the appendix. 

3.4 Ring expansion of 3.7  

With the target unexpanded macrocycles successfully synthesised, the next step was 

to investigate their ability to undergo the intended rearrangement. The rearrangement 

is postulated to occur via a pseudo-Smiles rearrangement mechanism. Firstly, base 

deprotonates the NH3
+ to form a primary amine. This nucleophilic amine then attacks 

the alkene carbon of the squaramide moiety, forming an enolate-like intermediate. Re-

establishment of the carbonyl and squaramide alkene breaks the C-N bond and 

subsequent proton transfer releases the secondary amide and results in the ring 

expansion from 7-atoms to 11-atoms. 

 

Scheme 3.5: Proposed mechanism for the spontaneous ring expansion following 

boc-deprotection of 3.7 

This was done via Scheme 3.6, which focuses on 3.7. Boc-deprotecion was carried 

out using TFA:DCM, with the intermediate salt being isolated via precipitation from 

ice-cold ether. The isolated deprotected macroycle was then redissolved in ethanol and 

reacted with 4 equivalents of TEA. This reaction led to the formation of a precipitate 
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after approximately 30 minutes, however LCMS analysis indicated the presence of 

some starting material still remaining. The reaction was then left to stir overnight until 

there was no apparent conversion to 3.10, which was approximately after 16 hours. 

Isolation of the precipate led to yields of 55-65%. This range of yields may be due to 

fluctuations in reaction efficiency, but also the slight solubility of 3.10 in ethanol, with 

some of the compound remaining in solution and being removed in the isolation step. 

A similar result was seen when the ring expansion step was carried out in MeCN.  

 

Scheme 3.6. Synthesis of 3.10 via boc-deprotection and spontaneous ring expansion 

When analysing the 1H NMR of 3.10, a stark broadening of the signals was observed 

(Figure 3.8). This was not unexpected with squaramides often undergoing a self-

assembly processes due to intermolecular H-bonding between the carbonyls and NHs, 

resulting in stacking and broadening the signals in 1H NMR spectra.197 However, what 

could be indentified was three broad signals in the aromatic region, all approximately 

integrating for 1 proton, indicating the successful rearrangement and re-establishment 

of a squaramide NH and liberation of a secondary amide. 
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Figure 3.8: 1H NMR of 3.10 in DMSO-d6. 

To try and disrupt the aggregation of 3.10 and obtain a clearer NMR spectra, VT NMR 

was run at 60oC. This led to a dramatic sharpening of signals in the 1H NMR spectra 

upon heating. Observing the spectra below in Figure 3.9, the squaramide NHs show 

as one broad peak at 7.84 ppm, with the amide NH at 6.64 ppm. 
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Figure 3.9: 1H NMR of 3.10 in DMSO-d6 at 333 K. 

Stacked 1H NMR spectra shown in Figure 3.10 below tracks the changes in the 

NMR spectra from 3.7 through the intermediate 3.9 and the ring expanded 3.10.  

  

Figure 3.10: Stacked 1H NMR of 3.7 (top), 3.9 (middle) and 3.10 (bottom) in DMSO-d6.  
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This deprotection and rearrangement could also be tracked using LC analysis, with 

distinct retention times shown for each compound. This is shown in Figure 3.11 below. 

 

Figure 3.11: Stacked LC spectra tracking the ring expansion of 3.7 to 3.10, through the 

intermediate 3.9. 

Formation of 3.10 was also confirmed via HRMS with observed ionisation at 

224.1031, which corresponds to [M+H]+ for 3.10 as well as ionisation at 246.0849, 

which corresponds to [M+Na]+(Figure 3.12). 

 

Figure 3.12: HRMS of 3.10 

Crystals of 3.10 were obtained through the slow evaporation of a DMSO solution. X-

ray analysis, performed by Dr Brendan Twamley, Trinity College Dublin, revealed the 

orientation of the NHs of the molecule. The amide NH and squaramide NH in closest 

proximity align themselves perpendicular to the cavity, whereas the remaining 

squaramide NH is orientated in a anti/syn manner with respect to its counterpart 
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(Figure 3.13). This orientation would have implications in the binding behaviour of 

the molecule and will be broached in a later section. 

 

Figure 3.13: Structure of the theoretical unit of 3.10 (left) and overlay view of 3.10 showing 

the different conformations of each ring 

Futhermore, the X-ray analysis displayed packing interactions due to the squaramide 

NH forming an intermolecular hydrogen bonds with the carbonyl of the 

cyclobutadione ring of a neighbouring molecule as well as an intermolecular H-bond 

between the amide carbonyl and amide NH. Moreover, the cyclobutadione carbonyl 

H-bonds with a neighbouring water molecule (Figure 3.14).  

 

Figure 3.14: Schematic packing diagram and detail of the hydrogen bond pattern seen in 

3.10. Displacement paramaters shown at 50% displacement. 

Having succesfully demonstrated the rearrangment of 3.7 upon N-terminus 

deprotection, it was next decided to apply this methodology towards the 

rearrangements of 3.6 and 3.8. 

3.5 Attempted ring expansions of 3.6 and 3.8  

The expansion of both compounds 3.6 and 3.8 were investigated in the same manner 

as 3.7, with N-Boc deprotection followed by reaction with 4 equivalents of TEA. In 
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the case of 3.6, LCMS analysis showed primarily returned starting material upon 

treatment with triethylamine. There was evidence of a possible rearranged structure 

with a new peak with retention time similar to 3.10, however there was no descernable 

ionisation mass found so it made identification difficult (Figure 3.16). The lack of 

efficacy in converting from the free amine to the 10-membered macrocycle could be 

postulated to be due to the mechanism proceeding via a constrained 5-membered ring 

transition state. 5 membered rings suffer higher angular distortion and tortional strain, 

making their formation difficult and thermodymically unfavourable (Figure 3.15). As 

is well established, the strain energies for methylene based rings are lowest for 6 

membered rings (1.43 kcal/mole) whereas they are slightly higher for 5-membered 

rings (7.28 kcal/mol).198 This small discrepency in angle strain may explain the lower 

conversion to the desired macrocycle when compared to 3.7. 

 

Figure 3.15: Cyclisation mechanism showing the 5-membered TS state. 

 

Figure 3.16: LCMS analysis of 3.6 before (top) and after reaction with TEA (bottom) 

A similar lack of rearrangement was seen for 3.8, where attempts to rearrange resulted 

in the fragmentation of the compound, removing the amino acid portion from the 
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scaffold and yielding the starting macrocyclic squaramide, 3.5. This may again be 

attributed to the fact that, to undergo the desired ring expansion, it would involve the 

formation of a 7-membered ring intermediate. Like with the 5-membered ring 

intermediate, the angle strain for this 7-membered intermediate could be expected to 

be higher than the 6-membered transition state of 3.10, thus making it somewhat 

unfavourable to form. Clearly there is a competition between forming the 5-membered 

intermediate via the blue pathway shown in Scheme 3.7 below, and the 7-membered 

ring intermediate, shown in the red pathway. It could be postulated that the red 

pathway suffers both from the ring strain explained above, but also an increased 

distance between the two reaction sites, thus favouring the blue pathway. A similar 

observation was made by Ivanov et al. in their work synthesising cyclic dipeptides via 

ring expansion.192 The resulting rearrangement was confirmed by 1H NMR of the 

precipitate formed upon reaction of the deprotected intermediate of 3.8 with TEA, 

shown in Figure 3.17. Observed here was one signal integrating for 2 protons at 8.41 

ppm, indicating the presence of two squaramide NHs. Also observed were two signals 

integrating for 2 and 4 protons, which correlated to the methylene protons of the 7-

membered ring.  

 

Scheme 3.7: Desired intramolecular rearrangement of 3.8 (red) and observed fragmentation 

(blue) 
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Figure 3.17: 1H NMR of the isolated product of the reaction between 3.10 and TEA, 

showing the formation of 3.5 in DMSO-d6.  

With the above experimental data in hand, it was next decided to expand the scope of 

this ring expansion strategy, and to investigate whether a double rearrangement was 

possible. 

3.6 Expanding the scope of receptor design.  

Building on the observation that this family of compounds can undergo triggered ring 

expansion, it was hypothesised that a double rearrangement would generate a larger 

cavity with the potential for enhanced binding properties. A larger cavity could allow 

the squaramide NHs to adopt a syn/syn orientation, strengthening hydrogen-bonding 

interactions, while the introduction of a second amide through rearrangement would 

provide additional binding sites. Together, these features were expected to increase the 

overall binding affinity of the resulting macrocycle. 

This was assessed by first attempting to synthesise an unexpanded macrocycle with 

two N-Boc-β-Alanine side chains. This was initially attempted by reacting 3.7 with 

another equivalent of N-Boc-β-Ala-OSu. However, LCMS analysis of the reaction 

mixture after 24 hours showed only returned starting material with no evidence of di-

substitution. The temperature was subsequently increased daily in increments of 10oC, 
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but unfortunately this resulted in degradation of the starting material, back to the 

central scaffold 3.5, at temperatures exceeding 50oC. This result led to a new synthetic 

pathway, utilising peptide coupling chemistry (Scheme 3.8). 

 

Scheme 3.8: Alternative synthetic pathway to achieve di-substitution via traditional peptide 

coupling 

In the first instance, PyBOP was reacted with N-Boc-β-Alanine to form the activated 

ester, followed by addition of 3.7. It was hoped that the activated ester would be 

sufficiently electrophilic to allow for attack by the squaramide NH. Allowing the 

reaction to stir for 24 hours did indeed lead to the formation of the desired product, 

however, attempts to isolate the target product proved challenging. Normal-phase flash 

chromatography returned primarily the free boc-β-alanine and 3.7, bringing into 

question the stability of the newly formed C-N bond on silica gel. Furthermore, 

moving to reverse-phase chromatography resulted in co-elution of the PyBOP, 3.7 and 

the desired product under all tested mobile-phase conditions. 

Upon seeing this result with PyBOP, it was decided to screen several coupling reagents 

in the hope that one would give full conversion to the product, thus removing the need 

to utilise column chromatography to remove 3.7. Firstly to tackle the lack of efficacy 

observed with PyBOP coupling, the more reactive HATU was used.199 HATU/DIPEA 

clearly showed an increase in coupling efficacy in comparison to PyBOP, with little to 

no starting material remaining after 5 hours. Unfortunately, however, HATU 

byproducts are not water soluble, and it was hoped these impurities would be removed 

via trituration but attempts to do so with a range of solvents were unsuccessful. It was 

next decided to use water soluble coupling reagents, with the hope being that any 

impurities could be washed away during an aqueous workup. Both EDCI and 

DMTMM showed little to no conversion to the product (< 5%), however COMU 

showed excellent coupling efficacy. Table 3.1 summarises the coupling conditions 

attempted for the synthesis of 3.11. 
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Reagent Base Rxn time (hrs) Conversion to 3.11  

PyBOP DIPEA 16 ~50%  

HATU DIPEA 5 >95%  

EDCI DIPEA 16 < 5%  

DMTMM DIPEA 16 < 5% 

COMU DIPEA 5 >95%  

Table 3.1: Summary of coupling conditions in the aim of synthesising 3.11 

The efficacy of COMU in this reaction may be due to its increased reactivity when 

compared to several benzotriazole derivates200 and also the presence of the morpholino 

group in the carbon skeleton has implication in terms of both solubility of the reagent 

itself and of its by-products. Moreover, the coupling reaction can be tracked 

colourimetrically, with a change from pale yellow to deep orange upon successful 

coupling. As shown in Scheme 3.9, the first step in the proposed mechanism is 

deprotonation of the carboxylic acid by DIPEA, followed by nucleophilic attack from 

the carboxylate with the imine of COMU, forming an unstable isuronium salt. The 

newly liberated OxymaPure derivative then attacks the salt, forming an Oxyma 

activated ester, and a water-soluble dimethyl morpholino urea by-product. Finally, the 

amine reacts with the activated ester to form the desired peptide bond. 
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Scheme 3.9: Proposed mechanism for the COMU/DIPEA mediated peptide bond formation. 

Using COMU as the preferred coupling reagent, the synthesis of 3.11 was carried via 

the synthetic scheme shown in Scheme 3.10. Here, 3.7, boc-β-alanine was stirred in 

DMF along with DIPEA, followed by addition 3.7 and COMU. The reaction was left 

to stir for 5 hours, and subsequent aqueous workup yielded the crude product in a 67% 

yield. 

 

Scheme 3.10. Synthesis of 3.11 via COMU-mediated coupling 

As seen from the 1H NMR below in Figure 3.18, there was clear evidence that COMU 

coupling was successful in the formation of 3.11. The disappearance of the NH signal 

at approx. 9.4 ppm shows reaction at the squaramide NH, with the amide NH signal at 
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6.86 ppm now integrating for 2 protons. Due to the symmetrical nature of the 

molecule, there are three signals integrating for 4 protons, with the peaks at 3.21 and 

2.94 ppm corresponding to the methylene protons of the beta-alanine moiety. Finally, 

the methylene protons of the 7-membered ring can be seen at 3.93 and 2.39 ppm, with 

the former integrating for 4 protons due to the line of symmetry within the molecule.  

 

Figure 3.18: 1H NMR of 3.11 in DMSO-d6 (bottom). 

As can be seen in the 1H NMR however, there are several baseline impurities, with 

LCMS analysis showing the sample is at approximately 86% purity (Figure 3.19). 

The remaining impurities were identified to be a small amount of unreacted 3.7, as 

well as some remaining dimethyl-morpholine byproduct that was not removed in the 

aqueous workup. Due to the previous chromatography issues and the risk of losing the 

product in further purification steps, it was decided to proceed with ring expansion 

studies with these impurities present. 
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Figure 3.19: LCMS analysis of 3.11. 

3.7 Ring-expansion of 3.11.  

3.11 was deprotected using TFA:DCM as with previous derivatives and the 

deprotected intermediate was isolated via ether precipitation. This was then 

redissolved in EtOH reacted with 4 equiv. of TEA and allowed to stir at room 

temperature, leading to the formation of a precipitate, which was isolated via 

centrifugation in an isolated 49% yield (Scheme 3.11). While this yield is 

comparatively low compared to the single ring expansion, its plausible the reaction is 

just as efficient, but impurities present in the starting material may be affecting the 

yield calculations. Furthermore, as seen with 3.10, 3.12 is also slightly soluble in EtOH 

so it may not completely precipitate out of solution, causing loss of yield in the 

isolation steps.  

 

Scheme 3.11: Synthetic scheme for the deprotection and subsequent ring-expansion of 3.11 

Analysis of the isolated precipitate confirmed formation of the desired macrocycle 

with the 1H NMR shown below in Figure 3.20. As can be seen, akin to 3.10, there is 

a stark broadening of the signals, presumably due to similar H-bonding interactions. 

However, despite the broadening, there is clear evidence of formation of the expanded 



  Chapter 3 

101 

 

macrocycle. The signals at 7.75 ppm and 7.22 ppm correspond to the squaramide NHs 

and the amide NHs respectfully, with both signals integrating for approximately 2 

protons due to the line of symmetry within the molecule. Moreover, there are three 

signals integrating for approx. 4 protons, with the signals at 3.11 and 2.25 ppm 

corresponding to the CH2 of the beta-alanine moiety, and the methylene protons of the 

propylene chain are seen at 3.64 and 1.63 ppm.  

 

Figure 3.20. 1H NMR of 3.12 in DMSO-d6. 

Like with 3.7 previously, the rearrangement of 3.12 could be tracked via LC analysis, 

with a retention time shift from 36 minutes to 18 minutes upon rearrangement. LCMS 

analysis of the rearranged product also showed ionisation for [M + H]+ at 295. It is 

also worth noting that the impurities present in 3.11 were removed in the ring 

expansion step, evidenced by the pure LCMS shown in Figure 3.21. 
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Figure 3.21: Stacked LC spectra tracking the ring expansion of 3.11 to 3.12 

The above section details the successful synthesis of di-substituted cyclic squaramide, 

by functionalisation of two β-alanine derivatives at both squaramide NHs. 

Furthermore, global deprotection of both N-termini was shown to lead a double ring 

expansion, resulting in a 15-membered ring.  

3.8 Orthogonal Protecting groups.  

Having confirmed the feasibility of the double rearrangement, the next step was to 

explore the use of orthogonal protecting groups as a strategy to gain greater control 

over cavity size and to selectively regulate the conditions that trigger anion binding. 

To probe this, an Fmoc protecting group was used in place instead of one of the boc-

groups. The inclusion of an Fmoc group would allow for the first ring expansion to be 

initiated under basic conditions, leading to an 11-membered ring, while leaving the 

boc-protected handle intact. Then, exposure to acidic conditions would initiate a 

second ring expansion, giving a 15-membered ring. The synthesis of the target 

compound 3.13 is shown below in Scheme 3.12. This reaction is analogous to the 

previous derivative with fmoc-β-alanine being coupled to 3.7 using COMU in the 

presence of DIPEA with the desired product being isolated in 65% yield after aqueous 

workup. 
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Scheme 3.12. Synthesis of 3.13  

Observing the 1H NMR of 3.13 below, (Figure 3.22), there is clear evidence for the 

formation of the desired product. The squaramide NH at 9.33 ppm is no longer visible 

and the four signals in the aromatic region are indicative of the fmoc-protecting group 

as well as the multiplet at 4.20 ppm integrating for 1 proton, which corresponds to the 

methine proton of the fmoc group. Further characteristic peaks are evident at 4.28 

ppm, which is a doublet integrating for two and corresponds to the methylene proton 

of the fmoc group. The newly added beta-alanine skeleton is evident by the peaks at 

3.29 and 2.96 ppm. Finally, the peaks at 3.92, 3.89 and 1.95 ppm, all integrating for 2 

protons, correspond to the methylene protons of the squaramide scaffold, and the boc- 

protons are still visible at 1.35 ppm. As with compound 3.11, there remains minor 

impurities in the sample (approx. 85% purity by LCMS), but it was again decided to 

continue the synthesis without further purification. 
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Figure 3.22. LC trace of 3.13 (top) and 1H NMR of 3.13 in DMSO-d6  (Bottom). 

3.8.1 LCMS analysis of sequential rearrangements of 3.14 

Given the previous success of tracking the intramolecular rearrangements of 

compounds 3.7 and 3.10 via LMCS, it was decided in the first instance to use it to 

track sequential rearrangements of 3.13. To probe the ability of 3.13 to undergo a 

single rearrangement, Fmoc-deprotection was carried out according to Scheme 3.13. 

DBU was chosen as the base due to its application in similar ring expansion 

methods,201 but also its higher reactivity leads to faster reaction times and less 

likelihood of incomplete Fmoc-removal when compared to piperidine deprotection. 

Furthermore, Fmoc deprotection would yield the rearranged intermediate in the same 

step as the deprotection, so both steps would be carried out in a one pot fashion. The 

product was precipitated from cold diethyl-ether and purified using reverse-phase 

column chromatography. 
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Scheme 3.13. Synthesis of 3.14  

LCMS analysis of the isolated product showed a retention time shift from 41 minutes 

to 27 minutes with the dominant peak showing ionisation of 395 attributed to the [M 

+ H]+ ion of 3.14 (Figure 3.23).  

 

Figure 3.23: LCMS analysis of 3.14  

1H NMR spectra, shown below in Figure 3.24, further suggested the desired 

rearrangement with the appearance of three signals in the aromatic region, all 

integrating for approximately one and possibly corresponding to the 3 NH signals. 

Despite the impurities present, this 1H NMR coupled with the LCMS data, was good 

evidence that the mono-rearrangement occurred. 
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Figure 3.24. 1H NMR of 3.14 in DMSO-d6  

Finally to probe if the second rearrangement could result in the formation of 3.12, 3.14 

was deprotected using TFA:DCM for four hours, with the intermediate isolated using 

ether precipitation, and subsequently treated with TEA. Due to the highly insoluble 

nature of the deprotected intermediate, this reaction was carried out in DMSO. 

Analysis of the reaction after 18 hours suggested the conversion from 3.14 to 3.12, 

with the extracted ion chromatogram (XIC) showing ionisation at 295.4 corresponding 

to [M + H]+ of 3.12 at a retention time of approx. 18 minutes (Figure 3.25). This 

observation matches the expectation from the LCMS analysis shown in Figure 3.21 

above. 
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Figure 3.25: XIC of 3.13 (top) 3.14 (middle) and 3.12 (bottom). 

The above section highlights the versatility of the expansion strategy employed to 

access macrocyclic squaramide receptors by employing orthogonal protecting groups. 

Sequential rearrangements were demonstrated first by removal of an fmoc group 

initiating a ring expansion to the 11-membered ring 3.14. The remaining boc group 

was then deprotected and the intermediate subsequently rearranged giving the 16-

membered ring 3.12. Although it would be worthwhile to optimise the second 

rearrangement from 3.14 to 3.12, as synthesising 3.14 was challenging, efforts were 

not directed toward preparing additional material but instead focused on investigating 

the anion binding properties of 3.10 and 3.12. 

3.9 Anion Binding Studies of 3.10 and 3.12 

3.9.1 Anion binding studies of 3.10 

To investigate the claim that the above family of protected cyclic squaramides could 

behave as responsive anion binders, it was necessary to probe the anion binding 

behaviour before and after ring expansion. It was hoped that the unexpanded derivative 

3.7 would demonstrate no anion binding behaviour towards selected anions, whereas 

upon rearrangement there would be a clear ‘turn-on’ in anion recognition behaviour. 

To first assess the anion binding behaviour of 3.10, it was subjected to an anion screen 

with various TBA salts of halides and oxyanions. This was done via 1H NMR 
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spectroscopic anion screening in DMSO-d6 by tracking the changes in the chemical 

shifts of the NH protons upon addition of 10 equivalents of each anion (Figure 3.26) 

When treated with F-, 3.10 underwent deprotonation, indicated by the formation of 

H2F
-, with the characteristic triplet peak appearing at 16.25 ppm. In the case of Br-, 

HSO4
- and NO3

- there was very little to no observed changes in the NMR spectrum, 

suggesting there was very weak interactions between these anions and the receptor. 

Both Cl- and I- and led to very minor changes in the chemical shift of the NH signals, 

suggesting some level of H-bonding with 3.10. For AcO- however, there was a large 

downfield shift of the squaramide NH proton and amide proton of 1.9 and 2 ppm 

respectively, indicating H-bonding. Moreover, there was an even more pronounced 

downfield shift upon addition of PhCOO- of 1.9 ppm. Both these observations suggest 

some level of selectivity towards carboxylates.  

 

Figure 3.26: 1H NMR stack plot of 3.10 (5 mM) in DMSO-d6 treated with TBA salts of 

various anions (10 equiv.).  

Taking the above observations into account, a more detailed 1H NMR spectroscopic 

titration was carried out in DMSO-d6 at 298 K to determine the binding mode and 

binding constants in the presence of AcO-. As seen in Figure 3.27, sequential additions 
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of TBA AcO- (0.2 – 20 eq.) resulted in the downfield shift of one of the squaramide 

NH protons as well as a downfield shift of the amide NH. Also observed was a slight 

up field shift for the second squaramide NH. 

 

Figure 3.27: 1H NMR stack plot of 3.10 (2.5 mM) and 0.0 – 20 eq. of TBA AcO- in DMSO-

d6. 

It was initially assumed that the expanded macrocycle would bind to anions via both 

the squaramide NHs, however observing using the above NMR, it appeared that the 

anion binds to the squaramide via H-bonding to one of the squaramide NHs and the 

amide NH. This was postulated to be due to the arrangement of the squaramide NHs 

in the crystal structure, with the compound forming an anti/syn arrangement, with one 

NH orientated away from the cavity, and the other pointing downwards, aligning with 

the orientation of the amide NH (Figure 3.28). It would therefore be reasonable to 

suggest that these two NH sites were active in the bidentate binding of AcO-. 
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Figure 3.28: Crystal structure of 3.10 showing arrangement of the NHs (left) and possible 

1:1 complex formed between 3.10 and AcO- (right). 

Binding constants were then determined by plotting the changes in the chemical shifts 

of the NH peaks against anion concentration and the resulting plots were analysed 

using the open access software BindFit (Figure 3.29) and were then fitted to a 1:1 

binding model giving a binding affinity of 761 M-1 (± 9%) in DMSO-d6.
 The 1:1 

binding model was supported via Jobs Plot analysis, by plotting the mole fraction of 

3.10 against the mole fraction*(δppm).  
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Figure 3.29: Fitted binding isotherm for the titration of 3.10 (2.5mM) in the presence of 

increasing concentrations of AcO- in DMSO-d6. The data is fitted to 1:1 binding mode and 

shows the chemical shifts of the NH signals throughout the titration. (left) Jobs Plot analysis 

for 3.12.AcO-
 complex supporting the 1:1 binding of 3.10 to AcO-. (right) 

To probe the anion binding behaviour of 3.10 towards PhCOO-, a similar titration was 

carried out, with increasing concentration of anion leading again to a downfield shift 

of both the squaramide NH and amide NH (Figure 3.30 (a)). Using Bindfit, the 

binding constant was found to be 278 M-1 (±8 %) in DMSO-d6 when fit to a 1:1 binding 

mode and Jobs plot analysis supports this binding mode. 
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Figure 3.30: a) 1H NMR stack plot of 3.10 (2.5 mM) and 0.0 – 20 eq. of TBA PhCOO- in 

DMSO-d6. (PhCOO- satellite peaks notated with *) b) Fitted binding isotherm for the 

titration of 3.10 (2.5mM) in the presence of increasing concentrations of PhCOO- in DMSO-

d6. The data is fitted to 1:1 binding mode and shows the chemical shifts of the NH signals 

throughout the titration. c) zoom of the aromatic region showing the upfield shift of the 

phenyl protons of PhCOO- 

Having confirmed that the expanded macrocycle was an effective anion receptor, it 

was next decided to investigate the claim that 3.7 would act as a responsive anion 

receptor and thus would exhibit no binding in its unexpanded form. To explore this, a 

similar anion binding titration was conducted using 3.7 and AcO-. Excitingly, as seen 

below in Figure 3.31, there was no apparent binding observed towards AcO- instead 

displaying a slight downfield shift and ultimate disappearance of the squaramide NH 

signal, suggesting a possible deprotonation event. Similar minor chemical shifts and 

significant peak broadening were also observed for the squaramide NH upon addition 

of PhCOO- (See Figure S3.103). 
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Figure 3.31: 1H NMR stack plot of 3.7 (5 mM) and 0.0 – 20 eq. of TBA AcO- in DMSO-d6. 

3.9.2 Anion binding studies of 3.12 

Following the promising results shown above, it was next necessary to evaluate the 

hypothesis that the larger cavity size, and postulated syn/syn alignment of the 

squaramide NHs would allow for a larger array of anions to bind to the receptor. To 

this end, a similar anion screen was run using 3.12 (See Figure S3.104 in Appendix). 

Upon addition of 10 eq. of different anions there appeared to be little or no interaction 

between halides (slight ppm shifts for chloride) or with nitrate. However, once again 

it showed clear binding affinity towards AcO- and PhCOO-.  

To investigate the changes in binding affinity of 3.12 towards AcO- compared to 3.10, 

a detailed AcO- titration was carried out and the stack plot of the 1H NMR spectra is 

shown below in Figure 3.32.  
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Figure 3.32: 1H NMR stack plot of 3.12 (2.5 mM) and 0.0 – 20 eq. of TBA AcO- in DMSO- 

d6. 

The result of the AcO- titration showed a change in the binding mode with respect to 

3.10. The best fit for the binding of 3.12 to AcO- was found to be a 1:2 host:guest 

binding mode, with K11 = 7313 M-1 (±10%) and K21 = 112 M-1 (±10%) in DMSO-d6. 

This switch from 1:1 binding to 1:2 binding with AcO- when going from 3.10 to 3.12 

was not largely unexpected. With respect to 3.10, upon ring expansion there is now 

four NH bond donors (two squaramide NHs and two amide NHs). This may allow for 

the bidentate binding of two AcO- anions simultaneously. Observing the speciation 

plot below, at low concentrations there is a clear preference for the 1:1 binding mode. 

However, after approximately 5 eq. of anion there is a switch in binding mode, 

favouring a 1:2 complex (Figure 3.33 (B)). 
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Figure 3.33: A) Fitted binding isotherm for the titration of 3.12 (2.5mM) in the presence of 

increasing concentrations of AcO- in DMSO-d6. The data is fitted to 2:1 binding mode and 

shows the chemicals shifts of the NH signals throughout the titration. B) Speciation plot for 

the titration of 3.12 and AcO-. 

To investigate whether this change in binding mode was consistent for other anions, a 

similar titration was carried out using PhCOO-, with increasing concentrations of 

anion resulting in the downfield shifts of both the squaramide and amide NHs (Figure 

3.34). Again, the best fit for this titration was found to be a 1:2 host:guest model, with 

K11 = 6287 M-1 (±9%) and K12 = 125 M-1 (±2%) in DMSO-d6. This 1:2 stoichiometry 

was supported by Jobs plot analysis (Figure 3.35), plotting the mole fraction of the 

host against the mole fraction*δppm. 
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Figure 3.34: 1H NMR stack plot of 3.12 (2.5 mM) and 0.0 – 20 eq. of TBA PhCOO- in 

DMSO-d6. PhCOO satellite peaks are labelled with *. 

 

Figure 3.35: Fitted binding isotherm for the titration of 3.12 (2.5mM) in the presence of 

increasing concentrations of PhCOO- in DMSO-d6. The data is fitted to 1:2 binding mode 

and shows the chemical shifts of the NH signals throughout the titration. (left) Jobs Plot of 

supporting the 1:2 binding of 3.12 to PhCOO-. (right) 

As with the binding of AcO-, it could be presumed that all four NH donors are involved 

in the bidentate binding of PhCOO-. Observing the speciation plot below, it matches 

that of Figure 3.33 almost exactly. Also observed was the upfield shift in the phenyl 

protons of the benzoate anion, suggesting some level of π-π interaction upon binding 

(Figure 3.36).  
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Figure 3.36: Speciation plot for the titration of 3.12 and PhCOO. (left) zoom of the aromatic 

region showing the upfield shift of the phenyl protons of PhCOO-. 

Although the binding studies provide strong evidence for the 1:2 complexation of 

receptor 3.12 with carboxylates, the precise binding conformation remains unresolved 

with numerous possible binding conformations possible. One possibility is that the 

enlarged cavity permits formation of an internal binding pocket, with the NH groups 

oriented inward toward the guest. Alternatively, the NH groups may adopt a 

perpendicular alignment with respect to the cavity, as observed with receptor 3.10, 

resulting in the anion residing below rather than within the cavity (Figure 3.37). 

Moreover, the carboxylate may not bind via both oxygen atoms and instead be 

involved in monodentate binding through one oxygen to two NHs. However, due to 

the absence of suitable crystals of both the free and bound receptor, definitive 

structural analysis was not achieved within the timeframe of this work. 

 

Figure 3.37: Possible 1:2 binding conformation formed between 3.12 and acetate 

The results of the anion binding studies confirmed that the expanded macrocycles are 

effective carboxylate receptors and display an ‘activation’ in anion binding behaviour 

via chemically stimulated ring expansion. Unfortunately, crystals of both 3.10 and 3.12 
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bound complexes were not obtained before the conclusion of the project, and these 

crystals would have given vital information as to the nature of the binding in both 

cases.   

3.10 Conclusions and Future Work 

In conclusion, a new strategy for the development of responsive anion binding was 

developed based on ring expansion. In the first instance, the ideal starting cyclic 

squaramide size was investigated and was found to be a 7-membered ring, with 

attempts to form 6 and 8-membered rings unsuccessful. Following this, the side chain 

length was investigated for its ability to undergo a ring expansion upon deprotection. 

This was found to proceed via a 2-carbon β-alanine moiety, with glycine and GABA 

derivatives not proceeding via the desired intramolecular mechanism. Having 

determined both the ideal cyclic squaramide and side-chain length, a novel family of 

responsive anion receptors, 3.7, 3.11 and 3.13, featuring N-amide linkages to an N-

terminus protected β-alanine were synthesised. These squaramide-amino acid 

conjugates were accessed through the common 7-membered squaramide ring, utilising 

peptide coupling chemistry with moderate isolated yields of between 30 and 70%. 

The anticipated rearrangement of compound 3.7 was indeed successful, with N-Boc- 

deprotection and subsequent treatment with triethylamine leading to the formation of 

3.10. X-ray analysis showed the packing of 3.10 due to intermolecular H-bonding 

interactions, and the orientation of the NH groups, which had implication in the 

binding behaviour. 3.11 also underwent a similar rearrangement, yielding the larger 

15-membered macrocycle 3.12. LCMS analysis of compound 3.13 suggested that it 

could undergo controlled and selective ring expansion via orthogonally stimulated 

expansions. 

The anion binding behaviour of both 3.10 and 3.12 showed that they were selective 

towards carboxylates, with both receptors showing an affinity for both AcO- and 

PhCOO-. Importantly however, the unexpanded derivative 3.7 showed little to no 

anion binding behaviour upon addition of either AcO- or PhCOO-. These observations 

validate the claim that this cyclic squaramide scaffold could provide a new moiety 

towards responsive anion binders. Interestingly, the binding mode changed from 3.10 

to 3.12, with the smaller 3.10 adopting a 1:1 complex with both AcO and PhCOO-. 



  Chapter 3 

119 

 

Conversely, 3.12 bound to both AcO- and PhCOO- in a 1:2 host:guest complex, with 

a higher binding affinity for both anions with respect to 3.10. 

In terms of future work, it would be worthwhile to revise the sequential ring 

expansions from 3.13 to 3.12. Isolation of the final rearrangement could provide 

details of the conformational changes seen upon rearrangement, and anion binding 

experiments could be run on 3.14, to determine if it differs from the original mono-

expanded product, 3.10. Furthermore, obtaining crystals of the macrocycle-anion 

complexes would provide vital details into their binding modes. Moreover, 

introduction of sidechains to the β-alanine backbone could be investigated as to their 

possible roles in modulating the anion binding properties of the macrocycle. 

Finally, investigation into whether this strategy could be modified to follow a SuRE 

method would be worthwhile as theoretically it could provide a synthetic pathway 

towards macrocyclic squaramides that would otherwise be unattainable via traditional 

cyclisation means (Figure 3.38). 

 

Figure 3.38: General synthetic scheme for the synthesis of macrocyclic squaramides using 

the SuRE method. 
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4. Bio-Responsive Squaramides for the Selective Binding and 

Sensing of Carboxylates 

4.1 Introduction 

Carboxylic acids and carboxylates are fundamental in biological processes. Take the 

short chain fatty acids (SCFA) for example (Figure 4.1). SCFAs play a key role in 

regulating the composition and function of the intestinal microbiota202 and are 

increasingly recognised for their importance to human health. Indeed, SCFAs have 

been shown to exert anti-inflammatory, anti-obesity, anticancer, and cardioprotective 

effects.203–205 Conversely, dysregulation of SCFA levels has been associated with 

pathological conditions; altered SCFA profiles are emerging as biomarkers in 

neurodegenerative and neurodevelopmental disorders such as depression and 

autism,206,207 while reduced SCFA concentrations have been observed in patients with 

ulcerative colitis.208   

 

Figure 4.1: Chemical structure of the three most common SCFAs in their anionic form 

Among the short-chain fatty acids, acetate is by far the most abundant, typically 

accounting for 60% of the total SCFA pool in the gut, with concentrations in the mM 

ranges.209 Once internalised, acetate is converted into acetyl-CoA,210 a vital metabolite 

that fuels the tricarboxylic acid cycle,211 supports cholesterol biosynthesis212 and 

regulates protein acetylation,213 all of which contribute directly to cellular growth. 

Given its diverse roles, acetate concentration is increasingly recognised as a sensitive 

biomarker of physiological state. Altered levels of acetate have been reported in 

metabolic syndrome214 and obesity,215 Moreover, acetate is recently becoming more 

implicate in cancer metabolism, where tumour cells can exploit acetate as an 

alternative carbon source under hypoxic conditions. To this end, DeBerardinis and co-

workers demonstrated that acetate serves as a critical fuel in glioblastoma and 

hepatocellular carcinoma.216  
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Beyond SCFAs, dicarboxylic acids and their derivatives occupy an equally critical 

position in cellular metabolism. Glutamate, for instance, is a non-essential amino acid 

that functions as the principal excitatory neurotransmitter in the central nervous 

system.217 Dysregulation of glutamate handling has been strongly linked to 

excitotoxicity,218 a process implicated in neurodegenerative disorders such as 

Alzheimer’s disease.219 Similarly, succinate represents a pivotal intermediate of the 

tricarboxylic acid cycle and perturbations in succinate levels have been associated 

with chronic inflammation220 and tumour progression,221 underscoring its emerging 

role as both a metabolic fuel and a signalling molecule in disease states. 

 

Figure 4.2: Chemical structure of common dicarboxylates in their anionic form 

In bacteria, C4-dicarboxylates are metabolised through both anaerobic and aerobic 

processes and are essential for bacterial growth.222 E. Coli for example, contains two 

of these Dcu proteins, DcuA and DcuB, and function as antiporters to any combination 

of pairs between aspartate, fumarate, malate and succinate.223 Since the early 2010s, 

increasing attention has been given to the role of C4-dicarboxylate transport (Dct) 

systems in bacterial physiology, with more recent efforts directed toward exploiting 

their inhibition as a strategy for antimicrobial intervention. Work published in 2011 by 

Lapouge and co-workers identified that inhibition of the dctA gene in pseudomonas 

aeruginosa caused a growth defect of the strain when supplemented with a number of 

dicarboxylates.224  

Given their central roles in biology, strategies for the selective recognition of 

carboxylates have become a focal point in supramolecular chemistry. Among the 

motifs explored, squaramide-based receptors stand out for their well-established 

ability to engage carboxylates through strong hydrogen-bonding interactions. Indeed, 

some of the earliest examples of squaramide based anion receptors developed by Costa 

et al. showed moderate binding affinities (200 -  10000+ M-1) for acetate in DMSO-

d6.
225 These receptors all demonstrated bidentate binding via both the squaramide NHs 

and adopted a 1:1 stoichiometry. Jolliffe and coworkers have reported numerous 
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examples of squaramide based amino acids capable of binding to acetate. 4.1 below 

features a lysine derivative whereby the side chain has been functionalised to a 

squaramide moiety (Figure 4.3).226 This showed good affinity towards acetate with a 

binding constant of 1724 M-1 in DMSO-d6 (0.5% H2O) when fit to a 1:1 binding model. 

Conversion to the linear dimer maintained the acetate recognition properties, albeit to 

a lower efficacy (421 M-1 in DMSO-d6 (0.5% H2O)). In a subsequent report, 

modulation of the C- and N-terminus protecting groups to increase the lipophilicity of 

the receptor led to drastic changes in binding affinity towards acetate.227  It should be 

noted however, the receptor was not selective for acetate, with much higher binding 

affinities measured for sulphate, while also showing binding to benzoate and chloride. 

 

Figure 4.3: Chemical structure of compound 4.1  

Our group has reported the selective binding of acetate through a disaggregation-

induced approach, by way of squaramide-naphthalimide conjugates.228 Compound 4.2 

below experiences self-aggregation in DMSO, while also quenching the emission of 

the naphthalimide moiety, through either the self-aggregation or the inclusion of the 

squaramide, with the removal of the squaramide in the scaffold resulting in emission 

at 450 nm. However, 1H NMR experiments of different TBA anions showed that 4.2 

has an affinity for AcO-, with increasing concentrations of anion leading to 

significantly improved resolution of the peaks, as well as a downfield shift of the 

squaramide NHs (Figure 4.4). This binding was fit to a 1:1 binding model and gave 

an affinity of 422 M-1 in DMSO-d6. This low affinity was attributed to the competing 

self-assembly behaviour. Unfortunately, however, this disaggregation did not lead to 

an increase in fluorescence intensity, perhaps due to the use of unsubstituted 

naphthalimides which are inherently weakly fluorescent.  However, although 4.3 does 

not have the desired “switch-on” in fluorescence upon AcO- binding, it does provide 
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an interesting platform about which to develop a biological responsive AcO- probe via 

disaggregation induced emission. 

 

Figure 4.4: Chemical structure of 4.2 (left) and the changes in the 1H NMR spectrum upon 

the addition 0–20 equivalents of TBA OAc– in DMSO-d6. 

Squaramides have also seen utilisation in the area of dicarboxylate binding, with Costa 

et al developing a family of squaramide-ammonium based receptors capable of 

forming 1:1 complexes with oxalate, with compound 4.3 below having a binding 

constant of 30000 ± 10000 M-1 in MeOH.229 In 2006, Anslyn and coworkers 

synthesised a tripodal squaramide-ammonium based receptor 4.4 (Figure 4.5) for the 

recognition of tricarboxylates, with the inclusion of the triethyl phenyl moiety 

allowing for the preorganisation of the binding entities. Receptor 4.4 also 

demonstrated good to moderate binding affinities for dicarboxylates glutarate and 

succinate. (2200 and 280 M-1 respectively) in H2O:EtOH 1:3 v/v.230  

`  

Figure 4.5: Chemical structures of compounds 4.3 and 4.4 

The preceding discussion has aimed to outline the central importance of carboxylates 

in biological systems and summarised key examples of squaramide-based receptors 
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reported in the literature. However, these receptors largely belong to the category of 

‘always on’ systems, lacking the ability to be activated under specific conditions. 

Developing conditionally responsive carboxylate probes therefore represents a 

promising approach to overcome this limitation. This chapter builds on the 

foundations laid in the previous chapter, by taking the proof of concept to a 

biologically relevant application. 
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4.2 Chapter Objectives 

The first objective of this chapter is to build upon the findings presented in Chapter 

3 by developing a series of bio-activated carboxylate receptors. This will be 

accomplished by replacing the previously employed tert-butyloxycarbonyl (Boc) and 

fluorenylmethyloxycarbonyl (Fmoc) protecting groups with stimuli-responsive 

moieties that are sensitive to biologically relevant species. Specifically, nitroreductase 

(NTR), a naturally occurring enzyme, and reactive oxygen species (ROS), known to 

be prevalent as a cellular stress response. These stimuli will be targeted using para-

nitrobenzyl and phenylboronic ester derivatives, respectively. To enable conjugation 

of these triggers to the parent macrocycle, each will first be linked to the N-terminus 

β-alanine via carbamate linkage as outlined in Figure 4.6.  

 

Figure 4.6: Chemical structures of NTR-responsive anion receptor 4.5, and ROS-

responsive anion receptor 4.6. 

In the case of compound 4.5, it was proposed that the reduction of the aryl nitro group 

to the corresponding amine would lead to a quinone methide type elimination and 

subsequent rearrangement to yield the expanded macrocycle, outlined schematically 

in Scheme 4.1. 
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Scheme 4.1: Proposed mechanism for the NTR-mediated rearrangement of compound 

The second objective is to build upon this design further, where a profluorophore will 

be incorporated into the central scaffold to provide a fluorescent response to the stimuli 

while simultaneously releasing an active carboxylate receptor. As previously 

discussed in Chapter 3, the anion-binding behaviour observed for the liberated, 

expanded macrocycle suggests that one of the squaramide NH protons does not 

participate in binding. From a design perspective, this observation supports the 

rationale for functionalisation at this site with a fluorophore, without effecting the 

anion binding behaviour. Ideally, the chosen fluorophore would not only be amenable 

to conjugation with the macrocyclic core but also exhibit a simultaneous fluorescence 

modulation in response to an analyte, thereby forming the basis for a responsive 

sensing system. As previously demonstrated in Chapter 2, 1,8-naphthalimides are 

particularly well-suited, as their fluorescence properties are strongly influenced by 

substitution at the 4-position but also, importantly for this design, their anhydride 

functionality readily accommodates condensation with a broad range of primary 

amines. This allows for the introduction of an amino acid derivative at the anhydride 

site via its N-terminus, leaving the C-terminus available for conjugation to the non-

binding squaramide NH. The proposed design of this scaffold is shown in Scheme 4.2 

(compound 4.7). To realise this design, the naphthalimide fluorophore would first need 

to be synthesised. This will involve initial condensation of a carboxylic acid handle 

onto the anhydride site, providing a point of attachment for subsequent conjugation to 

the squaramide NH. The para-nitrobenzyl group could then be introduced via 

triphosgene-mediated carbamate formation at the naphthalimide's amino group, in a 

manner analogous to the synthetic approach described in Chapter 2. This would allow 
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for conjugation to 4.5 via COMU-coupling conditions, yielding 4.7. The proposed 

synthetic approach to compound 4.7 is shown below. Firstly, a γ-amino-butyric acid 

derivative will be condensed into the naphthalimide. This 4-carbon derivative will aim 

to reduce any possible steric hinderance that may limit the coupling step further into 

the synthesis. Also, it is necessary to protect the C-terminus as to avoid competing side 

reaction when functionalising the NTR-responsive unit. Once synthesised, the nitro 

group will reduce to the corresponding amine, which would then be carbamate linked 

to a para-nitrobenzyl group. Finally, the free carboxylic acid will be deprotected via 

tert-butyl deprotection to allow for functionalisation to compound 4.5  

 

Scheme 4.2: Synthetic outline for the synthesis of compound 4.7. 

Furthermore, as is noted in Chapter 3, upon rearrangement the receptor may undergo 

self-aggregation. This behaviour has been observed with previous squaramide-

naphthalimide conjugates,137,228 and this results in the fluorescence of the 

naphthalimide moiety being substantially quenched. However, this fluorescence may 

also be “switched-on” through Disaggregation Induced Emission (DIE), so it is 

reasonable to expect similar behaviour in this instance. Reduction of the nitro groups 

of 4.7 would have two effects: (a) release of the free amine of the β-alanine arm 

resulting in the rearrangement and subsequent aggregation of the receptor, and (b) the 

release of the free amine of the 4-position of the naphthalimide. While this would be 



  Chapter 4 

 

129 

 

expected to result in a ratiometric change in emission from blue to green, the self-

aggregation behaviour of the sensor may perturb this expected behaviour. If this was 

the case, it could be expected that green fluorescence would then be “switched on” by 

binding with AcO-, allowing the design to act as a dual NTR and AcO- sensor (Figure 

1.6). This dual modality may allow for a strategy towards investigating possible 

correlations between carboxylate concentrations and other chemical species within 

cancer cells.  

 

 

Figure 4.7: Graphical representation of the proposed mode of action of 4.7 (top) Proposed 

chemical structures and fluorescence modulation following rearrangement (Bottom). 

In the following sections, the synthesis of two novel bio-responsive receptors will be 

discussed along with discussion of any synthetic issues encountered as the bio-

responsive trigger was modulated to allow for the targeting of different analytes. 

4.3 Synthesis of NTR-responsive Anion Binder. 

The synthesis of compound 4.5 involved a multistep synthesis which firstly involves 

the synthesis of compound 4.8. This involved carbamate linking the para-nitrobenzyl 

responsive group to the N-terminus of the β-alanine. This reaction was carried out 

according to Scheme 4.3 below where β-alanine was stirred in the presence of 4-

nitrobenzylchlorofomate under basic conditions in 1,4-dioxane:water resulting in the 

successful formation of 4.8 in 55% yield after purification by column chromatography. 
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Scheme 4.3: Synthetic scheme for the synthesis of 4.7 

1H NMR analysis confirmed the formation of the product with the characteristic 

carboxylic acid OH appearing at 12.22 ppm, as well as the amide NH at 7.45 ppm as 

shown in Figure 4.8 below, along with the LC trace suggesting the high degree of 

purity.  

 

 

Figure 4.8: LCMS of 4.8 (top) and 1H NMR of 4.7 in DMSO-d6 (bottom). 

The next step of the synthesis was to convert the carboxylic acid of compound 4.8 to 

the succinimide ester, to allow for functionalisation to the squaramide scaffold. This 
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was done using N-hydroxysuccimide and the coupling reagent EDCI. This synthetic 

scheme is shown below in Scheme 4.4 whereby 4.8 was stirred in DCM along with 

EDCI.HCl, followed by addition of NHS. After allowing to stir at r.t. overnight, 

aqueous workup yielded 4.9 in an 85% yield and was used without further purification. 

Scheme 4.4: Synthetic scheme of 4.8 

Confirmation of the successful conversion to 4.9 can be clearly seen in the 1H NMR 

(See appendix Figure S4.9). The disappearance of the carboxylic acid OH is matched 

with the appearance of a new signal at 2.82, integrating for 4 protons. This signal is 

characteristic of the 4 methylene protons of the succinimide portion of the molecule. 

Similarly, observing the 13C below, (Figure 4.9), the carbonyl carbons of the 

succinimide were observed at 170.1 ppm, further suggesting the successful formation 

of 4.9. 

 

Figure 4.9: 13C NMR of compound 4.9 DMSO-d6. 
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With 4.9 in hand, the final step was to functionalise to the squaramide scaffold. This 

was done via Scheme 4.5 below and follows an analogous pathway as the synthesis 

developed in Chapter 3. Briefly, 4.9 was stirred under basic conditions along with 

compound 3.5 to yield the bio responsive receptor 4.5 in a 32% yield following column 

purification. This low yield could be due to the use of DMSO as the reaction solvent, 

with aqueous workup to remove DMSO possibly causing losses of the product also. 

 

Scheme 4.5: Synthetic pathway of 4.5 

As seen below in the 1H NMR in Figure 4.10, the formation of compound 4.5 is 

evident by the appearance of the squaramide NH signal as a broad singlet 9.33 ppm. 

The benzyl protons can be clearly seen as doublets integrating for two protons at 8.22 

and 7.58 ppm, as well as the carbamate NH, appearing as a triplet at 7.44 ppm/ moving 

further downfield, the methylene protons of the nitrobenzyl portion of the molecule 

are still seen at 5.16 ppm. Finally, the methylene protons of the squaramide scaffold 

can be seen at 3.84, 3.39 and 1.96 ppm. Moreover, the 13C NMR shows the 

characteristic squaramide carbonyls at 188 and 179 ppm.  
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Figure 4.10: 1H NMR of 4.5 in DMSO-d6.  

The purity of the compound was then confirmed via LCMS, with the chromatogram 

in Figure 4.11 showing one peak at approx. 30 mins, with ionisation at 403 and 425, 

corresponding to [M+H]+ and [M+Na]+ of 4.5 respectively. 

 

Figure 4.11: LCMS analysis of 4.5 
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Finally, further confirmation of the successful synthesis of 4.5 was also confirmed via 

HRMS analysis with observed ionisation at 403.1253 and 425.1069, which correspond 

to the [M+H]+ and [M+Na]+ ions of 4.5 (Figure 4.12). 

 

Figure 4.12: HRMS of 4.5 

4.4 Synthesis of ROS-responsive Anion Binder. 

Using the above synthetic route, it was next decided to develop a ROS responsive 

derivative using a phenylboronic ester as the cleavable linker. As the chloroformate 

was not readily available, it was first generated in situ under triphosgene conditions 

prior to addition of β-alanine (Scheme 4.6). However, after reaction of the 

phenylboronic ester protected benzyl alcohol with phosgene to form the reactive 

chloroformate intermediate, LCMS analysis showed no reaction between β-alanine 

and the chloroformate intermediate. 

 

Scheme 4.6: Attempted synthesis of ROS-responsive handle using triphosgene conditions 

This observation brought into question the efficacy of the reaction with triphosgene to 

form the intermediate. To investigate this, a secondary pathway was derived which 

first involved the synthesis of compound of an N-acyl imidazole, 4.10, following the 

scheme below in Scheme 4.7. It was hoped that, although the activated acid would be 

less reactive than the chloroformate derivative, it would at least be stable enough to 

analyse and confirm that activation of the alcohol was possible. 
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Scheme 4.7: Synthesis of compound 4.10 

Formation of the activated acid was confirmed using NMR and HRMS analysis (See 

Appendix). Following this it was again decided to react 4.10 with β-alanine in 1:1 

dioxane:water but this showed no formation of the desired product. In an effort to 

remove the biphasic nature of the reaction, the tert-butyl protected hydrochloride salt 

of β-alanine was used to allow the reaction to be carried out in DCM (Scheme 4.8). 

However once again there was no indication of reaction between the activated acid 

and the amine as measured by LCMS.  

 

Scheme 4.8: Attempted synthesis of ROS-responsive handle via 4.10 
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4.4.1 Alternative Design Strategy 

Upon encountering the above synthetic challenges, it was decided that it would be 

worthwhile to review the literature to find other ROS-responsive units that would be 

suitable for functionalisation with β-alanine. To this end, the α-keto acid moiety was 

of particular interest, due to its ability to undergo rapid oxidative decarboxylation.231 

Indeed, this reaction has been utilised for the release of benzoic acid via H2O2 

mediated decarboxylation of benzoylformic acid.232 Furthermore, this strategy has 

also been employed for the oxidation of benzil, a 1,2-diketone, in the development of 

fluorescein and BODIPY peroxide probes.233,234 Excitingly, α-ketoacetamides have 

also been reported in probe design, showing rapid oxidative decarboxylation in the 

presence of H2O2 releasing a free amine.235  Its proposed mechanism of action is 

described below (Scheme 4.9). Firstly, the α-ketoamide undergoes nucleophilic attack 

by the hydroperoxide anion, followed by a Baeyer-Villiger type rearrangement. This 

is then followed by hydrolysis to a carboxylic acid, releasing CO2 and a free amine.236 

 

Scheme 4.9: Proposed reaction mechanism for the release of tail unit upon reaction with 

peroxide. 

This mechanism shows clear applicability with the ring expansion strategy described 

thus far, with coupling of phenylglycoxalic acid to the N-terminus of β-alanine 

forming the ROS-responsive unit. This would then be conjugated to 3.5, to give the 

responsive scaffold 4.11. Exposure to H2O2 would then release the free amine via the 

mechanism in Scheme 4.9 and allow for the spontaneous ring expansion to occur 

(Scheme 4.10). 
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Scheme 4.10: Proposed H2O2-mediated ring expansion of 4.11 to give 3.5. 

The first step of synthesising 4.11 was to couple the acid to the N-terminus of β-

alanine. This was carried out using standard PyBOP coupling conditions shown in 

Scheme 4.11 below, giving the title compound in a 52% yield following purification. 

 

Scheme 4.11: Synthesis of compound 4.12 

Confirmation of the formation of the tert-butyl protected derivative can be seen in the 

1H NMR of Figure 4.13. The three sets of signals for the phenyl portion of the 

compound are visible at 7.96, 7.72 and 7.56 ppm as well as the newly formed amide 

NH at 8.97 ppm showing successful coupling. Finally, the protons of the tert-butyl 

group can be seen at 1.41 ppm. 
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Figure 4.13: 1H NMR of compound 4.12 

Moreover, observing the 13C NMR the three carbonyls can be seen at 190, 170 and 

164 ppm, as well as the four aromatic carbons between 128 and 134 ppm (Figure 

4.14). 
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Figure 4.14: 13C NMR of compound 4.12 

The next portion of the synthetic pathway was carried out over two steps, with the first 

using TFA:DCM to remove the tert-butyl group to liberate the acid, and then reaction 

of the acid with NHS to form the succinimide, using EDCI as the coupling reagent. 

The free carboxylic acid was not isolated and was instead used directly into the next 

step. The below reaction scheme (Scheme 4.12) outlines the synthesis which yielded 

the target compound in an overall isolated yield of 47% following aqueous workup. 

 

Scheme 4.12: Synthesis of compound 4.13 

Analysis of the 1H NMR below, it can be clearly seen that conversion to the NHS-ester 

was successful, with the disappearance of the tert-butyl signal and the appearance of 

the signal at 2.82 ppm, integrating for 4 protons, which corresponds to the 4 methylene 

protons of the succinimide moiety (Figure 4.15). 
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Figure 4.15: 1H NMR of compound 4.13 

The final step was then to conjugate the ROS-responsive β-alanine derivative to the 

central squaramide core. This again was done using similar methods as before and is 

shown in Scheme 4.13 below. 

 

Scheme 4.13: Synthetic pathway for compound 4.11 

Observing the 1H NMR below in Figure 4.16, it can be clearly seen that the above 

reaction was successful with the appearance of the squaramide NH peak at 9.34 ppm. 

Furthermore, the methylene protons of the 7-membered squaramide ring can also be 

seen at 3.88, 3.4 and 1.98 ppm. LCMS analysis of compound 4.11 also showed a high 

degree of purity, with [M + H+] of 356.1 observed under the peak at 29 mins. Finally, 

HRMS analysis confirmed the formation of the product with analysis showing 

ionisation at 356.1243 and 378.1060, corresponding to [M+H]+ and [M + Na]+ 

respectively of compound 4.11 (Figure 4.17).  
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Figure 4.16: 1H NMR of compound 4.11 (top) and LCMS chromatogram (bottom). 
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Figure 4.17: HRMS of 4.11. 

With both 4.5 and 4.11 in hand, the next phase of the project was to address the 2nd 

objective and synthesise the dual responsive sensor molecule 4.7. The synthesis of this 

target will be outlined in the sections below. 

4.4 Attempted Synthesis of NTR-Responsive Anion Sensor 

4.4.1 Synthesis of Naphthalimide Fluorophore 

The synthesis of compound 4.15 is shown below in Scheme 4.14. Here, the tert-butyl 

γ-amino-butyric acid hydrochloride was condensed into 4-nitro-1,8-naphthalic 

anhydride via reflux under basic conditions to yield the nitro-naphthalimide in an 

isolated 78% yield following recrystallisation from EtOH. This was then converted to 

the corresponding amino derivative via hydrogenation with Pd/C and H2 to give 4.15 

in near quantitative yields. 

 

Scheme 4.14: Synthetic scheme for the synthesis of compound 4.15 
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Observing the 1H NMR below in Figure 4.18, the successful synthesis of compound 

4.15 is evident by the appearance of the peak corresponding to the amine in the 4-

position at 4.99 ppm. Furthermore, the tert-butyl protons can be found at 1.42 ppm, 

with the methylene protons of the γ-amino-butyric acid moiety at 4.21, 2.35 and 2.05 

ppm. LCMS analysis also confirmed the high degree of purity of the compound. 

 

  

Figure 4.18: LC chromatogram of 4.15 (top) and 1H NMR of 4.15 in DMSO-d6 (bottom). 

The next step was to carbamate link the para-nitrobenzyl moiety to the amino group 

of the naphthalimide. This was carried out via Scheme 4.15, which utilised 

triphosgene conditions to first access the carbamoyl chloride derivative of compound 

4.15, which was then reacted with para-nitrobenzyl alcohol to yield the carbamate. 

The conversion to the carbamoyl chloride could be tracked via UV illumination, with 

the fluorescence output changing from green to blue over the course of 4 hours. 

Following isolation of compound 4.16 via column chromatography, the next step was 
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to the deprotect the C-terminus to release the free carboxylic acid. This was carried 

out under standard deprotection conditions using TFA:DCM and the deprotected 

derivative was precipitated out of cold diethyl ether and isolated via centrifugation in 

a 94% yield. 

 

Scheme 4.15: Synthetic scheme of compound 4.17 

1H NMR analysis confirmed the successful synthesis of compound 4.17, with the 

appearance of a singlet peak at 10.49 ppm, which was confirmed to be the carbamate 

NH using HSQC analysis, showing no correlation to a carbon peak. The appearance 

of the two aromatic protons of the nitrobenzyl moiety can be seen at 8.49 and 7.78 

ppm, with both signals integrating for 2 protons. Finally, the CH2 protons of the benzyl 

moiety are seen at 5.43 ppm (Figure 4.19).  

 



  Chapter 4 

 

145 

 

 

Figure 4.19: 1H NMR of compound 4.17. 

Also observed in the 13C in Figure 4.20 is the carbamate carbonyl at 154.5 ppm. This 

was confirmed using HMBC analysis, with CH2 of the nitro-benzyl moiety coupling 

to this carbon signal. 
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Figure 4.20: HMBC spectrum of 4.17 in DMSO-d 

4.4.2 Attempted Coupling of 4.16 to 4.4 

To then access the desired final compound, 4.17 was reacted with 4.4 under coupling 

conditions using COMU as the coupling reagent. This scheme is shown below in 

Scheme 4.16. 

 

Scheme 4.16: Proposed synthetic scheme of compound 4.7 

Despite the best efforts however, the above reaction did not lead to the formation of 

the desired compound. LCMS analysis of the reaction mixture below in Figure 4.21 

showed a large quantity of starting material remaining after 5 hours, but it was hoped 
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that the peak at 41 minutes may correspond to 4.7, with similar retention times seen 

for other disubstituted derivates in Chapter 3. However, 1H NMR of the crude product 

following aqueous workup showed no indication of a successful reaction, with no 

characteristic peaks to suggest the formation of 4.7.  

 

Figure 4.21: LC trace of reaction mixture after 5 hours showing large quantities of starting 

material remaining 

While it would have been worthwhile to screen several coupling reagents, due to the 

lack of quantities of both compounds available and the multistep syntheses of both 4.4 

and 4.16, it was decided against optimising the synthesis of 4.7 and instead to evaluate 

the responses of 4.5 and 4.11 to their respective analytes.  

4.5 Response of 4.5 and 4.11 to Stimuli 

4.4.1 Response of 4.5 to Na2S2O4 and NTR 

Despite the disappointing result described in the previous section, the synthesis of two 

biologically relevant responsive anion binders was successful, and it was worthwhile 

to investigate whether exposure to their chosen stimuli would lead to the desired 

rearrangement. In the case of compound 4.5, it was proposed that the reduction of the 

aryl nitro group to the corresponding amine would lead to a quinone methide type 

elimination and subsequent rearrangement to yield the expanded macrocycle, outlined 

schematically in Scheme 4.1. 

To probe the above hypothesis, 4.5 was treated with sodium dithionite (Na2S2O4) for 

72 hours. Na2S2O4 was chosen in the first instance as a biologically relevant reductant, 

given its ability to reduce aryl nitro-groups to the corresponding amines.237  This was 

done by first dissolving compound 4.5 in a 90/10 DMSO/Water mix to give a solution 

concentration of 3 mM, followed by addition of 10 eq. of Na2S2O4 and the solution 
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was left to shake in an Eppendorf tube for 72 hours. LCMS analysis after 72 hours, 

(Figure 4.22) showed the appearance of a peak at 17 minutes, with a peak for mass 

245.9 which corresponds to [M + Na]+ of 3.10. The broad peak at 23 mins showed a 

mass hit of 106, corresponding to [M + H]+ of the aza-quionone methide released as 

part of the fragmentation. This result is good evidence that the immolation and 

subsequent rearrangement proceeded as anticipated and confirms the viability of this 

as a general approach to ring expansion under biologically relevant conditions. 

 

Figure 4.22: LC trace of compound 4.5 before Na2S2O4 (top), LC trace and ESI+ after 

Na2S2O4 (10 eq.) (bottom). 

Confident in the conclusions drawn from the dithionite study, NTR was then 

investigated as to whether it could elicit a similar result. To do this, compound 4.5 was 

dissolved in DMSO to give a stock solution with concentration 3mM and subsequently 

added to 1 mL of PBS to give a final concentration of 50 µM. To this was added 8µg 

mL-1 of NTR and 500 µM of NADH and the resulting solution was shaken for 72 hours 

to allow time to ensure complete immolation of the quinone methide and subsequent 

rearrangement. This was then followed by lyophilisation and resulting solids were then 

redissolved in 250 µL of DMSO to ensure suitable peak intensity. As can be seen in 

Figure 4.23 below, although there is no evidence of compound 4.5 remaining, there 

was no appearance of a peak at 17 minutes to suggest the formation of desired 11-



  Chapter 4 

 

149 

 

membered ring. While there is a broad peak with a similar retention time, there was 

no observed mass to suggest that this peak is indicative of the desired macrocycle.  

 

Figure 4.23: LC chromatogram of 4.5 before (top) and after addition of NTR (8µg mL-1) 

and NADH (500 µM) in PBS. 

As 4.5 is very sparingly soluble in PBS, it was decided a second experiment using 

10% DMSO in PBS was worthwhile to address any possible solubility issues that may 

be hampering the reaction with NTR. In this case, the reaction conditions were kept 

constant as before, except for the addition of 10% DMSO to the solvent mixture. 

LCMS analysis of the lyophilised residue revealed a strong peak at approximately 17 

minutes, consistent with the expected retention time of the expanded macrocycle 3.10 

(Figure 4.24). Although no definitive ionisation corresponding to 3.10 was detected, 

the disappearance of the starting material 4.5 following reaction with NTR indicates 

full consumption of the parent compound. Previous NTR reduction studies conducted 

by other group members have also shown a strong peak at around 17 minutes, 

attributed to NADH, suggesting that any signal from the product may be obscured by 

co-elution. Nonetheless, these findings suggest that the NTR-mediated reduction and 

subsequent rearrangement may have occurred as intended, but further experimental 

work will be required to confirm formation of the ring-expanded product. 
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Figure 4.24: LC chromatogram of 4.5 before (top) and after addition of NTR (8µg mL-1) 

and NADH (500 µM) in 90:10 PBS:DMSO. (bottom) 

4.4.2 Response of 4.11 to H2O2 

In a similar fashion to above, 4.11 was dissolved in a 90/10 PBS/DMSO mix to give a 

concentration of 3 mM and was treated with 10 eq. of H2O2, left to shake for 24 hours 

followed by LCMS analysis. Interestingly however, although there is a clear 

consumption of 4.11, it appears that the H2O2 resulted in a cleavage of the N-C linkage 

between the squaramide and β-alanine. Examining the peak at approximately 17 

minutes showed strong ionisation at 153 which is corresponds to [M + H]+ of 

compound 3.5. Moreover, it also showed no ionisation at 245.9 which corresponds to 

[M + Na]+ of 3.10. This observation suggested there may have been a competing 

degradation event. 
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Figure 4.25: LC trace of compound 4.11 before H2O2 (top), LC trace and ESI+ after H2O2 

(10 eq) (bottom). 

The observed degradation may be attributed to differences in electrophilicity between 

the carbonyl groups within the molecule. Under the proposed mechanism for the 

Baeyer-Villiger-type rearrangement shown in Scheme 4.8 the nucleophilic peroxide 

anion is expected to attack the electrophilic benzoyl ketone carbonyl, leading to 

decarboxylation, release of the free amine and subsequent ring expansion. However, 

in this instance it appears the electrophilic carbonyl of the amidosquaramide moiety 

was favoured in this instance for attack (Figure 4.26). This mechanism of degradation 

could follow a similar pathway to that followed by reaction of H2O2 and 

thiazolidinones, proposed by Cohen et al.29 
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Figure 4.26: Graphic depicting nucleophilic attack of the peroxide anion on 4.11 The blue 

arrow shows the desired nucleophilic attack, while the red arrow shows the proposed 

observed reaction. 

This observed difference in reaction mechanism may be due in part to the squaramide 

moiety adjacent to the carbonyl carbon in question. Typically, amide carbonyls exhibit 

reduced electrophilicity due to resonance stabilisation from the nitrogen lone pair, 

which donates electron density into the carbonyl π-system. This has the overall result 

of decreasing susceptibility to nucleophilic attack. In this case, the nitrogen lone pair 

is also delocalised into the conjugated cyclobutadione system, which competes with 

the resonance donation into the amide carbonyl. This competing resonance would be 

expected to diminish the electron density on the amide carbonyl carbon, increasing its 

electrophilicity (Figure 4.27). Consequently, nucleophilic attack could occur this 

amide carbonyl, ultimately releasing compound 3.5. 

 

Figure 4.27: Delocalisation of N lone pair into the cyclobutadione ring, enhancing 

electronegativity of the adjacent carbonyl carbon. 

While the above result was disappointing, there remains scope to make structural 

changes to allow for preferential reaction at the benzoyl ketone carbonyl. This could 

include the incorporation of an electron withdrawing group para- to the ketone 

functional group (Figure 4.28). Such derivatives have successfully increased reaction 

kinetics with both a nitro- and cyano- employed as EWGs.234 
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Figure 4.28: Structural modification of 4.11 utilising a 4-nitro group 

The previous sections provide positive results as to the efficacy of the above 

squaramide scaffolds to act as bio-responsive binders. 4.5 showed complete 

conversion to the desired expanded macrocycle upon reaction with Na2S2O4, and 

subsequent reactions with NTR also showed good LCMS evidence that the desired 

fragmentation and expansion pathway may have occurred. A lack of material 

prevented further analysis however, the above data is very promising in the context of 

bio-responsive ring expansion for molecular recognition. Unfortunately, 4.11 did not 

proceed as expected upon exposure to H2O2 due to a competing side reaction, however, 

it is anticipated that minor structural changes may yield a more favourable result. 

Further results will be required to fully probe the potential of this approach. 

4.5 Spectroscopic Response of 4.5 to Na2S2O4 

Given the difficulties outlined in Section 4.5.1 in determining the rearrangement of 

4.5 in response to NTR, UV/Vis experiments were carried out using Na₂S₂O₄ to assess 

whether this technique could serve as a viable alternative to track the rearrangement 

process. UV/Vis spectroscopy was selected due to its sensitivity to changes in 

electronic conjugation and chromophore environment, which were expected to differ 

between the parent compound 4.5 and the ring-expanded product 3.10. It was 

anticipated that upon chemical reduction with Na₂S₂O₄, any conversion of 4.5 to 3.10 

would be reflected by characteristic shifts in the absorbance maxima and overall 

spectral profile. To evaluate this, absorbance spectra of both 4.5 and 3.10 were first 

recorded independently under identical solvent and concentration conditions to 

establish baseline profiles, as shown in Figure 4.29. The spectrum of 4.5 displayed 

two distinct absorbance maxima at 266 and 303 nm, whereas 3.10 exhibited a single 

absorbance maximum at 295 nm.  
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Figure 4.29: Absorbance spectra of 4.5 and 3.10 in 10% DMSO in 10 mM PBS pH 7.4. 

Both compound concentrations are 10 µM. 

To observe the changes in the UV/Vis spectra of 4.5 upon reaction with Na2S2O4 a 

time study was conducted, whereby Na2S2O4 (10 mM) was added to 4.5 and the 

UV/Vis spectra were measured over the course of 24 hours. As seen in Figure 4.30 

below this resulted in a bathochromic shift in absorbance from 266 nm to 275 nm, as 

well as a decrease in absorbance at 303 nm. Although this result does not provide clear 

evidence of the formation of 3.10, the changes observed suggest that a change in the 

molecular structure is occurring. This is a promising preliminary result towards the 

validity of UV/Vis to track the rearrangement of 4.5, however, further analysis is 

required to fully validate this approach.  
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Fig 4.30: Changes in the UV/Vis absorbance over the course of 24 hours of 4.5 (10 µM) in 

response to Na2S2O4 (1mM) in 10% DMSO:Water solution. 

4.6 Binding Abilities of 3.10 in Aqueous Environments 

To assess the ability of the expanded macrocycle, and thus 4.5, to act as an efficient 

carboxylate binder in competitive aqueous environments, a series of UV/Vis titrations 

were carried out. Here, a stock solution of 3.10 in DMSO was diluted to 20 µM in 

three solvent systems; DMSO, 10% water and 20% water in DMSO. This was 

followed by additions of TBA AcO-
 up to 10 equivalents and the change in absorbance 

was measured. Figure 4.31 below shows the change in absorbance in 100 % DMSO, 

where addition of AcO-
 results in an overall increase in absorbance as well as a 

hypsochromic shift in the λmax, from 295 nm to 291 nm.  
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Figure 4.31: changes in the UV spectra of 3.10 (20 µM) upon addition of TBA AcO- in 

DMSO 

These titrations were then repeated in solvents systems with 10% and 20% water and 

as can be seen in Figure 4.32, even at 20% water concentration, additions of acetate 

induced a similar increase in absorbance of 3.10, albeit to a lesser extent (16% and 7% 

respectively), and displayed a similar hypsochromic shift in absorbance maxima. 

These results suggest a decrease in binding affinity in more aqueous environments. 

But importantly, the changes observed suggest that 3.10 still maintains some 

recognition capabilities for AcO- in aqueous systems.  

 

Figure 4.32: changes in the UV spectra of 3.10 (20 µM) upon addition of TBA AcO- in 

DMSO (10% water) (left) and DMSO (20% water) (right). 
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4.7 Conclusions 

In conclusion, a second generation of responsive anion binders was developed, 

designed to exploit biomarker triggers (NTR and ROS) to initiate spontaneous ring 

expansion and a subsequent ‘switch-on’ in anion binding. The NTR-responsive 

derivative 4.5 was successfully synthesised via carbamate linkage of β-alanine to a 4-

nitrobenzyl group. In contrast, preparation of the ROS-responsive derivative proved 

more challenging, with attempts to incorporate a boronic ester unsuccessful. Both 

triphosgene-mediated conditions and carbamate formation via an N-acyl imidazole 

intermediate failed, necessitating a revised strategy. Ultimately, amide coupling of 

phenylglyoxylic acid to β-alanine (PyBOP-mediated) followed by conjugation to the 

squaramide scaffold yielded 4.11. 

Attempts to further expand the design with an activatable fluorophore met with limited 

success. Although the naphthalimide derivative was obtained, COMU-mediated 

coupling to 4.5 failed to produce the desired conjugate, and the length and complexity 

of the synthetic route precluded development of an alternative pathway. 

Preliminary evaluation of the ring-expansion behaviour revealed that 4.5 responded 

effectively to NTR-mimicking conditions, with LCMS analysis showing complete 

conversion to the ring-expanded product upon treatment with Na₂S₂O₄. Subsequent 

experiments with NTR gave good evidence that NTR-mediated reduction of 4.5 did 

lead to a skeletal rearrangement, however the presence of NADH obscured the target 

peak in LCMS studies. UV/Vis experiments probing tracking the changes in 

absorbance of 4.5 upon reaction with Na₂S₂O₄ did result in the modulation of 

absorbance characteristics, however further analysis are required to fully validate this 

analytical approach to observing ring expansion and anion binding. With regards the 

exposure of 4.11 to H₂O₂, this did not result in rearrangement; instead, LCMS analysis 

suggested degradation, most likely due to Baeyer-Villiger oxidation at an alternative 

electrophilic site, leading to cleavage of the squaramide-β-alanine amide bond.  

Looking forward, further optimisation of synthetic methodology is warranted, 

particularly screening alternative coupling reagents to facilitate preparation of 4.7. In 

addition, incorporation of a pro-fluorophore could be pursued using coumarin 

scaffolds. Notably, 7-nitro-3-hydroxyethyl-coumarin offers direct carbamate linkage 

to β-alanine and could promote the electron cascade necessary to release the terminal 
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amine, enabling both fluorescence ‘switch-on’ and ring expansion (Scheme 4.18). A 

possible synthetic pathway is shown in Scheme 4.17. 

 

Scheme 4.17: Alternative synthesis of NTR-responsive acetate sensor. i) 4-nitrobenzyl 

orthochloroformate, ii) β-alanine t-butyl ester hydrochloride, TEA, iii) TFA:DCM, iv) NHS, 

EDCI.HCl, v) 3.5. 

 

Scheme 4.18: Proposed mechanism of NTR-mediated spontaneous ring-expansion leading to 

a “switch-on” in coumarin fluorescence and AcO- binding.
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5 Thesis Summary and Future Work 

Responsive molecular systems are increasingly important in biological contexts, from 

theranostics that enable more selective and effective cancer treatments to sensors that 

provide insight into the cellular microenvironment. This thesis aimed to develop a 

synergistic approach to theranostic strategies, exploiting the ROS-generating 

properties of cold atmospheric plasma (CAP), while also exploring a new 

methodology for responsive anion binding and sensing. 

Chapter 2 focused on the design and synthesis of a cold atmospheric plasma (CAP)-

activated theranostic agent (2.4). Upon reaction with CAP-generated reactive oxygen 

species (ROS), 2.4 underwent a controlled self-immolation process. Oxidisation of the 

boronic ester to a phenol initiated a cascade of quinone-methide eliminations, 

ultimately releasing both a free naphthalimide fluorophore and the chemotherapeutic 

agent amonafide. Release of the naphthalimide was first confirmed through 

ratiometric photophysical changes following exposure to hydrogen peroxide (H₂O₂). 

Compound 2.4 displayed an absorbance maximum at 375 nm prior to treatment, which 

shifted to 440 nm after H₂O₂ exposure, consistent with fluorophore release. This was 

accompanied by a minimal red shift in emission wavelength (524 to 535 nm) and a 

3.3-fold increase in emission intensity. Limit of detection (LOD) analysis with an 

analogous derivative demonstrated good sensitivity, with a measured LOD of 0.58 

µM. LCMS analysis further confirmed release of both products, with H₂O₂ exposure 

yielding two distinct peaks corresponding to free naphthalimide and amonafide. 

The theranostic activity of 2.4 was evaluated in U-251 MG cells. Cytotoxicity assays 

showed no intrinsic toxicity at concentrations up to the millimolar range. However, 

CAP treatment activated cytotoxicity, yielding an LC50 of 84 µM. Confocal 

microscopy confirmed that this activation could be tracked in vitro, as CAP-treated U-

251 MG cells displayed a ratiometric fluorescence shift from blue to green. Future 

work in this chapter focuses on the modulation of the naphthalimide fluorophore to 

improve solubility and modulate the fluorescence behaviour 

Chapter 3 shifted the focus towards the supramolecular field, while retaining the 

underlying principle of a responsive molecular system, and explored a novel strategy 

for the development of adaptive anion binders. This approach sought to exploit an 

intramolecular rearrangement that would induce ring expansion of a cyclic 
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squaramide. The resulting increase in cavity size would create a binding pocket 

capable of accommodating an anion. To establish proof of concept, this rearrangement 

was initially blocked through protection of a nucleophilic amine with a Boc group. As 

a first step, the size of the starting macrocycle was varied, allowing identification of 

an optimal cavity dimension. The reactive handle was then modified through 

conjugation with amino acids of differing chain lengths. This robust synthetic 

methodology afforded glycine, β-alanine, and GABA derivatives of the scaffold 

(compounds 3.6, 3.7, and 3.8). Each was assessed for its ability to undergo the desired 

rearrangement. Compounds 3.6 and 3.8 did not react as anticipated; however, 

compound 3.7 underwent spontaneous ring expansion upon Boc deprotection, yielding 

an 11-membered macrocycle 3.10. X-ray crystallography of the product revealed both 

the compound’s self-aggregation pattern and the alignment of the NH groups relative 

to the binding cavity. 

Building on this design, a second iteration introduced a Boc-protected reactive handle 

at the central scaffold, enabling the possibility of a double rearrangement. This yielded 

compound 3.11, designed to undergo expansion to an even larger binding cavity and 

thereby modulate receptor binding properties. Indeed, deprotection and rearrangement 

experiments confirmed that 3.11 underwent the anticipated double expansion to a 15-

membered ring (3.12). Finally, orthogonal protecting groups were employed to 

investigate the feasibility of sequential rearrangements. To this end, compound 3.13 

was synthesised, bearing both Fmoc and Boc protecting groups. LCMS analysis 

following Fmoc deprotection and column chromatography suggested successful 

formation the mono-expanded 11-membered ring, while subsequent Boc deprotection, 

confirmed by LC-MS analysis, successfully triggered the second rearrangement, 

yielding the 15-membered ring. 

Anion binding studies of compound 3.10 demonstrated that the receptor exhibited 

selectivity towards carboxylate, with binding affinities of 760 M⁻¹ and 278 M-1. 

Analysis using the open-source software Bindfit indicated that a 1:1 binding model 

provided the best fit, with acetate interacting with one squaramide NH and the amide 

NH. In contrast, the unexpanded boc-protected derivative showed no measurable 

anion binding, confirming the validity of this novel strategy for responsive anion 

recognition. Further studies of compound 3.12 revealed that, while it retained the 

ability to bind acetate and benzoate there was a change in the binding mode observed. 
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3.12 adopted a 1:2 binding stoichiometry with both acetate and benzoate, indicating a 

distinct change in binding behaviour relative to 3.10. This was accompanied by an 

increased affinity for AcO- (K11 = 7313 M⁻¹) and PhCOO- (K11 = 6287 M⁻¹). The 

observed shift in binding mode is postulated to arise from the introduction of a fourth 

NH H-bond donor site, as well as the larger cavity size allowing for the fitting of 

multiple anions. Future work in the first instance would be to attempt to obtain crystals 

of both 3.10 and 3.12 bound complexes to gain insight into the binding conformations 

for both. Furthermore, it would be worthwhile to isolate larger quantities of 3.13 to 

fully characterise the sequential rearrangements, and to evaluate the SuRE 

methodology to access a larger family of macrocyclic squaramides. 

Chapter 4 aimed to build on the proof of concept developed in chapter 3 and employ 

biologically relevant triggering systems to selective acetate binding. To this end, a 

para-nitro benzyl group was conjugated to β-alanine via carbamate linkage to form 

the reactive handle, which was then appended to the cyclic squaramide scaffold to 

yield an NTR-responsive binder (4.5). While it was initially hoped a boronic ester 

could be employed as a ROS-initiator, synthetic difficulties led to a pivot to a α-

ketoamide as the ROS-responsive group (4.11). Attempts were made to further expand 

the design by incorporating a naphthalimide fluorophore, allowing this family of anion 

binder to become anion sensors. However, these synthetic difficulties were again 

encountered when attempting to couple the fluorophore to 4.5 using COMU-mediated 

conditions. Unfortunately, the low yielding multistep pathway towards the starting 

materials required meant there was not enough time to investigate alternative 

pathways. 

Attempts to deprotect and induce rearrangement of 4.11 using H₂O₂ were unsuccessful. 

LC–MS analysis indicated that the compound underwent unintended degradation, 

resulting in the release of the core cyclic squaramide 3.5. Encouragingly, treatment of 

4.5 with Na₂S₂O₄ successfully triggered the desired rearrangement, with LC–MS 

analysis showing a peak corresponding to [M + Na]⁺ for 3.10, alongside a peak for the 

azo-quinone methide generated during the elimination process. Attempts to effect 

rearrangement of 4.5 using NTR were, however, inconclusive. Nevertheless, the 

positive outcome with Na₂S₂O₄ highlights a promising avenue for the development of 

enzyme-responsive anion binders. Future work would focus on the coupling of the 
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fluorophore to 4.4, including possible incorporation of a coumarin moiety within the 

reactive handle itself, to negate the synthetic issues with the second coupling step.  
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6. Experimental Procedures  

6.1 General Procedures and Instrumentations 

All reagents were purchased from commercial suppliers and used without further 

purification. DCM and MeCN were dried over 3 Ǻ molecular sieves. Anhydrous DMF 

was purchased from Sigma Adrich. Analytical TLC was performed using Merck Silica 

Gel 60 F254 plates. Flash chromatography was performed using silica gel 60. 

Compounds were lyophilised using a Labconco Freezone 1 Dry system. LC-MS 

analysis was carried out using an Agilent Technologies 1200 series coupled to a 

Advion Expression L Compact Mass Spectrometry (ESI) operating in both positive 

and negative mode, using an Agilent XDB-C18 (5µm, 4.6 x 150 mm) column at 40oC, 

eluting with a flow rate at 0.2 ml/min and a gradient of 0.1% formic acid in MeCN 

and 0.1% formic acid in H2O. NMR spectra were recorded using a Bruker Ascend 500 

spectrometer, operating at 500 MHz for 1H NMR and 126 MHz for 13C, both at 273 K 

unless stated otherwise. The residual solvent peak was used as the internal standard 

for DMSO-d6 and TMS for CDCl3. NMR spectra were processed and stack plots 

produced using MestreNova 6.0.2 software. Assignments of NMR spectra were 

carried out with the aid of 2D NMR experiments (COSY, HSQC, HMBC). Multiplicity 

is given as s = singlet, bs = broad singlet, d = doublet, brd = broad singlet, dd = doublet 

of doublets, ddd = doublet of doublet of doublets, t = triplet, q = quartet, m = multiplet 

as appropriate and J values given in Hz. Infrared (IR) spectra were obtained using ATR 

as a solid on a zinc selenide crystal in the of 4000 – 400 CM-1 using a Perkin Elmer 

Spectrum 100 FT-IR spectrophotometer. High Resolution Mass Spectrometry 

(HRMS) were recorded – courtesy of Bath University – on an Agilent 6200 series 

TOF/6500 series Q-TOF instrument with an ESI source. UV/Vis spectroscopy 

measurements were made at 25oC on a Lambda 365 Perkin Elmer UV-vis 

spectrophotometer. Fluorescence emission spectra were performed at 25oC on an 

Agilent Spectrofluorometer equipped with a 450 W xenon lamp for excitation. 
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6.2 Synthetic Procedures for Chapter 2 

2,6-bis(((tert-butyldimethylsilyl)oxy)methyl)-4-methylphenol (2.5) 

 

2,6-is-(hydroxymethyl-p-cresol (4.00 g, 23.8 mmol) and imidazole (3.24 g, 47.6 

mmol) were dissolved in THF, purged with N2 and cooled to 0o C. TBDMSCl (10.71 

g, 71.4 mmol) dissolved in THF was added slowly and the reaction mixture was 

allowed to stir at r.t. overnight. After reaction, the solution was reduced in vacuo, 

diluted with diethyl ether and washed with water and brine. The organic layer was 

dried over sodium sulphate and concentrated in vacuo. The crude product was purified 

using flash column chromatography eluting with 95/5 pet. ether/ethyl acetate to yield 

the title compound as a yellow oil. (7.1g, 75%). 1H NMR (500 MHz, CDCl3) 𝛿 8.08 

(s, 1H), 6.98 (s, 2H), 4.89 (s, 4H), 2.33 (s, 3H), 1.02 (s, 18H), 0.2 (s, 12H). 13C NMR 

(126 MHz, CDCl3) 151.0, 128.4, 126.3, 125.9, 63.2, 26.0, 20.8, 18.5, -5.3. IR (ATR): 

vmax (cm-1) = 2928, 2952, 2891, 2856, 1613, 1460, 1399, 1358, 1321, 1252, 1143, 

1111, 1003, 982, 928, 833, 773, 725, 669, 656, 577. 

(((5-methyl-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-1,3-

phenylene)bis(methylene))bis(oxy))bis(tert-butyldimethylsilane) (2.6) 

 

2.5 (1.00 g, 2.5 mmol) and K2CO3 (1.04 g, 7.5 mmol) were dissolved in DMF and 

flask was purged with N2, cooled to 0o C and stirred for 10 mins. 2-(4-

(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (742 mg, 2.5 mmol) 

was added and reaction was stirred at r.t. overnight. The solution was concentrated in 
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vacuo, diluted with ether, washed with saturated ammonium chloride, water and brine, 

dried over sodium sulphate and concentrated in vacuo. The crude product was purified 

using flash column chromatography eluting with 95/5 pet. ether/ethyl acetate to yield 

the title compound as a clear oil (1.10 g, 71%). 1H NMR (500 MHz, CDCl3) δ 7.84 

(d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.18 (s, 2H), 4.89 (s, 2H), 4.70 (s, 4H), 

2.34 (s, 3H), 1.36 (s, 12H), 0.92 (s, 18H), 0.07 (s, 12H). 13C NMR (126 MHz, CDCl3) 

151.2, 140.9, 135.1, 133.9, 133.8, 128.0, 127.1, 84.0, 76.2, 60.5, 26.1, 25.0, 21.3, 18.6, 

-5.1. IR (ATR): vmax (cm-1) = 2928, 2894, 2858, 1614, 1495, 1400, 1358, 1321, 1252, 

1201, 1144, 1112, 1089, 1003, 963, 928, 834, 772, 725, 658, 578, 409. 

(5-methyl-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-1,3-

phenylene)dimethanol (2.7) 

 

2.6 (1.00 g 1.6 mmol) was suspended in MeOH and a catalytic amount of p-TSOH 

was added. The reaction was stirred for 4 hours at r.t. and then concentrated in vacuo. 

The crude product was purified using flash column chromatography eluting with 50/50 

pet ether/ethyl acetate to yield the title compound as a clear oil (415 mg, 66%). 1H 

NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.15 (s, 

2H), 4.95 (s, 2H), 4.65 (s, 4H), 2.32 (s, 3H), 1.35 (s, 12H). 13C NMR (126 MHz, 

CDCl3) 152.9, 140.0, 135.3, 134.6, 134.0, 129.8, 127.3, 84.1, 77.0, 61.3, 25.0, 20.9. 
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5-Amino-2-[2-(dimethylamino)ethyl]-1H-benz[de]isoquinoline-1,3(2H)-dione 

(2.9) 

 

3-nitro-1,8-naphthalic anhydride (500 mg, 2.0 mmol) and N,N-

dimethylethylenediamine (181 mg, 2.0 mmol) were dissolved in EtOH and then 

refluxed overnight. The reaction was cooled on ice, and the precipitate was filtered 

and washed with cold EtOH, yielding the nitro-intermediate, which was used without 

further purification. The resulting solid was dissolved in MeOH without further 

purification or characterisation before 10% mol Pd/C was added and the reaction 

mixture was stirred under H2 for 3 hours. The solution was filtered through celite and 

the filtrate was concentrated in vacuo to yield the title compound as  a yellow solid 

(441 mg, 78%) 1H NMR (500 MHz, CDCl3) δ 8.30 (dd, J = 7.2, 0.6 Hz, 1H), 7.98 (d, 

J = 2.3 Hz, 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.65 – 7.53 (m, 1H), 7.25 (d, J = 2.3 Hz, 

1H), 4.33 – 4.28 (m, 2H), 4.17 (s, 2H), 2.67 – 2.62 (m, 2H), 2.35 (s, 6H).13C NMR 

(126 MHz, CDCl3) δ 164.7, 164.3, 154.4, 133.6, 131.8, 127.6, 127.3, 123.7, 122.7, 

122.6, 122.1, 144.1, 57.2, 45.9, 38.3. IR (ATR): vmax (cm-1) = 3441, 3345, 3227, 2968, 

2821, 2761, 1695, 1651, 1618, 1581, 1517, 1447, 1393, 1354, 1291, 1238, 1212, 1175, 

1149, 1101, 1067, 1029, 985, 912, 860, 119, 746, 676, 642, 610, 550, 529, 479, 403.  

N-Butyl-4-amino-1,8-naphthalimide (2.8) 

 

4-nitro-1,8-naphthalic anhydride (500 mg, 2 mmol) and N-butylamine (146 mg, 2 

mmol) were dissolved in EtOH and refluxed overnight. The reaction was reduced in 

vacuo and the crude was purified using flash column chromatography eluting with 
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DCM to yield the nitro- intermediate as a beige solid. The resulting solid was dissolved 

in MeOH without further purification or characterisation before 10% mol Pd/C was 

added and the reaction mixture was stirred under H2 for 3 hours. The solution was 

filtered through celite and the filtrate was concentrated in vacuo to yield the title 

compound as an orange solid (400 mg, 75%) 1H NMR (500 MHz, CDCl3) δ 8.59 (d, 

J = 7.3 Hz, 1H), 8.41 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 7.68 – 7.59 (m, 

1H), 6.88 (d, J = 8.1 Hz, 1H), 4.97 (s, 2H), 4.23 – 4.11 (m, 2H), 1.75 – 1.67 (m, 2H), 

1.49 – 1.38 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H).13C NMR (126 MHz, CDCl3) δ164.7, 

164.2, 149.1, 149.0, 133.9, 131.6, 129.9, 126.9, 125.2, 123.4, 120.3, 112.5, 109.7, 

40.2, 30.4, 20.6, 14.0. IR (ATR): vmax (cm-1) = 3419, 3353, 3254, 2956, 2925, 2861, 

1671, 1635, 1571, 1527, 1479, 1431, 1374, 1347, 1303, 1238, 1186, 1153, 1113, 1077, 

959, 940, 888, 839, 770, 662, 628, 581, 486, 410. 

3-((((2-butyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6-

yl)carbamoyl)oxy)methyl)-5-methyl-2((4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl)oxy)benzyl(2-(2-(dimethylamino)ethyl)-1,3-dioxo-2,3-

dihydro-1H-benzo[de]iosquinolin-5-yl)carbamate (2.3) 

 

2.8 (46 mg, 0.17 mmol) was dissolved in DCM and cooled to 0oC, after which 

triphosgene (51 mg, 0.17 mmol) and TEA (34 mg, 0.33 mmol) were added, and the 

reaction was allowed to come up to room temperature and then stirred for 3 hours. 

Excess triphosgene was removed using pressurised N2 and the residue was redissolved 

in DCM and added slowly to a stirring solution of 2.7 (22 mg, 0.057 mmol) in DCM 

at 0oC. the reaction was allowed to come to room temperature and then stirred 

overnight. The reaction was concentrated in vacuo, and the resulting residue was 

dissolved in ethyl acetate. The resulting precipitate was filtered, washed with MeOH, 
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and lyophilised to yield the title compound as a yellow solid. (41 mg, 73%). 1H NMR 

(500 MHz, CDCl3) δ 8.62 – 8.59 (m, 2H), 8.58 (d, J = 8.2 Hz, 2H), 8.32 (d, J = 8.2 

Hz, 2H), 8.06 (d, J = 8.5 Hz, 2H), 7.83 (d, J = 7.9 Hz, 2H), 7.72 (dd, J = 8.4, 7.4 Hz, 

2H), 7.48 (d, J = 7.8 Hz, 2H), 7.40 (s, 2H), 7.33 (s, 2H), 5.35 (s, 4H), 5.03 (s, 4H), 

4.20 – 4.13 (m, 4H), 2.38 (s, 3H), 1.71 (dq, J = 15.2, 7.6 Hz, 4H), 1.48 – 1.39 (m, 4H), 

1.32 (s, 12H), 0.97 (t, J = 7.4 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 164.3, 163.8, 

154.4, 152.1, 139.8, 138.8, 135.4, 134.9, 132.58, 132.4, 131.4, 129.3, 129.1, 127.0, 

126.8, 126.0, 132.7, 128.2, 117.1, 84.1, 77.6, 63.3, 40.4, 30.4, 25.0, 21.0, 20.5, 14.0. 

IR (ATR): vmax (cm-1) = 3277, 2957, 1697, 1651, 1620, 1592, 1537, 1509, 1447, 1390, 

1380, 1223, 1146, 1061, 1001, 967, 878, 857, 817, 780, 758, 730, 658, 634, 579, 501. 

HRMS (ESI+) m/z calcd. for C56H57BN4O11 [M+Na]+ 995.4145, found 995.4010 (- 

0.68 ppm). 

3-(hydroxymethyl)-5-methyl-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)oxy)benzyl(2-(2-dimethylamino)ethyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-5-yl)carbamate (2.13) 

 

2.9 (38 mg, 0.14 mmol) was dissolved in DCM and cooled to 0o C, after which 

triphosgene (42 mg, 0.14 mmol) and TEA (43 mg, 0.42 mmol) were added, and the 

reaction was allowed to warm to room temperature and stirred for 3 hours. Excess 

triphosgene was removed using pressurised N2 and the residue was redissolved in 

DCM and added slowly to a stirring solution of 2.7 (59 mg, 0.15 mmol) in DCM at 0o 

C. The reaction was allowed to come to room temperature and was stirred overnight. 

The reaction was concentrated in vacuo, and the resulting residue was purified using 

flash column chromatography eluting with CHCl3/MeOH (96/4) to yield the title 

compound as a yellow solid. (24 mg, 25%). 1H NMR (500 MHz, CDCl3) δ 8.35 (s, 



  Experimental Procedures 

172 

 

1H), 8.30 (dd, J = 7.2, 0.8 Hz, 1H), 8.03 (s, 1H), 7.95 (d, J = 8.2 Hz, 1H), 7.84 (d, J = 

8.1 Hz, 2H), 7.62 (dd, J = 8.2, 7.3 Hz, 1H), 7.48 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 1.9 

Hz, 1H), 7.25 (d, J = 1.9 Hz, 1H), 5.30 (s, 2H), 5.02 (s, 2H), 4.69 (s, 2H), 4.31 (t, J = 

6.4 Hz, 2H), 2.76 (t, J = 6.0 Hz, 2H), 2.38 (s, 6H), 2.37 (s, 3H), 1.33 (s, 12H). 13C 

NMR (126 MHz, CDCl3) 164.4, 163.9, 153.4, 140.0, 135.3, 134.6, 134.4, 133.6, 

133.5, 131.0, 130.9, 130.7, 129.6, 129.2, 127.6, 127.3, 124.5, 123.3, 122.4, 120.7, 

119.9, 84.0, 77.3, 62.7, 61.2, 57.5, 45.7, 37.9, 29.9, 25.0, 21.0. IR (ATR): vmax (cm-1) 

= 3322, 2922, 2158, 2037, 1974, 1699, 2658, 1554, 1512, 1465, 1431, 1357, 1232, 

1174, 1143, 1058, 1015, 981, 860, 819, 783, 746, 731, 658, 576, 543, 517, 488. HRMS 

(ESI+) m/z calcd. for C39H44BN3O8 [M+H]+ 694.3258, found 694.3322 (+ 2.95 ppm). 

(5-methyl-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-1,3-

phenylene)bis(methylene) bis((2-butyl-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)carbamate) (2.4) 

 

2.8 (23 mg, 0.085 mmol) was dissolved in DCM and cooled to 0oC, after which 

triphosgene (25 mg, 0.085 mmol) and TEA (17 mg, 0.17 mmol) were added, and 

reaction was allowed to come up to room temperature and was stirred for 3 hours. 

Excess triphosgene was removed using pressurised N2 and the residue was redissolved 

in DCM and added slowly to a stirring solution of 2.13 (29 mg, 0.042 mmol) in DCM 

and was stirred at r.t. overnight. The reaction was concentrated in vacuo, and the 

resulting residue was purified using flash column chromatography, eluting with 

CHCl3/MeOH (96/4) to yield the title compound as a yellow solid. (20 mg, 49%). 1H 

NMR (500 MHz, CDCl3) δ 8.60 (dd, J = 7.3, 0.8 Hz, 1H), 8.58 (d, J = 8.2 Hz, 1H), 

8.52 (br s, 1H), 8.35 (d, J = 7.3 Hz, 1H), 8.32 (d, J = 8.2 Hz, 1H), 8.21 (br s, 1H), 8.11 

(d, J = 8.3 Hz, 1H), 8.06 – 8.02 (m, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.71 (dd, J = 8.4, 
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7.4 Hz, 1H), 7.65 – 7.61 (m, 1H), 7.49 (d, J = 7.9 Hz, 2H), 7.37 (d, J = 1.7 Hz, 1H), 

7.33 (d, J = 1.9 Hz, 1H), 5.34 (s, 2H), 5.33 (s, 2H), 5.05 (s, 2H), 4.30 (t, J = 6.4 Hz, 

2H), 4.19 – 4.15 (m, 2H), 2.72 (br s, 2H), 2.39 (s, 9H), 1.74 – 1.67 (m, 2H), 1.44 (dd, 

J = 15.7, 7.0 Hz, 3H), 1.31 (s, 12H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 164.3, 164.0, 163.8, 154.9, 154.4, 153.4, 153.2, 139.8, 138.8, 135.4, 135.2, 

133.7, 132.7, 132.6, 132.5, 131.4, 131.2, 129.9, 129.6, 129.2, 129.1, 127.6, 127.1, 

126.8, 126.5, 126.3, 126.0, 123.6, 122.1, 84.1, 77.7, 63.4, 62.7, 45.3, 40.4, 38.0, 30.4, 

25.0, 21.0, 20.5, 14.0. IR (ATR): vmax (cm-1) = 2920, 2860, 1996, 1666, 1609, 1545, 

1511, 1467, 1430, 1387, 1368, 1235, 1202, 1175, 1142, 1076, 962, 828, 780, 721, 655, 

578, 501. HRMS (ESI+) m/z calcd. for C56H58BN5O11 [M+H]+ 988.4268, found 

988.4313 (+ 0.62 ppm). 
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6.3 Synthetic Procedures for Chapter 3 

3,4-diethoxycyclobut-3-ene-1,2-dione (3.4) 

 

3,4-dihydroxy-3-cyclobutene-1,2-dione (10 g, 87 mmol) was suspended in EtOH 

Triethyl orthoformate (40 mL, 241 mmol) was added and the reaction was refluxed 

for 72 hours. Solvent was removed in vacuo and resulting residue was purified via 

column chromatography eluting with DCM to yield the title compound as a yellow 

oil. (13.2 g, 86%) All spectral data is in agreement with the literature.195 1H NMR (500 

MHz, DMSO-d6) δ 4.65 (q, J = 7.1 Hz, 4H), 1.37 (t, J = 7.1 Hz, 6H). 13C NMR (126 

MHz, DMSO-d6) δ 189.1, 183.7, 70.2, 15.3. 

2,6-diazabicyclo[5.2.0]non-1(7)-ene-8,9-dione (3.5) 

 

A solution of 3.4 (1.00 g, 5.88 mmol) in 5ml of EtOH and a solution of propylene 

diamine (435 mg, 5.88 mmol) in 5ml of EtOH were added to two separate 5ml 

syringes. Both solutions were added to 150ml of EtOH at a flow rate of 1 ml/hour and 

left to stir for 16 hrs. the resulting precipitate was filtered, washed with EtOH and 

diethyl ether and lyophilised to yield the title compound as an off-white powder. (700 

mg, 78%) 1H NMR (500 MHz, DMSO-d6) δ 8.41 (s, 2H), 3.31 – 3.27 (m, 4H), 1.89 – 

1.83 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 181.4, 169.0, 46.4, 30.9. IR (ATR): 

vmax (cm-1) = 3286, 3188, 3145, 3045, 2965, 2912, 2862, 1645, 1552, 1437, 1363, 

1323, 1272, 1207, 1117, 1004, 953, 890, 840, 720, 625, 554, 474, 450. HRMS (ESI+) 

m/z calcd. for C7H8N2O2 [M+Na]+ 175.0586, found 175.0477 (- 0.41 ppm). 
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tert-butyl (3-(8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-3-

oxopropyl)carbamate (3.7) 

 

3.5 (100 mg, 0.66 mmol) was dissolved in DMSO and boc-β-Ala-Osu (566 mg, 

1.98mmol) and TEA (400 mg, 3.9mmol) were added and the reaction was stirred at 

room temperature overnight. DMSO was removed via lyophilisation and water was 

added to the residue. The crude product was extracted with DCM, and the organic 

layers were combined, washed with water, brine and dried over sodium sulphate. The 

solvent was removed in vacuo, and the crude product was purified via reverse-phase 

column chromatography (MeCN:H2O, 0 – 50% MeCN) to yield the title compound as 

a white solid. (143 mg, 67%) 1H NMR (500 MHz, DMSO-d6) δ 9.31 (s, 1H), 6.79-

6.77 (t, J = 5.3 Hz, 1H), 3.85-3.83 (dd, J = 5.5, 3.5 Hz, 2H), 3.42 – 3.38 (m, 2H), 3.18 

(dd, J = 12.3, 6.3 Hz, 2H), 3.02 (t, J = 6.6 Hz, 2H), 1.99 (br s, 2H), 1.35 (s, 9H). 13C 

NMR (126 MHz, DMSO-d6) δ 188.3, 179.3, 172.4, 170.5, 162.4, 155.4, 77.6, 46.0, 

45.7, 36.4, 36.0, 28.4, 28.2. IR (ATR): vmax (cm-1) =3260, 2979, 2932, 1802, 1693, 

1620, 1523, 1474, 1410, 1366, 1321, 1251, 1217, 1166, 1066, 1006, 984, 873, 826, 

779, 722, 644, 599, 552, 492, 429. HRMS (ESI+) m/z calcd. for C15H21N3O5 [M+Na]+ 

346.1480, found 346.1372 (- 0.33 ppm). 

tert-butyl (2-(8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-2-

oxoethyl)carbamate (3.6) 

 

3.5 (100 mg, 0.66 mmol) was dissolved in DMSO and boc-Gly-Osu (359mg, 

1.32mmol) and TEA (200mg, 1.98mmol) was added and the reaction was stirred at 

room temperature overnight. DMSO was removed via lyophilisation and water was 

added to the residue. The crude product was extracted with DCM, and the organic 

layers were combined, washed with water, brine and dried over sodium sulphate. The 
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solvent was removed in vacuo, and the crude product was purified via reverse-phase 

column chromatography (MeCN:H2O, 0 – 50% MeCN) to yield the title compound as 

a brown solid. (68 mg, 34%) 1H NMR (500 MHz, DMSO-d6) δ 9.35 (s, 1H), 7.05 (t, 

J = 5.9 Hz, 1H), 4.31 (d, J = 6.0 Hz, 2H), 3.90 – 3.83 (m, 2H), 3.46 – 3.38 (m, 2H), 

1.96 (br t, J = 4.3 Hz, 2H), 1.39 (s, 9H).13C NMR (126 MHz, DMSO-d6) δ 188.3, 

179.2, 172.4, 169.1, 161.6, 155.9, 78.0, 46.2, 45.71, 44.2, 28.6, 28.2. IR (ATR): vmax 

(cm-1) = 3380, 3253, 2980, 2922, 1798, 1700, 1673, 1610, 1504, 1449, 1363, 1504, 

1449, 1353, 1325, 1227, 1158, 1074, 1048, 1023, 998, 872, 823, 758, 635, 599.  

HRMS (ESI+) m/z calcd. for C14H19N3O5 [M+Na]+ 332.1325, found 332.1216 (- 4.16 

ppm). 

2-glycyl-2,6-diazabicyclo[5.2.0]non-1(7)-ene-8,9-dione 

2,5-dioxopyrrolidin-1-yl 4-((tert-butoxycarbonyl)amino)butanoate (3.16) 

 

Boc-GABA-OH (500 mg, 2.46 mmol) and N-hydroxysuccinamide (424 mg, 3.69 

mmol) were dissolved in MeCN and cooled to 0oC. EDC.HCl (705mg, 3.69mmol) was 

then added and the reaction was stirred on ice for 1 hour before heating to room 

temperature and left to stir for a further 16 hours. The solvent was removed in vacuo 

and the resulting residue was redissolved in DCM and was washed with water and 

brine. The organic layer was concentrated to yield the title compound as a white solid, 

which was used without further purification. 1H NMR (500 MHz, DMSO-d6) δ 6.91 

(d, J = 4.4 Hz, 1H), 2.99 (q, J = 6.6 Hz, 2H), 2.81 (s, 4H), 2.66 (t, J = 7.5 Hz, 2H), 

1.72 (p, J = 7.2 Hz, 2H), 1.38 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 170.2, 168.8, 

155.6, 77.6, 38.9, 28.2, 27.3, 25.4, 24.7. IR (ATR): vmax (cm-1) = 3332, 2985, 2934, 

1791, 1732, 1682, 1537, 1451, 1367, 1319, 1292, 1252, 1200, 1170, 1066, 1003, 945, 

891, 857, 816, 782, 748, 642, 581, 557, 461, 430. 
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tert-butyl (4-(8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-4-

oxobutyl)carbamate (3.8) 

 

3.5 (100 mg, 0.66 mmol) was dissolved in DMSO. 3.16 (394 mg, 1.32 mmol) and TEA 

(200 mg, 1.98 mmol) were added, and the reaction was stirred at room temperature 

overnight. DMSO was removed via lyophilisation, water was added to the residue, and 

the crude product was extracted with DCM. The organic layers were combined, 

washed with water and brine, dried over sodium sulphate and the solvent was removed 

in vacuo. The residue was purified via reverse-phase column chromatography 

(MeCN:H2O, 0 – 50% MeCN) to yield the title compound as a white solid (140 mg, 

63%). 1H NMR (500 MHz, DMSO-d6) δ 9.29 (s, 1H), 6.77 (s, 1H), 3.89 – 3.82 (m, 

2H), 3.40 (dd, J = 6.4, 2.8 Hz, 2H), 2.91 (dd, J = 12.6, 6.4 Hz, 2H), 2.82 (t, J = 6.7 Hz, 

2H), 1.98 (s, 2H), 1.65 (p, J = 6.9 Hz, 2H), 1.34 (s, 9H). 13C NMR (126 MHz, DMSO-

d6) δ 188.4, 179.3, 172.4, 171.5, 162.6, 155.6, 77.4, 46.0, 45.7, 38.9, 32.2, 28.5, 29.0, 

25.1. IR (ATR): vmax (cm-1) = 3379, 3334, 3180, 2968, 2931, 2875, 1799, 1707, 1681, 

1629, 1589, 1517, 1462, 1417, 1360, 1320, 1251, 1222, 1159, 1069, 991, 968, 880, 

828, 783, 712, 633, 596, 488, 458, 408. HRMS (ESI+) m/z calcd. for C15H21N3O5 

[M+Na]+ 360.1628, found 360.1530 (+ 0.22 ppm). 

2-(3-aminopropanoyl)-2,6-diazabicyclo[5.2.0]non-1(7)-ene-8,9-dione (3.9) 

 

3.7 (50 mg, 0.015 mmol) was dissolved in DCM:TFA (1:1) and left to stir for 3 hrs. 

The solvent was removed in vacuo, and the resulting oil was redissolved in a minimum 

amount of MeOH and precipitated out of ice-cold diethyl ether. The precipitate was 

isolated via centrifugation to yield the product as a white solid, which was used 

without further purification. (31 mg, 91%) 1H NMR (500 MHz, DMSO-d6) δ 9.48 (s, 

1H), 7.77 (s, 3H), 3.93 – 3.87 (m, 2H), 3.46 – 3.40 (m, 2H), 3.25 (t, J = 6.5 Hz, 2H), 

3.13 – 3.05 (m, 2H), 2.03 – 1.96 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 188.4, 
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179.2, 172.6, 169.4, 161.6, 46.0, 45.7, 35.0, 33.1, 28.3. IR (ATR): vmax (cm-1) = 3090, 

2957, 2919, 1800, 1671, 1608, 1537, 1470, 1404, 1369, 1332, 1284, 1197, 1130, 1110, 

1066, 953, 892, 830, 796, 719, 637, 600, 568, 543, 517, 448, 403. HRMS (ESI+) m/z 

calcd. for C10H13N3O3 [M+Na]+ 246.0958, found 246.0849 (+ 0.42). 

2,6,10-triazabicyclo[9.2.0]tridec-1(11)-ene-5,12,13-trione (3.10) 

 

3.9 (22 mg, 0.01 mmol) was dissolved in EtOH along with TEA (40 mg, 0.04 mmol) 

and allowed to stir at room temperature for 16 hours. The resulting precipitate was 

isolated via centrifugation to yield the title product as a white solid (14 mg, 63%) 1H 

NMR (500 MHz, DMSO-d6, 333 K) δ 7.84 (s, 2H), 6.64 (s, 1H), 3.56 (dd, J = 10.6, 

6.2 Hz, 4H), 3.24 (d, J = 4.8 Hz, 2H, under H2O peak), 2.24 (dd, J = 6.0, 4.3 Hz, 2H), 

1.65 (dt, J = 10.9, 5.5 Hz, 2H). 13C NMR (126 MHz, DMSO-d6, 333 K) δ 185.1, 184.3, 

171.0, 169.1, 43.2, 40.6, 38.8, 37.3, 28.6.  IR (ATR): vmax (cm-1) = 3299, 3277, 3236, 

1638, 1570, 1484, 1463, 1442, 1368, 1341, 1202, 1167, 1108, 742, 705, 636, 589, 499, 

465, 434. HRMS (ESI+) m/z calcd. for C10H13N3O3 [M+Na]+ 246.0957, found 

246.0849 (0.19 ppm). 

di-tert-butyl ((8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-ene-2,6-diyl)bis(3-

oxopropane-3,1-diyl))dicarbamate (3.11) 

 

3.7 (85 mg, 0.27 mmol), boc-β-alanine (55 mg, 0.29 mmol) and DIPEA (75 mg, 0.58 

mmol) were dissolved in DMF and allowed to stir at 0oC, followed by the addition of 

COMU (125 mg, 0.29 mmol). The solution was allowed to stir at 0oC, allowed to warm 

to room temperature and stirred for 5 hours. DMF was removed in vacuo, and the 

residue was redissolved in DCM, washed with 1M HCl, sodium bicarb., water and 

brine, dried over sodium sulphate and concentrated in vacuo yielding the title 

compound as a white solid, which was used without further purification. (87 mg, 67%) 
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1H NMR (500 MHz, DMSO-d6) δ 6.86 (t, J = 5.5 Hz, 2H), 3.93 (t, J = 6.0 Hz, 4H), 

3.22 (dd, J = 12.5, 6.4 Hz, 4H), 2.94 (t, J = 6.7 Hz, 4H), 1.96 (dt, J = 12.3, 6.3 Hz, 

2H), 1.36 (s, 18H). 13C NMR (126 MHz, DMSO-d6) δ 175.1, 170.6, 155.5, 77.8, 36.2, 

35.2, 28.2, 23.7. IR (ATR): vmax (cm-1) = 3372, 2976, 1795, 1740, 1688, 1563, 1509, 

1414, 1365, 1340, 1248, 1274, 1159, 1036, 965, 858, 781, 566, 460. HRMS (ESI+) 

m/z calcd. for C23H34N4O8 [M+Na]+ 517.2377, found 517.2266 (- 2.13 ppm). 

2,6,10,14-tetraazabicyclo[13.2.0]heptadec-1(15)-ene-5,11,16,17-tetraone (3.12) 

 

3.11 (40 mg, 0.08 mmol) was dissolved in TFA:DCM (1:1) and allowed to stir at room 

temperature for 4 hours. DCM:TFA was removed in vacuo, and the crude product was 

redissolved in a minimum amount of MeOH and subsequently added dropwise to ice 

cold diethyl ether. The resulting precipitate was isolated via centrifugation to yield the 

deprotected intermediate as a white solid, which was used without further purification 

or characterisation. The deprotected amine was dissolved in EtOH along with TEA (55 

mg, 0.31 mmol) and allowed to stir at room temperature overnight. The resulting 

precipitate was isolated via centrifugation and lyophilised to yield the title compound 

as a white solid. (11 mg, 49%) 1H NMR (500 MHz, DMSO-d6) δ 7.75 (br s, 2H), 7.22 

(br s, 2H), 3.64 (br s, 4H), 3.11 (br s, 4H), 2.25 (br s, 4H), 1.63 (br s, 2H). 13C NMR 

could not be characterised due to the aggregation of the compound resulting in low 

peak intensity.  IR (ATR): vmax (cm-1) = 3230, 1797, 1639, 1564, 1484, 1461, 1439, 

1364, 1325, 1202, 1166, 1102, 1006, 873, 833, 705, 625, 587, 499, 466, 430. HRMS 

(ESI+) m/z calcd. for C13H18N4O4 [M+H]+ 295.1317, found 295.1402 (- 3.64 ppm). 
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tert-butyl (3-(6-(3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)propanoyl)-8,9-

dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-3-oxopropyl)carbamate (3.13) 

 

3.7 (50 mg, 0.15 mmol), fmoc-β-alanine (53 mg, 0.17 mmol) and DIPEA (44mg, 0.34 

mmol) were dissolved in DMF and allowed to stir at 0oC, followed by the addition of 

COMU (72 mg, 0.17 mmol). The solution was allowed to stir at 0oC, allowed to warm 

to room temperature and stirred for 5 hours. DMF was removed in vacuo, and the 

residue was redissolved in DCM, washed with 1M HCl, sodium bicarb., water and 

brine, dried over sodium sulphate and concentrated, yielding the title compound as a 

white solid, which was used without further purification. (61 mg, 65%) 1H NMR (500 

MHz, DMSO-d6) δ 7.88 (d, J = 7.5 Hz, 2H), 7.68 (d, J = 7.4 Hz, 2H), 7.40 (dd, J = 

12.5, 5.0 Hz, 3H), 7.32 (td, J = 7.4, 1.0 Hz, 2H), 6.86 (t, J = 5.3 Hz, 1H), 4.28 (d, J = 

6.9 Hz, 2H), 4.20 (t, J = 6.7 Hz, 1H), 3.95 – 3.91 (m, 2H), 3.91 – 3.85 (m, 2H), 3.31 – 

3.26 (m, 2H), 3.21 (dt, J = 11.7, 6.0 Hz, 2H), 2.98 (t, J = 6.7 Hz, 2H), 2.94 (t, J = 6.6 

Hz, 2H), 1.99 – 1.90 (m, 2H), 1.35 (s, 9H).13C NMR (126 MHz, DMSO-d6) δ 185.8, 

175.0, 175.0, 170.5, 170.4, 156.0, 155.5, 143.9, 140.7, 127.6, 127.1, 125.1, 120.1, 

77.7, 65.9, 65.4, 46.9, 46.7, 44.8, 36.4, 35.1, 28.2, 23.7, 13.9. IR (ATR): vmax (cm-1) = 

3355, 2976, 1794, 1694, 1562, 1514, 1449, 1414, 1366, 1340, 1245, 1164, 1039, 1007, 

857, 760, 740, 644, 564, 461, 426. HRMS (ESI+) m/z calcd. for C33H36N4O8 [M+Na]+ 

639.2532, found 639.2427 (- 0.12 ppm). 

tert-butyl (3-oxo-3-(7,12,13-trioxo-2,6,10-triazabicyclo[9.2.0]tridec-1(11)-en-2-

yl)propyl)carbamate (3.14) 

 

3.13 (40 mg, 0.064 mmol) was dissolved in DCM along with DBU (49 mg, 0.32 mmol) 

and left to stir at room temperature overnight. Solvent was removed in vacuo, and the 

crude product was precipitated from ice-cold diethyl ether. The crude product was then 
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purified via reverse-phase column chromatography (MeCN:H2O, 0 – 50% MeCN) to 

yield the product as a pale-yellow solid, which was used without further purification. 

(20 mg, 81%).  
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6.4 Synthetic Procedures for Chapter 4 

3-((((4-nitrobenzyl)oxy)carbonyl)amino)propanoic acid (4.8) 

 

β-alanine (250 mg, 2.8 mmol) was dissolved in 1:1 dioxane:water along with 

Na2HCO3 (471 mg, 5.61 mmol) and allowed to stir at 0oC for 5 mins. Para-nitrobenzyl 

chloroformate (787 mg, 3.7 mmol) was then added and the reaction was stirred at room 

temperature overnight. Solution was then washed with diethyl ether, and the aqueous 

layer was acidified to pH 1 with 1M HCl. Crude was extracted with ethyl acetate, 

organic layers were combined and washed with water, brine and dried over sodium 

sulphate. The crude product was reduced in vacuo and purified using column 

chromatography eluting with 5% MeOH in DCM, yielding the title compound as a 

white solid. (400 mg, 55%). 1H NMR (500 MHz, DMSO--d6) δ 12.23 (s, 1H), 8.23 

(d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.45 (s, 1H), 5.16 (s, 2H), 3.22 (d, J = 

6.1 Hz, 2H), 2.40 (t, J = 6.9 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 172.7, 155.7, 

146.9, 145.2, 128.1, 123.5, 64.0, 36.6, 34.1. IR (ATR): vmax (cm-1) = 3342, 2949, 1728, 

1684, 1606, 1541, 1512, 1437, 1408, 1345, 1270, 1221, 1135, 1109, 1076, 1010, 934, 

901, 849, 778, 738, 688, 598, 544, 465. HRMS (ESI+) calcd. for C11H12N2O6 [M+H]+ 

269.0770, found 269.0770. 

2,5-dioxopyrrolidin-1-yl 3-((((4-nitrobenzyl)oxy)carbonyl)amino)propanoate 

(4.9) 

 

4.8 (50 mg, 0.19 mmol) and N-hydroxysuccinimide (32 mg, 0.28 mmol) were 

dissolved in DCM and stirred at 0oC for 5 mins, after which EDCI.HCl (53 mg, 0.28 

mmol) was added, and the solution was allowed to stir for overnight. The solution was 

washed with water and brine, and the organic layer was concentrated to yield the title 
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compound as a white solid, which was used without further purification. (59 mg, 85%) 

1H NMR (500 MHz, DMSO-d6) δ 8.23 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.2 Hz, 3H), 

5.18 (s, 2H), 3.37 – 3.32 (m, 2H), 2.88 (t, J = 6.7 Hz, 2H), 2.82 (s, 4H). 13C NMR 

(126 MHz, DMSO-d6) δ 170.2, 167.3, 155.7, 146.9, 1451, 128.0, 123.5, 64.2, 36.0, 

30.7, 25. 5, 25.2. IR (ATR): vmax (cm-1) = 3357, 2940, 1808, 1783, 1738, 1696, 1605, 

1534, 1505, 1436, 1414, 1342, 1290, 1264, 1201, 1160, 1096, 1068, 1028, 996, 970, 

922, 890, 861, 839, 796, 737, 699, 646, 607, 464, 427. HRMS (ESI+) m/z calcd. for 

C15H15N3O8 [M+Na]+ 388.0861, found 388.0752 (+ 0.47 ppm). 

4-nitrobenzyl (3-(8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-3-

oxopropyl)carbamate (4.5) 

 

3.5 (22 mg, 0.14 mmol) was dissolved in DMSO. 4.9 (75 mg, .22mmol) and TEA 

(44mg, 0.43 mmol) were added and the reaction was stirred at room temperature 

overnight. DMSO was removed via lyophilisation, water was added to the residue, and 

the crude product was extracted with DCM. The organic layers were combined, 

washed with water, brine, dried over sodium sulphate and concentrated in vacuo. The 

resulting residue was purified via reverse-phase column chromatography 

(MeCN:H2O, 0 – 50% MeCN) to yield the title compound as a white solid. (19 mg, 

32%) 1H NMR (500 MHz, DMSO-d6) δ 9.33 (s, 1H), 8.23 (d, J = 8.5 Hz, 2H), 7.59 

(d, J = 8.4 Hz, 2H), 7.45 (t, J = 5.6 Hz, 1H), 5.14 (s, 2H), 3.87 – 3.81 (m, 2H), 3.42 – 

3.37 (m, 2H), 3.30 – 3.25 (m, 2H), 3.08 (t, J = 6.6 Hz, 2H), 2.00 – 1.91 (m, 2H). 13C 

NMR (126 MHz, DMSO-d6) δ 188.4, 179.3, 172.4, 170.2, 162.3, 155.7, 146.9, 145.2, 

128.1, 123.5, 64.0, 46.0, 45.7, 36.8, 35.8, 28.4. IR (ATR): vmax (cm-1) = 3389, 3253, 

2919, 2849, 1799, 1697, 1618, 1511, 1463, 1410, 1341, 1318, 1246, 1215, 1166, 1133, 

1097, 1054, 1012, 894, 825, 773, 734, 645, 597, 521, 489, 454, 411. HRMS (ESI+) 

m/z calcd. for C18H18N4O7 [M+H]+ 403.1177, found 403.1253 (+ 0.48 ppm). 
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4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl 1H-imidazole-1-

carboxylate (4.10) 

 

Carbonyldiimidazole (750 mg, 3.2 mmol) was dissolved in dry MeCN and purged with 

N2. (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (519 mg, 3.2 

mmol) was then added and the reaction was stirred at 50o C for 2 hours. The reaction 

was cooled to room temperature, concentrated and purified using column 

chromatography eluting with 60:40 pet. ether:ethyl acetate, to yield the title compound 

as a white solid. (698 mg, 66%). 1H NMR (500 MHz, DMSO-d6) δ 8.30 (s, 1H), 7.71 

(d, J = 7.9 Hz, 2H), 7.62 (s, 1H), 7.51 (d, J = 7.8 Hz, 2H), 7.09 (s, 1H), 5.47 (s, 2H), 

1.29 (s, 12H). 13C NMR (126MHz, DMSO-d6) δ 148.2, 137.9, 137.3, 134.6, 130.4, 

127.4, 127.2, 117.6, 83.7, 68.9, 24.6. IR (ATR): vmax (cm-1) = 2980, 1745, 1615, 1518, 

1448, 1360, 1325, 1258, 1233, 1142, 1086, 1021, 964, 937, 898, 859, 822, 794, 731, 

655, 618, 580, 508, 449, 401 

tert-butyl 3-(2-oxo-2-phenylacetamido)propanoate (4.12) 

 

2-oxo-2-phenylacetic acid (413 mg, 2.75 mmol) and PyBop (1.43 g, 2.75 mmol) were 

allowed to stir in DCM for 30 mins after which β-alanine tert-butyl methyl ester 

hydrochloride (500 mg, 2.75 mmol) and NMM (556 mg, 5.5 mmol) were added, and 

the solution was allowed to stir at r.t. overnight. The solution was washed with aq. 

sodium bicarb., water and brine and dried over sodium sulphate. The organic layer was 

concentrated in vacuo, and the crude product was purified using flash chromatography 

eluting with DCM:MeOH (95:5) to yield the title compound as a clear oil. (400 mg, 

52%) 1H NMR (500 MHz, DMSO-d6) δ 8.97 (t, J = 5.2 Hz, 1H), 7.97 (dd, J = 8.3, 1.2 

Hz, 2H), 7.75 – 7.69 (m, 1H), 7.57 (dd, J = 11.0, 4.6 Hz, 2H), 3.44 (dd, J = 12.6, 6.7 
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Hz, 2H), 2.5 (2H) 1.41 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 190.3, 170.4, 164.9, 

134.6, 132.9, 129.8, 128.9, 80.1, 34.7, 34.5, 27.7. IR (ATR): vmax (cm-1) = 3270, 1799, 

1663, 1611, 1516, 1448, 1409, 1362, 1325, 1225, 1165, 1097, 1071, 1001, 826, 749, 

690, 672, 594, 516, 453. HRMS (ESI+) m/z calcd. for C15H19NO4 [M+Na]+ 300.1314, 

found 300.1206 (+ 0.11 ppm). 

2,5-dioxopyrrolidin-1-yl 3-(2-oxo-2-phenylacetamido)propanoate (4.13) 

 

4.12 (200 mg, 0.721 mmol) was dissolved in DCM:TFA (1:1) and allowed to stir at 

room temperature for 4 hours. Solvent was removed in vacuo and residue was 

redissolved in DCM along with N-hydroxysuccinimide (124 mg, 1.08 mmol) and 

EDCI.HCl (206 mg, 1.08 mmol). Reaction was allowed to stir overnight and was 

washed with water and brine, dried over sodium sulphate and concentrated in vacuo, 

to yield the title compound as a clear oil. (105 mg, 47%) 1H NMR (500 MHz, DMSO-

d6) δ 9.11 (t, J = 5.1 Hz, 1H), 7.99 (d, J = 7.4 Hz, 2H), 7.73 (t, J = 7.4 Hz, 1H), 7.57 

(t, J = 7.7 Hz, 2H), 3.58 (q, J = 6.5 Hz, 2H), 3.04 (t, J = 6.7 Hz, 2H), 2.82 (s, 4H). 13C 

NMR (126 MHz, DMSO-d6) δ 189.9, 170.1, 167.3, 164.8, 134.6, 132.9, 129.9, 128.9, 

34.0, 30.0, 25.5. 

N-(3-(8,9-dioxo-2,6-diazabicyclo[5.2.0]non-1(7)-en-2-yl)-3-oxopropyl)-2-oxo-2-

phenylacetamide (4.11) 

 

3.5 (15 mg, 0.098 mmol) and TEA (60 mg, 0.59 mmol) were dissolved in DMSO, 

followed by 4.13 (94 mg, 0.295 mmol) and allowed stir at room temperature overnight. 

DMSO was removed via lyophilisation, and the resulting residue was suspended in 

water and extracted with DCM. The organic layers were combined and washed with 

water and brine, dried over sodium sulphate and concentrated in vacuo. The crude 

product was purified via reverse-phase column chromatography (MeCN:H2O, 0 – 50% 
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MeCN) to yield the title compound as an orange solid. (13mg, 37%) 1H NMR (500 

MHz, DMSO-d6) δ 9.34 (s, 1H), 8.97 (t, J = 4.9 Hz, 1H), 7.97 (d, J = 7.6 Hz, 2H), 7.72 

(t, J = 7.3 Hz, 1H), 7.57 (t, J = 7.6 Hz, 2H), 3.92 – 3.86 (m, 2H), 3.52 (dd, J = 12.3, 

6.2 Hz, 2H), 3.40 (br s, 2H), 3.21 (t, J = 6.5 Hz, 2H), 1.98 (br s, 2H). 13C NMR (126 

MHz, DMSO-d6) δ 190.3, 188.4, 179.3, 172.5, 170.1, 165.0, 162.2, 134.5, 132.9, 

129.8, 128.9, 46.0, 45.7, 35.17, 34.8, 28.4. IR (ATR): vmax (cm-1) = 3270, 1799, 1633, 

1511, 1516, 1448, 1409, 1362, 1325, 1225, 1165, 1097, 1071, 1001, 826, 759, 690, 

672, 594, 516. HRMS (ESI+) m/z calcd. for C18H17N3O5 [M+Na]+ 378.1168, found 

378.1060 (+ 2.52 ppm). 

tert-butyl 4-(6-nitro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butanoate 

(4.14) 

 

4-nitro-1,8-naphthalic anhydride (250 mg, 1.03 mmol), tert-butyl-4-aminobutanoate 

hydrochloride (201 mg, 1.03 mmol) and TEA (208 mg, 2.06 mmol) were dissolved 

in EtOH and refluxed overnight. The solution was cooled to r.t. and the resulting 

precipitate was filtered and washed with ice-cold EtOH. The crude product was then 

recrystallised from EtOH to yield the target compound as a beige solid (310 mg, 

78%) 1H NMR (500 MHz, CDCl3) δ 8.84 (d, J = 8.6 Hz, 1H), 8.74 (d, J = 7.1 Hz, 

1H), 8.69 (d, J = 7.9 Hz, 1H), 8.40 (d, J = 7.8 Hz, 1H), 7.98 (t, J = 7.9 Hz, 1H), 4.25 

(t, J = 6.9 Hz, 2H), 2.37 (t, J = 7.2 Hz, 2H), 2.12 – 2.02 (m, 2H), 1.42 (s, 9H). 13C 

NMR (126 MHz, CDCl3) δ 172.2, 163.5, 162.6, 149.7, 132.6, 130.7, 130.0, 129.5, 

129.3, 127.1, 124.0, 123.8, 123.1, 80.6, 40.2, 33.26, 28.2, 23.5. IR (ATR): vmax (cm-

1) = 3076, 2976, 1724, 1702, 1659, 1621, 1582, 1530, 1437, 1410, 1381, 1363, 1339, 

1312, 1230, 1153, 1128, 1054, 967, 879, 849, 822, 785, 759, 712, 624, 584, 550. 

HRMS (ESI+) m/z calcd. for C20H20N2O6 [M+Na]+ 407.1322, found 407.1214 (+ 

0.29 ppm). 



  Experimental Procedures 

187 

 

tert-butyl 4-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butanoate 

(4.15) 

 

4.14 (250 mg, 0.65 mmol) was suspended in MeOH, along 10% mol. Pd/C, placed 

under a H2 atmosphere and allowed to stir for 3 hours. The Pd/C was removed by 

filtering through celite, and the filtrate was concentrated in vacuo to yield the title 

compound as an orange solid. (220 mg, 96%). 1H NMR (500 MHz, CDCl3) δ 8.58 (s, 

1H), 8.40 (d, J = 8.1 Hz, 1H), 8.13 – 8.09 (m, 1H), 7.64 (dd, J = 8.2, 7.5 Hz, 1H), 6.88 

(d, J = 8.2 Hz, 1H), 4.99 (s, 2H), 4.24 – 4.17 (m, 2H), 2.35 (t, J = 7.7 Hz, 2H), 2.08 – 

1.98 (m, 2H), 1.42 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 172.6, 164.7, 164.2, 149.2, 

134.0, 131.7, 130.0, 127.0, 125.2, 123.3, 120.3, 112.4, 109.7, 80.4, 39.6, 33.5, 28.2, 

23.9. IR (ATR): vmax (cm-1) = 3443, 3354, 3257, 2969, 1707, 1680, 1642, 1613, 1576, 

1525, 1480, 1457, 1430, 1381, 1354, 1339, 1305, 1284, 1247, 1158, 1101, 1054, 974, 

945, 900, 880, 788, 671, 627, 589, 505. HRMS (ESI+) m/z calcd. for C20H22N2O4 

[M+Na]+ 377.1582, found 377.1473 (+ 0.57 ppm). 
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tert-butyl 4-(6-((((4-nitrobenzyl)oxy)carbonyl)amino)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)butanoate (4.16) 

 

4.15 (45 mg, 0.13 mmol), DMAP (15 mg, 0.13 mmol) and triphosgene (38 mg, 0.13 

mmol) were dissolved in DCM, purged with N2, and allowed to stir at 0oC for three 

hours. Excess triphosgene was removed using pressurised N2 and the resulting residue 

was redissolved in DCM. 4-nitrobenzyl alcohol (49 mg, 0.32 mmol) was added and 

solution was allowed to stir at r.t. overnight. The reaction was quenched with water, 

and the crude was extracted with DCM. The organic layers were combined washed 

with water, brine, dried over sodium sulphate, and concentrated in vacuo. The crude 

product was purified using flash column chromatography eluting with DCM/MeOH 

(0 – 5%) to yield the target compound as a yellow solid (48 mg, 72%) 1H NMR (500 

MHz, CDCl3) δ 8.63 (d, J = 7.2 Hz, 1H), 8.60 (d, J = 8.2 Hz, 1H), 8.35 (d, J = 8.2 Hz, 

1H), 8.26 (d, J = 8.7 Hz, 2H), 8.20 (d, J = 8.2 Hz, 1H), 7.80 – 7.75 (dd, 1H), 7.61 (d, 

J = 8.6 Hz, 2H), 7.57 (s, 1H), 5.40 (s, 2H), 4.22 (t, J = 7.2 Hz, 2H), 2.35 (t, J = 7.6 Hz, 

2H), 2.09 – 1.99 (m, 2H), 1.42 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 172.4, 164.2, 

163.7, 152.8, 148.1, 142.7, 138.54, 132.6, 131.6, 129.1, 128.9, 127.0, 125.9, 124.1, 

118.4, 117.3, 80.5, 66.5, 39.8, 33.4, 28.2, 23.7. IR (ATR): vmax (cm-1) = 3308, 2973, 

1696, 1660, 1621, 1592, 1544, 1515, 1447, 1391, 1343, 1283, 1152, 1126, 1091, 1067, 

1017, 899, 842, 782, 764, 734, 581, 463. HRMS (ESI+) m/z calcd. for C28H27N3O8 

[M+Na]+ 556.1795, found 556.1687 (- 0.62 ppm). 
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4-(6-((((4-nitrobenzyl)oxy)carbonyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)butanoic acid (4.17) 

 

4.16 (20 mg, 0.037 mmol) was dissolved in TFA:DCM (1:1) and allowed to stir at r.t. 

for 4 hours. The reaction was concentrated, and the resulting residue was redissolved 

in MeOH and precipitated in ice-cold diethyl ether. The precipitate was isolated via 

centrifugation to yield the title compound as a pale yellow solid (17 mg, 94%) 1H 

NMR (500 MHz, DMSO-d6-) δ δ 12.00 (s, 1H), 10.49 (s, 1H), 8.71 (dd, J = 8.6, 0.8 

Hz, 1H), 8.51 (dd, J = 7.2, 0.8 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 8.29 (d, J = 8.8 Hz, 

2H), 8.18 (d, J = 8.2 Hz, 1H), 7.85 (dd, J = 8.5, 7.3 Hz, 1H), 7.77 (d, J = 8.8 Hz, 2H), 

5.43 (s, 2H), 4.08 (t, J = 6.9 Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.89 (p, J = 7.1 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 206.6, 174.0, 163.6, 163.1, 153.8, 147.2, 144.2, 

140.4, 1331.6, 131.0, 129.2, 128.6, 128.4, 126.5, 123.7, 122.4, 118.5, 117.5, 65.3, 

31.3, 30.7, 23.0. IR (ATR): vmax (cm-1) = 3290, 2976, 1723, 1695, 1660, 1621, 1592, 

1554, 1516, 1447, 1391, 1346, 1237, 1155, 1123, 1091, 1053, 963, 901, 855, 781, 735, 

658, 455. HRMS (ESI+) m/z calcd. for C24H19N3O8 [M+Na]+ 500.1081, found 

500.1081.  
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6.5 Peroxide Experiments 

6.5.1 Uv/Vis and fluorescence titrations 

Peroxide UV/Vis titrations were carried out using Lambda 365 Perkin Elmer UV-Vis 

spectrophotometer and fluorescence titrations were carried out using an Agilent 

Spectrofluorometer equipped with a 450 W xenon lamp for excitation. A stock solution 

of compound of (1 mM) was prepared in DMSO and was subsequently diluted to a 

final volume of 2.5 mL in a UV cuvette to result in a final concentration of 10 µM 

(unless stated otherwise) in 10 mM PBS (50% DMSO). A stock solution of H2O2 of 

100 mM was prepared daily in 10 mM PBS and diluted to a concentration of 1 mM in 

the final volume of 2.5 mL. Upon addition of peroxide to the final volume, absorbance 

was measured between 250 – 800 nm at time intervals of 60 minutes, and emission 

wavelengths were selected and slit widths adjusted. Emission spectra were generated 

from a chosen range from 350 – 800 nm over chosen time periods with intervals of 60 

mins. 

6.5.2 N-acetyl cysteine Study 

NAC inhibition studies were carried out using an Agilent Spectrofluorometer 

equipped with a 450 W xenon lamp for excitation. A stock solution of NAC of 500 

mM was prepared in 10 mM PBS and diluted to a final volume of 2.5 mM in a 

fluorescent cuvette containing 100 µM H2O2, to result in a final concentration of 4 

mM and left to incubate for 6 hours. 10 µM of 2.3 was then added to the cuvette and 

solution was left to incubate for 18 hours. An excitation wavelength was chosen, and 

the emission spectra was generated from an emission wavelength range ranging from 

430 – 700 nm. 

6.5.3 LCMS study 

LCMS studies were conducted on an Agilent Technologies 1200 series setup, utilising 

an Agilent Eclipse XDB-C18 (5 µm, 4.6 x 150 mm) 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. Each sample was prepared in DMSO (20% PBS) to give 

a final concentration of 2.5 mM of compound and 25 mM peroxide. Solutions were 

allowed to incubate for 18 hours before injection onto the LCMS. 
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6.6 CAP Studies  

6.6.1 2D Cell Culture 

Carried out by Dr. Janith Wanigasekara in TUD. The human glioblastoma cell line (U‐

251 MG, formerly known as U‐373 MG‐CD14) was purchased from an ATCC 

European distributor (LGC Standards). The absence of mycoplasma was checked by 

using a MycoAlert PLUS mycoplasma detection kit (Lonza). Cells were maintained 

in Dulbecco's modified Eagle medium (DMEM) ‐ high glucose supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were maintained 

in a humidified incubator containing 5% CO2 atmosphere at 37°C in a TC flask T25, 

standard for adherent cells (Sarstedt). Cells were routinely sub-cultured when 80% 

confluence was reached using 0.25% w/v Trypsin‐EDTA solution. Cells were seeded 

at a density of 2.5 × 103 cells/well (6 days treatment) (100 μL culture medium per 

well), in triplicate in 96-well plates (Sarstedt, Ireland). Plates were incubated overnight 

at 37 ◦C with 5 % CO2 to allow proper adherence. Existing media was removed from 

each well and cells were then treated with compounds and serially diluted from 1000 

µg/ml to 7.81 µg/ml; 20 % dimethyl sulfoxide (DMSO) was used as a positive control 

and media was used as a negative control. 

6.6.2 Pin-to-Plate System 

Carried out by Dr. Janith Wanigasekara in TUD. A pin to plate electrode design was 

employed to generate a large volume atmospheric discharge. The reactor consisted of 

88 slightly convex pins attached stainless steel electrode (150 mm x 200 mm), paired 

with a flat stainless steel ground plate (200 mm x 250 mm) powered by an AC power 

supply (Leap100, PlasmaLeap Technologies, Ireland). This Leap100 power supply has 

a discharge voltage up to 80 kV (p-p), resonance frequency from 30 kHz to 125 kHz, 

discharge frequency from 100 Hz to 3000 Hz and power from 50 W to 700 W. The air 

gap between the pin electrodes and the ground plate serves as the sample treatment 

area, with all samples in this study being placed in the centre. All the samples were 

treated at a resonant frequency of 55.51 kHz, with a discharge frequency of 1000 Hz 

and duty cycle of 73 μs while, the discharge gap was kept at 40 mm. Cells were treated 

for 20 s. The electrodes / sample treatment area was covered in a fitted container to 

minimize escape of CAP generated reactive species into the general environment. 
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6.6.3 AlamarBlue Cell Viability Assay 

Carried out by Dr. Janith Wanigasekara in TUD. Cell viability was analysed using 

AlamarBlue cell viability reagent (Thermo Fisher Scientific). After the post treatment 

incubation, cells were incubated for 3 h at 37 °C with a 10% AlamarBlue solution. 

Fluorescence was measured using an excitation wavelength of 530 nm and an emission 

wavelength of 590 nm with a Varioskan Lux multi-plate reader (Thermo Scientific). 

All experiments consisted of at least three independent tests with a minimum of 3 

replicates per experiment and are presented as mean ± S.E.M. 

6.7 Anion Binding Studies  

6.7.1. 1H NMR anion studies 

Tetrabutylammonium salts and receptors were subjected to lyophilisation before use. 

Solutions of the TBA salts were made up using DMSO-d6, which was dried using 3Ǻ 

molecular sieves to a concentration of 250 mM. A stock solution of receptor in DMSO-

d6 was made up to 1 mL and an aliquot of stock solution was diluted to 600 µL to give 

a final concentration of 2.5 mM in an NMR tube (unless stated otherwise) and 1H 

NMR was recorded. Subsequent additions of the TBA salts were added and the tube 

was shaken to allow for homogenisation. This process was repeated until 20 

equivalents of anion were added such that the total volume added was 120 µL. 1H 

NMR spectra were analysed and processed, and stackplots generated using 

MestreNova 6.0.2 software. A global fitting analysis was employed to provide a 

binding constant (Ka/M
-1), by fitting the chemical shifts of the NH signal as a function 

of anion concentration using the open access software BindFit. 

6.7.2 UV/Vis anion studies 

Tetrabutylammonium salts, sodium salts and receptors were subjected to 

lyophilisation before use. Solutions of the TBA salts were made up using DMSO, 

which was dried using 3Ǻ molecular sieves to a concentration of 10 mM and sodium 

salts were made up using Milli-Q water to a concentration of 10 mM. An aliquot of 

stock solution of receptor in DMSO was diluted to 2.5 mL in a UV cuvette and UV/Vis 

spectra was recorded. Subsequent additions of the anions were added, and the solution 

was mixed to allow for homogenisation. This process was repeated until 10 

equivalents of anion were added. UV/Vis spectra were analysed and plotted using 
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GraphPad Prism 8.0 software. A global fitting analysis was employed to provide a 

binding constant (Ka/M
-1), by fitting the changes in absorbance as a function of anion 

concentration using the open access software BindFit.
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8. Appendix 

Chapter 2 – Supplementary Characterisation Data 

 

Figure S2.1: 1H NMR spectrum of 2.5 in CDCl3. 

 

Figure S2.2: 13C NMR spectrum of 2.5 in CDCl3. 
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Figure S2.3: FTIR-ATR spectrum of 2.5 

 

Figure S2.4: 1H NMR spectrum of 2.6 in CDCl3. 
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Figure S2.5: 13C NMR spectrum of 2.6 in CDCl3. 

 

Figure 2.6: FTIR-ATR spectrum of 2.6. 
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Figure S2.7: 1H NMR spectrum of 2.7 in CDCl3. 

 

Figure S2.8: 13C NMR spectrum of 2.7 in CDCl3. 
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Figure S2.9: 1H NMR spectrum of 2.8 in CDCl3. 

 

Figure S2.10: 13C NMR spectrum of 2.8 in CDCl3. 
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Figure S2.11: LC-MS data for 2.8. 

 

Figure S2.12: FTIR-ATR spectrum of 2.8. 
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Figure S2.13: 1H NMR spectrum of 2.3 in CDCl3. 

 

Figure S2.14: 13C NMR spectrum of 2.3 in CDCl3. 
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Figure S2.15: COSY spectrum of 2.3 in CDCl3. 

 

Figure S2.16: HSQC spectrum of 2.3 in CDCl3. 
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Figure S2.17: HMBC spectrum of 2.3 in CDCl3. 
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Figure 2.18: HRMS data for 2.3. 
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Figure 2.19: FTIR-ATR spectrum of 2.3. 

 

Figure S2.20: 1H NMR spectrum of 2.9 in CDCl3. 
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Figure S2.21: 13C NMR spectrum of 2.9 in CDCl3. 

 

Figure S2.22: LC-MS data for 2.9. 
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Figure 2.23: FTIR-ATR spectrum of 2.9. 

 

Figure S2.24: 1H NMR spectrum of 2.13 in CDCl3. 
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Figure S2.25: 13C NMR spectrum of 2.13 in CDCl3. 

 

Figure S2.26: COSY spectrum of 2.13 in CDCl3. 
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Figure S2.27: HSQC spectrum of 2.13 in CDCl3. 

 

Figure S2.28: HMBC spectrum of 2.13 in CDCl3. 
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Figure S2.29: LC-MS data for 2.13. 

 

 

Figure S2.30: HRMS data for 2.13. 
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Figure S2.31: FTIR-ATR spectrum of 2.13. 

 

Figure S2.32: 1H NMR spectrum of 2.4 in CDCl3. 
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Figure S2.33: 13C NMR spectrum of 2.4 in CDCl3. 

 

Figure S2.34: COSY NMR spectrum of 2.4 in CDCl3. 
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Figure S2.35: HSQC NMR spectrum of 2.4 in CDCl3. 

 

Figure S2.35: HMBC NMR spectrum of 2.4 in CDCl3. 
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Figure S2.36: LC-MS data for 2.4. 
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Figure S2.37: HRMS data for 2.4. 
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Figure S2.38: FTIR-ATR spectrum of 2.4. 

Figure S2.39: The UV/Vis spectra of 2.3 (blue), 2.4 (red), 2.8 (green) and 2.9 (purple) in 10 

mM 50:50 DMSO:PBS at pH 7.4. Each concentration was 10 µM. 
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Figure S2.40: Fluorescence emission spectra of 2.3 (blue), 2.4 (red), 2.8 (green) and 2.9 

(pink) in 50:50 DMSO:PBS 7.4. λex = 420 nm. All concentrations were (10µM). 

 

Figure S2.41: Cell viability of U-251 cells upon treatment with 2.3, followed by 20 seconds 

of CAP treatment and 24 hours incubation. 
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Figure S2.42: Cell viability of U-251 cells upon treatment with 2.9, followed by 20 seconds 

of CAP treatment and 24 hours incubation. 

 

Figure S2.43: Cell viability of U-251 cells upon treatment with 2.3, followed by 20 seconds 

of CAP treatment (x3) and 24 hours incubation. 
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Figure S2.43: Cell viability of U-251 cells upon treatment with 2.4, followed by 20 seconds 

of CAP treatment and 96 hours incubation. 
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Chapter 3 – Supplementary Characterisation Data  

 

Figure S3.1: 1H NMR spectrum of 3.4 in DMSO-d6. 

 

Figure S3.2: 13C NMR spectrum of 3.4 in DMSO-d6. 
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Figure S3.3: 1H NMR spectrum of 3.5 in DMSO-d6. 

 

Figure S3.4: 13C NMR spectrum of 3.5 in DMSO-d6. 
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Figure S3.5: COSY spectrum of 3.5 in DMSO-d6. 

 

Figure S3.6: HSQC spectrum of 3.5 in DMSO-d6. 
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Figure S3.7: HMBC spectrum of 3.5 in DMSO-d6. 

 

Figure S3.8: LC-MS data for 3.5. 
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Figure S3.9: HRMS data for 3.5. 
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Figure S3.10: FTIR-ATR spectrum of 3.5. 

 

Figure S3.11: 1H NMR spectrum of 3.7 in DMSO-d6. 
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Figure S3.12: 13C NMR spectrum of 3.7 in DMSO-d6. 

 

Figure S3.13: COSY spectrum of 3.7 in DMSO-d6. 
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Figure S3.14: HSQC spectrum of 3.7 in DMSO-d6. 

 

Figure S3.15: HMBC spectrum of 3.7 in DMSO-d6. 
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Figure S3.16: LC-MS data for 3.7. 
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Figure S3.17: HRMS data for 3.7. 
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Figure S3.18: FTIR-ATR spectrum of 3.7. 

 

Figure S3.19: 1H NMR spectrum of 3.9 in DMSO-d6. 
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Figure S3.20: 13C NMR spectrum of 3.9 in DMSO-d6. 

 

Figure S3.21: COSY spectrum of 3.9 in DMSO-d6. 
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Figure S3.22: HSQC spectrum of 3.9 in DMSO-d6. 

 

Figure S3.23: HSQC spectrum of 3.9 in DMSO-d6. 
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Figure S3.24: LC-MS data for 3.9. 

 

 

 

 

 



  Appendix 

 

254 

 

 

 

Figure S3.25: HRMS data for 3.9. 

 



  Appendix 

 

255 

 

 

Figure S3.26: FTIR-ATR spectrum of 3.9. 

 

Figure S3.27: 1H NMR spectrum of 3.10 in DMSO-d6 at 273K. 
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Figure S3.28: 13C NMR spectrum of 3.10 in DMSO-d6 at 273K. 

 

Figure S3.29: COSY spectrum of 3.10 in DMSO-d6 at 273K. 
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Figure S3.30: HSQC spectrum of 3.10 in DMSO-d6 at 273K. 

 

 

Figure S3.31: HMBC spectrum of 3.10 in DMSO-d6 at 273K. 
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Figure S3.32: LC-MS data for 3.10. 
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Figure S3.33: HRMS data for 3.10. 
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Figure S3.34: FTIR-ATR spectrum of 3.10. 

 

Figure S3.35: 1H NMR spectrum of 3.10 in DMSO-d6 at 333 K. 
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Figure S3.36: 13C NMR spectrum of 3.10 in DMSO-d6 at 333 K. 

 

Figure S3.37: COSY spectrum of 3.10 in DMSO-d6 at 333 K. 
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Figure S3.38: HSQC spectrum of 3.10 in DMSO-d6 at 333 K. 

 

Figure S3.39: HMBC spectrum of 3.10 in DMSO-d6 at 333 K. 
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Figure S3.40: 1H NMR spectrum of 3.16 in DMSO-d6. 

 

Figure S3.41: 13C NMR spectrum of 3.16 in DMSO-d6. 
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Figure S3.42: COSY spectrum of 3.16 in DMSO-d6. 

 

Figure S3.43: HSQC spectrum of 3.16 in DMSO-d6. 
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Figure S3.44: HMBC spectrum of 3.16 in DMSO-d6. 

 

Figure S3.45: FTIR-ATR spectrum of 3.16. 
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Figure S3.46: 1H NMR spectrum of 3.8 in DMSO-d6. 

 

Figure S3.47: 13C NMR spectrum of 3.8 in DMSO-d6. 
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Figure S3.48: COSY spectrum of 3.8 in DMSO-d6. 

 

Figure S3.49: HSQC spectrum of 3.8 in DMSO-d6. 
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Figure S3.50: HMBC spectrum of 3.8 in DMSO-d6. 

 

Figure S3.51: LCMS data for 3.8. 
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Figure S3.52: HRMS data for 3.8. 
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Figure S3.53: FTIR-ATR spectrum of 3.8. 

 

Figure S3.54: 1H NMR spectrum of 3.6 in DMSO-d6.  
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Figure S3.55: 13C NMR spectrum of 3.6 in DMSO-d6. 

 

Figure S3.56: COSY spectrum of  3.6 in DMSO-d6. 
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Figure S3.57: HSQC spectrum of 3.6 in DMSO-d6. 

 

Figure S3.58: HMBC spectrum of 3.6 in DMSO-d6. 
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Figure S3.59: LCMS data for 3.6. 
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Figure S3.60: HRMS data for 3.6. 
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Figure S3.61: FTIR-ATR spectrum of 3.6. 

 

Figure S3.62: 1H NMR spectrum of 3.11 in DMSO-d6. 
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Figure S3.63: 13C NMR spectrum of 3.11 in DMSO-d6. 

 

Figure S3.64: COSY spectrum of 3.11 in DMSO-d6. 
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Figure S3.65: HSQC spectrum of 3.11 in DMSO-d6. 

 

Figure S3.66: HMBC of 3.11 in DMSO-d6. 
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Figure S3.67: LCMS data for 3.11. 
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Figure S3.68: HRMS data for 3.11. 
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Figure S3.69: IR spectrum of 3.11. 

 

Figure S3.70: 1H NMR spectrum of 3.12 in DMSO-d6. 
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Figure S3.71: 13C NMR spectrum of 3.12 in DMSO-d6. 

 

Figure S3.72: COSY spectrum of 3.12 in DMSO-d6. 
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Figure S3.73: HSQC spectrum of 3.12 in DMSO-d6. 

 

Figure S3.74: HMBC spectrum of 3.12 in DMSO-d6. 
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Figure S3.75: LCMS data for 3.12. 

 

 

 

Figure S3.76: HRMS data for 3.12. 
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Figure S3.77: IR spectrum of 3.12. 

 

Figure S3.78: 1H NMR spectrum of 3.13 in DMSO-d6. 
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Figure S3.79: 13C NMR spectrum of 3.13 in DMSO-d6. 

 

Figure S3.80: COSY spectrum of 3.13 in DMSO-d6. 
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Figure S3.81: HSQC spectrum of 3.13 in DMSO-d6. 

 

Figure S3.82: HMBC spectrum of 3.13 in DMSO-d6. 



  Appendix 

 

287 

 

 

Figure S3.83: LCMS data for 3.13 

 

 

 

Figure S3.84: HRMS data for 3.13. 
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Figure S3.85: IR spectrum of 3.13. 

 

Figure S3.86: 1H NMR stack plot of 3.10 (5 mM) in DMSO-d6 treated with TBA salts of 

various anions (10 equiv.).  
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Figure S3.87: 1H NMR stack plot of 3.10 (2.5 mM) and 0.0 – 20 eq. of TBA acetate in 

DMSO-d6. 

 

Figure S3.88: Fitted binding isotherm for the titration of 3.10 (2.5 mM) in the presence of 

increasing concentrations of AcO- in DMSO-d6. The data is fitted to 1:1 binding model and 

shows the chemicals shifts of the NH signals throughout the titration. 
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Figure S.89: Residual plot of 3.10 with AcO-.  

 

Figure S3.90: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the squaramide NH 

proton of 3.10 in titrations with acetate 
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Figure S3.91: Job plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the amide NH proton 

of 3.10 in titrations with acetate. 

 

Figure S3.92: 1H NMR stack plot of 3.10 (2.5 mM) and 0.0 – 20 eq. of TBA benzoate in 

DMSO-d6. 
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Figure S3.93: Fitted binding isotherm for the titration of 3.10 (2.5 mM) in the presence of 

increasing concentrations of PhCOO- in DMSO-d6. The data is fitted to 1:1 binding model 

and shows the chemicals shifts of the NH signals throughout the titration. 

 

Figure S3.94: Residual plot of 3.10 with PhCOO-.  

 

Figure S3.95: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the squaramide NH 

proton of 3.10 in titrations with benzoate 
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Figure S3.96: Job plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the amide NH proton 

of  3.10 in titrations with benzoate. 

 

Figure S3.97: 1H NMR stack plot of 3.7 (2.5 mM) and 0.0 – 20 eq. of TBA PhCOO- in 

DMSO-d6. 
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Figure S3.98: 1H NMR stack plot of 3.12 (2.5 mM) in DMSO-d6 treated with TBA salts of 

various anions (10 equiv.). 

 

Figure S3.99: 1H NMR stack plot of 3.12 (2.5 mM) and 0.0 – 20 eq. of TBA acetate in 

DMSO-d6. 
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Figure S3.100: Fitted binding isotherm for the titration of 3.12 (2.5 mM) in the presence of 

increasing concentrations of AcO- in DMSO-d6. The data is fitted to 1:2  binding model and 

shows the chemicals shifts of the NH signals throughout the titration. 

 

Figure S3.101: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the squaramide NH 

proton of 3.12 in titrations with acetate 
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Figure S3.102: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the amide NH 

proton of 3.12 in titrations with acetate 

 

Figure S3.103: 1H NMR stack plot of 3.12 (2.5 mM) and 0.0 – 20 eq. of TBA benzoate in 

DMSO-d6. 
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Figure S3.104: Fitted binding isotherm for the titration of 3.12 (2.5mM) in the presence of 

increasing concentrations of PhCOO- in DMSO-d6. The data is fitted to 1:2 binding model 

and shows the chemicals shifts of the NH signals throughout the titration. 

 

Figure S3.105: Residual plot of 3.12 with PhCOO-.  

 

Figure S3.106: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the squaramide NH 

proton of 3.12 in titrations with benzoate. 
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Figure S3.107: Jobs plot of (χ₀ × Δδₙₕ) vs. mole fraction of host (χ₀) for the amide NH 

proton of 3.12 in titrations with benzoate. 

 

Figure S3.108: 1H NMR stackplot of 3.12 (2.5 mM) and 0.0 – 20 eq. of TBA chloride in 

DMSO-d6. 
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Figure S3.109: Fitted binding isotherm for the titration of 3.12 (2.5mM) in the presence of 

increasing concentrations of Cl- in DMSO-d6. The data is fitted to 1:1 binding model and 

shows the chemicals shifts of the NH signals throughout the titration. 
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Chapter 4 – Supplementary Characterisation Data 

 

Figure S4.1: 1H NMR spectrum of 4.8 in DMSO-d6. 

 

Figure S4.2: 13C NMR spectrum of 4.8 in DMSO-d6. 



  Appendix 

 

301 

 

 

Figure S4.3: COSY spectrum of 4.8 in DMSO-d6. 

 

Figure S4.4: HSQC spectrum of 4.8 in DMSO-d6. 
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Figure S4.5: HMBC spectrum of 4.8 in DMSO-d6. 

 

Figure S4.6: LC-MS data for 4.8. 
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Figure S4.7: HRMS data for 4.8. 

 

Figure S4.8: FTIR-ATR spectrum of 4.8. 
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Figure S4.9: 1H NMR spectrum of 4.9 in DMSO-d6. 

 

Figure S4.10: 13C NMR spectrum of 4.9 in DMSO-d6. 
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Figure S4.11: COSY spectrum of 4.9 in DMSO-d6. 

 

Figure S4.12: HSQC of 4.9 in DMSO-d6. 
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Figure S4.13: HMBC spectrum of 4.9 in DMSO-d6. 

 

 

Figure S4.14: LC-MS data for 4.9. 
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Figure S4.15: HRMS data for 4.9 
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Figure S4.16: FTIR-ATR spectrum of 4.9. 

 

Figure S4.17: 1H NMR spectrum of 4.5 in DMSO-d6. 
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Figure S4.18: 13C NMR of 4.5 in DMSO-d6. 

 

Figure S4.19: COSY spectrum of 4.5 in DMSO-d6. 
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Figure S4.20: HSQC spectrum of 4.5 in DMSO-d6. 

 

Figure S4.21: HMBC spectrum of 4.5 in DMSO-d6. 



  Appendix 

 

311 

 

 

Figure S4.22: LC-MS data for 4.5. 
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Figure S4.23: HRMS data for 4.5. 
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Figure S4.24: FTIR-ATR spectrum of 4.5. 

 

Figure S4.25: 1H NMR spectrum of 4.10 in DMSO-d6. 
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Figure S4.26: 13C NMR spectrum of 4.10 in DMSO-d6. 

 

Figure S4.27: COSY spectrum of 4.10 in DMSO-d6. 
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Figure S4.28: HSQC spectrum of 4.10 in DMSO-d6. 

 

Figure S4.29: HMBC spectrum of 4.10 in DMSO-d6. 
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Figure S4.30: FTIR-ATR spectrum of 4.10. 

 

Figure S4.31: 1H NMR spectrum of 4.12 in DMSO-d6. 
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Figure S4.32: 13C NMR spectrum of 4.12 in DMSO-d6. 

 

Figure S4.32: COSY spectrum of 4.12 in DMSO-d6. 
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Figure S4.33: HSQC spectrum of 4.12 in DMSO-d6. 

 

 

Figure S4.34: HMBC spectrum of 4.12 in DMSO-d6. 
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Figure S4.35: LC-MS data for 4.12. 
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Figure S4.36: HRMS data for 4.12. 
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Figure S4.37: FTIR-ATR spectrum of 4.12. 

 

Figure S4.38: 1H NMR spectrum of 4.13 in DMSO-d6. 
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Figure S4.39: 13C NMR spectrum of 4.13 in DMSO-d6. 

 

Figure S4.40: COSY spectrum of 4.13 in DMSO-d6. 



  Appendix 

 

323 

 

 

Figure S4.41: HSQC spectrum of 4.13 in DMSO-d6. 

 

Figure S4.42: HMBC spectrum of 4.13 in DMSO-d6. 
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Figure S4.43: LC-MS data for 4.13. 

 

Figure S4.44: 1H NMR spectrum of 4.11 in DMSO-d6. 
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Figure S4.45: 13C NMR spectrum of 4.11 in DMSO-d6. 

 

Figure S4.46: COSY spectrum of 4.11 in DMSO-d6. 
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Figure S4.47: HSQC spectrum of 4.11 in DMSO-d6. 

 

Figure S4.48: HMBC spectrum of 4.11 in DMSO-d6. 
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Figure S4.49: LC-MS data for 4.11. 

 

 

Figure S4.50: HRMS data for 4.11 
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Figure S4.51: FTIR-ATR spectrum of 4.11 

Figure S4.52: 1H NMR spectrum of 4.14 in CDCl3. 
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Figure S4.53: 13C NMR spectrum of 4.14 in CDCl3. 

Figure S4.54: COSY spectrum of 4.14 in CDCl3. 
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Figure S4.55: HSQC spectrum of 4.14 in CDCl3. 

Figure S4.56: HMBC spectrum of 4.14 in CDCl3. 
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Figure S4.57: LCMS data for 4.14. 

 

 

 

 

 

 

 

 

 

 

 



  Appendix 

 

332 

 

 

 

 

Figure S4.58: HRMS data for 4.14. 
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Figure 4.59: FTIR-ATR spectrum of 4.14. 

Figure S4.60: 1H NMR spectrum of 4.15 in CDCl3. 
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Figure S4.61: 13C NMR spectrum of 4.15 in CDCl3. 

Figure S4.62: COSY spectrum of 4.15 in CDCl3. 
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Figure S4.63: HSQC spectrum of 4.15 in CDCl3. 

Figure S4.64: HMBC spectrum of 4.15 in CDCl3. 
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Figure S4.65: LCMS data for 4.15. 
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Figure S4.66: HRMS data for 4.15. 
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Figure S4.67: FTIR-ATR spectrum of 4.15. 

Figure S4.68: 1H NMR spectrum for 4.16 in CDCl3. 
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Figure S4.69: 13C NMR spectrum for 4.16 in CDCl3. 

Figure S4.70: COSY NMR for 4.16 in CDCl3. 



  Appendix 

 

340 

 

Figure S4.71: HSQC spectrum for 4.16 in CDCl3. 

Figure S4.72: HMBC spectrum for 4.16 in CDCl3. 



  Appendix 

 

341 

 

 
Figure S4.73: LCMS data for 4.16 

 

 

 

 

 

 

 

 

 

 

 



  Appendix 

 

342 

 

 

 

 

Figure S4.74: HRMS data for 4.16. 
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Figure S4.75: FTIR-ATR spectrum of 4.16. 

Figure S4.76: 1H NMR spectrum of 4.17 in DMSO-d6. 
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Figure S4.77: 13C NMR spectrum of 4.17 in DMSO-d6. 

Figure S4.78: COSY spectrum of 4.17 in DMSO-d6. 
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Figure S4.79: HSQC spectrum of 4.17 in DMSO-d6. 
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Figure S4.80: HMBC NMR of 4.17 in DMSO-d6. 

 

Figure S4.81: LCMS data for 4.17. 
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Figure S4.82: HRMS data for 4.17. 

 

Figure S4.83: FTIR-ATR spectrum of 4.17. 
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