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Abstract 

Since its advent in the 1960s, through the pioneering work of Lehn, Cram, and Pederson 

– the field of supramolecular Chemistry has burgeoned and seen an array of applications 

across the chemical and materials sciences. From Metal-organic frameworks which 

exhibit notable chemical separation behaviours, to molecular receptors, and the 

compounds which form Organic Light Emitting Diodes used by millions daily, there are 

countless examples of the continuous advancements from the field. One such recent 

interdisciplinary area gaining traction in recent years, is the application of supramolecular 

chemistry concepts, and molecular design to the field of medicinal chemistry. For 

example, there have been a plethora of reports of anion transporters, molecules which can 

form association complexes with negatively charged ions and transport them across 

membranes. These anion transporters have shown utility in the development of 

therapeutics for Cystic Fibrosis, as anticancer therapeutics, and more recently as 

antimicrobial agents.  

Whilst the anticancer properties of anion transporters have been explored extensively, 

and mechanistically characterised, there has been little effort made to further refine the 

antimicrobial capacity of agents such as these. Furthermore, while several reports of 

antimicrobial anionophores have been made – very little mechanistic underpinning has 

been carried out. This Thesis, titled “Supramolecular tools to combat antimicrobial 

resistance” aims to establish several classes of anionophores, and chemical tools to further 

delve into the mechanistic subtleties of medicinally relevant supramolecular motifs.   

Chapter 1 of this thesis provides a historical perspective on the supramolecular chemistry 

of anion transport, paying particular attention to the medicinal relevance of anion 

transporting motifs. In addition, there is a discussion of concepts employed by medicinal 

chemists when designing antibiotics, aided through a discussion of historically relevant 
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examples, and the emergence of antimicrobial resistance. Following this, some of the 

chemical biology techniques utilised throughout the course of this work are introduced 

and discussed from a technical viewpoint.  

Chapter 2 discusses the synthesis, supramolecular profiling, and mechanistic 

underpinning of a series of four potent “squindole” antimicrobials. These compounds, 

which can effectively bind, and transport Cl- across Large Unilamellar Vesicles (LUV’s), 

exhibit potent antimicrobial activity, which was discerned to be as a result of a disruption 

of chloride homeostasis.  

Chapter 3 follows on from the previous chapter, where we aimed to synthesise 

sophisticated bioconjugates of the most active lead compound, from chapter 2. Aided by 

the use of “click” chemistry, we made significant progress towards the development of 

natural product derived ion-pair receptors, for investigation as antimicrobials. Whilst we 

could not arrive at a set of synthetic conditions which afforded target compounds, we 

have made significant progress in this regard, and developed a series of biorthogonal 

anion receptor motifs. In addition, through conjugation of lead compounds to 

siderophores, we were able to expand the spectrum of activity to encompass Gram-

negative pathogens.  

Chapter 4 takes a traditional “lead-refinement” approach to the development of 

heterocyclic antimicrobial anionophores. Through scaffold hopping approaches, from 

lead compounds of Chapter 2, we afforded three distinct heterocyclic subfamilies, each 

of which exhibits antimicrobial effect against MRSA – to varying degrees. Using 

conventional supramolecular approaches, in addition to cutting edge Chemical Biology 

techniques, we studied, and verified an analogous mechanism of action to previous leads, 

which is aided by the propensity for covalent modification of thiols in solution, which 

may rationalise the observed antimicrobial effect.  
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Chapter 5 introduces a series of 13 structurally simplistic anion receptors, which show 

varying anion binding propensities, but potent anion transport in-cellulo. This anion 

transport behaviour manifests in potent antimicrobial activity against a range of 

pathogens (both Gram-positive, and -negative), which we discerned to be linked to both 

anion transport, and a disruption of membrane integrity. In addition, we successfully 

synthesised a “caged anionophore” and carried out preliminary dissection of the spatio-

temporal control of anion transport in-cellulo.  

Chapter 6 consists of a thesis summary which details the main findings for this project, 

and potential future directions for each chapter. Chapter 7 includes the general 

experimental procedures, synthetic methodology and compound characterisation, and 

biological procedures for the work detailed in previous chapters. This is complimented 

and followed by literature references and an appendix which is comprised of 

spectroscopic and ancillary data which validates the work discussed in this thesis. 
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1.1: Supramolecular Chemistry – an introduction 

supramolecular chemistry is often referred to as “Chemistry beyond the molecule”. 

Despite being an exceptionally large field of research, the study and utilisation of the 

weak non-covalent interactions that dictate molecular assembly, giving rise to discrete, 

functional supramolecular systems is what defines the field.1 supramolecular chemistry 

is often divided into two main areas; host-guest chemistry, and the study of molecular 

self-assembly. This thesis focuses mainly on the utilisation of host-guest chemistry for 

the development of antimicrobial agents (vide infra), where the original inspiration for 

this work can be traced back to the pioneering work of Lehn2, Cram3, and Pederson.4 

These researchers were awarded the Nobel Prize for Chemistry in 1987 for their 

“development and use of molecules with structure-specific interactions of high 

selectivity”, and for the creation of the field of supramolecular chemistry. Their work on 

the development of cation-selective molecular receptors stimulated a wealth of research 

in the area, and the rapid expansion of the field. Indeed, less than a year after Pederson’s 

crown-ether cation receptors, Park and Simmons synthesised the first ever abiotic anion 

receptor, capable of halide recognition in aqueous TFA (figure 1.1).5  

 

Figure 1.1. Early examples of ion receptors. a) Lehn’s [2,2,2] cryptand Potassium 

receptor; b) Cram’s spherands for Lithium recognition; c) Pederson’s dibenzo-18-crown-

6 that acts as a receptor for Potassium; and d) Park and Simmons’s seminal “Katapinate” 

Chloride receptor.  
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Despite this, anion recognition faded into relative obscurity for the better part of two 

decades whilst cation coordination chemistry burgeoned. However, since the 1980’s there 

has been an explosion of interest in anion recognition, and anion-mediated self-assembly. 

More recently, several research groups have shifted focus towards the utilisation of 

molecular receptors as vectors for the transport of anions across biological membranes. 

This introductory section focuses on principles of anion host-guest chemistry, with an 

emphasis on design principles for the development of synthetic anion transporting motifs, 

and biological applications thereof.  

1.2: Anion recognition and transport in aqueous media – relevance and challenges 

An anion is defined by the International Union of Pure and Applied Chemistry (IUPAC) 

as “a mono- or poly-atomic species having one or more elementary charges of the 

electron”. These molecules are implicated in a plethora of biological, industrial, and 

environmental processes. In nature, anionic flux is mediated by biological molecular 

machinery embedded in membranes, which have roles in ion transport to support 

biochemical pathways, signalling mechanisms and molecular sensing. Arguably more 

important however is the language of life, the poly-anionic species, DNA and RNA. In 

their various forms and architectures, they act as the communicator of all genetic 

information and are inherently responsible for the function of all organisms.6 These 

phosphate-rich anionic species are the sole source of genetic information for all known 

living species, relaying biosynthetic instructions for the utilisation of amino acids in the 

assembly of polypeptides, and functional protein assemblies. Indeed, these encoded 

amino acids can even be observed as a monovalent anionic species in certain 

environments, and as participants in supramolecular architectures in their own right.7, 8 In 

addition, phosphate rich anionic ATP, and ADP act as the chemical currency of cells 

whereby energy transfer mediated by the presence of these anions gives fuel to cells 

perpetuating the life of the organism (figure 1.2).9 In the human body, there are more than 
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400 genes which encode ion channels, and misregulation or mutation of these channels 

can give rise to debilitating, life-altering and often fatal diseases, such as; Best Disease, 

Bartter syndrome, Chronic obstructive pulmonary disease (COPD), and Cystic Fibrosis 

(CF) - highlighting the integral nature of this unique charged species.10, 11 

 

Figure 1.2. The structures of adenine-derived DNA, and RNA, ATP, and ADP 

(counterions omitted for clarity); a) Structure of one adenosine DNA subunit (R = 

additional DNA subunits), b) Structure of one adenosine RNA subunit (R = additional 

RNA subunits), c) Adenosine tri-phosphate (ATP), d) Adenosine di-phosphate (ADP).12 

Within the environment, anions are abundant in every regard; from an abundance of 

chloride in oceans, to sulphates in acid rain13, and nitrates in our soil14. As a result of this, 

these incredibly important chemical entities see use in many regards, such as; the use of 

fluoride in toothpaste to prevent decay15, or phosphate as a masking agent in the 

development of prodrugs16, to name but a few. In aqueous media, binding and 

sequestering anions is of great interest, from applications in organocatalysis17, to removal 

of harmful anionic accumulates in the environment derived from industrial or radioactive 

waste18.  

The molecular recognition and binding of anions is also of great interest to 

supramolecular chemists in the context of medicinal chemistry. Receptors which can also 
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effectively mediate transport of these anions across biological membranes may be useful 

for the treatment of channelopathies and in cancer.19-21 

However, several challenges arise when designing selective anion receptors and 

transporters. When attempting to design molecules which effectively recognise anions, 

these receptors must possess large levels of anionic affinity, and exquisite selectivity for 

the relevant anion, in order to have any potential real-world application. Whilst cations 

are almost exclusively spherical, anions can present themselves in a large degree of 

geometries, in turn increasing the molecular complexity and difficulty in design of 

receptors for these species. Anions can adopt various geometries, such as; spherical 

(halides), linear (azide), bent (nitrite), trigonal-planar (carbonate, nitrate), tetrahedral 

(phosphate, sulphate), and octahedral (hexafluorophosphate) (figure 1.3).  

 

Figure 1.3. The various adopted geometries of common anionic species; a) Spherical, b) 

Linear, c) Bent, d) Trigonal-planar, e) Tetrahedral, f) Octahedral.  

As a result of this, supramolecular chemists, as molecular architects, often design 

receptors with a rational design approach incorporating a preorganised binding pocket, 

fine-tuned for anion specificity.  

Additionally, anions are generally larger than their isoelectronic counterparts, cations.22 

As a consequence, these molecules suffer from a lower charge to radius ratio, thus 
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significantly weakening the favourable interactions between a host and the anionic 

guest.23  

As would also be expected, anions exist in a state of multiple protonation equilibria and 

as a result may be protonated upon a lowering of the pH in the respective system. In 

addition, for classes of receptors and transporters whose design revolves around the 

presence of a positive charge for the generation of a hydrogen bond donor, such as 

ammoniums and guanidiniums are contingent on a specific pH for anion recognition.24 

Therefore, this host-guest association phenomenon is extremely pH-dependent, whereby 

the process can only occur within a specific “pH window” when the anion is deprotonated, 

and the receptor in its protonated form (figure 1.4). This process is further complicated 

by the relatively common phenomenon of receptor deprotonation by anions. More basic 

variants, such as acetate, phosphate, and fluoride will readily deprotonate receptors if 

participating H-bond donors are sufficiently acidic.25 For instance, thiosquaramide motifs 

are highly dependent on pH for anion transport across phospholipid bilayers, whereby, 

above pH 7 the receptor is deprotonated, “switching off” transport, but if the pH is at 4, 

the receptor is effectively re-protonated to its charge neutral form, returning its membrane 

motility, and transport capabilities.26  

 

Figure 1.4. Schematic representation of the narrow pH window in which an anion 

recognition process occurs for a pH-dependent receptor. 
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Another key factor determining the capacity for anion recognition is the phenomenon of 

solvation.27 Commonly, the receptors designed for recognition are not highly water 

soluble, and anions are extremely solvated in aqueous media, possessing large 

dehydration penalties upon binding.23, 28 These two factors influence the rate of, and 

capacity of recognition. The large DGsolv associated with anions is directly correlated to 

the Hofmeister series of anion hydrophobicity29 (figure 1.5); with increasing charge 

density of the anion, the strength of hydration increases, and lipophilicity decreases.28 As 

a result, the receptor must have a sufficient association capacity to overcome the 

thermodynamic penalty of dehydration upon binding.  

 

Figure 1.5. The Hofmeister series of anion hydrophobicity in order of increasing 

hydration. 

1.3: Anion receptors and transporters 

1.3.1: Biotic anion receptors and transporters 

When designing receptors for various anions, supramolecular chemists often turn to 

nature as a source of inspiration. Biotic anion receptors often display strong and 

exquisitely selective binding, and chemists often seek to reproduce such complex 

architectures through the use of synthetic host systems. Indeed, the sulfate-binding 

protein (SBP), Phosphate-binding protein (PBP), Apotransferrin, and Chloride ion-

channel proteins (CIC) are exemplary biotic anion receptors (Apotransferrin), and indeed 

in most cases transporters (SBP, PBP, CIC).  
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1.3.1.1: Biotic anion binding 

In the case of bacterial SBP, a desolvated sulfate anion is selectively recognised within a 

binding cleft (figure 1.6), deep within the protein matrix via a network of seven distinct 

neutral H-bond donors, with an association constant (Ka) of 8.3 x 106 M-1.30 

 

Figure 1.6. The Structure and binding pocket of bacterial SBP.30 A) X-ray crystal 

structure of SBP from S. typhimurium, showing secondary structure and a magnified view 

of the relevant SO4- binding cleft. Image created from source CIF file on RCSB Protein 

Data Bank, using Pymol. B) Schematic representation of key H-bonds between SO4- and 

SBP binding cleft.  

Also of bacterial origin, PBP binds hydrogen phosphate strongly and with exquisite 

selectivity with a Ka = 3.2 x 106 M-1. It does this using twelve H-bonds; nine of these are 

neutral donors, two donors are derived from the positively charged Arg-135 residue, and 

the final is an acceptor motif observed on Asp-56, which accepts a H-bond from the anion. 

It is this final acceptor motif that imparts the exquisite selectivity for hydrogen phosphate 

(figure 1.7). In the case of a fully deprotonated tetrahedral anionic species such as sulfate, 

A) B)
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there would be an unfavourable electrostatic repulsive force diminishing the binding 

capacity.31  

 

Figure 1.7. The Structure and binding pocket of bacterial PBP.31 A) X-ray crystal 

structure of PBP (p.Ala197Trp) from E. coli, showing secondary structure and a 

magnified view of the relevant SO4- binding cleft. Image created from source CIF file on 

RCSB Protein Data Bank, using Pymol. B) Schematic representation of key H-bonds 

between H2PO4- and PBP binding cleft. 

Apotransferrin, which primarily acts as a cellular transporter of Fe(III) has a unique 

binding cleft, in the sense that it binds Fe(III) using a cooperative anion-mediated cation 

binding process. Kinetic and spectroscopic data suggests that the initial binding process 

for apotransferrin is the binding of CO32-, which occurs through H-bonding with peptide 

backbone amides, and the positively charged guanidinium residue of Arg-121. Once 

coordinated, carbonate-mediated Fe(III) recognition and concomitant transport can 

occur.32, 33  

In CIC proteins, chloride is found coordinated through four H-bond donors within the 

binding cleft. These four donors are composed of; two NH H-bond donors derived from 

the peptidic backbone amides of Phe-3, and Ile-356, and two OH H-bond donors from the 

A) B)
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sidechains of Tyr-445, and ser-107. These NH and OH protons encapsulate chloride in a 

tight fashion which yields formation of a narrow pore, that facilitates the selective 

transport of chloride through the protein.34  

In each of these exemplary biotic receptors for anions, the binding process whilst dictated 

to a degree by non-covalent interactions such as electrostatics, is primarily enabled and 

governed by a multitude of highly specific H-bonding interactions.  

1.3.1.2: Biotic anion transmembrane transporters 

Each of the above examples represent true biotic receptors for various anions, and in the 

case of SBP, PBP, and CIC proteins are examples of proteins which facilitate anion 

transport. This anion transport mechanism is as a result of cellular compartmentalisation. 

This compartmentalisation of cells, established by lipid bilayer membranes allow for 

physical segregation of a multitude of chemical environments within the cellular 

macrostructure, giving rise to discrete control of cellular processes, such as 

photosynthesis.35 Lipid bilayer membranes, such as those observed in cellular 

compartmentalisation, are generally composed of various phospholipids, and mixtures of 

cholesterol, in addition to a plethora of complex glycolipids. They are often oriented so 

that the hydrophilic phosphate or glycan headgroups point outward, and poly-alkyl chains 

inward as to create a highly hydrophobic cleft, thus segregating each chemical 

environment within the cell, or the cell itself from the bulk environment. In a general 

case, hydrophobic molecules – those which are sufficiently lipophilic can permeate and 

diffuse across these membranes with ease. However, this is not the case for anions. These 

highly hydrophilic anions require the action of a membrane channel, pump or carrier to 

provide passage across the membrane. These molecular architectures facilitate ion 

transport in a stimuli-responsive fashion, whilst tightly regulating the osmotic balance 

between intra- and extra-cellular environments.  
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This occurs by three distinct mechanisms; uniport (or diffusion), symport, or antiport 

mechanisms. Uniport allows the transport of one distinct ionic species down a 

concentration gradient, facilitated by integral membrane proteins.36, 37 Symport is the 

transport process whereby two distinct ionic species of countering charges are carried 

across a membrane in the same direction by integral proteins against a concentration 

gradient.38 Antiport processes are protein mediated exchanges of ions of the same charge 

across membranes.39 There are three major distinct subclasses of biotic transmembrane 

transporters which all have various roles in regulation of ionic flux, with implication in 

cell signalling, ATP synthesis, and to give a competitive advantage in complex microbial 

environments. These are; Pumps, Channels, and Mobile Carriers.  

One such ubiquitous example of ionic pumps of biological relevance are those involved 

in the synthesis of ATP. Whilst ATP synthesis involves a plethora of sophisticated 

molecular machines, the main biosynthetic assembly in this process is that of the 

ATPases. These proteins, utilise energy to fuel proton transport across lipid membranes, 

against a concentration gradient, in a pumping fashion (figure 1.8).40 However, it is of 

note that this occurs in tandem with ion channels, as in many other examples also, where 

the pumping mechanism facilitates proton transport through the channel compartment of 

ATP synthase, providing sufficient energy for ATP biosynthesis.41   
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Figure 1.8. The structure and activity of the ATP synthase molecular machine, which 

drives a proton gradient for the generation of sufficient energy for the synthesis of ATP 

from ADP and Pi.  

Membrane channels form pores across the lipid bilayer, enabling the passage of ions 

through passive transport or facilitated diffusion. These channels are highly sophisticated, 

displaying specific affinity for certain ions. One well-known example is the potassium 

ion channel. The channel's structure allows potassium ions to enter while solvated, but 

during their journey through the narrowest part of the channel, they must briefly shed 

their associated water molecules. This selectivity is achieved through favourable 

interactions between potassium ions and the carbonyls of amino acids lining the so-called 

selectivity filter, compensating for the dehydration penalty. Consequently, this channel 

cannot overcome the dehydration penalty associated with sodium, leading to its 

selectivity for potassium.42 
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Another example of symporter proteins in the human body is the Na-K-Cl symporter, 

NKCC2. This symporter, fueled by an (Na,K)-ATPase derived Na+ gradient maintains 

electroneutrality by transporting Na+ and K+ ions, along with two Cl- ions.43 The 

accumulation of K+ is subsequently remediated by the presence of ROMK K+ transporters 

which recycle K+ back to the apical bulk in the kidneys. The heightened levels of Cl- then 

leave to the basolateral compartment of the kidneys through uniporter CIC channels, thus 

maintaining electroneutrality (figure 1.9(B)).44 These channels play a key role in the 

regulation of cellular volume and acid secretion, where mutations to the NKCC2 

symporters can cause Bartter syndrome, resulting in severe symptoms like life-

threatening dehydration and elevated concentrations of urinary potassium and chloride, 

among others. While dietary supplements and some pharmaceutical drugs offer symptom 

relief, there are no direct treatments, and patients must undergo medical surveillance.45 

In addition to the kidneys, CIC’s are ubiquitously observed in many epithelial cells 

throughout the body. One such example, and likely the most famous is the cystic fibrosis 

transmembrane conductance regulator (CFTR), which is also the main route of Cl- 

secretion from these cells. The CFTR is composed of three distinct domains, these are; 

two transmembrane domains (TMD’s) which compose the walls of the assembly, which 

are connected on the intracellular side of the protein by two nucleotide-binding domains 

(NBD’s), and a final regulatory domain (R), coming together to compose the membrane 

embedded hetero-pentameric architecture (figure 1.9(A)).46  

The activity of CFTR is highly regulated, by two mutually exclusive processes, which 

govern the gating of the anion pore. Initially, elevated levels of cAMP in the cytosol give 

rise to protein kinase A activation which directly yields CFTR R domain phosphorylation, 

switching on activity. Concomitantly, ATP hydrolysis at the NBD’s drives the pore 

opening process. Once the pore is opened, selectivity of anion over cation is driven by 

favourable anion-pore interactions, and even then anion selectivity is governed by the 
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shape of the pore. The asymmetric hourglass shape creates a size-selective constraint 

towards many species, whereby those with higher diffusivity and greater size bind 

stronger, and thus permeate the channel to a lower degree compared to Cl-. Thus, the 

channel is optimised for the high throughput and efficient transport of Cl- - which is often 

termed the most biologically relevant anion.47 

 

Figure 1.9. The structure and function of CFTR in epithelial cells. a) Computational 

homology model of CFTR derived from similar models proposed by Riordan and co-

workers47, where individual domains of interest are labelled. b) The role of CFTR as a 

chloride channel in epithelial cells, maintaining ionic balance and water efflux due to 

osmotic pressure. The action of CFTR is both dictated by and the mediator of other 

channel activity within epithelial cells.  

Mutation of the CFTR gene is implicated with inhibition of CFTR-mediated Cl- transport, 

which is associated with Cl-/HCO3- exchange. This subsequent effect on the bicarbonate 

efflux cycle yields a plethora of complications.48 Mainly, the osmotic driving force for 

water secretion is attenuated, giving rise to the epithelial-cell surrounding mucus 

becoming dehydrated, and highly viscous – leading to lower rates of mucus cycling. This 

phenotype is characteristic of the channelopathy Cystic Fibrosis.49 An inherited genetic 

disorder, Cystic Fibrosis (CF) affects upwards of 1/2500 people born across Europe50, 

A) B)
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with rates in Ireland the highest.51 It is characterised, as previously discussed by an 

increased build-up of mucus lining epithelial cells in the lung, pancreas and other 

organs.52 This gives rise to a plethora of difficulties in breathing, increased rates of male 

infertility, and leaves the sufferer acutely at risk of chronic microbial infection.53 Despite 

recent advancements in the treatment of Cystic fibrosis, there is no known cure, and life 

expectancy is still approximately in the mid-40’s54 – highlighting the need for alternate 

approaches to treatment, such as in the development of synthetic ionophores for the 

treatment of these channelopathies.  

Synthetic chemists are forever endowed with a source of inspiration when designing 

bioactive molecules, and indeed anion transporters. There are several well studied 

examples of natural product derived small molecule ion transporters with marked 

selectivity and structural facets that are commonly used as either antibiotics, or as tools 

by supramolecular chemists to study ion transport in lipid bilayers. Such examples 

include; Valinomycin, Monensin A, Prodigiosin, and Tambjamine E (figure 1.10).  
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Figure 1.10. The chemical structures of natural product ionophores; Valinomycin, 

Monensin, prodigiosin, and tambjamine E. 

Valinomycin is a natural product, cyclic depsipeptide antibiotic, synthesised by 

streptomyces in order to endow a biological advantage in highly competitive and complex 

microbial environments.55 This cyclic peptide exerts biological activity through the 

complexation of K+ through internally arranged carbonyls, leading to mitochondrial 

depolarisation and collapse in-cellulo.56 

Monensin A is similarly produced by Streptomyces, specifically S. cinnamonensis, and is 

a highly active Na+(or K+)/H+ exchanger. This endows the molecule with potent 

antimicrobial activity, where it is commonly employed in veterinary medicine.57 Due to 

its polyether structure, and molecular flexibility, this allows for expeditious ion transport, 

which gives rise to a perturbation of cellular homeostasis, and ultimately cell death. In 

bacteria, K+ is first extrapolated from the cell, and exchanged with Na+ from the 

extracellular environment, leading to cell death.58  

Prodigiosin, and related analogues show a vast array of biological activities, all of which 

are intrinsically linked to their anionophorism.59 These molecules are well documented 

HCl transporters, and have been shown to facilitate organelle deacidification in-cellulo.60 

The tambjamine alkaloids are a class of compounds, documented extensively by Quesada 

and co-workers, which act as potent anticancer, and antimicrobial agents. These 

molecules exert their activity through exchange of Cl- for HCO3- in cells, despite previous 

reports indicating their propensity for HCl transport, this was found not to be the case.61 

Given the link between the activity of these natural products, and their ability to 

recognise, bind and transport ions there is clear potential to exploit the fundamental 

principles of supramolecular chemistry in drug design. 
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1.3.2: Abiotic anion receptors and transporters 

Synthetic supramolecular chemists have often looked to nature as inspiration for the 

design of synthetic anionophores, but in recent times there has been a considerable shift 

from natural product-like anionophores, which now resemble fully synthetic systems with 

completely abiotic motifs, and structural facets which endow these molecules with potent 

anion transport capabilities. It has become clear that transmembrane ion transport is a 

multistep process; involving ion binding and decomplexation at the lipid:aqueous 

interface, and partitioning, diffusion and rotation through the lipid interface.62 Indeed, this 

process is often difficult to predict prior to synthesis and evaluation steps, but there has 

been significant progress towards prediction of ionophorism in recent times, through a 

considerable focus on the advancements of synthetic supramolecular chemistry, and 

supramolecular intuition. In this regard many trends have emerged, in terms of binding 

affinity, lipophilicity, and molecular shape, afforded by structural motifs and functional 

groups.63 

1.3.2.1: Synthetic anion transporter design considerations 

For synthetic anion transporters, several non-covalent interactions are crucial for ion 

stabilisation within the transporter complex, and to negate the associated anion 

dehydration penalty upon binding. The association between Host (H), and Guest (G) is 

often quantified through calculation of the association constant, Ka. A larger K indicates 

a higher degree of binding affinity towards the anion of interest, in any given solvent.64 

There are several key equations to describe the relationship between 

association/dissociation rates, K1 and K-1, and binding constant, K. These are;   
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Where Ka is the association constant, Kd is the dissociation constant, K1 and K-1 are the 

rates of association and dissociation, K1 is a 1:1 binding event (or primary), K2 is a 1:2 
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binding event (or secondary), HG is the 1:1 host-guest complex, and HG2 is a 1:2 host-

guest complex.  

Whilst this binding, Ka is a clear thermodynamic parameter, transmembrane transport is 

a kinetic phenomenon, and is yet bolstered by an increase in binding capacity. This is as 

an increase in Ka gives rise to a greater abundance of host-guest complexes which carry 

out transmembrane transport. In general, strong binding is needed to facilitate the 

extraction of anions from the aqueous phase, and to negate the dehydration penalty when 

partitioning into the lipid phase, and when a receptor can do so in a manner that does not 

generate intramolecular strain or repulsion this is deemed a complementary association. 

This again yields greater association, as does a design-enforced preorganisation, as this 

further minimises the enthalpic and entropic penalties of reorganisation and desolvation, 

respectively.65 Whilst this endows receptors with greater affinity, this is not the sole 

mediator of transport ability, as previously discussed. For receptors with a Ka too large, 

the release of anion to the secondary aqueous phase becomes rate limiting, and thus does 

not occur. As such, there is a clear interplay between association, lipophilicity, and 

dissociation which must be strongly considered in the design of novel anion 

transporters.66  

In the design of synthetic anion transporters, there are several binding motifs which are 

currently utilised. These are; Hydrogen bonds, polarised C-H bonds, anion-p interactions, 

halogen-bond and chalcogen-bond interactions.  

1.3.2.2: Hydrogen bonding 

Hydrogen-bond interactions are the most common anion binding motif utilised in anion 

transporter development, with several distinct features which endow them with such 

popularity. They are often; precisely oriented, substrate specific, highly tuneable through 

synthesis, and often extremely directional, all giving rise to binding strengths of 4 – 120 
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KJ mol-1, depending on the structure.67 Most commonly, the motifs employed are; Urea’s, 

thioureas, amides, sulfonamides, squaramides, and in some cases N-H containing 

heterocycles, such as indoles, pyrroles, and benzimidazoles (figure 1.12(A)). 

Squaramides are particularly amenable to this use for several reasons. They often show 

10 to 50-fold higher affinity for halides over (thio)urea’s, they have dual directional H-

bonding motifs which are highly acidic (with high degrees of tuneability),66 are 

synthetically accessible (figure 1.11),68 often show a thermodynamic driving force 

towards binding as it bolsters cyclobutene-dione aromaticity,69 and the anion charge can 

easily be dissipated across many atoms upon binding.70 Squaramides are excellent for 

developing highly modular anion binding motifs as they can easily be synthetically 

manipulated to be incorporated into macrocycles, or to endow anion encapsulation to 

bolster lipophilicity and thus lipid partitioning ability.71 

 

Figure 1.11. Common synthetic routes to access symmetrical/asymmetrical N-alkyl and 

-aryl squaramides, and thiosquaramides.19, 72 In the synthesis of asymmetrical N-aryl, and 

-alkyl containing (thio)squaramides, the aromatic amide is generally synthetically 

installed first on account of the diminished N-nucleophilicity of aromatic amines, and the 

lower K for secondary amide installation (K1 ~ 6.3 x 10-2 M-1 vs. K2 ~ 5.4 x 10-4 M-1).73  
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In several exemplary squaramides, such as 1.5 and 1.6, o-protons of the phenyl ring show 

clear C-H polarisation which can be attributed to the presence of both the cyclobutene-

dione ring, and trifluoromethyl substituents in the m/p-position (figure 1.12(B)).74 This 

polarisation gives rise to appreciable C-H H-bonding, contributing to the high Ka 

observed in these systems. For these reasons, squaramides constitute the major synthetic 

focus of this thesis. 

 

Figure 1.12. An overview of the most common NH H-bond donors utilised in anion 

receptor/transporter design, and prototypical examples of squaramide based anion 

transporters. A) Key functional groups utilised in anion receptor/transporter design. B) 

two prototypical (trifluoromethyl)phenyl squaramide anion transporters, 1.5 and 1.6 

which also show polarised CH bonding (green) as a result of internal dipoles (red).74 

1.3.2.3: Anion-p interactions 

Anion-p interactions are a form of electrostatic interaction observed in p-acidic aromatic 

systems, where the permanent quadrupole moment observed in the rings centre facilitates 

electrostatic interactions with anions.75 This “electron-deficiency” within the aromatic 

system gives rise to favourable associations with “electron-rich” anionic species, albeit 

with low association constants when compared to other forms of non-covalent interaction. 
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1.3.2.4: Chalcogen and Halogen bonding 

Another set of important non-covalent interations are the chalcogen bonding and halogen 

bonding motifs. These bonds arise from electron deficient regions, coined “s-holes” 

which are derived from group -16, and -17 elements, that are bonded to electron 

withdrawing substituents.76 These heavier elements show anisotropic electronic 

distribution where the region orthogonal to the halogen or chalcogen generates an 

electronegative belt, giving rise to a partial positive charge at the pole of the s* orbital of 

the R-X bond (X = halogen/chalcogen), thus permitting non-covalent interactions with 

anions.77 Often, the heavier the element (such as I or Te), the larger the s-holes, and thus 

higher binding, as smaller elements (Such as F) show a disproportionate amount of 

negative charge via inherent electronegativity, thus negating the formation of the s-hole 

(figure 1.13).78 

 

Figure 1.13. Molecular electrostatic potential map for the halogen series bound to -CF3, 

showing the origin of the respective s-holes.78 

Two key examples of halogen bonding motifs have recently been by Langton and co-

workers, where they demonstrated the anion transport behaviour of a prototypical 

iodotriazolyl Cl- transporter, 1.7,79 and the photo-switchable  behaviour of halogen bond 

transporter, 1.8,  afforded through incorporation of an azobenzene motif (figure 1.14).80  

Increased Halogen bond strength

CF3-FCF3-ClCF3-BrCF3-I

A)

B)
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Figure 1.14. The structures of halogen-bond transporters reported by Langton and co-

workers.79, 80 

1.3.2.5: Lipophilicity in anion transporter design 

As previously mentioned, whilst anion binding is a thermodynamic parameter, anion 

transport is primarily a kinetic phenomenon. As such, the capacity to partition lipid 

bilayers, and membranes is integral to the efficacy of newly designed motifs. Similar to 

small molecules, and conventional drug motifs, striking an effective balance between 

hydrophilicity and lipophilicity is imperative for biological activity and relevance for 

transporters. Indeed, in a recent QSAR study published by Gale and co-workers, they 

discovered that the single most important parameter which governed transport, was the 

lipophilicity of the respective ionophore, however, binding capacity and molecular size 

also contributed to lesser degrees.63 This lipophilicity is often represented and quantified 

by the Log P of a molecule, or the octanol/water partition coefficient, where values in 

excess of 0 show a higher preference for organic solvation, over aqueous phases. 

𝐿𝑜𝑔	𝑃 = 	
[𝐴]	𝑂𝑐𝑡𝑎𝑛𝑜𝑙
[𝐴]	𝑤𝑎𝑡𝑒𝑟  

When designing motifs for anion transport, there are several well documented molecular 

considerations which bolster lipophilicity. Due to increased binding strength through 
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dipolarisation, increased solubility, and lipophilicity – carbonyl motifs are often 

exchanged for thiocarbonyls, such as in the design of thioureas, thioamides, and 

thiosquaramides. Indeed, thioureas and thiosquaramides often show heightened transport 

and binding behaviours when compared to carbonyl counterparts.26, 63, 66 Another 

commonly observed phenomenon is “the fluorous effect”. This characteristic is well 

documented across the chemical sciences and is the understanding that incorporation of 

fluorine, or polyfluorinated substituents increases lipophilicity.81 In anion recognition, 

motifs bearing aromatic -F, and -CF3 groups exhibit heightened binding when in a direct 

line of conjugation with H-bond donors, through inductive effects upon the system. 

Whilst CF bonds are highly polarised, aromatic CF bonds show decreased polarisation 

due in part to the extreme electronegativity of fluorine, thus decreasing H-bond network 

observations in aqueous phases, driving up lipophilicity.82 When Gale and co-workers 

investigated this phenomenon, and its effect on anion transport they observed a three 

order of magnitude increase in anion transport for polyfluorinated tripodal aryl 

urea’s/thioureas, when compared to unsubstituted counterparts (figure 1.15). The reason 

for this is ascribed to the increased Log P for polyfluorinated compounds.83 Since this 

seminal study, it has become canon that introduction of aromatic CF3, CF, or and more 

recently, SF5 groups bolsters anion binding and lipophilicity.  

 

Figure 1.15. Structural modifications to tripodal aryl urea’s/thioureas by Gale and co-

workers, to bolster lipophilicity and anion transport through employment of the fluorous 

effect.83 
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As would be expected, the incorporation of increased length aliphatic chain to anion 

transporters increases Log P. Quesada and co-workers studied this using tambjamines, 

through modification of the alkyl chain length, where they observed an optimal Log P of 

4.2, where below this, the compounds could not effectively partition the lipid bilayer. 

Above a Log P of 4.2, transporters were decreasing in effectiveness, where increased 

chain length gave rise to aggregation and self-association due to the large levels of 

hydrophobicity, or indeed, compounds precipitated and thus could not be effectively 

studied.84 Similarly, Gale and co-workers observed the same phenomenon for thioureas, 

where an optimal Log P was determined to be 5 – 6.85 This difference in optimal Log P 

indicates that there is no clear rubric for the design of anion transporting motifs, and often 

their optimal design characteristics must be experimentally determined. However, there 

is evidence to show clear progress towards the rational design of synthetic anion 

transporters in literature. 

Additionally, Gale and Davis delved into the contributions of asymmetry of alkyl chains 

to anion transport (whilst keeping Ka, Log P, and the number of carbons consistent), 

where it was observed, symmetrical alkyl substituents enrobed the anion within a pocket 

leading to heightened transport, where asymmetry leads to surfactant-like behaviours, 

diminishing transport.86 Each of these variables play considerable roles when designing 

anion transporting motifs, and are of as high precedent as binding propensity, as 

discussed. Thus, highlighting the intrinsic difficulty associated with the development of 

synthetic anion transporters.  

1.3.2.6: Methods for studying anion transport in model systems 

For synthetic anion transporters to be deemed suitable for their proposed function they 

must function to transport anions by one of several mechanisms. This section discusses 

how anion transport is probed in model systems, in order to provide context for selected 

examples of biologically relevant anion transporters (vide infra). Generally, the transport 
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ability, and the mechanism of transport for synthetic anion transporters is investigated 

through the use of one or more of a series of kinetic assays using large Unilamellar 

vesicles (LUVs), which are typically 100 - 200 nm in diameter, monitoring transport using 

a fluorescent probe, or ion-selective electrode, depending on the process of interest.35  

In terms of fluorescence-based kinetic assays for measuring anion transport, there are two 

major assays; The HPTS, and Lucigenin assays.  The so-called HPTS assay is one of the 

major assays utilised to measure anion transport in LUVs for its operational simplicity, 

and applications. Employing 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt 

(HPTS) (figure 1.16) as the fluorescent reporter, this assay uses ratiometric fluorescence 

measurements to monitor pH gradients, and their dissipation across the membrane, due 

to the pH sensitivity of HPTS. Prior to the assay, the LUVs are suspended in buffer with 

equal osmotic pressure to the internal solution, and the buffer is charged with NaOH, to 

drive a pH gradient. As a result, the following transport processes can be measured using 

a fluorimeter; Cl-/OH- antiport, Na+/H+ antiport, or H+/Cl- symport. Through exchange of 

salts used, it is possible to study differing metal and anion selectivity for either cation or 

anion transporters.87  

The Lucigenin assay, which utilises the namesake fluorophore is similarly ubiquitous to 

the HPTS assay for its operational simplicity. Lucigenin is a water soluble organic 

fluorophore (figure 1.16) which is effectively quenched by several anions, and thus is 

highly applicable across a wide range of substrates, but has been most commonly used to 

study Cl-/NO3- exchange from LUVs, which are doped with Lucigenin and NaNO3. This 

assay functions based off dissipation of anion gradients across membranes, as opposed to 

pH for HPTS.88 

One more recent example of a luminescent sensor for monitoring anion transport in LUVs 

was reported by Valkenier, Butler and co-workers. This luminescent Europium(III) 
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complex, dubbed “Eu1” (figure 1.16) undergoes a luminescence “turn-on” upon binding 

anions such as bicarbonate, and phosphate, which were previously extremely difficult to 

monitor in traditional anion transport assays.89, 90 

 

Figure 1.16. The structures of common fluorophores used to study anion transport in 

LUVs.  

Ion selective electrode (ISE) experiments allow for the study of anion transport without 

the need for fluorescent probes, and are ideal for the study of anion receptors which may 

also possess inherent fluorescent properties. Furthermore, they are a direct method of 

analysis, as they can monitor the transport of one specific ion, and is not inferred by 

fluorescence readouts. Again using LUVs, anion transport is measured through the study 

of the dissipation of ionic gradients across membranes. One such prototypical example of 

an ion selective electrode experiment is the Cl-/NO3- exchange assay using a Cl- ISE.91  

1.3.2.6: Selected examples of synthetic anion transporters 

With the rise of synthetic anion transporters, there has been an observed shift towards the 

design of molecules with drug-like applications. Indeed, there are a multitude of these 

compounds which exhibit biological activity by means of anion transport in-cellulo. Each 

of these compounds have laid the foundation upon which medicinal supramolecular 

chemists build, as each possesses unique intrinsic activity, whilst also fulfilling each of 

the necessary design criteria (vide supra).  



Chapter 1 

 27 

With biological activity ranging from Anticancer, to antimicrobial activity, and Cl- 

transport in CF cells; Gale, Davis, Quesada and Sessler have seen successes in this regard. 

Making use of the squaramide motif, Gale and co-workers have successfully 

demonstrated the anticancer activity of both symmetrical, and o-phenylenediamino 

bridged trifluoromethylated N-aryl squaramides (figure 1.17). These compounds, 1.6 and 

1.13 were shown to effectively transport Cl- in-cellulo, where this behaviour was coupled 

to Na+ transport via endogenous channels, resulting in induction of caspase-dependent 

apoptosis. This induction of apoptosis was also intrinsically linked to the abundance of 

extracellular Cl- and Na+. Furthermore, 1.6 showed the capacity to arrest autophagy, 

which is documented to bolter tumorigenicity and cancer, through a disruption of 

lysosomal pH.92 

 

Figure 1.17. The structure of squaramide-based transporters 1.6 and 1.13, reported by 

Gale and co-workers.  

Quesada and co-workers have made considerable efforts to underpin the activity of 

tambjamine-like compounds, in the hopes of developing novel therapies. In doing so, they 

observed that 1.14 and 1.15 showed the capacity to acidify cytosolic pH, whilst also 

perturbing lysosomal pH leading to the arrest of cellular autophagy. These compounds 

could also cause cellular hyperpolarisation, through in-cellulo Cl- transport (figure 1.18). 

Indeed, this transport behaviour was also linked to the abundance of Cl-, where increased 

Cl- concentration heightened cytotoxicity against cancer cell lines.93  
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Figure 1.18. The structure of tambjamine-derived transporters 1.14 and 1.15, reported by 

Quesada and co-workers.93  

Davis and Gale recently reported on a series of anion transporters, 1.16 – 1.19 which 

could effectively restore Cl- transport in CF cells (figure 1.19).94 These compounds, 

possessing low cytotoxicity at lower concentrations could effectively remediate Cl- 

gradients in CTFR deficient cells, and were further validated to be unaffected by CFTR 

and CaCC inhibitors, indicating their activity is independent of endogenous chloride 

channels in-cellulo. Furthermore, when cells were treated with commercially available 

treatments for CF, the results were synergistic, indicating the potential for combinatorial 

treatment between these API’s and 1.16 – 1.19. 
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Figure 1.19. The structure of urea/thiourea transporters 1.16 – 1.19, reported by Gale and 

Davis.94  

One of the earliest examples of an antimicrobial agent which acts through anion transport 

is 1.19. Reported by Gale, and Sessler, this compound was shown to possess antimicrobial 

activity against the Gram-positive pathogen, Staphylococcus aureus, and also possessed 

a reassuringly low level of haemolytic activity (figure 1.20).95 Whilst anion transport was 

hypothesised to be the mediator of activity by the authors, there was little mechanistic 

evaluation of this claim made. Since this, there have been several anion transporters 

reported which possess similar levels of antimicrobial activity, however, there has been 

limited elucidation of this phenomenon made.96, 97 Busschaert and co-workers were 

amongst the first to do this, when they utilised bacterial cytological profiling as a 

mechanistic tool to validate anion transport by 1.20 as the sole mediator of activity in S. 

aureus (figure 1.20). Even in doing so, the authors did not assert anion transport as the 

sole mediator of activity.98   

 

Figure 1.20. The structure of urea/thiourea transporters 1.19 and 1.20, reported by Gale 

and Sessler,95 and Busschaert and co-workers.98 

1.3.3: Concluding remarks on anion transport  

The field of Supramolecular Medicinal Chemistry has grown significantly in recent years, 

made possible by the advent of synthetic anion transporters, where it has established itself 

as a burgeoning area of research, with countless examples of interesting biological 
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applications of these architecturally unique motifs. There have been many examples of 

synthetic anionophores which possess transport behaviour in lipid systems, and this 

behaviour has manifested in a variety of biological applications, such as; potential 

therapeutics for Cystic Fibrosis, cancer, and as antimicrobial agents, however, in most 

cases the underlying mechanisms of action have not been well defined. Whilst the 

capacity to remediate Cl- gradients across cells is well documented in mammalian 

contexts (anticancer, CF therapy), this action is less ubiquitous in prokaryotic 

applications. With the paucity of novel antimicrobial agents, and the labour intensiveness 

associated with developing them – supramolecular motifs constitute a relatively untapped 

source of architectures upon which to build libraries of potential antimicrobial agents. 

With the previous discussion of the limited research of this niche, but the effect observed 

from compounds which have been studied, there is a clear precedent for the development 

of supramolecular approaches to combatting antimicrobial resistance. 

1.4: Antimicrobial resistance 

Antimicrobial resistance (AMR) is often referred to as a silent pandemic, and is the most 

serious threat to medicine in the modern age. Despite its lack of publicity, the global rise 

in the incidence of antimicrobial resistance is expected to cause approximately 10 million 

deaths annually, by 2050.99 

Indeed, this global burden is expected to be felt in both developed and developing 

countries, where the impact of AMR will render even common surgeries near impossible 

for the risk of infection and will likely lead to the eradication of most basic healthcare in 

developing countries. Treatment of AMR related infections is troublesome, as current 

processes for identification of the pathogen (e.g. PCR, biochemical testing, 

morphological analysis, etc) require highly specialised individuals and equipment, and 

are highly time consuming.100 Moreover, treatment for these infections must also be 

administered at the earliest time point possible to maximise the chances of recovery, and 
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therefore the ideal antimicrobial agent should be sufficiently active, and broad-spectrum, 

with minimal related toxicity.101 

Since the 1960s - the so called “golden age of antibiotics”, there has been a dramatic 

decrease in the development of new anti-infective drugs, especially antibiotics.102 This is 

believed to be as a direct result of the low return on investment (ROI) brought about 

through their discovery.103 With the combination of their challenging development, which 

necessitates expensive equipment, and high likelihood of failure - pharmaceutical 

companies have mostly avoided the pursuit of novel antimicrobials for these reasons.104 

In the 90’s and early 2000’s there was a considerable resurgence in the development of 

novel anti-infectives, ushered in by the advent of genomics platforms.105 Genomics based 

approaches to drug discovery focus on the identification of uniquely drug-able targets in 

prokaryotes, not observed in higher organisms through the generation and surveying of 

genetic maps, or genomes.106 In doing so, medicinal chemists failed to realise that 

compound affinity for the target was not the sole arbitrator of activity. This type of drug 

discovery fell short in successes as compound libraries available at the time were highly 

biased towards human targets, and that bacterial permeability, and compound efflux were 

to be considerable challenges for development. However, the main issue with anti-

infective drug discovery is resistance (Vide infra), which renders compounds ineffective 

and lessens ROI.99, 107 Furthermore, as antibiotics are mostly taken in high-doses for a 

short duration, the profit margin is markedly lower than treatments for chronic 

ailments.104 In essence, there has never been a more pertinent topic of pursuit for 

medicinal chemists and scientists further afield than antimicrobial development in the 21st 

century. There is a clear obligation for scientists to develop new antibiotics for the global 

population moving forward, and key to this is making a platform for discovery more 

accessible to pharmaceutical companies, or to generate leads on which to build smarter 

and better medicines.108 
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 In this regard, the WHO has highlighted seven bacterial pathogenic species, the 

“ESKAPE” pathogens as the most imperative species for targeted drug development. This 

is as these pathogens constitute upwards of 16% of all hospital acquired infections, 

globally.109 The species constituting this group are; Enterococcus faecium (E), 

Staphylococcus aureus (S), Klebsiella pneumoniae (K), Acinetobacter baumannii (A), 

Pseudomonas aeruginosa (P), and Enterobacter spp. (E).110 Of these, only two species 

are Gram-positive, namely; E. faecium, and S. aureus. Furthermore, this issue is 

complicated by the fact the remaining Gram-negative species are endowed with a vast 

arsenal of enzymes which inhibit the activity of lead compounds.107, 111, 112   

Bacterial species are sub-categorised as either being Gram-negative or Gram-positive 

based on key biophysical considerations. The method for differentiating these sub-types 

is through the use of Gram-staining.113 Gram-positive bacteria are characterised as having 

a minimum of 40% exposed peptidoglycan by mass, where Gram-negative bacteria 

possess a secondary outer membrane that encases the peptidoglycans in the periplasmic 

space.114 As a result of this, Gram-staining, which uses a violet-iodide dye applied to 

bacteria renders Gram-positive bacteria a purple colouration, where Gram-negative do 

not retain colouration, and are often counterstained with safranin. Species can 

subsequently be distinguished through brightfield microscopy.115  

1.4.1: Antibiotics – an overview of common motifs 

At the turn of the 20th Century, the first antibiotic was brought to market. This drug, called 

Salvarsan, 1.21, was used routinely for microbial infections from 1910, but has since been 

phased out for its toxicity in humans, due to the fact it is an organo-arsenic compound 

(figure 1.21).102, 116  
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Figure 1.21. The structure of Salvarsan, which exists in solution as a mixture of trimeric 

and pentameric forms. 

Following on from this, novel compounds such as Penicillin and Prontosil were 

discovered in 1928 and 1932, respectively.117, 118 These compounds have since saved the 

lives of many through their antimicrobial activity, and brought about the era of antibiotic 

discovery known as “the golden age of antibiotics”, as this period gave rise to the 

discovery of multiple classes of antibiotics still regularly used today.102 From 1940 – 

1970, with a minor resurgence in the early 2000’s, almost all the antibiotics used in the 

clinic today were discovered, and as such many believed there was little need for further 

research in this regard.119 This assumption that bacterial infections were a foregone 

problem gave rise to the stagnation of research and the paucity of novel drugs we are 

experiencing today. The major classes of antibiotics used in the clinic and their 

mechanism of action are summarised below (figure 1.22).120  
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Figure 1.22. An overview of the major antibiotic classes utilised in the clinic today, 

exemplified by the first discovered example from each class, with a description of each 

mode of action. 

Whilst this list is non-exhaustive, with many classes omitted for conciseness, these 

examples represent the major antibiotic classes utilised in the clinic today. Many of the 

b-lactam derived classes of antibiotics are administered as combination therapies with b-

lactamase inhibitors. One such example is Co-amoxiclav, or “Augmentin” as its 

commercially known in Ireland (figure 1.23). Augmentin constitutes one of the major 

combination therapies prescribed in Ireland for bacterial infections.121 Augmentin 

composes an active penicillin, amoxicillin, and a b-lactamase inhibitor, Clavulanic acid, 

which minimises enzymatic inactivation of amoxicillin through covalent inhibition of b-

lactamase catalytically active serine’s.122 TEM-1 b-lactamase is the most common 
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plasmid encoded b-lactamase enzyme. In TEM-1 expressing bacteria, the active site of 

the enzyme is characterised by hydrolytically active set of residues, namely; Ser70, Glu166, 

and Asn170, which form H-bond networks with water, that in turn becomes hydrolytically 

active. Hydrolytic activity is first afforded by acyl transfer to the serine residue, followed 

concomitantly by hydrolysis. Clavulanic acid perturbs this hydrolysis, covalently 

inhibiting the enzyme during acyl transfer steps.123 

 

Figure 1.23. The structures of Amoxicillin, 1.35, and Clavulanic acid, 1.36, the individual 

components of Co-amoxiclav (Augmentin). 

Additionally, it is noteworthy that the exploitation of supramolecular chemistry in the 

mechanism of action of many antibiotics, is not frequently discussed, or focused upon in 

mechanistic studies. For example, prontosil, one of the earliest examples of antibiotics 

brought to the market by Domagk in 1932, possesses an azobenzene motif within the 

structure, and is regarded to show photo switchable behaviour – a characteristic 

supramolecular phenomenon.124 In addition, several further photo switchable antibiotics 

have been reported in recent years, with two notable examples being discussed by Prof. 

Ben Feringa in his Nobel Prize lecture in 2016.125, 126 Whilst not intrinsic to the 

mechanism of action of Prontosil, this photo switching behaviour is of interest to many 

synthetic chemists designing compounds where spatio-temporal control of activity is 

required, and has shown efficacy in the development of antibiotics.127, 128  
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Interestingly, whilst supramolecular chemistry is tangibly linked to the mechanism of 

action of both the Glycopeptide, and Lipopeptide antibiotic classes, this is rarely 

discussed. These classes of molecules undergo host-guest association within the 

lipid:aqueous interface of bacterial cell walls, and membranes resulting in cell death.129 

Vancomycin, and related glycopeptides undergo association with Acyl-d-Ala-d-Ala 

sequences (Ka = 4.4 x 105 M-1)130 of growing peptidoglycan peptide chains, preventing 

trans-peptidase/-glycosidase activity, and further elongation/crosslinking of the peptide 

chain. This results in perturbed cell wall growth, leading to cell death. Resistance to 

vancomycin arises from mutation of the elongation sequence of the cell wall from Acyl-

d-Ala-d-Ala, to Acyl-d-Ala-d-Lac, which hampers binding efficacy, allowing for cell 

wall biosynthesis to continue unperturbed.131  

Daptomycin, a key example of the lipopeptide antibiotic class acts through a host:guest 

association, and self-association based mechanism. Initially, Daptomycin first acts as a 

molecular receptor for Ca2+ ions in solution, undergoing complexation. This Ca2+ 

complex then, through electrostatic, and hydrophobic interactions intercalates into the 

cell membrane, followed by phosphatidylglycerol-promoted self-

association/oligomerisation, and subsequent orientation within and translocation of the 

membrane leaflet to form pore like structures which leads to K+ ion leakage from the 

cell.132, 133 This yields a plethora of downstream effects, ultimately leading to cell death. 

Resistance to Daptomycin, specifically in E. faecium is not well understood, but is 

reported to be arbitrated by the LiaFSR histidine-kinase regulatory system, which 

orchestrates cell-envelope stress responses in Gram-positive bacteria134. Composed of a 

transmembrane domain (LiaF), a classical histidine kinase (LiaS), and a response 

regulator (LiaR) - these three proteins, when observed with point mutations, and 

deletions, such as a deletion of Ile177 from LiaF can exponentially decrease the potency 

of daptomycin in the clinic.135 
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One prototypical supramolecular antibiotic agent, is Valinomycin. Valinomycin, a non-

ribosomal depsipeptide natural product from S. cinnamonensis has been adopted in 

veterinary clinics for the treatment of Gram-positive related infections, such as bovine 

mastitis, however its use in humans is limited for related K+ related cytotoxicity.55, 56 

Despite this, valinomycin has garnered significant attention from microbiologists, and 

supramolecular chemists alike, who have determined this antibiotic to act through K+ “out 

of cell” transport, which ultimately leads to cell death.55  

Despite the prevalence of supramolecular chemistry in antibiotic development, many of 

the mechanisms of action discussed are not ascribed to their supramolecular behaviours, 

and as such there has been limited exploitation of supramolecular chemistry in the 

development of novel antibiotics. However, there are several examples of supramolecular 

antibiotics, specifically cation transporters - which demonstrate potent activity,55-58, 136-141 

and as such it stands to reason that anion transport may constitute a relatively untapped 

source of novel antimicrobial agents. One ideal motif upon which to develop 

supramolecular antimicrobials, for reasons previously discussed is the squaramide motif.  

1.4.1.1: Squaramide-derived antimicrobial agents 

Until now, there has been no reports on the utilisation of squaramide-derived anion 

transporting motifs as antimicrobial agents. Whilst there have been several examples of 

this interesting cyclobutene-dione motif as a pharmacophore in drug development, their 

use has almost entirely been limited to use in eukaryotic applications.68  

Squaramide motifs have been employed in the context of medicinal chemistry since their 

introduction by Rajewsky and co-workers in 1991, where they showed the potential of 

squarate esters as ligatable motifs for the construction of simple nucleoside 

biopolymers.142 Since then, squaramides have been employed in the development of drug 

isosteres, and bioconjugates extensively.73, 143  
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Despite this increasing prevalence, the use of squaramide motifs in the development of 

antimicrobials is limited. Boda and Co-workers were amongst the first to demonstrate the 

applicability of squaramides as antimicrobials, through the synthesis of antibiotic hybrids 

with structurally simplistic biphenyl appended squaramides (figure 1.24).144 These 

compounds derived from vancomycin and eremomycin, two natural product glycopeptide 

antibiotics, were shown to retain activity against clinically relevant pathogens, such as S. 

aureus and E. faecalis. However, these novel compounds were less effective than the 

parent antibiotic, and as such were not investigated further.  

 

Figure 1.24. Structures of the most active squaramide-glycopeptide antibiotic hybrids 

reported by Boda and co-workers.  

In more recent years, with the increased popularity of machine learning tools, and 

compound screening libraries, for drug discovery, considerable focus has been made to 

diversify these libraries, especially in industry. Medicinal chemists often seek scaffold 

diversity when pursuing new pharmaceutical leads, and squaramides have seen a large 

increase in popularity in this regard for their bioisosteric nature, and metabolic stability. 

Fleming and co-workers at AstraZeneca have employed the motif in the development of 

novel RNA polymerase switch region inhibitors.145 These compounds developed through 

rigorous SAR analysis are amongst the first examples of non-natural product derived 
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switch region inhibitors, and show potent antimicrobial activity against Haemophilus 

influenzae. Through x-ray crystallography analysis of 1.43, in complex with recombinant 

E. coli RNA polymerase, the authors hypothesised that these compounds act via inhibition 

of enzyme conformational change and interference with the binding of template DNA 

strands (figure 1.25).146  

 

Figure 1.25. Structures of RNA switch polymerase inhibitors developed by AstraZeneca 

(A), and a schematic of the overall RNA polymerase structure bound by 1.42, surface 

contact diagram of the squaramide bound pocket and summary of the primary interactions 

between inhibitor and enzyme (B).  

More recently, Li and co-workers utilised a combination of super resolution electron 

microscopy analysis, and transcriptomics as a method to understand the mechanism of 

action of four organocatalyst-like squaramide antimicrobials. Through a combination of 

this morphological and -OMICS based approach the authors ascribed the observed 

antimicrobial nature to the membrane disruptive capacity of 1.45 – 1.49 (figure 1.26).147 

Whilst not discussed by the authors, it is likely there is some contribution of anion 

transport to the observed activity of these compounds, as they are highly reminiscent of 

known anion transporting motifs and show clear membrane interactions. 

A)
B)
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Figure 1.26. The structures of squaramides investigated as antimicrobials by Li and co-

workers.  

1.4.2: Antibiotic resistance mechanisms 

With the advent of antibiotics in the 20th century, there was a clear need for their use. 

Previously life threatening conditions were now rendered readily treatable, thus lives 

could be saved. However, what medicinal chemists failed to realise in the development 

of antibiotics was that the vast majority of these compounds are derived from, or similar 

to natural products. Many antibiotics, in environmental niches are utilised to provide 

competitive advantages within diverse microbial communities. The notion that this 

environmental dissemination of resistance is strongly supported by the greater scientific 

community and is evidenced strongly by past discoveries.148 Despite being sensitive to 

antibiotics, bacterial samples which predate their advent, when sequenced, were already 

equipped with the relevant plasmids required for conjugative transfer of genes relaying 

information regarding resistance.149 Furthermore, there is evidence to suggest the origin 

of this resistance is not possible within the timeframe of antibiotic discovery. Indeed, 

there is little possibility of host genetic mutation to afford such sophisticated resistance 

machinery, solely from common ancestral genetic makeup. One such example of this is 

from sequencing results of b-lactamase and aminoglycoside inactivating enzymes.150, 151 

When these enzymes were sequenced at both the amino acid, and genetic level, they 

showed high amino acid sequence homology. However, the genetic sequence was vastly 
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different, indicating a much greater length of time required for the development of such 

sequences, thus negating the possibility of these enzymes arising from mutation alone. 

As a result it is believed that dissemination of resistance machinery by genetic exchange, 

occurs both in the environment and in the gut of humans and animals.152 Some key 

examples of resistance mechanisms are discussed herein.  

1.4.2.1: Horizontal gene transfer 

Horizontal gene transfer (also known as lateral gene transfer) is the asexual movement of 

genetic information from one genome to another, between organisms or indeed, species 

(figure 1.27).153 When one organism acquires an advantageous point mutation (or 

multiple) within a gene relaying a competitive advantage, genetic transfer can occur, 

meaning that other species of bacteria do not have to arrive at this advantage through the 

likelihood of mutation.148 This genetic transfer can occur via direct conjugation of 

plasmids, transformation of species from free DNA, or by transduction from gene transfer 

agents, such as bacteriophages.154 As a result, complex or stressed microbial 

environments can yield species which when necessitated (by antibiotic exposure) are 

equipped with a vast arsenal of resistance mechanisms. Several examples of adjuvants 

and combination therapies, such as Augmentin, can help overcome this resistance 

mechanism.111, 155  
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Figure 1.27. The differing mechanisms of horizontal gene transfer. A) Transformation is 

the uptake of naked DNA from the environment, from lysed cells. B) Transduction is the 

introduction of genetic material into the genome of bacteria from bacteriophages. C) 

Conjugation is the direct transfer of genetic information through conjugative pili, and 

constitutes the primary mechanism by which horizontal gene transfer occurs. D) Outer 

membrane vesicles containing genetic fragments can also be observed, however the 

extent of their contributions are unknown.154 

1.4.2.2: Antibiotic inactivation 

Exploitation of the inherent reactivity of a chemical entity by enzymes constitutes another 

major mechanism by which bacteria exhibit resistance to commercially available 

antibiotics. The most characteristic example of this is against b-lactam antibiotics. b-

lactams act through covalent inhibition of cell wall biosynthetic machinery, specifically 

the penicillin-binding protein, which is a transpeptidase responsible for peptidoglycan 

synthesis.156 b-lactamases are serine-, or metallo-hydrolases which inactivate the 
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electrophilic warhead of the penicillin through nucleophilic hydrolysis, afforded through 

transacylation (serine), or by Lewis-acid activation by metallo-b-lactamases via a 

catalytically active Zn(II) centre.157 To circumvent this, considerable effort has been 

made in the synthesis of highly active b-lactamase inhibitors.158 

1.4.2.3: Target modification 

As antibiotics are often configured to have highly specific stereochemistry and adopt 

singular conformations, their substrate is often highly specific, and thus any change to the 

target will affect the binding efficiency, in turn decreasing inhibition.159 Bacteria make 

use of this feature extensively to prevent enzyme inhibition which gives rise to resistance. 

In the case of aminoglycosides, and macrolides, alteration to the binding pocket of the 

30s ribosome subunit by a single methylation yields a drastic decrease in binding 

efficiency, whilst still retaining biological function. As these compounds can no longer 

bind the 30s subunit, they cannot force a confirmational change, and translation still 

occurs.160, 161 

1.4.2.4: Efflux pumps 

Efflux pumps are molecular machinery on the cellular frontier, embedded in the 

membrane which remove unwanted or toxic compounds from the cell. In bacteria, these 

machines represent a particular challenge for developing novel antimicrobial agents, as 

they can effectively remove a multitude of compounds which are destined for cytosolic 

targets.159 Whilst some efflux pump classes are specific for one distinct chemical entity, 

many have multiple recognition motifs and can effectively efflux upwards of thousands 

of different compounds.162 Notably, certain species have evolved to be in a perpetual state 

of upregulation with regard to these efflux pumps, and are characterised as highly 

virulent.163, 164 One such exemplary species is A. baumannii, and with decreased 

membrane permeability this species is notoriously difficult to treat.165  
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Efforts to tackle this issue have been made, and with the advent of efflux pump inhibitors 

(EPIs) the issue of antibiotic insensitivity can be reversed. EPIs work via several 

mechanisms. These are; inhibition of pump expression, inhibition of protein complex 

assembly, direct inhibition of the pumping mechanism, or via depletion of the pump 

energy source, ATP, via hydrolysis.111 However, these approaches are still novel, and 

thus suffer from off target effects against eukaryotic efflux pumps, resulting in toxic 

effects.159 

1.4.3: Concluding remarks on antimicrobial resistance 

With the emergence of antimicrobial resistance to existing medicines at a growing rate, 

combined with the paucity of novel candidates in clinical trials, there is a clear need for 

the development of novel antimicrobial drugs which function by entirely novel 

mechanisms. This unmet need may be tackled through the use of fundamental 

supramolecular chemistry concepts, in combination with chemical biology toolkits to 

further the development of novel non-canonical drug motifs. Anion transporting motifs 

constitute an interesting approach to antimicrobial drug development, as they do not act 

upon an enzymatic target, thus negating the possibility of resistance acquisition. 

Furthermore, as the target of their activity is highly specific (bacterial cell membranes), 

and structurally dissimilar to mammalian membranes there is clear potential for bacterial 

specificity, and potent downstream effects upon the cell.  

There have been several examples to date of anion transporting motifs which bare 

antimicrobial activity, as previously discussed, however, there has been little effort made 

with regard to evaluating the contributions of anion transport to their mechanism of 

action. As a result, there is a clear rationale for the use of chemical biology toolkits for 

the evaluation of anion transport in the mechanism of action of these candidates. 
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1.5: Chemical biology tools to aid supramolecular drug discovery 

As anion transporters are intrinsically designed to not interact with a specific protein of 

interest, the experimental methods employed in conventional drug discovery are often not 

useful to ascertain their mechanism of action. Typical drug screening platforms are 

entirely unsuitable for this purpose, as these motifs are designed to only interact to a 

limited degree, with biological membranes. As a result, the scope of evaluation of their 

mechanism must be vastly larger, on the cellular level. Three distinct chemical biology 

tools by which to do this are discussed herein, for their applications in this thesis.  

1.5.1: Fluorescence imaging as a tool to study  biological interactions 

Fluorescence is a phenomenon whereby a molecule which is promoted into an excited 

state by absorption of photons, releases some of the energy in the form of photons.166 

Molecular fluorescence is an intrinsic property observed in certain polyaromatic, or 

highly conjugated systems, and can be rationalised through the use of a Jabłoński 

diagram.167 Jabłoński diagrams illustrate the fate of fluorophores and chromophores upon 

interaction with incident photons (figure 1.28) where absorption of a photon promotes 

transition to excited state S1 or S2. For species in the S2 excited state, internal conversion 

to S1 can lead to either fluorescence, or nonradiative decay from a singlet state. In the 

presence of a suitable chromophore, with a lmax (exc) overlapping with the emission 

window of the fluorophore, Förster resonance energy transfer (FRET) can occur. For 

certain species, intersystem crossing (ISC) from singlet state S1 to triplet state T1 can 

occur. Thus permitting luminescence/phosphorescence, and nonradiative decay from a 

triplet state. 
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Figure 1.28. A Jabłoński diagram to illustrate the fate of fluorophores and chromophores 

upon interaction with incident photons. (i) absorption to yield S1 or S2, (ii) internal 

conversion to S1, (iii) fluorescence, (iv) nonradiative decay, (v) FRET, (vi) intersystem 

crossing to T1, (vii) luminescence/phosphorescence, and (viii) nonradiative decay from 

T1. 

In general, synthetic chemists design fluorophores which exhibit “donor-acceptor” 

electronics, which often gives rise to suitable HOMO-LUMO gaps for the generation of 

molecular fluorescence. 1,8-naphthalimides are characteristic of this, where major 

resonance structures within the conjugated system give rise to a “push-pull” effect, 

yielding dipolarised centres within the molecule, resulting in molecular fluorescence 

through an internal charge transfer excited state.168  

Small molecule fluorophores have been a workhorse of the chemical biologists toolkit 

since the turn of the century, and a vast array of fluorophores have been developed for 

many different purposes. Fluorophores have been used extensively to illuminate 
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biochemical machineries, or to study biological processes. One such notable example is 

in the study of carbohydrate metabolism and glycan biosynthesis by Bertozzi and co-

workers, aided by the advent of “click” chemistry.169 Fluorophores have also been used 

extensively as molecular probes for the elucidation of phenomena, such as; mitochondrial 

pH,170 metal ion concentration in cells,171 neurodegenerative disease progression,172 and 

in the study of disease biomarkers.168, 173, 174  

Fluorescence imaging is attractive in a biological context as it has several advantages over 

other imaging techniques such as PET imaging. Fluorophores are highly tuneable through 

synthetic chemistry, and as such photons emitted by fluorophores are not confined to a 

single or limited range of energies.175 As a result, a vast array of fluorophores have been 

designed with emission spectra spanning a large colour palette, and many fluorophores 

can be used in a single experiment allowing for illumination of multiple cellular 

architectures with operational simplicity, and high spatio-temporal resolution, at a sub-

cellular level.176 Some key examples of organic fluorophores which span the emission 

spectrum from near-UV to near-IR (NIR) are: DAPI (lmax (abs/em) = 358/461 nm), which is 

commonly used for nucleolar/nucleic acid staining; Alexa-488 (lmax (abs/em) = 495/519 

nm), which is used routinely in flow cytometry; Rhodamine 6G (lmax (abs/em) = 528/550 

nm); BODIPY 564 (lmax (abs/em) = 564/570 nm), which is commercially available as a bio 

conjugable NHS ester; Cy3.5 (lmax (abs/em) = 581/596 nm), which similarly is available as 

the respective NHS ester; Alexa 594 (lmax (abs/em) = 590/617 nm), and Cy5.5 (lmax (abs/em) 

= 675/694 nm) which is routinely used in bioconjugate development (figure 1.29).  
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Figure 1.29. The structures of some commonly used biocompatible fluorophores 

spanning the visible range of emission, with indication of their emission colour.  

In addition to emission characteristics, the “photon budget” - the number of total 

detectable emitted photons, and in turn the maximum amount of information attainable 

from a biological sample must be accounted for during bioimaging and fluorophore 

design.177 When fluorophores are subjected to extensive periods of excitation by lasers 

during bioimaging experiments, photoinduced degradation of the fluorophore occurs 

(photobleaching) through various oxidation mechanisms.178 When fluorophores undergo 

ISC to T1 triplet states, the long timescale of existence (~102 µs) and relatively high 

energy (>1 eV), gives rise to high reactivity of fluorophores with 3O2, promoting the 

formation of singlet 1O2.179 This highly reactive singlet species can react with the 

fluorophore, in addition to other redox active biomolecules, such as thiols, and solvent to 

give non-fluorescent fluorophore adducts, which are photobleached. This issue is 

particularly prevalent in modern-super resolution microscopy analysis, where the vast 

majority of the photon budget is depleted and photobleaching is increased in exchange 

for image resolution.180 Several examples of structural modifications to fluorophores have 

Visible light
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been reported which bolster photostability, but rely mainly on perturbation of oxidation 

mechanisms in-cellulo.177, 179 Alternatives to the development of photostable fully organic 

fluorophores have emerged in recent years, namely, in the use of highly luminescent, 

photostable transition metal complexes. 

For example, NIR emitting Ruthenium(II), and Osmium(II) polypyridyl complexes are 

routinely used as imaging agents for the study of nucleolar phenomena, for their high 

DNA binding capacity, and long-lived excited states, yielding high levels of photostable 

luminescence.181, 182 In addition to reports from the Elmes group - Gunnlaugsson, Thomas 

Keyes, Quinn and co-workers have contributed extensively to this field, with many 

examples of Ru(II) and Os(II) complexes showing bright, photostable NIR luminescence 

suitable for bioimaging183-191 (figure 1.30). Whilst other transition metal-based complexes 

and metallocycles (such as Ir, and Pd) have been reported as potential imaging agents192, 

193, their mechanism of emission relies mainly on phosphorescence, and thus have been 

omitted for clarity.  
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Figure 1.30. The structures of exemplary luminescent Ru(II) and Os(II) polypyridyl 

complexes - including extensively documented Ru(Bpy)3, and Ru(Phen)3, 1.50 and 1.51, 

and selected examples reported by Elmes, Quinn, Gunnlaugsson, and Co-workers. Formal 

charge, and counter-ion species omitted for clarity.  

In the context of antimicrobial development, fluorescently labelled antibiotics have been 

utilised for the better part of 50 years (figure 1.31), in an effort to discern their mechanism 

of action. With the threat of antimicrobial resistance, exploiting molecular fluorescence 

to study antibiotic uptake and resistance is a viable approach.194 Early examples of this 

can be traced back as far as 1955 when Newton and co-workers fluorescently labelled 

diamino butyric acid (Dab) side chains of Polymyxin B2 with dansyl fluorophores to yield 

1.59.195 Since then, more sophisticated molecular tools have been synthesised to study 

antibiotic uptake and bacterial metabolism, in the hopes of discovering new druggable 

targets. For example, Shabat and co-workers have contributed significantly in this regard, 

developing a series of chemiluminescent probes, 1.60 - 1.63, derived from b-lactam 

antibiotics and bacterial enzyme substrates.196-198 Nazare and co-workers have also 

utilised this approach to synthesise pro-luminophore 1.64, which exploits Nitroreductase 

enzymes in bacteria to switch on Terbium (III) luminescence through a bioreduction-

triggered self-immolative/ring-closing cascade.199  
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Figure 1.31. The structures of representative fluorescent/luminescent probes for studying 

antibiotic uptake and cellular metabolism in bacteria.  

With the expertise in the Elmes group with regards to both molecular probes,168, 173, 174, 

189-191, 200-205 and in the development of anion recognition/transport motifs,19, 25, 26, 71, 200, 

204, 206-211 there is clear substantiation for the use of fluorescent tools to investigate anion 

transport in bacteria, as this remains a relatively untapped source of information regarding 

the highly dynamic behaviour of these motifs both at the aqueous:lipid interface, and in-

cellulo.  
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1.5.2: 19F NMR spectroscopy as a tool to study interactions 

19F NMR spectroscopy constitutes a major spectroscopic method by which to study the 

interactions of fluorinated molecules of interest, or chemical tools, with the 

environment.212 1H NMR based methods, such as 1H WaterLOGSY rely on the presence 

of discernible signals, and the relationship between these signals and a specific 

biomolecule of interest.213 However, WaterLOGSY is limited to the use of singular 

biomolecules, such as proteins and the study of their interactions with a single probe due 

to the exponential increase in spectrum complexity afforded by the introduction of greater 

numbers of 1H signals. 19F NMR spectroscopy is useful in this regard, as fluorination is a 

relatively rare in biological systems, where compounds of interest can be fluorinated with 

single atom efficiency, allowing for the study of molecular interactions with minimal 

signal background.214 Furthermore, this can even be applied in a systems context, to the 

study of interactions on a cellular level, or potentially in model lipid systems.215, 216 217 

In a chemical biology context, 19F NMR spectroscopy has been extensively demonstrated 

as an invaluable tool to study key biological phenomena (figure 1.31(A)), such as: protein 

folding and structural analysis of biomolecules218; in the mapping of protein-ligand 

interactions for drug discovery219; in protein labelling to elucidate the fate of, and 

behaviours of certain proteins; or the contributions of specific (fluorous)amino acids to 

protein activity.220 For example, Marsh and co-workers successfully incorporated a series 

of perfluoro-tert-butyl homoserines (pFtBHse) at positions 1, 6, and 7- from the C-

terminus of MSI-78, an antimicrobial peptide (AMP) which was uncovered to show 

strong interactions with bicellar membranes through the use of 19F NMR.215 The 

characteristic singlet corresponding to the relevant 19F equivalent signals showed a clear 

upfield migration when interacting with bicellar membranes, as a result of hydrophobic 

shielding of the Fluorine centre, thus validating the hypothesised mechanism of action of 

this AMP. In addition to pFtBHse, there are a multitude of available fluorous amino acids, 
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that can be selectively incorporated into proteins or molecular frameworks, for the 

elucidation of biological behaviours (figure 1.31(B)) 

 

Figure 1.31. An overview of the applications of 19F NMR spectroscopy in Chemical 

Biology (A), and common fluorinated amino acids for probing chemical interactions 

(B).212 

As a result of the high isotopic abundance of 19F, but low chemical abundance, and its 

high nucleus sensitivity and stability, synthetic chemical biologists can make use of this 

to study molecular interactions with simplicity, in a short timeframe (>30 mins vs 1 – 4 

hr for WaterLOGSY).221 In the case of anion transport, the fluorinated tool compound 

can be titrated into a system of interest and should interaction occur, a change in the 

chemical shift may occur for highly ordered localisation to one environment, or a 

weighted average of two (or more) environments may be taken for a highly motile anion 

transporter, indicating the movement of the receptor through multiple chemical 

environments, such as; extracellular, intracellular, and intramembrane environments. As 

previously discussed, highly fluorinated anion transporters show a higher level of both 

transport activity, and cellular activity. Gale and co-workers have exemplified this with 

several reports on the anion transport behaviour in LUVs and in-cellulo cytotoxicity of 

A) B)
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squaramide and urea transporters 1.5, 1.6, 1.65 – 1.70, but little has been done by way of 

verification of this mechanism of action in cellulo (with the exception of 1.5 and 1.6). 74, 

92, 222, 223 As such, this tool by which to study their chemical environment may constitute 

a unique, robust, and relatively simple approach.  

 

Figure 1.32. The structures of exemplary medicinally relevant fluorinated anion 

transporters, reported by Gale and co-workers.74, 92, 222, 223 

1.5.3: Proteomics as a tool in drug discovery 

With the advent of the human genome project,224 the field of OMICS based research, and 

specifically Proteomics has garnered significant attention. As a result the field has 

advanced considerably in the past 20 years. Proteomics is defined as the study of the 

entire population of proteins within a specific cell or organism, the proteome.225 

Proteomics has significantly increased our understanding of cellular biology, and 

contributed greatly to our understanding of the vast networks of proteins unique to each 



Chapter 1 

 55 

cell type, within organisms (figure 1.33).226 Traditionally, protein identification was 

performed through the use of electrophoresis based approaches, where mixtures of 

proteins could be separated based on charge (1D), and by molecular weight (2D).227 

Often, these approaches are wrought with difficulty in sample preparation, and biological 

discrepancies, due to the often low abundance of proteins of interest. Thus, these gels, 

with low limits of detection have been phased out and deemed as inadequate for 

purpose.228  

 

Figure 1.33. Proteomics based methods for the identification, and validation of drug 

targets, and safety monitoring thereof, or the study of diseased states indirectly through 

the measurement of protein abundance, localisation, interactions and modifications.229 

In the past 20 years, there has been significant advancement of methods by which 

proteins, and networks thereof are studied, brought about by mass-spectrometry based 

advancements. Higher sensitivity methods such as “top-down” and “bottom-up” 

(chemical) proteomics allows for the study of intact proteins, and their in-cellulo 
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proteoforms, or indeed the quantity and contributions of proteins to cellular functions as 

part of a larger network.118 In the case of “top-down” proteomics, significant information 

regarding the genetic variation within protein clusters that gives rise to differing ternary 

protein structure can be garnered, or indeed post-translational modification such as 

glycosylation, phosphorylation, etc. can be illuminated.230 “Bottom-up” proteomics is the 

most common form of proteomics methods utilised for the study of complex biological 

mixtures, and can give significant information regarding protein abundances and changes 

thereof, in highly dynamic environments, by taking a systems overview. This is done 

through a “shotgun” approach, where proteins are digested (in the presence or absence of 

chemical or metabolic label) using chemical and enzymatic means prior to tandem LC-

MS/MS based detection methods, which allows for bias free analysis of complex 

biological mixtures (figure 1.34).231 

 

Figure 1.34. Major methods for protein identification and quantification. A) Peptides are 

separated based on polarity and analysed by mass spectrometry via TOF or Orbitrap mass 

analysis. B) Common discovery-driven acquisition modes; data-dependent acquisition 

(most abundant peptides of a predetermined number are selected for fragmentation), and 
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data-independent acquisition (all peptides in a predetermined m/z range are selected for 

fragmentation). C) LFQ proteomics is carried out by sequential analysis of independent 

samples, whereafter peptide intensities are compared between runs. Isobaric labelling 

concerns the mixing of sample sets which have been exposed to LMW reporter ions which 

give rise to ease of quantification from one single run. SILAC analysis is made possible 

by the incorporation of stable isotope labels into amino acids or reporter motifs, where up 

to three samples can be analysed in tandem. D) Peptide sequences and post-translationally 

modified amino acids are matched to their corresponding protein sequence from 

databases through the use of in-silico tools.229 

In the context of drug discovery,  proteomics constitutes a unique method by which to 

study drug-protein interactions, the effects of a drug upon protein structure and post-

translational modification or indeed downstream effects of treatment upon protein 

populations in the cell.229, 232 Indeed, this potential for inverse discovery of mechanisms 

of action is an exciting approach that has garnered the interest of several research groups 

around the globe.233-246 As supramolecular approaches to medicinal chemistry do not 

concern the design of molecules which inhibit specific proteins, but indeed aim to 

destabilise cells through homeostatic mechanisms, label free quantitative proteomics 

approaches constitute an ideal method by which to study the downstream effects of 

synthetic anion transporters.  

1.6: Project aims 

As anion recognition and transport continues to rapidly diversify, and overlap 

significantly with medicinal chemistry there are countless emergent examples of 

biologically relevant anionophores. Given the ubiquitous nature of anions, and their 

integral role in cellular function, it is with clear precedent that many research groups are 

continuing to pursue this from a synthetic standpoint. While many advancements have 

been made, there has been little focus on the development of robust methods to apply 
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these supramolecular motifs in biological contexts, and methods by which to study their 

activity in-cellulo. 

As a means to establish this toolkit, we have opted to pursue anionophoric agents which 

may have utility in the development of novel antimicrobial agents, due to the fact certain 

cationophores are well understood to have antimicrobial activity. The aim of this project 

is constituted of three main goals; to meet the need for novel antimicrobial agents which 

demonstrate novel mechanisms of action, to establish a chemical biology toolkit for use 

in the study of non-canonical supramolecular drug discovery, and to contribute to the 

diversification of anion transporting scaffold development through synthetic chemistry.  

Chapter 2 concerns the synthesis of four novel anion transporting motifs which exhibit 

high levels of antimicrobial activity against S. aureus. In this chapter we aim to utilise 

this observation as a vector for the refinement of a chemical biology toolkit, to study and 

elucidate supramolecular MOAs in-cellulo.  

Following on from this, in chapter 3 we aim to utilise established “trojan-horse” motifs 

and cation binding units derived from natural products, to synthesise sophisticated 

bioconjugates of anion transporting motifs, in the hopes of bolstering antimicrobial 

capacity whilst also negating associated cytotoxicity.  

The aims of chapter 4 are to translate conventional drug discovery techniques to 

supramolecular drug development. Taking lead compounds from chapter 2, we aim to 

diversify the chemical space not only in the development of novel anion transporting 

motifs, but also in those which exhibit antimicrobial capacity.  

Chapter 5, the final experimental chapter of this thesis aims to study how structurally 

simple anion transporters can also be used in the development of novel antimicrobial 

agents. Using a chemical biology toolkit established in chapter 2 we aim to delve into 
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the underlying mechanism of action of these motifs, and elucidate if anion transport is the 

sole parameter which governs their toxicity in S. aureus. 



Chapter 2 

 60 

 

Chapter 2: A chemical biology 
toolkit to study supramolecular 

antimicrobial agents 
 
The work discussed in this chapter has previously been published as “Brennan, L.E, 
Kumawat, L.K.K, Piatek, M.E, Kinross, A.J, McNaughton, D.A, Marchetti, L, Geraghty, 
C, Wynne, C, Tong, H, Kavanagh, O.N, O’Sullivan, F, Hawes, C.S, Gale, P.A, Kavanagh, 
K, Elmes, R.B.P. potent antimicrobial effect induced by the disruption of bacterial 
chloride homeostasis. CHEM. 2023. 9(11), 3138 – 3158.” And was selected as the cover 
for the respective issue. 
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2.1: Introduction 

As discussed in Chapter 1, the global plight of antimicrobial resistance results in the death 

of over one million people annually, as a direct result of antimicrobial resistant bacterial 

infections, and it is expected that this figure will only rise to ten million annual deaths by 

2050 if the paucity of antimicrobial drug development is not met.99 There is a clear 

precedent for the development of novel antimicrobial agents which exhibit potent 

antimicrobial effect, through novel mechanisms of action, entirely distinct from those 

utilised during drug discovery endeavours.103  

Anion transport has garnered significant interest in this regard in recent times for its 

continued applicability in the field of medicinal chemistry has stimulated a wealth of 

research on biologically active anionophores.247, 248 Several key examples of biologically 

active anionophores were detailed in chapter 1, where their main applications were 

accounted. Some of these key applications in the field of medicinal chemistry include the 

development of novel treatments for cystic fibrosis, and in the disruption of Cl- 

homeostasis in-cellulo, resulting in anticancer effect. For example, Quesada and co-

workers recently reported a series of tambjamine analogues capable of transmembrane 

transport, in CF-deficient cell models, resulting in the improved pathophysiology in CF, 

in an established lung model.249 These anion transporters constitute a novel approach to 

CF therapy, showing high efficacy both in-cellulo and in organoid model systems.  

There have been many examples of anion transporters which exhibit anticancer activity, 

with several tenable links between anionophorism and anticancer effect being made. For 

example, Gale and co-workers delved into the anticancer activity of 1.5, and 1.6 through 

the use of molecular biology platforms, ultimately deducing that the observed effect is as 

a result of the induction of caspase-dependent apoptosis, and disruption of autophagy, 

through perturbation of cellular Cl- homeostasis.92 Gale and co-workers have also recently 

detailed the anti-cancer effect of a class of perenosins (figure 2.1), which similarly induce 
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caspase-dependent apoptosis, and cause cell cycle arrest, through increased cellular Cl- 

influx.250 

 

Figure 2.1. The structures of perenosin derivatives reported by Gale and co-workers.250 

Whilst considerable effort has been made to deduce the medicinal applications of anion 

transporters, little has been made to the understanding of the observed antimicrobial effect 

of select anion transporters.96 Despite the extensively documented antimicrobial activity 

of natural product cationophores such as monensin, Salinomycin, valinomycin, and 

lasalocid, little focus has been made on the development of anionophoric 

antimicrobials.138 Quesada and co-workers have recently reported the synthesis and 

antimicrobial evaluation of a series of indol-7-yl-tambjamine like compounds where they 

showed these compounds possessed moderate levels of antimicrobial activity.97 

Unfortunately, the authors did not establish a tenable link between anionophorism and 

antimicrobial effect during the course of this study. Similarly, Gale, Sessler and co-

workers reported a series of aminopyrrolic receptors that showed the capacity to inhibit 

S. aureus growth in-vitro (figure 2.2).95 The authors did discuss the correlation between 

anionophorism and antimicrobial activity, but found the trends to be imperfect, indicating 
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the potential of ancillary mechanisms of action for these receptors. As a result, there 

remains several unanswered questions regarding the contributions of anion transport to 

the observed activity of these compounds, and on the efficacy of anion transport as a 

vector for antimicrobial development. 

 

Figure 2.2. The structures of aminopyrrolic receptors reported by Gale, Sessler and co-

workers.95 

As discussed in chapter 1, the most commonly employed anion binding motifs, are 

generally hydrogen bonding systems, specifically H-bond donor systems arising from 

acidic NH bonds, which in part due to their acidity show high binding affinity for 

biologically relevant anions, such as Cl- or HCO3-. For the most part, this has been 

achieved through employment of the following structural motifs; urea’s,251-254 

thiourea’s,255-257 pyrroles,61, 258, 259 thioamides,260 and squaramides,66, 209, 261, 262 to name 

but a few. More recently, the utilisation of Chalcogen and Halogen-bonding has also 

progressed into use for the development of anion transport motifs.263-266 Several examples 

of Halogen-bonding structures have been reported as anion transporters, with significant 
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contributions being made by Langton and co-workers. Another perspective anion receptor 

motif is the use of polarised CH bonds. These motifs have been increasing in popularity 

in recent times, as exemplified by the work of Flood and co-workers (figure 2.3) who 

have successfully synthesised and demonstrated the attomolar Cl- affinity (1017 M-1) of a 

cryptand-like triazolo cage bearing only CH H-bond donors.267 In addition, the Flood 

group has also reported similar CH-bearing receptors such as the “cyanostar” macrocycle 

and triazolophanes, which show similar Cl- affinity, through polarised CH bonds.268, 269 

Whilst not yet used in the context of anion transport, it is abundantly clear that CH 

interactions provide a new perspective for the development of effective anion 

transporters.  

 

Figure 2.3. The structures of triazolo-, and cyanostar-macrocycles reported by Flood and 

co-workers. 

Our group has exploited the squaramide motif in the design of molecular receptors,19, 25, 

71, 200, 206-208, 210 sensors203, 204 and transporters.26, 209, 211 Squaramides are particularly well 

suited to these applications for their strong H-bond donating ability through dual direction 

NH bonds, and planar aromatic structure, which experiences a bolstering of aromaticity 

upon guest binding.69 Indeed, this unique cyclobutene-dione motif has seen an explosion 

of interest in recent years across the chemical sciences in recent years for their beneficial 

characteristics, with potential applications in a wide range of fields, such as; 

supramolecular chemistry, medicinal chemistry, materials sciences and organocatalysis 

and organic process development.19 

2.18
2.19 2.20
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2.2: Chapter objectives 

The aims of this chapter can be divided into two sections, beginning with the synthesis of 

evaluation of a series of fused heterocyclic anionophores. These anionophores will bare 

differential substitution patterns across the squaramide core, thus endowing asymmetry, 

and the presence of an olefinic C-C bond, which may show lewis acidity, and thus anion 

binding capacity (figure 2.4). The heterocycle envisaged for incorporation is 2,3,3-

trimethylindolenine, as upon alkylation of the pyridine -type nitrogen in the heterocycle 

there is literature to indicate the reactivity of exocyclic enamines such as these with 

diethyl squarate, to generate squaraine dyes,270 but this has not been explored in the 

context of anion receptor and transporter design.  

 

Figure 2.4. Schematic representation of structural substitution from symmetrical N,N-

diaryl squaramide to asymmetrical olefinic-indolyl squaramide.  

The second aim of this chapter is to leverage these scaffolds as a vector for refinement of 

a chemical biology toolkit for the exploration of anionophores as antimicrobials. As of 

yet, there are no reports of detailed mechanistic analysis of the antimicrobial effect of 

compounds such as these, and there is a clear precedent for the development of novel 

assays, or the utilisation of robust chemical biology tools to underpin the observed 

mechanism of action.  

2.3: Receptor synthesis 

Each compound under study in this chapter was accessed in a convergent four step 

synthetic sequence, beginning from 3,4-dihydroxy-cyclobut-3-ene-1,2-dione, or squaric 

acid as it is colloquially known, and 2,3,3-trimethylindolenine as they are the simplest 

commercially available building blocks for this synthesis (figure 2.5).  
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Figure 2.5. Retrosynthetic analysis of target structural family.  

Initially the synthesis was devised from literature precedent regarding the synthesis of 

asymmetrical squaraines, and a retrosynthetic plan was devised from there, allowing for 

the incorporation of differentially substituted anilines for investigation of their 

contribution to the anion binding capacity of each.  

 

Scheme 2.1. The synthesis of indolyl-squaramide “squindoles”. Reagents and conditions: 

i) triethylorthoformate, EtOH, reflux, 48 hr, 91%; ii) Ethyl Iodide, MeCN, reflux, 18 hr, 

85%; iii) TEA, EtOH, reflux, 8 hr, 55%; iv) substituted aniline, Zn(OTf)2 (20 mol%), 

EtOH, reflux, 18 hr, 45 – 50 %. 

The synthetic sequence was first begun with the synthesis of diethyl squarate, the relevant 

cyclobutene ortho-ethoxy ester necessary for the synthesis of squaramides. Diethyl 

squarate, 2.21, was accessed in a good 91% yield using dehydration conditions 

established in literature.211 Subsequently, focus was shifted toward the assembly of the 

necessary masked nucleophile, N-ethyl-2,3,3-triemthylindolium iodide, 2.22,which was 

accessed via nucleophilic substitution at the pyridine-type nitrogen of 2,3,3-trimethyl 
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indolenine. With both semi-squaraine precursors synthesised, the semi-squaraine 

intermediate, 2.23 was accessed through conjugate addition conditions promoted by base 

catalysis, in the form of 2 molar equivalents of TEA, to promote conjugate addition and 

sequester HI, through formation of ammonium salts. 2.23 was accessed following 

purification by flash column chromatography in a 55% yield, which agrees with 

literature.270 The diminished yield for this reaction is likely due to the potential for several 

kinetic products being formed, and mixtures of stereochemical outcomes (E/Z) thereof. 

This semisquaraine intermediate was subsequently reacted with the appropriate aniline, 

under Lewis acidic conditions to afford the desired squaramide in 45 – 50% yields, 

following flash chromatography depending on the aromatic substitution pattern of the 

aniline. The use of Zn(OTf)2 as a Lewis acid catalyst in squaramide synthesis is well 

documented, as it bolsters ortho-ethoxy ester electrophilicity, and prevents the formation 

of undesired squaraine adducts. The synthesis of compounds 2.24 – 2.27 was confirmed 

by 1H, 13C NMR spectroscopy, and High-Resolution Mass Spectrometry (HRMS). Each 

of the respective 1H spectra showed clear signals for both olefinic CH, and squaramide 

NH, in addition to ancillary signals correlating to indoline and aniline protons.  

2.4: X-ray crystallography analysis of structure 

Gratifyingly, crystals suitable for single crystal X-ray analysis (by Dr Chris S. Hawes, 

Keele University) were obtained for 2.24 – 2.27, through recrystallisation from a 

supersaturated solution of DMSO. Thus, allowing for evaluation of their solid-state 

behaviours and to also confirm the relevant stereochemical outcome of the reactions, 

where we confirmed the stereoselectivity of this reaction, where 2.24 – 2.27 were 

exclusively accessed as their E-configuration, the desired outcome for anion binding 

(figure 2.6). 

From each compound crystallised as DMSO solvates, there were clear commonalities 

between each, with respect to molecular geometry, intermolecular interactions, and 
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crystal packing behaviour. Compounds 2.24, 2.25, and 2.26 structural models were 

refined in the space groups P21/c, P-1, P21/n, respectively and showed a 1:1 binding mode 

with DMSO with one unique molecule each in their asymmetric unit, where the model 

for 2.27 in the space group P-1 contains two unique host molecules, and two DMSO 

solvent molecules. Again, each molecule adopts the desired trans geometry around the 

olefinic C-C bond, and as a result both C-H and N-H motifs are oriented in a cis or anti-

anti fashion, forming a heterotopic binding cleft reminiscent of symmetrical 

squaramides.271  

 

Figure 2.6. Structures of the DMSO solvates of compounds 2.24 (A), 2.25 (B), 2.26 (C), 

and 2.27 (D) with partial atom labelling scheme and ADPs rendered at 50% probability 

level. Crystallographic disorder on the DMSO sulfur atoms in 2.26 and 2.27 and the 

indoline and DMSO methyl groups in 2.25, and selected hydrogen atoms are omitted for 

clarity. 

In each case, the expected N-H…O H-bond from the squaramide to the DMSO guest 

Oxygen atom are observed, whilst a weaker ancillary C-H…O contact can be observed, 

from the indoline C-H group, again toward the DMSO oxygen. Unsurprisingly, the C-H 

donor exhibits considerably longer donor-acceptor distances than the NH donor in all 

cases. The N-H…O distances can be intrinsically linked to the electron withdrawing 

A)

C) D)

B)
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capacity of the aniline substitution pattern where the trend decreases with withdrawing 

effect; 2.24 > 2.25 > 2.26 > 2.27. Interestingly, the C-H…O contact distances do not 

follow the same trend, but instead show a more random distribution, and the difference 

between the two non-equivalent molecules of 2.27 in the relevant asymmetric unit show 

a larger discrepancy than any other host. Each of these observations can be rationalised 

by the electronic influences of the aniline substituents affecting N-H acidity , whilst the 

C-H contacts are most likely influenced in nuanced manners by local crystalline geometry 

and crystal packing forces.  

Table 2.1: Key hydrogen bonding parameters for the bound DMSO species in 

compounds 1 – 4. 

Compound N···O distance 
(Å) 

N-H···O angle 
(°) 

C···O distance 
(Å) 

C-H···O angle 
(°) 

2.24 2.925(2) 168 3.431(3) 167 
2.25 2.900(5) 171 3.442(6) 160 
2.26 2.873(3) 168 3.369(3) 165 
2.27 2.820(3) 172 3.392(3) 163 

 2.807(3) 161 3.657(4) 148 

Aside from key H-bond interactions the main intermolecular forces observed in the 

structures of the DMSO solvates are p-p interactions (figure 2.7). With the out of plane 

steric bulk of the indoline substituents, these interactions mostly concern the squaramide 

core and aniline motif, where additional contributions of the aniline substitution pattern 

can be observed. For each, the most notable intermolecular contact is parallel head to tail 

p-p interaction between the phenyl rings. In 2.24, the aniline and squaramide are 

essentially co-planar with only a 3.30 angle of offset, and adjacent molecules stack at an 

interplanar distance of 3.39 Å. 2.25 shows a similar interplanar angle of 3.20, but due to 

the significant steric bulk of the trifluoromethyl substituents, the interplanar distance 

between molecules is increased to 3.52 Å. 2.26 interestingly shows the shortest 

interplanar stacking distance of 3.28 Å, but a significantly larger angle of offset, or 

interplanar angle of 14.80. In 2.27, the intermolecular p-p stacking event is exclusively 
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observed in phenyl rings, where the rings are offset to one another by 30, with an 

interplanar distance of 3.58 Å. This disfavoured stacking is most likely as a result of poor 

overlap of molecules, due to large interplanar angles between squaramide and aniline, of 

36.7 and 39.10, in unique molecules.  

 

Figure 2.7. Comparison of the key parallel π-π interactions between the phenyl groups 

observed in the DMSO solvates of compounds 2.24 (A), 2.25 (B), 2.26 (C), and 2.27 (D). 

Selected hydrogen atoms and crystallographic disorder are omitted for clarity. 

2.5: Photophysical properties 

To begin to ascertain the effect of olefinic C-H and indoline incorporation on squaramide 

properties, we began with photophysical evaluation of each. From a 10 mM solution of 

each receptor in DMSO, we observed the appearance of two distinct absorbance bands 

between 287 – 309 nm, and 428 – 440 nm. Additionally, in the case of 2.25, we observed 

a distinct third absorbance band, reminiscent of an n-p* transition at 540 nm, suggesting 

the potential occurrence of internal charge transfer between the “donor-acceptor” 

indoline-squaramide conjugated core, which is electron rich, and the extremely electron 

deficient 3,5-bis(trifluoromethyl)phenyl moiety.  

A)

C) D)

B)
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Indeed, these observed absorption bands did indicate donor-acceptor electronics, as when 

emission characteristics from a 10 mM solution of each receptor in DMSO were surveyed, 

there was a characteristic emission for each ca. 490 nm, following excitation into the 425 

– 450 nm band of 2.24 – 2.27.  

Given the interesting absorption and emission characteristics of 2.24 – 2.27, we sought to 

ascertain if these spectra underwent change upon addition of analytes of interest. Addition 

of several relevant anions (I-, AcO-, SO4-, Br-, Cl-, H2PO4-, and NO3-, as their relevant 

tetrabutylammonium salt) to a solution of each receptor (DMSO, 10 mM), showed almost 

entirely unchanged absorption spectra. However, upon addition of F- the absorption 

spectra of each compound underwent a clear hypochromic shift. These observed results 

with F- addition are most likely a result of deprotonation events within the squaramide 

framework, most likely squaramide N-H, as this phenomenon is well documented, where 

F- is sufficiently basic to deprotonate acidic aryl squaramide N-H’s forming H2F- in-situ. 

This observation is further ratified by the observation of a clear, broad triplet ca. 16 ppm, 

in the respective 1H NMR spectrum of each compound upon addition of TBAF (vide 

infra).  

2.6: 1H NMR titrations to discern anion binding properties 

To confirm the ability of 2.24 – 2.27 to bind to various anions, preliminary 1H NMR 

screening with each compound was carried out in a 99.5:0.5% solution of DMSO-d6:H2O, 

at a concentration of 2.5 mM (host), and 10 mol eq of various oxoanions and halides. The 

treatment of each compound with higher basicity anions such as F-, AcO-, SO4-, and 

H2PO4- gave rise to deprotonation events of the squaramide NH, and in some cases 

olefinic CH, indicated by the disappearance of the relevant signal from the spectrum, in 

addition to a broadening of the aromatic signals within the spectrum. When treated with 

I-, and NO3-, there were no observable changes to the spectrum, indicating no formation 

of H-bonds. This is likely due to the size of the relevant anion being too large for the 
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binding cleft observed in 2.24 – 2.27. Upon addition of Cl-, and Br-, a considerable 

downfield shift in the signals associated with the proposed binding cleft could be 

observed, indicating molecular interaction, and the formation of host:guest association 

complexes. Taking 2.25 as an example, upon treatment with 10 mol eq. of TBACl, there 

is a considerable downfield shift of squaramide CH and NH signals (Δppm = 0.7 and 1.7, 

respectively), with clearly observable contributions from additionally polarised CH bonds 

of the o-phenyl CH proton, and indoline methylene CH2 groups (Δppm = 0.4 and 0.2, 

respectively) (figure 2.8).  

 

Figure 2.8. 1H NMR Anion screening and titration data for 2.25. A) Anion binding screen 

of 2.25 (2.5 mM) against various halide and oxoanions (10 mol eq) in 99.5:0.5% DMSO-

d6:H2O. B) 1H NMR titration of 2.25 against TBACl (0 – 10 mol eq) in 99.5:0.5% DMSO-

d6:H2O, with protons undergoing downfield migration indicated and schematically 

represented in the compound structure.  

These results suggest the major binding contribution arises from squaramide NH, as 

would be expected, followed closely by the olefinic CH, and that there is ancillary 

contribution from both polarised peripheral CH motifs.272 Following detailed 1H NMR 

titrations of each compound, with both TBACl and TBABr (0 – 10 mol eq. anion), we 
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were able to discern the association constant for each compound under study towards both 

halides, from fitting to a 1:1 binding model using the open access software, BindFit.64, 273 

Table 2.2: Summary of the interaction between receptors 2.24 – 2.27 and the TBA salts 

of various anions and their association constants. All values represented are the 

association constant (Ka/M-1) for the formation of a 1:1 host : guest complex. (d. = 

deprotonation occurred.)(n. = no interaction observed.) 

 F- Cl- Br- I- SO42- NO3- AcO- H2PO42- 
2.24 d. 41 12 n. d. n. d. d. 
2.25 d. 201 50 n. d. n. d. d. 
2.26 d. 83 18 n. d. n. d. d. 
2.27 d. 63 13 n. d. n. d. d. 

 

Overall, the data acquired revealed anion binding affinity in the following order: 2.25 > 

2.26 > 2.27 > 2.24. This observed trend is congruent with previous reports of the influence 

of aniline substitution pattern on anion binding affinity on squaramides and is intrinsically 

linked to the Hammett parameter (s) of the functional group. This is exemplified by a 

comparison of the binding affinity of 2.24 to 2.25, due to the lack of electron withdrawing 

substituents, 2.24 shows minimal association complex formation, where due to the 

presence of highly electron withdrawing CF3 groups, the squaramide NH is higher in 

acidity, thus promoting association complex formation.274  

2.7: Anion transport properties 

With the information in hand that each compound that each compound showed affinity 

toward Cl- in solution, their capacity to transport this biologically relevant anion was 

ascertained through the use of a Cl-/NO3- exchange assay (carried out by Prof. Phil Gale, 

Dr Daniel McNaughton, and Arlie Kinross at the University of Sydney, Australia). 

Vesicles consisting of 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine (POPC), 

prepared according to literature,91 were loaded with an internal solution of pH-buffered 

NaCl solution (300 mM), and subsequently suspended in an external solution of 
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equimolar NaNO3. To this suspension of Unilamellar vesicles in NaNO3 solution was 

added different concentrations of each transporter in 10 mL DMSO, whereafter Cl- efflux 

was measured using a Cl- selective electrode across an experimental period of 300 

seconds. By plotting the efflux achieved after 270 seconds for each concentration, and 

fitting the data to the hill equation, we were able to resolve the EC50 value of transport 

for each.   

Table 2.3: A summary of the activity and rate measurements recorded for receptors 2.24 

– 2.27 in the transport assay experiments. a EC50 at 270 s, shown as molar percentage with 

respect to lipid concentration. b The Hill coefficient. c The ratio of electrogenic transport 

character was performed via division of the valinomycin test initial rate (kmax(Val)) by the 

monensin test initial rate (kmax(Mon)). d Rate calculated by fitting to an exponential decay 

curve. e Rate calculated by fitting to a sigmoidal curve. 

 Cl-/NO3- Exchange Assay Cationophore Coupled Assay 

 EC50,270sa 
(mol%) nb kmax 

(% s-1) kmax(Val) (% s-1) kmax(Mon) 
(% s-1) Ratio 

2.24 1.28 ± 
0.05 

2.8 ± 
0.4 0.23d 2.51e 0.53e 4.7 

2.25 0.21 ± 
0.006 

1.5 ± 
0.10 0.82e 0.63e 0.49e 1.3 

2.26 1.25 ± 
0.05 

1.7 ± 
0.1 0.27d 0.74e 0.44e 1.7 

2.27 0.74 ± 
0.02 

2.0 ± 
0.1 0.50e 0.44e 0.38e 1.2 

 

Each of the transporters were found to facilitate anion transport at low molar 

concentrations (figure 2.9), but similar to binding observations 2.25 proved to be the most 

efficient transporter, with an EC50 value of 0.21 mol%. This is most likely in part due to 

the higher Cl- affinity within the binding cleft, and the participation of CF3 groups 

observed in the structure to the overall lipophilicity of the transporter, thus bolstering lipid 

partitioning ability.83, 275, 276 Indeed, this EC50 value is amongst the higher reported values 

for transport ability for squaramide motifs and is similar to the EC50 values for 1.5 (0.15 

mol%) and 1.6 (0.06 mol%).74 These results indicate that the replacement of the potent 
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NH functionality for an olefinic CH does not diminish anion transport entirely. 

Interestingly, the trend reported for titration data is reversed for activity, with 2.26 

showing similar transport efficacy to 2.24, and 2.27 having the second most potent anion 

transport capacity. This again is most likely due to the lipophilic bolster of the CF3 groups 

observed in 2.27.  
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Figure 2.9. Hill analysis of Cl-/NO3- exchange facilitated by 2.24 (A), 2.25 (B), 2.26 (C), 

and 2.27 (D). Each data point is the average of three repeats with error bars to show 

standard deviation. A run of pure DMSO was used as a control. 

A)

B)

C)

D)
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From fitted data, the Hill coefficient (n) indicates the stoichiometry of the complex 

formed between the receptor and anion during transmembrane movement.277 In this case, 

a value of 2 was returned for each receptor, indicating that during transmembrane 

transport, one molecule of anion is assisted across the membrane through encapsulation 

by two molecules of receptor. Furthermore, the maximum rate of efflux for each 

transporter at 1 mol% loading (kmax) agreed with the trend reported for transport efficacy. 

In addition, as a method to verify these results obtained, the same process was repeated 

using the NMDG-Cl assay, which again returned the same pattern of activity, verifying 

our observations.  

With the information that each compound tested can effectively transport Cl- across 

synthetic Unilamellar vesicle membranes, we sought to elucidate this mechanism of 

transport, using cationophore coupled assays (figure 2.10). In this assay, vesicles are 

loaded with 300 mM KCl, and suspended in equimolar KGlu (Potassium Gluconate), and 

both solutions are buffered to pH 7.2 using 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). In these assays, the highly hydrophilic Glu- 

anion is unable to permeate the membrane, and thus the specific Cl- transport mechanism 

can be elucidated. To do this, transporter is added as previous initially, followed by 

subsequent experiments in the presence of Valinomycin and Monensin. Valinomycin is a 

K+ uniporter, and when coupled to anionophores the sole transport of Cl- is made possible, 

also referred to as electrogenic transport. Contrarily, Monensin acts as a K+/H+ exchanger 

in lipid systems, and thus when coupled symport mechanisms take precedent (H+/Cl-) and 

are electroneutral in nature. This is as monensin balances the charge build up from Cl- 

transport, by transport of H+ in the opposing direction. For these assays, each experiment 

was run at a transporter concentration which gave rise to approximately 80% Cl- efflux 

in model lipids.   
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Figure 2.10. Chloride efflux facilitated by 2.24 (A), 2.25 (B), 2.26 (C), and 2.27 (D) (2.5 

mol%) as a free transporter (red), coupled to monensin (blue) and coupled to valinomycin 

(green) in the cationophore coupled assay. Each data point is the average of two repeats 

with the error bars showing the standard deviation. A run of pure DMSO was used as a 

control. 

From these assays, it was observed an increase in transport rate for each compound when 

coupled to either cationophore. This result indicates that each compound is capable of 

both Cl- uniport and H+/Cl- symport, however, through calculation of the ratio of 

maximum Cl- efflux rate when coupled to cationophore (kmax (val) / kmax (mon)),278 we 

returned a value greater than 1 for each, indicating a higher propensity for Cl- uniport, 

across the series, with 2.24 showing the highest electrogenicity of any compound tested.  

A)

C) D)

B)
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2.8: Antimicrobial susceptibility assays  

With the strong chloride affinity and potent transmembrane chloride transport of 2.24 – 

2.27 we sought to ascertain whether this may yield anti-microbial properties. Each 

compound was screened for activity across a range of bacterial pathogens 

(Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus (MRSA), 

Pseudomonas aeruginosa, and Klebsiella pneumoniae), using a modified antibacterial 

susceptibility assay.279 From these experiments, growth inhibition by 2.25 against both S. 

aureus, and MRSA was observed. No activity was observed against any of the Gram-

negative pathogens tested suggesting that the secondary membrane present in these 

organisms inhibits transport activity. Following this – we performed an antimicrobial 

susceptibility assay, in line with CLSI defined standards, to determine minimal inhibitory 

concentrations (IC50/IC80) of 2.25 against both S. aureus and MRSA. The IC50 and IC80 

values are defined as the minimal concentrations of 2.25 required to inhibit S. aureus 

growth by 50% or 80%, respectively, after 24 hr. IC50/IC80 values were determined 

through varying treatment concentrations in a 96-well plate where cells were grown at 

37° C and Optical Density was measured at 600 nm after 24 h (figure 2.11).  

 

Figure 2.11. Percentage growth of S. aureus (A) and MRSA (B) in the presence of 

compound 2.25 relative to the control. Cultures grown overnight were treated with 

compound 2.25, incubated at 37 oC and growth was quantified after 24 h. All values are 

the mean + S.E.M of eight samples. 
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A concentration of 2.5 µM resulted in 51% growth inhibition of S. aureus, relative to the 

control, indicating an approximate IC50 value of 2.5 µM for 2 against S. aureus. The 

highest concentration, 80 µM inhibited growth of S. aureus by approximately 75%. 

Concentrations of 3.1 µM and 1.6 µM gave 60% and 40% growth inhibition of MRSA 

relative to control, respectively, thus the IC50 value for compound 2.25 against MRSA is 

approximately 2.35 µM. This value correlates to the definitive IC50 value of 2.5 µM 

observed against S. aureus. This compares well to a recently reported IC50 value of 6 µM 

against S. aureus and MRSA for Monensin,138 indicating that 2.25 has a clinically relevant 

activity when compared against known antimicrobials. Furthermore, a concentration of 

100 µM resulted in 80% growth inhibition relative to the control, and as such 100 µM 

can be considered the IC80 value for compound 2 against MRSA. 

Antimicrobial susceptibility assays were also performed with compounds 1.5 and 1.6 

which are known anion transporters (figure 2.12). 1.6 has been shown to carry out Cl- 

transport in mammalian cells resulting in induction of caspase-dependent apoptosis by 

perturbing cellular chloride homeostasis.92 It was expected that if the antimicrobial effect 

was due solely to anionophoric ability, 1.5 and 1.6 should also exhibit significant activity. 

This was not found to be the case. When assays were repeated with 1.5 and 1.6 against S. 

aureus, a significantly lower level of activity was observed compared to 2.25. At a 

concentration of 200 µM, 50% growth relative to control was exhibited in both cases. 

This indicates that the antimicrobial characteristics of 2.25 may be more nuanced and not 

just a facet of anion transport efficiency. Nonetheless, it is highly likely that the effect is 

intrinsically linked to anion transport ability, and we wished to investigate this further.  
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Figure 2.12. The synthesis of 1.5, and 1.6 (A) and Percentage growth of S. aureus in the 

presence of compound 1.5 (B) and 1.6 (C) relative to the control. Cultures grown 

overnight were treated with the respective compound, incubated at 37 oC and growth was 

quantified after 24 h. All values are the mean + S.E.M of eight samples. 

Another concern regarding the activity of 2.25 was whether resistance would develop to 

2.25. To ascertain this, S. aureus was exposed to compound 2.25 at a concentration of 2.5 

µM for a period of 10 days, with repeated subculturing daily to allow for sufficient 

adaptation. After this period, we found a low level of acquired resistance to compound 

2.25, where the IC50 increased from 2.5 µM to 4.69 µM (figure 2.13). When compared to 

other clinical antimicrobials, this level of acquired resistance is extremely low. For 

example, when compared to the degree of change in IC50 for Ciprofloxacin, when 

resistance is acquired through point mutation of grlA and gyrA. This mutation yields an 

IC50 increase from 0.125 – 0.25 µg/mL to 16 – 32 µg/mL, which corresponds to a 128-

fold increase in IC50.280 This increase in inhibitory concentration is more severe than the 

acquired resistance to 2.25 (approx. 2-fold increase). This result also suggests that the 

B) C)

A)
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efficacy of 2.25 may be due to a non-canonical mechanism of action and highlights its 

ability to evade resistance. 

 

Figure 2.13. (A) Percentage growth of S. aureus in the presence of compound 2.25 

relative to the control, following incubation with 2.25 for a period of 10 days at 2.5 mM. 

(B) in-vitro cytotoxicity analysis of 2.24 (brown), 2.25 (red), 2.26 (pink), 2.27 (teal), and 

DMSO (blue), against HaCaT cells, determined using an Almar Blue assay.   

To ascertain the clinical applicability of 2.24 – 2.27, in-vitro cytotoxicity assays against 

HaCaT cell lines were carried out by Dr Finbarr O’Sullivan (NICB, DCU), using an 

Almar blue assay (figure 2.13).  Compounds 2.24 – 2.27 showed little toxicity to the cell 

line until a concentration of approx. 10 µM, 4x the concentration of the IC50 for S. aureus 

growth. The order of cytotoxicity for compounds 2.24 – 2.27 was determined to be 2.25 

> 2.27 > 2.24 > 2.26. Encouraged by this, in-vivo toxicity was also investigated using the 

model organism Galleria mellonella.281-285 Using established protocols, G. mellonella 

were treated with a concentration range of 2.25 from 3 – 300 µM, where even at the 

highest administered dose there was no observed toxicity. With this knowledge, an 

infection model was also established in G. mellonella (figure 2.14). Larvae were initially 

infected with an experimentally determined LD50 dose of S. aureus, and after a 30 min 

incubation time, to allow for establishment of infection were treated with 2.25 to a 

concentration of either 50 or 150 µM. After a period of 96 hr, it was observed that the 

survival rate of G. mellonella was at 40% when compared to a 27% rate of survival for 

A) B)
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those infected and untreated with 2.25. This is an important result as it highlights the low 

toxicity in-vitro and in-vivo, of 2.25 while also showing its ability to prolong larval 

survival when systemically infected with S. aureus. 

 

Figure 2.14. in-vivo survival of G. mellonella upon treatment with 2.25, following 

systemic infection with S. aureus. Larval survival was monitored over the course of 96 

hrs and is represented as mean survival (+ S.E.M) (n = 3, sample size = 10).  

2.8.1: Determining bacterial uptake of 2.25 

Given the exciting results discussed above, we wished to further investigate the 

underlying mechanism of action. The inherent emission characteristics of compound 2.25 

allowed the use of fluorescence microscopy confirm bacterial membrane permeability 

and uptake (figure 2.15). An overnight culture of S. aureus treated with 2.25 at 

concentrations of 3, 10, 50, and 100 µM for 30 mins resulted in clearly observable 

fluorescent signals (λexc = 420 nm) localised to bacterial cells. Interestingly, bacteria were 

observed to be self-adhering, forming clumped aggregates in response to 2.25. This 

behaviour was not observed in control samples. It has been well documented that bacterial 

auto-aggregation is a protective mechanism brought about by chemical stressors being 

introduced to the environment.286, 287 These results confirm both the uptake of 2.25 into 

S. aureus but also further confirm the potent effect it has on bacterial behaviour. 
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Moreover, Z-stack experiments confirmed that the observed fluorescence was shown to 

be uniformly in three dimensions and corresponded to 2.25 being located inside the 

bacterial aggregates and not concentrated on the periphery. 

 

Figure 2.15. Fluorescent microscopy images of S. aureus samples upon treatment with 

Compound 2.25 at varying concentrations. A) 3 µM, B) 10 µM, C) 50 µM, D) 100 µM. 

Images were acquired using a Photometrics CoolSnap HQ2 camera, mounted on a Nikon 

TiE fluorescent microscope. Images were acquired through a 60x objective oil immersion 

lens, where the scale bar represents a distance of 20 µm. 

To ascertain whether the anionophoric ability of 2.25 results in an increase in cytosolic 

Cl- concentration, an assay previously outlined by Ko and co-workers was performed.288 

An overnight culture of S. aureus was pre-treated with N-ethoxycarbonylmethyl-6-

methoxyquinolinium bromide (MQAE), for 1 h at 37 ˚C before treatment with compound 

2.25 at various concentrations for 5 min, whereafter fluorescence emission was measured 

(figure 2.16). Treatment with 2.25 (3, 10, and 30 µM) resulted in a rapid, concentration 

A) B)

C) D)
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dependent decrease in fluorescence output from MQAE, centred around 460 nm, 

indicating a rapid increase in cytosolic Cl- concentration in response to 2.25. 

The observed decrease in MQAE fluorescence, taken together with the results of the lipid 

vesicle experiments suggests 2.25 acts to rapidly import Cl- into bacterial cells. Whilst 

known in bacteria, CIC chloride channels and transporter proteins are poorly understood 

and are observed in relatively low abundance endogenously.289 Thus, we suspect that the 

fluorescence quenching response observed from MQAE is primarily a direct result of 

facilitated transport by 2.25. Moreover, in the absence of compound 2.25 basal cytosolic 

chloride concentration remains unchanged – resolved using time dependent fluorescent 

measurement of MQAE fluorescence. This further indicates that the reduction in 

fluorescence observed is likely correlated to 2.25’s propensity for anion transport. 

 

Figure 2.16. Percentage fluorescence of MQAE (λem = 460 nm) relative to control 

(untreated), in S. aureus cells upon treatment with various concentrations of Compound 

2.25 with incubation of 5 min, whereafter fluorescence output was quantified. All values 

represented are the mean + S.E.M of 3 samples. 

As cytosolic Cl- concentration is evidently increased by the presence of 2.25, we wished 

to further investigate its biological impact on bacterial cells. A triphenyl-tetrazolium 

chloride (TTC) assay to monitor cellular respiration was carried out to ascertain whether 
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the activity of 2.25 is reliant on the abundance of free Cl- ions in solution, where the “into-

cell” transport of chloride gives rise to therapeutic effect. 

2.8.2: Assessment of cellular respiration using the TTC assay 

It has been established that the unanticipated or facilitated influx of Cl- ions into 

mammalian cells can exert a toxic effect leading to cell death.290, 291 With the observed 

potent anionophoric activity displayed by 2.25, we sought to elucidate whether the 

absence of free Cl- in solution would attenuate its efficacy. Following standard 

procedures, a TTC assay for monitoring cellular respiration was carried out in three buffer 

systems: Hank’s buffered salt solution (HBSS), Cl- free HBSS and Na+ free HBSS. S. 

aureus cells were treated with 2.25 for 5 h before growing in the presence of 0.5 mg/mL 

TTC. Samples were incubated at 37 °C for 18 h, whereafter formazan production was 

quantified – indicating cellular respiration levels after treatment (figure 2.17). In HBSS 

buffer S. aureus respiration was decreased in a dose-dependent fashion, with 100 µM 2.25 

resulting in a 75% reduction in cellular respiration. When the experiment was repeated in 

HBSS buffer where Cl- was replaced with equimolar gluconate, the effect on cell viability 

was completely attenuated. Similarly, the replacement of Na+ with choline also gave rise 

to an equal attenuation of activity. Taken together, these experiments suggest that the 

effect of compound 2.25 is dependent on the presence of sufficient extracellular Cl- and 

Na+ ions, and acts as an “into-cell” transporter. This is believed to be a result of charge 

dependency with regards to transport, where sodium influx is also integral to the observed 

activity of 2.25. It has previously been reported the influx of Na+ cations in response to 

synthetic transporter induced Cl- influx is dictated largely by the presence of native 

sodium ion channels on cell membranes.288 We hypothesise this dependency on both Cl- 

and Na+ ionic abundance for activity is due to the transport coupling between synthetic 

transporter and native ion channels to maintain a net-neutral charge and seek ionic balance 

within cells. 
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Figure 2.17. Percentage cellular respiration relative to the control, upon treatment with 

Compound 2.25 in various buffer systems. Blue = Hank’s buffered salt solution (HBSS), 

Orange = Cl- free HBSS buffer, Green = Na+ free HBSS buffer. Cells were treated with 

varying concentrations of Compound 2.25 for 5 h before incubation with TTC at 37 0C 

for 18 h. All values represented are the mean + S.E.M of 24 samples. 

The above results suggest that both Na+ and Cl- ions are required for 2.25 to exert its 

inhibitory effect and that this effect is closely correlated to its ionophoric activity. To 

further elucidate the effect of 2.25 and the associated ionic dysregulation, label free 

quantitative (LFQ) proteomics was carried out.   

2.9: LFQ proteomic analysis of S. aureus cellular response to treatment with 2.25 

LFQ proteomics is used to compare proteomes of a cell or organism in response to a 

stress, or stimulus and it is an invaluable technique in the characterisation of potential 

modes of action of compounds. To investigate the S. aureus proteomic response to 

compound 2.25 and further evaluate its mode of action, in-vitro LFQ proteomics was 

performed on whole cell lysates, according to literature, with minor modifications.282 To 

elicit a change in the proteome in response to treatment, S. aureus was grown in the 

presence of compound 2.25 (3 µM) for a total of 6 h, to early stationary phase. This 
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concentration was chosen based on the IC50 value determined through treatment with 

varying concentrations of 2.25 (figure 2.18).  

 

Figure 2.18. Growth response of S. aureus cultures from an overnight culture brought to 

stationary phase (T0 OD = 0.05) when treated with sub-lethal concentrations of 2.25, over 

a 6 hr growth period. 

The experiment identified a total of 1351 proteins via Perseus and following filtration 

steps to remove potential contaminants and misidentified peptides, a total of 548 proteins 

remained. Filtered proteins were subjected to a principal component analysis which 

demonstrated a large degree of difference between treatment and control (figure 2.19). A 

total variance of 90.6% was found between treatment and control, illustrating a large 

proteomic shift in response to treatment with 2.25. 
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Figure 2.19. Principal component analysis (PCA) of treated (orange) & untreated (blue) 

S. aureus samples. 

A total of 534 proteins were identified as present in both samples, with 10 proteins being 

exclusive to control, and a further four exclusives to treatment. Post-imputation, it was 

determined a total of 228 proteins were statistically significant and differentially abundant 

(SSDA), pairwise test with a cut-off of p < 0.05 and a minimum fold change of 1.5. 

Samples were subjected to hierarchical clustering of z-score normalised intensity values. 

All SSDA proteins (n = 228) were resolved as such, and subsequently visualised by 

heatmapping (figure 2.20). Perseus allows for the generation of protein intensity 

heatmaps based on their median expression trends. Whereupon a set of two distinct major 

protein clusters, 1 and 2, with three replicates from relevant conditions in each were 

identified. SSDA proteins observed in lower abundance in treatment compared to control 

are clustered in protein group 1, where SSDA proteins observed in higher abundance in 

treatment compared to control samples are clustered in protein group 2.  
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Figure 2.20. Two way unsupervised hierarchical clustering of the median protein 

expression levels of all statistically significant, differentially abundant proteins (SSDA), 

(n = 228). On the basis of similar expression trends, proteins are grouped into clusters 

(protein group 1 or protein group 2). These clusters are then grouped together as replicates 

into hierarchical clusters (columns). 

The volcano plot illustrates the distribution of all 548 filtered proteins and altered protein 

abundance levels in treatment versus control samples (figure 2.21). When treated with 

2.25, the most statistically significant, differentially abundant proteins which were 

observed in higher abundance include: Glycyl-glycine endopeptidase LytM (16.66 – fold) 

associated with cell-wall organisation, ArsA family transcriptional repressor (13.73 – 

fold), Chaperonin (11.89 – fold) which is linked to stress-response protein folding, 

Starvation-inducible DNA-binding protein (10.39 – fold), Superoxide dismutase 1 (10.25 

– fold), Cold shock protein CspA (8.09 – fold), Fibronectin-binding protein A (8.09 – 

fold) which relays a self-adhesion response, Thioredoxin reductase (7.01 – fold) which 

regulates cell redox homeostasis & detoxifies, Cold-shock protein CspC (5.61 – fold), 

50s ribosomal protein L29 (4 – fold), Organic hydroperoxide resistance protein (3.31 – 

fold) which induces a response to oxidative stress, and Alkaline shock protein 23 (2.85 – 

fold). 
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Figure 2.21. Volcano plot for visualisation of protein abundance from S. aureus in 

response to treatment with compound 2.25 for 6 h. Protein distributions are based on their 

relative significance (Log10P value)(y) graphed against the fold change (Log2 LFQ 

intensity difference)(x). Proteins of statistical significance (p value < 0.05) are found 

above the horizontal orange line. Proteins of interest are annotated with those increased 

in expression shown as orange or to the right of the blue vertical line and those decreased 

in expression shown as blue or to the left of the vertical blue line. Proteins of interest have 

a fold change of ≥1.5. 

Conversely, the most statistically significant, differentially abundant proteins which were 

observed in lower abundance in response to treatment with compound 2.25 were: Lipase 

1 (62.82 – fold) which is responsible for lipid breakdown at the cellular frontier, 

Carbamoyl-phosphate synthase large chain (23.94 – fold) & small chain (20.16 – fold) 

which are both responsible for UMP, pyrimidine & arginine biosynthesis via the 

metabolism of glutamine, alpha-hemolysin (19.9 – fold) which is an extracellular 

virulence factor, Leukocidin LukS (16.44 – fold) which causes hemolysis of other 

organisms, N-acetylmuramoyl-L-alanine-amidase (11.67 – fold) which is responsible for 

the  breakdown of cell-wall peptidoglycans, amino acid ABC transporter AA-binding 
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protein (7.96 – fold) which is responsible for ligand-gated transmembrane ion transport, 

Succinyl-CoA ligase subunit alpha (6.56- fold) & beta (6.95 – fold) associated with the 

TCA cycle, and Leukotoxin LukD (4.54 – fold) & LukE (4.37 – fold). 

Table 2.4. Top ten characterised SSDA proteins (t-tests, p<0.05) increased (positive 

value, fold change), & decreased (negative value, fold change) in abundance in S. aureus 

treated with 3 µM Compound 2.25 and incubated at 37 0C for 6 h, with comparison to 

non-treated samples of S. aureus.  

Protein name Gene name Peptides 
Sequence 
coverage 

(%) 
Score Fold 

Change 

PhnB protein SAOUHSC_02912 10 57.7 207.66 +19.63345 

glycyl-glycine 
endopeptidase LytM lytM 4 20.9 56.465 +16.65735 

ArsR family transcriptional 
repressor SAOUHSC_02388 4 61.3 163.01 +13.73055 

chaperonin groS 11 72.3 323.31 +11.88913 
4-oxalocrotonate 

tautomerase SAOUHSC_01362 9 95.1 135.75 +11.10279 

superoxide dismutase 
[Mn/Fe] 1 sodA 19 95 323.31 +10.25094 

Protease I SAOUHSC_02013 16 93 323.31 +8.554643 
TatD family hydrolase SAOUHSC_00462 10 55.6 158.36 +8.418764 

cold shock protein CspA CspA 7 97 323.31 +8.089624 
fibronectin-binding protein 

A fnbA 7 12.8 119.43 +8.085119 

Isocitrate dehydrogenase 
[NADP] SAOUHSC_01801 34 77.7 323.31 -15.42001 

Fumarate hydratase class II FumC 18 50.3 323.31 -16.42355 
panton-Valentine 
leukocidin LukS hlgC 25 79.4 323.31 -16.44461 

glyceraldehyde-3-phosphate 
dehydrogenase 2 SAOUHSC_01794 23 72.1 323.31 -16.70778 

NAD-dependent 
epimerase/dehydratase SAOUHSC_00535 22 87.2 323.31 -17.97402 

citrate synthase SAOUHSC_01802 17 79.3 323.31 -18.35431 
alpha-hemolysin hly 32 73 323.31 -19.89686 

Carbamoyl-phosphate 
synthase small chain carA 15 55.2 323.31 -20.16075 

Carbamoyl-phosphate 
synthase large chain carB 50 56 323.31 -23.93704 

lipase 1 lipA 45 55.7 323.31 -62.82477 

In an effort to identify biological pathways and networks of proteins which are linked 

between SSDA proteins increased and decreased in abundance, the STRING database 

was used to compile and visualise protein networks (figure 2.22). Resultant pathways 

decreased in abundance were found to be involved in; ‘de-novo’ amino acid biosynthesis, 
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50s ribosomal protein synthesis, virulence factors and aerobic respiration (TCA cycle). 

Protein networks which were observed in higher abundance upon treatment include: 30s 

ribosomal protein synthesis and translation, transmembrane glucose transport, self-

adhesion and clumping factors, compensatory protein folding and cellular responses to 

oxidative stress.  

 

Figure 2.22. STRING analysis of protein networks decreased (A), & increased (B) in 

abundance in S. aureus treated with 3 µM 2.25 for 6 h Vs. untreated controls. Data 

accrued from the STRING database using UniProt IDs from SSDA proteins from multiple 

sample t tests (p < 0.05) details the interactions between individual proteins, or 

corresponding pathways (highlighted in distinct colours & labelled). (A) Protein 

pathways observed to be downregulated in response to treatment. (B) Protein pathways 

observed in increased abundance upon treatment with compound 2.25. 

Taking the above results together it is apparent, through the use of LFQ proteomics, that 

S. aureus cells experience a dramatic alteration to their proteome in response to treatment 

with 2.25. This technique has provided further evidence toward the mechanism of action 

of 2.25 and the cellular response brought about by its anionophoric ability. The proteomic 

response to treatment appears to predominantly be membrane localised activity which we 

suspect is a result of homeostatic imbalance. With regard to membrane localised activity, 
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SSDA proteins which indicate this activity include: Lipase 1 (66.82 – fold decrease), N-

acetylmuramoyl-L-alanine-amidase (11.67 – fold decrease), and Glycyl-glycine 

endopeptidase LytM (16.66 – fold increase). This decrease in Lipase 1 abundance is 

believed to diminish lipid membrane metabolism. Lipase 1 plays an integral role in the 

breakdown of lipids which are essential for membrane stability, and thus lower lipase 1 

abundance may infer an attenuation of membrane lipid metabolism. Additionally, Glycyl-

glycine Endopeptidase LytM is a cell wall localised endopeptidase which acts to stimulate 

cell wall organisation in response to cell division or dramatic environmental changes.292 

Moreover, LytM plays an integral role as a bifunctional autolysin where its autolytic 

pathogenic function is elicited in response to an attenuation of other virulence proteins in 

S. aureus. It is also clear that 2.25 elicits a dramatic decrease in virulence factor 

abundance. Supporting this is the decreased abundance of N-acetylmuramoyl-L-alanine-

amidase which is a bifunctional autolysin which plays an integral role in the hydrolysis 

of cell wall peptidoglycans and exerts a lytic effect on host cells.293 This attenuation of 

virulence factor production can be rationalised by as an induced stress response to 2.25. 

S. aureus has been noted to be “disarmed” by various therapeutic agents, where this 

attenuation of virulence factor activity allows for host cells to deal with the infection more 

expeditiously.294, 295 It has also been noted that molecules which possess the capacity to 

attenuate virulence in S. aureus and other species are of particular interest for the 

management and treatment of infections.294-296 

It has previously been demonstrated that therapeutic agents which exert activity by 

increasing cytosolic chloride content can induce ROS formation. Whilst not intrinsically 

linked, it has also been shown that rationally designed anionophores cause increase of 

ROS in cells.73,74 In the case of 2.25, we see evidence for this. From LFQ proteomic data 

we see an increased abundance of proteins that sequester and remediate ROS under 

oxidative stress. Exemplary SSDA proteins observed, linked to ROS remediation include: 
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Cold shock protein CspA (8.09 – fold), Cold-shock protein CspC (5.61 – fold), 

Superoxide dismutase 1 (10.25 – fold), Thioredoxin (7.01 – fold), Organic hydroperoxide 

resistance protein (3.31 – fold), and Alkaline shock protein 23 (2.85 – fold). Whilst not 

cognately linked to ROS remediation in S. aureus, it has been widely documented that 

Cold Shock and Alkaline Shock proteins relay an oxidative stress response towards ROS 

in cells.297, 298 However, Superoxide dismutase 1, Thioredoxin reductase, and Organic 

hydroperoxide resistance protein are all critical in the cellular response to oxidative stress 

and in dealing with intracellular ROS.299-301 In addition to these two mechanistic insights, 

LFQ proteomics indicates that 2.25 induces a decreased level of cell division, protein 

biosynthesis, and as previously noted, an attenuation of virulence. 

Taken together, this evidence suggests a sodium chloride-dependent activity exerted by 

2.25 that has been shown to induce oxidative and osmotic stress through the use of LFQ 

proteomics These results are strong evidence to support the use of 2.25 as a non-canonical 

therapeutic motif for the management and treatment of S. aureus infections.  

As a final experiment to check the validity of our results, LFQ proteomics was repeated, 

this time in the absence of chloride. Given our conclusions from the previous section we 

expected that experiments in the absence of chloride should give a significantly different 

proteomic response from S. aureus. 

LFQ proteomics was again performed on whole cell lysates. S. aureus was grown in the 

presence of compound 2.25 (3 µM) for a total of 6 h, to early stationary phase, but this 

time in Hanks Buffered salt solution containing no chloride (HBSS-Cl free). In addition, 

untreated cells were grown in HBSS-Cl free, and Nutrient broth solutions. This was done 

to replicate the previous set of conditions, and to allow for visualisation of proteomic 

shifts in response to the varying media, and treatment conditions. On this occasion, 1677 

proteins in total were identified via Perseus, where following filtration steps to remove 

likely contaminants and misidentified peptides, a total of 1616 proteins remained. From 
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this, all proteins were identified as present in all three samples, with 0 proteins being 

exclusive to their relevant dataset. Following imputation steps, it was determined a total 

of 1261 proteins were SSDA, (multiple sample T test) (ANOVA, p ,0.05) with a minimum 

fold change of 1.5. As before, filtered proteins were subjected to PCA which 

demonstrated a moderate degree of variance amongst all three conditions. A total variance 

of 65.8% was found between all three sample sets (figure 2.23).  

Interestingly, the variance between nutrient broth and both HBSS sample sets is more 

pronounced than the disparity between HBSS Cl- free and HBSS Cl- free w/ treatment 

which we ascribe to the differing nutrient composition in NB, and the lack thereof in 

HBSS media. 

 

Figure 2.23. Principal component analysis (PCA) of S. aureus samples cultured in 

Nutrient broth (blue), Hanks buffered salt solution Cl-free (red), and Hanks buffered salt 

solution Cl-free, supplemented with 3 µM Compound 2.25 (green). 

Based on the clustering of z-score normalised intensity values, samples were again 

subjected to hierarchical clustering. All SSDA proteins (n = 1261) were resolved as such, 

and subsequently visualised by heatmapping as before (figure 2.24). A set of three distinct 

major protein clusters, 1, 2, and 3, with four replicates from relevant conditions in each 

were identified. This clustering visualised by heatmapping illustrates a somewhat 

disordered intensity trend within each distinct group. Indeed, group 1, 2, and 3 protein 

intensities all show a lack of trend with respect to alterations in intensity. Indeed, this lack 
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of trend regarding median expression suggests that treatment with 2.25 in Cl- free media 

is not the main cause of proteome alteration of S. aureus in these samples.  

 

Figure 2.24. Three-way unsupervised hierarchical clustering of the median protein 

expression levels of all statistically significant, differentially abundant proteins (SSDA), 

(n = 1261). On the basis of similar expression trends, proteins are grouped into clusters 

(protein cluster 1, protein cluster 2 or protein cluster 3). These clusters are then grouped 

together as replicates of four into hierarchical clusters (columns). 

When datasets from HBSS Cl- free conditions were subjected to a STRING analysis to 

compare protein pathways observed in higher or lower abundance, it was noted that the 

primary cellular pathways decreased in abundance upon treatment with 2.25 were; 

primarily those related to ribosomal biogenesis, and amino acid biosynthesis. Proteins 

observed in lower abundance were similar to original data sets, despite the removal of Cl- 

from the media and thus can be deemed as less important than proteins which were 

observed in higher abundance. These were; the TCA cycle, peptidoglycan biosynthetic 
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processes, cell cycle, and cell division. Indeed, having observed active cell division upon 

treatment with 2.25 but in the absence of Cl-, further supports our assertion that 2.25 

requires the presence of Cl- for activity. Had this not been the case, inhibition of the cell 

cycle and active cell division would still have been possible in the presence of 2.25 under 

Cl- free conditions. Further protein networks observed in increased abundance, are 

located primarily at the periphery of the cell, at the envelope and cytoplasmic cell 

membrane, further supporting the replication process observed. Whilst there is an 

increase in proteins related to oxidoreductase activity, because of treatment with 2.25, 

this heightened presence is not entirely unexpected. The heightened presence of these 

proteins can be ascribed to the nutrient deficient nature of the media, HBSS. However, 

the results also indicate (although poorly defined) some secondary effects that may be 

brought about by 2.25 and further experiments and further experiments will be required 

to fully elucidate any alternatives modes of action. 

Overall, however, the results of LFQ proteomics carried out in the absence of chloride 

does not show the same proteomic response seen in the presence of chloride and suggests 

that an abundance of chloride is integral the main antimicrobial activity of 2.25.  

2.10: Chapter conclusions 

In conclusion, we have synthesised and characterised an entirely new anion binding motif 

– so-called ‘squindoles’ that take advantage of both NH and CH interactions to bind 

chloride with high affinity. X-ray crystallography of all compounds confirmed the desired 

trans geometry of the indoline relative to the cyclobutene ring that forms a heterotopic 

central binding pocket reminiscent of that observed in symmetric squaramides. 

Compounds 2.24 – 2.27 display bright green fluorescence that is not modulated in the 

presence of less-basic anions such as chloride. 1H NMR anion binding titrations 

confirmed high affinity chloride binding in all cases and lipid vesicle transport assays also 

confirmed their ability to transport chloride across a model lipid bilayer. Compound 2.25, 



A chemical biology toolkit to study supramolecular antimicrobial agents 

 99 

that contains a 3,5-bis(trifluoromethyl)aniline in its structure is shown to be amongst one 

of the most efficient anionophores reported to date (EC50 = 0.21 mol%) acting through a 

combination of Cl- uniport and H+/Cl- symport. Importantly, these results confirm that 

replacing the potent hydrogen bonding NH group with an olefinic CH hydrogen bond 

does diminish binding or transport activity to any great extent. A series of antimicrobial 

susceptibility assays demonstrated that 2.25 is also a potent anti-microbial agent against 

both S. aureus and MRSA with a clinically relevant IC50 value of 2.5 µM. Subsequent 

experiments utilising confocal microscopy, and fluorescence spectroscopy confirmed that 

2.25 is rapidly internalised by bacterial cells, promotes an influx of Cl- into the cell and 

triggers a significant change in macrocellular morphology. Furthermore, assessment of 

cellular respiration in the presence of 2.25 confirms a dose dependent toxicity towards S. 

aureus that is completely attenuated in the absence of either Cl- or Na+ ions. This 

important result confirms the pivotal role NaCl concentration has in the activity of 2.25 

as an antimicrobial agent. Finally, LFQ proteomics revealed that S. aureus cells 

experience a dramatic alteration to their proteome in response to treatment with 2.25 with 

a decreased level of cell division, reduced protein biosynthesis and an attenuation of 

virulence factors. Taken together, the results suggest a sodium chloride-dependent 

activity that induces membrane perturbation and oxidative stress and ultimately cell 

death. LFQ proteomics carried out in the absence of Cl- did not show the same proteomic 

response and confirms the necessity of Cl- to the antimicrobial activity of 2. 

Overall, this represents the first detailed mechanistic insight into the anti-microbial 

activity of synthetic transmembrane anion transporters. It confirms their potential as a 

new approach to fighting AMR and suggests a mechanism of action directly linked to a 

perturbation of sodium chloride homeostasis that circumvents resistance mechanisms in 

MRSA. This chapter has served to lay the foundation for the chemical biology toolkit by 
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which we hope to study subsequent anion transporters, which may act as antimicrobials, 

in subsequent chapters.  
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3.1: Introduction 

In chapter two it was discussed in depth how squaramide based anion transporters can act 

as effective antimicrobial agents, delving into their mechanism of action using chemical 

biology techniques. These compounds, with their high association constants towards Cl-, 

and high transport capacity, show high levels of antimicrobial activity. However, the 

spectrum of activity for these compounds is limited to Gram-positive pathogens.  

The WHO has highlighted seven pathogenic species as a priority group of “ESKAPE” 

pathogens, which are the species in most need of effective treatments for. Of these, only 

two are Gram-positive species,165 namely; Staphylococcus aureus, and Enterococcus 

faecium. Traditionally, antimicrobial drug development for the Gram-negative species of 

this group is wrought with difficulties, arising from evolutionary implements, such as 

Efflux pumps, and an array of enzymatic inactivators of drugs.302 Indeed, as we have 

previously seen the development of antimicrobials targeting Gram-negative microbes is 

challenging, as their dual-layered cell membranes inhibit the accumulation of 

antimicrobial agents in the cell, acting as biological barriers to activity.303 Furthermore, 

with the continual emergence of multidrug resistance and limited options for the treatment 

of Gram-negative bacterial infections in the clinic, there is a clear need to tackle this 

unmet issue. 

In recent times, the use of trojan horse approaches to drug development has seen successes 

in developing effective treatment for Gram-negative infections.304, 305 This strategy 

outsmarts the hurdle of secondary membranes by hijacking nutrient uptake mechanisms 

to bolster the penetration efficiency of a multitude of payloads (i.e. imaging 

agents/dyes,306 radiolabels,307 and antibiotics308). Of these approaches, the use of 

siderophores to exploit iron acquisition mechanisms in bacteria for delivery of 

therapeutics is gaining significant traction (Figure 3.1).  
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Figure 3.1. The structures of well-studied siderophores, highlighting their Fe(III) binding 

motifs. Enterobactin, 3.1, is a catecholate-type siderophore (blue) produced by E. coli.309 

Desferrioxamine B, 3.2, is a hydroxamate-type siderophore (red) utilised in clinics, and 

is produced by members of the actinomycetes order.310 Staphyloferrin A, 3.3, is a 

carboxylate-type siderophore (Green), biosynthesised by S. aureus.311 Pyochelin, 3.4, is 

a mixed-type siderophore containing both carboxylate, and pseudo-catechol (phenolate) 

motifs. Pyochelin is biosynthesised by P. aeruginosa.312 

For bacteria, one of the major nutrients required from exogenous environments is Iron, 

which facilitates a multitude of enzymatic and metabolic functions, enabling growth and 

bolstering pathogenicity.313 Bacteria secrete a wide range of small molecule Iron 

chelators, called siderophores that sequester Iron from host proteins for use by the 

bacterium.314 These newly formed complexes are specifically recognised by outer 

membrane receptors, TonB-dependent receptors.315 These receptors, which also 

constitute a major uptake pathway for carbohydrates, nickel complexes, vitamin B12 and 

heme, are uniquely observed in prokaryotes – constituting a unique and exquisitely 

specific vector for shuttling antimicrobial agents into Gram-negative bacterial cells.315, 316 

Once bound by the respective siderophore, or xenosiderophore at the extracellular plug 

domain of TonB-dependent receptors, they undergo a conformational change inducted by 
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protein-protein interactions of the TonB complex (TonB/ExbB/ExbD) with the N-

terminal TonB box of the TonB-dependent receptor complex.317, 318 Once this 

conformational change occurs, fueled by proton pumping,317 siderophore transport occurs 

into the periplasmic space.  Subsequently, esterase-mediated breakdown of the 

siderophore complex occurs, providing ferric Iron for assimilation, and growth.319 

Since first being described in 1960,320 considerable effort has been made to understand 

the uptake of siderophores in bacteria, and in recent times applying this to the 

development of novel antimicrobial agents, culminating in the progression of cefiderocol 

(fetroja) through clinical trials, and onto clinical approval (figure 3.2).321  

  

Figure 3.2. The structure of cefidericol (fetroja) and the mechanism of its uptake in 

bacteria. A) the chemical structure of recently clinically approved Cefidericol (fetroja), 

3.5. B) The proposed mechanism of uptake of Cefidericol, by bacterial pathogens. 

Reproduced with permission from El-labadidi and co-workers.322 

Several research groups have successfully utilised this approach towards the development 

of siderophore conjugates for antimicrobial, or imaging purposes. Early research by the 

Miller group laid the foundation for this through the synthesis of conjugates containing 

both covalent and cleavable linkers to a variety of antimicrobial payloads.323-326 Building 

upon this, The Brönstrup group have demonstrated the utility of cyclen-derived 

xenosiderophores and other functionalities in the delivery of a multitude of payloads 

(radiolabels, imaging agents, antimicrobial peptides, and more).305, 306, 308, 327-329  
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To facilitate the rise of trojan-horse approaches to antimicrobials, there has also been a 

dramatic increase in the synthetic prowess shown by many groups. From the challenging 

synthesis of complex xenosiderophore scaffolds with differential substitution patterns 

such as DOTAM scaffolds, to the attachment of functional group rich pharmacophores 

and payloads, with exquisite regioselectivity. One of the primary methods to achieve this, 

is by leveraging biorthogonal chemistry technologies to give high substrate specificity 

and selectivity. Biorthogonal chemistries are a subclass of reactions developed in recent 

decades which proceed with high yield in short timeframes, with high specificity and 

selectivity despite the abundance of endogenous functional groups, such as those 

observed in siderophores, and many of the payloads utilised (vide supra). Indeed, the 

2022 Nobel prize in Chemistry was awarded to Barry K. Sharpless, Carolyn R. Bertozzi, 

and Morten P. Meldal for the development of these “click” chemistries. With “click” 

reactions coined originally by Sharpless following his discovery of the CuAAC reaction, 

their application in the field of Chemical Biology also received recognition in this prize, 

with shares being awarded to Bertozzi and Meldal.  

Most commonly used, for these types of substrates are the Copper-catalysed azide-alkyne 

[3+2] cycloaddition (CuAAC), and strain-promoted azide-alkyne [3+2] cycloaddition 

(SPAAC) reactions.305, 306, 308, 327-329 However, in addition there are countless examples of 

similar “click” bioorthogonal reactions, but are not within the scope of this work.330 

CuAAC and SPAAC reactions are discussed, due to the relevance of 1,3-dipolar [3+2] 

cycloadditions within this chapter.  

Originally discovered by Rolf Huisgen in the 1960’s, the 1,3-dipolar cycloaddition was 

seen as a landmark in the field of organic chemistry, as it allowed for the advent of a 

series of other 1,3-dipolar cycloadditions, which for the most part were studied for their 

applications in physical organic chemistry, and in natural product synthesis,331 being 

adopted by stalwarts such as Woodward and Hoffmann.332 Unfortunately, the Huisgen 
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1,3-dipolar cycloaddition fell into relative obscurity for the better part of thirty years, until 

within a five year period, the Sharpless group reported on the dramatic acceleration of the 

Huisgen cycloaddition through the addition of an active Cu(I) catalytic species, thus 

permitting the reactions use at ambient conditions, leading to its rapid adoption by the 

field of chemical biology, which it is synonymous with today (figure 3.3 (A)).333 In the 

case of SPAAC, this reaction was developed by the Bertozzi group, to avoid the need for 

highly-toxic Cu(I) species, when carrying out cycloadditions in living systems, and 

leverages ring strain as a method to bolster reaction kinetics (figure 3.3 (B)).169 

 

Figure 3.3. Generic scheme of “click” CuAAC and SPAAC reactions, and the 

mechanism of the CuAAC reaction. A) Generic reaction scheme for the CuAAC reaction, 

catalysed by Cu(I). B) Generic reaction scheme for the SPAAC reaction, which is 

uncatalyzed, but promoted by inherent cyclooctyne ring strain. C) Catalytic cycle for the 

Cu(I) catalysed azide-alkyne [3+2] cycloaddition reaction.  

With this precedent set by both the groups of Miller and Brönstrup, we aim to utilise 

siderophore conjugates in the selective delivery of anionophores to Gram-negative 

bacteria. To the best of our knowledge, this approach constitutes the first example of 

targeted delivery of a non-canonical antimicrobial agent such as those mentioned 

previously, making use of both targeting and ion-pair association to elicit an antimicrobial 

effect.  

In addition to the use of (xeno)siderophores to deliver antimicrobial agents, considerable 

work has been undertaken on the study and development of agents which mimic 
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siderophores in their action, with many examples of metal complexes and transporters of 

metal-based cations having shown to be excellent antimicrobial agents. The Griffith 

group have contributed significantly to this field in recent times. In addition to similar 

work on Ga(III) MECAM-based siderophore mimics by Brönstrup and co-workers,328 the 

Griffith group have developed a series of non-cytotoxic siderophore-mimicking 

Gallium(III) phenanthroline and 2,2’-bipyridyl complexes which are kinetically inert, but 

show enough dynamic behaviour in solution, to provide Ga(III) nuclei for assimilation by 

the bacterium.334 Bacteria mistake Ga(III) for Fe(III) in most circumstances, up taking 

and progressing the centre into redox processes vital for growth. However, as Ga(III) is 

not a redox active centre it cannot effectively mimic the role of Fe(III) in growth and 

virulence processes, thus leading to cell death.282 Complexes 3.6 – 3.10 were effectively 

shown to possess high levels of antimicrobial activity, which the authors attribute to a 

combination of siderophore mimicry for delivery, the presence of Ga(III) for therapeutic 

effect, and likely latent Fe(III) depletion by ancillary ligands (figure 3.4).   

 

Figure 3.4. Chemical structures of Gallium-based siderophore complexes 3.6 – 3.10.  

Whilst not an example of a siderophore mimic, The Thomas group have shown that 

bioinorganic supramolecular approaches have clear utility in the development of 
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these authors successfully demonstrated the utility of heteroleptic-dinuclear Ru (II) 

polypyridyl complexes as antimicrobial agents (figure 3.5).184, 185 These kinetically inert 

complexes, composed of two symmetrical Ru (II) nuclei, bridged by a tpphz ligand and 

decorated with phenthroline-based ancillary ligands showed high levels of antimicrobial 

activity through a membrane-disruptive, and DNA intercalation-based mechanism of 

action, driven by host-guest association.   

 

Figure 3.5. Chemical structures of heterodinuclear Ru(II) tpphz-bridged Phenanthroline 

complexes 3.11 and 3.12.  

These are clear examples of kinetically inert, minimally dynamic complexes which show 

bacterial growth inhibition through two distinct mechanisms. Diverging from this, toward 

highly dynamic coordination but still relying on the presence of another metal, Sodium, 

is the activity of Monensin A. Monensin A (Figure 3.6, 3.13) is a polyether natural 

product originally isolated from Streptomyces cinnamonensis in 1967.335 Monensin A is 

a unique example of a natural product derived antibiotic, as it is one of the only examples 

of an antibiotic which acts via a supramolecular mechanism, specifically ion transport.  

 

Figure 3.6. Chemical structure of Monensin A, 3.13.  
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Monensin A acts as a receptor for Alkali metals, specifically Na+ where it forms a highly 

transient complex through the multitude of ether coordination sites.136, 139, 336 Once bound 

by Monensin, Sodium is rapidly and effectively trafficked into cells, inducing osmotic 

stress, yielding a plethora of downstream effects, and ultimately cell death.58, 337 

Monensin, and several of its derivatives show activity against a multitude of bacteria, but 

is limited toward Gram-positive species. The Brzezinski group have leveraged this 

pharmacophore extensively in their research, developing pharmaceutically active 

conjugates of monensin, to a variety of alcohols to form monensin ethers,338 amines to 

form amides,339, 340 cinchona alkaloid “click” conjugates,341 and also developed a series 

of monensin-derived ester-linked di- and tripodands.342 Thus, Monensin represents a 

unique motif for conjugation with lead compounds we have developed. In doing so, a 

covalent tether between monensin and squaramide will yield an ion-pair receptor, like 

those desired using a siderophore conjugation approach and will hopefully also be 

endowed with transport and antimicrobial activity. Monensin has been routinely utilised 

in the field of supramolecular chemistry to ascertain anionophoric mechanisms of action, 

but to the best of our knowledge there have been no examples in literature of monensin 

derived ion pair transporters, despite the clear precedence for its use in the development 

of agents as such.  

3.2: Chapter objectives 

The aims of this chapter can be divided into two distinct sections, but both are primarily 

concerned with the synthesis of squaramide-based ion-pair bioconjugates for exploration 

as potential antimicrobial agents targeting Gram-negative bacteria (figure 3.7). The first 

objective of this chapter is to synthesise a series of squaramide-monensin conjugates, to 

ascertain the utility of ion-pair receptors/transporters in the development of novel 

antimicrobial agents. The squaramide scaffold being utilised in this regard resembles 

those previously reported by Busschaert and co-workers, to study if divergence from 
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anion transport to ion-pair transport can bolster the antimicrobial capacity of these weak 

antimicrobial agents. The second aim of this chapter is to synthesise a series of 

differentially di-substituted Squaramide-based siderophore conjugates which display an 

N-aryl linkage, as previously demonstrated in various literature examples, and a second 

substituent which contains a linkage, derived from the indoline nitrogen to a 

hydroxamate-, or catecholate-type siderophore. Appending this siderophore motif to 

previously demonstrated biologically active squaramides, we envisage an expansion of 

the biological spectrum of activity and heightening of activity.  

 

Figure 3.7. Generalised structural breakdown of target ion-pair conjugates, for both 

siderophore and monensin conjugates. 

We envisage these motifs will retain the same anion binding efficacy as their parent 

examples, while also introducing a secondary, cation binding cavity, thus, giving rise to 

a di-topic binding nature of these molecules. The selection of siderophore motifs is based 

upon previous literature examples, and for synthetic accessibility. Hydroxamate 

siderophore introduction is envisaged to give rise to M1L1 system, that preferentially 

binds Fe(III) centres. We hypothesise incorporation of monensin in the same fashion will 

result in the formation of an M1L1 complex between the receptor and Na+, which 

monensin shows high affinity for. What follows in this chapter is a detailed description 

of the highly challenging synthesis of these conjugates, and an analysis of the 

supramolecular and biological properties of the successfully synthesised compounds.   
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3.3: Towards the synthesis of squaramide-monensin conjugates 

3.3.1: Synthetic approaches toward 1st generation target compounds 

Taking inspiration from both the work of Busschaert and co-workers,74 and our previous 

finding that compounds 1.5 and 1.6 are poor antimicrobial agents, despite their high 

binding and transport capabilities, we set out to synthesise ion-pair derivatives of these 

compounds to bolster their antimicrobial capacity, and hopefully endow Gram-negative 

specificity in their spectrum of activity (figure 3.8). Whilst these target compounds were 

found to be inaccessible (vide infra), a discussion of the design logic, synthetic 

approaches and attempts to synthesise these compounds can be found herein.  

 

Figure 3.8. Target structures of Squaramide-monensin conjugates. A) 1st generation 

target compounds. B) 2nd generation target compounds. 

To access both 1st generation target compounds, a synthetic route based on commercially 

available building blocks, and robust synthetic methodologies was devised. Harnessing a 

series of Functional group interconversions (FGIs), orthogonal protection/deprotection 

strategies, amide coupling reactions and nucleophilic substitution reactions we hoped to 

access both target compounds, despite their molecular complexity, in a limited number 

of transformations. Each of the target squaramide-monensin conjugates (both 1st and 2nd 

generation) were designed to compose three distinct fragments, which would 

synthetically converge to give rise to each of the target conjugates. These three fragments 

are as follows; an anion binding fragment for the binding of Cl- ions within the 
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squaramide anion binding cleft, a linker fragment to bridge both anion and cation binding 

fragments, and finally the cation binding fragment which composes monensin, a natural 

product Na+ specific ionophore, which possesses high levels of antimicrobial activity 

(figure 3.9).  

 

Figure 3.9. Retrosynthetic analysis of 3,5-bis(trifluoromethyl)phenyl squaramide 1st 

generation target compound. Red = cation binding fragment, Blue = linker fragment, 

Green = anion binding fragment.  

Initially, to synthesise the target 1st generation conjugates, synthesis was begun with 

assembling the desired trifluoromethylated squarates, which were accessed using 

approaches devised in literature (Scheme 3.1).92 These two trifluoromethylated squarates 

were accessed with relative ease, in moderate yields, facilitated by the simple purification 

through trituration. Indeed, following trituration with Et2O the 1H NMR spectra of each 

was in good agreement with literature, and we progressed to the synthesis of the linker 

fragment.  
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Scheme 3.1. the synthesis of trifluoromethylated squarates, 3.14 and 3.15. reagents and 

conditions: i) triethylorthoformate, EtOH, reflux, 48 hr, 90%; ii) 3,5-

bis(trifluoromethyl)aniline, Zn(OTf)2, EtOH, rt, 18 hr, 71%; iii) 4-trifluoromethylaniline, 

Zn(OTf)2, EtOH, rt, 18 hr, 78%.  

To assemble the linker fragment an amide coupling between commercially available 4-

nitro-2-trifluoromethylbenzoic acid, and tert-butyl N-(2-aminoethyl)carbamate was 

devised (Scheme 3.2). Utilising HBTU and DIPEA as coupling reagents under anhydrous 

conditions, this reaction proceeded with marked ease in an 88% yield, where purification 

was facilitated by precipitation from H2O, and subsequently by column chromatography 

using a 0 - 2% EtOH:DCM gradient as eluent. Once confirmed to be the desired 

compound, through 1H NMR spectroscopy, this nitro benzamide, 3.16, was catalytically 

hydrogenated using Pd/C, to resolve the desired aniline in a near quantitative yield. The 

generation of the desired aniline, 3.17, was apparent when consulting the 1H NMR 

spectrum, and indeed when comparing to the same, of 3.16. The appearance of a distinct 

broad singlet integrating for 2H at 5.55 ppm correlating to that of the aromatic amine, 

provides clear evidence for its formation (figure 3.10).  

 

Scheme 3.2. The synthesis of 1st generation linker fragment, 3.17. reagents and 

conditions: i) tert-butyl N-(2-aminoethyl)carbamate, HBTU, DIPEA, DMF, N2, 48 hr, 

88%; ii) Pd/C, H2, 18 hr, 98%.  
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Figure 3.10. Comparison of the 1H NMR spectra of nitro- and amino-benzamides, 3.16 

and 3.17. A) 1H NMR spectrum of nitro-benzamide linker intermediate, 3.16. B) 1H NMR 

spectrum of amino-benzamide linker fragment, 3.17.  

Moving onto the assembly of the entire squaramide scaffold, the reaction of 3.6 with 3.9 

was chosen as a vector for optimisation. Various conditions were screened to access the 

squaramide product, however, none of the conditions screened were successful. The 

attempts at this synthesis are summarised below (scheme 3.3/table 3.1).  

 

Scheme 3.3. The attempted synthesis of linker-binder squaramide, 3.18 from 3.14 and 

3.17. See table 3.1 for conditions attempted.  

Table 3.1. Attempted conditions for the synthesis of 3.18. * = purification attempted by 

column chromatography, inseparable from starting material and could not be accessed in 

sufficient yields to repeat.  

Attempt Scale Solvent Equivalents 
3.17 Temperature Additive Time Result 

1) 0.1 
mmol EtOH 1 eq Room temp Zn(OTf)2 18 hr 

Unreacted 
starting 
material 

2) 0.1 
mmol EtOH 1 eq Room temp Zn(OTf)2, 

TEA 1 eq 18 hr 
Unreacted 

starting 
material 
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3) 0.1 
mmol EtOH 1 eq Reflux Zn(OTf)2, 

TEA 1 eq 18hr 
Unreacted 

starting 
material 

4) 0.1 
mmol EtOH 1.5 eq Room 

temperature 
Zn(OTf)2, 
TEA 1 eq 48 hr Intractable 

mixture 

5) 0.1 
mmol EtOH 1.5 eq Reflux Zn(OTf)2, 

TEA 1 eq 48 hr Potential 
product* 

 

With the clear difficulty observed in the synthesis of the squaramide-linker fragment, and 

limited success in this regard, we decided not to pursue this approach which in retrospect 

appears to be an overcomplication of the design. Retention of the high binding affinity 

cleft derived from 1.5 and 1.6, whilst ideal, is synthetically challenging, requiring a series 

of synthetic transformations which are evidently not sufficiently high yielding.  

3.3.2: Synthetic approaches toward 2nd generation target compounds 

Considering the lack of success in the synthesis of 1st generation targets, we redesigned 

the target compounds, arriving at “2nd generation” targets (figure 3.8). To access these 

compounds, we sought to minimise the number of synthetic steps, and functional group 

interconversions, as these had proven fruitless (figure 3.11).  

 

 

Figure 3.11. Retrosynthetic analysis of 3,5-bis(trifluoromethyl)phenyl squaramide 2nd 

generation target compound. Red = cation binding fragment, Blue = linker fragment, 

Green = anion binding fragment.  

Initially the synthetic approach towards these 2nd generation targets was begun with anion 

binding and linker fragment coupling, through nucleophilic substitution conditions, as we 

envisaged this step to be the most approachable of the series (Scheme 3.4).  
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Scheme 3.4. The synthesis of 2nd generation anion binding/linker fragments, 3.19 and 

3.20. Reagents and conditions: i) 11-Azido-3,6,9-trioxoundecan-1-amine, TEA, EtOH, 

rt, 48 hr, 66%; ii) 11-azido-3,6,9-trioxoundecan-1-amine, TEA, EtOH, rt, 18 hr, 73%.  

The successful synthesis of these fragments was verified using 1H NMR spectroscopy, 

where it was apparent the incorporation of the respective amino-TEG-azide functionality, 

due to the signal rich upfield region of the spectra, and appearance of a characteristic 

broad singlet, integrating for 1H at 7.85 ppm, which correlates to the newly formed 

squaramide NH bond (figure 3.12).  

 

Figure 3.12. 1H NMR spectrum of 3.20.   
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With these compounds in hand, focus was shifted towards the synthesis of an alkyne 

functionalised derivative of monensin. Beginning with the commercially available 

sodium monensin salt, a series of conditions were screened to generate the desired amide 

bond with also commercially available propargylamine. These conditions summarised 

below were completely unsuccessful (scheme 3.5/table 3.2). We now attribute this to both 

the abundance of similarly reactive hydroxyls and the poor nucleophilicity of the 

carboxylate as its sodium salt form. Thus, moving forward, monensin was first generated 

in its free acid form in-situ prior to performing coupling reactions.  

 

Scheme 3.5. The attempted synthesis of monensin propargylamide, from monensin A 

sodium salt. See table 3.2 for conditions attempted.  

Table 3.2. Conditions attempted for the synthesis of 3.22, from monensin A sodium salt.  

Attemp
t Scale Solvent Equivalents 

amine Temperature Additive Time Result 

1) 0.1 
mmol DMF 1 eq Room temp HBTU, 

DIPEA 18 hr 
Intractab

le 
mixture 

2) 0.1 
mmol DMF 1 eq Room temp PYBOP, 

DIPEA 45 mins 
Intractab

le 
mixture 

3) 0.1 
mmol CHCl3 1.5 eq 0 – 60 oC 

SOCl2, 
DMAP, 
DIPEA 

18 hr 

Intractab
le 

mixture/
polymeri

sation 

4) 0.2 
mmol DMF 1 eq Room temp 

EDCI.HC
l, DMAP, 
DIPEA 

48 hr 

Potential 
guanidyl
ation and 

no 
activatio

n 

To generate the desired alkyne appended monensin derivative, we first generated the free-

acid of monensin by treatment with 1M HCl in DCM to afford the free acid in an assumed 

quantitative yield following workup, and this was used immediately in the following 

reaction. For this, the monensin free acid was coupled with propargylamine in a 44% 
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yield using EDCI.HCl and DIPEA as coupling reagent and base respectively (scheme 

3.6). Whilst it is known that EDCI-mediated couplings are susceptible to epimerisation,343 

this was not a concern as there is no potential for oxazolone formation, and thus, no route 

for the formation of epimers.  

Scheme 3.6. The synthesis of monensin propargyl amide from its sodium salt. Reagents 

and conditions: i) 1M HCl, DCM, rt, 2 hr; ii) propargylamine, EDCI.HCl, DIPEA, ACN, 

rt, 18 hr, 44%.  

EDCI.HCl was chosen as coupling reagent for this reaction as it is a relatively robust, 

inexpensive coupling reagent that is catered towards routine coupling reactions, as is the 

case for this reaction due to the lack of amine and acid hinderance. If this were the case, 

HBTU or HATU would be more suitable. Furthermore, EDCI.HCl is an attractive choice 

as it can be removed easily from reaction mixtures through an aqueous workup, and the 

urea by-product does not move from the baseline in silica flash chromatography, which 

was used to purify monensin propargyl amide, 3.22. Following flash chromatography (0-

20% Ethyl acetate:PE), the product was resolved as a foamy white solid, showing a 

characteristic 1H NMR spectrum for monensin-like compounds, and showed good 

agreement with literature for all characterisation data.344 Using a combination of 1D, and 

2D experiments in tandem with literature regarding the 1H NMR characterisation of 

monensin complexes with alkali metals,137 we were able to fully characterise the spectrum 

and assign each peak with a high degree of certainty (figure 3.13). Whilst the upfield 

region of the spectrum appears highly complex, and difficult to interpret, featuring a series 

of coalesced multiplets, we were able to assign each signal, in addition to novel signals 

observed correlating to those associated with the installation of a propargyl amide. The 

relevant amide NH appears at 8.31 ppm as a well resolved triplet, due to its coupling to 
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adjacent propargyl CH2 motifs, and correctly integrates for 1H. In addition to this, the 

disappearance of the relevant acid signal in the far downfield region further indicates the 

presence of the relevant amide, alongside two distinct signals at 3.74 and 3.85 ppm, which 

correlate to the newly installed CH2 and alkenyl-CH motifs, respectively.   

 

Figure 3.13. 1H NMR spectrum of 3.22, and a full characterisation of each signal. 

With both CuAAC “click” functionalities installed on both fragments of the target 

molecule, we sought to screen conditions for the huisgen 1,3-dipolar cycloadditon 

between azide and alkyne. Making use of both Cu2+ and Cu+ species as the (pre-)catalyst, 

we screened a series of conditions, and copper sources in the hopes of resolving a set of 

conditions that promoted the formation of 3.23. However, we were unable to arrive at a 

set of conditions which showed clear evidence of the formation of the desired 1,2,3-

trazolyl linkage between 3.19 and 3.22 (scheme 3.7/ table 3.3).  
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Scheme 3.7: The attempted synthesis of 3.23, from 3.19 and 3.22. See table 3.3 for 

conditions attempted.  

 

 

Table 3.3. Conditions attempted for the synthesis of 3.23, from 3.19 and 3.22.  

Attempt Scale Solvent Equiv.  Temp. Additive Time Result 

1) 0.1 
mmol 

MeCN/H
2O 1:1 Room temp CuSO4.5H2O, Na 

ascorbate 18 hr 
Unreacted 

starting 
material 

2) 0.1 
mmol 

MeCN/H
2O 1:1 MW, 100 oC CuSO4.5H2O, Na 

ascorbate, TEA 
45 

mins 

Unreacted 
starting 
material 

(figure 3.14) 

3) 0.1 
mmol DMF 1:1 80 oC CuSO4.5H2O, Na 

ascorbate, TEA 18 hr Intractable 
mixture 

4) 0.2 
mmol 

MeCN/H
2O 1:1 90 oC CuSO4.5H2O, Na 

ascorbate, TEA 48 hr 
Consumption 

of starting 
material 

5) 0.1 
mmol DMF 1:1 90 oC [(CH3CN)4Cu]PF6 18 hr Intractable 

mixture 

6) 0.1 
mmol DMF 1:1 90 oC CuI, TBTA, TEA 18 hr 

Unreacted 
starting 
material 

 

 

Figure 3.14. Analytical LC-MS trace of CuAAC reaction attempt 2, table 3.3. A) TIC of 

reaction mixture following reaction at 100 0C for 45 mins under microwave irradiation, 

Azido-squaramide, 3.19Monensin propargylate, 3.22

Unidentifiable product

Triethylamine

Azido-squaramide, 3.19

Monensin propargylate, 3.22
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showing four distinct peaks, corresponding to; TEA (m/z: 102.0, rf = 7.5 min), 

unidentifiable product (m/z: 453.4, rf = 24 min), Monensin propargylamide (m/z: 343.5 

[fragmentation], rf = 25.5 min), azido squaramide (m/z: 526.0, rf = 38 min). B) XIC of 

TIC between 37 – 38 min, illustrating ionisation pattern of azido squaramide. C) XIC of 

TIC between 24.5 – 25.5 min, illustrating ionisation pattern of monensin propargylamide, 

clearly undergoing fragmentation under ESI.  

Despite the variety of conditions and catalytic source, we were unable to deduce a set of 

conditions that gave rise to the desired product. Moreover, with the difficulty in accessing 

each of the materials required to pursue potential conditions, and the limited time 

remaining for this project, we instead decided to focus on more synthetically feasible 

leads, which are outlined herein, and in other chapters. 

3.3.3: Concluding remarks on the synthesis of squaramide-monensin conjugates 

Despite the clear progress made towards a robust and synthetically feasible route to access 

squaramide-monensin conjugates, we were unable to access any of the desired target 

structures initially outlined in section 3.3.1. We ascribe this lack of success to several 

factors, namely the overreliance on the use of orthogonal protection/deprotection steps, 

and functional group interconversions in the hopes of resolving the 1st generation target 

compounds, and an inability to successfully optimise CuAAC reaction conditions for the 

reaction of 3.19, and 3.22, to synthesise the 2nd generation target compound.  

In an aim to preserve a highly efficient binding cleft in 1st generation compounds we had 

hoped to install a highly sterically congested, and severely electron-deficient aniline into 

the squaramide core, to resolve 3.18. This was found to not be possible under any of the 

reaction conditions screened, and we attribute this lack of success to the steric and 

electronic contributions of the aryl substitution pattern.  

When we simplified the target structure considerably, to resolve 2nd generation targets, 

we sought to make use of CuAAC based click chemistry to avoid the need for FGIs and 
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protection/deprotections steps, but in doing so arrived at a synthetic problem regarding 

the cycloaddition step which could not be resolved using a suite of common CuAAC 

catalysts, and reaction conditions. One alternative approach may be to explore the use of 

known Ruthenium catalysts, such as Cp*RuCl(PPh3)2, which may prove synthetically 

feasible. However, in doing so this would result in the formation of 1,5-disubstituted 

triazoles, as opposed to 1,4-disubtituted triazoles synthesised through CuAAC conditions.  

Regardless, we have made strides towards a synthetic toolkit for the generation of bio-

orthogonal chemistry compatible squaramides, and monensin-derivatives which will 

surely prove useful in further synthetic endeavours.  

In this regard, a potential future direction towards the synthesis of squaramide monensin 

conjugates could perhaps be the utilisation of the Curtius rearrangement for the generation 

of monensin-derivates bearing isocyanate, and amine functionalities which may prove 

useful to access these challenging motifs (scheme 3.8).  

 

Scheme 3.8. Potential synthetic route towards squaramide-monensin conjugates for 

investigation as potential ion-pair transporters, and antimicrobials. Not investigated 

during this project was the use of a Curtius rearrangement for the generation of 

isocyanates from carboxylic acids, via an acyl-azide intermediate, which may constitute 

a robust synthetic approach toward these interesting monensin derivatives.   
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3.4: Synthesis and characterisation of Squindole-Siderophore conjugates 

As a vector for exploring the effect of siderophore incorporation into the design of 

antimicrobial anionophores, two designs were brought forward to answer the following 

questions: “can we expand the spectrum of activity of highly active anionophores to 

Gram-negative bacteria through siderophore incorporation?” and “Can we increase the 

antimicrobial capacity of weakly active anionophores, through siderophore 

incorporation?”. Through derivatisation of three active anionophores, we sought to 

answer these questions, making use of Deferoxamine as an Iron chelating functionality, 

which also acts as a specific recognition sequence in Iron assimilation pathways of 

Bacteria (figure 3.15).   

 

Figure 3.15. Target and parent structures of deferoxamine squaramides.  

With the previous exploration of “click” chemistry methods for the assembly of complex 

scaffolds as ion-pair conjugates, and relatively simplistic original target compound we 

sought to first incorporate a variety of functionalisable handles in non-bioactivity relevant 

positions of the indoline core for their potential applications in the synthesis of 

bioconjugates, targeted anionophores or responsive agents. Utilising reaction conditions 

previously identified as high yielding in the N-alkylation of 2,3,3-trimethylindoline, the 

following functionalisable handles were pursued: propargyl handle (alkyne) (3C), 



Towards natural product bioconjugates as supramolecular antimicrobials 
 

 124 

propylamine (free) (3C), propylamine (N-boc protected) (3C), pentanoic acid methyl ester 

(OMe protected) (5C), pentanoic acid (free) (5C) (scheme 3.9).  

 

 

Scheme 3.9. Approaches to the synthesis of functionalisable indoline building blocks. 

Reagents and conditions: i) 5-bromopentanoic acid, MeCN, reflux, 18 hr, 60%; ii) 5-

bromomethylvalearate, MeCN, reflux, 18 hr, 0%; iii) SOCl2, DIPEA, MeOH, DCM, 0 oC 

– rt, 5 hr, 0%; iv) N-(boc)-3-bromopropylamine, MeCN, reflux, 18 hr, 0%; v) 3-

bromopropylamine.HBr, MeCN, reflux, 18 hr, indication of product - 0% isolated yield; 

vi) potential product (v), boc anhydride, DIPEA, 0 oC – rt, 24 hr, 0%. 

To access functionalisable indoline building blocks, several screening reactions were 

carried out on a 0.1 mmol scale, using conditions previously identified as viable in the 

synthesis of 2.22. Unfortunately, for each, there was a variety of differing outcomes which 

complicated the utility of these handles, or indeed, they could not be accessed in the first 

place. In the case of 3.24, there was clear evidence of the formation of the desired 

alkylation product, through 1H NMR spectroscopy, by a doubling of the number of 

aromatic signals indicating a new environment associated with the alkylation of the 

pyridine type nitrogen of 2,3,3-trimethylindoline. Following purification by Soxhlet 

extraction, the original signals correlating to the aromatics of the starting material were 
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observed at a far lower intensity than those of the product, however they could not be 

fully removed, and as such 3.24 was carried on to further reaction steps. When 2,3,3-

trimethylindoline was reacted with 3-bromo-propylamine HCl, there was again a clear 

doubling of the number of aromatic signals, but also an indecipherable upfield region 

which indicated the presence of several impurities. Attempts to purify this reaction 

mixture were met with limited success, as the product could not be isolated by column 

chromatography, nor could it be purified by Soxhlet as it turned to a viscous oil at room 

temperature, and when attempts at trituration were made, no indication of effect was 

observed. Indeed, when we attempted to boc-protect the terminal primary amine, to 

permit column chromatography, we observed a complete degradation of potential 

product, as these alkylated indolines appear to be base sensitive. As such, we decided not 

to probe this issue further, for the synthesis of functionalisable handles was not the main 

endeavour, and we could effectively access 3.24, which was subsequently used in the 

synthesis of squaramide-siderophore conjugates.  

The synthesis of these Squindole-siderophores can be achieved through the initial 

assembly of the Squindole scaffold, which can be late-stage functionalised through amide 

coupling to assemble each of the representative siderophore conjugates, in a multi-step 

synthesis (scheme 3.10).  
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Scheme 3.10. Synthetic pathway towards Squindole-siderophores. Reagents and 

conditions: (i) 5-bromopentanoic acid, MeCN, N2,  reflux, 24 hr, 60%; (ii) diethyl 

squarate, triethylamine, EtOH, N2, reflux, 3 hr, 16%; (iii) 3,5-bis(trifluoromethyl)aniline, 

Zn(OTF)2, EtOH, reflux, 24 hr, 13%; (iv) DIPEA, HBTU, deferoxamine mesylate, DMF, 

N2, rt – 50 0C, 30%; v) 3,5-bis(trifluoromethyl)aniline, Zn(OTF)2, EtOH, rt, 18 hr, 71%; 

vi) 4-trifluoromethylaniline, Zn(OTF)2, EtOH, rt, 18 hr, 78%; vii) deferoxamine 

mesylate, triethylamine, EtOH, rt, 18 hr, 45%; viii) deferoxamine mesylate, 

triethylamine, EtOH, rt, 18 hr, 51%. 

In the assembly of the Squindole scaffold, the initial synthetic step is begun with the 

preparation of 3,4-diethoxy-cyclobut-3-ene-1,2-dione. This synthesis, as previously 

discussed yields diethyl squarate, 2.21, which serves as the diethyl ortho-ester “alkyl-

squarate” building block for the assembly of the Squindole scaffold. To generate the 

integral indole-squarate intermediate, 2,3,3-trimethylindolenine is first alkylated in the 

presence of 5-bromopentanoic acid, to yield 1-(4-carboxybutyl)-2,3,3-trimethyl-3H-

indolium bromide, 3.24 in a 60% yield. 3.24 serves as a masked nucleophile for the 
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generation of 2-[(2-ethoxy-3,4-dioxo-1-cyclobuten-1-yl)methylene]-2,3-dihydro-3,3-

dimethyl-1H-indole-1-pentanoic acid, 3.25.  

When treated with an excess of triethylamine, base-catalysed Conjugate Addition of the 

indole methylene base to diethyl squarate occurs. Initial deprotonation of the acidic 

methylene protons at C-2 yields the active nucleophile, which reacts with diethyl squarate 

via a conjugate addition, giving rise to the formation of a new C-C bond, and elimination 

of ethanol as a by-product. This reaction occurs in a stereoselective manner, whereby the 

obtained product is exclusively the E-isomer, indoline-squarate pentanoic acid, 3.25, in a 

poor yield of 16%. We know this reaction shows stereoselectivity, from both previous 

crystal structures indicating the abundance of one sole isomer, and as 1H NMR spectra 

indicates one environment around the olefinic C-H signal, which would be expected for 

a single stereoisomer.   

Subsequent attempts to refine the synthetic procedure and bolster the yield were met with 

limited success due to several competing side reactions occurring in tandem. Upon 

reaction with diethyl squarate, 3.25 can react a subsequent time in either the 1-, or 4-

position of the cyclobutene ring to afford either a 1,3-, or 3,4-squaraine dye. 

Unfortunately, attempts to diminute these side reactions were met with limited success. 

Slower addition of base and/or diethyl squarate, and reaction at room temperature gave 

rise to unreproducible and varied yields of 3.25. We postulate that in addition to these 

competing reactions, the initial deprotonation step may be inhibited by competitive 

deprotonation between the carboxylic acid and methylene protons by triethylamine. 

Furthermore, the steric bulk of 3.24 in its methylene base form may inhibit its approach 

toward diethyl squarate at the appropriate angle of attack, giving rise to low yields.  

Evidence to suggest the successful synthesis of this key intermediate can be found when 

consulting the 1H NMR spectrum of 3.25. The presence of a sharp singlet integrating for 
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1 H, at 5.37 ppm, which we ascribe to be the Olefinic CH of the newly formed C-C bond 

between indoline and squarate, is substantial evidence towards its synthesis. Further 

evidence to support the synthesis of 3.25 obtained from its respective 1H NMR spectrum 

include; the presence of four alternating doublets, and triplets, each integrating for 1 H, 

which represent the four Aryl protons of the indoline core. In addition, methyl group 

protons of the indoline can be observed integrating for 6 H, as a sharp singlet at 1.55 ppm. 

Ethyl and methyl protons of the ethyl ester functionality can be observed as a quartet and 

triplet, at 4.82 ppm (2H), and at 1.45 ppm (3H). The retention of the N-carboxy-butyl 

chain of the indoline is also apparent from the spectrum, where four sets of CH2 protons 

can be observed as well resolved triplets (3.93, and 2.27 ppm) and poorly resolved 

quintets (1.67, and 1.60 ppm). We anticipate the lack of carboxylic acid peaks is as a 

result of hydrogen-deuterium exchange between this functionality and water present in 

the solvent.  

The subsequent step toward the synthesis of Squindole-siderophore conjugates, and final 

step in the assembly of the Squindole scaffold is the reaction of the previous intermediate, 

3.25, with 3,5-bis(trifluoromethyl)aniline, under lewis-acid promoted conditions 

(Zn(OTf)2), to afford 2-[(2-(3,5-bis-trifluoromethylphenylamino)-3,4-dioxo-1-

cyclobuten-1-yl)methylene]-2,3-dihydro-3,3-dimethyl-1H-indole-1-pentanoic acid, 3.26. 

In this reaction, Zinc Trifluoromethanesulfonate acts as a lewis acid, activating 3.25, 

allowing for nucleophilic substitution at C-2, and prevents the formation of 1,3 

nucleophilic substitution which would give rise to undesired squaraines. The nucleophilic 

substitution at the C-2, or ortho-ester position of 3.25 gives rise to the formation of a 

quarternary ammonium bridged tetrahedral intermediate. Subsequent intramolecular 

proton transfer between the ammonium and ethoxy ester yields a collapse of the 

intermediate, resulting in loss of ethanol as a leaving group, and stabilisation of the 

squaramide product, 3.26.  



Chapter 3 

 129 

Once more, this reaction gave poor yields, of 16%, which we found were somewhat 

unreproducible (mean, n = 3). We attribute the low yield of this reaction to the electron 

deficiency of 3,5-bis(trifluoromethyl)aniline, but also the basicity of the same motif. The 

aniline bearing two trifluoromethyl groups in the m-position is extremely electron 

deficient, but also bears an amine motif, which most likely suffers with diminished 

nucleophilicity in the presence of the carboxylic acid motif due to deprotonation of the 

carboxylic acid by either TEA (and proton transfer to the aniline), or by 3,5-

bis(trifluoromethyl)aniline. Whilst this electron deficiency is desirable in the sense it 

imparts a low pKa, and as a result, high anion binding affinity to the formed squaramide, 

it decreases the reaction yield considerably.  

Evidence to suggest the successful synthesis of 3.26 can be found from its 1H NMR 

spectrum (figure 3.16), which contains a series of characteristic NH and CH signals, 

amongst additional ancillary signals to support its synthesis. Each of the associated 

signals were able to be successfully characterised through the use of 1D, and 2D NMR 

spectroscopic measurements. The newly formed C-N bond of 3.26 is evident by the 

appearance of an extremely deshielded broad singlet of the amine at 10.55 ppm, which 

integrates for 1 H. In addition, a downfield shift of the Olefinic CH singlet from 5.37 ppm 

to 5.77 ppm illustrates this shift in electronics within the system, with the installation of 

a N-bis(trifluoromethyl)phenyl functionality. Other novel peaks of note, which support 

the formation of 3.3 include the appearance of two singlets at 8.24 and 7.78 ppm, 

integrating for 2 H, and 1 H, respectively. These new peaks represent the ortho-, and 

para-protons of the aniline moiety. Other peaks include the indoline aromatic protons, 

found between 7.44 – 7.07 ppm, as two sets of alternating doublets and triplets. The 

indoline methyl protons can also be observed coalesced with a set of carboxy-butyl 

protons (CH2) as a sharp singlet, integrating for 8 H, including the CH2 of the carboxy 

butyl chain. The remaining seven protons of the carboxy butyl chain appear between 4.06 
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– 1.74 ppm as a set of two triplets and a poorly resolved quintet, each integrating for 2 H. 

The carboxylic acid proton can be observed, as would be expected, as the most downfield 

proton, at 12.07 ppm. The carboxylic acid proton, integrating for approximately 1 H, 

appears as a broad singlet. 

 

Figure 3.16. 1H NMR spectrum of functionalisable scaffold, 3.26.  

Gratifyingly, to achieve the synthesis of the final desired deferoxamine-based Squindole-

siderophore conjugate, 3.27, amide coupling between the Squindole carboxylic acid 

scaffold, 3.26, and the commercially available deferoxamine mesylate could be carried 

out. Using a procedure adapted from Brönstrup and co-workers,306 in a similar fashion to 

the synthesis of 3.22 coupling chemistry is utilised to form a C-N bond by way of an 

amide functionality between the Squindole-acid, 3.26 and the primary amine of 

deferoxamine mesylate. In this instance, the uronium coupling reagent, HBTU was 

utilised in place of EDCI.HCl, but serves the same purpose, to form an activated ester 

species which is displaced through nucleophilic substitution by deferoxamine mesylate, 

yielding the desired siderophore-squindole conjugate, 3.27.  
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Initial attempts at synthesising 3.27 were met with difficulty, arising from poor reactivity 

of deferoxamine. Initial coupling conditions, at room temperature lead to poor yields of 

16-20%, where it was found that increasing the temperature and maintenance at 50 oC for 

1 hr lead to an improved yield of 30%, which was in agreement with literature for similar 

reactions.306 This increase in temperature increased solubility of deferoxamine, and thus 

we attribute with increased reactivity, and resultant yield of 3.27.  

The successful synthesis of 3.27 is evident from the obtained 1H NMR spectrum (figure 

3.17 (a)). The disappearance of the characteristic carboxylic acid peak at 12.07 ppm, and 

concomitant appearance of a broad singlet, which is coalesced with the ortho-protons (2 

H) of the Squindole bis(trifluoromethyl)aniline moiety, which in addition to these protons 

integrates for 3 H. We ascribe this to be the newly formed amide between deferoxamine 

and the Squindole scaffold. Further indicative peaks include the presence of the 

aforementioned aryl protons of the Squindole scaffold appearing as poorly resolved 

singlets between 8.29 – 7.07 ppm, with a total integration (discounting coalesced peaks) 

of 7 H. In addition, each of the relevant hydroxamate OH signals can be observed in the 

far downfield region of the spectrum, at 9.67 ppm, as broad singlets integrating for a total 

of 3H. Additional indicative downfield protons include the presence of deferoxamine 

amide peaks at 7.78 and 9 ppm, which have a relative integration of 2 H. The retention of 

the olefinic C-H peak, which has shifted further downfield from 5.77 to 5.84 ppm, appears 

as a well resolved singlet, again integrating for 1 H. Upfield protons include indoline 

methyl group protons, appearing as a sharp singlet at 1.62 ppm. Additionally, the protons 

of the Squindole butyl chain and deferoxamine alkyl/hydroxamate protons can be 

observed between 3.61 – 1.25 ppm, where several peaks have coalesced, and appear as 

broad, complex multiplets, however, through the use of selective 1D TOCSY, COSY, 

15N-HMBC and DEPT-135 experiments we were able to assign each peak with a high 

degree of certainty (figure 3.17).  



Towards natural product bioconjugates as supramolecular antimicrobials 
 

 132 

 

Figure 3.17. A) 1H NMR spectrum of Squindole-siderophore conjugate, 3.27 with 

assigned signals as inset; B) 2D COSY NMR spectrum of 3.27; C) 2D 15N-HMBC NMR 

spectrum of 3.27 indicating the locants of nitrogen adjacent signals within 3.27.  

To further confirm the successful synthesis of 3.27 we additionally utilised analytical LC-

MS as a method to confirm not only the relevant mass, but also purity of 3.27. To do this, 

a minimal amount of freshly purified (by flash chromatography) 3.27 (0.5 – 1 mg) was 

dissolved in 90:10 MeCN/H2O and analysed by LC-MS.  

The resultant trace showed the presence of two distinct chemical entities within the elutant 

product following flash chromatography, despite analytical purity being observed by both 

1H and 13C NMR (figure 3.18). When this observation was investigated further, the first 
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observed peak (rt = approx. 40 mins) has a characteristic ESI(+) spectrum of the desired 

product 3.27, however, what was interesting was that the less-polar solute (rt = approx. 

41.5 mins) appeared to be that of the respective Iron complex. This is due to the relevant 

ESI(+) spectrum having highly abundant masses for M + Fe (z = 1+, 2+, and 3+). It is 

likely that this less polar nature observed for the respective Iron complex is due to the 

endowed symmetry within the molecule, afforded by complexation. It is well reported 

that octahedral Fe complexes are relatively non-polar.345 One example of a non-polar Iron 

complex is Fe(acac)3, which shows high solubility in many non-polar organic solvents.346 

This complex has been documented by Baran and co-workers as a potent C-H bond 

activating catalyst in sp2 and sp3 carbon centres, for cross-couplings in THF/Et2O.346, 347 

Furthermore, this decreased polarity is also likely due to dipole-dissipation from 

hydroxamates, to the electron accepting Iron centre, thus decreasing polarity.   
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Figure 3.18. Analytical LC-MS trace of 3.27 following flash chromatography 

purification, with structures of the respective peaks as insets (top), and the relevant ESI(+) 

spectra confirming mass as inset (bottom).   

With the successful synthesis of the first of three desired deferoxamine conjugates, in the 

form of 3.27 we set our sights towards the synthesis of 3.28 and 3.29 (scheme 3.11). We 

did not initially begin with the synthesis of these conjugates, as we believed that the 

synthesis of 3.27 would be far more troublesome and laborious when compared to these 

conventional squaramide scaffolds. Indeed, accessing these two conjugates was done with 

relative ease, and operational simplicity in synthesis, where there was found to be no need 

for flash chromatography, or troublesome purification steps before accessing 3.28, and 

3.29.  

 

Scheme 3.11. The synthesis of conventional squaramide-deferoxamine conjugates, 3.28 

and 3.29. Reagents and conditions: i) deferoxamine mesylate, TEA, EtOH, rt, 18 hr, 45%; 

ii) deferoxamine mesylate, DIPEA, EtOH, rt, 48 hr, 62%.  

Leveraging nucleophilic substitution with the relevant aromatic amines, as previously 

described resolved the two necessary squarate intermediates 3.14 and 3.15. These two 

compounds were subsequently reacted with deferoxamine mesylate under base catalysed 

conditions to afford both desired deferoxamine conjugates, 3.28 and 3.29 in a 45 – 62% 

yield respectively. Full details of the key characterisation (1H NMR, 13C NMR, HRMS) 

for each compound can be found in the appendix.  
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4.5: 1H NMR titrations 

To verify if synthesised deferoxamine conjugates retains the capacity to form association 

complexes with Cl- ions in solution, 1H NMR titrations were carried out with 3.27, as an 

example of this. The respective compound was dissolved in DMSO-d6 to a concentration 

of 2.5 mM, and 0 – 10 molar equivalents of TBACl were added sequentially with spectral 

information obtained for each addition (11 spectra). The change in chemical shift was 

plotted against Cl- concentration, and fitted using the BindFit open access software to 

resolve the association constant, towards Cl-. When data was fitted to a 1:1 binding model 

we arrived at a Ka = 67.4 M-1 (error = + 1.72 %) (figure 3.19). Whilst the observed 

association constant for 3.27 is lower than its parent compound 2.25, this is not entirely 

unsurprising, as through incorporation of deferoxamine, we have introduced a multitude 

of H-bond acceptors, which may competitively bind H-bond donors of the binding cleft, 

decreasing Cl- affinity. Furthermore, When data was fitted to alternate binding modes, we 

came upon mixed results. Fitting to a 1:2 binding mode gave negative Ka for 1:2 binding 

despite titration results indicating the contribution of deferoxamine amides towards the 

binding of Cl-, as a secondary binding site. We believe that there are several sites of 

interaction with Cl- within the structure of 3.27, and thus cannot effectively deduce the 

binding prowess with any high degree of certainty, and we expect the same pattern to 

occur for 3.28 – 3.29. However, this is not of major concern as the purpose of this 

siderophore conjugation is not to bolster binding but to endow the capacity to permeate 

secondary bacterial membranes in Gram-negative bacteria.  
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Figure 3.19. 1H NMR titration of 3.27 against TBACl, and an analysis of the binding 

propensity, and origins thereof. A) 1H NMR stackplot of 3.27 upon addition of increasing 

molar equivalents of Cl- (0 – 10 eq), with protons of interest indicated. B) Chemical 

structure of 3.27 with protons of interest highlighted, which contribute to binding of Cl- 

in solution. C) Fitted binding isotherm of 3.27. D) Mole fraction plot of Host vs 

Host:guest fraction with increasing guest concentration for 3.27. E) residuals plot of 3.27. 

Despite this increased molecular complexity affording ambiguous Cl- binding 

propensities, we expect this to have little effect on the ability of each to transport anions 

across lipid bilayers. Parent compounds of 3.27, and 3.28 have each been shown 

previously to facilitate anion transport in model systems – and we expect the 

incorporation of a siderophore motif will not diminute this behaviour. To verify this, we 

also carried out MQAE assays to study Cl- transport behaviours in-cellulo. Addition of 

each compound showed the capacity to quench from MQAE in-cellulo in a concentration 

0.00 0.01 0.02
0

5

10

Guest concentration (M)

Ch
em

ic
al

 s
hi

ft 
(p

pm
)

Aryl NH
Aryl NH fit
Amide NH
Amide NH fit
Aryl CH

Aryl CH fit
Olefin CH
Olefin CH fit
Linker CH2

Linker CH2 fit

0.01 0.02 0.03

-0.06

-0.04

-0.02

0.00

0.02

0.04

Guest concentration (M)

Re
si

du
al

s

Aryl NH fit residuals
Amide NH fit residuals
Aryl CH fit residuals
Olefin CH fit residuals
Linker CH2 fit residuals

0.00 0.01 0.02 0.03
0.0

0.5

1.0

Guest concentration (M)

M
ol

e 
fra

ct
io

ns

Host
Host-Guest

0 eq

1 eq

2 eq

3 eq

4 eq

5 eq

6 eq

7 eq

8 eq

9 eq

10 eq

HBHFHA HG HDHE

HCA)

B)

C) D)

E)

N
O

N

N

O
O

N OH
O

N
O

NHO
O

N
O

N OH
O

CF3

CF3

HA
HB

HD

HE

HF

HG

HC

0.00 0.01 0.02
0

5

10

Guest concentration (M)

Ch
em

ic
al

 s
hi

ft 
(p

pm
)

Aryl NH
Aryl NH fit
Amide NH
Amide NH fit
Aryl CH

Aryl CH fit
Olefin CH
Olefin CH fit
Linker CH2

Linker CH2 fit

0.00 0.01 0.02 0.03
0.0

0.5

1.0

Guest concentration (M)

M
ol

e 
fra

ct
io

ns

Host
Host-Guest

0.01 0.02 0.03

-0.06

-0.04

-0.02

0.00

0.02

0.04

Guest concentration (M)

Re
si

du
al

s

Aryl NH fit residuals
Amide NH fit residuals
Aryl CH fit residuals
Olefin CH fit residuals
Linker CH2 fit residuals



Chapter 3 

 137 

dependent manner, which is highly indicative of Cl- transport behaviour. When S. aureus 

cells, pre-treated with MQAE were incubated with Compounds 3.27 – 3.29, there was a 

clear decrease in the level of MQAE emission with an increase in concentration, which 

strongly implicates an increase in the concentration of cellular Cl- concentration, as a 

result of influx, through the activity of each compound (figure 3.20). 

 

Figure 3.20. Compounds 3.27 – 3.29 can effectively carry out Cl- transport into cells, 

measured through changes in MQAE fluorescence, and plotted as mean (+ SEM) of 

fluorescence relative to control (untreated). Blue = 3.27, Red = 3.28, Green = 3.29.  

3.6: Antimicrobial testing 

With the knowledge each compound can still effectively bind to, and transport Cl- ions 

in-cellulo we carried out growth inhibition assays to assess the level of antimicrobial 

efficacy endowed to each compound, in line with CSLI standard convention. 

Quantification of the IC50 value for each compound was carried out by treatment of 

Methicillin-resistant Staphylococcus aureus, Escherichia coli, and Pseudomonas 

aeruginosa with a range of concentrations of 3.27 – 3.29 (0.78 – 200 µM), followed by 

incubation at 37 oC, for 24hr whereafter the level of growth inhibition was quantified 

through measurement of optical density at 600 nm. Results were represented as 

percentage growth relative to control (Figure 3.21). 
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Figure 3.21. Antimicrobial susceptibility assay of 3.27 – 3.29 against clinically relevant 

pathogens. A) Antimicrobial susceptibility assay of 3.27 – 3.29 against MRSA. B) 

Antimicrobial susceptibility assay of 3.27 – 3.29 against E. coli. C) Antimicrobial 

susceptibility assay of 3.27 – 3.29 against P. aeruginosa. Blue = Compound 3.27. Red = 

Compound 3.28. Green = Compound 3.29. All values are the mean (+ SEM) of three 

biological replicates comprising eight technical replicates.  

Each compound showed appreciable levels of growth inhibition against the panel of 

bacterial pathogens tested. Whilst it was not possible to quantify the IC50 value for 3.29 

within the concentration range tested, we did not continue to search for this optimal 

concentration as it exceeds concentrations of therapeutic relevance. The quantifiable IC50 

values are represented in Table 3.4.  

Table 3.4. IC50 concentrations for Compounds 3.27 – 3.29 against a panel of clinically 

relevant pathogens.  

Compound MRSA E. coli P. aeruginosa 

 IC50 

3.27 1.17 µM 25 µM 50 µM 

3.28 2.35 µM 37.5 µM 150 µM 

3.29 >200 µM >200 µM 200 µM 

Each of the IC50 values obtained represent encouraging results, as to date, there have been 

no reporting’s of anion transporting scaffolds which possess antimicrobial activity against 

Gram-negative pathogens, acting through this mechanism. When compared to parent 

A) B) C)



Chapter 3 

 139 

compounds of 3.28 and 3.29 this increase in activity is marked, as the parent compounds 

thereof showed no observed activity against any of the species tested. Moreover, for 

Compound 3.27 we have decreased the IC50 concentration from 2.5 µM to 1.17 µM when 

comparing to the parent compound, 2.25’s IC50 against MRSA. These observed IC50 

values compare favourably to commonly employed antibiotics, used to treat gram-

negative bacterial infections, such as; Chloramphenicol (1.59 µM against S. aureus, 373 

µM against E. coli, and 8.86 µM against P. aeruginosa)348, and trimethoprim (22.7 µM 

against S. aureus, and 55.1 µM against E. coli).349 Furthermore, we have also been able 

to expand the spectrum of activity for Squindoles to now encapsulate Gram-negative 

species, which was not previously possible for similar compounds, where they can 

effectively inhibit bacterial growth at low concentrations.  

To further validate the clinical validity of Compounds 3.27 – 3.29, in-vivo toxicity was 

studied using the Galleria mellonella model organism. G. mellonella is often used in 

toxicity analysis for their innate immune systems similarities to those of humans, and for 

relatively low operational cost.281, 284, 285 Six larvae were injected with stock solutions of 

each compound in sterile PBS, according to literature,350 to constitute a haemolymph 

concentration of 200 µM, and were monitored for signs of toxicity over the course of 72 

hr. Gratifyingly, upon treatment with each compound the larvae showed little to no signs 

of toxicity, instead larvae appeared to respond well to treatment showing no signs of 

melanisation, death, and a visually identical level of response to physical stimuli (figure 

3.22). 
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Figure 3.22. In-vivo toxicity analysis of Compounds 3.27 – 3.29 against G. mellonella, 

across a 72 hr period. A) t = 0 hr. B) t = 24 hr. C) t = 48 hr. D) t = 72 hr. Top left = control, 

top right = 3.27, bottom left = 3.28, bottom right = 3.29.  

With this information in hand, that each compound shows a higher degree of 

antimicrobial activity against a panel of bacterial pathogens, whilst also presenting little 

to no in-vivo toxicity against G. mellonella, we sought to analyse whether incorporation 

of siderophore could be tenably linked to the increased level of action. To do this, we 

utilised Super Resolution nanoscopy.  

A) B)

D)C)
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3.7: Cellular uptake and distribution: 

As a result of the characteristic green-emissive nature of 3.27, we were able to carry out 

both LSCM and STED nanoscopy studies of the cellular uptake of this compound in each 

of the relevant pathogens. Moreover, the use of highly powerful methods such as 

TauSTED nanoscopy allowed us to delve into the distribution of the individual 

fluorophore within each cell-type,351 and thus help elucidate the role of siderophore 

conjugation in the mechanism of action. To first determine the compatibility of 

Compound 3.27 with STED nanoscopy analysis, we surveyed the emissive characteristics 

of the fluorophore in E. coli stained with 3.27. Utilising both LSCM White Light (WL) 

laser (EL l490/638 nm) and STED Depletion Laser (DL) (EL l490/638 nm, DL l775 nm, 30% 

power) we analysed the alterations to the fluorescence lifetime of 3.27, when excited by 

WL, and also when emission is depleted (DL), using Fluorescence Lifetime Imaging 

Microscopy (FLIM). Obtaining both fluorescence lifetime phasor plots and lifetime 

histograms from both d-LSCM and STED depleted images, we were able to demonstrate 

the STEDability of 3.27 (Figure 3.23).  

 

A) B)

D)C)
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Figure 3.23. STEDability analysis of 3.27 utilising images of stained E. coli acquired in 

LSCM, and STED mode. A) Phasor plot of fluorescence lifetime (t) from emission of 

3.27 when excited using LSCM (EL l490 nm). B) FLIM t histogram of 3.27 emission when 

excited using LSCM (EL l490 nm). C) Phasor plot of fluorescence lifetime (t) from 

emission of 3.27 when depleted using STED (EL l490 nm, DL l775 nm, 30% power). D) 

FLIM t histogram of 3.27 emission when depleted using STED (EL l490 nm, DL l775 nm, 

30% power).  

When cells stained with 3.27 were imaged using LSCM, it is apparent that the majority 

of emitted photons are present toward the left of the phasor plot, indicating longer 

fluorescence lifetimes, and when analysing the histogram obtained, the majority of 

incidences occur at approximately t = 2 ns (240,000 events). When emission from 3.27 

is depleted using the 775 nm DL in STED mode, we see a dramatic rightward shift in the 

phasor plot for the majority of photon incidences. This is also further ratified by the 

halving of the fluorescence lifetime of 3.27 in the presence of the DL, where the majority 

of the incidences occur between t = 0.3 – 1.2 ns (97,000 – 100,000 events). This 

broadening of and decrease of the fluorescence lifetime of 3.27 is highly indicative of the 

STEDability of the fluorophore.352 Moreover, a visual increase in the optical resolution 

of the images was apparent. With this information in hand, we moved on to analyse the 

cellular uptake of 3.27 in each of the pathogens under study using STED nanoscopy.  

To do this, MRSA, E. coli, and P. aeruginosa cultures were treated for 30 mins with 

Compound 3.27 (10 µM) and Nile Red, a known STEDable fluorophore which stains 

lipophilic cellular architectures, such as the membranes of bacteria. Cells were imaged 

using CLSM (EL l490/638 nm) and STED (EL l490/638 nm, DL l775 nm, 30% power, time 

gating; 0.5 – 6 ns) (figure 3.24). For MRSA cells treated with 3.27, there appears to be a 

preferential accumulation of 3.27 at the cellular periphery, most likely within the 

membrane. Whereas when MRSA was treated with 2.25, the signal appeared uniform 
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across the cell, potentially implicating OMR’s in the cellular uptake of 3.27 in MRSA, 

within the timeframe of treatment. Additionally, when treated with NR, staining was of 

limited success when compared to Gram-negative pathogens. We ascribe this to the 

lipohilicity of NR, as it may impair its capacity to traverse the glycocalyx of the species, 

which is not observed in Gram-negative species. Moreover, this extended peptidoglycan 

layer on the exterior of S. aureus cells is characterised by a high abundance of glycans, 

thus endowing it with a highly hydrophilic quality, which leads to decreased fluorescence 

from Nile Red.353 Both E. coli and p. aeruginosa show overlapped fluorescence from 3.27 

and NR within cells, illustrating the ability of 3.27 to be uptaken by Gram-negative 

species, which was not observed for the parent compound 2.25. This difference in the 

distribution of 3.27 across both Gram-positive and -negative species is likely due to the 

differing uptake mechanisms for siderophores in each species. Gram-positive bacteria 

exclusively import ferric-bound siderophores via ABC-transporter proteins on the cell 

surface,354, 355 and thus the uptake of 3.27 is likely to be slower in MRSA, than in E. coli 

or P. aeruginosa, due to the fact these species have outer membrane receptors expressed 

with the singular goal of importing ferric-bound siderophores for Iron assimilation 

purposes.356, 357  
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Figure 3.24. Analysis of the cellular uptake of 3.27 by MRSA, E. coli, and P. aeruginosa. 

A) MRSA; B) E. coli; C) P. aeruginosa. 490 nm = lmax em 3. 638 nm = lmax em NR. 

Merge = two channel overlay. Created using ImageJ.  

This is further ratified when the cellular distribution of both 3.27 and NR was analysed 

in single E. coli cells. Enabled by STED, the distribution of each fluorophore was easily 

quantified from Grey Values obtained from image histograms within ROI’s, which in this 

case were identified as single cells. Mean grey values were measured across the diameter 

of cells, and within the centre to generate an analysis of fluorophore distribution across 

2-Dimensions (Figure 3.25).  

When comparing the distribution of 3.27 to NR, both across cells, and at the centre 

thereof, it is apparent a uniform distribution of fluorescence from 3.27, and a higher 

490 nm 638 nm Merge

A)

B)

C)
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localisation of fluorescence to the membrane for NR. This is compounded further by a 

low Pearson’s correlation coefficient of r = 0.494 for the two overlapped signals. Thus 

implicating the outer membrane receptor machinery of E. coli in the cellular uptake of 

3.27, which was not the case for 2.25.  When E. coli cells were treated with 2.25 at 

equimolar concentration for the same time, only artefacts of fluorescence, and 

background signal could be observed, with no indications of cell uptake (figure 3.26).  

 

Figure 3.25. Analysis of the cellular uptake of 3.27 by E. coli. A) Cellular distribution of 

3.27 within E. coli treated at 3 µM (top panels) and at 10 µM (bottom panels), 490 nm = 

lmax em 3. 638 nm = lmax em NR. Merge = two channel overlay, created using ImageJ. 

B) analysis of the cellular distribution of 3 and NR across the diameter of ROI’s, 

identified as single cells, Orange = 3, Blue = NR. D) Fluorescence intensity (grey values) 

490 nm 638 nm MergeA)

B) C) D)

i)

ii)
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for both 3 and NR at the centre of ROI’s, identified as single cells, Green = 3, Red = NR. 

D) Schematic of the cellular uptake and distribution of both NR (i), and 3 (ii) in E. coli.  

As a result of this clear lack of overlap between the two signals, and evidence that 3.27 is 

effectively uptaken by E. coli cells, where the parent compound cannot effectively stain 

the same cells, there is a clear contribution from siderophore conjugation to both the 

cellular uptake through protein machinery, and a rationale for the observed antimicrobial 

effect.  

 

Figure 3.26.  STED nanoscopy image of E. coli cells stained with 2.25 (10 µM) for 30 

mins. 

When the distribution of 3.27 was analysed in single P. aeruginosa and S. aureus cells, a 

similar observation could be made. When comparing the fluorescence intensity of both 

NR and 3.27 across the diameter of single P. aeruginosa (figure 3.27 (a) and (c)) and S. 

aureus cells (figure 3.27 (b) and (d)), it could again be appreciated a strong localisation 

of the majority of NR fluorescence to the cellular frontier, through accumulation of the 

respective fluorophore within the membrane, evidenced by the formation of two major 

peaks, and a bridging trough in the plot. Again, when 3.27 fluorescence was plotted across 

the diameter of cells, and compared to that of NR, it is clear that the distribution of 3.27 

appears to be primarily cytosolic, where fluorescence is uniform in intensity across the 
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plot, again providing evidence for the uptake of 3.27 by siderophore-uptake mechanisms, 

which was not observed when cells were treated with 2.25 (figure 3.25). This is further 

confirmed by a low to moderate pearson’s correlation coefficient for NR and 3.27 of r = 

0.619 (P. aeruginosa), and r = 0.376 (S. aureus). This low level of emission correlation 

provides evidence for the highly efficient cellular uptake of 3.27 when compared to both 

NR, and even further, deferoxamine, which is known to be entirely cell impermeable.  

 

Figure 3.27. Analysis of the cellular uptake of 3.27 by P. aeruginosa and S. aureus. 

Cellular distribution of 3.27 (3 µM) within P. aeruginosa (A) and S. aureus (B) cells, 490 

nm = lmax em 3.27. 638 nm = lmax em NR. Merge = two channel overlay, created using 

ImageJ. C) Analysis of the cellular distribution of 3.27 and NR across the diameter of 

ROI’s, identified as single P. aeruginosa cells, Orange = 3.27, Blue = NR. D) Analysis 

of the cellular distribution of 3.27 and NR across the diameter of ROI’s, identified as 

single S. aureus cells, Orange = 3.27, Blue = NR. 

3.8: Concluding remarks on Squaramide-siderophore conjugates and chapter 

conclusions 

During this work, we have been able to access a series of structurally sophisticated 

squaramide-siderophore conjugates and ascertained the effect of siderophore conjugation 

on the antimicrobial effect exerted against a panel of clinically relevant pathogens. The 

synthesis of these conjugates is evidently not trivial in nature, with several low yielding 

490 nm 638 nm MergeA)

B) 490 nm 638 nm Merge D)

C)
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steps towards the desired products diminishing returns extensively. Despite efforts made 

to optimise these low yielding steps, we progressed without amendment as we found these 

endeavours to be fruitless. There is a clear precedent to not only continue this synthetic 

optimisation or alter the design sufficiently so that steric and electronic limitations 

encountered during this project do not hamper further progress. Several designs, 

including those incorporating catecholate siderophore motifs have been included. 

Despite these significant setbacks in synthesis which were a difficulty from the outset, 

we succeeded in synthesising three siderophore conjugates, and went on to evaluate their 

biological activity, focusing on the contributions of the siderophore motif, and not 

supramolecular behaviours. In doing so, we discovered that these three compounds 3.27 

– 3.29 act as highly inhibitory to the growth of each of the pathogens tested; MRSA, E. 

coli, and P. aeruginosa. This effect is highly encouraging when considering that none of 

the parent compounds show activity against the two Gram-negative species tested, and 

only 2.25 shows activity against MRSA, but through siderophore conjugation we have 

decreased the level of activity by two-fold. Furthermore, using STED Super-resolution 

nanoscopy analysis of cellular uptake and distribution across single cells, we were able 

to implicate the siderophore uptake protein network of E. coli in their mechanism of 

action through co-localisation and cellular distribution analysis. This set of results 

constitutes the first example of targeted delivery of an anionophore scaffold to a non-

mammalian derived target, and is an extremely rare example of anionophores which 

possess inhibitory activity against Gram-negative pathogens. In this regard, this is clear 

precedence for exploration of this observation in the targeted delivery of anionophores, 

such that the approach could be entirely modular, whereby each portion of the motif could 

be exchanged with limitless scope. Indeed, with emerging knowledge of siderophore-

targeted esterases in bacteria there is the potential for the targeted delivery of “caged” 

anionophores which are enzyme responsive in nature (figure 3.28).  
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Figure 3.27. Potential future directions for the development of siderophore-conjugated 

squaramides for use as (stimuli-responsive) antimicrobial agents, and as imaging agents. 

Left: covalent modifications of the indoline scaffold may improve the binding affinity of 

the squaramide cleft as the siderophore motif is in an entirely different environment and 

can be accessed from commercial building blocks. Right: Potential approaches to the 

selective delivery of siderophore-squaramide conjugates which may be additionally 

endowed with stimuli responsive character.
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4.1: Introduction  

As previously discussed in Chapter 1, squaramides have been utilised in the development 

of highly effective anion binding and transport motifs. Conventional squaramides, with 

cooperative NH hydrogen bond donors, coupled with their thermodynamic driving force 

toward binding consistently yields binding motifs that rank far and above related 

isosteres. 69 

There are countless examples of diversification of the squaramide scaffold to grant 

increased anion binding affinity, NH geometry optimisation and preorganisation, or to 

impart guest molecular specificity to the receptor. 19 

 

Figure 4.1. Structure of o-phenylenediamine-bridged squaramide anion transporters.  

O-phenylenediamine bridged squaramide receptors, 4.1 and 4.2 (figure 4.1) have been 

shown to act as effective Cl- transporters, using a chloride-selective electrode to monitor 

Cl- efflux from POPC vesicles. These compounds, varying from the symmetrical lead 

compounds via incorporation of an o-phenylenediamine spacer, were shown to 

effectively bind, and transport Cl-. Additionally, this transport efficacy translated to 

simultaneous Na+ transport in FRT cells. In HeLa and A549 cells, caspase dependent 

apoptosis was induced through perturbation of cellular Cl- concentrations. 92   
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Figure 4.2. Structure of tris-squaramide anion transporters.  

Increasing the amounts of binding sites, and H-bond donors is a consistent strategy 

observed in the literature, in the pursuit of effective anion transporters. However, this 

strategy has also been shown to diminish anion transport efficacy. Gale and co-workers 

developed tripodal receptors 4.3, and 4.4 (figure 4.2) which showed extremely high 

binding affinity for Cl-, which translated to poor anionophoric ability, as the release of 

Cl- is inhibited by the high affinity. 92 

Davis and co-workers developed upon previously reported urea and thiourea cholapod-

anion receptors through the incorporation of two central squaramide binding motifs 

bridged by a cholic acid amine derivative (figure 4.3). 66 

 

Figure 4.3. Structure of cholapod-bridged squaramide anion receptors.  
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With both squaramides in mirroring axial positions of the steroidal backbone there was a 

preorganisation effect on the H-bond donor motifs. Each receptor showed high binding 

selectivity for acetate (over Cl-, Br-, I-, and NO3-), most likely due to cooperative binding 

between both H-bonding systems. These receptors, isosteric in nature to previously 

reported urea, thiourea and tosylate derivatives far outcompete in terms of binding 

propensity, with affinities (Ka) exceeding 1014 M-1 for acetate. With affinities this large, 

the authors could not directly use 1H NMR titrations to discern the binding propensity, 

and thus resorted to utilising qNMR, to measure extraction of the respective anion 

tetraethylammonium salt to organic phases, which could in turn be used to extrapolate an 

“apparent” Ka. 

Each of the examples discussed thus far display N-alkyl or N-aryl and represent a high 

proportion of those reported in literature. Squaramides which display alternate linkages, 

which also demonstrate high levels of hydrogen bonding are extremely rare.  

One of the earlier examples of squaramides diverging from conventional N-aryl or N-

alkyl linkages were introduced by Cheng and co-workers. N-tert-butyl sulfinyl 

squaramide receptors 4.11 – 4.13 (figure 4.4) were synthesised to contain an NH-bound 

tert-butyl sulfoxide motif which due to the acidity of the sulfoxide group yielded highly 

efficient anion binding motifs.272 

 

Figure 4.4. Structure of N-tert-butylsulfinyl-squaramide anion transporters.  

With binding constants (Ka) toward chloride reaching 820 M-1 for receptor 4.13, 

contributions of both NH’s were integral for the observed high binding affinity, it was 

observed through NMR titrations, x-ray crystallography, and DFT calculations, that C-H 

H-bond interactions were formed between tert-butyl hydrogens and the anion of interest, 
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indicating that there is a clear precedence for C-H H-bond donor investigation at greater 

depth.   

Marchetti and co-workers have recently demonstrated the incorporation of an N-amido 

linkage in the development of a new class of squaramide derived anion transport motifs 

– “amido-squaramides”.211 These receptors utilise an N-amido linkage to establish an 

additional electron withdrawing component which was envisaged to bolster anion binding 

efficacy.  

 

Figure 4.5. Structure of Amido-squaramide anion transporters.  

With binding affinities (Ka) toward Cl- ranging from 6 – 126 M-1 these anionophores do 

not outcompete squaramide isosteres but have greater affinities toward Cl- than urea and 

thiourea analogues. The reason for this was determined through computational methods, 

establishing the minimised geometries as a system that experiences intramolecular 

hydrogen bonding, prearranging the amido-squaramides into an anti/syn-conformation. 

However, it was shown that these amido-squaramides could effectively “switch-on” 

anion transport at acidic pH, with dramatic increases in Cl- efflux from POPC vesicles 

when switching from pH 7.2 to pH 4.2. This increase in efflux is likely as a result of 

acidic disruption of intramolecular H-bonding.  

As illustrated in the examples above, it is clear that the chemical space in the design of 

squaramide-derived anionophores is dominated with cases of N-aryl or N-alkyl 

substituent variation. Whilst this has led to examples of extremely potent anion binding 

and transport motifs – the lack of diversity in the design of anionophores is an opportunity 
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for exploration of the motifs which can be incorporated, and how this effects anion 

binding efficacy.  

In the synthesis of squaramide-derived anionophores, diethyl squarate is the predominant 

alkyl ortho-ester substrate for their assembly. Diethyl squarate undergoes nucleophilic 

substitution reactions with various amines, and depending on the stoichiometry can yield 

symmetrical, or unsymmetrical squaramides.19 However, it is also of note, the 

electrophilicity of diethyl squarate is not limited to amine nucleophiles. Diethyl squarate 

has been employed as an electrophile in reactions with organolithium reagents358, 

Grignard reagents359, 360, alkynes361, enolates359, and methylene ylides362-364. Diethyl 

squarate is commonly used as a synthon in the synthesis of mixed/unsymmetrical 

squaraines, which involves a conjugate addition of a methylene ylide(s), or electrophilic 

aromatic substitution of a tertiary aniline with squaric acid, to yield symmetrical/mixed 

squaraines364, 365. Indeed, we have previously shown, in Chapter 2, that utilising this 

methodology, incorporating a methylene base into the squaramide scaffold, exchanging 

an NH H-bond donor for a conjugated C-H H-bond donor is not detrimental to anion 

binding activity, and represent highly efficient transporters that also demonstrate high 

levels of antibacterial activity.  

There are other examples of receptors which display high anion binding and transport 

ability, yet do not possess NH H-bond donor motifs. Pittelkow and co-workers developed 

biotin [6]urils which show high binding affinity to various halides in aqueous media, with 

affinities ranging from 2000 M-1 for I- to 60 M-1 for Cl-.  
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Figure 4.6. Structure of biotin [6]uril anion transporters.   

Bonding occurs through a central binding cavity which contains only C-H H-bond 

donors.366 This binding mode was further verified through the formation of a complex 

with 4.22.367 It was also shown that despite the relatively low affinity, 4.22 – 4.24 could 

effectively transport chloride anions across model lipid membranes through the use of a 

lucigenin Cl-/NO3- exchange assay.  

 

Figure 4.7. X-ray crystal structure of receptor 4.22 in complex with an EtOH molecule 

(left), and the iodide anion (right).  
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With the diversity of reported heterocyclic squaraine precursors in literature, and 

evidence presented that exchange of a squaramide N-H for a C-H is not detrimental to 

activity, there is a clear precedent for exploration of the chemical space in the design of 

heterocyclic squaramide anionophores. 

4.2: Chapter objectives  

The aim of this chapter is to synthesise a family of disubstituted squaramides, where one 

substituent displays an N-Aryl linkage (whereby the aryl substituents are fluorous groups, 

chosen due to the electron-withdrawing effects and lipophilic bonus), and the second 

substituent is bound through an olefinic C-C bond to a series of heterocycles. The 

incorporation of varying heterocycles is sought as an elaboration upon the work outlined 

in Chapter 2, where it was shown, incorporation of an indoline motif was not entirely 

detrimental to the anion binding propensity of the motif. In this chapter, we aim to 

synthesise a series of diverse heterocycle derivatives varying in their functionalisation 

and incorporate each into the central squaramide core. By varying the incorporated 

heterocyclic structure, we expected to elucidate the downstream effects on molecular 

photophysics, anion recognition and transport capabilities, and whether this manifests in 

discernible antimicrobial activity.  

 

Evaluation of photophysical
and anionophoric capacity

of lead compounds

Biological evaluation of
antimicrobial activity

and mechanistic
studies

Synthesis and
characterisation of
lead compounds

Antimicrobial anionophore design logic and novel lead targets

Lead evaluation
and redesign

1st gen lead compound ”Squindole-2”:

Cl- assoc. constant: 201 M-1

Cl- transport EC50: 0.21 mol%
S. aureus/MRSA IC50: 2.3 𝝁M

Core pharmacophore fragment maintained with exchange of
heterocyclic fragment yielded six target families
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Figure 4.8. Schematic of the design logic and approach to the synthesis of heterocyclic 

anionophores discussed herein. 

The introduction of each heterocycle is envisaged as an expansion of the chemical space 

in the design of anionophores. Previously, squindole counterparts have been shown to not 

suffer a loss of anion transport ability, with the deviation from dual directional N-H H-

bond donors in anion binding, and thus benzo[e]indoline, benzothiazole, quinoline, 

benzoxazole, trifluoromethyl-quinoline, and trifluoromethylphenyl-pyridyl motifs have 

been selected as synthetic targets for incorporation.  

In an effort to establish a structure-activity relationship toward the design of effective 

anionophores, these motifs have not only been chosen for structural diversity, but also for 

commercial availability or synthetic accessibility.  

Herein can be found the results of a synthetic study, analysis of the anion 

binding/transport capacity of these compounds, and determination of antimicrobial 

capacity.  

4.3: Synthesis & Characterisation 

4.3.1: Synthesis of 2-methyl-6-trifluoromethylquinoline and 2-methyl-4-(3,5-

bis(trifluoromethyl))phenyl-pyridine 

The synthesis of each heterocyclic-squaramide can be achieved in varying numbers of 

steps depending on the target compound. Each unfunctionalized heterocycle was acquired 

as a readily available commercial source (2,3,3-trimethylbenzo[e]indole, 2-

methylbenzothiazole, 2-methylbenzoxazole, 2-methylquinoline). However, trifluoro-

methylated derivatives (2-methyl-6-(trifluoromethyl)quinoline, 4.26, and 4-[3,5-

bis(trifluoromethyl)phenyl]-2-methylpyridine, 4.28) had first to be assembled from 

simple building blocks (Scheme 4.1).  
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Scheme 4.1. Synthetic pathway towards functionalised building blocks 4.1 and 4.2. 

Reagents and conditions: (i) 6M HCl, toluene, reflux, 18 hr, 70%; (ii) Pd(OAc)2, P(o-

tolyl)3, KOAc, anhydrous DMF, N2, 5 hr, (crude); (iii) Pd(PPh3)2Cl2, K2CO3, N2, 

anhydrous toluene, reflux, darkness, 18 hr, 79%.  

Towards the synthesis of 4.26, a Doebner-Miller reaction was employed, using a 

procedure adapted from Zheng and co-workers.368 In this reaction, 4-trifluoromethyl 

aniline undergoes an acid-catalysed conjugate addition to crotonaldehyde and subsequent 

nucleophilic aromatic substitution in an intramolecular fashion, followed by oxidative 

aromatisation in the presence of molecular Oxygen to afford the desired quinoline, 4.26.  

Evidence to suggest the successful assembly of this functionalised quinoline is strongly 

apparent upon consultation of the 1H NMR spectrum following column chromatography. 

However, what was also apparent was that the method of purification was not entirely 

successful. Flash column chromatography using a 0 – 40% EtOAc:PE gradient as eluent 

gave rise to a co-elution of both the desired quinoline, and the respective aniline starting 

material. Unfortunately, further attempts to remove the undesired starting material was 

met with difficulty, however, upon standing the crude mixture separated into a liquid and 

crystalline phase, where the crystals were confirmed to contain in the majority, quinoline 

4.26. Upon physical separation, the crystals containing 4.26 were used in further reaction 

steps.  
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In an effort to assemble the desired Para-Phenylpyridine, 4.28, palladium-catalysed cross 

coupling chemistry was utilised. To establish a C-C bond between two aryl systems, a 

Suzuki-miyaura coupling was utilised. The commercially available synthons, 3,5-

bis(trifluoromethyl)phenyl bromide, and 2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaboran-2-yl)pyridine, 4.27, were used as coupling partners for this reaction. Initially 

however, as a method to establish the synthetic procedure towards 4.28, commercially 

sourced 4.27, was used as a coupling partner on a 0.2 mmol scale. Screening of the 

palladium source was the main variable by which this synthesis was refined, where 

Pd(OAc)2/P(o-tol)3, Pd(P(tbu)3)2, and Pd(PPh3)2Cl2 were trialled. Pd(PPh3)2Cl2 proved to 

be the most robust, and reproducible catalytic source, and was suitable for scale up to 1 

mmol, where this reaction was repeated with no loss of yield. However, when scaled up, 

4.27 was also synthesised as it was deemed to be readily accessible from common 

reagents, with relative inexpensiveness compared to commercial sources. To access 4.27, 

a procedure for the Miyaura borylation of 4-bromo-2-methylpyridine from an AMGEN 

patent was followed, with modification. Namely, the phosphine ligand was exchanged for 

a similarly bulky ligand system, tri-ortho-tolyl phosphine. The synthetically derived 4.27 

was subsequently used, without purification, and was telescoped with only minor 

discrepancies in yield, in the synthesis of 4.28.  

The formation of 4.28, the key biaryl pyridine precursor was evidenced when consulting 

the 1H NMR spectrum obtained following purification by flash chromatography. This 

spectrum could be characterised due to the relative simplicity thereof. As would be 

expected, the singular upfield signal is a sharp singlet at 2.57 ppm which correlates to the 

ortho-methyl group of the pyridine and has an integration of 3H. The remainder of the 

signals of interest in the 1H NMR spectrum are contained within the aromatic region. The 

pyridine o-arylH appears as a sharp doublet in the most downfield position of the 

spectrum at 8.58 ppm, due to the strong deshielding effect of the neighbouring pyridine 
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nitrogen, and correctly integrates for 1H. The m-protons of the pyridine appear as more 

shielded signals, where the m-proton on the C-2 locant appears as a sharp singlet, 

integrating for 1H, at 7.83 ppm. The m-proton appended to C-4 has a doublet multiplicity, 

due to splitting through the o-proton of C-5 and integrates for 1H at a chemical shift of 

7.73 ppm. There are two sets of singlets which correlate to protons of the 4-(3,5-

bis(trifluoromethyl)phenyl moiety, appearing at 8.47 and 8.20 ppm. The signal at 8.20 

ppm integrates for 1H and thus is assigned to be the p-proton of the ring, where the signal 

at 8.47 ppm integrates for 2H, and thus correlates to the protons in the o-position of the 

aryl ring (figure 4.9).  

 

Figure 4.9. 1H NMR spectrum of 4.28.  
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rise to a lower level of N-nucleophilicity, and thus were not further pursued – we instead 

probed the influence of central scaffold modifications (vide infra). 

 

Scheme 4.2. The attempted alkylation of 4.26 and 4.28. Reagents and conditions: i) Ethyl 

iodide, MeCN, reflux, 48 hr, 0%.  

4.3.2: synthesis of benzothiazolyl-squaramides 

With the synthetically demanding precursors in hand, and unfortunately the knowledge 

that these motifs could not be progressed farther, focus was shifted towards the assembly 

of each respective sub-family of heterocycle-appended squaramide. Each subgroup, e.g., 

benzothiazolyl-squaramides, were synthesised independently of each other. Initially, the 

synthesis of a larger family of benzothiazolyl-squaramides was carried out, where in 

addition to the desired N-aryl(trifluoromethylated) derivatives, a series of structurally 

diverse aliphatic squaramides were synthesised to prove the validity of the desired 

synthetic route, which is summarised in scheme 4.2 and detailed alongside 

characterisation data below.  
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Scheme 4.3. Synthetic pathway towards benzothiazolyl-squaramides. Reagents and 

conditions: (i) triethyl orthoformate, EtOH, reflux, 72 hr , 90%; (ii) iodoethane, MeCN, 

reflux, 24 hr, 70%; (iii) triethylamine, EtOH, N2,  reflux, 24 hr, 35%; (iv) aliphatic amine, 

triethylamine, EtOH, rt, 24 hr, 50 – 73%; (v) aromatic amine, Zn(OTF)2, EtOH, reflux, 

24 hr, 54 – 69%.  

Initially, the synthesis of benzothiazolyl-squaramides is begun with the formation of 3,4-

diethoxy-cyclobut-3-ene-1,2-dione, which is colloquially referred to as diethyl squarate, 

2.21. This is achieved by reaction of 3,4-dihydroxy-cyclobut-3-ene-1,2-dione, also 

referred to as squaric acid, with an excess of triethyl orthoformate in ethanol to give 

diethyl squarate, 2.21, in a 90% yield. 2.21 was then reacted with 3-ethyl-2-

methylbenzothiazol-3-ium iodide, 4.29, in the presence of triethylamine to afford 3-

ethoxy-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-dione, 

4.30.  

4.29 was first synthesised via alkylation of 2-methylbenzothiazole with iodoethane to 

resolve the respective N-ethylbenzothiazole as its iodide salt, in a moderate 70% yield. 

4.29 was then reacted with 2.21 under base-catalysed conditions, which is necessary to 

generate the active methylene base nucleophile which carries out a conjugate addition 



Chapter 4 

 164 

with 2.1, resulting in the formation of a new C-C bond, and elimination of ethanol as a 

by-product (Scheme 4.2), giving 4.30, exclusively in its Z-isomer, in a moderate 35% 

yield.  

In a similar fashion to the synthesis of 3.2, this reaction is believed to be unavoidably 

lower yielding than other reactions due to competition between reactions, where the 

synthesis of squarates, and further addition to squarates in the C-3, and C-4 position to 

yield the respective squaraines are all occurring concomitantly. This reaction is believed 

to proceed majorly through kinetic control, and 4.30, is one of the major kinetic products 

for this reaction. Careful control of reactant addition, and the rates thereof allows for 

prioritisation of the generation of 4.30, however, not without generation of a multitude of 

additional possible kinetic side-products. Attempts to diminute the generation of these 

was met with significant difficulty.  

Nevertheless, the formation of this key intermediate was evident from the 1H NMR 

spectrum obtained following purification via column chromatography (Figure 4.10). The 

appearance of a characteristic sharp singlet at 5.5 ppm, which we assign to be the Olefinic 

CH has a relative integration of 1H, due to its lack of coupling through COSY NMR 

experiments, as would be expected, thus providing evidence towards the formation of a 

new C-C bond between the benzothiazole and cyclobutene core. Other characteristic 

peaks include the presence of four well resolved doublets and triplets between 7.2 – 7.9 

ppm. These aromatic protons all have a relative integration of 1H and thus can be 

attributed to the aromatic H’s of the benzothiazole ring. What is interesting, however is 

that these protons are spin inequivalent, and thus can be considered an AMPX spin 

system. In order to solve which proton sequence these represent, we utilised selective 1D 

TOCSY NMR spectroscopy. Selective 1D TOCSY experiments are a useful tool for 

analysing indecipherable signals within a spin system by the transfer of a single “excited 

spin” to other spins within the same system, through the use of a spinlock, which forces 
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spins to rely on the spin-lock strength to express couplings, as the static magnetic field 

does not apply (kHz strength for these experiments). This in turn allows for the stepwise 

elucidation of spin sequence,369 as J-couplings do not scale with field strength, but 

chemical shifts do. As a result, two- and three-bond couplings to specific protons can be 

elucidated with ease. In this case, it is abundantly clear, combining COSY experiments 

with TOCSY, a clear coupling between from Ha to Hb and Hd, with bond distances 

appreciable by signal intensity, thus allowing for signal assignment. Furthermore, two 

distinct sets of methylene protons of the ethyl ester and tertiary amine of the benzothiazole 

appear as well resolved quartets between 4.2 – 4.8 ppm. Both sets of protons integrate for 

2 H, with the more downfield set belonging to the squarate ortho-ester, as they show little 

coupling to the AMPX system, unlike Hg. The two sets of methyl protons appear as clear 

triplets between 1.2 – 1.5 ppm, with each having an integration of 2 H. Again, we assign 

the more downfield methyl protons to the squarate ortho-ester, for the same reason.  

 

Figure 4.10. 1H NMR spectrum of benzothiazole-squarate intermediate, 4.30.  
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The final step in the synthesis towards benzothiazolyl-squaramides was the reaction of 

the relevant aromatic or aliphatic amine with the previously obtained benzothiazolyl-

squarate, 4.30 (scheme 4.3). In this step, nucleophilic substitution with the relevant amine 

occurs, and is promoted by lewis-acid activation of the squarate intermediate, which 

bolters squarate electrophilicity and prevents the formation of undesired 1,3-squaraines. 

Thus, affording the desired benzothiazolyl-squaramide. In the formation of 4.31, the 

reaction proceeds via nucleophilic substitution of 3,5-bis(trifluoromethyl)aniline at the 

ortho-ester position of 4.31 giving rise to a tetrahedral intermediate. Subsequent 

intramolecular proton transfer between the protonated amine and ethoxy ester causes the 

intermediate to collapse, releasing ethanol as a leaving group and forming 4.31 as the 

desired product.  

With the range of amines utilised in the synthesis of 4.31 – 4.40 it was observed minor 

variations in yield. Whilst it would be expected that aromatic amines bearing electron 

withdrawing-substituents would give poorer yields than aliphatic counterparts, it was 

surprising to observe a consistent 50 – 70% yield obtained for each, irrespective of amine 

complexity.  

The synthesis of the desired benzothiazolyl-squaramides was evident upon consulting 

their respective 1H NMR spectra. The spectra for each show the appearance of a 

characteristic broad singlet for the NH of the benzothiazolyl-squaramide, in addition to 

ancillary peaks for the substituents of the amide. Taking 4.31 as an example, this Phenyl 

NH appears at 10.3 ppm as a broad singlet, integrating for 1H. In addition, the appearance 

of the phenyl ortho- and para- protons appear as sharp singlets at 8.22 and 7.66 ppm, 

respectively. These protons also show correct integration of 2 H for the ortho-position, 

and 1 H for the para-position. Other peaks of importance include the retention of all 

benzothiazole peaks, and notably, the downfield shift of the olefinic H to 5.96 ppm. This 

is expected with the introduction of this electron-withdrawing moiety, altering the 
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electronics of the system. Moreover, successful nucleophilic substitution is evident by the 

disappearance of the ortho-ethoxy ester peaks, in the upfield portion of the spectra. The 

respective 1H spectrum additionally shows high analytical purity, with little to no baseline 

contamination evident. This purity is further supported by the analytical HPLC trace for 

the respective compound, 4.31 (figure 4.12). With only a single eluting peak from the 

column, with a rt = 3.021 min, and a integration above 99.6%, we are confident of both 

the identity and purity of 4.31. However, gratifyingly in the case of 4.31 we were 

additionally able to grow crystals of the title compound, suitable for X-ray 

crystallography, through recrystallisation from DMSO (figure 4.13).   

 

Figure 4.11. 1H NMR spectrum of benzothiazolyl-squaramide, 4.31.  

Ha

Hb

Hc

Hd
He
Hf
Hg Hh Hi

Hj



Chapter 4 

 168 

 

Figure 4.12. Analytical HPLC trace of 4.31 (MeCN/0.01% TFA).  

Analysis of the yellow block crystals of 4.31 by single crystal X-ray diffraction (carried 

out by Dr Chris S. Hawes, Keele University) provided a structural model in the 

monoclinic space group P21/c, where the asymmetric unit contains one molecule of the 

title compound as the DMSO solvate. The molecule adopts a relatively planar 

conformation with the benzothiazole ring oriented in a syn coplanar orientation relative 

to the squaramide core, evidenced by the torsion angle S1-C9-C10-C11 of 3.7(6)°. In this 

conformation, the S···O distance between the benzothiazole sulfur atom and the nearby 

ketone oxygen atom O1 of 3.039(3) Å is similar to those seen in weak intramolecular 

chalcogen bonds,41 although the C=O···S angle of 94.3(2)° most likely limits any 

potential stabilisation from this close contact. Conversely, a slight rotation is observed 

for the bis-trifluoromethylphenyl substituent, which adopts a C16-C15-N2-C14 torsion 

angle of -20.3(6)°.    

 

A) B)
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Figure 4.13. A) Structure of 4.31 with heteroatom labelling scheme. Selected hydrogen 

atoms are omitted for clarity and ADPs are rendered at the 50% probability level. B) The 

key hydrogen bonding interactions and short contacts associated with the stacked dimer 

extended structure of 4.31.  

The squindole group itself forms a non-symmetric hydrogen bonding chelate with the 

lattice DMSO molecule; the N-H group forms the stronger of the two contacts at an 

N1···O3 distance of 2.864(4) Å, compared to the much longer C10···O3 distance of 

3.363(4) Å. Beyond these interactions, the remaining intermolecular contacts in the 

structure of 4.31 are mostly accounted by a parallel head-to-tail π···π interaction across 

the aromatic surface of the molecule. The two molecules separated by a mean interplanar 

distance of 3.42 Å, and this contact is buttressed by a weak C-H···O contact from the 

lattice DMSO molecule to the ketone oxygen atom O1 at a C···O distance of 3.289(5) Å. 

Further to this, 13C NMR, and HRMS confirmed the successful synthesis of each 

benzothiazolyl-squaramide, with full characterisation data found in the experimental 

section and supplemental spectra in the Appendix. 

4.3.4: Synthesis of quinolyl-squaramides 

With this panel of benzothiazolyl-squaramides in hand, the synthetic pathway had been 

laid out and was refined to the degree that it could be applied with a reactivity scope that 

allowed for the formation of heterocycle appended squarates from diethyl squarate, and 

a 2-methyl-pyridine like nitrogen containing heterocycle, such as 2-methyl quinoline. 

Indeed, 2-methylquinoline, or quinaldine as it is colloquially known was incorporated 

into the squaramide scaffold using a combination of alkylation and conjugate addition 

chemistry to resolve the three desired quinolyl-squaramides, 4.43 - 4.45 as illustrated in 

Scheme 4.3. What follows is the details of their synthesis and a summary of key 

characterisation data. 
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Scheme 4.4. Synthetic pathway towards quinolyl-squaramides. Reagents and conditions: 

(i) triethyl orthoformate, EtOH, reflux, 72 hr, 90%; (ii) iodoethane, MeCN, reflux, 24 hr, 

54%; (iii) triethylamine, EtOH, N2, reflux, 24 hr, 53%; (iv) aromatic amine, Zn (OTF)2, 

EtOH, reflux, 24 hr, 22 – 40%.  

Initially, the synthesis of quinolyl-squaramides is begun in a similar fashion to previous. 

2-methylquinoline was first alkylated with ethyl iodide, as the pyridine-like nitrogen of 

the heterocyclic system greatly prioritises N-alkylation over C-alkylation in these reaction 

conditions. Lone-pair derived reactivity of the quinoline nitrogen mediates an Sn2 reaction 

with ethyl iodide to resolve the N-alkylated product 1-ethyl-2-methyl-quinolin-1-ium 

iodide, 4.41, in a moderate 54% yield. Gratifyingly, with the scalability of this reaction 

(>10 mmol) the need for optimisation was mitigated as the reaction could be caried out 

on larger scales to give sufficient materials.  

When consulting the 1H NMR spectrum of 4.41 obtained following trituration with Et2O 

(figure 4.14) – it is apparent, the successful synthesis of 4.41 due to the relative simplicity 

of the spectrum, and as a result can be unambiguously characterised. The most downfield 

signal in the spectrum could be ascribed to the hydrogen in the 8-position of the quinoline 

ring, with its multiplicity arising from being coupled only to the hydrogen on C-7, and 

like all aromatic protons in the spectrum integrates as expected – for 1H. The signal for 

the proton of C-7 can be observed as a doublet of triplets at 8.24 ppm and has a 

multiplicity as such due to second order splitting through the hydrogen on C-5 (meta-

coupled), alongside adjacent protons on C-6 and C-8. The Hydrogen of C-6 is the only 
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aromatic triplet, which appears as such at 8.00 ppm, and as a result of coupling to 

hydrogens on C-5 and C-7. Interestingly, second order splitting is not observed for this 

signal, as may be expected, as a result of the proton of C-8 being in the meta-position 

with respect to C-6. The remaining aromatic signals all appear as doublets at 8.61, 8.42, 

and 8.12 ppm, and are assigned to be C-3, C-4, and C-5, respectively, due to their 

proximity to the ring nitrogen. The upfield protons are more apparent in terms of 

assignment as a result of multiplicity. The N-ethyl CH2 appears as a quartet, at 4.99 ppm, 

and integrates as expected for 2H. The CH3 of the same region appears as a triplet at 1.54 

ppm, and as expected integrates for 3H. The only remaining signal is a singlet at 3.12 

ppm, which integrates for 3H, and is assigned to be the CH3 appended to C-2 of the central 

skeleton.  

 

Figure 4.14. 1H NMR spectrum of 4.41.  

With 4.41 in hand, the ethyl quinolinium iodide precursor was reacted under base 
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fashion to the synthesis of benzothiazolyl-squarate, 4.30. Initially, TEA deprotonates the 

C-2 methyl group to yield a reactive methylene base ylide nucleophile which carries out 

a conjugate addition to diethyl squarate, 2.1, resulting in the elimination of ethanol, to 

give the desired product 4.42.  

Gratifyingly, this reaction, whilst resulting in a complex mixture of products (conjugate 

addition to C-3, 3,4-addition to 2.1, 1,3-addition to 2.1, pyridinium-derived ylide 

alkylation, etc) was readily purifiable through flash chromatography, where the resultant 

purified compound was a single stereoisomer, and is believed to be the E-isomer, the form 

which is represented graphically throughout this thesis. This is believed as a result of 

previous work which demonstrated the stereospecificity of these conjugate addition 

reactions to diethyl squarate. Moreover, from the 1H NMR spectrum, it is unambiguous 

the successful synthesis of the desired quinolyl-squarate (figure 4.15).  

When compared to the spectrum of 4.41 the aromatic region shows an increased 

abundance of coalesced peaks between 7.59 – 7.7 ppm, with a total integration of 4H – 

which we ascribe to be the protons of C-4,5,7, and 8, with the remaining doublet at 8.40 

ppm and triplet at 7.30 ppm being assigned as the protons of C-3, and C-6 respectively. 

The singlet appearing at 5.25 ppm, integrates for 1H and is that of the olefinic proton, 

which acts as evidence for the formation of the new C-C bond between the methylene 

base of quinaldine and C-3 of diethyl squarate. Furthermore, the disappearance of the C-

2 methyl group singlet (of 4.41) from the 1H NMR spectrum provides further evidence 

toward this. Moreover, the observation of only one singlet for this proton indicates the 

stereoselectivity of this conjugate addition to diethyl squarate. In the more upfield region 

there are two distinct CH2’s and two distinct CH3’s, as would be expected. The more 

downfield signal, appearing as a quartet (CH2) is that of the squarate ortho-ethoxy ester, 

appended to the cyclobutene-dione ring, and correctly integrates for 2H. The more upfield 

signal appears as a substantially broadened signal, due to fast relaxation times, but 
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integrates for 2H, and is identifiable as a CH2 signal from both HSQC and HMBC 

correlation NMR experiments. For the remaining signals, COSY correlation NMR 

experiments were utilised to distinguish the locant of either CH3 signal, and it was 

confirmed that the triplet at 1.48 ppm is that of the squarate ortho-ethoxy ester, and 

correctly integrated for 3H. The final signal, the most upfield appears as a triplet and is 

that of the N-ethyl CH3 protons, with the correct integration of 3H (see appendix).  

 

Figure 4.15. 1H NMR spectrum of 4.42.  

The synthesis of each target quinolyl-squaramide is clearly evident when their respective 

1H NMR spectrum is consulted. Each provides clear evidence towards the successful 

synthesis of these desired quinolyl-squaramides. Each spectrum shows the appearance of 

a characteristic broad singlet for the NH of the quinolyl-squaramide, in addition to 

ancillary peaks for the substituents of the amide. Moreover, the disappearance of the 

ortho-ethoxy ester peaks of the squarate starting material compounds this further. Taking 

4.43 as an example (figure 4.16), we see the appearance of the broad NH appear as the 

most downfield signal in the spectrum at 10.34 ppm. This is as would be expected for a 
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signal as such due to the strong s-withdrawing capacity of both trifluoromethyl 

substituents. Moreover, the dicarbonyl substituents of the cyclobutene ring also contribute 

to the deshielding effect of the aromatic nitrogen signal, yielding a highly deshielded 

signal as seen below. In addition, the appearance of signals for the ortho-protons of the 

N-aryl functionality as a sharp singlet, integrating for 2H provides further evidence for 

the synthesis of 4.43. Para-protons of the same moiety are observed as a coalesced signal, 

with the C-4,5,7, and C-8 protons of the quinoline ring. Appearing at 7.59 ppm, the total 

integration for this set of peaks is 5H and appears as a cluster of singlets (N-aryl para-

proton), doublets (C-4, C5, C-8), and a singular triplet (C-7). Additional aromatic signals 

observed in the spectrum include a doublet (1H) assigned to be Quinoline C-3 proton, 

appearing at 8.68 ppm, and a triplet (1H) arising from the quinoline C-6 proton at 7.25 

ppm. Moving further upfield, the retention of the olefinic CH singlet and its migration to 

5.67 ppm indicate the alteration of the electronic character within the ring, as a result of 

the introduction of an aryl NH functionality. The final peaks of interest are for ancillary 

N-ethyl peaks appearing as a broad quartet (CH2 – 2H) at 4.33 ppm, and the terminal 

Methyl group (3H) appearing as a triplet at 1.39 ppm. Additionally, purity of the final 

compound, 4.43, was determined using Analytical HPLC, where there was only one peak 

observed with an rt = 3.064 min which integrated for 98.8% (figure 4.17). Further to this, 

13C NMR, and HRMS confirmed the successful synthesis of each quinolyl-squaramide, 

with full characterisation data found in the experimental section and supplemental spectra 

in the Appendix. 
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Figure 4.16. 1H NMR spectrum of 4.43. 

  

Figure 4.17. Analytical HPLC trace of 4.43 (MeCN/0.01% TFA).  

4.3.5: Synthesis of benzo[e]indolyl-squaramides 

Utilising conditions that showed clear utility in the synthesis of both benzothiazolyl- and 

quinolyl-squaramides, benzo[e]indolyl-squaramides could be assembled from simple 

starting materials through application of the previously refined synthetic approach.  
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Scheme 4.5. Synthetic pathway towards benzo[e]indolyl-squaramides. Reagents and 

conditions: (i) triethyl orthoformate, EtOH, reflux, 72 hr, 90%; (ii) iodoethane, MeCN, 

reflux, 24 hr, 61.5%; (iii) triethylamine, EtOH, N2, reflux, 24 hr, 35.7%; (iv) aromatic 

amine, Zn (OTF)2, EtOH, reflux, 24 hr, 0 – 17%.  

Incorporation of the p-expanded indoline motif 2,3,3-trimethylbenzo[e]indole into the 

squaramide scaffold was carried out through initial alkylation in the presence of ethyl 

iodide, resolving the desired N-alkylated product 1-ethyl-2,3,3-trimethylbenzo[e]indol-1-

ium iodide, 4.46 as a bright blue crystalline solid in a 61% yield. Gratifyingly, this 

reaction could also be carried out in excess of 10 mmol scales, yielding sufficient material 

to be carried on through synthetic steps.  

With sufficient material obtained, 4.46 was reacted with diethyl squarate, 2.1, using 

conditions previously discussed. Under basic conditions, 4.46 is deprotonated to form the 

active nucleophilic species, 3-ethyl-1,1-dimethyl-methylidenebenzo[e]indole. This 

methylidene species in its ‘unmasked’ form is sufficiently nucleophilic to carry out 

conjugate addition to C-3 of 2.1. Subsequent intramolecular proton transfer causes the 

collapse of the tetrahedral intermediate, causing elimination of ethanol, and formation of 

a novel olefinic C-C bond between C-3 of diethyl squarate, and the methylidene 

functionality of 4.46, thus resolving the desired product, 4.47 in a 35.7% yield, 

exclusively as its E-isomer. We again hypothesise that this reaction proceeds with a lower 

yield as a result of the potential for the formation of several reaction side-products which 
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are mostly undesired in this regard. Namely, these side products are; the secondary 

addition to 4.47 in the 1-, and 4-position to resolve squaraines. This is both well 

documented in literature, as previously discussed, and was observed experimentally 

through the formation of a deep violet colour in the reaction mixture, which is highly 

indicative of squaraine formation (figure 4.18). Furthermore, using column 

chromatography, we were able to successfully isolate the 1,3-addition product as a deep 

violet crystalline solid, which showed good agreement with literature for all spectral 

data.370 

  

Figure 4.18. The structure of undesired squaraine side-product, 4.51 (left), and a solution 

of 4.51 in EtOH, under UV light (right).  

The stereoselectivity of the formation of 4.47 is evident when consulting the 1H NMR 

spectrum obtained following flash chromatography. In the spectrum it is clearly 

appreciable a single signal correlating to that of the olefinic CH, indicating the presence 

of a single stereoisomer, which we believe is that of the E-isomer. This signal appears as 

a sharp singlet at 5.42 ppm and correctly integrates for 1H. The aromatic region of the 

spectrum displays clearly five distinct signals, where two signals are overlapping slightly. 

The most deshielded of these signals, at 8.17 ppm is assigned as the ortho-proton to the 

indoline nitrogen, due to the strong deshielding effect of tertiary nitrogen centre. This 

signal, as would be expected appears as a sharp doublet and correctly integrates for 1H. 
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Slightly upfield, at 7.98 ppm is a sharp doublet integrating for 2H is a set of ancillary Aryl 

protons which experience slight nitrogen-derived deshielding effects. Additional 

ancillary protons of the p-system can be seen coalescing as a single signal overlap 

between one distinct doublet (1H) and one distinct triplet (1H), which is somewhat hidden 

by the aforementioned doublet. This signal appears as a poorly resolved doublet of triplets 

due to the direct coupling to adjacent protons, and secondary splitting occurs as a result 

of meta-coupling to protons within the p-system. In the upfield region of the spectrum 

five distinct sets of signals can be observed, and correlate to the remaining N-ethyl, 

dimethyl, and ortho-ethoxy ester moieties. The more deshielded CH2 signal correlates to 

that of the ortho-ester functional group, appearing as a quartet and integrating for 2H at 

4.86 ppm. Adjacent to this signal is an additional CH2 and is that of the N-ethyl 

functionality, correctly integrating for 2H at 4.09 ppm. The dimethyl functionality of the 

indole appears as a sharp singlet at 1.82 ppm and integrates for 6H. At 1.49 and 1.27 ppm 

are two sets of triplets, both integrating for 3H, and correlate to the ortho-ester and N-

ethyl CH3’s respectively.  

With clear evidence to support the successful synthesis of 4.47 the assembly of the desired 

benzo[e]indolyl-squaramides was pursued. As previous, 4.47, the squarate intermediate 

was reacted with either 3,5-bis(trifluoromethyl)aniline, or 4-trifluoromethylaniline to 

give rise to the desired squaramides, 4.48 - 4.49. This reaction, nucleophilic substitution, 

occurs at the electrophilic sp2 carbon centre of the squarate. Initially, lewis-acid activation 

(Zn(OTF)2) allows for nucleophilic attack of the relevant aniline, whereby resolving the 

desired squaramide in low yields of 6 – 17%, following column chromatography. 

Unfortunately, when reactions with 4-pentafluorosulfanylaniline, to yield 4.50 were 

attempted under conditions similar to those previously discussed, it was not possible to 

access the desired squaramide. Unfortunately, we did not have sufficient time to probe 

this synthetic problem further, and thus continued to investigate the supramolecular and 
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antimicrobial properties of the eight compounds successfully synthesised. Full details of 

the characterisation of both Benzo[e]indolyl-squaramides can be found in the appendix. 

However, taking Compound 4.48 as an example, utilising FTIR to monitor functional 

group interconversion or retention, is especially useful in the case of squaramides, due to 

their characteristic cyclobutene-1,2-dione motif (figure 4.19). Indeed, this motif shows 

characteristic stretching bands between 1600 – 1900 cm-1. In this case, upon conversion 

from 4.46 to 4.47 we see the appearance of two characteristic signals between 1700 – 

1800 cm-1, which are likely that of the dicarbonyl motif, due to their retention again 

following conversion to 4.48. In addition, upon conversion we see the loss of a strongly 

absorbing signal at approx. 1100 cm-1, which is likely that of the squarate ortho-ethoxy 

ester, as this was lost during transformation from squarate to squaramide. Purity of both 

Benzo[e]indolylsquaramides was again confirmed using analytical HPLC, where in the 

case of 4.48, we see only a single peak eluting with an rt = 3.624 min, integrating for 

99.6% (figure 4.20).    

 

Figure 4.19. FTIR-ATR stackplot of 4.46 – 4.48, with peaks of interest highlighted.  
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Figure 4.20. Analytical HPLC trace of 4.48 (MeCN/0.01% TFA).  

4.4: Physiochemical and photophysical properties 

With three of the desired target families synthesised, we sought to determine several of 

the physiochemical properties of each (table 4.1), which may influence antimicrobial 

applicability in in-vitro/in-vivo settings and relevance to previously discussed Squindoles.  

To function as a charge-neutral anion transporter, each compound must remain in its un-

charged form under physiological conditions. To verify this, both pKaH of the conjugate 

acid, and pKa of the conjugate base were predicted using the ChemAxon Marvin 

consensus suite. Each of the relevant pKa’s for each compound were predicted to fall 

within an accepted window of tolerance toward physiological conditions, indicating that 

each compound would remain in its neutral state during the course of biological testing.  

In addition,  was also predicted using the same package, and utilised to calculate the 

Solubility Forecast Index (SFI) of each compound (equation 1). Determination of the SFI 

for each compound was carried out as it is a direct measure of the hydrophobicity of 

compounds, whilst taking account of the aromatic nature of the system, which is generally 

detrimental to solubility371 - often the case for squaramide based anion transporters. 

𝑆𝐹𝐼 = 𝐶𝑙𝑜𝑔𝐷*&	+.- + 𝑛  
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Where ClogDpH 7.4 is the predicted LogD at pH 7.4, and n is the number of aryl rings. 

(1) 

Generally, anion transporters exist in a non-conventional drug space as they often defy 

Lipinski’s “rule of five”; 372 having large numbers of hydrogen bond donors/acceptors by 

design, and LogP’s in excess of those usually observed in compound screening libraries 

– to name but a few. Each of the compounds synthesised (vide supra) are no exception to 

this, with LogP’s greater than five, and SFI’s above conventional standards. This lower 

predicted solubility is not necessarily unexpected for systems such as these with extended 

(and numerous) p-conjugated systems, but is crucial in their design, for high lipid 

partitioning ability.  

Table 4.1. Summary of the LogDpH 7.4 for each of the target compounds, the relevant Pka’s 

for each, and solubility forecast index. a = tertiary amine conjugate acid Pka. b = 

squaramide aryl NH conjugate base Pka.  

Compound Pka CLogDpH 7.4 SFI 
4.31 -2.35, 10.97 6.4 9.4 
4.32 -2.35a, 11.13b 5.5 8.5 
4.33 -2.35, 10.51 6.7 9.7 
4.43 1.53, 11.01 5.9 8.9 
4.44 1.53, 11.27 5.0 8.0 
4.45 1.53, 10.55 6.0 9.0 
4.48 1.92, 11.02 7.3 11.3 
4.49 1.92, 11.19 6.4 10.4 
2.25 1.85, 11.02 6.3 9.3 

When comparing the predicted pKa’s of each compound under study to that of the parent 

compound, 2.25, in addition to the CLogD, and SFI, we can begin to ascertain what effect 

or the limit of effect each heterocycle may have, upon the physiochemical properties. As 

would be expected, Benzo[e]indolyl derivatives are likely to show limited solubility in 

aqueous solutions, due to the higher proportion of aromatics, when compared to others, 

where the quinolyl-derivatives are likely to show the highest solubility compared to other 

compounds for testing. This may be as a result of the propensity of quinolines for 
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hydrogen bonding in water, and when compared to benzothiazolyl derivatives, this 

solubility prediction is likely skewed due to the presence of additionally lipophilic sulfur 

atoms.  

To determine how the incorporation of varying heterocycles influenced the absorption 

and emission properties of each squaramide, spectrophotometric determination of the lmax 

(absorbance/emission, nm) was performed in DMSO at a concentration of 10 µM. 

Absorption was read between 250 – 900 nm, and lmax (abs) was determined as the point 

of maximal absorption. lmax (em) was determined using the absorbance maxima as the 

excitation wavelength, and fluorescence intensity (a.u) was read between [lmax 

(abs)+10]nm and 900 nm. Values for lmax (abs/em), and stokes shift (∆l) are tabulated 

below in table 4.2, and represented visually as normalised excitation/emission spectra for 

each compound.  

Table 4.2. Summary of the lmax (abs/em), and stokes shift (∆l) for compounds 4.31 – 

4.33, 4.48, and 4.49, determined from a 10 µM solution of each in DMSO.  

Compound lmax (abs) (nm) lmax (em) (nm) ∆l (nm) 
4.31 465 489 24 
4.32 466 489 23 
4.33 463 490 27 
4.48 455 498 43 
4.49 458 503 45 

From initial spectrophotometric determination of lmax (abs/em), and stokes shift (∆l) of 

each compound under study, it was determined that both Benzo[e]indolyl derivatives 

display the most red-shifted emission spectrum with emission centred ca. 500 nm, with 

both displaying a comparatively large mean stokes shift of 44 nm. Benzothiazolyl 

derivatives showed bright emission centred around 489 nm for each compound, and a 

stokes shift of 23-24 nm.  Much like Squindole derivatives, all compounds showed bright 
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green emissive properties, with brightness and  lmax (em) varying for each heterocyclic 

substituent (figure 4.21).  

 

Figure 4.21. Normalised excitation/emission spectra overlay illustrating the excitation 

and emission maxima lmax(ex/em) for each compound. Normalisation was carried out by 

adjusting the lowest obtained absorption/fluorescence intensity to 0.0, and the highest 

obtained value for absorption/fluorescence intensity was set to 1.0.  Blue = normalised 

absorption spectrum. Red = normalised emission spectrum. (A) Normalised 

absorbance/emission spectrum overlay of 4.31; (B) Normalised absorbance/emission 

spectrum overlay of 4.32; (C) Normalised absorbance/emission spectrum overlay of 4.33; 

(D) Normalised absorbance/emission spectrum overlay of 4.48; (E) Normalised 

absorbance/emission spectrum overlay of 4.49.  

In terms of emissive properties, Quinolyl derivatives appeared to display the second most 

red-shifted emission maxima, but also the lowest stokes shift for any of the series. With 

stokes shift appearing to be near zero, we gained suspicion as to the origin of this. 

Suspecting a form of photon scattering as the source of this phenomenon, we looked for 

visual confirmation of fluorescence under UV irradiation. Using a UV lamp, we could 

not see any visual confirmation of emission, and ascribed this to be a result of the non-

restricted rotation around the olefinic C-C bond observed in each. When compared to 

A)

E)D)

C)B)
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both benzo[e]indolyl- and benzothiazolyl-derivatives, there is a far lower steric and 

electronic bulk surrounding this bond, which we hypothesise lowers the rotational barrier 

around this bond, leading to non-radiative decay of photons upon excitation, and thus no 

fluorescence (or extremely short-lived) (figure 4.22). What was interesting however, was 

when we looked into cellular imaging of S. aureus stained with each compound under 

study (vide infra), there was appreciable, bright fluorescent signals observed for bacteria 

treated with  4.43 – 4.45. As a result, we rationalised that an environmentally induced 

aggregation in bacteria may lead to a “turn-on” in fluorescence, and thus sought to probe 

this behaviour through analysis of Aggregation-induced-emission (AIE).  

 

Figure 4.22. Schematic illustration of the RIR and lack thereof in compounds 4.31, 4.43, 

and 4.48.  

Aggregation-induced emission is an atypical photophysical phenomenon which has 

garnered significant attention since Tang and co-workers first reported it in 2001.373 

Aggregation-caused quenching (ACQ) is well documented, and is the observation that 

fluorophores often exhibit high levels of emission in dilute solutions, but decreased levels, 

or quenching in more concentrated solutions.374 AIE is the opposite of this. For 

fluorophores, or highly conjugated molecules which have high degrees of intramolecular 

rotation around bonds, dilute solutions thereof allow for unrestricted rotation, whereas an 

increase in concentration or induction of aggregation (e.g. increasing water content of 

solution) will lead to restriction of intramolecular rotation (RIR) and thus π- π stacking 

occurs in these highly conjugated systems.375 This in turn decreases the possibility of non-
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radiative decay of photons, leading to a “switch-on” in fluorescence. With applications in 

bioimaging,376, 377 chemosensing,378 OLED devices,379 circularly-polarized luminescence 

systems,380 and many other areas of materials chemistry we saw a clear precedent to delve 

into this observation.  

To investigate the potential AIEgen nature of quinolyl squaramides, we first sought to 

analyse the effect of water content in solutions (0-98% H2O:THF/MeCN) of 4.43 – 4.45 

on AIE behaviours, through colorimetric analysis and under 365 nm UV light (Figure 

4.23). Taking 4.43 as an example, when solutions of aqueous THF/MeCN (“good 

solvent”) containing 20 µM 4.43 were made, modifying the water (“poor solvent”) 

fraction (fw) (0 – 98% H2O) there is a clear colorimetric change upon an increase in fw, 

which is also reflected by emission. In aqueous THF solutions of 4.43, a critical water 

concentration of 70% (v/v; H2O) leads to significant colorimetric change to the naked 

eye, where solutions shift from bright yellow, to a pale red (70% H2O), which reverts 

back to a yellow as fw increases further. This colorimetric change is concomitantly 

mirrored by a dramatic increase in visually appreciable fluorescence upon illumination 

under UV (365 nm). For aqueous solutions of MeCN (20 µM 4.43), we see a similar 

phenomenon, where a critical fw of 50% gives rise to AIE, which is observable by both 

UV illumination and through colorimetric change. Upon fw increase to 50% there is a 

dramatic increase in 4.43-derived fluorescence from aggregates, which further increases 

at a fw of 60%, before fluorescence decreases as fw moves towards 98%. This is reflected 

by the observation of a shift from yellow solutions at low fw, to pale red at a fw of 50% 

before returning to pale yellow towards 100% H2O. We hypothesise a fw of 70 – 90% in 

THF mixtures and 50 – 80% in MeCN mixtures gives rise to aggregates suspended in 

solution which can effectively emit, but past this ACQ takes precedent, diminishing the 

visually appreciable fluorescence of 4.43. To probe this phenomenon further we utilised 

spectroscopic means, again looking at the effect of fw on AIE.  
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Figure 4.23. Visual determination of the AIE properties of 4.43. A) Colorimetric (top) 

and UV (bottom) visualisation of the impact of increasing fw (0 – 98% H2O) in aqueous 

THF mixtures containing 20 µM 4.43. A) Colorimetric (top) and UV (bottom) 

visualisation of the impact of increasing fw (0 – 98% H2O) in aqueous MeCN mixtures 

containing 20 µM 4.43. 

Compounds 4.43 – 4.45 were dissolved to a concentration of 20 µM in aqueous solutions 

of THF, altering the fw from 0 – 98% H2O, obtaining emission spectra upon each 10% fw 

increase, and data was plotted to illustrate the effect of fw on AIE from each (Figure 4.24).  

 

Figure 4.24. Spectroscopic determination of the AIE properties of 4.43 – 4.45 (20 mM), 

through alteration of the fw of aqueous THF mixtures from 0 – 98% H2O (light pink to 

Dark purple) with plot of fluorescence intensity vs fw for each as inset. A) 4.43. B) 4.44. 

C) 4.45.  
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For 4.43, an increase in the fw to 70% H2O in THF gives rise to a dramatic increase in 

fluorescence, with two distinct maxima, at 585 nm and 610 nm respectively. Further 

increase of the fw past 90% again quenches the emission from 4.43. In the case of 4.44, 

there is a dramatic increase in observable fluorescence upon an increase of fw in aqueous 

THF, where past 50% there is an appreciable emission maxima observed at 602 nm, with 

an emission shoulder centred around 650 nm. This emission increase further as fw 

increases before ACQ can be observed for fw of 90 – 98% H2O. 4.45 also exhibits clear 

AIE behaviour when fw is increased in 20 µM aqueous THF mixtures. There is an 

observable “switch-on” of fluorescence from 4.45 when fw is increased to 50%, with 

maximal emission observed at a fw of 60%, centred around 605 nm, with a secondary 

emission shoulder at 665 nm. Past a fw of 60% emission decreases until ACQ begins to 

occur past 80% H2O in THF. Each of these results are highly indicative of AIE 

behaviours, as this increase of poor solvent promotes aggregation in these highly 

conjugated systems, and in this case a “switch-on” in fluorescence (table 4.3). This 

phenomenon is observable to both the naked eye and shows high congruency with 

spectroscopic analysis, and was utilised in AIEgen-based bioimaging of S. aureus (vide 

infra).  

Table 4.3. Summary of the lmax (abs/em), and stokes shift (∆l) for compounds 4.43 – 

4.45, determined from a 20 µM solution of each in DMSO. 

Compound lmax (abs) (nm) lmax (em) (nm) ∆l (nm) 
4.43 494 610 116 
4.44 495 602 107 
4.45 494 605 111 

4.5: 1H NMR binding titrations 

In order to ascertain the ability of each compound under study, to form association 

complexes with Cl- , we carried out a series of 1H NMR titrations with each, in the 
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presence of increasing equivalents of Cl-. To do this, each compound was dissolved to a 

concentration of 2.5 mM and 1H NMR spectra were obtained with each addition of 1 

molar equivalent of TBACl. Changes in chemical shift were plotted against anion 

concentration, and fitted to a 1:1 binding mode, using the bindfit open access software, to 

resolve the association constant for each against Cl-. These results are tabulated below in 

table 4.4.  

Table 4.4. Summary of the association constants for each compound under study towards 

Cl-, as determined through 1H NMR titrations.  

Compound Ka (M-1) (Cl-) Hammett constant (s)381 
4.31 53 +0.86 
4.32 n.d +0.54 
4.33 65 +0.68 
4.43 75 +0.86 
4.44 29 +0.54 
4.45 48 +0.68 
4.48 85 +0.86 
4.49 58 +0.54 

 

Taking Compound 4.48 as an example (Figure 4.25), upon each addition of 1 eq of Cl- 

there is a considerable downfield shift of NH and olefinic CH protons, with minor 

contributions from ortho-aryl and N-ethyl CH2 protons to the binding cleft. Fitting this 

change in chemical shift resolved a Ka = 85 M-1, with an error = 0.587% indicating a high 

accuracy of fit. This result is unfortunate, as despite the minimal structural alterations to 

the binding cleft, as compared to that of 2.25 we see a dramatic decrease in the association 

constant towards Cl-. Indeed, when surveying the association constants of each compound 

under study, we see a markedly low association towards Cl- across the series. This is most 

likely due to structural factors influencing the systems respective electronics, in turn 

effecting the acidity of both squaramide NH, and olefinic CH’s decreasing the binding 

affinity when compared to parent compounds.  
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Figure 4.25. 1H NMR titration 4.48 against TBACl. A) Fitted data of ∆d vs guest 

concentration. B) residuals plot of fitted vs actual data. C) 1H NMR stackplot of 4.48 upon 

addition of increasing molar equivalents of TBACl (0 – 22 eq Cl-), with protons of interest 

indicated. C) Schematic of the protons of interest within 4.48 which contribute to the 

binding cleft formed within the host-guest complex with Cl-.  

4.6: Anion transport assays 

With a range of demonstrated Cl- binding abilities displayed by each compound, we 

unfortunately did not expect to see potent anion transport abilities for each compound, 

but a range of transport abilities. Nevertheless, we sought to ascertain the level of 

anionophoric ability of receptors 4.31, 4.32, 4.43, 4.44, 4.48, and 4.49 using methods 

established by Gale and co-workers.91 These compounds were selected as they 

represented a clear family of heterocyclic candidates, as the final desired pentasulfanyl-

benzo[e]indolyl-squaramide could not be accessed within the timeframe of this work.  

Unilamellar vesicles were synthesised using a 7:3 molar ratio of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), and glycerol, containing an internal solution of NaCl 

(487 mM), which was buffered to pH 7.2, using sodium phosphate buffer (5 mM). 

Dialysis was utilised to exchange excess external NaCl from vesicles with an isotonic 

external solution of NaNO3. Using said external solution, the vesicles were brought to a 
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concentration of 0.5 mM before each experiment. The facilitated efflux of Cl- was 

monitored through the use of a chloride ion selective electrode (ISE). The anionophoric 

ability of each compound was ascertained at pH7.2, at a concentration of 5 mol% 

respective to that of POPC, and were each repeated in triplicate. Receptors were added at 

0 seconds, and addition signified experimental start point. Experimental end point was 

signified by addition of a Triton X-100 solution (11% w/w in H2O:DMSO, 7:1 v:v) at 

300 s, which allowed for calibration to the respective 100% efflux value. Following this, 

percentage efflux for each receptor was plotted as a function of time, and is represented 

graphically in figure 4.26.  

 

Figure 4.26. Results of anion transport assays, indicating heterocyclic anionophores can 

transport Cl- to varying degrees. A) Results of anion transport assay carried out at 5 mol% 

with respect to lipid, showing transport behaviour for each compound tested. B) 

Schematic reference for each compound tested against parent squindoles ability to 

transport Cl- at 5 mol%. C) percentage Cl- efflux vs LogP of each transporter, fitted 

linearly showing mild correlation between lipophilicity and the degree of transport.  

The results obtained from these anion transport assays indicate that there are key 

structural facets influencing anion transport in these heterocyclic systems, which we yet 
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do not fully understand. Much like previously reported squindoles counterparts, 

benzo[e]indolyl squaramides show high levels of transport efficacy at 5 mol% reaching 

approximately 95% efflux for both 4.48 and 4.49. However, what could clearly be 

observed, was that quinolyl- and benzothiazolyl-squaramides showed very little transport 

efficacy regardless of functionalisation. Quinolyl-squaramides 4.43 and 4.44 showed 

approximately 20% and 25% chloride efflux, respectively after 270 s at 5 mol %. Even 

less potent were benzothiazolyl-squaramides, achieving 10% and 30% efflux after 270 s 

at 5 mol%. Interestingly, it was observed a final efflux concentration of 30% for 4.32 

compared to 10% for 4.31 which we would expect to be a more potent anion transporting 

motif, due to the lipophilic bonus of the second trifluoromethyl substituent. As for what 

influences the anion transporting activity of each distinct subclass, we are as yet still 

unsure what dictates this activity. The lower Cl- binding constants may be responsible for 

an appreciable amount of the diminished transport activity, but may not be the sole 

mediator thereof. Initial experiments, as seen above indicate that benzo[e]indolyl 

derivatives may indeed be as effective, if not more, due to increased lipophilicity 

compared to their squindoles counterparts. With this promising result we moved forward 

to ascertain whether this anion transporting effect manifests in biological activity.  

4.7: Determination of antimicrobial effect 

4.7.1: Growth inhibition assays 

In an effort to understand the effect of incorporation of each heterocycle upon the 

biological activity of Squindole-like Compounds 4.31 – 4.33, 4.43 – 4.45, 4.48, and 4.49 

we wished to determine the growth inhibitory ability of each, against MRSA, and 

compare it to that of Squindole. To do this, we carried out growth inhibition assays with 

each compound (200 – 0.78 µM) against MRSA, as previously described (figure 4.27).  
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Figure 4.27. Results of growth inhibition assays for MRSA treated with Compounds 4.31 

– 4.33 (A), 4.43 – 4.45 (B), 4.48, and 4.49 (C). Results are represented as mean (+ SEM) 

growth with respect to untreated samples.   

After 24 hrs treatment with each compound under study, there is a clear growth inhibitory 

capacity shown by each, although it is clearly more appreciable for certain compounds. 

When looking at, and comparing IC50 values for each (table 4.5), Benzothiazolyl-

squaramides 4.31 – 4.33 do not compare well to Squindoles, and the incorporation of a 

sulfur atom into the heterocycle in place of C(CH3)2, appears to almost entirely attenuate 

activity. With IC50 values ranging from >200 µM (4.32), to 150 µM (4.33), these 

compounds can be deemed therapeutically irrelevant when compared to Squindole, as 

they exhibit a 79- to 59-fold decrease in activity against MRSA. Surprisingly, Quinolyl-

squaramides, despite showing lower transport capacity, and lower binding affinity 

towards Cl- exhibit greater antimicrobial capacity than benzothiazolyl-squaramides. 

Compounds 4.43 – 4.45 have IC50 values ranging from 9.4 µM (4.43/4.45) to 7.5 µM 

(4.44), which constitute a marked increase in activity from benzothiazolyl-squaramides 

as there is only a 2.76- to 2-fold decrease in activity when compared to 2.25, providing 

encouraging results for further development of Squindole-like therapeutics, while also 

indicating the possibility of ancillary MOAs for compounds 4.43 – 4.45 (vide infra). The 

final two compounds tested, Benzo[e]indolyl-squaramides, 4.48 and 4.49, showed an 

increased level of activity against MRSA when compared to 2.25, with IC50 

concentrations of 1.2 µM and 2.4 µM, respectively. These IC50 concentrations represent 

a 0.52- (4.48) and 0.04-fold (4.49) increase in activity, which again is an encouraging 

Compound S. aureus IC50

1 200 !M

2 >200 !M

3 150 !M

4 1.2 !M

5 2.4 !M

7 9.4 !M

8 7.5 !M

9 9.4 !M

Ctrl 0.7
8

1.5
6

3.1
3

6.2
5 

12
.5 25 50

 
10

0
20

0 
0

50

100

150

Concentration (µM)

Pe
rc

en
ta

ge
 g

ro
w

th
 (%

)

4.31

4.32

4.33

Ctrl 0.7
8

1.5
6

3.1
3

6.2
5 

12
.5 25 50

 
10

0
20

0 
0

50

100

150

Concentration (µM)

Pe
rc

en
ta

ge
 g

ro
w

th
 (%

)

4.48

4.49

Ctrl 0.7
8

1.5
6

3.1
3

6.2
5 

12
.5 25 50

 
10

0
20

0 
0

50

100

150

Concentration (µM)

Pe
rc

en
ta

ge
 g

ro
w

th
 (%

)

4.43

4.44

4.45

A) B) C)

(!M) (!M)(!M)



An exploration of chemical space in the design of fused heterocyclic anionophores 
 

 193 

result that we hypothesise is due to the added lipophilic bulk bolstering the lipid 

partitioning ability of these compounds, when compared to Squindole, and is ratified by 

an increased CLogD, but also the capacity to effectively bind and transport Cl- across lipid 

bilayers (vide supra). To verify if this transport behaviour translates to a biological 

system, we utilised MQAE assays to ascertain the in-cellulo Cl- transport capacity of each 

compound under study.  

Table 4.5. Results of growth inhibition assays, and the respective IC50 concentration for 

each compound tested against MRSA. 

 

Compound S. aureus IC50 (𝝁M) 
1 200 
2 >200 
3 150 
4 1.2 
5 2.4 
7 9.4 
8 7.5 
9 9.4 

 

4.7.2: MQAE assay to determine Cl- transport in-cellulo 

Following pre-treatment with MQAE, as previously described, bacteria were treated with 

a concentration range (200 – 25 µM) of each compound, whereafter 5 mins Fluorescence 

was read. The results (figure 4.28) were plotted as a percentage fluorescence relative to 

control, and fit to the Stern-Volmer equation to quantify the change in cytosolic Cl- 

concentration (table 4.6).  

 
Ctrl 25 50 100 200 

0

50

100

150

Concentration (µM)

R
el

at
iv

e 
flu

or
es

ec
en

ce
 (%

)

4.31

4.32

4.33

Ctrl 200 100 50 25
0

50

100

150

Concentration (µM)

R
el

at
iv

e 
flu

or
es

ec
en

ce
 (%

)

4.43

4.44

4.45

Ctrl 25 50 100 200 
0

50

100

150

Concentration (µM)

R
el

at
iv

e 
flu

or
es

ec
en

ce
 (%

)

4.48

4.49

(!M) (!M) (!M)

A) B) C)



Chapter 4 

 194 

Figure 4.28. Compounds 4.31 - 4.33, 4.43 - 4.45, 4.48, and 4.49 can effectively carry out 

Cl- transport into cells, measured through changes in MQAE fluorescence, and plotted as 

mean (+ SEM) of fluorescence relative to control (untreated). A) Compounds 4.31 – 4.33. 

B) Compounds 4.43 – 4.45. C) Compounds 4.48 and 4.49.   

Despite the clearly observed limited Cl- transport behaviour observed in model lipid 

experiments, each compound under study shows the capacity to transport Cl- in-cellulo. 

This result is interesting, as we have previously seen that there is a limited link between 

model lipid systems, and transport behaviours in-cellulo, and this is further exemplified 

by this experiment. Despite the observed 10 - 15% Cl- efflux observed for 4.43 and 4.45, 

in model lipids, we see here a clear concentration dependent decrease in MQAE 

fluorescence, indicating Cl- influx through transport. This may be as a result of longer 

experiment duration when compared to model vesicle experiments, or the use of greater 

concentrations, which is highly unlikely when considering the cellular quantities used 

(approximately 4.95x107 cfu ml-1), or the intrinsic lipophilicity of transporters and 

abundance of Cl- giving rise to a greater kinetic effect on transport. Indeed, with a far 

smaller dimension than vesicles (0.8 – 1.0 µm),382 and the observed motility in MRSA,383 

the likelihood of effective collisions between cells and host-guest complexes is most 

likely far greater, which may rationalise this observed transport behaviour in-cellulo. 

What can also be noted, following fitting fluorescence quenching data to the stern-volmer 

equation is that the alteration to intracellular Cl- concentration upon treatment with 

Compounds 4.31 - 4.33, 4.43 - 4.45, 4.48, and 4.49 (200 µM) is quite dramatic. This stark 

increase of up to 75 mmol (for 4.49) is likely due to not only the salt content in the assay 

media, which is approximately 0.103M for Nutrient Broth (NaCl),  but also the likely Cl- 

gradient across the cell would drive this process, facilitated by the activity of Compounds 

4.31 - 4.33, 4.43 - 4.45, 4.48, and 4.49. Whilst S. aureus is considered an osmotolerant 

bacteria,384 with an intracellular Cl- concentration of up to 152.9 mM,385 such a dramatic 
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increase in Cl- concentration is likely to exert a growth inhibitory effect, as is observed in 

the case of each.  

Table 4.6. Increase in cytosolic Cl- concentration induced by treatment of MRSA with 

Compounds 4.31 - 4.33, 4.43 - 4.45, 4.48, and 4.49, at 200 µM for 5 mins, quantified by 

fitting the change in MQAE fluorescence to the Stern-Volmer Equation. 

Compound % Decrease in MQAE 
emission (200 𝝁M) 

Increase in [Cl-] from basal 
concentration (C0 (Cl-)) 

1 68% + 28 mmol 
2 80% + 53 mmol 
3 60% + 20 mmol 
4 67% + 27 mmol 
5 75% + 40 mmol 
6 70% + 31 mmol 
7 81% + 56 mmol 
8 85% + 75 mmol 

 

4.7.3: Super-resolution nanoscopy analysis of cellular uptake 

Due to the inherent fluorescent characteristics of each compound, as discussed 

previously, we sought to analyse the cellular uptake of each compound – and ascertain if 

any appreciable compartmentalisation could be observed upon treatment of MRSA. To 

do this, we treated MRSA with Compounds 4.31, 4.43, and 4.48 at a concentration of 3 

µM for 30 mins before fixation and mounting steps prior to imaging. Cells were 

subsequently imaged on slides which cater for both super resolution, STimulated 

Emission Depletion Nanoscopy (STED), and diffraction limited Confocal Scanning 

Microscopy (d-LSCM),  using a Leica Stellaris 8 STED falcon microscope. Utilising both 

LSCM White Light (WL) laser (EL l455/465/495 nm) and STED Depletion Laser (DL) (EL 

l455/465/495 nm, DL l775 nm, 30% power) we analysed the alterations to the fluorescence 

lifetime of Compounds 4.31, 4.43, and 4.48, when excited by WL, and also when 

emission is depleted (DL), using Fluorescence Lifetime Imaging Microscopy (FLIM). 

Obtaining both fluorescence lifetime phasor plots and lifetime histograms from both d-
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LSCM and STED depleted images, we were able to demonstrate the STEDability of each 

compound. (Figure 4.29 – 4.31 (B)).  

With this information in hand that each compound is STED-compatible, we sought to 

analyse the cellular distribution of each fluorophore using this method. Cells were imaged 

using CLSM (EL l455/465/495 nm) and STED (EL l455/465/495 nm, DL l775 nm, 30% power, time 

gating; 0.5 – 6 ns).  

 

Figure 4.29. d-LSCM and STED nanoscopy analysis of the cellular uptake of 4.31 in 

MRSA. A) d-LSCM, and t-STED nanoscopy images of MRSA stained with 3 µM 4.31. 

B) d-LSCM, and t-STED nanoscopy Phasor plots from FLIM measurements of MRSA 

stained with 3 µM 4.31. C) Single cell STED nanoscopy analysis of the cellular 

distribution of 4.31 (3 mM) in MRSA. D) Fluorescence intensity plot of 4.31, within 

regions identified as the membrane and cytosol.  

When MRSA was stained with Compound 4.31, there is clearly visual, bright green 

fluorescence centred from cells, that upon analysing the cellular distribution, appears to 

be largely distributed at the cellular periphery, and not uniformly distributed (figure 

4.29(c) and (d)). Through measurement of fluorescence intensity (Grey values), at both 

the membrane and within the cytosol of single cells, there is a significantly higher 

fluorescence localisation (P > 0.0001) for 4.31 at the membrane. Furthermore utilising 

FLIM, we were able to verify the STEDability of this compound, which is indicated by a 
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shift of the phasor plot towards the right. (Figure 4.29 (B)) This is further ratified by a 

shortening of the fluorescence lifetime from t = 0.3 ns, to t = 0.11 ns.  

 

Figure 4.30. d-LSCM and STED nanoscopy analysis of the cellular uptake of 4.43 in 

MRSA. A) d-LSCM, and t-STED nanoscopy images of MRSA stained with 3 mM 4.43. 

B) d-LSCM, and t-STED nanoscopy Phasor plots from FLIM measurements of MRSA 

stained with 3 µM 3. C) Single cell STED nanoscopy analysis of the cellular distribution 

of 4.43 (3 µM) in MRSA. D) Fluorescence intensity plot of 4.43, within regions identified 

as the membrane and cytosol. 

In the case of 4.43, this lifetime shortening is far more visually apparent from Phasor 

plots, with a dramatic rightward shift of the major photon incidences again indicating a 

shortening of the fluorescence lifetime, t. When analysing the t histograms, for both 

LSCM and STED images we see a clear decrease in the lifetimes from t = 0.31 ns 

(excimer), and 7.3 ns (AIE), to t = 0.25 ns (excimer), and 7.05 ns (AIE). This result is 

encouraging as not only could we image bacterial cells using STED for this probe, which 

is now further red-shifted when compared to other compounds tested, we could 

selectively elucidate the cellular fate of aggregated forms of 4.43, using the highly 

powerful t-STED mode, through exclusion of photons with shorter lifetimes. Through 

selective observation of t = 1.5 – 11 ns, we were able to image cellularly localised 

AIEgens in MRSA, and able to analyse their cellular compartmentalisation. In this case, 
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AIE forms of 4.43 appear to be in their majority at the cellular periphery, or membrane 

localised, through plotting fluorescence intensity from single cells at both the membrane 

and within the cytosol (P < 0.0001). We hypothesise that this membrane localisation 

permits aggregation of these compounds at the Lipid:aqueous interface, as a result of the 

increased localised concentration in this region. As a result, fluorescence intensity from 

this region is far in excess of the cytosol, and indeed the extracellular region.  

 

Figure 4.31. d-LSCM and STED nanoscopy analysis of the cellular uptake of 4.48 in 

MRSA. A) d-LSCM, and t-STED nanoscopy images of MRSA stained with 3 µM 4.48. 

B) d-LSCM, and t-STED nanoscopy Phasor plots from FLIM measurements of MRSA 

stained with 3 µM 4.48. C) Single cell STED nanoscopy analysis of the cellular 

distribution of 4.48 (3 µM) in MRSA. D) Fluorescence intensity plot of 4.48, within 

regions identified as the membrane and cytosol. 

When MRSA was treated with 4.48 there was a clearly appreciable fluorescent signal 

localised to cells, that was again able to be investigated at the single cell level using STED 

nanoscopy. To first verify the STEDability of 4.48, FLIM measurements of t were carried 

out using both LSCM, and STED modes, and the resultant phasor plots could be 

compared. Comparing phasor plots from LSCM to t-STED there is a clearly appreciable 

rightward movement of photon incidences when depleted using the DL. This shortening 

of the t could again be quantified from lifetime histograms, where un-depleted lifetimes 
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(LSCM) are t = 2.4 ns, but upon depletion in STED mode, lifetime decreases to t = 1.6 

ns. Using STED, we were able to analyse the cellular distribution of 5 across MRSA cells, 

where through plotting of cytosolic and membrane localised fluorescence it is appreciable 

a less distinct than previous, but still quantifiably greater fluorescence intensity within 

the membrane (P < 0.001), providing evidence to support this membrane localised 

activity. 

When S. aureus was previously treated with elevated concentrations of 2.25, we observed 

a concentration dependent increase in cellular aggregation, brought about by a stress 

response in the bacteria. This was also observed from LFQ proteomic analysis, that self-

aggregation was a result of treatment with 2.25, and thus we sought to determine if 4.48 

could exert a similar behaviour on MRSA at increased concentrations.  

MRSA was treated as previous with a concentration of 50 µM 4.48 and samples were 

prepared for imaging, in the same manner as previously discussed. When samples were 

imaged, and directly compared to treatment with lower concentrations, there was a visual 

increase in the level of cellular aggregation, brought about by treatment, which was not 

observed with treatment at 3 µM (figure 4.32). Indeed, this degree of aggregation was so 

pronounced, that we were able to successfully carry out 3D-STED analysis of these 

aggregates, resulting in the 3D reconstitution of one representative aggregate, making use 

of LasX 3D rendering tools, from a series of Z-stack images. Showing uniform 

fluorescence throughout the aggregate, we believe the formation of these aggregates is 

brought about by incubation with 4.48, as if aggregation was occurring prior to treatment 

we would see limited fluorescence from the centre of these aggregates. 
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Figure 4.32. 3D reconstitution of a representative MRSA cellular aggregate, imaged 

using 3D-STED, from a series of Z-stack images. Images were deconvoluted, and stitched 

to comprise the 3D render using the Leica LasX software.  

4.7.4: Bioconjugation analysis of thiol-trapping 

Whilst in the process of carrying out antimicrobial susceptibility assays against MRSA it 

was observed for each compound, over time a clear visual decrease in fluorescence 

observed from cells, corroborated by a shift in colour of solution, for example a shift from 

bright red to pale pink for 4.43 – 4.45. With this observation, and the knowledge that there 

is a ready Michael acceptor within each compound scaffold, in the form of an a,b,g-

unsaturated carbonyl (figure 4.33), we probed the reactivity of each compound under 

study with the most abundant cellular nucleophile, Glutathione (GSH).386 However, it is 

note that this is one of several potential lines of inquiry toward the ascertainment of these 

compounds mechanisms of action. As a,b- and a,b,g-unsaturated carbonyl compounds 

are often soft electrophiles,387 with electrophilic sites at the carbonyl a-carbon, and both 

b-, and g-enone carbons, we hypothesised the need for a soft cellular nucleophile (such 

as GSH) to carry out a Michael-type addition to each.   

Top (x,y)

Bottom (x,y) Side (y,z)

Front (x,z)
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Figure 4.33. Structure of Compound 4.43 illustrating the degree of unsaturation within 

the system (blue), with a,b,g-unsaturated carbons highlighted (red). 

To study this, we utilised RP-HPLC as a method to identify the formation of novel 

addition products which absorb at 254 nm (GSH and DTT do not) (figure 4.34). Each 

compound was dissolved to a concentration of 1 mM in a 50/50 MeCN:H2O solution, and 

traces were obtained before and after the addition of a 10 molar equivalent excess of GSH, 

and DTT (reductant). 

 

Figure 4.34. Reaction scheme for the bioconjugation of 4.45 with GSH, to resolve one 

of two potential Michael-adducts, which was investigated by RP-HPLC.  

Taking 4.43 as an example, There is one clear, sharply resolved peak with an Rt = 3.064 

min, but upon the addition of GSH and DTT, a second, more polar peak appears, after a 

5 min incubation period at 37 oC. This peak with a Rt = 2.198 shows a large abundance 

relative to that of the original compound with a relative area of 48%, highlighting the 

formation of a novel adduct with GSH, and a relatively high rate of reactivity towards the 

nucleophile. Each compound was screened for reactivity, as such and compared to 

Squindole – which we saw showed little reactivity towards GSH. Unfortunately, in this 

experiment it should be noted that there is the potential for the formation of two distinct 
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regioisomers (b,g-addition), each comprising two sets of diastereomers; b-(s,s,s), b-

(s,s,r), g-(s,s,s), g-(s,s,r), that with the HPLC setup used, could not be separated, and as 

such percentage adduct formation represents the collective integration of these potential 

adducts (table 4.7). 

Table 4.7. Assessment of the reactivity of Compounds 4.31 – 4.33, 4.43 – 4.45, 4.48, and 

4.49 towards GSH, as ascertained by RP-HPLC.  

Compound Compound Rt 
(min) Conjugate Rt (min) Percentage GSH 

adduct formation (%) 
4.31 3.021 2.149 29 
4.32 2.672 2.083 42 
4.33 2.944 2.092 6 
4.43 3.064 2.198 48 
4.44 2.790 2.105 26 
4.45 2.816 2.109 68 
4.48 3.624 2.111 40 
4.49 3.668 2.105 18 

 

Each class of compounds tested for thiol-trapping showed the capacity to effectively react 

with GSH, rationalising the observed decrease in fluorescence, and evident colour change 

in microbial cultures, but what can be noted is the clearly higher reactivity of quinolyl-

squaramides, 4.43 – 4.45 toward GSH, which may rationalise their observed inhibitory 

effect, when considering their low anion binding and transport propensity. S. aureus 

utilise cellular thiols extensively for detoxification purposes, specifically bacillithiol, 

however, due to the commercial unavailability we did not pursue this reactivity screening. 

4.8: Chapter conclusions 

A series of novel squaramide constructs containing both a variety of N-heterocycles, and 

poly fluorinated anilines have been synthesised, but not without synthetic challenge. 

These novel motifs show low levels of anion binding, with varying degrees of anion 

transport behaviour in model lipid vesicles, and in-cellulo which manifests in marked 

antimicrobial activity. This activity, upon further investigation is believed to be a non-

specific effect brought about by highly electrophilic a,b,g-enones installed in each 
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compound. This was discovered through the observation that microbial solutions of each 

discolour rapidly, with a similarly observed fluorescence decrease brought about by a 

“break” in conjugation. Despite this, Each compound could still effectively be used to 

image MRSA, where each compound showed STEDability, a rare phenomenon for non-

commercial probes. In addition, 4.43 could be used in AIE-based imaging of MRSA 

where it was shown that selective imaging of fluorescence lifetime allowed for the 

detection of emissive aggregates in MRSA cells.  

In this regard, future work of interest should be directed towards two approaches; a further 

delve into the mechanism of action of these antimicrobial agents to evaluate whether they 

act as electrophilic traps for specific cellular thiols, or are entirely unspecific through the 

use of chemical proteomics tools, and the further development of AIEgen anionophores 

based on quinolyl-squaramide scaffolds through structural modification (figure 4.35).  

 

Figure 4.35. Potential approaches to the development of AIEgens based on quinolyl-

squaramides through modulation of electron-donating substituents on the quinoline ring 

for superior photophysics, and chemical biology tools to probe the covalent modification 

of biological thiols with heterocyclic squaramides. 
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5.1: Introduction 

As previously discussed, Antimicrobial resistance (AMR) is at present one of the most 

serious threats to medicine in the modern age.102, 103, 105, 108-110, 119, 129, 148, 158, 162, 388 Despite 

its lack of publicity, the global plight of antimicrobial resistance is expected to cause 

upwards of 10 million deaths annually, by 2050.99 This prediction by the WHO places 

antimicrobial resistance as a comparable threat to even cancer. Therefore, there is an 

urgent need for antimicrobial drugs that exhibit a distinct mechanism of action than those 

currently in circulation.  

Since the advent of host-guest chemistry in the 1960s,2-4, 247 there has been an explosion 

of interest in the medicinal chemistry of supramolecular systems, most notably in the 

utilisation of anion transport in the development of novel therapeutics.248 Anionophores 

have seen a multitude of applications in the medicinal chemistry space, from their use in 

the development of therapeutics for cystic fibrosis pathologies,248 to disruptors of anion 

homeostasis in-cellulo.92, 288 Gale and co-workers have made considerable effort to the 

development of anionophores which exhibit interesting biological activity.26, 63, 66, 74, 83, 86, 

92, 94, 95, 223, 288 This focus on the medicinal chemistry of anion transporters has given rise 

to numerous examples of highly active compounds which range in utility, from 

squaramides which disrupt autophagy through alteration of lysosomal pH, leading to cell 

death92, 288, to Naphthalimide-urea conjugates with potent cytotoxicity (figure 5.1).222 
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Figure 5.1. The structure, anion transport, and cellular uptake of Naphthalimide-urea 

conjugates reported by Gale and co-workers.222 A) Structures of compounds reported in 

the study, B) Anion transport behaviour in LUVs, as determined by Cl-/NO3- exchange 

assay using a Cl- ISE, C) Cellular uptake of 5.1, 5.2, and 1.67 – 1.70, monitored using 

LSCM.  

 Despite the clear utility of supramolecular chemistry in the development of novel 

therapeutics, there has been little focus on the use of synthetic anion transporters in the 

development of novel antimicrobials. This is somewhat surprising, due to the clinical use 

of, and knowledge of the antimicrobial activity of natural product cation transporters 

Monensin, Salinomycin, valinomycin, and lasalocid.57, 58, 138, 336, 337, 341 In this regard, there 

have been recent reports of compounds which demonstrate antimicrobial activity, and 

have also had their anion transport capabilities explored.95-97, 147 However, it is of note 

that the intricacies of the mode of action of these compounds were not fully elucidated in 

these reports, and while there appears to be a link between anionophorism and 
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antimicrobial activity, it cannot be said with absolute certainty that there is a direct 

correlation.  

More recently, Busschaert and co-workers reported a urea-based anion transporter, which 

exhibits high levels of antimicrobial activity. In an effort to elucidate the mechanism of 

action, bacterial cytological profiling was employed as a high throughput method for the 

study of the MOA, which was concluded to most likely be as a result of anion transport.98 

The authors utilised a combination of anion transport assays in LUVs, combined with 

LCSM microscopy following treatment with various antibiotics, in combination with 

statistical analysis to show a distinct mode of action from other membrane active 

antibiotics. Indeed, this statistical analysis showed each compound, whilst active at the 

membrane does not interact to form pores, or inhibit cell elongation, as a result of 

treatment with Nisin, and vancomycin/phosphomycin, respectively – thus implicating 

anion transport in the mechanism of action (figure 5.2). This constitutes a major step 

towards rational design of antimicrobial anionophores.  

 

A) B)
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Figure 5.2. The structure of antimicrobial anionophore 1.20 reported by Busschaert and 

co-workers, and the use of bacterial cytological profiling to discern its mechanism of 

action. A) Bacillus subtilis cells treated with various antibiotics, and subsequently imaged 

using an array of fluorophores to discern activity overlap, B) Linear discriminant analysis 

of the fluorescent properties upon treatment of B. subtilis with various antibiotics, and 

1.20 (1), allowing for elucidation of the mechanism of action.  

Following this, our group reported the synthesis of a series of four “Squindoles” (also 

discussed in Chapter 2) which demonstrate potent anion transport through CH-NH 

bonding and high levels of antimicrobial activity against S. aureus and MRSA, and indeed 

the ability to evade resistance over multiple generations. Using a combination of high-

throughput Omics platforms, and chemical biology tools, we were able to verify the link 

between anion transport and antimicrobial activity, while also providing evidence to 

disparage the contribution of additional mechanisms to their activity.350   

In addition to this report of squaramide-based antimicrobials, our group has utilised this 

functionality in the development of anion receptors, sensors, and transporters.19, 25, 26, 71, 

200, 206-211 Squaramides are particularly attractive in this regard for their synthetic 

accessibility19, strong hydrogen-bond donating ability74, planar structure, and for the 

experienced bolstering of aromaticity upon binding.69 Indeed, in recent times the 

popularity of this cyclobutene derivative has exploded with a multitude of applications 

across the chemical sciences19 and constitutes a highly attractive scaffold upon which to 

develop supramolecular antimicrobial agents.   

5.2: Chapter objectives 

In this chapter we aim to demonstrate the applicability of antimicrobial development 

through supramolecular chemistry via the synthesis of a series of structurally simplistic 

adamantyl squaramides. Adamantyl squaramides have been shown previously to 



Highly lipophilic anionophores possessing potent antimicrobial activity 

 209 

effectively carry out anion transport in LUVs,389 but have not been explored in a 

biological context. These synthetically accessible motifs were sought to answer whether  

molecular complexity and scaffold “richness” is required when designing anionophores 

possessing antimicrobial activity and to verify the validity of pursuing anionophores as 

antimicrobial agents. This class of adamantyl-squaramides differ in their substitution 

patterns, in an effort to further unravel the contributions of aniline, or benzylamine 

substitution to their antimicrobial activity.  

Herein is a discussion of these compounds, which are readily synthesised, demonstrate 

antimicrobial activity against both Gram-positive and -negative bacteria, and are 

completely non-toxic in-vivo. Using chemical biology approaches, we synthesised two 

chemical probes based on lead compounds, and used a range of biological assays to delve 

into the mechanism of action which we conclude to be a combination of anion transport, 

and membrane disruption (figure 5.3).    
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Figure 5.3. Schematic diagram illustrating previous and current approaches to 

supramolecular antimicrobial development. A) “Squindole” anion transporters can carry 

out anion transport “in-cellulo” resulting in potent antimicrobial activity through 

increasing cytosolic Cl- concentration, which yields redox stress and ultimately cell death. 

B) Adamantyl-squaramides act as antimicrobials through a combination of anion 

transport, and disruption of membrane integrity.  

5.3: Adamantyl squaramide synthesis 

Adamantyl squaramides 5.10 – 5.22 were accessed through a divergent synthetic 

approach (Scheme 5.1), whereby, the synthesis diverges in steps toward either N-phenyl, 

or N-benzyl derivatives. Initially, diethyl squarate, 2.21, the relevant cyclobutene ortho-

ethoxy ester utilised in the synthesis of squaramides was synthesised as outlined 

previously.211 Each N-aryl squarate 5.3 – 5.8 was synthesised through reaction of 2.21 

with the respective substituted aniline, in the presence of the Lewis-acid catalyst 

Zn(OTf)2, to afford each in varying yields (23 – 79%) depending on the steric or 

electronic influence of substitution patterns of the aniline. 5.9 was generated in a high 

yield of 78% through reaction of 2.21 with adamantylamine in the absence of additive. 

5.10 – 5.15, the desired N-aryl adamantyl squaramides were synthesised through a 

nucleophilic substitution reaction of the respective squarate, and adamantylamine, in the 

presence of Zn(OTF)2. Again, the yields varied greatly depending on the steric and 

electronic influences of the aniline substituents. 5.16 – 5.22 were accessed by reacting 5.9 

with the respective substituted benzylamine, in the presence of triethylamine, to afford 

the desired N-benzyl adamantyl squaramides in varying yields, as a result of electronic 

influences.  
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Scheme 5.1. Synthetic pathway towards adamantyl-squaramides. Reagents and 

conditions: (i) triethyl orthoformate, EtOH, reflux, 72 hr, 90%; (ii) substituted aniline, 

Zn(OTF)2 (20 mol%), EtOH, rt, 24 hr, 23 – 79%; (iii) adamantylamine, TEA, EtOH, rt, 

24 hr, 21 – 68%; (iv) adamantylamine, EtOH, 0 oC - rt, 24 hr, 78%; (v) substituted 

benzylamine, TEA, EtOH, rt, 24 hr, 34 – 89%.  

Whilst the successful synthesis of each respective desired adamantyl squaramide was 

confirmed using 1H, and 13C NMR spectroscopy, and HRMS analysis (see chapter 7) – 

we were gratifyingly able to generate crystals of 5.15 suitable for X-ray diffraction, 

through recrystallisation from a supersaturated solution of DMSO. Analysis of the 

colourless block crystal by Dr Oisín Kavanagh provided a structural model in the 

orthorhombic space group Pbca, where the asymmetric group contained one molecule of 

the title compound as its respective DMSO solvate (figure 5.4). The resultant information 

regarding the structural model is limited, however there is an appreciable amount of 

information relative to the supramolecular characteristics of 5.15. The molecule adopts a 

relatively planar confirmation with expected branching observed for adamantyl 
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substituents, which exhibits an out of plane torsional angle of 62.4(9)o. The N-phenyl 

substituent adopts a syn-coplanar orientation respective to the squaramide core as 

evidenced by a torsion angle of -1.3(5)o. The squaramide itself forms a non-symmetric 

hydrogen bonding chelate with the lattice DMSO molecule; the aromatic N-H group 

forms the stronger of the two contacts at an N1···O3 distance of 1.973 Å, compared to 

the longer N2···O3 distance of 2.019 Å. This is likely due to the higher acidity of N1. 

Beyond these interactions, the remaining intermolecular contacts in the structure of 5.15 

are mostly accounted by a parallel head-to-tail π···π interaction across the aromatic 

surface of the molecule. The two molecules separated by a mean interplanar distance of 

3.65 Å, and this contact is buttressed by a weak C-H···O contact from the lattice DMSO 

molecule to the ketone oxygen atom O1 at a C···O distance of 2.409 Å.  

 

Figure 5.4. A) Structure of 5.15. Selected hydrogen atoms are omitted for clarity and 

ADPs are rendered at the 50% probability level. B) The key hydrogen bonding 

interactions and short contacts associated with the stacked dimer extended structure of 

5.15. 

5.4: Supramolecular profiling of adamantyl squaramides 

5.4.1: 1H NMR titrations 

To verify if 5.10 – 5.22 participate in the formation of host-guest complexes with Cl- in 

solution, 1H NMR titrations of each compound were carried out to ascertain the degree of 

association with TBACl. Each compound was dissolved to a concentration of 2.5 mM in 

DMSO- d6 and increasing equivalents of Cl- were incrementally added, with spectral 

(A) (B)
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information obtained upon addition of each molar equivalent of Cl-. Upon addition of 10 

eq of TBACl, with respect to receptor, each compound showed significant downfield shift 

in protons correlating to NH’s, and additional minor shifts for ortho-aryl protons, for 5.10 

– 5.15. Taking 5.10 as an example (figure 5.5), upon addition of increasing equivalents 

of Cl- there is a clear downfield shift of both squaramide NH’s, with minor contributions 

to the binding cleft derived from the ortho-aryl protons of the aniline of 5.10. When each 

spectroscopic titration was carried out, the data was fit using the bindfit open access 

software, using a 1:1 binding model, and the results are tabulated below in table 5.1, 

alongside the respective Hammett constant (s) for the substitution upon the respective 

aryl ring. The Hammett constant is a representation of the electronic effect upon aromatic 

derivative reaction rates, and acidity.381 Whilst originally developed as a descriptor of the 

free energy relationship between reaction rates and m/p-substituents of benzoic acids, the 

high acidity of many squaramide NH motifs permits this likening, and gives an idea of 

the NH-acidity, which can be further ratified through 1H NMR titrations. 

Whilst these compounds do not constitute the most potent anion receptors reported to-

date, we and others have seen previously observed that lower binding affinities can 

contribute to higher levels of biological activity.  

 

Figure 5.5. A summary of 1H NMR titration results for 5.10 indicating the formation of, 

and the strength of the  anion-receptor complex with Cl-. A) 1H NMR stackplot of 5.10 in 

Ha
HcHb

Ka (Cl-) = 234.7 M-1

error = 2.19%

A)

C)

B)
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DMSO-d6 (2.5 mM),  with 0 – 22 eq additions of TBACl in DMSO-d6; B) A schematic 

of the hypothesised  anion-receptor complex, indicating protons of interest which 

contribute to the binding cleft, as indicated by 1H NMR titrations, and a summary of the 

association constant towards Cl-; C) Fitted binding isotherm for the titration of 5.10 in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O where data is fitted 

to a 1:1 binding model and illustrates the migration of NH signals throughout the titration.  

Table 5.1. Association constants of Compounds 5.10 – 5.22 towards Cl- determined using 

1H NMR spectroscopic titrations in 95% DMSO-d6. All data was fitted to a 1:1 binding 

model using the bindfit open access software. N.d = not determined, due to low levels of 

observed association.  

Compound Binding mode Ka (M-1) Percentage 
Error (%) 

Hammett 
constant (σ)381 

5.10 1:1 234.7 + 2.19 % 0.86 
5.11 1:1 263.1 + 1.89 % 0.6 
5.12 1:1 206.7 + 4.83 % 0.23 
5.13 1:1 201.5 + 7.13 % 0.78 
5.14 1:1 44.2 + 1.91 % - 
5.15 1:1 138.3 + 1.98 % 0.0 
5.16 1:1 39.87 + 1.30 % - 
5.17 1:1 87.15 + 1.79 % - 
5.18 - n.d - 0.0 
5.19 - n.d - 0.06 
5.20 - n.d - 0.6 
5.21 - n.d - -0.37 
5.22 - n.d - 0.78 

Given the capacity of similar adamantyl squaramides to transport Cl- across prototypical 

membranes,389 we expected that these compounds which do not differ extensively in their 

structure, would also possess anion transport capabilities. To verify the ability of these 

compounds to transport Cl- across bacterial membranes an in-cellulo MQAE assay was 

carried out as described below. 

5.4.2: Monitoring Cl- transport in-cellulo 

To study Cl- transport in-cellulo, we utilised MQAE as a fluorescent reporter for cellular 

Cl- levels. MQAE fluorescence is highly sensitive to Cl- flux, where increased cytosolic 
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Cl- concentration gives rise to a collisional quenching effect.288 We have previously 

demonstrated the utility of this technique for the study of anion transport mechanisms in 

S. aureus.350 To do this, cells were pre-treated with MQAE and then exposed to varying 

concentrations of 5.10, 5.11, 5.13, and 5.21, whereafter MQAE fluorescence was read at 

T = 5 mins, and plotted relative to control (figure 5.6). Compounds were selected for 

study based upon determined antimicrobial activity (vide infra). 

 

Figure 5.6. Compounds 5.10, 5.11, 5.13, and 5.21, can effectively influx Chloride into S. 

aureus cells. A) Percentage fluorescence of MQAE compared to control (untreated), 

when treated with a series of concentrations of each compound; B) Fluorescence spectrum 

of MQAE upon addition of 5.10 at varying concentrations, illustrating the collisional 

quenching effect of chloride influx, mediated by 5.10. 

When exposed to each compound, MQAE fluorescence was rapidly quenched, within a 

matter of minutes, in a concentration dependent manner. Taking account of a 200 µM 

treatment with each compound, it can be observed a minor disparity in the level of 

emission relative to control, where there is a congruency between the binding efficacy 

towards Cl- and the degree of quenching capacity. The quenching capacity of the four 

compounds is as follows; 5.10 > 5.13 > 5.11 > 5.21. Indeed, this clear congruency 

between binding efficacy, and quenching, and the stark levels of MQAE emission 
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quenching for each compound provides clear evidence for the capacity of each compound 

to transport Cl- in-cellulo. 

Furthermore, using the fluorescence data acquired from these assays, and fitting to the 

Stern-Volmer equation (table 5.2), we could approximate the increased concentration of 

Chloride with respect to basal fluorescence for each of the concentrations studied.  

;
𝐹.
𝐹 < − 1 = 	𝐾/0[𝐶𝑙1]	 

Where F0 is basal fluorescence, F is observed fluorescence upon addition of compound, 

and Ksv is the Stern-Volmer constant for Chloride. 

Table 5.2. Summary of Alterations to cellular Cl- concentration as determined using an 

MQAE assay, and fitting to the Stern-Volmer equation.   

Compound Increase in chloride from basal concentration 
[Clf] 

 10 mM 50 mM 100 mM 200 mM 
5.10 +3.3 mmol +16.8 mmol +42.3 mmol +122.3 mmol 
5.11 +3.8 mmol +10.5 mmol +21.4 mmol +45.3 mmol 
5.13 +6.2 mmol +17.4 mmol +35.7 mmol +101.8 mmol 
5.21 + 3.4 mmol +8.7 mmol +19.6 mmol +44.6 mmol 

Each of the compounds tested could effectively increase the cellular chloride 

concentration within 5 mins of treatment by up to 122 mmol, which is a dramatic increase, 

and despite the relative osmotolerant nature of S. aureus,390 provides a rationale for the 

observed level of antimicrobial activity for each (vide infra). Such a dramatic increase in 

cellular chloride concentration as a result of the activity of these compounds is likely a 

mediator of the observed inhibitory effect of these compounds. 

5.5: Antibacterial susceptibility testing 

With the knowledge in hand that each compound can bind to Cl-, and transport Cl- in-

cellulo we sought to rapidly assess the potential antimicrobial activity of 5.10 – 5.22. To 

do this, a zone of inhibition assay was used as a qualitative measure of activity. To do so, 

5 µL of a 1 mM stock of the respective compound was pipetted atop nutrient agar which 

was previously spread with a panel of Gram-positive and -negative pathogens of interest. 
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Following incubation at 37 oC for 24 hr, zones of inhibition were measured and recorded 

for each compound. Zones with a radius < 2 mm were deemed as not active, and thus 

eliminated from further study. Compounds 5.10 – 5.13, 5.15, 5.16, and 5.21 all showed 

promising bioactivity against both Gram-positive and -negative pathogens and their 

activity was quantified through determination of IC50/80 values, using a procedure in line 

with those established as CSLI standard convention. 

To determine IC50/80 values, growth (optical density) of S. aureus (figure 5.7), Methicillin-

resistant S. aureus (figure 5.8), P. aureginosa, and K. pneumoniae when treated with a 

range of concentrations of each active compound in vitro was measured at 600 nm after 

a 24 h incubation period at 37 oC. Each compound was studied for activity below 500 

µM, and those showing little activity above 200 µM, were noted as such, and omitted 

from further study.  

 

Figure 5.7. S. aureus Bacterial culture optical density represented as percentage growth 

(%) relative to control. All samples; 5.10 (A), 5.11 (B), 5.13 (C), & 5.21 (D) were treated 

to a concentration range of either 500 – 3.9 µM or 200 µM – 781 nM. Upon treatment all 
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samples were incubated at 37 oC for 24 h. All values represented as the mean of 8 

replicates + SEM. 

From these assays it was appreciable four distinct, highly active compounds; 5.10, 5.11, 

5.13, & 5.21. For 5.10, the most active compound against both pathogens of interest, an 

IC50 value of 0.781 µM & 1.56 µM, against S. aureus & MRSA, respectively was 

determined. Furthermore, for both pathogens a 200 µM concentration of 5.10 resulted in 

approximately 80% inhibition of bacterial growth, thus representing an IC80 value against 

both S. aureus & MRSA. Excitingly, 5.10 represents the most potent anionophoric 

antimicrobial agent reported to date, to the best of our knowledge. Less potent were the 

remaining three lead compounds, yet all still retaining a measured level of activity. The 

remaining IC50 values against S. aureus for 5.11, 5.13, & 5.21 were determined to be; 

62.5 µM, 170 µM, & 15.6 µM, respectively. For each, the IC80 values for each are as 

follows; 250 µM for 5.11, >500 µM for 5.13, & 250 µM for 5.21. 

 

Figure 5.8. Methicillin-resistant S. aureus Bacterial culture optical density represented 

as percentage growth (%) relative to control. All samples; 5.10 (A), 5.11 (B), 5.13 (C), 

& 5.21 (D) were treated to a concentration range of either 500 – 3.9 µM or 200 – 781 nM. 
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Upon treatment all samples were incubated at 37 oC for 24 h. All values represented as 

the mean of 8 replicates + SEM.  

Indeed, while 5.10 – 5.22 were found to be less potent against Methicillin-resistant S. 

aureus – it was still apparent that the four apparent lead compounds retained a high degree 

of activity, with varying IC50/80 values for Each. As previously mentioned, 5.10 was noted 

to have an IC50 value of 1.56 µM and furthermore an IC80 value of 200 µM against MRSA. 

Following this was 5.11 which has an IC50 value of 25 µM for MRSA, where an IC80 

value was not determined, as it exceeded 200 µM. 5.21 was the third most potent inhibitor 

of MRSA growth, with a determined IC50 value of 30 µM, and while no exact IC80 value 

was elucidated, we anticipate it lies between 100-150 µM. While the least potent of the 

series with an IC50 value of 50 µM against MRSA (IC80 lies above 200 µM), 5.13 still 

presents a high degree of activity against both pathogens. 

Despite notable activity for compounds 5.12, 5.15, & 5.16, as determined by antibacterial 

susceptibility assays – the MIC50 value for each could not be determined as it lay outside 

of the concentration range tested for each. Hence, these compounds were omitted from 

further study. Each MIC value determined for compounds 5.10 – 5.22 against both S. 

aureus & Methicillin-resistant S. aureus is represented in Table 5.3. 

Despite promising qualitative antimicrobial results against both Gram-negative 

pathogens tested, the IC50/80 values could not be determined as they lay outside the 

concentration range tested. We ascribe this limited activity to the presence of a secondary 

cell membrane in Gram-negative bacteria, which may inhibit the compounds capacity to 

enter the cell. 

Table 5.3. Minimum inhibitory concentrations (µM) for compounds 1 – 13 as determined 

by toxicity assays. All IC values represented were determined from mean (+ SEM) 

percentage growth of bacteria relative to control. n.a = no observed activity. 
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 S. aureus MRSA P. aureginosa K. 
pneumoniae 

Compoun
d IC50 IC80 IC50 IC80 IC50 IC80 IC50 IC80 

5.10 0.781 200 1.6 200 >200 >200 >200 >200 
5.11 62.5 250 25 >200 >200 >200 >200 >200 
5.12 >200 >200 >200 >200 n.a n.a n.a n.a 
5.13 170 >200 50 >200 n.a n.a n.a n.a 
5.14 n.a n.a n.a n.a n.a n.a n.a n.a 
5.15 n.a n.a >200 >200 n.a n.a n.a n.a 
5.16 >200 >200 n.a n.a n.a n.a n.a n.a 
5.17 n.a n.a n.a n.a n.a n.a n.a n.a 
5.18 n.a n.a n.a n.a n.a n.a n.a n.a 
5.19 n.a n.a n.a n.a n.a n.a n.a n.a 
5.20 n.a n.a n.a n.a n.a n.a n.a n.a 
5.21 15.6 250 30 125 >200 >200 >200 >200 
5.22 n.a n.a n.a n.a n.a n.a n.a n.a 

 

To assess the clinical validity of compounds 5.10, 5.11, 5.13, and 5.21 we investigated 

the in-vivo toxicity of these compounds using the Galleria mellonella model organism 

according to literature.281-285, 334, 391 G. mellonella larvae were dosed with a concentration 

of each compound at 10x IC50 and monitored for signs of toxicity or death over a 72 hour 

window (figure 5.9). Following treatment with 5.10, 5.11, 5.13, and 5.21, there were no 

appreciable signs of compound toxicity arising from any of the compounds tested. After 

72 hrs, each larval group showed high levels of movement, and clear responses to external 

stimuli, and showed no visible signs of melanisation, or death, when compared to 

untreated control populations. In the case of 5.10, there was only one irregularity, in that 

one larva began pupation to the adult form, as a greater wax moth, which would not 

happen if the moth was stressed due to the presence of 5.10 (figure 5.8 (D)).   
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Figure 5.9. In-vivo toxicity analysis of 5.10, 5.11, 5.13, and 5.21 in the model organism 

G. mellonella. A) larval populations inoculated with 10x IC50 of 5.10, 5.11, 5.13, and 5.21 

or PBS (control) after 0 hrs; B) larval populations inoculated with 10x IC50 of 5.10, 5.11, 

5.13, and 5.21 or PBS (control) after 24 hrs; C) larval populations inoculated with 10x 

IC50 of 5.10, 5.11, 5.13, and 5.21 or PBS (control) after 48 hrs; D) larval populations 

inoculated with 10x IC50 of 5.10, 5.11, 5.13, and 5.21 or PBS (control) after 72 hrs.  

5.6: Determining the mode of action of  lead compounds 

5.6.1: The role of Na+ and Cl- in the mechanism of action 

With this information in hand, that compounds 5.10, 5.11, 5.13, and 5.21 can effectively 

inhibit bacterial growth and carry out Cl- transport in-cellulo, both rapidly and to a high 

degree, we sought to ascertain if this transport mechanism is the sole mediator of 

antimicrobial activity, or if ancillary mechanisms could be determined. To do this, a 

modified MTT assay, as previously described, was utilised.350 Cellular respiration in 

response to 5.10, 5.11, 5.13, and 5.21 was monitored with abundant Cl- and Na+, in the 
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absence of Cl-, and the absence of Na+ (Figure 5.10). For each compound, when Cl-, and 

Na+ was removed, there was little to no attenuation of the activity of each. If anion 

transport was the sole mediator of activity there would be a total attenuation of activity, 

as we have previously seen for similar squaramide antimicrobial agents. 

 

Figure 5.10. Removal of Na+ and Cl- from solution does not alter the effect of 5.10, 5.11, 

5.13, and 5.21 on cellular respiration. A) MTT assay monitoring the effect of 5.10 on 

cellular respiration in S. aureus; B) MTT assay monitoring the effect of 5.11 on cellular 

respiration in S. aureus; C) MTT assay monitoring the effect of 5.13 on cellular 

respiration in S. aureus; D) MTT assay monitoring the effect of 5.21 on cellular 

respiration in S. aureus. Blue = HBSS buffer, Red = Cl- free HBSS buffer, Green = Na+ 

free HBSS buffer.  

When MTT assays were carried out in the absence of both Cl- and Na+ for 5.10, 5.11, 

5.13, and 5.21 – it is clear that the removal of these mediators of anion transport derived 

activity did not diminute the activity of any compounds. In the case of 5.10, 5.11, and 

5.13, it is apparent a concentration dependent decrease in cellular respiration regardless 

of whether there is an abundance of Cl-, and Na+, or not. Also, of note is that 5.21 has no 
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apparent effect on cellular respiration, in any instance. Yet, all compounds can effectively 

inhibit bacterial growth. Whilst this result was surprising, we realised that the observed 

activity in the absence of chloride alluded to the fact that there may be additional 

mechanisms of action for these compounds we had not realised during the design process. 

Interestingly, what can be observed however, is that there is a clear congruency between 

central pharmacophore, and the observed effect on cellular respiration. For N-phenyl 

squaramides 5.10, 5.11, and 5.13, we see a clear dose-response in the form of decreased 

cellular respiration in presence of and absence of chloride (which indicates ancillary 

MOA’s), but increased respiration upon removal of sodium. This is interesting as it 

indicates not a chloride dependency for these compounds, as seen for 2.25, but a sodium 

dependency, which may be linked to the membrane disruptive capacity of these 

compounds (vide infra). Bacterial membranes are highly negatively charged, due to the 

abundance of phosphatidyl head groups, and as such, if cultured in highly sodiated media, 

will likely contain an abundance of sodium ions to dissipate this charge bulk. In the 

absence of sodium, Choline counterions take precedent (abundant in media), which may 

give rise to a perturbation of the binding event, however NMR titrations or molecular 

dynamics simulations would be necessitated to investigate this further. In the case of 2.25, 

we see little to no link between concentration vs cellular respiration, and the presence or 

absence of sodium and chloride. This is interesting, as we still see a clearly appreciable 

growth inhibitory behaviour from toxicity assays, where the only alteration to the 

molecule is the introduction of a methylene spacer unit, to form an N-benzylamine, which 

is electron donating (OH-group), as opposed to the N-phenyl motifs, which all bear 

electron withdrawing motifs on the phenyl ring.  

Biggin and co-workers have reported on the behaviours, and dynamics of various 

adamantylamines in the lipid bilayers, and discussed that adamantylamines show a 

preference for the accumulation in the interfacial layer of lipid bilayers, and thus we 
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realised these compounds, with an identical pharmacophore may behave in a similar 

manner accumulating in lipid bilayers of bacterial membranes.392 

5.6.2: The effect of lead compounds on S. aureus membrane integrity 

To study whether compounds 5.10, 5.11, 5.13, and 5.21 do indeed accumulate in the 

membrane, and yield a depolarising effect, or compromise its integrity we utilised 

propidium iodide, a red-emissive (lmax(em) = 617 nm) cell-impermeable fluorophore that 

undergoes a fluorescence intensity increase upon DNA intercalation, and thus under 

ordinary circumstances PI fluorescence is quenched, but if membrane integrity is 

compromised, a fluorescence “turn-on” occurs (figure 5.11(C)).   

After two hours of treatment with 5.10, 5.11, 5.13, and 5.21 propidium iodide 

fluorescence was read and plotted compared to basal fluorescence from the fluorophore. 

In the case of 5.10, and 5.11 emission centred around 615 nm was comparable to that 

observed for the positive control, isolated genomic DNA (5 ng/ml), irrespective of 

concentration (Figure 5.11(A)). This clear membrane depolarising effect was less 

observed for 5.13 and 5.21, and is congruent with observed transport, and toxicity results. 

However, it is of note that each compound can effectively promote influx of propidium 

iodide through membrane depolarisation. 

To further investigate the rate of this phenomenon, propidium iodide fluorescence was 

monitored as a function of time, upon treatment of  S. aureus with 5.10 at a concentration 

of 50 µM (Figure 5.11(B)). Over the course of two-hours, it can clearly be observed an 

increase in the fluorescence of propidium iodide, likely as a result of DNA intercalation, 

following internalisation, promoted by Compound 5.10 mediated membrane 

depolarisation. This is likely the case due to the linear nature of PI fluorescence increase 

(R2 = 0.9228), where if cells had been lysed in the presence of 5.10 we would see a much 

more dramatic increase in PI fluorescence within a short timeframe, and as such we 
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ascribe this slower increase to be as a result of membrane disruption, and not cellular 

lysis.    

In addition to assays monitoring the uptake of PI as a result of membrane 

permeabilization, we also carried out luminescence assays to monitor the release of 

cellular components such as DNA/RNA. Using Ru(Phen)2(dppz)Cl2, 1.52, (synthesised 

from cis-Ru(Phen)2Cl2 (scheme 5.2)) which acts as a highly sensitive, “off-to-on” 

emissive probe for nucleic acids (NA)393, we assessed the levels of NA released from 

cells upon treatment with 100 µM 5.10, 5.11, 5.13, and 5.21, by comparing emission 

intensity of the complex in the absence of nucleic acids, to untreated controls, and treated 

samples (Figure 5.11(D)).  

 

Scheme 5.2. the synthesis of Ru(Phen)2(dppz)Cl2. Reagents and conditions: i) ortho-

phenylene diamine, para-toluenesulfonic acid, EtOH, reflux, 4 hr, telescoped; ii) 

H2O/EtOH (1:1), MW, 140 oC, 40 mins, TBAPF6, 28%; iii) Amberlyst-Cl ion exchange 

resin (excess), MeOH, rt, 1 hr, quant.   

When Ru(Phen)2(dppz)Cl2, 1.52 was added to sterile nutrient broth, which is void of NAs, 

emission from the 3MLCT band (ca. 620 nm) is highly quenched, as a result of phenazine-

derived hydrogen-bonding (with H2O) mediated decay of the 3MLCT to a “dark state” 

extinguishing luminescence.394 However, as we see, when Ru(Phen)2(dppz)Cl2 is added 

to culture supernatant in the absence of treatment with 5.10, 5.11, 5.13, or 5.21 we see a 
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large increase in 3MLCT derived luminescence indicating the presence of nucleic acids 

in the solution, as a result of intercalation between base-pair steps giving rise to a proton-

free hydrophobic environment and switch on of luminescence. This increase in 

luminescence upon addition to control samples is not unexpected as S. aureus is known 

to carry out DNA release under active growing conditions, in the form of eDNA.395 eDNA 

is essential for bacterial communication and horizontal gene transfer, and serves as one 

of the major mediators of information across bacterial species in addition to quorum 

sensing mechanisms.396 This luminescent response further increased when 

Ru(Phen)2(dppz)Cl2 is added to supernatant from cultures pre-exposed to 5.10, 5.11, 5.13, 

and 5.21 for 1 hr at 100 µM. This additional increase in luminescence indicates a 

heightened level of extracellular NA, and suggests an increased level of NA release upon 

treatment with 5.10, 5.11, 5.13, and 5.21. While this increase from control is minor, it 

provides further evidence to suggest membrane disruption via the release of NA upon 

treatment. Indeed, a significant increase in luminescence would not be expected, as we 

anticipate the release of large architectures such as those observed for NAs is slow, due 

to the bulk of the biomolecules. If a sharp, fast increase in luminescence was observed, 

this would instead implicate cellular lysis in the mechanism of action, but this is not the 

case. With a Kb = 106 M-1 for Ru(phen)2(dppz), such a minor increase in luminescence 

still indicates a heightened degree of NA release, as 3MLCT luminescence from the probe 

is extremely sensitive to the presence of NA’s. This result, in tandem with results from 

PI release experiments give evidence to suggest the capacity of compounds 5.10, 5.11, 

5.13, and 5.21 to perturb the membrane of S. aureus cells, as the release and uptake of 

otherwise cell impermeable motifs was not observed.  
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Figure 5.11. Determination of the ability of Compounds 5.10, 5.11, 5.13, and 5.21 to 

disrupt the membrane integrity of S. aureus. A) quantification of propidium iodide 

fluorescence from S. aureus cells upon treatment with various concentrations of 5.10, 

5.11, 5.13, and 5.21. Blue = 5.10, Red = 5.11, Green = 5.13, and Purple = 5.21; B) Graph 

of propidium iodide fluorescence from S. aureus cells over time upon treatment with 50 

uM 5.10. Blue = mean data points of F/FØ, Red = fitted linear regression of mean data 

points, with 95% CI shown (dotted line); C) Schematic of the principle of propidium 

Iodide assay for determining membrane permeability and compromise; D) DNA leakage 

assay quantified by Ru(Phen)2(DPPZ)Cl2 luminescence turn-on in culture supernatant. 

Blue = sterile nutrient broth, Orange = no treatment, Lilac = 100 µM 5.10, Purple = 100 

µM 5.11, Green = 100 µM 5.13, Red = 100 µM 5.21. 

Following this an 19F NMR experiment was carried out to ascertain the alterations to the 

fluorine chemical environment upon interaction with membrane like structures. To do 

this, freshly synthesised (vide supra) POPC LUVs were treated with 5.10 (1 mM) in D2O, 

A)

B)

C)

D)
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and spectral information was obtained following incubation at 37 oC for 5 min, and of the 

transporter alone in D2O (figure 5.12). 

 

Figure 5.12. 19F NMR analysis of fluorine chemical environment for 5.10 upon addition 

of LUV’s in D2O. Bottom = receptor alone in D2O, Top = upon addition of stoichiometric 

LUV’s in D2O.  

Whilst the obtained spectra show poor signal to noise (we ascribe this to the poor 

solubility of 5.10 in D2O, where co-solvents could not be added due to the vesicle-lytic 

nature of many organic solvents), there is a substantial difference in the fluorine chemical 

environments upon addition of LUVs, evidenced by a clear broadening of the 19F signal 

of 5.10, and a minor upfield shift of the signal. Whilst this result gives little indication of 

the nature of the event, in congruence with previous results it further supports the 

hypothesis of a membrane-interaction derived activity of 5.10. This preliminary result 

should in any case be repeated, with greater signal to noise ratio within the spectra before 

drawing measurable conclusions from this dataset.  

In an effort to further underpin this apparent membrane compromising nature of 5.10, 

5.11, 5.13, and 5.21, we sought to ascertain if preferential accumulation of similar 

compounds occurs on the cellular periphery – at the cell membrane, or in other sub 

cellular compartments, if at all.  

Receptor alone (5.10, 1mM, D2O)

Receptor (5.10, 1mM, D2O) 
upon addition of LUVs

Broad, weak
signal

Sharp signal
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5.6.3: Chemical tools to probe the cellular fate of 5.10 

To study this phenomenon, we synthesised 5.25 and 5.26. Each of these compounds differ 

from 5.10, their parent compound, through incorporation of a fluorescent reporter 

functional group, replacing either the Adamantyl or 3,5-bis(trifluoromethyl)phenyl motif 

(figure 5.13). This was done to elucidate if these motifs tailor the activity, or yield a sub 

cellular directionality, as we hypothesised due to the activity of 5.10. For the fluorescent 

handle, the 1,8-naphthalimide scaffold was chosen due to its minimal structural 

obstruction to the central pharmacophore and minimal participation in host-guest 

association complexes.200, 207, 208 Furthermore, this motif was chosen for its favourable 

emissive characteristics, in the context of fluorescence imaging.168, 174, 222, 223 

Naphthalimides have been utilised extensively in the field of bio imaging for their 

synthetic accessibility, and tuneable photophysical properties. Moreover, with 

particularly large stokes shifts, and resistance to photobleaching, these generally cell-

permeable motifs have many of the desired characteristics required for microscopy.397   

 

Figure 5.13. Synthesis and photophysical characteristics of Compounds 5.25 and 5.26.  

A) Reagents and conditions: i) Ethylamine hydrochloride, 1,4-dioxane, reflux, 18hr, 

90%; ii) 1,2-diaminoethane, toluene, reflux, 18 hr, 75%; iii) 5.3, TEA, EtOH, reflux, 18 

hr, 68%; iv) 5.9, TEA, EtOH, reflux, 18hr, 65%; B) Normalised excitation and emission 
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spectrum and design logic of Compound 5.25. Tool compound 5.25 has two distinct 

molecular fragments; Blue = adamantyl squaramide fragment, Orange = 4-amino-1,8-

naphthalimide fluorescent reporter/linker motif; C) Normalised excitation and emission 

spectrum and design logic of Compound 5.26. Tool compound 5.26 has two distinct 

molecular fragments; Green = 3,5-bis(trifluoromethyl)phenyl squaramide fragment, 

Orange = 4-amino-1,8-naphthalimide fluorescent reporter/linker motif. 

Evidence to suggest the successful synthesis of novel chemical probe 5.25 can be found 

upon consultation of the relevant 1H NMR spectrum. Characteristic signals within the 

spectrum include those correlating to the five Naphthalimide protons, which exhibit 

known signal splitting patterns for naphthalimides, in addition to the presence of 

adamantyl signals in the downfield region (1.62 ppm, 1.79 ppm, and 2.06 ppm), and 

additional ancillary aliphatic signals. However, what is likely of highest importance is the 

presence of the adamantyl NH at 7.68 ppm, in addition to two broad NH signals indicating 

the assembly of the desired tool compound, 5.25. What should also be noted is that there 

are several peaks which exhibit substantial broadening and in certain cases a doubling of 

the respective peaks, indicating the presence of rotamers in solution, which can be 

discerned as separate chemical entities on the NMR timescale (figure 5.14).  
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Figure 5.14. The 1H NMR spectrum of 5.25.  

Once both synthesised, 5.25 and 5.26 were used to stain S. aureus cells by treatment at 3 

µM for 30 mins, cells were fixed, and slides were prepared for super-resolution 

nanoscopy. Cells were visualised using STimulated-Emission Depletion (STED) 

nanoscopy (as previously described), to analyse the cellular fate of 5.25 and 5.26 (figure 

5.15). From the images acquired, it is apparent that the incorporation of adamantyl groups 

yields a membrane accumulation of 5.25. Comparing single cell nanoscopy images for 

those stained with 5.25 to those stained with 5.26, it is visually apparent the membrane 

accumulation of 5.25 and almost uniform fluorescence intensity of 5.26 across the cells 

(figure 5.15). Single S. aureus cells could be easily identified using this technique, and 

with a minimal resolution limit of approximately 20 µm, as opposed to 200 µm for 

deconvoluted diffraction limited confocal laser scanning microscopy,180 the intricacies of 

fluorescence localisation could easily be identified. Indeed, when these intensity values 

were plotted across the diameter of single cells, it was apparent that fluorescence intensity 

from the centre of cells was decreased for 5.25, when compared to the intensity of 5.26 
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in the same region, and when intensity values at the centre of cells were directly 

compared, a significantly lower intensity for 5.25 was observed, when compared to 5.26 

(p > 0.0001).  

 

Figure 5.15. Stimulated emission depletion nanoscopy (STED) analysis of the cellular 

distribution of 5.25 and 5.26 derived fluorescence in S. aureus. A) STED nanoscopy 

image of S. aureus treated with 3 uM 5.25 for 30 mins, with an overlay of a zoomed 

representative region of interest (ROI) illustrating cellular distribution of 5.25 in single 

cells. B) STED nanoscopy image of S. aureus treated with 3 uM 5.26 for 30 mins, with 

an overlay of a zoomed representative ROI illustrating cellular distribution of 5.26 in 

single cells. C) normalised mean grey value distribution of both 5.25 (orange) and 5.26 

(blue) within ROI’s, which were identified as single cells. D) Mean grey value abundance 

of 5.25 and 5.26 at the centre of single cells (0.5 um) previously identified as ROI’s. Mean 

grey values are represented as mean distribution + SEM of 10 individual cells selected at 

random from three distinct nanoscopy images acquired from differing regions of the slide.  

Thanking these results, in combination with previously described cellular assay results of 

parent compounds, we are confident of the ability for these compounds to not only carry 

0.0 0.2 0.4 0.6 0.8
0

50

100

150

Distance (microns)

G
re

y 
va

lu
e

A) B)

C)

14 15
0

500

1000

1500

2000

G
re

y 
va

lu
es

✱✱✱✱D)

E)

M
ea

n 
gr

ey
 v

al
ue

s

5.25

5.26

5.265.25



Highly lipophilic anionophores possessing potent antimicrobial activity 

 233 

out Cl- transport in-cellulo, but to also destabilise and disrupt the membrane integrity of 

S. aureus, resulting in the arrest of cell growth, and a clear, potent antimicrobial effect.  

5.7: Towards controlled anion transport in bacteria 

There have been several examples of photo-switchable antimicrobial agents125, 126, and 

compounds which undergo immolative release to yield an antimicrobial effect through 

pro-drug approaches.127, 305, 329, 398 However, whilst this approach has seen several 

successes, there has been little effort made with regard to pro-anionophore development. 

A recent example by Manna and co-workers explored this through the synthesis of 

disulphide-linked anionophore-RGD peptide conjugates which were designed to release 

an anionophore upon reaction with GSH.399 Whilst this does constitute a viable stimuli-

responsive anionophore, the extracellular target,  and intracellular nucleophile, GSH, 

make this approach inconsistent. In addition, disulphide substrate in-selectivity make this 

example unfit for purpose.  

To build upon this report, and apply it in the context of stimuli responsive anionophoric 

antimicrobials, we designed pro-anionophores based on 5.10 to incorporate a p-

nitrobenzyl motif, which acts as an enzymatic substrate for bacterial Nitroreductase 

enzymes (figure 5.16).199, 400 This motif is ideal as it may show selectivity towards 

bacteria, due to the oxygen sensitivity of the enzyme in mammalian cells, where reduction 

does not occur in these cells under normoxic conditions. 

 

Figure 5.16. Target structures of Nitroreductase responsive pro-anionophores.  
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To access target pro-anionophores we begun by carrying out a reductive amination 

between 3,5-bis(trifluoromethyl)aniline, and 4-nitrobenzaldehyde, using conditions 

established in literature (scheme 5.3). 5.27 was synthesised by, and gratefully donated by 

Dr. Luke Marchetti.401 In this reaction, the benzaldehyde is first activated by the addition 

of catalytic acetic acid, which promotes imine formation. This imine then undergoes 

reduction by secondary addition of NaBH(OAc)3, through addition of a hydride species 

to the imine, forming the desired secondary amine. 

 

Scheme 5.3. Attempted synthesis of p-nitrobenzyl masked squarate, 5.28. reagents and 

conditions: i) a) p-nitrobenzaldehyde, AcOH (10 mol%), 4A Molecular sieves, DCM, 1 

h, rt; b) NaBH(OAc)3, DCM, 0 oC – rt, 4 hr, 40%. 

With this key intermediate in hand, we sought to access the relevant squarate through 

nucleophilic substitution, however this proved extremely troublesome. A summary of the 

attempted conditions can be found in table 5.4.   

Table 5.4. Summary of the attempted conditions towards the synthesis of 5.28. A = 

returned only starting material; B = consumption of 5.27; C = intractable mixture.  

Attempt Eq. 
amine 

Eq. 
squarate 

Additive(0.2 
eq) base Eq. 

base time Temp Result 

1. 1 1.1 NA TEA 2 18 h rt A 
2. 2 1 NA TEA 2 18 h reflux A 
3. 1 1.1 Zn(OTf)2 TEA 2 48 hr reflux A 
4. 2 1 Zn(OTf)2 DMAP 2 18 hr reflux A 
5. 1 1.1 NA DMAP/TEA 2,4 18 hr reflux B 
6. 1 1.1 NA NaOEt 2 48 hr rt C 

7. 1 1.1 Zn(OTf)2 NaOMe 1.1 18 hr 0 oC -  
rt C 

8. 1 1.1 NA NaH 2.5 48 hr 0 oC -  
rt C 

With the clearly limited success in this regard, we instead attempted to synthesise a 

proanionophore, where the adamantyl arm is instead masked (scheme 5.4). Following 

flash column chromatography steps, it was clear from the 1H NMR spectrum thereof, the 

N
H

NO2

See table 5.5
for conditions
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successful synthesis of the desired amine (figure 5.17). With clear signals correlating to 

the respective aromatic system, and gratifyingly a clear signal integrating for 2H, in the 

upfield region which we ascribe to be that of the benzylic CH2. Unfortunately, it was not 

possible to observe the desired amine signal, however, this has also been previously 

reported that the NH is unobservable via 1H NMR in CDCl3, and the spectrum obtained 

shows good agreement with that reported in literature.402 

Despite being able to access the relevant secondary amine, but under the same set of 

conditions previously screened, we could see no evidence of product formation. Thus, we 

sought to shift focus towards a carbamate-linked proanionophore (figure 5.14).  

 

Scheme 5.4. Attempted synthesis of p-nitrobenzyl masked squarate, 5.30. Reagents and 

conditions: i) a) p-nitrobenzaldehyde, AcOH (10 mol%), 4Å Molecular sieves, DCM, 1 

h, rt; b) NaBH(OAc)3, DCM, 0 oC – rt, 4 hr, 70%.  

Table 5.5. Summary of the attempted conditions towards the synthesis of 5.30. A = 

returned only starting material; B = consumption of 5.29; C = intractable mixture.  

Attempt Eq. 
amine 

Eq. 
squarate 

Additive(0.2 
eq) base Eq. 

base time Temp Result 

1. 1 1.1 NA TEA 2 18 h rt A 
2. 2 1 NA TEA 2 18 h reflux A 
3. 1 1.1 Zn(OTf)2 TEA 2 48 hr reflux A 
4. 2 1 Zn(OTf)2 DBU 4 18 hr reflux B 
5. 1 1.1 NA DMAP/TEA 2,4 18 hr reflux B 
6. 1 1.1 NA NaOEt 2 48 hr rt C 

7. 1 1.1 Zn(OTf)2 NaH 1.1 18 hr 0 oC -  
rt A 

8. 1 1.1 NA NaH 2.5 48 hr 0 oC -  
rt C 

To do this, 5.10 was treated with a stoichiometric quantity of phosgene (20% soln. in 

toluene) in the presence of excess DMAP, and TEA, to afford the relevant carbamoyl 

N
H

NO2

See table 5.5
for conditions

N
O2N

O

O
O

i)
NH2

5.29 5.30



Chapter 5 

 236 

chloride, which was further reacted in-situ with p-nitrobenzyl alcohol (with additional 

base), to afford the desired carbamato-squaramide 5.31 (scheme 5.5). 

 

Scheme 5.5. Synthesis of p-nitrobenzyl masked squaramide, 5.31. Reagents and 

conditions: i) a) Phosgene (COCl2) (20% v/v in toluene), DMAP, TEA, CHCl3, 0 oC, 15 

min; b) p-nitrobenzyl alcohol, TEA, CHCl3, 18 hr, 44%.   

Following flash chromatography, the 1H NMR spectrum (figure 5.18) indicated the clear 

formation of one regioisomer of the relevant carbamate, where it was observed, the 

masking site was upon the aniline portion of 5.10 resolving 5.31 as a single regioisomer. 

We ascribe this to the lower pKa of the electron deficient aniline, being preferentially 

deprotonated under the basic conditions, allowing for limited, but distinctly regioselective 

attack at the carbonyl carbon of phosgene. Evidence to suggest the formation of this 

masked anionophore, include the disappearance of the aniline NH signal but retention of 

the adamantyl NH signal, the appearance of p-disubstituted phenyl CH doublets of 

doublets (integrating for 4H) and the appearance of an upfield CH2 signal, which is likely 

that of the alcohol. The observation that 5.31 could be synthesised with relative 

operational simplicity, is likely due to the fact the product of the reaction, 5.31 also shows 

indication of a pseudo-7-member ring system formed through intramolecular hydrogen 

bond formation between carbamate carbonyl and adamantyl NH regions (evidenced by a 

downfield shift of the NH signal from 7.69 ppm to 8.67 ppm, and a considerable 

sharpening of the respective signal for 5.31), thus stabilising the resultant product. In the 

case of compounds 5.28 and 5.30, whilst there are several examples of secondary amines 

reacting with diethyl squarate, under relatively mild conditions, the lack of access to the 
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desired products is most likely due to the substantial steric bulk of the amines, and 

electron deficiency, particularly in the case of 5.27.  

 

Figure 5.18. The 1H NMR spectrum of 5.31 in DMSO-d6. 

With this key caged anionophore, or proanionophore in hand, we shifted focus towards 

understanding the behaviour of 5.31 under reductive conditions in-cellulo. In an effort to 

ascertain if this system undergoes a 1,6-benzylic self-immolative cascade reaction upon 

bioreduction by nitroreductases we sought to monitor the anion transport behaviour of 

5.31, we again carried out MQAE assays, however, in this instance monitoring over time, 

at a fixed concentration of 100 µM 5.31. If a rapid decrease in fluorescence emission from 

MQAE was observed this would indicate the retained propensity for transport by 5.31. 

However, this was not the case. When fluorescence emission was monitored over the 

course of two hours, we see a slow, but consistent decrease in emission intensity (figure 

5.19(a)), which we ascribe to the somewhat slow turnover. This slower turnover of 5.31 

is not unexpected as the central catalytic unit of nitroreductases are highly lipophilic, 

containing multiple charged catalytically active domains (Lys14, Lys74, Glu165), in 
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addition to charged cofactors, NADPH, and Phosphoflavin mononucleotides (FMN).400, 

403 This charge bulk within the catalytically active cavity most likely gives rise to 

impaired entry of 5.31, due to the inherent lipophilic bulk of the central squaramide 

pharmacophore, thus in turn limiting the rate of turnover.  

Despite this slower turnover, we were encouraged as we could not only see bioreduction 

but a retention of the anion transport capability over time, through analysis of the anion 

transport behaviours of 5.31 via an MQAE assay. We subsequently sought to ascertain 

the effect of 5.31 upon the growth rate of S. aureus (figure 5.19(b)). S. aureus cells 

brought to early stationary phase overnight, were standardised to an OD600 = 0.2, and 

subsequently treated with 5.10, 5.31, Dicoumarol (a known nitroreductase inhibitor), 5.10 

+ dicoumarol, and 5.31 + dicoumarol. When treated with the parent compound and 5.31 

alone, we see very similar effects upon the growth rate of S. aureus cells. Across a 6 hour 

period, we see little to no growth from cells when treated with 50 µM of the active and 

caged anionophores. Interestingly, when cells were treated as previous with 5.10 and 

5.31, in the presence of 10 µM dicoumarol, we see an attenuation of activity for both 

compounds. Whilst the rationale for decreased toxicity from 5.31 may be clear (inhibition 

of compound turnover to active form), the reason for 5.10’s limited activity in the 

presence of dicoumarol is less obvious. This limited activity may be as a result of a 

number of factors, and thus we cannot say with any certainty what the cause is. Yet, this 

result is not entirely important, as we would expect limited inhibition of bacterial 

nitroreductases in-vitro and in-vivo, and furthermore, with the limited expression of 

human nitroreductases (with the exception of hypoxic regions, such as in tumours) this 

limited toxicity for 5.10 when nitroreductases are impaired in activity, is a positive result.  
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Figure 5.20. Caged anionophore 5.31 can carry out anion transport in-cellulo upon 

reduction, resulting in stimuli-responsive antimicrobial effect. A) MQAE assay 

monitoring fluorescence as a function of time from S. aureus pretreated with MQAE (10 

mM), following addition of 5.31 (100 µM) at T0. B) Growth curve monitoring S. aureus 

replication in the presence of parent compound (5.10), and caged anionophore (5.31), and 

an inhibitor of nitroreductases (dicoumarol); Black = control (no treatment), Blue = 

dicoumarol (10 µM), Purple = 5.31 (50 µM) and dicoumarol (10 µM), Orange = 5.10 (50 

µM) and dicoumarol (10 µM), Green = 5.31 (50 µM), Red = 5.10 (50 µM). C) schematic 

of self immolative sequence of 5.31 under reductive conditions in-cellulo to afford 5.10, 

through release of CO2 and an aza-quinone methide species.  

5.7: Chapter conclusions and future perspectives 

In summary, the host-guest association properties of a series of 13 structurally simplistic, 

aliphatic-dense squaramides have been studied using spectroscopic measurements, and 

the link between their supramolecular behaviours and antimicrobial efficacy has been 

examined. Through a comprehensive study of the mechanism of action, we have shown 

that the four most active compounds; 5.10, 5.11, 5.13, and 5.21 act through two distinct 

mechanisms. Using an array of chemical biology techniques, we have illustrated that 
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these non-toxic compounds act as antimicrobials both through transporting Cl- across 

biological membranes, and by disrupting the membrane stability through accumulation at 

the cellular frontier.  

These novel compounds were initially designed to act as anion transporting scaffolds, but 

as a result of MTT assays indicating additional modes of action, we studied the uptake 

and release of otherwise membrane impermeable compounds and biomolecules, and 

synthesised chemical tools to probe the cellular fate of these compounds, all leading to 

rationalise the mechanism of action of these compounds as a combination of anion 

transport and membrane disruption. This work builds upon the foundation we have 

previously laid in the development of rationally designed antimicrobial agents, which 

exploit anion transport in their mechanism of action. We have shown that while we may 

not yet be able to design molecules perfectly fit for purpose, we have made considerable 

strides towards this, and established a biological toolkit for the study of this emerging 

mode of action in the process. In addition, we have made strides towards the stimuli-

responsive control of anionophoric agents through derivatisation of 5.10, to yield 5.31, 

which shows the capacity to undergo reduction induced self immolative release of 5.10, 

as discerned by in-cellulo monitoring of anion transport, which resulted in the observation 

that the activity of these caged anionophores can be modulated, through inhibition of the 

target enzyme. 

To further unravel the MOA of agents such as these, it would be desirable to further 

validate the contributions of adamantyl substituents to the observed membrane-localised 

activity. One method by which to do this would be through either 1H or 19F NMR 

spectroscopic titrations of 5.10, with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (POPG), an anionic phosphoglycerolic lipid reminiscent of those observed in 

bacterial membranes. This spectroscopic analysis would most likely illuminate the 

host:guest association of agents such as these with anionic phospholipids, thus allowing 
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for development of a rapid screening platform for bacterial membrane binding 

compounds. In addition, one method by which to elucidate the ligandability of 5.10 with 

the proteome of S. aureus, would be to synthesise a series of affinity-based probes 

compatible with chemical-proteomics pipelines (figure 5.21).  

 

Figure 5.20. Potential target structures for affinity-based proteomic profiling of the 

activity of 5.10. 
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6.1: Thesis summary and future work 

Synthetic anion transport constitutes a fundamental approach to the design of novel 

pharmaceuticals, and has gained significant attraction in recent years. Synthetic chemists 

pursuing supramolecular motifs as therapeutics make use of their understanding of 

fundamental non-covalent interactions to design highly specific, exquisitely selective 

motifs, which can form association complexes with, and transport biologically relevant 

anions. This process gives rise to biological events such as remediation of Cl- gradients 

in CF pathologies, programmed cell death through disruption of autophagy, and in more 

recent years antimicrobial effect.  

Little effort has been made to understand the biological mechanism of action of 

antimicrobial anionophores, despite the clear utility of these motifs. To date there have 

been limited reports on the exploration of the antimicrobial effect of anionophores, and 

what has been reported contains little to no mechanistic insight. The fundamental goal of 

this thesis was to explore methods by which to study the antimicrobial effect of 

anionophores, whilst retaining a medicinal chemistry approach to their development.  

In chapter 2, we synthesised four anionophores, 2.24 – 2.27 which are composed of a 

central squaramide unit for anion binding, but are fused to an indoline heterocycle through 

an olefinic bond. This olefinic bond, in addition to squaramide NH show sufficient 

polarisation and acidity to participate in H-bond donation towards Cl- in highly 

competitive solvent mixtures, resulting in both potent anion binding and transport 

properties for each. Indeed, Compound 2.25, the most active transporter additionally 

showed potent antimicrobial activity against S. aureus and MRSA, were non-toxic in-

vitro/vivo, and showed the capacity to evade resistance over multiple generations. Using 

a combination of cellular assays, and high throughput proteomics pipelines we deduced 

that the mode of action could be intrinsically linked to the anionophorism of 2.25.  
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In chapter 3, we sought to elaborate on the observation that 2.25 and related 

anionophores showed selective antimicrobial effect against Gram-positive pathogens. To 

do this, we sought to synthesise robust bioconjugates of 2.25 and similar anionophores – 

with the aim of bolstering antimicrobial effect, and expanding the spectrum of activity to 

encompass Gram-negative pathogens. Initial attempts to synthesise monensin-derived 

ion-pair bioconjugates proved extremely troublesome, and limited success was met in this 

regard. Thus, we shifted focus towards the synthesis of siderophore-bioconjugates of 2.25 

and conventional squaramide anionophores., resulting in the synthesis of 3.27 – 3.29. This 

low yielding synthetic pathway afforded each desired conjugate with sufficient quantities 

to profile the anion binding, transport (in-cellulo) and biological behaviours of each. 

Gratifyingly, each conjugate showed appreciable antimicrobial activity against three 

bacterial species, two of which are Gram-negative. Leveraging the inherent fluorescence 

of 3.27, we were able to carry out super resolution nanoscopic profiling of the cellular 

uptake and biological fate of 3.27 in each of the bacterial species, where it could be 

observed differing uptake mechanisms, for each, in congruence with their differing 

siderophore uptake mechanisms. 

In chapter 4, we sought to delve into the contributions of heterocyclic structure to the 

observed activity of previously discussed “squindoles”. Through derivatisation of 2.25 

we were afforded with three different heterocyclic-fused anionophore subclasses, which 

were accessed using robust synthetic approaches, refined through the synthesis of an 

expanded family of benzothiazolyl-squaramides. Once synthesised, we profiled not only 

the supramolecular characteristics, but also the biological characteristics of each, and 

compared the same to parent compounds. One subclass, Benzo[e]indolyl-squaramides, 

showed higher Cl- transport capacity in LUV’s, and antimicrobial effect than 2.25. 

Furthermore, we were additionally able to verify the anion transport capacity of each 

subclass in-cellulo. Interestingly, quinolyl-squaramides 4.43 – 4.45 showed AIE 
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properties, not previously reported for squaramide-derived motifs, and this observation 

was utilised to carry out AIE-based super resolution imaging of MRSA. Whilst each 

compound was shown to possess anion transport behaviour, we additionally noted and 

explored the capacity of each to act as “thiol traps” through their inherent Michael-

acceptor characteristics, which may contribute to the antimicrobial effect observed. 

In chapter 5, we wished to explore the degree to which scaffold complexity is required 

in the design of anionophoric antimicrobials. To do so, we synthesised a series of 13 

structurally simplistic adamantyl squaramides, and characterised their biological activity 

extensively. As similar compounds have been reported recently, and had their 

supramolecular properties characterised therein, we did not explore this to great extent. 

Instead, we utilised the chemical biology toolkit established in previous chapters to 

discern the mechanism of action of the four most active compounds 5.10, 5.11, 5.13, and 

5.21. We initially postulated that these compounds carried out anion transport, resulting 

in antimicrobial activity. Through the use of MQAE assays, we confirmed the capacity 

of each to transport Cl- in-cellulo, however, when MTT assays were carried out we 

observed little to no Cl- dependency for their activity, and thus we sought to probe this 

further. Rationalising a membrane-disruptive capacity, we probed this using an array of 

cellular assays, and synthesised molecular probes to investigate this using super 

resolution nanoscopy, where we confirmed a membrane accumulation of tool compounds 

containing an adamantyl motif. As such, we are confident these motifs act through a 

combination of both anion transport in-cellulo, in addition to membrane disruption, 

ultimately leading to cell death. As 5.10 represented the most potent compound reported 

in the entire thesis we sought to explore the possibility of controlled anion transport, and 

in this case stimuli-responsive antimicrobial activity. Through caging of the aryl NH of 

5.10, we were afforded with 5.31. This caged anionophore not only shows a time-

dependent anion transport response in-cellulo, as a result of slow bioreduction, but the 
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capacity to inhibit S. aureus growth, where growth over a 6-hour period is inhibited to 

the same extent as 5.10.  

In conclusion, we have synthesised a total of structurally dissimilar 42 squaramide 

candidates and chemical tools (excluding intermediates), and profiled their 

supramolecular characteristics through the use of established supramolecular approaches. 

We have leveraged this synthetic success to explore this wide array of supramolecular 

constructs as antimicrobials, where we utilised four initial compounds as a vector for the 

refinement of a platform for supramolecular antimicrobial drug discovery in chapter 2. 

Using this platform, we delved into the mechanism of action and contributions of anion 

transport to the activity of the remaining compounds reported in chapters 3 – 5. This 

thesis constitutes a unique and exciting interdisciplinary approach to supramolecular drug 

discovery, and we are hopeful of the applicability of many of the methodologies, assays 

and synthetic procedures described herein.    
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7.1: General experimental  

Commercial materials were supplied by TCI Europe, Fluorochem Ireland or Sigma 

Aldrich and were used without further purification. HPLC grade solvents were used as 

received. Anhydrous solvents were used as received (DMF, THF, 1,4-dioxane) or 

generated by storage over molecular sieves under an atmosphere of N2 (3/4 Å – DMF, 

MeCN, THF, 1,4-dioxane). Anhydrous DCM was generated by distillation over CaH, and 

was generated as needed. 1H NMR spectra were recorded using a Bruker Avance III 500 

at a frequency of 500.13 MHz, and are reported as parts per million (ppm) with CDCl3 

(δH 7.26 ppm) or DMSO-d6 (δH 2.50 ppm) as an internal reference. The data are reported 

as chemical shift (δ), multiplicity (br = broad (prefix to multiplicity), s = singlet, d = 

doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, td = 

triplet of doublets,  m = multiplet), coupling constant (J, Hz) and relative integral. 13C 

NMR spectra were recorded using a Bruker Avance III 500 at a frequency of 125 MHz 

and are reported as parts per million (ppm) with CDCl3 (δH 77.1 ppm) or DMSO-d6 (δH 

39.5 ppm) as an internal reference. High resolution ESI spectra were recorded on Agilent 

6500 series Q-TOF instruments, each fitted with an ESI source. Analytical LC-MS was 

performed using an Agilent Technologies 1200 series setup, making use of an Agilent 

XDB-C18 (5 µM, 4.6 x 150 mm) column at 40 oC. A flow rate of 0.2 ml min-1 and a 

gradient of 0.1% Formic acid in MeCN (solvent A) in 0.1% H2O (solvent B) was used as 

mobile phase. Analytical TLC was performed using pre-coated silica gel plates (Merck 

Kieselgel 60 F254), and was visualised via UV, or with an appropriate TLC stain (e.g. 

Ninhydrin, KMnO4, etc.). Manual Flash chromatography was performed using silica gel 

(SiO2) 40-63 µM, 60 Å, and compound elution was monitored via analytical TLC before 

being analysed via NMR spectroscopy to confirm identity. All compounds were loaded 

to the flash column as a solute in the less polar solvent unless otherwise stated. 

Compounds dry-loaded to the column were done so by dissolving the relevant substrate 
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in a minimal volume of a highly solubilising organic solvent, whereafter silica (SiO2) was 

added until the formation of a slurry. Solvent was removed in-vacuo to afford the 

corresponding silica composite of the respective compound, which was added to the 

column following packing, and purified as standard. Automated Flash Chromatography 

was carried out using an Interchim Puriflash XS 520plus. Infrared (IR) spectra were 

obtained via ATR as a solid on a zinc selenide crystal in the region of 4000 – 400 cm-1 

using a Perkin Elmer Spectrum 100 FT-IR spectrophotometer, and processed using the 

in-house OMNIC software package, or Spectragryph. Microwave (MW) experiments 

were carried out in sealed vessels in a CEM Discovery MW, with transversal IR sensor 

for reaction temperature monitoring. UV-visible spectroscopy measurements were made 

at 25 ºC on a Lambda 365 Perkin Elmer UV-vis spectrophotometer. Fluorescence 

emission spectra were performed at 25 ºC and 37 ºC on an Agilent Spectrofluorometer 

equipped with a 450 W xenon lamp for excitation. Starna and Hellma quartz cuvettes of 

1 cm path length and several volumes were employed. Anion transport experiments 

(Chapter 4) were carried out using a Thermo Scientific OrionStar A211 Benchtop pH 

meter fitted with a Chloride selective electrode. All biological experiments were carried 

out using pre-sterilised materials or were sterilised prior to use. All measurements taken 

in 96-well format (Sarstedt) were done so using a BMG Labtech Clariostar Plus plate 

reader.  

7.2: Synthetic methods – Chapter 2 

3,4-diethoxyl-cyclobut-3-ene-1,2-dione (2.21): 

2,3-dihydroxy-cyclobut-3-ene-1,2-dione (10 g, 87.6 mmol)  was 

dissolved in EtOH (90 mL) and refluxed at 80°C for three hours. The 

solvent was subsequently removed in vacuo. The resultant white deposit was redissolved 

in a fresh portion of EtOH (90 mL) and refluxed for a further hour. The solvent was once 

more removed in vacuo, and the same procedure was repeated 4 times to afford a crude 
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yellow slury. The crude product was purified by column chromatography(SiO2), using a 

0 - 2% EtOH:DCM gradient as eluent to afford desired product as a yellow oil in a 90% 

yield. All spectral data is in good agreement with literature.211   

1-ethyl-2,3,3-trimethyl-3H-indol-1-ium Iodide (2.22): 

2,3,3-trimethyl-3H-indolenine (1.5 g, 10 mmol, 1 eq) was dissolved in 

toluene (10 mL) and ethyl iodide (1.56 g, 10 mmol, 1 eq) was added in 

bulk. The subsequent reaction mixture was placed on reflux for 24 

hours, whereafter the mixture was cooled to room temperature and Et2O (50 mL) was 

added. The formed precipitate was isolated by filtration and washed with aliquots of Et2O 

to afford the title compound as a pink solid in an 85% yield.1H NMR (500 MHz, DMSO-

d6) δ 7.96 (dd, 1H), 7.83 (dd, 1H), 7.62 (dd, 2H), 7.44 (d, J = 9.5 Hz, 1H), 4.49 (q, J = 

7.2 Hz, 1H), 2.83 (s, 3H), 1.53 (s, 6H), 1.44 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, 

DMSO-d6) δ 196.5, 142.4, 141.2, 129.8, 129.4, 124.0, 115.8, 54.6, 43.6, 22.4, 14.4, 13.2. 

IR (ATR): νmax (cm-1) = 3026, 2969, 1629, 1610, 1460, 1389, 1364, 1329, 1299, 1164, 

1129, 941, 928, 791, 733, 546, 436.  

3-ethoxy-4-((1-ethyl-2,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-

dione (2.23):  

N-ethyl-2,3,3-trimethyl-3H-indol-1-ium iodide, 2.22, (1.58 

g, 5.0 mmol, 1 eq) was dissolved in EtOH (20 mL), in the 

presence of a 3 mol eq excess of triethylamine. To this was 

added 2.21 (935 mg, 5.5 mmol, 1.1 eq). The subsequent mixture was brough to reflux for 

8 hr, whereafter the solvent was removed in-vacuo to afford a crude slurry which was 

purified via flash column chromatography(SiO2), using a 50:50 mixture of EtOAc:PE 

(isocratic) as eluent to afford the title compound as a dark yellow crystalline solid in a 

55% yield. 1H NMR (500.0 MHz, DMSO-d6) δ 7.44 (d, J = 7.0 Hz, 1H), 7.30 (td, 1H), 

7.18 (d, J = 8.0 Hz, 1H), 7.08 (t, J = 7.5 Hz, 1H), 5.35 (s, 1H), 4.82 (q, J = 7.2 Hz, 2H), 
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3.95 (q, J = 7.2 Hz, 6H), 1.55 (s, 6H), 1.45 (t, J = 7.0 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H). 13C 

NMR (125.0 MHz, DMSO-d6) δ 192.65, 188.2, 186.7, 173.1, 167.8, 142.3, 140.9, 128.3, 

123.0, 122.4, 109.4, 80.8, 70.2, 47.9, 37.6, 26.8, 16.1, 11.5. IR (ATR): νmax (cm-1) = 3056, 

2959, 2929, 1765, 1709, 1615, 1530, 1467, 1415, 1348, 1310, 1213, 1159, 1124, 1109, 

1058, 1038, 924, 813, 790, 761, 682, 592, 476. HRMS (ESI-TOF): m/z calculated for 

C19H21NO3 [M+H]+ = 312.1599, found 312.1604, also found [M + Na]+= 314.1418.  

Chapter 2 - general method A:  

3-ethoxy-4-((1-ethyl-2,3,3-trimethylindolin-2-ylidene)methyl)cyclobut-3-ene-1,2-dione, 

2.23, (0.5 mmol, 1 eq) was dissolved in EtOH (10 mL), and Zn(OTf)2 (0.1 mmol, 20 

mol%) was added. Whilst stirring, the relevant aromatic amine (0.6 mmol, 1.2 eq)  was 

added and the reaction mixture was placed on reflux overnight. Subsequently, the solvent 

was removed in vacuo to afford crude product, which was purified via column 

chromatography (SiO2), to yield the title compound.  

(E)-3-((1-ethyl-3,3-dimethylindolin-2-ylidene)methyl)-4-(phenylamino)cyclo but-3-

ene-1,2-dione (2.24): 

Compound 2.24 was synthesised as per General method 

A and was purified using an 8:2 EtOAc:PE mixture as 

eluent (isocratic) to afford the title compound as a yellow 

solid in a 48% yield. 1H NMR (CDCl3, 500 MHz) δ 10.25 (s, NH), 7.48 (d, J = 7.5, 

2H), 7.35 (td, J = 7.0, 2H), 7.27 (t, J = 7.5, 1H), 7.15 (t, J = 7.2, 1H), 6.97 (d, J = 8.0, 

1H), 5.55 (s, 1H), 4.00 (s, 2H), 1.60 (s, 6H), 1.21 (t, J = 6.0, 3H). 13C NMR (CDCl3, 125 

MHz): δ (ppm): 187.7, 175.5, 167.6, 166.0, 142.5, 141.1, 138.7, 129.4 (Overlapped 

peak), 128.2, 124.5, 122.39, 122.34, 120.0, 108.8, 83.1, 47.6, 37.3, 27.2, 11.8. IR (ATR): 

νmax (cm-1) = 2965, 11760, 1679, 1602, 1525, 1476, 1376, 1359, 1247, 1208, 1156, 1127, 

1117, 1078, 924, 810, 783, 745, 686, 650, 686, 650, 550, 504, 471. HRMS (ESI-TOF): 
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m/z calculated for C23H22N2O2 [M+H]+ = 358.17, found 359.1759, also found [M + 

Na]+= 381.1578.  

(E)-3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-((1-ethyl-3,3-dimethylindolin-2-

ylidene) methyl)cyclobut-3-ene-1,2-dione (2.25): 

Compound 2.25 was synthesised as per General 

method A and was purified using a 0 - 5% 

MeOH:DCM gradient as eluent to afford the title 

compound as an orange solid in a 45% yield.  1H NMR (CDCl3, 500 MHz) δ 10.53 (s, 

1H, NH), 8.23 (s, 2H), 7.76 (s, 1H), 7.43 (d, J = 7.5, 1H), 7.29 (t, J = 7.5, 2H), 7.14 (d, J 

= 7.5, 1H), 7.06 (t, J = 7.5, 2H), 5.76 (s, 1H), 4.06 (q, J = 7.0, 2H), 1.60 (s, 6H), 1.06 (t, J 

= 7.0, 3H). 13C NMR (CDCl3, 125 MHz): δ 188.1, 184.8, 174.4, 168.9, 167.4, 142.3, 

141.2, 141.1, 131.1 (q, C-CF3), 123.6 (q, CF3), 122.8, 122.4, 120.1, 116.3, 109.2, 82.7, 

47.9, 37.5, 27.0, 11.8. IR (ATR): νmax (cm-1) = 3543, 3430, 1762, 1692, 1614, 1587, 1532, 

1494, 1484, 1448, 1428, 1405, 1380, 1353, 1272, 1229, 1166, 1142, 1126, 1106, 1081, 

1021, 1002, 906, 879, 857, 839, 827, 773, 745, 701, 677, 655, 625, 597, 550, 502, 471, 

452. HRMS (ESI-TOF): m/z calculated for C25H20F6N2O2 [M+H]+ = 494.1509, 

found 494.1507, also found [M + Na]+ = 517.1323.  

(E)-3-((1-ethyl-3,3-dimethylindolin-2-ylidene)methyl)-4-((4-nitrophenyl)amino) 

cyclobut-3-ene-1,2-dione (2.26): 

Compound 2.26 was synthesised as per General 

method A and was purified using a 5% 

MeOH:DCM mixture as eluent (isocratic) to afford 

the title compound as an orange solid in a 47% yield.  1H NMR (CDCl3, 500 MHz) δ 

10.58 (s, 1H, NH), 8.28 (d, J = 9.0, 2H), 7.75 (d, J = 9.0, 2H), 7.44 (d, J = 7.5, 1H), 7.30 

(t, J = 7.7, 2H), 7.15 (d, J = 7.5, 1H), 7.07 (t, J = 7.2, 2H), 5.82 (s, 1H), 4.07 (q, J = 7.0, 

2H), 1.60 (s, 6H), 1.26 (t, J = 7.0, 3H). 13C NMR (CDCl3, 125 MHz): δ 188.4, 184.6, 
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174.3, 169.52, 167.5, 145.2, 142.7, 142.2, 141.2, 128.3, 125.6, 122.9, 122.4, 119.8, 109.3, 

82.9, 47.9, 37.6, 27.0, 11.9. IR (ATR): νmax (cm-1) = 3335, 2931, 1762, 1686, 1615, 1577, 

1514, 1482, 1428, 1379, 1353, 1309, 1227, 1210, 1170, 1117, 1801, 1032, 1021, 999, 

930, 906, 877, 849, 805, 786, 774, 700, 680, 654, 598, 526, 514, 472, 434, 422. 

HRMS (ESI-TOF): m/z calculated for C23H21N3O4 [M+H]+ = 404.1610, found 404.1607,  

also found [M + Na]+ = 426.1424.  

(E)-3-((1-ethyl-3,3-dimethylindolin-2-ylidene)methyl)-4-(4-

trifluoromethylphenylamino)cyclobut-3-ene-1,2-dione (2.27): 

Compound 2.27 was synthesised as per  General 

method A and was purified using an 8:2 EtOAc:PE 

mixture as eluent (isocratic) to afford the title 

compound as a red solid in a 50% yield. 1H NMR (DMSO-d6, 500 MHz) δ 10.42 (s, 1H, 

NH), 7.76 (d, J = 8.0, 2H), 7.71 (d, J = 8.5, 2H), 7.43 (d, J = 7.5, 1H), 7.29 (t, J = 7.7, 

2H), 7.12 (d, J = 8.0, 1H), 7.05 (t, J = 7.2, 1H), 5.79 (s, 1H), 4.05 (q, J = 7.0, 2H), 1.61 

(s, 6H), 1.24 (t, J = 7.0, 3H). 13C NMR (DMSO-d6, 125 MHz): δ 188.2, 174.9, 168.6, 

166.9, 142.4, 141.1, 128.2, 126.8, 122.6, 122.4, 120.4, 109.1, 83.4, 56.5, 47.8, 37.4, 27.1, 

19.0, 11.8. IR (ATR): νmax (cm-1) = 1752, 1680, 1606, 1530, 1467, 1430, 1405, 1379, 

1354, 1325, 1301, 1250, 1226, 1190, 1162, 1131, 1116, 1082, 1065, 1022, 980, 949, 924, 

878, 842, 787, 774, 694, 675, 657, 614, 599, 570, 550, 501, 484, 470, 453, 445, 434.  

HRMS (ESI-TOF): m/z calculated for C24H21F3N2O2 [M+H]+ = 427.1633, found 

427.1629, also found [M + Na]+ = 449.1449. 

3,4-Bis[[3,5-bis(trifluoromethyl)phenyl]amino]-3-cyclobutene-1,2-dione (1.5): 

Compound 6 was synthesised according to literature, 

and all spectral data is in good agreement with that 

reported.74  
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3,4-Bis[[(4-trifluoromethyl)phenyl]amino]-3-cyclobutene-1,2-dione (1.6): 

Compound 7  was synthesised according to 

literature, and all spectral data is in good 

agreement with that reported.74 

7.3: Synthetic methods – Chapter 3 

3-ethoxy-4-(3,5-bis(trifluoromethyl)phenyl)amino-cyclobut-3-ene-1,2-dione (3.14): 

Compound 3.14 was synthesised according to established 

procedures, from 3,5-bis(trifluoromethyl)aniline, and 2.21, 

and all spectral data shows good agreement with literature.404  

3-ethoxy-4-(4-(trifluoromethyl)phenyl)amino-cyclobut-3-ene-1,2-dione (3.15): 

Compound 3.15 was synthesised according to established 

procedures, from 3,5-bis(trifluoromethyl)aniline, and 2.21, 

and all spectral data shows good agreement with 

literature.204 

N-[3-[[4-nitro-2-trifluoromethylbenzoyl]amino]ethyl]-tert-butyl carbamate (3.16):  

An oven dried round bottom flask under an 

atmosphere of N2 was charged with 4-nitro-2-

trifluoromethylbenzoic acid (353 mg, 1.5 mmol, 1 

eq). To this was added anhydrous DMF (5 mL), and DIPEA (143 µL, 1.5 mmol, 1 eq). 

The solution was allowed to stir at room temperature for 10 mins, whereafter a solution 

of HBTU (569 mg, 1.5 mmol, 1 eq) in DMF (500 µL) was added. Solution was allowed 

to stir for a further 10 minutes before the dropwise addition of tert-Butyl-N-(2-

aminoethyl)carbamate (242 µL, 1.5 mmol, 1 eq) in DMF (500 µL). The reaction was 

allowed to stir at room temperature for 48 hrs. Solvent was removed in vacuo and H2O 

(10 mL) was added to residue. The afforded precipitate was washed again (2 x 10 ml) 
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with water, dried using Schlenk technique and subsequently purified by column 

chromatography (SiO2, dry loaded in EtOH), using a 0 – 5% ethanol:DCM gradient to 

elute the title compound as a beige solid in an 88% yield. Rf = 0.67 (5% EtOH:DCM, vis. 

UV). 1H NMR (500 MHz, DMSO) δ 8.71 (br, J = 5.0 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 

8.41 (s, 1H), 7.82 (d, J = 8.4 Hz, 1H), 6.82 (br, J = 5.3 Hz, 1H), 3.21 (d, J = 5.9 Hz, 2H), 

3.08 – 2.98 (m, 2H), 1.32 (s, 9H). 13C NMR (126 MHz, DMSO) δ 165.9, 156.1, 148.1, 

142.2, 131.1,127.7 (q, C-CF3), 122.0 (q, CF3), 78.2, 56.5, 55.3, 28.6. 

N-[3-[[2-(trifluoromethyl)-4-aminobenzoyl]amino]ethyl]-tert-butyl carbamate 

(3.17): 

To a stirring solution of 3.16 (200 mg, 0.53 mmol, 

1 eq) in MeOH (10 mL) was added Palladium on 

Carbon (20 mg, 10% w/w) as a stirring suspension. 

the reaction vessel was sealed, flushed with, and sparged for 10 min with an atmosphere 

of H2 whereafter this atmosphere of H2 was maintained for 3hr, until the reaction had 

come to completion (TLC). The reaction mixture was filtered through a pad of celite, 

aided by the use of vacuum, and the pad was rinsed with ethanol (3 x 2 ml). Solvent was 

removed in vacuo to afford the title compound as a yellow solid in a 98% yield. 1H NMR 

(500 MHz, DMSO) δ 7.80 (d, J = 5.0 Hz, 1H), 6.93 (d, J = 8.3 Hz, 1H), 6.59 (d, J = 2.1 

Hz, 1H), 6.52 (d, J = 5.1 Hz, 1H), 6.44 (d, J = 8.2 Hz, 1H), 5.50 (s, 2H), 2.89 (d, J = 5.9 

Hz, 2H), 2.76 (d, J = 6.1 Hz, 2H), 1.09 (s, 9H). 13C NMR (126 MHz, DMSO) δ 168.1, 

156.1, 150.4, 130.5, 127.6 (q, C-CF3), 125.4 (q, CF3), 115.7, 111.0, 78.1, 65.4, 56.5, 28.6. 

IR (ATR): νmax (cm-1) = 3343, 3242, 2963, 1764, 1669, 1638, 1617, 1572, 1543, 1516, 

1451, 1435, 1379, 1364, 1347, 1312, 1270, 1229, 1211, 1178, 1124, 1503, 1037, 972, 

931, 913, 874, 846, 834, 783, 750, 699, 671, 655, 583, 548, 466.  

3-(12-azido-4,7,10-trioxa-1-azadodecan-1-yl)-4-{[4-(trifluoromethyl)phenyl]amino} 

cyclobut-3-ene-1,2-dione (3.19): 
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 To a stirring solution of 

3.14 (185 mg, 0.525 mmol, 1 

eq) in EtOH (5 mL) under an 

atmosphere of N2, was added 11-azido-3,6,9-trioxoundecan-1-amine (105 µL, 0.525 

mmol, 1 eq), and triethylamine (135 µL, 1.05 mmol, 2 eq). The subsequent mixture was 

allowed to stir under N2 for 18 hr, whereafter the resultant precipitate was isolated via 

centrifugation, and washed with cold EtOH (10 mL), and Et2O (2 x 10 mL) before being 

dried under a stream of N2 to resolve the title compound as a white solid in a 68% yield. 

1H NMR (400 MHz, DMSO) δ 10.26 (s, 1H), 8.04 (s, 2H), 7.85 (s, 1H), 7.66 (s, 1H), 

3.78 (s, 2H), 3.63 – 3.47 (m, 12H), 3.41 – 3.34 (m, 2H). 13C NMR (101 MHz, DMSO) δ 

184.7, 180.4, 169.7, 162.3, 141.1, 131.2 (q, C-CF3), 122.0 (q, CF3), 117.8, 114.6, 69.7 

(coalesced peaks), 69.6, 69.1, 49.9, 43.7. IR (ATR): νmax (cm-1) = 3086, 2105 (azide), 

1797, 1664, 1631, 1578, 1478, 1447, 1374, 1331, 1273, 1194, 1117, 1000, 938, 881, 851, 

734, 698, 680, 618, 606, 556, 524, 457, 433.  

3-(12-azido-4,7,10-trioxa-1-azadodecan-1-yl)-4-{[3,5-bis(trifluoromethyl) 

phenyl]amino} cyclobut-3-ene-1,2-dione (3.20): 

To a stirring solution of 

3.15 (100 mg, 0.35 

mmol, 1 eq) in EtOH (10 

mL) under an atmosphere of N2, was added 11-azido-3,6,9-trioxoundecan-1-amine (70 

µL, 0.35 mmol, 1 eq), and triethylamine (90 µL, 0.7 mmol, 2 eq). The subsequent mixture 

was allowed to stir under N2 for 18 hr, whereafter the resultant precipitate was isolated 

via centrifugation, and washed with cold EtOH (10 mL), and Et2O (2 x 10 mL) before 

being dried under a stream of N2 to resolve the title compound as a white solid in a 73% 

yield. 1H NMR (500 MHz, DMSO) δ 9.95 (br, 1H), 7.85 (br, 1H), 7.65 (m, 4H), 3.78 (s, 

2H), 3.58 (m, 12H), 3.34 (m, 2H). 13C NMR (126 MHz, DMSO) δ 184.7, 162.8, 142.6, 
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126.6, 125.8, 123.0, 122.2 (q, CF3), 117.8, 69.8, 69.7, 69.7, 69.6, 69.1, 49.9, 43.6. IR 

(ATR): νmax (cm-1) = 3188, 2867, 2100 (azide), 1798, 1667, 1610, 1571, 1552, 1444, 

1333, 1303, 1192, 1162, 1112, 1068, 1015, 937, 874, 832, 782, 719, 635, 604, 587, 555, 

506, 446.   

(2R,3S,4R)‐4‐[(2S,5S,7R,8S,9R)‐2‐[(2S,2'S,3'R,5R,5'S)‐2‐ethyl‐5'‐[(2R,3R,5S,6S)‐6-

hydroxy‐6‐(hydroxymethyl)‐3,5‐dimethyloxan‐2‐yl]‐2',3'‐dimethyl‐[2,2'‐bioxolan]‐

5‐yl]‐9‐hydroxy‐2,8‐dimethyl‐1,6‐dioxaspiro[4.5]decan‐7‐yl]‐3‐methoxy‐2‐methyl‐

N‐(prop‐2‐yn‐1‐yl)pentanamide (3.22): 

Monensin Na+ salt (692 

mg, 1 mmol, 1 eq) was 

dissolved in DCM (10 

mL), and to this was added 1M HCl solution (10 mL). The resultant biphasic system was 

allowed to stir at room temperature for 1 hr. Subsequently, the layers were partitioned, 

extracted using DCM, and washed with H2O (3 x 10 mL), before being dried over 

anhydrous MgSO4, and concentrated in-vacuo to afford Monensin as its free-acid form 

(3.21).  

This Carboxylic acid was subsequently used without purification, and assumed as quant. 

Conversion. To a stirring solution of Monensin free acid in MeCN (10 mL) was added 

EDCI.HCl (191 mg, 1 mmol, 1 eq), and DIPEA (390 mg, 3 mmol, 3 eq), and was allowed 

to stir at room temperature for 5 mins. Subsequently, propargylamine (61 mg, 1.1 mmol, 

1.1 eq) was added to the reaction mixture, and stirred for 24 hr. The reaction mixture was 

concentrated in-vacuo, and purified via flash column chromatography (SiO2), using a 0 – 

2% EtOH:DCM gradient as eluent to afford the title compound as a colourless foamy 

solid in a 44% yield. All spectral data is in good agreement with literature.344 

1-(4-carboxybutyl)-2,3,3-trimethyl-3H-indolium bromide (3.24): 
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5-bromopentanoic acid (1.13g, 6.25 mmol, 1 eq), 2,2,3-

trimethylindolenine (1 mL, 6.25 mmol, 1 eq) and MeCN (10 mL) 

were added to a pressure tube, flushed with N2, sealed, and placed 

on reflux for 24 hr. Subsequently, the reaction was concentrated 

in-vacuo to afford a crude slurry. This slurry was resuspended in Et2O (20 mL), sonicated 

for 5 mins, and the precipitate was isolated via filtration to yield the crude product as a 

red-purple solid. Further purification via Soxhlet extraction over 5 hr using Et2O as the 

solvent, afforded the title compound as a pale-pink powder in a 60% yield. All spectral 

data is in good agreement with literature.405 

2-[(2-ethoxy-3,4-dioxo-1-cyclobuten-1-yl)methylene]-2,3-dihydro-3,3-dimethyl-1H-

indole-1-pentanoic acid (3.25): 

To a solution of 3.24 (510 mg, 1.5mmol, 1 eq), in EtOH (10 mL) 

was added 2.21 (393 µL, 2 mmol, 1.33 eq). The reaction vessel was 

evacuated with, and placed under an atmosphere of N2. Whilst 

being brought to reflux, Triethylamine (221 µL, 3 mmol, 2 eq) was 

added dropwise. The reaction was allowed to stir at reflux for 3 hrs. Subsequently, the 

solvent was removed in vacuo to afford a crude slurry which was purified via column 

chromatography (SiO2). A 10% EtOH:DCM mixture (isocratic) was used as eluent to 

isolate the title compound as a pale green solid in a 16% yield. Rf = 0.34 (5% EtOH:DCM, 

vis. UV). 1H NMR (500 MHz, DMSO) δ 7.44 (dd, J = 7.4 Hz, 1H), 7.29 (td, J = 7.8, 1.1 

Hz, 1H), 7.19 (dd, J = 7.9 Hz, 1H), 7.08 (td, 1H), 5.37 (s, 1H), 4.82 (q, J = 7.1 Hz, 2H), 

3.93 (t, J = 7.0 Hz, 2H), 2.27 (t, J = 7.2 Hz, 2H), 1.71 – 1.64 (m, 2H), 1.61 – 1.56 (m, 

2H), 1.55 (s, 6H), 1.45 (t, J = 7.1 Hz, 3H). IR (ATR): νmax (cm-1) =  2974, 2932, 2736, 

2672, 2488, 1768, 1702, 1613, 1538, 1525, 1484, 1467, 1432, 1421, 1397, 1361, 1344, 

1313, 1227, 1200, 1163, 1144, 1106, 1096, 1058, 1034, 929, 866, 848, 814, 804, 790, 



Chapter 7 

 260 

761, 745, 725, 685, 615, 578, 552, 501, 469, 455, 436.  HRMS (ESI-TOF): m/z calculated 

for C22H25NO5 [M+H]+ = 383.17, found 384.1807, also found [M + Na]+ = 406.1625. 

*Note: 13C NMR could not be obtained for this compound due to low isolated quantities, 

and inability to resolve signals from obtained spectra (600 MHz NMR spectrometer – 

Trinity College Dublin) (see appendix). However, spectral information regarding 13C 

signals could be obtained for subsequent products. 

2-[(2-(3,5-bis-trifluoromethylphenylamino)-3,4-dioxo-1-cyclobuten-1-

yl)methylene]-2,3-dihydro-3,3-dimethyl-1H-indole-1-pentanoic acid (3.26): 

3.25 (187 mg, 0.488 mmol, 1 eq), and Zn(OTF)2 (35 mg, 

0.0976 mmol, 0.2 eq) were dissolved in 10 ml EtOH. Whilst 

stirring, 3,5-bis(trifluoromethyl)aniline (164 µL, 0.488 

mmol, 1 eq) was added to the reaction mixture. The resultant 

mixture was placed on reflux and allowed to stir for 48 hr, whereafter the mixture was 

concentrated in-vacuo to afford a crude orange slurry. This mixture was purified via 

column chromatography (puriflash, SiO2) using a DCM:MeOH gradient (0 - 10% MeOH) 

as eluent, to yield the title compound as a bright orange powder in a 13% yield. Rf = 0.41 

(5% EtOH:DCM, vis. UV). 1H NMR (400 MHz, DMSO) δ 12.00 (s, 1H), 10.68 (s, 1H), 

8.27 (s, 2H), 7.77 (s, 1H), 7.44 (d, J = 7.1 Hz, 1H), 7.29 (t, J = 7.3 Hz, 1H), 7.17 (d, J = 

7.9 Hz, 1H), 7.06 (t, J = 7.3 Hz, 1H), 5.81 (s, 1H), 4.06 (t, J = 6.9 Hz, 2H), 2.27 (t, J = 

7.1 Hz, 2H), 1.62 (s, 6H), 1.23 (t, J = 8.2 Hz, 4H). IR (ATR): νmax (cm-1) = 1766, 1703, 

1589, 1540, 1496, 1487, 1472, 1431, 1380, 1361, 1317, 1277, 1226, 1199, 1163, 1131, 

1057, 1019, 926, 879, 855, 804, 789, 759, 701, 681, 589, 548, 538, 514, 481, 475, 453. 

HRMS (ESI-TOF): m/z calculated for C28H24F6N2O5 [M+H]+ = 566.16, found 567.1711, 

also found [M + Na]+ = 589.1532.  

*Note: 13C NMR could not be obtained for this compound due to low isolated quantities, 

and inability to resolve signals from obtained spectra (600 MHz spectrometer – Trinity 
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College Dublin) (see appendix). However, spectral information regarding 13C signals 

could be obtained for subsequent products.  

N‐[5‐({6‐[(2E)‐2‐[(2‐{[3,5‐bis(trifluoromethyl)phenyl]amino}‐3,4‐dioxocyclobut‐1‐

en‐1‐yl)methylidene]‐3,3‐dimethylindol‐1‐yl]hex‐1‐en‐2‐yl}amino)pentyl]‐N'‐[5‐(N‐

hydroxy‐3‐{[5‐(N‐hydroxyacetamido)pentyl]carbamoyl}propanamido)pentyl]‐N‐

methylsuccinamide (3.27): 

  

3.26 (9.5 mg, 0.016 mmol, 1 eq), and Diisopropylethylamine (8.7 µL, 0.032 mmol, 2 eq) 

were dissolved in anhydrous DMF (5 mL). The vessel was sealed, evacuated with, and 

placed under an atmosphere of N2. After 5 mins, a solution of HBTU (6 mg, 0.016 mmol, 

1 eq) in anhydrous DMF (500 µL) was added, and allowed to stir for 10 mins. 

Subsequently, a suspension of Deferoxamine Mesylate (16.5 mg, 0.025 mmol, 1.5 eq) in 

DMF (500 µL) was added to the solution, which was brought to 50oC for 1hr, and allowed 

to stir at room temperature for a further 24 hr. The mixture was concentrated in vacuo to 

afford a crude orange mixture, which was purified by column chromatography (SiO2) 

utilising a DCM:MeOH gradient as eluent (5 – 15% MeOH) to afford the title compound 

as a pale yellow/green powder in a 30% yield. Rf = 0.29 (5% EtOH:DCM, vis. UV). 1H 

NMR (600 MHz, DMSO) δ 10.59 (s, 1H), 9.66 – 9.54 (m, 3H), 8.26 (s, 2H), 8.21 (s, 1H), 

7.87 (s, 1H), 7.77 (d, J = 17.3 Hz, 3H), 7.44 (d, J = 7.5 Hz, 1H), 7.29 (d, J = 6.7 Hz, 1H), 

7.16 (d, J = 7.9 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 5.78 (s, 1H), 4.04 (s, 2H), 3.63 (d, J = 

4.0 Hz, 8H), 3.46 (t, J = 5.5 Hz, 4H), 3.15 (dd, J = 7.1, 4.4 Hz, 8H), 3.02 – 2.95 (m, 8H), 

2.26 (d, J = 7.5 Hz, 5H), 2.15 (s, 3H), 1.97 (s, 3H), 1.62 (s, 8H), 1.50 (s, 6H), 1.43 (s, 
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2H), 1.36 (dd, J = 17.7, 11.1 Hz, 8H). 13C NMR (151 MHz, DMSO) δ 188.1, 174.4, 

172.4, 171.7, 168.8, 167.8, 142.8, 141.1, 131.5 (q, C-CF3), 128.2, 122.6 (q, CF3), 120.2, 

109.5, 83.2, 54.0, 47.9, 47.5, 47.2, 35.3, 30.3, 29.2, 28.0, 27.1, 26.5, 25.9, 23.9, 23.1, 

20.8, 18.5, 17.2, 12.9. IR (ATR): νmax (cm-1) = 3205, 2935, 2036, 1979, 1765, 1620, 1579, 

1532, 1467, 1424, 1377, 1317, 1277, 1232, 1161, 1131, 1063, 1021, 940, 834, 741, 701, 

680, 656, 578, 504, 482, 456, 445, 433.  

N‐{5‐[(2‐{[3,5‐bis(trifluoromethyl)phenyl]amino}‐3,4‐dioxocyclobut‐1‐en‐1‐

yl)amino]pentyl}‐N'‐[5‐(N‐hydroxy‐3‐{[5‐(N‐hydroxyacetamido)pentyl]carbamoyl} 

propanamido) pentyl]‐N‐methylsuccinamide (3.28): 

To a stirring solution of 3.14 (185 mg, 0.525 

mmol, 1 eq) in EtOH (5 mL) under an 

atmosphere of N2, was added deferoxamine 

mesylate (344 mg, 0.525 mmol, 1 eq), and 

triethylamine (135 µL, 1.05 mmol, 2 eq). The 

subsequent mixture was allowed to stir under N2 for 18 hr, whereafter the resultant 

precipitate was isolated via centrifugation, and washed with cold EtOH (10 mL), and Et2O 

(2 x 10 mL) before being dried under a stream of N2 to resolve the title compound as a 

white solid in a 45% yield. 1H NMR (400 MHz, DMSO) δ 10.35 (s, 1H), 9.67 – 9.56 (m, 

3H), 8.09 (s, 12H), 7.97 (s, 1H), 7.77 (s, 2H), 7.64 (s, 1H), 3.59 (s, 2H), 3.51 – 3.42 (m, 

6H), 3.03 – 2.96 (m, 4H), 2.62 – 2.54 (m, 6H), 2.35 (s, 4H), 2.26 (t, J = 7.2 Hz, 4H), 1.96 

(s, 3H), 1.63 – 1.45 (m, 10H), 1.42 – 1.27 (m, 7H), 1.24 – 1.19 (m, 3H). 13C NMR (101 

MHz, DMSO) δ 185.4, 180.8, 178.2, 173.0 – 172.1, 171.7, 170.4, 162.8, 141.7, 131.6 (q, 

C-CF3) 124.1 (q, CF3), 118.4, 115.0, 47.4, 47.2, 46.2, 44.2, 41.8, 38.8, 38.1, 30.4, 29.2, 

28.4, 28.0, 27.3, 26.4, 23.8, 23.4, 20.8, 11.4, 9.1. IR (ATR): νmax (cm-1) = 3319, 3118, 

2931, 2860, 1792, 1650, 1617, 1591, 1560, 1533, 1458, 1414, 1385, 1363, 1260, 1235, 
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1197, 1184, 1160, 1073, 1016, 971, 957, 906, 885, 834, 733, 675, 635, 584, 555, 526, 

506, 471.   

N‐{5‐[(2‐{[4‐(trifluoromethyl)phenyl]amino}‐3,4‐dioxocyclobut‐1‐en‐1‐yl)amino] 

pentyl}‐N'‐[5‐(N‐hydroxy‐3‐{[5‐(N‐hydroxyacetamido)pentyl]carbamoyl} 

propanamido)pentyl]‐N‐methylsuccinamide (3.29): 

To a stirring solution of 3.15 (100 mg, 0.35 

mmol, 1 eq) in EtOH (10 mL) under an 

atmosphere of N2, was added deferoxamine 

mesylate (229 mg, 0.35 mmol, 1 eq), and 

triethylamine (90 µL, 0.7 mmol, 2 eq). The 

subsequent mixture was allowed to stir under N2 for 18 hr, whereafter the resultant 

precipitate was isolated via centrifugation, and washed with cold EtOH (10 mL), and Et2O 

(2 x 10 mL) before being dried under a stream of N2 to resolve the title compound as a 

white solid in a 51% yield. 1H NMR (400 MHz, DMSO) δ 9.91 (s, 1H), 9.69 – 9.55 (m, 

3H), 7.81 – 7.56 (m, J = 41.2, 21.7, 6.8 Hz, 8H), 3.60 (d, J = 6.0 Hz, 2H), 3.51 – 3.42 (m, 

6H), 3.00 (dd, J = 12.7, 6.2 Hz, 4H), 2.57 (d, J = 5.0 Hz, 4H), 2.27 (t, J = 6.9 Hz, 4H), 

1.96 (s, 3H), 1.64 – 1.16 (m, 21H). 13C NMR (101 MHz, DMSO) δ 185.2, 184.5, 180.2, 

172.0, 171.3, 170.3, 169.7, 162.8, 142.8, 126.8, 125.8, 122.5 (q, CF3), 117.6, 46.9, 45.5, 

43.5, 30.1, 29.8, 28.7, 27.5, 26.1, 23.5, 22.5, 20.6. IR (ATR): νmax (cm-1) =3311, 2929, 

1795, 1690, 1617, 1561, 1453, 1378, 1275, 1168, 1126, 1042, 999, 959, 928, 878, 775, 

729, 699, 680, 619, 551, 525.  

7.4: Synthetic methods – Chapter 4 

2-methyl-6-(trifluoromethyl)-quinoline (4.26): 

4-(trifluoromethyl)aniline (1.60 g, 1 mmol, 1 eq) was dissolved in 

toluene (10 mL), and to this was added HCl (5 mL, 6N). After an 
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equilibration period of 5 min, crotonaldehyde (1.05 g, 1.5 mmol, 1.5 eq) was added 

dropwise. The resultant mixture was stirred at reflux for 18 hr, whereafter the mixture 

was cooled,  neutralised with the addition of NaOH, partitioned and extracted with DCM. 

The organic layer was washed with H2O (2 x 20 mL), and brine (20 mL), dried over 

anhydrous sodium sulfate, and concentrated in-vacuo to afford a crude brown oil, which 

was purified by flash column chromatography (puriflash, SiO2) using a 0 – 40% 

EtOAc:PE gradient to afford the title compound as a brown oil which crystallised over 

time in a 70% yield. All spectral data shows good agreement with literature.367  

*note: Title compound could not be isolated from starting material in its entirety and was 

used in further reactions as such.  

2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (4.27):  

A stirring solution of 4-bromo-2-methylpyridine (500 mg, 2.9 mmol, 1 eq) 

in anhydrous DMF (5 mL), was sealed under and evacuated with an 

atmosphere of N2. To this was added B2Pin2 (405 mg, 1.6 mmol, 0.55 eq), 

KOAc (805 mg, 8.4 mmol, 2.9 eq), Pd(OAc)2 (65 mg, 0.29 mmol, 10 mol 

%), and Tri(o-tolyl)phosphine (176 mg, 0.58 mmol, 0.2 eq), dissolved in anhydrous DMF 

(2 mL), which was sparged with N2 for 5 min. The resultant mixture was heated to 100 

oC for 5 hr, whereafter the mixture was cooled to room temperature, concentrated in-

vacuo, and resuspended in DCM before being filtered through a pad of celite, to remove 

insoluble material. The filtrate was concentrated in-vacuo to afford the crude title product 

which was used immediately without further purification. All spectral data is in 

agreement with literature.406  

4-[3,5‐bis(trifluoromethyl)phenyl]‐2‐methylpyridine (4.28):  

N

B
O O
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A flask was charged with 2-methyl-4-boronic acid pyridine pinacol 

ester, 4.27 (50 mg, 0.23 mmol, 1 eq), 3,5-bis(trifluoromethyl)bromo 

benzene (67 mg, 0.23 mmol, 1 eq), Pd(PPh3)2Cl2 (32.5 mg, 0.046 

mmol, 20 mol%), and K2CO3 (63 mg, 0.46 mmol, 2 eq). The flask was 

fitted with a reflux condenser which was sealed with a nitrogen bubbler. The flask was 

evacuated with, and placed under a maintained atmosphere of N2. To the mixture was 

added, anhydrous 1,4-dioxane (10 mL), and the stirring mixture was brought to reflux for 

18 hr. Thereafter, the solvent was removed in-vacuo to afford a crude yellow mixture, 

which was resuspended in DCM (30 mL), filtered through a pad of celite, and washed 

with water (3 x 10 mL), before being dried over Na2SO4 and concentrated in-vacuo. The 

resultant crude mixture was purified by flash chromatography (puriflash, SiO2) using a 0-

8% MeOH:DCM gradient as eluent to afford the title compound as a grey solid in a 79% 

yield. Rf  = 0.45 (5% MeOH:DCM, vis. UV). 1H NMR (500 MHz, DMSO): δ 8.58 (d, J 

= 5.2 Hz, 1H), 8.47 (s, 2H), 8.20 (s, 1H), 7.83 (s, 1H), 7.79 – 7.70 (m, 1H), 2.57 (s, 3H). 

IR (ATR): νmax (cm-1) = 3024, 2981, 1601, 1551, 1463, 1473, 1398, 1376, 1279, 1161, 

1109, 1075, 1033, 995, 946, 916, 906, 880, 846, 830, 790, 753, 721, 708, 694, 681, 639, 

537, 504, 457, 439. 13C NMR (126 MHz, DMSO): δ 159.4, 150.2, 144.5, 140.6, 131.9, 

131.7, 131.4, 131.2, 128.2, 126.9, 124.8, 123.4, 122.6, 121.5, 120.4, 119.3, 24.5. HRMS 

(ESI-TOF): Calc’d for C14H9F6N [M+H]; 306.0639, found 306.0717.  

3-ethyl-2-methylbenzothiazol-3-ium iodide (4.29): 

2-Methylbenzothiazole (874 µL, 5 mmol, 1 eq), and Iodoethane (1.5 

mL, 5 mmol, 1 eq) were suspended in MeCN (50 mL). This mixture 

was stirred at reflux for 18 hr, whereafter solvent was removed in vacuo to afford a crude 

slurry. The crude product was triturated with Et2O extensively, before being dried under 

a stream of N2 to afford the title compound as a pale pink solid in a 70% yield. All spectral 

data is in agreement with literature.407 
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3-ethoxy-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-dione 

(4.30):  

4.29 (460 mg, 1.5 mmol, 1 eq) was dissolved in EtOH (10 

mL), and whilst being brought to reflux, TEA (110 µL, 1.5 

mmol, 1 eq) was added to the reaction vessel dropwise. 

Subsequently, 2.21 (294 µL, 1.5 mmol, 1 eq), suspended in EtOH (5 mL), was added to 

the reaction vessel, dropwise. The subsequent mixture was stirred at reflux for 30 mins 

before being concentrated in vacuo. The resultant crude mixture was purified by column 

chromatography (SiO2), using a 90:10 CHCl3/EtOAc mixture (isocratic) as eluent to yield 

the title compound as a bright orange solid in a 35% yield. Rf = 0.55 (90:10 

CHCl3/EtOAc, vis. UV). 1H NMR (500 MHz, DMSO): δ 7.83 (dd, J = 7.9, 0.8 Hz, 1H), 

7.50 (dd, J = 8.0 Hz, 1H), 7.42 (td, J = 8.3, 7.4, 1.2 Hz, 1H), 7.23 (td, 1H), 5.57 (s, 1H), 

4.76 (q, J = 7.1 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.25 (t, J = 7.1 

Hz, 3H). 13C NMR (126 MHz, DMSO): δ 192.8, 185.3, 184.8, 172.5, 159.3, 140.9, 127.5, 

126.4, 124.0, 122.9, 112.3, 79.1, 69.7, 16.1, 12.1. IR (ATR): νmax (cm-1) = 3680, 2972, 

2875, 2843, 1764, 1701, 1547, 1508, 1489, 1412, 1360, 1340, 1305, 1271, 1228, 1202, 

1132, 1099, 1053, 1032, 1008, 937, 873, 802, 781, 752, 738, 714, 704, 661, 611, 573, 

539, 505, 454, 447, 430. HRMS (ESI-TOF): m/z calculated for C16H15NO3S [M+H]+ = 

301.08, found 302.0853, and also found [M + Na]+ = 324.0669. 

3-[(3,5-bis(trifluoromethyl))phenylamino]-4-[(3-ethyl-2(3H)-benzothiazolylidene) 

methyl]-3-cyclobut-3-ene-1,2-dione (4.31): 

4.30 (100 mg, 0.3 mmol, 1 eq) and Zn(OTF)2 (43 mg, 

0.12 mmol, 0.4 eq) were dissolved in EtOH (10 mL). 

Whilst stirring, 3,5-bis(trifluoromethyl)aniline (49 

µL, 0.3 mmol, 1 eq) was added to the reaction vessel. The flask was fitted with a reflux 

condenser and placed at reflux for 24 hr. Subsequently, the formed precipitate was 
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isolated via filtration, and washed with cold EtOH (3 x 5 mL), and Et2O (3 x 5 mL) to 

afford the title compound as a bright orange solid in a 69% yield. 1H NMR (500 MHz, 

DMSO): δ 10.38 (s, 1H), 8.22 (s, 2H), 7.76 (d, J = 7.2 Hz, 1H), 7.66 (s, 1H), 7.51 – 7.34 

(m, 2H), 7.18 (t, J = 7.1 Hz, 1H), 5.96 (s, 1H), 4.21 (d, J = 6.5 Hz, 2H), 1.34 (t, J = 6.7 

Hz, 3H). 13C NMR (101 MHz, DMSO) δ 187.5 – 187.3, 170.0, 168.3, 158.3, 141.1, 140.3, 

131.3 (q, C-CF3), 130.9, 127.0, 126.2, 123.3 (q, CF3), 122.3, 121.8, 118.5, 111.5, 80.4, 

11.8. IR (ATR): νmax (cm-1) = 2981, 1760, 1578, 1436, 1374, 1311, 1276, 1252, 1227, 

1161, 1131, 1091, 1044, 1032, 932, 906, 888, 865, 825, 795, 777, 750, 710, 678, 628, 

578, 539, 506, 454, 433. HRMS (ESI-TOF): Calc’d for C22H14F6N2O2S [M+H]; 

485.0680, found 485.0726.  

3-[(4-trifluoromethyl)phenylamino]-4-[(3-ethyl-2(3H)-

benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-dione (4.32):  

 4.30 (100 mg, 0.3 mmol, 1 eq), and 43 mg 

Zn(OTF)2 (0.12 mmol, 0.4 eq) were dissolved in 

EtOH (10 mL). Whilst stirring, 4-

(trifluoromethyl)aniline (48 µL, 0.3 mmol, 1 eq) was added to the reaction vessel. The 

flask was fitted with a reflux condenser and placed at reflux for 24 hr. Subsequently, the 

reaction mixture was removed from reflux, where the formed precipitate was isolated via 

filtration, and triturated with cold EtOH (10 mL), and Et2O (3 x 20 mL) to afford the title 

compound as a bright orange solid in a 35% yield. 1H NMR (400 MHz, DMSO) δ 10.28 

(s, 1H), 7.81 (t, J = 6.9 Hz, 2H), 7.73 (s, 4H), 7.51 – 7.38 (m, 4H), 7.21 (dt, J = 8.8, 4.5 

Hz, 2H), 6.02 (s, 1H), 4.75 (q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H). 13C NMR (101 

MHz, DMSO) δ 188.4, 188.3, 182.3, 170.7 – 170.6, 168.3, 157.7, 142.1, 140.7 – 

140.4,127.3 (q, CF3), 123.4, 111.7, 80.5, 11.7. IR (ATR): νmax (cm-1) = 2966, 1763, 1703, 

1678, 1606, 1546, 1507, 1470, 1414, 1361, 1348, 1307, 1254, 1228, 1197, 1160, 1131, 

1100, 1064, 1032, 1015, 979, 938, 875, 838, 802, 782, 747, 738, 715, 703, 634, 591, 505, 
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459, 439. HRMS (ESI-TOF): Calc’d for C21H15F3N2O2S [M+H]; 417.0806, found 

417.0876.  

3-[(4-pentafluorosulfanyl)phenylamino]-4-[(3-ethyl-2(3H)-

benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-dione (4.33): 

4.30 (100 mg, 0.3 mmol, 1 eq) and Zn(OTf)2 (43 

mg, 0.12 mmol, 0.4 eq), were dissolved in EtOH 

(10 mL). Whilst stirring, 4-(trifluoromethyl)aniline 

(48 µL, 0.3 mmol, 1 eq) was added to the reaction vessel. The resultant mixture was 

brought to reflux for 24 hr. Subsequently, the reaction mixture was removed from reflux, 

where the formed precipitate was isolated via filtration, and triturated with cold EtOH 

(10 mL), and Et2O (3 x 20 mL) to afford the title compound as a bright orange solid in a 

38% yield. 1H NMR (400 MHz, DMSO) δ 10.31 (s, 1H), 7.90 (d, J = 9.2 Hz, 2H), 7.80 

(d, J = 7.8 Hz, 1H), 7.69 (d, J = 8.9 Hz, 2H), 7.48 – 7.36 (m, 2H), 7.20 (t, J = 7.4 Hz, 

1H), 6.01 (s, 1H), 4.20 (q, J = 7.0 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

DMSO) δ 188.5 – 188.3, 182.4, 170.8 – 170.6, 168.4, 157.9, 142.2, 140.6 – 140.4, 127.5 

– 127.3, 123.4, 111.7, 80.6, 11.7. IR (ATR): νmax (cm-1) = 3493, 3394, 2981, 1756, 1657, 

1617, 1600, 1562, 1475, 1466, 1427, 1408, 1352, 1329, 1307, 1287, 1253, 1230, 11206, 

1176, 1159, 1127, 1101, 1085, 1070, 1045, 1033, 1024, 882, 852, 822, 794, 783, 746, 

715, 694, 629, 609, 584, 575, 537, 505, 431.   

3-ethylamino-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-

dione (4.34):  

4.30 (50 mg, 0.166 mmol, 1 eq), and Ethylamine 

hydrochloride (53 mg, 0.644 mmol, 4 eq), were dissolved in 

EtOH (10 mL). Whilst stirring, to this mixture was added 

DIPEA (118 µL, 0.644 mmol, 4 eq). The reaction mixture was allowed to stir at room 
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temperature for 24 hr, whereafter the resultant precipitate was isolated via centrifugation, 

washed with ethanol (1 x 10 mL), and diethyl ether (2 x 10 mL) to resolve a bright orange 

precipitate, which was further purified via recrystallisation from acetone to afford the title 

compound as a crystalline blood orange solid in a 50% yield. 1H NMR (500 MHz, 

DMSO) δ 8.39 (s, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.36 – 7.27 (m, 2H), 7.10 (t, J = 7.2 Hz, 

1H), 5.79 (s, 1H), 4.06 (d, J = 6.9 Hz, 2H), 3.65 – 3.56 (m, 2H), 1.27 – 1.18 (m, 6H). 13C 

NMR (126 MHz, DMSO) δ 187.0, 186.7, 175.8, 165.6, 155.1, 141.3, 127.2, 126.6, 122.8, 

122.5, 111.0, 81.4, 46.0, 34.6, 17.0, 13.0, 11.9, 9.0. IR (ATR): νmax (cm-1) = 2922, 2854, 

1761, 1668, 1566, 1504, 1464, 1433, 1355, 1334, 1292, 1177, 1159, 1128, 1082, 1066, 

1044, 1033, 1023, 921, 865, 819, 784, 736, 715, 604, 539, 501, 465. HRMS (ESI-TOF): 

m/z calculated for C16H16N2O5S [M+H]+ = 300.09, found 301.1010, and also found [M 

+ Na]+ = 323.0828. 

3-butylamino-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-

dione (4.35):  

4.30 (50 mg, 0.166 mmol, 1 eq), and Butylamine (63 µL, 

0.644 mmol, 4 eq) were dissolved in EtOH (5 mL). 

Whilst stirring, to this mixture was added DIPEA (118 

µL, 0.644 mmol, 4 eq). The reaction mixture was allowed to stir at room temperature for 

24 hr, whereafter the resultant precipitate was isolated via centrifugation, washed with 

ethanol (1 x 10 mL), and diethyl ether (2 x 10 mL) to resolve the title compound as a 

bright yellow solid in a 73% yield. 1H NMR (500 MHz, DMSO): δ 8.27 (s, 1H), 7.68 (d, 

J = 7.6 Hz, 1H), 7.36 – 7.26 (m, 2H), 7.11 (t, J = 7.2 Hz, 1H), 5.75 (s, 1H), 4.05 (d, J = 

6.9 Hz, 2H), 3.59 (d, J = 6.4 Hz, 2H), 1.61 – 1.51 (m, 2H), 1.35 (dd, J = 14.5, 7.3 Hz, 

2H), 1.26 (t, J = 6.9 Hz, 3H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO): δ 

187.0, 186.7, 176.0, 165.5, 155.1, 141.3, 127.2, 126.6, 122.9, 122.5, 111.0, 81.2, 43.7, 

33.2, 19.5, 14.0, 11.9, 1.6. IR (ATR): νmax (cm-1) = 2921, 1760, 1667, 1587, 1503, 1486, 
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1464, 1433, 1357, 1334, 1291, 1264, 1227, 1195, 1147, 1130, 1081, 1044, 1032, 1021, 

961, 917, 871, 849, 787, 735, 716, 703, 656, 599, 571, 539, 503.  HRMS (ESI-TOF): m/z 

calculated for C18H20N2O2S [M+H]+ = 328.12, found [M + Na]+ = 351.1143. 

3-butylamino-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-

dione (4.36):  

4.30 (50 mg, 0.166 mmol, 1 eq), and hexylamine 

(65 µL, 0.644 mmol, 4 eq) were dissolved in EtOH 

(10 mL). Whilst stirring, to this mixture was added 

DIPEA (118 µL, 0.644 mmol, 4 eq). The reaction mixture was allowed to stir at room 

temperature for 24 hr, whereafter the resultant precipitate was isolated via centrifugation, 

washed with ethanol (1 x 10 mL), and diethyl ether (2 x 10 mL) to resolve the title 

compound as a bright yellow solid in a 73% yield. 1H NMR (500 MHz, DMSO) δ 8.30 

(t, J = 6.0 Hz, 1H), 7.71 – 7.63 (m, 1H), 7.32 (ddd, J = 17.5, 12.3, 4.6 Hz, 2H), 7.16 – 

7.07 (m, 1H), 5.74 (s, 1H), 4.07 – 4.02 (m, 2H), 3.63 – 3.54 (m, 3H), 1.55 (dd, J = 14.3, 

7.0 Hz, 2H), 1.36 – 1.19 (m, 6H), 0.86 (t, J = 6.8 Hz, 5H). 13C NMR (126 MHz, DMSO) 

δ 186.9, 186.7, 175.9, 165.5, 155.2, 141.2, 127.2, 126.5, 122.9, 122.5, 111.1, 81.2, 44.0, 

31.2, 31.1, 26.0, 22.4, 14.3, 11.9. 

3-decylamino-4-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-3-cyclobut-3-ene-1,2-

dione (4.37):  

4.30 (50 mg, 0.166 mmol, 1 eq), and 

Decylamine (129 µL, 0.644 mmol, 4 eq), 

were dissolved in EtOH (10 mL). Whilst 

stirring, to this mixture was added DIPEA (118 µL, 0.644 mmol, 4 eq). The reaction 

mixture was allowed to stir at room temperature for 24 hr, whereafter the resultant 

precipitate was isolated via centrifugation, washed with ethanol (1 x 10 mL), and diethyl 

ether (2 x 10 mL) to resolve the title compound as a bright yellow solid in a 50% yield. 
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1H NMR (500 MHz, DMSO): δ 8.26 (s, 1H), 7.68 (d, J = 7.8 Hz, 1H), 7.35 – 7.27 (m, 

2H), 7.10 (t, J = 7.4 Hz, 1H), 5.75 (s, 1H), 4.05 (d, J = 6.8 Hz, 2H), 3.57 (d, J = 6.3 Hz, 

2H), 1.56 (s, 2H), 1.32 – 1.18 (m, 17H), 0.84 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, 

DMSO): δ 187.0, 186.7, 176.0, 165.5, 155.1, 141.3, 127.2, 126.6, 122.9, 122.5, 111.0, 

81.2, 44.0, 31.7, 31.1, 29.4, 29.1, 26.3, 22.7, 14.4, 11.9. IR (ATR): νmax (cm-1) = 3238, 

2981, 2945, 2918, 2843, 1762, 1672, 1607, 1588, 1553, 1502, 1461, 1437, 1382, 1360, 

1304, 1285, 1265, 1240, 1221, 1157, 1125, 1090, 1045, 1033, 1013, 936, 923, 861, 784, 

763, 735, 714, 651, 613, 568, 536, 501, 452, 431. HRMS (ESI-TOF): m/z calculated for 

C24H32N2O2S [M+H]+ = 412.22, found 413.2263, also found [M + Na]+ = 435.2084. 

3-[(3-ethyl-2(3H)-benzothiazolylidene)methyl]-4-(N,N-dimethylamino) 

ethylenediamino-3-cyclobut-3-ene-1,2-dione (4.38):  

4.30 (50 mg, 0.166 mmol, 1 eq), and N,N-Dimethyl 

ethylenediamine (64 µL, 0.644 mmol, 4 eq), were 

dissolved in EtOH (10 mL). Whilst stirring, to this 

mixture was added DIPEA (118 µL, 0.644 mmol, 4 eq). The reaction mixture was allowed 

to stir at room temperature for 24 hr, whereafter the resultant precipitate was isolated via 

centrifugation, washed with ethanol (1 x 10 mL), and diethyl ether (2 x 10 mL) to resolve 

the title compound as a bright orange solid in a 50% yield. 1H NMR (500 MHz, DMSO): 

δ 8.28 (s, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.32 (dt, J = 15.1, 7.7 Hz, 2H), 7.11 (t, J = 7.2 

Hz, 1H), 5.81 (s, 1H), 4.06 (q, J = 6.8 Hz, 2H), 3.68 (d, J = 5.7 Hz, 2H), 2.44 (t, J = 6.1 

Hz, 2H), 2.19 (s, 6H), 1.26 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO): δ 187.0, 

186.7, 175.9, 165.6, 155.1, 141.3, 127.2, 126.6, 122.9, 122.5, 111.0, 81.5, 65.4, 45.6, 

42.0, 12.0. IR (ATR): νmax (cm-1) = 2937, 1759, 1671, 1661, 1770, 1496, 1463, 1430, 

1362, 1294, 1257, 1226, 1180, 1153, 1128, 1052, 1032, 1014, 969, 920, 866, 850, 796, 

776, 737, 716, 702, 656, 605, 593, 541, 503, 446. HRMS (ESI-TOF): m/z calculated for 

C18H21N3O2S [M+H]+ = 343.14, found 344.1435, and also found [M + Na]+ = 366.1252. 
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3‐{[(2Z)‐3‐ethyl‐2,3‐dihydro‐1,3‐benzothiazol‐2‐ylidene]methyl}‐4‐{[(3‐{[(2‐{[(2Z)‐

3-ethyl‐2,3‐dihydro‐1,3‐benzothiazol‐2‐ylidene]methyl}‐3,4‐dioxocyclobut‐1‐en‐1‐

yl)amino]methyl}phenyl)methyl]amino}cyclobut‐3‐ene‐1,2‐dione (4.39): 

4.30 (100 mg, 0.332 mmol, 1 

eq), and m-xylylenediamine 

(23 mg, 0.166 mmol, 0.5 eq), 

were dissolved in EtOH (10 

mL). Whilst stirring, to this mixture was added DIPEA (118 µL, 0.664 mmol, 4 eq). The 

reaction mixture was allowed to stir at room temperature for 24 hr, whereafter the 

resultant precipitate was isolated via centrifugation, washed with ethanol (1 x 10 mL), 

and diethyl ether (2 x 10 mL) to resolve the title compound as a bright orange solid in a 

35% yield. 1H NMR (500 MHz, DMSO) δ 8.72 (s, 2H), 7.61 (d, J = 7.5 Hz, 2H), 7.43 (t, 

J = 7.6 Hz, 1H), 7.37 – 7.21 (m, 8H), 7.07 (t, J = 7.5 Hz, 2H), 5.77 (s, 2H), 4.83 (d, J = 

6.1 Hz, 4H), 4.00 (d, J = 6.9 Hz, 4H), 1.21 (t, J = 7.0 Hz, 6H); 13C NMR (126 MHz, 

DMSO) δ 186.9, 175.6, 166.0, 155.5, 141.1, 139.8, 129.5, 127.2, 126.8, 126.5, 122.9, 

122.4, 111.0, 81.3, 47.3, 11.9. IR (ATR): νmax (cm-1) = 2981, 2865, 2843, 1761, 1666, 

1567, 1499, 1463, 1438, 1362, 1332, 1287, 1226, 1190, 1158, 1131, 1054, 1033, 1013, 

983, 861, 813, 780, 749, 717, 703, 690, 594, 558, 503, 472, 458, 438. HRMS (ESI-TOF): 

m/z calculated for C36H30N4O4S2 [M+H]+ = 646.17, found 647.1776, and also found [M 

+ Na]+ = 669.1598. 

3‐({2‐[bis({2‐[(2‐{[(2Z)‐3‐ethyl‐2,3‐dihydro‐1,3‐benzothiazol‐2‐ylidene]methyl}‐3,4‐

dioxocyclobut‐1‐en‐1‐yl)amino]ethyl})amino]ethyl}amino)‐4‐{[(2Z)‐3‐ethyl‐2,3‐

dihydro‐1,3‐benzothiazol‐2‐ylidene]methyl}cyclobut‐3‐ene‐1,2‐dione (4.40): 
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To 4.30 (50 mg, 0.166 mmol, 3 eq) dissolved in 

EtOH (5 mL) was added tris(2-

aminoethyl)amine (9 µL, 0.06 mmol, 1 eq), and 

the resultant mixture was placed on reflux for 

24 hr. Thereafter, the solvent was removed in-

vacuo to yield a crude orange mixture, which was first triturated with cold EtOH (5 mL) 

and was subsequently purified through a flash chromatography plug (approx. 5 cm, SiO2), 

using a 10% EtOH:DCM mixture (isocratic) as eluent to afford the title compound as an 

orange solid in a 34% yield. Rf = 0.89 (10% EtOH:DCM, vis. UV); 1H NMR (500 MHz, 

DMSO): δ 8.48 (s, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.30 – 7.21 (m, 2H), 7.05 (t, J = 7.4 Hz, 

1H), 5.98 (s, 1H), 4.07 (d, J = 6.9 Hz, 2H), 3.63 (d, J = 5.7 Hz, 2H), 2.77 (s, 2H), 1.22 (t, 

J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO) δ 187.0, 186.7, 176.0, 166.1, 155.2, 141.2, 

127.1, 126.6, 122.8, 122.3, 111.0, 81.9, 55.9, 42.6, 30.0, 11.9. IR (ATR): νmax (cm-1) = 

2922, 1760, 1656, 1573, 1501, 1463, 1429, 1361, 1285, 1226, 1154, 1057, 1033, 1019, 

865, 780, 737, 704, 657, 600, 569, 537, 503, 472, 457. HRMS (ESI-TOF): m/z calculated 

for C48H45N7O6S3 [M+H]+ = 911.26, found 912.2593, and also found [M + Na]+ = 

934.2435. 

1‐ethyl‐2‐methylquinolin‐1‐ium iodide (4.41): 

2-methylquinoline (1.43 g, 10 mmol, 1 eq), and Iodoethane (1.46g, 10 

mmol, 1 eq) were suspended in MeCN (50 mL). This mixture was 

brought to reflux for 18 hr, whereafter solvent was removed in vacuo to 

afford a crude solid. The crude mixture was triturated with Diethyl ether extensively (3 x 

30 mL) to afford the title compound as a pale green-yellow solid in a 54% yield. 1H NMR 

(500 MHz, DMSO): δ 9.09 (d, J = 8.5 Hz, 1H), 8.61 (d, J = 9.0 Hz, 1H), 8.42 (d, J = 8.1 

Hz, 1H), 8.24 (ddd, J = 8.8, 7.0, 1.4 Hz, 1H), 8.12 (d, J = 8.5 Hz, 1H), 8.00 (t, J = 7.5 Hz, 

1H), 4.99 (q, J = 7.2 Hz, 2H), 3.12 (s, 3H), 1.54 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
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DMSO): δ 160.9, 146.0, 138.5, 135.7, 131.1, 129.5, 128.7, 126.0, 119.2, 47.6, 22.8, 13.8. 

IR (ATR): νmax (cm-1) = 2980, 2922, 2843, 1615, 1601, 1578, 1520, 1501, 1461, 1427, 

1360, 1342, 1264, 1241, 1212, 1185, 1165, 1149, 1119, 1083, 1053, 1033, 1012, 956, 

880, 826, 784, 758, 681, 652, 569, 538, 514, 477, 453, 431. HRMS (ESI-TOF): Calc’d 

for C12H14N [M+]; 172.1126, found 172.1122.  

3‐ethoxy‐4‐{[(2E)‐1‐ethyl‐1,2‐dihydroquinolin‐2‐ylidene]methyl}cyclobut‐3‐ene‐

1,2‐dione (4.42): 

4.41 (1 g, 3.34 mmol, 1 eq) was dissolved in EtOH (20 mL). 

To this was added, dropwise, TEA (506 mg, 5 mmol, 1.5 

eq). Subsequently, 2.21 (456 µL, 3.34 mmol, 1 eq), 

suspended in EtOH (10 mL) was added dropwise to the reaction, and the resultant mixture 

was brought to reflux for 18 hr, whereafter the solvent was removed in-vacuo to afford a 

crude slurry. This crude mixture was purified via flash chromatography (SiO2) using a 

5% EtOH:DCM mixture as eluent (isocratic) to afford the title compound as a purple solid 

in a 53% yield. Rf = 0.61 (5% EtOH:DCM, vis. UV). 1H NMR (500 MHz, DMSO): δ 

8.40 (d, J = 9.5 Hz, 1H), 7.72 – 7.57 (m, 4H), 7.37 – 7.26 (t, J = 7.5, 1H), 5.25 (s, 1H), 

4.77 (q, J = 7.1 Hz, 2H), 4.25 (s, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.33 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, DMSO) δ 193.3, 186.3, 183.7, 173.1, 150.3, 139.0, 133.9, 132.1, 

129.2, 124.0, 123.7, 123.4, 115.5, 85.4, 69.8, 42.8, 16.2, 11.8.  IR (ATR): νmax (cm-1) = 

2968, 1759, 1682, 1623, 1566, 1525, 1493, 1471,, 1444, 1405, 1384, 1361, 1330, 1276, 

1241, 1205, 1187, 1171, 1127, 1097, 1047, 1033, 1015, 913, 867, 836, 797, 780, 758, 

691, 638, 603, 572, 526, 487.   HRMS (ESI-TOF): Calc’d for C14H9F6NO3 [M+H]; 

296.1208, found 296.1283. 

3‐{[3,5‐bis(trifluoromethyl)phenyl]amino}‐4‐{[(2E)‐1‐ethylquinolin‐2‐

ylidene]methyl} cyclobut‐3‐ene‐1,2‐dione (4.43): 
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4.42 (100 mg, 0.339 mmol, 1 eq), and Zn(OTf)2 (25 

mg, 0.068 mmol, 0.2 eq), were dissolved in EtOH 

(10 mL). To the resultant mixture was added 3,5-

bis(trifluoromethyl)aniline (77 mg, 0.339 mmol, 1 eq), and was then placed at reflux for 

24 hr. Subsequently, the reaction mixture was allowed to come to room temperature and 

the resultant precipitate was isolated, and washed with cold Et2O (3 x 10 mL) to afford 

the title compound as a bright red solid in a 22% yield. 1H NMR (500 MHz, DMSO) δ 

10.34 (s, 1H), 8.68 (d, J = 9.6 Hz, 1H), 8.25 (s, 2H), 7.70 – 7.49 (m, 5H), 7.25 (t, J = 7.3 

Hz, 1H), 5.67 (s, 1H), 4.33 (s, 2H), 1.39 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) 

δ 189.1, 169.9, 169.3, 150.2, 141.6, 139.1, 133.6 (q, C-CF3), 131.4, 129.1, 124.8 (q, CF3), 

123.9, 122.6, 119.3, 115.4, 87.4, 56.5, 42.6, 19.0, 12.1. IR (ATR): νmax (cm-1) = 2972, 

1746, 1665, 1625, 1579, 1567, 1510, 1486, 1473, 1454, 1407, 1377, 1270, 1164, 1140, 

1126, 1079, 1054, 1033, 1012, 997, 933, 904, 874, 857, 826, 781, 742, 699, 681, 660, 

602, 571, 525, 481, 453, 431.  HRMS (ESI-TOF): Calc’d for C24H16F6N2O2 [M+H]; 

479.1116, found 479.1192. 

3‐{[(2E)‐1‐ethylquinolin‐2‐ylidene]methyl}‐4‐{[4‐(trifluoromethyl)phenyl] 

amino}cyclobut‐3‐ene‐1,2‐dione (4.44): 

4.42 (100 mg, 0.339 mmol, 1 eq), and Zn(OTf)2 

(25 mg, 0.068 mmol, 0.2 eq), were dissolved in 

EtOH (10 mL). To the resultant mixture was added 

4-trifluoromethyl aniline (54 mg, 0.339 mmol, 1 eq), and was then placed at reflux for 24 

hr. Subsequently, the reaction mixture was concentrated in-vacuo to afford a crude solid, 

which was purified via flash chromatography (SiO2) using a 0 – 5% MeOH:DCM gradient 

as eluent to afford the title compound as a bright red solid in a 40% yield. Rf = 0.79 (5% 

MeOH:DCM, vis. UV). 1H NMR (500 MHz, DMSO) δ 10.32 (s, 1H), 8.72 (d, J = 9.6 
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Hz, 1H), 7.75 (s, 4H), 7.62 (t, J = 5.6 Hz, 4H), 7.34 – 7.24 (m, 1H), 5.73 (s, 1H), 3.48 – 

3.42 (m, 2H), 1.38 (s, 3H). 13C NMR (151 MHz, DMSO) δ 189.1, 181.7, 172.2, 168.8, 

148.9, 142.7, 138.4, 132.7, 131.4, 128.6, 126.3, 124.1 (q, CF3), 123.8, 123.4, 121.7, 119.7, 

119.1, 114.6, 87.3, 41.9, 11.6. IR (ATR): νmax (cm-1) = 2981, 1748, 1606, 1551, 1510, 

1471, 1455, 1429, 1356, 1319, 1263, 1246, 1226, 1193, 1166, 1114, 1086, 1066, 1032, 

912, 886, 846, 828, 794, 775, 763, 752, 755, 744, 664, 634, 602, 588, 572, 557, 516, 487, 

430. HRMS (ESI-TOF): Calc’d for C23H17F3N2O2 [M+H]; 411.1242, found 411.1311.  

3‐{[(2E)‐1‐ethylquinolin‐2‐ylidene]methyl}‐4‐{[4‐(pentafluorosulfanyl)phenyl] 

amino}cyclobut‐3‐ene‐1,2‐dione (4.45): 

4.42 (100 mg, 0.339 mmol, 1 eq), and Zn(OTf)2 

(25 mg, 0.068 mmol, 0.2 eq), were dissolved in 

EtOH (10 mL). To the resultant mixture was 

added 4-pentafluoro sulfanylaniline (74 mg, 0.339 mmol, 1 eq), which was then placed 

at reflux for 24 hr. Subsequently, the reaction mixture was concentrated in-vacuo to afford 

a crude solid, which was purified via flash chromatography (SiO2) using a 0 – 5% 

MeOH:DCM gradient as eluent to afford the title compound as a red solid in a 38% yield. 

Rf = 0.71 (5% MeOH:DCM, vis. UV). 1H NMR (400 MHz, DMSO) δ 10.36 (s, 1H), 8.71 

(d, J = 9.6 Hz, 1H), 7.92 (d, J = 9.2 Hz, 2H), 7.65 (ddd, J = 20.5, 18.0, 9.3 Hz, 6H), 7.29 

(t, J = 7.2 Hz, 1H), 5.73 (s, 1H), 4.33 (s, 2H), 1.38 (t, J = 7.0 Hz, 3H). 13C NMR (101 

MHz, DMSO) δ 189.0, 181.5, 171.8, 169.1 – 168.9, 138.7, 132.8, 131.4, 128.6, 127.0, 

123.6, 123.2, 118.8, 114.9, 87.2, 42.1. IR (ATR): νmax (cm-1) = 2981, 1739, 1666, 1624, 

1556, 1514, 1487, 1472, 1427, 1442, 1361, 1287, 1257, 1205, 1186, 1165, 1128, 1094, 

1057, 1033, 1012, 916, 866, 831, 806, 741, 676, 630, 656, 588, 574, 541, 526, 486, 445.  

3‐ethyl‐1,1,2‐trimethyl‐1H‐benzo[e]indol‐3‐ium iodide (4.46): 

N

O O

N
H

F

F
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F
S

F
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2,3,3-trimethylbenzo[e]indoline (6.27 g, 30 mmol, 1 eq), and 

Iodoethane (4.28 g, 30 mmol, 1 eq) were dissolved in 300 ml MeCN. 

This mixture was stirred at reflux for 18 hr, whereafter solvent was 

removed in vacuo to afford a crude slurry. The crude product was triturated with Diethyl 

ether extensively (3 x 30 mL) to afford the title compound as a bright blue solid in a 62% 

yield. All spectral data is in good agreement with literature.408 

3-ethoxy-4-([(2E)-3-ethyl-1,1-dimethyl-1H,2H,3H-benzo[e]indol-2-ylidene]methyl) 

cyclobut-3-ene-1,2-dione (4.47):  

4.46 (1.16 g, 3 mmol, 1 eq) was dissolved in EtOH (20 mL) 

and to this was added, TEA (622 µL, 4.5 mmol, 1 eq) whilst 

stirring. Subsequently, 2.21 (500 µL, 3 mmol, 1.1 eq), 

suspended in 10 mL EtOH was added dropwise over 2 mins. 

The reaction mixture was placed on reflux for 24 hr whereafter the solvent was removed 

in vacuo to afford a crude green slurry. This mixture was purified via flash 

chromatography (SiO2) using a 0 – 10% EtOH:DCM gradient as eluent to afford the title 

compound as a brown solid in a 36% yield. Rf = 0.71 (10% EtOH:DCM, vis. UV). 1H 

NMR (500 MHz, DMSO) δ 8.17 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 8.6 Hz, 2H), 7.62 – 7.55 

(m, 2H), 7.41 (dd, J = 11.1, 3.9 Hz, 1H), 5.42 (s, 1H), 4.86 (q, J = 7.1 Hz, 2H), 4.09 (q, J 

= 7.0 Hz, 2H), 1.82 (s, 6H), 1.49 (t, J = 7.1 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR 

(126 MHz, DMSO) δ 192.8, 187.8, 186.5, 172.6, 169.5, 139.8, 132.1, 130.8, 130.1, 128.3, 

127.7, 124.0, 122.4, 111.1, 80.4, 70.2, 49.7, 37.8, 26.6, 16.2, 11.9. HRMS (ESI-TOF): 

Calc’d for C23H23NO3 [M+H]; 362.1678, found 362.1740. 

3‐{[3,5‐bis(trifluoromethyl)phenyl]amino}‐4‐{[(2E)‐3‐ethyl‐1,1‐

dimethylbenzo[e]indol‐2‐ylidene]methyl}cyclobut‐3‐ene‐1,2‐dione (4.48): 
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4.47 (100 mg, 0.277 mmol, 1 eq), and Zn(OTf)2 (25 

mg, 0.0554 mmol, 0.2 eq), were dissolved in EtOH 

(10 mL). To the resultant mixture was added 3,5-

bis(trifluoromethyl)aniline (63 mg, 0.277 mmol, 1 

eq), and was then placed at reflux for 24 hr. Thereafter the reaction mixture was 

concentrated in-vacuo to resolve a crude slurry which was purified by flash 

chromatography (SiO2) using a 2% EtOH:DCM mixture (isocratic) as eluent to afford the 

title compound as a rust orange solid in a 17% yield. Rf = 0.68 (2% EtOH:DCM, vis. 

UV). 1H NMR (500 MHz, DMSO) δ 10.55 (s, 1H), 8.27 (s, 2H), 8.19 (d, J = 8.6 Hz, 1H), 

7.98 (dd, J = 8.3, 3.2 Hz, 2H), 7.79 (s, 1H), 7.57 (t, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 

1H), 5.82 (s, 1H), 4.26 – 4.15 (m, 2H), 1.90 (s, 6H), 1.33 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, DMSO) δ 188.2, 184.6, 174.0, 169.1, 168.6, 141.2, 139.8, 132.1, 131.6, 131.4, 

130.8 (q, C-CF3), 130.1, 128.4, 127.7 (q, CF3), 124.7, 123.9, 122.6, 122.5, 120.1, 111.0, 

82.5, 65.3, 49.7, 37.7, 31.1, 26.8, 15.6, 12.2. IR (ATR): νmax (cm-1) = 2980, 1758, 1680, 

1625, 1569, 1532, 1515, 1490, 1427, 1364, 1349, 1335, 1306, 1275, 1255, 1214, 1170, 

1128, 1071, 1033, 1019, 1001, 966, 935, 882, 852, 803, 784, 743, 699, 681, 650, 618, 

599, 578, 538, 521, 453.  HRMS (ESI-TOF) Calc’d for C29H22F6N2O2 [M+H]; 545.1585, 

found 545.1646.  

3‐{[(2E)‐3‐ethyl‐1,1‐dimethylbenzo[e]indol‐2‐ylidene]methyl}‐4‐{[4‐

(trifluoromethyl) phenyl]amino}cyclobut‐3‐ene‐1,2‐dione (4.49): 

4.47 (100 mg, 0.277 mmol, 1 eq), and Zn(OTf)2 

(20 mg, 0.0554 mmol, 0.2 eq), were dissolved in 

EtOH (10 mL). To the resultant mixture was added 

4-trifluoromethylaniline (45 mg, 0.277 mmol, 1 eq), and was then placed at reflux for 24 

hr. Thereafter the reaction mixture was concentrated in-vacuo to resolve a crude solid 
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which was purified by flash chromatography using a 2% EtOH:DCM mixture as eluent 

to afford the title compound as a rust orange solid in a 6% yield. Rf = 0.59 (2% 

EtOH:DCM, vis. UV). 1H NMR (500 MHz, DMSO) δ 10.44 (s, 1H), 8.18 (d, J = 8.5 Hz, 

1H), 7.97 (d, J = 8.9 Hz, 2H), 7.76 (dd, J = 20.4, 8.8 Hz, 4H), 7.56 (t, J = 7.4 Hz, 2H), 

7.39 (t, J = 7.5 Hz, 1H), 5.86 (s, 1H), 1.90 (s, 6H), 1.31 (t, J = 7.0 Hz, 3H). 13C NMR 

(101 MHz, DMSO) δ 187.8, 184.3, 174.1, 168.1, 167.8, 142.0, 139.4, 131.5, 130.2 (q, -

CCF3), 129.6, 129.5, 127.9 (q, CF3), 127.1, 126.2, 123.3, 121.9, 119.9, 112.9, 110.4, 82.2, 

49.1, 37.1, 26.3, 11.7. IR (ATR): νmax (cm-1) = 2971, 1753, 1682, 1606, 1557, 1533, 1515, 

1475, 1432, 1412, 1364, 1355, 1338, 1298, 1249, 1205, 1160, 1139, 1107, 1033, 1013, 

980, 963, 938, 881, 835, 824, 814, 791, 783, 744, 683, 652, 633, 614, 598, 569, 540, 522, 

507, 432. HRMS (ESI-TOF) Calc’d for C28H23F3N2O2 [M+H]; 477.1712, found 

477.1786.  

Notes, troubleshooting, and limitations of heterocycle “N-alkylation” reactions: 

1. Use of minimal sized round-bottom flask per solvent volume is preferable to 

ensure vigorous mixing (eg. 10 ml RBF for 5 mL reaction, 150 ml RBF for 100 

ml reaction volume, and 500 ml RBF for 300 ml reaction volume).  

2. Bulk addition of reagents is generally accepted due to non-vigorous reactivity, 

and lack of reaction competition.  

3. Caution to be ensured when dealing with reaction during solvent removal – ethyl 

iodide is highly hazardous through inhalation, and risk is exacerbated during 

rotary evaporation.  

4. On time:  

a. Reactions exceeding 18 hr were found to be detrimental to isolatable yield, 

and gave rise to intractable impurities, which were inseparable from crude 

mixture.  
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b. Reaction times which were less than 18 hr were desirable in the sense that 

impurities were less ubiquitous, however isolatable yield was sacrificed. 

Thus, 18 hr reaction time was generally applied as impurities were thought 

to be removal by subsequent chromatography steps, if accrued.  

5. Limitations of reactivity: 

a. Heterocycles containing more than one pyridine-type nitrogen or 

additional pyrrole-type nitrogen were incompatible with alkylation due to 

the generation of intractable mixtures (quinazolines, imidazoles, 

benzimidazoles).  

b. Benzoxazoles could be utilised in the generation of N-alkylated materials, 

however, when generated – were found to degrade over time. 

Notes, troubleshooting, and limitations of heterocycle conjugate additions to diethyl 

squarate: 

1. The choice of polyfluorinated anilines is as a result of previous literature 

providing evidence towards polyfluorinated squaramides as effective anion 

transporting motifs. This is as a result of their inductive electron-withdrawing 

effect, and relatively high Hammett constants, giving rise to acidic squaramide 

nitrogens, in the hopes of bolstering anion recognition.  

2. Solvent systems were kept to a minimum in an effort to promote precipitation 

upon return to room temperature. I.e. All reactions were refined on an approx. 0.3 

mmol scale, and it was observed that 10 mL EtOH was sufficient for the 

generation of satisfactory precipitate. In the case of little, or no precipitate 

formation, or present impurities – column chromatography was used to isolate the 

title product.  
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3. Addition of the respective aniline was made as a bulk addition as it was observed, 

little difference in isolated yield upon either dropwise addition, or bulk addition, 

from initial observations.   

4. On time: 

a. The addition of the respective substituted aniline was delayed until total 

and homogenous distribution of Zn(OTf)2, as indicated by a disappearance 

of white powder in solution. Approx 4. Mins.  

5. Limitations of reactivity: 

a. Addition of base to the reaction mixture appeared to be detrimental to the 

isolatable yield, where addition of 1 stoichiometric equivalent of 

triethylamine decreased the isolatable yield of 4.31 from 69% to approx. 

50%, and thus addition of base was suspended for the remainder of the 

desired squaramides.  

7.5: Synthetic methods – Chapter 5 

3-(3,4-dichlorophenylamino)-4-ethoxy-cyclobut-3-ene-1,2-dione (5.4): 

2.21 (796 mg, 4.5 mmol, 1 eq) was suspended in EtOH (10 

mL), followed by the addition of Zn(OTf)2 (328 mg, 0.9 mmol, 

0.2 eq). Once dissolved, a solution of 3,4-dichloroaniline (800 

mg, 4.95 mmol, 1.1 eq) in EtOH (5 mL) was added to the reaction vessel and allowed to 

stir overnight at room temperature. The afforded precipitate was isolated via vacuum 

filtration and washed extensively with cold EtOH, and Et2O to afford the title compound 

as a pale-yellow solid in a 29% yield. All spectral data is in good agreement with 

literature.409 
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3-(4-chlorophenyl)-4-ethoxy-cyclobut-3-ene-1,2-dione (5.5): 

2.21 (231 µL, 0.86 mmol, 1 eq), and Zn(OTf)2 (63 mg, 0.172 

mmol, 0.2 eq) were dissolved in EtOH (10 mL). To this was 

added, a solution of p-chloroaniline (120 mg, 0.946 mmol, 

1.1 eq) in EtOH (2 mL). The resultant reaction mixture was allowed to stir at room 

temperature for 18 hr whereafter the solvent was removed in-vacuo to afford a crude 

slurry. Following extensive trituration with Et2O the title compound was resolved as a 

beige solid in a 79% yield. All spectral data is in good agreement with literature.410 

3-(4-nitrophenylamino)-4-ethoxy-cyclobut-3-ene-1,2-dione (5.6): 

2.21 (750 mg, 4.5 mmol, 1 eq) and Zn(OTf)2 (328 mg, 0.9 

mmol, 0.2 eq) were dissolved in EtOH (15 mL). To this was 

added dropwise, a solution of p-nitroaniline (697 mg, 5 

mmol, 1.1 eq) in EtOH (10 mL). The resultant mixture was stirred at room temperature 

for 18 hr whereafter the precipitate was isolated via vacuum filtration, washed with cold 

EtOH, and dried under a stream of N2 to afford the title compound as a bright orange solid 

in a 65% yield. All spectral data is in good agreement with literature.404 

3-(2-chlorophenylamino)-4-ethoxy-cyclobut-3-ene-1,2-dione (5.7): 

2.21 (350 mg, 2.05 mmol, 1 eq), and Zn(OTf)2 (149 mg, 0.41 

mmol, 0.2 eq) were dissolved in EtOH (10 mL). To this was 

added 2-chloroaniline (0.35 mL, 2.2 mmol, 1.1 eq), dropwise. The 

resultant mixture was allowed to stir at room temperature for 72 hr, whereafter the solvent 

was removed in-vacuo, to afford a brown slurry. This slurry was resuspended in a minimal 

amount of MeCN, and placed in a sealed vessel containing Et2O (3x v/v MeCN), to 

facilitate the formation of crystals. Once an adequate amount of isolable material was 

afforded (24 hr), the mother liquor was decanted, and the precipitate was washed with 

cold Et2O, to afford the title compound as a yellow crystalline solid in a 23% yield. 1H 
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NMR (500 MHz, DMSO) δ 10.67 (s, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.37 (dd, J = 4.9, 1.0 

Hz, 2H), 7.32 – 7.26 (m, 1H), 4.69 (q, J = 7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR 

(126 MHz, DMSO) δ 188.3, 184.9, 178.9, 171.2, 134.6, 130.1, 128.0, 126.9, 69.8, 16.0.  

3-ethoxy-4-phenylamino-cyclobut-3-ene-1,2-dione (5.8): 

Compound 5.8 was synthesised according to established 

procedures from 2.21 and aniline, to afford the title compound, 

which showed good spectral agreement with literature.404 

3-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-4-ethoxy-cyclobut-3-ene-1,2-dione (5.9): 

2.21 (2.1 g, 12.3 mmol, 1 eq) was suspended in EtOH (30 mL). To this 

was added, 1-adamantylamine (2.23 g, 14.76 mmol, 1.2 eq) dissolved 

in EtOH (30 mL), dropwise over 5 mins. This solution was allowed to 

stir at room temperature for 24hr. The formed precipitate was isolated 

via vacuum filtration & washed with 3 x 2 ml portions of EtOH to afford the desired 

product as a white solid in a 78% yield. All spectral data is in good agreement with 

literature.411 

3-((3,5-bis-trifluoromethyl)-phenylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-

cyclobut-3-ene-1,2-dione (5.10): 

3.14 (538 mg, 1.52 mmol, 1 eq), and Zn(OTf)2 (112 mg, 0.31 

mmol, 0.2 eq) were dissolved in EtOH (20 mL). To this was 

added 1-adamantylamine (252mg, 1.67 mmol, 1.1 eq), 

dissolved in EtOH (2 mL). This solution was added dropwise to 

the reaction vessel over a five-minute period. The reaction was stirred at room 

temperature for 24hrs. The resultant mixture was concentrated in-vacuo to resolve a 

yellow solid. The crude product mixture was redissolved in EtOAc (20 ml), washed with 

H2O (3 x 30 ml), & dried over anhydrous MgSO4, & concentrated partially in-vacuo to 

yield a White precipitate. The precipitate was isolated via filtration, washed with EtOAc 

O O

N
H

O
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& lyophilised, to afford the title compound as a white solid in a 45% yield. 1H NMR (500 

MHz, DMSO) δ 10.15 (s, 1H), 8.08 (s, 2H), 7.92 (s, 1H), 7.69 (s, 1H), 2.13 (s, 3H), 2.00 

(s, 6H), 1.67 (s, 6H).13C NMR (126 MHz, DMSO) δ 183.4, 170.2, 163.8, 131.9 (q, C-

CF3), 129.4 (q, CF3) 118.5, 60.2, 53.5, 42.8, 35.6, 29.4, 21.2, 14.5. HRMS (ESI-TOF), 

calculated for C22H20F6N2O2, m/z: 459.15 [M+H]+; found 459.1502, 481.13 [M+Na]+; 

found 481.1325.  

3-(3,4-dichlorophenylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-

ene-1,2-dione (5.11): 

5.4 (50 mg, 0.17 mmol, 1 eq), and Zn(OTf)2 (10 mg, 0.03 mmol, 

0.2 eq) were dissolved in EtOH (10 mL). 1-adamantylamine (30 

mg, 0.19 mmol, 1.1 eq), dissolved inEtOH (2 mL) was added 

dropwise to the reaction mixture and was stirred at room 

temperature for 24hrs. The formed precipitate was isolated via vacuum filtration, with 

washings of cold EtOH, to resolve the title compound as a pale-yellow solid in a 58% 

yield. 1H NMR (400 MHz, DMSO) δ 9.82 (s, 1H), 7.89 (d, J = 2.7 Hz, 2H), 7.58 (d, J = 

8.7 Hz, 1H), 7.32 (dd, J = 8.8, 2.7 Hz, 1H), 2.10 (d, J = 10.1 Hz, 3H), 1.98 (d, J = 2.6 Hz, 

6H), 1.66 (s, 6H). 13C NMR (126 MHz, DMSO) δ 182.8, 179.8, 169.4, 163.8, 138.9, 

131.7, 131.0, 123.8, 119.9, 118.2, 53.0, 42.5, 35.4, 28.8. HRMS (ESI-TOF), calculated 

for C22H20Cl2N2O2, m/z: 391.02 [M+H]+; found 391.0976, 413.08 [M+Na]+; found 

413.0794. 

3-(4-chlorophenylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-

1,2-dione (5.12): 

5.5 (125 mg, 0.5 mmol, 1 eq), and Zn(OTf)2 (44 mg, 0.1 mmol, 

0.2 eq) were dissolved in EtOH (10 mL). To this stirring mixture 

was added adamantylamine (95 mg, 0.5 mmol, 1.1 eq), and the 

resultant mixture was allowed to stir at room temperature for 18 
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hr, whereafter the solvent was concentrated in-vacuo, to afford a crude deposit which was 

triturated extensively with Et2O, to afford the title compound as a beige solid in a 56% 

yield. 1H NMR (400 MHz, DMSO) δ 9.69 (s, 1H), 7.86 (s, 1H), 7.49 (dd, J = 8.8 Hz, 

2H), 7.38 (dd, J = 8.8 Hz, 2H), 2.10 (s, 3H), 1.98 (s, 6H), 1.65 (s, 6H). 13C NMR (101 

MHz, DMSO) δ 169.2, 163.9, 137.9, 129.1, 126.5, 119.6, 52.7, 42.4, 35.2, 28.9. IR 

(ATR): νmax (cm-1) = 3231, 2907, 2849, 1787, 1670, 1621, 1603, 1563, 1522, 1498, 1459, 

1407, 1358, 1297, 1255, 1190, 1122, 1108, 1091, 1012, 933, 872, 838, 822, 717, 697, 

676, 650, 641, 614, 567, 501, 464, 452. HRMS (ESI-TOF), calculated for C20H21N3O4, 

m/z: 357.13 [M+H]+; found 357.1408.  

3-(4-nitrophenylamino)-(tricyclo[3.3.1.1(3,7)]decyl-1amino)-cyclobut-3-ene-1,2-

dione (5.13): 

5.6 (175 mg, 0.665 mmol, 1 eq), and Zn(OTf)2 (49 mg, 0.133 

mmol, 0.2 eq),were dissolved in EtOH (15 mL). This mixture 

was brought to reflux. To this, was added – dropwise, a 

solution of 1-adamantylamine (110 mg, 0.73 mmol, 1.1 eq), 

dissolved in EtOH (5 mL), over the course of five minutes. Reaction was stirred at reflux 

for 5hrs & subsequently room temperature, overnight. The observed precipitate was 

isolated by vacuum filtration to resolve the crude material. Crude product was washed 

with 3 x 2 ml portions of EtOH, to afford the title compound as a brick red solid in a 38% 

yield. 1H NMR (500 MHz, DMSO) δ 10.08 (s, 1H), 8.22 (br d, 2H), 8.03 (s, 1H), 7.66 

(br d, J = 6.7 Hz, 2H), 2.12 (br s, 3H), 1.99 (br s, 6H), 1.66 (br s, 6H). 13C NMR (126 

MHz, DMSO) δ 183.9, 180.2, 170.6, 163.7, 145.7, 141.9, 126.1, 118.2, 53.6, 42.8, 35.6, 

29.4. IR (ATR): νmax (cm-1) = 3302, 2907, 1802, 1715, 1625, 1593, 1531, 1507, 1493, 

1414, 1381, 1331, 1310, 1283, 1187, 1113, 1056, 994, 885, 842, 793, 750, 678, 640, 607, 

502, 460. HRMS (ESI-TOF), calculated for C20H21N3O4, m/z: 368.16 [M+H]+; found 

368.1608, 390.14 [M+Na]+; found 390.1426.  

O O

HN N
H

NO2
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3-phenylamino-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-dione 

(5.14): 

5.8 (100 mg, 0.36 mmol, 1 eq), and Zn(OTf)2 (26 mg, 0.072 mmol, 

0.2 eq), were dissolved in EtOH (10 mL). To this was added, 

adamantylamine (53 mg, 0.4 mmol, 1.1 eq). The resultant mixture 

was allowed to stir overnight, whereupon the observed precipitate 

was isolated via vacuum filtration, followed by 3 x 2 ml washings of EtOH to afford the 

desired product as a white solid in a 67% yield. 1H NMR (500 MHz, DMSO) δ 9.66 (s, 

1H), 7.87 (s, 1H), 7.48 (dd, J = 8.6, 1.0 Hz, 2H), 7.40 – 7.33 (td, J = 7.5, 2H), 7.08 – 6.98 

(t, J = 7.6, 1H), 2.11 (s, 3H), 1.99 (d, J = 2.5 Hz, 6H), 1.66 (s, 6H). 13C NMR (126 MHz, 

DMSO) δ 182.7, 180.3, 169.5, 164.8, 139.4, 129.8, 123.1, 118.4, 53.2, 42.9, 35.7, 29.4. 

IR (ATR): νmax (cm-1) = 3231, 3031, 2906, 2847, 1789, 1671, 1620, 1603, 1573, 1532, 

1500, 1461, 1358, 1304, 1297, 1257, 1153, 1123, 1094, 1063, 1020, 894, 808, 755, 712, 

689, 656, 641, 612, 598, 559, 501, 463. HRMS (ESI-TOF), calculated for C20H22N2O2, 

m/z: 322.17 [M+H]+, found 323.1754; also found [M+Na]+, 345.1577.  

3-(2-chlorophenylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-

1,2-dione (5.15): 

5.7 (76 mg, 0.31 mmol, 1 eq), and Zn(OTf)2 (22 mg, 0.062 mmol, 

0.2 eq) were dissolved in EtOH (10 mL). Whilst stirring, a solution 

of 1-adamantylamine (51 mg, 0.34 mmol, 1.1 eq) in EtOH (2 mL) 

was added dropwise. The resultant reaction mixture was allowed to 

stir for 48 hrs. Subsequently, the formed precipitate was isolated via vacuum filtration, & 

washed with 3 x 2 ml portions of cold ethanol to afford the desired product as a yellow 

solid in a 21% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.23 (br, NH, 1H), 8.3 (br, NH, 

1H), 7.45 (dd, J = 8.25, ArH, 1H), 7.43 (dd, J = 8.1, ArH, 1H), 7.26 (dt, J = 7.3, ArH, 

1H), 7.05 (dt, J = 7.3, ArH, 1H), 2.05 (br s, CH, 3H), 1.94 (br s, CH2, 6H), 1.59 (br s, 



Experimental procedures 

 287 

CH2, 6H). 13C NMR (126 MHz, DMSO) δ 182.5, 179.5, 169.0, 164.1, 138.9, 129.0, 

122.5, 117.6, 52.7, 42.5, 35.0, 28.8. IR (ATR): νmax (cm-1) = 3220, 3154, 3029, 2902, 

2852, 1786, 1682, 1597, 1564, 1532, 1518, 1438, 1359, 1300, 1191, 1120, 1110, 1094, 

1063, 1040, 923, 825, 811, 746, 706, 656, 641, 613, 582, 568, 535, 459, 444.  HRMS 

(ESI-TOF), calculated for C20H21ClN2O2, m/z: 357.8 [M+H]+; found 357.7, 379.8 

[M+Na]+; found 379.7.  

3-(2-picolylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-dione 

(5.16): 

5.9 (300 mg, 0.917 mmol, 1 eq), and Zn(OTf)2 (67 mg, 0.184 

mmol, 0.2 eq) were dissolved in EtOH (15 mL). To this reaction 

mix was added 2-picolylamine (150 µL, 1.0 mmol, 1.1 eq) 

dropwise over 5 minutes. This mixture was allowed to stir under 

N2 overnight, whereupon a white precipitate was observed. The reaction mixture was 

filtered to afford the crude product as a white solid, which was washed with portions of 

cold EtOH, to afford the title compound as a white solid in a 57% yield. 1H NMR (400 

MHz, DMSO) δ 8.58 (ddd, J = 4.8, 1.6, 0.8 Hz, 1H), 7.98 (s, 1H), 7.82 (td, J = 7.7, 1.8 

Hz, 1H), 7.67 (s, 1H), 7.41 – 7.33 (m, 2H), 4.85 (d, J = 6.0 Hz, 2H), 2.08 (d, J = 4.0 Hz, 

3H), 1.93 (d, J = 2.5 Hz, 6H), 1.63 (s, 6H). 13C NMR (126 MHz, DMSO) δ 182.4, 181.1, 

167.4, 157.3, 149.4, 137.9, 122.8, 121.8, 51.4, 48.1, 42.5, 35.0, 29.1. IR (ATR): νmax (cm-

1) = 3218, 2895, 2852, 1787, 1646, 1553, 1525, 1465, 1442, 1435, 1376, 1361, 1347, 

1321, 1307, 1266, 1195, 1148, 1127, 1102, 1092, 1065, 1046, 994, 985, 968, 949, 918, 

839, 819, 764, 745, 687, 644, 630, 620, 608, 573, 503, 460.  HRMS (ESI-TOF), 

calculated for C20H23N3O2, m/z: 338.18 [M+H]+; found 338.1867, 360.16 [M+Na]+; 

found 360.1683. 

3-(4-pyridylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-dione 

(5.17): 
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5.9 (300 mg, 0.917 mmol, 1 eq), and Zn(OTf)2 (67 mg, 0.184 

mmol, 0.2 eq), were dissolved in EtOH (15 mL). To this reaction 

mix was added 4-picolylamine (150 µL, 1.0 mmol, 1.1 eq) 

dropwise over 5 minutes. This mixture was allowed to stir under 

N2 overnight, whereupon a white precipitate was observed. The mixture was filtered to 

afford crude product as a white solid which was washed with portions of cold EtOH, to 

afford the title compound as a white solid in a 35% yield. 1H NMR (400 MHz, DMSO) 

δ 8.57 (dd, J = 4.4, 1.6 Hz, 2H), 7.83 (d, J = 6.2 Hz, 1H), 7.55 (s, 1H), 7.33 (d, J = 5.9 

Hz, 2H), 4.78 (d, J = 6.3 Hz, 2H), 2.08 (s, 3H), 1.93 (d, J = 2.5 Hz, 6H), 1.63 (s, 6H). 13C 

NMR (126 MHz, DMSO) δ 182.4, 181.1, 167.4, 157.3, 149.4, 137.2, 122.8, 121.8, 51.4, 

48.1, 42.5, 35.0, 29.1. IR (ATR): νmax (cm-1) = 3235, 2911, 2855, 1786, 1647, 1572, 1532, 

1473, 1437, 1401, 1375, 1351, 1343, 1317, 1306, 1271, 1219, 1167, 1128, 1095, 1032, 

989, 836, 812, 792, 780, 687, 646, 628, 608, 568, 515, 497, 459. HRMS (ESI-TOF), 

calculated for C20H23N3O2, m/z: 337.18 [M+H]+, found 338.1868; also found [M+Na]+, 

360.1684.  

3-benzylamino-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-dione 

(5.18): 

5.9 (440 mg, 1.6 mmol, 1 eq), and Zn(OTf)2 (116 mg, 0.32 mmol, 

0.2 eq) were dissolved in EtOH (10 mL). Dropwise, benzylamine 

(185 µL, 1.76 mmol, 1.1 eq) was added to the reaction vessel. The 

solution was allowed to stir overnight at room temperature. 

Subsequently, the observed white precipitate was isolated via vacuum filtration, followed 

by EtOH washings to afford the title compound as a white solid in a 41% yield. 1H NMR 

(400 MHz, DMSO) δ 7.76 (t, J = 5.9 Hz, 5H), 7.46 (s, 4H), 7.41 – 7.28 (m, 25H), 4.73 

(d, J = 6.2 Hz, 11H), 2.07 (s, 17H), 1.92 (d, J = 2.8 Hz, 34H), 1.63 (s, 35H). 13C NMR 

(126 MHz, DMSO) δ 180.8, 179.4, 167.7, 167.6, 138.6, 128.7, 127.7, 127.5, 52.0, 46.9, 
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42.5, 35.2, 28.9. IR (ATR): νmax (cm-1) = 3226, 2894, 2852, 1788, 1643, 1559, 1529, 

1466, 1442, 1414, 1375, 1360, 1347, 1307, 1261, 1206, 1128, 1094, 1061, 1031, 984, 

947, 912, 837, 813, 778, 749, 731, 693, 645, 626, 604, 567, 492, 458, 445. HRMS (ESI-

TOF), calculated for C21H24N3O2, m/z: 336.18 [M+H]+, found 337.1912; also found 

[M+Na]+, 359.1733.  

3-(4-fluorobenzylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-

dione (5.19): 

5.9 (300 mg, 0.917 mmol, 1 eq), and Zn(OTf)2 (67 mg, 0.184 

mmol, 0.2 eq), were dissolved in EtOH (10 mL). 4-

fluorobenzylamine (136 µL, 1.0mmol, 1 eq) was added to the 

reaction vessel. The solution was allowed to stir overnight at 

room temperature. Subsequently, the observed precipitate was isolated via vacuum 

filtration, followed by EtOH washings to afford the title compound as a white solid in an 

89% yield. 1H NMR (400 MHz, DMSO) δ 7.75 (t, J = 6.0 Hz, 1H), 7.47 (s, 1H), 7.42 – 

7.37 (m, 2H), 7.25 – 7.18 (m, 2H), 4.71 (d, J = 6.2 Hz, 2H), 2.07 (s, 3H), 1.91 (d, J = 2.4 

Hz, 6H), 1.62 (s, 6H). 13C NMR (101 MHz, DMSO) δ 182.2, 181.9, 180.9, 171.6, 167.8, 

167.8, 167.7, 166.1, 162.7, 134.9, 129.8, 129.7, 115.5, 115.3, 52.0, 46.1, 42.5, 35.2, 28.8. 

IR (ATR): νmax (cm-1) = 3232, 2926, 2889, 2854, 1789, 1644, 1559, 1526, 1507, 1466, 

1442, 1410, 1375, 1360, 1347, 1317, 1307, 1261, 1222, 1157, 1127, 1093, 1064, 1017, 

984, 949, 937, 849, 839, 829, 820, 778, 762, 684, 623, 599, 573, 547, 476, 464, 439. 

HRMS (ESI-TOF), calculated for C21H23FN2O2, m/z: 354.17 [M+H]+, found 355.1818; 

also found [M+Na]+, 377.1640.  

3-(3,4-dichlorobenzylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-

1,2-dione (5.20): 
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5.9 (286 mg, 1.04 mmol, 1 eq), and Zn(OTF)2 (76.3 mg, 0.21 

mmol, 0.2 eq) were dissolved in EtOH (10 mL). Dropwise, 3,4-

dichlorobenzylamine (264 µL, 1.14 mmol, 1.1 eq) was added 

to the reaction vessel. Solution was allowed to stir overnight at 

room temperature. Subsequently, the observed precipitate was isolated via vacuum 

filtration, followed by EtOH washings to afford the desired product as a white solid in a 

69% yield. 1H NMR (400 MHz, DMSO) δ 7.79 (t, J = 6.1 Hz, 1H), 7.65 (dd, J = 10.6, 

5.1 Hz, 2H), 7.51 (s, 1H), 7.34 (dd, J = 8.3, 2.0 Hz, 1H), 4.73 (d, J = 6.3 Hz, 2H), 2.07 (s, 

3H), 1.92 (d, J = 2.3 Hz, 6H), 1.63 (s, 6H). 13C NMR (101 MHz, DMSO) δ 182.1, 181.0, 

167.8, 140.0, 130.9, 130.0, 129.6, 128.0, 52.1, 45.6, 42.5, 35.2, 28.8. IR (ATR): νmax (cm-

1) = 3240, 2913, 2850, 1787, 1644, 1562, 1522, 1463, 1441, 1417, 1399, 1374, 1359, 

1342, 1306, 1290, 1250, 1209, 1126, 1104, 1031, 999, 951, 879, 817, 718, 683, 663, 626, 

599, 584, 473, 453, 440. HRMS (ESI-TOF), calculated for C21H22Cl2N3O2, m/z: 404.11 

[M+H]+, found 405.1133; also found [M+Na]+, 427.0952.  

3-(4-nitrobenzylamino)-4-(tricyclo[3.3.1.1(3,7)]decyl-1-amino)-cyclobut-3-ene-1,2-

dione (5.22): 

5.9 (95 mg, 0.35 mmol, 1 eq) and Zn(OTf)2 (25 mg, 0.07 

mmol, 0.2 eq) were dissolved in MeCN (10 mL). Whilst 

stirring, a solution of p-nitrobenzylamine HCl (71 mg, 0.377 

mmol, 1.1 eq) in TEA (200 µL) was added to the reaction flask 

dropwise. The resultant mixture was allowed to stir at room temperature for 48 hr, 

whereafter the precipitate was isolated by centrifugation, washed with MeCN (2 x 3 mL), 

and Et2O (3 mL) to afford the title compound as a yellow solid in a 73% yield. 1H NMR 

(400 MHz, DMSO) δ 8.26 (d, J = 8.7 Hz, 2H), 7.89 (d, J = 5.9 Hz, 1H), 7.61 (d, J = 8.6 

Hz, 2H), 7.56 (s, 1H), 4.88 (d, J = 6.3 Hz, 2H), 2.07 (s, 3H), 1.93 (s, 6H), 1.63 (s, 6H). 

13C NMR (101 MHz, DMSO) δ 182.15, 181.14, 167.92, 146.66, 128.6, 123.8, 52.1, 46.1, 
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42.5, 35.2, 28.9. IR (ATR): νmax (cm-1) = 3233, 2898, 2852, 1790, 1644, 1606, 1562, 

1516, 1470, 1442, 1414, 1376, 1340, 1307, 1255, 1196, 1127, 1107, 1067, 865, 853, 837, 

819, 799, 750, 697, 640, 622, 586, 518.  

[Ru(Phen)2(Phendione)]Cl2 (1.52):  

1,10-Phenanthroline-5,6-dione (105 mg, 0.5 

mmol, 1 eq), 1,2-phenylene diamine (54 mg, 0.5 

mmol, 1 eq) and a catalytic quantity of p-

toluenesulfonic acid were dissolved in EtOH 

(10 mL), and stirred at reflux for 12 hr. The 

mixture was concentrated in-vacuo, recrystalised from minimal EtOH, and subsequently 

washed with cold EtOH (2 mL), and Et2O (5 ml) before being dried using Schlenk 

technique to afford the desired dipyrido[3,2-a:2’,3’-c]phenazine ligand intermediate as a 

beige solid, which was used immediately in the next step. 

cis-Ru(Phen)2Cl2 (140 mg, 0.255 mmol, 1 eq from isolated yield of dipyrido[3,2-a:2’,3’-

c]phenazine), and dipyrido[3,2-a:2’,3’-c]phenazine (81 mg, 0.3 mmol, 1.2 eq) were added 

to a microwave tube, dissolved in a 50:50 H2O/EtOH mixture (5 mL), and sparged with 

N2 for 10 mins. This tube was sealed, and subjected to microwave irradiation at 140 oC 

for 40 mins, whereafter the mixture was filtered through Agilent 0.45 µm PES filter 

membranes. To the filtrate was added a saturated solution of ethanolic NH4PF6 (2 mL), 

to precipitate the desired PF6 salt of the complex. The suspension was centrifuged at 4000 

RPM for 5 min to pellet the desired precipitate, which was subsequently washed with 

H2O, EtOH, and Et2O (5 mL) before being dried under a gentle stream of N2. The 

precipitate was dissolved in a minimal amount of acetonitrile and transferred to a 50 ml 

RBF, which was then sealed in a vessel under atmospheric pressure containing Et2O, and 

placed in the dark for 24 hr to facilitate the generation of crystals. After 24 hr the RBF 

was removed from the vessel, the mother liquor was decanted, and the crystals formed 
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were washed with a minimal amount of Et2O to afford the desired complex as its PF6 

form. To generate the Cl- salt, the crystals were dissolved in MeOH (15 ml), and stirred 

over Amberlyst anion exchange resin (Cl form) for 1 hr, before being filtered and 

concentrated in vacuo to afford the title compound as a bright red crystalline solid in a 28 

% yield. All spectral data is in good agreement with literature.188 1H NMR (500 MHz, 

DMSO) δ 9.62 (dd, J = 8.2, 1.3 Hz, 2H), 8.85 – 8.76 (m, 4H), 8.54 (dd, J = 6.6, 3.4 Hz, 

2H), 8.41 (s, 4H), 8.28 (dd, J = 5.3, 1.2 Hz, 2H), 8.25 – 8.17 (m, 4H), 8.07 (dd, J = 5.2, 

1.2 Hz, 2H), 7.91 (dd, J = 8.2, 5.4 Hz, 2H), 7.80 (ddd, J = 21.2, 8.3, 5.3 Hz, 4H). 13C 

NMR (126 MHz, DMSO) δ 154.4, 151.2, 148.9, 147.5, 140.7, 137.4, 133.1, 130.9, 129.9, 

128.5, 117.7. 

4-bromo-N-ethyl-1,8-naphthalimide (5.23) 

4-bromo-N-ethyl-1,8-naphthalimide was synthesised from 4-bromo 

naphthalic anhydride, ethylamine HCl, and triethylamine, according to 

literature. All spectral data is in good agreement with that reported.200  

 

4-(2-aminoethyl)amino-N-ethyl-1,8-naphthalimide (5.24) 

 4-(2-aminoethyl)amino-N-ethyl-1,8-naphthalimide was synthesised 

from 5.23, and ethylene diamine, according to literature. All spectral 

data is in good agreement with that reported.200   

 

 

3-adamantylamino-4-(4-(2-aminoethyl)amino-N-ethyl-1,8-naphthalimido)-

cyclobut-3-ene-1,2-dione (5.25): 

N OO

HN

NH2

N OO

Br
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To a stirring solution of 5.9 (69 mg, 0.25 mmol, 1eq) 

in EtOH (5 mL), was added triethylamine (50 mg, 

0.5 mmol, 2 eq), and 5.24 (71 mg, 0.25 mmol, 1eq). 

The resultant mixture was brought to reflux for 18 

hr, whereafter the solvent was removed in-vacuo to afford a yellow crude mixture, which 

was triturated with Et2O (3 x 10 mL), and washed with cold EtOH (5 mL), before being 

recrystallised from EtOAc to afford the title compound as a bright yellow solid in a 68% 

yield. 1H NMR (600 MHz, DMSO) δ 8.66 (d, J = 8.1 Hz, 1H), 8.44 (d, J = 7.2 Hz, 1H), 

8.28 – 8.23 (m, 1H), 7.88 (s, 1H), 7.71 – 7.62 (m, 2H), 7.50 (s, 1H), 6.92 (d, J = 8.2 Hz, 

1H), 4.05 (dd, J = 14.1, 7.0 Hz, 2H), 3.86 (s, 2H), 3.63 (d, J = 5.3 Hz, 2H), 2.06 (2s 

(rotameric) 3H), 1.79 (2s (rotameric, 6H), 1.69 – 1.55 (br q, 6H), 1.18 (t, J = 7.0 Hz, 3H). 

13C NMR (151 MHz, DMSO) δ 182.3, 180.5, 168.7, 168.0, 163.5, 162.6, 150.7, 133.9, 

130.7, 129.3, 128.4, 124.4, 121.9, 120.1, 108.3, 104.0, 51.9, 43.8, 42.4, 42.0, 35.3, 34.8, 

33.9, 29.0, 28.1, 13.3. 

3-(4-(2-aminoethyl)amino-N-ethyl-1,8-naphthalimido)-4-(3,5-

bis(trifluoromethyl)phenyl amino)-cyclobut-3-ene-1,2-dione (5.26): 

3-(4-(2-aminoethyl)amino-N-ethyl- 

1,8-naphthalimido)4-(3,5-bis(trifluoromethyl) 

phenylamino)-cyclobut-3-ene-1,2-dione was 

synthesised from 5.24, 3.14, and triethylamine, 

according to literature. All spectral data is in good agreement with that reported.200    

(4‐nitrophenyl)methyl-N‐[2‐(adamantan‐1‐ylamino)‐3,4‐dioxocyclobut‐1‐en‐1‐yl]‐

N‐[3,5‐bis(trifluoromethyl)phenyl]carbamate (5.31): 

N
O

O

H
NN

H
N
H

O O

N
O

O

H
NN

H
N
H

O OF3C

F3C
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5.10 (100 mg, 0.29 mmol, 1 eq), DMAP (35 mg, 0.291 

mmol, 1 eq), and TEA (85 mg, 0.87 mmol, 3 eq) were 

dissolved in MeCN (5 mL), evacuated with, and sealed 

under an atmosphere of N2, and subsequently cooled to -

10 oC (approx.). To this stirring solution was added a 20% 

wt. phosgene solution in toluene (166 µL, 0.29 mmol, 1 eq). The resultant mixture was 

allowed to stir on ice for 15 mins, whereafter the mixture was brought to room 

temperature, and a solution of p-nitrobenzyl alcohol (44 mg, 0.29 mmol, 1 eq) in MeCN 

(2 mL), containing TEA (88 mg, 0.87 mmol, 3 eq) was added dropwise. The resultant 

mixture was allowed to stir at room temperature for 18 hr, whereafter MeOH (5 mL) was 

added to the solution, and stirred for a further 30 mins. Subsequently, the solvent was 

removed in-vacuo to afford a pale yellow slurry which was extracted with DCM, washed 

with H2O (3 x 10 mL), and dried over anhydrous MgSO4 before being again concentrated 

in-vacuo. The resultant deposit was subsequently purified via flash column 

chromatography, using a 0 – 5% MeOH/DCM gradient as eluent to afford the title 

compound as a neon yellow oil which crystallised to a glassy solid over time, in a 44% 

yield. 1H NMR (600 MHz, DMSO) δ 8.66 (s, 1H), 8.39 (s, 2H), 8.27 (m, 2H), 8.18 (s, 

1H), 7.75 (s, 2H), 5.54 (s, 2H), 2.41 (s, 6H), 2.13 (br, 3 H), 1.69 (br dd, 6H). 13C NMR 

(101 MHz, DMSO) δ 173.3, 162.5, 160.3, 150.8, 150.5, 147.3, 142.5, 136.6, 132.9, 130.9, 

130.6, 129.7, 129.2, 129.0, 128.6, 128.2, 124.7, 124.2, 123.6, 123.6, 121.0, 118.1, 67.8, 

66.3, 66.1, 60.2, 57.8, 35.3, 35.2, 29.4, 28.8. IR (ATR): νmax (cm-1) = 2908, 1716, 1657, 

1608, 1558, 1522, 1478, 1417, 1346, 1307, 1275, 1212, 1176, 1130, 1109, 1070, 1034, 

978, 891, 859, 847, 824, 772, 737, 716, 698, 681, 657, 538, 513, 491, 462, 431.   

7.6: Anion binding studies 

N
H

O O

N

CF3

CF3
OO

NO2
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All tetrabutylammonium halide salts (TBAX) and the receptors were lyophilised before 

use, and halide salts were stored under vacuum in a dessicator. Solutions of the TBA salts 

were made up in DMSO-d6, which was dried over 3Å molecular sieves before use, to a 

concentration of 300 mM. An aliquot of stock solution of receptor in DMSO-d6 was 

diluted to 1 mL (2.5 mM). 600 μL of this solution was added to an NMR and the 1H NMR 

spectrum was recorded. Subsequent additions of aliquots of TBAX solutions were added 

to the NMR tube and shaken vigorously to ensure homogenisation. This process was 

repeated up to 22 equivalents of halide was reached.  

The 1H NMR spectra were analysed and processed, and stackplots were generated using 

MestReNova 6.0.2 software. A global fitting analysis assuming a 1:1 binding model (or 

in certain instances a 1:2 binding model when indicated by shifts within the obtained 

spectra – 3.27) was employed to provide the binding constant (Ka/M-1), by fitting of the 

chemical shift changes of the NH signals as function of anion concentration using the 

open access BindFit software program. 

7.7: Anion transport experiments (Chapter 2) 

The transport experiments outlined in Chapter 2 were conducted using synthetic vesicles 

made from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), which was 

supplied by Cordon lipids. Chloride concentrations were recorded using an Accumet 

chloride sensitive electrode. The fluorescence data in the HPTS transport assay was 

recorded on an Agilent Cary Eclipse Fluorescence Spectrophotometer using the 

ratiometric probe 8-hydroxypyrene-1,3,6- trisulfonic acid (HPTS). 

POPC was purchased from Corden Lipids and stored as a solution in chloroform (1 g lipid 

in 35 ml). POPC solution was added to a 25 ml round-bottomed flask of known mass and 

the solvent removed under reduced pressure forming a lipid film. The film was dried in 

vacuo overnight and the mass of lipid weighed. The lipid film was re-suspended in a 
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known quantity of internal buffer (INT) containing relevant salts for the experiment and 

buffered to the required pH. This suspension was subjected to 9 freeze-thaw cycles in 

liquid nitrogen before being allowed to rest for 30 minutes. The suspension was extruded 

25 times through a 200 nm polycarbonate membrane forming monodispersed unilamellar 

vesicles. Buffer not encased by the vesicles was replaced by the relevant external buffer 

using a Sephadex® column or dialysis tubing. 

7.8: Cl-/NO3- Exchange ISE Assay (Chapter 2) 

For this set of experiments, POPC lipids were rehydrated by vortexing with an internal 

solution of NaCl (300 mM) buffered to pH 7.2 with sodium phosphate salt buffer (5 mM) 

and prepared using the standard method. The vesicles were then placed in dialysis tubing 

(10 mm) in a solution of NaGlu (300 mM, 2 L) also buffered to pH 7.2 to allow the 

exchange of any unencapsulated NaCl for NaGlu.  

For each measurement the lipid stock solution was diluted with the external buffered 

solution to a standard volume (5.0 mL) with a lipid concentration of 1.0 mM. The test 

compound as a DMSO solution (10 μL) was added to start the experiment and the chloride 

efflux was monitored using a chloride selective electrode. After 5 minutes detergent (50 

μL) was added to lyse the vesicles and the 100% chloride efflux reading was taken at 7 

minutes. 

From these results the % chloride efflux at 270 s was plotted as a function of the 

transporter concentration (mol%, with respect to lipid). The data points were then fitted 

to the Hill equation using Origin 2019:  

𝑦 = 	𝑦. + (𝑦2!3 + 𝑦.)
𝑥4

𝑘4 + 𝑥4 

where y is the % efflux at 270 s and x is the transporter concentration (mol %, with respect 

to lipid). y0 is the % efflux at 270 s obtained for the blank DMSO run, ymax is the maximum 

% efflux value and k and n are the parameters to be fitted. n is the Hill coefficient and k 

is the EC50, 270s. Maximum rates (kmax) were calculated by fitting each individual run to 
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either a exponential decay curve sigmoidal curve (Boltzmann fitting), depending on the 

best fitting, and then determining the maximum gradient of each curve plotted. The rate 

was then averaged across the three repeats. 

7.9: NMDG-Cl HPTS Assay (Chapter 2) 

For this set of experiments, POPC lipids were rehydrated by vortexing with an internal 

solution of NMDG-Cl (100 mM) containing HPTS (1 mM) buffered to pH 7 with HEPES 

(10 mM), and prepared using the standard method. The un-encapsulated HPTS was 

removed by size exclusion chromatography using a Sephadex® G-25 column and an 

external solution eluent that does not contain HPTS. The lipid solution obtained after 

Sephadex® was diluted to a standard volume (usually 5 mL) with the NMDG-Cl (100 

mM) buffered to pH 7 with HEPES, external solution to obtain a lipid stock of known 

concentration. 

The lipid stock was diluted with the external buffer solution to a standard volume (2.5 

mL), to afford a solution with a lipid concentration of 0.1 mM. The compounds were 

added as a DMSO solution (5 μL). To start the experiment, after the addition of the 

compounds, a NMDG base pulse (25 μL, 0.5 M) was added to generate a pH gradient 

across the membrane. After 200 s, detergent (50 μL of Triton X-100 (11 w%) in 

H2O:DMSO (7:1 v/v)) was added to lyse the vesicles and after 5 mins a final reading was 

taken. This value represented 100 % efflux and was used for calibration. The fractional 

fluorescence intensity (If) was calculated using: 

𝐼5 =	
𝑅6 − 𝑅.
𝑅7 − 𝑅.

 

where Rt is the fluorescence ratio at time t, R0 is the fluorescence ratio at time 0 and Rd is 

the fluorescence ratio at the end of the experiment, after the addition of detergent. The 

HPTS exchange assay was performed as described above testing the compounds at 

varying concentrations. From these results the fluorescence ratio at 200 s was plotted as 
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a function of the transporter concentration (mol%, with respect to lipid). The data points 

were then fitted to the Hill equation using Origin 2019:  

𝑦 = 	𝑦. + (𝑦2!3 + 𝑦.)
𝑥4

𝑘4 + 𝑥4 

where y is the If at 200 s and x is the transporter concentration (mol %, with respect to 

lipid). y0 is the If obtained for the blank DMSO run, ymax is the maximum If value and k 

and n are the parameters to be fitted. n is the Hill coefficient and k is the EC50. 

7.10: Cationophore Coupled ISE Assay 

For this set of experiments, POPC lipids were rehydrated by vortexing with an internal 

solution of HEPES buffered potassium chloride (KCl) at pH 7.2, and prepared using the 

standard method. The vesicles were then passed through a Sephadex® column saturated 

with HEPES buffered external potassium gluconate (KGlu) at pH 7.2, which allowed the 

exchange of any unencapsulated KCl for KGlu. The lipid solution obtained after 

Sephadex® was diluted to a standard volume (10 mL) with the external KGlu solution to 

obtain a lipid stock of known concentration 

For each measurement the lipid stock solution was diluted with the external buffered 

solution to a standard volume (5.0 mL) with a lipid concentration of 1.0 mM. Where a 

cationophore (valinomycin or monensin) was used, a 1 mol% DMSO solution of the 

cationophore (0.5 mM, 10 μL) was added to the lipid solution first. Next, the test 

compound as a DMSO solution (10 μL) was added to start the experiment and the chloride 

efflux was monitored using a chloride selective electrode. After 5 minutes detergent (50 

μL) was added to lyse the vesicles and the 100% chloride efflux reading was taken at 7 

minutes. The screening was performed with the transporter alone, the transporter plus 

valinomycin or the transporter plus monensin, to assess the transport mechanism in 

different vesicle conditions. Transport processes coupled to valinomycin show 

electrogenic character and transport processes coupled to monensin show electroneutral 

character. Receptor concentration depended upon transporter activity and is included in 
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the caption for each assay. Maximum rates (kmax(vln) and kmax(mon)) were calculated by 

fitting each individual run to a sigmoidal curve (Boltzmann fitting) and determining the 

maximum gradient. The rate was then averaged for the two repeats. 

7.11: Preparation of POPC vesicles (Chapter 4)  

The internal solution (NaCl 487 mM, sodium phosphate 5 mM) and external solution 

(NaNO3 487 mM, sodium phosphate 5 mM) were prepared using Milli-Q water to 

prevent ion contamination and buffered to pH 7.20. 1-palmitoyl-2-oleoyl- sn-glycero-3-

phosphocholine (POPC) (118 mg) and cholesterol (26 mg) were dissolved in CHCl3 (5 

mL) in a 25 mL round-bottomed flask. The CHCl3 was slowly gently removed using a 

rotary evaporator to form a thin lipid film, which was then dried under vacuum overnight. 

The lipid film was rehydrated by vortexing with 5 mL of the internal solution for 5 

minutes before brief sonication to ensure no lipid was remaining on the interior wall of 

the flask. The lipid solution was subjected to nine freeze-thaw cycles by submerging the 

flask in liquid N2 and lukewarm water, followed by allowing the solution to rest for 30 

minutes. Every 1 mL of the lipid solution was then extruded 27 times through a 200 nm 

polycarbonate membrane to form unilamellar vesicles. The vesicles were then dialysed 

against the external solution overnight to remove unencapsulated NaCl. The vesicles were 

then diluted to 10 mL with the external solution to obtain a stock solution of lipid.  

7.12: Cl-/NO3- exchange assays (Chapter 4)  

In a glass vial, an aliquot of the vesicle solution was diluted to 5 mL using the external 

solution to obtain a solution of 0.5 mM lipid. A micro PTFE stirring bar was added to the 

vial and set to stir at a moderate rate. The chloride ion selective electrode (ISE) was 

calibrated against standard solution of NaCl before using the ISE to monitor Cl- efflux. 

The readings from the electrode reader were allowed to stabilise before initiating the 
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experiment. A negative control using DMSO was added to the lipid solution as to ensure 

that the vesicles displayed no leakage. At T0, a DMSO solution of the receptor was added 

to give a 5 mol % (concentration of the receptor with respect to the lipid) solution. The 

electrode reader was set to record the mV at 5 second intervals. At t=300, a solution of 

Triton X-100 (11 wt% in H2O:DMSO 7:1 v:v) was added to lyse the vesicles to determine 

100% Cl- efflux. Experiments were each repeated in triplicate, and all traces are the 

average of three trials.  

7.13: Staphylococcus aureus culture conditions 

S. aureus (ATCC33951) was cultured at 37 oC in Nutrient broth (Oxoid), in an orbital 

shaker at 200 rpm. Stocks were kept on nutrient agar, stored at 4 oC for up to 2 months, 

or as glycerol stocks (50/50 glycerol:culture), stored at -70 oC indefinitely.  

7.14: Methicillin-resistant Staphylococcus aureus culture conditions 

Methicillin-resistant S. aureus (clinical isolate – St. James’ University Hospital, Dublin) 

was cultured at 37 oC in Nutrient broth (Oxoid), containing 25 µg/mL Ampicillin in an 

orbital shaker at 200 rpm. Stocks were kept on nutrient agar containing 25 µg/mL 

Ampicillin, stored at 4 oC for up to 2 months, or as glycerol stocks (50/50 

glycerol:culture), stored at -70 oC indefinitely. 

7.15: Pseudomonas aeruginosa culture conditions 

Pseudomonas aeruginosa (PA01) was cultured at 37 oC in Nutrient broth (Oxoid), in an 

orbital shaker at 200 rpm. Stocks were kept on nutrient agar, stored at 4 oC for up to 2 

months, or as glycerol stocks (50/50 glycerol:culture), stored at -70 oC indefinitely.  

7.16: Escherichia coli culture conditions 

Escherichia coli (clinical isolate – St. James’ University Hospital, Dublin) was cultured 

at 37 oC in Nutrient broth (Oxoid), in an orbital shaker at 200 rpm. Stocks were kept on 
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nutrient agar, stored at 4 oC for up to 2 months, or as glycerol stocks (50/50 

glycerol:culture), stored at -70 oC indefinitely.  

7.17: Klebsiella pneumoniae culture conditions 

Klebsiella pneumoniae (bla-Vim1) was cultured at 37 oC in Nutrient broth (Oxoid), 

containing 50 µg/mL Ampicillin in an orbital shaker at 200 rpm. Stocks were kept on 

nutrient agar containing 50 µg/mL Ampicillin, stored at 4 oC for up to 2 months, or as 

glycerol stocks (50/50 glycerol:culture), stored at -70 oC indefinitely. 

7.18: Toxicity assays 

 Bacterial cultures were brought to early stationary phase overnight, in nutrient broth 

(containing 25/50 µg/mL Ampicillin for MRSA/K. pneumoniae, respectively) at 37 °C. 

Cultures were diluted to an OD600 =  0.01. Aliquots of Culture (100 µl) were added to 

100 µL serially diluted compound (200 – 0.78 µM) in nutrient broth in a 96-well plate 

(Sarstedt, Germany). Plates were incubated at 37 °C for 24 h and growth was measured 

at 600 nm, where growth was measured and represented relative to control.  

7.19: Galleria mellonella toxicity studies 

To ascertain inherent compound toxicity, 10 healthy G. mellonella larvae were selected 

and weighed ensuring to keep larval weight approx. 0.25 g (+ 0.05 g). This constituted 

one sample set for experiments. Larvae were injected into the left hind pro-leg with 20 

µL of a 50% DMSO/PBS stock of the respective compound to bring the haemolymph 

concentration to that which is required. An injection of sterile PBS served as a negative 

control. Larvae were subsequently monitored for up to 96 hours, for signs of toxicity, 

melanisation and death.  

To ascertain the ability of compounds to prolong larval survival, larvae were selected as 

previous, but were injected with a dose of the respective pathogen (20 µL), to induce 50% 

population death over 24 hr (LD50). After allowing for establishment of infection (30 
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mins), larvae were again injected with a stock solution of the respective compound to 

being the haemolymph concentration to that required. Larvae were again monitored for 

up to 96 hrs, for signs of melanisation, death, and toxicity. Each sample set (n = 10), was 

repeated in triplicate using larvae of differing origins but consistent mass. All statistical 

analysis was carried out using the Graphpad Prism software. 

7.20: MQAE chloride influx assay 

From an overnight culture brought to stationary phase (OD600 = ~1.0) was taken samples, 

brought to an OD600 = 0.2, which were treated with N-Ethoxycarbonylmethyl-6-

methoxyquinolium Bromide (MQAE) (10 mM) for 1 h at 37 0C. Subsequently, cells were 

washed with & resuspended in PBS. 2 mL of samples were taken & transferred to a 

fluorescence cuvette, whereupon fluorescence was read (λexc = 350 nm (slit width = 5 nm) 

λem = 460 nm (slit width = 5 nm)) using a Cary Eclipse Fluorescence Spectrophotometer 

(Agilent Technologies). Subsequently samples were treated with the Compound of 

interest for 5 mins whereafter fluorescence was measured as previous, with intensity 

plotted relative to control, or measured over the course of 2 hrs, starting at T0 (upon 

addition of compound). Alternatively, 200 µL aliquots of cell suspension were added to 

a 96-well plate, to the desired quantity, and were either untreated (control), or treated with 

the compound of interest for 5 mins, whereafter fluorescence was read using a BMG 

Labtech Clariostar Plus platereader, and plotted relative to control.  

7.21: MTT assay 

From an overnight culture of S. aureus brought to stationary phase (OD600 = ~1.0), was 

taken samples which were diluted to an OD600 = ~0.2 in either Hank’s buffered salt 

solution, Cl- free HBSS buffer, or Na+ free buffer. Samples were treated with the 

respective compound for 5 h at 37 0C. Subsequently, Cell densities for each of the samples 

were standardised to an OD600 = 0.15, in the relevant buffer system. To each sample was 

added Triphenyl Tetrazolium Chloride (TTC), to a final concentration of 0.5 mg/mL. 100 
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µL of each sample was placed into the wells of a 96-well place in 8 replicates. Samples 

were incubated at 37 0C for 18 h, and subsequently supernatant was removed from each 

well, taking care as to not disturb the Formazan precipitate. To each well was then added 

100 µL DMSO, with repeated pipetting to solubilise precipitate. Samples were read using 

a microplate reader at 550 nm & plotted as percentage cell viability relative to control. 

7.22: Fluorescence microscopy 

1 mL aliquots of an overnight culture brought to early stationary phase (OD600 = ~1.0) 

were centrifuged at 13000 rpm for 5 min to pellet cells. Supernatant was discarded & cells 

were washed with 2 x 1 mL PBS. Subsequently, cells were resuspended in 1 mL PBS, 

and treated with a the respective fluorophore or compound of interest at the specified 

concentration or range thereof. Samples were incubated in the dark at 37 oC for 30 mins. 

Cells were pelleted by centrifugation at 13000 rpm for 2 mins. The afforded pellets were 

washed with 1 mL PBS, & finally resuspended in 100 µL PBS (confocal microscopy) or 

Prolong Gold antifade mountant solution (STED), of which 10 µL was mounted atop 

microscope slides, followed by the placement of an appropriate coverslip for STED or 

confocal and sealed with nail varnish, ensuring to minimise bleeding of the varnish into 

the sample. Slides were stored in the absence of light until processed and imaged.  

Confocal and STED images were acquired using the 3D STED Falcon (objective: Leica 

HC PL APO CS2 100X/1.40 oil immersion). White light laser was used to excite the 

fluorophores with a max power of 0.00347 mW used close to the focal plane. STED DL 

775 nm with a max power of 24.7 mW (30%) was used. Images were processed using 

LASX, LASX Falcon (FLIM) software, and ImageJ.  

Scanning speed of 200 Hz was used for all images. Fluorophores were excited at lexc (nm) 

(power 0.4–1.4%), Fluorophores were imaged using CLSM, FLIM, FLIM-STED (DL 

30%), and TauSTED mode (τ-strength 80, denoise 100, time gate 0.5–6 ns) was used for 

the HyD detector to filter pixels using the phasor signature produced for each STED 
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image. STED 3D images of 4.48 were taken using the HyD in TauSTED mode (τ-strength 

80, denoise 100, time gate 0.5–6 ns).  

Quantification of fluorescence intensity was carried out upon deconvoluted images, using 

ImageJ. Regions of interest within images were identified based upon morphological 

considerations, and clearly identifiable markers, i.e. cytosolic and membrane regions. In 

certain instances, prior to quantification, brightfield microscopy was used to determine 

the specific location of desired ROI. All quantification, statistical analysis and graphics 

generation in this case was carried out using Graphpad Prism 1.8.0.1.  

7.23: Label free quantitative proteomics sample preparation 

1 mL of S. aureus cultures grown to stationary phase (overnight, OD600 = ~1.0) was 

taken and aliquoted into replicate samples of fresh media, supplemented with compound 

2.25 at a concentration of 3 µM. Controls were also prepared as per previously outlined 

(no treatment). Cultures were the incubated, with agitation for 6 h at 37 0C, whereupon 

early stationary phase was reached. 

For repetition experiments, experiment was carried out as previous; with the addition of 

a variation of media. Conditions for the repetition included; Nutrient broth with no 

treatment, Hanks buffered salt solution (Chloride-free) with no treatment, and Hanks 

buffered salt solution (Chloride-free) with 3 µM treatment.  

Subsequently – proteins were extracted as per literature, with minor modifications282. 

Isolated cells were treated with a lysis cocktail containing; 8M Urea, 2M Thiourea, 50mM 

PMSF, Aprotinin, Leupeptin, Pepstatin A, & TLCK (all 1 mg/mL). Cell debris was 

removed via centrifugation (9000G for 5 mins). Protein quantities were ascertained via 

Bradford-protein binding assay & subsequently precipitated from acetone overnight (-20 

oC).  

Acetone was discarded & 25 µL resuspension buffer was added to each (8M Urea, 2M 

Thiourea, 0.1 M Tris-HCl dissolved in ddH2O, adjusted to pH 8.0). 2 µL aliquots of 
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resuspended proteins were quantified using the Invitrogen Qubit™ system. To remaining 

samples was added 50 mM Ammonium Bicarbonate, & samples were reduced and 

alkylated through the addition of 0.5 M DTT, & 0.5 M Iodoacetamide, respectively. Each 

with 20 min incubation between in the absence of light. Proteins were then digested 

through the addition of sequencing-grade Trypsin (0.5 µg/mL), with incubation overnight 

at 37 oC. 1 µL TFA was added to inhibit proteolytic action. After 5 min incubation at rt, 

samples were centrifuged at 13000G for 10 min. Subsequently, peptides were purified 

using C-18 spin columns, and dried using a SpeedyVac sample concentrator, at 39 oC 

over 2-3 h. In preparation for mass-spec analysis samples were resuspended, with 

sonication, in 2% MeCN and 0.05% TFA, followed by centrifugation at 15500G for 5 

min. Supernatant was transferred to mass spectrometry vials for analysis.  

7.24: Mass spectrometry (LFQ proteomics) 

S. aureus digested protein samples (0.75 µg) were loaded onto a Q-Exactive Mass 

Spectrometer (Thermo fisher Scientific) attached to a Dionex UltimateTM 3000 

(RSLCnano) chromatography system. In order to separate peptides, an acetonitrile 

reverse phase gradient at 250 nL/min for 65 mins was passed through a BioBasicTM C-18 

PicoFritTM column (100 mm length, 75 mm inner diameter). Mass spectrometer was 

operated in automatic dependent switching mode, in order to acquire all available data. 

Hi-res MS scans (300-200 Da) were performed using an Orbitrap set to select for the 15 

most abundant ions prior to MS/MS.  

Protein-peptide matching & identification, & LFQ normalisation of  MS/MS data was 

carried out using MaxQuant  version 2.0.1.0 (https://maxquant.org/) following previously 

outlined protocols391. The endogenous Andromeda search engine found in MaxQuant was 

used to match MS/MS data against a S. aureus 33591 UniProt-SWISS-PROT database412. 
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7.25: Data analysis (LFQ proteomics) 

Following a procedure previously outlined413, general data processing & graphics 

generation was carried out on Perseus v.1.6.15.0 (https://maxquant.org/). Proteins not 

observed in at least two of three groups were omitted, & in order to have a total data set 

– missing data was imputed with values which mimic low abundance proteins randomly 

selected from a normal distribution. This was specified as a downshift of 1.8 times the 

mean SD of all measured values with an accepted width of 0.3. Following this, two 

sample t tests were carried out on data with a cut-off of p < 0.05. For clarity & 

representation – protein names & biological function for each was retrieved by searching 

the UniprotID database (www.uniprot.org).  

7.26: Propidium iodide assay 

1 mL aliquots of S. aureus cultures brought to early stationary phase overnight were 

brought to an OD600 = 0.2 and 100 µL of this suspension was added to 96 well plates, 

whereafter 100 µL of PBS containing; no compound (- control), or compound (2x desired 

concentration) was added to the suspension. The resultant mixture was incubated at 37 

oC for 2 hr whereafter fluorescence intensity from PI (DNA bound form) was quanitified 

(lexc/em = 535/615 nm) using a Clariostar plate reader. In the case of time course 

experiments, Measurement cycles were set for two hours, following addition of the 

respective compound (T0). Fluorescence was subsequently plotted as F/F0.  

7.27: DNA release luminescence assay 

1 mL aliquots of S. aureus cultures brought to early stationary phase were standardised 

to an OD600 = 0.5, and treated with the respective compound at 37 oC for 1 hr in the 

absence of light, with agitation at 200 rpm. Subsequently, cells were centrifuged at 15000 

rpm for 10 mins, and the supernatant was isolated, and placed on ice. To the supernatant 

was added Ru(dppz)(phen)2Cl2 (10 µM) and samples were incubated for 15 mins in the 
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absence of light. Following incubation, luminescence intensity from the 3MLCT band of 

the complex was quantified (lem = 620 nm), and plotted relative to untreated and cell-free 

media.  

7.28: Statistical analysis of biological data 

All biological experiments were carried out in triplicate, making use of cells of differing 

origins, on three independent occasions. With experiments concerning the use of 96-well 

plates, all experiments were carried out as three biological replicates of eight technical 

replicates. All data is presented as the mean + SEM of each replicate, unless specified 

otherwise. All statistical analysis and significance determination was carried out using 

the Graphpad Prism 8.0.1 software package.
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Figure A1: 1H NMR spectrum of 2.22 in DMSO-d6. 
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Figure A2: 13C NMR spectrum of 2.22 in DMSO-d6. 

 

Figure A3: 1H NMR spectrum of 2.23 in DMSO-d6. 
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Figure A4: 13C NMR spectrum of 2.23 in DMSO-d6. 

 

 

Figure A5: 1H NMR spectrum of 2.24 in DMSO-d6. 



Appendix 

 337 

 

Figure A6: 13C NMR spectrum of 2.24 in DMSO-d6. 

 

Figure A7: 1H NMR spectrum of 2.25 in DMSO-d6. 
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Figure A8: 13C NMR spectrum of 2.25 in DMSO-d6. 

 

Figure A9: 1H NMR spectrum of 2.26 in DMSO-d6. 
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Figure A10: 13C NMR spectrum of 2.26 in DMSO-d6. 

 

Figure A11: 1H NMR spectrum of 2.27 in DMSO-d6. 
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Figure A12: 13C NMR spectrum of 2.27 in DMSO-d6. 

 

Figure A13: 1H NMR spectrum of 3.16 in DMSO-d6. 
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Figure A14: 13C NMR spectrum of 3.16 in DMSO-d6. 

 

 

Figure A15: 1H NMR spectrum of 3.17 in DMSO-d6. 
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Figure A16: 13C NMR spectrum of 3.17 in DMSO-d6. 

 

 

Figure A17: 1H NMR spectrum of 3.19 in DMSO-d6. 
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Figure A18: 13C NMR spectrum of 3.19 in DMSO-d6. 

 

 

Figure A19: 1H NMR spectrum of 3.20 in DMSO-d6. 



Appendix 

 344 

 

Figure A20: 13C NMR spectrum of 3.20 in DMSO-d6. 

 

Figure A21: 1H NMR spectrum of 3.22 in DMSO-d6. 
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Figure A22: 1H NMR spectrum of 3.25 in DMSO-d6. 

 

Figure A23: 1H NMR spectrum of 3.26 in DMSO-d6. 
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Figure A24: 1H NMR spectrum of 3.27 in DMSO-d6. 

 

Figure A25: 13C NMR spectrum of 3.27 in DMSO-d6. 
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Figure A26: COSY NMR spectrum of 3.27 in DMSO-d6. 

 

Figure A27: HSQC NMR spectrum of 3.27 in DMSO-d6. 
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Figure A28: HMBC NMR spectrum of 3.27 in DMSO-d6. 

 

Figure A29: 15N-HMBC NMR spectrum of 3.27 in DMSO-d6. 
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Figure A30: 1D TOCSY NMR spectrum of 3.27 in DMSO-d6. 

 

 

Figure A31: 1H NMR spectrum of 3.28 in DMSO-d6. 
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Figure A32: 13C NMR spectrum of 3.28 in DMSO-d6. 

 

Figure A33: 1H NMR spectrum of 3.29 in DMSO-d6. 
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Figure A34: 13C NMR spectrum of 3.29 in DMSO-d6. 

 

Figure A35: 1H NMR spectrum of 4.28 in DMSO-d6. 
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Figure A36: 13C NMR spectrum of 4.28 in DMSO-d6. 

 

Figure A37: COSY NMR spectrum of 4.28 in DMSO-d6. 
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Figure A38: HSQC NMR spectrum of 4.28 in DMSO-d6. 

 

Figure A39: HMBC NMR spectrum of 4.28 in DMSO-d6. 
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Figure A40: 1H NMR spectrum of 4.30 in DMSO-d6. 

 

Figure A41: 13C NMR spectrum of 4.30 in DMSO-d6. 
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Figure A42: COSY NMR spectrum of 4.30 in DMSO-d6. 

 

Figure A43: HSQC NMR spectrum of 4.30 in DMSO-d6. 
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Figure A44: HMBC NMR spectrum of 4.30 in DMSO-d6. 

 

Figure A45: 1H NMR spectrum of 4.31 in DMSO-d6. 
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Figure A46: 13C NMR spectrum of 4.31 in DMSO-d6. 

 

Figure A47: 1H NMR spectrum of 4.32 in DMSO-d6. 



Appendix 

 358 

 

Figure A48: 13C NMR spectrum of 4.32 in DMSO-d6. 

 

Figure A49: 1H NMR spectrum of 4.33 in DMSO-d6. 
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Figure A50: 13C NMR spectrum of 4.33 in DMSO-d6. 

 

Figure A51: 1H NMR spectrum of 4.34 in DMSO-d6. 
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Figure A52: 13C NMR spectrum of 4.34 in DMSO-d6. 

 

Figure A53: COSY NMR spectrum of 4.34 in DMSO-d6. 
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Figure A54: HSQC NMR spectrum of 4.34 in DMSO-d6. 

 

Figure A55: HMBC NMR spectrum of 4.34 in DMSO-d6. 
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Figure A56: 1H NMR spectrum of 4.35 in DMSO-d6. 

 

Figure A57: 13C NMR spectrum of 4.35 in DMSO-d6. 
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Figure A58: COSY NMR spectrum of 4.35 in DMSO-d6. 

 

Figure A59: HSQC NMR spectrum of 4.35 in DMSO-d6. 
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Figure A60: HMBC NMR spectrum of 4.35 in DMSO-d6. 

 

Figure A61: 1H NMR spectrum of 4.36 in DMSO-d6. 



Appendix 

 365 

 

Figure A62: 13C NMR spectrum of 4.36 in DMSO-d6. 

 

Figure A63: COSY NMR spectrum of 4.36 in DMSO-d6. 
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Figure A64: HSQC NMR spectrum of 4.36 in DMSO-d6. 

 

Figure A65: HMBC NMR spectrum of 4.36 in DMSO-d6. 
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Figure A66: 1H NMR spectrum of 4.37 in DMSO-d6. 

 

Figure A67: 13C NMR spectrum of 4.37 in DMSO-d6. 



Appendix 

 368 

 

Figure A68: COSY NMR spectrum of 4.37 in DMSO-d6. 

 

Figure A69: HSQC NMR spectrum of 4.37 in DMSO-d6. 
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Figure A70: HMBC NMR spectrum of 4.37 in DMSO-d6. 

 

Figure A71: 1H NMR spectrum of 4.38 in DMSO-d6. 
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Figure A72: 13C NMR spectrum of 4.38 in DMSO-d6. 

 

Figure A73: COSY NMR spectrum of 4.38 in DMSO-d6. 
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Figure A74: HSQC NMR spectrum of 4.38 in DMSO-d6. 

 

Figure A75: HMBC NMR spectrum of 4.38 in DMSO-d6. 
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Figure A76: 1H NMR spectrum of 4.39 in DMSO-d6. 

 

Figure A77: 13C NMR spectrum of 4.39 in DMSO-d6. 
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Figure A78: COSY NMR spectrum of 4.39 in DMSO-d6. 

 

Figure A79: HSQC NMR spectrum of 4.39 in DMSO-d6. 
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Figure A80: HMBC NMR spectrum of 4.39 in DMSO-d6. 

 

Figure A81: 1H NMR spectrum of 4.40 in DMSO-d6. 
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Figure A82: 13C NMR spectrum of 4.40 in DMSO-d6. 

 

Figure A83: COSY NMR spectrum of 4.40 in DMSO-d6. 
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Figure A84: 1H NMR spectrum of 4.41 in DMSO-d6. 

 

Figure A85: 13C NMR spectrum of 4.41 in DMSO-d6. 
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Figure A86: HSQC NMR spectrum of 4.41 in DMSO-d6. 

 

Figure A87: HMBC NMR spectrum of 4.41 in DMSO-d6. 
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Figure A88: 1H NMR spectrum of 4.42 in DMSO-d6. 

 

Figure A89: 13C NMR spectrum of 4.42 in DMSO-d6. 
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Figure A90: COSY NMR spectrum of 4.42 in DMSO-d6. 

 

Figure A91: HSQC NMR spectrum of 4.42 in DMSO-d6. 
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Figure A92: HMBC NMR spectrum of 4.42 in DMSO-d6. 

 

Figure A93: 1H NMR spectrum of 4.43 in DMSO-d6. 
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Figure A94: 13C NMR spectrum of 4.43 in DMSO-d6. 

 

Figure A95: COSY NMR spectrum of 4.43 in DMSO-d6. 



Appendix 

 382 

 

Figure A96: HSQC NMR spectrum of 4.43 in DMSO-d6. 

 

Figure A97: HMBC NMR spectrum of 4.43 in DMSO-d6. 
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Figure A98: 1H NMR spectrum of 4.44 in DMSO-d6. 

 

Figure A99: 13C NMR spectrum of 4.44 in DMSO-d6. 
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Figure A100: 1H NMR spectrum of 4.45 in DMSO-d6. 

 

Figure A101: 13C NMR spectrum of 4.45 in DMSO-d6. 
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Figure A102: 1H NMR spectrum of 4.47 in DMSO-d6. 

 

Figure A103: 13C NMR spectrum of 4.47 in DMSO-d6. 
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Figure A104: COSY NMR spectrum of 4.47 in DMSO-d6. 

 

Figure A105: HSQC NMR spectrum of 4.47 in DMSO-d6. 
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Figure A106: 1H NMR spectrum of 4.48 in DMSO-d6. 

 

Figure A107: 13C NMR spectrum of 4.48 in DMSO-d6. 
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Figure A108: COSY NMR spectrum of 4.48 in DMSO-d6. 

 

Figure A109: HSQC NMR spectrum of 4.48 in DMSO-d6. 
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Figure A110: HMBC NMR spectrum of 4.48 in DMSO-d6. 

 

Figure A111: 1H NMR spectrum of 4.49 in DMSO-d6. 
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Figure A112: 1H NMR spectrum of 5.7 in DMSO-d6. 

 

 

Figure A113: 13C NMR spectrum of 5.7 in DMSO-d6. 
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Figure A114: 1H NMR spectrum of 5.10 in DMSO-d6. 

 

Figure A115: 13C NMR spectrum of 5.10 in DMSO-d6. 
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Figure A116: 1H NMR spectrum of 5.11 in DMSO-d6. 

 

Figure A117: 13C NMR spectrum of 5.11 in DMSO-d6. 
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Figure A118: 1H NMR spectrum of 5.12 in DMSO-d6. 

 

Figure A119: 13C NMR spectrum of 5.12 in DMSO-d6. 
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Figure A120: 1H NMR spectrum of 5.13 in DMSO-d6. 

 

Figure A121: 13C NMR spectrum of 5.13 in DMSO-d6. 
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Figure A122: 1H NMR spectrum of 5.14 in DMSO-d6. 

 

Figure A123: 13C NMR spectrum of 5.14 in DMSO-d6. 
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Figure A124: 1H NMR spectrum of 5.15 in DMSO-d6. 

 

Figure A125: 13C NMR spectrum of 5.15 in DMSO-d6. 
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Figure A126: 1H NMR spectrum of 5.16 in DMSO-d6. 

 

Figure A127: 13C NMR spectrum of 5.16 in DMSO-d6. 
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Figure A128: 1H NMR spectrum of 5.17 in DMSO-d6. 

 

Figure A129: 13C NMR spectrum of 5.17 in DMSO-d6. 
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Figure A130: 1H NMR spectrum of 5.18 in DMSO-d6. 

 

Figure A131: 13C NMR spectrum of 5.18 in DMSO-d6. 
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Figure A132: 1H NMR spectrum of 5.19 in DMSO-d6. 

 

 

Figure A133: 13C NMR spectrum of 5.19 in DMSO-d6. 



Appendix 

 401 

 

Figure A134: 1H NMR spectrum of 5.20 in DMSO-d6. 

 

Figure A135: 13C NMR spectrum of 5.20 in DMSO-d6. 
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Figure A136: 1H NMR spectrum of 5.22 in DMSO-d6. 

 

 

Figure A137: 13C NMR spectrum of 5.22 in DMSO-d6. 
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Figure A138: 1H NMR spectrum of 1.52 in DMSO-d6. 

 

Figure A139: 13C NMR spectrum of 1.52 in DMSO-d6. 
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Figure A140: COSY NMR spectrum of 1.52 in DMSO-d6. 

 

Figure A141: HSQC NMR spectrum of 1.52 in DMSO-d6. 
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Figure A142: HMBC NMR spectrum of 1.52 in DMSO-d6. 

 

Figure A143: 1H NMR spectrum of 5.25 in DMSO-d6. 
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Figure A144: 13C NMR spectrum of 5.25 in DMSO-d6. 

 

 

Figure A145: 1H NMR spectrum of 5.31 in DMSO-d6. 
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Figure A146: 13C NMR spectrum of 5.31 in DMSO-d6. 

 

Figure A147: IR spectrum of 2.22 
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Figure A148: IR spectrum of 2.23 

 

Figure A149: IR spectrum of 2.24 
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Figure A150: IR spectrum of 2.25 

 

Figure A151: IR spectrum of 2.26 
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Figure A152: IR spectrum of 2.27 

 

Figure A153: IR spectrum of 3.17 
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Figure A154: IR spectrum of 3.19 

 

Figure A155: IR spectrum of 3.20 
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Figure A156: IR spectrum of 3.25 

 

Figure A157: IR spectrum of 3.26 
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Figure A158: IR spectrum of 3.27 

 

Figure A159: IR spectrum of 3.28 
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Figure A160: IR spectrum of 3.29 

 

Figure A161: IR spectrum of 4.28 
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Figure A162: IR spectrum of 4.30 
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Figure A163: IR spectrum of 4.31

 

Figure A164: IR spectrum of 4.32 
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Figure A165: IR spectrum of 4.33

 

Figure A166: IR spectrum of 4.34 
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Figure A167: IR spectrum of 4.35

 

Figure A168: IR spectrum of 4.37 
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Figure A169: IR spectrum of 4.38

 

Figure A170: IR spectrum of 4.39 
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Figure A171: IR spectrum of 4.40

 

Figure A172: IR spectrum of 4.41 
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Figure A173: IR spectrum of 4.42

 

Figure A174: IR spectrum of 4.43 
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Figure A175: IR spectrum of 4.44

 

Figure A176: IR spectrum of 4.45 

 

Figure A177: IR spectrum of 4.48 
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Figure A178: IR spectrum of 4.49 

 

Figure A179: IR spectrum of 5.12 
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Figure A180: IR spectrum of 5.13 

 

Figure A181: IR spectrum of 5.14 
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Figure A182: IR spectrum of 5.15 
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Figure A183: IR spectrum of 5.16

 

Figure A184: IR spectrum of 5.17 
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Figure A185: IR spectrum of 5.18

 

Figure A186: IR spectrum of 5.19 

 

Figure A187: IR spectrum of 5.20 
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Figure A188: IR spectrum of 5.21 
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Figure A189: IR spectrum of 5.22

 

Figure A190: IR spectrum of 1.52 

 

Figure A191: IR spectrum of 5.31. 
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Figure A192: HRMS of 2.23. 

 

Figure A193: HRMS of 2.24. 

 

Figure A194: HRMS of 2.25. 



Appendix 

 431 

 

Figure A195: HRMS of 2.26. 

 

 

Figure A196: HRMS of 2.27. 

 

Figure A197: HRMS of 3.24. 
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Figure A198: HRMS of 3.25. 

 

Figure A199: HRMS of 3.26. 

 

 

Figure A200: HRMS of 4.28. 

 

Figure A201: HRMS of 4.29. 



Appendix 

 433 

 

Figure A202: HRMS of 4.30. 

 

Figure A203: HRMS of 4.31. 

 

Figure A204: HRMS of 4.32. 
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Figure A205: HRMS of 4.34. 

 

Figure A206: HRMS of 4.35. 

 

Figure A207: HRMS of 4.37. 
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Figure A208: HRMS of 4.38. 

 

Figure A209: HRMS of 4.39. 

 

Figure A210: HRMS of 4.40. 
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Figure A211: HRMS of 4.41. 

 

Figure A212: HRMS of 4.42. 

 

Figure A213: HRMS of 4.43. 
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Figure A214: HRMS of 4.44. 

 

Figure A215: HRMS of 4.46. 

 

Figure A216: HRMS of 4.47. 
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Figure A217: HRMS of 4.48. 

 

Figure A218: HRMS of 4.49. 

 

Figure A219: HRMS of 5.10. 



Appendix 

 439 

 

Figure A220: HRMS of 5.11. 

 

Figure A221: HRMS of 5.13. 

 

Figure A222: HRMS of 5.14. 
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Figure A223: HRMS of 5.15. 

 

Figure A224: HRMS of 5.16. 

 

Figure A225: HRMS of 5.19. 
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Figure A226: HRMS of 5.18. 

 

Figure A227: HRMS of 5.20. 
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Figure A228: 1H NMR Spectrum of 2.24 with 10 equiv. various anion of TBA salts (400 

MHz, DMSO-d6, 298 K). 

 

 

Figure A229: 1H NMR Spectrum of 2.25 with 10 equiv. various anion of TBA salts (400 

MHz, DMSO-d6, 298 K). 
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Figure A230: 1H NMR Spectrum of 2.25 with 10 equiv. various anion of TBA salts (400 

MHz, DMSO-d6, 298 K). 

 

Figure A231: 1H NMR titration of compound 2.24 with TBACl in DMSO-d6 with 0.5 % 

H2O at 298 K. The number of equivalents of TBACl relative to 2.24 is shown. 
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Figure A232: Fitting binding isotherms of compound 2.24 (5.0 mM) with TBACl in 

DMSO-d6 at 298 K, showing the changes in chemical shifts for the 

squaramide NHa proton at δ= 10.25 ppm and CH proton at δ= 5.76 ppm, fitted to the 1:1 

binding model (Ka = 41.19 M-1). 

 

 

Figure A233: 1H NMR titration of compound 2.25 with TBACl in DMSO-d6 with 0.5 % 

H2O at 298 K. The number of equivalents of TBACl relative to 2.25 is shown. 
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Figure A234: Fitting binding isotherms of compound 2.25 (5.0 mM) with TBACl in 

DMSO-d6 at 298 K, showing the changes in chemical shifts for the 

squaramide NHa proton at δ= 10.60 ppm and CH proton at δ= 5.82 ppm, fitted to the 1:1 

binding model (Ka = 201.28 M-1). 

 

 

Figure A235: 1H NMR titration of compound 2.26 with TBACl in DMSO-d6 with 0.5 % 

H2O at 298 K. The number of equivalents of TBACl relative to 2.26 is shown. 
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Figure A236: Fitting binding isotherms of compound 2.26 (5.0 mM) with TBACl in 

DMSO-d6 at 298 K, showing the changes in chemical shifts for the 

squaramide NHa proton at δ= 10.58 ppm and CH proton at δ= 5.83 ppm, fitted to the 1:1 

binding model (Ka = 83.43 M-1). 

 

Figure A237: 1H NMR titration of compound 2.27 with TBACl in DMSO-d6 with 0.5 % 

H2O at 298 K. The number of equivalents of TBACl relative to 2.27 is shown. 
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Figure A238: Fitting binding isotherms of compound 2.27 (5.0 mM) with TBACl in 

DMSO-d6 at 298 K, showing the changes in chemical shifts for the 

squaramide NHa proton at δ= 10.43 ppm and CH proton at δ= 5.79 ppm, fitted to the 1:1 

binding model (Ka = 63.15 M-1). 
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Figure A239: Hill analysis of H+/Cl- symport (or Cl-/OH- antiport) facilitated by 2.24 in 

the NMDG-Cl assay. Each data point is the average of two repeats with the error bars 

showing the standard deviation. A run of pure DMSO was used as a control. 
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Figure A240: Hill analysis of H+/Cl- symport (or Cl-/OH- antiport) facilitated by 2.25 in 

the NMDG-Cl assay. Each data point is the average of two repeats with the error bars 

showing the standard deviation. A run of pure DMSO was used as a control. 
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Figure A241: Hill analysis of H+/Cl- symport (or Cl-/OH- antiport) facilitated by 2.26 in 

the NMDG-Cl assay. Each data point is the average of two repeats with the error bars 

showing the standard deviation. A run of pure DMSO was used as a control. 
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Figure A242: Hill analysis of H+/Cl- symport (or Cl-/OH- antiport) facilitated by 2.27 in 

the NMDG-Cl assay. Each data point is the average of two repeats with the error bars 

showing the standard deviation. A run of pure DMSO was used as a control. 
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Figure A243: 1H NMR stackplot, 5.0 ppm – 13.0 ppm, of receptor 4.31 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

Figure A244: Fitted binding isotherm for the titration of 4.31 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 53 M-1, Error = 3.08 %. 

http://app.supramolecular.org/bindfit/view/466f78bd-4e6a-4a17-ac98-ee4785242dd5 
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Figure A245: Residuals plot of 4.31. 

 

Figure A246: 1H NMR stackplot, 3.8 ppm – 12.5 ppm, of receptor 4.33 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A247: Fitted binding isotherm for the titration of 4.33 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 65 M-1, Error = 1.25 %. 

http://app.supramolecular.org/bindfit/view/be5df785-016f-4233-ba60-3e18f307393d 

 

Figure A248: Residual plot of 4.33. 
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Figure A249: 1H NMR stackplot, 4.0 ppm – 15.5 ppm, of receptor 4.43 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

 

Figure A250: Fitted binding isotherm for the titration of 4.43 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 75.03 M-1, Error = +1.29 %. 

http://app.supramolecular.org/bindfit/view/bbcb93ea-7901-4003-9cee-e00e2792fe39 
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Figure A251: Residual plot of 4.43. 

 

Figure A252: 1H NMR stackplot, 4.0 ppm – 13.0 ppm, of receptor 4.44 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A253: Fitted binding isotherm for the titration of 4.44 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 29 M-1, Error = +2.3 %. 

http://app.supramolecular.org/bindfit/view/f8e1e305-102f-407d-8919-149580259280 

 

Figure A254: Residual plot of 4.44. 
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Figure A255: 1H NMR stackplot, 4.0 ppm – 13.0 ppm, of receptor 4.45 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

Figure A256: Fitted binding isotherm for the titration of 4.45 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 48.66 M-1, Error = +1.5 %. 

http://app.supramolecular.org/bindfit/view/e25942de-c95b-4545-93d4-2b2d894911af 
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Figure A257: Residual plot of 4.45. 

 

Figure A258: 1H NMR stackplot, 4.0 ppm – 12.5 ppm, of receptor 4.48 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A259: Fitted binding isotherm for the titration of 4.48 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 85 M-1, Error = + 0.58 %. 

http://app.supramolecular.org/bindfit/view/51217a46-1d38-489e-b42f-1455eb09ed3f 

 

Figure A260: Residual plot of 4.48. 
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Figure A261: 1H NMR stackplot, 5.5 ppm – 14.5 ppm, of receptor 5.10 with 0.0 – 22.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

 

Figure A262: Fitted binding isotherm for the titration of 5.10 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 234.7 M-1, Error = +1.89 

%.http://app.supramolecular.org/bindfit/view/262a813b-f466-4154-abda-596f9d67e794 
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Figure A263: Residuals plot of 5.10 

 

Figure A264: 1H NMR stackplot, 7.0 ppm – 12.5 ppm, of receptor 5.11 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A265: Fitted binding isotherm for the titration of 5.11 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 263.1 M-1, Error = +2.19 

%.http://app.supramolecular.org/bindfit/view/b7016002-416a-4050-96f8-64b3f8ec9571 

 

Figure A266: Residuals plot of 5.11 
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Figure A267: 1H NMR stackplot, 6.5 ppm – 12.3 ppm, of receptor 5.12 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

Figure A268: Fitted binding isotherm for the titration of 5.12 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 
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titration. Ka = 206.7 M-1, Error = +4.83 

%.http://app.supramolecular.org/bindfit/view/9b018c18-4c22-49d2-901f-88b13e9e2ed5 

 

Figure A269: Residuals plot of 5.12 

 

Figure A270: 1H NMR stackplot, 7.0 ppm – 12.5 ppm, of receptor 5.13 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A271: Fitted binding isotherm for the titration of 5.13 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 201.5 M-1, Error = +7.1 %. 

http://app.supramolecular.org/bindfit/view/5ded008c-1ca5-4e9e-bde1-562755489b61 

 

Figure A272: Residuals plot of 5.13 
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Figure A273: 1H NMR stackplot, 5.5 ppm – 12.5 ppm, of receptor 5.14 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

Figure A274: Fitted binding isotherm for the titration of 5.14 (2.5 X 10-6 M) in the 
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titration. Ka = 44.2 M-1, Error = +1.91 %. 

http://app.supramolecular.org/bindfit/view/d9e050cf-a5e5-480b-bb26-f6f1a6ad4682 

 

Figure A275: Residuals plot of 5.14. 

Figure A276: 1H NMR stackplot, 6.4 ppm – 11.5 ppm, of receptor 5.15 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A278: Fitted binding isotherm for the titration of 5.15 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 138.3 M-1, Error = +1.98 %. 

http://app.supramolecular.org/bindfit/view/e4711eb2-5254-4862-a90a-20d994c8018d 

 

Figure A279: Residuals plot of 5.15 
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Figure A280: 1H NMR stackplot, 7.0 ppm – 9.5 ppm, of receptor 5.16 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 

 

Figure A281: Fitted binding isotherm for the titration of 5.16 (2.5 X 10-6 M) in the 
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titration. Ka = 39.87 M-1, Error = +1.3 %. 

http://app.supramolecular.org/bindfit/view/159ff5a7-31bb-4d50-ab0e-30779b1352e2 

 

Figure A282: Residuals plot of 5.16 

Figure A283: 1H NMR stackplot, 6.8 ppm – 9.5 ppm, of receptor 5.17 with 0.0 – 10.0 

equivalents of TBACl in DMSO-d6/0.5 % H2O. 
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Figure A284: Fitted binding isotherm for the titration of 5.17 (2.5 X 10-6 M) in the 

presence of increasing concentrations of Cl- in DMSO-d6/0.5% H2O. The data is fitted 

to a 1:1 binding model and shows the chemical shift of the NH signals throughout the 

titration. Ka = 87.15 M-1, Error = +1.79 %. 

http://app.supramolecular.org/bindfit/view/dd3aa954-9aa8-4d9d-9d0e-efb40f7bf910 

 

Figure A285: Residuals plot of 5.17 
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Figure A286: Analytical HPLC trace of 4.31 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 

 

Figure A287: Analytical HPLC trace of 4.32 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 
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Figure A288: Analytical HPLC trace of 4.33 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 

 

Figure A289: Analytical HPLC trace of 4.43 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 
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Figure A290: Analytical HPLC trace of 4.44 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 

 

Figure A291: Analytical HPLC trace of 4.45 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 
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Figure A292: Analytical HPLC trace of 4.48 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 

 

Figure A293: Analytical HPLC trace of 4.49 (1 mM) upon addition of GSH and DTT 

(10 mM) (90% MeCN/H2O, 0.01% TFA). 
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Table A1: Crystal and refinement parameters for all structures. 

Identificati
on code 2.24 2.25 2.26 2.27 4.31 

Empirical 
formula C25H28N2O3S C27H26F6N2O

3S C25H27N3O5S C26H27F3N2O
3S 

C24H2

0F6N2
O3S2 

Formula 
weight 436.55 572.56 481.55 504.55 562.5

4 
Temperatur

e/K 150 150 150 150 150.0
0 

Crystal 
system monoclinic triclinic monoclinic triclinic mono

clinic 
Space 
group P21/c P-1 P21/n P-1 P21/c 

a/Å 8.5080(6) 9.4606(10) 9.0263(6) 11.8056(6) 16.22
43(7) 

b/Å 25.5106(17) 12.0161(13) 13.4945(8) 13.6246(7) 8.613
4(4) 

c/Å 10.7597(8) 12.3334(12) 19.5601(12) 16.5034(8) 17.34
89(8) 

α/° 90 104.452(4) 90 82.073(2) 90 

β/° 108.635(2) 105.367(4) 101.334(3) 83.085(2) 
98.90
40(10

) 
γ/° 90 91.717(4) 90 70.461(2) 90 

Volume/Å3 2212.9(3) 1302.2(2) 2336.1(3) 2469.9(2) 
2395.
23(19

) 
Z 4 2 4 4 4 

ρcalcg/cm3 1.31 1.46 1.369 1.357 1.560 
μ/mm-1 0.176 0.2 0.181 0.184 0.300 

F(000) 928 592 1016 1056 1152.
0 

Crystal 
size/mm3 

0.24 × 0.18 × 
0.13 

0.31 × 0.14 × 
0.05 

0.3 × 0.19 × 
0.05 

0.36 × 0.24 × 
0.18 

0.18 
× 

0.12 
× 

0.06 

Radiation MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoK
α (λ = 
0.710
73) 

2Θ range 
for data 

collection/° 

6.23 to 
55.404 

4.488 to 
50.988 

5.212 to 
55.248 

4.252 to 
53.152 

5.082 
to 

52.80
6 

Index 
ranges 

-11 ≤ h ≤ 11, 
-33 ≤ k ≤ 33, 
-14 ≤ l ≤ 13 

-11 ≤ h ≤ 10, 
-14 ≤ k ≤ 14, 
-14 ≤ l ≤ 14 

-10 ≤ h ≤ 11, 
-17 ≤ k ≤ 17, 
-25 ≤ l ≤ 24 

-14 ≤ h ≤ 14, 
-17 ≤ k ≤ 17, 
-20 ≤ l ≤ 20 

-20 ≤ 
h ≤ 

20, -
10 ≤ 
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k ≤ 
10, -
21 ≤ l 
≤ 21 

Reflections 
collected 24395 12922 24218 40431 4111

4 

Independen
t reflections 

5138 [Rint = 
0.0802, 
Rsigma = 
0.0578] 

4824 [Rint = 
0.0637, 
Rsigma = 
0.0837] 

5407 [Rint = 
0.0799, 
Rsigma = 
0.0721] 

10250 [Rint = 
0.0733, 
Rsigma = 
0.0681] 

4892 
[Rint 

= 
0.092

2, 
Rsigma

 = 
0.059

5] 
Reflections 
observed 

[I>=2σ (I)] 
3370 2500 3085 6077 - 

Data/restrai
nts/paramet

ers 
5138/1/288 4824/9/408 5407/1/323 10250/2/657 4892/

1/340 

Goodness-
of-fit on F2 1.006 1.032 1.017 1.023 1.041 

Final R 
indexes 

[I>=2σ (I)] 

R1 = 0.0493, 
wR2 = 0.1041 

R1 = 0.0809, 
wR2 = 0.1986 

R1 = 0.0631, 
wR2 = 0.1458 

R1 = 0.0587, 
wR2 = 0.1279 

R1 = 
0.060

8, 
wR2 

= 
0.124

1 

Final R 
indexes [all 

data] 

R1 = 0.0923, 
wR2 = 0.1268 

R1 = 0.1591, 
wR2 = 0.2502 

R1 = 0.1293, 
wR2 = 0.1822 

R1 = 0.1193, 
wR2 = 0.1568 

R1 = 
0.101

3, 
wR2 

= 
0.143

0 
Largest 

diff. 
peak/hole / 

e Å-3 

0.26/-0.37 0.54/-0.58 0.58/-0.48 0.58/-0.43 0.84/-
0.64 

 


