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Abstract

Anions play a crucial role in both biological and environmental contexts to such
an extent where the absence or the overabundance of anions can lead to severe
health implications and environmental concerns. The recognition of the universal
significance of anions has led to an explosion of research in the field of
supramolecular chemistry, resulting in a solid foundation of the principles of
synthetic anion receptors and transporters. Indeed, synthetic anion transporters
show particular promise in medicinal chemistry where they are being developed
as new approaches for anti-cancer agents, anti-microbials and as novel Cystic
Fibrosis treatments. This thesis focuses on the use of squaramides as an anion
binding motif, where novel recognition motifs, stimuli responsive transport, and

selective anion sensing is explored.

The thesis commences with a literature review and introductory chapter
that outlines the aims and objectives of the research. Chapter 2 details the design
and synthesis of squaramides featuring an N-acyl linkage, termed ‘amido-
squaramides’. These novel compounds were investigated as potential anion
binding units via a combination of experimental and computational techniques
where it was shown that the amido-squaramides exist in the anti/syn
conformation due to the presence of an intramolecular H-bond. The receptors’
anion binding abilities were assessed and were shown to selectively bind to CI-
via H-bond formation in a 1:1 binding mode. Finally, the receptors were found not
to display anionophoric activity at pH 7.20, but at pH 4.20, anion transport was
observed to ‘switch on’. This established amido-squaramides as pH-switchable

anion transport units.

The 3 Chapter details attempts to synthesise tertiary squaramides,
featuring enzyme- and fluoride- responsive triggers. This chapter reports four
novel secondary amines, featuring a nitrobenzyl moiety, and triisopropylsilyl ether
moiety and also outlines several synthesis optimisation studies to obtain the
tertiary squaramides. Synthetic problems were encountered during the
experimental work that prevented successful synthesis of the target molecules,
however, it is envisaged that future work may focus on the use of metal-based

catalysis to generate the desired stimuli-responsive anion transporters.



Abstract

The 4™ Chapter outlines the development and application of a squaramide
based chemosensor. A small family of squaramidoquinoxalines were synthesised
via a one-step synthesis. X-ray crystallographic analysis demonstrated the
tendency of the squaramidoquinoxalines to participate in a number of
intermolecular interactions and displayed selective sensing of F~ over other halide
anions, resulting in visible to the naked-eye colour change from pink-red to green
to yellow. Experimental and theoretical results suggest that the colourimetric
change is brought about by two distinct deprotonation events. The
squaramidoquinoxalines were also incorporated into test strips that allowed for

the rapid and naked-eye detection of F~ in aqueous media.
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Chapter 1

1 Introduction

The International Union of Pure and Applied Chemistry (IUPAC) defines an
anion as ‘a monoatomic or polyatomic species having one or more elementary
charges of the electron’. Anions are ubiquitous in everyday life, from fluoride in
tap water, nitrates and phosphates in soil fertilisers, sulfates in cosmetic products,
and chloride and bicarbonate both play important roles in our very own
physiology. Anions play roles in maintaining cellular pH,* cellular volume? and in
the formation of membrane potentials, which aid electrical signals to propagate

through our nervous system.

However, an imbalance of anions can result in serious health implications.
Cystic fibrosis,? cardiac ischemic preconditioning, and cardiac arrhythmogenesis*
are diseases brought about by the malfunctioning of anion transport channels in
epithelial or cardiac cells, respectively. Furthermore, metabolic acidosis can be
induced from a lack of bicarbonate in blood serum, which can cause loss of bone

density, muscle wasting, and in severe cases death.®

An imbalance of anions also has negative impacts outside of human
biology. Excess nitrates and phosphates from crop fertilisers leech into rivers and
lakes which then leads to their eutrophication, causing a deficiency of oxygen in
the bottom waters, further resulting in the death of aquatic animals and loss of
biodiversity.® Sulfates are known to interfere with the vitrification process and safe

storage of nuclear waste.”8

Due to the recognition of the biological relevance of anions, the selective
recognition, sensing, and transport of anions has become a rapidly developing
area of research. Indeed, these topics have become firmly entrenched in the area
of supramolecular chemistry, as evidenced by the large number of review papers

detailing the significant advances in the field.®

In this chapter, the significance of anions in a biological context will be
further discussed, from their physiological role to their implication in various
diseases. The significant advances made in the fields of anion recognition,
sensing and transport will be examined in detail and the aims of this research

project will also be outlined.
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1.1 Anions in a Biological Context

This section will detail the physiological role of anions, how they are recognised,
bound, and transported in a biological setting, and the diseases that occur when
anion homeostasis is perturbed. This will give important context as to why the
field of anion recognition and transport is a burgeoning field in supramolecular
chemistry. It will also lay the foundation of the common themes and chemical
moieties seen in later in the chapter, describing where and how scientists drew
inspiration from nature in their quest to synthesise anionophores to act as

potential treatments for illness caused by malfunctioning anion channels.

1.1.1 Physiological Role of Anions

The physiology of anions is extremely important in the regulation of cellular
function. A large majority of biotransformations either act on anionic substrates
or involve anionic co-factors. The following section, while non-exhaustive
provides several examples - from the oxygenation of red blood cells to the

production of energy within cells

A process known as the chloride shift, or Hamburger phenomenon, occurs
when bicarbonate (HCO3") and chloride (CI) exchange across the membrane of
red blood cells. As CO:2 is produced as a by-product of metabolism it gets
converted to carbonic acid (H2COs) by carbonic anhydrase (Equation 1.1).
Carbonic acid then dissociates to form bicarbonate and hydrogen ions (H*). This
decrease in CO2 concentration causes more COz to diffuse into the red blood cell,
allowing for more CO:2 to be carried by cell. The membrane of red blood cells is
permeable to HCO3s but not to H*. Due to the rise of HCOs  concentration,
bicarbonate diffuses down a concentration gradient out of the cell as CI- influxes
into the red blood cell to prevent a build-up of electric potential on the inside of

the cell.10

Carbonic Spontaneous
Anhydrase dissociation

CO, + H,0 =~ H,CO, >  HCO, +H*

y y

Equation 1.1. The conversion of carbon dioxide and water to bicarbonate and hydrogen ion.
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This process can occur in the opposite direction during the oxygenation of
red blood cells in the capillaries of the lungs. When CO: is released from
haemoglobin (Hb), H* ions are also released into the cytoplasm which allows for
carbonic anhydrase to convert HCOs and H* back into CO2 and H20. The drop
in bicarbonate concentration causes chloride to efflux out of the red blood cell

and for bicarbonate to influx in. This is represented schematically in Figure 1.1.

Figure 1.1. Diagram illustrating the chloride shift in red blood cells.

Chloride is a strong allosteric effector for Hb, altering the Hb from relaxed
form (R) to taut (T) form, lowering its affinity for O2. A study concluded that
chloride binds to no specific site within Hb but rather resonates between cationic
residues and reduces electrostatic repulsions — stabilising the T form of Hb.*! The
T form has a lower affinity for Oz as there is an increase in binding sites which
allows species such as 2,3-bisphosphoglyceric acid to compete for binding sites.
This allows for the unloading of Oz into surrounding tissues.

Cl- is also heavily implicated in Cystic fibrosis (CF) - an inherited and fatal
disease brought about by a mutation of the cystic fibrosis transmembrane
conductance regulator (CFTR) protein. Under normal circumstances, CFTR

allows for passage of CI, along with other halide anions, across the cell

4
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membrane into the cytoplasm. This creates a higher concentration of electrolytes
in the mucus, resulting in water leaving the cell via osmosis.® There have been
several mutations observed that either prevents CFTR from being produced or
causes the protein to degrade rapidly. This loss in CI- transport across
membranes causes a thickening of the mucus in lungs leading to chronic infection
and decreased lung function, vastly reducing the expected life-span of the

patient.'?

Sulfate, a tetrahedral oxyanion, is the fourth most abundant anion in
human plasma and is one of the most important cell nutrients, being the major
source of sulfur in many organisms.3 In human biology, sulfates are crucial in
the formation of mucins - sulfated glycoproteins that are found in mucous
membranes and secretions. It has been proposed that sulfated mucins aid in
protecting mucous membranes from bacterial attack, and the sulfate residues of
these glycoproteins have been implicated in binding to pathogenic bacteria.'*
Mucins with a higher level of sulfation have been found in those that suffer with
CF, compared to those who do not. This higher level of sulfation has been
proposed to be a factor in the higher impact of Pseudomonas aeruginosa on CF

patients.t®

Phosphate is another biologically relevant ion and plays a crucial role in skeletal
development, cell metabolism, energy-transfer, as well as being components of
the cell membrane, DNA and RNA.%¢ Inorganic phosphate (Pi) is involved with
the mineralisation of bone by forming hydroxyapatite crystals by complexing with
calcium inside matrix vesicles (MVs), small structures produced from the plasma
membrane of osteoblasts and chondrocytes. The MVs then propagate into
collagen fibrils to mineralise the extracellular matrix. Chondrocytes are the cells
that produce and maintain cartilage. High levels of Pi in chondrocytes induces
apoptosis which is vital in endochronal ossification — the formation of bone.’
Phosphate has also been identified in regulating gene expression of cyclin D1 and
Dmps, two genes involved in regulating the cell cycle in osteoblasts.'819 A lack of
Pi can lead to the formation of diseases such as rickets and osteomalacia,
diseases that affect bone development, cause bones to lose mineralisation

causing them to soften and break more easily and can cause bone deformities.?°
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NH,
N
e_ I 9 I </ ,\N
0-P-0-P-0-P-0 N //l
e} N
O %o O
HO OH

Figure 1.2. Structure of adenosine triphosphate at pH 7.

Adenosine triphosphate (ATP) (Figure 1.2) is the source of energy within
a cell. It consists of three phosphate units, linked via phosphodiester bonds,
bound to a ribose sugar which in turn is bound to adenine. When ATP undergoes
hydrolysis, it forms adenosine diphosphate (ADP) and releases Pi, sometimes
undergoing a second hydrolysis to form adenosine monophosphate (AMP) and a
second Pi unit. This process is energetically favourable, yielding Gibbs-free
energy of -7.3 cal/mol.?* This provides the energy required for nearly every
energy-demanding process in the cell. In turn, ADP and AMP can activate PFK1
and pyruvate kinase, stimulating further ATP production.

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are nucleic acids
that carry the genetic information needed for all living organisms to build the
proteins needed for the organism’s development, growth, and reproduction. Both
DNA and RNA consist of nucleotides — repeating units containing a nitrogenous
base covalently bonded to a ribose sugar which in turn is bonded to a phosphate
group. The ribose sugar and phosphate make up the backbone of DNA and RNA.
Each phosphate acts as a bridging unit between ribose sugars and their

conjugated nitrogenous base via a phosphodiester bond (Figure 1.3).

“ NH,

\
o) N
o P~0 (/J/\{N
o) \\BOJ/N N/J
0]
é\f

(0)

Figure 1.3. Example of a portion of DNA containing adenine, thymine and guanine linked
together via the phosphate backbone.
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Even the cell membrane’s main component contains anions -
phospholipids are amphiphilic molecules containing a negatively charged
phosphate, a positively charged quaternary ammonium at the head and a long
hydrocarbon tail (Figure 1.4). The four major phospholipids that constitute the cell
membrane in animals are phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine and sphingomyelin. The phospholipids contain three parts —
a glycerol backbone, two long chain fatty acid and a phosphate head group. The
phospholipids arrange themselves into a bilayer with the hydrophobic tails
pointing inward and the hydrophilic head point outwards.??

\® \®
//N ~_ o0 //N ~_ 0.0
O/ \O@ O/ \o@
o~ o~
(@] @] (0] @]
(@] (@]
POPC DPPC

Figure 1.4. Structure of phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and dipalmitoylphosphatidylcholine (DPPC), important components of mammalian cell
membranes.

The above examples illustrate the breath and diversity of anionic species
that perform crucial roles in biology. From the production of energy to the
construction of membranes, life cannot function without anions. The following
section will outline some of the methods nature uses to bind and recognise anions
and will serve as inspiration to the design of anion receptors synthesised as part

of this thesis.
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1.1.2 Anion Binding in Cells

In the cellular environment, there exist proteins that are capable of
recognising and selectively binding various anions. These anion-binding sites
within proteins utilise various non-covalent interactions to bind to their target
anions. A common feature is using charge interactions between the substrate
anion and cationic residues of the protein. For example, arginine residues are
employed to bind to phosphate and guanine of TAR RNA with what is known as
the “arginine fork”.?>?4 The guanidinium NHs act as a two-pronged hydrogen

bond donor, interacting with both the phosphate and the guanine (Figure 1.5).

HoN N ;7’\'
T T
HN | N
2’/ /H
HN, ® H------ o O
\__N’ \ /O
'’ \ P\

Figure 1.5. Arginine binding to phosphate and guanine of TAR RNA.?4
Arginine, lysine, histidine and serine are the most common amino acids
that utilise their side chain in the binding regions.?® The side chains all contain
hydrogen bond motifs such as hydroxyl, amino and imidazole functional groups

that can bind to anionic species (Figure 1.6).

NH 0] o)
X HoN
H,oN ” OH OH
NH, NH,

Arg Lys
O (0]
</N NOH HO/\‘)J\OH
HN NH> NH,
His Ser

Figure 1.6. Arginine, lysine, histidine and serine — the most common amino acids that
use their side chain for anionic binding.
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In the majority of cases, however, the peptide backbone of the protein
forms the binding site with the amide NHs forming hydrogen bonds with the
substrate. For example, apotransferrin is a type of transferrin - an iron transport
protein that binds to Fe(lll), transports it around the body and allows for its cellular
uptake.?®

Apotransferrin has an anion binding site, which evidence suggests, has a
high affinity for carbonate (COs?).26 The carbonate-binding site consists of a
positively charged arginine residue and amide NH groups originating from the
peptide backbone of the protein (Figure 1.7). Spectroscopic and kinetic data
indicates that carbonate-binding occurs before the binding of Fe(lll), implying that
anion-binding has a cooperative role. It is proposed that the carbonate neutralises
any positive charges that may repel the cationic iron and provides two carbonate
oxygens which may act as ligands, aiding in the metal-binding. It is also
postulated that protonation of the carbonate could be the first step in the release

of the iron from the metal-binding site.?’

60 ASPQ

253 His H S

~ N 3 \
\_&\/Nx

SFe-----
92 Tyr o /
% 5
ey
192 Tyr

Figure 1.7. Binding pocket of human iron-lactoferrin.?®

Sulfate-Binding Protein (SBP) is a protein found in Salmonella
typhimurium (S. typhimurium) that acts as an anion transporter for sulfate.?® SBP
binds to sulfate by way of seven hydrogen bonds — five originating from the
peptide backbone, one from the hydroxyl group of serine and the final hydrogen
bond from the indole NH of a tryptophan side-chain (Figure 1.8). As the majority
of the hydrogen bonds come from the peptide backbone, the binding site is

considered rigid which implies that the geometry of the binding site is dependent
9
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on the proper folding of the backbone. The binding site is classed as unusual due

to the lack of positively charged residues and that the bound sulfate is
inaccessible to the bulk solvent.®°

Da
HN
2, 0O )

131Gly O, N-H"

Figure 1.8. Binding pocket of Sulfate-binding Protein found in Salmonella typhimurium.3°

Chloride channel proteins found in Escherichia coli (E. coli) and S.
typhimurium show coordination of chloride to two NH protons of the amide
backbone and two hydroxyl groups from amino acid side chains, tyrosine and

serine (Figure 1.9). This binding site forms a narrow pore which allows for the
selective movement of CI- through the protein.3!

356 lle

107 ser ., ____ 4
K o} TH.
\\\H O
NH I
0] N\j
@ 445 Tyr
109 lle i

Figure 1.9. Binding pocket of the CIC chloride channel found in E. coli and S. typhimurium.3?

10
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As seen in the examples above, nature employs H-bonds to bind anionic
species. The importance of judicious arrangement of the binding motif for strong
and selective binding is also evident. These two factors are important
considerations on the design of synthetic anion receptors. The following section
examines the mechanisms nature uses to facilitate anion transport across lipid

membranes.

1.1.3 Transmembrane Transport of Anions

The transport of anions is critical in maintaining anion homeostasis. The plasma
membrane acts a barrier to maintain the internal composition of the cell due to its
selective permeability. Small polar but neutral molecules, (e.g. H20) small non-
polar molecules, (e.g. benzene), and gases (e.g. O2) are able to diffuse across
the membrane, in what is known as passive diffusion. During passive diffusion, a
molecule can diffuse across the phospholipid bilayer following a concentration
gradient from high to low concentration. Larger polar molecules, such as glucose
or amino acids, and charged species, such as ions, are unable to passively
diffuse across the plasma membrane due to the hydrophobic, non-polar nature
of the interior of the phospholipid bilayer. For such molecules to enter or exit a
cell, they must rely on facilitated diffusion by way of carrier and channel proteins
to do so0.?! The various means by which natures facilitates anion transport are

schematically represented in Figure 1.10.

Figure 1.10. Schematic of four types of ion transport proteins embedded in the plasma
membrane a) ion channel, b) ion transport protein, ¢) gated ion transporter d) anti-port ion
exchanger.

Carrier and channel proteins are proteins embedded into the plasma

membrane of the cell and facilitate transport of molecules across the membrane.
11
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lon transport carrier proteins generally use either ATP or an electrochemical
gradient to transfer its substrates in a particular direction. lon channel proteins
allow for ions to passively diffuse through a pore down an electrochemical
gradient. Most ion channels typically do not allow for ions to freely pass through
the membrane at all times but are ‘gated’, allowing for the regulation of ionophoric
activity. These gates are controlled by various stimuli such as voltage, ligand
binding and cell volume, which open and close the channel by altering the
conformation of the channel. Below, several specific examples of protein anion

transport will be discussed.

1.1.3.1 CIC Proteins

The CIC family of chloride transport proteins was first discovered by Zdebik et al.
in 1990.32 CIC proteins are voltage-gated channels that rely on chloride
concentration and pH to modulate its gating. CIC channels show selectivity for
halide ions in the order of CI- > Br- > I'.3 Even though CIC proteins share the
same basic structure (Figure 1.11), some act as chloride-only channels, while the
others act as chloride/proton exchangers.34* CIC-1, CIC-2, CIC-Ka, and CIC-Kb
function as chloride-only channels and are embedded in the plasma membrane.
CIC-3 to CIC-7 are chloride/proton exchangers and are found localised to

intracellular membranes.36

Figure 1.11. Crystal structure of chloride ion channel, Human CIC-1.37

CIC transporter structures reveal a narrow channel through the protein with

three CI binding sites, Sext which is an external site, Scen is found within the
12
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phospholipid bilayer, and Sint being in contact with the cellular interior.2:38. CIC
transporters commonly contain a glutamate residue in close proximity to Scen and
Sext Which allows for the carboxylate group to competitively bind to the binding
sites with CI.3%40 This glutamate residue is postulated to act as a ‘self-gating’
mechanism while also facilitating proton transfer alongside chloride transfer.
When the gating glutamate is mutated to Ala, GIn or Val, the channel has been
observed to remain it its open state, indicating that the glutamate acts as a self-
gating mechanism for CIC transporters.*! In its anionic form, glutamate blocks the
pore by coordinating to Sext, while Scen and Sint are each occupied by Cl. Upon
protonation of the glutamate, the conformation changes, opening up the pore
(Figure 1.12). This would give rise to the 2:1 CI:H* stoichiometry classically seen
in CIC transporters.*? The importance of the gating glutamate is also seen in CIC-
4, which upon mutation turns the transport protein from CI/H* exchanger to a

passive Cl- conductor.43-44

Figure 1.12. Schematic drawing of the open and closed conformations of a CIC chloride
channel. In the closed state, glutamate occupies Sext blocking the channel. In the open
conformation, the glutamate moves away from Sextto allow CI- binding to the binding site.*

MacKinnon et al. elucidated the structure of CIC-1 using cryo-EM to
establish the transmembrane domain.3” They found, as in other CIC structures,
that CIC-1 contains a selectivity filter due to the pore being narrowly constricted

through the membrane. CIC proteins can be found in a wide range of tissues
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throughout the body though only some of the CIC family have their functions fully

elucidated.

CIC-1 is found nearly exclusively in skeletal muscle and is postulated to
re-polarise muscle fibres following activation of action potentials.*®> CIC-2 can be
found expressed in the brain, lungs, kidney and skeletal muscles where it control
Cl- release into extracellular medium.*¢ CIC-Ka and CIC-Kb are CIC channel
proteins found in the nephrons of the kidney and in the inner ear.#”48 These
channel proteins lack the gating glutamate seen in other CIC proteins and display
different halide selectivity, Br > CI- > I.4° CIC-3 is expressed in most tissues and
is localised in endosomal membranes.5%-5* While the exact function of CIC-3 has
yet to be determined, the reduction of CIC-3 expression has been linked to
inflammatory bowel disease®” and atherosclerosis.®® CIC-5 localisation is
restricted to renal and intestinal epithelia and plays a role in endosomal
acidification.>* CIC-7 is mostly displayed in lysosomes and also found on the
ruffled borders of osteoclasts.®> Despite being the only CIC exchange protein
needing a B-subunit to function, CIC-7 displays characteristic similar to the rest
of the CIC exchange family such as 2CI-/H* stoichiometry, inhibition of transport
activity at low pH and the presence of gating glutamate residues. The exact
physiological function of CIC-7 is yet to be determined but its dysfunction is
implicated in osteopetrosis.

It is evident that CIC proteins are critical in a wide range of physiological
processes. As CIC proteins are found expressed in plasma membranes and
intracellular membranes their roles are diverse, ranging from acidification in
intracellular vesicles and to restore proper polarisation of cells in muscle cells
following action potentials.>® Thusly, dysfunction of CIC proteins lead to several

severe diseases.

Mutations in the CIC-1 gene results in a disease known as myotonia
congenita. As CIC-1 is mainly responsible for Cl- conductance in skeletal muscle,
disruption of CIC-1 activity results in failure to repolarise the muscle fibres. The
lack of repolarisation causes a delay in muscle relaxation after contraction
causing ‘muscle stiffness’.>¢ As myotonia congenita is a congenital disorder can
occur in two forms, Thomsen disease (dominant trait) or Becker disease
(recessive trait). Both diseases result in muscle weakness, skeletal deformities

as well as hypercalcemia and hypermagnesemia.>’
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Disruption in CIC-2 function has been found to cause azoospermia
(degeneration of sperm cells) due to a defect in the transepithelial transport in
Sertoli cells in the testes. Patients with CIC-2 mutations have also been recorded
to display symptoms similar to leukodystrophies, a set of diseases characterised
by the degeneration of white matter in the brain resulting in mental retardation,

muscle rigidity, ataxia and epilepsy.>®

CIC-K plays a role in the absorption of salt and water in the kidneys and
also the cycling of CI- from the epithelium of the inner ear and the interstitial
fluid.#7:5° Bartter syndrome type Il is caused by mutations in CIC-Kb, reducing
salt absorption by the body. This results in hypokalemia and metabolic alkalosis.
Mutations in the gene for barttin cause Bartter syndrome type IV resulting in

congenital deafness combined with the loss of salt reabsorption in the kidneys.°

Mutations in CIC-5 causes Dent’'s disease, which is characterised by
hypercalciuria, hyperphosphaturia, kidney stones, low molecular weight
proteinuria, and nephrocalcinosis.®! Mutations in CIC-5 reduce the acidification of
endosomes while also causing CIC-5 to lose the ability to transport protons.®?
CIC-5 disruption also had a knock-on effect in mice models, where NHEs (Na*/H*
exchanger) and NaPi-2a (Na*/Pi co-transport) also had reduced expression

adding to further reduction of endocytosis in the proximal tubule of the kidney.%3

1.1.3.2 Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

CFTR is another example of an anion transporter protein. It is an ATP-
binding cassette (ABC) transporter that acts as an ion channel, located mainly in
the plasma membrane of epithelial cells in the lungs and intestines.®* The protein
displays a number of positively charged arginine and lysine residues on the extra-
cellular surface and in the transmembrane domain of the ion channel.®® This
positive extra-cellular surface and lining of the pore provides electrostatic
interactions that attract anions into the pore and traffic the anions through the
protein. These positively charged amino acids give CFTR selectivity towards
anions over cations, while the pore size grants selectivity for monovalent over
larger divalent anions but not does display selectivity for monovalent anions. The

order of selectivity with the halide ions is in the order of Br = CI-> |56 Many other
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monovalent anions have been found to permeate through CFTR, including

nitrate, bicarbonate, formate and thiocyanate.®’

As CFTR is localised to epithelial cell surfaces in the lungs and intestines,
its main function is fluid secretion and electrolyte absorption in those tissues.
CFTR is responsible for transporting chloride and bicarbonate as well as
regulating other ion channels such as sodium, potassium, and other chloride
channels.%8%9 As CFTR effluxes CI, the salt concentration of interstitial fluid
increases causing water to be secreted via osmosis or via aquaporins.’® This
secretion of water as an effect of ion transport is essential in maintaining the pH,
thickness, and composition of the airway surface liquid (ASL) of the airways,
which helps to protect the lining epithelia of the airways (schematically
represented in Figure 1.13).”* This process of regulating salt absorption and the
secretion of water by CFTR is seen also in the pancreas and sweat glands.’? As
well as thiocyanate, CFTR has been identified in glutathione transport, both of

which have a critical role in the regulation of immune response in the lungs.”?

Airway Surface Liquid
ASL hydration t

AsL pH | \
[E/

Figure 1.13. Schematic of ion transport in lung epithelia. CFTR (green) effluxes Cl- and HCOs-
into the airway surface liquid while inhibiting ENaC, reducing Na* absorption. HCOs increases
the pH of the ASL and the increased salt concentration drives the secretion of water into the
ASL, increasing its hydration.

Cystic fibrosis is the most common fatal genetic disorder in populations of
Northern European ancestry, with 34 new cases diagnosed in Ireland each
year.”* CF is caused by mutations in the CFTR gene which lead to the absence
or malfunction of the protein. While there are many mutations that may cause CF,
the phenotypes and clinical outcomes remain the same.’® Cystic fibrosis primarily
affects the lungs and their function although, other organs such as the pancreas,

intestines, liver, and kidneys are also effected. Patients that suffer with CF display
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inflammation, chronic lung infections, poor growth, infertility in males, and

premature death.”®

The main cause of premature death in CF patients is due to the lung
pathology. Discussed previously, CFTR is involved with maintaining the ASL in
the airways, which aids in mucociliary clearance — the process where cilia clear
inhaled debris and helps eradicate bacterial infections. The lack of water
secretions caused by non-functioning CFTR leads to severe mucus build-up in
the lungs and, coupled with the depletion of the ASL, decreases patients’ lung

function due to damage to epithelia.”’

1.1.3.3 CI/HCOs Exchange Proteins

CI/HCOs exchange proteins are critical in pH homeostasis and as seen
previously, are involved with the chloride shift in RBCs. CI/HCOs exchange is
performed by two families of membrane proteins called solute carrier transport
proteins (SLC), SLC4 and SLC6.78

SLC4 proteins contain both Na* dependent and independent transporters.
CI/HCOs exchangers are known as Anion Exchange proteins (AE). AE1-AE3 are
Na* independent CI/HCOs exchangers.

AE1, previously known as band 3, is mainly found localised in the
membranes of RBCs, where it facilitates the electroneutral exchange of Cl- and
HCOs™ across the plasma membrane, but also can be found in the kidneys.”
When CO:z2 is converted to HCOs™ by carbonic anhydrase 1l in erythrocytes, AE1
exchanges the bicarbonate for chloride existing in the plasma. In the lungs, this
process is reversed, HCOgs' is exchanged for CI, allowing for the bicarbonate to
be converted back into COz that is exhaled. This process is critical to maintaining
pH homeostasis since a build-up of CO2 would results in acidosis.® In the kidney,
AE1 reabsorbs HCOzs in the renal tubule, acidifying urine. The HCO3s" reabsorbed

here accounts for 5 of the total filtered HCO3".80

AE2 and AE3’s main role is in pH homeostasis by either absorbing or
releasing HCOs into the surrounding tissues. AE2 is the most widely expressed
SLC4 CI-/HCO3- exchanger with the highest expression found in the colon,

kidney, and in acid-secreting cells in the stomach.8! AE2 predominantly partakes
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in pH homeostasis by regulating HCO3" concentration in tissues. In gastric
epithelium, AE2 aids in the secretion of HCI. H*/K*-ATPase secrets H* into the
stomach while AE2 effluxes CI- and absorbs HCOs into the blood stream,
preventing alkalinisation.®? Similarly, AE2 found in osteoclasts removed HCOz
and introduces CI- into the matrix to allow for old bone tissue to be degraded.?
AE3 is mainly located in the heart, brain, retina, and smooth muscle. In

myocardial tissue, AE3 releases HCO3-, regulating the internal pH.84

Similar to the SLC4 family, SLC6 exchangers contribute to pH
homeostasis in a wide variety of tissues, such as the Gl tract, pancreas, sweat

glands, kidneys, stomach, lungs and thyroid glands.”®

SLC26A3 secretes high concentrations of HCO3™ into the pancreatic lumen
while absorbing CI- in the intestinal lumen, a major site for chloride
reabsorption.858 SLLC26A6 is a major CI/HCOz exchanger in the heart ventricles
and is postulated to aid in transport of the high loads of HCO3™ present, due to the
high metabolic rate in the ventricles.8” SLC26A7 is expressed in the gastric
parietal cells which indicate a role in acid secretion.®8 Little investigation has been
performed in the physiological role of SLC26A9 but its presence in the lungs
indicate that it may play a role in the maintenance of the airway surface liquid.8°

Given how vital anion transport across plasma membranes is to correct
physiological function, and the wealth of diseases that result when ion transport
malfunctions, it is unsurprising chemists have sought to mimic the action of
transport proteins through synthetic chemistry. This is an area of chemistry,
specifically supramolecular chemistry, that has stimulated significant research
interest in recent years. The following sections will examine the optimal design
features of a successful anion receptor and give several examples from the

recent literature.

18



Chapter 1

1.2 Anion Binding and Recognition

Whether it be a naturally occurring molecule or a synthetic one, anion receptors
utilise non-covalent interactions to bind to their substrates. In 1968, Simmons and
Park produced ammonium-based macrobicyclic receptors capable of binding CI-
(Figure1.14).%°

Figure 1.14. Structure of ammonium-based macrobicyclic receptor synthesised by Simmons
and Park.

The protonated amines of these receptors pointing into the cavity in
addition to the cationic ammoniums forms a binding pocket, in which chloride
binds with Ka = 4 M. This seminal work is regarded as the first example of a
synthetic anion receptor and the birth of anion receptor chemistry. Since this
landmark contribution, the scope of non-covalent interactions used in anion
receptor chemistry has broadened considerably from electrostatic interactions
including hydrogen bond formation, anion-1r interactions, and halogen bonding to
name but a few. The following sections will discuss several of the anion binding

motifs that have been utilised in synthetic anion receptor design to date.

1.2.1 Anion Binding Motifs

As anions are, by definition, negatively charged it is unsurprising that the first
example of a synthetic anion receptor was cationic. There are several examples
of this approach to anion binding found in literature, however in more recent
years, neutral receptors that employ hydrogen-bond donors became the spotlight

focus in anion receptor chemistry.

19



Chapter 1

1.2.1.1 Electrostatic interactions

Graf et al. added to the ammonium-based cohort of anion receptors by reporting
the synthesis of 1.2 (Figure 1.15), utilising a cryptand consisting of four fused
triaza[18]crown-6-rings.®! In its tetraprotonated state, the molecule is able to form
four hydrogen-bonds to ClI, supported by the electrostatic interactions of the
ammonium cations. This receptor showed selectivity for ClI- over Br- due to the
size of the respective anions resulting in a poor match for the cavity of the

macrotricycle.
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Figure 1.15. Structure of cryptand synthesised by Graf et al.

While 1.2 is perfectly spherical in shape which gives good complementarity
for binding spherical anions, 1.3 synthesised and studied by Kintzinger displays
an elliptical geometry which conveys complementarity for linear anion binding
(Figure 1.16).°1 Spherical CI- displayed a much lower binding affinity to 1.3

compared to linear N3™ (log Ka < 1.0 and log Ka = 4.6 respectively).
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Figure 1.16. Cryptand produced by Kintzinger.

Schmidtchen synthesised a family of receptors, 1.4 (Figure 1.17), that did
not employ hydrogen bond interactions but rather used quaternary ammonium
groups to form a cationic cage for anion binding.®? By varying the length of the
alkyl chain between the quaternary ammonium groups, the size of the cage could

be tuned to accommodate halide anions of different sizes. By altering the R group
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on the ammonium vertice, zwitterionic structures could be generated that reduced

the effect of competing counterions.

Lo
=-(CHy)g- R =-CHj
/x/ l\x =-(CHp)s- R =BH;
X

\ R = 4-methylbenzoate
RN ®

O\ \\j>MR
|®
1.4

Figure 1.17. Tetrahedral quaternary ammonium cage with tunable cavity size.

Employing electrostatic interactions to bind anions provides its own
challenges, however. As anions may be pH sensitive, becoming protonated at
low pH, protonated receptors as seen above will have their own pH sensitivities.
Therefore, the pH window of the anions of interest and their receptors must
overlap for anion binding to occur. This challenge can be bypassed by using
neutral receptors and hydrogen bonding motifs.

1.2.1.2 Hydrogen Bonding

A hydrogen bond can be viewed as a dipole-dipole interaction where a hydrogen
atom bonded to an electronegative atom (known as the donor) is attracted to a
dipole of a neighbouring electronegative atom (known as the acceptor) which
often bears a lone pair of electrons or negative charge (Figure 1.18). The strength
of a hydrogen bond can vary greatly, being affected by the electron-withdrawing
strength of the atom attached, the acidity of the hydrogen bond donor, and the
angle the hydrogen bond adopts. In general, the stronger the electronegativity of

the atoms on either side of the hydrogen, the stronger the hydrogen bond.®3

Ra &t
N-H--—-A
R

Figure 1.18. Example of hydrogen bond formation with a secondary amine acting as a
hydrogen bond donor and generic anion A- acting as an acceptor.
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Typically, in anion receptor chemistry, the most common hydrogen bond
donor is the N-H moiety, being found in anion binding units such as amides,
sulfonamides, ureas, thioureas, squaramides, pyrroles, and indoles. Moieties
such as ureas, thioureas, and squaramides are broadly employed as anion
receptors as their dual hydrogen bond donors being seen as favourable for strong

anion complexation (Figure 1.19).
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Figure 1.19. Some of the common scaffolds used in anion receptor chemistry.

Hydrogen bonding to anions can be seen extensively in nature, as seen in
Sections 1.1.2 and 1.1.3, where the amide backbone of proteins and the side
chains of their amino acid residues form hydrogen bonds to their anionic
substrates. This approach is a popular one used be organic chemists to create
synthetic anion receptors.

For example, Caltagirone and Quesada et al. reported a family of
receptors exploiting the isophthalamide and picolineamide binding motifs (Figure
1.20) and investigated their anion binding and transport capabilities. Receptors
lacking electron-withdrawing groups (1.5 and 1.6) displayed the lowest binding
constants for ClI" in DMSO-des. Receptor 1.12 displayed the highest binding
constant which the authors attribute to the preorganisation of the binding motif
due to the aromatic nitrogen. Anion transport studies using a chloride-selective
electrode established that 1.5 and 1.6 showed no anionophoric activity while 1.8

was the most active CI/NO3z™ exchanger.
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Figure 1.20 Structure of isophtalamides and picolineamides

More examples of hydrogen bonding-based anion receptors will be
examined later on in the chapter, specifically squaramides and ureas, as they fall

under the scope of this project.

1.2.1.3 Anion-1T Interactions

While cation-1r interactions have been well studied over the years, anion-1r
interactions have only been recently examined.®* Anion-1r interactions stem from
electron-deficient aromatic rings and electron rich anions, where there is a
charge-transfer between the two species.®® Kochi et al. discovered with x-ray
crystallography that halide anions lie offset to the centre of the ring with binding
constants from 1-10 M1 (Figure 1.21).

NCIICN
NC CN O,N NO,

1.13 1.14

NO,

Figure 1.21. Two examples of electron deficient aromatic rings by Rosokha et al. employed as
anion receptors.
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1.2.1.4 Halogen Bonding

Halogen bonding as an anion binding motif is another area undergoing recent
investigation. IUPAC defines a halogen bond as “occurring when there is
evidence of a net attractive interaction between an electrophilic region associated
with a halogen atom in a molecular entity and a nucleophilic region in another, or
the same, molecular entity”. Due to the anisotropic distribution of electron density
along an R-X bond, a region of low electron density exists known as a o-hole. As
the o-hole is highly localised, the halogen bond interaction is strictly linear,
bearing similarity to hydrogen bonds. The choice of halogen atom has a large
influence of the properties of the halogen bond, as halogen bond strength
increases with increasing polarizability and decreasing electronegativity, giving

rise to the order of | > Br > Cl >> F.%

Work by Langton et al. illustrated that employing halogen bond donors
gave rise to receptors, 1.15 (Figure 1.22), that show higher anion binding affinity

and anion transport abilities than analogous hydrogen bonding systems.®’

NO,
/N N\
N’ ] | N
R N N F X=H,I
F F F F
F F FoooF
1.15

Figure 1.22. Bidentate halogen/hydrogen bonding receptors for anion binding and transport
synthesised by Langton.

While anion-r interactions and halogen bonding are currently of interest in
the field of anion recognition, they are beyond the scope of the work discussed in
this thesis and will not be discussed in detail here. Instead, the general
considerations of anion receptor design and the challenges that chemists face in

this pursuit will be discussed in the next section.
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1.2.2 Considerations and Challenges in Anion Receptor Design

There are a number of considerations to be made when designing anion
receptors due to the varied nature of anion geometry, charge and propensity for
solvation. As mentioned previously, the efficacy of charged or protonated
receptors is dependent on the pKa window of the receptor and the anion. If the
anion becomes protonated at low pH, then it will lose its positive charge and
binding will not occur. Conversely, at higher pH, the receptor may become
deprotonated and will become defunct. These issues, however, can be overcome

using neutral receptors.

In contradiction to this, hydrogen bond donors face their own set of
hurdles. The acidity of NH protons has a direct effect on the strength of the
hydrogen bond formed, with stronger hydrogen bonds being formed as pKa
descreases.®® However, if the pKa is too low deprotonation of the hydrogen bond
donor will occur in the presence of basic anion such as F- or AcO". Deprotonation
of the receptor is unfavourable as it loses hydrogen bond donation ability, and
the resulting negative charge will result in a charge repulsion between the anion

and receptor in the event there are multiple binding sites.

o @ ¢
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Figure 1.23. Structure of pyrrole-based receptors (left and middle) and crystal structure of
narcissistic dimer formed upon deprotonation (right).

For example, treatment of 1.16 (Figure 1.23) with F-, BzO, and H2POu4 in
dichloromethane-d> resulted in deprotonation of the pyrrole NH.®® The
deprotonated receptor was found to form a what was termed a ‘narcissistic dimer’,
formed from the amide protons of each molecule coordinated to the negative
charge of the nitrogen. Using *H NMR spectroscopy, 1.17 (Figure 1.23) was
observed to coordinate, via hydrogen bond formation, to the less basic CI- in

acetonitrile-ds, giving an association constant of Ka= 2015 M,
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In the case of 1.18 (Figure 1.24), synthesised and studied by Caltagirone
et al., basic anions F- and BzO- deprotonated the sulfonamide NH protons which
led to intramolecular H-bonding from the urea NHs, thus introducing competition

with anion complexation by way of intramolecular interactions.®
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Figure 1.24. Structure on urea-based receptor with highly acidic sulfonamide NH
moieties that deprotonate in the presence of basic anions.

Anions come in a wide range of sizes and geometries, e.g. spherical
(halides), trigonal planar (NO3z’), tetrahedral (SO4%), and linear (N3). When trying
to create a receptor that displays selectivity for one anion over others, a high
degree of design and complementarity is required. An example of this has already
been discussed with Schmidtchen’s quaternary ammonium cage, 1.18 (Figure
1.17).

Jolliffe and co-workers synthesised two macrocyclic tri/tetrathiourea
carbazole-based receptors, 1.19 and 1.20, and investigated their binding to
dicarboxylate species (Figure 1.25).1°! Little difference was found in the binding
affinity of these receptors and unsaturated, flexible guests, however, large
differences in association constants were found with saturated, rigid guests which
was ascribed to size complementarity of the macrocycles’ pore size.
Dicarboxylates with a short alkyl chain between the two moieties were too short
to span the macrocycle pore, resulting in lower interaction. As the macrocycles
have some degree of flexibility, larger guests that did not fit properly into the pore

were able to bind, however this was not found to be energetically favourable.
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Figure 1.25. Tetrathiourea carbazole macrocycle used as ditopic receptors for dicarboxylate
species.

The nature of the solvent anion-binding takes place in is also a critical
component in determining selectivity and anion-binding strength. Polar protic
solvents, such as water, can form solvation shells around anions through strong
hydrogen bonds. A neutral receptor that relies on hydrogen bonding to bind to a
target anion will face competition with water (or other hydroxylic solvents) and the
resulting solvation ‘net’ around the anion. In non-polar solvents, this issue does
not arise, yet ion-pairing becomes the new challenge.'%2 While in polar solvents
the ions are well solvated, reducing the effect of ion pairs, in non-polar solvents
the ions are weakly solvated and the receptor must overcome this interaction to

successfully bind to its substrate.

The hydrophobicity of anions also plays a role in a receptor’s anion binding
selectivity. The hydrophobicity of an anion is ordered in the Hofmeister series
(Figure 1.26), established in 1888 by examining the effects of different anions
and their ability to precipitate proteins out of water.1%® This is particularly of
interest in the extraction of anions from aqueous solution and transport of anions

across lipid membranes.
organic anions > ClO4 > SCN- > | > NO3z > Br > CI' > HCOz > F, SO4% > HPO4*
Figure 1.26. The Hofmeister series of anion hydrophobicity in descending order.

These are just some of the factors that must be considered when
designing a synthetic anion receptor. These considerations have led to the

identification of several optimal anion binding moieties that show particularly
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strong chemical characteristics for anion binding. The following section will
outline examples of anion binding structures with a focus on those that exploit

hydrogen bonding to interact with their target anion.

1.2.3 Anion Binding Units

While an exhaustive review of the contributions that ureas and squaramides have
made to the field of anion recognition is outside the scope of this thesis,
contributions of relevance and note will be discussed herein. Both ureas and
squaramides are anion binding units that have been the subject of intense
investigation over a number of years due to their relative ease of synthesis and
tuneable properties such as hydrogen bond donor strength, lipophilicity and

solubility.

1.2.3.1 Ureas

Ureas as anion binding units have been the topic of several reviews, illustrating
how central this motif has been in anion recognition.10492195  |n 1992, the use of
neutral hydrogen bond donors for anion binding was stimulated by Wilcox, as he
demonstrated that urea 1.21 (Figure 1.27) formed a 1 : 1 complex with

phosphonates in dichloromethane via hydrogen bond formation.1%

NO,

1.21

Figure 1.27. Urea synthesised by Wilcox bound to phosphonate in 1:1 stoichiometry.106
Ureas are seen to have many advantageous properties as an anion
binding unit. Ureas contain two parallel hydrogen bond donors through the NH
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moieties which grants geometric complementarity to a range of oxoanions that
contain two oxygen atoms, as seen above (Figure 1.27). Upon complexation to
spherical anions, such as halides, ureas form a pseudo six-membered ring. The
anion binding strength of ureas can be tuned by varying the R groups attached

to either NH moiety, and asymmetrical ureas are also relatively easily produced.

Synthetic routes to ureas often utilise phosgene, phosgene derivatives or
similar carbonyl compounds, with the amine of choice. Two equivalents of amine
to one equivalent of carbonyl derivative (a) will form a symmetrical urea (c), while
one equivalent of amine reacted with the electrophile of choice will yield a
carbamoyl product (b). This carbamoyl product can then undergo a second
nucleophilic substitution by a different amine to yield an unsymmetrical product
(d) (Scheme 1.1).

) R'—NH,
r. . - r. MR
N7 OX 1 equiv. N~ N
H H H
R—NH
b d
O 1 equiv.
X)J\X X = Cl, OCClj, 4-nitrophenol
a R—NH,
2 equiv. e}
R. R
NJ\N
H H
C

Scheme 1.1. Synthetic pathways to obtain symmetric or asymmetric ureas.

A wide commercial availability of isocyanates has allowed for easier
access to unsymmetrical ureas. This synthetic pathway involves the nucleophilic
substitution of an amine to the carbon of the isocyanate, which usually yields the

product in high yield and purity.®2

The use of triphosgene, also known as bis(trichloromethyl) carbonate
(BTC), has been extensively used in literature for urea synthesis.107.108
Triphosgene is considered to be safer to handle than gaseous phosgene due to
its crystalline nature. Triphosgene has been utilised to prepare symmetrical and
unsymmetrical ureas, even in the presence of sterically ‘bulky’ groups on the
amine of interest and under mild conditions in an aprotic solvent. Scheme 1.2

illustrates the reaction of one mole triphosgene with 3 moles of amine and a non-
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nucleophilic base which forms 3 moles of isocyanate. The isocyanate can
undergo a second nucleophilic substitution to yield an unsymmetrical urea or a
symmetric urea, depending on the desired outcome.

0O

3X R‘N)J\N’R

3 X R—NH, H H
e
(0]
3 X R—NH,

CI3CO)J\OCCI3 3X R-NCO

Base
BTC j\
3 X R'—NH, 3x R\N N,R
H H

f

Scheme 1.2. Reaction of triphosgene (BTC) with primary amines to yield symmetric (e)
and unsymmetric (f) ureas.

Ureas have the potential to act as strong anion binding units, especially
when working cooperatively. Ureas are commonly conjugated to a scaffold to

generate bis-ureas which display high affinity for anion binding.

Davis synthesised and studied a library of cholapod-based receptors
which contain varying numbers of hydrogen bond donor systems, including
ureas, which cooperatively bound to a range of anions (Figure 1.28).19° The
cholapod scaffold allowed for the preorganisation of the hydrogen bonds donors
to align in the same direction. The binding constants were determined by
measuring the extraction of a range of tetraethylammonium salts from water into
chloroform and verified using *H NMR spectroscopy.
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1.24

Figure 1.28. A selection of cholapod anion receptors from the library synthesised by Davis.

The family of cholapod receptors displayed startling results with many of
the receptors displaying affinities exceeding Ka = 10° M with several even
displaying Ka > 10 M. Unsurprisingly, the binding affinity increased with
increasing numbers of hydrogen bond donors present. Anion selectivity was
determined to arise from the geometry of the receptor as opposed to the acidity
of the receptor or the basicity of the anion.

Another scaffold commonly employed is the calix[4]arene scaffold, with
ureas decorating the lower rim. Puri and Mahajan investigated the properties of
urea moieties conjugated to cone and 1,3-alternate conformations of
calix[4]arenes, 1.25 and 1.26 respectively (Figure 1.29).110 Interactions with
anions were monitored using UV-Vis spectrophotometry and H NMR
spectroscopy. Receptors 1.25 and 1.26 demonstrated the ability to form
hydrogen bonds with the halide anions, nitrate, and acetate. Examination of the
binding constants revealed the receptors displayed no anion selectivity. Job plot
analysis revealed that 1.25 formed a 1:1 (receptor:anion) complex with all anions
tested, while 1.26 formed a 2:1 complex with chloride and a 1:1 complex with the

other anions.
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1.25 1.26

Figure 1.29. Calix[4]arene-urea conjugates for anion binding.

The anion binding properties of a tripodal urea (Figure 1.30), synthesised
by Hossain et al., were investigated using *H NMR spectroscopy.*!! The receptor
formed a 1:1 complex by way of NH---anion interactions with all anions tested,
and demonstrated a binding selectivity of F > H2POs4 > HCOsz > HSO4 >
CH3COO" > S04% > CI- > Br > I" in DMSO-ds. The selectivity for HSO4 over SO4?
was ascribed to acid-base proton transfer to the nitrogen of the tris(3-

aminopropyl)amine scaffold which was supported by DFT calculations.

O
CN
NH N/\/\

1.27

Figure 1.30. Tripodal urea
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1.2.3.2 Squaramides

Squaramides are a more recent addition to the field of supramolecular chemistry
and have garnered much attention due to their diverse application in biological

and chemical sciences.112:113

O O
R-N N-R
H H
1.28

Figure 1.31. Generic structure of a squaramide.

Squaramides are composed of a cyclobutene ring containing two carbonyl
groups neighbouring two NH groups (Figure 1.31). This arrangement of hydrogen
bond acceptors and hydrogen bond donors in close proximity gives squaramides
various applications in a diverse array of fields such as catalysis, self-assembly,

bioconjugation, molecular recognition and transport.14

oj fo pK, = 0.54 © o pK, = 0.54 © o
S © ©
HO OH HO o) o) o)

Scheme 1.3. Acidity of squaric acid.

Squaramides are derived from diketocyclobutenediol (otherwise known as
squaric acid), which was first synthesised by Cohen et al. in 1959. It was noted
that the hydroxyl groups displayed high double acidity, easily accommodating a
double charge (pKa1 = 0.54, pKaz = 3.58) (Scheme 1.3).1'> One year later, West
et al. explained this by establishing the aromaticity of CnOn? systems.116
Squaramides also display this characteristic aromaticity, originating from the
delocalisation of the lone pair of electrons of the nitrogen into the

cyclobutenedione ring satisfying Hiickel’s rule (4n + 2 11 electrons, n = 0).

Frontera et al. calculated the aromaticity of squaramide 1.29 (Figure 1.32)
and its complexes with ammonium cations and carboxylate anions, inspecting
bond length, magnetic and energetic properties.''’ Findings indicated that 1.29

had increased aromatic character when acting as a hydrogen bond donor or

33



Chapter 1

acceptor. This offers insight in that squaramides benefit greatly in molecular
recognition or self-assembly processes as it gains thermodynamic stability from

increased aromatic character.

O O

=

HoN NH,
1.29

Figure 1.32. Squaramide used by Frontera et al. to investigate aromatic character.

Squaramides exhibit a rigid, planar structure due to the cyclobutenedione
ring. While rotation is possible around the C-N bonds, albeit restricted rotation,
squaramides exhibit a conformational bias towards the anti/anti conformation
where the NH groups point in parallel directions (Figure 1.33).1*% This
conformation is conducive towards anion binding as it allows cooperative binding
of the two NH hydrogen bond donors. The anti/syn conformer is less often
observed but it has been recorded in N-acyl squaramides where the carbonyl
participates in an intramolecular H-bond with the adjacent NH (Figure 1.33).1%°
The syn/syn state has never been observed, likely due to the steric clash that

would occur from the amine substituents (Figure 1.33).

(@) @) 0] O 0] O
R\“.‘j iw’R R\wi :N’R ”\wi iw’“
H H He._ = R R

\0)\ 1
anti/anti anti/syn syn/syn

Figure 1.33. Possible squaramide conformations.

The utilisation of squaramides in supramolecular chemistry is made all the
more attractive due to the relatively facile synthesis of alkyl squarates which can
undergo nucleophilic substitution reactions to produce squaramides. The most
common synthetic pathway (Scheme 1.4) relies on reactions of dialkoxysquarate
derivatives (g) with primary or secondary amines that can be performed under
mild conditions — room temperature (rt) with a mild base. Symmetrical
squaramides (h) are generated through an excess of the appropriate amine and
when unsymmetrical squaramides (j) are the target, a single equivalent of amine

is used initially. Upon the first substitution, the now mono-substituted squaramide
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(i) becomes less reactive due to the donation of electrons from the lone pair of
the nitrogen, leading to aromatic gain. Zinc trifluoromethanesulfonate can be
used as a lewis-acid catalyst in these reaction types to i) increase the
electrophilicity of the squaramide to allow nucleophilic substitution with
deactivated amines and ii) prevent the formation of squaraine (k) by-products.?°

(0] O]

R-N N-R

K Hixl@
o. O R=NH, N=R
/\Oj jO/\ R\” (e}
g k
1 X R-NH, 1 X R—NH, j;/(
R~ R~ _R'
N o N N
H N H H

Scheme 1.4. Synthetic pathways to symmetrical and unsymmetrical squaramides, h and j
respectively, and squaraine, k.

The early work of Costa and co-workers established squaramides as anion
receptors.t?1122 These simple dialkyl-substituted squaramides (Figure 1.34) were
capable of forming 1:1 complexes with acetate in highly competitive media.
Association constants with anions were determined by *H NMR titrations which
revealed a downfield shift of methylenic protons in addition to the downfield shift
of the NH protons upon increasing anion concentrations, indicating weak C-
H---anion interactions. The presence of the cationic ammonium moiety in 1.31

increased the association constant by up to ten-fold compared to 1.30.

0] O O O

H H_

1.30 1.31

Figure 1.34. Chemical structures of the pioneering work of Costa et al. establishing
squaramides as anion binding motifs.
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Similar to ureas, squaramides are often appended to scaffolds for
preorganisation of hydrogen bond donors and incorporating additional hydrogen
bond donor motifs. Jolliffe et al. synthesised a family of peptide-based anion
receptors, 1.32-1.38 (Figure 1.35), for SO4? recognition.*?® The effect of varying
chain length, backbone length, acidity of squaramide NH protons and inclusion
of water-solubilising groups were investigated. A strong selectivity for SO4%> was
observed for all receptors in DMSO-des and the addition of hydrophilic THTEG had
no remarkable impact on the aqueous solubility of the receptors.

@ 2 R R : SR
NH HN NH HN
o NO o} No
NH ANT o; “NH HNT Y
o o}
N2 (7
ONCNH N 0 0 e
HN
TEGO H N\)J\H o}
TEGO _— 0 NH, TEGO o} HN;\
GETO OTEG
0~ "NH,
1.32; n =3, R = p-CF; 1.37; n=3,R = p-CF;
1.34; n = 3, R = bis-m-CF4 1.38; n = 3, R = bis-m-CF4

1.35;n =1, R = p-CF;
1.36; n = 1, R = bis-m-CF3

Figure 1.35. Chemical structures of squaramide-based SO4% receptors, 1.23-1.28.

Continuing their work on cholapod-based anion receptors, Davis and co-
workers synthesised squaramide analogues, 1.39 — 1.44 (Figure 1.36), to their
urea examples discussed previously (Figure 1.28).12* Similar to the urea
analogues, squaramides placed in the axial position benefitted from
preorganisation of the hydrogen bond donor motifs. These receptors displayed
high selectivity for acetate over other anions (Cl, Br, I, and NOs’) while also
displaying higher affinities than the previously studied ureas and thioureas with

binding constants exceeding Ka = 1014 M-1,125
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1.39; Z = OAc, Ar = 4-MeOCqH, 1.42; Z = OAc, Ar = 3,5-(CF3),CqHs
1.40; Z = OAc, Ar = Ph 1.43; Z = NHCOCF;, Ar = 4-CF4CgH,
141; Z= OAC, Ar = CF3C6H4 144; Z= NHCOCFg, Ar = 3,5-(CF3)2CGH3

Figure 1.36. Family of squaramide-based cholapod receptors displaying higher binding
constants than urea analogues.

1.2.3.3 Squaramides vs. Ureas

The above work by Davis and co-workers is not the only example of squaramides
acting as higher affinity anion receptors than analogous hydrogen bonding motifs,
indeed, the seminal report from the lab of Fabrizzi demonstrated that

squaramides are able to challenge ureas as anion binding motifs (Figure 1.37).126

O O O,N o NO,
Oy R
H H H H

1.45 1.46

Figure 1.37 Chemical structure of analogous squaramide and urea receptors reported by
Amendola et al. which established squaramides can challenge ureas as hydrogen bonding
units.

H NMR studies showed that 1.45 formed 1:1 complexes with halide ions
there were one to two orders of magnitude more stable than the corresponding
urea-based receptor, 1.45. X-ray diffraction studies on chloride and bromide
complexes of 1.45 revealed four hydrogen bonds to the anion — two originating
from the squaramide NH moieties and two originating from the ortho-H of the
phenyl substituents. The squaramide receptor was found to form complexes with
oxoanions (NOz27, NOs", H2PO4", HSO4') of comparable stability to that of the urea
analogue. 1.45 shows 1:1 hydrogen-bond complexes with basic anions F and
CH3COOr, while 1.46 shows deprotonation with F- but not with CHzCOO-.
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Squaramides have also been reported to outperform thioureas, as
reported by Jolliffe et al. when they examine peptide-based thiourea and
squaramide receptors (Figure 1.38).12” While the stereochemistry of the peptide
scaffold proved to have no effect on the binding affinity of anions, the squaramide
receptors (1.48, 1.50, and 1.52) displayed anion binding constants far higher than
that of their thiourea counterparts. All of the reported receptors displayed an
unusually high affinity for SO4> in DMSO-ds (0.5% H20) with a Ka > 10* for
receptors 1.47 and 1.48, showing a high selectivity for SO4? over halide anions
and oxoanions such as AcO", BzO-, H2PO4, HSO4 NO3s™ and TsO'.

1.47 1.48

Z/:> FiC ;
® HN
FsC HN>: NO
[ ] s
NH
HN
\H HN
A, ))
o)
L e
OYNH o NH, OYNH NH,

1.50
1.52

1.49 L, L
1.51 D, L

L, L
D, L

Figure 1.38 Structure of peptide-based thioureas and squaramide receptors investigated by
Elmes et al.

Gale et al. demonstrated that squaramides not only display higher anion
binding association constants compared to their urea analogues but also exhibit

better anion transport abilities (Figure 1.39).128
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Figure 1.39. Structures of squaramide, thiourea and urea analogues Busschaert et al. used to
compare anion binding and anionophoric activity.

Binding constants were determined using *H NMR spectroscopy and anion

transport ability were assessed using POPC liposomes and a chloride selective

electrode. The squaramide analogues displayed anion binding affinities one order

of magnitude greater than those of their urea and thioureas analgoues while also

displaying considerably lower ECso values in CI/NOs exchange assays (see

Table 1.1)

Table 1.1 Summary of chloride binding (Ka) and anion transport (ECso) abilities of compounds
1.35 — 1.43. @Association constant with receptors and BusNCI in DMSO-de/0.5% H20 at 298 K.
®) Concentration of transport (mol% carrier with respect to lipid) required to obtains 50% chloride
efflux in 270s during CI/NOs" assays. @ Compound was not active enough to perform Hill analysis.

Compound
1.53

1.54
1.55
1.56
1.57
1.58
1.59
1.60
1.61

Ka[M1] 2 ECso [mol%)] b
260 1.38

15 <

31 <

458 0.06

43 0.22

75 0.42

643 0.01

41 0.16

88 0.30
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The authors postulated that the superior binding ability of squaramides
arises from the increase in thermodynamic stability that occurs when

squaramides bind to the anion, as discussed previously in this section.

It was first considered that the superior anion transport abilities
demonstrated by the squaramides was due to increased lipophilicity. However,
TPSA (total polar surface area) and Ghose—Crippin logP calculations determined
that squaramides were in fact less lipophilic than urea and thiourea counterparts,
which had also been proposed by other researchers.'? The greater anionophoric

ability was attributed to the greater anion binding properties of squaramides.

1.3 Anion Transport

Knowing the importance on anion transport in human biology and the diseases
that stem from malfunctioning anion channels (as discussed in Section 1.1.3), it
is no of surprise that anion transport became a burgeoning field in supramolecular
chemistry. Synthetic receptors were designed and created in the hopes of
creating small drug-like molecules that can transport anions across the plasma
membranes of cells. The approach may find application to either replace
malfunctioning transport proteins in patients suffering from channelopathies or,
alternatively to disrupt cellular anion homeostasis and bring about cytotoxicity for

cancer drug development.

1.3.1 What Makes a Good Anionophore?

Research investigating the features needed for effectual anionophores have
revealed multiple factors that a play a role in determining anion transport activity.
Quesada and Gale et al. performed a quantitative structure activity relationship
(QSAR) study by varying the substituents on a series of 1-hexyl-3-
phenylthioureas, 1.62 (Figure 1.40), to elucidate the factors that impact their
anionophoric activity.*?® The study varied substituents in the para- position of the
phenyl ring and anion binding and transport experiments were performed to
examine the effects of the substituent variations. *H NMR experiments were used

to determine the binding constants of the receptors and anion transport activity
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was determined using POPC vesicles and a chloride-selective electrode to

monitor CI- efflux from the vesicles.

Figure 1.40. Generic structure of 1-hexyl-3-phenylthiourea in the QSAR study of Gale.

Their findings showed that in increase in lipophilicity led to an increase of
anion transport activity. As transport of anions relies of the partitioning of the
receptor through the lipid membrane, an effective anion transporter needs to be
able to partition into the membrane when passing from one aqueous phase to
another, carrying the inherently lipophobic anion with it. Therefore, an increase in
lipophilicity increased the partitioning of the transporters into the lipid membrane,
consequently increasing the anion transport activity. This effect has been
reported previously, where Quesada demonstrated that an increase of alkyl chain
length led to an increase of anionophoric activity in tambjamine-based anion
receptors.** Indeed, further findings from the collaboration of Quesada and Gale
showed there to be an optimal range of lipophilicity when considering
tambjamine-based transporters.’3%131  Davis confirmed the importance of
lipophilicity when he reported the findings of his own SAR study, where a
positively charged receptor displayed limited anion transport activity compared to

analogous neutral systems.13?

The QSAR study from Quesada and Gale et al. also highlighted that an
increase of anion binding ability correlated to an increase of anion transport
ability, also. Receptors decorated with strongly electron-withdrawing groups,
such as NO2z or SO2Me, displayed the highest anion transport ability with low ECso
values and inversely receptors decorated with electron-donating groups, such as

OMe, displayed lower anionophoric activity with higher ECso values.

When choosing which substituents to exploit in the design of an anion
transporter, one can look to Hammett constants which act as a good quantifier of
electron-withdrawing effects of substituents.’® It has been documented
previously that the presence of strong electron-withdrawing groups leads to

stronger hydrogen bond formation to anions.3413> However, the inclusion of
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strongly electron-withdrawing groups can also hinder receptor-anion complex
formation as, mentioned previously, hydrogen bond donors with a low pKa can
undergo deprotonation when interacting with an anion, limiting their anion binding

and transport capabilities.

While only contributing to a smaller extent, molecular size also impacts
anion transport. Larger molecules display slower diffusion across lipid
membranes thereby reducing anion transport. Smaller molecules diffuse quicker

across membranes consequentially increasing the rate of anion transport.

1.3.2 Squaramides as Anion Transport Units

Gale et al. were the first to report squaramides as active anion transport
units, 1.53, 1.56, 1.59.128 Investigation into the anion transport process of these
simple N-diphenyl squaramides revealed that they acted via a CI/NOs™ antiport
(anion exchange) process. Using NaCl loaded POPC vesicles suspended in an
isotonic NaNOs solution, chloride efflux was observed using a chloride-selective
electrode. When the external anion was substituted to SO4?, no CI- efflux was
observed. This is due to the highly hydrophilic nature of the SO4? anion which
precludes it from transport across a lipid membrane. However, when a pulse of
HCOs  was added to the SO4? external solution, release of ClI- from the vesicles
is observed. The dependence on the nature of the external anion indicated an
antiport process. Squaramides were determined to act as mobile carriers, as
opposed to forming ion channels, after U-tube experiments were able to verify

that the squaramides facilitated anion transport through the organic phase.

Moving beyond simple monoatomic anionic species, Gale et al. exploited
the squaramide motif to transport glycine across lipid membranes.3¢ Creating a
system of squaramide 1.59 and 3,5-bistrifluoromethylbenzaldehyde (BTFMB),
the authors postulated that the squaramide NHs complex to the glycine
carboxylate group while the amine of glycine forms an imine or hemiaminal with
BTFMB, thus facilitating reversible binding and release of the amino acid. This
two-part system increases the lipophilicity of glycine, allowing for transport across
the non-polar lipid membrane. Influx of glycine was monitored using a novel

fluorescence assay involving a Cu?*-calcein complex, where copper guenches
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the fluorescence of calcein but sequestration of the copper by glycine restores

calcein fluorescence (Figure 1.41).

Figure 1.41. Schematic representation of two-part system with the capability of amino acid
transport mediated by compound 1.41 and BTFMB.

The development of synthetic anionophores have inevitably led to their
application in diverse areas of supramolecular chemistry from anion
extraction”*3’ to fluorescent chemosensors,** but predominantly they have been

investigated for biologically relevant uses such as drug development.13%9d

1.3.3 Applications of Anion Transport

In 2014, Sessler and Shin demonstrated the ability on ionophores, 1.63
and 1.64, to induce apoptosis by facilitating Cl- transport within a range of cell
lines (Figure 1.42).24° 1.63 and 1.64 were observed to influx CI- coupled with Na*
into the cellular environment. The increase of intracellular chloride and sodium
concentrations, resulting in an enhancement of intracellular ROS levels causing
the release of cytochrome c¢ from the mitochondria, in turn leading to apoptosis
via caspase-dependent apoptosis. This finding further opened the door to the

field of anion transport, giving ionophores clinical potential.
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Figure 1.42. Structures of two pyridine diamide-strapped calix[4]pyrroles capable of inducing
apoptosis in cells.

Research investigating the clinical potential of anionophores continued
when Gale et al. examined the effect of squaramide-based anion transporters,
1.56 and 1.65 — 1.69, on several mammalian cell types.*° The anionophoric
activity was first investigated using POPC vesicles and a chloride-selective
electrode to monitor CI- efflux. Squaramide 1.56 was demonstrated to be the most
efficient transporter, followed by 1.65 and 1.66. Tripodal receptors 1.67 and 1.68
did not display any anionophoric activity which was attributed to their binding
affinity for CI- to be too high, inhibiting the release of CI-.

NH HN
Figure 42. o-phenylenediamine-based squaramide receptors, 1.46 and 1.47.

1.56, 1.65 and 1.66 were ascertained to act as Cl transporters with
concomitant channel-mediated Na* transport in Fishcher rat thyroid epithelial
(FRT) cells. In HeLa and A549 cells, the anionophores demonstrated the ability
to induce caspase-dependent apoptosis by perturbing Cl- concentrations
intracellularly. Transporter 1.56 alone displayed the ability to efflux CI- out of

lysosomes, decreasing lysosomal CI- concentrations this increasing the pH. This
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effect led to the reducing of lysosomal enzyme activity, disrupting autophagy

ultimately leading to apoptosis.
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Figure 43. The least active anionophores described in the work of Busschaert et al.

The above sections have sought to give a background to the field of anion
recognition and transport with a focus on neutral receptors that take advantage
of hydrogen bonding. From the lessons learned from the vast amount of work
already conducted in this area, it is clear that there are still several problems that
still need to be solved and further work is required in the design of simple, efficient
and selective anion receptors and transporters. This thesis will aim to expand the
repertoire of anion binding receptors and seeks to create more diversity in
receptor design. The following section will lay out the overall aims for the thesis

and summarise the work discussed in each chapter.
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1.4 Aims

Anion recognition and transport continues to be a rapidly developing field in
supramolecular chemistry given the ubiquitous nature of anions, their crucial role
in human biology and the impact of channelopathies on patient outcomes. While
many advancements have been made in the past number of years which has
highlighted the clinical applications of potent anionophores, there are many
avenues left unexplored. The aim on this research is exploit the squaramide motif
in developing new motifs in anion recognition and transport, explore their sensing

abilities and to exert spatiotemporal control over anionophoric activity.

The first objective was to create a new anion recognition motif based on
the squaramide moiety by including an N-acyl linkage between the squaramide
and its substituent (Chapter 2). We postulated that this linkage would vary the
pKa of the squaramide NH which has been established to correlate to the
hydrogen bond strength. With a family of these receptors in hand, pKa
determination, anion binding and transport studies would be carried out to
investigate their physical properties and determine their efficacy.

The second objective featured the investigation in creating stimuli-
responsive anionophores, few examples of which exist in the literature (Chapter
3). We envisaged tertiary squaramides with an enzyme-responsive trigger would

allow us to exert spatiotemporal control over anionophoric activity.

The final aim of this research was to develop a family of squaramide-based
chemosensors and examine the effect of electron-withdrawing and electron-
donating groups have on anion selectivity, as well as further probing the
applications of squaramides as building blocks in anion recognition and sensing
(Chapter 4).
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Chapter 2

Amido-squaramides: A New
Moiety in Anion Recognition

and Transport
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2 Amido-squaramides: A New Moiety in Anion Recognition and Transport
2.1 Introduction

Squaramides have been proven to be highly efficient and effective anion
receptors and transporters, as discussed in Chapter 1. The existence of their
potent hydrogen bond donor NH groups, coupled with an increase in
thermodynamic stability upon anion complexation, ranks squaramides above

other anion binding and transport motifs.128

While squaramides have been appended to many different scaffolds with
the aim of increasing their anion binding affinity,4' optimising the geometry of
their hydrogen bond donors,*?* or to grant selectivity to the receptor,'?3142.127
there are many examples of simple, disubstituted squaramides that achieve high
binding constants and display high rates of anionophoric activity.

> . .
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25
Figure 2.1. Series of acyclic squaramides synthesised by Picci et al.

Caltagirone et al. synthesised a family of acyclic, symmetric squaramides
receptors with additional H-bond donor groups and assessed their affinity and
transmembrane transport of anions (Figure 2.1).143 All receptors underwent
deprotonation with basic anions F- and CN-, with only receptors 2.1, 2.2 and 2.5
forming anion : receptor complexes. Of these receptors, 2.2 displayed the highest
affinity for the anions tested (AcO-, BzO", H2POu4, and CI') with binding constants
reaching as high as Ka > 10* M for CI. Remarkably, 2.2 was also able to complex
CI in highly competitive solvent mixtures, DMSO-ds with 10% and 25% H20,

surpassing the binding affinity of urea analogues.'** The domination of 2.2
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continued in the anion transport assays, where the receptor displayed ECso
values as low as 0.55 pM, illustrating the benefit of additional hydrogen bond

donor groups.

A squaramide-linked bis(choloyl)-conjugate (Figure 2.2) was synthesised
by Chen et al. and its anionophoric activity was determined using EYPC-based
vesicles in conjunction with a fluorescent pyranine assay and chloride-selective
electrode measurements.4> Potent anionophoric activity was observed, with an
ECso value of 3.82 £ 1.18 mol %, and it was found that CI- efflux was dependent
on the external anion, suggesting that 2.6 acts as an anion-cation co-transporter
as opposed to an anion-anion antiport process as demonstrated by other

squaramide examples.'?8
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Figure 2.2. Bis(choloyl)-conjugated squaramide synthesised by Deng et al.

Gale et al. reported a family of 1,8-naphthalimide conjugated squaramides
that acted as anion receptors and transporters, as well as the ability to act as
cellular imaging agents, Figure 2.3.146 The receptors were found to form 1 : 1
complexes with CI- and unsurprisingly, displayed anion binding constants in the
order of the strength of their electron-withdrawing substituents; 2.7 > 2.9 > 2.8 >
2.10. While little interaction was with NOs", the receptors showed a high affinity
for H2PO4™ with the more basic receptors, 2.7 — 2.9, reaching binding constants
of Ka > 10* ML. The same order was observed in the anion transport assays as
in the anion binding affinity with the squaramide bearing the bis-CFs moiety
reaching an ECso value of 0.15 mol %, far lower than the urea analogue reported
previously.'#” All receptors demonstrated the ability to perform antiport processes
with CI/NOs" but also symport processes with H*/CI- by dissipating a pH gradient

across a cell membrane.
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Figure 2.3. Family of fluorescent 1,8-naphthalimide conjugated squaramides.

The vast majority of squaramide-based molecules reported in the literature
to date display either N-alkyl or N-aryl substituents, as seen in all of the examples

discussed thus far. Examples of squaramides containing other linkages are

scarce.
0] O
O
Ry~
NN NR

2.11: Ry = Bu, R, = cyclohexyl
2.12: R1 = R2= Bu

Figure 2.4. N-Carbamoyl squaramides capable of self-assembly.

For example, Early work by Ashton et al. produced N-carbamoyl
squaramides capable of forming hydrogen-bonded dimers, Figure 2.4.11% These
squaramides underwent self-assembly through intermolecular hydrogen bonds
and while also displaying intramolecular hydrogen bonds between the
squaramide NH and the ureido carbonyl (Figure 2.5). These compounds were not

screened for their anion binding affinity.
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Figure 2.5. Dimer formation of N-carbamoy! squaramides (left). Crystal structure of 2.11 dimer
(right).

Cheng et al. synthesised a series of N-tert-butyl sulfinyl squaramide
receptors and examined their anion binding constants using *H NMR
spectroscopy (Figure 2.6).148 These receptors contained a direct linkage from the
squaramide NH to a sulfoxide moiety. Due to the acidity of the sulfinyl group, the
receptors displayed anion binding constants higher than previously reported
simple squaramides in DMSO-ds,*?® with binding constants for CI- reaching Ka =
820 + 67 M for receptor 2.15. The increased anion binding constants were not
due to the increased acidity alone; a downfield shift of the protons of the tert-butyl
group in the 'H NMR experiments, single-crystal analysis, and DFT calculations
revealed weak C-H hydrogen bond formation with CI. These results highlighted
how the importance of the squaramide NH acidity, and the overall structure of the

receptor can have a major influence of anion binding ability.

o. 0 o 0 o 0 CF
0 0 0 0
S g S S
-~ N-S, -~ N -~ N
A H R 7( H H A HH CF,

213 214 215
Figure 2.6. Structures of N-tert-butyl sulfinyl squaramide receptors.

As seen in the examples above, simple, disubstituted squaramides have
been shown to be highly efficient anion receptors and transporters. As seen in
the example of Cheng et al. by linking a strongly electron-withdrawing group
directly to a squaramide, a highly effective anion receptor is produced. However,
the predominant substituents of squaramides reported in literature contain either

an N-alkyl or N-aryl linkage. The lack of diversity when it comes to N-linkages in
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squaramides is an opportunity for the exploration of novel moieties and the effect

they might have on anion recognition and transport activity.

2.2 Chapter Objective

The objective of this chapter is to synthesise a family of disubstituted
squaramides, where one substituent displays an N-aryl linkage as seen in
previous literature examples and the second substituent displays a N-amide
linkage to an aryl group, which we termed ‘amido-squaramides’ (Figure 2.7). By
varying the substituents of these phenyl moieties, we expected to investigate the
effect on the amido-squaramides’ anion binding ability and anionophoric activity.
These substituents would include moieties which have been reported to increase
anion binding and anion transport abilities of receptors (e.g. —CFsz and —NO32) and

halide substituents to widen the scope.
0] @)

e X g

N
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Figure 2.7 Generic structure of amido-squaramides.

We envisaged that this N-amide linkage would increase the acidity of the
squaramide NH, consequently decreasing its pKa, due to the electron-
withdrawing effect of the carbonyl. According to literature precedent, this
decrease in pKa should result in higher anion binding constants and anionophoric
activity compared to the aryl derivatives previously reported. To confirm this, we
wished to determine the pKa of the squaramide NH groups and subsequently
evaluate their ability to bind and transport anions using a range of spectroscopic
technigues. What follows are the results of both the synthetic study of these
compounds in addition to a spectroscopic and computational analysis of their

anion recognition ability and preliminary analysis of their anionophoric activity.
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2.3 Synthesis and Characterisation of Amido-Squaramides

The synthetic route to amido-squaramides is a multi-step pathway involving
several squarate intermediates before obtaining an amido-squaramide (Scheme
2.1).

The initial step is the synthesis of 3,4-diethoxy-3-cyclobutene-1,2-dione,
otherwise referred to as diethyl squarate, 2.17. Diethyl squarate is one of the
most common alkoxy derivatives of squaric acid used in squaramide synthesis
and is used almost exclusively as the starting point for the synthesis of
squaramide derivatives. 2.17 was synthesised using methods adapted from
those reported by Liu et al.**° 3,4-diethoxy-3-cyclobutene-1,2-dione, 2.16, also
known as squaric acid, was reacted with triethyl orthoformate to form 2.17 with a
yield of 91%. 2.17 was then converted to amino-squarate, 2.18, using a method
adapted from Ashton et al.,''® where diethyl squarate was treated with a 20%
ammonium in ethanol solution to yield 2.18 in 71% yield.

o_ 0 _ o 0 N o_ 0 0
i ii iii
A, —— A= Ao =
HO OH 0 0\ 0 NH, _—
2.16 2.17 2.18
o o] NH (0] O
2 R,
)=t RS R S =g
(0] N ~ N N
4 H I | X H H T
_JR R _JR
219:R=H 227:R=H
2.20: R = 4-CF3 2.28: R = 4-CF,4
2.21: R = bis-3,5-CF; 2.29: R = bis-3,5-CF3
2.22: R = 4-NO, 2.30: R = 4-NO,
2.23: R = 2-iodo 2.31: R = 2-iodo
2.24: R = 4-iodo 2.32: R = 4-iodo
2.25: R = 3,4-dichloro 2.33: R = 3,4-dichloro
2.26: R = 4-chloro 2.34: R = 4-chloro

Scheme 2.1 Synthetic pathway to amido-squaramides. Reagents and conditions: i) triethyl
orthoformate, EtOH, 80C, 72 h, 91%; ii) 20% ammonium in ethanol, EtOH, rt, 18 h, 70%; iii)
EDCI.HCI, DMAP, MeCN/DMF (anhydrous), Nz, rt - 80C, 18 h, 10 - 83%; iv) Zn(OTf)2,
MeCN/DMF, 80°C, 3-18 h. 10 - 71%.

The conditions for the synthesis of amido-squarates 2.19 - 2.26 were
optimised by using the synthesis of 2.19 as a model reaction. In the first instance,
PyBOP was used as the coupling reagent to form an amide linkage between 2.18
and benzoic acid. LCMS analysis suggested some conversion to the desired
product however, purification proved difficult due to incomplete separation of the

product and the by-products of the coupling reaction during flash
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chromatography. Pure product was obtained with a yield of 42%. TBTU was then
trialled as a coupling reagent, however, the same difficulties persisted during

purification, however, a slight increase of yield was observed at 51%.

Moving away from benzotriazol-1-yl based coupling reagents, EDCI.HCI
was employed to mediate the coupling of 2.18 and benzoic acid (Scheme 2.2).
DMAP deprotonates benzoic acid, increasing its nucleophilicity, which allows the
carboxylate to attack the electrophilic carbon of the diimide, forming an activated
ester. Nucleophilic substitution of amino-squarate, 2.18, and the activated ester
forms a tetrahedral intermediate which then collapses to form the desired amido-

squarate, 2.19, and a urea by-product.
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Scheme 2.2. Mechanism of EDCI mediated coupling of amino squarate, 2.18, and
benzoic acid to form amido-squarate, 2.19.

These conditions proved fruitful as not only an increase of yield was
observed (83%) but purification via flash chromatography became facile due to
complete separation of the urea by-product of EDCI and the desired product. The
yield of the amido-squarate intermediates varied greatly and seemed to be
dependent on the electron-withdrawing strength of the substituents of the benzoic
acid derivative, as with increasing electron-withdrawing strength of the aryl
substituent, the yield of the amido-squarate intermediate decreased. The 4-nitro
derivative displayed the lowest yield of 25% while the unsubstituted amido-

squarate displayed a yield of 83%. We postulate that the nucleophilicity of the
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benzoic acid decreases with stronger electron-withdrawing groups, reducing the

ability of the benzoic acid to form the activated ester with EDCI.

The formation of the N-amido linkage of the amido-squarate intermediate
was evident from the 'H NMR spectra (Figure 2.8) with the characteristic NH of
the amide linkage appearing as sharp singlet at 9.88 ppm with an integration of
1 H. The aromatic protons appear between 7.5 ppm — 8 ppm as poorly resolved
multiplets. The ortho-H protons appear at 8.03 ppm while meta-H protons appear
at 7.51 ppm, both with an integration of 2 H, and the para-H protons appear at
7.62 ppm with an integration of 1 H. The methylene protons of the ethyl ester
appear at 4.95 ppm as a quartet, integrating for 2H. The methyl protons appear
at 1.54 ppm as a triplet, integrating for 3 H. All amido-squarate intermediates
share the same characteristic features, i.e. the amide NH and the ethyl peaks,

with the aryl protons varying depending on substitution pattern (See Appendix).
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Figure 2.8 *H NMR spectra of amido-squarate intermediate 2.19.

The final step of the synthetic pathway was to react the appropriate aniline
with the amido-squarate intermediates to form the amido-squaramide (Scheme
2.3). Zinc trifluoromethanesulfonate was used as a lewis-acid catalyst to increase
the electrophilicity of the squaramide and prevent squaraine formation (1,3
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substitution). Nucleophilic substitution between aniline and amido-squarate
intermediate, 2.19, forms a tetrahedral intermediate. Intramolecular proton
transfer occurs between the protonated amine and the ethoxy ester, allowing the
ester to act as a leaving group. The tetrahedral intermediate collapses, forming
the target compound, amido-squaramide, 2.27, and releases ethanol.

O// N // R
Q = o N o
= — 0 —

(e} N O
I‘H
H
2.19

Zn2+

oy ©9 o_ 0
o N NN
N H H H
H
2.27

Scheme 2.3 Mechanism of nucleophilic substitution with aniline and amido-squarate,
2.19.

Once again, the yields varied depending on the electron-withdrawing
substituents of the aniline. As 4-nitroaniline is an electron-poor and weak
nucleophile, the yields were the lowest at 10%, while the unsubstituted aniline

gave a yield of 71%.

The successful synthesis of the amido-squaramides can be seen by the
characteristic NH peaks of the amido-squaramide. Using 2.28 as an example, the
amido-NH shifts downfield to 10.24 ppm while the phenyl NH appears at 12.26
ppm, both integrating for 1 H. Successful nucleophilic substitution is also
indicated by the disappearance of the ethyl ester peaks in the aliphatic region.
3C NMR, HRMS and IR confirmed successful formation of the amido-
squaramides. Full characterisation data can be found in the experimental section

and supporting spectra can be found in the Appendix.
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Figure 2.9 *H spectrum of amido-squaramide, 2.28.

2.4 pKa Determination

To examine the effect the carbonyl has on the pKa of the amide NH, pH-
spectrophotometric titrations were performed to obtain experimental pKa values,
using a method described by Schmidtchen et al.'® These titrations were
performed in a mixture of DMSO-water (9/1 v/v; in the presence of 0.1 M TBAPFs

at a receptor concentration of 10 pM).

During the spectrophotometric titrations, deprotonation events were
observed by hypo- and hyperchromism of absorbance bands at various
wavelengths. This can be clearly seen in the example of 2.32 (Figure 2.10), where
there is hypochromism at 284 and 320 nm and hyperchromism at 347 and 407
nm. The inset of Figure 2.10 details the changes of absorbance as a function of
pH. A four parameter sigmoid curve was fitted through these data points using
Sigma Plot (Systat Software Inc., Chicago, IL, USA) with the point of inflexion
corresponding to the pKa (See Appendix), the results of which are summarised
in Table 2.2.
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Figure 2.10 Absorption spectra taken over the course of a pH-spectrophotometric titration of 2.32
(10 uM) in an DMSO-water mixture (9/1 v/v; in presence of 0.1 M TBAPFs) pH 2.52 (blue), pH
12.40 (red). Inset: Comparison plots of absorbance at 284 nm (yellow), 320 nm (grey), 347 nm
(orange), and 407 nm (blue) vs. pH.

We expected to observe two deprotonation events, one for the N-amide
NH and the second being the NH of the N-phenyl, however, only one
deprotonation event could be observed for all receptors. This signified that the

pKa of only one NH was determined during the pH-spectrophotometric titrations.

We postulated that the pKa of the N-amide NH would be lower than that of
the N-phenyl pKa due to the electron-withdrawing effect of the carbonyl. Thus,
examining the results of the pH-spectrophotometric titrations, we expected that
we had determined the pKa values of the N-amide NH based on the range of
values obtained, as they displayed lower pKa values than those of analogous
disubstituted N-phenyl squaramides previously reported in the literature (Table
2.1).%%1 This was the first piece of evidence to suggest that we were correct in our
assumption that the inclusion of the carbonyl would reduce the pKa of the NH,
increasing its acidity.

Table 2.1 Comparison of experimentally obtained pKa of amido-squaramides vs. experimentally
obtained pKa of disubstituted N-phenyl squaramides.*5!

Receptor pKa Receptor pKa
2.27 8.8 1.53 11.7
2.28 7.3 1.56 9.8
2.29 6.3 1.59 8.5
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To further investigate the experimentally derived pKa values, a
collaboration with Dr. Tobias Kramer of the Chemistry Department, Maynooth
University allowed us to obtain the pKa for both the N-phenyl and N-amide NH.
Dr. Kramer calculated the pKa values of all receptors using a direct method via
the thermodynamic cycle depicted in Scheme 2.4, utilising a proton solvation free
energy of —273.30 kcal mol~* in DMSO.

AG®gas -
HA(gas) ——— > A (gas) + H* (gas)
_AGesolv(HA) AC"'lesolv(ﬁ\_) AGesolv("“)
AGesoln _
HA (soln) ———— > A™ (soln) + H* (soln)

Scheme 2.4 Thermodynamic cycle used to determine the pKa values of amido-

squaramide receptors.

The results obtained by Dr. Kramer confirmed our belief that we had
determined the pKa of the N-amide NH, illustrated by the good agreement
between the two values (Table 2.2). The calculated values of the N-phenyl NH
also shows alignment with previous reports in the literature from Ni et al.’? The
pKa values correlate with the Hammett constants of the substituents as the pKa
decreases as the Hammett constant increases,**® i.e. 2.29 bearing two
(trifluoro)methyl moieties displayed the lowest pKa while the unsubstituted 2.27
displayed the highest pKa. The calculations also confirmed that the N-amide

linkage decreased the pKa of the amido-squaramide receptors.
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Table 2.2. Summary of experimentally obtained pKa values for N-phenyl NH and calculated
values for both N-phenyl and N-amide NH. 2 no Hammett constant reported for o-iodo substituent.

Receptor

2.27
2.28
2.29

2.30
2.31
2.32
2.33

2.34

N-
amide
(Exp.)

8.8
7.3
6.3

7.5
8.8
8.1
7.1

8.2

N-

amide
(Calc.)

8.9
7.9
6.6

7.5
8.9
9.8
7.1

7.8

2.5 Geometry Optimisation

pKa

N-
phenyl
(Exp.)

N-

phenyl
(Calc))

12.7
11.6
10.3

10.4

12.4

11.4
9.3

11.0

Substituent

H
4-CF3
Bis-3,5-
CFs
NO;
2-lodo
4-lodo
3,4-
dichloro
4-Chloro

Hammett

Constant

0.0 op
0.54 op
0.43 0p

0.78 0,

a

0.18 0,
0.23 0,
0.37 O
0.23 0,

Further work performed by Dr. Kramer produced optimised geometries of amido-

squaramides in the solution phase. The geometries of the amido-squaramides

were optimised with M06-2x/6-31+G(d) and then single point calculations with
DLPNO-CCSD(T)/CBS (3/4 extrapolation to complete basis set limit with def2-

nZVP basis set with n = 3 and 4).

From these calculations, the energy-minimised structure of amido-

squaramide 2.27 showed that the carbonyl of the amide-linkage participates in

an intramolecular hydrogen bond to the NH of the N-phenyl NH (Figure 2.11).

This is unsurprising as similar behaviour was observed by Ashton et al. (Figure

2.5).
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Figure 2.11 Energy minimised structure of 2.27 participating in intramolecular hydrogen bonding.

Molecular dynamics simulations of 2.27 strengthened the finding that the
amido-squaramide prefers to maintain a planar conformation stabilised by H-
bonding. Figure 2.12 shows a heat map of the conformational space of the
system with regard to two parameters: the two torsional angles C-C-N-C(Phenyl)
and C-C-N-C(=0), i.e. rotations around the bonds attached to the double bond of
the cyclobut-3-ene ring of the squaramide. The heat map shows two minima
(blue) of the amido-squaramide conformations, one where the amido-squaramide
adopts an anti/syn conformation as it participates in intramolecular H-bonding

and one where the amido-squaramide adopts an anti/anti conformation.
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Figure 2.12 a) Heat map of conformational space of 2.27 illustrating two minima (blue). b) The
two lowest energy conformations of 2.27, anti/syn (left), anti/anti (right).

Given the observed propensity of amidosquaramides to possibly form an
intramolecular H-bond, we expected that this may impact on the anion binding
ability of this receptor. Indeed, we envisaged that it may cause an additional
thermodynamic barrier to anion recognition where the intramolecular interaction

would first need to be overcome before anion recognition could proceed.
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2.6 Anion Binding Studies

Receptors 2.27 — 2.29 were selected to undergo 'H NMR spectroscopic anion
screening to assess their interaction in DMSO-ds (0.5% H20) with a range TBA

salts of halides and oxoanions (Table 2.3).

Table 2.3 Summary of interaction of 2.27 — 2.34 and TBA salts of various anions and their
association constants. 2 deprotonation occurred. ? H-bonding indicated by a downfield shift of NH
protons. € no interaction observed.

Receptor F Cl- Br- I SO.* NOs  AcO  HPOs*
2.27 d.a int. n.ic. n.i. d. n.i. d. d.
2.28 d. int. n.i. n.i. d. n.i. d. d.
2.29 d. int. n.i. n.i. d. n.i. d. d.

When treated with basic anions (F-, SO4%", AcO- and H2PO4%) all receptors
underwent deprotonation. This was observed in the *H NMR spectra with the
disappearance of both NH peaks and in some cases, the coalescence of aromatic
peaks (Figure 2.13). In the case of TBAF, the formation of HF2" can be seen by
the characteristic peak at 16.15 ppm (Figure 2.13). No observable changes in the
'H NMR spectra were observed when receptors were treated with 10 molar
equivalents of Br-, I or NOs™ indicating that no interaction was taking place (Figure
2.13). When treated with 10 molar equivalents of CI, a downfield shift of the
amide NH was observed (A ppm = 1) indicating hydrogen bond formation

between the anion and receptor (Figure 2.13).

Based on the results of the anion screen, more detailed 'H spectroscopic
titrations were performed in DMSO-ds (0.5% H20) at 298 K, to determine the
binding constants in the presence of chloride. All receptors displayed the same
behaviour when treated with TBACI (see Appendix). Looking at 2.29 as an
example (Figure 2.14), sequential additions of CI resulted in the NH peak
corresponding to the N-amide (blue) undergoing a downfield shift, while the NH
peak corresponding to the N-phenyl (green) displayed a barely discernible
downfield shift. Slight shifts in aromatic resonances could also be observed,

indicating possibly weak C-H---anion interactions.
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Figure 2.13 'H NMR stackplot of 2.29 (2.5 x 106 M) treated with different TBA salts of anions (10
equiv.). a) Blank spectra of 2.29 (no anion present). b) 2.29 + TBACI. c¢) 2.29 + TBAF. d) 2.29 +
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As the results of the geometry optimisation showed the amido-
squaramides contain an intramolecular H-bond between the N-phenyl NH and
the amide’s oxygen atom, it is unsurprising that there was only a slight shift
observed for the corresponding signal when treated with TBACI. We postulate
that the stability afforded by the intramolecular H-bond results in the amido-
squaramide being unwilling to break this intramolecular interaction, resulting in

only one NH being available to bind to anionic guests.

Binding constants were determined by plotting the changes in chemical
shift of the NH peaks against anion concentration and the resulting plots were
analysed using the open access software BindFit (e.g. Figure 2.15), and fitted to
a 1:1 binding model.'>® The results are summarised in Table 2.4. A 1:1 binding
model was found to be the best fit the data for all receptors. This was validated
by % error for each receptor < 5%, combined with their residuals plots displaying

a random scatter centred around the x-axis, as seen in Figure 2.16.

13
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Figure 2.15 Fitted binding isotherm for the titration of 2.29 (2.5 X 10 M) in the presence of
increasing concentrations of Cl-in DMSO-de/0.5% H20). The data is fitted to a 1:1 binding model
and shows the chemical shift of the NH signals throughout the titration.
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Figure 2.16 Residual plot of 2.29

The binding affinity of the amido-squaramides were in the order of 2.29 >
2.28>2.76 >2.33 > 2.34 > 2.30 = 2.32 > 2.31. Unsurprisingly, 2.29 displayed the
highest binding constant of 123 Ka/M? due to the presence of the bis-3,5-
(trifluoro)methyl substituents on both aromatic rings. This aligns with previously
reported receptors decorated with CFs moieties displaying the highest binding
constants.1?® 2.31 displayed the lowest binding constant of 6 ka/M™. We postulate
that this is a result of the 2-iodo substituent causing steric hindrance at the binding
site, preventing ClI to come into proximity of the NH hydrogen bond donor. Due
to the Hammett constants of the relevant substituents of 2.32 — 2.34 and their
decreased pKa, it was expected that there would be higher binding constants for
these receptors compared to that of unsubstituted 2.27, however, this was not
the case. It remains unclear as to why 2.27 displays a higher anion binding
constant than that of receptors bearing electron-withdrawing groups with lower

pKavalues.

Table 2.4 Summary of the binding constants for Cl- (Ka/M1) of receptors 2.27-2.34 in 0.5% H20
in DMSO-ds at 298 K. Data fitted to 1:1 binding model.

Receptor Ka/ M
2.27 76
2.28 97
2.29 123
2.30 54
2.31 6
2.32 52
2.33 69
2.34 58
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When comparing amido-squaramides to analogous squaramides, ureas,
and thioureas (Figure 2.17), we see that while amido-squaramides do not reach
the anion binding ability of their analogous squaramides, they do, however, show
anion binding abilities greater than that of their urea and thioureas analogues
(Table 2.5).
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N" N NN
N N H H H H
2.27 1.53 1.54 1.55
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CF,
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FsC
2.27 1.59 1.60 1.61

Figure 2.17 Structures of amido-squaramides and their analogous squaramides,
thioureas and ureas.

Table 2.5 Comparison of binding constants (Ka/M1) of amido-squaramides and previously
reported squaramide, thiourea and urea receptors.128

Amido- Ka/M? Squaramide Ka/M? Thiourea Ka/M? Urea Ka/M1
squaramide
2.27 76 1.53 260 1.54 15 1.55 31
2.28 97 1.56 458 1.57 43 1.58 75
2.29 123 1.59 643 1.60 41 1.61 88

We postulated that the anti/syn conformation of the receptors arising from
the intramolecular H-bonding was a factor in the relatively low Cl- binding
constants, as only one hydrogen bond donor is available for H-bond formation
with CI, compared to the analogous squaramides which display two hydrogen
bond donors.

We considered that acidic conditions might disturb the H-bond between
the phenyl NH and the carbonyl oxygen, therefore switching the conformation to
anti/anti, ‘freeing’ the N-phenyl NH, which would in turn facilitate superior anion
binding. If acidic conditions could perturb this intramolecular interaction, we

expected to observe a shift of the phenyl NH signal in the *H NMR spectrum,
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where it would resonate more downfield, due to the NH no longer participating in

H-bonding interactions.

To investigate this theory, we employed 'H NMR spectroscopy to examine
the effects of acidic conditions on the amido-squaramide and its chloride binding
ability. Initially, a solution of 2.29 in DMSO-ds was made acidic by the addition of
AcOH (1 pL, 11.6 equiv.). No visible changes in the spectrum were observed,
indicating that the intramolecular H-bond was still intact (Figure 2.18). We had
seen previously that addition of 2.29 with TBACI (10 equiv.) resulted in a
downfield shift of one NH signal by approximately 1 ppm (A ppm = 1). Upon
addition of TBACI (10 equiv.) in the presence of AcOH, a shift of one NH signal
was still observed, however, the shift downfield was not as significant, A ppm =
0.4. Subsequent additions of AcOH (up to 5 pL) did not result in further changes

to the spectrum.
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Figure 2.18 'H NMR stackplot of 2.29 (2.5 x 10-¢ M) and TBACI (10 equiv.), treated with increasing
additions of AcOH. a) 2.29 (no AcOH or TBACI). b) 2.29 + 1 pyL AcOH. c) 2.29 + 1 pL AcOH +
TBACI. d) 2.29 + 2 pL AcOH + TBACI e) 2.29 + 5 puL + TBACI. f) 2.29 + TBACI.

As AcOH failed to result in perturbation of the intramolecular H-bond, TFA
was then employed as it displays a lower pKa than AcOH (pKa = 0.23; pKa = 4.75,
respectively) (Figure 2.19). Similar to AcOH, the addition of 1 yuL of TFA did not
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result in any visible change in the 'H NMR spectrum. Addition of TBACI (10
equiv.) in the presence of TFA, again resulted in a lesser downfield shift, A ppm
=~ 0.4. Further additions of TFA to 5 pL resulted in a very slight upfield shift of the
NH signal.
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Figure 2.19 'H NMR stackplot of 2.29 (2.5 x 10-¢ M) and TBACI (10 equiv.), treated with increasing
additions of TFA. a) 2.29 (no TFA or TBACI). b) 2.29 + 1 uL TFA. ¢) 2.29 + 1 uL TFA + TBACI. d)
2.29 + 5 uL AcOH + TBACI. €) 2.29 + TBACI.

From these rudimentary experiments, it was apparent that under acidic
conditions, the intramolecular H-bond of 2.29 was not disrupted, as the phenyl
NH signal remained unchanged. It was also evident that the interactions between
2.29 and CI- were reduced compared to when no acid was present, as shown by
a reduced downfield shift of the NH signal. While it is it not evident why exactly
this is the case, it appears that AcOH and TFA introduce competition for

interactions between 2.29 and CI-.

2.7 Anion Transport Assays

With just moderate CI- binding affinities, we expected that the amidosquaramides
may not exhibit efficient anion transport as we had initially envisaged.

Nevertheless, the anionophoric activity of receptors 2.27 - 2.34 was screened
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using methods reported by Gale et al.1>* Unilamellar vesicles were created using
a 7:3 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and cholesterol by hydrating the lipid mixture using a solution of a NaCl solution
(487 mM), buffered to pH 7.2 using a sodium phosphate buffer (5 mM)), known
as the internal solution. The solution was then subjected to nine freeze-thaw
cycles, followed by extrusion twenty-five times through a 200 nm polycarbonate
membrane. The liposomes then underwent dialysis using a NaNO3s solution (487
mM) buffered to pH 7.20 using a sodium phosphate buffer (5 mM)), known as the
external solution, to remove unencapsulated chloride ions. Using the external
solution, the liposomes were diluted to 0.5 mM before each run was performed.
The efflux of chloride was measured using a chloride ion selective electrode
(ISE). The amido-squaramides were added to the vesicles as DMSO solutions
via micropipette (Figure 2.20). See Experimental Procedures for detailed assay

Microp% Chloride ISE

conditions.

NaCl loaded POPC
vesicles suspended in
NaNO; solution

Glass vial containing
lipid suspension

Magnetic stirrer

Micro PTFE stir bar

Scheme 2.20 Experimental setup used for CI/NOs- exchange ISE assay.

Initially, the anionophoric activity of the amido-squaramides were
assessed at pH 7.20 at a concentration of 5 mol% (with respect to POPC
concentration), repeated in triplicate. The amido-squaramides were added at O
seconds and the efflux was monitored for 300 seconds before the addition of a
solution of Triton X-100 (11 wt% in H20:DMSO 7:1 v:v) in order to calibrate the

100% efflux value.
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Figure 2.21 Chloride efflux facilitated by 2.27 — 2.34 (5 mol % receptor to lipid) from unilamellar
POPC vesicles loaded with 487 mM NaCl buffered to pH 7.20 with 5 mM sodium phosphate salts,
and suspended in 487 mM NaNOs buffered to pH 7.20 with 5 mM sodium phosphate salts. Each
trace represents the average of three trials.

The results from the anion transport assays performed at pH 7.20 (Figure
2.21), revealed that the receptors displayed minimal transport at this pH. 2.28
demonstrated the most potent anionophoric activity, yet still failed to reach 50%
efflux at 5 mol %. 2.30 and 2.31 also performed well in effluxing chloride from the
vesicles compared to the remaining receptors, but to a lesser extent compared
to 2.28. The anionophoric activity of 2.28 can be attributed to their higher binding
constants for CI- than the remaining receptors, in addition to enhanced lipophilicity
granted to the receptor by the trifluoromethyl moieties. Surprisingly, 2.31
displayed higher anionophoric activity than receptors that displayed higher
binding constants for Cl. While 2.29 displayed the highest binding constant and
contained multiple trifluoromethyl moieties, which are known to increase
lipophilicity and anion transport, the receptor was only able to facilitate

approximately 20% CI- efflux.

The poor anion transport ability of 2.29, and indeed, all of the receptors,
can be ascribed to their pKa values. The range pKa values of the amido-
squaramide amide NH were experimentally determined to be between 6.3 — 8.8.
Thus, as the anion transport assays were performed at pH 7.20, a large
proportion of the receptors would exist in their deprotonated state, and as only
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the amide NH is available to participate in H-bonding to anionic species, this

effectively limits their ability to transport CI- at neutral pH.
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Figure 2.22 Chloride efflux facilitated by 2.27 — 2.34 (5 mol % receptor to lipid) from unilamellar
POPC vesicles loaded with 487 mM NacCl buffered to pH 4.20 with 5 mM citric acid buffer, and
suspended in 487 mM NaNOs buffered to pH 4.20 with 5 mM citric acid buffer. Each trace
represents the average of three trials.

The anion transport assays were repeated at pH 4.20, using the method
described previously, with the solutions buffered to pH 4.20 using a citrate buffer.
At acidic pH, a considerable increase was observed in the anionophoric activity
of the amido-squaramides (Figure 2.22). 2.28 facilitated 100% CI- efflux at 5 mol
%, and 2.30 also demonstrated a stark increase from approximately 30% efflux
to approximately 80% efflux. The remaining receptors did not manage to obtain
50% efflux of CI- after the 300 seconds, placing 2.28 and 2.30 as the most potent
anionophores. This increase of anionophoric activity can be attributed to the
receptors not being deprotonated at acidic pH, allowing for the receptor to bind

and transport Cl- across the vesicle membrane.

The results of the anion transport assays established that amido-
squaramides can facilitate CI/NOs" exchange across a lipid membrane, and
display pH-switchable behaviour, where anion transport is ‘switched on’ at acidic
pH. In depth analysis of the anionophoric activity of the amido-squaramides was
unable to be performed due to time constraints of the project and the instability
of the POPC liposomes at pH 4.20. Future work will focus on determining the

ECso values of the receptors using Hill analysis, and investigating other antiport
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exchange processes and whether amido-squaramides can also facilitate symport

processes.
2.8 Conclusion

In conclusion, we synthesised a novel family of amido-squaramide anion
receptors, 2.27 — 2.34, featuring an N-aryl linkage and an N-amide linkage to an
aryl group, with both aryl moieties decorated with a range of substituents to tune
anion binding and transport properties. These amido-squaramides were
accessed through a facile four step synthetic pathway, employing well-
established methods such as amide coupling reaction and nucleophilic
substitution of the amido-squarate intermediate. The yields of these reactions
ranged as low as 10% to as high as 71%, dependent on the strength of the
electron-withdrawing substituents of the aryl rings. Novel structures were
characterised by NMR and IR spectroscopy, and HRMS.

The pKa of the receptors were determined both experimentally, using pH-
spectrophotometric titrations, and theoretically, where the results were in good
agreement with each other and with previously reported examples in the
literature. The pKa values correlated with the Hammett constants of the aryl
substituents, with 2.29 displaying the lowest pKa values and 2.27 displaying the
lowest. Geometry optimisation and molecular dynamics simulations of 2.27
revealed that the amido-squaramide participates in an intramolecular H-bond
between the phenyl NH and the amide carbonyl's oxygen, holding the receptor in

an anti/syn conformation.

The amido-squaramides displayed deprotonation with basic anions such
as F, SO4%, AcOr, and H2PO4?, and selective H-bond formation with CI. *H NMR
titrations were employed to determine anion binding constants, where a 1:1
binding model was found to have the best fit. The order of binding affinity for the
receptors were in the order of 2.29 > 2.28 > 2.76 > 2.33>2.34 >2.30= 232 >
2.31. Upon comparison of binding constants of the amido-squaramides displayed
higher binding affinities than their urea and thiourea analogues, however, they
were less effective at binding CI- than squaramide analogues. This was attributed
to the intramolecular H-bond of the amido-squaramides, resulting in only one NH

hydrogen bond donor being available.
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Anion transport studies performed at pH 7.20 revealed that only minimal
anionophoric activity was observed. However, anionophoric activity of the
receptors was observed to be ‘switched on’ when the assays were performed at
pH 4.20. 2.28 was the most potent anionophore, were 100% efflux of Cl- was
observed at pH 4.20, at 5 mol % concentration of the receptor. In-depth analysis
of the anionophoric activity of the amido-squaramides at this pH was unable to
be performed due to time constraints of the project and the instability of the
liposomes under acidic conditions. However, the preliminary results
demonstrated the proof of principle that the amido-squaramides could act as pH-

switchable CI/NOs exchangers.

Further work will further investigate the anion transport abilities of amido-
squaramides at acidic pH, along studies to assess the capabilities of the

transporters to perform other antiport exchanges and symport processes.
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Chapter 3

Towards Stimuli-Responsive

Anion Transport
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3 Towards Stimuli-Responsive Anion Transport

3.1 Introduction

Anion transport across cellular membranes is controlled by specialised proteins
embedded in the plasma membrane. Malfunction of these proteins and the
consequent disruption of cellular and extracellular anion regulation leads to the
onset of various diseases known as channelopathies, such as cystic fibrosis (as
discussed in Chapter 1). Intense investigation in recent years has yielded several
examples of small molecules that can facilitate anion transport across lipid
membranes, displaying anti-cancer properties by disrupting the polarisation of

intracellular compartments and triggering apoptosis. %156

As controlled anion transport is intrinsic for healthy cells, anionophores
that indiscriminately transport anions across membranes may have many
adverse effects on normal cellular function. However, few examples in the
literature exist of synthetic anionophores that exhibit the gating/switching

behaviour seen in biological systems.

One example is the family of thiosquaramides reported by Jolliffe and Gale
et al. which displayed switching behaviour of their anion transport activity in
response to pH (Figure 3.1).15! The presence of the sulfur atoms on receptors 3.1
— 3.3 led to a decrease in pKa values compared to that of the oxosquaramide
analogues, 1.53, 1.56, and 1.59. Thiosquaramide receptors containing electron-
withdrawing groups, 3.2 and 3.3, displayed lower chloride binding constants than
the corresponding oxosquaramides in DMSO-ds. The authors attributed this to
the thiosquaramides existing in a partially deprotonated form in DMSO, resulting
in the loss of a hydrogen bond donor and a charge-repulsion between the anion
and the partially deprotonated receptor. However, 3.1 and 3.4 showed higher or
similar chloride binding constants compared to their oxosquaramide

counterparts.
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Figure 3.1. Chemical structures of thiosquaramide and oxothiosquaramide receptors investigated
by Elmes and Busschaert et al. and their oxosquaramide analogues.

Anion transport studies showed that the anionophoric activity of
thiosquaramides at pH 7 was greatly decreased. Again, the authors attributed this
to the deprotonation of the thiosquaramides at neutral pH, and when anion
transport studies were conducted at pH 4, the anionophoric activity of the
thiosquaramides was ‘switched on’ (Figure 3.2). Receptors 3.1 and 3.2 displayed
the lowest ECso values at 0.0125 mol%, surpassing their analogous

oxosquaramides at pH 4.

pH=T7
pH>T
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Figure 3.2. Schematic of Thiosquaramide 3.2 displaying switching behaviour in response to pH -
when pH > 7, anionophoric activity is ‘switched off due to deprotonation, when pH < 7
anionophoric activity is restored.

The first example of ‘mixed’ oxothiosquaramide, 3.6, was also synthesised
by Jolliffe and Gale et al. (Figure 3.1).15” The authors noted that the inclusion of
just one sulfur atom to the squaramide was enough to sufficiently decrease the
receptor’s pKa resulting in switching behaviour of anion transport in response to
pH, mirroring the results of thiosquaramides. 3.6 displayed a much greater
chloride binding affinity than the corresponding thiosquaramide but did not exhibit
the same level of anionophoric activity. Other anion binding motifs have also been
employed for pH-sensitive anion transport such as phenylthiosemicarbazones®®
159 and indole-based perenosins!® that facilitate electroneutral transporf of H*/CI-
through a symport mechanism under slightly acidic conditions.

Other examples of stimuli-responsive anionophores include the photo-
triggered anionophores reported by Langton et al.1%* These azo-benzene di-
squaramides underwent reversible E-Z photo-isomerisation when irradiated with
red and blue light (Figure 3.3). Anion binding constants for Cl- in DMSO-ds were
higher for the Z-isomer when compared to the E-isomer. Authors attributed this
to the hydrogen bond donors of the squaramide motif being in more favourable
positions to bind cooperatively to the anion as the Z- isomer.

cl N N-R
1
cl ’\Ill 625 nm N \ W, H
= Cl.Cl v )
Nocl 465 nm N \@%H
N s 5 N
R~ N cl of N N-R

3.7 (E) 3.7 (2)

Figure 3.3 General structure of photo-activated anion transporters reported by Kerckhoffs et al.,
3.7, that undergoes reversible photo-isomerisation when irradiated with red and blue light.

Anionophoric activity was also increased post photo-isomerisation,
marked by a decrease in ECso values e.g. ECsofF = 181 + 16 nm and ECs¢? = 22
+ 2 nm. In situ control of the anion transport activity was demonstrated when,

during anion transport assays, the system was irradiated at 652 nm which led to
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‘turn on’ of anionophoric activity (Figure 3.4). When irradiated at 455 nm, anion

transport was ‘turned off’.

|

0.04 4
0.00 He-a® . . :
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A[NaCl],,,/ mM

t/ min
Figure 3.4 Photo-triggered anion transport facilitated by 3.7 from POPC vesicles. Red indicates
irradiation of system using 625 nm, blue indicated irradiation of system using 455 nm.

Gale et al. have also investigated the application of photo-responsive
anion transporters using stiff-stilbene based bis(thio)ureas, 3.8 (Figure 3.5).16?
Similar to the azo-benzene example above, irradiation of the receptors induces
an E-Z isomeric interconversion. The Z-isomer displayed higher chloride binding
affinity and transport activity than the E-isomer, due to the cooperative binding of
the binding motifs. It was also reported that the thiourea-based receptors
displayed higher anionophoric activity than the urea counterparts due to the

increased lipophilicity of the sulfur atom; a trend previously reported by Gale et
a|_128

R
HN O N»\N\
365 nm . H H
H'?l - = l H @
R 385 nm ©H
O
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3.8 (E) 3.8(2)

Figure 3.5 General structure of stiff-stilbene based bis(thio)ureas synthesised by Wezenberg et
al. that display photomodulated anion transport activity.

The previous two examples demonstrated how an isomeric change can
modulate anion transport. However, while an increase of anion transport was

observed after photo-stimulation, some anion transport in the less active E-
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isomers was still observed. An alternative strategy was used by Talukdar et al.
who reported procarrier 3.9. The procarrier remained inactive until light
irradiation, which caused the molecule to fragment, releasing an active anion

transporter (Figure 3.6).163

0
I~
N NOCF3 365 nm

O,N

0
i 0
+ H
H ON

3.9 3.10

Figure 3.6 Indole-based procarrier that undergoes photo-cleavage reported by Salunke et al.

Procarrier 3.9 contains an ortho-nitrobenzyl moiety which acts as a
‘blocking group’, reducing the number of hydrogen bond donors available for
anion recognition. This limits the anion transport activity, as evidenced by the lack
of anion transport measured during transport assays. Upon irradiation at 365 nm,
the ortho-nitrobenzyl moiety undergoes photo-cleavage, releasing the active
anionophore, 3.10, and an aldehyde by-product (Figure 3.6). 3.10 was shown to
be an efficient anion transporter, with an ECso value of 0.219 puM. In vitro studies
using the MCF 7 cell line revealed that procarrier 3.9 displayed no cytotoxic
effects. However, when irradiated at 365 nm, pronounced cell death was
observed. This finding established stimuli-responsive anion transporters as viable

targeted therapeutics for deep tissue cancers.
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Figure 3.7 Chemical structure of active anion transporter 3.11, and procarriers 3.12 — 3.15

Biomolecules have also been employed in creating stimuli-responsive
anion transporters. Jeong et al. synthesised a series of enzyme-responsive
procarriers featuring a urea binding motif (Figure 3.7).1%4 These procarriers
contained hydrophilic appendages which rendered the transporter inactive due to
their inability to partition into the lipophilic membranes. In the presence of specific
enzymes, enzymatic hydrolysis occurred, releasing active anion transporter,

3.11, thereby stimulating anion transport across lipid membranes.

Procarrier 3.12 was able to undergo enzymatic hydrolysis to produce the
active anion transporter upon treatment with Candida antarctica lipase, Candida
sp. lipase, and porcine pancreas lipase. 3.13 was more sluggish to react and was
only activated by porcine pancreas lipase. 3.14, bearing a glucose unit, displayed
slow enzymatic conversion using a range of glycosylases at pH 7.2. However,
when performed at pH 5.5, enzymatic conversion increased significantly. This
was deemed advantageous as extracellular pH of tumour tissues is more acidic
than normal.1%® Procarrier 3.15 bearing a galactosyl appendage did not encounter
the same issues as the glucose counterpart, undergoing enzymatic conversion
to 3.11 at pH 7.2 in the presence of Aspergillus oryzae (-galactosidase (AOG).

Using Fischer rat thyroid (FRT) epithelial cells inoculated with halide-
selective sensor YFP-F46L/H148Q/1152L, the relevant enzymes, and the
procarriers 3.12 and 3.15, the in vitro activity was measured. A mixture of 3.15
and AOG proved to be a more effective facilitator of CI- influx to the FRT cells
than 3.11 alone. This was suspected to be due to the hydrophilic nature of the
appendages increasing water solubility, thereby increasing the deliverability of

the procatrrier.

With just a small number of reported examples, the concept of stimulated
anion transport remains largely unexplored. Of these examples, pH-sensitive
anionophores rely on a change in environmental conditions to modulate their
activity and photo-sensitive procarriers must rely on the application of an external
light source to achieve the desired effect. The employment of enzymes to act as
triggers for anion transport has many advantages and represents a highly useful

strategy that can be easily targeted towards various disease states and cell types.
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Indeed, enzymes have been similarly exploited in both prodrug strategies,166-167

and in the detection of tumour hypoxia in the recent past.168-169

3.2 Chapter Objectives

The objective of this chapter is to synthesise a series of stimuli-responsive anion
transporters (SRATS), utilising a squaramide motif as the binding unit. (Figure
3.8). These SRATs feature what we term ‘tertiary squaramides’ that lack
hydrogen bond donor groups, inactivating anion binding and transport. The N-
phenyl substituents of the squaramide would be decorated with trifluoromethyl
moieties to increase anion binding and transport activity. The squaramide NHs

would be protected by benzyl functional groups with a varying trigger in the para-

position.
o) 0 FsC o} 0O CF,4
i = o, =
N N N N
O,N NO, O,N NO,
3.16 3.17
oy oy )=¢
N N N N
o) o)
\ I
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Figure 3.8 Chemical structures of SRATs. 3.16 and 3.17 bearing the para-nitrobenzyl trigger for
nitroreductase, 3.18 and 3.19 bearing the triisopropylsilyl ether protecting group which acts as a
trigger for fluoride.

Tertiary squaramides 3.16 and 3.17 contain a para-nitrobenzyl trigger. The
para-nitrobenzyl moiety has been used as a trigger moiety in fluorescent probes
for the detection of nitroreductase (NTR) as a marker for tumour hypoxia.t® In

the presence of nicotinamide adenine dinucleotide (NADH), NTR reduces nitro-
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aromatics to aromatic amines. The conversion from an electron-withdrawing
moiety to an electron-donating moiety can cause the molecule to fragment, as
has been reported in previous literature examples.'’® We envisage that upon
treatment of 3.16 and 3.17 with NTR, the para-nitrobenzyl will be reduced to para-
aminobenzyl which will cause an electron cascade resulting in the fragmentation
of the SRAT into active anion transporter 1.56 and 1.59, respectively (Figure 3.9).
However, the study of the behaviour of these SRATs were anticipated to be made

difficult due to the requirement of performing enzyme studies in aqueous media.

o) 0 ; o 0
FsC j\;/( CF, %ﬁa FsC j\;ﬁ CF; Complete
N N a N N Reduction

JR ™ g

O,N NO, H,N NO,
3.16 )

o} o)
D=
H H
@NH2
1.56
Figure 3.9 Proposed fragmentation mechanism of 3.16 via reduction by enzymatic activity to
release active anion transporter 1.56.

SRATs 3.18 and 3.19 contain a triisopropylsilyl ether protecting group,
which can be removed in the presence of F- or under acidic conditions. Upon
deprotection, a hydroxyl group is revealed. As hydroxyl moieties are electron-
donating, a similar process is expected to occur as depicted in Figure 3.9, causing
the SRAT to fragment and produce an active anionophore. By creating a chemo-
responsive anion transporter, it would allow analysis to be performed in organic

media, facilitating in depth analysis of the fragmentation process.

After successful synthesis of the SRATS, investigation into the release
mechanism would be performed to fully elucidate the fragmentation process, and
the anion transport ability of the SRATs would be determined. In the following
sections, the synthesis of tertiary squaramides will be discussed alongside
preliminary results, followed by a change in design (due to unexpected synthetic

issues) to create novel stimuli-responsive anion transporters.
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3.3 Synthesis and Characterisation of Tertiary Squaramides

The synthetic pathway to tertiary squaramides is outlined in Scheme 3.1. 2.17,
the synthesis of which is described in Chapter 2, acts as the alkyl squarate
precursor to the squaramide. For the formation of the secondary amines 3.20 —
3.23, a one-pot reductive amination method was employed using an adapted
method from Abdel-Magid et al.l’! Briefly, this involved the acid-catalysed
formation of an imine, which is not isolated or purified, before undergoing a
reduction using a mild reducing agent, sodium triacetoxyborohydride, to form the

target secondary amine.

e} 0 . 0, o}
| —
) D= { o
HO OH yaue 0™\,

R1 4 R1
2 Sy
ii = N N

A (e} . A RS Ra
J 4w S Y | 3.16: R = 4-CF3, Ry = NO,
T, ] H 3.17: Ry = bis-3,5-CF3, R, = NO,
2 2 R 3.18: Ry = 4-CF3, R, = OTIPS
3.20: Ry = 4-CF3, R, = NO, 3.19: Ry = bis-3,5-CF3, R, = OTIPS

3.21: R, = bis-3,5-CF3, R, = NO,
3.22: R, = 4-CF5, R, = OTIPS
3.23: R, = bis-3,5-CF5, R, = OTIPS

Scheme 3.1 Synthetic pathway to tertiary squaramides. Reagents and conditions: i) triethyl
orthoformate, EtOH, 80C, 72 h, 91%; ii) acetic acid, sodium triacetoxyborohydride, MgSQOa
(anhydrous), DCM (anhydrous), Nz, rt, 48 h, 45 — 59%; iii) Zn(OTf)2, EtOH, 80C, 18 h, 5%.

For the synthesis of 3.20 and 3.21, commercially available 4-
nitrobenzaldehyde was obtained. However, 3.22 and 3.23 required protection of
4-hydroxybenzaldehyde with triisopropylsilyl chloride (TIPS-CI) before
proceeding with the reductive amination (Scheme 3.2). 4-Hydroxybenzaldehyde
was reacted with TIPS-Cl| at room temperature in the presence of NEts and
DMAP, an adapted method reported by Lang et al.1”? No further purification was

necessary after agueous work-up to obtain the product in 90% yield.
o o]
_Si
OH © )\
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Scheme 3.2 Synthesis of TIPS protected 4-hydroxybenzaldehyde. Reagents and conditions:
Triisopropylsilyl chloride, NEts, DMAP, DCM (anhydrous), Nz, rt, 18 h.

Successful synthesis of secondary amines 3.20 — 3.23 was
achieved by way of a one-pot reductive amination (the mechanism for the
synthesis of 3.20 as an example can be seen in Scheme 3.3). Acetic acid acts as
a catalyst in imine formation, protonating the carbonyl of the benzaldehyde,
increasing electrophilicity of the carbonyl carbon, allowing for nucleophilic attack
of electron poor aniline. Upon formation of the hemiaminal intermediate, acetic
acid is restored via deprotonation of the ammonium cation. The hydroxyl group
is protonated by acetic acid, forming water, which acts as the leaving group upon
formation of the imine bond. The acid-catalyst is regenerated by the
deprotonation of the imine by the acetate. The iminium ion is then reduced by
sodium triacetoxyborohydride as hydrogen is added across the C=N bond,

forming the target secondary amine.
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Scheme 3.3. Mechanism of reductive amination leading to the formation of 3.20.
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The reductive amination method was chosen to eliminate possible
formation of tertiary or quaternary amines, while the one-pot method was chosen
due to the possibility that the imine intermediate would be too unstable to isolate
as a consequence of the electron-withdrawing groups on both sides of the
molecule, increasing its susceptibility to nucleophilic attack. Sodium
triacetoxyborohydride was employed as the reducing agent as it is less reactive
than other borohydride-based reducing agents. This allowed for preferable
reduction of the iminium ion to the amine, with minimal reduction of the aldehyde

starting material.

Initial yields amines for 3.20 and 3.21 were 36% and 30%, respectively,
while yields for 3.22 and 3.33 were 57% and 50%, respectively. We postulated
that the low yields were due to slow formation of the imine intermediate and its
instability. As imine formation is a condensation reaction, the H20 released could
act to hydrolyse the imine to its starting materials. To optimise the reaction, we
sought to prolong the imine formation to 18 hours before the addition of the
reducing agent. Anhydrous magnesium sulfate was added to the reaction mixture
as a drying agent to sequester any water formed. This method saw an increase
of yields across all amines, with 3.20 and 3.21 yields increased to 45% and 41%,

respectively, and 3.22 and 3.33 increased to 65% and 59%, respectively. 3.20
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and 3.21 were purified via crystallisation using CHCIs while 3.22 and 3.23 were

purified via flash chromatography.
Figure 3.10 *H NMR spectra of secondary amine 3.20 in CDCls.

The successful synthesis of the secondary amines was determined using
'H and 3C NMR, HRMS and IR (See Appendix). The 'H NMR spectra above
(Figure 3.10) shows the successful synthesis of 3.20. The aromatic signals lie
between 6.5 and 8.2 ppm, all integrating for 1H, with the protons on the phenyl
ring containing the CFs moiety appearing as doublet of triplets while the protons
of the phenyl ring containing the nitro group, appear as doublets. The methylene
signal appears as a doublet at 4.5 ppm with an integration of 2H. The NH peak

resonates at 4.6 ppm, appearing as a triplet with an integration of 1H.

The final step of the synthetic pathway to tertiary squaramides was the
nucleophilic substitution involving the secondary amines and diethyl squarate.
The reaction was performed at reflux in EtOH in the presence of zinc
trifluoromethanesulfonate, acting as a lewis-acid catalyst to increase the

electrophilicity of the squaramide and prevent squaraine formation (1,3 addition).
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Figure 3.11 'H NMR spectra of 3.17 in DMSO-de.

This reaction proved to be troublesome, attributed to the poor reactivity of

the secondary amine. After repeated attempts at synthesising the target tertiary
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amines, only synthesis of 3.17 and 3.18 was achieved. The reaction proceeded
with very poor yield of ~5% and the reproducibility of the reaction was also a
cause of concern, as successful synthesis was only achieved intermittently. The
'H NMR of 3.17 (Figure 3.11) was marked by the absence of NH peaks in the
spectra; an indication that the tertiary squaramide had formed. All of the peaks
presented as broad singlets, likely due to fast rotation of the compound on the
NMR timescale. The methylene protons were present at 5.9 ppm with an
integration of 4H, and the expected number of aromatic peaks were observed
between 7.7 — 8.2 ppm with expected integration values. Mass spec data also

supported the successful formation of the target compounds.

While synthetic issues prevailed at this point, enough material was
obtained to perform preliminary analysis of the receptors and to evaluate if
release of the active anion transporter occurred in the presence of the appropriate

stimulus.

3.4 Preliminary Analysis

Preliminary tests were performed to investigate if 3.17 underwent a fragmentation
after reduction of the nitro moiety via an enzymatic reduction, using NTR enzyme
with NADH as a cofactor. A H2O/DMSO (99.5/0.5; v/v) solution containing 10 uM
of the receptor and 10 pg/mL of NTR and 500uM NADH was stirred at room
temperature for 30 minutes. An aliquot of the solution was analysed via LC-MS
to determine if fragmentation occurred. The UV trace (Figure 3.12, a) showed a
complex mixture containing multiple peaks and due to the low concentration of
the sample, baseline drift was also observed, obstructing a full analysis. However,

it was evident due to the multiple peaks that a reaction had occurred.

The protonated mass of the 3.17 (807.5 amu) and the anionophore 1.59
(537 amu) were both observed in the extracted ion chromatogram (Figure 3.12,
b) indicating that after enzymatic reduction of 3.17 via NTR, the SRAT underwent
a fragmentation to release an active anion transporter, and that a full conversion
of the 3.17 to 1.59 was not achieved. Full fragmentation and conversion to 1.59
could be attributed to the imperfect fit of the tertiary squaramide substrate to the

NTR enzyme or due to slow kinetics of the enzymatic reduction.
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Due to limited quantity of the SRAT and the irreproducible synthesis,
further analysis could not be performed. While the evidence was not conclusive
and the exact release mechanism was still to be elucidated, the preliminary
results of 3.17 were promising in the journey to creating squaramide-based

stimuli-responsive anionophores.
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Figure 3.12 a) UV trace (254 nm) of 3.17 post-enzymatic treatment with NTR. b) Extracted ion
chromatograph (XIC) of 3.17 post-enzymatic treatment with NTR. SRAT 3.17, [M+H] 807.5 amu
(red). Released anion transporter 1.59, [M+H] 537 amu (green).

In a bid to further investigate the SRAT strategy, the efficacy of the OTIPS
trigger’s response to F- was performed using a 'H NMR titration in DMSO-ds
(0.5% H20) where 3.18 was treated with TBAF in increasing equivalents. Upon
addition of F to the solution containing the receptor, the signal corresponding to
the methylene protons at ~5.6 ppm gradually reduced in intensity until it
disappeared entirely. A large change in the aromatic region was observed with
the reduction of intensity of some signals and the appearance of new ones. A
triplet appearing at 16 ppm was observed after addition of five equivalents of F-,
indicating the formation of HF2".

While the NMR data does not provide any definitive explanations as to
what is occurring when 3.18 is exposed to F, it is apparent that the molecule is
changing in response to F-, as evidenced by the stark changes in the NMR
spectra. It is possible that a deprotection of the TIPS moiety is occurring in the
presence of TBAF without the SRAT fragmenting to release 1.56, causing the
formation of the phenol-derivative of 3.18. This would account for the appearance
of new peaks in the 'H NMR spectra as two species, the protected and

deprotected SRAT, were present in solution. The presence of the signal
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corresponding to HF2" could be attributed to the deprotonation of the phenol
hydrogen. It is also possible that 3.18, was underwent fragmentation to release
1.59 after the deprotection of the TIPS moiety. This would also account for the
appearance of additional peaks in the observed spectra, and the presence of HF2
could be attributed to the deprotonation of the released receptor, 1.59. However,
it is important to note that there is no conclusive evidence for either of these

events in the 'H NMR spectra.

While the preliminary analysis did not yield any definitive evidence of either
the enzyme-responsive nor the chemo-responsive anion transporter releasing
the desired anionophore after treatment with appropriate stimulus, the results
were promising enough to pursue further. The irreproducibility and poor yield of
the synthesis of the tertiary squaramides was the major hurdle in further analysing
these compounds. Our attention then turned to the optimisation of the final step

of the synthesis to produce a robust and reliable synthetic pathway to our target

molecules.
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Figure 3.13 'H NMR stackplot of 3.18 (2.5 x 10 M) treated with TBAF. a) Blank spectra of
3.18 (no F- present). b) 3.18 + 1 equiv. TBAF. c) 3.18 + 2 equiv. TBAF. d) 3.18 + 5 equiv.
TBAF.

89



Chapter 3

3.5 Synthesis Optimisation of Tertiary Squaramides.

We postulated that synthesis of the tertiary squaramides did not proceed due to
the steric and electronic nature of the synthesised secondary amines. The
secondary amines feature bulky phenyl and benzyl moieties, which could cause
steric clash during the substitutions with diethyl squarate. Electronically, the
amines are also deactivated due to the ability of the lone pairs of the nitrogen to
donate into the phenyl ring bearing electron withdrawing substituents. It was

decided to use a model reaction to investigate these effects in detalil.

As the design of the stimuli-responsive anion transporters relied on the
use of tertiary squaramides, reducing the possible steric hindrance of the
secondary amines was not an avenue that could be explored. To create more
favourable conditions for the nucleophilic substitution, it was decided to i) attempt
to increase the electrophilicity of the squarate to compensate for the poor
nucleophilicity of the secondary amines, and ii) perform a base screen to attempt

to increase the nucleophilicity of the amines.

OO

3.24

Figure 3.14 Chemical structure of model tertiary squaramide, 3.24.

Tertiary squaramide 3.24 was used as a model target molecule for the
synthesis optimisation (Figure 3.14), with N-benzylaniline being used as a model

amine in the reaction.
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Figure 3.15 Four squarate starting materials in the synthesis optimisation of tertiary
squaramides.
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The first approach investigated was to increase the electrophilicity of the
squarate starting material. After consultation with the literature, four squarate
derivatives were chosen for trial in the synthesis optimisation (Figure 3.15).
Diethyl squarate was chosen as the control starting material. Taking inspiration
from amide-coupling chemistry, squaric acid, 2.16, was selected as it was
postulated that the hydroxyl groups could act as a nucleophile in the formation of
an activated ester, which could then facilitate nucleophilic substitution. Squarate
3.26 was selected as pentafluorophenyl esters have been reported in literature
as an intermediate in amide bond formation.”® 3,4-dichlorocyclobut-3-ene-1,2-
dione, 3.25, has also been reported to have been used in the synthesis of

squaramides.1°0

The control reaction (Scheme 3.3) of reacting N-benzylaniline and diethyl
squarate in the presence of Zn(OTf)zyielded no product after reflux over 72 hours.
LCMS analysis showed only unreacted starting materials present in the reaction
mixture. This was not unexpected as it mirrored results seen previously for this

reaction type.

. .
. Qu OO
o R ©) b

3.24

Scheme 3.3 Attempted synthesis of 3.24 via nucleophilic substitution of diethyl squarate.
Reagents and conditions: Zn(OTf)2, EtOH, 80C, 72 h.

The next avenue explored was using squaric acid as a nucleophile in
generating an activated ester intermediate, similar to amide-formation between a
carboxylic acid and an amine (Scheme 3.4). Three coupling reagents were
trialled, DCC, EDCI and PyBOP and each reagent yielded no product. LCMS
analysis showed in each case, unreacted squaric acid and amine. It is likely that
squaric acid cannot act as a nucleophile in the formation of an activated ester

with the coupling reagents due to its low pKa.
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3
Q.
&

2.16
3.24

Scheme 3.4 Attempted synthesis of 3.24 via coupling reaction. Reagents and conditions:
Coupling reagent: DCC/ EDCI/ PyBOP, DMAP, DCM (anhydrous), Nz, rt, 18 h.

3,4-dichloro-cyclobut-3-ene-1,2-dione seemed to be an attractive choice
as an electrophile as the chloro substituents might act as a superior leaving group
over the ethyl ester. Using an adapted procedure from Lunelli,'’* squaric acid
was reacted with thionyl chloride to convert the squaric acid to squaric chloride
(Scheme 3.5). Repeated attempts of this synthesis was met with failure, as the
product failed to crystallise from solution. This method, while potentially
promising, was ruled out due the inability of synthesising the desired

intermediate.

O O O O
HO OH Cl Cl
2.16 3.25

Scheme 3.5 Attempted synthesis of 3,4-dichlorocyclobut-3-ene-1,2-dione. Reagents and
conditions: Thionyl chloride, CHCIs, DMF, 50C, 4 h.

Typically, pentafluorophenyl esters of carboxylic acids are generated
using a coupling reagent and pentafluorophenol. However, as previous attempts
of reacting squaric acid and various coupling reagents failed, a transesterification
was attempted (Scheme 3.6). Diethyl squarate was stirred in THF in the presence
of a vast excess of pentafluorophenol. The reaction was let proceed at room
temperature and the temperature was subsequently increased to 70C, however,

LCMS analysis showed no evidence of transesterification.

o o F FO OF F
O O
70 N ok P
217 3.26

Scheme 3.6 Attempted synthesis of 3.26 via transesterification. Reagents and conditions:
Pentafluorophenol, THF, rt - 70, 48 h.
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Attempting to synthesise a more electrophilic squarate derivative yielded
no success, despite numerous approaches and attempts. Our next approach was

to attempt to use a base to increase the nucleophilicity of the amine.

DMAP, NEts, DIPEA, and NaH were the bases trialled, in conjunction with
Zn(OTf)2, in the attempted nucleophilic substitution using N-benzylaniline and
diethyl squarate (Scheme 3.7). These bases were selected due to their non-
nucleophilic nature, either due to steric hindrance or electronics, and display a
range of base strength. Diethyl squarate was selected as the squarate starting

material, as it was used when the reaction was previously successful.

The use of DMAP and DIPEA did not result in the formation of the tertiary
squaramide, which was verified again by LCMS analysis. Surprisingly, even the
strong base NaH did not encourage the reaction to proceed. When NEts was
employed, at reflux temperatures in EtOH over the period of one week, a
precipitate was formed and isolated. *H NMR and HRMS analysis revealed we
had synthesised 3.24. However, the yield was still poor at 4% and the issues

around reproducibility remained the same.

J =G @u . D
S Re ©) k®

Scheme 3.7 Synthesis of model tertiary amine, 3.24. Reagents and conditions: Base: DMAP/
NEts/ DIPEA/ NaH, EtOH/DCM, 80C, 18 h — 1 week.
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The *H NMR spectra of 3.24 (Figure 3.16), shows the formation of the
model tertiary squaramide. Similar to the *H NMR spectra of 3.17 (Figure 3.11),
all signals were broad singlets or poorly resolved multiplets. The methylene
protons appeared at 5.6 ppm and the aromatic protons resonated between 7.2 —
7.3 ppm. The integration values were as expected and there was no apparent

evidence of NH signals.
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Figure 3.16 *H NMR spectra of 3.24 in DMSO-ds.

A turning point in this project was reached when a crystal of 3.24 was
obtained. X-ray crystal structure analysis (performed by Dr. Chris Hawes, The
University of Keele, UK) revealed that a squaramide had not been synthesised
but in fact, the reaction yielded squaraine 3.27, resulting from a 1,3-disubstitution

of the squarate (Figure 3.17). The bond lengths of the squaraine ring were all
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equal at 1.461(2) A as were the C-N bond lengths between the ring and the amino
substituents 1.328(2) A.

3.27

Figure 3.17 X-ray crystal
structure of disubstituted squaraine (left). Chemical structure of squaraine 3.27 (right).

Squaraines are synthesised utilising squaric acid as a building block.1® It is
not fully understood how a squaraine was the product of our reaction when using
diethyl squarate. We postulate that prolonged reflux could have resulted in the
hydrolysis of diethyl squarate back to squaric acid where it then reacts to form a

squaraine.

This was a vital result as it cast our previous preliminary data in regards to
3.17 and 3.18 into question. It cannot be said with certainty that our preliminary
analysis was performed with squaramides or squaraines, as NMR and HRMS
would not allow us to determine whether a squaramide or squaraine product had

been isolated.

Given the persistent synthetic problems with these molecules, we chose
not to further pursue this design for stimuli-responsive anion transporters. We
turned our focus away from tertiary squaramides to tertiary ureas, instead. This
slight change in design would eliminate the possibility of isomer formation and
would allow us to employ the secondary amines we had developed thus far to

prove the principle of SRATS.
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3.6 Synthesis and Characterisation of Tertiary Ureas

Our new design approach features ureas as the anion-binding unit. While simple
ureas do not display high anion binding affinities or anionophoric activity
compared to squaramide analogues, their application in transmembrane anion
transport is well documented, as discussed in Chapter 1. The chemical structure
of the SRATs would remain largely the same, featuring an enzymatic-trigger
masking the NH groups in the form of a p-nitrobenzyl moiety (Figure 3.18).

Figure 3.18 Chemical structure of tertiary urea SRATS.

The first step in this new direction was to explore the synthesis of tertiary
ureas using a model reaction, similar to those performed previously when
optimising the synthesis of tertiary squaramides (Scheme 3.8) N-benzylaniline
was employed as a model amine. Triphosgene was chosen as the electrophilic
reagent, as it is a safer alternative to phosgene. Using mild conditions and NEts
as a base, the reaction proceeded and gave tertiary urea, 3.30, in a yield of 10%,
after purification via flash chromatography. Successful synthesis was verified by
NMR and HRMS analysis.

S B e e
"D O T

Scheme 3.8 Synthesis of model tertiary urea. Reagents and Conditions: NEts, DCM
(anhydrous), Nz, rt, 18 h.
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The *H NMR spectrum of 3.30 (Figure 3.19, a) showed a characteristic
absence of a NH signal, indicating that a tertiary urea had been formed. The
methylene protons resonated at 4.8 ppm, integrating for 4 H, and the aromatic
protons appeared as complex multiplets between 6.6 and 7.3 ppm with a total
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integration of 20 H. The 3C NMR spectra (Figure 3.19, b) contained a peak at
161 ppm, indicating the presence of a carbonyl carbon, which added further

evidence that a urea had been formed.
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Figure 3.19 a) *H NMR spectrum of 3.30 in CDCls. b) 13C NMR spectrum of 3.30 in
CDCls.

A crystal of 3.30 was obtained via slow evaporation of a solution of 3.30 in
CHCIs. X-ray crystallographic analysis confirmed that we had successfully
synthesised our target tertiary urea (Figure 3.20). The phenyl rings were pointing
in parallel directions in the anti- orientation, while the benzyl moieties were in the
were in the syn- orientation. While we expected the orientations to be reversed,
we anticipated that once undergone fragmentation that the released NH
hydrogen bond donor groups would be placed in the anti- orientation to facilitate
anion binding. This result was confirmation that this avenue of exploration was

feasible in our goal to create stimuli-responsive anion transporters.
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-

Figure 3.20 X-ray crystal structure of model tertiary urea, 3.30 (left). Chemical structure of
tertiary urea 3.30 (right).

Following on the success of the synthesis of model tertiary urea, 3.30,
identical conditions were used in attempts to synthesise tertiary ureas bearing the
nitrobenzyl trigger (Scheme 3.9). However, several attempts using these
conditions were met with no success after 'H NMR and LCMS analysis of the
reaction mixture did not indicate any presence of the target compounds. We
postulated that the presence of the electron-withdrawing trifluoromethyl moieties
on the secondary amines were reducing its nucleophilicity. To overcome this
obstacle, another base screen was performed with the aim to increase the

nucleophilicity of the amine.
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3.31: R = 4-CF,
3.32: R = bis-3,5-CF

Scheme 3.9 Attempted synthesis of tertiary ureas, 3.31 and 3.32, featuring nitrobenzyl trigger.
Reagents and Conditions: DMAP/ NEts/ DIPEA/ DCM (anhydrous), Nz, rt, 18 h.
DMAP and DIPEA were again chosen for the base trial due to their non-
nucleophilic nature. The base trial failed to yield any positive results, as no
indication of product formation was found during *H NMR and LCMS analysis of

reaction mixtures, after repeated attempts.

As unsubstituted urea, 3.30, was able to be successfully synthesised, we
postulate that the difficulty in synthesising 3.31 and 3.32 was due to the presence
of the CFs and NO2 moieties. As both moieties are electron-withdrawing, the

electron density around the nitrogen atom could be severely reduced, resulting in
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poor nucleophilicity. The steric bulk of these moieties could also be hindering
reaction progress by preventing the amine approaching the electrophilic site at
the Burgi—Dunitz angle of 107.176

3.7 Conclusion

Despite our best efforts, both the tertiary squaramides and the tertiary
ureas we had envisaged as stimuli-responsive anion transporters, were not
obtained. We synthesised four novel secondary amines, 3.16 — 3.19, bearing a
NTR-sensitive nitrobenzyl trigger and a fluoride-sensitive triisopropylsilyl ether
trigger, which were characterised by NMR and IR spectroscopy and HRMS.
Reaction of these secondary amines with diethyl squarate were met with mixed
success, with what was thought to be 3.17 and 3.18 being the only target

molecules synthesised and characterised.

Preliminary analysis of these compounds revealed a fragmentation
process occurring upon treatment of the appropriate stimuli. Through LCMS
analysis, 3.17 was shown to fragment in the presence of NTR and NADH, to
release what was thought to be active anionophore 1.59. Treatment of 3.18 with
TBAF, led to dramatic changes in its 'H NMR spectrum, where subsequent
additions of excess TBAF led to the appearance of a HzF triplet signal at ~16
ppm, possibly indicating the deprotonation of 1.59. Full elucidation and in-depth
analysis of these processes were unable to be performed due to the difficult, and

unreliable, synthesis.

In our efforts to optimise the synthesis of the tertiary squaramides using a
model amine and target model tertiary squaramide, 3.24, X-ray crystal structure
analysis revealed that we had in fact synthesised squaraine 3.27. With the validity
of our preliminary results questioned and, in order to move away from persistent
synthetic problems with these molecules, we chose to modify our design to

incorporate tertiary ureas.

Unfortunately, this new design was met with further synthetic problems as
the target compounds failed to form under various conditions, due to possible
deactivation of the nucleophile and steric hindrance caused by the substituents

of the phenyl moieties.
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Future work will be undertaken in attempts to create a viable synthetic
pathway to 3.16 — 3.19. Ullmann reactions, which utilises copper-catalysed aryl
coupling'’” and Buchwald-Hartwig coupling reactions, which created C-N bonds
through palladium-catalysed coupling between and aryl halide and aryl amine,*’®
are promising avenues to explore in moving towards further examples of stimuli-

responsive anion transporters.
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Scheme 3.10 Potential synthetic routes to tertiary squaramides employing the metal-based
catalysed Ullimann and Buchwald-Hartwig coupling reactions, which couple aryl halides to
amines, resulting in the formation of a C-N bond.
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Chapter 4

Squaramidoquinoxalines as Anion
Sensors
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4 Squaramidoquinoxalines as Anion Sensors

4.1 Introduction

While anions play critical roles in biology, as outlined in Chapter 1, they can also
act as environmental contaminants and cause both environmental and health
concerns. For example, groundwater may become contaminated with sulphate
from mining and excessive use of fertilisers, and while sulphate is not overtly
toxic, it can cause dehydration, diarrhoea and catharsis if consumed in large
amounts.'”® An abnormal level of sulfate in urine can be a marker for renal failure
or cardiovascular disease.'®® Nitrate and phosphates are one of the most
common contaminants of groundwater due to leaching of fertilisers, which can
lead to eutrophication of rivers and lakes, resulting in of the death of aquatic

animals and loss of biodiversity.®

Fluoride is a frequent groundwater contaminant due to weathering and
leaching of fluoride-containing minerals from rocks. While fluoride is beneficial in
dental health, excess consumption can lead to fluorosis.'®! Fluoride is also a
hydrolytic degradation product of some nerve agents, and the its presence can
be used to identify chemical warfare agents.*®? As such, the ability to selectively

detect anions is a useful tool in environmental and health sciences.

Beyond their application in anion transport, squaramides have also been
employed in anion sensing. There are numerous examples in the literature of
squaramides acting as fluorescent or colourimetric sensing units for anions in
solution, such as polymerisable squaramides, 4.1 — 4.6, produced by Bollen et
al. (Figure 4.1).183

o. 0 o. 0
/\Q\N N/@/\ /\Q\N N-R
H H H H
41

4.2: R = Phenyl

4.3: R = 3-nitrophenyl

4.4: R = 3,5-bis(trifluoromethyl)phenyl
4.5: R= Benzyl

4.6: R = 3,5-bis(trifluoromethyl)benzyl

Figure 4.1 Chemical structures of polymerisable squaramides synthesised by Manesiotis et al.
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These squaramides were capable of forming molecularly imprinted
polymers (MIPs) that increased their binding to a model anion. The monomeric
units were also shown to bind to anions, which were evaluated using UV-vis
spectroscopy, where the squaramides containing the most electron-withdrawing
groups displayed the highest association values. Upon treatment of receptors 4.4
and 4.6 with excess fluoride, a colour change was observed, as evidenced by a
corresponding appearance of an absorbance band at 470 nm, indicating a charge
transfer between two species. A MIP created using 4.4, templated with TBAF,
resulted in polymeric particles that underwent a rapid and reversible association

of TBAF causing colour changes observable by the naked eye.
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s
&

Figure 4.2 Family of squaramides synthesised by Zaleskaya-Hernik et al.
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Romanski et al. investigated the structure activity relationship of a family
of ditopic squaramides, 4.7 — 4.10 (Figure 4.2).18* Receptors 4.7 and 4.9 were
found to bind more strongly to chloride than 4.8 and 4.10, attributed to the close
proximity of the aromatic protons of the l-aminoanthracene moiety. Upon
addition of potassium salts to receptors 4.7 and 4.8, a decrease in fluorescence
was observed, while addition of excess quantities of sulfate salts quenched the
fluorescence. Deprotonation of the receptors was observed upon the treatment
of the receptors with TBAF, marked by a fluorescence change from green to
orange. By adding water to the solvent, different fluorogenic responses were
observed. In dry solvents, addition of sulfate salts caused fluorescence
quenching. However, in wet solvents the formation of receptor:sulfate complexes

resulted in an increase in fluorescence intensity.
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4.11: R = 3,5-bis(trifluoromethyl)phenyl
4.12: R = 4-trifluoromethylphenyl

4.13: R = 4-nitrophenyl

4.14: R = Phenyl

Figure 4.3 Squaramides synthesised by Elmes et al. that allow for selective sensing of chloride
via H-bond formation

Detection of anions is not restricted to monitoring deprotonation events as
shown by Jolliffe et al. where H-bond formation was also exploited.'® The authors
reported a family of colourimetric and luminescent anion sensors, 4.11 — 4.14, by
employing an anthracene moiety appended to a squaramide scaffold (Figure 4.3).
Using UV-vis spectrometry, minimal interaction of the receptors with Br-, I- and
NOs was observed. However, upon addition of ClI- to 4.11 and 4.12, a
hyperchromic shift at 393 nm and a hypochromic shift at 355 nm was recorded in
their absorption spectra, resulting in a naked-eye colour change from colourless
to yellow. 4.13 behaved similarly when treated with CI- with hyper- and
hypochromic shifts with an additional hypsochromic shift of 5-10 nm, resulting in

a colour change from orange to deep red, visible to the naked eye.

The fluorescence properties of these receptors were also found to be
significantly affected upon treatment with ClI-, as fluorescence excimer emission
centred at 530 nm was significantly “switched off” by 66% for 4.11. The authors
postulated that the observed spectroscopic changes were caused by
deprotonation of the squaramide, due to the increased acidity of the squaramide
NH moieties due to the presence of the highly electron-withdrawing CF3

substituents.

=
SeAARSS

Figure 4.4 Chemical structure of N,N™-bis(1-pyrenyl) squaramide reported by Caltagirone et al.
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Indeed, fluorescent moieties are often incorporated into chemosensors, as
seen with the N,N™-bis(1-pyrenyl) squaramide reported by Caltagirone et al
(Figure 4.4).18¢ This squaramide, containing a 1-pryenyl fluorogenic moiety,
through *H NMR analysis in DMSO-ds, 4.15 was shown to interact with CI- via H-
bonds formed from the squaramide NH groups in cooperation with weaker
aromatic C-H hydrogen bonds. Although large shifts of the NH signals were
observed during *H NMR titrations, the determined binding constants was
relatively low at Ka = 98 + 6 M. This was attributed to possible competitive
binding of DMSO to 4.15, based on results from solid-state studies. Basic anions
F, CN-, and BzO' resulted in a deprotonation of the NH groups, causing a colour

change from colourless to yellow.

UV-vis studies were performed to further investigate this behaviour, which
confirmed deprotonation of the sensor, as upon treatment of 4.15 with OH-
resulted in the disappearance of the absorbance band at 411 nm coinciding with
the formation of two new absorbance bands centred at 348 and 465 nm. Similar
results were obtained when the sensor was treated with F- and CN-.

Fluorescence studies with 4.15 showed that the receptor interacted
strongly with F- and CN- before deprotonation occurs. Addition of less than one
equivalent of these anions, resulted in an appearance of a new emission band at
centred at 485 nm, and upon subsequent additions of F- and CN- of up to two
equivalents, this new emission band disappeared due to deprotonation of the
chemosensor. The utility of 4.15 extended beyond anion sensing, as upon
treatment of the sensor with Cu?*, the emission band at 425 nm was switched off
as a new band centred at 480 nm formed. Binding analysis determined that 4.15

formed a 2:1 metal-to-ligand complex with Cu?*.

Addition of four equivalents of F, CN- and OH-to the 4.15:Cu?* complex
resulted in a bathochromic shift of the emission properties of the chemosensor,
where a colour change from green to pale red was observed by the naked eye.
Further addition of these basic anions up to 10 equivalents led to a decrease in
the absorbance band at 380 nm, alongside the formation of a new absorbance

band at 480 nm, suggesting deprotonation of the sensor.
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While the above examples are just a flavour of the strategies employed in
anion sensing, it is evident that squaramides are effective as selective anion
sensors and are privileged structures due to the variability of NH acidities and H-
bonding propensities. Thus, the possibilities that the squaramide motif presents
for the rapid, naked-eye detection of potential anionic environmental pollutants

and biomarkers make it particularly interesting for further exploration.
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4.2 Chapter Objectives

In this chapter, we aim to develop a small family of squaramide-based anion
sensors inspired by Chen et al. and their previously reported
squaramidoquinoxaline (cyclobuta[b]quinoxalinel,2(3H,8H)-dione) moiety, 4.16
(Figure 4.5). This receptor demonstrated a ratiometric and colourimetric response
to fluoride, undergoing a colour change from colourless to pale orange in the

presence of F-due to deprotonation of the NH.187

O @)

)=

HN NH

v

4.16

Figure 4.5 Structure of squaramidoquinoxaline reported by Chen et al.

We wished to investigate this motif further, by appending an electron-
withdrawing group and an electron-donating group, NO2 and OMe, respectively,
onto the phenylene ring (Figure 4.6). We envisaged that substituents of the
phenylene ring would result in variations of the NH acidities, which would allow
for control over anion recognition selectivity. What follows are the results of the
synthesis of these squaramidoquinoxalines, in depth structural characterisation
and an investigation of their physical properties and anion sensing behaviour
using a combination of NMR spectroscopy, UV-Vis spectrometry and

computational analysis.

HN NH HN NH
N02 OMe
417 4.18

Figure 4.6 Structure of target squaramidoquinoxaline bearing electron-withdrawing and
electron-donating moieties.
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4.3 Synthesis and Characterisation of Squaramidoquinoxalines

The synthetic route to squaramidoquinoxalines was proposed as a simple two-
step synthesis (Scheme 4.1). The first step being the synthesis of diethyl
squarate, 2.17, as discussed in Chapter 2. The second step involved the
nucleophilic substitution of o-phenylenediamine derivatives with diethyl squarate
in the presence of Zn(OTf)2 to yield the desired products. The yields of 4.16 —
4.18 ranged from moderate to near quantitative, with 4.16 being obtained in 64%
yield, 4.17 in 74% yield, and 4.18 in 97% vyield. Sensors 4.16 — 4.18 were fully
characterised using NMR, IR, HRMS and UV-Vis spectroscopy.

0] 0]

o o HaN. NH, j\;/(

+ Q _ HN.  NH
e o
R

R
217
416: R=H
417: R =NO,
4.18: R = OMe

Scheme 4.1 Synthesis of squaramidoquinoxalines, 4.16 — 4.18. Reagents and Conditions:
Zn(OTf)2, EtOH, rt, 24 h, 64 — 97%.

The successful synthesis of the sensors was confirmed from their *H NMR
spectra by the absence of the characteristic ethyl signals in the aliphatic region.
'H NMR data for 4.16 was consistent with previously reported data.’®’ The
aromatic protons of 4.17 appeared between 6.4 — 7.6 ppm while the NH signals
appeared as an apparent broad doublet further downfield at 10.4 ppm (Figure
4.7a). The methyl peak of the methoxy moiety of 4.18 appears at 3.6 ppm, with
the rest of the signals mirroring those of 4.17 (Figure 4.6b).
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Figure 4.7 a) 'H NMR spectrum of 4.17. b) *H NMR spectrum of 4.18.

Crystals of 4.17 were obtained through the slow evaporation of a DMSO
solution. X-ray analysis of 4.17-DMSO, performed by Dr. Jonathan A. Kitchen,
Massey University, New Zealand, determined the low temperature (100K)
molecular structure. 4.17-DMSO crystallised in the triclinic space group P-1, and
contained two crystallographically independent molecules of 4.17 in the
asymmetric unit, as well as two interstitial DMSO molecules (Figure 4.8), that
form strong H-bonds to one of the NH groups of each independent molecule of
4.17 [N2---0100 = 2.742(4) A and <(NH---0) = 171°; N21---0200 = 2.728(4) A
and <(NH---O) = 176°].

The crystal structure displayed packing interactions classical H-bonding,
aromatic C-H hydrogen bonding and 1r-1r stacking. A zig-zag chain of 4.17 arises
in the structure due to NH and aromatic C-H hydrogen bonding between
neighbouring molecules, where the squaramide oxygen atoms act as hydrogen
bond acceptors and the NH and CH groups of a neighbouring molecule acting as
hydrogen bond donors [N1---021 = 2.783(4) A and <(NH---O) = 170°; C4---022
= 3.248(5) A and <(CH---O) = 171°; N22---02 = 2.806 A and <(NH---0) = 161°;
C27---01 = 3.240(5) A and <(CH---0) = 173°] (Figure 4.9).
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Figure 4.8 Molecular structure of 4.17-DMSO with thermal elipsoids set at 50%.

These zig-zag chains are further linked into sheets via weak aromatic C-
H hydrogen bonds between the NO2 moiety’s oxygen atoms and neighbouring
CH groups [C25---03 = 3.360(5) A and <(CH---0O) = 165° (Figure 4.10). Based
on the observed self-assembly of these chains it was envisaged that disruption
caused by competitive H-bonding species may lead to some modulation of the
bulk photophysical properties. These properties are discussed in the following

section.
' ‘l‘ x'x
K" N - “U“I :\)l :
§.~ On r 1%
! 1
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Figure 4.9 a) Hydrogen bonding interactions in 4.17-DMSO that result in a zig-zag chain -
[N1---021 = 2.783(4) A and <(NH---O) = 170°; C4---022 = 3.248(5) A and <(CH---0) = 171°;
N22..-02 = 2.806 A and <(NH---O) = 161°; C27---O1 = 3.240(5) A and <(CH---0) = 173°]. b)
space filling representation showing the long range ordering of the zig-zag H-bonded chain.
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Figure 4.10 a) All hydrogen bonding interaction involved in the formation of 2D sheets of
4.17-DMSO. Purple dashed lines signify NH H-bonds and orange dashed lines signify CH H-
bonds. b) Side-view of the layers formed by -1 stacking between the 2D sheets of 4.17-DMSO
(blue) and the interstitial DMSO molecules (orange).

4.4 UV-Vis Absorption Properties
The absorption spectra of 4.16 — 4.18 were recorded in DMSO (0.5% H20). For

4.16, broad absorption bands were centred at 312 nm and 347 nm, and 320 and
354 nm for 4.18, which were attributed to T—1* transitions. The spectrum of 4.17
also displayed strong m—1* absorbance bands at 310 and 390 nm. A broad
shoulder centred at 532 nm, attributed to a charge transfer within the molecule,
was present, which was ascribed to the presence of the electron-withdrawing NO2

moiety, alongside an additional long wavelength shoulder at 715 nm.

The addition of 1% acetic acid to a solution of 4.17 (10 pM) in DMSO (0.5%
H20) resulted in the disappearance of the absorption band at 715 nm and a
concomitant increase of the absorbance bands at 310, 390 and 532 nm. The
addition of 1% NEts resulted in an increase in the absorbance bands at 450 and
715 nm, and a colour change from pink-red to green, visible to the naked eye
(Figure 4.11).

Treatment of 4.16 with 1% NEts resulted in a colour change from
colourless to pale orange, which was in agreement with behaviour reported by
Liu et al.'® Upon treatment of 4.18 with 1% NEts, no stark changes were
observed like that of 4.17. To gain further insight to the UV-vis spectral changes
of 4.17, TD-DFT calculations at the SMD-PCM/B3LYP/6-311G+(2p,d) level of
theory, were performed by Dr. Tobias Kramer, Maynooth University.
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Figure 4.11 The absorption spectra of 4.17 (0.5 x 10> M) in DMSO, 1% NEts in DMSO, and 1%
AcOH in DMSO. Inset: The appearance of the corresponding solutions to the naked eye.

The calculated absorption spectrum of 4.17 was in close agreement with
the experimentally obtained spectrum, with three peaks predicted at 301, 382 and
549 nm. Analysis of the Natural Transition Orbitals (NTO) revealed the T—1*
transition type character of these peaks The peak at 549 nm corresponded to the
HOMO-LUMO transition, which was dominated by an intramolecular charge
transfer process between the NO2 moiety and the squaramide ring (Figure 4.12).
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Figure 4.12 plots of NTOs s (isovalue = 0.05) for key electronic transitions in 4.17. Excitation
energies are given along with oscillator strengths and weights of NTO pairs.
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Single deprotonation of 4.17 causes the bathochromic shift of the peak at
549 nm, regardless of which NH is deprotonated (See Appendix). The calculated
peaks at 653 nm and 730 nm for each [4.17-H] tautomer suggest a reduced
HOMO-LUMO gap for these anionic species. The peak at 382 nm also undergoes
a bathochromic shift to approximately 420 nm for both anionic tautomers.
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Figure 4.13 a) Absorption spectra taken over the course of the pH-spectrophotometric titration of
4.17 (1 x 10 M) from pH = 6-9 in a MeCN—H20 mixture (9/1 vl/v; in presence of 0.1 M TBAPFe).
Inset: Four parameter sigmoid curve fit with the point of inflexion corresponding to the pKa value
(b) Plots of absorbance vs. pH at 375 nm and 615 nm showing two distinct deprotonation events
from pH 2 — pH 13.

The sum of the above results suggests that a proportion of 4.17 exists in
its mono-deprotonated form, even in the absence of base. This behaviour has
been reported previously for squaramides containing strongly electron-
withdrawing substituents by Rostami et al.»?° To probe this observation further, a
pH-spectrophotometric titration was undertaken in a mixture of MeCN/H20 (9/1

v/v; in the presence of 0.1 M TBAPFs) as described previously in Chapter 2.151
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The titration was performed in MeCN/H20 mixture due to precipitation of salts
when performed in a DMSO/H20 solution, which led to issues in recording the
absorption spectra. The absorption spectrum of 4.17 was considerably shifted
due to the change in solvent, however, two deprotonation events were observed
for 4.17, marked by a hypochromism centred at 415 and 615 nm between pH =
6 — 9.5, followed by a second spectral change between pH = 10.3 — 12, which

involved hypochromism for the entire spectrum (Figure 4.13).

These spectral changes could be observed by the naked eye, as they
resulted in a colour change from pink to green to yellow. The first deprotonation
event (pink — green colour change) was shown to be reversible upon the addition
of a protic solvent. However, the second deprotonation event (green — yellow)
was not reversible as it appeared that [4.17-2H]> underwent a time-dependent

fragmentation (Figure 4.14).

O, 0 O, O o] O
HN NH -H ON NH -H ON NO .
z i ~4T~ z 2 —_— z 2 —— > Fragmentation
+
NO, 0, NO,

N
Figure 4.14 Proposed acid-base behaviour and corresponding colourimetric response of
4.17.

4.5 UV-Vis Absorption Anion Titrations

We expected the behaviour of 4.17 to arise from the electron withdrawing effects
of the NO2 moiety increasing the acidity of the squaramide NH groups, thus
increasing its propensity to be deprotonated. We wished to explore the possibility
of 4.17 to act as a colourimetric halide sensor, where the selective detection of F
could be achieved due to F~ being the most basic halide. The ability of 4.16 — 4.18
to detect halides in DMSO (0.5% H20) was examined by UV-vis titration of TBA
halide salts. As 4.16 had already been studied by Chen et al., we focussed our
efforts on 4.17 and 4.18.

Upon addition of F to 4.17, a colour change from pink-red to green was
noted, similar to behaviour displayed upon addition of NEts. The absorption band
at 310 nm underwent a bathochromic shift to 324 nm, and experienced a

hypochromic effect along with the bands at 390 and 532 nm. Concomitantly, a
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new absorbance band, centred at 450 nm, formed alongside an increase in the
shoulder at 715 nm. (Figure 4.15). Four isosbestic points were observed at 364,
416, 484 and 597 nm were observed, suggesting that only two species exist at
this equilibrium.
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Figure 4.15 Uv-vis spectrum of titration of 4.17 (1 x 10-5> M) upon addition of TBAF (0-0.07 mM)
in 0.5% H20 in DMSO solution. Inset: Absorbance changes observed at 715, 532, 450 and
390 nm.

It appeared that 4.17 interacts with F in two well-defined steps, where
further addition of F~ led to a sudden decrease in the absorbance bands at 324,
450 and 715 nm. We postulate that the addition of low concentrations of F-causes
mono-deprotonation of 4.17 [4.17-H];, resulting in a bathochromic shift of the
charge-transfer bands. Further additions of excess F- results in a second
deprotonation of [4.17-H] to form [4.17-2H]%, correlating to the second colour
change from green to yellow. Similar behaviour has been previously reported with
squaramide and urea derivatives containing electron-withdrawing

substituents.120:185

Relatively minor changes in the UV-vis spectra was observed upon
treatment of 4.17 with CI, Br and I". Increases in the absorbance at 450 and 715
nm coinciding with a decrease in absorbance at 540 nm suggesting that the
presence of CI-, Br, and I- may promote the mono-deprotonation of 4.17 in DMSO
(Figure 4.16). However, no colour change was observed upon addition of these
halides to the solution. We also examined the interactions of basic oxoanions
H2PO4, SO4%, and CH3COO" with 4.17. Similar results were observed with a
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colour change from pink-red to green, confirming the susceptibility of 4.17

towards deprotonation in the presence of basic anions.
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Figure 4.16 a) Comparison of the absorbance changes at 715 nm upon addition of TBAF (0—
0.37 mM), TBAI (0-1.1 mM), TBACI (0-1.2 mM) and TBABr (0-1.1 mM) to a solution of 4.17 (1 x
10 M) in 0.5% H20 in DMSO (0.5% H20). b) Colourimetric changes of 4.17 (1 x 10 M) under
acidic conditions, basic conditions and in the presence of various halides in DMSO (0.5% H20)
at 25 °C.

These titrations were repeated with 4.18, where minor changes upon
addition were observed upon the addition of the halide anions compared to the
response of 4.17. An additional absorbance band centred at 387 nm appeared
upon the addition of F-, which disappeared after subsequent additions (Figure

4.17), resulting in a colour change from pale orange to a slightly darker orange.
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Figure 4.17 Changes observed in the absorption spectrum of 4.18 (1 x 10-> M) upon addition of
TBAF (0 — 1 mM) in 0.5% H20 in DMSO solution.

4.6 1H NMR Titrations

To support our observations thus far, *H NMR studies of 4.17 were performed in
DMSO-ds (0.5% H20), where a solution of 4.17 (2.5 x 103 M) was treated with
TBA salts of halides up to 2 equivalents. When treated with CI, Br, and I, a
minimal response was observed, which involved a broadening and downfield shift
of the NH signals (see Appendix). These findings suggest that these anions do
not bind to 4.17 in a significant manner, and that there are, in fact, very little
interactions between these anions and 4.17. The responses observed during the
UV-vis titrations are postulated to arise from the increase of susceptibility towards
deprotonation of 4.17 in the presence of these anions. This was a surprising
result, as we had expected the increase of acidity of the NH groups, due to the
presence of the electron-withdrawing NO2 moiety, would lead to strong hydrogen-

bond donor abilities of the squaramide, as has been reported previously.18°

Titration of 4.17 against F resulted in the NH signals broadening to a large
extent and a upfield shift of the aromatic signals during the initial additions of F-
(0 — 0.6 equiv.), alongside a colour change from pink-red to green. We attributed
this behaviour to mono-deprotonation of 4.17 seen previously in our UV-vis

titrations. Further additions of F~ (0.8 — 2.0 equiv.) resulted in the disappearance
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of the original aromatic peaks and the appearance of new aromatic peaks at 8.3,
8.5, 8.9 ppm, alongside a colour change from green to yellow (Figure 4.18).
Again, this process was attributed to the second deprotonation of 4.17 in the
presence of excess F. Subsequent additions of F (5 equiv.) saw the appearance
of a triplet at 16.2 ppm, signalling the formation of H2F as a by-product of the
deprotonation of 4.17 and TBAF.
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Figure 4.18 Stack plot of 1H NMR spectra of 4.17 (2.5 x 103 M) upon addition of TBAF (0 — 2
equiv.) in DMSO-ds.

4.7 Applications of Squaramidoquinoxalines

Having studied in detail the anion sensing mechanism of 4.17, we wished to move
towards implementing the sensor for real-world applications. Filter paper was
impregnated with 4.17 by immersing the paper into a DMSO solution of 4.17 (40.7
mM) and placing in an oven at 60C for 12 hours. To investigate the efficacy of
these test strips, 2 pL of DMSO solutions TBAF, TBACI, TBABr, and TBAI (0.445
M) were dropped onto the filter paper. The area of the filter paper that were

treated with TBAF underwent an immediate colour change from pink to green,
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while the remaining areas treated with the other halides remained unchanged
(Figure 4.19).

Figure 4.19 Photograph of filter paper impregnated with 4.17 (40.7 mM) and the colorimetric
response observed upon addition of 2 yL of (a) TBAF, TBACI, TBABr and TBAI (0.445 M) in
DMSO (0.5% H:0) (left), and TBAF (0.445 M) in H20 after gentle drying (right).

These tests were repeated at pH values ranging from pH 5 — 8, where 4.17
demonstrated the ability to detect the presence of F. An aqueous solution of
TBAF (0.445 M) was additionally tested, where upon gentle heating, a colour
change of pink to green was observed. We believe that these simple experiments,
demonstrate the applicability of 4.17 in a practical setting for the detection of F

in agueous solutions.

4.8 Conclusions

In conclusion, we synthesised a small family of squaramidoquinoxalines, 4.16 —
4.18, via a simple two-step synthesis with moderate to near quantitative yields.
Novel structures were characterised by NMR and IR spectroscopy, HRMS, and
where possible, X-ray crystallography. An interesting packing interaction in the
crystal structure of 4.17 revealed the molecule to partake in classical hydrogen
bonding, weaker aromatic CH-based hydrogen bonds and -1 stacking. Their
UV-vis absorption properties were investigated, where 4.17 displayed a

characteristic long wavelength absorption at 715 nm.

The halide sensing abilities of the squaramidoquinoxalines were
examined, where 4.17 demonstrated a stark colourimetric change from pink-red
to green upon addition of F-, which consequently led to a large increase in the
absorption at 715 nm, suggesting a deprotonation event. Further additions of F
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resulted in a subsequent colourimetric change from green to yellow and a
decrease in all absorbance bands in the UV-vis spectrum. 4.17 was found to be
a selective halide sensor for F-, as no such changes were observed for the other
halides, as was the case for F. A combination of UV-vis, NMR and TD-DFT
analysis allowed us to conclude that the observed colour change is likely due to

a two distinct deprotonation events.

4.18 did not display any similar colourimetric changes in the presence of
F-, attributed to the decreased acidity of the NH groups due to the presence of
the electron-donating methoxy substituent, as opposed to the electron-

withdrawing NO2 moiety present in 4.17.

The use of 4.17 in rudimentary test strips was also demonstrated by
impregnating filter paper with a DMSO solution of the chemosensor. Addition of
F- to the test strip resulted in a colour change of the treated paper from pink to
green, while areas treated with the remaining halides were unchanged.

The results of this chapter demonstrate the use of the squaramide moiety
in the field of anion recognition and sensing, and possibly supramolecular self-
assembly formations. The results also illustrate how greatly the presence of
electron-withdrawing and electron-donating aryl substituents can impact the

recognition and sensing ability a molecule can possess.
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5.1 Thesis Summary

The selective recognition, sensing, and transport of anion has significance in both
an environmental and biological context. The overarching aim of this research
described in this thesis was to exploit the squaramide motif in developing novel

anion receptors, sensors and transporters.

Chapter 2 details the synthesis of amido-squaramides, which feature a
squaramide core containing an N-aryl substituent, and importantly an N-amido
linkage to an aryl moiety with the aim to vary the pKa of the corresponding NH.
The aryl moieties were decorated with a range of electron-withdrawing groups to
tune anion recognition and transport abilities of the receptors. The pKa of the
receptors were determined experimentally and computationally, where results
showed that the N-amide linkage succeeded in lowering the pKa of the NH.
Molecular dynamics and geometry optimisation determined that the amido-
squaramides exist in the anti/syn conformation due to an intramolecular H-bond

between the phenyl NH and the amide carbonyl’'s oxygen atom.

The amido-squaramides were shown to selectively bind to CI- through H-
bond formation and underwent deprotonation when treated with basic anions.
The binding constants were determined using *H NMR spectroscopy, where 2.29
was determined to display the highest binding affinity for ClI. The amido-
squaramides displayed higher binding affinities than their urea and thiourea
analogues, but failed to reach binding affinities as high as those displayed by
squaramide analogues. The receptors displayed minimal anionophoric activity at
pH 7.20, and displayed a ‘switching on’ of anionophoric activity at pH 4.20, with
2.28 displaying the most potent anionophoric activity. These results established

amido-squaramides as pH-switchable anion transporters.

Chapter 3 discusses the attempted synthesis of stimuli-responsive anion
transporters. Four novel secondary amines displaying enzyme-sensitive and
fluoride-sensitive triggers, were synthesised and characterised. Many attempts
at synthesising tertiary squaramides with these secondary amines were met with
limited success. However, after synthesis optimisation studies were performed
using a model tertiary amine, it was found that squaraines had been synthesised
as opposed to squaramides. A change in design led to the pursuit of tertiary
ureas, where again, limited success was achieved. A model tertiary urea,

featuring unsubstituted phenyl rings, was synthesised and characterised.
122



Chapter 5

However, when synthesis was attempted with the novel secondary amines
synthesised previously, no success was achieved. We attribute this lack of
reactivity to the steric bulk of the secondary amines and the poor nucleophilicity

owed to the presence of electron withdrawing groups.

Chapter 4 describes the synthesis and characterisation of a small family
of squaramidoquinoxalines. X-ray crystallography of 4.17 revealed interesting
packing interactions of the molecule in the solid-state, where classical H-bonding,
aromatic CH-based H-bonds, and -1 stacking resulted in a zig-zag chains linked
into sheets. 4.17 demonstrated a selectivity of F- over other halide anions, where
a colourimetric change from pink-red to green was observed, with a
consequential significant increase in the absorption as 715 nm in the UV-vis

spectrum, due to deprotonation.

In the presence of excess F, a second deprotonation event leads to a
colourimetric change of green to yellow and a decrease in all absorbance bands
in the UV-vis spectrum, followed by fragmentation of the molecule. 4.18 did not
display any colourimetric responses in the presence of F-, attributed to the
decreased acidity of the NH groups, due to the presence of the electron-donating
methoxy substituent. Rudimentary test strips were created using filter paper a
solution of 4.17 in DMSO. These test strips demonstrated a colour change upon

the addition of F from pink to green, mirroring the behaviour seen in solution.

Future work on amido-squaramides will focus on further investigating the
anion transport capabilities of the receptors. Next to be determined are the
effective transporter concentration values (ECso values) of the amido-
squaramides, to quantify the efficacy of the receptors to exchange CI/NOs" at pH
7.20 and 4.20. Furthermore, antiport assays will be performed to assess the
ability of the amido-squaramides to engage in the biologically relevant exchange
of CI/HCOgs™ across lipid membranes. The ability of the receptors to rectify a pH
gradient across a membrane will also be examined using HPTS (8-
hydroxypyrene-1,3,6-trisulfonic acid) assays. CI* uniport and H*/CI- symport
activities will be investigated using cationophore-coupled ISE assays developed
by Gale and co-workers,'®® as well as to provide additional insight into

electroneutral transport that could rate-limit the CI/NOs" exchange process.*8?
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As we postulate that the binding and transport abilities of amido-
squaramides are hindered by the intramolecular interactions of the receptors,
expanding the number of hydrogen bond donors available in the system could
increase their anion binding abilities and anionophoric activities. As depicted in
Scheme 5.1, the expansion of amido-squaramides to a squaramide directly
conjugated to a urea, forming a N-carbamoyl squaramide, is a promising avenue
of exploration. A previous example of such a molecule has been reported
previously by Davis et al., however, these compounds were not screened for their
anion binding affinity and were only investigated for their intermolecular
interactions.''® While the squaramide phenyl NH could likely still be participating
in an intramolecular H-bond, the addition of the second NH bond donor could
increase the anion affinity and transport ability of the receptor, while the amido-
squaramide NH still receives the increased acidity, due to being linked to the

squaramide core, and therefore increased anion binding potential.
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Scheme 5.1 Proposed synthetic route to N-carbamoyl squaramides for enhanced anion binding
and transport. Proposed reagents and conditions: i) NHz.EtOH, rt; i) R-NCO, NEts, rt; iii)
Zn(OTf)2, aryl amine.

Further pursuit of stimuli-responsive anion transporters will be undertaken
to achieve enzymatic or chemo-responsive control over anionophoric activity.
Using metal-based catalysis, synthesis of tertiary squaramides will be attempted
(Scheme 5.2). Ullmann reactions are often utilised to form new C-N bonds,
coupling together an aryl halide and aryl amine using a copper catalyst. As
squarates are known to be aromatic, we aim to trial this reaction using 3,4-
dichloro-cyclobut-3-ene-1,2-dione and our secondary amines. Similarly,
Buchwald-Hartwig coupling reactions employ a palladium catalyst to facilitate the
formation of new C-N bonds between aryl halides and aryl amines. These
methods may allow us to produce stimuli-responsive tertiary squaramides, and
investigate their ability to release an active anion transporter upon treatment of

the appropriate stimulus.
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Scheme 5.2 Potential synthetic routes to tertiary squaramides employing the metal-based
catalysed Ullmann and Buchwald-Hartwig coupling reactions, which couple aryl halides to
amines, resulting in the formation of a C-N bond.
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Reaction of our secondary amines with isocyanates is another possible
route to explore in working towards stimuli-responsive anionophores (Scheme
5.3). With only one NH available, this urea could display little no anion transport.
Similar to the tertiary ureas that were attempted to by synthesised in Chapter 3,
the second NH H-bond donor is ‘masked’ by a trigger, that will cause the molecule
to fragment and release an active urea-based anionophore upon interaction with

appropriate stimuli.
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Scheme 5.3 Potential synthetic route to stimuli-responsive urea-based anionophore, featuring
one ‘free’ NH hydrogen bond donor and another NH hydrogen bond donor ‘masked’ by a
trigger.

Future work based on the results of Chapter 4 could examine the effects
of varying the substituent and position of the aryl moiety (Figure 5.1). As the
Hammett constants for aryl substituents vary depending on their position, varying
the substituents and their substitution pattern may allow us to fine-tune the
squaramidoquinoxaline’s sensing ability. As the electron-donating OMe moiety of
4.18 did not yield any colourimetric response of the chemosensor, electron-
withdrawing groups, such as halides, a cyano group, or a carboxylic acid, could
yield chemosensors with different UV-visible properties, pKa values, and

subsequent selectivity towards different anions when compared to 4.17. Future
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work in this area could yield a family of squaramidoquinoxalines displaying
selectivity over a range of biologically and environmentally relevant anions, which
could further be implemented into test strips for the rapid, naked-eye detection of
anionic contaminants in samples.
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Figure 5.1 Chemical structures of potential squaramidoquinoxalines with fine-tuned anion
sensing abilities due to variations of phenyl substituents.

z
Z
Z

S

126



Chapter 5
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6 Experimental Procedures

6.1 General Procedures and Instrumentation

All chemicals purchased were obtained from commercial suppliers and used
without further purification. DCM was distilled over CaH2 and MeCN was dried
over 3 A molecular sieves. Anhydrous DMF was purchased from Sigma Aldrich.
TLC was performed on Merck Silica Gel F2s4 plates and visualised under UV light
(A = 254 nm). Flash chromatography was performed with Merck Silica Gel 60.
Compounds were lyophilised on a Labconco Freezone 1 Dry system. NMR
spectrum were recorded on a Bruker Ascend 500 NMR spectrometer, operated
at 500 MHz for *H NMR analysis and 126 MHz for *3C analysis, both at 293 K.
The residual solvent peak was used as an internal standard for DMSO-ds and
(CD3)2CO and TMS for CDCls. Chemical shifts (8) were reported in ppm. NMR
spectra were processed and stack plots produced using MestReNova 6.0.2
software. Proton and carbon signals were assigned with the aid of 2D NMR
experiments (COSY, HSQC and HMBC). Multiplicity is given as s = singlet, bs =
broad singlet, d = doublet, brd = broad doublet, dd = doublet of doublets, ddd=
doublet of doublet of doublets, t = triplet, g = quartet, m = multiplet as appropriate,
and J values are given in Hz. Infrared spectra were obtained via ATR as a solid
on a zinc selenide crystal in the region of 4000 — 400 cm™ on a Perkin Elmer
Spectrum 100 FT-IR spectrophotometer. LC-MS was performed on an Agilent
Technologies 1200 Series instrument consisting of a G1322A Quaternary pump
and a G1314B UV detector (254 nm) coupled to an Advion Expression L Compact
Mass spectrometer (ESI) operating in positive mode. High resolution ESI spectra
were recorded on an Agilent 6310 LCMS TOF. UV-vis spectra were recorded on
a Varian Cary 50 Scan UV-visible spectrophotometer using Cary WinUV
software. pH measurements were recorded using a Jenway 350 pH meter.
Conductivity measurements were performed using an Orion Star A211 Benchtop
pH Meter and a Fisherbrand accumet chloride combination electrode.

129



Chapter 6

6.2 Synthetic Procedures for Chapter 2

3,4-Diethoxy-3-cyclobutene-1,2-dione (2.17)

0] O
ﬁoj io«

3,4-Dihydroxy-3-cyclobutene-1,2-dione (6 g, 53 mmol) was suspended in EtOH
(150 mL). Triethyl orthoformate (21.5 mL, 145 mmol) was added to the
suspension and refluxed for 72 hours. The solvent was removed in vacuo and
the resulting oil was purified via column chromatography (DCM) to yield the
product as a yellow oil (8.5 g, 94%). 'H NMR (500 MHz, DMSO-ds) 3 4.63 (q, J =
7.1 Hz, 1H), 1.35 (t, J = 7.1 Hz, 2H). 3C NMR (126 MHz, DMSO-ds) d 189.6 (s),
184.2 (s), 70.8 (s), 15.7 (s). IR (ATR): ): vmax (cm™t) = 2986, 1811, 1730, 1592,
1482, 1421, 1330, 1187 cmt. HRMS (ESI+): m/z calcd for 171.0652 [M+H]*,
found 171.0653.

3-Amino-4-ethoxy-3-cyclobutene-1,2-dione (2.18)

oj io
/0 NH,

3,4-Diethoxy-3-cyclobutene-1,2-dione (4.5 g, 26.5 mmol) was dissolved in EtOH
(100 mL). 2M Ammonia in ethanol solution (13.5 mL, 26.5 mmol) was added
portion-wise over 6 hours Upon completion of the addition, the reaction was left
to stir overnight (approx. 18 hours) at room temperature. The reaction mixture
was filtered and the filtrate was concentrated in vacuo to yield a beige solid.
Diethyl ether (100 mL) was added to the flask to create a suspension, after which
the flask was sonicated for a period of 15 minutes. The suspension was then
filtered, washed with diethyl ether and dried via vacuum filtration to yield the
product as a pale yellow solid (2.6 g, 70%). *H NMR (500 MHz, DMSO-d¢) 5 8.33
(brd, J = 68.0 Hz, 2H), 4.63 (q, J = 7.1 Hz, 2H), 1.36 (t, J = 7.1 Hz, 3H). 13C NMR
(126 MHz, DMSO-ds) 6 190.5, 183.5, 178.2, 174.8, 69.0, 16.1. IR (ATR): Vmax
(cmt) = 3332, 3074,1810,1700, 1641, 1547,1435, 1350, 1261, 1032, 873, 773.
HRMS (ESI+) m/z calcd for CeH7NO3 142.0499 [M+H]*, found 142.0501.
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N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl) benzamide (2.19)
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Benzoic acid (394 mg, 3.22 mmol), 4-dimethylaminopyridine (433 mg, 3.54 mmol)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg, 3.54 mmol) were
placed under a N2 atmosphere and dissolved in anhydrous MeCN (20 mL) and
stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione (500 mg, 3.54
mmol) was placed under N2 atmosphere and dissolved in anhydrous MeCN (20
mL) and transferred to the reaction flask via cannulation. The reaction was left to
stir overnight (approx. 18 hours) at room temperature. The solvent was removed
using a rotary evaporator and the obtained white solid was purified by column
chromatography (SiO2, 10% MeCN in DCM) to yield an off-white solid (600 mg,
76%). *H NMR (500 MHz, CDClz) & 9.88 (s, 1H), 8.03 (dd, J = 8.3, 1.1 Hz, 2H),
7.64 —7.59 (m, 1H), 7.51 (dd, J = 11.6, 4.2 Hz, 2H), 4.95 (q, J = 7.1 Hz, 2H), 1.54
(t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCIz) & 188.7, 188.6, 184.9, 167.00,
163.50, 133.8, 131.1, 129.00, 128.5, 71.2, 15.9. IR (ATR): vmax (cm™) = 3305,
3001,1814, 1707, 1581, 1519, 1340, 1250, 1125, 1060, 1006, 865. HRMS (ESI+)
m/z calcd for C13H11NO4 246.0688 [M+H]*, found 246.0764.

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-(trifluoromethyl)benzamide
(2.20)
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4-(Trifluoromethyl) benzoic acid (612 mg, 3.22 mmol), 4-dimethylaminopyridine
(433 mg, 3.54 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678
mg, 3.54 mmol) were placed under a N2 atmosphere and dissolved in anhydrous
MeCN (20 mL) and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-
dione (500 mg, 3.54 mmol) was placed under N2 atmosphere and dissolved in
anhydrous MeCN (20 mL) and transferred to the reaction flask via cannulation.

The reaction was left to stir overnight (approx. 18 hours) at room temperature.
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The solvent was removed using a rotary evaporator and the obtained white solid
was purified by column chromatography (SiO2,15% MeCN in DCM) to yield an
off-white solid (540 mg, 54%). H NMR (500 MHz, DMSO-ds) d 12.17 (s, 1H),
8.19 (d, J = 8.1 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 4.82 (q, J = 7.1 Hz, 2H), 1.42
(t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) & 190.6, 187.4, 185.0, 169.0,
163.4, 135.9, 133.00 (q, 2Jcr = 32.0 Hz), 130.3, 125.9 (overlapping signals X 3),
124.2 (q, 1JcF = 273.4 Hz), 70.6, 16.0. IR (ATR): vmax (cm™t) = 3295, 2986, 1813,
1707, 1581, 1525, 1411, 1326, 1260, 1129, 1059, 1004, 854, 755. HRMS (ESI+)
m/z calcd for C14H10F3sNO4 [M+H]* 314.0562, found 314.0637.

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-3,5-
bis(trifluoromethyl)benzamide (2.21)
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Bis-3,5-(trifluoromethyl)  benzoic acid (831 mg, 3.22 mmol), 4-
dimethylaminopyridine (433 mg, 354 mmol) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (678 mg, 3.54 mmol) were placed under a N2
atmosphere and dissolved in anhydrous MeCN (30 mL) and stirred for 15
minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione (500 mg, 3.54 mmol) was
placed under N2 atmosphere and dissolved in anhydrous MeCN (20 mL) and
transferred to the reaction flask via cannulation. The reaction was left to stir
overnight (approx. 18 hours) at room temperature. The solvent was removed
using a rotary evaporator and the obtained white solid was purified by column
chromatography (SiO2, 20% MeCN in DCM) to yield an off-white solid (504 mg,
41%).'H NMR (500 MHz, DMSO-ds) & 12.38 (s, 1H), 8.65 (s, 2H), 8.44 (s, 1H),
4.83 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) &
190.5, 187.4, 185.1, 168.6, 161.7, 131 (q, 2Jcr = 33.5 Hz), 130.2 (overlapping C
X 2), 126.7 (overlapping C X 2), 123.4 (q, 1Jcr = 273.1 Hz), 70.8, 16.0. IR (ATR):
vmax (cm™) = 3282, 3195, 3037, 1807, 1736, 1601, 1530, 1353, 1272, 1131, 992,
901, 817, 757. HRMS (ESI+) m/z calcd for CisHeFsNO4 [M+H]* 382.0436, found
382.0510.
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N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-nitrobenzamide (2.22)
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4-Nitrobenzoic acid (538 mg, 3.22 mmol), 4-dimethylaminopyridine (433 mg, 3.54
mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg, 3.54 mmol)
were placed under a N2 atmosphere and dissolved in anhydrous DMF (40 mL)
and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione (500 mg,
3.54 mmol) was placed under N2 atmosphere and dissolved in anhydrous MeCN
(20 mL) and transferred to the reaction flask via cannulation. The reaction was
left to stir overnight (approx. 18 hours) at room temperature. The solvent was
removed using a rotary evaporator and the obtained yellow solid was purified by
column chromatography (SiO2, 20% MeCN in DCM) to yield a yellow solid (504
mg, 41%).*H NMR (500 MHz, DMSO-ds) d 12.26 (s, 1H), 8.36 (d, J = 8.8 Hz, 2H),
8.22 (d, J = 8.7 Hz, 2H), 4.83 (q, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H). 13C
NMR (126 MHz, DMSO-ds) & 190.6, 187.4, 185.1, 168.9, 162.9, 150.4, 137.7,
130.9, 124.0, 70.7, 16.0. IR (ATR): vmax (cm™t) = 3295, 1814, 1707, 1582, 1525,
1412, 1327, 1255, 1133, 980, 853, 775, 712. HRMS (ESI+) m/z calcd for
C13H10N206 [M+H]*291.0539, found 291.0613.

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-2-iodobenzamide (2.23)

0] 0]
)=y
/=0 Hﬁ:

|

2-lodoobenzoic acid (800 mg, 3.22 mmol), 4-dimethylaminopyridine (433 mg,
3.54 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg, 3.54
mmol) were placed under a N2 atmosphere and dissolved in anhydrous MeCN
(30 mL) and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione
(500 mg, 3.54 mmol) was placed under N2 atmosphere and dissolved in
anhydrous MeCN (20 mL) and transferred to the reaction flask via cannulation.
The reaction was left to stir overnight (approx. 18 hours) at room temperature.
The solvent was removed using a rotary evaporator and the obtained off-white

solid was purified by column chromatography (SiO2, 15% MeCN in DCM) to yield
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a white solid (358 mg, 30%).'H NMR (500 MHz, DMSO-ds) & 12.09 (s, 1H), 7.95
(dd, J=7.9, 0.7 Hz, 1H), 7.57 — 7.46 (m, 3H), 7.27 (ddd, J = 7.9, 7.1, 2.0 Hz, 1H),
4.80 (g, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) &
190.3, 187.2, 184.7, 168.4, 166.3, 140.3, 139.8, 132.6, 129.5, 128.5, 94.1, 70.6,
16.0. IR (ATR): Vimax (cm'l) = 3246, 3192, 1809, 1723, 1700, 1606, 1575, 1507,
1484, 1421, 1286, 1239, 1123, 1137, 1103, 957, 935, 901, 848, 784, 749, 703.
HRMS (ESI+) m/z calcd for C1aH1olNO4 [M+H]* 371.9655, found 371.9728.

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-iodobenzamide (2.24)

o 0
j;f [
o N

/\ H

2-lodoobenzoic acid (800 mg, 3.22 mmol), 4-dimethylaminopyridine (433 mg,
3.54 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg, 3.54
mmol) were placed under a N2 atmosphere and dissolved in anhydrous MeCN
(30 mL) and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione
(500 mg, 3.54 mmol) was placed under N2 atmosphere and dissolved in
anhydrous MeCN (20 mL) and transferred to the reaction flask via cannulation.
The reaction was left to stir overnight (approx. 18 hours) at room temperature.
The solvent was removed using a rotary evaporator and the obtained off-white
solid was purified by column chromatography (SiO2, 15% MeCN in DCM) to yield
a white solid (600 mg, 50%). *H NMR (500 MHz, DMSO-ds) d 11.99 (s, 1H), 11.99
(s, 1H), 7.95 - 7.91 (m, 2H), 7.79 — 7.75 (m, 2H), 4.81 (q, J = 7.1 Hz, 2H), 4.81
(9, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H), 1.41 (t, J = 7.1 Hz, 3H). 13C NMR
(126 MHz, DMSO-ds) & 190.5, 187.5, 184.9, 169.3, 163.8, 138.0, 131.5, 131.1,
102.1, 70.6, 161. IR (ATR): vmax (cm™) = 3296, 1812, 1732, 1707, 1576, 1515,
1480, 1408, 1377, 1328, 1256, 1058, 997, 836, 742. HRMS (ESI+) m/z calcd for
[M+H]* 371.9655, found 371.9727.
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3,4-Dichloro-N-(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)benzamide (2.25)

(@) O
O
/\Oj H

Cl
Cl

3,4-Dichlorobenzoic acid (612 mg, 3.22 mmol), 4-dimethylaminopyridine (433
mg, 3.54 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg,
3.54 mmol) were placed under a N2 atmosphere and dissolved in anhydrous
MeCN (30 mL) and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-
dione (500 mg, 3.54 mmol) was placed under N2 atmosphere and dissolved in
anhydrous MeCN (20 mL) and transferred to the reaction flask via cannulation.
The reaction was left to stir overnight (approx. 18 hours) at room temperature.
The solvent was removed using a rotary evaporator and the obtained yellow solid
was purified by column chromatography (SiO2, 15% MeCN in DCM) to yield an
off-white solid (539 mg, 54%). *H NMR (500 MHz, DMSO-de) & 12.12 (s, 1H),
8.31 (d, J =2.1 Hz, 1H), 7.96 (dd, J = 8.4, 2.1 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H),
4.82 (q,J=7.1Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, DMSO-ds)
0 190.5, 187.4, 185.0, 169.0, 162.2, 136.4, 132.5, 131.9, 131.4, 131.2, 129.6,
70.6, 16.0. IR (ATR): vmax (cm™) = 3293, 1807, 1702, 1580, 1517, 1468, 1406,
1334, 1256, 1132, 1064, 984, 907, 851, 750. HRMS (ESI+) m/z calcd for
C13HoCl2NO4 [M+H]* 313.9909, found 313.9982.

4-Chloro-N-(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)benzamide (2.26)

(0] 0]
O
/\Oj u

Cl

4-Chlorobenzoic acid (503 mg, 3.22 mmol), 4-dimethylaminopyridine (433 mg,
3.54 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (678 mg, 3.54
mmol) were placed under a N2 atmosphere and dissolved in anhydrous MeCN
(30 mL) and stirred for 15 minutes. 3-Amino-4-ethoxy-3-cyclobutene-1,2-dione
(500 mg, 3.54 mmol) was placed under N2 atmosphere and dissolved in
anhydrous MeCN (20 mL) and transferred to the reaction flask via cannulation.

The reaction was left to stir overnight (approx. 18 hours) at room temperature.
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The solvent was removed using a rotary evaporator and the obtained off-white
solid was purified by column chromatography (SiO2z, 15% MeCN in DCM) to yield
a white solid (458 mg, 51%). *H NMR (500 MHz, CDCls) & 12.04 (s, 1H), 8.05 —
8.00 (m, 2H), 7.64 — 7.60 (m, 2H), 4.81 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz,
3H). 3C NMR (126 MHz, CDCIs) & 190.0, 187.1, 184.4, 168.8, 162.9, 138.1,
130.8, 130.4, 128.7, 70.1, 15.6. IR (ATR): Vmax (cm) = 3682, 3291, 2973, 2866, 1815,
1707, 1579, 1485, 1411, 1323, 1256, 1056, 855, 750. HRMS (ESI+) m/z calcd for
C13H10CINO4 [M+H]* 280.0298, found 280.0370.

N-(3,4-Dioxo-2-(phenylamino)cyclobut-1-en-1-yl)benzamide (2.27)
o) 0
O

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl) benzamide (200 mg, 0.82 mmol) and
zinc trifluoromethanesulfonate (58 mg, 0.16 mmol) were dissolved in MeCN (40
mL) and stirred for 5 minutes. Aniline (90 pL, 0.98 mmol) was added to the
solution and stirred for 1 hour at room temperature. The precipitate was filtered
and washed with MeCN to yield the product as a pale yellow solid. *H NMR (500
MHz, DMSO-de) & 11.95 (s, 1H), 9.98 (s, 1H), 8.07 (d, J = 5.9 Hz, 2H), 7.68 (t, J
= 7.4 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 7.42 (s, 2H), 7.38 (t, J = 7.1 Hz, 2H), 7.14
(t, J =7.0 Hz, 1H). 3C NMR (126 MHz, DMSO-ds) 6 188.0, 183.1, 171.0, 166.0,
163.7, 138.0, 133.7, 132.3, 129.5, 129.4, 129.1, 124.8, 120.67. IR (ATR): Vmax

(cmt) = 3227, 1809, 1724, 1588, 1504,1392,1275, 1155, 897, 751. HRMS (ESI+)
m/z calcd for C17H12N203 [M+H]* 293.0848, found 293.0926.

N-(3,4-Dioxo-2-((4-(trifluoromethyl)phenyl)amino)cyclobut-1-en-1-yl)-4-
(trifluoromethyl)benzamide (2.28)

o_ 0
ac@ j\;f o
N N
H H
CF3

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-(trifluoromethyl)benzamide (200 mg,

0.64 mmol) and zinc trifluoromethanesulfonate (48 mg, 0.13 mmol) were

dissolved in MeCN (40 mL) and stirred for 5 minutes. 4-Trifluoroaniline (97 L,
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0.77 mmol) was added to the solution and refluxed overnight (approximately 18
hours). The solvent was removed in vacuo to yield a pale yellow solid. The crude
product was purified using column chromatography (SiO2, 10% MeCN in DCM)
to yield a yellow solid (164 mg, 60%). 'H NMR (500 MHz, DMSO-ds) 5 12.26 (s,
1H), 10.24 (s, 1H), 8.24 (d, J = 7.7 Hz, 2H), 7.96 (d, J = 7.9 Hz, 2H), 7.72 (d, J =
8.0 Hz, 2H), 7.60 (d, J = 7.2 Hz, 2H). 3C NMR (126 MHz, DMSO-d¢) d 188.1,
183.8,171.40,164.7,163.8, 141.5, 135.9, 133.1 (q, 2Jcr = 32.2 Hz), 130.2, 126.7,
126.0, 124.8 (q, WJcr = 277.2 Hz), 124.2 (q, Ycr = 277.2 Hz) 120.8. IR (ATR):
vmax (cm™) = 3234, 3196, 1811, 1727, 2581, 1545, 1382, 1319, 1273, 1112, 835,
700. HRMS (ESI+) m/z calcd for CigHioFsN20s [M+H]* 428.0596, found
429.0926.

N-(2-((3,5-bis(trifluoromethyl)phenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)-
3,5-bis(trifluoromethyl)benzamide (2.29)

FsC o. O
O
Nj iN
FsC H H CF3

Fs;C

N-(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)-3,5-bis(trifluoromethyl)benzamide (250
mg, 0.66 mmol) and zinc trifluoromethanesulfonate (48 mg, 0.13 mmol) were
dissolved in MeCN (40 mL) and stirred for 5 minutes. 4-Trifluoroaniline (123 pL,
0.78 mmol) was added to the solution and refluxed overnight (approximately 18
hours). The solvent was removed in vacuo to yield an off-white solid. The crude
product was purified using column chromatography (SiO2, 10% MeCN in DCM)
to yield an off-white solid. (100mg, 33%). *H NMR (500 MHz, Acetone-ds) d 11.56
(s, 1H), 10.21 (s, 1H), 8.80 (s, 2H), 8.43 (s, 1H), 8.28 (s, 2H), 7.80 (d, J = 0.5 Hz,
1H).3C NMR (126 MHz, Acetone-ds) & 186.79, 182.58, 170.66, 164.20, 162.32,
139.62, 134.08, 131.9 (m/overlapping quartets X 2, 2Jcg = 25 Hz), 1295
(overlapping C X 2), 126.8 (m/overlapping quartets X 2, 3Jcr = 4 Hz), 123.4 (q,
Jcr =270 Hz), 123.1 (g, Ycr = 271 Hz), 120.7 (overlapping C X 2), 170.1, 119.9
117.2 (m/overlapping quartets, 3Jcr=4 Hz). IR (ATR): Vmax (cm™) = 3234, 1809,
1728, 1683, 1608 1585, 1530, 1477, 1376, 1290, 1273, 1233, 1135, 1033,856,
824, 129. HRMS (ESI+) m/z calcd for C21HisF12N203 [M+H]* 428.0343, found
565.0414.
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4-Nitro-N-(2-((4-nitrophenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)benzamide

(2.30)
o. 0
OZN\Q\ j;/( 0
N N
H H
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N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-nitrobenzamide (292 mg, 1 mmol)
and zinc trifluoromethanesulfonate (72 mg, 0.2 mmol) were dissolved in MeCN
(40 mL) and stirred for 5 minutes. 4-Nitroaniline (152 mg, 1.1 mmol) was added
to the solution and refluxed overnight (approximately 18 hours). The precipitate
was filtered and washed with hot MeCN to yield the product as a yellow solid (42
mg, 11%). *H NMR (500 MHz, DMSO-ds) d 12.44 (s, 1H), 10.44 (s, 1H), 8.40 (d,
J = 8.8 Hz, 2H), 8.26 (t, J = 8.6 Hz, 4H), 7.62 (d, J = 8.9 Hz, 2H). 13C NMR (126
MHz, DMSO) 6 188.1, 184.2, 171.3, 164.4, 164.2, 150.5, 144.1, 143.4, 137.6,
130.9, 125.6, 124.2, 120.4. IR (ATR): vmax (cm™) = 3234, 1809, 1728, 1683, 1608
1585, 1530, 1477, 1376, 1290, 1273, 1233, 1135, 1033, 856, 824, 729. . HRMS
(ESI+) m/z calcd for C17H10N4O7 [M+H]* 382.0544, found 353.0626.

2-lodo-N-(2-((2-iodophenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)benzamide

(2.31)
o) o)
= fof
Q\N N
H H
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N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-2-iodobenzamide (200 mg, 0.54 mmol)
and zinc trifluoromethanesulfonate (40 mg, 0.11 mmol) were dissolved in MeCN
(40 mL) and stirred for 5 minutes. 2-lodoaniline (130 mg, 0.59 mmol) was added
to the solution and refluxed overnight (approximately 18 hours). The precipitate
was filtered and washed with hot MeCN to yield the product as an off-white solid
(106 mg, 36%). 'H NMR (500 MHz, DMSO) & 12.48 (s, 1H), 9.88 (s, 1H), 7.98
(dd, J = 7.9, 0.8 Hz, 1H), 7.90 (dt, J = 3.4, 1.7 Hz, 1H), 7.66 — 7.60 (m, J = 11.5,
2.6 Hz, 2H), 7.54 (td, J = 7.5, 1.1 Hz, 1H), 7.46 — 7.41 (m, J = 8.1, 7.5, 1.4 Hz,
1H), 7.29 (td, 1H), 6.98 (td, 1H). 3C NMR (126 MHz, DMSO) & 187.1, 183.3,
170.6, 169.2, 162.7, 140.0, 139.8, 139.5, 138.6, 132.7, 129.4, 128.5, 127.4,
123.2, 94.2, 91.9. IR (ATR): vmax (cm) = 3246, 3192, 1809, 1723, 1700, 1606,
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1575, 1507, 1484, 1421, 1286, 1239, 1153, 1137, 1103, 1017, 901, 750, 703.
HRMS (ESI+) m/z calcd for C17H10l2N203 [M+H]* 544.8781, found 544.8851.

4-lodo-N-(2-((4-iodophenyl)amino)-3,4-dioxocyclobut-1-en-1-yl)benzamide

(2.32)
(0] 0]
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H H

N-(2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)-4-iodobenzamide (200 mg, 0.72 mmol)

and zinc trifluoromethanesulfonate (40 mg, 0.11 mmol) were dissolved in MeCN
(40 mL) and stirred for 5 minutes. 4-lodoaniline (130 mg, 0.59 mmol) was added
to the reaction mixture and refluxed overnight (approximately 18 hours). The
precipitate was filtered and washed with hot MeCN to yield the product as an off-
white solid (150 mg, 51%). 'H NMR (500 MHz, DMSO-ds) d 12.03 (s, 1H), 9.95
(s, 1H), 7.97 (d, J =8.5Hz, 2H), 7.81 (d, J = 7.7 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H),
7.24 (s, 2H). 3C NMR (126 MHz, DMSO) & 165.2, 138.1, 138.0, 137.9, 131.6,
131.1, 123.1,102.2, 89.1. IR (ATR): vmax (cm™) = 3221, 3178, 1813, 1791, 1606,
1574, 1529, 1488, 1374, 1273, 1156, 1127, 1004, 899, 812, 733. HRMS (ESI+)
m/z calcd for C17H10l2N203 [M+H]* 544.8781, found 544.8851.

3,4-Dichloro-N-(2-((3,4-dichlorophenyl)amino)-3,4-dioxocyclobut-1-en-1-

yl)benzamide (2.33)
o) 0
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N N
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3,4-Dichloro-N-(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)benzamide (235 mg, 0.75
mmol) and zinc trifluoromethanesulfonate (55 mg, 0.15 mmol) were dissolved in
MeCN (40 mL) and stirred for 5 minutes. 3,4-dichloroaniline (145 mg, 0.9 mmol)
was added to the reaction mixture and refluxed overnight (approximately 18
hours). The precipitate was filtered and washed with hot MeCN to yield the
product as a pale yellow solid (170 mg, 53%). *H NMR (500 MHz, DMSO-ds) &
12.21 (s, 1H), 10.21 (s, 1H), 8.34 (s, 1H), 8.01 (d, J = 7.2 Hz, 1H), 7.86 (d, J =
8.4 Hz, 1H), 7.77 (s, 1H), 7.61 (d, J = 8.7 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H). 13C
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NMR (126 MHz, DMSO-de) 6 131.9, 131.7, 131.4, 131.2, 129.5 IR (ATR): Vmax
(cm) = 3168, 3113, 3078, 3057, 2990, 1813, 1738, 1619, 1575, 1517, 1374,
1325, 1270, 1106, 852, 748, 708. HRMS (ESI+) m/z calcd for C17HsClaN203 [M-
H]-426.9289, found 426.9213.

4-Chloro-N-(2-((4-chlorophenyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)benzamide (2.34)
0] O
m@ j\;/( 0
N N
H H

4-Chloro-N-(2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)benzamide (200 mg, 0.72

mmol) and zinc trifluoromethanesulfonate (52 mg, 0.14 mmol) were dissolved in

Cl

MeCN (40 mL) and stirred for 5 minutes. 4-chloroaniline (109 mg, 0.86 mmol)
was added to the reaction mixture and refluxed overnight (approximately 18
hours). The precipitate was filtered and washed with hot MeCN to vyield the
product as a pale yellow solid (109 mg, 42%). 'H NMR (500 MHz, DMSO-ds) &
12.06 (s, 1H), 9.96 (s, 1H), 8.07 (d, J = 7.7 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 7.42
(s, 4H). 13C NMR (126 MHz, DMSO-ds) d 188.0, 183.4, 171.0 164.8, 163.3, 138.6,
137.0, 131.2, 131.0, 129.3, 129.2, 129.0, 122.6. IR (ATR): Vmax (cm™) = 2973,
2950, 1809, 1724, 1579, 1487, 1455, 1371, 1265, 1057, 1034, 1011, 899, 841,
816, 745. HRMS (ESI+) m/z calcd for C17H10CI2N203 [M + Na]* 383.0068 , found
382.9960.
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6.3 Synthetic Procedures for Chapter 3

4-((triisopropylsilyl)oxy) benzaldehyde
0
)~

NEts (1.7 mL, 12 mmol) was added to a solution of 4-hydroxybenzaldehyde (1.24
g, 10 mmol) and DMAP (0.12g, 1 mmol) in DCM (anhydrous, 20 mL), under an
atmosphere of N2, at 0°C. The solution was stirred for 10 minutes before the
addition of triisopropylsilyl chloride (2.4 mL, 11 mmol). The reaction was allowed
to reach room temperature and left to stir for 18 hours. The reaction mixture was
diluted with DCM (10 mL) and washed with 1M HCI (2 x 30 mL) and brine (2 x
30m L). The organic layer was removed, dried over MgSO4 and the solvent
removed in vacuo to yield the product as an orange-red oil (2.5g, 90%). *H NMR
(500 MHz, CDCI3) 6 9.88 (s, 1H), 7.83 — 7.70 (m, 2H), 7.03 — 6.91 (m, 2H), 1.29
(m, 3H), 1.11 (d, J = 7.4 Hz, 17H). 3C NMR (126 MHz, CDCls) 3 190.9, 162.1,
132.1, 130.4, 120.5, 18.0, 12.9.

The NMR data is in agreement with the data reported in the literature. 10.1055/s-
2005-861863

3,4-bis((3,5-bis(trifluoromethyl)phenyl)(4-nitrobenzyl)amino)cyclobut-3-
ene-1,2-dione (3.17)

FsC 0 0 CF,

F3C CF3

O,N NO,

3,4-diethoxy-3-cyclobutene-1,2-dione (22 mg, 0.13 mmol) and N-(4-nitrobenzyl)-
3,5-bis(trifluoromethyl)aniline (100 mg, 0.2 7 mmol) were dissolved in EtOH (5
mL) and stirred at room temperature for 5 minutes before the addition of zinc
trifluoromethanesulfonate (9 mg, 25 mmol) in EtOH (5 mL). The reaction was
refluxed at 120°C for 72 hours. The precipitate was collected via vacuum filtration

and washed with cold EtOH and diethyl ether, to yield a yellow solid. (15mg,
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15%). 'H NMR (500 MHz, DMSO-ds) b 8.23 (s, 4H), 8.21 (s, 2H), 7.98 (s, 4H),
7.70 (s, 4H), 5.94 (s, 4H). 3C NMR (126 MHz, DMSO-ds) d 147.8, 142.8, 131.3,
131.0, 126.6, 125.3, 124.4, 124.3, 122.2. HRMS (ESI+) m/z calcd for
C34H18F12N4O6 [M+H]* 807.1035, found 807.1107.

3,4-bis((4-(trifluoromethyl)phenyl)(4-
((triisopropylsilyl)oxy)benzyl)amino)cyclobut-3-ene-1,2-dione (3.18)

3,4-diethoxy-3-cyclobutene-1,2-dione (22 mg, 0.13 mmol) and 4-(trifluoromethyl)-
N-(4-((triisopropylsilyl)oxy)benzyl)aniline (114 mg, 0.27 mmol) were dissolved in
EtOH (5 mL) and stirred at room temperature for 5 minutes before the addition of
zinc trifluoromethanesulfonate (9 mg, 25 mmol) in EtOH (5 mL). The reaction
was refluxed at 120°C for 72 hours. The precipitate was collected via vacuum
filtration and washed with cold EtOH and diethyl ether, to yield a pale orange
solid. *H NMR (500 MHz, CDCls) & 7.58 (dd, J = 38.4, 7.4 Hz, 4H), 7.36 — 7.20
(m, 2H), 7.10 (dd, J = 22.0, 7.4 Hz, 4H), 6.79 (dd, J = 19.3, 7.5 Hz, 4H), 5.45 (d,
J=29.0 Hz, 4H), 1.29 — 1.15 (m, 6H), 1.05 (s, 36H). 3C NMR (126 MHz, CDClz)
0 177.9, 129.7, 129.5, 127.3, 126.1, 124.8, 120.4. IR (ATR): Vmax (cm™) = 2945,
2867, 1603, 1509, 1464, 1435, 1409, 1360, 1322, 1262, 1204, 1164, 1122, 1107,
1065, 1013, 995, 975, 906, 882, 847, 815, 787. HRMS (ESI+) m/z calcd for
CsoHe2FsN204Si2 [M+H]* 924.4512, found 413.2672.
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N-(4-nitrobenzyl)-4-(trifluoromethyl)aniline (3.20)

N
H/\©\
NO

3,5-Bis(trifluoromethyl)aniline (2.16 mL, 13.8 mmol), 4-nitrobenzaldehyde (2.09
g, 13.8 mmol) and anhydrous MgS0O4 (0.83 g, 6.9 mmol) were added to a round-

2

bottom flask under N2 and dissolved in anhydrous DCM (60 mL). The reaction
mixture was stirred for 5 minutes before the addition of AcOH (1.17 mL, 6.5mmol)
to the reaction mixture and stirred for 6 hours. Sodium triacetoxyborohydride
(5.80g, 27.5 mmol) was then added to the reaction mixture and stirred overnight.
The solvent was removed in vacuo, and the residue redissolved in EtOAc and
sat. NaHCOs. The organic layer was washed with NaHCOs3 (3 x 25 mL) and brine
(3x 25 mL). The organic layer was collected, dried over Na2SO4 and the solvent
removed under reduced pressure to yield the crude product as a yellow oil. The
product was purified via a hot recrystallization from CHCIs to afford the product
as a yellow crystalline solid. (1.84 g, 45%). *H NMR (500 MHz, CDClz) 6 8.29 —
8.12 (m, 1H), 7.55 — 7.43 (m, 1H), 7.39 (d, J = 8.4 Hz, 1H), 6.59 (d, J = 8.4 Hz,
1H), 4.61 (d, J =5.4 Hz, 1H), 4.52 (d, J = 5.9 Hz, 1H). 13C NMR (126 MHz, CDCls)
0 149.8, 147.4, 146.4, 127.6, 126.77 (q, 3JcF = 3.8 Hz), 124.8 (q, 1Jcr = 275 Hz),
124.1, 119.9 (q, 2Jcr = 32.8 Hz), 47.1. IR (ATR): vmax (cm™) = 3444, 1616, 1534,
1505, 1317, 1288, 1190, 1156, 1097, 1060, 994, 936, 860, 817, 786, 731. HRMS
(ESI+) m/z calcd for C14H11F3N202 [M+H]* 297.0845, found 297.0842.

N-(4-nitrobenzyl)-3,5-bis(trifluoromethyl)aniline (3.21)

CF;

FsC i N
3 H/\©\
NO

3,5-Bis(trifluoromethyl)aniline (2.16 mL, 13.8 mmol), 4-nitrobenzaldehyde (2.09
g, 13.8 mmol) and anhydrous MgSOa4 (0.83 g, 6.9 mmol) were added to a round-

2

bottom flask under N2 and dissolved in anhydrous DCM (60 mL). The reaction
mixture was stirred for 5 minutes before the addition of AcOH (1.17 mL, 6.5 mmol)

to the reaction mixture and stirred for 6 hours. Sodium triacetoxyborohydride
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(5.80g, 27.5 mmol) was then added to the reaction mixture and stirred overnight.
The solvent was removed in vacuo, and the residue redissolved in EtOAc and
sat. NaHCOs. The organic layer was washed with NaHCO3 (3 x 25 mL) and brine
(3 x 25 mL). The organic layer was collected, dried over Na2SO4 and the solvent
removed under reduced pressure to yield the crude product as a yellow oil. The
product was purified via a hot recrystallization from CHCIs to afford the product
as a yellow crystalline solid. (2.06 g, 41%). *H NMR (500 MHz, CDClz) 6 8.24 —
8.20 (m, 2H), 7.53 (dd, J = 8.3, 0.6 Hz, 2H), 7.21 (d, J = 0.6 Hz, 1H), 6.95 (s, 2H),
4.70 (t, J = 5.5 Hz, 1H), 4.55 (d, J = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCls) &
148.2, 147.7, 145.5, 132.82 (q, 2Jcr = 32.9 Hz), 127.9, 124.3, 123.4 (q, YJcF = 237
Hz) 112.26 (overlapping C X 2), 111.4 (m, 3Jcr = 7.8, 3.9 Hz), 47.4. IR (ATR):
vmax (cm™) = 3408, 1620, 1542, 1481, 1428, 1390, 1343, 1299, 1273, 1173, 1117,
1085, 1005, 903, 870, 847, 831, 788. HRMS (ESI+) m/z calcd for CisH10FsN202
[M+H]* 365.0646, found 366.0719.

4-(trifluoromethyl)-N-(4-((triisopropylsilyl)oxy)benzyl)aniline (3.22)

F3C\©\

N

H/\©\
OTIPS

4-(trifluoromethyl)aniline (0.13 mL, 1 mmol) and 4-((triisopropylsilyl)oxy)
benzaldehyde (0.28 g, 1 mmol) were dissolved in anhydrous DCM (20 mL) and
stirred for 5 minutes under inert atmosphere. AcOH (0.10 mL, 1.5 mmol) was
added to the reaction mixture and stirred for 6 hours. Sodium
triacetoxyborohydride (0.32 g, 1.5 mmol) was then added to the reaction mixture
and stirred for 48 hours. The solvent was removed in vacuo, and the residue
redissolved in EtOAc and sat. NaHCOs. The organic layer was washed with
NaHCOs (3 x 25 mL) and brine (3 x 25 mL). The organic layer was dried over
MgSO4 and the solvent removed under reduced pressure to yield the crude
product as a yellow oil. Column chromatography was used to purify the crude
product (13:1 petroleum ether:ethyl acetate) to afford the product as an orange-
pink oil. (275 mg, 65%). 'H NMR (500 MHz, CDCI3) & 7.41 (d, J = 8.5 Hz, 2H),
7.21 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 6.64 (d, J = 8.5 Hz, 2H), 4.28
(s, 2H), 1.34-1.23 (m, 3H), 1.13 (d, J = 7.4 Hz, 18H). 3C NMR (126 MHz, CDCls)
6 155.7, 150.7, 130.8, 128.8, 126.7 (q, 3Jcr = 3.7 Hz), 123.0 (q, YJcrF = 269.6 Hz)
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120.3, 119.1 (g, 2Jcr = 32.6 Hz), 112.1, 47.6, 12.8. IR (ATR): Vmax (cm™) = 3419,
2947, 2892, 2867, 1612, 1529, 1510, 1462, 1415, 1335, 1251, 1156, 1100, 1062,
998, 908, 882, 826. HRMS (ESI+) m/z calcd for C23H32FsNOSi [M+Na]* 446.2097,
found 446.2113.

3,5-bis(trifluoromethyl)-N-(4-((triisopropylsilyl)oxy)benzyl)aniline (3.23)

CF;

FsC N
3 /i:\H/\Q\
OTIPS

3,5-Bis(trifluoromethyl)aniline (0.26 mL, 1.68 mmol) and 4-((triisopropylsilyl)oxy)
benzaldehyde (0.4 g, 1.4 mmol) were dissolved in anhydrous DCM (30 mL) and
stirred for 5 minutes under inert atmosphere. AcOH (0.11 mL, 1.83 mmol) was
added to the reaction mixture and stirred for 6 hours. Sodium
triacetoxyborohydride (0.39 g, 1.82 mmol) was then added to the reaction mixture
and stirred for 48 hours. The solvent was removed in vacuo, and the residue
redissolved in EtOAc and sat. NaHCOs. The organic layer was washed with
NaHCOs3 (3 x 25mmL) and brine (3 x 25mmL). The organic layer was dried over
MgSO4 and the solvent removed under reduced pressure to yield the crude
product as a yellow oil. Column chromatography was used to purify the crude
product (13:1 petroleum ether:ethyl acetate) to afford the product as an orange-
pink oil. (487 mg, 59%). 'H NMR (500 MHz, CDClz) & 7.18 (dt, 2H), 7.12 (s, 1H),
6.95 (s, 2H), 6.86 (dt, 2H), 4.63 (t, J = 5.0 Hz, 1H), 4.27 (d, J = 5.2 Hz, 1H), 1.40
—1.20 (m, 3H), 1.08 (d, J = 2.8 Hz, 18H). 13C NMR (126 MHz, CDCIz) & 171.4,
155.9, 148.9, 132.5(q, J =32.7 Hz), 130.1, 128.8, 123.7 (q, 1Jcr = 272 Hz). 120.4,
112.0 ( overlapping C X 2)), 110.31 — 110.05 (m/overlapping q), 17.8, 12.8, 12.0.
IR (ATR): vmax (cml) = 2946, 2868, 1621, 1509, 1470, 1430, 1391, 1355, 1274,
1169, 1127, 1079, 995, 952, 907, 860, 739. HRMS (ESI+) m/z calcd for
C24H31FeNOSi [M+Na]* 514.1971, found 514.2081.
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3,4-bis(benzyl(phenyl)amino)cyclobut-3-ene-1,2-dione (3.24)

3,4-diethoxy-3-cyclobutene-1,2-dione (0.45 g, 2.65 mmol) and N-benzylaniline
(2.02 g, 5.55 mmol) were dissolved in EtOH (30 mL) and stirred for 5 minutes
before the addition of Zn(OTf)2 (0.19 g, 0.53 mmol) and NEt3 (773 pL, 5.55 mmol).
The reaction was refluxed at 80°C for 96 hours. The reaction mixture was cooled
to room temperature and the precipitate filtered and washed with cold EtOH and
Et20 to yield the product as a pale orange amorphous solid (12 mg, 10%). H
NMR (500 MHz, DMSO-ds) & 7.36 (m, 4H), 7.31 (m, 4H), 7.25 — 7.16 (m, 2H),
7.09 - 6.99 (m, 4H), 6.63 (d, J = 7.8 Hz, 4H), 6.56 (t, J = 7.2 Hz, 2H), 4.27 (s,
4H). 13C NMR (126 MHz, DMSO) & 148.3, 140.2, 129.3, 128.8, 127.8, 127.2,
117.0, 113.4, 47.4. IR (ATR): vmax (cm™) = 3057, 2923, 1610, 1470, 1428, 1358,
1324, 1297, 1272, 1209, 1154, 1099, 1074, 1027, 1002, 981, 927, 807, 761, 726.
HRMS (ESI+) m/z calcd for C3oH24N202 [M+H]* 444.1838, found 445.1913.

1,0

1,3-dibenzyl-1,3-diphenylurea (3.29)

g)\’\l
Triphosgene (114 mg, 0.388 mmol) was placed in a 50 mL round-bottomed flask
under an atmosphere of N2. N-benzylaniline (326 mg, 2.36 mmol) was placed in
a 25 mL round-bottom flask, under an atmosphere of N2, and dissolved in
anhydrous DCM (10 mL). The solution of N-benzylaniline was transferred to the
vessel containing triphosgene via cannulation. NEts (329 pL, 2.36 mmol) was
added to the reaction mixture and left to stir at room temperature for 18 hours.
The solvent was removed in vacuo to yield a yellow solid, which was dissolved in
EtOAc (20 mL) and washed with 0.1 M HCI (3 x 30 mL), water (3 x 30 mL), and
brine (3 x 30 mL). The organic layer was dried over MgSO4 and gravity filtered

before the solvent was removed in vacuo to yield the crude product as a yellow
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solid. The crude product was purified via flash chromatography (SiO2z, 4:1
petroleum ether:ethyl acetate) to yield the product as a pale brown amorphous
solid (10 mg, 72%). *H NMR (500 MHz, CDClz) & 7.28 — 7.18 (m, 11H), 6.95 —
6.83 (m, 6H), 6.61 — 6.54 (m, 4H), 4.76 (s, 4H). 13C NMR (126 MHz, CDCls) &
144.1, 138.4, 128.8, 128.4, 128.2, 127.1, 127.1, 125.1, 55.5. IR (ATR): Vmax (CM"
1) = 3027, 2940, 1639, 1462, 1435, 1391, 1435, 1391, 1271, 1198, 1077, 1014,
924, 827. HRMS (ESI+) m/z calcd for Cz7H24N20 [M+H]* 392.1889, found
393.1964.

6.3 Synthetic Procedure for Chapter 4
General Synthetic Procedure

The appropriately substituted aromatic diamine (1.2 equiv) was added to a stirred
solution of diethyl squarate (1.0 equiv) and Zn(OTf)2 (0.2 equiv.) in ethanol
(5 mL). The reaction mixture was stirred at room temperature for 24 hr before
formation of a precipitate. The solid was collected by suction filtration and washed
with EtOH and Et20 before being allowed to dry at room temp.

cyclobuta[b]quinoxaline-1,2(3H,8H)-dione (4.16)

0] o)

HN  NH

4.16 was collected as a beige solid. (0.708 g, 64%), m.p.=300°C. 1H NMR
(500 MHz, DMSO-ds) 6 9.99 (s, 2 NH), 6.65 (dd, J =5.7/3.4 Hz, 2H), 6.36 (dd,
J =5.5/3.6 Hz, 2H); 13C NMR (126 MHz, DMSO-d¢) 8 178.7, 174.9, 132.2, 125.4,
116.9. IR (ATR): vmax (cm™) = 3123, 2955, 2017, 1913, 1805, 1790, 1657, 1614,
1558, 1478, 1458, 1358, 1304, 1245, 1213, 1180, 1129, 1075, 1041, 930, 900,
806, 777, 743, 666. HRMS (ESI+) m/z calcd for C10HeO2N2 [M+H]*, expected:
186.0428, found 186.0429, PPM:-0.64.
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5-nitrocyclobuta[b]quinoxaline-1,2(3H,8H)- dione (4.17)

o_ 0
HN  NH
NO,

4.17 was collected as a purple solid. (1.004 g, 74%), m.p.2300°C. *H NMR
(500 MHz, DMSO-dg) 6 10.55 (s, NH), 10.39 (s, NH), 7.58 (dd J = 8.8/2.5 Hz, 1H),
7.01 (d, J =2.5Hz. 1H), 6.41 (d, J = 8.6 Hz, 1H); 13C NMR (126 MHz, DMSO-ds
)6 179.6,178.5,175.7,174.8, 144.0, 139.8, 133.9, 122.7, 115.9, 110.4; IR (ATR):
vmax (cm™) = 3572, 3141, 2974, 2020, 1870, 1794, 1665, 1632, 1583, 1529, 1487,
1419, 1322, 1267, 1247, 1218, 1202, 1092, 1073, 945, 883, 861, 837, 803, 788,
745, 670, 646. HRMS (ESI+) m/z calcd for Ci0Hs04N3 [M+H]+, expected:
231.0282, found: 231.028, PPM:0.71.

5-methoxycyclobuta[b]quinoxaline-1,2(3H,8H)- dione (4.18)

0] 0]
HN NH
OMe

4.18 was collected as a brown solid. (0.646 g, 97%), m.p.2300°C. *H NMR
(500 MHz, DMSO-ds) © 9.98 (s, NH), 9.96 (s, NH), 6.31 (d, J = 8.6 Hz, 1H), 6.2
(dd, J=8.6/2.8 Hz, 1H), 6.00 (d, J=2.7 Hz, 1H), 3.60 (s, 3H); C NMR
(126 MHz, DMSO-ds ) 179.1, 178.2, 174.6, 173.7, 157.2, 133.1, 125.1, 117.2,
107.5, 104.9, 56.0.; IR (ATR): vmax (cm™) = 3123, 2944, 1797, 1660, 1351, 1315,
1279, 1217, 1160, 1123, 1084, 1067, 1032, 941, 854, 788, 718, 672. HRMS ESI+)

m/z calcd for Ci1HsOsN2 [M+H]+, expected: 216.0547, found 216.0535,
PPM:5.55.
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6.4 Anion Binding Studies

Both the tetrabutylammonium halide salts (TBAX) and the receptors were
lyophilised before use. Solutions of the TBA salts were made up in DMSO-ds,
which was dried over 3A molecular sieves before use, to a concentration of 300
mM. An aliquot of stock solution of receptor in DMSO-ds was diluted to 1 mL (2.5
mM). 600 pL of this solution was added to an NMR and the *H 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 'H 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 was employed to provide the binding constant (Ko/M1), by
fitting of the chemical shift changes of the NH signals as function of anion
concentration using the open access BindFit software program.

6.5 UV-Vis pH-spectrophotometric titrations

pKa values were experimentally determined using the wavelength of macimum
difference in absorbance between the UV-Vis spectra of the neutral and anionic
species. The absorbance of each receptor was measured in a solution of
DMSO/H20 (9:1) containing 0.1 M TBAPFs between approximately pH 2.5 to
12.5. The solutions were initially acidified using HNO3s and gradually basified by
aliquots of either 1 M or 0.1 M NaOH. The absorbance values of maximal
difference were plotted against pH values. A four parameter sigmoid curve using
Sigma Plot was fitted through the data points with the point of inflexion

corresponding to the pKa value.
6.6 CI/NO3 exchange assays
Preparation of POPC vesicles

The internal solution (NaCl 487 mM, sodium phosphate 5 mM) and external
solution (NaNOs 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 CHCIs (5 mL) in a 25 mL round-bottomed flask. The CHCls was

slowly gently removed using a rotary evaporator to form a thin lipid film, which
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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 NacCl.
The vesicles were then diluted to 10 mL with the external solution to obtain a

stock solution of lipid.

For preparation of POPC vesicles at pH 4.20, the procedure is largely the
same. Internal and external solutions are buffered with a citrate buffer to pH 4.20
(5 mM) instead of sodium phosphate. The dialysis of the lipid vesicles to remove

unencapsulated NaCl lasts for 2 hours, as opposed to overnight.
CI/NOs exchange assays.

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 CI- efflux. The readings from the electrode reader were allowed to
stabilise before initiating the experiment. A negative control using DMSO was
added to the lipid solution as to ensure that the vesicles displayed no leakage. At
t=0, 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 H20:DMSO 7:1 v:v) was added to lyse the vesicles to determine 100% CI
efflux. Experiments were each repeated in triplicate, and all traces are the

average of three trials.
6.7 Computational Methods

All electronic structure calculations were carried out using the Gaussian 09

(revision E.01) and ORCA (version 4.2.1) program packages. Unconstrained

optimizations of ground-state geometries and subsequent analytical frequency

calculations were carried out at DFT level using the M06-2X functional in
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conjunction with Pople’s 6-31+G(d) basis set on all atoms except iodine. The
Stuttgart-Dresden SDD effective core potential and associate basis sets were
chosen to describe iodine, with an added polarization function ({¢ = 0.289). A
ultrafine integration grid, corresponding to a pruned grid of 99 radial shells and
590 angular points per shell, was used for all calculations. All stationary points
were confirmed to be minima by the absence of imaginary modes in their
vibrational spectra. Thermal and entropic corrections to the SCF energies (T =
298.15 K and p = 1 atm) were also extracted from the vibrational gas phase
calculations. Effects due to the presence of solvent were included by means of
the Polarizable Continuum Model (IEF-PCM), with parameters corresponding to
those of dimethylsulfoxide (¢ = 46.8). Non-electrostatic terms to solvation were
calculated by invoking the SMD option. To this end, all geometries were again
optimised in solution phase. The free energies of solvation (at fixed
concentrations) for each compound was then obtained from the electronic energy

difference of the species optimised in solution and gas phase:

AG®sov = Escrr(Rs) — Escr(Rg)

The “©” superscript indicates that the quantities are calculated with
respect to standard states of 1 mol L™ (a correction of 1.9 kcal mol?). The
variables Rg and Rs imply dependence of the energy on the gas phase and
solution phase optimized geometries, respectively. High-level gas phase
calculations were carried out at the DLPNO-CCSD(T) level of theory as single-
point calculations on the M06-2X-optimised geometries. Automatic basis set
extrapolation (involving cardinal numbers n = 3 and 4 within the def2-nZVP basis
set family) was used to converge both HF and correlation energies to the
complete basis set limit. The RIJCOSX approimxation and .... was used to speed
up integral solvation, with the def2/J and autoaux auxiliary basis sets. These

calculations were performed with ORCA.
All pKa values were calculated using a direct method via the

thermodynamic cycle depicted in Scheme 1, utilising a proton solvation free
energy of —273.30 kcal mol~ in DMSO:
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AGegas B
HA(gas) ————— A (gas) + H* (gas)
_AGesnlv{HA) AGGS{}W(A—) AGesolv(H+)
AGBSn::ln _
HA (soln) —— > A" (soln) + H* (soln)

AGOsoin = AGOgas + AGOson(HY) + AGOsonv(A) — AGCsov(HA)

pKa(HA) = AG®Osoin / RTIn(lO)
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A. Chapter 2 Characterisation Data

4.6
4.6
4.6
4.6
1.4
13

/
X
Vs
X

@) O

=

0" o\

N

3

6.00-]

5.0 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)

Figure Al. IH NMR (DMSO-ds, 500 MHz) spectrum of 2.17.
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Figure A2. 13C NMR (DMSO-ds, 500 MHz) spectrum of 2.17.
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Figure A3. IH-IH COSY spectrum of 2.17.
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Figure A4. HSQC spectrum of 2.17.
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Figure A5. HMBC spectrum of 2.17.
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Figure AG6. IR spectrum of 2.17.
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Figure A8. H NMR (DMSO-ds, 500 MHz) spectrum of 2.18.
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— End OF Report —

Figure A21. HRMS of 2.19
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Figure A22. *H NMR (DMSO-ds, 500 MHz) spectrum of 2.20.
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Figure A23. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.20.
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Figure A24. *H-'H COSY spectrum of 2.20
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Figure A25. HSQC spectrum of 2.20
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Compounds

%107 Cpd 1. C14 H10 F3 N O4: +ESI EIC{314.0635, 336.0454) Scan Frag=125.0V LMIP45_Fos_Loopl..
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Counts ve. Acquisition Time (min)
Integration Peak List
Start  |RT [End Height Area

0.41 0.71 1.47 11649459] 132314563

xig 6 |Cpd 1: ©14 H10 F3 N O4: + FBF Spectrum (rt: 0.60-0.84 min} LMIF45_Fos_Looplnjection_MS_15..
| 336.p457
) ([C14H10FINO4]+Na)+
1.54
1 4
0.5
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
myz z |Abund Formula Ton
314.0637] 1 486639.28|C14H10F3NO4 [(M+H)+
315.0676] 1 BO786.87 |C14H10F3N0O4 (M+H)}+
316.0704] 1 9808.21|C14H10F3NO4 (M+H)+
336.0457] 1 2520331.75|C14H10F3NC4 (M+Na)+
337.0492] 1 374240.66|C14H10F3NO4 (M+Na)+
33B.0514] 1 46300.03|C14H10F3N0O4 (M+Na)+
339.0548] 1 4834.05|C14H10F3NO4 (M+Na)+
-— End Of Report -

Figure A28. HRMS of 2.20
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Figure A29. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.21.
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Figure A30. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.21.
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Figure A31. H-'H COSY spectrum of 2.21
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Figure A32. HSQC spectrum of 2.21
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Compounds
%10 8 Cpd 1: C1E HI FE N O4: +ESI EIC(382.0509, 404.0328) Scan Frag=125.0¥ LMIP4E&_Pos_Loopinj..
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0.42 0.72 144 5557134 69029552
w10 6 [Cpd 1: C15 HS FG N O4: + FBF Spectrum (rt: 0.61-0.84 min} LMIP46_Pos_Loopinjection_M3_156..
404 D330
1.24 ([C15HSFGNOC4]+Na)+
14
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0,4
0.2
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Counts vs. Mass-to-Charge (m/z)
Peak List
m/z z |Abund Formula lon
382.051] 1 153784.44 | C15HOFENO4 (M+H)+
383.0541] 1 23695.58|C15HOF6N04 (M+H)+
384.0563] 1 3103.73|C15HIFEN04 (M+H)+
404.033] 1 1386279.25|C15H3F6N04 (M+Na)+
405.0365] 1 220258.97|C15HIFEND4 (M+Na)+
406.0385] 1 27570.79|C15H3F6ND4 (M+Na)+
407.0411] 1 2809.82|C15HIFEN04 (M+Na)+
--- End Of Report -—

Figure A35. HRMS of 2.21
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Figure A36. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.22.
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Figure A37. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.22.
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Compounds
x10 B |Cpd 10 ©13 H10 N2 O6: +ESI EIC(291.0612, 313.0431) Scan Frag=125.0V LMIP51_Pos_Loopinj..
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354
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al {[C13H10MRZOB]+Ma)+
B_
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|
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Counts vs. Mass-to-Charge (m/z)
Peak List
myz z |Abund Formula Ton
291.0613] 1 98875.48|C13H10N206 (M+H)+
292.0647| 1 15112.59|C13H10N206 (M+H)+
293.0672] 1 2379.04|C13H10N206 (M+H)+
313.0434] 1 97250619 |C13H10M206 (M+Na)+
314.0467] 1 133088.45]C13H10M206 (M+Na)+
315.049] 1 20580.38|C13H10N206 (M+Na)+
316.0516] 1 2236.74|C13H10N206 (M+Na)+
--— End Of Report -—

Figure A42. HRMS of 2.22

191



Appendix

3 2oan MnuuLnnMmmMOnO R0 0D
o R N N NN I N G e
| N e L 2 [6E+08
O O 6E+08
(0]
- 5E+08
~0" N
H r4E+08
I
r4E+08
r4E+08
3E+08
2E+08
2E+08
]
2E+08
r1E+08
J F5E+07
’ .j I A A A Lo
{ SN & bt
) 3 8 & S ]
2 N b - | sev07
T T T T T T T T T T T T T T T T T T T T T T T T
13.5 12.5 11.5 10.5 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5
f1 (ppm)
Figure A43. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.23.
Apr16-2021-LM ang MR 22 Saa - © 2
LM1P60 13C a8 29 o oad N R k1
Vo \/ NN Y4 [4E+08
3E+08
2E+08
r2E+08
r2E+08
r1E+08
1l
|
P ‘ ‘ " 5E+07
\ ) ll Lo

230 220 210 200 190 180 170 160 150 140 130 120f %10 )100 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm
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Figure A47. HMBC spectrum of 2.23
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Compounds
%107 Cpd 1. C13HI10 I N Q4: +ESI EIC{371.9727, 393.9547) Scan Frag=125.0V LMIPE0_Pos_Loopinj_.
1 0.70 1
e
1.54
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Counts ve. Acquisition Time (min)
Integration Peak List
Start  |RT End Height Area
0.29 0.7 1.47 21498565] 273497514
xig 6 [Cpd 10 C13H10 | W O4: + FBF Spectrum (rt: 0.58-0.84 min} LMIPS0_Fos_Looplnjection_MS_158..
3093 B550
44 ([C13HT0INO4]+Na)+
34
2 4
1 p
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Counts vs. Mass-to-Charge (miz)
Peak List
m/z z |Abund Formula Ton
371.9728] 1 1196103.25)C13H10INO4 (M+H)+
372.9761] 1 167462.86|C13H10IND4 (M+H)}+
373.9784] 1 20403.75]C13H1DIND (M+H)}+
393.955] 1 4454876.5|C13H10IND4 (M+Na)+
394.9583] 1 630267.38]C13H10IND4 (M+Na)+
395.9603] 1 72445.63|C13H10INO4 (M+Na)+
396.9626] 1 6382.16]C13H10IND4 (M+Na)+
--- End OFf Report ---

Figure A49. HRMS of 2.23
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Figure A50. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.24.

708

—190.5
——187.4
~—185.1
—168.6
—161.7
—=16.0

220 210 200 190 180 170 160 150 140 130 120 . 110 100 90 80 70 60 50
1

(ppm)

Figure A51. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.24.
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Figure A52. 'H-'H COSY spectrum of 2.24
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Figure A54. HMBC spectrum of 2.24
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Compounds
x10 7 [Cpd 1: C13 H10 | N O4: +ESI EIC(371.9727, 393.9547) Scan Frag=125.0V LMIP64_Pos_Loopinj..
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Counts vs. Acquisition Time (min)

Integration Peak List
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xip 6 |Cpd 1: C13 HI10 1 N O4: + FBF Spectrum (rt: 0.58-0.79, 0.84-0.92 min) LMIP&4_Fos_Loopinjectic..
35 393 p547
o ([C1IHTOINO4])+MNa)+
2.5
2 4
1.54
14
0.5
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Counts vs. Mass-to-Charge (m/iz)
Peak List
myz z |Abund Formula Ton
37197271 1 1764381.38]C13H10INC- (M+H)+
3729758] 1 242278.47 |C13H10IND4 (M+H)}+
37397 1 2BB82.521C13H10IND4 (M+H)+
393.9547] 1 3720356.25|C13H10ING4 (M+Na)+
3949579 1 522127.16]C13H10IND4 (M+Na)+
395.96] 1 66019.08C13H10IND4 (M+Na)+
396.9621] 1 5653.62C13H1DING4 (M-+Na)+
-— End Of Report -—

Figure A56. HRMS of 2.24
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Figure A57. *H NMR (DMSO-ds, 500 MHz) spectrum of 2.25.
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Figure A58. 13C NMR (DMSO-ds, 126 MHz) spectrum of 2.25.
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Figure A59. 'H-'H COSY spectrum of 2.25
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Figure A60. HSQC spectrum of 2.25
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Compounds

%107 Cpd 1: C13 HO CIZ N Q4: +ESI EIC(313.9981, 315.9954, 335.9801, 337.9774) Scan Frag=125.0V_..
34 : 0. i
2.5
=4
1.54
14
0.54
1]

D1 02 03 04 D05 OB 07 08B 08 1 11 12 13 14
Counts vs. Acquisition Time [min)

Integration Peak List

Start  |RT End Height Area

0.32 0.82 1.47 26273803] 367928171

w10 & [Cpd 10 ©13 HE CI2 M O4: + FBF Spectrum (r: 0.61-0.94 min} LMIPE2_Fos_Looplnjection_M3_16.

335.pE01
5 ([C13HECIANO4]+Na)+
1.5
1
0.5
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
miz z |Abund Formula Ton
313.9982] 1 1337021.75|C13H9012N04 (M+H)+
315.0014] 1 176449.2|C13H501ZNO4 (M+H)+
315.9953] 1 846996.31|C13H3012M04 (M+H)+
316.9993] 1 116364.72|C13HI0ZNO4 (M+H)+
317.9932] 1 134404.78|C13H902N04 (M+H)+
335.9801] 1 2360401 |C13HSCIZNO4 (M+Na)+
336.9834] 1 323599.44|C13Ho02N04 (M-+Na)+
337.9774] 1 1525534.63|c13H902N04 (M+Na)+
338.9806] 1 194775.28|C13H9002M04 (M-+Na)+
339.9752| 1 222677.34|C13H90ZNO4 (M+Na)+
--- End Of Repaort -—

Figure A63. HRMS of 2.25
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Figure A64. *H NMR (DMSO-ds, 500 MHz) spectrum of 2.26.
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Figure A65. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.26.
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Compounds

%107 Cpd 1: C13H10 CI N Q4: +ESI EIC{280.0371, 282.0346, 302.01891, 304 0166) Scan Frag=125.0V_..

1
2.54

Ea
74
1.54
14

0.5

|:|.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4
Counts vs. Acquisition Time (min)

Integration Peak List

Start  [RT End Height Area |

0.22 0.71 1.47 25315312 3353?012[]'

x10 6 |Cpd 1: ©13 H10 CI N 04: + FBF Spectrum (rt: 0.57-0.64, 0.69-0.89 min) LMIP66_Pos_Looplnjecti..
3 3020182
{(IC13H10C[NO4]+Ma)+
254
24
1,51
1
0.5
150 200 250 300 350 400 450 500 550 600 650 700 750 B0O0 B850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
m/z z |Abund Formula Ton
280.037] 1 1620053 |C13H100IND [(M+H)+
281.0405] 1 228181.17[C13H10CINCH (M+H)+
282.0346] 1 543549.5|C13H1000IMO4 [(M+H)+
283.0382] 1 73518.92|C13H100IMO4 [M+H}+
284.039] 1 10691.38]c13H100M04 [(M+H}+
302.0192] 1 3282117.5[C13H100INCH (M+Na)+
303.0224] 1 444767.75]C13H100M04 [M-+Na)+
304.0164] 1 1017450.31|C13H10CIND4 (M+Na)+
305.0157] 1 139950.11|C13H100ND4 [M+Na)+
306.0213] 1 17136.4[C13H100MNO4 (M-+Na)+
-—- End OF Report —-

Figure A70. HRMS of 2.26
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Figure A72. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.27.
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Figure A73. *H-'H COSY spectrum of 2.27
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Figure A74. HSQC spectrum of 2.27
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Compounds

%10 8 Cpd 1: C17 H12 N2 O3: +ES| EIC{293.0921, 315.0740) Scan Frag=125.0¥ LMIP4E_Fos_Loopinj...
1 0.74 1

T T v

0.1 02 032 04 05 08 ny 08 09 1 1.1 1.2 1.3 1.4
Counts vs. Acquisition Time (min)

Integration Peak List

Start  |RT End Height Area

0.44 0.74 1.47

6065743 B4953217

10 6 |Cpd 1: ©17 H12 N2 03: + FBF Spectrum (rt: 0.61-0.89 min) LMIP48_Pos_Loopinjection_MS_156...

315.01742
1.24 ([C17H12MEO3]+Na)+
14
0.8
0.6
0.4
0.2
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
m;z z |Abund Formula Ton
293.0926] 1 407026.53|C17H12M203 (M+H)+
294.0955] 1 76758.41|c17H12M203 (M+H)+
295.0992] 1 9511.4[C17H12M203 (M+H)+
296.1039] 1 895.61[C17H12N203 (M+H)+
315.0742] 1 1339016.38|C17H12M203 (M+Na)+
316.0776] 1 226085.53|C17H12N203 (M+Na)+
317.0805] 1 27438.29|c17H12M203 [M+Na)+
318.0829] 1 2875.02|Cci7H12N203 (M+Na)+
-—- End OF Report -

Figure A77. HRMS of 2.27
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Figure A79. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.28.
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Compounds
%10 B Cpd 1: C19 H10 FE N2 O3: +EES] EIC{429.0668, 451_0488) Scan Frag=125.0V LMIP49_Pas_Loop..
11 0.77 1
2.5
2
1.54
14
0.5
D L T r
0.1 02 03i 04 05 0B 07 08 09 1.4
Counts vs. Acquisition Time (min)
Integration Peak List
Start  |RT End Height Area
0.46 0.77 1.47 2565745 42556804
w10 5 |Cpd 1: C19H10 FE N2 O3: + FBF Spectrum (rt: 0.61-0.96 min} LMIP49_Pos_Looplnjection_M3_1..
54 420 b7
([C1OHT0FEMN203]+H)+
4
3_
24
14
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
mjz z |Abund Formula Ton
429.0671] 1 516063.66|C19H10FEN203 (M+H)+
430.0702| 1 104402.95|C19H10FEN203 (M+H)+
431.0725] 1 14208.62|C19H10FEN203 (M+H)+
432.0748| 1 1429.52 |C19H10F6N203 (M+H)+
451.0488] 1 82831.23|C19H10FEN203 (M+MNa)+
452.0518| 1 17284.0B|C19H10FEN203 (M+Na)+
453.0548] 1 2438.04C19H10FEN203 (M+Na)+
454.0573] 1 228.05|C19H10F6N203 (M+Na)+
--—- End Of Report -

Figure A84. HRMS of 2.28
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Figure A85. 'H NMR ((CDz)2CO-ds, 500 MHz) spectrum of 2.29.
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Figure A86. 3C NMR ((CD3)2CO-ds, 126 MHz) spectrum of 2.29.
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Figure A87. 'H-'H COSY spectrum of 2.29
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Compounds
«10 4 |Cpd 1: C21 HE F12 M2 03: *ES| ENC(565.0416, 587.0236) Scan Frag=125.0% LMIPS0_Pos_Loop.
354 078 1
34
254
a
1.5
14
0,59
4
1 02 03 04 05 06 O 0.8 . 1 1.1 1.2 13 14
Counts vs. Acquisition Time {min}
Integration Peak List
Start AT [E] Height Ares
0.3 0.78 1.47 1268 F1EP40
x10 2 |Cpd 1: C21 HE F12 N2 03: « FBF Spectrurm (ri: 0.60-1.13 min) LMIPSD_Pos_Looplnjsction_MS_1._
: S65.fa14
61 {IC2HEF 1 M0+ Hy+
54
44
3
a4
14
L
150 200 250 300 350 400 450 SO0 S50 600 &30 700 7SO 300 B850 B0 850
Counts vs. Mass-o-Charge [miz)
Peak List
w1 z |Abund Formula Ion
S65.0414) 1 6662 23| CHIHEF 12N 203 {M+H)+
SB6.0449) 1 1596.42| CHIHBF 13N 203 (M+H1+
SEF.0472) L J4B.42| C2IHEFLINIOS (M+HI+
SEF.023] 1 464.75| C2IHEF1IN 03 {M=Ma)+
SEB.0255] 1 152.73| C2IHEFLIN 03 (M+Ma]+
— End Of Repart —

Figure A91. HRMS of 2.29
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Figure A92. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.30.
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Figure A93. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.30.
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Figure A96. HMBC spectrum of 2.30
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Figure A97. IR spectrum of 2.30
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Figure A99. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.31.
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Figure A100. 3C NMR (DMSO-ds, 126 MHz) spectrum of 2.31.
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Figure A101. 'H-'H COSY spectrum of 2.31
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Figure A102. HSQC spectrum of 2.31
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225

f1 (ppm)

f1 (ppm)



Appendix

Transmittance [%]

96
94
92
90
88
86
84
827
80
784
76
744
724
704
68
66
64
62
60
584
56
54
527
50
48
46
44
424
40

— LM1P61

4000

T T T T T T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbers [1/cm]

Figure A104. IR spectrum of 2.31

Compounds

%10 6 Cpd 1: C17H10 12 N2 O3: +ES| EIC({544 8854, 566 B673) Scan Frag=125.0% LMIPS1_Pos_Loopl..

ul 0.78 [

34

01 02 03 604 05 06 07 08 08 A 11 12 13 14
Counts vs. Acguisition Time (min)

Integration Peak List

Start  JRT End Height Area

0.45 0.78 1.47 3793140 68013276

x10 5 |Cpd 1: C17 H10 12 N2 O3: + FBF Spectrum (rt: 0.60-0.98 min) LMIF61_Pos_Looplnjection_MS5_1..
566.B671
61 ([C1THI0IZN203]+Na)+
5
4_
3
2
1
150 200 250 300 350 400 450 500 550 600 650 700 750 800 B850 900 950
Counts vs. Mass-to-Charge (miz)

Peak List

myz z |Abund Formula lon
544.8851] 1 204029.7JC17H10I2N203 (M+H)+
545.888] 1 39219.65|C17HI0I2ZN203 (M+H)+
546.8907] 1 4593.09]C17HI0I2N203 (M+H)+
547.8918] 1 444,34 |C17H10[2N203 (M+H)+
566.8671] 1 684266.06]C17H10I2NZ203 (M+Ma)+
567.8701] 1 118774.71 |C17TH1012N203 (M+Na)+
568.8724] 1 14634.17|JC17H10I2N203 (M+Ma)+
569.8749] 1 1514.81 JC17H10I2N203 (M+Na)+

--—- End Of Report -—

Figure A105. HRMS of 2.31
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Figure A106. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.32.
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Figure A107. 13C NMR (DMSO-ds, 126 MHz) spectrum of 2.32.
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Figure A108. 'H-'H COSY spectrum of 2.32
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Figure A109. HSQC spectrum of 2.32
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Figure A110. HMBC spectrum of 2.32
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229

f1 (ppm)



Appendix

Compounds
w10 % |Cpd 1: C17 H10 12 M2 O3: #ES| EIC(544 8BBS54, 566.8673) Scan Frag=125.0Y LMIPES_Pos_Loopl..
7
i
54
44
3
24
14
Q
01 02 03 04 05 _ 06 07 OE D08 1 1.1 12 13 14
Coounts ws. Acquisition Tima {min}
Integration Peak List
Start  |RT End Height Area |
0.35 0.9 1.47 F4FI95 17890863
w104 |Cpd 10 C17 H10 12 M2 O3 & FBF Spectrum (rl 0.76-1.47 min} LMIPES_Pos_Looplnjection_MS_1..
HGE6. BGED
71 (FCATHIDIZM2O 3]+ Mo+
61
5
44
EE
24
14
150 200 250 300 350 400 450 500 550 600 650 70O TS50 800 &S50 GO0 BSD
Counts vs. MassAo-Charge [miz)
Peak List
[ | = [Abund [Formula Ton
544.E846] 1 4771278 C17HI0IZNID3 [MH)+
545.5878] 1 #701.18|C17THI0IZNZ03 (M&H])+
S46.88599) 1 1333.92| C17HI0I2N203 (M=H]+
547.B8B5] 1 163.43|C17H10I2ZN203 (M&H)+
SB6.BGET] 1 T9E9E.44| C17HI0I2N203 (M#0a)+
567.8608] 1 15761.88|C17HI0I2N203 (M&Na)+
SE8.8725] 1 2281.32|C17THI0I2N203 (M+Ma)+
560.8507] 1 322.66|C17HIOIZNI03 (M=Na)+
— End Of Report —

Figure A112. HRMS of 2.32
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Figure A113. 'H NMR (DMSO-ds, 500 MHz) spectrum of 2.33.
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Figure A114. 13C NMR (DMSO-ds, 126 MHz) spectrum of 2.33.
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Figure A115. 'H-'H COSY spectrum of 2.33
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Figure A116. HSQC spectrum of 2.33
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Figure A117. HMBC spectrum of 2.33
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Compounds

x10 6 |Cpd 1: C17 H8 Cl4 N2 O3: -ESI EIC(426.9216, 428.9188, 430.9161, 472.9271 ...) Scan Frag=125...
141 1
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4289184
15, (IC17H8CI4N203}-H)-
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0.251
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Peak List
mjz z |Abund [Formula [Ton
426.9213| 1 13656.46|C17H8C4N203 JM-H)-
427.9245| 1 2656.83|C17H8CI4N203 JoM-)-
428.9184 1 17543.08|C17H8C4N203 JM-H)-
429.9218] 1 3160.57|C17H8CI4N203 JM-H)-
430.9172] 1 8763.45|C17H8C14N203 J(M-+)-
431.92] 1 1753.84jC17H8C4N203 |M-H)-
432.9138] 1 2221.39|C17H8CI4N203 JM-H)-
433.9161] 1 420.11|C17H8C14N203 Jom-H)-
434.8979] 1 514.83|C17H8CI4N203 [m-1)-
435.9007] 1 176.8|C17H8C14N203 JoM-H)-
— End Of Report —

Figure A119. HRMS of 2.33
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Figure A121. 13C NMR (DMSO-ds, 126 MHz) spectrum of 2.34.
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Figure A122. *H-'H COSY spectrum of 2.34
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Figure A123. HSQC spectrum of 2.34
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Figure A125. IR spectrum of 2.34
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Compounds

%10 6

Cpd 1. C17 HID CI2 N2 O3: +E3] EIC{361.01741, 263.0115, 382.9961, 384 9934) Scan Frag=125..
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w10 5 |Cpd 10 C17 H10 CI2 N2 O3: + FBF Spectrum (rt: 0.77-1.06 min} LMIPG7_Pos_Loopinjection_MS_.
382 paG0
N {([C17H10CIANZO3]+Na)+
1.54
14
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150 200 250 300 350 400 450 500 550 600 650 700 750 BOO B850 900 950
Counts vs. Mass-to-Charge (m/z)
Peak List
m/z z |Abund Formula Ton
361.014] 1 188503.16JC17H1DCIZN203 (M-+H)+
36201721 1 37399.45|C1THIDCIZNZO3 (M+H)+
363.0113] 1 121920.34JC1TH1DCIZN203 (M-+H)+
364.0142] 1 23217.99|C17HI1OCI2ZN203 (M+H)+
365.009] 1 1949081 |C1THIDCIZN203 (M-+H)+
382.990] 1 248171.25|C17TH10CI2ZN203 (M-+Na)+
383.9989] 1 4702243 1C1THIDCIZN203 (M-+Na)+
384.9934] 1 162578.2|C1THIDCIZN203 (M-+Na)+
385.9962] 1 30132.79|C17HIDCI2ZN203 (M+Ma)+
386.991| 1 26273.02|CATHIDCIZNZO3 (M-+Na)+
-—- End Of Report -—

Figure A126. HRMS of 2.34
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B. Chapter 2 UV-Vis Data
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Figure B1. Absorption spectra taken over the course of a pH-spectrophotometric
titration of 2.27 (10 uM) in an DMSO—water mixture (9/1 v/v; in presence of 0.1 M
TBAPF6) pH 3.29 (red), pH 12.18 (blue). Inset: Comparison plots of absorbance
at 312 nm (grey), 332 nm (orange), 312 nm (blue) vs. pH.
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Figure B2. Four parameter sigmoid curve fit with the point of inflexion (Xo)

corresponding to the pKa value for 2.27.
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Figure B3. Absorption spectra taken over the course of a pH-spectrophotometric
titration of 2.28 (10 uM) in an DMSO-water mixture (9/1 v/v; in presence of 0.1 M
TBAPF6) pH 3.04 (red), pH 13.08 (blue). Inset: Comparison plots of absorbance

at 342 nm (grey), 410 nm (orange), 378 nm (blue) vs. pH.
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Figure B4. Four parameter sigmoid curve fit with the point of inflexion (Xo)

corresponding to the pKa value for 2.28.
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Figure B5. Absorption spectra taken over the course of a pH-spectrophotometric
titration of 2.29 (10 uM) in an DMSO-water mixture (9/1 v/v; in presence of 0.1 M
TBAPF6) pH 2.90 (red), pH 12.46 (blue). Inset: Comparison plots of absorbance

at 340 nm (orange) and 401 nm (blue) vs. pH.
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Figure B6. Four parameter sigmoid curve fit with the point of inflexion (Xo)
corresponding to the pKa value for 2.29.
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Figure B7. Absorption spectra taken over the course of a pH-spectrophotometric

titration of 2.30 (10 uM) in an DMSO-water mixture (9/1 v/v; in presence of 0.1 M

TBAPF6) pH 2.08 (red), pH 13.70 (blue). Inset: Comparison plots of absorbance

at 378 nm (orange) and 434 nm (blue) vs. pH.
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Figure B8. Four parameter sigmoid curve fit with the point of inflexion (Xo)
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Figure B9. Absorption spectra taken over the course of a pH-spectrophotometric

titration of 2.31 (10 uM) in an DMSO—water mixture (9/1 v/v; in presence of 0.1 M
TBAPF6) pH 2.08 (red), pH 13.27 (blue). Inset: Comparison plots of absorbance

at 311 nm (orange) and 385 nm (blue) vs. pH.
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Figure B10. Four parameter sigmoid curve fit with the point of inflexion (Xo)

corresponding to the pKa value for 2.31.
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Figure B11. Absorption spectra taken over the course of a pH-
spectrophotometric titration of 2.32 (10 uM) in an DMSO-water mixture (9/1 vlv;
in presence of 0.1 M TBAPF6) pH 2.52 (red), pH 12.40 (blue). Inset: Comparison
plots of absorbance at 284 nm (yellow), 320 nm (grey), 347 nm (orange), and 407
nm (blue) vs. pH.
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Figure B12. Four parameter sigmoid curve fit with the point of inflexion (Xo)

corresponding to the pKa value for 2.32.
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Figure B13. Absorption spectra taken over the course of a pH-
spectrophotometric titration of 2.33 (10 uM) in an DMSO-water mixture (9/1 vlv;
in presence of 0.1 M TBAPF6) pH 2.50 (red), pH 11.98 (blue). Inset: Comparison

plots of absorbance at 310 nm (grey), 343 nm (orange), and 403 nm (blue) vs.

pH.
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Figure B14. Four parameter sigmoid curve fit with the point of inflexion (Xo)

corresponding to the pKa value for 2.33.
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Figure B15. Absorption spectra taken over the course of a pH-
spectrophotometric titration of 2.34 (10 uM) in an DMSO-water mixture (9/1 vlv;
in presence of 0.1 M TBAPF6) pH 2.53 (red), pH 12.14 (blue). Inset: Comparison
plots of absorbance at 285 nm (yellow), 311 nm (grey), 344 nm (orange), and 404

nm (blue) vs. pH.
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C. Chapter 2 *H NMR Anion Titration and Binding Data
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Figure C1. 'H NMR stackplot of 2.27 (2.5 x 10 M) treated with different TBA
salts of anions (10 equiv.). a) Blank spectra of 2.27 (no anion present). b) 2.27 +
TBAF. c) 2.27 + TBACI. d) 2.27 + TBABr. €) 2.27 + TBAI.
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Figure C2. 'H NMR stackplot of 2.28 (2.5 x 10 M) treated with different TBA

salts of anions (10 equiv.). a) Blank spectra of 2.28 (no anion present). b) 2.28
+ TBAF. c) 2.28 + TBACI. d) 2.28 + TBABr. €) 2.28 + TBAI, f) 2.28 + TBA2SO4,

g) 2.28 + TBANO3, h) 2.28 + TBAOAC, i) 2.28 + TBA2H2PO..
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Figure C3 'H NMR stackplot of 2.29 (2.5 x 106 M) treated with different TBA
salts of anions (10 equiv.). a) Blank spectra of 2.29 (no anion present). b) 2.29
+ TBAF. ¢) 2.29 + TBACI. d) 2.29 + TBABr. €) 2.29 + TBAI, f) 2.29 + TBA2SO4,
g) 2.29 + TBANOs3, h) 2.29 + TBAOAC, i) 2.29 + TBA2H2POa.
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Figure C4. 'H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.27 with 0.0 —
22.0 equiv. TBACI in DMSO-ds/0.5% H20.
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Figure C5. Fitted binding isotherm for the titration of 2.27 (2.5 X 10 M) in the
presence of increasing concentrations of Cl- in DMSO-des/0.5% H20). The data is
fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C7. 'H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.28 with 0.0 —
22.0 equiv. TBACI in DMSO-de/0.5% H-0.
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Figure C8. Fitted binding isotherm for the titration of 2.28 (2.5 X 106 M) in the
presence of increasing concentrations of Cl- in DMSO-des/0.5% H20). The data is
fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C9. Residual plot of 2.28
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Figure C10. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.29 with 0.0
22.0 equiv. TBACI in DMSO-ds/0.5% H:0.
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Figure C11. Fitted binding isotherm for the titration of 2.29 (2.5 X 10® M) in the
presence of increasing concentrations of Cl-in DMSO-ds/0.5% H20). The data
is fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C13. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.30 with 0.0 —
22.0 equiv. TBACI in DMS0O-de/0.5% H-0.
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Figure C14. Fitted binding isotherm for the titration of 2.30 (2.5 X 10 M) in the

presence of increasing concentrations of Cl- in DMSO-des/0.5% H20). The data is

fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C15. Residual plot of 2.30
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Figure C16. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.31 with 0.0 —
22.0 equiv. TBACI in DMSO-de/0.5% H20.
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Figure C17. Fitted binding isotherm for the titration of 2.31 (2.5 X 10® M) in the
presence of increasing concentrations of Cl-in DMSO-ds/0.5% H20). The data
is fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C18. Residual plot of 2.31
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Figure C19. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.32 with 0.0 —
22.0 equiv. TBACI in DMS0O-de/0.5% H-0.
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Figure C20. Fitted binding isotherm for the titration of 2.32 (2.5 X 10® M) in the

presence of increasing concentrations of Cl- in DMSO-de/0.5% H20). The data is

fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C22. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.33 with 0.0 —
22.0 equiv. TBACI in DMSO-de/0.5% H20.
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Figure C23. Fitted binding isotherm for the titration of 2.33 (2.5 X 10 M) in the
presence of increasing concentrations of Cl- in DMS0O-de/0.5% H20). The data is
fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C25. *H NMR stackplot, 6.0 ppm — 13.0 ppm, of receptor 2.34 with 0.0 —
22.0 equiv. TBACI in DMS0O-ds/0.5% H-0.
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Figure C26. Fitted binding isotherm for the titration of 2.34 (2.5 X 10 M) in the
presence of increasing concentrations of Cl- in DMSO-de/0.5% H20). The data is
fitted to a 1:1 binding model and shows the chemical shift of the NH signals

throughout the titration.
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Figure C27. Residual plot of 2.34
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D. Chapter 3 Characterisation Data
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Figure D2. 13C NMR (DMSO-ds, 126 MHz) spectrum of 3.17
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Figure D4. HSQC spectrum of 3.17
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Figure D11. HMBC spectrum of 3.18
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269



Appendix

NARZAS RRALRIIMBE 33RG
Rps gk pe e e SNSRI NI et
) NV ~ &
F3C
H
NO,
|
N &L & oy
o oo o =]
3 33 3 s3
T T T T T T T T T T T T T T T T T T T T T
10.0 95 9.0 8.5 8.0 7.5 70 65 6.0 5.5 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure D14. *H NMR (DMSO-ds, 500 MHz) spectrum of 3.20
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Figure D15. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.20
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Figure D19. IR spectrum of 3.20
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+MS, 1.0-1.3min #{119-153), -Spectral Bkgrnd

Intens. +MS, 1.0-1.3min #(118-153), -Spectral Bkgrnd
%108
1.9
10 1930458
0.5
383.1062
P S N R R
' 100 200 300 400 500 600 miz
# m/z I 1% Area SN
11150065 55950 57 141 39943
21710653 60124 6.1 1824 18528
3 1930488  98TIIE 1000 39236 183524
41940501 91896 93 3202 16777
5 2270885 61454 6.2 2480 19090
6 2051497 32601 33 1674 10134
72990102 35754 36 1787 115001
# 0 3631062 212150 215 13058 48957
9 3641089 34991 35 207 7955
10 6252809 36818 37 3708 3174

Generate Molecular Formula Parameters

Charge Tolerance SearchRadius H/C Ratio min. H/C Ratio max. Electron Conf. Nitrogen Rule  sigma limit

positive 50 ppm 0.05 m'z [i] 3 both true 0.05
Expected Formula  C8H1004 Adduct(s): H, Na
# meas. m/z theo.miz Err[ppm] Sigma Formula
1 1710653  171.0652 070 0.0134 CBH1104
1 193.0488 193.0471 880 00040 CEHIONa104

Note: Sigma fits < 0.05 indicates high probability of comect MF.

Figure D20. HRMS of 3.20
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Figure D21. *H NMR (DMSO-ds, 500 MHz) spectrum of 3.21
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Figure D22. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.21
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Figure D23. *H-'H COSY spectrum of 3.21
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Figure D24. HSQC spectrum of 3.21
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Figure D26. IR spectrum of 3.21
Generic Display Report
Analysis Info Acquisition Date 7/2/2018 5:27:48 PM
Analysis Name D:\Data\Anneke\2018-07-02 OA Maynooth\LM1P9_RA3_01_23813.d
Method sbr dan fia pos 75 -1000.m Operator BDAL@DE
Sample Name LM1P9 Instrument maXis-HD
Comment
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Figure D27. HRMS of 3.21
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Figure D28. *H NMR (DMSO-ds, 500 MHz) spectrum of 3.22
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Figure D29. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.22
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Figure D30. 'H-'H COSY spectrum of 3.22
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Figure D31. HSQC spectrum of 3.22
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Figure D33. IR spectrum of 3.22
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+MS, 1.0-1.3min #(119-154), -Spectral Bkgrnd

Intensé +M3, 1.0-1_3min #(119-154), -Spectral Bkgrnd
w10
0.8
08 263.1818
04
3011591
0.2 446.2113
00 102.1297 L |l ) n 6“
' 100 200 " 300 400 " s00 ) " miz
# m'z I 1% Area SN
1 2360929 6532 112 81 5663
2 2631818 58146 1000 2856 48655
3 264018TH 15982 275 672 13428
4 3011591 23725 408 124% 261606
5 3021644 5065 87 223 5662
6 4222141 TI99 124 502 7423
T 4413198 12010 0.7 550 E108
4423269 4941 B3 128 3276
9 4462113 13684 215 1108 LELE
10 4472117 4097 7.0 s 2500

Generate Molecular Formula Parameters

Charge Tolerance SearchRadius H/C Ratio min. H/C Ratio max. Electron Conf.
positive 25 ppm 0.05 miz [i] 3 both

C23H32F3NOSI Adduct(s):

Mitrogen Rule sigma limit
true 0.05

H, Na

Expected Formula

# meas.miz theo.m/z Err[ppm] Sigma Formula
1 4462113 4462007 360 00068 C23IH32ZF3N1Nai1015i1

Note: Sigma fits = 0.05 indicates high probability of comect MF.

Figure D34. HRMS of 3.22
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Figure D35. 'H NMR (DMSO-ds, 5 00 MHz) spectrum of 3.23
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Figure D36. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.23
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Figure D37. *H-'H COSY spectrum of 3.23
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Figure D38. HSQC spectrum of 3.23
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Figure D39. HMBC spectrum of 3.23
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Figure D40. IR spectrum of 3.23

+MS, 1.0-1.3min #(119-154), -Spectral Bkgrnd
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0 P el Lo Ly ) stepeet sremss —
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# m'z I 1% Area SN
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4 3011560 31675 1000 1827 27136
503021607 5173 163 262 4483
6 3411897 6904 218 397 9025
T 4132820 4648 147 174 680.2
8 4193260 4561 144 3% 6750
9 4413172 16764 529 553 20775
10 4423293 5463 172 141 6719
Generate Molecular Formula Parameters
Charge Tolerance SearchRadius H/C Ratio min. H/C Ratio max. Electron Conf. Nitrogen Rule sigma limit
positive 25 ppm 0.05 miz [i] 3 both true 0.05
Expected Formula C24H31FBNOSI Adduct(s): H, Na
# meas.m/z theo.mi/z Err[ppm] Sigma Formula

1 514 2081 5141871 2140 00074 C24H3IFEN1Na101Si1

Mote: Sigma fits < 0.05 indicates high probability of correct MF.

Figure D41. HRMS of 3.23
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Figure D42. *H NMR (DMSO-ds, 500 MHz) spectrum of 3.24.
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Figure D43. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.24.
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Figure D44. *H-'H COSY NMR spectrum of 3.24.
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Figure D45. HSQC spectrum of 3.24.
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Figure D46. HMBC spectrum of 3.24.
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Figure D47. IR spectrum of 3.24.
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Fi

Compounds
x10 7 [Cpd 1: C30 H24 N2 O2: +ESI EIC(445.15911, 4461543, 4671730, 468.1762) Scan Frag=125.0V L.
1 0.770 1
3 4
254
24
1.5
1
0.5
I:I T T T T T T T T T T Y T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Counts vs. Acquisition Time {min)
Integration Peak List
[F&f JRT End [Height Hrea
0.358 0.77 1.4?9| 31469288| 3733859158
w10 & [Cpd 1: C30 H24 N2 O2: + FBF Spectrum (rt: 0.660-0.907 min) LMIP31_Pos_Loopinjection_MS_0..
15 467 1 736
5] ([CI0OH24M202]+Ma)+
2.54
24
1.54
14
0.5
150 200 250 300 350 400 450 500 550 GO0 G50 700 750 800 B850 900 950
Counts vs. Mass-to-Charge {m/z)
Peak List
[/ Z [Abund Formula Ton
445.1913] 1 185097588 C30H24N202 (M+H)+
446.195] 1 55915281 |C30H24N202 (M+H)+
447.1977] 1 101484.63|CI0H24N202 (M+H)+
448.2004] 1 12395.29|C30H24N202 (M+H)}+
467.1736] 1 3783326.25|C30H24N202 (M+Ma)+
468.1768] 1 1211222 .63)C30H24N202 (M+Na)+
469.1759] 1 157024.08]CI0H24N202 (M+MNa)+
470.1826] 1 23129|CI0H24N202 (M+MNa)+
471.1821] 1 3207.05|C30H24N202 (M+MNa)+
-— End OF Report -—

gure D48. HRMS of 3.24.

287



Appendix

MMANNNNNNN 00000 QY YWY @«
RONNRNRRNNY 383333888 3
e WS b 4E+08
©\N)J\N/© I 4E+08
3E+08
2E+08
2E+08
F2E+08
F1E+08
5E+07
P i
T a om s
2 8 g 8
S 3 ¢

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

Figure D49. 'H NMR (DMSO-ds, 500 MHz) spectrum of 3.30.
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Figure D50. 3C NMR (DMSO-ds, 126 MHz) spectrum of 3.30.
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Figure D51. *H-'H COSY NMR spectrum of 3.30.
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Figure D52. HSQC spectrum of 3.30.
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Figure D53. IR spectrum of 3.30.

Compounds

w10 % |Cod 10 C27 H24 N2 O: +ESI EIC{392.1883, 383.1815, 383.1061, 394.1984 _ ) Scan Frag=125.0 .
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|
0.8
0.6
0.4
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o

— |
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Caourts va. Acquisition Time (min)

In ation Peak List

[End __ |Height Brea
o4s| 078 148] 124534653 1950921431
w10 & [Cpd 10 02T H24 M2 O + FEF Spactrum (it 084, 0.93-0.98 min) LMIF9_Pos_Loopinjection_MS_
4l 303964
[IC27H24N 20+ H)=
34
2
14
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 @00 950
Counts ws, Mass-in-Charga (miz)
Peak List
TE % |Abund Formula Ton
393.1964] 1 4412795|27H2AM20 (M=H)+
394.1905] 1 1263643.63| C27H24NZ0 (M=H)+
395.2028] 1 160358, 58| C27H24NZ0 [MeH)+
396.2062] 1 20374.55| C27H24NZ0 (M=H)+
415.176] 1 F1H517.5|C27HANZ0 [(M=Na)+
4161616 1 573408|C27HZaNI0 (MaNa}s
417.1648] 1 BE390.72| C2THRNZD (MeHa)+
418.1686] 1 9745 88| C27H24N20 (M=Na)s
— End OF Repart —

Figure D54. HRMS of 3.30.
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E. Chapter 4 Characterisation Data

nnnnnnn

NI Q/- 26408
2E+08

r2E+08

—105
—104
6
6
6
6
0
0
0
6.4
6.4

r2E+08
r2E+08
r2E+08
r2E+08
r2E+08
2E+08
2E+08
r1E+08
r1E+08
r1E+08
r1E+08
r1E+08
r9E+07
8E+07
r7E+07
r6E+07
r5E+07
, F4E+07
r3E+07

[ 2E+07
J r1E+07
11
i — b T r-1E+07
@ <

%
r-2E+07

ol

120 115 11.0 105 100 95 90 85 80 75

0 6.5 55 50 45 40 35 30 25 20 15 1.0 05 0.0

N4 0.9

6.0
f1 (ppm)

Figure E1. *H NMR (DMSO-ds, 500 MHz) spectrum of 4.17.
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Figure E2. 13C NMR (DMSO-ds, 126 MHz) spectrum of 4.17.
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Figure E3. 'H-'H COSY spectrum of 4.17.
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Figure E4. HSQC spectrum of 4.17.
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Figure E5. HMBC spectrum of 4.17
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Figure E6. 'H NMR (DMSO-ds, 500 MHZz) spectrum of 4.18.
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Figure E7. 3C NMR (DMSO-ds, 126 MHz) spectrum of 4.18.
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Figure E8. 'H-'H COSY spectrum of 4.18.
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Figure E9. HSQC spectrum of 4.18.
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Figure E10. HMBC spe

F. Chapter 4 UV-Vis Data
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Figure F1. Changes observed in the absorption spectrum of 4.17 (1 x 10° M)
upon addition of TBAF (0 — 0.37 mM) in 0.5% H20 in DMSO solution. 0 mM in
blue, 0.37 mM in red. Inset: Absorbance changes observed at 715 nm, 532 nm,

450 nm and 390 nm.
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Figure F2. Changes observed in the absorption spectrum of 4.17 (1 x 10° M)
upon addition of TBACI (0 — 0.37 mM) in 0.5% H20 in DMSO solution. 0 mM in
blue, 0.37 mM in red. Inset: Absorbance changes observed at 715 nm, 532 nm,

450 nm and 390 nm.
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Figure F3. Changes observed in the absorption spectrum of 4.17 (1 x 10° M)
upon addition of TBABr (0 — 0.37 mM) in 0.5% H20 in DMSO solution. 0 mM in
blue, 0.37 mM in red. Inset: Absorbance changes observed at 715 nm, 532 nm,

450 nm and 390 nm.

297



Appendix

0.5 025

0.45
02

(=]
.
w

®715nm

®532 nm

Absorbance
=]
s

450 nm

[
m.-ﬂ"“v s $ ¢ 390 nm
‘-I'Q'“.ooo.' o o * C e

0
0 20 40 60 80 100 120 140

0.05

Absorbance
o
o N
N (92}

(=}
=
(6]

Anion equivalents

o
N

0.05

250 350 450 550 650 750 850
Wavelength (nm)

Figure F4. Changes observed in the absorption spectrum of 4.17 (1 x 10°° M)
upon addition of TBAI (0 — 0.37 mM) in 0.5% H20 in DMSO solution. 0 mM in
blue, 0.37 mM in red. Inset: Absorbance changes observed at 715 nm, 532 nm,

450 nm and 390 nm.
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Figure F5. Changes observed in the absorption spectrum of 4.18 (1 x 10° M)
upon addition of TBAF (0 — 1 mM) in 0.5% H20 in DMSO solution. 0 mM in blue,

1 mM in red.
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Figure F6. Changes observed in the absorption spectrum of 4.18 (1 x 10°° M)
upon addition of TBACI (0 — 1 mM) in 0.5% H20 in DMSO solution. 0 mM in blue,
1 mMin red.
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Figure F7. Changes observed in the absorption spectrum of 4.18 (1 x 10°° M)
upon addition of TBABr (0 — 1 mM) in 0.5% H20 in DMSO solution. 0 mM in blue,
1 mMin red.

299



Appendix

035
|
03
0.25

0.2

Absorbance

0.05

250 350 450 550 650 750 850
Wavelength (nm)

Figure F8. Changes observed in the absorption spectrum of 4.18 (1 x 10° M)
upon addition of TBAI (0 — 1 mM) in 0.5% H20 in DMSO solution. 0 mM in blue,
1 mMin red.

G. Chapter 4 'H NMR Titration Data
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Figure G1 Stack plot of *H NMR spectra of 4.17 (2.5 x 102 M) upon addition of
TBACI (0 - 2 equiv.) in DMSO-ds at 25 °C.
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Figure G2 Stack plot of *H NMR spectra of 4.17 (2.5 x 103 M) upon addition of
TBABr (0 - 2 equiv.) in DMSO-ds at 25 °C
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Figure G3 Stack plot of *H NMR spectra of 4.17 (2.5 x 10 M) upon addition of
TBAI (O - 2 equiv.) in DMSO-de at 25 °C
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H. Chapter 4 TD-DFT Data

[4.17-H] (tautomer N1)

[4.17] (tautomer N2)

Figure G4 DFT-optimized geometries of compound 4.17, and the tautomers of
[4.17-H]~. Bond distances are given in A. [SMD-PCM(DMSO)/M06-2X/aug-cc-

pVDZ].
State | Excitation energy Oscillator ClI coefficient
(Amax) strength

59 - 60 0.69394

So 549.34 nm f=0.1129
59 - 61 0.12507
57 —- 60 -0.11150
4.17 S1 382.17 nm f=0.1533 59 - 60 -0.11783
59 - 61 0.68207
57 — 60 —-0.45023

Se 301.12 nm f=0.6980
59 — 62 -0.51865
59 - 60 0.69131

So 653.39 nm f=0.2166
59 - 61 0.14918
[4. (1N7;)H]_ 57 — 60 —0.10056
S1 420.47 nm f=0.2059 59 — 60 —-0.14309
59 - 61 0.67947
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S3

337.87 nm

f=0.0420

57 — 60
59 — 62
59 — 63

—-0.20556
0.60175
0.27915

Se

319.12 nm

f=0.4906

57 — 60
59 — 62

0.64438
0.24626

[4.17-H]
(N2)

So

730.03 nm

f=0.0996

59 — 60
59 — 61

0.69670
-0.11807

So

425.41 nm

f=0.1488

57 — 60
59 - 60
59 - 61

0.10548
0.11092
0.68481

S7

319.15 nm

f=0.5079

57 — 60
59 — 62

0.66816
0.16912

Ss

301.14 nm

f=0.2546

56 — 60
59 — 62
59 — 63

0.18108
-0.16284
0.64857

Table G1 Calculated excited state energies, oscillator strengths and largest

coefficients of the Cl expansion (MO contribution to particular state). [SMD-

PCM(DMSO)/B3LYP/6-311G+(2d,p).
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Figure G5 NTO plots (isovalue = 0.05) for key electronic transitions in tautomer

N1 of [4.17-H]~. Excitation energies are given along with oscillator strengths and
weight of contributing NTO pair to each transition. [PCM(DMSO)/B3LYP/6-

311+G(2d,p)].
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Figure G6 NTO plots (isovalue = 0.05) for key electronic transitions in tautomer

N2 of [4.17-H]~. Excitation energies are given along with oscillator strengths and
weight of contributing NTO pair to each transition. [SMD-PCM(DMSQO)/B3LYP/6-

311+G(2d,p)].
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Figure G7 NTO plots (isovalue = 0.05) for key electronic transitions in 4.17.
Excitation energies are given along with oscillator strengths and weight of
contributing NTO pair to each transition. [PCM(DMSO)/B3LYP/6-311+G(2d,p)].
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