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Abstract

Anion recognition is a cornerstone of supramolecular chemistry, addressing the
selective interaction of host molecules with anionic guests through non-covalent forces.
Anions are ubiquitous in biological, environmental, and industrial systems, playing
critical roles in processes such as enzymatic regulation, cellular signalling, and
environmental remediation. However, their diverse geometries, sizes, and solvation

properties present significant challenges for selective recognition.

Since its inception in the 1960s, driven by the groundbreaking contributions of Lehn,
Cram, and Pederson, supramolecular chemistry has proven itself to provide a powerful
framework for designing host molecules that exploit hydrogen bonding, halogen
bonding, ion-dipole interactions, and electrostatic forces to bind specific anions. These
interactions are often fine-tuned using macrocyclic, cage-like, or anion-mt receptor
architectures, allowing for enhanced selectivity and binding strength. Advances in
supramolecular design have enabled the detection of environmentally hazardous anions
(e.g., nitrate and phosphate) and biologically relevant anions (e.g., chloride, sulfate, and

ATP), providing tools for sensing, diagnostics, and pollutant capture.

Moreover, the principles of anion recognition extend to functional applications such as
anion transport across lipid bilayers, a process critical for mimicking ion channels and
addressing chloride-related diseases like cystic fibrosis. Supramolecular systems that
integrate anion recognition and transport highlight the transformative potential of this
field in solving contemporary challenges in medicine, environmental science, and
materials development. This thesis titled “The Design and Synthesis of a new Biomimetic
code: Squaratides” aims to introduce a new class of peptidomimetic receptors — a

Ill

hybrid mix of squaramides and peptides that we call “squaratides”. This new building
block enables the creation of a library of modified amino acid-based biopolymers that
can be tailored for improved hydrogen-bond donor and acceptor behaviour, producing
a diversity of anion receptor subtypes with readily engineerable cavity size, lipophilicity

and charge.

Vi
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The thesis opens with a literature review (Chapter 1) documenting the historical
perspective on the supramolecular chemistry of anion recognition, addressing the
importance and challenges faced with anion recognition and anion receptors, followed
by the unique structural features of macrocyclic receptors, such as their well-defined
structures and pre-organised binding sites, that contribute to their exceptional anion-

binding and transport capabilities.

Chapter 2 details the design of a new peptidomimetic scaffold that incorporates
squaramides into the peptide backbone, utilising all the advantages that squaramides
offer including rigidity, aromaticity and strong specific anion binding. This new building
block enables the creation of a library of modified amino acid-based biopolymers that
can be tailored for improved hydrogen-bond donor and acceptor behaviour. With this
new class of receptors at hand, we use a combination of experimental techniques to
characterise the solid and solution state behaviour of the squaratides as well as their

ability to discriminate specific anions through preferential binding interactions.

Chapter 3 builds upon the data and insights presented in the previous chapter whereby
we optimise the synthetic pathway of our previously described squaratides as a means
to synthesise what we call 2" generation squaratides. Developed through a solid support
using SPPS, this synthetic approach grants us the flexibility in designing longer squaratide
chains as well as larger macrocyclic squaratides with various cavity sizes allowing us to
utilize this approach for carrying work out on exploring squaratides as antimicrobials. we
have generated a structurally diverse library of receptor subtypes. These synthetic
constructs are designed to replicate the membrane-targeting activity and selectivity of
natural antimicrobial peptides, while offering enhanced stability and tunability. This
work highlights the potential of cyclic and modular frameworks as next-generation

platforms for addressing the growing challenge of antimicrobial resistance.

Chapter 4 utilises the new solid phase synthesis approach to squaratides mentioned in
Chapter 3, where we set out to synthesise asymmetric squaratides and a fluorinated
squaratide as well as taking advantage of the functionalisation capability of these
receptors in order to synthesise a family of functionalised squaratides by incorporating

anion binding motifs onto the side chains of the squaratide backbones as a means to

Vii
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further enhance anion recognition as well expanding the application range of

squaratides by studying them as potential anion transporters.

Chapter 5 reveals the development and study of a novel fluorescent based squaratide.
By integrating a napthalimide based fluorescent amino acid into the peptidomimetic
backbone, we give rise to the first fluorescent squaratide; Sq-2-Lys-Naph, which
functions as a self-reporting anion sensor, providing real-time optical feedback on
fluoride binding and displacement. We envisage that this design principle can be
expanded to engineer new fluorescent peptidomimetics with tailored selectivity and

tuneable optical responses.

viii
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Chapter 1 —Introduction

1: Introduction

1.1: Introduction to Supramolecular Chemistry

The realm of supramolecular chemistry is a fascinating field of research that transcends
the traditional boundaries of molecular science by focusing on the interactions and
assemblies of molecular entities. Often described as "chemistry beyond the molecule,"
supramolecular chemistry delves into the formation of complex structures through non-
covalent interactions, such as hydrogen bonding, Van der Waals forces, n-mt stacking, and
coordination interactions. These weak yet highly specific and unique forces enable the
self-assembly of molecules into organized structures with distinct properties and
functions. ?

A cornerstone of supramolecular chemistry is host-guest chemistry, a concept central to
understanding molecular recognition and interaction. Host-guest chemistry involves the
specific binding of a "host" molecule to a complementary "guest" molecule, driven by
shape, size, and interactive complementarity. These interactions are highly selective and
reversible, relying on weak non-covalent forces for the formation of stable complexes,

which will be the fundamental theme of this thesis.

Pioneered by Nobel laureates Jean-Marie Lehn?, Donald Cram?3, and Charles Pedersen?,
in 1987 “for their development and use of molecules with structure-specific interactions
of high selectivity”. Their pioneering work on cation-selective molecular receptors
spurred extensive research and fuelled the rapid growth of the field. Remarkably, within
a year of Pedersen’s development of crown-ether cation receptors, Park and Simmons
synthesized the first abiotic anion receptor, capable of recognizing halides in aqueous
trifluoroacetic acid (TFA) (Figure 1.1).> Since then, supramolecular chemistry has
established itself as an accepted discipline in the field of chemistry which has evolved to

include dynamic covalent chemistry and stimuli-responsive systems.
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Figure 1.1: Early examples of ion receptors. a) Lehn’s [2,2,2] cryptand Potassium
receptor; b) Cram’s spherands for Lithium recognition; c) Pederson’s dibenzo-18-crown-
6 that acts as a receptor for Potassium; and d) Park and Simmons’s seminal “Katapinate”

Chloride receptor.

Supramolecular chemistry acts as a host for a variety of applications in drug delivery,
sensors, catalysis, and nanotechnology, offering a platform for the creation of smart and
adaptive systems. By leveraging the self-assembly and recognition capabilities of
molecules, researchers aim to create innovative solutions for global challenges, including
sustainability, medicine, and energy.® This interdisciplinary field continues to inspire new
ways of thinking about molecular architecture and function, embodying a synergy of
fundamental science and practical innovation whereby we plan to with our best efforts,

represent the intrinsic beauty of supramolecular chemistry throughout this thesis.

1.1.2: Molecular Recognition

Supramolecular chemistry and molecular recognition are intrinsically interconnected,
with molecular recognition forming the foundational principle of supramolecular
systems (Figure 1.2).” Molecular recognition refers to the ability of one molecule (the
receptor or host) to selectively interact with another molecule (the substrate or guest)
through non-covalent interactions such as hydrogen bonding, van der Waals forces,
electrostatic attractions, and m-m interactions. This selective interaction enables the
formation of stable, yet reversible, complexes that are fundamental to the behaviour of

supramolecular systems.® °
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+
L ‘
Molecular precursors
/ Molecular chemist

Guest T

Host Supramolecular chemistry

Figure 1.2: Comparison between the scope of molecular and supramolecular chemistry

according to Lehn.”

Supramolecular chemistry extends this concept by studying how molecular recognition
processes can be designed, controlled, and applied in complex systems. Host-guest
chemistry, a core aspect of supramolecular chemistry, epitomizes molecular recognition
in action. Hosts are typically designed with specific geometric and electronic features
that complement the shape, charge, or chemical properties of their guest targets.> 10
This complementarity ensures selective binding, mimicking natural systems such as

enzyme-substrate interactions or antibody-antigen recognition.!?

The synergy between supramolecular chemistry and molecular recognition has enabled
advancements in various fields © such as biological mimicry: Supramolecular systems
emulate molecular recognition in biological processes, such as ion transport across
membranes or DNA base pairing, providing insights into the fundamental principles of
life.*2 Material design: Molecular recognition is used to develop functional materials like
molecular sensors, catalysts, and self-healing polymers, where precise interactions
dictate material properties.’> Environmental and industrial applications: Selective
molecular recognition is exploited for detecting and binding pollutants, separating

mixtures, or catalysing specific chemical reactions with high efficiency.'#1¢
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In essence, molecular recognition serves as the "language" through which
supramolecular chemistry operates, enabling the design of highly selective and
functional systems. This interplay not only deepens our understanding of chemical

interactions but also drives innovation in diverse scientific and technological arenas.

1.1.3: Anion Recognition — Physiological Importance

The International Union of Pure and Applied Chemistry (IUPAC) defines an anion as a
"monoatomic or polyatomic species possessing one or more elementary charges of the
electron."” Anionic atoms and molecules play a prevalent role in daily life as part of
numerous environmental, chemical, and biological processes.'”-2°

For example, anions are ubiquitous in the environment, appearing in various forms, from
the abundance of chloride ions in oceans to sulfates in acid rain and nitrates in soil. These
chemically significant entities are utilized in numerous applications, such as fluoride in
toothpaste to prevent dental decay and phosphate as a masking agent in prodrug
development. In aqueous systems, the ability to bind and sequester anions is of great
interest, with applications ranging from enhancing organocatalysis to removing harmful

anionic pollutants from industrial or radioactive waste.

From a biological perspective, anions are not only crucial for maintaining cellular pH?!
and volume??, but they also contribute to the formation of membrane potentials, which
facilitate the propagation of electrical signals through our nervous system, as well as
numerous cellular and systemic functions that are fundamental to life.

For example, iodide is an essential trace element required for various physiological
functions, most notably the production of thyroid hormones. These hormones regulate
metabolism, growth, and development, making iodide critical for maintaining overall
health as it can serve as an indicator for thyroid cancer.?® deficiency and low levels of
iodide can result in various diseases such as Goitre and Hypothyroidism. In turn, an
excess of iodide can result in Hyperthyroidism and autoimmune thyroid diseases like

Hashimoto's thyroiditis or Graves' disease. 24

Chloride anions are among the most abundant ions in biological systems and play a

critical role in maintaining physiological and biochemical functions.?®> As a major

5
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extracellular anion, chloride is essential for processes ranging from maintaining osmotic
balance and acid-base homeostasis to facilitating signal transmission in the nervous
system.?® For example, chloride channels, such as the cystic fibrosis transmembrane
conductance regulator (CFTR), regulate the movement of chloride ions across cell
membranes. Dysfunctions in these channels can lead to diseases like cystic fibrosis,
characterized by thick mucus secretions due to disrupted ion transport.?’ In addition to
this, chloride ions, alongside sodium and potassium ions, are crucial for maintaining the
osmotic pressure of extracellular fluids. This regulation is vital for Kidney Function
whereby chloride is reabsorbed in the renal tubules to regulate the salt balance, a
process essential for fluid homeostasis and waste excretion, an imbalance of chloride
can result in Bartter syndrome, an autosomal recessive disorder of salt reabsorption.?®
29

Sulfate anions are vital components of biological systems, contributing to a diverse range
of physiological functions and biochemical processes.3? As the oxidized form of sulfur, an
essential element for life, sulfate plays a crucial role in cellular structure, metabolism,
and detoxification. Its versatility stems from its ability to form stable bonds and
participate in various chemical reactions essential for maintaining health and
homeostasis.>! Sulfate is a key structural component of biomolecules such as
glycosaminoglycans, including heparan sulfate and chondroitin sulfate, which provide
mechanical support to tissues, mediate cell signalling, and regulate enzymatic activity.
32,33 |t also serves as a detoxification agent in the liver, where it conjugates with drugs
and toxins to enhance their water solubility for excretion.3* Additionally, sulfate
contributes to the formation of connective tissues, bone mineralization, and cartilage
development, underscoring its importance in skeletal health.3> Disruptions in sulfate
levels can result in several health issues such as Impaired detoxification, leading to toxin
accumulation. Abnormal cartilage and connective tissue development and increased
susceptibility to oxidative stress due to reduced synthesis of sulfur-containing
antioxidants like glutathione; all of which can cause diseases such as Diastrophic
Dysplasia: A genetic disorder caused by mutations in sulfate transporters, leading to
abnormal skeletal development, and oxalate imbalance: Defective sulfate transport

resulting in excessive oxalate, contributing to kidney stone formation.36-38
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Phosphate anions are indispensable to life, serving as critical components in energy
transfer, cellular signalling, and structural integrity3°. As one of the most versatile and
reactive ions in biological systems, phosphate plays a central role in maintaining cellular
function and homeostasis. Its ability to form stable bonds while participating in dynamic

processes makes it a cornerstone of metabolic and biochemical pathways.4% 4!

Phosphate is perhaps best known for its role in energy metabolism, as it forms part of
adenosine triphosphate (ATP), the universal energy currency of cells.*? Consisting of an
adenosine molecule (adenine attached to ribose) bonded to three phosphate groups.
These phosphate groups are linked by high-energy phosphoanhydride bonds. The
hydrolysis of ATP, where a terminal phosphate group is cleaved to form adenosine
diphosphate (ADP) or adenosine monophosphate (AMP), releases a significant amount
of free energy (Figure 1.3). This energy powers numerous cellular processes, such as,
muscle contraction, active transport of ions and molecules across membranes,
biosynthesis of macromolecules (proteins, nucleotides, and polysaccharides) and signal

transduction pathways. 4344
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Figure 1.3: ATP Hydrolysis cycle.

Phosphate is the fundamental structural component of Deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), which are nucleic acids responsible for storing and transmitting
the genetic instructions essential for the development, growth, and reproduction of all
living organisms.* Both DNA and RNA are composed of nucleotides, which are repetitive
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units consisting of a nitrogenous base covalently attached to a ribose or deoxyribose
sugar, further linked to a phosphate group. The ribose/deoxyribose sugar and
phosphate form the structural backbone of DNA and RNA, with each phosphate serving
as a bridge between adjacent sugar units and their associated nitrogenous bases
through phosphodiester bonds. (Figure 1.4). The negative charge on phosphate groups
repels nucleophiles and protects the DNA and RNA backbone from hydrolytic cleavage,
ensuring the durability of genetic material. In RNA molecules, phosphate groups
facilitate folding into complex structures required for functions such as catalysis
(ribozymes) and protein synthesis (ribosomal RNA).%¢ It also relies on the phosphate

backbone for maintaining stability in cellular environments.*’

A) B)
9y OR 9y OR
\/F\ \IP\
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C) D)
=N =N
o 9 % o Nﬁ NH, Q c\é o Nﬁ NH,
b hobo T Reopo T
0050 0g 0y % 05 M.
0y % HO  ©OH o HO  ©OH

Figure 1.4: The structures of adenine-derived DNA, and RNA, ATP, and ADP (counterions
omitted for clarity); a) Structure of one adenosine DNA subunit (R = additional DNA
subunits), b) Structure of one adenosine RNA subunit (R = additional RNA subunits), c)

Adenosine tri-phosphate (ATP), d) Adenosine di-phosphate (ADP).

The examples above highlight the breadth and diversity of anionic species that play
essential roles in biological systems. From energy production to membrane
construction, anions are indispensable for life. The subsequent section will explore the
intricate challenges associated with anion binding, strategies employed by nature to

bind and recognize anions, and examples of early anion binding receptors.

1.2: Challenges Associated with Anion Binding

The molecular recognition and transport of anions have garnered significant interest
among supramolecular chemists, particularly in the field of medicinal chemistry.

8
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Designing receptors capable of selectively binding and facilitating anion transport across
biological membranes holds therapeutic potential, particularly for treating
channelopathies and cancer. However, creating selective anion receptors and
transporters presents numerous challenges due to the structural and chemical diversity

of anions.

Unlike cations, which are generally spherical, anions exhibit a wide range of geometries,
such as spherical (halides), linear (azide), bent (nitrite), trigonal-planar (carbonate,
nitrate), tetrahedral (phosphate, sulfate), and octahedral (hexafluorophosphate) (Figure
1.5).#8 This structural complexity increases the difficulty of designing effective receptors.
Furthermore, anions are typically larger than cations, leading to a lower charge-to-radius
ratio, which weakens the electrostatic and hydrogen-bonding interactions between the
host receptor and the anion guest.!’® These factors necessitate a rational design
approach, wherein chemists create preorganized binding pockets specifically tailored to

the target anion.

A) B)
D) E) ! F)
Figure 1.5: The various adopted geometries of common anionic species; a) Spherical, b)

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

The pH-dependence of anion recognition adds another layer of complexity. Anions often
exist in multiple protonation states and can undergo protonation when the pH
decreases. For receptors that rely on positively charged hydrogen-bond donors, such as
ammonium or guanidinium groups, effective recognition is contingent on both the anion
being deprotonated and the receptor being protonated within a specific pH range
(Figure 1.6). Outside this "pH window," the interaction is significantly weakened or

9



Chapter 1 —Introduction

entirely disrupted. Additionally, basic anions such as acetate, phosphate, and fluoride
can deprotonate receptors if the receptor’s hydrogen-bond donors are sufficiently
acidic.*® For example, thiosquaramide-based receptors exhibit pH-dependent transport
across phospholipid bilayers; their ability to transport anions "switches off" above pH 7
when the receptor is deprotonated and "switches on" at lower pH values, where the

receptor regains its protonated and functional form.>®

pH pH window in which
recoghition occurs

Figure 1.6: Schematic representation of the narrow pH window in which an anion

recognition process occurs for a pH-dependent receptor

Another critical factor in anion recognition is the impact of solvation.>® In aqueous
environments, Interactions between anions and dissolved anion receptors are
predominantly influenced by the anion's charge density and hydration enthalpy.
Strongly hydrated anions, such as F~ and SO4?, disrupt hydrogen bonding between
organic solutes and water by polarizing adjacent water molecules, which promotes
solute aggregation resulting in significant dehydration energy penalties during
binding.'> >2 This solvation effect is strongly correlated with the Hofmeister series,
where anions with higher charge density exhibit stronger hydration and lower
lipophilicity (Figure 1.7).°3 Consequently, for effective recognition, receptors must
overcome these thermodynamic barriers and possess sufficient affinity to offset the
large energy cost of dehydration. While Receptors with buried, hydrophobic binding
sites are optimal for weakly hydrated anions, those with exposed binding sites can

better accommodate strongly hydrated anions.>*
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ClO, < SCN- < I <NOj3 < Br- < CI-< CH;CO0 - < H,PO, < F < SO,> < HPO >

Figure 1.7: The Hofmeister series of anion hydrophobicity in order of increasing

hydration.

Together, these challenges underscore the complexity of designing anion receptors and
transporters. By addressing issues such as geometric diversity, solvation, pH sensitivity,
and binding energy, supramolecular chemists continue to advance the field, with

potential applications in medicine, environmental remediation, and molecular sensing.

1.3: Natural Anion Binding Receptors

When designing receptors for anions, supramolecular chemists frequently draw
inspiration from nature. Biological anion receptors are known for their exceptional
binding strength and selectivity, prompting efforts to replicate these intricate
architectures using synthetic host systems. Notable examples of natural anion receptors
include sulfate-binding proteins (SBP), phosphate-binding proteins (PBP), apotransferrin,
and chloride ion-channel proteins (CIC), which showcase nature's sophisticated

strategies for anion recognition and transport.

1.3.1 Anion Binding Proteins

Anion-binding sites within proteins leverage various non-covalent interactions to target
specific anions. A common strategy involves electrostatic interactions between
negatively charged anions and cationic residues in the protein. For instance, arginine
residues bind to phosphate and guanine in TAR RNA through a mechanism known as the
"arginine fork," (Figure 1.8) where the guanidinium NH groups serve as dual hydrogen

bond donors, interacting with both the phosphate and guanine.>®: >®

11



Chapter 1 —Introduction

"‘/’\/\/
HoN N
2 \r/ N/>
HN | N
o, >
“, H
H_N\\_ /H"III/IIIIO% @
<N -0
’ o o \
N H O o)
",

Figure 1.8: Arginine binding to phosphate and guanine of TAR RNA.24.

Amino acids such as arginine, lysine, histidine, and serine (Figure 1.9) are frequently
utilized in binding regions due to their side chains, which feature functional groups like
hydroxyl, amino, and imidazole capable of forming hydrogen bonds with anionic

species.”’

H2N H/\/\HJ\OH HZN\/\/\HJ\OH
NH; NH,
Arg Lys
0 0
N
¢ NOH HO/\HJ\OH
HN NH; NH,
His Ser

Figure 1.9: Arginine, lysine, histidine and serine — the most common amino acids that

use their side chain for anionic binding.

In many cases, the peptide backbone itself forms the binding site, with amide NH groups
participating in hydrogen bonding with the substrate. For example, apotransferrin, a
specialized iron transport protein, plays a crucial role in the cellular uptake and
distribution of Fe(lll) through a unique anion-mediated cation binding process.
Spectroscopic and kinetic studies indicate that the initial step involves the binding of a
carbonate anion (COs?7) to its anion-binding site, which exhibits high affinity for this
substrate.”® The carbonate-binding site is composed of a positively charged arginine
residue (Arg-121) and amide NH groups from the peptide backbone, enabling hydrogen
12
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bonding with the carbonate anion. This initial interaction facilitates subsequent
cooperative binding of Fe(lll), as the carbonate neutralizes positive charges that might
otherwise repel the cationic iron.>® Additionally, the carbonate provides two oxygen
atoms that act as ligands, further enhancing iron coordination and transport. It is also
hypothesized that protonation of the bound carbonate may be the trigger for iron
release from the binding site, underscoring the dynamic and cooperative nature of this

anion-cation binding mechanism.%°

The sulfate-binding protein (SBP) (Figure 1.10), one of the most well-known anion-
binding proteins, is found in the gram-negative bacterium Salmonella typhimurium %!
First characterized structurally by Pflugrath and Quiocho in 1988, SBP exemplifies highly
selective anion recognition.®2 Sulfate is bound approximately 8 A deep within a cavity
formed at the intersection of two globular protein domains, effectively shielding it from
bulk solvent. Notably, the binding pocket lacks positively charged residues, relying solely
on a network of seven neutral hydrogen bonds for sulfate recognition. These bonds
include five from the main chain peptide NH groups, one from the hydroxyl group of a
serine residue, and one from the indole NH group of a tryptophan side chain. This precise
arrangement, maintained by the rigid folding of the polypeptide backbone, ensures
geometric fidelity, and confers an impressive association constant of approximately 108

M- in aqueous environments at pH 5-8.1.
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Figure 1.10: The Structure and binding pocket of bacterial SBP. A) X-ray crystal structure
of SBP from S. typhimurium, showing secondary structure and a magnified view of the
relevant SO4 binding cleft. B) Schematic representation of key H-bonds between SO4

and SBP binding cleft.

The selective binding of sulfate by SBP contrasts with other bacterial anion-binding
proteins, such as phosphate-binding protein (PBP), which exhibits a similarly high affinity
for hydrogen phosphate with an association constant of 3.2 x 10® M. PBP uses a more
complex network of 12 hydrogen bonds, including nine neutral donors, two derived
from the positively charged Arg-135 residue, and one acceptor from Asp-56 (Figure
1.11). This unigue acceptor motif contributes significantly to PBP's exceptional
selectivity for hydrogen phosphate. Unlike PBP, SBP’s neutral hydrogen bond network
effectively minimizes unfavourable electrostatic repulsion, enabling the efficient binding
of the fully deprotonated, tetrahedral sulfate anion within its solvent-inaccessible

pocket.%3
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Figure 1.11: The Structure and binding pocket of bacterial PBP.3° A) X-ray crystal
structure of PBP (p.Alal97Trp) from E. coli, showing secondary structure and a
magnified view of the relevant SO4™ binding cleft. B) Schematic representation of key H-

bonds between H,PO4 and PBP binding cleft.

Chloride ion channel (CIC) proteins in Escherichia coli (E. coli) and Salmonella
typhimurium are specialized for the selective transport of chloride ions (CI7) across the
cell membrane. The binding site within these channels forms a narrow pore that
facilitates chloride movement while ensuring specificity.* The coordination of CI
involves four hydrogen bond donors: two NH groups from the amide backbone of Phe-3
and lle-356, and two OH groups from the side chains of Tyr-445 and Ser-107. These
interactions tightly encapsulate the chloride ion, stabilizing it within the channel.
Additionally, hydrophobic contacts between the chloride and the surrounding protein
structure further enhance binding stability.?! This precise arrangement of hydrogen
bonding and hydrophobic interactions allows CIC proteins to selectively and efficiently
transport chloride ions, playing a critical role in maintaining cellular ionic balance and

supporting cellular functions.

As demonstrated in the examples above, nature utilizes hydrogen bonds to recognize
and bind anionic species. The precise arrangement of binding motifs is crucial for
achieving both strong and selective binding. These principles serve as key considerations

in the design of synthetic anion receptors.
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1.4: Synthetic Anion Receptors

Synthetic supramolecular chemists have long sought inspiration from nature in designing
anion recognition receptors. However, recent advancements have marked a decisive
shift toward fully synthetic systems with entirely abiotic motifs. These innovative
receptors are equipped with structural features tailored to enhance their ability to
recognize and bind anions efficiently across diverse environments.

Anion receptors are highly specialized molecules that selectively interact with anionic
species through non-covalent interactions, such as hydrogen bonding, electrostatic
forces, m-stacking, and coordination bonds.®> Over the past two decades, the field has
seen dramatic progress, with the development of a vast array of selective receptors and
sensors. These advances have been driven by the critical applications of anion receptors
in environmental science, biology, and materials technology.®® This continuous pursuit
has spurred significant innovation in receptor design and synthesis.

Current research focuses on enhancing the selectivity of anion receptors in challenging
environments, such as highly competitive aqueous solutions, and designing
multifunctional receptors that can perform dual roles, such as simultaneous anion
binding and catalytic activity.®’®® Additionally, the integration of anion receptors into
smart materials and nanodevices has opened exciting new frontiers in areas like
advanced sensing, environmental remediation, and therapeutic applications.”® ’* These
developments highlight the transformative potential of synthetic anion receptors in both

fundamental science and practical applications.

1.4.1: Early Examples of Abiotic Anion Receptors

The development of anion receptors marked a significant milestone in supramolecular
chemistry, driven by the challenge of designing molecules capable of selectively binding
negatively charged species. Early examples laid the foundation for the field by
demonstrating the principles of anion recognition and providing the first abiotic systems
to achieve this feat. These pioneering receptors showcased the ability to bind anions
using non-covalent interactions, such as hydrogen bonding and electrostatic forces,

often inspired by biological systems.
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One of the earliest milestones in anion receptor chemistry was achieved by Park and
Simmons in 1968, by which they developed an ammonium-based macrobicyclic
receptor, noted as the first synthetic anion receptor (Figure 1.12).> This receptor was
specifically designed for halide recognition whereby 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 K, = 4 M. Inspired by the emerging success of
crown ethers for cation recognition, this system demonstrated the feasibility of binding
negatively charged species using a complementary host structure. The receptor utilized

hydrogen bonding interactions, which became a cornerstone of anion receptor design.

fCHE}nj
N: H wH—
& (CHz) n’)
(CHy), n=9

Figure 1.12: Structure of ammonium-based macrobicyclic receptor synthesised by

2

Simmons and Park.

In 1976, Eight years after the work published by Park and Simmons, Graf and Lehn
expanded the range of ammonium-based anion receptors by synthesizing 1.2 (Figure
1.13), a cryptand composed of four fused triaza[18]crown-6 rings.”? In its
tetraprotonated state, 1.2 forms four hydrogen bonds with chloride ions (Cl7), further
stabilized by electrostatic interactions with the ammonium groups. This receptor
demonstrated selectivity for CI~ over bromide (Br~), as the larger size of bromide creates
a poor fit for the macrotricycle’s cavity. While receptor 1.2 is perfectly spherical, offering
excellent complementarity for spherical anions, in 1982 Graf and Lehn synthesised a
hexaprotonated macrobicyclic ligand (1.3) , which has an elliptical geometry optimized
for linear anions (Figure 1.13).7> 7% As a result, 1.3 exhibits significantly lower binding
affinity for CI- (log Ks < 1.0) compared to linear azide (N3) (log K, = 4.6), reflecting the

geometric compatibility between the receptor and the respective anions.
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Figure 1.13: Structure of cryptand 1.2 and 1.3 synthesised by Graf et al.

In his early work, Schmidtchen synthesized the macrotricyclic quaternary ammonium
hosts 1.4 and 1.5, demonstrating their ability to form complexes with a variety of anions
in aqueous environments (Figure 1.14).”> 7® Receptor 1.4, with an internal cavity
diameter of 4.6 A, strongly binds iodide ions (diameter: 4.12 A) that showed to be fully
encapsulated within the macrotricycle , as evidenced by the X ray crystallography. 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. This was
shown by the larger receptor 1.5 as it could accommodate anions such as p-
nitrophenolate, which are too large to bind within receptor 1.4.

Both receptors 1.4 and 1.5 are positively charged, necessitating the presence of
counterions that can compete with the anionic guests for binding. To address this,
Schmidtchen developed zwitterionic receptors, such as 1.6 and 1.7, which are neutral
and mitigate counterion competition.””” 7 NMR studies in water revealed that receptor
1.7 forms stronger complexes with chloride, bromide, and iodide ions compared to

receptor 1.4, highlighting its enhanced binding capabilities.
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Figure 1.14: The macrotricyclic quaternary ammonium receptors 1.4 - 1.7 reported by

Schmidtchen and co-workers.

1.5: Design Considerations for Synthetic Anion Receptors

Association constants (K, ) are a critical parameter for synthetic anion receptors in
evaluating the efficiency and strength of anion binding by synthetic receptors. These
constants quantify the equilibrium between free and bound anions, providing insight
into the receptor's affinity for specific anions under a given solvent.”® A high association
constant indicates a strong interaction between the receptor and the anion, which is
essential for applications such as sensing, catalysis, environmental remediation, and
drug delivery. The relationship between the rates of association (K:) and dissociation

(K-1) and the binding constant (K;) can be described by several key equations.

1 K; = [HE] K, = [Ha]
T Ky Ky 1 [H]Is] 2 [H][HG]

These equations account for different binding scenarios, such as primary (1:1) binding
events, where a single receptor binds a single anion (K1), and secondary (1:2) binding
events, where one receptor binds two anions (K3). In these models, Ka represents the
equilibrium constant for association, Ky is the dissociation constant, H and G represent
the host and guest respectively, and HG or HG2 denote the formed host-guest
complexes. Comparison of K, values across different anions provides insight into the

receptor’s selectivity. Receptors with significant differences in K, for competing anions
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can differentiate between targets in complex mixtures, a crucial feature for applications

like sensing and therapeutic agents.

Association constants serve as a clear thermodynamic measure of anion binding
reflecting the delicate balance between energetic contributions that drive and opposed
binding. Analysing the thermodynamic parameters—enthalpy (AH), and entropy (AS),
provides deeper insights into the anion recognition process and guides the design of an
effective anion receptor.®® With that being said, these receptors must be tailored to
achieve high affinity and selectivity for target anions, often under challenging conditions
such as competitive aqueous environments, and so several structural and functional
factors can influence the binding process, affecting the balance between enthalpic and

entropic contributions that determine the overall Ko.

Preorganization is a fundamental design strategy in supramolecular chemistry that aims
to enhance the binding affinity of anion receptors by reducing the structural and
energetic penalties associated with the binding process.?! In the context of anion
receptors, preorganization refers to designing receptors with rigid, prearranged binding
sites that complement the size, shape, and charge distribution of the target anion
ensuring that the receptor is "ready" to bind the target anion without requiring
significant conformational changes. This principle, introduced by Donald J. Cram,
contrasts with "induced fit," where the receptor adapts its structure upon binding.8? This
approach minimizes the entropic and enthalpic costs of binding, leading to higher

association constants (Ka) and improved efficiency in anion recognition.

An example of effective preorganisation by an anion receptor can be seen by S. Kaabel
et. al. where they reported a comprehensive study on the anion binding properties of a
hemicucbit[b]uril derivative, a chiral (all-R)-cyclohexanohemicucurbit[8]uril (1.8) in
protic solvents with exceptional selectivity (Figure 1.15).83 The binding selectivity of 1.8
towards different anions tested in methanol is governed by their size, shape, and charge
distribution. The association constants for anion binding vary over five orders of
magnitude, with the strongest binding observed for the largest tested octahedral anion
SbFs (Ko = 2.5 x 10° M) and weakest binding observed for the smallest octahedral anion

BFs (Ko = 4.8 x 10 M1). Halides on the other hand showed very weak complexation
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presumably due to a mismatch in size with the cavity. These results demonstrate the
strong size dependency of their anion binding properties. Also, the symmetric, receptor
cavity-matching charge distribution of the anions leads to significantly stronger binding
compared to anions with asymmetric charge distribution. This is because symmetric
charge distribution enables the formation of a greater number of hydrogen bonds

simultaneously, resulting in stronger binding.

Figure 1.15: Molecular structure of (all-R)-cyclohexanohemicucurbit[8]uril, 1.8 (left), and

the X-ray structure of an inclusion complex with SbF¢ (right) reported by S. Kaabel et. al.

Another important design consideration for anion receptors is the incorporation of
anion binding units (ABUs) which are functional groups or molecular motifs within
synthetic receptors that directly interact with anions, forming the basis of anion
recognition. These units play a pivotal role in determining the strength, selectivity, and
efficiency of binding, as reflected in the association constant (K,). Careful selection and
arrangement of ABUs are crucial for optimizing anion receptors to achieve high K,
values. ABUs facilitate binding through non-covalent interactions, such as hydrogen
bonding, electrostatic interactions, anion-mt interactions, and coordination with metal
centres. Their effectiveness depends on their strength, geometry, and complementarity
to the target anion. The arrangement of ABUs determines how well the receptor
complements the anion’s shape and size. Poor alignment leads to weak binding and
lower K,. Hydrogen bonding being the most widely used interaction in anion recognition
has led to a plethora of ABUs that have been incorporated into anion receptors such as

Amide, urea, thiourea, pyrrole, squaramides, and guanidinium groups.
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An example of incorporating ABUs with careful arrangement to achieve high selectivity
and sensitivity towards anions can be can be seen by Wang and co-workers, where they
reported the assembly of a novel calix[4]arene based chemosensor 1.9, comprising of a
coumarin as a reporter and thiourea groups as the anion-binding site on the
calix[4]arene framework for the recognition of fluoride via hydrogen bonding (Figure
1.16).84 The sensor's selective and sensitive response to fluoride ions was assessed using
fluorescence spectroscopy, UV-vis spectroscopy and *H NMR titrations. Chemosensor
1.9 exhibited remarkable sensitivity and selectivity towards F~ ions. The other anions
tested (I, Br-, CN-, CI7, HSO4~, H,PO4~, and CH3COO") did not induce any significant
changes in the absorption spectra, underscoring the sensor's selectivity for fluoride ions.
'H NMR titrations conducted revealed that 1.9 forms a 1:1 complex with F~, featuring an

association constant of 2.1 x 10* M1

387 nm

=

HSO, H,PO, CH,COO

o S—

Fye— Tl

Under UV light Under visible light

Figure 1.16: a). Schematic representation of 1.9 b). Photograph of visible fluorescence
emission responses of 1.9 in the presence of various anions (indicated) under UV lamp

(365 nm) and visible light, reported by Wang and Colleagues.

As from the examples mentioned above, the combination of preorganization and well-
designed ABUs are important design considerations which results in receptors with
significantly enhanced Ka. Preorganization ensures that ABUs are optimally positioned to
interact with the anion, while ABUs provide the necessary functional interactions for

strong and selective binding.
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1.6: Macrocyclic Anion Receptors — Advantages

macrocyclic receptors in particular have emerged as promising scaffolds in this domain
of supramolecular chemistry.®> 8687 Already recognised for their applications in drug-
delivery systems, supramolecular polymers and molecular machines and devices, their
role in anion recognition stands out prominently,3® where their ability to bind selectively
to specific anions through size and shape complementarity has led to their application
in various fields, including environmental monitoring for the detection of
environmentally relevant anions, such as nitrate, phosphate, and chloride, to monitor
water quality and pollution levels. #-9! The field of biomedical diagnostics has also
exploited anion binding macrocyclic scaffolds for the recognition of biologically
important anions, such as chloride, bicarbonate, and phosphate, for disease diagnosis
and monitoring of physiological conditions.??* Even industrial processes have begun to
exploit these versatile molecules for monitoring levels of anions in chemical
manufacturing and waste treatment, to ensure process efficiency and compliance with
regulations.®>?” Considering their demonstrated and potential uses, it is unsurprising
that research in this area has been so pronounced in recent years.

Macrocyclic receptors possess several key features to make them highly effective for
anion recognition. Most importantly, macrocyclic receptors have a preorganised
structure that minimizes the entropic cost of binding. This preorganisation aligns the
binding sites in a favourable conformation for interaction with the anion, enhancing
binding affinity and selectivity.”® Additionally, macrocycles contain a degree of rigidity
within the framework that reduces the flexibility of the binding sites, maintaining an
optimal geometry for anion interaction. This rigidity helps maintain high binding
constants and reduces non-specific interactions.?® Size matching is another key feature
in the synthesis of macrocycles whereby the cavity size of the macrocycle can be tailored
to match the size of the target anion. Effective size matching coupled with the three-
dimensional shape of the macrocyclic cavity can be designed to complement the shape
of the target anion, ensuring that the anion fits snugly within the binding cavity,
maximizing interaction strength and selectivity as well as enhancing the specificity of the
interaction.® Furthermore, multivalency is another key feature in macrocyclic

receptors. The ability for macrocycles to occupy multiple binding sites within their cavity
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allows for cooperative binding through exhibiting various binding interactions with
anions, including electrostatic interactions, hydrogen bond formation, anion-nt
interactions, and halogen bonding to name but a few.”* 19103 Sy ch interactions can be
exploited in tandem with unique structural features together with chemical modifiability
and tailored functionalisation with a vast array of functional groups to achieve exquisite
selectivity.> 104 195 ynderstanding the key features mentioned above and the nuanced
interplay of binding interactions allows the design and optimisation of macrocyclic
receptors for precise anion recognition, making macrocyclic receptors a valuable tool for

the supramolecular chemist.

The following section will provide a review of the recent advances in the design,
synthesis, and applications of macrocyclic receptors specifically tailored for anion
recognition a long with various anion interactions that they possess. The unique
structural features of macrocycles, such as their well-defined structures and pre-
organised binding sites, contribute to their exceptional anion-binding capabilities that

have led to their application across a broad range of the chemical and biological sciences.

1.7: Non-covalent Interactions via Macrocyclic Receptors

Non-covalent interactions are essential for the recognition and binding of anions by
macrocyclic receptors, serving as the driving forces behind the formation of receptor-
anion complexes and enabling high binding affinity and selectivity across diverse
environments. As previously mentioned, macrocyclic receptors, are particularly effective
platforms for anion recognition due to their preorganized structures, which allow for the
incorporation of functional groups that facilitate a wide range of non-covalent
interactions. These systems rely on a myriad of forces such as hydrogen bonding,
electrostatics, anion-mt interactions, CH hydrogen bonding, Halogen bonding and
hydrophobic effects, in order to achieve precise complementarity with target anions.
This discussion explores ta number of non-covalent interactions utilized by macrocyclic

receptors and their implications for receptor design.
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1.7.1: Hydrogen Bonding Macrocycles
Hydrogen bonding macrocycles are a class of supramolecular compounds that are

designed to selectively bind and recognise specific guest molecules through hydrogen
bonding interactions. These macrocycles typically consist of a cyclic array of hydrogen
bond donor and acceptor groups that are arranged in a specific geometry to create a
binding pocket for the guest molecule.'%® 17 Hydrogen bonds are often viewed as a
dipole-dipole interaction, whereby a hydrogen atom, bonded to an electronegative
atom (referred to as the donor), is attracted to the dipole of an adjacent electronegative
atom (referred to as the acceptor). The strength of a hydrogen bond can vary
significantly, but generally, the greater the electronegativity of the atoms on either side
of the hydrogen, the stronger the bond.2® Typically, the most common hydrogen bond
donor is the N-H group, found in anion-binding units such as amides, sulfonamides,
ureas, thioureas, squaramides, pyrroles, and indoles. Ureas, thioureas, and squaramides
are particularly valued as anion receptors due to their dual hydrogen bond donor

capabilities, which are advantageous for strong anion complexation (Figure 1.17). 109112
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Figure 1.17: An overview of the most common NH H-bond donors utilised in anion
receptor Design.
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1.7.1.1: Amide — and Urea — based Macrocycles

Utilising H-bond donors for the synthesis of successful macrocyclic receptors can be seen
in the work of Jolliffe and co-workers, whereby they reported a fluorescent macrocyclic
receptor (1.10) with selective binding towards citrate via hydrogen bonding interactions
in aqueous media (Figure 1.18).112 The macrocyclic receptor comprises of a carbazole-
based unit featuring three hydrogen bonding thiourea units with highly preorganization
for citrate binding. *H NMR titrations carried out in 1% H20/DMSO-ds with TBA citrate
revealed diverse species formation in solution. Attempts to fit the data to 1:1, 1:2, or 2:1
binding model proved unsatisfactory, yet the absence of further chemical shift changes
after adding 1.6 equivalents of citrate strongly indicated robust binding. Throughout the
titration, the signals associated with the receptor displayed broadness, and the
resonances linked to the thiourea and carbazole NH groups exhibited downfield shifts,
indicative of hydrogen-bonding interactions with citrate. A similar shift was noted for the
inward-facing aromatic hydrogens of the xylyl linkers, suggesting a conformational
change during citrate binding. A fluorescent screen with 1.10 along a range of
dicarboxylates was carried out. Fluorescence quenching, ranging from -20% to -48%, was
noted upon introducing terephthalate and various monovalent anions like benzoate,
acetate, bicarbonate, nitrate, and halides. Alkyl dicarboxylates of varying lengths from
oxalate (C2) to adipate (C6) and dihydrogen phosphate elicited minimal changes in
fluorescence response. However, a distinct and significant fluorescence enhancement of
over 90% was observed with the addition of citrate. The fluorescence maximum
wavelength remained unchanged at 385 nm, while a new shoulder emerged around
~405 nm, implying the formation of a second, associated excited state complex. These
studies provided insights into the selectivity of the probe for citrate over other

biologically relevant dicarboxylate species and common anions.
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1.10

Figure 1.18: Chemical structure of macrocycle 1.10 reported by Jolliffe and co-workers.

Another example of utilising H-bond donors into macrocyclic receptors comes from Bao
and colleagues whereby they reported the anion binding properties of two macrocycles
containing a carbazole and two sulfonamide units that exhibit a strong propensity
towards F~ binding (Figure 1.19).2'* Macrocycle 1.11 contains a 1,3-xylyl linker, while
macrocycle 1.12 features a 2,6-lutidinyl linker. This difference in the linker structure leads
to distinct effects on the anion affinity. '"H NMR titrations demonstrated that compound
1.11, with a 1,3-xylyl bridging unit, exhibits remarkable selectivity and binding strength
for F~ in CD3CN, outperforming competing anions such as AcO~, Cl-, Br, NOs~, ClO4~, and
H,PO,4". It showed a large binding constant (Ks) of 50,878 + 4,721 M~ in a 1:1 binding
model. This could be rationalized by the cooperative binding of fluoride through the
strong downfield shifts observed from the sulfonamide NHs, and carbazole NH in 1.11.
Noteworthily, this fluoride complexation was dominated by hydrogen bonding
interactions under low F” concentrations (< 2.8 equivalents). UV-vis studies were carried
out for the macrocycles to confirm the binding affinities with the macrocycle for fluoride.
with increasing concentrations of TBA F, a progressive increase in the absorption peak
at 294 nm was observed for 1.11 simultaneously, two pseudo-isosbestic points were
identified at 305 and 355 nm, confirming the formation of a 1:1 complex between 1.11
and F. The UV-vis study provided complementary evidence to the 'H NMR titration
study, confirming the strong and selective binding of 1.11 towards fluoride in acetonitrile
solution. A decrease in the affinity was observed for 1.12 with anions F-, H,PO4, and Br,

with respective decreases of approximately 3.9-fold, 2.0-fold, and more than 2.4-fold.
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Conversely 1.12 exhibited a higher affinity compared to 1.11 towards other anions such
as PhCOO, CH3COO', CI', and HSO4, with enhancements ranging from approximately 2.0-
fold to over 4.2-fold. 1.11, featuring a 1,3-xylyl linker, benefitted from the presence of an
additional aromatic CH group, which served as a potential anion-binding site. Replacing
the 1,3-xylyl linker with a 2,6-lutidinyl spacer in compound 1.12 likely induced some
degree of preorganization for its SO2NH protons in solution, enabled by intramolecular
hydrogen-bonding interactions with the pyridine nitrogen atom. However, this
replacement also led to the loss of an additional anion-binding site. Consequently,
distinct changes in affinity towards various anions were observed between the two

macrocycles.
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Figure 1.19: Chemical structures of macrocycles 1.11 and 1.12. Reported by Bao and

colleagues.

An example of using hydrogen bond donors for dicarboxylate binding can be seen by
work carried out by Jolliffe and co-workers, where they set out to synthesise
conformationally adaptable tetra thiourea macrocyclic receptors consisting of bis-
carbazole units that are linked by either 1,3-xylyl (1.16) or 1,4-xylyl (1.17) groups in order
to vary the macrocycles cavity shape and size as well as providing some flexibility within
the structure (Figure 1.20). **°> This work gains insight into chelate cooperativity as well
as exploring how these semi-flexible receptors interact with various dicarboxylate anions
(Mal%, Suc?, Glu?, Adi%, Pim?%, Sub?, Aze?, Ter?, ttM? and akG?) in a competitive solvent
mixture. Initially, fluorescence spectroscopy was carried out in H,0: DMSO (1 : 9 v/v) in
order to explore the spectroscopic responses of 1.16 and 1.17 whereby a quenching of
fluorescence as a result of PET inhibition was observed for all dicarboxylate anions.

Further investigation to measure the binding interactions and affinities between the
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receptors and the dicarboxylates was carried out via UV-vis titrations. It was found that
for saturated linear dicarboxylate species (Mal-Aze), 6 and 7 exhibited minor differences
in binding affinity, both showing the highest affinity for the guest Adi (n = 4) with strong
1:1 binding in a competitive aqueous solvent mixture (1.16: K; = 7.5 x 10* M) (1.17: K,
= 8.7 x 10* M1). Despite their differing pore shapes, both macrocycles displayed similar
selectivity patterns across the linear dicarboxylate series, attributed to the flexibility of
the receptors. However, binding strength decreased sharply for anions larger than Adi,
as they became too large to fit within the macrocyclic pores. In contrast, when binding
to rigid dicarboxylates, the macrocycles differed significantly in their affinities. 1.17
bound the rigid guest Ter with a high affinity (Ko = 8.7 x 10* M1), while 1.16 was three
times weaker (K, = 3 x 10* M), indicating that Ter is a better geometric match for 7. A
similar trend was observed with ttM, where 1.17 (K, = 5.8 x 10* M?) bound more strongly
than 1.16 (Ks = 2.8 x 10* M1). To confirm the binding mechanism, 'H NMR titration
experiments were conducted in DMSO-de with 0.5% H>0. 1.16 and 1.17 showed slow
exchange up to 1 equivalent of the Adi after which no further changes in the NMR
spectra were observed. A notable sharpening of the methylene protons indicated a
conformational change upon binding, resulting in all 8 methylene protons becoming
chemically equivalent in the 1:1 complex. when 1.16 and 1.17 was tested with the
smallest anion, Mal, intermediate exchange was observed, aligning with UV-vis titration
results, with further peak splitting at higher guest concentrations, indicating potential
formation of higher-order complexes (oligomers). Finally, a double mutant cycle analysis
was carried out to evaluate the cooperativity effects of the macrocycles with their
respective guests. Negative cooperativity (log (Kintra)< 0) was observed for Mal, Sub, and
Aze towards both receptors, as the guest is either too short (mal) to span the macrocycle
pore or too large (Sub, Aze) to favour a 1:1 binding complex implying favourable oligomer
formation, despite the guest's ability to flex and bind both parts of the ditopic host in
the solid state. In contrast, moderate positive cooperativity (log (Kintra) > 0) was observed
for Suc, Glu, and Pim, and the strongest binding linear dicarboxylate, Adi, showed the
highest log (Kintra) value, reflecting strong positive cooperativity for both 1.16 and 1.17,
indicating that Adi can fully span and fit within the macrocyclic pore. Notable differences
in cooperativity were observed between 1.16 and 1.17 when interacting with rigid

anions. For the anion ttM, 1.17 demonstrated strong positive cooperativity than that for
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1.16. The same discrepancies were seen with Ter. The strong cooperativity of Ter can be
attributed to a combination of n-rt interactions between the central aromatic rings of the
macrocycle and the aromatic guest, and Ter being a suitable geometric fit for the
macrocycles. This work underscores the intricacies anion recognition and emphasizes
the significance of geometric compatibility in improving binding strength and selectivity
of macrocycles, offering valuable insights for the development of future macrocyclic
receptors.
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Figure 1.20: Chemical structures of macrocycles 1.16 and 1.17. Reported by Jolliffe and

colleagues.

1.7.1.2: Cyclic Peptides

The interaction between peptides and proteins with anionic species constitutes a vital
recognition event in biological systems, imparting diverse downstream effects
encompassing structural stabilization and catalysis.>® 6% 116 Various binding modalities
have been discerned in the interaction between peptides/proteins and anions. These
interactions include those facilitated by bridging metal ions, electrostatic interactions
involving amino acid side chains like lysine and arginine, and hydrogen bonding with
side-chain donors such as serine, threonine, and asparagine, as well as the NH groups of
the peptide backbone.> ¢ 117, 118 This multifaceted spectrum of binding interactions
underscores the intricate nature of anion recognition by peptides and proteins in
biological contexts. Taking inspiration from natural binding abilities that amino acids

possess, cyclic peptides have emerged as suitable macrocyclic receptors.!t%12!
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Mimicking natural subunits, cyclic peptide receptors can provide arigid and preorganized
cavity with multiple directional hydrogen bond donors pointing into a central core.
Selectivity can be tuned through backbone modification using different spacers to
achieve preference to anions of a variety of shapes and sizes!8. The rest of this section

will outline some recent examples of anion recognition achieved through cyclic peptides.

Jolliffe and co-workers have made substantial contributions to synthesis of cyclic
peptides and peptidomimetics as receptors for molecular recognition.!® 122123 One
example is the monocyclic peptide [cyclo(Val-Thr)s] 1.18 which was shown to bind to CI
, H2PO47, SO4% and Se04% in *H NMR spectroscopic titration experiments (Figure 1.21).
S04% and Se04% gave the best fit to a 1:1 binding model and under these conditions
(H,0: DMSO, 2:8), SO4* (Ks = 500 M) is more favoured than SeO4? (Ky= 90 M1). The
authors hypothesized that it could be a result of increased water coordination of the
anions which prevented the association of a second peptide, as inferred from density
functional theory (DFT) calculations. When sulfate was present, compound 1.18
assumed a conformation where all six NH protons pointed towards the centre of the
macrocycle, forming six hydrogen bonds with the sulfate ion. The intramolecular
hydrogen-bonding interactions between Thr-OH groups also contributed to the
stabilization of the structure, which was consistent with the observed downfield shifts

of the signals attributable to these protons in the 'H NMR spectra.'?*

Figure 1.21: a). Structure of [cyclo(Val-Thr)s] 1.18 reported by Jolliffe and colleagues. b).
DFT optimised structure of 1:1 complex of 1.18 and sulphate indicating hydrogen bonds

to the sulphate.
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Kubik and co-workers have reported several examples of cyclic peptide receptors

ranging from monocyclic receptors to sandwich-like ditopic receptors over two

decades.'?> 126, 127, 128 |n 3 more recent study Kubik et al. synthesized a series of

palladium(ll)-mediated assemblies consisting of one ML, (1.20) macrocycle and one

MsLe cage made up of a cyclic tetrapeptide ligands 1.19 (Figure 1.22).}2° During the

titrations of 1.20 with dicarboxylates and disulfonates, upfield shifts of anion protons

were observed, indicating that the anions were encapsuled within the macrocycle’s

cavity thus the protons were shielded by the aromatic rings. The binding constant of

1.20 to 1,3-benzenedisulfonate was found to be log K, = 4.8 while that to 2,6-

naphthalenedisulfonate could not be accurately calculated due to the complexity of

equilibrium of the 1:2 binding complex. Such complex equilibria can be a difficulty when

trying to assess anion affinity with larger macrocyclic structures.
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Figure 1.22: General structure of the ligand L (1.19), and macrocycle Mzl (1.20),

reported by Kubik et al.

TomisSi¢ and co-workers

have

recently

reported

the synthesis

of cyclic

pentaphenylalanine 1.21 as an efficient macrocyclic receptor for a variety of anions in

acetonitrile and methanol (Figure 1.23). Using a range of experimental techniques and

computational methods

such

as

fluorimetry,
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microcalorimetric titrations and molecular dynamics (MD) simulations, stability
constants and anion binding ability of the corresponding complexes were determined.3°
The receptor 1.21 exhibited the strongest affinity towards Cl- with a stability constant of
6.06, followed by that for Br~ (4.97), HSO4 (4.18), and H,PO4 (4.31). The stability
constants of 1.21 -halogen anion complexes are strongly correlated with anion size, with
1.21 showing a weaker affinity for larger anions. In MeCN, receptor 1.21 primarily
formed 1:1 complexes, except with H,PO4", where *H NMR titrations suggested the likely
formation of 1:2 species. Anion coordination was investigated using molecular dynamics
simulations, which revealed the binding of nearly all amide protons. This was further
supported by circular dichroism titrations in MeCN, showing a significant change in the
220 nm region upon anion complexation. When MeOH was used as a solvent, a
moderate to high loss of affinity and selectivity was observed. The main factor
contributing to the decreased stability of 1.21-anion complexes was predicted to be the
strong anion solvation properties of the solvent compared to MeCN. The observed
difference in overall complex stability is primarily due to the significantly stronger
solvation of free anions in methanol than in acetonitrile. The overall results showed that
1.21 can be a possible candidate as versatile anion binding receptor in protic and aprotic

solvents for anion sensing and transport.

a (] ) o)

Figure 1.23: a). Chemical Structure of 1.21. b). MD simulation of free 1.21 c). MD

simulation of anion complexes of 1.21 with chloride reported by Tomisi¢ and co-workers.
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1.7.1.3: Squaramide-based Macrocycles

Squaramides are a relatively recent addition to supramolecular chemistry and have
attracted significant attention due to their diverse applications in biological and chemical
sciences. Comprising a cyclobutene ring with two carbonyl groups adjacent to two NH
groups, squaramides feature hydrogen bond acceptors and donors in close proximity.
This unique arrangement makes them particularly useful in molecular recognition and
transport.1'> Many researchers have focused their attention towards squaramides, such
as Caltagirone and co-workers who have worked on squaramide based receptors and
ionophores 131133 Gale and co-workers who have shown squaramides to be successful
anion transporters 134136 'and many others in the field of supramolecular chemistry and

beyond.

An example of the utilisation of squaramides for anion recognition was reported by
Jolliffe and co-workers where they synthesised a series of squaramide based macrocycles
(1.22 and 1.23) comprising of alternating squaramide and benzylic groups tethered with
the triethylene glycol monomethyl groups that displays high affinity and selectivity
towards SO4?" in aqueous media (Figure 1.24).337 The binding studies of TEG-MSQs 1.22
and 1.23 involved quantitative NMR binding experiments for a range of anions in a 1:2
(v/v) H20/DMSO-ds solvent The binding affinities were calculated by fitting to a 1:1
binding model. 1.22 showed affinity for SO4> in the competitive solvent mixture,
however, 1.23 exhibited a much greater affinity for SO4% that was too high to quantify in
these very competitive conditions (Ks = < 10* M2). The high binding affinity of 1.23 for
S04 was attributed to having an additional squaramide binding site compared to 1.22,
together with additional hydrogen bonding interactions to the anion. Selectivity studies
carried out for 1.23 exhibited notable selectivity for SO42" over other tetrahedral anions,
demonstrating a binding affinity for sulfate that is at least three orders of magnitude
higher than that observed for phosphate species presenting itself as an extremely potent
and selective binding macrocycle for SO4%* ions, outperforming the sulfate binding
protein (SBP). In 2019 Jolliffe and colleagues showed MSQ 1.23 proved to be a highly
selective ligand for SO427, even in the presence of various interferents in aqueous
mixtures and across a pH range from 3.2 to 14.1. This enables potential SO42~ separation
by the MSQs in a variety of applications from nuclear waste and in plasma sulfate

assays.’®® In 2020 Jolliffe and colleagues showed that by functionalising 1.23 with
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aliphatic chains to produce macrocycles 1.24 and 1.25, they could efficiently extract SO4
from an aqueous Na;SOs solution into organic solution, via an anion exchange
mechanism with nitrate ions, as well as transport SO4% across a bulk chloroform layer

via an anion exchange mechanism with NOs’, allowing the extraction of SO4% from
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Figure 1.24: General structures of MSQ'’s 1.22 — 1.25 reported by Jollife and colleagues.

The utilisation of squaramides as effective ion - pair receptors have been reported by a
number of studies carried out by Jan Romanski and colleagues 14%-142, An example of a
macrocyclic squaramide ion-pair receptor and fluorescent sensor with selectivity
towards sulfates was reported by Romanski and colleagues whereby using a combination
of specific diamines and methyl squarates under high dilution conditions they
synthesised a multi-macrocyclic ion pair receptors 1.26 and 1.27 based on a squaramide
recognition moiety appended to benzo-18-crown-6. An analogous anion receptor 1.28,
and a fluorescent sensor by incorporating a simple naphthalene unit into the structure
of the receptor 1.29 (Figure 1.25) 143, IH NMR titrations were carried out in order to
measure binding constants for a variety of anions such as Cl-, Br-, NO;~, NO3~, PhCOO",
CH3COO™ and SO4 %~ against each receptor except for 1.27 due to insolubility issues. 1.26
displayed an increase in affinity for CI" (Ksac = 61 M%) anions in the presence of one
equivalent of Na* (Knvacs = 78 M) and K* (Kkc = 95 M™1). Interestingly, further strength of
Cl" binding was achieved by the addition of 3 equivalents of K* producing a stability
constant of (Kkas= 120 M™1). In order to verify the role of the cation binding domain in
the structure of 1.26, 1.28 lacking the crown ether unit was tested towards the same
range of anions which showed increased anion recognition compared to 1.26. This is
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attributed to the absence of two electron-donating alkoxy substituents in the structure
of anion receptor 1.28. Compared to 1.26, this decreases the electron density on the
phenyl ring, facilitating a more rigid interaction with the anion. However, 1.28 could not
recognize ClI" in an enhanced manner in the presence of K* due to the lack of the cation
binding domain in the structure (Kka = 71 M vs. Krgac= 76 M™2). Finally, 1.29 resulted
in an optical ion pair sensor selective towards SO4%,, where upon the addition of SO4%, a
change in optical properties were observed including a including a bathochromic shift in
the maximum absorption, an increase in fluorescence intensity, and the appearance of
a new band at 420 nm. All receptors were found to interact with anions by utilizing the
squaramide and amide functions of the receptors further supporting the efficiency of

squaramides as hydrogen bonding motifs for anion recognition.
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Figure 1.25: General structures of Squaramide based ion — pair receptors 1.26 — 1.29

reported by Jan Romanski and colleagues,

1.7.1.4: Calix[4]pyrrole — based macrocycles

Pyrrole- and calix[4]pyrrole-based anion receptors differ from the previously discussed
macrocyclic receptors. They can only function as hydrogen bond donors as a result of
their absence of hydrogen bond acceptor functional groups. However, calix[4]pyrrole-
based receptors, adopt a non-planar tetrapyrrolic macrocyclic conformation, enabling
them to capably bind to Lewis basic anions such as halides.** Since Sessler et al. first

introduced calix[4]pyrrole into the design of anion receptors in the mid-1990s,
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calix[4]pyrrole-based receptors have demonstrated high affinity and selectivity for
various anions. This has been achieved by adding straps to one side of the calix[4]pyrrole

or by incorporating probe units at the periphery of the macrocycle.1#4 145

In 2023, Wezenberg and colleagues reported a dithienylethene-strapped calix[4]pyrrole
whereby the dithienylethene (DTE) unit that serves as a photo switch. The DTE unit
allows the molecule to isomerize between a ring-open (1.30) and a ring-closed (1.31)
form upon exposure to 300/630 nm light (Figure 1.26).1#¢ This photo switching process
brings about a subtle change in the size of the binding pocket, enabling the receptor to
selectively bind different halide ions based on their size, thus functioning as an artificial
anion receptor with tunable selectivity. 'H NMR titrations were carried out for the
receptor in its open-ring isomer 1.30 in MeCN-ds. Addition of CI,, Br, and I to led to
substantial downfield shifts of the pyrrole-NH as a result of strong hydrogen bonding.
Isothermal titration calorimetry (ITC) was carried out to quantify the binding affinities
which showed a 1:1 binding model with strong affinity for ClI (Ko= 2.6 x 10° M) and Br-
(Ka= 8.8 x 103 M) however a much lower binding affinity was observed for I (K= 23 M-
1). Upon 300nm irradiation where the receptor now presented itself as its closed-ring
isomer 1.31. 'H NMR titrations revealed similar downfield shifts of the pyrrole-NH. When
the DTE unit is in the ring-closed form, the binding pocket is smaller, which reduces the
binding affinity for larger halide ions, this was seen from the association constants where
little change was observed for CI (Ky= 1.2 x 10° M1). As for Br- a significant decrease was
observed (K, = 54 M) and the same for I (K, = < 1 M1). This shows that the binding
affinity is highly dependent on the photo switching process even though the process
brings about a subtle change in the size of the binding pocket, it affects the binding

affinity and selectivity of different halide ions.
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Figure 1.26: General structure of dithienylethene-strapped calix[4]pyrrole macrocycles

in its ring open 1.30 and ring closed 1.31 form reported by Wezenberg and colleagues.

Sessler and co-workers set out to synthesise the smallest bis-calix[4]pyrrole (1.32)
comprised of small two-wall bis-calix[4]pyrrole formally linked by two single oxygen
atom bridges which proved capable of trapping F~ exclusively relative to other anions
(Figure 1.27). %7 The small size of the cavity in bis-calix[4]pyrrole (1.32) is significant for
its selectivity towards F because it restricts the conformation of the receptor, preventing
it from accessing the cone conformation that is most favourable for anion binding. This
restriction results in a three-dimensional cavity that is slightly larger than the volume of
F, capable of supporting hydrogen-bonding interactions. As a result, the receptor can
reject anions larger than F’, resulting in exclusive selectivity for F. The results of this
study were confirmed through various analytical techniques, including X-ray diffraction
analysis, DFT calculations, and molecular dynamics simulations. In the solid state, bis-
calix[4]pyrrole 1.32 was found to be capable of binding Fin a 1:2 stoichiometry , with
the association constants of K3z = (5.2 + 0.4) x 103and K12 = (4.4 + 1.4) x 102 M'! where
each F atom trapped itself inside the cavity of the calix[4]pyrrole ring, as evidenced by
a single crystal structural analysis. The expected electrostatic repulsion between the two
F-atoms was said to be stabilised by multiple cooperative hydrogen bonding interactions.
In solution, 1.32 was found to have favourable binding towards F but not interact
appreciably with other anions, e.g. Cl-, Br,, SCN-, NOs’, HSO47, H2PO47, and SO4% as inferred

from 'H NMR spectroscopic analyses showing no noticeable changes in the proton
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signals. DFT calculations and molecular dynamics studies were conducted in the gas
phase in order to support the hypothesis that the exclusive selectivity for F~ is due to the

limited three-dimensional space within receptor 1.32.

Figure 1.27: General structure of bis-calix[4]pyrrole (1.32) reported by Sessler et al.

1.7.2: C-H Hydrogen Bonding Macrocycles

C-H hydrogen bonding macrocycles, a class of supramolecular compounds, have
captured considerable attention in recent years owing to their unique properties and
potential applications in various fields particularly in anion recognition. These
macrocycles feature C-H groups that serve as hydrogen bond donors, enabling them to
selectively bind to a variety of guest molecules. 1% Unlike traditional hydrogen bonding,
where hydrogen bridges between a donor and acceptor, C-H hydrogen bonding involves
direct interactions between a carbon-hydrogen bond and a suitable acceptor, offering
diverse possibilities for designing and synthesizing macrocyclic structures with intriguing
properties in the field of supramolecular chemistry.*° Flood and colleagues pioneered
the work for C-H Hydrogen bonding macrocycles in 2008, where they introduced a
[34]triazolophane macrocycle 1.33 comprising of four triazoles and four phenylene CH
groups orientated directly into the cavity with rigidity and preorganisation (Figure 1.28)
150 Through multiple triazole C—H-anion and phenyl C—H - anion hydrogen bonding
interactions the triazolophane 1.33 displayed a pronounced affinity for chloride followed

by Br >> F >> I, with an association constant of K, = (130,000 + 30,000) L/mol for CI".
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Figure 1.28: Schematic representation of a [34] triazolophane macrocycle (1.33) binding

to Chloride via C-H Hydrogen bonding, reported by Flood and colleagues.

Through garnering the information acquired, Flood and colleagues used their
understanding of receptor design and CH based hydrogen bonding to explore untapped
and uncharted opportunities. From this they set out to create a whole new class of cyano
stilbene based macrocyclic receptors, called cyanostars.*>! In this section we will discuss
examples of C-H Hydrogen bonding macrocycles reported in recent years.

In 2021 G. Bachas, Flood and colleagues set out to design a clamshell-shaped anion-
binding ionophore, 1.35, to analyse its performance in ion-selective electrodes (ISE). This
ionophore consisted of two cyanostar (1.34) macrocycles with prearranged cavities
connected by a 12-carbon chain (Figure 1.29) and plays a crucial role in anion recognition
and detection due to its capacity to prearrange cavities and selectively identify anions
through CH-hydrogen bonding.*>? This distinctive structure and composition facilitate
the selective transfer of anions from the solution to the membrane phase, resulting in
enhanced selectivity and sensitivity in anion detection, potentiometric performance of
the clamshell ionophore in ISEs was evaluated by measuring its response to different
anions (e.g. Cl~, Br~, NOs, salicylate, I7, SCN-, and ClO4™ ) and assessing its selectivity and
sensitivity. Membrane compositions containing the clamshell ionophore were prepared,
and the resulting electrodes were subjected to potentiometric measurements to
determine their response characteristics. The electrode based on 1.35 showed the
greatest potentiometric response and excellent selectivity towards I over various anions,
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with a selectivity coefficient of 10213, In contrast to the Hofmesiter series, salicylate
showed the lowest response. ESI-MS was utilised to evaluate the selectivity of the
clamshell ionophore (1.35) and its parent CNstar (1.34) towards various anions. Through
conducting ESI-MS experiments, observations and analysis the formation of complexes
between the ionophores and specific anions were measured. The results revealed the
formation of a 1:1 complex between 1.34 and CI-, NOs~, Br~, ClO47, I, and salicylate, each
with intensities less than 4%. Higher stoichiometry complexes, such as [3(1.34) + 2ClO4]
2 [3(1.34) + | + ClO4 1%, and [3(1.34) + 2I] &, were also observed, with relative
abundances of 21.7%, 9.7%, and 1.2%, respectively. The most intense peak observed,
corresponded to the 2:1 complex [2(1.34) + ClO4]". Interestingly, another peak
representing the 4:2 heterocomplex [4(1.34) + | + ClO4]?, followed by the 2:1 complex
[2(1.34) + I]- were observed with both relative intensities below 10%. Additionally, a
peak attributed to a 3:1 complex [3(1.34) + ClO4 ]~ was also found. Upon increasing the
clamshell concentration to 5 uM, ESI-MS analysis revealed predominant peaks at m/z
2147.6 corresponding to 1:1 and 2:2 multimers [(1.35) + 1]~ and [2(1.35) + 21] 2. However,
increasing the ionophore concentration to 10 uM caused a shift in the prominent peak
of the ESI-MS spectra from iodide to perchlorate with relative contributions of the 1:1
and 2:2 (1.35) and ClO4~ complexes. The findings from lonophore Selectivity by ESI-MS
provided significant insights into the complexation behaviour of the ionophores,
enabling a thorough evaluation of their selectivity towards particular anions and their

potential impact on ion detection and quantification in lon-Selective Electrodes.
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Figure 1.29: General structure of Cyanostar (1.34) and the Clamshell ionophore (1.35)

reported by G. Bachas, Flood and colleagues.

In 2022, Flood and colleagues reported the binding of a series of Organotrifluoroborate
Anions (R-BF3" ) e.g. small (methyl, MeBFs’), medium (vinyl, VinBF3 ), and large
(thiophene, ThBFs™ and phenyl, PhBFs™) to Cyanostar macrocycles (1.34) (Figure 1.30.).1>3
X-ray crystallography revealed 2 : 1 complex between 1.34 and the ThBFs™ and PhBFs
anions. As a result of steric interactions taking place between the macrocycle and the
ortho hydrogen atoms of the anion (one for thiophene and two for phenyl), both
substituents are prevented from ideally fitting into the binding cavity defined by the
center of the two m-stacked macrocycles. Additionally, they are kept further from the
bottom macrocycle, which disengages the CH hydrogen bond donors of the second
macrocycle, likely reducing stability. From this a combination of techniques, including *H
NMR and UV-vis titrations were carried out to quantify the impact of sterics on the
binding affinity of the anions. *H NMR titrations revealed that the shifts in the peaks of
the macrocycle reach a plateau at approximately 0.5 equivalents of the guest. This
saturation is accompanied by subtle downfield shifts in the interior protons, which are
indicative of the CH--anion hydrogen bonding of cyanostars. MeBFs and VinBFs,
characterized by small steric profiles, exhibited positive cooperativity, favouring the

formation of the 2:1 species with association constants of logk; = > 6.5 and > 6.4
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respectively. Conversely, the addition of further guest molecules to the larger PhBF3; and
ThBF3™ anions results in downfield shifts consistent with the conversion to a 1:1 complex
and less cooperativity due to greater steric demand. Consequently, the PhBF3 anion
forms mixtures that are not suitable for use as designer anions which according to the
crystal data, aligns with the hypothesis, that 2: 1 anion binding weakens upon

disengaging the bottom macrocycle from binding.

_BFy . S BFs”
HyC™ o 3 X BFs UBFS' ©/

MeBFj5 VinBFj3 ThBFy PhBFy

Figure 1.30: General structure of Cyanostar macrocycle (1.34) and of

Organotrifluoroborate Anions reported by Flood et al.

1.7.3: Halogen Bonding Macrocycles

Halogen bonding macrocycles represent a compelling and rapidly evolving area of
supramolecular chemistry, characterized by the utilization of halogen bonding
interactions within the confines of macrocyclic structures. Halogen bonding, an
emerging non-covalent interaction akin to hydrogen bonding, has garnered significant
attention due to its unique directional and tuneable nature, offering diverse
opportunities for the design of functional macrocyclic systems.>* The interaction is
usually represented in literature as R—X:::--Y, where the halogen atom X, acting as the

halogen bonding (XB) donor or Lewis acid, is covalently bonded to an electron-
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withdrawing group R. The entity Y serves as the XB acceptor, functioning as a Lewis base
or anion. ¥>°> The incorporation of halogen bonding motifs into macrocyclic architectures
has opened new avenues for the construction of sophisticated host molecules with
tailored binding cavities and selective recognition properties. These halogen bonding
receptors often exhibit contrasting, and in many cases, superior anion binding affinities

and properties compared to their counterparts based on hydrogen bonding. 9 1>®

In 2021 Beer and co-workers set out to study lithium halide ion-pair recognition through
halogen and chalogen bonding heteroditopic macrocycles. They achieved this by
assembling a series of 1,10-phenanthroline-based macrocycles involving XB (1.36), ChB
(1.37), and HB (1.38) interactions. These macrocycles act as heteroditopic ion-pair hosts,
facilitating the cooperative recognition and solid—liquid extraction of lithium halide salts,
where the co-bound lithium cation activates the binding of the halide anion (Figure
1.31).%7 To investigate the ion-pair binding properties of the macrocycles, initial
qualitative *H NMR binding studies were conducted in a 1:1 CDCl5:CDsCN solvent
mixture. Titration experiments with halide anions on 1.36 revealed no observable halide
binding. However, when one equivalent of LiClO4 was added, followed by sequential
additions of one, two, and five equivalents of TBA halide salts, evidence was observed
indicating that the macrocycle's phenanthroline-bound Li* participated in the binding of
halide anions. Bind-fit analysis of the titration binding isotherm data determined 1:1
stoichiometric anion association constant. Comparing the halide anion association
constant data, compound 1.36 is the most effective ion-pair receptor for all halides
tested, demonstrating two- to seven-fold increases in affinity for Br~ (K; = 1214 M™") and
I~ (Ka = 1236 M™") compared to the ChB and HB analogues. Notably, the effectiveness of
the halogen bonding donor motif is further highlighted by 1.36's ability to
simultaneously complex with the "hard" LiCl ion-pair, whereas similar experiments with
1.37 and 1.38 led to the precipitation of LiCl salt. Overall, the anion binding studies
demonstrate the significant impact of the sigma-hole donor motifs on the binding

affinity and selectivity of the heteroditopic macrocycles for lithium halide ion-pairs.
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Figure 1.31: Structure of phenanthroline-based heteroditopic macrocycles incorporated
with sigma—hole donors designed for ion-pair recognition of lithium salts. A = anion,

reported by Beer et. al.

In the same year Beer and co-workers reported a series of neutral tetradentate halogen
bonding (XB) macrocycles, comprising of two bis-iodotriazole XB donors with varying
ring sizes through the integration of meta- and para-substituted xylyl spacer units as well
as a naphthyl spacer unit, capable of anion recognition in highly competitive aqueous
media (Figure 1.32).°8 A qualitative *H-NMR binding study with the meta — xylyl spacer
macrocycle (1.39) with TBA ClI" in 5% D,0/ Acetone-ds revealed that, upon adding 0-1
equivalents of Cl, the resonances gradually became more resolved, possibly indicating
increased macrocycle rigidity due to CI complexation. Significant downfield shifts in the
macrocycle's internal aromatic protons surrounding the binding site were observed.
Importantly, no further proton perturbations occurred after the addition of one
equivalent of CI, suggesting robust binding in this competitive aqueous-organic solvent
mixture. Similar proton signal perturbations were observed in. By monitoring the shifts
in aromatic proton signals, binding isotherms were generated. Non-linear regression
analysis using Bindfit yielded 1:1 stoichiometric host—guest association constants for
compound 1.39, with association constants exceeding 10> M~ for all halides. The
substitution of the m-xylyl spacer unit with p-xylyl and naphthyl groups in XB
macrocycles 1.40 and 1.41, respectively, was envisioned to yield enlarged cavities with

the ability to accommodate larger anionic guest species. Notably, the Bindfit analysis of
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the 'TH NMR halide titration data with compound 1.40 showed 1:1 stoichiometric host—
guest association constants for ClI~ and Br~, both approximately 335 M. In contrast, the
larger iodide demonstrated a 1:2 host—guest binding stoichiometry, with a slightly higher
K1 value of 585 M™. In comparison, the naphthyl macrocycle 1.41, featuring the most
capacious cavity, formed relatively weaker halide complexes, showcasing the Hofmeister
selectivity trend. 'H-NMR anion binding studies were extended to dicarboxylate anions,
showing that compounds 1.40 and 54 bind these anions in a 1:1 stoichiometric host—
guest manner. The selectivity for dicarboxylate binding was observed as oxalate >
malonate > succinate, with compound 1.39 forming much stronger complexes with
higher association constants compared to 1.41. Fluorescence spectroscopy carried out
for 1.41 in the presence of 10 mM TBA malonate, whereby a notable 38% enhancement
in the emission intensity of the naphthyl bands was observed. In contrast, oxalate and
succinate induced comparatively smaller enhancements in emission intensity, measuring
6% and 18%, respectively. This trend of heightened emission intensity aligns with the
increased length of the dicarboxylate guests, despite the similarity in the magnitude of
Ko values determined through NMR titration. This paper illustrates the capability of
charge-neutral bis-iodotriazole macrocycles, utilizing halogen bonding, to effectively

serve as robust and selective hosts for anion recognition in challenging aqueous
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Figure 1.32: General Structure of the XB macrocycle series (1.39—1.41) reported by Beer

et. al.
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In 2022 Sessler and colleagues reported the preparation of tetra iodotriazole halogen
bonding macrocycle known as the Ibox (1.43) through copper(l)-catalyzed azide-alkyne
cycloaddition (CuAAC)'™°, which was inspired from the “Texas-sized” molecular box
(1.42), a tetracationic macrocycle that bound to anions through Hydrogen bonding and
electrostatic interaction first reported by Sessler et. al in 2010 (Figure 1.33).1¢° The anion
binding properties of 1.43 was measured through *H NMR spectroscopic studies carried
out in CDCls and was found to recognise Cl-, Br  and I. The signals corresponding to the
pyridyl proton were seen to shift in an anion and concentration-dependent manner upon
the addition of increasing quantities (up to 13 equiv.) of F, CI-, Br7, and I" to a 1.25 mM
CDCls solution of 1.43. The pyridyl proton signal exhibited an upfield shift, moving from
8.56 ppm to 8.40 ppm for F~, CI7, Br7, and I", respectively. Further studies revealed a
higher affinity for the heavier halide anions and provided support for a preferred 1:2
binding stoichiometry. The 'H NMR spectral titration data were fitted to a 1:2 binding
model and showed a clear binding preference for iodide (1" > Br~ > CI7). The binding mode
is thought to involve a pair of iodotriazole subunits within the macrocycle, with each
subunit binding one halide anion. This tends to be the opposite of what is typically seen
in classic hydrogen bonding anion recognition systems. Additionally, this preference
differs significantly from the binding abilities of the "Texas-sized" molecular box 1.42,

which was noted for its capacity to bind both CI~and NOs™ anions.
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Figure 1.33: Comparison between the structure of the “Texas-sized” molecular box 1.42

and the Ibox 1.43. Reported by Sessler and colleagues.
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1.7.4: Anion-nt Bonding Macrocycles

As previously mentioned, macrocycles are a versatile class of supramolecular structures
for anion recognition, owing to their capacity to host diverse non-covalent interactions.
Among these interactions, anion-mt interactions have gained significant attention as a
unique and powerful mechanism for stabilizing anions. Unlike traditional strategies that
rely on hydrogen bonding or electrostatic forces, anion-mt interactions exploit the
attractive forces between anions and electron-deficient aromatic systems. These
interactions occur when the negative charge of an anion is attracted to the partially
positive m-system of an aromatic ring, such as triazine, perfluorinated benzene, or other

electron-deficient moieties.

An example of an Organic-based cage that binds anions via anion-pi interactions can be
seen by Wang and colleagues whereby they reported the design and synthesis of a
triangular prism like cage (1.44) bearing benzene triimide as its base, and 2,7
naphthalene dimethylene acting as supporting pillars (Figure 1.34). ¢! The articulate
structure of 1.44 possesses a cavity size of 7.6 A, capable of accommodating and
exhibiting strong anion-mt binding properties towards a variety of polyhedral anions. The
electron-deficient Benzene triimide and electron-rich naphthalene moieties engage in
intermolecular m—m stacking interactions, leading to an ordered self-assembly in the solid
state. The anion binding ability of 1.44 towards a variety of anions including CI-, Br-, I,
N3, SCN-, NOs3, AcO’, BFs, ClOs, HSO4 , CH3SOs, and PFes , were investigated via UV-
Vis Spectrometry. For anions such as 17, Ns~, SCN~, and AcO~, a new charge transfer (CT)
band was detected in the range of 400-500 nm, accompanied by a noticeable colour
change in the solution. In contrast, for Br~, only a weak charge transfer band was
observed, with no accompanying colour change. For the other anions, including CI-,
NOs~, BF;~, ClO4~, HSO,-, CH3SO37, and PFs~, the charge transfer band was absent;
instead, a hypochromic effect was noted in the range of 360-450 nm. These varying
spectral responses likely indicate different positions of the anions on the surface of 1.44.
Binding affinity constants were measured by fitting UV—vis spectrometric titration data
to a 1:1 stoichiometry model as revealed via Job’s plot. 1.44 demonstrates a notably high
binding affinity for polyhedral anions (BFs , ClOs, HSO4 , CH3SOs3’, and PF¢’), despite
their large size and relatively low electron density. The binding constants range from

24,651 M™ for PFs to 84,623 M™ for HSO,", indicating the strongest anion-m
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complexation observed for a single polyhedral anion. The binding strength for SCN-and
N3~ varies considerably with SCN~ demonstrating strong binding at 14,878 M, whereas
N3~ shows only moderate binding at 599 M. For spherical halides, size has a clear impact
on binding: I"is strongly complexed at 2,220 M, Br- exhibits moderate binding at 58 M,
and no significant binding was observed for CI. As for AcO™ and NOs~, weak to moderate
binding was observed with binding constants of 73 and 604 M, respectively. Wang and
colleagues have demonstrated an efficient host (1.44) for polyhedral anions. The binding
constants, ranging from 24,651 to 84,623 M™, reflect the strongest anion-mt binding

recorded for charge-neutral it receptors interacting with individual polyhedral anions.
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Figure 1.34: General structure of cage-based receptor 1.44 reported by Wang et al.

In 2022 Shi, Liu and colleagues reported the synthesis of an electron deficient fluorinated
leaning pillar[6larene 1.45 consisting of two tetrafluoro-benzene units with a
preorganised structure and suitable cavity size capable of forming a 1:1 binding complex
with strong selectivity and binding toward lodine ion driven by anion—mt interactions
(Figure 1.35).162 |nitially, UV-vis experiments were conducted to confirm the binding
interaction between 1.45 and I . The UV-vis spectra of 1.45 in CHCl; showed a single
maximum absorption band at 295 nm. When 5.00 equivalents of TBA I~ were introduced,
a new absorption band appeared at 246 nm, indicating the formation of a new species
in the solution. Importantly, the addition of 5.00 equivalents of F, Cl', and Br did not
disrupt the absorption band of 1.45, demonstrating its specific recognition of iodide
anions in chloroform. Furthermore, controlled experiments under competing conditions
confirmed the unique selectivity of 1.45 for I, unaffected by competing anions such as

F-, CI, and Br, thus affirming its selective recognition of iodide anions. *H NMR and °F
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NMR experiments were conducted to further explore the host—guest complexation
between 1.45 and I. Upon the addition of 5 equivalents of TBA I to 1.45, the peaks
corresponding to the proton signals on 1.45 experienced up field shifts, similarly the *°F
NMR spectrum of 1.45 exhibited an upfield shift after the introduction of 5.00
equivalents of TBA |I' to 1.45. These observations are indicative of the heightened
electron density of the host molecule 1.45 resulting from the encapsulation of electron-
rich iodide anions within its cavity. The binding data was fitted to a 1:1 binding
stoichiometry with an association constant for iodide to be 3.18 x 10> M™L. This study

introduced a novel and selective pillar[n]arene receptor for | via anion-pi interactions.

1.45

Figure 1.35: General Structure of fluorinated leaning pillar[6]arene 1.45 reported by Shi,

Liu and colleagues.
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1.8: Project Aims

Anion recognition and transport is a rapidly advancing field in supramolecular chemistry
due to the ubiquitous nature of anions, their critical role in human biology, and the
impact of channelopathies on patient outcomes. Despite significant progress, including
the development of potent anionophores with clinical applications, many opportunities
remain unexplored, particularly in creating robust methods to apply these
supramolecular motifs in biological contexts and study their in-cellulo activity. This
research focuses on squaramides as versatile anion-binding motifs, exploring their
potential in developing novel strategies for anion recognition, sensing, transport, and
antimicrobial properties. By conjugating squaramides to biomolecules such as amino
acids and peptides (Figure 1.36); an area that remains underexplored despite its
potential applications, this study aims to enhance their sensing capabilities, achieve
spatiotemporal control over anionophoric activity, and further integrate these systems

into medicinal chemistry, as biologically relevant anionophores continue to emerge.
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Figure 1.36: Schematic structural comparison of peptides vs. squaratides.

Chapter 2 focuses on the introduction and development of a novel class of
peptidomimetic structures, termed squaratides—hybrid molecules combining the
unique anion-binding properties of squaramides with the structural versatility of
peptides (Figure 1.37). This chapter details the systematic exploration of these
innovative structures, including the design and synthesis of a library of cyclic
squaramides with varying amino acid side chains as a means to evaluate their efficacy in

anion recognition. By integrating the distinct advantages of squaramides and amino
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acids, this work aims to contribute a significant advancement to the field of anion

receptor chemistry.

Figure 1.37: Chemical structure of 2.14 (Sq-2-Ala).

Building upon the work presented in Chapter 2, which focused on the solution-phase
synthesis of squaramide-based receptors for anion recognition, Chapter 3 chapter aims
to expand the chemical space and functional application of squaramides through the
development of solid-phase synthetic methodologies. By utilising solid-phase peptide
synthesis (SPPS), a series of lysine based squaratides with enlarged cavity architectures
were constructed, allowing for greater structural diversity and enhanced molecular
interaction potential (Figure 1.38). With our compounds at hand, we aimed to evaluate
the antimicrobial activity of these newly synthesised squaratides, particularly against
methicillin-resistant Staphylococcus aureus (MRSA), through both phenotypic
susceptibility testing and in-depth proteomic profiling. This approach seeks to explore
the therapeutic potential of cavity-expanded squaramides as a new class of
antimicrobial agents and to provide insight into their modes of action at the molecular

level.
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Figure 1.38: General schematic approach towards 3.5 (Sg-3-Lys).

Chapter 4 explores the functional diversification of squaratides by leveraging the side

chain functionalities of amino acids (Figure 1.39). This includes the incorporation of
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anion-transporting motifs onto the squaratide framework and the integration of
fluorinated amino acids into their backbone. These modifications aim to expand the
chemical space, enabling the development of not only innovative anion-binding
receptors but also systems exhibiting efficient anion transport properties, thereby

broadening the potential applications of squaratides in supramolecular and medicinal
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Figure 1.39: Chemical structure of 4.18 (Sg-2-Lys(SqBisCF3).

Chapter 5 aims to utilise the Solid phase synthesis approach of squaratides to design,
synthesise, and characterise a structurally novel fluorescent based squaratide for the
selective recognition and sensing of fluoride anions. By implementing a naphthalimide
based fluorescent amino acid into the backbone of the squaratide structure (Figure
1.40), it enables the receptor to operate as both a high-affinity anion binder and a real-
time optical sensor. through a suite of spectroscopic techniques such as fluorescence
emission, UV-visible absorption, and "H NMR titration studies, which together provide
mechanistic insights into fluoride binding, hydrogen bonding interactions,
deprotonation events, we set out to Investigate the anion-binding properties of the
receptor as a means to advancing the development of dynamic, selective, and optically
responsive supramolecular systems for practical applications in anion sensing,

environmental analysis, and molecular diagnostics.
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Figure 1.40: Chemical structure of 5.12 (Sg-2-Lys-Naph).
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2: Squaratides: A New Peptidomimetic code in Anion Recognition

2.1: Introduction

Molecular recognition plays an important role in a variety of biological systems such as,
ion detection and environmental pollution control, as previously mentioned in chapter
1. The ability of researchers to develop host molecules that display excellent molecular
recognition properties has been an expanding area of research since the birth of the field
of supramolecular chemistry.163> 164 Among the various molecular architectures
employed for molecular recognition, artificially designed receptors that emulate natural
systems in their ability to selectively bind target ions have emerged as powerful tools for
advancing supramolecular chemistry.®® 6 165 These receptors play a crucial role in
promoting intermolecular interactions and enhancing the stability of supramolecular
assemblies, with applications spanning diverse fields such as sustainable electronics,
advanced material science, and molecular medicine.'%%168 Their design draws inspiration
from nature's remarkable modularity and structural diversity, particularly evident in the
biosynthesis of anion-binding proteins. Nature employs well-defined design principles,
where complementary hydrogen-bond interactions between amino acid side chains
(e.g., the hydroxymethyl group of serine and the guanidino group of arginine) are
coupled with stabilizing contributions from backbone amides to achieve specificity and
strength in anion binding. >> 1®° Proteins with pre-organized secondary structures
exemplify these principles, demonstrating ultra-high affinity and selectivity for their
target anions.!'® 170 These insights serve as a blueprint for developing next-generation
artificial receptors, with immense potential for innovation across multidisciplinary
scientific and technological domains.’1173

Several groups have reported sequence-defined scaffolds that incorporate abiotic
elements to enhance molecular recognition. For example, Kubik and co-workers
synthesised a macrocyclic pseudopeptide 2.1, incorporating three amide groups and
three 1,4-disubstituted 1,2,3-triazole units arranged around the ring (Figure 2.1). 74 This
pseudopeptide was specifically designed with amide NH groups and triazole CH groups
oriented toward the central cavity, creating an optimal environment for effective anion

recognition. Binding studies using *H NMR titrations in 2.5 and 5 vol% H,0/DMSO-ds
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were conducted with various anions, including chloride, nitrate, sulfate, and dihydrogen
phosphate. The results demonstrated that the pseudopeptide exhibited a stronger
affinity for larger oxoanions anions, such as sulfate and dihydrogen phosphate,
compared to smaller anions like chloride and nitrate, which is attributed to the structural
features of the pseudopeptide that facilitate effective interactions with these larger
oxoanions. Notably, while the pseudopeptide primarily forms a 1:1 complex with anions,
binding studies revealed a more complex scenario for sulfate and dihydrogen phosphate,
where a 2:1 (pseudopeptide-to-anion) complex is formed, highlighting the
pseudopeptide’s multiple binding sites and its capacity to accommodate larger anionic
guests, thus showcasing its versatility in molecular recognition. Following this study,
Kubik and colleagues enhanced the macrocyclic pseudopeptide framework (2.1) by
incorporating three 5-iodo-1,2,3-triazole subunits. These subunits act as halogen bond
donors, significantly improving the receptor's ability to interact with anions, particularly
halides like chloride. The iodine atoms in the triazole units facilitate the formation of
halogen bonds, which are distinguished by their high directionality and strength, offering
superior anion-binding efficiency compared to hydrogen-bonding analogues. Qualitative
'H-NMR spectroscopic studies were conducted to evaluate the receptor's affinity for
various anions. The findings revealed substantial differences between the halogenated
receptor 2.2 and its non-halogenated counterpart (2.1). While 2.1 primarily binds
oxoanions such as dihydrogen phosphate (DHP) and sulfate through hydrogen bonding,
the introduction of iodine in 2.2 alters the binding behaviour. The halogenated receptor's
iodine atoms create a more confined cavity, reducing its interaction strength with

oxoanions but significantly enhancing its affinity for halides.

Figure 2.1: Chemical structures of cyclic pseudopeptides 2.1 and 2.2. Reported by Kubik

and colleagues.
56



Chapter 2 -Squaratides as Anion Receptors

The Haberhauer group has synthesized a series of cyclic peptide scaffolds inspired by the
Lissoclinum family of natural hexapeptides, demonstrating their potential applications in
molecular recognition and combinatorial chemistry.1’>178 They set out to synthesis a set
of C2-symmetric azole-containing macrocyclic peptides (2.3 —2.6) (Figure 2.2). Using 'H-
NMR titrations in DMSO-ds/5% CDCls, the binding capabilities of these macrocycles were
evaluated with various anions, including dihydrogen phosphate, acetate, fluoride,
hydrogen sulfate, toluene sulfonate, methyl sulfonate, chloride, nitrate, bromide, iodide,
and perchlorate.'’? Job’s plot analyses confirmed 1:1 binding stoichiometry for all tested
anions, with dihydrogen phosphate consistently exhibiting the strongest binding affinity.
Among the macrocycles, the thiazole-containing receptor 2.5 displayed the highest
affinity for HoPO4™ (Ka = 3 x 10* M), followed by the oxazole receptor 2.4 (K, = 2.47 x
10* M) and the imidazole receptor 2.3 (K, = 2.64 x 103 M™). In contrast, receptor 2.6
exhibited the lowest binding affinities, likely due to the larger size of its macrocyclic
cavity. Interestingly, while thiazole receptor 2.5 showed the highest overall binding
affinities, the imidazole receptor 2.3 demonstrated the best selectivity for HoPO4~ (10-
fold selectivity). This enhanced selectivity was attributed to the higher basicity of the
imidazole nitrogen atom, which allows the protons of H,POs~ to form additional
hydrogen bonds, underscoring the role of azole functionality in fine-tuning binding

behaviour.
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Figure 2.2: Chemical structure of a series of cyclic peptide scaffolds reported by

Haberhauer and colleagues.
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While we have discussed some examples above, some other work worth mentioning
include the group of Flood, whereby they encapsulated CI- with attomolar affinity in a
triazolo cryptand-like cage stabilized by unusual, polarized C-H bonds.*8% Knipe and co-
workers synthesised alpha-helical and beta-strand peptidomimetics based on
pyrimidines while Meisel and Hamilton reported cavitand-like molecular containers
based on 2,4-dialkoxy-meta-aminomethylbenzoic acid (MAMBA) monomers.8! Alfonso
and co-workers synthesised a family of tris-pyridine decorated cyclic peptides capable of

self-assembly to carry out chloride recognition and transport.!82 183

The common theme among these examples is the judicious use of receptor design to
incorporate abiotic elements into peptidomimetic scaffolds to produce a wide variety of
potential compound designs.'® 84 However, there are scarce examples of sequence-
based scaffolds that incorporate additional binding units within the peptide backbone,
even though the incorporation of additional H-bonding capacity within the peptide
backbone can improve anion affinity and selectivity without damaging the helical
folding.18> 186 Although synthetic receptors generally rely on the same non-covalent
interactions nature uses for anion binding, many use diverse recognition motifs based
on amides, ureas, thioureas and, more recently, squaramides to provide the required
hydrogen-bond donor sites.!'? 187189 Squaramides offer a host of advantages, including
rigidity, aromaticity and strong specific anion binding. We have reported several
examples of squaramides as anion recognition units!? 1°0 and squaramide-peptide
conjugates as highly discriminating sulfate binders.'! Incorporation of squaramides
within a macrocyclic structure enables sulfate binding in highly competitive
environments, with the ability to extract this hydrophilic anion into both water and

organic solvents. 37, 138,

An example of macrocyclic squaramides can be seen in work carried out by Elmes,
Jolliffe, and co-workers where they synthesized a series of macrocyclic squaramides as
anion receptors (Figure 2.3), demonstrating their potential in anion recognition.3’
Receptors 2.7 and 2.8 exhibited strong binding affinities for SO4%~, with association
constants (K,) exceeding 10* M. Additionally, receptor 2.7 displayed notable selectivity
for H.PO4~ and AcO-, with K; > 10* M and K, = 7530 M3, respectively. Although

receptors 2.9 and 2.10 exhibited low solubility in DMSO-ds, their interaction with anions
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provided valuable insights. The addition of 1 equivalent of AcO~ or SO4?~ induced
significant changes and simplification in their *H NMR spectra, indicating strong binding.
Furthermore, the introduction of 1.2 equivalents of SO4>~ completely dissolved 2.9 and
2.10 in DMSO-ds, further supporting their high affinity for SO4?". These observations
highlight the effectiveness of these macrocyclic squaramides as selective anion
receptors. However, one of the drawbacks is the relative insolubility of these receptors
and the difficulty in incorporating additional functionality. Therefore, there is a
significant unmet need for programmable receptors that are easily modified but retain

high anion binding affinity and specificity across a range of solvents.
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Figure 2.3: Chemical structures of squaramide based macrocycles reported by Jolliffe

and co-workers.
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The aforementioned examples highlight the utility of cyclic pseudopeptides and cyclic
squaramides while underscoring their limited representation in the current literature.
These compounds exhibit significant potential in anion recognition, particularly for
oxoanions such SO4%~ and various phosphate species. However, as a recently introduced
class of receptors, the number of reported cyclic squaramides remains relatively small.
Moreover, a hybrid structure combining the squaramide moiety within cyclic peptide
frameworks—has yet to be explored. To address this gap, this study takes the initial steps
into this uncharted territory, aiming to design and synthesise such a hybrid structure -
termed ‘squaratides’ and uncover their potential as a new programable anion

recognition motif.
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2.2: Chapter Objective

The objective of this chapter can be split into two parts. Our first aim is to introduce the
design of a sequence-defined material that could be used to create a diverse set of
receptor molecules. This new class of molecules we call “squaratides”, a portmanteau of
the words squaramide and peptide (Figure 2.4). The initial generation of cyclic
squaratides would be synthesized using a solution-phase approach, which to synthesise
the 1%t generation of receptors and gain important insights into their structural and
functional properties. We believed that this information would pave the way for the
construction of intriguing supramolecular systems; a series of readily accessible and

modifiable squaratides, enhancing the availability of efficient anion recognition systems.
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Figure 2.4: Design comparison between peptides and ‘Squaratides’.

The second aim of this chapter is to leverage these macrocyclic scaffolds as a tool for
anion recognition in solution. As of yet, there are no reports of macrocyclic squaratides
that bear squaramide moieties into a peptide backbone. We believe that combining all
the advantages that squaramides offer including rigidity, aromaticity and strong specific
anion binding with the structural versatility of peptides will result in useful binding
properties. The incorporation of natural and protected amino acid residues introduces
diversity in steric, electronic, and hydrophobic character. Through this approach, we
hope to discover a versatile and innovative platform for probing anion—host interactions
in a controlled and systematic manner adding to the field of molecular recognition and

supramolecular chemistry.
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2.3: Synthesis and Characterisation

2.3.1: Design Strategy towards the synthesis of Squaratides

The initial synthetic design of our squaratides can be seen in scheme 2.1. diethyl
squarate with N-Boc-AA to yield intermediate A that could subsequently be reacted with
the desired amino acid to provide the disubstituted squaramide derivative B. Boc
deprotection would yield monomer C that could then undergo dimerization in the
presence of a coupling reagent to afford the desired cyclic squaratide D. However, before
carrying out our synthesis, our research group discovered and confirmed the occurrence
of a Smiles rearrangement that, to the best of our knowledge, has not been previously
reported in the context of squaramides. This transformation appears to involve
intramolecular nucleophilic attack by a free primary amine on the electron-deficient
cyclobutene ring, leading to the displacement of a terminal amide moiety.19% %3 A
plausible mechanistic pathway is proposed in Scheme 2.1. It is hypothesized that the
presence of multiple electron-withdrawing substituents significantly enhances the
electrophilicity of the cyclobutene carbon, thereby facilitating nucleophilic substitution

by the adjacent amine functionality.

i). Initial Synthetic Design
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Scheme 2.1: i). Initial design strategy towards the synthesis of squaratides. ii). The
speculated Smiles rearrangement mechanism of squaratide monomer, under basic

condition to form the rearranged product.

As a result, our initial design strategy was not plausible. We hypothesized that
eliminating the adjacent carbonyl moiety could mitigate the observed instability and

facilitate successful macrocyclization. Specifically, the substitution of one amino acid
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residue with 1,2-ethylenediamine (EDA) was proposed as a strategic modification. This
substitution was expected to preserve the overall cavity geometry of the macrocycle
while reducing the likelihood of undesired side reactions such as rearrangement or
hydrolytic cleavage. Structurally, EDA may be viewed as a minimalistic analogue of
glycine, retaining backbone flexibility without introducing a carbonyl group adjacent to
the squaramide core. In this revised design (Scheme 2.2), the original amide linkage
between the cyclobutene ring and the amino acid is replaced, yet macrocyclization
remains feasible through the formation of two new amide bonds—linking the EDA
spacer with the opposing amino acid residue. Briefly, diethyl squarate is first reacted with
N-Boc-protected EDA to generate the mono-substituted intermediate 2.11. This
intermediate is subsequently coupled with the desired amino acid to furnish the
disubstituted squaramide derivative 2.12 (AA). Removal of the Boc protecting group
yields the free amine monomer 2.13 (AA), which is then subjected to dimerization using
standard peptide coupling conditions to afford the target macrocyclic squaratide Sq-2-

AA.

Optimised Synthetic Design

0
o o 0. o) o o KN)’HMR
HO_~ N. :
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H H H H NH . HN

2.12 (AA) 2.13 (AA) H(N

Scheme 2.2: Optimised design strategy towards the synthesis of squaratides

2.3.2: General Synthesis of 1% Generation Squaratides

The initial step involved synthesising 3,4-diethoxy-3-cyclobutene-1,2-dione, commonly
known as diethyl squarate (DeSq). Diethyl squarate is one of the most prevalent alkoxy
derivatives of squaric acid and serves as a primary component for synthesising the
squaratides. DeSq was synthesized using a method adapted from the one originally
reported by Liu et al.®* In this process, 3,4-diethoxy-3-cyclobutene-1,2-dione — squaric
acid — was reacted with triethyl orthoformate to afford DeSq with a yield of 85%,
allowing us to proceed with the synthesis of cyclic squaratides as outlined in Scheme 2.3.
Briefly, to a stirring solution of diethyl squarate in EtOH. N-Boc-ethylenediamine was
added dropwise and stirred overnight to yield intermediate 2.11, that was subsequently

reacted in EtOH under basic refluxing conditions to yield the corresponding monomers
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with a variety of amino acids including Ala, Phe, Leu, Lys and Bn-Asp to provide
disubstituted squaramide derivatives 2.12 (AA) in 86 %, 52 %, 91%, 91% and 92%,
respectively. Boc deprotection in the presence of TFA: DCM (1:1) yielded all desired
monomers 2.13 (AA) in quantitative yields. With the monomers in hand, the next step
was dimerization of each of the 2.13 (AA) building blocks to create the proposed cyclic
dimers 2.14 — 2.18 (Sq-2-AA). This was carried out in DMF at low concentration (approx.
7.5 x 10° mM) in the presence of N-methylmorpholine (NMM) and benzotriazol-1
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), whereby LC-MS analysis
of each reaction mixture confirmed the formation of the desired cyclic dimers 2.14 -
2.18 (Sq-2-AA) in all cases. Using these conditions, the cyclic dimers were isolated in
yields varying from 25% to 54% (See Scheme 2.3). 2.17 was subsequently deprotected
using 33% HBr in AcOH solution in a yield of 90%. Attempts to deprotect 2.18 under
standard reducing conditions (e.g., NaBHa4 or Hz/Pd/C) were unsuccessful, which we

believe is likely due to the vulnerability of the squaramide motif to hydrogenation.

0 0 R
H | | L+ HO_ TEA
/N NH2
Boc \/\H 0\, \[O]/\ EtOH, reflux, 12 h
2.11 Amino Acid
e} 0] (0] O
H j:( R ™ j;/[ R oy PYBOP NMM
N~ - OH - N~ - =
Boc N H/\([_)]/ TFA, DCM, 2 h N H/\c[)]/ DMF, rt, 3 d
2.12 (AA) 2.13 (AA)
0
R 09
NH HN
(\ o 2.14 (Sqg-2-Ala) R = CH3, 30%
NH HN 2.15 (Sq-2-Phe) R = CH,Ph, 30%
o) 2.16 (Sg-2-Leu) R = CH,CH(CH3),, 25%
NH HN\) 2.17 (Sq-2-Lys) R = C4HgNH,, 28%
& ) 2.18 (Sq-2-Asp(Bn)) R = CH,COOCH,Ph, 54%
R 0
(Sq-2-AA)

Scheme 2.3: General synthetic strategy towards 15 Generation cyclic Squaratides.
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During NMR characterisation, it was noted that the *H NMR spectra of these compounds
gave rise to complex behaviour where several sets of significantly broadened peaks were
observed even though LC-MS analysis confirmed a high degree of purity. Data for (2.15
(Sg-2-Phe)) is shown as an example in Figure 2.5, where the a-proton of the amino acid
exhibited splitting into two distinct signals at 4.6 and 4.8 ppm, while the methylene
protons of the phenylalanine (Phe) moiety appeared as two poorly resolved doublets at
2.75 and 2.9 ppm. Assignment of the two methylene protons within the ethylenediamine
(EDA) linker necessitated the use of two-dimensional NMR techniques, specifically COSY
and HSQC spectroscopy. The methylene protons appeared at approximately 2.8 ppm, 3.2
ppm, while significant signal overlap was present in the 3.6 — 3.8 ppm region. Detailed
analysis revealed this region to comprise two closely spaced but distinct signals at 3.76
and 3.77 ppm. Although these proton resonances were split across different chemical
shifts, HSQC analysis showed that each pair remains coupled to the same respective
carbon atom. Supporting this, the resonances at 2.8 and 3.76 ppm were assigned based
on their correlation with a 13C signal at 38.9 ppm, while the resonances at 3.2 and 3.77
ppm, correlated with a 13C resonance at 44.05 ppm (See Appendix). The aromatic region
displayed characteristic signals between 7.1 and 7.3 ppm, corresponding to ortho (7.2
ppm), meta (7.3 ppm), and para (7.1 ppm) protons of the phenyl ring. The amide NH
proton of Phe appeared as a doublet at 7.5 ppm, whereas the NH proton of the EDA
moiety linking the cyclobutene ring appeared as a poorly resolved triplet at 7.05 ppm.
The amide NH proton was observed as a similarly unresolved triplet at 8.1 ppm. In
addition to these assignments, several broad and overlapping resonances in the region
of 7.5-8.45 ppm were observed, thought to arise from conformational isomerism,
leading to multiple NH-related signals. This is seen at 8.45ppm whereby a small peak is
observed because of an alternate secondary conformation of the receptor, and that the

larger peak at 8.1 ppm represents the same amide proton in its primary conformation.
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Figure 2.5: (Top) LCMS Characterisation of 2.15 (Sg-2-Phe) (red) Analytical HPLC trace of
purified 2.15 Sq-2-Phe; tr = 27 mins (0 — 100% MeCN over 55 mins, A = 254 nm). (black)
Extracted lon Chromatogram for 571 [M + H]*. (bottom) 'H NMR spectrum of 2.15 (Sq-
2-Phe) (500 MHz, DMSO-ds, 298K).

To clarify this, variable temperature (VT) NMR was conducted on Sq-2-Phe in DMSO-ds
(19 mM) from 298K to 348K. As shown in Figure 2.6(a) and 2.6(b), significant changes
were observed over that temperature range where the signals associated with
squaramide and amide NHs undergo changes in their chemical shift as a function of
increasing temperature, further suggesting the presence of conformational isomers in

solution. Previously reported squaramide macrocycles also exhibited conformational
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isomers that underwent slow interconversion on the NMR time scale.’3 Small cyclic

peptides® and peptoids’®®

also exhibit conformation isomerism. This is likely due to the
formation of intramolecular hydrogen bonds which reduces conformational flexibility.
To test this further, we introduced tetrabutylammonium acetate (TBAAcO) to a solution
of 2.15 (Sg-2-Phe) in a bid to reduce conformational flexibility through the formation of
a supramolecular host: guest complex. In this instance, a clear increase in spectral
resolution was observed in the *H NMR spectrum with increased resolution and a
reduced number of peaks. This was particularly evident in the NH region of the spectra
where six signals were reduced to three and the peptide CH resolved to a single peak
(Figure 2.6(c)). It is also worth noting that the previously mentioned peak at 8.45 ppm
disappeared upon increasing temperature and addition of Acetate. This suggests that
the conformation of the receptor upon anion binding results in the formation of a single

conformational isomer, which is herein defined as a ‘conformational unification’, where

a significant increase in rigidity is observed.

c)

a) i\

Figure 2.6: a) *H NMR Spectrum of 2.15 (Sg-2-Phe) in DMSO-dg at 298 K. b) at 348 K. c)
at 298 K after addition of TBA AcO (8eq).
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As further characterisation of the solution behaviour, the absorption spectrum of 2.15
(Sq-2-Phe) was recorded in DMSO (10 uM) and was shown to consist of a single broad
band centred at 290 nm likely a result of a m—n* HOMO—LUMO transitions.
Furthermore, circular dichroism (CD) analysis confirmed the chiral nature of the
macrocycles where the CD spectrum of 2.15 (Sq-2-Phe) had a similar shape to the
absorption spectrum albeit with both positive and negative regions of the spectrum with

maxima being observed at 305 nm (negative) and at 280 nm (positive) (Figure 2.7).

CD spectra of 5g-2-Phe
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Figure 2.7: Absorption (Blue) and circular dichroism (orange) spectra of Sq-2-Phe.

2.4: X-ray crystallography and DFT analysis

Single crystals of 2.14 (Sg-2-Ala) were obtained (by Dr Hua Tong) from a dilute solution
of the receptor in DMSO-ds and X-ray crystallography analysis conducted by Dr. Chris
Hawes at Keele University allowed detailed examination of the receptor conformation
in the solid state. The diffraction data were solved and refined in the chiral monoclinic
space group P21 and revealed a bis-DMSO solvate of the macrocycle. As shown in Figure
2.8(a), the two squaramide units adopt a syn conformation with both pairs of
squaramide N-H hydrogen bond donors (N1, N2 and N4, N5) oriented in the same
direction. However, puckering of the macrocycle offsets the two cyclobutene rings; the
centroid of each ring being slipped by between 1.4 and 2.2 A from the normal vector of
the other, with their mean planes offset by 15.9° to each other. As such, each interacts

independently as a bis-bidentate (rather than tetradentate) hydrogen bond donor, at
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least when hydrogen bond acceptor character is limited to a single oxygen atom. One of
the two squaramides donates hydrogen bonds to the squaramide carbonyl of an
adjacent macrocycle, while the other binds a lattice DMSO molecule (Figure 2.8(b)). The
peptide N-H groups both donate hydrogen bonds to the second lattice DMSO molecule.
The amino acid sidechains point towards the periphery of the macrocycle, suggesting

that they may not sterically interfere with anion recognition.

Figure 2.8: a.) Structure of the asymmetric unit of 2.14 (Sqg-2-Ala) -2DMSO with
heteroatom labelling scheme. Anisotropic displacement parameters ADP are rendered
at the 50% probability level. Non N-H hydrogen atoms and DMSO molecules omitted for
clarity. b.) The Hydrogen bonds between adjacent Sq-2-Ala including the hydrogen bond
between the amide NH with the adjacent cyclobutene ring carbonyl, and the hydrogen

bonds between the squaramide NHs with DMSO-ds molecules.

To help predict the anion recognition capability of the cyclic Sq-2-Ala receptor,
computational modelling of the binding affinity of both Cl- and AcO" ions to 2.14 (Sq-2-
Ala) was conducted using density functional theory (DFT) by Dr. Shayon Bhattacharya at
the University of Limerick. Calculations were conducted using a continuum implicit
aqueous model*®” with D2 empirical dispersion corrections®® using the Gaussian 16'%°
code. The predicted binding energy (AEbind) revealed that 2.14 (Sq-2-Ala) discriminates
between AcO™ and CI (Figure 2.9) with a computed binding energy difference AAE of -
0.77 eV for preferential AcO™ binding. The squaramide-directed recognition is evident
from the tight contacts and the alignment between the anion and the squaramide NH

(H1, H2, H4 and H5 marked in bold in Figure 2.9). This predicted behaviour suggested
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that squaratides may have high affinity for carboxylate anions and potentially show

selectivity over smaller inorganic anions.

a.) Distances

Distances 01--H1:2.120 A
01--H2:1.804 A

Cl---H1:2.337 A 01---H3:3.042 A
Cl---H2: 2.406 A 01---H4: 4.088 A
Cl---H3:3.151 A 01---H5:3.754 A
Cl---H4: 2.372 A 01---H6: 4.169 A
Cl---H5: 2.301 A 02---H1:3.018 A
Cl---H6: 4.646 A 02---H2:2.720A
02---H3:2.003 A

Binding Energy 02---H4:2.046 A
AEying =-0.63 eV g;--:: ;(81(2522

Binding Energy
AEy; = -1.40 eV
Figure 2.9: DFT-optimized structures of receptor 2.14 (Sq-2-Ala) in complex with chloride

(a) and acetate (b).

2.5: 'H NMR anion binding analysis

With the insight gained from the structural analysis and predictive modelling (Figure. 2.8,
2.9) and given the observation that AcO significantly affects the conformation of the
receptors in solution (Figure 2.6(b)), 'H NMR spectroscopic measurements were
performed to confirm the ability of squaratides to bind to anionic species in solution.
Screening experiments were performed in the presence of eight tetrabutylammonium
(TBA) salts of halides and oxoanions; F-, CI', Br, I, SO4%, AcO", H2PO4, NOs” where the
shifts of several proton signals within the *H NMR spectrum were measured as a function
of anion concentration. Each experiment was carried out in DMSO-ds in order to allow
observation for the change in ppm of the NH protons within the receptors’ cavity.

F-appeared to undergo deprotonation, and no binding behaviour was observed. For I,
Br and NOs, there was no evident shift for any peaks, suggesting that there was little or
no interaction taking place. This aligns with other literature examples whereby several
reports confirm that affinity for I" and NOs with squaramides is low.%% 200
Interestingly, very minor changes were observed in the presence of SO4%. This result is
at odds with previously reported cyclic squaramide anion receptors which all showed a
high degree of selectivity for this anion.'3” We suspect that this is a result of steric
constraints within the squaratides framework that hinders optimal sulfate coordination

resulting in an unfavourable binding geometry.
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The squaratides displayed distinct behaviour upon the addition of AcO". The amide NH
peak shifted first upfield and then downfield, while the squaramide NH peaks shifted
downfield to a large extent (A ppm = 1.5 for both). This unusual binding behaviour from
the amide NH suggests a complex, multi-stage binding process where, at low acetate
concentrations, weak transient interactions and conformational effects cause initial
upfield shifts. As anion concentration increases, the amide NH eventually participates in
direct hydrogen bonding with the anion, resulting in a downfield shift. With ClI-, the NH
peaks experienced a similar trend as for AcO’, yet the A ppm was not as large (A ppm =
0.6 and 0.9). From this titration data, affinity constants were determined for Cl- and AcO-
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.2%!

Each receptor exhibited distinct chloride and acetate binding characteristics influenced
by its amino acid side chain. 2.14 (Sq-2-Ala), used as a reference system, displayed
straightforward 1:1 binding stoichiometry for both chloride (K, = 692 M™") and acetate
(Ka = 227 M) (Figure 2.10). This behaviour is consistent with its structural simplicity
(namely, the absence of bulky or charged side chains) resulting in minimal steric
hindrance or electrostatic contributions. The small, nonpolar methyl group of alanine
does not participate in secondary interactions, allowing the squaramide NH groups to
dominate binding through directional hydrogen bonding. The higher affinity for chloride
over acetate can be attributed to better size and shape complementarity between the
spherical chloride ion and the preorganized squaramide cavity. Supporting this
interpretation Job plot analyses for both anions revealed maxima at a 0.5 mole fraction,
confirming a 1:1 binding stoichiometry and reinforcing the discrete, single-site nature of
the host—guest interaction (Figure 2.11). Furthermore, speciation analysis (Figure 2.18)
carried out on 2.14 (Sq-2-Ala) revealed a clean and unambiguous transition between
free and bound states, providing additional support for a simple non-cooperative binding
mode. Taken together, the titration, Job plot, and speciation data all point toward a
monomeric, preorganized receptor that binds anions in a predictable and well-behaved
manner, making 2.14 (Sg-2-Ala) an ideal benchmark for comparison with more complex

or self-associating squaratides.
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Figure 2.10: 'H NMR Titration of 2.14 (Sg-2-Ala) against (a) TBACIl and (b) TBAACO. Fitted
data of the chemical shift change of the squaramide NH’s of 2.14 against molar

equivalents of (c) TBACI and TBAAcO. Speciation plot of 2.14 against d) TBACI and (f)
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Figure 2.11: Jobs plot analysis of 2.14 (Sg-2-Ala) against (left) TBACI and (Right) TBAACO.
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2.17 (Sg-2-Lys) on the other hand, with the presence of a positively charged ammonium
group (-NHsz*) on lysine engaged in secondary interactions resulting in enhanced chloride
affinity, leading to a strong first binding event (K;; = 1.8 x 10® M™") through charge-
assisted hydrogen bonding followed by a weaker second binding (K2, = 703 M™") which
can be attributed to conformational rearrangement influencing the binding sites
accessibility and electronics, resulting in repulsion from the first bound anion or
decreased hydrogen bonding efficiency. This behaviour suggests cooperative 2:1 binding,
where the initial chloride binding reorganizes the macrocyclic framework, making a
second binding event less favourable but still possible due to electrostatic stabilisation.
During acetate titration with 2.17 (Sq-2-Lys) partial deprotonation was observed on both
the lysine side chain NHs* group as a result of acetate’s basicity, as well as large peak
broadening on one of the squaramide NHs, which resulted in difficulty to discern and
track its downfield shift throughout the titration. This reduced the number of available
hydrogen bond donors losing effectively 50% of the squaramides hydrogen bonding
donor ability and removing any additional potential stabilising interaction from the lysine
side-chain ammonium (-NHs*), led to a 1:1 binding mode with a significantly lower
association constant (K, = 710 M™) compared to other squaratides where both
squaramide NHs remained protonated, participating in binding and exhibiting a 2:1

binding mode with acetate (Figure 2.12).
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Figure 2.12: 'H NMR Titration of 2.17 (Sq-2-Lys) against (a) TBACI and (b) TBAACO. Jobs
plot analysis of 2.17 against (c) TBACI and (e) TBAACO. Fitted data of the chemical shift
change of the squaramide NHs of 2.17 against molar equivalents of (d) TBACI and (f)
TBAACO.

2.15 (Sq-2-Phe) resulted in a moderate chloride binding constant (K, = 366 M~") best
fitted to a 1:1 binding mode (Figure 2.13). The Job plot analysis further confirmed this
stoichiometry, displaying a maximum at a 0.5 mole fraction, consistent with discrete 1:1
host—guest binding (Figure 2.14). The reduced affinity relative to 2.14 (Sq-2-Ala) suggests
that the bulky, hydrophobic phenyl ring may sterically hinder chlorides accessibility to
the binding site or introduce competing weak m-interactions that do not significantly
stabilize chloride binding. Thus, chloride binding is predominantly governed by
squaramide NH---CI~ hydrogen bonding. In contrast to 2.17 (Sq-2-Lys), which benefits
from charge-assisted binding, 2.15 (Sg-2-Phe) lacks additional electrostatic stabilization,
limiting its binding strength and leading to weaker overall chloride affinity.

However, unlike chloride, acetate binding to 2.15 (Sq-2-Phe) was significantly enhanced,
exhibiting a strong 2:1 binding mode with binding constants K3; = 8.3 x 103 M~ and K =
3 x 103 M. The Job plot revealed a maximum near a mole fraction of 0.66, consistent

with the proposed 2:1 stoichiometry (Figure 2.14). This cooperative behaviour is further
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supported by the concentration-dependent '"H NMR study, which revealed evidence of
self-association in 2.15 (Sq-2-Phe). At increasing concentrations (0.1-20 mM) whereby
notable peak changes were observed (figure 2.17). This aggregation behaviour has
significant implications for anion binding, as the introduction of acetate may disrupt
these higher-order assemblies, releasing monomeric units or partially dissociated
oligomers that contribute to complex binding stoichiometries. Thus, the strong 2:1
binding observed for acetate may reflect not only direct hydrogen bonding and
stabilizing m-interactions but also a dynamic interplay between guest-induced
disaggregation and cooperative recognition. In contrast to the predictable 1:1,
monomeric binding observed in 2.14 (Sq-2-Ala), the acetate binding in 2.15 (Sq-2-Phe)
underlines the profound influence of the amino acid side chain on the receptor’s

supramolecular behaviour and its resultant host—guest properties.
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Figure 2.13: 'H NMR Titration of 2.15 (Sq-2-Phe) against (a) TBACl and (b) TBAACO. Fitted
data of the chemical shift change of the squaramide NHs of 2.15 against molar
equivalents of (c) TBACI and (e) TBAACcO. speciation plot of 2.15 against d) TBACI and (f)
TBAACO.
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Figure 2.14: Jobs plot analysis of 2.15 (Sq-2-Phe) against (left) TBACI and (Right) TBAACO.
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2.18 (Sq-2-Asp(Bn)) exhibited the strongest binding affinity for both CI-and AcO~ among
the five studied squaratides (Figure 2.15). This enhanced affinity arises from a
combination of steric preorganization, hydrogen bonding, and cooperative binding
effects, which distinguish this receptor from the others. 2.18 (Sq-2-Asp(Bn))
demonstrated exceptional chloride affinity, with a binding constant of K2;= > 10* M™.
This exceptionally strong chloride interaction can be attributed to the benzyl-protected
aspartic acid introducing steric bulk near the binding pocket, locking the squaratide into
a conformation that favours anion recognition. This preorganization minimizes entropic
penalties upon anion binding, leading to higher affinity compared to the other semi
flexible squaratides. The data was best fitted to a 2:1 binding mode suggesting
cooperative binding, unlike 2.17 (Sq-2-Lys) which predominantly favoured the 1:1 over
the 2:1.

Similarly, 2.18 (Sq-2-Asp(Bn)) also displayed the highest affinity for acetate. Although
the binding data were best fitted using a 2:1 host : guest model, the interaction is
predominantly driven by a strong initial 1:1 binding event, with an association constant
of K11 > 10* M. This behaviour can be attributed to the conformational preorganisation
imposed by the benzyl-protected aspartic acid side chains, which optimally position the
squaramide NH donors for acetate recognition, thereby enhancing anion stabilisation.
Additional m—mt interactions between the benzyl groups may further support higher-
order complex formation. In contrast, 2.17 (Sqg-2-Lys) exhibited significantly weaker
acetate binding, as deprotonation of the lysine side chain NHs* group, as well as peak
broadening on the squaramide NH disrupted the hydrogen-bonding interactions

required for effective anion binding.
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Figure 2.15: 'H NMR Titration of 2.18 (Sq-2-Asp(Bn)) against (a) TBACI and (b) TBAACO.
Jobs plot analysis of 2.18 against (c) TBACI and (e) TBAAcO. Fitted data of the chemical
shift change of the squaramide NHs of 2.18 against molar equivalents of (d) TBACI and
(f) TBAACO.

2.16 (Sg-2-Leu) displayed a weak chloride binding affinitiy, with a 1:1 binding mode and
an association constant of K, = 588 M. This can be attributed to the the lack of Charge-
Assisted Interactions. Unlike 2.17 (Sq-2-Lys), which benefits from charge-assisted
chloride stabilization via the ammonium group, the hydrophobic nature of leucine's
isobutyl side chain does not contribute to direct anion stabilisation, making chloride
binding relatively weak towards 2.16 (Sg-2-Leu). Furthermore, steric considerations may
be accounted for, as the isobutyl group of leucine introduces steric hindrance, which may
reduce the accessibility of chloride to the binding site, in comparison to 2.14 (Sq-2-Ala),
which contains a small methyl side chain and no steric bulk.

Although the isobutyl groups orientate the squaratide in such a way that induces steric
hinderance and an unfavourable conformation that limits chloride binding, the opposite
is true for acetate, as 2.16 (Sq-2-Leu) displayed highly enhanced binding affinity for

acetate (Kz; = 10* M), best fitted to a 2:1 binding mode (Figure 2.16). The isobutyl side
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chain of leucine introduces a hydrophobic pocket, which can stabilize the nonpolar
methyl end of acetate providing additional stabilization compared to more polar or rigid

side chains.

Q. ) d).

Eppm*

Figure 2.16: 'H NMR Titration of 2.16 (Sq-2-Leu) against against (a) TBACI and (b)
TBAACO. Jobs plot analysis of 2.16 against (c¢) TBACI and (e) TBAAcO. Fitted data of the
chemical shift change of the squaramide NHs of 2.16 against molar equivalents of (d)

TBACI and (f) TBAACO.

In summary, the detailed analysis of each squaratide’s anion-binding behaviour has
allowed for the determination of association constants, the elucidation of preferred
binding modes, and the evaluation of binding stoichiometries through Job’s plot analysis.
Although Job’s plots were used in this work to assist in identifying the most likely
stoichiometries, it is important to acknowledge that the method carries inherent
limitations. In particular, Job’s analysis assumes the formation of a single dominant
complex, relies on linearity of the analytical signal, and can be distorted by weak binding
or the presence of multiple equilibrating species—factors that may affect the precision
of stoichiometric assignments. Accordingly, the Job’s plots presented here should be

interpreted as supportive evidence rather than definitive proof, and their conclusions
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are considered in conjunction with the more quantitative titration data. While the
preceding discussion has addressed these aspects individually for each squaratide, a
consolidated comparison of the binding behaviour can be seen in Table 2.1, which

provides a comprehensive overview of the anion-binding outcomes for the squaratides

investigated.
Receptor cr Jobs Plot AcOr Jobs Plot
2.14 Ka=692 (t6) M ™ 1:1 Ka=227 (£3)M ™ 1:1 Binding
(Sg-2-Ala) Binding
Ki1=8.3x10 3 (i 69)
M -1
2.15 .=366 (£4)M? 1:1 2:1 Binding
(Sq-2-Phe) Binding | K»1=3x103(+86) M-
1
2.16 Ka=588 (t2)M™ 1:1 Ka>10% M1 2:1 Binding
(Sg-2-Leu) Binding
2.17 Kip=1.8x103 (+3) 2:1 Ki=333(+12) M 1:1 Binding
(Sg-2-Lys) M1 Binding
K21 =703 (x9) M 1
2.18 Kn>10% M 2:1 Kiz>10% M 2:1 Binding
(Sg-2- Binding
Asp(Bn))

Table 2.1: Summary of Chloride and Acetate binding of compounds 2.14 - 2.18.
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2.6: Concentration Dependent Study

To investigate the underlying reasons behind the complex binding behaviour observed
during anion titrations with 2.15 (Sg-2-Phe), a concentration-dependent 'H NMR study
was conducted over a range of 0.1 mM to 20 mM (Figure 2.17). The resulting spectra
revealed substantial changes across the concentration gradient, particularly within the
aromatic and squaramide NH proton regions. As the concentration increased, several
notable features emerged: chemical shift changes indicative of altered proton
environments, broadening of signals, especially for NH resonances, and the appearance
of new peaks present at lower concentrations. These spectral changes are characteristic
of concentration-dependent self-association phenomena and may also go some way to
explaining the complicated 'H NMR spectra.

Such behaviour is consistent with the formation of aggregated species, likely stabilized
via a combination of intermolecular hydrogen bonding between squaramide units and
-1t stacking interactions between adjacent phenylalanine side chains. The phenyl
moieties in 2.15 (Sq-2-Phe) provide a conjugated surface capable of engaging in face-to-
face or edge-to-face aromatic interactions, facilitating the formation of dimers or higher-
order oligomers in solution. These aggregates may adopt dynamic conformations, with

equilibria shifting based on concentration, temperature, and solvent conditions.
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Figure 2.17 Concentration dependent H NMR Spectra of 2.15 (Sq-2-Phe).

To compare and analyse the effects of varying the amino acids into the squaratide
backbone, we conducted a similar NMR concentration study with 2.14 (Sq-2-Ala). In
contrast, the stacked spectra show a clear, consistent set of peaks across the examined
concentration range (from low to high). The chemical shifts of the signals remain
relatively unchanged, and no broadening or splitting of peaks is observed (Figure 2.18).
This spectral stability suggests that 2.14 (Sq-2-Ala) does not engage in significant self-
association in the examined concentration window. The receptor likely exists as a
monomeric species throughout, with minimal intermolecular interactions.

This contrasting behaviour is likely due to the small, non-polar methyl side chain of
alanine, which neither promotes n—t stacking nor contributes to significant hydrophobic
interactions. The absence of these intermolecular forces results in a system that remains

monomeric and structurally consistent in solution, even at higher concentrations.
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These concentration-dependent studies of the squaramide-based receptors underscore
the critical role that amino acid side chains play in modulating both self-association and
anion binding behaviour; an important design consideration going forward, where the
side chains, though peripheral to the core squaramide binding motif, exert significant
influence on the receptor's supramolecular properties by altering both conformational

flexibility and anion binding.
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Figure 2.18: Concentration dependent 'H NMR Spectra of 2.14 (Sq-2-Ala).

The implications of this self-association observed for 2.15 (Sq-2-Phe) are significant for
interpreting anion binding data for all the squaratides. If anion binding competes with
self-assembly or induces disaggregation of higher-order structures, the apparent binding
stoichiometry and constants may be convoluted by these additional equilibria. For
instance, a 2:1 binding model may not solely reflect two anions binding to one receptor
molecule but could also arise from binding to two monomeric receptor units released
upon aggregate dissociation. Additionally, binding may be entropically penalized if it
disrupts favourable aggregation, or alternatively, enthalpically favoured if it stabilizes
specific oligomeric forms. Therefore, the complex binding behaviour observed for
acetate and chloride with 2.15 (Sg-2-Phe) particularly the cooperative 2:1 stoichiometry
seen with acetate may in part be a consequence of the interplay between receptor
aggregation and guest recognition.

In contrast, 2.14 (Sg-2-Ala), which lacks bulky or aromatic side chains, displayed sharp

and consistent peaks across the entire concentration range, indicative of a
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predominantly monomeric species in solution without significant intermolecular
interactions or conformational rearrangement. This simplified aggregation behaviour
enables a clearer interpretation of binding events, with 2.14 (Sqg-2-Ala) exhibiting
straightforward, non-cooperative 1:1 binding with anions. The data suggest a well-
defined and preorganized binding site, free from dynamic self-association or steric
interference by side chains. This highlights how the nature of the amino acid residue can

strongly influence both the stoichiometry and thermodynamics of anion binding.
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2.7: Conclusion

In this Chapter, we have successfully set out to design a sequence-defined material that
could be used to create a diverse set of anion receptor molecules. Through a hybrid mix
of squaramides and amino acids, we reveal the synthesis of this new class of molecules
we call “squaratides”. A robust synthetic procedure has been developed for the
assembly and cyclisation of several candidate macrocycles with varied sidechain
functionality with a focus on comparing them for their anion capture and discrimination

abilities.

Our results demonstrate how strategic modifications to macrocycle side chains
profoundly impact anion binding affinities and stoichiometries. Hydrogen bonding,
electrostatic interactions, n-effects, and hydrophobic stabilization collectively modulate
anion selectivity. While the binding affinities provide valuable insights into the
interactions between each squaratide, accurately determining the association constants
(Ka) was challenging as a result of the complexity of these systems. Due to the complexity
and conformational rearrangements in solution, multiple binding interactions and
complex stoichiometries appear to take place. Nevertheless, the analysis confirms
squaratides to be excellent hosts with a high degree of selectivity towards AcO™ in most
cases, and surprisingly high affinity towards ClI- with the exception of 2.18 (Sq-2-
Asp(Bn)), which showed exceptional binding toward both tested anions. The
concentration dependent study gave us valuable insight into the squaratides solution
state behaviour whereby we noticed receptor aggregation for 2.15 (Sq-2-Phe). This
tendency toward self-association has important consequences for the interpretation of
anion binding data. If anion binding disrupts or competes with receptor aggregation, the
observed binding stoichiometry and affinity constants may be influenced by overlapping
equilibria, complicating accurate analysis. Overall, this represents the first insights into
utilising the advantages of squaramides and amino acids in order to developed novel
peptidomimetics as suitable hosts for molecular recognition. The next chapter of this
thesis will further explore the synthetic versatility of this peptidomimetic with a view to
designing larger macrocycles with varied binding cavity sizes and testing potential

applications in medicinal chemistry.
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3: Increasing Cavity size for Lysine based Squaratides as
Antimicrobials

3.1: Introduction

The relentless rise of antimicrobial resistance (AMR) represents a profound and
multifaceted threat to global public health, one that jeopardizes the efficacy of modern
medicine and undermines our capacity to manage infectious diseases.?% 293 Qver the
past several decades, the widespread and often indiscriminate use of conventional
antibiotics has accelerated the emergence of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) bacterial strains.?42%¢ These resistant pathogens are now
responsible for a growing proportion of hospital- and community-acquired infections,
with the World Health Organization designating AMR as one of the top ten global public
health threats facing humanity.?%”- 298 As existing antibiotics lose their potency and the
pipeline of novel agents remains alarmingly sparse, there is an urgent imperative to
explore and develop alternative therapeutic strategies that bypass conventional
resistance mechanisms.209-212

Among the most promising candidates in the search for novel antimicrobial agents are
antimicrobial peptides (AMPs)—evolutionarily conserved components of the innate
immune system such as lactoferricin, nisin, cecropins and defensins, found in virtually all
living organisms, from bacteria to humans.?13-216 AMPs typically exhibit broad-spectrum
activity against bacteria, fungi, viruses, and even certain cancer cells.?!”-21® Unlike
conventional antibiotics that often target specific bacterial enzymes or biosynthetic
pathways. AMPs exert their antimicrobial effects primarily through the disruption of
microbial membranes, a mechanism that is both rapid and difficult for pathogens to
evade through classical genetic mutations.??% 221 This mode of action, coupled with their
immunomodulatory properties, positions AMPs as attractive alternatives or adjuncts to
existing antibiotic therapies.??2 However, despite their therapeutic potential, the clinical
application of natural AMPs has been hindered by several significant limitations. These
include their susceptibility to proteolytic degradation, short plasma half-lives, potential
cytotoxicity to host tissues, poor bioavailability, and high production costs associated
with peptide synthesis and purification.??>?%> These pharmacokinetic and

pharmacodynamic challenges have necessitated the exploration of novel approaches to
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harness the benefits of AMP-based therapeutics while mitigating their drawbacks. In this
context, antimicrobial peptide mimetics have emerged as a promising and innovative
class of compounds designed to replicate the structural and functional characteristics of
natural AMPs while offering improved stability, reduced toxicity, and enhanced
therapeutic profiles. 226227

To overcome the inherent limitations of natural AMPs, Researchers have developed a
variety of design strategies that are carried out to engineer antimicrobial peptide
mimetics with improved therapeutic profiles.??® These strategies aim to preserve the
essential physicochemical features of AMPs, including cationic charge and
amphipathicity, while introducing structural modifications that enhance stability and
selectivity.??% 230 Among the most prominent approaches are peptidomimetics, which
replace natural peptide backbones with non-natural scaffolds to resist enzymatic

degradation and prolong bioactivity.?3 232

Peptoids offer enhanced metabolic stability and reduced immunogenicity due to their
unnatural backbone configuration.?3® They are composed of N-substituted glycine,
where the side chains are attached to the nitrogen atom of the amide bond, rather than
to the a-carbon as seen in peptides 23* (Figure 3.1). This alteration confers greater
stability against proteolytic degradation, making peptoids less susceptible to enzymatic
breakdown in biological environments.?3>237 This can be seen by work carried out by H.
Jenssen and colleagues whereby they set out to create a library of peptoids consisting of
8 to 9 residues, all with an overall net charge of -4.238 The peptoids utilized a range of
functional side chains designed to mimic traditional amino acids, including bulky
hydrophobic residues. This modification aimed to not only improve their antimicrobial
efficacy but also provide insights into the effect of specific side chain properties on
overall activity The peptoids exhibited a broad spectrum of antimicrobial activity against
various bacterial strains including Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa, with minimal inhibitory concentrations (MICs) ranging
significantly depending on their structure from 2 to 64 pg/mL, indicating overall good
antimicrobial activity in the majority of the peptoids. This suggests that by tweaking the
structural elements, peptoids can be optimized for specific targets, similar to how

antimicrobial peptides are selected for their activity.
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Figure 3.1: Chemical structures of (left) GN-2 peptide (3.1) and (right) GN-2 peptoid (3.2).

Other efforts have focused on the development of arylamide foldamers, rigid synthetic
oligomers that mimic the spatial arrangement of AMPs and demonstrate potent
membrane-disruptive activity.?3> 240 Arylamide foldamers possess an arylamide
backbone that includes charged and hydrophobic groups, resulting in a topographically
amphiphilic structure.?*! This amphiphilicity is crucial because it allows the foldamers to
interact favourably with the negatively charged bacterial membranes, promoting
insertion and destabilization of these membranes. Such an example can be seen by
DeGrado and coworkers where they reported two arylamide foldamers consisting of 2-
ethyl guanidinium and 2-ethyl amine substituted to an arylamide backbone (Figure
3.2).2*2 These modifications can increase their affinity for microbial membranes while
minimizing toxicity towards mammalian cells. Arylamide foldamers demonstrated
potent bactericidal activity against E. coli at low concentrations 12.5 ug/mL, 6.25 ug/mL).
The antimicrobial action of arylamide foldamers primarily hinges on their ability to
permeabilize bacterial membranes. They induce structural changes in membranes,
leading to leakage of intracellular contents and ultimately cell lysis. The mechanism
resembles that of natural AMPs but is tuned to reduce collateral damage to host cells,

thus offering a therapeutic advantage.
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Figure 3.2: Chemical structures of arylamide foldamers 3.3 and 3.4.
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Additional strategies such as cyclization and hydrocarbon stapling further enhance the
structural rigidity and protease resistance of AMP mimetics.?*> 244 An example can be
seen by Daly and colleagues, where they successfully achieved the backbone cyclization
of the antimicrobial peptide Gomesin, an 18-residue cysteine-rich antimicrobial peptide
produced by hemocytes of the spider Acanthoscurria gomesiana.?*> This structural
modification significantly enhanced gomesin's biological potency, leading to increased
cytotoxic activity against melanoma and cervical cancer cell lines, as well as improved
antimalarial efficacy against Plasmodium falciparum W2 and antimicrobial activity
against Escherichia coli DH5a. Notably, the cyclic analogue retained a hemolytic and
cytotoxic profile comparable to that of native gomesin when tested against
noncancerous foreskin fibroblast cells, indicating preserved selectivity and safety. Most
importantly, cyclic gomesin demonstrated superior proteolytic stability in human serum
relative to its linear counterpart, underscoring the advantages of backbone cyclization in
enhancing peptide durability and therapeutic potential.

Other strategies such as D-amino acid substitution, and conjugation to nanocarriers or

polymeric systems can also improve limitations associated with AMPs.246-248

Collectively, these approaches have expanded the chemical space of AMP-like molecules
and hold significant promise for the development of next-generation antimicrobials
capable of combating multidrug-resistant pathogens. The rational design and
optimization of AMP mimetics represent a frontier in antimicrobial drug discovery,
offering a versatile platform for the development of next-generation therapeutics
capable of combating MDR pathogens. As research in this field advances, the integration
of computational modelling, high-throughput screening, and structure—activity
relationship (SAR) studies will further refine these compounds and accelerate their

translation from bench to bedside.
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3.2: Chapter Objective

The objective of this chapter can be split into two parts. Our first aim is to further
investigate the design of our previously mentioned new peptidomimetic scaffold called
squaratides, introducing a more feasible synthetic pathway, overcoming some of the
limitations from our previous synthesis. The initial generation of cyclic squaratides was
synthesized using a solution-phase approach, which provided valuable insights into their
structural and functional properties. Building upon this foundation, we will discuss the
second generation of cyclic squaratides which is developed using a solid-phase synthetic
strategy. This transition to solid-phase synthesis significantly streamlined the process,
enabling a more efficient and modular approach to receptor construction. Furthermore,
the solid-phase methodology allowed for systematic modifications to the squaratide
structure, including the ability to increase the cavity size of the macrocycles (Figure 3.3).
This feature provides an opportunity to fine-tune squaratides, enhancing the versatility
and efficacy of these receptors. By combining innovative synthetic strategies with
structural optimization. These unique attributes not only pave the way for the
construction of intriguing supramolecular systems but also render Squaratides readily
accessible and modifiable, thus enhancing the flexibility in designing efficient
supramolecular systems.

The second aim of this chapter is to showcase one of the many potential applications of
squaratides by investigating their potential as AMP mimics. We expect that the
advantages that squaramides offer including rigidity, aromaticity and strong specific
anion binding with the structural versatility of peptides may enable the precise spatial
arrangement of functional groups critical for mimicking the membrane-disruptive and
selective binding properties of natural antimicrobial peptides Through this approach, we
hope to pave the way for a versatile and innovative platform for the design of next-
generation antimicrobial peptide mimetics, with potential applications in targeting drug-
resistant pathogens through selective membrane interaction or molecular recognition.
If successful, this work would position squaratides as promising candidates in the

ongoing development of peptidomimetics as antimicrobial agents.
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Figure 3.3: Chemical structures of expanded squaratides Sq-2-Lys — Sq-5-Lys.

3.3 Rational Design of 2" Generation Squaratides

In the previously discussed chapter, we introduced a novel class of peptidomimetics
termed Squaratides, which exhibited strong anion-binding affinities with particularly
strong and selective interactions observed for acetate and chloride. While these early
studies established squaratides as potent molecular recognition systems, the synthetic
route, which was carried out in solution phase, posed considerable challenges, notably
in terms of purification, solubility, and scalability. Furthermore, our synthetic capabilities
at the time were constrained to the assembly of monomeric units and their subsequent

dimerization, thereby limiting both structural diversity and functional exploration.

With these limitations in mind, we will transition to a solid-phase synthesis (SPS) with

Fmoc-Chemistry using 2-chlorotrirtly chloride resin, composed of iterative deprotection
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and coupling steps as outlined in Scheme 3.1. This approach is expected to significantly
streamline the purification process, as the immobilisation of the growing squaratide
chain on aresin support will allow for facile removal of excess reagents and by-products,
ultimately yielding higher-purity final products. More importantly, the solid-phase
method will provide a greater degree of architectural freedom, enabling the site-specific
incorporation of diverse building blocks, including non-natural amino acids and
functional moieties, to enhance the structural stability and biological potential of the

resulting molecules.

2-chlorotrityl chloride resin

Loading
(DCM, DIPEA)
R!
Fmoc. /H(o
N
NTQ
0}
Deprotection
20% Piperidine in DMF
H Q R’
(0]
Fmoc” \;)kOH + HzN/'ﬁf \o
R? o]

Coupling
PyBOP, NMM, DMF

Cleavage
30% HFIP in DCM

Target (Protected) Peptide

Scheme 3.1: General SPPS steps with Fmoc-chemistry and chlorotrityl resin.

This methodological advancement would not only address the shortcomings of our initial
synthetic strategy but also open the door to expanding the squaratide scaffold well
beyond dimers. In this chapter, we will outline the successful synthesis of higher-order
oligomers, such as trimers, tetramers, and pentamers, and their macrocyclization as
confirmed via LC-MS and high-resolution mass spectrometry (HRMS) of 3.5 (Sq-3-Lys),
3.6 (Sq-4-Lys), and 3.7 (Sq-5-Lys). These larger, cyclic Squaratides would possess

increased cavity sizes, offering new opportunities for guest molecule encapsulation
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while also providing potential for additional biological interaction. Motivated by these
enhanced structural capabilities, we expected to broaden the functional scope of
Squaratides, leveraging their unique architecture to develop a new class of antimicrobial
agents. The second-generation Squaratides outlined in this chapter thus represent not
only a synthetic innovation but also a strategic evolution toward bioactive
peptidomimetic systems with promising applications in combating antimicrobial

resistance.

The selection of lysine as the amino acid in the synthesis of second-generation
Squaratides was a strategic decision, grounded in both its structural versatility and its
biological relevance. Lysine is a positively charged, basic amino acid that plays a critical
role in the function of many AMPs. From a design perspective, lysine introduces cationic
character into the Squaratide backbone, which is essential for mimicking electrostatic
interactions with negatively charged bacterial membranes, which are typically composed
of phospholipids such as phosphatidylglycerol and cardiolipin. These interactions are
crucial for the initial binding and subsequent disruption of the bacterial membrane, a
common and effective mechanism of action employed by host-defence peptides.?4® 250
Furthermore, the incorporation of lysine enhances amphiphilicity, especially when
alternated with hydrophobic residues, promoting membrane insertion and pore
formation. Unlike conventional antibiotics that often target specific intracellular
processes and are thus susceptible to resistance mechanisms, lysine-containing
antimicrobial peptides act through non-specific, physical interactions with the
membrane, significantly reducing the likelihood of resistance development. Additionally,
lysine residues contribute to the solubility and structural flexibility of antimicrobial
peptides, enabling them to adopt conformations necessary for effective membrane

interaction.
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3.4: Synthesis and Characterisation

3.4.1: Synthesis of 2nd Generation Squaratides

The synthesis of our 2" generation squaratides was carried out via solid phase synthesis
(Scheme 3.2) as we believed it would streamline our synthesis, surmounting many
difficulties including fewer purification steps and higher yields compared to our 1%

generation squaratide synthesis discussed in Chapter 2.
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Scheme 3.2: SPPS synthetic pathway for 2.17 (Sg-2-Lys).

The first step was to assemble the squaratide monomer. This was carried out using 2-
chlorotrityl chloride resin via Fmoc/tBu SPPS, whereby Fmoc-Lys(Boc) was initially
loaded onto the resin, it was then washed with a solution of DCM/MeOH/DIPEA to
endcap any remaining reactive trityl groups. Estimation of the first residue attachment
was achieved spectroscopically through the release of Fmoc as described in the

Experimental Section which was calculated to be 0.345 mmol (Figure 3.4).
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Figure 3.4: UV spectrum of Fmoc from Fmoc-Lys(Boc)-OH.

The Fmoc group was removed by a 20% piperidine in DMF solution whereby the next
step involving substitution of diethyl squarate using 5 equiv of triethylamine in DMF was
carried out to afford A. As shown in Figure 3.5, the HPLC trace of a test cleavage sample
displayed one sharp UV peak with a tg = 28 min. Strong ionisation was observed for the
target mass of [M+H]* = 371.2 gmol™ in positive mode confirming successful formation

of the desired intermediate.
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Figure 3.5: LC-MS data for A.

The next step was to functionalise the sequence with ethylene diamine (EDA) to yield

the squaratide monomer. EDA was found to act as its own base; thus, the use of

additional organic bases was unnecessary for complete reaction. Confirmation of the

formation of Lys-Sq-EDA (B) was afforded through LC-MS analysis of a test sample where

the HPLC trace displayed one sharp UV peak with a tg = 24 min, and strong ionisation

was observed for the target mass of [M+H]* = 385.3 gmol™ in positive mode (Figure 3.6).
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Figure 3.6: LC-MS data for B.

Upon synthesising the monomer on solid support, subsequent successful coupling of

Fmoc-Lys(Boc) was carried out with PyBOP — as the coupling reagent — in the presence

of N-methyl morpholine (NMM), before the second squaramide functionalisation was

added, followed by the addition of the second EDA moiety. The linear squaratide dimer

ASqg-2-Lys(Boc) was then cleaved from the resin with a mixture of HFIP/DCM and

lyophilized. Characterisation of ASq-2-Lys(Boc) was completed using LC-MS (Figure 3.7),

HRMS data (Appendix), and *H NMR spectroscopy (Figure 3.8). The HPLC trace displayed

a sharp UV peak with a tg = 26 min, and strong ionisation was observed for the target

mass of [M+H]* = 825.9 g mol ! in positive mode, confirming the successful synthesis of

the desired linear squaratide dimer.
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Figure 3.7: LC-MS data for ASq-2-Lys(Boc).

The *H NMR spectrum of ASq-2-Lys(Boc) was inherently complex due to the flexible
linear architecture of the squaratide giving rise to multiple conformational isomers
(Figure 3.8). this behaviour is often seen with acyclic peptidomimetics, where increased
mobility and multiple conformations give rise to poorly resolved peaks.? 2°2 Despite
this complexity, the spectrum exhibits broad signals arising in the NH region from 7.5 —
9 ppm, which corresponds from the squaramide, amide and lysine NH signals, as well as
a sharp singlet amongst the amalgamated signals correlating with the carboxylic acid
Hydrogen from the C-terminus. In the aliphatic region (1.2 — 2.0 ppm), multiples
attributable to the lysine sidechain methylene's were evident, while a sharp singlet at
approximately 1.4 ppm confirmed the presence of the tert-butyl groups from the Boc
protecting groups. Although spectral overlap limits the extent of unambiguous
assignments, the observed chemical shifts are consistent with the expected structural
features of the acyclic squaratide and provided an additional layer of structural
confirmation. Together with LC-MS and HRMS analysis, the NMR data support the
successful synthesis of ASq-2-Lys(Boc), providing a basis for subsequent cyclisation to
yield Sq-2-Lys(Boc). It’s worth mentioning that the spectral congestion highlights the
challenges of characterising flexible linear squaratides by NMR spectroscopy. As such,

further insight was gained upon cyclisation of this intermediate to form Sq-2-Lys(Boc),
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where the increased conformational restriction was expected to afford a more resolved

and interpretable NMR spectrum.
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Figure 3.8: 'H NMR spectrum of ASq-2-Lys(Boc).

With the linear dimer in hand, the next step was to attempt intramolecular cyclisation
to yield the squaratide dimer Sq-2-Lys(Boc). This step was carried out under high-dilution
conditions in the presence of PyBOP and NMM in DMF, to successfully afford the desired
protected cyclised product as an off-white solid with a yield of 55%. Evidence for this
successful cyclisation reaction was obtained from LC-MS (Figure 3.9) and HRMS
experiments. The cyclic Sg-2-Lys(Boc) possessed a larger retention time of tg = 29 min
compared to its acyclic derivative, indicating that the previously free C-terminus and -
NH, group (ASq-2-Lys(Boc)) are no longer present and have likely been
(intramolecularly) coupled together. The HPLC trace displayed one sharp UV peak,
however, as a result of the solvent system of the HPLC being 0.1% TFA ACN / H,0, the
ionisation observed for the target mass was [M — Boc +H]* = 634 gmol in positive mode
indicating fragmentation of the compound with a Boc removal in the presence of TFA,
however HRMS confirmed this target mass [M+H]* = 733.38 gmol™* possessing a mass

error of -2.32 ppm.
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Figure 3.9: LC-MS data for Sq-2-Lys(Boc).

The final step was to deprotect the Boc protecting group on the Lysine residue. This was
carried out in 50% TFA/DCM which was then evaporated and dissolved in a minimal
amount of MeOH before being precipitated out in cold Diethyl Ether and lyophilized to
afford the deprotected final product 2.17 (Sq-2-Lys) as a white solid with a yield of 87%.
Sq-2-Lys possessed a much lower retention time tg = 8.33 min in comparison to Sq-2-
Lys(Boc) indicating that the boc protecting groups have been successfully removed and
we have the free NH; on the side chain of the Lysine residues. The UV peak on the HPLC
trace corresponded to the product with a strong ionisation observed for the target mass

of [M+H]* =533.7 gmol in positive mode (Figure 3.10).

101



Chapter 3 — Squaratides as Antimicrobials

Intensity VWO Signal A, 254 nm

0o . o /‘NH?
\ / =
100,0% P N1 AL
o7 V4 w/
200 NH HN
{ ~7°
=y
HoN o o
r—t— 77— Min
0.00 833 16.67 25.00 3333 4167 50.00
Intensity
e 100.0%; 533.7
4E6
2E6
050,.].......,‘...“.l‘.l‘l..‘...'.“‘l...k.‘ | S
0.00 833 16.67 25.00 3333 4167 50.00
Intensity
533.7, (M+H]+
U B —— |+lllll‘|ll' gy iy L+ . = =1 S . 1y miz
100 200 300 400 500 600 700 800 900 1,000 1,100

Figure 3.10: LC-MS data for 2.17 (Sq-2-Lys).

Finally, HRMS was also used as a complimentary analysis to affirm the molecular formula
of Sq-2-Lys, with confirmation of the target mass [M+H]* = 533.2828 gmol™ possessing a

low mass error value of - 0.33 ppm (Figure 3.11).
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Figure 3.11: HRMS data for 2.17 (Sg-2-Lys).
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Further structural confirmation of 2.17 (Sq-2-Lys) was obtained via 'H NMR
spectroscopy. (Figure 3.12). in contrast to its linear precursor ASg-2-Lys(Boc), which was
notably congested, with extensive signal overlap due to the conformational
heterogeneity of the flexibly backbone, the spectrum of 2.17 (Sq-2-Lys) is far more
resolved, reflecting the more induced conformational restriction imposed by cyclisation,
which reduces structural flexibility and gives rise to more distinguishable resonances
consistent with the proposed structure. The NH region between 7.1 — 8.2 ppm displayed
multiple peaks assigned to the squaramide and amide protons as well as the free NHs*
on the lysine side chain. The lysine a-proton was observed at approximately 4.5 ppm
followed by the methylene protons on the lysine side chain appearing at ~ 2.7 ppm and
from 1.2 — 1.8 ppm. Interestingly with the methylene protons from the ethylenediamine
bridge, a similar observation was seen with 2.15 (Sq-2-Phe) as discussed in chapter 2,
whereby these proton resonances were split across different chemical shifts at
approximately 3.9, 3.8, 3.4.and 2.9 ppm. HSQC analysis showed that each pair remains
coupled to the same respective carbon atom. Specifically, the resonances at 3.8 and 3.4
ppm were correlate with a $3C signal at 43.9 ppm, while the resonances at 3.8 and 2.9
ppm, correlate with a 13C resonance at 38.6 ppm (See Appendix). This suggests that the
cyclic squaratide environment gives rise to diastereotopic environments for these
methylene protons, which manifest as dispersed resonances across different chemical
shifts. Overall, the NMR spectrum, combined with the LC-MS and HRMS analysis
provided strong evidence that the target squaratide 2.17 (Sq-2-Lys), had been

successfully synthesized.

103



Chapter 3 — Squaratides as Antimicrobials

S-SR WO WY R s
+
NH
Y (o]
°
o) TN
h,NH 2 )
HN
o @ ©
NHe @
H HN
Nw' e}
o]
.
HaN
I
| |
e |
reo® @ * o0 o
J TR A %L_A_JJLJ
LTIy g O T Y
‘J‘ 5 Q‘.D HI..‘) BI.D /‘f) /I.D 6‘.5) E:I 0 f:l.f) "I‘.f: 4‘.[) .5‘.5) f!l.(] )‘.b JI.U

5.0
f1 (ppm)

Figure 3.12: 'H NMR spectrum of 2.17 (Sq-2-Lys).
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The next step was to attempt the synthesis of higher order squaratide oligomers. Using

the same iterative deprotection and coupling procedures described earlier, the linear

sequences were successfully elongated on solid support to generate the trimer,

tetramer, and pentamer analogues (ASqg-3-Lys(Boc), ASq-4-Lys(Boc), and ASq-5-

Lys(Boc)). Prior to macrocyclization, each of these intermediates was subjected to a test

cleavage using HFIP/DCM in order to assess the quality of the growing chain. LC-MS and

HRMS analysis (Figure 3.13) confirmed the expected molecular ions for each of the

acyclic oligomers, validating the successful assembly of the longer linear squaratide

chains.

104



Chapter 3 - Squaratides as Antimicrobials

Intensity  \WWD: Signal A, 254 nm

(o] o [o]
100,0% H H i i R Iy
N N N N ~
HO)L . ey N AN N,
H H
1,000 -
: o] (o] e} 0 J Q ¢}
r © \
400 _NH _NH _NH
Boc Bac’ Boc’
F—— — e e e e T
ooo 833 16.67 25.00 3333 41.67 50.00
x103|Cpd 1: €51 HED N12 O16: + FBF Spectrum (rt: 0.58-0.83 min) FM8_Pos_Looplnjection_MS_2761
8 1117[5855
Intensity 74 ([C51HBON]2016]+H)+
5
s 99.1%;1118.4 s
" 4 1138.566
3 ([C51HEON12016]+Na}+
2 2
S0E6 i |
0 1 1
1115 1120 1125 1130 1135 1140 1145
n.9%/ 1164 Counts vs, Mass-to-Charge (m/z)
ogo— T : T : T r i
ono 233 16,67 25.00 3333 41.67 50.00
Intensity  WWD: Sianal A 254 nm
N NN O N N L N N
HO ~ N7 Ny ~ N
1,500 | | | L e
1,000 [ e J © J o e e e
500 N Boo"M Boo™ " Boc™ N
T T T T T T erl
000 8.33 16.67 25.00 3333 4167 50.00
x10 2| Cpd 1: G8B H106 N16 021: + FBF Spoctrum (rt: 0.579.0.894 min) FM9_Pos._Loopinjection_MS_2
Intensity
3s
3
ols 52.3%14843 .
z
GOEG arTwfesas 1Y
40EE 05
20E6 150 200 250 300 350 400 450 500 550 600 650 700 750 BOO 850 900 950
i Counts v3. Mass-lo-Charge {m/z}
M
OE0—T———r —— e e S e LA B e t
000 8.33 16.67 25.00 33.33 4167 50.00
Intensity  AWD: Sianal A 254 nm
a0 100,0%
800 o o o o o
R LR T T
00— [ J )i J ]
E ; I - : .
EUU’_ \"J\-\J Boc™" Boe” " Boe” N Boo=" " Boc” "M
= — i ——— e i
0.00 8.33 1667 25.00 3333 41.67 50.00
1103 |Cpd 1: GBS H132 N20 026: + FBF Spectrum (1. 0.591.0873 min) FM10_Pos_Loopinjection_ M5 |
Intensity 6
cis 100.0%;1851.1 4|
3
2
S0E6 1
o - - b
750 800 850 900 950
0E0—T T T T T T > M
000 833 16,67 2500 3333 41,67 50.00

Figure 3.13: LC-MS and HRMS data for (top) ASq-3-Lys(Boc), (middle) ASq-4-Lys(Boc),

and (bottom) ASqg-5-Lys(Boc).

With the linear oligomers in hand, the squaratides were then subjected to

macrocyclization using the same procedure as for Sqg-2-Lys(Boc); under high-dilution

conditions in the presence of PyBOP and NMM in DMF, to afford the corresponding cyclic

derivatives (Sg-3-Lys(Boc), Sq-4-Lys(Boc), and Sq-5-Lys(Boc)) in a 61%, 49%, and 48%

respectively. The protected cyclic squaratides were subjected to Boc deprotection using

TFA/DCM to afford our final compounds, 3.5 (Sg-3-Lys), 3.6 (Sq-4-Lys), and 3.7 (Sq-5-Lys)

in yields all above 80%. Although characterisation of these larger squaratides was

complicated by spectral congestion and conformational heterogeneity, the combined LC-

MS and HRMS analysis (Figure 3.14) confirmed the expected molecular ions for each of

the cyclic squaratides while *H NMR data (see Appendix) further validated their
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successful formation. Notably, with the larger macrocycles, 3.6 (Sqg-4-Lys) displayed
distinct peak splitting on the LC-MS trace, consistent with slow conformational exchange
processes on the NMR timescale, while 3.7 (Sq-5-Lys) exhibited peak tailing, suggestive
of dynamic conformer interconversion and potential aggregation behaviour. These
phenomena reflect the increased structural complexity of higher-order macrocyclic

squaratides and highlight the conformational diversity introduced by expanding ring size.
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Figure 3.14: LC-MS and HRMS data for (top) Sq-3-Lys, (middle) Sq-4-Lys, and (bottom)

Sq-5-Lys.

Remarkably, efficient cyclisation was observed even for the 3.7 (Sg-5-Lys), which at the
outset we had anticipated would be significantly disfavoured due to the entropic penalty
associated with closing longer chains. Upon further investigation, we hypothesise that
the embedded squaramide linkages provide an element of structural preorganisation,
biasing the acyclic intermediates into conformations conducive to head-to-tail
cyclisation. This intrinsic preorganisation is likely to mitigate the expected entropic cost

of macrocyclization and represents a valuable feature of the squaramide backbone for
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the construction of medium- to large-cavity sizes. Advancing our synthetic approach
towards solid-phase methods has greatly enhanced the versatility of squaratide
synthesis, enabling the controlled construction and cyclisation of longer squaratides in a
stepwise and reproducible manner. This strategy significantly expands the accessible
chemical space of squaratides, yielding macrocyclic architectures with customisable
cavity dimensions, multiple cationic side chains, and enhanced conformational rigidity.
The preorganised nature of these cyclic structures produces well-defined cavities that
are highly relevant to their potential as antimicrobial peptide mimetics, as the positively
charged side chains promote electrostatic interactions with negatively charged bacterial
membranes, while the squaramide backbone contributes hydrophobic and hydrogen-
bonding elements capable of driving membrane disruption or translocation. Taken
together, the successful synthesis and cyclisation of higher-order squaratides highlight
both the robustness of the solid-phase methodology and the promise of these

macrocycles as scaffolds for future functional applications.

3.5 Antimicrobial Activity of Squaratides

Author Contribution: The antimicrobial activity of squaratides including all proteomic
studies described in Section 3.5 were conducted by Dr. Poonam Ratrey in Prof. Kevin

Kavanagh’s Mycology lab at Maynooth University.

With the successfully synthesised squaratides in hand, we next sought to evaluate their
antimicrobial properties. A panel of compounds was selected to probe the structural
features most critical for activity: (i) cyclic squaratides (Sg-2-Lys to Sq-5-Lys) of varying
ring size, to test the effect of macrocyclic topology; (ii) linear squaratides (ASq-2-Lys to
ASq-5-Lys), to assess whether conformational preorganisation is necessary; and (iii) Boc-
protected cyclic squaratides (Sg-2-Lys(Boc) to Sg-5-Lys(Boc)), to examine the importance
of free cationic lysine side chains. Antimicrobial activity was assessed using agar diffusion
assays against Staphylococcus aureus as a representative Gram-positive pathogen.
Compound solutions prepared in both DMSO and sterile water to evaluate solubility
effects. To do so, 5 pL of a 1 mM stock of the respective compound was pipetted atop
nutrient agar which was previously spread with Staphylococcus aureus. Following

incubation at 37 °C for 24 hr, zones of inhibition were measured and recorded for each
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compound.?*® Zones with a radius < 2 mm were deemed as not active and thus
eliminated from further study. Strikingly, a pronounced difference in activity was
observed between the cyclic and linear Squaratides. Cyclic squaratides (Sq-2-Lys to Sq-
5-Lys) exhibited clear zones of inhibition under both DMSO and aqueous solubilisation
conditions, confirming that these macrocycles possess intrinsic antibacterial properties
(Figure 3.15). In contrast, the linear squaratides (ASqg-2-Lys to ASqg-5-Lys) did not produce
detectable inhibition zones, even at comparable concentrations, suggesting that
conformational pre-organisation is a critical factor in enabling effective bacterial killing.
The absence of activity in the Boc-protected cyclic squaratides (Sg-2-Lys(Boc) to Sq-5-
Lys(Boc)) further supports this interpretation and suggests that the charge state of the
side chain is another important factor. Protection of the lysine side chains abolishes their
cationic charge, preventing electrostatic attraction to the negatively charged bacterial
cell envelope. This highlights the central role of free cationic amines in mediating
antimicrobial activity and establishes that the squaramide backbone alone is insufficient
to drive bacterial inhibition without complementary charge presentation. The observed
activity is consistent with a model in which macrocyclic topology provides
conformational preorganisation that favours membrane binding, while accessible
cationic residues enhance electrostatic interactions with the negatively charged bacterial

surface.
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Figure 3.15: Agar plates showing zones of inhibition of S. aureus bacteria when treated
with Sg-2-Lys to Sqg-5-Lys in (a) - when compounds are dissolved in DMSO and (b) - when
compounds are dissolved in a sterile water. The lower panel images display no zones of
inhibition (c) — linear squaratides, ASq-2-Lys to ASq-5-Lys in DMSO and (d) — cyclic
protected squaratides, Sg-2-Lys(Boc) to Sq-5-Lys(Boc) in DMSO.

3.5.1: Minimum Inhibitory Concentration (MIC) Studies

To further quantify the antimicrobial activity observed in the agar diffusion assays,
minimum inhibitory concentration (MIC) determinations were carried out against S.
aureus using the cyclic squaratides Sq-2-Lys to Sqg-5-Lys (Figure 3.16). The inhibition
curves provide valuable insight into both potency trends across the squaratide series and
the influence of solvent environment on activity. When dissolved in DMSO (Figure
3.16a), all four cyclic squaratides demonstrated significant antibacterial activity, with 3.5
(Sg-3-Lys) emerging as the most potent analogue. At concentrations as low as 250-300
ug/mL, 3.5 (Sq-3-Lys) maintained >50% inhibition, whereas 3.6 (Sq-4-Lys) and 3.7 (Sg-5-
Lys) showed a more rapid decline in activity over the same concentration range.
Interestingly, 2.17 (Sqg-2-Lys) displayed a markedly different profile: although initial

inhibition was moderate (~55-60%), its activity plateaued and remained largely
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unchanged across the tested concentration range, suggesting a possible difference in its
mode of interaction with bacterial membranes compared to the larger macrocycles.

A similar trend was observed when the compounds were dissolved in sterile water
(Figure 3.16b). Again, 3.5 (Sq-3-Lys) consistently outperformed the other analogues,
achieving the greatest inhibition at intermediate concentrations and retaining significant
potency down to lower doses. By contrast, 3.6 (Sg-4-Lys) and 3.7 (Sq-5-Lys) exhibited
progressively weaker inhibition as concentration decreased, while 2.17 (Sq-2-Lys)
remained largely flat with only modest inhibition across all concentrations tested. The
fact that the activity profiles are broadly consistent in both solvents indicates that the
antimicrobial properties are inherent to the squaratide scaffolds and not solely a
consequence of solvent-assisted solubilisation.

Taken together, these MIC results reinforce the conclusion from the agar diffusion assays
that macrocyclisation is essential for antibacterial function and further reveal that 3.5
(Sq-3-Lys) represents the optimal balance of ring size, charge density, and
conformational preorganisation within the series. The reduced activity of 3.6 (Sg-4-Lys)
and 3.7 (Sq-5-Lys) may reflect increased conformational flexibility in larger macrocycles,
which could disperse cationic charge density and weaken electrostatic interactions with
the bacterial membrane. Conversely, the smaller 2.17 (Sq-2-Lys), while active, may
present its charges in a less favourable geometry for membrane insertion, leading to its
atypical flat inhibition profile. Overall, these findings establish that ring size critically

governs antimicrobial potency, with 3.5 (Sq-3-Lys) emerging as the lead candidate within

this class of antimicrobial peptide mimetics.
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3.5.2: Proteomic Profiling of S. aureus in Response to Sq-3-Lys

To further probe the mode of action of the squaratides, global proteomic analysis was
performed on S. aureus cultures treated with 3.5 (Sq-3-Lys) at 500 pg/mL for 6 hours,
compared to untreated controls (Figure 3.17). Principal component analysis (PCA)
revealed a clear separation between the proteomes of the treated and control groups,
confirming that 3.5 (Sg-3-Lys) induces a pronounced shift in bacterial protein
abundances. This separation demonstrates that 3.5 (Sq-3-Lys) elicits a distinct and
reproducible perturbation of cellular physiology, consistent with a targeted antimicrobial
effect rather than nonspecific cytotoxicity. Hierarchical clustering and heatmap analysis
of differentially abundant proteins further highlighted the breadth of the response.
Numerous proteins were significantly up- or down-regulated upon treatment, reflecting
disruption of multiple cellular processes. The predominance of changes in proteins
associated with membrane integrity, stress response, and metabolic regulation suggests
that 3.5 (Sg-3-Lys) exerts its activity, at least in part, through membrane-targeted
mechanisms, akin to natural cationic antimicrobial peptides. Importantly, the clustering
analysis demonstrated a tight grouping of Sq-3-Lys—treated replicates, underscoring the
reproducibility of the observed proteomic response. These findings strengthen the
conclusion that 3.5 (Sg-3-Lys) operates as an antimicrobial peptide mimetic, disrupting
bacterial survival pathways in a manner reminiscent of host defence peptides?>* 2>, but
with the added advantages of synthetic stability and tunability afforded by the
squaramide backbone.''> The proteomic data therefore provide molecular-level
validation of the phenotypic antimicrobial assays, confirming that the observed bacterial

growth inhibition reflects a substantive and multifaceted biological effect.
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Figure 3.17: (a) Principal component analysis of S. aureus proteins after 6 hours of
treatment with Sg-3-Lys drug at 500 pg/mL, demonstrating good separation in the
proteome as compared to the untreated control group. (b) Heatmap generated through
two-way unsupervised hierarchical clustering of the median protein expression values of

all statistically significant differentially abundant proteins.

3.5.3: Differential Protein Expression Analysis

To identify specific cellular pathways affected by 3.5 (Sq-3-Lys), a volcano plot of
statistically significant and differentially abundant (SSDA) proteins was generated (Figure
3.18). Using a significance threshold of —-log10(p-value) > 1.3 (p < 0.05), several proteins
were found to be either markedly increased (green) or decreased (red) in abundance
relative to the untreated control. These findings provide insight into the molecular basis
of 3.5 (Sq-3-Lys) activity. Proteins increased in abundance included key enzymes
associated with cell wall organisation and metabolism, such as the probable cell wall
hydrolase LytN (Q9ZNI1), N-acetylmuramoyl-L-alanine amidase Slel (Q2G0OU9), and a
LysM domain protein (Q2FV81). The induction of these proteins suggests that 3.5 (Sq-3-
Lys) triggers compensatory stress responses related to cell wall turnover and
peptidoglycan remodelling, consistent with a membrane- or envelope-targeted
mechanism of action. Additionally, metabolic enzymes such as ATP-dependent 6-
phosphofructokinase (Q2FXM8) and a phosphatidic acid biosynthetic protein (Q2FXJ7)
were also upregulated, pointing to broader perturbations of energy metabolism and lipid
biosynthesis in response to treatment. In contrast, several proteins were found to be

downregulated. These included the delta subunit of RNA polymerase (Q2FWDO0), a
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NAD(P)-binding domain protein (Q2FWB1), and ribosomal protein S1 (Q2FY9), along
with the DNA-binding protein HU (Q2FYG2) and PurS formylglycinamide synthase
(Q2FZJ2). Proteins decreased in abundance were involved in processes such as
transcription, translation, and nucleotide biosynthesis suggests that 3.5 (Sq-3-Lys)
disrupts fundamental processes of gene expression and DNA/RNA metabolism,

potentially as a downstream consequence of membrane perturbation and energy

depletion.
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Figure 3.18: Volcano plots showing the distribution of statistically significant and
differentially abundant (SSDA) proteins which have a -log (p-value) > 1.3 compared to
the untreated control group. Green shows all the proteins increased in abundance, while
red shows all the proteins decreased in abundance. A threshold of -log10(p-value) of 1.3

(p-value 0.05) was chosen to consider differences statistically significant.

This provided a mechanistic fingerprint for 3.5 (Sg-3-Lys) action: initial membrane
disruption leads to cell envelope stress and metabolic compensation, while
simultaneously suppressing central processes of transcription, translation, and
nucleotide synthesis. This dual effect mirrors the multifaceted action of natural cationic
antimicrobial peptides, which destabilise bacterial membranes while also exerting

downstream effects on macromolecular biosynthesis.
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S.No Protein ID Protein name Function of protein Difference
1 Q9ZNI1 Probable cell wall hydrolase LytM (EC 3.-. cell wall organization 6.47
2 N-acetylmuramoyl-L-alanine amidase sle1 (EC

Q2GOUS | 3.5.1.28) cell wall organization 6.14
3
MN-acetylmuramoyl-L-alanine
Q2Fv81 LysM domain protein (EC 3.5.1.28) amidase activity [G0:0008745] 3.99
4
canonical glycolysis
[GO:0061621); fructose  1,6-
ATP-dependent 6-phosphofructokinase (ATP-PFK) bisphosphate metabolic process
(Phosphofructokinase) (EC 2.7.1.11) [60:0030388];  fructose  6-
phosphate metabolic process
Q2FXM8 (Phosphohexokinase) [G0:0006002] 3.94
5
1-acyl-sn-glycerol-3-phosphate acyltransferases phosphatidic acid biosynthetic
Q2F7 domain protein (EC 2.3.1.51) process 3.77
-1
Dihydrolipoyllysine-residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex | L-lysine catabolic process to
(EC 2.3.1.61) (2-oxoglutarate dehydro_genase_ comp_lex acatyl-CoA via saccharopine
component E2) (OGDC-E2) (Dihydrolipoamide
succinyltransferase component of 2-oxoglutarate | [G0:0033512]; tricarboxylic acid
Q2FYM2 dehydrogenase complex) cycle [GO:0006099] 3.17
7
Probable DNA-directed RMA polymerase subunit delta DNA-templated transcription
[GO:0006351]; regulation of DNA-
templated transcription
Q2FWDO0 | (RNAP delta factor) [GO:0006355] -4.48
a8
Q2FWB1 NAD(P)-binding domain-containing protein - -5.69
9 Q2FYF9 305 ribosomal protein S1, putative translation [GO:0006412] -5.93
10
chromosome condensation
Q2FYG2 DNA-binding protein HU, putative [G0:0030261] -5.52
1 Phosphoribosylformylglycinamidine synthase subunit
PurS (FGAM synthase) (EC 6.3.5.3) IMP biosynthetic process
Q2FZJ2 (Formylglycinamide [G0:0006188] -5.80

Table 3.1: List of statistically significant and differentially abundant proteins.
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3.5.4: Protein—Protein Interaction Network Analysis

To contextualise the proteomic changes induced by 3.5 (Sg-3-Lys), protein—protein
interaction (PPI) networks were generated for differentially abundant proteins via the
STRING database. This analysis compiled and provided a systems-level view of how 3.5
(Sg-3-Lys) perturbs bacterial physiology by clustering affected proteins into coherent
functional modules (Figure 3.19). Proteins increased in abundance clustered into
pathways linked to cell envelope integrity and carbon metabolism. Proteins involved in
peptidoglycan biosynthesis and cell wall organisation (e.g., Slel, LytN, MurF) were
enriched, consistent with an adaptive response to envelope stress. Additionally,
metabolic enzymes associated with glycolysis and energy production (e.g., PfkA, Zwf)
were significantly upregulated, suggesting that 3.5 (Sg-3-Lys) treatment drives
compensatory metabolic reprogramming to sustain energy-demanding stress responses.
Together, these findings indicate that S. aureus attempts to bolster both structural
defences and metabolic capacity in response to 3.5 (Sq-3-Lys) challenge. Conversely,
proteins decreased in abundance formed dense clusters related to central information-
processing pathways. These included proteins involved in RNA biosynthesis (e.g., Purs,
folD), transcriptional regulation (RNA polymerase subunits RpoA, RpoB, RpoE), and core
metabolic enzymes (e.g., Pgk, Eno). The suppression of ribosomal and transcriptional
machinery points towards a collapse in biosynthetic capacity, consistent with the
antimicrobial phenotype observed. Importantly, the clustering analysis highlights that
3.5 (Sg-3-Lys) does not affect isolated targets, but rather orchestrates a coordinated
disruption of essential transcriptional, translational, and metabolic hubs. These systems-
level insights reinforce the conclusion that 3.5 (Sq-3-Lys) exerts a multifaceted mode of
action: Primary membrane perturbation, leading to activation of cell wall stress and
repair pathways; secondary metabolic reprogramming, attempting to meet elevated
energy demands under stress; and suppression of transcriptional and translational
processes, resulting in impaired growth and survival. This network-level disruption
mirrors the complex activity of natural antimicrobial peptides but is here achieved using
a synthetic, novel class of peptidomimetics that incorporates a squaramide backbone.
The data therefore provide compelling evidence that 3.5 (Sg-3-Lys) is not merely
bacteriostatic but induces a global collapse of bacterial homeostasis through

simultaneous pressure on multiple essential pathways.
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a).

Functions of proteins which Increased in abundance Functions of proteins which Decreased in abundance

Figure 3.19: STRING analysis of protein networks increased (a) & decreased (b) in
abundance in S. aureus treated with Sg-3-Lys at 500 pug/mL for 6 hours Vs. untreated
controls. Data accrued from the STRING database using UniProt IDs from SSDA proteins
from multiple sample t tests (p < 0.05) details the interactions between individual
proteins, or corresponding pathways (highlighted in distinct colours & labelled). (a)
Protein pathways observed in increased abundance (b) Protein pathways observed to be

downregulated in response upon treatment with Sq-3-Lys.
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3.6: Conclusion

This chapter has demonstrated how methodological advances in synthesis can directly
enable the discovery of new biological function within the squaratide family. In Chapter
2, squaratide derivatives were prepared using a solution-phase synthetic pathway. While
this approach provided access to the first generation of squaratide receptors and proved
invaluable for establishing their anion binding capabilities, it was inherently limited in
scope. The solution-phase strategy often required lengthy purification steps, restricted
the accessible molecular complexity, and placed practical limitations on the size and
diversity of compounds that could be obtained. These challenges constrained the
development of more elaborate squaratide frameworks, particularly those requiring
higher order architectures or precise side-chain modifications. In the present chapter,
these limitations were overcome through the adaptation of solid-phase synthesis, which
transformed the squaratide platform into a more versatile and scalable methodology. By
harnessing the efficiency of resin-bound chemistry and the iterative protection—
deprotection cycles characteristic of peptide synthesis, it became possible to extend
squaratide chains systematically, incorporate multiple functional residues, and achieve
on-resin macrocyclisation. This streamlined route significantly reduced synthetic
bottlenecks while increasing structural precision. Importantly, the solid-phase pathway
enabled the preparation of larger cyclic squaratides that would have been impractical to
obtain by solution-phase methods and provided the synthetic flexibility to introduce
tailored side-chain functionalities. As a result, a diverse library of squaratide receptors
was generated, encompassing both linear and cyclic architectures with tuneable charge
density, ring size, and substitution patterns. This methodological leap not only
demonstrates the adaptability of squaramide chemistry but also underscores its
potential as a general platform for the design of customisable, functionally diverse
peptidomimetics.

The biological evaluation of these compounds further illustrates the impact of synthetic
innovation on molecular function. Antimicrobial assays revealed a striking structure—
activity relationship: only cyclic, deprotected squaratides exhibited antibacterial activity,
whereas their linear or Boc-protected analogues were inactive. This finding highlights
the dual requirement of macrocyclic preorganisation and cationic charge accessibility for
effective antimicrobial function. Within the cyclic series, 3.5 (Sq-3-Lys) emerged as the

most potent analogue, producing pronounced zones of inhibition and the lowest MIC
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values against S. aureus. The optimal activity of this intermediate-sized macrocycle
reflects a balance between structural rigidity and charge distribution, with smaller or
larger rings displaying diminished potency. Mechanistic insights gained from proteomic
and network analyses provided molecular-level evidence of the multifaceted action of
3.5 (Sg-3-Lys). Treatment of S. aureus resulted in significant proteomic shifts, with
upregulation of cell wall-associated hydrolases and metabolic enzymes indicative of
envelope stress responses, alongside downregulation of transcriptional and translational
machinery essential for growth and survival. Protein—protein interaction networks
revealed that these changes are not isolated but occur within coordinated functional
clusters, suggesting that 3.5 (Sg-3-Lys) induces a global reprogramming of bacterial
physiology. This dual mechanism of primary membrane disruption and secondary
intracellular suppression strongly parallels the behaviour of natural antimicrobial
peptides. However, unlike natural AMPs, the squaramide backbone offers enhanced
chemical stability, protease resistance, and structural tunability, making squaratides a
promising class of synthetic AMP mimetics.

Collectively, the results of this chapter highlight the direct relationship between
synthetic design and biological function. The transition from solution-phase to solid-
phase synthesis not only expanded the structural repertoire of squaratides but also
uncovered a new biological application for these molecules as antimicrobial agents. By
combining the structural principles of natural host-defence peptides with the synthetic
versatility of squaramide chemistry, squaratides emerge as a robust and adaptable
platform that can bridge the gap between fundamental molecular recognition and
biologically relevant function. This work thus lays the foundation for subsequent
chapters, where the squaratide scaffold will be further exploited in the context of anion
transport and sensing, broadening their utility as multifunctional peptidomimetic

systems.
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4: Modified Squaratides: Potential Anion Transporters

4.1: Introduction

Anion transport across cellular membranes is a fundamental physiological process,
orchestrated with high specificity and regulation by membrane-bound anion channels
and transporters.?°® 2>7 These specialized proteins maintain the delicate equilibrium of
intra- and extracellular anionic species such as chloride, bicarbonate, and phosphate,
which are crucial for processes ranging from cell volume regulation to pH balance and
signal transduction.?8261 Dysfunction or absence of these transport proteins can lead to
a class of disorders known as channelopathies—diseases characterized by aberrant ion
flux—of which cystic fibrosis is a well-documented example (as discussed in Chapter
1).262-264

Given the centrality of anion homeostasis in cellular health, the design and development
of synthetic systems capable of mediating anion transport has emerged as a vibrant
subfield within supramolecular chemistry. In recent years, considerable effort has been
devoted to the creation of low-molecular-weight, drug-like molecules that mimic the
function of natural ion transporters.?%>2¢8 These artificial anionophores are engineered
to bind selectively to target anions and facilitate their transmembrane transport, either
via carrier or channel-like mechanisms.2%% 270

The biomedical implications of such systems are profound. On one hand, synthetic anion
transporters offer a promising therapeutic avenue for restoring ion flux in cells where
native transporters are defective or absent, as in the case of certain genetic
channelopathies.?’" 272 On the other hand, deliberate disruption of anion gradients by
these synthetic constructs can lead to intracellular acidification, osmotic imbalance, and
ultimately apoptosis—an approach being explored as a novel anticancer strategy.?’3 274
An example of one of many applications of anion transport can be seen by Sessler and
Shin whereby they demonstrated the pro-apoptotic capabilities of ionophores 4.1 and
4.2, which facilitated chloride transport across the membranes of various cell lines
(Figure 4.1).27> Their study revealed that these ionophores promote the influx of Cl~ in
conjunction with Na* into the intracellular environment. This ionic imbalance leads to an
increase in intracellular chloride and sodium concentrations, triggering elevated reactive

oxygen species (ROS) levels. Consequently, cytochrome c is released from the
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mitochondria, activating caspase-dependent apoptotic pathways. This discovery further
advanced the field of anion transport, highlighting the clinical potential of ionophores

for therapeutic applications.

4.1 4.2

Figure 4.1. Structures of two pyridine diamide-strapped calix[4]pyrroles capable of

inducing apoptosis in cells.

Fluorination of anionophores is widely recognized as a powerful and versatile strategy
for enhancing molecular recognition and transport performance in various applications
including medicinal chemistry, supramolecular chemistry and chemical biology.26> 276277
The incorporation of fluorine atoms into anion transporters confers several
advantageous characteristics. Due to the strong electron-withdrawing nature of fluorine
atoms and their capacity to increase lipophilicity, fluorination can alter hydrogen
bonding strength, and enhance chemical and thermal stability which in turn, improves
anion-binding affinity and facilitate membrane partitioning. As a result, this modification
has been shown to significantly enhance transport rates across various synthetic
systems.?’® Additionally, fluorinated scaffolds often display enhanced membrane
permeability, facilitating their function as efficient anion carriers or channels in both
synthetic and biological membranes.?’® 280 The ability to fine-tune the properties of
fluorinated compounds through strategic molecular design further expands their

applicability, giving rise to next-generation anion transporters with optimized efficacy

and selectivity.
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An example of utilising fluorination can be seen by Sindelar and co-workers focused on
synthesising a series of fluorinated bambusurils to act as highly effective and selective
transmembrane ClI/HCOs;  antiporters.?®® By introducing electron-withdrawing
substituents connected via aryl groups to H-bond donors, the acidity of the H-bond
donors generally increases leading to stronger binding properties. It also leads to an
increase in lipophilicity which is advantageous for transmembrane transport. In this
study, Sindelar set out to investigate the effects on anion binding and transport by
designing fluorinated derivatives of bambusuril 4.3 through various numbers and

positions of fluorine atoms or fluourine-containing groups on the benzyl substituents

Qg@ F??Qj o
o
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O

Figure. 4.2 Structures of bambus[6]urils 4.3 — 4.6 reported by Sindelar and coworkers.

'H NMR spectroscopy was carried out in MeCN to study the binding properties and
formation of host—guest complexes between bambusurils 4.4, 4.5, and 4.6 and CI, NOs"
, and HCO3™ Association constants were calculated which showed 4.6 to be the strongest
receptor with the highest affinity for NOs (K, = 5 x 10 M"?) followed by CI* (K; = 6 x 10%°
M), and HCOs™ (K, = 2 x 10° M!). The evaluation of bambusurils as anion carriers
involved the use of liposomes in the fluorescence-based lucigenin assay, where they

demonstrated exceptional transport properties. Among these, receptor 4.6, with the
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highest affinities, stands out to the authors knowledge, as the most potent Cl"/HCO3
carrier reported to date. It was noted that the ClI'/NOs antiport exhibited orders of
magnitude slower kinetics compared to the CI'/HCOs™ antiport. This disparity can be
attributed to the strong affinities towards NOs™ as well as its binding selectivity over Cl
which disfavours decomplexation. This work demonstrates the potential of bambusurlis
for applications in anion transport and drug delivery through successful incorporation of

bambusuril molecules in the bilayers of liposomes followed by membrane fusion.

As discussed in Chapter 1, the most widely utilized anion-binding motifs predominantly
rely on hydrogen bonding interactions, particularly those involving H-bond donor
systems derived from acidic NH bonds. The acidity of these functional groups contributes
to their strong binding affinity for biologically relevant anions such as chloride (Cl~) and
bicarbonate (HCOs™). This has been largely achieved through the incorporation of various
structural motifs, including ureas, thioureas, pyrroles, thioamides, and squaramides,
among others.'%> 282 These systems have been extensively explored for their efficacy in
anion recognition and transport, owing to their versatile and tunable binding
properties.283 284

Gale et al. demonstrated that squaramides not only exhibit significantly higher anion
binding association constants than their urea analogues but also possess superior anion
transport capabilities (Figure 4.3).28> Binding constants were determined using *H NMR
spectroscopy, while anion transport efficiency was evaluated using POPC liposomes in

conjunction with a chloride-selective electrode.
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Figure 4.3. Structures of squaramide, thiourea and urea analogues Busschaert et al.

used to compare anion binding and anionophoric activity.
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The squaramide analogues displayed anion binding affinities an order of magnitude
greater than those of their urea and thiourea counterparts, along with substantially
lower ECso values in CI7/NOs;~ exchange assays (Table 4.1). The authors attributed this
enhanced binding ability to the increased thermodynamic stability conferred upon

squaramides upon anion complexation.

Compound Kqa [M1] 2 ECso [mol%] ®

4.7 260 1.38
4.8 15 -¢

4.9 31 -¢

4.10 458 0.06
4.11 43 0.22
4.12 75 0.42
4.13 643 0.01
4.14 41 0.16
4.15 88 0.30

Table 4.1: Summary of chloride binding (Ks) and anion transport (ECso) abilities of
compounds 4.7 — 4.15. ) Association constant with receptors and Bu4NCl in DMSO-
ds/0.5% H,0 at 298 K. ®) Concentration of transport (mol% carrier with respect to lipid)
required to obtains 50% chloride efflux in 270s during Cl- /NOs™ assays. () Compound was

not active enough to perform Hill analysis.

Our group has extensively utilized the squaramide motif in the design of molecular
receptors, sensors, and anion transporters.>’ 286 287 Squaramides are particularly well-
suited for these applications due to their strong hydrogen-bond donating capability,
facilitated by dual-directional NH bonds, as well as their planar aromatic structure, which
experiences enhanced aromaticity upon guest binding.?®® This distinctive cyclobutene-
dione framework has garnered significant interest across the chemical sciences in recent
years, owing to its advantageous properties. As a result, squaramides have
demonstrated potential for applications across multiple branches of chemical science,

including supramolecular chemistry, medicinal chemistry, and materials science.'1% 28%

290
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4.2: Chapter Objective

The aims of this chapter can be divided into two sections, but both are primarily
concerned with the synthesis of squaratides for exploration as potential anion
transporters. The first objective of this chapter focuses on the rational design and
synthesis of novel anion transport squaratides by incorporating a squaramide scaffold
onto our squaratide framework. We aim to exploit the lysine side chains by covalently
attaching a squaramide motif, in order to enhance their anion transport properties while
maintaining a structurally robust and tuneable framework. We intend to investigate the
impact of the squaramide motifs positioning within the squaratide scaffold to assess how
hydrogen bonding interactions of the additional squaramide motifs influence anion
recognition and transport particularly with chloride in comparison to its non-
functionalised counterparts (Scheme 4.1).

The second objective is to utilise our versatile synthesis of squaratides via solid phase
synthesis in order to incorporate fluorinated amino acids into the squaratide backbone
ensuring precision in sequence design and structural consistency giving rise to novel
fluorinated squaratides. We hypothesised that fluorination is expected to modulate the
physicochemical properties of the transporters by increasing lipophilicity, improving
membrane permeability, and fine-tuning anion-binding affinities of our squaratides.
With the synthesis of both novel classes of potential squaratide based anion transporters
at hand, We intend to systematically compare the anion-binding affinities of squaramide-
functionalized and fluorinated squaratides as well as their non functionalised and
fluorinated counterparts using NMR spectroscopy, and to further assess the anion
binding and transport capabilities across lipid bilayers using lucigenin assays, with
further investigation in determining the structure—activity relationships governing anion
transport efficiency, focusing on how squaramide hydrogen bonding and fluorine-
induced lipophilicity contribute to enhanced function. We hoped that these findings will
provide critical insights into the molecular mechanisms underlying synthetic anion
transport and offer potential applications in supramolecular chemistry, medicinal

chemistry, and the development of biomimetic membrane transport systems.
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Scheme 4.1: Chemical Structures of target compounds 2.17, and 4.16 - 4.20.

4.3: Synthesis and Characterisation
Following a similar approach to the peptide synthesis described in Chapter 3, the initial

step involved assembling the linear sequence through solid-phase peptide synthesis
(SPPS). This was carried out using 2-chlorotrityl chloride resin and sequential coupling

based on the Fmoc/Boc strategy as outlined in Scheme 4.2.
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Scheme 4.2: Synthetic Scheme towards the Synthesis of 4.17 (Sg-2-Ala-Lys(SqBisCFs)).
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The first step was to assemble the squaratide monomer (B) whereby Fmoc-Lys (Boc) was
initially loaded onto the resin. To cap any unreacted trityl chloride groups, the resin was
treated with a capping solution consisting of DCM/methanol/DIPEA. To functionalize the
amine of lysine with a squarate moiety, the resin was treated with 20% piperidine in
order to deprotect the Fmoc. Once deprotected, the resin was treated with diethyl
squarate and triethylamine in DMF, affording the resin-bound squarate-conjugated
lysine (A). The HPLC trace displayed one sharp UV peak with a tg = 28 min. Strong
ionisation was observed for the target mass of [M+H]* = 371.2 gmol? in positive mode

(Figure 4.4).
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Figure 4.4: LC-MS data for A.

The subsequent step involved functionalizing the resin-bound intermediate with
ethylenediamine (EDA) to obtain the desired squaratide monomer (B). Due to its high
nucleophilicity and basicity, EDA can act as both a nucleophile and a base, eliminating
the need for additional organic bases to drive the reaction to completion. The resulting
Lys-Sg-EDA conjugate was characterized by liquid chromatography—mass spectrometry

(LC-MS) (Figure 4.5). The HPLC trace displayed one sharp UV peak with a tg = 24 min, and
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strong ionisation was observed for the target mass of [M+H]* = 385.3 gmol in positive

mode.
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Figure 4.5: LC-MS data for B

Following the successful synthesis of the monomer on solid support, Fmoc-Ala-OH was
coupled to the intermediate using PyBOP as the coupling reagent in the presence of N-
methylmorpholine (NMM) to afford (C). This was followed by a second squaramide
functionalization and subsequent addition of ethylenediamine (EDA), affording the linear
squaratide dimer, ASqg-2-Lys(Boc)-Ala. The product was then cleaved from the resin
using a mixture of hexafluoroisopropanol (HFIP) and dichloromethane (DCM), followed
by lyophilization. The resulting acyclic squaratide was characterized by liquid
chromatography—mass spectrometry (LC-MS) (Figure 4.6). The HPLC trace displayed one
sharp UV peak with a tg = 23 min, and strong ionisation was observed for the target mass

of [M+H]* =594.2 gmol in positive mode.
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Figure 4.6: LC-MS data for ASq-2-Lys(Boc)-Ala

Intramolecular cyclization was performed under high-dilution conditions using PyBOP as
the coupling reagent and N-methylmorpholine (NMM) as the base in DMF, yielding the
protected cyclic product Sq-2-Lys(Boc)-Ala as an off-white solid with an isolated yield of
61%. Confirmation of successful cyclization was obtained through LC-MS (Figure 4.7).
The product exhibited a longer HPLC retention time (tR = 28 minutes) compared to the
linear precursor ASqg-2-Lys(Boc)-Ala, consistent with the loss of the free C-terminal
carboxyl and amino groups, suggesting successful intramolecular coupling.

The HPLC trace revealed a single, sharp UV-absorbing peak. However, due to the acidic
conditions of the HPLC solvent system (0.1% TFA in acetonitrile/water), partial
deprotection of the Boc group occurred, leading to fragmentation. This was evidenced
by a strong signal at [M —Boc + H]* =476.1 gmol™ in positive ion mode, indicative of Boc

group loss in the presence of trifluoroacetic acid (TFA).
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Figure 4.7: LC-MS data for Sq-2-Lys(Boc)-Ala.

Before the functionalisation of our squaramide motif onto the free amine lysine side
chain, Boc deprotection was achieved using a 50:50 (v/v) mixture of trifluoroacetic acid
(TFA) and dichloromethane (DCM). Following reaction completion, the solvent was
evaporated under reduced pressure, and the residue was redissolved in a minimal
volume of methanol. The product was subsequently precipitated by addition to cold
diethyl ether and lyophilized to yield the deprotected final product, 4.16 (Sq-2-Ala-Lys),
as a white solid with an isolated yield of 90%.

Analytical HPLC revealed a significantly shorter retention time (tz = 18.33 minutes) for
4.16 compared to its Boc-protected precursor (Sq-2-Lys(Boc)-Ala), consistent with the
removal of the Boc groups and the presence of free primary amines on the lysine side
chains. The chromatogram displayed a sharp UV-absorbing peak corresponding to the
desired product; however, a slight shoulder was observed on the main peak, which may
suggest minor tailing effects during elution. Furthermore, strong ionization was
observed in the LC-MS analysis, with a prominent signal at [M+H]* = 476.4 gmol™ in
positive ion mode, confirming the successful deprotection and formation of the desired

compound.
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Figure 4.8: LC-MS data for 4.16 (Sq-2-Ala-Lys).

The final step of the synthetic pathway was to functionalise Sq-BisCF3 onto the free
amine lysine side chain of our squaratide. This was carried out in the presence of
triethylamine acting as the base in DMF to afford our final compound, 4.17 (Sq-2-Ala-
Lys(SqBisCFs)) in an 80% yield. The UV peak on the HPLC trace corresponded to the
product with a strong ionisation was also observed for the target mass of [M+H]*=783.4

gmol? in positive mode.
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Figure 4.9: LC-MS data for 4.17 (Sq-2-Ala-Lys(SqBisCF3)).

HRMS was also used as a complimentary analysis to confirm the molecular formula of
4.17 (Sqg-2-Ala-Lys(SqBisCF3)), with confirmation of the target mass [M+H]* = 783.2313

gmol™* possessing a low mass error value of - 0.89 ppm.
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Figure 4.10: HRMS data for 4.17 (Sg-2-Ala-Lys(SqBisCFs)).
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Similarly to the compounds synthesised in Chapter 2 and Chapter 3, It was noted that
the 'H NMR spectra of these compounds during NMR characterisation, gave rise to
complex behaviour where several sets of significantly broadened peaks were observed
despite LC-MS and HRMS analyses confirming the presence of the expected molecular
ions. However, through comparative spectra of the functionalised and unfunctionalized
analogues presented in Figure 4.11, the successful functionalisation of the squaramide-
Bis(CFs3) unit for 4.17 (Sq-2-Ala-Lys(SqBisCF3)) was confirmed. Notably, a distinct singlet
at 6 = 10.25 ppm (highlighted in red) is observed in the functionalised derivative,
corresponding to the highly deshielded squaramide NH proton adjacent to the electron-
withdrawing aryl ring. Additionally, the presence of two characteristic aromatic doublets
at & = 7.85 and 7.75 ppm (red markers) further confirms the incorporation of the 3,5-
bis(trifluoromethyl)phenyl group. In contrast, the unfunctionalized 4.16 (Sq-2-Ala-Lys)
spectrum lacks these downfield squaramide NH and aromatic resonances, displaying
only a single a-NH resonance at § = 7.75 ppm (purple marker) assigned to the free e-
amino group of lysine. The clear spectral differences, particularly the emergence of new,
well-defined signals in the functionalised spectrum, provide conclusive evidence for the
successful derivatization of the lysine side chain. These spectral assignments are fully
consistent with the expected electronic effects of the CFs groups and the hydrogen-
bond-donating nature of the squaramide scaffold further validating that the final

product was obtained.
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Further confirmation of successful derivatisation was obtained from the °F NMR
spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCF3)) which displayed a single sharp resonance at 6
= — 61.7 ppm (Figure 4.12). The chemical shift ppm lies within the expected region for
aryl-CF;3 substituents adjacent to an electron-withdrawing group such as a
squaramide.®! This signal is fully consistent with the presence of two chemically
equivalent CF; groups located at the 3’ and 5’ positions of the aryl ring, whose
environments are magnetically indistinguishable on the NMR timescale. The unique CF3
signal at — 61.7 ppm, coupled with diagnostic downfield squaramide NH resonances
observed in the 'H NMR spectrum, establishes the identity and integrity of the
functionalised receptor. This cross-validation across multiple NMR nuclei (H, C, and F),
alongside HRMS data, gives robust evidence for the structural assignment of (4.17) Sq-

2-Ala-Lys(SqBisCFs).
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Figure 4.12: °F NMR spectrum of 4.17.
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In parallel, the successful functionalisation of 4.18 (Sqg-2-Lys(SqBisCF3)) could be
confirmed through analogous spectral analysis (Figure 4.13). When compared to its
unfunctionalized precursor 2.17 (Sqg-2-Lys), the disappearance of the broad &-NH,
resonance at § = 7.75 ppm (purple marker) provides immediate evidence of side-chain
derivatisation. Concomitantly, two new downfield resonances emerge: a strongly
deshielded singlet at 6 = 10.15 ppm, characteristic of the aryl-squaramide NH, and a
second squaramide NH resonance at & = 8.20 ppm (blue marker), both diagnostic of
successful coupling to the 3,5-bis(trifluoromethyl)phenyl squarate. Moreover, a distinct
set of aromatic resonances between & = 7.40-7.80 ppm (red markers) corresponds
precisely to the expected pattern for the bis-CF; substituted phenyl moiety. These
spectral signatures, absent in the parent 2.17, not only confirm incorporation of the
electron-deficient aryl squaramide unit but also align with the electronic deshielding
trends observed for 4.18. Together, the comparative NMR data across both 4.17 and 4.18
establish unambiguously  that  side-chain functionalisation with the
bis(trifluoromethyl)aryl squarate motif has been achieved in both cases, furnishing the

desired squaratide-based receptors.
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Figure 4.13: Partial *H NMR spectrum, of 2.17 and 4.18.

As noted previously, the *H NMR spectra of squaratide derivatives are often complex and
can be difficult to analyse, particularly in Chapter 2 where the self-association behaviour
of (4.19) Sq-2-Phe gave rise to significant peak broadening. Nevertheless, comparison of

the spectra for (4.20) Sq-2-FsPhe-Lys and (4.19) Sq-2-Phe-Lys (Figure 4.14) allows us to
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confidently assign key resonances and confirm the successful synthesis of both
analogues. In 4.19 (lower spectrum), the characteristic aromatic multiplets of the
phenylalanine residue are observed between 6 7.0-7.3 ppm (highlighted in yellow),
consistent with the presence of a monosubstituted benzene ring. In contrast, 4.20 (upper
trace) lacks these aromatic proton signals entirely, as anticipated for a pentafluorophenyl
unit (no aryl protons). The disappearance of the phenylalanine multiplet set, together
with retention of the lysine &-NH; signal at 6 = 7.75 ppm (purple) and the overall
macrocyclic NH envelope, provides clear spectral evidence that phenylalanine has been
replaced by the perfluoroaryl analogue. Although some features are broadened—
consistent with the aggregation behaviour noted for (2.15) Sg-2-Phe in Chapter 2, the
clear distinction between the phenylalanine-derived multiplets in 4.19 and the
simplified, deshielded aromatic profile of 4.20 provides conclusive spectral evidence for
the expected structural differences which is further supported by HRMS/LC-MS,
confirming that both targets have been obtained in their intended forms despite the

challenges posed by aggregation and conformational heterogeneity in solution.
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Figure 4.14: Partial *H NMR spectrum, of 4.19 and 4.20.

136



Chapter 4 — Squaratides as Anion Transporters

In addition to the *H NMR analysis, further confirmation of the structural integrity of
(4.20) Sq-2-FsPhe-Lys was obtained by 1°F NMR spectroscopy. The °F NMR spectrum of
4.20 (Figure 4.15, top trace) exhibits three well-resolved sets of resonances, consistent
with the presence of chemically distinct fluorine environments within the
pentafluorophenyl unit. The most deshielded resonance appears at approximately ~ 73
ppm (green, assigned to the pair of ortho-fluorine atoms), while the central peak at ~ 77
ppm (red) corresponds to the para-fluorine, and the slightly more shielded resonance at
~ 79 ppm (blue) is attributable to the two meta-fluorine’s. This pattern precisely
matches the expected substitution profile of a CgFs ring, in which symmetry renders the
ortho and meta positions equivalent in pairs, while the para site remains unique. the *°F
data not only corroborate the absence of aromatic protons in the *H NMR but also

provide a more resolved spectroscopic fingerprint for 4.20.
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Figure 4.15: °F NMR spectrum of 4.20.
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4.4: *H NMR anion binding studies

To evaluate the chloride-binding capabilities of the compounds under investigation, a
series of 'H NMR titration experiments were conducted. Each receptor was dissolved in
DMSO-de at a fixed concentration of 2.5 mM and titrated with successive additions of
tetrabutylammonium chloride (TBA Cl) ranging from 0.2 — 20 equivalents. The resulting
changes in chemical shift—particularly of the hydrogen-bond donating NH resonances—
were monitored after each addition. These shifts were plotted against the chloride
concentration and quantitatively analysed using the BindFit software suite. Binding
isotherms were fitted to the most suitable host—guest model, enabling the extraction of
the corresponding association constants (K,) for each compound with chloride.

Taking 4.18 (Sqg-2-Lys(SqBisCFs)) as an example, represents a rationally designed
receptor that integrates both macrocyclic preorganization and side-chain electronic
activation to achieve high-affinity and structured chloride recognition. The key feature
of this molecule is the functionalization of the lysine side chain with a 3,5-
bis(trifluoromethyl)phenyl squarate, effectively converting the terminal e-amino group
into a highly acidic squaramide hydrogen bond donor. This transformation not only
increases the total number of hydrogen bonding sites available for anion binding but also
introduces a geometrically and electronically distinct motif—one that is widely
recognized in supramolecular chemistry for its ability to bind anions such as chloride
through bidentate hydrogen bonding. The incorporation of two electron-withdrawing
CFs groups onto the aromatic ring significantly enhances the acidity of the squaramide
NHs, promoting stronger interactions with anionic guests.

Upon titration with chloride, the *H NMR spectrum of 4.18 (Sq-2-Lys(SqBisCFs)) reveals
pronounced downfield shifts in the squaramide NH resonances, especially those
associated with the aryl squaramide unit, which shifts from ~ 10.1 to beyond 11.5 ppm
(Figure 4.16(a)). These large deshielding effects are consistent with the formation of
strong, directional hydrogen bonds between chloride and the aryl squaramide,
confirming that this side chain motif acts as the primary binding site. Shifts in other NH
environments, particularly the squaramides within the macrocyclic scaffold, are also
observed, though to a lesser extent, suggesting partial or secondary involvement in the
binding event. Fitting of the titration data (Figure 4.16(c)) reveals a 1:2 host: guest

binding model, with a notably high first association constant (K;; = 4035 M) and a much
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weaker second constant (K2 = 65 M™). Further evidence for multi-site interaction is
provided by the Job plot analysis (Figure 4.16(b)), which displays a maximum at a mole
fraction of approximately 0.33, indicative of a 1:2 host—guest binding stoichiometry. This
stepwise profile indicates negative cooperativity, wherein the strong initial binding
event—presumably localized at the aryl squaramide—either sterically or
electrostatically hinders the subsequent complexation of a second chloride anion by the

macrocyclic NHs.
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Figure 4.16: (a). *H NMR Titration of 4.18 (Sq-2-Lys(SqBisCFs)) against TBACI (b). Jobs
plot analysis of 4.18 against TBACI (c). Fitted data of the chemical shift change of 4.18

against molar equivalents of TBACI.
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This binding behaviour illustrates the functional asymmetry introduced by the aryl
squaramide moiety: while it significantly enhances the receptor's overall anion affinity,
it also imposes a hierarchy of binding sites that limits the simultaneous engagement of
two anions. The receptor architecture thus favours a high-affinity first binding event,
which likely drives conformational locking, making the second site less accessible or less
favourable for anion coordination. Such negative cooperativity is not uncommon in
systems with a strong preorganized binding site paired with a more flexible or weaker

secondary site.

A direct comparison can be made with 4.17 (Sg-2-Ala-Lys(SqBisCF3)), which features the
same electronically activated aryl squaramide functionality but differs in the substitution
at the macrocyclic backbone, where an alanine residue replaces the lysine. This
seemingly minor alteration introduces a sterically modest methyl group in place of the
longer, more flexible lysine side chain, yet the consequences for chloride binding are
significant. Like its lysine analogue, 4.17 (Sq-2-Ala-Lys(SqBisCFs3)) displays substantial
downfield shifts in the H NMR spectrum upon titration with chloride, particularly at the
NH resonances associated with the aryl squaramide motif (Figure 4.17(a)). This indicates
that the appended squaramide unit remains the dominant binding site, functioning as
the primary locus of anion recognition. However, unlike 4.18 (Sq-2-Lys(SqBisCFs)), where
the macrocycle contributes a secondary, albeit weaker, binding site to support a 1:2
host—guest interaction, the chloride binding behaviour of 4.17 (Sq-2-Ala-Lys(SqBisCF3))
conforms more precisely to a 1:1 binding model (figure 4.17(c)), with an association
constant of K, =217 M. This stoichiometry is further supported by the Job plot shown
in Figure 4.17(b), where the maximum occurs at a mole fraction of 0.5, consistent with a

1:1 complex formation.
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Figure 4.17: (a). 'H NMR Titration of 4.17 (Sq-2-Ala-Lys(SqBisCFs)) against TBACI (b). Jobs
plot analysis of 4.17 against TBACI (c). Fitted data of the chemical shift change of 4.17

against molar equivalents of TBACI.

The reduced binding affinity and simplified 1:1 stoichiometry observed for 4.17 (Sq-2-
Ala-Lys(SqBisCF3)) can be attributed to the absence of a second lysine residue, which in
4.18 (Sq-2-Lys(SqBisCFs3)) contributes additional flexibility and extra reach inside the
macrocycle. This can help the macrocycle adopt conformations that bring its internal
squaramide NHs into alignment to bind a second chloride after the first has been
captured at the aryl squaramide site. The substitution with alanine reduces
conformational flexibility of the squaratide and removes a potential secondary binding
element within the backbone NH’s, limiting preorganization and preventing efficient
engagement of a second chloride ion. As a result, binding is dominated by the aryl
squaramide, and the receptor behaves as a monotopic binder under the conditions

studied.
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In stark contrast, 4.16 (Sq-2-Ala-Lys), 4.19 (Sqg-2-Lys-Phe) and 4.20 (Sq-2-Lys-FsPhe)
displayed complex and unresolved binding behaviour upon titration with chloride. The
'H NMR spectra reveal significant line broadening, overlapping NH signals, and a lack of
clean saturation points, all of which indicate the occurrence of slow exchange processes
on the NMR timescale as well as conformational heterogeneity. These spectral
complexities prevented reliable fitting to any standard binding model, and no meaningful
association constant could be determined. The origin of this behaviour can be
rationalised by comparison with the symmetric squaratides studied in Chapter 2, where
both side chains were identical and produced relatively well-defined binding isotherms.
In those cases, the presence of structural redundancy simplified the binding event,
allowing for straightforward quantification. By contrast, in the asymmetric squaratides
described here, incorporation of two different amino acid side chains, breaks the line of
symmetry within the macrocyclic scaffold. This asymmetry introduces non-equivalent
hydrogen-bond donor environments, alters local electronic effects, and likely generates
multiple, overlapping binding modes for chloride. As a result, the *H NMR titrations of
these systems (Figure 4.18) do not conform to simple host—guest models, instead giving
rise to broadened signals, irregular chemical shift progressions, and binding profiles that
cannot be satisfactorily fitted to single stoichiometric models. Taken together, these
observations underscore how subtle modifications in side-chain architecture can
dramatically alter not only the strength but also the stoichiometry and cooperativity of
chloride recognition. While symmetry promotes clarity and predictable behaviour,
asymmetry appears to induce additional complexity, not by eliminating binding, but by
dispersing it across multiple sites and conformations. This duality illustrates the delicate
balance between molecular recognition and structural design in squaratide chemistry
and provides a crucial rationale for extending the scope of these receptors beyond
binding studies. With these insights into binding complexity, the next stage of this
investigation sought to determine whether such structural modifications could be
harnessed to promote functional membrane transport activity, as explored in the

following section through lucigenin-based transport assays.
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Figure 4.18: *H NMR Titration of (a) 4.20 (Sq-2-FsPhe), (b) 4.19 (Sq-2-Phe) and (c) 4.16

(Sq-2-Ala-Lys) against TBACI
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4.5: Anion Transport Studies

As a result of the complexity of our designed squaratides affording ambiguous Cl- binding
propensities, we expected that the unmodified squaratides, 4.16 (Sq-2-Ala-Lys), 2.17
(Sq-2-Lys) and 4.19 (Sg-2-Lys-Phe) may not exhibit efficient anion transport as we had
initially envisaged. However, the anion recognition profiles for the series of
functionalised squaratides 4.17 (Sq-2-Ala-Lys(SqBisCFs3)) and 4.18 (Sqg-2-Lys(SqBisCFs))
gave us hope. Thus, we sought to ascertain the level of anionophoric ability of all our
squaratide receptors via Lucigenin assays previously reported by Prof. Vladimir Sindelar,
Dr. Hennie Valkenier and co-workers (Figure 4.19).2°2 Liposomes consisting of a 7:3 molar
ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol were
prepared in a 225 mM NaNO; solution, ensuring that both the interior and exterior
environments initially contain only nitrate as the counterion. Prior to initiating the
transport experiment, a solution of the squaratide (anionophore) was added to the
liposome suspension, allowing post-insertion of the transporter into the lipid bilayer. A
chloride pulse of 25 mM NaCl is then introduced to the external medium (75 pL of 1 M
NaCl in 225 mM NaNO3) at 30 seconds, thereby establishing a chloride gradient across
the membrane. The subsequent dissipation of this gradient, facilitated by the
anionophore, was monitored by recording the time-dependent decrease in lucigenin
fluorescence, which occurs via collisional quenching of the dye by chloride ions. The rate
and extent of fluorescence quenching over time served as indicators of chloride influx,

from which concentration—response relationships and ECso values were determined.
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Figure 4.19: a) Schematic illustration of the standard lucigenin assay used to investigate
CI7/NO;s™ antiport mediated by a transporter (T). The accompanying images show: b) the
liposome suspension at the beginning of the transport experiment, and c) the sample
following NaCl addition and subsequent lysis (left: visible light image; right: under 365

nm UV illumination). Reported by Sindelaf, Valkenier and colleagues.2?
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Under the conditions studied, 4.18 (Sq-2-Lys(SqBisCFs)) displayed the highest chloride
transport efficiency amongst all squaratides analysed (Figure 4.20). In the lucigenin
CI"/NOs™ antiport assay, the addition of NaCl resulted in a rapid and pronounced
decrease in fluorescence intensity, consistent with efficient chloride influx and nitrate

efflux through the bilayer, followed by a slower decay to equilibrium.

— (2.17) Sg-2-Lys

— (4.16) Sg-2-Ala-Lys

— (4.17) Sg-2-Ala-Lys(SqgBisCF3)
(4.18) (Sg-2-Lys(SqgBisCF3)

— (4.19) Sg-2-Phe-Lys

— (4.20) Sg-2-F5Phe

Figure 4.20: Normalised lucigenin fluorescence (F/Fo) as a function of time for liposomes
subjected to external NaCl addition in the presence of receptors 2.17, and 4.16 - 4.20 at
30uM.

The corresponding dose—response curve (Figure 4.21) fitted to a four-parameter logistic
model, yielded an ECso value of 4 mol%, indicative of transport ability. This activity is
consistent with its strong and well-defined chloride-binding profile in solution, as
revealed by 'H NMR titration experiments, by which the functionalised aryl squaramide
motif on the lysine side chain acted as the dominant high-affinity binding site, further
supplemented by a secondary, weaker binding event involving the squaramide NH
donors on the macrocyclic backbone. The flexible lysine side chain likely plays a dual role,
assisting in the initial capture of chloride at the membrane interface and facilitating its
release on the opposite side, hereby optimising the receptor for a carrier-mediated
transport mechanism. The combination of strong binding, negative cooperativity
preventing over-saturation, and a conformationally adaptable macrocyclic scaffold
appears to underpin the rapid chloride pick-up and release observed, ultimately

translating into the transport efficiency measured in the lucigenin assay.
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Figure 4.21: (a). Normalised lucigenin fluorescence (F/Fo) as a function of time for
liposomes (225 mM NaNOs, 0.8 mM lucigenin) subjected to external NaCl addition in the
presence of (4.18) Sq-2-Lys(SqBisCFs) at varying concentrations. (b). Dose—response plot

of fractional fluorescence intensity at 270 s versus transporter concentration.

In contrast, 4.17 (Sq-2-Ala-Lys(SqBisCF3)) although displaying clear chloride transport
activity, demonstrated significantly weaker transport activity under identical conditions.
While fluorescence quenching was still observed upon NaCl addition (Figure 4.22(a)), the
rate and extent of transport were markedly reduced, with the corresponding dose—
response curve (Figure 4.22(b)) yielded an ECso value of 8.10 mol%, double the value
than for 4.19 (Sqg-2-Lys(SqBisCFs)). These results align with its simpler 1:1 binding
stoichiometry in solution, which suggests that only the aryl squaramide site on the lysine
side chain is significantly involved in chloride coordination. The substitution of lysine for
alanine in the macrocyclic backbone likely removes a flexible, auxiliary binding element,
diminishing the receptor’s ability to adapt conformationally during the translocation
process. Consequently, although capable of binding chloride strongly at one site, this
receptor appears less adept at the dynamic binding and release cycles necessary for high

transport efficiency.
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Figure 4.22: (a). Normalised lucigenin fluorescence (F/Fo) as a function of time for
liposomes (225 mM NaNOs, 0.8 mM lucigenin) subjected to external NaCl addition in the
presence of (4.17) Sq-2-Ala-Lys(SqBisCF3) at varying concentrations. (b). Dose—response

plot of fractional fluorescence intensity at 270 s versus transporter concentration.

The parent macrocycles 4.16 (Sq-2-Ala-Lys), 4.19 (Sq-2-Phe-Lys) and 2.17 (Sq-2-Lys)
exhibited no detectable chloride transport activity in the lucigenin assay, indicating that
high-affinity binding alone is insufficient to drive membrane translocation in this system
(Figure 4.23). A key structural distinction from their active analogues is the absence of
the 3,5-bis(trifluoromethyl)phenyl squarate moiety. This substituent not only introduces
an electronically powerful aryl squaramide binding site but also significantly increases
the overall lipophilicity of the receptor through the presence of multiple CF; groups.
Enhanced lipophilicity is known to facilitate membrane partitioning, a prerequisite for
efficient carrier-mediated transport.?’® 293 294 The lack of these CFs-containing aromatic
groups in the parent compounds likely reduces their membrane affinity, preventing them
from attaining the bilayer residence time or orientation necessary to complete the
chloride exchange cycle, and thereby accounting for their complete lack of transport

activity under the experimental conditions employed.
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Fgiure 4.23: Raw data obtained from transport measurements of compounds 4.16 and

2.17

Interestingly, the para-fluorophenyl analogue 4.20 (Sq-2-Lys-FsPhe) also exhibited no
transport activity. We initially hypothesised that the fluorinated phenyl group could
increase overall lipophilicity, potentially bolstering bilayer partitioning and supporting
transport activity. However, we believe that the pentafluorophenyl substituent is less
electron-withdrawing than the bis-CFs analogue, leading to reduced NH acidity and
consequently weaker anion binding. Moreover, the smaller hydrophobic contribution
compared to two CF3 groups likely results in only modest lipophilicity gains, insufficient
to offset the loss in binding strength. The combined effects of weaker binding and limited
enhancement in bilayer affinity provide a compelling explanation for the complete
absence of transport activity, underscoring that both strong anion recognition and
membrane partitioning must act in concert to achieve functional transport in this

system.
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4.6 Conclusion

This Chapter set out to explore the potential of our squaratides as functional anion
transporters, building upon their demonstrated anion binding capabilities in Chapter 2.
The parent macrocycles 4.16 (Sg-2-Ala-Lys) and 2.17 (Sq-2-Lys) were selected as
versatile scaffolds for targeted functionalisation by utilising the free amine group on the
lysine side chain, with the aim of enhancing both their binding affinity and membrane
compatibility. A key design strategy was the incorporation of a 3,5-
bis(trifluoromethyl)phenyl squarate unit onto the lysine side chain, generating 4.17 (Sq-
2-Ala-Lys(SqBisCF3)) and 4.18 (Sq-2-Lys(SqBisCFs)). This modification was envisaged to
achieve a dual effect: the introduction of a highly electron-deficient aryl squaramide to
provide a strongly acidic, bidentate hydrogen-bond donor site for anion recognition, and
the inclusion of multiple CF3 groups to substantially increase the overall lipophilicity of
the receptor, thereby improving bilayer partitioning. In parallel, we sought to probe an
alternative structural tuning approach by incorporating a fluorinated amino acid into the
macrocyclic backbone, producing 4.20 (Sq-2-Lys-FsPhe), with the hypothesis that the
para-fluorophenyl substituent might similarly enhance lipophilicity and membrane
association.

IH NMR titration studies in DMSO-dg¢ confirmed that functionalisation with the 3,5-
bis(trifluoromethyl)phenyl squarate motif profoundly increased chloride-binding affinity
relative to the parent compounds. In 4.18 (Sq-2-Lys(SqBisCFs)), the aryl squaramide side
chain acted as a dominant high-affinity binding site (K;; = 4035 M™), supported by
secondary interactions from the squaramide NH donors within the macrocyclic
backbone, and displayed a stepwise 1:2 binding profile indicative of negative
cooperativity. In 4.17 (Sg-2-Ala-Lys(SqBisCF3)), the same motif retained strong chloride
recognition but operated predominantly via a 1:1 stoichiometry, a consequence of the
functionalised aryl squaramide lysine with a shortened alanine side chain resulting in
reduced macrocyclic flexibility.

Lucigenin CI7/NOs™ antiport assays translated these binding observations into functional
membrane transport data. 4.18 (Sq-2-Lys(SqBisCF3)) emerged as an effective
transporter, with an ECso value of 4 mol% and largely non-cooperative transport kinetics.
Its activity can be attributed to the synergy between strong, electronically activated

binding at the aryl squaramide site and the conformational adaptability of the lysine-
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based macrocycle. 4.17 (Sqg-2-Ala-Lys(SqBisCFs)) also facilitated chloride transport but
with reduced efficiency, exhibiting an ECso of 8.10 mol% and pronounced cooperative
behaviour, consistent with a threshold requirement for activity at higher loadings.
Although these squaratides are not the strongest transporters reported in the literature,
their performance demonstrates that targeted functionalisation with the 3,5-
bis(trifluoromethyl)phenyl squarate motif can successfully expand the utility of this
receptor platform. What were originally designed as anion-binding hosts, described in
Chapter 2, have thus been re-engineered into functional anion transporters, establishing
a foundation for future optimisation of squaratide scaffolds in membrane transport
applications. The parent macrocycles 4.16 (Sq-2-Ala-Lys), 2.17 (Sq-2-Lys), as 4.19 (Sq-2-
Lys-Phe) and 4.20 (Sq-2-Lys-FsPhe) were completely inactive under identical conditions.
For the former, the lack of the bis-CF; aryl squaramide eliminated both the enhanced
binding site and the lipophilicity boost necessary for bilayer engagement. For 4.20 (Sq-
2-Lys-FsPhe), the absence of strong electronic activation from the pentafluoro phenyl
ring, combined with only modest lipophilicity, failed to deliver the anticipated transport
capability, underscoring that fluorination alone is insufficient without concomitant
binding-site strengthening.

Collectively, these findings establish that in this class of squaratide receptors, successful
anion transport requires the deliberate co-optimisation of binding-site electronics,
macrocyclic architecture, and lipophilicity. The 3,5-bis(trifluoromethyl)phenyl squarate
unit proved uniquely effective in meeting these criteria, producing receptors that are not
only strong and selective chloride binders in solution but also capable of operating as
efficient anion carriers in lipid bilayers. This work therefore represents a significant step
in the rational design of squaratide-based anion transporters and highlights the broader
principle that supramolecular function at the membrane interface emerges from a finely

tuned interplay between molecular recognition and membrane compatibility.
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5: Fluorescent Squaratide for Selective Fluoride Recognition and
Anion Exchange

5.1: Introduction

Fluoride anions (F~) are chemically distinctive species that play critical roles in diverse
biological, environmental, and industrial settings.?®> 2% In biological systems, fluoride at
trace levels is essential for bone and dental health and is widely incorporated into
municipal water supplies to prevent tooth decay.?®” However, prolonged exposure to
elevated concentrations of fluoride can result in dental and skeletal fluorosis, posing
significant public health concerns.?%® 2%° |ndustrially, fluoride is used in aluminium
production, uranium processing, and the manufacturing of fluorinated pharmaceuticals
and agrochemicals.3% 301 Consequently, the selective and sensitive detection of fluoride
in complex environments remains an important analytical challenge.3%? From a chemical
standpoint, fluoride is the most electronegative element and possesses a uniquely high
hydration energy, rendering it highly solvated and challenging to extract or bind
selectively in aqueous and competitive solvent systems.303 304 |ts small ionic radius, high
charge density, and strong basicity distinguish it from other halide anions and make it a
particularly demanding target for selective molecular recognition.6> 305

Among the diverse molecular architectures developed for molecular recognition,
fluorescent macrocyclic receptors have emerged as particularly powerful tools due to
their unique combination of structural preorganization and optical responsiveness.3%
The cyclic nature of macrocycles confers a well-defined cavity with inherent
conformational rigidity, enabling the selective accommodation and stabilization of
specific anions through geometrically and chemically complementary interactions.®® 307
308 The size, shape, and electronic characteristics of the macrocyclic binding pocket play
a critical role in determining the strength and selectivity of anion recognition.®® 3% This
high degree of molecular specificity, reminiscent of natural receptors, makes
macrocycles indispensable platforms in both biological and synthetic systems.8> 310
What further elevates their utility is the integration of fluorogenic or chromogenic units,
which transform these receptors into dual-function systems capable of not only binding
but also transducing molecular interactions into measurable optical signals.3!% 312

Fluorescence spectroscopy, in particular, offers a highly sensitive, and real-time method
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for monitoring anion binding.33 By embedding fluorophores such as naphthalimides,
coumarins, or other n-conjugated systems into macrocyclic frameworks, these receptors
can exhibit distinct spectral changes—such as intensity modulation or wavelength
shifts—in response to guest binding.3'431® As a result, many research groups have
explored various macrocyclic architectures and have utilised their anion binding
capabilities and tuneable functionality by modifying the macrocyclic structure with a
suitable fluorophore for anion detection and binding.88 302 317-319

Kim and Cho recently synthesized receptor 5.1, a calix[4]triazole framework, where
pyrene is chemically linked to the calix[4]triazole via an ester linker (Figure 5.1).32° This
receptor demonstrated selective fluoride binding resulting in fluorescence quenching via
photoinduced electron transfer (PET) whereby the presence of fluoride enhances the
electron density on the calix[4]triazole, facilitating the transfer of electrons to the excited
state of pyrene, thereby reducing its fluorescence. Fluorescence titration experiments
revealed a 1:1 binding stoichiometry between 5.1 and fluoride ions, with an association
constant calculated to be 74.30 + 12 M. This quantitative analysis supports the
formation of a stable complex between the receptor and the anion. When tested against
various competing anions (such as CI~, Br~, I, H,PO,~, NOs~, HSO,~, and CH3CO,7), 5.1
demonstrated remarkable selectivity for fluoride ions; the presence of these anions did
not significantly affect the fluorescence response. *H NMR titration revealed changes in
the triazole proton signals, confirming the formation of hydrogen bonds with fluoride
ions at low concentrations. At higher fluoride concentrations, deprotonation of the

triazole occurred, indicating the dynamic nature of the binding interaction.

Figure 5.1: Chemical structure of calix[4]triazole based receptor 5.1, reported by Cho

and colleagues.
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Hosseinzadeh and collaborators reported the design and synthesis of a highly selective
colorimetric and fluorescent chemosensor, designated as compound 5.2, for the
detection of fluoride ions (Figure 5.2(b)).32! This sensor was constructed by appending
fluorene moieties to the lower rim of a calix[4]arene scaffold. Spectroscopic
investigations—specifically UV-vis absorption and fluorescence emission studies
conducted in acetonitrilie—demonstrated that 5.2 exhibits exceptional affinity and
selectivity for fluoride over other anions examined. The association constant (K,) for the
fluoride—5.2 complex, as derived from fluorescence titration data, was determined to be
1.18 x 10° M. Moreover, the sensor exhibited a remarkably low detection limit of 3.20
x 1078 M, calculated using the 36/S method. The high sensitivity is primarily attributed
to favourable host—guest interactions, mediated by strong hydrogen bonding between
fluoride ions and the sensor’s amido and phenolic hydroxyl groups, which act as
hydrogen bond donors. Notably, the introduction of fluoride to the system induced
distinct and observable fluorescence and colorimetric changes (Figure 5.2(c)), attributed
to a photoinduced electron transfer (PET) mechanism. This phenomenon likely arises
from deprotonation of the amide NH and phenolic OH functionalities, facilitating

electron transfer from the bound anion to the fluorenone moiety.

c).

Figure 5.2: a). Fluorescent intensity changes of 5.2 upon the addition of various anions.
b). Chemical structure of 5.2. Reported Hosseinzadeh and co-workers. c). Visual changes

of 5.2 upon the addition of various anions.
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Kataev and colleagues designed macrocyclic receptors (5.3, 5.4 and 5.5) consisting of a
tren subunit and hydrogen bond donor amide groups for recognition and a
naphthalimide fluorophore as a reporting unit sensitive to F binding in aqueous
solutions (Figure 5.3). 322 Receptor 5.3 shows the strongest binding of F~ with 100-fold
selectivity over other anions in aqueous solution with a remarkable binding constant of
10° M as evidenced by 'H NMR titrations, highlighting its strong interaction with F-.
Unlike 5.4 and 5.5, receptor 5.3 exhibited a unique turn-on fluorescence response upon
binding with F-, making it a promising visual probe for F- detection. One key feature of
receptor 5.3 is its ability to accommodate multiple F ions, forming stable complexes with
1:1, 1:2, and 1:3 stoichiometries as inferred from the fitting analysis of the fluorescence
titration of 5.3 with F". This multiple anion coordination led to the protonation of the
tertiary amine group within the receptor, hindering the photoinduced electron transfer
process and resulting in a fluorescence enhancement. The size selectivity of receptor 5.3
allows it to selectively bind F ions while preventing aggregation, further enhancing its
fluorescence response specifically for F- detection. Moreover, the positively charged
ammonium groups in receptor 5.3 play a crucial role in compensating the negative

charge of fluoride ions, enhancing the electrostatic interactions and binding affinity.

NH HN
NH HN o o
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Figure 5.3: Chemical structures of macrocycles 5.3- 5.5. Reported by EA. Kataev et al.

The examples mentioned above highlight the value of integrating macrocyclic scaffolds
such as calix[4]triazole, calix[4]arene, and intrinsic preorganization via urea-based
macrocycles with responsive fluorescence signalling in the ongoing pursuit of selective

anion recognition systems. The continued development of these systems not only
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enhances our understanding of anion-receptor interactions but also shows the
significant potential for real-time sensing applications, expanding the capabilities of
supramolecular chemistry in addressing critical challenges in anion detection and
monitoring. However, designing receptors that exhibit both selectivity and reversibility

remains a challenge.
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5.2: Chapter Objective

So far, we have shown the versatility of squaratides for anion recognition (Chapter 2),
antimicrobials (Chapter 3), and anion transporters (Chapter 4). The aim of this chapter
is to further develop and explore the possible applications that squaratides can possess.
By utilizing our new synthetic approach of squaratides via SPPS, we aim to synthesise a
naphthalimide based amino acid and integrate it into the squaramide backbone, to
exemplify the first fluorescent squaratide; (5.12) Sq-2-Lys-Naph, as an anion sensor
(Figure 5.4). We envisaged that the naphthalimide based amino acid would act as both
a structure and a signalling unit of the receptor that provides site-specific functionality
while preserving the receptor’s overall conformational integrity and binding

preorganization.

N (0]

|
N ~

~

Figure 5.4: Schematic overview of the modular design strategy for (5.12) Sg-2-Lys-Naph.

With our fluorescent squaratide design in hand, this chapter aims to exemplify the use
of squaratides as molecular sensors, taking advantage of their modular design, enabling
the receptor to function as a dual-purpose system: facilitating selective anion binding
through directional hydrogen bonding, while simultaneously providing real-time optical
output via fluorescence modulation. As of yet, there are no reports of fluorescent
peptidomimetics for molecular sensing that are used to selectively bind and discriminate
against anions. We envisage that this design principle which offers a promising

alternative due to their modularity, synthetic accessibility, and ability to display
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hydrogen-bond donors in defined spatial arrangements, can be expanded to engineer
new fluorescent peptidomimetics with tailored selectivity and tuneable optical

responses.

The chapter sets the stage for the synthesis and comprehensive analytical evaluation of
a structurally novel and functionally responsive macrocyclic peptidomimetic receptor
with relevance to the fields of molecular sensing, supramolecular chemistry, and anion
recognition. Herein we report the design and study of 5.12 (Sq-2-Lys-Naph),
encompassing the receptor’s synthesis, detailed photophysical characterization, and
systematic binding evaluation using a suite of spectroscopic techniques, including
fluorescence emission, UV-Vis absorption, and '"H NMR spectroscopy, to elucidate its

anion recognition properties—particularly toward fluoride.

5.3: Synthesis and Characterisation

5.3.1: Design rationale
The goal of this chapter was to integrate an optical reporter into the squaratide receptor

framework so that anion binding would be translated into a measurable change in
emission. We selected a 4-dimethylamino-1,8-naphthalimide chromophore because (i)
it offers bright emission in the green region, (ii) its charge-transfer character is exquisitely
sensitive to local polarity/acid—base events, and (iii) it tolerates peptide-style protecting
groups, allowing installation as an amino-acid-like building block (Naph-aa). Embedding
the fluorophore as an amide-linked side chain next to the squaramide array was
intended to preserve recognition while maximizing electronic communication between

the binding site and reporter.

5.3.2: Synthesis of a Napthalimide based amino acid (5.11)
A key component in the design of Sq-2-Lys-Naph is the incorporation of a naphthalimide-

based fluorescent amino acid, 5.11, in its Fmoc-protected form, making it suitable for
incorporation into the squaratide sequence using the solid phase peptide synthesis
(SPPS) Fmoc-strategy. When strategically tethered to an amino acid side chain, the
resulting fluorescent amino acid preserves both the a-amino acid functionality
necessary for our squaratide synthesis and the fluorogenic capacity required for real-

time signal transduction.
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The synthesis of 5.11 was carried out using a procedure adapted from Stromberg and

colleagues3?3

as outlined in Scheme 5.1. Initially, A mixture of 4-bromo-1,8-naphthalic
anhydride (5.6), dimethylamine hydrochloride, and CuSO4:5H,0 in DMF was treated with
triethylamine and heated under microwave irradiation at 130 °C for 40 minutes. The
reaction was quenched with water, and the resulting solid was collected by filtration. The
crude product was purified by dissolution in chloroform, filtration, and precipitation with
hexane, followed by short silica gel filtration to afford intermediate 5.7. The
corresponding 4-dimethylamino-1,8-naphthalic anhydride (5.7) and Boc-D-Dab-OH (5.8)
were reacted under a nitrogen atmosphere in refluxing dioxane with agueous NaHCO;
as a base. After 1 hour, the reaction was concentrated, diluted with water, washed with
diethyl ether, and acidified to pH 3, yielding a yellow precipitate. The aqueous layer was
extracted with DCM, and the combined organics were dried over Na,SO, and
concentrated. The crude product was purified by column chromatography (40-50%
EtOAc in hexane with 0.1% AcOH) to afford intermediate 5.9, which was then treated
with a 1:1 mixture of DCM and TFA and stirred for 2 hours. The reaction was
concentrated under reduced pressure, and the resulting residue was redissolved in
methanol and precipitated by dropwise addition into diethyl ether. The mixture was
filtered to yield 5.10 which was subsequently dissolved in aqueous NaHCOs, and dioxane
was added followed by Fmoc-OSu. The reaction was stirred at 0 °C for 2 hours. The
mixture was diluted with water, washed with diethyl ether, and acidified to pH 6 with 6
N HCI. The product was extracted with DCM and purified by column chromatography
(0.5-1% MeOH in DCM with 0.1% AcOH) to afford our desired final compound 5.11, in a
69% yield. All characterisation data aligned with the reported literature3?3, with LC-MS
analysis displaying one sharp UV peak with a tg = 41 min, and strong ionisation was

observed for the target mass of [M+H]* = 564.7 gmol™ in positive mode (Figure 5.4).
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Scheme 5.1: The synthesis of naphthalimide based amino acid 5.11. Reagents and
conditions: i) CHsNHCH3 -HCl, CuSO4 -5H,0, Triethylamine, DMF, m.w: 130 °C, 1 h, 85%;
ii) 5.8, aqg NaHCO3, dioxane, reflux, 1 h, 65%; iii) Trifluoroacetic acid, DCM, 0 C, 2 h; (iv)
Fmoc-OSu, water—dioxane (1:1), NaHCOs3, 0 C, 2 h, 68% (over two steps).
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Figure 5.4: LC-MS data for Naphthalimide amino acid 5.11.
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5.3.3: Synthesis of (5.12) Sq-2-Lys-Naph

With the successful synthesis of the desired naphthalimide-functionalized amino acid in
hand, we proceeded to construct the target receptor 5.12 (Sq-2-Lys-Naph) as outlined
in scheme 5.2. Through stepwise solid-phase synthesis, followed by macrocyclization as
outlined below, the receptor was assembled and purified. The resulting structure
integrates hydrogen bond donor sites with a conjugated emissive core, thus positioning
5.12 (Sq-2-Lys-Naph) as a novel platform for anion sensing via fluorescence modulation.
This synthetic milestone laid the foundation for further spectroscopic and binding

studies to elucidate the receptor’s anion recognition properties.
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Scheme 5.2: Synthetic pathway towards the synthesis of 5.12 (Sq-2-Lys-Naph).

The synthesis of 5.12 (Sq-2-Lys-Naph) is carried out using the same stepwise procedures
as described in chapters 3 and 4. Briefly, Fmoc-Lys(Boc) was attached to 2-chlorotrityl

resin, followed by the coupling of diethyl squarate in triethylamine in DMF that was then
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subsequently reacted with EDA to provide the monomer B. 5.11 which was synthesised
beforehand, was coupled to monomer B using PyBOP/NMM to give monomer C. The
same sequence of reaction steps was carried out until the desired linear squaratide was
achieved, whereby the resin was treated with a mixture of HFIP / DCM in order to cleave
and obtain ASqg-2-Lys(Boc)-Naph. The HPLC trace (Figure 5.5) displayed a sharp UV peak
with a tg = 27 min, and strong ionisation was observed for the target mass of [M+H]* =
847.4 g mol ! in positive mode, confirming the successful synthesis of the desired linear

squaratide dimer.
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Figure 5.5: LC-MS data for Asq-2-Lys(Boc)-Naph.

ASq-2-Lys(Boc)-Naph was subjected to Intramolecular cyclization under high-dilution
conditions in DMF using PyBOP and NMM, affording the protected cyclic product Sq-2-
Lys(Boc)-Naph as a yellow solid in 62% isolated yield. LC-MS analysis (Figure 5.6)
confirmed the expected mass for the cyclic product, and HPLC showed a longer retention
time (tr = 41 min) relative to the corresponding linear precursor, consistent with
successful macrocyclization. A single sharp peak was observed in the chromatogram,
although partial Boc deprotection was detected under the acidic HPLC conditions (0.1%
TFA in acetonitrile/water), giving rise to a fragment ion at [M — Boc +H]* = 728.9 gmol*

in positive ion mode.
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Figure 5.6: LC-MS data for Sq-2-Lys(Boc)-Naph.

Boc deprotection of Sq-2-Lys(Boc)-Naph was carried out using a 1:1 (v/v) mixture of
trifluoroacetic acid (TFA) and dichloromethane (DCM). After completion, the solvent was
removed under reduced pressure, and the residue was dissolved in minimal methanol
before precipitation with cold diethyl ether. The crude material was lyophilized to afford
the deprotected product 5.12 (Sg-2-Lys-Naph) as a yellow solid in 89% isolated vyield.
Analytical HPLC (Figure 5.7) showed a shorter retention time (tr = 27 min) relative to the
Boc-protected precursor, consistent with removal of the protecting groups. The
chromatogram displayed a sharp UV-absorbing peak corresponding to the desired
compound with the expected molecular ion showing a strong signal at [M+H]* =728.1in

positive ion mode.
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Figure 5.7: LC-MS data for 5.12 (Sq-2-Lys-Naph).

Finally, HRMS was also used as a complimentary analysis to confirm the molecular
formula of 5.12 (Sq-2-Lys-Naph), with confirmation of the target mass through detection
of the protonated ions: [M+H]* = 728.3151 gmol possessed a low mass error value of -

0.27 ppm (Figure 5.8).
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Figure 5.8: HRMS data for the deprotected cyclic squaratide 5.12 (Sq-2-Lys-Naph).

165



Chapter 5 - Fluorescent Squaratide Sensor

The 'H NMR spectra obtained for 5.12 (Sq-2-Lys-Naph), revealed notable spectral
complexity and peak broadening, as illustrated in Figure 5.9, despite obtaining high-
purity material—as verified by both LC-MS and HRMS. This observation is consistent with
our earlier NMR analyses of squaratides; thought to be a result of both self-assembly
and the existence of several conformational isomers in. The increased conformational
rigidity and restricted rotational freedom imposed by macrocyclisation often lead to the
presence of multiple slowly interconverting conformers on the NMR timescale.324-326
These conformational isomers give rise to broadened or duplicated resonances,
especially in the amide and aromatic regions, as seen in the inset expansion of the
aromatic domain. In particular, the squaramide and amide NHs, which participate in
extensive intramolecular hydrogen bonding networks, are highly sensitive to the
conformational environment and dynamic exchange, contributing significantly to
spectral complexity.!'> 327 Furthermore, the macrocycle’s rich hydrogen-bonding
topology, combined with its relatively high density of polar and aromatic functionalities,
likely promotes intramolecular aggregation in solution. These interactions result in
deshielding effects and dynamic line broadening that further complicate spectral
resolution. However, upon Boc deprotection, a clear shift in the chemical environment
is observed, as indicated by diagnostic signals such as the disappearance of the tert-butyl
singlet (6 ~1.4 ppm) and the appearance of the NH; from the lysine side chain in the
aromatic region. Taken together, these data are consistent with the successful synthesis
of Sq-2-Lys-Naph, albeit accompanied by the expected conformational heterogeneity

typical of these cyclic peptidomimetics.
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Figure 5.9: 'H NMR spectrum of (bottom) protected compound Sq-2-Lys(boc)-Naph in
and (top) Sg-2-Lys-Naph (5.12) in DMSO-ds.

5.4: Anion binding studies

5.4.1: Fluorescence Spectroscopy Anion Interactions

With our newly synthesised fluorescent squaratide 5.12 (Sq-2-Lys-Naph) in hand,
fluorescence spectroscopy was carried out in order to gain insight into the fluorescence
properties of 5.12 (Sq-2-Lys-Naph) in the presence of various anions (F-, CI-, Br~, I,
H2PO4~, NOs~, PHCOO™, and CH3CO;™ ) and to assess its selectivity and binding ability
(Figure 5.10). Upon excitation (Aex = 420 nm) 5.12 (Sq-2-Lys-Naph) exhibited
fluorescence at 540 nm in its unbound state, indicative of the emissive nature of the
naphthalimide chromophore. The addition of various anions caused varying degrees of
quenching in fluorescence intensity. Notably, 5.12 (Sqg-2-Lys-Naph) exhibited a
pronounced fluorescence quenching effect upon interaction with fluoride (F~) leading to
a significant “turn-off” response, while other anions induce comparatively moderate to
no changes in intensity. The significant fluorescence quenching observed in the presence
of fluoride (F°) provided crucial insights into the underlying quenching mechanism,
suggesting that these anions induce deprotonation within the receptor's hydrogen-
bonding framework, leading to diminished fluorescence intensity. The interaction with
highly basic anions such as fluoride results in deprotonation that perturbs the electronic

environment of the appended naphthalimide and facilitates photoinduced electron
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transfer (PET) from the bound anion/receptor complex to the excited fluorophore,
thereby enhancing non-radiative decay pathways and ultimately leading to fluorescence
guenching of the naphthalimide core. The particularly strong quenching observed for
fluoride is attributed to its high electronegativity and small ionic radius, which enable it
to form stable hydrogen-bonded complexes and efficiently abstract protons from the
squaramide NH groups. In contrast, anions such as bromide (Br~), chloride (CI7), iodide
(I7), nitrate (NOs~), Benzoate (PHCOO~) and Acetate (AcO") exhibit relatively minor effects
on fluorescence intensity, suggesting weaker binding interactions with the receptor. The
moderate quenching observed for dihydrogen phosphate (H,PO,~) implies a partially
stabilizing interaction, likely involving hydrogen bonding but without complete

fluorescence suppression.
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Figure 5.10: Fluorescent spectra of 5.12 (Sq-2-Lys-Naph) (30 UM Aex = 420 nm) in the

presence of 40 equiv of various anions in a DMSO solution.

5.4.2: Fluorescence Spectroscopy Anion Titration

The sensing properties of 5.12 (Sg-2-Lys-Naph) for F~ were further studied through
fluorescence titration experiments (Figure 5.11(a)). With the gradual addition of F~ the
fluorescence intensity of 5.12 (Sg-2-Lys-Naph) gradually decreased, indicating a close
interaction between the receptor and anion. These titration results were interpreted
using the open access BindFit software program to provide the apparent stability
constants (Kg), by which the binding mode was best suited to a 1 : 1 binding model with
an association constant of 622 + 10 M. This conclusion was further corroborated by a
Job’s plot analysis (Figure 5.11(b)), which displayed a maximum at a 0.5 molar fraction,

consistent with a 1:1 binding stoichiometry.
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Figure 5.11: (a) Fluorescent spectra of 5.12 (Sq-2-Lys-Naph) (10 UM Aex = 420 nm) upon
titration with F- (0 —40 equiv) in a DMSO solution. (b) Jobs plot analysis of the fluorescent
titration data of 5.12 and F (c) Absorbance changes observed upon the addition of F~ (0
— 40 equiv). (d) Fitted data of the chemical shift change of 5.12 against molar

equivalents of TBAF.

5.4.3: UV-Vis Anion Titration

The UV-Vis absorption spectra (Figure 5.12) reveal a distinct two-phase interaction
between the receptor and fluoride anions. Initially, the addition of fluoride leads to an
increase in absorbance at ~300 nm, suggesting enhanced electronic interactions, likely
due to strong hydrogen bonding between the squaramide NH groups and fluoride.
However, at higher fluoride concentrations, the absorbance at ~300 nm decreases, while
a broad absorption band emerges at ~400 nm. This spectral shift suggests that fluoride,
beyond a critical concentration, induces deprotonation of the squaramide NH groups,
disrupting the hydrogen-bonding network and altering the receptor’s electronic
environment. The emergence of a red-shifted absorption feature is characteristic of
increased charge delocalization following deprotonation, likely leading to a change in

5.12 (Sg-2-Lys-Naph) conjugation or electronic state.
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Figure 5.12: (a) UV-Vis spectra of 5.12 (Sq-2-Lys-Naph) (30 uM) in the presence of 0 — 80

equiv. of Fin a DMSO solution. (b) Absorbance changes observed at 298 nm.

5.4.4: Fluorescence Selectivity Studies

To further probe the selectivity of 5.12 (Sqg-2-Lys-Naph), competitive binding
experiments were carried out in which fluoride was first added to the receptor solution,
followed by incremental addition of a second anion (Figure 5.13). The receptor alone
exhibits strong fluorescence (green bar), indicative of an intact electronic structure that
facilitates radiative emission. Upon the introduction of fluoride, a pronounced decrease
in fluorescence intensity is observed across all anion-receptor complexes (red bars). The
presence of competing halides, nitrate, benzoate, or dihydrogen phosphate did not lead
to significant perturbation of the fluorescence intensity, with the quenched state
remaining dominant. This finding confirms the strong preference of the receptor for
fluoride, which outcompetes these other anions under the experimental conditions

employed. Interestingly, a notable deviation from this behaviour was observed upon the
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addition of acetate. In contrast to the other anions tested, acetate induced a partial
recovery of fluorescence intensity, restoring emission to nearly 70—75% of its original
value. This effect can be rationalised by considering the relative binding interactions at
play: while fluoride is a stronger hydrogen bond acceptor, acetate possesses both size
complementarity and a capacity to stabilise squaramide binding through multiple
interaction sites. It is plausible that acetate displaces fluoride from the binding pocket or
establishes an alternative equilibrium in which competition between the two anions
perturbs the receptor’s electronic environment differently, leading to reduced
guenching of the fluorophore. Such behaviour highlights the subtle interplay between
anion basicity, size, and binding mode in dictating the optical output of the system. The
observed fluorescence recovery suggests that 5.12 (Sq-2-Lys-Naph) may have potential
as a dual-responsive receptor, capable not only of recognising fluoride selectively but
also of differentiating acetate in competitive environments through a distinct “off-on”

response.
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Figure 5.13: Fluorescence response at 540 nm of 5.12 (Sq-2-Lys-Naph) (30 pM)
containing 70 equiv. of F" and various anions (70 equiv.) in a DMSO solution (excitation
at 270 nm).
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5.4.5: Fluorescence recovery study

To further elucidate the dynamic and potentially reversible interaction between fluoride
and the squaramide receptor within the 5.12 (Sq-2-Lys-Naph) construct, a competitive
fluorescence titration experiment was undertaken (Figure 5.14). In this study, 5.12 (Sq-
2-Lys-Naph) was first treated with 80 equivalents of fluoride, leading to the expected
and significant quenching of fluorescence, as previously established. Subsequently,
incremental equivalents of acetate anion (ranging from 0 to 80 equivalents) were
introduced into this pre-quenched system, and the resulting emission spectra were
recorded. The spectral data reveal a compelling trend: upon sequential addition of
acetate to the fluoride-bound sensor complex, a progressive recovery of fluorescence
intensity was observed. The emission, initially suppressed by fluoride binding, gradually
increased in response to acetate, ultimately approaching near baseline intensity of the
unbound sensor. This strongly suggests a competitive displacement mechanism, wherein
acetate effectively competes with fluoride for the squaramide binding site.
Mechanistically, this recovery can be rationalized by considering the relative affinities of
the two anions for the squaramide moiety. While fluoride, due to its high charge density
and strong hydrogen bonding capabilities, forms a tight complex with the squaramide
NH units, the introduction of a competing anion such as acetate which also possesses
moderate hydrogen bonding ability, and a comparable basicity can perturb this
equilibrium. The increasing concentration of acetate likely facilitates the displacement
of bound fluoride, thereby releasing the squaramide receptor and restoring the native
photophysical environment of the naphthalimide fluorophore. As the hydrogen bonding
interactions with fluoride are disrupted, the photoinduced electron transfer (PET)
process is suppressed, resulting in fluorescence reactivation. This competitive binding
experiment not only confirms the reversibility of the fluoride—squaramide interaction
but also provides compelling evidence for the non-covalent and equilibrium-driven
nature of anion recognition in this system. Importantly, it demonstrates the utility of the
sensor not merely as a static “turn-off” system but rather as a dynamic and responsive
platform that can monitor real-time fluctuations in a competitive anionic composition.
Such behaviour is particularly valuable in environmental or biological contexts where

transient changes in fluoride concentration must be detected with high fidelity.
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Figure 5.14: (a) Fluorescent spectra of 5.12 (Sq-2-Lys-Naph) (30 uM Aex = 420 nm) upon
titration with F (0 — 80 equiv.) followed by addition of AcO™ (0 — 80 equiv.) in a DMSO
solution. (b) Absorbance changes observed upon the fluorescence titration of 5.12 with

F-and AcO'.

5.4.6: Probing the Role of Protonation and Deprotonation in Fluorescence Modulation.
To further interrogate the nature of fluorescence modulation of 5.12 (Sq-2-Lys-Naph),
we evaluated its photophysical response to two chemically distinct species:
tetrabutylammonium hydroxide (TBAOH) and hydrochloric acid (HCl) (Figure 5.15). This
study was designed to determine whether general acid—base chemistry, independent of
anion structure or size, could influence the emission behaviour of the system. The

addition of TBAOH resulted in a moderate decrease in fluorescence intensity relative to
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the free receptor accompanied by a distinct hypochromic (blue) shift in the emission
maximum from approximately 540 nm to 515 nm, indicating a change in the local
electronic environment around the naphthalimide fluorophore. Given the strong basicity
of OH, its interaction with the squaramide units likely involves Brgnsted deprotonation,
which perturbs the local hydrogen-bonding environment and may facilitate
photoinduced electron transfer (PET) processes that reduce emission. In contrast, the
addition of HCl had no discernible effect on the fluorescence of 5.12 (Sg-2-Lys-Naph).
This indicates that protonation of the squaramide, or the presence of a strong acid, does
not affect the photophysical properties of the system. Such behaviour rules out any
general pH- or ionic strength-related quenching and demonstrates that neither the
fluorophore nor the binding motif is responsive to acidic conditions under these
experimental parameters. Crucially, this serves as a negative control that supports the
earlier hypothesis: fluoride-induced fluorescence quenching is not a non-specific acid—
base interaction but arises from a specific combination of strong hydrogen bonding and

subsequent deprotonation, resulting in PET-driven emission loss.
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Figure 5.15: Fluorescent spectra of 5.12 (Sg-2-Lys-Naph) (30 uM A.x = 420 nm) upon
titration with TBAOH (40 equiv.) and HCI (40 equiv.) in a DMSO solution.

To better understand the relative contributions of basicity and structural recognition in
the fluorescence quenching mechanism of 5.12 (Sq-2-Lys-Naph), a direct comparison
was conducted between the effects of TBAF (fluoride) and TBAOH (hydroxide), each
added at 40 equivalents (Figure 5.16). The resulting emission profiles provide clear
evidence of differential quenching behaviour, reinforcing the specificity of the sensor

toward fluoride. The dramatic difference between fluoride and hydroxide underscores
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the fact that quenching is not merely a function of basicity, as hydroxide is in fact the
stronger base. Instead, this behaviour demonstrates that anion geometry, size, and
hydrogen bonding ability play a critical role in enabling productive interaction with the
squaramide motif. Fluoride’s small ionic radius and high charge density allow it to nestle
into the hydrogen bonding pocket, while hydroxide—though strongly basic—lacks the
same steric and electronic complementarity. Thus, this comparative study confirms that
fluoride uniquely activates the sensor through a synergistic mechanism involving both
anion binding and deprotonation, which together facilitate PET and fluorescence
guenching. The lesser response to hydroxide further validates the selectivity and fine-
tuned responsiveness of the sensor design, ensuring minimal interference from non-

specific bases in real-world applications.

800
— 8q-2-Lys-Naph
= 600+ — 40 eq. TBAOH
j — 40 eq. TBAF

Intensity (a
F-9
(=]
T

N

[—]

o
1

T T T
550 600 650 700

Wavelength (nm)

T
450 500

Figure 5.16: Fluorescent spectra of 5.12 (Sg-2-Lys-Naph) (30 UM Aex = 420 nm) upon
titration with TBAOH (40 equiv.) and TBAF (40 equiv.) in a DMSO solution.

5.4.6: 'H NMR Anion Titration

To gain molecular-level insights into the anion binding mechanism between 5.12 (Sqg-2-
Lys-Naph) and Fluoride, '"H NMR titration was conducted in DMSO-ds (Figure 5.17) by
incrementally adding 0—10 equivalents of tetrabutylammonium fluoride (TBAF). The aim
of this study was to assess the hydrogen-bonding behaviour and protonation state of the
receptor, and to determine how fluoride-induced structural changes may underpin the

previously observed fluorescence quenching. Upon the gradual addition of fluoride, at
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low concentrations, the NH proton resonances undergo a progressive downfield shift
and peak broadening, indicative of an increasing hydrogen-bonding interaction between
the receptor and fluoride anions. This deshielding effect, as a result of electron density
around the NH protons decreasing due to anion binding suggests that fluoride initially
engages in strong hydrogen bonding with the receptor’s NH donor groups, thereby
stabilizing an anion-receptor complex. As the fluoride concentration increases, the NH
resonances become increasingly attenuated and eventually vanish, strongly suggesting
that fluoride not only participates in hydrogen bonding but also induces deprotonation
of the receptor. This transition is consistent with a well-established property of fluoride:
its high basicity and ability to act as a proton acceptor, leading to deprotonation of the
squaramide and amide NH groups as well as the lysine side chain. Furthermore,
throughout the titration, the aromatic signals—particularly those associated with the
naphthalimide moiety (marked in red, green, and blue)—exhibit only minor chemical
shift perturbations, indicating that the fluorophore itself is not directly interacting with
the fluoride. Instead, the fluorescence quenching observed in the emission studies likely
originates from electronic effects induced by squaramide deprotonation, rather than
fluorophore binding per se. This supports a photoinduced electron transfer (PET)
mechanism, where deprotonation of the squaramide alters the electronic landscape in
a manner that facilitates non-radiative relaxation of the excited state. Concomitant with
NH deprotonation, a new, broad signal appears around 16 ppm, which is characteristic
of the [HF;]™ bifluoride ion. The presence of this signal confirms the formation of a
hydrogen-bonded fluoride—proton complex, arising from abstraction of a proton from
the receptor followed by its capture by an additional equivalent of fluoride. The
appearance and intensity of this bifluoride signal serves as direct evidence that the
guenching of fluorescence observed in spectroscopic studies is tightly coupled to proton
transfer processes, and not merely weak hydrogen bonding. This NMR titration therefore
provides strong structural evidence that the sensor operates via a proton-coupled anion
recognition mechanism, wherein the deprotonation of the squaramide plays a pivotal
role in modulating fluorescence. The detection of [HF,]” offers unambiguous
confirmation of fluoride's basicity in this system, and highlights the tight coupling
between structural, electronic, and photophysical changes upon anion binding. These

findings support the broader conclusion that fluoride selectivity arises not only from
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hydrogen-bonding complementarity, but also from its unique ability to induce proton

transfer and disrupt the PET equilibrium within the receptor scaffold.
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Figure 5.17: Partial 'H NMR titration spectra of 5.12 (Sg-2-Lys-Naph) (2.5 mM) in DMSO-

de with increasing concentrations of TBAF.

To probe the reversibility of the fluoride-induced deprotonation event and reinforce the
mechanistic understanding derived from fluorescence studies, a competitive *H NMR
experiment was conducted using 5.12 (Sg-2-Lys-Naph) in the presence of fluoride and
acetate anions (Figure 5.18). The receptor was first exposed to 5 equivalents of TBAF,
followed by the addition of 10 equivalents of TBAOAc, and the resulting spectra were
compared to those of the free 5.12 (Sg-2-Lys-Naph) and to samples treated with fluoride
or acetate alone. Upon fluoride addition (5 eq., green trace), the characteristic
squaramide NH signals vanish, accompanied by the appearance of a broad singlet at ~16
ppm, attributed to the [HF;]” bifluoride species. This signal is a well-established
diagnostic marker of proton abstraction by fluoride, indicating that the NH protons in
the squaratide backbone are deprotonated in the presence of excess fluoride. These
results are fully consistent with a PET-induced fluorescence quenching mechanism
previously observed, confirming that deprotonation at the squaratide core is central to
the sensory response. Strikingly, after the addition of 10 eq. acetate to the fluoride-
bound system (blue trace), the bifluoride peak at 16 ppm disappears, and two broad NH
resonances re-emerge in the 8.6-8.9 ppm region (highlighted in the red box). The

spectral pattern closely resembles that of the acetate-only sample (purple trace),
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strongly suggesting that acetate is capable of reprotonating the squaramide NH’s and
reversing the fluoride-induced deactivation of 5.12 (Sq-2-Lys-Naph). This competitive
reversal may be attributed to the proton-scavenging capacity of acetate, which can act
as both a base and a weak acid in equilibrium. In this system, acetate likely serves as a
proton shuttle, re-acidifying the deprotonated receptor through capture of the
bifluoride proton or via direct hydrogen-bonding interactions that perturb the ion-pair
stability. This suggests that the receptor—fluoride complex is not irreversibly
deprotonated, but instead maintains a degree of reversibility, contingent on the identity
and basicity of subsequent anions introduced. This result corroborates the proton-
coupled sensing mechanism proposed earlier, and importantly, demonstrates a tuneable

and reversible binding event at the molecular level.
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Figure 5.18: Partial *H NMR titration spectra of 5.12 (Sq-2-Lys-Naph) (2.5 mM) in DMSO-
ds with (red) 0 equiv. of anion, (green) 5 equiv. of F', and (blue) 5 equiv. of F and 10 equiv.

of AcO, and (purple) 5 equiv. of AcO.

To substantiate the reversibility of fluoride-induced deprotonation and to independently
examine the binding behaviour of acetate, a standalone 'H NMR titration of 5.12 (Sq-2-
Lys-Naph) with 0-10 equivalents of TBAOAc was conducted (Figure 5.19). This titration
aimed to confirm that the reprotonation observed in the competitive binding
experiment (Figure 5.18) was indeed due to direct interaction between acetate and the
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squaramide NH sites, and not merely the result of fluoride displacement or re-
equilibration. The titration resulted in a complex set of data. The naphthalimide region
of the spectrum introduces some complications, as its overlapping aromatic signals
partially obscure the hydrogen bonding NH’s during the titration, where the downfield-
shifting NHs begin to coalesce with the aromatic envelope. In addition to this, we
observe peak broadening and partial deprotonation, particularly on the lysine side chain
NHs* group as a result of acetate’s basicity. This behaviour is consistent with prior
observations in Chapter 2, where titration of (2.17) Sq-2-Lys with acetate led to similar
base-induced deprotonation events taking place. Despite this, we still observe a
progressive downfield shift the NH resonances indicative of hydrogen bonding whereby
at 10 eq. of AcO~, the NHs have shifted sufficiently downfield and emerge clearly in the
8.6 — 8.9 ppm range (red box), which match precisely with those observed in the
competitive F~ + AcO™ spectrum (Figure 5.18) strongly supporting the hypothesis that
acetate interacts with the receptor through hydrogen bonding. Taken together, these
results demonstrate conclusive evidence that acetate is capable of reversing the
fluoride-induced deprotonation, not just spectroscopically (as seen in fluorescence
recovery), but also structurally at the atomic level, through hydrogen bonding and
proton donation/exchange. The standalone acetate titration confirms the specificity and
reproducibility of this recovery mechanism and provides additional evidence that
multiple NH sites in the receptor are sensitive to base-mediated modulation. Collectively,
these observations confirm that the binding of fluoride to the receptor is not irreversible,
but rather competitively addressable by acetate, and that the new NH signals observed
after F~ + AcO™ treatment arise from specific hydrogen bonding interactions rather than
nonspecific reprotonation. This dynamic and reversible behaviour underpins the
functional versatility of 5.12 (Sg-2-Lys-Naph) and supports its utility in switchable and

recyclable anion sensing applications.
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Figure 5.19: Partial *H NMR titration spectra of 5.12 (Sq-2-Lys-Naph) (2.5 mM) in DMSO-

ds with increasing concentrations of TBAAcO.

Given the complexity of the acetate titration spectra, quantitative binding information
was nonetheless extractable by selectively tracking the downfield shifts of the NH
resonances across the titration series. The data was analysed using the Bindfit software,
which provided the best fit to a 2:1 host : guest binding model (Figure 5.20). The analysis
yielded association constants of K; = 327 M™" and Ky, = 15 M, clearly showing that the
receptor strongly favours the first binding event, while the second binding step is
significantly weaker, likely influenced by electrostatic repulsion and partial
deprotonation of the receptor under basic conditions. The binding profile accords with
the structural observations from the TBAAcO" titration, where hydrogen bonding
interactions could still be resolved despite spectral overlap and broadening and
complements the competitive binding experiments by quantitatively demonstrating that
acetate engages 5.12 (Sg-2-Lys-Naph) in a stepwise and cooperative manner. Together,
the combined qualitative and quantitative data provide a comprehensive picture of
acetate binding, reinforcing 5.12 (Sqg-2-Lys-Naph) ability to reverse fluoride-induced

deprotonation through direct hydrogen bonding interactions.
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Figure 5.20: (a) Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 5.12. (b) Fitting binding isotherms of compound 5.12 with TBAAcO in
DMSO-ds at 298 K, showing the changes in chemical shifts for the NH protons fitted to
the 2:1 binding model (K12 = 327 M), (K21 = 15 M2). (c) Residuals plot of 5.12.

It is also important to consider the potential influence of trace protic impurities during
the acetate binding experiments. TBAAcO is hygroscopic, and its preparation and
handling under ambient conditions may result in the introduction of small amounts of
water into the DMSO solution. In addition, equilibrium between acetate and trace
moisture can lead to the in-situ formation of acetic acid. The presence of even minor
guantities of acetic acid would be sufficient to reprotonate the highly acidic squaramide
NH groups, thereby contributing to the recovery of fluorescence and the reappearance
of NH resonances observed in both fluorescence and H NMR experiments. However,
while trace protic impurities may contribute to reprotonation, the observed
fluorescence recovery cannot be explained solely by nonspecific protonation, as acetate
is clearly involved in direct and competitive interactions with the receptor. Both
fluorescence and 'H NMR competition experiments demonstrate that acetate actively
perturbs the fluoride-bound equilibrium. Furthermore, the standalone *H NMR titration

of Sg-2-Lys-Naph with acetate shows progressive downfield shifting of the squaramide
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NH signals, indicative of specific hydrogen-bonding interactions rather than nonspecific
protonation alone. Quantitative binding analysis using Bindfit further demonstrates that
acetate engages the receptor in a structured and preferential manner. Thus, although
trace water or acetic acid may enhance reprotonation effects, the spectroscopic data
confirm that acetate plays an active role in modulating the protonation state and binding
equilibria of the squaratide, while also providing clear evidence for competitive fluoride

displacement and preferential acetate binding.
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5.5: Conclusion

This chapter has presented the rational design, synthesis, and comprehensive
spectroscopic evaluation of a structurally novel fluorescent macrocyclic receptor, 5.12
(Sg-2-Lys-Naph), specifically engineered for the selective recognition and sensing of
fluoride anions. Inspired by the hydrogen-bonding capabilities of squaramide moieties
and the photophysical responsiveness of naphthalimide-derived amino acids, the
receptor represents a successful integration of molecular recognition and fluorescence
transduction within the framework. The synthetic strategy began with the construction
of a naphthalimide-functionalized amino acid, which served not only as a fluorophore
but also as a structurally compatible building block for macrocyclization. The final
architecture, 5.12 (Sq-2-Lys-Naph), thus featured a conjugated, emissive scaffold with
directional hydrogen-bond donors ideally suited for anion binding.

A suite of spectroscopic techniques—fluorescence emission, UV-Vis absorption, and 'H
NMR spectroscopy—was used to probe the receptor’s interaction with a range of anions,
with particular emphasis on fluoride. Fluorescence titration studies revealed that 5.12
(Sq-2-Lys-Naph) undergoes a significant “turn-off” fluorescence response upon
exposure to fluoride ions, whereas other tested anions (CI-, Br~, I-, NO3~, PhCOO",
H,PO,4~, and AcO~) produced only minor or limited effects on emission intensity. This
strong selectivity toward fluoride is indicative of a highly specific interaction mechanism,
most plausibly involving geometry-driven hydrogen bonding and subsequent
deprotonation of the squaramide NH units, leading to photoinduced electron transfer
(PET)-mediated quenching. The limited quenching observed with hydroxide ions
(TBAOH) further supports the hypothesis that the receptor is sensitive not merely to
basicity, but to structurally precise and directional hydrogen bond donors such as
fluoride. Additional control experiments confirmed the robustness of this system. The
addition of HCI, even in excess, produced no measurable change in fluorescence,
highlighting the sensor's chemical stability under acidic conditions and ruling out general
acid—base or ionic strength effects. In contrast, the fluorescence recovery observed upon
sequential addition of acetate after fluoride exposure both spectroscopically and
through NMR provided compelling evidence for the reversible nature of 5.12 (Sq-2-Lys-
Naph) deprotonation and the potential for anion exchange or regeneration of the active

receptor state. Mechanistic insights gained from *H NMR titration experiments further
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corroborated these findings. The gradual disappearance of squaramide NH resonances
and appearance of a diagnostic [HF,]~ peak upon titration with fluoride confirms a proton
transfer mechanism, rather than purely non-covalent association. Upon the addition of
acetate to the fluoride-treated receptor, reprotonation of the squaramide NH was
observed, along with disappearance of the bifluoride signal, directly confirming
competitive displacement and structural recovery. To confirm that acetate alone was
responsible for this reactivation, an independent titration of 5.12 (Sq-2-Lys-Naph) with
TBAAcO (0-10 eq.) was conducted. This experiment revealed a progressive downfield
shift of the NH protons, converging at the same chemical shift as those observed in the
competitive F-/AcO~ NMR experiments. This not only confirms that acetate can restore
the receptor’s protonated state, but also underscores that the interaction is non-
destructive, hydrogen-bond mediated, and chemically addressable. This dynamic
interplay underscores a proton-coupled fluorescence quenching mechanism that is both
specific and chemically addressable, lending valuable functional versatility to this
receptor design. Together, these findings establish 5.12 (Sq-2-Lys-Naph) as a chemically
robust and selectively responsive anion sensor with high affinity for fluoride, offering a
reliable photophysical readout and structural reversibility exhibiting a high degree of
functional integration, coupling binding events with electronic reconfiguration in a
manner that translates into clear, quantifiable fluorescence responses. From a broader
perspective, this research advances the field of fluorescent peptidomimetic receptors,
which have historically been underexplored for anion sensing. The successful
demonstration of tuneable, environment-responsive fluorescence within a peptide-
inspired macrocycle offers a promising platform for the development of next-generation
anion sensors with potential applications in biological diagnostics, environmental

monitoring, and molecular device engineering.
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6: Thesis summary

Designed artificial receptors that mimic natural systems in their ability to selectively
recognise, sense, and transport a target ion provide connectivity and strengthen
supramolecular assemblies for diverse applications from sustainable electronics to
molecular medicine. The overarching aim of this thesis was to introduce the conception
and development of a novel class of cyclic peptidomimetics that integrate the structural
and functional features of peptides with the robust hydrogen-bonding properties of
squaramides. These compounds, termed squaratides, represent a significant advance in
supramolecular chemistry as they embody a hybrid molecular architecture that
combines conformational control, chemical diversity, and tunable recognition properties
within a single scaffold. The deliberate fusion of squaramide motifs into a peptide-like
macrocyclic framework has created a new platform that transcends the limitations of
each individual component, yielding systems that can operate at the interface of

molecular recognition, membrane transport, and biological activity.

Chapter 2 details a robust synthetic strategy for the assembly and cyclisation of a series
of macrocyclic squaratides with varied side-chain functionalities, with a particular
emphasis on evaluating their anion recognition and discrimination properties. While the
binding data yielded valuable insights into the host—guest interactions of these systems,
the accurate determination of association constants (K,) proved challenging. This
difficulty stemmed from the inherent complexity of the squaratide architectures, which
often undergo conformational rearrangements in solution and engage in multiple,
overlapping binding interactions, leading to non-trivial stoichiometries. Compound 2.14
(Sq-2-Ala), employed as the reference system, displayed no evidence of self-aggregation
in speciation studies and exhibited a straightforward 1:1 binding stoichiometry with
both chloride (K, =692 M) and acetate (K, =227 M™). Such behaviour can be attributed
to its structural simplicity, arising from the absence of bulky or charged side chains,
which minimises steric hindrance and electrostatic contributions. In contrast, compound
2.15 (Sq-2-Phe) demonstrated pronounced self-association, most plausibly driven by
intermolecular hydrogen bonding between squaramide motifs coupled with m—n
stacking interactions of the phenylalanine residues. This aggregation behaviour
significantly influenced its binding profile: while 1:1 binding was observed with chloride
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(K, =520 M™), acetate binding proceeded through a more complex 2:1 mode (K3 = 8.3
x 103 M™, Kz; =3 x 10* M™"). The introduction of acetate appears to disrupt these higher-
order assemblies, liberating monomeric or partially dissociated oligomeric species that
give rise to the observed stoichiometric complexity. Overall, these findings establish
squaratides as highly effective anion receptors, showing notable selectivity for acetate
in most cases, while also achieving unexpectedly strong chloride binding. Furthermore,
the results underscore the profound influence of amino acid side-chain identity on both
the supramolecular organisation of the receptors and their resultant host—guest

properties.

In Chapter 3, the focus shifted from the solution-phase synthesis of squaratides
described earlier in Chapter 2, to the development of a solid-phase synthetic pathway,
which provided a more efficient and versatile approach for constructing this class of
peptidomimetics. This methodology enabled the preparation of larger and more diverse
squaratide scaffolds, including both linear and cyclic architectures, with precise control
over chain length, ring size, and side-chain functionality. More importantly, the switch
to solid phase synthesis proved highly effective for generating cyclic squaratides,
thereby overcoming many of the synthetic limitations encountered in solution-phase
strategies. This methodological advance provided not only synthetic efficiency but also
tunable structural diversity, paving the way for exploring new functional properties of
these receptors. The antimicrobial evaluation of these compounds revealed several key
findings. First, cyclic squaratides were consistently active against Staphylococcus aureus,
whereas linear and Boc-protected analogues were inactive. This result clearly
established the importance of macrocyclic preorganisation and free cationic side-chain
accessibility as prerequisites for biological function. Second, a clear ring-size
dependence was observed: of the series studied, Sq-3-Lys emerged as the most potent
compound, producing robust inhibition zones and displaying the lowest MIC values
across both aqueous and organic media. This optimal activity likely arises from a balance
between structural rigidity and charge distribution, as smaller or larger macrocycles
proved less effective. Finally, proteomic and systems-level analyses revealed that Sq-3-
Lys exerts a multifaceted mode of action. Treatment of S. aureus triggered upregulation
of cell wall and metabolic stress pathways while simultaneously downregulating

transcriptional and translational machinery, leading to a collapse of bacterial
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homeostasis. This combination of membrane disruption and intracellular suppression
mirrors the broad-spectrum activity of natural antimicrobial peptides, yet squaratides

achieve this with the added advantages of protease stability and synthetic tunability.

In Chapter 4, the scope of squaratide chemistry was extended from anion recognition to
anion transport, providing a key demonstration of how structural functionalisation can
endow these macrocycles with new supramolecular properties. Starting from the parent
scaffolds Sq-2-Ala-Lys and Sq-2-Lys, we pursued a rational design strategy in which the
lysine side chain was derivatised with a 3,5-bis(trifluoromethyl)phenyl squarate unit
giving rise to compounds Sq-2-Ala-Lys(SqBisCF3) and Sq-2-Lys(SqBisCF3). This
modification was intended to amplify hydrogen-bonding capability through an
electronically activated aryl squaramide, while also increasing lipophilicity and bilayer
partitioning. In parallel, incorporation of a fluorinated amino acid (Sqg-2-FsPhe) was
explored to assess the influence of backbone fluorination on binding and transport
behaviour. 'H NMR titration experiments revealed that aryl-squaramide
functionalisation profoundly strengthened chloride recognition. Sq-2-Lys-(SqBisCFs)
displayed strong and stepwise 1:2 binding, dominated by a high-affinity aryl squaramide
interaction (K = 4035 M), with a weaker secondary binding event assigned to
macrocyclic NHs. In contrast, Sg-2-Ala-Lys-(SqBisCF3;) favoured a simpler 1:1 binding
model (Ks = 217 M), consistent with the absence of a second lysine-derived side chain
to support cooperative binding. Lucigenin CI"/NOs~ antiport assays translated these
binding trends into functional transport outcomes. The parent squaratides and the
fluorinated phenylalanine analogue displayed no detectable activity, despite initial
expectations that fluorination might enhance bilayer partitioning. By contrast, both aryl-
squaramide-functionalised receptors exhibited measurable transport, with Sqg-2-
Lys(SqBisCF;) proving the most effective carrier (ECso = 4 mol%), while Sq-2-Ala-
Lys(SqBisCF3) demonstrated weaker, cooperative transport (ECso = 8 mol%). These
results confirm that the electronically activated aryl squaramide is indispensable for
enabling transport, by coupling strong, directional chloride binding with sufficient
lipophilicity to mediate transmembrane exchange. The results highlight the delicate
interplay between binding-site electronics, macrocyclic preorganisation, and
lipophilicity in governing transport efficiency. Crucially, this chapter shows that

squaratides can be transformed from passive solution receptors into active membrane
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transporters through rational side-chain modification, significantly expanding their

scope and positioning them as a new class of versatile supramolecular systems.

Finally, in Chapter 5, we set out to further push the boundaries of the already discussed
versatility of squaratides. Through utilising our solid phase synthesis approach, we
synthetised a fluorescent squaratide by incorporating a napthalamide based amino acid
into the squaratide backbone, providing both structural contribution and an intrinsic
optical signalling function. The combination of these features aimed to produce a system
capable of selective anion recognition with real-time fluorescence-based detection.
Fluorescence spectroscopy revealed that Sq-2-Lys-Naph undergoes a marked and
reproducible "turn-off" emission response upon exposure to fluoride, with a maximum
quenching of over 70% at 520 nm. This quenching effect was highly selective, as
comparative studies with other anions—including halides (Cl~, Br~, I7), oxoanions (NOs~,
H,PO,7), and carboxylates (AcO-, PhCOO~)—showed negligible interference. To
investigate reversibility, competitive titration experiments were performed. After pre-
equilibration with fluoride, the stepwise addition of acetate led to a progressive
recovery of fluorescence, reaching approximately 80% of the original signal. This
observation indicated that acetate is capable of displacing fluoride from the receptor,
thereby interrupting the quenching mechanism and restoring the fluorophore’s
emissive state. Notably, no other tested anion was able to reverse the fluoride-induced
guenching, demonstrating the receptor’s utility not only as a binding host but also as a
responsive sensor with potential applications in real-time monitoring of anionic species.
The underlying molecular mechanism of recognition and sensing was interrogated using
'H NMR spectroscopy. Titration with fluoride induced the gradual disappearance of
squaramide NH resonances in the downfield region, concomitant with the appearance
of a distinct peak at ~16 ppm, assigned to the [HF;] ~ species. This transformation
unambiguously confirms that fluoride does not merely hydrogen bond with the
squaramide, but rather deprotonates it, forming a stabilized bifluoride complex. This
chemical deprotonation offers a credible explanation for the optical “turn-off”
behaviour, as the electronic environment of the naphthalimide fluorophore is
significantly perturbed, likely through a photoinduced electron transfer (PET) pathway
activated by NH removal. In a critical control experiment, addition of acetate to the

fluoride-saturated receptor resulted in the disappearance of the [HF,] - peak and
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reappearance of the squaramide NH resonances, signifying reprotonation of the sensor,
offering compelling structural evidence of reversible fluoride binding, mediated by
competitive ion displacement. This chapter thus establishes a new class of chemically
intelligent sensors that are modular, optically readable, and reversible, setting the
foundation for the development of next-generation supramolecular sensors and
diagnostic tools for future applications in environmental fluoride detection, bio

responsive probes, and adaptive supramolecular materials.

6.1: Future Work

For chapter 2, Future work will aim to increase structural rigidity by replacing the
ethylenediamine unit with more constrained diamines, such as cyclic or aromatic linkers.
Introducing such rigidity would help to enforce a more defined geometry, reduce
competing binding modes, and potentially enhance both affinity and selectivity. At the
same time, a more rigid framework would simplify NMR titrations, enabling more
reliable determination of binding constants and clearer insight into the binding
mechanism. Ultimately, these modifications could yield squaratide receptors with

improved performance and broader applicability in anion recognition and sensing.
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Figure 6.1: Proposed structures of future squaratide based anion receptors, replacing

ethylenediamine with more rigid diamines.
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In Chapter 3, future work will focus on the development of next-generation
antimicrobial squaratides, building on the structure—activity relationships established in
this study. While lysine-based macrocycles demonstrated clear activity against
Staphylococcus aureus, the synthetic versatility of the solid-phase approach now
provides the opportunity to explore new design principles that may further enhance
potency, selectivity, and spectrum of activity. by expanding the scaffold beyond lysine-
only systems. Incorporating arginine residues could enhance electrostatic binding
through guanidinium interactions, while tryptophan residues may strengthen
membrane insertion via hydrophobic and n—m interactions, both features characteristic
of natural antimicrobial peptides. Further diversification, such as lipidated derivatives to
increase membrane affinity or bicyclic architectures to improve structural rigidity, offers
additional avenues for optimisation. These strategies, coupled with broader
antimicrobial testing and selectivity studies, will guide the rational design of squaratides
with improved potency, spectrum, and safety, positioning them as promising candidates

for next-generation antimicrobial therapeutics.
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Figure 6.2: Proposed structures of future squaratide based antimicrobial peptide

mimetics with varying amino acids.
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Chapter 4 established the successful transformation of squaratides into functional anion
transporters. Future work will focus on refining the design of squaratide-based
transporters and exploring their functional scope. One promising direction is the
systematic variation of aryl substituents on the squaramide unit to tune both binding
strength and lipophilicity, with groups such as nitro, cyano, or perfluoroaryl potentially
offering further enhancement, and developing multivalent receptors with improved
cooperativity and faster transport kinetics, provided that macrocyclic symmetry is
maintained to avoid the binding complexity seen in asymmetric derivatives. Beyond
structural modification, future efforts could include testing in cell-based assays to
evaluate cytotoxicity, selectivity, and therapeutic potential. Such investigations would
not only validate the supramolecular principles demonstrated here but could also lay
the groundwork for applying squaratides in areas such as channel replacement therapy

or targeted ion modulation in disease contexts.

~ cl
HoN
o)
o 3 ©
CN
(NH o H N/©/
7 2R 2
R o. NH HN )
\_/ fo HN
NH AN, NO
o "NH N o N s
o HoHN o | R
N HooR H,N HoN
o H (6] (6]

Figure 6.3: Proposed structures of future squaratide based anion transporters with

various electron withdrawing aryl substituents.
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In Chapter 5, future work will focus on expanding the scope and utility of Sq-2-Lys-Naph
as a selective and reversible fluorescent sensor for fluoride, by exploring structural
modifications aimed at enhancing performance and broadening application potential. A
primary direction for future exploration involves the incorporation of alternative
fluorescent amino acid residues into the squaratide backbone. This could significantly
diversify the sensor’s optical output, allowing tuning of excitation/emission
wavelengths, improved quantum yields, and enhanced compatibility with multiplexed
or biological systems. Such substitutions would also enable the development of
ratiometric or dual-emission sensors, providing built-in calibration and improved
quantitative reliability, with the potential of evolving into a broad class of adaptive,
selective, and multifunctional sensors tailored for both fundamental study and real-

world applications including environmental, biological, and industrial processes.

Figure 6.4: Chemical structures of unnatural fluorescent amino acids.
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7: Experimental Procedures

7.1: General Procedures and Instrumentation

All reagents were of commercial quality. Solvents were dried and purified by standard
methods — DCM was distilled over CaH, and MeCN was dried over 3 A molecular sieves.
Anhydrous DMF was purchased from Sigma Aldrich. Analytical TLC was performed on
aluminium sheets coated with a 0.2 mm layer of silica gel 60 F254. Silica gel 60 (230-400
mesh) was used for flash chromatography. Compounds were lyophilised on a Labconco
Freezone 1 Dry system. LC-MS was performed on an Agilent Technologies 1200 series
setup, utilising an Agilent Eclipse XDB-C18 (5um, 4.6 x 150mm) column at 40°C. A flow
rate of 0.2 mL min and gradient of 0.1% of formic acid in CH3CN (solvent A) in 0.1% of
formic acid in H2O (solvent B) was used as mobile phase. Electrospray in positive &
negative mode(s) was used for ionisation. NMR spectra were recorded using a Bruker
Ascend 500 spectrometer, operated at 500 MHz for *H NMR analysis and 126 MHz for
13C analysis, both at 293 K. The residual solvent peak was used as an internal standard
for DMSO-dg and TMS for CDCls. Chemical shifts (6) were reported in ppm. NMR spectra
were processed, and stack plots produced using MestReNova 6.0.2 software. The NMR
spectra assignments were based on H, 13C, COSY, HSQC, and HMBC spectra. 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 (IR) spectra were obtained via ATR
as a solid on a zinc selenide crystal in the region of 4000 — 400 cm™ using a Perkin Elmer
Spectrum 100 FT-IR spectrophotometer. High resolution mass spectra (HRMS) were
recorded — courtesy of Bath University — on an Agilent 6200 series TOF/6500 series Q-
TOF instrument with an ESI source. Microwave (MW) experiments were carried out in
sealed vessels in a CEM Discovery MW, with transversal IR sensor for reaction
temperature monitoring. UV-visible spectroscopy measurements were made at 25 2C on
a Lambda 365 Perkin ElImer UV-vis spectrophotometer. Fluorescence emission spectra
were performed at 25 2C and 37 2C on an Agilent Spectrofluorometer equipped with a
450 W xenon lamp for excitation. Starna and Hellma quartz cuvettes of 1 cm path length

and several volumes were employed.
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7.2: Synthetic methods — Chapter 2

Chapter 2 — general method A:

To a stirring solution of 2.11 (1 eq., 1.4 mmol, 0.4 g) in EtOH (24 mL), TEA (6 eq., 8.4
mmol, 1.18 mL) the relevant L — amino acid (2 eq., 2.8 mmol, 0.251 g) was added. The
resulting mixture was stirred under reflux for 24 h. The reaction mixture was
concentrated in vacuo, suspended in DCM (20 mL) and filtered. the solvent was removed
in vacuo to afford crude product, which was purified via column chromatography (SiO2),
and triturated in diethyl ether to yield the title compound.

Chapter 2 — general method B:

The corresponding AA-Sg-EDA(Boc) monomers (2.12(AA)) underwent boc deprotection
using a 50:50 TFA: DCM solution, allowing the mixture to stir for 1 hour before being
removed in vacuo, redissolved in MeOH and precipitated out of diethyl ether. The
deprotected monomers (1 eq., 0.8 mmol, 0.274 g) was dissolved in DMF (9 mL) and
NMM (6 eq., 4.82 mmol, 0.53 mL) was added and the resulting solution was stirred for
10min. To this solution PyBOP (3 eq., 2.41 mmol, 1.25 g) was added and allowed to stir
for 48 hrs. The DMF was removed in vacuo and the crude mixture was triturated in Ethyl
Acetate. The mixture was added to a falcon tube and centrifuged under 4000 RPM for
10 min (2 x Ethyl Acetate and 1x Diethyl Ether). The supernatant was dispelled, and the
precipitate was dissolved in 50:50 MeCN/H,0O and lyophilized to afford the cyclic
squaratides (2.14 — 2.18 (Sg-2-AA)).

o_ 0 R
H jj( + HO_ _~ __TEA
_N NH,
Boc \/\H 0\, TO(\ EtOH, reflux, 12 h
2.1 Amino Acid
o) 0 O, O
H j\;ﬁ R . j;/( R opy  PYBOP NMM
_N OH > 2N - >
Boc \/\H ”/ﬁ( TFA, DCM, 2 h N H/E( DMF, rt, 3d
2.12 (AA) 2.13 (AA)
O,
.‘R (6]
NH HN
(\ o 2.14 (Sq-2-Ala) R = CHj, 30%
NH HN 2.15 (Sg-2-Phe) R = CH,Ph, 30%
[¢) 2.16 (Sg-2-Leu) R = CH,CH(CHa),, 25%
NH HN\) 2.17 (Sq-2-Lys) R = C4HgNH,, 28%
K \\ﬁ 2.18 (Sq-2-Asp(Bn)) R = CH,COOCH,Ph, 54%
R o
(Sq-2-AA)

Scheme A1: General Synthetic Strategy towards 15 Generation Cyclic Squaratides.
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3,4-diethoxyl-cyclobut-3-ene-1,2-dione (DeSq)

(0] O
/\Oj io«

To a suspension of squaric acid (1 eq., 87.7 mmol, 10 g) in EtOH (125 mL) was added
triethyl orthoformate (5 eq., 438 mmol, 66.2 mL) and the resulting solution was heated
at reflux for 3 days. The solvent was removed in vacuo and the orange/yellow oily residue
was purified by flash column chromatography eluting with DCM to yield a clear yellow
oil in a 90% yield.*H NMR (500 MHz, DMSO-ds) 8 4.65 (q, J = 7.1 Hz, 4H), 1.37 (t, /= 7.1
Hz, 6H).13C NMR (126 MHz, DMSO-ds) § 189.1, 183.7, 70.2, 54.9, 39.5, 15.3. All spectral

data is in good agreement with literature.3?8

Tert-butyl (2-((2-ethoxy-3,4-dioxocyclobut-1-en-1- yl)amino)ethyl)carbamate

(2.11)
o. 0
N
TONTYTR

To a stirring solution of 3,4-diethoxyl-cyclobut-3-ene-1,2-dione (1.5 eq. 14 mmol, 2.39
g) in EtOH (50 mL), a solution of N-Boc-ethylenediamine (1 eq. 9.4 mmol, 1.5 g) in EtOH
(70 mL) was added dropwise and the resulting solution was stirred under RT overnight.
The solvent was removed in vacuo to yield a yellow mixture, which was then purified by
column chromatography (SiO3), using a 0 - 5% EtOH:DCM gradient as eluent to afford the
product as a yellow solid (2.2 g, 82 %). HRMS (ESI+): m/z Calc. for C13H20N20s ([M+H]*):
285.1376, found 285.1446 (1.42 ppm). *H NMR (500 MHz, DMSO-dg) 6 8.74 — 8.53 (t,
1H), 6.89 (d, J = 5.7 Hz, 1H), 4.63 (q, J = 6.5 Hz, 2H), 3.49 - 3.43 (m, 1H), 3.30(d, J = 7.8
Hz, 1H), 3.08 (g, J = 6.1 Hz, 2H),(1.35 (s, 12H). 3C NMR (125 MHz, DMSO-ds) & 189.7,
182.7,176.9,173.2,156.1, 78.3, 69.2, 44.6, 44.2, 40.8, 28.7, 16.2. IR (ATR): Vmax (cm™) =
3232,2970, 1698, 1686, 1598, 1538, 1335, 1286, 1248, 1163, 1095, 1051, 980, 855, 610.
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(2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3,4-dioxocyclobut-1-en-1-yl)-L-
alanine
(2.12 (Ala))
@) 0
D=0y

HojhH : \[roj<

0 o
Compound 2.12 (Ala) was synthesised as per General method A and was purified by
flash chromatography in 0 - 30 % EtOH: DCM as eluent to afford the title compound as a
white powder in a 64 % yield. *H NMR (500 MHz, DMSO-ds) 6 13.08 (s, 1H), 7.74 (s, 1H),
7.54 (s, 1H), 6.93 (t, /= 5.1 Hz, 1H), 4.63 (s, 1H), 3.52 (s, 2H), 3.09 (q, J = 5.9 Hz, 2H), 1.41
(d, J = 7.2 Hz, 3H), 1.36 (s, 9H). 3C NMR (126 MHz, DMSO-d¢) 6 183.2, 182.8, 174.1,
168.6, 167.4, 156.2, 78.3, 51.7, 43.6, 41.6, 28.7, 20.4. IR (ATR): Vmax (cm™) = 3170, 2980,
1646, 1551, 1473, 1446, 1366, 1280, 1245, 1161, 651.

(2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3,4-dioxocyclobut-1-en-1- yl)-L-
phenylalanine

(2.12 (Phe))

©\_ oj\;/(o ]
HOK” ﬂ/\/N\gO\K

Compound 2.12 (Phe) was synthesised as per General method A and was purified by
flash chromatography in 0 - 30 % EtOH: DCM as eluent to afford the title compound as a
Beige powder in a 45 % yield. HRMS (ESI+): m/z Calc. for CaoH25N306 ([M+H]*): 404.1755,
found 404.1828 (2.86 ppm) H NMR (500 MHz, DMSO-ds) 6 13.20 (s, 1H), 7.66 (s, 1H),
7.57 (s, 1H), 7.29 (t, J = 7.2 Hz, 2H), 7.22 (t, J = 7.2 Hz, 1H), 7.18 (d, J = 7.2 Hz, 2H), 6.92
(s, 1H), 4.92 (s, 1H), 3.50 (s, 2H), 3.16 (d, J = 9.6 Hz, 1H), 3.07 (q, J = 4.1 Hz, 2H), 3.02 (dd,
J=9.6 Hz, 1H), 1.36 (s, 9H). 13C NMR (126 MHz, DMSO-d¢) 6 183.3, 182.7, 172.7, 168.6,
167.3,156.2, 136.7, 129.8, 128.8, 127.2,78.3, 57.2, 43.5, 41.6, 39.7, 28.7. IR (ATR): Vimax
(cm 1) = 3300, 2980, 1741, 1651, 1570, 1520, 1449, 1364, 1277, 1164, 698, 605.
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(2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3,4-dioxocyclobut-1-en-1- yl)-L-
leucine

(2.12 (Leu)):
Q.
HO : ﬁ H @)
Y R

Compound 2.12 (Leu) was synthesised as per General method A and was purified by
flash chromatography in 0 - 30 % EtOH: DCM as eluent to afford the title compound as a
white powder in a 76 % yield. HRMS (ESI+): m/z Calc. for C17H27N306 ([M+H]*): 370.1911,
found 370.1983 (3.13 ppm) *H NMR (500 MHz, DMSO-ds) & 13.05 (s, 1H), 7.67 (s, 1H),
7.45 (s, 1H), 6.94 (s, 1H), 4.67 (s, 1H), 3.53 (s, 2H), 3.12 - 3.07 (q, 2H), 1.64 (d, J = 4.5 Hz,
1H), 1.64 — 1.57 (m, 2H), 1.36 (s, 9H), 0.90 (dd, J = 6.3 Hz, 6H). 13C NMR (126 MHz, DMSO-
de) 6 183.2,182.2,174.0, 168.2, 158.4, 54.6, 43.9, 42.4, 41.6, 28.7, 24.7, 23.3. IR (ATR):
vmax (cm™) = 3280, 2980, 1648, 1544, 1457, 1365, 1250, 1162.

200



Chapter 7 — Experimental Procedures

N6 -((benzyloxy)carbonyl)-N2 -(2-((2-((tertbutoxycarbonyl)amino)ethyl)amino)-3,4-
dioxocyclobut-1-en-1-yl)-L-lysine
(2.12 (Lys(Cbz))
o) o)

SaaY
Ho - j\;ﬁ /\/H o
T N R

Compound 2.12 (Lys(Cbz)) was synthesised as per General method A and was purified
by flash chromatography in 0 - 30 % EtOH: DCM as eluent to afford the title compound
as a yellow powder in a 78 % yield. HRMS (ESI+): m/z Calc. for CasH3aN4Os ([M+H]*):
519.2389, found 519.2461 (2.44 ppm) *H NMR (500 MHz, DMSO-de) & 12.94 (s, 1H), 7.72
(s, 1H), 7.53 (s, 1H), 7.36 (s, 2H), 7.34 (s, 1H), 7.33 (s, 2H), 7.24 (s, 1H), 6.92 (s, 1H), 4.99
(s, 2H), 4.63 (s, 1H), 3.52 (q, 2H), 3.10 (q, 2H), 2.97 (m, 2H), 1.75 (dm, 2H), 1.42 (m, 2H),
1.36 (s, 9H), 1.34 (m, 2H). 13C NMR (126 MHz, DMSO-d¢) & 182.9, 182.4, 173.2, 168.2,
167.2, 156.2, 155.9, 137.4, 128.5, 127.8, 127.4, 78.0, 65.3, 55.6, 43.3, 41.2, 40.2, 33.2,
29.1, 28.3, 15.3. IR (ATR): vmax (cm™) = 3290, 2930, 1670, 1582, 1522, 1456, 1364, 1246,
1142, 735, 696, 606.
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(S)-4-(benzyloxy)-2-((2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3,4-
dioxocyclobut-1-en-1-yl)Jamino)-4-oxobutanoic acid

(2.12 (Asp(Bn))

@Go tﬁ”%

Compound 2.12 (Asp(Bn)) was synthesised as per General method A and was purified
by flash chromatography in 0 - 30 % EtOH: DCM as eluent to afford the title compound
as a yellow powder in an 80 % yield. HRMS (ESI+): m/z Calc. for C22H27N30s ([M+H]*):
462.1809, found 462.1882 (2.37 ppm) *H NMR (500 MHz, DMSO-ds) & 8.87 (s, 1H), 8.05
(s, 1H), 7.33 (d, J = 7.2 Hz, 2H), 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 7.25 (s, 1H), 5.02 (s,
2H), 4.59 (s, 1H), 3.52 (m, 2H), 2.93 (g, J = 7.1 Hz, 3H), 2.83 (dd, J = 6.6 Hz, 2H), 1.35 (s,
9H). 3C NMR (126 MHz, DMSO-d¢) 6 183.1, 182.7, 172.9, 170.8, 168.5, 167.8, 156.2,
136.7,128.8, 128.3, 128.2, 78.1, 65.8, 55.0, 43.6, 41.4, 40.0, 28.7. IR (ATR): Vmax (cm™) =
3255, 2980, 1668, 1584, 1521, 1389, 1248, 1163, 736, 696.
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(35,14S)-3,14-dimethyl-2,5,8,13,16,19-
hexaazatricyclo[18.2.0.09,12]docosal(20),9(12)-diene-4,10,11,15,21,22-hexaone
(2.14 (Sq-2-Ala))

Compound 2.14 was synthesised as per General method B to afford the title compound
as a beige powder in a 34 % yield. HRMS (ESI+): m/z Calc. for CigH22N6O6 ([M+H]*):
419.1608, found 419.1681 (1.68 ppm). *H NMR (500 MHz, DMSO-ds) & 8.06 (s, 2H), 7.54
(s, 2H), 7.17 (s, 2H), 4.54 (s, 2H), 3.78 (d, 3H), 2.88 (s, 2H), 1.24 (dd, J = 5.4 Hz, 6H). 13C
NMR (126 MHz, DMSO-de) 6 183.0, 182.1, 172.4, 168.8, 168.3, 52.4, 44.0, 39.0, 20.6. IR
(ATR): vmax (cm™) = 3260, 2960, 1648, 1540, 1437, 1349, 647.
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(3S,14S)-3,14-dibenzyl-2,5,8,13,16,19-
hexaazatricyclo[18.2.0.09,12]docosa1(20),9(12)-diene-4,10,11,15,21,22-hexaone
(2.15 (Sq-2-Phe))

Compound 2.15 was synthesised as per General method B to afford the title compound
as a beige powder in a 46 % yield. HRMS (ESI+): m/z Calc. for C3oH30N6Os ([M+H]?):
571.2235, found 571.2309 (1.38 ppm). *H NMR (500 MHz, DMSO-ds) & 8.10 (s, 2H), 7.53
(d, ) = 7.1 Hz, 1H), 7.23 (t, J = 7.2 Hz, 10H), 7.05 (s, 1H), 4.72 (s, 2H), 3.76 (d, J = 7.3 Hz,
2H), 2.97 (s, 2H), 2.83 (s, 2H), 2.74 (s, 1H). 13C NMR (126 MHz, DMSO-ds) & 182.0, 181.2,
171.9, 168.5, 167.7, 137.5, 129.7, 128.6, 126.9, 58.0, 44.1, 38.9, 38.9. IR (ATR): Vmax (cm"
1) = 3320, 3120, 2960, 1685, 1648, 1538, 1465, 1348, 745, 695.
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(3S,14S)-3,14-diisobutyl-2,5,8,13,16,19- hexaazatricyclo[18.2.0.09,12]docosa-
1(20),9(12)-diene-4,10,11,15,21,22- hexaone
(2.16 (Sq-2-Leu))

Compound 2.16 was synthesised as per General method B to afford the title compound
as a beige powder in a 26 % yield. HRMS (ESI+): m/z Calc. for C24H3aNeOs ([M+H]*):
503.2548, found 503.2621 (1.61 ppm). *H NMR (500 MHz, DMSO-ds) & 8.13 (d, J = 7.5
Hz, 1H), 7.46 (d, J = 7.2 Hz, 1H), 7.08 (d, J = 7.0 Hz, 1H), 4.52 (q, J = 7.9 Hz, 2H), 3.87 (q, J
=10.4 Hz, 1H), 3.75 (g, J = 9.1 Hz, 1H), 2.82 (d, J = 13.1 Hz, 1H), 1.60 — 1.47 (m, 3H), 1.42
(s, 3H), 0.86 (dd, J = 6.1 Hz, 12H). 13C NMR (126 MHz, DMSO-d¢) & 6 55.4, 44.2, 42.5,
24.6,23.5, 22.1. IR (ATR): vmax (cm™) = 3340, 3170, 2960, 1790, 1683, 1645, 1539, 1463,
1349, 1275.
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(3S,14S)-3,14-bis(4-aminobutyl)-2,5,8,13,16,19-hexaazatricyclo[18.2.0.0%*?]docosa-
1(20),9(12)-diene-4,10,11,15,21,22-hexaone
(2.17 (Sq-2-Lys))

HoN

Compound 2.18 was synthesised as per General method B to afford the title compound
as a beige powder in a 34 % vyield. The resulting benzyl protected groups were
deprotected in a HBr 33 % wt AcOH solution (3 mL) which was stirred for 20 min before
being filtered and triturated in diethyl ether. The mixture was added to a falcon tube and
centrifuged under 4000 RPM for 5 min (3x Diethyl Ether). The supernatant was dispelled,
and the precipitate was dissolved in 50:50 MeCN/H»0 and lyophilized to yield the title
compound as a beige powder in a 89 % yield. min) tg = 26 min. HRMS (ESI+) m/z: Calc.
for Ca4H3sNsOg ([M+H]*): 533.2756, Found: 533.2828 (-0.33 ppm). 'H NMR (500 MHz,
DMSO-ds) & 8.08 (s, 2H), 7.71 (s, 6H), 7.61 (s, 2H), 7.28 (s, 2H), 4.46 (s, 2H), 3.82 (d, J =
40.5 Hz, 4H), 2.89 (s, 2H), 2.75 (s, 5H), 1.66 (s, 2H), 1.53 (s, 7H), 1.29 (s, 5H). 13C NMR
(126 MHz, DMSO-ds) 6 182.9, 181.8, 171.8, 168.2, 166.7, 165.5, 158.7, 158.5, 148.9,
56.5,49.5,44.0,40.8,40.4,40.4,40.3,40.2,40.1,39.9,39.8,39.1, 33.4, 27.1, 27.1, 22 4.
IR (ATR): vmax(cm™ ) = 2948, 1803, 1669, 1600, 1542, 1463, 1433, 1346, 1284, 1198, 1129,
836, 799, 720, 597, 517.
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Dibenzyl 2,2'-((3S,14S5)-4,10,11,15,21,22-hexaoxo-2,5,8,13,16,19-hexaazatricyclo
[18.2.0.09,12]docosa-1(20),9(12)-diene-3,14-diyl)diacetate
(2.18 (Sq-2-Asp(Bn))

Compound 2.18 was synthesised as per General method B to afford the title compound
as a beige powder in a 34 % yield. HRMS (ESI+): m/z Calc. for C3aH3aNeOs ([M+H]*):
687.2338 , found 687.2411 (0.22 ppm). *H NMR (500 MHz, DMSO-ds) 6 7.83 (s, 2H), 7.57
(s, 2H), 7.34 (m, 11H), 7.10 (s, 1H), 5.07 (d, 4H), 4.91 (m, 2H), 3.58 (m, 4H), 3.23 (m, 2H),
2.99 (m, 2H), 2.78 (dd, J = 8.2 Hz, 2H). 13C NMR (126 MHz, DMSO-ds) & 183.4, 181.0,
172.0,170.6,170.2,167.4,167.1, 136.4, 128.8, 128.5, 128.3, 66.3, 53.8, 43.0, 40.6, 37.7.
IR (ATR): vmax (cm™*) = 3325, 3135, 2828, 1726, 1684, 1647, 1548, 1455, 1431, 1354, 1305,
1270, 1166, 753, 699.
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7.3: General Procedures for Solid Phase Peptide Synthesis (SPPS)

(A): Loading of First Amino Acid Residue

2-chlorotrityl chloride resin (FluoroChem) was weighed out into a 20 mL fritted-syringe.
The resin was suspended in DCM (10 mL) and allowed to swell for ~1 hour. After this
time, a solution of Fmoc amino-acid and DIPEA in DCM was added to the resin. The resin
was let to shake for 2 hours. The resin was capped by treatment of 3x
DCM/MeOH/DIPEA (17:2:1) for ~ 5 mins then washed 3x DCM, 3x DMF, 3x DCM, before

being dried in vacuo.

Dry Fmoc amino-acid resin (approx. 5 umol with respect to Fmoc) was weighed into two
separate 10 mL volumetric flasks. 2 mL of 10% piperidine sol. (in DMF) was added and
gently agitated for 30 minutes. The solution(s) were diluted to 10 mL with MeCN. 2 mL
of each of solution was transferred to two individual 25 mL volumetric flasks and diluted
to the mark again with MeCN (solution 1 and solution 2, i.e. Duplicate). A reference
solution was prepared in a similar manner as above, but without the addition of resin.
Each cuvette was filled by taking 2.5 mL of each sample (Sol. 1, Sol. 2 & Ref.), before
being placed into the spectrophotometer. The absorbance of each sample was recorded
at 304 nm, and an estimate of first residue attachment was obtained from the following

equation:

Fmoc Loading: mmol g1

_ (b Absne,) 16.4
= Ssample(average) SRef ) X mg Of reSin(average)

(B): Sequential Amino Acid Coupling

The Fmoc amino-acid resin was swelled in DCM for ~30 before being subjected to Fmoc-
deprotection. The resin was treated with 3x 20% Piperidine sol. (DMF) for ~5 minutes
followed by subsequent washing with 3x DMF, 3x DCM and 3x DMF. A solution of Fmoc-
AA, PyBOP and NMM in DMF was added to the resin and allowed to shake for 90
minutes. The new AA-resin was then washed with 3x DCM, 3x DMF and 3x DCM, before

being dried in vacuo.
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(C): Addition of Diethyl Squarate to the resin

The Fmoc amino-acid resin was swelled in DCM for ~30 before being subjected to Fmoc-
deprotection. The resin was treated with 3x 20% Piperidine sol. (DMF) for ~5 minutes
followed by subsequent washing with 3x DMF, 3x DCM and 3x DMF. The peptide resin
was treated with a solution of DeSq (408 ul, 2.76 mmol, 8 eq.) and TEA (240 ul, 1.72
mmol, 5 eq.) in DMF (10 mL) for 5 hrs. LC-MS indicated complete consumption of starting
material. The new resin was washed with 3x DCM, 3x DMF and 3x DCM

(D): Addition of ethylenediamine to the resin

The peptide resin was treated with a solution of EDA (576 ul, 8.62 mmol, 25 eq.) in DMF
(8 mL) for 2 hrs. LC-MS indicated complete consumption of starting material. The new

resin was washed with 3x DCM, 3x DMF and 3x DCM.

(E): Cleavage of amino acid sequence from resin

A spatula tip amount of dry Fmoc-AA resin was placed into a glass vial and treated with
a 30% HFIP/DCM solution (1 mL) for 90 minutes (with gentle agitation). After this time,
the cleavage solution and resin were filtered through a glass pasteur pipette fitted with
cotton wool. The HFIP/DCM was removed from the filtrate via evaporation with a stream
of compressed nitrogen gas. The residue that remained was redissolved in MeCN / H,0

(50:50) prior to LC-MS analysis.

(F): Global Resin cleavage

The peptide resin was treated with a 30% HFIP/DCM solution (3 mL) for 90 minutes (with
gentle agitation). the cleavage solution was emptied to a small glass vial and evaporated
with compressed air. The residue that remained was dissolved in MeCN / H,0 (50:50)

and lyophilized to afford the desired protected linear squaratide.
(G): Cyclisation of linear protected squaratides

The protected linear Squaratide (0.33 mmol) was dissolved in a minimal amount of DMF.
NMM (2.0 mmol) was added, and the solution was stirred for 10 mins. The solvent
volume was increased to give a final concentration of 3.5 mM. To this solution PyBOP

(1.0 mmol) was added and the solution was allowed to stir for 48 hrs. Reaction progress
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was monitored via LC-MS. At the end of this time, the DMF was removed in vacuo and
the crude mixture was triturated in ethyl acetate. The mixture was added to a falcon
tube and centrifuged at 4000 RPM for 10 min (2 x ethyl acetate and 1x diethyl ether).
The supernatant was dispelled, and the precipitate was dissolved in 50:50 MeCN/H>0

and lyophilized to afford the cyclic protected squaratide.

(H): Boc deprotection of squaratides

Protected cyclic peptide was dissolved in 50:50 TFA/DCM (4 mL) and allowed to stir at
r.t.p for 3 hours. LC-MS indicated the complete consumption of starting material. Thus,
the TFA/DCM was evaporated. The resulting oil was re-dissolved in a minimum amount
of MeOH, before being added dropwise to cold diethyl ether. The precipitate was
filtered, then re-dissolved in a 50:50 solution containing MeCN/H20 and lyophilized to

afford the final deprotected product
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7.4: Synthetic methods — Chapter 3

Sq-K(boc)-2-CI-Trt (A)

Boc.
NH

GO\g/\Hj:/[O/\

First residue loading (Fmoc-Lys(Boc)-OH) was performed as outlined in general
procedures A and C. LC-MS indicated complete consumption of starting material, the
resin was washed with 3x DCM, 3x DMF and 3x DCM. LC-MS (0-100%) gradient of Aiin B,

55 min) tg = 28 mins

EDA-Sq-K(boc)-2-CI-Trt (B)

Boc..
°C~NH

i 0] 0]
iN/\/NHZ

* 20 G
o
EDA-Sq-K(boc)-2-CI-Trt was synthesised as outlined General procedures D. LC-MS

indicated complete consumption of starting material the resin was washed with 3x DCM,

3x DMF and 3x DCM. LC-MS (0-100%) gradient of A in B, 55 min) tg = 24 mins
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EDA-Sq-K(boc)-EDA-Sq-K(boc)-OH
ASq-2-Lys(Boc)

Boc\NH Boc\NH

H\ 0 o] H\ o] o]
Horﬁ H/\/N\gﬂH H/\/NH2

(Asg-2-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed by
resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear Squaratide
(Asg-2-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-100%)
gradient of A in B, 55 min) tg = 27 min. HRMS (ESI+) m/z: Calc. for C34H5aNgO11 ([M+H]*):
751.3904, Found: 751.3978 (-1.09 ppm). *H NMR (500 MHz, DMSO-d¢) 6§ 9.11 — 7.58 (m,
5H), 6.54 (d, J = 180.1 Hz, 2H), 5.16 (dt, J = 13.6, 6.8 Hz, 1H), 4.61 (d, J = 43.8 Hz, 1H),
4.33 (s, 1H), 4.04 (d, J = 6.3 Hz, 1H), 3.78 (s, 1H), 3.71 (s, 2H), 3.36 (s, 10H), 3.03 (dd, J =
11.8, 5.9 Hz, 2H), 2.91 —2.81 (m, 4H), 1.66 (ddd, J = 21.0, 19.5, 7.1 Hz, 4H), 1.36 (s, 18H),
1.30 — 1.15 (m, 4H). 3C NMR (126 MHz, DMSO-ds) 6 183.4, 183.3, 182.8, 182.7, 169.4,

168.9, 156,77.8,77.7,68.2,67.9,67.7,67.4,41.7,29.8, 29.6, 28.7, 28.5, 23.1, 22.9, 22.6.
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EDA-Sq-K(boc)-EDA-Sq-K(boc)-EDA-Sq-K(boc)-OH
ASq-3-Lys(Boc)

HO ~N ~N O NH,
H H
o o) o 0 o o)
NH NH NH
Boc” Boc” Boc”

(Asqg-3-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed by
resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear Squaratide
(Asg-3-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-100%)
gradient of A in B, 55 min) tg = 28 min. HRMS (ESI+) m/z: Calc. for CsiHgoN12016 ([M+H]):
1117.5776, Found: 1117.5855 (-3.47 ppm). *H NMR (500 MHz, DMSO-ds) & 8.48 (s, 1H),
7.84 (dd, J = 133.6, 75.7 Hz, 8H), 6.78 — 6.64 (m, 3H), 6.36 (s, 1H), 5.17 (dt, J = 13.6, 6.8
Hz, 1H), 4.59 (s, 2H), 4.34 (d, J = 1.4 Hz, 1H), 4.02 (d, J = 3.5 Hz, 1H), 3.73 (d, J = 5.9 Hz,
2H), 3.60 (dd, J = 3.5, 1.2 Hz, 2H), 3.54 (dd, J = 13.0, 7.4 Hz, 2H), 3.10 — 2.99 (m, 3H), 2.87
(dd, J = 14.8, 8.9 Hz, 8H), 1.74 (dd, J = 16.1, 5.9 Hz, 4H), 1.67 — 1.52 (m, 4H), 1.36 (s, 27H),
1.28 —1.18 (m, 6H). 3C NMR (126 MHz, DMSO-d¢) 6 183, 182.8, 182.6, 182.4, 156, 155.9,
77.8,77.7,67.7,49.5,41.5, 31.1, 29.8, 29.7, 28.7, 28.6, 22.9, 22.6, 22.5.
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EDA-Sqg-K(boc)-EDA-Sq-K(boc)-EDA-Sqg-K(boc)-EDA-Sq-K(boc)-OH
ASq-4-Lys(Boc)

HO ~"N ~"N ~"N \/\NHZ
H H H
O (0] O O (0] (0] (0] O
~NH _NH _NH _NH
Boc’ Boc Boc Boc

(Asg-4-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed by
resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear Squaratide
(Asg-4-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-100%)
gradient of Aiin B, 55 min) tg = 28 min. HRMS (ESI+) m/z: Calc. for CegH10sN16021 ([M+H]*):
1483.7667, Found: ([M+2Na]*2): 764.3740 (-3.47 ppm). *H NMR (500 MHz, DMSO-ds) &
8.53 (s, 1H), 8.39 — 7.52 (m, 10H), 6.90 (s, 1H), 6.81 — 6.61 (m, 4H), 6.52 (s, 1H), 6.37 (s,
1H), 5.17 (dt, J = 13.6, 6.8 Hz, 1H), 4.78 (s, 1H), 4.61 (s, 3H), 4.35 (s, 1H), 4.04 (d, J = 5.7
Hz, 1H), 3.90 (s, 1H), 3.72 (s, 3H), 3.56 (s, 9H), 3.18 (s, 4H), 3.07 — 3.01 (m, 3H), 2.90 —
2.81 (m, 8H), 2.68 (dd, J = 19.0, 5.2 Hz, 1H), 2.34—2.28 (m, 1H), 1.82 — 1.57 (m, 8H), 1.51
(d, J=32.2 Hz, 8H), 1.36 (s, 36H), 1.20 (d, J = 31.2 Hz, 8H). 13C NMR (126 MHz, DMSO-ds)
6 183.2, 183, 182.6, 182.4, 156, 148.8, 77.8,67.7, 29.7, 28.7, 22.6, 22.5, 22.3.
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EDA-Sq-K(boc)-EDA-Sq-K(boc)-EDA-Sq-K(boc)-EDA-Sq-K(boc)-EDA-Sq-K(boc)-OH
ASq-5-Lys(Boc)

HO ~"N ~"N ~"N ~"N \/\NHZ
H H H H
(0] (0] (0] (0] (0] (0] (0] (0] (@) (0]
Boc/NH Boc/NH Boc/NH Boc/NH Boc/NH

(Asq-5-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed by
resin removal via 30% HFIP/DCM (General Procedure G) to afford the linear Squaratide
(Asg-5-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-100%)
gradient of Aiin B, 55 min) tr = 29 min. HRMS (ES+) m/z: Calc. for CgsH132N20026 ([M+H]*):
1849.9573, Found: ([M+3Na]*3): 639.9516 (-2.65 ppm). *H NMR (500 MHz, DMSO-d¢) &
8.54 (s, 2H), 8.40 — 7.62 (m, 11H), 6.73 (d, J = 5.6 Hz, 4H), 6.37 (s, 1H), 5.17 (dt, J = 13.6,
6.8 Hz, 2H), 4.61 (s, 3H), 4.35 (d, J = 4.8 Hz, 1H), 4.03 (d, J = 4.1 Hz, 1H), 3.70 (s, 3H), 3.57
(dd, J = 24.6, 2.6 Hz, 6H), 3.36 (s, 18H), 3.29 (s, 7H), 3.02 (t, J = 5.9 Hz, 2H), 2.93 — 2.80
(m, 10H), 1.69 (d, J = 6.6 Hz, 4H), 1.60 (dd, J = 13.6, 8.4 Hz, 4H), 1.36 (s, 45H), 1.23 (s,
10H). 3C NMR (126 MHz, DMSO-d¢) 6 183.2, 183.0, 182.5, 181.7, 156, 148.9, 77.8, 76,
67.9,67.7,67.4,49.5, 29.7, 28.7, 28.5, 22.4, 22 .3.
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Sq-2-Lys(Boc)

The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sq-2-
Lys(Boc)) as an off-white solid. (100 mg, 65 %). LC-MS (0-100%) gradient of A in B, 55
min) tr = 28 min. HRMS (ESI+) m/z: Calc. for C3aHs2NgO10 ([M+H]*): 733.3789, Found:
733.3862 (-2.32 ppm). *H NMR (500 MHz, DMSO-ds) 6 8.12 (d, J = 7.6 Hz, 1H), 7.76 (s,
1H), 7.67 (s, 1H), 7.50 (d, J = 9.1 Hz, 1H), 7.16 (d, J = 9.0 Hz, 1H), 6.76 (t, J = 5.4 Hz, 2H),
6.40 (s, 1H), 4.65 (d, J = 31.8 Hz, 1H), 4.52 — 4.39 (m, 1H), 3.87 (dd, J = 22.0, 10.2 Hz, 1H),
3.78 (dd, J = 22.3, 11.8 Hz, 1H), 3.65 — 3.46 (m, 1H), 3.29 (d, J = 9.4 Hz, 1H), 3.02 (dd, J =
8.5, 4.6 Hz, 1H), 2.85 (dd, J = 12.4, 6.4 Hz, 5H), 1.60 (d, J = 6.1 Hz, 2H), 1.47 (d, J = 11.2
Hz, 2H), 1.36 (s, 18H), 1.26 — 1.13 (m, 4H). 13C NMR (126 MHz, DMSO-ds) 6 182.8, 181.7,
172, 168.1, 156.0, 77.7, 56.6, 44.1, 40.3, 40.2, 38.7, 33.8, 29.5, 28.7, 22.6.
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(2.17) Sq-2-Lys

Sy
N )/\ T P

pw¢o

o]

The protected cyclic squaratide Sg-2-Lys(Boc) was subjected to Boc deprotection via
50:50 TFA/DCM as outlined in general procedures for SPPS (H) to afford the final
deprotected product (Sg-2-Lys) as an off-white solid (43 mg, 87 %). LC-MS (0-100%)
gradient of A in B, 55 min) tg = 9 min. HRMS (ESI) m/z: Calc. for C2aH3sNsOs ([M+H]"):
533.2756, Found: 533.2828 (-0,33 ppm).*H NMR (500 MHz, DMSO-d¢) & 8.08 (s, 2H),
7.71 (s, 6H), 7.61 (s, 2H), 7.28 (s, 2H), 4.46 (s, 2H), 3.82 (d, J = 40.5 Hz, 4H), 2.89 (s, 2H),
2.75 (s, 5H), 1.66 (s, 2H), 1.53 (s, 7H), 1.29 (s, 5H). 33C NMR (126 MHz, DMSO-d¢) & 182.9,
181.8,171.8, 168.2, 166.7, 165.5, 158.7, 158.5, 148.9, 56.5, 49.5, 44.0, 40.8, 40.4, 40.3,
40.2, 40.1, 39.9, 39.8, 39.1, 33.4, 27.1, 22.4. IR (ATR): vmax(cm™ ) = 2948, 1803, 1669,
1600, 1542, 1463, 1433, 1346, 1284, 1198, 1129, 836, 799, 720, 597, 517.
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Sq-3-Lys(Boc)

BOC\NH
(0]
O
~ N/\\ 0
H HN\§
NH
O\J\\ o H

NH i SN

N\
<\ (6} Boc
NH HN
0
(6] N\'L'%N

o o)

Boc—NH
The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sqg-3-
Lys(Boc)) as an off-white solid. (100 mg, 61 %). LC-MS (0-100%) gradient of A in B, 55
min) tr = 28 min. HRMS (ESI+) m/z: Calc. for Cs1H78N12015 ([M+H]*): 1099.5676, Found:
1099.5750 (-3.06 ppm). H NMR (500 MHz, DMSO-ds) & 8.51 (s, 1H), 8.29 (s, 1H), 8.15 —
7.90 (m, 1H), 7.67 (dt, J = 49.9, 19.1 Hz, 4H), 7.45 — 7.16 (m, 1H), 6.74 (dd, J = 13.4, 8.0
Hz, 3H), 6.39 (s, 1H), 4.62 (s, 1H), 4.55 (s, 1H), 4.31 (s, 1H), 4.15 (s, 1H), 3.97 (s, 1H), 3.72
—3.49 (m, 4H), 3.45 (d, J = 6.4 Hz, 1H), 3.29 (s, 3H), 3.02 (dd, J = 10.5, 6.6 Hz, 1H), 2.92 —
2.81 (m, 6H), 1.69 (ddd, J = 59.1, 28.9, 4.5 Hz, 6H), 1.37 (s, 27H), 1.23 (s, 6H). 3C NMR
(126 MHz, DMSO-ds) 6 183.0, 182.4, 156, 148.9, 82.6, 77.8, 63.9, 53.0, 49.5, 46.3, 29.7,
28.7,26.4,22.3.
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(3.5) Sq-3-Lys
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The protected cyclic squaratide Sg-3-Lys(Boc) was subjected to Boc deprotection via
50:50 TFA/DCM as outlined in general procedures for SPPS (H) to afford the final
deprotected product (Sg-3-Lys) as an off-white solid (60 mg, 89 %). LC-MS (0-100%)
gradient of A in B, 55 min) tg = 9 min. HRMS (ESI+) m/z: Calc. for C3sHsaN1209 ([M+H]*):
799.4129, Found: 799.4201 (-1.02 ppm). *H NMR (500 MHz, DMSO-ds) 6 8.54 (s, 1H),
8.32 (s, 1H), 7.90 — 7.64 (m, 16H), 4.56 (d, J = 47.3 Hz, 2H), 3.62 (s, 3H), 3.54 (s, 2H), 3.27
(s,3H),2.77 (d,/=4.8 Hz, 7H), 1.74 (dd, = 12.4, 8.2 Hz, 3H), 1.62 (d, /= 7.2 Hz, 3H), 1.55
—1.49 (m, 6H), 1.31 (d, J = 7.0 Hz, 6H). 3C NMR (126 MHz, DMSO-ds) & 158.9, 158.6,
148.7, 99.1, 49.5, 43.4, 40.5, 40.4, 40.3, 40.3, 40.2, 40.1, 39.9, 39.8, 39.1, 31.1, 27.1,

22.3. IR (ATR): Vmax(cm™ ) = 3239, 2941, 1799, 1666, 1588, 1524, 1467, 1431, 1349, 1290,
1197, 1177, 1127, 835, 799, 720, 631, 598, 516, 438.
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Sq-4-Lys(Boc)

Boc—NH O o]

~ HN—Boc

(6] (6] HN—-Boc

The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sq-4-
Lys(Boc)) as an off-white solid. (150 mg, 49 %). LC-MS (0-100%) gradient of A in B, 55
min) tr = 32 min. HRMS (ESI+) m/z: Calc. for CesH10aN16020 ([M+H]*): 1465.7596, Found:
(IM+2Na]*?): 755.3687 (-1.17 ppm). *H NMR (500 MHz, DMSO-ds) & 8.50 (s, 3H), 8.09
(dd, J = 105.6, 48.3 Hz, 2H), 7.67 (dd, J = 33.1, 13.6 Hz, 7H), 6.81 — 6.64 (m, 4H), 6.37 (s,
1H), 4.60 (s, 3H), 4.14 (s, 1H), 3.95 (s, 1H), 3.73 — 3.57 (m, 4H), 3.53 (s, 4H), 3.27 (s, 5H),
3.01 (dd, J = 8.5, 4.7 Hz, 1H), 2.86 (d, J = 4.6 Hz, 8H), 1.75 — 1.52 (m, 8H), 1.35 (s, 45H),
1.21(d,J=6.2 Hz, 8H). 3C NMR (126 MHz, DMSO-d¢) 6 183.2, 182.8, 182.3, 156.0, 148.8,
77.8,49.5,29.7,28.7, 22.4.
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(3.6) Sq-4-Lys
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The protected cyclic squaratide Sqg-4-Lys(Boc) was subjected to Boc deprotection via

)

50:50 TFA/DCM as outlined in general procedures for SPPS (H) to afford the final
deprotected product (Sg-4-Lys) as an off-white solid (90 mg, 90 %). LC-MS (0-100%)
gradient of Ain B, 55 min) tg = 19 min. HRMS (ESI+) m/z: Calc. for CagH72N16012 ([M+H]*):
1065.5493, Found: 1065.5580 (-2.12 ppm). *H NMR (500 MHz, DMSO-d) & 8.48 (s, 3H),
8.25 (s, 1H), 8.01 (d, J = 39.0 Hz, 1H), 7.77 (s, 18H), 4.60 (s, 3H), 4.18 (s, 1H), 3.60 (d, J =
45.9 Hz, 8H), 3.30 — 3.13 (m, 5H), 2.83 — 2.69 (m, 8H), 1.70 (d, J = 35.4 Hz, 4H), 1.59 (d, J
= 13.1 Hz, 4H), 1.57 — 1.48 (m, J = 5.5 Hz, 8H), 1.30 (d, J = 6.1 Hz, 8H). 3C NMR (126 MHz,
DMSO-de) 6 158.88, 158.63, 149.1, 116.2, 49.1, 40.4, 40.4, 40.3, 40.2, 40.1, 39.9, 39.8,
39.1, 27.2, 22.1. IR (ATR): vmax(cm™ ) = 3247, 2940, 1800, 1665, 1588, 1527, 1466, 1430,
1347, 1290, 1197, 1177, 1127, 835, 798, 720, 596, 515, 434.
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Sq-5-Lys(Boc)
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The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sq-5-
Lys(Boc)) as an off-white solid. (150 mg, 48 %). LC-MS (0-100%) gradient of A in B, 55
min) tgr = 33.3 min. HRMS (ESI+) m/z: Calc. for CssH130N2002s ([M+H]*):1830.9473, Found:
(IM+2Na]*2): 938.9643 (-2.35 ppm). *H NMR (500 MHz, DMSO-d¢) & 8.49 (s, 3H), 8.31 (s,
1H), 8.03 (dd, J = 51.4, 36.9 Hz, 1H), 7.69 (d, J = 35.1 Hz, 8H), 6.73 (s, 4H), 6.37 (s, 1H),
4.61 (s, 4H), 4.14 (s, 1H), 3.98 (d, J = 14.2 Hz, 1H), 3.62 (d, J = 9.0 Hz, 4H), 3.53 (d, J = 6.2
Hz, 4H), 3.28 (s, 6H), 3.02 (dd, J = 6.5, 2.7 Hz, 1H), 2.85 (t, J = 15.2 Hz, 10H), 1.78 — 1.63
(m, 5H), 1.63 — 1.49 (m, 5H), 1.36 (s, 45H), 1.22 (d, J = 6.8 Hz, 10H). 3C NMR (126 MHz,
DMSO-de) 6 183, 182.6, 168.4, 167.2, 156, 148.8, 77.8, 63.9, 56.5, 53, 43.1, 40.9, 40.5,
40.4,40.2,35.1,29.7, 28.7, 28.5, 22 4.
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(3.7) Sq-5-Lys
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The protected cyclic squaratide Sg-5-Lys(Boc) was subjected to Boc deprotection via
50:50 TFA/DCM as outlined in general procedures for SPPS (H) to afford the final
deprotected product (Sg-5-Lys) as an off-white solid (87 mg, 89 %). LC-MS (0-100%)
gradient of Ain B, 55 min) tg = 17 min. HRMS (ESI+) m/z: Calc. for CeoHaoN20015 ([M+H]*):
1331.6870, Found: 1331.6957 (-1.81 ppm). *H NMR (500 MHz, DMSO-ds) & 8.52 (d, J =
20.7 Hz, 4H), 8.32 (s, 1H), 8.23 (d, J = 15.0 Hz, 1H), 8.07 (s, 1H), 7.82 (dd, J = 32.0, 10.6
Hz, 23H), 4.59 (s, 4H), 4.16 (s, 1H), 3.76 — 3.46 (m, 9H), 3.34 —3.19 (m, 9H), 2.76 (s, 10H),
1.73 (dd, J = 7.6, 5.9 Hz, 5H), 1.61 (d, J = 6.0 Hz, 5H), 1.52 (d, J = 5.2 Hz, 10H), 1.29 (s,
10H). 3C NMR (126 MHz, DMSO-ds) & 159.4, 158.8, 158.1, 148.7, 49.5, 42, 41.8, 41.6,
41.4,41.3,41.3,41.2,41.1, 40.9, 40.8, 40.7, 40.5, 40.4, 40.3,40.2, 40.1, 39.9, 39.8, 39.1,
39, 38.8, 38.8, 38.7, 38.5, 38.3, 38.2, 31.1, 30.8, 27.2, 26.5. IR (ATR): Vmax(cm™ ) = 3253,
2942, 1800, 1665, 1587, 1526, 1467, 1431, 1348, 1291, 1197,1177, 1128, 835, 798, 720,
596, 515, 433, 404.
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7.5: Synthetic methods — Chapter 4

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

0] 0] CF;
~AQ
H CFs

3,5-bis(trifluoromethyl)aniline (1.24 g, 5.4 mmol), was dissolved in 20 mL of ethanol and
added to a suspension of diethyl squarate (DeSq) (0.97 g, 5.5 mmol) and zinc trifluoro-
methanesulfonate (0.25 g, 0.7 mmol) in ethanol. The suspension was stirred overnight
at room temperature. The solvent was removed under vacuum, and the residue was
subsequently suspended in NH4Cl 1M. After filtering, the solid was washed several times
with NH4Cl and water. The crude products were recrystallized in ether to afford the final
compound, SqBisCFs as a pale yellow solid (1.56 g, 80%). *H NMR (500 MHz, DMSO-de)
6 11.20 (s, 1H), 8.03 (s, 2H), 7.76 (s, 1H), 4.80 (g, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, DMSO-ds) & 187.9, 184.9, 179.7, 169.6, 140.6, 132, 131.7, 131.4,
131.2,126.8, 124.6,122.4, 120.2, 119.8, 116.7, 70.5, 15.8. All spectral data shows good

agreement with literature. 3%°

Sq-K(boc)-2-CI-Trt

Boc.
NH

e
Qo fj:/[“

First residue loading (Fmoc-Lys(Boc)-OH) was performed as outlined in general
procedures A and C. LC-MS indicated complete consumption of starting material, the
resin was washed with 3x DCM, 3x DMF and 3x DCM. LC-MS (0-100%) gradient of Ain B,

55 min) tg = 28 mins.
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EDA-Sq-K(boc)-2-Cl-Trt

Boc.
NH

Lo g
o]
EDA-Sq-K(boc)-2-CI-Trt was synthesised as outlined General procedures D. LC-MS

indicated complete consumption of starting material, the resin was washed with 3x

DCM, 3x DMF and 3x DCM. LC-MS (0-100%) gradient of A in B, 55 min) tr = 24 mins

EDA-Sq-A-EDA-Sq-K(boc)-2-OH
(ASq-2-Ala-Lys(Boc))

DGR R
(@] (@] (@] (0]

_NH

Boc

(Asqg-2-Ala-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed
by resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear Squaratide
(Asqg-2-Ala-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-100%)
gradient of A in B, 55 min) tg = 23 min.
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EDA-Sq-F-EDA-Sq-K(boc)-2-OH
(ASq-2-Phe-Lys(Boc))

HO j/f\( \/\H ]/f\( ~ONH,
(@] (@] O (0]
_NH
Boc

(ASqg-2-Phe-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D) followed
by resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear Squaratide
(ASqg-2-FsPhe-Lys(Boc)) as an off-white solid — without further purification. LC-MS (0-
100%) gradient of A in B, 55 min) tg = 26 min. HRMS (ESI+) m/z: Calc. for C3;Ha3sN;Og
(IM+H]*): 670.3125, Found: 670.3199 (0.41 ppm).

EDA-Sq-FsPhe-EDA-Sq-K(boc)-2-OH
(ASqg-2-FsPhe-Lys(Boc))

HO j/f\[\/\u J/f\(\/\NHg
F
(0] O (@] (0]
F
_NH
Boc

F

F F

(ASq-2-FsPhe-Lys(Boc)) was synthesised as outlined in general procedures (B,C,D)
followed by resin removal via 30% HFIP/DCM (General Procedure F) to afford the linear
Squaratide (ASg-2-FsPhe-Lys(Boc)) as an off-white solid — without further purification.
LC-MS (0-100%) gradient of A in B, 55 min) tg = 27 min. HRMS (ESI+) m/z: Calc. for
C32H38FsN7Og ([M+H]*): 760.2657, Found: 760.2729 (0.79 ppm).
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(4.16) Sqg-2-Ala-Lys
HoN

The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product Sq-2-Ala-
Lys(Boc) as an off-white solid. (100 mg, 67%). The protected cyclic squaratide was then
subjected to Boc deprotection via 50:50 TFA/DCM as outlined in general procedures for
SPPS (H) to afford the final deprotected product (Sq-2-Ala-Lys) as an off-white solid (74
mg, 90 %). LC-MS (0-100%) gradient of A in B, 55 min) tg = 18 min. HRMS (ESI+) m/z: Calc.
for C21H29N706 ([M+H]*): 476.2179, Found: 476.2252 (0.03 ppm). *H NMR (500 MHz,
DMSO-ds) & 8.49 (d, J = 31.2 Hz, 1H), 8.05 (d, J = 8.3 Hz, 1H), 7.68 (dd, J = 74.6, 39.3 Hz,
6H), 7.23 (s, 1H), 4.59 (dd, J = 76.3, 38.8 Hz, 2H), 3.84 (dd, J = 30.3, 22.4 Hz, 2H), 3.58 (s,
2H), 3.25 (dd, J = 10.9, 6.1 Hz, 2H), 2.88 (s, 1H), 2.75 (d, J = 5.2 Hz, 2H), 1.65 (s, 1H), 1.58
—1.46 (m, 3H), 1.36 — 1.23 (m, 5H). 13C NMR (126 MHz, DMSO-ds) & 183, 158.7, 158.2,
52.4,44.4,40.5, 40.4, 40.4, 40.3, 40.2, 40.1, 40, 39.9, 39.8, 39.1, 27.1, 22.4, 20.6, 19.8.
IR (ATR): vmax(cm™ ) =3234, 2941, 1802, 1653, 1575, 1527, 1465, 1432, 1347, 1261, 1198,
1173, 1128, 947, 885, 834, 798, 720, 643, 596, 511, 438, 423.
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(4.17) Sg-2-Ala-Lys(SqBisCF3)
FsC

L,

N
HN H

o} ’c/_/<o

Sq-2-Ala-Lys (96 mg, 0.2 mmol, 1 eq) and Triethylamine (113 uL, 0.8 mmol, 4 eq) were
dissolved in DMF. Whilst stirring, 3-ethoxy-4-(3,5-bis(trifluoromethyl)phenyl)amino-
cyclobut-3-ene-1,2-dione (143 mg 0.4 mmol, 2 eq) was dissolved in a minimal amount
of DMF and added dropwise to the reaction mixture. The reaction was stirred overnight
at room temperature before being concentrated in vacuo. The resultant crude mixture
was triturated with EtOAc. The precipitate was washed with EtOAc (2 x 4 mL) followed
by a 50: 50 mixture of ACN/H,0 (2 x 4 mL) to afford the title compound as a beige solid
(118 mg, 75 %). LC-MS (0-100%) gradient of A in B, 55 min) tg = 28 min. HRMS (ESI+) m/z:
Calc. for C33H32FsNsOs ([M+H]*): 783.2240, Found: 783.2313 (-0.89 ppm). *H NMR (500
MHz, DMSO-ds) 6 10.07 (s, 1H), 8.40 (d, /= 35.1 Hz, 1H), 8.03 (s, 1H), 7.96 (d, /= 11.9 Hz,
2H), 7.64 (s, 2H), 7.59 (s, 1H), 7.54 (s, 1H), 7.42 (s, 1H), 7.07 (s, 1H), 4.68 —4.35 (m, 2H),
3.72 (dd, /=43.2,11.7 Hz, 3H), 3.51 (s, 4H), 3.18 = 3.06 (m, 1H), 2.78 (d, J = 7.3 Hz, 1H),
1.59 - 1.41 (m, 4H), 1.23 (d, J = 6.2 Hz, 3H), 1.17 (d, J = 4.8 Hz, 2H). 13C NMR (126 MHz,
DMSO-ds) 6 185.1, 182.9, 181.1, 170.6, 162.9, 141.6, 131.8, 131.6, 124.6, 122.3, 118.4,
56.5,52.3,44.1, 40.5, , 40.4, 40.3, 40.2, 40.1, 40, 30.4, 21.6, 20.6. IR (ATR): Vmax(cm™? ) =
3171, 2944, 1798, 1650, 1544, 1465, 1379, 1307, 1278, 1186, 1121, 1032, 939, 885, 834,
724,700, 681, 621, 498, 414.
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(4.18) Sg-2-Lys(SqBisCFs)

o {} HN i
; pN{}o

(0]

Sq-2--Lys (92 mg, 0.18 mmol, 1 eq) and Triethylamine (120 uL, 0.9 mmol, 5 eq) were
dissolved in DMF. Whilst stirring, 3-ethoxy-4-(3,5-bis(trifluoromethyl)phenyl)amino-
cyclobut-3-ene-1,2-dione (183 mg 0.54 mmol, 3 eq) was dissolved in a minimal amount
of DMF and added dropwise to the reaction mixture. The reaction was stirred overnight
at room temperature before being concentrated in vacuo. The resultant crude mixture
was triturated with EtOAc. The precipitate was washed with EtOAc (2 x 4 mL) followed
by a 50: 50 mixture of ACN/H,0 (2 x 4 mL) to afford the title compound as a beige solid
(154 mg, 78 %). LC-MS (0-100%) gradient of A in B, 55 min) tg = 27 min. HRMS (ESI+) m/z:
Calc. for CagHa2F12N10010 ([M+H]*): 1147.2879, Found ([M+Na]*): 1169.2770 (-1.33 ppm).
'H NMR (500 MHz, DMSO-d¢) 6 10.12 (s, 2H), 8.06 (d, J = 6.0 Hz, 2H), 7.97 (s, 3H), 7.94 —
7.85 (m, 2H), 7.69 (s, 2H), 7.58 (s, 2H), 7.40 (d, J = 8.9 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H),
4.56 (s, 1H), 4.41 (d, J = 4.8 Hz, 2H), 3.84 —3.63 (m, 3H), 3.51 (d, / = 5.1 Hz, 4H), 3.08 -
2.99 (m, 2H), 2.74 (d, J = 10.0 Hz, 2H), 1.61 - 1.43 (m, 8H), 1.24 (d, J = 5.5 Hz, 4H), 1.11
(t,J=7.3 Hz, 3H).13C NMR (126 MHz, DMSO-ds) 6 185.2, 180.7, 172, 170.2, 162.7, 141.6,
131.9,124.7,122.5,118.4, 115.1, 56.3, 46.2, 44.1, 40.8, 40.5, 40.4, 40.3, 40.2, 40.1, 40,
39.9, 39.9, 39.4, 22.1, 9.1. IR (ATR): vmax(cm™ ) = 3173, 2946, 1796, 1667, 1567, 1458,
1377,1277,1173, 1123, 1017, 940, 886, 828, 721, 700, 681, 620, 416.
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(4.19) (Sq-2-Phe-Lys)
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The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sq-2-Phe-
Lys(Boc)) as an off-white solid. (150 mg, 65 %). The protected cyclic squaratide Sqg-5-
Lys(Boc) was then subjected to Boc deprotection via 50:50 TFA/DCM as outlined in
general procedures for SPPS (H) to afford the final deprotected product (Sq-2-Phe-Lys)
as an off-white solid (110 mg, 88 %). LC-MS (0-100%) gradient of A in B, 55 min) tg = 23
min. HRMS (ESI+) m/z: Calc. for C27H33N706 ([M+H]*): 552.2495, Found: 552.2566 (0.49
ppm). 'H NMR (500 MHz, DMSO-ds) § 8.73 (s, 1H), 8.53 (s, 1H), 8.13 (dd, J = 22.3, 5.8 Hz,
1H), 7.80 (s, 3H), 7.71 (s, 3H), 7.29 — 7.08 (m, 5H), 4.67 (d, J = 6.3 Hz, 1H), 4.45 (d, J = 4.6
Hz, 1H), 3.88 (d, J = 9.5 Hz, 2H), 3.67 (d, J = 11.0 Hz, 2H), 3.55 (s, 1H), 3.27 (dd, J = 22.3,
9.8 Hz, 1H), 3.10 (s, 4H), 2.89 (s, 2H), 2.74 (s, 2H), 1.84 (t, J = 6.7 Hz, 1H), 1.71 (s, 1H),
1.60 — 1.49 (m, 2H), 1.30 (s, 2H). 3C NMR (126 MHz, DMSO-ds) & 183.1, 171.6, 170.7,
169.1, 167.8, 159.2, 158.7, 136.7, 129.8, 128.5, 126.9, 58, 56.2, 45.4, 45.2, 40.4, 40.3,
40.3,40.2,40.1,39.1,27.3,24.1, 22. IR (ATR): Vmax(cm™ ) = 3154, 3059, 2933, 1795, 1693
1651, 1537, 1475, 1434, 1351, 1268, 1177, 1134, 1101, 1029, 1000, 884, 824, 798, 781,
720, 699, 626, 608, 543, 496, 443.
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(4.20) (Sq-2-FsPhe-Lys)

ik

The Linear Squaratide was subjected to cyclisation which was carried out as described in
the General procedures for SPPS (G) to afford the Cyclic protected product (Sq-2-FsPhe-
Lys(Boc)) as an off-white solid. (75 mg, 62 %). The protected cyclic squaratide Sq-5-
Lys(Boc) was then subjected to Boc deprotection via 50:50 TFA/DCM as outlined in
general procedures for SPPS (H) to afford the final deprotected product (Sq-2-FsPhe-Lys)
as an off-white solid (59 mg, 92 %). LC-MS (0-100%) gradient of A in B, 55 min) tr = 25
min. HRMS (ESI+) m/z: Calc. for Co7H28FsN706 ([M+H]*): 642.2023, Found: 642.2097(0.28
ppm). H NMR (500 MHz, DMSO-de) & 8.69 (s, 1H), 8.48 (d, J = 9.0 Hz, 1H), 8.25 (d, J =
8.9 Hz, 1H), 8.15 (dd, J = 26.5, 4.7 Hz, 1H), 8.04 (d, J = 9.0 Hz, 1H), 7.91 — 7.81 (m, 2H),
7.72—7.61 (m, 3H), 4.83 - 4.68 (m, 1H), 4.56 — 4.42 (m, 1H), 3.78 (s, 3H), 3.30 —3.22 (m,
2H), 3.11 (s, 2H), 3.02 = 2.97 (m, 1H), 2.92 — 2.86 (m, 1H), 2.82 (s, 1H), 2.76 (s, 2H), 1.84
(t,J=6.8 Hz, 2H), 1.57 - 1.50 (m, 2H), 1.32 (t, J = 13.9 Hz, 2H). 3C NMR (126 MHz, DMSO-
de) 6 183.3, 183.1, 182.3, 181.9, 171.4, 169.7, 168.9, 167.8, 167.3, 158.7, 158.4, 56.6,
55.9,45.3,43.9,43.6,40.9,39.1,32.4,27.1, 24.1, 22.3. IR (ATR): Vmax(cm™ ) = 3170, 2946,
1803, 1655, 1549, 1523, 1502, 1467, 1348, 1290, 1201, 1132, 1052, 1013, 981, 952, 863,
821, 721, 636, 601, 569, 503, 475, 433, 404.
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7.6: Synthetic methods — Chapter 5

6-(dimethylamino)-1H,3H-benzo[de]isochromene-1,3-dione (5.7)

Oy _0._0O
/N\

Dimethylamine (3.9 eq. 14 mmol, 1.148 g) and Copper sulfate pentahydrate (0.12 eq.
0.433 mmol, 0.108 g) were added to a solution of 4- Bromo-1,8-naphthalenedicarboxylic
anhydride (5.6) (1 eq. 3.610 mmol, 1 g) in DMF (20 mL), then the mixture was stirred at
150 C for 10 h. The reaction solution was poured into distilled water (250 mL), and the
yellow precipitate was filtered out and dried to obtain compound 5.7 as a yellow powder

(0.783 g, 90% yield). All spectral data is in good agreement with that reported.33¢
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(R)-2-((tert-butoxycarbonyl)amino)-4-(6-(dimethylamino)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)butanoic acid (5.9)

Boc” OH

5.7 (1 eq. 1.243 mmol, 0.300 g) was kept under a nitrogen atmosphere in a three neck
round bottom flask fitted with water condenser. Dioxane (25 mL) was added through a
septum whereupon the mixture was heated at reflux and stirred vigorously. Boc-D-Dab-
OH (5.8) (1 eqg. 1.243 mmol, 0.271 g) was dissolved in an aqueous solution (5 mL)
containing NaHCOs (4.5 eq. 5.59 mmol, 0.470 g) and added into the reaction mixture.
The reaction mixture was heated at reflux for 2 h. The mixture was concentrated under
reduced pressure and water (50 mL) was added. The water phase was washed with Et,0
(2 60 mL) and acidified with 2 N HCI till pH 3 in an ice-bath whereupon a yellow
precipitate formed. The aqueous phase was extracted with DCM (3 x 80 mL) and the
combined organic layers were dried over NaSOa, filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography (40-50%
ethyl acetate in hexane containing 0.1% AcOH) to afford 5.9 as a yellow solid (0.373 g,

68%). All spectral data is in good agreement with that reported.3?3
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(R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(6-(dimethylamino)-1,3-dioxo-
1H-benzo[delisoquinolin-2(3H)-yl)butanoic acid (5.11)
H O
Fmoc” OH

/N\

5.9 (1 eg. 0.792 mmol, 0.350 g) was dissolved in DCM (3 mL). Cold trifluoroacetic acid (3
mL) was added over 5 min and the reaction mixture was stirred for 2 h. The reaction
mixture was concentrated to dryness under reduced pressure and excess TFA removed
by coevaporation with chloroform (3 x 10 mL). The crude product was dried under
vacuum then dissolved in water (4 mL) containing NaHCOs (5 eq. 3.81 mmol, 0.293 g).
Dioxane (10 mL) was added, followed by Fmoc-OSu (1.1 eq. 0.871 mmol, 0.534 g). The
reaction mixture was stirred at O C for 2 h. The reaction mixture was diluted with water
(20 mL). The aqueous layer was washed with Et,0 (2 x 20 mL) and acidified with 6 N HCI
to adjust the pH to 6. The product was extracted with DCM (3 x 25 mL) and the combined
organic layers were dried over Na;SOs, filtered and concentrated under reduced
pressure. The crude compound was purified by column chromatography (0.5-1% MeOH
in DCM containing 0.1% AcOH) to afford 5.11 as a yellow solid (0.283 g, 69%). All spectral

data is in good agreement with that reported.3
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Sq-K(boc)-2-Cl-Trt

Boc.
NH
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First residue loading (Fmoc-Lys(Boc)-OH) was performed as outlined in general
procedures A and C. LC-MS indicated complete consumption of starting material the
resin was washed with 3x DCM, 3x DMF and 3x DCM. LC-MS (0-100%) gradient of Aiin B,

55 min) tg = 28 mins

EDA-Sg-K(boc)-2-CI-Trt

Boc.
NH

) 0]

QU N
O
EDA-Sg-K(boc)-2-CI-Trt was synthesised as outlined General procedures D. LC-MS

indicated complete consumption of starting material, the resin was washed with 3x

DCM, 3x DMF and 3x DCM. LC-MS (0-100%) gradient of A in B, 55 min) tg = 24 mins
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EDA-Sq-Naph-EDA-Sq-K(boc)-2-OH
(ASqg-2-Lys(Boc)-Naph)
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(ASqg-2-Lys(Boc)-Naph) was synthesised as outlined in general procedures (B,C,D)
followed by resin removal via 30% HFIP/DCM (General Procedure G) to afford the linear
Squaratide (ASq-2-Lys(Boc)-Naph) as an off-white solid — without further purification. LC-
MS (0-100%) gradient of A in B, 55 min) tg = 27 min. HRMS (ESI+) m/z: Calc. for
Ca1Hs51N9O11 ([M+H]*): 846.3704, Found: 846.3776 (-0.51 ppm).

Sq-2-Lys(boc)-Naph

H
Boc/N
\ .
A

H HN

o

0] NH

HN

NH H ©
\\/N%"“ )
e
N/
o} O \

The Linear Squaratide was subjected to cyclisation which was carried out as described in

o

the General procedures for SPPS (F) to afford the Cyclic protected product Sq-2-Lys(boc)-
Naph as an off-white solid. (80 mg, 62 %). LC-MS (0-100%) gradient of A in B, 55 min) tr
= 41 min. HRMS (ESI+) m/z: Calc. for Ca1HagsN9O10 ([M+H]*): 828.3597, Found: 828.3668
(-0.65 ppm).
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Sq-2-Lys-Naph
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The protected cyclic squaratide Sq-2-Lys(boc)-Naph was subjected to Boc deprotection
via 50:50 TFA/DCM as outlined in general procedures for SPPS (G) to afford the final
deprotected product (Sg-2-Lys-Naph) as an off-white solid ( 40 mg, 89 %). LC-MS (0-
100%) gradient of A in B, 55 min) tg = 27 min. HRMS (ESI+) m/z: Calc. for C41Hs1N9O11
(IM+H]*): 728.3080, Found: 728.3151 (0.27 ppm). *H NMR (500 MHz, DMSO-d¢) & 8.51
(d, J = 7.7 Hz, 2H), 8.42 (d, J = 6.8 Hz, 2H), 8.30 (d, J = 8.3 Hz, 2H), 8.18 (s, 1H), 8.03 (s,
1H), 7.74 (dd, J = 20.0, 12.4 Hz, 11H), 7.55 (s, 1H), 7.22 (d, J = 8.4 Hz, 2H), 5.04 — 3.65 (m,
11H), 3.54 (s, 4H), 3.21 (d, J = 5.6 Hz, 2H), 3.09 (d, J = 4.4 Hz, 10H), 2.76 (s, 4H), 2.55 (s,
3H), 2.14 - 1.83 (m, 4H), 1.81 (s, 2H), 1.74 (d, J = 3.4 Hz, 2H), 1.58 (s, 2H), 1.58 — 1.48 (m,
5H), 1.30 (d, J = 5.1 Hz, 4H). 3C NMR (126 MHz, DMSO-ds) 6 183.1, 183, 182.9, 164.1,
163.4,158.6,158.3,157,132.1,131.1,130.6, 125.4,122.5,114.1,113.8,44.4,43.5, 40.8,
27.1,22.9. IR (ATR): vmax(cm™ ) = 3255, 2945, 1799, 1670, 1584, 1530, 1456, 1432, 1387,
1352,1292,1247,1200, 1178, 1131, 1082, 1018, 952, 834, 799, 781, 758, 720, 593, 501,
473, 458, 425, 408.
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7.7: Interpreting LC-MS Data

This section provides a brief overview of how to interpret LC-MS data, using compound

2.17 as an example (see spectra below).
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The top spectrum shows an HPLC chromatogram obtained with a deuterium lamp at 254
nm. Only a single UV peak is visible, which indicates the presence of one UV-active
compound in the sample. This compound has a retention time (tr) of 8.33 minutes.

The next spectrum (middle) is an Extracted lon Chromatogram (XIC) recorded in positive
mode (ESI+). It displays the signal intensity at a selected m/z value—in this case, the
target ion [M+H]* with a mass of 533.7 g-mol~'—as a function of retention time. The fact
that the [M+H]* signal coincides precisely with the UV peak strongly supports that the
chromatographic peak corresponds to the expected compound.

The lower spectra (bottom) show the full mass spectra acquired under the UV peak at tg
=8.33 min, in the ESI+ mode. These spectra reveal the full range of ions present beneath
the UV signal, typically including the target mass and possible adducts. In this example,
strong ionization was observed, with the expected ions detected at [M+H]* = 533.7

g-mol™ (ESI+) and [M+2H]*? = 267.3 g-mol™" (ESI+)
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7.8: Loading of First Amino Acid Residue

2-chlorotrityl chloride resin (FluoroChem) was weighed out into a 20 mL fritted syringe.
The resin was suspended in 10 mL of DCM and allowed to swell for ~1 hour. After this
time, a solution of Fmoc amino-acid and DIPEA in DCM was added to the resin. The resin
was agitated gently for 2 hours, then washed consecutively with 3x DCM/MeOH/DIPEA
(17:2:1), 3x DCM, 3x DMF, 3x DCM, before being dried in vacuo.

Dry Fmoc amino-acid resin (approx. 5 umol with respect to Fmoc) was weighed into two
separate 10 mL volumetric flasks. 2 mL of 10% Piperidine sol. (in DMF) was added and
agitated gently for 30 minutes. The solution(s) were diluted to 10 mL with MeCN. 2 mL
of each solution was transferred to two individual 25 mL volumetric flasks and diluted to
the mark again with MeCN (solution 1 and solution 2, i.e. Duplicate). A reference solution
was prepared in a similar manner as above, but without the addition of resin. Each
cuvette was filled by taking 2.5 mL of each sample (Sol. 1, Sol. 2 & Ref.), before being
placed into the spectrophotometer. The absorbance of each sample was recorded at 304
nm, and an estimate of first residue attachment was obtained from the following
equation:

Fmoc Loading: mmol g1

_ (b Absay)) 16.4
= Ssample(average) SRef ) X mg Of TeSin(average)

The value 16.4 is derived from the Beer—Lambert law (A = &cl), using a path length of 1
cm and the molar extinction coefficient of the dibenzofulvene—piperidine adduct formed
upon Fmoc cleavage (€ = 7.62 L mmol™ cm™ at 304 nm). The constant incorporates the
cumulative dilution factors applied during sample preparation (2 mL cleaved solution
diluted to 10 mL, followed by a 2 mL aliquot diluted to 25 mL), as well as unit conversions
required to express the final loading in mmol g™'. Combining these factors yields the

numerical constant 16.4 used in the loading calculation.
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7.9: Anion binding studies

All tetrabutylammonium halide salts (TBAX) and the receptors were lyophilised before
use, and halide salts were stored under vacuum in a desiccator. Solutions of the TBA salts
were made up in DMSO-d6, 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 (or in certain instances a 1:2 binding
model when indicated by shifts within the obtained spectra — 3.27) was employed to
provide the binding constant (K,/M1), by fitting of the chemical shift changes of the NH
signals as function of anion concentration using the open access BindFit software

program.

7.10: Staphylococcus aureus culture conditions

Staphylococcus aureus culture was conducted in the Medical Mycology Lab at Maynooth
University by Dr. Poonam Ratrey. S. aureus (ATCC33951) was cultured at 37 °C in Nutrient
broth (Oxoid), in an orbital shaker at 200 rpm. Stocks were kept on nutrient agar, stored
at 4 °C for up to 2 months, or as glycerol stocks (50/50 glycerol:culture), stored at -70 °C

indefinitely

7.11: Disk diffusion and broth dilution assay

Antibacterial activity screening of the linear, boc-protected, and cyclic squaratides was
done by the disk diffusion assay, which was conducted in the Medical Mycology Lab at
Maynooth University by Dr. Poonam Ratrey. To screen the compounds, they were
dissolved in sterile water or DMSO at the highest concentration of 10 mg/mL
immediately before the assay. Overnight lag- phase cultures were diluted in freshly
autoclaved media to get mid logarithmic phase bacteria in the optical density (600 nm)

range 0.5 to 0.7. 20 uL of the bacterial suspensions were spread with a sterile spreader,
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ensuring a lawn-like growth in the agar plates. Sterile filter disks, cut uniformly and
autoclaved, were carefully placed onto the agar plate containing bacterial cells using
sterile forceps and pressed gently to allow for adherence to the agar base. 10 uL of drugs
were added on top of the sterile filter disks, keeping a positive control of 100 % ethanol
and solvent only (water or DMSO) as the negative control. The agar plate is sealed with
parafilm and incubated overnight in a static incubator at 37 °C. The following day, the
agar plate with disks was observed for zones of inhibition (ZOl), signifying antibacterial
activity of the compound. The inhibitory concentration values were quantitatively
probed by the advanced method of broth microdilution. Briefly, freshly obtained mid-
logarithmic cells were diluted further in the media to get 5 x 10> CFU/mL, and 90 pL
aliquots of this bacterial suspension were challenged with 10 pL of drugs of varying
concentration, beginning with the highest concentration of 1000 pg/mL, followed by
two-fold serial dilution, in a 96-well plate. The positive control was untreated bacteria
while broth media alone without cells served as a negative control for the broth dilution
assay to determine the minimum inhibitory concentration (MIC). The 96-well plate with
added drugs and cells was incubated overnight in static conditions at 37 °C, and post-
incubation, optical density or absorbance was measured at 600 nm in a BioTek
microplate reader, and using the following relation, the percentage of growth inhibition

was calculated.

Positive control OD— sample OD

% Inhibition = x 100

positive control OD — negative control OD

7.12: Proteomics analysis

Proteomic analysis was conducted in the Medical Mycology Lab at Maynooth University
by Dr. Poonam Ratrey. Bacterial cells were cultured freshly for 24 hours just before the
experiment. 5 mL samples of the freshly cultured cells were diluted with an equal
amount of sterile media in 50 mL Falcon tubes. We kept four biological replicates of the
untreated control group and the trimer-treated group at a final concentration of 500
ug/mL, prepared in water. The cells were incubated for 6 hours in a shaking incubator at
37 °C. Post-treatment cells were pelleted down by centrifugation at 2500 rpm for 15
minutes. This was followed by discarding the supernatant and washing the cells by

vortexing with 20 mL of sterile PBS. After washing, PBS was removed again by
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centrifuging at 2500 rpm for 15 minutes. After washing, the cell pellets were
resuspended 1 mL of lysis buffer (pH 8) prepared with 8 M urea, 2 M thiourea, 0.1 M
Tris-HCI, and a mixture of five protease inhibitors, namely 10 pg/mL aprotinin, 1 mM/mL
phenylmethylsulfonyl fluoride (PMSF), leupeptin, pepstatin A, and Tosyllysine
Chloromethyl Ketone hydrochloride (TLCK). The cells were lysed by probe sonication for
10 seconds, three times, in 15 mL Falcon tubes, with the sonicator tip sterilized between
samples. The supernatant was collected after pelleting down the cell debris by
centrifugation at 14,500 x g for 10 minutes. The proteins obtained after cell lysis were
precipitated in acetone with a sample to acetone ratio of 1:3, in the freezer at -20 °C
overnight. The next day, acetone was discarded, and proteins were resuspended in 25
uL of resuspension buffer (lysis buffer without protease inhibitors). To aid resuspension,
pellets were bath sonicated for 5 minutes, followed by 1 minute vortex. Protein
guantifications were done with 2 pL aliquots of the resuspended samples using the
Qubit™ quantification system (Invitrogen). Samples with similar and closer Qubit™
values, were selected for further proteome analysis (n=3, per sample group, i.e., treated
and control). To 20 plL aliquots of the resuspended samples, 105 pL of ammonium
bicarbonate (50 mM) and 1 uL 0.5 M dithiothreitol were added, and the samples were
incubated at 56°C for 20 min. The samples were allowed to cool down to room
temperature and were alkylated with 2.7 uL 0.5 M iodoacetamide and further incubated
in dark for 15 minutes at room temperature. Protein digestion was done by adding 1 plL
1% (w/v) ProteaseMAX Surfactant Trypsin Enhancer (Promega) and 1 pL of Sequence
Grade Trypsin (0.5 pg/uL) under incubation for 18 hours at 37°C. Digestion was quenched
by adding 1 L trifluoroacetic acid (100 % TFA) and incubating for 5 minutes at room
temperature. The samples were centrifuged at 14,500 x g for 10 minutes. The resulting
supernatants containing peptides were eluted through C-18 spin columns (Pierce). The
purified peptides were dried in a vacuum concentrator (Savant SpeedVac DNA 130,
Thermoscientific) at 38°C for 2 hours and resuspended in 2 % acetonitrile and 0.05 %
TFA, sonicated for 5 minutes in bath sonication to aid resuspension. The samples were
centrifuged at 14,500 x g for 10 minutes to pellet debris. 2 pL of the purified sample

supernatants containing 750 ng of protein were used for mass spectrometry analysis.
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7.13: Mass spectrometry (Proteomics)

Purified extracts, 2 pL, were injected into Vanquish HPLC coupled with FAIMS Pro Duo
connected to Q Exactive Plus Hybrid Quadrupole-orbitrap mass spectrometer (Thermo
Fisher Scientific), following previously outlines protocols33!. Raw MS/MS data were
processed using the Andromeda search engine in MaxQuant software v.2.0.3.0 using a
Staphylococcus aureus NCT8325 reference proteome obtained from a UniProt-SWISS-

PROT to identify proteins.

7.14: Data Analysis (Proteomics)

Protein quantification and label-free quantification (LFQ) normalisation were processed
through MaxQuant software v.2.0.3.0 for the S. aureus NCT8325 proteome using
previously reported protocols33!. The resulting LFQ intensity values were processed
using Perseus v.1.6.15.0 to obtain statistical and graphical analyses. To quantitatively
measure protein abundance, the normalized LFQ intensity values were used. Proteins
from the generated data matrix were filtered to remove contaminants. LFQ intensities
were log2-transformed, and samples were grouped accordingly (control and treated).
Proteins that were not detected in at least one group out of the three replicates were
removed from further analysis. A data imputation step was included to replace missing
values with values that imitate signals of low-abundance proteins chosen randomly from
a distribution specified by a downshift of 1.8 times the mean standard deviation of all
measured values and a width of 0.3 times this standard deviation. Using the normalized
intensity values, principal component analysis (PCA) was performed in all the biological
replicates (n = 3), which resolved them into the corresponding sample groups (control
and treated). A pair-wise Student’s t-tests were performed using a cut-off of p < 0.05 on
the post-imputation dataset to visualize the difference. Log p-values were plotted with
respect to log2 fold change on the x-axis to generate volcano plots for each pairwise
comparison. Statistically significant and differentially abundant (SSDA) proteins (ANOVA,
p < 0.05) with a relative fold change greater than + 1.5 were considered for analysis. To
obtain a protein heat map, SSDA proteins were z-score-normalized and then used for
hierarchical clustering. For generating protein/protein interaction networks and pathway
analysis, for treatment versus control sample groups, the Search Tool for the Retrieval of

Interacting Genes/Proteins (STRING) v12.0 www.string-db.org/ was used to map SSDA
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proteins using their corresponding gene names retrieved from UniProt gene lists for S.

aureus NCTC 8325 to gain insights into their roles within the cell.

7.15: Lucigenin CI'/NOs “ anion exchange assay

LUV preparation and Lucigenin assays were carried out following procedures outlined by
Valkenier and co-workers.8 Large unilamellar liposomes (LUVs) were synthesized using
1- palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (11.2 umol, soln. in CHCls)
and Cholesterol (4.8 pumol) mixed in a ratio of 7:3. This mixture was brought to dryness
under gentle vacuum and subsequently, the mixture was rehydrated in an aqueous
Lucigenin solution (1 mL, 0.8mM lucigenin in 225 mM NaNOs) and stirred for 1 h to
obtain heterogeneous vesicles. After that, the vesicles underwent 9 freeze-thaw cycles
and were extruded through a 0.2 mm polycarbonate membrane 29 times to obtain
monodisperse LUVs. A Sephadex G-100 size-exclusion column was employed to remove
any unencapsulated lucigenin. The collected liposomes were diluted to 40 mL with 225
mM NaNOs to obtain a homogeneous 0.4 mM liposome solution. Lucigenin fluorescence
guenching was monitored in a time dependent manner using an Agilent
Spectrofluorimeter to access Clinflux (Aex = 430 nm, Aem = 505 nm). CI" transport
behaviour was initiated at t=0 s by adding each compound as a solvate in DMSO followed
by a 25 mM NaCl pulse (75uL, 1 M NaCl in 225 nm NaNOs) to a 3 mL liposome solution.
The data was collected for at least 600 s and then Triton X-100 (5% w/w in water) was
added to lyse the liposomes, and normalize to 100% efflux. The recorded data was
normalised and the fraction fluorescence intensity at 270 s of each tested concentration
of transporters (mol%) was plotted against transporter concentration (mol%). The data
obtained was fitted to the Hill equation to obtain the EC50 value at 270 s (the
concentration to obtain the half maximum effect) by using Originlab 2024b or Graphpad
Prism 10:

y=START + (END — START) * x™ /(k™ + x™)

Where n is the Hill coefficient, k presents the ECso value.
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7.16: Fluorescence Titrations

Fluorescence titrations were carried out using an Agilent Spectrofluorometer equipped
with a 450 W xenon lamp for excitation. A stock solution of the receptor was prepared
in DMSO before being diluted to a final volume of 2.5 mL in a fluorescence cuvette to
result in a final concentration of 10 uM. All tetrabutylammonium halide salts (TBAX)
were made up in a stock solution in DMSO and Subsequent additions of aliquots of TBAX
solutions were added to the fluorescent cuvette and shaken ensure homogenisation. The
excitation wavelength was selected, and emission slit widths were adjusted before

running the fluorescence experiments.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C13 H20 N2 05 0.70 285.1446 284.1376 284.1372 142 99.85

Figure: Extracted ion chromatogram (EIC) of compound.
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Figure: Full range view of Compound spectra and potential adducts.
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Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
285.1446| 1 434247.8|C13H20N205 (M4+H)+
286.1477| 1 63944.5 |C13H20N205 (M+H )+
287.1497| 1 8403.3 |C13H20N205 (M+H)+
307.1269| 1 3678654.0 |C13H20N205 (M+Na)+
308.1300| 1 535496.0 |C13H20N205 (M+Na)+
300.1318| 1 65255.1 |C13H20N205 M4Na)+
310.1341] 1 5866.4 |C13H20N205 (M+Na)+

Figure A2.9: HRMS data of 2.11.
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Figure A2.18: COSY spectrum of 2.12(Phe) in DMSO-de.
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Figure A2.19: HSQC spectrum of 2.12(Phe) in DMSO-de.
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Compound Table
RT | Observed mass |Neutral observed |Theoretical mass | Mass error | Isotope match
Compound Label (min) (m/2) mass (Da) (Da) (ppm) score (%)
Cpd 1: C20 H25 N3 06 0.74 426.1647 403.1755 403.1743 286 99.54

Figure: Extracted ion chromatogram (EIC) of compound.
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(IC20H25NRO6]+Na)+

Cpd 1: C20 H25 N3 O6: + FBF Spectrum (rt: 0.64-0 86 min) H28D4 OP_Pos_Loopinjection_MS_3..
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Figure: Full range view of Compound spectra and potential adducts.

{IC20H25N306)+H)+

426647
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Cpd 1: C20 H25 N3 O6: + FBF Spectrum (rt: 0.64.0.86 min) H28D4 OP_Pos_Loopinjection MS 3.

]+ Na)+
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Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
404.1828| 1 408251.9 |C20H25N306 (M+H)+
405.1855] 1 88539.2 |C20H25N306 (M+H)+
406.1882| 1 13455.7 |C20H25N306 (M+H)+
426.1647| 1 1181203.0 |C20H25N306 (M+Na)+
427.1679| 1 263832.3 |C20H25N306 (M+Na)+
428.1697| 1 37134.2 |C20H25N306 (M+Na)+
429.1724] 1 4641.3 |C20H25N306 (M+Na)+

Figure A2.22: HRMS data of 2.12(Phe).
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Figure A2.24: 13C NMR spectrum of 2.12(Leu) in DMSO-ds.
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Figure A2.25: COSY spectrum of 2.12(Leu) in DMSO-de.
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Figure A2.26: HSQC spectrum of 2.12(Leu) in DMSO-de.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C17 H27 N3 06 0.74 370.1983 369.1911 369.1900 3.13 97.08
Figure: Extracted ion chromatogram (EIC) of compound.
x10 6 |Cpd 1: C17 H27 N3 O6: + FBF Spectrum (r: 0.63-0.86 min) H31C3 OP_Pos_Looplnjection_MS_3
392 h804

2 (IC17H27NBO6)*Na)+

1.5
1

05 l
0

150 200 250 300 350 400 450 S00 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

x106 Cpd 1: C17 H27 N3 O6: + FBF Spectrum (rt: 0.63-0.86 min) H31C3 OP_Pos_Looplinjection MS_3..
3929804
2 ([C17H27NBO6]+Na)+
15
1 370.1983
(IC17TH27N306]*H)*
05
; : ||

366 368 370 372 374 376 378 380 382 384 386 388 390 392 394 396 398 400
Counts vs. Mass-t0-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
370.1983| 1 S506355.9 |C17H27N306 (M+H)+
371.2012] 1 88085.4 |C17H27N306 (M+H)+
372.2041) 1 13308.9 |C17H27N306 (M+H)+
373.2097| 1 1829.4 |C17H27N306 (M+H)+
392.1804| 1 2415472 3 |C17TH27N306 (M+Na)+
393.1836] 1 416800.6 |C17H27N306 (M+Na)+
394.1852| 1 56654.9 |C17H27N306 (M+Na)+
395.1878| 1 6374.4 |C17H27N306 (M+Na)+

Figure A2.29: HRMS data of 2.12(Leu).
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Figure A2.30: *H NMR spectrum of 2.12(Lys(Cbz)) in DMSO-ds.
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Figure A2.31: 13C NMR spectrum of 2.12(Lys(Cbz)) in DMSO-ds.
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Figure A2.33: HSQC spectrum of 2.12(Lys(Cbz)) in DMSO-ds.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (m/2) mass (Da) (Da) (ppm) score (%)
Cpd 1: C2S H34 N4 08 0.72 S41.2282 518.2389 518.2377 244 96.50

Figure: Extracted ion chromatogram (EIC) of compound.
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Figure: Full range view of Compound spectra and potential adducts.
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Counts vs. Mass-t0-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
519.2461| 1 1602232.6 |C25H34N408 (M+H)+
520.2455] 1 409955.0 |C25H34N408 (M+H)+
521.2513] 1 70866.1 |C2SH34N408 (M+H)+
522.2539) 1 10462.1 |C25H34N408 (M+H)+
S41.2282| 1 21110133 |C25H34N408 (M+Na)+
542.2314| 1 541873.3 |C25H34N408 (M+Na)+
543.2335] 1 99468.6 |C25H34N408 (M+Na)+
544.2357| 1 13380.4 [C25H34N408 (M+Na)+
545.2352| 1 1984.5 |C25H34N408 (M+Na)+

Figure A2.36: HRMS data of 2.12(Lys(Cbz)).
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Figure A2.37: 13C NMR spectrum of 2.12(Asp(Bn)) in DMSO-ds.
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Figure A2.38: COSY spectrum of 2.12(Asp(Bn)) in DMSO-ds.
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Figure A2.39: HSQC spectrum of 2.12(Asp(Bn)) in DMSO-ds.
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Figure A2.40: HMBC spectrum of 2.12(Asp(Bn)) in DMSO-ds.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C22 H27 N3 08 071 462.1882 461.1809 461.1798 237 98.67

Figure: Extracted ion chromatogram (EIC) of compound.
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3s
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25

2

15

1
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484 703

([C22H27N

HO8)+Na)+

Cpd 1: C22 H27 N3 O8: + FBF Spectrum (rt: 0.58-0. 91 min) H3702_Pos_Loopinjection_MS_3362
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x105
4

35

3
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2

15

1

05

462.1882

(IC22H27N308]*H)*

L

500

550 600 650

Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

Cpd 1: C22 H27 N3 O8: + FBF Spectrum (rt: 0.58-0.91 min) H37D2_Pos_Lcoplinjection MS_3362..

484.! 703
([C22H27 J+Na)+

700 750 800 850 900 950

0
458 460 462 464 466 468 470 472 474 476 478 480 482 48

Counts vs. Mass-t0-Charge (m/2)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
462.1882| 1 283909.5 |C22H27N308 (M+H)+
463.1910] 1 67625.4|C22H27N308 (M+H)+
464.1935] 1 11674.0 |C22H27N308 (M+H)+
465.1974| 1 1929.7|C22H27N308 (M+H)+
484.1703| 1 431395.2 |C22H27N308 (M+Na)+
485.1727] 1 97269.2 |C22H27N308 (M+Na)+
486.1745] 1 17508.3 |C22H27N308 (M4+Na)+
487.1750| 1 2899.4 |C22H27N308 (M+Na)+

Figure A2.41: HRMS data of 2.12(Asp(Bn)).
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Figure A2.42: IR spectrum of 2.12(Asp(Bn)).
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Figure A2.43: 'H NMR spectrum of 2.14 (Sq-2-Ala) in DMSO-d.
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Figure A2.44: 13C NMR spectrum of 2.14 (Sq-2-Ala) in DMSO-ds.
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Figure A2.45: COSY spectrum of 2.14 (Sq-2-Ala) in DMSO-ds.
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Figure A2.46: HSQC spectrum of 2.14 (Sg-2-Ala) in DMSO-ds.

ITEE Y .

T fu o ] ] % I I § 1] T T T

Figure A2.47: HMBC spectrum of 2.14 (Sq-2-Ala) in DMSO-ds.
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Figure A2.48: IR spectrum of 2.14 (Sq-2-Ala).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label {min) {mjz) mass (Da) (Da) {ppm) score (%)

Cpd 1: C18 H2Z N6 06 0.569 441.1500 418.1608 418.1601 1.68 97.96

Figure: Extracted ion chromatogram (EIC) of compound.
w10 6 |Cpd 1: C18 H2Z NG O6: + FBF Spectrum (rt: 0.59-0.79 min) H27D2_Pos_Looplnjection_MS_3361 ..

419.J1 681

([C18H22HIEOB]+H )+
0.2
0.6 |
0.4 1
0.2

150 200 250 300 350 400 450 500 S50 GO0 650 70O 750 BOO 8BS0 500 950
Counts vs, MBSE--'IU-UHE'II'Q& [milz)

Figure: Full range view of Compound spectra and potential adducts.
w10 5 |Cpd 1: ©18 H22 NG O6: + FBF Spectrum {rt: 0.58-0.78 min) H27D2_Pos_Looplnjection_MS5_3361..

4158 1681
([C1EHZZRE0E]+H )+ 441.1500
0.8 (ICT1BHZZMNEOGE]+ MNaj+
0.6
0.4
0.2

L | .

416 418 420 422 424 426 428 430 432 434 436 438 440 442 444 446 448 450
Counts vs. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

iz z |Abund Formula Ton
419.1681] 1 100720 4 C1BH22N606 (M+H)+
420.1706] 1 15354 7| C1BH22N606 (M+H)+
421.1730] 1 3027 .0|C1BH22ZNGDE (M+H)+
422, 1768] 1 4459 2 1C18H22ZNGDE (M+H)+
441.15001 1 B5932 4| C1BH22NG0G (M+MNa)+
442.1529] 1 13102, 1JC1BH2 2NG0E (M+MNa)+
443, 1548] 1 1856.9|C18H22ZNGDE (M+MNa)+
444, 15501 1 334.9|C18H22ZNGDG (M+MNa)+

Figure A2.49: HRMS data of 2.14 (Sq-2-Ala)
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Figure A2.50: 'H NMR spectrum of 2.15 (Sq-2-Phe) in DMSO-de.
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Figure A2.51: 13C NMR spectrum of 2.15 (Sg-2-Phe) in DMSO-de.
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Figure A2.53: HSQC spectrum of 2.15 (Sg-2-Phe) in DMSO-ds.
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Figure A2.54: IR spectrum of 2.15 (Sq-2-Phe)
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass | Mass error | Isotope match
Compound Label {min} (m/z) mass (Da) (Da) {ppm) soore (Ya)
Cpd 1: C30 H30 N6 06 0.71 571.2309 570.2235 570.2227 1.38 98.59

Figure: Extracted ion chromatogram (EIC) of compound.

10+
a4

B

593.

([C30H3PNBOE]+Na)+

Cpd 1: C30 H30 NG O6: + FBF Spectrum {rt: 0.59-0.84 min) H30A7_Pos_Looplnjection_MS_3366..
128

150 200 250 300 350 400 450 500 550 GO0 650 700 750 BOO 8BS0 500 950
Counts vs, MBSS-'IU-E.”'IHI'QI}- (milz)

Figure: Full range view of Compound spectra and potential adducts.

xin 4

&

L.

BOG]+H)+

593.p
([C30H30NE

Cpd 1: C30 H30 NG O8: + FBF Spectrum (rt: 0.59-0.84 min) H30AY_Pos_Looplnjection_MS_3366..

571.pa0g
al ([CaoHaon

128
Q]+ MNay+

568 570 572 574 576 578 S80 S82 584 S86 588 500 592 504 596 508 600 602
Counts vs. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

Mz z |Abund Formula Ton
571.2308] 1 530392 C30H30NG06 (M+H)+
5722337 1 30574 3| CI0H30NE06 (M+H)+
573.2362] 1 5949.5|C30H30NGDE (M+H)+
574.23801 1 9441 |1C30H30NGDE (M+H)+
575.2424] 1 154 9] C30H30MNG06 (M+H)+
593.2128] 1 S4281.0JC30H30NG06 (M+MNa)+
554.2154] 1 30331 . 3| C30H30NG06 (M+MNa)+
5852179 1 5687 . 7C30H30NGDE (M+MNa)+
596.2209] 1 BBO.11C30H30NGDE (M+MNa)+
597.1953] 1 145 3| C30H30MNG06 (M+MNa)+

Figure A2.55: HRMS data of 2.15 (Sq-2-Phe)
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Figure A2.56: 'H NMR spectrum of 2.16 (Sq-2-Leu) in DMSO-de.
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Figure A2.57: 13C NMR spectrum of 2.16 (Sg-2-Leu) in DMSO-ds.
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Figure A2.58: COSY spectrum of 2.16 (Sg-2-Leu) in DMSO-ds.
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Figure A2.59: HSQC spectrum of 2.16 (Sg-2-Leu) in DMSO-ds.
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Figure A2.60: HMBC spectrum of 2.16 (Sq-2-Leu) in DMSO-de.
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Figure A2.61: IR spectrum of 2.16 (Sg-2-Leu)
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Compound Table

RT Observed mass |Meutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (mjz) mass (Da) (Da) {ppm) score (%)

Cpd 1: C24 H34 Nb 08 0.69 503.2621 502.2548 502.2540 161 9E.86

Figure: Extracted ion chromatogram (EIC) of compound.
«10 5 |Cpd 1: C24 H34 N6 O6: + FBF Spectrum (r: 0.58-0.81 min) H33A2_Pos_Looplnjection_MS_3361..

503 pE21

([C24HIANBOB]+H)+
0.8/
0.6
0.4
0.2

150 200 250 300 350 400 450 500 550 GO0 650 700 750 BOO 8BS0 500 950
Counis vs, Mass-lo-Charge (miz)

Figure: Full range view of Compound spectra and potential adducts.
%10 5 |Cpd 1: C24 H34 NG O6: + FBF Spectrum (rt: 0.59-0.81 min) H33A2 Pos_Looplnjection_MS_3361..

50a.paz1 5252440
0.8 ([C2AHIANE06E]+H)+ ([C24H34NEOE]+Ma)y+
0.6
0.4
0.2
1 1

500 502 504 506 S08 510 512 514 516 518 520 522 524 526 528 530 532 534
Counts vs. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

Mz z |Abund Formula Ion
503.2621) 1 1011748 C29H34NG0E {M+H)+
504.2649] 1 2729100 C24H34NE06 {M+HJ+
505.2682] 1 4574, 2| C24H34NGDE (M+H)+
525.2440] 1 FE263.4)C24H34NE06 (M+Na)+
526.2465] 1 1599980 C24H34MB06 (M+Na)+
527.2452] 1 3481 3] C29H34NEDE (M+Na)+
528.2534] 1 525.3)C249H34N6D6E (M+Na)+

Figure A2.62: HRMS data of 2.16 (Sq-2-Leu)
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Figure A2.63: 'H NMR spectrum of 2.17 (Sg-2-Lys) in DMSO-de.
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Figure A2.64: 13C NMR spectrum of 2.17 (Sg-2-Lys) in DMSO-ds.
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Figure A2.65: COSY spectrum of 2.17 (Sg-2-Lys) in DMSO-ds.
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Figure A2.66: HSQC spectrum of 2.17 (Sq-2-Lys) in DMSO-de.
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Figure A2.67: HMBC spectrum of 2.17 (Sg-2-Lys) in DMSO-ds.
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Figure A2.68: IR spectrum of 2.17 (Sq-2-Lys)
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Compound Table

RT Observed mass |MNeutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min}) (mjz) mass [(Da) (Da) {ppm) score (Yo)
Cpd 1: C24 H36 NB 06 0.75 533.2828 532.2756 532.2758 -0.33 98.94

Mass arrors of betwesn -5.00 and 5.00 ppm with isotope match scores above 60% are considered confirmation of molecular formulae

Figure: Extracted ion chromatogram (EIC) of compound.

%10 &
14
0.8
0.6 1
0.4 1
0.2 1

1n' B=

Cpd 1: £24 H36 N8 O6: + FBF Spectrum (it 0.664-0.846 min} Sq-2-Lys_ACO_ 010020231212

150 200 250 300 350 400 450 500 550 GO0 G50 700 750 800 B50 900 950
Counts vs, Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

®10%
1] 24
0.8 4
0.5
[

|

Cpd 1) C24 H36 NE Q& + FBF Spectrum (i 0664-0,B46 min} Sq-2-Lys_ACQ_0100C_20231212_

=

530 &

32 534 536 538 540 542 544 546 545 550 552 554 556 558 560 562 564
Counts vs. Mass-to-Charge {m/fz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

myfz z |Abund |[Fermula Ton
533.2828] 1 117360.2 JCH4HIGNEDE (M+H}+
534.2856] 1 33513.8]C24HIGNEDE (M+H}+
535.2884] 1 7453.1|C24H3IGNEDE (M+H)+
555.2647] 1 51934.6]C24HIGNEDE (M+MNa)+
556.2677] 1 18164.1 [C24HIENEDE (M+Ma)+
557.2744] 1 4436.2 |C24HIGNBDE (M+MNa)+

Figure A2.69: HRMS data of 2.17 (Sq-2-Lys)
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Figure A2.70: 'H NMR spectrum of 2.18 (Sq-2-Asp(Bn)) in DMSO-ds.
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Figure A2.71: 13C NMR spectrum of 2.18 (Sg-2-Asp(Bn)) in DMSO-de.
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Figure A2.72: COSY spectrum of 2.18 (Sg-2-Asp(Bn)) in DMSO-de.
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Figure A2.73: HSQC spectrum of 2.18 (Sq-2-Asp(Bn)) in DMSO-de.
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Figure A2.74: HMBC spectrum of 2.18 (Sq-2-Asp(Bn)) in DMSO-de.
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Figure A2.75: IR spectrum of 2.18 (Sg-2-Asp(Bn))
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Compound Table

RT Observed mass |Meutral observed | Theoretical mass | Mass error | Isotope match
Compound Label {min) {mjz) mass (Da) (Da) {ppm) score (%)
Cpd 1: C34 H34 N6 010 0.73 F09.2229 6862338 686.2336 0.22 95.81

Figure: Extracted ion chromatogram (EIC) of compound.

w104 |Cpd 1: C34 H34 NE 010 + FEF Spectrum (r: 0.61-0.88 min) H39A1_Pos_Looplnjection_MS_336..

1.21

1
0.8 4
0.6
0.4
0.21

([C34H34N

GET P41

.01 0]+ H+

150 200 250 300 350 400 450 500 550 GO0 650 700 750 BOO 8BS0 500 950
Counts vs, MBSS-'IU-E.”'IHI'QI}- (milz)

Figure: Full range view of Compound spectra and potential adducts.

w10 4 |Cpd 12 C34 H34 NG O10: + FBF Spectrum (ri: 0.61-0.88 min} H39A1_Fos_Loopinjection_M3_336..
1 BET P41
1.24 ([C34HI4NGO10]+H )+ 7048.2229
| ([C3AHIA NGO 0]+ Ma )+
0.8
0.6
0.4
0.2
| . L

684 G686 GBE 690 692 694 696 G98 700 FO2 704 JO6 TO8 TI0 712 714 716 718
Counts vs. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

Mz z |Abund Formula Ton
BE7.2411] 1 14083 9] C34H34MG010 (M+H)+
BEE. 2443 1 56863 C34H34N60 10 (M+H)+
6E9.2466] 1 1272 B|C34H34NG0 10 (M+H)+
690.2499] 1 317.7)C34H34NG0 10 (M+H)+
J09.22291 1 53373 C34H34NB0 10 (M+MNa)+
710.2259] 1 3771 1|C34H34NB0 10 (M+MNa)+
J11.2284] 1 937 2)C34H34NB0 10 (M+MNa)+
71223141 1 198 5] C34H34N6010 (M+MNa)+

Figure A2.76: HRMS data of 2.18 (Sq-2-Asp(Bn))
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Chapter 2 — 'H NMR Anion Binding Data
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Figure A2.77: *H NMR titration of compound 2.14 (Sq-2-Ala) with TBACI in DMSO-ds
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Figure A2.78: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.14. b). Fitting binding isotherms of compound 2.14 (Sq-2-Ala) with
TBACI in DMSO-ds at 298 K, showing the changes in chemical shifts for the squaramide

NH protons fitted to the 1:1 binding model (K, = 692 M™1). c). Residuals plot of 2.14.
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Figure A2.79: Jobs plot of 2.14 (Sg-2-Ala) with TBACI in DMSO-de
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Figure A2.80: *H NMR titration of compound 2.14 (Sq-2-Ala) with TBAAcO in DMSO-ds
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Figure A2.81: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.14. b). Fitting binding isotherms of compound 2.14 (Sq-2-Ala) with
TBAACO in DMSO-ds at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 1:1 binding model (K, =227 M1). c). Residuals plot of 2.14.

0.3
0.25
0.2 e o o

0.15

0.1 o® Y

8 ppm * Mole fraction of Recptor

0.05 PY
0 0.1 02 03 04 05 06 07 08 0.9 1

Mole Fraction of Receptor

Figure A2.82: Jobs plot of 2.14 (Sg-2-Ala) with TBAAcO in DMSO-ds
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Figure A2.83: 'H NMR titration of compound 2.15 (Sg-2-Phe) with TBACI in DMSO-de
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Figure A2.84: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.15 b). Fitting binding isotherms of compound 2.15 (Sq-2-Phe) with
TBACI in DMSO-de at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 1:1 binding model (K; = 366 M ). c). Residuals plot of 2.15.
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Figure A2.85: Jobs plot of 2.15 (Sg-2-Phe) with TBACIl in DMSO-ds
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Figure A2.86: 'H NMR titration of compound 2.15 (Sq-2-Phe) with TBAAcO in DMSO-de
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Figure A2.87: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.15. b). Fitting binding isotherms of compound 2.15 (Sq-2-Phe) with
TBAACO in DMSO-ds at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 2:1 binding model (K2; =3 x 103 M1). c). Residuals plot of 2.15.
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Figure A2.88: Jobs plot of 2.15 (Sg-2-Phe) with TBAAcO in DMSO-ds
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Figure A2.89: 'H NMR titration of compound 2.16 (Sq-2-Leu) with TBACI in DMSO-ds
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Figure A2.90: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.16. b). Fitting binding isotherms of compound 2.16 (Sg-2-Leu) with
TBACI in DMSO-de at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 1:1 binding model (K, = 588 M ). c). Residuals plot of 2.16.
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Figure A2.91: Jobs plot of 2.16 (Sg-2-Leu) with TBACI in DMSO-ds
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Figure A2.92: 'H NMR titration of compound 2.16 (Sg-2-Leu) with TBAAcO in DMSO-ds
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Figure A2.93: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.16. b). Fitting binding isotherms of compound 2.16 (Sg-2-Leu) with
TBAACcO in DMSO-de at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 2:1 binding model (K2; = 10* M1 ). ¢). Residuals plot of 2.16.
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Figure A2.94: Jobs plot of 2.16 (Sg-2-Leu) with TBAAcO in DMSO-de
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Figure A2.95: 'H NMR titration of compound 2.17 (Sq-2-Lys) with TBACI in DMSO-ds

a). b).
1 8.5 ppm
— H molefraction
— HG molefraction .25 npm
— H2G molefraction =~ P
8 ppm
0.8
© 7.75 ppm
7.5 ppm
0.6
c 7.25 ppm
S
k]
g
o 7 ppm
2 0 5 10 15 20
0.4 Equivalent total [G],/[H],
0.02 ppm o
H1 residuals
- H2residuals
0.01 ppm
0.2
w0
0ppm W/
0 -0.01 ppm
0 5 10 15 20 0 5 10 15 20
Equivalent total [G] /[H], Equivalent total [G] /[H],

Figure A2.96: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.17. b). Fitting binding isotherms of compound 2.17 (Sq-2-Lys) with
TBACI in DMSO-ds at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 2:1 binding model (K2: = 703 M ). c). Residuals plot of 2.17.
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Figure A2.97: Jobs plot of 2.17 (Sg-2-Lys) with TBACIl in DMSO-ds

|n|
N e N 'I.H:l\._u *20 equiv
i N, i E\u TE15
AN » 710
MI.}\_L S}
) . o8
e N 'I.-\\"“ g
'—"f/\-""-&-“m—‘.ll.nl:\-— f1g
_H_",r\ .'Il'ﬁT ']25
ey Ia
—y ‘:\..“.,_v_/' '!';'L Fit g
Jp— vy ";.\Wa!,'ﬂ','\,__. . rvg
/ i
SR ! St . 25
J \v/: IIIWW‘ r# 2
US| N 715
_— ..:“ M 5 1q
| S 0.8
L mww{- ':. e ensie M"'ﬂ“‘ Fa 0.6
| Moo i’ 0.4
- T\ pa— 20.2
AN U WY ' 0 equiv
o5 a3 91 8s 87 85 83 81 79 78 77 76 75 74 73 72 71 70 68 66 64
1 {ppen}

Figure A2.98: 'H NMR titration of compound 2.17 (Sq-2-Lys) with TBAAcO in DMSO-ds
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Figure A2.99: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 2.17. b). Fitting binding isotherms of compound 2.17 (Sq-2-Lys) with
TBAACO in DMSO-ds at 298 K, showing the changes in chemical shifts for the squaramide
NH protons fitted to the 1:1 binding model (K, = 333 M ). c). Residuals plot of 2.17.
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Figure A2.100: Jobs plot of 2.17 (Sq-2-Lys) with TBAAcO in DMSO-ds
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Figure A2.101: 'H NMR titration of compound 2.18 (Sq-2-Asp(Bn)) with TBACI in
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Figure A2.102: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest

concentration for 2.18. b). Fitting binding isotherms of compound 2.18 (Sq-2-Asp(Bn))

with TBACI in DMSO-ds at 298 K, showing the changes in chemical shifts for the

squaramide NH protons fitted to the 2:1 binding model (K2; = 10* M1 ). c). Residuals plot

of 2.18.
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Figure A2.103: Jobs plot of 2.18 (Sq-2-Asp(Bn)) with TBACI in DMSO-de
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Figure A2.104: 'H NMR titration of compound 2.18 (Sq-2-Asp(Bn)) with TBAAcO in
DMSO-ds
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Figure A2.105: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest

concentration for 2.18. b). Fitting binding isotherms of compound 2.18 (Sq-2-Asp(Bn))

with TBAAcO in DMSO-ds at 298 K, showing the changes in chemical shifts for the

squaramide NH protons fitted to the 2:1 binding model (K2; = 10* M1 ). c). Residuals plot

of 2.18.
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Figure A2.106: Jobs plot of 2.18 (Sq-2-Asp(Bn)) with TBAAcO in DMSO-ds
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Chapter 2 — X-Ray Crystallography Data

Table A2.1: Crystal data and structure refinement for 2.14 (Sq-2-Ala).

Identification code Sqg-2-Ala

Empirical formula C22H34N60sS2

Formula weight 574.67

Temperature/K 150.0

Crystal system monoclinic

Space group P2

a/A 8.8611(3)

b/A 10.5198(4)

c/A 15.0198(5)

o/° 90

B/ 103.0770(10)

v/° 90

Volume/A3 1363.79(8)

Z 2

Pcalcg/cm? 1.399

pn/mm? 0.252

F(000) 608.0

Crystal size/mm3 0.36x0.29x 0.16

Radiation MoKa (A =0.71073)

20 range for data 6.106 to 61.062

collection/®

Index ranges -12<h<12,-15<k<15,-21<
<21

Reflections collected 38125

Independent reflections 8257 [Rint = 0.0228, Rsigma =
0.0182]

Data/restraints/parameters |8257/1/349

Goodness-of-fit on F? 1.047

Final R indexes [1>=20 (I)]  |R1 = 0.0246, wR, = 0.0658

Final R indexes [all data] R1 =0.0255, wR; = 0.0664

Largest diff. peak/hole / e A10.29/-0.29

3

Flack parameter 0.002(9)

CCDC No. 2287336
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Table A2.2: Hydrogen bonding parameters for 2.14 (Sq-2-Ala).

D |H|A | dD-H)/A d(H-A)/A d(D-A)/A D-H-A/°
N1 |H1 |07 0.88 1.87 2.7330(16) 165.3
N2 |H2 |07 0.88 2.25 3.0364(17) 148.7
N3 |H3 |08! 0.88 2.17 3.0172(18) 160.7
N4 |H4 |022 0.88 2.08 2.9180(15) 157.9
N5 [H5 [022 0.88 2.04 2.8818(16) 159.3
N6 |H6 |083 0.88 1.95 2.7737(16) 155.9

11-x,1/2+y,-2; 2-1+x,+y,+2; 31-x,-1/2+y,-z

?

r\.

Figure A2.107: The hydrogen bonding mode of the amide groups within 2.14 (Sq-2-Ala)
macrocycle forming a complementary 1-dimensional chain through the DMSO solvate,
perpendicular to that formed by the squaramide:--squaramide contacts. Selected

hydrogen atoms and DMSO molecules are omitted for clarity.
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Chapter 3 — Supplementary Characterisation Data

Intensity VWD: Signal A, 254 nm
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Figure A3.2: LC-MS data for B.
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Figure A3.3: 'H NMR spectrum of ASq-2-Lys(Boc) in DMSO-ds.
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Figure A3.4: 13C NMR spectrum of ASq-2-Lys(Boc) in DMSO-de.
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Figure A3.6: HSQC spectrum of ASqg-2-Lys(Boc) in DMSO-de.
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Figure A3.8: LC-MS data for ASq-2-Lys(Boc).
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Compound Table
Neutral
RT Observed mass | observed mass |Theoretical Mass error | Isotope match
Compound Label (min) (m/z) (Da) (Da) (ppm) score (%)
Cpd 1: C34 HS4 N8 O11 0.69 751.3978 750.3904 750.3912 -1.09 99.54

Figure: Extracted ion chromatogram (EIC) of compound.

x10 5 |Cpd 1: C34 H54 N8 O11: + FBF Spectrum (rt: 0.60-0.85 min) JL P-L-Lys-D_ACQ_01CC_pos_LInj..
751.p978

5 ([C34HS4NBO11)+H)+

4

3

2

1

0 O — ——r | , .
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

<105 |Cpd 1: C34 H54 N8 O11: + FBF Spectrum (1t 0.60-0.85 min) JL P-L-Lys-D_ACQ_01CC_pos._Linj..
751,978
5 ([C34H54NBO11]+H)+
4
3
z 773.3775
1 (IC34H54NBO11)+Na)+
& gl )k

748 750 752 754 756 758 760 762 764 766 768 770 772 774 776 778 780 782
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund |Formula Ton
751.3978| 1 608699.9|C34H54N8O11 (M+H)+
752.4011] 1 244918.6]C34H54N8011 (M+H)+
753.4036] 1 58151.5|C34H54N8O11 (M+H)+
754.4036] 1 12342.0|C34H54N801 1 (M+H)+
755.3881] 1 2721.8|C34H54N8011 (M+H)+
773.3775] 1 34896.5|C34H54N801 1 (M+Na)+
774.3796] 1 15475.6]C34H54N801 1 (M+Na)+
775.3783] 1 4589.3]C34H54N8011 (M+Na)+

Figure A3.9: HRMS data for ASq-2-Lys(Boc).
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Figure A3.11: 3C NMR spectrum of ASq-3-Lys(Boc) in DMSO-d.
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Figure A3.13: HSQC spectrum of ASq-3-Lys(Boc) in DMSO-ds.
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Figure 3.14: HMBC spectrum of ASqg-3-Lys(Boc) in DMSO-ds.
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C51 H80 N12 016 0.70 1117.5855 1116.5776 1116.5815 -3.47 98.09

Figure: Full range view of Compound spectra and potential adducts.

x10 3 |Cpd 1: C51 H80 N12 O16: + FBF Spectrum (rt: 0.59-0.83 min) FM8_Pos_Looplnjection_MS_2761..

8 1117]5855
([C51H80N12016]+H)+

1139.5669
3 (IC51H8ON12016]+Na)+

1

1125 1130 1135 1145

Counts vs. Mass-to-Charge (m/z)

|
1115 1120 1140

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z Z |Abund Formula Ion
1117.5855] 1 8269.1|C51HBON12016 (M+H)+
1118.5880| 1 4891.8|C51H80N12016 (M+H)+
1119.5907( 1 1844.2(C51H80N12016 (M+H)+
1120.5915( 1 591.1|C51HB0ON12016 (M+H)+
1139.5669( 1 2147.4|C51H80N12016 (M+Na)+
1140.5687( 1 1391.4(C51H80N12016 (M+Na)+
1141.5700( 1 637.8({C51H80N12016 (M+Na)+
1142.5647( 1 211.2(C51H80N12016 (M+Na)+

Figure A3.16: HRMS data for ASq-3-Lys(Boc).
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Figure A3.20: HSQC spectrum of ASqg-4-Lys(Boc) in DMSO-ds.
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Figure A3.19: COSY spectrum of ASq-4-Lys(Boc) in DMSO-ds.
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Figure A3.21: HMBC spectrum of ASq-4-Lys(Boc) in DMSO-de.
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Figure A3.22: LC-MS data for ASq-4-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C68 H106 N16 021 0.71 742.3919 1482.7667 1482.7718 -3.47 93.88

Figure: Extracted ion chromatogram (EIC) of compound.

x10 3

3.5
34
25
2]
1.5+
14
0.5+

Cpd 1: C68 H106 N16 O21: + FBF Spectrum (rt: 0.579-0.894 min) FM9_Pos_Looplnjection_MS_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)

Figure: Full range view of Compound spectra and potential adducts.

x10 3

3.51
3
2.5
2]
1.5
14
0.5

Cpd 1: C68 H106 N16 O21: + FBF Spectrum (rt: 0.579-0.884 min) FM9_Pos_Looplnjection_MS_2..

0 T
600

700

800

900

1000

1100

1200

Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
517.2353| 3 971.7|(C68H106N16021 (M+3Na)+3
742.3919| 2 2464.1|C68H106N16021 (M+2H)+2
742.8936| 2 1963.7|C68H106N16021 (M+2H)+2
743.3942| 2 1029.0|C68H106N16021 (M+2H)+2
743.8965| 2 350.5|C68H106N16021 (M+2H)+2
764.3740| 2 3997.2|C68H106N16021 (M+2Na)+2

1483.7738] 1 319.5|C68H106N16021 (M+H)+
1484.7757] 1 315.3|C68H106N16021 (M+H)+
1505.7590] 1 170.6{C68H106N16021 (M+Na)+
1506.7644| 1 174.3|C68H106N16021 (M+Na)+

Figure A3.23: HRMS data for ASq-4-Lys(Boc).

345

1300

1400



Appendix - Chapter 3

T ¥ wooun Ta N SonwoT o0
nhoa akRe NR 0 SoAaos oo
% © NRRKN 88 o [ B RV S
(I I s Voo e

=

¥ MNOQONMNVATN—ORNY O®XNOgoYM
H SSORBBNINMASSORW®E NOOLBIHBMA
R R R R R R RPN IPN PN SRR g g g

L
/
!
¥
/
¥
{

L (s)

o | 1.96
¢ 10.8;—{
428‘1
0.50
1.92 4
2.85 -

5.0
f1 (ppm)

Figure A3.24: 'H NMR spectrum of ASg-5-Lys(Boc) in DMSO-ds.
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Figure A3.25: 3C NMR spectrum of ASq-5-Lys(Boc) in DMSO-d.
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Figure A3.26: COSY spectrum of ASg-5-Lys(Boc) in DMSO-ds.
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Figure A3.27: HSQC spectrum of ASq-5-Lys(Boc) in DMSO-ds.
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Figure A3.28: HMBC spectrum of ASq-5-Lys(Boc) in DMSO-de.
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Figure A3.29: LC-MS data for ASq-5-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C85 H132 N20 026 0.71 925.9878 1848.9573 1848.9622 -2.65 98.54

Figure: Extracted ion chromatogram (EIC) of compound.

x10 3
6_

54
4

639.9516
([CESH132N20026]+3Na)+3
1

Cpd 1: C85 H132 N20 O26: + FBF Spectrum (rt: 0.591-0.873 min) FM10_Pos_Looplnjection_MS_..

Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

x10 3 [Cpd 1: C85 H132 N20 O26: + FBF Spectrum (rt: 0.591-0.873 min) FM10_Pos_Looplnjection_MS_..

ST VS T N 1 |

660 680

700 720 740 760 780 800 820 840 860

Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
639.6311| 3 263.1{C85H132N20026 (M+3Na)+3
925.4861| 2 6075.6|C85H132N20026 (M+2H)+2
925.9878| 2 6257.5|C85H132N20026 (M+2H)+2
926.4892| 2 3494.1|C85H132N20026 (M+2H)+2
926.9904| 2 1453.9|C85H132N20026 (M+2H)+2
927.4918| 2 579.7|C85H132N20026 (M+2H)+2
947.4683| 2 2896.3|C85H132N20026 (M+2Na)+2
947.9705| 2 2983.6|C85H132N20026 (M+2Na)+2
948.4711| 2 1679.3|C85H132N20026 (M+2Na)+2
948.9731| 2 771.2|C85H132N20026 (M+2Na)+2
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Figure A3.30: HRMS data for ASq-5-Lys(Boc).
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Figure A3.31: 'H NMR spectrum of Sg-2-Lys(Boc) in DMSO-ds.
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Figure A3.32: 13C NMR spectrum of Sg-2-Lys(Boc) in DMSO-de.
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Figure A3.33: COSY spectrum of Sg-2-Lys(Boc) in DMSO-de.
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Figure A3.34: HSQC spectrum of Sq-2-Lys(Boc) in DMSO-ds.
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Figure A3.35: HMBC spectrum of Sg-2-Lys(Boc) in DMSO-ds.
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Figure A3.36: LC-MS data for Sq-2-Lys(Boc).
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Compound Table

RT Observed mass |Meutral observed | Theoretical mass | Mass error | Isotope match
Compound Label (min) (mjz) mass (Da) (Da) {ppm) score (%)
Cpd 1: C34 H52 NB 010 0.73 755.3677 7323789 732.3806 -2.32 98.33

Mass errors of between -5.00 and 5.00 ppm with isotope match soores above 608 are considered confirmation of molecular formulae

Figure: Extracted ion chromatogram (EIC) of compound.

wio 4 |Cpd 10 C3d4 HSZ WE 010 + FBF Spectrum (r: 0.62-0.86 min) CFM7T_Pos_Loopinjection_MS_2762._
T55.pETT
1.24 ([C34HE2ZNE010]+Ma)+
14
0.8
0.6
0.4
0.2

150 200 250 300 350 400 450 500 550 GO0 650 700 750 800 850 500 950
Counts vs, Mass-lo-Charge (miz)

Figure: Full range view of Compound spectra and potential adducts.

wip 4 |Cpd 1: C34 H52 NB 010 + FEF Spectrum (rt: 0.62-0.86 min) CFMY_Pos_Looplnjaction_MS_2762_
12 755.pE77
] 733.3862 ([C34HE2NED10]+Na)+
14 ([C34HEZNEC10]+H)+

0.8

0.6

0.4

0.2 I
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Counts vs. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

Mz z |Abund Formula Ion
733.3862] 1 E370.1]C34H52NB0 10 {M+H)+
734.3805] 1 3555, 3| C34H52NB0 10 (M+H)+
7353839] 1 11B0.B|C34H52ZNB0 10 (M+H)+
736.3546] 1 326.8]C34H52ZNB0 10 (M+H)+
7553677 1 13330.6] C34H52MB0 10 (M+Na)+
756.3708] 1 5303.1]C34H52NB0 10 {M+Na)+
75737401 1 1353. 7| C34H52ZNB0 10 {M+Na)+

Figure A3.37: HRMS data for Sq-2-Lys(Boc).
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Figure A3.38: ‘H NMR spectrum of Sq-3-Lys(Boc) in DMSO-ds.
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Figure A3.39: 13C NMR spectrum of Sg-3-Lys(Boc) in DMSO-de.
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Figure A3.40: COSY spectrum of Sg-3-Lys(Boc) in DMSO-de.
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Figure A3.41: HSQC spectrum of Sg-3-Lys(Boc) in DMSO-ds.
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Figure A3.42: HMBC spectrum of Sg-3-Lys(Boc) in DMSO-ds.
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Figure A3.43: LC-MS data for Sq-3-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min) (mjz) mass (Da) (Da) {ppm) score (Yo)

Cpd 1: C51 H7B N12 015 0.69 11215565 10985676 1058.5710 -3.06 98.41

Mass errars of between -5.00 and 5.00 ppm with sotope match scores above 60% are considered confirmation of mokscular formulae

Figure: Full range view of Compound spectra and potential adducts.
w10 3 |Cpd 12 ©51 HYE MN12 O15: + FEF Spectrum (ri: 0.58-0.83 min) CFM3_Fos_Loopinjection_M35_276.

54 1121|5565

N ([CE1H1?DERK?:I52§F5]+HJ+ ([[CSTHTEM 1RO 15]+Ma)+
3]

2]

i ‘

ol : I i |

1100 1105 1110 1115 1120 1125 1130
Counts vs, Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

iz z |Abund Formula Ton
1059.5750] 1 3441 5| C51HFEN12015 (M+H)+
1100.5777] 1 2206.1|C51H7EN12015 (M+H)+
1101.5805] 1 775.9|C51H7EN12015 (M+H)+
1102.5825] 1 264.9|CS1HFEN12015 (M+H)+
1121.5565] 1 5296.2|C51HFEN12015 (M+Ma)+
1132.5559] 1 3144 3| C51HFBN12015 (M+Ma)+
112356300 1 1138 4] C51HTEN12015 (M+Ma)+
1124.5669] 1 368.3|C51HFEN12015 (M+Ma)+

Figure A3.44: HRMS data for Sq-3-Lys(Boc).
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Figure A3.45: 'H NMR spectrum of Sq-4-Lys(Boc) in DMSO-ds.
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Figure A3.46: 13C NMR spectrum of Sg-4-Lys(Boc) in DMSO-de.
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Figure A3.47: COSY spectrum of Sq-4-Lys(Boc) in DMSO-de.
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Figure A3.48: HSQC spectrum of Sq-4-Lys(Boc) in DMSO-ds.
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Figure A3.49: HMBC spectrum of Sg-4-Lys(Boc) in DMSO-ds.
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Figure A3.50: LC-MS data for Sq-4-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed| Theoretical mass| Mass error | Isotope match
Compound Label {min) {mjz) mass (Da) (Da) {ppm) score (%)
Cpd 1: C58 H104 M16 020 0.74 755.3687 1464.7596 1464.7613 -1.17 94.98
Mass errors of bebwesn -5.00 and 5.00 ppm with isotope makch scores above 60% are considered confirmation of molecular formulae

Figure: Extracted ion chromatoegram (EIC) of compound.
w10 3 |Cpd 1: CHE H104 MN16 020: + FBF Spectrum (rt: 0.627-0.875 min) CFM8_Pos_Loopinjection_MS__

iGE s

4 [CEEHTINTGOZ0[+F2MNa)+2

150 200 250 300 350 400 450 500 550 GO0 650 700 750 BOO 850 500 850
Counts vs. Mass-lo-Charge (mlz)

Figure: Full range view of Compound spectra and potential adducts.
x10 3 |Cpd 1: CBE H104 NG O20: + FBF Spectrum {rt: 0.627-0.875 min) CFMI_Pes_Looplnjection_MS_

4

il

750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450
Counts vs. Mass-to-Charge (m{z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

myz z |Abund |Formula Ton

733.3863) 2 2372.3|CEEH 104N1 6020 (M+2H)+2
733.8885] 2 1634.4 ] CE8H 104N1 6020 (M+2H)+2
734.3942) 2 1376.8)C5EH 104N16020 (M#+2H)+2
755.3687) 2 4482.0|C58H 104N16020 (M+2MNa)+2
755.8700) 2 3551.5)C58H 104N1 6020 (M+2Ma)+2
756.3728] 2 1811.0]CEEH 104N16020 (M+2Na)+2
756.8719) 2 567.3|068H 104N16020 (M+2Ma)+2

1465.7645] 1 235.9)068H 104N1 6020 (M+H)+

1487.7461] 1 415.5 JOGEH 104 N1 6020 (M+Ma)+

1488.7489) 1 437.5)068H 104N16020 (M+Ma)+

Figure A3.51: HRMS data for Sq-4-Lys(Boc).
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Figure A3.54: COSY spectrum of Sg-5-Lys(Boc) in DMSO-de.

_n

T
1.0

T
0.5

5 4
f2 (ppm)

Figure A3.55: HSQC spectrum of Sq-5-Lys(Boc) in DMSO-ds.
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Figure A3.56: HMBC spectrum of Sg-5-Lys(Boc) in DMSO-ds.
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Figure A3.57: LC-MS data for Sq-5-Lys(Boc).
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Compound Table
RT Observed mass | Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min) {m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: CBS H130 N20 025 0.70 916.4820 1830.5473 1830.9516 -2.35 01.12

Mass errors of bebween -5.00 and 5.00 pom with isotope match scores above 60% are considered confirmation of molecular formulae

Figure: Full range view of Compound spectra and potential adducts.

x10 3

1 4
0.51
ol s

Cpd 1: CBE H130 N20 O25: + FBF Spectrum {rt: 0.611-0.826 min) CFM10_Pos_Looplnjection_M_.

B PG543

NEROZE]+2Ma)+2

914 916 918 920 922 924 926 028 930 932 934 036 038 040 042 044 046 048
Counts vs, Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

mir z |Abund Formula Ion
016.4820) 2 1320.3|CBSH130N20025 (M+2H)+-2
016.9825] 2 1283.7|CBSH130N20025 (M+2H)+2
017.4850] 2 861.2|CBSH130M20025 (M+2H)+-2
017.9873] 2 311.2|CB5H130M20025 (M+2H)+2
01B.4757] 2 160.1|CBSH130N20025 (M+2H)+2
038.9643) 2 2539 . 91CBSH130N20025 (M+2Na)+2
030.4654] 2 1345 B]CBSH130N20025 (M+2Na)+2
039.9661) 2 560.4|CBSH130M20025 (M+2Na)+2
0340.4673) 2 227 3|CBSH130M20025 {M+2Na)+2
340.9681] 2 28 .0JCBSH130N20025 (M+2Na)+2

Figure A3.58: HRMS data for Sq-5-Lys(Boc).
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Figure A3.59: 'H NMR spectrum of 2.17 (Sg-2-Lys) in DMSO-de.
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Figure A3.60: 3C NMR spectrum of 2.17 (Sq-2-Lys) in DMSO-ds.
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Figure A3.61: COSY spectrum of 2.17 (Sg-2-Lys) in DMSO-ds.
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Figure A3.62: HSQC spectrum of 2.17 (Sq-2-Lys) in DMSO-de.
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Figure A3.63: HMBC spectrum of 2.17 (Sg-2-Lys) in DMSO-ds.
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Figure A3.64: LC-MS data for 2.17 (Sq-2-Lys).

368



Appendix — Chapter 3

Compound Table

RT Observed mass |MNeutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min}) (mjz) mass [(Da) (Da) {ppm) score (%)
Cpd 1: C24 H36 NB 06 0.75 533.2828 532.2756 532.2758 -0.33 98.94
Mass errors of between -5.00 and 5.00 ppm with isotope match soores above 60% are considered confirmation of molecular formulae

Figure: Extracted ion chromategram (EIC) of compound.
x10 & |Cpd 1: C24 H36 N8 O&: + FBF Spectrum (r: 0.664-0.846 min} Sg-2-Lys_ACG_01CC_20231212__

N PTVEY yir
0.84
0.6
0.4

0.2

150 200 250 300 350 400 450 500 550 600 850 70O ¥8O0 BOO BSO 500 950
Counts vs, Mass-lo-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

»in 5 |Cpd 1) C24 H36 N8 OG: + FBF Spectrum {r: 0.664-0.846 min) Sq-2-Lys_ACQ_01CC_20231212_
14 24HIGYEOE]
0.8 )
0.6+
0,4 4
0.2
i | I i I

530 532 534 536 538 540 542 544 546 548 550 552 554 556 558 560 562 564
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/r z |Abund |Formula Ion
533.2828] 1 117360.2 JC24HIENBDE (M+H)+
534.2856] 1 33513.8)C24H3ENEBDE (M+H)+
535.2884| 1 7453.1|C24H3ENBDE (M+H)+
555.2647] 1 51934.6)C24HIENEDE (M-+Ma)+
556.2677] 1 18164.1|C24H3IENEDE (M-+Ma)+
557.2744] 1 4436.2 |C24HIENBDE (M M)+

Figure A3.65: HRMS data for 2.17 (Sq-2-Lys).
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Figure A3.66: IR spectrum of 2.17 (Sq-2-Lys)
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Figure A3.67: *H NMR spectrum of 3.5 (Sg-3-Lys) in DMSO-ds.
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Figure A3.68: 3C NMR spectrum of 3.5 (Sg-3-Lys) in DMSO-d.
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Figure A3.69: COSY spectrum of 3.5 (Sq-3-Lys) in DMSO-ds.
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Figure A3.70: HSQC spectrum of 3.5 (Sg-3-Lys) in DMSO-ds.
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Figure A3.71: HMBC spectrum of 3.5 (Sq-3-Lys) in DMSO-de.
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Intensity  VWD: Signal A, 254 nm

100,0%
3,000
2,00
1,000
A Min
- —r—r—r—r——r——r—r—f— r—T ——r— T T T T—T— T
0.00 833 16.67 25.00 3333 41.67 50.00
Intensity
s 100.0%; 400.3
30E6
20E6
10E6
Ak s m A Ly Adeatd A s o Min
2 o e e S e e e e S I e e e L
0.00 833 16.67 25.00 3333 41.67 50.00
Intensity
HoN 5
s 4400.3; (e 2HI2+ °ﬂ . NH,
N
) P, H/\N)\/_f
H
NH ”Nj I//o
66).4 NH oy W HNT Y
N
o
Y <}
5333 660.4
2 HoN
534.2
bbbt L : U — e
500 600 700 800 1,000 1,100 1,200 1,300

Figure A3.72: LC-MS data for 3.5 (Sq-3-Lys).
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Compound Table
RT Observed mass |Meutral observed | Theoretical mass| Mass error | Isotope match
Compound Label [(min}) (mjz) mass [(Da) (Da) {ppm) score (%)
Cpd 1: (36 H54 N12 09 0.74 799.4201 798.4129 798.4137 -1.02 99.00

Mass errors. of betwesn -5.00 and 5.00 ppem with isobope match soores above 60% are considerad confirmation of moleoular formulae

Figure: Extracted ion chromatogram (EIC) of compound.
«10 4 |Cpd 1: £36 H54 N12 ©8: + FBF Spectrum (r: 0.640-0 832 min) Sg-3-Lys_ACO_01CC_20231212.

- 789 8201
54 ([CIEHE4MN1209]+H)+
44

150 200 250 300 350 400 450 500 550 600 650 700 750 800 B50 900 950
Counts vs, Mass-lo-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

»10 4 |Cpd 10 C36 H54 N12 0% + FBF Spectrum (i 0.649-0,832 min) Sg-3-Lys_ACQ_0CC_20231212.
£ 7oo 20 B21.4020
T (IC36HE4NN 209+ H)+ ([CIEHSAME 208]+Ma)+
44
34
74
14

796 798 800 ROZ BO4 BO6 ROS B10 812 814 816 818 820 822 824 826 228 &30
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/r z |Abund |Formuila Ion
799.4201] 1 S5446.5 |CI5H54N1 209 (M+H)+
B00.4229] 1 23318.6|CIEH54N1 209 (M+H)+
BOL.4254| 1 6169.5 |CISHS4N1 209 (M+H)+
B02.4241] 1 1443.3 |CISHS54N1 209 (M+H)+
B21.40200 1 47213.6|CIEHS5AN1 209 (M M)+
B22.4052] 1 19382.2 JCIEH54N1 209 (M M)+
B823.4075] 1 5401.5 |CI5H54N1 209 (M +Ma)+
B24.4139] 1 1100.3 JCIEHS54N1 209 (M +Ma)+

Figure A3.73: HRMS data for 3.5 (Sq-3-Lys).
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Figure A3.74: IR spectrum of 3.6 (Sq-4-Lys).
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Figure A3.75: 'H NMR spectrum of 3.6 (Sq-4-Lys) in DMSO-ds.
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Figure A3.76: 1°C spectrum of 3.6 (Sq-4-Lys) in DMSO-ds.
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Figure A3.77: COSY spectrum of 3.6 (Sq-4-Lys) in DMSO-de.
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Figure A3.78: HSQC spectrum of 3.6 (Sg-4-Lys) in DMSO-ds.
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Figure A3.79: HMBC spectrum of 3.6 (Sq-4-Lys) in DMSO-ds.
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Intensity VWD: Signal A, 254 nm
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Figure A3.80: LC-MS data for 3.6 (Sg-4-Lys).
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Compound Table
RT Observed mass |MNeutral observed |Theoretical mass| Mass error | Isotope match
Compound Label {mimn}) (m/z) mass [Da) (Da) {ppm) score (%)
Cpd 1: C48 HY2 N16 D12 0.74 1087.5396 1064.5493 1064.5516 -2.12 79.10

Mass errors of betwesn -5.00 and 5.00 pprm with isotope match soores above 60% are considerad confinmation of moleoular formulae

Figure: Full range view of Compound spectra and potential adducts.

=x10 4

14

([C4EHTZM Y

1087)5304

Cpd 1) C4E HT2 N16 012 + FBF Spectrum (i 06450827 min) S0-d-Lys_AC0O_010C_2023121.,

GO 2]+Ma)+

0.84 10655580
([CABHTZN1GO12]+H)+
0.6
0,4 4
0.2
| ' L . . i
1065 1070 1075 1080 1085 1090 1005

Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/r z |Abund |Formula Ion
1065.5580] 1 5149.1|C4BH72N16012 (M+H)+
1066.5611] 1 30B6.4)C4BHTINLGD12 (M+H)+
1067.5625] 1 1393.3|C4BH72N16012 (M+H)+
1068.5421] 1 601.2 JC4BHT2N16012 (M+H)+
1087.5396] 1 11701.BJC4BH72N16012 (M +Ma )+
1088.5427] 1 F451.3|C4BHTINLIGO12 (M +Ma )+
1089.5450] 1 2B20.8|C4BHTINIGO12 (M +Ma)+
1090.5222] 1 1051.0)JC4BH72N16012 (M +Ma)+

Figure A3.81: HRMS data for 3.6 (Sq-4-Lys).
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'H spectrum of 3.7 (Sg-5-Lys) in DMSO-ds.
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Figure A3.84: 13C spectrum of 3.7 (Sq-5-Lys) in DMSO-de.
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Figure A3.85: COSY spectrum of 3.7 (Sq-5-Lys) in DMSO-ds.
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Figure A3.86: HSQC spectrum of 3.7 (Sg-5-Lys) in DMSO-ds.
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Figure A3.87: HMBC spectrum of 3.7 (Sq-5-Lys) in DMSO-de.

382

f1 (ppm)

fL (ppm)



Appendix — Chapter 3

AlLC

Intensity (c/s)

Intensity (%)

1,500 { ﬂ
1,000 |
500 | |
0 i,
T —
00 333 6.67 1000 1333 1667 2000 2333 2667 3000 3333 3667 4000 4333 4667 5000 5333
Time(min)
44.5%; 4451
A ]
2E6 | 4.2%; 4451 74%: “5,
J 23%; «51
0 s | 11 1514 11 llhl N 1 1 m L ! L 1 L 1
00 3.33 6.67 10.00 1333 16 67 2000 2333 :’G 67 3000 3333 3667 4000 4333 4667 5000 5333
Time(min) NH,
o, OJ\):
HoN j;f o
o) N N
1004 445.1; [M+3H)3+ ,ﬂ:\H H N
901 [o) NH HN o
80 1
701 o NH HN. ©

60 | Io\/xwuz

! M}#\\,

30| ;}
2035633933 58.9
10 597.9
0 Jih‘“.n..ﬂ bt IO ¢ L NHZ_.“-.‘; "
400 500 600 700 800 900 1,000 1,100 1,200 1,300 1400
m/z

Figure A3.88: LC-MS data for 3.7 (Sq-5-Lys).
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Compound Table

RT Observed mass |Meutral observed |Theoretical mass| Mass error | Isotope match
Compound Label {min} (m/z) mass (Da) {Da) {ppm) score (%)
Cpd 1: C60 H90 N20 015 0.74 1331.6957 1330.6870 1330.6895 -1.B1 B2.59

Mass errors of betwesan -5.00 and 5.00 ppin with isotope match soores above 60% are considerad confirmation of mokeoulas formdlas

Figure: Full range view of Compound spectra and potential adducts.

x40 2 [Cpd 1: CEO HI0 N20 O15: + FBF Spectrum (it 0.631.0 862 min) Sq-5-Lys_ACO_01CC_2023121
, 1331)pas7
1 ([CBOHSONFOO 15+ H)+
154 1353.6665
([CEOHQ0MZ00T 3]+Mak

14

0.5 ‘ | '
1330 1335 1340 1345 1350 1355 1360

Figure: Zoomed Compound spectra view

Counts vs. Mass-to-Charge (m/z)

{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

myz z |Abund |Formuta Ion
1331.6957] 1 2218.9)C50H90N20015 (M+H)+
1332.6973] 1 1703.4|CE0HI0N20015 (M+H)+
1333.7003] 1 B50.4|CE0HI0ON20015 (M+H)+
1334.7113] 1 401.0]CE0HI0ONZ0015 (M+H)+
1353.6665] 1 1062.2 JCS0HI0N20015 {M+Ma)+
1354.6813] 1 B17.5]CE0H90N20015 {M+Ma)+
1355.6840] 1 454 4 |C50HI0N20015 {M+Ma)+

Figure A3.89: HRMS data for 3.7 (Sq-5-Lys).
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Chapter 4 — Supplementary Characterisation Data

& g g HBRR L F3E+09
o @ R 3955 IEE
I ~ ~ L 3£200
r3E+09
r3E+09
o) (o) CF,4
j;/( F3E+09
r2E+09
/0 u
CF, F2E+09
-2E+09
D (s) L
276 2E+09
E (s) C(s) B (q) A(t) F2E+09
11.20 8.03 4.80 141
H H H H H ’1E+09
r1E+09
r1E+09
r8E+08
| ~6E+08
r4E+08
l . r2E+08
| |
J | | L
g
g_ 5 g % % r-2E+08
T S S S ST TR S S B
12.5 11.5 10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)
. . 1 - .
Figure A4.1: 'H spectrum of SqBisCF3; in DMSO-de.
SER @ 3 SRR3R Ey =
238 g § BEEESRNRAS S 2
N I SN e F4E+08
r4E+08
r4E+08
r3E+08
- 2E+08
- 2E+08
[ 2E+08
r 1E+08
- 5E+07
]
! l el
I
L . i L,
T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

Figure A4.2: 13C spectrum of SqBisCFs in DMSO-de.
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Figure A4.3: LC-MS data for ASq-2-Ala-Lys(Boc).
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Figure A4.4: LC-MS data for ASq-2-Phe-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C32 H43 N7 09 0.69 670.3199 669.3125 669.3122 0.41 99.69

Figure: Extracted ion chromatogram (EIC) of compound.

x10 6 |Cpd 1: C32 H43 N7 O9: + FBF Spectrum (rt: 0.61-0.79 min) ASq-L-Phe_ACQ_02CC_20231212_5...

1.751
1.5
1.251

14
0.75
0.5
0.25

670.3199
([C32H43NT7O9]+H)+

Figure: Full range view of Compound spectra and potential adducts.

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

x10 6 |Cpd 1: C32 H43 N7 O9: + FBF Spectrum (rt: 0.61-0.79 min) ASg-L-Phe_ACQ_02CC_20231212_5..
670.3199
175 ([C32H43N709)+H)+
1.5
1.25
1
0.75 {
0.5 692.2931
0.25 | ‘ ([C32H43N709]+Na)+
668 670 672 674 676 678 680 682 684 686 688 690 692 694 696 698 700

Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
670.3199] 1 2027732.1|{C32H43N709 (M+H)+
671.3231| 1 753473.8|C32H43N709 (M+H)+
672.3259] 1 167766.7|C32H43N709 (M+H)+
673.3278] 1 28644.3|C32H43N709 (M+H)+
692.2931| 1 48974.2|C32H43N709 (M+Na)+
693.2968| 1 18453.3|C32H43N709 (M+Na)+
694.2955| 1 5423.9(C32H43N709 (M+Na)+

Figure A4.5: HRMS data for ASq-2-Phe-Lys(Boc).
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Figure A4.6: LC-MS data for ASq-2-FsPhe-Lys(Boc).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label {min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C32 H38 F5 N7 09 0.70 760.2729 759.2657 759.2651 0.79 99.64

Figure: Extracted ion chromatogram (EIC) of compound.
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1
0.8
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760.2729

([C32H38F5N709]+H)+

Cpd 1: C32 H38 F5 N7 O9: + FBF Spectrum (rt: 0.60-0.81 min) ASq-L-FPhe_ACQ_02CC_202312..

Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

x10 6 |Cpd 1: C32 H38 F5 N7 09: + FBF Spectrum (rt: 0.60-0.81 min) ASg-L-FPhe_ACQ_02CC_202312..

1.4 760.2729

1 2] (IC32H38FEN709]+H)+

1,
0.8
0.6
0.4- 782.2531
0.2/ ([C32H38F5N709]+Na)+

'l ] n
758 760 762 764 766 768 770 772 774 776 778 780 782 784 786 788 790

Figure: Zoomed Compound spectra view

Counts vs. Mass-to-Charge (m/z)

(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
760.2729| 1 1442240.1|C32H38F5N709 (M+H)+
761.2762| 1 534153.9|C32H38F5N709 (M+H)+
762.2787| 1 121179.5|C32H38F5N709 (M+H)+
763.2804| 1 21871.2|C32H3BF5N709 (M+H)+
764.2794| 1 3814.3|C32H38F5N709 (M+H)+
782.2531| 1 35795.4|C32H38F5N709 (M+Na)+
783.2560( 1 14272.1|C32H38F5N709 (M+Na)+
784.2562| 1 4637.7|C32H38F5N709 (M+Na)+
785.2796( 1 2017.3|C32H38F5N709 (M+Na)+
786.2964| 1 3041.8|C32H38F5N709 (M+Na)+

Figure A4.7: HRMS data for ASq-2-FsPhe-Lys(Boc).
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Figure A4.8: 'H NMR Spectrum of 4.16 (Sq-2-Ala-Lys) in DMSO-de.
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B
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Figure A4.10: COSY Spectrum of 4.16 (Sq-2-Ala-Lys) in DMSO-ds.
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Figure A4.11: HSQC Spectrum of 4.16 (Sq-2-Ala-Lys) in DMSO-ds.
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IR

o
3 20
2 I F40
60
80
€
a
Fi0 &
=
120
140
E 160
3 180
200
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
85 80 75 70 65 60 55 50 45 35 30 25 20 15 10
f2 (ppm)
Figure A4.12: HMBC Spectrum of 4.16 (Sq-2-Ala-Lys) in DMSO-ds.
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Figure A4.13: LC-MS data for 4.16 (Sq-2-Ala-Lys).
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Compound Table

Neutral
RT Observed mass | observed mass Theoretical Mass error | Isotope match
Compound Label {miin}) {m/z) {Da) mass (Da) {ppm) score (%)
Cpd 1: C21 H29 N7 06 0.59 476.2252 475.2179 475.2179 0.03 99.00

Figure: Full range view of Compound spectra and potential adducts.

w10 4 |Cpd 1: C21 H29 NT QG: + FBF Spectrum (rt: 0.51-0.69 min) Sg-2-Ala-Lys_ACQ_02CC_20250821

g c21H2

476 p252

TOE]+H)+

498 2072

([CZ1H29NTOE]+Ma)+

474 476 478 480 482 484 4HE 4HE 400 407 404 495 408 500 502 504 508
Counts va. Mass-to-Charge (miz)

Figure: Zoomed Compound spectra view
{red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

myz z |Abund Formula Ion
476.2252] 1 95789, 2{C2IH2ONT 06 (M4+H)+
477.2279] 1 23142, 9| C21H29NT 06 (M4H)+
478.2298] 1 3954.9| C21H2ANT 06 (M+H)+
479.2366] 1 595.0]C21H29NFO6 (M+H)+
480.2404] 1 161. 7JC21H2ONTO6 (M4+H)+
488.2072| 1 9157. 7| C21H2ONT 06 (M+Na)+
499.2101] 1 23856.3|C21H2ONTO6 (M+Na)+
500.2114f 1 428.0]C21H2ON706 (M+Ma}+
501.2404) 1 141.5]C21H2ONTO6 (M+Na)+

Figure A4.14: HRMS data for 4.16 (Sq-2-Ala-Lys).
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Figure A4.17: 13C NMR Spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCF3)) in DMSO-ds.
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Figure A4.18: COSY Spectrum of 4.17 (Sg-2-Ala-Lys(SqBisCFs)) in DMSO-ds.
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Figure A4.19: HSQC Spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCF3)) in DMSO-ds.
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Figure A4.20: HMBC Spectrum of 4.17 (Sg-2-Ala-Lys(SqBisCF3)) in DMSO-ds.
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Figure A4.21: °F NMR Spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCFs)) in DMSO-ds.
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Figure A4.22: LC-MS data for 4.17 (Sq-2-Ala-Lys(SqBisCF3)).
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Compound Table
MNeutral
RT Observed mass | observed mass |Theoretical mass| Mass error | Isotope match
Compound Label [min) {mz) {Da) (Da) {ppm) score (%)
Cpd 1: £33 H32 F& NE 08 075 7B3.1313 TE2.2240 7822247 -1.89 90,29

Figure: Extracted ion chromatogram (EIC) of compound.

o1 5 |Cpd 10 G35 H32 FEMA Q8 @ FBF Spectrum it 0.83-0.91 min) DC-Lys-Ala-BisCFiSg_a00 010
E0E.R13Z

121 CICIIHIZFEMBOa]+ Ha)+

1
EE
0.5 4
o4
0.2

0

1RO 200 280 300 350 400 £50 G500 5RO 600 ESO0 YO ThHD BOO BRO 400 950
Counts ve. Mass-lo-Chargs (miz]

Figure: Full range view of Compound spectra and potential adducts,
x10 6 [SRd 1: G33 H3Z FE NB OB: + FBF Spectum i 0.63-0.91 min) DC-Lys-Ala-Bls0F350_ACE_ 010

i 7E3 2313 LE] ARE
(T2 TG NECH] e (CESHIERFERBOa]) = Ha)+
14
e
[EL=]
44
2
a I ]

YA TEZ THA TEE THA Y90 762 To4 TAG TAR BOO A0z BOA A06 B0 &0 E12 A4
Cownis e Mass-to-Chane [miz]

Figure: Zoomed Compound spectra view
(red boxes |imdicating expected theoretical isotope spacing and abundance )

Compound isotope peak List

myr z |Bbund [Formnula Tom
TH13313| 1 5321 3 [C3HIIFGREDE [H+H )+
TR ] FGFLT | SAHIIFERECE [H+H)+
FHE3EE| 1 E56. | CIIHLIFENEDE [H+H}+
FEEIIEI| 1 15305 | IHLIFERE0E [H+H)+
BOS. 213X 1 1LISEE. T | CaHLIFEREDE [ H-+Ma i+
BDEXLEL| 1 ATHIEE | CIHILIFERE0E [ H-+Ma i+
BOr.ZLEE) 1 11348 3 | CIIHIIFEhE0E [H-+Maj+
BIE.II1Z| 1 219 | CaHLIFENEDE [ H-+Ma i+

Figure A4.23: HRMS data for 4.17 (Sq-2-Ala-Lys(SqBisCF3)).
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Figure A4.24: IR Spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCF3)).
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Figure A4.25: *H NMR Spectrum of 4.18 (Sq-2-Lys(SqBisCFs)) in DMSO-de.
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Figure A4.26: 3C NMR Spectrum of Sq-2-Lys(SqBisCFs) 4.18 (Sq-2-Lys(SqBisCFs)) in
DMSO-ds.
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Figure A4.27: COSY Spectrum of 4.18 (Sg-2-Lys(SqBisCF3)) in DMSO-ds.
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Figure A4.28: HSQC Spectrum of 4.18 (Sq-2-Lys(SqBisCF3)) in DMSO-ds.
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Figure A4.29: HMBC Spectrum of 4.18 (Sq-2-Lys(SqBisCF3)) in DMSO-de.
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Figure A4.30: LCMS data for 4.18 (Sq-2-Lys(SqBisCF3)).
Compound Table
RT | Observed mass |Neutral observed|Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/2) mass (Da) (Da) (ppm) score (%)
Cpd 1: C48 H42 F12 N10 010| 0.89 1169.2770 1146.2879 1146.2894 -1.33 99.59

Figure: Full range view of Compound spectra and potential adducts.

w10 4

0.8
0.6
0.4

0.2

o

Cpd 1: C48 H42 F12 N10 O10: + FBF Spectrum (rt: 0.E1-1.47 min} DC-Lys-BisCF35q_ACQO_01C..
11ESRTT0
([CABHAZF 120 10010]+Ma)*
S 1 I S | P
1145 1150 1155 1160 1165 1170 1175

Countg va. Mass-10-Charge (miz)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical Isobtope spacing and abundance)

Compound isotope peak List

mir z |abund |Farmula Ton
1147.2953] 1 B013.9 |C4BH42F L2ZN10010 (M+H}+
1148.2964] 1 32171 JC4BH42F12N10010 (M+H}+
1149.3002] 1 11128 JC4EH42F LIN10O10 (M4 H}+
1150.3035] 1 2261 JC4BEH42F12N10010 (M+H)}+
1151.2978] 1 739 C4EH42F12N10010 (M+H}+
1169.2770] 1 10209, 1 JC4EH42F 12N10010 {14+ Na)+
1170.2801) 1 5513.5 JC4EH42F12N10010 {14+ Na)+
11712809 1 17209 )C4EH42F LIN10O10 (M4 Na)+
1172.2842] 1 432.0JC4EH42F12N10010 {14+ Na)+
1173.2804) 1 113.0 JC4BH42F 1 2N10010 {14+ Na)+

Figure A4.31: HRMS data for 4.18 (Sq-2-Lys(SqBisCF3)).
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Figure A4.35: COSY Spectrum of 4.19 (Sg-2-Phe-Lys) in DMSO-ds.
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Figure A4.36: HSQC Spectrum of 4.19 (Sg-2-Phe-Lys) in DMSO-ds.
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Figure A4.37: HMBC 4.19 (Sq-2-Phe-Lys) in DMSO-de.
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Figure A4.38: LCMS data for 4.19 (Sq-2-Phe-Lys).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C27 H33 N7 06 0.69 552.2566 551.2495 551.2492 0.49 99.16

Figure: Extracted ion chromatogram (EIC) of compound.

x10 5

552.2566

([C27H33N706]+H)+

Cpd 1: C27 H33 N7 O6: + FBF Spectrum (rt: 0.60-0.78 min) Sg-2Lys-Phe_ACQ_02CC_20231212...

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

x10 5

21 (1Cc27H33N

7O6]+H)+

574.2386

Cpd 1: C27 H33 N7 O6: + FBF Spectrum (rt: 0.60-0.78 min) Sg-2Lys-Phe_ACQ_02CC_20231212...
552.2566

([C27H33N706]+Na)+

Figure: Zoomed Compound spectra view

Counts vs. Mass-to-Charge (m/z)

(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
552.2566( 1 838988.8|C27H33N706 (M+H)+
553.2600( 1 263759.0|C27H33N706 (M+H)+
554.2621| 1 50503.8|C27H33N706 (M+H)+
555.2683| 1 8553.1|C27H33N706 (M+H)+
556.2752| 1 1576.0|C27H33N706 (M+H)+
557.2896( 1 2641.5|C27H33N706 (M+H)+
574.2386( 1 87917.3|C27H33N706 (M+Na)+

Figure A4.39: HRMS data for 4.19 (Sq-2-Phe-Lys).
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Figure A4.42: 3C NMR Spectrum of 4.20 (Sq-2-FsPhe-Lys) in DMSO-ds.
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Figure A4.43: COSY Spectrum of 4.20 (Sq-2-FsPhe-Lys) in DMSO-ds.
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Figure A4.44: HSQC Spectrum of 4.20 (Sq-2-FsPhe-Lys) in DMSO-ds.
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Figure A4.45: HMBC Spectrum of 4.20 (Sg-2-FsPhe-Lys) in DMSO-ds.
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Figure A4.46: °F NMR Spectrum of 4.20 (Sq-2-FsPhe-Lys) in DMSO-ds.
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Figure A4.47: LC-MS data for 4.20 (Sg-2-FsPhe-Lys).
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Compound Table

RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C27 H28 F5 N7 06 0.67 642.2097 641.2023 641.2021 0.28 99.40

Figure: Extracted ion chromatogram (EIC) of compound.

x10 5|Cpd 1: C27 H28 F5 N7 O6: + FBF Spectrum (rt: 0.58-0.76 min) Sq-2-Lys-FPhe_ACQ_02CC_2023..

642.2097
21 ([C27H28F5N706]+H)+

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs, Mass-to-Charge (m/z)

Figure: Full range view of Compound spectra and potential adducts.

x10 5 |Cpd 1: C27 H28 F5 N7 O6: + FBF Spectrum (rt: 0.58-0.76 min) Sq-2-Lys-FPhe_ACQ_02CC_2023..

642.p097
21 ([C27H28FENTO6]+H)+

05/ 664.1920
([C27H28F5N706]+Na)+

l . L.
640 642 644 646 648 650 652 654 656 658 660 662 664 666 668 670 672
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Formula Ion
642.2097| 1 224201.6|C27H28F5N706 (M+H)+
643.2122| 1 70041.4|C27H28F5N706 (M+H)+
644.2143| 1 13229.7|C27H28F5N706 (M+H)+
645.2169| 1 2461.3|C27H28F5N706 (M+H)+
664.1920( 1 6159.8|C27H28F5N706 (M+Na)+
665.1954( 1 2012.5(C27H28F5N706 (M+Na)+
666.2082| 1 404.3(C27H28F5N706 (M+Na)+
667.1899| 1 325.5[{C27H28F5N706 (M+Na)+

Figure A4.48: HRMS data for 4.20 (Sq-2-FsPhe-Lys).
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Chapter 4 — 'H NMR Anion Binding Data
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Figure A4.50: 'H NMR Titration spectrum of 4.16 (Sq-2-Ala-Lys) against TBACI (0 — 20
eq.) in DMSO-ds.
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Figure A4.51: *H NMR Titration spectrum of 4.17 (Sq-2-Ala-Lys(SqBisCFs)) against TBACI
(0-20 eq.) in DMSO-de.
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Figure A4.52: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 4.17. b). Fitting binding isotherms of compound 4.17 (Sq-2-Ala-
Lys(SqBisCF3)) with TBACI in DMSO-ds at 298 K, showing the changes in chemical shifts
for the squaramide NH protons fitted to the 2:1 binding model (K, = 217 M1 ). ¢).
Residuals plot of 4.17.
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Figure A4.53: Jobs plot of the aryl squaramide NH’s of compound 4.17 (Sq-2-Ala-
Lys(SqBisCF3)) with TBACI in DMSO-ds

416



Appendix - Chapter 4

qill
i

i

[

R

i

1

CILLEET

el

L
CCHF

r19

18

ri7

r16

15

14

ri3

ri2

T T T T T T T T
12.0 11.5 11.0 10.5 10.0 8.5

| LT
:

9.5 9.0 7.5 7.0 6.5 6.0
f1 (ppm)

Figure A4.54: 'H NMR Titration spectrum of 4.18 (Sq-2-Lys(SqBisCF3)) against TBACI (0 —
20 eq.) in DMSO-ds.
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Figure A4.55: a’;‘M;Ie ‘fraction plot of Host vs Host:guest fractlon With increasing guest
concentration for 4.18. b). Fitting binding isotherms of compound 4.18 (Sqg-2-
Lys(SqBisCF3)) with TBACI in DMSO-ds at 298 K, showing the changes in chemical shifts
for the squaramide NH protons fitted to the 2:1 binding model (Kz: = 4 x103 M ) and
(K12 = 64 M1). c). Residuals plot of 4.18.
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Figure A4.56: Jobs plot of the aryl squaramide NH’s of compound 4.18 (Sq-2-

=

Lys(SqBisCFs)) with TBACI in DMSO-ds
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Figure A4.57: 'H NMR Titration spectrum of 4.19 (Sq-2-Phe-Lys) against TBACI (0 — 20
eq.) in DMSO-ds.
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Figure A4.58: 'H NMR Titration spectrum of 4.20 (Sq-2-FsPhe-Lys) against TBACI (0 — 20
eq.) in DMSO-ds.

Chapter 4 — Anion Transport Data
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Figure A4.59: Normalised lucigenin fluorescence (F/Fo) as a function of time for
liposomes subjected to external NaCl addition in the presence of receptors 2.17, and

4.16 - 4.20 at 30pM.
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Figure A4.60: Normalised lucigenin fluorescence (F/Fo) as a function of time for

liposomes (225 mM NaNOs, 0.8 mM lucigenin) subjected to external NaCl addition in the

presence of (4.17) Sq-2-Ala-Lys(SqBisCFs) at varying concentrations (10 — 50 uM)
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Figure A4.61: Dose—response plot of fractional fluorescence
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Figure A4.62: Normalised lucigenin fluorescence (F/Fo) as a function of time for

liposomes (225 mM NaNQs, 0.8 mM lucigenin) subjected to external NaCl addition in the

presence of (4.18) Sq-2-Lys(SqBisCF3) at varying concentrations (10 — 50 uM)
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Figure A4.63: Dose—response plot of fractional fluorescence intensity at 270 s versus

(4.18) Sg-2-Lys(SqBisCF3) concentration.
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Chapter 5 — Supplementary Characterisation Data
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Figure A5.1: LC-MS data for ASq-2-Lys(Boc)-Naph.
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Compound Table

RT Observed mass |Neutral observed| Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C41 H51 N9 011 0.75 846.3776 845.3704 845.3708 -0.51 99.83

Figure: Extracted ion chromatogram (EIC) of compound.

%10 4 |Cpd 1: C41 H51 N9 O11: + FBF Spectrum (rt: 0.644-0.860 min) FM21_Pos_Loopinjection_MS_32..
846 776
2 (MHH)+
15
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)

Figure: Full range view of Compound spectra and potential adducts.

%10 4 |Cpd 1: C41 H51 NS O11: + FBF Spectrum (rt: 0.644-0.860 min) FM21_Pos_LoopInjection_MS_32..
B46.p776
2 (M+H)+
15
1
868.3589
0.5 (M+Ma)+
|, »

844 846 848 850 852 854 856 858 860 862 864 866 868 870 872 874 876 878
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view

(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

m/z z |Abund Ion
B846.3776] 1 23057.9|(M+H)+
B847.3808] 1 11353.6)(M+H)+
B848.3831] 1 3131.6|(M+H)+
B849.3862] 1 651.2|(M+H)+
B850.3922] 1 137.0|(M+H)+
B68.3589] 1 1557.8|(M+Na)+
869.3622| 1 B00.5|(M+Na)+
870.3668| 1 238.1|(M+Na)+

Figure A5.2: HRMS data for ASq-2-Lys(Boc)-Naph.
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Figure A5.3: LC-MS data for Sq-2-Lys(Boc)-Naph.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isotope match
Compound Label (min) (m/z) mass (Da) (Da) (ppm) score (%)
Cpd 1: C41 H49 NS O10 0.75 B28.3668 827.3557 B27.3602 -0.65 85.70

Figure: Extracted ion chromatogram (EIC) of compound.

x1p 2 |Cpd 1: ©41 H49 NS O10: « FEF Spectrum (rt: 0.64-0.87 min) CFM21_Pos_Looplnjection_MS_323..
3 828 pEGH
25 ([CAHTHAEMEB010]+H )+
2
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 (miz)

Figure: Full range view of Compound spectra and potential adducts.

w10 3 |Cpd 10 C41 H49 NS O10: + FBF Spectrum (r: 0.64-0.87 min) CFM21_Pos_Loopinjection_MS_323..
34 828 p66E

{[C4TH4TMEO10]+H)+
254
24 B50. 3486
. ([C41H4ONIO10]+Ma)+
1.
0.5+
i 1

826 828 830 832 834 836 838 840 842 844 BAG 848 850 852 854 856 858
Counts vs. Mass-to-Charge (m/z)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

mjr z |Abund Formula Ion
B2B.3668] 1 3150.0)C41H49NS010 (M+H)+
B29.3701] 1 1433, 2 C41H49NS0 10 (M+H)+
B30.3728] 1 466.5|C41H49NS010 (M+H)+
B31.3815] 1 141.7|C41H49MN5010 (M+H)+
B50.3486] 1 1252.91C41H49NS010 (M+Ma)+
B51.3518] 1 635.0|C41H49NS010 (M+Ma)+
B52.3545] 1 223.6]C41H49NI010 (M+Ma)+

Figure A5.4: HRMS data for Sq-2-Lys(Boc)-Naph.
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13C NMR spectrum of (5.12) Sq-2-Lys-Naph in DMSO-ds
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Figure A5.7: COSY spectrum of (5.12) Sq-2-Lys-Naph in DMSO-ds
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Figure A5.8: HSQC spectrum of (5.12) Sq-2-Lys-Naph in DMSO-ds
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Figure A5.9: HMBC spectrum of (5.12) Sq-2-Lys-Naph in DMSO-ds
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Figure A5.10: LC-MS data for (5.12) Sg-2-Lys-Naph.
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Compound Table
RT Observed mass |Neutral observed | Theoretical mass| Mass error | Isobtope match
Compound Label {min) {m/z) mass (Da) (Da) {ppm) score (%)
Cpd 1: C36 H41 N9 08 0.74 728.3151 7273080 727.3078 0.27 99.85

Figure: Extracted ion chromatogram (EIC) of compound.

%10 3
1.75

1.5
1.25
1
0.73
0.5
0.25

728 B151
([CAEHA 1 RO0E]+H)+

Cpd 1: C36 H41 NS O8: + FBF Spectrum {rt: 0.64-0.84 min) Sq-2-Lys-Maph_ACQ_01CC_202312.

150 200 250 300 350 400 450 500 550 600 G50 700 750 BO0 850 900 850
Counts vi, Mass-to-Charge [miz)

Figure: Full range view of Compound spectra and potential adducts.

w10 5 |Cpd 10 C36 Ha1 Ng Q8. + FBF Spectrum (it 0.64-0.84 min} Sq-2-Lys-Naph_ACG_01CC_202312,.
1.76 T2ER151
15 ([CIEH4TYEOE]+H)+
128
1
075
0.5 7502873
095 ([C36H4 1 NIOE]+Na)+
o | L,

T26 72E 730 732 734 736 738 740 742 744 746 74 750 752 754 756 758
Counts vs, Mass-ta-Charge [miz)

Figure: Zoomed Compound spectra view
(red boxes indicating expected theoretical isotope spacing and abundance)

Compound isotope peak List

myz z | Abund |Formula TIon
728.3151) 1 182839.5]CI6H4 1NH08 (M+H]+
729.31800 1 79304, 4|CI6H4 INSDE (M+H}+
730.3208] 1 1BB92.8]|C36H41NS0B (M+H)+
731.3243] 1 3635.1|CI6H4 1INGOE (M+H)+
750.2973] 1 12B83.5]|C36H4 1NS08 (M+Na)+
751302090 1 SB23.2|C36H4 1NB0E (M+Na)+
752.3168] 1 2030.0JCI6H4 1NH08 (M+Na)+

Figure A5.11: HRMS data for (5.12) Sq-2-Lys-Naph.

429




Appendix - Chapter 5

98

96

944

92

90

88

86

84

% Transmittance

82

80

784

764

74

T2

Bq-2-Lys-Naph

3255.40

2945.55

1352.18

1387.39
1247 77

1456.05 1432 12

120049 1475 48

1131.70

952.80

408.46

5
S

ADE T4
4257

473.00 458.21

4000

3500

3000

2500 2000
Wavenumbers (cm-1)

1500

1000

500

Figure A5.12: IR Spectrum of (5.12) Sq-2-Lys-Naph.
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Figure A5.13: UV-Vis spectra of (5.12) Sq-2-Lys-Naph (30 uM) in a DMSO solution.
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Figure A5.14: Fluorescence spectra of (5.12) Sq-2-Lys-Naph (30 uM) in a DMSO solution.

Chapter 5 — Fluorescence Spectroscopic Anion Sensing Data
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Figure A5.15: Fluorescent spectra of (5.12) Sq-2-Lys-Naph (30 UM Aex = 270 nm) in the

presence of 40 equivalents of various anions in a DMSO solution.
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Figure A5.16: Fluorescent spectra of (5.12) Sg-2-Lys-Naph (30 puM Aex = 270 nm) in the
presence of 70 equivalents of TBABr and TBAF in a DMSO solution.
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Figure A5.17: Fluorescent spectra of (5.12) Sg-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBACI and TBAF in a DMSO solution.
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Figure A5.18: Fluorescent spectra of (5.12) Sq-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBAI and TBAF in a DMSO solution.
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Figure A5.19: Fluorescent spectra of (5.12) Sq-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBANOs and TBAF in a DMSO solution.
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Figure A5.20: Fluorescent spectra of (5.12) Sg-2-Lys-Naph (30 puM Aex = 270 nm) in the
presence of 70 equivalents of TBAPHCOO and TBAF in a DMSO solution.
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Figure A5.21: Fluorescent spectra of (5.12) Sg-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBAH;PO4 and TBAF in a DMSO solution.
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Figure A5.22: Fluorescent spectra of (5.12) Sq-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBAAcO and TBAF in a DMSO solution.

— Sqg-2-Lys-Naph
— Sqg-2-Lys-Naph + 70eq AcO-
— Sqg-2-Lys-Naph + 70eq AcO- + 70eq F-

(=2}

(=3

o
1

Intensity (a.u.)
H
(=]
T

N

[=

o
1

500 600 700
Wavelength (nm)

Figure A5.23: Fluorescent spectra of (5.12) Sq-2-Lys-Naph (30 UM Aex = 270 nm) in the
presence of 70 equivalents of TBAAcO and TBAF in a DMSO solution.
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Figure A5.24: Fluorescent spectra of (5.12) Sg-2-Lys-Naph (10 UM Aex = 270 nm) in the

presence of 0 - 80 equivalents of TBAF in a DMSO solution.
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Figure A5.25: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 5.12. b). Fitting binding isotherms of compound 5.12 with TBAF in
DMSO, showing the changes in absrobance, fitted to the 1:1 binding model (K; = 622 M~
1). c). Residuals plot of 5.12.
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Figure A5.26: Jobs plot of compound (5.12) Sq-2-Lys-Naph) with TBAFI in DMSO.

Chapter 5 — 'H NMR Anion Binding Data
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Figure A5.27: Partial *H NMR titration spectra of (5.12) Sq-2-Lys-Naph (2.5 mM) with

increasing concentrations of TBAF in DMSO-ds.
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Figure A5.28: Partial 'H NMR titration spectra of (5.12) Sq-2-Lys-Naph (2.5 mM) in

DMSO-ds with (red) 0 equiv. of anion, (green) 5 equiv. of F-, and (blue) 5 equiv. of F and
10 equiv. of AcO, and (purple) 10 equiv. of AcO.
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Figure A5.29: Partial 'H NMR titration spectra of Sg-2-Lys-Naph (2.5 mM) in DMSO-de
with increasing concentrations of TBAAcO.
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Figure A5.30: a). Mole fraction plot of Host vs Host:guest fraction with increasing guest
concentration for 5.12. b). Fitting binding isotherms of compound 5.12 with TBAAcO in
DMSO-ds at 298 K, showing the changes in chemical shifts for the NH protons fitted to
the 2:1 binding model (K12 = 327 M), (K21 = 15 M), ¢). Residuals plot of 5.12.
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“Every new beginning comes from some other beginning’s end”

- Seneca



