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Abstract

Antimicrobial resistance has become a growing threat over the last decade to the health and
safety of the human populous, with the task of developing new antimicrobials having become the
responsibility of academic researchers. Current antimicrobials are largely based on those that
interact with specific proteins, but these are becoming increasingly less and less effective as
microbials develop resistance to the antimicrobials currently in circulation. Work published by
Hiscock et al. has developed a novel class of amphiphilic antimicrobials that target the phospholipid
membrane rather than common protein targets. Building on the past work within the Hiscock group
and extending this research is the basis for the work described herein. Amphiphilic antimicrobial
calix[4]arene derived compounds have been synthesised and amphiphilic urea-sulfonate salts have

been designed, the properties of which have been studied in the solid, liquid and gas states.

The study of the urea-sulfonate salts in the solid state showed that the compound tends to
form extended structures with several different binding modes. In the gas phase, low level
complexes are visible which indicate the bonds formed between the structures are strong as they
survive the experimental conditions. Studies in the solution state show that the compounds form
larger structures in DMSO, whilst one compound formed larger structures in an H,O: EtOH 19:1
solution. The results obtained thus far prove the compounds to be amphiphilic, but do not indicate

antimicrobial activity, so, further study is required.

The detection of anions in the environment is an ever-growing concern in modern society as
the world becomes more aware of the impact that anionic pollutants are having upon the Earth.
Anionic receptors are molecules designed to detect, respond to, and recognise species carrying a
negative charge. The application of anionic receptors to modern day science is varied and includes
organocatalysts which may be catalysed through hydrogen bond formation, in the separation of
anionic mixtures in industrial or radioactive waste as well as applications in biology, for the

treatment of ion channel based diseases such as cystic fibrosis.! Novel fluorescent anionic receptors
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have been designed and synthesised based on works published by Hiscock et al., with properties

studied in the solid, liquid and gas state also.

Studies in the solid state showed the formation of intramolecular bonds with two of the
compounds synthesised, along with the formation of intermolecular bonds between one
compound and water that is used to stabilise the extended crystal structure. In the gas phase, one
compound showed the presence of low-level complexes. In the solution state all the receptors
detected the presence of anions and showed selectivity to specific anions also, where the order of

selectivity showed an inverse in the Hofmeister series.
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1.0 Introduction

1.1 History of Chemistry

The term supramolecular chemistry originated in 1969 when Jean-Marie Lehn first proposed
the term “supermolecule”.? Lehn defined supramolecular chemistry as “chemistry beyond the
molecule”, where focus was placed on the association of two or more chemical species that are
held together through intermolecular forces.>* The introduction of this field to chemistry led to the
award of a Nobel Prize in 1987 to three of its pioneers: John-Marie Lehn, Charles Pederson and

Donald Cram.>

When compared to other areas of chemistry, as they are known today, supramolecular
chemistry is a relatively new discipline. However, its fundamental concepts have long been
recognised and date back to the beginning of modern chemistry, when the idea of intermolecular
bonds were first introduced by Johannes Diderik van der Waals in 1873.5 Chemistry, as it is
recognised today, was first discovered by German chemist Friedrich Wo&hler, when he first
synthesised urea from ammonium cyanate in 1828.7 This discovery was ground breaking, as the
process did not obey the laws of vitalism, which stated that organic compounds could not be
synthesised in a laboratory from inorganic components because there was a certain essence of life
missing.” This paved the way for the synthesis of many other organic compounds and how they may

be developed without the use of organic reactants and so, vitalism was disproved.®°

As organic chemistry continued to develop over the coming decades, there was still one area
of the subject under debate, this was how atoms bond. This became clearer in 1916 when Gilbert
Newton Lewis introduced the idea of covalent bonding through the theory of ‘valence’, where he
used dot and cross diagrams (Figure 1) to explain this.?® Gilbert N. Lewis proposed two different
types of covalent bonding, polar and non-polar. Where polar involved the transfer of electrons and

non-polar bonds were formed through sharing electrons.'*2
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H H

Figure 1 — Example of a dot and cross diagram showing a covalent bond in a methane molecule: A) A carbon atom with
four unpaired electrons and four hydrogen atoms with one unpaired electron each, B) The hydrogen atoms are bonded

to the carbon atom through the sharing of unpaired electrons.

1.2 Non-Covalent interactions

The existence of non-covalent interactions was first suggested in 1873 by Johannes Diderik van

13-

der Waals, forces which are today known as van der Waals interactions.’>*> This ground breaking
work by van der Waals paved the way for new and exciting research, leading Emil Fischer in 1894
to propose a key principle for enzyme activity, known as the ‘lock and key’ principle.'® He stated
that a substrate of a specific shape, like a key, could fit into the cavity of an enzyme, which he

likened to a lock in order for the reaction to proceed?’ (Figure 2). This discovery could be argued as

the first description of supramolecular chemistry as it is known today.

+

Lock / Host Key / Guest Lock-Key / Host-Guest complex

Figure 2 — lllustration depicting the lock and key principle of enzyme-substrate fitting. They must have complimentary

shapes to form a complex and are held together through non-covalent interactions.
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Later, in 1912, Moore and Winmill hypothesised the existence of the hydrogen bond,***° which
would be supported in the future by works published by Latimer and Rodebush.?® The ideas
presented at this time lead to the novel synthesis of several host complexes which selectively bind
to guest molecules; included in this series of molecules were those synthesised by: Donald J. Cram,
who synthesised the macrocyclic cyclophane, Charles J. Pederson who synthesised the crown ether,
and cryptands which were synthesised by Jean-Marie Lehn (Figure 3).2%?2 There have been
significant advancements in the field of supramolecular chemistry within the last decade, with the
2016 Nobel Prize being jointly awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Ben L.
Feringa, for their pioneering contributions to the initiation and development of synthetic
supramolecular machines.?*?* Sauvage developed a mechanically-interlocked architecture

consisting of two or more interlocked macrocycles called catenanes (Figure 3).%

C)

Figure 3 — The series of host-guest complexes synthesised by: A) Cram (spherand), B) Pederson (crown ether), C) Lehn
(cryptate) and D) Jean-Pierre (catenane).

Supramolecular complexes can be designed to either self-organise, preorganise or both. Self-
organisation is the process by which the molecules of a complex are arranged into more complex
structures through the presence of intermolecular, non-covalent interactions.?® Whilst
preorganisation is the process where a molecule has been designed to interact only with specific
and complimentary molecules through non-covalent interactions.?” Preorganisation in molecules is
beneficial as it has been shown to increase the binding affinity of molecules in host: guest chemistry
by lowering the energy required to bind the guest molecules to the receptor.?® Although, other
factors such a steric interactions play into the binding affinity also, where the steric structure of a
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molecule is optimised for specific guest binding, preorganisation of the host molecules have led to
higher binding affinities for host: guest complexes. Molecules like this include the carborane cages
which are carbon, boron and hydrogen based cages that poses planar preorganized cavities in an
uncomplexed state.?>3® Whereas, traditional macrocycles such as the crown ether do not poses

preorganized cavities.

There is a fine balance occurring between electrostatic interactions and solvent interactions in
a system that enables the formation of a supramolecular complex, where the predominance of one
type of interaction may alter the formation of the complex. There are several types of non-covalent
interactions, the most commonly considered are as follows: the dipole-dipole interaction, m-mt
interaction, ion-ion interactions and lastly the hydrogen bond,*! which can also be considered as a

mixture of covalent and electrostatic interactions.

The dipole-dipole interactions are the weakest type of interaction, with energies of < 5-20
kJ/mol, and are formed through the attraction of one dipole to another (Figure 4A).32 Due to the
nature of these type of interactions, there is a repulsive effect that increases as distance between
the molecules decrease. Eventually, a point is reached where the effect of the repulsive forces
overshadow the attractive forces, and the distance between the molecules begins to increase. n-
T interactions occur between aromatic ring systems through the electropositive and
electronegative regions, and have energies of 0-50 kJ/mol.3* There are three ways the ring systems

can stack: face to face (Figure 4B), edge to face (Figure 4C) or offset (Figure 4D).®

A) B) C) ~. D)
e () oy
S D

Figure 4 — lllustrations of non-covalent interactions: A) dipole-dipole, B) -1t face to face, C) n-nt edge to face, D) t-m offset.
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The strongest non-covalent interactions are the ion-ion interaction. These types of interactions
have bond energies similar to a covalent bond, with values of 100-350 kJ/mol. A covalent bond will
have an energy of < 150 kJ/mol.3® Within this type of interaction fall the ion-dipole interactions,
these types of interactions occur between a charged ion and a dipole from a polar molecule. There
are also cation-t and anion-mt interactions. Cation-mt interactions occur between cationic species
and electron rich aromatic ring systems,®” anion-Tt interactions occur between anionic species and

electron deficient aromatic ring systems®® (Figure 5).

A) - B) C)

F
H 1 H ‘ cr
50-*Na---0 & N =
’ H SN

T4
0. F” N~ F
H s~ H

Figure 5 — lllustration of non-covalent interactions: A) ion-dipole, B) cation-m, C) anion-m.

The final non-covalent interaction discussed here is the hydrogen bond, which has been
studied in great depth since its discovery.>**! With an energy range of 63 — 167 kJ/mol for covalent
interactions, 17 — 63 kJ/mol for strong interactions such as electrostatic interactions and <17 kJ/mol
for weak electrostatic interactions.*>*> Hydrogen bond lengths range from 1.5 A to 3.5 A.%6%
Hydrogen bonds are formed between an electropositive hydrogen atom containing group and an

electronegative atom.

The hydrogen atom containing group acts as the hydrogen bond donor (HBD) with the other
electronegative atom acting as the hydrogen bond acceptor (HBA).*® When compared to covalent
interactions, non-covalent interactions are weak, however, the effects of individual interactions are
additive and can be strong enough to stabilise molecular structures and complexes. Hydrogen

bonds are able to adopt several different geometrical structures, including: linear, bent, bifurcated
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(accepting and donating), trifurcated and three centred bifurcated (Figure 6).*° Optically formed
hydrogen bonds are those that are short range, selective and directional. The selectivity and

directionality increases with the strength of the bond formed.*38

1) 2) A 3)
. A
E—H--A E—H E—H_
A E = Electronegative hydrogen bond donor
4) 5) 6) A H = Hydrogen atom
H A H
E< A E-H-A E A A = Electronegative hydrogen bond acceptor
H A \H
A

Figure 6 — Examples of geometric structures formed through hydrogen bonding: 1) Linear, 2) Bent, 3) Accepting
bifurcated, 4) Donating bifurcated, 5) Trifurcated, 6) Three-centre bifurcated.

Supramolecular complexes are often seen in biological systems and play a vital role in the
progression of life. A varied and important example of this is proteins, but more specifically,
enzymes. These are often complex protein structures folded through non-covalent interactions that
can catalyse chemical reactions within the body,* these protein structures also exhibit selectivity

to substrates forming tightly bound complexes, such as an antibody bound to its target infection.

An antibody is a specialised structure designed to detect foreign particles within the body and
defend against these particles.”! These final structures are formed through several steps, initially
the primary structure is formed and consists of a chain of amino acids, followed by the secondary
structure which is the first step of self-assembly through hydrogen bonding, forming a-helixes and
B-sheets.>? The tertiary structure then forms, which is where the secondary structure self-
assembles further through several non-covalent interactions such as further hydrogen bonding,
ionic interactions, sulfonate bridges and hydrophobic interactions.> The final step involves the self-
assembly of two or more tertiary units to form the quaternary units (Figure 7). These structures are

held together using the same non-covalent interactions as present in the tertiary structures.>
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35

A) Primary structure B) Secondary Structure C) Tertiary structure
a-helix B-sheet

D) Quaternary protein

Figure 7 — Illustration of the steps in protein formation: A) Primary protein, the amino-acid chain held together through
peptide bonds, B) Secondary protein, eg a-helix and B-sheets held together through hydrogen bonding, C) Tertiary protein
formed from the folding of the secondary structure through hydrogen bonds, ionic bonds, hydrophobic interactions and
disulphide bridge formation in order to compact the structure, D) Quaternary structure formed from the assembly of two
or more tertiary units held together through hydrogen bonds and van der Waals interactions between non-polar side
chains.

A complex example of a biological system containing non-covalent interactions is the cell
membrane (Figure 8). This naturally occurring structure contains many non-covalent interactions,
including those previously discussed.>® Most notably are the presence of hydrophobic interactions
as part of the main body of the cell membrane, the phospholipid bilayer.>®>” Hydrophobic

interactions are non-covalent interactions that occur between water molecules and low water

soluble molecules called hydrophobes, such as phospholipids.>® The phospholipid bilayer is a thin
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polar membrane comprised of two layers of phospholipid molecules. These structures exist as
components of almost every organism and many viruses t0o.>° Their presence is not limited to the
cell membrane, but also exist around sub-cellular structures such as liposomes. The bilayers
responsibilities include: the protection of the cell, enabling extracellular communication through
the transport of substances in and out of the cell and to facilitate the exchange of ions through the

cell wall.®®

Glycoprotein

Glycolipid Y
B
® ns
] Alpha-helix protein Carbohdr&tez
[ |
./. ‘ Globular protein Integral protein 'S
| *

®
____®
Phospholipid ’ ‘ \

Channel protein
Phospholipid bi-layer Peripheral protein Cholesterol

Figure 8 — Illustration of a cell membrane.

The phospholipid bilayer enables the transportations of proteins into the cell. This occurs due
to the presence of structures such as membrane proteins.®! These work by forming complexes with
extracellular proteins that when bound, trigger specific reactions either within the cell membrane
or within the cell itself.?? Molecules may also enter the cell through the action of being directly
delivered through the membrane and into the cell. In order to achieve effective penetration of the
cell membrane long alkyl chains are required in order to achieve this due to their ‘oily’ like nature
when interacting with the phospholipid bilayer. These molecules must also possess the ability to
store molecules within their structures, usually bound through non-covalent interactions. An

example of molecules that are able to store molecules within their structure, and have the ability
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to easily append long alkyl chains are cyclic oligomer derivatives, called calixarenes. These may be

the perfect type of compound to act both as a carrier and as delivery device.®

1.3 Calixarenes

Calixarene molecules are cyclic compounds composed of repeating units of phenol, and usually
range in size from 4-20 repeating units, although other sizes have been synthesised. It has been
over 140 years since the first rudimentary calixarene compound was first discovered in 1872 by
Adolf von Baeyer.®* Baeyer discovered simplistic versions of these compounds when he heated

aqueous formaldehyde with phenol.

Years later in the early 1900s, Leo Baekeland refined this process and marketed the resinous
product as Bakelite®® (Figure 9)%; he referred to these structures as [1.Jmetacyclophanes.®’ Later,
Zinke and Ziegler began the synthesis of modern calixarenes in 1941 through the synthesis of p-
tert-butylphenol and formaldehyde to form what today is called p-tert-butylcalix[4]arene.® Later,

the compounds were fully characterised by C. D. Gutsche as calixarenes in the late 1900s.7°

OH OH 0] OH
@ HO OH Heat [HO CHal 0 O O
iy Phenol
' H.0 -
z 0
JH2CO
HO HO HO

Bakelite as a cross-linked solid

Figure 9 — The synthesis of Bakelite produced as a resinous solid from phenol and formaldehyde.

The word calixarene derives its meaning in two sections. The first being ‘calix’ from a Greek

word meaning chalice, or cup like, and ‘arene’ which signifies the presence of aromatic rings.”*
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Calixarenes are classified as cyclic oligomers, which are macrocycles comprised of two sections, a
narrow, lower endo rim and a wider, upper exo rim (Figure 10).”%2”® They are synthesised through
the reactions of phenol and aldehyde in the presence of a strong acid,”? or a base’ for larger ring
systems. However, the work up from these syntheses are often time consuming and difficult.” This
may be largely due to the presence of reaction side products and conformers of the desired
product. The existence of these species may alter the desired compounds affinity for specific

solvents, which increasingly makes purification difficult.

A) B)

. R h q/\l/
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) - /Y
i OH In OH &}H{Iqud —» Endo

Figure 10 — lllustration of R-calix[4]arene: A) Simplified model, B) Cyclic model displaying exo and endo regions.

The presence of a methylene bridge at the ortho position on the benzene allows for easy
maneuverability around this point.”® This leads to the formation of several kinds of conformers
(Figure 11). Functionalization at the upper and lower rim can induce or lock the calixarene into one
of these conformations.”” Calix[n]arenes, where [n] is larger than 4, have reduced conformational
energy barriers allowing greater access to alternative conformations during their synthesis.”?

Alternative conformations may lead to induced effects, such as increased efficacy in coordination

properties.”?
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Figure 11: Conformations of p-tert-Butylcalix[4]arene: A) cone conformation, B) partial cone conformation, C) 1,3-
alternate conformation, D) 1,2-alternate conformation.

Modification occurs either through, but is not limited to, the derivatisation of the OH group
and through the electrophilic substitution of the benzene ring following the removal of the R group
in the para position (Figure 12).7%7° Replacement of the hydroxyl group with specifically selected
substituents is a simple route to locking conformation. Alkyl chain-based substituents are popular
and often allow for further derivation if it is required. However, modification sites also include the
methylene bridges.”® Modifications in this position may produce yet more conformers, which may
occur through standard ring inversion. Conformers produced at these modification sites, with one
site substitution are axial and equatorial based, those with two site substitutions produce cis and

trans isomers (Figure 12).7° The group which is appended to the methylene bridge may also
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influence which position the functional group sits. For instance, alkyl groups appear to have an

increased preference for the equatorial position when compared to aryl groups.”®

o) R
A) NH; \-OH R
0
HO 4 *
\P/O O
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oH ©OH OHHO
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Figure 12 — Examples of different modifications and conformers: A) Examples of modifications in the para and ortho
positions, B) Examples of axial and equatorial isomers where one methyl bridge is modified, C) Examples of cis isomers
when two methyl bridges are modified, D) Examples of trans isomers when two methyl bridges are modified.

The ability to amend differing functional groups to the positions mentioned, allows the
formation of a wide array of calixarene derived compounds (Figure 13).8%8 The seemingly unlimited

alterations which can be made to these compounds have led to a variety of systems with specific
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properties and activities. Alterations include the addition of aroyl groups to form ‘deep cavity’
calixarenes.”” Deep cavity calixarenes may be designed to have increased hydrogen bonding to a
guest in host-guest chemistry.®2 This type of calixarene has also been designed to have properties
specific to fluorescence, with enhanced solubility in fluorescent solvents, as well as improved

efficacy as fluorescent sensors, along with varied functional groups for molecular recognition.®

C)

Figure 13 — Examples of different calixarene based compounds: A) 1,3-alternate modified at the ortho and para positions,
B) Cone conformation modified at the ortho and para positions, C) Cone conformation modified at the methylene bridge.

Calixarene modification for the application to cell membrane ion transportation has over the
years been extremely well documented.?% Calixarenes have been used to enable the process of
cross membrane ion transportation to be studied. Derivatives of these structures have shown
selectivity to ions and are able to regulate ion transportation whilst forming ion channels in bilayer
membranes.®® When introduced to the membrane, be it a monolayer, bilayer or phospholipid
bilayer, derivates of calixarene compounds interact with the cell membrane through non-covalent
interactions. These can be through hydrophobic interactions, the formation of hydrogen bonds,

ionic interactions and more.?t?3

Calixarenes designed to mimic ion-channels are often designed as amphiphiles.9%

Amphiphiles are molecules that contain both a nonpolar hydrophobic region, often referred to as

the “tail’, and a polar hydrophilic region, often referred to as the ‘head’.*® Amphiphilic calixarenes
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possess largely hydrophobic ‘tails” modified at the lower rim, with hydrophilic ‘heads’ modified at
the upper rim, they may also exhibit self-assembly within the membrane.’”*® lon-channel
mimicking calixarenes can be activated through several methods, some of which are through ion

recognition, through polarization, or through changes in pH.%-10!

The method through which these compounds are activated depends, of course, upon the
structure. There are several functions that synthetic ion channels must have. These compounds
must have the ability to transport ions in the range of 10* to 108 ions per second, it must be able to
discriminate between species and must be at least 40 A in length because this is the average width
of a phospholipid membrane.®* Calixarenes as synthetic ion pores are well suited in this role
because of their selectively designed cavities, with aromatic units of 4 being the most effective

choice for this role (Figure 14).%!
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Figure 14 — A range of ion-specific filters inspired by calix[4]arene.
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Research into calixarenes moving forward is being centred around applications in biological
systems,®? and environmental systems. Included in this are their application to drug sensing,
biotechnology and biosensors® and as metallic sensors, which been greatly documented.’#103-105
When calixarene compounds act as metalloreceptors they are multidentate ligands containing non-
covalent binding sites which are often preorganised allowing for secondary interactions with a
coordinated substrate.% Applications of ligand calixarenes vary, where some have been designed

107

to act as environmental heavy metal detectors,’”’ some may act as both detectors and separators

108

of metal ions or species'®™ and others have been incorporated into metal-organic frameworks

(MOFs) for the detection of nitrogen dioxide, NO,.1%°

An area of research which cannot be ignored here due to its ever-growing importance in
society, is the application of calixarene derivatives to drug delivery. It is something that has
provided significant evidence for improved efficiency and efficacy of already in place drug delivery
systems, as well as paving the way for new and improved systems.'? Delivery systems developed
include micelles, hydrogels, vesicles and liposomes and supramolecular nanovalves on mesoporous
silicas.!!! Calixarene derived drug delivery systems may be triggered to release their pay load
through several methods. These include being sensitive to pH!!? (Figure 15) and naturally present
receptors.'® Calixarene based drug carriers interact with the loaded drug through non-covalent
interactions. The non-covalent interactions that occur here depend on the designed system, but
may include hydrogen bonding, ionic interactions, van der Waals interactions and electrostatic

interactions.14-116

Drug for loading Drug for unloading

AC Disassembly

AC Assembly
Drug unloading

Drug loading

pH<6.0 or pH>8.0 pH<6.0 or pH>8.0

Figure 15 — lllustration of a pH dependant calixarene based drug delivery system, where AC means amphiphilic calixarene.
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Amphiphilic calixarenes have been extensively explored in research and are designed with a
hydrophilic group and a hydrophobic group, usually in the form of an extensive alkyl chain.'!’
Research into calixarene based amphiphiles and supra-amphiphiles has indicated the application of
this type of compound to both drug delivery systems and to disease recognition and treatment is
an effective system moving forward.!'”1® Not only because of the ease of functionality alterations
to the starting compound, but also because these molecules interact through non-covalent

interactions.**®

Amphiphilic calixarenes have been shown to self-assemble into several different forms,
including: micelles, vesicles, nano-tubes, rods and fibres.'? These compounds have also been
shown to form different aggregates in differing conditions, changing their form from a micelle
structure to a fibrous structure.'?>22 This type of reaction to the environment means that the
application of the compound may be altered to cater for different purposes simply by exposing the

compounds to different environments.

1.4 Supramolecular Amphiphiles

Ampbhiphiles are categorized into four groups: anionic, cationic, neutral and zwitterionic.'?3
Anionic amphiphiles have an overall negative charge with functional ‘head’ groups such as
sulphates and phosphates (Figure 16A).1%* Cationic amphiphiles carry a positive charge with
common ‘head’ examples such as amines or ammonium ions (Figure 16B).12*> Neutral amphiphiles
carry no overall charge, their properties are dependent on the functional groups present and how
easily they deprotonate (Figure 16C).2? Finally, the zwitterionic amphiphiles carry both a positive
and a negative charge within the ‘head’ group (Figure 16D).1?’ It is common for the hydrophobic
region of an amphiphile to be a long alkyl chain, but this may differ in some cases where there are
aromatic ring systems or where trifluoromethyl is present.!?®13% The ‘head’ region of an

amphiphiles will be polar in nature, whilst the ‘tail’ region will be non-polar by nature.
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Figure 16 — Examples of different amphiphiles showing the non-polar region in black and the polar region in pink: A)
Anionic, B) Cationic, C) Neutral, D) Zwitterionic.

Simplistically, amphiphiles are generally formed through covalently linking a hydrophilic
molecule with a hydrophobic molecule.’®! This means there is great availability for the formation
of highly diverse amphiphiles. From simpler or smaller molecules such as phospholipids, to larger
more complex molecules such as amphiphilic block copolymers.1?>132133 While amphiphiles that are
analogous may be synthesised using the same starting method, the synthesis of other types of
amphiphiles varies greatly. For instance, fluorinated 1,2-di-O-alkyll glycerol-PEG is formed with the
intended use to reduce the amount of anaesthesia used in operating rooms, whilst also increasing
its affects and may be formed under phase transfer catalysis.’** Whilst a range of ampbhiphiles can
be synthesised for a variety of purposes through the use of click chemistry, as well as copper-
catalysed azide-alkyne cycloaddition (CuAAC) reactions (Figure 17).1% These types of synthesis can
be used to form phospholipid based amphiphiles with up to 20 alkyl chains with uses from drug

delivery to solubilising bioactive food additives.'3>13¢
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Figure 17 — Examples of alkyne attached ‘tails’ in a phospholipid: A) Double alkyl chain tail where R = (CH2)1,CHs, B) Triple
alkyl chain tail where R = (CH;)sCH=CH(CH,);CHs.

The general effects that a functional group has on the parent compound is well known and well
documented.'® From electron withdrawing/deactivating groups such as the nitro, ammonium and
halogen based groups, to the electron donating/activating groups such as the amide, alkyl and,
occasionally, the hydroxyl based groups. Groups such as the hydroxyl group may be both

withdrawing and donating depending on the system in which it is in.

However, the effect that functional groups may have on the properties of amphiphiles is
something that requires investigation when novel compounds are being synthesised. This because
adding electron donating or withdrawing groups affects the electron density of a molecule. This can
cause changes to the polarity of the molecules which may result in a change to the ability of a
molecule to form non-covalent bonds. Meaning that, changes to the molecules ability to self-
associate may occur, or the ability to act as a receptor molecule for different substrates may also

change.

Changing the functional group may change the type of the aggregate formed by the amphiphile
during self-assembly. For instance, swapping end chain functionalised cyclodextrin for adamantly-
functionalized calcein alters the properties of the aggregate formed by changing the diameter of
the aggregate as well as the thickness of the aggregate wall.!*®* Amphiphiles self-assemble into
aggregates when in solution. The structure of the aggregates formed varies depending on the
design of the amphiphile as well as the solvent in which it is introduced to, forming structures such

as micelles, reverse micelles, vesicles or lipid bilayers.1333 Polar solutions will force the formation
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of micelles (Figure 18A), whilst non-polar solutions force the formation of reverse micelles (Figure
18B).2° The presence of hydrophobic groups can also affect the type of aggregate formed, for
example, phospholipids with a single hydrocarbon ‘tail’ can form micelles, whereas those with two
or more hydrocarbon ‘tails’ are too bulky to form micelles and so form structures such as bilayers

(Figure 18C) or vesicles (Figure 18D).14!

900000600000 000000
Polar Solvent Non-polar solvent
Hydrophilic head group Hydrophilic head group
Single hydrophaobic tail group ﬂ Double hydrophobic tail group

Figure 18 — Examples of amphiphilic aggregates: A) Single hydrophobic chain amphiphile in a polar solvent. B) Single
hydrophobic chain amphiphile in a non-polar solvent. C) Double hydrophobic chain amphiphile forming a lipid bilayer. D)
Double hydrophobic chain forming a vesicle.

Literature has shown that changing the functional groups on an amphiphile changes some of
its properties.*#1% These properties include the ability to form gels in aqueous solutions, or the
ability to act effectively as an antimicrobial agent.'**!%> Most types of antimicrobials work by
targeting the DNA of a cell, or enzymes on the membrane of a cell.}*®'% These types of
antimicrobials may have higher toxicity to mammalian cells, compared to antimicrobials based on
peptides that disrupt the bacterial membrane.*®% Peptide amphiphiles are a class of peptide
based antimicrobial amphiphiles that were developed in 1995 by Matthew Tirrell and Gregg
Fields.™ This class of amphiphiles work by associating with the bacterial cell membrane, this
discovery led to the development of new amphiphilic drugs. Some examples of amphiphilic drugs

are: tranquilizers, antihistamines, antidepressants (Figure 19), B-blockers and antibiotics.1>"1%¢
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Figure 19 — Examples of two structurally related antidepressant amphiphilic drugs.

Research into amphiphiles has led to the development of supra-amphiphiles, these are
molecular machines that interact and are formed through non-covalent interactions.’®” Research
published by Wang et al. stated that supra-amphiphiles may be formed in two ways, either through
the non-covalent combination of a hydrophilic and a hydrophobic component,**® or to amend a
molecule with groups of non-covalent interactions that change the physical properties associated
with the molecule.™ From this, low molecular weight amphiphiles have been shown to self-

160

associate through hydrogen bonding,'®® especially those containing specific functional groups such

as the urea functional group.®!

Faustino et al. developed an analogue of anionic urea based salts that were derived from
sulphur containing amino acids (Figure 20A, B).'®2 The study showed that hydrogen bonding
occurred at the urea moiety, did not affect the formation of micelles, but showed no antimicrobial
activity. With this in mind, Pittelkow et al. synthesised aromatic anionic-urea salts derived from
sweeteners (Figure 20C),'%371% with a focus on the complexation of dendrimers and not the self-
association properties. Hiscock et al. then went a step further and modified the sulfonate-urea salts
with a focus in the self-association properties of these compounds. They discovered some of the

amphiphilic salts showed signs of antimicrobial activity (Figure 20D).16®
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Figure 20 — Depiction of the evolution of the anionic urea amphiphile: A) Anionic monomeric urea amino acid, B) Anionic
dimeric urea amino acid, C) Anionic aromatic urea, D) Modified anionic aromatic urea, X = SO3  or CgHeCF3, A =
tetrabutylammonium (TBA*) counter cation.

The amphiphiles shown above in Figure 20 consist of an anionic hydrophilic HBA group and a
urea group. These groups are used to form different binding patterns, but they cannot exist at the
same time and so the system becomes ‘frustrated’.'®® Hydrogen bonding allows for the amphiphile
to self-assemble either through the urea-urea groups or through the urea-anion groups. Binding
through each mode creates different structures, where the urea-urea can form either a dimer or a
tape like structure, and the urea-anion forms a syn-stacked or an anti-stacking structure (Figure
21).%%7 Concluded from the research by Hiscock et al. was that the binding mode was dependant on
the molecular structure of the amphiphile, as well as being dependent upon the solvent system

used to form the aggregate.
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Figure 21 — Examples of possible hydrogen bonded self-association modes for this type of anionic urea based amphiphile.

Hiscock et al. then proceeded to develop an analogue of novel amphiphiles that kept the same
general structure.'® Functional groups present on the hydrophobic aromatic ring were altered,
some electron withdrawing, and some electron donating groups were affixed. These included
amide and nitro groups. The urea group was exchanged for a thiourea and the cation used was also
exchanged. Studies were conducted on the properties of self-association for these compounds in

the solid, liquid and gas phase.'®®

The research explained that compounds containing a urea-anionic group with a weakly
coordinated cation forms a urea-anion complex and formed dimeric species in the gas phase and
solution state when present in solutions containing high proportions of dimethylsulfoxide
(DMSO0).1%° When present in a water ethanol solution of mixture 19:1, the compounds formed
aggregates that were between 91-460 nm, three of which showed antimicrobial activity towards
Methicillin-resistant Staphylococcus aureus (MRSA), a gram positive (+ve) cell and towards

Escherichia coli (E.coli), a gram negative (-ve) cell.'#®
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Now that these compounds had shown promise as antimicrobials, the mode of action had to
be investigated. Hiscock et al. went on to investigate the mode of action in a 95 % water (H,0): 5 %
ethanol (EtOH) solution, investigating the aggregates formed in this solvent system. They did this
by synthesising a range of intrinsically fluorescent compounds®® that allowed the mode of action
to be studied using transmitted and fluorescence microscopy. The techniques showed that the
compounds formed vesicular structures that coat the surface of the MRSA cell. The compound then

penetrates the cells membrane and internalises before associating with the nucleoid (Figure 22).17°

Figure 22 — A) Green vesicular aggregates binding to the bacteria membrane of staphylococcus aureus (S.aureus), B)
Fluorescence microscopy image of white aggregates coating the surface of the cell membrane of S.aureus, C) Overlaid
fluorescence microscopy onto transmitted light microscopy displaying pink aggregates coating the surface of the cell
membrane of S.aureus, D) Fluorescence microscopy of white aggregates interacting with the nucleoid of the cell S.aureus,
E) Overlaid fluorescence microscopy onto transmitted light microscopy of pink aggregates interacting with the nucleoid
of the cell S.aureus. (Images obtained and produced by Laura Blackholly, Jennifer Hiscock and Dan Mulvihil).

One of the intrinsically fluorescent compounds used within these studies has been published
twice by Hiscock et al.}®®1%° The compound is a tetrabutylammonium (TBA) sulfonate-urea
amphiphilic salt (Figure 23) which demonstrated the presence of dimers in the solid state formed
through sulfonate-urea hydrogen bonds. Large aggregates of this compound were formed in low

amounts of DMSO as shown in quantitative nuclear magnetic resonance (QNMR), with a size >1000
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nm and were thought to be smaller aggregates combining to form larger ones. Ina 19: 1 H,0: EtOH

solution the compound formed aggregates of size 220 nm. 168
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Figure 23 — Structure of novel TBA sulfonate-urea amphiphilic salt from Hiscock et a/.168

The experiments concluded that the properties of amphiphilic surfactants may be predicted
based on the capabilities of the HBD urea group to form hydrogen bonds. The formation of these
bonds are limited in this compound due to the presence of intramolecular hydrogen bonds formed

between the benzothiazole nitrogen and the urea NH.1%°

1.5 Fluorescent Receptors

Fluorescent receptors are receptors that emit a longer wavelength of light than the wavelength
of light by which it was excited.!”* The compound shown above, in Figure 17, has the capability to
act as a fluorescent receptor. This is because it is intrinsically fluorescent due to the benzothiazole
group whilst possessing a urea group, these groups combined enable hydrogen bond formation.¢®
Early reports of fluorescent receptor synthesis and design date back to the 1970s,'7?> where in 1974,
M.J Anderson and M.W Cohen first reported the process of labelling compounds using a fluorescent
dye.l”® Whilst the method was revolutionary, it failed to recognise ligand binding sites and instead
it detected the receptor proteins.?’? Technologies later developed that focused on the detection of

ligand binding sites which thus allowed for processes triggered by ligand-receptor interactions to

be monitored.
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Compounds that are intrinsically fluorescent are often ones that contain extensively
conjugated systems.}’*”> These are systems that usually contain alternating single and double
bonds, most commonly seen in ring systems such as benzenes and pyrroles.’”® Compounds
containing multiples of these groups may have increased fluorescence, where the light emitted
displays an increase in emission intensity.’* For synthesised compounds to have the ability to act
as fluorescent receptors they must possess two fundamental qualities. Firstly, the compounds must
be fluorescent and secondly, the compound must have the ability to form non-covalent bonds,

usually in the form of hydrogen bonds.*”’

Receptors must be designed to contain complimentary binding sites to the molecules or atoms
for which it is designed to bind with.'”® This means designing receptors that contain a sufficient
number of available binding sites both in the HBA and HBD regions involved in host-guest chemistry.
Receptors may be classed into categories, for instance, by the type of chemical reaction that is
induced during the recognition of the analyte. This may include those designed based on a cleavage
reaction, a nucleophilic addition reaction, a reduction reaction, a complexation reaction or a

deprotonation reaction.*”®

However, the focus here is on the application of supramolecular sensors to the field of
molecular recognition or, more specifically, optical sensors. Optical sensors may be categorised as
either colorimetric, circular dichroism or fluorescence based.’ Fluorescent optical sensors are
synthetic molecular devices that are designed to bind analytes by non-covalent interactions,
producing a change in fluorescence (Figure 24).18 The change in fluorescence upon the addition of
an analyte is indicative of binding, it may also be indicative of the type of analyte bound as different
analytes may produce different changes to the fluorescence of the receptor compound. The types
of changes which may occur are fluorescence quenching, an increase in fluorescence emission
intensity, a shift in the wavelength of the peak maxima of the emission spectrum or it may cause
an on/off type ‘switch’ to the fluorescence.®271% These effects are direct results of binding, and do

not occur unless a specific analyte is bound.
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Figure 24 — Graphical representation of the effects an analyte may have on a fluorescent receptor: A) Receptor in ‘off’
mode exhibiting no fluorescence along with a selection of analytes, B) Receptor analyte complex in ‘on” mode exhibiting
fluorescence, C) Receptor analyte complex exhibiting quenching upon binding with a different analyte, shown through a
decrease in the number of arrows compared to B, D) Receptor analyte complex exhibiting increased fluorescence intensity
upon binding with a different complex, shown through an increase in the number of arrows compared to B, E) Receptor
analyte complex representing a shift in peak maxima through a change in the colour of emitted light, compared to B.
Hydrogen bonding chemosensors for: F) Urea, G) Creatinine, H) Monosaccharides.

Some common fluorescent compounds are anthracene,® fluorescein®” and quinine.'® These
compounds are good starting points for the development of novel fluorescent receptors. They are
already fluorescent, so the first point of alteration should be to add groups that are good HBAs,

such as ones containing nitrogen, fluorine and oxygen although, nitrogen and oxygen become HBDs

when bonded to a hydrogen atom.®

Examples of anthracene based receptors with a variety of analyte detection capabilities and

designs have been published (Figure 25).2%1%2 From the selective detection of anions, to the
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detection of dicarboxylate, anthracene based receptors are just the start. A common moiety
included in the structure of fluorescent receptors is the urea group. There are anthracene
derivatives,'*? as well as fluorescein derivates'® which contain this group. The use of a (thio)urea
group is effective within a receptor as it acts as an HBD with two positions available for hydrogen
bond formation. An article published in 2008 discussed the synthesis and design of an adenine
based fluorescent receptor possessing either a thiourea or a urea group.® The paper discussed the
prevalence of (thio)urea groups to form directed bonds with spherical ions, such as those in the
halide group, with tetrahedral phosphates and with planar carboxylate anions.'®® This singular
paper alone shows the abilities that one receptor may have to detect multiple different analytes,

whilst remaining stabilized and selective.
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Figure 25 — Anthracene based fluorescent receptors for: A) The selective binding of anions such as H,PO4 and F, B) The
selective binding of aliphatic carboxylates.

Making receptors that are fluorescent is advantageous because they can be studied using
different techniques. Several techniques can be employed including: ultraviolet visible
spectroscopy (UV-vis), fluorimetry or through proton nuclear magnetic resonance spectroscopy (*H
NMR).1%¢197 14 NMR may be used to detect the change in structural stability or conformation of the
fluorescent receptor upon the binding of a guest material. There will often be a change in the NMR

spectra seen where a peak representative of the proton present on the urea moiety disappear due
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to the formation of hydrogen bonds between them and the guest analyte. Changes exhibited in

fluorimetry and UV-vis are described above in Figure 24.

As Hiscock et al. demonstrated, the TBA sulfonate-urea amphiphilic salt shown in Figure 23
exhibited the formation of dimers in the solid state, indicating the formation of intermolecular and
intramolecular hydrogen bonds.®® It follows that the benzothiazole-urea section of this compound
makes for a good base for the development of novel fluorescent receptors that share this

benzothiazole-urea moiety.

1.6 Project Aims

The aims of this project is to synthesise a calix[4]arene based amphiphilic salt that exhibits
antimicrobial activity towards MRSA and E.coli, and/or improve the efficacy of amphiphilic
antimicrobial active compounds already published by Hiscock et al.**® Hence, two calix[4]arene
inspired compounds will be synthesised and characterised in the gas phase using electrospray
ionisation mass spectrometry (ESI-MS) and in the solution state using NMR spectroscopy.
Compounds 2-9 will be synthesised as precursors to compounds 10 and 11 as the amphiphilic

calixarene derivatives.

The characterisation and properties of two novel sulfonate-urea amphiphilic salts will be
explored in the solid state, gas phase and solution state using single crystal X-ray diffraction
(SCXRD), negative ESI-MS and NMR spectroscopy. Compounds 12 and 13 were synthesised outside
of this project and sent for investigation only, previous versions of these amphiphiles have exhibited

antimicrobial properties.'#®

Four benzothiazole-urea based fluorescent receptors have been synthesised and characterised
in the solid state, gas phase and solution state using single crystal X-ray diffraction, negative ESI-
MS, NMR spectroscopy and fluorimetry. Compounds 14-17 were tested against a variety of
different anions which were acetate, benzoate, chloride, fluoride, hydroxide, hydrogen-sulphate,

phosphate monobasic and sulphate. Compounds 1-17 are shown in Figure 26 below.
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Figure 26 — Structures of compounds 1-17.

2.0 Supramolecular self-associating amphiphilic calixarenes

A range of calix[4]arene compounds were synthesised to improve the delivery of novel
antimicrobial amphiphilic salts as well as to increase the efficacy of their effect. Compound 1 was

designed as a receptor molecule for another project. Compounds 2-9 were synthesised as
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precursors to compounds 10 and 11. Compound 10 was designed as an amphiphilic salt, and
compound 11 was designed as an aliphatic urea, these were designed as the final structures of the
calix[4]arene inspired receptors. Compound 10 and 11 were designed to have different structures
so that the efficacy effects could be compared across different structures to better determine which
functional group has the greatest effect as either a drug delivery system or as part of a

coformulation product with amphiphilic salts.

2.1 Synthesis

Compounds 1-3, 5 and 9 have been previously published'#1%-2%0 byt are required to synthesise
4, 6-8, 10 and 11, which are novel compounds. Compound 1 was synthesised according to reaction
1 (Scheme 1), by combining pyrrole and acetone, with a yield of 57 %. Compound 2 was synthesised
according to reaction 2 (Scheme 1), by reacting p-tert-butylcalix[4]arene and phenol, with a yield
of 66 %. Compound 3 was synthesised according to reaction 3 (Scheme 1), by reacting calix[4]arene
with butyl iodide in the presence of potassium carbonate (K,COs), producing a yield of 51 %.
Compound 4 was synthesised through the direct nitration of compound 3, reaction 4 (Scheme 1)
using 70 % w/w nitric acid (HNO;) and 95 % w/w sulphuric acid (H2SO,) diluted to 80 % w/w with a
final yield of 91 %, according to reaction 4. Compound 5 was synthesised according to reaction 5
(Scheme 1) by reacting calix[4]arene with butyl iodide in the presence of sodium hydride (NaH),

with a yield of 46 %.
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Scheme 1 — Synthesis scheme for compounds 1-5, conducted at room temperature.

Compound 6 was synthesised through the reduction of compound 4 using a hydrogen gas
balloon and palladium on carbon (Pd/C) with a yield of 90 %, according to reaction 6 (Scheme 2).
Compound 7 was synthesised according to reaction 7 (Scheme 2), with a yield of 17 %. Compound
8 was synthesised as an intermediate to compound 10 through the reaction of compound 6 with
triphosgene with an assumed yield of 100 %, according to reaction 8 (Scheme 2). The yield of
compound 8 is assumed to be 100% because it is an unstable intermediate and so cannot be dried
and weighed to gain the actual yield. This is the same for compound 9. Compound 9 was synthesised

according to reaction 9 with an assumed yield of 100 % (Scheme 2).
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Scheme 2 — Synthesis scheme for compounds 6 —9, conducted at room temperature.

TBA 100 % yield

Compound 10 was synthesised according to reaction 10 through the reaction of compound 9,
aminomethanesulphonic acid TBA, with compound 10 in ethyl acetate (EtOAc) producing a yield of
65 %. Compound 11 was synthesised according to reaction 11 through the reaction of compound 6

with butyl isocyanate in pure pyridine with a yield of 52 % (Scheme 3).
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Scheme 3 — Synthesis scheme for compounds 10 and 11. TBA = tetrabutylammonium

The synthesis of these compounds varied with difficulty. For instance, compound 1 was
relatively easy, as from start to finish the synthesis took one hour to complete. The synthesis of