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Abstract
Maintaining asymmetric balances of intra- and extra-cellular ion concentrations is essential
for the healthy and regular functioning of a cell as the presence of specific ionic gradients
are responsible for a number of cellular and physiological processes. In order to establish
and maintain these ionic gradients, ion channels provide one mechanism of controlled
transport of physiological ions such as sodium (Na+), potassium (K+), calcium (Ca2+) and
chloride (Cl-) into and out of the cell. Natural ion channels are large and very complex
proteins that are able to rapidly transport ions across the cell‟s bilayer membrane with high
selectivity.
In order to understand which structural characteristics are required for effective and selective
ion transport, a range of macrocyclic compounds based on calix[4]arenes, oxacalix[3]arenes,
pillar[5]arenes and diaza-18-crown-6 was synthesised as models for channel-forming
biomolecules. Through synthetic modifications and comparisons with their monomeric
equivalents, it was possible to determine relationships between their structures and their
activities. Polyether-based substituents, including an extended polyether, which incorporated
a trans-but-2-ene linker, were attached in order to produce membrane-spanning molecules.
The key elements investigated were the effect of the macrocycles compared to their
monomeric equivalents, the effect of macrocyclic cavity size on ion selectivity, the effect on
ion conductance observed between a rigid macrocycle compared with a flexible macrocycle
and the impact of altering polyether chain length and functionality on ion conductance and
selectivity.
The compounds‟ ion transport abilities were assessed on artificial planar lipid bilayers and
their antimicrobial activities determined by a variation of the Kirby-Bauer disc diffusion test
on the common pathogens: E. coli, S. aureus, P. aeruginosa and S. pyogenes.
Planar lipid bilayer results demonstrated that a predetermined structure, the length of the
polyether substituent and the fit between the size of the macrocycle to the cation were
important for transmembrane ion conduction; whereas the monomeric analogues formed
unregulated sized pores leading to irregular to no activity and general non-selectivity. The
rigid macrocycle compared to the flexible macrocycle demonstrated key differences in
conduction where it is postulated that the flexible macrocycle conducted ionophorically.
Antimicrobial tests revealed that the monomeric derivatives were significantly more potent
towards bacteria than their macrocyclic equivalents, presumably due to the production of
surfactant-like activity whilst the macrocyclic analogues displayed limited aqueous
solubility.
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Chapter 1
General introduction
1.1

The necessity for ion channel research

Ion channels are ubiquitous in all living organisms as they are responsible for a wide variety
of cellular and physiological processes. Mostly recognised for their role in the production of
electrical activity in excitable cells such as in neuronal, cardiac and muscle cells 1, their
influence far supersedes their widely renowned status as simply biological electrical
generators. The regulation of cellular volume and osmotic balance 2, cellular pH

3

and

initiating the release of essential secretions such as hormones from cells 4, are just a few of
the many crucial biochemical processes that ion channels contribute towards

4-7

. It is

therefore evident that precise ion channel activity is vitally important for the healthy
functioning of cells and tissues.
As ion channels are involved in such a vast array of fundamental biological processes, any
impairment in their activity may cause cells and tissues to dysfunction which could result in
a number of different diseases. Diseases caused by malfunctioning ion channels are termed
„channelopathies‟

8-10

. The cause of these channelopathies can either be inherited, due to a

mutation of genes encoding the ion channel protein, or acquired, usually due to autoimmune
or toxic effects 8-10.
The most common physiological ions are Sodium (Na+), Potassium (K+), Chloride (Cl-) and
Calcium (Ca2+)

11

. Mammalian cells typically have intracellular Na+ ion concentrations at

12mM with extracellular concentrations of 145mM. The reverse is true for K+ ions with
intracellular concentrations at 139mM and extracellular concentrations of 4mM. Typical
1

intracellular anionic Cl- ion concentrations are 4mM whereas extracellular concentrations are
116mM. Physiological Ca2+ ion concentrations however, are significantly different, as
typical intracellular concentrations are around 100 nM (0.0001mM) with extracellular
concentrations in the region of 2mM

11, 12

. The function of ion channels is to ensure

comprehensive regulation of these specific intra- and extracellular ionic concentrations, as if
these gradients are not exquisitely maintained due to faulty ion channel activity or any other
factors, cell dysfunction or even cell death may occur which could result in the production of
a channelopathy. Table 1.1 presents a selection of the innumerable ion channel disorders that
currently exist.
Natural ion channels are large complex proteins constituted by specific amino acid
sequences; however, some smaller, simpler compounds function in a similar way – by
interacting with bilayer membranes and facilitating the movement of ions from one side of
the membrane to the other. Natural peptide-based examples include melittin

13-19

(the

principal component of honey-bee venom), cecropin 18, 20-24, magainin 18, 25-28, alamethicin 19,
29-32

and gramicidin

19, 33

. Non-peptidic pore-forming compounds include nystatin

34, 35

and

amphotericin 36-40 which are recognised, commercial medicinal antibiotics currently used for
the treatment of fungal infections 41-43.
Despite these compounds‟ ability to enable the movement of ions across lipid membranes,
they exhibit poor ionic selectivity and an increase in general membrane permeability as their
mechanisms of actions are believed to be due to molecule accumulation in the membrane.
One consequence of this accumulation is the formation of multiple aggregates in the
membrane which are comprised of a few molecules each. These aggregates produce aqueous
pores of various sizes allowing unrestricted flow of ions across the lipid bilayer. The other
accepted premise is that molecule accumulation in the membrane causes extensive
disruption between the constituent phospholipid molecules, resulting in the integrity of the
membrane to be compromised. As the permeability of the bilayer membrane is increased,
ions and other intercellular components are able to leak unrestrictedly from the cell 44-48.

2

The ramification of uncontrolled transport of ions and other cellular components through
cell membranes is ultimately cell death

49-55

. As a result, these compounds are effective as

antibiotic and anti-microbial agents; however, they are unsuitable for use as treatments for
channelopathies.
Based on this ability that smaller, simpler, naturally-produced compounds facilitate ion
transport across phospholipid membranes, the impetus is present to investigate whether other
synthetic compounds may also perform such a task. Taking a step further and perfecting the
selectivity and regulation properties of ion transport that are lacking in current systems will
be a revolutionary achievement, as no current laboratory synthesised ion channel mimic
possess the potential to treat ion channel disorders.
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Ion

Disorder

Na+

Paramyotonia congenita 56-63
Hyper/hypokalemic periodic paralysis 56-63
Migraine 59
Generalized epilepsy with febrile and afebrile seizures 57-65
Long-QT syndrome 57, 60-62, 66-68
Liddle syndrome (hypertension) 60, 61, 66, 69-71
Pseudohypoaldosteronism 60, 61, 66, 72
Progressive familial heart block 60
Brugada syndrome (idiopathic ventricular arrhythmia) 60, 62, 67

K+

Hypokalemic periodic paralysis 56, 58-60, 73, 74
Ataxia 57-65
Epilepsy 59, 60, 62-65
Long-QT syndrome 57, 60-62, 64, 66, 67, 75-80
Cardiac arrhythmia 57, 64, 80, 81
Myokymia 60, 64
Hearing loss/deafness 57, 61, 62, 64, 80
DFNA2 (dominant hereditary hearing loss) 57, 60
Bartter syndrome 60-62
Hyperinsulinemic hypoglycemia of infancy 60-62
Andersen‟s syndrome 82

Ca2+

Cl-

Hypokalemic periodic paralysis 56-63, 83
Malignant hyperthermia 56-58, 60-63, 83
Central core disease 56-58, 60, 61, 63
Familial hemiplegic migraine 57-65, 83
Congenital stationary night blindness 57, 60-63, 83
Ataxia 57-65, 83, 84
Epilepsy 59, 61, 62, 64, 85
Catecholaminergic polymorphic ventricular tachycardia 60, 86
Arhythmogenic right ventricular dysplasia 60
Sinus node dysfunction 87
Cardiac arrhythmia 83, 86
Timothy syndrome 83
Autism 83
Asperger‟s syndrome 83
Rett syndrome 83
Childhood disintegrative disorder 83
Pervasive developmental disorder 83
Seizures 83, 84
Myotonia congenita 56-63, 88
Dent‟s disease 60, 62, 88
Osteopetrosis 60, 88
Hyperekplexia 60, 61, 88
Bartter syndrome 60-62, 88
blindness / retinal degeneration 88, 89
lysosomal storage and neurodegeneration 88, 89
Cystic fibrosis 60, 62, 88, 90

Table 1.1: A selection of disorders caused by abnormal ion channel function.
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1.2

The use of synthetic systems to mimic ion channel
activity

Natural biological ion channels are large transmembrane proteins comprised of very
complex and specialised polypeptide structures. Predictably, investigating the mechanisms
and activity of such large and complex systems is difficult. Small and considerably simpler
models can be constructed in which all the parameters of selectivity and specificity can be
structurally incorporated. Using these model systems, specific factors that govern ion
selectivity and conductance may be identified, producing a clearer understanding of how
ions are conducted through the channel at the atomic and molecular level.
This approach is inspired from nature where the use of smaller, simpler, low molecular
weight compounds has already been established. The incorporation of the desired
characteristics within the synthetic model allows individual components to be altered in
order to assess what effect, if any, that alteration has made on the conductance of the ion.
This enables structure-activity relationships to be studied in order to determine the essential
characteristics for the efficient and selective functioning of natural ion channels.
This „building block‟ approach cannot be conducted with large complex proteins because it
is well known that protein function is directly related to its precise sequence of amino acids.
If any alterations are made to the protein structure, even altering a single functional group at
its primary level, it will undoubtedly have some effect on the activity of that protein,
possibly even rendering it useless.
A chemist‟s approach to building a synthetic ion channel model is to synthesise a compound
which is able to insert into a bilayer membrane, exhibits good ion affinity and is selective for
only one species of ion. It is this field of artificial ion channel research that this project seeks
to extend and link to activities observed in nature.
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1.3

Introduction to supramolecular chemistry

1.3.1

Historical perspective on supramolecular chemistry

The field of chemistry has been divided in two since 1978 when Jean-Marie Lehn; corecipient of the 1987 Nobel Prize in chemistry, first introduced the term „supramolecular
chemistry‟

. The distinction between „molecular‟ and „supramolecular‟ chemistry is

91

differentiated by the nature of their bonding. Molecular chemistry involves the attachment of
individual atoms by strong irreversible covalent bonds to produce a molecule, whereas
supramolecular chemistry is concerned with intermolecular interactions which are the
weaker, reversible bonds that exist between molecules. Table 1.2 illustrates the types of
bonds that are involved in molecular and supramolecular chemistry 92-95.
Lehn described supramolecular chemistry as „the chemistry of molecular assemblies and of
the intermolecular bond‟

91

. Other terms include; „chemistry beyond the molecule‟, „the

chemistry of the non-covalent bond‟ and „non-molecular chemistry‟ 92. In a contextual sense,
this states that a chemical or biological receptor binds/interacts with another separate
entity/substrate via the formation of relatively weak, reversible intermolecular bonds; such
as H-bonds, electrostatic interactions or van der Waals forces, as opposed to the significantly
stronger and irreversible covalent bonds. This intermolecular binding of the substrate to the
receptor results in the production of a „supermolecule‟ or „supramolecule‟ where the
receptor‟s primary function is to selectively bind and interact with a specific substrate. The
selectivity and specificity of the receptor to its substrate lies in its design. The receptor itself
is synthesised by the formation of strong intramolecular covalent bonds that have specially
designed binding sites incorporated into its overall 3-dimensional structure, in order to
complement its target substrate. Figure 1.1 illustrates this process 91-93.
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Molecular
chemistry

Bond

Energy
(kJ mol-1)

Covalent

< 350

Examples

Carbon-Carbon single bond
Ion - ion

100 - 350
Ammonium cation and chloride anion

Ion - dipole

50 - 200

K+ - crown ether complex

H - bond

15 - 160

DNA
Supramolecular
chemistry
Cation/anion - π

10 - 80
Ion interaction with benzene

Dipole - dipole

5 - 50
Carbonyl compounds

π-π

1 - 40
Face-to-face benzene stacking

Van der Waals

>5

Hydrophobic
effects

-

Two molecules of the same compound

Phospholipid bilayer

Table 1.2: The various bonds involved in molecular and supramolecular chemistry 92-96.
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Figure 1.1: Visual representation of molecular and supramolecular chemistry 91-93.

The formation of a supramolecule is the result of a molecule interacting with and binding to
another, which contains at least one complementary binding site. This concept of one entity
attaching to a specific target at a specific site containing specific complementary regions was
introduced in 1894 by Emil Fischer; chemistry Nobel laureate in 1902, to which he called
the „lock and key‟ hypothesis

97

. This hypothesis was then revised in 1958 by Daniel

Koshland who proposed the „induced fit‟ hypothesis

98

. The difference between the two

similar, yet different, concepts is that the lock and key hypothesis states that the binding of
substances is not generic, but rather very specific. The induced fit hypothesis however,
incorporates this idea and adds another dimension to the theory in that the receptor slightly
changes its conformation in order to fully accommodate the target.
Despite Lehn‟s widely renowned and accepted primary definition of supramolecular
chemistry in 1978, the foundations were established more than a century earlier. The
discovery of cyclodextrins in 1891 by Villiers

99, 100

proved to be the first inclusion

compounds and a couple of years later in 1893, Alfred Werner introduced the concept of
coordination chemistry 101 which lead to his award of the Nobel prize in chemistry in 1913.
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Proceeding to the 20th century, the term „receptor‟ was first introduced in 1906 by Paul
Ehrlich

102

, which built upon Fischer‟s „lock and key‟ hypothesis. Ehrlich stated: „Corpora

non agunt nisi fixata‟

103

: „for molecules to act, they have to be able to bind‟

92, 95, 102-104

,

shortly after which he was co-awarded the Nobel Prize in physiology or medicine in 1908
for his work on immunity 105.
The term „supramolecule‟ was mentioned as early as 1937 by Wolf et al. 106 who referred to
the production of an „Übermolekül‟ when describing the self-association of carboxylic acids
via the production of hydrogen bonds 107 as shown in Figure 1.2 below:

Figure 1.2: The association of acetic acid by the formation of H-bonds as described by Wolf
et al. as an „übermolekül‟ 106.

As the term „übermolekül‟ was first introduced in 1937

106

, it seems puzzling that it took

forty years for scientists to begin to look at the field of supramolecular chemistry until it was
first described by Lehn in 1978 91, and took a further decade to gain worldwide acceptance
as a research area when Donald J. Cram, Jean-Marie Lehn, Charles J. Pedersen jointly won
the 1987 Nobel Prize in chemistry. This is because at the time, the accepted paradigm in
chemistry was that the effects molecules exert were because of the molecules themselves.
The idea of interactions between molecules and with their environment was perceived to be
non-existent, or at best, negligible, therefore the field of intermolecular interactions was
overlooked as a major area of research. This concept changed in the late 1960‟s when
scientists began to accept that chemical reactions and compounds‟ effects were influenced
by the environment in which they were in. Over time this became profoundly apparent,
therefore the idea of intermolecular interactions came into existence 95.
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1.3.2

Fundamentals of the supramolecular world: Intermolecular
bonds

Non-covalent intermolecular bonds are the foundations upon which supramolecular
chemistry is built. This area of chemistry is involved with the forces at work which are
present extra-molecularly, i.e. outside or beyond the molecule itself as opposed to the
covalent bonds that hold individual atoms together within the molecule. As a result,
intermolecular bonds are typically several magnitudes weaker than covalent bonds, and are
easily reversible – requiring only a small amount of energy for bond breakage, and are easily
reformed.
It is usual to perceive individual molecules or compounds as components or building blocks
in this field of chemistry, from which other larger, more complex architectures are produced.
In this context, the individual compounds or „building blocks‟ are formed by strong covalent
bonds, and the aggregation of these building blocks to form a larger, more complex structure
are the result of intermolecular attractions. It is when two or more of these components are
held via intermolecular forces, a „supramolecule‟ is produced. The overall production of a
supramolecule is usually not due to the production of a single intermolecular bond, but
rather a combination of different forces, as discussed below.

1.3.2.1 Covalent bonding
Although not within supramolecular boundaries, it is worth briefly mentioning covalent
bonding to illustrate the differences between strong covalent bonds and the other weaker
intermolecular forces. Covalent bonds formed by main group elements can be single, double
or triple with concomitant increases in stability and interatomic bond strength. As an
exemplar, covalent single, double and triple carbon-carbon bond energies are approximately
350 kJ mol-1, 610 kJ mol-1 and 835 kJ mol-1 respectively.
Bond lengths decrease inverse proportionally with single, double and triple carbon-carbon
covalent bonds approximating 1.54 Å, 1.34 Å and 1.21 Å in length respectively 108.
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1.3.2.2 Ion – ion interactions
Interionic interactions are comparable to covalent bonds in terms of bond strength as they
involve two or more atoms donating and accepting valence electrons. Consider sodium
chloride (NaCl); sodium donates an electron to produce the more stable Na+ cation, and
chlorine accepts an electron to produce the more stable Cl- anion. Due to the production of
opposing ionic species, a mutual attraction is generated between them creating a very stable,
and consequently very strong, ionic bond which requires a large amount of energy to disrupt,
resulting in a very high melting point. However, their charged nature attracts other polar
molecules and solvents such as water, which are able to disrupt these interionic interactions
with ease by solvating each individual ion, resulting in the efficient solubilisation of NaCl in
water.
In supramolecular systems, weaker interionic interactions are more common and are usually
encountered with large ions that have low charge densities such as with the
tris(diazabicyclooctane)-ferricyanide complex illustrated in Figure 1.3 below.

Figure 1.3: An example of a supramolecular complex created by three interionic
interactions (red) between tris(diazabicyclooctane) and ferricyanide 92. Hydrogen atoms
omitted for clarity.
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1.3.2.3 Ion – dipole interactions
Ion – dipole interactions are involved between a polar molecule and an ion. Polar molecules
possess dipoles due to their uneven distribution of electrons, which result in regions of slight
positive (δ+) and slight negative (δ-) charges within the molecule itself.
The solvation of NaCl in water is a typical example as the Na+ and Cl- ions interact with the
opposing dipoles of the polar water molecules. The polarity of water is attributed to the
electronegativity of the oxygen atom, as it attracts a greater share of the molecule‟s overall
electron density, resulting in a δ- region. The two conjoining hydrogen atoms therefore, are
left devoid of an equal share of the molecule‟s electron density, resulting in δ+ regions. This
uneven distribution of electron densities around the molecule creates a permanent dipole.
The addition of Na+ and Cl- ions into water produces ion-dipole interactions between the
ions and the water molecules such that the Na+ cation attracts water orientated towards the δoxygen atoms and the Cl- anion attracts water orientated towards the δ+ hydrogen atoms.
A typical supramolecular example is the complexation of cations by crown ethers. The lone
pairs of electrons on the crown ether‟s δ- oxygen atoms are attracted to the positively
charged K+ cation as Figure 1.4 illustrates.
A dipole may also be induced if an ion, or a similarly highly charged species, interacts with
an electroneutral, non-polar molecule. The presence of a charged species in close proximity
to the non-polar molecule influences the electron distribution of the latter, thereby creating
an induced – dipole interaction.

Figure 1.4: An example of a typical ion-dipole interaction between K+ cation and an 18crown-6 crown ether 92, 109.
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1.3.2.4 Dipole – dipole interactions
Dipole – dipole interactions are the attractive forces that occur between two or more polar
molecules upon the alignment of oppositely charged dipoles.
Carbonyl compounds such as ketones exhibit this type of bonding due to the production of a
dipole at the region of the carbon-oxygen double bond. A dipole is produced in this area due
to the presence of the electronegative oxygen atom which attracts a greater proportion of the
bond‟s electron density. This effect enforces an unequal distribution of electrons between the
two atoms, resulting in the carbonyl oxygen and carbon atoms possessing charges of δ - and
δ+ respectively.
When two carbonyl-containing molecules are in close proximity, the two molecules will
align such that the δ- oxygen atom of one molecule is attracted to the δ+ carbon atom of the
second molecule. The compound‟s molecular geometry may determine the formation of the
dipole – dipole interaction as some large, sterically hindered molecules may only allow the
alignment of a single pair of dipoles on adjacent molecules as shown below in Figure 1.5 –
type 1. Smaller molecules may allow the formation of twin dipoles by opposing alignment of
one dipole with another, as shown below in Figure 1.5 – type 2 92.

Figure 1.5: Type 1 and type 2 dipole – dipole interactions between ketones 92.
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1.3.2.5 Hydrogen bonding
Due to the strength and highly directional nature of hydrogen bonds (H-bonds), they were
described by Lehn as the „masterkey interaction in supramolecular chemistry‟ 92, 110.
H-bonds are intermolecular attractions created between two or more molecules which are
generally described as H-bond donors (D) and acceptors (A). The donor molecule possesses
a highly electronegative atom such as oxygen, nitrogen or fluorine to which a hydrogen atom
is covalently bonded. The electronegative atom attracts a greater share of the bond‟s electron
density, which skews the distribution of electrons towards itself, resulting in the hydrogen
atom possessing a δ+ charge. The acceptor molecule possesses a similarly electronegative
atom to which the δ+ hydrogen atom from the donor molecule is attracted to, resulting in the
production of a H-bond. This is generically illustrated in Figure 1.6 below.

Figure 1.6: Generic illustration of a typical H-bond (red) between two molecules. The Hbond donor and acceptor are represented by electronegative atoms „D‟ and „A‟ respectively.

Variations in H-bonds, which differ from the typical example illustrated in Figure 1.6 above,
also occur where different properties of the bond affect its strength.
One factor that majorly influences the strength of H-bonds are the electronegativities of the
atoms involved. As various electronegative atoms may act as H-bond donors and acceptors,
strong H-bonds are produced between highly electronegative atoms such as fluorine,
chlorine, oxygen or nitrogen. H-bond energies between highly electronegative atoms such as
these are typically between 60 – 120 kJ mol-1. Conversely, weaker H-bonds are produced by
poorer electronegative atoms such as bromine, iodine, sulphur and carbon, whose bond
energies do not usually exceed 60 kJ mol-1 92, 95, 96.
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The length of the H-bond is another factor that influences the bond‟s strength. An inverse
relationship exists between these two parameters whereby short H-bonds in the region of
2.2Å – 2.5Å, are observed between strong H-bonds, whereas weaker H-bonds tend to have
longer bond lengths approximately between 2.5Å – 4.0 Å. The angle at which the H-bond is
formed also contributes to the strength of the bond. Strong H-bonds tend to form between
175-180o, whereas weaker H-bonds are formed at angles less than 175 o 92, 95, 96.
H-bonds are capable of forming in numerous geometries as illustrated below in Figure 1.7.
The production of multiple H-bonds between a single donor or acceptor molecule is
common as exemplified simply by water. The formation of a H-bonded network, as shown
in Figure 1.8, is responsible for the surprisingly high boiling point of water. Each water
molecule is able to form up to four H-bonds with other neighbouring water molecules due to
the two lone pairs of electrons present on the oxygen atom. As a result, in order for liquid
water to enter its gaseous phase, a large number of H-bonds are required to be broken.

Figure 1.7: Different geometries in which H-bonds (red) may form 92, 94.
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Figure 1.8: The presence of H-bonds (red) between H2O molecules in liquid water.

H-bonds are ubiquitous not only in chemistry, but also in the natural biological world as
evidenced by classical examples such as the process of protein folding and the double helical
structure of DNA.
The folding of proteins from their primary amino acid sequence into their secondary, tertiary
and quaternary structures is a highly specific process as the molecule‟s overall threedimensional structure determines its activity. This is a key factor for all proteins especially
enzymes, as these specialised molecules possess active sites for the purpose of substrate
binding. It is essential that the active sites are accurately formed and remain unaltered, as
they are specifically designed to be complementary to their target substrates. In an event that
complementarity is compromised either by formation defects or other environmental factors,
enzymatic activity is not produced due to the substrate‟s inability to bind with the enzyme.
As a result, to ensure the specificity of the active site, and consequently correct enzyme
function, the overall structure is retained by the formation of intermolecular bonds within the
protein and also between amino acid residues. The secondary structures of proteins are
comprised of the primary sequence of amino acids held together by H-bonds; with the αhelix and the β-sheet amongst the most well-known. An α-helix is produced when the
primary amino acid sequence is stabilised by the formation of H-bonds in a spiral shape,
whereas a β-sheet is produced when H-bonds form between adjacent amino acids in the
same plane.
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DNA is another example where exact specificity is required, as any discrepancies may have
detrimental effects as seen with genetic disorders. In its resting state, DNA adopts a double
helical structure comprising of two intertwined strands which are held together via the
formation of intermolecular attractions between complementary nucleobase pairs

111

as

shown in Figures 1.9 (A) and (B) respectively. This is considered to be the most favourable
conformation as the hydrophobic nucleobases are oriented towards the centre of the
structure, which minimises their exposure to the aqueous environment. Four nucleobases
exist; adenine (A), thymine (T), guanine (G) and cytosine (C) which are classified into
purines and pyrimidines. The purines, A and G, are the larger nucleobases as they are
bicyclic compounds comprised of the covalent attachment between a pyrimidine and an
imidazole molecule. The pyrimidines, T and C, are the smaller nucleobases as they only
consist of a single heterocyclic six-membered ring. The principal components of DNA are
nucleotides, which are molecules that consist of a nucleobase; A, T, G or C, the
monosaccharide sugar; 2-deoxyribose and a phosphate group all covalently bonded together.
The polymerisation of nucleotides via the formation of phosphodiester bonds between the
sugar of one nucleotide and the phosphate group of the next produces the sugar-phosphate
backbone of a single DNA strand to which the appropriate nucleobases are attached. The
intertwining of two such strands results in the production of the double helical structure
which is stabilised by H-bonds and π-π stacking interactions between opposite and adjacent
nucleobases respectively 112, as Figure 1.9 illustrates. Nucleobase bonding specificity occurs
as dictated by Watson-Crick complementary base pairing, where the only naturally
complementary base pairs are A-T and G-C due to the geometric mismatch of H-bond
donors and acceptors between all the other combinations. These complementary base
pairings were elucidated from two different investigations. Structure analysis by two
separate groups via x-ray diffraction experiments enabled various measurements to be
obtained, where the concept of a helical structure possessing a radius of 10 Å

113, 114

was

discussed. The second investigation was conducted earlier when Erwin Chargaff discovered
a relationship between the proportions of purines and pyrimidines in the DNA of several
17

organisms. Now termed Chargaff‟s parity rule, he noticed that there were equal proportions
of purines to pyrimidines which were equally distributed between the nucleobases A-T and
G-C

115

. These two findings when taken in unison, enabled Watson and Crick to correctly

decipher the structure of DNA where intermolecular attractions produced by the
complementary nucleobase pairings of A-T and G-C create and stabilise the double helix
conformation 111.

Figure 1.9: (A) Structure of the DNA double helix. Two DNA strands intertwine as
indicated by the pair of sugar-phosphate backbones (red and blue ribbons). The structure is
stabilised by π-π stacking interactions between adjacent nucleobases and H-bonds between
opposite complementary base pairs as illustrated by the connective horizontal lines.
(B) A molecular illustration of DNA showing Watson – Crick complementary base pairing
between two strands in the sequence from top to bottom: C-G, A-T, T-A and G-C. The
sugar-phosphate backbone is located along the vertical peripheries with H-bonds (red dashed
lines) indicated between complementary nucleobases.
18

If the DNA structure is to remain stable within the 10 Å radius of the double helix, H-bonds
are permitted only between purine and pyrimidine nucleobases due to the specificity in sizes
and geometries. The pairing between two purine molecules would be unfavourable as their
large size would result in molecular overlap. Similarly, the pairing between two pyrimidine
molecules would also be unfavourable as their smaller size would create a large distance
between the two bases, hindering H-bond formation. The product of purine-pyrimidine base
pairings is that the larger purine geometrically complements the smaller pyrimidine,
resulting in equal overall lengths of 10.85 Å for both H-bonded base pairs. Remarkably, the
overall nucleobase pair length remains equal despite both pairs producing different numbers
of H-bonds. As illustrated in Figure 1.10 below, the nucleobase pairs A-T and G-C produce
two and three H-bonds respectively which is also a vital attribute for the mutual recognition
of complementary bases. This enables DNA to maintain complete versatility towards its base
pairing sequence whilst preserving the stability of its overall structure. The H-bonds that are
produced between base pairs are of moderate strength, and are typically around 2.8 – 2.9 Å
in length. It is essential that they are not excessively strong as these bonds are required to be
broken with relative ease during DNA replication as this process requires the separation of
DNA strands and the exposure of nucleobases. Once the nucleobases are copied, the DNA
reverts back to its stable double helical structure.

Figure 1.10: Complementary base pairing between nucleobases A-T and G-C illustrating
specific H-bonding patterns (red dashed lines). Both base pairs possess identical overall
bonded lengths of 10.85 Å despite the formation of different numbers of H-bonds.
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Secondary H-bond interactions may also occur between two or more donor/acceptor groups
that are in close proximity to each other. Adjacent atoms can either strengthen the primary
interaction further by virtue of attraction between opposite charges or conversely, weaken
the primary interaction due to repulsion between like charges as illustrated below in Figure
1.11. Where three donor groups interact with three adjacent acceptor groups such as in
Figure 1.11 (a), all the secondary interactions are attractive which strengthens the overall
binding between the two molecules. However, in a more realistic situation as in Figure 1.11
(b), where each molecule possesses a mixture of donor and acceptor groups, some
interactions are enhanced whilst others are impeded. Figure 1.12 illustrates a natural
example of the primary and secondary H-bond interactions that occur between cytosine and
guanine nucleobases.

Figure 1.11: A schematic illustration depicting intermolecular H-bond interactions. In an
idyllic system (a) where all the secondary interactions (black hashed) are attractive, the
primary interactions (red dashed) are enhanced. However, in a more realistic system (b),
repulsion (double-headed arrow) may also occur which weaken the primary interactions.
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Figure 1.12: Structural and schematic illustrations of the interactions between guanine and
cytosine nucleobases respectively, showing three primary (red dashed) and two secondary
(black hashed) H-bond interactions and one repulsive force (double-headed arrow).

1.3.2.6 Cation/anion – π interactions
Compounds containing delocalised electron systems have the ability to form cation – π
interactions which are the attractive forces that occur between an electron rich π system and
an adjacent cation. These interactions occur due to the high electron densities within the
delocalised regions of the molecule creating an area of negative charge which is then able to
attract a positively charged species such as a cation. The interaction between benzene and a
potassium ion is an example of this as illustrated in Figure 1.13 below. The benzene
molecule‟s delocalised π system creates regions of electron densities above and below the
plane of the ring due to the overlap of unhybridised pz – orbitals, leaving the central region
of the molecule with a slight positive charge.

Figure 1.13: (a) A schematic representation of the delocalised, electron rich π systems
above and below the plane of a benzene ring which allows the attraction of cationic species.
(b) The attractive forces created between the electron rich π system of benzene and a cation.
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Cation – π interactions are not only restricted to positively charged ions but also include
interactions with protonated, cationic functional groups such as quaternary ammonium
groups. In nature, cation – π interactions are important in a variety of contexts, for example
in protein folding, where it has been shown that the positively charged amino groups of
lysine, arginine, asparagine, glutamine and histidine were located within a space of 6Å of the
aromatic rings of phenylalanine, tyrosine and tryptophan, whilst avoiding the aromatic rings‟
positively charged periphery

116

. These interactions within the primary sequence of amino

acids are integral to the formation of the highly specific overall three dimensional structures
of proteins.
Cation – π interactions are also important in biological molecular recognition. A prime
example is the nicotinic acetylcholine receptor (nAChR) where the aromatic amino acids on
the nAChR may contribute to acetylcholine binding by interacting with the quaternary
ammonium group on the acetylcholine molecule 117 as illustrated below in Figure 1.14.

Figure 1.14: Cation – π interactions may also occur between charged molecules and
aromatic amino acids such as the quaternary ammonium group on acetylcholine with the π
system on tryptophan.

The concept of anionic species interacting with π – systems appears to be counterintuitive, as
negatively charged species are expected to be repelled by the electron rich π – system.
However, the attachment of highly electronegative atoms to the delocalised electron system
will skew the electron cloud towards itself, creating electropositive regions elsewhere as
exhibited with hexafluorobenzene. This compound is a derivative of benzene where the
hydrogen atoms have been replaced with the highly electronegative fluorine atoms, as shown
22

below in Figure 1.15. The attachment of fluorine atoms onto the delocalised carbon ring
system results in the attraction of delocalised electrons towards its central periphery, causing
the plane of the ring to acquire a slight negative charge. This consequently produces positive
charges along the upper and lower planes of the ring, which is the opposite of what is found
in benzene.

Figure 1.15: (a) The structure of hexafluorobenzene; a six-membered carbon ring identical
to benzene, with the exception of fluorine atoms (green) replacing hydrogen atoms.
(b) A schematic representation illustrating the effect of hydrogen – fluorine atom
replacement on the electrochemical properties of hexafluorobenzene. The highly
electronegative fluorine atoms attract the delocalised electrons towards the central plane of
the ring producing an electron rich region, leaving the upper and lower planes of the ring
with slight positive charges.

Anion interactions with hexafluorobenzene have been confirmed as x-ray crystallographic
structures have been obtained with perchlorate (ClO4-) and tetrafluoroborate (BF4-) anions,
with a wide range of other anions such as F-, Cl-, Br-, CN-, NO3- and CO32- having also been
computationally calculated to produce energetically favourable interactions

118

. Other

aromatic systems have also been investigated crystallographically, such as triazine
derivatives, and are shown to have anion-π interactions with chloride ions 119.
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1.3.2.7 π – π interactions
Compounds exhibiting either partial or complete atomic conjugation possess the ability to
produce π interactions. The conjugated system results in the delocalisation of π electrons
which are distributed around specific regions of the molecule due to the nature of the
convergent d – orbitals, for example the electron densities in benzene are present almost
exclusively above and below the plane of the ring. Regions of high electron density possess
a greater negative charge in comparison with other areas of the molecule which lack an
equal share of electrons. This unequal distribution of electrons results in the molecule
exhibiting polar characteristics where the negatively polarised region of one delocalised π –
system is attracted to another molecule‟s positively polarised delocalised π – system. The
interaction between two π – systems in this manner results in the production of π – π
interactions, sometimes also known as π – π stacking.
Generally, two types of π – π interactions are formed which are known as: parallel displaced
or face-to-face interactions and T-shaped or edge-to-face interactions. Parallel displaced
interactions occur when two or more aromatic regions are stacked on top of each other. In
this configuration, the aromatic regions between the two molecules are somewhat offset as
to avoid repulsion between like charges. This geometry is stabilised by the attraction
between the central positively polarised plane of one aromatic system to the outer negatively
polarised planes of another aromatic system as illustrated in Figure 1.16 (a).
T-shaped interactions occur when the side of one aromatic π – system interacts with the face
of another aromatic π – system. A similar principle of geometry stabilisation occurs in this
configuration as in the above parallel displaced configuration whereby the positively
polarised central region of one aromatic system is attracted to the outer negatively polarised
planes of another aromatic system as illustrated in Figure 1.16 (b). T-shaped interactions
usually result in a herringbone motif, which is stable structure as each aromatic π – system
interacts favourably with another aromatic π – system as shown in Figure 1.16 (c).
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Figure 1.16: The predominant forms of π – π interactions: (a) parallel displaced and (b) Tshaped. (c) A herringbone motif produced by T-shaped π – interactions in crystallised
benzene. (d) Non-displaced parallel π – interactions (left) produce maximum π – π contact,
resulting in repulsion between like charges. By offsetting the benzene rings, the parallel
displaced configuration (right) reduces intermolecular repulsion as the contact between π –
systems are lessened. The molecular offset also helps to stabilise this configuration as it
allows for the attraction between the negatively polarised π – system of one benzene ring to
the positively polarised central region of another benzene ring. The T-shaped configuration
(centre) permits direct attraction between the negatively polarised π – system of one benzene
ring to the positively polarised central region of the other.
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1.3.2.8 Van der Waals interactions
Amongst the very weakest of intermolecular forces are van der Waals interactions. These
forces of attraction arise from the very weak polarisation of an otherwise electroneutral
molecule influenced by the positive charge of an adjacent nucleus. Van der Waals forces
between non-polar molecules are termed London dispersion forces, which is the attraction
between two instantaneously formed dipoles. A non-polar molecule instantaneously
produces a very weak dipole which is induced by the positivity of a neighbouring nucleus.
Their very weak and non-directional interactions make van der Waals forces difficult to
intentionally utilise and incorporate within a molecule for use in supramolecular chemistry.

1.3.2.9 Hydrophobic effects
The ability for molecules to arrange themselves in order to adapt to their environment and
surroundings plays a fundamental role in nature. As exemplified by oil-in-water or water-inoil systems, polar and non – polar substances are unable to interact with each other. This is
attributed to the hydrophobic effect which, despite not a bond or force, refers to the
phenomenon exhibited by non – polar substances to aggregate in aqueous solution and
exclude water molecules.
As polar solvents exhibit strong intermolecular interactions such as H-bonds or dipole
interactions amongst one other, the addition of a similarly polar compound complements this
system by producing analogous intramolecular interactions with the solvent, resulting in
solvation. However, upon the addition of non – polar components into a polar solvent, non –
complementary interactions will be produced as the non – polar components will be unable
to produce the similarly polar interactions with the solvent that is required for solvation. This
results in the agglomeration of the non – polar components by the formation of van der
Waals and π – interactions, as they are excluded from the network of strong polar inter –
solvent interactions.
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Every cell in the body demonstrates the hydrophobic effect at work as the human body is
mainly comprised of water. Phospholipids, the primary components of cell membranes, are
amphoteric as they contain a polar phosphate group and a non – polar hydrocarbon region.
Within a polar medium such as water, phospholipids arrange themselves in such a way as to
„protect‟ their non – polar hydrocarbon regions which result in the formation of structures
such as bilayers or micelles as shown in Figure 1.17 (a) and (b) respectively. In these
configurations, the polar phosphate groups are exposed to the polar solvent, whilst their non
– polar hydrocarbon sections remain „protected‟.
Proteins also exhibit similar effects as any hydrophilic and/or hydrophobic regions within
their structures determine their conformation and orientation within the lipid membranes of
cells. The lipophilic regions of the protein will insert into the hydrophobic phospholipid
bilayer core, whereas the hydrophilic regions will contently remain exposed to the polar
solvent as shown in Figure 1.17 (c).
A compound possessing a hydrophobic binding site will preferentially bind to a non – polar
substrate as opposed to a polar competitor as it is more energetically favourable to do so.
This is because the non – polar substrate is able to produce analogous non – polar
interactions with the hydrophobic cavity which the polar substrate cannot 95. The binding of
two non – polar substances in a polar medium is also entropically favourable as a high level
of disorder is created within the solvent system. The level of disorder is lowered by the
convergence of two non – polar substances, and is therefore favoured
1.17 (d).
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92

as shown in Figure

Figure 1.17: The hydrophobic effect: phospholipids self-assemble into bilayers (a) or
micelles (b) in polar solvents such as water. In these conformations, the polar phosphate
groups (spheres) are exposed to the polar solvent whilst the non – polar hydrocarbon regions
(lines) aggregate to minimise their exposure to the solvent. Membrane proteins (c) exhibit
hydrophilic and hydrophobic regions which are integral to their structure, conformation,
orientation and function. The hydrophobic regions are embedded into the bilayer whilst the
hydrophilic portions are exposed to the polar water surroundings. The amalgamation of two
non – polar substances within a polar medium (d) is entropically favoured as the level of
disorder within the solvent system is reduced.
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1.3.3

The rise and recognition of supramolecular chemistry:
Award of the 1987 Nobel Prize in chemistry

The term „supramolecule‟ was first mentioned as „übermolekül‟ by Wolf et al. in 1937

106

,

however the recognition and general acceptance for intermolecular attractions occurred in
the late 1980‟s when the Nobel Prize in chemistry were awarded to Donald J. Cram, JeanMarie Lehn, and Charles J. Pedersen in 1987 for:

"Their development and use of molecules with structure-specific interactions of high
selectivity"

The award recognised the laureates‟ discovery and synthesis of man-made compounds that
exploit non-covalent interactions and their use of them for molecular recognition and
selective binding. The ultimate goal was to be able to mimic complex biological activity
such as receptor – substrate interactions or enzyme catalysis.
In nature, molecular recognition is very specific and selective as described by Emil Fischer
when describing the action of enzymes to be largely dependent on the geometric structure of
both; the enzyme and its target species, where they both must match like a key in a lock 97.
However, the „lock‟ is typically a very large, high molecular weight, complex molecule such
as an enzyme which has taken nature millions of years to develop, therefore a laboratory –
synthesised molecule which is able to mimic the function of nature‟s large and complex
„lock‟ molecules has been a scientist‟s dream.

1.3.3.1 Crown ethers: Charles J. Pedersen
The fortuitous discovery of crown ethers in 1967 by Charles Pedersen

120

marks the

inadvertent rise and recognition of supramolecular chemistry as these compounds were the
first neutral synthetic molecules to form stable complexes with sodium and potassium

121

.

The accidental synthesis of crown ethers occurred when Pedersen was researching into the
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prevention of autoxidation of petroleum products and rubber, as it was known at the time
that autoxidation was catalysed by trace metals such as vanadium and copper. His approach
was to „deactivate‟ these metals by synthesising compounds that converted the metal salts
into inactive multi – dentate complexes. When working on the vanadyl (VO) group, he
decided to use the ligand bis[2-(o-hydroxyphenoxy)ethyl] ether to investigate what effects
multi –dentate phenolic ligands had on its catalytic properties. This reaction scheme is
depicted in Figure 1.18

92, 120-124

. He was aware that proceeding from step 1, the reaction

mixture still contained around 10% of unreacted/unprotected catechol, however he continued
the reaction until completion as he reasoned that purification would be required at the end.
During purification, he noticed a very small amount of white fibrous crystals which were
obtained in approximately 0.4% yield that he decided to investigate further. After
conducting thorough analysis and investigations by ultraviolet, infrared, NMR and mass
spectroscopic characterisations, he finally elucidated the true structure of the by-product that
was produced: 2, 3, 11, 12-dibenzo-1, 4, 7, 10, 13, 16-hexaoxacyclooctadeca-2, 11-diene,
which he called dibenzo[18]crown-6. He noticed that this crystalline compound was only
very sparingly soluble in methanol, but by increasing the pH of the solution with the
addition of sodium hydroxide, its solubility increased. He also noticed the crystals‟ increased
solubility trend continue with the addition of other sodium salts, where he then reasoned that
the increased solubility was not due to the alkaline pH, but rather due to the presence of
sodium ions in solution. These crucial observations in the solubility of dibenzo[18]crown-6
enabled Pedersen to correctly conclude that a sodium ion had entered the central cavity of
the compound and was held in place by the formation of electrostatic attractions between the
positively charged sodium cation and the negative dipolar charges on the six surrounding
oxygen atoms in the polyether ring as illustrated in Figure 1.19.
Pedersen went on to synthesise and fully characterise over 50 crown ether analogues of
various sizes such as the examples illustrated in Figure 1.20, which demonstrate preferential
binding towards different metal cations 92, 122-126.
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Figure 1.18: The reaction scheme for Pedersen‟s accidental synthesis of the first crown
ether: dibenzo[18]crown-6. The unintentional presence of unprotected catechol remaining
from step 1 enabled both the phenolic groups to react simultaneously with bis(2-chloroethyl)
ether, which resulted in the production of the macrocycle 92, 120-124.

(a)

(b)

Figure 1.19: An [18]crown-6 – K+ complex illustrated as ball and stick (a) and space-filling
(b) models. The six δ- oxygen atoms attract the positively charged potassium cation towards
the molecule‟s centre where it is stabilised by the formation of six ion – dipole interactions.
Atoms illustrated as: C (silver), H (white), O (red) and the central K+ ion (grey).
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Figure 1.20: Examples of crown ethers complementary to Na+ (a), K+ (b), Cs+ (c) and
2 Na+ (d) cations 92, 121, 124-126.

1.3.3.2 Cryptands: Jean-Marie Lehn
Crown ethers were then extended into the third dimension when Jean-Marie Lehn reported
the synthesis of a modified version of these cyclic polyethers for the first time in 1969, to
which the name „cryptand‟ was given

127, 128

. This name, inspired from the Greek word –

kruptos, translating to „hidden‟ was appropriately designated to these new bicyclic
polyethers as their intended purpose was to entirely encapsulate an ion within the molecule
in order to mimic ionophore activity. It was Lehn‟s interest in the activity of biological
functions, namely the nervous system, which led him to peruse research into ionophore
mimicry and the general binding of biologically relevant ions.
The bridge between biological function and chemical synthesis developed when the structure
and synthesis of valinomycin

129

, known for its selective K+ ion transport activity across

membranes, had been recently reported

130

. The structure of valinomycin is a cyclic

arrangement of twelve alternating amino acids and esters to produce a macrocyclic
molecule. It was its cyclic structure and high selectivity characteristics that enabled Lehn to
postulate that a suitably designed synthetic macrocycle may also be able to display these
selective ion binding and transport properties. When the cation binding abilities of the crown
ethers emerged, Lehn recognised that there was a definite resemblance between these
synthetic macrocycles and natural antibiotics such as valinomycin, as both seem to form a
32

complex with the target cation. The design of macrobicyclic compounds arose when he
recognised that a stronger complex should be produced upon the encapsulation of an ion
within a three-dimensional cavity as opposed to the crown ether‟s planar motif.
The first cryptand synthesised was the [2.2.2] cryptand (Figure 1.21 c)
structure elucidated soon after

127

with its crystal

131

. This was a logical starting point as its structure is based

on Pedersen‟s well known [18]-crown-6 macrocycle. One of the key differences between the
two compounds is the replacement of two oppositely placed oxygen atoms with nitrogen
atoms. This enabled the overall cyclic structure and cavity size to remain the same, where it
was predicted, and consequently shown, to selectively bind K+ ions over the other alkali
metals

132

. This allowed Lehn to design and synthesise cryptands of varying sizes to

investigate their selectivities towards the other alkali metal cations. The cryptand size was
altered by varying the polyether chain lengths as shown in Figure 1.21. By calculating
stability constants of the complexes formed by different sized cryptands with different metal
cations, it was shown that cryptands of specific sizes were able to selectively bind specific
metal cations, as demonstrated by the preferential binding of cryptands [2.1.1], [2.2.1] and
[2.2.2] to Li+, Na+ and K+ ions respectively

132

. These results strongly correlate with

structural characteristics such as the cationic radius in relation to cavity radius found using
Corey-Pauling-Koltun (CPK) molecular models 132.
Lehn‟s group continued their synthesis which resulted in the production of a whole
catalogue of cryptands including variants that contained different heteroatoms such as
sulphur (Figure 1.22 a) and synthesising tricyclic (Figure 1.22 b) and even binuclear
cryptands (Figure 1.22 c, d) which are capable of forming complexes with two cations,
amongst many more 91, 133.
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Figure 1.21: Examples of bicyclic cryptands selective for Li+ (a), Na+ (b) and K+ (c) cations.

Figure 1.22: Examples of a variety of cryptands; (a) sulphur – containing bicyclic
(b) tricyclic, (c) bicyclic binuclear and (d) cylindrical macrotricyclic binuclear.
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1.3.3.3 Spherands: Donald J. Cram
A decade after the initial reports of cryptands from Lehn, a new class of macrocyclic host
was reported for the first time in 1979 by Donald J. Cram to which the name „spherand‟ was
given

134

. The crystal structures of uncomplexed crown ethers and cryptands revealed that

these compounds are flexible in solution and therefore do not possess a rigid, central binding
site as was depicted by their initial structures as metal complexes. As a result, it is necessary
for these compounds to change conformation in order to bind their target guest as shown in
Figure 1.23. Cram reasoned that a rigid system which possessed an enforced cavity within
the molecule should be able to produce stronger binding and higher selectivity towards its
target guest than the flexible crown ethers and cryptands. Using CPK models, Cram and coworkers designed and synthesised the first spherand (Figure 1.24).
By preparing solutions of the spherand mixed with alkali metal perchlorates, they were able
to experimentally determine by NMR, the spherand‟s selectivity towards Li+ and, to a lesser
extent, Na+ over other metal cations

134

. Only samples containing lithium and sodium

perchlorate salts produced additional peaks which corresponded to the production of a
spherand – metal complex. The remaining alkali metal perchlorate salts did not produce any
additional peaks demonstrating that, with the addition of other metal salts, the spherand
remained unaffected. Crystal structures of the spherand along with its Li+ and Na+ ion
complexes were reported two years later

135

which revealed that the free spherand did

possess a central cavity irrespective a guest‟s presence, unlike the previously reported
crowns and cryptands. As a result, spherands were the first pre-organised group of
macrocycles specifically designed for guest complexation through their synthesis alone.
Further investigating into hosts‟ binding abilities, Cram incorporated elements of crown
ethers and cryptands into the design of his molecules and synthesised crown-spherand and
cryptand-spherand hybrids termed hemispherand and cryptaspherand respectively as shown
in Figure 1.25. Many spherand derivatives were synthesised which demonstrated an array of
cation binding selectivities 136.
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Figure 1.23: A diagrammatic illustration depicting the conformational changes that occur
upon complex formation between macrocycles 18-crown-6 (upper) and [2.2.2] cryptand
(lower) with K+. When free in solution, the macrocycles display no central cavity (left),
whereas a distinct central cavity is present upon the formation of a complex with a cation
(right).

Figure 1.24: Structure of the first spherand when free in solution (a) and upon the formation
of a complex with a Li+ cation (b). The key structural characteristic is the presence of a
distinct central cavity even in the absence of a cation.
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From experimental data and binding free energy calculations, Cram noticed that the more
ordered the guest, the stronger the complexation with its target cation as summarised in
Table 1.3 below 92, 137.

Figure 1.25: An example of a hemispherand (a) and a cryptaspherand (b) synthesised by
Cram and co-workers which are hybrid molecules between a spherand and a crown ether and
cryptand respectively.

Host

-ΔG (KJ mol-1)

Spherand

Cryptaspherand

Cryptand

Hemispherand

Crown
ether

96.23
(Li+)

87.86
(Cs+)

75.31
(K+)

50.21
(Na+)

34.84
(K+)

Table 1.3: A summary of the binding free energy values of some macrocyclic hosts with
their most complementary alkali metal picrates. These values demonstrate that the more
organised the host, the greater the binding energy 92, 137.
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1.3.4

Host – guest chemistry

The central theme of Pedersen, Lehn and Cram‟s work was the design and synthesis of a
compound in order to bind another molecule by utilising weak, reversible supramolecular
interactions, more specifically, a macrocycle binding an ion. Within this context, the
macrocycle is considered the „host‟ and the ion is considered the „guest‟. When the
macrocycle has formed a complex with the target ion, it results in the production of a „hostguest‟ complex.
The host-guest relationship was defined by Cram as the host possessing binding sites that
converge within the complex and the guest possessing binding sites that diverge into the
complex

138

. A host is generally considered to be a large and often complex molecule or

aggregate possessing a single or multiple binding site(s) capable of bonding and interacting
with another chemical or biological entity, whereas a guest is typically a small species that is
able to interact and bind with a host molecule. A binding site is the region present on the
host and guest that is of the correct size, shape and chemistry, where the two species are able
to interact and bind using intermolecular forces 92, 137. Hosts and guests may be as simple as a
macrocycle binding an ion, or more complex like a biological ligand or substrate binding to
a receptor or enzyme.
Varying from the traditional host-guest concept is the production of clathrates. The
fundamental variation between a host-guest complex and a clathrate is that traditional hostguest complex formation occurs in both, the solid state and in solution as the two species
possess definite, specific binding sites. Clathrates however, are produced when the two
species do not possess specific binding sites and the smaller „guest‟ species is bound within
the larger „host‟ only as a result of fitting in between the voids present in the larger host‟s
solid lattice. As a result, clathrates exhibit host-guest properties only in the solid state.
If two species demonstrate no host-guest properties and do not differ significantly in size,
but do possess a significant amount of intermolecular attraction, this may lead to selfassembly.
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These three processes of host-guest complexation, clathrate production and self-assembly
are illustrated below in Figure 1.26.

Figure 1.26: Schematic illustration depicting the production of a host-guest complex (a),
clathrate (b) and self-assembly (c).
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1.3.5

Lock and key principle and induced fit hypothesis

Irrespective of whether a host or guest is chemically synthesised or a natural species, hosts
are specially designed to interact with a specific guest in order to perform a specific task.
However, a host-guest interaction may only occur upon the mutual recognition between the
two species as the correct guest must be identified for that host. This molecular recognition
demonstrates selectivity towards one other as the underlying factor that governs the
selectivity of the host is its ability to bind to its guest. Host-guest binding relies on both
parties possessing complementary binding sites, optimal structure, conformation, orientation
and organisation. As a result, host-guest chemistry is based upon Paul Ehrlich‟s observations
in 1906 where he introduced the concept of a receptor. He stated: “Corpora non agunt nisi
fixata”

, which translates as: “a substance is not (biologically) active unless it is „fixed‟

103

(bound by a receptor)”

92, 95, 102-104

. He drew this conclusion when working on poisons and

toxins; reasoning that a prerequisite of disease was with the union of the toxin to certain
groupings in/on the cell. It was these specific groupings present on the cell to which the
toxin attaches/interacts which he termed receptor 105.
Ehrlich‟s conclusions were built on Fischer‟s „lock and key‟ principle. When working on
glucosides, Fischer noticed a selectivity of hydrolysis towards α and β glucosides with
different enzymes. α-glucosides were hydrolysed by invertase with no effect to β-glucosides,
whereas β-glucosides were hydrolysed by emulsin with no effect to α-glucosides

139

. By

observing these specificities between enzymes to glucosides, in 1894 he stated: “Um ein
Bild zu gebrauchen, will ich sagen, dass Enzym und Glucosid wie Schloss und Schlüssel zu
einander passen müssen, um eine chemische Wirkung auf einander ausüben zu können”
140

97,

translating to: “enzyme and glucoside have to fit to each other like a lock and key in order

to exert a chemical effect on each other” 140, 141.
This concept of selectivity between enzymes and substrates likened to a lock and key stood
firm for 64 years until, Daniel Koshland proposed a modification to the concept in 1958 98 as
he recognised that Fischer‟s theory required modification when studying enzyme reaction
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mechanisms. He noticed some anomalies such as; the enzyme 5'-nucleotidase hydrolyses
ribose-5-phosphate at a rate of only 1% compared to its regular substrate adenosine
monophosphate (AMP). Structurally, as ribose-5-phosphate is simply AMP without the
adenosine nucleotide, it could be argued that the structural change affects its enzyme
affinity, however, even at maximum enzyme saturation levels, its rate of activity does not
change. The traditional lock and key theory would predict equal rates of activity at
maximum enzyme saturation levels 98.
Another example is the enzyme amylomaltase producing no enzymatic activity on α-methyl
glucoside, despite both binding together

. As α-methyl glucoside has an analogous
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structure to the enzyme‟s natural substrate maltose, although smaller, its binding with the
enzyme has been confirmed as demonstrated by its competitive inhibition properties. As a
result, the lack of enzymatic activity on α-methyl glucoside is certainly not due to its binding
abilities to amylomaltase. Under the traditional lock and key model, if a substrate is able to
bind to the active site of an enzyme, it will react; however, this was clearly not the case.
Koshland postulated the „induced fit‟ theory in 1958 which built upon Fischer‟s traditional
lock and key theory where he proposed: “a) a precise orientation of catalytic groups is
required for enzyme action, b) the substrate causes an appreciable change in the threedimensional relationship of the amino acids at the active site, and c) the changes in the
protein structure caused by the substrate will bring the catalytic groups into the proper
alignment, whereas a non-substrate will not” 98.
This essentially states that enzyme-substrate binding is more of a dynamic process as
opposed to Fischer‟s rigid mechanism. In order for the enzyme and substrate to bind, the
substrate induces a conformational change in the enzyme in order to „activate‟ it and produce
its enzymatic effect

143

. These two similar, yet different, mechanisms are schematically

illustrated in Figure 1.27. The induced fit principle has proven to be the most accurate
representation of an enzyme-substrate mechanism and is one of the most fundamental
concepts used in enzymology today.
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Figure 1.27: A schematic illustration depicting the lock and key and induced fit
mechanisms. Fischer‟s lock and key hypothesis (a) suggested that the enzyme retained a
rigid structure to ensure specificity towards its substrate. However, Koshland revised this
theory by proposing the induced fit mechanism (b) stating that the enzyme undergoes a
conformational change upon binding with the substrate whilst maintaining enzyme-substrate
specificity as only the correct substrate induces the correct conformational change required
for enzymatic action to occur.

The fields in which Fischer, Ehrlich and Koshland worked namely; chemistry, immunology
and molecular biology respectively, demonstrates how research form diverse disciplines had
united in order to understand how biological host-guest systems operate. As a result, similar
multidisciplinarity is central to supramolecular chemistry.
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1.3.6

Preorganization

The concept of preorganization was introduced by Donald Cram in 1979 by the design of
spherands. He correctly reasoned that a host possessing a rigid structure with specifically
positioned, predetermined binding sites in the correct orientation should bind a guest more
strongly than a host that needs to alter its conformation upon guest binding. Preorganization
is best utilised and demonstrated in macrocyclic or macrocycle-containing compounds due
to their relatively ordered structure in comparison to their, generally more flexible, noncyclic analogues. As a result, a macrocyclic host produces stronger and therefore more stable
complexes than a comparable acyclic host. This increased stability of macrocycles over
acyclic complexes is referred to as the „macrocyclic effect‟, which was first reported in 1969
by Cabbiness and Margerum

144

. When studying copper complexes (Figure 1.28), they

noticed that the macrocyclic complex (a) was more stable than the acyclic analogue (b) by a
factor of 104 despite the copper ion associating with four host donor atoms in both
complexes. The macrocyclic effect is simply a branch of the preorganization principle, but
applied to macrocyclic complexes. There are a number of logical reasons why the
macrocyclic effect occurs, most of which are in relation to how energetically favourable
macrocyclic complexation is over the formation of non-macrocyclic complexes.

Figure 1.28: Compounds demonstrating the macrocyclic effect. The macrocyclic compound
meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane Cu(II) complex (a) is 104
times more stable than the acyclic N1, N1'-(propane-1,3-diyl)bis(ethane-1,2-diamine) Cu(II)
complex (b) 144.
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When considering the binding of a guest by a linear host, the uncomplexed host when free in
solution, is not pre-ordered for complexation. As a result, for binding to occur, the host must
significantly alter its conformation and overall structure in order to correctly align its
binding sites for its guest as illustrated in Figure 1.29 (a) below. This conformational change
forces the host to rigidify, or become more ordered when complexed to a guest. As this
physical change is rather substantial, there is a large difference in energy between the
complexed and uncomplexed states making this process more energetically unfavourable.
However, a comparable macrocyclic host that has been preorganised for guest binding; does
not need to significantly alter its overall structure and conformation when binding to the
same/similar guest. This is because its binding sites are already in optimal positions ready to
bind a guest even when free and uncomplexed in solution as illustrated in Figure 1.29 (b).
As a result of this preorganization, there is no substantial difference between the complexed
and uncomplexed states making this process more energetically favourable.

Figure 1.29: Illustrating the macrocyclic and preorganization principles. Complex formation
by linear pentaethyleneglycol dimethylether (a) and macrocyclic [18]crown-6 (b) hosts with
a K+ ion. A flexible linear host (a), is required to significantly alter its conformation to bind
its guest, which involves large energetic expenditure. Rigid hosts, such as macrocycles (b),
produce stronger and more stable host-guest complexes as they have been preorganised to
accept a guest.
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Unless otherwise influenced, all molecules are naturally present in their least strained,
lowest energy state whereby any and all intramolecular repulsive forces are minimised. As
linear hosts are required to alter their conformation to a greater extent when binding a guest,
this enforced structure alteration may produce unfavourable repulsive intramolecular
interactions such as coercing electron lone pairs closer together, thus further disfavouring the
conformational change. However, upon successful complexation, this energy expenditure is
regained through the favourable interactions between the host and guest. As a macrocyclic
host does not require such a considerable change in conformation for guest binding, a
minimal amount of additional energy is required, however in some cases; the complexation
with a guest may be more favourable than if the macrocycle remains uncomplexed. This is a
consequence of the macrocyclic host‟s design as it has been created to accept a specific
guest, the binding sites of the uncomplexed macrocycle such as electron lone pairs, may
intentionally be positioned closer together, which produces repulsive forces. As a result, the
host‟s preferred, and most stable conformation is when complexed with a guest, as
unfavourable interactions such as electron lone pair repulsions are negated.
In solution, solvent effects must also be taken into consideration. The binding sites of more
ordered hosts and macrocycles, are generally located within the molecule, and are positioned
towards the interior of a cavity. As a result, these areas are less likely to be solvated.
However, linear and more flexible hosts allow a greater proportion of the molecule to be
solvated as they are more exposed to solution. As a result, their binding sites are also likely
to be solvated. The flexible host‟s binding sites must be de-solvated prior to guest binding,
which requires several host-solvent interactions to be broken, resulting in the energetic
requirement further increasing.
Macrocyclic effects can be enhanced when extended to macrobicyclic compounds as
recognised with the synthesis of cryptands by Lehn. The 3-dimensional configuration of a
macrobicyclic host further envelopes the guest allowing greater host-guest interactions to
occur, producing a more stable complex. Generally, the stability of a host-guest complex
increases the greater preorganised the host as illustrated in Figure 1.30.
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Figure 1.30: Illustrating the Relationship between the degree of host preorganization and
their respective complex stability. The increasingly preorganised the host, the stronger the
host-guest complex formed.

1.3.7

Supramolecular host design

The design and synthesis of a host whose function is to selectively bind and interact with a
specific guest, requires a great deal of planning and synthetic skill. The supramolecular
principles and concepts of selectivity, complementarity, macrocyclic effects (where
applicable) and more importantly host preorganization must be utilised amongst many
others. In order to design a host, its target guest must first be identified and thoroughly
studied so that the design of the host can be tailored around the guest. For example, if the
guest is an ionic species such as a cation, anion or a charged molecule, then the host must
contain a complementary charge or ionic/ionisable groups in order to attract the guest, whilst
also possessing optimal size and shape.
The application of the host-guest complex must also be clear as it should be identified
whether the guest species is to be permanently bound; in scenarios such as for purification,
or if the complex should be reversible; in circumstances such as for sensing or transport.
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In either case, complementarity (i.e. optimal size, shape and chemical properties) between
the host and guest molecules, and more importantly their binding sites, is still fundamental
for a host to interact and bind with its guest.
For strong and favourable host-guest complementation to occur, the host must be
preorganized for its target guest as preorganized hosts are more likely to form stronger and
more stable complexes, than less ordered hosts. As host-guest complexes are created via the
union of binding sites on both species, the number and type of binding sites integrated
within a host should be such that it most complements the binding sites of the guest. The
binding sites in well-ordered hosts must be strategically placed as to be close enough to
interact simultaneously with the guest, but spaced appropriately apart to minimise
unfavourable repulsions between them.
As a result, the design and synthesis of a successful supramolecular host must be as
complementary to its target guest as possible in terms of size, shape and chemical properties,
and must be well ordered by possessing sufficient binding sites in optimal positions in order
to selectively bind a specific guest.
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1.4

Biological inspiration and application of
supramolecular chemistry

Knowledge of fundamental biological processes has inspired supramolecular chemists in the
past, and will continue to in the future. Molecular recognition underpins how biological and
chemical molecules interact with one another and is itself a supramolecular concept as for
two or more molecules to recognise each other; intermolecular bonds are required to be
formed between the species. A biological enzyme, for example, is required to identify and
recognise its specific substrate by complementarily binding and interacting with it via the
formation of intermolecular bonds. This complementarity demonstrates molecular
recognition and is therefore vital, as it ensures selectivity and specificity. Enzymatic action
will only occur upon complexation with the correct, complementary substrate. Other
supramolecular interactions within biological systems are vast and widespread. Hydrogen
bonding is possibly the single most important intermolecular bond within biological systems
as its strong and directional nature is responsible for the complementary base pairing of
DNA, production of the highly specific structure of proteins amongst many others. Dipole
interactions are also present in any biomolecule containing electronegative atoms such as
oxygen or nitrogen atoms. They will therefore intrinsically attract any complementary
charged species whether permanent (ionic) or temporary (dipole).
The presence of these diverse intermolecular attractions within biological environments has
interested supramolecular chemists and has inspired them to consider using supramolecular
principles in biomimicry. If a biomolecular mimic is possible, it may lead to a diverse range
of applications such as to address existing problems or for the creation of novel systems.
One group of biomolecules that has been of great interest to physiologists and, more
recently, chemists are ionic channels. Ions such as sodium and potassium are present within
all living organisms and their delicate homeostasis within an organism is controlled by ion
channels. Chemists‟ interests in ion channels are based upon the intermolecular attractions
that occur between the ion and the channel during ion transport. Until recently, these

48

interactions have been deduced from crystal structures and amino acid sequences. Ion
transport and channel function is immensely important as imperfect ion concentrations may
lead to malfunctioning cells, tissues and even cell death. Unfortunately, faults in ion
channels or their protein sequences gives rise to a number of diseases and illnesses such as
those in Table 1.1 (Section 1.1.1). It is with the aim to address these that chemists are
studying these highly specialised set of biomolecules that demonstrate supramolecular
principles.

1.4.1

Introduction to the cell membrane

The flow of substances through cell membranes is essential for survival. The cell membrane
is the barrier between the intracellular region of the cell and its surroundings, as skin is in
relation to the body. The cell membrane is composed of amphiphilic phospholipids which
possess both, polar (hydrophilic) and non-polar (hydrophobic) regions arranged in a bilayer
structure. The hydrophilic region of the phospholipid consists of a charged phosphate –
containing „head‟ group and the hydrophobic region consists of two long aliphatic alkyl
„tails‟ as illustrated below in Figure 1.31.

Figure 1.31: A phospholipid molecule illustrated structurally (a) and schematically (b). The
hydrophilic segment consists of the polar „head‟ group (blue) and the phosphate group (red)
which is represented schematically as the sphere. The hydrophobic alkyl „tails‟ (black) are
schematically represented as wavy lines. The hydrophilic and hydrophobic segments are
connected via a glycerol molecule (green).
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It is this amphiphilic characteristic that enables the ingenious formation of a bilayer structure
as the arrangement of phospholipids are stabilised by the interdigitation of their hydrophobic
alkyl „tails‟. In polar solvents like water, the hydrophobic „tails‟ aggregate, leaving the
hydrophilic „heads‟ exposed in solution resulting in a single bi-layered sheet. In relation to a
cell, this results in three sections: a central non-aqueous hydrophobic region and two
peripheral hydrophilic aqueous layers; which are positioned intracellularly and
extracellularly as illustrated below in Figure 1.32.

Figure 1.32: An idealised arrangement of phospholipids in bilayer membranes. The bilayered structure creates a central hydrophobic region; formed by the interdigitation of the
phospholipid‟s hydrophobic alkyl „tails‟, which is sandwiched between two hydrophilic
layers. This hydrophobic region prohibits the passage of polar molecules, whilst the
surrounding hydrophilic layers interact favourably with the polar solvent.
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Over 100 different phospholipids exist due to the variation of phosphate head groups and
aliphatic fatty acid chains
membranes

are

145

. The most predominant phospholipids that constitute bilayer

derivatives

of

phosphatidylcholine,

phosphatidylethanolamine,

phosphatidylserine and phosphatidylinositol, illustrated below in Figure 1.33, however in
most eukaryotic cells, around 60 to 85% of cell membrane phospholipids are only
phosphatidylcholine and phosphatidylethanolamine derivatives 145.

Figure 1.33: The chemical structure of phospholipids illustrating the four key sections; the
polar head group (blue), phosphate group (red), glycerol (green) and the fatty acid chains
(black). Multiple variations and combinations of polar head groups and fatty acid chains
enable a very diverse range of phospholipids to be produced. An example of a
phosphatidylcholine derivative; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (a) is
shown along with the other three predominant phospholipid head groups;
phosphatidylethanolamine (b), phosphatidylserine (c) and phosphatidylinositol (d).

The hydrophobic acyl chains also differ significantly as variations in chain lengths and
amount of saturation are common. Chain lengths typically range from between 14 and 22
carbon atoms; however, in the biological membranes of eukaryotic cells, they are usually 18
carbon atoms in length 145. There is a 40:60 ratio distribution of saturated to unsaturated fatty
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acids respectively within eukaryotic cell membranes which is a vital characteristic, as the
unsaturated components enable the membrane to retain its essential characteristics such as
flexibility, fluidity and permeability

145

. Membrane thickness also varies significantly

depending on the phospholipid composition, as eukaryotic phospholipids are typically
around 4-5 nm in length when fully extended, however upon bilayer formation, the alkyl
tails interdigitate thus reducing their combined length significantly to around 3 nm.
Due to these hydrophilic – hydrophobic – hydrophilic layered regions of solubility,
phospholipid bilayers are selective towards the substances they allow across. This
semipermeable nature of the bilayer is the result of its hydrophobic core as small neutral,
non-polar molecules are able to permeate, however polar and charged species, such as ions,
are impermeable. As the transport of polar and charged species across membranes is
essential for life, nature has developed specialised mechanisms that enable transport of this
kind. The principal mechanisms of ion transport across biological membranes are via
ionophores, pores and ion channels which are schematically illustrated in Figure 1.34 below.

Figure 1.34: A schematic representation of the three principal mechanisms of ion transport
across biological membrane bilayers; (a) ionophore, (b) pore and (c) ion channel.
(a): An ionophore transports an ion across the phospholipid bilayer by encapsulating and
forming a complex with it, whilst stripping away the ion‟s hydrating solvent molecules. The
ion is then transported across the lipophilic bilayer as the ionophore exposes a non-polar
exterior where it then releases the ion back into solution on the other side of the membrane.
(b): A pore is essentially an aqueous path across the membrane where ions may flow through
whilst maintaining most or all of their hydration shell. (c): Channels are also an aqueous
pathway for ions, however they are selective towards the species they allow across and are
able to control the flow of ions 92.
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1.4.2

Ionophores: ion carriers

Ionophores are organic compounds that bind and carry ions across bilayer membranes. In
order to be effective, an ionophore must be selective for a specific ion, and it must also be
able to pass through the non-polar region of the bilayer. Valinomycin, nonactin and
monensin are three examples of natural ionophoric antibiotics which are obtained from
bacteria.
Valinomycin is an antibiotic peptide which was first isolated from Streptomyces fulvissimus
in 1955 by Brockmann and Schmidt-Kastner
ions across lipid membranes in 1967
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and was found to selectively transport K+

147

. Structurally, it is a cyclic dodecadepsipeptide with

the formula: (L-Val – D-Hyi – D-Val – L-Lac)3, which is a threefold repetition of four amino
acids: L-valine, D-α-hydroxyisovaleric acid, D-valine and L-lactic acid joined together via
alternating amide and ester bonds as shown in Figure 1.35 below. This chemical structure
was confirmed soon after, as its x-ray crystallographic structures were resolved for its
uncomplexed state 148-151 as well as for several ion-complex forms 152-158, which revealed that
the twelve carbonyl groups are essential for valinomycin‟s activity as they serve a
bifunctional role.

Figure 1.35: The complete chemical structure of valinomycin. Six ester carbonyl oxygen
atoms (red) bind a K+ ion in octahedral coordination, while the six amide carbonyl oxygen
atoms (blue) stabilise the ion-bound complex.
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Firstly, their polarity enables valinomycin to be soluble in polar solvents such as water,
whereas non-polar isopropyl and methyl side groups enable solubility in non-polar
environments. The presence of both, polar and non-polar groups creates amphiphilicity
where valinomycin is able to remain stable in aqueous solution, whilst also possessing the
ability to traverse across the lipophilic phospholipid bilayer. The second, and most
important, function of the carbonyl groups is their ability to form H-bonds. The
uncomplexed state of valinomycin, when unbound to a cation, is flexible in solution as its
conformation is highly dependent on the polarity of its surrounding environment

159-162

. The

x-ray crystallographic analysis of valinomycin in a non-polar solvent, obtained via
crystallisation from octane, depicts a macrocyclic „bracelet‟ structure whose conformation is
stabilised by the production of six intramolecular H-bonds; four between amine hydrogen
atoms and amide carbonyl oxygen atoms, and two between amine hydrogen atoms and ester
carbonyl oxygen atoms 149, 161-163.
This conformation however, alters upon valinomycin‟s exposure to a polar environment as
evidenced from its x-ray crystal structure obtained via crystallisation from DMSO. A
„propeller‟ conformation is produced comprising of only three intramolecular H-bonds
between the amine hydrogen atoms of D-Val and the amide carbonyl oxygen atoms of LLac. Three other H-bonds are produced between the amine hydrogen atoms of three L-Val
residues and the oxygen atom from three DMSO solvent molecules

151, 161-163

. Upon cation

complexation, the ion is coordinated by the six ester carbonyl oxygen atoms in a very stable
octahedral square bipyramidal geometry at the centre of the molecule. The involvement of
the six ester carbonyl groups in ion binding causes valinomycin to undergo a conformational
change, where the non-polar isopropyl and methyl side-groups are rotated outwards to
produce a non-polar, lipophilic outer sheath. This valinomycin-ion complex is stabilised by
the production of six intramolecular H-bonds between amine hydrogen atoms and amide
carbonyl oxygen atoms, similar to the „bracelet‟ conformation, which ensures that the ion is
entirely surrounded by a lipophilic exterior. It is this structural conformational change that is
responsible for the conversion of the unbound hydrophilic ligand into a lipophilic cation
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complex which is able to traverse through the lipid bilayer. Only upon ion binding, are all
twelve carbonyl groups utilised; the six ester carbonyl groups bind the ion via the formation
of six ion-dipole interactions, whereas the six amide groups stabilise the overall ion-bound
complex via the formation of six intramolecular H-bonds.
The selectivity exhibited by valinomycin towards the alkali metal cations is in the order of:
Rb+ > K+ > Cs+ >> Na+ > Li+ 147, 163-167. However, despite its ability to bind the larger cations;
Rb+ and Cs+

130, 168, 169

, valinomycin is physiologically regarded to be a selective transporter

of K+ as only trace amounts of Li+, Rb+ and Cs+ are present in biological systems with
typical concentrations in the human body around: Li+: 3.1x10-8, Na+:1.5x10-3, K+: 2.5x10-3,
Rb+: 4.6x10-6 and Cs+: 2.1x10-8 (kg/kg) 170. Since Na+ and K+ are unanimously recognised as
essential components for living organisms, their physiological concentrations are
approximately 103 – 105 fold greater than the other alkali metals with valinomycin
demonstrating a selectivity factor of up to 104 towards K+ over Na+ 161, 165, 166.
Conversely, Li+, Rb+ and Cs+ are considered non-essential elements for life; however they
remain present at minute quantities in the body as they are acquired from nature 171. Lithium
is ubiquitous at low concentrations in nature; primarily found in food sources such as grains,
vegetables and water

172

. Its biological significance remains debatable as currently, it is

described as a non-essential ion for life as it has not yet been associated with any essential
biological function, and no ailment has yet been identified as a direct consequence of lithium
deficiencies in humans

171-174

. However, links between behavioural and psychiatric health in

both, humans and animals have potentially been identified, which have led some to suggest
its reclassification as an essential trace element

171-178

. Pharmaceutically, lithium is used for

the treatment of psychiatric disorders such as bipolar disorder by the oral administration of
lithium salts such as lithium carbonate and lithium citrate. The physiological concentration
of lithium must be carefully monitored as its therapeutic index is very narrow; between 0.6 –
1.2 mEq/L, with toxicity occurring at concentrations greater than 1.5 mEq/L

179

. Li+ is

predominantly absorbed by utilising Na+ transport mechanisms such as epithelial amiloridesensitive sodium channels (ENaC) and the sodium–proton (Na/H) exchanger, where a Li+
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ion substitutes for a Na+ ion. The ENaC channel has an approximately equal permeability to
Li+ and Na+, while the Na/H exchanger transports Li+ at half the rate of Na+

173, 179, 180

.

Rubidium and caesium are also physiologically considered non-essential cations as they
have not yet been attributed towards any essential biological functions

181-183

. The

distribution of Rb+ in the body is similar to that of K+, as it is present in virtually all animal
tissue; especially in muscle, red blood cells and viscera whereas Cs+ is largely localised
within muscle, bone and blood 171, 184. The physiological similarity between K+, Rb+ and Cs+
seemed to be identified as early as 1882, where a K+ mediated response was also actuated by
Rb+ and Cs+, with Rb+ producing a response bearing a much closer resemblance to K + than
the response produced by Cs+

184, 185

. The production of a response by all three ions can be

attributed to their similarly sized hydrated ionic radii, resulting in comparable
physicochemical characteristics, which may also explain the passage of Rb+ and Cs+ via K+
transport mechanisms

181,

182

. It was suggested that these similarities in transport,

physiological distribution, and the production of biological responses would enable Rb +, and
to a lesser extent Cs+, to provide a direct physiological replacement for K + in potassiumdepleted scenarios. However, early studies revealed that the substitution of these larger ions
for K+ was achieved only in the short-term in bacteria, yeast and sea urchin eggs, with
toxicity resulting in more complex multicellular organisms such as in rats and oysters 183, 184.
The physiological selectivity of valinomycin to K+ can simply be attributed to the trace
abundances of Li+, Rb+ and Cs+ in biological systems, however its exclusion of the similarly
concentrated Na+ ions is far more complex. As the process of ion binding initially requires
the ion to shed its hydration shell, which is the surrounding layer of water molecules, the
energetic cost of binding a smaller ion, such as Na+, is unfavourable. This is because the
smaller Na+ ion possesses a higher charge density than the larger K+ ion, which results in
Na+ attracting the hydrating water molecules in greater numbers and with greater strength
than K+ 186-194. Since the smaller ion acquires a larger and stronger hydration shell, a greater
amount of energy is required to dispel its hydrating water molecules in order to produce a
dehydrated ion which may now be bound. The energy produced upon the formation of new
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ion-dipole bonds between valinomycin and K+ is sufficient to compensate for the energy
consumed during K+ dehydration, making K+ ion binding energetically feasible

195

.

However, as the dehydration energy of Na+ is larger than that of K+, the energy consumed
during Na+ dehydration cannot be recompensed due to the smaller size of the Na+ ion. As the
ion binding site of valinomycin is of ideal dimensions to bind the larger K+ ion, owing to the
optimal preorganization of the six ester carbonyl groups, a smaller ion such as Na+ will be
unable to produce the required ion-dipole interactions with the carbonyl oxygen atoms since
valinomycin is unable to contract tightly enough to bind the smaller ion

193-196

. This

structural constraint is achieved by a combination of intermolecular H-bonds and other
structural features such as carbonyl ligand spacing. The selectivity demonstrated by
valinomycin towards K+ over Na+ ions can therefore be attributed to a combination of
valinomycin‟s structural rigidity and the energetic inequalities of Na + and K+ ion
dehydration 197.

Nonactin is another example of a macrocyclic ionophore that selectively binds K + over the
other alkali metal cations. It is a non-peptidic polyketide macrotetrolide antibiotic which was
first isolated from Streptomyces griseus by Corbaz in 1955 198. Its first x-ray crystallographic
structure was obtained as the K+ complex by Kilbourn in 1967 199, with the elucidation of its
uncomplexed structure proceeding soon after in 1972

200

. Nonactin is composed of four

nonactic acid molecules attached to one another in a cyclic arrangement via ester bonds as
its chemical structure illustrates in Figure 1.36. The (+) and (-) enantiomers of nonactic acid
are both required to construct the macrocycle as each isomer is attached head-to-tail in an
alternating (+) (-) (+) (-) pattern, which is an essential feature for nonactin to establish ion
selectivity and binding

201, 202

. Similar to other ionophores such as valinomycin, nonactin is

structurally flexible as evidenced from the x-ray crystallographic structures of both, its ionbound and ion-free states, where its conformation noticeably differs. In the absence of an
ion, nonactin adopts a flattened ring-like structure with dimensions measuring approximately
17 x 17 x 8.5 Å, and upon K+ ion binding, its conformation alters as it converts into a more
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spherical-shaped complex which resembles the seam of a tennis ball measuring
approximately 15 x 15 x 12 Å 202, 203. When bound, the K+ ion is situated at the centre of the
molecule where it is coordinated in a cubic geometric configuration by a total of eight
oxygen atoms; four from the carbonyl groups and four from the tetrahydrofuran moieties 204.
In this conformation, the non-polar regions of the molecule namely the eight methyl groups
along with the methylene groups of the four tetrahydrofuran rings, are rotated outwards to
provide nonactin with a non-polar exterior 204. This is an essential feature for any membranepenetrating molecule such as ionophores or transmembrane proteins as only non-polar
substances may traverse across the lipophilic region of the phospholipid bilayer.
A mechanism of ion binding by nonactin has been proposed, which involves a stepwise
association of nonactin‟s carbonyl and tetrahydrofuran oxygen atoms with the target ion.
The process is initiated by two of nonactin‟s carbonyl oxygen atoms displacing two of the
hydrated ion‟s solvent molecules. This, then results in the displacement of additional solvent
molecules from the ion as four more ion-dipole bonds are produced between the ion and
nonactin‟s remaining two carbonyl and two tetrahydrofuran oxygen atoms. Finally, the two
remaining tetrahydrofuran oxygen atoms produce the two concluding ion-dipole bonds to
result in a final cubic coordination and the complete envelopment of the ion 201, 202.

Figure 1.36: The complete chemical structure of nonactin. Four carbonyl and four
tetrahydrofuran oxygen atoms (red) bind a K+ ion in cubic coordination at the centre of the
molecule while the methyl and methylene groups rotate outwards to provide a non-polar
exterior to the ion-bound complex.
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A direct relationship has been established between this ion binding mechanism and the
characteristic alternating stereochemistry of nonactic acid monomers, as it has been
demonstrated that synthetic nonactin composed exclusively from either (+) or (-) isomers of
nonactic acid, were unable to effectively bind and transport cations. This inactivity has been
attributed to binding site inaccessibility, as loss of the natural nonactic acid stereochemistry
prevents the oxygen atoms from both, the carbonyl and tetrahydrofuran groups, associating
with the ion 202.
As evidenced from its x-ray crystallographic structures, nonactin is able to bind a range of
cations such as Na+, K+, Cs+, Ca2+ and NH4+ 204-208 however, as illustrated by its sequence of
ion selectivity: NH4+ > K+ > Rb+ > Cs+ > Na+ > Li+

166, 201

, its greatest affinity is towards

NH4+. Amongst the metal cations, it demonstrates greatest selectivity towards K +, which far
surpasses the other most physiologically abundant ion; Na+ by a factor of over 200 166, 201, 202.
This selectivity towards NH4+ and K+ over the other cations is a result from the arrangement
of its binding sites, namely the carbonyl and furan oxygen atoms, best suiting these cations
since they are both of a similar size

209-211

. This size similarity has inadvertently resulted in

the largely prevalent adversity of NH4+ / K+ indiscrimination, as sensors for NH4+; such as
nonactin-based ion-selective electrodes and crown ether based compounds; unfortunately
also display similar binding to K+, which diminishes the receptor‟s viability as an asset for
the accurate measurement of NH4+ when present within a mixture of other cations 209-212.
The smaller cations; Li+ and Na+, mostly remain unbound by nonactin as the carbonyl and
tetrahydrofuran groups are required to converge to a greater extent in order to allow their
respective oxygen atoms to associate with the ion. These extra convergences produce
unfavourable repulsive forces between the constituent atoms of nonactin, which result in the
production of an overall weaker ion-complex. The ion‟s smaller size also accounts for their
larger hydration energy, which is another major factor for the determination of ion
selectivity. Since ion complexation involves removal of the ion‟s hydrating solvent
molecules, a larger amount of energy is required to dehydrate smaller ions due to their
higher charge density, as this effect results in a greater attraction of solvent molecules.
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The larger cations Rb+ and Cs+, also do not bind favourably with nonactin simply due to
their greater size. A weaker ion complex is produced as only partial nonactin-ion bonds are
formed, since nonactin is unable to entirely wrap around the larger ion.

Monensin is a Na+ selective ionophoric polyether antibiotic, naturally produced by the
bacteria Streptomyces cinnamonensis. It was first reported by Agtarap in 1967 with the
elucidation of its first x-ray crystallographic structure as a silver complex

213

. A few years

later in 1971, Lutz reported its first ion-free x-ray crystallographic structure with the
production of its monohydrate complex

214

. The formation of numerous monensin-ion

complexes, as illustrated by the array of x-ray crystallographic structures

215-223

, confirms

the ability of monensin to bind not only Na+, but also a range of monovalent cations such as
Li+, K+, Rb+ and Ag+. However, Lutz demonstrated its binding preference to be in the order:
Na+ > K+ > Li+ > Rb+ > Cs+ 224 thereby verifying its selectivity for Na+ over the other alkali
metal cations. The abundance of such crystallographic structures along with a wealth of
spectroscopic data

225-230

, has substantially contributed towards the understanding of

monensin‟s structure, ion binding and transport mechanisms.
Monensin is a pentacyclic molecule, comprising of three tetrahydrofuran and two
tetrahydropyran units as illustrated by its chemical structure in Figure 1.37. This structure is
fundamental to its function as an ionophore as the five heterocycles, three hydroxyl groups
and the carboxylic acid moieties are all essential components for effective cation binding
and transportation. Each of the five heterocycles possess electronegative oxygen atoms
which provide the means to produce the required ion-dipole bonds with the target cation,
whilst the hydrocarbon-based backbone is non-polar to ensure lipophilicity for membrane
bilayer solubility. Upon cation binding, all three tetrahydrofuran oxygen atoms associate
with the ion together with one tetrahydropyran oxygen atom and two hydroxyl groups, as
highlighted in Figure 1.37, to hold the cation in a stable octahedral geometric arrangement.
Bifurcated intermolecular H-bonds are produced between the terminal hydroxyl and the
carboxyl groups at either end of the molecule, which enables monensin to retain an overall
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pseudocyclic structure even when unbound to a cation despite it possessing a nonmacrocyclic structure unlike its cyclic compatriots; valinomycin and nonactin

231, 232

. The

process of monovalent cation binding by monensin involves a sequential replacement of the
solvated ions‟ hydrating water molecules by the ionophore‟s ether and hydroxyl oxygen
atoms, however some aspects of this mechanism still remain uncertain.
An early mechanism was proposed which, based upon crystallographic results, suggested
that cation binding was initiated at the oxygen atom from the central tetrahydrofuran moiety
of the monensin molecule, with adjacent ether and hydroxyl oxygen atoms then sequentially
replacing the water molecules around the metal cation

217

. However more recently, an

alternative mode of ion binding has been proposed which, by employing NMR and
molecular dynamic simulation methodologies, concluded that cation binding is initiated at
the negatively charged carboxylate group

228-230

. This mechanism suggests that the largely

lipophilic monensin molecule resides within the phospholipid membrane with its carboxylic
acid group projecting into the aqueous medium which, at physiological pH, is likely to be
deprotonated to produce the anionic carboxylate group. The target cation is attracted towards
the carboxylate group where association initially occurs as a result of a carboxylate oxygen
atom displacing one of the ions‟ hydrating water molecules. Ion binding then proceeds along

Figure 1.37: The complete chemical structure of monensin. Four ether and two hydroxyl
oxygen atoms (red) bind a Na+ ion in octahedral coordination while the methyl and ethyl
groups rotate outwards to provide a non-polar exterior to the ion-bound complex. This
pseudocyclic structure is maintained due to the production of intermolecular H-bonds
between the terminal carboxyl and hydroxyl groups.
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the molecule as subsequent ether and hydroxyl oxygen atoms replaces the remaining water
molecules in succession. Whilst both cation binding mechanisms involve the sequential
replacement of the ion‟s hydrating water molecules by monensin‟s ether and hydroxyl
oxygen atoms, the key variant between the two mechanisms is the position on the ionophore
where ion binding is initiated. The former model suggests that ion binding is initiated at the
centre of the molecule with the complexation process diverging adjacently in both
directions, whereas the latter model proposes that ion binding is initiated at one end of the
molecule with the complexation process progressing along it.
Following successful binding of the target cation, the ionophore is then required to transport
it across the phospholipid bilayer; a mechanism that has attracted much interest since the
initial emergence of monensin. Initially, the general consensus of ion transport by monensin
was considered to be an electroneutral Na+/H+ antiport mechanism however; recent studies
have shown that monensin is also able to transport cations electrogenically in a manner that
has been likened to valinomycin

233

. The process of electroneutral transport involves

deprotonation of monensin‟s carboxyl group to produce the anionic carboxylate, resulting in
the formation of the monensin anion (Mon-). The negatively charged monensin molecule
then attracts its target cation to form a neutral monensin-cation salt complex (Mon-M+)
which is able to traverse across the bilayer membrane. The cation is then released on the
other side of the membrane where the monensin anion is re-protonated to produce the
original neutral monensin molecule, which is then subsequently able to return to the initial
side of the bilayer where this process is continually repeated until an equilibrium in ionic
concentrations is reached

234

. This process functions as an antiport mechanism as a cation

and a proton is simultaneously transported across the bilayer in opposite directions. Since
two cationic species are exchanged across the membrane, there is no net difference in
charge, and as a result, this mechanism of ion transport is considered electroneutral 235.
The notion that cation transport by monensin may occur electrogenically was proposed after
the transport of Na+ and H+ across liposomes was measured, where it was concluded that
Na+ was transported across the membrane by binding to the neutral non-deprotonated
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monensin molecule as a 1:1 complex (MonNa+)

236

. Since this mechanism of ion transport

does not require deprotonation of monensin prior to cation binding, ion transport only occurs
unilaterally as the transport of Na+ to one side of the membrane is not counteracted by the
transport of H+ in the opposite direction, resulting in the production of a membrane potential
233-236

. This electrogenic mechanism of cation transport by monensin is supported by earlier

investigations where it has been shown that the monensin-cation complexes produced within
a neutral or acidic environment are formed with the neutral non-deprotonated monensin
molecule as opposed to the monensin anion

225, 237, 238

. Crystallographic evidence further

supports this mechanism, as one of the first x-ray crystal structures reported of monensin
was that of its Na+ complex which was produced from the non-deprotonated monensin
molecule as a Na+Br- salt complex

216

. More recently, further examples of such Na+

complexes have been elucidated crystallographically with the neutral monensin molecule
forming salt complexes with NaCl and NaClO4

239

. It has been suggested that monensin is

stable only as a complex, as no data has yet been presented of monensin devoid of an ion or
solvent molecule. Even when present within a non-polar environment, monensin has still
been shown to exist as a monohydrate complex 234, 239.
Ion binding by monensin is not only restricted to monovalent cations as crystal structures of
divalent cationic complexes have also recently been reported with Co2+, Mn2+, Cu2+, Mg2+,
Ca2+, Ni2+, Zn2+, Cd2+ and Hg2+ 240-245. However, differing from the two previous complexes,
these divalent cations are not bound within monesin‟s hydrophilic cavity, but are present as
complexes of the types: M2+(Mon-)2(H2O)2, M2+(Mon-Na+)2Cl-2 and M2+(Mon2-)·H2O where
„M‟ and „Mon‟ represent the divalent cation and monensin respectively

234

. Monensin is

currently used as an antibiotic for livestock as it controls and prevents dysentery caused by
Brachyspira hyodysenteriae bacteria and Coccidia parasites

234, 246

. Its mechanism is based

upon increasing intracellular Na+ concentration, which in turn effects H+ concentrations and
pH levels amongst others, causing cell death 234, 246, 247.
It is evident that the ion transportation mechanisms exhibited by these three polyether
ionophores are extremely effective, as they result in potent antibacterial activity 248-252.
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1.4.3

Ion channels: providing a pathway

An alternative method for the transportation of ions across membranes is via ion channels.
These differ from ionophores, which use a complexation – transport – decomplexation
mechanism, by providing a hydrophilic pathway through the membrane which enables ions
to cross. The different transport mechanisms lead to a vast difference in ion conductance
rates as channels enable the transport of 108 ions per second, which is about 105 times faster
than in ion carriers

92, 107, 253

. Unlike ionophores, biological ion channels are very large

immobile proteins that penetrate and fully span the bilayer membrane. Their ability to pierce
the membrane in order to produce an aqueous path for ions to travel through can be achieved
by simple pores or more complex channels. There are two key features that distinguish pores
from channels. Firstly, channels are not present in a permanently open state whereby they
continuously transport ions. Channels are able to regulate ion transport via gating
mechanisms which control the opening and closing of the channel in response to a stimulus.
Transmembrane pores generally do not possess any gating mechanisms to control ion
transport therefore, they allow unrestricted movement of ions and molecules across the
membrane. The second vital distinguishing characteristic is that channels must demonstrate
ion selectivity whereby the transport of only one ionic species is permitted through the
channel whilst excluding any other ions. Pores are nonselective thus allowing the movement
of any small, similarly charged or neutral molecules across the membrane.
Ion channels are ubiquitous in all cell membranes and are involved in various biological and
physiological processes around the body such as establishing and maintaining the cells‟
resting membrane potential, cell signalling, controlling cellular pH, regulation of cell
volume and osmotic balance, involved in the release of essential secretions, amongst many
more

60

. As ion channels are fundamental to the healthy functioning of a cell, any

irregularities in the ion channel protein results in the channel malfunctioning leading to
diseases collectively known as channelopathies. Research into ion channels and ion transport
across membranes has arisen in part to understand channelopathies.
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1.4.4

Natural pore-forming compounds

Ion channels or transmembrane pores that demonstrate selective activity towards a particular
group of cells or organisms are very useful as they may be used to selectively target and act
upon certain cells whilst excluding all others.

One of the most well-known pore-forming compounds: gramicidin, demonstrates selectivity
towards gram positive bacteria over gram negative species, and became the first clinically
tested, commercially available antibiotic used from 1939 254, 255. Despite penicillin‟s status as
the first antibiotic, discovered accidentally by Fleming in 1929

256

, had it not been for the

discovery of the antimicrobial action of tyrothricin (a mixture of tyrocidine and gramicidin)
by Dubos in 1939, penicillin may have not been the antibiotic it is today. After presenting
his findings at a conference in 1939, Dubos approached Fleming about the observation that
tyrothricin appeared to demonstrate similar bactericidal activity to the fungus Penicillium
notatum though Fleming was unconvinced. Florey and Chain came across Fleming‟s 1929
report on penicillin and immediately took an interest in investigating naturally occurring
antibacterial substances in 1939. Despite acknowledging that it was unlikely that penicillin
would be of any therapeutic use it was only after Dubos published his 1939 paper that Florey
recognised the possible therapeutic effects of penicillin. The term antibiotic was defined by
Selman Waksman as „„a chemical substance of microbial origin that possesses antibiotic
powers‟‟

257, 258

. Whilst synthetic substances like sulpha drugs had been used earlier with

some success, and penicillin recognised as the first discovered antibiotic, Tyrothricin
represented the first clinically tested and used antibiotic.

Through chemical investigations conducted by Dubos and Hotchkiss as early as 1940, it was
identified that gramicidin was a polypeptide, of which half the amino acids were in the dconfiguration 259. However, it was not until 1964 that the entire primary amino acid sequence
for gramicidin A was identified as: HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-
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Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-NHCH2CH2OH 260. This shows that gramicidin is
a polypeptide comprising of 15 alternating L- and D- amino acids as illustrated below in
Figure 1.38. Natural gramicidin is a mixture of six variants of this sequence termed
gramicidin A, B and C, possessing a distribution of 85%, 5% and 10% respectively

261, 262

,

which are collectively termed gramicidin D. The variety of gramicidin is established by the
amino acids present at positions 1 and 11. The amino acid at position 1 may be valine (Val)
or isoleucine (Ile) which has no bearing on its subcategory. The amino acid present at
position 11 may be tryptophan (Trp), phenylalanine (Phe) or tyrosine (Tyr) which dictates
the subcategory of gramicidin as A, B or C respectively.
It was not until 1971 that Urry suggested a helical, coiled structure

263

and proposed its

activity was due to the formation of an end-to-end dimer of two gramicidin molecules

264

.A

year earlier, it had been reported that some antibiotics such as gramicidin, possessed the
ability to alter bilayer membrane conductance by mediating ion flux

265

. This was later

confirmed in 1972 where ion conductance across lipid membranes in the presence of
gramicidin was investigated 266. These studies resulted in a number of conclusions. Firstly, it
concluded that gramicidin was indeed a pore as opposed to an ion carrier with a length less
than 35Å. Secondly, it suggested that ion conductance was the result of at least two
gramicidin molecules combining together, and lastly, it conducts monovalent cations with no
significant selectivity but excludes polyvalent cations and anions. The study supported
Urry‟s dimeric end-to-end helical structure 266.

Figure 1.38: The complete chemical structure of val-gramicidin A. Both ends of the
molecule- at positions 1 and 15 are blocked with formyl and ethanolamine groups
respectively (red). Amino acids at positions 1 and 11 (blue) vary according to the
subcategory of gramicidin (A, B or C), which is dictated by the amino acid present at
position 11 (Trp, Phe or Tyr respectively).
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However, an alternate double helix conformation was postulated for gramicidin in 1974

267

,

which was confirmed in 1988 when the first crystal structures were elucidated as both, its
caesium complex

268

and its non-complexed form

present gramicidin as the double-stranded helix

269

. Despite all crystal structures to date

270

, the ion-conducting conformation that

gramicidin adopts in lipid bilayer membranes has been the subject of much controversy

271,

272

. The validity of the single-stranded end-to-end helical dimer was first obtained in 1985 by

solution NMR spectroscopy, where gramicidin was incorporated into a lipid-membrane
environment comprising of sodium dodecyl-d25 sulphate (SDS-d25) micelles

273

.

Subsequently, a high-resolution structure of gramicidin in a lipid bilayer was deduced by
solid state NMR spectroscopy using isotopically labelled (13C, 15N) gramicidin dispersed in
dimyristoyl phosphatidylcholine (DMPC)

274

, followed by structural refinement using

molecular dynamics simulations 275. As gramicidin is a small, helical, flexible polypeptide, it
is able to adopt different conformers which are influenced by its environment

262, 276

. This

accounts for the differing double-stranded double-helix structures that have been obtained
via crystallography compared to the single-stranded end-to-end coiled structures obtained
via other spectroscopic methods.

The coiled single-stranded head-to-head helical dimer is known as the „channel‟ form which
is the conformation adopted in membranes, whereas the double-stranded intertwined doublehelix is dubbed the „non-channel‟ or „pore‟ form which is the conformation adopted in
organic solvents 262, 276, 277. The pore conformation is regarded to be a left-handed antiparallel
double-helix, which is held together by 28 intermolecular hydrogen bonds, with a length
between 26Å and 31Å and a pore diameter between 3.85Å and 5.47Å
structure

269

262

. The ion-free

shows a long, thin (31Å x 3.85Å) double helix which seems too narrow to

accommodate ions, however the caesium complex
4.9Å) double helix conducting caesium ions.
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268

shows a shorter and wider (26Å x

The channel conformation is a single-stranded coil, arranged in a right-handed β-helix, held
together by 15 intramolecular H-bonds 278. It is when two molecules of this type adjoin in an
end-to-end fashion by the production of six further intermolecular H-bonds, that a channel is
formed. The channel dimer is approximately 26Å long, sufficient to span the hydrophobic
core of a lipid bilayer, and possesses a pore diameter of approximately 4Å which is large
enough for monovalent cations

278, 279

. One key structural difference between the pore and

channel conformations are the arrangement of the four tryptophan residues in the membrane.
In the pore conformation, they are distributed along the membrane axis where they are
present even at the bilayer core but in the channel conformation they are clustered only
towards the periphery of the bilayer

279, 280

. Tryptophan has interesting chemical properties,

as the presence of the polar amine group on the indole moiety, gives an otherwise non-polar
hydrophobic amino acid, a degree of amphiphilicity. The polar amine favours residing at the
bilayer-aqueous interface where it may be exposed to a polar medium. This arrangement is
thought to be stabilised, thus favoured, due to the amine‟s ability to produce H-bonds with
other polar substances present in the aqueous environment coupled with possible π-π
interactions between neighbouring tryptophan residues resulting from the extended
conjugated aromatic system 279, 281. As a result, the channel conformation dominates in lipid
membranes as it is thermodynamically unfavourable for tryptophan residues to be distributed
along the bilayer axis

278, 282

. Tryptophan-substituted gramicidin analogues were synthesised

to investigate this by replacement with phenylalanine residues which are unable to produce
H-bonds

283-285

. Results showed that the pore conformation dominated, thus concluding that

the presence of tryptophan is responsible for the channel conformation in bilayer
membranes.
The end-to-end channel conformation could be achieved in three ways, head-to-head (N-toN terminals), tail-to-tail (C-to-C terminals) or head-to-tail (N-to-C terminals). To investigate
this, many methods and techniques have been employed 273-275. Conductance studies on lipid
membranes were also performed where different gramicidin analogues were synthesised
which were modified by attaching negatively charged groups on either its N- or C-termini.
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Results showed that no activity was produced upon alteration at the N-terminus, whereas
some activity was still present after modification at the C-terminus when the modified
gramicidin was applied to both sides of the membrane 286.
These results, amongst others, clearly confirm that in lipid membranes gramicidin‟s primary
ion-conducting conformer is the end-to-end channel conformation. Dimerization occurs via
the connection of the two molecules‟ N-termini at the bilayer core with their carboxy termini
orientated towards the membrane interface 262, 278, 286.

A

B

C

D

Figure 1.39: Structures and conformations of gramicidin. (A) and (B): Side views of the
double-stranded pore conformation as its caesium complex and ion-free form respectively.
(C) and (D): Side and end views of the single-stranded channel conformation. The two
subunits are shown in light and dark grey with the formyl oxygen atoms (red) and the indole
nitrogen atoms (blue) highlighted. Note how the four tryptophan residues of each subunit are
distributed along the membrane axis in the pore conformation (A) and (B), whereas they are
clustered at the membrane interface in the channel conformation (C) and (D). A water
molecule is also shown for comparison 279.

Ion permeability is dependent upon the association and disassociation of two gramicidin
molecules in the membrane. Each molecule‟s length is only able to span a single leaflet of
the bilayer therefore, a channel may only be produced when two molecules combine as an
N-to-N dimer, as its combined length is only just sufficient to span a bilayer membrane
(Figure 1.40). The end-to-end dimer is stabilised by the formation of six intermolecular Hbonds which are able to break and reform reversibly. H-bond breakage results in dimer
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disassociation and disconnection of the channel pathway

262, 277-279, 281

. This reversible

connection and disconnection of gramicidin dimers in the membrane is an example of
gating, whereby a channel can control the conductance of ions.

Figure 1.40: A schematic representation of how ions are conducted across a phospholipid
bilayer via gramicidin. Two gramicidin molecules insert into opposite sides of the
phospholipid bilayer, with ion flow only occurring upon the head-to-head dimerization of
both gramicidin molecules 279.

As with all peptides, the primary sequence of amino acids is fundamental to the structure
and function of gramicidin. The unusual alternating L- and D- stereoisomers of its
constituent amino acids result in their side-chains to be conveniently oriented outwards
rather than obstructing the channel‟s interior lumen when it is coiled into a β-helix. From
gramicidin‟s primary amino acid sequence (Figure 1.38), it can be clearly seen that it is
almost solely comprised of hydrophobic amino acids possessing mainly alkyl hydrocarbon
side chains. In bilayer membranes, these hydrophobic side chains interact favourably with
the phospholipid‟s aliphatic fatty acid chains, thus explaining its preferred β-helical coil
conformation in a hydrophobic environment. As the side chains are oriented outwards, this
leaves the polypeptide backbone to form the interior of the channel. The presence of polar
carbonyl and amide groups result in a relatively polar interior, which is a favourable
environment for polar substances such as water and ions.
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Despite not selectively permitting transport of only one species of ion, gramicidin is only
selective to monovalent cations in the order of Cs+ > Rb+ > K+ > Na+ > Li+
impermeable to divalent cations
dynamics simulations

289

288

287

while being

and anions. Through a number of studies and molecular

, it has been suggested that gramicidin‟s selectivity towards only

monovalent cations is twofold. Firstly, its repulsion of anions is thought to be caused by
minor unequal charge distributions across the polypeptide, whereby areas of slight negative
charge attract cations and repel anions. The monovalent selectivity is thought to be due to
energetic factors. It has been suggested that the presence of multiple charges on an ion
produces stronger ion-solvent interactions which need to be broken in order for channel
conductance. As a result, the higher energetic costs required to dehydrate a polyvalent ion
over a monovalent ion makes this unfavourable 289.

1.5

Ion channels

1.5.1

Introduction to ion channels

Natural, biological ion channels are very large proteins that fully penetrate the bilayer
membrane to provide a path for charged species, ions, to travel through lipid bilayers
typically with a rate of about 106 ions per second 59. Ion channels are ubiquitous in all cell
membranes and are involved in various biological and physiological processes around the
body such as establishing and maintaining the cells‟ resting membrane potential, cell
signalling, controlling cellular pH, regulation of cell volume and osmotic balance, involved
in the release of essential secretions, amongst many more

60

. There are various different

types of ion channels in a living cell: the two major families being ion selective, where the
channel is elective for a specific ion (e.g. sodium (Na+), potassium (K+), calcium (Ca2+),
chloride (Cl-)), and gating, where the channel is switched „on‟ and „off‟ (e.g. voltage gated,
ligand gated). It is this variation that is the cause of the different mechanisms by which ion
channels operate and produce their effects. Ion permeability through the channel changes
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when certain thresholds are met. For example, a voltage-gated K+ channel will allow a
greater net movement of K+ ions through when there is a change in current resulting from a
change in the cell‟s membrane potential. Once the membrane potential has returned to its
original state, the ion channel reduces permeability of K+ ions, stopping further net
movement of ions.

1.5.2

Ion channels in nature

The first major breakthrough in ion channel research came in 1998 when MacKinnon
revealed X-ray crystallographic images of a K+ channel in Streptomyces lividans (KcsA) 290.
These images not only enabled the structure to be determined in remarkable detail, but also
gave suggestions for its mechanism of action that explained the selectivity for K + over other
cations such as Na+. Although isolated from bacteria, it was shown that the amino acid
sequence encoding the KcsA channel protein was indeed similar to the K+ channels present
in other organisms such as voltage activated and Ca2+ activated K+ channels in animals,
other bacteria and even plants

290

. As identified from its X-ray crystal structure, the channel

is formed by four identical subunits in the shape of, what was described as, an „inverted
teepee‟, as shown in Figure 1.41 below.

Figure 1.41: A simplified diagram of the KcsA K+ channel showing two of the four
subunits, where the intracellular and extracellular environments are located at the bottom
and top of the channel respectively. The selectivity filter is shown in yellow and the central
cavity is indicated by the asterisk 291.
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Both the intracellular and extracellular openings of the channel contain negatively charged
amino acids to attract cations and repel anions. From the intracellular side of the
phospholipid membrane the ion channel starts with the internal pore 18Å in length opening
into a wider cavity approximately 10 Å in diameter at the midpoint of the cell membrane 290.
In solution either inter- or extra- cellular, ions are stabilised by the hydration of water
molecules as shown below in Figure 1.42. K+ ions entering the internal pore and central
cavity remain predominantly hydrated until the selectivity filter is reached as the internal
pore and cavity is water-filled. The selectivity filter is the region within the ion channel that
separates the central cavity from the extracellular environment. The lining of the internal
pore and cavity is predominantly hydrophobic as to aid the high throughput of ions by
providing an inert environment for the cation to travel through.

Figure 1.42: A schematic illustration of a hydrated K+ ion in water. The positive charge on
the K+ cation attracts the negative dipoles from the oxygen atoms in the H2O molecules.

A K+ ion passing through interdigitated lipids within membrane must overcome an energy
threshold which is at its maximum at the hydrophobic bilayer centre because the ion is more
stable in its hydrated state. However, at the bilayer core, the ionisable influence is minimal,
causing minimal K+ stabilisation, resulting in a high energy environment. As the K+ ion is
required to overcome this high energy threshold, there are factors aiding the stabilisation of
the K+ ion and consequently reducing this high energy environment.
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As the internal pore and cavity are water-filled, the ion is able to remain in its hydrated state.
The four subunits that constitute the ion channel each contain an inner helical portion that
produces a helix dipole effect in which the carboxyl groups of the amino acids are oriented
inwards. The carbonyl oxygen atoms further aid the stabilisation of the K + ion due to
negative electrostatic attractions.

Once the K+ ion has progressed through the water-filled internal pore and central cavity, it
must pass through the selectivity filter. This is a 12 Å long region composed of a signature
sequence of amino acids which are present in all K+ channels 290, and forms the basis of the
channel‟s ion discrimination. Any change in this sequence such as by mutation, disables the
channel‟s K+ selectivity 290. The diameter of the selectivity filter is too small for a hydrated
K+ ion to enter, therefore to allow passage through this region, the K+ ion is required to lose
its hydrating water molecules. The conversion from a stable hydrated ion to a non-stable
dehydrated ion is not favourable, therefore another stabilisation mechanism exists within the
selectivity filter. The lining of the selectivity filter opposes that of the internal pore and
central cavity regions as it is lined by polar main chain atoms. It is this internal lining of
carbonyl oxygen atoms, which helps compensate for the energetic cost of dehydration and
stabilises the K+ ion by replacing coordinated water molecules. The positions of the carbonyl
oxygen atoms are such that they form perfect coordination and geometry as what would be
expected with a hydrated K+ ion in solution as illustrated in Figure 1.43.
The intermolecular bonds between amino acid residues such as H-bonding between carbonyl
groups and van der Waals forces within the ion channel protein are the cause of rigidity of
the selectivity filter. It is this rigidity that is responsible for the selectivity of K + over Na+ as
it prevents any contraction of the filter as to prevent the carbonyl groups approaching, thus
further stabilising, a smaller cation, such as Na+. Since Na+ is smaller in size, the distance
between Na+ and the carbonyl oxygen atoms are further away, therefore the energetic cost of
stabilisation is not as great as for K+.
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Figure 1.43: Schematic and simulated illustrations depicting the passage of a K+ ion through
the selectivity filter of the KcsA K+ channel. A hydrated K+ ion approaches the filter where
it is shed of its surrounding hydrating water molecules. The dehydrated K + ion is stabilised
by carbonyl oxygen atoms that line the filter as it passes through, upon which the ion is
rehydrated when returning back into solution 292.

The distance between the carbonyl oxygen atoms and K+ is optimal to mimic that of a
hydrated water molecule, therefore it is only the dehydrated K + ion that exhibits optimal
geometry, coordination and precise energetic requirements to enter and travel through the
channel. This process is shown schematically in Figure 1.44. The conduction of ions through
the channel is achieved by balancing attractive and repulsive forces within the channel;
attractive forces between the cation and the channel and repulsive forces between two K +
ions. These forces are ideally balanced as to allow a steady flow of ions.
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Figure 1.44: A schematic illustration depicting how Na+/K+ ion selectivity is achieved
within the selectivity filter of a K+ ion channel. In aqueous solution (A and B), the free
mobility of the water molecules enables ions of all sizes to be readily hydrated. However,
within the selectivity filter of a K+ channel (C and D), the oxygen atoms that stabilise the
dehydrated cation are fixated in optimal positions to coordinate the larger K+ ion, and are
therefore unable to converge with the smaller Na+ ion closely enough to stabilise it in its
dehydrated state. As a result, the smaller Na+ ion cannot be conducted by a K+ channel.

It was not until 2002 that the concept of gating was unveiled. Jiang et al. were able to clone
a gene of a Ca2+ dependant ligand-gated K+ ion channel from Methanobacterium
thermoautotrophicum (MthK)

293

. It was the first channel to be obtained in an „open‟

conformation, as opposed to the previously identified KcsA channel; which was „closed‟.
Electrophysiological experiments on the MthK channel, reconstituted within planar lipid
bilayers, showed that it produced increasing levels of ion channel activity with increasing
levels of Ca2+ present. X-Ray crystallography was used to determine the structure of MthK
and it was found to obtain some similarities to that of KcsA channel. MthK has the same
basic structure in which the cation-selective pore is surrounded by four membrane-spanning
subunits. The fundamental difference between the two is that MthK channels contain
regulators of K+ conductance (RCK) domains that are attached to the intracellular side of the
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channel. It was known that to gate a channel for a specific stimulus, the channel contained
specific domains, such as the presence of voltage sensing domains in voltage-gated channels
and, similarly, ligand binding domains in ligand-gated channels. The function of these
domains is to alter the conformation of the channel in some way as to „open‟ or „close‟ the
pore, thus allowing or disallowing the conductance of ions respectively. Figure 1.45 shows
the structure of the MthK Ca2+ activated K+ channel. The gating ring itself does not block
ion flow, but rather induces conformational changes in the channel thereby „opening‟ or
„closing‟ it. Through mutational and electrophysiological experiments, it was shown that
Ca2+ binding to the gating ring were necessary for the functioning of MthK.

Figure 1.45: The structure of the MthK channel in its open (a) and closed (b) conformations.
The presence of Ca2+ in the open state is shown as yellow spheres 293.

A year later, in 2003, the same group progressed to more complex systems, specifically
voltage-gated channels. They were able to obtain X-ray crystal structures of KvAP

294

, a

voltage-dependent K+ channel from a species of thermophilic archaebacteria, Aeropyrum
pernix as illustrated in Figure 1.46. The structure is similar to KcsA and MthK in which the
cation selective pore is surrounded by four subunits with the selectivity filter resembling that
of KcsA. The voltage-gated mechanism is, however, more complex 295.
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Figure 1.46: The structure of the KvAP channel showing the voltage sensor domains along
the periphery in green 294.

All this work has helped contribute towards the understanding of ion channels and their
mechanisms of ion conduction across biological membranes, and what effects these have in
cells. As discussed, dysfunctional ion channels lead to channelopathies, therefore controlling
ion permeation across bilayer membranes have been of interest to scientists in the medicinal
field. As a result, ion channels have been targeted by drugs in an attempt to influence their
activity such as K+ channel openers (KCO‟s) examples that include Diazoxide, Pinacidil,
Cromakalim and Nicorandil. These drugs have effects on pancreatic β-cells, vascular smooth
muscle and cardiac cells

296

. However, their main drawbacks are the side effects these

medicines have on the body. Agents with a specific effect on a specific target are therefore
of considerably greater use. Key examples that combine specificity with ion channel activity
are the antibiotics: Gramicidin, Nystatin and Amphotericin. These are commercially used
drugs that are used to treat infections by forming a pore within the membranes of specific
types of pathogenic cells.

Gramicidin, as previously discussed in section 1.4.4, is medicinally used due to its
effectiveness against gram-positive bacteria by forming channels in their membranes. These
channels allow unrestricted movement of monovalent cations across their cell membranes
resulting in the disruption of intra- and extracellular ionic gradients, ultimately resulting in
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cell death. Functionality occurs when two gramicidin molecules, which are present on either
side of a membrane, align and dimerise to produce a single helical pore through the
membrane. Activity is only present for the duration of this dimeric structure, which accounts
for its gating mechanism. Understanding the mechanism and functionality of the gramicidins
has helped with the study of how other membrane-disupting antibiotics work.

Amphotericin and Nystatin, as illustrated in Figures 1.47 and 1.48 respectively, are two
examples of polyene antifungal antibiotics. As with Gramicidin, these compounds interact
with the membranes of cells, producing a pathway for ion leakage, however they are
examples of drugs that are specific to fungi

297-299

. The mechanism of action for these

polyene antifungal drugs is by aggregating in cell membranes, producing transmembrane
channels by interacting with the sterols that are present in fungal membranes 298.

Figure 1.47: The chemical structures of gramicidin and amphotericin. Gramicidin forms a
helical dimer whilst amphotericin forms aggregations within the membrane. Both these
mechanisms permit ion flow across phospholipid bilayer membranes 300.
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Figure 1.48: The chemical structure of nystatin. Its mechanism of action is similar to that of
amphotericin whereby many nystatin molecules aggregate within the membrane to form
aqueous pores where ions may flow through.

The consequence of channel production by these molecules is cell death, as they allow
uncontrolled passage of ions and small molecules across the membrane

299

. As both

mammalian and fungi cells contain sterols in their membranes; cholesterol and ergosterol
respectively, these compounds are toxic to humans in excessive quantities. The chemical
structures of these sterols are shown in Figure 1.49 below where it is evident that they are
both structurally very similar, thus explaining the slight unfortunate toxicity profile of
nystatin and amphotericin towards mammalian cells.

Figure 1.49: The chemical structures of cholesterol (left) and ergosterol (right) respectively.
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1.6

Aims

The fundamental aim of this project was to identify what structural and chemical features are
necessary for efficient and selective ion transport across biological membranes by
developing synthetic compounds capable of promoting selective transmembrane ion
transport.

The objective of this work was therefore to determine if it is possible to design and
synthesise a synthetic model for the selectivity filter of an ion channel, to incorporate it
within a membrane-spanning structure, and demonstrate ion selective transport.

Synthetic ion channel models allow individual aspects of ion transport to be probed with
ease, as each individual characteristic can be altered and tested which enables valuable
structure-activity relationships to be revealed. From previous work conducted at the
University of Brighton

301-306

, is evident that calixarenes and oxacalixarenes have the

potential to function as ion channel models and as of recently, pillar[n]arenes have arisen as
an additional research area.

The approach used was to synthesise a range of macrocyclic and linear compounds, each
exhibiting different physiochemical characteristics, to investigate what effects these
structural modifications have on bilayer membranes. The planar lipid bilayer method was
used to assess which compounds produced greatest activity and, by utilising a range of
different ionic solutions, determine if this activity was selective to a particular ion.

Finally, the antimicrobial effects of these compounds were tested to investigate their toxicity
towards bacteria. This was to investigate whether there was a relationship between
membrane activity and any bactericidal action.
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Chapter 2
Results and discussion
2.1

Chemical synthesis

The premise of this project was that cation-selective transmembrane ion transport could be
achieved by combining macrocycles having fixed cavity sizes with substituents which would
penetrate, and then become anchored in, a lipid bilayer. The macrocycles chosen were, for
the most part, hydrophobic so to enhance their aqueous solubility it was decided to employ
polyether substituents.

2.1.1

Introduction

There are many artificial systems that have been experimented with in recent years to serve
as ion channel mimics spanning peptide based and non-peptide based systems. Emphasis
will be based on the latter in this project.

Natural ion channels are essentially transmembrane proteins and, due to the early
characterisation and inspiring design of Gramicidin and its antibacterial activity, peptidebased ion transporters were the obvious starting place for mimetic systems. Some peptide
based mimics have been produced that obtain antibacterial activity however flaws have
emerged such that some analogues showed poor selectivity between bacterial and
mammalian cells or that their bactericidal activity was a result of high membrane disruption
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as opposed to channel activity

300, 307, 308

. These are obvious undesirable effects therefore

work continues in an attempt to limit or abolish these characteristics.

Since the discovery of crown ethers in 1967 and reports of their ability to bind cations, some
scientists turned to chemistry, as opposed to biology, to develop chemically-based analogues
incorporating macrocyclic sections within their structures in place of peptide based systems.
Work on crown-based chemical analogues began in the 1980‟s by incorporating these
macrocyclic ring systems as a mechanism of transportation of cations through bilayers

308

.

As a result, non-peptide analogues obtaining macrocycles incorporated within their structure
began to arise. The first synthetic pore-forming compounds incorporating macrocycles were
reported by Lehn, Fyles and Gokel in 1988, 1989 and 1990 respectively as shown below in
Figure 2.1 309-311.
Lehn‟s compound (Figure 2.1, structure 1) was designed to produce channel activity,
however it did not. The first synthetic compounds to demonstrate ion transport were Fyles‟

Figure 2.1: Structures of some of the first chemically-based ion transport systems
incorporating crown ethers as synthesised by Lehn (1), Fyles (2) and Gokel (3) 309-311.
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and Gokel‟s compounds (Figure 2.1, structures 2 and 3 respectively). Since these
compounds were reported, there has been an increase in compounds that aim to mimic
natural ion channel activity. A number of approaches have been developed to design and
construct compounds that allow ion permeation including peptide based systems,
macrocyclic based systems, multi-macrocyclic based systems, aggregate based systems and
tubular based systems, however, focus will now only be based on macrocyclic systems.

2.1.2

Macrocycles used as artificial ion channels

2.1.2.1 Calixarenes
Calixarenes are a popular class of macrocycles synthesised by the condensation reaction
between para-substituted phenols and formaldehyde. They are part of the cyclophane family
since they are composed of aromatic rings connected by an aliphatic chain. In cyclophane
nomenclature, they are known as substituted [1.1.1.1] metacyclophanes 92.

Due to the very complex nomenclature required to describe these compounds, the term
calixarene was coined by Gutsche in 1978 with the inspiration coming from a Greek vase
called a „calyx krater‟

312

. By analogy with the crown ether nomenclature adopted by

Pedersen, Gutsche chose the terms „calix‟ and „arene‟. The term „calyx‟ describes the „vase‟
or „chalice‟ shape of the molecule, in a similar sense to its biological use to denote the outer
covering of a flower, and the „arene‟ is from the aryl groups present in the macrocycle as
depicted in Figure 2.2. The number in the square brackets denotes the number of phenolic
units comprising the macrocycle. For example, a macrocycle comprising of four phenolic
residues is termed „calix[4]arene‟. Any substituents attached to the calixarene are also
included in the name of the individual compound; the presence of a tertiary butyl group in
the 4-position is termed p-t-butylcalix[4]arene such as the structure in Figure 2.2. Similarly,
phenolic substituents are given as suffixes.
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Figure 2.2: The structural bowl shape is evident upon the comparison of a calyx crater vase
(left) and p-t-butyl-calix[4]arene (right) 313.

These macrocycles have been identified as scaffolds for ion channel mimics as they have the
potential to filter cations through their central cavities by analogy to the selectivity filter in
natural ion channels. Calixarenes provide a rigid platform upon which structural and
functional features may be constructed.

Calixarenes may be synthesised in a variety of ring sizes; calix[6]arenes and calix[8]arenes
are examples of two commonly synthesised calixarenes, which are six and eight membered
rings respectively. Calix[4]arene has an internal cavity of 3.2 Å in diameter, while the larger
calix[6]arene possesses an internal cavity of 6.1 Å as illustrated in Figure 2.3 305. As a result,
species with radii of up to 1.6 Å and 3.0 Å may be able to pass through calix[4]arene and
calix[6]arene-based filter molecules respectively. This range encompasses biologically
important ions such as H+, Na+, K+, Ca2+ and Cl-, which possess hydrated radii of 1.96 Å,
1.79 Å, 2.01 Å, 2.56 Å and 1.95 Å respectively 305.

Figure 2.3: Calix[4]arene (left) and calix[6]arene (right) indicating their respective internal
cavity sizes 305.
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Calix[4]arenes may exist in a variety of conformational isomers known as cone, partial
cone, 1,2-alternate and 1,3-alternate conformers as illustrated in Figure 2.4 below. These
conformers arise due to free rotation about their bridging links. Each phenolic unit is free to
rotate through the macrocyclic annulus giving rise to one or two units being inverted,
however due to the production of intramolecular H-bonding in the lower rim, the cone
conformer predominates as the most stable form 306.

Figure 2.4: The four structural conformations of p-t-butyl-calix[4]arene.

Channel-like compounds may be synthesised depending on the conformation of calixarene
used. In the cone conformer, extending the calixarene by attaching lengthy substituents of
around 20 Å onto the lower rim of the ring system is long enough to span only a single,
monolayer of phospholipid, therefore for ion transport to occur, dimerization is necessary in
order to create a pathway for the ion through the entire thickness of the membrane.
However, if the 1,3-alternate conformation is used, and the calixarene is extended using
identical substituents, the compound should possess adequate length to span the entire
thickness of a bilayer membrane, therefore only a single molecule is necessary to produce
ion transport. These two processes are schematically illustrated in Figure 2.5.
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Figure 2.5: Two possible calixarene ion transport mechanisms. Left: cone conformer
requiring dimerization of two molecules on either side of a phospholipid bilayer. Right: 1,3alternate conformer requiring only one molecule to span the bilayer 305.

Research conducted at the University of Brighton investigating ion transport by
calix[4]arenes has indicated that they have the potential to act as ion channel mimics.
Triethylene glycol substituents were attached to the lower rim of the calix[4]arene and it was
shown by NMR spectroscopy to bind Na+ ions within the calixarene annulus. Lipid bilayer
experiments were conducted on the compound which demonstrated its selectivity towards
Na+ ions over K+ ions 306.

2.1.2.2 Oxacalixarenes
When the aliphatic -CH2- bridging chains between the aromatic moieties in a calixarene is
replaced by one or more -CH2-O-CH2- chains, the name of the compound is changed to
oxacalixarene, as the name indicates the inclusion of the additional oxygen atom. The
remainder of the calixarene nomenclature remains the same. For example, if the bridging
aliphatic chains are replaced with -CH2-O-CH2- and there are only 3 phenolic residues, the
compound will be called p-t-butylhexahomotrioxacalix[3]arene or, colloquially, p-tbutyloxacalix[3]arene. The differences in structures are illustrated in Figure 2.6.
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Figure 2.6: Comparison between the structures of p-t-butyl-calix[4]arene (left) and p-tertbutylhexahomotrioxacalix[3]arene (right), illustrating the differences in macrocyclic sizes.

Oxacalix[3]arenes are larger than their calix[4]arene counterparts as they possess a larger
central cavity despite being a 3-membered ring. Calix[4]arene has an internal cavity of
approximately 3.2 Å, whereas the oxacalix[3]arene has an internal cavity of approximately
4.0 Å due to the longer bridging chains present in the oxacalixarene 305.
As seen from its structure, the compound has interesting conformational properties. Firstly,
it possesses C3 rotational symmetry; secondly, the central cavity is essentially an 18membered ring which bears striking resemblance to Pedersen‟s 18-crown-6 crown ether,
which is well known to bind K+. Thirdly, like the calixarenes, the phenolic moieties are free
to rotate through its macrocyclic annulus, provided there is no lower rim substituent
attached, and as a result, it can exist in two conformers: cone and partial cone, however, due
to the presence of H-bonding across the lower rim, the cone conformer predominates. The C3
rotational symmetric nature is the most interesting feature of the compound as coupled with
the fact that it possesses longer bridging chains providing the molecule with more flexibility
than their rigid calixarene counterparts, enables oxacalixarenes to bind guests which require
specific three-dimensional geometric arrangements such as trigonal-planar, tetrahedral or

88

octahedral coordination geometries. The flexibility of the macrocycle enables optimum bond
distances and angles to be achieved 314.
Oxacalixarenes have demonstrated cation affinity by attachment of lower rim substituents.
Binding of Na+ and K+ ions with lower rim substituted oxacalixarenes have been
investigated by extraction studies

314

. These have shown that the compounds illustrated in

Figure 2.7 have a higher affinity to Na+ in the cone conformation, whereas they have a
higher affinity to K+ in the partial cone conformation. Compound 2 in Figure 2.7 has been
the subject of further research conducted at the University of Brighton. X-ray
crystallography has shown that two Na+ ions enter the central cavity and are linked by a
water molecule. The Na+ ion coordinates to six other binding sites and so the oxacalixarene
has provided the optimum 6-coordinate environment for Na+, complementing the probable
environment of natural Na+ channels

301, 314

. These results demonstrate that oxacalixarenes

have a high affinity for alkali metal cations such as Na+ and K+ and therefore have the
potential to act as the selectivity filter in a synthetic ion channel.

Na+
K+

cone
79 %
64%

1
Partial cone
26 %
88 %

cone
93 %
72 %

2
Partial cone
28 %
73 %

Figure 2.7: Structures of two oxacalix[3]arene derivatives that have demonstrated Na+ and
K+ affinities and their corresponding extraction percentage values from alkaline aqueous
picrate solutions into dichloromethane 314.
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2.1.2.3 Pillararenes
A new class of macrocycle closely relating to the calixarenes called pillar[n]arenes appeared
in the literature in 2008

315

. As with the calix[n]arenes and oxacalix[n]arenes previously

described, they are also a class of cyclophanes, however the structural feature of note is that
the aromatic moieties that comprise the macrocycle are linked together via the para-position
as oppose to the calixarenes and oxacalixarenes, which are linked together via the metapositions. This difference is illustrated in Figure 2.8 below where p-tert-butylcalix[4]arene
and dimethoxypillar[5]arene macrocycles are compared alongside one another. Due to this
difference in linkage, the pillar[n]arenes are termed paracyclophanes. The second interesting
feature of the pillar[5]arenes is that they are conformationally stable 5-membered ring
compounds. Pentameric paracyclophane synthesis has been attempted in the past, however
the reaction involved a 14-step synthesis and resulting in yields below 1% 315, 316. As a result,
further work on 5-membered paracyclophanes has not been actively pursued since 1985
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until recently in 2008, the first pillar[n]arene; dimethoxypillar[5]arene (DMpillar[5]arene)
was reported. In 2009, the 6-membered analogue, pillar[6]arene

317

, was prepared and in

2012 the first synthesis of pillar[7]arene was reported 318.

Figure 2.8: X-ray crystallographic structures of p-tert-butylcalix[4]arene (upper) and
dimethoxypillar[5]arene (lower) 319.
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Pillar[n]arenes have attracted a lot of attention due to their columnar structure, unlike the
calixarenes and oxacalixarenes which exhibit a conical shape. This columnar structure is due
to the linkages present in the para-positions as oppose to the meta-positions exhibited with
the calixarenes. The additional advantage with the pillar[n]arenes is that they are readily
functionalisable on both the upper and the lower rims of the molecule and therefore have the
potential to be extended in both directions.

From the crystal structures it is possible to determine the dimensions of the macrocycle. A
regular pillar[5]arene has a central cavity size of 5.5 Å in diameter and the depth of at least
6.5 Å which may increase depending on the substituents attached

319

. The internal cavity of

these macrocycles have been shown to incorporate species such as large solvent molecules
such as acetonitrile and hexane. A computational study carried out on pillar[n]quinones
indicated that the 5-membered ring was the most stable when investigating the 3, 4, 5, 6, and
7 membered ring analogues

320

. It was also shown that pillar [4] and [5] arenes may bind

anions such as Cl- and Br- ions within their central cavity with a slight preference to the
smaller Cl- ion. This is very interesting and promising information as if pillar[5]quinones are
able to include anionic guests within their central cavity, it may be of genuine interest as
possible applications as anion channels.

Pillar[5]arene derived nanotubes have been prepared which display rows and stacks of
pillar[5]arenes arranged in a columnar fashion

321

. These aggregations form a gel in the

presence of organic solvents such as with ethyl acetate/dichloromethane. The gel is the
product of the pillar[5]arene molecules stacking, forming long fibres as determined by
electron microscopy. Elemental analysis of the crystals conducted by the research group
confirmed that there was a string of hydrogen bonded water molecules within the fibres

319

.

The water chains exhibited H+ conductance through its tubular columns as shown by the
compound‟s response when changing the solvent form H2O to D2O. Analysis by infrared
spectroscopy indicated that oxygen-deuterium interactions were present within the tubes;
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therefore it was thought the deuterium had replaced the hydrogen within the compound. By
successive experiments, it was shown that water molecules from the bulk solution did not
simply replace the water molecules within the tubes, but the oxygen-deuterium interaction
that was present was in fact due to D/H exchange by a „proton hopping‟ mechanism. A
proton travels from one end of the chain to the other end by „jumping‟ from one water
molecule to the next

321

. This demonstrates one example of ion transport through the

pillar[5]arene tubes.

Asymmetric pillar[5]arenes called copillar[5]arenes, can also be synthesised. As opposed to
the previous examples where DMpillar[5]arene is synthesised by cyclising five units of
dimethoxybenzene to result in a pentagonal macrocycle which is comprised of identical
subunits, copillar[n]arenes are the result of macrocycle synthesis comprising of at least one
or more different phenolic subunits. If reacting subunits in a 4:1 ratio, for example
combining 1,4-dimethoxybenzene:1,4-dibutyloxybenzene, gives a copillar[5]arene in 16%
yield 322.

2.1.3

Analysis of chemical synthesis

2.1.3.1 Polyether substituents
Polyether compounds 1 and 2 were primarily synthesised for their attachment onto the
calix[4]arene, oxacalix[3]arene, pillar[5]arene and diaza[18]crown-6 macrocycles along with
their monomeric equivalents. The tosyl and bromide moieties function as good leaving
groups which enable them to react with the phenolic hydroxyl groups of both, the
macrocycles and their monomeric analogues, resulting in the attachment of the polyether
substituent.
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The synthesis of 1, as depicted in Scheme 2.1, proved very successful giving a 94% yield.
The 1H NMR spectrum showed a pair of doublets at 7.80 and 7.35 ppm which correspond to
the tosyl group‟s four aromatic protons. A triplet at 4.16 ppm corresponds to the two protons
on the triethylene glycol chain nearest to the tosyl group. The ten protons present in the
central region of the triethylene glycol chain are represented by a triplet followed by two
multiplets at 3.68, 3.60 and 3.52 ppm respectively, which correspond to two, six and two
protons respectively with two final singlets at 3.35 and 2.45 ppm corresponding to three
protons each for the pair of terminal methyl groups. The

13

C NMR spectrum produced

twelve peaks at 144.83, 132.93, 129.83, 127.96, 71.87, 70.71 70.53, 70.51, 69.26, 68.64,
59.02, and 21.63 ppm which are consistent with the twelve different carbon environments
within the product. HRMS for C14H22O6S was calculated as 318.38588. A peak was
produced at 341.10916, which is consistent with the sodium adduct of the product [M +
Na]+.

Scheme 2.1: Synthesis of triethylene glycol tosylate monomethyl ether (1) from triethylene
glycol monomethyl ether.

The second polyether substituent, 2, as depicted in Scheme 2.2, incorporated an unsaturated
alkene portion to the chain together with extending its overall length by an additional four
carbon atoms. The purpose of this modification was to firstly, investigate what effect, if any,
the increased substituent length had on the activity of the resultant compound and secondly,
to investigate what effect, if any, the unsaturated segment had on the activity of the
compound. By increasing the length of the polyether chain, it is anticipated that the
compound‟s activity would increase, as the longer compound should be able to span the
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phospholipid bilayer with greater ease than its shorter variant. It is predicted that the
attachment of the alkene functionality onto the aromatic moieties would enable the electron
rich π-region to extend further along the molecule, as a greater electron delocalised region
may aid with the attraction and subsequent transport of a cation. An additional benefit of the
alkene functionality is that it also allows for the possibility of light-activated cis/trans
isomerism 323. This would enable the compound to respond to an external stimulus whereby
its activity may be controlled; as isomerism would result in the mechanical shortening of the
channel-forming compound. It was unfortunately not possible to assess this behaviour
during the course of the project.

Scheme 2.2: Synthesis of (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) from
triethylene glycol monomethyl ether

This reaction was moderately successful, providing a 42% yield. This reduced yield was
almost exclusively a consequence of the formation of the di-substituted compound. Higher
yields could not be achieved despite extensive efforts to vary conditions in an attempt to
favour the mono-substituted product such as altering solvents, reagents, reagent ratios,
temperature and reaction times. A large excess of (E)-1,4-dibromobut-2-ene was used in
order to reduce the formation of the di-substituted variant, however the reaction always
unfortunately produced a mixture of the mono and di-substituted compounds. To obtain
exclusively the desired mono-substituted product, the reaction mixture was purified by
column chromatography. The 1H NMR spectrum shows a multiplet between 6.00 and 5.80
ppm which corresponds to the pair of protons at the double bond. There is a pair of doublets
at positions 4.05 and 3.95 ppm which corresponds to the two protons each that are
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positioned either side of the double bond followed by a series of multiplets at 3.66, 3.64,
3.60 and 3.55 ppm which corresponds to the twelve central ethoxy protons. A final singlet at
3.38 ppm corresponds to the terminal methyl group. The 13C NMR spectrum produced ten
peaks at 131.26, 128.59, 71.94, 70.63, 70.61, 70.52, 70.49, 69.70, 59.00 and 31.92 ppm
which are consistent with the ten different carbon environments within the product. HRMS
for C11H21O4Br was calculated as 297.18604. Peaks at 319.05770 and 337.02209 were
produced which are consistent with the sodium and potassium adducts of the product
respectively [M + Na]+ and [M + K]+.

2.1.3.2 Macrocyclic compounds
Four different macrocyclic compounds; calix[4]arene, oxacalix[3]arene, pillar[5]arene and
diaza[18]crown-6 are utilised as the scaffolds for the construction of the ion channel models.
The macrocycles are central to the functionality of these compounds as they are designed to
be utilised as filter molecules
Commercially available cone-4-t-butylcalix[4]arene was utilised as the starting compound
for the synthesis of the calix[4]arene based ion channel models, however as the 1,3-alternate
conformer was required, it was first necessary to remove the bulky t-butyl substituents as
illustrated in Scheme 2.3, in order to permit the calix[4]arene the conformational freedom it
requires. An added benefit for the removal of the t-butyl groups is the elimination of steric
crowding around the macrocyclic cavity, which may inhibit the conduction of ions through
the macrocycle.

Scheme 2.3: Synthesis of calix[4]arene (3) from 4-t-butylcalix[4]arene
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This reaction was fairly successful providing a 55% yield. No further purification was
required as the calix[4]arene product, 3, precipitated out of solution, whilst any impurities
were retained in solution. Pure calix[4]arene was easily isolated as a white powder by
filtration. The 1H NMR spectrum shows a singlet at 10.20 ppm which corresponds to the
four hydroxyl groups. A doublet at 7.05 along with and triplet at 6.75 ppm correspond to the
eight and four aromatic protons respectively. Two broad singlets at 4.25 and 3.55 ppm
correspond to four protons each, which represent the total of eight protons in the methylene
bridges. The

13

C NMR spectrum gave five peaks at 148.80, 128.77, 128.26, 122.25, and

31.73 ppm which are consistent with the five different carbon environments. HRMS for
C28H24O4 was calculated to be 424.48776. A peak at 447.15567 was produced, which is
consistent with the sodium adduct of the product [M + Na]+.

Synthesis of the subsequent 4-t-butyloxacalix[3]arene (5), initially requires the synthesis of
its precursor; 2,6-Bis(hydroxymethyl)-4-t-butylphenol (4) as illustrated in Scheme 2.4.
The based-induced reaction of para-substituted phenols with formaldehyde is generally low
yielding, but in this case proved fairly successful as a 48% yield was produced. The 1H
NMR spectrum showed a singlet at 7.02 ppm corresponding to the two aromatic protons, a
broad singlet at 5.66 ppm corresponding to the three phenolic protons, a singlet at 4.65 ppm
corresponding to the four methylene protons in the two hydroxymethyl groups and a singlet
at 1.25 ppm corresponding to the nine t-butyl group protons. The 13C NMR spectrum gave
seven peaks at 152.37, 142.33, 127.19, 124.49, 62.61, 34.76 and 32.42 ppm consistent with
the seven different carbon environments within the product. HRMS for C12H18O3 was
calculated to be 210.2695. A peak at 233.11969 was produced, which is consistent with the
sodium adduct of the product [M + Na]+.
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Scheme 2.4: Synthesis of 2,6-bis(hydroxymethyl)-4-t-butylphenol (4) from 4-t-butylphenol

Following successful synthesis of the precursor (4), the oxacalix[3]arene macrocycle (5) was
synthesised via a condensation reaction as illustrated in Scheme 2.5. Under Dean-Stark
assisted cyclocondensation conditions, only the cyclic trimer was produced in 48% yield.
The 1H NMR spectrum showed a singlet at 8.58 ppm corresponding to the three hydroxyl
groups, another singlet at 7.13 ppm corresponding to the six aromatic protons, a singlet at
4.72 ppm corresponding to the 12 protons of the methylene bridges and a singlet at 1.24 ppm
corresponding to the 27 t-butyl protons. The 13C NMR spectrum gave seven peaks at 153.52,
142.34, 126.89, 123.72, 71.74, 33.92 and 31.53 ppm which are consistent with the seven
different carbon environments within the product. HRMS for C36H48O6 was calculated to be
576.76272. The peak at 599.34002 was produced, which is consistent with the sodium
adduct of the product [M + Na]+.

Scheme 2.5: Synthesis of 4-t-Butyloxacalix[3]arene (5) from 2,6-bis(hydroxymethyl)-4-tbutylphenol (4).
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The 5-membered 1,4-dimethoxypillar[5]arene macrocycle (6) was prepared by the
cyclization of 1,4-dimethoxybenzene as illustrated in Scheme 2.6. Initially the synthesis of 6
regularly failed when using the methods published in 2008

315

due to the production of a

dark insoluble polymer-like material. On the rare occasions when the reaction was
successful, only very low yields of product were obtained ranging from 4 to 16%. However,
upon the utilisation of newer methods in 2012

324

, success quickly arrived. Yields of about

70% were regularly achieved, thus employing a different synthetic procedure was essential.
Exposing its functionality, namely its ten hydroxyl groups, was achieved in the proceeding
stage where the terminal methyl groups were removed. This enables the pillar[5]arene to be
functionalised and expanded. 1H NMR spectroscopy produced a singlet at 6.90 ppm
corresponding to the 10 aromatic protons. At 3.78 ppm a singlet is present corresponding to
the 10 protons present in the methylene bridge linking the five aromatic units. Finally, at
3.76 ppm, there is another singlet corresponding to the 30 protons present in the methoxy
groups. 13C NMR spectrometry produced five peaks at 150.35, 128.20, 113.29, 55.37, 29.23
ppm which is consistent with the five different carbon environments expected. HRMS for
C45H50O10 was calculated to be 750.8725. Peaks at 773.33797 and 789.9708 are consistent
with the sodium [M + Na]+ and potassium [M + K]+ adducts of the product respectively.

Scheme 2.6: Synthesis of dimethoxypillar[5]arene (6) from 1,4-dimethoxybenzene.

The removal of the terminal methyl groups as illustrated in Scheme 2.7 exposes the ten
hydroxyl groups which could then be functionalized and expanded. As with its precursor
1,4-dimethoxypillar[5]arene (6), the initial synthesis of pillar[5]arene (7) was attempted
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numerous times and often failed. In occasions where the reaction was successful, only very
small quantities were obtained with yields no greater than 5%. However, upon the later
success of 1,4-dimethoxypillar[5]arene synthesis, success with pillar[5]arene also followed.
Excellent yields of pillar[5]arene were achieved, regularly around 90%. The de-methylated
pillar[5]arene could then be extended by the attachment of polyether chains to the ten
exposed hydroxyl groups, and tested for its ability to transport ions across phospholipid
bilayers. 1H NMR spectroscopy produced a singlet at 7.99 ppm, corresponding to the 10
hydroxyl protons, another singlet at 6.68 ppm, corresponding to the 10 aromatic protons,
and, at 3.55 ppm, a singlet corresponding to the 10 methylene protons.

13

C NMR

spectrometry produced four peaks at positions at 147.38, 128.02, 118.23 and 30.63 ppm,
which are consistent with the four different carbon environments within the product. HRMS
for C35H30O10 was calculated to be 610.6067. Peaks at 633.17955 and 649.15278 were
produced, which are consistent with the sodium [M + Na]+ and potassium [M + K]+ adducts
of the product.

Scheme 2.7: Synthesis of pillar[5]arene (7) from dimethoxypillar[5]arene (6).

The attachment of polyether tails to the calix[4]arene (3) in the 1,3-alternate conformation
was successfully achieved via the tosylate derivative as illustrated in Scheme 2.8. The
presence of caesium was instrumental in encouraging the conformational change to the 1,3alternate conformer as the large size of the cation encourages rotation of two opposite units.
For this reason, Cs2CO3 is added to a calix[4]arene solution before the polyether is added, as
it functions as a template for the formation of the desired conformer.
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Scheme 2.8: Synthesis of 12,32,52,72-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)1,3,5,7(1,3)-tetrabenzenacyclooctaphane (8) from calix[4]arene (3).

This extended calix[4]arene in the 1,3-alternate conformation is of much interest as its
length should be sufficient to span a phospholipid bilayer. Previous work conducted at the
University of Brighton has shown success in the conductance of sodium ions across
phospholipid bilayers

306

. One primary objective was to investigate whether this compound

was able to conduct any other alkali metal cations, from the smaller lithium ion to the larger
caesium ion, in order to ascertain if there are any ion selectivity characteristics.

The synthesis proved very successful with yields averaging 69%. Upon initial workup, the
product was present as a pale yellow oil, however upon trituration with methanol and slow
evaporation, the pure product precipitated out from solution as colourless crystals. The 1H
NMR spectrum produced a doublet at 7.05ppm corresponding to the eight aromatic protons
at meta- positions to the polyether chain, and a triplet at 6.62ppm corresponds to the
remaining four aromatic protons para to the polyether chain. A triplet is present at 3.85ppm
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corresponding to the eight protons in the methylene bridges, three multiplets are present
between 3.78-3.72, 3.72-3.62, 3.62-3.48 ppm corresponding to sixteen protons each from the
polyether chains. Lastly, a singlet is present at 3.38ppm corresponding to twelve protons
from the terminal methyl groups. The 13C NMR spectrum produced twelve peaks at 155.75,
133.49, 129.93, 121.72, 71.94, 71.19, 70.76, 70.66, 70.63, 70.43, 59.05 and 30.92 ppm,
which is consistent with the twelve different carbon environments within the product.
HRMS for C56H80O16 was calculated as 1009.2248. Peaks at 1031.56002 and 1048.3231
were produced, which are consistent with the sodium [M + Na]+ and potassium [M + K]+
adducts of the product.

The attachment of polyether tails to oxacalix[3]arene (5) via the tosylate polyether (1), as
illustrated in Scheme 2.9, was also successful. Potassium carbonate was used as a weak base
in order to deprotonate the hydroxyl groups. The oxacalix[3]arene derivative was
synthesised to investigate if its larger macrocyclic annulus and its trigonal geometry had any
influence on ion conductance and selectivity. Due to the overall length of the molecule, in
order to conduct ions across the phospholipid bilayer, it is likely that 9 would have to form a
dimer within the membrane as it can only span a single leaflet of the lipid bilayer. A
gramicidin-like mechanism is proposed whereby molecules are present on either side of the
membrane and ion conductance is produced upon the alignment of two molecules producing
entry and exit routes through the bilayer. However, NMR data suggest that 9 was
synthesised in the partial cone conformation due to the presence of two t-butyl and aromatic
peaks each in 1 : 2 ratios coupled to other splitting patterns and peaks also appearing in 1 : 2
ratios.
The reaction produced a reasonably good yield of 64%. The 1H NMR spectrum produced a
pair of singlets at 7.32 and 7.15ppm equating to four and two protons respectively which
corresponds to two environments of aromatic protons. A broad singlet at 4.65 ppm is present
which equates to the 12 protons of the methylene bridges. Three doublets are present at 4.32,
4.21 and 4.19 ppm respectively all equating to two protons each, which correspond to the six
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Scheme 2.9: Synthesis of 15,55,95-tri-tert-butyl-12,52,92-tris(2-(2-(2 methoxyethoxy)
ethoxy)ethoxy)-3,7,11-trioxa-1,5,9(1,3)tribenzenacyclododecaphane (9) from
oxacalix[3]arene (5).

protons present on the polyether chain nearest to the aromatic region. A series of five
multiplets are present at 3.82-3.75, 3.75-3.65, 3.65-3.55, 3.55-3.50 and 3.50-3.40 ppm which
equate to two, eight, eight, four and four protons respectively which corresponds to the 26
central polyether protons. A pair of singlets at 3.36 and 3.35 ppm corresponds to six and
three protons respectively, which represent the nine terminal methyl groups. Finally, another
pair of singlets at 1.34 and 1.28 ppm corresponding to 9 and 18 protons respectively
represents a total of 27 protons present in the three t-butyl groups. The 13C NMR spectrum
produced 12 peaks at 154.90, 130.21, 129.86, 71.94, 70.61, 70.54, 70.37, 59.00, 34.33,
34.21, 31.61 and 31.52 ppm which is consistent with the 12 different carbon environments
within the product. HRMS for C57H90O15 was calculated to be 1015.3155 however, peaks at
1037.64560 and 1054.4138 are consistent with the sodium [M + Na]+ and potassium [M +
K]+ adducts of the product.
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Pillar[5]arene derivative 10 was synthesized according to Scheme 2.10 in order to
investigate if the larger 5-membered ring system was effective in coordinating and
conducting ions through lipid membranes, and if the 5-fold symmetry demonstrated any
preference to a particular cation. Similar to calixarene derivative 8, a single molecule should
be of sufficient length to fully span a phospholipid bilayer as opposed to the cone conformer
of oxacalixarene derivative 9, which requires intramembrane dimerization to occur.
The attachment of polyether tails to the pillar[5]arene was successful from the tosylate,
however, the reaction produced surprising low yields of around 16%. From NMR and mass
spectrometric analysis of the crude product, the low yield was due to incomplete attachment
of all 10 polyether chains despite adding a two-fold excess of polyether 1. Other
experimental conditions were also altered such as extending the reaction times for up to 7
days, heating/cooling the reaction and even changing the reagents and solvents used, but
could not increase the yields further. Incomplete polyether attachments may simply be due

Scheme 2.10: Synthesis of 12,15,32,35,52,55,72,75,92,95-decakis(2-(2-(2-methoxyethoxy)
ethoxy)ethoxy)-1,3,5,7,9(1,4) pentabenzenacyclodecaphane (10) from pillar[5]arene (7).
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to steric constraints. The 1H NMR spectrum produced a singlet at 6.83ppm corresponding to
the 10 aromatic protons. A pair of triplets is present at 4.01 and 3.83ppm corresponding to
20 protons each which are present in the polyether chain closest to the ring. A multiplet is
present at 3.73ppm equating to 30 protons which corresponds to a mixture of 10 protons
present in the methylene bridges and 20 protons in the polyether chain. Another three
multiplets are present at 3.65, 3.59 and 3.45ppm corresponding to a further 20 protons each
present in the polyether chains. A final singlet is present at 3.28ppm which corresponds to
the 30 terminal methyl groups. The

13

C NMR spectrum produced 11 peaks at 149.85,

128.80, 115.38, 71.82, 70.75, 70.70, 70.49, 70.22, 68.10, 58.88, and 29.33 ppm consistent
with the 11 different carbon environments within the product. HRMS for C105H170O40 was
calculated to be 2072.4493 however, a peak at 2095.11891 is consistent with the sodium
adduct of the product [M + Na]+.

Diaza[18]crown-6 based analogues were synthesised as the effect of a flexible macrocycle
on cation transport through phospholipid bilayers were investigated. Until now, rigid
macrocycles were used however the concept of a flexible macrocycle appealed as crown
ethers are known to bind metal cations. The other key element of investigation involved
studying what effect varying the polyether side-chains had on ion conductance. From the
diazacrown parent compound it is clear that numerous derivatives could be prepared.

In common with the previous polyether attachments, the substituents were successfully
attached to the diazacrown via the tosylated polyether as illustrated in Scheme 2.11,
obtaining in a yield of 44%. As with previous syntheses, attempts were performed to
improve yields but unfortunately to no avail. From NMR and mass spectrometric analysis of
the crude product, the low yield was due to incomplete attachment of both polyether chains
as peaks were present for the mono-substituted diazacrown together with the di-substituted
product. Other experimental conditions were also altered such as extending the reaction
times for up to three days, heating/cooling the reaction and even changing the reagents and
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solvents used such as adding double the required amount of polyether 1, but these
unfortunately resulted in no further improvements in yields.

Scheme 2.11: Synthesis of 7,16-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane (11) from diaza[18]crown-6.

The 1H NMR spectrum produced a number of multiplets where identification of the precise
positions of hydrogen atoms proved challenging due to the amalgamation of similar
polyethylene glycol units amongst the crown ether and the two triethylene glycol
monomethyl ether substituents. From compounds 8, 9 and 10, where the same triethylene
glycol monomethyl ether substituents have been attached to a macrocycle, the central
ethylene glycol protons appear to be generally positioned between 4.00-3.50 ppm. As a
result, it is likely that a similar result may have occurred whereby the protons present within
the polyether substituents are represented by the series of multiplets within this region,
specifically at 3.65, 3.60 and 3.55 ppm which correspond to a total of 22 protons. It is
therefore likely that the series of multiplets that are present between 4.20-3.70 ppm belong
to the crown ether, specifically the peaks at 4.10, 4.00, 3.95, 3.90 and 3.75 ppm, which
correspond to a total of 24 protons. A singlet at 3.38 ppm which corresponds to six protons
is representative of the two terminal methyl groups. The

13

C NMR spectrum produced 9

peaks at 71.65, 70.06, 69.96, 69.91, 69.77, 69.55, 58.74, 54.07 and 52.21 ppm which are
consistent with the 9 different carbon environments within the product. HRMS for
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C26H54O10N2 was calculated to be 554.71436 with peaks produced at 555.36165, 577.35455
and 593.45995 which is consistent with the ionised [M+], sodium [M + Na]+ and potassium
[M + K]+ adducts of the product.

Following the successful synthesis of the oxacalix[3]arene derivative 9, a second
oxacalix[3]arene derivative was synthesised using the same synthetic procedure as
illustrated in Scheme 2.12. The key difference is the polyether substituent used is polyether
2, which is slightly longer and also incorporates the unsaturated hydrocarbon portion, thus
differing from polyether 1. The reaction time for this procedure was increased from 12 to 72
hours, however yields produced remained quite low; around 25%, mainly due to the
incomplete attachment of all three polyether substituents onto the macrocycle, as revealed by
preliminary NMR and mass spectrometric analyses. Mixtures of one, two and three
polyether substituents were attached onto the macrocycle despite the prolonged reaction time
and changing various reaction conditions, solvents and reagents.

Scheme 2.12: Synthesis of 12,52,92-tris(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)15,55,95-tri-tert-butyl-3,7,11-trioxa-1,5,9(1,3)-tribenzenacyclododecaphane
(12)
from
oxacalix[3]arene (5).
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Similarly to 9, this oxacalix[3]arene derivative is also too short to fully span a phospholipid
bilayer despite the longer polyether substituent length. As a result, a similar mechanism to 9
is proposed for its mode of action, whereby two molecules are present on either side of the
membrane, and ion conductance is achieved when an end-to-end dimer is formed. However,
as with the synthesis of 9, the NMR spectra revealed that this derivative was also
synthesized in the 1,2-alternate conformation as opposed to the expected cone conformer.

The 1H NMR spectrum produced two singlets at 7.35 and 7.15 ppm which correspond to
four and two protons respectively, representing a total of six aromatic protons. Two
multiplets are present between 5.88-5.78 and 5.75-5.60 ppm which correspond to two and
four protons respectively representing a total of six protons at the three alkene sites of the
polyether substituents. A pair of doublets between 4.80-4.55 and another pair of doublets
between 4.00-3.85 ppm correspond to six protons each, which represent the twelve protons
present either side of the alkene double bond in the three polyether substituents. A multiplet
between 4.40-4.15 ppm corresponding to twelve protons represent the methylene bridges. A
multiplet is present between 3.70-3.60 ppm which corresponds to the 36 protons present
within the central portion of the polyether substituents. Two singlets are present at 3.38 and
3.35 ppm which correspond to three and six protons respectively, which represents the nine
terminal methyl protons at the end of the polyether substituents. Two singlets at 1.34 and
1.22 ppm correspond to nine and eighteen protons respectively, which represents the 27
protons present in the t-butyl groups. The 13C NMR spectrum produced 15 peaks at 154.26,
145.99, 136.94, 131.45, 128.90, 126.32, 71.83, 70.48, 70.41, 70.34, 70.26, 70.19, 58.74,
34.11 and 31.37 ppm, which are consistent with the 15 different carbon environments within
the product. HRMS for C69H108O18 was calculated to be 1225.48782 however, peaks at
1247.75223 and 1264.58612 are consistent with the sodium [M + Na]+ and potassium [M +
K]+ adducts of the product.
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After the successful synthesis of the diaza[18]crown-6 derivative 11, this second
diaza[18]crown-6 derivative was synthesised using the same synthetic procedure to
incorporate polyether 2 as illustrated in Scheme 2.13. A yield of around 43% was produced
predominantly due to incomplete addition of the polyether substituents to the diazacrown as
evidenced by preliminary NMR and mass spectrometric analysis of the crude product. It was
identified that a mixture of mono- and di-substituted products were present despite various
attempts to improve yields such as altering experimental conditions for example, extending
the reaction times for up to three days, heating or cooling the reaction and even changing the
reagents and solvents used such as adding a twofold excess of polyether 2. Unfortunately,
none of these modifications improved the yield further.

Scheme 2.13: Synthesis of 7,16-di((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane (13) from diaza[18]crown-6.

The 1H NMR spectrum produced a multiplet between 6.00-5.70 ppm which corresponds to
the four protons present at the two alkene sites of the polyether substituents. Another
multiplet is present between 4.10-3.90 which corresponds to the four protons on the
polyether substituents next to the alkene linker. A triplet between 3.80-3.70 ppm
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corresponds to eight protons in the diazacrown, penultimate to the nitrogen atom. A
multiplet is present between 3.70-3.60 ppm which corresponds to a mixture of the 24
protons from the polyether substituents and an additional six protons from the crown ether.
The remaining ten protons of the crown ether are represented by the two multiplets present
between 3.60-3.55 and 3.55-3.45 ppm which correspond to six and four protons respectively.
A singlet at 3.38 ppm corresponds to the six terminal methyl protons, and a final singlet
between 3.10-3.00 ppm corresponds to the four polyether protons that are joined to the
diazacrown. The

13

C NMR spectrum produced 12 peaks at 130.64, 127.74, 71.77, 71.18,

70.80, 70.41, 70.30, 69.97, 69.53, 58.84, 55.07 and 54.28 ppm which are consistent with the
12 different carbon environments within the product. HRMS for C34H66O12N2 was calculated
to be 694.89404 with peaks produced at 695.46511 and 717.44337 which is consistent with
the ionized [M+] and the sodium adduct [M + Na]+ of the product.

2.1.3.3 Control monomers

Monomeric derivatives of the macrocyclic calix[4]arene, oxacalix[3]arene and pillar[5]arene
analogues were also synthesised in order to investigate if ion channel activity across
phospholipid bilayers was dependent on the presence of a macrocyclic structure. It is
proposed that the macrocyclic compounds would be able to conduct ions across lipid
membranes via transport through their macrocyclic annulus, whereas the monomeric
derivatives would produce surfactant-like activity where they simply compromise membrane
integrity, causing the membrane to rupture

325

. This hypothesis has been expanded from

previous research conducted at the University of Brighton, where the commercial surfactant
Triton X-100 was attached to a calix[6]arene resulting in ion-channel activity without
compromising membrane integrity
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.

As a result, monomeric derivatives of all the

macrocyclic analogues were synthesised and tested.
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Compound 14 was synthesised as a monomeric analogue of calix[4]arene derivative 8 as
illustrated in Scheme 2.14, and was produced in a near quantitative yield of 97%. The 1H
NMR spectrum produced a triplet and a multiplet at 7.28 and 6.93 ppm respectively
corresponding to the two and three aromatic protons respectively. A pair of triplets is present
at 4.13 and 3.87 ppm which corresponds to the four protons on the polyether chain nearest to
the aromatic ring. Three sets of multiplets are present at 3.75, 3.68-3.60 and 3.55 ppm which
correspond to the eight protons present in the central portion of the polyether substituent.
There is a final singlet at 3.38 ppm which corresponds to the terminal methyl protons. The
13

C NMR spectrum produced 11 peaks at 158.76, 129.39, 120.82, 114.61, 71.90, 70.78,

70.61, 70.50, 69.73, 67.28, and 58.94 ppm which are consistent with the 11 different carbon
environments within the product. HRMS for C13H20O4 was calculated to be 240.2955,
however peaks at 263.12795, 279.3938, 503.26007 and 519.6893 are consistent with the
sodium [M + Na]+, potassium [M + K]+, the sodium dimer [M2 + Na]+ and the potassium
dimer [M2 + K]+ of the product respectively.

Scheme 2.14: Synthesis of (2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene (14) from
phenol.
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Compound 15 was synthesised as an acyclic analogue of oxacalix[3]arene derivative 9, as
illustrated in Scheme 2.15, producing an excellent yield of 81%. The 1H NMR spectrum
produced a pair of doublets at 7.28 and 6.84 ppm corresponding to the four aromatic
protons. A pair of triplets is present at 4.08 and 3.80 ppm corresponding to the four protons
on the polyether chain nearest to the aromatic ring. Three sets of multiplets are present at
3.70, 3.64 and 3.52 ppm corresponding to the 8 protons present in the central portion of the
polyether chain. There is a singlet at 3.35 ppm corresponding to the three terminal methyl
protons, and there is a final singlet at 1.28 ppm which corresponds to the nine t-butyl
protons. The

13

C NMR spectrum produced 13 peaks at 156.52, 143.45, 126.16, 114.13,

71.92, 70.79, 70.64, 70.51, 69.80, 67.38, 58.94, 34.04 and 31.57 ppm which are consistent
with the 13 different carbon environments within the product. HRMS for C17H28O4 was
calculated to be 296.40182 however, peaks at 319.18465, 355.15955, 615.38390 and
631.35765 are consistent with the sodium [M + Na]+, potassium [M + K]+, the sodium dimer
[M2 + Na]+ and the potassium dimer [M2 + K]+ of the product respectively.

Scheme 2.15: Synthesis of 1-(tert-butyl)-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy
benzene (15) from 4-(tert-butyl)phenol.
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Compound 16 was synthesised as an acyclic analogue of pillar[5]arene derivative 10, as
illustrated in Scheme 2.16, and was obtained in a reasonable yield of 56%. The predominant
reason for the reduced yield was due to incomplete attachment of the polyether chain to the
hydroquinone despite multiple attempts at altering various reaction conditions such as
temperature, solvents and reagents. The 1H NMR spectrum produced a singlet at 6.85 ppm
corresponding to the four aromatic protons. A pair of triplets is present at 4.06 and 3.80 ppm
corresponding to the eight protons in the polyether substituents nearest to the aromatic ring.
Three sets of multiplets are present at 3.70, 3.68-3.60 and 3.55-3.50 ppm which corresponds
to the 16 protons present in the central portion of the polyether substituents. A final singlet at
3.35 ppm corresponds to the 6 terminal methyl protons at the ends of the two polyether
substituents. The 13C NMR spectrum produced nine peaks at 153.01, 115.49, 71.81, 70.65,
70.50, 70.39, 69.72, 67.96 and 58.85 ppm which are consistent with the nine different
carbon environments within the product. HRMS for C20H34O8 was calculated to be
402.47916 however, peaks at 425.21131 and 441.57746 are consistent with the sodium [M +
Na]+ and potassium [M + K]+ adducts of the product.

Scheme 2.16: Synthesis of 1,4-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene (16)
from hydroquinone.
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Compound 17 was synthesised as an acyclic analogue of a calix[4]arene derivative.
Synthesis of the calix[4]arene derivative itself was unsuccessful due to incomplete polyether
attachment onto the macrocycle. From preliminary NMR and mass spectrometric analysis, a
mixture of one, two and three polyether attachments were produced.
This reaction, as illustrated in Scheme 2.17, was reasonably successful producing a yield of
62%. The 1H NMR spectrum produced a triplet and a multiplet at 7.28 and 7.05-6.80 ppm
respectively corresponding to two and three aromatic protons respectively. A multiplet is
present at 6.10-5.75 ppm which corresponds to the two protons at the alkene section of the
polyether substituent. A pair of multiplets at 4.52 and 4.05 ppm correspond to the four
protons on the polyether substituent either side of the alkene. Two multiplets are present at
3.75-3.58 and 3.58-3.48 ppm which corresponds to the 12 protons present in the central
portion of the polyether chain. There is a final singlet at 3.38 ppm which corresponds to the
terminal methyl protons. The

13

C NMR spectrum produced 14 peaks at 158.46, 129.84,

129.58, 129.51, 129.39, 127.95, 120.78, 71.75, 70.89, 70.41, 70.27, 70.09, 69.38 and 58.80
ppm which are consistent with the 14 different carbon environments within the product.
HRMS for C17H26O5 was calculated to be 310.38534 however, peaks at 333.17144,
349.13968, 643.34409 and 659.31598 are consistent with the sodium [M + Na]+, potassium
[M + K]+, sodium dimer [M2 + Na]+ and potassium dimer [M2 + K]+ of the product.

Scheme 2.17: Synthesis of (E)-15-phenoxy-2,5,8,11-tetraoxapentadec-13-ene (17) from
phenol.
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Compound 18 was synthesised as an acyclic analogue of oxacalix[3]arene 12 and produced
in a reasonable yield of 42% as illustrated in Scheme 2.18. The 1H NMR spectrum produced
a pair of doublets at 7.29 and 6.82 ppm corresponding to the 4 aromatic protons. A multiplet
is present at 5.95 ppm corresponding to the two protons at the alkene section of the polyether
substituent. A pair of multiplets is present at 4.51 and 4.06 ppm corresponding to the four
protons on the polyether substituent either side of the alkene. A multiplet is present at 3.753.50 ppm corresponding to the 12 protons present in the central portion of the polyether
substituent. A singlet is present at 3.35 ppm corresponding to the terminal methyl protons,
and there is a final singlet at 1.29 ppm which corresponds to the nine t-butyl protons. The
13

C NMR spectrum produced 15 peaks at 156.29, 143.48, 129.87, 128.21, 126.18, 114.17,

71.88, 71.03, 70.55, 70.43, 69.50, 67.86, 58.95, 34.04 and 31.52 ppm which are consistent
with the 15 different carbon environments within the product. HRMS for C21H34O5 was
calculated to be 366.49166 however, peaks at 389.23803, 405.21055, 755.48852 and
771.46559 are consistent with the sodium [M + Na]+, potassium [M + K]+, sodium dimer
[M2 + Na]+ and potassium dimer [M2 + K]+ of the product.

Scheme 2.18: Synthesis of (E)-15-(4-(tert-butyl)phenoxy)-2,5,8,11-tetraoxapentadec-13-ene
(18) from 4-(tert-butyl)phenol.
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Compound 19 was synthesised as a monomeric representation of a pillar[5]arene as
illustrated in Scheme 2.19. As with the calixarene analogue, synthesis of this pillar[5]arene
derivative was unsuccessful due to incomplete substitution of the macrocycle. Preliminary
NMR and mass spectrometric analysis indicated that mixtures of compounds with single and
double polyether attachments were produced. This reaction was reasonably successful
producing a yield of 53%. The 1H NMR spectrum produced a singlet at 6.85 ppm
corresponding to the four aromatic protons. A multiplet is present at 6.05-5.80 ppm
corresponding to the four protons at the alkene sections of the polyether substituents. A pair
of multiplets is present at 4.48 and 4.08 ppm which correspond to the eight protons on the
polyether substituents either side of the alkene. A multiplet is present at 3.78-3.45 ppm
which corresponds to the 24 protons present in the central portion of the polyether
substituents and a final singlet at 3.38 ppm corresponds to the six terminal methyl protons at
the ends of the two polyether substituents. The

13

C NMR spectrum produced 11 peaks at

152.86, 130.00, 128.11, 115.63, 71.93, 71.05, 70.61, 70.52 69.56, 68.51 and 59.03 ppm
which are consistent with the 11 different carbon environments within the product. HRMS
for C28H46O10 was calculated to be 542.65884 however, peaks at 565.29739 and 581.27105
are consistent with the sodium [M + Na]+ and potassium [M + K]+ adducts of the product.

Scheme 2.19: Synthesis of 1,4-bis(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)benzene
(19) from hydroquinone.
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2.1.3.4 Associated compounds

Numerous other compounds were prepared as either potential macrocyclic ion-selective
filters or substituents for those macrocycles. Although they were not used in lipid bilayer
transport experiments, they are the subject of ongoing research.

Triethylene glycol iodide monomethyl ether (20), as illustrated in Scheme 2.20, was
synthesised to be attached to macrocycles as an alternative to triethylene glycol tosylate
monomethyl ether. It was proposed that attachment would be more favourable using this
iodo derivative as opposed to the larger tosylate due to the smaller leaving group being less
susceptible to steric interferences. Attachment of the polyether substituent to the macrocycle
using this method firstly requires the macrocycle‟s hydroxyl groups to be deprotonated and
converted into a salt using sodium hydride.

Scheme 2.20: Synthesis of triethylene glycol iodide monomethyl ether (20) from triethylene
glycol tosylate monomethyl ether (1).

This reaction proved very successful as an excellent 92% yield was obtained. The 1H NMR
spectrum showed a triplet at 3.76 ppm corresponding to the penultimate ethyl group nearest
to the iodide, a singlet at 3.67 ppm corresponding to the eight protons in the ethylene glycol
chain, a singlet at 3.39 ppm corresponding to the three protons present at the terminal methyl
group and a triplet at 3.27 ppm corresponding to the two protons nearest to the iodide. The
13

C NMR spectrum gave five peaks at 71.93, 70.59, 70.18, 59.05 and 2.99 ppm, which is

consistent with the five different carbon environments. HRMS for C7H15O3I was calculated
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as 274.09667. A peak at 296.99080 was observed which consistent with the sodium adduct
of the product [M + Na]+. Despite this successful outcome it was found that the tosylate was
a more convenient derivative with which to work.

Hydroquinone bis(2-tosylethoxyether) (21), as illustrated in Scheme 2.21, was synthesised
when the production of 1,4-dimethoxypillar[5]arene was proving difficult. The aim was for
cyclisation then attachment of the polyether substituents or vice versa. Direct cyclisation of
the parent compound; hydroquinone bis(2-hydroxyethyl)ether was not be possible as the
terminal hydroxyl groups would primarily react as opposed to the desired aromatic sites.

Scheme 2.21: Synthesis of hydroquinone bis(2-tosylethoxyether) (21) from hydroquinone
bis(2-hydroxyethyl)ether.

Compound 21 was simple to prepare and was isolated in 81% yield. The 1H NMR spectrum
showed a pair of doublets at 7.78 and 7.40 ppm corresponding to the aromatic protons
present in the tosyl groups. A singlet is present at 6.70 ppm corresponding to the four
aromatic hydroquinone protons in the central region of the molecule. A pair of triplets is
present at 4.30 and 4.08 ppm which corresponds to the eight protons present in the ethoxy
chains. Finally, a singlet is present at 2.45 ppm corresponding to the tosyl methyl groups.
The

13

C NMR spectrum showed nine peaks at 152.02, 144.64, 132.08, 129.57, 127.38,
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115.14, 68.29, 65.59, and 21.15 ppm which is consistent with the nine different carbon
environments present within the compound. HRMS for C24H26O8S2 was calculated as
506.58844. Peaks at 529.10607 and 545.07034 were observed which are consistent with the
sodium [M + Na]+ and potassium [M + K]+ adducts of the product.

1,4-Bis(2-bromoethoxy)benzene (22) was also synthesised when the production of 1,4dimethoxypillar[5]arene was proving difficult as it is the precursor to a per-brominated
pillar[5]arene. The aim was to cyclise the monomer prior to the attachment of polyether
substituents, however in order to cyclise, the hydroxyl groups were required to be protected.
The method of Huang 326 was employed for both, the monomer and pillar[5]arene syntheses.
Compound 22 was synthesised as illustrated in Scheme 2.22 in a yield of 82%, comparable
with the 85% cited in the literature.

Scheme 2.22: Synthesis of 1,4-bis(2-bromoethoxy)benzene (22) from hydroquinone bis(2hydroxyethyl)ether.

The 1H NMR spectrum showed a singlet at 6.88 ppm, which corresponds to the four
aromatic protons, and a pair of triplets at 4.25 and 3.62 ppm corresponding to the eight
protons present in the ethoxy chains. The 13C NMR spectrum showed four peaks at 152.84,
116.11, 68.74, and 29.22 ppm, which is consistent with the four different carbon
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environments present within the compound. HRMS for C10H12O2Br2 was calculated as
324.00908. A peak at 346.89995 was observed which consistent with the sodium adduct of
the product [M + Na]+.

The first successful pillar[5]arene that was synthesised in our laboratory was produced by
the cyclisation of 22 as illustrated in Scheme 2.23. The ten exposed bromide atoms remain
free for further chemical functionalization such as for polyether attachment.
The product was obtained in 20% yield which was lower than the literature 41% but was still
adequate for the purposes of the project. The 1H NMR spectrum showed a singlet at 6.93
ppm corresponding to the 10 aromatic protons, a pair of triplets at 4.23 and 3.65 ppm
corresponding to the 20 protons present in the two ethoxy chains and finally a singlet at 3.84
ppm corresponding to the 10 protons present in the methylene bridges. The

13

C NMR

spectrum showed six peaks at 149.64, 129.08, 115.93, 68.95, 30.61, and 29.38 ppm which
are consistent with the six different carbon environments within the product. HRMS for
C55H60O10Br10 was calculated as 1680.0989. Peaks at 1702.57428 and 1719.1972 were
produced which consistent with the sodium [M + Na]+ and potassium [M + K]+ adducts of
the product.

Scheme 2.23: Synthesis of 1,4-di(2-bromoethoxy)pillar[5]arene (23) from 1,4-bis(2bromoethoxy)benzene (22).
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Following the successful cyclisation of 1,4-bis(2-bromoethoxy)benzene, it was decided to
continue following Huang‟s

326

preparation of a water soluble pillar[5]arene through the

incorporation of functionality to the macrocycle. One aspect of the transmembrane studies
was to determine the effects of monomeric analogues of the macrocyclic compounds used.
To this end, 22 was functionalised to create 24, as illustrated in Scheme 2.24, by
incorporating quaternary ammonium groups as a monomeric model for the water soluble
pillar[5]arene reported by Huang 326.
The product was obtained in 88% yield. The 1H NMR spectrum showed a singlet at 7.08
ppm corresponding to the four aromatic protons, a pair of triplets at 4.50 and 3.82 ppm
corresponding to eight ethoxy side chain protons and a singlet at 3.28 corresponding to the
eighteen protons within the two trimethylammonium groups. The 13C NMR spectrum gave
five peaks at 151.99, 116.08, 65.12, 62.51, and 54.03 ppm, consistent with the five different
carbon environments expected. HRMS of this compound produced an interesting
fragmentation pattern. Due to the +2 charge of the compound in solution, varying amounts
of Br- ions were lost, giving rise to two notable peaks. ESI HRMS m/z calculated for
C16H30O2N2Br2: 442.2296, found: 363.14736 [M – Br]+ and 141.11549 [M − 2Br]2+.

Scheme 2.24: Synthesis of 1,4-bis(2-ethoxytrimethylammonium)benzene bromide (24) from
1,4-bis(2-bromoethoxy)benzene (22).
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Continuing to follow the method of Huang 326, the terminal bromides were functionalised by
incorporating quaternary ammonium groups, to create an entirely water soluble
pillar[5]arene derivative, 25 as illustrated in Scheme 2.25. Despite the apparent steric bulk of
the trimethylammonium groups, the compound was nevertheless shown to be decasubstituted. The aqueous solubility of this compound was thought to be advantageous for
both delivery of the compound to a bilayer and treatment of cells in microbiological assays.
The product was isolated in 92% yield, comparable to the 95% obtained by Huang. The 1H
NMR spectrum in D2O showed a broad singlet at 6.98 ppm corresponding to the 10 aromatic
protons, two broad singlets at 4.48 and 3.82 ppm corresponding to the 20 protons present in
the ethoxy side chains, a broad singlet at 3.94 ppm corresponding to the 10 protons in the
methylene bridges, and a singlet at 3.21 ppm corresponding to the 90 trimethylammonium
protons. The

13

C NMR spectrum produced seven peaks at 149.42, 129.97, 116.54, 64.95,

63.49, 54.10, and 29.61 ppm which are consistent with the seven different carbon
environments within the product. HRMS gave an interesting fragmentation pattern
consistent with the literature spectrum. Due to the +10 charge of the compound in solution,
varying amounts of Br- ions were lost, giving rise to a number of peaks. ESI HRMS m/z
calculated for C85H150O10 N10Br10: 2271.2015, found: 1055.26195 [M − 2Br]2+, 677.20297
[M − 3Br]3+.

Scheme 2.25: Synthesis of 1,4-bis(2-ethoxytrimethylammonium)pillar[5]arene bromide (25)
from 1,4-di(2-bromoethoxy)-pillar[5]arene (23).
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It soon became apparent that the high water solubility of 25 was counterproductive, as it did
not demonstrate any ion transportation when assessed across planar lipid bilayer
experiments. It was also later tested for its antimicrobial activity; however, no antimicrobial
effects were demonstrated. As a result, its highly polar nature most likely prohibits its
insertion into the lipid bilayer.

Following the successful demethylation of 1,4-dimethoxypillar[5]arene, its esterified
analogue, 26, was synthesised as illustrated in Scheme 2.26 in order to further add
functionalization. The main purpose was to investigate if the incorporation of additional
carbonyl groups affected ion conductance, and if this influences ion selectivity as the
carbonyl oxygen atoms would be expected to induce additional intermolecular interactions
with guest ions.
Following the method of Ogoshi
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, the attachment of ethyl bromoacetate was achieved in

82%, an improvement on the 72% reported in the literature. However, due to its lack of
solubility in water or DMSO, this pillar[5]arene derivative was not able to be tested on
phospholipid bilayers and as a consequence, it was decided that this compound would not be
investigated further.

Scheme 2.26: Synthesis of pillar[5]arene ester (26) from pillar[5]arene (7).
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The 1H NMR spectrum showed a singlet at 7.04 ppm corresponding to the 10 aromatic
protons. A quartet was present at 4.55 ppm corresponding to the 20 methylene protons in the
ethyl acetate groups. A multiplet is present at 4.15-3.98 ppm which corresponds to the 20
ethylene protons in the ethyl acetate groups. A singlet is present at 3.86 ppm corresponding
to the 10 methylene bridging protons, and a final triplet is present at 0.99 ppm corresponding
to the terminal methyl protons. The 13C NMR spectrum gave eight peaks at 169.32, 148.97,
128.69, 114.45, 65.70, 60.85, 29.21 and 13.81 ppm which are consistent with the eight
different carbon environments expected. The mass calculated for C75H90O30 is 1471.4991
and HRMS gave a large peak at 1493.61897 consistent with the sodium adduct of the
product [M + Na]+.

Further work was undertaken on the oxacalix[3]arene macrocycle in order to introduce
different functional groups. It was determined that a carboxylic acid derivative may have the
potential to be esterified with a suitable polyether derivative. To prepare the carboxylic acid
it was first necessary to synthesise the tris(diethylamide) derivative in the cone conformer as
illustrated in Scheme 2.27.

Scheme 2.27: Synthesis of cone-4-t-butyloxacalix[3]arenetris(N,N-diethylacetamide) (27)
from 4-t-butyloxacalix[3]arene (5).
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Lower rim alkylation following the method of Shinkai

as modified by Cragg 302 gave the

product in 43% yield. The 1H NMR spectrum showed a singlet at 7.00 ppm corresponding to
the six aromatic protons, a pair of doublets at 4.95 and 4.65 ppm corresponding to 12
methoxy bridging protons, a singlet at 4.59 ppm corresponding to the six protons in the
lower rim N,N-diethylacetamide attachment, a multiplet at 3.50-3.35 ppm corresponding to
the 12 terminal ethyl group protons, a multiplet at 1.25-1.10 ppm corresponding to the 18
terminal methyl group protons of the N,N-diethylacetamide moieties and a singlet at 1.08
ppm corresponding to the 27 t-butyl protons. The

13

C NMR spectrum gave 11 peaks at

167.66, 153.21, 146.14, 131.18, 125.88, 72.33, 69.61, 41.21, 34.24, 31.49 and 12.99 ppm
consistent with the carbon environments within the product. The mass calculated for
C54H81O9N3 is 916.23564 and HRMS produced peaks at 916.58261 and 938.56440 which is
consistent with its ionic [M+] and sodium [M + Na]+ adducts of the product.

The successful synthesis of 27 led to successful carboxylic acid conversion into 28 with the
removal of the terminal diethylamine groups using the method of Yamato

329

in 49% yield,

as illustrated in Scheme 2.28. The 1H NMR spectrum showed a broad singlet at 8.35-7.30
ppm corresponding to the three hydroxyl groups, a singlet at 6.98 ppm corresponding to the
six aromatic protons, a pair of doublets at 4.92 and 4.44 ppm corresponding to the 12
methoxy bridging protons, a singlet at 4.65 ppm corresponding to the six protons in the
lower rim methyl linker and a singlet at 1.12 ppm corresponding to the 27 t-butyl protons.

Scheme 2.28: Synthesis of cone-hexahomotrioxacalix[3]arenetriacetic acid (28) from cone4-t-butyloxacalix[3]arenetris(N,N-diethylacetamide) (27).
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The 13C NMR spectrum gave nine peaks at 174.20, 153.02, 146.80, 130.64, 127.14, 72.39,
70.25, 34.22 and 31.42 ppm consistent with the nine different carbon environments
expected. The mass calculated for C42H54O12 is 750.87096 and HRMS gave a large peak at
773.32076 consistent with the sodium adduct of the product [M + Na]+.

It was decided not to pursue lipid bilayer experiments further with this compound, although
it was later used by other group members to transport Cr3+, Fe3+, Co2+ and Cu+ as
demonstrated in classical U-tube experiments 330.
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2.2

Planar lipid bilayer electrophysiology

2.2.1

Introduction

The extensive research on natural ion channels has been of great use to scientists in their
attempt to understand the mechanisms of how ion channels operate, which is still not fully
resolved. As a result, research into artificial systems that may operate as ion channels is
necessary in order to further develop an understanding of how these complex mechanisms
work in nature. Synthetic analogues are useful for this purpose as simpler chemical
compounds with the desired characteristics may easily be synthesised. The structural and
theoretical knowledge acquired from fully functional natural systems, such as those
described above, produce the template on which their synthetic counterparts may be based
both structurally and functionally. The ultimate goal is to comprehensively understand ion
flux mechanisms and the role that ion channel structure has on them. This is increasingly
useful from a pharmaceutical and technological perspective, as therapeutic agents for the
treatment of channelopathies, antimicrobials, drug delivery systems and ion channel sensors
may be developed 300.

Studies of natural systems have concluded that there are some key criteria that need to be
fulfilled for a successful ion channel model. Firstly, the model must fully span a bilayer
membrane, meaning a structure of 4nm (40 Å) or greater in length. Secondly, the internal
environment of the channel must be hydrophilic as a hydrated ion must be stable throughout
the length of the channel. Thirdly, the external surface must be hydrophobic as to interact
with the hydrophobic section of the lipid bilayer thereby anchoring it within the membrane.
Fourth, it must not disrupt the membrane, causing surfactant-like effects which results in cell
lysis. This effect may be limited by the production of structures that are columnar in shape,
therefore complementing the lamellar nature of bilayer membranes

300

. Fifth, the channel

needs to be selective as to only allow only one specific type of ion to pass through. Finally,
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the channel is required to be efficient, permitting a large quantity of ions through, in the
region of 104 to 108 ions per second 303.

Once these structural and chemical characteristics have been achieved, we must be able to
test the compound‟s ion conducting ability. There are several techniques that are currently
used for this purpose, some of which include; fluorescence, NMR, ion-selective electrode
(ISE) and conductance assays 300, 303, 308, 331. Out of these different techniques, the latter is the
most definitive to test for the production of ion channels

300, 331

. The most commonly used

conductance assay is the planar lipid bilayer technique as illustrated in Figure 2.9.
This is an electrophysiological technique in which two chambers containing electrolyte
solution is separated by a small hole. A purified synthetic planar bilayer is „painted‟ across
the hole and the suspected ion channel compound is added to one chamber. A miniscule but
constant transmembrane potential, in the range of millivolts (mV), is applied to the system
via electrodes placed within each of the two chambers.

Figure 2.9: Schematic diagram of a typical planar lipid bilayer experiment setup. A cuvette
containing a small hole (a) is placed into an electrolyte solution (b). A synthetic bilayer is
created by using synthetic lipids and is „painted‟ across the outer face of the hole. Agar salt
bridges (c) conduct electrical signals from reference electrolytes (d) when applied from
Ag/AgCl reference electrodes (e) 300.
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As bilayer membranes are essentially electrical insulators, no change in current is observed.
However, if the compound produces ion channel activity, a change in current on the scale of
picoamps (pA), is observed as a distinct „step-like‟ pattern where membrane conductance, in
picosiemens (pS), is measured as a function of time. An „open‟ channel is characterised by
the production of a sharp „step-change‟ in the current across the membrane. Channel
„closure‟ is characterised by the current returning back to the baseline of the original bilayer
membrane. It is the instantaneous production of a current in this distinct „step-like‟ pattern
that is unequivocal proof of ion channel formation 300, 331.

2.2.2

Assessment of the ion transportation activities across planar
lipid bilayers

Planar lipid bilayer experiments were conducted on compounds 8 to 19 to investigate how
they interact with phospholipid bilayer membranes and if they were able to permit the
passage of Na+ and/or K+ ions across the bilayer. This electrophysiological technique is a
powerful and accurate means of assessing a compound‟s ability to transport ions across
bilayer membranes in a defined and well-controlled artificial environment. The accuracy of
this method allows for a quantitative analysis of ion channel function, which enables activity
to be characterised at the single molecule level. Ion conductance is measured as a function of
time whereby the compound‟s activity is produced when a change in current is observed.
Using synthetic purified bilayers allows direct investigation of the target activity whilst
excluding all other indirect factors which may have an influence on the membrane or the
channel-forming compound, such as any activity that external proteins may possess. Another
advantage of utilising a synthetic system is that it is possible to investigate how channel
function is influenced by the lipid composition. As a large variety of phospholipids exists,
each has differing physiochemical properties such as a variation in alkyl chain length,
saturation and head group polarity. All these variables result in the lipid exhibiting different
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chemical properties. Depending on the physiochemical properties of the channel-forming
compound, it may be possible to determine the most suitable lipid composition required for
it to produce optimal activity. Ion selectivity is also easily investigated in an artificial system
as the ionic buffer solutions can be interchanged between each experiment without affecting
the lipid bilayer or the ion channel compound. These variables were subject to investigation
as a range of compounds were synthesised and their ion conducting abilities were assessed
along with their ion selectivities.

Two different lipid systems were used in order to assess whether one system was preferable
over another. One bilayer system was composed of the phospholipids: POPE (1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine) and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3phospho-L-serine) in a 1:1 ratio, whilst the second was composed of the phospholipids:
DLPE (1,2-dilauroyl-sn-glycero-3-phosphoethanolamine), DLPS (1,2-dilauroyl-sn-glycero3-phospho-L-serine) and cholesterol in a 1:1:1 ratio, the structures of which have been
illustrated in Figure 2.10.
The key variables between these two bilayer systems are firstly, the difference in the lipids‟
alkyl chains and secondly, the inclusion of cholesterol within the DLPE and DLPS bilayer
system. The longer POPE and POPS phospholipids were used as they much closely
represent those present in the membranes of most eukaryotic cells 145. The shorter DLPE and
DLPS phospholipids were used to investigate whether any activity produced by compounds
8-19 on the bilayer composed of the longer POPE and POPS phospholipids was enhanced as
a result of their shortened alkyl chain length. This concept is based upon the premise that the
shorter DLPE and DLPS phospholipids would produce a thinner bilayer, which would
therefore enable transmembrane molecules to span the entire bilayer membrane more
successfully, resulting in higher activity rates. The addition of cholesterol was required
within this system for membrane stability as the bilayer composed from the DLPE and
DLPS phospholipids were very prone to rupture.
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Figure 2.10: Chemical structures of the phospholipids; (a) POPE (1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine), (b) POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-Lserine), (c) DLPE (1,2-dilauroyl-sn-glycero-3-phosphoethanolamine) and (d) DLPS (1,2dilauroyl-sn-glycero-3-phospho-L-serine) together with cholesterol (e), used for the
investigation of the ion transportation abilities of compounds 8-19.

130

2.2.2.1 Bilayer analysis of 8 with Na+, K+, Li+, Rb+ and Cs+ across the POPE
and POPS and DLPE, DLPS and cholesterol bilayer systems
The ion conducting abilities of compound 8 were of prime interest as previous work
demonstrated that this compound is able to transport Na+ preferentially to K+ across
phospholipid bilayers

306

. To further investigate this compound‟s efficiency and selectivity

towards Na+ over other metal cations, planar lipid bilayer experiments were conducted with
8 in the presence of all group 1 monovalent cations; Li+, Na+, K+, Rb+ and Cs+. Together
with investigating ionic selectivity, two different lipid systems were used in order to assess
whether a thinner lipid membrane would produce a higher rate of ion conductance.

The first series of experiments investigated Na+ transport by 8 across the POPE and POPS
lipid bilayer system. This was achieved by reconstituting a planar lipid bilayer which
comprised of POPE and POPS in a 1:1 ratio within a buffer solution where Na + was the
predominant cation at a concentration of 150 mM. The Na+ transporting ability of 8 was
assessed by applying a voltage of 50 mV to two Na+ buffer-filled chambers which are
connected only via the planar lipid bilayer, and measuring the flow of current between them.
As lipid bilayers do not permit the passage of charged particles or polar molecules, an intact
bilayer would therefore not allow ions to traverse unaided. As a consequence, applying a
voltage to the system would not display any current as Na+ ions cannot travel across the
bilayer unless it is penetrated.

Penetration of the bilayer by 8 resulted in a distinct change in membrane conductance, as
illustrated in Figures 2.11 (a) and (b), which displays a typical example of the Na+ ionconducting activity of 8 together with its amplitude histogram analysis respectively. The
amplitude histogram analysis was conducted as it enables an average value of current to be
obtained. It can be seen that the bilayer displays a consistent resting current of 3.787 pA,
until the current sharply increases to 129.40 pA, resulting in a difference of 125.613 pA
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which corresponds to a conductance of 2512.26 pS. This sharp increase in current is
indicative of channel insertion into the bilayer membrane, as a current of this magnitude can
only be produced upon the flow of Na+ ions across the bilayer resulting from the insertion of
8.

Current produced upon
Na+ conduction by 8

Insertion

Baseline resting current

Figure 2.11 (a): An example of the activity produced by 8 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 8 (50 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na + across the
bilayer can be seen from the current, which rises from its initial resting current of 5.2850 pA
to 89.91 pA. The difference in current is 84.625 pA, which corresponds to a conductance of
1692.50 pS.
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Figure 2.11 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.11 (a)
above. The presence of two distinct peaks illustrates the production of a single conductance
state, where the current raises from 5.2850 ± 0.0201 pA to 89.9100 ± 0.0207 pA, which
represents the average currents produced before and after the insertion of 8 into the bilayer
respectively.
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To investigate the ion selectivity of 8, identical methodology and experimental conditions
were used with the exception of the electrolytic buffer solution where Na + was replaced by
Li+, K+, Rb+ or Cs+. An example of the traces observed for Li+, K+ and Cs+ are shown in
Figures 2.12, 2.13, and 2.14 respectively.

Baseline
resting current

Interaction of 8
with the bilayer

Bilayer rupture

Figure 2.12: An example of the activity produced by 8 with Li+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 8 (150 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Li + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
This trace concludes with the bilayer rupturing.

Figure 2.13: An example of the activity produced by 8 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 8 (75 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing K+ (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that K+ is not transported via a channel-like mechanism.
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Figure 2.14: An example of the activity produced by 8 with Cs+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 8 (100 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Cs + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however the absence of
a distinct step change confirms that Cs+ is not transported via a channel-like mechanism.

The results obtained for Li+, K+ and Cs+ illustrate the absence of a distinct step change in
current, which demonstrates that ions are not transported by a channel mechanism. The
presence of acute spiking activity indicates some interaction with the bilayer but the specific
type of interaction is unclear. Due to experimental limitations, it was unfortunately not
possible to test the selectivity of 8 towards Rb+.

The ion conductance ability of 8 was also investigated using a second bilayer system which
was composed of DLPE, DLPS and cholesterol in a 1:1:1 ratio. This was due the premise
that ion conduction may be enhanced as the DLPE and DLPS phospholipids contain shorter
alkyl chains, which should therefore result in the formation of a thinner bilayer.

Penetration of the bilayer by 8 results in a distinct change in membrane conductance, as
illustrated in Figures 2.15 (a) and (b), which displays a typical example of the Na+ ionconducting activity of 8 along with its amplitude histogram analysis respectively. It can be
seen that the bilayer displays a consistent resting current of 0.6164 pA, until the current
sharply increases to 54.92 pA, resulting in a difference of 54.3036 pA which corresponds to
a conductance of 1086.072 pS. This instantaneous increase in current is indicative of channel
insertion into the bilayer membrane, as a current can only be produced upon the flow of Na +
ions across the bilayer; an event only possible with the insertion of 8.
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Figure 2.15 (a): An example of the activity produced by 8 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
8 (50 µl of a 10 mM stock solution in DMSO) was added into the buffer solution containing
Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na +
across the bilayer is characterised by the immediate production of current, which sharply
rises from its initial resting current of 0.6164 pA up to 54.92 pA. The resulting difference in
current is 54.3036 pA, which corresponds to a conductance of 54.3036 pS.
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Figure 2.15 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.15 (a)
above. The presence of two distinct peaks illustrates the production of a single conductance
state, where the current raises from 0.6164 ± 0.0077 pA to 54.92 ± 0.0107 pA which
represents the average currents produced before and after the insertion of 8 into the bilayer,
respectively.
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The DLPE, DLPS and cholesterol bilayer system was also used to investigate the ion
selectivity of 8 towards the other group 1 metal cations; Li+, K+, Rb+ and Cs.

Examples of traces produced for Li+, K+, Rb+ and Cs+, are shown in Figures 2.16, 2.17, 2.18
and 2.19 respectively.

Figure 2.16: An example of the activity produced by 8 with Li+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
8 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution containing
Li+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of
spiking activity in the current is indicative of an interaction with the bilayer; however, the
absence of a distinct step change confirms that Li+ is not transported via a channel-like
mechanism.

Figure 2.17: An example of the activity produced by 8 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
8 (300 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism.
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Figure 2.18: An example of the activity produced by 8 with Rb+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
8 (200 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Rb+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Rb+ is not transported via a
channel-like mechanism.

Figure 2.19: An example of the activity produced by 8 with Cs+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
8 (200 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Cs+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Cs+ is not transported via a
channel-like mechanism.

The results obtained for Li+, K+, Rb+ and Cs+ across the DLPE, DLPS and cholesterol bilayer
system did not produce distinct step changes in current, which demonstrates that ions are not
transported via a channel mechanism. The acute spiking activity indicates some interaction
with the bilayer however; the specific type of interaction is unclear.
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The ion-conducting abilities of 8 were assessed by calculating its ionic conductance towards
all the group 1 metal cations; Li+, Na+, K+, Rb+ and Cs+ across the two different planar lipid
bilayer systems; POPE and POPS and DLPE, DLPS and cholesterol respectively.

An ion channel‟s ion-conducting ability is measured by its conductance as opposed to its
current, since the channel‟s conductance remains constant and independent of the voltage
applied to the system. The current produced by the ion channel is measured experimentally,
which is proportional to the voltage applied to the system. As derived from Ohm‟s law; V =
I R, where V, I and R correspond to voltage, current and resistance respectively, the
conductance; G, can be calculated. Since the conductance is the reciprocal of resistance, the
equation can be rearranged to calculate the conductance as follows:

V=IR
R=V/I
Since

G=1/R

Therefore

G=I/V

As a result, the conductance of the ion channel can be easily calculated by dividing the
current produced by the channel by the voltage applied to the system, both of which are
experimentally determined.

The chemical structure and the cLog P of 8 is illustrated in Figure 2.20 (a). The scatter
graphs in Figures 2.20 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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An essential physiochemical property of an ion channel is its ability to partition into the lipid
bilayer; as if this was not possible, it would not be able to transport ions across the
membrane. In the case of this research, this would be exhibited by the compounds‟ ability to
partition into the membrane in order to form a channel for the purpose of ion conduction.
The cLog P is relevant to ion channel compounds as it gives an indication of their
lipophilicity as a partition coefficient. This is one component of Lipinski‟s „rule of 5‟, where
it is predicted that a compound possessing a cLog P value of below 5 is considered
beneficial in order to function as an effective drug-like molecule within a biological system;
for example to partition through a membrane to create a channel

332

. Using ChemDraw

software, the cLog P for 8 has been calculated to be 6.5784, as can be seen in Figure 2.20
(a). This indicates that 8 has a greater lipophilicity than the ideal characteristics required for
a drug like compound, however, in the experiments conducted, 8 was able to insert into the
lipophilic phospholipid bilayer membrane.

The conductance graphs in Figures 2.20 (b) and (c) illustrate the ionic conductivities
produced with the group 1 metal cations; Li+, Na+, K+, Rb+ and Cs+ across planar lipid
bilayer systems composed of POPE and POPS and DLPE, DLPS and cholesterol
respectively.
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Figure 2.20: (a) The chemical structure of 8 along with its cLog P value. (b) Scatter graph illustrating the conductance values produced by 8 towards the
group 1 metal cations; Li+, Na+, K+, Rb+ and Cs+ (n = 4, 26, 11, 0 and 7 respectively) across a planar lipid bilayer composed of POPE and POPS. (c) Scatter
graph illustrating the conductance values produced by 8 towards the group 1 metal cations; Li+, Na+, K+, Rb+ and Cs+ (n = 7, 53, 13, 14 and 7 respectively)
across a planar lipid bilayer composed of DLPE, DLPS and cholesterol. The mean conductance of each ion is shown ± SEM, as represented by the error bars.

It can be seen that 8 is selective for Na+ over the other group 1 metal cations; Li+, K+, Rb+
and Cs+ as demonstrated by the differences in their conductivities. Figures 2.20 (b) and (c)
clearly display that Na+ was conducted with greatest quantity and magnitude than Li+, K+,
Rb+ and Cs+, which produced little or no conductance. This can be quantified by the average
currents produced for each ion via the conductance graphs, where Na+ produced an average
conductance across the POPE and POPS bilayer system of 1118.00 pS, which is equivalent
to an average current of 55.90 pA. However, Li+, K+, and Cs+ produced average values of
45.68 pS, 249.14 pS and 0.00 pS; equivalent to average currents of 2.28 pA, 12.46 pA and
0.00 pA respectively, which are all significantly lower than the values produced with Na+.
The same effect is also observed across the DLPE, DLPS and cholesterol bilayer system
where Na+ produced an average conductance of 1014.27 pS, which is equivalent to an
average current of 52.65 pA. Li+, K+, Rb+ and Cs+ produced average conductivities of 57.33
pS, 992.69 pS, 302.07 pS and 466.98 pS respectively, which are equivalent to average
currents of 2.87 pA, 49.63 pA, 15.10 pA and 23.35 pA respectively.

Figure 2.20 (c) reveals two very large conductance values produced with K+ and Cs+. These
are deemed to be outlier data points due to the larger size of the K+ and Cs+ ions, which are
unable to fit through the macrocyclic cavity of 8.

The conduction of Rb+ across the POPE and POPS bilayer system could not be assessed due
to experimental limitations. However, according to the data obtained with Rb+ across the
DLPE, DLPS and cholesterol bilayer system, it may be assumed that there would have been
minimal conductivities also occurring across the POPE and POPS bilayer system. This
assumption is based upon the similarities in activities of the cations across both bilayer
systems, as selectivity was observed for Na+ and minimal or no conductivities observed for
Li+, K+ and Cs+ across both bilayer systems.
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To gain a better insight of the ion-conducting abilities of 8, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems. The raw data and calculations regarding the current used to calculate the
flow of ions per second can be seen in the appendix.

Following on from this, the ionic conductance of 8 was calculated for each cation and a bar
graph generated from the average rate at which each ion was conducted across both bilayer
systems in ions per second as shown in Figures 2.21 and 2.22 respectively. The average
conductance rate for biological ion channels is approximately 1 x 108 ions/s-1
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, which is

indicated by the red line in the graphs to give an indication of the similarities between
artificial and natural ion channel conductance rates.

A bar graph showing the average conductance of ions
exhibited by 8 across the POPE and POPS bilayer system
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Figure 2.21: Bar graph illustrating the average rate of ion conductance per second exhibited
by 8 across the bilayer system composed of POPE and POPS.
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A bar graph showing the average conductance of ions
exhibited by 8 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.22: Bar graph illustrating the average rate of ion conductance per second exhibited
by 8 across the bilayer system composed of DLPE, DLPS and cholesterol.

Comparing Figures 2.21 and 2.22, it can clearly be seen that the ionic conductivities of the
group 1 metal cations differ between the two lipid bilayer systems. The average ionic
conductivities produced across the DLPE, DLPS and cholesterol bilayer system were
generally greater than those produced across the POPE and POPS bilayer system; with Li+,
Na+ and K+ conducting across both lipid bilayer systems. Li+ was conducted marginally
greater across the DLPE, DLPS and cholesterol bilayer system than across the POPE and
POPS bilayer system, as rates of 1.79 x 107 and 1.43 x 107 ions per second were produced on
average respectively. Conduction of Na+ was similar across both bilayer systems, producing
conductance rates of 3.49 x 108 and 3.29 x 108 ions per second on average across the POPE
and POPS and the DLPE, DLPS and cholesterol bilayer systems respectively.
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The conductivities of K+ and Cs+ however, significantly differed between the two lipid
bilayer systems as significantly greater average conductivities were produced across the
DLPE, DLPS and cholesterol bilayer system than across the POPE and POPS bilayer
system. However as previously noted; following Figure 2.20, these significantly enhanced
conductance rates obtained across the DLPE, DLPS and cholesterol bilayer system is the
result of a single large outlier conductance value obtained for both; K + and Cs+, thus
skewing their average conductance values across the DLPE, DLPS and cholesterol bilayer
system. Omitting these outlier values would therefore, significantly reduce their average
conductance values across the DLPE, DLPS and cholesterol bilayer system, lowering their
average conductance rates to much below 1.0 x 108 ions per second.

From Figures 2.20, 2.21 and 2.22, it is clear that Na+ is the only ion whose average
conductance rate consistently far surpassed the average biological channel conductance
threshold across both lipid bilayer systems. It can therefore be deduced that exclusively Na+
is conducted by 8 across both lipid bilayer systems at a physiologically significant rate that
can be observed generally in biological systems. Despite the other group 1 metal cations;
Li+, K+, Rb+, and Cs+ also displaying varying degrees of conductivities across the bilayers,
their inability to reach this threshold consistently, demonstrates that on a biological basis,
these ions would not be conducted with any physiological efficiency.

In summary, 8 generally produced greater ionic conductivities across the DLPE, DLPS and
cholesterol bilayer system in comparison to the POPE and POPS bilayer system. Selectivity
was observed towards Na+ over the other group 1 metal cations; Li+, K+, Rb+, and Cs+ across
both bilayer systems tested, which included the magnitude and rate of ionic conductivities
observed.
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2.2.2.2 Bilayer analysis of 9 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
The ion conducting abilities of 9 were based upon previous work which showed an X-ray
crystal structure of a partially hydrated Na+ ion within the macrocyclic cavity of an
oxacalix[3]arene derivative
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. As a result, a similar oxacalix[3]arene derivative, 9, was

synthesised in order to investigate whether ions could be conducted by an oxacalix[3]arenebased compound and if any ionic selectivity was demonstrated. Only Na+ and K+ were
investigated, as they are the most physiologically significant cations. Similar to the previous
compound; 8, the ion-conducting abilities of 9 were investigated across the same two lipid
bilayer systems, the first of which was composed of the phospholipids POPE and POPS in a
1:1 ratio, with the second system being comprising of the phospholipids DLPE and DLPS
together with cholesterol in a 1:1:1 ratio. Identical experimental parameters were used
whereby the cation concentration of the buffer solution was 150 mM for both Na + and K+
respectively and a voltage of 50 mV was applied.
A typical example of the activity produced by 9 with Na+ across the POPE and POPS bilayer
system is illustrated below in Figure 2.23.
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Interaction of 9
with the bilayer

Bilayer rupture

Figure 2.23: An example of the activity produced by 9 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 9 (100 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
This trace concludes with the bilayer rupturing.
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With the exception of a single reading, the results obtained for the conduction of Na+ by 9
across the POPE and POPS bilayer system failed to produce the required step changes in
current to indicate channel formation. The spiking activity, such as that illustrated in Figure
2.23, indicates some interaction with the bilayer however; the specific type of interaction is
unclear. Due to experimental limitations, it was unfortunately not possible to test the
selectivity of 9 towards K+ across this bilayer system.

Ion conductance across the second lipid bilayer system composed of the phospholipids
DLPE and DLPS together with cholesterol in a 1:1:1 ratio was investigated using identical
methodology and experimental conditions to the experiments performed with 8. Transport of
Na+ and K+ were both assessed using the appropriate buffer solutions, which contained 150
mM of the respective ion. Examples of typical activities produced by 9 with Na+ and K+
across the DLPE, DLPS and cholesterol bilayer system is illustrated in Figures 2.24 and 2.25
respectively.
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Figure 2.24 (a): An example of the activity produced by 9 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
9 (75 µl of a 10 mM stock solution in DMSO) was added into the buffer solution containing
Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na+
across the bilayer is characterised by the immediate production of current, which sharply
rises from its initial resting current of 1.18 pA up to a maximum of 111.00 pA. The resulting
difference in current is 109.82 pA, which corresponds to a conductance of 2196.40 pS. The
two drops in current are of 92.95 and 82.85 pA respectively, which correspond to a
difference of 18.05 pA and 10.10 pA resulting in conductivities of 361.00 and 202.00 pS
respectively.
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Figure 2.24 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.24 (a)
above. The presence of four distinct peaks illustrates the production of three conductance
states, where the current raises from its initial resting current of 1.18 ± 0.0004 pA up to a
maximum of 111 ± 0.1246 pA. Decrements in current then occur corresponding to 92.95 ±
0.0537 pA and 82.85 ± 0.0454 pA respectively.
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Figure 2.25: An example of the activity produced by 9 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
9 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution containing
K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of
spiking activity in the current is indicative of an interaction with the bilayer; however, the
absence of a distinct step change confirms that K + is not transported via a channel-like
mechanism. This trace concludes with the bilayer rupturing.
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Penetration of the bilayer by 9 results in a distinct change in membrane conductance, as
illustrated in Figures 2.24 (a) and (b), which displays an example of the Na+ conducting
activity of 9 along with its amplitude histogram analysis respectively. It can be seen that the
bilayer displays a consistent resting current of 1.18 pA, until the current sharply increases to
111.00 pA, resulting in a difference of 109.82 pA which corresponds to a conductance of
2196.40 pS. This instantaneous increase in current is indicative of channel formation within
the bilayer membrane, as a distinct current can only be produced upon the flow of Na+ ions
across the bilayer; an event only possible by the insertion of 9. The two drops in current are
of 92.95 and 82.85 pA respectively, which correspond to a difference of 18.05 pA and 10.10
pA resulting in conductivities of 361.00 and 202.00 pS respectively. These drops in current
are postulated to be due to the concentration of 9 reducing in the bilayer, which
consequentially reduces the amount of Na+ conducted.
Figure 2.25 demonstrates an example of a typical trace observed for the conduction of K+ by
9 across the DLPE, DLPS and cholesterol bilayer system. It illustrates the absence of a
distinct step change in current, which demonstrates that ions are not conducted via a channel
mechanism. The trace ends with the bilayer rupturing. The presence of acute spiking activity
indicates some interaction with the bilayer however, no channel formation.

The ion-conducting abilities of 9 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 9 is illustrated in Figure 2.26 (a). The scatter
graphs in Figures 2.26 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.26: (a) The chemical structure of 9 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 9 towards Na+ and
K+ (n = 13 and 0 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 9 towards Na+ and K+ (n = 7 and 7 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

Using ChemDraw software the cLog P for 9 was calculated to be 7.0188 which indicates
that 9 has a greater lipophilicity than the ideal characteristics required for a drug like
compound. Despite this, 9 was able to insert into the DLPE, DLPS and cholesterol
phospholipid bilayer membrane but not into POPE and POPS bilayer system. However, as
seen in Figure 2.24 (a), it is postulated that there is a reduction of 9 from the bilayer post
initial insertion, which leads to the observed reduction in current.

The conductance graphs in Figures 2.26 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.26 (b) shows that with the exception
of a single reading, Na+ was not conducted. However, the conductance was of a large
magnitude; similar to the highest reading produced by Na+ across the DLPE, DLPS and
cholesterol bilayer system. Figure 2.26 (c) demonstrates selectivity towards Na+ over K+
across the DLPE, DLPS and cholesterol bilayer system as evidenced by their respective
conductivities. This can be quantified by the average conductance produced for each ion via
the conductance graphs with Na+ producing an average conductance of 919.80 pS, which is
equivalent to an average current of 45.99 pA, compared with K+, producing an average
conductance of 0.00 pS, which is therefore equivalent to an average current of 0.00 pA.

Conductance studies for K+ were not performed across the POPE and POPS bilayer system
due to experimental limitations however, according to the data obtained across the DLPE,
DLPS and cholesterol bilayer system, it can be assumed that there would have been minimal
conductance occurring across the POPE and POPS bilayer system. This assumption is based
upon the reduced activity produced with Na+ across the POPE and POPS bilayer system in
comparison with the DLPE, DLPS and cholesterol bilayer system. Figure 2.26 (c) clearly
displays selectivity for Na+ over K+, where a variety of conductivities were produced with
Na+, however no conductivities were produced with K+.
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To gain a better insight of the ion-conducting abilities of 9, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.27 and 2.28 respectively.
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A bar graph showing the average conductance of ions
exhibited by 9 across the POPE and POPS bilayer system
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Figure 2.27: Bar graph illustrating the average rate of ion conductance per second exhibited
by 9 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 9 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.28: Bar graph illustrating the average rate of ion conductance per second exhibited
by 9 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Comparing Figures 2.27 and 2.28, it appears that there is a significant difference in ionic
conductance between the lipid bilayer systems as the 7.57 x 108 ions/second conductance
rate produced across the POPE and POPS bilayer system is more than double the 2.87 x 10 8
ions/second conductance rate produced across the DLPE, DLPS and cholesterol bilayer
system. However, the large conductance rate produced across the POPE and POPS bilayer
system cannot be deemed reliable as this is only based upon a single conductance reading.
Across both bilayer systems, similarly large-sized conductance readings of 2425.90 and
2196.40 pS respectively were produced towards Na+ as illustrated in Figure 2.26; however,
additional conductivities were also produced across the DLPE, DLPS and cholesterol lipid
bilayer system. It can therefore be deduced that Na+ ion conduction occurred with greater
success across the DLPE, DLPS and cholesterol lipid bilayer system than across the POPE
and POPS bilayer system.

Figure 2.28 clearly illustrates that Na+ was conducted selectively over K+ across the DLPS,
DLPE and cholesterol bilayer system as Na+ was conducted at a rate of 2.87 x 108 ions per
second on average compared with no conductivity produced with K+. This rate of Na+
conductance surpasses the average biological channel conductance threshold, therefore it can
be deduced that 9 selectivity conducts Na+ at a physiologically significant rate that can be
observed generally in biological systems.

In summary, 9 produced greater ionic conductivity across the DLPE, DLPS and cholesterol
bilayer system compared with the POPE and POPS bilayer system. Ionic selectivity was
observed for Na+ over K+ across the DLPE, DLPS and cholesterol bilayer system, which
included the quantity and magnitude of conductivities produced.
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2.2.2.3 Bilayer analysis of 10 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
The discovery of the pillar[5]arene group of paracyclophanes in 2008
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provided another

novel macrocycle to be investigated. As with most other macrocycles, one of the first
aspects to be studied was its host-guest properties and inclusion phenomena. As a result, its
ability to play host to a guest cation was investigated here by testing the pillar[5]arene
analogue 10, for possible ionic conductance across phospholipid bilayers. One of the key
structural differences is its columnar structure as oppose to a conical shape that the previous
calix[4]arene and oxacalix[3]arene compounds possess. This produces wide openings on
both sides of the macrocycle, thus increasing the likelihood of guest insertion. The other key
aspect of pillar[5]arenes is the ability to functionalise both rims of the macrocycle with ease
due to the presence of the five exposed phenolic groups on each side. This aspect was
utilised as the synthesis of 10 required all 10 polyether appendages to be attached to the
macrocycle via the phenolic groups in order to create an overall tubular structure. Similar to
the calix[4]arene derivative 8, the polyether chains are attached onto both sides of the
macrocycle, thus almost doubling the length of the compound. This length should be
sufficient to span the phospholipid bilayer upon full extension of the polyether chains.

Identical experimental parameters were used whereby the cation concentration of the buffer
solution was 150 mM for both Na+ and K+ respectively and a voltage of 50 mV was applied.
A typical example of activity produced by 10 with Na+ and K+ across the POPE and POPS
bilayer system is shown in Figures 2.29, 2.30 (a) and (b) respectively.
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Figure 2.29: An example of the activity produced by 10 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 10 (125 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
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Figure 2.30 (a): An example of the activity produced by 10 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 10 (75 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing K+ (150
mM) whilst the bilayer was subjected to a potential of -50 mV. The use of a negative voltage
produces a negative current, which is illustrated as a downward step change as shown.
Transport of K+ across the bilayer is indicated by the immediate production of current,
which sharply drops from its initial resting current of -4.132 pA to -185.1 pA. The resulting
difference in current is 180.968 pA, which corresponds to a conductance of 3619.36 pS.
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Figure 2.30 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.30 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current drops from -4.132 ± 0.0032 pA to -185.1 ± 0.0035 pA, which represents
the average currents produced before and after the insertion of 10 into the bilayer
respectively.

Examples of typical activities produced by 10 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system are illustrated in Figures 2.31 and 2.32 respectively.
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Figure 2.31 (a): An example of the activity produced by 10 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
10 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV.
Transport of Na+ across the bilayer is indicated by the change in current, which sharply rises
from its initial resting current of 2.071 pA to its first conducting state of 31.5 pA. Multiple
insertions occur as characterised by multiple conductance states, which correspond to
current values of 31.5, 144.2, 241.7, 298.1 and 373.7 pA respectively. The differences in
currents are calculated to be 29.429, 112.7, 97.5, 56.4 and 75.63 pA respectively, which
correspond to conductivities of 588.58, 2254.00, 1950.00, 1128 and 1512.60 pS respectively.
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Figure 2.31 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.31 (a).
The presence of six distinct peaks illustrates the production of five conductance states,
where the current raises from its initial resting current of 2.071 ± 0.2221 pA successively to
currents of 31.5 ± 0.0511 pA, 144.2 ± 0.0162 pA, 241.7 ± 0.1588 pA, 298.1 ± 0.2119 pA
and 373.7 ± 0.4968 pA respectively.
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Figure 2.32: An example of the activity produced by 10 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
10 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism. This trace concludes with the bilayer rupturing.
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Figure 2.29 represents a typical example of the activity exhibited by 10 with Na+ across the
POPE and POPS bilayer system. The presence of spiking activity in the current
demonstrates that an interaction with the bilayer is occurring, however, the absence of a
distinct step change in current confirms Na+ is not transported via a channel mechanism.

Penetration of the POPE and POPS bilayer system by 10 results in a distinct change in
membrane conductance, as illustrated in Figures 2.30 (a) and (b), which displays an example
of the K+ conducting activity of 10 along with its amplitude histogram analysis respectively.
It can be seen that the bilayer displays a consistent resting current of -4.132 pA until the
current sharply decreases to -185.1 pA, resulting in a difference of 180.968 pA, which
corresponds to a conductance of 3619.36 pS. The instantaneous decrease in current is
indicative of channel insertion into the bilayer membrane, as a current can only be produced
upon the flow of K+ ions across the bilayer; an event only possible with the insertion of 10.

In contrast, across the DLPE, DLPS and cholesterol bilayer system, Na+ was conducted
selectively over K+ as shown in Figures 2.31 (a), (b) and 2.32 respectively, which differs
from the POPE and POPS bilayer system.

Figures 2.31 (a) and (b) displays an example of the Na+ conducting activity of 10 along with
its amplitude histogram analysis respectively. It can be observed that there is an immediate
production of current, which sharply rises from its initial resting current of 2.071 pA to its
first conducting state of 31.5 pA. Multiple insertions occur as characterised by multiple
conductance states, reaching a maximum current of 373.7 pA; the intermittent values are
detailed in the captions. The maximum current produced was 371.659 pA, which
corresponds to intermittent conductivities of 588.58, 2254.00, 1950.00, 1128 and 1512.60 pS
respectively.
Figure 2.32 represents a typical example of the activity exhibited by 10 with K+ across the
DLPE, DLPS and cholesterol bilayer system. The presence of an acute disturbance in the
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current demonstrate that an interaction with the bilayer is occurring; however the absence of
a distinct step change in current confirms K+ is not transported by a channel mechanism.
This trace ends with the rupturing of the bilayer.

The ion-conducting abilities of 10 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 10 is illustrated in Figure 2.33 (a). The scatter
graphs in Figures 2.33 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.33: (a) The chemical structure of 10 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 10 towards Na+
and K+ (n = 13 and 11 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 10 towards Na+ and K+ (n = 32 and 8 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 10 was calculated using ChemDraw software to be 6.361, which indicates
that 10 has a greater lipophilicity than is ideal for a drug-like compound. Despite this
prediction, 10 was able to insert into both, the POPE and POPS and the DLPE, DLPS and
cholesterol phospholipid bilayer systems.

The conductance graphs in Figures 2.33 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol
bilayer systems respectively. These graphs illustrate that 10 exhibits ionic selectivity
towards K+ over Na+ across the POPE and POPS bilayer system and Na+ over K+ across the
DLPE, DLPS and cholesterol bilayer system.

Across the POPE and POPS bilayer system, selectivity towards K+ over Na+ can be
quantified by the average conductance observed for each ion as displayed on the
conductance graph in Figure 2.33 (b). The average conductance produced by Na+ was
662.31 pS, equivalent to an average current of 33.12 pA, compared to K+ producing an
average conductance of 3056.01 pS, which is equivalent to an average current of 152.80 pA.
In contrast, across the DLPE, DLPS and cholesterol bilayer system, selectivity towards Na+
over K+ is evident and can be quantified by the average conductance observed for each ion
as displayed on the conductance graph in Figure 2.33 (c). The average conductance
produced by Na+ was 1260.25 pS, equivalent to an average current of 63.01 pA, compared
with no conductivities produced by K+.

In order to gain a better insight of the ion-conducting abilities of 9, the average number of
ions flowing across the membrane per second was calculated for each cation across both
lipid bilayer systems as shown in Figures 2.34 and 2.35 respectively.
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A bar graph showing the average conductance of ions
exhibited by 10 across the POPE and POPS bilayer
system
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Figure 2.34: Bar graph illustrating the average rate of ion conductance per second exhibited
by 10 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 10 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.35: Bar graph illustrating the average rate of ion conductance per second exhibited
by 10 across the bilayer system composed of DLPE, DLPS and cholesterol.

162

Comparing Figures 2.34 and 2.35, it is evident that there is a significant difference in the
ionic conductivities between the two lipid bilayer systems. Despite both, Na+ and K+
surpassing the average biological channel conductance threshold across the POPE and POPS
bilayer system, the average conductance of K+ was greater than Na+ by a factor of over 4.
This is quantified as Na+ conducted at an average rate of 2.07 x 108 ions per second
compared with K+, which conducted at a rate of 9.54 x 108 ions per second on average. As a
result, it can be ascertained that 10 demonstrates selectivity towards K+ over Na+ across the
POPE and POPS bilayer system.

Across the DLPE, DLPS and cholesterol bilayer system, ionic selectivity is still
demonstrated however, is inverted as Na+ is now selectively conducted over K+ as
conductance rates of 3.93 x 108 and 0.00 ions per second were produced on average
respectively. The conductance rate produced with Na+ across the DLPE, DLPS and
cholesterol bilayer system surpasses the average biological channel conductance threshold
and is approximately double that produced across the POPE and POPS bilayer system. As a
result, despite Na+ surpassing the average biological channel conductance threshold across
both lipid bilayer systems, greater Na+ conduction occurs across the DLPE, DLPS and
cholesterol bilayer system.

In summary, K+ was selectively conducted over Na+ across the POPE and POPS bilayer
system, with both cations surpassing the average biological channel conductance threshold.
This ionic selectivity is reversed across the DLPE, DLPS and cholesterol bilayer system,
where selectivity is exhibited towards Na+ over K+, with no conductivities produced with K+.
Across both bilayer systems, Na+ surpassed the average biological channel conductance
threshold however its average conductance across the DLPE, DLPS and cholesterol bilayer
system was more than double than that produced across the POPE and POPS bilayer system.
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2.2.2.4 Bilayer analysis of 11 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system

Crown ethers have been known for decades for their ability to bind cations. Coupled with
their flexible nature, these cyclic polyethers provide a differentiation from the previously
investigated cyclophane group of macrocycles. The calix[n]arenes, oxacalix[n]arenes and
pillar[n]arenes are fundamentally rigid macrocycles as the only major flexible characteristic
they are able to exhibit are conformational changes where their constituent aromatic units
are able to rotate about their own axis. Crown ethers however, are significantly more flexible
as their linear and planar structure allows them the freedom to bend and twist, and generally
alter their shape significantly in order to accommodate a guest. The simultaneous assessment
of the ion conducting capabilities of flexible and rigid macrocycles may provide insights to
which macrocyclic framework is best suited for use as a possible synthetic ion channel.
Diaza[18]crown-6 was selected as the crown ether of choice as the size of the macrocycle
enables it to preferentially bind K+ ions, but also Na+ ions. The two amine groups allow for
easy functionalization of the crown ether; which was the option utilised for the attachment of
the polyether chains, producing compound 11. Unfortunately, due to experimental
limitations, 11 could not be tested across the POPE and POPS bilayer system however,
typical examples of activity produced by 11 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system is illustrated in Figures 2.36 (a), (b) and 2.37 respectively.
Experimental conditions were maintained as performed previously; with the cation
concentration of the buffer solution at 150 mM for both Na+ and K+ respectively and an
applied voltage of 50 mV.
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Figure 2.36 (a): An example of the activity produced by 11 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
11 (75 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV.
Transport of Na+ across the bilayer is characterised by a current, which sharply rises from its
initial resting current of 1.173 pA to 5.601 pA. The resulting difference in current is 4.428
pA, which corresponds to a conductance of 88.56 pS.
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Figure 2.36 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.36 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current raises from its initial resting current of 1.173 ± 0.0156 pA to 5.601 ±
0.0137 pA, which represents the average currents produced before and after the insertion of
11 into the bilayer respectively.
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Figure 2.37: An example of the activity produced by 11 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
11 (200 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism.

Penetration of the bilayer by 11 results in a distinct change in membrane conductance, as
illustrated in Figures 2.36 (a) and (b), which displays an example of the Na+ ion-conducting
activity of 11 across the DLPE, DLPS and cholesterol bilayer system, along with its
amplitude histogram analysis respectively. It can be seen that the bilayer displays a
consistent resting current of 1.173 pA, until the current sharply increases to 5.601 pA,
resulting in a difference of 4.428 pA which corresponds to a conductance of 88.56 pS. This
instantaneous increase in current is indicative of channel insertion into the bilayer
membrane, as a current can only be produced upon the flow of Na+ ions across the bilayer;
an event only possible with the insertion of 11.

Figure 2.37 illustrates a typical example of the activity produced by 11 with K+ across the
DLPE, DLPS and cholesterol bilayer system. With the exception of a single reading, the
results obtained for the conduction of K+ with 11 illustrates the absence of a distinct step
change in current, which demonstrates that ions are not transported via a channel
mechanism. The presence of spiking activity, such as that illustrated in Figure 2.37, indicates
some interaction with the bilayer however, the specific type of interaction is unclear.
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The ion-conducting abilities of 11 were assessed by calculating its ionic conductance for Na+
and K+ across the DLPE, DLPS and cholesterol bilayer system. The chemical structure and
the cLog P of 11 is illustrated in Figure 2.38 (a). The scatter graphs in Figures 2.38 (b) and
(c) illustrate the conductance values obtained from the total number of experiments
performed (n) for each cation across the POPE and POPS and the DLPE, DLPS and
cholesterol lipid bilayer systems respectively.

167

A

B

C

T h e c o n d u c ta n c e v a lu e s e x h ib ite d b y
and K

+

T h e c o n d u c ta n c e v a lu e s e x h ib ite d b y

a c r o ss a p la n a r

1 1 to w a r d s N a

+

and K

+

a c r o ss a p la n a r

lip id b ila y e r s y s te m c o m p o s e d fr o m

lip id b ila y e r s y s te m c o m p o s e d fr o m

PO PE and PO PS

D L P E , D L P S a n d c h o le s te r o l

500

500

400

400

C o n d u c ta n c e (p S )

168

cLogP = -0.4771

C o n d u c ta n c e (p S )

1 1 to w a r d s N a

+

300

200

100

300

200

100

0

0
Na

+

K
C a t io n

+

Na

+

K

+

C a t io n

Figure 2.38: (a) The chemical structure of 11 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 11 towards Na+
and K+ (n = 0 and 0 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 11 towards Na+ and K+ (n = 27 and 9 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 11 was calculated using ChemDraw software to be -0.4771. This indicates
that 11 has a greater hydrophilicity than the ideal characteristics required for a drug-like
compound, however in the experiments conducted, 11 was able to insert into the DLPE,
DLPS and cholesterol phospholipid bilayer membrane.

The conductance graphs in Figures 2.38 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.38 (b) does not show any
conductivities as 11 could not be assessed across the POPE and POPS bilayer system due to
experimental limitations. It is evident from Figure 2.38 (c), that selectivity towards Na+ over
K+ is demonstrated; as with the exception of one data point, K+ displayed no conductivity
across the DLPE, DLPS and cholesterol bilayer system. The conductivity of 11 towards Na+
can be quantified by its average conductance produced as depicted by its conductance graph
in Figure 2.38 (c), where the average conductance of Na+ was 108.80 pS which is equivalent
to 5.44 pA.

To gain a better insight of the ion-conducting abilities of 11, the average number of ions
flowing across the membrane per second was calculated for each cation across the DLPE,
DLPS and cholesterol bilayer system as shown in Figure 2.39.
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A bar graph showing the average conductance of ions
exhibited by 11 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.39: Bar graph illustrating the average rate of ion conductance per second exhibited
by 11 across the bilayer system composed of DLPE, DLPS and cholesterol.

From Figure 2.39, it is evident that neither Na+ nor K+ were conducted across the DLPS,
DLPE and cholesterol bilayer system with biological efficiency as neither surpassed the
average biological channel conductance threshold. This is quantified as Na+ was conducted
at an average rate of 3.40 x 107 ions per second, with K+ conducting at 9.42 x 107 ions per
second on average. Despite the high conductance rate obtained with K+ however; this cannot
be deemed reliable as it is based upon a single conductance reading. Between the two
cations, Na+ was conducted more consistently, albeit at very low rates as illustrated by the
conductance graph in Figure 2.38.

In summary 11 demonstrated selectivity towards Na+ over K+ across the DLPE, DLPS and
cholesterol bilayer system, with only very low conductance rates produced.
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2.2.2.5 Bilayer analysis of 12 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
This oxacalix[3]arene analogue is a derivative of compound 9, whereby the attached
polyether chains are comprised of an additional trans-but-2-ene section. This extra section
adds an additional four carbon atoms to each side of the macrocycle thus extending the
length of the 1,2-alt conformation of compound 12 by a substantial eight carbon atoms in
total. In addition to the extra length, the trans-but-2-ene section also introduces additional
functionality to the compound due to the alkene portion. It was of interest to investigate
what effect, if any, the increased chain length and unsaturation had on ion conductance and
selectivity. Identical experiments were conducted whilst maintaining identical parameters as
those used previously.

Identical experimental parameters were used whereby the cation concentration of the buffer
solution was 150 mM for both Na+ and K+ respectively and a voltage of 50 mV was applied.
A typical example of activity produced by 12 with Na+ across the POPE and POPS bilayer
system is illustrated in Figures 2.40 (a) and (b) respectively. Unfortunately due to
experimentation limitations, 12 was unable to be tested with K+ across the POPE and POPS
bilayer system.
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Figure 2.40 (a): An example of the activity produced by 12 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 12 (100 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na+ across the
bilayer is characterised by the immediate production of current, which sharply rises from its
initial resting current of 4.207 pA to firstly 15.17 pA then further to 398.7 pA. The resulting
differences in currents are 10.963 and 383.53 pA, which correspond to conductivities of
219.26 and 7670.60 pS respectively.
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Figure 2.40 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.40 (a)
above. The presence of three distinct peaks illustrates the production of two conductance
states, where the current rises from its initial resting current of 4.207 ± 0.1242 pA to firstly
15.17 ± 0.2261 pA then again to 398.7 ± 0.1815 pA, which represents the average currents
produced before and after the insertion of 12 into the bilayer respectively.
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Examples of typical activities produced by 12 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system are shown in Figures 2.41, 2.42 (a) and (b) respectively.
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Figure 2.41: An example of the activity produced by 12 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
12 (200 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Na+ is not transported via a
channel-like mechanism.
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Figure 2.42 (a): An example of the activity produced by 12 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
12 (50 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport
of K+ across the bilayer is characterised by the immediate production of current, which
sharply rises from its initial resting current of 1.391 pA to 187.2 pA. The resulting difference
in current is 185.809 pA, which corresponds to a conductance of 3716.18 pS.
173

Percentage (%)

50
45
40
35
30
25
20
15
10
5
0

Current produced
upon K+
conduction by 12

Baseline
resting
current

0

20

40

60

80 100 120 140 160 180 200
Current (pA)

Figure 2.42 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.42 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current raises from its initial resting current of 1.391± 0.0102 pA to 187.2 ±
0.0183 pA, which represents the average currents produced before and after the insertion of
12 into the bilayer respectively.

Penetration of the POPE and POPS bilayer system by 12 results in a distinct change in
membrane conductance, as illustrated in Figures 2.40 (a) and (b), which displays an example
of the Na+ ion-conducting activity of 12 along with its amplitude histogram analysis. The
bilayer displays a consistent resting current of 4.207 pA, until the current sharply increases
to 15.17 pA, then subsequently rises again to 398.70 pA resulting in differences of 10.963
pA and 383.53 respectively, which corresponds to conductivities of 219.26 and 7670.60 pS
respectively. These abrupt increases in current are indicative of channel insertion into the
bilayer membrane, as a current can only be produced upon the flow of Na + ions across the
bilayer; an event only possible with the insertion of 12.
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Figure 2.41 demonstrates an example of a typical trace observed for the conduction of Na+
by 12 across the DLPE, DLPS and cholesterol bilayer system. The absence of a distinct step
change in current indicates that ions are not transported by a channel mechanism. The
presence of spiking activity such as that illustrated in Figure 2.41 indicates some interaction
with the bilayer; however, the specific type of interaction is unclear.

Penetration and the consequent conduction of ions across the DLPE, DLPS and cholesterol
bilayer system by 12 results in a distinct change in membrane conductance as illustrated in
Figures 2.42 (a) and (b), which displays an example of the K+ conducting activity of 12
along with its amplitude histogram analysis respectively. The bilayer has a consistent resting
current of 1.391 pA, until the current sharply increases to 187.2 pA, resulting in a difference
of 185.809 pA, which corresponds to a conductance of 3716.18 pS. This immediate increase
in current is indicative of 12 inserting into, and conducting K+ across the bilayer membrane.

The ion-conducting abilities of 12 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 12 is illustrated in Figure 2.43 (a). The scatter
graphs in Figures 2.43 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.43: (a) The chemical structure of 12 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 12 towards Na+
and K+ (n = 14 and 0 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 12 towards Na+ and K+ (n = 8 and 30 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P was calculated using ChemDraw software to be 7.5186. This indicates that 12
has a greater lipophilicity than the ideal characteristics required for a drug-like compound
yet, experimentally it is able to insert into the lipophilic phospholipid bilayer of POPE and
POPS for Na+ and DLPE, DLPS and cholesterol for K+

The conductance graphs in Figures 2.43 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. These graphs illustrate that there is a
significant difference between the two bilayer systems as Na+ was conducted across the
POPE and POPS bilayer system, but not across the DLPE, DLPS and cholesterol bilayer
system. However, selectivity was demonstrated across the DLPE, DLPS and cholesterol
bilayer system as only K+, but not Na+, was conducted.

Figure 2.43 (b) clearly illustrates that Na+ is conducted across the POPE and POPS bilayer
system as large conductance values are produced. This can be quantified as the average
conductance produced by 12 towards Na+ was 1716.80 pS; equivalent to an average current
of 85.84 pA, which is substantial compared to other compounds. A comparison of the two
cations‟ conductivities across the POPE and POPS bilayer system is not possible as the
conductance of 12 towards K+ could unfortunately not be assessed due to experimental
limitations. In contrast, across the DLPE, DLPS and cholesterol bilayer system, as illustrated
in Figure 2.43 (c), selectivity is demonstrated towards K+ over Na+ as evidenced by the
average conductance values produced. This can be quantified with K+ producing an average
conductance of 469.35 pS; equivalent to an average current of 23.47 pA, compared with Na+
which failed to conduct across this bilayer system.

To gain a better insight of the ion-conducting abilities of 12, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.44 and 2.45 respectively.
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Figure 2.44: Bar graph illustrating the average rate of ion conductance per second exhibited
by 12 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 12 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.45: Bar graph illustrating the average rate of ion conductance per second exhibited
by 12 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Figure 2.44 illustrates that Na+ was conducted across the POPE and POPS bilayer system at
an average rate of 5.36 x 108 ions per second, thus far exceeding the average rate at which
biological channels conduct ions. It can therefore be deduced that 12 conducts Na+ at a
physiologically significant rate across this bilayer system. As the conductance of K+ was
unable to be assessed across the POPE and POPS bilayer system due to experimental
limitations, a comparison of the conductivities between the two cations cannot be evaluated.

Selectivity towards K+ is demonstrated across the DLPE, DLPS and cholesterol bilayer
system, as Figure 2.45 illustrates that K+ is conducted at an average rate of 1.47 x 108 ions
per second across the bilayer, with no conductivities produced with Na+. Since the average
rate of K+ conduction surpasses the average biological channel conductance threshold, it can
therefore be deduced that 12 conducts K+ at a physiologically significant rate across this
bilayer system.

Comparing the ionic conductivities across both bilayer systems, it can be seen that Na+ was
conducted across the POPE and POPS bilayer system at a physiologically significant rate,
however no conduction occurred across the DLPS, DLPE and cholesterol bilayer system.

In summary, Na+ was conducted across the POPE and POPS bilayer system but not across
the DLPS, DLPE and cholesterol bilayer system. The average rate at which Na+ was
conducted is also significant as it far surpassed the average biological channel conductance
threshold, therefore can therefore be deduced that Na+ was conducted at a physiologically
significant rate across this bilayer system. Conversely, across the DLPS, DLPE and
cholesterol bilayer system, K+ was selectively conducted over Na+, as no conductivities were
produced with Na+. The average rate at which K+ was conducted surpassed the average
biological channel conductance threshold, therefore can therefore be deduced that K+ was
conducted at a physiologically significant rate across this bilayer system.
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2.2.2.6 Bilayer analysis of 13 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system
Diazacrown 13 is an analogue of compound 11 in which the polyether chains have been
modified by the insertion of an additional trans-but-2-ene unit. This modification provides
additional length to the compound by a total of eight carbon atoms, and also adds
functionality due to the unsaturated alkene section. It was anticipated that these structural
changes would have some effect on the activity of the compound, thus the ion-conducting
abilities of 13 were investigated. Due to experimentation limitations 13 was not tested across
the POPE and POPS bilayer system.

A typical example of activity produced by 13 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system is illustrated below in Figures 2.46 (a), (b), 2.47 (a) and (b),
respectively, where the cation concentration of the buffer solution was 150 mM for both Na +
and K+ respectively and a voltage of 50 mV was applied.
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Figure 2.46 (a): An example of the activity produced by 13 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
13 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV.
Transport of Na+ across the bilayer is characterised by the immediate production of current,
which sharply rises from its initial resting current of 0.7334 pA to 13.37 pA. The resulting
difference in current is 12.6366 pA, which corresponds to a conductance of 252.732 pS.
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Figure 2.46 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.46 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current raises from its initial resting current of 0.7334 ± 0.0059 pA to 13.37 ±
0.0096 pA, which represents the average currents produced before and after the insertion of
13 into the bilayer respectively.
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Figure 2.47 (a): An example of the activity produced by 13 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
13 (200 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport
of K+ across the bilayer is characterised by the immediate production of current, which
sharply rises from its initial resting current of 1.249 pA to 36.04 pA. The resulting difference
in current is 34.791 pA, which corresponds to a conductance of 695.82 pS.
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Figure 2.47 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.47(a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current raises from its initial resting current of 1.249 ± 0.0195 pA to 36.04 ±
0.0498 pA, which represents the average currents produced before and after the insertion of
13 into the bilayer respectively.

Penetration of the DLPE, DLPS and cholesterol bilayer system by 13 results in a distinct
change in membrane conductance. Figures 2.46 (a) and (b) illustrates an example of the Na+
conducting activity of 13 along with its amplitude histogram analysis respectively. It can be
seen that the bilayer displays a consistent resting current of 0.7334 pA, until the current
sharply increases to 13.37 pA, resulting in a difference of 12.6366 pA which corresponds to
a conductance of 252.732 pS. This instantaneous increase in current is indicative of 13
inserting into the bilayer and conducting Na+.

Similarly to Na+, ionic conductance is also exhibited with K+ as illustrated in Figures 2.47
(a) and (b), which displays a typical example of the conductance produced along with its
amplitude histogram analysis respectively. It can be seen that the bilayer displays a
consistent resting current of 1.249 pA, until the current sharply increases to 36.04 pA,
resulting in a difference of 34.791 pA which corresponds to a conductance of 695.82 pS.

182

This instantaneous increase in current is indicative of 13 inserting into the bilayer and
conducting K+.
The ion-conducting abilities of 13 were assessed by calculating its ionic conductance for Na+
and K+ across the DLPE, DLPS and cholesterol bilayer system. The chemical structure and
the cLog P of 13 is illustrated in Figure 2.48 (a). The scatter graphs in Figures 2.48 (b) and
(c) illustrate the conductance values obtained from the total number of experiments
performed (n) for each cation across the POPE and POPS and the DLPE, DLPS and
cholesterol lipid bilayer systems respectively.
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Figure 2.48: (a) The chemical structure of 13 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 13 towards Na+
and K+ (n = 0 and 0 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 13 towards Na+ and K+ (n = 12 and 16 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 13 was calculated using ChemDraw software to be -0.7686, indicating that 13
has a greater hydrophilicity than the ideal characteristics required for a drug-like compound.
However, despite this, from the experiments performed, it is evident that 13 was able to
insert into the lipophilic DLPE, DLPS and cholesterol bilayer system.

The conductance graphs in Figures 2.48 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. As the ionic conductivities of 13 were unable
to be assessed across the POPE and POPS bilayer system due to experimental limitations,
Figure 2.48 (b) does not report any conductance measurements.

Figure 2.48 (c) illustrates that both Na+ and K+ produced similar conductivities across the
DLPE, DLPS and cholesterol bilayer system as average conductivities of 270.30 and 382.98
pS, which correspond to 13.51 and 19.15 pA were produced respectively. With the exception
of the single large conductance measurement produced with K +, it is highly likely that the
average conductivities for both cations would be significantly more similar. As a result, it
can be deduced that 13 does not exhibit significant ionic selectivity across the DLPE, DLPS
and cholesterol bilayer system.

To gain a better insight of the ion-conducting abilities of 13, the average number of ions
flowing across the membrane per second was calculated for each cation across the DLPE,
DLPS and cholesterol bilayer system as shown in Figure 2.49.
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bilayer system
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Figure 2.49: Bar graph illustrating the average rate of ion conductance exhibited by 13
across the bilayer system composed of DLPE, DLPS and cholesterol.

It can be seen from Figure 2.49 above that K+ is conducted at a slightly greater rate than Na+
across the DLPS, DLPE and cholesterol bilayer system, with Na+ and K+ conducting at rates
of 8.44 x 107 and 1.20 x 108 ions per second on average respectively. As a result, K+
surpasses the average biological channel conductance threshold, with Na+ marginally falling
short. However, it should be noted that K+ produced a single large conductance reading, as
illustrated in Figure 2.48 (c), which has most likely skewed its average conductance rate,
thus enhancing its value. In the absence of this single large conductance reading therefore, it
is most likely that the average conductance of K+ would significantly reduce to a value
approximating to that of Na+.

In summary, 13 conducted both; Na+ and K+ across the DLPE, DLPS and cholesterol bilayer
system, however no significant ionic selectivity was demonstrated.
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2.2.2.7 Bilayer analysis of 14 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
Ion conduction across phospholipid bilayers was also investigated using non-macrocyclic
compounds, as it was important to investigate what effects, if any, the incorporation of a
macrocyclic structure had on the activities of ion conduction, and therefore whether a
macrocycle is necessary for the production of a viable artificial ion channel. Polyene
antibiotics such as nystatin and amphotericin are non-macrocyclic compounds, which allow
the passage of ions across the bilayer as they aggregate within the membrane to form pores,
which ions may flow through. To investigate whether a similar mechanism may occur,
monomeric analogues of the calix[4]arene, oxacalix[3]arene and pillar[5]arene macrocycles
were synthesised and their ion-conducting abilities were assessed across the same two
synthetic phospholipid bilayer systems, in an identical manner as their macrocyclic
analogues.

Typical examples of the activity produced by 14 with Na+ and K+ across the POPE and
POPS bilayer system, are illustrated below in Figures 2.50 (a), (b), 2.51 (a) and (b)
respectively, where the ionic concentration of buffer solution was 150 mM for both Na+ and
K+ respectively with an applied voltage of 50 mV.

Baseline
resting current

Insertion

Current produced upon
Na+ conduction by 14

Figure 2.50 (a): An example of the activity produced by 14 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 14 (75 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na+ (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na + across the
bilayer is characterised by the immediate production of current, which sharply rises from its
initial resting current of 0.3026 pA to 17.25 pA. The resulting difference in current is
16.9474 pA, which corresponds to a conductance of 338.948 pS.
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Figure 2.50 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.50 (a)
above. The presence of three distinct peaks illustrates the production of two conductance
states, where the current rises from its initial resting current of 0.3026 ± 0.0086 pA to 17.25
± 0.0095 pA, which represents the average currents produced before and after the insertion
of 14 into the bilayer.
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Figure 2.51 (a): An example of the activity produced by 14 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 14 (75 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing K + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of K + is
characterised by a current, which rises from its initial resting current of 1.808 pA to 435.90
pA. The current difference is 434.092 pA, corresponding to a conductance of 8681.84 pS.
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Figure 2.51 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.51 (a)
above. The presence of three distinct peaks illustrates the production of two conductance
states, where the current rises from its initial resting current of 1.808 ± 0.0255 pA to 435.9 ±
0.3281 pA, which represents the average currents produced before and after the insertion of
14 into the bilayer respectively.

A typical example of activity produced by 14 with Na+ and K+ across the DLPE, DLPS and
cholesterol bilayer system is illustrated in Figures 2.52 (a), (b) and 2.53 respectively.
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Figure 2.52 (a): An example of the activity produced by 14 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
14 (125 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV.
Transport of Na+ across the bilayer is characterised by the immediate production of current,
which sharply drops from its initial resting current of 1.069 pA to 8.796 pA. The resulting
difference in current is 7.727 pA, which corresponds to a conductance of 154.54 pS.
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Figure 2.52 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.52 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current raises from its initial resting current of 1.069 ± 0.0044 pA to 8.796 ±
0.0050 pA, which represents the average currents produced before and after the insertion of
14 into the bilayer respectively.
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Figure 2.53: An example of the activity produced by 14 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
14 (100 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism.
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Figures 2.50 (a) and (b) shows a typical example of Na+ conductance by 14 and its
amplitude histogram analysis respectively. The bilayer displays a consistent resting current
of 0.3026 pA, until the current sharply increases to 17.25 pA, resulting in a difference of
16.9474 pA, which corresponds to a conductance of 338.948 pS. This abrupt increase in
current is indicative of channel formation caused by the insertion of 14 into the bilayer. Ion
conductance is also exhibited in the presence of K+, as illustrated in Figures 2.51 (a) and (b),
which displays a typical example of K+ conductance by 14 along with its amplitude
histogram analysis respectively. The bilayer displays a resting current of 1.808 pA, until the
current sharply increases to 435.90 pA, resulting in a difference of 434.092 pA which
corresponds to a conductance of 8681.84 pS. Again, this abrupt increase in current is
indicative of channel formation caused by the insertion of 14 into the bilayer.

The insertion and consequent conduction of Na+ across the DLPE, DLPS and cholesterol
bilayer system by 14 is illustrated in Figures 2.52 (a) and (b), which displays a typical
example of Na+ conductance, along with its amplitude histogram analysis respectively. The
bilayer displays a resting current of 1.069 pA before the current sharply rises to 8.796 pA
resulting in a difference of 7.727 pA which corresponds to a conductance of 154.54 pS. This
demonstrates that 14 also inserts and conducts Na+ across the DLPE, DLPS and cholesterol
bilayer system. Figure 2.53 illustrates a typical example of K+ conductance by 14 across the
DLPE, DLPS and cholesterol system. The presence of spikes but no distinct step change in
current indicates an interaction with the bilayer, however no channel formation.

The ion-conducting abilities of 14 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 14 is illustrated in Figure 2.54 (a). The scatter
graphs in Figures 2.54 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.54: (a) The chemical structure of 14 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 14 towards Na+
and K+ (n = 18 and 5 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 14 towards Na+ and K+ (n = 19 and 8 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 14 was calculated using ChemDraw software to be 1.5996. This indicates that
14 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.54 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.54 (b) illustrates that 14
demonstrates activity towards both, Na+ and K+, however, there is a preference towards K+
as demonstrated by the magnitude of conductivities produced. This can be quantified by the
average conductivities produced for each ion via the conductance graphs with Na+ producing
an average conductance of 1539.79 pS, which is equivalent to an average current of 76.99
pA, compared with K+, producing an average conductance of 4513.57 pS, which is therefore
equivalent to an average current of 225.68 pA.

Across the DLPE, DLPS and cholesterol bilayer system, Na+ and K+ were also both
conducted as illustrated in Figure 2.54 (c) however, ionic selectivity was reversed as Na+
was conducted with greater selectivity than K+ as demonstrated by the magnitude of
conductivities produced. This can be quantified by the average conductivities produced for
each ion via the conductance graphs with Na+ and K+ producing average conductivities of
342.21 and 79.99 pS respectively, which are equivalent to average currents of 16.97 and
4.00 pA respectively.

To gain a better insight of the ion-conducting abilities of 14, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.55 and 2.56 respectively.
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Figure 2.55: Bar graph illustrating the average rate of ion conductance per second exhibited
by 14 across the bilayer system composed of POPE and POPS.
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Figure 2.56: Bar graph illustrating the average rate of ion conductance per second exhibited
by 14 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Comparing Figures 2.55 and 2.56, it is evident that there is a significant difference in the
ionic conductivities between the two lipid bilayer systems. Despite both, Na+ and K+
surpassing the average biological channel conductance threshold across the POPE and POPS
bilayer system, as illustrated in Figure 2.55, the average conductance of K+ was greater than
Na+ by a factor of over 3. This is quantified as Na+ conducted at an average rate of 4.81 x
108 ions per second compared with K+, which conducted at a rate of 1.41 x 109 ions per
second on average. As a result, it can be deduced that both; Na+ and K+ are conducted at
physiologically significant rates across the POPE and POPS bilayer system, however
selectivity is demonstrated towards K+ over Na+.

Across the DLPE, DLPS and cholesterol bilayer system, as illustrated in Figure 2.55, ionic
selectivity is still demonstrated, however is inverted as Na+ is now selectively conducted
over K+ as the average conductance of Na+ was greater than K+ by a factor of over 4. This is
quantified as Na+ and K+ were conducted at average rates of 1.06 x 108 and 2.50 x 107 ions
per second respectively. As a result, it can be deduced that across the DLPE, DLPS and
cholesterol bilayer system, Na+ was selectively conducted over K+, with the average rate of
Na+ conduction reaching physiologically significant levels.

Comparing the conductance rates across both bilayer systems, it can be seen that both ions
conducted considerably more efficiently across the POPE and POPS bilayer system than
across the DLPE, DLPS and cholesterol bilayer system. The average rate of Na+ conduction
across the POPE and POPS bilayer system was superior to that produced across the DLPE,
DLPS and cholesterol bilayer system by a factor of approximately 5. Similarly towards K +,
the average conductance rate across the POPE and POPS bilayer system surpassed the
average conductance rate produced across the DLPE, DLPS and cholesterol bilayer system
by a factor of approximately 100.
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In summary, both cations demonstrated varying rates of ion conduction across both lipid
bilayer systems. Across the POPE and POPS bilayer system, K+ was selectively conducted
over Na+ with both cations surpassing the average biological channel conductance threshold.
This ionic selectivity is reversed across the DLPE, DLPS and cholesterol bilayer system,
where selectivity towards Na+ over K+ is exhibited. Across both bilayer systems, Na+
surpassed the average biological channel conductance threshold however its average
conductance across the POPE and POPS bilayer system was greater than that produced
across the DLPE, DLPS and cholesterol bilayer system by a factor of approximately 5.

2.2.2.8 Bilayer analysis of 15 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
This tertiary butylated phenolic analogue; 15, was synthesised as a monomeric equivalent of
9, whereby each molecule is representative of a single phenolic unit of the oxacalix[3]arene
macrocycle. Analysis of the ionic conductivity between macrocycle 9 and monomer 15; may
indicate if a macrocycle is an essential component for ion conduction and selectivity.

Typical examples of the activities produced by 15 towards Na+ and K+ across the POPE and
POPS bilayer system are illustrated in Figures 2.57 (a), (b) and 2.58 respectively.
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Current produced upon
Na+ conduction by 15

Figure 2.57 (a): An example of the activity produced by 15 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 15 (50 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na+ across the
bilayer is characterised by the immediate production of current, which sharply rises from its
initial resting current of 0.3315 pA to 66.41 pA. The resulting difference in current is
66.0785 pA, which corresponds to a conductance of 1321.57 pS.
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Figure 2.57 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.57 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current rises from its initial resting current of 0.3315 ± 0.0049 pA to 66.41 ±
0.0376 pA, which represents the average currents produced before and after the insertion of
15 into the bilayer respectively.
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Figure 2.58: An example of the activity produced by 15 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 15 (175 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing K + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that K+ is not transported via channels. This trace concludes
with the eventual rupturing of the bilayer.
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Typical examples of the activities produced by 15 towards Na+ and K+ across the DLPE,
DLPS and cholesterol bilayer system are illustrated in Figures 2.59, 2.60 (a) and (b)
respectively.

Interaction of 15
with the bilayer

Bilayer rupture

Figure 2.59: An example of the activity produced by 15 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
15 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however the absence of a distinct step change confirms that Na+ is not transported via
channels. This trace concludes with the eventual rupturing of the bilayer.

Level 2 conduction
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Figure 2.60 (a): An example of the activity produced by 15 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
15 (175 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport
of K+ across the bilayer is characterised by the immediate production of current, which
sharply rises from a pre-conducting state of 35.34 pA to 118.60 pA then subsequently to
174.20 pA. The resulting differences in currents are 83.26 and 55.60 pA respectively, which
correspond to conductivities of 1665.20 and 1112.00 pS respectively.
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Figure 2.60 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.60 (a).
Three distinct peaks illustrate two conductance states, where the current raises from a preconducting state of 35.34 ± 0.1766 pA to 118.6 ± 0.182, reaching a current of 174.2 ± 1.214
pA respectively.

Penetration of the POPE and POPS bilayer system by 15 results in a distinct change in
membrane conductance as shown in Figures 2.57 (a) and (b), which illustrate an example of
the Na+ conducting activity of 15 along with its amplitude histogram analysis respectively. It
can be seen that the bilayer displays a resting current of 0.3315 pA, until the current sharply
increases to 66.41 pA, resulting in a difference of 66.0785 pA, which corresponds to a
conductance of 1321.57 pS. This instantaneous increase in current is indicative of 15
inserting into the bilayer membrane and conducting Na+ ions.

Figure 2.58 illustrates a typical example of the activity produced by 15 towards K+ across
the POPE and POPS bilayer system. It illustrates the absence of a distinct step change in
current, which demonstrates that ions are not transported via a channel mechanism. The
presence of acute spiking activity indicates that some interaction with the bilayer is
occurring however; the specific type of interaction is unclear.
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A typical example of the activity produced by 15 towards Na+ across the DLPE, DLPS and
cholesterol bilayer system is shown in Figure 2.59. It illustrates the absence of a distinct step
change in current, which demonstrates that Na+ ions are not transported via a channel
mechanism. The presence of acute spiking activity indicates that some interaction with the
bilayer is occurring, with this specific example concluding with the eventual rupturing of the
bilayer; however, the specific type of interaction is unclear.

Figures 2.60 (a) and (b) display an example of the K+ conducting activity of 15 along with
its amplitude histogram analysis respectively across the DLPE, DLPS and cholesterol
bilayer system. It can be seen that the bilayer displays a current for a pre-conducting state of
35.34 pA which first rises to 118.60 pA and then to 174.20 pA. The differences in currents
are 83.26 and 55.60 pA respectively, which correspond to conductivities of 1665.20 and
1112.00 pS respectively. The increments in currents are indicative of 15 inserting into the
bilayer membrane and conducting K+ ions.

The ion-conducting abilities of 15 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 15 is illustrated in Figure 2.61 (a). The scatter
graphs in Figures 2.61 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.61: (a) The chemical structure of 15 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 15 towards Na+
and K+ (n = 8 and 9 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 15 towards Na+ and K+ (n = 12 and 15 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 15 was calculated using ChemDraw software to be 3.4256. This indicates that
15 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.61 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.61 (b) illustrates that 15 conducts
both, Na+ and K+ across the POPE and POPS bilayer system, however selectivity is
exhibited towards Na+ over K+ as demonstrated by the magnitude of conductivities
produced. This can be quantified by the average conductivities produced for each ion via the
conductance graphs with Na+ producing an average conductance of 1521.76 pS, which is
equivalent to an average current of 76.09 pA, compared with K+, producing an average
conductance of 295.76 pS, which is therefore equivalent to an average current of 17.76 pA.

Across the DLPE, DLPS and cholesterol bilayer system, Na+ and K+ were also both
conducted as illustrated in Figure 2.61 (c) however, ionic selectivity was reversed as K+ was
conducted with greater selectivity than Na+ as demonstrated by the magnitude of
conductivities produced. This can be quantified by the average conductivities produced for
each ion via the conductance graphs with Na+ and K+ producing average conductivities of
215.23 and 2314.33 pS respectively, which are equivalent to average currents of 10.76 and
115.72 pA respectively.

To gain a better insight of the ion-conducting abilities of 15, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.62 and 2.63 respectively.
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Figure 2.62: Bar graph illustrating the average rate of ion conductance per second exhibited
by 15 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 15 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.63: Bar graph illustrating the average rate of ion conductance per second exhibited
by 15 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Comparing Figures 2.62 and 2.63, it is evident that there is a significant difference in the
ionic conductivities between the two lipid bilayer systems. Figure 2.62 illustrates that Na+ is
conducted with greater selectivity than K+ across the POPE and POPS bilayer system with
only Na+ surpassing the average biological channel conductance rate. This is quantified as
Na+ conducted at an average rate of 4.75 x 108 ions per second compared with K+, which
conducted at a rate of 9.23 x 107 ions per second on average. As a result, it can be deduced
that across the POPE and POPS bilayer system, Na+ is selectively conducted over K+, with
only Na+ conducting at a physiologically significant rate.

Across the DLPE, DLPS and cholesterol bilayer system, as illustrated in Figure 2.63, ionic
selectivity is still demonstrated, however is now reversed as selectively is exhibited towards
K+ over Na+. This is quantified as Na+ and K+ were conducted at average rates of 6.72 x 107
and 7.22 x 108 ions per second respectively. As a result, it can be deduced that across the
DLPE, DLPS and cholesterol bilayer system, K+ is selectively conducted over Na+, with
only K+ surpassing the average biological channel conductance rate.

In summary, both cations demonstrated varying rates of ion conduction across both lipid
bilayer systems. Across the POPE and POPS bilayer system, Na+ was selectively conducted
over K+ with only Na+ surpassing the average biological channel conductance threshold.
This ionic selectivity is reversed across the DLPE, DLPS and cholesterol bilayer system,
where selectivity towards K+ over Na+ is exhibited with only K+ surpassing the average
biological channel conductance threshold.
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2.2.2.9 Bilayer analysis of 16 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
This di-substituted hydroquinone derivative was synthesised as the monomeric analogue of
10, whereby each molecule is representative of a single phenolic unit of the pillar[5]arene
macrocycle. By analysing and comparing the activities of macrocycle 10 with monomer 16,
it should be possible to assess whether a macrocycle is an essential component for ion
conduction and selectivity.

Typical examples of the activities produced by 16 towards Na+ and K+ across the POPE and
POPS bilayer system are illustrated in Figures 2.64 and 2.65 respectively.
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Bilayer rupture

Figure 2.64: An example of the activity produced by 16 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 16 (25 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
This trace concludes with the eventual rupturing of the bilayer.
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Figure 2.65: An example of the activity produced by 16 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 16 (125 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing K + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that K+ is not transported via a channel-like mechanism. This
trace concludes with the eventual rupturing of the bilayer.

Typical examples of the activities produced by 16 towards Na+ and K+ across the DLPE,
DLPS and cholesterol bilayer system are illustrated in Figures 2.66 and 2.67 respectively.
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Figure 2.66: An example of the activity produced by 16 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
16 (75 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Na+ is not transported via a
channel-like mechanism. This trace concludes with the eventual rupturing of the bilayer.
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Figure 2.67: An example of the activity produced by 16 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
16 (125 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism. This trace concludes with the eventual rupturing of the bilayer.
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Figures 2.64, 2.65, 2.66 and 2.67 illustrate typical examples of the activities produced by 16
towards Na+ and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol
bilayer systems respectively. From these results, it is evident that neither Na+ nor K+ were
conducted via a channel mechanism as no distinct step change in current was produced, with
only acute spiking activity occurring, where all activities eventually concluded in bilayer
rupture. This behaviour indicates that some interaction with the bilayer is occurring
however; the specific type of interaction is unclear.

The ion-conducting abilities of 16 was assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 16 is illustrated in Figure 2.68 (a). The scatter
graphs in Figures 2.68 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.68: (a) The chemical structure of 16 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 16 towards Na+
and K+ (n = 9 and 6 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 16 towards Na+ and K+ (n = 10 and 8 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 16 was calculated using ChemDraw software to be 1.2272. This indicates that
16 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.68 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.68 (b) illustrates that 16
demonstrates minimal activity and no selectivity towards either ion across the POPE and
POPS lipid bilayer system. This can be quantified as only a single conductance measurement
was produced with both, Na+ and K+ of similar magnitudes of 450.78 pS and 457.41 pS
respectively, which correspond to currents of 22.54 pA and 22.87 pA respectively.

Similarly across the DLPE, DLPS and cholesterol bilayer system, as depicted in Figure 2.68
(c), minimal activity is produced with both cations. However, a degree of selectivity is
demonstrated as some conductance values were produced towards Na+, with none produced
with K+. This can be quantified by the average conductivities observed via the conductance
graphs for Na+ and K+, where the average conductivities produced are 849.78 pS and 0.00
pS, which are equivalent to average currents of 42.49 pA and 0.00 pA respectively.

To gain a better insight of the ion-conducting abilities of 16, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.69 and 2.70 respectively.
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Figure 2.69: Bar graph illustrating the average rate of ion conductance per second exhibited
by 16 across the bilayer system composed of POPE and POPS.
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Figure 2.70: Bar graph illustrating the average rate of ion conductance per second exhibited
by 16 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Comparing Figures 2.69 and 2.70, it is evident that there is a significant difference in the
ionic conductivities between the two lipid bilayer systems. Figure 2.69 illustrates that no
significant selectivity toward either ion was demonstrated across the POPE and POPS
bilayer system as conductance rates for Na+ and K+ were 1.41 x 108 and 1.43 x 108 ions per
second respectively. However, these values are only based upon the production of a single
conductance value with each cation, as no other conductivities were produced. As a result, it
can be deduced that 16 produced negligible conductivities, and consequently no selectivity,
towards either cation across the POPE and POPS bilayer system.

Across the DLPE, DLPS and cholesterol bilayer system, a large average conductance rate of
2.65 x 108 ions per second was produced towards Na+, with no conductance produced
towards K+. This demonstrates Na+ selectivity over K+, however it should be noted that this
high conductance rate produced towards Na+ is based upon only two conductance readings,
as illustrated in Figure 2.68 (c), including one considerably large value, which skews the
average conductance rate, thus producing a greatly enhanced average value. In the absence
of this single large conductance reading therefore, the average conductance rate of Na+
would be significantly lower.

In summary, 16 failed to consistently conduct either Na+ or K+ across either of the two
bilayer systems, with nearly all experiments concluding with rupturing of the bilayer.
Despite the average rates of ion conduction illustrated in Figures 2.69 and 2.70 depicting
physiologically significant conductance rates for Na+ across both bilayer systems and K+
across the DLPE, DLPS and cholesterol bilayer system, these values are highly skewed as
they are only based upon either a single conductance reading or an overinflated average
value.
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2.2.2.10 Bilayer analysis of 17 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
Monomeric derivative 17 is an analogue of compound 14 where the polyether substituent
has been modified with the addition of a trans-but-2-ene linker. It was synthesised to
investigate how this addition affected its interaction with the phospholipid bilayer and if it
aided or hindered ion conduction across the two bilayer systems. The extra hydrocarbon
segment provides an additional four carbon atoms in length to the molecule, along with
introducing functionality in the form of an alkene. Direct comparisons with 14 allow any
variations in membrane activity and possible ion conductivities to be associated with the
additional trans-but-2-ene section, therefore enabling structure and activity relationships to
be determined.

Typical examples of the activities produced by 17 towards Na+ and K+ across the POPE and
POPS bilayer system are illustrated in Figures 2.71 and 2.72 respectively.
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Figure 2.71: An example of the activity produced by 17 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of POPE and POPS. 17 (150 µl of a 10 mM stock solution in
DMSO) was added into the buffer solution containing Na+ (150 mM) whilst the bilayer was
subjected to a potential of 50 mV. The presence of spiking activity in the current is
indicative of an interaction with the bilayer; however, the absence of a distinct step change
confirms that Na+ is not transported via a channel-like mechanism. This trace concludes with
the eventual rupturing of the bilayer.
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Figure 2.72: An example of the activity produced by 17 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of POPE and POPS. 17 (25 µl of a 10 mM stock solution in
DMSO) was added into the buffer solution containing K+ (150 mM) whilst the bilayer was
subjected to a potential of 50 mV. The presence of spiking activity in the current is
indicative of an interaction with the bilayer; however, the absence of a distinct step change
confirms that K+ is not transported via a channel-like mechanism. This trace concludes with
the eventual rupturing of the bilayer.

Typical examples of the activities produced by 17 towards Na+ and K+ across the DLPE,
DLPS and cholesterol bilayer system are illustrated in Figures 2.73 and 2.74.

Figure 2.73: An example of the activity produced by 17 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
17 (150 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Na+ is not transported via a
channel-like mechanism.
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Figure 2.74: An example of the activity produced by 17 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
17 (50 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism. This trace concludes with the eventual rupturing of the bilayer.

As illustrated in Figures 2.71 - 2.74, all activities produced by 17, with the exception of a
single conductance reading towards Na+ across the POPE and POPS bilayer system, resulted
in the absence of a distinct step change in current. This demonstrates that neither Na+ nor K+
were conducted across either the POPE and POPS or the DLPE, DLPS and cholesterol
bilayer systems via a channel mechanism. The presence of spiking activity indicates that
some interaction with the bilayer occurs however; the specific type of interaction is unclear.
All the activities produced by 17 concluded in bilayer rupture.

The ion-conducting abilities of 17 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 17 is illustrated in Figure 2.75 (a). The scatter
graphs in Figures 2.75 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.75: (a) The chemical structure of 17 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 17 towards Na+
and K+ (n = 3 and 11 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 17 towards Na+ and K+ (n = 10 and 8 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 17 was calculated using ChemDraw software to be 1.7662. This indicates that
17 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.75 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. With the exception of a single conductance
value produced towards Na+ across the POPE and POPS lipid bilayer system, no
conductivities were produced towards either Na+ or K+ across either bilayer system.

From Figure 2.75 (b), the only conductance produced with Na+ was 164.75 pS, which is
equivalent to 8.24 pA. No conductivities were produced towards K+.

Figure 2.75 (c), does not illustrate any data points on the scatter graph as no conductivities
were produced towards neither Na+ nor K+.

The average number of ions flowing across the membrane per second was calculated for
each cation across both lipid bilayer systems as shown in Figures 2.76 and 2.77 respectively.
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Figure 2.76: Bar graph illustrating the average rate of ion conductance per second exhibited
by 17 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 17 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.77: Bar graph illustrating the average rate of ion conductance per second exhibited
by 17 across the bilayer system composed of DLPE, DLPS and cholesterol.
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From Figures 2.84 and 2.85, it is evident that there is negligible difference in ionic
conductance between the two lipid bilayer systems. Across the POPE and POPS bilayer
system, a small ion conductance rate of 5.14 x 107 ions per second was produced towards
Na+ however, is only based upon a single conductance reading. This rate of ion conductance
does not surpass the average biological channel conductance rate, therefore would not
produce any physiologically significant activity. In the absence of this single conductance,
no ionic conductivity would be produced, which correlates with the results produced across
the DLPE, DLPS and cholesterol bilayer system, where neither Na+ nor K+ were conducted.

In summary, with the exception of a single conductance measurement, no ion conduction
was produced towards either Na+ or K+ across the POPE and POPS or the DLPE, DLPS and
cholesterol bilayer systems.

2.2.2.11 Bilayer analysis of 18 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
This monomeric analogue is a derivative of compound 15, whereby the polyether chain has
been modified with the addition of a trans-but-2-ene linker. This is also a monomeric
representation of the oxacalix[3]arene macrocyclic compound; 12, whereby each molecule
of 18 is representative of an aromatic unit that comprises the macrocycle. The synthesis of
the monomeric analogues are of great importance as it allows fundamental structural features
to be investigated such as the necessity of a macrocyclic structure to produce efficient and
selective ion transport across phospholipid bilayers. Another important feature to investigate
is what effect, if any; specific functionality has on the molecule‟s activity.

Typical examples of the activities produced by 18 towards Na+ and K+ across the POPE and
POPS bilayer system are illustrated in Figures 2.78 (a), (b) and 2.79 respectively.
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Figure 2.78 (a): An example of the activity produced by 18 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 18 (50 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na+ (150
mM) whilst the bilayer was subjected to a potential of 50 mV. Transport of Na + across the
bilayer clear from the immediate production of a current, which sharply rises from 0.5521
pA to 15.16 pA. The resulting difference in current is 14.6079 pA, which corresponds to a
conductance of 292.158 pS.
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Figure 2.78 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.78 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current rises from its initial resting current of 0.5521 ± 0.0097 pA to 15.16 ±
0.0086 pA, which represents the average currents produced before and after the insertion of
18 into the bilayer respectively.
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Figure 2.79: An example of the activity produced by 18 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 18 (150 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing K+ (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
This trace concludes with the eventual rupturing of the bilayer.

Typical examples of the activities produced by 18 towards Na+ and K+ across the DLPE,
DLPS and cholesterol bilayer system are illustrated in Figures 2.80 and 2.81 respectively.

Baseline
resting current

Insertion

Current produced upon
Na+ conduction by 18

Figure 2.80 (a): An example of the activity produced by 18 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
18 (125 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV.
Transport of Na+ across the bilayer is indicated by the current, which sharply rises from its
initial resting current of 4.324 pA to 58.01 pA. The resulting difference in current is 53.686
pA, which corresponds to a conductance of 1073.72 pS.
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Figure 2.80 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.80 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current rises from its initial resting current of 4.324 ± 0.0039 pA to 58.01 ±
0.0625 pA, which represents the average currents produced before and after the insertion of
18 into the bilayer respectively.
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Figure 2.81: An example of the activity produced by 18 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
18 (25 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that K+ is not transported via a
channel-like mechanism.
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Penetration of the POPE and POPS bilayer system by 18 results in a distinct change in
membrane conductance, as shown in Figures 2.78 (a) and (b), which illustrate an example of
the Na+ conducting activity of 18 along with its amplitude histogram analysis respectively. It
can be seen that the bilayer displays a resting current of 0.5521 pA, until the current sharply
increases to 15.16 pA, resulting in a difference of 14.6079 pA, which corresponds to a
conductance of 292.158 pS. This instantaneous increase in current is indicative of 18
inserting into the bilayer membrane and conducting Na+ ions.

Figure 2.79 illustrates a typical example of the activity produced by 18 towards K+ across
the POPE and POPS bilayer system. It illustrates the absence of a distinct step change in
current, which demonstrates that ions are not conducted across the bilayer via a channel
mechanism. The presence of acute spiking activity indicates that some interaction with the
bilayer is occurring however; the specific type of interaction is unclear.

Similarly to the POPE and POPS bilayer system, 18 demonstrates channel-like activity
towards Na+, but not towards K+ across the DLPE, DLPS and cholesterol bilayer system as
illustrated in Figures 2.80 (a), (b) and 2.81 respectively. Penetration of the DLPE, DLPS and
cholesterol bilayer system by 18 results in a distinct change in membrane conductance, as
illustrated in Figures 2.80 (a) and (b), which illustrates an example of the Na+ conducting
activity of 18 along with its amplitude histogram analysis respectively. The bilayer displays
a consistent resting current of 4.324 pA, until the current sharply increases to 58.01 pA,
resulting in a difference of 53.686 pA, which corresponds to a conductance of 1073.72 pS.
This instantaneous increase in current is indicative of 18 inserting into the bilayer membrane
and conducting Na+ ions, as a current can only be produced upon the flow of Na+ ions across
the bilayer.
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Figure 2.81 displays a typical example of the activity produced by 18 towards K+ across the
DLPE, DLPS and cholesterol bilayer system. It illustrates the absence of a distinct step
change in current, which demonstrates that K+ ions are not transported via a channel
mechanism. The presence of acute spiking activity indicates that some interaction with the
bilayer is occurring; however the specific type of interaction is unclear.

The ion-conducting abilities of 18 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 18 is illustrated in Figure 2.82 (a). The scatter
graphs in Figures 2.82 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.82: (a) The chemical structure of 18 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 18 towards Na+
and K+ (n = 15 and 10 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 18 towards Na+ and K+ (n = 11 and 12 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 18 was calculated using ChemDraw software to be 3.5922. This indicates that
18 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.82 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.82 (b) illustrates that 18 conducts
both, Na+ and K+ across the POPE and POPS bilayer system, however selectivity is
exhibited towards Na+ over K+ as demonstrated by the magnitude of conductivities
produced. This can be quantified by the average conductivities produced for each ion via the
conductance graphs with Na+ producing an average conductance of 674.80 pS, which is
equivalent to an average current of 33.74 pA, compared with K+, producing an average
conductance of 226.17 pS, which is therefore equivalent to an average current of 11.31 pA.

Across the DLPE, DLPS and cholesterol bilayer system, the same trend in conductance is
produced, as Na+ and K+ were both conducted as illustrated in Figure 2.82 (c) with Na+ again
selectively conducted over K+ as demonstrated by the magnitude of conductivities produced.
This can be quantified by the average conductivities produced for each ion via the
conductance graphs with Na+ and K+ producing average conductivities of 739.58 and 60.05
pS respectively, which are equivalent to average currents of 36.98 and 3.00 pA respectively.

To gain a better insight of the ion-conducting abilities of 18, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.83 and 2.84 respectively.
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A bar graph showing the average conductance of ions
exhibited by 18 across the POPE and POPS bilayer
system
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Figure 2.83: Bar graph illustrating the average rate of ion conductance per second exhibited
by 18 across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 18 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.84: Bar graph illustrating the average rate of ion conductance per second exhibited
by 18 across the bilayer system composed of DLPE, DLPS and cholesterol.
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Comparing Figures 2.83 and 2.84, it is evident that there little difference in the ionic
conductivities between the two lipid bilayer systems. Figure 2.83 illustrates that Na+ is
conducted with greater selectivity than K+ across the POPE and POPS bilayer system with
only Na+ surpassing the average biological channel conductance rate. This is quantified as
Na+ conducted at an average rate of 2.11 x 108 ions per second compared with K+, which
conducted at a rate of 7.06 x 107 ions per second on average. As a result, it can be deduced
that across the POPE and POPS bilayer system, Na+ is selectively conducted over K+, with
only Na+ conducting at a physiologically significant rate.

Across the DLPE, DLPS and cholesterol bilayer system, as illustrated in Figure 2.84, a
similar trend is produced as that observed across the POPE and POPS bilayer system,
whereby Na+ is conducted with greater selectivity than K+ with only Na+ surpassing the
average biological channel conductance rate. This is quantified as Na+ conducted at an
average rate of 2.31 x 108 ions per second compared with K+, which conducted at a rate of
1.87 x 107 ions per second on average. As a result, it can be deduced that across the DLPE,
DLPS and cholesterol bilayer system, Na+ is selectively conducted over K+, with only Na+
conducting at a physiologically significant rate.

In summary, both; Na+ and K+ were conducted across both lipid bilayer systems. Na+ was
selectively conducted over K+, with only Na+ surpassing the average biological channel
conductance threshold across both lipid bilayer systems.
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2.2.2.12 Bilayer analysis of 19 with Na+ and K+ across the POPE and POPS and
DLPE, DLPS and cholesterol bilayer systems
This di-substituted hydroquinone derivative; 19, is an analogue of 16, where the polyether
substituents have been modified with the addition of a trans-but-2-ene linker. Direct
comparisons with 16 allow structure and activity relationships to be determined as any
variations in membrane activity and possible ion conductivities can be directly associated
with the attachment of the trans-but-2-ene segments.

Typical examples of the activities produced by 19, performed under standard conditions,
towards Na+ and K+ across the POPE and POPS bilayer system are illustrated in Figures 2.85
and 2.86 respectively.

Baseline
resting current

Interaction of 19
with the bilayer

Bilayer rupture

Figure 2.85: An example of the activity produced by 19 with Na+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 19 (75 µl of a
10 mM stock solution in DMSO) was added into the buffer solution containing Na + (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that Na+ is not transported via a channel-like mechanism.
This trace concludes with the eventual rupturing of the bilayer.
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Figure 2.86: An example of the activity produced by 19 with K+ across a lipid bilayer
reconstituted from a 1:1 ratio of the synthetic phospholipids POPE and POPS. 19 (125 µl of
a 10 mM stock solution in DMSO) was added into the buffer solution containing K+ (150
mM) whilst the bilayer was subjected to a potential of 50 mV. The presence of spiking
activity in the current is indicative of an interaction with the bilayer; however, the absence of
a distinct step change confirms that K+ is not transported via a channel-like mechanism. This
trace concludes with the eventual rupturing of the bilayer.

Typical examples of the activities produced by 17 towards Na+ and K+ across the DLPE,
DLPS and cholesterol bilayer system are illustrated in Figures 2.87, 2.88 (a) and (b)
respectively.
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resting current

Interaction of 19
with the bilayer Bilayer rupture

Figure 2.87: An example of the activity produced by 19 with Na+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
19 (50 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing Na+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. The
presence of spiking activity in the current is indicative of an interaction with the bilayer;
however, the absence of a distinct step change confirms that Na+ is not transported via a
channel-like mechanism. This trace concludes with the eventual rupturing of the bilayer.
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K+ conduction by 19

Figure 2.88 (a): An example of the activity produced by 19 with K+ across a lipid bilayer
reconstituted from a 1:1:1 ratio of the synthetic phospholipids DLPE, DLPS and cholesterol.
19 (175 µl of a 10 mM stock solution in DMSO) was added into the buffer solution
containing K+ (150 mM) whilst the bilayer was subjected to a potential of 50 mV. Transport
of K+ across the bilayer is characterised by the immediate production of current, which
sharply rises from its initial resting current of 1.791 pA to 66.43 pA. The resulting difference
in current is 64.639 pA, which corresponds to a conductance of 1292.78 pS.
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Figure 2.88 (b): Amplitude histogram analysis for the activity illustrated in Figure 2.88 (a).
The presence of two distinct peaks illustrates the production of a single conductance state,
where the current rises from its initial resting current of 1.791 ± 0.0079 pA to 66.43 ±
0.0149 pA, which represents the average currents produced before and after the insertion of
19 into the bilayer respectively.
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Typical examples of the activities produced by 19 towards Na+ and K+ across the POPE and
POPS bilayer system are shown in Figures 2.85 and 2.86 respectively. The absence of a
distinct step change in current indicates that neither Na+ nor K+ were conducted across the
bilayer via a channel mechanism. The presence of acute spiking activity indicates that some
interaction with the bilayer occurred however; the specific type of interaction is unclear. The
erratic behaviour produced, such as that illustrated in Figures 2.85 and 2.86, concluded with
the rupturing of the bilayer in every experiment performed.

Figures 2.87 and 2.88 illustrate typical examples of the activities produced by 19 across the
DLPE, DLPS and cholesterol bilayer system towards Na+ and K+ respectively. Figure 2.87
demonstrates the absence of a distinct step change in current, which indicates that Na+ was
not conducted across the bilayer via a channel mechanism. The presence of acute spiking
activity indicates that some interaction with the bilayer occurs however; the specific type of
interaction is unclear. Bilayer rupture was the result from all the experiments performed.
Penetration of the DLPE, DLPS and cholesterol bilayer system by 19 results in a distinct
change in membrane conductance, as shown in Figures 2.88 (a) and (b), which illustrates an
example of the K+ conducting activity of 19 along with its amplitude histogram analysis
respectively. It can be seen that the bilayer displays a resting current of 1.791 pA, until the
current sharply increases to 66.43 pA, resulting in a difference of 64.639 pA, which
corresponds to a conductance of 1292 pS. This instantaneous increase in current is indicative
of 19 inserting into the bilayer membrane and conducting K+ ions.

The ion-conducting abilities of 19 were assessed by calculating its ionic conductance for Na+
and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol bilayer systems.
The chemical structure and the cLog P of 19 is illustrated in Figure 2.89 (a). The scatter
graphs in Figures 2.89 (b) and (c) illustrate the conductance values obtained from the total
number of experiments performed (n) for each cation across the POPE and POPS and the
DLPE, DLPS and cholesterol lipid bilayer systems respectively.
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Figure 2.89: (a) The chemical structure of 19 along with its cLog P value. (b) Scatter graph illustrating the conductance values exhibited by 19 towards Na+
and K+ (n = 7 and 8 respectively) across a planar lipid bilayer system composed of POPE and POPS. (c) Scatter graph illustrating the conductance values
exhibited by 19 towards Na+ and K+ (n = 9 and 10 respectively) across a planar lipid bilayer system composed of DLPE, DLPS and cholesterol. The mean
conductance of each ion is shown ± SEM, as represented by the error bars.

The cLog P of 19 was calculated using ChemDraw software to be 1.5604. This indicates that
19 is within the partition coefficient parameters predicted for a successful drug-like
compound and therefore should insert into a phospholipid bilayer.

The conductance graphs in Figures 2.89 (b) and (c) illustrate the ionic conductivities
produced with Na+ and K+ across planar lipid bilayer systems composed of POPE and POPS
and DLPE, DLPS and cholesterol respectively. Figure 2.89 (b) illustrates that no
conductivities were produced towards either Na+ or K+ across the POPE and POPS bilayer
system.

Across the DLPE, DLPS and cholesterol bilayer system however, a degree of selectivity is
demonstrated as only K+ was conducted across the bilayer, as illustrated in Figure 2.89 (c).
This can be quantified by the average conductivities observed via the conductance graphs for
Na+ and K+, where the average conductivities produced are 0.00 pS and 744.66 pS, which are
equivalent to average currents of 0.00 pA and 37.23 pA respectively.

To gain a better insight of the ion-conducting abilities of 19, the average number of ions
flowing across the membrane per second was calculated for each cation across both lipid
bilayer systems as shown in Figures 2.90 and 2.91 respectively.
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A bar graph showing the average conductance of ions
exhibited by 19 across the POPE and POPS bilayer
system
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Figure 2.90: Bar graph illustrating the average conductance rate of ions exhibited by 19 per
second across the bilayer system composed of POPE and POPS.

A bar graph showing the average conductance of ions
exhibited by 19 across the DLPE, DLPS and cholesterol
bilayer system
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Figure 2.91: Bar graph illustrating the average conductance rate of ions exhibited by 19 per
second across the bilayer system composed of DLPE, DLPS and cholesterol.
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From Figures 2.90 and 2.91, it is evident that there is a difference in ionic conductance
between the two lipid bilayer systems. Across the POPE and POPS bilayer system, no
conductivities were produced towards either Na+ or K+.

However across the DLPE, DLPS and cholesterol bilayer system as illustrated in Figure
2.91, selectivity towards K+ over Na+ is exhibited as an average conductance of 2.32 x 108
ions per second was produced towards K+, with Na+ failing to conduct across the bilayer.
This rate of K+ conductance surpasses the average biological channel conductance rate
therefore as a result, it can be deduced that across the DLPE, DLPS and cholesterol bilayer
system, K+ is selectively conducted over Na+, with only K+ conducting at a physiologically
significant rate.

In summary, only K+ was conducted across the DLPE, DLPS and cholesterol bilayer system,
where its average conductance rate surpassed the average biological channel conductance
threshold. No conductivities were produced towards Na+ across this bilayer system, with no
conductivities produced with either Na+ or K+ across the POPE and POPS bilayer system.
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2.2.2.13 Summary of the bilayer analysis of 8-19 with Na+ and K+ across the
POPE and POPS and DLPE, DLPS and cholesterol bilayer systems
In order to directly compare the average conductance rates produced by compounds 8-19
towards Na+ and K+ across the POPE and POPS and the DLPE, DLPS and cholesterol
bilayer systems, two bar charts were generated as displayed in Figures 2.92 and 2.93
respectively.

The average rates of ionic conductance were calculated in ions/second for each compound
across both lipid bilayer systems, with a red line marking the average conductance rate
produced by biological ion channels; at 1 x 108 ions/second. This has been highlighted to
give an indication of how efficiently 8-19 conduct Na+ and K+ across these bilayer systems
in comparison to natural ion channels.
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A bar graph showing the average conductance of ions exhibited
by compounds 8-19 across the POPE and POPS bilayer system
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Figure 2.92: Bar graph illustrating the average conductance rates (ions/second) produced by compounds 8-19 towards Na+ and K+ across a bilayer system
composed from POPE and POPS. The red line indicates a value of 1 x 108 ions/second, which is the average conductance rate produced by biological ion
channels.

A bar graph showing the average conductance of ions exhibited
by compounds 8-19 across the DLPE, DLPS and cholestrol bilayer system
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Figure 2.93: Bar graph illustrating the average conductance rates (ions/second) produced by compounds 8-19 towards Na+ and K+ across a bilayer system
composed from DLPE, DLPS and cholesterol. The red line indicates a value of 1 x 108 ions/second, which is the average conductance rate produced by
biological ion channels.

A comparison of Figures 2.92 and 2.93, it is clearly observed that there is a difference in
conductance between the two lipid bilayer systems.

Figure 2.92 illustrates that greater overall activity was exhibited towards Na+ over K+ across
the POPE and POPS bilayer system. This is demonstrated as eight out of nine compounds; 8,
9, 10, 12, 14, 15, 16 and 18 conducted Na+ across the bilayer at a rate that surpasses the
average biological ion channel conductance threshold of 1 x 108 ions/second, with the
conductance of only 17 failing to reach this threshold. As a result, the Na+ conductance rates
produced by the eight above-mentioned compounds can be deemed physiologically
significant. In comparison to Na+, only three compounds; 10, 14 and 16 from a total of six,
conducted K+ across the bilayer at a rate which surpasses the average biological ion channel
conductance threshold, with compounds 8, 15 and 18 falling short of the minimum required
conductance rate to be deemed physiologically significant. However, it should be noted that
although fewer compounds conducted K+ at physiologically significant rates, the magnitudes
of the conductivities produced by 10 and 14 towards K+ were the greatest of any compound
across this bilayer system.

Assessing the conductance rates between the macrocyclic compounds; 8-13 and monomeric
units; 14-19, a trend is noticeable whereby the macrocyclic compounds 8, 9, 10 and 12
generally conducted Na+ with greater efficiency than their monomeric counterparts; 14, 15,
16 and 18 respectively. This trend also present towards K+, with a greater conductance rate
produced by 10 in comparison to its monomeric counterpart; 16. However, the conductance
rates produced by 8 and 14 towards K+ opposes this trend whereby monomer 14 conducts K+
at a substantially greater rate than its macrocyclic counterpart; 8. Amongst the compounds
investigated, they all produced varying magnitudes of ionic conductivities towards both, Na+
and K+ with the exception of 17 towards K+ and 19 towards either Na+ or K+. It should be
noted that due to experimental limitations, the ionic conductivities of compounds 9 and 12
towards K+ as well as 11 and 13 towards either Na+ or K+ could not be investigated.
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Figure 2.93 illustrates that marginally greater activity was exhibited towards Na + over K+
across the DLPE, DLPS and cholesterol bilayer system. This is demonstrated as nine
compounds produced conductivities towards Na+, in comparison to K+; where eight
compounds produced conductivities. Six out of nine compounds; 8, 9, 10, 14, 16 and 18
conducted Na+ across the bilayer at a rate which surpassed the average biological ion
channel conductance threshold of 1 x 108 ions/second, with the conductivities of 11, 13 and
15 failing to reach this threshold. As a result, the Na+ conductance rates produced by the six
above-mentioned compounds can be deemed physiologically significant. Five compounds;
8, 12, 13, 15 and 19 from a total of eight, conducted K+ across the bilayer at a rate which
surpassed the average biological ion channel conductance threshold, with the average
conductivities produced by compounds 11, 14 and 18 falling below this rate. As a result,
only the five compounds that conducted K+ above the average biological ion channel
conductance threshold can be deemed physiologically significant.

Assessing the conductance rates between the macrocyclic compounds; 8-13 and monomeric
units; 14-19, a similar trend is noticeable as that produced across the POPE and POPS
bilayer system, whereby the macrocyclic compounds 8, 9 and 10 conducted Na+ with far
greater efficiency than their monomeric counterparts; 14, 15 and 16 respectively. This trend
also present towards K+, with a greater conductance rate produced by 8 in comparison to its
monomeric counterpart; 14. However, it should be noted that the large conductance rate
exhibited by 8 towards K+ may be influenced by a single large conductance measurement,
thus exaggerating its average conductance rate. This trend, however is opposed when
comparing the K+ conductance rates produced by macrocycle 9 with its monomeric
counterpart 15, as 9 does not exhibit any K+ conductivity, whereas 15 conducts K+ at the
greatest rate measured across this bilayer system.
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2.2.3

Discussion of the ion channel activities of compounds
8 – 19 across planar lipid bilayers

This project was based upon two different classes of compounds; macrocycles and their
respective monomeric counterparts. Macrocycles were selected due to their rigid structure
resulting in fixed cavity sizes, which would determine the selectivity of the conducting ion.
The monomeric compounds are single unit representatives of the macrocycles, which were
tested to investigate the importance of a predetermined macrocyclic structure on ion
conductance. The macrocyclic and monomeric compounds correspond to compounds 8-13
and 14-19 respectively.

The two phospholipid bilayer systems that were utilised to determine ion conduction by
compounds 8-19 were composed of POPE and POPS and DLPE, DLPS and cholesterol.
Comparing the conductivities produced by 8-19 towards both; Na+ and K+ across the two
phospholipid bilayer systems, it is evident that the majority of ionic conductivities varied
considerably across each bilayer system. This may be explained by the differences in the
physical and chemical properties of the two bilayer systems. The phospholipids POPE and
POPS are comprised of the polar head groups; phosphoethanolamine and phospho-L-serine
respectively, which are attached to two linear hydrocarbon chains of 16 and 18 carbon atoms
in length via a glycerol molecule. Similarly to POPE and POPS, the DLPE and DLPS
phospholipids are comprised of identical polar head groups, namely phosphoethanolamine
and phospho-L-serine respectively, attached to a glycerol molecule. However, contrasting
from POPE and POPS, the linear hydrocarbon chains of DLPE and DLPS differ in two key
aspects. Firstly, they are only 12 carbon atoms in length, which is 4-6 carbon atoms shorter
than those present in POPE and POPS. The consequence of this shorter hydrocarbon chain
length results in the overall size of the DLPE and DLPS phospholipids to be shorter than
POPE and POPS. The shorter DLPE and DLPS phospholipids were utilised under the
premise that a thinner bilayer would be produced in comparison to a bilayer produced by
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their longer POPE and POPS phospholipid counterparts. As a consequence, it was predicted
that transmembrane molecules, such as 8; may be able to fully span the thinner bilayer with
greater ease, and therefore conduct ions with greater success than across a thicker bilayer
system; such as that produced from the longer POPE and POPS phospholipids.

The other key distinction between the hydrocarbon chains of the two pairs of phospholipids
is the presence and amount of saturation. The hydrocarbon chains of POPE and POPS both
contain an unsaturated region, whereas the hydrocarbon chains of DLPE and DLPS are both
fully saturated. This feature is of great significance as it affects the packing of the
phospholipids within the bilayer, which in turn, affects the bilayer‟s fluidity since regions of
unsaturation prevent the hydrocarbon chains form aligning perfectly together. As a result,
bilayers comprising from phospholipids containing fully saturated hydrocarbon chains are
likely to exhibit greater rigidity due to the ability of their comprising phospholipids to align
closer to one another. However, bilayers composed from phospholipids containing
unsaturated regions within their hydrocarbon chains are likely to exhibit greater fluidity, as
their comprising phospholipids are unable to align as regularly and are therefore more
dispersed within the bilayer. In context with the two bilayer systems used, the bilayer
composed from the POPE and POPS phospholipids should therefore exhibit greater fluidity
with the DLPE, DLPS and cholesterol bilayer system exhibiting greater rigidity.

Another factor differentiating the fluidity between the two phospholipid bilayer systems, is
the incorporation of cholesterol amongst the DLPE, DLPS phospholipids. Cholesterol is an
essential component that was required in order to maintain the bilayer‟s integrity, as a
sufficiently stable bilayer was unable to form in its absence. It is postulated that the shorter
DLPE and DLPS phospholipids are more susceptible to rupture due to the presence of fewer
Van der Waals interactions between the shorter alkyl chains in comparison to the longer
POPE and POPS phospholipids.
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The calix[4]arene derivative 8 demonstrates selectivity towards Na+ over the other alkali
metals; Li+, K+, Rb+ and Cs+ across both, the POPE and POPS and the DLPE, DLPS and
cholesterol bilayer systems, as illustrated in the conductance graphs in Figures 2.20 (b) and
(c) respectively. From the conductivities produced, the average rate at which each ion was
conducted across both bilayer systems were calculated in ions per second as illustrated in
Figures 2.21 and 2.22 respectively. These graphs clearly illustrate that 8 is selective towards
Na+ over the other metal cations as Na+ was the only ion to be conducted consistently across
both lipid bilayer systems, surpassing the average biological ion channel conductance
threshold of 1 x 108 ions per second. Consistent activity was also produced towards Li + as
minimal conductivities were produced across both bilayer systems. However, the larger
cations; K+, Rb+ and Cs+ produced activities of greater inconsistency across the two bilayer
systems. Where no conductivities were produced towards either Rb+ or Cs+ across the POPE
and POPS bilayer system, conductivities towards these cations were produced across the
DLPE, DLPS and cholesterol bilayer system. The average conductance rates produced
towards Rb+ and Cs+ across the DLPE, DLPS and cholesterol bilayer system indicate that
Rb+ did not surpass the average biological ion channel conductance threshold, however Cs +
did conduct above this rate, as illustrated in Figure 2.22. Upon examination of the
conductivities produced by Cs+ across the DLPE, DLPS and cholesterol bilayer system in
Figure 2.20 (c), it is revealed that the average conductance rate produced is highly
influenced by a single, very large conductance value. As a result of this, the average
conductance rate produced by Cs+ across the DLPE, DLPS and cholesterol bilayer system is
skewed as an overinflated average conductance value is produced. In the absence of this
single large conductance reading, it is likely that the average conductance of Cs + across the
DLPE, DLPS and cholesterol bilayer system would be significantly reduced to much below
the average biological ion channel conductance threshold, as would be expected. Similarly
towards K+, where conductivities were produced across both bilayer systems, the average
conductance rate produced across the POPE and POPS bilayer system did not surpass the
average biological ion channel conductance threshold, however its average conductance rate
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across the DLPE, DLPS and cholesterol bilayer system did surpass this rate, as illustrated in
Figure 2.22. The conductivities produced by K+ across the DLPE, DLPS and cholesterol
bilayer system, as examined from Figure 2.20 (c), reveals that the average conductance rate
produced is highly influenced by a single, very large conductance value. As a result, the
average conductance rate produced by K+ across the DLPE, DLPS and cholesterol bilayer
system is skewed as an overinflated average conductance value is produced. In the absence
of this single large conductance reading, it is likely that the average conductance of K +
across the DLPE, DLPS and cholesterol bilayer system would be significantly reduced to
much below the average biological ion channel conductance threshold.

In order to rationalise the activity and selectivity of 8, computer simulations were generated
in collaboration with Dr Peter J. Cragg at the University of Brighton, to assess the likely
structure and orientation of 8 within a lipid bilayer as illustrated in Figure 2.94. These
simulations were generated using Spartan ‟14 computer software package.

Figure 2.94: Computer generated simulations of 8, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 8.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.
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Looking at 8 from a perpendicular view in Figure 2.94 (left), illustrates that 8 possesses
sufficient length in order to span the phospholipid bilayer, and allows channel formation as
can be seen from the view down the axis Figure 2.94 (right). The axis view clearly shows the
calix[4]arene macrocyclic annulus, which as a result, enables 8 to conduct ions across the
bilayer.

The cLog P of 8 was calculated to be 6.5784 via ChemDraw, which indicates that 8 has a
greater lipophilicity than the ideal characteristics required for a drug like compound to
partition through the phospholipid bilayer. However, in the experiments conducted, 8 was
able to insert and conduct ions across the lipophilic phospholipid bilayer membrane. An
important characteristic for a molecule required to partition through the phospholipid bilayer
is its amphilicity. The calix[4]arene macrocycle of 8 is non polar whilst the polyether
substituents are polar, thus creating a sufficient hydrophilic-lipophilic balance to facilitate
the partitioning of 8 into the bilayer to subsequently form a channel for ion conduction as
shown via the simulations.

A principal factor that contributes to the selectivity demonstrated by 8 towards Na+ is the
size of the calix[4]arene macrocyclic annulus, where its radius is estimated to be
approximately 1.60 Å
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, thus best suiting Na+ which possesses an ionic radius of

approximately 1.07 Å 333-335. The other group one metal cations; Li+, K+, Rb+ and Cs+ possess
ionic radii of 0.60 Å, 1.38 Å, 1.64 Å and 1.73 Å respectively

333-335

which significantly

explains the lack of ion conductivity exhibited by the larger Rb+, and Cs+ ions since they are
too large to fit into the calix[4]arene‟s annulus. Despite the significantly smaller size of Li +,
it also demonstrates negligible transport across both bilayer systems as observed in Figures
2.20 (b), (c), 2.21 and 2.22 respectively. This can be attributed to its high charge density in
comparison to the other larger cations; which results in Li+ possessing a larger hydrated radii
of approximately 3.40 Å

335

. As biological channels conduct ions in a partially hydrated

state, the energetic cost for Li+ dehydration is substantially large owing to its high charge
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density. It is therefore likely that Li+ retains its hydration shell, as dehydration would not be
energetically feasible for the purpose of conduction through the bilayer membrane. As a
result, it is highly unlikely that Li+ would be able to pass through the calix[4]arene
macrocycle whilst also preserving its hydration shell; this is in accordance with the
Eisenman I sequence where Li+ has a much greater dehydration energy than Na+

336

. It

should be noted that although Cs+ and Rb+ dehydrate easier than Na+, as previously
discussed, they can be discounted due to their larger ionic radii size not allowing transport
through the calix[4]arene macrocyclic annulus.

It would seem that K+ would also be of a suitable size and be in keeping with the Eisenman I
sequence, to be conducted through the calix[4]arene macrocycle, as another calix[4]arene
derivative has demonstrated
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, however with the exception of a single large conductance

measurement, this is not observed with 8. Since ion transportation is not only based upon the
physical dimensions of the ion and the channel, the compatibility between the ion and its
channel is another factor which greatly influences the conduction of an ion. One key
measure of ion-to-channel compatibility is the determination of its stability constant (log K),
which gives an indication of how stable the formation of a complex is between the ion with
its channel. Comparing the log K values of a similar calix[4]arene derivative towards the
alkali metal cations; Li+, Na+, K+, Rb+, and Cs+, it is apparent that such calix[4]arene
derivatives produce the strongest, and consequently most stable complex with Na+ as
evidenced by their log K values of 2.6, 5.0, 2.4, 3.1 and 2.7 respectively
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. The highest

value obtained for Na+ is indicative of stronger intermolecular bond formation such as
cation-π and ion-dipole interactions between the calix[4]arene and Na+ which allows for the
formation of a significantly more stable complex, and therefore the conductivities observed.

Despite the clear selectivity demonstrated by 8 for Na+, all the other alkali metal cations
investigated; Li+, K+, Rb+ and Cs+ display a degree of transport across one or both the bilayer
systems albeit to significantly lower extents. It is postulated that these ions are not
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transported across the membrane via the intended mechanism, which is proposed to be
through the macrocyclic cavity of 8. As a result, a different mode of transport is predicted
where these ions are able to leak through the membrane either through voids created
between the constituent phospholipids by virtue of the insertion of 8 into the bilayer or via
the entanglement of the polyether substituents. When 8 inserts into the bilayer, it does so
either by entirely penetrating or entangling its polyether substituents into the lipid. In the
first case it is likely that 8 will align perpendicular to the bilayer and allow a partially or
fully dehydrated Na+ ion to cross through the aligned calix[4]arene macrocycle. Where 8
does not penetrate the lipid bilayer entirely, the other cations are likely to leak through the
membrane at significantly lower rates, such as those observed. Using these assumptions, it is
possible to explain why all the cations investigated exhibit similar slow transmembrane
transport, even in the presence of the membrane-embedded calix[4]arene, and that only Na+
has a second transport mechanism at a rate consistent with conduction through a channel.
Furthermore, Na+ is observed to have a much higher rate of conductance, averaging
approximately in excess of 3 x 108 ions per second, which is significantly greater than the
other cations investigated.

This is supported by the elucidation of the molecular structure of 8 obtained using x-ray
crystallographic data as illustrated in Figures 2.95 and 2.96. Previously, 8 was described as
an oil
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, however after slow evaporation of solvent over several weeks, crystals were

formed. X-Ray data was collected by Dr Gareth W. V. Cave at Nottingham Trent
University; however attempts to solve the structure by Dr Ian A. Gass at the University of
Brighton revealed that the diffraction data were too weak to give a complete solution.
Nevertheless, the model which gave the best solution have calix[4]arenes aligned along the
same axis as shown in Figures 2.95 and 2.96. While not a fully refined X-ray structure, this
model indicates that 8 packs such that should several molecules penetrate a lipid bilayer,
they would offer a channel-like environment for appropriately sized cations to flow from one
side to the other.
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Figure 2.95: Molecular structure of 8 as determined from crystallographic data, looking
down the axis with carbon, oxygen, and hydrogen atoms illustrated in grey, red and white
respectively.

Figure 2.96: Molecular structure of 8 as determined from crystallographic data,
perpendicular to the axis with carbon, oxygen, and hydrogen atoms illustrated in grey, red
and white respectively.
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Oxacalix[3]arene derivative 9, demonstrates selectivity towards Na+ over K+ across the
DLPE, DLPS and cholesterol bilayer system, as illustrated by the conductance graph in
Figure 2.26 (c). From the conductance values obtained, the rate at which each ion was
conducted across the DLPE, DLPS and cholesterol bilayer system was calculated in ions per
second as shown in Figure 2.28. The average conductance towards Na+ was found to be 2.87
x 108 ions per second, deeming this rate of conductance to be considered biologically
significant compared with no conductivities produced towards K+. Across the POPE and
POPS bilayer system, with the exception of a single, very large conductance, no Na+ was
conducted. Due to experimental limitations, conductance towards K+ could not be tested
across the POPE and POPS bilayer system however, according to the data obtained across
the DLPE, DLPS and cholesterol bilayer system, it can be assumed that there would have
been minimal conductance occurring across the POPE and POPS bilayer. This assumption is
based upon that Na+ conducted with greater success across the DLPE, DLPS and cholesterol
bilayer system than across the POPE and POPS bilayer system. Since no conductivities were
produced towards K+ across the DLPE, DLPS and cholesterol bilayer system, it is unlikely
that any K+ would be conducted across the POPE and POPS bilayer system.

In order to rationalise the activity and selectivity of 9, computer simulations were generated
to assess the likely structure and orientation of 9 within a lipid bilayer as illustrated in Figure
2.97.
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Figure 2.97: Computer generated simulations of 9, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 9.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Looking at 9 from a perpendicular view, Figure 2.97 (left), shows that 9 possesses sufficient
length in order to span the phospholipid bilayer, as 9 orients into the partial cone
confirmation as opposed to the expected cone confirmation; as confirmed by its NMR
spectra. The partial cone conformation allows 9 to achieve a slightly longer length, thus
permitting it to span the bilayer. A clear oxacalix[3]arene macrocyclic annulus is not visible
in the view down the axis; Figure 2.97 (right) due to bond distortion and steric hindrance
resulting from the partial cone conformation. The presence of the t-butyl groups and the
flexibility of the polyether substituents attached onto the oxacalix[3]arene macrocycle may
block the view of the annulus.

The cLog P for 9, was calculated to be 7.0188 via ChemDraw, which indicates that 9 has a
greater lipophilicity than the ideal characteristics required for a drug like compound to
partition through the phospholipid bilayer. However, in the experiments conducted, 9 was
able to insert into the lipophilic phospholipid bilayer membrane and conduct Na+. The
amphiphilicity of 9, is exhibited by the incorporation of the non-polar oxacalix[3]arene
macrocycle coupled with the attachment of the polar polyether substituents, thus creating a
sufficient hydrophilic-lipophilic balance to facilitate the partitioning of 9 into the bilayer to
subsequently form a channel for ion conduction as shown via the simulations.
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A factor which contributes to the selectivity demonstrated by 9 towards Na+ is the size of the
oxacalix[3]arene macrocyclic annulus, where the radius is estimated to be approximately
2.00 Å

305

, thus theoretically suiting both ions tested. Na+ and K+ possess ionic radii of

approximately 1.07 Å and 1.38 Å respectively 333-335, which should therefore allow transport
of both ions through the annulus of the oxacalix[3]arene. Figures 2.26 (b) and (c)
respectively, show that Na+ is conducted across the bilayer via channels formed by 9 due to
the magnitude of the conductivities obtained across both bilayer systems. This is further
demonstrated in Figures 2.27 and 2.28 respectively whereby the average rate of conductance
in ions per second for Na+ was higher than K+. .

Theoretically K+ should be of a suitable size and be in keeping with the Eisenman I sequence
to be conducted through the oxacalix[3]arene macrocycle, since it is dehydrated more
readily than Na+, however this is not observed with 9. Comparing the log K values of a
similar oxacalix[3]arene derivative towards Na+ and K+, the oxacalix[3]arene produced the
strongest, and consequently most stable complex with K+ than with Na+ whereby the log K
values obtained were 4.7 and 4.0 respectively

314, 328

. Despite this, K+ is unable to be

conducted across the bilayer as indicated by the lack of activity observed. Although K+
should be conducted to a greater extent than Na+ in accordance with stability values, this
could be considered irrelevant as K+ is unable to transition through the oxacalix[3]arene
macrocyclic annulus of 9 due to steric hindrance caused by the presence of the three t-butyl
groups attached to the macrocycle. This may significantly reduce the accessible size of the
annulus, therefore preventing the larger K+ ion from traversing through the channel created
by 9 resulting in no conductivities produced.
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Pillar[5]arene derivative 10, demonstrates selectivity towards K+ over Na+ across the POPE
and POPS bilayer system and Na+ over K+ across the DLPE, DLPS and cholesterol bilayer
system, as illustrated in the conductance graphs in Figures 2.33 (b) and (c). From the
conductance values obtained, the rates at which each cation was conducted across both; the
POPE and POPS and across the DLPE, DLPS and cholesterol bilayer systems were
calculated in ions per second as illustrated in Figures 2.34 and 2.35 respectively. The
average conductance rate produced across the POPS and POPS bilayer system towards Na+
was 2.07 x 108 ions per second, with the average conductance rate produced towards K+
significantly higher at 9.54 x 108 ions per second. Conversely, across the DLPE, DLPS and
cholesterol bilayer system, the average conductance rate towards Na+ was 3.94 x 108 ions
per second, with no conductivities produced towards K+. As a result, biologically significant
conductance rates were achieved towards Na+ across both lipid bilayer systems and towards
K+ across only the POPS and POPS bilayer system, as determined from the conductance
rates produced.

In order to rationalise the activity and selectivity of 10, computer simulations were generated
to assess the likely structure and orientation of 10 within a lipid bilayer as illustrated in
Figure 2.98.

Figure 2.98: Computer generated simulations of 10, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 10.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.
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Looking at 10 from a perpendicular view, Figure 2.98 (left), shows that 10 possesses
sufficient length in order to span the phospholipid bilayer. The view down the axis; Figure
2.98 (right), does not display a clear pillar[5]arene macrocyclic annulus due to the flexibility
of the polyether substituents attached onto the pillar[5]arene macrocycle may block the view
of the annulus.

The cLog P for 10, was calculated to be 6.361 via ChemDraw. This indicates that 10 has a
greater lipophilicity than the ideal characteristics required for a drug like compound for
partitioning through the phospholipid bilayer system. However, in the experiments
conducted, 10 was able to insert into the lipophilic phospholipid bilayer membrane. The
amphiphilicity in 10, is exhibited by the incorporation of the non-polar pillar[5]arene
macrocycle coupled with the attachment of the polar polyether substituents, which therefore
facilitates the partitioning of 10 through the bilayer, to subsequently form a channel for ion
conduction as shown in the simulations.

A factor that contributes towards the selectivity demonstrated by 10 for K+ across the POPE
and POPS bilayer system and for Na+ across the DLPE, DLPS and cholesterol bilayer
system, is the size of the pillar[5]arene macrocyclic annulus, where the radius is estimated to
be approximately 2.75 Å 319, theoretically suiting both ions tested.

Figure 2.33 (b), shows that although both; Na+ and K+ are conducted across the POPE and
POPS bilayer system via channels formed by 10, selectivity was observed towards K+ due to
the quantity and magnitude of conductivities produced, whereas Na+ was conducted across
the bilayer system at significantly lower rates. This is further demonstrated in Figure 2.34
whereby the average conductance in ions per second was calculated, demonstrating that K+
was conducted at a significantly higher rate than Na+.
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Theoretically K+ should be conducted with greater success than Na+ across a lipid bilayer via
the pillar[5]arene macrocycle as it is of a suitable size to fit through the pillar[5]arene‟s
annulus and should be easier to dehydrate than Na+, in accordance with the Eisenman I
sequence. This is exhibited across the POPE and POPS bilayer system owing to the greater
charge density of Na+, resulting in a greater dehydration energy required than K+. This
results in Na+ having a greater hydrated radii than K+; of approximately 2.99 Å and 2.32 Å
respectively
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, therefore reducing the likelihood of Na+ traversing through the

pillar[5]arene macrocyclic annulus. Conversely, across the DLPE, DLPS and cholesterol
bilayer system, Na+ is selectively conducted with no conductivities observed for K+. It is
postulated that this reversal in ion activity and selectivity is a result of the composition of the
DLPE, DLPS and cholesterol bilayer system.

On a molecular level when comparing the configurations of 10 post-insertion into both
bilayer systems, each have different levels of fluidity, which leads to 10 configuring
differently within them. Within the POPE and POPS bilayer system, the flexible polyether
substituents attached to the pillar[5]arene macrocyclic annulus are able to spread broader and
more unrestrictedly due to the greater fluidity of the bilayer. Conversely across the DLPE,
DLPS and cholesterol bilayer system, the rigidity of the bilayer leads to the flexible
polyether substituents packing together forming a narrower channel as can be seen in the
simulation Figure 2.98.

Within the POPE and POPS bilayer system, the flexible polyether substituents have greater
freedom to disperse broader within the bilayer. As a result, the constituent oxygen atoms are
attracted to the larger K+ via the formation of stronger ion-dipole interactions, resulting in
the partial dehydration and conduction of the ion through the channel. However, due to the
smaller size of the Na+ ion, the polyether oxygen atoms form weaker ion-dipole interactions
subsequently leading to little/no dehydration of the Na+ ion. Due to the difficulty in Na+
dehydration and the larger size of its hydrated form, less Na+ is consequently able to conduct
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through the pillar[5]arene macrocyclic annulus. Across the DLPE, DLPS and cholesterol
bilayer system, the decreased fluidity of the bilayer results in the flexible polyether
substituents packing closer together to form a narrower channel. Due to the packing of the
channel, it is unlikely that the larger K+ ion is able to enter the channel. However, as the
polyether substituents‟ oxygen atoms are now packed closer together, they are able to form
stronger ion-dipole interactions with the smaller Na+ ion, which now allows dehydration to
occur easier and subsequent conduction through the channel.

The conduction of Na+ and K+ across either bilayer system is further supported by the log K
values of a similar pillar[5]arene derivative, where the log K values of Na+ and K+ of the
pillar[5]arene derivative are 2.67 and 2.71 respectively
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. With very little difference in log

K values, it can be determined that 10 should not display a dramatic difference in ionic
selectivity between Na+ or K+ as either ion is able to form a similarly stable complex with
10. It can therefore be determined that selectivity exhibited with 10 is bilayer dependent.

Diaza[18]crown-6 derivative 11, demonstrates selectivity towards Na+ over K+ across the
DLPE, DLPS and cholesterol bilayer system, as illustrated by the conductance graph in
Figure 2.38 (c). From the conductance values obtained, the rate at which each ion was
conducted was calculated in ions per second as shown in Figure 2.39, where the average
conductance produced towards Na+ and K+ were found to be biologically insignificant with
respect to conducting as a channel. Due to experimental limitations, the activity of 11 across
the POPE and POPS bilayer system could not be tested

In order to rationalise the activity and selectivity of 11, computer simulations were generated
to assess the likely structure and orientation of 11 within a lipid bilayer as illustrated in
Figure 2.99.
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Figure 2.99: Computer generated simulations of 11, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 11.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Looking at 11 from a perpendicular view, Figure 2.99 (left), shows that 11 does not possess
sufficient length in order to fully span the phospholipid bilayer, however the view down the
axis Figure 2.99 (right), does display a clear annulus.

The cLog P for 11, was calculated to be -0.4771 via ChemDraw. This indicates that 11 has a
greater hydrophilicity than the ideal characteristics required for a drug like compound for
partitioning through the phospholipid bilayer system. However, in the experiments
conducted, 11 was able to insert into the lipophilic phospholipid bilayer membrane. From
the low conductance rates obtained for both cations together with the simulated orientation
of 11 within a lipid bilayer, as illustrated in Figure 2.99, it is postulated that 11 transports
ions via the mechanism similar to that of an ionophore. This is based upon the flexibility of
the diaza[18]crown-6 macrocycle coupled with the flexibility of the polyether substituents
which are flexible enough to wrap around the ion and transport it across the bilayer similar
to that of some bibracchial lariant ethers 340.
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A factor that contributes towards the selectivity demonstrated by 11 is the size of the
diaza[18]crown-6 macrocyclic annulus, where the radius is estimated to be between
approximately 1.10 to 1.60 Å

92, 341

, theoretically suiting both; Na+ and K+. Figure 2.38 (c)

shows that 11 exhibited Na+ selectivity over K+ due to the quantity of conductivities
produced, however as expected by an ionophoric transporter, the magnitude was
considerably lower than what is produced by a compound exhibiting channel-like activity.
The average conductance of 11 in ions per second is illustrated in Figure 2.39 whereby K+ is
shown to be conducted at a greater rate than Na+. It should be noted however, that this
conductance rate is only based upon a single large conductance reading, whereas many
conductivities of lower magnitudes were produced towards Na+.

The selectivity of 11 for either ion across the DLPE, DLPS and cholesterol bilayer system is
further supported by the log K values of a similar diaza[18]crown-6 derivative, where the
log K values of Na+ and K+ for

the diaza[18]crown-6 derivative are 5.51 and 5.78

respectively 92, 340, 342. With very little difference in log K values it can be determined that 11
should not display a dramatic difference in ionic selectivity between either ion with respect
to its stability when forming a complex.

The diaza[18]crown-6 macrocycle present within 11 is able to form a complex with both;
Na+ and K+ due to its flexibility. However, it is postulated that 11 transports Na+ via an
ionophoric transport mechanism as the molecule‟s flexibility permits the oxygen atoms to
converge, enabling the formation of stronger ion-dipole interactions with the smaller Na+
ion. This subsequently allows for dehydration to occur with greater ease resulting in Na+
conduction via this mechanism. With respect to K+ however, it is unlikely that the larger K+
ion is able to be completely encompassed by the diaza[18]crown-6 macrocycle and
polyether substituents. Despite K+ dehydrating easier than Na+, the dimensions of 11 favour
Na+ binding as demonstrated by the greater conductivities exhibited which subsequently
does not follow the Eisemann I sequence.
258

In summary, four different macrocycles were utilised in 8-11 in order to assess what effect
increasing the macrocyclic annulus size would have on ion conduction across the two lipid
bilayer systems tested. Amongst macrocyclic compounds 8-11, the results indicate that, in
general, with the exception of 10 towards K+, greater activity was produced across the
DLPE, DLPS and cholesterol bilayer system than across the POPE and POPS bilayer
system. This is demonstrated by the conduction studies performed whereby the
conductivities produced across the former bilayer system were greater than the conductance
values produced across the latter bilayer system. The differences in activities produced
between the two bilayer systems may be a result of the shorter DLPE and DLPS
phospholipids producing a thinner bilayer, contributing to greater ion conduction across the
membrane, since the compounds are able to span the thinner bilayer with greater success
than the thicker bilayer produced by the POPE and POPS phospholipids.

Another clear trend emerged amongst 8-11 across the DLPE, DLPS and cholesterol bilayer
system, where Na+ selectivity was exhibited over K+. This may be attributed to the addition
of cholesterol to this lipid system, which increases the bilayer‟s rigidity. As a result, the
increased rigidity within this bilayer system favours conduction of the smaller Na+ ion as the
flexible polyether substituents may experience increased compaction within this bilayer
system, which subsequently disfavours the conduction of the larger K + ion. This
combination of a thinner and more rigidified bilayer produces a more favourable
environment for the predetermined structured macrocyclic compounds to span this bilayer
system and consequently transport ions across the membrane with increased efficiency.

The increased fluidity of the POPE and POPS bilayer system allows the polyether
substituents to spread in a wider arrangement within the membrane, which favours the larger
K+ ion to traverse across the bilayer. Similarly, as the macrocyclic ring size increases, such
as between 8 and 10, an inversely proportional relationship is produced whereby the activity
and selectivity for K+ increases, whilst the activity and selectivity for Na+ decreases. As a
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result, this reversal in ion selectivity between 8 and 10 can be attributed to a combination of
membrane fluidity and the larger macrocycle favouring the larger ion. It should be noted that
the high conductance rates produced by 8 and 11 towards K+ across the DLPE, DLPS and
cholesterol bilayer system and 9 towards Na+ across the POPE and POPS bilayer system are
highly skewed, owing to a single large conductance reading in each case. Omitting these
three values would therefore significantly reduce their average conductance rate to much
below 1.0 x 108 ions per second.

One key variable between 8-10 and 11 is the flexibility of the respective macrocycles. The
rigidity of 8-10 is fundamental for selective ion transport as demonstrated by the magnitude
of conductivities produced, whereby ions are conducted across the bilayer at physiologically
significant rates. The lower conductivities of 11 in comparison to 8-10 may be attributed to
11 producing an ionophoric mechanism of transport, as greater ion transport rates are
exhibited by channel-like mechanisms, such as those produced by 8-10, than ionophoric
mechanisms.

Oxacalix[3]arene derivative 12, is an analogue of 9 as they are both based upon the
oxacalix[3]arene macrocycle; differing only in the polyether substituents with 12 containing
an additional alkene linker via the addition of trans-but-2-ene followed by the polyether
substituent contained in 9. 12 demonstrates selectivity towards K+ over Na+ across the
DLPE, DLPS and cholesterol bilayer system, as illustrated in the conductance graph in
Figure 2.43 (c). From the conductance values obtained, the rates at which each ion was
transported across DLPE, DLPS and cholesterol bilayer system was calculated in ions per
second as shown in Figure 2.45. The average conductance produced towards K+ was found
to be 1.47 x 108 ions per second, therefore deeming it to be considered biologically
significant in comparison to Na+, where no conductivities were produced.
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Across the POPE and POPS bilayer system, 12 demonstrated high Na+ activity as illustrated
in the conductance graph in Figure 2.43 (b), and further confirmed in Figure 2.44 where the
average conductance produced towards Na+ was found to reach physiologically significant
levels. Due to experimental limitations, K+ could not be tested across the POPE and POPS
bilayer system however, it is postulated that some activity may have been demonstrated by
virtue of its conformation along with the conductivities produced towards both; Na+ and K+
across both bilayer systems tested.

In order to rationalise the activity and selectivity of 12, computer simulations were generated
to assess the likely structure and orientation of 12 within a lipid bilayer as illustrated in
Figure 2.100.

Figure 2.100: Computer generated simulations of 12, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 12.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Looking at 12 from a perpendicular view, Figure 2.100 (left), shows that 12 possesses
sufficient length in order to span the phospholipid bilayer, as 12 is configured in a partial
cone confirmation as opposed to the expected cone confirmation, similarly to 9; as
confirmed by its NMR spectra. This allows 12 to achieve a longer length allowing it to span
the length of the bilayer also due to the addition of the trans-but-2-ene alkene linker which
differs from 9. Due to its conformation, the view down the axis, Figure 2.100 (right), does
not display a clear annulus due to the distortion of the bonds resulting from the partial cone
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conformation attained by 12, which is similar to 9. The addition of the trans-but-2-ene
linkers not only increases the length of the molecule, but also gives the structure a degree of
rigidity to the otherwise flexible polyether substituents. The trans- conformation of the
linker exposes the oxacalix[3]arene annulus to a greater extent than 9, thus reducing steric
hindrance and subsequently allowing larger ions such as K+ to traverse through the
macrocyclic annulus.

The cLog P for 12, was calculated to be 7.5186 via ChemDraw. This indicates that 12 has a
greater lipophilicity than the ideal characteristics required for a drug like compound for
partitioning through the phospholipid bilayer system. However, in the experiments
conducted, 12 is able to insert into the lipophilic phospholipid bilayer membrane. The
addition of the trans-but-2-ene alkene linker increases the lipophilicity of 12 in comparison
to 9, which as a result increases the non-polar region of the molecule. However, it still
maintains a level of amphiphilicity, as exhibited by the incorporation of the non-polar
macrocycle and trans-but-2-ene region coupled with the attachment of the polar polyether
substituents, which facilitate the partitioning of 12 through the bilayer and subsequently
form a channel for ion conduction as shown above via the simulations.

A factor that contributes towards the selectivity demonstrated by 12 for Na+ and K+ is the
size of the oxacalix[3]arene macrocyclic annulus, where its radius is estimated to be the
same as 9, which therefore theoretically suits both ions tested, allowing transport through the
oxacalix[3]arene‟s annulus. Figure 2.43 (b), shows that Na+ is conducted across the POPE
and POPS bilayer system via the channel formed by 12 due to the magnitude of the
conductions obtained. This is further demonstrated in Figure 2.44 whereby Na+ exhibits a
high average conductance in ions per second. However, across the DLPE, DLPS and
cholesterol bilayer system as illustrated in Figure 2.43 (c), K+ is conducted with greater
quantity and magnitude than Na+ where no conduction is observed. This is further
demonstrated in Figure 2.45, whereby K+ exhibits a high, and physiologically significant
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average conductance in ions per second, compared with no conductivities produced for Na+.
Similarly to 9, comparing the log K values of a similar oxacalix[3]arene derivative towards
Na+ and K+; 4.0 and 4.7 respectively, indicates that that the strongest and consequently most
stable complex is formed with K+ rather than with Na+ 314, 328.

Theoretically K+ should be of a suitable size and be in keeping with the Eisenman I
sequence, to be conducted through the oxacalix[3]arene macrocycle, however this is not
observed with 9 across either bilayer system, or across the POPE and POPS bilayer system
for 12, but is observed for 12 across the DLPE, DLPS and cholesterol bilayer system. Na+ is
able to traverse across both bilayer systems with 9 and across the POPE and POPS bilayer
with 12 due to the flexibility and strong ion-dipole interactions with the polyether
substituents. 12, within the POPE and POPS bilayer is able to attract ions of differing sizes
due to the increased fluidity of the bilayer, in comparison to the DLPE, DLPS and
cholesterol bilayer system, allowing its flexible polyether substituents greater movement
within the bilayer. As a result, ion-dipole interactions can be created and are able to
subsequently dehydrate the target ion in order to facilitate its conduction through the
macrocyclic annulus. Consequentially, Na+ is able to traverse through the oxacalix[3]arene
macrocyclic annulus as it is not as greatly affected by steric factors due to its smaller size
and interaction with the polyether substituents. Across the more rigidified DLPE, DLPS and
cholesterol bilayer system, 12 maintains a more rigidified structure where the polyether
substituents are reduced in flexibility. The addition of the trans-but-2-ene linker
dramatically reduces steric factors as the bonds are angled outwards, away from the
macrocycle, leaving the macrocyclic annulus accessible. This consequently allows the larger
K+ ion to create ion-dipole interactions with the polyether oxygen atoms to subsequently
dehydrate and facilitate ion conduction through the channel created by 12, resulting in the
production of the large conductivities observed.
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Na+ is unable to transition through the oxacalix[3]arene macrocyclic annulus when 12 is
present within the DLPE, DLPS and cholesterol bilayer system due to the reduced fluidity of
the bilayer restricting the freedom of movement of the polyether substituents. This prevents
the channel form narrowing sufficiently to produce adequate ion-dipole interactions with the
smaller Na+ ion to facilitate its conduction through the annulus, thus no activity was
observed.

Diaza[18]crown-6 derivative 13, is an analogue of 11 as they are both based upon the
diaza[18]crown-6 macrocycle; differing only in the polyether substituents with 13
containing an additional alkene linker via the addition of trans-but-2-ene followed by the
polyether substituent contained in 11. A marginal selectivity for 13 was observed towards K+
over Na+ across the DLPE, DLPS and cholesterol bilayer system, as illustrated in the
conductance graph in Figure 2.48 (c). From the conductance values obtained, the rate at
which each ion was transported across the DLPE, DLPS and cholesterol bilayer system was
calculated in ions per second as shown in Figure 2.49, where the average conductance for
Na+ and K+ were found to be physiologically insignificant with respect to conducting as a
channel. Due to experimental limitations, the activity of 13 across the POPE and POPS
bilayer system could not be tested.

In order to rationalise the activity and selectivity of 13, computer simulations were generated
to assess the likely structure and orientation of 13 within a lipid bilayer as illustrated in
Figure 2.101.
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Figure 2.101: Computer generated simulations of 13, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 13.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Looking at 13 from a perpendicular view, Figure 2.101 (left), shows that 13 possesses
sufficient length in order to span the phospholipid bilayer, differing from 11; with the view
down the axis Figure 2.101 (right), displaying a clear annulus.

The cLog P of 13 was calculated to be -0.7686 via ChemDraw. This indicates that 13 has a
greater hydrophilicity than the ideal characteristics required for a drug like compound for
partitioning through the phospholipid bilayer system. However, in the experiments
conducted, 13 was able to insert into the lipophilic phospholipid bilayer membrane. This
lower clog P value indicates that 13 has a greater hydrophilicity than 11 which is somewhat
surprising as it would be expected that the addition of the non-polar trans-but-2-ene linker
would have increased its lipophilicity. From the low conductance rates obtained for both
ions and the simulated orientation of 13 in Figure 2.101, it is postulated that 13, like 11,
transports ions via the mechanism similar to that of an ionophore. This is based upon the
flexibility of the diaza[18]crown-6 macrocycle along with the polyether substituents that are
flexible enough to wrap around the ion and transport it across the bilayer similar to
bibracchial lariant ethers 340. However unlike 11, the addition of the trans-but-2-ene linker in
13 possesses sufficient length to fully span the bilayer and also fixates its conformation such
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that it maintains a planar state and remains in a channel conformation. As a result, it may
exhibit a degree of channel like activity whereby the mechanism of transport may be both
channel-like and ionophoric.

A factor that contributes towards the selectivity demonstrated by 13 is the size of the
diaza[18]crown-6 macrocyclic annulus, where the radius is estimated to be approximately
1.10 to 1.60 Å

92, 341

, theoretically suiting both ions tested. Figures 2.48 (c) and 2.49,

illustrates that 13 exhibited marginal K+ selectivity over Na+, with the average conductance
produced in ions per second, towards K+ surpassing physiologically significant rates. In
comparison to 11, the activity demonstrated by 13 is greater, with 13 demonstrating slight
ion selectivity towards K+, as [18]crown-6 crown ethers form stronger complexes with K+
than Na+

92

. This may be due to the conformation exhibited in simulation Figure 2.101

whereby the mechanism of transport may be a combination of both; channel-like and
ionophoric.

The selectivity of 13 for either ion across the DLPE, DLPS and cholesterol bilayer system is
further supported by the log K values of a similar diaza[18]crown-6 derivative

92, 340, 342

,

where similar to 11, the log K value of Na+ and K+ complexes are 5.51 and 5.78. With very
little difference in log K values, it can be determined that 11 and 13, should not display a
significant difference in ionic selectivity between either ion with respect to its stability when
forming a complex.

The diaza[18]crown-6 macrocycle in 13 is able to form a complex with both ions due to its
flexibility. It is postulated that both ions are transported via a combination of ionophoric and
channel-like mechanisms. With 11, whereby only ionophoric activity was postulated, Na+
selectivity is demonstrated however, 13 is observed to be consistent with the literature, as it
demonstrates K+ selectivity over Na+. In the case of 11, it was postulated that the larger K+
ion was not able to be completely encompassed by the molecule, leading to reduced
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conductivities observed, despite K+ possessing the ability to dehydrate easier than Na+, the
dimensions of 11 favoured Na+ binding. Due to the addition of the trans-but-2-ene linker in
13, if ion transport were to occur via an ionophoric mechanism, the K+ ion is able to be
completely encompassed, owing to the lengthier polyether substituents, therefore giving rise
to higher conductivities and subsequently transportation rates, thus following the Eisenmann
I sequence for K+ selectivity over Na+.

In summary, compounds 12 and 13 are analogues of 9 and 11 respectively which have been
adapted with the addition of the trans-but-2-ene linker; where 9 and 12 are composed of the
rigid oxacalix[3]arene macrocycles and 11 and 13 are composed of the flexible
diaza[18]crown-6 macrocycles. These analogues were synthesised to investigate whether the
addition of the trans-but-2-ene linker altered their ion transportation activities. From the
conductivities observed with 9 and 12 across the POPE and POPS bilayer system, the
addition of the trans-but-2-ene linker increased the activity towards Na+ such that its
conductivity only reached physiologically significant rates after the attachment of the transbut-2-ene linker. The activities of 9 and 12 across the DLPE, DLPS and cholesterol bilayer
system demonstrate that the addition of the trans-but-2-ene linker increases the activity
towards K+ as 9 and 12 demonstrate selectivity towards Na+ and K+ respectively. A similar
trend is present with 11 and 13 as they also demonstrate selectivity towards Na+ and K+
respectively. As a result, the addition of the trans-but-2-ene linker increases ion transport
activity across the POPE and POPS bilayer system, and also increased K+ transport across
the DLPE, DLPS and cholesterol bilayer system.

Overall from the macrocycles investigated the chemical structures of 8-13, when comparing
the individual structures along with their cLog P values, it is evident that the presence of the
t-butyl groups in 9 increases the non-polarity of the compound, therefore increasing its cLog
P value. Conversely, the addition of the polyether substituents in 10 increases its polarity,
consequentially reducing its cLog P value. The absence of the t-butyl groups in 8 when
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compared to 9 and the reduction in the number of attached polyether substituents in 8 when
compared to 10, gives the assumption that the cLog P would be in between both 9 and 10,
which is in keeping with the cLog P value attained for 8. The diaza[18]crown-6 macrocycle
utilised in 11 is more polar that the rigid macrocycles utilised in 8-10. As a result, the
attachment of the polyether substituents further increases its polarity resulting in the polar
cLog P value attained. Despite the agreement between the chemical structures and the cLog
P values of 8-11, there was no correlation observed between the activity and the cLog P of
the compounds tested.

A trend is observed between 9 and 12 whereby the addition of the trans-but-2-ene linker
increased Na+ activity across the POPE and POPS bilayer system. Similarly across the
DLPE, DLPS and cholesterol bilayer system, the activities of both, Na+ and K+ increase
from 11 to 13, with K+ conducting more efficiently; as expected with [18]crown-6
macrocycles. However, the increased activities exhibited by 12 and 13 compared to 9 and 11
is postulated to be due to the alkene segment fixating the carbon-carbon bond in a transconformation. This allows for a wider conformation to be produced, resulting in a lower
likelihood of steric hindrance of the macrocyclic cavity as the flexibility of the polyether
substituents would be reduced, thus allowing ions greater access to the macrocyclic annulus.
This is supported by the opposing cLog P values of 9 with 12 and 11 with 13, where addition
of the trans-but-2-ene linker in 12 raised its cLog P value from its analogue 9, whereas the
reverse is true for 11, whereby the addition of the trans-but-2-ene linker in 13 lowered its
cLog P value. As a result, there appears to be no correlation between the activities of 9 with
12 and 11 with 13 and their cLog P values.
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Monomeric representatives of the macrocyclic compounds 8-10 were synthesised and their
ion conductivities tested, in order to investigate whether a predetermined structure was
required to produce efficient and selective transport of ions across a bilayer or whether they
would exhibit surfactant-like activity. The monomeric equivalents of 8-10 were synthesised
and represented by 14-16 respectively, with the synthesis of another group of monomeric
compounds 17-19, which incorporated the trans-but-2-ene linker, representing variants of
14-16 respectively.

The monomer 14 was synthesized as the monomeric representative of the calix[4]arene
derivative 8. It demonstrates selectivity towards K+ over Na+ across the POPE and POPS
bilayer system and selectivity towards Na+ over K+ across the DLPE, DLPS and cholesterol
bilayer system, as the conductance graphs in Figures 2.54 (b) and 2.59 (c) respectively
illustrate. From the conductance values obtained, the rates at which each ion is transported
across both bilayer systems were calculated in ions per second as shown in Figures 2.55 and
2.56 respectively. Figure 2.55 clearly illustrates that both Na+ and K+ are conducted across
the POPE and POPS bilayer system at rates which far surpass the physiologically significant
conductance rate threshold, with selectivity exhibited towards K+ over Na+. Conversely,
Figure 2.56 illustrates that Na+ is conducted across the DLPE, DLPS and cholesterol bilayer
system with much greater selectively than K+, with only Na+ reaching the physiologically
significant conductance rate threshold.

The monomer 15 was synthesized as the monomeric representative of the oxacalix[3]arene
derivative 9. It demonstrates selectivity towards Na+ over K+ across the POPE and POPS
bilayer system and selectivity towards K+ over Na+ across the DLPE, DLPS and cholesterol
bilayer system, as the conductance graphs in Figures 2.61 (b) and (c) respectively illustrate.
From the conductance values obtained, the rates at which each ion was conducted across
both bilayer systems were calculated in ions per second as shown in Figures 2.62 and 2.63
respectively. Figure 2.62 clearly illustrates that Na+ is selectively conducted over K+ across
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the POPE and POPS bilayer system, with only Na+ surpassing the rate of ion conduction that
would be considered physiologically significant. Conversely, Figure 2.63 illustrates that K+
was conducted across the DLPE, DLPS and cholesterol bilayer system with much greater
selectively than Na+, with only K+ surpassing the rate of ion conduction that would be
considered physiologically significant.

The monomer 16 was synthesized as the monomeric representative of the pillar[5]arene
derivative 10. It does not demonstrate any selectivity towards either Na+ or K+ across the
POPE and POPS bilayer system, and little selectivity towards Na+ over K+ across the DLPE,
DLPS and cholesterol bilayer systems, as illustrated in the conductance graphs in Figures
2.68 (b) and (c) respectively. From the conductance values obtained, the rate at which each
ion is transported across both bilayer systems were calculated in ions per second as shown in
Figures 2.69 and 2.70 respectively. Figure 2.69 clearly illustrates that 16 is non-selective
towards either Na+ or K+, with neither ion transported across the bilayer at a rate which
would be considered biologically significant. Figure 2.70 illustrates that Na+ was transported
somewhat selectively over K+ across the DLPE, DLPS and cholesterol bilayer system, with
the conductance of Na+ surpassing the rate that would be considered biologically significant,
and K+ producing no ion conduction.

In order to rationalise the activity and selectivity of 14-16, computer simulations were
generated to assess the likely structure and orientation of 14-16 within a lipid bilayer as
illustrated in Figures 2.102, 2.103 and 2.104 respectively.
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Figure 2.102: Computer generated simulations of 14, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 14.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Figure 2.103: Computer generated simulations of 15, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 15.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Figure 2.104: Computer generated simulations of 16, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 16.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.
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Assessing the structures and conformations of 14-16 from Figures 2.102, 2.103 and 2.104
respectively, the perpendicular view (left) illustrates that 14 and 15 possess sufficient length
in order to span the phospholipid bilayer only upon dimerization, where they are configured
in opposite orientations, where the polyether substituents are aligned in order to span the
bilayer. Only 16 possesses sufficient length to span the bilayer as a single molecule. It is
postulated that 14-16 insert into the bilayer as aggregates which, as a result, do not produce a
defined cavity as illustrated from the view down the axis (right). The cLog P values of 14-16
were calculated using ChemDraw software to be 1.5996, 3.4256 and 1.2272 respectively.
This indicates that 14-16 have the ideal characteristics required for a drug like compound to
partition through the phospholipid bilayer system as the simulations in Figures 2.102, 2.103
and 2.104 respectively illustrate.

The mechanism of ion transport for all the monomeric analogues 14-19, is predicted to be
due to the formation of pores within the membrane which are created by the aggregation of
monomers by virtue of π-π interactions between the aromatic groups which are located at the
core of the bilayer. The result of cumulative aggregation of monomers in the membrane
results in the formation of unregulated sized pores, leading to the integrity of the bilayer to
be compromised and its subsequent rupture.

All the monomeric analogues 14-19, display varying activities and selectivities across both
bilayer systems tested. This may be due to the ability of 14-19 to form aggregates more
freely within the POPE and POPS bilayer system due to the increased fluidity within the
membrane, leading to the formation of unregulated sized pores. Conversely, across the
DLPE, DLPS and cholesterol bilayer system the addition of cholesterol leads to increased
rigidity within the bilayer which results in a greater difficulty for the formation of
sufficiently stable aggregates. However, in instances where aggregations occur, this leads to
the formation of smaller, unregulated sized pores.
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Comparing the activities of macrocycle 8 against its monomeric analogue 14 across the
POPE and POPS bilayer system, 8 has a predefined structure which is selective for Na+.
However, 14 is able to form aggregates of irregular sizes within the bilayer, which may
consequentially result in the formation of larger sized pores, which may also enable the
conduction of the larger K+ ion. However across DLPE, DLPS and cholesterol bilayer
system, 8 and 14 both display selectivity for Na+ which, due to the composition of the
bilayer, permits 14 to produce smaller irregular sized pores, leading to the conduction of the
smaller Na+ ion over the larger K+ ion. as a result, in comparison of the activities between 8
and 14, the predetermined structure of 8 is an essential feature for the retention of ion
selectivity and to support consistent and regular transport of Na+ across both bilayer systems
tested, whereas its respective monomer 14, is unable to form regular-defined cavities
resulting in its activity being bilayer dependent.

Comparing the activities of macrocycle 9 against its monomeric analogue 15 across the
POPE and POPS bilayer system, 9 has a predefined structure which is selective for Na+, with
15 is also demonstrating selectivity towards Na+ in this instance. It is assumed that 15
aggregates to form pores of a similar conformation as 9 although still being irregular in size
which, lead to conduction of the Na+. It is postulated that from the low conductivities
observed by 15 for K+, it may leak across the bilayer through voids rather than conducted
through a channel-like mechanism. Across the DLPE, DLPS and cholesterol bilayer system,
9 selectively conducts Na+ and 15 displays selectivity for K+. It is hypothesised that the
selectivity of 15 towards K+ is due to the presence of the t-butyl substituents causes the
aggregations formed by 15 to be naturally conformed to a larger size of pore due to steric
factors. From the low conductivities observed by 15 for Na+, it is thought that due to the
irregular sized formation of pored that it may leak across the bilayer through voids rather
than conducted through a channel-like mechanism.
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Comparing the macrocycle 10 against its monomeric analogue 16 across the POPE and
POPS bilayer system, 10 has a predefined structure which is selective for K + and across the
DLPE, DLPS and cholesterol bilayer system, it is selective for Na+ however 16 demonstrates
no selectivity between both ions tested in both bilayers. It is thought that as 16 is able to
span the length of the bilayer as a single component which leads to aggregations formed by
16 to be parallel with one another continually. As this occurs this compromises the
membranes integrity and subsequently ruptures the bilayer. As a result, no ion conductivity
is observed and 16 displays surfactant-like properties.

The monomeric substituents 14-16 were modified by the addition of a trans-but-2-ene linker
resulting in the synthesis of another group of monomeric compounds 17-19, in order to
determine whether the incorporation of the linker substituent had an effect on activity.

The monomer 17 was synthesized as a representative of the 14 with the addition of the
trans-but-2-ene linker. It demonstrates marginal selectivity towards Na+ over K+ across the
POPE and POPS bilayer and no activity for either ion across the DLPE, DLPS and
cholesterol bilayer, as the conductance graphs in Figures 2.75 (b) and (c) respectively
illustrate. From the conductance values obtained, the rates at which each ion is conducted
across both bilayer systems were calculated in ions per second as shown in Figures 2.76 and
2.77 respectively. Figure 2.76 clearly illustrates that although activity was observed for Na+
across the POPE and POPS bilayer, its average conductance rate was deemed to be
physiologically insignificant. No activity was observed for either ion across the DLPE,
DLPS and cholesterol bilayer system as illustrated in Figure 2.77.

The monomer 18 was synthesized as a representative of the 15 with the addition of the
trans-but-2-ene linker. It demonstrates selectivity towards Na+ over K+ across the POPE and
POPS bilayer and across the DLPE, DLPS and cholesterol bilayer, as the conductance
graphs in Figures 2.82 (b) and (c) respectively illustrate. From the conductance values
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obtained, the rates at which each ion was transported across both bilayer systems were
calculated in ions per second as shown in Figures 2.83 and 2.84 respectively. Figure 2.83
clearly illustrates that Na+ is selectively conducted over K+ across the POPE and POPS
bilayer system, which demonstrates that only Na+ surpasses the rate of ion conduction that
would be considered biologically significant. Figure 2.84 illustrates that Na+ is conducted
across the DLPE, DLPS and cholesterol bilayer system with much greater selectively than
K+ as determined by their conductance rates, with only Na+ surpassing the rate of ion
conduction that would be considered physiologically significant.

The monomer 19 was synthesized as a representative of the 16 with the addition of the
trans-but-2-ene linker. It does not demonstrate any activity towards either ion across the
POPE and POPS bilayer system, and little selectivity towards K+ over Na+ across the DLPE,
DLPS and cholesterol bilayer system, as illustrated by the conductance graphs in Figures
2.89 (b) and (c) respectively. From the conductance values obtained, the rate at which each
ion was conducted across both bilayer systems were calculated in ions per second as shown
in Figures 2.90 and 2.91 respectively. Figure 2.90 clearly illustrates that 19 produced no
activity towards either ion. However, Figure 2.91 illustrates that K+ was conducted
selectively over Na+ across the DLPE, DLPS and cholesterol bilayer system, with no Na+ ion
transport detected, with only K+ surpassing the rate of ion conduction that would be
considered physiologically significant.

In order to rationalise the activity and selectivity of 17-19, computer simulations were
generated to assess the likely structure and orientation of 17-19 within a lipid bilayer as
illustrated in Figure 2.105, 2.106 and 2.107 respectively.
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Figure 2.105: Computer generated simulations of 17, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 17.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Figure 2.106: Computer generated simulations of 18, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 18.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.

Figure 2.107: Computer generated simulations of 19, perpendicular (left) and looking down
the axis (right), within a section of phospholipid bilayer (5 x 5 heterodimers comprised of
DLPE and DLPS in alternating orientations) created in Spartan ‟14. The Minimizer was used
to optimise lipid geometries, then four lipid pairs were removed and replaced with 19.
Additional lipids were removed for clarity in the case of the perpendicular view. The
minimised structures are shown.
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Assessing the structures and conformations of 17-19 from Figures 2.105, 2.106 and 2.107
respectively, the perpendicular view (left) illustrates that 17 and 18 possess sufficient length
in order to span the phospholipid bilayer only upon dimerization, where they are configured
in opposite orientations, where the polyether substituents are aligned in order to span the
bilayer. Only 19 possesses sufficient length to span the bilayer as a single molecule. It is
postulated that 17-19 insert into the bilayer as aggregates which, as a result, do not produce a
defined cavity as illustrated from the view down the axis (right). The cLog P values of 17-19
were calculated using ChemDraw software to be 1.7662, 3.5922 and 1.5604 respectively. As
expected the cLog P had increased from 14-16 due to the addition of the trans-but-2-ene
linker as it increased the lipophilicity. However despite this, 17-19 have the ideal
characteristics required for a drug like compound to partition through the phospholipid
bilayer system as the simulations in Figures 2.105, 2.106 and 2.107 respectively illustrate.

Comparing the monomeric analogue 14 against its derivative 17; across the POPE and POPS
bilayer system, 14 which was selective for K+, although physiologically significant
conductivity was produced towards Na+, however 17 bar one conductance of a significantly
low value for Na+, the bilayer ruptured in all other cases. It is thought that this one
conductance may be due to a leak across the bilayer through voids rather than conducted
through a channel-like mechanism. The same effect was observed across DLPE, DLPS and
cholesterol bilayer system where 17 displayed no activity or eventual rupture of the bilayer
was observed. It is thought that the addition of the trans-but-2-ene linker in 17, may have
facilitated in a channel like formation due to the increased length of the polyether
substituent. Instead, the accumulation of 17 compromises the membranes integrity and
subsequently ruptures the bilayer. As a result, no ion conductivity is observed and 17
displays surfactant-like properties.
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Comparing the macrocycle 12 against its monomeric analogue 18; across the POPE and
POPS bilayer system, 12 and 18 had significant activity for Na+, however a comparison
cannot be made for the selectivity of 12, as K+ could not be tested due to experimental
limitations. Across the DLPE, DLPS and cholesterol bilayer system, 12 is selective for K+,
whereas 18 demonstrates selectivity towards Na+. This can be explained as 12 has a
predetermined structure which facilitates the conduction of the larger K+ ion through its
macrocyclic annulus. It is predicted that the selectivity of 18 towards Na+ is due to the
presence of the alkene bond from the trans-but-2-ene causing dipole-dipole interactions
leading to more order and smaller sized of pores produced facilitating the smaller Na + ion
across the bilayer.

Comparing the monomeric analogue 15 against its derivative 18; Na+ selectivity is exhibited
across both bilayer systems with 18, together with 15 across the POPE and POPS bilayer
system. It is predicted that the selectivity exhibited by 18 towards Na+ is supported by the
hypothesis seen in the comparison of 12 and 18; due to the presence of the alkene bond
leading to dipole-dipole interactions producing significantly smaller pores facilitating
smaller Na+ ion transport across the bilayer. It is postulated that from the low conductivities
observed by 15 across the POPE and POPS bilayer system towards K+ and across the DLPE,
DLPS and cholesterol bilayer system towards Na+ together with the conductivities produced
by 18 towards K+ across both lipid bilayer systems, that ions may leak across the bilayer
through voids rather than conducted through a channel-like mechanism.

Comparing the monomeric analogue 16 against its derivative 19; overall, 16 demonstrates no
distinctive selectivity between both ions tested across the two bilayer systems. It is thought
that as 16 is able to span the length of the bilayer as a single component, this leads to the
formation of aggregations of 16 to be continually parallel with one another. As this occurs,
this compromises the membrane‟s integrity and subsequently ruptures the bilayer. As a
result, no ion conductivity is observed, and 16 displays surfactant-like properties. As can be
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seen with 19, in relation to the POPE and POPS bilayer system, it displays similar activity as
16, which could be due to the fluidity of the bilayer and this may be due to the accumulation
of 19 in the membrane in a variety of orientations leading to subsequent rupture of the
bilayer. However, across the DLPE, DLPS and cholesterol bilayer as per the simulation in
Figure 2.107; supports the notion that stable and regular aggregation occurs with a pore
forming in the centre, which allows for the passage of ions through in a channel-like
mechanism. The addition of the trans-but-2-ene linker increases the central non polar region
of 19 which favours K+ over Na+. This predicted to be due to lower charge density of K+
than Na+, where K+ possess a lower dehydration energy and can traverse through the nonpolar region of the pore formed by 19. Conversely, the higher charge density exhibited by
Na+ may disfavour its passage across the non-polar region of the pore where it may form
stronger ion-dipole interactions with the polyether oxygen atoms and would not be
energetically favourable to dehydrate.

In summary, the monomeric analogues 14-16 differed by the addition of a different
substituent attached onto the aromatic moiety at the para-position, with 14, 15, and 16
possessing a hydrogen atom, a t-butyl group and a triethylene glycol monomethyl ether
substituent respectively. Across the POPE and POPS bilayer system, 14 demonstrated
greater Na+ and K+ transport than 15, with 16 exhibiting surfactant-like activity. This
successive reduction in ion conduction from 14 to 15 to 16 may be due to the alteration of
the substituent at the para position, which is also supported by the activity observed by 17,
18 and 19 respectively whereby addition of a substituent at the para position reduced
channel-like activity. The addition of the alkene linker in 17, 18 and 19 respectively, further
reduced conductivities observed to the extent that 17 and 19 generally display surfactant like
activity with the production of minimal to no conductivities.
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Bar a single conductance reading for 16 towards Na+ across the DLPE, DLPS and
cholesterol system, it is postulated that from the significant magnitude of the conductance
produced, the increased rigidity of this bilayer results in 16 assembling longitudinally
through the membrane, resulting in the formation of smaller and tighter pores, allowing
transport of the smaller Na+ ion selectively over the larger K+ ion. The activity displayed by
19 towards K+ across the DLPE, DLPS and cholesterol bilayer system can be attributed to
the same principle whereby 19 is assembled longitudinally through the membrane, resulting
in the formation of larger but tight pores allowing transport of the larger K + ion due to the
addition of the alkene linker.

However, the opposite activity occurs across the DLPE, DLPS and cholesterol bilayer
system, whereby greater transport for K+ occurs in the presence of 15 than 14 as with 18 and
17 but to a lesser extent due to the addition of the alkene linker. This is due to addition the tbutyl group attached at the para position leading to steric factors occurring during
aggregation, resulting in the formation of larger pores hence favouring the conduction of the
larger K+ ion.

Overall from the monomers investigated the chemical structures of 14-19, when comparing
the individual structures along with their cLog P values, it is evident that the presence of the
t-butyl groups in 15 and 18 increases the non-polarity of the compounds, therefore
increasing the cLog P values. Conversely, the addition of the extra polyether substituents in
16 and 19 increases the polarity of the compound, consequentially reducing their cLog P
values. The absence of the t-butyl groups in 14 and 17 when compared to 15 and 18, and the
reduction in polyether substituents in 14 and 17, when compared to 16 and 19, gives the
assumption that the cLog P would be in between these two groups of compounds, which is
in keeping with the cLog P value attained for 14 and 17.
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The agreement between the chemical structures and the cLog P values of 14-16, there was a
trend observed across the DLPE, DLPS and cholesterol bilayer system whereby greater the
lipophilicity of the compound the greater K+ conduction was produced. The addition of the
trans-but-2-ene linker in 17-19 lead to the increase in non-polarity from their analogues 1416 respectively subsequently increasing their cLog P values. A trend is observed with the
addition of the trans-but-2-ene linker, from 17-19 to 14-16, where ion conduction across the
POPE and POPS bilayer system generally decreases, as the lipophilicity increases. The
decrease in ion conduction may be due to the trans-but-2-ene linker resulting in an increase
in surfactant-like activity.

During the investigation of the chemical structures of 17-19 the most lipophilic compound
18 of the monomers produced greatest Na+ conduction overall across both bilayer systems.
A trend is observed across the POPE and POPS bilayer system whereby greater the
lipophilicity of the compound the greater Na+ conduction was produced.
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2.3

Antimicrobial susceptibility testing

2.3.1

Introduction

Compounds 8-19 had been synthesised to be used as models to investigate whether
macrocycles containing hydrophilic substituents were able to achieve cation transport across
phospholipid bilayer membranes. Monomeric analogues of the macrocyclic compounds
were also synthesised to investigate any differences in activity that may have resulted from
the change in structure for which chemical characteristics are necessary for cation transport
across phospholipid bilayers. A synthetic ion channel that is to be used medicinally for the
treatment of channelopathies must not exhibit cell toxicity as its purpose is repair existing
cells, not to cause cell death. However, some ion channels are also used medicinally, but for
the specific function to cause pathogenic cell death for example the polyene antifungal
drugs; nystatin and amphotericin that aggregate in fungal cell membranes causing cell death
by allowing unrestricted movement of ions and other solutes across the cell. As a result, it is
crucial to know which one of these activities the chemical compound will exhibit as from
this stage; it is possible to direct the compound to its most suitable application.

Subsequently, 8-19 were tested on four microorganisms to determine whether any
antimicrobial activity was exhibited which could potentially be attributed to either ion
channel transport or surfactant-like activity. The four microorganisms are Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa and Streptococcus pyogenes. These were
chosen as they are common wound pathogens that are ubiquitous in nature and are
responsible for a number of conditions.

E. coli is a gram negative bacterium commonly found as part of the usual intestinal flora of
warm-blooded organisms such as in humans and animals

343

. Most strains are usually

harmless, however some pathogenic strains originating mainly from the intestines of cattle;
can cause diarrhoea, vomiting and urinary tract infections. E. coli is usually acquired via
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ingestion of food and water which have been contaminated by human and animal waste
products. There is currently no known medicinal treatment for E. coli except to treat the
symptoms, such as to keeping hydrated. Recovery is usually within 1 week 344.

S. aureus is a gram positive bacterium that is present as part of the normal skin flora and is
generally found in the nose as well as on the skin. Most strains are not pathogenic; however,
infections occur when bacteria infect breaks in skin via a cut for example. Illness ranges
from trivial like a wound infection, to life-threatening like pneumonia, endocarditis
(infection of the heart) or septicaemia (blood poisoning) 345. As most strains of S. aureus are
now resistant to penicillin, treatment is now the Penicillinase-resistant penicillins;
flucloxacillin and dicloxacillin. These β-lactam antibiotics act by preventing the formation
of the bacterial cell wall 346.

P. aeruginosa is a gram negative bacterium that is widely present in nature such as in water
and soil. It is an opportunistic pathogen, which causes disease upon vulnerable and
immunocompromised organisms or where has been a breach in the host organism‟s
defences. Examples include where a physical barrier to infection is lost or compromised
such as a tear in the skin, infants where their immune system is still developing or an
organism that has an immune deficiency such as being exposed to immunosuppressants

347

.

Pseudomonal infections can be widespread, complicated and possibly life-threatening.
Common diseases include: diarrhoea, urinary tract infections, pneumonia, bacteraemia,
endocarditis and many more. Treatment for P. aeruginosa is usually with the combination of
two drugs, usually an anti-pseudomonal penicillin with an aminoglycoside such as
Ticarcillin and Gentamicin

348

. Their mechanisms of actions are the prevention of the

formation of the bacterial cell wall and the prevention of bacterial protein synthesis
respectively.

283

S. pyogenes is a gram positive, exclusively human pathogen that is usually part of normal
skin flora. Infection can occur via the oral and nasal cavities along with entry through
broken skin such as wounds. Diseases range from the most commonly encountered mild,
superficial conditions such as pharyngitis (sore throat), to rare more serious, life-threatening
systemic diseases such as Necrotizing fasciitis and streptococcal toxic shock syndrome

349

.

Amoxicillin is considered the primary treatment for S. pyogenes as it is still sensitive
towards β-lactam antibiotics in the vast majority of cases. Other drugs that demonstrate
effective treatment are Teicoplanin, Vancomycin and Levofloxacin which belong to the
Glycopeptide and Fluoroquinolone groups of antibiotics respectively 350. The mechanism of
action of Amoxicillin and the two Glycopeptides; Teicoplanin and Vancomycin is by
preventing bacterial cell wall synthesis by inhibiting the bacterial polymer peptidoglycan
from cross-linking. The mechanism of action of the Fluoroquinolone: Levofloxacin is by
inhibition of enzymes required for DNA replication 351.

The necessity to investigate the biological toxicity of these potential channel-forming
compounds is to assess their application in the real world. Compounds 8-19 were tested on
the four microorganisms to determine antimicrobial activity exhibited which could
potentially be attributed to either ion channel transport or surfactant-like activity leading to
potential cell death. If strong antimicrobial activity was observed this could potentially be
useful as an antibacterial agent, either as possible drug candidate or as targeted disinfectant.
Vice versa, for compounds which do not display potent antimicrobial activity as these may
also have valuable therapeutic applications such as potential drug vehicles/carriers or used
for further research for their development as drugs themselves, for example as ion channels
or transporters.
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2.3.2

Assessment of the antimicrobial activities of compounds 8-19

A variation of the standard Kirby Bauer disk diffusion method was used in order to assess
the antimicrobial activities of these compounds towards both, gram-positive and gramnegative bacteria. The antimicrobial susceptibility tests were conducted on the four different
microorganisms: E. coli, S. aureus, P. aeruginosa and S. pyogenes.

A solution of each compound was prepared at a concentration of 100mM in DMSO due to
their limited solubility in water. As a result, controls were conducted alongside 14 and 17 for
each microorganism respectively, where 50 µl aliquots of pure DMSO was added to
bacteria-inoculated petri dishes which were divided into 4 sections, in order to eliminate any
uncertainties that the activity produced may be the result of the DMSO solvent.

Each compound was tested against all four microorganisms in triplicate in order to
determine a pattern of behaviour and reliability, exhibited by the compound with respect to
the microorganism. The raw data for the susceptibility tests which were conducted for each
microorganism follow on the Figures 2.108, 2.109, 2.110, 2.111, 2.112, 2.113, 2.114, 2.115,
2.116, 2.117, 2.118 and 2.119 respectively.

Subsequently the inhibition zones were measured for each compound with respect to the
microorganism tested. In order to assess the activity of the compound on the microorganism
a graph was generated to summarise the data obtained. The data for this can be observed in a
table in the appendix; a graph illustrating this activity can be seen in Figure 2.120.
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Figure 2.108: Antimicrobial activity of 8 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Figure 2.109: Antimicrobial activity of 9 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.

Figure 2.110: Antimicrobial activity of 10 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Figure 2.111: Antimicrobial activity of 11 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.

Figure 2.112: Antimicrobial activity of 12 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Figure 2.113: Antimicrobial activity of 13 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.

Figure 2.114: Antimicrobial activity of 14 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively. An application of
pure DMSO was also applied to the top left hand corner of each petri dish as a control in order to establish any antimicrobial activity exhibited by the solvent.
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Figure 2.115: Antimicrobial activity of 15 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.

Figure 2.116: Antimicrobial activity of 16 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Figure 2.117: Antimicrobial activity of 17 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively. An application of
pure DMSO was also applied to the top right hand corner of each petri dish as a control in order to establish any antimicrobial activity exhibited by the
solvent.

Figure 2.118: Antimicrobial activity of 18 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Figure 2.119: Antimicrobial activity of 19 on petri dishes inoculated with E. coli, S. aureus, P. aeruginosa and S. pyogenes respectively.
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Average zone of inhibition sizes (diameter in mm) for
microorganisms tested

A bar graph showing average zone of inhibition (diameter in mm) for
microorganisms tested for compounds 8-19; E. coli, S. aureus, P. aeruginosa and
S. pyrogenes
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Figure 2.120: A bar graph showing average zone of inhibition (diameter in mm) for microorganisms tested for compounds 8-19; E. coli, S. aureus, P.
aeruginosa and S. pyrogenes

The macrocyclic analogues; 8-10 displayed no activity as observed in Figures 2.108, 2.109
and 2.110 respectively. These Figures demonstrated no bacterial inhibition although from
the discs inoculated a varying degree of solubility can be clearly seen that where the
compound has precipitated out of solution on the petri dish above.

The diazacrown analogue; 11 appeared to be fully soluble and demonstrated varying
degrees of activity amongst the microorganisms tested as illustrated in Figure 2.120. As
illustrated in Figure 2.120 the greatest antimicrobial activity was observed with S. pyrogenes
whereby the inhibition zones were observed to be more than double the size than E. coli, S.
aureus and P. aeruginosa inhibitions zones respectively.

The macrocycle 12 was synthesised as an analogue of 9; whereby the difference being the
addition of the trans-but-2-ene linker onto the polyether substituent. Compound 12 exhibited
varying degrees of solubility and consequently was observed to precipitate out of solution
applied to agar inoculated with S. aureus, P. aeruginosa and S. pyrogenes. Antimicrobial
activity was only observed with E. coli as illustrated in Figures 2.112 and 2.120.

The diazacrown analogue 13 was synthesised as a derivative of 11; whereby the difference
being the addition of the trans-but-2-ene linker onto the polyether substituent. Compound 13
was fully soluble in solution therefore this should not have caused an issue with inhibition of
microorganisms as 11. Antimicrobial activity was only observed with only S. pyrogenes as
illustrated in Figures 2.113 and 2.120. The addition of the trans-but-2-ene linker reduced its
activity compared to 11 whereby activity to S. pyrogenes reduced by more than half and
with no activity observed for E. coli, S. aureus and P. aeruginosa respectively.
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Compounds 14-16 are the monomeric analogues of 8-10 respectively. In comparison of the
macrocyclic analogues, 8-10 display varying characteristic than 14-16 whereby the
monomeric analogues are fully soluble and do not precipitate out from solution,
consequently displaying varying degrees of activities.

Compound 14 demonstrates selectivity towards the gram-negative bacteria; E. coli and P.
aeruginosa; with a similar level of inhibition observed for both microorganisms compared to
no activity observed towards the gram-positive bacteria; S. aureus and S. pyrogenes as
illustrated in Figures 2.114 and 2.120. Although inhibition occurred with P. aeruginosa, a
small number of micro colonies within the inhibition area were form where no micro
colonies were formed with E. coli. This suggests that E. coli is more susceptible than P.
aeruginosa despite inhibition zone size.

Compound 15 demonstrates selectivity towards E. coli and S. aureus; with a similar level of
inhibition observed for both microorganisms with no activity observed for P. aeruginosa
and S. pyrogenes as illustrated in Figure 2.115 and 2.120. Although inhibition occurred with
E. coli, a small number of micro colonies within the inhibition area were form where no
micro colonies were formed with S. aureus. This suggests that S. aureus is more susceptible
than E. coli despite inhibition zone size.

Compound 16 demonstrates no bacterial inhibition occurred with respect to any of the
microorganisms illustrated in 2.116 and 2.120 respectively.

Compounds 17-19 are the monomeric analogues of 14-16 respectively; whereby the
difference being the addition of the trans-but-2-ene linker onto the polyether substituent.
Each of the compounds from 17-19 displayed varying degrees of microbial inhibition
towards all microorganisms tested. As compounds 14-16, compounds 17-19 were fully
soluble and did not precipitate out from solution, consequently displaying varying degrees of
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activities. A general trend observed would be that 17-19 had greater microbial inhibition,
than its respective analogues 14-16.

Compounds 17-19 each demonstrated greatest microbial inhibition for S. pyrogenes.
Compound 17 demonstrates similar microbial inhibitions for E. coli and P. aeruginosa
displaying a value of 16.5 mm and 17.0 mm respectively as illustrated in Figure 2.117, in
keeping with the values of inhibition obtained with 14. However, unlike 14, compound 17
demonstrates microbial inhibition toward the gram-positive bacteria with the least inhibition
occurring with S. aureus. However, there does not seem to be a particular species of bacteria
that are favoured with respect to compound 17.

Compound 18 demonstrates greater selectivity for microbial inhibition for gram-positive
bacteria than gram-negative bacteria with greatest microbial inhibition observed for S.
aureus and S. pyrogenes compared to significantly lower microbial inhibitions for E. coli
and P. aeruginosa. This varies from its analogue 15, where microbial inhibition was not
observed for P. aeruginosa and S. pyrogenes. This differs greatly in the case of 18, as S.
pyrogenes demonstrates the greatest microbial inhibition observed for all the compounds
tested against each microorganism.

Compound 19 demonstrates similar microbial inhibitions to that of 17, where there does not
seem to be a particular species of bacteria that are favoured. Compared to its analogue 16,
there is a significant difference in the sense that 19 does demonstrate microbial inhibition
towards to microorganisms compared to none observed in 16 respectively.
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2.3.3

Discussion of the antimicrobial activities of compounds 8-19

To investigate the antimicrobial activity of compounds 8-19, a variation of the Kirby-Bauer
disc diffusion method was required to be used as the standard method proved ineffective.
The standard method required the drug compound to be impregnated onto small 5 mm
diameter cellulose filter paper disks, which would then be placed onto the bacterial cultured
agar plate. The disks were produced by firstly preparing concentrated solutions (100mg/ml)
of each compound in CHCl3. Next, three disks were saturated with each of the compound
solutions and were then left to dry under a stream of flowing nitrogen gas for 3 hours in
order to evaporate the CHCl3 solvent, thus leaving only the compound remaining on the
disks. Each disk was weighed before and after in order to quantify the amount of compound
present on each disk.

All the results obtained via this method produced no bactericidal activity whatsoever with
any of the compounds. It was clear that the compounds had remained on the disks and had
not diffused out into the surrounding agar, thus preventing any contact with the bacteria. The
inability for the compounds to diffuse into the surrounding agar was most likely due to their
water insolubilities, therefore a modification of the protocol was required.

To overcome this problem, the disks were omitted from the experiment entirely, and 50 µl
aliquots of each concentrated compound solution (100mg/ml) in DMSO were added directly
onto each bacterial-cultured petri dish. Controls were also conducted where 50 µl aliquots of
pure DMSO was added to each organism to confirm that any antimicrobial activity was not
simply the result of the DMSO solvent. The petri dished were then finally incubated at 37 oC
for 18 hours and the results are pictured and tabulated above.
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It is clear to see that compounds 8-10 have no antibacterial effects on the tested
microorganisms as observed from Figures 2.108, 2.109 and 2.110 respectively. This is most
likely due to the insolubility of the compounds as their precipitation out from solution is
clearly visible as white residues. A definite difference in activity is shown between
compounds 11 and 13. These correspond to the two diazacrown compounds differing only
by the additional trans-but-2-ene section in 13. Greater antimicrobial activity is
demonstrated by 11 as inhibition of microbial growth is evident in all four microorganisms
to differing degrees. S. pyogenes is most susceptible to 11 followed by S. aureus as these
two organisms produced clear zones of inhibition. E. coli showed intermediate susceptibility
as there are still few colonies growing within the area of inhibition. P. aeruginosa shows a
low susceptibility as there are visible areas of inhibited bacterial growth; however, there is
bacterial growth within these inhibition zones. Compound 13 exhibits much more targeted
antimicrobial activity than its diazacrown analogue 11 as only S. pyogenes demonstrates
inhibited growth. From the measurements of the inhibition zones in Figure 2.120, it can be
seen that 11 exhibits more than double the potency towards S. pyogenes than 13.

Compound 12 is the analogue of 9 with the additional trans-but-2-ene linker. It is evident
that 12 demonstrates an increased amount of antimicrobial activity than 9, as E. coli is
shown to be susceptible due to the presence of inhibition zones. Microorganism selectivity is
also demonstrated here as no antimicrobial activity is exhibited with the other three
microorganisms.

Compounds 14-16 are the monomeric analogues of 8-10. Compound 14 as illustrated in
Figure 2.114, demonstrates clear antimicrobial activity with E. coli, however there appears
to be only intermediate antimicrobial activity with P. aeruginosa as there are still few
colonies growing within the area of inhibition. It is interesting to observe that 14
demonstrates antimicrobial activity towards the two gram negative bacteria and not to the
gram positive species. As a result, it may be a possibility that other gram negative bacteria
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may also be susceptible to this kind of chemical structure, whilst gram positive species
remain unaffected. This may have interesting applications in situations where only gram
positive bacteria were required to be isolated from a mixture of gram positive and gram
negative microorganisms. 14 may possess the attributes to selectively target gram negative
bacteria, whilst leaving the gram positive species unharmed. A comparison between 14 and
8 from Figure 2.120 clearly illustrates that the monomeric analogue possesses greater
antimicrobial activity. This is most likely due to the insolubility of 8 in water, thus it may be
unable to affect the bacteria.

Compound 15 in Figure 2.115, clearly demonstrates a degree of antimicrobial activity with
E. coli and S. aureus as indicated by its zones of inhibition. E. coli demonstrates
intermediate susceptibility due to a number of colonies present within the zones on
inhibition, however S. aureus demonstrates much greater susceptibility as evidenced by the
complete inhibition of bacterial growth within the zones on inhibition.

Similar to its

macrocyclic analogue, 16 does not demonstrate any antimicrobial activity with any of the
tested microorganisms.

Compounds 17- 19 are analogues of compounds 14-16 but with the addition of the transbut-2-ene linker attached to the polyether substituent. It is extremely evident that the
attachment of the trans-but-2-ene linker has a substantial effect on the compound‟s ability to
cause cell lysis.

Compound 17 as illustrated in Figure 2.117, unmistakeably demonstrates clear antimicrobial
activity amongst all the tested microorganisms, with none showing poor or intermediate
susceptibility. Measurements of inhibition zones from Figure 2.120 above indicate a
similarity in potency with the gram negative species E. coli and P. aeruginosa as the average
inhibition zone diameters are very similar at 16.50 mm and 17.00 mm respectively. S.
aureus also possesses distinct inhibition zones, but seem slightly less sensitive due to its
298

irregular shape of growth around the periphery of the zones, thus reducing its inhibition area.
S. pyogenes exhibits the greatest sensitivity towards 17 as evident by the appearance of its
clean zones of inhibition and also their very large activity diameter of 25.00 mm.

Compound 18 as illustrated in Figure 2.118, also shows definite antimicrobial action as
bacterial growth is inhibited across all four bacterial species at the regions where 18 was
introduced. One striking observation is the similarities in activity between the two gram
positive and the two gram negative species. E. coli and P. aeruginosa demonstrate
intermediate susceptibility due to colonies of bacterial growth present within the distinct
zones of inhibition. The gram positive species; S. aureus and S. pyogenes however, exhibit
large, clear inhibition zones which indicate a greater sensitivity towards 18. The inhibition
zone sizes are also significantly large between the gram positive and negative species as
summarised above in Figure 2.120. The gram negative E. coli and P. aeruginosa bacteria
produce inhibition zones of 11.67 mm and 10.00 mm respectively, whereas the gram
positive S. aureus and S. pyogenes produce much larger 22.33 mm and 54.33 mm zones
respectively. This undoubtedly provides evidence of gram positive and negative
distinguishability.

Compound 19 as illustrated in Figure 2.119 demonstrates significantly smaller zones of
inhibition compared to 17 and 18, however distinct zones are present. The largest inhibition
zones were exhibited by S. pyogenes at 16.00 mm, with E. coli, S. aureus and P. aeruginosa
exhibiting significantly smaller inhibition zones of 9.00 mm, 7.67 mm and 10.83 mm
respectively. This indicates that 19 has a higher antimicrobial effect towards S. pyogenes
than the other three bacterial organisms investigated.
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Chapter 3
Conclusions
Ion transport across biological membranes is one of the many complex biochemical
mechanisms that is essential for the survival and healthy functioning of all organisms. If this
process is hindered or disrupted, it may cause significant damage or even death to the
organism. Unfortunately, some diseases are caused by the incorrect function of ion channels,
and it is for the prevention and treatment of these conditions that is the focus of ion channel
research.

The research conducted within this project has been to identify what structural and chemical
features are necessary for efficient and selective ion transport across biological membranes,
as the mechanism of ion flux is still not entirely understood. The x-ray crystal structures of
natural biological channels have certainly helped understand this mechanism; however,
deficiencies still exist regarding the process of ion transport through a channel and how ionic
selectivity is achieved. Synthetic ion channel models allow individual aspects of ion
transport to be probed with ease, as each individual characteristic can be altered and its
effect tested, which enables valuable structure-activity relationships to be determined.

The approach used was to synthesise a range of macrocyclic and linear compounds, each
exhibiting different physiochemical characteristics, to investigate what effects these
structural modifications may have on bilayer membranes. The planar lipid bilayer method
was used to assess which compounds produced greatest cation channel activity and, by
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utilising a range of different buffer solutions containing a range of different group 1 metal
ions, determine if this activity was selective to a particular cation. Finally, these compounds
were then subjected to antimicrobial experiments whereby their toxicity was assessed. This
was to investigate whether there was a relationship between membrane activity and any
bactericidal action.
The toxicity of any chemical that is to be used for human application is essential information
as if a substance produces a high level of toxicity towards animal cells; it may not be safe for
use in or around the body. However, if the compound does show high toxicity towards other
cell types, such as bacterial cells, then it may be suitable for use as an antimicrobial agent.
As a result, toxicity studies may help to guide the development of a specific chemical agent
towards its most useful applications.

Four different macrocycles were utilised as the core of the ion channel model, as this area
was intended to function as the ion-selective region of the molecule. The chosen
macrocycles were: cailx[4]arene, oxacalix[3]arene, pillar[5]arene and diaza[18]crown-6.
One of the key aspects that were investigated was how their macrocyclic size and geometry
affected its ion conductivity and selectivity.

In addition to investigating how ion transport is affected by the macrocycle, the activities of
two different polyether substituents were also investigated. Triethylene glycol monomethyl
ether was one of the polyether substituents, and this was modified to create an alkenefunctionalised polyether by the attachment of a trans-but-2-ene linker. The polyether
substituents were then attached onto the macrocycles to produce a membrane spanning
molecule. These polyether-based substituents were chosen to increase the molecule‟s
hydrophilicity since the rigid macrocycles are largely non-polar and consequently
hydrophobic. The triethylene glycol monomethyl ether substituent was successfully attached
onto all the macrocycles, however it was only possible to attach the extended trans-but-2ene – containing polyether to the oxacalix[3]arene and diaza[18]crown-6 macrocycles.
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Another key aspect that was investigated was the effect of a predetermined structure on ion
conductivity. This was addressed by synthesising monomeric equivalents of the macrocyclic
compounds. This macrocycle vs monomer effect on ion transport is important as non-cyclic
polyethers may function as surfactants in phospholipid bilayers
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, however many natural

non-cyclic compounds are responsible for ion transport across bilayer membranes.

Upon the successful synthesis of the required compounds, their ion transportation activities
were then investigated across two different synthetic planar lipid bilayer systems which were
composed of: POPE and POPS in a 1:1 ratio and DLPE, DLPS and cholesterol in a 1:1:1
ratio. The key variation between the two pairs of phospholipids are the lengths of their
hydrocarbon chains, as the DLPE and DLPS phospholipids are shorter than the POPE and
POPS phospholipids. The use of cholesterol amongst the DLPE and DLPS phospholipids
was essential to maintain the integrity of the membrane as the bilayer produced with these
phospholipids was thinner than the bilayer prepared from the POPE and POPS
phospholipids. It is postulated that bilayer disassociation occurs more readily with a
membrane composed of the DLPE and DLPS phospholipids as fewer Van der Waals
interactions are produced between the shorter alkyl chains in comparison to the longer POPE
and POPS phospholipids. As consequence, it was postulated that the ion channel activity
produced across the DLPE, DLPS and cholesterol bilayer system would be generally greater
amongst all the compounds tested.

Compounds 8-13 are macrocyclic based compounds whereby a number of polyether
substituents have been attached to a central macrocycle. Compounds 14-16 are the
monomeric analogues of the macrocycles 8-10. Compounds 17-19 are analogues of 14-16
whereby they have been modified by the addition of the trans-but-2-ene linker.
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Previous work conducted demonstrated that 8 had a higher selectivity for Na+ than K+ across
planar bilayer membranes
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. This prompted further investigation to evaluate its activity

towards the remaining alkali metal cations; Li+, Rb+ and Cs+. After extensive testing, it was
successfully established that 8 was selective towards Na+ over all the other group 1 metal
cations across both lipid bilayer systems tested

Comparing the macrocycle 8 against its monomeric analogue 14; across the POPE and
POPS bilayer system, 8 displays selectivity towards Na+, however 14 displayed selectivity
for K+. Across the DLPE, DLPS and cholesterol bilayer system, 8 and 14 displayed
selectivity for Na+. As a consequence, the predetermined structure of 8 demonstrates that the
macrocycle is an essential feature for the preservation of ion selectivity and to produce
consistent and regular transport of Na+ across both bilayer systems tested. However, its
respective monomer; 14 is unlikely to form regular defined pores, resulting in bilayer
dependent activity. Whilst 8 demonstrated a preference towards Na+ ions in the planar
bilayer experiments, it did not exhibit any toxicity towards any of the microorganisms tested
although this may be due to its limited solubility in aqueous media. Nevertheless, this may
be a significant result as it may provide suitable qualities as a potential therapeutic agent as a
non-toxic Na+ selective channel once its aqueous solubility is improved. Compound 14 also
demonstrated interesting microbiological activity as it only elicited antibacterial activity
against the two Gram-negative bacteria; E. coli, and P. aeruginosa. This may potentially be
of great interest as a gram-negative selective antimicrobial agent.

Comparing the macrocycle 9 against its monomeric analogue 15; across the POPE and
POPS bilayer system, 9 and 15 are selective for Na+. Across the DLPE, DLPS and
cholesterol bilayer system, 9 selectively conducts Na+ and 15 displays selectivity for K+.
Assessing the antibacterial activities of these compounds, they reveal that 9 did not
demonstrate any antibacterial activity against any of the microorganisms tested. This,
coupled with the Na+ ion selectivity demonstrated across the planar bilayer experiments,
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again could provide promising potential as a therapeutic agent as a non-toxic Na+ selective
channel once its aqueous solubility is improved. Compound 15 demonstrated antimicrobial
activity, against E. coli and S. aureus, but none towards P. aeruginosa and S. pyogenes.
Since antimicrobial activity is produced in equal measure against one gram-positive bacteria
and one gram-negative bacteria, the bactericidal action exhibited is therefore non-gram
selective. These results therefore demonstrate that the presence of the oxacalix[3]arene
macrocycle is important for ion selectivity and without a predefined structure, its monomeric
counterpart demonstrates membrane-dependent activity and non-selective bacterial toxicity,
most likely due to the formation of irregularly-sized pores in the membrane.

Comparing the macrocycle 10 against its monomeric analogue 16; across the POPE and
POPS bilayer system, 10 is selective for K+ and across the DLPE, DLPS and cholesterol
bilayer system, is selective for Na+. Monomer 16 however, demonstrates no selectivity
towards either ion tested across both bilayers, as it produces surfactant-like activity. Neither
10 nor 16 demonstrated antibacterial activity towards any of the microorganisms tested. This
is an interesting result as the presence of a greater number of polyether substituents clearly
has an effect on antimicrobial action, as the attachment of two polyether substituents at the
para-positions appears to reduce its toxicity towards bacteria. Since 10 demonstrated ion
channel activity across planar lipid bilayer systems, the non-toxicity exhibited towards
bacteria can therefore not be attributed to the non-conduction of ions across the lipid bilayer.
It is possible that 10 and 16 may not be able to insert into the bacterial membrane,
alternatively, ion channel activity may be occurring, which may not result in bacterial cell
death.

In summary, the predetermined structure of a rigid macrocyclic-containing compound
demonstrates that the macrocycle is an essential feature for the preservation of ion selectivity
and to produce consistent and regular transport of ions across the bilayer systems tested,
where the activity of their respective monomers are bilayer dependent. Four different
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macrocycles were utilised in 8-10 in order to assess what effect increasing the size of the
macrocyclic annulus would have on ion conduction across the two lipid bilayer systems
tested. Across the DLPE, DLPS and cholesterol bilayer system, the phospholipid‟s shorter
alkyl chains result in the formation of a thinner lipid bilayer, allowing the compounds to
span easier, contributing to greater and more consistent ion conductance, with the addition of
cholesterol further rigidifying the membrane. This combination may provide a favourable
environment for the predetermined structured macrocyclic compounds to insert, span and
consequently conduct ions across the membrane with increased efficiency. The
incorporation of cholesterol amongst the DLPE and DLPS phospholipids may also alter the
chemical properties of the bilayer, such as further increasing its lipophilicity, as some
compounds may rely on other membrane-present components to exert their activity, such as
the presence of sterols for the antibiotics; nystatin and amphotericin. Within the POPE and
POPS bilayer system, the increased fluidity of the bilayer may allow the polyether
substituents to broaden into a wider arrangement within the membrane, favouring
conduction of the larger K+ ion. Subsequently as the macrocyclic ring size increases the
selectivity and activity for K+ increases where Na+ activity decreases, which may be due to
the larger cation suiting the larger host molecule with greater preference than a smaller
cation.

Across the DLPE, DLPS and cholesterol bilayer system, a trend emerged with 8-10
displaying Na+ selectivity. 8 is in keeping with the Log K values obtained which
demonstrates that the greater the Log K value, the greater the Na + conduction produced.
However, although the Log K of 9 and 10 suggests a slight preference towards K+, physical
factors such as steric hindrance is postulated to be the factor leading to the non-selectivity of
K+. Due to the increased rigidity of this bilayer system, the smaller Na + ion is favoured as 9
and 10 may experience increased compaction within this bilayer system, producing a
narrower channel, subsequently disfavouring conduction of the larger K+ ion. As the
macrocyclic ring size increases, the cLog P varies according to the structure of compound.
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Despite the agreement between the chemical structures and the cLog P values of 8-11, there
was no correlation observed between the activity and the cLog P of the compounds tested.

Whilst the macrocyclic compounds 8-10, demonstrated ionic selectivity amongst the ions
tested across the planar bilayer experiments, they did not exhibit any toxicity towards any of
the microorganisms tested, although this may be due to their low solubility in aqueous
media. However, their respective monomers 14-16, did exhibit varying amounts of
antimicrobial activity, which may be attributed to surfactant-like activity, as their ion
conductance is bilayer dependent, and they are likely to aggregate within the bilayer to form
irregular-sized pores, as nothing is able to govern the sizes of pores they form.

Compounds 12 and 13 are analogues of 9 and 11 respectively which have been adapted with
the addition of the trans-but-2-ene linker; where 9 and 12 are composed from the rigid
oxacalix[3]arene macrocycle and 11 and 13 are composed from the flexible diaza[18]crown6 macrocycle.

Both, 9 and 12 demonstrated activity towards Na+ across the POPE and POPS bilayer
system, with 12 producing much greater of activity than 9. However across the DLPE, DLPS
and cholesterol bilayer system, 9 produced greater selectivity for Na+, whereas 12
demonstrated greater selectivity towards K+. The cLog P values indicate that 9 and 12
possess the highest lipophilicity of all the compounds investigated; Although a trend is
observed with the addition of the trans-but-2-ene linker, whereby Na+ activity is increased
across the POPE and POPS bilayer from 9 to 12. However, this increase in activity is
postulated to be due to the incorporation of the trans-but-2-ene linker in 12 allowing a wider
conformation to be produced, which exposes the macrocyclic cavity to a greater degree,
rather than its greater cLog P value resulting in its increased lipophilicity. The increased
length of 12, as compared with 9, may enable 12 to span the bilayer with greater success.
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However as previously discussed, the Log K values obtained for 9 indicate that a preference
towards K+ should be observed; an effect only produced with 12 across the DLPE, DLPS and
cholesterol bilayer system.

Assessing the antimicrobial activities of these two compounds, it appeared that only E. coli
was affected by 12, whereas no antimicrobial activity was demonstrated in the presence of 9.
As a result, it seems that antimicrobial activity is likely to originate from the addition of the
trans-but-2-ene linker.

The planar lipid bilayer results indicate that 11 demonstrated selectivity towards Na+,
whereas 13 demonstrated a marginal selectivity for K+. The cLog P values indicate that 11
and 13 possess the greatest hydrophilicity of all the compounds investigated; Although a
trend is observed with the addition of the trans-but-2-ene linker, whereby activity generally
increases from 11 to 13 with K+ conducted more efficiently as the cLog P decreases.
However, this is postulated to be due to the polyether substituents allowing for a wider
conformation to be produced and subsequently exposing the macrocyclic cavity to a greater
degree than the decrease in cLog P value resulting from the increased hydrophilicity. The
increased activity may also be attributed to the of the longer polyether substituents which
incorporated the trans-but-2-ene segment, as the longer polyether substituents may be able
to fully encompass the target ion, which may favour binding of the larger K+ ion. The
activity produced by 13 is consistent with the Log K values obtained; demonstrating a
marginal preference towards K+. The decreased activity towards K+ exhibited by 11 is
postulated to be the result of the shorter length of the attached polyether substituents.

The antimicrobial results demonstrated that all four microorganisms tested were susceptible
to 11, whereas only S. pyogenes was susceptible towards 13. These results demonstrate that
compounds 11 and 13, which are based upon a flexible crown ether macrocycle, exhibit
greater antimicrobial activity than 8-10, which are based upon the more rigid macrocycles.
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These antimicrobial susceptibility tests have demonstrated that the addition of the trans-but2-ene component in 13 reduces and limits its antimicrobial action to only S. pyogenes
differing from 11 where antimicrobial activity was exhibited towards all four
microorganisms investigated.

In summary, the conductivities observed with 9 and 12 across the POPE and POPS bilayer
system indicate that Na+ conductance significantly increased, surpassing the biologically
significant rate threshold after the attachment of the trans-but-2-ene linker. The activities of
9 and 12 across the DLPE, DLPS and cholesterol bilayer system demonstrate that the
addition of the trans-but-2-ene linker increases its selectivity towards K+. This may be due
to the presence of the trans-but-2-ene segment adding some rigidity to the flexible polyether
substituents, whereby the conformation of the channel is opened in a wider conformation.
Based upon this, the addition of the trans-but-2-ene linker onto the rigid macrocycle
increases antimicrobial activity which is in keeping with the bilayer conduction studies
where Na+ transportation increases from 9 to 12 across the POPE and POPS bilayer system.

A similar trend is present with 11 and 13, where the addition of the trans-but-2-ene linker
increased the magnitude of conductivities for Na+ and also increased K+ transport across the
bilayer. However, the addition of the trans-but-2-ene linker onto the flexible crown ether
macrocycle decreased its antimicrobial activity which is in keeping with the bilayer
conduction studies where Na+ selectivity decreased from 11 to 13.

When comparing the rigid macrocyclic containing compounds 8-10 against 11 and 13 which
are composed of the flexible crown ether macrocycles, 8-10 seem able to readily insert into
the bilayer to produce channel like transport and consequently conduct Na+ selectively due to
their rigid structure, favouring the DLPE, DLPS and cholesterol bilayer system. However,
11 and 13 are flexible macrocycles, which are deemed to transport ions via an ionophoric
mechanism. This may explain why 11 and 13 exhibit little selectivity towards either ion as
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they are able to bind stably to both as indicated by their respective log K values. As a result,
the greater ion transportation activities produced by 8-10 compared to 11 and 13 may be due
to the production of channel-like transport occurring, as greater ion transport rates are
exhibited for channel-like conduction, making it more efficient than ionophoric transport.

Compounds 17-19 are analogues of 14-16 respectively, whereby they have been modified by
the addition of the trans-but-2-ene linker.

Across the POPE and POPS bilayer system 14 was selective for K+, although significant
activity was also observed for Na+, however 17 demonstrated negligible ion channel activity.
A similar effect was observed across the DLPE, DLPS and cholesterol bilayer system where
14 produced selectivity towards Na+ whereas 17 displayed no ion channel activity. the
activity 17 produced across both bilayer systems was surfactant-like as opposed to ion
channel activity. Compound 17 demonstrated toxicity towards all four microorganisms
tested whereas 14 selectively affected the gram-negative species; e. coli and p. aeruginosa.
From this it could be deduced that the addition of the trans-but-2-ene linker enables 17 to
function as a non-selective antimicrobial agent, by most likely compromising membrane
integrity.

Compounds 15 and 18 demonstrate Na+ selectivity across the POPE and POPS bilayer
system with K+ and Na+ selectivity exhibited respectively across the DLPE, DLPS and
cholesterol bilayer system. The antibacterial activity of 18 was far greater than that of 15 as
18 demonstrates antimicrobial activity against all four of the microorganisms tested, whereas
15 demonstrated antimicrobial activity only against e. coli and s. aureus. As a result, it can
be deduced that the presence of the trans-but-2-ene linker is responsible for the additional
antimicrobial activity.
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Overall, 16 demonstrated no activity towards either ion tested across both bilayer systems, as
it displays surfactant-like properties. A similar lack of activity is demonstrated with 19
across the POPE and POPS bilayer system, however across the DLPE, DLPS and cholesterol
bilayer system, 19 demonstrates selectivity towards K+ with no activity observed for Na+.
The antimicrobial activity clearly demonstrates that 19 produces a significantly greater
antimicrobial effect where antimicrobial activity was exhibited across all four
microorganisms whereas 16 did not exhibit any antimicrobial activity towards any of the
microorganisms. Similar to previous compounds, this most likely seems to be due to the
presence of the trans-but-2-ene linker.

Comparing the antimicrobial results of 14-16 and 17-19 respectively, it is clear that the
attachment of the additional trans-but-2-ene linker significantly increases their antimicrobial
activity. It is hypothesised that the addition of the trans-but-2-ene linker incorporated within
each monomer, results in these compounds producing surfactant-like activity as sporadic
insertion into the bilayer may occur with ease, which will therefore compromise the integrity
of the membrane.

The cLog P values indicate that 14-19 have a sufficient partition coefficient to insert into a
phospholipid membrane; however, there appears to be no clear relationship between the
cLog P values of 14-16 and their ionic conductance activities observed. However, as the
cLog P decreases, their general antimicrobial activity decreases, specifically in the case of e.
coli. It has been observed through simultaneous comparisons between Figures 2.92 and 2.93
together with the antimicrobial activity displayed in Figure 2.120, that amongst compounds
17-19, a trend is demonstrated where a greater lipophilicity, and consequently an increased
cLog P value, correlates with a greater inhibition of gram positive bacteria like s. aureus and
s. pyrogenes. This could be attributed to the increased selectivity of Na+ across the bilayer
leading to increased antimicrobial activity playing a more vital role in cell lysis than K+
conduction.
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Overall, the activities that these compounds demonstrate are clearly dependent on their
chemical composition. The presence of a macrocycle enables a degree of ion selectivity to
be achieved, whereas their monomeric equivalents do not distinguish between ions despite
producing far greater antimicrobial action. Since the monomers do not possess a rigid
predefined structure, they are able to form irregular-sized pores within the bilayer, which are
dependent upon the differing physiochemical properties and compositions of the two bilayer
systems. The addition of the trans-but-2-ene linker to the monomers increased the
antimicrobial activity of the compounds however, decreased their ion transportation activity
across planar lipid bilayers, suggesting that addition of the trans-but-2-ene linker promotes
surfactant-like activity.

Further tests and experiments are required to investigate the specific causes of these large
variations in activities.
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Chapter 4
Experimental
4.1

Chemical synthesis

Unless otherwise stated, all materials and solvents are from Sigma-Aldrich (Gillingham,
Dorset, UK). 1H and 13C NMR spectra were recorded on a Bruker WM 360 spectrometer at
360 MHz and 90 MHz respectively. All spectra were recorded in deuterochloroform
(CDCl3) unless otherwise stated and chemical shifts were referenced to tetramethylsilane
(TMS). Molecular masses were determined by high resolution mass spectrometry (HRMS)
in the electrospray ionization (ESI) mode using a Bruker Daltonics MicrOTOF spectrometer
operating in the positive mode.

4.1.1

Triethylene glycol tosylate monomethyl ether (1)
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Scheme 4.1: Synthesis of triethylene glycol tosylate monomethyl ether (1) from triethylene
glycol monomethyl ether.

Triethylene glycol monomethyl ether (32.20ml, 32.80g, 0.20mol) was dissolved in a mixture
of THF (100ml) and aqueous NaOH (11.40g, 0.28mol, in 60ml H2O). This solution was
stirred in an ice bath until the solution temperature fell below 5°C. A solution of ptoluenesufonyl chloride (41.40g, 0.22mol) in THF (60ml) was added dropwise to the stirred
solution at a rate that kept the temperature below 5°C. Once the addition was complete, the
reaction mixture was left to stir for a further 1 hour below 5°C before being poured into ice
water (150ml H2O, 150g ice) and stirred until all the ice had melted. Most of the THF was
removed by rotary evaporation and the remaining solution was extracted into CH2Cl2 (3 x
60ml). The combined organic extracts were dried over CaCl2, filtered and the solvent
removed under reduced pressure. Triethylene glycol tosylate monomethyl ether (1) was
obtained as a colourless oil. Yield: 59.84 g (94%); 1H NMR (CDCl3) δ: 7.80 (d, 2H), 7.35 (d,
2H), 4.16 (t, 2H), 3.50-3.70 (m, 10H), 3.35 (s, 3H) and 2.45 (s, 3H); 13C NMR (CDCl3) δ:
144.83, 132.93, 129.83, 127.96, 71.87, 70.71, 70.53, 70.51, 69.26, 68.64, 59.02 and 21.63;
ESI HRMS m/z calculated for C14H22O6S: 318.38588, found: 341.10916 [M + Na]+. Data is
in agreement with the literature 306.

4.1.2

(E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene
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(2)

Scheme 4.2: Synthesis of (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) from
triethylene glycol monomethyl ether.

(E)-1,4-dibromobut-2-ene (21.39g, 100mmol) was dissolved in 100ml of dry diethyl ether
and the solution was cooled in an ice bath to 0oC. Separately, triethylene glycol monomethyl
ether (8.21g, 50mol) was dissolved in 100ml of dry diethyl ether and NaH (2.0g, 50mmol,
60% dispersion in mineral oil) was carefully and very slowly added. Once the fizzing
ceased, this mixture was poured into an addition funnel and was added dropwise to the cold,
stirring solution of (E)-1,4-dibromobut-2-ene at a rate that kept the reaction mixture below
5oC. When addition was complete, the reaction mixture was left to stir at room temperature
overnight then was filtered, washed with dry diethyl ether and the solvent was removed
under reduced pressure leaving a pale, yellow-coloured oil. Column chromatography (silica
gel, EtOAc : Hexane = 1:2) afforded (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) as
the purified final product as a pale, yellow-coloured oil. Yield: 12.45g (41.89%); 1H NMR
(CDCl3) δ: 5.80-6.00 (m, 2H), 4.05 (d, 2H), 3.95 (d, 2H), 3.66 (m, 4H), 3.64 (m, 4H), 3.60
(m, 2H), 3.55 (m, 2H) and 3.38 (s, 3H); 13C NMR (CDCl3) δ: 131.26, 128.59, 71.94, 70.63,
70.61, 70.52, 70.49, 69.70, 59.00 and 31.92; ESI HRMS m/z calculated for C11H21O4Br:
297.18604, found: 319.05770 [M + Na]+ and 337.02209 [M + K]+.

4.1.3

Calix[4]arene (3)
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Scheme 4.3: Synthesis of calix[4]arene (3) from 4-t-butylcalix[4]arene.

Under a flux of nitrogen gas, 4-t-butylcalix[4]arene (25g, 0.054mol) and crystalline phenol
(10g, 0.104mol) were dissolved in dry toluene (250ml). After stirring for 15 minutes,
anhydrous AlCl3 (25g, 0.187mol) was added with vigorous stirring. The reaction mixture
was stirred for a further 3 hours at room temperature and then poured into a beaker
containing a mixture of crushed ice (200g) and water (200ml). The reaction flask was rinsed
with CH2Cl2 (100ml) and water (100ml). The washings were added to the ice mixture and,
once the ice had melted, the organic and aqueous phases were separated. The organic phase
was washed with HCl (1M, 3 x 100ml), then water (2 x 100ml), separated and dried over
anhydrous Na2SO4. Following filtration, CH2Cl2 was removed by rotary evaporation. Dry
diethyl ether (200ml) was added to the remaining residue which was left in a freezer for 1
hour. The product precipitated as a white powder and was isolated by filtration. Yield:
12.50g (55%); 1H NMR (CDCl3) δ: 10.20 (s, 4H), 7.05 (d, 8H), 6.75 (t, 4H), 4.25 (b s, 4H)
and 3.55 (b s, 4H);

13

C NMR (CDCl3) δ: 148.80, 128.77, 128.26, 122.25, and 31.73; ESI

HRMS m/z calculated for C28H24O4: 424.48776, found: 447.15567 [M + Na]+. Data is in
agreement with the literature 352.

4.1.4

2,6-Bis(hydroxymethyl)-4-t-butylphenol (4)
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Scheme 4.4: Synthesis of 2,6-bis(hydroxymethyl)-4-t-butylphenol (4) from 4-t-butylphenol.

4-t-Butylphenol (150g, 1mol) was dissolved in THF (1L). Aqueous sodium hydroxide (44g,
1.1mol dissolved in 100ml H2O) was stirred and left to cool before it was added to the
reaction mixture. A formaldehyde solution (300 ml, 37% aqueous solution) was added to the
reaction mixture which was left at room temperature for 7 days, after which the THF solvent
was removed under reduced pressure. Propan-2-ol (1L) was then added to the reaction
mixture in order to precipitate sodium 2,6-bis(hydroxymethyl)-4-t-butyl phenolate (130.5g)
which was collected by filtration. This was then suspended in acetone (1.5L) and acidified
with a stoichiometric amount of glacial acetic acid (33 ml in 325 ml of acetone), upon which
precipitated brilliant white sodium acetate which was removed by filtration and washed with
acetone (50ml). The acetone solvent was then removed under reduced pressure to give the
final product as a colorless oil. Yield: 100.03g (47.57%); 1H NMR (CDCl3) δ: 7.02 (s, 2H),
5.66 (b s, 3H), 4.65 (s, 4H) and 1.25 (s, 9H); 13C NMR (CDCl3) δ: 152.37, 142.33, 127.19,
124.49, 62.61, 34.76 and 32.42; ESI HRMS m/z calculated for C12H18O3: 210.26952, found:
233.11969 [M + Na]+. Data is in agreement with the literature 353.

4.1.5

4-t-Butyloxacalix[3]arene (5)
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Scheme 4.5: Synthesis of 4-t-Butyloxacalix[3]arene (5) from 2,6-bis(hydroxymethyl)-4-tbutylphenol (4).

4-t-Butyl-2,6-bis(hydroxymethyl)phenol (4) (100.03g, 0.476mol) was refluxed in o-xylene
(300ml), under nitrogen, using a Dean-Stark trap to remove water formed during the
reaction. After 4 hours the reaction mixture was cooled to room temperature and the oxylene solvent was removed under reduced pressure to leave a viscous oily residue. Diethyl
ether (50ml) was added to this residue and removed under reduced pressure to eliminate any
remaining traces of o-xylene. The residue was then dissolved in the minimum amount of
CH2Cl2 and methanol was added until the solution started to develop slight opacity. At this
point, the mixture was left in the fridge at 4°C overnight, thus precipitating the
oxacalix[3]arene product as a white powder, which was then isolated by filtration. The crude
solid product (44.20g, 76.6mmol), was dissolved in dry CH2Cl2 (440ml [10 ml per gram]). A
suspension of sodium methoxide (12.41g, threefold excess) in dry methanol (440ml [10ml
per gram]) was then added, and the whole mixture was stirred at room temperature for a few
minutes, before storing it in a freezer at -10°C overnight. This produced a white precipitate
of the 4-t-butyloxacalix[3]arene sodium salt (44.73g, 97%). The sodium salt was then
converted back into the 4-t-butyloxacalix[3]arene, by stirring in CH2Cl2 containing acetic
acid (4.47ml [0.1ml per gram]). The opaque solution was then dried over Na 2SO4, filtered,
and the solvent was removed via rotary evaporation, leaving the product as a white powder.
Yield: 44.20g (48.30%); 1H NMR (CDCl3) δ: 8.58 (s, 3 H), 7.13 (s, 6 H), 4.72 (s, 12 H) and
1.24 (s, 27 H); 13C NMR (CDCl3) δ: 153.52, 142.34, 126.89, 123.72, 71.74, 33.92 and 31.53;
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ESI HRMS m/z calculated for C36H48O6: 576.76272, found: 599.34002 [M + Na]+. Data is in
agreement with the literature 353.

4.1.6

Dimethoxypillar[5]arene (6)

Scheme 4.6: Synthesis of dimethoxypillar[5]arene (6) from 1,4-dimethoxybenzene.

1,4-Dimethoxybenzene (13.82g, 0.1mol) was dissolved in 1,2-dichloroethane (950ml).
Freshly ground paraformaldehyde (3.00g, 0.1mol) was then added and the mixture was
stirred at room temperature for 10 minutes. Trifluoroacetic acid (50ml) was then added and
the resulting mixture was left to reflux at 90°C for 2.5 hours upon which the colour of the
reaction mixture changed from pale yellow to light green and then dark green. After cooling
to room temperature, the reaction mixture was poured into methanol (1000ml) and the
resulting yellow-green precipitate was collected by filtration. The resultant precipitate was
initially dissolved in 150ml of CHCl3 with further solvent added as necessary, before
acetone was added - up to a 1:1 volume ratio, to give a beige-coloured precipitate. This
crude product was recrystallized from CHCl3 and washed with acetone to give the final
1

product as a white crystalline solid. Yield: 10.50g (69.92%); H NMR (CDCl3) δ: 6.90 (s,
10H), 3.78 (s, 10H) and 3.76 (s, 30H); 13C NMR (CDCl3) δ: 150.35, 128.20, 113.29, 55.37
and 29.23; ESI HRMS m/z calculated for C45H50O10: 750.8725, found: 773.33797 [M + Na]+
and 789.9708 [M + K]+. Data is in agreement with the literature 324.
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4.1.7

Pillar[5]arene (7)

Scheme 4.7: Synthesis of pillar[5]arene (7) from dimethoxypillar[5]arene (6).

1,4-Dimethoxypillar[5]arene (1.5g, 2mmol) was dissolved in anhydrous CHCl 3 (150ml) and
stirred at room temperature for 10 minutes. BBr3 (5.6ml, 15.6g, 62 mmol) was then carefully
added, and the reaction mixture was left to stir at room temperature for 72 hours before
carefully adding water (100ml) to the reaction mixture to instantly produce a white
precipitate. This mixture was left to stir for a further 24 hours at room temperature, before
filtering and washing the precipitate with water to give the final product as a white powder.
1

Yield: 1.11g (90.98%); H NMR (CD3COCD3) δ: 7.99 (s, 10H), 6.68 (s, 10H) and 3.55 (s,
10H);

13

C NMR (CD3COCD3) δ: 147.38, 128.02, 118.23 and 30.63; ESI HRMS m/z

calculated for C35H30O10: 610.6067, found: 633.17955 [M + Na]+ and 649.15278 [M + K]+.
Data is in agreement with the literature 354.
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4.1.8

12,32,52,72-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)1,3,5,7(1,3)-tetrabenzenacyclooctaphane (8)

Scheme 4.8: Synthesis of 12,32,52,72-tetrakis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)1,3,5,7(1,3)-tetrabenzenacyclooctaphane (8) from calix[4]arene (3).

Under a nitrogen atmosphere, caesium carbonate (5.80g, 17.7mmol) was added to a solution
of calix[4]arene (0.50g, 1.18mmol) dissolved in DMF (20ml). The reaction mixture was
heated and stirred at 80oC for 30 minutes before adding triethylene glycol tosylate
monomethyl ether (1) (11.27g, 35.4mmol). The mixture was left to reflux at 80oC overnight
after which it was allowed to cool down to room temperature. When cool, water was added
(200ml) and the mixture was extracted into CH2Cl2 (3 x 50ml). The combined organic
phases was collected and washed with 1M HCl solution (50ml) and then brine (3 x 50ml)
before removing the CH2Cl2 solvent under reduced pressure. The resulting residue was
suspended in CH3CN (30ml) before adding potassium iodide (1.0g) and triethylamine
(1.0ml) and was left to reflux for 1 hour after which the acetonitrile solvent was removed
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under reduced pressure. The resulting residue was dissolved in CH2Cl2 (50ml) and was
washed with 1M HCl solution (50ml) before separating the organic layer and further
washing it with water (2 x 50ml). The CH2Cl2 solvent was then removed under reduced
pressure resulting in a yellow/brown oil which was then triturated with cold methanol (20ml)
which allows the final product to precipitate out from solution as colourless crystals. Yield:
1

0.82g (68.85%); H NMR (CDCl3) δ: 7.05 (d, 8H), 6.62 (t, 4H), 3.85 (t, 8H), 3.78-3.72 (m,
16H), 3.72-3.62 (m, 16H), 3.62-3.48 (m, 16H) and 3.38 (s, 12H);

C NMR (CDCl3) δ:

13

155.75, 133.49, 129.93, 121.72, 71.94, 71.19, 70.76, 70.66, 70.63, 70.43, 59.05 and 30.92;
ESI HRMS m/z calculated for C56H80O16: 1009.2248, found: 1031.56002 [M + Na]+ and
1048.3231 [M + K]+. Data is in agreement with the literature 306.
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4.1.9

15,55,95-tri-tert-butyl-12,52,92-tris(2-(2-(2 methoxyethoxy)
ethoxy)ethoxy)-3,7,11-trioxa-1,5,9(1,3)
tribenzenacyclododecaphane (9)

Scheme 4.9: Synthesis of 15,55,95-tri-tert-butyl-12,52,92-tris(2-(2-(2 methoxyethoxy)
ethoxy)ethoxy)-3,7,11-trioxa-1,5,9(1,3)tribenzenacyclododecaphane (9) from
oxacalix[3]arene (5).

Under a nitrogen atmosphere, oxacalix[3]arene (5) (0.25g, 0.43mmol) was dissolved in
acetonitrile (50ml) with slight heating to produce a clear, colourless solution. K2CO3 (0.12g,
0.86mmol) was then added and the reaction mixture was heated to 80oC for 30 minutes
where a light yellow colour was observed. Triethylene glycol tosylate monomethyl ether (1)
(0.83g, 2.60mmol) was then added along with KI (0.07g, 0.43mmol), and the reaction
mixture was left to heat and stir under nitrogen for 18 hours. After cooling to room
temperature, the mixture was filtered, washed with CHCl3 and the solvent removed under
reduced pressure producing a light-yellow coloured oil. Column chromatography (silica gel,
CHCl3 : MeOH = 99:1 → 24:1 → 9:1 → 4:1) afforded the purified final product as a pale,
1

yellow-coloured oil. Yield: 0.28g (63.64%); H NMR (CDCl3) δ: 7.32 (s, 4H), 7.15 (s, 2H),
4.65 (b s, 12H), 4.32 (d, 2H), 4.21 (d, 2H), 4.19 (d, 2H), 3.82-3.75 (m, 2H), 3.75-3.65 (m,
8H), 3.65-3.55 (m, 8H), 3.55-3.50 (m, 4H), 3.40-3.50 (m, 4H), 3.46 (s, 6H), 3.45 (s, 3H),
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1.34 (s, 9H) and 1.28 (s, 18H);

C NMR (CDCl3) δ: 154.901, 130.207, 129.857, 71.939,

13

70.610, 70.535, 70.374, 59.001, 34.330, 34.214, 31.606 and 31.517; ESI HRMS m/z
calculated for C57H90O15: 1015.3155, found: 1037.64560 [M + Na]+ and 1054.4138 [M +
K]+.
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4.1.10 12,15,32,35,52,55,72,75,92,95-decakis(2-(2-(2methoxyethoxy)ethoxy)ethoxy)-1,3,5,7,9(1,4)pentabenzenacyclodecaphane
(10)

Scheme 4.10: Synthesis of 12,15,32,35,52,55,72,75,92,95-decakis(2-(2-(2-methoxyethoxy)
ethoxy)ethoxy)-1,3,5,7,9(1,4) pentabenzenacyclodecaphane (10) from pillar[5]arene (7).

Under a nitrogen atmosphere, pillar[5]arene (7) (1.20g, 1.97mmol) was dissolved in DMF
(30ml) and THF (30ml). Sodium hydride (1.50g, 1.97mmol, 60% dispersion in mineral oil)
was then carefully and very slowly added. Once the fizzing ceased, triethylene glycol
tosylate monomethyl ether (1) (12.54g, 39.4mmol) was then added. The reaction mixture
was then slowly heated to 60oC and left stirring under nitrogen for 72 hours. After cooling to
room temperature, the reaction mixture was filtered and the solvent was removed under
reduced pressure to give a dark brown oil. Column chromatography (silica gel, CHCl 3 :
MeOH = 99:1 → 24:1 → 4:1 → 1:1) afforded the purified final product as a brown oil.
1

Yield: 0.65g (15.93%); H NMR (CDCl3) δ: 6.83 (s, 10H), 4.01 (t, 20H), 3.83 (t, 20H), 3.73
(m, 30H), 3.65 (m, 20H), 3.59 (m, 20H), 3.45 (m, 20H) and 3.28 (s, 30H);
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13

C NMR

(CDCl3) δ: 149.848, 128.795, 115.377, 71.822, 70.753, 70.699, 70.494, 70.222, 68.100,
58.883 and 29.325; ESI HRMS m/z calculated for C105H170O40: 2072.4493, found:
2095.11891 [M + Na]+. Data is in agreement with the literature 355.
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4.1.11 7,16-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane
(11)

Scheme 4.11: Synthesis of 7,16-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane (11) from diaza[18]crown-6.

Under a nitrogen atmosphere, diaza[18]crown-6 (0.25g, 0.95mmol) was added to a Schlenk
flask and pumped down briefly before flushing again with nitrogen. The diaza[18]crown-6
was dissolved in a mixture of dry diethyl ether (10ml) and THF (10ml) before triethylamine
(0.193g, 0.266ml, 1.91mmol) was added. This solution was stirred at room temperature for
15 minutes, then a solution of triethylene glycol tosylate monomethyl ether (1) (0.61g,
1.91mmol) dissolved in a mixture of dry diethyl ether (10ml) and THF (10ml) was added.
The reaction mixture was stirred under nitrogen at room temperature for 12 hours before
filtering, and washing with THF. The organic solvent was removed under reduced pressure
and the resulting residue was dissolved in CHCl3 (50ml) and washed with aqueous K2CO3.
The combined organic phases were then dried over anhydrous MgSO4, filtered and the
CHCl3 solvent removed under reduced pressure. Column chromatography (silica gel, CHCl 3
1

: MeOH = 9:1) afforded the purified final product as a brown oil. Yield: 0.23g (43.64%); H
NMR (CDCl3) δ: 4.10 (s, 6H), 4.00 (m, 4H), 3.95 (m, 4H), 3.90 (m, 4H), 3.75 (s, 6H), 3.65
(m, 6H), 3.60 (m, 10H), 3.55 (m, 6H) and 3.38 (s, 6H); 13C NMR (CDCl3) δ: 71.647, 70.055,
69.962, 69.908, 69.772, 69.553, 58.735, 54.068 and 52.214; ESI HRMS m/z calculated for
C26H54O10N2: 554.71436, found: 555.36165 [M+], 577.35455 [M + Na]+ and 593.45995 [M +
K]+.
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4.1.12 12,52,92-tris(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)15,55,95-tri-tert-butyl-3,7,11-trioxa-1,5,9(1,3)tribenzenacyclododecaphane (12)

Scheme 4.12: Synthesis of 12,52,92-tris(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)15,55,95-tri-tert-butyl-3,7,11-trioxa-1,5,9(1,3)-tribenzenacyclododecaphane
(12)
from
oxacalix[3]arene (5).

Under a nitrogen atmosphere, oxacalix[3]arene (5) (0.65g, 1.12mmol) was dissolved in
acetonitrile (30ml) with slight heating to produce a clear, colourless solution. Freshly ground
K2CO3 (0.46g, 3.36mmol) was then added and the reaction mixture was left to stir under
nitrogen with slight heating for 30 minutes. KI (0.18g, 1.12mmol) was then added followed
by (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) (2.0g, 6.73mmol). The reaction
mixture was then left to reflux under nitrogen for 72 hours. After cooling to room
temperature, the mixture was filtered, washed with CHCl3 and the organic solvents removed
under reduced pressure producing a brown oil. Column chromatography (silica gel, CHCl3 :
MeOH = 99:1 → 24:1 → 9:1 → 4:1) afforded the purified final product as a light brown oil.
1

Yield: 0.35g (25.36%); H NMR (CDCl3) δ: 7.35 (s, 4H), 7.15 (s, 2H), 5.88-5.78 (m, 2H),
5.75-5.60 (m, 4H), 4.80-4.55 (d d, 6H), 4.40-4.15 (m, 12H), 4.00-3.85 (d d, 6H) , 3.70-3.60
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(m, 36H), 3.38 (s, 3H), 3.35 (s, 6H), 1.34 (s, 9H) and 1.22 (s, 18H); 13C NMR (CDCl3) δ:
154.255, 145.989, 136.939, 131.452, 128.898, 126.322, 71.829, 70.476, 70.411, 70.339,
70.259, 70.186, 58.743, 34.105 and 31.371; ESI HRMS m/z calculated for C69H108O18:
1225.48782, found: 1247.75223 [M + Na]+ and 1264.58612 [M + K]+.
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4.1.13 7,16-di((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane (13)

Scheme 4.13: Synthesis of 7,16-di((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)-1,4,10,13tetraoxa-7,16-diazacyclooctadecane (13) from diaza[18]crown-6.

Under a nitrogen atmosphere, diaza[18]crown-6 (0.25g, 0.95mmol) was added to a Schlenk
flask and pumped down briefly before flushing again with nitrogen. The diaza[18]crown-6
was dissolved in a mixture of dry diethyl ether (10ml) and THF (10ml) before triethylamine
(0.193g, 0.266ml, 1.91mmol) was added. This solution was stirred at room temperature for
15 minutes, then a solution of (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) (0.57g,
1.91mmol) dissolved in a mixture of dry diethyl ether (10ml) and THF (10ml) was added.
The reaction mixture was stirred under nitrogen at room temperature for 12 hours before
filtering, and washing with THF. The organic solvent was removed under reduced pressure
and the resulting residue was dissolved in CHCl3 (50ml) and washed with aqueous K2CO3.
The combined organic phases were then dried over anhydrous MgSO4, filtered and the
CHCl3 solvent removed under reduced pressure. Column chromatography (silica gel, CHCl 3
1

: MeOH = 9:1) afforded the purified final product as a brown oil. Yield: 0.28g (43.08%); H
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NMR (CDCl3) δ: 6.00-5.70 (m, 4H), 4.10-3.90 (m, 4H), 3.80-3.70 (m, 8H), 3.70-3.60 (m,
30H), 3.60-3.55 (m, 6H), 3.55-3.45 (m, 4H), 3.40-3.35 (s, 6H) and 3.10-3.00 (m, 4H); 13C
NMR (CDCl3) δ: 130.640, 127.743, 71.770, 71.180, 70.798, 70.413, 70.303, 69.974, 69.527,
58.837, 55.069 and 54.284; ESI HRMS m/z calculated for C34H66O12N2: 694.89404, found:
695.46511 [M+] and 717.44337 [M + Na]+.
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4.1.14 (2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene

(14)

Scheme 4.14: Synthesis of (2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene (14) from
phenol.

Phenol (1.0g, 10.63mmol) was dissolved in acetonitrile (50ml). Freshly ground K 2CO3
(2.94g, 21.25mmol) was then added to this solution and the reaction mixture was stirred and
mildly heated under nitrogen for 30 minutes. KI (1.76g, 10.63mmol) was added followed by
triethylene glycol tosylate monomethyl ether (1) (3.38g, 10.63mmol) and the reaction
mixture was left to reflux under nitrogen for 18 hours. After cooling to room temperature, it
was filtered, washed with CH2Cl2, and the solvent removed under reduced pressure. Column
chromatography (silica gel, EtOAc: Hexane = 1 : 2) afforded the purified final product as a
1

colourless oil. Yield: 2.49g (97.48%); H NMR (CDCl3) δ: 7.28 (t, 2H), 6.93 (m, 3H), 4.13
(t, 2H), 3.87 (t, 2H), 3.75 (m, 2H), 3.68 (m, 4H), 3.55 (m, 2H) and 3.38 (s, 3H); 13C NMR
(CDCl3) δ: 158.759, 129.393, 120.822, 114.611, 71.898, 70.782, 70.609, 70.503, 69.725,
67.280 and 58.942; ESI HRMS m/z calculated for C13H20O4: 240.2955, found: 263.12795 [M
+ Na]+, 279.3938 [M + K]+, 503.26007 [M2 + Na]+, 519.6893 [M2 + K]+. Data is in
agreement with the literature 356.
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4.1.15 1-(tert-butyl)-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)
benzene (15)

Scheme 4.15: Synthesis of 1-(tert-butyl)-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene
(15) from 4-(tert-butyl)phenol.

4-(tert-butyl)phenol (1.0g, 6.66mmol) was dissolved in acetonitrile (50ml). Freshly ground
K2CO3 (1.84g, 13.32mmol) was then added to this solution and the reaction mixture was
stirred and mildly heated under nitrogen for 30 minutes. KI (1.10g, 6.66mmol) was added
followed by triethylene glycol tosylate monomethyl ether (1) (2.12g, 6.66mmol) and the
reaction mixture was left to reflux under nitrogen for 18 hours. After cooling to room
temperature, it was filtered, washed with CH2Cl2, and the solvent removed under reduced
pressure. Column chromatography (silica gel, EtOAc : Hexane = 1:2) afforded the purified
1

final product as a light red / brown oil. Yield: 1.59g (80.71%); H NMR (CDCl3) δ: 7.28 (d,
2H), 6.84 (d, 2H), 4.08 (t, 2H), 3.80 (t, 2H), 3.70 (m, 2H), 3.64 (m 4H), 3.52 (m, 2H), 3.35
(s, 3H) and 1.28 (s, 9H); 13C NMR (CDCl3) δ: 156.520, 143.452, 126.163, 114.133, 71.924,
70.788, 70.637, 70.513, 69.799, 67.381, 58.939, 34.040 and 37.567, ESI HRMS m/z
calculated for C17H28O4: 296.40182, found: 319.18465 [M + Na]+, 355.15955 [M + K]+,
615.38390 [M2 + Na]+, 631.35765 [M2 + K]+. Data is in agreement with the literature 357.
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4.1.16 1,4-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) benzene (16)

Scheme 4.16: Synthesis of 1,4-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene (16)
from hydroquinone.

Hydroquinone (0.22g, 2.0mmol) was dissolved in acetonitrile (30ml). Freshly ground K 2CO3
(0.70g, 5.06mmol) was then added to this solution and the reaction mixture was stirred and
mildly heated under nitrogen for 30 minutes. KI (0.70g, 4.22mmol) was added followed by
triethylene glycol tosylate monomethyl ether (1) (2.87g, 9.0mmol) and the reaction mixture
was left to reflux under nitrogen for 18 hours. After cooling to room temperature, it was
filtered, washed with CH2Cl2, and the solvent removed under reduced pressure. Column
chromatography (silica gel, EtOAc: Hexane = 1 : 2) afforded the purified final product as a
1

dark brown oil. Yield: 0.45g (55.96%); H NMR (CDCl3) δ: 6.85 (s, 4H), 4.06 (t, 4H), 3.80
(t, 4H), 3.70 (m, 4H), 3.65 (m, 8H), 3.52 (m, 4H) and 3.35 (s, 6H);

C NMR (CDCl3) δ:

13

153.009, 115.492, 71.806, 70.652, 70.499, 70.390, 69.721, 67.958 and 58.847; ESI HRMS
m/z calculated for C20H34O8: 402.47916, found: 425.21131 [M + Na]+, 441.57746 [M + K]+.
Data is in agreement with the literature 358.
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4.1.17 (E)-15-phenoxy-2,5,8,11-tetraoxapentadec-13-ene (17)

Scheme 4.17: Synthesis of (E)-15-phenoxy-2,5,8,11-tetraoxapentadec-13-ene (17) from
phenol.

Phenol (0.51g, 5.39mmol) was dissolved in acetonitrile (50ml). Freshly ground K 2CO3
(0.75g, 5.39mmol) was then added to this solution and the reaction mixture was stirred and
mildly heated under nitrogen for 30 minutes. KI (0.89g, 5.39mmol) was added followed by
(E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) (1.60g, 5.39mmol) and the reaction
mixture was left to reflux under nitrogen for 18 hours. After cooling to room temperature, it
was filtered, washed with CH2Cl2, and the solvent removed under reduced pressure. Column
chromatography (silica gel, EtOAc: Hexane = 1 : 2) afforded the purified final product as a
1

dark brown oil. Yield: 1.04g (62.16%); H NMR (CDCl3) δ: 7.28 (t, 2H), 6.90 (m, 3H), 5.95
(m, 2H), 4.52 (m, 2H), 4.05 (m, 2H), 3.58-3.75 (m, 12H), 3.52 (m, 2H) and 3.38 (s, 3H);

13

C

NMR (CDCl3) δ: 158.458, 129.838, 129.582, 129.509, 129.386, 127.954, 120.782, 71.753,
70.887, 70.411, 70.269, 70.091, 69.383 and 58.804; ESI HRMS m/z calculated for C17H26O5:
310.38534, found: 333.17144 [M + Na]+, 349.13968 [M + K]+, 643.34409 [M2 + Na]+,
659.31598 [M2 + K]+.
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4.1.18 (E)-15-(4-(tert-butyl)phenoxy)-2,5,8,11-tetraoxapentadec13-ene (18)

Scheme 4.18: Synthesis of (E)-15-(4-(tert-butyl)phenoxy)-2,5,8,11-tetraoxapentadec-13-ene
(18) from 4-(tert-butyl)phenol.

4-(tert-butyl)phenol (0.81g, 5.39mmol) was dissolved in acetonitrile (50ml). Freshly ground
K2CO3 (0.75g, 5.39mmol) was then added to this solution and the reaction mixture was
stirred and mildly heated under nitrogen for 30 minutes. KI (0.89g, 5.39mmol) was added
followed (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) (1.60g, 5.39mmol) and the
reaction mixture was left to reflux under nitrogen for 18 hours. After cooling to room
temperature, it was filtered, washed with CH2Cl2, and the solvent removed under reduced
pressure. Column chromatography (silica gel, EtOAc: Hexane = 1:2) afforded the purified
1

final product as a dark brown oil. Yield: 0.82g (41.51%); H NMR (CDCl3) δ: 7.29 (d, 2H),
6.82 (d, 2H), 5.95 (m, 2H), 4.51 (m, 2H), 4.06 (m, 2H), 3.75-3.50 (m, 12H), 3.35 (s, 3H) and
1.28 (s, 9H); 13C NMR (CDCl3) δ: 156.291, 143.476, 129.872, 128.214, 126.176, 114.169,
71.879, 71.030, 70.551, 70.433, 69.496, 67.859, 58.948, 34.038 and 31.519; ESI HRMS m/z
calculated for C21H34O5: 366.49166, found: 389.23803 [M + Na]+, 405.21055 [M + K]+,
755.48852 [M2 + Na]+, 771.46559 [M2 + K]+.
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4.1.19 1,4-bis(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)
benzene (19)

Scheme 4.19: Synthesis of 1,4-bis(((E)-2,5,8,11-tetraoxapentadec-13-en-15-yl)oxy)benzene
(19) from hydroquinone.

Hydroquinone (0.59g, 5.39mmol) was dissolved in acetonitrile (50ml). Freshly ground
K2CO3 (1.49g, 10.78mmol) was then added to this solution and the reaction mixture was
stirred and mildly heated under nitrogen for 30 minutes. KI (0.89g, 5.39mmol) was added
followed by (E)-15-bromo-2,5,8,11-tetraoxapentadec-13-ene (2) (3.20g, 10.78mmol) and
the reaction mixture was left to reflux under nitrogen for 18 hours. After cooling to room
temperature, it was filtered, washed with CH2Cl2, and the solvent removed under reduced
pressure. Column chromatography (silica gel, EtOAc: Hexane = 1:2) afforded the purified
1

final product as a dark brown oil. Yield: 1.55g (53.09%); H NMR (CDCl3) δ: 6.85 (s, 4H),
5.95 (m, 4H), 4.48 (m, 4H), 4.08 (m, 4H), 3.78-3.45 (m, 24H) and 3.38 (s, 6H);

13

C NMR

(CDCl3) δ: 152.858, 129.995, 128.106, 115.625, 71.929, 71.045, 70.611, 70.516, 69.562,
68.513 and 59.025; ESI HRMS m/z calculated for C28H46O10: 542.65884, found: 565.29739
[M + Na]+, 581.27105 [M + K]+.
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4.1.20 Triethylene glycol iodide monomethyl ether (20)

Scheme 4.20: Synthesis of triethylene glycol iodide monomethyl ether (20) from triethylene
glycol tosylate monomethyl ether (1).

Triethylene glycol tosylate monomethyl ether (10.0g, 31.4mmol) was dissolved in acetone
(125ml). KI (25.0g [5 equivalents]) was added, and the reaction mixture was left to reflux
for 24 hours before being cooled to room temperature and filtered to remove any inorganic
salts. The solvent was removed under reduced pressure and the remaining residue was
dissolved in a mixture of ethyl acetate (75ml) and distilled water (75ml). The mixture was
separated and the ethyl acetate phase was first washed with water (30ml) then saturated
Na2S2O3 solution (50ml). Finally, it was dried over MgSO4, filtered and the solvent was
removed under reduced pressure, resulting in a light brown oil. Yield: 7.88g (92%); 1H
NMR (CDCl3) δ: 3.76 (t, 2H), 3.68 (m, 6H), 3.55 (t, 2H), 3.39 (s, 3H) and 3.27 (t, 2H); 13C
NMR (CDCl3) δ: 71.93, 70.59, 70.18, 59.05 and 2.99; ESI HRMS m/z calculated for
C7H15O3I: 274.09667, found: 296.99080 [M + Na]+. Data is in agreement with the literature
306

.
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4.1.21 Hydroquinone bis(2-tosylethoxyether) (21)

Scheme 4.21: Synthesis of hydroquinone bis(2-tosylethoxyether) (21) from hydroquinone
bis(2-hydroxyethyl)ether.

Hydroquinone bis(2-hydroxyethyl)ether (9.91g, 0.05mol) was dissolved in THF (100ml)
with stirring and slight heating. A solution of sodium hydroxide (5.70g) in water (60ml) was
added and the mixture stirred in an ice bath until the temperature fell below 5°C. A solution
of p-toluenesulfonyl chloride (20.70g, 0.11mol) in THF (30ml) was added dropwise at a rate
that kept the reaction mixture below 5°C. After all the p-toluenesulfonyl chloride solution
had been added, the reaction mixture was left to stir for a further 1 h below 5°C whereupon a
white suspension formed. This was poured into ice water (75g ice in 75ml water) and left at
room temperature until all the ice has melted. THF was removed from the resulting white
suspension under reduced pressure which was filtered to give hydroquinone bis(2tosylethoxyether) as a white powder. Yield: 20.51g (80.98%); 1H NMR (CDCl3/DMSO) δ:
7.78 (d, 4H), 7.40 (d, 4H), 6.70 (s, 4H) 4.31 (t, 4H), 4.08 (t, 4H) and 2.45 (s, 6H); 13C NMR
(CDCl3/DMSO) δ: 152.02, 144.64, 132.08, 129.57, 127.38, 115.14, 68.29, 65.59 and 21.15;
ESI HRMS m/z calculated for C24H26O8S2: 506.58844, found: 529.10607 [M + Na]+,
545.07034 [M + K]+. Data is in agreement with the literature 359.
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4.1.22 1,4-Bis(2-bromoethoxy)benzene (22)

Scheme 4.22: Synthesis of 1,4-bis(2-bromoethoxy)benzene (22) from hydroquinone bis(2hydroxyethyl)ether.

1,4-Bis(2-hydroxyethoxy)benzene (10.0g, 50.4mmol) was dissolved in dry acetonitrile
(300ml). Triphenylphosphine (31.5g, 120mmol) was added and the reaction mixture was
stirred in an ice bath until the temperature fell below 0°C whereupon CBr 4 (39.8g,
120mmol) was added in small portions. Once the addition was complete, the reaction
mixture was allowed to warm to room temperature and the resulting clear solution was
stirred for another 4 hours before being poured into water (200ml). A white precipitate
instantly formed which was isolated by filtration and washed thoroughly with
methanol/water (60:40) before being recrystallized from methanol to give the product as
white flaky crystals. Yield: 13.40g (81.98%); 1H NMR (CDCl3) δ: 6.88 (s, 4H), 4.25 (t, 4H)
and 3.62 (t, 4H);

13

C NMR (CDCl3) δ: 152.84, 116.11, 68.74 and 29.22; ESI HRMS m/z

calculated for C10H12O2Br2: 324.00908, found: 346.89995 [M + Na]+. Data is in agreement
with the literature 326.
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4.1.23 1,4-Bis(2-bromoethoxy)pillar[5]arene (23)

Scheme 4.23: Synthesis of 1,4-Di(2-bromoethoxy)pillar[5]arene (23) from 1,4-bis(2bromoethoxy)benzene (22).

Under a nitrogen atmosphere, 1,4-bis(2-bromoethoxy)benzene (22) (5.00g, 15.4mmol), was
dissolved in 1,2-dichloroethane (300ml). Paraformaldehyde (0.518g, 17mmol) was added to
the reaction mixture and stirred. BF3·O(C2H5)2 (2.42g, 2.1ml, 17mmol) was added and the
mixture stirred at room temperature for 3 hours, during which time the reaction mixture
changed to a green colour. After 3 hours, the solvent was removed by rotary evaporation to
give a white powder which was recrystallized from petroleum ether/CH2Cl2 (1:2) to give the
product as a white powder. Yield: 1.06g (20.48%); 1H NMR (CDCl3) δ: 6.93 (s, 10H), 4.23
(t, 20H), 3.84 (s, 10H) and 3.65 (t, 20H);

C NMR (CDCl3) δ: 149.64, 129.08, 115.93,

13

68.95, 30.61 and 29.38; ESI HRMS m/z calculated for C55H60O10Br10: 1680.0989, found:
1702.57428 [M + Na]+, 1719.1972 [M + K]+. Data is in agreement with the literature 326.
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4.1.24 1,4-Bis(2-ethoxytrimethylammonium)benzene bromide (24)

Scheme 4.24: Synthesis of 1,4-bis(2-ethoxytrimethylammonium)benzene bromide (24) from
1,4-bis(2- bromoethoxy)benzene (22).

1,4-Bis(2-bromoethoxy)benzene (22) (0.97g, 3mmol) was dissolved in ethanol (30ml).
Trimethylamine (33% in ethanol, 3.50ml, 12mmol) was then added and the reaction mixture
was refluxed for 4 hours whereupon the solvent was removed by rotary evaporation.
Deionized water (10ml) was added to the resulting solid which was filtered to give a
colourless solution. Water was removed by rotary evaporation to give the product as a white
solid. Yield: 1.17g (88.37%); 1H NMR (D2O) δ: 7.08 (s, 4H), 4.50 (t, 4H), 3.82 (t, 4H) and
3.28 (s, 18H); 13C NMR (D2O) δ: 152.99, 116.08, 65.12, 62.51 and 54.03; ESI HRMS m/z
calculated for C16H30O2N2Br2: 442.2296, found: 363.14736 [M – Br]+ and 141.11549 [M −
2Br]2+.
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4.1.25 1,4-Bis(2-ethoxytrimethylammonium)pillar[5]arene
bromide (25)

Scheme 4.25: Synthesis of 1,4-bis(2-ethoxytrimethylammonium)pillar[5]arene bromide (25)
from 1,4-di(2-bromoethoxy)pillar[5]arene (23).

1,4-Bis(2-bromoethoxy)pillar[5]arene (23) (1.00g, 0.595mmol) was dissolved in ethanol
(50ml). Trimethylamine (6.43ml, 23.8mmol, 33% in ethanol) was added and the reaction
mixture refluxed for 4 hours whereupon the solvent was removed by rotary evaporation.
Deionized water (20ml) was added to the resulting solid which was filtered to give a
colourless solution. Water was removed by rotary evaporation to give the product as a white
solid. Yield: 1.25g (92.47%); 1H NMR (D2O) δ: 6.98 (s, 10H), 4.48 (b s, 20H), 3.94 (b s,
10H), 3.82 (b s, 20H) and 3.21 (s, 90H); 13C NMR (D2O) δ: 149.42, 129.97, 116.54, 64.95,
63.49, 54.10 and 29.61; ESI HRMS m/z calculated for C85H150O10 N10Br10: 2271.2015,
found: 1055.26195 [M − 2Br]2+, 677.20297 [M − 3Br]3+. Data is in agreement with the
literature 326.
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4.1.26 Pillar[5]arene ethyl ester (26)

Scheme 4.26: Synthesis of pillar[5]arene ester (26) from pillar[5]arene (7).

Pillar[5]arene (7) (1.5g, 2.4mmol) was dissolved in CH3CN (70ml). K2CO3 (3.6g, 26mmol)
was added and the mixture stirred for 45 minutes at room temperature. KI (35 mg) and
excess ethyl bromoacetate (5.0ml, 7.5g, 45mmol) were added to the reaction mixture which
was then refluxed for 20 hours under nitrogen. After cooling the reaction mixture it was
filtered and washed with chloroform (20ml). Solvent was removed from the pale yellow
organic layer under reduced pressure. The resulting pale yellow oily solid was subjected to
the column chromatography (silica gel CH2Cl2 : acetone, 100:0 → 90:10). The product was
recrystallized from acetone to result in a white crystalline solid. Yield: 2.94 g (82.16 %); 1H
NMR (CDCl3) δ: 7.04 (s, 10H), 4.55 (q, 20H), 4.09 (m, 20H), 3.86 (s, 10H) and 0.99 (t,
30H); 13C NMR (CDCl3) δ: 169.315, 148.965, 128.688, 114.450, 65.704, 60.850, 29.210 and
13.813; ESI HRMS m/z calculated for C75H90O30: 1471.4991, found: 1493.61897 [M + Na]+.
Data is in agreement with the literature 360.
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4.1.27 cone-4-t-Butyloxacalix[3]arene
tris(N,N-diethylacetamide) (27)

Scheme 4.27: Synthesis of cone-4-t-butyloxacalix[3]arene tris(N,N-diethylacetamide) (27)
from 4-t-butyloxacalix[3]arene (5).

4-t-Butyloxacalix[3]arene (5) (4.00g, 6.93mmol) was added to dry THF (110ml) and stirred
at room temperature until all powder is dissolved. NaH (1.60g, 67mmol, 60% dispersion in
mineral oil) was carefully added to the stirred reaction mixture. When addition was
complete, N,N-diethylchloroacetamide (5.64g, 5.18ml, 37.7mmol) was added. Following
addition, the reaction mixture was stirred and refluxed for 4 hours, left to cool slowly to
room temperature and the THF removed by rotary evaporation. Water (120ml) was added to
the remaining residue, and the solution was acidified to pH 1 with 4M HCl. The solution
was extracted with CH2Cl2 (3 x 100ml) and the combined organic phases were washed with
water (100ml). The organic solvent was removed on the rotary evaporator. Diethyl ether
(200ml) was added to the remaining solid, which was sonicated and filtered before washing
with more diethyl ether to give 4-t-butyloxacalix[3]arene tris(N,N-diethylacetamide) as a
white powder. Yield: 2.76 g (43.43%); 1H NMR (CDCl3) δ: 7.00 (s, 6H), 4.95 (d, 6H), 4.65
(d, 6H), 4.59 (s, 6H), 3.50-3.35 (m, 12H), 1.25-1.10 (m, 18H) and 1.08 (s, 27H); 13C NMR
(CDCl3) δ: 167.660, 153.213, 146.144, 131.180, 125.880, 72.334, 69.613, 41.211, 34.241,
31.487 and 12.990; ESI HRMS m/z calculated for C54H81O9N3: 916.23564, found:
916.58261 [M]+ and 938.56440 [M + Na]+. Data is in agreement with the literature 302.
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4.1.28 cone-Hexahomotrioxacalix[3]arenetriacetic acid (28)

Scheme 4.28: Synthesis of cone-hexahomotrioxacalix[3]arenetriacetic acid (28) from cone4-t-butyloxacalix[3]arenetris(N,N-diethylacetamide) (27).

4-t-Butyloxacalix[3]arenetris(N,N-diethylacetamide) (27) (2.0g, 2.18mmol) was dissolved in
1,4-dioxane (100ml), sodium hydroxide (60ml of a 1M solution) added, and the reaction
mixture left to reflux for 72 hours. 1,4-Dioxane was removed under reduced pressure, the
aqueous residue acidified to pH 1 and extracted with ethyl acetate (2 x 30ml). The combined
organic extracts were washed with water (2 x 20ml) followed by saturated brine (20ml),
dried over Na2SO4 and filtered. Solvent was removed under reduced pressure and the
resulting residue was washed with a small amount of diethyl ether to give the crude product.
Recrystallization from methanol gave the purified product as a white powder. Yield: 0.81g
(49.42%); 1H NMR (CDCl3) δ: 8.35-7.35 (b s, 3H), 6.99, (s, 6H), 4.92 (d, 6H), 4.65 (s, 6H),
4.44 (d, 6H) and 1.12 (s, 27H); 13C NMR (CDCl3) δ: 174.195, 153.015, 146.804, 130.644,
127.144, 72.389, 70.250, 34.217 and 31.416; ESI HRMS m/z calculated for C42H54O12:
750.87096, found: 773.32076 [M + Na]+. Data is in agreement with the literature 329.
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4.1.29 X-ray crystallography

X-ray crystallographic measurements on 8 were performed at 173 K using Mo-Kα radiation
(λ = 0.7107 Å) on a Bruker Nonius X8 Apex II CCD Diffractometer. Crystallographic
refinement and data parameters can be found in Table 4.1 and were solved by direct methods
(SHELXS-97) and refined (SHELXL-97) by full least squares on all F2 data 361, 362 within the
program OLEX2 363.
The asymmetric unit contains half a calixarene moiety. All the non-hydrogen atoms are
refined anisotropically and all hydrogen atoms are placed in calculated positions. The alkyl
chains showed residual electron density along the length of the chains but no clear positional
disorder could be found. As a result of this, atoms C24, C25, O7, C26, C27, O8, and C28
were restrained using the SIMU instruction. C25-O7, C26-O7, C27-O8 and C28-O8 were
restrained using the DFIX command to 1.43 angstroms and C27-C26 was restrained using
DFIX to a value of 1.50 angstroms. O8-C26 and C27-C28 interatomic distances were
restrained using the DANG command to a value of 2.4 angstroms. Some hydrogen atoms
were not assigned to a number of atoms on the alkyl chains. The large R1 values are due to a
combination of disorder in the alkyl chains and the fact that the collection was undertaken on
small weakly diffracting crystals. There is a difference between the calculated and expected
weight due to the fact we have not placed the hydrogen atoms on some atoms on the alkyl
chain. The chemical formula sum has been modified to account for this.
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Compound 8
Formula

C56H80O16

Mr

1009.24

Crystal System

Monoclinic

Space Group

P2/c

a /Å

19.979(2)

b /Å

7.8490(6)

c /Å

19.4763 (17)

α /°

90

β /°

112.174(12)

γ /°

90

V / Å3

2828.2(5)

T/K

173.15

Z

2

ρcalcd / g cm-3

1.1187

λa / Å

0.71073

Ind. reflns

4982

Reflns with I > 2σ(I)

2991

Parameters

324

Restraints

43

Final R1, wR2b [I > 2σ(I)]

0.1454, 0.3528

R1, wR2b all data

0.2079, 0.3985

Goodness of fit

1.0798

Largest residuals/ e Å-3

0.5889, -0.5573

Table 4.1: X-ray crystallographic data for 8
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4.2

Planar lipid bilayer experiments

4.2.1

Methods

The general method used has been previously described 364, 365.
All pure synthetic lipids were purchased from Avanti Polar Lipids Inc. (Birmingham, AL,
USA) which were supplied and stored as white powders packaged in individual, argon
flushed, 25mg glass ampules in a dark atmosphere at a temperature of -20oC. Cholesterol
was purchased from Sigma-Aldrich (Gillingham, Dorset, UK). All lipids and cholesterol
were used without further purification.
All water used was purified using ELGA PURELAB pulse Type II Electrodeionisation
water purification system irradiated with UV light at 254nm.

4.2.2

Lipid systems used

POPE : POPS – 1 : 1 ratio


POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine



POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)

DLPE : DLPS : cholesterol – 1 : 1 : 1 ratio


DLPE: 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine



DLPS: 1,2-dilauroyl-sn-glycero-3-phospho-L-serine (sodium salt)



Cholesterol
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4.2.3

Preparation of stock solutions

Individual stock solutions of each lipid and cholesterol were firstly prepared at a
concentration of 50mg/ml prior to commencing any bilayer experiments.

POPE and POPS: A vial of each lipid (25mg) was dissolved individually in CHCl 3 (500µl)
in separate re-sealable, air-tight glass vials such as 2ml volumetric flasks. Both flasks
therefore, produced the initial stock solution concentrations of (50mg/ml) which were stored
in a dark atmosphere at a temperature of -20oC.

DLPE and DLPS: A vial of each lipid (25mg) was dissolved individually in CHCl3 (450µl)
and methanol (50µl) in separate re-sealable, air-tight glass vials such as 2ml volumetric
flasks. Both flasks therefore produced the initial stock solution concentrations of (50mg/ml)
which were stored in a dark atmosphere at a temperature of -20oC.

Cholesterol: A solution was made by dissolving cholesterol (25mg) in CHCl 3 (500µl) in
order to produce a final concentration of 50mg/ml which was stored in a dark atmosphere at
a temperature of -20oC.
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4.2.4

Preparation of buffer solutions

Li+ Buffer

Na+ Buffer

K+ Buffer

Rb+ Buffer

Cs+ Buffer

LiCl:

NaCl:

KCl:

RbCl:

CsCl:

150mM

150mM

150mM

150mM

150mM

EGTA:

EGTA:

EGTA:

EGTA:

EGTA:

1mM

1mM

1mM

1mM

1mM

MgCl2.6H2O:

MgCl2.6H2O:

MgCl2.6H2O:

MgCl2.6H2O: MgCl2.6H2O:
1mM

1mM

1mM

1mM

1mM

CaCl2.2H2O:

CaCl2.2H2O:

CaCl2.2H2O:

CaCl2.2H2O:

CaCl2.2H2O:

1.05mM

1.05mM

1.05mM

1.05mM

1.05mM

HEPES:

HEPES:

HEPES:

HEPES:

HEPES:

10mM

10mM

10mM

10mM

10mM

pH: 7.2

pH: 7.2

pH: 7.2

pH: 7.2

pH: 7.2

(adjusted
with LiOH)

(adjusted
with NaOH)

(adjusted
with KOH)

(adjusted
with RbOH)

(adjusted with
CsOH)

Purified

Purified

Purified

Purified

Purified

Water

Water

Water

Water

Water

Table 4.2: Table showing all reagents and quantities used in each buffer solution
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4.2.5

Planar lipid bilayer experiment setup

Headstage
Ag/AgCl electrodes
Agar-Salt

Aperture
Cis

Trans
Magnetic flea
Buffer Solution
2M KCl
Chamber Holder

Figure 4.1: Schematic diagram of a planar bilayer chamber and bath setup

Amplifier
and A/D
converter

Ground
Faraday cage

Stirrer

Figure 4.2: Schematic diagram of an entire planar bilayer recording apparatus
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Computer

4.2.6

Preparation of agar-salt bridges

Open-ended glass capillary tubes were moulded into U-shapes by gently heating over a
Bunsen burner flame. Next, a 2M KCl solution was made by dissolving KCl (74.55g) in
purified water (500ml). To this 2M KCl solution, agar (10g) was added in order to produce a
2% agar/KCl solution with the aid of continual heating and stirring. Whilst still molten, the
agar/KCl solution was filled into the U-shaped glass capillaries ensuring no air bubbles were
present within the capillaries. The filled capillaries were then left to cool at room
temperature until the agar/KCl solution had set into a gel.
Once the bridges had cooled and the gel solidified, they were stored in 2M KCl solution at
4oC. Excess agar/KCl gel was stored at 4oC.

4.2.7

Planar bilayer method

From the previously prepared 50mg/ml stock solutions, 7.5 µl of each lipid (either POPE
and POPS or DLPE and DLPS) was added into a re-sealable, air-tight glass vial such as 2ml
volumetric flask. Additionally, for the preparation of the DLPE and DLPS system,
cholesterol (7.5 µl) from the previously prepared 50mg/ml stock solution was also added.
After returning the stock solutions back to cold storage, the solvent(s) from the freshly
mixed lipid aliquot were gently but thoroughly evaporated under a stream of nitrogen gas
until only the dried lipid remained as a white residue. The dried lipid was then re-suspended
in n-decane (25µl) and is now ready for use, producing a final concentration of 15mg/ml of
each lipid in decane. This reconstituted lipid was resealed between each use in order to
minimise contact with air.
1µl of the reconstituted lipid was then „painted‟ or spread across the aperture (0.25mm
diameter) of the polystyrene recording cup in order to form the bilayer. The cup was then
placed into the chamber holder and 1ml of the appropriate buffer solution was added into the
cup (cis chamber) and a second 1ml aliquot of buffer was added into the chamber holder
(trans chamber). Electrical contact with Ag/AgCl electrodes in a reference electrolyte (2M
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KCl) is via agar salt-bridges as shown above in Figure 4.1. The cis chamber was held at
ground, and the trans chamber (to which the compounds were added) was clamped at 50mV
using a BLM-120 patch clamp amplifier (Bio-Logic, Echirolles, France) equipped with a
10GB (10GV) bilayer headstage (Warner Instruments, Hamden, CT, USA). The sign of the
membrane potential refers to the trans chamber, and current is defined as positive when ions
flow from trans to cis. Transmembrane currents were low-pass filtered at 500 Hz (4 pole
Bessel) digitised at 10 kHz and recorded directly to disk via a CED Micro 1401 Mark II AD
interface. The production of a successful bilayer is characterised by having a leak
conductance of no more than 10 pS (a current of ±0.5 pA when ±50 mV is applied) and
should have a capacitance of 150 pF or greater. Recordings are measured by applying a
voltage and the resulting current is measured as a function of time. All recordings were
conducted at room temperature and analysed off line using win EDR v2.3.9 software
(Strathclyde electrophysiological software).
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4.3

Kirby-Bauer disc diffusion antibiotic sensitivity
testing

4.3.1

Methods

The general method used has previously been described

366

. All equipment and materials

used were sterile and all experiments were conducted under aseptic conditions as work
surfaces were sprayed with IMS immediately prior to each experiment. All microbial growth
culture media were purchased from Oxoid Ltd. and were used as provided. A pH of 7.2 was
maintained throughout all stages.

4.3.2

Microorganisms investigated



Escherichia coli (NCTC 8545)



Staphylococcus aureus (NCTC 12702)



Pseudomonas aeruginosa (NCTC 10548)



Streptococcus pyogenes (NCIMB 13285)

Prior to antimicrobial testing, 100mM solutions of all compounds were prepared in DMSO.
The four microbial organisms were grown individually by streaking across nutrient agar and
incubating at 37oC for 18 hours to encourage growth and individual colony isolation. Next,
microbial inoculum suspensions for each microorganism were prepared. This was achieved
by selecting three bacterial colonies of typical morphology and inoculating them in nutrient
broth (10 ml). This suspension was incubated at 37oC for 18 hours, after which a 1 : 1000
dilution in sterile PBS solution was conducted and finally vortex mixed to ensure an even
distribution of cells throughout the solution prior to antimicrobial testing. This process was
repeated separately for each microorganism. Iso-sensitest agar plates were inoculated with
the appropriate microorganism by adding 100 µl of the bacterial PBS suspension and spread
evenly across the entire plate using a sterile disposable L-shaped spreader. The freshly

354

inoculated plates were then left to rest for around 10 minutes before the addition of
compounds in order for the bacteria to settle onto the agar. This process was repeated
separately for each microorganism. Upon the inoculation of the iso-sensitest agar plates, 3 x
50 µl aliquots of compound solution was added directly onto the plate, together with an
additional 50 µl aliquot of DMSO as a control. This process was repeated for all compounds
on all four microorganisms, after which all plates were incubated at 37oC for 18 hours. All
plates were observed after 18 hours and all zones of inhibitions measured in mm.
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