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ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
Chemistry
Thesis for the degree of Doctor of Philosophy
NEUTRAL RECEPTORS FOR THE TRANSPORT OF ANIONS ACROSS
LIPID MEMBRANES
Louise Elen Karagiannidis
This report describes a novel method, using 33S NMR techniques, for the
detection of sulfate transport across synthetic lipid membranes comprised of
1-palmitoyl-2-oleoylphosphatidylcholine. With this method it was possible to
verify that tris(2-aminoethyl)amine based (thio)ureas and cyclic peptide based
cryptands can promote the transmembrane transport of sulfate anions. This is
a particularly notable accomplishment due to the highly hydrophilic nature of
the sulfate anion, and the associated challenges with partitioning such a
species into a hydrophobic lipid membrane.
Furthermore, a series of bis(thio)urea compounds, based on the 1,2bisaminocyclohexane scaffold are reported as ion transporters, capable of
facilitating both chloride/nitrate and chloride/bicarbonate antiport transport
processes. They have also been investigated for binding properties with a
variety of anions, using 1H NMR techniques. The influence of stereochemistry
on the anion binding and transport ability of the receptors is discussed in
detail, with cis-stereoisomers being superior anion transporters to the transanalogues.
Receptors based on the ortho-phenylenediamine bis-urea motif have been
demonstrated as highly effective anion transporters and function by an
antiport mechanism of anion transport. Modification of existing transporters,
by adding fluorination at the central phenyl ring or by increasing fluorination
at the peripheral phenyl groups, yielded highly potent anion transporters
capable of surpassing the activity of the natural anion transporter prodigiosin,
for chloride/bicarbonate exchange.
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Chapter 1:

Introduction

The transmembrane transport of anions across lipid bilayers is important to
many biological processes,1 and is often carried out by proteins embedded
within the lipid bilayer of cells, known as transport proteins. Genetic mutation
of these transport proteins can cause them to malfunction, leading to various
diseases,2 including cystic fibrosis (CF),3 cardiac disorders, epilepsy and Bartter
syndrome.4 For this reason there is an ever-growing interest in the
development of synthetic small molecules, which can bind or encapsulate ions
for transport across lipid bilayers. These “carriers” have potential to be
developed as therapeutic replacements for malfunctioning transport proteins.1
It has also been proposed that anion carriers may be able to act as anticancer
agents. Change in cellular pH is one of the early stages of apoptosis (cell
death).5 Hence the use of small molecules to alter internal pH in cancer cell
lines, through H+ or HCO3- transport, may offer new anticancer therapies.6

1.1

Anion binding

Interaction between an anion and a potential anion transporter is crucial if
transmembrane anion transport is to occur. These binding interactions are
required to selectively remove an anionic species from the aqueous
environment on the outside of the cell, transport the anionic guest through the
hydrophobic interior of the cell membrane (discussed in detail in Chapter 1.2)
and finally release the anionic species into the cell, or vice versa. These
binding interactions must therefore be reversible and are most frequently noncovalent in nature. The strength of these non-covalent interactions is
determined not only by the specific type of interaction used, but also by
additional factors including geometry, functional group substitution, solvation
energies and transporter pre-organisation. Supramolecular chemistry is the
term coined to refer to the area of research dedicated to the study of noncovalent interactions.7
1.1.1

Non-covalent interactions for binding anions

By definition an anion is a negatively charged species, so it seems intuitive that
to bind such a species one would look to employ electrostatic ion-ion
1
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interactions. In fact, it is generally considered that Park and Simmons were the
first to exploit this idea, using macrocyclic receptors 1 and 2 to bind halide
anions (Figure 1).8 However, due to the fact that they only function when
protonated at low pH, such receptors are unfavourable for use in cellular
environments (pH 7.2).
&'!()*%

$#"!%

!"#$%
&'!()*%
&'!()*%
1 n = 9, 2 n = 10

Figure 1: (Poly)ammonium receptors 1 and 2.

Alternatively, Shriver and Biallas were of the opinion that anions could be
regarded as Lewis bases (electron pair donors). They reported that boron
containing Lewis acid 3 is able to chelate the methoxide anion (Figure 2),9 and
subsequently, many researchers have reported additional boron-containing
anion receptors.10

F2B

BF2
-OMe!

3!OMe
Figure 2: Lewis acid 3, chelating a methoxide anion.

Metal cations have been utilised in anion binding, not only for their ability to
provide electrostatic interactions and Lewis acid – Lewis base interactions, but
also for their organisational features. Nitschke and co-workers have used such
organisational properties of metal ions to self-assemble a tetrahedral metalorganic cage 4 that can selectively bind PF6- over CF3SO3- and BF4- (Figure 3).11
Binding constants were established as Ka = 1.3x106 M-1, Ka = 5.2x104 M-1 and Ka
= 2.3x104 M-1 respectively, using NMR titration techniques in CD3CN.
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Figure 3: Schematic representation of tetrahedral metal-organic cage 4.
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While the two types of non-covalent interactions mentioned above appear to be

an anion to a receptor.19, 20 The use of only weak interactions is essential if the
This journal is ª The Royal Society of Chemistry 2011

receptor is to bind the anion in a reversible fashion. The varying strength of
hydrogen bonds also allow for tuning of hydrogen-bond donor receptors, so
that they can selectively bind a particular anion over others. The strength of a
hydrogen bond generally increases with the increasing electronegativity of its
bonded neighbours. Hydrogen bonds are also highly directional hence
modifying the spatial arrangement of hydrogen bond donor functionalities can
impart additional anion selectivity.
N-H hydrogen bond donor arrays are the most widely used in anion binding
chemistry. The N-H moiety is a good source for hydrogen bond donation and
can be present in various forms. Anion transporters routinely contain
3
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functionalities including carbazole, indole, pyrrole, (thio)urea, (thio)amide,
guanidine and amine moieties.6, 21-24 Figure 4 shows an overview of common NH hydrogen bond donor motifs used in supramolecular chemistry.

Figure 4: Overview of the common N-H hydrogen bond donor motifs used in
supramolecular chemistry.

In particular the amide, urea and thiourea functionalities are frequently
employed as anion binding motifs due to their simple synthesis and the easily
tuneable nature of their hydrogen bond donor strengths. The introduction of
electronegative substituents to functional group side chains increases N-H
acidity thereby increasing hydrogen bond donor strength. Additionally, amides
and ureas also have a hydrogen bond acceptor oxygen atom, which can lead to
self-assembly and competition for the anion binding site, reducing the
receptors affinity for the anion. This issue can be overcome by using
heterocyclic functionalities that do not contain hydrogen bond acceptor
groups. Furthermore, the inclusion of electrostatic interactions, such as those
possible with the guanidinium motif, adds additional strength to the anionreceptor interaction. A collection of anion receptor chemistry reviews can be
referred to for additional information on specific receptors.14, 15, 25, 26
With the peptide backbone of proteins containing many N-H hydrogen bond
donor sites and a number of the amino acid residues containing additional
hydrogen bond donor and acceptor functionalities, it is perhaps not surprising
that hydrogen bonds are some of the most commonly used binding
interactions for anions in biological systems. An excellent example of this is
4

Chapter 1: Introduction
the sulfate-binding protein in Salmonella typhimurim, which binds sulfate
(SO42-) using only hydrogen bonds (Figure 5). Pflugrath and Quiocho found that
the spatial arrangement and 3-dimensional structure of this sulfate-binding
protein gives rise to an ellipsoidal shaped cleft in which sulfate can bind.27 A
total of seven hydrogen bonds, five from the main chain peptide N-H groups,
one from a serine O-H group, and the final from a tryptophan indole N-H
group, bind the sulfate anion, keeping it held tightly inside the cleft.
Astonishingly, they observed that there were no cations, water molecules or
cationic residues within the van der Waals’ radius of the sulfate anion. In
addition to this they discovered that there was a strong similarity in the
structure of the sulfate-binding protein to other binding proteins solved within
their research group. In all of the other binding proteins they observed the
binding site to be located in a similar cleft to that of the sulfate-binding
protein and though the substrates are entirely dissimilar (sulfate, amino acids,
saccharides etc.) they are all bound principally through hydrogen bonding
interactions.

Figure 5: Schematic of the sulfate-binding protein binding site, encapsulating a bound
sulfate anion. Hydrogen bond interactions are depicted using dashed lines.28

Other hydrogen bond donor groups, such as O-H, C-H and halogen-bond donor
motifs, have been reported for anion binding. These additional binding motifs
are sometimes reported in conjugation with N-H hydrogen bond donor arrays
to yield strongly binding receptors.
The O-H functionality is somewhat of a less popular binding motif compared to
the N-H moiety. Despite D. K. Smith demonstrating that very simple receptors,
5
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such as catechol 5, can exhibit significant binding affinity for chloride (Ka =
1015 M-1, by 1H NMR titration in CD3CN using the tetrabutylammonium (TBA)
salt), little research has been conducted on the use of O-H motifs for anion
binding.29

5
Figure 6: Structure of simple chloride receptor catechol 5.

Shang and Tian were some of the few to carry this research forward by
investigating the anion recognition properties of synthetic 2,2’-bipyridine
receptors 6-8 (Figure 7).30

6: R1 = H, R2 = Br

7: R1 = R2 = Br

8: R1 = H, R2 = NO2

Figure 7: Structures of 2,2’-bipyridine receptors 6-8.

They discovered that modifying the substituents in the ortho- position of the
phenyl ring meant that the receptor-anion interactions could be finely tuned.
Using UV-Vis titration techniques in DMSO they established that these
receptors were selective for fluoride anions over other halide anions. Receptor
7 for example showed a significant interaction with fluoride anions (Ka =
8.23x103 mol-1 L) but no interaction with chloride, bromide or iodide. Receptor
6 was found to bind anions in the order of fluoride > acetate > dihydrogen
phosphate, while receptors 7 and 8 favourably bound the same anions in the
opposite order. Additionally, the receptors’ interactions with anions followed
the general trend of 8 > 7 > 6 (for example Ka = 2.44x103 mol-1 L,
6
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1.29x104 mol-1 L and 4.49x104 mol-1 L respectively with dihydrogen phosphate)
and the authors speculated that this was a result of the increased electron
withdrawing character of the nitro- substituent over the bromo- substituent.
The C-H moiety has also been proposed as a possible anion binding motif.
Aliphatic CH2 groups are not sufficiently polarised to favourably interact with
anionic species, however in the presence of strongly electronegative
substituents the CH group has been shown to bind chloride anions very
strongly. Flood and co-workers reported the synthesis and anion binding
properties of triazolophane 9 (Figure 8).31, 32 The stability constant of this
macrocycle with chloride anions (added as the TBA salt) was studied using UVVis spectroscopy in DCM and found to be >106 M-1. The authors argued that the
reason for this very high binding interaction was two-fold. First, the
electronegativity of the three nitrogen atoms in the 1,2,3-traizole subunits
sufficiently polarise the C-H groups located on the inner surface of the
macrocycle. Second, the lone pairs of electrons on the nitrogen atoms form a
dipole that orientates along the C-H bond axis with the positive end pointing
towards the hydrogen atoms. These two effects combine to reduce the electron
density in the C-H bond, making it suitable for strong hydrogen bonding.

9!ClFigure 8: Structure of triazolophane 9, encapsulating a chloride anion, using only C-H
hydrogen bond interactions.

Halogen bonding is another type of non-covalent interaction and is described
as any interaction of the form Y-X…D, where X is an electrophilic halogen, D is
7
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the species donating electron density (e.g. chloride anion) and Y is carbon,
nitrogen, halogen etc.33, 34 Like hydrogen bonding, halogen bonding is affected
by electron density at the site of interaction. The stronger the electron
withdrawing ability of atoms or groups near to the halogen atom, the more
electropositive the halogen atom and hence the stronger the halogen bonding
interaction towards an anion or other electron rich species. Additionally, the
heaviest and most polarisable halogen atoms form stronger halogen bonds.
Halogen bonds are ideal for transmembrane anion transport as they are
directional like hydrogen bonds, but also intrinsically more hydrophobic.
One example of a halogen bonding receptor is urea based receptor 10
synthesised by Taylor and co-workers (Figure 9).30, 32, 34, 35

10!ClFigure 9: Chloride (blue) binding model, proposed by Taylor and co-workers, for urea
based receptor 10. Hydrogen bonding (red) and halogen-bonding (green) are used in
parallel.

Taylor and co-workers established that anions (e.g. chloride) already
participating in two hydrogen bonds to the receptor were also able to accept
additional halogen bonds from the iodoperfluoroaryl groups. Using 1H NMR
titration techniques in CD3CN they measured the association constants with a
wide variety of anions, and by performing control experiments where the
iodine substituents were replaced with fluorine (eliminating the possibility of
halogen bonding) were able to assess the free energy contribution of the
halogen bonds to the overall binding interaction. The incremental free energy
contribution per halogen was negligible for most oxoanions tested (<0.2 kcal
mol-1 for NO3-, HSO4- and TsO-), small for BzO- (0.3 kcal mol-1) and H2PO4- (0.4
kcal mol-1) and approached 1 kcal mol-1 for halide anions. From this they
concluded that the incorporation of halogen-bonding groups into urea based
receptors selectively increases the receptors’ affinity for halide anions while
8
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having little effect on the binding interaction with oxoanions. This notion of
cooperative binding modes could prove very useful in the design of halide
selective urea based receptors.
Matile and co-workers have extensively researched the role of halogen bonding
in transmembrane anion transport.36-40 They have demonstrated that even the
most simplistic of halogen containing receptors can bind and promote the
transmembrane anion transport of chloride anions. Trifluoroiodomethane 11
(Figure 10) was investigated using EYPC (egg yolk phosphatidylcholine) large
unilamellar vesicles and HPTS (8-hydrozypyrene-1,3,6-trisulfonic acid, pH
sensitive dye) in aqueous UV-Vis spectroscopy experiments. It was found that
receptor 11 had an EC50 (the concentration at which a receptor is able to realise
50% of the maximum ion efflux) value of 1.5 mM and that the efficiency of the
transporter could be enhanced by increasing the carbon chain length.37

11
Figure 10: Structure of trifluoroiodomethane 11.

Matile and co-workers also established that halogen bonding could be used in
conjugation with anion-! interactions to form ditopic receptors capable of
binding ion pairs.38 Anion-! interactions, van der Waals interactions,
hydrophobic/solvophobic effects and !-! stacking, are all important
interactions to consider when discussing supramolecular chemistry. Although
weak, all of these interactions can be used in combination with stronger
binding interactions to enhance the binding strength and impart binding
selectivity. Anion-π interactions have recently become of interest,41 and Matile
and co-workers synthesised a series of calix[4]arene modified receptors
including receptor 12 (Figure 11).

9

Chapter 1: Introduction

12!TMACl
Figure 11: Receptor 12 binding the tetramethylammonium chloride (TMACl) ion pair.
The green sphere represents the chloride anion and the blue sphere represents the
TMA cation.

Aqueous UV-Vis spectroscopy experiments employing EYPC large unilamellar
vesicles and HPTS showed 12 to have an EC50 value of 25 μM. When one of the
meta-substituted fluorine atoms was substituted with iodine on each of the
pentafluorophenyl rings the activity of the receptor decreased to
approximately 1,000 μM. In this case the anion-! active site in calix[4]arene 12
was destroyed, demonstrating that the combination of attractive binding forces
does not always lead to cooperative binding effects.

1.2

Transmembrane ion transport

The cells of all living organisms are encompassed by biomembranes comprised
primarily of a phospholipid bilayer.42, 43 This membrane serves as a physical
barrier separating the interior environment of the cell from its external
surroundings. It is a selectively permeable barrier44 that allows for the
movement of gaseous carbon dioxide, nitrogen and oxygen, as well as the
movement of water. However, the cell membrane is impermeable to larger
species, and in particular to charged species.45 This selectivity is directly
related to the fundamental structure of the phospholipids that form the
membrane.46 In eukaryotic organisms glycerophospholipids make up a large
proportion of the cell membrane, including those of the phosphatidylcholine
family and in particular 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC, Figure 12), which accounts for more than 50% of cell membrane lipids.47
POPC and other lipids, are amphiphilic in nature hence readily form into
bilayers. They possess hydrophilic zwitterionic head groups that point towards
10
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the aqueous intra- and extra-cellular environments, and hydrophobic tail
groups that band together in the bilayer interior.43 This bilayer formation is
driven by the hydrophobic effect, and efficiently shields the hydrophobic
region of the lipids from aqueous environments.

Hydrophobic tails

Hydrophilic head

Figure 12: Structure of POPC.

The resultant non-polar membrane is embedded with specialised
carbohydrates and proteins that allow the uptake of larger biomolecules and
essential ions, as well as enabling the secretion of waste products from the cell
interior. Such transport proteins control the movement of molecules and ions
across the membrane, whether that movement is passive via facilitated
diffusion down a concentration gradient, or if it requires input from an
external energy source to promote active transport against a concentration
gradient.45
1.2.1

Ion transport mechanisms in biological systems

Transport proteins create pathways across the cell membrane allowing
hydrophilic substances to cross the plasma membrane without coming into
contact with its hydrophobic interior.45
There are three main pathways for the transport of ionic species across a
phospholipid membrane (Figure 13):
1) Uniport transport: a single ionic species is transported across the membrane
using facilitated diffusion, which generates a charge gradient across the
membrane.
2) Symport/co-transport: oppositely charged species are simultaneously
transported across the lipid bilayer, in the same direction; so there is no build
up of charge on either side of the membrane. During this process one species
is usually transported following a concentration gradient, while the other is
11
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transported against a concentration gradient. The coupling of these transport
events utilises the energy stored in the electrochemical gradient to promote
the active transport process.45
3) Antiport: the transport of species with like charges. It occurs when one
species is transported across the membrane in one direction, and the other
species is transported in the opposite direction. Again there is no build up of
charge on either side of the membrane.

Uniport

Symport

Antiport

Figure 13: Schematic showing uniport, symport and antiport transport pathways across
a phospholipid bilayer membrane, using a protein channel formation pathway (see
Chapter 1.2.2 below for additional information on ion transport pathway
classification).

1.2.2

Ion transport proteins

Ion transporters can be classified according to their mode of operation: either
the channel mechanism or the mobile carrier mechanism (Figure 14).1, 48, 49 An
ion channel can be formed from a single compound or protein that spans the
width of the cell membrane providing a polar pathway for ions, or it can be a
collection of several binding sites arranged in sequence across the cell
membrane. Mobile carriers on the other hand provide a transport system
whereby a binding site is alternately made available to each side of the cell
membrane. First the carrier binds the ion at the polar interface for assembly of
12
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the ion-carrier complex on one side of the membrane, followed by diffusion of
the ion-carrier complex through the lipid bilayer to the opposite polar
interface, where the ion-carrier complex is ultimately disassembled.

Mobile carrier

Channel

Figure 14: Schematic showing the difference between mobile carrier and channel
mechanisms of ion transport.

Most naturally occurring chloride anion transport proteins form channels and
function in a multitude of ways, as explained in detail by Davis, Sheppard and
Smith.48 The ClC (chloride channel) family of chloride transporting proteins are
voltage-dependent chloride channels and are the most widely studied group of
chloride transporters.50 They are homodimeric, consisting of two subunits,
each of which contains its own chloride transport pathway. ClC proteins are
found throughout the human body in a plethora of organs and work by
forming low-conductance plasma membrane chloride channels that are gated
by the membrane voltage, or by functioning as chloride/proton exchangers in
intracellular organelles.
Activated chloride channels also exist, for example the widely expressed
cAMP(cyclic adenosine monophosphate)-activated chloride channels that are
regulated by phosphorylation, as well as the calcium cation-activated chloride
13
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channels. These are regulated by increases in the free calcium cation
concentration within cellular environments. Additionally, volume-gated chloride
channels are responsible for the process by which mammalian cells recover
from swelling, while ligand-gated chloride channels can mediate the effects of
inhibitory neurotransmitters such as glycine and γ-aminobutyric acid.
While some transporter species are able to form transmembrane channel
pathways as well as acting as mobile carriers, it is often the case that only one
of these modes of action applies to a particular synthetic transporter.
1.2.3

Ion transport by channel transporters

The ability of an ion channel to bind ions is less important than for mobile
carriers. Instead focus is placed on the ability of the channel to form a shielded
pathway spanning the entire distance of the membrane, through which the
ions can travel. Such ion channels can be formed from a single entity or from a
self-assembled pore-like structure. A review by Gouaux and MacKinnon
discusses the crystal structures of numerous naturally occurring proteins,51 the
study of which has revealed that many transport proteins possess hydrated
regions at the membrane surface which function to encourage access of
hydrated ions. Deeper within the transport protein these ions must desolvate
in order to pass through narrow regions: a process that also acts as an ion
selectivity mechanism. Despite the focus being placed on ion movement rather
than ion binding, this desolvation process is energetically unfavourable so
transport proteins must have a way of compensating for this energy loss,
namely by interacting with the ion and stabilising the desolvation process.
Gramicidin A, a complex peptide with alternating D and L amino acids, forms
channels spanning the phospholipid membrane of cells that are specific for
monovalent cation transmembrane transport.52 The alternating D-L
arrangement of the amino acids means that the channel interior is lined by the
peptide backbone while the amino acid side chains project outwards (Figure
15).53 This structural arrangement ensures that the channel lumen is
sufficiently hydrophilic to allow charged species to travel through, while the
channel exterior is more lipophilic and interacts favourably with the lipid
bilayer of cells.
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Gramicidin A
Figure 15: X-ray crystal structure of gramicidin A.53, 54 Atoms drawn using the ball and
stick model.

Drawing inspiration from gramicidin A, Matile and co-workers have used the
idea of alternating D,L-α-peptides to produce and investigate the transport
activity of peptidomimetic oligo(urea)amide macrocycles 13-18 (Figure 16).55
All six macrocycles show selectivity towards anions over cations and use
dipole-dipole interactions to self-assemble into nanotubes, or ion channels
(Figure 17).

13: R = CH2Ph

14: R = CH2Ph

15: R = CH2Ph

16: CH(CH3)2

17: CH(CH3)2

18: CH(CH3)2

Figure 16: Oligo(urea)amide macrocycles 13-18 along with a schematic representation
including the dipole vector.

Using HPTS EYPC vesicle assays the authors were able to ascertain that alkylsubstituted macrocycles 16 and 17 had chloride efflux EC50 values > 60 μM,
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while the aryl-substituted macrocycles were much more active with EC50 values
of 1.9-4.3 μM. The authors attributed this chloride transport to HCl cotransport, and the large difference in activity to the preferred partitioning and
translocation of aromatic compounds into lipophilic regions, compared to
aliphatic compounds. Transport activities of 14 and 15 followed the
Hofmeister series, suggesting transport is dominated by the dehydration
penalty of transferring the anion from the aqueous solution to within the lipid
bilayer. Conversely, transport activity of 13 followed anti-Hofmeister
selectivity, indicating that transport by 13 is dominated by binding between
the anion and the active suprastructure (see Chapter 1.3 for further details on
the Hofmeister series).
Matile and co-workers have proposed the “Jacob’s-ladder” mechanism to
explain this transport process (Figure 17). Here the macrocycles form into,
sometimes water-bridged, nanotubes with their dipoles aligned. The resultant
macrodipole then attracts anions to bind to the four hydrogen bond donors at
the positive end of the macrodipole. The first macrocycle then rotates 180°
directing the anion into the nanotube. Subsequent rotation of the following
macrocycles allows the anion to pass through to the other side of the lipid
membrane, with full inversion of the macrodipole.

Figure 17: “Jacob’s-ladder” mechanism of transmembrane transport using macrocycles
13-18.
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Tomich and co-workers have extensively studied naturally occurring peptide
based chloride channels and as such have developed a large series of synthetic
amino acid sequence mimics. These are derived from M2GlyR 19, a 23-amino
acid sequence that mimics the second transmembrane region of the α-subunit
of the postsynaptic glycine receptor (amino acid sequence shown in Figure
18).56 Transporter protein 19 forms chloride selective anion channels in
phospholipid membranes.
H2N-PARVG LGITT VLTMT TQSSG SRA-COOH
Figure 18: Amino acid sequence of M2GlyR 19 transporter protein.

The introduction of four lysine residues to the C-terminus of 19 gave C-K4M2GlyR, 20 (amino acid sequence shown in Figure 19), which had improved
aqueous solubility and confirmed the hypothesis that such a synthetic peptide
could form chloride selective channels in epithelial cell apical membranes, that
can sustainably induce chloride secretion.57
H2N-PARVG LGITT VLTMT TQSSG SRAKK KK-COOH
Figure 19: Amino acid sequence of C-K4-M2GlyR 20 transporter protein.

Gokel and colleagues also turned to natural proteins for inspiration in the
development of their voltage-gated chloride selective anion channel.58 Having
observed that a large majority of ion channel proteins have the amino acid
proline present within their sequence (e.g. all members of the ClC family of
chloride transporting proteins possess the GKxGPxxH amino acid sequence
within the anion pathway)59 and that proline has been known to cause bends in
amino acid chains (sometimes regulating the opening/closing of transport
channels),60 Gokel and co-workers decided to develop an amino acid sequence
that placed proline at the centre of an “arch” flanked with glycine residues, and
anchor this to a membrane using a dialkyamide terminus. They called this
compound SCMTR (synthetic chloride membrane transporter, 21).

21
Figure 20: Structure of SCMTR 21.
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The selective chloride release from liposomes mediated by 21 was rapid and
concentration dependent, reaching 100% chloride efflux after approximately
300 s at 154 μM loading. This is in contrast to the equivalent receptor where
the proline residue was replaced by a leucine residue, which showed a
significant decrease in chloride transport ability. This finding helped to
highlight the importance of the proline residue on the shape, and therefore
activity, of a transporter protein. A five-fold reduction in chloride transport
upon substitution of the external nitrate anions for sulfate anions supports an
antiport mechanism of transport. Compound 21 also exhibited voltagedependent gating between -3 and 10 mV, where characteristic channel
transitions were observed as rapid and frequent at potentials <10 mV and
stable at potentials >10 mV.
Voltage gating is found frequently in natural anion transporter proteins and
serves to control the flow of ions around biological systems, however it is very
difficult to replicate in synthetic systems. The authors believed that two
molecules of 21 came together to form a pore within the external leaflet of the
membrane (6-7 Å in diameter) and that the tails of the anchor group
penetrated the inner leaflet of the bilayer sufficiently enough to form a
transmembrane channel.
Additional work by Gokel and co-workers, on similar chloride transporter
channels, revealed that a reduction in anchor alkyl chain length enhanced
chloride conductance.61 This was attributed to the more simplistic aggregation
equilibria of the shorter alkyl chain analogue, which can more rapidly form into
the active dimeric species.
Duramycin (Figure 21) is also a naturally occurring peptide and is derived from
Streptomyces cinnamomeus. Duramycin, unlike gramicidin A, is an anion
selective polycyclic nineteen residue peptide, which functions via a channel
mechanism of transport and exhibits antibacterial activity.62, 63 It is successful at
promoting chloride efflux from CF airway bronchial cells but does not affect
healthy cells, so has the potential to act as a therapeutic drug for the
treatment of CF.64, 65 Duramycin underwent phase I clinical trials in 200466 and
additional inhalation tests on CF patients in 2007,67 and is currently used in the
treatment of bacterial respiratory conditions in animals.
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Duramycin
Figure 21: Polycyclic structure of naturally occurring anion selective transporter
Duramycin.

A large number of non-peptide based ion channel transporters also exist.
These are commonly antibacterial or antifungal materials that perform their
function by altering cellular ion concentrations.
Amphotericin B (Figure 22) is a naturally occurring antifungal agent, which is
isolated from Streptomyces nodosus bacteria. It has been shown to form
aggregated channels in cholesterol containing phospholipid bilayers at
loadings as low as sixteen Amphotericin B molecules per liposome,68 and its
primary antifungal mechanism works by disrupting cellular ion concentrations.
This demonstrates that a synthetic receptor need not be large enough as a
single entity to span the entire width of the bilayer to function as an ion
transport channel, but can form into larger supramolecular assemblies to
perform the same function.

Amphotericin B
Figure 22: Amphotericin B, a naturally occurring non-peptide based ion channel.
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Inspired by Amphotericin B, Matile and co-workers investigated the ion channel
forming properties of some rigid rod-like molecules.69 They found that
molecule 22 (Figure 23), with its octa-(p-phenylene) backbone and protruding
glycerol residues, was able to act as a selective unimolecular proton
conducting channel in EYPC vesicles, and was more active than the tetra- and
hexa-phenyl analogues, which were too short to span the 36 Å hydrophobic
region of the EYPC bilayer.

Figure 23: Octa-(p-phenylene) rod 22 is complementary in size to the interior of EYPC
bilayers.

Additionally, Matile and co-workers synthesised a number of oligo-(pphenylene)N,N-naphthalenediimide (O-NDI) rods such as 23.70 They proposed
that the π-acidic nature of the NDI units would ideally lend such structures to
the formation of anion-π interactions, which would act to stabilize the anion as
it moves through the bilayer. Fluorescence pH investigations using EYPC large
unilamellar vesicles revealed these rods to be selective for anion exchange
processes (e.g. hydroxide/chloride antiport) over cation exchange processes,
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as the variation of external anion had a stronger effect on transporter activity
than did cation variation. As such they termed these compounds anion-π
slides. O-NDI rods were most active with one charged and one uncharged
terminus, and neutral O-NDI rods showed anti-Hofmeister selectivity towards
anions (Cl- > F- > Br- > I-).

Figure 24: O-NDI rod 23 within a bilayer schematic.

Matile and co-workers extended this idea of anion transporter channels that
work by effectively shuttling anions from one stable interaction to the next and
developed a series of transmembrane halogen bonding cascades, including 24
(Figure 25).40 These cascades were obtained by coupling the carboxylic acid
substituted oligo-(p-phenyl) chains with tetrafluoroiodobenzyl chloride,
bromide or iodide, and varied in chain length from two p-phenyl units up to
eight p-phenyl units. The authors found the selectivity of the cascades to be
length independent with a positive bias towards nitrate and chloride on a
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weakly anti-Hofmeister scale. Additionally, transporters with
tetrafluoroiodobenzyl substituents were 3.5-26.0 times more active than the
pentafluorobenzyl substituted analogues, which work only by an anion-π
mechanism, demonstrating the contribution of halogen bonding to the
successful function of these cascades. The transport activity of the series
increased with increasing length of the rigid rod scaffold, with octamer
cascade 24 having an activity 2360 times higher than that of the
pentafluoroiodobenzene monomer. The linear array of halogen bond donors
gives these cascades very high cooperativity coefficients, m, of up to 3.37,
which is a significant improvement on the intrinsic multivalency contributions
usually measured for oligomers and polymers (m = 1-2).

Figure 25: Structure and mode of action of transmembrane halogen bonding cascade
24.

The work by Matile and co-workers highlights the fact that transmembrane
anion channels do not have to resemble the classical peptide based pore-like
structure, but should simply provide a route with stabilising interactions for an
ionic species to travel through a lipophilic bilayer.
Inspired by Matile’s anion-π slides, Schmitzer and colleagues set about
investigating the anion transport activity of imidazolium containing anion-π
slides. By incorporating the halide sensitive dye lucigenin, they were able to
determine that transporter 25 (Figure 26) promotes chloride/nitrate antiport
across phospholipid vesicle bilayers.71 The authors hypothesised that the
transporter’s activity is a result of the positively charged imidazole moiety
being close in proximity to the aromatic rings, resulting in very strong anion-π
interactions. Additionally, computational studies revealed that the relatively
small molecule 25 forms aggregates with the correct length to match the
hydrophobic interior of the lipid bilayer, thereby forming transient channels
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through which the anions can travel. In the presence of α-cyclodextrin or
cucurbit[7]uril, both known to complex imidazolium salts, the transport activity
of 25 diminished: a result of disturbing the transmembrane aggregates and
increasing aqueous solubility.
In a later publication Schmitzer and co-workers illustrated that benzimidazole
salt 26 (Figure 26) was more efficient at transporting chloride out of EYPC
vesicles than 25.72

25

26

Figure 26: Structure of imidazolium salt 25 and benzimizadolium salt 26.

Gokel and co-authors worked on the development of some small molecule
anion channels. They reported a series of small molecule dianilides (27-34,
Figure 27) derived from picolinic or isophthalic acids that can self-assemble
into membrane spanning channels, through the stacking of monomer units.73, 74

27: X = H

30: X = CH3

31:X = H

28: X = NO2

32: X = CN

33: X = NO2

29: X = OCH3

34: X = OCH3

Figure 27: Picolinic and isophthalic acid derived dianilide transporters A17-A24.

Transporter molecules 27, 28, 30, 31, 32 and 33 were shown to bind chloride
moderately in DMSO-d6 by 1H NMR studies, and form 1:1 receptor:anion
complexes. Fluorescence based lucigenin 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) vesicle assays were used to determine the transport
activity of 27, 28, 30, 31, 32 and 33, and revealed that those containing
electron withdrawing substituents (28, 32 and 33) were more efficient at
promoting chloride efflux than others. All eight transporters 27-34 were
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studied for their ability to transform plasmid DNA (deoxyribonucleic acid) into
Escherichia coli (E. coli).74 Although modest, both dipicolinanilides and
isophthalanilides function as active transformation agents in E. coli with the
greatest enhancement in activity found for those with the most electron
withdrawing substituents in the para- position.
Yang and co-workers also looked at developing anion channel transporters
using small molecule assemblies. Isothalamide based receptor 35 (Figure 28)
binds a variety of anionic guests in CDCl3 and demonstrates selectivity towards
chloride (Ka > 105 M=1).75 Compound 35 contains α-aminoxy acid units. These
are more acidic than regular amide units and so they are better hydrogen bond
donors. As such, α-aminoxy acid containing compounds have been known to
favourably complex chloride anions.76 The chloride transport activity of 35 was
demonstrated in vivo using chloride sensitive dye encapsulating liposomes, as
well as in vitro using MDCK (Madin-Darby canine kidney) cells. The authors
used patch-clamp techniques and observed characteristic single-channel
currents, which they used to hypothesise that the transporter functions as an
anion channel, however no evidence of the supramolecular assembly of 35 was
given.

35
Figure 28: Structure of channel forming chloride transporter 35.

The biological relevance of this work was highlighted when Yang and coworkers reported that 35 regulates natural voltage-gated calcium channels,
controlling intracellular calcium concentrations and thereby affecting the
contraction/relaxation of smooth muscle cells.77 This research could have a
future in the development of therapeutics for use by patients suffering from
hypertension.
Much research has focused on synthetic ion channels that can span the lipid
bilayer as single molecules, forming large tubular ion channels. This includes
work on both cyclodextrin (CD) and calix[4]arene scaffolds.
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The internal cavity of β-CDs are very useful for transmembrane transport, as
they provide a channel through which anions can pass. Gin and co-workers,
who developed β-CD 36 (Figure 29), illustrated this nicely.78 Functionalised with
seven amino groups, each with its own long chain polyether tail, 36 was found
to selectively bind anions in favour of cations, presumably due to the positive
nature of the amide containing pore opening. Transport activity of 36 with a
variety of anions was tested using HPTS EYPC vesicle assays and found to
follow Hofmeister selectivity. 36 was able to promote HCl symport as well as
chloride/hydroxide antiport.

36: R = H

37: R =

Figure 29: Structure of transmembrane channels β-CD 36 and β-CD 37.
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Gin and Job expanded on this work developing β-CD 37 (Figure 29), which
included a diazobenzene “lid”, attached to the upper rim of the CD. The
diazobenzene unit is light switchable via cis-trans isomerism and when in the
trans form fits into the CD cavity effectively blocking transport of larger
anions. After photo switching to the cis-isomer the diazobenzene “lid” moves
out of the CD cavity and anion transport is switched on.79
Calix[4]arenes have a smaller cavity than CDs, and J. T. Davis and colleagues
have studied their anion transport properties extensively. Figure 30 shows the
structures of some of the calix[4]arenes studied by J. T. Davis and co-workers
for their transport abilities.80-82 Fluorescence studies using either HPTS or
lucigenin incorporated EYPC vesicles showed that 39, 41 and 42 were active
chloride transporters. In the case of 39 the authors indicate that, in the
presence of a pH gradient, the transporter can mediate HCl co-transport. The
secondary amide unit was found to be essential for HCl transport activity.
Receptor 40 has tertiary amide groups and so does not possess any hydrogen
bond donor functionalities and as such is only able to affect cation transport
(e.g. sodium cations). Furthermore, the lower lipophilicity and hence reduced
partitioning ability of 38, compared to the other transporters, means it is not
active as an ion transporter.

38: R = NH-CH3

41: R = NH-(CH2)3CH3

42: R = NH-(CH2)3CH3

39: R = NH-(CH2)3CH3
40: R = N-((CH2)3CH3)2
Figure 30: Structure of calix[4]arene based transporters 38-42.

Channel formation was proven using voltage clamp experiments both in vivo
(black lipid membranes) and in vitro (HEK-293, human embryonic cells). The Xray crystal structure of 38!HCl (Figure 31) gives insight into the structure of
the channel formed by this type of transmembrane transporter. Although not
necessarily representative of channel formation within lipid bilayers, this
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structure allows us to appreciate that anions may not need to directly interact
with the calix[4]arene cavity in order for this type of molecule to mediate
transmembrane transport. The hydrogen bonded array forms channels
throughout the crystal, which are complementary in size for chloride anions to
pass through. Water molecules are also found within the pores of the hydrogen
bonded array.

Figure 31: X-ray crystal structure of 38!HCl!3H2O, showing the hydrogen bonding
array. Chloride anions are shown in spacefill (green) with the remaining structure in
capped stick. Grey = carbon, red = oxygen, blue = nitrogen and white = hydrogen.
Some water molecules have been omitted for clarity.

The finding that the macrocycle cavity may not be directly involved in anion
transport prompted the authors to investigate acyclic oligophenoxyacetamides
43-48.83, 84 Using various EYPC liposome based assays, along with HPTS pH
sensitive dye, lucigenin halide sensitive dye and 35Cl NMR experiments, the
authors revealed acyclic trimer 45 to be an active HCl co-transporter.
Astonishingly, acyclic 45 was able to mediate HCl co-transport twice as
effectively as calix[4]arene 39, however the other acyclic compounds did not
promote transport.
27

Chapter 1: Introduction

43

44: n = 0 45: n = 1 46: n = 2
47: n = 3 48: n = 4

Figure 32: Structure of acyclic oligophenoxyacetamides 43-48.

To investigate the mechanism of transmembrane transport J. T. Davis and coworkers repeated the EYPC HPTS tests using 1,2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC) liposomes. DPPC has a gel to liquid crystalline phase
transition temperature of 41°C, meaning at room temperature it is in the gel
phase, and as such will reduce transport efficiencies for mobile carriers,
leaving channel transporter activities unaffected, when compared to EYPC
assay results. The anion transport measured in this assay was markedly similar
to that in the EYPC assay, and so the authors accepted this as evidence that
acyclic trimer 45 self-associates to form channel structures within the
phospholipid bilayer.
1.2.4

Ion transport by mobile carriers

Valinomycin (Figure 33) is an example of a natural product cyclic depsipeptide
antibiotic, which transports potassium cations across lipid membranes, via a
mobile carrier mechanism of transport.85 Valinomycin is selective for potassium
cations over sodium cations as the smaller size of the sodium cations means
they cannot simultaneously interact with all six oxygen atoms found pointing
towards the centre of the depsipeptide ring.
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Valinomycin
Figure 33: Naturally occurring potassium carrier, valinomycin.

Using 1H NMR titrations in DCM-d2, Gale et al. demonstrated that
calix[4]pyrroles, including 49 (Figure 34) can bind anions well (350 M-1 for
chloride).86 Anion receptor 49 and strapped calix[4]pyrrole 50 were shown to
be active chloride transporters using fluorescence based vesicle tests.21, 87 Gale
and co-workers thought to combine the cation transport power of valinomycin
with that of the known chloride transporters 49 and 50 to develop dual-host
systems.21, 87 This would create systems whereby the overall ion movement is
the sum of individual transport processes, for example the combination of
potassium uniport by valinomycin and chloride uniport by 50 to create an
overall KCl symport transport system. In fact they were able to confirm that the
combination of a cation transporter and anion transporter results in the
enhancement of transport rates above and beyond the sum of the individual
parts. Further to this, they revealed that the combination of a transporter
optimised for chloride transport (50) and a transporter optimised for
bicarbonate transport (e.g. thiourea 51) leads to synergistic
chloride/bicarbonate antiport transport.21

49

50

51

Figure 34: Structure of calix[4]pyrrole 49, strapped calix[4]pyrrole 50 and bicarbonate
transporter thiourea 51.
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Additionally, Gale, Quesada and Sessler were able to modify calix[4]pyrrole 49
to form octafluorocalix[4]pyrrole 52.88 Using ISE (ion selective electrode)
techniques and POPC vesicles they were able to establish that 52 can facilitate
the transmembrane chloride/bicarbonate antiport process. This was the first
example of an individual calix[4]pyrrole able to mediate this transport process.

52
Figure 35: Structure of octafluorocalix[4]pyrrole 52.

The results of such transporter combination experiments serve to show that
ion transport is a delicate phenomenon. In the presence of additional ion
transporters, a transport process that functions well in vivo can easily become
unbalanced in vitro. This is of significant importance when testing progresses
towards cell based assays, and should always be considered when analysing
transporter activity results.
There are relatively few, naturally occurring, non-protein based mobile carrier
anion transporters. One such example is the prodigiosin family. Prodigiosins
are a group of natural trypyrrolic red pigments, characterised by a common 4methoxy-2,2-bipyrrole ring system.89 They are produced by bacteria including
those from the Streptomyces and Serratia genera.90
Prodigiosins have been shown to symport H+/Cl-, demonstrating an ability to
act as antibiotics and anticancer agents, as well as exhibiting
immunosuppressive behaviour.91-94 The mode of binding H+/Cl- has been
proposed by Jenkins et al. (depicted in Figure 36) and demonstrates a
combination of hydrogen bonding and electrostatic interactions to bind the
anion.95 Prodigiosins have also been shown to facilitate chloride efflux from
phospholipid vesicles in the presence of a pH gradient.90, 91 Additionally, Davis
et al. have demonstrated that prodigiosins can promote Cl-/HCO3- antiport.96
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Prodigiosin!HCl
Figure 36: Binding mode of the protonated from of prodigiosin to Cl-.

Several theories have been offered to describe how prodigiosins affect
biological systems. There is evidence to suggest that prodigiosins exhibit
anticancer properties, as they are able to promote the cleavage of doublestranded DNA.97-100 There is also evidence that synthetic prodigiosins promote
co-transport of H+/Cl-,101 and that this is correlated with anticancer activity.6 In
this case the anticancer activity of prodigiosins is likely to stem from their
ability to de-acidify compartments within cells, reducing cellular pH of the cell
cytoplasm and causing apoptosis in cancer cell lines.
Prodigiosin functions as a chloride anion transporter at concentrations as low
as 0.005 mol% with respect to lipid, making it the most potent class of mobile
carrier anion transporters known to date.96 With this in mind, Sessler et al.
investigated the following series of synthetic prodigiosin analogues, 53-56
(Figure 37), for in vivo and in vitro chloride transport activity.6
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53

54

55

56

Figure 37: Synthetic prodigiosin analogues 53-56.

Vesicle based transport assays showed the order of transport efficiency to be
55 " 53 > 54 >> 56, based on the initial rate of chloride transport. The
observed chloride efflux was attributed mainly to an H+/Cl- symport
mechanism. Intriguingly, cell proliferation assays performed with A549 human
lung cancer and PC3 human prostate cancer cell lines followed the same
general trend in activity. However, in both the in vivo and in vitro tests the
natural product prodigiosin significantly outperformed all of the synthetic
analogues.
Closely related to prodigiosins are another family of natural products,
tambjamines. Tambjamine alkaloids (Figure 38) are derived from marine
sources, and differ from prodigiosins by the replacement of one of the pyrrole
rings with an enamine functionality.102, 103 Like prodigiosins, tambjamines show
anticancer activity.99, 104

57: R = C2H5

58: R = 4-(tBu)benzene

Figure 38: Tambjamine alkaloid motif. Structure of tambjamines 57, shown to have
anticancer properties,99 and 58.
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The biological activity of tambjamine alkaloids has been widely investigated;
with recent reports suggesting they are efficient ion transporters. Ion transport
assays have shown that tambjamines facilitate chloride/nitrate and
chloride/bicarbonate antiport transport processes. Roberto Quesada and
colleagues found that a variety of tambjamines and synthetic analogues could
promote chloride efflux from within POPC vesicles. For example tambjamine
58 caused chloride efflux at a rate of up to 0.52% chloride s-1 in the presence
of a sodium nitrate external solution and 0.61% chloride s-1 in the presence of a
sodium sulfate external solution with the addition of a sodium bicarbonate
spike.105 In contrast to prodigiosin (pKa " 7.2), the pKa of tambjamines is
approximately 10, therefore they are protonated at physiological pH. This
explains why the tambjamine analogues studied by Quesada and co-workers
were poor HCl co-transporters (0.03% chloride s-1 for 58) but good
chloride/bicarbonate antiport agents.
Gale and co-workers sought to develop synthetic anion transporters that,
similarly to prodigiosins and tambjamines, possess at least one protonatable
site, to encourage HCl co-transport.101, 106 Compounds 59 and 60 (Figure 39)
both contain the imidazole functionality, which is protonatable, and were
shown to function as HCl symport and chloride/nitrate antiport agents
respectively. Both were capable of transporting chloride across lipid bilayers.
Varying the assay conditions showed that compound 60 could simultaneously
promote antiport and symport transport processes. Furthermore, they were
able to highlight the significance of receptor pre-organisation, as the
analogous receptor to 60 where the pyridine is replaced by benzene was less
active.

59

60

Figure 39: Structure of imidazole containing chloride transporters 59 and 60.
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To investigate receptor pre-organisation further Gale, in collaboration with
Davis and Quesada, investigated the anion binding and transport properties of
a series of isothalamides 61-63 (Figure 40).107 Receptor 61 prefers to sit in the
syn-anti conformation whilst the intramolecular hydrogen bonds between the
amide oxygen and hydroxyl group of 62 pre-organises the amide N-H
functionalities into the syn-syn conformation ready to receive an anionic guest.
Stability constants determined by 1H NMR titration in CD3CN revealed that the
interaction of 62 with chloride is more than 25x as strong as the interaction
between 61 and chloride, and as such it is unsurprising that 62 is the superior
chloride/nitrate exchange transporter in EYPC vesicles. In direct contrast, the
substitution of hydroxyl groups for O-Me groups results in the amide N-H
functionalities of receptor 63 being tied up in intramolecular hydrogen
bonding. This modification forces 63 into the anti-anti conformation and
renders it unable to significantly interact with chloride; hence it is inactive at
transmembrane chloride transport.

61

62

63

Figure 40: Structure of isothalamide based receptors 61 (syn-anti), 62 (syn-syn) and 63
(anti-anti). Intramolecular hydrogen bonds are show in red.

B. D. Smith and co-workers utilised the isothalamide motif in conjunction with
the diaza-18-crown-6 motif to synthesis the ditopic receptor 64, capable of
promoting the symport of ion pairs (Figure 41).108 The isothalamide unit binds
a chloride anion while the azacrown unit binds the alakali metal cation (e.g.
Na+ or K+). Ditopic receptor 64 was shown to symport sodium chloride and
potassium chloride across POPC vesicle membranes, however binary mixtures
of the two ion binding components 65 and 66 did not yield significant ion
transport, highlighting the importance of the ditopic salt-binding ability of 64.
Furthermore, receptor 64 was not able to facilitate the transport of caesium
chloride, a result of the azacrown unit being too small to bind the caesium
cation.
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64

65

66

Figure 41: Structure of ditopic ion transporter 64 and its two ion binding components
65 and 66.

It is also noteworthy that Gale and co-workers have prepared a series of very
simple mono-(thio)ureas that are efficient anion binders and anion
transporters.109 Receptors 51 and 67-71 (Figure 42) were investigated for their
anion transport using POPC vesicle based ISE assays. Receptor 71 was the most
active transporter for both chloride/nitrate antiport (0.029 mol% with respect
to lipid) and chloride/bicarbonate antiport (0.036 mol% with respect to lipid).
In all cases the thioureas outperformed the urea analogues, and the authors
attributed this behaviour to the increased acidity and hydrogen bond donating
ability of the thiourea functionality compared to the urea functionality, as well
as their increased lipophilicity. These compounds are highly amenable to
future development into therapeutic drugs due to their small number of
hydrogen bond donors and acceptors as well as their low molecular weights.

67: X = O 51: X = S

68: X = O 69: X = S

70: X = O 71: X = O

Figure 42: Structure of simple mono-thio(urea) receptors 51 and 67-71.

A further group of naturally occurring ion transporters are the ceramides.
Ceramides are a class of sphingolipids, which contain a set of aliphatic amino
alcohols (Figure 43).
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72: R = CH3
Figure 43: Ceramide motif. Ceramide 72 functions as a mobile carrier at low
concentrations and forms membrane spanning channels at high concentrations.

Ceramides are known to form pores or channels across cell membranes and it
has been shown that a ceramide concentration of >10 mol% with respect to
lipid can lead to apoptosis.110 Davis and co-workers demonstrated that
ceramide 72 can facilitate transmembrane anion transport at concentrations as
low as 1 mol% with respect to lipid.111 This is much lower than the required
concentration for channel formation, suggesting that ceramide 72 is able to
act as a mobile carrier. At low concentrations of ceramide 72 transport of
carboxyfluorecein, an anionic fluorescent dye that is transported across lipid
bilayers through membrane spanning pores, was not observed. However at
higher concentrations of ceramide 72, the transport rate of carboxyfluorecein
increases, supporting the notion that at low concentrations ceramide 72
functions as a mobile carrier and at high concentrations it forms membranespanning channels. The group used 1H NMR techniques similar to those in
Chapter 1.4.1 and Chapter 5.4.1 to emphasise the importance of the 1,3-diol
unit for anion binding, as an analogous compound with protected hydroxyl
groups was shown to be an inactive anion transporter.
A. P. Davis and colleagues have also extensively researched anion transporters
based on the steroidal compound, cholic acid (Figure 44). The cholic acid
skeleton has a curved structure, with the convex face being highly hydrophobic
and the concave face having multiple hydroxyl groups for hydrogen bond
donation, making them ideal anion receptors.112 Functionalising cholic acid
with urea or thiourea moieties gives rise to compounds known as cholapods
(Figure 44). With reported affinities of up to 1011 M-1 between neutral cholapods
and chloride, and high transport efficiencies at receptor:lipid ratios of
1:250,000 in vesicle membranes, these steroid based systems offer great
opportunities for the future development of biologically relevant anion
transporters.13
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Cholic acid

Cholapod scaffold
73: Ar = 4-nitrophenyl 74: Ar = 4-methylphenyl

Figure 44: Cholic acid and the structural motif of cholapods.

Smith, Davis and Sheppard found cholapod 73 to have an extremely high
affinity of 5.2x108 M-1 for chloride anions (by extraction from water-saturated
chloroform).113 This high affinity correlated well with the receptor’s potent
ability to transport chloride across 7:3 POPC:cholesterol lipid bilayers. A fast
initial rate of 0.52% chloride s-1 was established for cholapod 73 compared to
that of other receptors, including cholapod 74 (0.075% chloride s-1) whose
binding affinity for chloride was significantly weaker (6.3x106 M-1). Additional
anion transport studies using vesicles comprised of DPPC at room temperature
(gel phase) showed no chloride efflux. However at elevated temperatures
above DPPC’s gel/liquid crystalline phase transition (fluid phase) chloride
efflux was once again observed. This is indicative of a mobile carrier
mechanism of transport, as the receptor efficiency is hindered by increased
membrane viscosity.
By creating macrocyclic species such as 75114 and 76115 (Figure 45), Davis and
colleagues were able to further enhance the transport properties of cholic acid
and cholapods. This effect was unrelated to anion binding affinity, but rather a
consequence of increased desolvation and shielding of the bound anion from
lipophilic environments. Furthermore, in the case of 76, cyclisation induced
additional chloride selectivity compared to the parent acyclic analogue.
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75

76

Figure 45: Cholic acid derived macrocycle 75 and macrocyclic cholapod 76.

1.2.5

Anion transport and disease

The transport of anions across biological membranes is vital for the regulation
of cell volume and salt concentration, the movement of water across cell
membranes and the control of electrical excitability of muscles and nerves. As
such, mutations in ion channels lead to a large variety of diseases including
CF, Bartter syndrome, diseases related to red blood cells (RBC) such as
stomatocytosis and spherocytosis, as well as osteochondrodysplasia related
disorders.50, 116
CF is a genetic disorder characterised by altered chloride secretion from the
epithelial cells of the airways, intestines, sweat ducts and pancreas.117 CF is
caused by the malfunction of the chloride ion channel known as the cystic
fibrosis transmembrane conductance regulator (CFTR).118 The CFTR is an
example of a cAMP-activated chloride channel. The flow of chloride through
this ATP (adenosine triphosphate)-regulated transepithelial chloride channel is
required if normal function of epithelial cells is to be achieved. In those
suffering from CF, the lack of chloride flow means that the movement of water
across epithelial membranes is disrupted, resulting in the formation of thick
dehydrated mucus, which collects in the lungs of the patient, where it
encourages the development of lethal bacterial infections. A common
diagnosis tool for CF is to measure the chloride level in a patient’s sweat.119
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Excessively high chloride levels are indicative of CF, although low levels of
chloride do not rule out the possibility of CF.120
A chloride/bicarbonate exchanger found in the luminal membrane of
pancreatic cells is responsible for the secretion of bicarbonate ions, which are
formed by the action of carbonic anhydrase on carbon dioxide and water
present within the cell (Figure 46). During this exchange process, bicarbonate
is transported down its concentration gradient in exchange for chloride. In
healthy patients the CFTR then mediates the secretion of excess chloride from
within the epithelial cells. These processes are linked with those responsible
for the secretion of sodium ions out of the basolateral side of the cell. The
removal of chloride and bicarbonate from the cell creates a net negative
charge within the lumen and so sodium ions pass through the gaps between
the cells and into the lumen to balance the charge. This increase in luminal ion
concentration forces the osmotic movement of water from the blood into the
lumen, generating a watery secretion.2

Figure 46: Model of the ion transport processes in the pancreatic duct.

In patients where the CFTR is absent or defective this transport cycle is
disrupted, as removal of chloride from the cell is inhibited and therefore
electrochemical gradients become unbalanced. It is believed that these
disruptions lead to reduced water secretion and the formation of the thick and
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sticky mucus common in CF suffers.121 Quinton has hypothesised that the
abnormally thick nature of the mucus is also due to the reduced transport of
bicarbonate across plasma membranes in CF patients.122 Bicarbonate is crucial
to normal mucus production as it is required for complexation to the sodium
cations, allowing the mucus to expand. Where bicarbonate transport is
defective the mucus remains aggregated and thick. This could mean that the
pathology of CF may be directly linked to defective transport of bicarbonate as
well as chloride.
Bartter syndrome, first described by Bartter et al. in 1962,123 is an autosomal
renal disorder characterised by excessive urinary loss of sodium, chloride, and
potassium ions. This results from the mutation of multiple ClC-protein coding
genes that usually mediate transmembrane salt movement in healthy
subjects.50 Patients suffering with Bartter syndrome exhibit a wide variety of
symptoms including, but not limited to, renal failure, deafness, growth
retardation, cardiac arrhythmia and bone mineral density depletion.124
Bicarbonate is also biologically very important, and is widely used within the
body as a buffer system to regulate physiological pH.125 In addition to this, the
majority of carbon dioxide found within the human body is in the form of
bound bicarbonate, and it is in this way that carbon dioxide can be transported
around the body by RBC.126 The AE1 protein controls the uptake and release of
bicarbonate by RBC. The AE1 protein is a chloride/bicarbonate anion
exchanger, and it has been found that point mutations in the gene that codes
for this protein significantly disrupt the proteins ability to act as an anion
exchanger. Where mutations are found the protein is no longer able to
function as an electroneutral anion exchanger, but instead function through a
cation conductance mechanism, transporting sodium and potassium cations.116,
125

This leads to hereditary diseases, such as stomatocytosis and spherocytosis,

where patients suffer from haemolytic anemia.116
Osteochondrodysplasia related disorders are those concerning the
development of bones and cartilage. Sulfate is the fourth most abundant anion
in human plasma, and all cells require a mechanism through which to uptake
and expel sulfate, a task which falls predominantly to the ubiquitously
expressed diastrophic dysplasia sulfate transporter.127 Sulfate plays a vital role
in the development of human bone and cartilage; hence the malfunction of the
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diastrophic dysplasia sulfate transporter, through genetic mutation, can have
severe consequences to a patient’s health and development. Such defects in
the diastrophic dysplasia sulfate transporter have been shown to lead to a host
of skeletal disorders including spinal deformations, joint abnormalities and
dwarfism.128, 129
With gene mutations having such detrimental effects on human health, it is no
surprise that the development of synthetic anion carriers, particularly for
chloride and bicarbonate, is of great interest for potential therapeutic
applications. If synthetic anion carriers could substitute the action of the
malfunctioning proteins then the damaged electrochemical gradients across
epithelia could be rectified. In fact, some synthetic channel forming peptides
have already been shown to improve chloride transport across affected
epithelial cells in those suffering from CF.130-133

1.3

Designing synthetic transporters

Pohorille et al. reasoned that the transmembrane regions of ion channel
proteins are structurally simple with no special or noteworthy design attributed
to the folding patterns.134 Accordingly, it can be supposed that structurally
simple synthetic anion transporters, be they ion channels or mobile carriers,
should be able to promote transmembrane anion transport.
Several important factors must be considered when designing a synthetic ion
transporter. They must be suitably small and hydrophilic to be easily
transported through the body for delivery to their target site. Yet they must
remain sufficiently lipophilic to partition into the hydrophobic interior of the
cell plasma membrane. Hence it makes sense to develop amphiphilic anion
transporters that are water soluble but also able to readily diffuse across
hydrophobic phospholipid membranes.
Sufficient binding interactions between the transporter and the anion are
needed to compensate for the energy loss upon partial desolvation of the
anion from the aqueous media, yet such binding interactions must be easily
reversible to encourage the release of the anion back into solution.135 As
discussed earlier the strength of the receptor-anion interactions, particularly
hydrogen bonding interactions, can be modified by the introduction of specific

41

Chapter 1: Introduction
functional groups. Increasing the acidity of the receptor or the basicity of the
anion will result in stronger hydrogen bonding interactions.
It is favourable for the binding interactions to be selective: a factor that can be
greatly influenced by the size and shape of the anion as well as that of the
transporter molecule. Fabbrizzi and co-workers showed urea 77 to be selective
for carboxylate anions (such as acetate; logKa = 6.16 in acetonitrile measured
by UV-Vis spectroscopy) over chloride anions (logKa = 4.55).136 This was
explained in terms of shape complementarity between the receptor binding
sites and the anions. The two parallel N-H hydrogen bond donor groups of the
urea motif are selective towards ‘Y’ shaped anions, including carboxylates.

77!AcOFigure 47: Structure of urea 77 and the orientation with which it hydrogen bonds (red)
to the acetate anion.

Receptor pre-organisation can also aid in the formation of favourable receptoranion binding interactions, and this is discussed in more detail in Chapter 2.3.
Furthermore, hydrophobicity can greatly influence the binding properties of
anion transporters, with hydrophobic anions binding more favourably in
hydrophobic sites. The Hofmeister series is a classification system for anions
based on their ability to “salt out” proteins (Figure 48).137 It is commonly
believed that the Hofmeister series is related to the aqueous solvation of
anions,138 hence anion solvation/desolvation is particularly relevant when
considering the process of extracting anions from aqueous environments and
moving them across the lipophilic regions of cell membranes.

Strongly hydrated

Weakly hydrated

F- ! SO42- > HPO42- > AcO- > Cl- > NO3- > Br- > ClO3- > I- > ClO4- > SCNFigure 48: The Hofmeister series of anions.
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External influences such as temperature, pH and solvent conditions should
also be considered when testing the binding and transport properties of
synthetic anion transporters These factors can influence the strength of the
binding interactions, the species that are present in solution
(protonated/neutral/deprotonated) and, in the case of strongly hydrogen bond
donating solvents, can even outcompete the transporter for interaction with
the anion (or vice versa for strongly hydrogen bond accepting solvents).
The design of highly active and efficient ion transporters is thus a balancing
act between many different features, all of which should be considered with
equal weight. Moreover, for synthetic anion transporters to be considered for
therapeutic applications they must fulfill all ADMET (absorption, distribution,
metabolism, excretion and toxicity) requirements. This means that as well as
being small, with a balance between hydrophilicity and lipophilicity, synthetic
transporters must be able to be metabolised by the body for excretion before
they yield toxic effects in patients.139
Ion channel transporters usually exhibit faster transport rates than mobile
carrier transporters, which are restricted by additional equilibria, yet mobile
carriers are more easily manipulated to incorporate anion selectivity. For this
reason the work in this thesis will focus on the development of mobile carrier
based anion transporters.

1.4
1.4.1

Studying anion binding
1

H NMR titrations

As described in Chapter 5.4.1, 1H NMR titrations are used to assess the binding
interaction between a receptor and an anion. An anionic guest is added, in
small aliquots, to a known concentration of the receptor and 1H NMR spectra
are recorded after each small addition. Stability constants can be determined
by following the downfield shift of the hydrogen bond donor group whose
protons are involved in binding to the anionic guest. The binding interactions
can then be modelled using the programme WinEQNMR2,140 where the data is
fitted to a 1:1 or a 1:2 receptor:anion binding isotherm, to give calculated
stability constants (Ka) for the interactions between the receptor and the
anions.
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1.4.2

1

H NMR Job plots

If data cannot be accurately analysed using the 1H NMR titration method then
Job141 plot analysis is employed to determine the stoichiometry of the
receptor:anion interaction. Monitoring the change in chemical shift of the
hydrogen bond donor group protons as the receptor concentration is
decreased and the anionic guest concentration is simultaneously increased is
the method by which Job plot analysis is performed.

1.5
1.5.1

Studying anion transport
Unilamellar vesicles

Laboratory made phospholipid vesicles are commonly used to test the
transport ability of synthetic carrier molecules. They are relatively simple to
make and easy to handle. A benefit of using pure lipid vesicles to test a
synthetic transporter’s ability to act as a carrier molecule, over the use of cells,
lies in the fact that without the presence of transmembrane transport proteins,
the lipid bilayer of synthetic vesicles is impermeable to the transport of any
hydrophilic species. This means that any observed transport is attributed only
to the synthetic transporter being tested.
Laboratory made unilamellar vesicles are prepared by the hydration of a thin
film of phospholipid, followed by numerous freeze-thaw cycles and extrusion
through a polycarbonate membrane (see Chapter 5.2.1).142, 143 Vesicles of this
sort are able to function as simplified cell membrane models allowing for
reproducible experiments to assess the transport capabilities of neutral
synthetic small molecule anion transporters.
During the preparation of vesicles it is possible to control the composition of
the intra- and extra-vesicular solutions, permitting easy access to varied
experimental conditions. One factor to be considered when altering the
composition of the intra- and extra-vesicular solutions is that both solutions
must have an identical ionic strength to ensure that the membrane is not
ruptured or disturbed by transmembrane osmotic disparity. Varying the salt
composition of the intra- and extra-vesicular solutions provides a method to
not only observe anion transport but also to understand the mechanistic
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processes taking place. Buffering the solutions to a desired pH using buffer
salts can maintain the presence or lack of a pH gradient.
1.5.2

Choice of phospholipid

Phosphatidylcholines are a major component of cell membranes so are a good
class of lipid for use in synthetic vesicles, which aim to model cell
membranes.45 The inherent structure of phosphatidylcholines, the hydrophilic
head group attached to two hydrophobic tail groups, for example POPC (Figure
12), means they readily self-assemble into bilayers when immersed in water.
This shields the hydrophobic tail groups in the centre of the bilayer, and with
simple freeze-thaw and extrusion techniques it is possible to produce
unilamellar vesicles of a uniform size (see Chapter 5.2.1).144, 145
POPC vesicles are commonly used to test synthetic receptors for their anion
transport properties.21, 109, 146 In fact Davis and co-workers employed lipids from
the phosphatidylcholine family to determine the transport efficiencies of a
series of cholapod based receptors, as well as establish that such receptors
function as mobile anion carriers.147
The choice of phospholipid can alter the properties of a vesicle membrane,148
hence for consistency POPC has been used for all vesicle based transport
assays in this thesis. Additionally, the use of POPC vesicles allows for direct
comparison to published data.
1.5.3

Ion selective electrode assay

Ion selective electrodes (ISE) can be used to monitor the extravesicular
concentration of ions during a typical transport assay. Chloride transport
assays used throughout this report employ vesicles encapsulating sodium
chloride (see Chapters 5.2.2 and 5.2.3 for experimental details) and hence a
chloride selective electrode was used (Figure 49). The internal chloride
concentration cannot be detected by the ISE and hence any changes in
electrode potential can be attributed to the efflux of chloride from the vesicles,
facilitated by an anion transporter. Lysing the vesicles with a chloride free
detergent gives a 100% chloride efflux reading and allows the system to be
calibrated against chloride solutions of known concentrations.
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Figure 49: Schematic of the set-up used to monitor chloride efflux from POPC vesicles
using an ISE.

1.5.4

Mechanism of transport

Varying the salt composition of the intra- and extra- vesicular solutions can
highlight possible mechanistic transport pathways. Figure 50 shows a
schematic describing some of the steps that can be taken to assess transport
mechanisms. To initially test for anion transport activity, POPC vesicles are
loaded with sodium chloride and suspended in a sodium nitrate solution (step
a). When an active transporter is added the observed chloride efflux can be
monitored using a chloride ISE (step b). The observed chloride efflux could be
the result of numerous different transport mechanisms including Cl- uniport,
H+/Cl- symport, Na+/Cl- symport or Cl-/NO3- antiport. Changing the external
anion from nitrate to sulfate (step c) offers a way to test for antiport transport
mechanisms as the hydrophilic nature of sulfate makes it very difficult for this
anion to be transported across POPC membranes.149-151 In fact, there are only a
few select receptors known to date, which can act as sulfate transporters.152 If
chloride efflux is inhibited under these conditions then the uniport and
symport processes can be ruled out and an antiport mechanism must be the
route of anion transport (step d). Once a Cl-/NO3- antiport mechanism has been
confirmed, testing for Cl-/HCO3- antiport can be carried out by suspending the
sodium chloride containing vesicles in a sodium sulfate solution and adding in
a spike of sodium bicarbonate to initiate transport (step e). If chloride
transport is observed under this final set of conditions then it can be
concluded that the transporter functions via an antiport mechanism of
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transport. See Chapter 5.2 for additional details on anion transport using
synthetic POPC vesicles.
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Figure 50: A schematic describing steps taken to assess transport mechanisms. a)
POPC vesicles are loaded with sodium chloride and suspended in a sodium nitrate
solution. b) If an active transporter is added the observed chloride efflux can be
monitored using a chloride ISE. c) Changing the extravesicular anion to sulfate offers a
way to test for antiport transport mechanisms, by exploiting the hydrophilic nature of
sulfate anions. d) If chloride efflux is inhibited under step c conditions, upon addition
of an active transporter, then an antiport mechanism of transport is confirmed. e) Test
for Cl-/HCO3- antiport by suspending the sodium chloride containing POPC vesicles in
sodium sulfate solution and adding a spike of sodium bicarbonate to initiate transport.

1.5.5

Quantifying anion transport by Hill analysis

The Hill equation was first used by A. V. Hill to describe the cooperative
binding of oxygen to haemoglobin.153 It has since been applied to a vast array
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of systems,154 including describing the relationship between an administered
drug concentration (X) and its observed effect (y).155
In terms of anion transport the Hill equation can be expressed in the form
represented in Equation 1, where y is the observed ion efflux, X is equal to the
receptor concentration, k is the concentration at which the receptor is able to
realise 50% of the maximum ion efflux (EC50) and n is the Hill coefficient, which
can indicate transport stoichiometry.
!! ! !

!!"# !!!! !
!! ! !!

Equation 1: Hill equation where y is the chloride efflux at 270 s, Vmax is the maximum
possible chloride efflux, X is the carrier loading, k is the EC50 and n is the Hill
coefficient.

The EC50 values can be used to directly compare transport efficiencies of
different receptors and the Hill coefficient can provide mechanistic insight into
the cooperativity of anion transport. It has been acknowledged that the Hill
coefficient may not be applicable to supramolecular systems.156 The formation
of large stable assemblies may produce Hill coefficients near to 1, as the
assembly behaves as one entity. Such an assembly may be misinterpreted as a
monomer transporting a single anion. It has also been stated that the Hill
analysis breaks down for exergonic assemblies (spontaneous assemblies that
release energy) and is only applicable to those which are endergonic (non
spontaneous, ΔGθ>0) self-assembly systems.
1.5.6

Mobility assays

The inclusion of cholesterol within a lipid membrane is known to reduce
membrane fluidity.157 Small synthetic molecules operating as mobile carriers do
so under diffusion controlled conditions. Hence, if the membrane is made
more viscous it becomes more difficult for mobile carriers to move around
inside the membrane and hence a reduction in transport activity is observed.
On the other hand, some molecules, which can span the distance of the
membrane or aggregate together to form channels, may function via a channel
transport mechanism, in which case the increased viscosity of the membrane
should have little or no effect on the transporters activity rate.
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U-tubes provide a very simplistic model for transport across biological
membranes. They consist of two aqueous phases separated by a water
immiscible organic phase containing a transporter molecule (see Chapter
5.3.2). The aqueous phases represent the intra- and extra- cellular
environments and the organic phase represents the lipophilic membrane
environment. The movement of anions across the bulk organic phase can be
monitored by recording changes in the ion concentration of the aqueous
phases. If transport of anions occurs from one aqueous phase, through the
organic phase, to the other aqueous phase then it can be concluded that the
transporter functions as a mobile carrier. This is in view of the fact that the
large volume and hence distance separation of the two aqueous phases
ensures that channel formation is not feasible, hence channel transport
mechanisms cannot be present.
In conjunction, cholesterol containing vesicle tests and U-tube experiments can
be used to define a receptors approach to anion transport.
1.5.7

NMR assays

The movement of ions across lipid membranes can be monitored directly using
NMR techniques. Davis et al. established the use of 13C NMR to monitor the
transmembrane transport of bicarbonate ions across synthetic membranes.96
The intra- and extra- vesicular bicarbonate ions give resonances at different
chemical shifts, allowing the movement of bicarbonate across synthetic
membranes to be monitored. The external addition of Mn2+ causes resonance
broadening of the signal associated with extravesicular bicarbonate, yet the
signal from the intravesicular bicarbonate is unaffected, allowing each
resonance to be correctly assigned.
Novel 33S NMR techniques described in Chapter 2 and Chapter 5.1.4 can be
used to detect the transport of 33SO42- anions across POPC bilayers. Both intraand extra- vesicular sulfate give resonances of identical chemical shift on the
NMR delta scale, hence paramagnetic metal centres can be employed to
broaden the signal of either the encapsulated or the unencapsulated sulfate,
depending on the experimental setup. This allows the movement of 33S labelled
sulfate anions across synthetic membranes to be monitored.
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1.6

Thesis aims

The research carried out during this doctorate aimed to develop novel,
structurally simple receptors with interesting anion binding and transport
properties. The work in this report examines the interaction and membrane
transport properties of such structurally simple motifs, towards biologically
relevant anions including chloride and bicarbonate. Established 1H NMR
techniques are used to probe the binding activity of these receptors, whilst
novel 33S NMR techniques were developed to assess the transmembrane
transport ability of the receptors, in conjunction with the well-established
vesicle methods outlined above. In addition to this the transport efficiency of
these simple motifs are compared to that of natural product anion
transporters, such as prodigiosin.
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The results in this chapter have been previously published as: “Synthetic
transporters for sulfate: a new method for the direct detection of lipid bilayer
sulfate transport”, N. Busschaert, L. E. Karagiannidis, M. Wenzel, C. J. E.
Haynes, N. J. Wells, P. G. Young, D. Makuc, J. Plavec, K. A. Jolliffe and P. A.
Gale, Chem. Sci. 2014, 5, 1118-1127.158 Reproduced by permission of The Royal
Society of Chemistry (see Appendix E.1).
http://pubs.rsc.org/en/Content/ArticleLanding/2014/SC/c3sc52006d#!divAbst
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2.1

Transmembrane transport of sulfate anions

The transport of sulfate across cell membranes is important to many biological
processes1 and is facilitated by specialised membrane proteins. The
malfunction of these proteins can lead to the misregulation of sulfate anions, a
contributing factor to illnesses such as Alzheimer’s disease.127 Despite the
biological significance, this area of anion transport is underdeveloped due to
the challenge of transporting such a hydrophilic species across lipophilic
environments ("Gh = -1080 kJ mol-1 as compared to -340 kJ mol-1 for chloride).151
In fact sulfate is a tool frequently used in the study of anion transport
mechanisms as it is assumed it cannot be transported, allowing for the
discrimination between antiport and co-transport mechanisms.147, 159
Although there is some evidence for sulfate transport through synthetic
membrane-spanning channels,160 transport of sulfate by mobile carriers that
require full or partial dehydration of the anion prior to transport has remained
largely unexplored. Yet, much effort has been devoted to the problem of
selective extraction of sulfate161-165 from mixtures due to the relevance of this
process to nuclear waste remediation.166 A number of groups have also
synthesised selective receptors for sulfate in order to meet the challenge of
mimicking the selectivity of biological sulfate binding sites.167-169
From a biological perspective, sulfate is one of the most abundant anions in
human plasma and is the major sulfur source in many organisms.127 Sulfate
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transporters are therefore important biological proteins and misregulation of
sulfate transport is present in a number of disease states. For example, defects
in the diastrophic dysplasia sulfate transporter (DTDST) can lead to various
chondrodysplasia due to insufficient sulfation of cartilage proteoglycans,
resulting in symptoms such as dwarfism, spinal deformations and other
abnormalities of the joints.129, 170 It was therefore decided to examine whether
small molecules with high sulfate affinities – that could also encapsulate
sulfate within a three dimensional framework shielding it from the
hydrophobic interior of the lipid bilayer – could function as transmembrane
sulfate transporters.

2.2

Tripodal Receptors

Tripodal receptors have been widely studied as anion transporters. The
tripodal scaffold tris(2-aminoethyl)amine 78 (tren) (Figure 51) was first shown
to be an effective receptor of chloride anions by Reinhoudt and co-workers.171

78
Figure 51: Chloride receptor, tren 78.

Tren, 78, can be functionalised to incorporate additional hydrogen bond donor
functionalities, providing additional hydrogen bond donor sites for interactions
between the receptor and anionic guests (Figure 52). Ghosh and co-workers
used X-ray crystallography to show the binding interactions between tren
based amides 79 and 80, and a variety of oxoanionic guests. They illustrated
the use of intramolecular hydrogen bonding to pre-organise the three pendant
arms, keeping them in close proximity for complexation to the anion. All
proposed complexes utilised N-H hydrogen bonding to bind the anion and the
complexes were further stabilised by the formation of aryl C-H…anion
hydrogen bonding interactions. Additionally, Ghosh and Custelcean and coworkers have shown tren based ureas to effectively bind oxoanions, such as
sulfate and phosphate.163, 164, 172-175
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79: R = m-C6H5NO2

80: R = (CH2)6CH3

Figure 52: Tren based urea anion receptors 79 and 80.

As a result of their stable complexation with a variety of oxoanions, (thio)ureas
have been frequently incorporated into the design of synthetic tripodal anion
receptors.26, 176 Previous work, including that of Gale and co-workers, has shown
thiourea based receptors to be significantly more effective at anion transport
than analogous urea based receptors.109, 177 This effect is attributed to the
increased lipophilicity of thiourea based receptors over urea based receptors,
so that they can more easily partition into the phospholipid membrane of
synthetic vesicles.
The synthesis and transport properties of a set of tren based ureas, 81-85, and
thioureas, 86-90, previously published by Gale and co-workers (Figure 53),
show that these receptors are effective at promoting chloride/nitrate and
chloride/bicarbonate antiport transport across POPC membranes.146, 152 It was
also observed that compound 88 (and to a lesser extent 83 and 85) were able
to transport chloride out of unilamellar phospholipid vesicles in the presence
of external sulfate. It was suggested that this was due to the chloride/sulfate
(or HCl/HSO4-) antiport ability of 83, 85 and 88, but at the time of publication
only indirect evidence for this claim could be obtained. Fluorination of a
receptor increases the hydrogen bond acidity of the (thio)urea N-H protons,
and significantly increases the transmembrane transport activity of the
receptors. In fact, ion transport activity was measurable at transporter to lipid
ratios as low as 1:250000 for receptor 85. Additionally, the receptors were
shown to act as mobile carriers and the increased transmembrane transport
efficiency upon fluorination has been attributed to the resulting increase in
lipophilicity of the receptors.178
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Figure 53: Tren based ureas 81-85 and thioureas 86-90.

Focus was placed on receptors 81, 83, 85, 86, 88 and 90 for the study of
possible sulfate transport as these give a good representation of receptors
with varying degrees of fluorination.

2.3

Macrocyclic receptors

With the above selected receptors showing higher transport activity for
chloride, nitrate and bicarbonate transport than for sulfate it was decided to
also investigate the transmembrane anion transport ability of related
compounds with higher sulfate binding affinities. Cage-like anion receptors
often have high selectivity for a specific guest and tris-amide cages have
previously been used as chloride/nitrate transporters.179
Chmielewski and Jurczak have shown that macrocyclic tetraamide receptors
91-94 (Figure 54) bind a variety of anions more strongly than analogous acyclic
receptors.180 They established that the pyridine based systems were better for
anion binding than analogous isothalamide systems, as the pyridine nitrogen
helps to pre-organise the system into the syn-syn conformation where the N-H
hydrogen bond donor groups point into the center of the macrocycle, in
preparation for binding an anionic guest. In addition to this they found that the
macrocyclic receptors interacted much more favorably with anions than the
acyclic analogues. 1H NMR titrations of receptors 91-94 in DMSO-d6 with TBA
chloride gave stability constants of 1930 M-1, 45 M-1, 380 M-1, and 14 M-1
respectively. This can be attributed to the macrocyclic effect. When a flexible
receptor, such as acyclic 91, binds to an anion it loses some of its degrees of
freedom. This means such receptors have a higher entropic cost when binding
to anions than analogous cyclic receptors, such as 92, which form more
entropically favorable interactions without the need for conformational
changes.
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Figure 54: Tetraamide receptors 91-94 for anion binding.

The lissoclinum family of natural products are cyclic peptides with alternating
oxazole or thiazole heterocycles and amino acid residues. They are macrocyclic
compounds with a rigid network of hydrogen bond donor and acceptor sites
that converge on the same face of the macrocycle, when the amino acid
residues are all the same configuration (either D- or L-). Jolliffe has described
that such cyclic peptides are relatively flexible, so do not easily lend
themselves toward anion receptor chemistry, yet the introduction of aromatic
substituents to the backbone of the cyclopeptide provides rigidification.181
Jolliffe and co-workers have reported the synthesis of cryptands 95 and 96 and
tripodal compound 97 (Figure 55).182, 183 The trivalent capping units for
cryptands 95 and 96, tren and 1,3,5-trisubstituted-2,4,6-triethylbenzene
respectively, were chosen for their complementary size to the lissoclinum-type
cyclic peptide, as well as the fact they have previously been used as scaffolds
in the assembly of molecular receptors.175, 184
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95

96

97

Figure 55: Cryptand receptors 95 and 96, and tripodal receptor 97.

Receptors 81-97 all bind sulfate anions selectively and with a stability constant
Ka > 104 M-1 in DMSO-d6/0.5% water.146, 182, 183, 185 In the case of the cryptand like
receptors, this high stability constant is attributed to the ability of these
receptors to form nine hydrogen bonds to sulfate ions – six from the thiourea
groups and three from the cyclic peptide backbone amides. In contrast,
spherical anions such as chloride bind through the thiourea groups only.182, 183
Notably, receptor 95 binds sulfate strongly even in highly competitive solvents
(Ka = 1.3x103 M-1 in DMSO-d6/20% water at 330 K) indicating that the anion is
well shielded from the external environment (compounds 96 and 97 were not
soluble enough to allow determination of binding constants under these
conditions).
The chloride/nitrate and chloride/bicarbonate transport properties of 95-97
were studied using a series of POPC vesicles. Receptors 95 and 96 were shown
to be active transporters under both sets of experimental conditions, with 96
showing a significant likelihood of being a sulfate transporter.158 A substantial
influence caused by the variation in the bridgehead group between 95 and 96
is presumed to be a result of the enhanced lipophilicity of 96 and the larger
cavity size, allowing quicker movement of the anions in and out of the cavity
(necessary for uptake and release of the anion during transport), resulting in
higher transport activity for receptor 96.
Although the marked difference in transport rate between external nitrate,
bicarbonate and sulfate is evidence in support of an antiport mechanism, there
is no direct evidence that any anion other than chloride is transported across
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the phospholipid bilayer by 81-97. In order to provide direct evidence for Cl/HCO3- antiport, Gale and co-workers performed 13C NMR experiments as
developed by Davis, Gale and Quesada.96 This experiment was also used to
prove bicarbonate transport by receptors 81 and 86.152 The results of these
NMR assays show that cyclopeptide 96 is able to transport HCO3- out of the
vesicle, while cyclopeptides 95 and 97 showed no evidence for bicarbonate
transport.158 Compound 96 is also able to transport HCO3- out of the vesicles
when sulfate is the only external anion, suggesting that the cyclopeptides can
perform the biologically relevant bicarbonate/sulfate exchange.127

2.4

Using

33

S NMR to monitor sulfate transport.

Work carried out by Gale and co-workers was done to indirectly monitor sulfate
transport for receptors 81, 83, 85, 86, 88 and 90. These included vesicle
based assays to exclude metal/chloride symport, and fluorescence based
assays to eliminate non-specific leakage or destruction of vesicles as well as
HCl symport and chloride/hydroxide antiport, leaving chloride/sulfate antiport
as the only remaining transport option.158
Gale and co-workers have previously developed an indirect method based on
the halide sensitive dye lucigenin to provide evidence for sulfate transport.146
This method provided evidence that led to the suggestion that compounds 85
and 88 have considerable sulfate transport ability and they used this method
to investigate sulfate transport by compounds 95 and 96. In brief, they
prepared a series of vesicles loaded with NaCl and lucigenin (to monitor the
intravesicular chloride concentration)186 that were suspended in a NaCl solution
(100 mM). The lack of both a chloride and a pH gradient rules out HCl cotransport. The experiment was initiated by the addition of various anions
(Na2SO4, NaNO3 or NaCl) followed by the addition of a methanol solution of 96.
The result showed a significant increase in fluorescence upon the addition of
96 when sulfate was added, indicating that chloride is transported out of the
vesicle.158 When NaNO3 was added instead of Na2SO4, a much faster increase in
fluorescence was observed, as would be expected for an antiport process of a
more lipophilic anion. As a control, they repeated the experiment with the
addition of NaCl instead of Na2SO4. In this case no change in fluorescence was
observed, which points at the presence of an antiport mechanism. No change
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in fluorescence was observed when compound 95 or methanol was added,
indicating that compound 96 is the only cyclopeptide based tris-thiourea able
to transport sulfate.
Despite all other possibilities apart from chloride/sulfate antiport having been
excluded, there was still no direct evidence that the highly hydrophilic sulfate
anion was being transported across the membrane because all tests were
conducted by following the movement of chloride. The majority of the
biological characterisation of sulfate transporting proteins use 35S radiolabelled sulfate.127, 187-189 However, this method requires the separation of the
internal and external solutions prior to measuring radioactive intensities,
which can be quite challenging for small dilute vesicles. NMR techniques that
can discriminate between the internal and external vesicular environment,
without the need for separation, are therefore more suitable and practical for
real-time experiments. Thus, a method was designed for the direct detection of
sulfate transport using 33S NMR techniques similar to the 13C NMR techniques
used for the detection of bicarbonate transport. Due to the low natural
abundance of 33S, the relatively large quadrupole moment and the low
sensitivity, the use of 33S isotopically labelled sulfate is required for this
technique. 33S with its low gyromagnetic ratio exhibits a resonance frequency
of 46.0 MHz on a 600 MHz NMR spectrometer. Initially vesicles were prepared
containing 33S labelled sodium sulfate and they were dispersed in a sodium
chloride solution. Unfortunately, it became apparent that the 33S signal of
internal sodium sulfate and external sodium sulfate were identical and
therefore the position of the resonance could not be used to identify the
location of the sulfate anion. Shift reagents are not readily available for sulfate
and therefore a different approach was adopted to circumvent this problem,
using the relaxation properties of paramagnetic Mn2+.
During the first round of tests, vesicles were prepared containing 33S labelled
Na2SO4 and were dispersed in a NaCl solution containing 0.5 mol% MnCl2 (with
respect to 33SO42-). A small amount of transporter was added as a DMSO
solution and the mixture was allowed to incubate for 2 hrs at RT to allow
transport. The results for a selection of compounds are represented in Figure
56. Before the addition of transporter the 33S NMR spectrum consists of a
single resonance due to internal sulfate. When sulfate is transported out of the
vesicle the signal is quenched due to the presence of external Mn2+. As can be
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seen in Figure 56, the addition of compounds 88 and 96 leads to a significant
reduction in the intensity of the 33S NMR resonance, but the resonance never
disappears into the baseline. The addition of detergent to lyse the vesicles and
release all the encapsulated sulfate, however, does lead to a complete
disappearance of the 33S NMR signal, indicating that the reduction in intensity
was due to incomplete transport rather than insufficient Mn2+ to quench all the
sulfate signals. These results seem to suggest that the proposed compounds
are indeed able to transport sulfate. However, integration of a single resonance
without internal reference is not accurate in NMR spectroscopy and therefore
the procedure was optimised to obtain more reliable direct evidence of sulfate
transport.
DMSO

96

88

Figure 56: 33S NMR experiments indicating that receptors 96 and 88 are able to
facilitate 33SO42- transport. DMSO control unexpectedly shows 10% decrease in signal
intensity from i) to ii). All spectra were recorded in 9:1 water: D2O solutions. 33S NMR
spectra i) of the POPC lipid vesicles loaded with 162 mM Na233SO4, 20 mM phosphate
buffer, pH 7.4, and dispersed in 450 mM NaCl with 1.5% MnCl2, 20 mM phosphate
buffer, pH 7.4; ii) after 2 hrs incubation with transporter or DMSO (4 mol% with respect
to lipid); iii) after the addition of detergent to lyse all vesicles.

In a second set of experiments, POPC vesicles were prepared containing
Na233SO4 and MnSO4 (0.5 mol% Mn2+ with respect to 33SO42-) and were dispersed
in a NaCl solution. This way there would be no 33S signal prior to the addition
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of transporter and the appearance of a new 33S NMR resonance after incubation
with transporter would almost certainly only be due to Cl-/SO42- antiport (or
Na+/SO42- co-transport).158 Whereas most of the results from this second set of
experiments are consistent with the results observed in the first round of
testing there were some discrepancies (see Figure 57). During the initial test,
where Mn2+ is present outside of the POPC vesicles, 85 and 90 were inactive
and showed no change in 33SO42- resonance intensity, whilst receptor 96
showed a reduction in resonance intensity, indicating 96 to be an active
transporter. However during the modified tests, where Mn2+ is present on the
inside of the POPC vesicles, the results were the opposite with 85 and 90
showing activity and 96 being inactive. In the case of compound 96 no 33S NMR
signal was observed, even after 12 hrs incubation with the receptor, whilst all
previous tests suggested sulfate transport by this receptor. It is possible that
this may be due to simultaneous transport of sulfate and Mn2+.158 This cotransport may occur due to Mn2+ and SO42- both being doubly charged and
hence in the presence of compound 96 forming a neutral molecular ensemble
that is lipid soluble.
The first and second rounds of testing focused on using paramagnetic Mn2+ to
broaden the 33S NMR signal. In order to tackle the issue of possible
transmembrane Mn2+ transport, the Mn2+ was substituted for paramagnetic Fe3+.
The greater charge on the metal center aimed to create a mismatch between
the charge on the sulfate and the charge on the iron meaning co-transport
would be unlikely. Repeating the 33S NMR experiments whilst using Fe3+ as the
paramagnetic agent tested this hypothesis.
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DMSO

85

90

96

Figure 57: 33S NMR experiments indicating that receptors 85 and 90 are able to
facilitate 33SO42- transport, whilst receptor 96 is inactive. All spectra were recorded in
9:1 water: D2O solutions. 33S NMR spectra i) of the POPC lipid vesicles loaded with 162
mM Na233SO4 with 1.5% MnSO4, 20 mM phosphate buffer, pH 7.4, and dispersed in 450
mM NaCl, 20 mM phosphate buffer, pH 7.4; ii) after 2 hrs incubation with transporter
or DMSO (4 mol% with respect to lipid); iii) after the addition of detergent to lyse all
vesicles.

The lipid vesicles were loaded with Na233SO4 and Fe2(SO4)3 (as described in
Chapter 5.2.4) and the vesicles were dispersed in a NaCl solution. Preliminary
tests showed that the addition of 5 mol% Fe3+ (with respect to 33SO42-) was
sufficient to broaden the 33S NMR signal, meaning that the initial 33S NMR
spectrum would show no signal and only the addition of a transporter capable
of transporting sulfate would result in a 33S signal. Once detergent is added to
lyse the vesicles, it is expected that the 33S NMR resonance would disappear
again, proving that the vesicles do not leak during the experiment. Figure 58
shows the results of these tests where the vesicles were incubated for 2 hrs
with a selection of compounds (the results of the other compounds can be
found in Appendix A.1). In accordance with the previous tests compounds 83,
88, 85, 90 and 96 proved to be able to transport sulfate out of the vesicles,
while compounds 81, 86, 95 and 97 appeared to be inactive. However, Figure
58 also shows a potential problem when using Fe3+ as the paramagnetic agent,
namely that the 33S signal increases upon the addition of detergent whereas it
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was expected to disappear. It was also observed that the addition of detergent
led to the formation of a large amount of pale yellow precipitate, which was
identified as iron(III)phosphate using SEM-EDX (see Appendix 0). It would
appear that a proportion of the 5 mol% Fe3+ (with respect to 33SO42-) precipitates
initially when added to the internal solution and lipid mix, in preparation for
vesicle formation, but a sufficient amount remains in solution for the 33SO42NMR resonance to be broadened. Hence there is no resonance observed in step
i) of the experiment. It is proposed that disintegration of the vesicles by the
addition of detergent in step iii) triggers the precipitation of Fe(III)PO4
(presumably due to excess phosphate buffer upon lysis), thereby removing the
majority of paramagnetic Fe3+ out of solution and leading to an increased 33S
NMR signal. This is however an advantage, as it clearly shows that the 33S
signal appearing upon addition of transporter is due to SO42- transport and not
Fe3+ transport, because the latter would have led to the formation of a Fe(III)PO4
precipitate prior to the addition of detergent. Therefore, the combination of 33S
NMR experiments using Mn2+ or Fe3+ as paramagnetic agents is an excellent
way of directly proving sulfate transport.
For an overview of all the tests that were performed and the most likely anion
transport mechanisms that can be derived from this information can be found
in Appendix A.2.
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DMSO

88

96

95

i)

ii)

iii)

Figure 58: 33S NMR experiments indicating that receptor 88 and 96 are able to facilitate
33

SO42- transport, whilst receptor 95 is inactive. All spectra were recorded in 9:1 water:

D2O solutions. 33S NMR spectra i) of the POPC lipid vesicles loaded with 165 mM
Na233SO4 with 5% Fe2(SO4)3, 20 mM phosphate buffer, pH 7.2, and dispersed in 450 mM
NaCl, 20 mM phosphate buffer, pH 7.2; ii) after 2 hrs incubation with transporter or
DMSO (4 mol% with respect to lipid); iii) after the addition of detergent to lyse all
vesicles.

For the tren based compounds 83, 88, 85, 90 and 96, the transporters that are
the most potent chloride/nitrate antiporters (lowest EC50 values for
chloride/nitrate exchange) are also the most potent bicarbonate and sulfate
transporters. This means that these receptors are better at transporting any
anion, rather than having sulfate anion specificity. This suggests the reason
why these transporters are better at transporting sulfate, than other tren based
compounds, is due to the fact that they are more able to screen any
hydrophilic anion from the lipid environment (increased lipophilicity, see ClogP
values in Appendix A.2) and not because they possess increased sulfate
affinities.190-192 It can also be seen that the data obtained using chloride ISE
assays corresponds well to the 33S NMR data, i.e. sulfate transport can only be
observed using 33S NMR when the chloride efflux in the presence of external
sulfate is higher than 50% efflux after 300 s. The only exception is compound
90, where the sulfate transport ability is lower than initially expected from
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ClogP. It has previously been suggested that this receptor is too lipophilic (logP
> 11) and therefore it can get “stuck” in the inner region of the membrane,
hence it cannot pick up anions from the aqueous phase,146 resulting in
impaired bicarbonate and sulfate transporting abilities.
In contradiction to this however, even though the EC50 values, for
chloride/nitrate exchange, for 95 and 96 are much higher than for the tren
compounds, 96 is still one of the best sulfate transporters in the series. This
implies that compound 96 is more selective for transporting sulfate than tren
based compounds 83, 85 and 88 that still preferentially transport the more
lipophilic chloride and nitrate anions. The cage-like structure of 96 is ideal for
tetrahedral anions such as sulfate, which can be bound inside the cavity via
nine hydrogen bonds, hence the increased selectivity for sulfate transport is
directly linked to the increased selectivity for sulfate binding.182, 183, 185 The
difference in transport ability between the various cyclopeptides 95-97 is likely
a combination between lipophilicity, anion affinity and size of the cage.
Compound 97 is the most lipophilic receptor, but the large open cage results
in reduced anion affinity and a reduced ability to screen anions from the lipid
environment and therefore it is unable to efficiently transport anions. On the
other hand, the anion transport ability of cyclopeptide 95 may be hindered by
the small cage size in which anions can be too tightly bound and cannot be
released quickly enough once the transporter crosses the membrane. The
highly polar character of 95 also results in reduced membrane partitioning.
Conclusively, compound 96 shows the correct balance between lipophilicity,
high anion affinity and a cage that is small enough to screen the anion from
the lipophilic membrane interior, but large enough to allow fast in-and-out
movement of the anion during transport. Furthermore, compound 96 is the
only receptor that can also function via an Mn2+/SO42- symport mechanism, a
process that can be aided by the overall neutral complex of this ion-pair and
the many metal-coordinating N and O atoms in the cyclopeptide ring. It is still
possible that the activity of 96 is due to the formation of a channel or pore
that is small enough to keep calcein inside but large enough to cause leakage
of small ions. However, the Hill coefficient of 1.1, the difference in bicarbonate
transport ability in the presence or absence of chloride and the difference in
sulfate transport in the presence of Mn2+ or Fe3+ all suggest otherwise. Even
though tren based (thio)ureas 81-97 transport chloride, nitrate and
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bicarbonate better than sulfate (with varying degrees of selectivity), this work
is a significant step in developing sulfate selective anion carriers that could be
used in the treatment of sulfate transport related diseases. It shows that both
lipophilicity and sulfate affinity/selectivity are of the utmost importance in the
transport of the highly hydrophilic sulfate anion.

2.5

Conclusion

A novel method has been developed, using 33S NMR, which can be employed to
directly monitor sulfate transport in vesicles. By taking advantage of the
paramagnetic properties of Mn2+ or Fe3+ it is possible to determine whether 33S
labeled sulfate is located inside or outside of the vesicle and hence to
definitively establish sulfate transport. This technique has been used to show
for the first time that small molecules based on tren and cyclic peptide
scaffolds may mediate transmembrane sulfate transport. This work provides a
good starting point for the development of new sulfate transporters and
provides an unambiguous method to characterise their transport properties in
vesicles.

65

Chapter 3: Influence of stereochemistry on anion transport and binding

Chapter 3:

Influence of stereochemistry on

anion transport and binding
The results in this chapter have been previously published as: “The influence of
stereochemistry on anion transport and binding”, L. E. Karagiannidis, J. R.
Hiscock and P. A. Gale, Supramol. Chem. 2013, 25 (9-11), 626-630.193 This is an
Accepted Manuscript of an article published by Taylor & Francis in
Supramolecular Chemistry on 01 July 2013, available online (see Appendix
E.2):
http://www.tandfonline.com/ [Article DOI] 10.1080/10610278.2013.806809

3.1

ortho-Cyclohexyldiamine based bis-thioureas

Fabbrizzi and co-workers have investigated the binding of enantiomeric forms
R,R (98) and S,S (99) of an ortho-cyclohexanediamine based bis-thiourea
(Figure 59) to a variety of anions, using UV-Vis and 1H NMR titration techniques
in DMSO-d6.194 UV-Vis investigations exploit the changes in spectral features of
the nitrobenzene chromophore upon interaction of the receptor with the anion.

98

99

Figure 59: ortho-Cyclohexanediamine based bis-thiourea 98 (R,R enantiomer) and 99
(S,S enantiomer).

The R,R and S,S enantiomers were first assessed for binding affinity with a set
of achiral oxoanions (acetate, benzoate, phosphate, dihydrogen phosphate and
pyrophosphate), and as expected there was no significant difference in
stability constants between the two enantiomers (e.g. with acetate K1(98) =
2399 M-1 compared to K1(99) = 2344 M-1). It was proposed that differences in
the recognition properties of the two receptors would instead be detectable in
the presence of a chiral anion. Hence, the biologically relevant D-2,3diphosphoglycerate 100 (Figure 60) was titrated with a DMSO solution of 98
and 99 respectively, and the absorbance of the solution measured by UV-Vis.
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achiral synthetic receptor for 2,3-diphosphoglycerate, displaying a high selectivity in water, has been recently reported.36
Such a receptor is capable of depriving haemoglobin of 2,3diphosphoglycerate, thus indirectly controlling the oxygenation
level of the protein.

100
Figure 60: D-2,3-diphosphoglycerate 100. This biologically relevant anion binds to
deoxygenated haemoglobin at an allosteric site, decreasing its affinity for oxygen. At
the site of respiring
tissues this help to promote the release of remaining oxygen to
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R,R-1

1 + CH3 COO− ! [1 · · · CH3 COO]−
1 + C6 H5 COO− ! [1 · · · C6 H5 COO]−
1 + H2 PO4 − ! [1 · · · H2 PO4 ]−
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3.38(3)
2.86(2)
2.96(2)
3.46(5)
4.63(3)

S,S-1
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3.2

The effect of altering stereochemistry

To investigate the effect of stereochemistry on anion binding and transport the
following set of cis- and trans-cyclohexyl bis-trifluoromethylphenyl (thio)ureas
101-104 (Figure 62) were synthesised according to the procedures described
in Chapter 5.5.1. Compounds 103 and 104 were synthesised and characterised
by Jennifer R. Hiscock. All four receptors were investigated for their ability to
transport chloride and bicarbonate anions across POPC bilayers, as well as
their binding affinities with a variety of different anions. Compounds 101 and
102 were tested as racemic mixtures of the R,S and S,R enantiomer forms of
the respective compounds, whilst 103 and 104 were tested as the racemic
mixtures of the R,R and S,S enantiomer forms of the respective compounds. Utube experiments were performed to help determine the mode of anion
transport.
Nagasawa and co-workers have previously reported urea 103 as a catalyst for
the hetero-Michael addition reaction between pyrrolidine and #-crotonolactone,
in which 103 exhibits a low chiral induction effect on the final product.197 In
addition, thiourea 104 was shown to catalyse the aza-Henry reaction of a Bocprotected imine, again with a slight asymmetric induction.198 Receptor 102 has
also been previously reported.199

101: X = O

102: X = S

103: X = O

104: X = S

Figure 62: cis- and trans- (Thio)ureas 29-32 as synthesised in Chapter 5.5.1.

3.2.1

Anion transport

Receptors 101-104 were investigated for their capacity to transport chloride
anions across a POPC lipid bilayer. Each receptor was individually tested for
chloride/nitrate and chloride/bicarbonate antiport processes according to the
procedures laid out in Chapters 5.2.2 and 5.2.3 respectively.
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Receptors 101, 102 and 104 were found to facilitate chloride/nitrate and
chloride/bicarbonate antiport processes when 2 mol% receptor, with respect to
lipid, was added to POPC vesicles containing sodium chloride. The cisreceptors facilitate transport at an increased rate and overall efficiency than
the corresponding trans-receptors (Figure 63 and Figure 64 respectively).177
Receptor 103 was inactive for both transport processes. Numerical values of
the chloride efflux for both transport processes are shown in Table 1.

101
102
103
104

Figure 63: Chloride efflux as a function of time, promoted by the addition of receptors
101-104 (2 mol% with respect to lipid) from unilamellar POPC vesicles containing
489 mM NaCl buffered to pH 7.2 with 5 mM sodium phosphate salts. The vesicles were
dispersed in 489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s. At the end of the experiment the
vesicles were lysed to calibrate the chloride selective electrode to 100% chloride efflux.
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101
102
103
104

Figure 64: Chloride efflux as a function of time, promoted by the addition of receptors
101-104 (2 mol% with respect to lipid) from unilamellar POPC vesicles containing
451 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate salts. The vesicles
were dispersed in the external solution containing 150 mM Na2SO4 buffered to pH 7.2
with 20 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s, and a spike of NaHCO3 (33 mM) added at 120 s. At the end of the experiment the
vesicles were lysed to calibrate the chloride selective electrode to 100% chloride efflux.
Table 1: Chloride efflux from POPC vesicles upon addition of 2 mol% receptors 101104, with respect to lipid. Values are shown for both chloride/nitrate and
chloride/bicarbonate antiport processes.
% Chloride efflux
Receptor

101

102

103

104

Cl-/NO3- (270 s)

52

76

0

29

Cl-/HCO3- (390 s)

15

62

0

16
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In order to quantify the data obtained for the anion transport studies, a Hill
analysis was performed for each receptor as described in Chapter 5.2.5.
Example Hill analyses for chloride/nitrate and chloride/bicarbonate antiport
processes are shown below with the remaining results available in Appendix B.
Chloride/nitrate antiport promoted by different concentrations of 104 was
investigated (Figure 65). The total chloride efflux after 270 s was plotted
against receptor concentration and the data was fitted to the Hill equation
(Chapter 1.5.5, Equation 1) using Origin® 8.6; the fit is shown in Figure 66.

Figure 65: Chloride efflux as a function of time, promoted by the addition of various
concentrations of receptor 104, from unilamellar POPC vesicles containing 489 mM
NaCl buffered to pH 7.2 with 5 mM sodium phosphate salts. The vesicles were
dispersed in 489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s. At the end of the experiment the
vesicles were lysed to calibrate the chloride selective electrode to 100% chloride efflux.
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Figure 66: Hill analysis for Cl-/NO3- antiport mediated by 104. Data was fitted to
Equation 1 using Origin. R2 = 0.98722, EC50 = 3.47826±0.16469 mol%, n =
1.90314±0.18722.

This process was repeated for receptors 101 and 102, however receptor 103
was virtually inactive, and at 20 mol% receptor loading, with respect to lipid,
showed only 5.2% chloride efflux at 270 s (Figure 67). Consequently the data
obtained for this receptor was not fitted to the Hill equation. Table 2 shows the
relevant EC50 and Hill coefficient values for chloride/nitrate antiport.
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Figure 3. Chloride efflux as a function of time, promoted by the
addition of receptors 1 and 2 (2 mol% with respect to lipid) from
unilamellar POPC vesicles containing 451 mM NaCl buffered to
pH 7.2 with 20 mM sodium phosphate salts. The vesicles were
dispersed in the external solution containing 150 mM Na2SO4
buffered to pH 7.2 with 20 mM sodium phosphate salts. The
receptor was loaded as a DMSO solution at 0 s, and a spike of
NaHCO3 (33 mM) added at 120 s. At the end of the experiment,
the vesicles were lysed to calibrate the ISE to 100% chloride
efflux. Each point represents the average of three repeats.
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The EC50 values indicate that the most efficient transporter is cis-thiourea 102,
which can efflux 50% of the total internal chloride in 270 s at a loading of only
0.61 mol% with respect to lipid (i.e. 1:164 carrier to lipid ratio). The Hill
coefficient, n, indicates that the observed anion transport is not promoted by
the formation of large assemblies, but rather supports a mobile carrier
mechanism of transport.
Similarly, analysis was carried out to quantify the chloride/bicarbonate data.
The results for receptor 101 at various receptor loadings are present in Figure
68. The total chloride efflux after 390 s was plotted against receptor
concentration (Figure 69) and the data was fitted to the Hill equation
(Chapter1.5.5, Equation 1) using Origin® 8.6.

Figure 68: Chloride efflux as a function of time, promoted by the addition of various
concentrations of 101, from unilamellar POPC vesicles containing 451 mM NaCl
buffered to pH 7.2 with 20 mM sodium phosphate salts. The vesicles were dispersed in
the external solution containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM
sodium phosphate salts. The receptor was loaded as a DMSO solution at 0 s, and a
spike of NaHCO3 (33 mM) added at 120 s. At the end of the experiment the vesicles
were lysed to calibrate the chloride selective electrode to 100% chloride efflux.
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Figure 69: Hill analysis for Cl-/HCO3- antiport mediated by 101. Data was fitted to
Equation 1 using Origin. R2 = 0.97826, EC50 = 7.04459±0.45160 mol%, n =
1.75191±0.22214.

This process was repeated for receptors 102 and 104, with the relevant EC50
and Hill coefficient values also present in Table 2. However, as with the
chloride/nitrate test, receptor 103 was virtually inactive, and at 20 mol%
receptor loading, with respect to lipid, showed only 4.0% chloride efflux at 390
s (Figure 70) and accordingly the data obtained for this receptor was not fitted
to the Hill equation.
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Figure 70: Chloride efflux as a function of time, promoted by the addition of receptors
103 (20 mol% with respect to lipid) from unilamellar POPC vesicles containing 451 mM
NaCl buffered to pH 7.2 with 20 mM sodium phosphate salts. The vesicles were
dispersed in the external solution containing 150 mM Na2SO4 buffered to pH 7.2 with
20 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at 0 s,
and a spike of NaHCO3 (33 mM) added at 120 s. At the end of the experiment the
vesicles were lysed to calibrate the chloride selective electrode to 100% chloride efflux.

The EC50 values for the chloride/bicarbonate tests show the same trends as for
the chloride/nitrate tests and indicate that the most efficient transporter of the
series is cis-thiourea 102, which can efflux 50% of the total internal chloride in
390 s at a loading of 1.47 mol% with respect to lipid (i.e. 1:68 carrier to lipid).
The Hill coefficient values also support a mobile carrier transport mechanism.
Additionally, the lack of chloride transport in the first two minutes of the
chloride/bicarbonate transport assay, followed by the rapid chloride efflux
upon external addition of bicarbonate indicates that receptors 101, 102 and
104 work by promoting a chloride/bicarbonate antiport mechanism of
transport. Subsequently it can be deduced that the receptors also function via
a chloride/nitrate antiport mechanism of transport in the chloride/nitrate
transport assays.
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These trends in transport efficiency can be rationalised by looking at the
different spatial arrangements of the cis- vs. trans-receptors. Figure 71 shows
that the hydrogen bond donor N-H groups of the cis-receptors are favorably
orientated in an axial-equatorial arrangement, to bind to a single anionic guest
molecule. They are closer together and in better spatial agreement to direct
four hydrogen bonds towards the guest species than analogous transreceptors (Figure 72); especially when compared to the axial-axial conformer of
the trans-receptor, where the two arms of the receptor point in opposite
directions. The spatial arrangement of the trans-receptors makes it more
difficult for them to shield the charged guest, as well as the hydrophilic
regions of the receptor itself, from the lipophilic interior of the POPC bilayer.
This means it is more difficult for the trans-receptors to partition into the
phospholipid bilayer, resulting in decreased transport efficiency with respect to
that of the cis-receptors. Figure 73 shows how the spatial arrangement of the
receptors differs when chloride is present.

Figure 71: cis-Thiourea compound 102. Black = carbon, green = fluorine, yellow =
sulfur, blue = nitrogen and pink = hydrogen. Structure was generated using Spartan’10
for Macintosh (PM3 molecular dynamics energy minimisation).200 Spheres have been
resized for clarity.
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Axial-axial conformation

Equatorial equatorial conformation

Figure 72: Axial-axial and equatorial-equatorial conformations of the trans-thiourea
compound 104. Black = carbon, green = fluorine, yellow = sulfur, blue = nitrogen and
pink = hydrogen. Structures were generated using Spartan’10 for Macintosh (PM3
molecular dynamics energy minimisation).200 Spheres have been resized for clarity.

102!Cl

104!Cl

Figure 73: Spatial arrangement of cis-thiourea 102 and trans-thiourea 104 in the
presence of chloride anions. Black = carbon, green = fluorine, yellow = sulfur,
blue = nitrogen and pink = hydrogen. Structures were generated using Spartan’10 for
Macintosh (PM3 molecular dynamics energy minimisation).200 Spheres have been
resized for clarity.
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3.2.2

Mobility assays

The inclusion of cholesterol within a lipid membrane is known to reduce
membrane fluidity.157 Receptors 101-104 were tested for chloride/nitrate
antiport across vesicle membranes composed of POPC and 30 mol%
cholesterol, according to the procedure laid out in Chapter 5.3.1. The results
from these tests are shown in Figure 74. For comparison the results of the
original chloride/nitrate antiport tests, where no cholesterol is added to the
vesicle bilayer, are also shown. Control experiments, where no receptor was
added, show no chloride efflux from either the POPC vesicles or the POPC/30
mol% cholesterol vesicles.

101

102

103

104

Figure 74: Chloride efflux at 270 s from vesicles composed of POPC (black) and those
with 30 mol% cholesterol added (red), upon addition of 2 mol% of receptors 101-104.

It is expected that adding cholesterol to the lipid bilayer will increase its
viscosity, making the transport of anions by mobile carriers more difficult.
Similar to the original chloride/nitrate antiport results of 103, no chloride
efflux is observed from the POPC/30 mol% cholesterol vesicles upon addition
of 2 mol% carrier, with respect to lipid. However, the observed experimental
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results for receptors 101, 102 and 104 show an increase in transport ability
when cholesterol is incorporated into the bilayer. These results are unusual but
have similarly been observed for some (thio)urea receptors previously
published by Gale and co-workers.146, 201 Here Gale and co-workers postulate
that this type of result could be explained by different partitioning properties
of the receptors into cholesterol containing POPC bilayers. It is thought that
the POPC/30 mol% cholesterol membrane lipophilicity may be better matched
to receptor lipophilicity, in comparison to that of the purely POPC membrane.
This would allow for increased receptor partitioning and therefore increased
anion transport efficiency in the cholesterol incorporation tests. However, as
with the published hypothesis this could not be verified. Gale and co-workers
are currently working to better understand this phenomenon.
As the increase in transport ability in the presence of cholesterol within the
vesicle membrane does not rule out the possibility of the receptors acting as
mobile carriers, additional U-tube experiments were carried out to further
investigate the mode of anion transport.
U-tube experiments, as described in Chapter 5.3.2, were used to probe the
mode of anion transport further. Each receptor was separately dispersed in a
nitrobenzene solution containing TBA hexafluorophosphate, and the solution
placed into a U-shaped apparatus. To one side of the nitrobenzene solution
was added an aqueous sodium chloride solution, and to the other side was
added an aqueous sodium nitrate solution. The experiments were stirred and
the chloride concentration of the sodium nitrate solution was monitored over a
period of 240 hrs (Figure 75). A control experiment was also run where no
receptor was added to the organic phase.
After 72 hrs there was minimal change in the chloride concentration of the
sodium nitrate solution for each of the four receptors 101-104. However, after
168 hrs all four receptors showed a significant increase in chloride
concentration of the nitrate solution, which increased even further after 240
hrs. As expected, based on the vesicle transport studies, the efficiency of
anion transport by cis-receptors 101 and 102 is greater than the equivalent
trans-receptors 103 and 104 respectively and the thioureas outperform the
corresponding ureas.

81

Chapter 3: Influence of stereochemistry on anion transport and binding

Control
101
102
103
104

Figure 75: Result from the U-tube experiment for receptors 101-104 and a control
experiment. Readings were taken using a chloride ISE and converted to chloride
concentration by calibration with known chloride concentration solutions.

The results of the U-tube experiment show an increase in the chloride
concentration of the sodium nitrate solutions over time, indicating that the
receptors function as mobile carriers. The large volume, and hence distance
separation, of the two aqueous phases ensures that channel formation across
the span of the organic phase is not possible, hence a channel mechanism of
transport is not feasible. This gives further credence to the concept of these
receptors functioning by an antiport mechanism of transport.
3.2.3

Anion binding

Amendola et al.194 showed that analogous cyclohexane based bis-urea
receptors 98 and 99 bind a hydrogen bonded dihydrogen phosphate dimer in
the solid state, whilst Costero et al.202 showed that cyclohexane based bisthioureas can bind dicarboxylate anions in a 1:2 receptor:anion ratio (by UV-Vis
in DMSO). Anion binding studies were carried out for receptors 101-104, to
determine their binding affinity and binding stoichiometry to a range of
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different anions. Jennifer R. Hiscock conducted the binding studies for
receptors 103 and 104.
Stability constants for the interaction of receptors 101-104 with a variety of
anions were determined by fitting the data obtained from 1H NMR titrations in
DMSO-d6 (Chapter 5.4.1) to either a 1:1 or a 1:2 receptor:anion binding
isotherm, using WinEQNMR2.140 The stability constants were determined by
following the downfield shift of the N-H proton resonances. In many cases the
resonance from the more deshielded N-H protons (i.e. the ones closest to the
aromatic ring systems, N-H 1) were subject to broadening upon addition of the
guest anion. Additionally, resonance overlap between the more shielded N-H
protons (i.e. the ones closest to the cyclohexyl ring system, N-H 2) and the
aromatic C-H protons was frequently observed. Still the overall downfield shift
of both N-H resonances during the titrations does indicate that all four N-H
groups are involved in hydrogen bonding to the anions. For consistency the
N-H 1 resonances were used to plot all of the binding curves discussed below.
The binding interactions of receptor 101 to Cl- and HCO3- were fitted to a 1:2
receptor:anion binding isotherm (Figure 76 and Figure 77 respectively).
Additional binding curves for receptor 101, as well as those for receptors 102104 are available in Appendix B.

Figure 76: Binding curve generated from the 1H NMR titration of 101 with TBACl in
DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding isotherm using
WinEQNMR2.140 The N-H resonance at ~6.50 ppm was monitored for this plot.
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Figure 77: Binding curve generated from the 1H NMR titration of 101 with TEAHCO3 in
DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding isotherm using
WinEQNMR2.140 The N-H resonance at ~6.70 ppm was monitored for this plot.

The results of the anion binding studies for receptors 101-104 are shown in
Table 3. The table of results depicts the stability constant associated with
binding the first equivalent of anion, K1, and the stability constant associated
with binding the second equivalent of anion, K2, where the data was fitted to a
1:2 binding isotherm. Only one binding event is modelled, K1, where the data
was fitted to a 1:1 binding isotherm.
Receptor 101 was found to bind all tested anionic guests in a 1:2
receptor:anion fashion. The first stability constant associated with the binding
of chloride, acetate and benzoate are very large (K1 >104 M-1) indicating a
strong affinity for the first equivalent of anion. For the remaining anions
bicarbonate, hydrogen sulfate, dihydrogen phosphate and sulfate the
calculated K1 values were an order of magnitude lower but still indicate a
strong affinity for the anions. For each of the anions (excluding sulfate) the
second stability constant is significantly lower than the first, showing the
decreased affinity of receptor 101 for a second equivalent of anion. This is
most likely a result of the charged anions repelling each other as well as steric
restraints around the binding site. The opposite is true for the binding of
sulfate (Figure 78), where the second stability constant K2 (18942 M-1) is an
order of magnitude larger than the first stability constant K1 (5279 M-1). This
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shows that the binding to sulfate is cooperative in nature, in that the binding
of the first equivalent of sulfate makes it more favourable for the second
equivalent to bind. This is unusual as it generates a complex with a 4- charge
and it is expected that the 2- charge of the two sulfate anions would repel each
other, even more so than with the monovalent anions, so would make the
binding of the second equivalent of sulfate more difficult. However, this anion
is one of the largest tested, and it may be that the binding of the first
equivalent of sulfate causes a change in conformation of the receptor’s
structure, so that the two arms of the receptor are pushed further apart from
each other, resulting in a better binding interaction with the second anionic
guests.

Figure 78: Binding curve generated from the 1H NMR titration of 101 with (TBA)2SO4 in
DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding model using
WinEQNMR2.140 The N-H resonance at ~6.70 ppm was monitored for this plot.
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The 1H NMR titration data between the same set of anions and receptor 102
were also fitted to a 1:2 receptor:anion binding isotherm, with the exception of
the data for the titration with bicarbonate. The data obtained during the 1H
NMR titration of 102 with TEAHCO3 showed only a small change in N-H
resonance position, which fluctuated greatly upon addition of more equivalents
of anion, resulting in only a small overall downfield shift of the N-H resonance
(Figure 79). This suggested that only a very weak binding event was taking
place, and it was not possible to fit the data to a 1:2 receptor:anion binding
isotherm as with the other anions investigated. Instead the data was fitted to a
1:1 receptor:anion binding isotherm. For this interaction the stability constant
of K1 <10 M-1 is indicative of an insignificant binding event.

Figure 79: Binding curve generated from the 1H NMR titration of 102 with TBAHCO3 in
DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding model using
WinEQNMR2.140 The N-H resonance at ~8.20 ppm was monitored for this plot.

The remaining results for 102 show similar trends to those observed for 101
with each of the receptor-anion interactions (excluding that with sulfate)
having K1 values that are greater than the K2 values, indicating a decreased
affinity of receptor 102 for a second equivalent of anion. Again the binding of
sulfate is an exception, with the second stability constant K2 appearing equally
as great as the first.
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It was not possible to fit all 1H NMR titration data for receptors 103 and 104
using WinEQNMR2, but of the results that were fitted to a 1:2 receptor:anion
binding isotherm, similar trends to those of receptors 101 and 102 were
observed. For all 1:2 receptor:anion binding interactions investigated for
receptors 103 and 104, the first stability constant, K1, is greater than the
second stability constant, K2, indicating a decreased affinity of the receptors to
bind a second equivalent of anion.
Figure 80 shows the change in chemical shift of the urea N-H resonances of
receptor 103 upon addition of TBAH2PO4. The curve plateaus after the addition
of 2 equivalents of anion suggesting a 1:2 receptor:anion binding ratio.
However, due to the slight plateau in the curve at around 1 equivalent of
anion, it was not possible to fit the data to a 1:2 receptor:anion binding
isotherm using WinEQNMR2 with reasonable error, hence stability constants
could not accurately be calculated. Similarly, the binding data for the
interaction of 104 with TBACl could not be fitted (Figure 81).

Figure 80: Change in chemical shift of the urea N-H resonances of receptor 103 upon
addition of TBAH2PO4. N-H 1 refers to the resonances of the N-H protons closest
spatially to the aromatic ring systems. N-H 2 refers to the resonances of the N-H
protons closest spatially to the cyclohexyl ring system.
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Figure 81: Change in chemical shift of the urea N-H resonances of receptor 104 upon
addition of TBACl. N-H 1 refers to the resonances of the N-H protons closest spatially
to the aromatic ring systems. N-H 2 refers to the resonances of the N-H protons closest
spatially to the cyclohexyl ring system.

In the 1H NMR titration for receptor 104 with TEAHCO3 the thiourea N-H signals
were subject to resonance broadening on addition of increasing equivalents of
anion, hence the data could not be fitted to a WinEQNMR2 binding isotherm.
The 1H NMR stack plot for this titration can be found in Appendix B2. 17.
The stack plot for the 1H NMR titration of 104 with TBAOAc (Figure 82) shows a
steady upfield shift of the urea N-H 2 resonance, which is originally hidden by
the aromatic C-H resonance at ~8.2 ppm, as more anion is added. However,
this binding event could not be fitted using WinEQNMR2 as the more acidic N-H
1 resonance is subject to broadening, upon addition of the anionic guest, and
the N-H 2 resonance of the receptors unbound form overlaps with the aromatic
C-H resonances. The observed resonance shifts of the aromatic C-H groups
indicate the possibility of secondary equilibria process taking place within the
system. These could include conformational changes in the receptor, for
example between the axial-axial and equatorial-equatorial conformers (Figure
72) or even deprotonation of the receptor.
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Figure 82: Stack plot of the 1H NMR titration of 104 with TBAOAc. The equivalent of
anion increases moving up the stack plot.

The stack plot for the 1H NMR titration of 104 with (TBA)2SO4 (Figure 83) shows
that a fast exchange 1:1 receptor:anion binding event is taking place, up to the
addition of one equivalent of anion. During this process the more acidic N-H
resonance shifts upfield from 10.1 ppm to 11.4 ppm, and the less acidic N-H
resonance shifts from its origin, overlapped by the aromatic C-H resonance at
~8.2 ppm, to 9.2 ppm. A fast exchange event refers to a rapid binding event
that cannot be observed on the NMR time scale – only one resonance for each
equivalent N-H group is seen (red ovals). Upon addition of higher equivalents
of anion (i.e. from 1.30 equivalents and above) both N-H resonances split into
two. This is a likely result of slowly shifting the equilibrium towards a 1:2
receptor:anion interaction. This occurs as a slow exchange process, hence as
more anion is added to the system the N-H resonances from the 1:1 complex
decrease in intensity as the resonances from the 1:2 complex increase in
intensity (blue ovals). Once again the appearance of additional aromatic C-H
resonances, as sulfate is added to the system, and the overall change in
chemical shift of the aromatic C-H resonances, suggests the presence of
secondary equilibria processes.
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1:2

receptor:anion complex
1:1
1:2

1:1

Figure 83: Stack plot of the 1H NMR titration of 104 with (TBA)2SO4. The equivalent of
anion increases moving up the stack plot. Red ovals = fast exchange, blue oval = slow
exchange.

The 1H NMR titration of 104 with TBAH2PO4 (Appendix B2. 20) shows resonance
broadening and splitting of the N-H and aromatic C-H protons upon addition of
anion. This could be attributed to secondary equilibria processes, for example
the conformational changes in the receptor, or the deprotonation of either the
receptor or the bound anion.
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3.3

Conclusion

The work discussed here demonstrates that cis-cyclohexyl bistrifluoromethylphenyl (thio)ureas, 101 and 102, have a greater function as
anion antiporters than the corresponding trans-cyclohexyl bistrifluoromethylphenyl (thio)ureas, 103 and 104. The evidence presented also
supports the notion that thioureas are better functional group motifs than
ureas for promoting anion antiport across lipid bilayers, due to the increased
lipophilicity of sulphur atoms over oxygen atoms.177 Additionally, the difference
in transport efficiency between cis- and trans- stereoisomers has been
rationalised with respect to their differing ability to shield hydrophilic receptor
regions and anionic guests from the lipophilic interior of phospholipid
membranes.
Anion binding investigations were able to highlight the significance of
stereoisomerism on anion binding in solution, as the cis-receptors interact with
anions more favourably than the trans-receptors. Additionally, the lack of
conformational isomers in cis-receptors allows for less complex binding
equilibria compared to analogous trans-receptors.
Designing anion transporters with high activity is paramount when considering
their applications to medicinal therapies. Producing drugs with high potency is
important as this means the drug can be administered in lower doses, hence
reducing any possible side effect to the patient. The cis/trans-receptors
discussed above do not show the high potency levels required of a commercial
pharmaceutical, however they are a great proof of principle example with
regard to the influence of stereochemistry on anion binding and transport.
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transmembrane anion transport based upon
ortho-phenylenediamine bis-ureas
The results in this chapter have been previously published as: ““Highly effective
yet simple transmembrane anion transporters based upon orthophenylenediamine bis-ureas”, L. E. Karagiannidis, C. J. E. Haynes, K. J. Holder, I.
L. Kirby, S. J. Moore, N. J. Wells and P. A. Gale, Chem. Commun. 2014, DOI:
10.1039/c4cc05519e. Reproduced by permission of The Royal Society of
Chemistry (see Appendix E.1).

4.1

Designing highly potent transmembrane anion
transporters

The synthetic approach to designing anion transporters includes the
attachment of hydrogen bond donor groups to a lipophilic scaffold. This
method of anion transporter design was pioneered by Davis and co-workers,
with the development of cholic acid derived transporters and more recently
systems based upon decalin and cyclohexane.13, 203, 204 Similarly the approach of
the Gale group has focused on developing new hydrogen bonding arrays for
transport, with systems containing thiourea, squaramide and thiosquaramide
groups showing excellent anion transport properties.146, 201, 205
Recently, Gale and co-workers began to study the anion transport properties of
bis-urea receptors based on ortho-phenylenediamine, a system that they
developed as an anion receptor in 2005.206-208 Structurally simple
transmembrane anion transporters 105-112 (Figure 84) have been shown to
exhibit promising anion transport activity at receptor to lipid ratios as low as
1:1000000.208
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105: R = H

108: R’ = p-CN

106: R = F

110: R’ = p-NO2

107: R = Cl

109: R’ = p-CF3
111: R’ = m-NO2

112: R’ = o-NO2

Figure 84: ortho-Phenylenediamine based bis-ureas 105-112.

These receptors have shown to bind chloride anions with stability constants of
approximately 10-80 M-1, and bicarbonate anions with stability constants of
roughly 800-4000 M-1 (in DMSO-d6/0.5% water at 298 K). The addition of an
electron withdrawing group to the central core or peripheral phenyl groups of
receptors 106-111, results in increased anion affinity with respect to receptor
105. This is due to the increased acidity of the hydrogen bond donor N-H
groups. Gale and co-workers postulated that the halogenation of the central
core phenyl group in receptors such as 106 and 107 also increases the acidity
of the phenylene C-H groups, resulting in strengthened intramolecular
hydrogen bonds and pre-organisation of the receptors for binding anions.206
There was no significant binding interaction observed between 112 and
chloride and the binding interaction with bicarbonate was greatly reduced
compared to the other seven receptors. This is believed to be a result of
intramolecular hydrogen bonding between the nitro group oxygen atoms and
the N-H groups of the urea. Additionally, there is a steric clash when bulky
substituents are positioned ortho- to the binding urea group, preventing
anions from reaching the binding site.
Receptors 106-111 were all shown to function as anion antiporters and in
some cases (108 and 110) H+/Cl- co-transporters. Halogenation of the central
core phenyl group increased transport ability of receptors 106 and 107 over
receptor 105, but not as significantly as the introduction of electron
withdrawing groups to the peripheral phenyl rings. Additionally, receptors 106,
107, 109, 110 and 111 were all found to be cyctotoxic to a range of cancer
cell lines. Biological assays utilising pH sensitive stains confirmed that these
compounds cause a reduction in cellular pH, and induce apoptosis in A375
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(human melanoma cell line), as a result of H+/Cl- or bicarbonate
transmembrane transport. Gale and co-workers found that these compounds
had excellent anion transport properties despite the fact that in the initial
study the compounds had not been optimised for transport.

4.2

Optimising efficiency of transmembrane anion
transporters

This work focuses on the development of a series of ortho-phenylenediamine
based bis-ureas 109-110 and 113-119 (Figure 85) functionalised with the NO2,
F, CF3 and SF5 groups that possess exceptional anion transport properties (i.e.
low EC50 values – see Table 4) some of which are more effective
chloride/bicarbonate antiport agents than the natural product prodigiosin,96, 191,
205

that is capable of mediating anion transport at a very low concentrations.

Also included within this study are mono-ureas 113 and 114. Gale and coworkers have previously reported the synthesis of receptors 113, 109 and
110201, 208.

113 R = CF3
114 R = SF 5

110 R = CF3
118 R = SF 5

109 R = CF3
115 R = SF 5
119

Prodigiosin
116 R = CF3
117 R = SF 5

Figure 85: Structure of synthetic receptors 109-110 and 113-119 as well as natural
product prodigiosin.
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The prodigiosin family of compounds are highly potent natural anionophores,
produced by bacteria from the Streptomyces and Serratia genera.90
Prodigiosins have been shown to symport H+/Cl-6, 91 and function as Cl-/NO3-209
and Cl-/HCO3-96 antiporters, demonstrating an ability to act as antibiotic and
anticancer agents, as well as exhibiting immunosuppressive behaviour.210
Prodigiosin is amongst the most potent anion transporters known.96
The pentafluorosulfanyl (SF5) substituent has also been investigated in order to
optimise the transport properties of ortho-phenylenediamine based bis-ureas.
The SF5 group has many similar properties to the more commonly used CF3
group including electronegativity, steric bulk and lipophilicity and has been
referred to as the “super-trifluoromethyl group”, as the SF5-group prevails over
the CF3-group in most of these areas.96, 211, 212 Furthermore the SF5 group, like
the CF3 group, is xenobiotic and has high stability under physiological
conditions, a property which is key for therapeutic applications.
X-ray crystal structures of the chloride complexes of compounds 114, 115 and
118 were elucidated using single crystal X-ray diffraction techniques. Crystals
were obtained by slow evaporation from DMSO solutions (a mix with MeOH in
the case of receptor 118) in the presence of an excess quantity of TBA chloride
or tetramethylammonium (TMA) chloride. The crystal structure data sets were
obtained, and the crystal structures resolved, by Isabelle L. Kirby.
Receptor 114 was found to form a 1:1 receptor:anion complex with TBA
chloride (N-Cl distances 3.217(1)-3.133(1) Å, N-H…Cl angles 159.0(8)-163.5(8)°)
(Figure 86).

Figure 86: X-ray crystal structure of receptor 114!TBACl showing the 1:1 receptor
anion binding interaction. Counter ions have been omitted for clarity.
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Receptor 115 forms a 2:2 receptor:anion complex in the solid state with TBA
chloride (N-Cl distances 3.205(4)-3.270(4) Å, N-H…Cl angles 133.2(2)-163.9(2)°).
Each chloride anion is bound by four hydrogen bonds, two from each of the
participating receptors (Figure 87).

Figure 87: X-ray crystal structure of 115!TBACl showing the packing arrangement.
Counter ions, DMSO solvent and non-acidic hydrogen atoms have been omitted for
clarity.

Receptor 118 forms a 1:1 receptor:anion complex with chloride (N-Cl distances
3.205(2)-3.315(2) Å, N-H…Cl angles 151.5(1)-167.1(1)°). The chloride anion is
bound by each of the four possible hydrogen bonds from the receptor (Figure
88).
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Figure 88: X-ray crystal structure of 118!TMACl.

As described in Chapter 5.4 1H NMR anion-binding studies (Table 4) were
conducted for receptors 109-110 and 113-119 with chloride, bicarbonate and
nitrate anions, to determine their affinity and stoichiometry of binding.
Stability constants, K1, were determined by following the shift of the most
deshielded N-H proton and fitting the data to a 1:1 receptor:anion binding
isotherm using WinEQNMR2.140
Stability constants measured for the interaction between the receptors and
chloride are quite moderate (30-100 M-1). Many of the measured stability
constants between the receptors and bicarbonate were very large, particularly
that of receptor 116 (>104), and in some cases the data could not be fitted to a
binding isotherm due to resonance splitting and broadening within the 1H NMR
spectra. This behaviour can be attributed to strong binding interactions and
possible secondary equilibrium processes in solution. In general, the receptors
did not significantly interact with nitrate anions, and the majority of the
stability constants were measured at <10 M-1.
Anion transport studies were carried out for receptors 114-119 and
prodigiosin using the same vesicle based methods (Chapter 5.2)142 that were
employed to study compounds 113, 109 and 110 previously.201, 208
To determine chloride/nitrate exchange capabilities a sample of unilamellar
POPC vesicles were prepared containing 489 mM NaCl buffered to pH 7.2 with
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5 mM sodium phosphate salts. The vesicles were suspended at a lipid
concentration of 1 mM in 489 mM NaNO3 buffered to pH 7.2 with 5 mM
sodium phosphate salts. The experiment was initiated by the addition of a
small amount of a DMSO solution of the receptor (mol% with respect to lipid),
and the resulting chloride efflux was monitored using a chloride ISE. At the
end of the experiment (300 s), the vesicles were lysed by addition of a
detergent, and the final electrode reading was used to calibrate 100% chloride
release (see Appendix C.1 for detailed results).
In order to determine the mechanism of chloride release by the receptors, a
second experiment using POPC vesicles containing 451 mM NaCl buffered to
pH 7.2 with 20 mM sodium phosphate salts was performed. The vesicles were
suspended in 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium
phosphate salts. On addition of a sample of receptor, there was little
significant chloride release. This indicates that these receptors function by an
anion exchange mechanism. In the first assay, the receptors were able to
facilitate Cl-/NO3- exchange, but in this second experiment their activity was
diminished due to the high hydrophilicity of the SO42- anion,151 which in most
cases prevents its transport by synthetic transporters.158 After 120 s, a pulse of
NaHCO3 solution was added, and found that the receptors were mediating
chloride efflux, evidence in support of the hypothesis that these receptors are
also able to facilitate a Cl-/HCO3- antiport mechanism. Figure 89 shows a
comparison of the transport properties of prodigiosin and receptors 114-119
for chloride/bicarbonate antiport at 0.02 mol% loading of transporter.
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119
117
116
Prodigiosin
118
115
114

Figure 89: Chloride efflux as a function of time, promoted by the addition of 0.02
mol% (with respect to lipid) of prodigiosin and synthetic receptors 114-119, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in 150 mM Na2SO4 buffered to pH
7.2 with 20 mM sodium phosphate salts. The receptor was loaded as a DMSO solution
at 0 s, and a spike of NaHCO3 (33 mM) added as 120 s. At the end of the experiment
the vesicles were lysed to calibrate the ISE to 100% chloride efflux.

In order to quantify these anion transport processes, Hill analyses were
performed for chloride/nitrate- and chloride/bicarbonate antiport by receptors
114-119 and prodigiosin.213 These experiments allowed the calculation of the
EC50 values for these processes. As is standard throughout this report, the EC50
values for chloride/nitrate experiments were measured at 270 s and those for
the chloride /bicarbonate experiments were measured at 390 s (corresponding
to 270 s after the HCO3- spike). The Hill coefficient (n) was also determined for
each experiment, which can be used to give an indication of the number of
monomers that form the active transport system.214 These values, and the
previously reported data are shown in Table 4.
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A study of retention times of the compounds by reversed phase HPLC showed
that there is not a simple relationship between lipophilicity and the EC50 values
of this series of compounds (see Appendix C.7 for more details).215
Receptor 113 has previously been found to be too inactive for an accurate Hill
analysis.201 For the mono-urea systems, comparing receptors 113 and 114, it
was established that substitution of the CF3 group with SF5 leads to an
enhancement in transport activity for both chloride/nitrate and
chloride/bicarbonate antiport processes. Similarly an increase in transport
activity is observed when going from bis-urea receptor 109 to receptor 115.
These results may be rationalised by considering the effect of increased
fluorination,146, 158, 201, 216 in that receptors 114 and 115 are expected to have
higher lipophilicity than receptors 113 and 109 respectively, and hence are
expected to partition into the POPC membrane more effectively.
Receptors 116 and 117 are analogous to receptors 109 and 115 respectively,
except that the central phenyl rings are fluorinated. Unlike their simpler
counterparts, receptors 116 and 117 do not follow the same trend in activity.
The SF5 containing compound 117 was found to be less active than the CF3
containing compound 116 for chloride/nitrate antiport. An efficacious
transporter must strike a balance between aqueous solubility and lipophilicity
to allow for successful delivery to the POPC vesicles and to allow partitioning
into and out of the membrane to transport anions from one side of the
membrane to the other. In the case of receptor 117, one possibility is that the
balance of aqueous solubility and lipophilicity has been pushed too far in
favour of lipophilicity, and so the receptor resides more within the membrane,
hence chloride/nitrate transport is slightly hindered when compared to that of
receptor 116. The transport efficiency of 116 and 117 are roughly equal for
chloride/bicarbonate antiport, but perhaps the most surprising phenomenon
here is that these seemingly minor structural change results in receptors that
can outperform the natural anion transporter prodigiosin at
chloride/bicarbonate antiport (Table 4).
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Table 4: EC50 (mol%, with respect to lipid) values for receptors 109-110 and 113-119 and prodigiosin for the release of chloride from POPC
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To explore this idea further receptor 118 was synthesised. Attaching additional
electron withdrawing fluorine substituents to the central ring boosts the
transport properties of receptor 118 relative to receptor 110. In fact receptor
118 is almost 2.5 times better at promoting chloride/nitrate and
chloride/bicarbonate antiport processes than the parent compound. However,
unlike with receptors 116 and 117, receptor 118 does not outperform
prodigiosin at chloride/bicarbonate antiport.
The strategy of introducing higher degrees of fluorination onto a receptor
scaffold to enhance its transport properties is further illustrated by compound
119 which contains a fluorinated central ring and 3,5-bis(trifluoromethyl)
substituents on its terminal phenyl rings. This compound has a lower EC50
value for chloride/bicarbonate exchange than prodigiosin (Table 4) and is thus
a more effective antiporter for this anion pair than the natural product (Figure
89).

4.3

Conclusions

This study has demonstrated that receptors based on the orthophenylenediamine bis-urea motif are highly effective anion transporters and
function by an antiport mechanism of anion transport. Modification of existing
transporters, by adding fluorination at the central phenyl ring or by increasing
fluorination at the peripheral phenyl groups, yielded highly potent anion
transporters capable of surpassing the activity of the natural anion transporter
prodigiosin, for chloride/bicarbonate exchange.
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Experimental

General procedures

All starting materials and solvents were obtained from commercial sources and
used without any further purification unless otherwise stated
5.1.1

1

H NMR

All 1H NMR data was recorded on a Bruker AVII300, AVII400 or AVIIDH400 FTNMR Spectrometer in the indicated solvent at 298 K. Chemical shifts are
reported on the delta scale in ppm and were referenced to residual solvent
resonances. Abbreviations are used for spin multiplicity: s = singlet, d =
doublet, q = quartet, quin = quintet, m = multiplet, subscript br = broad signal.
5.1.2

13

C{1H} NMR

All 13C{1H} NMR data was recorded on a Bruker AVII300, AVII400 or AVIIDH400
FT-NMR Spectrometer in the indicated solvent at 298 K. Chemical shifts are
reported on the delta scale in ppm and were referenced to residual solvent
resonances. Abbreviations are used for spin multiplicity: s = singlet, d =
doublet, q = quartet, quin = quintet, m = multiplet, subscript br = broad signal.
5.1.3

19

F{1H} NMR

All 19F{1H} NMR recorded on a Bruker AVII300, AVII400 or AVIIDH400 FT-NMR
Spectrometer in the indicated solvent at 298 K. Chemical shifts are reported on
the delta scale in ppm and were externally referenced to CFCl3 in the
corresponding solvent. Abbreviations are used for spin multiplicity: s = singlet,
d = doublet, q = quartet, quin = quintet, m = multiplet, subscript br = broad
signal.
5.1.4
33

33

S NMR

S NMR spectra were acquired on an Agilent Technologies VNMRS 600 MHz

spectrometer equipped with 15N–107Ag broadband probe, in the indicated
solvent at 300 K. 33S NMR chemical shifts were referenced with respect to 1 mM
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Na233SO4 (δ = 0.0 ppm). The 33S frequency was set to 46.028 MHz, spectral width
was 4 kHz and the number of data points was 4000. The spectra were
recorded using a 90-degree pulse, 250 ms relaxation delay and 3200 scans. All
33

S NMR spectra were recorded in a 9:1 H2O:D2O v/v solvent mix.

5.1.5

LRMS (ES) / HRMS (ES)

Samples were analysed using a MaXis (Bruker Daltonics, Bremen, Germany)
mass spectrometer equipped with a Time of Flight (TOF) analyser. The sample
was introduced via a Diones Ultimate 3000 autosampler and uHPLC (ultra high
performance liquid chromatography) pump. Gradient 20% acetonitrile (0.2%
formic acid) to 100% acetonitrile (0.2% formic acid) in five minutes at a flow
rate of 0.6 mL/min. High resolution spectra were recorded using
positive/negative electrospray ionization. All receptor samples were submitted
to the University of Southampton Institute for Applied Mass Spectrometry
(UoSIAMS) for HRMS (ES).
5.1.6

Mp analysis

All Mp analyses were carried out using a Barnstead Electrothermal IA9100
melting point apparatus.

5.2

Anion transport studies using vesicles

POPC was supplied by Genzyme. The vesicles used in all of the transport
studies were prepared according to literature procedures.143 To prevent the
vesicle membranes from bursting the ionic strength of the intra-vesicular and
extra-vesicular solutions were made to be isotonic.
5.2.1

Vesicle preparation

POPC was dissolved in chloroform (approximately 29 mg mL-1). A known
volume (e.g. 1 mL) of the POPC solution was transferred to a RBF and the
chloroform removed in vacuo. The resultant thin film was dried under high
vacuum for 4-24 hrs. The POPC was suspended in internal solution. The
suspension was vortexed using a lab dancer to ensure that all POPC was
removed from the sides of the flask. The volume of internal solution required
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to suspend the POPC is identical to that of the initial chloroform solution (e.g.
1 mL). The suspension was subjected to nine freeze-thaw cycles using liquid
nitrogen and room temperature water alternately, after which the suspension
was left to equilibrate to room temperature for thirty minutes. The resultant
multilamellar vesicles were extruded 25 times through a 200 nm
polycarbonate membrane, with well-defined nano-scale pores, to generate
unilamellar vesicles of uniform size (in the case of the 33S NMR experiments the
vesicles were extruded 35 times through a 5 μm polycarbonate membrane).
The resultant unilamellar vesicles were then dialysed in the external solution
for 2-18 hrs to remove any unencapsulated “internal salts”. The vesicle
suspension was then diluted to a concentration of 1 mM using the external
solution (and D2O in the case of the 33S NMR experiments to give a lipid
concentration of 18 mM). The unilamellarity and trapping efficiency of the
vesicles is enhanced by the process of freeze-thaw,145 whilst and extrusion
process yields monodispersed unilamellar vesicles as a result of energydissipating shearing forces generated when the lipid suspension is repeatedly
passed through the polymer membrane.144
5.2.2

Test for Cl-/NO- antiport

Unilamellar POPC vesicles were loaded with aqueous internal solution
containing 489 mM NaCl buffered to pH 7.2 with 5 mM sodium phosphate
salts. The vesicles were dispersed in an aqueous external solution containing
489 mM NaNO3 buffered to pH 7.2 with 5 mM sodium phosphate salts. The
receptor was loaded as a DMSO solution at 0 s. After 300 s, octaethylene glycol
monododecyl ether detergent was added to lyse the vesicles (2.32 mM in 7:1
H2O:DMSO v/v) and calibrate the chloride selective electrode to 100% chloride
efflux at 420 s. All endpoint values are taken as of 270 s. Chloride
concentrations were monitored using an Accumet solid-state combination
chloride selective electrode. The lipid concentration per sample was 1 mM.
5.2.3

Test for Cl-/HCO3- antiport

Unilamellar POPC vesicles were loaded with aqueous internal solution
containing 451 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate
salts. The vesicles were dispersed in an aqueous external solution containing
150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts. The
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receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. After 420 s, octaethylene glycol monododecyl ether detergent
was added to lyse the vesicles (2.32 mM in 7:1 H2O:DMSO v/v) and calibrate
the chloride selective electrode to 100% chloride efflux at 540 s. All endpoint
values are taken as of 390 s. Chloride concentrations were monitored using an
Accumet solid-state combination chloride selective electrode. The lipid
concentration per sample was 1 mM.
5.2.4

Test for SO42- transport

Unilamellar POPC vesicles were loaded with internal solution containing
149 mM Na233SO4 and 5% Fe3+ (with respect to 33SO42-) in the form of Fe2(SO4)3,
and buffered to pH 7.2 with 20 mM sodium phosphate salts (9:1 H2O:D2O v/v).
The vesicles were dispersed in an external solution containing 451 mM NaCl
buffered to pH 7.2 with 20 mM sodium phosphate salts (9:1 H2O:D2O v/v). A 33S
NMR spectrum was obtained prior to the addition of receptor. A DMSO solution
of the receptor molecule (20 mM) was added to the vesicles and incubated for
either 2 or 8 hrs (4 mol% receptor loading with respect to lipid) before the
second spectrum was obtained. Lastly, octaethylene glycol monododecyl ether
detergent was added to lyse the vesicles (4.64 mM in 7:1 H2O:DMSO v/v) and a
third spectrum was recorded. The lipid concentration per sample was 18 mM.
5.2.5

Hill analysis

Hill plot analysis was carried out using the above transport conditions, where
each receptor is tested at multiple concentrations. Each point was taken at
270 s for Cl-/NO- transport and 390 s for Cl-/HCO- transport, and each
represents the average of three runs.
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5.3
5.3.1

Transporter mobility assays
Test for Cl-/NO- antiport with cholesterol added to the membrane

To the POPC thin film (see Chapter 5.2.1) was added a solution of cholesterol
in chloroform to result in a 7:3 lipid:cholesterol molar ratio. The chloroform
was again removed in vacuo and the resultant thin film dried under high
vacuum for 4-24 hrs. The remaining vesicle preparation steps and experiment
were run identical to that of the Cl-/NO- antiport experiment (see Chapter
5.2.2).
5.3.2

U-tube experiments

A nitrobenzene solution (20 mL) of 1 mM TBA hexafluorophosphate was
loaded with 1 mM receptor and placed in a U-tube. To one side of the U-tube
was added 10 mL of aqueous solution containing 489 mM NaCl buffered to pH
7.2 with 5 mM sodium phosphate salts, and to the other side of the U-tube was
added 10 mL of aqueous solution containing 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The experiments were stirred and the
chloride concentration of the NaNO3 solution was monitored using an Accumet
solid-state combination chloride selective electrode.

5.4
5.4.1

Anion binding studies
1

H NMR titrations

A 1.5 mL, 0.01 M DMSO-d6/0.5% water solution of the receptor was prepared;
0.5 mL of which was added to an NMR tube and sealed with an airtight suba
seal. The remaining 1 mL of receptor solution was used to make a 0.15 M
solution of a guest anion, which was added as the TBA salt (TEA salt in the
case of HCO3-). The receptor/anion solution was titrated into the NMR tube in
small aliquots and a 1H NMR spectrum was recorded after each addition. Using
the receptor solution to make up the guest anion solution ensures that the
receptor concentration remains constant as the anion/receptor solution is
titrated into the NMR tube. Chemical shifts are reported on the delta scale in
ppm and were referenced to residual solvent resonances. The data was then
fitted to a 1:1 or 1:2 receptor:anion isotherm using WinEQNMR2.140 DMSO-d6 is
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highly hygroscopic, hence adding 0.5% water to DMSO-d6 ensures that no
additional moisture from the environment is absorbed by the DMSO-d6,
meaning the exact concentration of the receptor and receptor/anion solutions
are known.
5.4.2

1

H NMR Job plots

Two solutions were prepared: the first a 3 ml, 0.01 M d6-DMSO solution of the
receptor, the second a 3 mL, 0.01 M d6-DMSO solution of a guest anion, which
was added as the TBA salt (TEA salt in the case of HCO3-). 0.5 mL of the
receptor solution was added to the first NMR tube. In the subsequent NMR
tubes the volume of the receptor solution was systematically decreased by
0.05 mL as the volume of the guest anion solution was increased by 0.05 mL.
The variation in receptor/anion volume was continued until a ratio of 1:9
receptor:anion was reached. A 1H NMR spectrum of each NMR tube was
acquired and the chemical shifts are reported on the delta scale in ppm and
were referenced to residual solvent peaks. The data were used to produce Job
plots in accordance with published methods.
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Equation 2 is used to produce

the Job plot.
! !!

!"#$ ! !!"#$
!!!!"
!"#$ ! !!"#$

Equation 2: Formula used to produce a Job plot. δint is the initial chemical shift of the
receptor solution, δobs is the observed chemical shift, δfin is the final chemical shift of
the 1:9 receptor:anion solution and χr is the molar fraction of the receptor.
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5.5

Synthetic procedures

5.5.1

Synthesis for Chapter 3:

cis-Cyclohexyl bis-trifluoromethylphenyl urea 101

3,5-Bis(trifluoromethyl)phenyl isocyanate (0.62 mL, 3.6 mmol) and cis-1,2diaminocyclohexane (0.21 mL, 1.8 mmol) were dissolved in DCM (40 mL) and
stirred for 6.5 hrs at RT under a nitrogen atmosphere. A white precipitate was
isolated by filtration in a 71% yield after washing with excess DCM. 1H NMR
(DMSO-d6, 300 MHz): δ = 1.35-1.75 (m, 8H), 3.91 (sbr, 2H), 6.40 (d, 2H,
J = 8.4 Hz), 7.52 (s, 2H), 7.99 (s, 4H), 9.15 (s, 2H). 13C{1H} DEPT NMR (DMSO-d6,
100 MHz): δ = 21.75 (CH2), 28.65 (CH2), 48.73 (CH), 113.44 (Ar CH), 117.09 (Ar
CH), 123.28 (q, CF3, J = 273 Hz), 130.65 (q, Ar C-CF3, J = 32 Hz), 142.32 (Ar C),
154.38 (C=O). 19F{1H} NMR (DMSO-d6, 376 MHz): δ = 61.86. LRMS ES- (m/z):
623.2 [M-H-]. HRMS ES+ (m/z): [M+Na+]+ calculated for C24H20F12N4NaO2
647.1287; found 647.1293. Mp (°C): 275.7 - 275.9.
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cis-Cyclohexyl bis-trifluoromethylphenyl thiourea 102

3,5-Bis(trifluoromethyl)phenyl isothiocyanate (0.66 mL, 3.6 mmol) and cis-1,2diaminocyclohexane (0.21 mL, 1.8 mmol) were dissolved in DCM (40 mL) and
stirred for 6.5 hrs at RT under a nitrogen atmosphere. A white precipitate was
isolated by filtration in a 78% yield after washing with excess DCM. 1H NMR
(DMSO-d6, 300 MHz): δ = 1.40-1.80 (m, 8H), 4.69 (sbr, 2H), 7.72 (sbr, 2H), 7.99
(d, 2H, J = 7.3 Hz), 8.29 (sbr, 4H), 10.12 (sbr, 2H). 13C{1H} DEPT NMR (DMSO-d6,
100 MHz): δ = 21.59 (CH2), 27.85 (CH2), 52.54 (CH), 116.13 (Ar CH), 121.73 (Ar
CH), 123.18 (q, CF3, J = 273 Hz), 130.61 (q, Ar C-CF3, J = 31 Hz), 141.76 (Ar C),
180.33 (C=S). 19F{1H} NMR (DMSO-d6, 376 MHz): δ = 61.45. LRMS ES- (m/z):
655.1 [M-H-]. HRMS ES+ (m/z): [M+Na+]+ calculated for C24H20F12N4NaS2
679.0830; found 679.0832. Mp (°C): 189.8 – 189.9.
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5.5.2

Synthesis for Chapter 4:

(Bis(4-pentafluorosulfanyl)phenyl)urea 114

A solution of 4-aminophenyl sulfur pentafluoride (0.47 g, 2.16 mmol) in DCM
(10 mL) was added to 1,1’-carbonyl diimidazole (CDI) (1.03 g, 6.33 mmol) in
DCM (15 mL). The reaction mixture was stirred for 23 hrs at RT. The solvent
was reduced in vacuo to 15 ml prior to washing with water (2 x 20 mL) to
remove unreacted CDI. A white precipitate was isolated from the organic phase
and washed with excess DCM (12% yield). 1H NMR (DMSO-d6, 400 MHz): δ (ppm)
= 7.66 (d, 4H, J = 9.0 Hz), 7.82 (d, 4H, J = 9.4 Hz), 9.37 (s, 2H). 13C{1H} NMR
(DMSO-d6, 100 MHz): δ (ppm) = 117.84 (s, Ar CH), 126.81 (sbr, Ar CH), 142.70
(s, C-N), 146.35 (m, Ar C-SF5), 151.95 (s, C=O). 19F{1H} NMR (DMSO-d6, 470
MHz): δ (ppm) = 65.13 (d, 8F, J = 151 Hz), 89.10 (quin, 2F, J = 151 Hz). LRMS
ES- (m/z): 462.9 [M-H+]-. HRMS ES+ (m/z): [M+H+]+ calculated for
C13H11F10N2OS2 465.0148; found 465.0143. Mp (°C): 285.9 – 287.6,
followed by immediate decomposition.
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1,1’-(1,2-Phenylene)bis(3-(4-(pentafluorosulfanyl)phenyl)urea) 115

A solution of 4-aminophenyl sulfur pentafluoride (0.50 g, 2.30 mmol) in DCM
(2.5 mL) was added to CDI (0.37 g, 2.30 mmol) in DCM (12.5 mL). The reaction
mixture was stirred for 23.5 hrs at RT under N2. o-Phenylene diamine (0.12 g,
1.15 mmol) was added to the reaction and the mixture stirred at RT under N2
for an additional 2 hrs. An off-white precipitate was isolated from the organic
phase, dissolved in MeOH and pushed through an SCX-2 column, removing
impurities and unreacted amine. The solvent was removed to give a white solid
(86% yield). 1H NMR (DMSO-d6, 400 MHz): δ (ppm) = 7.14 (dd, 2H, J = 6, 4 Hz),
7.60 (dd, 2H, J = 6, 4 Hz), 7.65 (d, 4H, J = 9 Hz), 7.80 (d, 4H, J = 9 Hz), 8.20 (s,
2H), 9.58 (s, 2H). 13C{1H} NMR (DMSO-d6, 100 MHz): δ (ppm) = 117.44 (s, Ar
CH), 124.31 (s, Ar CH), 124.53 (s, Ar CH), 126.77 (m, Ar CH), 131.05 (s, C-N),
143.24 (s, C-N), 145.96 (m, Ar C-SF5), 152.86 (s, C=O). 19F{1H} NMR (DMSO-d6,
470 MHz): δ (ppm) = 65.24 (d, 8F, J = 151 Hz), 89.39 (quin, 2F, J = 151 Hz).
LRMS ES- (m/z): 597.0 [M-H+]-. HRMS ES+ (m/z): [M+H+]+ calculated for
C20H17F10N4O2S2 599.0628; found 599.0614. Mp (°C): 238.1 – 239.4.

114

Chapter 5: Experimental
1,1’-(4,5-Difluoro-1,2-phenylene)bis(3-(4-(trifluoromethyl)phenyl)urea) 116

4,5-Difluoro-ortho-phenylenediamine (373.6 mg, 2.59 mmol) was dissolved in
DCM (20 mL) and pyridine (2.5 mL). 4-(trifluoromethyl)phenyl isocyanate (0.75
mL, 5.35 mmol) was added to the reaction. The reaction appeared a red colour
and thickened immediately so additional DCM (20 mL) was added. The white
precipitate was filtered off and washed with excess DCM. The precipitate was
dissolved in MeOH with the aid of sonication and passed through an SCX-2
column, removing starting material amine and pyridine. The solvent was
removed and the solid was dried in vacuo (68% yield). 1H NMR (DMSO-d6, 500
MHz): δ (ppm) = 7.64 (d, 4H, J = 11 Hz), 7.69 (d, 4H, J = 11 Hz), 7.70-7.80 (m,
2H), 8.26 (s, 2H), 9.54 (s, 2H). 13C{1H} NMR (DMSO-d6, 125 MHz): δ (ppm) =
112.59 (m, Ar CH), 117.96 (s, Ar CH), 122.02 (q, Ar C-CF3, J = 31.9 Hz), 124.52
(q, CF3, J = 270.9 Hz), 126.11 (q, Ar CH, J = 3.8 Hz), 127.75-127.95 (m, C-N
central), 143.30 (s, C-N peripheral), 145.54 (dd, Ar C-F, J = 243.9, 16 Hz),
152.83 (s, C=O). 19F{1H} NMR (DMSO-d6, 470 MHz): δ (ppm) = -142.44 (s, 2F), 60.18 (s, 6F). LRMS ES- (m/z): 518.1 [M-H+]-. HRMS ES+ (m/z): [M+H+]+ calculated
for C22H15F8N4O2 519.1062; found 519.1064. Mp (°C): 216.5 – 217.5.
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1,1’-(4,5-Difluoro-1,2-phenylene)bis(3-(4-(pentafluorosulfanyl)phenyl)urea) 117

A solution of 4-aminophenyl sulfur pentafluoride (0.50 g, 2.30 mmol) in DCM
(5 mL) was added to 1,1’-carbonyl diimidazole (0.37 g, 2.30 mmol) in DCM (5
mL). The reaction mixture was stirred for 25 hrs at RT under N2. 1,2-Diamino4,5-difluorobenzene (0.16 g, 1.14 mmol) was dissolved in DCM (6 mL) and dry
pyridine (1.5 mL) and added to the reaction. The mixture was stirred at RT
under N2 for an additional 5 hrs. The resultant precipitate was collected by
vacuum filtration and washed by sonication in DCM. The solvent was removed
to give a white solid (23% yield). 1H NMR (DMSO-d6, 500 MHz): δ (ppm) = 7.65
(d, 4H, J = 9 Hz), 7.70-7.77 (m, 2H), 7.80 (d, 4H, J = 9 Hz), 8.27 (s, 2H), 9.63
(s, 2H). 13C{1H} NMR (DMSO-d6, 125 MHz): δ (ppm) = 112.00-113.00 (m, Ar CH),
117.58 (s, Ar CH), 126.50-127.00 (m, Ar CH), 127.50-128.00 (m, C-N central),
142.97 (s, C-N peripheral), 145.54 (dd, Ar C-F, J = 244, 17 Hz), 145.50-146.8
(m, Ar C-SF5), 152.72 (s, C=O). 19F{1H} NMR (DMSO-d6, 470 MHz): δ (ppm) = 142.26 (t, 2F, J = 10.0 Hz), 65.15 (d, 8F, J = 150.7 Hz), 89.20 (quin, 2F, J =
151.1 Hz). LRMS ES- (m/z): 632.8 [M-H+]-. HRMS ES+ (m/z): [M+H+]+ calculated for
C20H15F12N4O2S2 635.0439; found 635.0444. Mp (°C): 248.0 – 249.0.
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1,1’-(4,5-Difluoro-1,2-phenylene)bis(3-(4-nitrophenyl)urea) 118

To 4,5-difluoro-ortho-phenylenediamine (223.8 mg, 1.55 mmol) and 4nitrophenyl isocyanate (151.8 mg, 3.12 mmol) was added DCM (20 mL) and
pyridine (5 mL). The reaction mixture was stirred for 2 hrs at RT under N2. The
resulting yellow precipitate was removed by filtration and sonicated in DCM
(100 mL) for 1 hr. The precipitate was filtered and dried in vacuo to yield a
yellow solid (59% yield). 1H NMR (DMSO-d6, 400 MHz): δ (ppm) = 7.68-7.77 (m,
6H), 8.17-8.23 (m, 4H), 8.35 (s, 2H), 9.86 (s, 2H). 13C{1H} NMR (DMSO-d6,
100 MHz): δ (ppm) = 112.5-113.00 (m, Ar CH), 117.61 (s, Ar CH), 125.17 (s, Ar
CH), 127.50-128.00 (m, C-N central), 141.21 (s, C-N peripheral), 145.68 (dd, Ar
C-F, J = 245, 15 Hz), 146.13 (s, Ar C-NO2), 152.55 (s, C=O). 19F{1H} NMR (DMSOd6, 470 MHz): δ (ppm) = -141.91 (s, 2F). LRMS ES- (m/z): 471.2 [M+H+]+. HRMS
ES+ (m/z): [M+H+]+ calculated for C20H15F2N6O6 473.1016; found 473.1009.
Mp (°C): 278.6–279.8.
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1,1’-(4,5-Difluoro-1,2-phenylene)bis(3-(3,5-bis(trifluoromethyl)phenyl)urea) 119

4,5-Difluoro-ortho-phenylenediamine (0.27 mg, 1.85 mmol) was dissolved in
DCM (20 mL) and dry pyridine (5 mL). 3,5-bis(trifluoromethyl)isocyanate (0.64
mL, 3.70 mmol) was added and the reaction mixture stirred for 4 hrs at RT
under N2. No change was observed hence the reaction was heated to reflux
overnight. Again no change was observed. The solvent was removed in vacuo
and the residues dissolved in EtOAc before washing with H2O over MgSO4. The
resultant residues were passed through an SCX-2 column in MeOH before the
solvent was once again removed in vacuo. The product was then recrystallized
from EtOAc (32% yield). 1H NMR (DMSO-d6, 500 MHz): δ (ppm) = 7.62 (s, 2H),
7.65-7.80 (m, 2H), 8.11 (s, 4H), 8.38 (s, 2H), 9.82 (s, 2H). 13C{1H} NMR (DMSOd6, 125 MHz): δ (ppm) = 113.00-113.50 (m, Ar CH), 114.30-114.8 (m, Ar CH),
118.20-118.8 (m, Ar CH), 123.26 (q, CF3, J = 273 Hz), 127.70-128.3 (m, C-N
central), 130.72 (q, C-CF3, J = 33 Hz), 141.66 (s, C-N peripheral), 145.85 (dd, CF, J = 244, 15 Hz), 152.98 (s, C=O) 19F{1H} NMR (DMSO-d6, 470 MHz): δ (ppm) =
-141.83 (s, 2F), -61.83 (s, 12F). LRMS ES- (m/z): 652.9 [M-H+]-. HRMS ES+ (m/z):
[M+H+]+ calculated for C24H13F14N4O2 655.0809; found 655.0818. Mp (°C):
231.0–232.1.
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Appendices
Appendix A Chapter 2: Using NMR to monitor
anion transport
A.1

33

S NMR spectra with internal Fe3+

In these experiments, vesicles were prepared containing Na2SO4 and Fe2(SO4)3
(5 mol% Fe3+ with respect to 33SO42-) and dispersed in a NaCl solution, as
described in Chapter 5.2.4. A small amount of transporter was added as a
DMSO solution and the mixture was allowed to incubate for 2 hrs at room
temperature to allow transport. The appearance of a new 33S resonance
indicated sulfate transport. NMR spectra were processed using ACD Labs’ 1D
NMR Processor 12.01; the fid files were first submitted to Fourier
transformation with backward linear prediction and subsequently automatically
baseline corrected. All spectra are shown in absolute intensities.
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A.2 Overview of the various anion transport tests conducted on 81, 83, 85, 86, 88, 90, 95, 96
and 97 and the subsequent anion transport mechanisms that can be derived from them.
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A.3 Determination of Fe3+ precipitate
It was observed that upon addition of Fe2(SO4)3 to a phosphate buffered
Na233SO4 solution (preparation of internal solution for 33S NMR experiments), a
small amount of pale yellow precipitate formed. Wet chemistry tests were used
in order to investigate whether Fe3+ ions were still present in solution – a
requirement for signal broadening in the 33S NMR experiments – using the
following procedure (the result is shown in Appendix A3. 1.):
Step (a): A Na2SO4 solution was prepared (162 mM, buffered to pH 7.2 using 20
mM sodium phosphate salts).
Step (b): An Fe2(SO4)3 solution (179 mM) was prepared.
•

Step (c): Fe2(SO4)3 solution (b) was added to the Na2SO4 solution, such
that 5.0 mol% or 7.5 mol% Fe3+ ions were added with respect to SO42- ions
from Na2SO4. This resulted in the formation of the previously observed
yellow precipitate.

•

Step (d): The resultant precipitate (c) was centrifuged for 17 mins at
4000 rpm, giving a clear supernatant liquid.

•

Step (e): 5 drops of 1 M NaOH was added to the supernatant liquid from
step (d), resulting in a pale yellow solution – indicative of the production
of Fe(OH)3.

•

Step (f): 5 drops of 1 M NaSCN were added to the supernatant liquid
from step (d), resulting in the observation of an orange/red solution –
indicative of the production of Fe(SCN)3.

Hence, the overall Fe(III) concentration contained within the vesicles is < 5%.
Tests have shown that despite precipitation of Fe(III)PO4 there is still a
sufficient amount of Fe(III) present in solution to broaden the 33S NMR signal
during step i) in the 33S NMR experiments. Upon lysing the vesicles with
detergent a sharp 33S signal is observed. This is most likely the result of the
presence of excess phosphate in the external buffer which removes all
remaining Fe3+ from solution and no resonance broadening is seen in step iii)
of the 33S NMR experiment.
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Appendix A3. 1: Wet chemistry experiments to see if there is Fe3+ present in the
internal solution of the vesicles tested with 33S NMR. Either a ratio of 5 mol% Fe3+:SO42was used (left), or a ratio of 7.5 mol% Fe3+:SO42- was used (right). The letters in the
figure refers to the steps as described in the procedure above.

The precipitate, formed upon addition of detergent during the NMR
experiments, was collected by centrifuging at 4000 rpm. The supernatant was
removed and the precipitate was washed three times with MilliQ water
(18.2 MΩ!cm at 25°C) and finally dried overnight under high vacuum. The
obtained solid was characterised using SEM-EDX (scanning electron microscopy
with energy dispersive X-ray analysis). The SEM image was taken on a FEI
XL30ESEM (environmental scanning electron microscope) and X-ray analysis
was carried out with a Thermo NSS7 EDX system, using a Thermo Ultradry
silicon drift X-ray detector. Four random areas were chosen from the original
SEM image (Appendix A3. 2) and an elemental determination was performed
on each area using EDX (Appendix A3. 3). It can be seen in Appendix A3. 3 and
Appendix A3 Table. 1-4 that the major atomic composition in the precipitate is
O, P and Fe – indicating that the precipitate is mainly Fe(III)PO4.

Appendix A3. 2: SEM image of the precipitate formed during the 33S NMR experiments
with internal Fe3+. The numbers indicate the areas that were analysed using EDX
(Appendix A3. 3).
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Appendix A3. 3: EDX profile of the precipitate formed during the 33S NMR experiments
with internal Fe3+. EDX of (a) area 1 in Fig S24; (b) area 2 in Fig S24; (c) area 3 in Fig
S24; (d) area 4 in Fig S24.
Appendix A3 Table. 1: Results of the EDX analysis on various areas of the precipitate
formed during the 33S NMR experiments with internal Fe3+: Weight %

ppt area 1(1)_pt1
ppt area 1(1)_pt2
ppt area 1(1)_pt3

C-K
26.37
22.84
21.84

O-K
45.07
46.49
46.85

Na-K
0.18
0.20

Al-K
0.08
0.06
0.10

P-K
9.17
9.96
10.13

S-K
1.47
1.49
1.59

Fe-K
17.67
18.95
19.49

ppt area 1(1)_pt4

21.34

46.62

0.19

0.10

10.23

1.59

19.91

Appendix A3 Table. 2: Results of the EDX analysis on various areas of the precipitate
formed during the 33S NMR experiments with internal Fe3+: Weight % Error (+/- 1 Sigma)
C-K
ppt
ppt
ppt
ppt

area
area
area
area

1(1)_pt1
1(1)_pt2
1(1)_pt3
1(1)_pt4

+/-0.18
+/-0.17
+/-0.17
+/-0.17

O-K

Na-K

+/-0.24
+/-0.25
+/-0.25
+/-0.25

+/-0.02
+/-0.02
+/-0.03
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Al-K
+/-0.01
+/-0.01
+/-0.02
+/-0.02

P-K
+/-0.07
+/-0.08
+/-0.08
+/-0.08

S-K
+/-0.03
+/-0.03
+/-0.03
+/-0.03

Fe-K
+/-0.18
+/-0.18
+/-0.19
+/-0.19
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Appendix A3 Table. 3: Results of the EDX analysis on various areas of the precipitate
formed during the 33S NMR experiments with internal Fe3+: Normalized Weight %

ppt
ppt
ppt
ppt

area
area
area
area

1(1)_pt1
1(1)_pt2
1(1)_pt3
1(1)_pt4

C-K

O-K

26.37
22.84
21.84
21.34

45.07
46.49
46.85
46.62

Na-K
0.18
0.20
0.19

Al-K
0.08
0.06
0.10
0.10

P-K

S-K

9.17
9.96
10.13
10.23

1.47
1.49
1.59
1.59

Fe-K
17.67
18.95
19.49
19.91

Appendix A3 Table. 4: Results of the EDX analysis on various areas of the precipitate
formed during the 33S NMR experiments with internal Fe3+: Atom %

ppt
ppt
ppt
ppt

area
area
area
area

1(1)_pt1
1(1)_pt2
1(1)_pt3
1(1)_pt4

C-K

O-K

38.65
34.41
33.21
32.67

49.58
52.58
53.47
53.56

Na-K
0.13
0.16
0.16
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Al-K
0.05
0.04
0.07
0.07

P-K

S-K

5.21
5.82
5.97
6.07

0.81
0.84
0.90
0.91

Fe-K
5.57
6.14
6.37
6.55
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Appendix B Chapter 3: Influence of
stereochemistry on anion transport and
binding
B.1

Additional anion transport studies

Appendix B1. 1: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 101, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix B1. 2: Hill analysis for Cl-/NO3- antiport mediated by 101. Data was fitted to
Equation 1 using Origin. R2 = 0.96819, EC50 = 1.73890±0.12762 mol%,
n = 1.20105±0.12492.
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Appendix B1. 3: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 102, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.

131

Appendix B

Appendix B1. 4: Hill analysis for Cl-/NO3- antiport mediated by 102. Data was fitted to
Equation 1 using Origin. R2 = 0.98722, EC50 = 3.47826±0.16469 mol%,
n = 1.90314±0.18722.
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Appendix B1. 5: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of 102, from unilamellar
POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM sodium
phosphate salts. The vesicles were dispersed in the external solution containing 150
mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts. The receptor was
loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM) added at 120 s. At
the end of the experiment the vesicles were lysed to calibrate the chloride selective
electrode to 100% chloride efflux.
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Appendix B1. 6: Hill analysis for Cl-/HCO3- antiport mediated by 102. Data was fitted to
Equation 1 using Origin. R2 = 0.99641, EC50 = 1.47074±0.04050 mol%, n =
1.43269±0.08017.
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Appendix B1. 7: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of 104, from unilamellar
POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM sodium
phosphate salts. The vesicles were dispersed in the external solution containing 150
mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts. The receptor was
loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM) added at 120 s. At
the end of the experiment the vesicles were lysed to calibrate the chloride selective
electrode to 100% chloride efflux.
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Appendix B1. 8: Hill analysis for Cl-/HCO3- antiport mediated by 104. Data was fitted to
Equation 1 using Origin. R2 = 0.99480, EC50 = 9.23520±0.34995 mol%, n =
1.07695±0.06137.
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B.2

Additional anion binding studies

Appendix B2. 1: Binding curve generated from the 1H NMR titration of 101 with
TBAHSO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~6.40 ppm was monitored for this
plot.

Appendix B2. 2: Binding curve generated from the 1H NMR titration of 101 with
TBAOAc in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~6.60 ppm was monitored for this
plot.
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Appendix B2. 3: Binding curve generated from the 1H NMR titration of 101 with
TBAOBz in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~6.70 ppm was monitored for this
plot.

Appendix B2. 4: Binding curve generated from the 1H NMR titration of 101 with
TBAH2PO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~6.70 ppm was monitored for this
plot.
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Appendix B2. 5: Binding curve generated from the 1H NMR titration of 102 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding model using
WinEQNMR2.140 The N-H resonance at ~8.10 ppm was monitored for this plot.

Appendix B2. 6: Binding curve generated from the 1H NMR titration of 102 with
TBAHSO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~8.00 ppm was monitored for this
plot.
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Appendix B2. 7: Binding curve generated from the 1H NMR titration of 102 with
TBAOAc in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~8.20 ppm was monitored for this
plot.

Appendix B2. 8: Binding curve generated from the 1H NMR titration of 102 with
TBAOBz in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~8.20 ppm was monitored for this
plot.
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Appendix B2. 9: Binding curve generated from the 1H NMR titration of 102 with
TBAH2PO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~8.30 ppm was monitored for this
plot.

Appendix B2. 10: Binding curve generated from the 1H NMR titration of 102 with
(TBA)2SO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~8.20 ppm was monitored for this
plot.
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Appendix B2. 11: Binding curve generated from the 1H NMR titration of 103 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding model using
WinEQNMR2.140 The N-H resonance at ~9.20 ppm was monitored for this plot.

Appendix B2. 12: Binding curve generated from the 1H NMR titration of 103 with
TBAHCO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~9.40 ppm was monitored for this
plot.

142

Appendix B

Appendix B2. 13: Binding curve generated from the 1H NMR titration of 103 with
TBAHSO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~9.20 ppm was monitored for this
plot.

Appendix B2. 14: Binding curve generated from the 1H NMR titration of 103 with
TBAOAc in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~9.50 ppm was monitored for this
plot.
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Appendix B2. 15: Binding curve generated from the 1H NMR titration of 103 with
TBAOBz in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~9.50 ppm was monitored for this
plot.

Appendix B2. 16: Binding curve generated from the 1H NMR titration of 103 with
(TBA)2SO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~9.60 ppm was monitored for this
plot.
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Appendix B2. 17: Stack plot of the 1H NMR titration of 104 with TEAHCO3. The
equivalent of anion increases moving up the stack plot.

Appendix B2. 18: Binding curve generated from the 1H NMR titration of 104 with
TBAHSO4 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~10.10 ppm was monitored for this
plot.
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Appendix B2. 19: Binding curve generated from the 1H NMR titration of 104 with
TBAOBz in DMSO-d6/H2O 0.5%. The data was fitted to a 1:2 receptor:anion binding
model using WinEQNMR2.140 The N-H resonance at ~10.50 ppm was monitored for this
plot.

Appendix B2. 20: Stack plot of the 1H NMR titration of 104 with TBAH2PO4. The
equivalent of anion increases moving up the stack plot.
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Appendix C Chapter 4: Highly effective yet
simple transmembrane anion transport
based upon ortho-phenylenediamine bisureas
C.1 Cl-/NO3- anion transport studies

Appendix C1. 1: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 2: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 3: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 4: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 5: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 6: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 7: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 8: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 9: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.

155

Appendix C

Appendix C1. 10: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 11: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 12: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 13: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 14: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 15: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 16: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 17: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 18: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 19: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 20: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 21: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 22: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Appendix C1. 23: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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Prodigiosin
116
119
118
117
115

Appendix C1. 24: Chloride efflux as a function of time, promoted by the addition of
0.002 mol% (with respect to lipid) of receptors 115-119 and prodigiosin, from
unilamellar POPC vesicles containing 489 mM NaCl buffered to pH 7.2 with 5 mM
sodium phosphate salts. The vesicles were dispersed in 489 mM NaNO3 buffered to pH
7.2 with 5 mM sodium phosphate salts. The receptor was loaded as a DMSO solution at
0 s. At the end of the experiment the vesicles were lysed to calibrate the chloride
selective electrode to 100% chloride efflux.
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C.2 Cl-/HCO3- anion transport studies

Appendix C2. 1: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 2: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 3: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 114, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 4: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 5: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.

175

Appendix C

Appendix C2. 6: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 115, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 7: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 8: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 9: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 116, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 10: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 11: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.

181

Appendix C

Appendix C2. 12: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 117, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 13: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 14: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 15: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 118, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 16: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 17: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 18: Chloride efflux as a function of time, promoted by the addition of
various concentration (% refers to mol% with respect to lipid) of receptor 119, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 19: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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Appendix C2. 20: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.

190

Appendix C

Appendix C2. 21: Chloride efflux as a function of time, promoted by the addition of
various concentrations (% refers to mol% with respect to lipid) of prodigiosin, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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119
117
116
Prodigiosin
118
115
114

Appendix C2. 22: Chloride efflux as a function of time, promoted by the addition of
0.02 mol% (with respect to lipid) of receptors 114-119 and prodigiosin, from
unilamellar POPC vesicles containing 451 mM NaCl buffered to pH 7.2 with 20 mM
sodium phosphate salts. The vesicles were dispersed in the external solution
containing 150 mM Na2SO4 buffered to pH 7.2 with 20 mM sodium phosphate salts.
The receptor was loaded as a DMSO solution at 0 s, and a spike of NaHCO3 (33 mM)
added at 120 s. At the end of the experiment the vesicles were lysed to calibrate the
chloride selective electrode to 100% chloride efflux.
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C.3 Cl-/NO3- Hill plots

Appendix C3. 1: Hill analysis for Cl-/NO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99803, EC50 = 0.40874 mol%,
n = 2.32671±0.11514.

Appendix C3. 2: Hill analysis for Cl-/NO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99727, EC50 = 0.38675 mol%,
n = 2.01827±0.10959.

193

Appendix C

Appendix C3. 3: Hill analysis for Cl-/NO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99787, EC50 = 0.32125 mol%, n =
2.21118±0.11192.

Appendix C3. 4: Hill analysis for Cl-/NO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99578, EC50 = 0.00960 mol%, n =
1.08913±0.06914.
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Appendix C3. 5: Hill analysis for Cl-/NO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99832, EC50 = 0.00995 mol%, n =
1.11189±0.04551.

Appendix C3. 6: Hill analysis for Cl-/NO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99909, EC50 = 0.01025 mol%, n =
1.14323±0.03531.
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Appendix C3. 7: Hill analysis for Cl-/NO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99839, EC50 = 0.00114 mol%, n =
1.15384±0.05073.

Appendix C3. 8: Hill analysis for Cl-/NO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99419, EC50 = 0.00208 mol%, n =
1.16304±0.12769.
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Appendix C3. 9: Hill analysis for Cl-/NO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99833, EC50 = 0.00129 mol%, n =
1.08331±0.03168.

Appendix C3. 10: Hill analysis for Cl-/NO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99588, EC50 = 0.00163 mol%, n =
1.14902±0.05415.
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Appendix C3. 11: Hill analysis for Cl-/NO3- antiport mediated by 117. Data was fitted to
the Hill equation using Origin. R2 = 0.99581, EC50 = 0.00345 mol%, n =
1.14567±0.06650.

Appendix C3. 12: Hill analysis for Cl-/NO3- antiport mediated by 117. Data was fitted to
the Hill equation using Origin. R2 = 0.99913, EC50 = 0.00298 mol%, n =
1.05333±0.02620.
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Appendix C3. 13: Hill analysis for Cl-/NO3- antiport mediated by 117. Data was fitted to
the Hill equation using Origin. R2 = 0.99967, EC50 = 0.00242 mol%, n =
1.15561±0.02024.

Appendix C3. 14: Hill analysis for Cl-/NO3- antiport mediated by 118. Data was fitted to
the Hill equation using Origin. R2 = 0.99827, EC50 = 0.00209 mol%, n =
1.10717±0.04542.
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Appendix C3. 15: Hill analysis for Cl-/NO3- antiport mediated by 118. Data was fitted to
the Hill equation using Origin. R2 = 0.99811, EC50 = 0.00207 mol%, n =
1.07185±0.03564.

Appendix C3. 16: Hill analysis for Cl-/NO3- antiport mediated by 118. Data was fitted to
the Hill equation using Origin. R2 = 0.99839, EC50 = 0.00162 mol%, n =
1.12642±0.03952.
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Appendix C3. 17: Hill analysis for Cl-/NO3- antiport mediated by 119. Data was fitted to
the Hill equation using Origin. R2 = 0.99817, EC50 = 0.00124 mol%, n =
0.99635±0.03156.

Appendix C3. 18: Hill analysis for Cl-/NO3- antiport mediated by 119. Data was fitted to
the Hill equation using Origin. R2 = 0.99623, EC50 = 0.00123 mol%, n =
0.98425±0.04383.
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Appendix C3. 19: Hill analysis for Cl-/NO3- antiport mediated by 119. Data was fitted to
the Hill equation using Origin. R2 = 0.99943, EC50 = 0.00128 mol%, n =
0.97638±0.01693.

Appendix C3. 20: Hill analysis for Cl-/NO3- antiport mediated by 119. Data was fitted to
the Hill equation using Origin. R2 = 0.99938, EC50 = 0.00086 mol%, n =
1.24557±0.02321.
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Appendix C3. 21: Hill analysis for Cl-/NO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99598, EC50 = 0.00075 mol%, n =
1.30454±0.06802.

Appendix C3. 22: Hill analysis for Cl-/NO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99736, EC50 = 0.00061 mol%, n =
1.28867±0.06370.

203

Appendix C

Appendix C3. 23: Hill analysis for Cl-/NO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99622, EC50 = 0.00055 mol%, n =
1.27050±0.10625.
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C.4 Cl-/HCO3- Hill plots

!

Appendix C4. 1: Hill analysis for Cl-/HCO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99172, EC50 = 0.64376 mol%,
n = 1.86335±0.15237.

Appendix C4. 2: Hill analysis for Cl-/HCO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99227, EC50 = 0.65478 mol%,
n = 1.82442±0.14185.
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Appendix C4. 3: Hill analysis for Cl-/HCO3- antiport mediated by 114. Data was fitted to
the Hill equation using Origin. R2 = 0.99196, EC50 = 0.62794 mol%, n =
1.88677±0.15356.

Appendix C4. 4: Hill analysis for Cl-/HCO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99775, EC50 = 0.06922 mol%, n =
0.97738±0.03525.
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Appendix C4. 5: Hill analysis for Cl-/HCO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99875, EC50 = 0.08284 mol%, n =
0.96678±0.02550.

Appendix C4. 6: Hill analysis for Cl-/HCO3- antiport mediated by 115. Data was fitted to
the Hill equation using Origin. R2 = 0.99916, EC50 = 0.07964 mol%, n =
0.98722±0.02159.
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Appendix C4. 7: Hill analysis for Cl-/HCO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99887, EC50 = 0.01289 mol%, n =
1.08331±0.02641.

Appendix C4. 8: Hill analysis for Cl-/HCO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99773, EC50 = 0.01239 mol%, n =
0.99205±0.03227.
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Appendix C4. 9: Hill analysis for Cl-/HCO3- antiport mediated by 116. Data was fitted to
the Hill equation using Origin. R2 = 0.99619, EC50 = 0.01119 mol%, n =
1.12271±0.05206.

Appendix C4. 10: Hill analysis for Cl-/HCO3- antiport mediated by 117. Data was fitted
to the Hill equation using Origin. R2 = 0.99798, EC50 = 0.01022 mol%, n =
0.97116±0.04544.
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Appendix C4. 11: Hill analysis for Cl-/HCO3- antiport mediated by 117. Data was fitted
to the Hill equation using Origin. R2 = 0.99815, EC50 = 0.01203 mol%, n =
1.00300±0.04459.

Appendix C4. 12: Hill analysis for Cl-/HCO3- antiport mediated by 117. Data was fitted
to the Hill equation using Origin. R2 = 0.99543, EC50 = 0.01419 mol%, n =
0.97814±0.06372.
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Appendix C4. 13: Hill analysis for Cl-/HCO3- antiport mediated by 118. Data was fitted
to the Hill equation using Origin. R2 = 0.98769, EC50 = 0.01674 mol%, n =
1.14481±0.08553.

Appendix C4. 14: Hill analysis for Cl-/HCO3- antiport mediated by 118. Data was fitted
to the Hill equation using Origin. R2 = 0.99377, EC50 = 0.01571 mol%, n =
1.18819±0.06354.
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Appendix C4. 15: Hill analysis for Cl-/HCO3- antiport mediated by 118. Data was fitted
to the Hill equation using Origin. R2 = 0.99039, EC50 = 0.01489 mol%, n =
1.14349±0.07452.

Appendix C4. 16: Hill analysis for Cl-/HCO3- antiport mediated by 119. Data was fitted
to the Hill equation using Origin. R2 = 0.97616, EC50 = 0.00952 mol%, n
=1.48602±0.16824.
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Appendix C4. 17: Hill analysis for Cl-/HCO3- antiport mediated by 119. Data was fitted
to the Hill equation using Origin. R2 = 0.97824, EC50 = 0.01297 mol%, n =
1.12323±0.16141.

Appendix C4. 18: Hill analysis for Cl-/HCO3- antiport mediated by 119. Data was fitted
to the Hill equation using Origin. R2 = 0.96270, EC50 = 0.01080 mol%, n =
1.26851±0.28027.
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Appendix C4. 19: Hill analysis for Cl-/HCO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99245, EC50 = 0.01404 mol%, n =
0.84540±0.05519.

Appendix C4. 20: Hill analysis for Cl-/HCO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99072, EC50 = 0.01328 mol%, n =
0.96687±0.07453.
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Appendix C4. 21: Hill analysis for Cl-/HCO3- antiport mediated by prodigiosin. Data was
fitted to the Hill equation using Origin. R2 = 0.99263, EC50 = 0.01480 mol%, n =
1.03936±0.07542.
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C.5 Anion binding studies

K1 = 62 M-1 ± 3%

Appendix C5. 1: Binding curve generated form the 1H NMR titration of 114 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding isotherm
using WinEQNMR2.

216

Appendix C

a)

K1 = 216 M-1 ± 19%

b)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0
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c)

Appendix C5. 2: a) Binding curve generated form the 1H NMR titration of 114 with
TEAHCO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
isotherm using WinEQNMR2. b) Stack plot generated form the 1H NMR Job plot data of
114 with TEAHCO3 in DMSO-d6/H2O 0.5%. c) The binding ratio was confirmed to be 1:1
receptor:anion by Job plot analysis of 114 with TEAHCO3 in DMSO-d6/H2O 0.5%, despite
the large error in the titration fitting.
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K1 = 4 M-1 ± 17%

Appendix C5. 3: Binding curve generated form the 1H NMR titration of 114 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.

K1 = 65 M-1 ± 3%

Appendix C5. 4: Binding curve generated form the 1H NMR titration of 115 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding model using
WinEQNMR2.
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a)

Equivalents of anion
6.2949
5.7328
5.0958
4.3679
3.5273
2.5479
2.3320
2.1086
1.8774
1.6379
1.5150
1.3898
1.2623
1.1324
1.0010
0.8653
0.7280
0.5880
0.2998
0.0000
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b)

c)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0
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d)

Appendix C5. 5: a) Stack plot generated from the 1H NMR titration data of 115 with
TEAHCO3 in DMSO-d6/H2O 0.5%. b) Change in chemical shift as a function of anion
equivalents, of the most deshielded N-H resonance, as measured from the 1H NMR
titration data of 115 with TEAHCO3 in DMSO-d6/H2O 0.5%. Data could not be fit to a 1:1
(receptor:anion) binding isotherm using WinEQNMR2 as it was not possible to
accurately pick the N-H proton resonances due to broadening. c) Stack plot generated
form the 1H NMR Job plot data of 115 with TEAHCO3 in DMSO-d6/H2O 0.5%. d) Job plot
of 115 with TEAHCO3 in DMSO-d6/H2O 0.5%, showing the change in chemical shift of NH resonances. Job plot analysis indicates a 1:1 receptor:anion binding interaction.
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K1 = 6 M-1 ± 10%

Appendix C5. 6: Binding curve generated form the 1H NMR titration of 115 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.

K1 = 50 M-1 ± 5%

Appendix C5. 7: Binding curve generated form the 1H NMR titration of 116 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding model using
WinEQNMR2.
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a)

K1 = 80868 M-1 ± 7%

b)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0

Appendix C5. 8: a) Binding curve generated form the 1H NMR titration of 116 with
TEAHCO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2. N-H signals broadened with the addition of large equivalents
of anion hence the fit was generated using fewer data points than usual. b) Stack plot
generated from the 1H NMR Job plot data of 116 with TEAHCO3 in DMSO-d6/H2O 0.5%.
Higher concentrations of anion lead to resonance broadening, hence data could not be
fitted to a Job plot.
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K1 = 7 M-1 ± 20%

Appendix C5. 9: Binding curve generated form the 1H NMR titration of 116 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.

K1 = 71 M-1 ± 3%

Appendix C5. 10: Binding curve generated form the 1H NMR titration of 117 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding model using
WinEQNMR2.
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a)

Equivalents of anion
1.5150
1.3839
1.2623
1.1324
1.0001
0.8653
0.7280
0.5880
0.2998
0.0000
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b)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0

Appendix C5. 11: a) It was not possible to complete the 1H NMR titration of 117 with
TEAHCO3 in DMSO-d6/H2O 0.5%, due to resonance broadening. It was not possible to
accurately pick the N-H proton resonances. b) Stack plot generated form the 1H NMR
Job plot data of 117 with TEAHCO3 in DMSO-d6/H2O 0.5%. It was not possible to fit the
titration data to a binding isotherm due to resonance broadening. Hence Job plot
analysis was done. This was also subject to resonance broadening beyond the point of
1:1 receptor:anion, suggesting a possible 1:1 receptor:anion binding interaction.
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K1 = 13 M-1 ± 4%

Appendix C5. 12: Binding curve generated form the 1H NMR titration of 117 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.

K1 = 94 M-1 ± 9%

Appendix C5. 13: Binding curve generated form the 1H NMR titration of 118 with TBACl
in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding model using
WinEQNMR2.

228

Appendix C
a)

Equivalents of anion
0.7118

0.5749

0.2931

0.0000
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b)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0

Appendix C5. 14: a) It was not possible to complete the 1H NMR titration of 118 with
TEAHCO3 in DMSO-d6/H2O 0.5%, due to resonance broadening. It was not possible to
accurately pick the N-H proton resonances b) Stack plot generated form the 1H NMR Job
plot data of 118 with TEAHCO3 in DMSO-d6/H2O 0.5%. It was not possible to fit the
titration data to a binding isotherm due to resonance broadening. Hence Job plot
analysis was attempted. This was also subject to significant resonance broadening at
low anion concentrations, suggesting a possible deprotonation event.
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K1 = 7 M-1 ± 15%

Appendix C5. 15: Binding curve generated form the 1H NMR titration of 118 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.
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a)
Equivalents of anion
6.1924
5.6395
5.0129
4.2967
3.4704
2.5064
2.2940
2.0743
1.8468
1.6113
1.4903
1.3671
1.2417
1.1140
0.9838
0.8512
0.7161
0.5784
0.2949
0.0000

b)
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c)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0

Appendix C5. 16: a) Stack plot generated from the 1H NMR titration data of 119 with
TBACl in DMSO-d6/H2O 0.5%. b) Change in chemical shift as a function of anion
equivalents, of the most deshielded N-H resonance, as measured from the 1H NMR
titration data of 119 with TBACl in DMSO-d6/H2O 0.5%. Data could not be fit to a 1:1 or
1:2 (receptor:anion) binding isotherm using WinEQNMR2. c) Stack plot generated from
the 1H NMR Job plot data of 119 with TBACl in DMSO-d6/H2O 0.5%. Data could not be
fitted due to slow exchange process.
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a)

Equivalents of Anion
0.5829

0.2971

0.0000

b)

Receptor:Anion
1:9
2:8
3:7
4:6
5:5
6:4
7:3
8:2
9:1
10:0

Appendix C5. 17: a) It was not possible to complete the 1H NMR titration of 119 with
TEAHCO3 in DMSO-d6/H2O 0.5%, due to resonance broadening. It was not possible to
accurately pick the N-H proton resonances. b) Stack plot generated from the 1H NMR
Job plot data of 119 with TEAHCO3 in DMSO-d6/H2O 0.5%. Higher concentrations of
anion lead to resonance broadening in the Job plot data also, hence data could not be
fitted to a Job plot. Resonance broadening beyond the point of 1:1 receptor:anion
suggests a possible 1:1 receptor:anion binding interaction.
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K1 = 5 M-1 ± 9%

Appendix C5. 18: Binding curve generated form the 1H NMR titration of 119 with
TBANO3 in DMSO-d6/H2O 0.5%. The data was fitted to a 1:1 receptor:anion binding
model using WinEQNMR2.
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C.6 Crystal structures
X-ray data for the chloride complex of 114 (TBA salt) were collected on Rigaku
AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+
detector mounted at the window of an FR-E+ Superbright MoK! ("=0.71075Å)
rotating anode generator with VHF Varimax optics.3 X-ray data for the chloride
complexes of 115 (TBA salt) and 118 (TMA salt) were collected on Rigaku
AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+
detector mounted at the window of an FR-E+ Superbright MoK! ("=0.71075Å)
rotating anode generator with HF Varimax optics. Data sets for all three
structures were collected at 100 K. Empirical absorption corrections were
carried out using CrystalClear software. The crystal structures were solved by
direct methods as implemented in SHELXS-97.4 Structures were refined on Fo2
by full-matrix least-squares refinements using SHELX-97 software.4
All non-hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were added at calculated positions and
refined using a riding model with isotropic displacement parameters based on
the equivalent isotropic displacement parameters (Ueq) of the parent atom. In
the chloride complex of 116 a disorder model was included for the DMSO
molecule and one of the butyl chains of one of the TBA cations present.
Crystal data for 114!TBACl: C29H46ClF10N3OS2, Mr = 742.26, orthorhombic, space
group = Pbca, a = 26.1622 (18), b = 17.7752 (11), c = 15.1251 (11), $ = 90, % =
90, # = 90, V = 7033.8 (8), Z = 8, µ = 0.308 mm-1, D = 1.402 gcm-3, Reflections
collected = 44323, Unique = 8032 [R(int) = 0.0561], final R1 = 0.0334, wR2 =
0.0804, GoF = 0.990, data/restraints/parameters = 8032/ 0/ 415, CCDC:
1004419.

Appendix C6. 1: 114!TBACl.
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Crystal data for 115!TBACl: C74H110Cl2F20N10O5S5, Mr = 1830.92, triclinic, space
group = P -1, a = 15.6225 (11), b = 17.6830 (12), c = 18.4051 (13), $ = 71.341
(5), % = 69.884 (5), # = 67.950 (5), V = 4317.4 (5), Z = 2, µ = 0.293 mm-1, D =
1.408 gcm-3, Reflections collected = 32098, Unique = 15037 [R(int) = 0.0602],
final R1 = 0.0581, wR2 = 0.1090, GoF = 0.988, data/restraints/parameters =
15037/ 18/ 1062, CCDC: 1004420.

Appendix C6. 2: Packing arrangement for 115!TBACl.
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Crystal data for 118!TMACl: C24H26ClF2N7O6, Mr = 581.97, monoclinic, space
group = P21/c, a = 7.3305 (19), b = 23.581 (6), c = 15.409 (4), $ = 90, % =
97.282 (4), # = 90, V = 2642.1 (12), Z = 4, µ = 0.213 mm-1, D = 1.463 gcm-3,
Reflections collected = 34443, Unique = 6057 [R(int) = 0.0373], final R1 =
0.0548, wR2 = 0.1113, GoF = 1170, data/restraints/parameters = 6057/ 0/
361, CCDC: 1004421.

Appendix C6. 3: Asymmetric unit cell for 118!TMACl.
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C.7 Reversed phase HPLC assay
Julie M. Herniman of UoSIAMS ran the reversed phase HPLC experiment, to
determine retention times for each receptor (Appendix C7 Table. 1). Samples
were analysed using a MaXis (Bruker Daltonics, Bremen, Germany) mass
spectrometer equipped with a Time of Flight (TOF) analyser. The sample was
introduced via a Diones Ultimate 3000 autosampler and uHPLC (ultra high
performance liquid chromatography) pump. Ultra performance liquid
chromatography was undertaken via a Waters UPLC BEH C18 (50 mm x
2.1mm 1.7µm) column. Gradient 20% acetonitrile (0.2% formic acid) to 100%
acetonitrile (0.2% formic acid) in five minutes, at a flow rate of 0.6 mL/min.
Unfortunately due to solubility issues is was not possible to obtain the
retention time for prodigiosin. A strong correlation was found between
retention time and AlogP as calculated using ALOGPS 2.1 (VCCLabs,
http://www.vcclab.org/lab/alogps/) (Appendix C7. 1). However, no correlation
could be established between retention time and EC50 or AlogP and EC50, for Cl/NO3- or Cl-/HCO3- exchange.
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Appendix C7 Table. 1: Values for retention time (min), calculated AlogP values along
with Cl-/NO3- and Cl-/HCO3- exchange EC50 values (M-1) for receptors 109-110 and 113119 and prodigiosin.
Receptor

Retention time

AlogP

(min)

Cl-/NO3- EC50

Cl-/HCO3- EC50

(M-1)

(M-1)

113

11.9

4.41

114

12.5

5.39

0.37255

0.04551

109

11.7

5.10

0.01800

0.00066

115

12.3

6.08

0.00930

0.00033

116

12.2

5.51

0.00154

0.00042

117

12.7

6.49

0.00298

0.00052

110

10.1

3.10

0.00480

0.00035

118

10.8

3.42

0.00193

0.00027

119

13.6

7.40

0.00161

0.00025

4.90

0.00064

0.00010

Prodigiosin Not determined

Not determined Not determined

Appendix C7. 1: Graph showing retention time (min) vs. AlogP for receptors 109-110
and 113-119.
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Appendix D Chapter 5: Experimental
D.1 Characterisation for Chapter 3:

Appendix D1. 1: 1H NMR spectrum of receptor 101 in DMSO-d6 at 298 K.
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Appendix D1. 2: 13C{1H} NMR spectrum of receptor 101 in DMSO-d6 at 298 K.

Meas. m/z
647.1293

Formula
C 15 H 23 F 11 N 6 Na O 8
C 16 H 26 F 11 N 2 O 12
C 16 H 28 F 8 N 2 Na O 14
C 15 H 28 F N 6 O 21
C 17 H 31 F 4 O 21
C 19 H 25 F 10 N 2 O 11
C 17 H 22 F 7 N 8 O 11
C 16 H 17 F 10 N 12 O 5
C 15 H 19 F 4 N 14 O 11
C 18 H 22 F 10 N 6 Na O 7
C 16 H 19 F 7 N 12 Na O 7
C 19 H 27 F 7 N 2 Na O 13
C 17 H 24 F 4 N 8 Na O 13
C 15 H 21 F N 14 Na O 13
C 17 H 33 F Na O 23
C 18 H 27 F 4 N 4 O 17
C 16 H 24 F N 10 O 17
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C 16 H 15 F 4 N 18 O 7
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Meas. m/z

Formula
C 15 H 10 F 7 N 22 O
C 19 H 18 F 10 N 10 Na O 3
C 17 H 15 F 7 N 16 Na O 3
C 15 H 12 F 4 N 22 Na O 3
C 16 H 17 F N 18 Na O 9
C 22 H 24 F 9 N 2 O 10
C 22 H 26 F 6 N 2 Na O 12
C 20 H 23 F 3 N 8 Na O 12
C 21 H 26 F 3 N 4 O 16
C 19 H 23 N 10 O 16
C 21 H 28 N 4 Na O 18
C 22 H 31 O 22
C 25 H 25 F 9 Na O 8
C 23 H 22 F 6 N 6 Na O 8
C 21 H 19 F 3 N 12 Na O 8
C 22 H 22 F 3 N 8 O 12
C 20 H 19 N 14 O 12
C 22 H 24 N 8 Na O 14
C 25 H 23 F 12 O 6
C 23 H 20 F 9 N 6 O 6
C 21 H 17 F 6 N 12 O 6
C 19 H 14 F 3 N 18 O 6
C 22 H 15 F 12 N 10
C 20 H 12 F 9 N 16
C 24 H 20 F 12 N 4 Na O 2
C 22 H 17 F 9 N 10 Na O 2
C 17 H 11 N 24 O 6
C 19 H 16 N 18 Na O 8
C 20 H 14 F 6 N 16 Na O 2
C 18 H 11 F 3 N 22 Na O 2
C 28 H 22 F 11 O 5
C 28 H 24 F 8 Na O 7
C 26 H 21 F 5 N 6 Na O 7
C 24 H 18 F 2 N 12 Na O 7
C 27 H 24 F 5 N 2 O 11
C 25 H 21 F 2 N 8 O 11
C 27 H 26 F 2 N 2 Na O 13
C 20 H 10 F 3 N 22 O 2
C 20 H 12 N 22 Na O 4
C 18 H 7 N 28 O 2
C 26 H 19 F 8 N 6 O 5
C 24 H 16 F 5 N 12 O 5
C 29 H 18 F 11 N 4 O
C 27 H 15 F 8 N 10 O
C 29 H 20 F 8 N 4 Na O 3
C 27 H 17 F 5 N 10 Na O 3
C 30 H 23 F 4 N 2 O 10
C 28 H 20 F N 8 O 10
C 30 H 25 F N 2 Na O 12
C 25 H 12 F 5 N 16 O
C 23 H 9 F 2 N 22 O
C 25 H 14 F 2 N 16 Na O 3
C 33 H 22 F 7 O 6
C 32 H 17 F 10 N 4
C 31 H 19 F 4 N 6 O 6
C 29 H 16 F N 12 O 6
C 30 H 14 F 7 N 10
C 28 H 11 F 4 N 16
C 33 H 24 F 4 Na O 8
Meas. m/z C
Formula
32 H 19 F 7 N 4 Na O 2
C 31 H 21 F N 6 Na O 8
C 30 H 16 F 4 N 10 Na O 2
C 28 H 13 FDataAnalysis
N 16 Na O 2 4.0
Bruker Compass
C 26 H 8 F N 22
C 36 H 21 F 6 O 5
C 34 H 18 F 3 N 6 O 5
C 32 H 15 N 12 O 5
C 36 H 23 F 3 Na O 7
C 34 H 20 N 6 Na O 7
C 35 H 23 N 2 O 11
C 37 H 17 F 6 N 4 O
C 35 H 14 F 3 N 10 O
C 33 H 11 N 16 O
C 37 H 19 F 3 N 4 Na O 3
C 35 H 16 N 10 Na O 3
C 41 H 21 F 2 O 6
C 40 H 16 F 5 N 4
C 38 H 13 F 2 N 10
C 40 H 18 F 2 N 4 Na O 2
C 44 H 20 F O 5
C 45 H 16 F N 4 O

m/z
647.1291
647.1296
647.1293
647.1291
647.1302
647.1282
647.1282
647.1280
647.1290
647.1288
647.1291
647.1301
647.1298
647.1296
647.1293
647.1304
647.1301
647.1304
647.1298
647.1295
647.1293
647.1290
647.1284
647.1282
647.1287
647.1284
647.1288
647.1291
647.1282
647.1280
647.1286
647.1286
647.1284
647.1282
647.1295
647.1292
647.1295
647.1304
647.1304
647.1301
647.1284
647.1281
647.1299
647.1297
647.1300
647.1297
647.1283
647.1281
647.1284
647.1295
647.1292
647.1295
647.1299
647.1288
647.1297
647.1294
647.1286
647.1283
647.1300
m/z
647.1288
647.1297
647.1286
647.1284
647.1281
647.1288
647.1285
647.1283
647.1288
647.1286
647.1296
647.1301
647.1299
647.1296
647.1301
647.1299
647.1301
647.1290
647.1287
647.1290
647.1289
647.1303

err [ppm] err [mDa] # Sigma mSigma
-0.3
-0.2
23
39.2
0.5
0.3
24
39.6
0.1
0.1
25
39.8
-0.2
-0.1
26
39.9
1.5
1.0
27
40.1
-1.7
-1.1
28
40.5
-1.6
-1.0
29
41.8
-2.0
-1.3
30
42.1
-0.3
-0.2
31
43.1
-0.7
-0.5
32
43.2
-0.3
-0.2
33
44.7
1.4
0.9
34
47.8
0.8
0.5
35
50.5
0.5
0.3
36
50.7
0.1
0.1
37
50.9
1.7
1.1
38
53.0
1.4
0.9
39
53.1
1.8
1.2
40
54.3
0.8
0.5
41
57.4
0.4
0.3
42
57.7
0.0
0.0
43
57.9
-0.3
-0.2
44
58.0
-1.3
-0.8
45
58.1
-1.7
-1.1
46
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-0.5
49
58.7
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-1.6
-1.1
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-2.0
-1.3
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59.0
-1.0
-0.6
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66.3
-0.9
-0.6
54
67.0
-1.3
-0.8
55
67.2
-1.7
-1.1
56
67.4
0.3
0.2
57
68.9
-0.0
-0.0
58
69.0
0.4
0.3
59
70.2
1.7
1.1
60
71.9
1.8
1.2
61
72.5
1.3
0.9
62
72.7
-1.4
-0.9
63
76.8
-1.7
-1.1
64
77.0
1.1
0.7
65
78.3
0.7
0.5
66
78.5
1.1
0.7
67
79.1
0.8
0.5
68
79.3
-1.4
-0.9
69
85.3
-1.8
-1.2
70
85.6
-1.4
-0.9
71
86.5
0.3
0.2
72
90.8
-0.0
-0.0
73
90.9
0.4
0.3
74
91.7
1.0
0.7
75
95.1
-0.7
-0.4
76
95.4
0.6
0.4
77
95.4
0.3
0.2
78
95.6
-1.1
-0.7
79
95.6
-1.4
-0.9
80
95.8
1.1
0.7
81
95.8
err [ppm]
-0.6 err [mDa]
-0.4 # Sigma
82 mSigma
96.0
0.7
0.5
83
96.1
-1.0
-0.7
84
96.2
-1.4printed: -0.902/08/2012
85 10:19:52
96.3
-1.8
-1.2
86
110.6
-0.8
-0.5
87
112.1
-1.1
-0.7
88
112.4
-1.5
-1.0
89
112.6
-0.7
-0.4
90
112.8
-1.1
-0.7
91
113.1
0.6
0.4
92
114.7
1.3
0.9
93
124.3
0.9
0.6
94
124.5
0.6
0.4
95
124.6
1.4
0.9
96
125.2
1.0
0.7
97
125.4
1.3
0.8
98
141.7
-0.4
-0.3
99
141.8
-0.8
-0.5
100
142.0
-0.4
-0.3
101
142.5
-0.5
-0.3
102
159.2
1.6
1.0
103
171.5

rdb
18.5
10.5
14.5
18.5
16.5
7.5
7.5
11.5
9.5
13.5
9.5
7.5
8.5
12.5
16.5
14.5
18.5
14.5
8.5
12.5
16.5
20.5
14.5
18.5
10.5
14.5
24.5
20.5
18.5
22.5
12.5
12.5
16.5
20.5
14.5
18.5
14.5
25.5
25.5
29.5
16.5
20.5
17.5
21.5
17.5
21.5
18.5
22.5
18.5
25.5
29.5
25.5
19.5
21.5
23.5
27.5
25.5
29.5
19.5
rdb
21.5
23.5
25.5
29.5
33.5
23.5
27.5
31.5
23.5
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25.5
28.5
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36.5
28.5
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30.5
32.5
36.5
32.5
34.5
39.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
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Appendix D1. 3: HRMS of receptor 101.
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Appendix D1. 4: 1H NMR spectrum of receptor 102 in DMSO-d6 at 298 K.

Appendix D1. 5: 13C{1H} NMR spectrum of receptor 102 in DMSO-d6 at 298 K.
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Scan End

1500 m/z

Set Collision Cell RF

300.0 Vpp

Set Divert Valve

+MS, 1.1-1.2min #(64-71)

Meas. m/z
679.0832

Formula
C 21 H 27 O 25
C 22 H 23 F 11 Na O 8 S
C 20 H 18 F 11 N 6 O 6 S
C 20 H 20 F 8 N 6 Na O 8 S
C 20 H 24 N 4 Na O 21
C 21 H 23 F 8 N 2 O 12 S
C 20 H 22 F 3 N 4 O 19
C 21 H 25 F 5 N 2 Na O 14 S
C 21 H 22 F 10 Na O 12
C 23 H 23 F 3 N 2 Na O 17
C 21 H 20 N 8 Na O 17
C 22 H 28 F O 21 S
C 23 H 21 F 6 N 2 O 15
C 21 H 18 F 3 N 8 O 15
C 23 H 19 F 11 N 4 Na O 4 S
C 21 H 16 F 8 N 10 Na O 4 S
C 21 H 14 F 11 N 10 O 2 S
C 24 H 21 F 9 Na O 11
C 22 H 18 F 6 N 6 Na O 11
C 24 H 19 F 12 O 9
C 20 H 15 F 3 N 12 Na O 11
C 22 H 16 F 9 N 6 O 9

Bruker Compass DataAnalysis 4.0

Waste

Appendix D

m/z
679.0836
679.0830
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679.0828
679.0825
679.0838
679.0825
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err [ppm]
0.6
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Formula
C 25 H 22 F 10 Na O 7 S
C 20 H 13 F 6 N 12 O 9
C 24 H 22 F 7 N 2 O 11 S
C 22 H 19 F 4 N 8 O 11 S
C 20 H 16 F N 14 O 11 S
C 24 H 24 F 4 N 2 Na O 13 S
C 22 H 21 F N 8 Na O 13 S
C 23 H 24 F N 4 O 17 S
C 22 H 24 F 9 N 2 O 8 S 2
C 20 H 21 F 6 N 8 O 8 S 2
C 23 H 16 F 12 N 4 Na O 5
C 26 H 22 F 2 N 2 Na O 16
C 23 H 14 F 6 N 10 Na O 7
C 26 H 20 F 5 N 2 O 14
C 20 H 32 Na O 20 S 2
C 21 H 13 F 9 N 10 Na O 5
C 24 H 17 F 2 N 8 O 14
C 22 H 26 F 6 N 2 Na O 10 S 2
C 20 H 30 F 3 O 18 S 2
C 20 H 23 F 3 N 8 Na O 10 S 2
C 27 H 18 F 11 O 8
C 21 H 11 F 12 N 10 O 3
C 27 H 20 F 8 Na O 10
C 25 H 17 F 5 N 6 Na O 10
C 25 H 18 F 7 N 6 O 7 S
C 27 H 21 F 10 O 7 S
C 23 H 15 F 4 N 12 O 7 S
C 21 H 12 F N 18 O 7 S
C 25 H 20 F 4 N 6 Na O 9 S
C 27 H 23 F 7 Na O 9 S
C 21 H 26 F 3 N 4 O 14 S 2
C 23 H 17 F N 12 Na O 9 S
C 26 H 18 F 10 N 4 Na O 3 S
C 24 H 13 F 10 N 10 O S
C 24 H 20 F 12 N 4 Na S 2
C 24 H 15 F 7 N 10 Na O 3 S
C 22 H 10 F 7 N 16 O S
C 22 H 17 F 9 N 10 Na S 2
C 20 H 14 F 6 N 16 Na S 2
C 22 H 12 F 4 N 16 Na O 3 S
C 20 H 7 F 4 N 22 O S
C 20 H 9 F N 22 Na O 3 S
C 25 H 23 F 12 O 4 S 2
C 23 H 20 F 9 N 6 O 4 S 2
C 21 H 17 F 6 N 12 O 4 S 2
C 22 H 31 O 20 S 2
C 21 H 11 F 3 N 16 Na O 7
C 21 H 28 N 4 Na O 16 S 2
C 25 H 25 F 9 Na O 6 S 2
C 23 H 12 F 9 N 10 O 5
C 23 H 22 F 6 N 6 Na O 6 S 2
C 21 H 19 F 3 N 12 Na O 6 S 2
C 21 H 9 F 6 N 16 O 5
C 20 H 19 N 14 O 10 S 2
C 26 H 23 N 4 O 16 S
C 24 H 12 F 12 N 8 Na O
C 29 H 19 F 8 O 10
C 27 H 18 F 2 N 6 Na O 12
C 27 H 16 F 5 N 6 O 10
C 22 H 9 F 9 N 14 Na O

Bruker Compass DataAnalysis 4.0

m/z
679.0819
679.0827
679.0827
679.0825
679.0822
679.0827
679.0825
679.0836
679.0825
679.0822
679.0821
679.0830
679.0843
679.0829
679.0821
679.0819
679.0827
679.0825
679.0820
679.0823
679.0821
679.0818
679.0821
679.0819
679.0840
679.0843
679.0838
679.0836
679.0841
679.0843
679.0834
679.0838
679.0832
679.0829
679.0830
679.0830
679.0827
679.0828
679.0825
679.0827
679.0825
679.0825
679.0841
679.0838
679.0836
679.0845
679.0841
679.0834
679.0841
679.0843
679.0839
679.0836
679.0841
679.0845
679.0824
679.0835
679.0845
679.0843
679.0843
679.0832

err [ppm]
-1.9
-0.7
-0.7
-1.0
-1.4
-0.6
-1.0
0.6
-1.0
-1.4
-1.5
-0.3
1.7
-0.4
-1.6
-1.9
-0.7
-1.0
-1.7
-1.3
-1.6
-2.0
-1.6
-1.9
1.3
1.6
0.9
0.6
1.3
1.7
0.3
1.0
0.1
-0.4
-0.3
-0.3
-0.7
-0.6
-1.0
-0.6
-1.1
-1.0
1.3
1.0
0.6
1.9
1.4
0.3
1.4
1.6
1.0
0.7
1.3
1.9
-1.1
0.4
2.0
1.7
1.6
0.1

err [mDa]
-1.3
-0.5
-0.5
-0.7
-1.0
-0.4
-0.7
0.4
-0.7
-0.9
-1.0
-0.2
1.2
-0.3
-1.1
-1.3
-0.5
-0.6
-1.2
-0.9
-1.1
-1.3
-1.1
-1.3
0.9
1.1
0.6
0.4
0.9
1.1
0.2
0.7
0.0
-0.2
-0.2
-0.2
-0.5
-0.4
-0.7
-0.4
-0.7
-0.7
0.9
0.7
0.4
1.3
0.9
0.2
0.9
1.1
0.7
0.5
0.9
1.3
-0.7
0.3
1.3
1.1
1.1
0.1
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# Sigma
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

mSigma
26.0
26.1
27.6
27.9
28.1
28.7
29.1
29.8
31.9
32.1
34.1
34.1
34.2
34.3
34.3
34.4
34.6
35.1
35.2
35.3
35.9
36.3
36.6
36.7
37.3
37.4
37.6
37.8
37.8
38.0
38.1
38.1
38.3
38.4
38.6
38.6
38.7
38.8
38.9
38.9
39.0
39.1
39.3
39.6
39.8
39.8
39.9
40.2
40.7
40.8
41.1
41.2
41.3
44.3
45.4
45.6
45.8
46.1
46.1
46.1
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rdb
9.5
17.5
11.5
15.5
19.5
11.5
15.5
13.5
7.5
11.5
11.5
15.5
18.5
15.5
4.5
15.5
19.5
7.5
4.5
11.5
13.5
15.5
13.5
17.5
16.5
12.5
20.5
24.5
16.5
12.5
9.5
20.5
14.5
18.5
10.5
18.5
22.5
14.5
18.5
22.5
26.5
26.5
8.5
12.5
16.5
7.5
22.5
9.5
8.5
18.5
12.5
16.5
22.5
18.5
17.5
16.5
16.5
20.5
20.5
20.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even

N-Rule
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
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Appendix D
Meas. m/z

Formula
C 25 H 13 F 2 N 12 O 10
C 20 H 6 F 6 N 20 Na O
C 28 H 16 F 8 N 4 Na O 6
C 28 H 14 F 11 N 4 O 4
C 28 H 22 F 11 O 3 S 2
C 29 H 21 F N 2 Na O 15
C 24 H 25 F 2 N 4 O 13 S 2
C 28 H 24 F 8 Na O 5 S 2
C 27 H 11 F 11 N 8 Na
C 27 H 24 F 5 N 2 O 9 S 2
C 30 H 20 F 9 O 6 S
C 26 H 14 F 3 N 12 O 6 S
C 28 H 17 F 6 N 6 O 6 S
C 24 H 11 N 18 O 6 S
C 26 H 13 F 5 N 10 Na O 6
C 27 H 26 F 2 N 2 Na O 11 S 2
C 30 H 22 F 6 Na O 8 S
C 26 H 16 N 12 Na O 8 S
C 29 H 15 F 12 N 4 S
C 28 H 19 F 3 N 6 Na O 8 S
C 24 H 10 F 2 N 16 Na O 6
C 26 H 19 F 8 N 6 O 3 S 2
C 24 H 16 F 5 N 12 O 3 S 2
C 22 H 13 F 2 N 18 O 3 S 2
C 29 H 17 F 9 N 4 Na O 2 S
C 26 H 11 F 8 N 10 O 4
C 27 H 14 F 6 N 10 Na O 2 S
C 24 H 8 F 5 N 16 O 4
C 26 H 21 F 5 N 6 Na O 5 S 2
C 22 H 5 F 2 N 22 O 4
C 24 H 18 F 2 N 12 Na O 5 S 2
C 29 H 22 F 3 N 2 O 12 S
C 27 H 19 N 8 O 12 S
C 25 H 21 F 2 N 8 O 9 S 2
C 29 H 24 N 2 Na O 14 S
C 25 H 8 F 8 N 14 Na
C 32 H 18 F 7 O 9
C 27 H 9 F 5 N 14 Na O 2
C 23 H 5 F 5 N 20 Na
C 30 H 15 F 4 N 6 O 9
C 29 H 20 F 8 N 4 Na O S 2
C 27 H 17 F 5 N 10 Na O S 2
C 28 H 12 F N 12 O 9
C 27 H 7 F 8 N 14
C 31 H 20 F N 2 O 15
C 32 H 20 F 4 Na O 11
C 30 H 17 F N 6 Na O 11
C 31 H 15 F 7 N 4 Na O 5
C 29 H 12 F 4 N 10 Na O 5
C 31 H 13 F 10 N 4 O 3
C 29 H 10 F 7 N 10 O 3
C 31 H 23 F 7 Na O 4 S 2
C 30 H 23 F 4 N 2 O 8 S 2
C 28 H 20 F N 8 O 8 S 2
C 31 H 16 F 9 N 4 O 2 S
C 25 H 14 F 2 N 16 Na O S 2
C 29 H 13 F 6 N 10 O 2 S
C 25 H 7 N 22 O 2 S
C 27 H 10 F 3 N 16 O 2 S
C 31 H 18 F 6 N 4 Na O 4 S

Bruker Compass DataAnalysis 4.0

m/z
679.0840
679.0830
679.0834
679.0834
679.0829
679.0818
679.0822
679.0830
679.0823
679.0838
679.0831
679.0827
679.0829
679.0824
679.0832
679.0838
679.0832
679.0827
679.0820
679.0829
679.0829
679.0827
679.0824
679.0822
679.0821
679.0832
679.0818
679.0829
679.0827
679.0827
679.0825
679.0840
679.0838
679.0835
679.0840
679.0821
679.0834
679.0845
679.0818
679.0831
679.0843
679.0841
679.0829
679.0845
679.0842
679.0834
679.0832
679.0823
679.0820
679.0822
679.0820
679.0818
679.0826
679.0824
679.0845
679.0838
679.0842
679.0838
679.0840
679.0845

err [ppm]
1.2
-0.3
0.4
0.3
-0.4
-2.0
-1.4
-0.3
-1.3
0.9
-0.1
-0.8
-0.4
-1.1
0.0
1.0
0.0
-0.7
-1.7
-0.3
-0.3
-0.7
-1.1
-1.4
-1.6
-0.0
-2.0
-0.4
-0.7
-0.7
-1.0
1.2
0.9
0.6
1.3
-1.6
0.3
2.0
-2.0
-0.1
1.7
1.3
-0.4
1.9
1.5
0.3
-0.0
-1.3
-1.7
-1.4
-1.7
-2.0
-0.8
-1.1
1.9
0.9
1.6
0.9
1.2
2.0

err [mDa]
0.8
-0.2
0.3
0.2
-0.3
-1.4
-1.0
-0.2
-0.8
0.6
-0.0
-0.5
-0.3
-0.8
0.0
0.7
0.0
-0.5
-1.1
-0.2
-0.2
-0.5
-0.7
-1.0
-1.1
-0.0
-1.3
-0.3
-0.5
-0.5
-0.7
0.8
0.6
0.4
0.9
-1.1
0.2
1.4
-1.3
-0.1
1.1
0.9
-0.3
1.3
1.0
0.2
-0.0
-0.9
-1.1
-0.9
-1.2
-1.4
-0.5
-0.8
1.3
0.6
1.1
0.6
0.8
1.3

printed:

247

# Sigma
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

mSigma
46.2
46.8
46.9
47.6
49.3
49.5
50.2
50.4
50.7
51.3
53.9
54.0
54.2
54.2
54.3
54.4
54.5
54.5
54.7
54.7
54.7
54.8
55.0
55.0
55.0
55.1
55.3
55.6
56.0
56.1
56.2
56.4
56.6
57.0
57.6
58.9
59.2
59.4
59.5
59.5
59.6
59.7
59.8
60.0
60.2
61.1
61.4
61.6
61.9
61.9
62.2
64.8
65.4
65.5
66.3
66.4
66.5
66.6
66.7
66.8
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rdb
24.5
24.5
18.5
18.5
12.5
19.5
13.5
12.5
20.5
14.5
16.5
24.5
20.5
28.5
22.5
14.5
16.5
24.5
18.5
20.5
26.5
16.5
20.5
24.5
18.5
22.5
22.5
26.5
16.5
30.5
20.5
18.5
22.5
18.5
18.5
24.5
20.5
27.5
28.5
24.5
17.5
21.5
28.5
27.5
22.5
20.5
24.5
22.5
26.5
22.5
26.5
16.5
18.5
22.5
21.5
25.5
25.5
33.5
29.5
21.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even

N-Rule
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
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Meas. m/z

Chemistry - maXis ESI Accurate Mass Report

Formula
C 29 H 15 F 3 N 10 Na O 4 S
C 27 H 12 N 16 Na O 4 S
C 30 H 25 F N 2 Na O 10 S 2
C 25 H 6 F 2 N 20 Na O 2
C 23 H F 2 N 26
C 25 H 4 F 5 N 20
C 33 H 19 F 8 O 5 S
C 33 H 21 F 5 Na O 7 S
C 31 H 13 F N 10 Na O 7
C 31 H 11 F 4 N 10 O 5
C 29 H 8 F N 16 O 5
C 32 H 21 F 2 N 2 O 11 S
C 34 H 14 F 10 N 2 Na O
C 32 H 11 F 7 N 8 Na O
C 30 H 8 F 4 N 14 Na O
C 28 H 5 F N 20 Na O
C 32 H 19 F 7 N 4 Na S 2
C 33 H 22 F 7 O 4 S 2
C 35 H 17 F 6 O 8
C 30 H 16 F 4 N 10 Na S 2
C 28 H 13 F N 16 Na S 2
C 31 H 19 F 4 N 6 O 4 S 2
C 33 H 14 F 3 N 6 O 8
C 29 H 16 F N 12 O 4 S 2
C 33 H 24 F 4 Na O 6 S 2
C 31 H 21 F N 6 Na O 6 S 2
C 34 H 19 N 2 O 14
C 35 H 19 F 3 Na O 10
C 33 H 16 N 6 Na O 10
C 35 H 20 F 5 O 7 S
C 34 H 15 F 8 N 4 O S
C 33 H 17 F 2 N 6 O 7 S
C 32 H 12 F 5 N 10 O S
C 30 H 9 F 2 N 16 O S
C 35 H 22 F 2 Na O 9 S
C 34 H 17 F 5 N 4 Na O 3 S
C 32 H 14 F 2 N 10 Na O 3 S
C 36 H 13 F 6 N 4 O 4
C 36 H 15 F 3 N 4 Na O 6
C 34 H 10 F 3 N 10 O 4
C 34 H 12 N 10 Na O 6
C 35 H 15 N 6 O 10
C 32 H 7 N 16 O 4
C 38 H 19 F 4 O 6 S
C 37 H 13 F 9 N 2 Na
C 37 H 14 F 7 N 4 S
C 35 H 10 F 6 N 8 Na
C 38 H 21 F Na O 8 S
C 33 H 7 F 3 N 14 Na
C 37 H 16 F 4 N 4 Na O 2 S
C 36 H 21 F 6 O 3 S 2
C 31 H 4 N 20 Na
C 34 H 18 F 3 N 6 O 3 S 2
C 32 H 15 N 12 O 3 S 2
C 36 H 23 F 3 Na O 5 S 2
C 34 H 20 N 6 Na O 5 S 2
C 35 H 23 N 2 O 9 S 2
C 36 H 16 F N 6 O 6 S
C 35 H 11 F 4 N 10 S
C 37 H 12 F N 10 O 2 S

Bruker Compass DataAnalysis 4.0

m/z
679.0843
679.0840
679.0827
679.0843
679.0840
679.0842
679.0820
679.0820
679.0845
679.0845
679.0842
679.0829
679.0839
679.0836
679.0834
679.0831
679.0832
679.0842
679.0822
679.0829
679.0827
679.0840
679.0820
679.0837
679.0843
679.0840
679.0831
679.0823
679.0820
679.0844
679.0833
679.0842
679.0831
679.0829
679.0845
679.0834
679.0831
679.0836
679.0836
679.0833
679.0833
679.0844
679.0831
679.0833
679.0827
679.0822
679.0825
679.0833
679.0822
679.0822
679.0831
679.0820
679.0828
679.0826
679.0831
679.0829
679.0839
679.0831
679.0820
679.0844

err [ppm]
1.6
1.3
-0.7
1.6
1.2
1.6
-1.7
-1.7
1.9
1.9
1.5
-0.5
1.0
0.7
0.3
-0.0
-0.0
1.5
-1.4
-0.4
-0.7
1.2
-1.8
0.8
1.6
1.3
-0.1
-1.4
-1.7
1.9
0.2
1.5
-0.1
-0.5
1.9
0.3
-0.1
0.6
0.6
0.2
0.3
1.8
-0.2
0.2
-0.7
-1.4
-1.0
0.2
-1.4
-1.4
-0.1
-1.7
-0.5
-0.8
-0.1
-0.4
1.1
-0.2
-1.8
1.8

err [mDa]
1.1
0.9
-0.5
1.1
0.8
1.1
-1.2
-1.1
1.3
1.3
1.0
-0.3
0.7
0.5
0.2
-0.0
-0.0
1.1
-1.0
-0.3
-0.5
0.8
-1.2
0.6
1.1
0.8
-0.1
-0.9
-1.2
1.3
0.2
1.0
-0.1
-0.3
1.3
0.2
-0.0
0.4
0.4
0.1
0.2
1.2
-0.1
0.1
-0.5
-1.0
-0.7
0.2
-0.9
-0.9
-0.1
-1.2
-0.3
-0.6
-0.1
-0.3
0.8
-0.1
-1.2
1.2
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# Sigma
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

mSigma
67.0
67.1
68.2
69.0
69.5
69.6
70.6
71.2
72.0
72.1
72.4
73.0
73.9
74.2
74.5
74.9
74.9
75.0
75.0
75.1
75.1
75.2
75.3
75.3
76.0
76.2
76.3
77.0
77.2
82.7
82.9
83.0
83.1
83.3
83.4
83.6
83.9
87.7
87.8
88.0
88.0
88.2
88.2
89.3
89.5
89.6
89.7
90.0
90.0
90.1
90.1
90.3
90.3
90.4
91.1
91.3
91.5
100.1
100.3
100.7
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rdb
25.5
29.5
18.5
31.5
35.5
31.5
20.5
20.5
29.5
29.5
33.5
22.5
23.5
27.5
31.5
35.5
21.5
19.5
24.5
25.5
29.5
23.5
28.5
27.5
19.5
23.5
26.5
24.5
28.5
23.5
25.5
27.5
29.5
33.5
23.5
25.5
29.5
29.5
29.5
33.5
33.5
31.5
37.5
27.5
27.5
29.5
31.5
27.5
35.5
29.5
23.5
39.5
27.5
31.5
23.5
27.5
25.5
31.5
33.5
36.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even

N-Rule
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
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Meas. m/z

Formula
C 35 H 13 F N 10 Na O 2 S
C 37 H 19 F 3 N 4 Na O S 2
C 35 H 16 N 10 Na O S 2
C 40 H 17 F 2 O 9
C 39 H 12 F 5 N 4 O 3
C 39 H 14 F 2 N 4 Na O 5
C 37 H 9 F 2 N 10 O 3
C 41 H 18 F 3 O 5 S
C 39 H 15 N 6 O 5 S
C 41 H 20 Na O 7 S
C 39 H 20 F 5 O 2 S 2
C 39 H 22 F 2 Na O 4 S 2
C 42 H 14 F 3 N 4 O S
C 42 H 13 F 5 N 2 Na O
C 42 H 16 N 4 Na O 3 S
C 40 H 10 F 2 N 8 Na O
C 41 H 21 F 2 O 4 S 2
C 40 H 18 F 2 N 4 Na S 2
C 43 H 16 F O 8
C 44 H 20 F O 3 S 2
C 45 H 12 F 4 N 2 Na
C 47 H 19 O 2 S 2

m/z
679.0820
679.0845
679.0842
679.0835
679.0824
679.0824
679.0822
679.0822
679.0819
679.0822
679.0819
679.0820
679.0835
679.0840
679.0835
679.0838
679.0844
679.0833
679.0824
679.0832
679.0829
679.0821

err [ppm]
-1.7
1.9
1.5
0.5
-1.1
-1.1
-1.5
-1.5
-1.9
-1.4
-1.8
-1.8
0.5
1.3
0.5
0.9
1.8
0.2
-1.2
0.1
-0.4
-1.6

err [mDa]
-1.2
1.3
1.0
0.3
-0.8
-0.7
-1.0
-1.0
-1.3
-1.0
-1.2
-1.2
0.3
0.9
0.4
0.6
1.2
0.1
-0.8
0.1
-0.3
-1.1

# Sigma
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

mSigma
100.9
101.2
101.4
102.6
104.0
104.2
104.3
104.8
105.1
105.5
105.5
106.5
115.8
116.6
116.7
116.9
117.2
117.3
119.4
133.0
133.5
149.1

rdb
33.5
28.5
32.5
31.5
33.5
33.5
37.5
31.5
35.5
31.5
27.5
27.5
36.5
34.5
36.5
38.5
30.5
32.5
35.5
34.5
38.5
38.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even

N-Rule
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok

Appendix D1. 6: HRMS of receptor 102.

Bruker Compass DataAnalysis 4.0
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D.2 Characterisation for Chapter 4:

Appendix D2. 1: 1H NMR spectrum of receptor 114 in DMSO-d6 at 298 K.

Appendix D2. 2: 13C{1H} NMR spectrum of receptor 114 in DMSO-d6 at 298 K.
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Appendix D

Appendix D2. 3: 19F{1H} NMR spectrum of receptor 114 in DMSO-d6 at 298 K.
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Bruker Compass DataAnalysis 4.0

printed:

Appendix D2. 4: HRMS of receptor 114.
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Appendix D2. 5: 1H NMR spectrum of receptor 115 in DMSO-d6 at 298 K.

Appendix D2. 6: 13C{1H} NMR spectrum of receptor 115 in DMSO-d6 at 298 K.
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Appendix D

Chemistry - maXis HPLC-ESI Accurate Mass Report
Analysis Info
Analysis Name
Method
Sample Name
Comment

Acquisition Date 03/04/2014 10:16:36
D:\Data\Chemistry\2014\Apr14\LK6636 56_GB2_01_10847.d
soton lcms pos 120 to 1500.m
Operator
MSWEB@SOTON.AC.UK
LK6636 56
Instrument / Ser# maXis
17
Analyst: JMH

Acquisition Parameter
Source Type
Focus
Scan Begin
Scan End

ESI
Not active
120 m/z
1500 m/z

Ion Polarity
Set Capillary
Set End Plate Offset
Set Collision Cell RF

Positive
4000 V
-500 V
300.0 Vpp

Set Nebulizer
Set Dry Heater
Set Dry Gas
Set Divert Valve

2.0 Bar
200 °C
8.0 l/min
Waste

+MS, 2.8min #(168)

Appendix D2. 7: 19F{1H} NMR spectrum of receptor 115 in DMSO-d6 at 298 K.

Bruker Compass DataAnalysis 4.0

printed:
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Appendix D2. 8: HRMS of receptor 115.
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Appendix D

Appendix D2. 9: 1H NMR spectrum of receptor 116 in DMSO-d6 at 298 K.

Appendix D2. 10: 13C{1H} NMR spectrum of receptor 116 in DMSO-d6 at 298 K.
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Chemistry - maXis HPLC-ESI Accurate Mass Report
Analysis Info
Analysis Name
Method
Sample Name
Comment

Acquisition Date

Appendix D

03/04/2014 10:23:01
D:\Data\Chemistry\2014\Apr14\LK6935 90_GB3_01_10848.d
soton lcms pos 120 to 1500.m
Operator
MSWEB@SOTON.AC.UK
LK6935 90
Instrument / Ser# maXis
17
Analyst: JMH

Acquisition Parameter
Source Type
Focus
Scan Begin
Scan End

ESI
Not active
120 m/z
1500 m/z

Ion Polarity
Set Capillary
Set End Plate Offset
Set Collision Cell RF

Positive
4000 V
-500 V
300.0 Vpp

Set Nebulizer
Set Dry Heater
Set Dry Gas
Set Divert Valve

2.0 Bar
200 °C
8.0 l/min
Waste

Cmpd 1, 2.8 min

Appendix D2. 11: 19F{1H} NMR spectrum of receptor 116 in DMSO-d6 at 298 K.

Bruker Compass DataAnalysis 4.0

printed:

Appendix D2. 12: HRMS of receptor 116.
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Appendix D

Appendix D2. 13: 1H NMR spectrum of receptor 117 in DMSO-d6 at 298 K.

Appendix D2. 14: 13C{1H} NMR spectrum of receptor 117 in DMSO-d6 at 298 K.
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Appendix D

Appendix D2. 15: 19F{1H} NMR spectrum of receptor 117 in DMSO-d6 at 298 K.
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Bruker Compass DataAnalysis 4.0

printed:

Appendix D2. 16: HRMS of receptor 117.
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Appendix D

Appendix D2. 17: 1H NMR spectrum of receptor 118 in DMSO-d6 at 298 K.

Appendix D2. 18: 13C{1H} NMR spectrum of receptor 118 in DMSO-d6 at 298 K.
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Appendix D

Appendix D2. 19: 19F{1H} NMR spectrum of receptor 118 in DMSO-d6 at 298 K.
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Appendix D

Chemistry - maXis HPLC-ESI Accurate Mass Report
Meas. m/z
473.1009

495.0826

Formula
C 19 H 19 F 2 N 2 O 10
C 22 H 20 F 2 Na O 8
C 20 H 15 F 2 N 6 O 6
C 14 H 10 N 16 Na O 3
C 19 H 12 F 2 N 10 Na O 2
C 17 H 7 F 2 N 16
C 16 H 22 N 2 Na O 13
C 14 H 17 N 8 O 11
C 25 H 19 F Na O 7
C 23 H 14 F N 6 O 5
C 24 H 10 F N 10 O
C 29 H 14 N 4 Na O 2
C 27 H 9 N 10
C 19 H 18 F 2 N 2 Na O 10
C 20 H 14 F 2 N 6 Na O 6
C 17 H 13 F 2 N 8 O 8
C 18 H 9 F 2 N 12 O 4
C 17 H 6 F 2 N 16 Na
C 24 H 16 F N 2 O 9
C 23 H 13 F N 6 Na O 5
C 14 H 16 N 8 Na O 11
C 21 H 8 F N 12 O 3
C 14 H 23 O 19
C 27 H 15 N 2 O 8
C 27 H 8 N 10 Na
C 33 H 13 F 2 O 3

m/z
473.1002
473.1018
473.1016
473.1014
473.1005
473.1002
473.1014
473.1011
473.1007
473.1004
473.1018
473.1009
473.1006
495.0822
495.0835
495.0819
495.0832
495.0822
495.0834
495.0824
495.0831
495.0821
495.0828
495.0823
495.0826
495.0827

err [ppm]
-1.4
2.0
1.4
1.1
-0.9
-1.4
1.1
0.5
-0.4
-1.0
1.8
-0.0
-0.6
-0.8
1.9
-1.4
1.3
-0.9
1.7
-0.5
1.0
-1.0
0.4
-0.6
-0.1
0.3

err [mDa]
-0.7
0.9
0.7
0.5
-0.4
-0.7
0.5
0.2
-0.2
-0.5
0.9
-0.0
-0.3
-0.4
0.9
-0.7
0.6
-0.4
0.8
-0.2
0.5
-0.5
0.2
-0.3
-0.0
0.1

# Sigma
1
2
3
4
5
6
7
8
9
10
11
12
13
1
2
3
4
5
6
7
8
9
10
11
12
13

mSigma
3.9
8.1
10.0
13.4
14.1
16.1
18.7
21.9
24.1
28.0
42.8
53.4
53.4
6.8
8.9
10.7
11.1
16.2
20.0
25.3
25.3
26.0
34.5
36.6
50.8
65.5

rdb
10.5
11.5
15.5
17.5
17.5
21.5
6.5
10.5
15.5
19.5
24.5
24.5
28.5
10.5
15.5
14.5
19.5
21.5
17.5
19.5
10.5
23.5
3.5
21.5
28.5
26.5

e¯ Conf
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even
even

N-Rule
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok
ok

Appendix D2. 20: HRMS of receptor 118.

Samples were analysed using a MaXis (Bruker Daltonics, Bremen, Germany) mass spectrometer equipped with a Time of Flight (TOF)
analyser. Samples were introduced to the mass spectrometer via a Dionex Ultimate 3000 autosampler and uHPLC pump. Gradient 2%
methanol (0.1% formic acid) to 100% methanol (0.1% formic acid ) in seven minutes. Column, Kinetex C18 (Phenomenex) 1.7 micron 50 x
2.1mm. High resolution mass spectra were recorded using positive/negative ion electrospray ionisation.

Appendix D2. 21: 1H NMR spectrum of receptor 119 in DMSO-d6 at 298 K.

Bruker Compass DataAnalysis 4.0

printed:
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Appendix D

Appendix D2. 22: 13C{1H} NMR spectrum of receptor 119 in DMSO-d6 at 298 K.

Appendix D2. 23: 19F{1H} NMR spectrum of receptor 119 in DMSO-d6 at 298 K.
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Appendix D

Bruker Compass DataAnalysis 4.0

printed:

Appendix D2. 24: HRMS of receptor 119.
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