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The aim of this thesis is to explore the use of microgels and linear copolymers as
supramolecular receptors for low molecular weight compounds and proteins. It was
postulated that the long-range interactions made possible by repeating units within a
polymer would be advantageous in creating high affinity supramolecular hosts in a

competitive aqueous environment.

Tetrazoles frequently replace carboxylic acids in pharmaceutical drugs, their binding to
amidines was investigated as a model system to determine their exact mode of
interaction with an arginine analogue, where there has been some ambiguity in the
literature regarding the preferred binding sites for tetrazolates. '"H NMR studies and
crystal structures of model complexes were used to investigate their interactions. A
preference for protonated amines over guanidine-like amidines was observed, it was
postulated that this would infer a degree of selectivity to microgels and linear

copolymers incorporating the tetrazolate functional group.

Microgels and linear copolymers were synthesised and investigated using 'H NMR,
UV-Vis and ITC titrations to determine their affinity for selected ligands, such as the
biologically significant polyamine spermine and proteins such as haemoglobin and

cytochrome C.

A living free radical polymerisation (RAFT) process was used to create linear

copolymers with defined molecular weights and low polydisperisties.

Evidence for the microgels and linear copolymers binding to the target molecules will
be discussed. Evidence for the structural manipulation of the polymers, via dynamic

combinatorial chemistry, to create highly specific hosts will be presented and discussed.
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1 Introduction

1.1 Preface

In Nature, interactions between proteins and proteins, protein receptors and ligands, and
enzymes and substrates are commonly thought of as being driven by shape. In essence,
the lock and key analogy is a valid illustration of many important key recognition
mechanisms in Nature. Complimentary interactions of binding site and substrate (Fig
1.1) serve to create highly selective binding sites even at low concentrations. In 1958,
this idea was modified by Daniel Koshland [1] who put forward the induced fit model.
It stipulates that, due to the flexible structures of enzymes, the active site is continually

reshaped by interactions with the substrate as the substrate interacts with the enzyme.
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Figure 1.1. An illustration of the lock and key analogy, first postulated by Emil
Fischer in 1894.

Enzymes deliver a wide variety of biochemical reactions with very high efficiency and
selectivity, even at very low concentrations. The key to this behaviour seems to be the
creation of a favourable environment for the substrate, where electrostatic interactions
and hydrophobic/hydrophilic interactions between the enzyme-substrate complex are
complimentary to each other, thus stabilising the complex. This is, in reality, the

“shape” factor mentioned above.
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Figure 1.2 The creation of a favourable active site within the protein molecule
allows for a strong interaction between an enzyme and its substrate. This is

instrumental in the catalytic activity of the enzyme.

The building blocks of all proteins are amino acids. What makes proteins special,
however, with respect to their diversity, is that all proteins are comprised of only 20
amino acids. The old adage that “the whole is greater than the sum of its parts” applies
in a very succinct way to the area of proteins. The complex interactions between the
amino acid monomer units impart a whole array of secondary, tertiary and even
quaternary structures to the protein itself. So, with growing complexity, the final
function of the protein becomes even more specialised. This gives rise to incredibly
specific “lock and key” interactions, which are the cornerstone of the complexity of

biological systems (Fig 1.2).

This only comes about due to the unique, almost mechanical, methods that Nature has
to construct these macromolecules. The current cutting edge of polymer chemistry is
still in no way able to reproduce such molecular architectures, on an efficient and

reproducible scale.



One of the goals of supramolecular chemistry is to use the same motifs illustrated above
to create man-made hosts that mimic natural proteins such as enzymes for catalysis and
the adaptability of immunoglobins shown in the immune system. The processes and
understanding involved in designing synthetic macromolecules with the specificity that
rivals proteins is a long way off, but today the onus falls on determining the plausibility
of novel synthetic routes towards introducing functional groups and binding sites into
simple polymeric systems with a view to one day applying these methods to make more

complex, enzyme-like synthetic polymers.

1.2 Polymers in supramolecular chemistry

1.2.1 Linear polymers and target-specific binding

Polymers can be linear, branched or crosslinked. In efforts to develop strong
supramolecular receptors, linear polymers have shown a great deal of promise when
interacting with selected ligands. In protein recognition, the ability of the long polymer
chain to make multiple contacts to a protein surface serves to increase the binding
affinity to a point where it can even be competitive in solutions of physiological ionic

strength.

The surface interactions of proteins have been studied in great detail recently. [2, 3, 4]
High numbers of arginine residues have been identified as integral in protein-protein
interactions. [5] In addition to this, the complimentary interaction of hydrophobic
“patches” on the surface of the proteins must not be underestimated. These areas of low
hydrophilicity are usually surrounded by charged residues, which again serve to

highlight the complex balance between electrostatic and hydrophobic interactions.

Schrader et al. have shown that incorporation of a weak, but selective, arginine-binding
bisphosphonate into a linear polymer creates a powerful polymeric receptor that shows
a bias towards arginine-rich proteins such as histone H1 and lysozyme. [6] This implies

a direct connection between the microscopic contribution of the arginine specific
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monomer 1 and the macroscopic interactions of the linear polymers (Fig 1.3). It would
seem that the long-range interactions that serve to enhance the binding strength do not

detract from the polymers specificity.
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Figure 1.3 A schematic representation of a bisphosphonate dianion-arginine

complex with K, =86 000 M-! in DMSO and methacrylamide monomer 1.

This work followed on from an elegant procedure first reported by Hamilton et al. that
created well-defined surface recognition moieties by mounting aspartate-rich and
glutamate-rich cyclopeptides onto calixarene and porphyrin scaffolds (Fig 1.5 & 1.6).
[7, 8, 9] Sub-micro-molar and nano-molar binding was observed, giving both a
powerful inhibitor for chymotrypsin and strong complexing agent for equine
cytochrome C (Fig 1.4). It was postulated that the large surface area creates kinetically
favoured surface binding with the protein by mounting the cyclopeptide loops onto the

calixarene.

synthetic receptor

Protein surface

Figure 1.4 A number of different hydrophobic groups, shown as a red cuboid, and
charged groups, displayed as grey spheres, were used to iterate a strong synthetic

receptor for cytochrome C using this general arrangement.
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Figure 1.5 Structure of the artificial cytochrome C receptor displayed above (Fig
1.4). The tetraphenylporphyrin is represented by the red cuboid, amino acid

derivatives are represented by the grey spheres.
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Figure 1.6 a-Chymotrypsin inhibitor based on a calix[4]arene core and peptide
loop branches synthesised by Hamilton [7]. Calix[4]arene unit is represented in red
and the peptide unit in blue. Protein surface is displayed above as a grey surface.
The synthetic receptor binds strongly to the active site of the protease, shown by

the surface in the protein diagram.

From this work it is clear that, when reinforced by multiple interactions, even weak

binding motifs can be recognised as good systems for supramolecular binding.



Hamilton and Schrader’s work has highlighted the co-operative nature of
supramolecular chemistry with respect to natural systems, like proteins. Focusing on
specificity, rather than outright binding strength paid off when these highly specific

systems are repeated, allowing the strength of the interaction to be increased.

Polymers offer such an opportunity; where enough complimentary binding groups
create a strong affinity and a linear polymer would still maintain a relatively high
degree of solubility. A notable drawback, however, from using a high concentration of
charged groups on linear polymers is the polyelectrolyte behaviour, which can result in
highly viscous solutions even at low concentrations of polymers such as Schrader’s poly
(bisphosphonate). This effect can prove to be a thorn in the side of the polymer chemist

looking to take advantage of these highly soluble, highly charged polymers.

1.2.2  Macroscopic gels

Macroscopic gels do not have such a strong need for enhanced solubility. For
chromatographic purposes, many macroscopic gels have been synthesised in which the
final polymer is ground into small pieces and then suspended in a medium. Such
crosslinked polymers may rely on the high concentration of charged groups, or more
specialised functionality, to create favourable binding sites. The extensive crosslinking
creates cavities with high affinities, while the solubility of the overall polymer

decreases. [10]

Molecularly imprinted polymers are typical examples of this. This process, developed
by Wulff over 35 years ago [11], is predominantly used for the chromatographic
separation of low-molecular-weight compounds and catalysis.[12] This highly adaptable
technique has met with a wide array of success over the years when dealing with low
molecular weight compounds. There is, however, a distinct lack of examples in the
literature of molecularly imprinted polymers for proteins. This is perhaps an indicator of

the limitations of the scalability of the traditional molecular imprinting techniques. [13]

Molecular imprinting or templating will be discussed later.



1.2.3  Colloids and microgels

1.2.3.1 Definitions and discovery

In the search for more efficient and diverse molecular architectures, colloids and

microgels lend themselves as capable molecular scaffolds.

Since 1999 Rotello has been working on polymer-coated nanoparticles as Self
Assembled Monolayers (or SAMs) with the idea of using them as multivalent receptors.
[14, 15] The functionalised surface of metal nanoparticles was initially used to
recognise and weakly bind flavin molecules via hydrogen bonding in solvents such as
chloroform. These highly versatile molecular structures were quickly developed for
protein binding as well; cytochrome C [16] (cyt C) and chymotrypsin [17] have shown
high levels of binding (down to the nM range in the case of cyt C).

These monolayer-protected clusters form an attractive family of artificial receptors, as
they offer highly versatile ways of creating well-defined organic entities in the size
range of bio-macromolecules such as proteins. These highly soluble polymeric supports
do not have the drawbacks of viscosity that linear polymers have and they maintain high
solubility, unlike macroscopic gels, however aggregation can be a significant problem.
Another method of creating polymeric colloidal particles is by creating sub-microscopic

gel particles or microgels.

A microgel can be defined as a semi-rigid mass of lyophilic sol dispersed in a medium
that, in turn, is fully absorbed by the sol particle. Meaning that the colloidal suspension
of particles has a strong affinity for the liquid in which it is dispersed and in. [18§]
Microgels, as defined by Funke et al., are discrete and highly crosslinked polymeric
particles that swell in a good environment and have a size in the submicrometer range
(ca. 0.01 to several um). [19] They were initially discovered in the early part of the last
century. Thought of as mere precursors to macroscopic networks, [20] they were

initially seen as a problem in the process of solution polymerisation. Further research



into their properties has led them to be regarded as highly useful commodities in fields

as diverse as surface coatings [21] and biomedical science. [22]

Figure 1.7 A schematic representation of a microgel particle. A densely packed core
surrounded by a crosslinked shell. Anionic groups can be incorporated into the
microgel by using different monomers. These charged groups are assumed to be

evenly distributed around the microgel.

Microgels have been ordained with the prefix micro- due to their small size in relation
to other known gel systems, which places them on the border of being considered as
true solutes when incorporated into a medium. Occasionally referred to as latexes or
latex particles, they have a tendency to form colloidal solutions. This is due in part to
their hydrophobic nature and small overall charge. Their dimensions and behaviour in
solution also relies heavily on their environmental conditions. [23, 24] Microgels have
been studied with a view to applying them to areas such as catalysis, molecular
recognition and as chemical sensors. The robustness of these man-made polymers is
postulated to have great advantages when dealing with issues of chemical stability and
inertness. The stability of these polymers to extremes in temperature, pH and harsh

solvents far outstrips that of similar structures that are biological in origin.



Microgels are usually prepared by dilute precipitation polymerisation with a high
crosslinker-to-monomer ratio; this gives rise to a spongy spherical polymer with an

inhomogeneous internal structure. [25] (Fig 1.7).

Much work has been done to try and determine the structure of microgels. Whilst it is
true that the precipitation polymerisation process in the presence of sodium lauryl
sulphate (SDS) gives spherical microgels, the actual internal structure was initially less
well understood. The general consensus at the present time suggests a densely packed
core surrounded by a less dense shell. Wu and Pelton postulated that the higher
reactivity of the methylene-bisacrylamide crosslinker commonly used in the synthesis
of polyacrylamide microgels would lead to a core-shell arrangement (Fig 1.7), [26]

which has been further backed up by other studies. [27, 28, 29]

1.2.3.2 Applications and advantages

Although the earliest uses for microgels were dominated by industrial applications such
as surface coatings, [30] more recent investigations have focused on “smart materials”

or environmentally sensitive materials.

The discovery that poly(N-isopropylacrylamide), or pNIPAAM (Fig 1.8), has a lower
critical solubility temperature (LCST) i.e undergoes a reversible coil-to-globule
transition at ca. 32 °C gave rise to a new class of environmentally sensitive polymers

which have the advantage of being susceptible to external influence.
N
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Figure 1.8 The structure of some commonly used monomers that yield
environmentally sensitive materials: 2, N-isopropylacrylamide, 3, methacrylic acid

and 4, sodium methacrylate.

The homopolymer of 2 shows such a transition as a result of a change in temperature,

whereas poly(methacrylic acid) and poly(sodium methacrylate), from monomers 3 and
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4 respectively, do so following a change in pH. Application of this concept to microgels
[31] gave rise to systems with a very fast swelling response time, when compared to
macroscopic slab gels, and a surprisingly monodisperse size range.[32] Stimuli-
responsive microgels almost instantaneously sparked off the development of many ideas

for their application in advanced drug delivery. [33, 34, 35]

In 1998, Kiser et al. accomplished the loading of the anti-cancer drug doxorubicin (Fig
1.9) onto a microgel and the subsequent targeted release was described as an artificial
secretory granule. [22] In this case, the mechanism behind the controlled drug release
was due to ion exchange where the doxorubicin was loaded onto a polyanionic polymer
network, which was coated with a lipid bilayer. Particle swelling and ion exchange were
then used to release the doxorubicin; this is an example of how an environmentally
responsive polymer and pharmaceutical drugs can be used to develop highly efficient
therapeutical treatments. Since then, more studies have focused on the encapsulation of

hydrophobic drugs in polymeric nanoparticles. [36]

; 1 “0—=0
= . "/ K
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doxorubicin taxol

Figure 1.9 Structures of doxorubicin and taxol. These hydrophobic drugs are

current front-runners in the fight against cancer.

Another possible methodology for the delivery of drugs that are highly lipophilic would
be to exploit a hydrophobic environment within the microgels. In 2002, Bromberg et al.
incorporated polyether chains onto a lightly crosslinked polyanionic microgel [37]
resulting in aggregation of the polyether chains within the microgel structure; this
allowed the loading of hydrophobic drugs such as taxol and mitoxantrone. There has
also been some evidence to suggest that microgel particles can be employed as new

vectors to significantly increase the intracellular uptake of therapeutic agents such as
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DNA and RNA. [38] An added advantage of using microgels is that they should be
more robust and not denature as easily, unlike a protein once it has been taken outside
its native temperature and pH range. Proteins typically lose their secondary, tertiary and/
or quaternary structure when exposed to extremes of heat or pH. A microgel would be
far more capable of withstanding a more hostile environment, with the added advantage

that the swelling response can be well predicted and in some cases controlled. [39, 40,

41]

To date, the most widely used co-monomer for the production of a polyanionic microgel
has been methacrylic acid (MAA) and its sodium salt (SMA), (Fig 1.3) which produces
negatively charged functional groups within the microgels and allows for both the
binding of the drugs and control of the swelling via pH or ion concentration. The
disadvantage of this approach arises from the difference in reactivity ratios when

comparing NIPAAM with MAA or even SMA. [42, 43]
In summary, when combined, the relative ease of synthesis, high solubility and the low

viscosity intrinsic to microgels, these sub-microscopic particles lend themselves very

easily as fertile ground for the development of new supramolecular receptors.
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1.3 Molecular recognition

1.3.1 Templating

The modern templating process essentially serves to secure complementary functional
groups, hydrogen bond donors and acceptors, hydrophobic or Van der Waals
interactions, all in a conformation that is conducive to that of a favourable binding
environment to a template (Fig 1.10). There is a wealth of literature regarding
templating processes and “molecular imprinting”, including numerous reviews and
monographs. [12, 44, 45] The most common method of imprinting makes use of
covalent or non-covalent binding of a polymerisable unit to a substrate, which is then
polymerised by radical initiation in the presence of high amounts of crosslinker and

small amounts of porogen (solvent).

Figure 1.10 Representation of a typical imprinting process. The crosslinked
polymer is synthesised in the presence of a suitable template. After polymerisation,
the template is removed to reveal a binding cavity, which is configured specifically

for the template (adapted from reference 12).

Another method, which has proven to be valuable, employs structurally related
compounds in the templating process (Fig 1.12). In this case, the template is usually

destroyed once polymerisation is complete. This process has been used to introduce
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selective binding sites for dopamine by creating bidentate receptor sites with a good
degree of selectivity.[46] The poor uptake of homovanillic acid, a structurally similar
compound, (Fig 1.11) is thought to be due to the negative charge of the carboxylic acid
and the steric bulk of the methylester groups. Indeed, binding of catechol and tyramine
were also observed to be weaker in comparison to dopamine (Fig 1.12). This result
suggests the cooperativity of the two functional groups with in the binding cavity and
suggests a definite selective cavity is present. However, the conditions of the re-binding
experiments suggest that this interaction is not solely due to supramolecular interactions

the formation of a cyclic boronate ester clearly has a large role in the affinity.
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Figure 1.11 After incorporating monomers 7 or 8 into a polymer the template is
removed through oxidation to leave a cavity that is selective towards dopamine and

some related compounds at pH 11.

HO:© /@/\/NHZ HO:©/\/NH2
HO HO HO

catechol tyramine dopamine

Figure 1.12 Catechol, tryamine, and structurally similar dopamine. Both tyramine
and catechol share different moieties with dopamine. Their difference in binding

strengths hints at the cooperativity of the polymer functional groups.
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Monomer 7 created binding sites that were less selective (but stronger), [46] than those
created with monomer 8, with its unpolymerisable boronic acid group. The boronic acid
functionality, whilst increasing the strength of the interaction throught the formation of
a cyclic diester, is also broadening the range of compounds that feel “comfortable”
binding inside the cavity. The sulfonic acid alone is not strong enough to attract the
wide range of structurally related compounds and therefore a degree of selectivity is
observed. This was evident when polymers from template 8 bind dopamine and the
structurally similar tyramine but show relatively little affinity to anything else studied.
This could also indicate that the size and shape of the binding cavity are important as
well as the complimentary interactions, this example seems to indicate that higher

complexity can lead to greater selectivity.

Molecularly imprinted polymers are generally obtained in the form of highly
crosslinked, macroscopic polymer networks which are then ground to produce an
insoluble powder. The degree of crosslinking has a significant effect on the efficiency of
the polymer as a host. This has a direct effect on the solubility of the final polymer and
therefore a great deal of research has focused on using highly soluble polymers with a

lower degree of crosslinking. [12]

1.3.2 Applications in catalysis

The templating process is predominantly used in imprinted catalysts to create active
sites within which a substrate can be accommodated or can even stabilise a transition
state, in much the same way as enzymes do. [47] An imprinting process was used to
determine whether the imprinted polymers behave as catalysts in hydrolysing the target

carbonate faster. (Fig 1.13)

n
OQN@O—C—O@NHCOCH3

Figure 1.13 A targeted carbonate, which bears a structural similarity to the

template used in Pasetto’s work. (Fig 1.14) [47]
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Figure 1.14 Pasetto et al. suggest that the interactions between the phosphate ester
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template and the Arg' and Tyr' monomers (Fig 1.15) (the NO: group of the
phosphate ester may also provide hydrogen bond acceptors) create favourable

catalytic sites for the hydrolysis of the target carbonate shown in (Fig 1.13).

In 2005, Pasetto et al. used a non-covalently linked complex between monomers 9 and
10 and a phosphate template (Fig 1.14 & 1.15) to stabilise a catalytic binding site. The
imprinted microgels showed enhanced -catalytic properties over non-imprinted
polymers, or “blanks”. [47] The catalytic behaviour of the polymer allowed the
interaction to be quantified via kinetic studies. This does not allow for an exact
quantification of the association constants involved, however, the experiments were
carried out in a water:DMSO mixture at a rough concentration of 4 mg/mL of microgel.
Therefore it can be assumed that the actual affinity is low. This does, never the less,
remain an excellent example of how molecular imprinting and microgels can be used

together to great effect.
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Figure 1.15 The monomers used by Pasetto et al. were intended to impart amino-
acid-like functional groups into the polymer, monomer 9 are represented by the

short hand 4rg’ and monomer 10 is represented by 7yr' in figure 1.5.
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Metal coordinating sites have also been incorporated into molecularly imprinted
polymers (MIPs) (Fig 1.16). [48] The polymerisation of monomer 11 provides a
synthetic route towards tridentate N-donor ligands supported within a polymer matrix.
These donor ligands were used to immobilise Cu?* ions, which were then found to

promote phosphoester hydrolysis.
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Figure 1.16 Schiller et al. used monomer 11 to introduce a tridentate ligand to
immobilise Cu?* ions and create catalytically active sites to promote hydrolysis of

phosphoesters. [48]

A supported catalyst on a polymer network has various advantages: it could be stable,

recoverable, reusable and exhibits good resistance to high temperature and pH. [49]

1.3.3 Applications in drug delivery

Since the introduction of drug loading by ion exchange by Kiser et al. in 1998, many
attempts have been made to imprint binding sites for low-molecular-weight
pharmaceutical agents. [12] One of the most inherent problems with this methodology
is that, whilst the templating process works well when a template is available, many
pharmaceutical agents have reactive functional groups that can interfere with the
polymerisation process. If a radical polymerisation is taking place then any compound
that has the ability to quench the radicals, such as thiols or polyphenols, or even the
presence of a double bond within the targeted template, these would result in
unfavourable side reactions. Many pharmaceutical agents may not be stable within the
polymerisation reaction conditions or may not even be soluble in the polymerisation

medium. A post polymerisation imprinting technique would be a distinct advantage.
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Transport of bio-therapeutic agents into the body is a complicated process. Many
parameters must be taken into consideration, and pH and hydrophobic/hydrophilic
domains form only a small portion of the factors to be taken into account. [50, 51, 52]
Microgels have been shown to be able to transport fragile bio-molecular drugs such as
DNA and peptides into cells where a lower pH facilitates their entry into the cell
through the membrane. [53] This could be applicable in areas such as cancer treatment
where cancerous tissues exhibit a lower pH than healthy tissue. In 2002, Frechet
introduced a novel method for protein encapsulation and release by using just such
biological conditions. An acid-labile crosslinker was used in the synthesis of microgels,
the crosslinker was easily broken up via acid hydrolysis in an environment similar to

that found in cancerous cells at pH 5. (Fig 1.17) [54]

O O HN
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Figure 1.17 Acid hydrolysis of an acetal crosslink breaks down the internal

structure of the microgels resulting in protein release.

The hydrophobic interiors inherent with polymeric particles may be exploited to deliver
hydrophobic drugs into the body. [55] To date, most orally active drugs must be water-
soluble in order to be effective. One of the challenges of modern drug delivery is to
deliver hydrophobic entities into a biological environment, without the use of co-
solvents, surfactants or emulsions. It has been postulated that hydrophobic drugs can be
easily delivered to specific sites by loading them onto simple polymeric nano-particles.
Zhu and McShane highlighted a new and straightforward method of loading
hydrophobic materials into stabilised polymer colloids. [56] Surfactants and organic co-
solvents were used to swell the polymer particles and the hydrophobic molecules were
loaded onto the polymer matrix. The particles were then stabilised by removing the co-

solvent.
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1.3.4 Applications in chemical sensors

For use as chemical sensors the imprinting process must generate very high selectivity
and affinity to compete with existing sensor technologies. Some suggested strategies
have included the loading of fluorescent molecules into a polymer network.
Fluorescence quenching can be very selective and indeed very sensitive, concentrations

in the femto-molar range can be detected.[55]

Imprinting processes have been used to introduce selectivity to binding metal ions. In
2001, D’Oleo et al. employed a post-polymerisation “imprinting process”. They used a
disulfide crosslinker and then oxidatively cleaved the bonds to introduce sulfonic acid
groups, which were then close enough to each other in the polymer network to be able
to capture divalent metal ions. The metal ions could not only be bound, but also released

by a swelling process. (Fig 1.18) [57]

rﬁ\ N STS jw polymerisation /ﬁ Q\S\/O O\/)S/Q j\
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Figure 1.18 Divalent metal ions can be bound by the sulphonate groups present in
the polymer, introduced by oxidative cleavage of N,N’-cystaminebisacrylamide

(CBA).

Similarly, Hiratani et al. used disulfide bonds to allow the post-polymerisation
rearrangement of the structure of the polymer to allow functional groups to capture
metal ions such as Ca?*. [58] In this case, a methacrylic acid comonomer provided the
acidic functional groups that were introduced during the polymerisation process which

bound the Ca?" ions.

The myriad methods available for the development of sensors via molecular imprinting

have been reviewed elsewhere. [59]
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1.3.5 Challenges of high solubility

The challenge that faces the next generation of polymeric supramolecular receptors is to
initiate supramolecular binding of highly soluble ligand molecules in competitive

environments at concentrations that can compete with natural systems.

At physiological pH (around 7.4) and in an aqueous environment, where the ionic
strength is around 0.15 mol L-!, competition for suitable binding sites is an inherent
problem as supramolecular interactions are governed by a whole array of parameters.
Inclusion of acidic functional groups is the most common method for trying to attract
positively charged ligands; however, the degree of protonation of these groups is again
dictated by the pH and incorporation of some of these monomers into the polymers has

been shown to be less than ideal.

1.3.6 Solution dynamics

Supramolecular recognition in water is not just a natural progression from non-polar
solvents such as hexane and pentane through to aprotic solvents such as
dimethylformamide and dimethylsulfoxide. It is more complicated. Water is known for
its “strange” properties, i.e. its unusually high boiling point for a compound of such low
molecular weight and its expansion upon cooling below 4 °C to name a few. In more
scientific terms the factors that govern these behaviours are a large dielectric constant
(g), small molar volume and its ability to form an extensive network of hydrogen bonds
even in the liquid state. The result of these factors is the rather counter-intuitive
statement that like charges can attract due to their favourable entropic contribution just
as opposite charges attract due to the enthalpic contribution. [60] In addition to this, the
free energy of solvation that governs the transfer of charged groups from areas of high
dielectric constant to those of low dielectric constant, e.g. from the outside of a binding
cavity to the inside, means that charged groups do not always contribute to the strength

of the interaction. Sometimes they can be there merely to govern specificity. [61]
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The ionic strength of a solution can also have a drastic effect on the affinity; a number
of studies have taken this into consideration. [62, 63, 64] However, more specifically,

Rotello has studied the effect of salt concentration on the binding of a.-chymotrypsin to

gold nanoparticle receptors. High concentrations were found to totally disrupt the
electrostatic binding of a-chymotrypsin to carboxylic acid functionalised gold
nanoparticles, but this activity was shown to be the result of the protein’s structural
change in the high salt concentration. [65] In a similar study, the effect of ionic strength
of a solution on hydrophobic interactions was tested using myoglobin and the butyl- and
octyl-sepharose adsorbent via isothermal titration calorimetry; the results showed that
not only does the ionic strength of the solution enhance the hydrophobic interaction, but

it also serves to decrease the heat required for dehydration. [66]
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1.4 Dynamic combinatorial chemistry

1.4.1 Reversible bonds and thermodynamic control

Dynamic combinatorial chemistry has become a stalwart in the search for new, strongly
binding macrocycles in the chemist’s tool kit. One can easily trace the roots of this
method back to metal-ion templated reactions. Coordinating metal ions such as Ni%* can
be used to stabilise a complex in order to allow bonds to form between its constituent
parts. A rudimentary example is shown in Fig. 1.19. In the presence of Ni*" the desired
product is stabilised in a complex. The advantage of this process is clear: without the

Ni?* template a very low yield is obtained. [67]

no / \
metal  1nO /N Ni(ll) Ris N, .S
Iﬁgds - + H2N SH R — Ni\
R;” O R N S
_/

Figure 1.19 Thermodynamically controlled synthesis of a macrocycle using Ni(II)

as a template.

It was not until the 1990’s that dynamic combinatorial chemistry was conceived as an
approach that would capture the combinatorial, selection and amplification elements
exhibited by the mammalian immune system. Initial work was carried out on the base-
catalysed transesterification reaction and hydrazone exchange, but it was not until the
end of the decade that disulfide exchange reactions would mark the movement of
dynamic combinatorial chemistry into aqueous solutions and mild conditions. Fully
comprehensive studies on dynamic combinatorial chemistry can be found elsewhere.

[68, 69, 70]
The principle behind dynamic combinatorial chemistry is that all the constituents in a

“library” are under thermodynamic control. Therefore the composition of the library can

be effected by external conditions. This responsiveness can be exploited to discover
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compounds that have temperature, pressure and even magnetically responsive

properties.

Developed as a method of creating and isolating novel macrocyclic host-guest systems
predominantly for use as catalysts [71, 72], combinatorial libraries are usually obtained
when a number of difunctional building blocks are introduced into a system together

with a template under conditions that a macrocyclic system will be formed.

S. Otto’s and J. K. M. Sanders’ Dynamic Combinatorial Libraries (DCL’s) differ from
normal combinatorial chemistry in the formation of reversible covalent bonds. This idea
has opened the door to creating systems, which are truly adaptable to their environment.
When a template is introduced into a library, the free energy landscape is changed (Fig
1.20) and the lowest energetic configuration is obtained by interactions with the
template. This process therefore creates an excess of macrocyclic species which interact
favourably with the template. In much the same way that the templating process used to
synthesise molecularly imprinted polymers creates binding cavities; the template creates
a complex with the monomers chosen to interact with the template and optimises a

binding cavity for the template molecule.

Figure 1.20 A free energy landscape of a dynamic library, the top image shows a
thermodynamically stable Library in the absence of a template. After addition of a
template molecule, the free energy landscape shifts the equilibrium towards the

most favoured template/host complex. [73]
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RS + RSSR' =———= RS-SR' + RS

Figure 1.21 The reaction scheme for a disulfide exchange reaction. The thiol can be
recycled and can go on to initiate another exchange reaction providing it is not

mopped up by oxygen.

An elegant example of the usefulness of this procedure is the creation of extremely
high-affinity receptors for the biologically relevant oligoamine spermine. [74] With a
relatively rudimentary library consisting of only two members, a macrocyclic receptor
with an association constant of 22 nM-! was successfully isolated. The discovery of
synthetic receptors with such high affinities is extremely rare but this method has shown

that strong binding receptors can be made even with basic building blocks. (Fig 1.22)

Ho
+ + N NH . -
H3N/\/\H/\/\/+\/\/+ 3 4 Cl
ﬁ 2

Figure 1.22 With only very rudimentary building blocks, 12 and 13, an extremely

high-affinity macrocyclic receptor can be isolated for the spermine template 14.
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1.5 Protein binding

1.5.1 Interactions of large molecules

1.5.1.1 Protein structure

When dealing with proteins it is important to realise that, in contrast to low molecular
weight compounds, where a charge can be thought of as being localised at a specific
point; proteins can be thought of as having charged surfaces, whilst the interior tends to
be predominantly hydrophobic. [75] It is not uncommon for a protein to have a high
concentration of positively or negatively charged groups within a particular area. These
charges are generated by particular functional groups found in the side chains of certain
amino acids e.g. NH3* from lysine or CO2" from aspartic acid. The overall charge is
dictated by the choice of pH relative to the isoelectric point (pI) of the protein. (Fig
1.23) [4, 6]

Overall
charge HOOC-R-NH;

+
"OO0C-R-NH,’
Low pH T High pH
Isoelectric “00C-R-NH,

pH (the pl)

Figure 1.23 Above is a graphic representation of possible charge distribution
scenarios along a protein surface. The overall charge of a protein is determined by
the pH of the surrounding medium. At high pH, the carboxylic acid sites are de-
protonated and therefore a negative charge dominates. Similarly for amine groups,
where a positive charge is dominant at low pH. The point where the protein is

considered neutral is known as the isoelectric point or pl.
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Many of the structures that give proteins their highly specialised functions are formed
and stabilised by hydrophobic interactions. In addition, a number of studies have
highlighted the importance of hydrophobic interactions in protein-protein interactions,
complemented by surrounding charged groups. In summary it is important to take into
consideration the full range of interactions when trying to mimic nature and create
highly specific systems. This is becoming all the more important with the realisation
that many protein-protein interactions are biologically important and that being able to

control them would be an extremely useful tool for many medical treatments. [79, 2]

If the model for protein-protein interactions were applied to the interactions of proteins
with microgels, it would seem fitting to think of the two species as similar. Therefore
many of the techniques that are used to investigate protein-protein interactions would
remain valid when trying to quantify the affinity that microgels have for proteins. 'H
NMR and ITC are some of the most commonly used and adaptable techniques, although
'H NMR, like UV titrations relies on the presence of a definable signal, from a
chromophore or a definable proton. ITC does not have this draw back. In reality the
most common microgels are of a much larger size than proteins, more comparable to

viruses.

1.5.1.2 Points to consider with common proteins

Cytochrome C (cytC) (Fig 1.24) has a molecular weight of 16 kDa and is made up of a
single peptide chain that coils under physiological conditions to give a globular
structure with pendant residues. In the case of cytC the predominant residue on the
surface is lysine (making up 10% of the composition). This gives an overall positive

charge to the protein, which therefore has a pI of 9.55. [76]
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Figure 1.24 A representation of (horse heart) cytochrome C shows the solvent-
exposed surface with a number of lysine residues represented as sticks. The Fe

atom of the haem group is visible in the cavity.

Haemoglobin [77] (HGBN) (Fig 1.25) is another example of a globular protein with
exposed basic residues. The HGBN tetramer is held together, tightly, by salt bridges,

Figure 1.25 Haemoglobin tetramer. The different peptide chains are set out in

different colours, with the basic residues on the green helix displayed as sticks.
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van der Waals interactions and hydrophobic interactions, with a number of basic groups
exposed to the exterior (Fig. 1.25). This can be thought of as an example of an
extremely effective use of supramolecular interactions, whereas, fibrous proteins make
more use of cysteine-cysteine disulphide bonds to form links between individual
peptide chains. Like cytC, this large globular protein maintains a globular structure in
solution with exposed positive charges, giving the protein a pl of 7.6. These basic
proteins lend themselves very easily to investigation due to their availability and

chromophores with high molar extinction coefficients.

1.5.2 Protein/amino acid specific systems

Protein specific receptors could be achieved not only by templating, but also by
specifically designing large molecules (MW > 750 g mol-!), such as polymers, that are
equally able to complement the known amino acid residues on the surface of a protein
target. The driving force behind this research is the potential for discovery of novel
therapeutics; where low molecular weight drugs do not have the ability to disrupt

protein-protein interactions. [78, 79]

Recent studies have shown patterns or “hot spots” with respect to certain amino acid
residues being more involved predominantly in protein-protein interactions.
Tryptophan, arginine and tyrosine appear more often than other residues such as serine
and leucine. [80, 81] It stands to reason that the design of new receptors should take
advantage of the presence of these certain amino acid residues or “hot spots” and thus

create tailored binding to protein surfaces.

Schrader et al. have shown that arginine selectivity can be induced in polymer chains by
using a methacrylamide based bis-phosphonate monomer. [6] The bis-phosphonate
binding unit 1 gives good selectivity towards proteins that have a high level of arginine,

e.g. lysozyme and proteinase K (Fig 1.3).
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Jain and Hamilton demonstrated surface-specific binding to cytochrome C at roughly
similar strengths to that of the cytochrome C-cytochrome C peroxidase. (Fig 1.4 and
1.5) This work suggests that these man-made polymer-based particles may be
mimicking the binding surface of the cytochrome C peroxidase, a native partner of
cytC. [8, 78] The success of this and others such as highly specific chymotrypsin
inhibitors (Fig 1.6) and Rotello’s work with protein specific nanoparticles [16, 17]
indicates that there is great scope for the specific targeting of protein surfaces. In fact,
there are numerous examples sited by Hamilton where rational design from X-ray
crystallography, '"H NMR spectroscopy and computational studies were used to

anticipate structure and create high affinity partners. [78]
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1.6 Aims

It is the aim of this thesis to describe the synthesis, characterisation and development of

receptors for low molecular weight compounds and proteins with polymers.

An investigation into the precise mode of binding between tetrazolate compounds and
guanidine-like amidines will be undertaken to elucidate the characteristics of the
association between the tetrazole functional group and anionic amino acid residues with
respect to pharmaceutical drugs. Conflicting reports in the literature have highlighted
the need for a greater understanding of the affinity of tetrazoles for amino acids such as

lysine and arginine.

Microgels incorporating a tetrazolate functional group will be synthesised and
investigated for their potential as supramolecular hosts for protonated amines in

aqueous buffer.

Microgels will also be investigated for their ability to bind proteins in a competitive
environment, i.e. in aqueous buffer at pH 7 with an ionic strength of 0.15 M. A number
of different monomers with functional groups are anticipated to instil a degree of
selectivity to the microgels with respect to their interactions with different proteins will

be used.

A living free radical polymerisation will be used to synthesise linear copolymers with
defined molecular weights and low polydispersities for use as polymeric supramolecular
hosts for proteins. Hydrophobic monomers will be incorporated into these polymers to
try and increase the affinity of these hosts to their ligands via hydrophobic interactions.
These linear copolymers will be investigated with respect to their composition to

attempt to iterate a strongly binding host.

This thesis will also introduce a templating process similar to the Dynamic
Combinatorial process described above which will be adapted and used to create
polymeric hosts with strong affinity for biologically significant polyamines. Polymers

synthesised via a living radical polymerisation with a disulfide containing monomer
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will undergo a thiol exchange in the presence of a template to create highly specific

polymeric host molecules.
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2 Unusually weak binding interactions in tetrazole-amidine

complexes

2.1 Background and concepts

In modern drug design a common motif is the iteration of different functionalities in the
optimisation of pharmaceuticals. Small changes in a drug’s structure can induce large
changes in activity. One such change can come from replacing a carboxylic acid group
with an acidic heterocycle such as a tetrazole. Since the tetrazole has a similar pK. and
binding properties as a CO;H group, it is called a bioisoteric replacement for a
carboxylic acid. [82, 83, 84] However, the use of a bioisoteric group does not always
demonstrate increased activity. In the case of prostaglandin F2 analogues [85] and
tyrosine phosphatase inhibitors [86] a decrease in activity is observed when tetrazole
groups are used to replace the carboxylic acid group. In contrast, angiotensin II receptor
antagonists such as losartan, [87] candesertan and valsartan [88, 89] all benefit from an
increase in activity due to the choice of a tetrazole as an acidic H-bond acceptor. (Fig

2.1)

\/\>\ HN—=N
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Figure 2.1 Losartan, candesartan and valsartan, three angiotensin Il receptor

antagonists that all have a tetrazole functional group.
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Figure 2.2 Structural and electronic profiles of a carboxylic acid glutathione

reductase inhibitors (MS5) and its more potent tetrazolate analogue (T4) [92].

In the literature there is some debate as to the exact mode of binding that these drugs
exhibit, (Fig 2.1) and a number of differing theories have been put forward. In the case
of angiotensin Il receptor antagonists some reports suggest that the deprotonated
tetrazole in losartan, for example, interacts with a lysine and a histidine [90] at the
recognition site of the membrane receptor, whereas others conclude that the tetrazole
binds instead to a guanidine group of a nearby arginine at the receptor binding site or
that an interaction with both a lysine and an arginine [91] might play a role. What is
clear is that the tetrazole, and other acidic heterocycles such as oxadiazolone, are
efficient bioisoteric replacements in modern drug design. Tetrazoles, in particular, are a
larger functional group, which is considered advantageous for an H-bond donor in
supramolecular chemistry. [92] (Fig 2.2) Possibly leading to the tetrazoles having

shorter and therefore stronger H-bonds with prospective H-bond donors.
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Further evidence for tetrazole’s use as an efficient replacement comes, again, from the
tyrosine phosphatase inhibitor series. While some studies had seen a decrease in activity
when a tetrazole was introduced, [86] more specifically when the tetrazole group is used
as a replacement for the carboxylic acid attached to the C-3 of the thiophene, others
have revealed an increase in potency and permeability when a tetrazole was used as a
replacement for the terminal carboxylate. (Fig 2.3) In the crystal structure below the
terminal C-2 tetrazole replacement can be seen binding to the Lys120 residue, this was
thought to be responsible for the strong interaction observed. (Fig 2.4) [93] This all
serves to show the complexity of the relationship between low-molecular-weight

inhibitor structure and function.
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Figure 2.3 Tyrosine phosphatase inhibitor, the tetrazole group can be seen on the
C2 terminus, this was associated with a significant increase in activity. The
replacement of the carboxylic acid functionality attached to the C3 of the

thiophene with a tetrazole had a detrimental effect. [93]

Figure 2.4 Tyrosine phosphatase inhibitor complexed with PTB1B protein.
Terminal tetrazole is shown hydrogen bonded to Lys120 (dashed line). [93]
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This debate serves to highlight the abundance of highly useful electrostatic groups that
are available for incorporation into supramolecular systems. Nature takes full advantage
of available anionic groups, e.g. phosphates, carboxylates and sulphates, which serve
important functions in metabolic pathways of cells as well as in electrostatic
interactions. It is clear that in the search for highly efficient pharmaceutical drugs
(inhibitors and antagonists alike) and bio-mimetic receptors, the whole spectrum of
anionic (and cationic) groups must be explored. In most of these examples from the
literature where tetrazoles have been found effective, a lysine or histidine tends to be

near the protein receptors binding site. [90]

2.2 Results and discussion

In an effort to shed some light on how tetrazoles bind and to determine whether a
tetrazolate would be a reliable binding motif for supramolecular chemistry, a model
system was investigated, using tetrazole and benzamidine or acetamidine (Fig 2.5).
Amidines were chosen because of the close structural similarities they have with the
guanidine functional group on an arginine residue. However, amidines are simpler to
study since they present only a single binding mode whereas an N-substituted guanidine
offers 3 different possible binding sites. Acetamidine and benzamidine also present the
opportunity to probe different environments, the aromatic protons of benzamidine are in
a different electronic environment from the methyl protons of the acetamidine. These
structures allow the simplest method of probing the arrangement of any interactions

with tetrazoles whilst remaining easy to interpret.

A clear pattern of strong binding of the tetrazoles to the amidines would indicate a

similarly strong interaction between arginine and tetrazoles is likely.
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Figure 2.5 Structures of the model compounds used to study the binding strength

of tetrazole 15 in relation to formic acid 16 to the guanidine-like amidines 17 &18.

The acetamidine hydrochloride was treated with sodium hydroxide in methanol to give
the crude amidine base, which was then purified by gradient sublimation. The free bases
were then combined with an equimolar amount of tetrazole to give a 1:1 complex (Fig
2.6). The resulting salt was then recrystallised. Crystals for X-ray crystallography were

grown by slow evaporation of a methanol/acetonitrile mixture.

H
. (:N:H o~ R=CHszor CeHs

1) NaOH, MeOH
2) gradient sublimation

R_/<N H 17 (R=CH3)

18 (R= CeHs)
/7 \\ / \
HCO,H
N*H /N [\I*H
R—+  NO)—H Hc—(+ - )—H
N—H NN N-
H 2 H
19 (R= CHa) 21
20 (R= CeHs)

Figure 2.6 Synthetic scheme for tetrazole complexes.
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Figure 2.7 Concentration dependence for tetrazole-amidine complex 19 in DMSO.

Binding curves were fitted for 1:1 binding.

'H NMR dilution studies were carried out to determine the association constant, K,, of
the complexes. The results of a typical titration can be seen in Fig 2.7. The data was
fitted using Equation 2 where Ofiee and dcomplex i the observed chemical shift of the free
species and the bound species, respectively, [G] is the concentration of the guest species
and K, is the association constant. [94, 95, 96] A 1:1 stoichiometry was confirmed by a
Job plot (Fig 2.8). [97, 98] Since the observed chemical shift is a weighted average
signal for the bound species and the free species (Equation 1), Equation 2 can be used to
determine the strength of the association constant given that the concentrations are

known and the binding is of a 1 : 1 stoichiometry.

Opps = X 1060 pree + X

free™ free complex™ complex

Equation 1

N I B |
o[ ] Ko Ko

Equation 2
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Table 1 Association constants of complexes shown in Fig. 2.6 determined using
Equation 2. Details of association constant determination for compounds 20 and 21

can be found in Appendix B.

Association
Complex constant, K,
19 2.5+05M!
20 18 £ 3 M!
21 1600 = 100 M!
0.055 -
M 23
X3
=
= 0054 .
)
8
E 0.045 4 *
o
5 X3
c 0.04-
o
o
S 0.035-
<
o
0.03 T T T T 1
0 0.2 0.4 0.6 0.8 1

Mole fraction, X

Figure 2.8 Job plot showing the stoichiometry of the tetrazole-acetamidine complex

19.

The results shown in Table 1 display a marked difference in association constants
between amidinium tetrazolate and amidinium carboxylate complexes, determined by
'H NMR titration. The crystal structure (Fig. 2.9) of the tetrazole-amidine complexes

provided an answer for the surprisingly small association constants. (Table 1.)

Calculated errors for binding constants in Table 1 refer to mathematical error in the
curve fitting technique, derived from sensitivity to binding constant and Adsa values.
Errors present from the chemical shift were thought to be small due to the resolution of

the spectrometers and the consistency with other relevant shifts in the spectra.
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H-bonds within the unit cell

Figure 2.9 Crystal structure of (a) acetamidinium tetrazolate 19 and (b)

benzamidinium tetrazolate 20.

Both complexes 19 (Fig 2.9) and 21 (Fig 2.10) are all almost co-planar, with torsion
angles of 1.11° (21) and 5.5° (19). In the case of complex 20 only the benzene group
has a slightly higher torsion angle of 22.8°. Complex 21 possesses almost linear
hydrogen bonds between the formate oxygen and amidinium nitrogen, with O--H-N
angles of 178.6° and 176.6°. The O-N distances of 2.841 A and 2.870 A. In the
acetamidinium tetrazolate complex the corresponding hydrogen bonds are noticeably
bent and N---H-N angles range from 161 to 169°. H-bonds in 19 are also significantly
longer, with N--N distances of 2.919 — 2.985 A. Similar angles and distances,
corresponding to the H-bond interactions, to 19 are observed in complex 20. In both
amidinium—tetrazolate complexes, the tetrazole binds in the same way as a carboxylic
acid but, both the nonlinear hydrogen bond angles and the longer H-bonds weaken the
attraction between the tetrazolate and amidinium ions. Whilst the O--N distances of

complex 21 and the N---N distances in compexes 19 and 20 are well within conventional
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distances to be considered as H-bonds, the increase of 0.1 A can have a significant

impact on the strength of the bond. [99]

T o zo
(oF X

%
.»«.

@ %A

' v*‘%

,‘“‘,
e

Repeating H-bonds
H-bonds within the unit cell

Figure 2.10 Crystal structure of acetamidinium formate 21.

Also worthy of note is the fact that in complex 21 both the inter-complex and intra-
complex H-bonds are almost identical in distance, at 2.87 A (O-N), and angle, 176.6°
(O--*H-N). Whilst in complex 19 and 20 the lateral, intermolecular H-bonds are in fact

significantly shorter than the “binding” hydrogen bond interaction.

A purely structural interpretation would seem to suggest that the analogous structures
and H-bonding motifs in the acetamidinium tetrazolate crystals to the acetamidinium
formate crystals imply that the association constants should be similar. However since

this is not the case, there is clearly a more complex underlying relationship.

H 4 H
N—H, 2 N N-H"Q
R~ MOy HiC—( )—H
N—H N N—H" O
H 2 H
19 (R= CHs) .
20 (R= CsHs) -

Figure 2.11 A structural break down of the amidinium tetrazolates, 19 and 20, and

acetamidinium formate 21.

The charge distribution in the tetrazolate is more predominant on the nitrogen atoms
closest to the primary carbon atom, (N!/N%) [92, 100] but the arrangement of the
constituents in the crystal structure (Fig 2.8) indicates a large contribution from the

planar, end-on arrangement of the species shown in Figure 2.11, similar to the salt-
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bridge-like structure that is present in the acetamidinium formate 21. This would seem
to indicate that a significant portion of the charge is located on the N?/N3 locale or at
least enough of a charge density to merit a similar binding behaviour to the carboxylic

acid.

The crystal structure (Fig 2.9) also clearly shows evidence for an extensive network of
hydrogen bonds, which includes the N!/N* nitrogens and the peripheral hydrogens of
the amidinium ion, similar to the side on intra-complex interactions that are observed in
the crystal structure of 21. In the structure of 21 (Fig 2.10) we see that all the hydrogen
bonds are roughly the same length; however, in both 19 and 20 it appears that the side-
on interactions, from N!/N* to the neighbouring amidinium hydrogen that form the
chains, are shorter in length than the intra-complex H-bonds. The distance from the N?/
N3 of the tetrazole and the hydrogens of the amidine group is slightly increased, with
respect to the side-on interactions. The weakening of the association constant may come
from the extended length of the intra-complex hydrogen bonds, the tetrazolate N2/N3
(the two nitrogens furthest from the carbon) and the amidine. [101] The packing
arrangement of the crystal structures showed a layered arrangement but there was no
indication of hydrogen bonding between layers and was therefore not thought to be

relevant to the discussion. The only significant interactions were planar in orientation.

The above findings do seem to hint at an explanation why the tetrazole is not always a
successful replacement for the carboxylic acid when it comes to pharmocophores. The
affinity of the acidic heterocycle for the amidine moiety is significantly lower when
compared to the low dissociation constant of tetrazoles and amines, for example,

ammonium phenyltetrazolate. [106]

Whilst it has been well established that the association constant of the amidinium
carboxylate complexes in DMSO at room temperature are well in the order of
1000-3500 M- [102, 103, 104], this is perhaps not surprising when the structural
importance of salt bridges formed by carboxylic acids and arginines in proteins is taken
into consideration. It was rather surprising that the tetrazole-acetamidine complex was
significantly weaker, even in DMSO. The actual association constant determined by 'H

NMR titrations was found to be 2.5 = 0.5 M (19) (Table 1). This small binding
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constant in DMSO makes it clear that binding in water would require more than just
favourable electrostatic interactions and H-bonds, i.e. a more complex binding site and/

or multiple residue interactions.

From the various literature examples of tetrazole-containing inhibitors it would seem
that, when an arginine residue is primarily involved in binding, the tetrazole falls short
of being an ideal replacement. When another cationic species is involved, such as a
lysine or histidine, the tetrazole remains a highly effective acidic pharmacophore and a

valuable bioisosteric replacement.

The results in this chapter support the continued use of tetrazoles in modern drug design
but also in certain cases as a possible tool in the supramolecular chemists search for
higher degrees of specificity. A tetrazole functional group; with its higher surface-charge
distribution, higher lipophilicity, greater membrane mobility and aspects of selectivity,
could be incredibly useful in systems where the selective binding of anionic compounds
is favourable. [92, 105, 93] Since tetrazolate-based inhibitors apparently show a
significant affinity for lysines, a tetrazole supramolecular receptor should show a
preference to amines (see later chapters). The small dissociation constant for
ammonium phenyl tetrazolate (2.87 x 10> M in DMSO at 25 °C), determined by
conductivity measurements is, at present, the only literature report that confirms this
suggestion. [106] Further investigations into the binding behaviour of tetrazoles and
amines were not carried out in this thesis. A simple system for study could not be
formed since fast exchange between ammonium ions and residual water made 'H NMR

titrations of ammonium tetrazolates unreliable.
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3 Supramolecular binding of protonated amines to microgels

3.1 Introduction

Tetrazoles have been demonstrated as efficient replacements for carboxylic acids in
modern pharmaceutical design. The interaction of tetrazoles with protonated amines and
amidines has also shown to be biased towards amines. This intrinsic selectivity could be
exploited to create a supramolecular host, which could discriminate between functional
groups. The following chapter will present the design of a microgel containing
tetrazole-binding sites for the supramolecular recognition of low-molecular-weight

amines and oligoamines.

3.2 Background

Since the initial report of an artificial secretory granule for doxorubicin (Fig 1.9) by
Kiser et al. in 1998, microgels have seen a considerable upsurge in interest from
research groups seeking to apply the many unique properties of microgels to the
biomedicinal field. [22, 107] Indeed it has been widely recognised that the rapid
swelling response of certain microgels to external stimuli combined with their small,
sub micron size, which allows them to travel in the bloodstream without triggering a
response from the immune system, has led to several successful studies outlining
possible uses for, among others, non-viral vectors for biotherapeutic agents. [108, 33,
38] The sub micron size of the microgels essentially means that they are too large to
trigger immune responses that would typically deal with viral particles and too small to
be dealt with by mechanisms which deal with bacterial particles. There is also some
evidence that some proteins become adsorbed onto the surface of the microgels ad vivo

effectively camouflaging them.[109]

A popular method of introducing specificity to a polymer is the imprinting process (Fig

3.1) although highly successful for chromatographic separations with macroscopic gels,
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the largest drawback is the low intrinsic solubility in an aqueous medium. [10] Since
one of the most significant properties of microgels is their high solubility and low
solution viscosity, they have attracted a great deal of interest from groups seeking to
utilise the imprinting process with a highly soluble polymer. There have been a number
of reports that have suggested an extension of Wulff’s [11] imprinting process to

microgels (see Chapter 1). [109, 110, 111, 110, 111]
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Figure 3.1 Schematic drawing of the imprinting process. Monomers with suitable
binding groups (l, A, @) are copolymerised in the presence of a template (T), a
crosslinker and a porogen. The polymer, a lightly crosslinked network, is then
extracted to remove the template, leaving well-defined cavities behind that possess

a suitable shape and binding groups for re-binding the template.

The molecular-imprinting process relies on a template molecule creating a favourable
arrangement within a polymeric host during polymerisation. (Fig 3.1) A number of
different complementary interactions can be used to allow a template molecule to
“arrange” a favourable binding site. In macroscopic gels, such binding sites can be
thought of as a physical cavity where a guest molecule can be adsorbed. In microgels,
solvent molecules swell the polymer network so the binding sites must rely more
heavily on favourable functional group interactions, although the hydrophobicity or
polarity of the polymer would still play a role. In the majority of cases the templated
ligands that were investigated have been poorly soluble in an aqueous medium.
Although a hydrophobic ligand would already show a propensity to occupy the polymer

matrix in an aqueous medium, binding via electrostatic interactions would be more
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predictable. Frequently, large hydrophobic groups and well recognised and understood
H-bond donors and acceptors are used to maximise the possibility of rebinding. (Fig

3.2)[112, 113]

HO

Figure 3.2 Structure of some typical templates used in the imprinting process.
cholesterol (left) [112], testosterone (centre) [113] and L-Boc protected

phenylalanine (right) [111].

Template molecules are typically chosen because of their rigid structure and the ability
to form hydrogen bonds. (Fig. 3.2) However, many templates reported in the literature
have a low intrinsic aqueous solubility. This low solubility aids the rebinding process
but also necessitates the use of a co-solvent in the rebinding measurements. One goal of
the supramolecular chemist is to achieve rebinding of highly soluble molecules in a
purely aqueous environment, ideally similar to that found under physiological

conditions.

3.2.1 Co-polymerisation properties of NIPAAM

Sodium methacrylate and methacrylic acid have been shown to be poor co-monomers
for copolymerisation with NIPAAM. The uptake of the acidic monomers can be
sluggish and heavily dependent on whether the acidic group is protonated or not. A high
affinity for NIPAAM homopolymerisation leads the formation of polymer chains, which
have a very low methacrylic acid content at the initial stages of the polymerisation,
whereas later the copolymer becomes very rich in methacrylic acid once most of the

NIPAAM has been consumed.
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Figure 3.3 Sodium 5-(methacrylamido) tetrazolate monomer 22 has been shown to

polymerise favourably with NIPAAM.
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Figure 3.4 In an unfavourable co-polymerisation the homopolymer is preferred
and uptake of the co-monomer is sluggish, even at high comonomer
concentrations. This is the case for the copolymerisation of NIPAAM with
methacrylic acid. (A) In a more favourable example the final composition of the
polymer (Fret, y-axis) is closer to the initial reaction mixture (frer, x-axis). This

situation is observed for the copolymerisation of monomer 22 with NIPAAM. (B)

This leads to highly functionalised “shells” surrounding microgels created towards the
end of a polymerisation [114, 115] and creates an unfavourable environment for the
formation of microgels with a homogenous structure. In order to synthesise microgels
with a homogenous structure a monomer with more favourable reactivity ratios is
needed. The tetrazolate monomer 22 (Fig 3.3) has an amide group separating the acidic
functionality and the polymerisable double bond, it has been postulated that this
separation has a stabilising effect, meaning, the reaction is almost independent of

whether the tetrazole is deprotonated or not [116].
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Favourable reactivity ratios lead to a greater degree of control over the final
composition and the polymer.[116] Figure 3.4 demonstrates how the polymerisation of
methacrylic acid deviates significantly from the ideal line shown as the diagonal where

as 22 hold closer to the ideal polymerisation showing a more favourable reaction. (Table

2)

3.3 Microgel synthesis and characterisation

Microgels were chosen as targets for possible supramolecular receptors due to their ease
of synthesis and purification. They are spherical particles with monodisperse size ranges
(0.1 to several um); control over dimensions, and hence physical properties are easily
achieved by controlling the reaction conditions. Simple changes in the temperature at
which the reaction is kept can have huge effects on the size distribution when
temperature sensitive monomers are used. [31] This is achieved when a critical point is
reached and the microgel becomes insoluble in the reaction medium crashing out of
solution. Altering the initial concentrations of any of the reactive species drastically
alters the properties of the microgel; using different concentrations of emulsifying agent
and usually sodium lauryl sulphate can also change the size and density of the

microgels. [26]

N-isopropylacrylamide, NIPAAM 2 was chosen as the principal monomer for
synthesising receptor microgels, due to the wealth of literature available on the reaction
conditions and the resultant properties of the microgels. Previous work within the group
has focused on the reactivity of NIPAAM with tetrazole containing monomer 22 and
found that the radical copolymerisation of the two monomers in water is significantly
more favourable to that of the copolymerisation with methacrylate monomers 3 and 4,
with the latter’s reac