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Abstract

The field of host-guest chemistry has received much attention in recent years. The design of
anion receptors is anticipated to provide materials with interesting biological applications. This

thesis describes the synthesis and host-guest properties of some potential anion receptors.

The synthesis of a variety of polycationic materials using simple nucleophilic substitution
methodology is described. The reactions of 1,4-diazabicyclo[2.2.2]octane and related
compounds with tri- and hexasubstituted benzenes is reported. These reactions give rise to a
series of compounds containing three formal positive charges. A strategy employing the reaction
of monocationic derivatives of 1,4-diazabicyclo[2.2.2]octane with tri- and hexasubstituted
benzenes was employed in the synthesis of hexacationic materials. Characterisation and
purification of the tri- and hexacationic materials is discussed. The synthesis of an optically active

tricationic compound is reported.

A variety of téchniques have been employed in the investigation of the anion complexing
properties of the polycationic materials synthesised. Specific recognition of ferricyanide over
ferrocyanide was observed with one tricationic compound. A crystal structure analysis performed
on the material thus formed revealed interesting information regarding the conformation adopted
by the tricationic compound. Nuclear magnetic resonance techniques were extensively utilised to
investigate the behaviour of the polycationic materials with simple anionic guests. NMR titration
curves were analysed using non-linear regression and association constants derived. The
stoichiometries of the complexes were determined using the method of continuous variation.

The strength of association with anionic guests of differing charge was examined.

The use of isothermal titration calorimetry in the determination of enthalpies of complexation and
association constants is reported. The technique revealed aspects of complexation behaviour
that could not be observed using NMR techniques. The association constants determined using

calorimetric techniques differed from those obtained using NMR experiments.
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Glosséry

AMP adenosine monophosphate

ADP adenosine diphosphate

ATP adenosine triphosphate

br broad

d doublet

CDCl3 deuterated chloroform

(CD3)2CO deuterated acetone

DABCO 1,4-diazabicyclo[2.2.2]Joctane. Dabco is a registered trademark of Air Products &
Chemicals Inc.

DMSO dimethylsulfoxide

ds-DMSO deuterated dimethylsulfoxide

DO deuterium oxide

El electron impact

FAB ' fast atom bombardment

R infra-red

TC isothermal titration calorimetry

J coupling constant

m (IR) medium absorption

m (NMR) multiplet

NMR nuclear magnetic resonance

q quartet

s (IR) strong absorption

s (NMR) singlet

t triplet

w (IR) weak absorption



Introduction

1 Intfoduction

1.1 Electrostatics

Electrostatic effects have a profound effect on the behaviour of molecules, both in the case of
small organic systems and in macromolecules such as proteins. The theory of electrostatic
interactions between point charges in a vacuum is well understood, but the behaviour of ions in
solution is somewhat different from their behaviour in a vacuum and is less well understood.
Relatively simple theories, such as that of Debye-Huckel, describing the expected behaviour of
electrolyte solutions have been developed but most cases show marked deviations from ideal
behaviour. This has led to the development of further models to account for these differences.
These models are described qualitatively in the following sections. Electrostatic interactions in
host-guest chemistry and biology are believed to be important in controlling the structure and

1,2

function of complexes''< and the application of molecular electrostatics to such systems has

been discussed.3

1.1.1 Debye-Hiickel Theory
A general description of the electrostatic force between two charges Q¢ and Qo separated by a
distance rin a vacuum of permittivity g4 is given by Coulomb's Law, the magnitude of the force

being given by Equation 1.4

_0Q,

F
Electrostatic forces between ions in solution differ from those in a vacuum and models have been
developed in order to predict their behaviour. The theory of Debye and Hlickel is based on the
assumption that strong electrolytes are completely dissociated into ions.5 Observed deviations
from real behaviour are then ascribed to electrostatic interactions between ions. To obtain
theoretically the equilibrium properties of ionic solutions, it is necessary to calculate the extra free

energy arising from these electrostatic interactions.

If the ions were completely distributed at random, the chances of finding either a positive or a
negative ion in the neighbourhood of a given ion would be identical. Such a random distribution
would have no electrostatic energy, since on average attractive interactions would be balanced by
repulsive ones. It is evident that this cannot be the physical situation, since in the immediate
neighbourhood of a positive ion, a negative ion is more likely to be found than another positive
ion. Indeed, were it not for the fact that ions are continually undergoing molecular collisions, an
ionic solution might acquire a structure similar to that of an ionic crystal. The thermal motions
effectively prevent any complete ordering, but the final situation is a dynamic compromise

between the electrostatic interactions tending to produce ordered configurations and the kinetic
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collisions ‘tending to destroy them. Calculating the average electric potential of a given ion in
solution arising from interactions with all the other ions allows the work that must be expended to
charge the ions reversibly to this potential to be determined, this work being the free energy due
to electrostatic interactions. Extra electric free energy is directly related to the ionic activity
coefficients, since both are a measure of the deviation from ideality. Electrostatics is based on an
abstract model for natural phenomena and it is necessary finally to combine the calculated

quantities in such a way as to provide a predicted value of some measurable quantity.

in aqueous solution, the Debye-Huckel limiting law is given by Equation 2.

logy. =-0.509|z,z_|I"? @

In this equation y+ is the mean activity coefficient of the ions, z, and z. are the ionic charges, and /

is the ionic strength of the solution. The Debye-Hickel model suffers from several basic flaws.
Firstly, it uses a macroscopic dielectric constant. Dipolar solvent molecules in the immediate
neighbourhood of an ion, however, will not be able to orient themselves freely in an external
electric field, and consequently the effective dielectric constant may be much lower than the value
for the bulk solvent. Secondly, the derivation of the model assumes that the solution is so dilute
that ions will rarely be close together. This means that the interionic potential energy is usually
small, and much less than the average thermal energy. In the neighbourhood of a central ion this
assumption is only true when separation is about equal to the diameter of one water molecule,
and at higher concentrations it is likely that the electrostatic energy is greater than the thermal
energy. At low concentrations, however, the Debye-Hiickel theory has been found to be well
substantiated.®

Although the Debye-Huckel theory is interesting in many ways, it is of little quantitative use in
calculating the properties of solutions except in the limit of extreme dilution. Some of the

inaccuracy and inconsistencies have been removed by the theory of ionic association.

1.1.2 Theory of lonic Association

One of the real difficulties in many electrochemical theories is to obtain an answer to the question,
"What is the degree of dissociation of an electrolyte in solution?" In the dissociation of a gas such
as N2Oy4 into two NO» molecules, the NO2 will, on average, exist for a considerable time before
recombining with another NO» molecule and during the time it is dissociated it travels freely
through the gas undergoing collisions. Most of the time it will be either definitely dissociated or
definitely associated and any measurements made on the gas give the same value for the degree
of dissaciation.

10
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In the caée of a molecule such as HNO3 in water, however, the situation is different in two
respects. Firstly, the dissociation of the molecule to give H* and NO3~ requires separation of
oppositely charged ions. The electrostatic attraction between these two ions decreases relatively
slowly as they separate, so that some kind of association still exists even when they are several
molecular diameters apart. Secondly, the rates of dissociation and reformation of molecules or
complexes from ions in solution are very high, the mean lifetime of a dissociated ion perhaps
being only of the order of 1010 s as opposed to 1 s in a gas. In this short time, few ions can
become really free and the most likely step after dissociation is an almost immediate reassociation.
Since the boundary in solution between completely free ions and those which are associated is
not clear, one experimental technique may view two ions as associated whilst another records
ions at the same distance apart as being dissociated. As a consequence different experimental
techniques may yield differing values for the degree of dissociation. The ionic association theory
for more concentrated solutions was developed by Bjerrum and considers that definite, although
transient, ion pairs are brought together by electrostatic attraction. The formation of pairs will be
greater in solvents of lower dielectric constant and where the ionic radii are small, both of these
factors tending to increase the electrostatic attractions. Evidence of ionic association is shown by

the low conductivity of dilute solutions of salts of multivalent ions such as magnesium suifate.

1.1.3 Electrostatic Effects in Dicarboxylic Acids

The dicarboxylic acids were the earliest group of compounds in which electrostatic effects were
studied. In symmetrically disubstituted carboxylic acids the ratio of the first to the second
dissociation constant of a dibasic organic acid was found to be always greater than four, and

approached four as the length of the acid was increased.

_COOH K1 Jelele)
N R N + *
COOH COOH
Kisg
Ky
Jolole} Ka Jelelo}
R’ —— R + Oy
COOH Ccoo’

In the ionisation of an acid, a proton is removed against the electrostatic force created by the
incipient negative charge that is then left behind on the anion. When a second proton is removed
from a symmetrical polybasic acid, the second proton must be removed not only against a similar
force, but also against the additional force created by the negative charge left over from the first
jonisation. The ionisation of the second proton that is removed, for example in the ionisation in

water of the monoanion of glutaric acid (Figure 1.1), takes place in the presence of a residual

11
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negative charge. Because of the extra electrostatic work required to remove a proton from this

anionic residue, the second ionisation constant is less than the first.

Figure 1.1

In 1923 Bjerrum7 suggested that the ratio of dissociation constants could be accounted for by the
combination of ‘a statistical factor of four and the electrostatic effect of the negative charge of the
acid-ion on the dissociation of the second hydrogen. Bjerrum's theory viewed these effects as
through-space interactions. Whilst the model worked fairly well for the longer chain dicarboxylic
acids it was found to be very poor in the case of small molecules such as phosphoric acid, grossly

underestimating the electrostatic effects.

Gane and Ingoldg'11 suggested that Bjerrum's theory was too simple to warrant the expectation of
quantitative accuracy. The theory is concerned with the propagation of electrical influences from
an ionic centre to a focus of reaction situated elsewhere in the same molecule. Two important
points are ignored however. Firstly, polar transmission through the molecule itself is neglected.
Secondly although account is taken of the propagation of the polar field through the medium,

local variations in the properties of the medium are overlooked.

The first of these problems is the less serious since it is less general. Gane and Ingold concluded
that internally transmitted polar effects become negligibly small after propagation through two, or

at most three, saturated carbon atoms.

A number of problems are associated with the medium. One of these relates to the interionic
effect caused by the influence of dissolved ions. To deal with the interionic influences an
empirical method was employed in which a series of potentiometric titration curves were
determined for each acid at varying concentrations. Above a certain dilution, the equilibrium
constants were found to vary slowly and linearly with the concentration. Using linear extrapolation,

values for the association constants which should pertain to conditions under which the interionic

12
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effects were negligible were determined. Gane and Ingold found that this technique gave

moderately good agreement with values obtained by conductivity methods.

The problem presented by the attraction between the solvent molecules and the ions and the
consequential change in the properties of the solvent near ions could not be easily solved using
an empirical method, such as that employed in connection with the interionic effects, and
mathematical methods were used instead. Using these methods the mutual potential energy of

ions at any distance from each other could be calculated.

A further consideration taken into account by Gane and Ingold was the nature of the molecule
itself, in particular whether a rigid or flexible model should be adopted. The dimension calculated
from the ratio of dissociation constants represented the distance between ionic centres (the
points at which net ionic charges may be supposed to be concentrated) in a dipolar ion. A pliable
model implies that non-ionic resistance to conformational flexibility is negligible in comparison with
ionic resistance, whilst a rigid model implies non-ionic resistance to flexibility dominates. Upon
investigation they concluded that the non-ionic sources of potential energy within the molecule
dominated those of the ionic sources and that the rigid model was a more appropriate description

of the problem.

Whilst the model put forward by Gane and Ingold gave good correlation with the longer chain
dicarboxylic acids, it still gave very poor estimations for short chain dibasic acids. A model

developed by Kirkwood and Westheimer was shown to give much more accurate results.

1.1.4 The Kirkwood Model

Kirkwood and Westheimer'2:13 introduced a model in which the charges or dipoles were
contained in a sphere or prolate ellipsoid of low dielectric constant, representing the molecule,
surrounded by a solvent, water, of dielectric constant 80 (Figure 1.2). Using classical physics

they then worked out the electrostatics.

SNNN
N

Figure 1.2

Though the model was obviously simplified, it was less crude than placing the charges directly in

water as Bjerrum had done and it was found to work remarkably well, having the advantage of

13
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consistency for both charge and dipoles.14 The equations took the same form as those of
Bjerrum but with an effective dielectric constant substituted for the dielectric constant in those
equations. The mathematical complexity of the model related to the calculation of the effective
dielectric constant. Barton noted, however, that the use of the model of Kirkwood and
Westheimer was generally too complex and unreliable to be applied by the organic chemist in the

elucidation of molecular structure.!®

More recently, electrostatic interactions in aliphatic dicarboxylic acids'® and other small
molecules'” have been predicted from computational methods utilising a finite-difference
Poisson-Boftzmann methodology and have been found to be in good agreement with

experiment.

1.1.5 Electrostatic Effects in Proteins

The importance of electrostatic effects in proteins has been discussed by Perutz.2 Electrostatic
effects dominate many aspects of protein behaviour, having an often decisive influence on the
structure, assembly, and hydration of proteins, and on the catalytic power of enzymes. In
essence, the challenge faced by those who had sought to apply Debye-Hlckel theory to
polyelectrolytes of undefined structure has been reversed. Whilst the structures of many of the
active sites of enzymes are known in detail, the theoretical knowledge to understand their

mechanism is often lacking.

The apparent density of proteins in water is greater than their dry density in organic solvents. This
increase is due to the electrostriction of bound water. Some of these water molecules are usually
involved in a network of hydrogen bonding of the protein structure but there are others which are
less strongly bound. Salt bridges between oppositely charged functional groups of residues in
amino acid sequences also account for structure and behaviour in proteins such as
haemoglobin.18‘20 Perutz comments that electrostatic effects dominate the activities and
properties of many proteins, though the general distribution of charges on their surface is of little
importance compared to the microscopic interaction between ionisable groups selected for some
specific purpose such as subunit assembly, substrate binding and activation, cooperativity or
thermal stability.

Many proteins have an amino acid side chain with an abnormally high or low dissociation constant.
These shifts are attributed to the presence of nearby charged groups or a low-polarity
microenvironment. Such shifts in association constants are often associated with an enzyme's

catalytic activity. Mehler et al.?!

presented a simple electrostatic approach for estimating the
changes in association constants. This method was a further elaboration of the theory of
Kirkwood and Westheimer discussed previously but differed in an important respect. In the

Kirkwood model the ion of interest was assumed to have a spherical or elliptical shape with an

14
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internal dielectric permittivity dependent on the molecular makeup of the ion and with the
solvent's permittivity for the external region, whereas active sites are often far from spherical or
elliptical and water molecules and ions are often found in these regions. In order to account for
the shielding effect of the dielectric medium, they proposed an empirical dielectric permittivity
function of charge separation. The functional form and parametrisation are based on dielectric
permittivity data obtained from experimental and theoretical studies of the ratio of the first to the
second dissociation constant of bifunctional organic acids and bases. The results of experiments
led to the conclusion that in solvent-accessible regions attenuation of electrostatic effects by the
environment was often greater than commonly assumed - these regions are not similar to

nonpolar regions of the protein interior.

An alternative technique to that adopted by Mehler is to use a finite difference approach to solve

the Poisson-Boltzmann equation (Equation 3) using numerical methods.22
V- [e(r)Vo(r)] = ~4np(r) (3)

In this equation g(r) is the dielectric constant as a function of position, ¢(r) is the electrostatic
potential and p(r) is the charge density. This method has been applied by Gilson and Honig23
who concluded that the continuum solvent model they used in their calculations reproduced the
essential features of the interaction. A more complex technique has been used by Fersht and co-

workers to predict the electrostatic effects in the protein subtilsin.24

Mehler and Solmajer25 compared the results of these two differing approaches to predicting the
electrostatic effects in proteins where the charged sites are separated by 3-12A. They
concluded that the simpler method, in which a screened Coulomb potential was used, gave
results at least as accurate as those using the more complex techniques based on the Poisson-
Boltzmann equation. They also noted that the simpler model gave substantially better results in
cases where the separation was in the distance range 3-5 A. This difference is attributed to the
involvement of nonelectrostatic interactions such as charge-transfer effects. These effects tend
to increase the apparent dielectric permittivity value. The arbitrarily low value of the dielectric
constant assigned to the protein in techniques where the Poisson-Boltzmann equation is solved

means that such nonelectrostatic interactions are not accounted for.

1.1.6 Electrostatic Interactions Between Organic lons

Most organic reactions are studied in non-aqueous media and interactions between oppositely
charged organic molecules in water have only received limited attention. In a biochemical
environment these interactions are overwhelmingly important as most smalf organic molecules in
biology are present in aqueous solution and carry charges. Electrostatic competition between

organic ions and the considerable quantities of inorganic ions which are also present in these

15
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biological solutions must also occur. Lemieux has discussed the importance of water to molecular
recognition in biological associations.?8 Tam and Williams?? have studied the association
constants of organic cations and anions with different charge separations, rigidity and shapes and

compared them with the association constants of inorganic ions.

The quantitative description devised by Bjerrum of the binding between ions of symmetrical
charge distribution was based on electrostatic interaction energy and the Boltzmann distribution.
Two important assumptions were made, namely a macroscopic dielectric constant and a point-
charge model for the ions. In general, experimental data for binding between inorganic ions
shows good agreement with Bjerrum's prediction. The binding of inorganic cations with organic
anions follows the model less well as size-matching effects become more important. Binding
between organic cations and organic anions introduces anisotropy into both components and
charge matching becomes a major feature though complications arise from configurational
entropy in flexible ions.

Tam and Willidms draw several conclusions from their studies concerning the factors which govern
electrostatic interactions between organic ions in an aqueous medium. Charge and size are the
most pertinent but a spherically symmetrical model of the ions is inappropriate in many cases.
Selectivity can result from spatial charge matching between oppositely charged ions but steric and
hydrophobic factors are also relevant, as are entropy terms. The importance of charge and shape

matching has also been observed by Lehn and co-workers.28

1.2 Host-Guest Chemistry

The remarkable abilities of enzymes to catalyse organic reactions and regulate their occurrence
challenges the chemist to devise simpler organic compounds that will perform similar functions.
Complexation is a crucial factor in enzyme catalysis since complexation and decomplexation are

the first and last steps in an enzymatic reaction.

In 1967 Pedersen?9:30 published his discovery of the crown ethers and their complexing power
with metal cations. The first crown ether was a chance discovery. Pedersen wanted to prepare
bis-phenol 4 from mono-protected catechol 1 and ether 2. As a slightly impure sample of 1 was
used which contained some unprotected catechol 3, a very small amount of hexaether 5 was also

obtained.

16
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+ +
0”0 o/ CEOH 2. HoOMH*

1 2 3
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L, Q-
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Pedersen's interest was aroused by the good crystallisability of hexaether 5 and its unusual
solubility properties. The compound was only slightly soluble in methanol but on addition of
sodium salts it dissolved surprisingly easily. Coupled with the fact that with potassium
permanganaté compound 5 could be dissolved in benzene or chloroform Pedersen was led to
postulate that sodium or potassium ions occupied the centre of the molecule giving a complex.
Pedersen termed the family of oligo-ethylene glycol ethers related to 5 ‘crown-compounds’. The
prototype crown ether is 18-crown-6 6 which readily forms complexes 7 and 8 with potassium and

ammonium salts.

o™ e o™
0 o} o, + .0 0., H o
N ) H. rH
(0 O Jx (5 )
o1 o " Y07 H To
oS o/ 0
6 7 8

This early work provided the starting point for much of the field of host-guest chemistry. A wide
variety of crown compounds have been synthesised and their complexation properties studied.
In 1969 Dietrich et al.31:32 presented papers on the design, synthesis and binding properties of
cryptands such as 9 and 10 which further demonstrated the attractions and opportunities of

complexation chemistry.
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In general the host-guest studies undertaken so far have involved studying complexation
between species and attempting to determine the critical factors affecting the process. Cram'
stated that a host molecule must "recognise” by complexing best those guest molecules that
contain the array of binding sites and steric features that best complement those of the host.
Since two objects cannot occupy the same space at the same time, the host and guest must be
compatible with respect to shape if they are to complex. The simple attraction of positive and

negative charges accounts for much of the binding between host and guest molecules.

1.2.1 Conventions in Host-Guest Chemistry

The concepts and terms relating to hosts, guests, complexes, and their binding forces were
defined by Cram and co-workers33 in 1977 and have since gained broad international
acceptance. Complexes are composed of two or more molecules or ions held together in unique
structural relationships by electrostatic forces other than those of full covalent bonds. Molecular
complexes are usually held together by hydrogen bonding, by ion-pairing, by m-acid to n-base
interactions, by metal to ligand binding, by van der Waals attractive forces, by solvent
reorganising, and by partially made and broken covalent bonds (transition states). High structural
organisation is usually produced only through multiple binding sites and a highly structured
molecular complex is composed of at least one host and one guest component. A host-guest
relationship involves a complementary stereoelectronic arrangement of binding sites in host and
guest. In host-guest chemistry, the host component is defined as an organic molecule or ion
whose binding sites converge in the complex, whilst the guest component is defined as any

molecule or ion whose binding sites diverge in the complex.

Many different types of host molecule have been designed and synthesised, containing a wide
variety of structural features and binding sites. Each host, however, can be envisaged as

belonging to one of three generic classes of molecule (Figure 1.3).
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Figure 1.3

Cram®* has further subdivided these generic groups to give smaller families of host compounds.
These families are exemplified by spherand 11, cryptaspherand 12, cryptand 13, hemispherand
14, corand 15 and podand 16. In spherands, the donor centres are parts of the intraannular
substituents which point into the interior of a rigid ring. Cryptands were first introduced by Lehn3®
in the 1970's and have a three-dimensional cavity, whose size changes as the length of the
bridges are varied. Corands are monocyclic compounds which can have many different types of
symmetry. Corands which contain ether oxygens exclusively are referred to as crown ethers.
Cryptaspherands are a hybrid of spherand and cryptand, whilst hemispherands are a hybrid of
spherand and corand. In contrast to the other host molecules described, podand refers to an
acyclic host. Podands are distinguished by their notable lack of ring and bridge systems. In
principle, this type of compound has been known for a long time. However, it was the crown ether
chemistry that led to the synthesis of specific podands, especially those with terminal
functionalities or pronounced lipophilicity.

0™
OR RO
SSVS

11 12 R=Me
Spherand Cryptaspherand
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Cram has compared podand 17 and spherand 18. The podand differs constitutionally from the
spherand only in the sense that the podand contains two hydrogen atoms in place of one
covalent bond in the spherand. The two hosts differ radically in their conformational structures
and states of solvation. The spherand possesses a single conformation ideally arranged for
binding lithium and sodium ions. Its oxygens are deeply buried within a hydrocarbon shell and the
orbitals of their unshared electron pairs are in a microenvironment whose dielectric properties are
between those of a vacuum and a hydrocarbon. No solvent can approach these six oxygens,
which remain unsolvated. Thus the spherand is preorganised for binding. The podand, however,
can in principle exist in over 1000 conformations, only two of which can bind the metal
octahedrally. The free energy for organising the podand into a binding conformation and
desolvating its six oxygens must come out of its complexation free energy. The podand is not
preorganised for binding, but is randomised to maximise the entropy of mixing of its conformers,

and to maximise the attractions between solvent and molecular parts.

20



Introduction

[ OCHs |
H CHs |
CHg
L 6
17 R=Me 18

The difference in free energy values for spherand 17 and podand 18 binding a lithium ion
corresponds to a difference in association constants of >1012. In general, spherands bind their
most complementary guests the strongest, followed (in order) by cryptaspherands, cryptands,
hemispherands, corands and podands. Cram concluded that preorganisation was a central

determinant of binding power.

1.2.2 Factors Determining Strength of Association

In the complexation of organic molecules, the intermolecular interactions that lead to binding are
essentially weaker than those in the complexation of metal ions. The requirements in terms of the
steric and functional complementarity and spatial preorganisation of the host compounds are
correspondingly high. In addition, suitable binding niches or cavities have to be considerably

larger than in ligands for metal complexes.

In the molecular recognition of organic molecules with pola_xr or protic functional groups, the
formation of hydrogen bonds between the host and the guest is most often the driving force of
complex formation. Rebek36 has reported a family of hosts which have different functional groups
forming hydrogen bonds whilst the molecular tweezers of Wilcox37 similarly bind via hydrogen
bonds. The binding forces that occur in the complexing of nonpolar organic molecules by
nonpolar binding sites of corresponding host compounds are weaker.  Binding forces in this case
include van der Waal's interactions, arene stacking, cation-x interactions, dipole-induced-dipole
interactions and electron-donor-acceptor interactions. One of the greatest influences in
complexation, however, is the effect of the solvent.38 Where water is the solvent this is referred
to as the "hydrophobic effect". Hildebrand®® has studied the interactions between alkanes and
water and suggested that the use of the term "hydrophobic" is misleading. He states that rather
than the existence of hydrophobia between water and alkanes, there is simply not enough
hydrophilia to pry apart the hydrogen bonds of water so that alkanes can go into solution without
assistance from attached polar groups.
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Diederich and co-workers40-44

have investigated the solvent dependence of the binding
strength in the complexation of aromatic guest molecules in studies involving water-soluble
cyclophane hosts such as 19 and 20 with hydrophobic cavities. Aromatic guests, for example
pyrene 21, can be complexed even in a nonpolar solvent such as carbon disulfide and also in

aromatic solvents.
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The complex formation constants were found to be particularly large in water, as well as in
ethylene glycol and decrease in the transition from polar protic solvents to dipolar aprotic solvents,
being weakest in nonpolar solvents. The empirical factor of solvent polarity is related to the
macroscopic properties such as the dielectric constant, dipole moment, cohesion, and
polarisability.45 Since the shape of the complex is unchanged in the different solvents, 8 the
difference in binding constants must be related to solvation. Where it is energetically favourable
for the solvent to solvate the host and guest, then association of the binding partners becomes
less favourable, whilst with weak solvation of the host and guest species, complex formation is
promoted. If a solvent such as water is considered, the solvation of nonpolar molecular surfaces

and cavities is unfavourable enthalpically as the solvent molecules on the surface can participate
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in fewer hydrogen bonds than those in the bulk and consequently are higher in energy. If two
nonpolar surfaces become associated, for example in the inclusion of aromatic molecules in
molecular cavities, the surface solvent molecules are released into the bulk and their energy
content is lowered, promoting complex formation. This is entropically favoured also since the
ordered solvent cage surrounding the host and guest species is destroyed at the binding sites.
Lipophilic solvents such as chloroform or benzene have favourable interactions with both
nonpolar host and guest species and could be considered as only weak competitors for the host
receptor site, but due to their large excess they effectively compete with the host molecules. In

contrast, water is the most favourable medium for the complexation of nonpolar compounds.

Whitlock et al.4’ reported the synthesis and binding properties of cyclophane host 22 in organic
solvents such as chloroform with p-nitrophenol 23.
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The complexation of neutral guests in organic solvents means that hydrophobic forces become
less important whilst structural features in the host have added significance. Whitlock suggest
that for strong binding, a rigid cavity is required to immobilise the guest relative to the coordinate
frame of the host. Stronger complexation will occur for a tight fitting host-guest pair. A functional
group in the host which can protrude into the internal cavity can act as a binding force to the guest
species. Face-to-face and face-to-edge interactions between aromatic groups may also be
fruitfully employed in the design of hosts accepting aromatic guests. Related host 24 has been
shown to catalyse the base-promoted decomposition of 5-nitrobenzisoxazole 25 to cyanophenol
26 via complex 27.48
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Dougherty and co-workers have investigated the forces driving molecular recognition between
host 28 and various guests in aqueous solution using circular dichroism and NMR methods.49-54
Host 28 acts as a general receptor for positively charged ammonium and immonium guests such
as 29-32. Much lower association constants are obtained with neutral guests.

CO,Cs™*
+CS-OZC ‘
- NMez* CI
I B, O
O NMegz
29 30
| +
\N+/ ) N\ )
P I P i
31 32

28

24



Introduction

Along with the hydrophobic interaction and electrostatic effects, Dougherty suggests that donor-
acceptor n-stacking interactions and ion-dipole attractions can also contribute significantly to
aqueous binding.49'51 More specifically, the electron rich n-system of host 28 acts to stabilise an
electron deficient guest, an effect referred to as a cation-n interaction. Significant heat-capacity
effects have been observed in the association of host 28 with guests 29-32,52 although the
origin of the cation-n interaction is predominantly enthalpic. The magnitude of these heat-
capacity effects depends on the nature of the solvent as well as on the electronic and structural
properties of the guests. Bromination of host 28 greatly enhances its binding ability in a general
fashion, primarily as a result of hydrophobic interactions.>3 Circular dichroism experimen'(s54 have
provided evidence of binding orientations and revealed a preference of guests to rotate in the
host cavity to better fill space. Data suggests a preference of the cation-r interaction for certain
orientations of bound guests with a significant hydrophobic contribution to the binding. Strong
binding of ammonium compounds by water soluble polyphenolates has been reported by

Schneider et al.5®

The results of these studies indicate that even for systems that are designed to be extremely
simple, with minimal degrees of freedom and relatively well defined interactions, noncovalent
binding interactions are extremely complicated phenomena. The affinity of any individual guest
for a particular host is determined by a delicate interplay of hydrophobic, electrostatic,

conformational and solvation effects.

1.2.3 Design of Anion Receptors

Although anionic species play a very important role in chemistry and in biology, their complexation
chemistry went unrecognised as a specific field of research, while the complexation of metal ions
and, more recently, cationic molecules was extensively studied. The synthesis of anion receptors
may Yield host species with a variety of interesting chemical and biological properties and research
into anion receptors has been increasingly active.56-58 Examples of possible applications for
anion receptors include the ext(action and transport of anions, the construction of sensors and

molecular catalysis as well as potential biological applications.

Positively charged or neutral electron-deficient groups may serve as interaction sites for anion
binding. Ammonium and guanidinium units have mainly been used, but neutral polar hydrogen

bonds, electron-deficient centres, or metal-ion centres in complexes also interact with anions.

1.2.4 Guanidinium Receptors
Anslyn and co-workers®? have investigated bis(alkylguanidinium) hosts, such as 33 and 34, as

artificial enzymes which can bind phosphodiesters.

25



Introduction

R
| AN
v
d N § N I'_l (é N H
N N . N : R / N
TCHOHTY BnO” : N0 HOOY
Q/Nﬁ TN OBn TN
H H H
33 R=COEt
34 R=Ph 35 36

Both a meso form, in which both guanidinium substituents lie on the same side of the spacer, and
a d,/ form, in which they lie on opposite sides, of these hosts are possible. Each guanidinium
moiety in receptors 33 and 34 can form two hydrogen bonds with phosphate guest 35, giving
four hydrogen bonds in total with little reorganisation of the host structure. A mixture of
dimethylsulfoxide and water was used as the solvent system. From 'H and 31P NMR titrations,
either 1:1 or 2:1 phosphate to host complex formation was observed, depending on the solvent
composition. For systems with a low percentage water content, 2:1 binding was observed but as
the percentage of water was increased, the 2:1 binding vanished and only 1:1 binding was
observed. The association constants decreased with increasing concentrations of water.
Dimethylsulfoxide is a strong hydrogen-bond acceptor and competes with the phosphodiester for
hydrogen bonding to the host. Water is able to solvate both the host and guest by hydrogen
bond accepting and donating respectively, whilst in addition the higher dielectric constant of
water tends to shield the electrostatic attraction of the host and guest better than

dimethylsulfoxide.

Investigations were also carried out into the effect of host cavity size and counterions for hosts 33
and 34. With tetraphenylborate as the guanidinium counterion, in pure dimethylsulfoxide the
meso forms of the hosts were found to be the best receptors. This suggests cooperativity
between the two guanidinium moieties where both groups are positioned on the same side of the
spacer. Receptor 33 showed stronger binding than 34, the authors attributing this difference to
33 possessing a more complementary cavity, possible due to it having increased flexibility. The
guanidinium moieties in the d,/form of 34 were found to behave somewhat independently with
2:1 phosphate to host binding equally as likely as 1:1 binding. This indicates that the complexing
groups cannot be appropriately positioned to act cooperatively to bind the phosphodiester. In
contrast, 1:1 complex formation was preferred by the d,/ form of 33, again possibly due to
increased flexibility in the host. Further support for cooperativity between the two guanidinium
groups was shown by comparison with the binding constant of dibenzyl phosphate to the
monoguanidinium species 36, which was found to be much less than that of the bis(guanidinium)

receptors. It is important to note that cooperativity refers to an enhanced binding of
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phosphoesters by 33 and 34 in comparison with host 36, and not that the binding is over twice

that of the monoguanidinium species.

The chloride salts of the bis(guanidinium) receptors behaved differently from their
tetraphenylborate counterparts. Overall, the association constants are typically larger than with
tetraphenylborate. Here, however, whilst meso-34 still binds more strongly than d,/-34, it is the
d,l form of 33 which binds phosphoester 35 more strongly. The noncoordinating
tetraphenylborates had been expected to bind more strongly since the counterion should
present no competition in coordinating 1o the guanidinium. The chloride counterion, however,
appears to be intimately associated with the 1:1 host to guest complex and is probably involved in

some form of coordination to a guanidinium for charge neutrality.

Recently, Hamilton and co-workers®0 have reported that the guanidinium receptor 37 binds

selectively to closely spaced aspartate pairs in helical peptides.
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1.2.5 Polyammonium Macrocycles

Polyammonium macrocycles and macropolycycles have been studied most extensively as anion
receptor molecules. They bind a variety of anionic species (inorganic anions, carboxyiates,
phosphates, etc.) with stabilities and selectivities resulting from both electrostatic and structural

effects.
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The 18-azacrown-6 38, also called hexacyclen, has been extensively studied in aqueous solution
and shown to complex a large variety of anions in its tri- and tetraprotonated forms.

Polycarboxylate anions such as succinate, citrate and malonate have been found to form
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complexes with 38 in its triprotonated form.61 Inorganic anions such as chloride, nitrate, bromide,
chlorate and iodate have been found to form weak to moderate complexes with 38 in its
tetraprotonated form.52 in general 1:1 host to guest complexes are formed but some exceptions
have been observed. For example, with iodate anion a 1:2 host to guest complex has been
observed,®3 whilst with sulfate anion evidence exists for the formation of both 1:1 and 1:2 host to
guest stoichiometries.5% From an analysis of thermodynamic data it appears that the driving force
for complexation between hexacyclen and anionic guests is due to water loss from both the
hexacyclen and sulfate solvation spheres. Molecular mechanics calculations have shown that
several conformations of 38 exist which have a similarly low energy and that there is a reasonable
enthalpy of complexation associated with the formation of hydrogen bonds between protonated

ammonium groups in the host and oxygen atoms in the guests.65

The complexation ability of a large variety of polyamines in their protonated forms has been
studied and formation of complexes of phosphate anions such as inorganic phosphates and
biologically relevant phosphates has been observed. Studies involving polyamines 39-41 have
illustrated some important points regarding the number of protons a polyamine can support at
neutral pH. These symmetric amines have two, three or four methylene groups between two
successive nitrogen atoms. Whilst the first and second association constants show little

difference between the polyamines, the third and fourth association constants vary considerably
(Table 1.1).61.66

pK4 pK2 pK3 pK4
39 10.7 9.7 1.7 <1
40 10.8 9.6 6.9 5.4
41 11.8 11.4 10.6 8.9

pKn refers to the pK, for the nth association constant

Table 1.1

At physiological pH, 39 can only be diprotonated whilst 41 is fully protonated. The correct
spacing of successive nitrogens is thus of primary importance in the design of anion receptors
based on polyamine macrocycles, since in order to achieve strong complexation highly charged

ligands are required. Strong complexation has been observed between 41 and fluoride ion.%®

Lehn and co-workers have synthesised a variety of polyamines containing six or more nitrogens
with the aim of obtaining highly charged receptors.‘”’88 Hosts 42 and 43 in their
hexaprotonated forms complex a variety of di-, tri- and tetraanions, the stability constants of the

complexes increasing as the charge on the anion increases.
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Nucleotide phosphate polyanions form complexes of much higher stability with the macrocyclic
polyammonium structures than with the acyclic tetraammonium ligand spermine 45.89 This
enhanced stability is attributed to a macrocyclic effect on binding with respect to acyclic ligands.
Electrostatic interactions play a major role in both strength and selectivity of binding. Thus, for a
given receptor, the anions most strongly complexed are usually the smallest and most highly
charged i.e. those of highest charge density. In general larger anions are bound more strongly by
larger macrocycles such as 44, which contains eight nitrogen atoms, though there are
exceptions. It has also been found that whilst the protonated forms of macrocycles such as 42
and 43 form 1:1 complexes with AMP, ADP, and ATP nucleo’(ides,69 the larger macrocycle 44

binds two nucleotides.”® At pH 7, macrocycle 44 is found in its octaprotonated form.

coy e
NHz Hp NH, \TN)
45 46

Mertes”! has drawn analogies between simple monomacrocyclic polyaza molecules such as 4657
and phosphoryl-transfer enzymes. A number of enzyme characteristics are shown by the
macrocycle. Its reactions proceed in neutral aqueous media, anionic bonding occurs by
electrostatic and hydrogen bonding, metal-ion catalysis and regulation are observed, the reaction
is dependent on a Michaelis-like complex and competitive inhibition occurs when substrate
analogues are used. There is, however, still a wide gap between hydrolysis rates for the enzymes
and the macrocycle. Recently, Lehn et al.”2 have reported that macrocycle 46 catalyses H/D

exchange in malonate ions.
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Bianchi and co-workers have investigated several polyammonium macrocycles as receptors for a

variety of cations and anions in aqueous solution.”3

o N On

N N

)

HoN o~y g~ NH2

o
[N N}/\ H>N
HzN P NH; Kﬁzﬁj E L’}Hj

47 44

=z

Using a variety of experimental techniques receptor 47, a branched polyazacycloalkane which
contains four primary amine groups in the arms, and its interaction with anions such as ATP,
P2074 and the complex anions [Co(CN)g]3- and [Fe(CN)g]3- have been examined.”* A
comparison of these results with those for related macrocycle 44 revealed that stability constants
were lower with branched macrocycle 47 which at neutral pH exists predominantly in its

tetraprotonated form.

The interaction in aqueous solution of polyammonium receptor 48 with a several organic

carboxylates 49-55 has been examined using a variety of experimental methods.”>
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In all cases 1:1 complex formation was observed. The overall order of the strength of interaction
was found to be 51> 53> 52> 49> 50> 54> 5§5. Selectivity was observed between the
different anions, in particular guest 55 was found to interact least strongly with the host over the
whole pH range under consideration. This selectivity is attributed to poorer structural matching
between host and guest species since it is not pH-dependent. The protonated forms of receptor
48 appear to offer size and structural features adequate to recognise carboxyl groups centred
around six-membered carbon atom ring moieties. The charge of the anion does not solely
account for the interaction strengths found and structural factors appear to play a role in
determining the binding, anions 49 and 50 being able to approach the receptor and implement a
hydrogen bonding network more effectively than anions 54 and 55. Of the related cyclohexane
tricarboxylic acid derivatives, the all cis anion 53 is selectively recognised over anion 54.
Conformational analysis of these anions showed that in their tri-, di- or monoprotonated forms
both 53 and 54 adopt a chair conformation with the three or two cis-carboxy! groups in axial
disposition. In the case of the trianionic forms, however, the conformer with the three or two cis-
carboxy! groups equatorial is found to be the most stable. When complexed with receptor 48, it is
the trianionic form of 53 which is present. Molecular modelling studies have indicated that
receptor 48 acts as a flat charged surface which shows complementarity with planar guests and
guest 53 is able to form a hydrogen bonding network with the host more effectively than guest
54. For the aromatic substrates, due to their similar arrangements, charge density considerations

mainly explain the order of selectivity found.

1.2.6 Derivatives of Polyammonium Macrocycles

Further functionalisation of polyammonium macrocycles gives rise to a wide range of structures. A
simple derivative of a polyammonium macrocycle, receptor 56, and its complexation with ATP has
been described by Burrows et al.’® The free hydroxy! group in this molecule offers the possibility
of further elaboration to include additional reactive or binding functional groups. Such additional
functional groups may not be involved in binding and could react as reagents or catalysts for the

reactions of anionic substrates.
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Macrocydlic polyamines, when protonated, bind strongly to nucleotides via electrostatic
interactions between the cationic binding sites of the receptor and the negatively charged
polyphosphate groups. In order to attain better recognition of nucleotides, receptor molecules
need to contain other binding sites capable of interactions with the sugar moiety or nucleic base,
in addition to the anion binding sites. Interactions with the nucleic base may be achieved either by
stacking, or by sites capable of forming complementary hydrogen bonding patterns. The complex
multifunctional anion receptor 57 has been reported by Lehn and co-workers.”” This molecule
contains three potential binding sites as functional subunits. Two recognition sites are present, a
macrocyclic polyammonium moiety as an anion binding site and an acridine side chain for =n-
stacking interactions. A catalytic amino group is also present in the macrocycle for facilitating

hydrolytic reactions.

57

Receptor 57 shows greater selectivity between ADP and ATP than its parent macrocycle which
lacks the acridine binding site. Spectroscopic methods reveal that binding of nucleotide
polyphosphates occurs through simultaneous interactions between the macrocyclic polycationic
moiety and the polyphosphate chain and by stacking between the acridine derivative and the
nucleic base of the nucleotides. It has also been found that host 57 acts as a selective and

sensitive fluorescent probe for ATP.

Receptors such as 58 and 59 have been reported which in their protonated forms complex with

anionic guests through both electrostatic and n-stacking interactions.

58 59
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Macrocycle 58 strongly binds planar anionic guests such as aromatic carboxylates and
nucleotides.”8 Binding strength was found to increase with the size as well as the charge of the
guest species, providing evidence that both stacking and electrostatic effects contribute to the

stability of the complex. Similar effects have been observed with receptor 59.79

Schneider et al. have extensively studied the complexation behaviour of receptor 60 with anionic
guests such as 61 in aqueous solution. The receptor contains four positively charged nitrogen
atoms and strongly binds 61 through lipophilic and hydrophobic binding.80 Neutral guests are
also bound, although less strongly. Addition of salts such as sodium chloride to a mixture of host
and guest decreases the strength of binding as does increasing the amount of organic solvent in

the mixture.
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Host 60 has been found to catalyse substrate- and product-selective reactions with ambident

anions.81

In the presence of 60, the rate of reaction of 2-bromomethylnaphthalene 62 with an
excess of sodium nitrite (NaNO») is accelerated by an order of magnitude. The ratio of the two
possible products is altered concomitantly, with an increase in the product bonded through
nitrogen (R-NO2, 63) over the oxygen bound product (R-ONO, 64). Inhibition of this catalysis is
observed if anion 61 is introduced into the solution since it is an effective competitor for the host
cyclophane. Receptor 60 has been utilised as an analytical agent for thin layer
chromatography.82 Host 60 and related macrocycles have been found to stabilise DNA
polymers. With RNA duplexes, however, they either stabilise the duplexes or alternatively cause
base-pair opening depending on the size of the cyclophane.83 Schneider and Theis®4 have
attempted to quantify the electrostatic contributions in synthetic host-guest complexes. By
comparison of the complexation free energies of host 60 with both charged and uncharged
naphthalene derivatives, typical Coulomb interaction energies can be obtained. As long as
electrostatic interactions dominate, a uniform value of 5+ 1 kJmol*1 per ion pair is obtained for the
formation of salt bridges. A study of the equilibria in water between ion pairs with aromatic units in

one or both ions yielded similar results8® as did experiments with ligand-porphyrin complexes.86
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A general equation describing the contribution of hydrophobic interactions, the role of solvent

and of added salts to association constants has also been put forward.87

Murakami and co-workers88 have reported the synthesis and host-guest properties of a series of

cyclophanes, of which receptor 65 is a representative example.

(CH2)13CH3
CH2N CH, l
N, O
H3C(H2C)13 ~ 0 QHs
N-R
N “~CHjs
H
CHgN CHa

CH
65

Hosts such as 65 have several interesting features which account for their complexation
behaviour in aqueous solution. The molecules have deep and hydrophobic cavities which can
incorporate hydrophobic guests of differing bulk through an induced-fit mechanism originating
from the flexible character of the alkyl branches. In the host-guest complexation process,
electrostatic and charge-transfer interactions operate in addition to the hydrophobic interactions
so that the binding of guest molecules is enhanced. As long as electrostatic repulsion between
guest molecules is not operative in the hydrophobic cavity, both 1:1 and 1:2 host-guest
complexes can be formed. The cyclophane provides a hydrophobic cave which is highly apolar
and acts to suppress the molecular motion of guests which means that such hosts may provide
effective enzyme simulation models. In aqueous solution, host 65 strongly binds anionic and
nonionic hydrophobic guests forming inclusion complexeé with a 1:1 stoichiometry. Upon
addition of a solution of the host to a solution containing the guest species, complexation
immediately reached an equilibrium state. From NMR analysis the aspartate residues in the host
were observed to undergo conformational changes in order to attain effective guest
complexation. NMR data indicated that the guest molecule was incorporated into the three-
dimensional cavity provided intramolecularly by the macrocyclic ring and the eight hydrocarbon
chains.

Further derivatisation of polyammonium macrocycles can give rise to macrobicycles and
macrotricycles which have a more rigorously defined three dimensional structure. Lehn has
reported the synthesis and anion binding features of a series of macrobicyclic receptors
exemplified by hosts 66 and 67.
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The hexaprotonated form of 66 complexes various monatomic and polyatomic anions.89:90 This

host has an ellipsoidal cavity and crystal structure analysis of its halide complexes reveal that the
structure is distorted. The linear triatomic anion N3~ has a shape and size complementarity to the
host cavity and is bound inside by a pyramidal array of three hydrogen bonds to each terminal
nitrogen. The binding constants reflect this greater efficacy for triatomic anions, being
substantially higher for azide than for simple halides and other singly charged anions. Host 67
can accommodate eight protons and as a consequence stability constants are higher than those
of host 66 (Ta'ble 1.2).91

Stability Constants (log Ksg)
S042" oxalate?"
66 4.90 4.95
67 7.45 6.55
Table 1.2

A crystal structure of related macrobicycle 68 in its hexacationic form with the terephthalate

dianion 69 shows linear recognition occurs to give supercomblex 70.92

COO”
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Schmidtchen and Worm 93 have reported the molecular recognition of halide anions in aqueous
solution by the zwitterionic host molecule 71. lodide was found to be the most strongly bound
due to its large size. A water soluble cubic macrocycle 72 has been described by Murakami et
al. 9% which complexes only those guests small enough to pass through the paracyclophane ring
into the inner cavity of the host. Murakami has also presented cage-type cyclophanes which have
a helically twisted and cylindrical internal cavity.95 Host 73 enforces guests such as 74 which can

adopt one of two helical senses to assume specific chiral conformations when they are

incorporated.
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1.2.7 Non-Macrocyclic Anion Receptors
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Though most anion receptors reported in the literature have been based on macrocyclic

compounds, examples of non-macrocyclic anion receptors have been published. Reinhoudt et

al.°8 have designed neutral ligands, such as 75, based on diethylenetriamine and

tris(aminoethyl)amine which show selective binding affinity towards anions exclusively through

hydrogen-bonding. The simple molecular structure of the hosts offers the possibility of synthetic

manipulation. Hamilton and co-workers?® have synthesised receptor 76 which functions in highly

competitive solvents such as dimethylsulfoxide through hydrogen bond donation. Rebek has

reported the recognition of dicarboxylic acids by synthetic receptors such as 77.36:97 A

sapphyrin dimer has been described by Sessler and co-workers which acts as an effective

receptor for dicarboxylate anions.%8 Sapphyrins have also been employed in energy transfer

systems using anion chelation.9?
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1.2.8 -Template Synthesis

100 of

A more complex example of host-guest chemistry is illustrated by the self-assembly
[n]catenanes and [n]rotaxanes described by Stoddart and co-workers. Electrostatic interactions
play an important role in the formation of such species. The dominant noncovalent interactions
involved are based on electrostatic and dispersive forces between molecular components
containing rn-electron rich and n-electron deficient aromatic rings. The usual host-guest
relationship involves a rapid association between host and guest to form a 1:1 complex. In most
cases complexation is reversible and dissociation of the complex into its molecular components
occurs. If, however, the guest is trapped mechanically within or around the associated host, then
dissociation is prevented and the process becomes an irreversible one. High binding constants
have been observed between bisparaphenylene-34-crown-10 80 with paraquatm1 and between
cyclobis(paraquat-p-phenylene) with guests containing n-electron rich aromatic rings.102 This
suggested an efficient template-directed“x3 self-assembly process in which 78 and 79 could be
combined with 80 to give [2]catenane 81 in 70% yield.1°4 Without the presence of polyether
80, the macrocycle formed from 78 and 79 is only obtained in 12% yield. Two reciprocal
sandwich interactions occur in the formation of [2]catenane 81. A hydroquinone ether unit lies
between two parallel bipyridinium units and a bipyridinium unit lies between two parallel

hydroquinone ether units.
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A variety of catenanes based on this methodology have been synthesised.'95-111 Expansion of
the number of hydroquinone units in the macrocyclic polyether permits the self-assembly of more
than one tetracationic cyclophane around the templates present in the macrocyclic polyether.
Similarly, if more paraquat units are present in the cationic starting material, entrapment of more
than one macrocyclic polyether may occur. Rotaxanes such as 82 have also been formed via

similar methods to those employed in the synthesis of the catenanes.!?2-114 Rotaxane 82
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Introduction

consists of a tetracationic cyclophane threaded on a polyether chain containing biphenol and
benzidine units as n-electron donors and terminated by stoppers in the form of tri-isopropylsilyl
groups. The system forms the basis of a molecular 'switch' since the tetracationic cyclophane

adopts a conformation dependent on the oxidation state of the benzidine station.113

4PFg 1N ~

82

1.3 Aim of Project

The previous sections have illustrated the importance of electrostatic interactions in
supramolecular <:hemistry.57’115 Our interest lay in using electrostatic interactions, both
dispersive and attractive, to organise molecular shape and, as a consequence, molecular
interactions. In many reports of molecular recognition, several different interactions have
operated in parallel, for example hydrogen bonding and n-stacking.92 Most studies have
concentrated on using nonagueous solvents. Where water has been utilised as the solvent, host
molecules containing hydrophobic cavities have generally been employed. We were interested
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