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ABSTRACT

This thesis deals with the effects of host-guest complexation, based on
cucurbit[xn]uril (CB[n], n = 6, 7 and 8) host molecule, on the chemical, electrochemical
and spectroscopic properties of the included guests. Both CB[6] and CB[7] form 1:1
complexes with [CHs;bpy(CH,)sbpyCHs]*", encapsulating the central hexamethylene
chain. With its relatively larger cavity, a second CB[7] host will include one of the
viologen units, forcing, through steric and electronic repulsions, the first CB[7] to
abandon the inclusion of the central chain and move to the other viologen unit, thus
forming a [3]pseudorotaxane. The inclusion of the two enantiomers of protonated N-
benzyl-1-(1-naphthyl)ethylamine in the achiral CB[7] results in a five-fold increase in the
molar optical rotation of {BNEAHeCB[7]}" and significant changes in the longer
wavelength band in the circular dichroism spectra, attributed to a restricted rotation of the
naphthyl group about the chiral center upon inclusion of the benzyl portion of the guest
in the CB[7] cavity.

The effects of host-guest complexation of the (trimethylammonio)-
methylferrocene(+/2+) couple (FECTMA™*") by CB[7] on the kinetics of its electron self-
exchange and electron transfer reactions were investigated. The slow exchange of the
ferrocene guest, allows for the simultaneous monitoring of the '"H NMR line-broadening
for both the FcTMA™ and {FcTMA+CB[7]}" species in the presence of the paramagnetic

FcTMA?"; The electron self-exchange rate constant increases moderately upon inclusion
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of both reduced and oxidized species, while the rate constants for the oxidation of
ferrocenes by the bis(2,6-pyridinedicarboxylato)cobaltate(IIl) ion (which does not bind to
CBJ[7]), were significantly reduced a result of reduced thermodynamic driving forces and
steric hindrance to close approach of the oxidant to the encapsulated ferrocenes. This
work was extended to investigations of the inclusion of bis(ferrocene) guests,
demonstrating that a sufficiently long linker is required to accommodate a CB[7] host on
each ferrocene unit. The formation of stable host-guest complexes of the bent titanocene,
TiCp,(H,0),*", with both CB[7] and CB[8] were characterized in aqueous solution. The
CB[8] formed a more stable complex than CB[7], contrary to the order observed with

ferrocene guests, attributable to the larger radius of the bent titanocene guest.
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Chapter 1

INTRODUCTION

1.1 Supramolecular Chemistry
1.1.1 Definition and Development

Supramolecular chemistry refers to chemistry which focuses on non-covalent
interactions of molecules, and is a highly interdisciplinary field covering aspects of chemistry,
physics, and biochemistry. It has been defined as “chemistry beyond the molecule” by one
of its founding fathers, Jean-Marie Lehn, who won the Nobel Prize in chemistry with Charles
Pedersen and Donald Cram in 1987 for their significant contributions to molecular
recognition.'” Unlike traditional organic synthesis, which usually involves the making and
breaking of covalent bonds to get the desired molecules, supramolecular chemistry mostly
utilizes noncovalent interactions, such as hydrogen bonding, van der Waals interactions,
ionic interactions and hydrophobic interactions, to hold molecules together to form
supramolecular complexes. The relationship between molecular and supramolecular
chemistry in terms of both structures and interactions is illustrated schematically below
(Figure 1.1).°

Supramolecular chemistry is a relatively young discipline, dating back to the late
1960s and early 1970s. However, its roots and many simple supramolecular chemical
systems may be traced back almost to the beginnings of modern chemistry.** It has drawn
considerable attention in the recent decades as a new emerging and fast-growing domain

lying amidst chemistry, physics, material science and biochemistry.
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Figure 1.1 A schematic representation of the relationships between molecular and

supramolecular chemistry.”

1.1.2 Nature of Supramolecular Interactions

In general, noncovalent interactions, which do not involve the sharing of electron
pairs, encompass an enormous range of attractive and repulsive forces. They play an
important role in supramolecular systems, in which all of these interactions and their effects
usually interplay together on both the host and the guest, as well as on their surroundings.

The most prevalent interactions, along with their estimated energies, are illustrated below.

1.1.2.1 Electrostatic Interactions
Electrostatic interactions (50-350 kJ/mol) are the interactions between charged
molecules (ion-ion interactions) and charged molecules with dipolar molecules (ion-dipole

interactions), with energies (V) determined by Coulomb’s Law:

1.1
qid; (1.1)

4n808rrij



where q; and q; are the magnitude of the charges, r;; is the distance between these two charges,
g9 1s the permittivity of free space and &, is the relative dielectric constant of the medium in
which the charges exist.

From equation 1.1, it is easy to understand that the interaction can be either attractive
or repulsive, depending on the two interacting charges. The dielectric constant of the
medium (g;) also can have a significant effect on the strength of particular electrostatic
interactions. As with van der Waals interactions, in polar media the magnitude of
electrostatic interaction also tend to be attenuated. The electrostatic interaction is probably
the strongest interaction among all kinds of noncovalent interactions,” and plays a very

important role in supramolecular complexations.

1.1.2.2 Hydrogen Bonding

The hydrogen bond (4-120 kJ/mol) is defined by Pimentel and McClellan’ as the
interaction between a functional group A-H (usually called a hydrogen bond donor) and an
atom or a group of atoms B (hydrogen bond acceptor) in the same (intramolecular hydrogen
bond) or a different molecule (intermolecular hydrogen bond). As both atoms A and B are
electronegative, they tend to share the hydrogen atom using their electron pairs. It is a
special type of electrostatic interaction involving the formation of bonds to hydrogen.

The hydrogen bond has been widely investigated by spectroscopic tools such as IR
and NMR spectroscopy and neutron/X-ray diffraction. Figure 1.2 shows the main types of
hydrogen bonds which have been characterized.* The strength of a hydrogen bond can vary
from the weakest (~ 4 kJ/mol) to the strongest (~ 120 kJ/mol) in intermolecular noncovalent

interactions, depending on the interaction direction. Usually it is weaker than electrostatic



interactions, but stronger than van der Waals interactions. The inherent directionality of
hydrogen bonds make them ideal in supramolecular self-assembly and molecular recognition

systems.

(a) (b) (c) A

(d) (e) (f}

Figure 1.2 Main types of hydrogen bond geometry: (a) linear; (b) bent;, (c) donating
bifurcated; (d) accepting bifurcated; (e) trifurcated; (f) three-centre bifurcated.’

1.1.2.3 m-r Stacking Interactions

The weak m-m stacking interactions (0-50 kJ/mol), which usually occur between
aromatic rings in which one ring is relatively electron rich and the other is electron poor, are
caused by intermolecular overlapping of p-orbitals in m-conjugated systems. Therefore, the
strength of the interaction increases with the number of © electrons. They can be generally
divided into two types: face-to-face and edge-to-face n-n stacking interactions, as shown in
Figure 1.3.* Face-to-face m-m stacking interactions are responsible for the slippery feel and
lubrication properties of graphite and play an important role in stabilizing the DNA double
helix. Edge-to-face m-m stacking interactions, which can be regarded as a form of weak
hydrogen bonding between electron deficient hydrogen atoms of one aromatic ring and the
delocalized m-electrons of another aromatic ring, are believed to be the reason for the

characteristic herringbone packing of many small aromatic hydrocarbons in the solid state.


http://en.wikipedia.org/wiki/Molecular_orbital

(a) (b) =

Figure 1.3 Two types of 7 stacking interactions: (a) face-to-face and (b) edge-to-face.

The nature of m-m stacking interactions is still under heated debate. It has been
proposed, by Sanders and Hunter,® to be a competition between electrostatic and van der
Waals interactions. Wilcox and co-workers,” however, suggest that the importance of van
der Waals interactions might outweigh that of electrostatic interactions in explaining the
effects of m-m stacking interactions. Despite the lack of clarity in their origins, n-r stacking
interactions, which are sometimes stronger than other noncovalent interactions, also play an

important role in various aspects of supramolecular chemistry.

1.1.2.4 van der Waals Forces

The van der Waals interactions (< 5 kJ/mol) are a collective group of long range
inductive and dispersive intermolecular forces between uncharged molecules, which act at a
distance which is generally larger than the size of their electron clouds. These forces arise
because the uncharged molecules are usually electric dipoles, and tend to align with each
other to induce further polarization of neighbouring molecules, so forming an attractive net.
Inductive forces can be divided into two types: permanent dipole-dipole interactions and

induced dipole-dipole interactions. Dispersion forces, also called London Forces, are just the



result of momentary fluctuations of the electron density within the electron cloud of the

34,6
molecules.”™™

The van der Waals interactions are usually weak, but the additive effects can
be significant. Similar to other electrostatic forces, the strength of van der Waals interactions
are strongly dependent on the interacting distance and the medium. Polar media tend to

undermine the inductive interactions; however dispersive interactions will generally be

enhanced under such conditions.

1.1.2.5 Hydrophobic Interactions

In water or other protic media, the non-polar regions of molecules tend to associate
together to reach the most stable hydrogen-bonded status. The force which drives this
process to occur is called a hydrophobic interaction (combined hydrophobic effects is a more
propor term for it). Usually water is the most favourable solvent for the association of non-
polar species, but for the complexations which involve hydrogen bonding, the host-guest
inclusion process can be attenuated in this solvent system. Since in this process the non-polar
solutes need to exclude water or protic media to come together, it is easy to understand that
host-guest complexation will involve partial or full desolvation of the host and guest, and the
solvation effects play a crucial role in mediating the stability of formed complexes.™

Hydrophobic interactions are certainly of great importance in both the folding and
recognition behaviour of large biomolecules, as well as in supramolecular complexations. It
is especially of crucial importance for the inclusion of non-polar guests by hydrophobic
cavities of cyclic hosts such as cyclodextrins, cucurbiturils and calixarenes in aqueous

solution. In these cases, the hydrophobic effects can be divided into two energetic

components, enthalpic and entropic. Enthalpic effects refer to the stabilization of water



molecules expelled from the cavity of the host. The cavity of the host, which is usually
hydrophobic, tends to expel the polar water molecules and include a non-polar guest. The
release of original intracavity water molecules into the bulk solvent will lower the energy of
the whole system, thus making the process enthalpically favourable (Figure 1.4a). Entropic
effects come from the fact that before the binding of the guest into the cavity, both the guest
and host are disrupting the bulk water system, and the inclusion of guest into the cavity will

reduce this disruption and hence create an entropic gain, as shown in Figure 1.4b.

6 ﬁ@@@

U O"'—* U)*

Figure 1.4 (a) The displacement of water molecules from a hydrophobic cavity is responsible
for the enthalpic hydrophobic effect, and (b) two organic molecules creating a hole within an

aqueous phase, giving rise to the entropic hydrophobic effect.’

1.1.3 Concepts in Supramolecular Chemistry
1.1.3.1 Molecular Self-assembly

Molecular self-assembly is the spontaneous assembly of molecules without guidance
or forces from outside. There are basically two types of self-assemblies, intermolecular self-
assembly and intramolecular self-assembly.’ Intermolecular self-assembly is more common
in the supramolecular complexation systems focussed on in this thesis. Intramolecular self-
assembly is quite important in the polymer and biochemistry fields and, for example,

complex polymers can self-assemble to form a well-defined stable structure from a random



coil, and the self-folding of proteins to form more favourable secondary or tertiary structures

is a typical example of intramolecular self-assembly in biological systems.

1.1.3.2 Molecular Recognition

In general, molecular recognition refers to the specific binding of a guest molecule to
a complementary host molecule through noncovalent interactions. The two molecules have
the ability to identify each other and fit together in an optimum manner.” Weak
intermolecular forces that act over a short distance, such as hydrogen bonding and
electrostatic interactions, play an important role in this process. The research into molecular
recognition in organic and supramolecular chemistry is inspired by the recognition behaviour
in nature, such as replication of nucleic acids, immune response with antibodies, signal
transduction in receptors, and regulation in enzymes.” One of the earliest examples is crown
ethers, which have the ability to recognize specific cations. A great number of artificial
examples have been established since then and Moore and coworkers,” for example, have
demonstrated the molecular recognition between two isophthalic acids and one host molecule

through multiple hydrogen bonds.

1.1.3.3 Host-guest Chemistry
Host-guest chemistry is an important subdivision of supramolecular chemistry, in
which usually two or more molecules or ions are held together to form a complex in a unique

structural relationship through intermolecular forces.™

The host molecule is defined as an
organic molecule or ion with convergent binding sites in the complex, while the guest

molecule is referred to as any molecule or ion with divergent binding sites in the complex,
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such as antibodies (the host) and antigens (the guest) in immunology. Host-guest behaviour
is commonly observed in compounds such as inclusion and intercalation complexes,

clathrates, cryptands, and molecular tweezers.

1.1.3.4 Mechanically-interlocked Molecular Architectures

As the analogues to the key and the key chain loop, mechanically-interlocked
molecular architectures refer to those molecules which are connected not through traditional
covalent bonds, but as the consequence of their topology.” The molecules are not connected
directly, but significant bond distortion is involved in order to separate them. There are a
great number of these architectures, such as catenanes, rotaxanes, molecular knots, and
molecular Borromean rings, as shown in Figure 1.5.” These architectures are quite important

for the development of molecular machines.

. Macrocycle ! -
Dumbbell shaped molecule

Figure 1.5 Examples of mechanically-interlocked molecular architectures (from left to

: .9
right): rotaxanes, catenanes, molecular knots and molecular Borromean rings.

1.1.3.5 Dynamic Covalent Chemistry

Dynamic covalent chemistry is a chemical strategy in which covalent bonds are
broken and then directed by noncovalent interactions to form a structure with the lowest
energy, reversibly.'” An example is shown in Figure 1.6, in which the formation of

polyacetal macrocycles by a series of reactions was demonstrated.'!
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Figure 1.6 An example of a reaction sequence demonstrating dynamic covalent chemistry.

1.1.4 Characterizing Supramolecular Systems
1.1.4.1 Structural Information

Once the design and synthesis have been achieved, the supramolecular system which
is held together by non-covalent interactions must be characterized to obtain the information
about the formed structure and the kinetics and thermodynamics of the binding process. The
most convincing method is X-ray crystallography, as it can provide a direct vision of the
structure of formed complex and give a straightforward picture of the binding sites, by which
the information about the interactions that hold the guest in place can be obtained. However,
the crystal information can only be obtained for the solid state, which might be different from
the molecular properties in solution.'*"

To understand the system in solution, alternative methods are used, such as nuclear

magnetic resonance (NMR), which is a sensitive technique for monitoring the interactions

between molecules.'* A typical NMR titration experiment is usually performed to obtain
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binding information, in which the spectrum of the host/guest in a deuterated solvent is first
measured, and then the guest/host is added in small aliquots. If binding occurs, the electronic
environments of host and guest will perturb each other and by monitoring the signals of host
or guest proton resonances, the structural conformation(s) of the complex can be deduced. It
is often used to determine the stoichiometry of binding by a continuous variation method
(Job’s plot), in which stoichiometry can be determined by the position of highest point. As
shown in Figure 1.7, for example, the stoichiometry of the host-guest complex is indicated to

be 1:1.

AA

- .1
oo o1 02 03 04 D5 06 0OF D3048 10
[Host f[Host]+ [Guest]

Figure 1.7 A sample of a UV-visible Job’s plot curve showing the formation of a 1:1 host-

guest complex.®

Nuclear Overhauser Effect Spectroscopy (NOESY), which provides an NMR
spectrum correlating resonances that are physically close together, has been widely used to
determine the geometry of the complexation between host and guest molecules. It is

especially useful for more complicated systems such as helices.
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Mass spectrometry (MS), especially using electrospray ionization (ESI-MS), has also
been recognized as a useful method for supramolecular systems in the past decade. Because
electrospray ionization is soft enough to keep the complexes intact through the measurement,
by analyzing the mass values and isotopic patterns, information about the binding
stoichiometry and mass information for the complexes can be obtained.'>'® In addition, UV-
visible spectroscopy is also quite useful to study the interactions between host and guest
molecules, and is especially effective for investigating complexes containing m-electron

systems or transition metals."’

1.1.4.2 Kinetics of Complexation

Host-guest complexation is a dynamic exchange between the bound and unbound
host and guest species. By analyzing the NMR spectra of mixtures of the host and guest,
information about the binding kinetics between the host and guest molecules can often be
obtained.'**

When the exchange process is faster than the frequency separation of the free and
bound species, the NMR resonances of the host/guest are observed as an average peak, as
shown in Figure 1.8b. With the addition of guest, the average peak shifts continuously until
the receptor is saturated, and then the titration curve can be extracted by plotting the chemical
shift as a function of the concentration of the guest, as shown in Figure 1.8a. As we can see,
at the beginning the resonance of the host is perturbed significantly by the addition of guest.
The host eventually becomes saturated by the guest and the resonance finally reaches an

equilibrium position. However, if the exchange is slow on NMR timescale, instead of an

12



average resonance, two separate peaks, which represent the free and bound species, will be

observed, as shown in Figure 1.8b.

(a) 4 1

Guest concentration

N()) Fast exchange Slow exchange

Guest
concentration W \_ %
‘ i
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on free ligand ~ in complex

Figure 1.8 (a)'H NMR titration plot for fast exchange equilibration on the NUR time scale;

(b) Schematic NMR spectra for fast and slow guest exchange equilibria.’

UV-visible spectroscopy has also been used to investigate the kinetics of the
formation and dissociation of host-guest complexes. Since the lifetime of the technique is
typically 107" s (greater than rate-limiting diffusion of the host and guest), all of the

exchange processes would be slow in this timescale and the formation of the host-guest from

13



the individual species may result in a change in the UV-visible spectrum, whose time-

dependence may be monitored.

1.1.4.3 Thermodynamic Information

Thermodynamic data, such as the host-guest stability constant, can be obtained from
titration experiments as well. With NMR spectroscopy as an example, if the binding is
kinetically slow, the complexation constant can be calculated from the relative integrations of
the bound and unbound resonances. If the binding is kinetically fast, binding constant can be
deduced from the titration curve of the complexation-induced shifts (as shown in Figure 1.8a),
by applying a non-linear least-squares procedure to fit a theoretical model of the
complexation process to the experimental data. The enthalpy (AH®) and entropy (AS°) of the
binding equilibrium can be calculated from the different binding constants obtained by

performing the titration experiments at different temperatures.*

1.1.5 Summary

Supramolecular chemistry is one of the most important new areas in inorganic,
organic and biochemistry to develop in the past few decades. It introduced a new approach
in chemistry, which utilizes many non-covalent forces instead of traditional covalent bonds
to hold molecules together. In this portion of the Introduction, the basic concepts and
classifications of supramolecular chemistry have been illustrated. Several main types of non-
covalent interactions, the key to supramolecular chemistry, have also been expounded upon.

Methods used to characterize supramolecular system have been introduced as well. The next

14



section of the Introduction will focus on host-guest chemistry, which is the mainstay of the

research projects described in this thesis.

1.2 Inclusion Complexes and Host-Guest Chemistry
1.2.1 Introduction

The discovery of a by-product in the preparation of bis[2-(0-hydroxyphenoxy)ethyl]
by Pederson, 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene, marked
the beginning of his Nobel Prize winning research in host-guest (or inclusion) chemistry.*
As has been illustrated in section 1.1.3.3, host-guest chemistry describes one kind of
supramolecular chemistry, in which the formed complexes are composed of two or more
molecules held together by non-covalent intermolecular forces. In this section, the basic
concept of preorganization and complementarity will be illustrated, followed by a discussion
of the dynamic character of inclusion complexes, and a simple classification system for
supramolecular host-guest compounds. Following this, the supramolecular chemistry of

several types of macrocyclic host molecules and their applications will be described.

1.2.2 Design Principles of Complementarity and Preorganization

In order to bind guest molecules, a host must have binding sites which are
complementary to those of the guest(s), both in their intrinsic properties (hydrogen bond
donor/acceptor ability, hardness or softness, etc.) and relative spatial positions (possible
distances and conformations for them to bind to each other). This feature is known as
complementarity, which is a concept of great importance in supramolecular complexation

processes.
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In some cases, a host whose structure is preorganized does not undergo a significant
conformational change upon binding with the guest. This host preorganization has a great
contribution to the overall free energy of the complexation, because the process of host-guest
binding can be considered to occur in two stages. In the first step, the host will readjust itself
in order to arrange its binding sites in a way that is most complementary to the guest and, at
the same time, minimize the unfavourable interactions between one binding site and another.
This process is energetically unfavourable. Following this rearrangement, the energetically
favourable binding process will occur in the second step. The overall free energy of the
complexation refers to the sum of these two processes. Thus, if the host is preorganized, the
energy used for this rearrangement will be small and hence the overall free energy will be
increased. However, compared to conformationally mobile hosts, which can adjust rapidly to
changing conditions, and thus both association and dissociation processes are relatively fast,
preorganized hosts tend to have slower guest binding kinetics because they may have
difficulty in passing through the complexation transition state.

Overall, complementarity and preorganization are two important concepts in the
study of supramolecular complexation, the principles of which have been widely used to

guide the design of the molecular architectures of macrocyclic hosts.

1.2.3 Dynamic Character of Inclusion Complexes

Supramolecular complexes, as has been illustrated in section 1.1, are held together by
weaker forces than those maintaining the molecular integrity and thus are not structurally
rigid. In solution, therefore, there is equilibrium between the host-guest inclusion complex

(HG) and its constituent host (H) and guest (G) components.

16



The free energy difference between the free and complex species, AG®, and the rate of
the complexation and dissociation of the inclusion complex are two factors which
characterize the equilibrium. In a bimolecular complexation process, the following equilibria
show the simplest complexations, with 1:1 (equation 1.2), 1:2 (equation 1.3), and 2:1

(equation 1.4) host-to-guest stoichiometries, respectively.

H+G== HG (1.2)
HG + G== HG, (1.3)
H +HG == H,G (1.4)

The binding constant K, also known as an association constant K,, a stability constant
K, or a formation constant K, can be expressed as follows, respectively, for the three host-
guest stoichiometries given in equation 1.2 to 1.4, where the brackets denote molar
concentrations.
K= [HGJ/([H][G]) (1.5)
K2 = [HG:J/([HG][G]) (1.6)

K, = [HGI/([H][HG]) (1.7)

In a general form, the overall binding constant of the equilibrium in equation 1.8 can be
written as given in equation 1.9

mH + nG = H_,,G, (1.8)

mn — [HmGn]/([H]m[G]n) (1 9)

17



In most measurements, instead of stepwise binding constants, only the value of
overall binding constant can be obtained. The overall binding constant is related to the free
energy difference of the system AG and temperature T by equation 1.10, where k is the
Boltzmann constant.

K = ¢ (49KD (1.10)

Thus the value of AG can be deduced by the equation above. According to the Gibbs-
Helmholtz equation (eq 1.11), the enthalpy (4H) and entropy change (74S) upon
complexation can be obtained by performing measurements of the complexation at different
temperatures.

AG = AH - TAS (1.11)

Investigation of the dynamic character of inclusion compounds allows supramolecular
architects to have a clearer view about the binding process. Numerous research papers and
reviews have been published concerning studies of the dynamics of a variety of

supramolecular systems.*®

1.2.4 Classification of Supramolecular Host-Guest Compounds

According to the relative topological relationship between the guest and the host, host-
guest compounds can be divided into two types, cavitates and clathrates, which are formed
by host molecules called cavitands and clathrands, respectively. A cavitand refers to a host
molecule with intramolecular cavities both in solution and in the solid state.””*® Examples of

this type of host molecule are cyclodextrins, crown ethers and cucurbiturils, which will be

18



described in more detail in section 1.2.5. Usually the structures of cavitands are preorganized
and rigid, such that they can form complexes with guests who have complementary shapes
and electronic properties, with quite good stability and selectivity.

The concept of the clathrate was first proposed by Powell in 1984 and he defined the

term “clathrate”?**°

as one kind of inclusion complex “in which two or more components are
associated without ordinary chemical union, but through complete enclosure of one set of
molecules in a suitable structure formed by another”. The host molecules which can form
clathrates are called clathrands and they possess extramolecular cavities, with gaps between
two or more hosts. A clathrate thus consists of a lattice of clathrands with the guests trapped
in the lattice. A clathrate is therefore usually only found in the solid state, which has limited

its prevalence in supramolecular chemistry. The distinction between cavitands and

clathrands is shown in Figure 1.9.*

Molecular
inclusion

Crystal
lattice
inclusion

Figure 1.9 Schematic illustration of the difference between a cavitate and clathrate.*

1.2.5 Macrocyclic Hosts and Their Applications
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As illustrated in section 1.1.3.3, the host is generally defined as a large molecule or
aggregate possessing convergent binding sites. The term macrocyclic host refers to those
which possess sizeable central holes or cavities. In this section, several important
macrocyclic hosts, such as crown ethers, cryptands, calixarenes, porphyrins, cyclodextrins

and cucurbiturils will be described in detail.

1.2.5.1 Crown ethers and Cryptands
The synthesis of crown ethers was first patented in Britain by Stewart, Wadden and

Borrows in the mid 1950s.”!

These authors, who were not interested in complexation of the
cyclic molecules, failed to further investigate the potential of their findings. This postponed
the development of host-guest chemistry until 1976 when Charles Pederson accidentally
isolated a small amount of by-product from an organic reaction.”> The solubility behaviour
and high degree of crystallinity stimulated Pederson’s interest. It was observed that the
solubility of this compound in methanol was significantly enhanced when alkali metal salts
were added. He eventually concluded that the alkali metal ion had become included in the
hole of the molecule. This initial hypothesis was soon proved to be correct and gained
Pederson a share of the 1987 Nobel Prize for Chemistry. Crown ethers, as named by
Pederson, rapidly became a popular research subject in cation complexation chemistry.

The essential repeating unit of any simple crown ether is the ethyleneoxy group,
-CH,CH,0-, as demonstrated below. The perfectly positioned electronegative oxygen atoms
are ideal for the binding with a cation, which can be included within the cyclic host. In

addition, the exterior of the host is hydrophobic. The binding process that results means that

a hydrophilic cation can be dissolved in hydrophobic solvents. The size of the interior of the
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crown ether determines which alkali metal ions will be preferred. The [18]crown-6 (the 18
refers to the total number of atoms in the ring and the 6 refers to the number of oxygen
heteroatoms in the ring) has highest affinity for the potassium cation, while the smaller

[15]crown-5 prefers the sodium cation (Figure 1.10).*

12-crown-4 15-crown-5 18-crown-6

Figure 1.10 Three examples of the crown ether family of host molecules

Shortly after the remarkable finding of Pederson, Jean-Marie Lehn designed and
synthesized a series of three-dimensional analogues of the crown ethers, which are known as
cryptands.” These bicyclic analogues can encapsulate metal ions entirely, thus increasing
the cation selectivity and affinity (Figure 1.11). The first and most important member of this
family was the [2,2,2]cryptand (the numbers refer to the number of oxygen heteratoms in the
linkers between the bridging nitrogens), which is the analogue of [18]crown-6 and also
exhibits high selectivity for the potassium cation over other alkali metal ions, but with almost
10* times stronger binding. Similarly, as the analogue of [15]crown-5, the [2,2,1]cryptand

selectively binds to the sodium cation with stronger affinity.**
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<\' U />‘ n=2 [2,2,2]cryptand

N

</ \> n=1 [2,2,1]cryptand

Figure 1.11. The structures of the [2,2,2]- (n = 2) and [2,2,1]cryptands (n = ).

As illustrated, Pedersen and Lehn built the foundations of this burgeoning and
promising research field, which was followed by the design and syntheses of thousands of
such molecules varying in size and substituents, and containing not only oxygen and nitrogen

atoms but also sulfur atoms and aromatic rings.35

1.2.3.1 Calixarenes
The calixarenes, a popular and versatile class of macrocyclic host molecules, are the

The descriptive name

hydroxyalkylation product of a substituted phenol and an aldehyde.
“calixarene” was coined by David Gutsche because the shape of the molecule resembles a
Greek vase called a “calix” and the other part of the name “arene” refers to the aromatic
building block.’” Between these two parts, there is a number in square brackets which

represents the number of phenolic residues. Therefore, the most common family member, as

shown here in Figure 1.12, is named as p-tertbutyl-calix[4]arene.
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Upper rim substituents

Hydrophobic
binding pocket

Lower rim substituents

Spherand-like guest cation binding site

Figure 1.12 Typical structure and multiple potential binding sites of calixarenes.’

The anatomy of the structure reveals the multiple potential binding sites of
calixarenes. As shown in Figure 1.12, calixarenes possess a hydrophobic cavity with a
narrower rim of phenolic oxygen atoms at the bottom and a wide rim of hydrophobic
substituents on the top. As a result of the flexibility of the methylene connections between
each unit, calixarenes exist in different confirmations. Figure 1.13 shows the four

. .. . . . eqer . 336
conformers of calix[4]arene, existing in solution under a dynamic equilibrium.™
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cone partial cone 1.2-alternate 1.3-alternate
Con Dy

Figure 1.13. Four conformations of calixarenes.*®

Due to the versatile binding behaviours, calixarenes have been widely used as
enzyme mimetics, ion sensitive electrodes or sensors, selective membranes, in non-linear
optics materials and in HPLC stationary phases.’’~*** In addition, given the high selectivity
towards sodium over other cations, calixarenes are known as efficient sodium ionophores and
are applied as such in chemical sensors. They are commercially used as sodium selective

electrodes for the measurement of sodium levels in blood.*”

1.2.5.3 Porphyrins

Porphyrin, named after the Greek word “purple”, is derived from a heterocyclic
compound consisting of four pyrrole-like subunits connected to each other via their a carbon
atoms through methine (=CH-) bridges. Many porphyrins are found in nature, such as in
green leaves and red blood cells. Laboratory syntheses of porphyrins usually involve the
reaction of pyrrole and substituted aldehydes under an acidic environment, as developed by

Rothemund.****
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Figure 1.14 The structure of porphine, showing the carbon substitution positions.

The structure of porphine, the simplest porphyrin, is shown above in Figure 1.14. It
is a highly conjugated system with 22 m-electrons. Two of the nitrogen atoms are of the
pyrrole type, with an electron lone pair pointing inside the macrocycle. When both N-H
groups are deprotonated, there will be four electron lone pairs pointing inside the ring. This
dianion system will be ideal for binding proper sized cations.”  Porphyrins and
metalloporphyrins are widely applied in the construction of artificial antenna systems,
photosynthetic center mimics,"” gates and redox switches, and in the fabrication of smart

. . 4
devices and machines.*®

1.2.5.4 Cyclodextrins

Cyclodextrins (abbreviated CD) are macrocyclic oligosaccharides built of a-D-
glucopyranoside units linked by a-(1,4) bonds. While they were first described by Villiers in
1891, the structure and chemical properties of natural cyclodextrins were not fully

49

characterized until the mid 1970s.” Ever since, research about cyclodextrins has rapidly
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developed and has become an important branch of host-guest chemistry because of their

numerous practical applications.”
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Figure 1.15 Structures of o-, - and y-cyclodextrin.

Figure 1.15 shows the structures of the most common CD members; a-, B- and y-CD,
which include 6, 7 and 8 repeating glucopyranoside units, respectively. The connection of
glucopyranoside units in such a cyclic manner offers a typical conical structure with a
relatively hydrophobic interior and two hydrophilic hydroxyl-rimmed openings. This
structural property imparts cyclodextrins their high water solubility and the ability to
accommodate appropriately sized guests, such as nonpolar organic molecules, polar amines
and acids,”’ ferrocenes™ and other organometallic compounds,” through noncovalent
interactions such as hydrogen bonding, hydrophobic interactions, and electrostatic
interactions.’

Due to their excellent host-guest complexation abilities, CDs have been used in a
wide array of fields, such as fabrication of pseudorotaxanes, rotaxanes and other types of

55,56

molecular machines and catalysts in organic synthesis.”’ In addition, in the
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pharmaceutical industry CDs are used for drug delivery because the inclusion of insoluble,
hydrophobic drugs into the cavity of CDs will enable them to penetrate body tissues and then
become released afterwards under specific conditions.® They are also employed in
environmental protection by immobilizing toxic compounds in their cavities, in food industry
for preparing cholesterol free products, and many other applications in a wide array of

fields.”

1.2.5.5 Cucurbuturils

Cucurbit[z]urils (CB[n]) are a family of cyclic oligomers of n glycoluril units self-
assembled from an acid-catalyzed condensation reaction of glycoluril and formaldehyde.60'64
The most studied member, CB[6], was first synthesized and recrystallized by Behrend et al.
in 1905 and became known as Behrend’s polymer.”> The constitution of this substance
remained unclear until 1981 when Mock and coworkers revealed the remarkable macrocyclic
structure, which consists of six glycoluril units bridged by twelve methylene groups, in a
pumpkin shape.’® Interest in the cucubit[nJuril family of host molecules has been
significantly increased by the successful preparation of four new CB[n] homologues, CB[5],
CBJ7], CB[8] and CB[10], by the research groups of Kim and Day.67'69 Nowadays, research
into the behaviour of cucubiturils have overcome most of the early problems such as poor
solubility, a lack of a homologous series of different sized host, and methods for preparing
substituted cucurbiturils and has provided an outstanding platform for fundamental and

applied molecular recognition and self-assembly studies. As shown by its title, this thesis is

focused on the host-guest complexation of cucubiturils. More details about cucubiturils, in
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terms of their structural nature and host-guest binding properties will be described in the

following section of the thesis.

1.3 Cucurbit[n]urils
1.3.1 Syntheses of Cucurbit[n]urils

Similar to the synthesis of CB[6], as illustrated in Section 1.2.5.5, other CB[n] hosts
are obtained by the condensation of glycoluril and formaldehyde in concentrated HCI or 9M
H,SO4 solution at 75-90°C rather than >110°C (conventional reaction temperature for CB[6]).
The key is the relatively lower temperature, which allowed the formation of significant
amounts of CB[n] homologues in addition to CB[6], as schematically illustrated below
(Figure 1.16).> The formation and typical content of the mixture is confirmed by NMR and

ESI-MS to be ~10-15% CB[5], ~50-60% CB[6], ~20-25% CB[7], and ~10-15% CB[8].

H*FH,0 o gonc. H,S50,
—— precipitate ———» CB[6]
R > 110°C
HN™ "NH
HHH + HCHO —
HMN._NH [ ﬁ
E" EM HFS':L . _H H_CHE
75~90.C H"}—{'H
e 0 “

CB[n]:n=5~-11

Figure 1.16 The methods for the synthesis of cucurbit[njurils.**
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The mixture can be separated in pure form by fractional crystallization and
dissolution,”” or chromatography.”’ In order to optimize the yield of individual CB[n]
homologues, Day and coworkers examined different reaction conditions and have
investigated the cyclization mechanism for the formation of cucurbiturils.”' More recently,
Kim and coworkers have developed a microwave method,”” providing a faster and more
efficient way of producing a CB[n] mixture, which may be valuable for the production of

cucubiturils on an industrial scale.

1.3.2 Structures and Physical Properties
The cucurbit[n]urils are cyclic oligomers whose shape resembles a pumpkin, with a

60-64

hydrophobic cavity guarded by two carbonyl-laced portals. Figure 1.17 shows the

structural parameters of the most common CB[n] homologues.

CBlMim=56T7%

CB[5] CB[6] CB[7T] CB[8]

outer diameter (A} a 131 14.4 16.0 17.5
cavity (A} b 4.4 5.8 7.3 8.8
¢ 2.4 3.9 5.4 6.9
height (A) d 9.1 9,1 9.1 9.1
cavity volume (A% - B2 164 279 479

Figure 1.17  Structural parameters of CB[n] homologues.®*
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Although these hosts possess the same total depth (9.1 A), their widths at various
depths (a, b and c¢) and cavity volumes increase with the number of glycoluril subunits.
Generally, the diameter of the portals (c) is approximately 2 A narrower than that of the
cavity itself (b), which provides significant steric barriers to guest association and
dissociation. The CB[6], CB[7] and CB[8] hosts are the analogues of the a-, B- and y-
cyclodextrins, respectively, in term of cavity size. The CB[n] homologues can be
distinguished by 'H and ">C NMR, which is the main characteristic tool to investigate their
binding behaviours. The resonances of the methylene and methine protons of CB[n] move
downfield with increasing number of glycoluril units.

The solubility of CB[n] homologues is relatively low (< 10° M) in both water and
organic solvent, except for CB[5] and CB[7], which possess moderate solubility in water (up
to 2-3 x 10 M).*>* However, due to the weak basicity of the carbonyl portals and their
affinity for cations, all CB[n] homologues have greater solubility in acidic solution or
solutions containing alkali metal ions, explaining why most studies of host-guest binding of
CBJ[6] were conducted originally in formic acid-water (1:1) solutions. In general, the
solubility of CB[n] is lower than that of the cyclodextrins, but show an opposite trend among
the homologues, with CB[6] and CBJ[8] being less soluble than CB[7], while a-CD and y-CD
are more soluble than 3-CD.

One of the valuable features of CB[n] homologues is their high thermal stability in
the solid state, with no decomposition being observed in thermal gravimetric analysis up to
420 °C for all homologues except CB[7], which starts decomposing at a slightly lower

temperature (370 °C).°**
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1.3.3 Host-Guest Chemistry of Cucurbit[n]urils
1.3.3.1 Comparisons of the Thermodynamics of Complexation

As discussed previously, CB[n] is the analogue of CDs in term of cavity size and they
bind similar guests of varying sizes. However, these two families have fundamental
differences in molecular recognition interactions due to the different functional groups lacing
the cavity entrances. In CDs, the OH functional groups can form hydrogen bonds with
guests, which is the main driving force of the binding process. However, the carbonyl groups
decorating the cavity entrances of cucubiturils can form both hydrogen bonds and ion-dipole
or dipole-dipole interactions, and coordinate to metal ions as well. Figure 1.18 demonstrates
the pronounced difference between calculated electrostatic potential (ESP) of CB[7] and -
CD, in which CBJ[7] displays more negative electrostatic potential at both of the portals and

the central cavity regions, compared to B-CD.%

Figure 1.18 Comparison of electrostatic potential surfaces of (a) CB[7] and (b) ,B-CD.62
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The electrostatic effects of the host molecules play an important role in molecular
recognition processes in both aqueous and organic solutions.”” Thus, this difference in the
electrostatic potentials contributes significantly to the host binding preferences. Cucubiturils
prefer to form inclusion complexes with cationic guests, whereas cyclodextrins preferentially
bind to neutral or anionic guests.

Mock and Shih™ investigated and compared the binding affinity of a-CD and CB[6]
toward a series of alcohols, which are moderately strongly bound guests for both hosts.
Despite the fact that cucurbiturils have a preference to bind with positively charged species,
CB[6] showed higher affinity and higher selectivity toward all of the studied alcohol guests.
A similar comparison has been conducted between CB[6] and [18]crown-6, indicating that
CBJ6] shows higher affinity than [18]crown-6 toward all cations except Ba®’, which has a
preference for [18]crown-6 due to the perfect size match. These examples indicate that
cucubiturils have equal or better binding affinities and selectivities comparing to other well-
known host molecules. The high structural rigidity might be playing an important role in the

higher binding selectivity toward all guests.

1.3.3.2 Host-Guest Complexation of CBJ[6]

The CBJ[6], the first member of the family to be prepared, has been known for a
hundred years and studied in detail since 1981. The supramolecular chemistry properties of
CB[6], which will be illustrated in this section, can hypothetically be transferred to other
CB[n] homologues. Figure 1.19% shows a comprehensive mechanism for the interaction of

CB[6] with its common guests including protons, metal ions, amines and ammonium ions.
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Figure 1.19 Comprehensive mechanistic scheme for molecular recognition by CB[6]. Red
arrow: protonation. Blue arrow: cation binding. Green arrow.: ammonium ion binding. Light

. . 4. 64
blue arrow: amine binding.

Cucurbit[6]uril, which possesses twelve ureido carbonyl groups in its structure, has
been shown to be a weak base, with the pK, of the conjugated acid of CB[6] measured as
3.02.°* Tt can be protonated in a moderate acidic environment, as shown in Figure 1.19 (red
equilibria). Thus, binding events conducted in acidic solution must take the competition of
H" with the guests into account.

The blue equilibria in Figure 1.19 show the binding of CB[6] with positively charged
metal ions, such as alkali-metal, alkaline-earth, transition-metal, and lanthanide cations.
There is also a competition between H™ and metal ions. With an increase in the acidity of the
solution, the observed stability constants (logK values) for guests are decreased.”’®

As illustrated in section 1.3.2, the cavity of CB[6] is analogous to that of a-CD, which
is appropriately sized to form inclusion complexes with linear alkyl guests. Given that

cucubiturils prefer to bind with positively charged organic guests due to the negative
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electrostatic potential of the portals, Mock and coworkers have investigated the binding
behaviour between CB[6] and a series of alkylammonium and alkyldiammonium cations,

measuring the stability constants (K,) by 'H NMR experiments, as depicted in Table

66,74,77-79
1.1. ,14,77-7

Table 1.1 Binding constants of a series of protonated amines with CB[6]>

Entry Amine Ky MY
1 NH3 83
2 H2N(CHz)eH 2300
3 H2N(CH,)OH 1200
4 H2N(CH2)sNH; 2800000
5 c-(CH,),CHCH,NH, 15000
6 ¢-(CH3)3CHCH,NH, 370000
7 ¢-(CH2)4CHCH,NH; 330000
8 c-(CH,)sCHCH,NH, 80
9 4-MeCgH,CH,NH, 320
10 3-MeCgH,4CH,NH, n.d.
11 2-MeCgH,4CH,NH, n.d.
12 H2N(CH)sNH, 2400000
13 H2N(CH,)2S(CH,)2NH; 420000
14 H2N(CH,),0(CH;),NH, 5300

Based on these results, Mock and Shih have concluded that the binding with CB[6]
will result in the shielding of guest proton resonances by about 1 ppm for the region which is
included in the cavity, whereas the proton signals for the portion of the guest outside the
cavity are slightly deshielded by the carbonyl portals. In addition, the dynamic exchange
processes between free and bound species are observed to be usually slow on the 'H NMR
timescale, which allows for the direct calculations of the binding constants from integrations
of the resonances of the bound and free guests. By comparing the relative binding affinity of

entries 2-4 with CB[6], Mock and Shih confirmed that the ion-dipole interactions play a more

34



important role in the binding process than hydrogen bonds. The replacement of H by NH»
group increases the binding constant significantly from 2.3 x 10° M to 2.8 x 10° M'';
however, replacing the H by OH, which can also form hydrogen bonds, does not increase the
binding affinity at all. Hence, it is easy to understand that the positive charge has given the

ammonium ions high specificity for the binding with CB[6].

1.3.3.3 Binding Selectivity of CB[6]

As described in section 1.3.2.1, cucubiturils have relatively high binding selectivity
compared to other well-known host molecules. This high selectivity will be useful in the
construction of molecular switches, which will be discussed later in the section 1.3.5 2,138,139
It has been reported that with a relatively rigid structure and the two close binding regions,
the carbonyl portals, which favour positively charged groups, and the hydrophobic cavity,
which prefers hydrophobic residues, impart this special feature to the CB[n] family. As
discussed above, CB[6] preferentially forms stable complexes with linear alkyl compounds
with positive charges, such as protonated diaminoalkanes.

Using the compounds studied in Table 1.1 as examples, the selectivity of CB[6] will
be discussed in several aspects. First, Mock and coworkers found that alkyl amines and
alkane diamines show alkyl chainlength-selectivity when binding with CB[6]. For alkyl
amines, CB[6] binds to butylamine more strongly than with propylamine (8-fold) or
pentylamine (4-fold). However, in the case of diamines, pentanediamine and hexanediamine
have much higher affinities for CB[6] relative to butanediamine and heptanediamine. This

can be attributed to the alkyl chainlength match to the cavity depth, by which pentanediamine

and hexanediamine can place two ammonium groups adjacent to the carbonyl portals,
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optimizing the ion-dipole interactions. Secondly, the binding between CB[6] and guests are
also size-selective. As shown in Table 1.1, CB[6] selectively binds to the compounds in
entries 6 and 7, whereas for the three and six-membered ring analogues, it shows much
weaker binding affinities. In addition, the binding is also affected by the shape of guests.*
For example, compound 7 has a much higher binding affinity when compared to compound 9,
which has a similar size. However, for compounds 10 and 11, which are the ortho and meta
isomers of 9, respectively, no binding with CB[6] is detected at all. Finally, the functional
groups in guest molecules also play an important role in the binding process, as the binding
of compound 13 to CB[6], for example, is much weaker than that of 12, but stronger when
compared with 14. This can be explained by the solvation effect on the unbound guests. A
methylene group is more hydrophobic than a thioether bond, and oxygen has higher

hydrophilicity than sulfur.”

1.3.3.4 Thermodynamics and Kinetics of Complexation

As discussed previously, CB[6] offers a hydrophobic cavity which is 5.8 A wide and
9.1 A high, accessible by two ureido carbonyl-rimmed portals. These portals are
approximately 2 A narrower in diameter than the cavity, which can lead to a constrictive
binding property for the host. In addition, the binding events of CB[6] with guests are
usually conducted in acidic or saline environment due to the poor solubility of the host.®***
Therefore, the H™ or metal cations function as “lids” to seal the portals, competing with
guests binding. Accordingly, unlike cyclodextrins and calixarenes, which allow a fast

exchange of the guest due to their relatively flexible openings, the members of the CB[n]

family usually display slower kinetics of guest association and dissociation and slow guest
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exchange on the NMR time scale. Two separate sets of signals for both complexed and free
species can be observed, by which the binding constants can be directly extracted. From the
temperature dependence of the binding constant and rate constants, the enthalpy and entropy
of the complexation can be deduced (-RTInK = AH — TAS).

Although considerable attention has been drawn to host-guest complexation processes
of CB[n] family and their applications, relatively little has been investigated about the
complexation mechanisms and the factors controlling the kinetics and mechanistic aspects of
their recognition behaviours. Thermodynamic and kinetics studies are of principle
importance to develop further applications of cucubiturils, However, to date, only the
complexation kinetics and thermodynamics of CB[6] with a series of alkyl- and
cycloalkylammonium cations have been studied by Nau and coworkers,*™*' by which the
complexation mechanism were proposed as shown in Figure 1.20.

The mechanism shown in Figure 1.20a applies to small uncharged guest molecules, in
which the uncharged guests can enter the cavity directly with alkali cations or protons
forming “lids” on both carbonyl rims. The mechanism in Figure 1.20b, however, is more
reasonable for the binding with organic ammonium cations of a suitable size. First, the
organic ammonium cation will coordinate with the carbonyl portal and then flip-flop to enter
the hydrophobic cavity in a second step. After investigating the binding thermodynamics and
kinetics of CB[6] with a series of organic ammonium cations in solutions at different pH and
with different types and concentrations of alkali cations, Nau and coworkers concluded that
the binding constants and the ingression rate constants decreased with the increase of the

80,81

cations or proton concentrations. The egression rate constants, however, remain almost

unaffected.
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Figure 1.20 Proposed binding mechanism of CB[6] with (a) neutral and (b) ammonium

80
guests.

1.3.4 Host-Guest Chemistry of Cucurbit[n]uril Homologues
Compared to CB[6], which has been developed for about one hundred years, the
supramolecular chemistry of other members of CB[n] family such as CB[5], CB[7], CB[8]

and CB[10], which were only isolated seven years ago, remains relatively unexplored.®*®*
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As interpreted previously, the basic principles and lessons learned from CB[6] can be
generally transferred to the whole CB[n] family. However, due to their varying cavity and
portal sizes, the CB[n] members show remarkable differences in molecular recognition

properties when compared to CB[6],%

even though they share the same characteristic
features of a hydrophobic cavity and two hydrophilic carbonyl-rimmed portals. As shown in
Figure. 1.21, CB[6] is known to be able to form very stable complexes with protonated

alkylammonium cations and modestly stable complexes with some arylammonium ions, such

as p-methylbenzylamine ion, as discussed in Section 1.3.3.2.

CBI[5] CB[6] CB[7] CB[8]
Ny HﬂH
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Figure 1.21 The binding preference of CB[n] homologues.”

The CB[5] host, due to its limited cavity and portal size, tends to bind protons as well
as metal and ammonium ions at its portals instead of binding organic guests in the cavity.
The CBJ[7], an increasingly popular member of the family, has been proven to have a high
affinity for positively charged aromatic and cyclic compounds, and metal compounds such as

ferrocene derivatives as well. The CBJ[8], as shown in Figure 1.21, can form inclusion
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complexes with even larger molecules, including cyclen and cyclam. The cavity is also large

enough to include two same or different aromatic molecules to form 1:2 or 1:1:1 complexes.

1.3.4.1 Host-Guest Complexation of Cucurbit[7]uril

The cucurbit[7]uril host molecule has attracted considerable attention in recent years
as a result of its superior water solubility relative to the others."**** The CB[7], which
shares the characteristic features of CB[6], but with larger cavity and portal sizes, is even
slightly more voluminous than B-CD and thus can form stable complexes with relatively
larger molecules. The guest molecules which have been reported to bind with CB[7] are a

variety of positively charged compounds such as viologen dications and tetracations™**’

85,86

stilbenes,84 naphthalenes, protonated amino:»,1dam:»,1ntanes,87 imidazolium cations,™ chiral

N-benzyl-1-(1-naphthyl)ethylamines®” and pyridinium derivatives,” and neutral guests

62,91-93

including adamantanes and bicyclooctanes , o-carborane,” fullerene’ and ferrocene

96-98 99,100

and cobaltocene derivertives, among others.

As 1illustrated previously, the basic principles and lessons learned from CB[6]
chemistry can be applied to others in the CB[n] family. Kaifer and coworkers have
demonstrated that many of the binding properties of CB[6] are retained by CB[7]. For
example, Ong and Kaifer investigated the binding of CB[7] with a series of guests with a
suitable size in the presence of Na" and Ca®" ions. The competition of Na” and Ca®" with
these guests reduced the K, values significantly,'®" similar to what have been observed for
CBJ6]. Kaifer and coworkers also demonstrated that CB[7] can reside on different locations

102,103

when the guest molecule has more than one active binding site, which indicates the

same high binding selectivity as observed with CB[6]. Nau and coworkers have shown the
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low polarizability of the CB[7] cavity by investigating the binding behaviour of 2,3-
diazabicyclo[2,2,2]oct-2-ene with CB[7].104’105 This study also allows one to distinguish an
alternative mechanism in fluorescence-quenching studies. The fluorescence enhancement of
anilinonaphthalenesulfonates upon the inclusion by CB[7] was observed by Wagner and
coworkers.”> The stabilization of fluorescent species and the H/D exchange of guest
molecules has been investigated and reported by our research group.*®”” More applications
based on CB[7] binding behaviours have also been reported, such as separating positional
isomers using CB[7] as an additive,'” and immobilizing proteins on a solid surface through a

7

non-covalent strategy.'”’ More binding events and applications based on CB[7] will be

demonstrated in detail in the following sections.

1.3.4.2 Host-Guest Complexation of CBJ[5], CB[8] and CBJ[10]

The other three members in the family, CB[5], CB[8] and CB[10], are relatively less
developed as they have only been isolated for a couple of years. These CB[n] homologues,
however, exhibit promising properties for future investigations in supramolecular chemistry.

Long before the isolation of CBI[5],""'® its derivative decamethylcucurbit[5]uril
(Me oCBJ[5]) was synthesized in 1992,'”” and its supramolecular chemistry properties have
also been investigated. Bradshaw, Izatt, and coworkers have discovered that Me;(CBJ[5]
displays remarkable selectivity for Pb>" ions,'' while CB[5] does not seem to possess the
same property. Other than this, CB[5] and Me;(CB[5] are expected to have the similar
complexation properties, considering the almost identical physical parameters. The
supramolecular chemistries of both CB[5] and Me (CB[5] have been limited to the binding

of small guest molecules, such as protons and metal ions. In addition, due to the constriction
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of the small sized portals, the binding events mostly happen to occur at the portals, rather

than in the cavity.''®'"!

It is reported that they both can form weak host-guest complexes
with a-, B-, y-cyclodextrins.''> The most distinguishing property of these two is that they can
bind gases such as Kr, Xe, N, Oy, Ar, N,O, NO, CO, CO, and NH; and small solvent
molecules like CH;0H and CH3CN.“3'115 Miryahara and coworkers demonstrated the
reversible sorption and desorption of gases such as N,O by solid Me;(CBJ[5], indicating the
application potentials of CB[5] and Me;¢CB[5] in reducing NOy gases levels from the
aip 116117

Compared to CB[5], CB[6] and CB[7], the CB[8] possesses a larger cavity, which
opens more possibilities in molecular recognition processes. The cavity of CB[8] is similar
to y-cyclodextrin in terms of volume, but is less conformationally flexible. Similar to other
CBJn] analogues, CBJ[8] can selectively bind to larger positively charged guests such as
adamantane and methylviologen derivatives,'®'?* by ion-dipole interactions and also prefer
to encapsulate large compounds such as fullerene,'?' which can fit perfectly in its cavity.
One striking recognition property of CB[8], which is superior to other homologues at this
point, is that it is capable of encapsulating two aromatic guests simultaneously into its cavity
to form a 1:2 or 1:1:1 host-guest complexes through hydrophobic and n-m stacking

. . 122-12
1nteractions. 6

This property has attracted considerable attention because it provides
unique opportunities in the study of bimolecular reactions,'?” and molecular recognition'*® in
microenvironments. Kaifer and coworkers demonstrated that the charge-transfer interaction
between two aromatic guests has been significantly enhanced upon the inclusion into the

cavity of CB[8], as shown in Figure 1.22.'"” The formation of a 1:1:1 complex has been

characterized by X-ray crystallography, indicating that inclusion into the same cavity brought

42



two molecules close to each other, thus facilitating the charge-transfer process. The cavity of
CB[8] is even large enough to include cyclen and cyclam, and more interesting is that the
cyclen and cyclam in CB[8] cavity can further coordinate with Cu(Il) and Zn(II) to form

R 130
metal macrocycle compounds within macrocycle complexes.

cBig
- - ] =
NN ,,_-, > 17 [(MV*" - HN) C CBle])

2% [(MV** - HB) C CB[8]] —>
3% [(MBV** - HN) C CBIB]]
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MBW" HB 2.:{;:“ e
.1 B

Figure 1.22 Charge-transfer (CT) complexes formed in CB[8] and two comparative crystal

structures.'” (On the right: crystal structures of (a) MBV**<HN in CB[8] and (b) MBV**+HN)

The CBJ[10], discovered as its CB[5]@CB[10] (CB[5] is included in CB[10] cavity)
complex a couple of years ago,*” was recently isolated by Isaacs and coworkers.®” Similar to
other family members, CB[10] retains the property of forming stable complexes with a series
of guest molecules. However, like CB[8], with the large cavity size, CB[10] shows more
novel binding opportunities and application potential. With its vast cavity (870 A’ in
volume), CB[10] can especially bind to some important chemical and biochemical substances,
such as dyes, fluorophores and peptides, which provides the possible applications in drug

delivery and peptides sensing, etc. The cavity size of CB[10] is also large enough for the
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encapsulation of some host molecules such as cyclodextrins and calixarenes, by which the
combination of utilizing the beneficial features of both hosts will be possible. However,
initial studies indicate that only one calix[4]arene derivative can be included into the CB[10]
cavity, and after inclusion it can further bind with adamantane derivatives to form a
termolecular complex. The interesting part is this calix[4]arene derivative alone does not
form complexes with any adamantane derivatives. The formation of termolecular complexes
provides CB[10] with broad applications such as in chiral recognition and efficient allosteric
control of macromolecular geometries. The preliminary research results foreshow the
promising future of CB[10], which might become competitive with CB[8] in the field of

molecular machines and biomimetic systems.

1.3.5 Applications of the Cucurbituril Family

As was discussed previously, the unique structures and the outstanding host-guest
complexation and molecular recognition properties of the CB[n] family impart them with a
variety of applications in a wide range of fields, some of which will be highlighted briefly in

this section.

1.3.5.1 Reaction Mediators

In chemical reactions, if two active reactants can be positioned in specific distance
and geometry, the reaction between them can be catalyzed in a stereoselective manner.
Cucubit[n]urils, as a result of their unique cavities, can encapsulate two molecules to form
1:1:1 or 1:2 complexes through various non-covalent interactions. Therefore, the cavities of

cucubiturils can function as a reaction “chamber” to mediate chemical reactions. The CB[6]
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was first utilized for this purpose by Mock and coworkers, to catalyze the 1,3-dipolar

addition reaction between azide and alkyene,'’

as shown in Figure 1.23. The result
indicated that the reaction was accelerated by a factor of 5.5 x 10* in the presence of CB[6].
Meanwhile, the high regioselectivity was maintained, which assures that only 1,4-
disubstituted triazole was formed as single product. This striking function of CB[6] has

subsequently been employed for the preparation of catalytically self-threading rotaxanes,'*?

pseudorotaxanes'>> and polyrotaxanes'**'** by Steinke and coworkers.

Figure 1.23 CB/6] functions as a “chamber” to catalyze the 1,3-dipolar addition reaction

between azide and alkyene."’

Recently, Kim et al. reported the highly stereoselective [2+2] photoreaction of trans-
diaminostilbene dihydrochloride catalyzed by CB[8] in aqueous solution."”* In the 1:2
complexes that are formed, the two guest molecules are held within the cavity of CB[8],
where the olefinic groups of the two guests are positioned in a parallel orientation in close
proximity, offering high stereoselectivity for the reaction. Based on the same “chamber”
effect, the Ramamurthy group and our research group simultaneously demonstrated the
CB[8]-promoted photodimerization of trans-1,2-bis(4-pyridyl)ethylene and trans-N-

stilbazoles, which leads to the syn dimer in high yield.”® Our research group recently
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reported that CB[7] can also function as a reaction mediator.”® The photodimerization of
protonated 2-aminopyridine in aqueous solution yield exclusively the anti-trans dimer, which
is stabilized upon inclusion, under the direction of CB[7] as a template.

Other than accelerating the reactions and increasing the stereoselectivity between two
reactants, CB[n] can also act as a reaction inhibitor, protecting guest molecules from
degeneration by encapsulating them into cavities. Recently, our group has reported that the
encapsulation of (E)-1-ferrocenyl-2-(1-methyl-4-pyridinium)ethylene cation into CB[7]
cavity protected it from (E) to (Z) photoisomerization in aqueous solution to a great extent.”’
Nau and coworkers demonstrated that the photobleaching and aggregation processes of dye
molecule rhodamine 6G is significantly inhibited by complexation with CB[7]."*" More
recently, our research group reported that the inclusion of the a,0’-bis(3-(1-
methylimidazolium))-p-xylene dication ion into the cavity of CB[7] remarkably inhibits the
H/D exchange of the a-carbon proton, due to the formation of hydrogen bonds between the
a-carbon protons and oxygen atoms of the carbonyl portals.®®

All of these examples illustrate that the unique cavity of the CB[n] host can function
as a chamber for proper sized guests to either accelerate bimolecular reactions with high
regio- and stereoselectivity or protect the guests by inclusion, mediating reactions in a

desired manner.

1.3.5.2 Molecular Machines and Switches
A molecular machine is a device on the molecular scale in which the components can
display reversible relative position changes upon stimulation by external factors, such as light,

electrical energy and chemical energy. This reversible change usually leads to a change in
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the physical or chemical properties of the supramolecular system, thus resulting in the change
in “output” signals, which can be used to monitor the operation of the molecular machine.
The reversibility, by which it is possible to bring the system back to the initial situation by
applying an opposite stimulus, is an essential feature for molecular machines. The term
“molecular machine” was first coined in late 1980s, and the interest in it has grown
exponentially since, such that now it has received considerable attention and research

interest.'*®

The CBJ[n] family, popular host molecules with ready availability and exquisite
selectivity, have been explored for building molecular machines.

The first example of CB[n] being employed as a component of molecular machine
was reported by Mock and coworkers in 1990."* In their work, a pseudorotaxane of CB[6]
and PhNH(CH,;)¢NH(CH;)sNH, was formed and introduced as a molecular switch, a type of
molecular machines. The CB[6] acts as a shuttle between two alkyl sites along the linear
“string” upon a change of the pH value of the system. When the pH is below 6.7, at which
point the aniline can be protonated, CB[6] will reside on the hexyldiammonium site with the
two positively charged -NH,-" groups interacting with the two carbonyl portals. When the
pH is increased higher than 6.7, at which point the anilinium will be deprotonated, the CB[6]
will vacate the monoprotonated hexyl part and move to the butyldiammonium site with two
-NH,-" groups optimizing the interactions, as shown in Figure 1.24. Kim and coworkers
demonstrated a similar reversible fluorescent molecular switch based on a pseudorotaxane

containing a CB[6] bead and a fluorenyltriamine string.'*

The shuttling of inclusion
between different locations on the guest molecule, induced by pH changes, can be easily

observed by the colour and fluorescence changes. A kinetically controlled molecular switch

has also been designed and reported by the same research group, in which the binding
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locations of CB[6] on the guest were both thermodynamically controlled and pH
dependent.'*’ A large number of papers about CB[n]-based pH-dependant molecular
switches have been published since this pioneering work, such as a pH-controlled on/off

molecular shuttle'*” and a polymeric switch based on pseudo-polyrotaxanes.'*

Figure 1.24 One example of a molecular switch based on CB[6]."**

Other than being actuated by a pH change, many molecular machines are based on
stimuli such as photochemical or electrochemical factors.'**'* Kim’s research group first
designed and reported a novel [2]pseudorotaxane-based molecular machine, in which the
guest can reversibly form a molecular loop with the CB[8] cavity upon electrochemical and

photochemical stimuli. Kaifer and coworkers, extending this work, recently reported the

7

redox-switchable dendrimers'*’ and pH- or redox-driven molecular switches based on a

142

pseudorotaxane containing CBJ[7]. More work concerning the applications of CB[n] in

. 148,14 1
fluorescent switches has been undertaken and reported by Wagner,*'**'* Nau,'* and our
122,151

research group.

Inspired by the fact that molecular machines display a change in the “output” signal
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upon stimuli, these machines were further specifically designed and used as molecular
detectors. Kaifer and coworkers first designed and constructed a CB[8]-based molecular
sensor,’” in which a binary inclusion complex between CB[8] and the 2,7-
dimethyldiazapyrenium dication (Me,DAP*") was formed, and then used to detect the
presence of electron-rich aromatic guests such as catechol or dopamine, according to the fact
that the further binding of the complex with these electron-rich guests will result in the

quenching of the fluorescence of Me;DAP*", as shown in Figure 1.25.

Figure 1.25 Formation of a binary complex, based on CB[8], acting as a detector to sense
152

catechol and dopamine by forming ternary complexes.

The molecular recognition of peptides and proteins in aqueous solution has become a
hot topic recently, with broad potential applications in the chemical and biochemical
sciences.'” Urbach and coworkers reported a novel molecular sensor for the recognition of
N-terminal tryptophan in aqueous solution by the synthetic host CB[8], which is known to be

154

capable of forming a 1:1:1 heteroternary complex with aromatic guests. In their
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investigation, a complex of CB[8] and methyl viologen (MV*>") was used to further bind with
three tryptophan-containing tripeptides. The {CB[8]MV}*" was determined to bind the N-
terminal tryptophan with a much higher binding affinity, relative to internal or C-terminal
tryptophans. In addition, the formation of a charge-transfer stabilized ternary complex is
accompanied by an increase in the charge transfer band and fluorescence quenching of the
indole moiety in the peptides. The high binding selectivity and induced change in optical
properties makes {CB[8]'MV}*" a promising molecular sensor for the detection and

separation of peptides with a specific sequence.

1.3.5.3 Drug Delivery and Gene Transfection

Given the characteristic properties such as a hydrophobic cavity and two hydrophilic
entrances at the upper and lower portions, the CB[n] family can form very stable non-
covalent linkages, in particular, with compounds having an amino or carboxyl functional
groups. As a result, numerous studies about the development of drug delivery systems using
CBJn] have been conducted in recent years. It has been reported that CB[n] can form stable

- - 99,100
complexes with some platinum compounds,

which have the potential to be used as
anticancer drugs. In addition, it was observed that the toxicity of these platinum compounds
is significantly reduced upon their complexation with CB[n]. Therefore, CB[n] can function
as a drug carrier, stabilizing and carrying the drug through the body and then releasing it
where the infection is, thus avoiding the unwanted side effects caused by the binding of
hydrolysed platinum drugs to proteins.

Nakamura, Kim and coworkers reported that CB[6] can be selectively delivered to

145

DNA by a mediator through a non-covalent self-assembly process. A guest molecule
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containing an acridine unit and tetramine regions, which can be intercalated into DNA and
bind with CB[6], respectively, has been designed and employed for this delivery process.
The CB[6] and DNA do not bind to each other alone, however in the presence of the guest
molecule a ternary complex containing CB[6], the linker and DNA were formed, as shown in
Figure 1.26. The formation of this termolecular complex partially protects the DNA from
cleavage by the restriction enzyme Banll. Similarly, Kim and coworkers recently
demonstrated that a series of dendrimers containing diaminobutane moieties can form ternary

complexes with CB[6] and DNA, functioning as an efficient gene delivery carrier.'>
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Figure 1.26 CB[6] can be delivered to DNA through a non-covalent self-assembly.'”

1.3.5.4 Waste-Stream Remediation
Behrend and coworkers first reported the complexation of indicator dyes such as
Congo red and methylene blue with CB[6] in 1905,°*% which opened the gate for CB[n]

being employed for the treatment of waste streams. Research carried out by the Dantz and

156,157

Buschmann groups suggested that CB[n] could function as a sorbent for water treatment

by removing aromatic compounds from contaminated water sources, and dyes from textile

158-160
L.

wastewater. However in 2001, Karcher ef a investigated the influence of parameters
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such as pH, temperature and salt concentrations on the sorption of these guests by CB[n],
revealing that CB[n] is not actually feasible as a sorbent in wastewater treatment due to their
poor solubility unless they are covalently fixed onto suitable supporting materials which
could reduce the dissolution problem. The fixation of CB[n] on a supporting carrier such as
silica has been developed, however the regeneration of CB[n] is still a major issue.
Therefore, to date the practical application of CB[n] for wastewater treatment remains

unlikely for economic reasons.

1.3.6 Cucurbit[n]uril Derivatives

Despite the wide range of applications of the CB[n] family in molecular recognition,
self-assembly and nanotechnology, described in the previous sections, the major limitations
such as poor solubility in both aqueous and organic solutions and the difficulty in introducing
functional groups on their surface, have blocked further expansion of their possible
applications. Therefore, numerous attempts to prepare CB[n] derivatives to overcome these

main shortcomings have been carried out over the past several years.

1.3.6.1 Synthesis of Cucurbit[n]uril Derivatives

In principle, there are three potential pathways to introduce functional groups at the
periphery of CB[n], as shown in Figure 1.27.” The condensation of substituted glycolurils
with formaldehyde (route 1) and the direct functionalization at the “bridging” position or at
methylene linkers (route 3) turn out to be effective and are now widely used for the
preparation of CB[n] derivatives. Attempts with route 2, however, using substituted

aldehydes, have never shown a trace of success, despite the numerous efforts.
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Figure 1.27 Three ways to introduce functional groups at the periphery of cucubiturils.””

The first reported work, by Stoddart and coworkers in 1992, was the successful
synthesis of Me;(CB[5] from dimethylglycoluril and formaldehyde through route 1 under

g .. 109
acidic conditions.

However, it turns out that the introduction of methyl groups does not
improve the solubility of CB[n] in common solvents. Later on, Kim and coworkers
demonstrated that the formation of CB[n] derivatives with fused cyclohexyl rings on the
“equator” position increased the solubility significantly in both water and organic solvents,
such as DMF.'" The limitation of this method is that only small homolog (mainly CB[5])
derivatives are formed due to relatively large steric hindrance in the cyclization process.
Nakamura and coworkers reported the synthesis of partially substituted CB[n] by
condensation between a mixture of glycoluril and a substituted glycoluril, in specific ratios,

162

and formaldehyde. The formation and separation of MesCB[6] and MesCB[6] were
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reported by Day and coworkers by employing glycoluril and dimethylglycoluril bis(cyclic
ether), as the equivalent of dimethylglycoluril, with formaldehyde in the condensation
reaction.'® Recently, partially substituted CB[6] derivatives with reactive functional groups
including m- and p-diaminophenyl were synthesized and reported by the Kim group.”’ The
solubilities of m- and p-diaminophenylCB[6] in water have been determined to be fairly good,
which allows for the further purification of crude products by gel permeation
chromatography and opens up new opportunities in applications.

Route 3, referred to as direct functionalization of CB[n], was thought unlikely for a
long time because of the high chemical stability of the CB[n] themselves. However, Kim
and coworkers have recently developed the first direct functionalization method, in which
K,S,05 was employed as an oxidant for CB[n] in aqueous solution, to yield hydroxyl
derivatives of CB[n] in moderate yield. Optimizations of the reaction condition are still in
progress and partial hydroxylation of CB[n] was also proven to be possible, however a
complex mixture of hydroxylated products is formed. The high solubility of hydroxyl CB[n]
derivatives in DMSO and DMF makes the further functionalization via conventional organic

transformation methods such as acylation or alkylation possible.

1.3.6.2 Applications of Cucurbit[n]uril Derivatives

Ions channels are of great importance in controlling ion transportation across
membranes, which are usually too hydrophobic for the ion to pass alone. Given the
resemblance of the carbonyl portals to the selectivity filter for the K* channel, alkylated CB[n]
compounds, such as [CH3(CH,);S(CH;);0].,CB[n] (n = 5, 6) were synthesized and

incorporated into a unilamellar vesicle by Kim and coworkers, functioning as a ion channel
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for proton and alkali metal ions with high selectivity.'®*

Kim’s group recently reported a new amphiphilic CB[6] derivative
(CH3(OCH,CH,)3S(CH;);0)12,CB[ 6], which can form a vesicle upon sonication with water
for 30 minutes.'® The easily accessible cavity at the vesicle surface and their strong affinity
toward polyamines make further modification of the vesicle fairly easy through noncovalent
host-guest interactions instead of conventional covalent bonds, which usually requires multi-
step synthesis and ends up with low yields. This novel feature will lead to more broad
practical applications, such as use in targeted drug/gene delivery systems and in the
development of nanostructural materials.

More applications of CB[n] derivatives in a wide range of fields have been
reported.'®'%” For example, the use of (allyloxy);2CB[6] in the formation of and further
functionalization of 2D polymers was investigated, and the immobilization of CB[n]
derivatives on a solid surface, functioning as molecular sensors, was also demonstrated by
the Kim group.” Recently, CB[n]-anchored silica gel with high separation efficiency for

70,72

alkaloids was reported by the Kim’*"* and Liu®’ research groups, independently. In addition,

the usage of CB[n] derivatives in constructing ion selective electrodes and in the field of

e e . 168
antibiotics is under development.

1.3.7 Summary and Perspectives

Although the first member in the CB[n] family, CB[6], was synthesized over one
hundred years ago, the supramolecular chemistry of this family has just begun to blossom
due to the major shortcomings such as poor solubility and inability of further modification.

Despite these drawbacks, as novel host molecules with a pumpkins shape, CB[n] still draw
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considerable attention in the studies of molecular recognition and host-guest chemistry.
Because of their unique and rigid structures, with a hydrophobic cavity accessible from two
carbonyl-lined portals, the CB[n] family displays remarkable binding affinity to
alkanediammonium ions with high size, shape and functional-group selectivity and usually
slow exchange kinetics. To date, the study for binding kinetics and mechanism has been
limited to investigations between CB[6] and alkanediammonium ions, which were mainly

reported by Nau and coworkers.***!

With the synthesis and isolation CB[n] homologues
such as CB[5], CB[7] and CB[8] by the Day®**’ and Kim®' research groups, the applications
of CB[n] family have been expanded dramatically in the many areas such as the catalysis of
chemical reactions, development of molecular machines and sensors, waste stream
purifications, and drug and gene delivery. Recently, the functionalization of CB[n] brought
their chemistry into another dynamic stage, in which the earlier problems are fully or
partially solved and more practical applications in chemistry, physics, biochemistry and
material science are likely to be developed. The unique structure and novel complexation
properties suggest that CB[n] family will challenge other well-known host molecules like

cyclodextrins and crown ethers as a molecular recognition platform and become important

components in molecular machines, sensors and nanotechnology.

1.4 Research Aims

Given the novel structural and binding properties of the CB[n] family and inspiration
from the research of other groups worldwide, my research has been focused on investigations
of the host-guest complexation of CB[n] with a series of guest molecules whose physical,

chemical or electrochemical properties will change upon the inclusion into the CB[n] cavity,
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and can be monitored and spectroscopically characterized by techniques such as NMR, UV-

visible, and circular dichroism spectroscopy, mass spectrometry, cyclic voltammetry, and

polarimetry. The specific aims are as follows:

1.

To investigate the different binding behaviours of CB[6] and CB[7] towards a
tetracationic bis(viologen) guest molecule, [CH3bpy(CH,)sbpyCH;]*" (bpy = 4,4’-
bipyridinium), exploring the possibility of the formation of pseudorotaxanes.

To study the chirotopic behaviour of chiral molecules (S)- and (R)-N-benzyl-1-(1-
naphthyl)ethylamine (BNEAH") upon the complexation with the achiral CB[7] in
aqueous solution.

To investigate the kinetics of the electron self-exchange and electron-transfer
reactions of the (trimethylammonio)methylferrocene (FCTMA™) host-guest complex
with cucurbit|[ 7]uril in aqueous solution.

To extend the investigations of CB[7] and CB[8] complexes of ferrocenes to other

metallocenes, such as bis(ferrocene) and titanocene guest molecules.
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Chapter 2

HOST-GUEST COMPLEXATION BETWEEN
CUCURBIT[6]JURIL AND CUCURBIT[7]URIL WITH A
TETRACATIONIC BIS(VIOLOGEN) GUEST

It has been demonstrated in Chapter 1 that CB[6] and CB[7] show different binding
preferences due to different cavity sizes. In this chapter, a tetracationic bis(viologen) guest
molecule has been synthesized and employed to investigate the different binding behaviours
of CB[6] and CB[7] in aqueous solution by 'H NMR titrations and mass spectrometry. The
formation constants for the [2]pseudorotaxanes and the [3]pseudorotaxane based on CB[6]
and CB[7] were determined by different methods to be Kcps) = (8 + 2) x 10° M'l, Kcpp = (6
+2)x 10°M™" and Kscgp71 = (6.8 £0.5) x 10> M, respectively, which are in good agreement
with the values reported for the formation of complexes with similar guests. The effect of
the [Host]/[Guest] stoichiometry on the binding modes was studied as well. For CB[6], only
a [2]pseudorotaxane was formed with CB[6] residing on the central aliphatic chain, even
with a large excess of CB[6] (up to 1.9 equivalents). However, in the case of CB[7], a
[2]pseudorotaxane with CB[7] including the central hexamethylene chain was formed when
the CB[7] is insufficient (less than 1.0 equivalent). With an increase in the concentration of
CBJ7], the [2]pseudorotaxane was converted into a [3]pseudorotaxane with two CB[7]

encapsulating the two viologens, which can be monitored by the changes in the chemical
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shifts of the guest proton resonances in the 'H NMR spectra. With the encapsulation of one
of the viologen groups by a second CB[7], the first CB[7] was forced to abandon its inclusion
of central aliphatic chain and move on the other viologen group due to the repulsive
interaction between carbonyl portals of CB[7] molecules, thus forming the
[3]pseudorotaxane. The formation of these pseudorotaxanes is further confirmed by
MALDI-TOF-MS spectrometry. For the first time, a cucurbituril molecular machine which
is controlled by the host-guest stoichiometry was demonstrated, opening up new potential

applications of CB[n] host molecules in the construction of molecular shuttles and switches.

2.1 Introduction

Due to the different cavity sizes, CB[6] and CB[7] have different binding preferences.
CBJ6] tends to form stable complexes with aliphatic alkanes, while CB[7] shows high
affinity for aromatic moieties, such as pyridines and viologens.'> Among the guest
molecules that have demonstrated specific molecular recognition in their binding modes with
the CB[6], CB[7], and CBJ[8] hosts, the N-alkylated viologen cations have perhaps received

17 Kim and coworkers have reported the formation of

the most attention.”
polypseudorotaxanes based on CB[6] and polyviologens with decamethylene spacers
between the viologen groups,® with the CB[6] host residing on the decamethylene chains,
rather than the viologen units. Kaifer and coworkers have demonstrated that while the parent
methyl viologen dication can form a very stable guest-host complex with CB[7] (Kcgj71= 10°
M™% it hardly binds to the smaller CB[6] host (Kcgjs)= 21 M. Recently, Kaifer and co-
workers have reported that the {RVR*CB[7]}*" binding mode changes with the length of the

10,11

aliphatic chains (R) on the viologen (V). When the aliphatic chain on the viologens are
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shorter than three carbons, the CB[7] host tends to include the aromatic part of the viologens.
For viologens with an aliphatic chain which is longer than three carbons, however, the CB[7]
will reside on the aliphatic chain due to the favourable hydrophobic interactions between the
CB[7]’s inner cavity and the terminal aliphatic chain. A simple pH controlled molecular
shuttle in which the alkyl substituents (penta- and hexamethylene) of the thread are
terminated by carboxylic acid groups was designed and constructed based on this binding
behaviour change.'* When the carboxylate groups become protonated at low pH, the CB[7]
bead will reside over the alkyl groups. Upon the deprotonation of the carboxylate groups, the
CB[7] will switch to residing over the bipyridinium core to optimize the electrostatic
interactions. Tuncel and co-workers'® have recently reported on pH controlled molecular
switches based on a CB[6] rotaxane where the binding modes are dictated by acid-base
chemistry or heat stimuli. Liu and co-workers have shown that CB[7] resides on one of the
octyl chains on the N,N’-dioctyl-4,4’-bipyridinium dication, but that it can be moved to the
bipyridinium moiety by addition of a-cyclodextrin."”

This chapter describes an investigation of the binding modes of the tetracationic
bis(viologen) guest [CH3bpy(CH,)sbpyCH;]*" (L*") with CB[6] and CB[7]. The host-guest
complexes were investigated by 'H NMR spectroscopy as a function of the CB[n] to guest
ratio, revealing that the CB[n]/guest stoichiometry has a significant effect on the binding
mode of CB[7], whereas no effect on the binding mode of CB[6] was observed. As shown in
Scheme 2.1, only the [2]pseudorotaxane was formed, with CB[6] residing on the central
hexamethylene chain, even with host/guest ratios up to 1.9. In the case of CB[7], when the
host/guest ratio is lower than one, the formation of a 1:1 complex was observed with CB[7]

encapsulating the aliphatic chain, similar to the one with CB[6]. When the ratio of host/guest
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is increased beyond one, the binding of the second CB[7] with one of the viologen units will
force the first CB[7] to vacate from the central chain and move on to the other viologen unit
due to the repulsive dipole-dipole electrostatic interactions between the carbonyl portals of

two CB[7] hosts, thus forming the CB[7] [3]pseudorotaxane.

7 N/

Z ~0
CB[6]

& N\ / N
DZO/NaCI \/O
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7N Ne—
» \/IQO— OO
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Figure 2.1 Schematic illustration of different binding modes of CB[6] and CB[7] with the

tetracationic bis(viologen) guest [CH3bpy(CH>)sbpyCH3]"".
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2.2 Experimental
2.2.1 Material Preparation

Cucurbit[7]uril was used as received (Aldrich), while the cucurbit[6]uril was
synthesized by the method developed by Mock and co-workers'® and characterized by 'H
NMR spectroscopy and mass spectrometry. To a 50 mL three neck flask with 5.68 g
glycoluril (40 mmol) in 20 mL 9 M sulfuric acid, 7 mL formaldehyde (in water) was added at
70 °C, and then the mixture heated to 90 °C and kept at this temperature for 36 hours. The
reaction mixture was then poured into 200 ml water, followed by the addition of 1.0 L of
acetone to produce a precipitate. After 15 minutes, the supernatant was removed by filtration
and the resulting solid was further washed with a mixture of water and acetone in a 1:4 ratio
(1.0 L) twice and then transferred to a 1:1 mixture of water/acetone (200 mL) and stirred for
20 minutes. The final solid was collected by filtration and washed with water (100 mL) and
dried under vacuum. Yield: 45%. "H NMR (in D,0) & 5.63 (d, J = 15.6 Hz, 14H), 5.44 (s,
14H), 4.20 (d, J = 15.6 Hz, 14 H) ppm. TOF-MS (in H,O): m/z = 1019.6 (theoretically
1019.3) for [M+Na]".

The bis(viologen) ligand [CH3;bpy(CH;)¢bpyCHs]ls was prepared by adapting a
literature procedure.”” To a solution of 4,4’-bipyridine (8 mmol) in 3 mL of DMF was added
1,6-diiodohexane (2 mmol) in 15 mL of DMF dropwise over a period of 26 h while the
temperature of the reaction mixture was maintained at 70 °C. After cooling, diethyl ether
was added to produce a yellow precipitate of [bpy(CH;)sbpy]l,. This compound was
subsequently treated with 3 equivalents of iodomethane in 5 mL. of DMF and heated at 90 °C
for 10 h. The resulting red precipitate was filtered and dried under vacuum to give

[CH3bpy(CHa)ebpyCH;]Ls. Yield: 70%. Mp: 244-246 °C (decomposed). 'H NMR (DMSO-
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dg), as shown in Figure 2.2, 6 9.42 (d, J = 6.4 Hz, 4H), 9.29 (d, J = 6.8 Hz, 4H), 8.81 (d, J =
6.4 Hz, 4H), 8.77 (d, J= 6.8 Hz, 4H), 4.71 (t, J = 7.4 Hz, 4H), 4.44 (s, 6H), 2.00 (m, 4H), and
1.40 (m, 4H) ppm. *C NMR (DMSO-ds) (Figure 2.3): § 148.5, 148.0, 146.6, 145.7, 126.5,
126.1, 60.6, 48.1, 30.4, 24.9 ppm. MS (MALDI-TOF-MS): m/z = 806.9947 (M - I]");

calculated 806.9917.
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Figure 2.2 'H NMR spectrum of [CH;bpy(CH,)sbpyCH;3]l; in DMSO-ds obtained at 400

MHz at 25°C.
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Figure 2.3 °C NMR spectrum of [CH;bpy(CH,)sbpyCH;s]l; in DMSO-ds obtained at 100

MHz at 25°C.

2.2.2 Methods and Instruments

The "H NMR and C NMR spectra were measured on a Bruker AV-400MHz NMR
spectrometer. The 'H NMR titration data was obtained by preparing 1.0 mM of the guest
molecule in DO in the absence and presence of varied concentrations of CB[n] (up to 2.5
equivalents). The solutions were thoroughly mixed and allowed to equilibrate for several
minutes in the probe (25 °C) before the spectrum was acquired.

The mass spectroscopy measurement was carried out on a Voyager DE-STR matrix
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometer
(Applied Biosystems, Foster City, CA) equipped with a UV laser (337 nm). The sample was
mixed with the matrix of 2,5-dihydroxybenzoic acid (DHB) on a MALDI target and dried at

room temperature, and then analyzed at positive ionization mode. The MALDI-TOF
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instrument was operated in reflectron mode with the accelerating voltage of 20 kV. The
acquired data were processed using the software Data Explorer version 4.0 (Applied

Biosystems).

2.2.3 Determination of the Host-Guest Stability Constants

'"H NMR titration experiments were performed to determine the binding constants of
CBJ6] and CBJ[7] with [CH3bpy(CH2)6bpyCH3]4+ in D,O. Mixtures of 1.0 mM solutions of
[CHgbpy(CHz)ébpyCHﬂ4+ with different amounts of CB[7] (up to 2.5 mM) were prepared in
D,0 with /= 0.1 M NacCl, and sonicated to completely dissolve the solutes before performing
the NMR measurements.

When the binding between host (CB) and guest (G) is kinetically slow on the 'H
NMR timescale,** it is applicable to determine the proton resonance integrations for both
bound (Ipound) and free species (Isee) separately, which can then be used to determine the

binding constant by the following equation:

CB+G =—— C(CB -G

[CB-G]
K= 2.1)
[CB]free[G]free
Given: [CB N G] + [CB]free = [CB]total (22)
[CB ' G] + [G]free = [G]total (23)
And: [G]free/ [CB ' G] = Ifree/Ibound (24)
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The binding constant K¢ can be interpreted as:

[CB-G]

Kep (2.5)

" {[CBJotal - [CB- G1}[Gliree

In equations 2.3 and 2.4, the values of [Gliotar and [CBJiotar are known, the value of Ifee/Inound
can be calculated from the '"H NMR spectrum, and therefore the values of [CB +G] and
[Glfee can be calculated. The value of the binding constant Kcp can thus be determined by
equation 2.5.

However, when the exchange between free and bound species is fast on the '"H NMR

timescale,m'34

the signal observed in the NMR spectra will have the average chemical shift of
both species. In this case, the complexation constant can be determined by a quantitative 'H
NMR titration method. For the 1:1 complex formed in solution, the observed chemical shift
dobs for the guest is the average of the chemical shifts of the nucleus in free and complexed

guest. Given the chemical shift of free guest (6g) and the limiting chemical shift for complex

(01im), the observed chemical shift 6,55 can be expressed by the following equation:

dobs = f10 0G *f11 Otim (2.6)

in which fjo and f;; represent the corresponding fractional occupancies of the free and bound

states of the guest, respectively. Since fio+ f11 = 1, equation 2.6 can be written as:

dobs = f11 (O1im — 0G) + dg (2.7)
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The chemical shift differences are defined by:
A8obs = 8obs - 6G

Adjim = Otim —0G

which will make equation 2.9:
A8obs =ﬁl ASlim

The total concentration of guest is defined as [G];, and given fi;

[CB +GJ/[G], thus the binding constant for 1:1 complex can be written as:

_IcBGl i
" [CBIIG]  [1-/,][CB]

Combined with equation 2.9, the following equation can be deduced:

1 1 1
= +
A6obs AESlim[(l 1[CB] Adjim
That is:
[CB] 1 . [CB]
A6obs ASlim[<l 1 ASlim

Since: [CB] = [CB];— [CB +G], equation 2.12 can be rearranged as:

[CB],  [CB]i+[G]; - [G]iASobs/Adyim 1
= +
ASobs ASlim ASliml(l 1
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(2.8b)

(2.9)

= Alobs/Adlim =

(2.10)

2.11)

(2.12)

(2.13)



Nakano et al.”® developed a graphical technique to determine binding constant when
the concentrations of host and guest are comparable, in which a plot of [CB]/Adqps against
[CB]; + [G]; was made at first based on the '"H NMR titration data to give an estimate value
for Adjim. This value of Adjn 1s used to calculate [CB+G], based on fi; = Adobs/Adlim =
[CB +G]/[G]s, and then a plot is made according to equation 2.13. Iterations are carried out
until the plots converge. The value of Adjm can be calculated from the slope of the curve,

and combined with the value of intercept of the curve, the value of K;; can be determined.

2.3 Results and Discussion
2.3.1 Binding Between CB[6] and [CH3bpy(CH.)sbpyCH3]**

The binding behaviour of [CH3bpy(CH,)sbpyCHs]*" with CB[6] was investigated first.
The "H NMR spectra of CH3bpy(CH,)sbpyCH;*" in the absence and in the presence of 0.6,
1.1 and 1.9 equiv. of CB[6] in 0.1 M NaCl/D,0 (recorded after 24 h incubation in a 50 °C
water bath) are shown in Figure 2.4. With the addition of CBJ[6], significant upfield shifts for
the HP, and Hy methylene protons are observed. Meanwhile, for the aromatic protons, the
H2’ and H3’ protons, which are near to the central aliphatic chain, experience downfield
shifts of 0.53 and 0.05 ppm, respectively, while the aromatic H2 and H3 resonances and the
methyl resonance remain essentially unchanged. Given the fact that upfield complexation-
induced chemical shifts of the resonance are associated with the inclusion of the guest into
the interior cavity of cucurbiturils and the downfield shifts are observed for the protons

36-38

which are located near to the carbonyl portals, the resonance changes of the guest upon

the inclusion reveal the formation of a [2]pseudorotaxane with the CB[6] residing on the
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central hexamethylene chain, with two positively charged nitrogen atoms interacting with the
carbonyl oxygen atoms of the CB[6] portals. No inclusion of CB[6] over the aromatic
moieties is observed even with 1.9 equivalents of CB[6], which can be explained by the low
binding constant of CB[6] with the methylviologen cation (K = 21 + 2 M), reported by

Kaifer and coworkers.’

- = = ,
M )—( N—CH
2 3 3 z g5 7 w4 Ny 3

LT F AN W .
HSE_N@_F J{.f}—fq_l,\:'_l;?r'-.l o I

[CH3bpy({CHz)sbpyCHal* (L*7)

2 2
3 3 nooy

L i, P,

___L__ J!_.__J.’._.hd_,___ —_— A

, Ppm

Figure 2.4 'H NMR spectra of [CH3bpy(CH>)sbpyCH3J*™ (1 mM) in the absence and in the
presence of 0.6, 1.1 and 1.9 equivalents of CB[6] (from bottom to top) at 25 °C in 0.1 M
NaCl/D;0 after 24 h incubation in a 50 °C water bath.
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The formation of a 1:1 complex is confirmed by the result of the MALDI-TOF mass
spectrum with peaks at m/z = 355 for [L+CB[6]]*" 474 for [L+CB[6]H'T’", 711 for
[L+CB[6]-2H]*", and 774 for [L+CB[6]+I-H']*". Since the exchange between the free and
bound species is slow on the NMR scale, as indicated by the separate resonances
corresponding to respective protons of the free and bound guest, the stability constant for the
formation of the [2]pseudorotaxane was determined by a 'H NMR titration (based on
Equation 2.5, as illustrated in Section 2.2.3) to be Kcpjej= (8 + 2) X 10° M, which is in good
agreement with the value of 2.5 x 10* M™' reported by Buschmann and co-workers for the 1:1
complex between [bpy(CH,)sbpy]*" and CB[6].* The complex is thermodynamically stable,

with no dissociation being observed from NMR experiments up to 65 °C.

2.3.2 Binding Between CB[7] and [CH3bpy(CH.)sbpyCH3]**

As has been discussed previously, CB[7] has attracted considerable attention as a host
molecule in recent years in part due to its superior water solubility relative to other
homologues. The CB[7], which shares the characteristic features of CB[6], but with a larger
cavity and portal sizes, is even slightly more voluminous than B-cyclodextrin and thus can
form stable complexes with relatively larger molecules, such as viologens, stilbenes,
protonated aminoadamantanes, ferrocene and cobaltocene derivertives.*** The
complexation of CB[7] with the [CH3bpy(CH2)6bpyCH3]4+ tetracation was conducted in 0.10
M NaCl/D,O and monitored by 'H NMR spectroscopy. Two different binding behaviours
are revealed by the NMR titration result. As shown in Figure 2.5, when the ratio of CB[7] to
the guest is lower than 1.1, the resonances of the aliphatic HB and Hy resonances move

upfield by 0.75 ppm, and the H2, H3, and H3’ aromatic protons are observed to be slightly
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downfield-shifted. This is similar to what was observed for CB[6], indicating the formation
of a [2]pseudorotaxane with CB[7] residing on the central hexamethylene chain. The
resonance for the aromatic H2’ proton is found to be slightly upfield-shifted, which is
different from the case with CB[6], where a downfield shift in proton H2’ is observed,

suggesting that larger bound host has a greater range of motion along the chain.
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Figure 2.5 'H NMR spectra of [CH3bpy(CH,)sbpyCH3J*" (1 mM) in the absence and in the
presence of 0.3, 0.6, 0.9, 1.1, 1.4, 1.6, 1.8, 2.1 and 2.5 equivalents of CB[7] (from bottom to
top) at 25 °Cin 0.1 M NaCl/D;0.
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The formation of this 1:1 complex can be confirmed by the result of mass
spectrometry, with peak at m/z = 397 for [L+CB[7]]*" and 857 for [L+CB[7]-H]*". The
exchange between the free and bound species of this CB[7] [2]pseudorotaxane is slow on the
'H NMR timescale, such that two sets of peaks are observed in the '"H NMR spectra, similar
to the case of CB[6]. The equilibrium constant is determined to be Kcpp7; = (6 + 2) x 10° M
(AG® = -5.3 kcal mol™) from the integrations of the free and bound guest species using
equation 2.5.

As the ratio of CBJ[7] to guest is increased beyond one, the resonances of aromatic H3
and H3’ protons undergo a considerable upfield shift from 8.6 ppm for the [2]pseudorotaxane
to a limiting shift of 7.1 ppm for the [3]pseudorotaxane (shown in Figure 2.5), similar to
what was observed for these protons in CB[7] complexes of other symmetrical RVR*"
viologens."” Meanwhile, the resonances of the aliphatic HB and Hy protons move downfield
toward the original chemical shifts observed in the free guest, suggesting that the
[2]pseudorotaxane is converted into a [3]pseudorotaxane by the inclusion of the tetracationic
thread by a second CBJ[7] host. In the presence of a second CB[7] molecule, the original host
molecule is forced to abandon its inclusion of the hexamethylene chain in favour of the
unoccupied viologen group. The simultaneous inclusion of the hexamethylene chain and an
adjacent viologen group is less stable because of electrostatic and steric interactions between
the hosts in these locations. The polar carbonyl-rimmed portals would result in significant
repulsive dipole-dipole electrostatic interactions between two CB[7] hosts when placed over
neighbouring regions of the guest. With the two CB[7] encapsulating the two viologen
groups, each portal of the host is adjacent to its own set of positive charges, maximizing the

number of ion-dipole interactions between the guest and hosts. In addition, because of the
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bend in the long axis of the guest between the viologen and hexamethylene sections of the
guest, there would be some unfavourable steric interactions between two hosts on adjacent
sections of the guest.

The formation of the 2:1 complex can be further confirmed by the result of mass
spectrometry, in which a peak at m/z = 688 for [L + 2CB[7]]*" is observed. The exchange
between the free and bound guest molecules are observed to be fast on the 'H NMR
timescale, as indicated by the average resonances for the free and bound species in Figure 2.6
when the ratio of [CB[7]] to [L*'] is higher than one.

A plot of chemical shift changes for protons H3/H3’ of L*" as a function of the
concentration of CB[7] was made, as shown in Figure 2.6, to determine the stability constant
for the binding of the second CB[7] to L* to form {L°2CB[7]}>4+ using equation 2.13,
although equation 2.13 is designed for the determination of binding constant for 1:1 complex
with fast exchange on the "H NMR timescale. The exchange between free and bound species
is slow when the first equivalent of CB[7] is added, and then the process becomes a fast
exchange when the second CB[7] is added and the first CB[7] is forced to move along the
guest from the central chain to the other viologen group. Technically, as only one CB[7] was
introduced to the whole system, the process can be considered as the formation of a 1:1
complex between {LCB[7]}*" and CB[7]. Therefore, by plotting the values of [CB]y/Adobs
against [CB]; +[L*], — [{L+2CB[7]}*1,based on equation 2.13 (the inset of Figure 2.6), the
value of Kjcg[7) was determined to be (6.8 = 0.5) x 10> M (AG® = -3.9 kcal mol™) from the

ratio of the slope to the intercept.
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Figure 2.6 Chemical shift change of H3/H3’ protons of the [CHsbpy(CH)sbpyCH3]*" guest
upon addition of CB[7]. Inset: a plot of [CB[7]]/Ad.ss against [L], + [CB[7]];
+([L]:Adops/ Abiim) from which the value of K>cpr7; was determined.

This value is substantially smaller than the binding constant for a 1:1 complex
reported for the inclusion of dialkylviologen dications with CB[7] (10*-10° M™),"” indicating
that the extra process of shifting the original CB[7] bound to the hexamethylene chain over to
the viologen unit makes the adding of the second CB[7] less favourable. The overall
favourability of including two viologen units (2AG° = -7.8 kcal mol™), as opposed to having
a free CB[7] residing on the hexamethylene chain (AG® = -5.3 kcal mol™), provided the

driving force for the formation of the [3]pseudorotaxane.
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2.4 Summary

In this chapter, the binding behaviours of CB[6] and CB[7] with a tetracationic
bis(viologen) guest molecule [CH3bpy(CH,)sbpyCHs]*" were investigated by '"H NMR and
MALDI-TOF-MS experiments. Both CB[6] and CB[7] formed [2]pseudorotaxanes with the
guest, with the CB[n] residing on the central hexamethylene chain, while CB[7] can also
form a [3]pseudorotaxane with two host molecules located on the two viologen groups.
When more than one equivalent of CB[7] was introduced to the system, the initial CB[7] host
which was on the central chain will vacate the inclusion of the hexamethylene chain as a
result of the electrostatic and steric repulsions that would arise in simultaneous binding of
adjacent aliphatic and aromatic portions of the guest. The significant effect of the
stoichiometry of the CB[7]/guest ratio on the binding behaviour suggest its potential
applications in the construction of stoichiometry-controlled molecular machines. Very
recently, combinations of cucurbiturils and cyclodextrin have been used to make new
examples of pseudorotaxanes, in which the different binding behaviours of the two types of

47,48 47
’ In one study,” a

host were used to create novel supramolecular complexes.
[3]pseudorotaxane was prepared with one equivalent each of CB[7] and B-CD on a Ru(bpy)s-
terminated viologen-naphthalene guest in which the CB[7] was positioned initially over the
viologen group. The addition of the B-CD, which bound over the linker between the

viologen and the naphthalene units, pushed the CB[7] to the linker between the Ru(bpy); and

viologen units. The authors described it as a “tightened nut on bolt” structural mode."’
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Chapter 3

HOST-GUEST COMPLEXATION BETWEEN AN ACHIRAL
CUCURBIT[7]URIL HOST AND CHIRAL GUEST MOLECULES

The effects of cucurbit[n]uril encapsulation on the chemical, optical and
electrochemical properties of guest molecules have been widely investigated. In this chapter,
the chiroptic behaviours of one set of chiral molecules (S)- and (R)-N-benzyl-1-(1-
naphthyl)ethylamine (BNEAH") upon the inclusion in the hydrophobic cavity of CB[7] in
aqueous solution have been investigated by '"H NMR, UV-visible and circular dichroism
spectroscopy, polarimetry and electrospray mass spectrometry. The binding stoichiometry
was determined by a Job’s plot and a '"H NMR titration and the stability constant was
calculated to be (1.2 £ 0.4) x 10* M" by '"H NMR competative binding method. The
chiroptic behaviour of the guests upon inclusion in the CB[7] cavity in aqueous solution was
investigated by polarimetry and circular dichroism spectrometry and will be discussed in the

terms of the configurations of the substituents about the chiral center.

3.1 Introduction

As the most popular member of the CB[n] family, CB[7] has drawn more recent
attention than other homologues as the result of its comparatively superior solubility in
aqueous solution. As with B-cyclodextrin,'” the cavity of CB[7] can accommodate aromatic
molecules, with a portal diameter of 5.4 A and an internal cavity diameter of 7.3 A.> The
binding between CB[7] and a variety of hydrophobic cationic guest molecules,” such as

viologens,'® metallocene cations (with Kcgp > 102 M™).,"""* has been investigated.
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Cucurbit[n]urils, especially CB[7], have been widely used to modify the chemical and

14-18

spectroscopic properties of guest molecules. This has included photodimerization

19-24 25-28

reactions, stabilizations of dyes and other guest molecules, and fluorescence
switches.”

The formations of supramolecular guest-host complexes involving chiral components
have been widely investigated.’®>' Chiral selectivity in guest-host molecular recognition has
been employed in chiral separations and asymmetric synthesis and catalysis. Amongst the

chiral cyclic host molecules available, the cyclodextrins have perhaps received the greatest

attention.’”>* Achiral host molecules, which are induced-fit type receptors, such as crown

35-37 39

ethers, calixarenes and resorcarenes,”*° and porphyrin tweezers,”*** are found to be
capable of forming chiral host—guest complexes by including chiral guests. Unlike the chiral
cyclodextrin host molecules, the achiral host molecules such as cyclic cucurbituril hosts
should not exhibit any chiral selectivity in guest-host molecular recognition. Rekharsky et
al.,* however, have recently shown that enantiomeric host-guest complexes composed of
CB[6] with (R)- or (S)-2-methylpiperazine provide 95% enantioselectivity towards binding of
a second chiral guest, (S)-2-methylbutylamine. In research described in this chapter, the
chiroptic behaviour of the guest-host complexes composed of the optical isomers of

protonated  (R)/(S)-N-benzyl-1-(1-naphthyl)ethylamine (BNEAH') in an achiral

cucurbit[ 7]uril host cavity was investigated, as shown schematically below in Figure 3.1.
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CB(7]

Figure 3.1 Formation of a host-guest complex between cucurbit[7]uril and (R)-N-benzyl-1-

(I-naphthyl)ethylamine.

3.2 Experimental
3.2.1 Material Preparation

The hydrochloride salts of (R)/(S)-N-benzyl-1-(1-naphthyl)ethylamine ((R)- and (S)-
BNEAH") were used as received from Aldrich (structures are as shown in Figure 3.2). 'H
NMR (400 MHz, D,0O) 6 = 1.73 (d, 3H), 4.03 (d, H), 4.18 (d, H), 5.27 (q, H), 7.21 (m, 2H),
7.33 (m, 3H), 7.55 (m, 3H), 7.59 (d, H), 7.69 (m, H), 7.83 (d, 2H) ppm; ESI-MS: m/z = 262.5

(S) and 262.6 (R) for [M-CI]" (theoretically 262.2)
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2 4’

R{=H: Ra = CHg (S)-BNEAH*
Ry=CHg; Rz =H (A)-BNEAH*

Figure 3.2 The structure of the guests (S)- and (R)-BNEAH".

Cucurbit[7]uril was prepared by the method developed by Day and coworkers as
follows.*® Finely powdered glycoluril (10 g, 70 mmol) and powdered paraformaldehyde
(4.22 g, 140 mmol) were added together in a mortar and thoroughly mixed as dry powders,
and then transferred to a 50 mL three-neck round bottom flask. Ice-cold concentrated HCI
(14.2 mL) was added to the dry powder while stirring rapidly until the mixture set as a gel.
After standing for 30 minutes, the gel was heated at 100 °C for 18 h. The mixture was
cooled and then filtered to collect the first crop of colourless crystals. The filtrate was then
evaporated to one-fourth of the original volume. Water (5 mL) was added to produce a
colourless crystalline suspension, which was removed by filtration. The filtrate was then
reduced to 12 mL by rotary evaporation and poured into 35 mL of MeOH. After 18 h, the
off-white precipitate was collected by filtration and dissolved by hot 20% aqueous glycerol

while stirring and heating. Methanol was then added dropwise to produce a white precipitate,
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which was filtrated and further washed with MeOH three times to remove extra glycerol.
The product was dried at 60 °C for 12 h to give the final cucurbit[7]uril as an off-white solid.
Yield: 30%. 'H NMR (400 MHz, D,0) & 4.00 (d, 2H, J = 15.5 Hz, CH,), 5.18 (d, 2H, J =
15.5 Hz, CH,), 5.28 (s, 2H, CH) ppm; °C NMR (100 MHz, D,0) & 53.5 (CH,), 72.0 (CH),
157.5 (CO) ppm. TOF-MS: m/z =1186.1 for [CB[7] + Na]".

The host-guest complex was formed by sonicating an equal molar solution (1.0 mM)
of CB[7] and the chiral guest molecule for 10 minutes. 'H NMR (400 MHz, D,0) & = 1.85
(d, 3H), 3.76 (d, 1H), 4.19 (d, 1H), 6.63 (m, 4H), 6.85 (m, 1H), 7.61 (m, 3H), 7.83 (d, H),
7.93 (dd, 2H), 8.39 (d, 1H); the peaks at d =4.11, 5.41 and 5.65 can be assigned to the CB[7];
ESI-MS: m/z = 1424.2 for [(S)-BNEAH~+CB[7]-CI]" (theoretically 1424.5) and 1424.5 for

[(R)-BNEAH+CB[7]-Cl]" (theoretically 1424.5).

3.2.2 Methods and Instruments

The UV-visible spectra were all recorded on a Hewlett Packard 8452A diode array
spectrometer using quartz cells with a 1.00 cm path length. The '"H NMR spectra were
measured in D,0O using a Bruker AV-400 spectrometer, employing the residual HDO signal
as an internal reference, with guests (1 mM) in the absence and presence of different
concentrations of CB[7] (up to 2.6 mM).

The optical rotation data were obtained on AUTOPOL V polarimeter with A = 589 nm
at T=25.3 °C. Samples were prepared at a concentration of 5 mM for the guest molecule,
with varying concentrations of CB[7] up to 7.5 mM in acidic aqueous solution, and measured

in a 10 mm cell. The circular dichroism spectra were recorded using a Jasco J-715
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spectrometer at room temperature with a cell of 1.0 cm pathlength. The concentrations of
(R)/(S)-BNEAH" and CB[7] were 0.10 and 0.15 mM, respectively, in aqueous solution.

The electospray ionization mass spectra (ESI-MS) were acquired on a Waters 2Q
Single Quadrupole MS spectrometer equipped with an ESI/APcl multiprobe to confirm the
formation of 1:1 complexes between both enantiomers with CB[7]. Solutions of 0.10 mM
guests with 0.12 mM CBJ[7] were prepared, and the measurements was performed after one

hour incubation at room temperature.

3.2.3 Determination of the Binding Stoichiometry and Stability Constant

The stoichiometry of the host/guest complex was determined by UV-visible Job’s
plot of the absorbance changes at 305 nm in the mixtures of (R)-BNEAH" with CB[7]. From
two stock solutions of 0.10 mM CB[7] and (R)-BNEAH" in water, a series of solutions were
prepared in which the sum of the number of moles of CB[7] and (R)-BNEAH" was kept
constant, but the relative amount of these two was systematically varied, as shown in Table
3.1. The UV-visible spectrum was obtained with each of the solution in the table (shown in
Figure 3.3), and a plot of the change of absorbance at wavelength of 305 nm (from that of an
equal concentration of free guest) as a function of [BNEAH J/([BNEAH ]+[CB[7]]) was
made. As shown in Figure 3.4, the maximum is reached when the value of
[BNEAHJ/([BNEAH J+CB[7]) is 0.50, suggesting the formation of a 1:1 host:guest

complex.
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Absorbance

wavelength (nm)

Figure 3.3 UV-visible spectra for the Job’s plot titration curve with CB[7] and (R)-BNEAH".
From bottom to top, the value of [BNEAH ' ]/(|[BNEAH ' ]+[CB[7]]) increase from 0.0 to 1.0

in increments of 0.10.
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Figure 3.4 Job’s plot curve of UV absorbance change (on 305 nm) of (R)-BNEAH" upon the
addition of CB[7], indicating the formation of 1:1 host-guest complex (maximum at 0.50).
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Table 3.1 Solution composition (ml) for the UV-visible Job’s plot measurements (Total

volume is 3.00 ml).

0.10mM CB[7]  0.10 mM (R)-BNEAH"

Solution (i) () [Guest]/([Guest]+[Host])
1 3.00 0 0
2 2.70 0.30 0.10
3 2.40 0.60 0.20
4 2.10 0.90 0.30
5 1.80 1.20 0.40
6 1.50 1.50 0.50
7 1.20 1.80 0.60
8 0.90 2.10 0.70
9 0.60 2.40 0.80
10 0.30 2.70 0.90
11 0 3.00 1.00

The 1:1 binding stoichiometry was also confirmed by the "H NMR spectral titrations
and polarimetry titrations. Figure 3.5 shows the '"H NMR titration curve with CB[7] and (R)-
BNEAH". Equilibrium is reached when the host/guest ratio is approximately one, indicating
the formation of 1:1 complex. Since the 'H NMR spectra of the two enantiomers are the
same, only the (R)-BNEAH" is shown as an example. The steep slope indicates the high
binding constant, which can not be calculated by conventional titration measurements.
Instead, the guest—host stability constant had to be determined by a 'H NMR competition
method, using 3-(trimethylsilyl)propionic-2,2,3,3-ds acid (Kcgp7 = (1.82 +0.22) x 10'M™H*

as the competing guest, according to the following procedure.
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Figure 3.5 Plot of the chemical shift of the guest phenyl H2’ proton as a function of the

concentration of CB[7] (up to 2.6 mM), with (R)-BNEAH " at ImM.

Figure 3.6 'H NMR spectrum of CB[7] (0.516 mM) with (R)-BNEAH" (3.36 mM) and TSP
(1.68 mM) in D0 at 25 °C, after 30 minutes incubation.
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A solution containing CB[7] (0.516 mM), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid

(TSP, 1.68 mM) and (R)-N-benzyl-1-(1-naphthyl)ethylamine hydrochloride (3.36 mM) was
mixed and allowed to reach equilibrium, as shown in the '"H NMR spectrum in Figure 3.6.
Given that [CB[7]]; = 0.516 mM, [TSP], = 1.68 mM, and [BNEAH ] = 3.36 mM, and using
the integrations of the proton resonances at -0.142 and -0.832 ppm, which are the methyl
resonances of the free and bound TSP species, respectively, the following concentrations
may be calculated:

[TSP+CBJ[7]] =[0.04/(0.04 + 1.54)] x 1.68 mM = 0.04 mM

[TSP]free = 1.68 — 0.04 = 1.64 mM

[CB[7]], = [TSP-CB[7]] + [BNEAHCB[7]']=0.516 mM

Thus: [BNEAH-CB[7]'] = 0.516 — 0.04 = 0.476 mM

Also: [BNEAH s = [BNEAH ] — [BNEAH*CB[7]']
=3.36-0.476 =2.89 mM
Thus:
Krsp [TSP+CB[7]][BNEAH TJficc

Krelative = = (3 1)
Kpnean  [BNEAHCB[7]'][TSP]fec

0.04 x 2.89
= =0.148
0.476 x 1.64

The binding constant between 3-(trimethylsilyl)propionic-2,2,3,3-ds acid and CB[7]
(Ktsp) 1s reported to be (1.82 + 0.22) x 10" M, Therefore, Kgngan can be calculated by

equation 3.1 to be (1.2 £ 0.4) x 105 M.
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3.2.4 Energy-Minimization Calculations

The structures of the BNEAH' cations and the {BNEAH-CB[7]}" guest-host
complexes in the gas phase were computed by energy minimizations using Gaussian 03,
Revision C.02, programs® run on the computing facilities of the High Performance Virtual
Computing Laboratory (HPVCL) at Queen’s University. The structure of the complex was
originally constructed using ChemDraw and Chem 3D (ChemOffice 7.0, CambridgeSoft)
programs and imported into Gaussian 03. The basis set used for the calculations was HF/3-

Kk

21G .

3.3 Results and Discussion
3.3.1 Host-Guest Complexes

The formation of 1:1 guest-host complexes of conjugate acids of the chiral molecules
(S)- and (R)-N-benzyl-1-(1-naphthyl)ethylamine (BNEAH') with cucurbit[7]uril were
investigated by 'H NMR titrations, as shown in Figure 3.7. With the addition of CB[7], the
resonances for phenyl moiety (labeled by *) are shifted upfield from the positions of the free
guest and the H7 and H8 protons of the naphthyl group experience a modest downfield shift,
while the other resonances for the majority of the aromatic naphthyl protons exhibit no shifts.
This suggests the inclusion of phenyl group (rather than the naphthyl group) into the CB[7]

hydrophobic cavity with carbonyl portals pointing to the H7 and H8 protons on naphthyl

group.
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Figure 3.7 'H NMR spectra of the (R)-BNEAH " in the (a) absence and (b—h) presence of
CB[7] in D;O. The ratios of [CB[7]]/[(R)-BNEAH" ] are (b) 0.17, (c) 0.33, (d) 0.50, (e) 0.66,
() 0.85, (g) 1.05 and (h) 2.01. The symbols (*) and (¢) are for the aromatic phenyl and
naphthyl protons, respectively. The o- and a'-protons are adjacent to the naphthyl and phenyl

rings, respectively.

The binding stoichiometry was determined by a UV-visible Job’s plot measurement
and a 'H NMR titration to be a 1:1 host-guest ratio, which was confirmed by an electrospray
mass spectrum, with peaks at m/z at 1424.2 for [S-BNEAH+CB[7]-C1]" and 1424.5 for [R-
BNEAH+CB[7]-Cl1]". These results are in good agreement of the theoretical value of m/z =

1424.5. The stability constant was determined by a "H NMR competitive titration, due to the
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host-guest high affinity, to be Kcg7j=(1.2+0.4)x 10°M" by employing 3-
(trimethylsilyl)propionic-2,2,3,3-d, acid (Kcppy = (1.82 £ 0.22) x 10’ M™)* as the competing
guest. This calculated stability constant is in good agreement with the values reported for
similar compounds such as o,o’-diamino-p -xylene (Kcp7=1.84 x 10° M™).* and 14-
bis(4,5-dihydro- 1 H-imidazol-2-yl)benzene (Kcpy = 5.2 x 10° M)’ with CB[7].

The energy-minimized gas-phase structures of the guest and guest-host complexes
were calculated by Gaussian 03 software, indicating the considerable preference of CB[7] for
the benzyl ring rather than the ethylnaphthyl moiety of the guest molecules (Figure 3.9). In
addition, despite the fact that CB[7] has relatively strong affinity for naphthyl group alone
(Kcprp = 3.0 x 10° M™),*® no binding between CB[7] and ethylnaphthyl group of the guest
molecule is observed since the binding of one CB[7] over the benzyl portion sterically
inhibits the further binding of a second CB[7] to the naphthyl group. Electrostatic repulsions
between the carbonyl-lined portals of the CB[7] would also likely inhibit the close approach

of two CB[7] hosts on one molecule (as described in the previous chapter).

3.3.2 Effect of Inclusion on the Chiroptic Behaviour

The chiroptic behaviour of the two enantiomeric guest molecules upon binding with
CB[7] were investigated by polarimetry, in terms of the molar optical rotation. The
inclusions of the enantiomers of the N-benzyl-1-(1-naphthyl)ethylammonium cation
(BNEAH") in CB[7] result in considerable increases in the magnitudes of their optical
rotation. As shown in Table 3.2, the molar optical rotation for the R isomer increases from

—208 deg cm? dmol ™" for the free guest to —940 deg cm” dmol ' for the guest—host complex,
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while a corresponding change from +208 to +940 deg cm” dmol ' was observed for the S
isomer.

The titration curves were plotted based on the data in Table 3.2, as shown in Figure
3.8. The equilibrium is reached when the ratio of CB[7] to guests is approximately one,
which also confirms the formation of a 1:1 ratio host/guest complex. The sharp linear
increase in the molar rotation with CB[7] concentration in the titration curve are consistent

with the high binding constants of the inclusion complexes which are formed.

Table 3.2 Optical rotation changes upon the formation of 1:1 inclusion complexes between
(R)- and (S)-N-benzyl-1-(1-naphthyl)ethylamine hydrochloride and CB[7] in aqueous

solution.

[CB[7])/[R/S] ag (degree) Molar rotation [@]g o (degree) Molar rotation [D]s

0 -0.0520 -208.0 0.0520 208.0
0.2 -0.0845 -338.0 0.0895 358.0
0.4 -0.1176 -470.4 0.1227 490.8
0.6 -0.1508 -603.2 0.1578 631.2
0.8 -0.1823 -729.2 0.1887 754.8
1.0 -0.2115 -846.0 0.2218 887.2
1.2 -0.2333 -933.2 0.2403 961.2
1.4 -0.2348 -939.2 0.2362 944.8
1.6 -0.2343 -937.2 0.2307 922.8
1.8 -0.2365 -946.0 0.2325 930.0

+ The data were obtained with T = 25.3°C, A = 589 nm, / = 1 dm, [guest] was
kept constant at 2.5 mM throughout the measurement .
_a 3 M
(1= | n? . . . .
¢l n°+2100 where ¢ is concentration of optically active component

(g/mL); [ is the length of cell (dm); n is the refractive index, for water = 1; M is
the molecular weight of optically active substance.
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Figure 3.8 Molar rotation versus ratio of CB[7] to [(R) or (S)-BNEAH'] in aqueous
solution: (m) (S)-BNEAH " and (A) (R)-BNEAH " .

It is well known and understandable that solvent has a significant effect on the value
of optical rotation of chiral molecules in solution.”” Recently, Wiberg and Vaccaro et al.
have reported that the calculated optical rotation magnitude of (R)-(-)-3-chloro-1-butene has
a remarkably large dependence on the C=C-C-C torsional angle.”® The changes observed in
the optical rotation of (R)- and (S)-N-benzyl-1-(1-naphthyl)ethylamine hydrochloride are
believed to be most likely a combination of conformational and solvational effects.

From the gas-phase energy-minimized structures, as shown in Figure 3.9, 75-80°
changes in the torsional angles between the C*-CH; or C-NH," bonds and the plane of the
naphthyl ring upon binding of (S)-BNEAH" to CB[7] were observed, and the torsion angles
between the C'—CHj or C'—C1 bonds and the NH,"-CH, bond change by 25-30° for the (R)-
isomer (as summarized in Table 3.3). While there is free rotation of the naphthyl ring in the
free guest, it is clearly restricted in its rotation with respect to the chiral centre by virtue of

the cucurbit[7]uril binding of the benzyl portion of the guests.
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Although the protonated (R)- and (S)-a-methylbenzylammonium cations, which lack
the naphthyl chromophore, bind strongly to CB[7], there is no observed change in their

optical rotations upon complexation to the host molecule.

(R)-BNEAH'

(S)-BNEAH' {(S)}-BNEAH-CB[T]}'

Figure 3.9 The energy-minimized gas-phase structures for (R)- and (S)-BNEAH" guests and
the 1:1 host—guest complexes with CB[7], suggesting the considerable change in the

conformations of the substituents about the chiral center.
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Table 3.3 Structure information obtained from HF/3-21G™ Gaussian calculation for (R)-
/(S)-(BNEAH") before and after complexation with CB[7].

Torsional angles R R<CBJ[7] S SeCB[7]
N-C* & naphthyl plane 60.20 53.37 73.22 150.04
C*-CHj3 & naphthyl plane -65.22 -71.91 -166.27 -87.51
CH,-N & C*-Cl1 67.90 41.64 -166.41 -164.19
CH,-N & C*-CH3 -163.56 169.29 68.20 72.36

The circular dichroism (CD) spectra of the BNEAH" isomers and their CB[7] host—
guest complexes were determined in aqueous solution. As shown in Figure 3.10, the main
features in these mirror image spectra are peaks in the 225-230 nm and 275-285 nm regions,
which correspond to the 'By, and 'L, transitions, respectively. For the [BNEAH]" isomers,
the two peaks are of opposite signs, with the (R)-isomer negative and the (S)-isomer positive
for the 225-230 nm peak and the opposite for the 275-285 nm. Upon inclusion in the CB[7],
the CD spectra exhibit a decrease in the magnitude of the peak at 225-230 nm, with a slight
hypsochromic shift. There is a reversal of the sign and an increase in the magnitude of the
275-285 nm peaks, which exhibits a bathochromic shift. The inclusion of the benzyl group in
the CB[7] cavity restricts the motion of the naphthyl chromophore of the guest, thus causing

the significant changes in circular dichroic behaviour of the guest.
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Figure 3.10 Circular dichroism spectra for (R)-BNEAH" (black), {(R)-BNEAH]-CB[7]}"
(red), (S)-[BNEAH  (green), and (S)-BNEAH-CB[7]}" (vellow). The concentrations of
BNEAH" and CB/[7] are 0.10 and 0.15 mM, respectively, in aqueous solution.

3.4 Summary

In this chapter, the profound effects of specific ion-dipole and H-bonding interactions
between a chiral guest and an achiral host molecule on the optical properties of optical
isomers through complexation induced geometric changes have been investigated using (R)-
and (S)-N-benzyl-1-(1-naphthyl)ethylamine hydrochloride and CB[7] as examples. The
formations of 1:1 host-guest complexes was confirmed by a UV-visible Job’s plot, ESI-MS
spectrometry, and '"H NMR spectral and molar optical rotation titrations. The binding
constant between these two enantiomers and CB[7] is determined to be (1.2 + 0.4) x 10° M™!
by employing 3-(trimethylsilyl)propionic-2,2,3,3-d, acid as a competitor guest for 'H NMR

binding measurements. Upon the inclusion of benzyl moiety into the hydrophobic cavity, the
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rotation of the naphthyl chromophore of the guest was restricted to some degree, which
results in the five-fold increase in molar optical rotation and significant changes in the
circular dichroism spectra. The significant change in optical properties of the guests is
explained by the considerable change in the preferred conformations of the substituents about
the chiral center, which was revealed by the energy minimization calculations using Gaussian
03.

This work has shown that even though the cucurbit[7]uril is an achiral host molecule,
it can affect the chiroptic properties of chiral guest molecules upon encapsulation of a portion
of the guest molecule into CB[7] cavity. In the free guests, the observed optical rotation is an
average of the values for all of the conformations of the molecules, as a result of free
rotations about the bonds to the chiral center. The strong binding of the chiral guest serves to
sterically restrict the rotation of the ethylnaphthyl group, holding it in conformations which
have higher optical rotations. Isaacs and coworkers’' have prepared a derivative of
cucurbit[6]uril, (£)-bis-nor-seco-CB[6], and demonstrated diastereoselective molecular
recognitions with guests such as amino acids. With the stability and selectivity of the
molecular recognition of cucurbit[7]urils towards a variety of guest molecules, chiral

molecular recognition research with CB[n] hosts likely has an important future.
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Chapter 4

HOST-GUEST COMPLEXATION OF CUCURBIT[7]URIL WITH
(TRIMETHYLAMMONIO)METHYLFERROCENE IN AQUEOUS
SOLUTION

It has recently been reported that cucurbit[7]uril shows remarkably high affinity for
certain guests such as protonated organic amines, viologens, and especially ferrocene
derivatives, with the stability constants for the host-guest complexes in the range of 10°-10"
M in aqueous solution.'™ In this Chapter, the results of an investigation of the effects of
host-guest complexation of (trimethylammonio)methylferrocene(+/2+) couple (FcTMA"*")
with CB[7] on the kinetics of its electron self-exchange (using 'H NMR paramagnetic line-
broadening measurements) and electron transfer (monitored by stopped-flow techniques)
reactions will be described and discussed. The very strong binding between ferrocene guests
and the CB[7] host results in slow exchange for the guest on "H NMR timescale, which make
it possible to independently monitor the resonances of both free and bound forms of the
reduced ferrocene FCTMA” in the presence of the paramagnetic FcTMA®" species, such that
the rate constants for the possible self-exchange pathways involving the bound and free
forms of both the oxidized and reduced forms of the guest can be determined separately. The
inclusion of both FcTMA™ and FcTMA?" by CB[7] increases the rate constant of its electron

self-exchange reaction from (2.1 £ 0.1) x 10° M"' s! (for FcTMA ") to (6.7 £ 0.7) x 10° M™'
g

s (for {FCTMA«CB[7]}"*"), however, the encapsulation of the reduced form only decreases
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the rate constant to (6 + 1) x 10° M s™. The electron transfer reactions between FCTMA”™ or
hydroxymethylferrocene and the bis(2,6-pyridinedicarboxylato)cobaltate(III) ion (which does
not bind to CB[7]) have also been investigated in the absence and the presence of CB[7], in
aqueous solution at 25 °C. The encapsulation of the ferrocene guests by CB[7] significantly
reduces the rate constant for their oxidation as a result of reduced thermodynamic driving

forces and steric hindrance to close approach of the oxidant to the encapsulated ferrocenes.

4.1 Introduction

The electron self-exchange reactions of ferrocene/ferrocenium couples (equation 4.1

for the unsubstituted ferrocene, Feszo/ ) have long been of interest in terms of the solvent’'

and other medium effects on the kinetics of these processes.'* ™"’

kll

*FeCp, + FeCp,' FeCp, + *FeCp," 4.1)

Weaver and co-workers found that the self-exchange rate constants for the
(trimethylammonio)methylferrocene couple (FcTMA™*"), determined by 'H NMR line-
broadening experiments, varied somewhat with the nature of the solvent, with k. ranging
from 2.1 x 10° M s in acetonitrile to 2.3 x 10’ M™' s™ in propylene carbonate, compared to

10,11

a value of 9 x 10° M s measured in aqueous solution. Hupp and co-workers have

reported that, in the presence of the host molecule B-CD, the rate constant for the electron

+/2+

self-exchange reaction of the FCTMA "~ couple is decreased 20-50 fold upon inclusion of the
reduced form of the compound.'” The considerably weaker binding of B-CD to the oxidized

form of the ferrocene prevented the determination of the rate constant for the symmetrical
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electron self-exchange between {FcTMA«B-CD}" and {FcTMA+B-CD}*". In a related study,

+/2+

they reported that inclusion of the FcTMA couple by the anionic para-sulfonated
calix[6]arene host (p-SO;CX[6]) also affected the rate of electron exchange.'® In this case,
the rate constants were similar when the reduced and oxidized forms were either both
unbound (1.2 x 10’ M s™) or bound (1.6 x 10’ M™' s™"), whereas the transfer of an electron
from the unbound reductant to the bound oxidant (followed by rapid host transfer) was
considerably faster (1.3 x 10° M s™), because of the favourable electrostatics in the
formation of the precursor complex. With both of the hosts, electron transfer in the
asymmetrical pathway is accompanied by fast host transfer (from the oxidized to the reduced
form with B-CD and the reverse with p-SO;CX[6]).

As was discussed in Chapter 1, the cavity size of CB[7] is comparable to that of -
CD,"" however, the main intermolecular interactions of these two types of hosts with guest
molecules are different. Numerous studies reveal that the combined hydrophobic effects are
primarily responsible for the stabilization of the inclusion complexes formed between CDs

20-25

and most organic and organometallic guests. The hydroxyl groups lining the CD cavity

openings do not appear to play a large role in the interactions with guest molecules. In
contrast to this fact, the interaction forces between CB[n] hosts and guests are mainly of the
following two types: (1) the ion-dipole interactions between the carbonyl group lining on the

CB[n] portals and positive charge on included guest molecules, and (2) the hydrophobic

26-30

interaction between organic guests and the inner surface of CB[n]. The more restrictive

and polar carbonyl portals of the CB[7] have led to the observance of significantly stronger

. g . . . . . . . . 31.32
binding interactions with certain guests, such as protonated organic amines and diamines,”

34-37 38-41

. 33 . . . .
metal ions™ and platinum amine complexes, and other organic cations, compared to
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B-CD. This is achieved by combining hydrophobic, ion-dipole, and hydrogen-bonding
noncovalent interactions between the guest and the cavity and portals of the cucurbituril host.
The carbonyl oxygens on the CB portals are known to be able to interact strongly with metal

42,43

ions. Ferrocene and substituted ferrocenes, in particular, have recently been found to

exhibit remarkably strong binding to CB[7],**

with stability constants for the host-guest
complexes in the range of 10°-10"> M in aqueous solution,**¢ compared to 10°-10* M for
the same guests with B-CD*"** and 10*-10° M™" with p-SO;CX[6]."'

We have recently shown that encapsulation of the (£E)-1-ferrocenyl-2-(1-methyl-4-
pyridinium)ethylene cation [(E)-FcMPE'] by CB[7] (Kcp7; = (1.3 £ 0.5) x 10> M™") prevents
indefinitely the normally observed (E)—(Z) photoisomerization (¢;, = 10 min) in aqueous
solution.*® Although the encapsulation of the ferrocene portion of the guest increases the
reduction potential of the (E)-FCMPE%H couple by only 30 mV, the rate constant for its
outer-sphere chemical oxidation of (E)-FcMPE" by the bis(2,6-
pyridinedicarboxylato)cobaltate (III) ion ([Co(dipic);]) in aqueous solution decreases
significantly (from ko = 2.1 x 10* M s to ke = 1.6 x 10> M s™) upon binding of
ferrocene to CB[7]. Macartney and co-workers have also reported that the rate constants for
the oxidation of the reduced forms of other substituted ferrocenes, such as
(trimethylammonio)methylferrocene and ferrocene carboxylic acid, decrease in the presence

50,51

of cyclodextrin®®" and p-sulfonated calixarene®” host molecules.

In this chapter, the results of a kinetic study of the electron self-exchange rate

constants for the (trimethylammonio)methylferrocene couple (FcTMA™**

), as shown in
Figure 4.1, in the absence and presence of CB[7] in aqueous solution, will be discussed. It

has recently been determined, by isothermal calorimetry, that the inclusion stability constant

116



for the reduced form of FEcTMA" with CB[7] is (4 + 2) x 10'> M in pure water®’ (a value of
(3.31 £ 0.62) x 10" M was determined in D,O containing 50 mM NaO,CCDs using a 'H
NMR competitive binding method’") and that the reduction potential for the FcTMA*"*

couple is about 110 mV more positive when complexed to CB[7]."

In addition to
measurements of the electron self-exchange rate constants for the FcTMA™*" couple,
experiments on the kinetics of the oxidation of FCTMA" and hydroxymethylferrocene
(FcCH,OH) by Co(dipic),  have been carried out in the presence of CB[7]. The effect of
CBJ7] encapsulation of the ferrocene on the electron-transfer rate constants are compared to
those observed previously for the (E)-FcMPE" complex*® and for electron-transfer reactions

of substituted ferrocenes in the presence of the B-CD and p-sulfonated calixarene hosts in

aqueous solution.

+/2+

+/2+) couple.

Figure 4.1 The structure of (trimethylammonio)methylferrocene(FcTMA
4.2 Experimental
4.2.1 Material Preparation
Cucurbit[7]uril was prepared and characterized by the method of Day and co-

workers.”>  (Trimethylammonio)methylferrocene tetrafluoroborate ([FcTMA]BF;) was
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prepared by methylation of dimethylaminomethylferrocene (Aldrich) using a reported
method,* and the oxidized form, [FCTMA](BF4)2 (Amax = 628 nm, € = 198 M cm™), was
prepared by the method of Hupp e al.'> Hydroxymethylferrocene was used as received
(Strem Chemicals). The NH4[Co(dipic),] (dipic* = 2,6-pyridinedicarboxylate) compound

was synthesized according to literature methods.™

4.2.1.1 (Trimethylammonio)methylferrocene lodide ([FCTMA]I)

The (trimethylammonio)methylferrocene iodide [Fe(Cp)(CsH4CH,NMes)]I (where
Cp is the cyclopentadienyl anion, CsHs) was synthesized by methylation of N,N-
dimethylaminomethylferrocene with methyl iodide. To a cooled solution of 2.04 mL (13.35
mmol) of N,N-dimethylaminomethylferrocene in 15 mL of absolute methanol was added
dropwise a solution of 1.325 mL (20 mmol) of methyl iodide in 15 mL of absolute methanol.
The clear solution was refluxed for 5 minutes before 250 mL of diethyl ether was added to
produce a precipitate. The resulting precipitate was collected by vacuum filtration and
washed with diethyl ether, until the washings were colourless, and then air dried. Yield: 84%,

'H NMR (in D,0): 6 4.46 (s, 2H), 4.38 (s, 2H), 4.33 (s, 2H), 4.23 (s, 5H), 2.90 (s, 9H) ppm.

4.2.1.2 (Trimethylammonio)methylferrocene tetrafluoroborate ([FCTMA]BF,)

As the iodide ion in (trimethylammonio)methylferrocene iodide ([FcTMA]I) is liable
to be oxidized in the study of the kinetics of oxidation/reduction reactions,
(trimethylammonio)methylferrocene tetrafluoroborate ([FcTMA]BF,) was prepared and used
for all of the measurements and reactions in this chapter. The abbreviation FcTMA™,

therefore, refers to [FCTMA]BF, in this chapter. The [FCTMA]BF, was synthesized by
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adding aqueous [FcTMA]I (1.0 g in 50 mL water) to a saturated aqueous NH4BF,4 solution
(2.3 gin 5 mL water). The resulting precipitate was washed with cold water, dried and then
recrystallized from CH3CN/ether (dissolve the crude product in minimum amount of CH;CN,

then add diethyl ether dropwise to produce the pure product). Yield: 86%

4.2.1.3 (Trimethylammonio)methylferrocenium tetrafluoroborate {{[FCTMA](BF4),}

The oxidized (trimethylammonio)methylferrocenium tetrafluoroborate
([FcTMA](BF4),) was obtained from ([FcTMA]BF4) (0.138 g, 0.4 mmol) by using
benzoquinone (0.043 g, 0.4 mmol) in CH,Cl, (18 mL) as a stoichiometric oxidant under the
protection of argon, followed by addition of HBF, (48%, 1.0 mL ).'* The resulting blue oily
solution was added to 50 mL diethyl ether to produce blue needle-shape crystals. Yield: 73%.
Since the product is paramagnetic, characterization with '"H NMR was not practical. The
purity of final product was determined by visible spectroscopy: Aszsnm (measured) = 0.0485
using a concentration of 0.25 mM and a cell of 1 cm pathlength. The value of the molar
absorptivity coefficient (¢) was calculated to be 194 M cm™, which is in good agreement

with the result (e = 198 M cm™) reported previously.’’

4.2.1.4 Ammonium bis(2,6-pyridinedicarboxylato)cobaltate(l11)

Ammonium bis(2,6-pyridinedicarboxylato)cobaltate(II) was prepared according to
literature method.” Concentrated NH4OH (200 mL) was added to a solution of 2.6-
pyridinedicarboxylic acid (10 g) in 10 mL of water. The mixture was then heated to 60-70
°C, followed by the addition of water (50 mL). The mixture was then taken to dryness and

the process repeated once more. The solid was dissolved in 500 mL of warm water while
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heating, followed by the addition of a solution of Co(NO3),*6H,0 (8.7 g in 10 mL of water)
with stirring, after cooling. Hydrogen peroxide (50 mL of 30% H,0,) was then added after
one hour, and the resulting mixture was stirred for 3-4 hours at room temperature. The
precipitate which resulted was removed by filtration and the filtrate was heated to 60-70 °C
with stirring, until the solution became slightly turbid. The solution was cooled and allowed
to stand at room temperature for several hours. The final resulting precipitate was filtered and

washed thoroughly with ethanol and ether.

4.2.2 Methods and Instruments
4.2.2.1 Kinetic Measurements

The electron-transfer kinetic experiments were performed on an Applied
Photophysics SV-MX-17 stopped-flow spectrophotometer, with the temperature maintained
at 25.0 = 0.1 °C using an external temperature bath. The solutions were prepared in distilled
water containing 0.10 M NaCl. The second-order rate constants for the oxidation of the
ferrocenes by [Co(dipic),]’, in the absence and presence of CB[7], were determined from five

to six replicate traces at each concentration of CBJ[7].

4.2.2.2 *H NMR Line Broadening Experiment

'H NMR spectra of [FCTMA]BF4 were obtained on a Bruker AV-400 NMR
spectrometer. The '"H NMR line broadening experiment data were collected on Bruker AV-
500 spectrometer in D,O at 25 °C, with the chemical shifts referenced to the HOD signal
internally. A 1:1 ratio of {FcTMA«CB[7]}" complex was formed by incubating equal molar

(1.0 mM) of [FcTMA]BF4and CB[7] in Nx-bubbled (for 30 minutes) D,O for 10 minutes. In
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'H NMR line broadening experiment, 0.70 mL of 1:1 {FcTMA+CB[7]"} in D,O was titrated
with consecutive additions of a [FcTMA](BF,); solution (.01 mM, 7.07 pL to 8.0 uL), while
keeping the total concentration of FECTMA" and FcTMA®" constant (1.0 mM). The solutions
were thoroughly mixed and allowed to equilibrate for several minutes in the probe (25 °C)

before the spectrum was acquired.

4.2.2.3 Cyclic Voltammetry

Cyclic voltammetric measurements on the FcTMA*”" couple, in the absence and
presence of CB[7], were recorded using a Bioanalytical Systems CV-1B cyclic voltammeter,
attached to a Houston Instrument 100 X-Y recorder with a scan rate of 100mV/s. The
working (a glassy carbon) and auxiliary (a platinum wire) electrodes in the sample solutions
(1.0 mM FcTMA" and {FcTMA+CB[7]}" in 0.10 M NaCl/H,0) were separated from the
reference electrode (Ag/AgCl, E° = 0.222 V vs NHE) by a glass frit. The solutions were

purged with argon and thoroughly stirred for 20 minutes before each scan.

4.2.2.4 UV-Visible Spectroscopy

The UV-visible spectra were obtained using a Hewlett-Packard 8452A diode-array
and Cary 3 spectrophotometers, interfaced to personal computers and controlled by
manufacturer-supplied software. The concentrations of the complexes used for the

measurements were usually about 0.10 mM.
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4.3 Results and Discussion
4.3.1 Complexation Between CB[7] and FCTMA"

The complexation between CB[7] and FcTMA™ and the effect of the encapsulation of
FcTMA”™ in the CB[7] cavity on the kinetics of its electron self-exchange reaction and
oxidation reaction by Co(dipic),” in aqueous solution were investigated by 'H NMR and ESI-
MS spectroscopy. The kinetic measurements of the outer-sphere electron-transfer reactions
of the ferrocene by a cobalt(Ill) complex was undertaken by stopped-flow
spectrophotometery.

As shown in Figure 4.2, in the presence of one equivalent of CB[7], the resonances
for the methylene group and the cyclopentadienyl rings show significant upfield shifts,
indicating the inclusion of both moieties into the hydrophobic cavity, thus optimizing the
interaction between the positive charge on the nitrogen atom and the carbonyl lined CB[7]
portal. The slightly downfield shift for the resonance of the methyl groups is attributed to the
deshielding effect from the carbonyl portal. Two sets of resonances for the guest molecule
were observed in the presence of insufficient CB[7], indicating the slow exchange between
the free and bound FcTMA™ at room temperature on the 'H NMR timescale. The
disappearance of the resonances for free FCTMA " species when one equivalent of CB[7] was
added to the solution indicates the formation of 1:1 host-guest inclusion complex.

The formation of a 1:1 {FcTMA+CB[7]}" inclusion complex was also confirmed by
the electrospray ionization mass spectrum, in which the peak at m/z = 1420.7 represents

[CB[7]+FcTMAY]", in good agreement with theoretical value for this ion (m/z = 1420.4).
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Figure 42 'H NMR spectra of FcTMA® (I mM) in the absence and presence of
cucurbit[7]uril in D,0 at 25 °C with (a) 0, (b) 0.33, (c) 0.56, (d) 0.89, and (e) 1.12 mM of
CB[7](signal are labeled with *).
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4.3.2 Electron Self-Exchange Kinetics
4.3.2.1 Determination of the Self-Exchange Rate Constants

The electron self-exchange reaction of the FETMA™*" couple has previously been
studied in the presence of the f-cyclodextrin (f-CD) and p-sulfonated calix[6]arene (p-
SO;CX[6]) host molecules.'>'® With these hosts, the encapsulated FcTMA™ guest exhibits
fast exchange on the '"H NMR time scale, resulting in proton resonances whose chemical
shifts represent the average of the bound {FcTMA-«Host}"" and unbound FCTMA™ species.
However, as shown in Figure 4.2, the binding of FETMA™ to CB[7] in D,O resulted in guest
exchange which is slow on the '"H NMR timescale (500 MHz), indicated by the separate
resonances for the unbound and bound guest molecules. The line broadening phenomena
resulting from electron self-exchange between FCTMA™ and added FcTMA®" can therefore
be simultaneously monitored for both the bound {FcTMA+CB[7]}" and unbound FcTMA"™.
To a 1.0 mM solution of FcTMA" in D,O was added varying amounts of FcCTMA*" (from 10
to 80 uM after mixing) while keeping the total [FcCTMA]"" concentration constant. As shown
in Figure 4.3, with the addition of FCTMA%, both sets of resonances were broadened to
different degrees. The unsubstituted cyclopentadienyl proton resonance at 3.52 ppm was
used for the measurement of peak widths at half height (W = Avy,), which were further
employed for the determination of observed electron self-exchange rate constant (kex™),
when the concentration of CB[7] was relatively low. Due to the much faster broadening
process for free FCTMA", the measurement of peak width at half height was not possible
with higher CB[7] concentrations (greater than 0.4 equivalents), and thus the methyl proton
resonance at 2.92 ppm was used for this measurement. The resonance at 4.48 ppm for the

cyclopentadienyl protons adjacent to the substituent was used for the measurement of
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broadening of bound FcCTMA". The much slower broadening process of the bound FcTMA
made the measurement of the peak width at half-maximum height possible and more accurate

up to about 1.5 equivalents of CB[7].
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Figure 4.3 'H NMR spectra of FcTMA™ [1.0 mM total, (m) FcTMA+ and (e)
{FcTMA*CB[7]}"] in the presence of 0.21 mM CB[7] (#) with increasing concentrations of
total FeTMA®": (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 uM.

In general, the observed rate constant (kex®™) for an electron self-exchange reaction,
which is in the slow-exchange region (broadening of the resonances in the presence of the
paramagnetic species, but no change in their chemical shifts, were observed at 500 MHz), is
given by equation 4.1, where Wpp and Wp are the line widths of the resonances at half-
maximum height, in the presence and absence of the paramagnetic iron(IIl) species,

respectively.
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Figure 4.4 shows the linear dependences of Wpp - Wp on [FCTMA® o for the
FcTMA" and {FcTMA«CB[7]}" species at various concentrations of CB[7] at 25 °C, from

which a series of the k" values can be determined.
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Figure 4.4 Linear dependences of Wpp - Wp on [FCTMA™ i for the Cp ring proton
resonance of FcTMA" (4.24 ppm) or {FcTMA+CB[7]}" (3.52 ppm) at various concentrations
of CB[7] at 25 °C: () 0, (m) 0.33, (o) 0.54, (1) 0.77, and (A) 0.86 mM.
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Figure 4.5 shows the possible electron exchange pathways for the FcTMA ™" couple
in the absence and presence of CB[7] involve symmetric (no thermodynamic driving force)

self-exchanges [Figures 4.5(a) and 4.5(c)] and an asymmetric exchange [Figure 4.5(b)], in

which one of the two species is bound to CB[7].

He CH H, CH He CH Hy CH
c 3 3 c 3 3
I ""//CHa ""/’/CHS ky : \””/CH3 """/CH3
—_— |
Fe(ll) CHy + Fe(lll) CH, = Fe(lll CHy + Fe(ll) Chy
(a)

H,

SN
Ny
+ \ 3

Fe(Ill) CHy

+/2+

Figure 4.5 The possible pathways of electron self-exchange reactions for the FcTMA

couple in the absence and presence of CB[7].
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The self-exchange rate constant &;; for the FCTMA ™" couple, in the absence of CBJ[7]
was measured directly by 'H NMR titration line-broadening experiments (determined by
plotting (Wpp — Wp) as a function of the concentration of [FcTMAT>, shown as Figure 4.4),
to be (2.1 £ 0.1) x 10° M s™ at 7= 0.002 M (no added electrolyte). As might be expected
for a reaction between complexes with charges of the same sign (+/2+), the self-exchange

+/2+

rate constants reported previously for the FCTMA ™ couple are dependent on ionic strength.

Weaver reported a rate constant of 9 x 10° M s™ at 7~ 0.03 M and indicated that it increased
t02.3 x 10’ M s! at 7~ 0.5 M.'” Hupp et al. reported directly measured values of 1.2 x 10’
M s with no added electrolyte (but using slightly higher concentrations of the ferrocene
cations than in the present study) and 2.8 x 10’ M s at /=~ 0.1 M."? The value determined
in the present study is therefore in line with the previously measured rate constants,
considering the difference in ionic strength.

Assuming that the electron-exchange processes are fast compared to the
decomplexation rates of the {FcTMA+CB[7]}"" species, the line broadening observed in the
resonances for FCTMA" (kex™™™™) is related to the values of k1 and k>, whereas the line

broadening in the resonances for {FcTMA*CB[7]}" (ke *""*)depends on the values of k| and

unbound bound
kex kex )

ky>. The plots of the observed electron-exchange rate constants, and as a
function of CB[7] concentration are shown in Figure 4.6. For both the FcTMA" and
{FcTMA<CBJ[7]}" species, the rate constant increases with increasing CB[7] concentration.
The observation of the trend in ke ™™ for FCTMA" is limited to the lower concentration
range (broadening process is too fast for free FCTMA" species), whereas the trend in Fex 20"
for {FcTMA+CB[7]}" can be observed over a larger range of CB[7] concentration (up to 1.5

equivalent). With one or more equivalents of CB[7] present, the observed exchange rate
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constant ke ™™ is independent of CB[7] concentration, indicating that all the electron
exchange process occurs between {FcTMA*CB[7]}" and {FcTMA+CB[7]}*", therefore the

rate constant for the {FCTMA<CB[7]}"*" couple, k»,, was determined by this limit to be (6.7

+0.7)x 10°M"' s

k2o

log k,,

0.0 a2 &4 ae 08 1.0 t2Z 14 16
107 [CB[7]). M

Figure 4.6 Plots of log k.. against CB[7] concentration derived from the observed line
broadening in the resonances for the (o) FcTMA" and (®) {FcTMA*CB[7]}" species.

4.3.2.2 Determinations of ki, and ky;

Cyclic voltammetry (CV) was conducted to study the redox behaviour of FcTMA” in
the absence and presence of CB[7]. As shown in Figure 4.7, the presence of 1.2 equivalent

of CB[7] (1.0 mM FcTMA" with 1.2 mM CB[7]) without added electrolyte resulted in a
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significant anodic shift (85 mV) in the position of the corresponding E;, value for
FcTMA?"" (measured in a solution containing 0.10 M NaCl as an added electrolyte) couple.
This change 1is slightly different from the reported reduction potential value for
{EcTMA+CB[7]}*""* pair (~110 mV), which was measured in 0.10 M NaCl solution. This
difference is attributable to differential ionic strength effects on the binding constants for the

{EcTMA+CB[7]}*""* species, as observed previously for other CB[7] host-guest complexes.*'

i i | T | i & i A A A [ i 1 + 1
HAVOLTS
—

o

=

-

Figure 4.7 Cyclic voltammogram of FcTMA®™™ (1.0 mM) in the absence (vellow) and
presence (orange) of CB[7] host molecule (1.2 equivalent) without added electrolyte at 25 °C.

The anodic shift indicated that the binding of CB[7] to the reduced state (FCTMA") is
higher relative to that for the oxidized form (FCTMA®"). As a result, the forward process in

Figure 4.5(b) would be considerably disfavoured thermodynamically, whereas the reverse
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process would be thermodynamically favourable. The stability constant for
{FcTMA+CB[7]}*" can be calculated to be 1.5 x 10" M using equation 4.2, based on the 85
mV difference in the reduction potentials of bound and unbound couples and the reported
stability constant for {FcTMA+CB[7]}" (4 x 10" M™),” where R is the universal gas
constant equal to 8.314 JK ' mol”, T is the temperature in Kelvin (298 K) and F is the

Faraday constant, equal to 9.649 x 10* C mol™.

AE = (RT/F) In Kred 42)
KOX

With the very high stability constant for the {FcTMA«CB[7]}" complex, it can be
assumed that the equilibrium concentration of {FcTMA+CB[7]}" and the total concentration
of CB[7] are approximately equal up to the 1:1 equivalence point (1.0 mM). The change in
the observed ke values with total CB[7] concentration (Figure 4.6) is therefore due to the
increasing amounts of the oxidized {F(:TMA'CB[7]}2+ as the CB[7] concentration is raised.
The expressions for the observed exchange rate constants involving FCTMA™ (k"™
which is related to k;; and ky2) and {FCTMACB[7]}" (kex "™ which is related to &y and k»,)
are given in equations 4.3 and 4.4, respectively, where [CB[7]]q is the concentration of free

cucurbit[7]uril in solution, which can be determined using equation 4.5 by SigmaPlot 7.0

software (method reported by Hupp and coworkers).”

ki1t koK oy [CB[7]]eq
kexunbound — ( 4.3)
1+ Kox [CB[7]]eq

ko1 + kKo [CB[7]]eq
keXbound — (4.4)
1+ Koy [CB[7]]eq
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Kyed [CB[7]]eq [FETMA ]y Kox [CB[7]]eq [FCTMA> o1y
[CBI 7 iota = [CB[7]eq + + (4.5)
1+ Kieq [CB[7]]eq 1+ Koy [CB[7]]eq

Using the given values of k1, k2 and Ko = 1.5 x 10" M for {FcTMA-CB[7]}*", the
data obtained from NMR line broadening experiments for free and bound species can be fit
to equations 4.3 and 4.4 respectively, as shown in Figure 4.6. The solid line represents the fit

ke?®"™. and the dashed line represents

of measured data to Equation 4.4 for determination of
the fit to equation 4.3 to determine ke,""™*™. At the concentrations of CB[7] lower than 1
mM, the rate constant falls off with the decreasing of CB[7] concentration to a limiting value
of k1, which is determined to be (6 £ 1) x 10° M s as shown in Figure 4.6. Since the
monitoring of the broadening process for free FEcTMA" on 'H NMR timeescale was limited
by the fast process, the estimation of k;, value from the data fitting is not applicable. Thus

the Marcus theory re:la‘tionship57’58 for electron transfer was used to estimate the values of k>

(equation 4.6) and k>, (equation 4.7)

kiz = (kiikaoK 1of12) > Wha (4.6)

ko1 = (k11k22K21f21)1/2W21 (4.7)

where ki, and &y, are the self-exchange rate constants (Figures 4.5(a) and 4.5(¢c)), K2 is the
equilibrium constant (K, = ki2/k21), f12 is a nonlinear correction term, and W, is a collection
of work terms, the rate constants can be estimated for kj, and k»; in the present system with

+/2+

CBJ[7], using the self-exchange rate constants k;; and ky; for the FcTMA and

{FcTMA<CBJ[7]}"** couples, respectively, and the reduction potential difference of 85 mV
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between the {FCTMA<CB[7]}*"" and FCTMA®*"”" couples. Assuming that the terms W,
(canceling work terms) and f}, (small thermodynamic driving force) are close to unity, ki,
(which equals to (k1k2K12)"?) is calculated to be 2.0 x 10’ M s™!, and in the same manner,
ka1 (which equals to (ki1k22/K21)"?) is calculated to be 7.3 x 10° M s™'. The kz; result is in
good agreement with the value of (6 = 1) x 10° M™' s™! determined from the fit of the ke, "™
data to equation 4.4. The higher value of k, rate constant (2.0 x 10’ M s) supports a trend

in ke ™ to higher values with increasing concentrations of CB[7] (dashed line in Figure

4.6).

4.3.2.3 Comparison with Other Hosts

The specific rate constants determined for the FETMA ™" couple in the presence of
cucurbit[7]uril can be compared to the corresponding rate constants in the presence of the /-
cyclodextrin and p-sulfonated calix[6]arene hosts (data summarized in Table 4.1). For the
asymmetric electron-transfer reactions in Figure 4.5(b), the relative rate constants of the
observed processes are determined by the direction of favourable thermodynamic driving
force for the neutral hosts. For both the CB[7]) and f-CD hosts (not observed for p-
SO;CX]6]), the reduction potential increases upon inclusion of the reduced ferrocene, and the
values of ky; are lower than those of &;;. In the case of p-SO;CX][6], despite the decrease in
the reduction potential upon binding of the oxidized form of the ferrocene, the rate constant
ki, is greater than k;; because of the very favourable electrostatic attraction between FcTMA"
and the anionic host-guest complex formed with FcTMA*"* Neither this pathway (nor that

of ky) is observed for f-CD because of its limited solubility and its very low binding

constant for FcTMAZ?".1?
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Table 4.1 Rate constants (25 °C) for the self-exchange reactions of the FeTMA™? couple
(ki1, k12, k21, and kyz) and the electron-transfer reaction of FcT. MA™ with Co(dipic), (kCOO and
ko) in the presence of CB[7], B-CD, or p-SO;CX[6] in aqueous solution.

parameter cucurbit[7]uril B-CD p-sulfonated calix[6]arene
kg (M1sh) 2.1x 1082 1.2x107? 1.2x107°¢
(2.5 x 106) ®
ki, (M 1s7h) 2x107d not observed 1.3x108¢
kyy (M1st) 6 x 10%2 4.3x10%P not observed
ky, (M 1sh) 6.7x 1082 not observed 1.6x107°
Kreq (M) 4 x10%2e 4.8 x 1039 1.1x 104"
3.3 x 10117 4.9x10%° 8.6 x 103°
Keeq (M) 1.5x 101/  1.5x10%9<20° 5.4 x 10*°¢
AEO® (mV) +110° +80 K -47°¢
+857 -120'
keo? (M) 7.5 x 10?/ 9.3 x 10%9 7.45 x 102"
kcoost (M 1s™y 3.4x 10 2.0x 109 4.3 x 102"
keo2lkco 0%t (M 2s™) 2.2x10° 4.7 x 10t 1.7

Note: @This work, no added electrolyte. b Reference 12, no added electrolyte.
Rate constant in parentheses is a fitted value. °Reference 16, | = 0.1 M.
dEstimated from Marcus relationship (see text). © Reference 45, in pure water.
'Reference 31, I = 0.05 M. 9Reference 49, | = 0.10 M. "Reference 52, | = 0.25 M.
'Reference 13, | = 0.05 M. /Calculated from K,oq = 4 x 10> M" (reference 45)
and AE° = 85 mV (see text). “Reference 48, | = 0.05 M. 'This work, | = 0.10 M.

4.3.2.4 Increase in the Electron Self-Exchange Rate Constant upon Guest Inclusion
After the inclusion of ferrocene moiety into hydrophobic cavity of CB[7], the electron

self-exchange rate constant is increased from kj; = 2.1 x 10°M ' s to ky=6.7 x 108 Mt s,

This 3-fold increase in the electron self-exchange rate constant upon encapsulation is

somewhat surprising, as it might be expected that the greater distance for the electron transfer
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between the ferrocene groups would result in a reduction in the rate constant. However, it
has also been reported that the self-exchange rate constant k», for the {FcTMA+Host}"/"")-
couple is larger (by about 30%) than 4, in the presence of the p-SO;CX[6] host,'® despite the

unfavourable repulsions between the anionic self-exchange partners. On the other hand,

57-60 65,66

. 61-64 .
encapsulations of redox centers such as ferrocenes, Fe4S4 iron-sulfur clusters, and

6769 in hemicarcerands and dendrimers have resulted in

metal tris(bipyridine) complexes
decreases in the heterogeneous electrochemical electron-transfer rate constants with an
increase in the distance between the electrode and the redox center. This was also suggested
in a study of dendrimer-encapsulated ferrocenes in which the ferrocene was also
encapsulated by cucurbit[7]uril, although rate constants were not reported.**

The increases in the self-exchange rate constants for the CB[7]-bound redox couple
are likely the net result of several competing factors affecting the magnitude of the electron

10,11,70

exchange rate constant ke, given by the equation:

kex = KpKelvn exp['(AG*in + AG*out)/kBTJ (4.8)

where K, is the effective equilibrium constant for forming the precursor complex (two
compounds form certain configurations to facilitate the electron exchange process); x| is the
electronic transmission coefficient; v, is the nuclear frequency factor; kg is Boltzmann
constant and AG';, and AG*out are the inner-sphere and solvent reorganizational energies,
respectively. With their measured value of &1, = 9 x 10° M s™ (7= 0.03 M), Weaver and co-
workers calculated a value of kv, = 2 x 10" s for the FETMA™** couple in water at 25 °C

using K, = 0.25 M and AG i, + AG o = 5.2 keal mol ™.
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By encapsulating the ferrocene moiety, cucurbit[7]uril forms an outer, second-
coordination sphere around the ferrocene, which would prevent FcTMA™ and FcTMA* from
approaching one another as they would be for the free species. However, at the same time,
encapsulation would increase the effective size of these redox reactants. It would be
anticipated that preventing the close approach might reduce the electronic transmission
coefficient () between the metal centers somewhat, lowering the rate of electron exchange.
However, the increase in the effective radius of ferrocene complex on forming the
{FcTMA<CBJ[7]}"" species would, however, reduce the energy of solvent reorganization
(AG” ot o< 1/7) required prior to electron transfer. It might also be possible that the positively
charged trimethylammoniomethyl substituent on the ferrocene facilitates the docking of one
encapsulated ferrocene with the carbonyl-lined portal of the other ferrocene (through ion-
dipole interactions), increasing the electron-exchange rate constant through an enhancement
in the precursor complex stability constant K,,. In the case of the FcTMAZ couple bound by
p-SOs;CX]6], a similar decrease in the solvent reorganization energy through encapsulation of
the ferrocenes might be offset somewhat by the unfavourable repulsions (large decrease in K)

between the polyanionic host-guest partners in the self-exchange couple.

4.3.3 Electron Transfer Kinetics
The kinetics of the electron-transfer reactions of the FcTMA® cation with
[Co(dipic),] (dipic* is 2.6-pyridinedicarboxylate), which does not bind to CB[7],*® were

measured in aqueous solution as a function of CB[7] concentration. Results are also

summarized in Table 4.1.
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Three stock solutions were made in 0.1 M NaCl/H,O solution: 12 mL of 5 mM CBJ[7],
10 mL of 10 mM NH4Co(dipic), and 50 mL of [FcTMA]BF,4. The pseudo-first-order rate
constant kops Was obtained on a stopped-flow spectrophotometer by employing Co(dipic),” in
a pseudo-first-order excess (2 x 107 M) over FcTMA™ (2.0 x 10 M), the [CB[7]] was varied
up to 3.0 x 10 M at 25 °C and 7 = 0.10 M. The actual electron transfer rate constant, which
is the second-order rate constant (k;), was then determined by taking into account the

concentration of reactants (k; = kobs/[Co(IIT)]), shown in Table 4.2 as well.

kCoo
FcTMA" + Co(dipic)y FcTMAZ" + Co(dipic),> (4.9)
kCOCB[ﬂ
{FcTMA-CB[7]}" + Co(dipic),, === {FcTMA-CB[7]}*" + Co(dipic),> (4.10)

In addition to FCTMA", the other substituted ferrocene employed was the neutral
hydroxymethylferrocene (FcCH,OH) reductant (also summarized in Table 4.2). In the
absence of cucurbit[7]uril, the second-order rate constants (kco’, equation 4.9) for the
oxidations of FcTMA™ and FcCH,OH by Co(dipic),” are determined to be (7.5 + 0.2) x 10
and (7.4 + 02) x 10° M s, respectively. The rate constants decrease linearly with
increasing concentration of CB[7], reaching a limiting value (kc,""L"), equation 4.10) at a 1:1
ratio of CB[7] to ferrocene (Figure 4.8), with kc, "l = (3.4 £ 0.1) x 10" and (1.7 £ 0.2) x

10> M s, for FEeTMA ™ and FcCH,OH, respectively.
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Table 4.2 Rate constants for the oxidation of FcTMA™ or Fc(CH,OH) (0.20 mM) by
[Co(dipic),]” (2 mM) in the absence and presence of CB[7] at 25 °C and I = 0.10 M (NaCl).

+ +
CBJ7]/[Ferrocene] lflc-{l\l\/l/l'ﬁs'l) CB[7]/[Ferrocene] lljlc-(rl\h/f ?S'l)
0.000 3750 0.000 7440
0.200 2660 0.193 6210
0.400 1935 0.385 4740
0.600 1120 0.578 3440
1.600 1.70 0.770 2173
1.16 179
1.54 150

This kinetic behaviour was also observed previously in the oxidation of the (E)-1-
ferrocenyl-2-(1-methyl-4-pyridinium)ethylene cation (FcMPE") with Co(dipic),, where
values of kco” = (2.1 + 0.1) x 10° M s and ke = (1.6 + 0.1) x 10* M s were
determined.*® The ratios of the rate constants, chO/chCB[7], for the three ferrocene reductants
correlate with the difference in the ferrocenium reduction potentials, AE®, upon inclusion in
CB[7]: FcTMA", 2.2 x 10° and 85 mV; FcCH,0H, 50 and 10 mV;* and FcMPE", 130 and
30 mV.* The greater the increase in the reduction potential for the {FcXeCB[7]}"""D*
couple, the greater the rate constant ratio, consistent with the change in the thermodynamic
driving force for the reaction. The thermodynamic driving force changes do not account
entirely for the decreases in the rate constants for the included reductants, and the remainder
is likely steric hindrance of the close approach of the redox reactants when the ferrocene

portion of the reductant is included in the CB[7] cavity. These decreases in the electron-
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transfer rate constants are observed despite the increase in the electron self-exchange rate

constant for the {FcX+CB[7]}"""""" couple (at least in the example examined in the present

study).
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Figure 4.8 Plots of the electron transfer rate constant, k., against the [CB[7]]/[ferrocene]
ratio for the oxidation of FcTMA" (m), Fc(CH,OH) (o), and FcMPE" (e) by Co(dipic); in
aqueous solution (I = 0.10 M (NaCl)) at 25.0 °C. The data for FcMPE" are from reference
32.

The kinetics of the oxidation of FEcTMA™ by Co(dipic),” in the presence of CB[7] can
also be compared to the behaviour of this redox reaction previously studied in the presence of
B-CD?” and p-sulfonated calix[6]arene’” (Table 4.1). With each type of host molecule

employed, there is a decrease in the rate constant when FCTMA™ is bound. The extent of the

diminution in the electron-transfer rate constant is again dependent on the change in the
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reduction potential for the host-guest complex as well as the prevention of the close approach
of the oxidant to the encapsulated ferrocene. In the case of the cyclodextrins, the decrease
results from an increase in the reduction potential of the ferrocene couple, and both types of
host molecule lead to steric hindrance of the close approach of the oxidant to the included
reductant. The increase in the reduction potential of the ferrocene couple is due to the much
reduced stability constant for the CD inclusion complex with the oxidized form compared to
the reduced form of the ferrocene. As a result, the rate constants for the reduction of the
oxidized form of the ferrocenes increase somewhat upon their inclusion in the

. 50,51
cyclodextrins.”™

In the case of the p-sulfonated calixarenes, the oxidized forms of the
ferrocenes bind more strongly to the host (by virtue of the increased attraction of the
ferrocene cation to the anionic host), lowering the reduction potential. Nevertheless, the rate
constants for the oxidation of the ferrocenes by Co(dipic),” decrease as a result of

unfavourable electrostatics between the anionic host-guest complex and Co(dipic),” and the

. . . 32
steric hindrance mentioned above.

4.4 Summary
The electron self-exchange rate constants for the (trimethylammonio)-

+/2+

methylferrocene(+/2+) couple (FCTMA ") have been measured in the absence and presence
of the cucurbit[7]uril (CB[7]) host molecule in aqueous solution, using 'H NMR line-
broadening experiments. The very strong binding of the ferrocene to CB[7] results in slow
exchange of the guest on the '"H NMR time scale, such that resonances for both the free and
bound forms of the reduced ferrocene can be observed. The extents of line broadening in the

resonances of the two forms of the guest in the presence of the FCTMA®" species can be

monitored independently, allowing for the determination of the rate constants for the possible
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self-exchange pathways involving the bound and free forms of both the oxidized and reduced
members of the redox couple. The encapsulation of both the reduced and oxidized forms of
the ferrocene increases the rate constant (25 °C) from k;; = (2.1 + 0.1) x 10° M s™ (for
FcTMA ™) to ky, = (6.7 £ 0.7) x 10° M s™! (for {FcTMA+CB[7]}"*"). The increase in the
electron self-exchange rate constants upon inclusion of the reactants, which is also observed
previously with the p-sulfonated calix[6]arene host molecule, is likely the result of a decrease
in the barrier to solvent reorganization, rather than a distance dependence as observed for
dendrimer encapsulations.  The electron transfer reactions between FcTMA' and
hydroxymethylferrocene with bis(2,6-pyridinedicarboxylato)cobaltate(IlI) ion were also
investigated, revealing that the binding of FCTMA" and hydroxymethylferrocene to CB[7]
cavity significantly reduces the rate constants for their oxidations by the bis(2,6-
pyridinedicarboxylato)cobaltate(IIl) ion (which does not bind to CB[7]). This is likely the
result of reduced thermodynamic driving forces and steric hindrance to close approach of the
oxidant to the encapsulated ferrocenes after encapsulation. Continuing this work, the effects
of the encapsulation of CB[7] on other ferrocene derivatives and other metallocenes will be

discussed in the next chapter.
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Chapter 5

HOST-GUEST COMPLEXATION OF CURCUBITURILS WITH
BIS(FERROCENE) COMPLEXES AND DIAQUATITANOCENE

Prompted by the results in Chapter 4, the binding behaviour between cucurbiturils
hosts with two bis(ferrocene) derivatives (CpFeC5H4CH2N(CH3)2CH2C5H4FeCpJr (1) and
CpFeCsH4CH,N(CH3)2(CH,),,N(CH3),CH,CsH4FeCp®™ (2)) and bent metallocenes such as
diaquatitanocene, have also been investigated. 'H NMR titration experiments show that only
a 1:1 complex was formed between CB[7] host and compound 1, even with addition of
excess host. This can be explained by the short aliphatic chain between the two ferrocene
moieties, which will cause significant steric hindrance for two host molecules binding one
guest at the same time. However, compound 2, which has a much longer aliphatic chain
between two ferrocene units, forms a 1:1 inclusion complex when less than one equivalent of
CBJ7] was added, and a 2:1 complex when more CB[7] was introduced to the system. For
both guest molecules, the exchanges between free and bound forms were slow on the 'H
NMR timescale, indicated by separate sets of guest proton resonances. The electrochemical
properties of the ferrocenes, investigated by cyclic voltammetry, change upon their inclusion
in the CBJ[7] cavity with the half-wave potential (E),) being shifted 75 and 50 mV more
positive for compounds 1 and 2, respectively, upon encapsulation. The binding constant of
compound 1 with CB[7] was determined by a '"H NMR competition method to be (2 + 1) x

10" M, using (trimethylammonio)methylferrocene as the competitor guest.
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The formation of the very stable host-guest complexes of cucurbit[n]uril with
ferrocenes and the effects of inclusion on the chemical, electrochemical and spectroscopic
properties of these guests prompted us to initiate investigations into the formation and
properties of host-guest complexes of CB[7] and CB[8] with bent MCp,X, species in
aqueous solution. Herein, the complexation of the anti-tumour drug diaquabis(n’-
cyclopentadienyl)titanium(IV) dication with CB[7] and CB[8] in aqueous solution has been
investigated by 'H NMR titrations, ESI mass spectrometry, cyclic voltammetry, and
Gaussian energy-minimization calculations. Unlike the complexation with the “sandwich-
shaped” ferrocene, with which CB[7] shows higher affinity than CB[8], the bent titanocene
has a preference for the larger CB[8] cavity over that of CB[7]. Upon inclusion into the
CBJ7] cavity, the half-wave potential £}/, value for the (Ti*"" couple shows a negative shift
of 30 mV, indicating that the binding between the CB[7] host and the Ti (IV) guest is more
favourable than that with the Ti(III) guest. This is different from what was observed for the
ferrocene compound studied in Chapter 4, which exhibits a positive shift upon the inclusion
into the CB[7] cavity due to the more favourable binding between CB[7] with the reduced
form of ferrocene rather than with the oxidized ferrocenium.

The structure of the host-guest complexes were modelled in the gas-phase from
Gaussian calculation (HF/3-21G** basis set), indicating that the titanocene complex is fully
encapsulated in the CB[8] cavity, with the cyclopentadienyl rings aligned with the glycoluril
units, similar to the inclusion in y-cyclodextrin, but with a much higher stability constant.
The binding constants of the ~{TiCp2(H20)2-CB[r1]}2+ inclusion complexes were determined

by '"H NMR competition methods to be Kcpj7; = (6.3 £ 1.0) x 10° M and Keppg) = (2.0 £ 0.4)

x 10° M, respectively, by using 1,6-diaminohexane for CB[7] and 1-aminoadamantane for
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CBJ[8], as competing ligands. The inclusions into the CB[n] cavity enhances the
thermodynamic stability of titanocene, preventing the cyclopentadienyl rings from
dissociating from the titanium upon protonolysis, for up to 7 days at pH = 3.8, compared to
the literature report of 90% dissociation after 24 hours for the free titanocene dichloride at

pH = 6.1-6.2 in aqueous solution.

5.1 Introduction

CBJ7], the most popular member in CB[n] family, has been demonstrated to possess
high affinity for ferrocene and substituted ferrocenes in aqueous solution,'” with stability
constants for the host-guest complexes in the range of 10°-10"> M, ** compared to 10*-10*
M for the same guests with B-CD*® and 10*-10° M with p-SO;CX[6].”"® We have
investigated the effect of inclusion into the CB[7] cavity on the (E)—(Z) photoisomerization
reaction of the (E)-1-ferrocenyl-2-(1-methyl-4-pyridinium)ethylene cation ((E)-FcMPE")
(Kcpp = (1.3 £ 0.5) x 10 M) in aqueous solution, indicating that the encapsulation of
CB[7] stabilized the [(E)-FcMPE'] significantly and inhibited the (E)—(2)
photoisomerization (normally with a #,, ~ 10 min) dramatically.” The rate constant for the
oxidation of (E)-FcMPE™ by the bis(2,6-pyridinedicarboxylato)cobaltate(IIT) ion
([Co(dipic),])) was considerably decreased (from ko = 2.1 x 10* M s to kcppp = 1.6 x 10
M™ s upon binding with CB[7], due to the significant increase of the steric hindrance
(CB|[n] host adds substantial bulk to the structure) of close approach of the reactants.

In Chapter 4, the effect of encapsulation by CB[7] on the kinetics of electron self-
exchange and electron transfer reactions of (trimethylammonio)methylferrocene in aqueous

solution have been described.!' The slow exchange between bound and free guest molecule
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on the '"H NMR timescale makes it possible to investigate the electron self-exchange
processes separately. The inclusion of both FcTMA™ and FcTMA*" by CB[7] increases the
rate constant for its electron self-exchange reaction from (2.1 + 0.1) x 10° M s (for
FcTMA™) to (6.7 + 0.7) x 10° M' s! (for {FcTMA<CB[7]}"*"), however, the
encapsulation of only the reduced form decreases the rate constant to (6 + 1) x 10° M 5™
Similar to the behaviour of the guest (E)-FcMPE",'® the oxidation reactions between
FcTMA" and hydroxymethylferrocene with bis(2,6-pyridinedicarboxylato)cobaltate(III) ion
were slowed down significantly upon their inclusion in the CB[7] cavity, as a result of
reduced thermodynamic driving forces and steric hindrance to close approach of the oxidant
to the encapsulated ferrocenes.

It is well known that the metallocene dihalides Cp,MX, (where Cp is
cyclopentadienyl ring, M could be Ti, V, Nb, or Mo and X represents F, CI or Br) possess
high anti-tumour activities.'''* Ever since 1979, when the first non-platinum metal complex,

titanocene dichloride (Figure 5.1), was proven to be highly active as an anti-tumour agent in

clinical trials, interest in this research field has grown dramatically.'**

\ \\\\\\CI

%\

Figure 5.1 Structure of the bent metallocene, titanocene dichloride.
The replacement of the halide ligands by water and the hydrolysis of the Cp rings in
titanocene dichloride has been investigated.”” The dissociation of the first chloride in water

is instantaneous while the half-life for losing the second chloride is approximately 50
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minutes (equations 5.1). The coordinated water molecules which replace the chlorides can

undergo deprotonation to hydroxide ligands (equation 5.2)

fast ty, = 50 min
TiCp,Cl, ——— TiCp,Cl(H,0)" ——=  TiCpy(H,0),*" (5.1)
pKa1 =3.5 pK,=4.35

Tisz(H20)22+‘——‘ Tisz(HzO)(OH)Jr ‘ﬁ Tisz(OH)z (52)

The protonolysis and dissociation of the Cp rings occurs approximately 24 hours after
the hydrolysis of the second chloride to yield cyclopentadiene and dicyclopentadiene, as well
as an insoluble precipitate which has not been characterized to date. Harding and coworkers
have synthesized several substituted titanocene dichloride compounds to improve the
stability of titanocene in aqueous solution.”” Even though complete hydrolysis studies in
water have not been carried out, preliminary results suggested that substitution of a
methylene bridge on both Cp rings slows down the hydrolysis of Cp rings effectively.

The cucurbit[7]uril and cucurbit[8]uril molecules have been used to form host-guest
complexes with mononuclear (cis-Pt(NH3),Cl, and cis-Pt(NH3),(OH,)CI"), dinuclear (trans-
[ {PtCI(NH3)1} 2(n-NH,(CH,)sNH2)** and  trans-[{PtCI(NH;), }op-dpzm]** (dpzm = 4.4°-
dipyrazolylmethane)) and trinuclear (trans-[trans- {PtCI(NH3), },-trans-{Pt(dpzm),(NH;),}]*)
platinum(IT) complexes, which are used as, or are of interest as, anti-tumour agents.'® While
the hydrolyzed Pt(NH;3)2(OH,)CI" appears to bind to the portals of CB[7], the other species
are included in the cavities of CB[7] and CB[8]. The inclusions of trans-[ {PtCI(NH3),}2(u-

NH,(CH,)sNH,)]*" in CB[7] and CB[8] reduces the rate of its reactions with cysteine and

glutathione.
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Recently, the formation of host-guest complexes between cyclodextrin host molecules
and titanocene dichloride have been investigated by Turel and coworkers.'” They have
concluded from 'H NMR spectroscopy that the hydrolysis product of TiCp,Cl,
TiCp,(H,0)CI", is fully encapsulated in y-CD (K.cp = 77 M™), less deeply in B-CD and not
at all in a-CD. The complexations of titanocene with CB[7] and CB[8] have been
investigated by 'H NMR titrations, ESI mass spectrometry, and cyclic voltammetry along
with gas-phase energy-minimization calculations, prompted by the fact that the inclusion of
titanocene dichlorides in the CB[n] host molecules could have an effect on their water
solubility, Cp ring protonolysis and cytotoxic properties.

In this chapter, the binding behaviours of two cationic bis(ferrocene) guests 1 and 2
(Figure 5.2) with CB[7] have also been studied by 'H NMR spectroscopy, ESI mass

spectrometry and cyclic voltammetry.

5.2 Experimental
5.2.1 Material Preparation

Titanocene dichloride and cucurbit[8]uril were used as received (Aldrich).
Cucurbit[7]uril was prepared and characterized by the method of Day and co-workers, as
described in Chapter 3" The bis(ferrocene) compounds [1]Br and [2]I, were synthesized

according to literature procedures.
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2

Figure 5.2 The structure of the two cationic bis(ferrocene) complexes.

5.2.1.1 Synthesis of compound [1]Br

The compound [1]Br was synthesized by the following method."” To a chilled
solution of N,N-dimethylaminomethylferrocene (12.2 g, 50 mmol) in chloroform (10 mL),
1,2-dibromoethane (3.8 g, 20 mmol) in 30 mL of chloroform was added dropwise while
stirring. The mixture was refluxed for two days and then cooled to yield a yellow precipitate.

The final product was obtained by recrystallization of the yellow solid from water. Yield:
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75%. "H NMR (in D;0): 6 4.43 (s, 4H), 4.37 (s, 4H), 4.23 (s, 4H), 4.20 (s, 10H), 2.64 (s, 6H)

ppm. ESI-MS: m/z at 442.0 for [C24H28NFez]+ (theoretically m/z = 442.1).

5.2.1.2 Synthesis of compound [2]1;

Compound [2]I, was synthesized in a similar manner as discribed for compound
[1]Br."”” 1,12-Diiodododecane (6.6g, 20 mmol) in 30 mL of chloroform was added dropwise
to a chilled solution of N,N-dimethylaminomethylferrocene (12.2 g, 50 mmol) in 10 mL of
chloroform while stirring, and the mixture was then refluxed for 12 hours. Cooling of the
mixture gave a yellow solid, which was subsequently recrystallized from water and then from
diethyl ether to give pure compound [2]L. Yield: 45%. '"H NMR (in D,0): J 4.42 (s, 4H),
4.36 (s, 4H), 4.30 (s, 4H), 4.21 (s, 10H), 3.02 (t, 4H), 2.81 (s, 12H), 1.66 (m, 4H), 1.22 (m,

16H) ppm. ESI-MS: m/z at 781.2 for [C3sHssN,FeyI]™ (theoretically m/z = 781.2)

5.2.1.3 Assembly of Host-Guest Complexes in Solution

The host-guest complexes were prepared in aqueous solution for 'H NMR spectral
studies by mixing certain ratios of the CB[n] host with the guest molecules in D,0O, bubbling
argon through the solutions for at least 20 minutes and then incubating them for
approximately one hour at room temperature before acquiring the spectra.

For guest 1, only the 1:1 complex was formed despite a large excess of CB[7] host,
because the central aliphatic chain is not long enough to keep the steric hindrance and
repulsive interactions small enough to hold two CB hosts on one molecule at the same time.
'H NMR: (in D,0): 6 4.55 (s), 4.36 (s), 4.31 (s) for the free guest and 3.71 (s), 3.58 (s), 3.50

(s), 2.529 (s) ppm for bound guest. Proton resonances are observed at ¢ 5.72 (d), 5.47 (s) and
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4.17 (d) ppm for the CB[7] host. ESI-MS: m/z at 1605.6 for {Cy4HsNFe,*CB[7]}"
(theoretically m/z = 1605.4)

For guest 2, both 1:1 and 2:1 host-guest complexes were formed when different
relative amounts of CB[7] were added.
1:1 complex: 'H NMR: (in D,0): § 4.42 (s), 4.36 (s), 4.30 (s), 4.20 (s), 3.02 (1), 2.81 (s), 1.67
(m) and 1.20 (m) ppm for the free ferrocene end of the guest, and 3.62 (s), 3.54 (s), 3.47 (s),
3.18 (t), 2.74 (s), 1.83 (m) and 1.40 (m) ppm for the bound ferrocene end of the guest. Peaks
at 0 5.72 (d), 5.47 (s) and 4.17 (d) ppm are observed for the CB[7] host. ESI-MS: m/z at
1944.32 for {C33HssN,Fe, oCB[7]} " (theoretically m/z = 1944.58).
2:1 complex: "H NMR: (in D,0): 3.65 (s), 3.56 (s), 3.48 (s), 3.19 (t), 2.76 (s), 1.84 (m), 1.40
(m) and 1.27 (s) ppm for the bound guest and ¢ 5.72 (d), 5.47 (s) and 4.17 (d) ppm for the
CBJ[7] host. ESI-MS: m/z at 1489.87 for <{C33H58N2F6202CB[7]}2+ (theoretically m/z =

1490.01).

5.2.2 Methods and Instruments

'H NMR spectra were recorded on a Bruker Advance 400 MHz instrument at 25 °C
in D,O. Chemical shifts are given on the o scale (ppm) and are referenced to the HOD
resonance (8 = 4.701 ppm). The solutions for the '"H NMR titration measurements were
prepared as follows: 6.0 mL of 1 mM ferrocene derivatives solutions were made and bubbled
with Ar gas for 20 minutess and then divided into eight portions to ensure the concentration
of the guest molecule was constant for each measurement. Different amounts of CB[7],
varying up to 3.5 equivalents, were added. The solutions were sonicated to dissolve

completely, bubbled with argon for 30 minutes and incubated for a further 30 minutes before
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performing '"H NMR measurements. The solutions of titanocene in D,O were bubbled with
argon for 30 minutes before the additions of CB[7] or CB[8]. After the addition of CB[7] or
CBJ[8], the solutions containing the host-guest complexes were incubated under argon for six
hours before the "H NMR measurements, to ensure that the two chlorides were replaced by
D,0. The resonances in the 'H NMR spectra obtained are for Tisz(DzO)z2+ and
{TiCpa(D20),*CB[7]}*", rather than TiCp,Cl, as the guest molecule.

For the competition experiments to determine the host-guest stability constant, a
solution of CB[7] with diaquatitanocene and the competitor (hexamethylenediamine
dihydrochloride) in a ratio of 1:3.2:1.4 was prepared, and incubated for one hour before the
'H NMR spectra measurement was obtained. For CB[8], 1-aminoadamantane
dihydrochloride was used as the competitor and a ratio of 1:1:1 was employed.

Electrospray ionization mass spectra were obtained on a Waters 2Q Single
Quadrupole MS spectrometer, equipped with an ESI/APcl multiprobe, to confirm the
formation of the host-guest complexes. Solutions were prepared in distilled water and
measurements were performed after a one hour incubation at room temperature for each
solution.

Cyclic voltammetry measurements on the bis(ferrocene) complexes and
diaquatitanocene, in the absence and presence of the CB[n] hosts, were collected using a
Bioanalytical Systems CV-1B cyclic voltammeter, attached to a Houston Instrument 100 X-
Y recorder. The reference electrode was Ag/AgCl, while the working and auxilliary
electrodes were platinum button and platinum wire electrodes, respectively.

The energy-minimized structures of the {Tisz(HzO)z-CB[n]}2+ were calculated

using Gaussian 03 programs (HF/3-21G** basis set), as described in Chapter 3.
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5.3 Results and Discussion
5.3.1 Complexation of Bis(ferrocenes) with Cucurbit[7]uril

The complexation of compound 1 by CB[7] was monitored by 'H NMR titration
experiments at room temperature in D,O solution. As shown in Figure 5.3, upon the addition
of insufficient CB[7], the resonances for Cp rings and methylene groups were partially
shifted upfield to 3.71, 3.58 and 3.50 ppm, indicating the inclusion of Cp rings and
methylene groups into the hydrophobic cavity and the slow exchange between the free and
bound forms. Meanwhile, the signal for methyl groups on the nitrogen atoms experienced an
upfield shift as well (from 2.64 to 2.53 ppm), which is different from what had been expected.
Normally, the CBJ[7] includes the Cp rings and the methylene portion, leaving one of the
carbonyl portals interacting with the positive charge on nitrogen atom; the resonances for
methyl groups on the nitrogen atom will be affected by the electronegative oxygen atoms of

202 Thus in this case, the unusual

the carbonyl portal and experience downfield shifts.
upfield shifts of the methyl groups indicated that they were bent back towards the included
Cp ring portion to optimize the hydrophobic interaction with the cavity. The cavity of CB[7]
is large enough to contain the ferrocene unit and the methyl groups as well. No 2:1 complex
formation was observed, even with up to 3.5 equivalents of added CB[7], according to the
resonances in the '"H NMR spectra (there are still resonances for the free Cp unit). That can
be explained by the structural characteristics of the guest, in which two ferrocene units are
connected by a short aliphatic chain, bearing the positive charge. The repulsive interactions
between the carbonyl portals of two adjacent CB[7] hosts, which would have to come in

close proximity in order to form the 2:1 complex with two CB[n] hosts on the two ferrocenes,

would make its formation thermodynamically unfavourable.
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Figure 5.3 'H NMR spectra (400 MHz) of compound 1 (1.0 mM) in the absence and presence
of (a) 0; (b) 0.42; (c) 0.85; (d) 1.26, (e) 1.65; (f) 2.24, (g) 2.8 and (h) 3.53 mM of CB[7] in
D0 at 25 °C.

(Trimethylammonio)methylferrocene, whose binding constant with CB[7] was

reported to be (4 +2) x 10" M, was used as competitor to determine the stability constant
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of the formed 1:1 complex in D,O at room temperature. Figure 5.4 shows the spectra of the
solution with 1:1:3 (compound 1:CB[7]:FcTMA") in D,0. Using the method described in
Chapter 3 (competing method to determine binding constant), the stability constant was
calculated to be (2 + 1) x 10" M by monitoring the resonances for bound and unbound
forms of methyl groups of both guest, which have different chemical shifts in the 'H NMR
spectra. The formation of this 1:1 complex was confirmed by the results of the ESI mass
spectrum, in which a peak at m/z = 1605.6 for {C24H23NF62-CB[7]}+ was observed, in good
agreement with the theoretical value of m/z = 1605 .4.

%
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Figure 5.4 'H NMR spectra (400 MHz) of the solution containing compound 1 (1.0 mM),
FcTMA™ (3.0 mM) and CB[7] (1.0 mM) in D;O at 25 °C, which was used to determined the
inclusion constant of compound 1 into CB[7].(* CB[7]; o free compound 1, e bound
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The complexation behaviour of compound 2 with CB[7] was also investigated by
monitoring the resonance changes in NMR spectra, which were obtained by measuring
solutions of compound 2 with different amount of CB[7] in D,O at room temperature, as
shown in Figure 5.5. In the presence of less than one equivalent of CB[7], the resonances for
Cp rings and methylene (4.42, 4.36, 4.30 and 4.21 ppm), as well as the resonance for methyl
groups (2.81 ppm), experienced significant upfield shifts, which is similar to what was
observed in the case of compound 1. However, the signals of the a, B3, y and other aliphatic
protons on the central chain show obvious downfield shifts, caused by the deshielding
interactions with the carbonyl groups lined on the CB[7] portals. Resonances for both the
free and bound ferrocene units were observed due to the slow exchange between these two
forms on the '"H NMR timescale. When more than one equivalent of CB[7] was added, the
resonances for the unbound ferrocene end of the guest disappeared gradually (up to 2.3
equivalents, at which point the resonances for the free species disappeared completely, as
shown in Figure 5.5 (f)) and at the same time the resonances for the bound species became
more intense, indicating the inclusion of the second ferrocene unit in the CB[7] cavity,
forming a 2:1 host-guest complex. The overlap of the signal of compound 2 with those of the
competing guest, (trimethylammonio)methylferrocene, prevents the determination of the
binding constant by using this guest as a competitor.

Cyclic voltammetry, which can be used to characterize electro-active species which
can not be detected via NMR or IR spectroscopies,” > has been used to monitor the changes
in the electrochemical properties upon the inclusions of compounds 1 and 2 in the

hydrophobic cavity of the CB[7] host.
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Figure 5.5 'H NMR spectra (400 MHz) of compound 2 (ImM) in the absence and presence
of (@) 0; (b) 0.37; (c) 0.77; (d) 1.18; (e) 1.55; (f) 2.33; (g) 2.64 and (h) 3.43 mM of CB[7] in
D0 at 25 °C.
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As shown in Figures 5.6 and 5.7, the half-wave potential £, for both 1 and 2 are
shifted to more positive values by 75 mV and 50 mV, respectively, suggesting the more
favourable binding between the CB[7] host with the reduced forms of both guest molecules.
In Figure 5.6, two half-wave potentials were observed, which correspond to the two iron
centers in the two ferrocene units. In the presence of 0.8 equivalents of CB[7], the more
positive wave appears to split into two waves, corresponding to the binding of one of the two
ferrocenes, while the other remains unbound, while the more negative peak corresponds to
the remaining unbound guest. Upon the addition of 1.6 equivalents, all of compound 1 is

bound with one CB[7] host.

mA¥-

1+0.8 ea. CBI7—> \
1+1.6 ea. CBI7I1 -

1—>

L

Figure 5.6 Cyclic voltammograms of compound 1 (1 mM) in the absence and presence of
0.8 and 1.6 mM CB[7] in 0.1 M NaCl aqueous solution at room temperature, using a glassy
carbon as working electrode, Ag/AgCl as the reference electrode and platinum wire as the

auxiliary electrode.
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In Figure 5.7, addition of CB[7] to a solution of 2 results in an increase in the
reduction potential of the ferrocene units (which act independently) by about 50 mV,

consistent with what is observed with other substituted ferrocenes.

Figure 5.7 Cyclic voltammograms of compound 2 (1.0 mM) in the absence (yellow) and
presence of 0.8 (orange) and 1.6 mM (red) CB[7] in 0.10 M NaCl aqueous solution at room

temperature. (Scale is 50 mV/cm)

5.3.2 Complexation of Diaquatitanocene with CB[7]
Titanocenes have drawn considerable attention in the past two decades due to their

anti-tumour activities.!' !>

Their inclusion in host molecules may affect their physical
properties such as solubility and thermodynamic stability, which might be utilized in studies

of their anti-tumour behaviour.'” Herein, the binding properties of a bent titanocene, the

diaquabis(n’-cyclopentadienyl)titanium(IV) dication, with the CB[7] host molecule in
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aqueous solution have been investigated. First, the formation of host-guest complex was
monitored by '"H NMR spectroscopy, as shown in Figure 5.8. The addition of CB[7] to an
aqueous solution of TiCp,(D,0),>", formed from the rapid hydrolysis of TiCp,Cl,, results in
a broadening and upfield shift of the 6.54 ppm resonance of the Cp ring protons. As the ratio
of TiCp,Cl, to CB[7] approaches 1:1, the resonance begins to sharpens again and reaches a
final position at 5.83 ppm. The large upfield shift (AS = -0.71 ppm) results from the
shielding afforded guest Cp protons located in the CB[n] cavity.

The broadening and chemical shift behaviour for the CB[7] inclusion is consistent
with intermediate exchange on the 'H NMR timescale.’**® As shown in Figure 5.9, a
frequency difference of 324 Hz in the bound and free guest resonances, indicates an
exchange rate of < 720 s'. With systems of moderately fast exchange and unequal
populations of free (Pr) and bound (P,) guests, the resonance position is not the fully
averaged mole fraction value (0ops = PO + Ppdp), but rather is shifted towards the species

with the higher mole fraction.”*?*

As a result, a plot of Adss as a function of the
[host]/[guest] ratio has a sigmoidal shape, rather than the exponential shape normally

observed with faster exchange processes.
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Figure 5.8 'H NMR spectra (400 MHz) of TiCp»(D-0),°" (1.0 mM) in the absence and
presence of: (a) 0, (b) 0.26, (c) 0.56, (d) 0.84, (e) 1.08, (f) 1.30, (g) 1.39, (h) 1.85, and (i)
2.42 mM CB[7] in D,0 at 25 °C.
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Figure 5.9 Plot of Ad,ps against the host/guest ratio for the inclusion of CB[7] by the

TiCpg(DgO)gZ+ complex in D;O.

The binding constant of {TiCp(D20),*CB[7]}*" complex was determined by 'H
NMR competition studies, using hexamethylenediamine dihydrochloride) (Kcp7 = (8.97 +
1.43) x 10’ M")*! as a competitor to be (6.3 £ 1.0) x 10° M. A solution of CB[7] with the
titanocene and the competitor in the ratio of 1:3.2:1.4 was used to perform the calculation.
The 'H NMR spectra was shown in Figure 5.10, the value of Kielaiive Was determined by the

equation as follows:
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Kriecp7) [TieCB[7]] [Competitor]se 53
Krelative = = 53
Kcompetitor'CB[7] [Competitoro CB [7]] [Ti]free

where the parameters needed for equation 5.3 can be determined by the given total
concentrations of the host and the guest, as well as the integrations for bound and free species

(refer to Chapter 3 for calculation details).

| T r-rrrr T T T T T
65 6.0 5 0 5 1.0 ppm

R

Figure 5.10 'H NMR spectra (400 MHz) of the solution containing diaquatitanocene, the

—
5

competitor and CB[7] in a ratio of 3.2:1.4:1 in D;O at 25 °C, which was used to
determine the inclusion constant of diaquatitanocene with CB[7], by a competition

method. (* CB[7]; o free compound 1, ® bound compound 1, o free competitor, m bound

competitor; x impurity from CB[7])
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The effect on molecular property of the guest upon the inclusion into CB cavity was
also characterized by cyclic voltammetry, as shown in Figure 5.11. The Tisz(HzO)22+
undergoes an irreversible one-electron reduction with a reduction potential of -450 mV in
aqueous solution. A slight negative shift (30 mV) in the reduction potential was observed for
Ti(IV)/Ti(III) couple upon the binding with 1.2 equivalent of CB[7]. With several ferrocene
complexes, a positive shift in the (Fe(IlI)/Fe(Il)) potential in the presence of CB[7] was
observed, which is associated with a reduction in the stability constant of the oxidized

3235 With the titanocene complex, the decrease in the reduction potential

ferrocene complex.
is related to an increase in the stability constant for the Ti(IV) complex compared to Ti(III)

complex.

{TiCp2(H,0),*CB[7]}*"

TiCpa(H,0),> —»

0.0 -0.2 -0.4 -0.6 volts
Figure 5.11 Cyclic voltammograms of TiCp,(H>0),"" (1.0 mM) in the absence and presence

of 1.2 mM CB[7] in aqueous solution (containing 0.10 M NaNOj3) at room temperature.
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5.3.3 Complexation of Titanocene with CB[8]

A similar investigation for the binding process of titanocene with CB[8] has been
carried out using 'H NMR spectroscopy and ESI mass spectrometry. A cyclic voltammetry
study was not possible due to the low solubility of CB[8] in aqueous solution. Figure 5.12
shows the result of the "H NMR titration, in which the guest exchange process is slower
compared to that of CB[7], as at intermediate ratios of CB[8] to Ti, the resonances for both
the bound and free Tisz(DzO)22+ species are observed (Figures 5.12 (c¢) and (d)). Upon the
addition of CBJ[8], the resonances for the Cp rings first broadened and shifted upfield and
then sharpened to finish at 5.79 ppm with excess CB[8] added, similar to the result obtained
in the case of CB[7]. The formation of the 1:1 complex was confirmed by ESI mass
spectrometry, with m/z at 780.18 for the {TiCp(H,0):*CB[8]+H,0}*" species, in good
agreement of theoretical value of 780.23.

The binding constant of {TiCp,(D,0),*CB[8]}*" complex was also determined by a
'H NMR competition study (spectrum is shown in Figure 5.13), using 1-aminoadamantane
[Kcpg) = (8.19 £ 1.75) x 10° M'1% as the competitor guest, to be (1.97 + 0.42) x 10 M, in
the similar manner to the determination of Kri.cp7. Unlike the binding between the
competitor with CB[7], which exhibits slow exchange on the '"H NMR timescale, the binding
between the 1-aminoadamantane competitor with CB[8] exhibits fast exchange process on
the '"H NMR timescale, thus the ratio of bound and free species can not be obtained directly
from Figure 5.13, instead it is determined by the 'H NMR titration data of 1-
aminoadamantane with CB[8]. However, the same equation (Equation 5.3) was used for the

calculation of Kielative.
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Figure 5.12 'H NMR spectra (400 MHz) of TiCp»(D:0),"" (ImM) in the absence and
presence of: (a) 0, (b) 0.31, (c) 0.70, (d) 0.85, (e) 1.0 (f) 1.13, and (g) 1.36 mM of CB[8] in
D0 at 25 °C. [Note: The calculation of values for (e) from NMR spectra is not applicable
due to the almost flat resonances, however from the original weight, the ratio of host to guest

were determined to be 1.0].

170



- ‘. L

S I L R IR I L B
5.5 5.0 4.5 4.0 3.5 3.0 2.5

e

o,

T T T T T T T
20 15 1.0 0
] = =

———
.5 ppm

Figure 5.13 'H NMR spectra (400 MHz) of the solution containing diaquatitanocene, the
protonated 1-aminoadamantane competitor and CB[8] in a ratio of 1:1:1 in D,0 at 25 °C,

used to determined the inclusion constant of TiCp,(D>0), °* with CB[8] by the NMR

competition method.

5.3.4 Comparison of the Effects of Complexation with CB[7] and CBJ8]
Contrary to the higher binding constants determined for ferrocenes with CB[7],"”

compared with CB[8]* (Kcp7 = (3.31 + 0.62) x 10" and Kcpgg = (3.12 + 0.80) x 10° M
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for (trimethylammonio)methylferrocene, for example), the bent metallocenes prefer the
larger CB[8] cavity, presumably as a result of the larger effective radius of the guests because
of the bent orientation of the two Cp rings, along with the presence of the two aqua ligands.
The structures of the host-guest complexes were modelled in the gas-phase from
energy-minimization calculations (HF-/3-21G** basis set), as shown in Figure 5.14. For the
{Tisz(HzO)rCB[S]}zJr complex in Figure 5.14(b), the diaquatitanocene dication is fully
encapsulated in the CB[8] cavity, with the Cp rings aligned with the glycoluril units. A
similar inclusion in y-cyclodextrin has been predicted from spectroscopic and theoretical
calculations, although the stability constant (77 M) is 8 orders of magnitude lower than

determined herein for inclusion in a similarly sized CB[8] cavity.

{TiCp2(H,0),*CB[7]}*" {TiCp2(H,0),*CB[8]}*"

Figure 5.14 The energy-minimized gas-phase structure of the (a) {TiCp»(H>0),*CB[7]}*"
and (b) {TiCp>(H>0),*CB[8] }** host-guest complex (HF/3-21G** basis set).

The effects of the inclusions of the TiCp,(H,0),>" complex into the CB[7] and CB[8]

cavities on the rate of the cyclopentadienyl protonolysis (to form CsHsD) were investigated
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at pH 4 by '"H NMR spectroscopy. Since the cyclopentadiene released from these complexes
was found to experience rapid deuterium exchange in the deuterated solvent, the detection of
it by 'H NMR spectroscopy is applicable.”” Preliminary data shows that the protonolysis of
Cp rings, indicated by the disappearance of the Cp resonance, was slowed from 5.5 hrs for
free titanocene, to 7 days for the diaquatitanocene included by the CB[n] hosts. Further work
needs to be done to further investigate of the effects of inclusion on the chemical and
spectroscopic properties of the diaquatitanocene (and other bent metallocenes), as well as

their stability in solution (hydrolysis processes).

5.4 Summary

In this chapter, the binding behaviours of CB[n] hosts with two bis(ferrocene) guests,
and with the anti-tumour agent TiCp(H>0),>", based on the results obtained from 'H NMR
spectroscopy, ESI mass spectrometry and cyclic voltammetry, have been discussed. The two
bis(ferrocene) compounds show different binding properties with CB[7] due to their different
central chain lengths. When the aliphatic chain between the two ferrocenes units is short
(compound 1), only a 1:1 complex is formed even with a large excess of the host due to the
steric hindrance and repulsive interactions between carbonyl groups on adjacent CB[7]
molecules. Both the 1:1 and 2:1 complexes were observed in the case of compound 2, which
possesses a central chain (dodecamethylene) long enough to separate two CB[7] hosts
present on the two ferrocene groups of the guest at the same time. Compared with the
traditional “sandwich-shaped” ferrocene, the anti-tumour agent TiCp,(H,0)," possesses a
bent metallocene structure. This compound can form 1:1 complexes with both CB[7] and

CB([8] in aqueous solution, with large stability constants. The effects of the inclusion in the
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host cavity on the electrochemical properties of these guests revealed that the half wave
potential experienced positive shifts for the bis(ferrocene) cations and a negative shift for the
diaquatitanocene dication. These results suggest that the host molecules can form more
stable complex with the reduced forms of ferrocene (iron(Il)) and the oxidized form of the
titanocene (Ti(IV)). For the diaquatitanocene, preliminary results show that the inclusion in
the host cavity can decrease the tendency of the Cp ring to become hydrolyzed, increasing
the stability of the titanocene in aqueous solution, whick could be a valuable feature in

clinical trials of anti-tumour titanocene candidates.
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Chapter 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

The research projects in this thesis have been focused on the investigation of the
changes in the chemical, electrochemical and spectroscopic properties of a variety of guest
molecules upon the inclusion into the hydrophobic cavities of members of the cucurbit[n]uril
host family.

The host-guest complexation behaviours of several types of guest molecules with
CBJn] hosts in this thesis have been discussed. Initially, a tetracationic bis(viologen) guest
CH;bpy(CH,)sbpyCH;* was synthesized and employed to investigate the relative binding
behaviours of CB[6] and CB[7], based on the different binding site preferences due to the
sizes of the host cavity and portals.' As might be expected, with the smaller cavity size,
CBJ6] resides on the central aliphatic chain of the guest, forming a 1:1 [2]pseudorotaxane
complex. With CBJ[7], however, more interesting binding behaviours were revealed. When
less than one equivalent of CB[7] host is added, a 1:1 complex is formed with CB[7]
including the central aliphatic chain, similar to what was observed in the case of CB[6].
When excess CB[7] is added, the 1:1 complex is converted into a 2:1 [3]pseudorotaxane
complex with both CB[7] hosts residing on the two separated viologen units. Since the
inclusion of both the central chain and an adjacent viologen unit at the same time is not
favourable, due to the steric and electrostatic repulsive interactions between the carbonyl

portals on the CB[7] molecules, the CB[7] which was initially on the central aliphatic chain,
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is forced to give up its inclusion of the central chain and move on to the other viologen group
when the second CB[7] is introduced to the system.

The effect of host-guest complexation on the chiroptic properties of a set of chiral
enantiomic guests, protonated (S)- and (R)-N-benzyl-1-(1-naphthyl)ethylamine, was
investigated in terms of the changes in the molar optical rotation and the circular dichroism
(CD) spectra of the chiral guests upon the binding with the achiral CB[7] host.” Spectral
evidence supports the formation of a 1:1 complex with CB[7], with inclusion of the benzyl,
rather than the naphthyl moiety of the guests. The five-fold increase in molar optical rotation
and significant changes in the CD spectra may be explained by some degree of steric
restriction in the rotation of the naphthyl chromophore of the guest about chiral center, upon
the inclusion of benzyl unit into the host cavity.

The effects of the host-guest complexation of substituted ferrocenes, notably
(trimethylammonio)methylferrocene, with CB[7] on the kinetics of their electron self-
exchange and electron transfer reactions have been investigated® and compared the behaviour
in the presence of other related macrocyclic hosts such as [B-cyclodextrin and p-
sulfonatedcalix[6]arene. The unique feature about ferrocene-CB[7] guest-host system is that
the slow exchange of the ferrocene from the CB[7] on the 'H NMR timescale makes it
possible to monitor the electron self-exchange process for both the bound and unbound
species independently, such that the rate constants for the possible self-exchange pathways
involving the bound and free forms of both the oxidized and reduced forms of the guest can
be determined separately. The electron self-exchange rate constant increased when both the
reduced and oxidized formed are encapsulated by CB[7] host compared to the free redox

couple, and decreased when only the reduced form was included in CB[7]. The electron
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transfer  reactions between two  substituted ferrocenes with the  bis(2,6-
pyridinedicarboxylato)cobaltate(IlI) ion (which does not bind to CB[7]) were also
investigated in the absence and the presence of CB[7] in aqueous solution at 25 °C. The
encapsulation of ferrocene guests by CB[7] significantly reduces the rate constant for their
oxidation, as a result of reduced thermodynamic driving forces and steric hindrance to close
approach of the oxidant to the encapsulated ferrocenes.

Prompted by the results obtained for (trimethylammonio)methylferrocene, the
binding behaviour of two cationic bis(ferrocene) derivatives,
CpFeCsH4CH,N(CH3),CH,CsH FeCp" and
CpFeC5H4CH2N(CH3)2(CH2)12(CH3)2NCH2C5H4Fesz+, with CB[7] were also investigated,
revealing that the nature and the length of central linker between two ferrocene units has
significant effects on their binding behaviours with CB[7]. The former monocationic guest,
with a shorter linker, can only form a 1:1 complex with CB[7], even in the presence of excess
host, as the repulsive electrostatic interactions between the carbonyl groups on the portals of
adjacent hosts will not allow two CB[7] molecules to reside on the guest molecule
simultaneously. However, the latter bis(ferrocene) with the much longer aliphatic chain
between two ferrocene units forms both 1:1 (with insufficient host) and 2:1 (in the presence
of excess host) host-guest complexes. The electrochemical change of both guests upon the
inclusion into CB[7] cavity were also investigated by cyclic voltammetry, indicating that the
half wave potentials (E£;,) were shifted to more positive potentials, due to the more
favourable binding of host to the reduced forms of the guests, as expected. Further studies

using other linkers between the ferrocenes are planned.
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The complexation of a bent metallocene, diaquatitanocene, with CB[7] and CB[8]
were also investigated by 'H NMR, ESI-MS and cyclic Vol‘[ammetry.4 The exchange
between free and bound titanocene was found to be intermediate on NMR scale, indicated by
the extreme broadening of the Cp resonances in the present of insufficient CB host.
Contrasting to the ferrocenes, whose binding to CB[7] is stronger, the bent titanocene shows
higher affinity to CB[8], presumably as a result of the larger effective radius of the guest.

413* was shifted to 30 mV more

Cyclic voltammetry shows that the half wave potential of Ti
negative, which was also different from that of ferrocene. This result suggests that the CB
hosts prefer to bind the oxidized form of titanocene rather than the reduced form. The
inclusion into hydrophobic cavity of the CB host could have effect on the physical properties
of this anti-tumour drug such as cytotoxicity and solubility, which might be utilized in
clinical trails.

In summary, the investigations of the host-guest complex formations between the
cucurbit[n]uril (n = 6, 7, and 8) hosts and a variety of organic and organometallic guests have
demonstrated that significant changes in the chemical, electrochemical and spectroscopic
properties of the guest molecules may occur upon their inclusion into the CB[n] cavities,
with non-covalent interactions with the carbonyl-lined portals. The examples we have

illustrated in this thesis may lead to expansions in the applications of CB[n] host molecules

in the fields of catalysis, molecular sensing and molecular machine/switch construction.

6.2 Suggestions for Future Work

The understanding of behaviours of the various host-guest systems investigated with

the cucurbit[n]uril host family in this thesis may be applied to future work with related guest
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molecules. The work on the tetracationic bis(viologen) guest molecule is being extended to
other extended guest systems in which it may be possible to accommodate CB[7] in adjacent
regions of the molecule by extending the components to reduce the steric and electrostatic
repulsions. An undergraduate student has synthesized an analog of the tetracationic guest
described in Chapter 2, in which the 4,4’-bipyridine group is replaced by a trans-1,2-bis(4,4-
bipyridyl)ethylene group (Figure 6.1). Preliminary 'H NMR spectral evidence suggests that
three CB[7] host molecules may be accomodated on this extended guest molecule. The
introduction of the ethylene group also allows for investigations of the effects of CB[7]

inclusion on trans-cis photoisomerization processes.

Figure 6.1 Structures of the CHsbpe(CH,)sbpeCH3'" tetracation (top) and the proposed

{CH;3bpe(CH,)sbpeCH3*3CB[7]}" complex (bottom).
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The investigation of complexation of CB hosts with titanocene will be extended to a
more comprehensive study for more anti-tumour drugs, such as those whose structures are
shown below (Figure 6.2),”° and other bent metallocenes, such as analogous

diaquamolybdocenes.

R
l////,
NHs*CI" NHMe,*CI

R,

S: Rl :H, R2 = CH3
R: RzZCH3; Rl =H

Figure 6.2 Two examples of chiral substituted titanocene dichloride complexes.

Preliminary results indicate that the diaquamolybdocene exhibits a high affinity
towards CB[8] (Kcps) 1s estimated to be about 10'° M by a '"H NMR competition method).
The molybdocene is more susceptible to dimerization and loss of the Cp rings,” and has been
observed to catalyze the oxidation of cucurbit[n]urils in aerobic solutions.® More detailed
research about the stabilization of the coordinated Cp rings from protonolysis and

dissociation, upon the inclusion in CB[n] cavities, will need to be conducted.
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