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Abstract

Macrocycles have long been key molecular cornerstones of many fundamental processes
found in nature and have risen to prominence over the last 60 years in the field of chemistry
research, with their rich coordination chemistry seeing them used for a variety of
applications. The work herein employs macrocycles and their complexes in two areas; firstly
in the development of a switchable system which exhibits controlled molecular-level motion,
and secondly as a component of a electrochemical nucleic acid sensing system capable of

detecting important cancer biomarkers.

Harnessing molecular motion is considered vital for the development of next generation
nanotechnology. In this thesis, the design, synthesis and study of a novel ball-bearing rotary
system is described that employs the coordination chemistry of crown ethers to control the
rate of rotation about the axis of a (n*-tetraarylcyclobutadiene)(n°-cyclopentadienyl)cobalt(l)
sandwich complex core. Chemical inputs, in the form of pH changes and metal cations, were
employed to exert switchable control over molecular motion, as evidenced by variable

temperature 'H NMR experiments and the subsequent calculation of kinetic parameters.

In 2016, Tucker and co-workers reported a nucleic acid probe modified with a copper
cyclidene complex capable of electrochemically distinguishing between target DNA strands
containing the four canonical nucleobases at one locus. The work herein details the synthesis
of the cyclidene macrocycle and its transition metal complexes, and establishes the synthetic
route for their incorporation into DNA. The sensing ability of the previously reported sensing
system is explored as part of a SAM on the electrode surface, leading to the synthesis and

study of a hetero-bimetallic and ratiometric sensing probe that can rapidly detect key cancer



biomarkers at low femtomolar levels. The ability to discriminate between nucleobases at such
low concentrations raises the exciting possibility of biomarker detection without the need for
amplification, highlighting the potential of this sensing system to act as a valuable medical

tool in the diagnosis and management of genetic diseases.

Additionally, a variety of other cyclidene-modified DNA systems are synthesised and
characterised, with strands varying in length and number of metal atoms, whilst the
previously problematic electrochemical visualisation of the nickel complex is addressed. This
research expands the previously reported family of metal-modified nucleic acids and provides
the foundations for their electrochemical properties to be explored in a wider range of

applications such as molecular wires.
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1. Introduction

1.1. An Introduction to Macrocycles

Macrocycles are a broad class of molecule, defined as cyclic structures with 12 or more atoms,
that have found applications in a wide range of areas in modern chemistry.! Long before they
attracted the attention of scientists, nature had crafted intricate and precise designs
employing macrocycles and implemented them as the cornerstones of life on Earth. Some of
these specialist macrocycles perform a crucial role in the lives of humans, animals and plants.
Chlorophylls play a critical role in photosynthesis in plants and bacteria, the process by which
sunlight is converted into the energy used by the plant to live and grow. These naturally
occurring macrocycles are photoreceptors that are involved in the three main elements of

photosynthesis: light harvesting, energy transfer and energy conversion.?

Figure 1.1: The chemical structure of porphyrin.

Porphyrins are a class of macrocycle with a similar structure to chlorophylls, consisting of four
pyrroles linked together to form a rigid, square planar ring, Figure 1.1. The most famous
porphyrin derivative is haem, which comprises the macrocycle and an iron cation bound at
its centre. The haem unit is an essential component of haemoglobin, a globular protein found
in red blood cells that transports oxygen around the body and is vital in the metabolism of

living organisms.3 Siderophores are another class of natural molecules that bind and transport



iron but, unlike porphyrins, are only found in fungi and bacteria. They have an exceptionally
high affinity for Fe3*. In fact, their name is derived from the Greek word for ‘iron bearer’.*

Although they are not exclusively macrocycles there are many macrocyclic examples including

alcaligin, ferrichrome and enterobactin, shown below in Figure 1.2.>©
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Figure 1.2: The chemical structure of enterobactin, a siderophore used in the transportation of iron in cells.

Despite being widely utilised in nature, there was only a limited interest in macrocycles from
chemists in the first half of the 20™" century. This was due in part to the difficulty in
synthesising them, with methods generally long, difficult to control and poorly yielding.
However, emphasis started to shift in the early 1960s when Curtis” and Busch® synthesised
macrocyclic coordination complexes which used nitrogen and both nitrogen and sulfur
respectively as donor atoms to coordinate a nickel cation. The work uses Ni?* as a template
to facilitate the formation of the macrocycle, with the individual components of the
macrocycle coming together about the metal cation. Without the cationic template, the
formation of the macrocycle fails because of competing reactions. This method, taking

advantage of template effects to construct the macrocycle, is termed template synthesis.®



The development of templated synthesis suddenly made a range of macrocyclic compounds
far more accessible and by the mid-1960s there had been a rapid increase in research into
the synthesis of macrocycles, as well as their reactivity and coordination chemistry. Busch
was influential in this, synthesising a series of ligands and coordination complexes that were
often variations of his initial four-coordinate nitrogen and sulfur complex, before carrying out
further studies on their properties and reactivity.”*? The drawback to this approach of
modifying the same basic macrocycle template was that although the field of macrocycles

was expanding, it was a narrow and restricted expansion. A novel idea was needed.

Figure 1.3: One of Pedersen’s crown ethers. The names assigned to each crown ether are informative as to its size and
structure. This is an 18-crown-6 ether: 18 atoms in the ring, 6 donor atoms.

When Pedersen published work in 1967 detailing the synthesis of no fewer than 33 novel
cyclic polyethers with a variety of ring sizes, number of oxygen donor atoms and substituents,
he administered the uplift that the field craved.!? This was the birth of a species known as the
crown ether, Figure 1.3, and a discovery that provided a new source of inspiration for
researchers in the area. These crown ethers were found to strongly coordinate to a wide
variety of alkali metal and alkaline earth ions, including ones which had not been researched
previously.?* 1> At the time, it was proving a significant challenge to find a neutral complexing
agent which could bind alkali metal cations. Pedersen’s discovery of crown ethers
subsequently provided huge advances in fields such as biological ion transport, anionic

synthetic reagents, and phase-transfer catalysis.®



Lehn built on this fundamental discovery in 1969 by developing a series of compounds called
cryptands, bicyclic compounds of crown ether origin, which have three polyether strands
connected to two bridge head nitrogen atoms. They were found to be even more selective
with regards to metal ion binding than their crown ether cousins.!” Pedersen and Lehn went
on to share the 1987 Nobel Prize in Chemistry for this ground-breaking research, along with

Donald Cram.
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Figure 1.4: Lehn's Cryptand. The additional polyether arm increases the selectivity of the macrocycle towards metal cations.
Cram devoted his research to the field of macrocycles following Pedersen’s creation of crown
ethers and made a large contribution to what he called Host-Guest chemistry, more widely
known as Supramolecular Chemistry. His research with cavitands, macrocycles with enforced
cavities comparable to a bowl or vase, used Host-Guest chemistry to investigate substrate
binding sites in enzymes.'® He synthesised macrocycles which could selectively bind organic
cations that varied in structure or chirality.*?! Some of these complexes acted as models to
simulate the high selectivity exhibited by enzymes with their substrates, and demonstrated
the role of selectivity and specificity in catalysis and other reactions of biological
importance.'® 12 Such model systems are of significant value in furthering our understanding

of some of nature’s more intricate processes.??



1.2. Coordination Chemistry of Macrocycles

1.2.1. The Macrocyclic Effect

As alluded to above, the rich coordination chemistry of macrocycles is vital in many aspects
of nature. Porphyrins and siderophores both form strong and stable complexes with iron, and
the subsequent properties of these complexes prove pivotal to their applications. The
complexes are so thermodynamically and kinetically stable that the biological process is not
impaired by a competing process that may break up the complex, such as demetallation. This
detail is crucial and is why macrocycles execute this role in nature ahead of their acyclic

counterparts.

It has long been known that the complex obtained from the reaction between a multidentate
ligand and a metal ion is far more thermodynamically stable than a complex containing the
equivalent monodentate ligands. This phenomenon is termed the ‘chelate effect’ and is
primarily entropic in origin. Macrocycles have been found to form even more stable
complexes with metal ions in comparison with those formed by the equivalent acyclic ligands.
The name attributed to this is the ‘macrocyclic effect’.?® Like the chelate effect, the
macrocyclic effect has entropic origins because macrocycle ligands are less flexible and
possess a far more restricted geometry, and so are more preorganised for binding. This is
more favourable entropically as macrocycles have less disorder to lose when forming a
complex. Macrocycles are also less heavily solvated than acyclic ligands, which is enthalpically
favourable for complex formation as less energy is required for desolvation. This gives a

complex which has increased thermodynamic and kinetic stability.?2-24



1.2.2. Crown Ethers

The structure of crown ethers consists of a core that has several oxygen donor atoms
connected by ethylene bridges. They can form coordination complexes with alkali metal salts
and salts which have similar cations through electrostatic attractions between the positively
charged cation and the negative end of the carbon-oxygen dipole. If the guest species is an
organic cation, such as an ammonium ion, hydrogen bonds contribute to the formation of the
complex. There is an optimum arrangement which generates the most hydrogen bonds
between the organic cation and crown ether. Crown ethers can also contain nitrogen or sulfur

donor atoms, forming azo- or thio-crown ethers respectively.'3 1

The stability of crown ether complexes depends greatly on the relative sizes of the cation and
the cavity of the ring. There is an optimal spatial fit when the cavity is of similar size to the
cation. Factors such as charge density, steric hindrance in the ring and the solvating power of
the solvent used can also have an effect.'> ¢ Varying the size of the crown ether cavity will
change which cation is favoured to form the most stable complex. If the ion is too large to sit
in the hole of the ring, a stable complex will not be formed. For example, in acetonitrile a 12-
crown-4 ether forms its most stable complex with lithium cations, whereas the larger 15-
crown-5 favours sodium, which is much bigger. Whilst complexes can also be formed with
sodium cations, potassium is the ideal size for 18-crown-6 ethers and so forms the most stable
complex.?®> Generally, complexes form with a stoichiometry of 1:1 between the bound cation
and the crown ether ligand. However, there have been some instances of 2:1 and even 3:2
crown ether:cation complexes, with larger cations held between two crown ether units in

what Pedersen speculated to be a possible ‘sandwich’ structure.*



Alongside cavity size, the identity of the donor atoms in the macrocycle have a strong
influence on complexation. Donor atoms have specific preferences towards the type of metal
ion that they prefer to bind, and these can be explained by the Hard-Soft Acid Base Theory. It
states that a hard Lewis acid preferentially binds a hard Lewis base, whilst a soft Lewis acid
favours a soft Lewis base. Hard acids are usually small or highly charged ions, and so have a
high charge density, whereas soft acids tend to be larger ions or have a low charge and are
more polarizable than their hard base counterparts.?® As oxygen is a hard base, crown ethers
preferentially bind metal ions from groups 1 and 2, for example Na* or K*. In a thio-crown
ether, where the oxygen atoms have been replaced with sulfur, a soft base, the stability of
complexes with transition metal cations such as Ag* or Hg* is markedly increased, whilst it is

reduced for complexes with TI* or Pb?*.14 25

1.2.3. Cryptands and Lariat Ethers

Discovered by Lehn shortly after Pedersen released the details of his crown ether discovery,
cryptands are enveloping hetero-macrocycles composed of three polyether strands
connected to two bridge head nitrogen atoms.!” This combination of oxygen and nitrogen
atoms, as well as extra donor atoms, led to cryptands being far more selective than crown
ethers in their preference for cations to bind. Having these extra donor atoms also results in
exclusion of molecules of solvent from the solvation sphere of the cation, something that is
rarely the case with crown ether complexes.'® Whilst crown ethers form two-dimensional
complexes which have fast kinetics when binding and unbinding cations, the envelope-like
complexes favoured by cryptands are more three-dimensional. This results in slower

complexation kinetics.® %’



Lariat crown ethers are similar to cryptands in that they also have an extra polyether strand
but, rather than forming a bridge over the crown ether cavity, that extra strand is a free arm
connected to the crown ether by just the one bridgehead nitrogen atom. Importantly, the
free polyether arm still takes part in binding. This gives lariat crown ethers a flexibility that
cryptands do not possess, which gives them faster complexing kinetics, whilst still forming

enveloping complexes.®27:28

1.2.4. Tetraaza Macrocycles

Macrocycles containing solely nitrogen donor atoms do not have the same selectivity that
crown ethers can have over the metal cations that they can bind. This is partly due to the
hard/soft base properties of the nitrogen donor atoms. As nitrogen lies somewhere in the
middle of the two extremes this leads to a wider range of potential binding targets, with M2+

and M3* cations generally favoured.

1.2.4.1. Porphyrins and Derivatives
Consequently, a range of porphyrin derivatives are seen complexing different metals in
nature. The oxygen transport expertise of haemoglobin centres around the porphyrin-iron

complex of the haem unit, whilst plants rely on chlorophyll to harvest sunlight to power the

Phytyl = SAW
2

Figure 1.5: Structure of Chlorophyll A.



plant. All chlorophylls contain the chlorin ligand, a porphyrin derivative that complexes Mg?*,
Figure 1.5. Vitamin B1z is a corrinoid; the corrin ring at its core is a pyrrole-based macrocycle
very similar to porphyrins.*? It uses the nitrogen donor atoms of its four pyrrole units along
with its benzimidazole-derived side arm to coordinate cobalt in an octahedral geometry,

Figure 1.6. The final coordination site acts as a catalytic centre.?®
HoNOC

-

~~OH

Figure 1.6: The octahedral geometry of the cobalt complex in vitamin Bi.

It is not just cations that these porphyrin derivatives are limited to binding. Sapphyrins are
expanded porphyrins, discovered accidently during an attempted synthesis of vitamin Bi,
that possess five pyrrole units. They have a 22 nt-electron core compared to the 18 nt-electron
core of porphyrins and corroles, and unlike their tetrapyrrole counterparts, they commonly
exist in their protonated state. It is the protonation of two of the core nitrogen donor atoms
that allows for the complexation of a range of anions through hydrogen bonding, with targets
including a range of phosphates and halogen anions. They are capable of forming 1:1 and 2:1

complexes, with the anion commonly situated above or below the central cavity.3% 3!



1.2.4.2. Cyclams

Cyclams possess a core of four nitrogen atoms that sit in a square planar conformation with
an empty cavity between them. Like porphyrins, the nature of the nitrogen donor atoms and
size of the cavity allows them to bind a variety of metal cations, including Ni%*, Cu?*, Pb?,
Zn?*, Co?*, Cd?* and Hg?* with high thermodynamic and kinetic stability.32-3 Often the bound
metal sits in the square planar cavity between the nitrogen donor atoms but the flexibility of
the ethylene and propylene bridges can lead to square pyramidal and sometimes trigonal
bipyramidal confirmations to be adopted. Bridged cyclams are molecules where an internal
ethylene bridge is used to connect two of the nitrogen atoms and give additional structural

rigidity. This added structure can lead to stronger complexes forming on reaction with a metal

on. m\l m m
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Figure 1.7: The traditional cyclam (left) and its bridged derivatives: cross bridged cyclam (centre) and side bridged cyclam
(right).

There are two different variations, cross-bridged and side-bridged cyclams, Figure 1.7.3436
Unlike the original cyclam, bridged cyclams do not form planar coordination complexes with
metal ions, instead forming an envelope around the metal ion.3* Cyclam complexes are also
pH sensitive, as the nitrogen donor atoms can be protonated and lead to decomplexation,

something not experienced by macrocyclic complexes with oxygen or sulfur donors.3*
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1.2.4.3. Cyclidenes

Cyclidenes are neutral macrocycles whose core of four nitrogen atoms connected by ethylene
and propylene bridges have a striking structural resemblance to cyclam. Where cyclidenes
differ is that the propylene bridges are composed of conjugated double bonds. This structural
diversion greatly alters the properties of the macrocycle. Firstly, the conjugated system gives
cyclidenes arigidity and they adopt an almost planar structure, which is also observed in their
coordination complexes.3” Secondly, the conjugation increases the stability of the complexes
formed. For example, complexes are more stable in acidic conditions, with the coordinating

nitrogen atoms less prone to protonation and subsequent decomplexation than cyclams.

N| N| HN N HN
[NH | NH N> CNH N>

\
Figure 1.8: The traditional 14 atom cyclidene (left) alongside the expanded [15] (centre) and [16] (right) derivatives.
Like other tetraaza macrocycles, cyclidenes form complexes with a range of metal ions, with
Cu?* and Ni?* coordination complexes being common, as well as Fe?*, Co?* and Zn?*.38 Rare
examples even include palladium and platinum complexes.3®* When a coordination complex
is formed, the amino nitrogen atoms in the macrocycle ligand are deprotonated, allowing
neutral complexes to be formed with M?* cations.38#? The core cyclidene structure usually
consists of 14 atoms, because of the two ethylene and two propylene bridges, but 15 and 16
atom variations exist, with additional propylene bridges replacing the ethylene bridge, Figure
1.8. These larger 15 and 16 membered macrocycles are slightly more flexible and deviations
from planarity are observed as ring size increases.*? They also possess a more versatile

coordination chemistry, and have been shown to coordinate in three equatorial positions and

11



one axial position in an octahedral Fe?* complex, as well as a conventional square planar

arrangement. 40 41,43

That Co?* and Ni?* coordination complexes are some of the most common can be partially
explained by the Irving-Williams Series, which refers to the relative stabilities of coordination
complexes formed between a metal ion and ligand. It states that the stability constants of the

first-row transitions metal ions are as follows:

Mn?t< FeZ* < Co?*< NiZ* < Cu?* > Zn?*

The trend can be explained by several factors, including the decrease in ionic radius across
the period from Mn?* to Zn?*. This follows the general increase in coordination complex
stability across the period. The Crystal Field Stabilization Energy (CFSE) increases across the
period, starting at zero for Mn?*to a maximum at Ni%*, before decreasing again for Cu?* and
finally returning to zero for Zn?*. The higher the CFSE, the higher the stability of the complex.
Although Cu?* has a lower CFSE than Ni%*, octahedral Cu?* coordination complexes gain
additional stability due to the Jahn-Teller effect, leading to the high stability constant for

Cu2+ 44

1.2.5. Cavitands: Cyclodextrins, Calixarenes and Pillarenes

Cavitands are container-like molecules with a hydrophobic binding pocket which allows an
appropriately sized hydrophobic guest to dock. They include cyclodextrins, shown in Figure
1.9, which are naturally occurring cyclic oligosaccharides that adopt a cone-like structure with
a hydrophobic interior that can bind non-polar molecules. They have long been employed as
a solubilizing agent for drug compounds, enhancing the delivery of the drug and subsequently

increasing bioavailability.*®
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Figure 1.9: Examples of a naturally occurring cyclodextrin (left) and a calixarene (right).

Calixarenes are synthetic macrocycles which derive their name from the chalice shape
adopted by their phenol monomer units. The specificity of the hydrophobic cavity has been
used to mimic the active sites of enzymes whilst its ability to bind small ions such as Cu?* and
Zn** has been employed in catalysis.*®#” Their discovery led to the construction of a range of
macrocycles with a rich host-guest chemistry including pillararenes and resorcinarenes, which
consist of hydroquinone and 1,3-dihydroxylbenzene, respectively.*® 4° Like cyclodextrins,
pillararenes have proven useful drug delivery systems and can release their cargo on demand

through changes in pH.>% 51

An extensive review of the host-guest chemistry of crown ethers, cyclodextrins, calixarenes

and other systems has been reported by Stoddart et al.>?
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1.3. Macrocycle Synthesis

One of the main challenges that impeded early research into macrocycles was the difficulty
to synthesise them. Macrocycle synthesis is a delicate business and an art; the optimum
conditions are needed to encourage the individual components to come together and form a

ring, rather than the more favourable chain.

Early methods of macrocycle synthesis were based around high dilution techniques. Long
chains with reactive groups were reacted together in a very dilute solution to minimise any
competing polymerisation reaction, affording the macrocycle as the kinetic product. High
dilution can also be achieved through the very slow addition of one of the reactive species to
the reaction solution.>3>® Whilst this delicate balancing of conditions achieved macrocycle
synthesis, early yields were often very low and reaction times long. They were not suitable in

a practical sense.”’

/N\ ,’S Br Br /N\ ,’S

N .

N' ‘S EDC, rt N' ‘S
/ _/

Scheme 1.1: Busch's early investigations of the template effect used a Ni?* cation as the template.

The discovery by Curtis and Busch of the template effect revolutionised macrocycle synthesis.
They observed that the coordination sphere of a template, often a metal cation, could be
used to induce an optimum spatial arrangement of the reacting species that would encourage
the formation of the macrocycle over any competing polymerisation reactions. Without the
presence of the template, macrocycle formation would be highly disfavoured. Busch’s early
investigations into the template effect utilised a Ni?* cation to control reactions between

mercapto groups and alkyl halides, Scheme 1.1.%11
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1.3.1. Crown Ether Synthesis

When populating his initial library of crown ether derivatives, Pedersen used some general
methods including templating with sodium cations, which gave mixed results in terms of
yields. Some dibenzo- and cyclohexyl-derivatives were afforded in respectable yields but
others including 18-crown-6 ether gave the very low yields and so these were not viable
methods for future crown ether synthesis. Since then, templating and high dilution
techniques have been developed to synthesise crown ethers, with template effects proving

to be popular.’3
0] OH 0] (\?/\ (\O/\I
[ ” KOH O 1e.-© MeCN
T - e
o OH Cl 0 10% . ~ ®
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Scheme 1.2: The template synthesis of 18-crown-6 ether by Cram.

Greene first observed that the presence of a potassium cation enhanced the formation of 18-
crown-6 ether from a diol and a ditosylate.>® Cram then reported a simple template synthesis
of 18-crown-6 from triethylene glycol and triethylene glycol dichloride in 1974 that has
remained popular to this day.>® The method, outlined in Scheme 1.2, uses an inorganic base,
potassium hydroxide. The base has two roles. Firstly, it generates a better nucleophile by
deprotonating the alcohol groups, encouraging nucleophilic attack towards the triethylene
glycol dichloride. Secondly, the potassium cation acts as the template and encourages
cyclisation, bringing the reactive sites into close proximity so a nucleophilic substitution
reaction can occur and close the ring. This yields a crown ether-potassium complex. To
remove the template ion and yield the free crown ether, demetallation is performed. Cram’s
method uses acetonitrile to do this, as the cyanide anion that is subsequently formed is a

strongly coordinating ligand and so will compete for the metal ion with the macrocycle.*®
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The premise of conformational preorganisation is the basis of syntheses for many crown ether
derivatives, such as polythioethers, polyaza macrocycles and cryptands.® 1> ¢ Despite the
formation of crown ethers and their derivatives being so well investigated historically, it is
still an active area of research, with studies championing the benefits of templated or non-

templated methods or the use of different templates to make gains in yields and efficiency. "

62

1.3.2. Cyclam Synthesis

After it was first reported by van Alphen, where it was found in the high boiling point fractions
of mixtures of polyamines, 3 Stetter and Mayer reported a cyclam synthesis that was long and
gave a yield of merely 24%.%* In what is proving to be a familiar theme, cyclam synthesis was
then reinvigorated by Barefield via the use of a Ni?* template cation. The cation coordinates
tetraazadodecane, before glyoxal is added to form the macrocycle. Sodium cyanide is used to
remove the nickel, with the cyanide anion competing with the freshly made cyclam ligand
over binding of the cation ion. Barefield’s template synthesis of cyclam acts as the basis of

the methods widely used today.®
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Scheme 1.3: Barefield's template synthesis of cyclam with a Ni?* cation.
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1.3.3. Cyclidene Synthesis

There are several different methods to synthesise cyclidene derivatives and the pathway
chosen often depends on the application of the final product and which substituent groups
are desired. The conjugated propylene bridges are often formed using a formyl acetate
derivative, the choice of which can introduce methyl groups to the first and third carbon of
the propylene bridge, and an ester or aldehyde in the central carbon position, Scheme 1.4.%%
43,86 |ncorporating this functionality offers a simple synthetic pathway to other functional
groups and allows the cyclidene to be incorporated into a larger molecule3” or tagged to
another structure such as DNA.®” Another consideration is the desired size of the cyclidene

ring.

Template syntheses have employed Cu?*and Ni%*ions to facilitate the synthesis of the 14-,
15- and 16- membered macrocycles.*> 43 Jager's copper-templated method pictured in

Scheme 1.4 gives a 14-cyclidene core with ethyl ester derivatives on the middle carbon atom
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Scheme 1.4: The Cu?* templated synthesis of cyclidene by Jager and co-workers.
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of the propylene bridge. The propylene bridges also have methyl groups on the first carbon

atom.

One disadvantage of the template method is that the cyclidene complexes can be so stable
that the metal template can be difficult to remove and harsh demetallation conditions must
be employed. For example, Jager used either hydrogen sulfide or concentrated sulfuric acid,
whilst Rybka et al. turned to methanesulfonic acid and ammonium hexafluorophosphate. Not
only are these harsh conditions unpleasant to work with but they can destroy the newly

formed ligand.

®
O 2 (Et;0)(BF,) OEt
2\ —non 2\
NH,  CH2Cl NH,
® ’H H\
OEt H2N/\/NH2 =N® ®N= H2N/\/NH2
2 \ > \ HH /
NH, NH HN " 2Naove NH HN
_/ MeOH

Scheme 1.5: This high dilution synthesis of a cyclidene derivative by Holm and Truex gives the ligand in a 35% yield.

Consequently, non-template syntheses have also been developed. Holm has developed a
couple of high dilution methods, one outlined above in Scheme 1.5. High dilution was
achieved by slow, dropwise addition of the diamine, which itself had been diluted prior to
addition. The method can be modified to give 15- and 16- membered cyclidenes by replacing
ethylene diamine with diaminopropane in either step, albeit at lower yields. Copper and

nickel complexes have subsequently been formed.38 68
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1.4. Applications of Macrocycles and their Complexes

1.4.1. Pharmaceuticals

Macrocycles are now utilised in a variety of roles in modern research. They feature strongly
in pharmaceuticals, where inspiration for drug compounds is often gleaned from nature.®
Verteporfin is a porphyrin derivative that is routinely used in phototherapy for age-related
degeneration of blood vessels in the eye, generating oxygen radicals upon irradiation to
combat tumour cells.” Recent research has suggested that it could also be used to treat
hypoxic glioma cells; highly malignant brain tumours which currently prove to be therapy-
resistant. The generation of reactive oxygen species proves again to be the method of action,

induced here through the complexation of free iron.”?

(@) 0~ OH

Figure 1.10: Verteporfin is a photosensitizer drug used in photodynamic therapy.

With their high affinity for almost any transition metal cation, cyclams were never going to
be effective selective chelating agents. Instead they have found roles in pharmaceuticals.
Unbound cyclam, alongside Ni?* and Zn?* cyclam complexes, displays anti-HIV activity and
research has been conducted into using them as HIV entry inhibitors.3* Entry inhibitors focus
on stopping the initial binding of the viral glycoprotein to the cell receptors, usually by

blocking and preventing the binding event. Disrupting the glycoprotein binding prohibits it
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from infiltrating the cell and beginning the process of replicating viral DNA that spreads the

i’
"

NH HN

HIV virus.”?

NH HN

H N
C )

N
Figure 1.11: A bicyclam compound that exhibits anti-HIV activity. Zinc and nickel complexes enhance its anti-HIV activity,

whilst copper, cobalt and palladium complexes decrease its activity.

Bicyclam compounds have exhibited an even greater potency and interact with the CXCR4 co-
receptor, one of the docking points for the HIV glycoprotein.3* 73 The bicyclam compound’s
anti-HIV activity increased further upon the formation of Zn?* and Ni?* complexes, Figure 1.11.
It is thought that the presence of Zn?* and Ni?* ions enhance the cyclam’s affinity for the

CXCR4 co-receptor, increasing its effectiveness as an inhibitor.3% 7374

Figure 1.12: A europium tetraaza macrocyclic complex developed by Parker.

Parker and co-workers have reported a variety of aza macrocycles which form lanthanide
coordination complexes with strong, long-lived luminescent properties that can be employed
as cell imaging agents. Cellular uptake occurs readily with the complexes and their strong
optical signals enable the examination of live cells, providing information on their functions.
Unsurprisingly such powerful imaging agents are of huge value in diagnostic medical
imagining and subsequent therapies.”>””” Archibald has extensively reviewed the use of

macrocyclic coordination complexes for imaging and other biomedical applications.’®
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1.4.2. Sensors

The selectivity demonstrated by crown ethers towards the binding of cations, as well as the
relative ease to synthesise and modify them has led to their playing an integral part as the
recognition element in supramolecular sensors.'® A redox active group such as ferrocene can
be tagged to the crown ether or even be implemented as part of the ring system, allowing
electrochemical techniques, such as cyclic voltammetry, to be used to identify when a
complex has been formed with a target analyte.”® 2 A reversible change in the redox potential
is observed when the crown ether-containing sensor binds the target. In the example of
ferrocene, the iron is oxidised from Fe(ll) to Fe(lll) and a potential (E) is measured for this
change. A change in peak characteristics, such as a change in position or magnitude, is
observed upon binding the analyte, thus identifying its presence.

L0 7

Fle 0]

=1, )
Figure 1.13: A ferrocene unit tagged with a 15-crown-5 ether.
The first reported example of ferrocene crown ethers exhibiting a change in redox potential
when binding an analyte was by Saji, who incorporated a ferrocene unit into the ring system
of a 15-crown-5 ether, Figure 1.13.%! Upon addition of the appropriate alkali metal salt, a clear
change in peak characteristics was observed as lithium and sodium cations were bound by
the crown ether. Saji also found that upon oxidation of the ferrocene unit, the binding
constants for lithium and sodium decreased drastically due to electrostatic repulsion between
the positive charges of the cations and the ferrocenium ion, which enabled binding to be
controlled electrochemically.?V: 8 This is an example of a switchable system and Saji and

Kinoshita utilized it to transport metal ions across liquid membranes. 82 83
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Redox-active anion sensors have also been developed, with Sessler and Kim reporting a
calixarene system that could bind a range of anions, including halides and phosphates,
important analytes for a range of chemical and biological processes.®* This was followed by a
ferrocene-tagged calixarene developed by Bekhradnia and colleagues for selective fluoride
detection, Figure 1.14. The halide is associated with tooth decay and osteoporosis, making its
detection of significant medical interest.®> Selective anion binding has proved more
challenging than for their cationic counterparts due to poorly defined coordination
preferences and relatively low charge-to-radius ratios.®® The host-guest chemistry of
macrocycles has proven vital for anion recognition and other supramolecular approaches are

detailed in a recent review by Beer et al.%’

0 E\lzN
R= ;e{NJ\/N Pz
H H Fe

Figure 1.14: A ferrocene-tagged calix-[4]-arene for anion sensing.

The nature of the group attached to the macrocycle to form a viable supramolecular sensor
is not limited to redox active groups. Fluorophores, such as anthracene, are luminescent and
are well suited to be the recognition element of sensors, allowing sensing to be carried out
through the detection of fluorescent photo-induced electron transfer (PET) processes. It is
important to note that the process, be it a luminescence or redox change, must be chemically

reversible so the sensor can be regenerated.®

One of the pioneers of fluorescence-based sensing is de Silva, who developed an anthracene-
tagged crown ether, Figure 1.15, among many other sensors.'® 8% When there is no target

bound, fluorescence is quenched by the lone pair of electrons on the nitrogen atom in the
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crown ether and the signal is heavily suppressed. When the analyte is bound by the sensor,
the lone pair is involved in the binding event and so the PET stops. Consequently, an
enhancement of the fluorescence signal is observed, betraying the presence of the analyte.'®
89 Sensors of this type are popular in the detection of sodium ions near micelle surfaces. The
fluorescent anthracene tag is highly hydrophobic which facilitates its uptake by micelles.
Benzo-15-crown-5 ether was used as the recognition element as it is the ideal size to bind
sodium and contains no pH-sensitive groups, so is unaffected by pH changes as its
environment varies.*°
(o

Co)

N (0]

Lo J

Figure 1.15: De Silva was the first to create a crown ether based molecule that could be used for fluorescence sensing, by
using an anthracene tag.

Tetraaza macrocycles including cyclam have been utilised by de Silva in fluorescence-based
sensors that can detect Zn?*, Figure 1.16. Zinc sensors are required to monitor its role in
degenerative diseases and neurophysiology. Cadmium cations can interfere with the sensing
of zinc and so it is important that there are sensors that bind zinc cations preferentially. This
cyclam-containing sensor addresses this issue with the triazole group, conveniently formed

by coupling the cyclam and benzo isoquinoline-1,3-dione species through azide-alkyne click
O

¢

e ST
[NHHNi\N(z\NI
()

Figure 1.16: A fluorescence-based sensor which includes a cyclam moiety as the recognition element.
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chemistry to act as a receptor that causes selective binding of Zn?*that would not be achieved

with the cyclam alone.®?

De Silva’s fluorescent PET sensors have had huge success as portable diagnostic tools and are
used by ambulance crews to analyse a patient’s blood electrolyte levels.®? In an environment
where every second counts, it is crucial that the sensors act fast, and these fluorescent PET
sensors can relay information to paramedics in just 30 seconds. With metal cations, including
Na*and K* the target analytes, macrocyclic systems like crown ethers contribute significantly

to the success of these devices because of their selectivity and rapid signal output.®3

1.4.3. Logic Gates

Fluorescent molecules capable of specific molecular recognition are ideally suited to being
utilised as molecular logic gates. Such research is vital in the development of molecular
information processing and chemical computation. Molecules are needed that can confirm
simple commands: yes, no, and, or. Pass (YES) logic gates register a binding event (the ‘input’)
and convert it into a change in fluorescence signal (the ‘output’), often a clear “off-on”
response. These logic gates are essential but are simple in that they have only one input and
one output. The sensors developed by de Silva are capable of being used in complex logic
operations, requiring two inputs. The receptor in Figure 1.17a is suitable to be used as an OR
logic gate. The cryptand has poor selectivity and is capable of complexing rubidium or
potassium cations from the ion pool, with the presence of either ion capable of triggering a

fluorescent output signal.®*

24



O//:\O—>
(;O O_,\\,’ o

N

- A N\/@z }
BOCIIN e

Figure 1.17: a) An anthracene tagged cryptand used as an OR logic gate. b) An AND logic gate.

The receptor displayed in Figure 1.17b is an AND logic gate. As the name suggests, it requires
the presence of both the inputs in order to elicit an output signal.®* The 15-crown-5 ether
binds sodium cations whilst the tertiary amine component binds protons, and both do so with
such high selectivity that they will ignore all other inputs to favour their pre-programmed
targets. An AND logic gate developed by de Silva set a world record for the smallest
computational act.®> Alongside their applications in nanoelectronics and in traditional circuit
set ups, the future of logic gates is thought to include processing information in biological

environments, much like the fluorescent and redox-active sensors described above.**

1.4.4. Switchable Systems

Molecular switches can be reversibly transformed between two states via the application of
an external input, such as a change in pH or irradiation with light. As with sensors, the field of
molecular switches expanded rapidly upon the discovery of crown ethers because of their
ability to selectively bind cations. They have found a role as the recognition element in
molecules that possess the ability to switch the binding of a guest molecule on and off. This
can be done through a change in the conformation, structure or charge that then enables or

prevents the cation from binding with the crown ether.16 %
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Azobenzenes are photochromic molecules which can switch between cis and trans
arrangements upon irradiation with light of the appropriate wavelength. The rearrangement

can be reversed by photo irradiation at a different wavelength or through heating, Figure

Q wavelength 1

N=N ~——

wavelength 2
or
heat

Figure 1.18: a) The photoinduced rearrangement of azobenzene. The trans form is the more stable arrangement. b) a calix-
[4]-arene capped with a ferrocene to make a redox-controlled switchable system.

1.18a.16:%7
a)

Azobenzene has been attached to crown ethers and other macrocycles in a way that they
bridge over the cavity and govern its binding ability. When the nitrogen-nitrogen double bond
isin the trans configuration the cavity is completely blocked, no binding event can take place.
Upon switching to the cis configuration, the steric obstruction is removed and the cavity is
accessible again so binding can occur.®® Other groups including ferrocene have been
employed in similar roles. In Figure 1.18b the redox properties of the metallocene are used
to control the binding preferences of the calixarene through electrostatic interactions.
Oxidising the ferrocene to create the positively charged ferrocenium ion enhances the affinity

of the calixarene for negatively charged anions.%® %°

Nabeshima et al. reported switchable binding controlled through a dithiol-disulfide switch,
Scheme 1.6. With the disulfide bond intact, rotation about the biphenyl bond is prevented,
positioning the two 12-crown-4 ethers in close proximity to enable binding of the p-

bromobenzylammonium cation through hydrogen bonding interactions. Reducing the
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disulfide bond enables rotation about the central axis and greatly reduces the binding affinity

for the cationic guest, with the crown ethers no longer able to work together.1%

07 X0 ~——0 > ¢ c)
Q 0 0 Q + H3N
\——O\) Red \/OJ 3
S ® e SH Br
] H\N
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<O f x <O,
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Scheme 1.6: A redox controlled switchable system for the binding of p-bromobenzylammonium.

Switchable systems were early demonstrations of controlled molecular motion, an area of
research that expanded dramatically towards the end of the 20™ century with the advent of
molecular machines. The controlled movement of azobenzene has subsequently been utilized
alongside polymers, driving the contractions and expansion of a system that has been
compared to an artificial muscle.'°* The topic of controlled molecular motion is covered

further in Chapter 2.

1.4.5. Nanostructures

The coordination chemistry of macrocycles has enabled the construction of a wide variety of
nanostructures, often through supramolecular self-assembly. Hunter and co-workers
synthesised a series of heterodimeric tetralactam macrocycles whose construction was

directed by non-covalent zinc porphyrin-pyridine interactions which guided the porphyrin

Figure 1.19: A heterodimeric tetralactam macrocycle synthesised by Hunter and co-workers containing Zn-porphyrin complexes.
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building blocks into position to afford the cyclic product. The linker units can be varied to alter
the geometry of the ring, with the system shown in Figure 1.19 adopting a rectangular shape
complete with right-angled corners.'°? This coordination chemistry underpins Anderson’s
creation of vast molecular nanorings which are assembled by templating porphyrin
complexes about a central scaffold. The example in Figure 1.20 employs a B-cyclodextrin as
the template to construct a nanoring containing seven Zn-porphyrin complexes through the
same porphyrin-pyridine interactions. The macrocyclic scaffold is the perfect size and
geometry to align the porphyrin units before Pd-catalysed ring closure completes the

nanostructure.103 104

Figure 1.20: A nanoring designed by Anderson which contains seven Zn-porphyrin complexes in the outer ring and a
cyclodextrin at its centre.

Coordination chemistry has also been used extensively to mould macrocycles into a variety
of shapes and conformations. A range of geometries can be programmed into a molecule
through the careful selection of donor atoms and choice of metal cation, with key

considerations including coordination number, geometry and preferential bond length. This
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has been used to populate a vast library of molecular knots, including a trefoil knot, a single
interwoven macrocycle, and Borromean rings, which comprise three, mechanically

interlocked macrocycles.0> 106

1.4.6. Mechanically Interlocked Structures: Catenanes and Rotaxanes

Macrocycles play a key role in mechanically interlocked systems. Catenanes consist of two or
more interlocked rings,'%” whilst a rotaxane comprises a linear axle threading a macrocycle.
Bulky groups called stoppers are placed at either end of the axle to trap the macrocycle, giving
the rotaxane a unique appearance which has drawn comparisons with a dumbbell.1%® The
components of such interlocked architectures are held together by what has been dubbed
the mechanical bond. This bond is not a physical bond like a covalent bond, but the molecules
are interlocked, or “bonded”, in such a way that the only way to prise them apart would be

the destruction of one or more of their covalent bonds.

Synthesis of the first catenane was first achieved through a statistical approach; long carbon
chains in solution would interlock if the two ends of the chain were stuck together, for
example via acyloin formation. Unsurprisingly, these early methods required many synthetic
steps and gave the product in a miniscule yield.’%” Early syntheses of rotaxanes threw up
similar issues, with numerous repetitions having to be carried out to obtain a sample of any

substance.'%® Consequently, research into these systems was minimal.

Research into interlocked systems was revolutionised by Sauvage’s metal-templated
synthesis of catenanes.% Using very similar principles to those previously detailed for the
template synthesis of macrocycles, a Cu* cation was used to hold two molecules together to

mediate the interlocking process. Sauvage outlined two strategies to do this; one involved
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using the cation to help thread a strand through a macrocycle, before clipping the strand
together to form two interlocked macrocycles. The other brought two strands together about
the cation before clipping them both to interlock them. The macrocycles used resembled

crown ethers, with much of the looping chain consisting of poly ethers, Scheme 1.7.

O

i

Scheme 1.7: Copper templated Synthesis of Catenanes by Sauvage using the threading method.

The crucial part in the macrocycle’s design however was the incorporation of a 1,10-
phenanthroline unit which could coordinate with the Cu?* cation via the two nitrogen atoms.
The rest of the interlocked system could be built around this central coordination complex
through poly ethers.% Suddenly, these complex, mechanically interlocked molecules were
accessible in just a couple of steps and in workable yields. It is no surprise that a surge in

research interest followed.

Mechanically interlocked structures quickly rose to prominence in research into controlled
molecular motion, switchable systems and the development of molecular machines.110-112
With their research interest growing, further elegant syntheses were developed.!*3-11> How
many components could be interlocked became a synthetic challenge and methods of

synthesis had to be modified to link several units. This included Stoddart’s creation of the

[5]catenane, five interlocked macrocyclic rings which resembled the Olympic rings, named
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Olympiadane.!'® Recent publications by Goldup et al. have explored using these unusual

systems in other fields including catalysis, sensing and self-assembly.117-119

1.5. Thesis Outline

This thesis explores the use of macrocycles and their coordination complexes in two areas of
research. The first, detailed in Chapter 2, employs an 18-crown-6 ether as the key component
in a novel switchable system. The second area incorporates cyclidene transition metal
complexes into the backbone of deoxyribonucleic acid (DNA) and utilises their redox
chemistry for detection of important cancer biomarkers. The synthesis of these complexes
and the subsequent nucleic acid conjugates is described in Chapter 3, alongside some other
potential applications for these systems, whilst Chapter 4 details the development of these

systems into a functional electrochemical sensor.
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2. Controlling the Rotary Motion of
Cobalt Sandwich Complexes

2.1. Introduction

2.1.1. Controlled Molecular Motion

Controlled motion at the molecular level is a fundamental component of many biological
processes, yet so far it has not been exploited in our own technologies or society.” 2 The
motor protein Kinesin walks along microtubule filaments, acting like a molecular shuttle and
harnesses this movement to transport cargo. Similarly, myosins move along actin filaments
and have a wide range of roles, including in muscle contraction, membrane trafficking and
signal transduction.®> # Perhaps the most well-known biological molecular machine is the

ribosome, which uses controlled molecular movements to synthesise proteins.®

Richard Feynman famously drew attention to this untapped potential late in 19592 but it was
not until the mid-1980s that the challenge of creating such a system on the nanoscale began
to capture the mind of many a supramolecular chemist. Macroscopic machines often
provided inspiration, with chemists looking to replicate their intricacies and mechanisms on
amolecular level. Subsequently, a catalogue of molecular machines that demonstrate a range
of controllable simple movements and functionalities have been created. Metal cations have
been employed as the switch for the rotation of a wheel in a molecular brake,® the direction
of rotation can be controlled in a molecular gear,” whilst one of the more creative designs

brings four different elements together to mimic a pedal.® Wilcox’s molecular torsion balance
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harnessed its internal motion to successfully probe specific, weak supramolecular

interactions which are otherwise difficult to quantify.®

Many of these creations were inspired by the work of Jean-Pierre Sauvage, Sir Fraser Stoddart
and Ben Feringa, three of the pioneers of the field and the recipients of the 2016 Nobel Prize
in Chemistry. Sauvage’s template synthesis of catenanes, drawing on similar principles
observed in the templated synthesis of macrocycles, sparked a surge in the synthesis of
interlocked molecules due to the relative ease in accessing such designs.® Interlocked
systems suddenly became a focal point for controlled molecular motion and thus began the
rise of the molecular machine. Stoddart shrewdly used a rotaxane as the scaffold for a
molecular shuttle. He installed two docking stations into its axle, whilst also designing the
interlocked macrocycle in such a way that it would have a preference over which station to
rest at. A change in pH or redox state could alter this preference, resulting in the shuttling of

the macrocycle to the other docking station, Scheme 2.1.%*

O O /_\/_\/_\os|—<

VRO

Scheme 2.1: The structure of a switchable rotaxane where the position of the macrocycle is controlled by proton
concentration changes. Protonation of the benzidine station causes the positively charged macrocycle to shift and dock at
the biphenol site in order to avoid unfavourable electrostatic interactions. Addition of a base such as pyridine deprotonates
the benzidine unit and the macrocycle can dock there once more, returning to its resting state.
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Feringa crafted the first molecular rotor, a molecular machine that was capable of repetitive
360° rotation about a carbon-carbon double bond when held above a certain temperature

and irradiated with light, Scheme 2.2.

>280 nm
Me

(M,M)-trans (P,P)-cis

Scheme 2.2: A heat and light controlled molecular rotor by Feringa et al.

This was an invention that took controlled molecular motion in a new direction. Light is
capable of inducing trans to cis isomerism in the double bond, a fast and reversible process
that causes a 180° rotation. A small amount of heat is then applied to change the helicity of
the molecule, transforming (M, M)-cis to (P,P)-cis, before further irradiation with light causes
another change in stereochemistry about the double bond, this time cis to trans. Further
heating again alters the helicity and completes the 360° rotation. Due to the irreversibility of
the heat-induced helicity changes, the system is limited to unidirectional rotation.'? What is
significant about Feringa and Stoddart’s creations is the ability to control the molecular

movement by using an external input.

Kelly et al. achieved controlled, multidirectional 120° rotation with their design, shown in

Figure 2.1. The rotor comprises a bulky [4]helicene attached to a three-bladed triptycene unit
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Figure 2.1: A molecular rotor capable of unidirectional molecular motion by Kelly et al.

by a single carbon-carbon bond which is the point of rotation. Rotation about this bond is
limited by the bulky groups attached to it. Rotation is induced upon heating the system and
occurs equally in the clockwise and anti-clockwise direction. The genius of the design is that
the direction of rotation can be selectively controlled via reacting the system with carbonyl
dichloride to give an isocyanate, which lowers the energy barrier of rotation for one specific
direction. With less thermal energy required to overcome the energy barrier, gentle heating
induces uniform rotation in the now favoured direction. The isocyanate can be removed, thus

returning the system to a state where rotation in either direction is equally favoured.3

Brake Off Brake On
Rotation Enabled Rotation Stopped

Scheme 2.3: Kelly's molecular brake.

Kelly adapted the system to function as a molecular brake, pictured in Scheme 2.3, with
rotation about the central carbon-carbon single bond under switchable control. With the
brake ‘off’, the molecule is in a state of free rotation. Addition of a mercury(ll) cation causes
the bpy unit to assume a particular conformation to complex the cation. The spatial

arrangement adopted creates a steric restriction that inhibits the rotation, turning the brake
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on. Addition of the chelating agent EDTA removes the cation and allows rotation to resume

with the system returned to its original state.® 4

David Leigh has emerged as one of the forerunners over the past decade or so in the design
of molecular machines. His focus has been on interlocked molecules, for example combining
peptides and rotaxanes to make a molecular shuttle,*> achieving controlled unidirectional
motion in a catenane-based molecular rotor® and utilising rotaxanes as the basis of a
molecular information ratchet.!” Attention turned to applying molecular machines to solve
problems or provide outputs. One particular aspect of his work has been the use of molecular
shuttles to transport macroscopic cargo, including a water droplet along a surface.'® The
significance of this work is that in utilising controlled motion on the molecular level to affect
our macroscopic environment, we are starting to emulate something that is intrinsic and

routine in nature. The potential of such technology is huge.

Pushing the boundaries further, a molecular walker was developed that uses its ‘two legs’ to
walk along a linear four-part track one step at a time, mimicking the motion of biological
motor proteins. Each foot has two potential binding sites along the track and each step can
be controlled by changes in pH to selectively maintain or break the bonds between foot and
track.'® Turberfield and co-workers utilised the complementary nature of DNA to develop a
walker that could be guided along a DNA track by adenosine triphosphate hydrolysis and
enzymatic ligation.?° The implementation of a system of dynamic covalent bonding provided
the foundation for a molecule transporter. This consisted of a ‘robotic’ arm that acted like a

crane, picking up its cargo and moving it from one site to another. As with the molecular
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walker, the ‘switch’ was pH-responsive. This was one of the first synthetic examples of

controlled molecular level construction.?!

2.1.2. Metallocenes

2.1.2.1. Ferrocene
Metallocenes are organometallic compounds that consist of a transition metal sandwiched
between two planar cyclopentadiene anions. The most famous is the iron-containing
metallocene, ferrocene, whose accidental discovery in the early 1950s inspired a whole new
field of organometallic chemistry.?? 23 Whilst its precise structure was initially a mystery,
Wilkinson deduced the familiar sandwich structure,?* before Fischer quickly provided
crystallography data to confirm the hypothesis. Fischer also detailed the identification of
cobalt and nickel metallocenes, and suddenly the foundations were put in place for a new
class of molecule.?® The duo were awarded the 1973 Nobel Prize in Chemistry for these

contributions.

@@
@@7

Figure 2.2: The staggered (left) and eclipsed (right) conformations of ferrocene.

Ferrocene is very stable, surprisingly so for an organometallic compound. Its individual
components combine perfectly to fulfil the 18-electron rule, with the cyclopentadiene rings
providing six electrons apiece in the complexation with iron(ll), which itself contributes six d-
electrons to give a stable 18-electron configuration. It also has a well-studied
electrochemistry, readily undergoing a reversible, single-electron redox conversion to give
ferrocenium, a positively charged ion where the iron(ll) centre has been oxidised to iron(lll).

This reliable redox chemistry has made it an attractive component of electrochemical
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26 including with macrocycles, as discussed in Chapter 1,%” 22 and DNA, which is

sensors,
covered in Chapters 3 and 4. Ferrocene derivatives have also shown considerable potential in

medicinal chemistry.°-33

2.1.2.2. Metallocenes and Controllable Molecular Motion

In the solid state, the cyclopentadiene (Cp) rings of ferrocene can exist in two conformations,
shown previously in Figure 2.2, with the lower energy ‘eclipsed’ conformation preferred.
These rings have a barrier of rotation of 0.9(3) kcal mol*and so are rapidly rotating in solution,
even when cooled to low temperatures.3* 3> This rotary motion about the central iron atom
sees the iron act as a molecular ball-bearing.3® Rotation about the ball-bearing axis of
metallocenes has been utilised as part of several systems demonstrating controlled molecular

motion.

S=L5> @—@»—(/’)
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Scheme 2.4: A ferrocene system investigating the use of metallocenes in developing electrostatic drivers for molecular motors.

Binding interactions have been used to control the conformations adopted in ferrocenes by
attaching bipyridine derivatives to the Cp rings, as shown in Scheme 2.4. Various chemical
inputs such as changes in pH and metal cations have been investigated. In neutral conditions
or with no cation present, the ferrocene adopts the conformation pictured on the right-hand
side, with the two bipyridine units positioned over one another, a favourable arrangement
due to m-m stacking interactions. However upon the addition of Cu* or protonation of the
pyridine units, unfavourable electrostatic interactions resulted in the ferrocene adopting the

left-hand conformation with the bipyridine units positioned apart from one another.3*> 37
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Scheme 2.5: A pair of molecular scissors by Aida et al. Photoisomerism of the azobenzene units results in the opening and
closing of the scissors.

Multiple units of this ferrocene system have been joined together to create a folding
molecular ruler, where extension can be controlled by the presence of copper cations.38 Other
molecular machines involving ferrocene include using it as a pivot point in molecular scissors
or pliers, with both creations utilising the movement about the ball-bearing axis in tandem
with isomerism changes in an azobenzene unit to open and close the ‘blades’, pictured in

Scheme 2.5.8 39

2.1.2.3. Cobalt Sandwich Complexes

Ferrocene proves a good point of reference when examining cobalt sandwich complexes. Its
remarkable stability is in part a result of its fulfilment of the 18-electron rule, a trend that is
also observed with other group 8 transition metal metallocenes such as ruthenocene, the
ruthenium-containing analogue of ferrocene. However, the cobalt equivalent of ferrocene,
cobaltocene, is much less stable and air sensitive because of its extra electron. As a result, it

is used as a one-electron reducing agent.*°

However, cobalt’s additional electron can be beneficial as it allows for the formation of
alternative sandwich species, including (n*-tetraphenylcyclobutadiene) (n°-cyclopentadienyl)
cobalt, Figure 2.3. They deviate from the familiar metallocene structure by possessing only
one cyclopentadiene ring, with the other replaced by a cyclobutadiene ring. Like ferrocene,

these sandwich compounds are air, heat and moisture stable, benefiting from the stability

43



Figure 2.3: (n*tetraphenyl-cyclobutadiene) (n°-cyclo-pentadienyl) cobalt metallocene (left). This metallocene core has been
developed in a molecular gear (right) by Richards and co-workers.

gained from satisfying the 18-electron rule. Derivatives of these unique compounds have
been employed as asymmetric catalysts, proving to be more active than their ferrocene
counterparts.*> 42 They also act as prototype molecular machine components, including

gears*? and rotors.**

2.1.2.4. Synthesis of Sandwich Complexes
Modern methods for ferrocene synthesis proceed through reacting iron(ll) chloride with
freshly cracked cyclopentadiene, Scheme 2.6. The pure metallocene product is then obtained
through a simple recrystallisation.* Functionalisation of the cyclopentadiene rings can be
achieved through lithiation followed by subsequent reactions with a range of electrophiles,

as well as electrophilic substitutions such as Friedel-Craft acylation and alkylation.*® 4

F€C|2 @

20 ()
———> 2x — 2
/ KOH |
<<

Scheme 2.6: Ferrocene Synthesis. The cyclopentadiene is freshly prepared by cracking dicyclopentadiene. Potassium
hydroxide is added to deprotonate it before the iron chloride is added slowly.

Cobalt complexes containing n*tetraphenylcyclobutadiene and n°-cyclopentadiene are

prepared through mixing sodium cyclopentadienide, freshly prepared cobalt(l) and acetylene.
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The cobalt cation forms a piano stool intermediate with the cyclopentadiene, which guides

two acetylene units into the optimum position to cyclise and form the cyclobutadiene ring.

(0] Ph
0 Z !
S \oJ\o/ - I Ph/ _ O C:o O
=

Na THF, 75 °C : O CoCIPPhy); D

Na Toluene, 120 °C O O

Scheme 2.7: The synthesis of a (n*-tetraphenylcyclobutadiene) (n°>-cyclopentadienyl) cobalt sandwich core with an ester-
functionalised cyclopentadiene ring.

Different acetylene derivatives can be used to add structural variety about the cyclobutadiene
ring, whilst the cyclopentadienide is often functionalised with a ketone or ester beforehand
to provide a synthetic pathway to other functional groups, as shown in Scheme 2.7.%%4° This
is advantageous as it allows installation of a versatile synthetic handle during sandwich

complex formation.

2.1.3. Variable Temperature NMR

2.1.3.1. Overview
NMR spectroscopy has long been a powerful tool of chemists to probe dynamic processes in
supramolecular systems.'! 1621 |n some cases, for example where different conformations or
orientations are brought about through bond formation® 2! or changes in solvent,’> NMR
experiments at ambient temperature are sufficient for identifying such processes. However,
these processes can be under conditions of fast exchange at ambient temperature, and
require cooling to slow the rate of environmental exchange to the point where spectral

changes can be observed.!! As outlined below, variable temperature NMR studies can be
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employed for the determination of quantitative information regarding the kinetics of such

exchange processes.*®

2.1.3.2. Environmental Exchange
Certain molecules possess a signal in their *H NMR spectrum that is a single line at one
temperature, indicating that it represents protons that are in equivalent magnetic
environments, but two separate signals at a lower temperature, indicating that the protons
are in separate environments. Dimethylformamide (DMF) is one such molecule. Its NMR
spectrum gives two different signals for its two methyl groups at ambient temperature
because of the carbon-nitrogen bond having some partial double bond character, as shown
by the resonance structures in Scheme 2.8, which slows the rotation about the C-N bond. At

higher temperatures, only one signal for the two methyl groups is observed.

@) ®

H” N7 HAN/
I I

Scheme 2.8: Dimethylformamide (left) and its resonance form (right). The rt-bonding between the nitrogen atom and the
carbonyl carbon slows the C-N bond rotation.
Central to this phenomenon is the rate at which the proton resonances exchange between
the different proton environments, given by the temperature-dependent rate constant, kex.
At one extreme (essentially no exchange), the protons may appear as two sharp, separate
peaks, Figure 2.4a, with a frequency separation, Av. The rate of exchange relative to the

magnitude of the frequency separation governs the appearance of the signal or signals at a

given temperature.>®

In the case of DMF, its two methyl resonances are in a state of slow exchange relative to the

NMR timescale at ambient temperature.>® As the temperature is raised, the rate of rotation
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about the C-N bond increases, which increases the rate of exchange. As it becomes
comparable to the frequency separation, the signals start to broaden, flatten out and shift
closer together, Figure 2.4b and c. Eventually, the two signals converge and become one,

Figure 2.4d, a process called coalescence.*°

d.

o

—_ T T

Figure 2.4: The appearance of a signal that represents protons in multiple environments is influenced by the rate of
exchange kex and the frequency separation, Av. When kex<< Av, separate signals are observed (a). When kex>> Av, a single,
averaged peak is seen (f). In between these two extremes, the signals appear broader and less defined, as kex and Av are
closer in magnitude. Eventually the two separate signals coalesce, (d).

Further heating leads to the now single signal sharpening to a pointed, well-resolved peak as
the rate of rotation about the bond reaches a maximum, Figure 2.4e and f. This is a state of
fast exchange on the NMR timescale, where the rate of exchange is far greater than the
frequency separation. This single signal is an average of the two previously observed

resonances and has a chemical shift that is in the middle of the two individual signals.>°
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2.1.3.3. Temperature of Coalescence and Kinetics
When a signal in an NMR spectrum splits into two environments that are equally populated
upon cooling, the rate constant for the environmental exchange, ke, at the coalescence

temperature, T, can be calculated using Equation 2.1.>°

TAv

Equation 2.1 ke, = 7
Equation 2.2 shows the relationship between the temperature of coalescence, T, the molar
gas constant, R, and the frequency of separation, Av, and the free energy of activation for the
dynamic process, AG*.*° If multiple coalescence events are observed in an NMR spectrum,

calculating the free energy of activation can inform as to whether the events are associated

with the same exchange process or independent.

Equation 2.2 AG* = RT.[23 +In (AT_;)]
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2.2. Aims and Obijectives

Tucker and co-workers previously constructed a series of switchable systems based on the
inversion displayed by the nitrogen atom in aziridine.>3 One system>! was designed to study
non-covalent interactions between functionalised arms containing hydrogen bond donor
(HBD) and acceptor (HBA) units attached to the three-membered ring system of aziridine, as
shown in Scheme 2.9. With each inversion, the HBA X swung back and forth between HBD
groups, Y. Small modifications to the design of X and Y also allowed other non-covalent

interactions and external inputs, including metal cations, to be used to explore their effect on

nitrogen inversion.>1->3
+
X ; /\
H- == H- - \H;Z
Y- H Y- H Y- H

Scheme 2.9: The aziridine system designed by Tucker et al. is one of the smallest known switchable systems. ‘X’ is a hydrogen
bond acceptor, ‘Y’ is a hydrogen bond donor. The dashed line represents a hydrogen bond.

Drawing on these non-covalent interactions for inspiration, the aim of this work was to
combine the ball-bearing axis of metal sandwich complexes with the binding properties of
crown ethers to develop a novel switchable rotary system. A (n*-tetraarylcyclobutadiene) (n°-
cyclopentadienyl)cobalt(l) core is an appropriate scaffold for the rotary system; its two rings
rotate independently of one another but if functionalised appropriately, the hypothesis was
that they could interact with one another under certain conditions to affect the rate of

rotation about the ball-bearing axis.

The basic design of the system, outlined below in Scheme 2.10, equips the cyclobutadiene

(cb) ring of the cobalt sandwich complex core with two benzo-18-crown-6 ethers, whilst the
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binding group R is connected via a suitable linker group to the cyclopentadiene (cp) ring. The
orthogonal geometry of the cb ring allows the two crown ether units to be stationed directly
opposite each other, allowing the possibility of 180° rotation. Both ring systems can also be
functionalised during the synthesis of the cobalt sandwich complex, making it more appealing
than a traditional metallocene such as ferrocene. Upon the application of a chemical input,
such as a change in pH or the addition of a metal ion, the hypothesis was that the non-
covalent interactions between the binding group and a crown ether would be affected,

subsequently impeding or facilitating the rate of rotation about the ball-bearing axis.

Ar = Aromatic Group
R = Binding Group

Free rotation about ball-bearing axis Reduced rotation about ball-bearing axis
Fast exchange on the NMR timescale Slow exchange on the NMR timescale

Scheme 2.10: A schematic representation of the switchable molecular rotor in action. The rotation process could be fast or
slow on the NMR timescale, depending on the strength of the interaction between the binding group R and the crown ether.

Following this blueprint, the first objective of this project was to design and synthesise a
rotary system with an appropriate binding group. Variable temperature *H NMR experiments
would subsequently be conducted to provide evidence of the impact on the rotary motion of
applying different chemical inputs to the system. The rotation process could be fast or slow
on the NMR timescale, depending on the strength of the interaction between the binding
group and the crown ethers. To complement these studies, a control compound would also

be synthesised and subjected to testing.
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2.3. Rotary System Design Rationale

The first generation of rotary system sees the cyclopentadienyl ring functionalised with a
primary amine tether, Scheme 2.11, allowing molecular motion to be controlled by a change
in pH. In this system, the expectation is that lowering the pH will protonate the amine,
forming a strong hydrogen bond donor unit which can form hydrogen bonds with the oxygen
atoms of the crown ethers. This in turn will stop or reduce the rotation about the ball-bearing
axis of the metallocene core, in a similar fashion to the molecular brake discussed in 2.1.1.%
% Increasing the pH sufficiently will deprotonate the amine, weakening the interaction

between the amine and the crown ether and thus returning to the faster rotation state.

\%
- E—
T—~%
-

——-O-
227

(..

O
Free rotation about ball-bearing axis Reduced rotation about ball-bearing axis
Faster exchange on the NMR timescale Slow exchange on the NMR timescale

Scheme 2.11: The first generation metallocene rotary system. At neutral pH (LHS), the amine weakly interacts with the crown
ethers and rotation about the ball-bearing axis is enabled. At a low pH (RHS), the amine is protonated and interacts strongly
with the crown ethers, hydrogen bond acceptors, hindering the rotation.

The arm of the cyclopentadienyl ring comprises a stable amide linkage with a primary amine
capable of interacting with the benzocrown ethers on the cyclobutadiene ring. The length of
the linker between amide and amine is crucial, as the amine must be positioned above the
crown ether in a way that maximises the interactions between the two. A basic model system

indicated that a three-carbon linker chain is the optimum length.
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2.4, Synthesis of Rotary System

The n*-tetraarylcyclobutadiene ring of the cobalt core was formed via the cyclisation of two
diphenylacetylene derivatives, as detailed in section 2.1.2.4. The design of the alkyne is
crucial to achieving the desired geometry of crown ethers about the cyclobutadiene ring.
Previous work by Richards and co-workers shows an unsymmetrical diphenylacetylene
derivative is ideal but yields both cis and trans products.*® They found that stationing an
ortho-tolyl group at one end of the alkyne promoted the formation of the sterically favourable
trans stereoisomer over the cis in a 2.5:1 ratio. Preference for the trans isomer was increased
to 6:1 by substituting the methyl group in the ortho position of the benzene ring for an

isopropy! group.*®

K/O\) + CoCI(PPhs);

4'-(o-tolylethynyl)benzo-18-crown-6 ether

Scheme 2.12: Retrosynthetic analysis of the cobalt sandwich complex-crown ether core.

The retrosynthetic analysis in presented in Scheme 2.12 showed that 4’-(o-
tolylethynyl)benzo-18-crown-6 ether was a suitable alkyne precursor for the sandwich
complex and was the first synthetic target of the project. A benzo-18-crown-6 ether is
positioned at one end of the alkyne, whilst an ortho-tolyl unit is stationed at the other. Whilst
the o-methyl derivative was found not to favour the formation of the desired trans
conformation to the same extent as an o-isopropyl derivative, in this project it was expected
that the presence of the bulky crown ether would also promote the trans conformation. This

would also be the first time that such a bulky acetylene unit would be utilised in the formation
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of these cobalt complexes. Therefore, taking these factors into account, an o-methyl

derivative was chosen over an o-isopropyl group to limit the steric hinderance.

2.4.1. Synthesis of 4’-(o-tolylethynyl)benzo-18-crown-6 ether

It was envisaged that benzocrown alkyne 2.3 could be synthesised in three steps, Scheme
2.13, utilising methods previously established by Richards for the development of asymmetric
alkynes.*® The initial two steps were followed as detailed in the literature, first employing a
Sonogashira reaction to couple 2-iodotoluene with ethynyl trimethylsilane to give the
protected alkyne 2.1 in a near quantitative yield. Use of the protected acetylene derivative
ensured the formation of only the monosubstituted alkyne product. Deprotection to 2.2 was

achieved through stirring in a basic solution of potassium carbonate in methanol.
Br: O(\O/\(g
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Scheme 2.13: The three-step synthesis of 4’-(o-tolylethynyl)benzo-18-crown-6 ether, 2.3.

Synthesis of benzocrown alkyne 2.3 proved more of a challenge. A second Sonogashira
coupling was proposed, but the only commercial reagent available to provide the benzocrown
ether was 4-bromo-benzo-18-crown-6 ether. Ideally, an aryl iodide unit would be used
instead of an aryl bromide due to its higher reactivity. Consequently, the coupling conditions
used to form 2.1 were unsuccessful, with competing reactions including homo coupling of the
alkyne occurring instead of the desired hetero coupling. However, fortunately, substituting

triethylamine for the far more basic and less sterically hindered diisopropylamine,>* along
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with heating and a lower catalytic loading of copper iodide, afforded benzocrown alkyne 2.3

in high yield.

2.4.2. Cobalt Sandwich Complex Synthesis

The major hurdle en route to forming the rotary system is the construction of the cobalt
sandwich complex core, and in particular the steric hinderance imposed by the bulky crown
ethers that may restrict the formation of the cyclobutadiene ring. The conditions used were
again based on previous metallocene syntheses by Richards et al.*® to devise the formation
of sandwich complex 2.4, Scheme 2.14. Sodium cyclopentadienylide was first reacted with
dimethyl carbonate to generate (n°-carbomethoxycyclopentadienyl) sodium. The methyl
ester was chosen to provide a synthetic pathway to the primary amine tether. The four hour
reaction time allowed for fresh chlorotris(triphenylphosphine) cobalt(l) to be prepared
alongside it.>> The chocolate-brown powder was air-sensitive and so was added immediately

to the reaction mixture alongside a solution of 2.3 in toluene and refluxed.*® 4°

(0]

O (\o/ﬁ NaCsH,CO,Me
% > S CoCI(PPh3)3 -
Toluene, THF
O j 120 °C
29%
o

23

Scheme 2.14: Synthesis of the ester-functionalised benzocrown cobalt metallocene.

Cobalt sandwich complex 2.4 was successfully formed but its synthesis presented a number
of challenges that needed to be overcome to yield workable amounts of product. The biggest
challenge was purification of the crude reaction mixture, which was a complex concoction of
several species, pictured in Figure 2.5 below. Alongside the desired organometallic product

(the strong, yellow spot 4) a significant quantity of benzocrown alkyne 2.3 remained
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unreacted (spot 3) along with sodium cyclopentadienylide species 1 and a possible
decomposition product of the alkyne, 2. Even with very polar eluent conditions employed,
product spot 4 barely moved from the baseline. Despite the complex mixture, column
chromatography with a carefully planned eluent system appeared to be a suitable purification

method.

Figure 2.5: Depiction of the TLC plate of the reaction mixture. 1) sodium cyclopentadienylide derivatives 2) minor side product
3) unreacted crown alkyne 4) metallocene product mixture. Eluent 6:4:1 DCM:hexane:methanol.

Besides obtaining pure 2.4 from the mixture, efficient recovery of alkyne 2.3 would allow it
to be subsequently reacted again. Therefore a gradient eluent system was employed to
achieve this. A 6:4:1 DCM:hexane:methanol eluent mixture was sufficient to remove spot 1,
whilst slowly increasing the proportion of DCM to 8:2:1 removed spot 2, before gradually
eluting spot 3. The presence of hexane in the eluent kept the product spot 4 near the baseline,
allowing recovery of pure alkyne 2.3. Finally, increasing the polarity of the eluent to 9:1
DCM:methanol allowed a mixture of benzocrown cobalt sandwich complexes to be slowly
eluted from the column. Although this process took several hours, the cis and trans isomers
could be partially separated with some coelution, with the trans isomer eluting first, as

evidenced by NMR spectroscopy.
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NMR analysis of many of the fractions from spot 4 revealed that in addition to the expected
cis and trans isomers of the product, isomers of an unexpected side product where the
cyclopentadiene ring was not functionalised were also observed, Figure 2.6. This indicated
that either the first reaction was not always proceeding to completion, or there was some
degradation of the ester unit during the reaction. The additional two isomers increased the
retention time of the organometallic mixture, complicating effective removal of the desired

product from the column.

20 O

e ()

Figure 2.6: Mixture of sandwich complex products eluted from the column; trans and cis isomers of the desired product (2.4
and 2.4a, respectively), alongside trans and cis isomers with an unfunctionalised Cp ring (2.4b and 2.4c, respectively).

Adding a small amount of Triethylamine (TEA) to the eluent (and subsequent removal of its
protonated form from the collected fractions using a water wash) was partially successful in
that the purification time and amount of solvent required was reduced, although complete

separation of the desired trans product from its cis isomer continued to prove a challenge.
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HPLC was therefore employed to purify the isomer mixture using an acetonitrile:water
gradient eluent system and a C18 column. Figure 2.7 displays the HPLC trace of the crude
organometallic mixture. Fortunately, the first main peak in the chromatogram corresponded
to the desired trans isomer 2.4, which could be isolated pure relatively easily, albeit in low

yield (29%).
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Figure 2.7: HPLC trace of isomer mixture (TLC spot 4); 22.2 mins is 2.4, 24.4 mins is 2.4a, 24.6 mins is 2.4b and 26.1 mins is
2.4c. C18 column used with a gradient eluent system starting with 50:50 water:acetonitrile increasing to 100 % acetonitrile
over 30 mins. Trace pictured uses a wavelength of 254 nm to visualise components of the mixture, whilst 375 nm was also
used to exclusively visualise cobalt sandwich complex peaks.

It was thought that the low yield could be attributed to the longer reaction time, which
contributed to the decomposition of the ester-functionalised cyclopentadiene ring and the
formation of side products 2.4b and 2.4c. The solvent ratio used was also a factor, with an 8:1
ratio (toluene:THF) found to give the optimum yield. Nevertheless, given that the literature
quotes a yield of 34% for a far simpler unsymmetrical diarylacetylene derivative,*® the
reaction was overall deemed a success, with sufficient quantities obtained for

characterisation, analysis and further reaction.

Surprisingly, the trans:cis ratio for the reaction was still 2.5:1 by NMR, Figure 2.8, the same
selectivity observed in previous work by Richards and co-workers on similar systems.*® This
indicates that the presence of the bulky crown ethers in the meta and para positions had little

to no impact on the distribution of stereoisomers. As previously discussed, replacing the
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Figure 2.8: 'H NMR integrals of one of the Cp ring proton environments of the cis (triplet at 4.98-4.99 ppm) and the trans
(triplet at 4.84-4.81 ppm) stereoisomers. The NMR solvent was deuterated chloroform.

ortho-methyl group of the benzene ring with an ortho-isopropyl substituent was expected to

increase the efficiency of the reaction by favouring the desired trans isomer.

2.4.3. Functionalisation of Cyclopentadienyl Ring

Figure 2.9: The synthetic target: the benzocrown rotary system.

Given that the benzocrown ethers hindered the facile purification of the cobalt sandwich
species 2.4, it was desirable to achieve the necessary functionalisation of the cyclopentadiene
ring in as few synthetic steps as possible. It was envisaged that reacting ester 2.4 with 1,3-
diaminopropane would lead directly to the target rotary system 2.5, containing an arm with
a stable amide group as well as a free amine capable of interacting with the benzocrown
ethers on the lower cyclobutadiene ring. In order to preserve stocks of the hard earned 2.4,
unsubstituted sandwich complex 2.6 was synthesised from diphenylacetylene® to act as test

compound.
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i) AMes, Toluene, 0 °C
ii) 120 °C

No Reaction

Scheme 2.15: Proposed one-step synthetic route to functionalise the cyclopentadiene ring with amine arm.

After several failed attempts to form 2.7 directly from the reaction between 2.6 and 1,3-
diaminopropane, it was clear that more forcing conditions would be required to convert the
ester directly into the coveted amide. Trimethylaluminium promotes the formation of amides
from esters or carboxylic acids and amines through reacting with primary and secondary
amines to give a dimethylaluminium amide intermediate.>®>” There is literature precedent of
it being employed in the synthesis of ferrocene amides, demonstrating its suitability for use
in this organometallic system.>®>° However, employing the conditions as detailed in Scheme

2.15 still failed to obtain amide 2.7.

AIM 'Yle ’Yle
€3 LAl
HzN/\/\NHz —_— HZN/\/\N'ALMe — 3 |NH NH
H
Al1 Al.2

Scheme 2.16: Proposed formation of cyclic-aluminium intermediate Al.2.

It was proposed that the failure of the reaction centred around the formation of the
dimethylaluminium intermediate. Upon reaction of trimethyl aluminium with 1,3-
diaminopropane, Al.1 was formed. Due to the presence of a second amine in the molecule at
the end of a flexible alkyl chain, it is possible that this amine could coordinate to the same
aluminium ion as its amine neighbour to give the cyclic intermediate Al.2. The formation of

a six-membered ring system is enthalpically favoured due to the low ring-strain in the cyclic
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product and the system was seemingly stable enough to prevent subsequent reaction with

the ester.

HzN/\/\/

i) AMes, Toluene, 0°C
ii) 120 °C
69%

Scheme 2.17: Test trimethylaluminium-mediated ester to amide conversion with pentylamine.

To test the hypothesis, 2.6 was reacted with the readily available pentylamine. Reaction with
the alkyl mono-amine was expected to proceed due to the absence of the second amine and
therefore no possibility of a cyclic aluminium intermediate inhibiting the reaction. As
expected, the reaction was successful, with the conversion of the ester into amide 2.8

proceeding quickly and in good yield, Scheme 2.17.

With the chemistry in place, it was apparent that a redesign of the amine arm was necessary.
The benzene derivative m-xylylene diamine seemed an appropriate diamine with which to
functionalise the cyclopentadienyl ring. The 1,3-spacing of the aminomethyl groups about the
inflexible benzene core would separate the amine units sufficiently to prevent cyclisation,
whilst a basic model indicated that there would still be sufficient flexibility to allow the amine

arm to position itself above the crown’s cavity to maximise non-covalent interactions. This

i) AMes, Toluene, 0 °C
ii) 120 °C
70%

Scheme 2.18: Ester to amide conversion with the more sterically constrained m-xylylene diamine.
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proved to be the case, as the reaction of 2.6 with m-xylylene diamine successfully converted

the ester into the amino amide derivative 2.9, Scheme 2.18.

Applying these same conditions to 2.4 gave the redesigned rotary system 2.10 in a 68% vyield,
Scheme 2.19. Furthermore, substituting silica gel with neutral alumina as the column
stationary phase allowed for a relatively straightforward purification using milder eluent
conditions of 97:3 DCM:methanol. The desired compound eluted second from the column as
a yellow band following the minimal amount of unreacted 2.4 and was further purified by

HPLC to remove some trace impurities.

HoN NH,

i) AlMe, Toluene, 0°C | [
ii) 120 °C
68%

Scheme 2.19: Synthesis of the redesigned rotary system. 2.10 was purified by an alumina column using a 3% methanol in
DCM eluent. The sandwich complex was subsequently purified by HPLC using a C18 column and a gradient eluent system
starting in 2:8 acetonitrile:water, increasing to 100% acetonitrile over 30 min.

61



2.4.4. Synthesis of Control Compounds

With the headline rotary system synthesised and purified, attention turned towards
populating a library of control compounds to assist with the variable temperature NMR
experiments in probing the molecular motion. The four control compounds synthesised are

shown below in Figure 2.10.

Figure 2.10: The library of control compounds.

The first two compounds each remove one of the two key interacting groups of the rotary
system. The previously synthesised 2.9 conveniently has an unsubstituted n?*-
tetraphenylcyclobutadiene ring, allowing for the behaviour of the primary amine in the
absence of hydrogen bond-accepting crown ether units to be assessed, whilst 2.11 still
possesses the crown ethers but not the hydrogen bond donor. Compound 2.11 was
synthesised in almost exactly the same way as 2.10, with 3-methyl benzylamine taking the
place of m-xylylene diamine in the final step to give the Cp arm the same linker composition

but ending at the carbon prior to the primary amine, Scheme 2.21.
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i) AMes, Toluene, 0 °C [
ii) 120 °C
78%

Scheme 2.21: Synthesis of control compound 2.11.

To complement these two compounds, the double negative control 2.12 was made. Like 2.9,
it was synthesised from metallocene 2.6 but using 3-methyl benzylamine as an alternative to

m-xylylene diamine, as shown in Scheme 2.20.

|) AlMe3, Toluene, 0 °C
i) 120 °C
70%

||) 120 °C
40%

Scheme 2.20: Synthesis of control compounds with an unsubstituted n*-tetraphenylcyclobutadiene ring.

The final control compound 2.13 replaces each crown ether with two methoxy units. This
compound was envisaged as acting as an intermediary between 2.9 and 2.10; whilst the
methoxy groups were not expected to interact with the protonated amine at low pH and
therefore have a negligible effect on the rate of rotation about the ball-bearing axis, the
electron density of the system would more closely match that of the crown ether derivative.
Furthermore, studies on this compound would demonstrate unambiguously that the binding

capabilities of the crown ethers are crucial the rotary behaviour of the system.

Control 2.13 was synthesised via an analogous pathway to the benzocrown organometallic
derivative 2.10, as shown in Scheme 2.22. The structural deviation was implemented early in

the synthesis, with ethynyl-2-methylbenzene 2.2 being coupled to 4-bromoveratrole under
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Sonogashira conditions to give alkyne 2.14 in good vyield. From this, the cobalt sandwich
complex 2.15 was formed. Purification of the reaction mixture was far simpler than for 2.4,
due to the absence of the crown ether units, and the desired trans isomer was obtained using
milder column eluent conditions of 7:3 hexane:ethyl acetate in a yield of 28%. As observed

previously, the ratio of sterecisomers in the crude mixture was approximately 2.5:1 trans:cis.

OMe
0 NaCsH,CO,Me  MeO
OMe OMe COCI(PPh3)3 - oo
T PdCL(PPh), O Toluene, THF ©

Cul, NHPry, 90 °C OMe 120 °C

89% 28%
2.2 2.14

i) AlMes, Toluene, 0 °C

ii) 120 °C
51%

Scheme 2.22: Synthesis of control compound 2.13.

Single crystals of 2.15 were grown in the freezer from an NMR sample (solution in deuterated
chloroform) and the crystal structure is displayed in Figure 2.11. It shows the aromatic rings
about the cyclobutadiene ring adopting a conformation where neighbouring rings are rotated
approximately 90° to each other to minimise unfavourable steric clashes. The prevalence of
such an orientation in solution would help to explain why the presence of meta and para
substituents have little effect on the distribution of stereoisomers. Note that the two o-
methyl groups point down, away from the metallocene core. Another observation is that in
the solid state, the amide unit prefers to sit in the same plane as the cyclopentadiene ring.

This complements previous crystal structures obtained by Richards and co-workers.*® It was
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thought that such conformational preferences would become factors to consider upon

subjecting the rotary system to low temperatures when probing the molecular motion.

Figure 2.11: Crystal structure of methoxy cobalt sandwich complex ester 2.15 with ellipsoids drawn at the 50 % probability
level. The structure occupies a centrosymmetric space group. All hydrogen atoms were fixed as riding models.

Reacting 2.15 with m-xylylene diamine gave the final control compound 2.13. All control
compounds were purified by HPLC using a C18 column and acetonitrile:water eluent system

to ensure their purity in advance of the variable temperature NMR experiments (full

purification methods outlined in Chapter 5: Experimental).
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2.5. NMR Experiments

2.5.1. Protonation of the Primary Amine Tether

Attention turned to the suitability of the primary amine at performing its role as the
switchable tether within compound 2.10. The success of the system depended on the effect
of its protonation on its intramolecular binding properties. The hypothesis was that a tripodal
H-bonding interaction between the protonated tether and the benzocrown ethers would
reduce the rate of rotation about the ball-bearing axis, as shown in Scheme 2.23. Due to its
solubility in organic solvents, trifluoroacetic acid (TFA) is a popular choice amongst
supramolecular chemists to lower the pH of solutions containing dynamic molecular systems,

whilst pyridine is often employed as the base to return to neutral pH.!

0,
2

7

7

@ N
o
} <
i
).z

TFA E
—_—
< (0] 0)

Pyridine I\/O\)

Prige

<A
\s
o}

(7
0
(7

o}
Q

-
C

Faster exchange on the NMR timescale Slower exchange on the NMR timescale

Scheme 2.23: The rotary system in action: at neutral pH (left) there is free rotation about the ball-bearing axis and it is in a
state of faster exchange. In acidic conditions (right) the rate of rotation is slower due to stronger non-covalent interactions.

After stability studies with the benzocrown metallocene side product 2.4b indicated that
these two external chemical inputs could work in tandem with the benzocrown sandwich
complex, *H NMR experiments of control compound 2.9 in CDsCN were performed before
and after the addition of a slight excess of TFA, Figure 2.12. Upon addition of 1.2 molar
equivalents of TFA, Hiis shifted downfield beyond Hz and the splitting pattern changes from

a singlet to a quartet, indicating the successful formation of the desired ammonium cation.
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Figure 2.12: Overlaid partial 'H NMR spectra of control compound 2.9 in deuterated acetonitrile (bottom) and upon
addition of 1.2 equiv. of TFA to the solution (top).

2.5.2. Solvent Effects: Protic vs Aprotic

The formation of compound 2.10 led to some interesting observations. After dissolving the
sample in deuterated chloroform (ca. 10 mM) to record its NMR spectrum, the sample set to
a gel within five minutes. The same result was observed for deuterated DCM but not with
deu