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CHAPTERl

INTRODUCTION

1.1 SUPRAMOLECULAR CHEMISTRY

The appetite of our modem technologically savvy society for faster, smarter and

importantly smaller electronic devices and processors is a constant challenge for

engineers, technologists and scientists. Although the development of miniaturisation

techniques such as photolithography and other optical processes has made significant

progress, about 100 nm is the limiting scale for effective mechanical components in real

working devices. 1 Arising from the endeavour to create miniaturised devices is the

concept and systematisation of nanotechnology. The oft-quoted address by Richard

Feynman in 1959, in which he introduced the "bottom up" approach by stating that there

was "plenty of room at the bottom" opened up the possibility of creating devices orders of

magnitude smaller than possible using a physical approach. This concept of creating

molecular electronic devices has resulted in the development and rapid advance of the

field of supramolecular chemistry.l

The most widely accepted definition of supramolecular chemistry, as given by the 1987

Nobel Prize laureate, Jean-Marie Lehn, states that supramolecular chemistry is "the

chemistry beyond the molecule, bearing on organised entities of higher complexity that

result from the association of two or more chemical species held together by

intermolecular forces".2 Synthetic developments using fundamental concepts such as

preorganisation, molecular recognition, self-assembly and template-directed synthesis has

resulted in a dramatic increase in the quantity and variety of supramolecular systems that

can be made with the potential for functioning as molecular devices. l, 3, 4
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As such, this literature review is constrained to focus on only a small section of the vast

amount of chemistry in this field. In particular, we have singled out three current areas in

supramolecular chemistry that are of great interest and which hold considerable potential

and appeal, those being the creation of interlocked systems (particularly catenanes and

rotaxanes) capable of controlled switching via chemical, electrochemical or photophysical

means; the use of metal-ligand templating in the design and post-synthetic dynamic

behaviour of interlocked systems; and finally the modification of solution-assembled

supramolecular systems to solid-tethered systems. It should be noted that even within

these areas, this literature review is by no means exhaustive, and only a few selected

examples in the literature that are most relevant to the current investigations described in

this thesis have been discussed.

1.2 SUPRAMOLECULAR SWITCHING DEVICES

Mechanically interlocked structures such as catenanes and rotaxanes have been a source

of great interest due to their potential to act as processive catalysts5
, molecular switches,

relays, diodes, logic devices and other electronic components. Catenanes consist of two or

more interlocked rings, whereas rotaxanes are composed of three components: a thread

like axle component, a macrocycle which can be threaded over the axle component, and a

set of two bulky end groups (or stoppers) that prevent the unthreading of the rotaxane.

Systems without these stoppers in which the macrocycle is capable of dethreading are

termed pseudorotaxanes (see Figure 1.1). Although many other types of supramolecular

systems can be created such as molecular arrays6, knots7
, cages8

, helicates8
, and even

more advanced supramolecular devices such as molecular muscles9
, 10 and molecular

elevators11, 12, it is the potential of utilising catenanes and rotaxanes as "switches" which

is the focus of further discussion here. The "switching" process involves a mechanical

translation of one component relative to the other which is accompanied by a detectable

change of a physical property which can then be utilised as a signal, a logic step, or a

trigger for a subsequent or concomitant electronic or other change.
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Figure 1.1:- Cartoon representation of a catenane (left), rotaxane (centre) and pseudorotaxane (right).l3

Incorporation of two or more non-degenerate binding sites In either catenanes or

rotaxanes can afford the possibility of controlled motion through either translocation

(shuttling) of the macrocyclic ring in rotaxanes, or pirouetting of the macrocyclic ring in

catenane or rotaxanes (see Figure 1.2).

ring shuttling

ring rotation

Figure 1.2:- Schematic representation of ring shuttling or rotation in possible in two-station catenanes and
rotaxanes.

Since catenanes and rotaxanes are typically fluxional systems, control over their

dynamics through chemical and physical means is germane to the switching process. In

addition to this, stimuli-induced switching is more effective when a significant binding

preference of one of the component macrocycles for one of the binding sites over another

is seen (greater than 90% bound over one binding site in normal conditions is considered

mandatory). Reducing the affinity for binding of one component to the first 'station' or

recognition site, or increasing the preference for complexation of the second station, can

then result in a switching of the supramolecular system.
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1.2.1 Chemically driven rotaxanes and catenanes

One example in which controlled chemical motion has been demonstrated is by the use of

acid and base to control the binding site preference of the macrocycle. Stoddart et al. have

reported numerous examples of multi-station catenanes and rotaxanes capable of

chemically controlled switching via acid-base processes. 14-16 One particular example is

the two-station catenane (shown in Figure 1.3) incorporating a crown ether macrocycle

(dibenzo-34-crown-lO), and a macrocycle contaInIng both bipyridinium and

dialkyammonium recognition sites. 14 In basic conditions, the crown ether preferentially

binds to the bipyridinium moiety by stabilisation through 1t-1t stacking, C-H---O

hydrogen bonding, and C-H---1t interactions. Switching can be induced by the addition of

acid, as protonation results in the generation of the dialkyammonium entity, which has a

higher binding affinity for the crown ether than the bipyridinium groUp.14 This process is

reversible, and neutralisation of the mixture results in restabilisation of the crown

macrocycle/bipyridinium motif again, since there is little affinity of the macrocycle for

the unprotonated amine moiety. Stoddart has also examined the potential of this and

similar catenanes and rotaxanes for switching via electrochemical and photophysical

means. 14, 16
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Figure 1.3:- Stoddart'sl4 (top) and Loeb'sl? (bottom) switchable 2 "station" rotaxane controlled by the
addition of acid and base.
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In a similar manner, acid-base controlled switching in rotaxanes has been utilised by other

groups. In particular Loeb et al. have reported the synthesis of a two-station rotaxane

incorporating a crown ether macrocycle (dibenzo-24-crown-8), and a thread containing

both dialkyammonium and 1,2-bis(pyridinium)ethane (BPE) recognition sites (see Figure

1.3).17 Again it was shown that the crown ether was preferentially bound around the BPE

site in neutral or basic conditions, while acidification of the mixture resulted in the

shuttling of the crown ether to the protonated dialkyammonium ion. Again this process

was shown to be reversible. 17

Although acid-base switching is by far the most common method of chemically induced

controlled motion in rotaxanes and catenanes, recently the use of metal ions to induce a

similar effect has been reported. Sanders and Stoddart et al. have reported the synthesis of

a two station rotaxane incorporating a crown ether macrocycle (1,5-dinaphtho-38-crown

10), and a thread containing two neutral templating moieties, those being a

naphthodiimide and a pyromellitic diimide, which act as two stations (as shown in Figure

1.4).18 In chloroform solutions the crown ether macrocycle preferentially binds the

naphthalene diimide moiety, while switching of the crown to the pyromellitic centre can

be achieved by the addition of lithium ions. This is a result of the fact the additional

stabilisation afforded by the complexation of the lithium ions between the crown ether

and the carbonyl groups of the diimide, is greater for the smaller pyromellitic diimide,

than for the larger naphthalene diimide moiety. Addition of excess [12]crown-4 which is

capable of competitively complexing the lithium ions, results in the reversible switching

of the crown back to the naphthalene diimide binding site. 18
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Figure 1.4:- Cation induced shuttling of crown-diimide containing rotaxane powered by the addition or
removal of lithium ions. 18

1.2.2 Electrochemically driven rotaxanes and catenanes

Although, solution-phase switching of rotaxanes and catenanes by chemical means is

easier both practically and in terms of the monitoring of the dynamic behaviour by

techniques such as 1H NMR, in order for these devices to be incorporated into functional

machines, more physical methods of switching are needed. Electrochemical oxidation or

reduction has been shown to be effective in switching in a variety of multi-station

supramolecular systems. 10, 11, 19,20 Of particular note is Leigh's et al. example of a two

station rotaxane incorporating an amide macrocyc1e and two potential hydrogen-bonding

stations; those being a succinamide station, and a redox-active bulky naphthalimide

station (which also acts as a stopper for the rotaxane) (see Figure 1.5).19 This system has

high positional integrity as shown by the fact that in the neutral state the macrocycle

preferentially binds to the succinamide station over the naphthalimide moiety by a factor

of 106
: 1. This is due to the fact that in the neutral state the naphthalimide entity is a poor

hydrogen bond acceptor, with little affinity for the amide macrocycle. 19 However, one

electron reduction of the naphthalimide to the corresponding radical anion, increases its

hydrogen-bond-acceptor ability, resulting in the switching of the macrocyc1e from

residing over the succinamide station to preferentially binding the naphthalimide radical

anion by a factor of 1:500. 19 This process is fully reversible. Furthermore Leigh et al.
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have demonstrated that this switching can also be achieved through photoexcitation of the

naphthalimide at 355 nm followed by electron transfer from an external electron donor to

produce the radical anion. 19 Such positional integrity as shown in this system is ideal for

the incorporation of molecular switch behaviour of multi-station rotaxanes or catenanes

into practical molecular machines.

o H
Ph"('N~N

Ph H 0

Figure 1.5:- Leigh's example of a electrochemically switchable [2]rotaxane. 19

1.2.3 Photochemically driven rotaxanes and catenanes

Photophysical methods have also been utilised in the switching of multi-station catenanes

and rotaxanes. lO
, II, 21, 22 In particular, light can be used to induce switching in

mechanically interlocked structures through two main pathways; either through

conformational photoisomerisation of binding sites (for example cis-trans isomerisation

of alkenes), or through photoinduced electron transfer. Recently, a cyclodextrin

containing two-station rotaxane has been reported which is capable of reversible

controlled switching through photoisomerisation of the alkene moiety in the thread (see

Figure 1.6).21 The thread consists of two binding stations, those being an azobenzene

entity, and a biphenyl station. The cylcodextrin macrocycle preferentially binds the

azobenzene moiety when it adopts a trans configuration. Irradiation at 360 nm induces

photoisomerisation to the cis configuration, and as a result the position of the cyclodextrin

macrocycle switches to bind the biphenyl moiety. This process can be reversed by

irradiation at 430 nm, to revert the azobenzene to the trans configuration.21
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Figure 1.6:- Top-An example of using photoisomerisation of alkenes to induce switching in a cyclodextrin
rotaxane.21 Bottom-The photoinduced electron transfer switching pseudorotaxane system of Gunter et al. 23

,
24

Photoinduced electron transfer has also been shown to induce switching like behaviour in

various supramolecular systems. In particular, Gunter et al. demonstrated this behaviour

in a pseudorotaxane incorporating a dibenzo crown-ether strapped porphyrin host,

binding a paraquat guest. 23, 24 It was shown that photoinduced electron transfer from the

porphyrin excited state to the paraquat guest results in the expulsion of the guest from the

cavity of the porphyrin (see Figure 1.6). This is followed by fast recombination of the

charge-separated state due to quenching by surrounding solvent molecules.23
, 24 Although

this recombination step proceeded too quickly for use in a molecular device, the

incorporation into the design of such structures or alternative binding sites that stabilise

the charge-separated state induce a sufficiently long-lived charge-separated state for this

system to be useful as a component in molecular devices.
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1.3 METAL-LIGAND TEMPLATING

Metal-ligand templating is an alternative strategy that has come into favour for the

construction of interlocked species. Early attempts to synthesise supramolecular systems

such as catenanes and rotaxanes were based on a statistical approach. It was demonstrated

by Wasserman, that the statistical probability of threading a linear molecule through the

cavity of a macrocycle to produce a rotaxane was approximately 0.01 %.25 As such yields

of catenanes or rotaxanes using this approach were very low « 1% in Wasserman's

catenane25 and 6% in Harrison's rotaxane synthesised in higher yields due to repetitive

threading and capping processes26
).

Although statistical approaches into the synthesis of catenanes and rotaxanes had limited

success, the advent of 'template directed synthesis' dramatically improved the outcomes,

and as a result catenanes and rotaxanes could now be synthesised in acceptably higher

yields. Optimisation of factors such as size complementarity, the level of pre-organisation

versus flexibility, and most importantly binding site complementarity can provide

successful routes to the synthesis of interlocked species.3,27

Factorisation of intermolecular forces such as 1[-1[ stacking28
, hydrogen bonding29

, 30,

dipole-dipole interactions3
, charge-transfer interactions3l

, hydrophobic interactions3o
, van

der Waals interactions3
, and coordination bonding8

, 32, 33, into the design is the basis of

templated directed synthesis of supramolecular systems. By incorporating complementary

sites to maximise these intermolecular forces, binding between host and guests can be

enhanced. Furthermore it has been shown that self-assembly of supramolecular systems

can result through careful design of these recognition elements. Self-assembly can be

thought of as the spontaneous generation of well-defined organised supramolecular

architectures through the non-covalent interaction of its individual components.3,27,34

The strongest of these intermolecular forces that can be utilised in the design of

supramolecular systems is the coordinate bond in metal-ligand complexes. Coordinate

covalent bonds not only have the advantage that they are relatively strong and
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conformationally defined interactions, but also that the metal centres are often

electroactive, which allows the possibility of redox-induced coordination and

conformational changes. Furthermore the coordination geometry of different metal ions

can introduce a diverse range of molecular architectures not available through traditional

synthetic routes. 35 Thus, metallosupramolecular chemistry has emerged as a major sub

discipline, with an increasing number of systems incorporating this design motif being

reported in the recent literature.8, 32, 35-37

Complex, aesthetically pleasing and well-defined metallosupramolecular designs such as

helicates37
, arrays6, lattices32

, and grids32 are all examples of how metal-ligand

coordination can be used to create intriguing structural motifs. However one of the most

elegant examples of how the coordination geometry of metal-ligand complexes can be

used to produce interesting molecular architectures is the self-assembly of

metallosupramolecular squares.8, 38 Fujita et al. reported the fIrst successful assembly of a

molecular square, with cis-protected palladium corners affording the 90° angle

requirement. The mixing of [(en)Pd(N03)2] with 4,4' -bipyridine ligand in the appropriate

ratio afforded the fIrst molecular square. 39 Variations in the ligands used and the ratios of

ligand to metal centres have allowed more complex structures including [2]- and [3]

catenanes to self-assemble.39
-
41 Figure 1.7 shows the self-assembly of 12 components to

form a three catenane under thermodynamic control. The stability of the final product

overcomes the entropy barriers associated with the combining of the individual

components.
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Figure 1.7:- Fujita et al. formation of a square complex (below right), [2]catenane (below left) and
[3]catenane (bottom) from a mixture of the two his-pyridine subunits (above) with the Pd complex (above)
in a 2.0:0.7: 1.0 ratio.41

Another way in which metal-ligand coordination has been used in supramolecular

chemistry is the templating between macrocyclic hosts and guests to increase the yields of

rotaxanes or catenanes. For example Leigh et al. have used the interaction between

nickel, copper or palladium metal ions coordinating between an amide macrocycle and a

pyridine based thread to template rotaxane formation (see Figure 1.8). This results in

higher yields of interlocked species than if the reaction were performed in the absence of

metal ions.42, 43

77%---..

Figure 1.8:- Leigh's palladium templated rotaxane synthesis via ring closing metathesis. Reagents and
conditions: 1. Grubbs catalyst (0.1 equiv), CH2C12, 2. H2, Pd/C, THF, 77%.42
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Sauvage et al. have extended this concept even further by using metal-ligand coordination

to not only template the formation of catenanes and rotaxanes but to also utilise the

electrochemistry of the metal to drive the pirouetting of the macrocycle in catenanes or

induce shuttling of it in rotaxanes. 36
, 44-47 Sauvage et al. reported the synthesis in 40%

yield of a two-station rotaxane incorporating a thread with a bidentate (phenanthroline)

and a terdentate (terpyridine) binding site, and a macrocycle containing a bidentate group

(see Figure 1.9).44 Furthermore, when the copper is present as a Cu+ ion, preferential

binding of the macrocyc1e to the bidentate site in the thread occurs, as Cu(I) prefers a

tetrahedral geometry. Oxidation of the copper to Cu2
+ affords shuttling of the macrocyc1e

to bind the terdentate (terpYfidine) moiety in the thread, as Cu(II) ions have a preferential

five-coordinate geometry. Electrochemical reduction restores the rotaxane to its original

geometry.44

Figure 1.9:- Utilising metal coordination to induce switching in Sauvage's two station thread. The
macrocycle is coordinated at the bidentate site to the four coordination number Cu+ ion (above) and at the
terdentate site to the higher coordination number Cu2

+ ion (below).44
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1.3.1 The use of porphyrins in the metal-ligand templated assembly of rotaxanes or

catenanes

Of particular interest to the research discussed in this thesis is the incorporation of

porphyrins into supramolecular systems. Porphyrins have been incorporated into a wide

variety of supramolecular architectures due to their rich photochemistry, electrochemistry

and coordination properties.48 Metalloporphyrins have been incorporated as addressable

components in a variety of assemblies such as tweezers49, arrays38, 50, macrocycles or

cages38,51, 52, as well as rotaxanes47, 53-55 and catenanes24,46,56,57.

Sanders et al. have demonstrated the use of metalloporphyrin-ligand templating in the

assembly of porphyrin dimers and cyclic trimers.52, 58, 59 One such example is the

synthesis of a porphyrin trimer containing three ruthenium carbonyl porphyrin moieties

joined via butadiyne linkages (see Figure 1.10). The addition of the template tri(4

pyridyl)triazine successfully arranges the porphyrins in the correct geometry to afford the

cyclic trimer in reasonable yields.59

Figure 1.10:- The templated synthesis of a triruthenium butadiyne-linked cyclic porphyrin trimer.59

The coordination properties of metalloporphyrins have also been successfully used in the

thermodynamic self-assembly of porphyrin stoppered rotaxanes. In particular ruthenium

and rhodium porphyrins have been used to stopper rotaxanes incorporating pyridyl

terminated threads, due to the high affinity ruthenium and rhodium porphyrins for

13
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nitrogen based ligands.24
, 54, 55, 60 Gunter et al. have previously reported the self-assembly

of a solution-phase rotaxane, incorporating a neutral naphthodiimide thread bound by a

crown ether macrocycle through a combination of 1t-1t, dipolar and charge transfer

intermolecular forces. The rotaxane is completed by stoppering as a result of coordination

of the terminal pyridine units in the thread by metalloporphyrins (see Figure 1.11).54

Simple mixing of the three components in the correct stoichiometry resulted in the

formation of the rotaxane at room temperature. While the use of zinc porphyrin stoppers

resulted in a system in fast exchange in the NMR chemical shift timescale giving one

average set of peaks for bound and unbound rotaxane, the use of ruthenium or rhodium

porphyrin stoppers resulted in two sets of easily assigned peaks for bound and unbound

rotaxane due to the system being in slow exchange.54 This system is extremely versatile

due to the fact that it is fully reversible and thus the equilibrium can be optimised by

changing conditions such as decreasing the temperature to increase the amount of intact

rotaxane formed in solution.

M = Ru(CO)1~

Figure 1.11:- Gunter et al. example of utilising metalloporphyrin-ligand coordination In the
thermodynamic self-assembly of a [2] rotaxane.54

1.4 SOLID TETHERED SUPRAMOLECULAR SYSTEMS

Solution phase studies of supramolecular systems have given rise to increasingly complex

interlocked molecules capable of performing "machine like" operations. However, in

order for these systems to be incorporated into functional devices, they need to be

incorporated into solid materials or deposited onto solid surfaces. Although the adaptation

14
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of supramolecular systems that can be attached to solid supports is challenging in itself, it

is the proof of the preservation of the function of these systems once tethered to the solid

support that presents the hardest challenge.

To date numerous examples of solid-supported supramolecular systems on a variety of

surfaces have been reported. I I, 61 Although many different types of solid supports have

been used62, 63, those reported more frequently in the literature are i) the incorporation of

supramolecular systems into polymer matrixes,64-66 ii) the creation of Langmuir Blogett

(LB) films,67, 68 and even more commonly iii) the formation of self assembled monolayers

on gold or other surfaces.69-72

Stoddart's group has been a leader in the synthesis of tethered supramolecular systems,

having reported numerous pseudorotaxane, rotaxane and catenane systems tethered to

solid supports. More importantly they have reported the controlled motion of various

multi-station rotaxanes and catenanes on a variety of substrates including Langmuir

Blogett films68, embedded polymer matrixes65, sol gel glass surfaces63 and self assembled

monolayers (SAMs) on gold surfaces70, 71. One significant and illustrative example is the

self assembled monolayer formation on a gold surface of a two-station rotaxane

incorporating a thread with both a tetrathiafulvalene (TTF) unit and a dioxynaphthalene

(DNP) unit encircled by a cyclobis(paraquat-p-phenylene) macrocycle (See Figure

1.12).71

Figure 1.12:- Stoddart's electrochemically switchable [2]rotaxane tethered as a self assembled monolayer
on gold wire.?!
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It was shown by electrochemical techniques that, as In solution, the macrocycle

preferentially binds the TTF unit, while electrochemical switching of the macrocycle to

the DNP unit can be achieved in oxidative conditions. This is fully reversible and these

self assembled monolayers are extremely stable, showing identical current response for

more than 100 scans.?1 Furthermore, Stoddart's group has shown that not only can this

system be incorporated into different solid supports, but also that despite the fact that the

rates of switching are different, a single, generic mechanism for the switching between

stations is consistent for all molecules, regardless of whether they are in solution, tethered

to solid surfaces (such as gold) or embedded in polymer matrixes.64

Leigh's group have also reported a photochemically driven switchable [2]-rotaxane self

assembled monolayer on gold. 11, 72 In this case, the thread component consists of a

fluoroalkane (tetrafluorosuccinamide) station and a fumaramide station (see Figure 1.13).

The macrocycle is preferentially bound around the fumaramide station, however

photoisomerisation of this moiety to maleamide (which has a low affinity for the

macrocycle) results in the switching to the fluoroalkane station.1I, 72 Furthermore, it was

shown that this switching to expose or conceal the fluoroalkane causes changes in the

surface tension properties, which can be harnessed to transport microliter droplets of

diiodomethane across the surface, with distances greater than 1.5 mm and up gradients as

steep as 12 0 being reported. 11, 72

Figure 1.13:- Photochemically induced switching of Leigh's rotaxane in a self assembled monolayer
deposited on Au (Ill). These molecular shuttles are aligned parallel to the Au surface.72
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Despite the literature showing many successful examples of solid-tethered

supramolecular architectures to surfaces such as gold, one significant disadvantage of

these systems is the restricted techniques that are available for their analysis. Various

methods including X-ray techniques such as X-ray photoelectron spectroscopy (XPS),

electrochemical techniques, steady state fluorescence, various microscopy methods such

as STM (scanning tunnelling microscopy), AFM (atomic force microscopy) or BAM

(Brewster angle microscopy) and solid-state FT-IR have been used to analyse these solid

tethered systems73, however many of these techniques do not provide direct comparisons

with solution based systems. As many of these advanced multi-station devices are

becoming more complex, 1H NMR is vitally important in solution analogues to decipher

any dynamic behaviour. Attachment of systems to surfaces such as gold, prevents such an

investigation into the dynamics of the system by 1H NMR. However, attachment of such

systems to swelling polystyrene supports, allows the use of HR MAS (High Resolution

Magic Angle Spinning) NMR to analyse the dynamic behaviour of molecules tethered to

solid supports. This technique has been used more extensively in biological protein or

peptide synthesis74 and combinatorial chemistry73, 75, 76, however spectra of more complex

supramolecular systems tethered to solid supports77
-
81 have also been obtained using this

technique. By using HR MAS NMR it is thus possible to have a direct comparison

between solid and solution phase systems.

Tethering of molecules to solid supports such as polystyrene resins, when analysed by

conventional 1H NMR techniques, yields poor quality spectra with broadened line widths.

HR MAS NMR can overcome this by averaging the magnetic field experienced by the

sample by spinning the sample at high speeds (4 kHz) and at the magic angle (54.7 0) in a

high-resolution nanoprobe.75, 82 In addition to this, the use of swelling polymer supports,

such as TentaGel or ArgoGel beads (which have a polystyrene core for rigidity and

polyethylene glycol tethered to give it both swelling properties and suitable

functionalisation sites for subsequent tethering reactions), in suitable solvents creates a

solution-like environment for the tethered components, which again improves the quality

of NMR spectrum that can be obtained. The result is that HR MAS NMR can

significantly reduce the linewidths of solid supported systems yielding proton spectra

comparable to that expected for solution phase systems.

17



Chapter 1: Introduction

Broadness in the proton spectrum obtained due to the bead core resonances (both

aromatics due to the polystyrene core and aliphatics due to the polyethylene glycol

tethers) can be observed in a standard pulse sequence. This to can be overcome by the

application of CPMG (Carr-Purcell-Meiboom-Gill) and polyethylene glycol pre

saturation pulse sequences which can filter out the bead resonances. Gunter et al.77
, 78 and

Sanders et al.79
, 80 have successfully demonstrated the use of HR MAS NMR to analyse

both irreversible attachment of rotaxanes and catenanes under kinetic control, and

systems under thermodynamic control where the solution-solid phase dynamics are

investigated (see Figure 1.14 and 1.15).

=ArgoGel 1M bead

Figure 1.14:- Examples of kinetically controlled systems tethered to solid supports. Left-The ArgoGel
bead-bound rotaxane of Sanders and coworkers.8o The tricyclic polyamide macrocycle is threaded by the
polyethylene glycol thread via hydrogen bonding interactions. A bis-porphyrin bulky group stoppers one
end of the system, and the bead itself acts as the second stopper. Right-The two bead-tethered
supramolecular systems formed when monoporphyrin stopper diimide thread is tethered to ArgoGel-OH
beads in the presence of crown.78

Kinetically controlled systems are advantageous as tethering is irreversible, however if

the binding between the host and guests components is weak, attachment of these systems

to solid supports can yield higher percentages of non-interlocked tethering as compared to

interlocked tethered structures. This is the case for the rotaxane synthesised by Gunter et

al. which showed only 34% of tethered rotaxane versus 66% tethered thread (see Figure

1.14).78 Thermodynamically controlled tethered systems, although not permanently

assembled, offer greater flexibility in the optimisation and understanding of the solution

solid phase dynamics, and it is this behaviour that is investigated in later chapters.
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Inspired by the work of Sanders et at. reporting the successful use of HR MAS NMR to

monitor the coordination of metalloporphyrins to mono- and bi-dentate pyridyl ligands

tethered to ArgoGel beads79, Gunter et al. modified the solution-based rotaxane discussed

in Section 1.3.1 for incorporation onto solid supports (See Figure 1.15).77 HR MAS NMR

analysis of these beads showed solution-like proton spectra. This technique also allowed

the rotaxane formation via subsequent addition of crown macrocycle and

metalloporphyrin stoppers to be easily monitored, with peaks corresponding to unbound

crown, crown bound around the neutral diimide moiety, and also crown bound around the

polyethylene glycol chain evident in the NMR spectrum.77 It is this ability to examine the

dynamics between the solution and solid phases of this equilibrium that make HR MAS

NMR an attractive tool in the examination of thermodynamically assembling

supramolecular structures.

a,e

b

Figure 1.15:- Aromatic HR MAS proton NMR of tethered naphthalenediimide thread (top), the mixture
containing tethered naphthalenediimide thread and crown (middle), and the mixture containing tethered
naphthalenediimide thread, crown, and porphyrin (bottom). Note the solution like quality of these spectrum
obtained on the solid tethered systems using HR MAS.77
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1.5 RESEARCH INTRODUCTION

The work proposed for this thesis can be divided into two maIn sections. The first

sections focus on the incorporation of strapped porphyrins (such as those shown in Figure

1.16) into rotaxanes containing diimide functionality. Gunter et al. have shown that this

type of strapped porphyrin forms strong complexes with charged guests such as paraquat

and bipyridinium salts and catenanes have been successfully synthesised incorporating

these entities.24
, 83 Recently however, we have become interested in the incorporation of

neutral diimide moieties such as pyromellitic diimide and naphthodiimide as guest

molecules due to their relative stability and their interesting electrochemical and

photophysical properties.31,84

O~O
R-N ~!J N-R

a ~!J a
naphthodiimide

R strapped
porphyrin

R = hexyl
M = Zn, Ru (CO), Rh(l)

Figure 1.16:- Principle rotaxane or catenane components chosen for investigation in this thesis.

It has been shown that diimides form stable complexes with crown ether macrocycles

through a series of 1t-1t, and C-H---O interactions, and this interaction has been used to

synthesise catenanes and rotaxanes incorporating these functionalities. 31
, 54,84,85 The type

of strapped porphyrin shown in Figure 1.16 has also been shown to bind diimide moieties

and this interaction has been utilised in the synthesis of a neutral catenane.57

Nevertheless, the strength of interaction between the porphyrin and diimide is weaker

than for complexes between diimides and crown ether macrocycles, and as such, attempts

to synthesise strapped porphyrin rotaxanes under kinetic control have proven

unsuccessful. It was proposed that the incorporation of a second stronger binding

template could increase the likelihood of obtaining rotaxanes incorporating diimide and

strapped porphyrin moieties. In this design we intend to use the templating effect

resulting from the strong coordination of an appropriately substituted pyridine-based
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component to produce non-symmetrical dual functionalised catenanes or rotaxanes that

can be "driven" by several different stimuli (see Figure 1.17).

L

Examples: M = Ru, L = CO

M =Rh, L =X

M =Zn, L =nil

naphthoquinol-strapped
metalloporphyrin

L

pyridine unit preferentially
bound underneath strap

O~'. a connectorN. _ N
~o _. 06COValentlreversibJe)

stimuli such as

H+ or L' or-M

Figure 1.17:- Schematic illustrating templated catenane formation utilizing strong pyridine/
metalloporphyrin coordination, and a neutral naphthodiimide unit. The pyridine unit must be bound
preferentially underneath the strap for effective templating. Protonation of the pyridine, addition of
exogenous competing ligand L' or removal of the metal ion are several of many factors that can be used to
reversibly 'drive' the catenane, causing rotation of the entrapped macrocycle. Similar concepts relying on
the templating ability of an appropriately functionalised pyridine can be used to assemble multi-station
rotaxanes with a variety of 'innocent' or 'active' (eg porphyrin) stopper groups.

The second major focus of this thesis is extending the work pioneered by Gunter et al. on

the adaptation of a three component self-assembling rotaxane system to be attached to

solid supports (as discussed in Section lA, Figure 1.15).77, 78 Preliminary investigations

into the use of HR MAS NMR to monitor the attachment of the diimide thread to

ArgoGel beads and subsequent rotaxane assembly were successful. Nevertheless, a more

in-depth analysis of this system, and into the assembly of rotaxanes using crown tethered

or porphyrin tethered beads is needed. Furthermore, investigations into the attachment of

multiple components to a single bead and the possible intra-bead interactions that may

arise will be described here (see Figure 1.18).
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Figure 1.18:- Possible interlocked species produced by the intra-bead interaction of multiple components
on a single bead.
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