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CHAPTERS

MULTI-COMPONENT POLYMER BOUND ROTAXANES UNDER

THERMODYNAMIC CONTROL

5.1 INTRODUCTION

In Chapter 4 the thermodynamically controlled self-assembly of rotaxanes involving a

three component system, both in solution and on solid supports were discussed; with

those components being the neutral naphthodiimide thread 5.1, the dinaphtho 38-crown

10 macrocyc1e 5.2, and the ruthenium carbonyl porphyrin 5.3.
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Scheme 5.1
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Studies into the optimal conditions for the attachment of each of these components onto

polystyrene solid supports were undertaken. Furthermore, the factors affecting the

assembly of rotaxanes on solid supports for each of the individually tethered components

is now understood. It was found that the specific mono-functionalised components,

diimide thread 5.4, crown ether 5.5 and rhodium porphyrin 5.6 (see Figure 5.1), were the

most appropriate derivatives for use in attachment to solid supports.
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Figure 5.1:- Components successfully attached to polystyrene beads in Chapter 4.

Thus having established the conditions and binding behaviour for each individual

component, the syntheses of more complex tethered systems involving the attachment of

two or three of these components to a single bead were undertaken. This involved

investigations into not only whether multiple components can be attached to a single bead

conjointly but also whether components on the same bead can assemble cooperatively

into rotaxane and pseudorotaxane structures.

The combinations of components attached to the beads were chosen to be: diimide thread

5.4 plus crown 5.5 giving the dual-tethered beads 5.7; diimide thread 5.4 plus porphyrin

5.6 giving the dual-tethered beads 5.8; rhodium porphyrin 5.6 plus crown 5.5 giving the

dual-tethered beads 5.9; and a three component systems involving the attachment of

diimide thread 5.4, crown 5.5, and porphyrin 5.6 giving the multiply-tethered beads 5.10

(See Figure 5.2).
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Figure 5.2:- Multiple-component tethered systems proposed for investigation.

5.2 MULTI-COMPONENT DIIMIDE AND CROWN TETHERED SYSTEMS

The first multi-component bead assembly chosen for investigation was the diimide-crown

bead system 5.7. It was envisioned that if attachment of both the diimide 5.4 and crown

5.5 components were successful, and furthermore if the two components were attached at

contiguous sites, that intra-bead complexation between the crown and the diimide tethers

to produce a thermodynamically controlled pseudorotaxane may result. Furthermore,

rotaxane formation could be completed by stoppering this intra-bead pseudorotaxane

through the coordination of ruthenium porphyrin 5.3 to the pyridine terminus of the

complexed diimide thread (see Figure 5.3).
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5.7

Figure 5.3:- Possible pseudorotaxane and rotaxane assembly resulting from complexation between adjacent
tethered crown and diimide moieties on the multi-component beads 5.7.

As discussed in chapter 4, the synthesis of diimide tethered beads, and crown tethered

beads can be achieved with relative ease, and HR MAS NMR spectroscopy of these

mono-substituted beads yields spectra with good signal-to-noise ratios. Thus, the

synthesis of polystyrene beads 5.7 functionalised with both diimide thread 5.4 and crown

5.5 was attempted.*

Previous procedures used for the attachment of single components to the polystyrene

beads were modified slightly for these multi-component attachments. In those studies

EDC condensations using 300 ~mol of mono-functionalised component per 50 mg

polymer bead was found to give adequate loading for good quality HR MAS NMR

spectra. In this case however, 150 ~mol of each component (ie 150~mol of diimide thread

5.4, and 150 ~mol of crown 5.5) per 50 mg of TentaGel resin was used. In addition to

this, LiI was addedt to the mixture to maximise pre-complexation of the crown and

* All multi-component functionalised bead experiments were conducted using TentaGel polystyrene resins,

as the ArgoGel beads are no longer commercially available. As a result, mono-functionalised TentaGel

beads for each of the components were synthesised to give accurate comparisons between multi- and

singly-functionalised supports. It was found that there was no significant difference in either the reactivity

or the spectra of the resulting systems between the two types of beads, and hence it is assumed that the

results from each of the bead types can be compared directly.

t It has been shown (as discussed in Chapter 4, and previous work by Johnstone]), that the addition of LiI

to equimolar mixtures of this diimide thread and mono-functionalised crown dramatically improved the

binding between the crown and diimide.
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diimide components in an attempt to favour attachment of both components on adjacent

bead sites such that intra-bead interaction may be enhanced.
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Scheme 5.2:- Reagents and conditions for the synthesis of multi-component beads 5.7; TentaGel
polystyrene resin, LiI, EDC, HOBT, Et3N, CHC13, RT, 10 days. Non-systematic numbering and colouring
system is used in subsequent HR MAS NMR analysis.

After 10 days, the beads were filtered and washed to remove all excess, unreacted

reagents. The resulting beads had an orange/pink colouration, whereas the diimide beads

are normally pale yellow and the crown tethered beads are typically white. This orange

coloration is indicative of donor-acceptor complex formation between crown and diimide

resulting in a characteristic charge transfer phenomenon. Analogous crown-diimide

intermolecular systems that give rise to this charge-transfer band have been observed in

solution.2 Thus, based on the colour of the beads, it was assumed that both crown and

thread were successfully tethered to the polymer bead, and furthermore that the

components must be in close proximity to each other.

crown tethered beads diimidc tethered beads di functionalised diimide
crown beads

Figure 5.4:- 40 x Magnification optical microscope images of diimide, crown and diimide-crown
functionalised polystyrene beads.

183



Chapter 5: Multi-component polymer bound rotaxanes under thermodynamic control

HR MAS NMR analysis of these beads 5.7 indicated successful attachment of the diimide

thread as evidenced by the expected pyridyl peaks (9.15, 8.68, 8.28 and 7.37 ppm) and

diimide (8.68 ppm) aromatic peaks visible in the spectra (see Figure 5.5). Unfortunately,

despite the colour of the beads indicating the attachment of crown, clear peaks for the

crown aromatics could not be seen in the HR MAS NMR spectrum.
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Figure 5.5:- HR MAS NMR spectrum of the multi-component diimide-crown tethered beads 5.7.

This was not expected, as preliminary studies into the attachment of this crown by itself

to ArgoGel or TentaGel beads gave no indication of poor loading of the crown. All

previous trials gave excellent HR MAS NMR spectra for crown-tethered beads. It was not

clear whether the lack of crown peaks in the NMR spectrum were due to unsuccessful

crown attachment, or to a filtering effect of the pulse sequence, filtering the broad signals

that could be associated with the crown in fast exchange. Thus investigations were carried

out to distinguish between these two possibilities.

As discussed above, previous studies in solution have shown that the addition of LiI can

increase the strength of complexation between the diimide thread and this particular

crown. Thus a solution ofLiI in 2%MeOD/CDCb was added to the tethered beads 5.7, in

the expectation that this would increase intra-bead interaction between the components

which in turn might lead to a change in the exchange rate, thus resolving the crown

resonances in the HR MAS NMR spectrum. Unfortunately, no change in the NMR

spectrum was observed, compared to the bead NMR spectrum without the addition ofLiI.
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An alternative approach by which it was thought that the tethered crown components

might be resolved, was if a solution of untethered dinaphtho-crown 5.2 were added to the

solution phase surrounding the beads. This crown has a higher binding affinity for

diimide moieties, and thus the addition of excess crown 5.2 may out-compete any

tethered crown for complexation, resulting in the appearance of unbound tethered crown.

The addition of excess crown 5.2 resulted in the characteristic upfield shift in the diimide

protons from 8.68 to 8.51 ppm indicating successful complexation of the crown to the

diimide, however no signals due to unbound tethered crown were observed. This again

indicates that either there is no crown tethered to the beads, or alternatively that the

tethered crown-diimide complex is strengthened due to an intra- versus inter- molecular

stabilisation, and hence competition for complexation by the dinaphtho crown 5.2 is not

effective.

As the addition of LiI, and the addition of a competing crown 5.2, did not sharpen any

crown resonances, a final attempt to resolve any potential crown resonances was to

stopper any crown-diimide pseudorotaxane through the addition of ruthenium porphyrin

5.3. It was proposed that the coordination of the porphyrin to the pyridine ends of the

diimide thread, may slow any equilibrium between the crown and diimide (as is observed

in the solution analogues), resulting in the appearance of the expected crown resonances.

Addition of ruthenium porphyrin 5.3 resulted in an expected large upfield shift of the

pyridine protons (to 6.69,5.36,2.17 and 1.73 ppm) as the pyridine group on the diimide

thread coordinated to the metallo-porphyrin. In addition to this however, small peaks at

5.24, 6.09, 6.39, 6.60, 6.88, and 7.26 ppm were evident in the HR MAS NMR spectrum

(labelled i to 0 in Figure 5.6).
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Figure 5.6:- HR MAS NMR spectrum of a mixture of crown and diimide tethered beads 5.7 and ruthenium
porphyrin 5.3. Colours and labelling follow those described in Figure 5.2.

These peaks can only be assigned as crown resonances, as no porphyrin or thread

components have similar chemical shifts, and furthermore all diimide thread and

porphyrin peaks are easily assigned in the remaining spectrum. In addition to this, not

only is unbound diimide evident in the HR MAS NMR spectrum (a), but a relatively

smaller bound diimide peak can be seen at 7.89 ppm (labelled ain), as a result of

complexation with the tethered crown. This peak is further upfield than would normally

be expected in solution, indicating a strong crown-diimide intra-bead complexation.

Variable temperature HR MAS was performed and it was found that at -10°C, no change

in the spectrum is evident, suggesting that the crown is effectively 100% bound at room

temperature. This again suggests that the intra-bead binding between the tethered crown

and diimide components is stronger than typically observed in solution. Despite this, it is

apparent that there is a differential loading between the diimide thread and the crown

(despite reacting equimolar amounts of each component). Nevertheless, it is clear that the

relatively small amount of crown that is attached to the polystyrene bead is in close

proximity to the diimide thread components and is indeed fully complexed by them, and

thus that interaction and complexation between these components on the one bead is

possible. Investigations and optimisation into the relative reactivity of components to
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obtain more equal loading of components is needed; however time prevented such an in

depth study in this project.

5.3 MULTI-COMPONENT DIIMIDE AND PORPHYRIN TETHERED

SYSTEMS

In Chapter 4, we discussed the optimisation of conditions for the attachment of

porphyrins to polystyrene solid supports. It was deemed that ruthenium porphyrins were

not suitable for tethering to the ArgoGel beads due to the poor quality of the HR MAS

NMR spectrum obtained. Investigations into the attachment of rhodium porphyrins to

polystyrene beads found that tethering the mono-sebacoyloxy rhodium porphyrin 5.6 in

the presence of pyridine gave beads with good quality HR MAS NMR spectra. One

associated problem with the attachment procedure however, was that the pyridine used

during synthesis (to negate any competitive acid group coordination to the rhodium)

remained coordinated to the porphyrin. This complicated subsequent rotaxane formation,

and thus care needed to be taken during the synthesis of multi-component beads

incorporating rhodium porphyrins to ensure adequate washing of the beads, eliminating

any problems associated with untethered pyridine coordination.

It was predicted that attachment of both the diimide 5.4 and porphyrin 5.6 components

would result in intra-bead coordination of the pyridine terminus of the diimide thread to

adjacent tethered rhodium porphyrins in these multi-component diimide-porphyrin beads

5.8. Furthermore, if this were successful, addition of a solution of dinaptho crown 5.2

may result in the self assembly of a catenane-like structure (see Figure 5.7).
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+ 5.2

Figure 5.7:- Possible catenane structure produced from the addition of crown 5.2 to the di-functionalised
diimide-porphyrin beads 5.8.

Thus the synthesis of the multi-component beads 5.8 incorporating both diimide thread

5.4 and rhodium porphyrin 5.6 components was attempted. Equimolar amounts of diimide

thread and porphyrin were reacted with TentaGel beads; however in this case no pyridine

was added during the synthesis, as the in-built terminal pyridine on the diimide thread can

coordinate to the rhodium porphyrin preventing acid group coordination. This has two

benefits, firstly the coordination of the diimide thread to the porphyrin may template the

reaction such that these components will react at adjacent sites on the beads enhancing the

possibility of intra-bead coordination, and secondly the coordination of this iso-nicotinic

pyridine based ligand is inherently weaker than pyridine itself, and thus rendering it much

easier to remove by acid washing. Nevertheless, workup procedures were modified such

that more thorough acid washing was performed to eliminate any complications arising

from coordinated, yet untethered, components remaining on the beads.
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Scheme 5.3:- Reagents and conditions for the synthesis of multi-component beads 5.8; i) TentaGel
polystyrene resin, EDC, HOBT, Et3N, CHCh, RT, 10 days. Non-systematic numbering and colouring
system is used in subsequent HR MAS NMR analysis.

HR MAS NMR analysis of the diimide-porphyrin beads 5.8, showed not only attachment

of the diimide thread, but also attachment of the porphyrint (see Figure 5.8, A).

Characteristic porphyrin proton signals could be seen at 8.85 ((3), 8.07 (a), and 7.49 (b)

ppm. However, rather than a single set of diimide thread resonances, two sets of peaks for

both the pyridine and diimide protons, indicative of bound and unbound environments

were observed. Uncoordinated pYridine resonances were evident at 9.16, 8.67, 8.28 and

7.36 ppm. Conversely pyridine resonances arising from the terminal pyridyl groups on the

diimide thread coordinating to the rhodium porphyrin were clearly evident at 6.67, 5.25,

2.16 and 1.75 ppm. In addition to this, two peaks for the diimide protons a, were evident

in the HR MAS spectrum with the peak at 8.66 ppm corresponding to diimide threads

which are coordinated to the rhodium porphyrin, and the peak at 8.71 ppm corresponding

to those threads that are not terminally stoppered by a porphyrin. Such a distinction

between these environments is usually not observed in solution, and presumably the

restricted conformation of both components induced by their attachment to the bead is

responsible for the different environments for the bound and unbound diimide thread. It is

t This is not due to residual untethered porphyrin coordinating to the tethered diimide, as more thorough

washing procedures have been adopted to eliminate any possibility of this occurring.
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known that diimide moieties n-stack with porphyrins, resulting in a shielding of the

diimide resonance,l and the close proximity of the porphyrins on the beads may be

producing a similar effect in this case.
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Figure 5.8:- A) HR MAS NMR spectrum of the multi-component diimide-porphyrin beads 5.8, B) HR
MAS NMR spectrum of the multi-component diimide-porphyrin beads 5.8 plus excess ruthenium porphyrin
5.3. §

This is a significant outcome, as it shows not only that both rhodium porphyrins and

diimide threads can be attached simultaneously to a single bead, but that the attachment

of the two components is sufficiently close to allow the pyridine terminus of the diimide

thread to coordinate to the metallated porphyrin. Nevertheless, it is clear that some of the

diimide thread is not able to coordinate to an attached rhodium porphyrin. Whether this is

due to unequal loading of the two components on the bead, or whether this is due to the

components having a random distribution (rather than pairwise) resulting in some of the

diimide threads being spatially inaccessible to a porphyrin is not known with certainty. A

combination of both factors may be responsible for the unbound pYridine signals.

§ Colours and numbering refer to Scheme 5.3 and Figure 5.9. Peaks designated e', d' etc are due to the

coordination of the rhodium porphyrin to the diimide thread. Peaks labelled e", d" are due to the

coordination of the pyridine diimide thread to the added ruthenium porphyrin 5.3.
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In order to ascertain whether the uncoordinated pyridine moieties are still able to

coordinate to a porphyrin, and are not inherently inaccessible as a result of entanglement

in the bead core, a solution of ruthenium porphyrin 5.3 was added to the solution

surrounding the beads and the HR MAS spectrum recorded.

5.2 5.3

Figure 5.9:- Non-systematic colouring and numbering system used for the MR analysis of systems
incorporating these components.

The HR MAS NMR spectrum showed the disappearance of the resonances associated

with the unbound pyridine terminus (b, c, d and e, 9.16, 8.67, 8.28 and 7.36 ppm), and the

appearance of resonances associated with the binding of the pyridine moieties to the

added ruthenium porphyrin (d", e", c" and b" at 6.67,5.35,2.27 and 1.79 ppm) (see

Figure 5.8, B). The spectrum also shows that despite the addition of excess ruthenium

porphyrin, there remains peaks for the pyridine coordinated to the tethered rhodium

porphyrin. This is due to the fact that rhodium has a higher affinity for nitrogen based

ligands than ruthenium porphyrins, and that the Rh-pyridine coordination may be

enhanced even further due to the additional stabilisation afforded in an intra-bead versus

an inter-molecular interaction.

In order to assemble the proposed catenane structure in Figure 5.7, using di-substituted

diimide-porphyrin beads 5.8, a solution of dinaphtho crown 5.2 was added to the beads,

and the HR MAS NMR recorded (see Figure 5.10).
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Figure 5.10:- Temperature comparison of a mixture of multi-component diimide-porphyrin beads 5.8 plus
excess dinaphtho crown 5.2 at 27°C (top) and -10°C (bottom).

Addition of the solution of crown 5.2, resulted in the appearance of two sets of crown

peaks in the HR MAS spectrum. The more upfield set of crown peaks (iin, jin, kin at 6.77,

6.58 and 6.01 ppm) arise from the catenane structure in which the crown is bound around

the porphyrin stoppered tethered diimide thread. These shifts are consistent with bound

crown in analogous solution studies, and single diimide tethered bead studies discussed in

Chapter 4. The second, more downfield set of crown resonances (iout, jout, kout at 7.75, 7.14

and 6.48 ppm) arises from the complexation of the crown around the tethered diimide that

is not stoppered by adjacent porphyrin molecules. This set of peaks has similar shifts to

unbound crown resonances, due to the large excess of crown added to the beads 5.8.

Variable temperature studies were performed and it was found that the more downfield

set of crown proton peaks (at 7.75,7.14 and 6.48 ppm) show slight upfield shifts (to 7.73,

7.13 and 6.40 ppm), indicating that this system is in fast exchange, and that as the

temperature decreases, pseudorotaxane formation is favoured. Furthermore, the catenane

bound crown peaks (the more upfield set at 6.77, 6.58 and 6.01 ppm) do not shift with

changes in temperature (evidence consistent with the fact that these peaks are in slow

exchange and are indicative of a bound crown-diimide complex). As expected these peaks
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increase in intensity with decreasing temperature. This is a result of the fact that the

binding of crown to the stoppered diimide-porphyrin moiety is favoured at lower

temperatures.

It should also be noted that the addition of the crown 5.2 to the multi-component diimide

porphyrin beads results in the disappearance of the two diimide proton signals at 8.71 and

8.66 ppm. This is due to the fact that both diimide thread components (those being the

threads coordinated to adj acent rhodium porphyrins, and those remaining uncoordinated)

are bound by the added crown, resulting in a broadening of the diimide proton resonance

beneath the baseline of the spectrum. This effect is commonly seen in solution studies;

however decreasing the temperature can normally be used to slow the equilibrium enough

to visualise the components. Unfortunately, the temperature range capable using the

present HR MAS NMR equipment is limited to - 10°C, which in this case is not

sufficiently low to enable resolution of the diimide proton resonances.

Nevertheless, these experiments show that both diimide and rhodium porphyrin entities

can be attached simultaneously to a single bead. Furthermore, the pyridine terminus on

some of the diimide threads is in close enough proximity to adjacent porphyrins to enable

coordination of the pyridine to the rhodium metal. It is clear that some diimide threads are

not coordinated to rhodium porphyrins, and whether this is due to unequal loading, or

uneven distribution of the rhodium porphyrins is not known. The addition of the crown to

the surrounding solution results in both catenane like and pseudorotaxane crown-diimide

complexes corresponding to the two types of diimide configurations, with chemical shifts

similar to those seen in analogous models in solution. This shows that even in intra-bead

supramolecular systems, the binding behaviour is consistent with that observed in

solution.
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5.4 MULTI-COMPO E T CROWN AND PORPHYRIN TETHERED

SYSTEMS

Having synthesised and analysed diimide-crown 5.7 and diimide-porphyrin 5.8 multi

component beads, attention was turned to the synthesis and subsequent intra-bead

rotaxane formation using crown-porphyrin tethered beads 5.9. In the analysis of the

diimide-crown tethered beads 5.7, it was found that very little of the crown component

was attached to the beads, possibly as a result of the lesser reactivity of the crown acid

reagent compared to that of the thread. Although it is difficult to predict relative

reactivities without more detailed evidence, nevertheless it was surmised that the

reactivities of the porphyrin and crown components might be comparable, thus allowing

successful attachment of both porphyrin and diimide components to a single bead. It was

anticipated that the addition of a bis-pyridyl diimide thread 5.1 or a corresponding mono

stoppered mono-pyridine diimide thread would bind through the tethered crown giving

rise to two different types of rotaxanes by coordination to the tethered rhodium porphYrin

as depicted in Figure 5.11.

Figure 5.11:- Possible rotaxane structures that could assemble by the addition of an appropriately pyridine
substituted diimide thread to the di-functionalised crown-porphyrin beads 5.9.

As a template to facilitate future rotaxane assembly, equimolar quantities of crown 5.5

and rhodium porphyrin 5.6 were reacted with the TentaGel polystyrene beads, in the

presence of half an equivalent of bis-pyridyl diimide thread 5.1. It was expected that this

would position the components in a porphyrin-crown-porphyrin sequence to maximise the

chance of successful post-synthesis rotaxane assembly. In addition to this, as in the
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synthesis of diimide-crown beads 5.7, LiI was added to the mixture to maximise pre

complexation of the crown and diimide components (see Scheme 5.4). Extensive

washing of the beads during the work-up procedure was carried out to ensure removal of

the templates as well as excess reactants and reagents.
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Scheme 5.4:- Reagents and conditions for the synthesis of multi-component beads 5.9; TentaGel
polystyrene resin, LiI, EDC, HOBT, Et3N, CHCh, RT, 10 days.

HR MAS NMR analysis of the resultant beads indicated successful attachment of the

porphyrin component, as evidenced by the characteristic porphyrin peaks at 8.84, 8.07

and 7.49 ppm (a, b, and ~ in Figure 5.12). Unfortunately, no crown resonances were

obvious in the HR MAS spectrum. As the crown is not expected to be involved in any

binding equilibrium on the isolated (ie free from diimide template) beads, the absence of

any crown resonances in the NMR spectrum suggests that the crown did not successfully

react with the TentaGel beads in the presence of the rhodium porphyrin. This, together

with the low loading of crown in the multi component diimide-crown beads 5.7, suggests

that the reactivity of the crown is far lower than both the porphyrin and diimide moieties.

This could be due to the lack of an extended tether on the crown moiety, and introducing

this may improve the ratio of components on the beads by one of two ways. Firstly the

tether may provide more flexibility and accessibility for the bead chains to react with the
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crown, and secondly the pKa of aliphatic acids are typically larger than aromatic acids

making them more reactive. Nevertheless time prevented such an investigation in this

project.

';t .5 '·'.5 7.~ 5.f ppm

Figure 5.12:- HR MAS NMR spectrum of the multi-component crown-porphyrin beads 5.9.

Nevertheless, one conclusion that can be drawn from this experiment, is the fact that

despite the addition of bis-pyridyl diimide thread to the reaction mixture, which is capable

of coordinating to the rhodium porphyrin, there is no evidence of residual diimide thread

remaining coordinated to the porphyrin tethered on the beads. This confirms that the

combination of more extensive washing of the beads with acid, and the weaker binding of

the substituted pyridine ligand, eliminates the problem of residual pyridine-porphyrin

complexes. As such, for the diimide-porphyrin beads 5.8, this confirms that the bound

pyridine seen in the HR MAS spectrum is indeed due to intra-bead interaction between

the pyridine terminus of the diimide thread and the rhodium porphyrin, and is not due to

residual untethered diimide threads remaining coordinated to the tethered rhodium

porphyrin.

5.5 MULTI-COMPONENT DIIMIDE,

TETHERED SYSTEMS

CROWN AND PORPHYRIN

Despite having minimal success in the attachment of the crown component in the

presence of either diimide or rhodium porphyrin components, it was deemed necessary to

complete this work to attempt to synthesise the three component diimide-crown

porphyrin beads 5.10. At the very least, if the crown did not attach, the beads should
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replicate those of the di-functionalised diimide-porphyrin beads 5.8, and at the most there

still may be a chance of some crown attachment.

If all three components, those being the diimide thread, crown and rhodium porphyrin did

attach to the polystyrene beads, and if they attached in adjacent sites, than investigations

into the thermodynamically controlled self-assembly of such components into a catenane

like structure (as depicted in Figure 5.13) should be possible.
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Figure 5.13:- Catenane structure possible in the three-component diimide-crown-porphyrin beads 5.10.

Thus, equimolar quantities of diimide thread 5.4, crown 5.5, and porphyrin 5.6 were

reacted with TentaGel beads. The strategy was that the three components would pre

organise in solution into thermodynamically controlled rotaxanes and thus attachment to

the beads would be in such an arrangement to maximise the chance of intra-bead

interaction between the three components. In addition to this, LiI was added to the

mixture to maximise pre-complexation of the crown and diimide components (see

Scheme 5.5).
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Scheme 5.5:- Reagents and conditions for the synthesis of multi-component beads 5.9; TentaGel
polystyrene resin, LiI, EDC, HOBT, Et3N, CHCI3, RT, 10 days.

HR MAS NMR experiments on the isolated beads showed the successful attachment of

the porphyrin and diimide components. Unfortunately however, no crown resonances

were visible in the HR MAS spectrum (see Figure 5.14). This is consistent with the fact

that di-functionalisation experiments showed that the crown reactivity was far less than

both the diimide thread and the rhodium porphyrin, and the attempt to attach the crown in

the presence of both of these components has again been unsuccessful. The resulting

beads from this synthesis should have similar splitting patterns and chemical shifts to

those obtained for the di-substituted diimide-porphyrin beads 5.8. This is indeed the case.
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Figure 5.14:- HR MAS NMR spectrum of the putative multi-component diimide-crown-porphyrin beads
5.10"·

Porphyrin attachment was confirmed by the presence of characteristic porphyrin peaks at

8.85, 8.06 and 7.49 ppm. Analogous to the di-functionalised diimide-porphyrin beads 5.8,

rather than a single set of diimide thread resonances, two sets of peaks for both the

pyridine and diimide protons, indicative of bound and unbound environments were

observed. Uncoordinated pyridine resonances were evident at 9.17, 8.67, 8.27 and 7.35

ppm, whilst pyridine resonances arising from the coordination of the pyridyl groups to the

adjacent rhodium porphyrins were clearly evident at 6.65, 5.27, 2.16 and 1.73 ppm. In

addition to this, two peaks for the diimide protons a, were evident in the HR MAS NMR

spectrum with the peak at 8.67 ppm corresponding to diimide threads which are

coordinated to the rhodium porphyrin, and that at 8.71 ppm corresponding to those

threads that are not terminally stoppered by porphyrin. These splitting patterns and

chemical shifts are consistent with those observed for the diimide-porphyrin beads 5.8.

Addition of a solution of dinaphtho crown 5.2 to these multi-component beads 5.10,

resulted in identical splitting patterns and chemical shifts as for the addition of crown to

the di-functionalised diimide-porphyrin beads 5.8. Again, the diimide resonances were

broadened under the baseline due to the binding of the crown. The crown resonances

were split into two sets of peaks in the HR MAS spectrum. The more upfield set of crown

peaks (at 6.77, 6.58 and 6.01 ppm) arise from the crown bound around the tethered

•• This spectrum is one run with 32 CPMG pulse sequence. All other spectra in this chapter are shown as

the spectra obtained from a 2 K CPMG pulse sequence. This spectrum is shown differently as the 2K

CPMG pulse sequence filtered out some of the pyridine signals. However, as a consequence, a higher

proportion of core bead resonances are visible in this spectrum.
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diimide thread that is stoppered by adjacent tethered rhodium porphyrin molecules. The

second, more downfield set of crown resonances (at 7.75,7.14 and 6.48 ppm) arise from

the complexation of the crown around the tethered diimide that is not stoppered by

adjacent porphyrin molecules. This confmns that not only do the tri-functionalised beads

5.10 have similar HR MAS NMR spectra to those of the di-functionalised beads 5.8, but

that the subsequent catenane formation, completed by the addition of crown, has identical

binding and dynamic behaviour. This shows that regardless of the synthetic methods, the

behaviour of the components on the beads is consistent.

5.6 SUMMARY AND CONCLUSIONS

The work in this chapter describes the attempts to not only attach multiple moieties to a

single bead, but also investigates the possibility of intra-bead interaction between these

tethered molecules. Four different multi-component beads incorporating the possible

combinations of three different components, those being the diimide thread, a crown ether

macrocycle, and a rhodium porphyrin were synthesised and their HR MAS NMR spectra

analysed.

It was found that the attachment of the crown ether macrocycle, in the presence of either

the diimide thread or the porphyrin stopper was not successful, despite preliminary

studies showing adequate tethering of the crown in the absence of the other components.

This is presumably due to the slower reactivity of the crown (possibly due to a lack of a

tether group which if included would both add flexibility and accessibility for attack by

the bead tethers, and increases the reactivity of the acid) as compared to the diimide and

porphyrin. However studies into the optimisation of relative reactivity for the three

components was not attempted due to time restraints.

Nevertheless, in the diimide-crown tethered beads 5.7, small amounts of crown were

attached to the beads, and it was shown that these molecules did indeed bind to adjacent

diimide threads. Furthermore, it was found that the complex produced was far stronger

200



Chapter 5: Multi-component polymer bound rotaxanes under thermodynamic control

than normally seen in solution, and this was attributed to additional stabilisation afforded

by an intra- versus inter- molecular binding.

More definitive evidence of interaction between components on a single beads was seen

in the di-functionalised diimide-porphYfin beads 5.8, in which the pyridine ends of the

diimide threads were able to coordinate to adjacent rhodium porphyrins. Subsequent

addition of crown 5.2, completed rotaxane formation on these beads producing both

catenane like structures (with those diimide threads capable of coordinating to adjacent

porphyrins) and pseudorotaxanes (with the unstoppered diimide threads).

These studies confirm that it is possible to simultaneously attach multiple equilibrium

components to a single bead, and that adjacent tethered molecules can interact. Future

work however should involve optimisation of the relative reactivity of each of the

components, to maximise intra-bead interactions. Nevertheless, this work has opened up

exciting possibilities into the attachment and subsequent intra-bead self-assembly of

multi-component systems to polystyrene supports.
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