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CHAPTER 2

LIGAND BINDING AND EXCHANGE ON RUTHENIUM AND

RHODIUM PORPHYRINSt

2.1 INTRODUCTION

The use of porphyrins as constituents is a pervasive theme in the design and construction

of supramolecular systems of ever increasing sophistication and complexity.2

Metalloporphyrins have been incorporated as addressable components in a variety of

assemblies, particularly catenanes and rotaxanes,3-9 and their rich coordination chemistry

has been invoked frequently in templating10 and self-assemblyll roles for the ordered

construction of complex systems. Most commonly, zinc is used as the central metal ion,

as it has the desirable attributes that suit its function in these roles: it is easily inserted into

and removed from porphyrins; it is diamagnetic; it has well-studied photophysical

characteristics8
, 12; and it fonns relatively stable five-coordinate complexes with nitrogen

donor atom ligands. On the other hand, the moderate stability (Ka' s typically of 102 to

104
) and lability of the complexes result in ligand exchange processes that are typically

fast on the 1H NMR chemical shift timescale, so that the spectra are often complicated by

exhibiting single (and often broadened) time-averaged, temperature-dependent signals for

both bound and unbound fonns. This factor can also be a hindrance in using zinc

metalloporphyrins in templating roles for complex systems, unless there are significant

cooperative effects in multi-component assemblies. In such systems the increased

stability and inertness of systems deliberately designed for maximal fit and

complementarity of ligand guest or adjuvants has been used to good effect both In

templating during assembly and in functional roles of the final supramolecule. 13
-
15

t The work discussed in this chapter has been recently published in Inorganic Chemistry.l
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For those systems where complex stability and ligand specificity are important factors,

ruthenium(II) and rhodium(III) have been utilized in place of zinc. 16
, 17 Ruthenium(II)

carbonyl complexes of porphyrins have a high affinity for nitrogen-based ligands, with

Ka's in the order of 106 to 109
. The fast ligand on-rates and slow off-rates leads to slow

exchange on the NMR chemical shift timescale, so that separate resonances are observed

for bound and unbound species. Likewise, Rh(III) halide complexes have even higher

stability constants and similar NMR behaviour. In each case, the metals are six

coordinate, the fifth ligand being CO for Ru(II) and X- for Rh(III), and any added

nitrogen base L forms stable species [RuP(CO)L] or [RhP(X)L]. Because of the high

binding constants, equimolar mixtures of nitrogen base and these metalloporphyrins show

essentially quantitatively bound complexes in the NMR spectra, uncomplicated by all but

the smallest traces of free ligand.

The exact nature of the ruthenium and rhodium derivatives that are generally used as

starting materials in these studies is often undefmed; depending on the metal insertion

process and subsequent work-up procedures, the sixth coordination site on the metal ion

is often assumed to be variously methanol, water, solvent, or metal-metal association in a

dimeric species. 17, 18 In any event, the overwhelming affinity for both metalloporphyrin

derivatives for nitrogen- or phosphorus-based ligands ensures rapid and complete

replacement of the sixth ligand to produce the RuP(CO)L or RhP(X)L species. 19 Under

normal conditions, the carbonyl ligand in the ruthenium, and the halide ion in the rhodium

derivatives, remain intact and are considered to be non-labile. Indeed it has been claimed

that the carbonyl in the RuP(CO)L species (where L is a nitrogen-donor ligand) can only

be replaced by an exogenous ligand to form the RuPL2 species under mid-wavelength

irradiation (such as provided by a mercury vapour lamp). An exception to this is when L

is a phosphorus donor atom ligand, when the CO is displaced under dark conditions to

form the six-coordinate bis-phosphino- or mixed nitrogenlphosphino complexes.2o

Likewise the RhP(X)L species do not readily form the bis- [RhPL2]X species even in the

presence of a vast excess of L, except for phosphorus based ligands which readily form

the symmetrical diaxially coordinated species. 21
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Indeed these particular properties have been used to advantage in several recent examples

of supramolecular systems.9
, 19, 21-24 In most instances where these metalloporphyrin

derivatives have been utilized, ligand binding site discrimination has not been an issue as

facially symmetrical porphyrins have generally been used. Even for those systems where

the final assembly can result in spatially differentiated sites, free rotation about bonds

connecting the porphyrin components ensures that the most stable thermodynamic species

results, without recourse to facial ligand site exchange at the metal ion in the porphyrin. 13,

15, 19, 23, 25, 26 In a specific example of a triangular cyclic Ru(II)(CO) porphYrin trimer,

templating by a tripyridyltriazine ligand leads to efficient assembly of the trimer with the

template occupying the inside of the cavity; without the template, a mixture of dimers,

trimers and tetramers with the coordinated CO ligands occupying both interior and

exterior positions of the cavity, is obtained.27 Rowan and Nolte et al. have also shown for

some strapped porphyrins incorporating zinc or manganese metals that smaller pyridine

ligands will bind inside the porphyrin's cavity whereas larger bulkier ligands will only

bind to the outside.4
, 28 However their systems do not include 6-coordinated

metalloporphyrins which also involve a counter ligand.

On the other hand, we have used a variety of facially encumbered ('functionalised picket

fence' type) and strapped porphyrins for the assembly of a wide range of catenanes,

pseudo-rotaxanes and rotaxanes. 5
, 7, 29-31 For a series of strapped porphyrins, we have

produced multiporphyrin supramolecular systems using both thermodynamic (metal-ion

coordination) and kinetic (covalently attached) principles in both solution studies6
, 7, 32

and tethered to solid supportS. 33 For the reversibly assembled systems, ruthenium and

rhodium porphyrins have been key components, taking full advantage of the desirable

properties mentioned above. In these cases, using ruthenium and rhodium stoppers for

rotaxane synthesis for example, facial ligand site discrimination has not been an issue as

facially symmetrical porphYrins have been used. t

t A distinction needs to be made between inherent facial discrimination in a structurally asymmetric

porphyrin such as 2.5, 2.6, or 2.7, and the inevitable facial discrimination that results from two different

axial ligands at the metal centre. For example a MP(X)L complex will have facial distinction, although the

free base porphyrin need not, as is the case for peripherally substituted 'flat' porphyrin derivatives such as

2.4 or 2.8.
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However, we have become interested in using ruthenium and rhodium derivatives of our

strapped porphyrins as effective templates for a new range of catenanes and rotaxanes. In

this design, we intend to use the templating effect resulting from strong coordination of

an appropriately substituted pyridine-based component to produce non-symmetrical dual

functionalised catenanes or multi-station rotaxanes which can be addressed or 'driven' by

several different stimuli or inputs.§

These ideas are cartooned in Scheme 2.1, uSIng a catenane as an example. Similar

concepts can lead to multi-station rotaxanes of varying complexity.

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~'. 0 connectorN. _ NS--0 ,. o~covalent/reverSjble)

stimuli such as

H+ or L' or-M

Scheme 2.1:- 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 macrocyc1e. 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.

2.2 PRELIMINARY INVESTIGATIONS

Derivatives of 3,5-pyridinedicarboxylic acid were chosen for primary investigation, as

suitable modification would provide direct routes to the synthesis of rotaxanes and

catenanes. The pyridine esters 2.1 and 2.2 were synthesised according to literature

§ The weaker binding and lability of zinc porphyrins renders them less suitable in this design motif.

32



Chapter 2: Ligand binding and exchange on Ruthenium and Rhodium Porphyrins

procedures.34 An initial NMR study into the binding of pyridine ester 2.1 and zinc

porphyrin 2.3 was performed.

a a

Me-0\:i0-Me

N
2.1

Figure 2.1:- Compounds used in initial NMR binding study.

No significant shifts in the pyridine resonances were observed indicating a weaker than

expected binding with the zinc porphyrin. Typically zinc porphyrins bind pyridine ligands

in the order of 1000 M-1
, however this ligand showed binding of less than 100 M-1.**

Computational studiestt were carried out to investigate the basis for the variation In

strength of coordination for this pyridine diester 2.1, and a series of similar pyridine

ligands including isonicotinic acid methyl ester, nicotinic acid methyl ester and pyridine

itself. It was found that the weaker coordination of the pyridine ligand 2.1 (as well as the

mono-ester derivatives) as compared to pyridine itself, could be explained by a

combination of, firstly a lowering of the lone pair energies leading to a decrease in the

potential for sigma donation to the metallated porphyrin (see Table 2.1); and secondly a

reduced LUMO contribution on the nitrogen in the diester pyridine 2.1 (see Figure 2.2),

which decreases backbonding potential from the transition metal to the ligand, thus

leading to an overall weakened coordinate covalent interaction.

A binding constant was not measured for this system, as the weak binding indicated by only small shifts
in the NMR, was deemed unsuitable for future experiments and thus detailed investigation of this systems
was not pursued.
tt All calculations were perfomed on a Hartree-Fock 6-31 G* level using MacSpartan software.
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Table 2.1:- Results obtained from the Hartree-Fock 6-31 G* calculations performed on a variety of
pyridine-based ligands.

Ligand

Pyridine

Nicotinic acid methyl ester

Isonicotinic acid methyl ester

2.1

Lone Pair (eV)

-11.14115

-11.37456

-11.43947

-11.54793

pyridine
/ nkot;n'c methyl e,to

NITROGEN

isonicotinic methyl ester 3,5-pyridine dimethyl ester

Figure 2.2:- Calculated LUMO density of pyridine nicotinic acid methyl ester, isonicotinic acid methyl
ester and the diester pyridine ligand 2.1.

These calculations help to reinforce the intuitive explanation for a weaker Lewis basicity

of these ligands as they are substituted with electron-withdrawing carboxylic ester

functionality. This trend is also consistent with the reported pKa values for pyridine (5.23)

compared to nicotinic methyl ester (3.13) and isonicotinic methyl ester (3.26), where the

electron-withdrawing ester groups cause a decrease in Lewis basicity. Regardless, such a

weakened interaction is not ideal when designing these ligands for the purpose of creating

interlocked assemblies. On the other hand, the ester substituents on the easily accessible

3,5-diester substituted pyridines provide a convenient attachment point for connecting

thread units. Thus, rather than change the connectivity functionality, an alternative is to

change the metal in the porphyrin to one which is a stronger Lewis acid. Attention was

turned to the use of ruthenium and rhodium porphyrins as it was expected that porphyrins
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incorporating these metals would provide the necessary stabilisation of their complexes

with the pyridines 2.1 and 2.2.

To substantiate this principle UV-Vis titrations were performed to obtain binding

constants for a series of pyridine ligands with the unstrapped ruthenium porphyrin 2.4

(see Figure 2.3).

Figure 2.3:- Compounds chosen for UV-Vis binding study.

UV-Vis measurements were recorded between 480-820 nm in DCM at 23°C and between

24 -25 aliquots of pyridine ligand were added in each case. After the 1: 1 ratio was

reached a clear deviation from isobestic behaviour was observed. This was initially

puzzling, as it is reported that the CO ligand in ruthenium carbonyl porphyrins is

substitution inert under normal conditions, and hexacoordinate bis-ligand complexes do

not form with typical nitrogen-based ligands. However it is also known that the CO

ligand is labile under photolytic conditions.25
, 27 Thus, we can assume that in our case, the

CO ligand is photolysed under the conditions of measurement; the relatively intense pulse

of UV radiation produced by the diode array spectrophotometer during the repeated

measurements after each aliquote of titrant is presumably sufficient to cause some

displacement of the CO ligands on a semi-regular basis. The result is a gradual formation

of the bis-pyridyl complex after a 1: 1 stoichiometry has been surpassed. This produces

data points that can apparently be fitted to a sequential binding 1:2 model; however, any

values obtained past the 1: 1 stoichiometry point needed to be disregarded, and any

calculated second binding constant K2 must be considered aberrant, as the photolysis

process is not necessarily under equilibrium control. Thus, apparent binding constants

were calculated using a 1: 1 model on the program SPECFIT fitting over all wavelengths

up to 1: 1 equivalents of added ligand. It was found that the binding constant for the

pyridine ligands were 3.66 x 106 M-1 for 2.1, 3.01 x 106 M-1 for 2.2 and 2.48 x 107 M-1 for
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pyridine. Although it should be cautioned that the accuracy of these values may be

compromised to a small extent, due to the problem with photolysis, they indicate very

strong binding as expected for ruthenium porphyrins and pyridine ligands and confmns

its usefulness as a template in the making of more complicated structures. Since the

simple methyl ester 2.1 had a binding constant close to that of 2.2, it was assumed that

future experiments could be carried out using 2.1 as a model for 2.2. It was also assumed

at this stage that as it is known that rhodium porphyrins bind pyridine based ligands

stronger than do ruthenium porphyrins, derivatives such as 2.1 and 2.2 will also bind

strongly to rhodium analogues of their ruthenium counterparts. Thus the synthesis of a

series of strapped ruthenium and rhodium metallated porphyrins was attempted.

2.3 SYNTHESIS OF RUTHENIUM AND RHODIUM STRAPPED

PORPHYRINS

The free base starting porphyrins used in this study have all been reported in the literature

and were made according to the reported procedures.29 Ruthenium(II) was inserted into

the strapped porphyrin 2.527
, 35 and rhodium(III) was inserted into the two strapped

porphyrins 2.6 and 2.724 according to literature procedures typically in good yields. These

representative metallated porphyrins each contain an oxy-aromatic group (naphthoquinol

for 2.5 and 2.6) with triethylene glycol chains connected both sides of the central

porphyrin unit to the aromatics in the strap. Porphyrin 2.7 differs from derivatives 2.5 and

2.6 in that it has methyl and ethyl side chains on the porphyrin ring whereas the other two

porphyrins have methyl and hexyl side chains.

As isolated from the insertion reaction, an exact formulation for the metallo derivatives is

not obvious. Indeed it is not clear if the sixth coordination site in the starting porphyrin as

isolated is a solvent molecule (including water) or even a coordinated 0 from the strap in

the same or different porphyrin molecule, or even some sort of Ru-Ru or Rh-Rh

interaction. However methanol was added both prior to chromatography (in order to

prevent ligand exchange on the column which resulted in discrete bands rather than a

broad indiscrete and slowly leaching band if methanol were omitted) and during

subsequent crystallisation (all metallo porphyrins were crystallised from
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dichloromethane/methanol). The presence of excess methanol during these stages of

purification ensures that a methanol molecule satisfies this sixth coordination site.

This was confirmed in the 1H NMR spectra of these starting porphyrin derivatives, which

revealed coordinated methanol in the upfield positions of typically -1 to +1 ppm for its

CH3 peak. However the presence of an increasing excess of methanol results in a more

downfield shift of this peak indicative of fast exchange of free and bound methanol on the

NMR chemical shift time scale. This coordination of the methanol ligand and its

behaviour has been seen previously for both Ru and Rh porphyrin derivatives. 13
, 23 The

methanol ligand is completely dissociated in the presence of one equivalent of pyridine

based ligand, unless a large excess is present in which case the methanol, like all other

coordinating solvents tested, was found to compete with pyridine-based ligands for

complexation.

In order to have a direct comparison with unstrapped porphyrins, the flat (unstrapped)

ruthenium porphyrin 2.4 and the unstrapped rhodium porphyrin 2.8 were also synthesised

d· l' d 24 27 35accor lng to lterature proce ures. ' ,

2.5

2.4

(o-{)-o)
(0 0)
(0 0)
a a

'I "\

2.8

Figure 2.4:- Ruthenium and rhodium porphyrins chosen for study in this thesis.
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2.4 DETERMINI G THE SITE SPECIFICITY OF RUTHE IUM AND

RHODIUM STRAPPED PORPHYRINS: BULKY LIGANDS

A key requirement In the design of catenanes or rotaxanes templated by strong

pyridine/metalloporphyrin coordination, is that the templating pyridine-based ligand is

preferentially bound 'underneath' or 'inside' the strap, and thus that the carbonyl (in the

case of the ruthenium derivative) or the halide (for the rhodium analogue) should occupy

the 'outside' coordination site [ ie RuP(CO)out(L)in or RhP(I)out(L)in].

Furthermore, it should be noted that for these strapped porphyrin derivatives (2.5, 2.6 and

2.7) the 'inside" and "outside" faces are structurally defined, and the two sites cannot

easily be exchanged by degenerative atropisomeric rotation around the meso-phenyl to

porphyrin bonds; this is hindered by the adjacent methyl and hexyl substituents at the

~-pyrrolic positions. Nevertheless, for analogous functionalised porphyrins with longer

tetraethylene glycol straps on either side of the naphthoquinol unit (compared to the

triethylene glycol straps of the porphyrins studied here), and with less bulky ethyl rather

than hexyl side chains, in some instances "twisted" or "cis" and "trans" isomers has been

isolated during their synthesis. It has been shown that these will atropisomerise to

equilibrium mixtures of "cis" and "trans" isomers only slowly (eg 30 days at room

temperature, or three hours in refluxing acetonitrile).3o For the shorter strap derivatives

used in this work, no evidence of "trans" isomers have been encountered, and after more

than 24 hours refluxing in toluene or other solvents, there is no evidence of any changes

which might indicate equilibrium via atropisomerisation. Conversely, low temperature

NMR spectra show no evidence of any slowed equilibration processes. This therefore

renders unlikely a process of rapid "inside-outside" site exchange involving atropisomeric

"flipping" of the strap in these systems, especially within the timescales of seconds to

minutes at ambient temperature, and assures the structural integrity of the strapped

porphyrins.

For 3,5-disubstituted pyridines with polar substituents (such as esters or amides) we

anticipated 'inside' stabilization by dipolar and charge-transfer interactions between the

substituents and the hydroquinol or naphthoquinol groups, as well as the ethyleneoxy
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components of the connecting strap itself. Nevertheless, this needed to be tested in fact,

and would thus depend on the configuration of the starting solvated (methanol in our

case) derivative. Assuming that the carbonyl or halide ligands were non-labile, the

required configurations were those with the methanol inside designated

RuP(CO)out(MeOH)in or RhP(X)out(MeOH)in. Potential H-bonding of the coordinated

methanol with the oxygens on the strap was considered to be a significant factor

influencing an inside site preference.

Even in the absence of a suitable crystal structure, the solution confonnation needed to be

established. This was not obvious from results of the usual spectroscopic techniques.

The coordinated methanol could be easily identified in the 1H NMR spectrum, strongly

shielded as expected. However, its position was variable and it was clear that it was in

fast exchange on the NMR chemical shift timescale, dependent on the presence of excess

methanol or moisture in the solvent. The 13C chemical shift of the carbonyl ligand in the

ruthenium case was not diagnostic, and appeared at about the same field as for typical

structurally similar but symmetrical porphyrin analogues. The proton resonance of the

components in the strap were clearly affected, but it was not obvious to what extent this

was due to nearby ligands, or to the overall electronic effects of the ligand field associated

with the coordinated metal ion. Alternative less-direct strategies were required.

One such way to detennine the preferred binding site of both CO and :r ligands in these

facially discriminated ruthenium and rhodium porphyrins is by restricting the available

space on one side of the porphyrin for the approach of a second ligand. This can be

achieved by using a sterically demanding pyridine ligand, which is prevented from

adopting the inside binding geometry. To this end, representative ruthenium strapped

porphyrin 2.5 and rhodium strapped porphyrins 2.6 and 2.7, each containing an oxy

aromatic group (naphthoquinol for porphyrins 2.5 and 2.6, and hydroquinol for porphYrin

2.7) with two triethylene glycol chains connecting the aromatic group in the strap to

either side of the central porphyrin ring, were chosen for study, with a bulky pYridine

ligand 2.10 (see Figure 2.5). Simple 3D models (Dreiding)H indicated that this pyridine

H Rigorous computational studies on these types of strapped porphyrins are not feasible due to the number
of degrees of freedom in the molecules, particularly in the polyethylene glycol strap, and thus were not
attempted.
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ligand would be too bulky to fit under the strap of the porphyrin in its most extended

conformation, thus ensuring outside coordination.

It was rationalised that if the co/r ligand were already bound outside then this would

hinder binding of the bulky pyridine, which would be indicated by a zero or very small

association constant Ka, and thus little observed change in the 1H NMR spectrum of an

equimolar mixture of ligand and porphyrin. Conversely any evidence of binding of the

bulky pyridine 2.10 to the metal centre, with a binding constant in a normally expected

range and resulting in significant shifts in an NMR spectrum of the mixture, would

indicate that the CO or r were in fact constrained to an inside position (see Figure 2.5).

No binding due to
steric constraints

I

2o 0

R

0(50
~I
:-..

N

2.10

S =solvent (MeOH)
R =hexyl

2.5

"CO inside"

RUP(CO)in(MeOH)out

OR

2.5

RuP(CO)out(MeOH)in

"CO outside"

Figure 2.5:- Schematic showing the two possible outcomes of bulky pyridine 2.10 binding to a ruthenium
strapped porphyrin with its CO ligand in inside or outside positions.
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The bulky pyridine 2.10 was thus synthesised from an ester condensation (Scheme 2.2)

between isonicotinic acid and trityl alcohol 2.9 which has been extensively used by

Stoddart et al as bulky stopper groups in a variety of rotaxane syntheses36
, amongst

others.

OH

2.9

(i)

°0°~I
~

N

2.10

Scheme 2.2:- Synthesis of bulky pyridine ligand 2.10. Reagent and conditions (i) isonicotinic acid, EDC,
HOBT, Pyridine, CHCb.§§

Thus, 1H NMR spectra were obtained of solutions of ruthenium porphyrin 2.5 and bulky

pyridine 2.10. All species were in slow exchange on the NMR chemical shift time scale

as evidenced by the fact that non-stoichiometric mixtures showed peaks due to both

bound and unbound species; the chemical shifts of both species did not vary with changes

in stoichiometry. The pyridine resonances shifted from the unbound positions of 8.87 and

8.01 ppm to bound positions of 5.58 and 1.32 ppm respectively. At 1: 1 stoichiometry, the

pyridine was essentially fully bound, as expected for the typically strong binding of

pyridine-based ligands to Ru(CO) porphyrins (Ka typically 106
- 108 M 1

).17

§§ The yield of this bulky pyridine ligand was very low (7%); however no attempts to optimise reaction
conditions to improve yields were attempted. Nevertheless, sufficient quantities ofpyridine ligand 2.10
needed for full characterisation and binding studies were easily isolated and unreacted starting material 2.9
was recovered.
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Figure 2.6:- MR comparison of the ruthenium strapped porphyrin 2.5 (top spectrum) and the 1: 1 mixture
of ruthenium porphyrin 2.5 with pyridine ligand 2.10 (bottom spectrum). Spectra are assigned by COSY,
NOESY and ROESY techniques (see Appendix 2 Figures A2.1, A2.2 and A2.3).

Nevertheless, the spectrum (Figure 2.6, bottom), far from being symmetrical as expected,

showed two sets of peaks for the porphyrin meso proton (1, light green), and the hexyl

and methyl side chains (4, 5, 7, 6'-9', dark green). On the other hand only one set of

peaks was observed for the naphthalene aromatic protons (u,~,y, red) in the strap of the

porphyrin and the pyridine resonances (py, purple), Noticeably, the OCH2 protons 16

were diasteriotopically split, as evidenced by two peaks in the NMR spectrum showing

mutual COSY coupling as well as couplings to proton 17. This spectrum did not change

over time indicating either a fast equilibrium, or a non-equilibrium situation. Furthermore,

variable temperature measurements (both at higher and lower temperatures) showed no
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indication of any change in the relative peak intensities or position, indicating a single,

non-equilibrating species in solution.

In order to ascertain whether this unusual splitting pattern was unIque to ruthenium

porphyrins, similar NMR studies were performed on the corresponding rhodium iodide

strapped derivatives. NMR spectra were obtained for equimolar mixtures of the pYridine

2.10 and rhodium iodide strapped porphyrins 2.6 and 2.7 (see Figure 2.7). The same

phenomena were observed, indicating that the asymmetry was not metal-ion specific.

Effects due to the aromatic group of the strap were also ruled out as the cause of the

splitting, as both hydroquinol (2.7) and naphthoquinol (2.5 and 2.6) porphyrin analogues

with otherwise identical polyethylene glycol chain lengths exhibited similar behaviour.

~° ~ I 21r y~/, °)20
° a 0,19

( 13 J 18

(0 OJ :~
° R R 0

Figure 2.7:- NMR spectra for the rhodium porphyrin 2.6 + ligand 2.10 (top spectrum) and rhodium
porphyrin 2.7 + ligand 2.10 (bottom spectrum).
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Although free rotation would normally be expected for these types of metal-pyridine

bonds, restricted rotation of either the M-N (pyridine) or ester c-o bond could give rise to

the asymmetry. However if this were a factor in this particular ligand (assuming an

outside binding), then the effect should be seen in both strapped and unstrapped

porphyrins. Thus an 1H NMR study of the same ligand with a structurally analogous, but

facially symmetrical (i.e. flat or unstrapped) porphyrin 2.8, was undertaken.

An NMR of a 1: 1 mixture of RbI porphyrin 2.8 and the same bulky pyridine 2.10 showed

the pyridine resonances again shifted to their typical bound positions (5.88 and 1.34

ppm). However in this case no splitting of the porphyrin resonances was observed.

Finally, to eliminate any possible involvement of the long hexyl chains that are present in

the strapped porphyrin 2.5 and 2.6 (for example a folding to allow possible CH(chain) - Jt

(aromatic) interactions which might restrict free rotation of the trityl group of 2.10), the

corresponding hexyl side chain flat porphyrin derivative 2.11 was also studied.

This rhodium facially symmetric porphyrin 2.11 was synthesised by condensation of 3,3'

dihexyl-4,4'-dimethyldipyrromethane and benzaldehyde with subsequent oxidation using

o-chloranil according to literature procedures.24 The NMR of a 1: 1 mixture of porphyrin

2.11 and bulky pyridine 2.10 shows bound pyridine but no asymmetry of either the

porphyrin nor the hexyl resonances (see Figure 2.8). Thus it is established that neither the

ester group in the pyridine ligand 2.10 nor the hexyl side chains on the porphyrin ring are

the cause of the asymmetry seen in the strapped porphyrins.
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9'
2.11

Figure 2.8:- NMR spectrum of the flat Rh porphyrin 2.11 + ligand 2.10. Compare this with the spectrum of
the strapped RhI porphyrin 2.6 + ligand 2.10 shown in Figure 2.7, which shows splitting of many of the
porphyrin resonances.

This strongly suggests that in the cases of the strapped porphyrins the bulky pyridine must

bind on the same side of the porphyrin as the strap, with the strap displaced to one side of

the porphyrin to accommodate the pyridine ligand as depicted below. Such a structure

would account for the unsymmetrical NMR spectra. This then confirms that both the CO

and r- ligands are in the outside positions in both the Ru and Rh porphryin derivatives 2.5,

2.6, and 2.7.

This structure is further supported by the fact that the bound pyridine resonances in 2.10

are more upfield in the strapped porphyrins than in the corresponding unstrapped

ruthenium and rhodium derivatives, as a result of shielding by the contiguous aromatic

groups in the strap. There are also clear NOE and ROESY correlations between the

pyridine protons and nearby ethoxy protons in the strap (particularly protons 18-20) of

both porphyrin 2.5 and 2.6, consistent with configurations as depicted in 2.12 (see

Appendix 2, Figure A2.1).
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2.12

Thus, despite the original aim of restricting the binding of the bulky pyridine ligand 2.10

to the outside binding geometry being unsuccessful, this series of experiments has

crucially defined the preferred binding site for the CO and r ligands. Clearly, the

polyethylene glycol chains in the strapped porphyrins are too flexible to be considered to

provide significant steric encumbrance to the porphyrin face. Nevertheless we can

conclude from these results that the pyridine ligand 2.10 indeed binds to the inside

binding site of these strapped porphyrins with the CO or r ligands adopting the outside

geometry, ie. RuP(CO)outLin or RhP(I)out(L)in.

2.5 DETERMINING THE SITE SPECIFICITY OF RUTHENIUM AND

RHODIUM STRAPPED PORPHYRINS: BIDENTATE LIGANDS

Although having established in section 2.4 that the bulky pyridine 2.10 occupied the

"inside" coordination site, and despite efforts to restrict its binding to the "outside"

position, we wished to seek confirmatory evidence to establish the scope and generality of

this behaviour. Furthermore, the conclusions were based on the assumption that there is

no exchange of the CO or r ligands under these conditions. Such a generality demanded

more definitive proof.

As an alternative approach to defining the preferred binding site of pyridine-based

ligands, the coordination of a bridging ligand such as pyrazine was studied. It was

rationalised that if the pyrazine bound in a similar fashion to the pyridine ligand 2.10

(inside), only a monomeric 1: 1 species, MP(X)outPZin (Type II, Figure 2.9) would be
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formed. Despite the evidence in section 2.4 demonstrating the flexibility of the strap, it

was deemed that a dimeric [MP(X)outhPZin species (Type I, Figure 2.9), in which the strap

on each porphyrin is displaced to one side to accommodate the other, would be too

sterically hindered with such a short bidentate ligand.

The formation of this unexpected [MP(X)outhPZin (Type I) species would diagnostically

have two sets of meso, hexyl and methyl porphyrin proton peaks of equal intensity due to

the folding of the strap creating asymmetry of the porphyrin face (as seen in Section 2.4)

and one pyrazine peak (due to its symmetrical binding) in the bound region of the NMR

spectrum (-2 to +2 ppm). Diasteriotopic splitting of the OCH2 protons 16 would also be

expected for this dimeric species. On the other hand, in an expected monomeric

MP(X)outPZin (Type II) structure, a single peak for the porphyrin meso protons should be

evident, and the proton resonances of the pyrazine would be pairwise inequivalent, and

this would be obvious in an unsymmetrical AX pattern (Figure 2.9 A)). Importantly, the

pyrazine resonances for the Type II species should be further upfield relative to their

positions when bound to an unstrapped porphyrin due to shielding by the aromatics in the

strap of the porphyrins 2.5, 2.6 and 2.7. It should be noted that if only the monomeric

Type II species can form, then at 0.5 equivalents of pyrazine equal proportions of starting

porphyrin and the MP(X)outPZin (Type II) species should be present.
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Figure 2.9:- A) Possible species produced by titration of Ru/Rh porphyrins and pyrazine for the co/r
ligand occupying the outside coordination site; B) Possible species produced by titration of Ru/Rh
porphyrins and pyrazine for the co/r ligand occupying the inside coordination site.

However, if the pyrazine were able to bind to the outside binding site, then in a mixture

containing up to 0.5 equivalents of pyrazine per mole of porphyrin (i.e. a 1:2

stoichiometry), a dimeric [MP(X)inhpzout (Type III, Figure 2.9) species would

predominate. This species would have diagnostic NMR peaks showing one meso proton

with a single proton resonance for the bound pyrazine. More than 0.5 equivalents of

pyrazine would result in the dissociation of the dimeric complex to afford the 1: 1 species

MP(X)inPZout (Type IV, Figure 2.9 B)), which would then show a characteristic AX

pattern for the pyrazine resonances, and again having a single meso peak for the complex.

Unlike the MP(X)outPZin (Type II) species, the pyrazine proton resonances should have a

similar chemical shift to that obtained with an unstrapped porphyrin. A summary of the

expected NMR patterns for each of the pyrazine complexes expected throughout the

titration can be seen in Table 2.2. It should be noted that if binding of the pyrazine occurs
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at the "outside" coordination site then at 0.5 equivalents of pyrazine complete formation

of the dimeric [MP(X)inhpzout (Type III) species should be seen with minimal amounts of

residual starting porphyrin material.

Table 2.2:- Characteristic NMR patterns expected for the possible species produced during a titration with
pyrazine.

Species Expected symmetry pattern for Number of expected pyrazine
porphyrin meso and alkyl peaks

resonances

[MP(X)outhPZin 2 sets of resonances for the 1 peak

Type I porphyrin meso and alkyl protons.
Diasteriotopic splitting of OCH2

(not expected) protons 16

MP(X)outPZin 1 peak for meso protons I 2 peaks with a more upfield

Type II symmetrical porphyrin resonances chemical shift to unstrapped
porphyrin binding

[MP(X)inhPZout 1 peak for meso protons I 1 peak

Type III symmetrical porphyrin resonances

MP(X)inPZout 1 peak for meso protons I 2 peaks with a similar

Type IV symmetrical porphyrin resonances chemical shift to unstrapped
porphyrin binding

These studies would also allow confirmation as to whether or not the COil ligands are

capable of exchanging binding sites. If the COli ligands are constrained to an inside

position as concluded from the experiments in the previous section 2.4 and cannot

exchange, then it is expected that no dimeric [MP(X)inhpzout (Type III) species will form,

as the binding events should be as described in Figure 2.9 A).

Since the NMR analysis is based on relative chemical shifts and peak intensities, it was

first necessary to gain a predictive understanding of the spectral changes in non

encumbered porphyrin analogous. Thus, a control experiment was performed using the

unstrapped ruthenium porphyrin 2.4 in order to mimic the expected binding behaviour of

pyrazine to the underside of a strapped porphyrin, and hence allow a direct comparison

with the results obtained for the strapped porphyrin 2.5. Thus a solution of 2.4 in CDCb
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was titrated with pyrazine and the product distribution was monitored throughout by IH

NMR (see Figure 2.10).

Since the system is in slow exchange on the NMR chemical shift timescale, the peaks of

both unbound and bound porphYrin could be monitored. Strong binding of the pyrazine

ensures that no free pyrazine resonances are seen up to the addition of one equivalent. At

up to 0.5 equivalents of added pyrazine, the pattern and symmetry of the IH NMR

spectrum indicated that the predominant species present was a dimeric 2 porphyrin : 1

pyrazine "sandwich" species, especially since a symmetrical pyrazine resonance was seen

as a singlet at -0.43 ppm. The ~ porphyrin protons shifted upfield from 8.78 to 8.36 ppm

(~() -0.42); the porphyrin para aromatic protons (P) moved from 7.78 to 7.36 ppm and the

porphyrin ortho doublet (0) at 8.07 was now split into two singlets at 7.73 and 7.66 ppm.

This splitting is indicative of the facial differentiation as a result of the CO and r ligands,

an effect that has been commonly seen in ruthenium and rhodium porphYrins.25

Addition of more than 0.5 equivalents of pyrazine resulted in the dissociation of the

dimeric complex to afford a monomeric 1: 1 porphyrin:pyrazine complex. Now the

pyrazine resonances were split into two doublets at 6.63 ppm (a to the uncoordinated N)

and 1.68 ppm (a to the coordinated N) due to the monodentate binding mode. Noticeably,

the coordinated pyrazine doublet in the monomeric species RuP(CO)pz (1.68 ppm) is

shifted significantly more downfield than the pyrazine singlet in the symmetrical

([RuP(CO)hpz) complex (-0.43 ppm), presumably due to additional shielding provided

by the second porphyrin molecule in the dimeric species. This shielding pattern has been

seen in the binding of other bidentate pyridine based ligands (such as DABCO) to various

metallated (Zn37
, RU25

, Rh23
) porphyrins. The porphyrin resonances were also all found to

move downfield compared to the dimeric species. The ~ porphyrin protons moved to 8.71

ppm (~() = 0.35 ppm), the porphyrin para aromatic protons (P) to 7.77 ppm (~() = 0.41

ppm) and the two porphyrin ortho singlets shifted to 8.06 and 7.94 ppm (~() = 0.33 and

0.28 ppm respectively), whilst still maintaining their facial asymmetry.
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Figure 2.10:- NMR of the facially symmetrical porphyrin 2.4 with pyrazine added incrementally. Blue
labels indicate starting porphyrin, red indicates the dimeric (2 porphyrin : 1 pyrazine) species and green
indicates the monomeric (1 porphyrin: 1 pyrazine) fmal species.

U sing this spectral data and behaviour as a model for the expected binding of pyrazine to

the underside of a strapped porphyrin, investigations were then carried out into the

binding of pyrazine with ruthenium strapped porphyrin 2.5. An analogous NMR titration

was thus performed with ruthenium porphYrin 2.5 and pyrazine (See Figure 2.11).

Surprisingly at up to 0.5 equivalents of pyrazine per mole of porphyrin, the spectrum was

far from symmetrical (Figure 2.11). This multiplicity was due to three species being

present in solution. One of these species was easily assigned as unshifted starting

porphyrin material, (blue). Only two sets of pyrazine protons could be identified, a singlet

at -0.93 ppm (red), and an AX pattern at 5.78 and lAO ppm (green). The former singlet

was assigned to a dimeric [RUP(CO)inhpzout (Type III, Figure 2.9) species, which was
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also characterised by a single meso peak at 9.34 ppm (Figure 2.11 B,C and Table 2.2). It

was clear that this was not the [RuP(CO)outhPZin (Type I, Figure 2.9) species due to the

fact that only a single meso proton resonance was present (see Table 2.2). This was

unexpected, and not as predicted as in Figure 2.9 A) with the CO ligand constrained to the

outside coordination site.
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Figure 2.11:- NMR titration of Ru porphyrin I with increasing number of pyrazine equivalents. Blue peaks
and numbers indicate starting porphyrin material, red indicates a dimeric [RuP (CO)inhpzout (Type III)
species and green indicates a monomeric RuP(CO)outPZin (Type II) species throughout. Spectral integrations
are displayed in Appendix 2, Figure A2.6).

The second coordinated species (green) was identified as a 1: 1 complex having pyrazine

bound in a monodentate mode, with one meso resonance at 9.76 ppm, and a characteristic
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unsymmetrical AX splitting pattern for the pyrazine protons (5.78 ppm and 1.40 ppm). ***

Because the pyridine proton resonances are further upfield in this species than for its

unstrapped porphyrin counterparts 2.4, this monomeric species was assigned as one in

which the pyrazine occupies the inside binding site, (RuP(CO)outPZin) (Type II, Figure

2.9).

Addition of > 0.5 equivalents of pyrazine resulted in the gradual disappearance with

increasing pyrazine concentration of the dimeric complex ([RUP(CO)inhPZouh red) (Type

III, Figure 2.9) until at 1: 1 equivalents only the monomeric (RuP(CO)outPZin, green) (Type

II, Figure 2.9) complex remained. Confirmation of the assignment of this species as Type

II was provided by a clear NOE correlation between the pyrazine b-proton signal with

that of the ethyleneoxy protons at position 20 in the strap (see Appendix 2 Figures A2.7

and A2.8).

The results of this titration clearly contradict the preVIOUS results obtained from the

titration with the bulky pyridine 2.10. In the present experiment the pyrazine is shown to

be able to occupy the outside binding site, yet the bulky pyridine ligand 2.10 was

confined to the inside binding site. As identical samples of porphyrin were used in both

experiments, this implies that for the ruthenium carbonyl porphyrin derivatives 2.5, the

CO ligand is capable of exchanging binding sites from 'inside' to 'outside' during the

course of the titration. Hence binding of added pyridine-like ligands to either side of the

strapped porphyrins is possible, and the final site-preference will be dictated by

thermodynamic and/or kinetic considerations. Clearly this has significant implications for

the use of these strapped porphyrins for templated rotaxane and catenane syntheses,

which were the original rationale for this study. This warranted a more detailed

investigation of the exchange of the CO ligand in Ru porphyrins.

*** Unlike typically facially symmetrical and unencumbered ruthenium porphyrins such as 2.4, throughout

the entire titration (even as low as 0.15 equiv of added pyrazine), both monodentate and bridging pyrazine

bound species were present. This relative destabilisation of the bridging-mode species in favour of the

monodentate may be due to additional steric hindrance created by the hexyl side chains in the strapped

derivatives compared to flat porphyrins, as seen in previous reported studies.23
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In order to ascertain whether the exchange of the constant ligand (CO) were unique to

ruthenium (II) porphyrins, analogous studies were performed on the corresponding

rhodium (III) iodide strapped porphyrins to investigate the lability of the r ligand and its

propensity for exchanging coordination sites. Again due to steric hindrance, it was

anticipated that a [RhP(I)outhPZin (Type I, Figure 2.9) dimeric species would not be

possible if pyrazine bound only to the "inside" binding site; binding of the pyrazine to the

outside position should result in the dimeric species [RhP(I)inhPZout (Type III) in an

analogous situation to that described in Figure 2.9 for the corresponding Ru(CO)

derivatives.

Control studies were also performed on rhodium flat porphyrin 2.8 to emulate the

expected binding of pYfazine to the underside of a strapped porphyrin. Similar results

were obtained to those of the ruthenium porphyrin 2.4 with a dimeric sandwich structure

being formed at up to 0.5 equivalents of pyrazine added. This was evident by the

characteristic pyrazine singlet at -0.88 ppm and no unusual asymmetry of the porphyrin

resonances. It should be noted that at 0.5 equivalents of added pyrazine, like the titration

of the Ru flat porphYfin 2.4, very little monomeric species was present indicating no

steric hindrance preventing the formation of the dimer in favour of the 1: 1 species.

Addition of more than 0.5 equivalents of pYfazine resulted in the concentration-dependent

dissociation of the 2: 1 species to the 1: 1 species with its characteristic pyrazine doublets

at 6.46 and 1.24 ppm. Again facial differentiation of the porphyrin was observed as

evidenced by the loss of equivalence of the 0- and m- protons on the meso-aromatic rings.

This spectral data was then used as a model for the expected binding of pyrazine to the

outside coordination site of Rh strapped porphyrins. An analogous NMR titration was

performed with the rhodium strapped porphYfin 2.6 and pyrazine. The pyrazine was

shown to effectively bind to the rhodium porphyrin in slow exchange on the NMR

timescale; however, when 0.5 equivalents of pyrazine were added, the resulting spectra

indicated the presence of additional species compared to those obtained analogously for

the flat Rh porphyrin 2.8 or the ruthenium porphyrins 2.4-2.5 (Figure 2.12).
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Figure 2.12:- Titration of rhodium iodide porphyrin 2.6 with increasing number of pyrazine equivalents.
Blue is starting porphyrin. Red is the dimeric [RhP(I)inhpzout species. Brown is a proposed
RhP(I)outPZinlout(I)inPRh species. Green is the RhP(I)outPZin species. Assignments are discussed in the text.

At 0.5 equivalents of added pyrazine, six peaks were observed for the meso porphyrin

protons (1) in the NMR spectrum. Three of these can easily be accounted for, those

being: the proton at 10.24 ppm (blue) corresponding to starting porphyrin material; the

proton at 10.10 ppm (green) resulting from the RhP(I)outPZin species (Type II, Figure

2.9)ttt, with corresponding pyrazine protons at 5.61 and 0.89 ppm; and the proton at 9.69

ppm (red) corresponding to the symmetrical [RhP(I)inhpZout sandwich like complex (Type

III, Figure 2.9) with its associated pyrazine singlet at -1.32 ppm.

ttt As in the case for ruthenium porphyrin 2.5 the pyrazine protons of this species are shifted further upfield

than for the unstrapped porphyrin 2.8. Thus the resulting 1: 1 species is assigned as one in which the

pyrazine occupies the inside coordination site, RhP(I)outPZin. NOE and ROESY correlations between the

pyrazine and nearby ethoxy protons in the strap support such a structure.
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These species were analogous to those seen in the titrations of both the ruthenium and

rhodium flat or facially symmetrical porphyrins such as 2.8 and 2.427
, and also the

unsymmetrical 2.5, with pyrazine.Ht

The remaining three peaks of the porphyrin meso protons (brown) were associated with a

species having a corresponding pyrazine doublet at -0.87 and -1.15 ppm. Such upfield

chemical shifts for both pyrazine sets of protons is indicative of bidentate pyrazine

coordination; however, the AB pattern indicates an unsymmetrical structure, implying a

different coordination environment at each end of the pyrazine ligand. This, together with

the fact that the meso protons are three-way inequivalent, indicates a second

unsymmetrical 2: 1 species. A proposed conformation is one in which the strap is

displaced over one half of a porphyrin (as seen with the bulky pyridine ligands, Section

2.4) and coordinating to one end of the pyrazine, with the other pyrazine N bound to the

outside position of a second porphyrin molecule (Figure 2.13). This species is thus

designated RhP(I)outPZin/out(I)inPRh (Type V, Figure 2.13).§§§

Ut The 1: I and 2: I species were assigned based on their characteristic NMR patterns discussed in Table

2.2: the I: 1 species has a single peak for the meso porphyrin protons and a corresponding pyrazine doublet

with an AX splitting pattern; the 2: 1 species likewise has a single meso porphyrin peak, but with a single

pyrazine peak. However unlike the flat or unencumbered porphyrins, the appearance of the 1: 1 species at

this low concentration of pyrazine suggests that the formation of the dimeric 2: 1 species is less favoured for

these more sterically substituted porphyrin derivatives as discussed previously.

§§§ It is unknown wether this Type V species is a thermodynamically stable product or, more likely, a

transition species between pyrazine binding outside in the sandwhich-like Type III species and pyrazine

binding inside the porphyrin cavity in the monomeric Type II species. This could give us insight into the

mechanism of ligand exchange however, examination of the kinetic and thermodynamic properties of this

system, and trials with similar non-aromatic ligands (such as DABCO) to rule out any possible effects of n

n interactions between the porphyrin aromatic strap and the ligand, is needed before any concrete

mechanism can be proposed.
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(Type V )

Figure 2.13:- Proposed structure for the RhP(I)outPZinlout(I)inPRh species formed during the titration of 2.6
with pyrazine described in Figure 2.12 (brown).

At more than 0.5 equivalents of pyrazine, both the 2: 1 species, RhP(I)outPZin/out(I)inPRh

(Type V) and [RhP(I)inhpzout (Type III) were replaced, on increasing pyrazine

concentration, by the single 1: 1 species RhP(I)outPZin (Type II, Figure 2.9) with

corresponding pyrazine protons at 5.61 and 0.89 ppm (green).

This study thus clearly shows that pyrazine can bind to both the inside and outside

coordination sites, and so the r ligand must be capable of exchange between each side of

the porphyrin, contrary to previous assumptions.

Further evidence of this exchange process was also found in an analogous titration with

the hydroquinol strapped rhodium porphyrin 2.7 and pyrazine (see Figure 2.14). In this

case up to 0.5 equivalents of pyrazine, the system behaved similarly to the naphthoquinol

analogue Rh porphyrin 2.6. However, only five resonances were observable for the meso

porphyrin protons, two of which resulted from the starting porphyrin (10.19 ppm), and the

symmetrical [RhP(I)inhpzout (Type III, Figure 2.9) 2: 1 species (9.70 ppm) with its

corresponding pyrazine singlet at -1.42 ppm. Three of the remaining smaller meso proton

resonances were assigned to the unsymmetrical 2: 1 RhP(I)outPZinlout(I)inPRh (Type V)

species with its corresponding pyrazine doublets at -0.98 and -1.22 ppm. The lack of a

1: 1 RhP(I)outPZin species (Type II) at this stage in the titration (as compared to the hexyl
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substituted naphthoquinol porphyrin derivative) indicates that in this case, destabilisation

of the dimeric 2: 1 species in the favour of a monomeric 1: 1 species due to steric

hindrance does not occur presumably due to the less sterically demanding ethyl side

chains compared to the hexyl side chains in porphyrins 2.5 and 2.6.23 Hence no 1: 1

species is formed until greater than 0.5 equivalents of pyrazine are added.
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Figure 2.14:- Titration of rhodium porphyrin 2.7 with pyrazine. Spectrum A) shows the starting porphyrin
(Blue); spectrum B is with 0.4 equivalents of added pyrazine (brown species indicating the proposed
RhP(I)outPZin/out(I)inPRh (Type V) species and the red is the [RhP(I)inhpzout species. Spectrum C) indicates
the spectrum obtained when 1 equivalents of pyrazine is added taken immediately after final addition (green
is RhP(I)outPZin and purple is RhP(I)inPZout species) and spectrum D) indicates a 1:1 mixture of porphyrin and
pyrazine being allowed to equilibrate overnight.
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Addition of more than 0.5 equivalents of pyrazIne agaIn resulted in the gradual

dissociation of the 2: 1 species with increasing pyrazine concentration, however in this

case initially two distinct 1: 1 species were present in solution (Figure 2.14, C), as

evidenced by two sets of peaks for both the porphyrin resonances and the pyrazine

resonances. One of these 1: 1 species had a meso proton resonance at 10.21 ppm with

corresponding pyrazine peaks at 6.33 and 0.93 ppm and a HQ proton peak at 6.20 ppm

(purple). These peaks are attributed to the RhP(I)inPZout species (Type IV, Figure 2.9) with

the pyrazine binding to the outside binding site and were a result of the gradual

dissociation of the 2: 1 [RhP(I)inhpzout species (Type III, Figure 2.9) with increasing

pyrazine concentration. The other 1: 1 species had a meso proton resonance at 10.08 ppm,

pyrazine peaks at 6.08 and 1.09 ppm and a HQ proton peak at 5.79 ppm (green); this is

consistent with a RhP(I)outpZin species (Type II, Figure 2.9). Interestingly, over time

(several hours at ambient temperature) this spectrum resolved into that of the single, more

stable monomeric RhP(I)outpZin species (Type II) at the expense of the RhP(I)inPZout

species (Type IV) (See Figure 2.14 D).

This observation is especially significant, as it is the first clear and unequivocal evidence

for 1 ligand exchange in Rh (III) porphyrins. Although the mechanism for the exchange

process is unknown, this experiment has shown that the exchange process is slower for

the Rh porphyrin 2.7 than for the Rh porphyrin 2.6, as the intermediate stage in which

both 1: 1 species are visible was not seen on the NMR timescale at room temperature for

porphyrin 2.6. The reason for this is still unknown; however it is clear that small

differences in structure can result in large changes in the kinetics of this process, a fact

that may prove useful in the design of supramolecular interlocked systems.
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2.6 RUTHENIUM PORPHYRINS BINDI G

FU CTIO ALISED PYRIDINE LIGANDS

WITH 3,5-DIESTER-

Having performed studies into the binding of both bulky pyridine ligand 2.10 and

pyrazine with facially discriminated ruthenium and rhodium porphyrins, it was

established that pyridine based ligands can bind to either the "inside" or "outside" binding

site of strapped porphyrins, and thus that the CO/I- ligand associated with the metal must

be capable of site exchange. Indeed, the direct exchange from one face of the porphyrin to

the other could be observed in real time in certain NMR experiments. Accordingly, the

binding of ligands specifically designed for rotaxane and catenane synthesis must be

studied with care to ensure that binding is inside the cavity and not on the outside face of

the porphyrin ring, ie. a RulRhP(L)in(COlr)out conformation is mandatory, and must be

verified in any design strategy.

The particular strategy in our approach that has been outlined previously (Section 2.1,

Scheme 2.1) is based on templating via pyridine-3,5-dicarboxylic esters; ready synthesis

and in-built symmetry for ease of NMR interpretation are two particular advantages of

such a template.

Thus, a comparative NMR study of the binding of ruthenium strapped porphyrin 2.5 with

three different pyridine ligands, the diesters 2.1, 2.2 and pyridine itself, was undertaken to

gauge both the relative strengths and site specificities for each ligand****.

Equimolar solutions of the ruthenium strapped porphyrin 2.5 and each pyridine ligand

were dissolved in CDCb and IH NMR spectra were recorded at 30°C. Figure 2.15 shows

the relative NMR shifts of unligated porphyrin versus a 1: 1 mixture of porphyrin 2.5 with

both pyridine and 2.1.

**** It was especially important to ascertain to what extent the ester functionalities of 2.1and 2.2 would
weaken the binding with Ru (and Rh) porphyrins, bearing in mind that with Zn porphyrins the Ka's are
reduced by several orders of magnitude as discussed in Section 2.2.
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Figure 2.15:- MR comparison of ruthenium porphyrin 2.5 with different pyridine ligands. Top spectrum
is of an equimolar mixture of Ru porphyrin 2.5 + pyridine. Middle spectrum is of Ru porphyrin 2.5. Bottom
spectrum is of an equimolar mixture ofRu Porphyrin 2.5 + 2.1.

The 1H NMR spectrum of the 1: 1 porphyrin/pyridine mixtures indicated virtually

complete complexation of the ligand and a slow exchange environment. An obvious

aspect of the spectra with both ligands was the sharpening of the resonances for the

ethoxy protons in the strap of the porphyrin, which were typically broad before ligand
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addition. This broadening is presumably due to fast exchange of solvent (methanol) (See

Section 2.3). The resonances for the meso porphyrin protons shifted typically upfield after

addition of all three pyridine ligands.

With clear evidence for pyridine complexation, the site specificity (inside or outside)

needed to be determined. Of particular interest was the shifting pattens of the

naphthoquinol protons in the strap of the porphyrin. In each case, pyridine complexation

substantially influences the environment associated with these protons, and thus results in

significant shifts. For pyridine the naphthoquinol a proton was shielded, however for

pyridines 2.1 and 2.2 this proton was deshielded (Figure 2.15). The different direction of

shifts could be due to two different effects: firstly, it could be due to the shielding effects

of the different functionality of the pyridines binding underneath the strap of the

porphyrin; or secondly, it could indicate a difference in facial site preference between the

differently substituted ligands.

The protons in pyridine 2.1 and 2.2 have identical chemical shifts to those bound to an

unstrapped porphyrin control 2.4. However the unsubstituted pyridine protons have more

upfield shifts when compared to the control indicating a shielding by the aromatic protons

in the strap of the porphyrin. This strongly suggests that pyridine occupies the inside

coordination site RuP(CO)out(PY)in, while the ligands 2.1 and 2.2 occupy the outside

position RUP(CO)in (RpY)out.

Furthermore, 2D NOESY and ROESY NMR experiments (see Appendix 2, Figures A2A

and A2.5) revealed that for the pyridine complex there were some correlations with

nearby ethoxy protons in the strap of the porphyrin; the complexes with the ligands 2.1

and 2.2 showed no such correlations, as expected for an outside coordination. This

confirms that the binding of pyridine ligands 2.1 and 2.2 to ruthenium strapped porphyrin

2.5 is to the open face, a conformation clearly unsuitable for the proposed design for

catenane and rotaxane synthesis. Alternative strategies were needed.
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Two alternative routes were considered in which the desired binding geometry for

catenane and rotaxane synthesis could be achieved using this ruthenium strapped

porphyrin. One route was to change the pyridine ligand templating motif to one that

prefers inside coordination, perhaps, for example by incorporating complementary (H

binding) sites into the pyridine ligand (such as amide or amine functionality). However

this route was not explored in this thesis due to time constraints. In a second approach,

while maintaining an ester-derived ligand, then the other ligand (CO) might be exchanged

for one which has a decreased preference for the inside coordination site in the presence

of ligands such as 2.1 or 2.2. One available route to exchange the CO ligand in ruthenium

porphyrins is by photolysis, in which the CO can be displaced by a second pyridine ligand

under the influence of visible/UV irradiation.

Preliminary photolysis experiments were performed to determine the feasibility of using

photolysis to allow ligand exchange between pyridine ligands and CO to drive the

pyridine ligand to the inside coordination site of the porphyrin. Despite the fact that N

ligand/CO exchange had been observed in the absence of irradiation in the case of

pyrazine studies described in Section 2.5, it could not be assumed that the corresponding

facial ligand exchange would occur with the pyridine-based ligands studied here. If the

RUP(CO)in (L)out structure were the kinetic product resulting from the exchange of solvent

(methanol) from an initial RuP(CO)in(MeOH)out isomer, which itself may have been

either the kinetic or thermodynamic product from the metal insertion reaction, then

photolysis may allow a pathway to the thermodynamically most stable isomer. Whether

this might be the RUP(CO)in(L)out or RuP(CO)out(L)in isomer would remain to be seen.

Photolysis experiments were performed on a benzene solution containing one equivalent

of ruthenium strapped porphYrin 2.5, one equivalent of pyridine ligand 2.1 and excess

CO, in which the solution was saturated with CO gas. The light source used for photolysis

was a medium-pressure mercury-vapour lamp and the porphyrin/pyridine mixture was

irradiated for 24 hours. NMR spectra of the photolysis mixture were taken periodically to

monitor the progress of the photolysis. However, no spectral change was observed during

the 24 hours of irradiation. This implies that this system is already in its most stable
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conformation with the pyridine ligand 2.1 located on the outside of the porphyrin ring,

RUP(CO)in (L)out.

To ensure that the absence of change during photolysis was not due to the experimental

protocol, a control experiment was performed using the ruthenium porphyrin 2.4 in the

presence of 2.5 equivalents of pyridine. Again the porphyrin was irradiated for 24 hours

and NMR spectra were obtained periodically to monitor the photolysis. The experiment

revealed that a bis-pyridine ruthenium porphyrin complex RUP(PY)2 formed. The pyridine

resonances shifted downfield from the mono-pyridine starting material by ~() 0.08 ppm

for the 4'- proton, ~() 0.11 ppm for the 3',5'- protons and ~() 0.95 ppm for the 2',6'

pyridine protons. The porphyrin resonances however shifted upfield due to the extra

shielding provided by the second pyridine ligand. It was noted that the ortho protons on

the porphyrin 2.4 meso aromatics resolved from being a doublet at 8.39 to a singlet at

8.35 ppm, indicating that the porphyrin no longer had facial discrimination, as expected

for a symmetrical RUP(PY)2 structure. This control experiment showed that the photolysis

of ruthenium porphyrins can occur under these experimental conditions, and provides

further evidence that the most stable conformation for the binding of pyridine 2.1 is that

with it on the open face of the porphyrin ring, RUP(CO)in (L)out.

Despite these experiments showing that it is possible to irradiate ruthenium porphyrins

and produce bis-pyridine complexes this is not a viable route when using them in the

construction of rotaxanes and catenanes. In a symmetrical six-coordinate structure with

any appropriate pyridine-3,5-diester or acid derivative reaction could take place on both

sides of the porphyrin ring. This would result in non-productive complex mixtures and

reduced yields- in effect negating the concept of templating that was the key factor in the

synthetic design. Thus the use of ruthenium porphyrins in the construction of interlocked

assemblies using the pyridine derivatives of ligand 2.1 as a template has been ruled out at

this stage as a viable option. Further research however could continue in this area if an

alternative pyridine ligand were designed that could be functionalised appropriately both

to enhance inside binding and to allow catenane and rotaxane formation. Several such

options would be to explore the possibility of using the ligand pyridine-3,5-dicarboxylic

amide, (5-hydroxymethyl-pyridin-3-yl)-methanol, or C-(5-aminomethyl-pyridin-3-Yl)-
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methylamine (see below). All of these structures have H-bond donor functionality, which

may well provide extra stabilisation on an inside position of the strapped porphyrins by

complimentary X-H-----O H-bonding to the polyethylene glycol chains of the strap.

However, such an approach is beyond the scope of this research project.

a a

H2N~NH2
N

HO~OH H2N~NH2
N N

2.7 BINDI G OF RHODIUM PORPHRYINS TO FUNCTIO ALISED

PYRIDINE LIGA DS

While ruthenium strapped porphyrins thus appeared not to offer a viable route to rotaxane

and catenane synthesis using the functionalised components 2.1, the corresponding

rhodium (III) analogues were worthy of further study. While these do not have a metal

CO bond, the charge-neutralising iodide ion as a ligand in the Rh(III) derivatives may

well be more amenable to ligand exchange processes. Again two things needed to be

ascertained: firstly to determine the relative binding strengths of the ester pyridine

derivatives, and secondly, the site preference for the iodide ion.

A control study was performed using the facially unencumbered Rh porphyrin 2.8 with

pyridine ligand 2.1.

a a
Meo~oMe

~1

2.8

An NMR spectrum of a 1: 1 mixture of these components in CDCb showed that the

pyridine ligand 2.1 bound strongly and in slow exchange on the NMR chemical shift

timescale. As with the binding of pyrazine (section 2.5), facial discrimination of the

porphyrin was seen as evident by the splitting of the protons on the meso-aromatic groups
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on the porphyrin ring. The 4- pyridine proton shifted to 7.15 ppm and this peak was used

in further studies as the primary diagnostic peak for whether the pyridine was bound

inside or outside of the cavity. By analogy with the Ru(CO) derivatives discussed in the

previous section, if the pyridine were to bind to the inside coordination site, then this peak

should be shifted upfield relative to this control position, due to shielding from the

aromatics in the strap of the porphyrin.

NMR studies were then performed using the rhodium strapped porphyrin 2.6 and pyridine

ligand 2.1. In the NMR spectrum of a 1: 1 mixture of these components in CDCb (Figure

2.16), the pyridine ligand 2.1 showed shifts that indicated that it was strongly bound to

the rhodium porphyrin, however the chemical shift of the 4' -pyridine protons at 7.15 ppm

was identical to that for the same ligand with the facially unsymmetrical porphyrin 2.8,

suggesting that this proton is not shielded by the aromatics in the strap of the porphyrin.

This together with the fact that no NOE or ROESY correlations could be detected

between the pyridine protons of ligand 2.1 and any protons of the strap or of the

naphthoquinol implies an outside coordination site for these ligands RhP(I)in(RPY)out.

Despite this, significant shifts in the ethoxy protons (16-21) and the naphthoquinol

protons (a,B,y) in the strap over the porphyrin were evident, implying some change in the

magnetic environment inside the cavity. This can be explained perhaps by the iodide ion

exchanging from binding to the outside site to the inside coordination site.
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Figure 2.16:- NMR spectra showing the binding of ligand 2.1 with the naphthoquinol Rh strapped
porphyrin derivative. Top spectrum is Rh porphyrin 2.6. Bottom spectrum is 1: 1 mixture of 2.6 and 2.1.

To determine whether the open-face site preference was a general phenomenon for

pyridine-based ligands, an NMR study of the binding behaviour of pyridine itself to these

rhodium strapped porphyrins was undertaken. The I H NMR spectrum of a I: I mixture of

pyridine and porphyrin 2.6 indicated virtually complete complexation of the pyridine and

a slow exchange environment on the chemical shift timescale. A comparison of the

chemical shifts of the pyridine protons complexed to strapped porphyrin 2.6 compared to

the flat porphyrin 2.8 indicated that unlike the substituted pyridine ligand 2.1, the pyridine

protons were in a more upfield position when bound to the strapped porphyrin. This is

presumably due to significant shielding by the aromatics in the strap over the porphyrin,

as expected for a pyridine bound inside the cavity. Furthermore clear NOE and ROESY

correlations between the pyridine protons and nearby ethoxy protons in the strap
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(particularly protons 18-20) confmn an inside binding preference for this unsubstituted

pyridine ligand, RhP(I)ou~PY)in. This suggests that substituents on the pyridine ring can

determine an inside vs outside binding preference. Factors which influence this site

specificity of binding needed to be determined, as these would be crucial in the design of

suitable templating ligands in the overall synthetic strategy for catenane and rotaxane

assembly.

Clearly, the ester functionality was influential in destabilising "inside binding in

preference to outside. Methyl esters of isonicotinic acid (2.13) and nicotinic acid (2.14)

were tested as comparative models for the diester 2.1. NMR studies on a 1: 1 mixture of

these ligands 2.13 and 2,14 with the rhodium porphyrin 2.6 (Figure 2.17) both showed

upfield shifts of the pyridine protons compared to their shifts with the flat rhodium

reference porphyrin 2.8. This indicates a more shielded environment, consistent with

these ligands in an inside position.
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Figure 2.17:- MR comparison of the binding of rhodium strapped porphyrin 2.6 with differently
functionalised pyridine ligands. Top spectrum is Rh porphyrin 2.6 plus ligand 2.13. Bottom spectrum if 2.6
plus ligand 2.14.
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It was also noted that the a-proton of the naphthoquinol is a useful indicator of inside vs

outside coordination. When rhodium porphyrin 2.6 binds the ligand 2.1, the a aromatic

moves downfield (deshielded) from 5.51 to 6.30 ppm. However when it coordinates the

ligands 2.13 and 2.14 it moves upfield (shielded) by 0.26 and 0.10 ppm respectively. This

is very similar to the behaviour of pyridine ligands with the ruthenium strapped porphyrin

discussed in Section 2.6. In this case the a proton moved downfield for ligands 2.1 and

2.2 but upfield for pyridine. This suggests that this proton could be another diagnostic

peak to determine the facial selectivity of pyridine ligands. For those ligands that bind at

an inside position (2.13, 2.14 and pyridine), the a proton has an upfield, shielded shift

relative to starting material, whereas for the pyridines that bind outside (ligands 2.1 and

2.2) a deshielded or downfield shift is observed.

The limited range of ligand combinations tested in this study militates against a definitive

rationalisation of the factors involved in ligand site preference. However, one such factor

may involve electrostatic repulsions between the ligands and the naphthoquinol unit in the

strap of the porphyrin. Computed electron densities for the ligands 2.1, 2.13, 2.14, and

pyridine indicate increased electron density in the region adjacent to the electron-rich

units in the strap for ligand 2.1 (see Figure 2.18). The resulting destabilisation may be

sufficient to force binding of this ligand on the outside, rather than inside the cavity.

While the isonicotinic ligand 2.14 does have a region of electronegativity, it is far less

than for ligand 2.1, thus electrostatic repulsion is decreased allowing coordination of 2.14

in an inside geometry.

Pyridine

2.13 2.1

2.14

~ Perspectiveil of view

RyyR
l ..)

N

Figure 2.18:- Calculated electrostatic potential diagrams of the 4 pyridine ligands chosen for computational
study. Perspective of view is in the same plane as the aromatic ring viewed from the edge of the ring
opposite the nitrogen.
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Clearly, for these systems there is a subtle thermodynamic balance for site preference of

both the iodide and pyridine ligands. For the rhodium (III) iodide derivatives of the

strapped porphyrin, any discussion of site specificity of an added ligand necessarily must

involve consideration of stabilisation of both the ligand itself and the iodide ion; the

stability of the final complex will depend on the overall energy minimisation resulting

from a balance of stabilisation factors attributed to the added ligand and to the iodide ion.

A soft, polarisable iodide ion occupying the inside position of a Rh(III) strapped

porphyrin such as 2.6 might be expected to gain additional stabilisation by p-n

interactions with the aromatic groups of the strap.

Thus, in the case of the ligand 2.1 with porphyrin 2.6, it is clear that the stabilisation of

the iodide ligand in the inside position is greater than that of the pyridine, and thus overall

thermodynamic stability is maximised with the pyridine ligand coordinated to the outside

position. This implies that two avenues might be available to change the ligands site

specificity - a stabilisation of the added ligand in the preferred site, and/or a

destabilisation of the iodide or other counter-ion ligand. The chosen synthetic strategy is

based on the 3,5-dicarbonyl substituted pyridine, and thus the second avenue that might

be more fruitful would be to destabilise the r- ligand preference for inside coordination. It

is thus this route that was explored further.

One way to decrease the stabilisation of the I- ligand is to decrease to p-n interaction

with the aromatic groups in the strap of the porphyrin. The rhodium porphyrin 2.7 has

only a hydroquinol aromatic in the strap, with less n-dispersal than its naphthoquinol

counterpart in porphyrin 2.6. To determine whether reducing the n cloud in the strap

would lead to destabilisation of the r- in the inside position at the expense of pyridine, a

titration of the hydroquinol-strapped rhodium porphyrin 2.7 with the pyridine ligand 2.1

was performed (Figure 2.19).
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Figure 2.19:- Binding of pyridine ligand 2.1 to hydroquinol rhodium porphyrin 2.7. Top spectrum is that of
Rh porphyrin 2.7. Middle spectrum is a 1:1 mixture of 2.7 and 2.1 immediately after ligand addition.
Bottom spectrum is that of2.7 and 2.1 after 24 hours.

This experiment clearly shows another example of a dynamic exchange of the r ligand.

Initially after one equivalent of ligand 2.1 was added, there was evidence of two distinct

species in solution (Figure 2.19, centre), one species with the pyridine bound to the inside

binding site RhP(I)out(RPY)in (red in Figure 2.19) and another with it bound to the outside

position RhP(I)in(RPY)out (blue in Figure 2.19). The assignment of these sets of resonances

(red or blue) to these particular structures was based on the relative shifts of the pyridine

protons when coordinated to the strapped porphyrin compared to their positions when

coordinated to an unencumbered porphyrin such as 2.8. In particular, the characteristic

position of the 4-pyridine proton at 7.15 ppm (identical to that for pyridine bound to flat

porphyrin 2.8) identifies the blue species as the outside isomer RhP(I)in(RpY)out. Over

time (24 hours) the spectrum converged into that of the single species (blue), with the

pyridine in the outside coordination site.
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From this experiment it is evident that the iodide ion must occupy the coordination site on

the open face of the initial Rh(III) iodide porphyrin derivative as isolated. The (presumed)

coordinated methanol must therefore be in the inside position, and it is this ligand that is

exchanged initially on addition of pyridine to give the kinetic product RhP(r)out(RPY)in.

In a slower process, the thermodynamic product RhP(r)in(RPY)out is then formed. For the

corresponding naphthoquinol derivative, although the final outcome is the analogous

RhP(r)in(RPY)out isomer, no evidence was seen for the initially formed converse isomer

with the r in the outside position. This may be due to either a faster exchange process in

this case, or alternatively that the iodide ligand is already in the inside position in the

initial complex, stabilised by a more effective p-Jt interaction with the larger Jt- cloud of

the naphthalene unit compared to the smaller phenyl of the hydroquinol-strapped

derivative. Nevertheless, it is clear that the ligand site preference in these systems is

finely balanced, and this may be used to advantage in the design strategy.tttt

2.8 SYNTHESIS AND SITE SPECIFICITY OF RHODIUM CHLORIDE

PORPHYRINS AND FUNCTIONALISED PYRIDINE LIGANDS

Since the RhP(r)out(RPY)in isomer is initially formed with ligand 2.1 and hydroquinol

porphyrin 2.7, and its conversion to the opposite isomer is relatively slow (up to 24 hours

at mM concentrations and at room temperature), this may provide an opportunity to use

functionalised pyridines of the type 2.1 in templated catenane and rotaxane synthesis. Fast

condensation reactions operated at low temperatures might be productive for this system.

tttt Although we have not encountered any examples where the final outcome is an equilibrating mixture in

these limiting systems, we predict that for other combinations of ligands an equilibrium mixture of both

isomers might well be present under ambient conditions.
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However, naphthoquinol rather than hydroquinol moieties are necessary for maximising

the diimide Jt-Jt interactions that are a fundamental feature of these catenanes and

rotaxanes (see Section 2.1, Scheme 2.1). Thus, an alternative strategy based on similar

principles established for the hydroquinol derivatives of subtle ligand variation may well

be viable for the naphthoquinol analogues.

One such avenue worth investigating is alteration of the anionic ligand associated with

the rhodium. For example a change from an iodide ion to a harder chloride ion cr will

reduce p-Jt interactions compared to r. Thus by changing the r ligand on the rhodium to

cr, which would be less stabilised by the aromatic groups in the strap of the porphyrin

compared to r, it may be possible to induce "inside" binding of the pyridine ligand 2.1 in

preference to the chloride ion.

The synthesis of rhodium (III) porphyrin chloride 2.15 was thus carried out according to

literature procedures. 38 However in this case the yields are lower than for the

corresponding iodide as the oxidation step is not as facilitated as it is by using h for the

rhodium iodide porphyrins. Still, sufficient yields could be achieved by leaving the

mixture exposed to air with heating for prolonged periods. To determine the location and

behaviour of the binding of ester functionalised pyridines an NMR analysis of a 1: 1

mixture of porphyrin 2.15 with ligand 2.1 was then performed (Figure 2.20).

As before, the pyridine ligand 2.1 was bound in slow exchange. The 4- pyridine protons

in the spectrum were shifted to 6.40 ppm. This substantial upfield shift suggests shielding

by the aromatic protons in the strap of the porphyrin and have a RhP(Cr)out(Rpy)in

structure (if 7.15 ppm is the chemical shift for this proton in unstrapped Rh iodide

porphyrins, or in the outside position of both the hydroquinol and naphthoquinol strapped

analogues).tttt No evidence for a second species (ie one in which the pyridine is bound to

HH The binding of ligand 2.1 to the "inside" coordination site of rhodium chloride porphyrin 2.15 does not

follow the previously discussed trends for the shifting pattern of the naphthoquinol protons in the

corresponding rhodium iodide porphyrin derivatives. Rather than an upfield shift indicative of "inside

coordination" the naphthoquinol protons are shifted downfield in this case. Nevertheless ligand 2.1 is seen

to be indeed occupying the "inside" coordination site RhP(Cl-)out(RPY)in as evidenced by the conversion of

this species into the outside isomer RhP(Cr)in(RPY)out> with further downfield shifts of the naphthoquinol

protons, over time.
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the outside coordination position of the porphyrin) was detectable initially. However,

slowly over time it was evident that the species was converting into one in which the

pyridine was bound to the open coordination site, as evident by the slow appearance of a

4- pyridine proton at 7.11 ppm, which is similar to that obtained for a reference flat

rhodium iodide porphyrin 2.8.
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Figure 2.20:- Binding of pyridine ligand 2.1 to naphthoquinol rhodium chloride porphyrin 2.15. Top
spectrum is that of Rh porphyrin 2.15. Middle spectrum is a 1:1 mixture of 2.15 and 2.1 immediately after
ligand addition. Bottom spectrum is that of 2.15 and 2.1 after 3 days at room temperature. The bottom
spectrum shows about 30% conversion of the RhP(CI-)out(RPY)in (red) isomer to RhP(Cr)in(RPY)out (blue).
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Even after 3 days at room temperature, only about 30% of the ligand had converted to the

outside isomer RhP(Cr)in(RPY)out. This is a promising outcome, as this time frame would

allow sufficient time to perform templated reactions at a reasonable rate and temperature,

which might result in catenane or rotaxane formation (ie. acid chloride reactions at room

temperature). The way forward to make catenanes and rotaxanes using this porphyrin and

ligand combination was clear, and these attempts will be discussed in Chapter 3.

2.9 COMPETITION AND MECHANISTIC STUDIES WITH RUTHE IUM

AND RHODIUM STRAPPED PORPHYRINS

We have discussed in sections 2.4-2.8 a number of different ruthenium and rhodium

porphyrins and their binding of different types of pyridine ligands. From this study we

have shown that the cO/r ligands in both ruthenium and rhodium porphyrins are capable

of exchanging sides of the porphyrin from the outside to inside binding sites. Weare not

aware of any analogous behaviour being reported previously, and the mechanism by

which this occurs in this series of porphyrins is unknown. In order to further understand

this exchange process, competition studies were performed with the strapped porphyrins

2.5 and 2.7 together with the substituted pyridine ligand 2.1 and pyridine itself. The

purpose of this was to confirm that the exchange of the CO/I- ligands was in fact

reversible, and to explore the possibility of using another ligand to drive mechanical

motion in subsequent supramolecular structures (for example to add a competitive ligand

to displace the ligand which forms part of a catenane or rotaxane superstructure).

The frrst system studied was competitive ligand binding with the ruthenium strapped

porphyrin 2.5. AI: 1 mixture of this porphyrin and ligand 2.1 was allowed to equilibrate

at room temperature. The ligand 2.1 was fully bound to the ruthenium, and as previously

established it was located on the open face of the porphyrin, RUP(CO)in(RPY)out. Pyridine

(1 equivalent) was then added and the mixture was monitored over time (Figure 2.21).

Upon addition of unsubstituted pyridine, it immediately bound to the outside position in a

step that presumably involves simple substitution of the weaker pyridine ligand 2.1; the
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difference in ligand strength ensured virtually complete substitution, and resonances of

the free ligand 2.1 were now evident. This is followed by slower exchange over about 30

minutes of the pyridine to the inside binding site and the concomitant exchange of the CO

ligand to the outside.
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Figure 2.21:- NMR spectrum obtained during competition experiments between the binding of pyridine
itself and ligand 2.1 with Ru porphyrin 2.5. a) is spectrum of 2.5. b) is 2.5 + 2.1. c) is spectrum b after
pyridine addition d) is spectrum c after 30 minutes. Blue peaks are indicating protons associated with
pyridine 2.1. Green peaks indicate pyridine bound on the outside of porphyrin 2.5 and red peaks indicate
pyridine bound inside porphyrin 2.5's cavity.
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Spectrum c) in Figure 2.21, clearly shows both of pyridine-bound isomers,

RUP(CO)in(PY)out (green) and RuP(CO)out(PY)in (red). The relative assignment of these two

species was based on the premise that the more downfield pair of pyridine 4- and 3,5

protons (5.91 and 5.03 ppm respectively, green) appeared in about the same position as

those for pyridine binding to a reference flat porphyrin 2.4, and hence are indicative of

the RUP(CO)in(PY)out isomer; the more upfield pair (4.87 and 4.42 ppm, red), shielded by

the aromatic group in the strap, belong to the RuP(CO)out(PY)in species. Significantly, the

final spectrum is identical to that obtained when pyridine is added directly to ruthenium

porphyrin 2.5 in the absence of substituted pyridine 2.1 (Figure 2.21 e). This is

unequivocal evidence for CO is exchange, and furthermore that the process is completely

conservative and no aspect of the system is compromised, and especially that there is no

loss of the gaseous CO in the exchange process.

To determine whether rhodium porphyrins behaved similarly, an analogously experiment

was repeated using the hydroquinol rhodium porphyrin 2.7. Similar results were obtained

(Figure 2.24) however the time taken to re-establish equilibrium after pyridine addition

was noticeably longer (2 days compared to 30 minutes). Similar to the ruthenium system,

the initially formed RhP(r)in(PY)out slowly converted to the RhP(r)out(PY)in isomer, as

indicated by the slow disappearance of the downfield pair of pyridine resonances (5.90

and 4.95 ppm) at the expense of the growth of the more shielded upfield pair (4.76 and

4.31 ppm). NOE correlations between the pyridine 3' protons and methylenes of the strap

confirmed the inside configuration. Again it is apparent that not only do the pyridine and

r ligands exchange sides but that this occurs via a completely conservative mechanism,

as evident by the fact that the resulting spectrum is identical to that obtained when

pyridine is added directly to rhodium porphyrin 2.7 (Figure 2.22 e).
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Figure 2.22:- NMR spectrum obtained during competition experiments between the binding of pyridine
itself and ligand 2.1 with Rh porphyrin 2.7. a) is spectrum of 2.7. b) is 2.7 + 2.1. c) is spectrum b after
pyridine addition d) is spectrum c after 30 minutes. Blue peaks are indicating protons associated with
pyridine 2.1. Green peaks indicate pyridine bound on the outside of porphyrin 2.7 and red peaks indicate
pyridine bound inside porphyrin 2.7's cavity.
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For M = Ru, Y = CO
For M = Rh, Y= 1- or CI

R = hexyl or ethyl
Ar = naphthoquinol or
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Figure 2.23:- Representation of the ligand site preferences and ligand exchange processes for Ru and Rh
strapped porphyrin derivatives.

The outcome of these exchange experiments auger well for similar principles of ligand

exchange that may be applied to interlocked supramolecular systems to effect molecular

motion, as discussed in Section 2.1. This will be investigated in Chapter 3 as a possible

means to direct mechanical motion in rotaxanes and catenanes.

Although we have not attempted a detailed mechanistic or kinetic study of the ligand site

exchange processes described here, we can offer several observations which may have

implications for a ligand exchange mechanism. We are not aware of any detailed studies

of the mechanism of ligand exchange in ruthenium(II) carbonyl and rhodium(III) halide

porphyrins. However, Merbach et aP9 concluded in a study of ligand exchange in a

hexacoordinate ruthenium(II) carbonyl complex that a dissociative mechanism was not in

operation because no diffusional loss of CO was observed; for a series of square planar

rhodium(I) complexes studied by Garrou and Hartwell,40 it was established that exchange
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of CO occurred through an associative process involving a carbonyl-bridging 5

coordinate intermediate.

""'"-

Certainly in our systems, the conservative nature of the ligand exchange reactions which

clearly involved no diffusional loss of gaseous CO points to an associative process,

possibly involving bridging carbonyl or halide intermediates, and in which solvent

coordination may also be implicated. Two possible intermediates for the exchange of CO

ligand in a bis porphyrin complex in which the CO is bridged between two porphyrins are

depicted in Figure 2.24.

Figure 2.24:- Schematic diagram indicating possible intermediates involved in the exchange of CO ligand
in a his porphyrin complex.

We have also established that the ligand exchange processes are not light-dependent, and

are not effected by added CO or excess halide ligands. Any process involving

atropisomerisation allowing facial exchange of the hydroquinol or naphthoquinol straps

by a rotation or twisting process can also be ruled out, as discussed in Section 2.4, by the
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fact that in some instances the ligand exchange reactions are complete within seconds to

minutes at ambient temperature.

However without an in-depth study into the mechanism this cannot be confirmed. What is

clear is that this mechanism may not be straightforward and in both the exchange of the

co/r ligands, and the pyridine-based ligands, the role of solvent molecules whether they

be the bulk solvent or the methanol released from the coordination sphere upon pyridine

binding need to be taken into account. Such a detailed study is beyond the scope of this

thesis, however future work should involve a more detailed mechanistic study.

2.10 SUMMARY AND CONCLUSIO S

We interpret the results provided by these experiments as clear and unambiguous

evidence for carbonyl and halide ligand site exchange in Ru(II)CO and Rh(III)X

metalloporphyrins. For facially equivalent porphyrins such processes are product

degenerative, and are thus generally undetected and indeed in many cases

inconsequential.

However, for facially unsymmetrical porphyrin systems, including assemblies where

porphyrin facial discrimination arises as a result of overall symmetry and geometry

constraints (for example in multiporphyrin "tweezers", cyclic arrays, or other non-linear

systems), then ligand geometry at the axial positions of the metalloporphyrin can lead to

geometric or regio-isomerism. This can have critical consequences for any subsequent

manipulations involving ligand exchange, especially if one of the axial sites is non-labile.

For metalloporphyrins involving organometallic 0- or Jt- bonding such as in

ruthenium(II) or rhodium(III) porphyrins of the type MP(R)L, where R can be CO, alkyl

or aryl, or rhodium(III) halide porphyrins such as RhP(X)L, then it has previously been

assumed that the axial carbon- or halide-based ligand is normally inert to exchange,

except under defined conditions such as irradiation, reduction, or exchange involving

phosphorus-based ligands.
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However, we now show that for a series of strapped porphyrin derivatives, the carbonyl

ligand in ruthenium(II) porphyrins, and the halide in Rh(III) porphyrins, are labile, and

while they are not easily exchanged by added exogenous ligands, they are susceptible to

site exchange from one face of the porphyrin to the other under very mild conditions. To

this extent, the geometry of the starting porphyrin should not be expected to be

maintained under conditions where ligand migration is possible, and the final geometry

will be dictated by thermodynamic principles.

Thus, we show that conditions of solvent, temperature, axial ligand, and added ligand, can

determine the most stable coordination geometry for these types of systems. Our

explanation for the results for these dynamic systems is site migration of the coordinated

CO or halide ligands in the Ru(II) and Rh(III) derivatives in real time. The outcomes of

the experiments are clear. What is not obvious however, are the possible mechanisms by

which these processes occur; this must await further definitive studies.

Using these principles it is thus possible in certain instances to use both kinetic and

thermodynamic control to produce either geometric isomer for a particular system. Far

from being a restriction in system design involving these types of porphyrins, the

thermodynamic site-exchangeability can be used to advantage in templating or other

assembly processes. We have illustrated this in using appropriate ligand-based templates

with these types of strapped Ru(II) and Rh(III) porphyrins to assemble supramolecular

arrays under reversible conditions. Investigations into the utilisation of pyridine ligand

templating to produced rotaxanes and catenanes is discussed in Chapter 3.

Future work should include a detailed study into the mechanism by which the co/r
ligands of ruthenium and rhodium porphYfins are capable of exchanging. Other avenues

for work include finding more appropriate, difunctionalised pyridine ligands that do bind

to the inside coordination site of a more diverse variety of strapped metalloporphYfins, so

that future catenane and rotaxane synthesis utilising this metal-ligand interaction can be

achieved more easily.
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