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Abstract 

Porphyrin Arrays for FET devices

A thesis submitted to the board of the faculty of Physical Sciences in partial

requirement for the degree of Doctor of Philosophy by: 

Matthew Wicks, Merton College, December 2004.

Field effect transistors (FETs) are a key component of modern electronic devices. They 

require a semiconducting material that is traditionally made from doped silicon. Recently 

however it has been shown that porphyrin systems can be used in the same capacity.

This thesis therefore describes the investigation of new methods of porphyrin 

functionalization to synthesise 1,4,5,8-tetraazaanthracene-bridged porphyrin arrays, and their 

application to the synthesis of extended arrays for use in FETs. The 1,4,5,8- 

tetraazaanthracene bridge is synthesised through the condensation of a porphyrin alpha- 

dione with 1,2,4,5-tetraaminobenzene. Accordingly, the synthesis of an extended array 

requires a porphyrin tetra-one monomer unit.

Two methods for the synthesis of porphyrin tetra-ones have been investigated. The first 

approach attempts to adapt Knudsen's hydroxylation of an aryl halide by sodium 

benzaldoximate to a porphyrin system. Initial regiospecific halogenation of a porphyrin has 

been successfully achieved. However when hydroxylation was attempted, partial 

dehalogenation of the substrate was observed; and when applied to the synthesis of the 

porphyrin tetra-one the methodology failed.

The second approach involves the allylic oxidation of a chlorin (a reduced porphyrin) on 

silica. The transformation's mechanism has been thoroughly investigated and it has been 

successfully applied to the synthesis of a porphyrin tetra-one.

This methodology has then been applied to the synthesis of extended porphyrin arrays. A 

sample incorporating 12 porphyrin units has been successfully constructed. It has been 

characterised by NMR, MALDI, GPC and UV-VIS spectroscopy. By comparison with
s

previous results it has been concluded that the aromatic system- which spans 181 Angstroms



from end to end- can be described as a series of weakly interacting chromophores, in 

agreement with theoretical predictions made by Hush.

In addition a medium-scale synthesis of an array incorporating four porphyrins has been 

achieved so that it may now be tested as the semiconducting material in a FET.
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Me methyl
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Abbreviations of units are given in accordance with normal scientific convention.
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Chapter One 
Introduction

Sir Walter Raleigh was an Elizabethan man of leisure, reputed for bringing the potato and 

tobacco to England. In the later part of his life however he fell out with the establishment 

and was imprisoned in the Tower of London, where he put his time to good use and started 

writing his version of the 'History of the World.' In its preface he states 1 :

"Man cannot give a true reason for the grass under his feet 

why it should be green rather than red or any other colour."

These words of Raleigh put into context the work of the great chemists Hans Fisher2 and RB 

Woodward , who three hundred years later completed the total syntheses of haemin and 

chlorophyll respectively. Together they proved how one biological motif, the porphyrin 

macrocycle, is responsible for the green colour of grass, and that but for two hydrogens it 

would be red; and conversely why with two extra hydrogens even an Englishman as red- 

blooded as Raleigh would have blue blood running through his veins.

This biological motif, the porphyrin macrocycle, has been repeatedly used in nature4 . Some 

of these uses are illustrated in Figure 1.1. Porphyrins play a crucial role in the major energy- 

generating systems of this planet as chlorophyll acts as the main light-absorbing element in 

the photosynthetic pathway. They play an equally significant role in coenzyme F430 in the 

energy production systems of methane-producing bacteria. Conversely porphyrins allow the 

most prevalent user of natural energy to thrive on this planet, as the macrocycle is key to the 

function of haemin in the oxygen-transport system in humans. Porphyrins have also found 

their role in a more subtle variety of biochemical functions. Vitamin B 12, whose structure 

was elucidated by Oxford's own Nobel prize-winning Dorothy Hodgkin5, has important 

biological functions as a coenzyme and contains a porphyrin-type macrocycle at its reaction 

centre. Similarly, cytochrome P450 (not shown) is a chemically fascinating oxidative enzyme 

that has the ability to hydroxylate various chemical substrates.

Within this diversity of function in nature, three distinct characteristics of the porphyrin 

macrocycle are exploited. Firstly, the porphyrin macrocycle is rigid and planar and can 

therefore act as a structural element. This structural role is exploited in oxygen-transport in 

haemoglobin where iron is incorporated into the protein structure by coordination to a
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Figure 1.1- important natural porphyrins. From left to right: chlorophyll a, coenzyme F430, coenzyme Bi2 and

heme.

porphyrin. Subtle changes of the iron's binding to the porphyrin when itself coordinated to 

oxygen, leads to an allosteric effect in its binding of oxygen. Then porphyrins are brightly 

coloured and are used for this asset as the main absorbing species in the photosynthetic 

pathway. Finally the electrons in the porphyrin's ^"-system are delocalized, leading to the 

porphyrin exhibiting a rich redox chemistry. This is exploited in oxidative enzymes and 

coenzymes, such as cytochrome P450 and vitamin B 12 .

Taking this lead from nature, a huge amount of synthetic chemistry has been developed so 

that these three properties of the porphyrin can be understood and then exploited. This 

development has coincided with the establishment of the field of supramolecular chemistry 

where porphyrins have found their own niche. For example, by attaching a suitable 

functionality to a porphyrin it can act as a chemical sensor, so that many different types of 

molecule can be chemically detected through monitoring changes in the porphyrin's 

absorption spectrum. The potential application of porphyrins to supramolecular chemistry 

has been further extended by advances in porphyrin synthesis; so now a whole range of 

unsymmetrical and substituted, expanded and contracted porphyrin structures, even some 

where a pyrrole has been replaced by a furan or thiophene, can be readily synthesized. The 

ultimate supramolecular goal of the porphyrin chemist must be to emulate the careful 

supramolecular order that is observed at the photosynthetic centre and to achieve long-lived 

charge separated states on a nanomolecular level.

Of late porphyrins have started to be applied to a new area of chemistry, namely the use of 

organic substrates as the active layer in electronic devices. Because of their electronic and 

photochemical properties porphyrins have been used both in photovoltaic applications and 

in light emitting diodes. Organic substrates have also started to be examined as 

semiconducting materials for field effect transistors (FETs), and because of a porphyrin's
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advantageous structural and electronic properties, porphyrins might be considered as ideal 

substrates in this role.

1.1 An introduction to porphyrins

18 20 9

17 a/pha-pytto]ic

meso

12 10 8 -beta-pyttolic 

Figure 1.2- the different positions on the porphyrin periphery. The numbering system for the porphyrin is also

illustrated.

Porphyrins are tetra-pyrrole molecules. The bare porphyrin macrocycle possesses D4/J 

symmetry, and therefore there are three different types of positions on the porphyrin 

periphery (see Figure 1.2). The macrocycle is planar or slightly ruffled due to its delocalized 

electronic structure. This delocalized structure causes large electronic ring currents, so that 

the /?-pyrrolic and meso protons appear significantly deshielded in their !H NMR spectra. 

The delocalization also results in a porphyrin's characteristic colour and UV-VIS absorption 

spectrum; after all, the name 'porphyrin' originates from the Greek 'porphyries' meaning 

purple. The rigid structure also results in a well-defined central cavity in the middle of the 

macrocycle that can accommodate almost any metal.

Natural porphyrins are generally of very complicated structure, as exemplified by those in 

Figure 1.1. However it can be seen from these examples that natural porphyrins are usually 

substituted in their /?-pyrrolic positions, leaving their meso positions free. Synthetic 

porphyrins on the other hand tend to be of a much more symmetric structure, and can be

Figure 1.3- tetraphenyl- and octaethyl-porphyrins.
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meso- or /?-pyrrolic substituted, or even both. The two simplest synthetic porphyrins are 

tetraphenyl-porphyrin and octaethylporphyrin, and these are illustrated in Figure 1.3.

The simplest synthetic porphyrins can be synthesized by the direct condensation of an 

aldehyde with a suitable pyrrole. This route was originally reported for the synthesis of 

tetraphenyl-porphyrin by Rothemund6 . Adler and Longo modified this methodology by 

replacing Rothemund's high-temperature sealed-tube condensation with refluxing propionic 

acid. This synthesis was finally optimized by Lindsey, who used a high dilution technique in 

conjunction with a Lewis acid catalyst6 . Octaethyl-porphyrin can be synthesized by a similar 

monopyrrole tetramerization. Less symmetrical porphyrins can be synthesized through a 

variety of powerful techniques6 .

|;2 Porphyrin arrays

Whilst one porphyrin by itself has very admirable electronic and structural properties, much 

work has gone into the design and synthesis of molecules containing more than one 

porphyrin unit. This is partially a response by the chemist to the supramolecular challenge 

posed by nature, which uses several very carefully arranged arrays of chlorophyll molecules 

at the heart of the photosynthetic systems7 . Literally hundreds of porphyrin arrays have 

been constructed that attempt to mimic these special arrangements and to try to understand 

the nature of porphyrin-porphyrin interactions, or to exploit the properties of these 

porphyrin arrays8 . Different methods of connecting individual porphyrins have been 

attempted9, whether it is by non-covalent or covalent means; and if joined covalently, 

whether it is by connecting through either the meso or /?-pyrrolic positions. And in order to 

be able to compare the different types of arrays, firstly the effects of bringing two porphyrins 

in close proximity to one another need to be appraised.

1.2.1 The effect of porphy tin-potphytin interactions on photophysical propctties

When comparing the properties of a porphyrin oligomer to its respective monomer, there 

are two principle effects that manifest themselves in the photophysical spectra (see 

Appendix One for a basic examination of the UV-VIS spectra of porphyrins):

1. Delocalization- in a covalently-linked porphyrin oligomer the ground electronic 

states of adjacent porphyrin units may interact with one another. This is generally
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characterised in the UV-VIS spectrum by a shift of the lowest energy absorption (the

Q band) to a longer, lower-energy wavelength.

The effects of delocalization are qualitatively relatively easy to understand. A greater degree 

of delocalization leads to a smaller HOMO- LUMO gap and therefore a red-shifted 

absorption spectrum.

2. Exciton coupling- an exciton is a description of the hydrogenic state that is the 

combination of the hole and the electron created by photochemical excitation. 

Exciton coupling does not involve any ground state interaction of the individual 

chromophores and therefore does not require a covalent link between two porphyrin 

units. Rather it is the stabilization or destabilization of an electronic transition of a 

chromophore through electrostatic interactions with a second chromophore. This 

manifests itself as a shift, a broadening or a splitting of the various bands in the UV- 

VIS spectrum. It can also result in changes in the fluorescence spectrum, both in a 

shift in the wavelength and a change in the intensity of fluorescence.

The effects of exciton coupling are subtle and can be complex. For example in a molecular 

dimer the B band of the absorption spectrum is blue-shifted if the chromophores possess a 

face-to-face conformation; but a component of it is red-shifted if the chromophores possess 

a side-by-side conformation. The extent to which the wavelength of absorption is perturbed 

by exciton coupling is measured by the exciton coupling energy, AE0. In addition when 

the number of chromophores in an array increases the magnitude of the exciton coupling 

increases as well. Finally, it is generally noted that exciton coupling is only observed between 

B band transitions. More details as to the theory of exciton coupling are given in Appendix 

Two.

1.2.2 Non-covalently linked attays

Porphyrins are large conjugated systems and therefore tend to aggregate both in solution and 

in the solid state. This can be seen from the electro-luminescence (EL) spectra of the simple 

2,3-dihydro-tetraphenyl-porphyrin I10 . The photo-luminescence spectrum in solution is 

characterized by one emission band, but the solid-state EL spectrum in addition exhibits two 

red-shifted bands. This can be interpreted in terms of exciton coupling occurring within 'J- 

aggregates,' where the individual porphyrin cores are orientated slightly offset from one 

another. Hydrogen and dative bonding provide a stronger interaction between neighbouring 

porphyrins. For example Lehn's system 2 favours the illustrated dimeric structure at low 

concentration1 , and because this causes a change of the porphyrins'
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Figure 1.4- non-covalently bonded porphyrin arrays.

fluorescence compared to the monomer the system can act as a molecular sensor. Non- 

covalent interactions can also be temperature-dependant, as demonstrated by the behaviour 

of 3 in solution which has been used as a 'supramolecular thermometer' because it changes 

colour with varying temperature12 . In this case self-assembly is caused by a dative interaction 

between the 3-pyridyl and the zinc.

1.2.3 Meso-meso covalcntly-linked arrays

Whilst linking porphyrins by non-covalent methods is appealing because it means that 

extended systems can be self-assembled from the monomer units, the extent of self- 

assembly is difficult to control and varies with subtle factors such as concentration and 

temperature. Therefore many porphyrin dimers and oligomers have been constructed using 

covalent linkages because of their more reliable properties. And because methodology for 

the functionalization of the meso position is more prevalent and successful than for the 

functionalization of the /?-pyrrolic position, the majority of covalently-linked porphyrin 

arrays have neighbouring units linked through their meso positions.

One way to connect two porphyrins is to substitute a pyridine onto one of the meso 

positions and then to coordinate the pyridyl nitrogen to a metal atom. This is illustrated by 

the 'cup and ball' bisporphyrin 4 (in Figure 1.5) that can be used to accommodate C60 

through non-covalent interactions13 . The methodology can be further extended to the 

synthesis of Drain and Lehn's tetrameric system 5U, and even further to the synthesis of a 

cyclic nonamer15 . The porphyrins in these arrays show a red-shifted broad B-band 

absorption with a small exciton coupling energy E0 of around 450 cm" 1 , indicating a greater 

interaction than in a non-covalent dimer.
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A second much-favoured method of meso-functionalization is through an amide linkage on 

a meso-aromatic substituent. This was the initial approach of Imahori with the aim of 

designing systems for long-lived charge separation. By joining C60 and ferrocene on the ends 

of a bisporphyrin joined by an amide linkage in 6, a charge separated state with a lifetime of 

1.6 seconds at 163 K and a total quantum yield of formation of 34% could be achieved '' . 

This quantum yield can be increased by incorporating Osuka's directly-linked porphyrins (as 

in 8) instead of the amide-linked bisporphyrin18 . This is a remarkable result as it is 

comparable to the electron transfer properties of the bacteriochlorophyll dimer radical 

cation/ secondary quinine radical anion pair in the bacteria photosynthetic reaction centre.

More rigid linkers can be used to connect two neighbouring porphyrins. These have the 

advantage that they can also allow a greater extent of inter-porphyrin communication. Thus 

the phenylene bridged dimer 7 has been synthesised by Osuka and an oligomer 

incorporating nine porphyrins has been constructed in a similar fashion19'20 . This shows 

some interaction between neighbouring porphyrin units with the B band being split by 

exciton coupling with a respectable exciton coupling energy E0 of 1600 cm"1 ; but the 

wavelength of the lowest energy absorption does not change significantly with oligomer 

length, indicating that there is little electronic delocalization along the array. Osuka has also 

synthesised a series of directly linked porphyrin arrays21 "23 . This direct linkage is shown in 

the dimer 8, and these arrays have been extended to an impressive length of 1024 

porphyrins24 . These show a much greater extent of exciton coupling with a large exciton 

coupling energy E0 of 4300 cm"1 . The wavelength of the lowest absorption band does red- 

shift with an increasing number of porphyrin units; but instead of being interpreted in terms 

of electronic delocalization, this has been explained by exciton coupling within the Q band 

absorptions with an exciton coupling energy E0 of 1150 cm"1 25 . The lack of electronic 

delocalization has been attributed to the fact that two neighbouring porphyrins adopt a 

perpendicular orientation, thereby allowing no ground-state electronic interaction. Further 

interpretation of Osuka's results is given in Appendix Two.

So far therefore meso-meso linkages have shown some interaction between neighbouring 

porphyrin units but little electronic ground-state communication. In this way the butadiyne 

spacer investigated by Anderson is special19'26 . A series of arrays have been investigated, 

from the dimer 9 to the hexamer. As the oligomer length increases the B band shifts to 

longer wavelengths and significantly broadens, both signs of exciton coupling between 

neighbouring porphyrins. In addition the position of the lowest energy Q band is moved to
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(C6H 13) 3Si—== -Si(C6H 13)

Ar

Figure 1.5- meso-meso covalentiy-linked porphyrin arrays. Ar= 3,5-di-/er^-butylphenyl.
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a longer wavelength as the oligomer length is increased. This is a result of significant ground 

state electronic interactions causing a reduction in the HOMO- LUMO gap as the oligomer 

length is increased. This delocalization is advantageous in non-linear optical applications as 

it gives rise to a high polarizability and two-photon absorption cross-section27 .

This methodology has been taken one step further with the synthesis of the square tetramer 

10 by Sugiura28 . Recently this has been spectacularly extended to the synthesis of a square 

nonamer in a total yield of 0.007% over 22 steps29 . The nonamer possesses a 2 nm diameter 

cavity in its centre that is hoped to give rise to new nano-host-guest chemistry.

1.2.4 /?-pyrrolic covalently-linked arrays

Only a handful of /?-pyrrolic covalently-linked porphyrin arrays have been investigated, 

primarily because they are more difficult to synthesise. Kevin Smith30 has made two arrays, 

specifically the crucifix pentamer II31 and the directly linked porphyrin trimer 1232 (Figure 

1.6). These both show very altered absorption spectra compared to their monomer units, 

but a systematic study varying the length of the arrays was not possible due to the method of 

synthesis. This is not a problem shared by the arrays of Ono who has recently synthesised a 

series of conjugated arrays based on an unconjugated precursor33'34 ; the conjugated dimer 13 

shows a significant red-shifted spectrum compared to its unconjugated precursor, indicating 

electronic delocalization across the bridges connecting two neighbouring porphyrin units.

Max Crossley- at this point it should be noted that Paul Burn carried out the work under 

Crossley's supervision, so when Max Crossley's name is mentioned it implicitly also refers to 

the work of Paul Burn- has also investigated the synthesis of /?-pyrrolic covalently-linked 

porphyrin arrays. His approach has been to use a 1,4,5,8-tetraazaanthracene bridge to fuse 

the /?-pyrrolic positions of two tetraaryl-porphyrins together as in the dimer 1435 . This 

methodology was extended to the synthesis of a linear tetramer36; later Promarak showed 

how the incorporation of a dendritic solubilizing unit onto the end positions of the array 

could extend the system to a length of seven porphyrin units37 . The electronic properties of 

these arrays has been investigated by Burn, who on the evidence of electrochemical 

measurements suggests that the 1,4,5,8-tetraazaanthracene linker allowed electronic 

interaction of two neighbouring porphyrins mainly through their LUMO. Narang has 

independently extended this methodology to the synthesis of linear polymers, and claims that 

this can lead to the incorporation of 20 to 2400 porphyrin units in one polymer chain as 

measured by gel permeation chromatography38'39 .
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Figure 1.6- /?-pyrrolic covalently-linked porphyrin arrays. Ar= 3,5-di-/er/-butylphenyl

Finally Osuka has synthesised a series of meso-meso, /?-/?, /?-/? triply-linked arrays through a 

mild oxidation of his singly-linked arrays40'41 . This is illustrated by the dimer 15 in Figure 1.6. 

He has extended this rigid array to twelve porphyrin units' length, and these arrays show 

remarkable electronic properties. There are two bands whose progression can be interpreted 

in terms of strong exciton coupling between the B bands of 'neighbouring' porphyrins, with 

massive exciton coupling energy E0 of around 6300 cm"1 42 . The most remarkable feature 

however is the Q band that is shifted to increasingly longer wavelengths with increasing 

number of porphyrin units- from around 550 nm for a single porphyrin to 1500 nm for the 

dimer, and up to 2500 nm for the 12mer. This has been interpreted in terms of a particle-in- 

a-box model where the length of 'the box' corresponds to the length of array's backbone42 .
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1.2.5 Dendritic arrays and polymers

One class of molecule that does not fit easily into the classifications of covalently-linked 

meso or /?-pyrrolic covalently-linked porphyrin arrays is that of the polymeric porphyrins.

Figure 1.7- polymeric and dendritic porphyrin arrays.
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One such example incorporates a porphyrin chromophore into a polymeric organic light- 

emitting diode in the polymer 1643 . It was found that red luminescence from the porphyrin 

was hampered by aggregation of the chromophores in the polymer film, leading to exciton 

interactions reducing the photo-luminescent efficiency of the polymer.

Porphyrin polymers have also been applied to the construction of new molecular 

architectures. Phosphorus dichloride porphyrins can be polymerised to create a face-to-face 

stack as shown by 17; once again a splitting in the B band by exciton interactions is 

observed, with a small exciton coupling energy of 650 cm"1 . This idea has been extended to 

the tin porphyrin 18, where the polymerisation of a dendritic tin porphyrin in a similar 

fashion followed by the ring-closing metathesis of the alkene surface groups and the removal 

of the porphyrin core leads to the construction of a 'nanorod' 45 .

Finally, Sugiura has constructed a porphyrin dendrimer incorporating an impressive 21 

porphyrin units (19) . As seen with his square meso-meso linked arrays29 Sugiura shows that 

he is not afraid of low yields, the final product being obtained in 0.15% over 17 steps. The 

UV-VIS spectrum of the dendrimer shows only a 4 nm red-shifted B band and a small 

reduction in the intensity of fluorescence compared to a monomer unit.

1.3 Field Effect Transistors (FETs)47-50

It is evident that the porphyrin is nature's molecule of choice in a plethora of situations, and 

that the chemist has tried hard to mimic nature's diligence. The challenge now is to exploit 

the porphyrin in new ways and in new fields. The knowledge of the porphyrin's rich 

electronic properties therefore begs the question whether the porphyrin can be applied as a 

charge-carrying substrate in an electronic device, for example in a transistor.

Source Channel (semiconductor) Drain

Insulator

Gate (substrate)

Figure 1.8- a schematic illustration of a 'thin film' transistor.
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I (source/ drain)

Increasing gate voltage

V (source/ drain)

Figure 1.9- typical output characteristics of a transistor.

The structure of a transistor is shown in Figure 1.8. Simply a transistor is an electronic 

switch. The flow of current in one direction (through the channel, from the source to the 

drain) can be switched on by the application of a potential perpendicular to the direction of 

the current flow. This is shown graphically in Figure 1.9 where at a constant source/ drain 

potential the source/drain current increases with increasing gate potential.

The important characteristics of an idealised transistor are also illustrated by Figure 1.9. 

Firstly, there is no source/ drain current (ISD) when the source/drain potential (VSD) is less 

than the threshold voltage, VT. Then when VSD becomes greater than VT, ISD increases at 

first almost linearly with increasing potential. This regime is called the linear regime and is 

illustrated in Figure 1.9 by line 'A'. As VSD increases further ID tends to level off, and this 

regime is called the saturation regime. It is illustrated by line 'B'.

Two important performance characteristics are also illustrated by Figure 1.9. The mobility 

(D) of the transistor is a measure of how much current passes through it for every unit of 

potential applied across it, with units of cm V" s" . The source/ drain current at a given 

source/drain potential is given by Equation 1.1:

(1.1)
W is the width of the channel; JL is its length; and C, is the capacitance per unit area of the 

insulating layer. It is evident from Equation 1.1 that in order to maximize the current 

passing through a transistor, // has to be maximized. The second important performance 

characteristic is the on/ off ratio of the transistor. This is defined as the ratio of VSD when 

VG (the gate potential) = 0 (the 'off state) and when VG » 0 (the 'on' state). Both the 

mobility and the on/ off ratios often vary with both VSD and VG so it is important to ensure
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that mobilities of different transistors are compared at similar source/ drain and gate 

potentials.

One final important characteristic of a transistor is whether it carries either holes or 

electrons. This is reflected by whether the transistor operates at either a positive or negative 

source/ drain potential. The former is called a p-type transistor; the latter is called an n- 

type transistor. If a transistor displays both qualities is termed ambipolar.

The transistor plays an important part in many modern technologies. The highest 

performance transistors are required in computer chips, where methods for the 

miniaturization of circuitry also play a critical role. Transistors to operate flat-screen liquid 

crystal displays also require relatively high performance transistors, with mobilities in the 

region of 0.1 to 1 crr^V'V1 , on/off ratios of at least 106 , and low operating voltages. Lower 

performance transistors can be incorporated into less demanding technologies such as RFID 

(radio frequency identification) tags. In an RFID tag, in its most basic form, a current 

induced by an outside electric field passes through a series of transistors. This generates a 

simple signal such as a binary number that is then transmitted and picked up by a receiver. 

In this way it is hoped that RFID tags can take the place of barcodes in supermarkets, and 

can be used to monitor the logistical operations of businesses.

OrganlSliterials 'for FETs

Transistors for many years have been synthesised from inorganic substrates. It is important 

therefore to emphasise where organic substrates might have an advantage over their 

inorganic counterparts; and it is also important to explore what types of substrate are 

suitable for exploitation in a transistor.

1.4.1 Inorganic vs. organic materials for FETs 47 ~50

The channel material of modern FETs is typically made from hydrogenated silicon (alpha-Si}. 

Silicon processing is reliable and silicon-based FETs can be mass-produced. However the 

silicon used has to be of a very specific composition and this has high processing costs 

associated with it. Equally the process used to imprint circuitry onto the substrate 

(lithography) is expensive and requires large-scale production for cost-efficiency. In addition 

the high processing temperatures required for the deposition of alpha-Si (typically 360°C)
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means that it is not possible to deposit silicon-based transistors onto a plastic substrate. This 

unfortunately causes devices incorporating silicon-based FETs to be inflexible.

In theory organic semiconductors overcome all of these problems. Firstly organic materials 

can be easily purified. Then circuitry can be laid onto the substrate using 'contact printing' 

rather than by lithography. The organic material can then be applied through an ink-jet 

printing process. This means that an application can be designed and produced over a short 

time scale; it means that short-production runs are economically feasible; and most 

importantly it leads down the road down to low cost electronic devices. Finally organic 

materials generally do not require a high deposition temperature and therefore can be used in 

flexible devices, allowing the manufacture of flexible displays. In practice however organic 

materials are at a substantial disadvantage for use as the channel material because they 

naturally exhibit lower mobilities than their inorganic counterparts. So the organic material 

needs to be molecularly engineered to display the desired characteristics. In this way silicon 

will probably always take pride of place in applications that require high performance 

transistors; but organic materials have the potential for exploitation in a very wide range of 

low-cost electronic devices that do not require the same high performance.

The physics of organic and inorganic devices are actually very different. The charge-carrying 

mechanism in an inorganic semiconductor can be viewed as operating through delocali^ed 

states and is limited by the scattering of carriers by vibrations in the lattice structure of the 

substrate. However charge transport in amorphous organic semiconductors can be 

described by a localised model where charge hops from one molecule to the next. This 

dichotomy in charge-transport mechanisms has important implications. For example it 

means that in inorganic semiconductors the charge mobility decreases with increasing 

temperature, whereas in amorphous organic systems it increases with increasing temperature. 

It is only in highly crystalline organic systems that display mobilities comparable to alpha-Si 

that the distinction between the two mechanisms becomes blurred. A second implication of 

the localized model is that charge-transport in an organic channel is limited to a layer 

extending to approximately 5 nm from the semiconductor/ insulator interface rather than 

charge being carried through the bulk structure51 . This means that the molecular structure at 

this interface plays a critical role in the conduction process.
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1.4.2 Classes of organic semiconductors 47 50

Semiconductors can be n-type and/ or p-type. It turns out that most organic 

semiconductors display solely p-type behaviour under normal conditions. This has been 

attributed to the trapping of electrons by hydroxyl groups at the (usual) silicon dioxide 

dielectric/ semiconductor interface so that under normal conditions n-type conduction is 

not observed (see Friend in Nature 434, 194-199 (10 March 2005));. Therefore all of the 

mobilities given in the following discussions correspond to p-type conduction.

There are then two ways of depositing an organic semiconductor onto the insulating layer. 

In the case of vacuum deposition the organic material is evaporated and then condensed 

onto the insulator. Whereas with solution processing the organic material is dissolved in 

solvent and then deposited onto the insulator before the solvent is allowed to evaporate. 

Vacuum deposition has the advantage over solution processing that it can produce very 

ordered films with an associated high mobility; however vacuum deposition can be applied 

only with difficulty to high surface area substrates, and has higher processing costs 

associated with it. Therefore solution processing would be the preferred method of 

deposition for commercial applications.

1.4.3 Organic channel materials part i- pentacenc

Pentacene is the Rolls-Royce of all organic channel substrates. Vacuum-deposited pentacene 

films have been shown to be capable of mobilities comparable to those of an inorganic 

substrate, typically in the order of 1 cn^V'V1 52 . However pentacene itself is not suitable for 

solution-processing because of its low solubility. One method to attempt to circumvent this 

problem has been to use a soluble precursor. The principle behind this is that the 

precursor molecule is soluble in common organic solvents and therefore can be deposited 

from solution onto the insulating layer. Then by heating the system the elimination of a 

small, volatile molecule converts the precursor molecule into the insoluble substrate. In an 

example by Klaus Miillen, tetrachlorobenzene can be eliminated to give pentacene53 (Figure 

1.10). Films of this type have shown mobilities of up to 0.2 cmV'V1 and are now being 

developed for commercial applications by Philips54 .

Figure 1.10- Miillen's precursor route to pentacene.
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1.4.4 Organic channel materials part ii- oligo- and poly-thiophenes

Whilst pentacene is the best performing organic molecule in an FET device, the thiophenes 

are a class of molecule that show great promise. In particular, studying the effect of 

changing the thiophene's structure emphasises that molecular morphology is one of the 

key factors in determining the mobility of a substrate.

Thiophene polymers are versatile channel materials that can be solubilized by adding alkyl 

groups to the 3 position of the thiophene ring. Devices incorporating regiorandom poly(3- 

hexylthiophene) show mobilities in the order of 10~4 crr^V'V1 55 . When the hexyl side-chain 

is replaced by longer alkyl chains this mobility is observed to decrease56 . In contrast when 

the regiorandom polymer is replaced by its regioregular counterpart, the mobility is observed 

to increase up to 0.1 cm^V'V1 57 . This observation can be attributed to the difference in the 

structure of the films of the regioregular and regiorandom polymers. The regiorandom 

polymer forms an amorphous film whereas the regioregular polymer can form a well-ordered 

lamellar structure with an edge-on orientation of the thiophene rings relative to the insulator. 

This structure is similar to that shown by thin films of pentacene, and it shows the 

importance of the degree of order in the film's morphology in determining the mobility, 

especially at the semiconductor/ insulator interface.

Oligothiophenes have also been incorporated into transistors. They are typically substituted 

at either end of the oligomer by an alkyl chain. These exhibit low solubilities in organic 

solvents, and whilst they can be solution processed giving mobilities in the order of 10"1 

crr^V'V1 58, vacuum deposition leads to films with higher mobilities, up to 1 crr^V'V 1 59 . It 

has been shown that increasing the length of the thiophene backbone in these 

oligothiophene films has little effect on its charge mobility, and that increasing the length of

Figure 1.11- thiophenes used as channel materials. Clockwise from top right- dihexyl-sexithiophene, Frechet's

soluble precursor sexithiophene, and a regioregular polythiophene.

Chapter One- Introduction



19

the alkyl substituents also has a limited effect59 . This again demonstrates that the overriding 

feature in determining charge mobility is the global molecular organisation rather than the 

structure of the molecules themselves.

A soluble precursor route to an oligothiophene has also been developed. In this case, retro- 

ene elimination leads to the desired sexithiophene with a charge mobility of 0.03 cm2V~V2T 7-1 -1 60

1.4.5 Organic channel materials part iii- other otganic substrates

Tetrapyrrole substrates have also been developed into possible channel materials. 

Phthalocyanines have demonstrated moderate mobilities61 , but their sensitivity to oxygen 

makes them difficult to exploit. Porphyrin substrates have also demonstrated moderate to 

good mobilities62"64 . The most promising of these approaches is that of Ono65 who uses a 

soluble precursor route to thin films of tetrabenzo-porphyrin with a mobility of 10~2 

cmfV'V1 . Ono revealed recently66 that a modification of this procedure (probably with the 

use of tetranapthyl-porphyrin) can lead to very promising mobilities of over 10"1 cn^V'V1 .

Because mobility depends so much on morphology, it is not surprising that good mobilities 

can be derived from a liquid-crystalline polymer substrate. When deposited from solution 

and aligned in its nematic liquid crystal phase, the liquid crystalline polymer illustrated in 

Figure 1.12 has illustrated promising mobilities of 10"2 cn^V'V1 parallel to its alignment 

direct, and 7 to 8 times lower perpendicular to its alignment direction67 .

1.4.6 Problems still to be resolved with organic FETs 47~50

Whilst the chemist has concentrated on strategies focused on increasing the mobilities 

displayed by organic channel materials, there are also several operational details that need to

H H

M
H / H

200°C

Figure 1.12- molecules for organic channel materials. Clockwise from top left- copper phthalocyanine; Ono's 

precursor route to benzo-porphyrins; and a soluble liquid-crystalline polymer.
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be overcome before organic channel materials can be seriously commercially exploited. The 

main one is concerned with the effects of oxygen doping. The reduction potential of 

molecular oxygen and the oxidation potential of many of these polyaromatic substrates are 

sufficiently close that doping with oxygen is inevitable. This can lead to an increase in the 

'off current of the device, reducing the on/ off ratio. It can lead to the drift of the 

threshold voltage causing inconsistent device performance. It can also lead to decreased 

charge mobility by creation of 'traps' within the substrate that trap charge as it travels across 

the channel. All these effects serve to reduce the lifetime of the device.

An ancillary problem with organic channel materials is the selection of a suitable insulating 

layer. Equation 1.1 shows that the source/ drain current is directly proportional not only to 

charge mobility but also to the dielectric of the insulating layer. By using an insulator with a 

relatively low dielectric such as silicon dioxide, very high operating voltages are required for 

the desired device performance. Hence different dielectrics have been developed to improve 

device performance. These have included self-assembled monolayers of hydrocarbons on 

silicon68'69 and thin films of metal oxides such as barium zirconate titanate70 .

A final problem with the use of organic channel materials is that in order to gain maximum 

performance they need to be of very high purity. Small impurities create traps within the 

device, and therefore methods for the synthesis of ultra-high pure substrates also need to be 

considered.

|.5 'Single molecule' devices

There has been some surprise that such a simple molecule as pentacene has consistently 

given rise to the highest charge mobilities of all organic substrates. To improve on 

pentacene, it has been suggested47 that systems need to be molecularly engineered to build in 

the desired characteristics. One conceivable method of achieving this would be through the 

self-assembly of a molecular architecture incorporating strong intermolecular interactions. A 

rigid crystalline structure could increase the magnitude of intermolecular interactions and 

therefore decrease the barrier to intermolecular charge transfer. A second conceivable 

method would remove the requirement of unpredictable intermolecular charge transfer by 

spanning the source and drain by a single array of charge carriers. In this way intermolecular 

transport is replaced by intramolecular transport.
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This second idea has received a significant amount of attention and the term 'single molecule 

device' is used to describe this concept. This can be achieved either by spanning the 

electrodes with a very large, structurally denned molecule or by making the electrodes so 

close to one another that they can be spanned by a single molecule. In this way a carbon 

nanotube ' , C60 3 , a di-vanadium74 and a cobalt75 complex, a series of oligothiophenes76 and 

a phenylenevinylene oligomer77 have all been used to span two electrodes. Electrical 

conduction through Osuka's two types of porphyrin arrays has also been demonstrated78 . 

His directly singly-linked porphyrin array shows semiconductor characteristics; whereas his 

triply-linked porphyrin array shows electrical conductance. It would therefore be 

conceptually interesting to consider whether the use of porphyrin arrays in 'single molecule 

devices' can be further extended to understand more deeply the factors affecting 

semiconductor behaviour.

|,.6 Porphyrin arrays for FET devices- /?-pyrrolic vs. mesoeoupling

Single porphyrins have shown themselves to be very apt substrates for exploitation in FETs. 

However porphyrin arrays in theory should be even better substrates for two principle 

reasons:

• High charge mobility in an FET requires a high degree of intermolecular order. By 

joining individual porphyrin units together in a porphyrin array, this order is already 

imposed upon the system. Hence any hole or electron passing between source and 

drain will spend an increased amount of time travelling in an intramolecular manner 

as compared to single porphyrin units.

• Any electronic delocalization along an array will also facilitate the intramolecular

passage of electrons and holes.

However a couple of disadvantages can also be considered for the incorporation of a 

porphyrin array into an FET:

• The extension of a delocalised system will lower its HOMO-LUMO gap. This can 

have adverse consequences because it can encourage doping of the system by 

molecular oxygen.

• And a porphyrin array with high polydispersity could also lead to impaired device 

performance.
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Therefore the correct type of porphyrin array has to be selected in order to exploit the 

advantages of using a porphyrin array in a FET, whilst minimizing the impact of the 

disadvantages.

Non-covalently bonded arrays would be considered unsuitable for exploitation in an FET 

device because the non-covalent character of the linkages might not predictably provide the 

desired degree of high intermolecular order. Equally polymeric structures, although 

interesting, would not provide the desired electronic properties. Instead covalently-linked 

porphyrin arrays will provide the desired degree of intramolecular order.

Covalently-linked porphyrin arrays can be joined either through their /?-pyrrolic or meso 

positions. These two points of attachment lead to different electronic properties of the 

resulting arrays, principally because of the different delocalization properties of the linkages. 

This has been examined by Therein79'80 in a series of ethylene- and butadiyne-linked 

porphyrin dimers, and he concluded that the order of electronic communication between the 

porphyrins depended on the position to which the bridging unit was attached as follows:

/?-/? < /?-meso < meso-meso

This can be explained in terms of Gouterman's four orbital HOMO-LUMO model (see 

Appendix One) where the majority of the electron density is placed on the porphyrin's meso 

position. In exploitation in an FET, some delocalization within the array is desirable but too 

much will lead to oxidative doping of the device. In this way a ft-ft linked array would serve 

as a good starting point for the examination of porphyrin arrays in transistors.

Finally, arrays linked through more than one position will be superior to singly linked arrays. 

The rigidity that this should provide to the array's structure will result in a higher degree of 

intramolecular order than an array with adjacent porphyrins linked through a single position.

Crossley's tetraazaanthracene-bridged porphyrin arrays (see Section 1.2.4) fulfil all the 

desired characteristics described above. They are expected to be structurally rigid, whilst the 

double /?-pyrrolic linkages have been said to provide some delocalization between 

neighbouring porphyrin units. However they do not appear to provide the extent of 

delocalization exhibited in Osuka's triply-linked arrays, which would almost certainly lead to 

a significant amount of oxidative doping. Equally they can be constructed in an iterative 

manner leading to a low polydispersity in the oligomers.
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Figure 1.13- synthesis of the 1,4,5,8-tetraazaanthracene bridge. Ar= 3,5-di-fcrt-butylphenyl.

Crossley's tetraazaanthracene-bridged porphyrin systems also fulfil the requirements for a 

single molecule device. Structural rigidity in an extended porphyrin array would mean that 

these molecules might usefully span the electrodes of a practical device.

1,7 Te^raazaMitEracehe-bfi rin systems

Crossley's tetraazaanthracene-bridged porphyrin systems would certainly be conceptually 

interesting to study in a field-effect transistor. However these systems are difficult to 

synthesise as there are a limited number of routes to the monomer units.

1.7.1 Formation of the 1.4.5.8-tcttaazaanthtacene bridge

Crossley's tetraazaanthracene-bridged system is constructed by the condensation of two 

porphyrin alpha-&onzs with benzene-l,2,4,5-tetraarnine35 (Figure 1.13). This reaction is in 

fact a two step reaction. The first step is fast and involves the condensation of the first 

porphyrin a/pba-dione with 1,2,4,5-tetraaminobenzene. The solvent (pyridine) serves not

.Ar

o

C1H3N.

C1H,N

NH,C1
, pyridine, reflux, 2 hrs

NH3C1

Ar, Ar

Ar Ar £>

, reflux, 40 hrs

Ar'
Ar

Ar.
.Ar

Ar
Ar

(22) 

Figure 1.14- Crossley's porphyrin array. Ar = 3,5-di-^rt-butylphenyl.
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o.
Ar Ar

O,

Ar__ ^ 1

(21) (23)

Figure 1.15- monomer units required for the synthesis of an extended porphyrin array. Ar= 3,5-di-tert-

butylphenyl.

only to solvate the porphyrin but also to deprotect the tetraamine in situ. The second step is 

slow and involves the condensation of the intermediate porphyrin diamine to a second 

porphyrin tf^^-dione81 . This two step reaction can be turned into a two step procedure in 

which the intermediate porphyrin diamine can be isolated in the middle of the reaction; this 

can then be condensed in a different solvent (toluene) with a second equivalent of porphyrin 

a/pba-dione, . This modification to a two step procedure is important as it allows the 

selective formation of bridging units between non-equivalent porphyrins.

Crossley and Burn extended this methodology to the formation of a tetrakis porphyrin array. 

For this a porphyrin tetra-one unit was required to build up the array from both ends at 

once36 (Figure 1.14). For the construction of an extended porphyrin array based on this 

methodology it follows that a porphyrin tetra-one unit is required (Figure 1.15).

1.7.2 Routes to potphytin alpha-dioties

The synthesis of a porphyrin a/pba-dione. is a relatively simple, high-yielding procedure. 

Three viable routes have been explored and are examined in Figure 1.16. The first and most 

recent route involves the dihydroxylation of tetraphenyl-porphyrin with osmium 

tetroxide83"85 . This obtains the porphyrin atpba-dione. in 50% yield over two easy steps and is 

therefore a favoured route of porphyrin functionalization. However the toxicity of osmium 

tetroxide and the fact that it is used in a stoichiometric quantity means that this method is 

not practical for a large scale preparation of the porphyrin a/pba-dione.

The second and third routes to porphyrin atpba-dion.es both start off with the nitration of a 

metallated porphyrin. The second route then adapts Knudsen's hydroxylation of a nitro- 

arene by the benzaldoxime anion86 to this nitro-porphyrin to produce the hydroxy- 

porphyrin. This is then oxidized in its free-base form to the porphyrin a/pba-dione. either by 

the Dess-Martin periodinane87 or in its copper form by photochemical means88 . The third 

route reduces the free-base nitro-porphyrin to the amino-porphyrin; this is then oxidized in a
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Ph Ph

Ar. Ar

Ar

Ar'

Ar Ar

OAc
Dess-Martin periodinane

Figure 1.16- routes to porphyrin a/pha-diones. i, 1 eqv. OsCU, pyridine, CHCls, then H2S; ii. DDQ, CeHe, AR;

iii. Cu(OAc)2, CH2C12/ CHsOH, AR; iv. NO2 in light petroleum, CH2C12; v. 11 eqv. benzaldehyde oxime, 

10 eqv. NaH, (CH3) 2SO/ tetrahydrofuran, AR; vi. cone. H2SO4, CH2C12; vii. SnCl2-2H2O, cone. HCI, CH2C12; 

viii. 1 eqv. Dess-Martin periodinane, CH2C12; ix. O2, Rose Bengal, CH2C12 . The structure of the Dess-Martin

periodinane is also illustrated. Ar = 3,5-di-A?rt-butylphenyl.

similar manner to the hydroxy-porphyrin89'90 . Both of these routes obtain the porphyrin 

a/pha-dion& in around 50% yield; and both routes should be applicable for a large scale 

preparation of the a/pha-dione..

1.7.3 Routes to potphytin and bis-porphyrin tetta-ones

So the routes to porphyrin a/pha-diones are relatively well-established, successful and high- 

yielding; however current routes for the synthesis of a porphyrin tetra-one are not. This can 

be attributed to one reason. Most functionalizations at the /?-pyrrolic positions require 

the use of a metallated porphyrin, as this allows preferential reaction of the /?-pyrrolic 

positions over the meso positions. Hence in order to successfully nitrate a porphyrin at 

its ^-pyrrolic positions a metal has to be coordinated at its centre. However in order to 

obtain the regiospecific antipodal di-functionalization of the porphyrin, i.e. the 

functionalization of the pyrroles across from one another in the porphyrin 

macrocycle, a free-base porphyrin is required.

This dichotomy is exemplified by two routes to porphyrin tetra-ones, outlined in the top half 

of Figure 1.17 and in Figure 1.18. The first adapts a route akeady established for the
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Ar- Ar

Ar, Ar Ar

•£>

Ar'
Ar

PIT \_J Th

Figure 1.17- routes to the single porphyrin tetra-one and its conversion into the porphyrin tetra-one. 

i. Cu(OAc)2, CH2C12/ CH3OH, AR; ii. 2 eqv. NO2 in light petroleum, CH2C12; iii. cone. H2SO4, CH2C12; 

iv. SnQ2-2H2O, cone. HCI, CH2C12; v. 2 eqv. Dess-Martin periodinane, CFkCk; vi. Cb, Rose Bengal, 

vii. 2 eqv. OsO4, pyridine, CHC13 , then H2S; viii. IBX, (CH3) 2SO, 50°C. Ar = 3,5-di-^-butylphenyl.

synthesis of porphytin a/pha-diones. Di-nitration followed by reduction and oxidation can 

lead to the desired porphyrin tetra-one82'89 . This is a short route, involving only five steps. 

However in the second step the addition of the second nitro group occurs essentially with

Ar Ar Ar Ar

Ar Ar

(14)

Ar, Ar

Ar

SOPh
PhOS-n-

A/ \\

Ar,

Ar

Ar

VI., Vll.

At Ar

(21)
Figure 1.18- the functionalization of a bis-porphyrin. i. 2.2 eqv. N-bromosuccinimide, CHQb, AR; ii. Ni(OAc) 2 ,

NJV-dimethylformamide, AR; iii. PhSH-LiOH, N^-dimethylformamide, 117°C; iv. CH3CO 3H, toluene; 

v. benzaldehyde oxime, NaH, (CH3) 2SO, 135°C; vi. H2SO4, CH2C12; vii. SeO2, dioxane, AR. Ar = 3,5-di-ferf-

butylphenyl.
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no regiospecificity with respect to the first; and this leads to a low overall yield of the 

porphyrin tetra-one, a reported 15 to 20% yield from the unfunctionalized porphyrin.

The second route is shown in Figure 1.18 and takes the opposite approach36 . Regiospecific 

functionalization is achieved by bromination of the free-base bis-porphyrin. However much 

functional group manipulation is required before the desired tetra-one functionality is 

achieved; so much so that a total of 7 steps is required and the overall yield for the 

transformation is only 7%. Therefore the advantage of the regiospecific functionalization is 

negated by the length of the synthesis.

A third route is shown in the second half of Figure 1.1791 . This consists of a simple two step 

procedure with an acceptable overall yield of transformation (12%). Therefore this would be 

the preferred route of synthesis of the porphyrin tetra-one if it was not for the fact that it 

involves the stoichiometric use of OsO4; and again osmium's toxicity therefore it makes it 

impractical for a large-scale synthesis.

1.7.4 Requirements fot a successful new route to porphytin tctta-ones

So each of the current routes to porphyrin tetra-ones have their drawbacks. For a successful 

new route, an initial regiospecific functionalization is required. This implies that the initial 

functionalization has to be on the free-base porphyrin. In addition this regiospecific 

functionalization needs to introduce a functionality that can be transformed into a porphyrin 

a/pha-dione. over a small number of steps in order to maximize yields.

8.8 Aims

It is therefore the aim of this thesis to:

• to explore new methodology for the efficient synthesis of the monomer units of 

1,4,5,8-tetraazaanthrancene-bridged porphyrin arrays;

• to extend this array as far as the available methodology will allow;

• and to evaluate the viability of exploiting these arrays in FET devices.
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Chapter Two 
Regiospecific halogenation of a porphyrin

Any new useful route to porphyrin a/pba-diones must involve an initial regiospecific 

functionalization of the porphyrin and a minimal number of steps to obtain the desired 

a/pha-dione. A proposed new route that has the potential to fulfil these criteria is shown in 

Figure 2.1.

The functionalization involves the regiospecific halogenation of a porphyrin, followed by the 

nucleophilic displacement of the halogen by the benzaldoximate anion and oxidation to the 

required a/pha-dione. This is a modification of a method described by Crossley88 who has 

already shown that the benzaldoximate anion can be used to displace a bromine substituent 

on the porphyrin periphery. However this displacement was not successful on 

functionalized porphyrins because of their apparent poor solubility in dimethyl sulphoxide 

(DMSO). This was the explanation of why, in order to successfully synthesize the bis- 

porphyrin tetra-one 21, the initial antipodal functionalization of the bis-porphyrin with 

bromine was followed by a series of functional group manipulations in order to obtain a 

system that is soluble in DMSO (see Figure 1.18). Recently however it was shown by Burn87 

that the solubility of the substrate could be increased by using a 1:1 solvent mixture of 

DMSO and tetrahydrofuran (THF).

Ar, Ar Ar, .Ar

Ni(OAc)2.4H2O Hal

DMF
Ar

(25) Hal= Cl
(26) Hal= Br
(27) Hal= I

Ar

(32) Hal= Cl
(33) Hal= Br
(34) Hal= I

DMSO/

Ar, Ar

[oxidation]

Ar Ar

H

Ar

Figure 2.1- proposed new regiospecific functionalization of a porphyrin. Ar = 3,5-di-/#?-butylphenyl.
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The porphyrin unit chosen for initial investigation of this functionalization is the [2,3-b]- 

qmnoxalino-porphyrin 24, quinoxaline for short. This is because in the past it has served as 

a model system for the bis-porphyrin 1488, so that any methodology developed for the 

synthesis of the quinoxaline a/pha-dione might then be applied to the bis-porphyrin 14.

This chapter will concentrate on the initial regiospecific functionalization of both the 

quinoxaline 24 and the bis-porphyrin 14; Chapter Three will describe the attempted 

nucleophilic displacement of the halogen by the benzaldoximate anion.

Jjfiitioj^ation of a porphyrin

There are very few methods currently available for the regiospecific functionalization of the 

porphyrin periphery92 . This is because the vast majority of porphyrin functionalizations are 

carried out on metallated systems92. For example it would be desirable to attempt the di- 

nitration of a free-base porphyrin system and see whether antipodal functionalization could 

be achieved. However successful nitration on a free-base porphyrin has only been reported 

twice under very specific conditions93'94. A simple attempt to replicate one of these nitration 

procedures94 on the quinoxaline 24 using I2/ AgNO2 in dichloromethane/ acetonitrile failed 

with only recovery of starting material (36%).

Apart from the reductive processes leading to chlorins discussed in Section 4.1, the only 

standard route to regiospecifically functionalized porphyrins is through their halogenation. 

Callot , Crossley and other workers97"99 have demonstrated the regiospecific bromination 

of the simple porphyrin at its antipodal positions (Figure 2.2). Meanwhile, the regiospecific 

chlorination of the free-base porphyrin with N-cmorosuccinimide required much harsher 

conditions with the use of the high boiling-point 1,2-dichloroethane as the solvent100 . 

Chlorination at antipodal meso positions has also been observed with octaethylporphyrin101 . 

Regiospecific iodination has not been previously demonstrated.

Ph

JV-bromosuccinimide, Br'

EtOH-free CHC13

Figure 2.2- Crossley's regiospecific bromination of a porphyrin at antipodal positions.
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Ar, Ar

AK ,Ar
Ar

(25) Hal= Cl
(26) Hal= Br
(27) Hal= I

(28) Hal= Cl
(29) Hal= Br
(30) Hal= I

Ar.

Figure 2.3- the halogenation of the quinoxaline 24. Ar = 3,5-di-&rt-butylphenyl.

.2 Halogenation of a porphyrin

2.2.1 Bromination

Regiospecific bromination of the porphyrin was repeated for the present system. A critical 

factor in the repetition of these results was to ensure that the chloroform solvent was 

ethanol-free, otherwise very little reaction was evident. Results are summarized in Table 2.1.

2.2.2 lodination

Since N-bromosuccinimide proved successful in the bromination of 24, iodination was 

initially attempted using JV-iodosuccinimide in chloroform (entry 1 in Table 2.2). However 

reaction in chloroform proceeded only with a 9% recovery of chlorinated product 25, 

presumably originating from direct reaction with the solvent. Changing the solvent to 

dimethyl formamide (DMF) did lead to isolation of iodinated product, but only in 8% yield 

(entry 2 in Table 2.2). Therefore another reagent was sought.

Isolated yields
Equivalents of N- 
bromosuccinimide

1.1
2.5

Unsubstituted 
quinoxaline 24

10

12-bromo- 
quinoxaline 26

78

12,13-dibromo- 
quinoxaline 29

10 
99

Table 2.1- product distribution for the bromination of the free-base quinoxaline 24. Reactions were carried out 

at a concentration of N-bromosuccinimide of below 15 mmoldnr3 and at reflux in chloroform for 2 hours.
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Reagent (equivalents)

IV-iodosuccinimide (5.3)
N-iodosuccinirnide (7.8)

iodine (5.7)
iodine (4.7)
iodine (25.8)

Concentration 
of reagent
(mmoldnr3)

17
30
24
17

340

Solvent

chloroform
DMF

chloroform
DMF
DMF

I
Unsubstituted 
quinoxaline 24

58
55
82
75
36

solated yields (%
12-iodo- 

quinoxaline 27

*

8
11
20
47

)
12,13-diiodo- 

quinoxaline 30

-

-

-

15

Table 2.2- attempted iodination of the free-base quinoxaline 24. *- 9% 12-chloro-quinoxaline 25 was isolated. 

Reactions with N-iodosuccinimide were carried out at reflux for over 12-46 hours; reactions with iodine were

carried out at reflux for 5-7 hours.

One method useful for iodination at the meso positions of meso-unsubstituted free-base 

porphyrins is to use iodine102 . When the meso-tetraaryl-substituted quinoxaline 24 was 

heated with iodine in chloroform only 11% of regiospecifically iodinated product 27 was 

isolated (entry 3 in Table 2.2). The yield of the iodinated product 27 could be slightly 

improved by using the higher-boiling point DMF as the solvent (entry 4 in Table 2.2). More 

usefully a large improvement in product yields could be obtained by using less solvent and 

more reagent, so that 47% of 12-iodo-quinoxaline could be isolated (entry 5 in Table 2.2). 

In addition a further 15% of product (30) resulting from di-iodination of a single pyrrole was 

isolated, the first time that this kind of product has been reported from the direct iodination 

of a porphyrin. This kind of highly-iodinated product might be useful for exploitation in 

optical-limiting applications103 where the substitution of heavy atoms onto the porphyrin is 

beneficial as heavy atoms increase the population of the porphyrin's triplet excited state on 

photoexcitation, and consequently the associated lifetime of the excited state.

The regiospecifity of iodination was assigned by analogy with the brominated products. In 

addition for both the mono-iodo- and di-iodo-quinoxalines 27 and 30 the regiochemistry 

could be directly elucidated in the *H NMR by the NH coupling pattern with the /?-pyrrolic 

protons, in a similar manner to that described in Appendix One. A C2v symmetry is also 

required to explain the /?-pyrrolic region of the di-iodo-quinoxaline 30.

2.2.3 Chlotination

As regiospecific chlorination of tetraphenyl-porphyrin has already been demonstrated100 with 

N-chlorosuccinimide, this reagent was applied to the present quinoxaline system. Results are 

shown in Table 2.3. Very little reaction was observed in chloroform (entry 1 in Table 2.3) so
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Reagent (equivalents)

]V-chlorosuccinimide (4.6)
N-chlorosuccinimide (4.5)
N-chlorosuccinimide(7.9) 

N-chlorosuccinimide (4.6)
IC1 (2.4)

Concentration 
of reagent
(mmoldnr3)

20
20
29 

24
6

Solvent

chloroform
DMF
DMF 

chloroform+ 
5% pyridine
chloroform

I
Unsubstituted 
quinoxaline 24

71
37
4 

18
-

solated yields (%
12-chloro- 

quinoxaline 25

8
25
6 

30
93

)
12,13-dichloro- 
quinoxaline 28

10

9(*)
-

Table 2.3- product distributions from the attempted chlorination of the quinoxaline 24. The first two entries 

were heated to reflux for 20 hours; the third entry for 3 hours; and the fourth entry for 4 hours. *- a non-

regiospecific dichlorinated product was also isolated.

the solvent was replaced by the higher boiling-point DMF. This did succeed in giving a 

greater yield of chlorinated products (entry 2 in Table 2.3), but increasing the concentration 

of the reagent in order to try to encourage even further reaction resulted in very little 

isolation of any product on purification (entry 3 in Table 2.3). This has previously been 

observed for reactions with N-bromosuccinimide and has been attributed to the 

bromination of the inner nitrogens and reaction with a second reagent molecule102 . Hence a 

different solvent system was sought. It was found that chlorination proceeded to a 

reasonable extent in a chloroform/ pyridine mixture (entry 4 in Table 2.3). Unfortunately 

the unregiospecific 7,13-chloro-quinoxaline 31 product was also isolated in a 5% yield.

Because of this unpredictability in using N-chlorosuccinimide, an alternative chlorination 

reagent was sought. A variety of reagents have been used in the chlorination of porphyrins92 , 

but many of them are incompatible with the free-base porphyrin. For example a metallated 

porphyrin can be chlorinated by molecular chlorine in conjunction with a Lewis acid catalyst 

(FeCl3) 104'105 , but if this was to be attempted on the free-base system metallation of the 

porphyrin by FeCl3 would result. One functionalization that is compatible with a free-base 

porphyrin has been described by Dolphin106 . He suggests that iodine monochloride (IC1) can 

be used to chlorinate the meso positions of porphyrins, so this methodology was now 

applied to the chlorination of the /?-pyrrolic positions. Indeed, it was found that IC1 

regiospecifically introduces a chlorine substituent onto the quinoxaline with an exceptionally 

high yield of 93%.

! H NMR was used to confirm the regiospecifity of all the chlorinated products, in a similar 

manner to that akeady described for the iodinated products. In addition an NOE difference
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experiment confirms the regiochemistry of the 7,13-dichloro-quinoxaline 31. An NOE was 

observed between the /?-pyrrolic protons and the C(2)H and C(6)H protons of the closest 

meso-aryl ring. Two singlets are observed in the /?-pyrrolic region of the ] H NMR of 31, and 

these share an NOE with a single C(2)H and C(6)H resonance. The only structure 

consistent with this observation is the 7,13-dichloro derivative.

2.2.4 Application to a bis-potphytin

In order to demonstrate the utility of the new methodologies to the possible synthesis of the 

bis-porphyrin tetra-one 21, the chlorination of the bis-porphyrin with IC1 was attempted. It 

was found that a good yield of dichlorinated bis-porphyrin could be easily obtained from the 

bis-porphyrin 14 (64%) by refluxing in chloroform with 5 equivalents of IC1. The 

regiospecifity of the product could not be definitively established because of the complicated 

nature of its ^H. NMR. However the singlet at 8.65 ppm can be reasonably assigned to the 

C(3) and the C(22) or C(23) protons. It does not show any coupling with the NH protons 

so it is thought that the regiospecifity shown in Figure 2.4 is correct. The complicated 

nature of the a H NMR is not unexpected as it exists as an equimolar mixture of two isomers. 

In addition the bromination of the bis-porphyrin system with AT-bromosuccinimide in 

chloroform, as reported by Crossley96, was repeated successfully.

2.2.5 Mctallation of the halo-potphyrins

It was found that all the halo-quinoxalines could be metallated in good yield by heating with 

an excess of nickel diacetate in DMF under similar conditions as described for the 

metallation of the bromo-quinoxaline 2681>% .

At.

Ar

Ar

Hal

Ar

(35) Hal= Cl
(36) Hal= Br

Figure 2.4- structures of the two antipodal-functionalized dihalo-bis-porphyrin isomers. Ar= 3,

butylphenyl.
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2.3 Conclusions and discussion of factors favouring halogenation

It is clear that the regiospecific functionalization of the quinoxaline 24 can now be achieved 

relatively easily and reliably. Chlorination is achieved with IC1, bromination with N- 

bromosuccinirnide and iodination with iodine. In addition these results reflect something 

about the wider chemical behaviour of porphyrins.

2.3.1 Regiospecifity of functionalization

The assumption that free-base porphyrins will react regiospecifically has been shown not to 

be valid in all cases. Thus whilst no unregiospecific product is isolated from the reaction of 

the quinoxaline 24 with either N-bromosuccinimide or iodine, reaction with N- 

chlorosuccinimide is shown to be unregiospecific with respect to the substitution of a 

second chlorine atom onto the porphyrin. The observed regiospecifity of halogenation has 

previously been explained by a 'delocalization pathway' argument92'107 . Although simplistic 

and somewhat naive, properly interpreted this can provide an intuitive understanding of the 

origin of the regiospecifity. The 18 electron system illustrated on the left of Figure 2.5 is 

considered to impart the majority of the aromaticity to the free-base porphyrin, and 

therefore the formation of an intermediate that interrupts this system will be energetically 

disfavoured over an intermediate that does not interrupt this system. In this way, reaction at 

the non-protonated pyrroles is favoured. In a metallated porphyrin however, the system that 

imparts the aromatic stabilization energy to the macrocycle is considered to be closer to that 

shown on the right of Figure 2.5, and therefore reaction at all the pyrroles involves roughly 

an equal energetic cost.

Ideally, further understanding of the factors affecting halogenation would be derived from a 

full frontier molecular orbital treatment of the porphyrin system. Current mechanistic 

understanding interprets the reaction of the halosuccinimides as proceeding through an 

electrophHic aromatic substitution pathway92 whilst reaction with both iodine and IC1 might 

proceed through the porphyrin ^--radical cation (see Section 2.3.2). Both of these pathways

Figure 2.5- pathways that impart aromaticity to a free-base porphyrin (left) and a metallated porphyrin (right)
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would be dictated by reaction through the HOMO. But current molecular orbital 

interpretations of the pertinently substituted porphyrin systems show only the LUMO+1 

orbitals with a significantly greater proportion of their electron density at the reactive 

pyrrolic positions1 8"110, and therefore the origin of this regiospecifity remains elusive.

2.3.2 Chlotination with iodine monochlotide

The reaction of the quinoxaline 24 with ICI produces the unexpected chlorinated product. 

This is the unexpected product as ICI is more normally associated with the iodination of 

aromatic compounds that is explained by the preferred orientation of the polarized s+l-C\ 8 ~ 

on its approach to an electron-rich aromatic system. However the opposite course of the 

reaction with a porphyrin can be explained by two studies of the halogenation of 

polyaromatic compounds by ICI111 '112 . In these studies it is suggested that the reaction of an 

aromatic compound proceeds through a charge-transfer interaction to form the aromatic K- 

radical cation (see Figure 2.6); the ICI is then said to spontaneously decompose into I' and 

Cl". Chlorination is achieved through ion-pair collapse and iodination through radical-radical 

combination. The observed chemoselectivity of either iodination or chlorination is then 

explained by a combination of steric factors and unpredictable and unexplained electronic 

factors. Steric factors are relevant as the iodine atom is much larger than the chloride ion 

and therefore has a greater steric demand in its addition to the ^"-radical cation.

These observations easily explain why the porphyrin system is chlorinated instead of 

iodinated. Chlorination is favoured over iodination primarily because the porphyrin

t— ci

Encounter complex
ion-pair\ -HI 

Charge transfer complex collapse \ Ar
T '

radical-radical 
combination/ -HC1

Figure 2.6- possible reaction mechanism for the formation of the chlorinated product from the reaction of the

quinoxaline 24 with ICI. Ar = 3,5-di-^/f-butylphenyl.
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macrocycle is sterically encumbered by bulky meso-3,5-di-/^-butylphenyl substituents. The 

proposed mechanism should also be put into the context of the wider role of electron 

transfer complexes in electrophilic aromatic substitution reactions, and this is done in 

Section 3.5. In addition, similarities between this mechanism and those described for the 

nucleophilic substitution of a halo-porphyrin in Chapter Three, for the allylic oxidation of a 

chlorin in Chapter Five and the nitration of the dendritic porphyrin in Chapter Six suggest 

that the formation of charge-transfer complexes can be considered a fingerprint of 

porphyrin chemistry.
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Chapter Three 
Nucleophilic attack on a halo-porphyrin

The nucleophilic displacement of a halogen or nitro group from an aromatic system by the 

anion of benzaldehyde oxime in DMSO was originally described by Knudsen86 , and then 

adapted to a porphyrin system by Crossley36 m and later Burn87 . In unpredictable porphyrin 

systems it has been shown to be a high-yielding transformation, and the modification of 

using a THF co-solvent87 not only makes this a more reproducible process, but also widens 

the scope of the transformation to less soluble substrates. This chapter therefore describes 

the attempted application of Knudsen's hydroxylation to the nucleophilic displacement of 

halo-substituted porphyrins, and the search for a mechanism to explain the results.

3.1 Nucleophilic attack on different halogens

An initial investigation into the feasibility of the proposed route to porphyrin a/pba-diones 

was made by attempting the hydroxylation of the three regiospecifically halogenated 

quinoxalines whose syntheses were described in Chapter Two. Nucleophilic substitution 

was attempted on the nickel(II) quinoxalines as nickel serves as an electron-withdrawing 

substituent, thereby facilitating the substitution process113 . Copper has been used for the 

same purpose, but it is paramagnetic so its products cannot be analyzed by J H NMR.

Results of the substitution reactions on the halogenated quinoxalines are shown in Figure 3.1 

and Table 3.1. The reactions of the three halogenated quinoxalines were carried out under 

similar conditions. Typically a fifteen-fold excess of sodium hydride was dissolved in 

DMSO; a ten-fold excess of benzaldehyde oxime was then added and the mixture was 

transferred under nitrogen to the relevant quinoxaline dissolved in THF. The reactions were 

then heated at reflux for 17 hrs.

From Table 3.1 it is evident that there are two main products, namely the desired 

hydroxylated quinoxaline 40 and the unsubstituted quinoxaline 39. The issue is slightly 

complicated by the observation that the hydroxy-quinoxaline 40 could be oxidized on 

purification over silica to the dioxo-quinxoaline 41. It is also evident that there is a clear
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Halogen

Chlorine
Bromine

Iodine

Isolated yields of products (%)

Starting 
material

20
-
-

Unsubstitued 
quinoxaline 39

43
56

Hydroxy- 
quinoxaline 40

72
19
-

Dioxo- 
quinoxaline 41

14
-

Lactone- 
quinoxaline 43

6
11

Table 3.1- yields of products for the attempted nucleophilic substitution of the halo-quinoxalines 32, 33 and 34 

by sodium benzaldoximate in a 1:1 mixture of THF and DMSO. The first two entries were carried out at a 

concentration of the quinoxaline of around 0.0023 mmolml-1 , whereas reaction of the iodo-quinoxaline was

carried out at a concentration of 0.011 mmolml-1 .

trend in the yields of the two types of products as the halogen substituent is varied. Thus 

the yield of the unsubstituted quinoxaline 39 varies according to the series:

Cl< Br < I

Whereas the yield of the hydroxylated quinoxaline 40 varies with the halogen in an opposite 

manner:

Cl > Br > I

In addition two other products were also isolated. The lactone-quinoxaline' 43 was 

sometimes isolated in moderate yield. This is thought to be a product from the undesired 

oxidation of the intermediates, as has been observed previously90. The methylthio- 

quinoxaline 42 was also sometimes isolated from the reaction mixtures. This type of 

product has previously been misidentified as a porphyrin substituted by -CH2SCH3114'115 . 

However the mass of the parent ion peak in the LDI spectrum and the appearance of only

Ar

(32) Hal= Cl
(33) Hal= Br
(34) Hal= I

(42)

Figure 3.1- products from the nucleophilic displacement of the halo-quinoxalines by sodium benzaldoximate in

a 1:1 mixture of THF and DMSO. Ar= 3,5-di-^tf-butylphenyl.
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one singlet integrating to 3H at 2.52 ppm in the 'H NMR spectrum confirm the correct 

structural assignment. The origin of this product is discussed further in Section 3.3.1.

3.2 Initial itic SNAr versus SRN1 pathways

An initial mechanistic evaluation of the reaction comes from trying to understand what is 

behind the apparent competition between hydroxylation and dehalogenation. The simplest 

explanation would be to evoke a competition between two distinct mechanistic pathways as 

illustrated in Figure 3.2. The first pathway that leads to the desired hydroxylated products 

proceeds by a normal SNAr reaction. The mechanism of the second pathway leading to the 

unsubstituted quinoxaline 39 can be assigned by analogy with the reaction of certain aryl 

halides with nucleophiles. For these systems reductive dehalogenation is usually interpreted 

in terms of the S^l mechanism116 . It was noted early in the development of the S^l 

mechanism that the rate of reductive dehalogenation depends very much on the identity of 

the halogen117 . This is because the lifetime of the radical anion produced by single electron 

transfer to the substrate will be partially dependent on the strength of the carbon-halogen 

bond. So the lifetime of the radical anion of an aryl iodide will be less than that of an aryl 

bromide or an aryl chloride and hence the concurrent rate of dehalogenation will be faster. 

This is reflected in an example of a thermal S^l reaction which involves the facile reductive 

dehalogenation of 3-iodopyridine when treated with sodium methoxide118 . However the 

substituted methoxy product predominates for the 3-chloro and 3-bromo derivatives . 

This is very similar to the present porphyrin system. Therefore it can be concluded that 

reductive dehalogenation results from an S^l pathway, with the increase in the yield of the

direct nucleophilic displacement H

SNAr

single electron transfer Hal
Ar>

Figure 3.2- an initial interpretation of reactivity- competing SNAr and SRN! pathways. Ar= 3,5-di-tert-

butylphenyl.
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dehalogenated product as chlorine is replaced by bromine and then iodine being attributed 

to the decrease in lifetime of the radical anion.

This type of mechanism in a porphyrin system is not as unusual as it might seem at first as 

single electron transfer (SET) mechanisms leading to de-functionalized products in 

porphyrin systems are quite common. Reductive denitration has been observed in the 

treatment of a /?-nitro-porphyrin with 2-aminobenzenethiol120 . Equally reductive denitration 

is observed when a /?-nitro-porphyrin is treated with tert-butyl magnesium bromide or 

sodium methoxide122 . Reductive dehalogenation can be observed when certain /?-bromo- 

porphyrins are heated in the presence of copper(I) bromide123 or copper(I) cyanide . 

Indeed a SET mechanism in porphyrin reductive dehalogenation reactions is consistent with 

electrochemical observations125 that show that on the first porphyrin-centred reduction of a 

cobalt(II) /?-bromo-porphyrin, elimination of Br" occurs. Therefore it is not surprising to 

once again observe chemically-induced reductive dehalogenation.

3.3 Variables in the nucleophilic attack

The mechanistic evaluation of Section 3.2 is very simple, and therefore it is desirable to use 

this interpretation to maximize the yields of the desired hydroxylation reaction. Whilst it has 

already been shown that the yield of 40 resulting from nucleophilic displacement of the 

chloro-quinoxaline 32 is very impressive at 90% with respect to recovery of the starting 

material, attempts to maximize the yields of this transformation for other halogen 

substituents could help widen the application of this procedure. Furthermore this will also 

lead to a greater understanding of the mechanism's intricacies.

3.3.1 Inhibiting the formation of the methylthio-quinoxaline 42

Initially it was thought that the main factor that would prevent the synthetic utility of this 

transformation was the isolation of the methylthio-quinoxaline 42. The process leading to 

this product was therefore investigated farther. In preliminary experiments (not shown in 

Table 3.1) its yield was observed to increase in parallel with the yield of the hydroxylated

product in the series:

Cl > Br > I 

In this way it was thought that any conditions that would favour the formation of the desired
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Molar ratio 
of reactants-

substrate: 
oxime : NaH

1:12: 15
1: 26: 15
1:0: 17

Unsubstituted 
quinoxaline 

39

43
49
31

Isolatec
Hydroxy- 

quinoxaline 
40

19
7
-

I yields of prodi 
Dioxo-

quinoxaline 
41

14
24
-

icts (%) 
Lactone- 

quinoxaline 
43

6
15
-

Methylthio- 
quinoxaline 

42

2
4
-

Table 3.2- changing the proportion of benzaldehyde oxime in the reaction of the bromo-quinoxaline 33 with

benzaldehyde oxime/ sodium hydride in a 1:1 mixture of DMSO and THF. Apart from the proportion of the

oxime, reaction conditions were left unchanged. No starting material was recovered on any occasion.

hydroxylated quinoxaline would also favour the formation of the undesired methylthio- 

quinoxaline.

Quinoxaline 42 can therefore be assumed to originate from the nucleophilic displacement of 

the halogen substituent with a nucleophile derived from DMSO. It was considered that this 

nucleophile might itself originate from the dimsyl anion. Hence the proportion of 

benzaldehyde oxime in the reaction mixture was increased so as to disfavour the presence of 

the dimsyl anion. As shown in Table 3.2 this had no appreciable effect on the product 

distribution. And indeed when the bromo-quinoxaline was reacted with the dimsyl anion 

itself without the presence of the oxime the only product isokted was the dehalogenated 

product 39, without any methylthio-quinoxaline 42.

However, it was fortuitously discovered that the manner by which the THF co-solvent was 

purified before reaction had a direct effect on the formation of methylthio-quinoxaline 42. 

When the THF was purified by distillation over sodium wire then 42 appeared in the 

product mixture; but when the THF was purified by passing through a column of alumina, 

42 was never isokted. Whilst this is a strange observation it does mean that the 

hydroxylation can be carried out without the worry of the isoktion of products originating 

from reaction with the solvent.

On further investigation of the literature it was found that simikr unexpected methylthio- 

products have been previously isokted under different circumstances for reactions on non- 

porphyrin substrates in DMSO. They have been isokted as a by-product from UUmann- 

type couplings126'127, from attempted nucleophilic attack on an aromatic system by the 

fluoride ion128"130, from the electrochemical reduction of aryl halides 131 '132 and in one case
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from the reaction of a ketoxime133 . The electrochemical studies seem to suggest that this 

product originates form the formation of the MeS~=O anion. In the present system if such 

an ion was to be formed, it could undergo nucleophilic substitution with the substrate; 

equally the difference between the two methods of solvent purification might be explained 

by the presence of residual water in the THF purified by passing through alumina that could 

then protonate this reactive intermediate. However, the reason why excess benzaldehyde 

oxime would not protonate this reactive intermediate in turn is not clear.

3.3.2 Attempts to favour hydtoxylation over dehalogenation

Attempts to favour hydroxylation over dehalogenation were made for the nucleophilic 

displacement of the bromo-quinoxaline 33. After all Crossley had already observed the 

successful hydroxylation of a bromo-porphyrin with sodium benzaldoximate in DMSO88, the 

main differences between the current procedure and the reported one being the presence of 

a bulkier aryl substituent, the lower oxidation and reduction potentials of the substrate, and 

the use of a co-solvent.

Most previous examples of S^l reactions have been shown to be radical chain processes116 . 

The usual method for proving the existence of a radical chain process is to add a radical 

inhibitor to the reaction. The radical inhibitor serves to trap electrons and in this way 

prevents the propagation of the radical chain mechanism. Therefore in order to investigate 

the radical-chain character of the present system and in the aspiration of preventing chain 

propagation, various radical inhibitors were added to the reaction mixture for the 

hydroxylation of the bromo-quinoxaline 33. Results are summarized in Table 3.3.

Isolated yields of products (%

Additive (equivalents)

None
1,2-Diphenylethylene (6 eqv.)

Benzophenone (6 eqv.)
Nitrobenzene (25 eqv.)

j£-Dinitrobenzene (4 eqv.)
Azoxybenzene (4 eqv.)

Starting 
material 

33

-
-
-

26
-

Unsubstituted 
quinoxaline 

39

49
44
36
35
33
65

Hydroxy- 
quinoxaline 

40

7
21
49
49
23
-

Dioxo- 
quinoxaline 

41

24
31
-

15
18
-

Lactone 
quinoxaline 

43

15
-
-
-
-
-

Table 3.3- effect of additives on the attempted nucleophilic substitution of the bromo-quinoxaline 33. All 

entries were carried out at the same substrate concentration using roughly a 25-fold excess of benzaldehyde

oxime and a 13-fold excess of sodium hydride.
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It is observed that the three radical inhibitors 1,2-diphenylethylene, benzophenone and 

nitrobenzene slightly reduce the yield of the dehalogenated product 39 isokted from the 

reaction, whilst the combined yields of the products 40 and 41 (and possibly 43) resulting 

from hydroxylation seems to increase very slighdy. />-Dinitrobenzene prevents the reaction 

from going to completion, whilst azoxybenzene actually favours the formation of the 

dehalogenated product over the substituted product. These results are on the face of it 

somewhat disappointing, since a whole range of radical inhibitors have been shown not to 

significantly retard the formation of the dehalogenated product contrary to what was 

originally wanted. However these results do say something significant about the reaction 

mechanism. Since radical inhibitors do not significantly affect the course of the reaction, 

this strongly suggests that in this particular case the pathway leading to the dehalogenated 

does not proceed through a chain propagation mechanism.

3.3.3 Varying the nucleophile

One possible consequence of the lack of a chain propagation pathway is that in fact what is 

being observed is the direct competition between electron-transfer and bond-formation 

between the nucleophile and the quinoxaline. This is an unusual idea134'133 and it has been 

demonstrated only on one previous occasion136 . Its implication for the present system is that 

by varying the nucleophile, or more specifically by varying the oxidation potential of the 

nucleophile, one mechanism should start to predominate over the other. Hence as the 

nucleophile is made more difficult to oxidize the rate of electron-transfer from the 

nucleophile to the quinoxaline should be reduced and the hydroxylated product should be 

favoured. Therefore the nucleophilic displacement of the bromo-quinoxaline 33 was

Substituted 
benzaldehyde 

oxime

Unsubstituted
3-bromo
3-nitro
4-nitro

Oxidation 
potential of the 
oxime anion (V)

-0.559
unknown

-0.390
-0.371

Starting 
material 33

-

52
80

Isolated yields
Unsubstituted 

quinoxaline 
39

49
39
7
-

of products (%
Hydroxy- 

quinoxaline 
40

7
31
23
-

)
Dioxo- 

quinoxaline 
41

24
14
-
-

Table 3.4- effect of varying the nucleophile in the displacement of the bromo-quinoxaline 33. All entries were 

carried out at the same substrate concentration using roughly a 26-fold excess of benzaldehyde oxime and a 15- 

fold excess of sodium hydride., Oxidation potentials for the anions of the benzaldehyde oximes are taken from 

Bordwell137 who recorded them in DMSO relative to the ferrocenium/ ferrocene couple.
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attempted using a series of benzaldehyde oxirnes with various electron-withdrawing groups 

substituted onto the benzene ring.

The results in Table 3.4 show that varying the nucleophile can have a significant effect on 

the overall course of the reaction. However the extremes of reactivity are not particularly 

reflected by extremes in the preferred product. Thus the 3-bromo-benzaldehyde oxime 

shows a similar extent of reaction as the unsubstituted oxime, and it also comparatively 

marginally favours the hydroxylated product over the dehalogenated product. On moving to 

the 3-nitro-benzaldehyde oxime a great reduction in the extent of reaction is observed 

combined with a reasonable preference for the hydroxylated product. And the 4-nitro- 

quinoxaline shows no reactivity at all, with only starting material being recovered.

Therefore whilst it is encouraging that varying the nucleophile does slightly alter the balance 

between the hydroxylated and dehalogenated products, the effect is not as dramatic as hoped 

and is outweighed by more dramatic variations in the extent of reaction.

w-' * .. . •'%£%%%&%%&&•'<'iynn tetf^-one

Finally in order to apply this methodology to the synthesis of a bis-porphyrin tetra-one, the 

attempted nucleophilic displacement of the di-chloro bis-porphyrin 37 (Figure 3.3) was 

attempted.

The nucleophilic displacement was attempted in exactly the same manner that had been so 

successful for the chloro-quinoxaHne 32. Hence 30 equivalents of sodium hydride were 

dissolved in DMSO and then 51 equivalents of benzaldehyde oxime added; this solution was 

then transferred under nitrogen to 37 dissolved in THF and heated to reflux for 17 hours. 

However on purification an 80% yield of starting material was recovered with a further small 

proportion of possibly partially dehalogenated product also isolated.

Ar
t——_J

(37) Hal= Cl
(38) Hal= Br

Figure 3.3- the di-halo bis-porphyrins. Ar= 3,5-di-/ert-butylphenyl.
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It is known that the bis-porphytin system has a less negative reduction potential than the 

quinoxaline81 , so it was thought that perhaps the reason for the lack of the reaction of 37 was 

the favouritism of a dead-end electron-transfer pathway over a bond-forming pathway. If 

this was to be the case then the parallel reaction of the di-bromo bis-porphyrin 38 would be 

expected to result in facile dehalogenation. However when 38 was subject to the same 

conditions, once again mostly starting material was recovered (71%) with the isolation of 

only a small proportion of partially dehalogenated product 44 (26%).

In a final attempt to increase the extent of reaction the nucleophile was also varied. But 

reaction of the di-chloro bis-porphyrin 37 with 3-bromo-benzaldehyde oxime and 3-nitro- 

benzaldehyde oxime only resulted only in recovery of starting materials in 73% and 83% 

yields respectively.

The intricacies of this reaction are certainly a challenge to interpret. Initial inspection 

concluded that the reaction proceeds though the competition between a SNAr and a S^l 

pathway. However the lack of evidence for a radical chain process led to the conclusion of a 

direct competition between bond-formation and electron-transfer between the oxime and the 

quinoxaline. Attempts to manipulate this competition by varying the oxidation potential of 

the benzaldehyde oxime anion didn't really produce the desired results. Meanwhile 

attempted transfer of this methodology from the model quinoxaline system to the bis- 

porphyrin system resulted in neither significant hydroxylation nor significant dehalogenation.

These are a frustrating set of observations because just as a reasonable understanding is 

arrived at, another piece of evidence seems to point to something else happening. Whilst it 

is clear that a complete mechanistic interpretation with full experimental justification cannot 

at this point be achieved, the real factors that have led to the eventual failure of this 

methodology can be speculated upon. In this spirit, a speculative mechanism is shown in 

Figure 3.4 that attempts to emulate the mechanism of Figure 3.2.

The mechanism depends on both products originating from the formation of a charge- 

transfer complex between the nucleophile and the substrate. Radical combination from this 

intermediate leads to the hydroxylated product whilst the fragmentation of the radical anion 

leads to the dehalogenated product. Thus this competition between radical combination and
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,00

)R Hal- 

Free reactants

N

f
R Hal

solvent-H

radical anion 
-Hal"/ fragmentation

Encounter complex Charge-transfer complex
radical-radical 
combination

Figure 3.4- further speculation on the mechanism of nucleophilic substitution. Ar= 3,5-di-&r?-butylphenyl, R=

the relevantly substituted benzene.

hydroxylation replaces the idea stemming from Figure 3.2 that the two products originate 

from the direct competition between electron-transfer and bond-formation between 

nucleophile and substrate.

The formation of a precursor charge-transfer state is an appealing concept because it puts a 

lot of observations into context. Firstly the proportion of dehalogenated product is solely 

dependent on the ability of the halogen to act as a leaving group, and therefore the greatest 

proportion of dehalogenated product is observed from the reaction of the iodine-substituted 

substrate. And this means that such a mechanism does not require a radical chain 

component for the propagation of the formation of the dehalogenated product.

More subtly this concept helps to explain the implicit relationship between the formation of 

the dehalogenated product and the hydroxylated product. As the nucleophile is made more 

difficult to oxidize the formation of this charge-transfer complex is made less favourable and 

therefore the main effect that is observed is a 'switching off of reactivity. Electron- 

withdrawing groups substituted on the nucleophile would also serve to unpredictably affect 

the rate of radical-radical combination which is why the ratio of hydroxylated to 

dehalogenated products additionally varies with the nucleophile.

In a similar vein the mechanism helps to put into context the reasons why the attempted 

transfer of the methodology from the quinoxaline to the bis-porphyrin proved unsuccessful. 

Whilst the bis-porphyrin is easier to reduce than the quinoxaline there are other factors that 

affect the formation of the critical charge-transfer complex. One such factor is the solvation
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of the charge-transfer complex. The charge-transfer process is stabilized by solvent 

interactions, and therefore any factor reducing this solvent stabilization will lead to an 

increased activation barrier to charge-transfer. And the bis-porphyrin is a larger more 

lipophikc species than the quinoxaline so the development of charge involved in the 

formation of a charge-transfer complex will be more poorly stabilized by the solvent. Hence 

a bis-porphyrin system with an even lower reduction potential is required before significant 

reaction occurs. In this way the nucleophilic displacement of the di(phenyl sulphoxide) bis- 

porphyrin by sodium benzaldoximate is successful36 .

The role of charge-transfer complexes in the reactions of normal aromatic compounds is 

starting to be fully appreciated. The most studied reaction is the nitration of aromatic 

compounds by NO2+ and although this proceeds through a SEAr mechanism rather than a 

SNAr mechanism it does provide a useful insight into the present discussion. The mixing of 

the two reactants results in the formation of aromatic ^"-cations that can be detected 

spectroscopically, indicating the possibility of the involvement of a charge-transfer complex 

in the nitration mechanism. It has been widely debated whether the formation of such 

complexes is just a side-reaction or whether it actually sits on the main reaction 

coordinate138' 139 . Whilst the trend in the rate of nitration with variously substituted aromatic 

systems is inconsistent with an outer-sphere electron-transfer mechanism because of the 

large reorganisation energy required for the one electron reduction of NO2+ , an inner- 

sphere-type electron-transfer mechanism of a tightly-bound encounter complex is 

conceptually feasible138"141 . And the collapse of this tightly-bound charge-transfer state would 

lead to observed trends in the formation of nitrated products. Therefore current opinion is 

in favour of the involvement of a charge-transfer complex in the nitration mechanism142'143 . 

Similar conclusions have been drawn for the halogenation of aromatic compounds142143 .

The existence of such charge-transfer interactions in aromatic nucleophilic substitutions 

have been less widely studied, although the isolation of charge-transfer complexes from 

certain attempted nucleophilic substitutions144 suggest that such a mechanism is feasible. 

Equally the formation of charge-transfer intermediates has been used to explain the 

reactivity in an electron-deficient substituted benzene145 . And because of a porphyrin's 

extended conjugated system it also has a relatively low reduction potential. Therefore if 

aromatic nucleophilic substitution can proceed through the formation of a charge-transfer 

complex then it is likely that the porphyrin system will exhibit such reactivity.
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In conclusion, this methodology is mechanistically complicated and unfortunately cannot be 

applied to the synthesis of a bis-porphyrin tetra-one. In addition once again it is speculated 

that the formation of charge-transfer complexes can be considered a fingerprint of 

porphyrin chemistry.
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Chapter Four 
Introduction to chlorins

The previous two chapters have described one particular approach to porphyrin alpha- 

diones. Unfortunately when applied to the synthesis of a bis-porphyrin tetra-one the 

methodology failed. Therefore alternative new routes to porphyrin a/pba-diones have been 

sought. The discovery of the oxidation of a 4H-chlorin by silica or alumina and its further 

oxidation by the Dess-Martin periodinane reagent provides the possibility of such a new 

route for the synthesis of porphyrin ^^-diones (Figure 4.1). This methodology is new and 

its yields show great promise and therefore it has been investigated thoroughly. This 

investigation has been further applied to the elucidation of the mechanism of this 

transformation to gain a greater understanding of the factors affecting it. For simplicity's 

sake the syntheses of the various chlorins of interest are presented in this chapter; attempts 

at their allylic oxidation on silica and alumina are described in Chapter Five.

4.1 An introduction to chlorins

Chlorins are porphyrins that have been reduced at one ^-pyrrolic position. A porphyrin that 

has undergone reduction at two ^-pyrrolic positions is called a bacteriochlorin or 

isobacteriochlorin depending on which positions have been reduced.

General interest in chlorins is derived from their photophysical properties. The effect of 

reducing a porphyrin at its periphery on these properties is shown in Figure 4.3. The first 

reduction is characterized by a substantial increase in the intensity of the Q band (the lowest 

energy absorption band). The second reduction at the antipodal position again increases the

ht^ / \ .At A.K / \ -At AR / \ Ar An / \ Ar

(62)

Figure 4.1- a new route to porphyrin «^-diones. i. BH3 or N2H2; ii. siHca or alumina; iii. Dess-Martin

periodinane. Ar= 3,5-di-&rzf-butylphenyl.
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H H
H-

bacteriochlorin isobacteriochlorin 

Figure 4.2- chlorin, bacteriochlorin and isobacteriochlorin structures.

intensity of the Q band, and the lowering of the symmetry is reflected in a significant 

splitting of the B band into its x and y components.

This increase in the absorption intensity of the low-energy Q band of a chlorin compared to 

a porphyrin is taken advantage of by the chlorophylls. Chlorophyll is one of the major 

pigments responsible for light absorption in the photosynthetic pathway, and it is reduced at 

one /?-pyrrolic position making it formally a chlorin. Likewise bacteriochlorophyll is a 

pigment found in photosynthetic bacteria, and is reduced at two /?-pyrrolic positions, making 

it formally a bacteriochlorin. These photophysical properties lead to the major applications 

of chlorins. They have been used as substrates for photodynamic therapy (PDT)146'147 which 

involves the injection of pigment into a cancerous tumor, and then the selective
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Figure 4.3- UV-VIS absorption spectra of 3',5'-di-&tf-butylphenyl-porphyrin (45), chlorin (46) and 

bacteriochlorin (47). The vertical axis is the absorbance in units of dn^moHcnr1 .
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administration of light to the tumor. The cells photosensitized with the pigment are killed 

by the administration of light whereas the non-photosensitized cells are left unaffected. The 

strong absorbance of a chlorin in the red end of the spectrum is required as shorter 

wavelengths of therapeutic light are absorbed by the skin before reaching the tumor. In this 

way tetra(^?-hydroxyphenyl)chlorin has proven itself to be one of the most active 

photosensitizers requiring very low drug and light doses for efficacy146 .

jf.2 Synthesis of the free-base chlorin and bacteriochlorin

4.2.1 Whitlock's diimide reduction

The synthesis of chlorins and bacteriochlorins from their parent porphyrins is well 

established, with three different chemical functionalizations currently available. The first is 

Whitlock's reduction148, which uses diimide produced in situ from^-toluenesulfonylhydrazine 

and anhydrous potassium carbonate in pyridine. With this methodology an intentional 

second reduction of the porphyrin macrocycle occurs regiospecifically with respect to the 

first. Starting from the free-base tetraphenyl-porphyrin the bacteriochlorin structure 

predominates, whereas from both the metallated tetraphenyl-porphyrin and the free-base 

octaethyl-porphyrin the isobacteriochlorin structure predominates.

This diimide reduction was therefore applied to 5,10,15,20-tetrakis(3',5'-di-&r/- 

butylphenyl)porphyrin 45. The reduction was carried out by dissolving the porphyrin in 

pyridine and heating the reaction to 110°C; small aliquots of/>-toluenesulfonylhydrazine and 

anhydrous potassium carbonate were then added at IV* and 2!/2 hour intervals respectively. 

The progress of the reaction was monitored closely by thin layer chromatography, and when 

it was judged that all starting material had been consumed heat was removed and the 

reaction was worked up. The mixture was crudely purified by passing it through a plug of 

silica and analysis by *H NMR showed that the product contained both the chlorin 46 and 

the bacteriochlorin 47. Integration of the various environments gave an 82% overall yield of 

the chlorin 46 and a 12% overall yield of the bacteriochlorin 47. The intentional double 

reduction to give the bacteriochlorin 47 was successful, and proceeded in good yield to the 

pure product (65%).
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4.2.2 Kevin Smith's dibotane reduction

A second method of porphyrin reduction has been recently investigated by Kevin Smith 149 . 

It involves the reaction of diborane (B2H6) with the free-base porphyrin. However since full 

experimental details have not been published, further investigation of this reduction was 

required. It was found that reduction of 5,10,15,20-tetrakis(3',5'-di-^rt- 

butylphenyl)porphyrin 45 to the chlorin 46 could be achieved in good yield (typically 75 to 

90%) by stirring with a ten-fold excess of diborane in THF at room temperature for 3 hours 

followed by a simple work-up with water. This reduction did not result in significant over- 

reduction to the bacteriochlorin resulting in typically >95% purity of chlorin 46, the impurity 

being the starting porphyrin 45 (see Section 4.2.4). Because of the relative purity of the 

product synthesized by this route and because of its sheer simplicity, this reduction was 

favored for the preparation of 46.

It was also hoped that the diborane reduction could directly access a hydroxy-chlorin 

product. Therefore a variety of work-up conditions of the boron-porphyrin adduct were 

investigated. Alkaline hydrogen peroxide at room temperature and at -78°C, mCPBA and 

trimethylamine N-oxide were all attempted but only 4H-chlorin 46 was isolated. Stirring the 

boron-porphyrin adduct overnight under an oxygen atmosphere did result in a small quantity 

of the desired hydroxy-chlorin product 62 (17%) along with the 4H-chlorin 46 (20%). It was 

suspected that the boron-porphyrin adduct was unstable to aqueous conditions and this was 

confirmed by working-up the reaction with D2O. One deuterium atom was incorporated 

into the chlorin product, as confirmed by the integration of the saturated /9-pyrrolic region of 

the J H NMR where only 3 protons were observed. Furthermore a personal communication 

from Kevin Smith revealed that in his hands the hydroxy-chlorin product had only been 

isolated from reduction of the zinc porphyrin, accompanied by an equal recovery of the 

corresponding 4H-chlorin. Therefore it was concluded that the diborane reduction could 

not be successfully applied to access a hydroxy-chlorin product in high yield.

4.2.3 Photorcduction with a secondary amine

The third chlorin synthesis involves the photoreduction of the parent porphyrin in the 

presence of a secondary amine150 . However this reduction was not attempted on the present

system.
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4.2.4 Purity of chlorin substtates

By whatever method the chlorin 46 was prepared it proved very difficult to obtain it in pure 

form. Typically the parent porphyrin 45 remained as up to a 5% impurity. This is because 

the chlorin 46 is only very slightly less polar than the parent porphyrin 45 and was therefore 

very difficult to separate from the porphyrin by column chromatography. In contrast, 

bacteriochlorin 47 is significantly less polar than either chlorin 46 or porphyrin 45 and 

therefore could be separated and isolated in pure form.

The nickel(II), copper(II) and zinc(II) chlorins 49, 50 and 51, were synthesised by refluxing 

the free-base chlorin 46 with the appropriate metal salt. Both the nickel(II) and zinc(II) 

chlorins showed a slightly higher level of porphyrin impurity as compared with the free-base 

starting material in their *H NMRs; copper is paramagnetic and therefore the purity of the 

copper(II) chlorin 50 could not be confirmed by 1 H NMR. In addition, when trying to 

isolate the zinc(II) chlorin 51 a significant amount of zinc(II) biliverdin 52 impurity was 

separated by recrystallization from dichloromethane/ methanol. This could be isolated from 

both the crude reaction mixture and the purified zinc(II) chlorin product, depending on how 

long either had been allowed to stand under ambient laboratory light in solution. The 

product was identified as having one of the structures shown in Figure 4.4. It was very 

apparent that the biliverdin definitely resulted from the photo-oxidation of the parent 

chlorin 51 as discoloration of the chlorin in solution left on the open bench occurred rapidly.

The conclusion from an analysis of the carbon-13 and HMBC NMRs of the biliverdin (52), 

similar to those described for the nickel hydroxy-biliverdin in Section 5.3.1, is that ring 

cleavage has occurred adjacent to the reduced pyrrole. However because the two resonances 

in the 13C NMR above 180 ppm appear within 1 ppm of one another the two environments

Ar,

Figure 4.4- the possible structures of the photo-oxidation product 52. Ar= 3,5-di-&rt-butylphenyl.
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could not be satisfactorily distinguished from one another in the HMBC spectrum, and 

therefore no further assignment of regiochemistry could be made.

Diimide reduction of the metallated porphyrins was also attempted in a similar manner to 

that described for the diimide reduction of the free-base porphyrin 45, but this resulted in an 

appreciable amount of impurity, probably isobacteriochlorin in structure, visible by 'H NMR 

and not separable by column chromatography.

4.4 Synthesis of free-base functionalized chlorins

A series of functionalized chlorins were also synthesized (Figure 4.5). These were chosen as 

each of their allylic oxidation would result in a new potential route to a porphyrin tetra-one. 

Two methods were used to prepare these chlorins, namely the reduction of the parent 

porphyrin and in one instance the direct functionalization of the chlorin 46. For the first 

route Whitlock's diimide reduction148 was preferred as it was considered that it would be 

compatible with a wider range of functional groups than Kevin Smith's diborane reduction. 

The regiospecifity of functionalization was established by *H NMR, as described in Section 

4.4.1.

In general, Whitlock's diimide reduction was applied to these functionalized systems in a 

similar manner to that used for the synthesis of the unfunctionalized chlorin 46. Thus 

aliquots of ̂ -toluenesulfonylhydrazine and anhydrous potassium carbonate were added to 

the substrate dissolved in pyridine, heated to 110°C. The progress of the reaction was 

monitored closely by thin layer chromatography, and when it was judged that all the starting
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Figure 4.5- functionalized chlorins. Ar= 3,5-di-&rt-butylphenyl.
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material had been consumed then heat was removed and the reaction was worked-up and 

purified. In order to obtain pure products, more reagents were added until it was certain 

that no starting materials remained, and therefore all the functionalized chlorins were 

obtained without any inseparable impurities of the parent porphyrins.

Firstly the 12-chloro- and 12-nitro-chlorins, 53 and 54, were synthesized as both these 

substituents might undergo nucleophilic displacement by the benzaldoximate anion. 12- 

chloro-chlorin (53) was prepared through the chlorination of the unfunctionalized chlorin 

(46) with N-chlorosuccinimide in chloroform/ 4% pyridine (10% isolated yield). The major 

product (83%) of this reaction was the unfunctionalized porphyrin (45). Oxidation to this 

product could occur through the chlorination of one of the inner-nitrogens of the 

macrocycle as suggested possible in Section 2.2.3, followed by deprotonation of the 

saturated /?-pyrrolic position and elimination of chloride from the nitrogen.

12-nitro-chlorin (54) was prepared by applying Whitlock's reduction to the free base nitro- 

porphyrin (39% isolated yield). Over-reduction of the porphyrin was observed with the 

isolation of the unfunctionalized chlorin (46) (7%) and bacteriochlorin (47) (12%). Three 

slightly more polar bands were also isolated (each in 2% yield) that exhibited no signals 

below 0 ppm in the ^tl NMR and signals integrating to eight protons in the unsaturated /?- 

pyrrolic region (around 4 ppm), indicating a bacteriochlorin or isobacteriochlorin structure. 

MALDI-TOF also shows these bands to be two Daltons heavier than the 12-nitro-chlorin 

(54), so these bands have been assigned to products corresponding to unregiospecific 

reduction of the nitro-porphyrin to produce 7-nitro-bacteriochlorin (55), 12-nitro- 

isobacteriochlorin (56) and 13-nitro-isobacteriochlorin (57) (Figure 4.6). The regiochemistry 

of the 13-nitro-isobacteriochlorin was established by a NOE difference experiment.

The quinoxaline 24 served in Chapters Two and Three as a model system for the bis- 

porphyrin 14, so Whitlock's diimide reduction was attempted on 24. It was successful with 

the isolation of the 12,13-dihydro-quinoxaline 58 in 71% yield, and with only a 3% isolated

NO,

Ar. Ar

H

O,N

Ar- Ar

H H

O,N

Ar

Figure 4.6- various products from the diimide reduction of 2-nitro-porphyrin. Ar= 3,5-di-fert-butylphenyl.
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Ar.

Figure 4.7- chlorin and £r0-chlorin quinoxalines. Ar= 3,5-di-&r7-butylphenyl

yield of the undesired z>0-chlorin structure 59. This z.ra-chlorin structure was isolated by 

column chromatography as a significandy more polar band than the chlorin; it was also 

remarkable by its distinctive black colour on silica.

Because of the success of the diimide reduction of the quinoxaline, it was also applied to the 

bis-porphyrin 14. It was found that the bis-porphyrin was sensitive to over-reduction, but 

careful control of the conditions did result in an isolated yield of 50% of the desired bis- 

porphyrin bis-chlorin 60. It was also found that by oxidizing the remaining mixture of 

products with dichloro-dicyano-quinone (DDQ), a further 28% of the bis-porphyrin could 

be recovered.

Finally 2-hydroxy-bacteriochlorin 61 was synthesised by the diimide reduction of the 2- 

hydroxy-chlorin 62 (57% isolated yield).

4.4.1 Regiospecifity of functionalization

The regiospecifity of all the functionalized chlorins was established by ] H NMR. This is 

illustrated for the nitro-chlorin 54. In the ! H NMR and COSY spectra of 54, coupling is 

only observed between the NH protons and four /?-pyrrolic doublets as illustrated in Figure 

4.8. In contrast the singlet at 8.76 is not split by coupling to the NH protons. As described

Ar. Ar

i.oy fi.o

Ar Ar

8.7 8.6 8.5 8.4 8.3 8.2

Figure 4.8- expanded segment of the ! H NMR of the nitro-chlorin 54 showing the unsaturated /?-pyrrolic 

region and the equilibrium between the two NH tautomers of 54. Ar = 3,5-di-&rt-butylphenyl.
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in Appendix One the only structure that is consistent with this observation is one in which 

the nitro group is antipodal to the saturated /?-pyrrolic positions, and with the equilibrium in 

Figure 4.8 lying far to the left.
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Chapter Five 
The allylic oxidation of chlorins

The observation that a chlorin could be oxidized by silica under ambient laboratory conditions 

was a fortuitous one. On investigation a small number of similar reactions had been observed 

previously, although no similar synthetic transformation had ever been usefully carried out on 

silica itself. And because the methods of chlorin synthesis outlined in Chapter Four are 

relatively well-established, this fortuitous observation represented an excellent opportunity to 

thoroughly investigate the factors affecting this transformation and its mechanism. The 

approach of this chapter is to initially concentrate on the investigation of these factors and an 

elucidation of the mechanism; the utility of the functionalization is then illustrated by its 

application to the synthesis of various porphyrin a/pha-dione.s in Section 5.9.

5.1 Oxidation of the simple free-base chlorin

5.1.1 Oxidation on silica

This investigation was initiated by the observation that when a sample of the simple chlorin 46 

was analysed by thin layer chromatography (TLC) and the plate allowed to dry, then when the 

TLC plate was re-immersed into solvent the one product 46 had reacted to become two. 

Hence the oxidation of chlorin 46 was initially investigated on a silica substrate. Results are 

summarised in Figure 5.1 and Table 5.1.

Initially the oxidation was attempted on a column of silica, prepared as if carrying out column 

chromatography. The solvent used to prepare the column and to load the chlorin onto the 

silica was a 1:8 volume mixture of dichloromethane: light petroleum. After 2!/2 hours at room 

temperature a band of similar polarity to the chlorin starting material was eluted, followed by a

Ar. .Ar

H
r~~H silica

*^

-4 — H

At, Ar

H

Ar Ar

Ar

Ar Ar Ar

Figure 5.1- the allylic oxidation of a simple chlorin. Ar= 3,5-di-/#?-butylphenyl.
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Experiment

A

B

C
D
E

F

G

H

I

J
K

L

M

N

0

Solvent*

1:8

1:8

1:4
dichloromethane

toluene

1:8

1:8

1:8

1:8

1:8

1:8

1:8 + 0.015
equivalents 

triethylamine

1:8

1:8+0.015
equivalents 

triethylamine 
1:8

Special column 
conditions**

Solvent is not removed
from column

Degassed solvent

2.0 ml water in 100 ml
silica

10 ml water in 100ml
silica

Completely in the dark

40°C

40°C for 18 hours

40°C

Solvent is not removed
from column for 17

hours
Solvent is not removed

from column for 16 
hours 

0.8 ml water in 100ml
silica, for 17 hours

Yields (%)
Chlorin 

(46)

51

25

92
99
100

93

71

86

27

23
13

38

6

97

4

Porphyrin
(45)

9

5

-
-

2

2

-

5

7
12

22

-

14

Hydroxy- chlo tin 
(62)

26

48

-
-

1

25

11

52

43
58

42

58

-

67

Table 5.1- oxidation of chlorin (46) on silica. *- "1:X" refers to volume fractions of dichloromethane to light

petroleum. Other solvent fractions are given in terms of volume. **- unless otherwise stated reactions are 

carried out at room temperature with 'solvent removed' from the column, and with the substrate left exposed to

silica for 2Vz to 3 hours.

much more polar product. The less polar product was identified by *H NMR as a mixture of 

the chlorin 46 and the porphyrin 45. The respective yields of these two products were then 

calculated through the integration of the appropriate signals in the J H NMR and then the 

subtraction of the small proportion of porphyrin impurity that was present in the starting 

material, itself quantified by integration of the 1 H NMR of the starting material. The more 

polar product was identified as the pure hydroxy-chlorin 62. It was isolated in a low yield of 

26% (experiment A in Table 5.1).
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In order to better rnirnic the conditions under which a reaction had occurred on the TLC 

plate, another column was prepared and this time it was pumped dry by hand. Typically 

pumping the column dry by hand removed one third of the total solvent retained by the silica 

on a 'wet' column. This time a reasonable extent of reaction was observed with a 48% yield of 

hydroxy-chlorin 62 and a farther 25% yield of the starting material 46 (experiment B). A 

smaller amount of porphyrin by-product 45 was also observed (5%), its yield calculated by 

integration of the ! H NMR of the inseparable chlorin/ porphyrin mixture in the same way as 

that described for experiment A.

From this starling point factors that might favour or disfavour the formation of both the 

hydroxy-chlorin 62 and the porphyrin 45 were examined. These investigations were carried 

out with 'solvent removed' from the column as this was observed to be less sensitive to minor 

changes in reaction conditions such as temperature than without the solvent removed; in 

addition in experiment B, where the solvent was pumped off the column, more hydroxylated 

product and less porphyrin product were isolated than in experiment A, where solvent was not 

pumped off the column.

It was found that three factors had a significant effect on the extent of the oxidation:

• The polarity of the solvent from which the column was prepared.

The reaction proceeded well when the column was prepared from 1:8 dichloromethane: light 

petroleum (experiment B), but changing to a slightly more polar solvent mixture of 1:4 

dichloromethane: light petroleum effectively caused the reaction to stop (experiment C). 

Furthermore when the polarity of the solvent was increased further by using either neat 

dichloromethane or neat toluene to prepare the column, only starting material was recovered 

at the end of the reaction (experiments D and E).

• Whether the solvent was deoxygenated.

A column was prepared as normal and then pumped through with approximately four 

volumes' worth of deoxygenated solvent. The substrate was placed onto the silica under 

argon, and solvent removed from the column with a flow of argon. This resulted in a greatly 

reduced extent of reaction (experiment F).

• Whether the silica was 'deactivated'.

Silica can be deactivated by mixing it with water. It was found that reducing the activity of 

the silica had a great effect on the extent of reaction (experiments G and H), with silica 

corresponding to roughly Brockman grade II showing only a small amount of reaction with 

the substrate (experiment H).
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In contrast the oxidation was surprisingly insensitive to three factors:

• Photochemical activation.

When light was excluded from the reaction by completely covering the column in foil 

(experiment I) a similar product distribution was obtained as when such precautions were not 

taken.

• Temperature.

When the temperature was increased from room temperature to 40°C essentially the same 

product distribution was observed (experiment J).

• Reaction time.

When the reaction was left at 40°C for 18 hours instead of the standard 2'/2 to 3 hours a 

slightly increased yield of hydroxy-chlorin was isolated, but 13% of the starting material was 

still recovered (experiment K).

The origin of the porphyrin product 45 was also investigated. Initially it was thought that it 

could originate from the dehydration of the hydroxy-chlorin 62 catalyzed by the mildly acidic 

silica, as well as from direct oxidation of the chlorin 46. When 0.015 volume equivalents of 

triethylamine were added to the reaction solvent, the porphyrin product disappeared at little 

expense to the overall extent of reaction (experiment L versus experiment J). Therefore it 

seemed that the dehydration might play a prominent role in the origin of 45. However, it was 

also considered that triethylamine is not only a Br0nsted base but also a Lewis base and 

therefore could affect the reaction in other ways besides preventing protonation. In order to 

definitively assign the origin of the porphyrin 45, the hydroxy-chlorin 62 was loaded onto a 

column and solvent removed. No porphyrin product was isolated. Therefore contrary to 

initial expectations, this result strongly suggests that the origin of the porphyrin 45 is from 

direct oxidation of chlorin 46.

Attempts to maximize the yield of the hydroxy-chlorin 62 were also made. It was considered 

that by removing solvent from the column some starting material might be driven onto 

unreactive sites on the surface of the silica; therefore by leaving solvent on the column and 

extending the reaction time from the 2!/2 hours of experiment A, a greater extent of reaction 

might be achieved. Hence a column without solvent removed was left for 17 hours at room 

temperature. A good yield of hydroxy-chlorin 62 was isolated (58%) (experiment M), with 

very little starting material recovered. In an attempt to reduce the yield of the porphyrin 

product 45 triethylamine was added to the reaction solvent, but now no reaction was apparent 

at all (experiment N). Instead deactivating the silica with a small amount of water reduced the
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p, v^-, v ,- - f-Bu t-B u

t-Bu ^ V-"^. /^X ^^ t-B u

Ph

Figure 5.2- left- the violinic product identified by Jackson et a/. 151 ; a similar product might have been isolated in 

the oxidation of the free-base chlorin 46 by silica. Right- the possible impurity in the possible violinic product.

proportion of porphyrin product, and an impressive 67% yield of hydroxy-chlorin was isolated 

(experiment O).

Finally, in all the experiments reported Table 5.1 more polar products were also eluted at the 

end of the reaction. One of these was a purple product, and this bore several similarities to 

the purple violinic product described by Jackson et #/. 151 (Figure 5.2), specifically in its 

distinctive purple colour, in the appearance of three NH protons in its *H NMR at 9.9, 11.1 

and 12.6 ppm and in its mass measured by MALDI from a dithranol matrix corresponding to 

the loss of H2O from the parent ion. However the product was found to be impure by ^H 

NMR. Recrystallization from dichloromethane/ acetonitrile resulted in a reduced amount of 

impurity in the precipitate, but it was not able to remove it completely. By monitoring the 

relative intensities of the peaks in the ^ NMR before and after recrystallization, the structure 

of the impurity was found to be consistent with the substituted pyrrole structure shown in 

Figure 5.2 (6.9 (2H,d), 7.7 (2H, dd), 7.8 (4H, d), 10.4 (1H, s)).

5.1.2 Oxidation on alumina

Since this allylic oxidation has been found to proceed on silica, it was also considered that it 

might also occur on other inorganic substrates. On investigation of the literature (c.f. Section 

5.8) it was found that two porphyrin substrates had previously shown similar behaviour on 

alumina152'153 . Therefore alumina was investigated as an alternative substrate for the present 

system. Results of the investigation of the oxidation of the simple chlorin 46 on different 

types of alumina are given in Table 5.2.

The first thing to note is that the alumina substrate shows similar reactivity to a silica substrate 

in so much that it oxidizes the chlorin 46 to the hydroxy-chlorin 62. For neutral alumina, as 

for silica, there was limited reaction on a 'wet' column, but there was a greater consumption of 

starting material on the 'dry' column (experiments A and B in table 5.2). Both raising the 

temperature to 40°C and leaving the reaction for a longer period of time resulted in a greater
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Experiment

A

B
C
D
E

F
G

H
I

Type of 
alumina

Neutral

Neutral
Neutral
Neutral
Neutral

Acidic
Acidic

Basic
Basic

Column conditions*

Solvent is not removed
from the column

40°C

left for 17.5 hours
40°C, 2 ml water in

100 ml alumina

40°C

40°C

Yields (%)
Chlorin

(46)

41

19
14
-
-

69
-

87
85

Porphyrin
(45)

27

54
62
58
46

12
77

3

Hydroxy- 
chlorin (62)

15

21
6
-

53

20
-

13
9

Table 5.2- oxidation of chlorin 46 on alumina. *- unless otherwise stated reactions are carried out at room 

temperature with the column prepared from a solvent mixture of 1:8 dichloromethane: light petroleum where the 

ratio is given in terms of volume fractions; the solvent was pumped off the column; and products were eluted off

the column after 2!/2 to 3 hours.

yield of the porphyrin by-product (45) (experiments C and D). However in contrast to silica it 

was concluded that a major pathway to this porphyrin product was through the elimination of 

H2O from the hydroxy-chlorin 62, as when a sample of the hydroxy-chlorin 62 was loaded 

back onto a column and left for 2 hours 43% of the sample had been converted to the 

porphyrin (45).

An attempt was therefore made to minimise this unwanted reaction and to concurrently 

maximise the yield of the desired product 62 through deactivation of the alumina with the 

addition of water. This indeed resulted in a greater yield of the hydroxy-chlorin 62 

(experiment E), but still a significant amount of porphyrin 45 was isolated.

The effect of varying the type of alumina was also examined. Both acidic and basic aluminas 

were much less effective substrates than neutral alumina under similar conditions (experiments 

F and H compared to experiment B). The chlorin 46 placed on acidic alumina produced a 

stark green colour, indicating possible protonation of the inner nitrogens of the free-base 

chlorin; this would produce a deactivated species and would explain the low extent of reaction 

on acidic alumina at room temperature. Raising the temperature to 40°C on acidic alumina
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resulted in solely isolation of the porphyrin (45) (experiment G), but on basic alumina no 

increase in the low extent of reaction was observed at the higher temperature (experiment I).

5.2 A preliminary model of reactivity- surface active sites

The observations of the reactivity of the chlorin 46 on silica can be used to build up a model 

of what is occurring at a molecular level. The surface of silica evidently consists of polar active 

sites. It is on these active sites that the oxidation occurs. It can also be concluded that the 

activity of the active sites is dependent on the presence of molecular oxygen and does not 

require photochemical activation. This simple model can be used to explain the observations:

• The reaction initially occurs faster when solvent is pumped off the column. 

The effect of removing solvent from the system is to drive the chlorin substrate onto the 

actual surface of the silica.

• Over a longer period of time the reaction is observed to get closer to completion with

solvent remaining on the column.

With the solvent removed from the column the chlorin becomes immobile on the surface of 

the silica. This is fine if it is absorbed on an active site, but the proportion of molecules not 

on an active site have no mechanism by which to reach an active site. In contrast when 

solvent is left on the column, molecules can freely absorb and desorb from active sites on the 

surface.

• The reaction occurs only when a column is prepared from a non-polar solvent. 

The polar substrate 46 will be preferably absorbed onto polar sites on the surface from a non- 

polar solvent. Hence this is essentially a matter of solvation.

• The reaction will not proceed in deoxygenated solvent. 

Molecular oxygen evidently plays an important role in the mechanism of reaction.

• The active site does not require photochemical activation. 

Removing all photochemical activation led to no overall diminution in the extent of reaction.

Information about the make-up of these active sites is only hinted at by the present 

observations. The formation of biliverdin-type products might suggest a single-electron 

transfer mechanism154; but equally the involvement of molecular oxygen might suggest a 

radical mechanism. In order to gain more information about the active sites and the 

mechanism of reaction, a greater variety of substrates need to be examined. Through these 

investigations, presented in the remainder of this chapter, the optimum route to functionalized
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Figure 5.3- products from the allylic oxidation of the metallated chlorins. Ar= 3,5-di-fctf-butylphenyl.

hydroxy-chlorins that might lead to the desired regiospecifically functionaHzed porphyrin 

atpba-6ion.es is also deduced.

3:3 foliated chlorins

To start the investigation into this allylic oxidation of functionalized substrates on silica, the 

behaviour of the nickel(II) (49), copper(II) (50) and zinc (II) (51) chlorins was examined. 

Reactions were carried out on columns prepared with silica deactivated by mixing with 2 ml 

water per 100 ml silica. The columns were prepared with a 1:8 dichloromethane: light 

petroleum solvent mixture. Once the substrate dissolved in the same solvent had been loaded 

onto the column, solvent was pumped off the column and the reactions were left at room 

temperature for 2Vz to 3 hours. Results are shown in Figure 5.3 and Table 5.3.

The change in reactivity of the metallated chlorins compared with the free-base chlorin under 

similar conditions is stark. The reaction proceeds to a much greater extent, with nearly no 

starting material recovered and di-hydroxylation observed with the nickel(II) and copper(II) 

chlorins. In addition a biliverdin product can also be definitively identified from the oxidation

Yields

Metal

None

Nickel 
Copper 

Zinc

Chlorin

(46)71

(49)- 
(50)-
(51)6

Porphyrin

(45) 2

(63) 38 
(64) 41 
(65) 38

Mono-hydtoxy 
chlorin

(62) 25

(66)23 
(67)26 
(68) 42

Di-hydtoxy 
chlorin

(69) 18 
(70)28

Hydroxy-chlorin 
biliverdin

(71)5 
(72)2

Table 5.3- oxidations of the metallated chlorins 49, 50 and 51 as shown in Figure 5.3. 51 and 65 were eluted in 

the same band, so their yields are calculated by integration of the relevant signals in the ! H NMR.
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of the nickel (II) chlorin. But the greatest difference between the metallated chlorins and the 

free-base chlorin has to be the great increase in the yield of the porphyrin product isolated.

In order to try to deduce the origin of this porphyrin product, the nickel(II) hydroxy-chlorin 

66 was loaded onto a column of silica and placed under the same conditions as those under 

which the reaction had originally proceeded. After T/z hours, 63% of the starting material was 

recovered with a further 23% of the di-hydroxylated product and no evidence of any 

porphyrin product. This strongly suggests that the porphyrin product again originates from 

the direct oxidation of the chlorin 49 rather from the dehydration of the hydroxy-chlorin 66.

Finally, the oxidation of the zinc chlorin 51 was temperamental and was found to only be 

successful when carried out in complete darkness as ambient laboratory light lead to the 

photo-oxidation of either the starting material or the products.

5.3.1 Characterization of the metallated chlotins

In addition to these major differences in reactivity, there were several differences in the details 

of the characterization of the metallated chlorins compared with the free-base chlorins. 

Firstly, in the room temperature 1 H NMR spectrum of the hydroxylated nickel chlorins 66 and 

69 the ortho aryl protons were absent. This indicates hindered rotation of the aryl ring about 

the meso carbons, and the point of coalescence of the two ortho environments on the NMR 

timescale being close to room temperature. The low temperature *H NMR revealed the 

individual ortho signals, two of which are at relatively low chemical shift values in each J H 

NMR. This shows that the porphyrin framework has been ruffled, and that these low 

chemical-shift ortho protons lie beneath the porphyrin ring and are therefore shielded by ring 

currents.

Secondly, the relative configuration of the two hydroxyl groups in the nickel(II) di-hydroxy 

chlorin was unknown. Previously Dolphin showed that it was possible to form the 

propylidene acetal (Figure 5.4) from the cis di-hydroxy chlorin84, and therefore the same 

procedure was attempted for the present system. Thus 69 was dissolved in dry acetone, ZnCL, 

was added and the system was brought to reflux. No acetal product was evident in the crude 

product of the reaction mixture with further purification resulting in an isolated yield of 51% 

of the nickel hydroxy-porphyrin 73, a result of the dehydration of 69, and 47% recovery of the 

starting material 69. Hence a tentative assignment of a trans stereochemistry to 69 can be 

made.
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Ph Ph

Figure 5.4- propylidene acetal that can be formed from a ax-dihydroxy-chlorin.

The nickel(II) hydroxy-biliverdin product 71 also proved a challenge in the justification of its 

structure. Carbon-13 and HMBC NMRs of the biliverdin (71) demonstrate the regiospecifity 

of the ring cleavage of the nickel chlorin (49). These are shown in Figure 5.5. The 13C NMR 

shows two signals corresponding to the two carbonyl groups in 71, at 183 and 186 ppm. The 

signal at 183 ppm shows two resonances in the HMBC spectrum with the signals 

corresponding to two of the unsaturated /?-pyrrolic protons belonging to the CH2 group, at 

2.16 and 2.73 ppm in the *H NMR. Therefore the break in the chlorin framework has to be 

adjacent to the reduced pyrrole unit. In addition, the room temperature 'H NMR shows only 

one visible doublet in the aryl region at 7.89 ppm corresponding to the two ortho protons on 

one of the aryl groups. As for the nickel(II) hydroxy-chlorins 66 and 69 it is apparent that the 

other three aryl groups are hindered in their rotation at room temperature so that the signals

6.0 5.0 4.0 3.0 2.0

-160.0

-165.0

-170.0

-175.0

-180.0

-185.0

Figure 5.5- a segment of the HMBC spectrum of the nickel hydroxy-biliverdin 71. The horizontal and vertical 

,~~n o«-0 given in ppm. The :H NMR is recorded at 233K (the other spectra are recorded at room temperature).axes are
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corresponding to their ortho protons appear very broad. The visible doublet shows a resonance 

in the HMBC spectrum with the 13C signal at 186 ppm and there are no other resonances with 

this carbon. Hence the signal at 183 ppm must correspond to a carbonyl directly fused onto 

the reduced pyrrole unit, as the carbonyl at 186 ppm is adjacent to an aryl group. Beyond this 

though, these techniques were not able to identify the regiochemistry of the hydroxy group at 

the unsaturated position.

A copper biliverdin product 72 was also isolated. However since copper is paramagnetic 1 H 

NMR could not be used to identify any regiospecifity in the product.

The oxidations of the various functionalized chlorins synthesised in Chapter Four were now 

attempted on silica. In order that a fair comparison could be made between all results, 

conditions for each oxidation were kept roughly constant, namely the oxidations were carried 

out on silica deactivated with 2 ml water per 100 ml silica; solvent was pumped off the column 

by hand; a constant temperature of around 30°C was maintained; and the products were eluted 

after 2Vz to 3 hours. Deactivated silica was used as some of the products such as the hydroxy- 

bacteriochlorin 61 were observed to undergo dehydration on purification over normal silica; 

and since it was desirable to separate the effects of dehydration from the effects of direct 

oxidation of the chlorin to the porphyrin, using slightly deactivated silica was considered the 

best way of achieving this.

5.4.1 Oxidation of bactetiochlotins

The oxidations of the unsubstituted bacteriochlorin 47 and hydroxy-bacteriochlorin 61 were 

initially attempted. Results are shown in Table 5.4. It was observed that very little or no 

starting material is recovered in either case, but also a relatively small amount of dihydroxy-

Yields of products (%)

Bacteriochlorin starting 
material

Unsubstituted 47
Hydroxy-bacteriochlorin 

61

Bacteriochlorin 
47

12

n/a

Hydroxy- 
bacteriochlorin 61

2

Dihydroxy- 
bacteriochlorins 74 and 75

15

24

Chlorin 
46

45

11

Hydroxy- 
chlorin 

62

13

41

Table 5.4- the products from the oxidation of the bacteriochlorins 47 and 61 on silica
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bacteriochlorins 74 and 75 were recovered. Instead the significant proportion of isolated 

products resulted from a loss of functionality at one side of the macrocycle. Thus for the 

unsubstituted bacteriochlorin 47 the major product is the unfunctionalized chlorin 46; whereas 

for the hydroxy-bacteriochlorin 61 the major product is the hydroxy-chlorin 62.

The difference in the major product isolated from each of these oxidations is significant as it 

implies that the major pathway through which the antipodal functionality is lost is through 

direct oxidation of a 4H-chlorin to a 2H-porphyrin rather than through dehydration of 

hydroxy-chlorin products. This is the conclusion from examining the converse situation, or in 

other words what would be the result of the dominant process being dehydration. This is 

illustrated in Figure 5.6. In this case all products from the oxidation of the bacteriochlorin 47 

would be derived from the first intermediate in the reaction sequence, namely the hydroxy- 

chlorin 62. Therefore a similar product distribution would be expected from the oxidation of 

the bacteriochlorin 47 and the hydroxy-bacteriochlorin 61. As this is not the case, dehydration 

must be the minor process.

5.4.2 Characterization of dihydtoxy-bactetiochlotins

There are four possible regioisomers of the dihydroxy-bacteriochlorins, as illustrated in Figure 

5.7. These were isolated in two different bands from the column. One band was of very 

similar polarity to the monohydroxy-chlorin 62 and therefore was not isolated as a completely

Ar-

H

Ar

-rOH

Ar

(46) (62)

Figure 5.6- predicted intermediates in the oxidation of bacteriochlorin 47 if the major pathway by which the

antipodal functionality is lost is through dehydration of the hydroxy-chlorin products rather than through the

direct oxidation of a 4H-chlorin to a JPH-porphyrin. Ar= 3,5-di-/ert-butylphenyl.
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Ar- Ar

HO..

(74a) (74b) 

Figure 5.7- regioisomers of the di-hydroxy bacteriochlorin. Ar = 3,5-di-/^-butylphenyl.

pure compound. The second band however was considerably more polar and was isolated and 

completely characterized without the presence of impurities. The bacteriochlorin nature of 

these products is confirmed by their UV-VIS spectra. In addition the J H NMR spectra of 

both bands are characterised by two different /?-pyrrolic environments, as illustrated in Figure 

5.8. Environment 'a' is symmetrical so that the unsaturated /?-pyrrolic protons appear as two 

singlets (then split by coupling to the NH protons), whilst environment 'b' is unsymmetrical, 

so that the unsaturated /?-pyrrolic protons appear as two doublet (split further by coupling to 

the NH protons). Equally there are two different NH environments- one symmetrical so that 

a single NH signal is apparent, and one unsymmetrical so that two NH peaks are visible. 

These two different environments integrate to roughly equal intensities, but the COSY spectra 

show that the unsymmetrical NH environment is coupled to the symmetrical /?-pyrrolic signals 

(environment 'a' in Figure 5.8) and that the symmetrical NH signal is coupled to the 

unsymmetrical /?-pyrrolic signals (environment 'b'). This can be interpreted by each band 

containing a roughly equal mixture of the 2,12-dihydroxy-bacteriochlorin (environment 'b' 

with symmetrical NH and unsymmetrical unsaturated /?-pyrrolic environments) and the 2,13- 

dihydroxy-bacteriochlorin (environment 'a' with unsymmetrical NH and symmetrical

0.74

' 8.10 -1-50 -1.60 -1.70 -1.80

Figure 5.8- segments of the !H NMR spectrum of 75a and 75b. The left-hand segment shows the unsaturated /?-

pyrrolic region; the right-hand segment shows the NH region. The quartet centred around 8.19 in the 

unsaturated /?-pyrrolic region consists of a doublet (integrated to an intensity of 0.69) overlapping with one half

of an ABX system (integrating to an intensity of 1.00).
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unsaturated /?-pyrrolic environments). Furthermore the less polar mixture of compounds can 

reasonably be assigned to the trans form 74a and 74b and the more pokr band to the as form 

75a and 75b (Figure 5.7), in a similar manner to the assignment of the structures of the 

tetrahydroxy-chlorins by Dolphin83 .

5.4.3 Oxidation of othet chlorin substrates

The results of the oxidation of the chloro-chlorin 53, nitro-chlorin 54 and quinoxalino-chlorin 

58 under the standard conditions are shown in Table 5.5. The products of these oxidation 

were relatively easy to characterize, the only point of note is that there are two regioisomers to 

the chloro hydroxy-chlorin; as for the dihydroxy-bacteriochlorin isomers these were isolated as 

one product, and two distinct environments are apparent in the *H NMR corresponding to the 

two different regioisomers.

5.5 Initial evaluation of the nature of the surface active sites

The most puzzling aspect of the results from the oxidation of the various chlorins on silica is 

the isolation of biliverdin by-products. These are unusual but interesting as their presence can 

be used as a guide in an initial evaluation of the possible mechanisms at work at the 'active 

sites' on the surface of the silica described as in section 5.2. And whilst it is possible that the 

biliverdin products might originate from a completely different mechanistic pathway from the 

other products, it is still an informative procedure to concentrate on these products for the 

moment.

It has been postulated that biliverdins can be formed by several different mechanisms. Firstly, 

these biliverdin products are accessible by the photooxygenation of electron-rich 

porphyrins155" 157 . It is thought that this photo-oxidation might occur via singlet oxygen

Chlorin Starting 
material

Nitro-chlorin 54
Chloro-chlorin 53

Quinoxalino-chlorin 58

Y
Chlorin 

recovered

100
74
20

ields of products (%]
Porphyrin 
Products

-
(24)9

Hydroxy- 
chlorin

(76)6
(77)47

Table 5.5- products from the oxidation of the nitro-, chloro- and quinoxalino-chlorins.
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Arx / \ Ar Arx / \ Ar

Figure 5.9- possible singlet oxygen 'ene' addition to a phlorin intermediate.

addition to the porphyrin157 . Indeed, it has been shown that photo-oxidation of a chlorin in an 

oxygen atmosphere might lead to hydroxy-chlorin products 158 .

A singlet oxygen mechanism could also account for the observed allylic oxidation of a chlorin. 

This oxidation would presumably occur via ene addition to a phlorin-type intermediate (as 

shown in Figure 5.9), and would be similar to the photo-oxidation of 7,8-chlorin-y^-phlorins 159 . 

Whitlock has also demonstrated that there is an equilibrium between the chlorin and phlorin in 

solution160 . Furthermore it has been shown by delayed fluorescence measurements that singlet 

oxygen is readily produced by porphyrins and other substrates absorbed onto silica161 ' 162 . 

However photochemical conditions are required for the production of singlet oxygen by 

porphyrins, and it has been shown that the allylic oxidation of chlorins by silica does not 

require photochemical activation. Hence it is considered unlikely that singlet oxygen is 

responsible for this transformation.

A second type of mechanism responsible for the synthesis of biliverdins is exemplified by the 

metabolism of heme, which proceeds with the breakdown of heme into a biliverdin product. 

This occurs regiospecificaEy, as observed for the present oxidation on silica. The reaction 

pathway proceeds via an intramolecular hydroxyl transfer from an Fe(III)-OOH 

intermediate163 '164 . This intramolecular hydroxyl transfer is clearly not possible in this case, but 

a radical mechanism initiated by the abstraction of a hydrogen by triplet oxygen absorbed onto 

the active sites of the surface of silica, followed by recombination with a oxygen-derived 

radical is certainly feasible. And a radical substitution reaction might also explain the hydroxy- 

chlorin products. Therefore a radical mechanism needs to be considered in the present 

situation.

It has been postulated that a third type of mechanism can lead to biliverdin products. Kevin 

Smith showed that chlorins treated with thallium (III) trifluoroacetate are cleaved 

regiospecifically adjacent to the C2H4 chlorin group165 . Smith postulates that the reaction 

sequence might proceed by a series of single electron transfer (SET) reactions. In the case of
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silica, a notional Lewis acidic active site could accept an electron from the chlorin substrate. 

And it could easily result in hydroxy-chlorin products. Thus a SET pathway could also explain 

the observed reactivity.

To distinguish between a radical and a single electron transfer mechanism, the variation of the 

reactivity of the various substrates needs to be accounted for. It is apparent from Sections 5.3 

and 5.4 a spectrum of reactivity is observed for chlorin substrates on silica. This ranges from 

the nitro-chlorin 54 and hydroxy-chlorin 62 that do not react; to the free-base chlorin and 

quinoxalino-chlorin 58 that show mainly hydroxy-chlorin products; to the bacteriochlorin 47 

and hydroxy-bacteriochlorin 61 that show products mainly derived from the direct oxidation 

of a 4H-chlorin to a 2H-porphyrin. This wide spectrum of reactivity has to be explained by 

the reaction mechanism. It is not totally clear how a radical mechanism could explain this 

spectrum of reactivity, or how it could explain the formation of products resulting from the 

direct oxidation of the 4H-chlorin to the 2H-porphyrin. However a SET mechanism could 

explain this spectrum of reactivity, as a chlorin's propensity to undergo reaction will be directly 

dependent on its oxidation potential. Therefore in order to evaluate the feasibility of a SET 

mechanism, it was decided to measure the oxidation potentials of the various chlorins. It 

should also be noted that a similar investigation into the oxidation potentials of meso- 

substituted tetra-aryl chlorins has not been published to-date.

5.6 Electrochemistry

Oxidation potentials were examined in dichloromethane at room temperature. Cyclic 

voltammograms are shown in the experimental section and the relevant oxidation potentials in 

Table 5.6. All potentials are quoted with reference to the ferrocene/ ferrocenium couple.

The measured E1/2's are typical of porphyrin and chlorin electrochemical oxidations. 

Increasing the saturation of the porphyrin periphery (in going from the chlorin 46 to 

bacteriochlorin 47) shifts the first oxidation potential negatively by roughly 400 mV. 

Metallation also shifts the first oxidation negatively; the greatest effect is observed for the 

electron-rich zinc chlorin. Extension of the delocalized system (in going from the chlorin 46 

to the quinoxalino-chlorin 58) again shifts the first oxidation potential negatively as expected; 

conversely the introduction of an electron-withdrawing influence (in going from the chlorin 46 

to the chloro-chlorin 53 and the nitro-chlorin 54) onto an unsaturated /2-pyrrolic position
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Compound

Nitro-chlonn 54
Chloro-chlorin 53

Di-hydroxy copper chlorin 70
Di-hydroxy nickel chlorin 69
Free-base hydroxy-chlorin 62
Copper hydroxy-chlorin 67
Nickel hydroxy-chlorin 66

Free-base chlorin 46
Quinoxalino-chlorin 58

Bis-chlorin 60
Nickel chlorin 49
Copper chlorin 50

Zinc hydroxy-chlorin 68
Hydroxy-bacteriochlorin 61

Zinc chlorin 51
Bacteriochlorin 47

Ei/2(ol)

235
180
170
165
165
115
110
70
0

-40
-65
-95

-100
-165
-200
-345

Ei/2(o2)

355
355
420
420
340
390
380
375
235
85

315
280
170

-
70

185

Table 5.6- First and second oxidation potentials for various chlorins. Values are given in millivolts.

makes the first oxidation potential more positive. Finally, introduction a hydroxyl group onto 

a saturated /?-pyrrolic position also increases the first oxidation potential (on going from 46 to 

62 (the free-base system), from 49 to 66 (the nickel system), from 50 to 67 (the copper 

system), and from 51 to 68 (the zinc system)), typically by between 100 and 200 mV. The 

introduction of a second hydroxyl group has slightly less effect (going from 66 to 69 (the 

nickel system) and from 67 to 70 (the copper system)) as the oxidation potential increases by 

only 50 to 60 mV.

model and single electron transfer

5.7.1 A single electron transfer processes

On initial inspection of the oxidation potentials in Table 5.6 it is evident that there is a 

correlation between oxidation potential and reactivity. Those chlorins with too positive an 

oxidation potential such as the nitro-chlorin 54 and the free-base chlorin 46 show only a small 

extent of reaction if any at all, whereas those with a lower oxidation potential show a much 

greater extent of reaction with the formation of both hydroxylated and porphyrinic products.

Importantly it has akeady been shown that the porphyrinic products do not originate from the 

elimination of water from the hydroxy-chlorin on silica, but rather from the direct oxidation of 

the 4H-chlorin to the 2H-porphyrin. The extent of the correlation of reactivity with oxidation
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Yield

A

300 200

Yield

300 200

Yield

300 200

50

1-9———•-

100 -100 -200 -300 -400

100 0 -100 -200 -300 -400

-200 -300 -400

First oxidation potential (vs. ferrocene/ ferrooenium)

Figure 5.10- correlation between oxidation potential and reaction product from the oxidation of the various 

chlorins on silica. A = starting material; B = hydroxylated product; C = product from the direct oxidation of the

4H-chlorin to the 2H-porphyrin.

potential is only reaped when the yields of the various types of products- whether it be 

starting material, the hydroxylated product, or the product resulting from direct oxidation of
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the 4H-chlorin to the 2H-porphyrin (the 'porphyrin product')- are compared directly with the 

oxidation potential of the parent chlorin. This is shown in Figure 5.10.

The first thing that is apparent is the clear correlations between oxidation potential and 

reactivity. This is strong evidence of a single electron transfer mechanism, and therefore of 

the Lewis acidic nature of silica. Whilst the lines drawn on the graphs are somewhat arbitrary, 

they do illustrate this correlation. It is also apparent that the correlations between both the 

yield of the starting material and the yield of the porphyrin product with oxidation potential 

are strong; the correlation between the yield of the hydroxylated product and the oxidation 

potential is still evident but a little less strong at more negative oxidation potentials.

These correlations not only make the broad suggestion that this oxidation involves a single 

electron transfer process, but they in fact suggest the existence of two single electron transfer 

processes. This is the conclusion from the observation that the yields of the hydroxylated 

product and the porphyrin product both correlate with the oxidation potential of the chlorin, 

but in a different manner to one another. Thus at intermediate oxidation potentials the 

hydroxylated product is the dominant product; whereas at more negative oxidation potential 

the porphyrin product is the dominant product.

5.7.2 Two single electton transfer oxidations

A mechanism that is consistent with the observation of two SET pathways is shown in Figure 

5.11. The mechanism starts with the formation of the chlorin ^-radical cation (step 1) followed 

by deprotonation (step 2). An attractive alternative mechanism is to reverse these two steps. 

This is attractive as the oxidation potential of the anion would be considerably less positive 

than the oxidation potential of the neutral system, as the anion is formally placed in a non- 

bonding orbital. In addition deprotonation followed by single electron oxidation has been 

suggested for another porphyrin hydroxylation process in the 'allomerization of chlorophyll' 166 

(see Figure 5.14). And a chlorin system is reasonably acidic as it can be deprotonated by 

sodium methoxide160 . However deprotonation of the neutral chlorin is considered unlikely in 

this particular case as the pKa of the silanol groups on the silica surface are a maximum of 9 167; 

in addition it has been shown that this oxidation occurs on acidic alumina, where an initial 

deprotonation step is unfeasible.

A surface hydroxyl radical, whose origin is discussed in Section 5.7.3, then combines with the 

chlorin radical intermediate either at the ^-pyrrolic or at the meso position to give the 

hydroxylated product (step 3) or the biliverdin product (step 6) after a further oxidation. It
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-H+

StepS H

Intermediate B
>, 

Step 4 -e

H- -e

Stepl SteP 2 Step 3 HO-

Intermediate A

Step 6 H/^ Step 7 
*/- At-V/- ArAr ' OH

Figure 5.11- proposed single electron transfer mechanism for the oxidation of a chlorin on silica. Ar= 3.5-di-^rt-

butylphenyl.

has akeady been noted that at relatively negative oxidation potentials the correlation between 

oxidation potential and hydroxylated products is slightly weak. This can now be explained by 

the choice of positions at which the hydroxyl radical can attack. As the competition will 

depend on subtle electronic factors rather than purely oxidation potential, and as the biliverdin 

product is not always isolated as it is very likely that it is susceptible to further oxidation on the 

silica, the result is the sporadic correlation of hydroxylated product with oxidation potential at 

more negative oxidation potentials.

It has also akeady been emphasised that the porphyrin product is not a result of dehydration 

of the hydroxy-chlorin product, and therefore the origin of the porphyrin product can be 

attributed to a second electron abstraction after step 2 from intermediate A and subsequent 

proton loss. It would also be possible to obtain hydroxylated product from this pathway 

through the quenching of the carbocation intermediate B with H2O. However this can be 

discounted as a 'crossroads' in the mechanism is required by the correlations shown in Figure 

5.10; this conclusion is also supported by additional evidence of the oxidation of other 

substrates on silica and alumina, outlined in section 5.8.2.
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5.7.3 The tolc of oxygen

The final elusive part of the mechanism is the role that oxygen plays in this oxidation. Taking 

a lead from Mazur168 (see section 5.8.3) it is thought that the destination of the electron 

abstracted from the chlorin substrate is in fact molecular oxygen itself. Mazur describes this as 

a 'contact charge-transfer interaction'. Within the present mechanism this is described as an 

electron-transfer process to molecular oxygen, mediated by a surface active site.

Step 1 in Figure 5.11 therefore involves the reduction of molecular oxygen by the chlorin 

substrate:

Stepl: O2 + e" —» O2

The importance of the 'contact charge-transfer interaction' is realised when the 

thermodynamics of the situation are examined. Under normal circumstances step 1 would be 

considered thermodynamically unfeasible, as E1/2(O2/ O2~) - -870 mV169 (in acetonitrile at pH 

10). Hence reaction does not occur and is not expected to occur in solution under an oxygen 

atmosphere. However the 'contact charge-transfer interaction' induced by the surface 

overcomes this thermodynamic barrier. One way in which this might be achieved would be 

through the pre-organisation of the chlorin substrate and an oxygen molecule at the silica 

surface. It has been shown in Chapter Three (Section 3.5) for the mechanism of nitration of 

aromatic compounds that an inner-sphere charge-transfer interaction between two neutral 

species is possible in a tightly-bound complex, and in the present situation the role of the 

surface might be to facilitate the formation of such a tightly-bound complex. But EPR 

measurements on aromatic substrates177'178 absorbed onto silica described in Section 5.8.1 show 

the formation of ^"-cation radicals in the absence of oxygen, suggesting that the initial 

destination of the electron abstracted from the substrate is actually a surface site. Therefore it 

is more likely that the initial species that is formed in the present situation is a tightly-bound 

complex of the chlorin with a surface active site, from which electron-transfer is now feasible 

from the chlorin to the surface site.

Although this charge-transfer complex needs to be tightly-bound as significant charge- 

separation is certainly infeasible, this is not to say that the complex is unreactive. The surface 

active site is now formally negatively charged, and in this state it will be liable to oxidation by 

molecular oxygen physisorbed onto the surface fXH2' represents the chlorin substrate and 

'AS' the active site):

Stepl: XH2 AS O=O -+ XH2+ AS' O=O -> XH2+ AS-O-O" 

Once again the final state has to be tightly-bound to stabilize the chlorin ^-radical cation.
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The overall effect is therefore a surface-mediated electron transfer from the chlorin substrate 

to molecular oxygen. From this point, deprotonation of the chlorin would be facile:

Step 2: XH2+ AS-O-Cr -> XH AS-O-OH

The result of deprotonation is the formation of the chlorin radical intermediate 'A' (Figure 

5.11).

From intermediate 'A' two pathways are viable:

• radical-radical combination leading to a hydroxy-chlorin product (step 3) 

The mechanism described in Figure 5.11 requires intermediate 'A' to combine with a hydroxyl 

radical to form the hydroxy-chlorin and biliverdin products. The simplest explanation for this 

hydroxyl radical is that it is actually the HOO radical that is the other product from step 2. 

The hydro-peroxy chlorin that would be the product of radical combination could then be 

oxidized in a second step to the observed hydroxy-chlorin product. However the conversion 

of a hydro-peroxy species to a hydroxy species on silica is relatively unprecedented.

A more plausible explanation comes from the consideration of the nature of the oxygen 

product from step 2. It is by no means a free radical; if anything it is better described as being 

covalently bound to the active site on the surface. In this way the hydroxylation reaction in 

step 3 might be considered as a hydroxyl transfer between the surface oxygen species and the 

substrate:

Step 3: XH AS-O-OH -> XHOH [AS-O <-* AS=O]

This idea should also be compared to the mechanism of porphyrin hydroxylation that occurs 

in the breakdown of heme in the body by heme oxygenase. The porphyrin hydroxylation 

proceeds with a hydroxyl transfer from an iron(III)-OOH intermediate to the meso position 

of the porphyrin periphery163'164 . Whilst the nature of this transfer remains controversial, it can 

be interpreted in terms of the transfer of a hydroxyl radical with the iron stabilizing the 

remaining radical oxygen intermediate (Fe(IV)=O). This is analogous to the proposed 

mechanism of chlorin hydroxylation on silica, just with an intermolecular hydroxyl radical 

transfer in place of an intramolecular one.

• a second single electron oxidation leading to the porphyrin product (step 4) 

On initial inspection, hydroxylation should in fact be a disfavoured pathway. This is because 

the intermediate 'A' will possess a lower oxidation potential than the parent chlorin starting 

material, as it is formally a radical placed in a non-bonding orbital stabilized by the adjacent
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chlorin bonding system. However in order to obtain any hydroxylated products intermediate 

'A' has to be oxidized at a slower rate than the starting material.

This paradox can be resolved if the state of the surface active site at the end of step 2 is 

considered. It is effectively covalently bound to an oxygen species, and therefore will certainly 

not be as powerfully Lewis acidic as in its unbound state in step 1. In this way there is a 

greater barrier to charge-transfer from intermediate 'A' than to charge-transfer from the parent 

chlorin, and it is only at more negative chlorin oxidation potentials that this second pathway 

leading to the porphyrin product becomes dominant.

5.8 Other observations of oxidation on silica and alumina

Many diverse observations of the oxidation of various substrates on silica and alumina have 

been reported150'152'153'170" 181 . An evaluation of these can be used to strengthen the case for the 

single electron transfer mechanism shown in Figure 5.11. Implicit in this discussion is that the 

same mechanism is operating on silica and alumina. The results presented in Section 5.1 show 

the similar behaviour of the chlorin on the two substrates, and since this hydroxylation is such 

an unusual reaction it is not unreasonable to assume that the same basic mechanism for the 

formation of the hydroxylated product is operating on both substrates.

5.8.1 Evidence for the fotmation of radical cations on silica and alumina

It was noted forty years ago that certain aromatic compounds could be hydroxylated by 

grinding or shaking with silica174'175 . This process was interpreted in terms of the formation of 

'active sites' during grinding174; the polar substrates physisorbed onto these active sites then 

underwent a 'polar interaction' leading to a 'possible positive ion intermediate'; the formation 

of these active sites was attributed to metal ion impurities such as iron present in the silica.

This 'polar interaction' has been further elucidated by various physical studies of substrates 

absorbed onto silica and alumina surfaces. Early electron paramagnetic resonance (EPR) 

studies of various polyaromatic hydrocarbons on alumina and silica-alumina substrates 

suggested the formation of the radical cations of the absorbed species . These observations 

have been confirmed by more recent EPR177'178 and infra-red179 studies. One of these studies 177 

shows the importance of the polarity of the solvent from which the substrate is absorbed onto 

the surface on the formation of ̂ -radical cation of the substrate. In addition the active sites on 

the surfaces of the silica and alumina substrates are identified as metal ion impurities, due to

Chapter Five- The allylic oxidation of chlorins



85

Al(III) species occupying surface sites- impurities that are still present at low concentrations 

even in 'pure' silica. It was also observed that the presence of molecular oxygen reduced the 

intensity of the EPR signal, pointing to a surface active site-mediated electron transfer between 

the substrate and molecular oxygen177 .

5.8.2 Evidence against a catbocation intermediate

The quenching of a carbocation intermediate by water leading to the formation of a 

hydroxylated product, as can be observed in for example the oxidative degradation of guanine 

in DNA >: \ can be discounted for the present oxidation by the observation of other 

oxidations on silica and alumina. The first example shows oxidation of a porphyrin on 

alumina1 2 (Figure 5.12). If this oxidation was to proceed through a carbocation intermediate, 

it would be expected that the secondary carbocation would facilely rearrange to the more 

stable tertiary carbocation. Since no rearrangement is reported, a carbocation intermediate can 

be considered unlikely.

Oxidations have also been observed where the reactive centre is in conjugation with a carbonyl 

group182'183 . These are shown in Figure 5.13. These seem somewhat different to all the 

previous examples as the systems do not contain polyaromatic hydrocarbons. However the 

carbonyl functionality means that these two systems are incompatible with carbocation 

intermediates.

5.8.3 Evidence concerning the involvement of molecular oxygen

The role of molecular oxygen in certain oxidations on silica and alumina has been investigated. 

Burns observed that the oxidation of his porphyrin substrate on alumina153 (Figure 5.14) did 

not proceed when carried out in an argon glove-box. He explained this observation in terms 

of the mechanism of the allomerization of chlorophyll166 . The allomerization of chlorophyll is

Figure 5.12- Lindsey's oxidation of a chlorin on alumina.
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>«CHO

OH

,»«CHO

OOH 
90%

Figure 5.13- further examples of oxidations on silica and alumina.

a hydroxylation reaction (also shown in Figure 5.14) that thought to occur through an electron 

transfer from the enolate form of the porphyrin starting material to molecular oxygen. The 

reaction of the intermediate radical with a species derived from molecular oxygen is confirmed 

by O-labelling studies. Therefore in the context of Burns's oxidation on alumina, the 

alumina is proposed to mediate an electron transfer between molecular oxygen and the 

porphyrin substrate.

One final piece of evidence supports a mechanism in which the solid support mediates 

electron transfer between the substrate and molecular oxygen. Mazur showed that 1,4- 

diphenylbutadiene was oxidized in the dark168 (Figure 5.14). It was proposed that a contact

alumina

CO2CH3

CT OAlkyl DAlkyl

Figure 5.14- the oxidation of various substrates that have been postulated to involve molecular oxygen. 

Clockwise from top left- Burns's oxidation; the allomerization of chlorophyll; and Mazur's oxidation.
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charge-transfer interaction between the substrate and oxygen molecules leads to electron 

transfer between the two substrates; attack of the newly formed O2~ onto the cation of the 

substrate might then lead to the observed products.

5.9 Application to the synthesis of porphyrin diones and tetra-ones
^^^^^^M^^i^^:^ ^'^M^-;-'--v:v"-: "- -" *-^ •* •

In order to demonstrate the utility of this methodology to the synthesis of porphyrin alpha- 

diones, oxidations of various hydroxy-chlorins by the Dess-Martin reagent were attempted. In 

general these oxidations were carried out by adding roughly 3/4 of an equivalent of the Dess- 

Martin reagent to the pertinent substrate dissolved in dichloromethane at half hour intervals. 

The progress of the reaction was monitored closely by thin layer chtomatography and when it 

was judged that the reaction had gone to completion, the reaction solution was passed through 

a plug of silica. Purification was then carried out by column chromatography.

5.9.1 Synthesis of the potphytin alpha-dione

Firstly, the oxidation of the 2-hydroxychlorin (62) to 2,3-dioxochlorin 20 was successfully 

achieved in 80% yield. As a comparison the simple chlorin 46 was also oxidised by the Dess- 

Martin reagent; the porphyrin 45 was isolated in 79% yield. The Dess-Martin oxidation of the 

nickel hydroxy-chlorin 66 and the zinc hydroxy-chlorin 68 were also examined (Figure 5.15). 

The oxidation of the nickel hydroxy-chlorin 66 proceeded with a 41% isolated yield of desired 

nickel dione product 78. However the oxidation of the zinc hydroxy-chlorin 68 proceeded 

with the isolation only of the lactone product 79 in only 3% yield, with the remaining product 

remaining as baseline material on purification by column chromatography.

Therefore the oxidation of the free-base chlorin provides the best route to porphyrin alpha- 

diones. The overall transformation of the unfunctionalized porphyrin to the a/pba-dion&

Ar .At

62, M= 2H 
66, M= Ni 
68, M= Zn

20, M= 2H
78, M= Ni

79, M= Zn

Figure 5.15- oxidation of the hydroxy-chlorins with the Dess-Martin reagent. Ar= 3,5-di-tert-butylphenyl.
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proceeds with a maximized yield of around 50% over three steps, which is comparable to 
previous, longer methodologies.

5.9.2 Synthesis of a single porphyrin tetra-one

In order to achieve the synthesis of a porphyrin tetra-one, the oxidation of the dihydroxy- 
bacteriochlorin 75 was examined. Only a 29% yield of desired tetra-one product 23 was 
isolated, with the rest of the reaction product remaining as baseline material on purification by 
column chromatography. Therefore the overall yield of transformation of the 
unfunctionalized porphyrin to the single porphyrin tetra-one is around 5% over 3 steps. On 
the face of it this is not as successful as previous methodologies. But in the oxidation step by 
silica around 70% of 'useful' by-products were also isolated, meaning that the overall 5% yield 
is not quite as bad as it might first seem.

5.9.3 Synthesis of a bis-potphyrin tetta-one

The synthesis of the bis-chlorin 60 was described in Chapter Four and now in order to 
synthesise the bis-porphyrin tetra-one it was subjected to various oxidation conditions on 

silica.

Initially 60 was placed on slightiy deactivated silica (0.7 ml water per 100 ml silica) and solvent 
was removed. However 80% of the starting material was recovered, plus a small amount of 
more polar product. Therefore normal 'non-deactivated' silica was used, and this resulted in 
only a 19% recovery of starting material. A more polar band was isolated consisting of a 
mixture of products, but the poor solubility of the bis-chlorin meant that streaking on the 
column was a real problem and therefore isolation of pure products was not attempted. 
Instead direct oxidation with Dess-Martin periodinane of the mixture of product was 
attempted. A 29% yield of desired tetra-one product 21 was isolated along with a 16% 
isolated yield of the mono-functionalized dione product 80 (yields are over the two steps). 
This translates into a 15% yield of the desired tetra-one 21 from the unfunctionalized bis- 
porphyrin 14 over three steps, or 29% taking into account the recovery of starting material on 
the way. This compares very favourably with the one previous synthesis of the bis-porphyrin 
tetra-one36, improving on it by up to a factor of five, and decreasing the number of steps for 

the functionalization from seven to only three.
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§4<L Conclusions

It has been shown that the allylic oxidation of a chlorin can be usefully employed to 

functionalize porphyrins, and is specifically successful in the synthesis of the bis-porphynn 

tetra-one 21.

In addition the mechanism of this transformation has been elucidated as a surface-mediated 

electron-transfer from the chlorin substrate to molecular oxygen. This is a conceptually 

satisfying mechanistic conclusion. Chapters Two and Three invoked similar charge-transfer 

mechanisms to explain the observed reactivity of porphyrin substrates, but no definitive 

evidence could be provided for such mechanisms. In this instance good evidence has been 

provided for a charge-transfer interaction. This leads once again to the suggestion that the 

formation of charge-transfer complexes can be considered as a fingerprint of porphyrin 

chemistry.
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Chapter Six 
Synthesis and characterization of porphyrin arrays

It has been shown up to this point that several different strategies can be conceived for the 

synthesis of the building blocks to 1,4,5,8-tetraazaanthracene-bridged porphyrin arrays. The 

challenge that follows from these strategies is to use these building blocks to construct 

extended porphyrin arrays, and then to evaluate the properties of these porphyrin arrays.

f^V^K^^^^^^^^^^^^^^^^H^^^^^^^H^^^W^^^^^^K?-'. • - ' . - WSSSSXSiMH^ 
Strategies for solubilizing porphynn arrays

Crossley has only ever published the synthesis of a 1,4,5,8-tetraazaanthracene-bridged 

porphyrin array of four units' length36 . The reasons for this have not been explicitly stated 

but it is very likely that as the size of the system increases its solubility decreases, making 

longer arrays insoluble. Crossley's strategy to solubilize his arrays was to substitute two t- 

butyl groups onto the phenyl rings of the tetraphenyl-porphyrin starting material. Osuka 

noted the limitations of this strategy, as when constructing his meso-meso singly-linked 

arrays he reached a limit of solubility at a length of eight porphyrins21 . By changing to a 

solubilizing group incorporating long alkyl chains arrays of up to 1024 porphyrin units could 

be constructed. A similar strategy of incorporating long alkyl chains has also been used to 

synthesise Osuka's triply-linked porphyrin arrays41 , Sugiura's square dodecamer29 and 

Anderson's butadiyne-linked arrays184 .

An alternative strategy for solubilizing a porphyrin array has been applied by Promarak to 

the 1,4,5,8-tetraazaanthracene-bridged system37 . By incorporating a dendritic unit onto the

V> c,, H11«23

C8H17—O

Figure 6.1- solubilizing groups for the synthesis of extended porphyrin systems. From left to right: Crossley,

Osuka, Osuka, Sugiura, Anderson and Promarak.
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terminal positions of the array he showed that an array of 7 units' length could be 

constructed, nearly doubling Crossley's achievement.

Because of this success in the extension of the 1,4,5,8-tetraazaanthracene-bridged system it 

was decided to pursue this strategy to further extend these porphyrin arrays rather than to 

use the more popular strategy of using alkyl groups to aid solubility.

L2 Fipptioti^z^tk>n of the dendritic potpliyrin

6.2.1 Attempted synthesis of the dendritic porphyrin tetra-one

It was initially considered that the best route to an extended porphyrin array would be to 

synthesise the 'soluble' dendritic porphyrin tetra-one. For simplicity's sake this was 

attempted through the unregiospecific di-nitration of the porphyrin macrocycle, a route first 

described for the functionalization of the non-dendritic porphyrin by Narang >39 and then 

elucidated further by Crossley82 and later Burn89 . This route is illustrated in Figure 6.2.

The first step of the synthesis leading to the copper dendritic nitro-porphyrin 85 has been 

demonstrated previously and was repeated in a similar yield (40%) with the addition of 1.5 

equivalent of NO2. Mono-nitration was also successful for the zinc porphyrin 83 in 22% 

yield. However when a second nitration was attempted on the copper porphyrin a 

significant proportion of starting material 85 was recovered (41%) even after the addition of 

3 equivalents of NO2 . Equally when the direct di-nitration of the unfunctionalized zinc 

porphyrin 83 was attempted only baseline material was recovered on purification over silica, 

and attempted di-nitration of the nickel porphyrin 81 with 6 equivalents of NO2 still led to 

the recovery of a small proportion of the mono-nitrated porphyrin 84 (7%).

Dnd

Dnd

(81) M= Ni, (84) M= Ni,
(82) M= Cu, (85) M= Cu,
(83) M= Zn. (86) M= Zn.

Figure 6.2- proposed functionalization of the dendritic porphyrin 92. i, NO2 in light petroleum, CH2C12 .

Dnd- 3,5-(3',5'-di-/ert-butylstyryl)phenyl.
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The attempted isolation of the di-nitrated porphyrins was further complicated by difficulties 
in purification and characterization. On purification these porphyrins streaked considerably 
on silica, so that the isolation of pure products from a mixture proved difficult. Equally 
samples that were thought to contain di-nitrated products could not be sufficiently 
structurally characterized. As the di-nitrated porphyrins exist as a mixture of six 

regioisomers 1 H NMR could not be used to prove the substitution on the porphyrin. 
Equally MALDI analysis of the products proved fruitless, as the nitro groups on the mono- 
nitrated products were observed to both significantly fragment and to pick up sodium ions 

in the spectra of the products, meaning that the parent ion peak of a pure di-nitrated product 
would be obscured by these other peaks.

Even with these difficulties in mind it is evident from the isolation of mono-nitrated 

products after the addition of a large excess of nitrogen dioxide that the dendritic porphyrin 
is reluctant to undergo a second nitration. This can be attributed to the mechanism of 
nitration. It has been speculated that this proceeds through the formation of a porphyrin x- 
cation radical in situ by reaction with a NO2 molecule92'185" 188 . Then combination with either 

the NO2" anion or a second NO2 molecule leads to the formation of the nitrated product. In 
the context of Chapters Two, Three and Four, this can be considered as another example of 
a porphyrin reacting through the formation of a charge-transfer complex. Table 6.1 shows 
how the dendritic copper porphyrin 82 has an oxidation potential a full 120 mV higher than 
the simple copper porphyrin 64; and the effect of adding nitro groups to the porphyrin 

periphery is to increase that oxidation potential further. Therefore it can be speculated that

Unsubstituted/ dendritic potphyrin

Simple copper unsubstituted porphyrin 64 
Simple copper nitro porphyrin 95

Dendritic copper unsubstituted 82 
Dendritic copper mono-nitro 85

Dendritic nickel unsubstituted 81 
Dendritic zinc unsubstituted 83

E(ol)/ mV

220 
305

360 
450

420 
200

E(o2)/ mV

580 
700

-

425

Table 6.1- oxidation potentials of non-dendritic and dendritic, unsubstituted and nitrated porphyrins.
Oxidation potentials are quoted relative to the ferrocene/ ferrocenium couple. It should be noted that at the

concentrations that the electrochemistry was carried out the UV-VIS spectrum of the dendritic zinc
unsubstituted porphyrin 83 showed evidence of significant aggregation.
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the dendritic porphyrins are unwilling to undergo a second nitration because of their 

unfavourable oxidation potentials.

6.2.2 Synthesis of the dendritic porphyrin alpba-dione

Since the synthesis of the dendritic porphyrin tetra-one was not successful, it was decided to 

revert to the strategy of Promarak37 and to incorporate two dendritic porphyrins as the end 

units of the porphyrin arrays. The overall methodology is explained in detail in Section 6.4.2 

and is outlined in Figure 6.9. Because of the large solubilizing groups that sit at either end of 

the array this type of array is referred to as a 'satellite' array.

Thus the dendritic porphyrin a/pha-dione. was synthesised in a 1 gram quantity by a 

previously established methodology (Figure 6.3). The reaction sequence suffers from a low 

overall yield- 14% from the unfunctionalized dendritic porphyrin 87 and less than 0.5% from 

toluene (87)- although these yields were obtained before the adverse effect of the 

benzaldehyde oxime on the Dess-Martin oxidation was realised (see Section 6.3).

t-Bu

t-Bu .. ... t-Bu 
11., 111.

50%

(87) (88)

.Dnd

X., XI.

Dnd
over 3 steps

Dnd Dn

(93)

Dnd

Scheme 6.2- large-scale synthesis of the dendritic porphyrin a/pha-dion.e. i. t-BuCl, A1C13; ii. N-

bromosuccinimide, AIBN (cat.), CHC13, AR; iii. HMTA, EtOH, AR then cone. HC1; iv. Ph3PCH3I, t-BuOK,

THF; v. 3,5-dibromobenzaldehyde, anhydrous Na2CO3 , 2,6-di-/<?rt-butyl-4-methylphenol, Hermann's catalyst,

N,N-dimethylacetamide; vi. 1 eqv. pyrrole, trifluoroacetic acid, CH2C12 then DDQ; vii. Cu(OAc)2, CH2C12/

MeOH, AR; viii. 1.2 eqv. NO2 in light petroleum, CH2C12, purification over alumina; ix. 10 eqv. benzaldehyde

oxime, 11 eqv. NaH, DMSO/ THF, AR; x. 1.5 eqv. Dess-Martin periodinane, CH2C12; xi. (CH3)3SiI, CH2C12.

Dnd= 3,5-(3',5'-di-/^-butylstyryl)phenyl.
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6.3 Synthesis of the simple porphyrin tetra-one

It was initially thought that the quickest, easiest way to a porphyrin tetra-one unit would be 

through the di-nitration of the porphyrin macrocycle, outlined in Figure 6.4. On a small 

scale this sequence has led to an overall yield of 15% of the tetra-one 23 from the starling 

porphyrin 45, although previous attempts to scale-up this procedure had reduced this yield 

to only 5%37 .

Previous procedures37 were followed precisely for this functionalization. Di-nitration of the 

copper porphyrin 64 was achieved successfully, and it was found that on a large scale a 

partial separation of the six regioisomers could be achieved as a proportion of the unwanted 

regioisomers ran ahead of the desired regioisomers on purification over silica. A proportion 

of the material was lost on demetallation of the macrocycle as it was difficult to prevent 

protonation of the porphyrin and the consequent formation of insoluble porphyrin 

derivatives. Despite this- and cracked glassware- 18.5 grams of partially separated free-base 

dinitro-porphyrin 94 was isolated, starting from 69 grams of porphyrin 45. The final two 

steps were then carried out without purification of the intermediates, as described by 

Promarak37 . Unfortunately barely 100 milligrams of the desked porphyrin tetra-one product 

23 was isolated at the end of the sequence. The reasons for this very poor yield are not clear, 

but it is evident that this route to the porphyrin tetra-one is fraught with difficulty.

For this reason it was decided to revert to the methodology outlined in Chapters Four and 

Five in order to synthesise the bis-porphyrin tetra-one 21. Building up a 1,4,5,8- 

tetraazaanthracene-bridged array with the bis-porphyrin tetra-one would also have the added 

advantage over the single porphyrin tetra-one 23 as the array will be lengthened by two units 

with each addition of a monomer unit rather than by just one. The precise route to the 

monomer unit is outlined in Figure 6.5.

Ar, Ar

NO,

Ac' Ar

IV.

.Ar

Ar' Ar

(45) (94) (23) 

Figure 6.4- the attempted large-scale synthesis of the simple porphyrin tetra-one. i. Cu(OAc)2, CH2C12/ 

MeOH, AR; ii. 2 eqv. NO2 in light petroleum, CHaCk; iii. H2SO4, CH2Cl2; iv. SnCl2.2H2O, cone. HC1, CH2C12; 

v. 4 eqv. Dess-Martin periodinane, CH2Cl2. Ar = 3,5-di-/<?rt-butylphenyl.
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Ar

NO,

,OH

62% (75% 
w.r.t.r.s.m.)

Ar Ar

(60) (21)

Figure 6.5- the large-scale synthesis of the simple bis-porphyrin tetra-one. i. /-BuCl, Aids; ii. N- 

bromosuccinirnide, AIBN (cat.), CHC^, AR; iii. HMTA, EtOH, AR then cone. HCI; iv. 1 eqv. pyrrole, propionic

acid, AR; v. Cu(OAc)2, CH2C12/ MeOH, AR; vi. 1 eqv. NO2 in light petroleum, CH2C12; vii. 11 eqv. 

benzaldehyde oxime, 10 eqv. NaH, DMSO/ THF, AR; viii. H2SO4, CH2C12, then recrystalHzation from CH2C12/

MeOH; ix. 1.5 eqv. Dess-Martin periodinane, CH2C12; x. 0.36 eqv. 1,2,4,5-tetraaminobenzene

tetrahydrochloride, pyridine, AR; xi./>-toluenesulfonylhydrazide, anhydrous K2CO3, pyridine, 108°C, the starting

material is recovered by the oxidation with DDQ of other products isolated from the reaction mixture; xii.

silica, substrate deposited from 1:8 dichloromethane: light petroleum, and then solvent removed from the

system, 35°C; xiii. 5 eqv. Dess-Martin periodinane, CH2C12. Ar = 3,5-di-/?/?-butylphenyl. 'w.r.t.s.m.' means

with respect to recovery of starting materials.

The functionalization starts with the nitration of the simple copper porphyrin, and this was 

achieved with the separation of both starting material and over-nitrated products repeatedly 

on a 30 gram scale. Displacement of the nitro group with the anion of benzaldehyde oxime 

appeared to be successful even at a much higher substrate concentration than previously 

attempted87 . Purification was not attempted at this point due to the instability of the 

products on silica. Demetallation also appeared to be successful, but when the products 

were then oxidized with the Dess-Martin periodinane reagent, typically only 10% of the 

desired porphyrin a/pha-dione 20 was isolated with up to a further 60% of a slightly less polar 

product (yields are given over the three steps). The appearance of this slighdy less polar
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Ar. .Ar Ar. Ar

Ar'
Ar Ar Ar

(96) (97)

Figure 6.6- left- the product isolated from the attempted oxidation of the free-base hydroxy-porphyrin with the

Dess-Martin periodinane in die presence of contaminating benzaldehyde oxime. Right- an analogous product

isolated by Beavington from the attempted oxidation of the hydroxy-porphyrin with Pb(OAc) 4 .

Ar = 3,5-di-&rt-butylphenyl.

product was puzzling, but it was eventually identified as the novel chlorin structure in Figure 

6.6. Its structure was confirmed by its MALDI mass- 1212.5 where 96H+ requires 1212.8- 

and by the appearance of 17 protons in the aryl region of its 'H NMR.

The formation of this product was traced to the presence of benzaldehyde oxime still 

remaining from the last-but-one step in the reaction sequence. It is a mechanistically 

interesting product as it is analogous to the product 97 isolated by Beavington87 in the 

oxidation of the hydroxy-porphyrin with Pb(OAc)4 . Once the oxime had been removed by 

recrystallizing the intermediate hydroxy-porphyrin from dichloromethane/ methanol the 

course of the reaction reverted to what had been observed previously, and typically a 55% 

yield of porphyrin a/pha-dione. could be isolated (the yield is given over three steps).

With the successful preparation of the porphyrin a/pha-dione 20, condensation of 20 around 

1,2,4,5-tetraaminobenzene led to the bis-porphyrin 14. The optimum reaction conditions 

require the use of only 0.36 equivalents of 1,2,4,5-tetraaminobenzene35 so when starting 

material was recovered at the end of reaction it could be recycled.

The synthesis of the bis-chlorin 60 was now attempted. The tendency of the reaction to 

over-reduce the bis-porphyrin as mentioned in Chapter Four seemed to be more prevalent 

on a larger scale, and so it was repeatedly necessary to oxidize any over-reduced material 

back to the starting bis-porphyrin 14 in order to recycle it. Once the bis-chlorin 60 was 

isolated, its oxidation by silica consistently resulted in the recovery of around 20% of the 

starting material (and by implication up to 80% of the desired hydroxylated products) as long 

as the diameter of the column used in this oxidation did not exceed 5 cm, suggesting that 

this oxidation can be successfully applied to a large-scale synthesis. However the next step 

involved oxidation by the Dess-Martin periodinane. On a 100 mg scale this had
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reproducibly resulted in a 29% isolated yield of the tetra-one 21 from the bis-chlorin 60 (see 

Chapter Five). But on a 1.3 gram scale this was reduced to only 13%. In addition a further 

13% of slightly impure bis-porphyrin a/pha-dione 80 was isolated.

Following this sequence all the way through, starting from 31 grams of porphyrin 45, 16 

grams of porphyrin a/pba-dione 20 was synthesised. This was converted into 10.3 grams of 

bis-porphyrin 14 and then 5.2 grams of bis-chlorin 60. After oxidation on silica and by the 

Dess-Martin periodinane, 0.67 grams of bis-porphyrin tetra-one 21 was isolated.

At last the synthesis of 1,4,5,8-tetraazaanthracene-bridged porphyrin arrays can be described. 

As the details of the characterization of these arrays are equally as important as the synthetic 

details, these are described separately in Section 6.5.

6.4.1 Non-dendritic potphytin arrays

So that arrays containing non-dendritic and dendritic solubilizing groups could be compared, 

initially two arrays without the dendritic solubilizing groups were synthesised. The simple 

tetramer was synthesised through the double condensation of the bis-porphyrin a/pba-dione 

22 onto 1,2,4,5-tetraaminobenzene. This reaction was carried out in a similar manner to 

synthesising the simple bis-porphyrin 14 (Figure 6.7). However since the bis-porphyrin 

a/pba-dione 80 was less soluble than the single porphyrin a/pha-dione the reaction was carried 

out at a concentration of 31 //molmT1 of the bis-porphyrin a/pba-dione, equivalent to half that 

of the porphyrin alpha-d&one for the synthesis of the bis-porphyrin 14. Purification of the 

product also proved to be difficult. Initial attempted purification over silica with a 1:2 

volume mixture of dichloromethane: light petroleum eluted two products, neither of which 

was identified as either the starting material or the desired tetramer product. But when the 

column was pumped through with chloroform, a third product was eluted. This was shown 

by thin layer chromatography to be less polar than either of the other two products, and was 

purified further with a 1:1 volume mixture of chloroform: light petroleum. Through an 

identical UV-VIS spectrum as that reported in the literature and the correct MALDI mass 

this was identified as the tetramer 22 (isolated yield 32% with respect to the bis-porphyrin 

a/pba-dione starting material, or 45% with respect to the 1,2,4,5-tetraaminobenzene).
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Figure 6.7- a new synthesis of the non-dendritic tetramer 22. Ar= 3,5-di-/^-butylphenyl.

The non-dendritic hexamer 98 was synthesised through the condensation of the bis- 

porphyrin tetra-one 21 with an excess of 1,2,4,5-tetraaminobenzene. The intermediate bis- 

porphyrin condensate was capped with an excess of bis-porphyrin a/pha-dione 80 (Figure 

6.8). The product from the condensation of the bis-porphyrin with 1,2,4,5- 

tetraaminobenzene proved quite insoluble and so the second part of the reaction was carried 

out with the bis-porphyrin tetra-one 21 at a concentration of only 5.5 //molmT1 . The low 

yield of isolated product (only 8%) was further hampered by problems with the purification 

of the product over silica. It was observed that the product significantly streaked or did not 

move at all with a solvent mixture any less polar than about 1:1 chloroform: light petroleum. 

Hence purification had to be carried out at solvent polarities where the separation of the 

desired product from possible impurities was small.

Ar,
CIH

i. Excess
•NHjCI

NH,CI

, pyridine, reflux, 2 hrs

Ar,
O

Ar Ar ii. 3.6 eqv.

Ar 'Ar

Ar

, toluene, 
to reflux, 

22 hrs

Ar Ar

Figure 6.8- synthesis of the non-dendritic hexamer 98. Ar= 3,5-di-/^-butylphenyl.
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£^2—Attavs containing a dendritic solubilizing group

With the successful synthesis of the two monomer units the synthesis of 'satellite' arrays 

incorporating the dendritic solubilizing unit could now be attempted. This was carried out in 

an iterative manner, as illustrated in Figure 6.9. Typically, one equivalent of the porphynn 

a/pha-dione was condensed with a large excess of 1,2,4,5-tetraaminobenzene in pyridine; after 

two hours at reflux under argon the reaction was worked up and solvent was removed. The 

residue and at least 2a/4 equivalents of the bis-porphyrin tetra-one were dissolved in a small 

amount of toluene, the system was placed under argon, and then heated to reflux for 19 

hours . Solvent was again removed and purification was carried out over silica. This 

iterative procedure was carried out three times, and yields for each iterative step are given in 

Table 6.2. The sequence was finished with the capping of the 7mer porphyrin a/pha-dione 

around the bis-porphyrin tetra-one unit 21 to give in theory the 16mer porphyrin array. This 

final condensation was carried out through the condensation of 21A equivalents of the 7mer 

porphyrin a/pha-dione, with an excess of 1,2,4,5-benzenetetraamine in pyridine; after work-up 

this was heated at reflux with one equivalent of bis-porphyrin tetra-one in toluene.

For the shorter arrays the solubility of the substrates in both pyridine and toluene were good. 

In this way for the synthesis of the 3mer, 5mer and 7mer porphyrin a/pba-diones 99, 100 

andlOl, the second step of the reaction was carried out a concentration of bis-porphyrin 

tetra-one 21 of between 6.0 and 8.0 //molmT1 . This led to a reasonable yield of the desired 

porphyrin a/p/ja-dione, product, as showed in Table 6.2. However the solubility of the 7mer 

tf^tf-dione in both solvents appeared to be poor, so that its condensation around the bis- 

porphyrin tetra-one 21 was carried out at a concentration of 21 of only 0.41 /z/molmTt in 

toluene. This undoubtedly contributed to the poor isolated yield of porphyrin array product 

from this final step.

Solubility also became an issue when purifying some of the product mixtures over silica. 

The first two reactions in the iterative sequence could be purified easily with various volume 

fractions of dichloromethane to light petroleum. In this way the unfunctionalized porphyrin 

arrays 102 and 103 were eluted first with a volume mixture of 1: 2.5 dichloromethane: light 

petroleum; the porphyrin a/pba-diones 99 and 100 were eluted with a 1: 1.75 mixture of 

dichloromethane: light petroleum; and the bis-porphyrin tetra-one 21 was recovered with a 1: 

1 mixture of dichloromethane: light petroleum. However when such purification was 

attempted for the crude product mixture from the third reaction in the iterative sequence, 

the 12mer porphyrin array 104 was not eluted and only a small amount of the 7mer alpha-
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Figure 6.9- iterative procedure for building up 1,4,5,8-tetraazaanthracene bridged porphyrin arrays. The

starting material is a porphyrin a/pha-dione with # 3,5-di-&rt-butylphenyl-substituted porphyrins fused onto a

dendritic porphyrin end gtoup. The process is iterative, so that the a/pba-dione. product from one reaction

becomes the starting material for the next reaction (shown by the curly arrow). See also Table 6.2. Ar= 3,5-di-

/^-butylphenyl and Dendron= 3,5-(3',5'-di-/<?rt-butylstyryl)phenyl.

dione 101 was isolated. As for the non-dendritic tetramer this was taken as a sign of the 

insolubility of the substrates in dichloromethane, so the column was flushed through with

Number of 
porphyrins in 

porphyrin alpha- 
dione starting 

material

(93) 1 (n= 0)
(99) 3 (n=2)

(100) 5 (n=4)
(101) 7 (n=6)

Number of 
porphyrins in 

porphyrin 
alpha-dione 

product*

(99)3
(100) 5
(101) 7

n/a

Yield of 
porphyrin 

alpha-dione 
product
(%)**

44
54
46
n/a

Number of
porphyrins 

in 
porphyrin 

array 
product

(102) 4
(103) 8

(104) 12
(105) 16

Yield of 
porphyrin 

array 
product (%)

7
9
2
7

Yield of the 
recovery of 

bis- 
porphyrin 

tetra-one 21

59
72
57
n/a

Table 6.2- yields in the synthesis for the iterative procedure described by Figure 6.9. The values of « 

correspond to those in Figure 6.9. ^Products not characterized because of: **possible anhydride impurity in

the product (see text).
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chloroform and the products re-purified in a volume mixture of 2:3 chloroform: light 

petroleum. From this second purification a small amount of 12mer porphyrin array 104 was 

isolated (2%) along with a considerable yield of the 7mer porphyrin ^a-dione 101 (46%). 

The 16mer porphyrin array 105 proved even more insoluble, so that purification over silica 

was attempted in 1:1 chloroform: light petroleum. However at this solvent polarity the 

separation of the desired product from possible impurities was small. This is an 

unsatisfactory situation as in the first step of the reaction sequence when the porphyrin 

a/pba-dione is condensed with 1,2,4,5-tetraaminobenzene a small amount of over-reaction 

and dimerization of the substrate can also occur. Hence the small amount of a porphyrin 

array containing (N-2) units needs to be carefully separated from the main fraction of 

porphyrin array containing N units, which is not possible at such high solvent polarities.

In addition to solubility problems on purification it also proved impossible to completely 

purify the porphyrin alpha-dionz intermediates, so they were not characterized. This was 

because it was noticed that a very slightly less polar band accompanied each sample of 

porphyrin a/pba-dione. Whilst it was not possible to separate this less polar band from the 

main band, the appearance of this impurity was reconciled with the appearance of a small, 

significantly deshielded NH signal in the 1 H NMR. This appears at typically -1.4 ppm 

whereas the NH signal of the porphyrin alpha-dione appears at around -1.9 ppm.

A similar product was also identified as an impurity in the bis-porphyrin tetra-one 21 

recovered from the condensation reactions. However in this case the impurity could be 

separated from the main product and it was identified as the anhydride structure shown in 

Figure 6.10. It is probable that this product and the similar impurities in the porphyrin alpha- 

diones are a result of the oxidation of the porphyrin a/pba-diont by residual oxygen in the 

system90 . Indeed it was observed that when the system was not degassed thoroughly before 

heating to reflux, the proportion of this impurity in the recovered bis-porphyrin tetra-one 21 

seemed to increase.

Ar- .Ar

•o

Ar' Ar Ar

(106)

Figure 6.10- the impurity isolated from the bis-porphyrin tetra-one 21 recovered from the condensation

reactions. Ar= 3,5-di-#rt-butylphenyl.
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Hence this iterative procedure produced samples that should have corresponded with 

porphyrin arrays containing four, eight, twelve and sixteen porphyrins each.

|>5 Characterization of porphyrin arrays

A defining feature of the characterization of these porphyrin arrays is the apparent 

decomposition of the arrays under ambient laboratory conditions, simply by adding solvent 

and removing it from the sample. As detailed below, this process has unfortunately led to 

the incomplete characterization of several of the arrays. The likely cause of this 

decomposition is discussed further in Section 6.5.4. Despite this two arrays, specifically the 

dendritic 12mer 104 and the non-dendritic tetramer 22, have been well characterized. In 

addition to this decomposition process, attempts to reproduce the iterative build-up of the 

satellite arrays did not succeed as described in Section 6.5.5, so several of the arrays have 

remained not fully characterized.

6.5.1 Non-dendtitic arrays

The best place to start a discussion about the characterization of these arrays is with the non- 

dendritic tetramer 22. Detailed characterization of 22 has been previously described by 

Crossley and Burn36 so the characterization process in the present situation was focused on 

confirming the size of the array and the purity of the sample. Firstly, its *H NMR spectrum 

in chloroform was characterized by very broad signals. This can be attributed to 

considerable aggregation in solution at the concentration that the ^H NMR was undertaken. 

In contrast its UV-VIS spectrum (shown in Figure 6.12) proved much more informative, as 

it was identical to that previously described except that the extinction coefficient for the B 

band absorption was determined to be 574,000 dm^mol^cm 1 instead of 430,000 

dm^mor'cm"1 . The characteristic structure of the UV-VIS spectrum is further analyzed in 

Chapter Seven. The composition of the sample was further confirmed by MALDI-TOF 

analysis (Figure 6.11) that showed one principle signal of the correct molecular weight, with 

very little other structure to the spectrum.

Finally the GPC analysis in THF is shown in Figure 6.11. Whilst GPC gives a measure of 

the molecular weight and polydispersity of the sample, the actual GPC instrument is 

calibrated with samples of polystyrene. It is not certain that the samples of polystyrene and 

the porphyrin arrays will interact with the GPC column in the same way, so quantitative data
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Figure 6.11- Characterizing the non-dendritic tetramer 22. From top to bottom- the MALDI from a 9- 

nitroanthracene matrix; and the GPC analysis. Both vertical axes are given in normalised units. The UV-VIS

spectrum is given in Figure 6.12.

derived from the GPC needs to be treated with caution. With this in mind, the main peak of 

the GPC trace has a mode molecular weight of 4700 and the whole peak has a polydispersity 

of 1.17- both figures are given relative to the polystyrene reference. However there appears 

to be a small shoulder on the main peak. If this shoulder is analyzed separately it is found to 

have a maximum at a molecular weight of around 1800, and constitute up to 4% of the total 

peak area with the UV detector set at 425 nm. It is unclear as to the cause of this shoulder. 

It should also be noted that 22 exhibited extremely low solubility in THF, and therefore it is 

likely that this GPC analysis will overestimate the proportion of any more soluble impurities 

present in the sample.

Therefore the MALDI and UV-VIS data confirm the identity of the non-dendritic tetramer, 

whilst the GPC analysis confirms that the sample is of low polydispersity.

This is a reasonably impressive set of characterization data that is in contrast with what is 

obtained for the non-dendritic hexameric array 98. The first thing that was evident from 

handling the hexameric array was its kck of solubility in nearly all solvents. The most 

favourable solvent system was found to be chloroform, and even in this case stirring was 

required before the substrate dissolved significantly. As for the tetramer only broad signals 

were apparent in the 'H NMR of the hexamer. The UV-VIS spectrum, shown in Figure 6.12 

does exhibit the characteristic band structure established by the non-dendritic tetramer, but
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Figure 6.12- Characterizing the non-dendritic hexamer 98. From top to bottom- the MALDI from a 9-

nitroanthracene matrix; the GPC analysis; and the UV-VIS spectrum. For comparison the UV-VIS spectrum

of the non-dendritic tetramer is also illustrated. All vertical axes are given in normalised units; the strongest

absorbance in the UV-VIS spectrum of the hexamer and the tetramer are normalised to the same value

although the maximum extinction coefficient for the hexamer was recorded as 259,000

compared to of 574,000 dm^moHcnr1 the tetramer.

the sample actually shows a reduced splitting in the B band compared to that of the tetramer 

(c.f. Chapter Seven). The MALDI spectrum (Figure 6.12) confirms that the sample does 

contain the hexamer, but it also suggests the presence of an impurity with molecular weight 

around 2265. The GPC analysis (Figure 6.12) quantifies the relative abundance of this 

impurity. Analyzing the two distinct peaks in the trace separately, the main peak is found to 

have a maximum at a molecular weight of 7000 (relative to the polystyrene standard). The 

smaller peak is found to constitute 28% of the area under the graph (with the UV detector 

set at 425 nm) and to have a mode molecular weight of around 2400.
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The MALDI spectrum also shows considerable structure to the parent ion signal of the 

hexamer. Peaks are clearly observed that correspond to the addition of one, two and three 

oxygens to the parent ion. It is unclear as to whether these peaks are an artefact of some 

oxidation process occurring in the ionization process during MALDI, or whether they 

actually indicate the presence of impurities in the substrate.

Overall therefore it is concluded that the sample of non-dendritic hexamer is of low purity. 

In addition the apparent decomposition of the hexamer during characterization- the results 

of which were evident after simply recording a 'H NMR spectrum- meant that further 

analysis of the product could not be attempted (c.f. Section 6.5.4).

6.5.2 *H NMR of dendritic satellite arrays

An initial evaluation of the dendritic satellite arrays was made by J H NMR as illustrated in 

Figure 6.13. It is evident that on going from the tetramer 102 to the octamer 103, and from 

the octamer 103 to the 12mer 104 that some of the resonances grow in intensity with respect 

to some others. The situation for the 16mer 105 will be examined later. Examining the /?- 

pyrrolic protons first, it is evident that there are four types of /?-pyrrolic environments. The 

two sets of protons above 9 ppm are significantly deshielded from the other resonances. 

The likely cause of this deshielding is ring-currents caused by the dendrons, and given that as 

the length of the array increases the relative intensity of these signals stays the same it is 

reasonable to assign these resonances to the H(2), H(3) and H(4) proton environments 

(Figure 6.13). The only singlet in the ^-pyrrolic region at 8.95 ppm is undoubtedly from the 

terminal H(l) protons, meaning that the 'lump' centred around 8.90 ppm is due to the H(5) 

and H(6) proton environments. And as the length of the array increases it is this lump' 

which grows in intensity relative to the other /?-pyrrolic environments.

The protons on the 1,4,5,8-tetraazaanthracene bridge are well separated from other proton 

environments, appearing just above 8.6 ppm. It is observed that the relative intensity of this 

group of signals increases as the length of the array increases.

The aryl region is more difficult to assign because for each aryl environment there are two 

different types of proton. The confused signal between 7.3 and 7.6 ppm will most likely be 

due to the styryl protons and the protons on the surface phenyl groups of the dendrons. In 

total this should integrate to 80 protons. In addition the easiest thing to say about the other 

group of resonances- between 7.9 and 8.2 ppm- is that above the tetramer all the additional 

ryl environments are roughly equivalent, so that the ortho aryl protons appear at 8.15 ppm,a
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Figure 6.13- aromatic region of the 400 MHz ! H NMRs of the satellite tetramer (102), octamer (103), 12mer

(104) and 16mer (105). The numbering system used for assignment of the peaks is given at the bottom.

Ar= 3,5-di-/^-butylphenyl; Dendron= 3,5-(3',5'-di-/^-butylstyryl)phenyl.

and the para aryl protons appear at 8.05 ppm. It is observed that these signals grow in 

intensity as the length of the array also increases.
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Figure 6.14- integration of the relevant environments from the ] H NMRs of Figure 6.13. For each array the 

dendron signal between 7.3 and 7.6 ppm was set to integrate to 80 protons.

With this assignment in mind, it should be possible to make a quantitative estimation of the 

length of each array. However care has to be taken as it is apparent that the relative 

integration of one proton environment versus another is not self-consistent. For example 

the H(2) and H(3) environments represent eight protons, so should integrate to a tenth of 

the value of the dendron resonances between 7.3 and 7.6 ppm. This is clearly not the case 

for any of the arrays, and similar inconsistencies are also evident. If it assumed that protons 

in similar environments in different arrays can be legitimately compared with one another, 

then by setting the dendron signal between 7.3 and 7.6 ppm to integrate to a standard of 80 

protons a comparison of the arrays can be made. This is done in Figure 6.14. It is observed 

that in the sequence of the tetramer 102 to the octamer 103 and 12mer 104 there is a roughly 

linear increase in the magnitude of the integration of the /?-pyrrolic environment centred 

around 8.9 ppm, the bridging proton environment centred around 8.62 ppm and the aryl 

environments centred around 8.15 ppm and 8.05 ppm. In this way it would appear that the 

number of porphyrins in each array is increasing linearly in the sequence tetramer< 

octamer< 12mer. However the integrations of the relative signals of the 12mer and 16mer 

appear to be very similar, suggesting that perhaps the sample of 16mer is not quite what it 

might claim to be.

6.5.3 Further characterization of the dendritic satellite arrays

The dendritic satellite arrays were then further characterized. The first sample to be analyzed 

was the tetramer 102. A broad parent ion peak centred around 7200 was observed in its 

MALDI spectrum (required mass- 7164) showing the sample did indeed contain the desired 

tetramer. However analyzing the sample by thin kyer chromatography at this point revealed 

that it had nearly completely decomposed into baseline material, so no further spectroscopy 

was carried out on the sample.
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Figure 6.15- Characterizing the dendritic octamer 103 by UV-VIS spectroscopy. For comparison the UV-VIS 

spectrum of the dendritic 12mer and Promarak's 7mer are also illustrated. The vertical axis is given in

normalised units.

The octamer 103 suffered similar problems of decomposition. A UV-VIS spectrum of the 

sample was recorded which does show the band structure that was observed in the UV-VIS 

spectra of the non-dendritic arrays 22 and 98 (Figure 6.15). However the spectrum is not 

consistent with an array containing eight porphyrin units as the intensity of absorption of the 

B band relative to the dendron is less than that of the 7mer synthesised by Promarak37. This 

can be explained if the array has already partially decomposed. Further spectroscopy was 

attempted on the sample, but by the time that this was carried out changes in the sample's 

UV-VIS spectrum (see Section 6.5.4) and analysis by thin layer chromatography revealed 

that the sample had now fully decomposed.

Luckily, characteri2ation of the 12mer array 104 proved much more successful. The MALDI 

spectrum run from a dithranol matrix appears a bit messy at first glance (Figure 6.16). The 

parent ion peak is the most visible, but it is characterized by a very broad signal- even at half 

the peak height it seems to be practically 1000 Daltons wide. It was thought that this might 

be due to the use of an inappropriate matrix, but when the sample was re-run using a variety 

of other matrices- specifically 9-nitroanthracene, tf$>Az-cyano-4-hydroxy cinnamic acid and 

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin itself- or run without the use of a 

matrix, the same broad signal was observed on each occasion. In addition the MALDI 

shows many peaks of lower molecular weight. The relative size of these peaks compared to 

the parent ion peak is not an indication that these impurities constitute a significant 

proportion of the sample as it is very likely that the heavier parent ion is more reluctant to fly 

in the MALDI machine than the lighter impurities. However the actual identity of some of 

the peaks is a bit more worrying. For example the peak at 13,100 would correspond to 

either a satellite array containing nine porphyrin units or a porphyrin a/pha-dione containing 

ten porphyrin units. The methodology in Figure 6.9 does not allow for either of these
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Figure 6.16- Characterizing the dendritic 12mer 104. From top to bottom- the MALDI from a dithranol 

matrix; and the GPC analysis. Both vertical axes are given in normalised units. The UV-VIS spectrum is given

in Figure 6.15.

products, suggesting that the array is subject to fragmentation somewhere along the reaction 
sequence or in the measurement itself.

Thus MALDI analysis of 104 gives a clear indication of the identity of the parent ion; and it 

is GPC analysis that gives a clear indication as to the purity of the substrate. This is also 

shown in Figure 6.16. A relatively rounded, uniform peak is observed with only the presence 

of a small shoulder of low molecular weight material. When the whole peak is analyzed as 

one peak, a polydispersity of 1.31 is obtained with a mode molecular weight of 19900 (both 

relative to a polystyrene standard). When the small shoulder is analyzed as a separate peak it 

is found to constitute only 1% of the total area of the graph, and possesses a mode 

molecular weight of around 2000. In this way the GPC analysis shows that the impurities 

that are observed by MALDI constitute only a small proportion of the sample, and that the 

12mer is of low polydispersity.

The UV-VIS spectrum (Figure 6.15) also broadly supports the assignment of the structure of 

the 12mer. It is observed that the intensity of absorption of the B band relative to the 

dendron is significantly greater than that of Promarak's 7mer37, indicating that there are 

significantly more non-dendronised porphyrins in the sample of 12mer than in Promarak's 

7mer.
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Figure 6.17- Characterizing the non-dendritic 16mer 105. From top to bottom- the MALDI from a dithranol

matrix; the GPC analysis; and the UV-VIS spectrum. For comparison the UV-VIS spectrum of the dendritic

12mer is also illustrated. All vertical axes are given in normalised units.

Like the 12mer, the 16mer was well characterised without the significant decomposition of 

the sample. However as suggested by its 1 H. NMR constitution of the 16mer was found not 

be as it might first seem. In fact it might be more appropriate to assign the 16mer as 

containing only 14 porphyrin units. All this is best illustrated by the GPC analysis (Figure 

6.17). The main peak of the GPC trace has two shoulders of lower molecular weight and 

one shoulder of higher molecular weight. When the trace is analyzed as one peak, a 

polydispersity of 1.63 and a mode molecular weight of 22,400 are obtained (relative to the 

polystyrene standard). This molecular weight corresponds to only two porphyrin units 

heavier than the molecular weight obtained by GPC for the 12mer, suggesting that the 

sample is more consistent with an array containing 14 porphyrin units rather than 16.
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Whilst this determination of molecular weight from the GPC analysis is flawed because the 

porphyrin arrays might interact with the GPC column in a different manner to the 

polystyrene calibration, MALDI analysis suggests a similar conclusion to the GPC analysis. 

The MALDI spectrum (Figure 6.16) shows a small parent ion peak corresponding to the 

molecular weight of the 16mer; but a much larger peak is observed for the peak 

corresponding to the 14mer. The 14 porphyrin product would originate from dimerization 

of the 7mer porphyrin a/pba-dione when condensed with 1,2,4,5-tetraaminobenzene in 

pyridine in the fkst step of the reaction sequence. However relative proportions of products 

cannot be ascertained from the MALDI spectrum, and therefore the exact identity of the 

16mer remains elusive.

Further analysis of the GPC trace reveals more information about the identity of impurities 

in the sample. When the small broad shoulder of higher molecular weight (i.e. shorter 

elution time) is analyzed by itself, it is found to constitute 2% of the sample by integration of 

the graph. The trace also suggests that the impurity possesses a molecular weight of 134,000. 

This is clearly not a realistic molecular weight given the methodology used to construct these 

arrays. Therefore this shoulder is probably a result of the aggregation of the high molecular 

weight arrays in solution.

Two shoulders are then apparent to the lower molecular weight side of the main peak. 

When the large shoulder is analyzed as one peak it is found to constitute roughly 10% of the 

sample by integration underneath the trace. The width of the shoulder corresponds to a 

molecular weight range of between 6,000 and 12,000. It is probable therefore that this peak 

corresponds to some porphyrin a/pha-dione, derivative. The smaller of the two shoulders 

constitutes only 3% of the sample with a molecular weight of around 2,300.

The UV-VIS spectrum (Figure 6.17) also reflects the composition of the sample. The 

intensity of absorption of the B band relative to the dendron is only very slightly greater than 

that for the 12mer array. This can be explained by the majority of the sample containing the 

14mer porphyrin array, with a small but significant impurity of lower molecular weight 

impurities containing relatively more of the dendron.

6.5.4 Decomposition of the attays

Unfortunately it seems that these 1,4,5,8-tetaazaanthracene bridged arrays are unstable to 

ambient laboratory conditions. Thus the dendritic tetramer 102, octamer 103 and the non- 

dendritic hexamer 98 remain not fully characterized. This decomposition process can be
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Figure 6.18- the UV-VIS spectrum of the dendritic octamer 103 "before' and after decomposition.

traced back to dissolving the substrates in either unstabilized chloroform or in un-dried 

THF. Intuitively therefore it is probable that this decomposition corresponds to some kind 

of hydrolysis process. Examining the decomposed product by thin layer chromatography it 

is observed to be of much greater polarity than the starting array; the /?-pyrrolic and NH 

protons in the :H NMR now only exhibit broad signals, in addition to which new signals at 

around 4 and 5.5 ppm have appeared; and the UV-VIS spectrum is observed to radically 

change.

This change in the UV-VIS spectrum is illustrated in Figure 6.18 for the dendritic octamer. 

The UV-VIS spectrum of the initial sample is characterized by a distinct band structure; 

however when the sample has fully decomposed, the UV-VIS spectrum shows no splitting in 

the B band and a greatly reduced intensity of the Q bands. The presence of the dendron 

absorption at around 310 nm in the decomposed sample confirms that the dendron is not 

responsible for the decomposition process. In addition the fact that the usual B band/ Q 

band structure is still present suggests that it is not the porphyrin macrocycle that is 

decomposing. So by a process of elimination it is thought that the bridging units are subject 

to hydrolysis under ambient conditions. This would make chemical sense and would also fit 

in with the picture of the electronic structure of the arrays described in Chapter Seven where 

the porphyrin /?-pyrrolic carbon-tetraazaanthracene nitrogen bonds in the bridging units are 

described as attaining nearly full double bond character.

6.5.5 Attempts to repeat the methodology- isolation of an unknown attay

Because of the decomposition of some of the satellite arrays, an attempt was made to re-run 

this methodology on a similar scale. However the methodology failed on the first iterative 

cycle. As before the dendritic porphyrin a/pha-dione was condensed with 1,2,4,5- 

tetraaminobenzene in pyridine; the reaction was worked up and the residue was combined
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with the bis-porphyrin tetra-one 21 and heated to reflux in toluene for 19 hours. On 

purification some relatively non-pokr products were isolated in small amounts and the 

excess bis-porphyrin tetra-one 21 was also recovered; a small amount of material was 

recovered with similar polarity to that of the tris-porphyrin a/pba-dione 99, but analysis by 1 U 

NMR revealed that this did not contain the desired tris-porphyrin a/pba-dione 99. So the 

methodology was repeated in total six times, but none of the desired tris-porphyrin alpha- 

dione was isolated on any occasion. The conditions for the reaction were varied slightly 

from run to run, so it can be conclusively stated that the apparent lack of reaction was not 

due to: decomposed or impure starting materials, as these were judged pure by ] H NMR and 

thin layer chromatography; wet solvents, as when both the pyridine and the toluene were 

freshly distilled from calcium hydride no reaction was still evident; poorly deoxygenated 

systems, as consciously thoroughly degassing the system and then placing it under argon, and 

repeating the procedure four times for both steps of the reaction still lead to the isolation of 

none of the desired tris-porphyrin alpha-fame. 99; decomposition of the porphyrin alpha- 

dione on purification over silica, as when the solvents for column chromatography were 

deoxygenated by bubbling with nitrogen and light was rigorously excluded from the column 

still no porphyrin a/pha-dione product was isolated; the system being too acidic in the second 

step of the reaction, thus disfavouring the formation of the porphyrin/ bridge imine bonds, 

as when the condensation in toluene was carried out with 1 % pyridine added still no desired 

product was isolated.

However three variables were varied from the previous successful application of this 

methodology. Firstly it was thought best to try to minimize the amount of porphyrin dimer 

product resulting from the condensation of two porphyrin units onto one 1,2,4,5- 

tetraaaminobenzene unit in the first step of the reaction, so the first step was carried out 

with a larger excess of 1,2,4,5-tetraaminobenzene. Secondly, in order to favour the 

condensation in the second step of the reaction, the starting materials were dissolved in a 

smaller amount of toluene. Finally, in order to retard any decomposition during purification, 

solvents for purification were doped typically with around 1% triethylamine.

Although no tris-porphyrin a/pba-dione was ever recovered from any of the reactions, some 

products of relatively low polarity that were initially thought could correspond to either the 

dendronised bis-porphyrin or the porphyrin tetramer 102 were recovered in small amounts. 

These fractions were combined and purified together, and very small quantities of two 

products of similar polarity were isolated. The more polar of these two products exhibited a
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Figure 6.19- UV-VIS spectrum of the unknown tetramer product. For comparison the UV-VIS spectrum of

the non-dendritic tetramer 22 is also illustrated.

broad peak in the MALDI spectrum centred around 7200, where the dendritic tetramer 

requires a mass of 7164. Equally the *H NMR showed the right peaks in roughly the right 

proportions in roughly the correct positions to correspond to the tetramer 102. However 

the resolution of the *H NMR was not good and it appeared by thin kyer chromatography 

that a proportion of the sample had by this stage decomposed, complicating matters further.

At this point therefore it would appear that the sample is consistent with the structure of the 

tetramer 102. But its UV-VIS spectrum -that was actually the first measurement recorded on 

the sample so that it would not be complicated by the effects of decomposition- does not 

show the characteristic band structure of a 1,4,5,8-tetaazaanthracene-bridged array (Figure 

6.19). Although the Q band region looks similar to those of simikr arrays, no splitting is 

observed in the B band.

A similar set of observations is recorded for the less pokr product. Its MALDI mass, 

measured accurately as 4785 (probably +5 Daltons at the most), and its poorly resolved 1 H. 

NMR suggest that the product is the dendronised bis-porphyrin (required mass- 4784). 

However its UV-VIS spectrum also shows no splitting in the B band, indicating that the 

product is not in fact the dendronised bis-porphyrin.

This is a puzzling set of results, and conclusions from them can only be tentatively drawn. 

Bearing in mind that the MALDI masses of the products conform very closely with the 

desired products, and that the aH NMRs seem to convey that the symmetry and the general 

substitution of the products are very similar to the desired products, then the most sensible 

thing to propose is that the 1,4,5,8-tetraazaanthracene bridge has been reduced. This is 

illustrated in Figure 6.20. This would also explain the difference in the UV-VIS spectrum, as 

it has been shown by Crossley that chemical modification of the bridge can lead to a
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Figure 6.20- a possible fate of the 1,4,5,8-tetraazaanthracene bridge, 

cessation of the splitting in the B band without a significant change in the rest of the
1ROspectrum .

There are two explanations for the origin of this possible reductive pathway. The first is 

simply that over-zealous attempts to prevent the decomposition of the arrays by doping the 

solvents used for purification with triethylamine actually resulted in the reaction of the 

triethylamine with the substrate. The photoreduction of porphyrins with amines has 

precedent, although the reported reaction required irradiation for two days in a 25% solution 

of triethylamine in benzene150 . The second explanation is that there is an active reductive 

pathway occurring in the reaction mixture that is causing this reduction process.

Most importantly, the lack of porphyrin a/pha-dionz products can also be reconciled with this 

possible reductive pathway, as the a/pba-dionz functionality would be very susceptible to any 

reductive process.
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6.6 Coiiclusiotis for the synthesisof tetraaxaantnfacerie-Dfias-ea arrays
lilMliiiS^fl^i^ 

.'......____.-—.-„_________"_____S^________'_________ ...........

The first problem that is encountered in the synthesis of tetraazaanthracene-bridged 

porphyrin arrays is the synthesis of the monomer units. For the construction of an extended 

array the simple bis-porphyrin tetra-one 21 is superior to the simple single porphyrin tetra- 

one 23 because the array is built up by two units at a time rather than just one. Equally it has 

been shown that the methods for the synthesis of the bis-porphyrin tetra-one are more 

reliable than those for the synthesis of the single porphyrin tetra-one.

For the synthesis of an extended porphyrin array a solubilizing group needs to be 

incorporated into the array. It has been shown in this chapter that by not using a 

solubilizing group only the tetrameric array can be synthesised and purified to a satisfactory 

standard. The group that has been used to solubilize the array has been a dendritic-based 

system. It has been shown that this solubilizing group, when incorporated onto the 

porphyrins occupying the terminal positions of the array, can successfully solubilize a
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structure up to 12 porphyrin units long. However above this length this strategy is 

insufficient as the products are not soluble enough to enable adequate purification of the 

arrays.

It would be desirable therefore to synthesise a 'soluble porphyrin tetra-one.' Using the 

dendritic solubilizing gtoup this has not proved successful. Therefore it can be concluded 

that the limit of this particular solubilizing group has been reached.

It has further been shown that the formation of the 1,4,5,8-tetraazaanthracene bridge does 

not always proceed smoothly, and this has had a major effect on the reproducibility of the 

methodology. In addition the fact that such side-reactions might be occurring emphasises 

the need for the porphyrin arrays to be soluble enough so that by-products can be 

successfully separated from the desired products.

Finally it has been possible to synthesise and satisfactorily characterize two porphyrin arrays. 

Firstly the non-dendritic tettamer has been synthesised by a new route in a relatively large 

quantity (over 150 mg). Then the dendritic 12mer satellite array has also been synthesised, 

and GPC analysis suggests that the product is of low polydispersity. Other arrays have been 

synthesised, but have decomposed before full characterization has been achieved.
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Chapter Seven 
Photophysical properties of porphyrin arrays

Chapter Six has described the attempted synthesis of various 1,4,5,8-tetraazaanthracene 

bridged porphyrin arrays up to 16 porphyrin units' length. Unfortunately due to 

decomposition processes occurring during their characterization only the non-dendritic 

tetramer and the dendritic 12mer have been characterized as sufficiendy pure products so 

that conclusions can be drawn from their photophysical spectra.

In addition to this Promarak synthesised an analogous series of dendritic 1,4,5,8- 

tetraazaanthracene bridged arrays37 . Fortunately for him he did not observe any 

decomposition occurring during his characterization process and porphyrin arrays containing 

3, 5 and 7 porphyrin units were each synthesised. Although GPC analysis of his products 

was not undertaken, the fact that the parent ion peaks in the respective MALDI spectra 

corresponded to the proposed product structures and the consistency shown in the increase 

in absorption in the UV-VIS spectra with the number of porphyrin units in the array (see 

Figure 7.4) suggests that these products are of sufficient purity that their photophysical 

properties can be analyzed.

Therefore the aim of this final chapter is to examine the photophysical properties of these 

porphyrin arrays and to try and draw some conclusions of the feasibility of exploiting these 

arrays in field effect transistors or single molecule devices.

This analysis of the photophysical properties of the porphyrin arrays starts at the simple bis- 

porphyrin dimer. The UV-VIS spectrum of the non-dendritic di-zinc bis-porphyrin 107 is 

given in Figure 7.1. It can be superficially explained in terms of the B band/ Q band model 

described in Appendix One. The B band, centred at 442 nm, has been split into two 

components. Meanwhile two Q band is also split into two components, with band origins at 

around 535 nm and 700 nm.
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Figure 7.1- the UV-VIS spectrum of the di-zinc bis-porphyrin 107 in chloroform and chloroform/ 1% pyridine.

The intensities of absorption have been normalised.

The splitting in the B band could be cause by two electronic effects:

1. Exciton Coupling

As outlined in Appendix Two exciton coupling between neighbouring porphyrins can lead to 

a splitting of the B band. In this case the x components of the transition dipole moment 

orientate themselves in a head-to-tail alignment to one another, whereas the j components of 

the transition dipole moment orientate themselves alongside one another (Figure 7.2). This 

will lead to a red shift in the allowed component of the x-transition of the B band and a blue 

shift in the allowed component of the j/-transition of the B band. In this way a splitting of 

the B band occurs.

2. A reduction in the symmetry

As outlined in Appendix One, a reduction of the symmetry of the porphyrin environment 

can account for a splitting in the B band. This lowering of symmetry is emphasised by the 

appearance of two Q bands. An unsubstituted metallated porphyrin displays only one Q 

band, and even when the symmetry of the unsubstituted system is lifted often only one Q

J

X

Figure 7.2- orientation of the transition dipole moment in a planar bis-porphyrin dimer.
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band is observed. Hence the appearance of two Q bands demonstrates the asymmetry 

of the system, and it might also account for the splitting in the B band.

In addition to these electronic effects, aggregation of porphyrins in solution can also lead to 

a splitting of the B band. It is important to consider this as previous photophysical studies 

on porphyrin arrays have shown that aggregation can have a significant effect. The usual 

way of assessing the effect of aggregation has been to metallate the porphyrin array with zinc 

and then to measure the differences between the absorption spectrum recorded in neat 

chloroform and in chloroform containing a small amount of pyridine190 . This is because 

pyridine can co-ordinate to the zinc and better solvate the array than just chloroform by 

itself. Therefore aggregation is more likely to occur in neat chloroform, and significant 

changes in the UV-VIS spectra between the two solvent systems can be attributed to the 

effects of aggregation.

In this way the UV-VIS spectrum of the di-zinc bis-porphyrin 107 was measured in both 

neat chloroform and in chloroform doped with 1% pyridine. The respective UV-VIS 

spectra are shown in Figure 7.1. It is evident that the spectra in the two solvent mixtures are 

not the same. The B band of the sample in the chloroform/ 1% pyridine solution is red- 

shifted by 9 nm with respect to the sample in neat chloroform, and both Q bands are red- 

shifted by 15 to 20 nm. In order to explain this shift in terms of excitonic coupling within 

an aggregate it would have to be assumed that the porphyrins are stacking directly on top of 

one another in an 'H* aggregate formation in neat chloroform. However the observation 

that the red shift in the Q bands is of equal or greater magnitude than the red shift in the B 

band is inconsistent with excitonic interactions within an H aggregate. This is because the 

magnitude of the excitonic interaction should be proportional to the transition dipole 

moment of the electronic transition, and therefore the effects of excitonic interaction would 

be expected to result in a much greater shift of the B band. Therefore the most likely cause 

for the slight red-shift in the spectrum on addition of pyridine is the coordination of pyridine 

to the zinc, making the metal centre more electropositive and destabilizing the bonding a2u 

orbital191 . In this way the HOMO-LUMO gap is observed to decrease.

It is therefore concluded that the effects of aggregation are not observed in the UV-VIS 

spectrum of the di-zinc bis-porphyrin 107. Importantly the splitting of the B band is shown 

to be unequivocally not a consequence of aggregate formation.
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Figure 7.3- the model monomer unit 108. Ar=3,5-di-#rt-butylphenyl.

7.2 Excitonic interactions within the B band

7.2.1 UV-VIS spectrum of the non-dendritic tettamer 22

Having discussed the effects contributing to the UV-VIS spectrum of the bis-porphyrin, the 

next challenge is to interpret the UV-VIS spectra of the longer arrays. A comparison of the 

UV-VIS spectrum of the non-dendritic tetramer 22 and the model monomer unit 108 is 

made in Figure 7,3. 108 is considered to act as a monomer unit for an extended array as the 

porphyrin is di-functionalized at antipodal /?-pyrrolic units.

The UV-VIS spectrum of the tetramer at first gknce appears complicated, but as for the bis- 

porphyrin it can in fact be explained in terms of the normal B band/ Q band model. Firstly 

the B band, which is at 448 nm in the monomer, has been split into a lower energy 

component at 466 nm and a higher energy component at 425 nm. Then the two 

characteristic Q bands are also visible with origins at around 565 nm and at 722 nm. The 

first vibrational overtone to these bands is observed, at around 520 nm and 665 nm

Non-dendritic tetramer 

Monomer

0.5 -

300
550

Wavelength (nm)

Figure 7.3- a comparison of the UV-VIS spectra of the non-dendritic tetramer 22 in chloroform and die model 

monomer unit 108 in dichloromethane. The intensities of absorption have been normalised.
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respectively. In addition, in contrast to the UV-VIS spectrum of an unsubstituted porphyrin, 

the second vibrational overtones to the Q bands are also visible at around 485 nm and at 608 

nm respectively. It should be noted that the shoulder at around 485 nm might also be 

assigned to an electronic transition from porphyrin-centred orbitals to the tetraazaanthracene 

bridge-centred orbitals189 .

Therefore as for the bis-porphyrin, the tetramer shows a splitting of the B band. It is not 

clear as to the extent that which exciton coupling contributes to this splitting, but exciton 

coupling does contribute to other facets of the spectrum. Specifically, the intensities of the 

Q band absorptions are increased with respect to the monomer unit. This increase in 

intensity is greatest for the highest energy Q band absorptions; so for example the shoulder 

at around 520 nm is of half the intensity of absorption as the B band, whereas the respective 

absorption in the monomer unit is of about a tenth of the intensity of the B band. This 

phenomenon can be explained by 'intensity transfer' between the B and Q transition dipole 

moments, mediated by excitonic interactions192 . The extent of this intensity transfer is 

theoretically dependent on the difference in energy between the donor and acceptor states, 

which is why it is observed that the magnitude of the increase in intensity amongst the Q 

band transitions is the greatest for the highest energy transitions.

An assessment of the effects of aggregation on the UV-VIS spectrum of the tetramer 22 was 

also attempted. Thus the synthesis of the non-dendritic tetra-zinc tetramer was attempted by 

heating the free-base tetramer 22 with a large excess of zinc diacetate in DMF. However 

only a mixture of mono-, di- and tri-substituted products was isolated, as evidenced by 

MALDI using the free-base tetramer as an internal standard.

7.2.2 UV-VIS spectra of satellite porphytin attays

In order to definitively establish the extent of exciton coupling in the UV-VIS spectra of 

1,4,5,8-tetraazaanthracene bridged arrays, a whole series of porphyrin arrays of different 

lengths need to be considered. For this to be achieved, Promarak's 3-, 5- and 7-membered 

porphyrin arrays need to be included with the 12-membered porphyrin array described in 

Chapter Six in this analysis. Their representative UV-VIS spectra are shown in Figure 7.4.

Initial inspection reveals that all the spectra are similar to that of the non-dendritic tetramer 

22, with identifiable B band Q bands. In fact the spectra are very similar not only to that of 

the tetramer, but also to one another. The splitting in the B band does not appear to 

increase significantly with an increasing number of porphyrin units in the array and the
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Figure 7.4- Top- UV-VIS spectra of 1,4,5,8-tetraazanthracene bridged porphyrin arrays in dichloromethane, 

whose structure are shown below. The horizontal scale is the normalized absorption. Dendron= 3,5-(3',5'-di-

/<?rt-butylstyryl)phenyl; Ar= 3,5-di-

intensity of the Q bands seems to remain in proportion with the intensity of the B band. 

These are both indicative of only weak exciton coupling between neighbouring porphyrins. 

In order to exactly quantify the magnitude of exciton coupling then the splitting in the B 

band needs to be plotted against cos[;z/(N+l)], according to Equation A2.3 of Appendix 

Two:

cos - Equation A2.3

This is shown in Figure 7.5. Implicit in this treatment is the assumption that Frenkel 

excitons are formed on photoexcitation; but as discussed in Section 7.3 this is a safe 

assumption.

The straight line relationship shown in Figure 7.5 for the magnitude of the splitting of the B 

band of the satellite arrays shows that exciton interaction energy AE0 for the
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Figure 7.5- magnitude of the splitting of the B band (AE) plotted against the cos[^/(N+l)] where N is the total 

number of porphyrin units in the array. The error in the measure of AE is approximately ±50 cm-1 , which is

roughly represented by the height of the markers.

1,4,5,8-tetraazaanthracene bridged arrays equals 555 cm"1 . This is determined by halving 

gradient of the graph (1115 cm"1). The gradient is halved since both the x-polarized and j- 

polarized components of the B band are shifted by AE0 resulting in a total B band splitting 

of2AE0.

The rektionship shown in Figure 7.5 differs from other porphyrin arrays described in 

Chapter One since the line of best fit does not cross the axes at their origins at their 

intersection. Instead when cos[;r/(N+l)]= 0 then AE= 930 cm 1 . Several reasons for this 

can be hypothesised:

• A breakdown of the 'strong' coupling regime

Strictly speaking equation A2.3 is only valid in a strong coupling regime where the magnitude 

of the exciton interaction is greater than the vibronic bandwidth of the electronic absorption. 

In this system this is clearly not the case. However it is unlikely that this is the actual cause 

of the deviation from equation A2.3 as this equation has been successfully applied to simikr 

porphyrin systems.

• The exciton interaction originating from the end units is stronger than from the

inner units

If the magnitude of the exciton interaction between an end dendritic unit and the next-from- 

end unit is much greater than that between two inner units then the line in Figure 7.5 would
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Figure 7.6- the bis-quinoxalino bis-porphyrin model unit for the inner units of a porphyrin array. Ar= 3,5-di-

/e/t-butylphenyl.

not cross the axes at their intersection. Whilst this difference in the magnitude in exciton 

interactions does not have a great theoretical backing, the hypothesis has been nonetheless 

tested by the synthesis of the model system bis-quinoxalino bis-porphyrin 109 (Figure 7.6). 

It is considered to act as a model to the inner units of the array because each porphyrin is 

substituted at antipodal ^-pyrrolic units in contrast to a terminal unit which is substituted at 

only one /?-pyrrolic unit. The splitting in its B band was found to be a respectable 1495 cm" 1 , 

showing that the deviation from equation A2.3 is not due to an inequality in the exciton 

interaction between neighbouring porphyrin units in the array.

• Aggregation

The effects of aggregation would be expected to unpredictably affect the splitting of the B 

band as the length of the array increases. So the fact that all four arrays lie on the straight 

line in Figure 7.5 and fit in with this figure of 555 cm"1 for AE0 suggests that aggregation is 

not playing the dominant role.

• The asymmetry of the system causing a splitting in the B band

As described in Appendix One and earlier in this chapter, a reduction in the symmetry of the 

porphyrin can lead to a splitting of the B band. In this case, since all other factors have been 

ruled out it is very likely that unaccounted splitting in the B band of 930 cm"1 is caused by the 

asymmetry of the system.

Figure 7.5 shows a good straight line relationship for the series of satellite arrays, but the 

values for the splittings of the B bands of the non-dendritic bis-porphyrin 14 and the 

tetramer 22 lie off this line. It is not particularly worrying that the bis-porphyrin 14 does not 

fit into the trend, as it would be expected that the magnitude of the splitting of the B band 

caused by the asymmetry of the porphyrin environment will differ in the dimer to that in an 

extended array. This is because both the porphyrins are substituted at only one /?-pyrrolic 

unit rather than being di-substituted at antipodal /?-pyrrolic units. Indeed when di-
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substitution is imposed on the system in the bis-quinoxalino bis-porphyrin unit 109, the 

energy splitting of the B band once again lies on the straight line.

The observation that the splitting in the B band of the non-dendritic tetramer 22 lies off the 

straight line is not such a trivial matter. In fact it not only lies off the straight line, but the 

magnitude of its splitting (2070 cm' 1) is greater than that predicted for an array of infinite 

length (2040 cm'1 , where cos[^/(N+l)]= 1). This could be due to the fact that the tetramer's 

UV-VIS spectrum was recorded in chloroform rather than the usual dichloromethane for 

reasons of solubility. However a similar increase in the splitting of the B band of the zinc 

bis-porphyrin 107 is not observed when moving from dichloromethane to chloroform. 

Therefore the extra splitting of the B band might be better explained by a certain level of 

aggregation of the non-dendritic tetramer occurring in solution.

7.2.3 Magnitude of the exciton interaction

The magnitude of the exciton interaction energy in the satellite arrays has therefore been 

determined as 555 cm"1 . In the context of porphyrin arrays given in Chapter One this is a 

comparatively small value, especially compared to Osuka's value of 4300 cm"1 for his meso- 

meso directly linked arrays193 . But this is not a wholly surprising result because of the large 

separation between neighbouring porphyrin units, decreasing the exciton interaction 

according to Equations A2.1 and A2.2 of Appendix Two.

along the artay1

Perhaps the most interesting question to ask of a porphyrin array is about the extent of 

electronic delocalization between neighbouring porphyrin units. However for the present 

system this is a difficult question to answer.

7.3.1 Physical measurements of the HOMO-LUMP gap

Initial inspection of the UV-VIS spectra of the satellite arrays reveals that the lowest energy 

absorbance moves to longer wavelengths as the length of the array is increased (Figure 7.7). 

Thus the 3mer has its lowest energy absorbance at 716 nm, whereas the 12mer has its lowest 

energy absorbance at 725 nm. Following this kind of treatment to its logical end it would be 

concluded that there is a certain amount of electronic delocalization along the array because 

as the number of units in the array increases then the energy of the lowest energy absorbance
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Figure 7.7- the Q band region in the UV-VIS spectra of the satellite porphyrin arrays (c.f. Figure 7.4). The

horizontal scale is the normalized absorbance.

decreases. However there comes a point- at an array containing around 7 porphyrin units- 

where the electronic properties of the array become independent of the total number of 

porphyrin units in the array. This point would be called the 'effective conjugation length' of 

the array and it has been observed in other oligomeric systems194'195 .

However this superficial treatment is critically flawed. At a fundamental level as Appendix 

One sets out, the HOMO-LUMO gap of a porphyrin system cannot be determined directly 

from the energy of the lowest energy absorbance in the UV-VIS spectrum due to the effects 

of configurational interaction on the system. This means that all that can be determined for 

certain from the UV-VIS spectrum of a free-base porphyrin is the average gap between the 

HOMO-1 and the HOMO, and the LUMO and LUMO+1.

In addition, even if the assumption is made that the extent of configurational interaction is 

the same for each porphyrin array, there is a valid argument that the lowest energy 

absorption band is the wrong band to look at when considering the effects of delocalization 

along the backbone of the array. This is because according to Gouterman in a free-base 

porphyrin the lowest energy absorbance originates from the transition dipole polarized 

parallel to the NH axis 191 , so in the case of Figure 7.4 it is polarized along thej> axis. And it 

would be expected that the effects of delocalization along the array would manifest 

themselves in the transition dipole orientated parallel to the backbone of the array, so for 

Figure 7.4 in the direction of the x axis. This means that the absorption that might indicate
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Porphyrin

bis-porphyrin
bis-quinoxalino
bis-porphynn

3mer
5mer
7mer
12mer

Non-dendritic
tetramer

ERROR

By
(nm)

426

440

429
429
428
427

425

±0.5

Bx
(nm)

457

471

463
467
467
467

466

±0.5

Qx
(nm)

545

545

568
568
568
566

566

±5

Qv
(nm)

676

700

716
726
727
725

722

±0.5

Bband
centre
(cm- 1 )

22678

21979

22454
22362
22389
22416

22494

±26

Qband
centre
(cm- 1 )

16571

16317

15786
15690
15680
15730

15759

±85

Lowest energy
absorbance

(cm- 1 )

14793

14286

13966
13774
13755
13793

13850

±10

B/ Q band
centre (cm' 1 )

19624

19148

19120
19026
19035
19073

19127

±55

Table 7.1- vital statistics for the UV-VTS spectra of various porphyrin arrays. The error quoted for the Q(l) 

band is exceptionally large as it only appears as a shoulder in several of the UV-VIS spectra.

electronic delocalization along the backbone of the array is the higher energy of the two Q 

bands, so for the satellite arrays the absorption centred around 570 nm.

So the most that can be obtained from the UV-VIS spectra is the average gap between the 

HOMO-1 and the HOMO, and the LUMO and LUMO+1. This information is given in 

Table 7.1. Within the margins of error there is very little variation in this average gap 

between arrays of different lengths. This leads to the conclusion that within the limitations 

of this optical treatment that there is evidence of little, if any, delocalization along the 

backbone of the array.

Examination of the arrays through electrochemistry would provide more information about 

the exact extent of electronic delocalization along these porphyrin arrays. Indeed 

electrochemistry could provide a direct measurement of the HOMO-LUMO gap. 

Previously the simple bis-porphyrin 14 has been examined in this way with exactly these 

aims. Such investigations seemed to indicate electronic delocalization across the 1,4,5,8- 

tetraazaanthracene bridge35'81 . This was further emphasised by a splitting in the 1 st and 2nd 

reduction potentials of the bis-porphyrin 1435 , where if the two porphyrins are not 

electronically communicating it is thought that they should be reduced at roughly the same 

potential. However the electrochemical measurements are not necessarily directly 

comparable with the optical measurements as there is often more of an incentive to 

delocalize an actual charge than an excitonic state. In addition to this there might be two 

more fundamental flaws in drawing conclusions from these electrochemical measurements.
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irstly, much care was taken in the optical measurements to try to assess the contribution of 

aggregation on the photophysical properties of the arrays. Electrochemical measurements 

are made at typically over 100 times the concentration of these photophysical measurements, 

so that the effects of aggregation would be much more likely to be observed in the 
electrochemical measurements. Secondly a splitting in the electrochemical reduction or 

oxidation potentials is not necessarily a sign of a high degree of ground state electronic 

communication between neighbouring porphyrins. This is best exemplified by Osuka's 

singly meso-meso porphyrin dimer (similar to 8, with the remaining meso positions 

substituted by 3,5-di-^rf-butylphenyl groups) where the two porphyrins are at right angles to 

one another. Therefore no significant ground state electronic communication is possible, 

and yet a splitting of the first and second oxidation potentials is still observed196 . This 

suggests that judging significant ground-state electronic communication purely from the 

splitting in a porphyrin array's reduction and oxidation potentials is misleading.

7.3.2 Modelling the electronic structure of the attay

So it appears that there is little, if any, electronic delocalization along the backbone of the 

1,4,5,8-tetraazaanthracene bridged array. This conclusion is supported by a comparison with 

the photophysical properties of Osuka's triply-linked arrays and Andersen's butadiyne-linked 

arrays. Both of these systems show a significant red-shift of the UV-VIS spectrum with an 

increasing number of units in the array in contrast to the present system. So whilst the 

exciton on photoexcitation of these systems can be considered to have loosely-bound Mott- 

Wannier character19'193 , it would appear that the 1,4,5,8-tetrazaanthracene bridged system to 

be much better described in character by a tightly-bound Frenkel description.

These observations are almost counter-intuitive since it would be expected that conjugation 

would be favoured over the flat, rigid 1,4,5,8-tetraazaanthracene bridge structure. However 

thorough theoretical investigations into the electronic structure of these arrays by Noel Hush 

have revealed that this is not necessarily the case109'197 " 199 . To illustrate this, the average 

calcukted bond orders of each individual bond in the bis-porphyrin197 unit are shown in 

Figure 7.8. It is evident from this that the system is behaving as three practically isolated 

delocalized systems. So the electronic structure of the two porphyrin units is chlorin-like 

and is isolated from the bridge by two a/pha-pyttokc/ /?-pyrrolic bonds that are essentially 

behaving as single bonds. The bridge itself is dominated by delocalization around the 

benzene ring, with the carbon-nitrogen imine bonds almost attaining fall double bond 

character. On moving to an extended porphyrin array it can be elucidated that the electronic
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^ N " / r^S^V^Scxx;
Figure 7.8- Top- calculated bond orders for the bis-porphyrin (adapted from Noel Hush). All bonds possess at

least single bond character, so above this the bond order is pictorially represented as increasing in the series: no

bond < single feint bond < single bold bond < double bold bond. Bottom- Hush's predictions applied to

explain the electronic structure of an extended porphyrin array.

structure of the porphyrin would be similar to that of a bacteriochlorin. Hush ends up by 

concluding that a 1,4,5,8-tetraazaanthracene bridged porphyrin array is composed of a series 

weakly interacting chromophores109'197 .

Hush's theoretical treatment really puts into context the UV-VIS data. It cannot be 

definitively established exacdy how weakly the chromophores are interacting. However it 

appears that there is next-to-no delocali2ation across the tetraazaanthracene bridge, and the 

chromophores seem quite happy to maintain their almost independent electronic structure.

J7.4 JPofptiyrm arrays for

So with the syntheses of various porphyrin oligomers and an evaluation of their electronic 

properties, a final assessment of the suitability of 1,4,5,8-tetraazaanthracene bridged 

porphyrin arrays for exploitation in field effect transistors can be made.

The first factor to consider is that even for testing in an FET 100 mg of sample has to be 

prepared. It has been shown through the various attempts of synthesis that this is no easy 

task in itself. It has been possible in the current work to synthesise over 100 mg of the non- 

dendritic bis-porphyrin and non-dendritic tetramer; but attempts to synthesise similar 

amounts of the dendritic satellite arrays have failed. This is not to say that synthesis on such 

a scale is impossible, just with this slightly problematic porphyrin system it has proved
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difficult. In addition, the susceptibility of these arrays to decompose has not contributed to 

either their characterization or their successful application in FET devices.

The more cerebral consideration is to examine the electronic suitability of these substrates in 

FET devices. In Chapter One it was revealed that a subtle interplay of electronic and 

morphological factors contribute to the mobility of charge in an FET device. For certain the 

rigidity of the 1,4,5,8-tetraazaanthracene bridge and the sheer length of each array (even the 

non-dendritic tetratner 22 is 56 Angstroms199 from end to end) are favourable morphological 

factors. However, the conclusion that the system is acting as a series of weakly interacting 

chromophores rather than as a more cooperative assembly suggests that intra-molecular 

charge transport along the array might not be necessarily more favourable than inter- 

molecular charge transport in a well-ordered molecular system. Indeed the porphyrins are
*

rigidly held a huge 7 Angstroms apart from one another, over which distance in a worst case 

scenario charge would be forced to hop from one chromophore to another. This having been 

said, the validity of applying conclusions derived from the photophysical analysis of these 

arrays to an essentially electrochemical situation is questionable. Equally some of Noel 

Hush's calculations talk favourably about the application of this type of array as a molecular 

wire198'199 . So it is still a matter of debate as to whether these arrays are electronically suited 

to exploitation in a field effect transistor. Similar considerations are also valid in the 

examination of the application of 1,4,5,8-tetaazaanthracene bridged porphyrin arrays to 

single molecule devices.

The real challenge for these arrays will come in their testing in actual FET devices. The 

successful medium-scale synthesis of the non-dendritic tetramer 22 will allow such an 

evaluation, and should definitively establish whether these 1,4,5,8-tetraazaanthracene bridged 

porphyrin arrays are suitable as substrates for FET devices.

'The only regret I have about the transistor is its use in rock and roll" 

W Brattain, co-inventor of the 'bipolar' transistor in 1948
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Chapter Eight 
New porphyrin architectures

During the course of any investigation a whole spectrum of new compounds are synthesised. 

Some do not really fit in with the overall direction of the investigation, but are important 

nonetheless. Two relevant systems are outlined here, and their importance is emphasised as 

new porphyrin architectures.

The first is the crown-ether porphyrin 110. This has been synthesised from the nickel 

dihydroxy-chlorin 69 described in Chapter Five under previously established methodology of 

a crown-ether from a diol200 (Figure 8.1). It is an interesting product not only because it is 

the first example of a crown-ether directly appended onto a porphyrin, but also because of 

its potential application. It has the potential to act as a molecular sensor; it has the potential 

to act as a supramolecular handle on the porphyrin, so porphyrins can be assembled into 

larger architectures; equally it has the potential to bring two different metal ions very close to 

one another, giving rise to porphyrin systems with new optical and electrochemical 

properties.

The second example is the jm>-porphyrin 112. It was isolated from the attempted 

hydroxylation of the nickel(II) dibromo-quinoxaline 111. Apart from an unremarkable 

distribution of the same products obtained from the hydroxylation of the nickel(II) 

monobromo-quinoxaline 33, a distinctly apple green relatively non-polar product was also 

isolated. It was eventually identified as the jw0-porphyrin structure shown in Figure 8.2 by 

its LDI mass and the appearance of two very deshielded protons in the *H NMR spectrum at 

9.81 ppm. In addition the appearance of a strongly absorbing band at 700 nm in its UV-VIS 

spectrum is very reminiscent of a chlorin's UV-VIS spectrum. This is an unusual 

chromophore that has itself been the target of two separate synthetic investigations90'201 .

Ar Ar-

OH

NaH, KBF4

Ar Ar O

(69) (HO) 

Figure 8.1- the synthesis of a crown-ether appended porphyrin. Ar= 3,5-di-tert-butylphenyl.
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At, Ar
.ONa .Ar

Br DMSO/ THF H

Figure 8.2- synthesis of a j«»-porphyrin. Ar= 3,5-di-/«rt-butylphenyl.

How it is formed under the present circumstances is unclear, especially because this product 

was never isolated from any of the attempted hydroxylation reactions of any of the mono- 

halogenated-quinoxalines.
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Chapter Nine 
Experimental details

9.1 General procedures and instruments

9.1.1 Instruments

H NMR spectra of new compounds were recorded on either a Bruker AR-400 spectrometer 

(400 MHz), a Bruker DPX-400 spectrometer (400 MHz) or a Bruker AMX-500 

spectrometer (500 MHz) as reported. *H NMR of previously synthesised compounds were 

recorded on either a Bruker DPX-200 spectrometer (200 MHz) or a Bruker DPX-400 

spectrometer (400 MHz). 13C spectra were recorded on either a Bruker AR-400 

spectrometer (100 MHz) or a Bruker AMX-500 spectrometer (125 MHz) as reported. 

Chemical shifts (5) are reported in parts per million (ppm) and are referenced to the residual 

solvent peak. Multiplicities are reported as broad (br), singlet (s), doublet (d), doublet of 

doublets (dd), doublet of double doublets (ddd), triplet (t), an AB quartet (ABq), an AB 

quartet coupling to a third resonance X (ABX) or multiplet (m). Coupling constants are 

reported in Hertz (Hz) and are given to the nearest 0.05 Hz.

Infrared spectra were recorded using KBr discs or in solution in chloroform as reported with 

a Perkin-Elmer Paragon 1000 IR spectrometer. UV-VIS spectra were measured either in 

spectrophotometric grade dichloromethane or chloroform as reported with a Perkin-Elmer 

Lambda 14P UV-VIS spectrometer. The absorption peaks are reported as wavelength (nm) 

(Iog(e/dm"3mor1 cm"1)). 'sh' refers to the appearance of a shoulder. Where substrates were 

judged not to be completely pure, extinction coefficients are quoted to one decimal place.

Laser Desorption lonization Time of Flight (LDI-TOF) spectra were recorded on a 

Micromass Tofspec E spectrometer with no matrix unless otherwise stated. Samples with 

mass less than 5,000 Daltons were recorded in reflection (high resolution) mode, whilst 

samples with mass greater than 5,000 Daltons were recorded in linear (low resolution) mode. 

Values for ml ̂  are quoted in Daltons. Where the mass spectra occur as isotopic mixtures, 

the first (Tightest) peak is reported.
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Melting points were measured using a Gallenkamp melting point apparatus and are 

uncorrected. Microanalyses were performed by Mrs A Douglas in the Inorganic Chemistry 

Laboratory, University of Oxford.

Electrochemistry was performed on an EG&G Princeton Applied Research potentiostat/ 

galvanostat model 263A with a platinum working electrode, a platinum wire counter 

electrode and a Ag/ 0.1M AgNO3 in acetonitrile reference electrode. A supporting 

electrolyte of 0.1M terra «-butylammonium tetrafluoroborate that had been purified by 

recrystallization from ether/ ethyl acetate was used. Cyclic voltammograms were gathered at 

a scan rate of 60 mVs' in spectrophotometric grade dichloromethane. Potentials are quoted 

relative to the ferrocene/ ferrocenium couple in which the ferrocene had been purified by 

sublimation.

Gel permeation chromatography was performed using a Polymer Laboratories PL gel 20 mm 

Mixed-A column (600 mm+ 300 mm lengths, 7.5 mm diameter) calibrated with polystyrene 

narrow standards (mass range 1300- 15.4X106) at 30°C. The elutant was tetrahydrofuran and 

was eluted at a flow rate of 1.0 cnr'min"1 . The UV-VIS detector was set at 425 nm.

9.1.2 Solvents and reagents

Spectrophotometric grade petroleum spirit with a boiling point range of 60 to 80°C is 

referred to light petroleum. Acetone was dried by refluxing over calcium sulphate and then 

distilling from fresh calcium sulphate. Chloroform required for the halogenation reactions 

was washed with concentrated sulphuric acid and water before drying and distilling over
f

sodium sulphate. It was then kept over activated 4A molecular sieves (4-8 mesh) before use. 

Spectrophotometric grade dichloromethane (CHjClj) was used as supplied.
f

Dimethylformamide (DMF) was dried over activated 4A molecular sieves (4-8 mesh) before 

use. Ether refers to diethyl ether. Pyridine was distilled over potassium hydroxide pellets 

and kept over calcium hydride prior to use. Tetrahydrofuran was either of anhydrous grade 

and used as supplied, or dried by distillation over a sodium wire under argon, or dried by 

passing through a column of alumina. Where solvent mixtures are used, the proportions are 

given in terms of volume.

Thin layer chromatography was performed with Merck aluminium pktes coated with silica 

gel F254 . Column chromatography was performed using either the gravity feed or flash 

chromatography technique, with ACROS Organics silica gel 0.035-0.07 mm. Grade I neutral
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alumina (06300) was supplied from Fluka. Basic alumina (06290) and acidic alumina (06320) 

were also supplied from Fluka.

N-iodosuccinimide was re-crystallized from dichloromethane/ light petroleum three times 

before use. N-bromosuccinimide and N-chlorosuccinimide were re-crystallized from water 

three times before use.
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Ar-

Ar

Ar Ar

(37) 

Ar = 3,5-di-&r£-butylphenyl

9.2.1 Halogenations

The free-base quinoxalino-porphyrin 24, the mono-bromo free-base and metallated 

quinoxalines 26 and 33, the di-bromo free-base quinoxaline 29 and the di-bromo free-base 

and metalkted bis-porphyrins 36 and 38 were prepared according to identical procedures 

and had identical spectra as those reported by Burn81

12-chloro-5,10,15,20-tetfakis(3',5'-di-?er?-butylphenyl)quinoxalino[2,3-b]porphyrin(25)

5,10,15,20-tetrakis(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (24) (42 mg, 0.036 

mmol) was dissolved in chloroform (10 ml) and brought to reflux. Iodine monochloride (14 

mg, 0.086 mmol) dissolved in chloroform (0.4 ml) was added over 4 hours, at which point 

the system was allowed to cool. Saturated sodium thiosulphate solution (100 ml) was added 

and the organic layer separated. This was washed with more saturated sodium thiosulphate
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solution (100 ml), dried over sodium sulphate and the solvent was removed. The product 

was purified by column chromatography (1:8 dichloromethane: light petroleum). The first 

main band was collected and identified as 12-cmoro-5,10,15,20-teteakis(3',5'-di-^- 

butylphenyl)quinoxalino[2,3-b]porphyrin (25) (41 mg, 93%), a dark purple solid. umax (KBr) 

3365 (NH), 2963, 1594, 1477, 1363, 1248, 801; Xmax (CH.Cy/nm (logte/dinW-W1)) 299 

(4.32), 338sh (4.39), 358 (4.44), 435 (5.27), 531 (4.31), 567sh (3.50), 600 (3.95), 653 (2.87); ] H 

n.m.r. (400 MHz; CDC13) 6: -2.69 (1H, br s, NH) -2.56 (1H, br s, NH), 1.50-1.55 (72H, m, /- 

butyl H), 7.73-7.78 (2H, m, quinoxalino H), 7.81 (1H, dd /2- 4' = /6- 4- = 2.05 Hz, C(4')H), 

7.81-7.86 (2H, m quinoxalino H), 7.83 (1H, dd/2- 4- = J6y = 1.75 Hz, C(4')H), 7.94 (2H, dd 

/2,4' = /6',4' = 1-70 Hz, C(4')H), 7.96 (2H, d,/4 < 2- = /4 -/; = 1.95 Hz, C(2')H and C(6')H), 7.97 

(2H, d, /4- 2- = /4- 6 - = 2.00 Hz, C(2')H and C(6')H), 7.98 (2H, d, /,• 2 - = J4 > >6 - = 1.80 Hz, C(2')H 

and C(6')H), 8.07 (2H, d,/4- 2- = /4V = 1.65 Hz, C(2')H and C(6')H), 8.07 (1H, s, C(12)H), 

8.91 (1H, dd, ]pfi = 5.20 Hz, /NH>/? = 1.40 Hz, /?-pyrrolic H), 8.94 (1H, dd, fa = 5.05 Hz, 

/NH,/? = 1-55 Hz, /?-pyrrolic H), 9.04 (1H, ddj^ = 5.25 HzJNH/ = 1.25 Hz, ytf-pyrrolic H), 

9.07 (1H, dd, ]pfi = 4.95 Hz, /NH^ = 1.25 Hz, /?-pyrrolic H); m/% (LDI-TOF) 1198.5 (M+ , 

100%); C82H95N6C1 requires 1198.7 (M+).

12,13-dichloro-5,10,15,20-tettakis(3',5 (-di-fert-butylphenyl)quinoxalino[2,3-b] 

potphyrin (28) and 7,13-dichloto-5,10,15,20-tetrakis(3',5'-di-te7t- 

butylphenyl)quinoxalino [2,3-b] porphyrin (31)

5,10,15,20-tettakis(3',5'-di-^r/-butylphenyl)quinoxalino[2,3-b]porphyrin (24) (130 mg, 0.11 

mmol) and N-cmorosuccinimide (33 mg, 0.25 mmol) were dissolved in chloroform (10 ml) 

and pyridine (0.5 ml). The system was heated at the point of reflux for 3 hours, and then 

allowed to cool. Dichloromethane (50 ml) and hydrochloric acid (3M, 50 ml) were added to 

the reaction mixture; the organic layer was separated and washed with water (3x50 ml), 

saturated sodium bicarbonate solution (50 ml), brine (50 ml), dried over sodium sulphate, 

and solvent was removed. The product was purified by column chromatography (1:6 

dichloromethane: light petroleum.) The first feint band was collected and evaporated to 

dryness to give 7,13-dichloro-5,10,15,20-tetrakis(3',5'-di-^r/-butylphenyl)quinoxalino[2,3-b] 

porphyrin (31), a dark purple solid (6.4 mg, 5%.) umax (CHCl3) 3346 (NH), 2966, 1596, 1477, 

1423, 1364, 1074, 908, 897; Xmax (CHpJ/nm (bgCe/dm-WW1)) 300(4.15), 336sh (4.26), 

360 (4.33), 438 (5.07), 531 (4.16), 565sh (3.59), 655 (2.98); 'H n.m.r. (400 MHz; CDC13) 8: 

-2.73 (1H, br s, NH), -2.36 (1H, br s, NH), 1.47 to 1.54 (72H, m, /-butyl H), 7.72-7.80 (4H,
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m, quinoxalino H), 7.79 (1H, dd/2- 4. = fa = 1.90 Hz, C(4')H), 7.83 (1H, dd/2y - fa = 

1.70 Hz, C(4')H), 7.89 (2H, d, fa = fa = 2.20 Hz, C(2')H and C(6')H), 7.92 (1H, dd fa = 

/6',V = 1-70 Hz, C(4')H), 7.93-7.94 (5H, m, of which 4H, C(2')H and C(6')H and 1H, C(4')H), 

8.01 (2H, d,/4. >2 . = fa = 1.75 Hz, C(2')H and C(6')H), 8.58 (1H, s, C(12)H), 8.85 (1H, d, 

]wtf = 2.25 Hz, C(8)H), 8.88 (1H, dd, ]pfi = 5.30 Hz, /NHi/? = 1-00 Hz, /?-pyrrolic H), 9.04 

(1H, ddj^ = 4.80 HzJNH^ = 1.40 Hz, ^-pyrrolic H); an NOE difference experiment (500 

MHz; CDCl3)shows NOE's between the signal at 7.93-7.94 and those at 8.88 and 9.01; also 

between the signal at 8.01 and both 8.85 and 8.58; m/^ (LDI-TOF) 1233.2 (M+ , 100%); 

C82H94N6C12 requires 1232.7 (M+).

The second band was collected in fractions. The first fraction of the second band was 

evaporated to dryness to give 12,13-dichloro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)quinoxalino[2,3-b]porphyrin (28), a dark purple solid (12 mg, 9%.) umax (KBr) 

3379 (NH), 2968, 1594, 1477, 1423, 1363, 1247, 1052, 801, 741, 704; Xmax (CH.Cy/nm 

(logfc/dm-'mol-W1)) 300(4.19), 340sh (4.36), 360 (4.36), 437 (5.20), 533 (4.19), 600 (3.90), 

658 (2.96); 'H n.m.r. (400 MHz; CDC13) 8: -2.73 (2H, br s, NH), 1.49 and 1.52 (72H, s, /- 

butyl H), 7.74-7.79 (2H, m, quinoxalino H), 7.80-7.85 (2H, m, quinoxalino H), 7.82 (2H, dd 

Ay = /M = 1-80 Hz, C(4')H), 7.93 (2H, dd/2- 4. = fa - 1.75 Hz, C(4')H), 7.95 (4H, dj^- = 

fa = 2.10 Hz, C(2')H and C(6')H), 7.97 (4H, d,/4- 2' = fa - 1.75 Hz, C(2')H and C(6')H), 

8.91 (2H, dd, Jw = 4.95 Hz, /NH^ = 1.65 Hz, /?-pyrrolic H), 9.02 (2H, dd, ]ftfi = 5.20 Hz,

hnfi = 1- 60 Hz. Apytrolic H); ml^ (LDI-TOF) 1232.6 (M+ , 100%); C82H94N6C12 requires 

1232.7 (M+).

The second fraction of the second band was evaporated to dryness and was identified as 12- 

chloro-5,10,15,20-tetrakis(3^5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (25), (40 mg, 

30%) by an identical *H NMR as and co-chromatography against an authentic sample. The 

third band was collected and evaporated to dryness to recover the starting material (24) (24 

mg,18%).

12-iodo-5,10,15,20-tettakis(3',5 I-di-^rf-butylphenyl)quinoxaUno[2,3-b]porphyrin (27) 

and 12,13-diiodo-5,10,15,20-tetrakis(3',5'-di-fer^-butylphenyl)quinoxaUno[2,3-b]

porphyrin (30)

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (24) (195 mg, 0.17

mmol) was dissolved in DMF (10 ml) and brought to the point of reflux. Iodine (1.09 g, 4.3
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mmol) was added over 5V2 hours and then the system was allowed to cool. Ether (50 ml) 

and water (50 ml) were added and the organic layer was extracted, washed with saturated 

sodium thiosulphate solution (50 ml), water (4x50 ml), brine (50 ml), and dried over sodium 

sulphate. Solvent was removed and the product was purified by column chromatography 

(1:7 dichloromethane: light petroleum). The first band was collected and was evaporated to 

dryness to give 12-iodo-5,10,15,20-tetrakis(3',5 < -di-/^-butylphenyl)quinoxalino[2,3-b] 

porphyrin (27) (102 mg, 47%), a dark purple solid. umax (KBr) 3369 (NH), 2963, 1594, 1477, 

1363, 1261, 800, 710; Xmax (CH^y/nm (logte/dm-WrW1)) 299 (4.34), 346sh (443), 366sh 

(4.49), 414sh (5.10), 438 (5.38), 532 (4.38), 600 (4.10), 656 (3.03); 'H n.m.r. (400 MHz; 

CDC13) 8: -2.69 (1H, br s, NH), -2.53 (1H, br s, NH), 1.49-1.55 (72H, m, /-butyl H), 7.74- 

7.77 (2H, m, quinoxalino H), 7.81-7.85 (4H, m, of which 2H, quinoxalino H and 2H, 

C(4')H), 7.93 (2H, dd J2- 4- = J 6y = i. 85 Hz, C(4')H), 7.96 (4H, ABq, J 4- 2- = J 4- 6 - = 2.10 Hz, 

C(2')H and C(6')H), 7.97 (2H, d, J4 > 2 - - J4y = 2.15 Hz, C(2')H and C(6')H), 8.08 (2H, d, 

fe = J4y = 2.10 Hz, C(2')H and C(6')H), 8.93 (1H, dd, J^ = 5.00 Hz, JNH/? = 1.50 Hz, /3- 

pyrrolic H), 8.95 (1H, dd, J^ = 4.95 Hz, JNH>/? = 1.50 Hz, /?-pyrrolic H), 9.02 (1H, dd, J^ = 

4.70 Hz, JNHjff = 1.65 Hz, /?-pyrrolic H), 9.06 (1H, dd, J^ = 5.20 Hz, JNH/ = 1.60 Hz, fl- 

pyrrolic H); m/% (LDI-TOF) 1291.3 (M+ , 10%), 1162.5 (M+ , 100%); C82H95N6I requires 

1290.7 (M+), (M+ - I) requires 1163.8.

The second band was collected and evaporated to dryness to recover starting material 24 (70 

mg, 36%) which was co-chromatographed against and had an identical *H NMR spectrum as 

an authentic sample. The third band was collected and evaporated to dryness to give 12,13- 

diiodo-5,10,15,20-tet±akis(3\5'-di-^^-butylphenyl)quinoxalino[2,3-b]porphyrin (30), a purple- 

brown solid (36 mg, 15%.) omax (KBr) 3388 (NH), 2963, 1594, 1476, 1362, 1261, 800; Xmax 

(CH202)/nm (logfc/dmWW)) 304 (4.32), 334 (4.32), 451 (5.13), 543 (4.09), 608 (3.76), 

685 (3.25); 'H n.m.r. (400 MHz; CDC13) 5: -2.36 (2H, br s, NH), 1.51 and 1.58 (72H, s, /- 

butyl H), 7.73-7.77 (2H, m, quinoxalino H), 7.81-7.85 (2H, m, quinoxalino H), 7.87 (2H, dd, 

A'/ - /M = 1-85 Hz, C(4')H), 7.93 (2H, dd/2- 4- = /6y = 1.65 Hz, C(4')H), 7.99 (4H, djv>2- - 

/4- 6. - 1.75 Hz, C(2')H and C(6')H), 8.08 (4H, d, /4- 2- = /4- 6- - 1.75 Hz, C(2')H and C(6')H), 

8.93 (2H, dd, ]p>p = 5.03 Hz, /NH>>3 = 1-60 Hz, /?-pyrroHc H), 9.01 (2H, ddj^ = 4.95 Hz, 

/NH/ - 1.60 Hz, ^-pyrroHc H); m/^ (LDI-TOF) 1417.4 (M+ , 100%), 1288.5 (M+ - I, 60%), 

1162.6(M+ - 21, 20%); C82H94N6I2 requkes 1416.6 (M+), (M+ - I) requires 1289.7, (M" - 21) 

requires 1162.8.
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2,22-dichloto-5,10,l5,20,25,30,35 >40-octakis(3 t ,5'-di-rerr-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline and 2,23-dichloto-5,10,15,20,25,30,35,40-

octakis(3',5'-di-^r^butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pytazmo[2,3-g] 

quinoxaline (35)

5,10,15,20,25,30,35,40-octakis(3',5'-di-^^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino[2,3-g]quinoxaline (14) (257 mg, 0.11 mmol) was dissolved in chloroform (30 ml) 

and was heated to reflux under a flowing stream of nitrogen. Iodine monochloride (89 mg, 

0.55 mmol) in chloroform (1 ml) was added in five aliquots over 6 hours. The system was 

allowed to cool and saturated sodium thiosulphate solution (100 ml) was added. The organic 

layer was extracted and washed with saturated sodium thiosulphate solution again (100 ml), 

dried over sodium sulphate and the solvent removed. The product was purified by column 

chromatography (1:8 dichloromethane: light petroleum). The first main band was collected 

and identified as a mixture of 2,22-dichloro-5,10,15,20,25 530,35,40-octakis(3',5'-di-/^- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g] quinoxaline and 2,23-dichloro- 

5,10,15,20,25,30,35,40-octakis(3',5'-di-^^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino[2,3-g]quinoxaline (35) (170 mg, 64%), a dark brown solid. umax(KBr) 3369(NH), 

2961, 1594, 1477, 1363, 1248, 1205, 1173, 1070, 1011, 802, 710; Xmax (CH^y/nm 

(log^/drn'morW1)) 250 (4.47), 332sh (4.43), 429 (5.35), 458 (5.29), 529sh (4.59), 610sh

(4.14), 622 (4.19), 672sh (3.66); 'H n.m.r. (400 MHz; CDC13) 8: -2.54 (2H, br s, NH), -2.40 

(2H, br s, NH), 1.52 to 1.60 (144H, m, ^-butyl H), 7.80 (2H, dd/2- 4- = /6 ' 4- = 1.60 Hz, C(4')H), 

7.82 (2 H, dd /2y = /6y = 1.75 Hz, C(4')H), 7.95 (4H, d, /4- 2 - = J4y = 1.60 Hz, C(2')H and 

C(6')H), 8.00 (4H, dd, ;2y - ;6. 4- = 1.70 Hz, C(4')H), 8.05 (4H, d, J4- 2- - /4- 6 - - 2.10 Hz, 

C(2')H and C(6')H), 8.08 (4H, dJ4- 2- = /4y = 1.90 Hz, C(2')H and C(6')H), 8.09 (4H, d,/4' ;2- 

= /4' )6- = 2.00 Hz, C(2')H and C(6')H), 8.58 (2H, m, bridging H), 8.65 (2H, s, C(3)H and C 

(23)H), 8.83 to 8.92 (8H, m, ^-pyrrolic H); COSY shows coupling between the NH proton 

signals and the multiplet at 8.83 to 8.93; «/* (LDI-TOF) 2319.1 (M+, 100%); C158H184N12C12 

requkes 2319.4 (M+).

9.2.2 Metallation of halogenatcd porphyrins with nickcl(II) 

(12-chloro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxaUno[2,3-b]porphinato)

nickel(II) (32) 

12-cWoro-5,lO,15,20-tetraHs(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (25) (120

mg, 0.10 mmol) and nickel acetate tetrahydrate (76 mg, 0.31 mmol) were dissolved in DMF
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(20 ml) and heated at the point of reflux for 3 hours. The system was allowed to cool and 

ether (100 ml) and water (150 ml) were added. The organic layer was separated, washed with 

distilled water (4X100 ml), brine (100 ml) and dried over sodium sulphate. Solvent was 

removed and the product was purified by column chromatography (2:3 dichloromethane: 

light petroleum). The main band was collected and evaporated to dryness to give (12- 
cmoro-5,10,15,20-tef±akis(3^5'-di-/^-but^

(32), a dark purple solid (120 mg, 96%.) umax (KBr) 2962, 1594, 1477, 1363, 1247, 946, 821, 

807, 795; Xmax (CH^y/nm (logte/drn'morW1)) 291 (4.29), 258 (4.42), 410 (4.81), 451 

(4.89), 529sh (3.75), 560 (4.01), 604 (3.93); 'H n.m.r. (400 MHz; CDC13) 8: 1.42-1.46 (72H, 

m, /-butyl H), 7.66 (3H, m, of which 1H, C(4')H and 2H, C(2')H and C(6')H), 7.68 (2H, d, 

/4',2' = fa = 1-70 Hz, C(2')H and C(6')H), 7.69 (2H, d, fa = fa = 2.10 Hz, C(2')H and 

C(6')H), 7.70 (1H, dd/2 > 4. = fa = 1.90 Hz, C(4')H), 7.73-7.77 (2H, m, quinoxalino H), 7.78 

(2H, d,/4- 2- = fa = 1.80 Hz, C(2')H and C(6')H), 7.79-7.82 (4H, m, of which 2H, C(4')H 

and 2H, quinoxalino H), 8.54 (1H, s, C(12)H), 8.74 and 8.90 (2H, ABq, Jpfi = 4.85 Hz, /?- 

pyrrolic H), 8.88 and 8.89 (2H, ABq, ]pji - 4.95 Hz, /?-pyrrolic H); m/^ (LDI-TOF) 1254.4 

(M+ , 100%); C82H93N6NiCl requires 1254.7 (M+).

(12-iodo-5,10,15,20-tetrakis(3',5'-di-^r?-butylphenyl)quinoxalino[2,3-b]porphinato) 

nickel(II) (34)

12-iodo-5,10,15,20-tettalds(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (27) (50 mg, 

0.039 mmol) and nickel acetate tetrahydrate (330 mg, 1.3 mmol) were dissolved in DMF (15 

ml) and heated at the point of reflux for 3 hours. The system was allowed to cool and ether 

(100 ml) and water (100 ml) were added. The organic layer was extracted and washed with 

water (4x100 ml), brine (100 ml), dried over sodium sulphate and the solvent was removed. 

The product was purified by column chromatography (2:3 dichloromethane: light 

petroleum.) The main band was collected and identified as (12-iodo-5,10,15,20-tetrakis(3',5'- 

di-^r/-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (34) (29 mg, 55%), a dark purple/ 

brown solid. Found: C, 72.9%; H, 7.1%; N, 6.6%; C82H93N6NiI requires C, 73.1%; H, 7.0%; 

N, 6.2%; umax(KBr) 2962, 1594, 1477, 1362, 1247, 943, 793; Xmax (CH.Cy/nm 

(logte/dm-W-W1)) 291 (4.25), 360 (4.36), 412 (4.77), 456 (4.87), 524sh (3.74), 562 (4.03), 

604 (3.86); 'H n.m.r. (400 MHz; CDC13) 5: 1.42-1.48 (72H, m, /-butyl H), 7.66 (2H, dJ4- 2- = 

fa = 1.75 Hz, C(2')H and C(6')H), 7.68 (2H, d, fa = fa = 2.05 Hz, C(2')H and C(6')H), 

7.69-7.72 (2H, m, C(4')H), 7.69 (2H, d,fa = fa = 1.95 Hz, C(2')H and C(6')H), 7.73-7.77 

(2H, m, quinoxalino H), 7.79-7.82 (6H, m, of which 2H, C(4')H, 2H, quinoxalino H and 2H,

Chapter Nine- Experimental details



146

C(2')H and C(6')H), 8.73 and 8.92 (2H, ABq, ]pfi = 5.25 Hz, /?-pyrrolic H), 8.87 and 8.89 

(2H, ABq,/^ = 4.85 Hz, /?-pyrrolic H), 9.00 (1H, s, C(12)H); m/% (LDI-TOF) 1347.4 (M + , 

100%), 1218.4 (M+-1, 80%); C82H93N6NiI requires 1346.6 (M+), C82H93N6Ni, 1219.6 (M+-I).

[2,22-dichloro-5,10,15,20,25,30,35,40-octakis(3',5'-di-^rt-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino [2,3-g] quinoxalino]nickel(II) and [2,23-dichloro- 

5,10,15,20,25,30,35,40-octakis(3',5'-di-ferf-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino [2,3-g] quinoxalino] nickel(II) (37)

35 (141mg, 0.060 mmol) and nickel(II) diacetate tetrahydrate (219mg, 0.88 mmol) were 

dissolved in DMF (21 ml) and heated at the point of reflux under nitrogen for four hours. 

The system was allowed to cool and ether (100 ml) and water (100 ml) were added. The 

organic layer was extracted and washed with water (4x100 ml) brine (100 ml) dried over 

sodium sulphate and solvent removed. The product was purified by column 

chromatography (1:2 dichloromethane: light petroleum). The main band was identified as an 

inseparable mixture of [2,22-dichloro-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^- 

butylphenyl)cycloeicosa(b]cycloeicosa[5,6]pyrazmo[2,3-g]quinoxalino]nickel(II) and [2,23- 

dichloro-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino [2,3-g]quinoxalino]nickel(II) (37) (140 mg, 94%), a dark brown solid. umax (KBr) 

2959, 1594, 1476, 1462, 1362, 1295, 1247, 1209, 1089, 1044, 1017, 946, 818, 793; Xmax 

(CHzCy/nm (log(e/dm'modern 1)) 295sh (4.61), 328 (4.64), 431 (5.43), 450 (5.41), 504sh 

(4.89), 536 (4.95), 663 (4.42), 721sh (4.07); 'H n.m.r. (400 MHz; CDC13) 8: 1.46 to 1.50 

(144H, m, /-butyl H), 7.67 (6H, m, aryl H), 7.73 to 7.74 (8H, m, aryl H), 7.79 (4H, m, aryl H), 

7.84 (4H, m, aryl H), 8.49 (2H, s, ^-pyrrolic H), 8.56 (2H, m, ^-pyrrolic H), 8.63 (2H, m, /?- 

pyrrolic H), 8.66 (4H, m, ^-pyrrolic H), 8.84 (2H, d,/^ = 4.60 Hz, /5-pyrrolic H); m/^ (LDI- 

TOF) 2431.3 (M+ , 100%); C158H180N12Cl2Ni2 requires 2431.3 (M+).

Chapter Nine- Experimental details



147

j>.3 Experimental details for Chapter Three

At, .Ar AT- Ar Ar- Ar

Ar Ar

Ar

Ar

Ar=

Hydroxylation of the iodo-quinoxaline 34

(5,10,15,20-tetrakis(3',5'-di-rerr-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) 

(39) and (13-oxo-12-oxa-tetrakis (3' ,5'-di-fc??t-butylphenyl)quinoxalino [2,3-b]) 

porphinato)nickel(II) (43)

Sodium hydride (60% dispersion in mineral oil) (16 mg, 0.40 mmol) and DMSO (10 ml) 

were stirred under nitrogen at 80°C for 50 minutes to give a clear, pale yellow solution. Heat 

was removed, benzaldehyde oxime (36 mg, 0.30 mmol) was added and the solution stirred 

for a further 5 minutes. This was then transferred under nitrogen to a solution of (12-iodo- 

5,10,15,20-tettalds(3^5'-di-/^-butylphenyl)qiiinoxalino[2,3-b]porphinato)nickel(II) (34) (29 

mg, 0.022 mmol) in dry tetrahydrofuran (dried by distillation over sodium wire, 10ml) and 

heated at reflux in the dark for 16.5 hours. The system was allowed to cool and ether (75 

ml) and water (100 ml) were added to the reaction mixture. The organic layer was extracted 

and washed with water (5x100 ml), brine (100ml) and dried over sodium sulphate. Solvent 

was removed and the residue was purified by column chromatography in the dark (1:5 

dichloromethane: petroleum spirit.) The first band was collected and evaporated to dryness 

to give a dark purple solid (5,10,15,20-tetrakis(3',5'-di^^-butylphenyl)quinoxalino[2,3-b] 

porphinato)mckel(II) (39) (15 mg, 56%.) umax (KBr) 2962,1594, 1476, 1363,1247,1012, 796, 

713; Xmax (CHzCy/nm (logfc/dmWW)) 287 (4.29), 356 (4.42), 408 (4.88), 447 (4.89), 

558 (3.97), 602 (4.01); !H n.m.r. (400 MHz; CDC13) 6: 1.49 (36H, s, /-butyl H),1.53 (36H, s, t- 

butyl H), 7.77 (2H, dd/2- 4- = /6- 4- = 2.00 Hz, C(4')H), 7.78-7.82 (2H, m, quinoxalino H), 7.78
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(4H> d> L\2 = /4',6' = 1-40 Hz, C(2')H and C(6')H), 7.85-7.89 (4H, m, of which 2H, C(4')H 

and 2H, quinoxalino H), 7.91 (2H, d, fa = ]^ = 1.75 Hz, C(2')H and C(6')H), 8.76 (2H, s, 

C(12)H and C(13)H), 8.83 and 8.98 (4H, ABqJ^ - 5.30 Hz, /?-pyrrolic H); ml^ (LDI-TOF) 

1221.0 (M+ , 100%); C82H95N6M requires 1220.7 (M+).

The second much more polar, green band was collected and evaporated to dryness to give

(13-oxo-12-oxatettakis(3\5< -di-/^-butylphenyl)quinoxalino[2,3-b]chlorinato)porphyrin (43) 

(3.0 mg, 11%), a dark green solid. umax(KBr) 2962, 1780 (CO), 1595, 1476, 1361, 1297, 1247, 

1041, 797, 772, 710; Xmax (CH2O2)/mn (IbgCe/dmW-'cm 1)) 303 (4.21), 347 (4.38), 414sh 

(4.70), 447 (4.84), 532 (3.74), 599 (3.78), 748sh (2.83); 'H n.m.r. (400 MHz; CDC13) 6: 

1.43-1.47 (72H, m, /-butyl H), 7.64 (2H, d, fa = fa = 1.45 Hz, C(2')H and C(6')H), 

7.66-7.70 (2H, m, quinoxalino H), 7.68 (2H, d, fa = /4y = 2.00 Hz, C(2')H and C(6')H), 

7.70 (2H, d, fa = fa = 1.70 Hz, C(2')H and C(6')H), 7.74-7.80 (2H, m, quinoxalino H), 

7.75-7.78 (4H, m, of which 2H, C(4')H and 2H, C(2')H and C(6')H), 7.83 (1H, dd/2' 4-= /6 - 4 < 

= 1.70 Hz, C(4')H), 7.84 (1H, dd/2- 4- = /6' 4- = 1.70 Hz, C(4')H), 8.48 and 8.72 (2H, ABq,/^ 

= 4.80 Hz, /?-pyrrolic H), 8.58 and 8.84 (2H, ABq,/^ = 4.95 Hz, /7-pyrrolic H); m/^ (LDI- 

TOF) 1239.0 (M+ > 100%); C81H92N6Ni02 requires 1238.7 (M+)-

Hydroxylation of the bromo-quinoxaline 33

[12-methylthio-5,10,15,20-tetrakis(3',5'-di-^rt-butylphenyl)quinoxalino[2,3-b] 

porphinato]nickel(II) (42)

Sodium hydride (60% dispersion in mineral oil) (22 mg, 0.56 mmol) and DMSO (8 ml) were 

stirred under nitrogen at 80°C for 50 minutes to give a clear, pale yellow solution. Heat was 

removed, benzaldehyde oxime (53 mg, 0.44 mmol) was added and the solution stirred for a 

further 5 minutes. This was then transferred under nitrogen to a solution of (12-bromo- 

5,10,15,20-tettakis(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (33) (48 

mg, 0.037 mmol) in dry tetrahydrofuran (dried by distillation over sodium wire, 8 ml) and 

heated at reflux in the dark for 17 hours. The system was allowed to cool and ether (75 ml) 

and water (100 ml) were added to the reaction mixture. The organic layer was extracted and 

washed with water (5x100 ml), brine (100ml) and dried over sodium sulphate. Solvent was 

removed and the residue was purified by column chromatography in the dark (1:5 

dichloromethane: petroleum spirit). The main band was identified as (5,10,15,20- 

tetraHs(3\5'-cH-^^-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (39) (19 mg, 43%) by 

an identical 'H NMR as and co-chromatography against an authentic sample. The second
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and thkd bands were of similar polarity and therefore had to be carefully separated. The 

second band was identified as [12-methylthio-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)quinoxalino[2,3-b]porphinato]nickel(ir) (42) (1.0 mg, 2%), a dark brown solid. 

umax (KBr) 2961,1594,1476,1362,1298,1282,1247,1064,1026, 946, 899, 880, 821, 791, 762, 

711, 609; Xmax (CHaCy/nm (log^/dmVorW1)) 296 (3.97), 345 (3.98), 414 (4.54), 451 

(4.47), 569 (3.57), 626 (3.61); 'H n.m.r. (500 MHz; CDC13) 6: 1.43 to 1.48 (72H, m, /-butyl 

H), 2.52 (3H, s, methyl H), 7.66 (2H, dJ4- 2- = /4- 6- = 1.30 Hz, C(2')H and C(6')H), 7.70 (4H, 

d' /4',2 = /v.61 = 1-40 Hz, C(2')H and C(6')H), 7.71 (2H, dd, /2y = /6y = 1.85 Hz, 

C(4')H),7.73 to 7.75 (2H, m, quinoxalino H), 7.80 to 7.83 (4H of which 2H are quinoxalino 

H and 2H are C(4')H, m), 7.85 (2H, dj^- = /4V = 1.85 Hz, C(2')H and C(6')H), 8.29 (1H, s, 

C(13)H), 8.70 (1H, djpj, = 5.15 Hz, /?-pyrrolic H), 8.81 (1H, d, J^ = 4.95 Hz, /?-pyrrolic 

H), 8.88 (1H, d, Jpj} = 4.85 Hz, y&pyrrolic H), 8.90 (1H, d, J^ = 5.00 Hz, /?-pyrrolic H); 

HMQC reveals the 13C signal of the methyl group at 17.9 ppm; m/% (LDI-TOF) 1267.3 (M+ , 

100%); C83H96N6NiS requires 1266.7 (M+).

The third band was identified as (12-hydroxy-5,10,15,20-tetrakis(3',5'-di-&r/- 

butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (40) (8.8 mg, 19%) by having identical 

*H NMR and IR spectra to that of an authentic sample81 The fourth band was identified as 

(12-oxo-l 3-oxa-5,10,15,20-tetealds(3',5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphinato) 

nickel(II) (43) (3.0 mg, 6%) by having an identical *H NMR as and co-chromatography 

against an authentic sample. The fifth band was identified as (12,13-dioxo-5,10,15,20- 

tetralds(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (41) (6.5 mg, 14%) 

by having identical !H NMR and IR spectra to that of an authentic sample81 .

Hydroxylation of the chloro-quinoxaline 32

The same procedure for the hydroxylation of the bromo-quinoxaline 33 was followed,

except THF was dried by passing through a column of alumina rather than by distillation

over sodium wke. Yields after purification by column chromatography are given in Table

3.1

Table 3.2- Hydroxylation of the bromo-quinoxaline 33 varying the proportion of ben^aldehyde oxime 

The same procedures for the hydroxylation of the bromo-quinoxaline 33 were followed. At 

the appropriate point a greater proportion of benzaldehyde oxime was added to the sodium 

hydride dissolved in DMSO, as detailed in Table 3.2. Products were purified by column
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chromatography, so quoted yields are isokted yields of pure products. Results are given in 
Table 3.2.

Table 3.3- Hydroxylation of the bromo-quinoxaline 33 in the presence of radical inhibitors 

The same procedures for the hydroxylation of the bromo-quinoxaHne 33 were followed. 

The pertinent radical inhibitor was added to the substrate dissolved in THF before the 

addition of the sodium benzaldoximate/ DMSO mixture. Products were purified by column 

chromatography, so quoted yields are isolated yields of pure products. Results are given in 

Table 3.3. For the reaction with 1,1-diphenylethylene, the hydroxylated quinoxaline 40 had 

to be further recrystallised from dichloromethane/ acetonitrile because of the presence of 

aromatic impurities in the originally isolated product.

Table 3.4- Attempted hydroxylation of the bromo-quinoxaline 33 by variously substituted oximes 

The same procedures for the hydroxylation of the bromo-quinoxaline 33 with the 

unsubstituted benzaldehyde oxime were followed, just with the unsubstituted oxime being 

replaced by the relevantly-substituted oxime. Products were purified by column 

chromatography, so quoted yields are isolated yields of pure products. Results are given in 

Table 3.4.

Attempted hydroxylation of the di-chloro bis-porphyrin bis-nickel37 by benzaldehyde oxime 

Sodium hydride (60% dispersion in mineral oil) (59 mg, 1.5 mmol) and DMSO (21 ml) were 

stirred under nitrogen at 80°C for 50 minutes to give a clear, pale yellow solution. Heat was 

removed, benzaldehyde oxime (310 mg, 2.6 mmol) was added and the solution stirred for a 

further 5 minutes. This was then transferred under nitrogen to a solution of antipodal 

functionalized (di-chloro-bis-porphinato)nickel(II) (37) (122 mg, 0.050 mmol) in dry 

tetrahydrofuran (dried by passing through a column of alumina, 21 ml) and heated at reflux 

in the dark for 17 hours. The system was allowed to cool and ether (75 ml) and water (100 

ml) were added to the reaction mixture. The organic layer was extracted and washed with 

water (5x100 ml), brine (100ml) and dried over sodium sulphate. Solvent was removed and 

the residue was purified by column chromatography in the dark (1:6 dichloromethane: 

petroleum spirit). The first band was identified as the starting material 37 (98 mg, 80%) by 

an identical } H NMR as and co-chromatography against an authentic sample. The second 

band overlapped with the tail-end of the first, and because both products were observed to 

streak on purification over silica it was not isolated in pure form. However its LDI spectrum
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and the integration of the /?-pyrrolic region relative to the aryl region in the 'H NMR 

suggested that it contained a proportion of partially de-chlorinated product.

ie oximeAttempted hydroxylation of the di-bromo bis-porphyrin bis-nickel3S by benzaldehyde 

[2-bromo-5,10,15,20,25,30,35,40-octakis(3',5'-di-^rt-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazitio[2,3-g]quinoxaUno]nickel(II) (44)

The same procedures for the hydroxylation of the di-chloro bis-porphyrin 37 with 

benzaldehyde oxime were followed. Products were purified by column chromatography (1:6 

dichloromethane: light petroleum). From the attempted hydroxylation of di-bromo bis- 

porphyrin bis-nickel(II) 38 (17 mg, 0.0068 mmol) the first band eluted was identified as the 

starting material 38 (12 mg, 71%) which was co-chromatographed against and had an 

identical H NMR and LDI spectrum and an authentic sample. The second band was 

identified as [2-bromo-5,10,15,20,25,30,35,40-octakis(3',5'-di-^r/- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxalino]nickel(II) (44) (4.5 mg, 

26%), a dark brown solid. umax(CHC!3) 2965, 1595, 1473, 1464, 1364, 1297, 1265, 1092, 

1018, 943, 909, 819; Xmax (CH^y/am (bg^/dm^morW1)) 318 (4.43), 429 (5.22), 449 

(5.21), 512sh (4.70), 536 (4.75), 664 (4.24); 'H n.m.r. (400 MHz; CDC13) 5: 1.43 to 1.47 

(144H, m, /-butyl H), 7.64 to 7.66 (3H, m, aryl H), 7.69 to 7.71 (7H, m, aryl H), 7.73 to 7.75 

(4H, m, aryl H), 7.76 (2H, dJ4- >2- = /4- j6- = 1.40 Hz, C(2')H and C(6')H), 7.81 to 7.82 (8H, m, 

aryl H), 8.53 to 8.56 (2H, m, ^-pyrrolic H), 8.59 (IH, d J^ = 5.20 Hz, /7-pyrrolic H), 8.61 to 

8.63 (6H, m, ^-pyrrolic H), 8.65 (IH, d, J^ = 5.25 Hz, /?-pyrrolic H), 8.68 (2H, d, J^ = 4.50 

Hz, /?-pyrrolic H), 8.82 (IH, d,/^ = 5.20 Hz, /?-pyrrolic H); m/% (LDI-TOF) 2442.3 (MH + , 

100%); C158H18]N12Ni2Br requires 2442.2 (MH+).

Attempted hydroxylation of the di-chloro bis-porphyrin bis-nickel37 by 3-bromo-ben%aldehyde oxime and 3~ 

nitro-benyaldehyde oxime\t *~f

The same procedures for the hydroxylation of di-chloro bis-porphyrin bis-nickel 37 with the 

unsubstituted benzaldehyde oxime were followed, just with the unsubstituted oxime being 

replaced by the appropriately substituted oxime. Products were purified by column 

chromatography, so quoted yields are isolated yields of pure products. Results are given in 

Section 3.4.
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details for Chapter Four

Ar.
Ar. Ar

D

Ar,

Ar Ar

(49) M = Ni,
(50) M = Cu,
(51) M = Zn

Ar.

Ar

Ar= 3,5-di-/#7-butylphenyl

9.4.1 Ftcc-base unfunctionalized chlorins

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-terf-butylphenyl)porphytin (46) and 2-deutero- 

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-ter?-butylphenyl)porphyrin(48)

Typically 5,10,15,20-tetrakis(3',5'-di-^^butylphenyl)porphyrin (45) (815 mg, 0.77 mmol) was 

dissolved in THF (50 ml) at room temperature and diborane (7.0 ml, 1 moldm"3 in THF, 7.0 

mmol) was added. The system was stirred under a nitrogen atmosphere in the dark for 3 

hours at which point the solution had turned from dark red to dark brown. Water (100 ml) 

and ether (100 ml) were added to the reaction mixture and the organic layer was extracted, 

washed with water (4x100 ml), brine (50 ml), dried over sodium sulphate and the solvent 

was removed. The residue was purified by column chromatography (1:4 dichloromethane: 

light petroleum). The main brown band was collected and identified as 2,3-dihydro-
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5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphynn (46), a dark purple solid (560 mg, 69%, 

0% impurity of porphyrin (45) by ! H NMR). Found: C 85.7, H 8.9, N 5.5; C76H96N4 reqiures 
C 85.7, H 9.1, N 5.3; ^(KB^/crn 1 3350 (NH), 2962, 1592 and 1581, 1475, 1363, 1287, 
1246, 1039, 944, 880, 796, 714; Xmax (CH.Cy/nm (log (s/dm3Won 1)) 289sh (4.15), 296 

(4.15), 311 (4.15), 373 (4.43), 409sh (5.04), 421 (5.23), 489sh (3.62), 523 (4.08), 549 (3.99), 

598 (3.69), 652 (4.39); ] H n.m.r. (400 MHz; CDC13) 5: -1.32 (2H, br s, NH), 1.52 (36H, s, /- 

butyl H), 1.54 (36H, s, /-butyl H), 4.22 (4H, s, C(2)H2, and C(3)H2), 7.71 (2H, dd,/2y = /6 - >4- 
- 1.65 Hz, C(4')H), 7.76 (2H, ddJ2- 4- = ;6 - 4- = 1.85 Hz, C(4')H), 7.77 (4H, d,/^- = /4< >6- - 

1.75 Hz, C(2')H and C(6')H), 8.04 (4H, dj^ - /4y = 1.95 Hz, C(2')H and C(6')H), 8.28 

and 8.67 (4H, ABq,/^ = 4.70 Hz, C(7)H, C(8)H, C(17)H and C(18)H), 8.54 (2H, s, C(12)H 
and C(13)H); m/% (LDI-TOF) 1064.8 (M+ , 100%); C76H9fiN4 requires 1064.8 (M+).

When D2O was added to quench the boron-porphyrin complex, 2-deutero-2,3-dihydro- 

5,10,15,20-tetrakis(3',5'-di-/r̂ -butylphenyl)porphyrin (48) was isolated as a dark brown solid. 

o^CKBrJ/cm'1 3350 (NH), 2963, 1591 and 1580, 1474, 1363, 1245, 796, 714; Xmax 
(CH2Cl2)/nm (log (e/'dm2WrW1)) 288sh (4.22), 297 (4.23), 311 (4.23), 375 (4.48), 405sh 
(5.05), 421 (5.30), 487sh (3.62), 523 (4.16), 550 (4.08), 598 (3.76), 652 (4.45); 'H n.m.r. (400 

MHz; CDC13) 8: -1.35 (2H, br s, NH), 1.49 (36H, s, /-butyl H), 1.51 (36H, s, /-butyl H), 4.18 

(2H, br s, C(3)H2), 4.19 (1H, br s, C(2)H), 7.69 (2H, ddJ2y = J^ = 2.00 Hz, C(4')H), 7.74 

(2H, dd, /2.x = /6y = 1.90 Hz, C(4')H), 7.75 (4H, d, /4- 2 - = /4- 6- = 1.95 Hz, C(2')H and 

C(6')H), 8.01 (4H, dJ4- ;2- = /4- >6- = 1.80 Hz, C(2')H and C(6')H), 8.25 and 8.65 (4H, ABq,/A/? 

= 4.60 Hz, C(7)H, C(8)H, C(17)H and C(18)H), 8.51 (2H, s, C(12)H and C(13)H); m/^ 
(LDI-TOF) 1065.7 (M+ , 100%); C76H95N4D requires 1065.8 (M+). The LDI spectrum 
suggests that there is a proportion of the 4H-chlorin 46 as an impurity.

46 was also prepared by dissolving 5,10,15,20-tetrakis(3I ,5'-di-/^-butylphenyl)porphyrin (520 
mg, 0.48 mmol) in pyridine (25 ml), heating to 110°C under a flowing stream of nitrogen and 
adding />-toluenesulfonylhydrazine (1.40 g, 7.5 mmol) and anhydrous potassium carbonate 
(2.10 g, 14.9 mmol) over 5!/2 hours. The system was allowed to cool, ether (100 ml) and 
water (100 ml) were added, the organic layer was extracted, washed with aqueous 
hydrochloric acid (3M, 2X100 ml), water (100 ml), aqueous saturated sodium bicarbonate 

solution (100 ml), brine (100 ml), dried over sodium sulphate and the solvent was removed. 
The product was purified by column chromatography (1:1 dichloromethane: light 

petroleum.) The main band was collected to yield 2,3-dihydro-tetrakis(3',5'-di-/^-
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butylphenyl)porphyrin (490 mg, 95%) that contained approximately 87% chlonn (46) and 

13% bacteriochlonn (47) as judged by integration of the ] H NMR of the product.

2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3 ( ,5'-di-^r?-butylphenyl)porphyfin(47)

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (45) (780 mg, 0.73 mmol) in pyridine 

(80 ml), was heated to 110°C under a flowing stream of nitrogen and had added p- 

toluenesulfonylhydrazine (8.30 g, 44.3 mmol) and anhydrous potassium carbonate (9.9g, 71.2 

mmol) added to it over 5V2 hours. The system was allowed to cool, ether (100 ml) and water 

(100 ml) were added, the organic layer was extracted, washed with aqueous hydrochloric acid 

(3M, 2x100 ml), water (100 ml), aqueous saturated sodium bicarbonate solution (100 ml), 

brine (100 ml), dried over sodium sulphate and the solvent was removed. The product was 

purified by column chromatography (1:6 dichloromethane: light petroleum). The first band 

was collected to give 2,3,12,1 3-tetrahydro-5,l 0,1 5,20-tetrakis(3',5'-di-^r/- 

butylphenyl)porphyrin (47) (0.50 g, 65%), a green solid. Found C 85.8, H 8.9, N 5.5; 

C76H98N4 requires C 85.5, H 9.3, N 5.3; ^(KBrJ/cm 1 3392 (NH), 2961, 1586, 1474, 1364, 

1243, 1107, 1020, 865, 789, 750, 699, 592; Xmax (CH2Cy/nm (log (e/dmW'W)) 357 

(4.75), 378 (4.86), 462 (3.43), 420 (3.91), 525 (4.45), 617 (3.30), 675 (3.54), 740 (4.75); 'H 

n.m.r. (400 MHz; CDC13) 6: -1.23 (2H, br s, NH), 1.49 (72H, s, /-butyl H), 4.03 (8H, s, 

CH(2)2, CH(3)2 , CH(12)2, and CHflSJJ, 7.66 (4H, dd, ]^ = /6y = 1.85 Hz, C(4')H), 7.72 

(8H, d, /4' ;2 - = /4y = 2.05 Hz, C(2')H and C(6')H), 8.04 (4H, d, /NH^ = 4.95 Hz, C(7)H, 

C(8)H, C(17)H and C(18)H); m/% (LDI-TOF) 1066.7 (M+ , 100%); C76H98N4 requkes 1066.8

9.4.2 Mctallated chlorins 

[2,3-dihydro-5,10,15,20-tetrakis(3',5 t-di-fer?-butylphenyl)porphmato]nickel(II)(49)

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (104 mg, 0.097 mmol, 

0% porphyrin impurity by 'H NMR) and Ni(OAc)2.4H2O (55 mg, 0.22 mmol) were 

dissolved in DMF (15 ml) and heated at the point of reflux under nitrogen in the dark for 

21/4 hours. The system was allowed to cool and ether (100 ml) and water (100 ml) were 

added. The organic layer was extracted and washed with water (4x50 ml), brine (50 ml), 

dried over sodium sulphate and the solvent was removed. The product was purified by 

column chromatography (1:2 dichloromethane: light petroleum). [2,3-dihydro-5,l 0,1 5,20- 

tetrakis(3',5'-di-^^-butylphenyl)porphinato]nickel(II) (49) was isolated as a green/ blue solid 

(87 mg, 80%, 4% (porphinato)nickel(II) impurity 63 by 'H NMR). Found C 81.1, H 8.5, N
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5.0; C76H94N4Ni requkes C 81.3, H 8.5, N 5.0. ^(KB^/crn 1 2962, 1594 (single peak), 

1476, 1363, 1280, 1246, 1062, 1011, 899, 881, 829, 792, 714; Xmax (CH^y/nm (log (e/ 

dm'morW1 )) 356sh (4.2), 419 (5.3), SOOsh (3.8), 526 (3.8), 579 (4.1), 617 (4.5), 739 (3.4), 

775 (3.1); 'H n.m.r. (400 MHz; CDC13) 5: 1.40 (36H, s, /-butyl H), 1.43 (36H, s, /-butyl H), 

3.81 (4H, s, CH(2)2, and CH(3)J, 7.47(4H, d,fa = fa = 1.80 Hz, C(2')H and C(6')H), 7.54 

(2H, dd, fa - fa - 1.70 Hz, C(4')H), 7.63 (2H, dd, fa - fa = 1.75 Hz, C(4')H), 7.73 

(4H, d,/4- 2- = fa = 1.65 Hz, C(2')H and C(6')H), 8.09 and 8.38 (4H, ABq,/^ = 4.85 Hz, 

C(7)H, C(8)H, C(17)H and C(18)H), 8.22 (2H, s, C(12)H and C(13)H); t»/^ (LDI-TOF) 

1120.8 (M+ , 100%); C76H94N4Ni requires 1120.7 (M+).

[2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^rt-butylphenyl)porphinato]copper(II) (50) 

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (94 mg, 0.088 mmol, 

0% porphyrin impurity by 'H NMR) and Cu(OAc)2.H2O (40 mg, 0.20 mmol) were dissolved 

in dichloromethane (15 ml) and methanol (5 ml) and brought to reflux in the dark for \ 1A 

hours. The system was allowed to cool and solvent was removed. The product was purified 

by column chromatography (1:2 dichloromethane: light petroleum). [2,3-dihydro-5,10,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphinato]copper (II) (50) was isolated as a green/ blue 

solid (88 mg, 89%). ^(KB^/on 1 2961, 1592 (single peak), 1476, 1363, 1345, 1278, 1247, 

1069, 1004, 977, 880, 827, 796, 714; Xmax (CH.Cl^/nm (log (e/dmW'W1)) 397sh (4.73), 

417 (5.44), 510 (3.75), 551 (3.78), 579 (4.00), 617 (4.56); m/% (LDI-TOF) 1126.1 (M+ , 100%); 

C76H94N4Cu requkes 1125.7 (M+).

[2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-fert-butylphenyl)porphinato]zinc(II) (51) and 

[2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^rr-butylphenyl)biliverdo]zinc(II) (52) 

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (577 mg, 0.54 mmol, 

0% porphyrin impurity) and Zn(OAc)2.2H2O (298 mg, 1.4 mmol) were dissolved in 

dichloromethane (130 ml) and methanol (50 ml). The system was degassed, placed under 

argon, brought to reflux in the dark for 1 hour and then the solvent was removed. The 

crude product was recrystallised four times from dichloromethane/ methanol. The 

precipitate was identified as [2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphinato]zinc (II) (51), a purple solid (584 mg, 96%, 5% (porphinato)zinc(II) 

(65) impurity by 'H NMR). ^(KB^/cm 1 2963, 1591 and 1579, 1475, 1362, 1342, 1272, 

1246, 1064, 1001, 970, 879, 796, 713; Xmax (CH.Cy/nm (log (e/dmW'W1)) 312 (4.2), 377 

(4.3), 399sh (4.6), 421 (5.3), 467 (3.9), 524 (3.8), 554 (3.8), 587 (3.9), 622 (4.5), 739 (3.6); 'H
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n.m.r. (400 MHz; CDC13) 5: 1.50 (36H, s, /-butyl H), 1.52 (36H, s, /-butyl H), 4.91 (4H, s, 
CH(2)2, and 01(3),), 7.68 (2H, ddJ2y - /6- 4< = 1.75 Hz, C(4')H), 7.73 (4H, dj^- = /4y - 
1.60 Hz, C(2')H and C(6')H), 7.74 (2H, dd,/2' 4- = /6 - 4- = 1.85 Hz, C(4')H), 7.99 (4H, dJ4 - >2- = 

/4',6' = 1.85 Hz, C(2')H and C(6')H), 8.16 and 8.60 (4H, ABqJ^j = 4.40 Hz, C(7)H, C(8)H, 
C(17)H and C(18)H), 8.46 (2H, s, C(12)H and C(13)H); m/% (LDI-TOF) 1126.8 (M+ , 100%); 
C76H94N4Zn requires 1126.7 (M+).

Solvent was removed from the filtrate, and the residue was purified by column 
chromatography (1:8 dichloromethane: light petroleum). The product was identified as [2,3- 
dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)biliverdo]zinc(II) (52), a dark brown solid 
(8.1 mg, 1%.) o^CHCy/cm 1 2966, 1690 (CO), 1592, 1527, 1456, 1365, 1061, 1012, 908, 
828; Xmax (CH^y/nm (log (e/cWmorW1)) 290 (4.43), 368 (4.50), 426sh (4.47), 466 (4.66), 

547 (3.91), 752sh (4.02), 817 (4.13); 'H n.m.r. (400 MHz; CDC13) 8: 1.36 to 1.40 (72H, m, /- 
butyl H), 1.74 (IH, ddd, /c(3)H,c(3)H = 18.00 Hz, /c(2)H,c(3)H = 9.60 Hz, /C(2)H)C(3)H = 3.95 Hz, 
C(3)H), 1.90 (IH, ddd, /C(3)H)C(3)H - 17.80 Hz, /C(2)H,C(3)H - 9.00 Hz, /C(2)H)C(3)H - 4.30 Hz, 
C(3)H), 2.33 (IH, ddd, ;C(2)H>C(2)H =' 18.70 Hz, /C(3)H,C(2)H = 9.60 Hz, /C(3)H)C(2)H - 4.35 Hz, 
C(2)H), 2.59 (IH, ddd, /C(2)H)C(2)H - 18.80 Hz, /c(3)H,c(2)H = 9.10 Hz, /c(3)H)c(2)H = 3.90 Hz, 

C(2)H), 6.54 (IH, d, Jpf = 5.30 Hz, yfl-pyrrolic H), 6.61 (IH, d, ]pfi = 5.05 Hz, ytf-pyrrolic H), 

6.87 (IH, d, ]ftfi = 4.65 Hz, /?-pyrrolic H), 6.88 (IH, d, ]ftfi = 4.35 Hz, /?-pyrrolic H), 6.93 

(IH, d,Jfifi = 4.15 Hz, /?-pyrrolic H), 7.00 (IH, d,/^ = 4.20 Hz, /?-pyrrolic H), 7.21* (IH, 
m, C(2')H and C(6')H), 7.26* (IH, m, C(2')H and C(6')H), 7.36* (IH, m, C(2')H and 
C(6')H), 7.38 (IH, m, C(4')H), 7.45 (IH, m, C(4')H), 7.51* (2H, m, C(2')H and C(6')H), 7.55 
(IH, m, C(4')H), 7.59* (IH, m, C(2')H and C(6')H), 7.61 (IH, m, C(4')H), 7.87 (2H, m, 
C(2')H and C(6')H); * shows peaks that only appear at 233K; the low temperature and high 
temperature *H NMR spectra were not exactly identical, but this was not investigated 

further; 13C n.m.r. (125 MHz; CDC13) 6: 28.8 (Oy, 31.2 (CH,), 31.3 to 31.5 (/-butyl CH3), 
34.7 to 34.9 (/-butyl C), 112 to 175 (unsaturated C), 187.7 (CO), 188.6 (CO); HMBC as 
described in the text; m/% (MALDI-TOF from an ^^-cyano-4-hydroxy cinnamic acid 
matrix) 1158.7 (M+ , 100%); C76H94N4O2Zn requires 1158.6 (M+).

Q^.j FunctionaHzed chlotins
2,3-dihydro-12-chloro-5,10,15,20-tetfakis(3',5 (-di-fert-butylphenyl)porphytin(53)

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (233 mg, 0.20 mmol) 
and N-chlorosuccinimide (28 mg, 0.21 mmol) were dissolved in chloroform (25 ml) and
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waspyridine (1 ml) and were heated at reflux under nitrogen for 3 hours. The system 

allowed to cool. Ether (100 ml) and aqueous hydrochloric acid (3M, 50 ml) were added and 

the organic layer was extracted, washed with aqueous hydrochloric acid (3M, 50 ml), water 

(100 ml), saturated aqueous sodium bicarbonate solution (100 ml), brine (100 ml), dried over 

sodium sulphate and the solvent was removed. The product was purified by column 

chromatography (1:8 dichloromethane: light petroleum). The first main band was identified 

as 2,3-dihydro-12-chloro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (53), a dark 

purple solid (23 mg, 10%). ^(CHCy/cm 1 3367 (NH), 2966, 1592 and 1581, 1477, 1364, 
1265, 1249, 1068, 950, 882, 714; Xmax (CH2Cl2)/nm (log (e/dmW'W)) 293 (4.19), 312 

(4.21), 373 (4.42), 412sh (5.20), 424 (5.31), 526 (4.12), 550 (4.01), 597 (3.84), 650 (4.33); 'H 

n.m.r. (400 MHz; CDC13) 8: -1.60 (1H, br s, NH), -1.44 (1H, br s, NH), 1.47 to 1.49 (72H, 

m, /-butyl H), 4.13 to 4.16 (4H, m, CH(2)2, and CH(3)2), 7.67 (2H, dd,/2- 4- = /6 - 4- = 1.80 Hz, 

C(4')H), 7.71 to 7.72 (5H, m, aryl H), 7.73 (1H, ddJ2y = /6 - 4- = 2.00 Hz, C(4')H), 7.83 (2H, 

dj4',2' = /4V = 1-45 Hz, C(2')H and C(6')H), 7.94 (2H, d,/4- 2- = /4- 6 > = 1.65 Hz, C(2')H and 

C(6')H), 8.19 (1H, ddjfl/? = 5.00 HzJNHj/? = 1.75 Hz, /?-pyrrolic H), 8.23 (1H, ddjpjj = 5.00 

Hz JNH/ = 1-25 Hz, /?-pyrrolic H), 8.38 (1H, s, C(13)H), 8.54 (1H, dd,/^ - 4.65 Hz,/NH>/? - 

1.05 Hz, ytf-pyrrolic H), 8.57 (1H, d, J^ = 4.80 Hz, /?-pyrrolic H); m/% (LDI-TOF) 1099.3 

(MH+ , 100%); C76H95N4C1 requires 1099.7 (MH+).

The second band collected was identified as 5,10,15,20-tetrakis(3',5'-di-&r/- 

butylphenyl)porphyrin (45) (193 mg, 83%) which was co-chromatographed against and had 

an identical a H NMR as an authentic sample.

2,3-dihydro-12-nitro-5,10,15,20-tetrakis(3',5'-di-^r^-butylphenyl)potphyrin (54), 

2,3,12,13-tetrahydro-7-nitro-5,10,15,20-tetfakis(3',5'-di-^rf-butylphenyl)porphyrin (55), 

2,3,7,8-tetrahydro-13-nitro-5,10,15,20-tetrakis(3',5'-di-fert-butylphenyl)porphyrin (56) 

and 2,3,7,8-tetrahydro-12-nitro-5,10,15,20-tetrakis(3',5'-di-fcrf-butylphenyl)porphyrin

(57)

2-nitro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (508 mg, 0.46 mmol) was 

dissolved in pyridine (40 ml) and heated to 110°C under a flowing stream of nitrogen and 

had />-toluenesulfonylhydrazine (4.0 g, 21.4 mmol) and anhydrous potassium carbonate (3.5 

g, 29.6 mmol) added to it over 5 a/2 hours. The system was allowed to cool, ether (100 ml) 

and water (100 ml) were added, the organic layer was extracted, washed with aqueous 

hydrochloric acid (3M, 2x100 ml), water (100 ml), aqueous saturated sodium bicarbonate
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solution (100 ml), brine (100 ml), dried over sodium sulphate and the solvent was removed. 

The product was purified by column chromatography (1:4 dichloromethane: light 

petroleum). The first band was identified as 2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5'-di- 

/^-butylphenyl)porphyrin (47) (62 mg, 12%) which was co-chromatographed against and 

had an identical J H NMR as an authentic sample. The second band was identified as 2,3- 

dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (33 mg, 7%) and co- 

chromatographed and had an identical *H NMR as an authentic sample. The third band was 

identified as 2,3-dihydro-12-nitro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (54) 

(199 mg, 39%), a dark brown solid. Found C 81.9, H 8.9, N 6.2; C76H95N5O2 requires C 

82.2, H 8.6, N 6.3. ^(KB^/crn 1 3365 (NH), 2962,1592 and 1582, 1524, 1476,1364,1265, 

1248, 1068, 926, 901, 881, 852, 798, 713; ^(CH.Cy/nm (log (e/dmW'W1)) 296 (4.41), 

374 (4.69), 420sh (4.98), 440 (5.13), 535 (4.15), 548 (4.17), 596 (4.08), 645 (4.00), 741 (3.67); 

'H n.m.r. (400 MHz; CDC13) 6: -0.87 (2H, br s, NH), 1.50 (18H, s, /-butyl H), 1.51 (18H, s, /- 

butyl H), 1.53 (18H, s, /-butyl H), 1.54 (18H, s, /-butyl H), 4.14 (4H, s, CH(2)2, and CH(3)J, 

7.72 (7H, m, aryl H), 7.79 (1H, ddJ2- 4 - = /6 - 4- = 1.75 Hz, C(4')H), 7.98 (2H, dj^ - /4 < 6 < - 

1.85 Hz, C(2')H and C(6')H), 8.02 (2H, d,/4- 2- = /4- 6 - = 2.20 Hz, C(2')H and C(6')H), 8.20 

and 8.60 (2H, ABXJ^ = 4.90 Hz,/NH/ = 1.70 Hz, /?-pyrrolic H), 8.24 and 8.75 (2H, ABX, 

]pfi - 4.80 Hz, /NH>/? = 1.60 Hz, /?-pyrrolic H), 8.76 (1H, s, C(13)H); COSY also reveals the 

NH-/? pyrrolic proton patterns; m/% (MALDI-TOF from a dithranol matrix) 1110.8 (MH+ , 

100%); C76H95N502 requires 1110.8 (MH +).

The fourth, fifth and sixth bands overlapped with one another and were further purified by 

column chromatography over silica (1:3 dichloromethane: light petroleum). The fourth band 

was identified as 2,3,12,13-tetrahydro-7-nitro-5,l 0,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphyrin (55) (8 mg, 2%), a dark red solid. ^(CHCy/cm' 3371 (NH), 2968, 

1592, 1515, 1475, 1364, 1345, 1262, 1100, 1050, 1023, 903; Xmax (CH.Cy/nm 

(log (e/dmW'W1)) 363 (4.53), 416sh (4.00), 546 (4.04), 621 (3.36), 677 (3.67), 743 (4.21); 

'H n.m.r. (400 MHz; CDC13) 8: 0.53 (1H, br s, NH), 0.63 (1H, d,/ANH = 2.45 Hz, NH), 1.41 

to 1.43 (72H, m, /-butyl H), 3.66 to 3.68 (2H, m, chlorin H), 3.74 to 3.78 (6H, m, chlorin H), 

7.49 (1H, ddJ2y - J6y = 1-85 Hz, C(4')H), 7.54 to 7.56 (8H, m, aryl H), 7.59 to 7.61 (3H, 

m, aryl H), 7.84 and 7.86 (2H, ABXJ/^ = 5.10 HzJNH^ = 1.95 Hz, C(17)H and C(18)H), 

7 89 (1H, d, LH 0 = 3-1° Hz> C (8)H)' COSY also reveals the NH-/?pyrrolic proton patterns; 

m/z (MALDI-TOF from a dithranol matrix) 1111.7 (M+ , 90%), 1112.7 (MH+ , 100%); 

C76H97N502 requires 1111.8 (M+)-
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The fifth band was identified as 2,3,7,8-tetrahydro-13-nitro-5,10,15,20-tetrakis(3',5'-di-^r/- 

butylphenyl)porphyrin (56) (10 mg, 2%), a dark blue solid. ^(CHClO/crn 1 3372 (NH), 

3019 and 2966, 1591 (broad), 1495, 1477, 1363, 1095, 1051, 1019, 954; Xmax (CH2Oa)/nm (log 

(e/dmW'W1)) 278 (4.32), 384 (4.66), 395sh (4.64), 412sh (4.63), 553 (3.95), 598sh (4.00), 

651 (4.19); 'H n.m.r. (400 MHz; CDC13) 6: 1.38 to 1.40 (72H, m, /-butyl H), 3.20 to 3.28 (4H, 

m, chlorin H), 3.35 (4H, s, chlorin H), 7.01 and 7.62 (2H, ABQ, ]pfi = 4.60 Hz, C(17)H and 

C(18)H), 7.27 (2H, d, /4>2, = /4. 6. = 1.15 Hz, C(2')H and C(6')H), 7.40 (2H, d, /4, 2, - /4. 6 , = 

1.95 Hz, C(2')H and C(6')H), 7.41 (2H, d,/4, 2, = /4, 6, - 1.80 Hz, C(2')H and C(6')H), 7.42 

(1H, s, C(12)H), 7.48 (1H, dd,/2- 4.= /6 - 4.= 1.75 Hz, C(4')H), 7.50 (1H, ddJ2- 4.= J6V = 1.75 

Hz, C(4')H), 7.51 (1H, ddJ2. >4- = /6 - 4.= 1.80 Hz, C(4')H), 7.54 (1H, ddJ2- 4- = /6 - 4 - = 1.80 Hz, 

C(4')H), 7.64 (2H, d, /4, 2> = /4, 6, = 1.50 Hz, C(2')H and C(6')H); COSY shows no NH-/? 

pyrrolic proton couplings, and it is assumed that the NH protons signals are obscured by the 

72H /-butyl H signal; m/^ (MALDI-TOF from a dithranol matrix) 1111.7 (M+ , 85%), 1112.7 

(MH+ , 100%); C76H97N5O2 requires 1111.8 (NT).

The sixth band was identified as 2,3,7,8-tetrahydro-12-nitro-5,10,15,20-tetrakis(3 < ,5'-di-/^- 

butylphenyl)porphyrin (57) (12.5 mg, 2%), a dark blue solid. umax (CHCl3)/cm-1 3377 (NH), 

3019 and 2966, 1592 and 1574, 1509, 1477, 1362, 1264, 1001, 908; X,max (CH^y/nm (log 

(e/dm'morW1)) 274 (4.30), 371sh (4.53), 393sh (4.63), 413 (4.65), 511sh (3.79), 546 (3.93), 

586 (4.07), 627 (4.31), 686sh (3.35); 'H n.m.r. (400 MHz; CDC13) 5: 1.37 to 1.41 (72H, m, /- 

butyl H), 3.16 (4H, m, C(2)H2 and C^HJ, 3.31 (2H, m, 0(7)^, 3.51 (2H, m, C(8)Hj t 6.90 

and 7.47 (2H, ABq,/^ = 4.75 Hz, C(17)H and C(18)H), 7.26 (2H, d,/4, 2,= J4,fi,= 1.50 Hz, 

C(2')H and C(6')H), 7.36 (1H, dd, /2- 4- - /6y = 1.90 Hz, C(4')H), 7.37 (2H, d, /4, 2, - /4, 6. = 

2.10 Hz, C(2')H and C(6')H), 7.40 (2H, d, /4, 2, = /4, 6, = 1.50 Hz, C(2')H and C(6')H), 7.40 

(1H, ddJ2- 4. = ;6- 4- - 2.00 Hz, C(4')H), 7.49 (1H, ddJ2' 4- - J6y = 1.75 Hz, C(4')H), 7.49 

(1H, m, C(4')H), 7.61 (2H, d, /4, 2> - /4>>6, = 1.50 Hz, C(2')H and C(6')H), 7.80 (1H, s, 

C(13)H); COSY shows no NH-/? pyrrolic proton couplings, and it is assumed that the NH 

protons signals are obscured by the 72H /-butyl H signal; NOE difference experiments 

show the following NOEs: between 3.16 (C(2)H2 and C^H^ and the doublets at 7.26 and 

7.37; between 3.31 (C(1}U^) and the doublet at 7.26; between 3.51 (C(S)H£ and the doublet 

at 7.40; and between the singlet at 7.80 (C(13)H) and the doublet at 7.61; ml^ (MALDI-TOF 

from a dithranol matrix) 1111.7 (M+ , 70%), 1112.7 (MH+ , 100%); C76H97N5O2 requires 

1111.8 (M+).
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12,13-dihydro-5 510,15,20-tetrakis(3',5'-di-^rt-butylphenyl)quinoxaUno[2,3-b]porphynn 

(58) and 7,8-dihydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxalino [2,3-b] 

porphyrin (59)

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)quinoxaline (24) (325 mg, 0.28 mmol) was 

dissolved in pyridine (20 ml) and heated to 110°C under nitrogen and had p- 

toluenesulfonylhydrazine (3.4 g, 18.4 mmol) and anhydrous potassium carbonate (3.6 g, 26 

mmol) added over six hours. The system was allowed to cool, ether (100 ml) and water (100 

ml) were added, the organic layer was extracted, washed with aqueous hydrochloric acid (3M, 

2X100 ml), water (100 ml), aqueous saturated sodium bicarbonate solution (100 ml), brine 

(100 ml), dried over sodium sulphate and the solvent was removed. The product was 

purified by column chromatography (1:6 dichloromethane: light petroleum). The first band 

was identified as 12,13-dihydro-5,10,15,20-tetrakis(3\5'-di-/^-butylphenyl)quinoxalino[2,3-b] 

porphyrin (58) (231 mg, 71%), a dark brown solid. umax(KBr)/cm'1 3388 (NH), 2962, 1592 

and 1579, 1476, 1363, 1247, 1226, 1161, 1113, 917, 900, 795; Xmax (CH2C\^/nm (log 

(e/drn'molW1)) 257 (4.53), 292 (4.46), 350 (4.57), 422 (5.35), 519 (4.32), 554 (4.18), 631 

(4.04), 689 (5.01); 'H n.m.r. (400 MHz; CDC13) 8: -1.59 (2H, br s, NH), 1.53 (36H, s, /-butyl 

H), 1.55 (36H, s, /-butyl H), 4.28 (4H, s, CH(12)2, and 01(13),), 7.73 to 7.76 (2H, m, 

quinoxalino H), 7.75 (2H, m, C(4')H), 7.83 (4H, dJ4- )2 ' = J4',6' = 1-35 Hz, C(2')H and C(6')H), 

7.83 to 7.86 (2H, m, quinoxalino H), 7.95 (2H, dd,/2- )4- = /6 - 4- = 1.50 Hz, C(4')H), 7.97 (4H, 

dj4',2 = /4V = 1-30 Hz, C(2')H and C(6')H), 8.38 and 8.86 (4H, ABXJ^ - 4.95 Hz,/NH^ - 

1.75 Hz, C(7)H, C(8)H, C(17)H and C(18)H); »/£ (LDI-TOF) 1166.7 (M+ , 100%); 

C82H98N6 requires 1166.8 (M+).

The second band was identified as 7,8-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)quinoxalino[2,3-b]porphyrin (59), a black solid. ^(KB^/crn 1 3314 (NH), 

2962, 1593 and 1581, 1477, 1363, 1261, 1098, 1022, 876, 797, 712; Xmax (CH.Cy/nm 

(log (e/dmW-W1)) 302 (4.45), 332sh (4.40), 4.06 (5.15), 455sh (4.62), 481 (4.70), 568 

(4.16), 593 (4.12), 614sh (3.99), 670 (3.99); 'H n.m.r. (400 MHz; CDC13) 8: 1.43 to 1.48 (72H, 

m, /-butyl H), 3.94 (2H, m, chlorin H), 4.10 (2H, m, chlorin H), 7.60 (2H, d, /4> 2- = ]^ = 

1.60 Hz, C(2')H and C(6')H), 7.70 (1H, m, C(4')H), 7.80 (3H, m, C(2')H and C(6')H and p- 

pyrroHc H), 7.82 (1H, ddJ2- 4- - /,•/ - 1-85 Hz, C(4')H), 7.92 (2H, d,/^ = fo = 1.55 Hz, 

C(2')H and C(6')H), 8.21 and 8.24 (2H, ABq,/^ - 4.40 Hz, /?-pyrrolic H), 8.25 (1H, m, /?- 

pyrrolic H); it is assumed that the NH peaks are obscured by the 72H /-butyl peak; COSY
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shows the appropriate /?-pyrrolic couplings, and the position of the /?-pyrrolic proton at 7.80; 
V?(LDI-TOF) 1167.0 (M\ 100%); C82H98N6 requires 1166.8 (M+).

2,3,22,23-tetrahydro-5,10,15,20,25 530,35,40-octakis(3',5'-di-^r^butylphenyi) 

cycloeicosa[b]cycloeicosa[5,6Jpyrazino[2,3-g]quinoxaline(60)

2,3,22,23-tetrahydro-5,10,15,20,25,30,35,40-octakis(3',5'-di~^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (14) (912 mg, 0.40 mmol) was dissolved in 

pyridine (140 ml) and heated to 108°C under nitrogen and had ^-toluenesulfonylhydrazine 

(3.87 g, 20.8 mmol) and anhydrous potassium carbonate (8.90 g, 64.7 mmol) added over 4V2 
hours. The system was allowed to cool, ether (200 ml) and water (200 ml) were added, the 

organic layer was extracted, washed with aqueous hydrochloric acid (3M, 2x100 ml), water 

(100 ml), aqueous saturated sodium bicarbonate solution (100 ml), brine (100 ml), dried over 

sodium sulphate and the solvent was removed. The product was purified by column 

chromatography (1:4 dichloromethane: light petroleum.) The first band was collected and 

identified as 2,3,22,23-tetrahydro-5,10,15,20,25,30,35,40-octakis(3 t ,5'-di-/^- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (60) (460 mg, 50%). 

^.(KBrVcm-1 3392 (NH), 2961, 1592 and 1578, 1476, 1363, 1248, 1207, 1167, 1074, 946, 

907, 806 and 795, 718; Xmax (CH.Cy/nm (log (s/dmW'W1)) 257 (4.46), 294 (4.45), 420 

(5.26), 454 (5.37), 520sh (4.59), 557 (4.40), 607sh (4.04), 656sh (3.98), 692 (4.16), 723 (4.18), 

747 (4.39); 'H n.m.r. (400 MHz; CDC13) 6: -1.57 (2H, br s, NH), 1.49 to 1.56 (144H, m, /- 

butyl H), 4.17 (8H, s, C(2)H2, C(3)H2, C(22)H2, C(23)H2, 7.69 (4H, dd,/2- 4- = /6 - 4- - 1.70 Hz, 

C(4')H), 7.75 (8H, dJ4 - 2 - - /4y - 1.65 Hz, C(2')H and C(6')H), 7.92 (4H, ddJ2V - /6 - 4 < - 

1.95 Hz, C(4')H), 8.00 (8H, d,/4- )2- = /4y = 1.65 Hz, C(2')H and C(6')H), 8.28 and 8.60 (8H, 

ABX, ]PJi = 4.80 Hz, ]^fi = 1.90 Hz, C(7)H, C(8)H, C(17)H, C(18)H, C(27)H, C(28)H, 

C(37)H and C(38)H), 8.49 (2H, s, C(41)H and C(42)H); m/^ (LDI-TOF) 2255.2 (M+ , 

100%); C158H]90N 12 requires 2255.5 (M+).

The substrate remaining on the column was then eluted by dichloromethane and solvent 

removed. The dark brown residue was redissolved in dichloromethane and had dichloro- 

dicyano-quinone (65 mg, 0.29 mmol) added to it. The mixture was stirred for 45 minutes, 

and then the product passed through a plug of silica eluting with ethyl acetate. The product 

was purified by column chromatography (1:2 dichloromethane: light petroleum). The first 

main band was identified as 2,3,22,23-tetrahydro-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (14) (257 mg, 28%)
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which was co-chromatographed against and had an identical 1 H NMR as an authentic 

sample.

2-hydroxy-2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5'-di-^rf-butylphenyl)porphyrin

(61)

2-hydroxy-2,3-dihydro-5,10,15,20-tet±akis(3 ( ,5'-di-/^-butylphenyl)porphyrin (62) (126 mg, 

0.12 mmol), was dissolved in pyridine (15 ml) and heated to 110°C under a flowing stream of 

nitrogen and had ^-toluenesulfonylhydrazine (1.66 g, 8.4 mmol) and anhydrous potassium 

carbonate (1.25g, 9.0 mmol) added to it over six hours. The system was allowed to cool, 

ether (100 ml) and water (100 ml) were added, the organic layer was extracted, washed with 

aqueous hydrochloric acid (3M, 2X100 ml), water (100 ml), aqueous saturated sodium 

bicarbonate solution (100 ml), brine (100 ml), dried over sodium sulphate and the solvent 

was removed. The product was purified by column chromatography (2:5 dichloromethane: 

light petroleum with a couple of drops of triethylamine). The second band was collected and 

identified as 2-hydroxy-2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5'-di-/^/-butylphenyl) 

porphyrin (61) (72 mg, 57%), a green solid. ^(KB^/crn 1 3562 (OH), 3392 (NH), 2961, 

1590 and 1583, 1475, 1363, 1246, 1108, 1018, 872, 790, 753, 715, 589; Xmax (CH^y/nm (log 

(e/dmW-'cm 1)) 358sh (4.90), 379 (4.99), 410sh (4.55), 421 (4.67), 461 (3.48), 494 (3.78), 

525 (4.62), 600 (3.44), 652 (3.99), 723 (4.86); 'H n.m.r. (400 MHz; CDC13) 5: -1.50 (1H, br s, 

NH), -1.45 (1H, br s, NH), 1.45 to 1.48 (72H, m, /-butyl H), 2.39 (1H, d,/C(2)H>OH = 2.45 Hz, 

OH), 3.95 (1H, d Jc(3)H,c(3)H = 18.45 Hz, C(3)H), 4.05 (4H, s, C(12)H2, 0(13)^ 4.31 (1H, dd, 

JWoH = 18.20 Hz, /c(2)H,c(3)H = 8.20 Hz, C(3)H), 6.27 (1H, d,/C(3)H;C(2)H - 8.10 Hz, C(2)H), 

7.65 (5H, m, aryl H), 7.68 (1H, m, aryl H), 7.70 (1H, ddJ2- 4- = /6 - 4- - 1.65 Hz, C(4')H), 7.71 

(1H, dd,/2' X - /6 - >4- - 1.75 Hz, C(4')H), 7.75 (1H, m, aryl H), 7.81 (1H, m, aryl H), 8.03 and 

8.05 (2H, ABXJ/j^ = 4.75 HzJNH>/?= 1-80 Hz, /?-pyrrolic H), 8.09 and 8.14 (2H, ABXJ^ 

= 4.60 H2,/NH^= 1-90 Hz, /?-pyrrolic H); m/% (LDI-TOF) 1083.1 (M+ , 95%), 1084.2 (MH + , 

100%); C76H98N40 requires 1082.8 (M+).
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9.5.1 Unsubstituted chlotins 

2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^rt-butylphenyl)porphyrin(62)

2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/(?^-butylphenyl)porphyrin (46) was dissolved in the 

relevant solvent and loaded onto the column, also prepared from the relevant solvent. If 

appropriate, solvent was then pumped off the column by hand. After the appropriate period 

of time 1:4 dichloromethane: light petroleum was used to elute the starting material (46) and 

porphyrin (45) in the same band, and the product 2-hydroxy-2,3-dihydro-5,10,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphyrin (62) was eluted with dichloromethane. As 

porphyrin 45 and chlorin 46 were not separable by column chromatography their respective 

yields were determined by integration of /?-pyrrolic and NH peaks in the *H NMR of the 

front-running product. 2-hydroxy-2,3-dihydro-5,l 0,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphyrin (62) was isolated as a purple/ brown solid. umax (KBr) 3564 (OH), 

3350 (NH), 2963, 1592 and 1578, 1476, 1636, 1246, 953, 797, 715; Xmax (CH^y/nm (log 

(e/dmW-W1)) 251 (4.04), 270sh (4.07), 287sh (4.12), 300 (4.14), 312 (4.14), 375sh (4.38), 

418 (4.98), 484sh (3.59), 520 (4.04), 547 (4.04), 592 (3.74), 644 (4.25); !H n.m.r. (400 MHz;
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CDC13) 6: -1.72 (1H, br s, NH), -1.69 (1H, br s, NH), 1.48-1.52 (72H, m, t-butyl H), 2.55 

(1H > dJC(2)H>OH = 2.65 Hz, OH), 4.14 (1H, dd, /C(3 -)Hi C(3)H = 18.25 Hz, /C(2)H> C(3)H = 1-55 Hz, 

C(3)H), 4.50 (1H, dd, /C(3)H> C(3 ,)H = i 8 .oo Hz, JC(2)H> C(3 -)H = 8.10 Hz, C(3')H), 6.48 (1H, dt, 

/c(3')H, c(2)H = 8.20 Hz, /C(3)H) C(2)H * ;QH> c(2)H ~ 2.1 Hz, C(2)H), 7.70 (2H, d, ]^ = /4',6 < = 1.65 

Hz, C(2')H and C(6')H), 7.74 (1H, dd/2y = /,.,. = 1.95 Hz, C(4')H), 7.75 (1H, dd/2y = /6 < 4 < 

= 1-70 Hz, C(4')H), 7.76 (1H, dd/^ = ]^ = 1.85 Hz, C(4')H), 7.87 (1H, dd/2- v - J^ = 

1.80 Hz, C(4')H), 7.93 (1H, m, C(2')H and C(6')H), 7.95 (1H, m, C(2')H and C(6')H), 7.97 

(1H, m, C(4')H), 8.01-8.02 (2H, m, C(2')H and C(6')H), 8.07 (1H, m, C(4')H), 8.33 (1H, d, 

JM = 4.85 Hz, ^-pyrroHc H), 8.37 (1H, d, ]M = 4.55 Hz, /?-pyrrolic H), 8.55 and 8.57 (2H, 

ABq> Jflfi = 4.70 Hz, C(12)H and C(13)H), 8.71 (2H, d, ]ftfi = 4.90 Hz, /?-pyrrolic H); m/^ 

(LDI-TOF) 1080.6 (M+ , 100%); C76H96N4 O requires 1080.8 (M+)-

In experiment F of Table 5.1, solvent was degassed by bubbling argon through individual 

flasks of dichloromethane and light petroleum; these were then mixed in the appropriate 

proportions by transferring to a third flask through a cannula under argon.

Reaction of hydroxy-chlorin 62 on silica

2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^r/-butylphenyl)porphyrin (62) (65 rng, 

0.060 mmol) was dissolved in solvent and placed onto a column of silica (1:8 

dichloromethane: light petroleum). Solvent was removed from the column by hand and the 

substrate was then left for 3 hours at 32°C. The starting material 62 was eluted with 

dichloromethane (65 mg, 100%).

Reaction of hydroxy-chlorin 62 on alumina

2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^r/'-butylphenyl)porphyrin (62) (87 mg, 

0.082 mmol) was dissolved in solvent and placed onto a column of alumina (1:8 

dichloromethane: light petroleum.) The substrate was left for 2 hours at 20°C with solvent 

remaining on the column at which point 5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphyrin (45) (37 mg, 43%) was eluted with 1:8 dichloromethane and the 

starting material was recovered with methanol (41 mg, 48%).
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[2-hydroxy-253-dihydto-5,10515,20-tetrakis(3',5'-di-rert-butylphenyl)porphinato] 

mckel(II) (66), ^^-dihydroxy^ 

porphinato]nickel(II) (69) and 

butylphenyl)biliverdo]nickel(II) (71)

Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum). [2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphinato]nickel(II) (49) (575 mg, 0.51 mmol, 0% porphyrin impurity by ! H 

NMR) was dissolved in solvent and placed onto the column. Solvent was then pumped off 

the column by hand. The substrate was left for 3 hours at 21°C, after which time products 

were eluted by adding further solvent. The first band eluted was identified as [5,10,15,20- 

tetrakis(3',5'-di-^nt-butylphenyl)porphinato]nickel(II) (63) (221 mg, 38%), a red-purple solid 

that had identical *H NMR, LDI-TOF and IR spectra as an authentic sample [REF]. The 

second band was identified as [2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphinato]nickel(II) (66) (136 mg, 23%), a dark blue solid. umax(KBr) 3573 

(OH), 2962, 1593, 1477, 1363, 1285, 1247, 1010, 899, 881, 827, 792, 714; Xmax (CH^/nm 

(log (e/dm'morW1)) 351sh (4.07), 418 (5.23), 503 (3.70), 572sh (3.97), 607 (4.43); 'H n.m.r. 

(400 MHz; CDC13) 8: 1.37-1.63 (72H, m, /-butyl H), 1.88 (IH, d,/C(2)H OH = 2.90 Hz, OH), 

3.90 (IH, ddJc(3 -)H>c(3)H - 16.65 HzJC(2)H>c(3)H - 6.90 Hz, C(3)H), 4.00 (IH, ddJC(3)H> C(3 -)H = 

16.65 Hz,/C(2)H) C(3 -)H = 1.65 Hz, C(3')H), 5.85 (IH, br d,/ c(3.)H>c(2)H - 6.55 Hz, C(2)H), 6.98* 

(IH, br, C(2')H and C(6')H), 7.10* (IH, br, C(2')H and C(6')H), 7.40* (2H, m, C(2')H and 

C(6')H), 7.56 (IH, dd, /2, 4. = /6., = 1.85 Hz, C(4')H), 7.59 (IH, /2, 4, - /6. 4. - 1.75 Hz, 

C(4')H), 7.64 (2H, dd, /2, 4, = /6, 4, = 1.75 Hz, C(4')H), 8.04* (IH, br, C(2')H and C(6')H), 

8.07* (IH, br, C(2')H and C(6')H), 8.11* (2H, br, C(2')H and C(6')H), 8.16 and 8.43 (2H, 

ABq, ]pfi = 4.90 Hz, y?-pyrrolic H), 8.17 and 8.43 (2H, ABq, ]pfi = 5.20 Hz, ytf-pyrrolic H), 

8.28 and 8.30 (2H, ABq, ]pp = 4.90 Hz, /?-pyrrolic H); * shows the resonances that do not 

appear in the room temperature *H NMR spectrum; COSY shows the relevant /?-pyrrolic 

coupling patterns; ml^ (LDI-TOF) 1137.1 (M+, 100%); C76H94NiN4O requires 1136.7 (M+).

The third band was identified as [2,3-dihydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^n'- 

butylphenyl)porphinato]nickel(II) (69) (104 mg, 18%), a dark blue solid. umax (KBr) 3580 

(OH), 2962, 1593, 1477, 1363, 1293, 1247, 1010, 899, 882, 828, 793, 715; Xmax (CHAJ/nm 

(log (e/dmW-W1)) 350sh (4.14), 418 (5.16), 502(3.73), 578sh (3.99), 606 (4.35); 'H n.m.r. 

(400 MHz; CDC13) 6: 1.56 (72H, m, /-butyl H), 1.92 (2H, d JC(2)H; C(2)OH = /c(3)H) c(3)OH = 3.10
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Hz, C(2)OH and C(3)OH), 5.71 (2H, dJC(2)OH>C(2)H =/C(3)OH>C(3)H 3.60 Hz, C(2)H and C(3)H), 

7.05* (2H, br, C(2')H and C(6')H), 7.35* (2H, br, C(2')H and C(6')H), 7.60 (2H, dd, /2, 4, = 

/6>,4- = 1-70 Hz, C(4')H), 7.64 (2H, /2, 4, = /6, 4, = 2.15 Hz, C(4')H), 8.05* (2H, br, C(2')H and 

C(6')H), 8.10* (2H, br, C(2')H and C(6')H), 8.15 and 8.43 (4H, ABqJ^ - 5.15 Hz, C(7)H, 

C(8)H, C(17)H and C(18)H), 8.29 (2H, s, C(12)H and C(13)H), * shows the resonances that 

do not appear in the room temperature : H NMR; COSY shows the relevant (3-pyrrolic 

coupling patterns; m/^ (LDI-TOF) 1153.1 (M+ , 100%); C76H94NiN4O2 requires 1152.7 (M+).

The fourth band was only eluted very slowly with dichloromethane. It was identified as 

[(2 or 3)-hydroxy-2,3-dihydro-tetrakis(3',5'-di-/^-butylphenyl)biliverdo]nickel(II) (71) (31 

mg> 5%)- umax(KBr) 3568 (OH from keto-enol tautomerisation), 2962, 1724 (CO), 

1704(CO), 1593, 1529, 1475, 1364, 1252 and 1247, 1014, 827, 882, 714; Xmax (CH.Cy/nm 

(log (e/dmW-W1)) 313 (4.35), 349 (4.36), 422sh (4.52), 451 (4.64), 504sh (3.80), 753 

(4.17); 'H n.m.r. (400 MHz; CDC13) 6: 1.39 to 1.44 (72H, M, /-butyl H), 1.63 (1H, d, /C(3)Hi 

C(3)OH - 1.85 Hz, C(3)OH), 2.16 (1H, dd JC(2)H> C(2)H = 18.40 Hz JC(3)H> C(2)H - 4.40 Hz, C(2)H), 

2.73 (1H, dd,/c(2)H)C(2)H = 17.70 HzJC(3)H)C(2)H - 8.65 Hz, C(2)H), 4.95 (1H, dddJC(2)H> C(3)H - 

8.40 Hz,/C(2)H> C(3)H = 3.95 Hz, /C(3)OH> C(3)H = 1.80 Hz, C(3)H), 7.03 (1H, d,J^ = 4.50 Hz, /?- 

pyrrolic H), 7.16 (1H, dj^ = 4.90 Hz, ytf-pyrrolic H), 7.24 (1H, d,/^ = 4.35 Hz, /?-pyrrolic 

H), 7.38 (1H, d,/^ = 5.05 Hz, ^-pyrrolic H), 7.50 (1H, dj^g = 5.10 Hz, /?-pyrrolic H), 7.66 

(1H, d, JfliP = 4.65 Hz, /?-pyrrolic H), 7.46 to 7.67 (10H, m, aryl H), 7.89 (2H, d,/4, 2, = /4, 6, = 

2.05 Hz, C(2')H and C(6')H); the 'H NMR spectrum at 233K and 298K were not identical, 

but this was not investigated further; 13C n.m.r. (125 MHz; CDC13) 6: 30 to 34 (/-butyl C), 38 

(CHJ, 70 (HCOH), 115 to 166 (unsaturated C), 183 (NCO), 186 (CO); HMBC as described 

in the text; m/^ (MALDI-TOF from an ^^-cyano-4-hydroxy cinnamic acid matrix) 1169.8 

(MH+, 100%); C76H94N4NiO3 requires 1169.7 (MH+).

Attempted formation of a propylidene acetalfrom nickel di-hydroxy chlorin 69 

[2-hydtoxy-5,10,15,20-tetrakis(3',5'-di-^r^-butylphenyl)porphmato]nickel(II) (73) 

[2,3-dihdyroxy-2,3-dmydro-5,10,15,20-tetralds(3\5'-di-/^-butylphenyl)porphinato]nickel(II) 

(69) (66 mg, 0.057 mmol) was dissolved in dry acetone (20 ml) and had anhydrous zinc 

chloride (24 mg, 0.18 mmol) added to it. The system was brought to reflux under argon for 

3 hours and then allowed to cool. Solvent was removed, and the 'H NMR of the crude 

product showed no evidence for the formation of a propylidene acetal. The product was 

purified by column chromatography (1:3 dichloromethane: light petroleum). The first band
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eluted was identified as [2-hydroxy-5,10,15,20-tetrakis(3 > ,5 1 -di-^-butylphenyl)porphinato] 

mckel(II) (73) (33 mg, 51%), a bnght red/ purple solid. umax (KBr) 3486 (OH), 2961, 1620, 

1592, 1462, 1387, 1362, 1297, 1247, 1172, 1078, 1009, 935, 800, 716; Xmax (CH.Cy/nm 

(log (e/dmW-'cm 1)) 287sh (4.24), 323sh (4.11), 415 (5.30), 529 (4.25), 566 (3.84); 'H n.m.r. 

(400 MHz; CDC13) 6: 1.47 to 1.48 (72H, m, /-butyl H), 6.01 (1H, s, C(2)OH), 7.70 (1H, dd, 

,4' = ;6>,4> = 1-90 Hz, C(4')H), 7.72 (2H, m, C(4')H), 7.83 (2H, d, 

',2' = /4>,6> = 1-35 Hz, C(2')H and C(6')H), 7.86 (1H, dd, /2, 4, = /6, 4, - 1.75 Hz, C(4')H), 7.88 

(2H, d, /4>2, = /4>6, = 1.60 Hz, C(2')H and C(6')H), 7.88 (2H, d, /4>2> = /4, 6, = 1.60 Hz, C(2')H 

and C(6')H), 7.90 (2H, d, /4, >2, = /4, >6, = 1.50 Hz, C(2')H and C(6')H), 7.93 (1H, s, C(3)H), 8.65 

(1H, djpp = 4.95 Hz, /?-pyrrolic H), 8.75 (1H, d,/^ = 4.70 Hz, /?-pyrrolic H), 8.78 (2H, m, 

/5-pyrrolic H), 8.80 (1H, d, ]ftfi = 5.40 Hz, /?-pyrrolic H), 8.81 (1H, d, ]ftfi = 4.85 Hz, j3- 

pyrrolic H); m/% (LDI-TOF) 1135.1 (M+ , 100%); C76H92N4NiO requires 1134.7 (MH+).

The second band was identified as the starting material 69 (31 mg, 47%).

Reaction of nickel hydroxy-chlorin 66 on silica

Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum). [2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di- 

/^-butylphenyl)porphinato]nickel(II) (66) (34 mg, 0.030 mmol) was dissolved in solvent and 

placed onto the column. Solvent was pumped off the column by hand. The substrate was 

left for 2 a/2 hours at 28°C at which point the starting material (66) (22 mg, 63%) was eluted 

followed by [2,3-dihydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphinato]nickel(II) (69) (8 mg, 23%.) These were identified by their 'H 

NMRs and co-chromatography with authentic samples.

[hydroxydihydro-5,10,15,20-tetrakis(3',5'-di-rert-butylphenyl)potphinato]copper(II) 

(67), [dihydroxydihydro-5,10,15,20-tetrakis(3',5'-di-rert-butylphenyl)porphinato] 

copper(II) (70) and [hydroxydihydto-5,10,15,20-tetrakis(3',5'-di-fert-butylphenyl) 

biliverdo]copper(II) (72)
Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum). [2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphinato]copper(II) (49) (208 mg, 0.18 mmol, no porphyrin impurity by LDI 

or thin layer chromatography) was dissolved in solvent and placed onto the column. Solvent 

was pumped off the column by hand. The substrate was left for 23A hours at 21 °C, after 

which time products were eluted by adding farther solvent. The first band eluted was
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identified as [5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphinato]copper(II) (64) (86 mg, 

41 /o) that had identical IR and LDI spectra to those of an authentic sample. The second 

band was identified as [hydroxydihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl) 

porphinato]copper(II) (67) (55 mg, 26%), a blue/ green solid. umax (KBr) 3556 (OH), 2961, 

1593, 1493, 1248, 1069, 1007, 791, 715; Xmax (CHAJ/nm (log (e/dmVol^cm-1)) 393sh 

(4.40), 416 (5.31), 510 (3.56), 572 (3.84), 606 (4.22); ml^ (LDI-TOF) 1142.1 (M+ , 100%); 

C76H94CuN4O requires 1141.7 (M+).

The third band was identified as [dihydroxydihydro-5,10,15,20-tetrakis(3',5'-di-^r/- 

butylphenyl)porphinato]copper(II) (70) (60 mg, 28%), a blue/ green solid. umax(KBr) 3570 

(OH), 2961, 1592, 1363, 1290, 1247, 1064, 1004, 899, 827, 797, 716; Xmax (CH^y/nm (log 

(e/dm'morW1)) 387sh (4.50), 415 (5.39), 508 (3.68), 575 (4.00), 604 (4.48); m/% (LDI- 

TOF) 1158.1 (M+ , 100%); C76H94CuN4O2 requires 1157.7 (M+).

The fourth band was identified as [hydroxydihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)biliverdo]copper(II) (72) (4 mg, 2%), a brown solid. umax(CHC!3) 3604 (OH), 

2967, 1710 (CO), 1592, 1540, 1462, 1422, 1364, 1062, 1015, 896, 827; Xmax (CH2Cy/nm 

(log (e/dm'morW1)) 281 (4.55), 369 (4.58), 426sh (4.65), 458 (4.75), 535 (4.05), 575sh 

(3.90), 627sh (3.86), 703 (4.11), 808 (4.19); m/% (MALDI-TOF from a dithranol matrix) 

1196.7 (MNa+ , 90%), 1174.7 (MH+ , 100%), 956.9 (M+ - C 15H21 O, 45%); C76H94CuN4O3 

requires 1196.7 (MNa+), 1174.7 (MH+), 956.5 (M+- C15H21 O).

[2-hydtoxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^rt-butylphenyl)porphinato]

zinc(II) (68)

Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum). [2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^^- 

butylphenyl)porphinato]zinc(II) (51) (128 mg, 0.11 mmol, 5% (porphinato)zinc(II) impurity 

by ! H NMR) was dissolved in solvent and placed onto the column completely covered in 

foil. Solvent was pumped off the column by hand. The substrate was left for 3 hours at 

22°C, after which time products were eluted by adding further solvent. The first band eluted 

was identified as a mixture of [5,10,15,20-tetrakis(3',5'-di-^-butylphenyl)porphinato]zinc(II) 

(65) (46 mg, 38%) and [2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl) 

porphinato]zinc(II) (51) (7 mg, 6%). Products were identified by 'H NMR and by co- 

chromatography against authentic samples; the proportion of each product was also 

identified by 'H NMR. The second band was identified as [2-hydroxy-2,3-dihydro-
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5,10,15,20~tet±akis(3',5'-di-^-butylphenyl)porphinato]zinc(II) (68) (51 mg, 42%), a dark 

purple solid. umax (KBr) 3356 (OH), 2962, 1591 and 1578, 1476, 1362, 1343, 1247, 1064, 

1001, 899, 881, 824, 795, 715; Xmax (CH2Cy/nm (log (e/dmW'W)) 298 (4.27), 401sh 

(4.70), 417 (5.36), 482 (3.54), 520 (3.83), 561sh (3.63), 582 (4.09), 612 (4.53), 706 (3.09); 'H 

n.m.r. (400 MHz; CDC13) 6: 1.47 to 1.52 (72H, m, /-butyl H), 2.59 (1H, d, ;c(2)H , C(2)OH - 2.50 

Hz, C(2)OH), 4.11 (1H, dd, JC(3)H) C(3)H = 18.15 Hz JC(2)Hi C(3)H = 1.95 Hz, C(3)H), 4.45 (1H, 

dd Jc(3)H, C(3)H = 18.25 Hz, JC(2)H C(3)H = 8.40 Hz, C(3)H), 6.39 (1H, dt,/C(3)H>C(2)H = 8.50 Hz, 

/c<3)H, c(2)H ~ /c(2)oH) c(2)H = 2.15 Hz, C(2)H), 7.68 (2H, d, J^ - /4- >6- = 1.65 Hz, C(2')H and 

C(6')H), 7.72 to 7.74 (3H, m, aryl H), 7.84 (1H, dd,/2, 4, = J6>>4. = 1.65 Hz, C(4')H), 7.87 (1H, 

m, aryl H), 7.93 (1H, dd, /2>>4. = /6, 4, = 1.75 Hz, C(4')H), 7.94 (1H, dd, ;2. 4, = /6, 4, = 1.70 Hz, 

C(4')H), 7.97 (2H, d,/^- - ]^ = 1.75 Hz, C(2')H and C(6')H), 8.02 (1H, ddJ2, 4, - /6. 4 . - 

1.75 Hz, C(4')H), 8.21 (1H, d, ]pfi = 4.70 Hz, ^-pyrrolic H), 8.26 (1H, d, Jftfi = 4.55 Hz, /?- 

pyrrolic H), 8.52 (1H, dJA/? - 4.40 Hz, /?-pyrrolic H), 8.54 (1H, dj^ = 4.45 Hz, /?-pyrrolic 

H), 8.64 (1H, d, ]ftfi - 4.35 Hz, /?-pyrrolic H), 8.65 (1H, d, ]pp - 4.50 Hz, /?-pyrrolic H); m/% 

(LDI-TOF) 1143.3 (MH+ , 100%); C76H94ZnN4O requkes 1143.7 (MH+).

9.5.2 Substituted chlotins

as- and tra^s-2,12-dihydtoxy-2,3,12,13-tettahydfo-5,10,15,20-tetrakis(3',5'-di-^rt-

butylphenyl)porphyrin and as- and tr^ws-2,13-dihydroxy-2,3,12,13-tetrahydro-

5,10,15,20-tettakis(3',5'-di-tert-butylphenyl)potphyrin (tram forms are 74a and 74b; cis

forms are 75a and 75b).

Silica (200 ml) was thoroughly mixed with water (4 ml) and then used to prepare a column

(1:8 dichloromethane: light petroleum.) 2,3,12,13-tet±ahydro-5,10,15,20-tetrakis(3',5'-di-/^-

butylphenyl)porphyrin (47) (514 mg, 0.48 mmol) was dissolved in solvent and placed onto

the column. Solvent was pumped off the column by hand. The substrate was left for 2 J/2

hours at 30°C, after which time products were eluted by adding further solvent. The first
\

band was identified as the starting material 2,3,12,13-tetrahydro-5,10,15,20-tettakis(3',5'-di- 

&tf-butylphenyl)porphyrin (47) (60 mg, 12%) by an identical 1 H NMR to and co- 

chromatography against an authentic sample. The second band was identified as 2,3- 

dihydro-5,10,15,20-tetrakis(3',5'-di-^rr-butylphenyl)porphyrin (46) (233 mg, 45%) by an 

identical a H NMR to and co-chromatography against an authentic sample.

The third band was collected and was re-columned in 2:5 dichloromethane: light petroleum. 

It was found to contain two products of nearly identical polarity. The slightly less polar
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product was identified as 2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^/- 

butylphenyl)porphyrin (62) (68 mg, 13%) by an identical 'H NMR to and co- 

chrotnatography against an authentic sample. The slightly more polar product was identified 

as a roughly equrmolar mixture of /ra»j-2,13-dihyd±oxy-2,3,12,13-tettahydto-5,10,15,20- 

tetrakis(3',5'^di-^n'-butylphenyl)porphyrin (74a) and /r^j--2,12-dihydroxy-2,3,12,13- 

tettahydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (74b) (33 mg, 6%), a red/ 

brown solid. Because of its similar polarity to the hydroxy-chlorin 62, the hydroxy-chlorin 

62 made up roughly a 10% impurity of the product (estimated by integration of the NH 

peaks). This is accounted for in the J H NMR, the UV spectra and quoted yields. The ! H 

NMR spectrum is assigned separately to the two different isomers; this is based on the 

assignment of the cis isomers where the slight difference in abundance of the two isomers 

allows for the differentiation of the two isomers. umax (CHCl3) 3695 (OH), 3360 (NH), 2966, 

1591, 1477, 1365, 908, 725, 706; Xmax (CH^/nm (log (s/dmW'W1)) 244 (3.92), 358sh 

(4.64), 379 (4.93), 496 (3.61), 525 (4.39), 644 (3.83), 707 (4.60); 'H n.m.r. (400 MHz; CDC13) 

2,12-dihydroxy 6: -1.87 (2H, br s, NH), 1.43 to 1.52 (72H, m, /-butyl H), 2.39 (2H, d,/C(2)H 

c(2)oH ~ /c(i2)H, c(i2)0H = 1-90 Hz, C(2)OH and C(12)OH), 3.99 (2H, br d, /C(3)H> C(3)H = /C(13)H> 

C(13)H = 17.65 Hz, C(3)H and C(13)H), 4.31 (2H, dd,/c(3)H;C(3)H =/C(13)H)C(13)H = 17.85 HzJC(2)H> 

c(3)H ~ 7c(t2)H, c(i3)H = 7-60 Hz, C(3)H and C(13)H), 6.33 (2H, br d,/C(3)H>C(2)H =/qi3)H>C(i2)H = 

8.40 Hz, C(2)H and C(12)H), 7.61 to 7.92 (12H, m, aryl H), 8.16 and 8.20 (4H, ABX,/^ = 

4.40 Hz,/NH/ = 1.65 Hz, C(7)H, C(8)H, C(17)H and C(18)H); 2,13-dihydroxy 6: -1.64 (1H, 

s, NH), -1.53 (1H, s, NH), 1.43 to 1.52 (72H, m, /-butyl H), 2.45 (2H, d, /C(2)H> C(2)OH = /C(Lm 

C(13)OH - 2.20 Hz, C(2)OH and C(13)OH), 3.99 (2H, br d, /C(3)H> C(3)H = }C(l2)H>c(n)H = 17.65 Hz, 

C(3)H and C(12)H), 4.38 (2H, dd, /C(3)H> C(3)H - 7c(i2)H, qi2)H ~ 17.65 Hz,/C(2)H) C(3)H -/C(i3)H,c(i2)H 

= 8.05 Hz, C(3)H and C(12)H), 6.28 (2H, br dJc(3)H;C(2)H - JC^H.C^H = 8-40 Hz, C(2)H and 

C(13)H), 7.61 to 7.92 (12H, m, aryl H), 8.07 (2H, d,/NH/? = 1.70 Hz, y^-pyrroUc H), 8.20 (2H, 

d, /NH/5 = ^-9^ ^Z' /?-pyrr°kc H); COSY shows coupling between the NH at -1.53 and the 

doublet at 8.06, between the NH at -1.64 and the signal centred around 8.20, and between 

the NH at -1.87 and the ABX system at 8.16 and 8.20; «/* (LDI-TOF) 1099.3 (M+ , 100%); 

C76H98N402 requires 1098.8 (M+).

The fourth band was identified as a mixture of «j--2,13-dihydtoxy-2,3,12,13-tetrahydro- 

5,lO,15,20-tettakis(3',5'-di-/^-butylphenyl)porphyrin (75a) and aj--2,12-dihydroxy-2,3,12,13- 

tetrahydro-5,10,15,20-tetrakis(3',5'-di-^-butylphenyl)porphyrin (75b) (50.2 mg, 9%), a red/ 

brown solid. Integration of the NH and /?-pyrrolic signals in the ! H NMR show this to be
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roughly a 60:40 mixture of the 2,12 to the 2,13 isomer, and the signals from each isomer 

could therefore be differentiated by examining individual integrations. Whilst these products 

were eluted as a pure sample as judged by thin layer chromatography and 'H NMR, exposure 

to ambient laboratory conditions lead to partial dehydration of the product to give the 2- 

hydroxy chlorin 62. This is accounted for in the UV spectrum. umax (CHC!3) 3555(OH), 3389 

(NH), 2966, 1590, 1476, 1365, 1263, 1111, 1030, 900; Xmax (CH.Cl^/nm (log (e/ 

dmVolW1 )) 379 (4.97), 461 (3.47), 492 (3.64), 525 (4.42), 645 (3.74), 706 (4.61); 'H n.m.r. 

(400 MHz; CDC13) 2,12-dihydroxy 5: -1.82 (2H, br s, NH), 1.44 to 1.49 (72H, m, /-butyl H), 

2.39 (2H, d,/c(2)HjC(2)OH = /c(12)H>C(12)OH = 1.95 Hz, C(2)OH and C(12)OH), 4.02 (2H, ddJC(3)H) 

c(3)H ~ Jc(i3)H, c(i3)H = 17.95 Hz, 7C(2)H> C(3)H = /^^ C(13)H = 2.00 Hz, C(3)H and C(13)H), 4.33 

(2H, dd, /C(3)H _ C(3)H = /C(13)H> C(13)H = 18.20 Hz, /C(2)H> C(3)H = /C(12)Hj C(13)H = 8.25 Hz, C(3)H and 

C(13)H), 6.32 (2H, br dJc(3)H>C(2)H = ;c(13)H,C(i 2)H = 8-00 Hz, C(2)H and C(12)H), 7.60 to 7.93 

(12H, m, aryl H), 8.15 and 8.18 (4H, ABX, ]pfi = 4.20 Hz, /NHi/? = 1.75 Hz, C(7)H, C(8)H, 

C(17)H and C(18)H); 2,13-dihydroxy 6: -1.63 (IH, s, NH), -1.53 (IH, s, NH), 1.44 to 1.49 

(72H, m, /-butyl H), 2.42 (2H, d, /C(2)H) C(2)OH - ;c(13)H> C(13)OH = 1.80 Hz, C(2)OH and 

C(13)OH), 5J5 (2H, dd, 7c(3)i-i, c(3)H ~ 7c(i2)H, c(i2)H ~ 18.60 Hz, jq2)H) C(3)H — Jc(i3)H, qn)H ~ 1-95 

Hz, C(3)H and C(12)H), 4.34 (2H, ddJC(3)H, c(3)H = /C(12)H> C(i2)H = 18.25 Hz, /C(2)Hi C(3)H = /C(13)H> 

C(12)H = 8.50 Hz, C(3)H and C(12)H), 6.28 (2H, br d, /C(3)H)C(2)H - /C(12)H,c0 3)H = 8.15 Hz, C(2)H 

and C(13)H), 7.60 to 7.93 (12H, m, aryl H), 8.06 (2H, dJNH>/? = 1.95 Hz, ^-pyrrolic H), 8.19 

(2H, d,/NH/j = 1.55 Hz, /?-pyrrolic H); COSY shows coupling between the NH at -1.53 and 

the doublet at 8.06, between the NH at -1.63 and the signal centred around 8.19, and 

between the NH at -1.82 and the ABX system at 8.06 and 8.19; m/% (LDI-TOF) 1099.2 (M+ , 

100%); C76H98N4O2 requires 1098.8 (M+).

Oxidation of2-hydroxy-2,3,12,13-tetrahydroporphyrin 61 on silica

Silica (200 ml) was thoroughly mixed with water (4 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum). 2-hydroxy-2,3,12,13-tetrahydro-5,l 0,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphyrin (61) (482 mg, 0.45 mmol) was dissolved in solvent 

and placed onto the column. Solvent was pumped off the column by hand. The substrate 

was left for 21/2 hours at 30°C, after which time products were eluted by adding further 

solvent. The fi±st band was identified as 2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)porphyiin (46) (50 mg, 11%) by an identical 'H NMR as and co- 

chromatogtaphy against an authentic sample. The second band was found to contain two 

fractions of very similar polarity and was re-columned (2:5 dichloromethane: light
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petroleum.) The first fraction was identified as 2-hydroxy-2,3-dihydro-5,10,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphyrin (62) (202 mg, 41%) by an identical 'H NMR as 

and co-chromatography against an authentic sample. The second fraction was identified as a 

roughly equimolar mixture of /r^j-2,12-dihyd±oxy-2,3,12,13-tetrahydro-5,10,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphyrin (74a) and /ra«j-2,13-dihydroxy-2,3,12,13- 

tetrahydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphynn (74b) (60 mg, 12%) by an 

identical H NMR as and co-chromatography against an authentic sample. The third band 

was identified as a roughly equimolar mixture of «>-2,12-dihydroxy-2,3,12,13-tetrahydi-o- 

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (75a) and «>-2,13-dihydrox)^2,3,12,13- 

tetrahydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (75b) (60 mg, 12%) by an 

identical H NMR as and co-chromatography against an authentic sample.

(12- andl3)-chloro-2-hydfoxy-2,3-dihydro-5,10,15,20-tetrakis(3' 55'-di-tert-butylphenyl) 

potphyrin (76)

Silica (100 ml) was thoroughly mixed with 2 ml water and used to prepare a column (1:8 

dichloromethane: light petroleum). 2,3-dihydro-12-chloro-5,10,15,20-tetrakis(3',5'-di-^«'- 

butylphenyl)porphyrin (53) (17 mg, 0.015 mmol) was dissolved in solvent and placed onto 

the column. Solvent was pumped off the column by hand. The substrate was left for 3 

hours at 30°C, after which time products were eluted by adding further solvent. The first 

band was eluted from the column and was identified as the starting material 53 (13 mg, 74%) 

by co-chromatography against an authentic sample and by its 1 H NMR. The second band 

was identified as an equimolar mixture of 12- and 13-chloro-2-hydroxy-2,3-dihydro~ 

5,10,15,20-tetrakis(3 J ,5'-di-^-butylphenyl)porphyrin (76) (1.1 mg, 6%). umax (CHCl3) 3550 

(OH), 3360 (NH), 2966,1593, 1477, 1427, 1394,1364,1248,1068,1010, 958, 924, 900, 883; 

>W (CHzCy/nm (log (e/dmW-'crn 1)) 255 (4.62), 312 (4.60), 375sh (4.81), 421 (5.58), 522 

(4.51), 548 (4.39), 591 (4.19), 643 (4.58); as the compound exists as two roughly equimolar 

regioisomers, in the J H NMR the integration to 1H is taken as one proton in one of the 

regioisomers; 1 H n.m.r. (400 MHz; CDC13) 6: -1.94 (2H, br, s), -1.84 (1H, br, NH), -1.77 (1H, 

br, NH), 1.46 to 1.50 (144H, m, /-butyl H), 3.10 (2H, m, C(2)OH), 4.11 (2H, d JC(3)H> C(3)H = 

17.30 Hz, C(3)H), 4.47 (2H, dd, JC(3)Hj C(3)H = 18.25 Hz, /C(2)H> C(3)H = 8.15 Hz, C(3)H), 6.45 

(2H, dd, /C(3)H , C(2)H * /c(2)OH, c(2)H = 5.05 Hz, C(2)H), 7.70 to 7.78 (12H, m, aryl H), 7.84 to 

7.85 (4H, m, aryl H), 7.91 to 8.04 (8H, m, aryl H), 8.27 (1H, m, ^-pyrrolic H), 8.32 (2H, m, 0- 

pyrrolic H), 8.36 (1H, m, /?-pyrrolic H), 8.43 (1H, s, C(12)H or C(13)H), 8.54 (1H, s, C(12)H
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or C(13)H), 8.62 to 8.65 (4H, m, ^-pyrrolic H); ml^ (LDI-TOF) 1115.1 (M+ , 100%); 

C76H95C1N4O requires 1114.7 (M+).

Attempted oxidation ofnitro-chlorin 54

Silica (100 ml) was thoroughly mixed with 2 ml water and used to prepare a column (1:8 

dichloromethane: light petroleum). 2,3-dihydro-12-nitro-5,10,15,20-tetrakis(3',5'-di-/^/- 

butylphenyl)porphyrin (54) (28 mg, 0.025 mmol) was dissolved in solvent and placed onto 

the column. Solvent was pumped off the column by hand. The substrate was left for 3 

hours at 30°C, after which time products were eluted by adding further solvent. One band 

was eluted from the column and was identified as the starting material 54 (28 mg, 100%) by 

co-chromatography against an authentic sample and by its 'H NMR.

12-hydroxy-12,13-dihydro-5,10,15,20-tetrakis(3',5'-di-^rt-butylphenyl)quinoxaKno 

[2,3-b]porphyrin (77)

Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepare a column 

(1:8 dichloromethane: light petroleum.) 12,13-dihydro-5,10,15,20-tetrakis(3',5'-di-/<?rt- 

butylphenyl)quinoxalino[2,3-b]porphyrin (58) (77 mg, 0.066 mmol) was dissolved in solvent 

and placed onto the column. Solvent was pumped off the column by hand. The substrate 

was left for 3 hours at 30°C, after which time products were eluted by adding further solvent. 

The first band was identified as a mixture of 5,10,15,20-tetrakis(3',5'-di-/6T/- 

butylphenyl)quinoxalino[2,3-b]porphyrin (24) (7.3 mg, 9%) and 12,13-dihydro-5,l0,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)quinoxalino[2,3-b]porphyrin (58) (15 mg, 20%). Proportions 

of each product were identified by integration of the NH and /?-pyrrolic protons in the ^H 

NMR. The second band was identified as 12-hydroxy-l 2,13-dihydro-5,l 0,15,20- 

tetrakis(3',5'-di-^^-butylphenyl)quinoxalino[2,3-b]porphyrin (77) (37 mg, 47%), a dark 

brown solid. umax (KBr) 3568 (OH), 3385 (NH), 1593 and 1578, 1476, 1363, 1248, 1226, 

1161, 1114, 921, 900, 796, 753; Xmax (CH^y/nm (log (e/dmW'cm 1)) 258(4,37), 283 

(4,30), 349 (4,34), 421 (5.16), 517 (4.17), 622 (3.91), 677 (4.68); 'H n.m.r. (400 MHz; CDC13) 

5: -1.95 (1H, br s, NH), -1.90 (1H, br s, NH), 1.44 to 1.55 (72H, m, /-butyl H), 2.56 (1H, d, 

/c(i2)H, c(i2)OH = 2.90 Hz, C(12)OH), 4.18 (1H, dd, /C(13)Hj C(13)H - 18.10 Hz, /C(12)H) C(13)H - 1.80 

Hz, C(13)H), 4.52 (1H, dd,/C(13)H;C(13)H - 18.15 Hz, /C(12)H) C(13)H - 8.20 Hz, C(13)H), 6.50 (1H, 

dtJC(13)H,c(i 2)H = 8 - 30 HzJco3)H,c(i2)H ^/c(i2)OH, c(i2)H = 2.30 Hz, C(12)H), 7.70 to 7.74 (2H, m, 

quinoxalino H), 7.73 (2H, dJ4< 2' - /<•«• - 1-50 Hz, C(2')H and C(6')H), 7.78 to 7.82 (2H, m, 

quinoxalino H), 7.79 (1H, m, aryl H), 7.87 (1H, m, aryl H), 7.90 to 7.92 (5H, m, aryl H), 7.97
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(1H, m, aryl H), 7.98 (2H, m, aryl H), 8.39 (1H, dJA/? - 4.85 HzJNH>/? - 1.75 Hz, /?-pyrrolic 

H), 8.45 (1H, d, fa = 4.95 Hz, /NHj9 = 1.70 Hz, /^pyrroHc H), 8.85 (1H, d, J^ = 5.15 Hz, 

JW = 1-85 Hz, /?-pyrrolic H), 8.87 (1H, d, Jflift = 4.90 Hz, /NH/5 = 1.65 Hz, /?-pyrrolic H); 

W^(LDI-TOF) 1183.0 (M+ , 100%); C82H98N6O requires 1182.8 (M+).

9.5.3 Oxidations to the

Oxidation to 2,3-dioxo-5,10J 5,20-tetrakis(3\5'-di-tert-butylphenyl)porphyrin (20)

2-hydroxy-2,3-dihydro-5 > 10,15,20-teti:akis(3',5 ) -di-^r/-butylphenyl)porphyrin (62) (291 mg, 

0.27 mmol) was dissolved in dichloromethane (75 ml) and had Dess-Martin periodinane (504 

mg, 1.19 mmol) added to it over 2 hours. The reaction solution was passed through a silica 

plug, eluting with ethyl acetate, and the solvent was removed. The product was purified by 

column chromatography (2:5 dichloromethane: light petroleum.) The main band was 

identified as 2,3-dioxo-5,10,15,20-tetrakis(3',5'-di-/^-butylpheyl)porphyrin (20) (236 mg, 

80%), which had an identical *H NMR and co-chromatographed against an authentic sample 

(see Chapter Six).

Oxidation of2,3-dihydro-chlorin 46 by Dess-Martin periodinane

2)3-dihydro-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (46) (91 mg, 0.085 mmol) 

was dissolved in dichloromethane (15 ml) and had Dess-Martin periodinane (101 mg, 0.24 

mmol) added to it. The system was stirred at room temperature for 40 minutes and then 

passed through a plug of silica, eluting with 1:1 dichloromethane: light petroleum. Solvent 

was removed to give 5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (45) (72 mg, 79%) 

which had an identical *H NMR and co-chromatographed against an authentic sample.

2,3-dioxo-5,10, 15,20-tetrakis(3\5'-di-tert-butylphenyl)porphinato]nickel(LI) (78) 

[2-hydroxy-2,3-dihyclro-5,10,15,20-tel±akis(3\5'-di-/^-butylphenyl)porphinato]riickel(II) (66) 

(68 mg, 0.060 mmol) was dissolved in dichloromethane (20 ml) and had Dess-Martin 

periodinane (150 mg, 0.35 mmol) added to it over T/2 hours. The reaction was followed by 

thin layer chromatography, which was complicated by an unidentified by-product having a 

similar Rf value to that of the starting material. The mixture was passed through a plug of 

silica, eluting with ethyl acetate, and the solvent was removed. The product was purified by 

column chromatography (1:2 dichloromethane: light petroleum). The main band was 

collected and identified as 2,3-dioxo-5,lO,15,20-tetrakis(3',5'-di-^-
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butylphenyl)porphinato]nickel(II) (78) (28 mg, 41%), which had an identical 'H NMR and 

co-chromatographed against an authentic sample81 .

[2-oxo-3-oxa-5,10,15,20-tetrakis(3',55-di-terf-butylphenyl)porphinato]zinc(II) (79) 

[2-hydroxy-2,3-dihydro-5,10,15,20-tettakis(3^5'-di-/^-butylphenyl)porphinato]zinc (II) (68) 

(51 mg, 0.045 mmol) was dissolved in dichloromethane (20 ml) and had Dess-Martin 

periodinane (42 mg, 0.098 mmol) added to it over 1 hour. The reaction was followed by thin 

layer chromatography and was then passed through a plug of silica, eluting with ethyl acetate. 

Solvent was removed and the product was purified by column chromatography (1:2 

dichloromethane: light petroleum.) The first main band was collected and identified as [2- 

oxo-3-oxa-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphinato]zinc (II) (79) (1.5 mg, 3%), 

a dark green solid. umax (CHC!3) 2964, 1759 and 1711 (CO), 1592, 1465, 1364, 865; Xmax 

(Cr^Cy/nm (log (e/dmW'W1)) 315 (3.95), 405sh (4.40), 425 (5.13), 520 (3.42), 560 

(3.74), 603 (4.03); 'H n.m.r. (400 MHz; CDC13) 8: 1.49 to 1.50 (72H, m, /-butyl H), 7.70 to 

7.73 (4H, m, C(4')H), 7.80 (2H, d, /4- 2' = /4> 6 - = 1.75 Hz, C(2')H and C(6')H), 7.90 (2H, m, 

C(2')H and C(6')H), 7.97 (2H, d, /4- 2- = J4> >6 > = 2.10 Hz, C(2')H and C(6')H), 7.98 (2H, d, 

JV.z' = /4V = 1-65 Hz, C(2')H and C(6')H), 8.59 (1H, d, Jpfi = 4.50 Hz, /?-pyrrolic H), 8.67 

(1H, d, ]pfi - 4.65 Hz, ytf-pyrroHc H), 8.73 to 8.75 (3H, m, /?-pyrrolic H), 8.81 (1H, d, ]pip = 

4.70 Hz, y?-pyrrolic H); ml ̂  (LDI-TOF) 1143.0 (M+ , 100%); C75H94ZnN4O2 requires 1142.6

Oxidation to 2J3J2,13-tetraoxo-5> 10,15,20-tetrakis(3\5'-di-tert-butylphenjl)porl)hjnn (23) 

The more polar mixture of dihydroxy-bacteriochlorins 75 (50 mg, 0.046 mmol) was 

dissolved in dichloromethane (20 ml) and had Dess-Martin periodinane (97.2 mg, 0.23 

mmol) added to it over l!/2 hours. The reaction was followed closely by thin layer 

chromatography. The mixture was passed through a plug of silica, eluting with ethyl acetate, 

and the solvent was removed. The product purified by column chromatography (1:2 

dichloromethane: light petroleum.) The first main band was identified as 2,3,1 2,1 3-tetraoxo- 

5,10,15,20-tetrakis(3',5'-di-^-butylphenyl)porphyrin (23) (14.7 mg, 29%), by an identical 'H 

NMR and IR spectrum to an authentic sample (see Chapter Six).
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2,3-dioxo-5,10J15,20,25,30,35,40-octakis(3',5'-di-t^-

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (80) and the bis- 

porphyrin tetra-one (21)

2,3,22,23-tetrahydro-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (60) (85 mg, 0.038 mmol) was dissolved in 

solvent, and loaded onto a column of silica (1:8 dichloromethane: light petroleum.) The 

solvent was pumped off the column by hand. The substrate was left for 3 hours at 28°C, at 

which point products were eluted by adding more solvent. The first band collected was 

identified as the starting material 60 (16.0 mg, 19%). The rest of the products were eluted 

from the column with ethyl acetate and solvent removed. The dark brown residue was 

dissolved in dichloromethane (20 ml) and had Dess-Martin periodinane (183 mg, 0.43 mmol) 

added to it over 2 hours. The reaction was followed closely by thin layer chromatography. 

The mixture was passed through a plug of silica, eluting with ethyl acetate and the solvent 

was removed. The product was purified by column chromatography (1:2 dichloromethane: 

light petroleum). The first band was identified as 2,3-dioxo-5,l0,15,20,25,30,35,40- 

octakis(3\5'-di-/^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (80) 

(13 mg, 16%), a dark brown solid. umax (KBr) 3397 (NH), 3342 (NH), 2961,1733 (CO), 1593, 

1475,1363,1260,1206,1070,1028, 801, 719;Xmax (CH2CL,)/nm (log (e/dmW'W1)) 330sh 

(4.49), 426 (5.36), 449sh (5.28), 621 (4.16), 680sh (3.97), 706 (3.92), 746sh (3.80); 'H n.m.r. 

(400 MHz; CDC13) 6: -2.32 (2H, br s, NH), -1.90 (2H, br s, NH), 1.55 to 1.58 (144H, m, t- 

butyl H), 7.76 (4H, m, C(4')H), 7.78 (2H, m, C(4')H), 7.82 (2H, m, C(4')H), 7.99 (4H, m, 

C(2')H and C(6')H), 8.03 (4H, m, C(2')H and C(6')H), 8.08 (4H, m, C(2')H and C(6')H), 8.10 

(4H, m, C(2')H and C(6')H), 8.56 (2H, s, C(22)H and C(23)H), 8.64 and 8.74 (4H, ABqJ^ 

= 4.95 Hz, C(7)H, C(8)H, C(17)H and C(18)H), 8.77 (2H, s, C(41)H and C(42)H), 8.89 and 

8.97 (4H, ABq, ]ftf = 4.60 Hz, C(27)H, C(28)H, C(37)H and C(38)H); COSY shows the 

relevant /?-pyrrolic proton couplings; COSY also shows coupling between the NH proton at 

-1.90 and the /?-pyrrolic protons at 8.64 and 8.73; m/% (MALDI-TOF from dithranol) 2281.8 

(M+ , 100%); C158H184N1202 requires 2281.5 (M+).

The second band was identified as 2)3,22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5'-di- 

/^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (80) (26 mg, 29%). 

It was identified by having an identical 'H NMR and IR spectrum to an authentic sample 

(see Chapter Six).
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g^__Experimental details for Chapter Six

Dendron Dendron Dendton

A-rV^ Â
Dendron \__f Dendron Dendron' ^__j Dendron

(83) (86)

Ar

Ar

•\r

Ar
Ar

(22) n= 1 
(98) n= 2

Dendron.

Dendron

,Dendron

Dendron

(102) n= 1
(103) n= 2
(104) n= 3
(105) n= 4

O
'O

At Ar Ar

(106)
Ar = 3,5-di-&rt-butylphenyl; Dendron = 3,5(3',5'-di-&rt-butylstyryl)phenyl

9.6.1 Attempted synthesis of the dendritic porphytin tetra-one

[5,10,15,20-tetmkis(3 l ,5l ~bis(3 l \5ll -di-tert-butylstyyl)phen^ (81), [5,10,15,20- 

tetrakis(3 l ,5(''-bis(3": ,5"''-di-tert-butylstyryl)phenyl)porphinato]copper(ll) (82), and \2-nitro-5,10,15,20- 

tetrakis(3 l ,5l -bis(3" ,5l ' -di-tert-butylstyryl)phenyl)porphinato]copper(ll) (85)

These products were synthesised by the method of Promarak37 . Their structures were 

confirmed by co-chromatography against and by having identical H NMRs as authentic 

samples, or in the case of the copper(II) derivatives by co-chromatography against and by 

having identical MALDI spectra (from a dithranol matrix) as authentic samples .
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[5AO,15,20-tettakis(3^5 < -bis(3^5''-di-tert-butylstyiyl)phenyl)porphinato]zinc(II)(83)

540 5 15,20-tetrakis(3',5'-bis(3' < 5 5''-di-^-butylstyryl)phenyl)porphynn (92) (245 mg, 0.11 

mmol) and zinc diacetate dihydrate (152 mg, 0.69 mmol) were dissolved in dichloromethane 

(50 ml) and methanol (15 ml) and heated at the point of reflux for 2 hours. The solvent was 

removed and the product was purified by recrystallization from dichloromethane/ methanol. 

The product was identified as [5,10,15,20-tetrakis(3',5'-bis(3 << ,5"-di-/^--butylstyryl)phenyl) 

porprnnato]zinc(II) (83), a red/ purple solid. u^fKBi) 2961, 1593, 1477, 1459, 1445, 1247, 

1204, 1006, 958, 874, 798, 705, 535; Xmax (CH.Cy/nm (bg^/drnW-W1)) 312 (5.23), 

409sh (4.68), 430 (5.75), 513 (3.58), 551 (4.35), 589 (3.65), 635* (2.74), 696 (2.77), 773 (2.82), 

868 (2.90) where * indicates an absorption whose intensity of absorption changes with 

concentration; 'H n.m.r. (400 MHz; CDC13) 6: 1.36 (144H, s, /-butyl H), 7.38 (8H, m, 

C(4")H), 7.44 (32H, m, C(2")H, C(6")H, C(7")H and C(8")H), 8.15 (4H, m, C(4')H), 8.38 

(8H, d, /4' )2- = /4V =1.15 Hz, C(2')H and C(6')H), 9.19 (8H, s, ^-pyrrolic H); m/% (LDI-TOF) 

2389.1 (M+ , 100%); C172H204N4Zn requires 2389.5 (M+).

[2-mtfo-5,10,15,20-tettakis(3',5'-bis(3",5' <-di-rerf-butylstyryl)phenyl)porphinato] 

zinc(II) (86)

[5,10,15,20-tetrakis(3^5'-bis(3'\5''-di-/^-butylstyryl)phenyl)porphinato]zinc(II) (83) (101 mg, 

0.042 mmol) was dissolved in dichloromethane (10 ml) and had 7 aliquots of nitrogen 

dioxide solution (0.1 ml, 0.071 mmolml"1) added to it at 5 minute intervals. The solution was 

then passed through a plug of silica and the solvent was removed. The product was purified 

by column chromatography over silica (1:3 dichloromethane: light petroleum). The first 

band eluted was identified as the starting material 83 (10 mg, 10%) by co-chromatography 

against and having an identical 'H NMR as an authentic sample. The second band was 

identified as [2-nitro-5,lO,l5,20-tetrakis(3',5'-bis(3",5"-di-^r/-butylstyryl)phenyl)porphiriato] 

zinc(II) (86) (22 mg, 22%), a brown solid. umax(KBr) 2962, 1593, 1523 (NO,), 1476, 1363, 

1264, 1247, 1203, 1009, 961, 874, 799, 739, 705, 536; Xmax (CH.Cy/nm (log(e/ 

dm-W'W1)) 309 (5.32), 390sh (4.56), 440 (5.41), 526sh (3.75), 560 (4.30), 603 (4.10); 5 H 

n.m.r. (400 MHz; CDC13) 6: 1.35 (144H, s, /-butyl H), 7.36 (2H, ddJ2» >4" = J6-- >4" = 1-90 Hz, 

C(4")H), 7.38 (6H, m, C(4")H), 7.40 to 7.47 (32H, m, C(2")H, C(6")H, C(7")H and C(8")H), 

8.11 (1H, m, C(4')H), 8.15 (3H, ddJ2y = /6'/ = 1-60 Hz, C(4')H), 8.30 (4H, m, C(2')H and 

C(6')H), 8.32 (4H, m, C(2')H and C(6')H), 9.13 (5H, m, f pyrrolic H), 9.21 (1H, dj^ = 4.80 

Hz, /?-pyrrolic H), 9.43 (1H, s, C(3)H); ml^ (MALDI-TOF from an ^^-cyano-4-hydroxy
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cinnamic acid matrix) 2434.7 (M+ , 20%), 2418.6 (M+ - O, 20%), 2402.5 (M+ - 2O, 100%); 

Ci72H203N5O2Zn requires 2434.5 (M+).

Attempted di-nitration of the dendritic nickel(ll) porphyrin SI

[5,10,15,20-tettakis(3\5'-bis(3< ^5''-di-/^-butylstyryl)phenyl)poiqphinato]nickel(I^ (81) (65 mg, 

0.027 mmol) was dissolved in dichloromethane (5 ml) and had 20 aliquots of nitrogen 

dioxide solution (0.2 ml, 0.033 mmolmT1) added to it at 5 minute intervals. The solution was 

passed through a plug of silica and the solvent was removed. The product was purified by 

column chromatography (1:3 dichloromethane: light petroleum). Although no separation 

was apparent by eye the products were collected in fractions. The only fraction to be 

positively identified was the first fraction, as [2-nitro-5,10,15,20-tetrakis(3',5'-bis(3",5"-di-^r/- 

butylstyryl)phenyl)porphinato]nickel(II) (84) (4.5 mg, 7%) by co-chromatography against and 

an identical *H as an authentic sample37 .

Attempted second nitration of the dendritic copperfll) nitro-porphyrin 85 

[2-nitro-5,10,15,20-tetrakis(3',5'-bis(3'',5''^

(85) (24 mg, 0.0099 mmol) was dissolved in dichloromethane (5 ml) and had 9 aliquots of 

nitrogen dioxide solution (0.1 ml, 0.033 mmolml"1) added to it at 5 minute intervals. The 

solution was passed through a plug of silica and the solvent was removed. The product was 

purified by column chromatography (1:3 dichloromethane: light petroleum). The only main 

fraction was identified as the starting material (85) (9.9 mg, 41%) by co-chromatography 

against and an identical MALDI spectrum from an ^^cyano-4-hydroxy cinnamic acid 

matrix as an authentic sample37 .

Attempted di-nitration of the ^inc porphyrin 83

[5,10,15,20-tetrakis(3^5'-bis(3'^5 << -di-^^-butylstyryl)phenyl)porphinato]zinc(II) (83) (113 mg, 

0.047 mmol) was dissolved in dichloromethane (10 ml) and had 8 aliquots of nitrogen 

dioxide solution (0.1 ml, 0.11 mmolml"1) added to it at 5 minute intervals. The solution was 

passed through a plug of silica eluting with ethyl acetate and the solvent was removed. The 

product was purified by column chromatography (dichloromethane). No product was 

eluted.
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ritic porphyrin alpha-dione 

3,5-(3',5'-di-tert-butylstyryl)ben2aldehyde (91)

The method of Pillow was followed for the preparation of 91202 . The structure of the 

intermediates and the product were confirmed by co-chromatography against and identical

H NMRs as authentic samples. Yields for the preparation of this product are given in 
Scheme 6.2.

2,3-dioxo-5,10,15,20-tetrakis(3 ( ,5 f -bis(3'',5''-di-ferf-butylstyryl)phenyl)porphyrin(93)

The method of Promarak was followed for the preparation of X37 . The one difference being 

the P-mteo-5,10,15,20-teteakis(3^

(85) was purified over alumina (1:4 dichloromethane: light petroleum) instead of over silica. 

The structures of the intermediates and the product were confirmed by co-chromatography 

against and identical J H NMRs as authentic samples, or for the products containing copper 

by co-chromatography against and identical IR spectra as authentic samples37 . Yields for the 

preparation of this product are given in Scheme 6.2.

9.6.3 Preparation of the simple porphvrin tetta-one

Attempted preparation of 2,3,12,13-tetmoxo-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)porphyrin (23) 

The method of Promarak was followed for the attempted preparation of 2337 . The 

structures of the intermediates and the small amount of product were confirmed by co- 

chromatography against and identical *H NMRs as authentic samples, or for the products 

containing copper by co-chromatography against and identical IR spectra as authentic 

samples37 . Yields for the preparation of this product are discussed in Section 6.3.

Preparation of2,3-dioxo-bis-porphyrin 20 and2,3,22,23-tetraoxo-bis-porphyrin 21 

Although the synthesis of the bis-porphyrin 14 has been reported previously35 , it is described 

again here as the synthesis was carried out on a larger scale than previously attempted. The 

functionalization of the bis-porphyrin 14 was then carried out as described in Chapters Four 

and Five.

3,5-di-ferr-butyltoluene (88)

3,5-di-^-butylphenyltoluene (88) was prepared by the method of Geuze203 in 51% yield, 

boiling point typically 75 to 85°C, 2 mmHg (lit. 98°C, 5.7 mmHg). It also had an identical *H 

NMR as that of an authentic sample.
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3,5-di-tm-butylbenzaldehyde (89)

3,5-di-/^butylphenylbenzaldehyde (89) was prepared by the method of Newman and Fang

Lee204 in 50% yield. It had a melting point of 82°C (lit. 84 to 85°C).

5,10,15,20-tettakis(3',5'-di-tert-butylphenyl)porphyrin (45)

3,5-di-/<^-butylbenzaldehyde (89) (121 g, 0.56 mol) was dissolved in propionic acid (1750 ml) 

and was brought to the point of reflux for 15 minutes. Heat was removed and then pyrrole 

(38.5 ml, 0.56 mol) was added slowly over 15 minutes. At this point the yellow solution had 

turned black. The system was then heated at reflux for a further 2 hours and allowed to cool 

overnight. The product mixture was filtered and the filtrate was washed with water (500 ml), 

methanol (500 ml), water (500 ml), and methanol (500 ml). The filtrate was then 

recrystallised from dichloromethane/ methanol. It was identified as 5,10,15,20-tetrakis(3',5'- 

di-A?r/-butylphenyl)porphyrin (45) (31.0 g, 21%) by an identical ] H NMR as and co- 

chromatography against an authentic sample37 .

[2-nitro-5,10,15,20-tetrakis(3 < )5'-di-tert-butylphenyl)porphinato]copper(II) (95) 

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (45) (31.0 g, 29.2 mmol) and copper 

diacetate monohydrate (16.1 g, 80.1 mmol) were dissolved in dichloromethane (1500 ml) and 

methanol (250 ml) and brought to the point of reflux for 2 hours. The system was allowed 

to cool and then filtered. The filtrate was redissolved in dichloromethane (1750 ml) and had 

5 aliquots (12.5 ml) of a solution of nitrogen dioxide in light petroleum (0.55 mmolmT1 ) 

added to it at 5 minute intervals. The progress of the reaction was monitored carefully by 

thin layer chromatography. The system was then passed through a plug of silica and solvent 

was removed. The product was purified by column chromatography (1:6 dichloromethane: 

light petroleum). The main band was collected and identified as [2-nitro-5,10,15,20- 

tetrakis(3',5'-di-^^-butylphenyl)porphinato]copper(II) (95) (30.7 g, 90%) by an identical IR 

spectrum as and co-chromatography against an authentic sample37 .

2)3-dioxo-5,10,15,20-Mrakis(3 i,5 t-di-tert-butylphenyl)porphyrin (20) and 2-oxo-3-(4"-phenyl- 

2",5"-dioxo-3"-a2ole)-5,10,15,20-tetrakis(3',5'-di-rert-butylphenyl)potphyrm(96)

Sodium hydride (8.9 g, 60% dispersion in mineral oil, 0.22 mol) was dissolved in freshly 

distilled dimethyl sulphoxide (1600 ml) by stirring it at 80°C for 45 minutes under nitrogen. 

Heat was removed and benzaldehyde oxime (20.0 g, 0.17 mol) was added. The system was
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stirred for a further 5 minutes and then transferred under nitrogen to a solution of [2-nitro- 

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphinato]copper(II) (95) (17.1 g, 14.6 mmol) 

dissolved in THF (1600 ml). The system was heated at reflux under a flowing stream of 

nitrogen for 2 hours and then allowed to cool. Ether (1000 ml) and then water (1000 ml) 

were added and the organic layer was extracted. This was washed with water (4*500 ml), 

brine (500 ml), dried over sodium sulphate and solvent removed. This intermediate product 

was recrystallised from dichloromethane/ methanol. It was then redissolved in 

dichloromethane (2400 ml) and had Dess-Martin periodinane (6.8 g, 16 mmol) added to it 

and was stirred at room temperature for 30 minutes. The solution was passed through a 

plug of silica and solvent was removed. The product was purified by column 

chromatography (1:2 dichloromethane: light petroleum). It was identified as 2,3-dioxo- 

5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphyrin (20) (8.75 g, 55%) by co- 

chromatography against an authentic sample, and an identical *H NMR as that reported in 

the literature87 .

If the intermediate product was not recrystallised from dichloromethane/ methanol before 

the addition of the Dess-Martin periodinane then 2-oxo-3-(4"-phenyl-2",5"-dioxo-3"-azole)- 

5,10,15,20-tetrakis(3',5'-di-^^-butylphenyl)porphyrin (96) was eluted as the major product 

slightly before the 2,3-dioxo-porphyrin 20. umax (KBr) 3352 (NH), 2962, 1749 (CO), 1593, 

1476, 1427, 1393, 1363, 1348, 1280, 1247, 1202, 1087, 1069, 1049, 1021, 1002, 989, 920, 900, 

881, 801, 718; Xmax (CH.Cy/nm (Logfc/dmW-'cm 1)) 305sh (4.23), 371sh (4.60), 425 (5.11), 

446 (4.95), 541 (3.96), 578 (4.00), 605 (4.00), 657 (3.97); 'H n.m.r. (400 MHz; CDC13) 6: -2.05 

(1H, br s, NH), -1.90 (1H, br s, NH), 1.44 to 1.55 (72H, m, /-butyl H), 7.35 (2H, dd, /2,, 3> , = 

/4,, 3> , = 7.55 Hz, C(3")H), 7.42 to 7.47 (3H, m, C(2")H and C(4")H), 7.58 (1H, m, aryl H), 

7.60 (1H, m, aryl H), 7.71 to 7.75 (2H, m, aryl H), 7.76 (1H, dd,/2- 4- = /6 - 4- = 1.60 Hz, aryl 

H), 7.78 (1H, dd,/2- 4- - ;6- 4- - 1.85 Hz, C(4')H), 7.79 (1H, dd,/2- 4- - ]^ = 1.90 Hz, C(4')H), 

7.88 (1H, dd,/2'X = /6',4' - 1-50 Hz, C(4')H), 7.93 (1H, dd,/2- 4- - /6 - 4- = 1.65 Hz, C(4')H), 

7.97 (1H, ddJ2'X = ;6- 4- - 1-60 Hz, C(4')H), 8.00 (1H, m, aryl H), 8.01 (1H, m, aryl H), 8.02 

(1H, m, aryl H), 8.09 (1H, m, aryl H), 8.39 (1H, dd, to = 4.90 Hz, /NH^ - 1.80 Hz, /?- 

pyrroHc H), 8.62 to 8.65 (3H, m, ft- pyrrolic H), 8.66 (1H, d, JPJ) = 4.90 Hz, /?-pyrrolic H), 

8.78 (1H, dd, fa = 5.05 Hz, /NHj/? = 1.60 Hz, ^pyrrolic H), 8.81 (1H, dd, fa = 4.85 Hz, 

JNH(/? = 1.45 Hz, /?-pyrrolic H); /*/% (MALDI-TOF from a dithranol matrix) 1212.5 (MH+ , 

25%), 1095.7 (MH++2H- C7H5N, 100%), 1093.8 (MH+ , 80%); C83H97N5O3 requires 1212.8
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quinoxaline (14)

2,3-dioxo-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)porphynn (20) (8.8 g, 8.0 mmol) and 

1,2,4,5-tetraminobenzene tetrahydrochloride (803 mg, 2.8 mmol) were dissolved in dry 

pyndine (136 ml), stirred under a flowing stream of nitrogen for 30 minutes and then heated 

at reflux under a flowing stream of nitrogen for 19 hours. The system was allowed to cool 

and then filtered. The solid was redissolved in ether (500 ml) and washed with aqueous 

hydrochloric acid (3M, 2x200 ml), water (200 ml), saturated aqueous sodium bicarbonate 

solution (200 ml), brine (200 ml), dried over sodium sulphate and the solvent was removed. 

The product was then recrystalJised from dichloromethane/ methanol. Meanwhile the 

filtrate had ether (500 ml) and aqueous hydrochloric acid (3M, 200 ml) added to it and the 

organic layer was extracted. This was washed with aqueous hydrochloric acid (3M, 200 ml), 

water (200 ml), saturated aqueous sodium bicarbonate solution (200 ml), brine (200 ml), 

dried over sodium sulphate and the solvent was removed. The product was purified by 

column chromatography (1:3 dichloromethane: light petroleum). The first band was 

combined with the first product isolated from the solid fraction from the filtration and 

identified as 5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b]cycloeicosa 

[5,6]pyrazino[2,3-g]quinoxaline (14) (5.62 g, 62% with respect to the porphyrin a/pha-dione, 

or 88% with respect to the 1,2,4,5-tetraaminobenzene) by having an identical LDI mass and 

*H NMR as reported in the literature35 . The second band was identified as the starting 

material 20 (1.50 g, 17%) by co-chromatography against and having an identical *H NMR as 

an authentic sample.

9.6.4 Preparation of porphyrin arrays 

Non-dendritic tetrakis porphyrin 22

2,3-dioxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (80) (505 mg, 0.22 mmol) and 1,2,4,5- 

tetraaminobenzene tetrahydrochloride (21.8 mg, 0.077 mmol) were dissolved in pyridine (7.2 

ml) and stirred under a flowing stream of nitrogen for 30 minutes. The system was heated at 

reflux, still under a flowing stream of nitrogen, for 89 hours and then allowed to cool. Ether 

(500 ml) and aqueous hydrochloric acid (3M, 500 ml) were added to the system, and the 

organic layer was extracted. This was washed with aqueous hydrochloric acid (3M, 250 ml), 

water (4x250 ml), aqueous saturated sodium bicarbonate solution (250 ml), brine (250 ml), 

dried over sodium sulphate and the solvent was removed. The product was purified by
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column chromatography (1:2 dichloromethane: light petroleum, then 1: 1.75 

dichloromethane: light petroleum). Two bands were eluted, and then the product was eluted 

by flushing the column with chloroform. The product was re-purified over silica (1:1 

chloroform: light petroleum) and then recrystallised from chloroform/ acetonitrile. It was 

identified as the non-dendritic tetramer 22 (165 mg, 32% with respect to the bis-porphyrin 

a/pha-dione starting material, or 45% with respect to the 1,2,4,5-tetraaminobenzene), a dull 

brown solid. Characterization details are given in Chapter Six.

Non-dendritic hexamer 98

2,3)22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (21) (23 mg, 0.0099 mmol) and 1,2,4,5- 

tetraaminobenzene tetrahydrochloride (155 mg, 0.55 mmol) were dissolved in pyridine (10 

ml) and degassed and placed under argon three times. The system was then heated at reflux 

for 2 hours, and allowed to cool. Ether (100 ml) and water (100 ml) were added to the 

system, and the organic layer was extracted. This was washed with water (3x100 ml), 

aqueous hydrochloric acid (3M, 2><100 ml), water (100 ml), aqueous saturated sodium 

bicarbonate solution (100 ml)., brine (100 ml), dried over sodium sulphate and the solvent 

was removed. The brown residue and 2,3-dioxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-^^- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (80) (82 mg, 0.036 

mmol) were dissolved in toluene (5 ml) and degassed and placed under argon four times. 

The system was heated at reflux for 22 hours and then solvent was removed. The product 

was purified by column chromatography (1:1 chloroform: light petroleum) and the very first 

distincdy red band was collected. The product was identified as the non-dendritic hexamer 

98 (6 mg, 8%), a dark red solid. Xma2i (CHCl3)/nm (logte/drnW-W1)) 327sh (4.6), 428 

(5.4), 464 (5.3), 496sh (5.1), 522sh (5.0), 567sh (4.8), 615sh (4.4), 665 (4.4), 723 (4.1). Further 

details of characterization are given in Chapter Six.

Tris-porphyrin alpha-dionz 99 and dendritic tetrakis porphyrin 102

2,3-dioxo-5,10,15,20-tetrakis(3\5'-bis(3^5''-di-/^-butylstyryl)phenyl)poi^hyrin (93) (236 mg, 

0.10 mmol) and 1,2,4,5-tetraaminobenzene tetrahydrochloride (294 mg, 1.0 mmol) were 

dissolved in pyridine (28 ml) and degassed and placed under argon three times. The system 

was then heated at reflux for 2 hours allowed to cool. Ether (100 ml) and water (100 ml) 

were added to the system, and the organic layer was extracted. This was washed with water 

(3x100 ml), aqueous hydrochloric acid (3M, 2x100 ml), water (100 ml), aqueous saturated 

sodium bicarbonate solution (100 ml), brine (100 ml), dried over sodium sulphate and the
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solvent was removed. The brown residue and 2,3,22,23-tetraoxo-5,l0,15,20,25,30,35,40- 

octaHs(3\5'-di-/^-butylphenyl)cycloeicosa|l3]c^cloeicosa[5,6]pyra2ino[2,3-g]qiiinoxaline (21) 

(515 mg, 0.22 mmol) were dissolved in toluene (28 ml) and degassed and placed under argon 

four times. The system was heated at reflux for 19 hours and then the solvent was removed. 

The product was purified by column chromatography (1: 2.25 then 1: 1.75 then 1: 1.25 

dichloromethane: light petroleum). The first band was identified as the tetrakis porphyrin 

102 (30.6 mg, 7%). Details of its characterization are given in Chapter Six. The second band 

was identified as the tris-porphyrin ^^-dione 99 (209 mg, 44%). The product was not 

characterized as possible small amounts of contaminating anhydride product were evident by 

H NMR, as evidenced by the appearance of an erroneous signal in the NH region at around 

-1.38 ppm. The third band was identified as 2,3,22,23-tetraoxo-5,l0,15,20,25,30,35,40-

octaMs(3\5'-di-^^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (21) 

(306 mg, 59%).

5mer-porphyrin alpha-dione 100 and dendritic octamer 103

The 3mer porphyrin a/pha-dion.e. (99) (209 mg, 0.044 mmol) and 1,2,4,5-tetraaminobenzene 

tetrahydrochloride (270 mg, 0.95 mmol) were dissolved in pyridine (25 ml) and degassed and 

placed under argon three times. The system was then heated at reflux for 2 hours allowed to 

cool. Ether (100 ml) and water (100 ml) were added to the system, and the organic layer was 

extracted. This was washed with water (3 X 100 ml), aqueous hydrochloric acid (3M, 2><100 

ml), water (100 ml), aqueous saturated sodium bicarbonate solution (100 ml), brine (100 ml), 

dried over sodium sulphate and the solvent was removed. The brown residue and 2,3,22,23- 

tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (21) (290 mg, 0.13 mmol) were dissolved in 

toluene (20 ml) and degassed and placed under argon four times. The system was heated at 

reflux for 19 hours and then the solvent was removed. The product was purified by column 

chromatography (1: 2.25 then 1: 1.75 then 1: 1.25 dichloromethane: light petroleum). The 

first band was identified as the octakis-porphyrin 103 (18.7 mg, 9%). Details of its 

characterization are given in Chapter Six. The second band was identified as the 5mer- 

porphyrin 4>/w-dione 100 (169 mg, 54%). The product was not characterized as possible 

small amounts of contaminating anhydride product were evident by 1 H NMR, as evidenced 

by the appearance of an erroneous signal in the NH region at around -1.38 ppm. The third 

band was identified as 273,22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3 < ,5 (-di-^- 

butylphenyl)cycloeicosa[b]cycloeicosa[556]pyrazino[2,3-g]quinoxaline (21) (210 mg, 72%).
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7mer-p0rphyrin alpha-dione 101 and dendritic 12mer 104

The 5mer porphyrin aJpha-dionc (100) (143 mg, 0.020 mmol) and 1,2,4,5-tetraaminobenzene 

tetrahydrochloride (410 mg, 1.44 mmol) were dissolved in pyridine (30 ml) and degassed and 

placed under argon three times. The system was then heated at reflux for 2 hours allowed to 

cool. Dichloromethane (100 ml) and water (100 ml) were added to the system, and the 

organic layer was extracted. This was washed with water (3x100 ml), aqueous hydrochloric 

acid (3M, 2x100 ml), water (100 ml), aqueous saturated sodium bicarbonate solution (100 

ml), brine (100 ml), dried over sodium sulphate and the solvent was removed. The brown 

residue and 2,3,22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl) 

cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (21) (209 mg, 0.090 mmol) were 

dissolved in toluene (15 ml) and degassed and placed under argon four times. The system 

was heated at reflux for 19 hours and then the solvent was removed. The product was 

purified by column chromatography (1: 2.25 then 1: 1.75 then 1: 1.25 dichloromethane: light 

petroleum). The column was then flushed with chloroform, and the products were re- 

purified (2:3 chloroform: light petroleum). The first band was identified as the 12mer 

porphyrin 104 (3.2 mg, 2%). Xmax (CH2Cy/nm (logfc/dm^morWl)) 308 (5.73), 427 (6.06), 

465 (6.02), 490sh (5.91), 530 (5.84), 567 (5.64), 611sh (5.18), 666 (5.26), 725 (5.02). Further 

details of its characterization are given in Chapter Six.

The second band was identified as the 7mer-porphyrin a/pha-dione 101 (87 mg, 46%). The 

product was not characterized as possible significant amounts of contaminating anhydride 

product were evident by ^H NMR, as evidenced by the appearance of an erroneous signal in 

the NH region at around -1.38 ppm. The third band was identified as 2,3,22,23-tetraoxo- 

5,10,15 >20,25 )30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino[2,3-g]quinoxaline (21) (120 mg, 57%).

Dendritic 16mer 105
The 7mer porphyrin a/pha-dione. (101) (87 mg, 0.0074 mmol) and 1,2,4,5-tetraaminobenzene 

tetrahydrochloride (590 mg, 2.1 mmol) were dissolved in pyridine (45 ml) and degassed and 

placed under argon three times. The system was then heated at reflux for 2 hours allowed to 

cool Dichloromethane (100 ml) and water (100 ml) were added to the system, and the 

organic layer was extracted. This was washed with water (3x100 ml), aqueous hydrochloric 

acid (3M, 2x100 ml), water (100 ml), aqueous saturated sodium bicarbonate solution (100 

ml), brine (100 ml), dried over sodium sulphate and the solvent was removed. The brown 

residue and 2,3,22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5 < -di-/^-butylphenyl)
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cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (21) (7 mg, 0.0030 mmol) were 

dissolved in toluene (7.5 ml) and degassed and placed under argon four times. The system 

was heated at reflux for 19 hours and then the solvent was removed. The product was 

purified by column chromatography (1: 1 chloroform: light petroleum). The first band was 

identified as the 16mer porphyrin 105 (5.9 mg, 7%). Details of its characterization are given 

in Chapter Six.

2,3-dioxo-22,23a-dioxo-18a-homo-17oxa-5,10,15,20,25,30,35,40-octakis(3',5'-di-ferr- 

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (106)

On each iteration of the sequence, a small band was isolated that ran slightly in front of the 

recovered bis-porphyrin tetra-one 21 on purification over column chromatography (1: 1.25 

dichloromethane: light petroleum). This was difficult to obtain in a pure form and was often 

discarded, but when it was eventually isolated in a pure form it was identified as 2,3-dioxo- 

22,23a-dioxo-18a-homo-17oxa-5,10,15,20,25,30,35 >40-octakis(3',5'-di-/^-butylphenyl) 

cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline (106), a dark brown solid. 

umax (CHC!3) 3400 (NH), 2964, 1791 and 1734 (OCOCO), 1724 (COCO), 1594, 1476, 1464, 

1364, 1296, 1265, 1069; Xmax (CH.Cy/nm (bg^/drn'morW1)) 319 (4.67), 429 (5.34), 450 

(5.35), 561sh (4.55), 605sh (4.55), 656 (4.25), 717 (4.25), 754 (3.91); 'H n.m.r. (400 MHz; 

CDC13) 6: -1.91 (2H, br s, NH), -1.38 (2H, br s, NH), 1.51 (36H, s, /-butyl H), 1.52 (36H, s, /- 

butyl H), 1.57 (36H, s, /-butyl H), 1.58 (36H, s, /-butyl H), 7.75 (2H, dd,/2- 4- = /6 - 4- = 1.75 

Hz, C(4')H), 7.76 (4H, dJ4- 2- - /4- 6 - - 2.10 Hz, C(2')H and C(6')H), 7.79 (2H, ddJ2- 4> - /6 > 4> 

= 1.75 Hz, C(4')H), 7.89 (4H, d,/4- 2< - /4 < >6 - - 1.85 Hz, C(2')H and C(6')H), 7.97 (2H, ddJ2< 4 - 

= ;6 . 4- = 1.80 Hz, C(4')H), 7.99 (2H, m, aryl H), 8.00 (2H, d, ]^ = /4- >6 - = 2.10 Hz, C(2')H 

and C(6')H), 8.01 to 8.02 (4H, m, aryl H), 8.49 (2H, dd,/A/? = 5.15 Hz,/NH/ = 2.10 Hz, /?- 

pyrrolic H), 8.55 (2H, m, bridging H), 8.65 (2H, dd, //?/? = 4.85 Hz, /NH>/? = 1.75 Hz, /?- 

pyrrolic H), 8.68 (2H, ddj^ = 4.85 HzJNH^ = 1-70 Hz, /?-pyrrolic H), 8.74 (1H, ddj^ = 

5.45 Hz, JNHj - 1.75 Hz, ^-pyrrolic H), 8.76 (1H, dd, ]ftfi = 5.00 Hz, /NH/ = 1.70 Hz, (3- 

pyrrolic H); COSY shows coupling between the NH at -1.91 and the ^-pyrrolic protons 

around 8.65 and 8.75 ppm, and also between the NH at -1.38 and the ^-pyrrolic protons 

around 8.50 and 8.65 ppm; ml ̂  (MALDI-TOF from a dithranol matrix) 2328.3 (MH+ , 25%), 

2330.3 ((MH+2H) + , 100%); C158H182N12O5 requires 2328.4 (MH+).
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Experimental Details for Chapter Seven

Ar,
Ar

Ar

(109)

Ar = 3,5-di-&tf-butylphenyl

[5,10,15,20,25,30,35,40-octakis(3',5'-di-terf-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyt azino [2,3-g] quinoxalino] bis-zinc(II) (107)

5,10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6] 

pyrazino[2,3-g]quinoxaiine (14) (126 mg, 0.057 mmol) and zinc diacetate dihydrate (291 mg, 

1.3 mmol) were dissolved in dichlotomethane (25 ml) and methanol (5 ml) were heated to 

reflux for 2l/2 hours. Solvent was removed and the product was re-crystallized from 

dichloromethane/ methanol. The product was identified as [5,10,15,20,25,30,35,40- 

octalds(3\5 < -di-/e^-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxalino]bis- 

zinc(II) (107) (114 mg, 86%) by having an identical *H NMR and LDI mass spectrum to 

those of an authentic sample81 .

5,10,15,20-tettakis(3',5'-di-tert-butylphenyl)bis-quinoxalino[2,3-b],[12,13-b]porphytin

(108)

2,3J 12,13-tetraoxo-5,10,15,20-tetrakis(3',5'-di-^^-butylphenyl)porphyrin (23) (85 mg, 0.076 

mmol) and 1,2-diaminobenzene (247 mg, 2.3 mmol) were dissolved in dichloromethane (20 

ml) and stirred for 5 hours. The solvent was removed and the product was purified by 

column chromatography (1:3 dichloromethane: light petroleum). The poor solubility of the 

product in dichloromethane was noted during purification. The only main band was 

identified as 5,10,15,20-tetralds(3\5'-di-/^-bulylphenyl)bis-quinoxalino[2,3-b],[12,13-b] 

porphyrin (108) (39 mg, 45%), a dark brown solid. omax(KBr) 3387 (NH), 2962, 1595, 1477, 

1363, 1298, 1247, 1224, 1153, 1107, 901, 877, 801, 763, 699; Xmax (CHAJ/nm 

(logCe/dmWW1)) 253 (4.46), 287 (4.25), 353 (4.44), 395sh (4.71), 448 (5.26), 534 (4.24), 

567 (3.69), 614 (4.01), 668 (3.96); 'H n.m.r. (400 MHz; CDC13) 5: -2.45 (2H, br s, NH), 1.53 

(72H, s, /-butyl H), 7.77 to 7.79 (4H, m, quinoxalino H), 7.86 to 7.89 (4H, m, quinoxalino 

H), 7.98 (4H, dd/2- 4. = /6- 4, = 1.80 Hz, C(4')H), 8.03 (8H, d, ]^ = J4' >6 ' = 1.55 Hz, C(2')H
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C(6')H), 9.14 (4H, d,/NH/ = 1.80 Hz, ^-pyrrolic H); COSY shows the coupling between 

the NH protons and the ^-pyrrolic protons; m/^ (LDI-TOF) 1266.3 (M"", 100%); C88H98N 8 

requires 1266.8 (M+).

5,10,15,20,25,30,35,40-octakis(3',5'-di-ferr-butylphenyI)bis-quinoxaUno[2,3-b], 

[22,23-b]cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaUne(109)

2,3,22,23-tetraoxo-5 ) 10,15,20,25,30,35,40-octakis(3',5'-di-/^-butylphenyl)cycloeicosa[b] 

cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline(21) (34 mg, 0.015 mmol) and 1,2-diaminobenzene 

(65 mg, 0.60 mmol) were dissolved in dichloromethane (15 ml) and stirred for 5 hours. 

Solvent was removed and the product was purified by column chromatography (1:2 

dichloromethane: light petroleum). The main band was identified as 5,10,15,20,25,30,35,40-

octaMs(3\5'-di-/^-butylphenyl)bis-qiiinoxalino[2,3-b],[22,23-b]cycloeicosa[b]cycloeicosa[5,6] 

pyrazino[2,3-g]quinoxaline (109) (27 mg, 78%), a dark brown solid. umax (KBr) 3391 (NH), 

2961, 1595, 1477, 1363, 1297, 1248, 1206, 1156, 1114, 1077, 801, 762; Xmax (CH2Cl2)/mn 

(logCe/dmW-'cm 1)) 257 (4.65), 344 (4.55), 440 (5.27), 471 (5.37), 545sh (4.67), 623sh 

(3.89), 646 (4.05), 687sh (3.62), 700 (3.98); 'H n.m.r. (400 MHz; CDC13) 8: -2.31 (4H, br s, 

NH), 1.52 (72H, s, /-butyl H), 1.62 (72H, s, /-butyl H), 7.76 to 7.78 (4H, m, quinoxalino H), 

7.85 to 7.88 (4H, m, quinoxalino H), 7.97 (4H, ddJ2y = /6 - 4- = 1.75 Hz, C(4')H), 8.02 (8H, 

4 /4,2' = /4V = 1-40 Hz, C(2')H and C(6')H), 8.04 (4H, dd, fo = J^ = 1.75 Hz, C(4')H), 

8.14 (8H, d, /4- 2- = /4- 6 - = 1.40 Hz, C(2')H and C(6')H), 8.64 (2H, s, bridging H), 8.94 and 

9.09 (8H, ABX, J^ = 4.95 Hz, /NH>/? = 1.80 Hz, y#-pyrrolic H); COSY shows the appropriate 

P-P pyrroHc couplings and ^-pyrrolic-NH couplings; m/% (LDI-TOF) 2455.4 (M+ , 100%); 

C170H190N16 requires 2455.5 (M+).

Details for Chapter Eight

Ar-

Ar

Ar

At

Ar = 3,5-di-/^-butylphenyl
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[2>3-(2", 5", 8", 11", 14", 17"-hexaoxo-cyclooctadecane)-5,10,15,20-tetrakis(3',5'-di-^rt- 

butylphenyl)porphinato] nickel(II) (110)

Sodium hydride (8.8 mg, 0.22 mmol) and potassium tetrafluorob orate (9.25 mg, 0.073 mmol) 

were dissolved in THF (6 ml), degassed and placed under nitrogen. The system was brought 

to reflux, and a solution of [2,3-dihydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-^r/- 

butylphenyl)porphiaato]nickel(II) (69) (85 mg, 0.074 mmol) and pentaethyleneglycol 

bis(toluene-p-sulfonate) (40 mg, 0.073 mmol) in THF (6 ml) was added over seven hours. 

Reflux was maintained for a further 14 hours, at which point the system was allowed to cool. 

Ether (100 ml) and water (100 ml) were added and the organic layer was extracted. This was 

washed with water (4x100 ml), dried over sodium sulphate and the solvent was removed. 

The product was purified by column chromatography (dichloromethane, then 1:1 

dichloromethane: ethyl acetate). The fourth product eluted with 1:1 dichloromethane: ethyl 

acetate was identified as [2,3-(2", 5", 8", 11", 14", 17"-hexaoxo-cyclooctadecane)-5,l 0,15,20- 

tetrakis(3',5'-di-/^-butylphenyl)porphinato]nickel(II) (110), (17.9 mg, 18%), a dark red solid. 

umax (CHCl3) 2966, 1593, 1523, 1477, 1394, 1294, 1247, 1100, 1013, 938, 899, 883, 826; Xmax 

(CH^y/nm (logte/drn'morW1 )) 289 (4.14), 312sh (4.09), 417 (5.59), 531 (4.14), 567 

(3.78); 'H n.m.r. (400 MHz; CDC13) 6: 1.45 (36H, s, /-butyl H), 1.49 (36H, s, /-butyl H), 3.45 

(2H, t,/crown crown = 5.85 Hz, crown ether H), 3.54 to 3.70 (16H, m, crown ether H), 4.29 (2H, 

t, /„ crown = 6-05 Hz, crown ether H), 7.66 (1H, dd, fa - fa = 1.95 Hz, C(4')H), 7.68 

(2H, d,fa = fa = 1.65 Hz, C(2')H and C(6')H), 7.70 to 7.72 (2H, m, C(4')H), 7.81 (1H, m, 

C(4')H), 7.85 (2H, d,fa = fa - 2.10 Hz, C(2')H and C(6')H), 7.87 (2H, d,fa = fa = 

1.55 Hz, C(2')H and C(6')H), 7.88 (2H, d, fa = fa = 1.75 Hz, C(2')H and C(6')H), 8.70 

(1H, &,}& = 4.85 Hz, /?-pyrrolic H), 8.71 (1H, dj^ = 4.85 Hz, /?-pyrrolic H), 8.76 (2H, s, 

C(12)H and C(13)H), 8.76 (1H, d,/^ = 5.00 Hz, /?-pyrrolic H), 8.79 (1H, d,/^ = 4.95 Hz, 

/?-pyrrolic H); the C(7)H, C(8)H, C(17)H and C(18)H have four distinct signals- this suggests 

that the porphyrin macrocycle might be ruffled; ml^ (LDI-TOF) 1354.3 (MH+ , 100%); 

C86H110N406Ni requires 1353.8 (MH+).

[5,10,15,20-tetrakis(3',5'-di-^r?-butylphenyl)quinoxalino[2,3-b]secoporphinato]

nickel(II) (112)
Sodium hydride (60% dispersion in mineral oil) (51 mg, 1.3 mmol) was dissolved in DMSO 

(30 ml) by stirring it at 80°C under nitrogen for 50 minutes. Heat was removed and 

benzaldehyde oxime (290 mg, 2.4 mmol) was added. After five more minutes stirring, this 

was transferred under nitrogen to a solution of [12,13-dibromo-5,10,15,20-tetrakis(3',5 ( -di-
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^^-butylphenyl)quinoxalino[2,3-b]porphinato]nickel(II) (111) (150 mg, 0.11 mmol) (prepared 

by the method of Burn81) dissolved in dry THF (distilled over sodium wire) (30 ml). The 

mixture was heated at reflux under a flowing stream of nitrogen for 20 hours and then 

allowed to cool. Ether (75 ml) and water (100 ml) were added to the reaction mixture and 

then the organic layer was extracted and washed with water (5x100 ml), brine (100ml) and 

dried over sodium sulphate. Solvent was removed and the residue was purified by column 

chromatography in the dark (1:5 dichloromethane: petroleum spirit). The first band was 

collected and evaporated to dryness and identified as [5,10,15,20-tetrakis(3 l ,5'-di-/*rf- 

butylphenyl)quinoxalino[2,3-b]porphinato]nickel(II) (39) (10 mg, 8%) by an identical 'H 

NMR and LDI spectrum as and co-chromatography against an authentic sample. The third 

band was collected and evaporated to dryness to give [5,10,15,20-tetrakis(3',5'-di-^r/- 

butylphenyl)quinoxalino[2,3-b]j-^porphinato]nickel(II) (112) (3.2 mg, 2%), a dark green 

solid. omax(CHCl3) 2966, 1594, 1478, 1364, 1249, 1036, 878; Xmax (Cr^Cy/nm 

(logte/dm-'morW1)) 352 (4.53), 405sh (4.61), 442 (4.84), 498sh (4.22), 600 (3.99), 651sh 

(4.01), 700 (4.35); 'H n.m.r. (400 MHz; CDC13) 6: 1.42 (36H, s, /-butyl H), 1.45 (36H, s, /- 

butyl H), 7.60 (2H, ddJ2- 4- = /6y = 1.85 Hz, C(4')H), 7.67-7.70 (2H, m, quinoxalino H), 7.67 

(8H, d, /4' 2' = /4' )6 - = 1.70 Hz, C(2')H and C(6')H), 7.72-7.76 (2H, m, quinoxalino H), 7.77 

(2H, dd, /2-x = /6 - 4- = 1.85 Hz, C(4')H), 8.34 and 8.73 (4H, ABq, /AB = 5.00 Hz, C(7)H, 

C(8)H, C(17)H and C(18)H), 9.81 (2H, s, C(11)H and C(12)H; m/% (LDI-TOF) 1196.6 (M+ , 

100%); C89H94N6Ni requires 1196.7 (M+).

The fourth band was collected and identified as [12-hydroxy-5,10,15,20-tetrakis(3',5'-di-/^- 

butylphenyl)quinoxalino[2,3-b]porphinato]nickel(II) (40) (21 mg, 16%) by an identical 'H 

NMR as and co-chromatography against an authentic sample. The fifth band was collected 

and identified as [13-oxo-12-oxa-5,10,15,20-tetrakis(3',5'-di-/^-butylphenyl)quinoxalino[2,3- 

b]porphinato]nickel(II) (43) (22 mg, 16%) by an identical 'H NMR as and co- 

chromatography against an authentic sample. The sixth band was collected and identified as 

[12,13-dioxo-5,10,15,20-tettakis(3^ 

nickel(II) (41) (7.4 mg, 6%) by an identical 'H NMR as and co-chromatography against an

authentic sample.

Chapter Nine- Experimental details



192

9.9 Electrochemistry

^£il—Chapter Five electrochemistry

Note that the horizontal and vertical scales are the same for each measurement.
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Again, the horizontal and vertical scales are the same for each measurement.
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Appendix One 

Methods of porphyrin characterization

Al.l NMR spectroscopy

A1.2 UV-VIS spectroscopy and electrochemistry

A1.3 Mass spectrometry

A1.4 Other techniques

Appendix One- Methods of porphyrin characterization



196

Appendix One 
Methods of porphyrin characterization

One of the major challenges of synthetic porphyrin chemistry is to justify the structure of a 

porphyrin product. This is especially the case for porphyrins since the aim of synthesising a 

porphyrin is often to study its photophysical and electronic properties, while at the same 

time these photophysical and electronic properties are used to justify the structure of the 

product Therefore it is very useful to examine the methods by which a porphyrin can be 

characterised, and what conclusions can be drawn from each method.

Al.l NMR spectroscopy

NMR spectroscopy is a very powerful technique in organic chemistry as a whole, but when 

applied to synthetic porphyrin systems it can be taken beyond simply examining the nuclear 

environment and used to learn more about the symmetry of the porphyrin, ring currents 

around the porphyrin macrocycle that reflect its electronic structure, and even applied to the 

deduction of the regiochemistry of substitution around the porphyrin periphery. These 

broad ideas are illustrated by examining the ! H NMR spectrum of two porphyrins (Figure 

All).

The porphyrin 45's *H NMR spectrum is shown in Figure A1.2. On initial inspection the 

spectrum illustrates typical chemical shift values for the different types of protons in the 

porphyrin. The NHs are significantly shielded well below 0 ppm; the ^-butyl protons appear 

at around 1.5 ppm; the aromatic protons on the meso phenyl groups appear around 8 ppm; 

and finally the /?-pyrrolic protons are deshielded at around 9 ppm.

At

At AtAt At

(60)

Figure Al.l- structures of porphyrins used to illustrate the application of NMR spectroscopy. Ar= 3,5-di-

butylphenyl.
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2r

6420
Figure A1.2- iR NMR spectrum of the simple porphyrin 45

-2

Closer inspection reveals that all eight ^-pyrrolic protons appear at the same resonance, 

whilst in the free-base porphyrin structure there should be two proton environments. This 

is due to NH tautomerisation occurring faster than the NMR timescale causing a coalescence 

of the two /?-pyrrolic environments107 :

H,

In this way the two /?-pyrrolic proton environments appear as one coalesced signal.

Comparing the a H NMR of the bis-chlorin 60 (Figure A1.3) with the porphyrin 45 several 

differences are immediately apparent:

_J_JL_
84

8.6 8.2 7.8

10

JL
86420-2 

Figure A1.3- *H NMR spectrum of the bis-chlorin 60. The insert is the expanded region of the unsaturated

proton environments.
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• Firstly the symmetry of the porphyrin on the NMR timescale has been lowered from 

an effective D4h to D2h . This means that there are now two different phenyl and 

three different /?-pyrrolic proton environments. It can also be deduced that the 

porphyrin rings are reduced at antipodal positions to the tetraazaanthracene bridge as 

reduction at any other position would break the D2h symmetry.

• Then there are two 'new' signals in the J H spectrum. The first at 4.2 ppm 

corresponds to the saturated /?-pyrrolic environment; the second at 8.5 ppm 

corresponds to the two protons on the 1,4,5,8-tetraazaanthracene bridge.

• The NH signal is slightly deshielded and the unsaturated /?-pyrrolic protons are 

slightly shielded compared to the simple porphyrin 45. This reflects a reduction of 

the ring currents in going from a porphyrin system to a chlorin system.

• Finally NH-/?-pyrrolic proton couplings are now clearly visible. As it is known that 

the NH protons prefer to reside on opposite sides of the inner cavity107 , this can be 

used as further evidence for the regiochemistry of the position of reduction of the 

porphyrins, and that the preferred NH tautomer is in fact that shown in Figure Al.l.

! H NMR and its associated techniques such as COSY therefore provide invaluable 

information about the porphyrin macrocycle. 13C NMR however is less useful. This is 

because in all but the most symmetrical of systems because the many different carbon 

environments lead to closely packed signals, making it difficult to interpret without further 

detailed investigations. Therefore in this thesis 13C NMR has only been used to identify 

particular environments such as the carbon in a carbonyl group.

UV~VISspectj

UV-VIS spectroscopy is best used to confirm the structure of a porphyrin rather than to 

identify the structure of an unknown porphyrin. This is because the spectrum depends on 

the electronic structure of the porphyrin, and subtle changes in electronic effects can have a 

noticeable impact on the spectrum. To illustrate these effects, the UV-VIS spectra .of three 

porphyrins with varying degrees of symmetry are shown in Figure A1.5.

The spectrum of the copper porphyrin 64 appears simple. Two main bands are observed. 

The Q band is the lowest energy absorption band, and some vibrational structure is 

observed. By convention the lower energy peak is assigned to the (0=0) -* («=0) transition
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Figure A1.4- porphyrin whose UV-VIS spectra are shown in Figure A1.5. Ar= 3,5-di-^-butylphenyl.

and is therefore labelled the Q(0,0) band. Similarly the vibrational overtone is labelled the 

Q(0,l) band. The more intense feature of the spectrum at around 420 nm is called the B 

band.

The appearance of the two principle bands in the UV-VIS spectrum can be interpreted in 

terms of a porphyrin's frontier orbitals. A simplistic four orbital model proposed by 

Gouterman" is shown in Figure A1.6 and its application to a metalkted porphyrin is given in

500000
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200000

100000

250

450 575

450 575

B

700

A
700

350 450 550 650

Wavelength (nm)
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Figure A1.5- UV-VIS spectra of the simple copper porphyrin 64 (A), the dendritic free-base porphyrin 92 (B) 

and the chlorin 46 (C). The vertical axis is the absorbance in units
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y
egy (LUMO) egx(LUMO)

alu (HOMO-1) a2u (HOMO) 

Figure A1.6- Gouterman's four orbital model for the frontier orbitals of a porphyrin.

Figure A1.7. Gouterman describes the HOMO and (HOMO-1) of such a system as two 

individual orbitals split slightly in energy, and the LUMO as two degenerate eg orbitals. The 

two electronic transitions between the HOMO and LUMO orbitals are of similar energy, so 

much so that considerable configurational interaction leads to the stabilization of the lower 

energy transition and the destabilization of the higher energy transition. Two bands are 

therefore apparent in the UV-VIS spectrum, the lower energy 'disallowed' Q band transition 

and the higher energy 'allowed' B band transition.

On initial inspection, the main difference between the spectrum of the free-base dendritic 

porphyrin 92 and the copper porphyrin 64 is the characteristic broad absorption of the four 

dendrons centred around 320 nm. However there is also a more subtle electronic effect at 

work here. In going from the metallated to the free-base system the symmetry has been 

lowered from D4h to D2h. This has the consequence of removing the degeneracy of the two

a2u2 eg1
a2u1 eg1

Qband Bband

Bband

Q bands

350 500 650

before configurational after configurational
interaction interaction

Figure A1.7- Gouterman's four orbital model applied to the UV-VIS spectra of a metallated porphyrin.
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LUMO orbitals. Thus the transitions from the HOMO and (HOMO-1) are both split into 

two transitions. Importantly the transition dipole moments associated with these transitions 

are perpendicular to one another, one orientated in the V plane of the porphyrin and die 

other in the y plane. The two x-polarized transitions then undergo configurational 

interaction, as do the twoj-polarized transitions. The result of all this is that there are two Q 

bands of different polarizations, Qx and Qy . Gouterman assigned the lower energy Q band 

to the x-polarized transition, where the x-axis is orientated along the NH axis. In contrast to 

the splitting of the Q band, the two 'B' transitions occur at nearly the same energy and only 

one B transition is apparent in the UV-VIS spectrum.

The UV-VIS spectrum of the chlorin 46 is structurally very similar to that of the free-base 

dendritic porphyrin 92. The main difference is the development of a shoulder on the B band 

absorption. This can be attributed to a further lowering of symmetry in the molecule.

Examining a porphyrin by electrochemistry also obtains information about the HOMO 

and LUMO. However the information gained through electrochemistry rarely matches the 

information gained through UV-VIS spectroscopy. This is primarily because of the 

considerable effects of configurational interaction that mean that the lowest energy transition 

in the UV-VIS spectrum does not itself represent the HOMO-LUMO gap; rather the 

average energy of the Q and B bands represents the average gap between both the (HOMO- 

1) and the HOMO and the LUMO205 . Whereas the electronic states that result from 

electrochemical oxidation and reduction are not subject to configurational interaction. In 

addition it must also be considered that electrochemical oxidation and reduction result in the 

formation of charged species in which there is an incentive of groups attached to the 

porphyrin, such as phenyl groups in tetraphenyl-porphyrin, to increase there conjugation with 

the porphyrin27, and thereby the delocalization of charge, through rotation so that they are 

more in the plane of the porphyrin ring.

M.3 Mass spectrometry

Mass spectrometry obtains very useful information for the identification of unknown 

porphyrin structures. The principle technique is Matrix Assisted Laser Desorption lonization 

(MALDI) spectroscopy, although useful information on free-base porphyrins can be also be 

obtained by electrospray ionization spectroscopy206 . MALDI is made even more of a useful 

technique because the best results are often obtained without the use of a matrix206 .
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However when certain functional groups are attached to a porphyrin the LDI spectrum 

becomes complicated. For example the addition of a NO2 group means that sodium ions 

are readily picked up by the system even in the presence of a matrix; fragmentation of the 

mtro group has also been observed. Thus when two nitro-groups are attached to the 

porphyrin, the parent ion peak in the MALDI spectrum is difficult to identify. Similar 

complicated spectra are obtained for porphyrin alpha-diones. In addition for alpha-diones 

and other selected functional groups, a reduction of the porphyrin system can sometimes 

occur in the ionization process, making the observed parent ion peak two Daltons heavier 

than it should be207.

A porphyrin's LDI spectrum is made even more useful as an extra piece of characteri2ation 

data can be obtained by it, as the comparison of the isotope distribution of the parent ion 

signal to that of a generated isotope pattern can confirm the elemental composition of the 

parent ion. An example of this is shown in Figure A1.8 for the di-nickel(II) dichloro-bis- 

porphyrin 37. The spectrum is complicated by the fact that two ions appear to be 

responsible for the observed isotope pattern, namely the M+ and (M+H)+ ions. Taking this 

into consideration the observed isotope pattern seems to be consistent with the proposed 

molecular structure. Hence when a LDI mass is given it has also been determined that the 

observed isotope pattern corresponds with the theoretical one.

2420 2435 
Molecular weight (Daltons)

2450

Figure A1.8- the LDI spectrum of di-nickel di-chloro bis-porphyrin 37. The dotted lines show the predicted

isotope pattern for the (M+H)+ ion.
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Other techniques

specttoscopy is a useful technique in identifying functional groups attached to a 

porphyrin. Unfortunately although it is possible to analyze the spectrum in further detail2"8 , 

the complexity of the resonances attributed to the porphyrin macrocycle means that this is 

not practical.

Elemental analysis of porphyrins is a fine art. The porphyrin solid-state structure is 

particularly good in accommodating solvent molecules in it framework, so much so that 

zeolite-type structure have been synthesised using a porphyrin motif209 . It is thought that for 

this reason samples that have been purified by column chromatography so that they appear 

as one spot by thin layer chromatography, recrystallised twice from dichloromethane/ 

methanol and dried for four weeks under high vacuum have still failed their elemental 

analysis. Therefore in the cases where compounds have passed their elemental analyses this 

is shown; but a lack of elemental analysis is not necessarily a sign of a poorly purified 

product.
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Appendix Two 
Exciton coupling theory

When two chromophores are in proximity to one another they can interact either through 
electronic delocalization mediated by a covalent linkage or through non-covalent dipole- 

dipole interactions. These dipole-dipole interactions are the focus of exciton coupling theory 

and they manifest themselves in the chromophores' photophysical properties, in particular in 
their UV-VIS and fluorescence spectra.

m

When a single chromophore is photo-excited from its ground electronic state to an excited 

state there is necessarily a 'transition dipole moment' associated with the transition. The 

magnitude of this transition dipole moment corresponds to the observed absorption 

intensity of the transition. The electronic state of the chromophore that results from this 

electronic transition consists of a hole residing in the HOMO of the chromophore and an 

electron residing in the LUMO of the chromophore. The combination of this hole and 

electron is effectively a hydrogenic state, termed an 'exciton'.

Now, the dipole moment associated with the electronic transition has the ability to interact 

with its environment, in particular with other dipoles. Hence when a second chromophore 

is placed in proximity to the first, the transition dipole moment of the first chromophore can 

interact with and be stabilized or destabilized by the transition dipole moment of the second 
chromophore, without the requirement of covalent bonding between the two 

chromophores. In this way the overall electronic transition no longer describes the 

transition of the single isolated chromophore; rather it becomes a description of the 

transition of the combination of the two chromophores.

Exciton coupling theory is a description of this combination of electronic states in the 

electronic transition. If it is assumed that the transition dipole moment of a single 

chromophore is localized at the centre of the chromophore then the energy of the exciton 

interaction is given by an expression developed by Kasha:
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a

Figure A2.1- parameters used for the point-dipole approximation of two interaction chromophores.

2// 2 (cos a + 3 cos 6 cosy) = -^— ~ ————— 3 —— - —— — (equation A2.1)

In this equation AE0 is the energy of interaction of the exciton coupling, p is the transition 

dipole moment of the electronic transition, and the other parameters are geometrical 

parameters given in Figure A2.1. When two chromophores are either side-by-side to one 

another or on top of one another, this equation reduces to:

A£0 = -~- (equation A2.2) 
r

To derive these equations it is necessary to separate the electronic and vibrational 

wavefunctions of the molecules. This requirement corresponds to a 'strong' coupling case 

(see section A2.4).

Whilst the spatial arrangement of the two chromophores is significant in deciding the 

magnitude of the exciton coupling, the relative orientation of the two transition dipole 

moments is the crucial factor in determining whether the exciton interaction manifests itself 

as a stabilization or destabilization in the electronic absorption spectrum. This is because the 

transition moment of the combined exciton system is given by the sum of the transition 

moments of the individual components.

To consider the implications of this, two relevant geometries need to be considered. In the 

first example illustrated in Figure A2.2 the two transition dipole moments are orientated 

alongside one another and therefore can adopt a parallel (tt) or anti-parallel (||) orientation. 

Because these arrangements can be considered simply in terms of dipole-dipole interactions, 

the parallel arrangement is the higher-energy destabilized configuration and the anti-parallel 

arrangement is the lower-energy stabilized configuration. And because the overall transition 

moment is given by the sum of the individual components, the parallel arrangement leads to
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Figure A2.2- exciton interactions of two different orientations of transition dipole moments.

an 'allowed' transition whereas the anti-parallel arrangement gives rise to a 'disallowed' 

transition.

The second example places the two transition dipole moments in a 'head-to-tail' orientation 

to one another. In this case the allowed transition corresponds to the low-energy 

configuration (—»—•*) whereas the disallowed transition corresponds to the high-energy 

configuration ( >< ).

This simple schematic has direct implications for the interpretation of the electronic spectra 

of porphyrin aggregates. By geometric necessity if two neighbouring porphyrins in the 

aggregate are stacked on top of one another (an 'H' aggregate) then their transition dipole 

moments will adopt a 'parallel' orientation and the electronic spectrum of the aggregate will 

appear £/^-shifted compared to the monomer. Whereas if two neighbouring porphyrins are 

placed side-by-side one another in the same plane (a 'J' aggregate) then a component of their 

transition dipole moments can adopt a 'head-to-tail' orientation and a proportion of the 

electronic spectrum appears ^-shifted compared with the monomer.

'^^^^^^^^^^^^/^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^•i-K^'1''^,^^^^^^^^^^^5.2 Exciton coupling m a multi-component system

It might be expected that the electronic spectrum of a multi-component chromophore 

system would be characterized by a series of electronic transitions ranging from the weakly-
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allowed to the strongly-allowed. For example in a trimeric system where the individual 

components adopt a head-to-tail conformation then it might be expected that the lowest 

energy transition (•—»•—»—») be fully allowed, and the two higher energy transitions ( > >< 

and <—-><—) be both weakly allowed. However this is not the case as it is only the fully 

allowed transition that is observed in the electronic spectrum. This is a consequence of 

symmetry considerations, defined by the 'Davydov rule' for electric dipole transitions213 that 

states: "the number of allowed electric dipole transitions from the ground state to the states 

of the exciton band will be equal to the number of molecules per unit cell in the molecular 

aggregate-" And in a molecular assembly there is only one molecule per unit cell.

So for a dimer the magnitude of the exciton interaction is given by equation A2.1; for a 

multi-component system the magnitude of the exciton interaction energy of the allowed 

transition is related to the interaction energy AE0 in the dimer by193 :

( it \ kEN = A£0 cos ——— Equation A2.3
{N + IJ

where N is the number of chromophores in the molecular system. Hence as the number of 

components in the system increases, so does the magnitude of the observed exciton 

interaction. This is applicable in a 'strong coupling' regime (see section A2.4); this equation 

can break down when the magnitude of the exciton coupling becomes less than the spectral 

bandwidth of the monomer.

1.3 Exciton coupling in a covalently-bound system19

Exciton interactions do not require a covalent interaction between two chromophores. In 

such a non-covalent situation an exciton can be delocali2ed over many chromophores, but 

this delocalization involves the bound exciton state so that the positions of the hole and the 

electron at any one time correlate closely with one another. This type of tightly-bound 

exciton is called a Trenkel' exciton.

In multi-chromophore systems that are covalently-linked this type of tightly-bound Frenkel 

exciton is still very common. However in certain situations, especially where electronic 

delocalization between two chromophores is significant, the binding of the hydrogenic 

exciton state becomes less strong. In such a situation this hydrogenic state can itself become 

delocalized over more than one chromophore, so that the positions of the hole and electron
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at any one time no longer strongly correlate with one another. This type of loosely-bound 

exciton is called a 'Mott-Wannier' exciton.

In the case of a Mott-Wannier exciton the effect of increasing the number of chromophores 

in a multi-component array can no longer be described in terms of purely dipole-dipole 

interactions because of the associated increase in conjugation length and also the possibility 

of the creation of charge-transfer states. In such situations therefore exciton coupling theory 

should be applied with caution.

The two different extremes of exciton behaviour are also associated with different kinds of 

applications:

• Photonic wires carry energy from one end of a multi-chromophore array to the 

other. A Frenkel system is ideal in this situation since it has the ability to carry 

energy along an array without the dissipation of the energy due to charge separation 

or other effects.

• Molecular wires carry charge from one end of a multi-chromophore array to the 

other. A Mott-Wannier system is ideal in this situation because it has the ability to 

easily delocalize the charge and therefore transport it along the length of the array.

• 211-213
«&& WSSSliS

In an ideal multi-chromophore system that displays Frenkel-type exciton behaviour, the 

bound exciton is considered to be delocalized over the whole system. In many molecular 

systems however the bound exciton is delocalized only over a small number of 

chromophores. This number of chromophores is described as the 'coherence length' of the 

system and it is important in determining, for example, the suitability of a multi- 

chromophore array in exploitation in light-harvesting applications.

This situation describes the intermediacy between a completely 'free' bound exciton and a 

totally localized' bound exciton. This has also been described as the difference between 

strong exciton coupling and weak exciton coupling. For exciton coupling to correspond to 

a 'strong' coupling regime the exciton interaction energy AE0 needs to be much greater than 

the spectral and vibronic bandwidths of the monomer species. This leads to the Born- 

Oppenheimer separability of the intramolecular electronic and vibrational wavefunctions. 

For situations where the coherence length becomes a relevant quantity this condition is not
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quite being met, leading to an intermediate regime between the strong and weak exciton 

coupling regimes. Fortunately it seems that in this intermediate coupling regime equaoons 

A2.1 to A2.3 can still be applied, so that the magnitude of the exciton coupling is still 

determined by the properties of the whole molecular system.

It should be noted that this intermediacy between tree and localised bound excitons has been 

previously misinterpreted in terms of the differences between Frenkel and Mott-Wanmer

excitons8 .

A2.5 Application of exciton coupling theory to photosynthesis"

Of the many photosynthetic systems, the best structurally characterized system is that of the 

purple bacteria. Within its light-harvesting complex there exist two distinct circular systems 

of porphyrin chromophores. The first is the 1*800' system that consists of 9 chlorophyll
?

pigments set at roughly 18 Angstroms from one another, whilst the second is the 'B850' 

system with double the amount of chlorophyll pigments to the B800 system set at half the 

distance from one another. On photo-excitation, energy transfer occurs within these two 

systems before it is further transferred to a 'reaction centre' at the centre of the ring systems.

The first conclusion that can be drawn is that excitons formed on photo-excitation will have 

Frenkel character as the individual chromophores in either system are not directly covalendy 

linked. Within this Frenkel framework it is thought that excitons in the B800 system are 

essentially localized on one chromophore unit at a time because the large separation of the 

chromophores reduces the system to the weak exciton coupling regime. However the closer 

arrangement of the chromophores in the B850 system leads to an intermediate exciton 

coupling regime so that the bound exciton is delocalized over 4 to 5 chromophore units at a 

time. In this way the exciton coupling model can lead to greater understanding of the 

energy-transfer processes occurring in the photosynthetic pathway.
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A2.6 Application ofexciton couplng meoty to Osuka's arrays

Osuka's directly-linked porphyrin arrays excellently illustrate the effects of exciton coupling 

in synthetic porphyrin systems. In his meso-meso singly-linked arrays two neighbouring 

chromophores are orientated so that they occupy perpendicular planes to one another and
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there therefore exists no ground state electronic delocalization between two neighbouring 

chromophores. Hence this is a good example of a Frenkel-type exciton system.

The effects of exciton coupling are clearly visible in the UV-VIS spectra of these arrays 

(Figure A2.3). The main effect of moving from the monomer (Zl) to the dimer (Z2) is the 

splitting of the porphyrin's B band into two components. One component of the dimer 

remains at the same wavelength as the absorption of the monomer, whilst the second 

component is red-shifted with respect to the monomer. This can be interpreted in terms of

300

A/rwn ——
400 SCO 600 700

C»M,,C

C 8 H 170 C8 H 170 C.H 170
•OC B II 17

32000 28000 24000 20000 tfiOOO
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Figure A2.3- a) the UV-VIS spectra of Osuka's triply-linked arrays; b) the correlation between the number of

units in the array Z(n) and the exciton splitting observed in the B band of the UV-VIS spectrum; c) the

chemical structure of Osuka's triply-linked arrays Z(n); and d) the perpendicular orientation of two

neighbouring porphyrin units.
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the 'head-to-tail' alignment of the x-component of the B band leading to the red-shifted 

component (shown in figure A2.3d); whilst the perpendicular orientation of die j- 

components of the B band allows to no excitomc interaction, and therefore the B v 

absorption band of the dimer is unshifted with respect to the monomer.

In addition the UV-VIS spectra illustrate the effect of increasing the number of units in the 

multi-porphyrin array. It is observed that the magnitude of the exciton coupling in the B 

band correlates well the number of porphyrin units according to equation A2.3 (Figure 

A2.3b), with a value for AE0 of 4300 cm'1 being determined from the gradient of the graph.

A similar interpretation for the red-shift observed in the Q bands leads to a value the exciton 

coupling of 1150 cm"1 . This value is larger than that predicted by a point-dipole model, but 

this is not wholly surprising due to the close proximity of neighbouring porphyrins. It is also 

noticed that the relative intensity of the Q band increases with the number of porphyrin 

units in the array. This can also be explained in terms of the exciton interactions, as intensity 

transfer between the B and Q band transition dipole moments can be mediated by exciton

interactions192

Wavelength (nm)
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Figure A2.4- the UV-VIS spectra of Osuka's meso-meso, £$ fi-fi triply-linked arrays, T(n), whose structure is

shown underneath.
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Further investigation into the properties of these arrays suggests that they possess a 

coherence length of four to five units, very similar to that observed for the B850 

photosystem.

Osuka's triply-linked arrays have amazing properties (Figure A2.4). It is clear from their 

UV-VIS spectra that there is extreme conjugation between neighbouring porphyrin units, 

implying that excitons formed on photo-excitation will possess Mott-Wannier character. 

Whilst the splitting of the B band, labelled as bands I and II, can be interpreted in terms of 

an exciton model, the position of the third band cannot. This emphasises that equations 

A2.1 to A2.3 should be applied with care when electronic delocalization exists between 

neighbouring chromophore units.
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