


Abstract

Porphyrin Arrays for FET devices

A thesis submitted to the board of the faculty of Physical Sciences in partial
tequirement for the degree of Doctor of Philosophy by:
Matthew Wicks, Merton College, December 2004.

Field effect transistors (FETSs) 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 apba-
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 chlotin (a reduced porphyrn) 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

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



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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Figure 1.1- important natural porphytins. From left to night: chlorophyll 4, coenzyme Fa30, coenzyme Biz 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 porphytin’s 7-system are delocalized, leading to the
porphyrin exhibiting a rich redox chemistry. This is exploited in oxidative enzymes and

coenzymes, such as cytochrome P, and vitamin B,,.

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 chemustry
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
whete 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
otganic 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 matetials for field effect transistors (FETs), and because of a porphyrin’s
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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 1t 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 1n 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 chromophotes 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 1s measured by the exciton coupling energy, AE,. In addition when
the number of chromophotes m 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 arrays

Porphyrins ate 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 1. 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 -
aggregates, where the individual porphyrin cores are orientated slightly offset from one
another. Hydrogen and dative bonding provide a stronger interaction between neighbouting
porphyrins. For example Lehn’s system 2 favours the illustrated dimetic structure at low

. 1 . .
concentration , 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 temperature'”. In this case self-assembly is caused by a dative interaction

between the 3-pyridyl and the zinc.

1.2.3 Meso-meso covalently-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 1s 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 S-pyrrolic position, the majority of covalently-linked porphyrin

arrays have neighbouting 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 Cg,
through non-covalent interactions”’. The methodology can be further extended to the
synthesis of Drain and Lehn’s tetrameric system 5', and even further to the synthesis of a
cyclic nonamer”®. The porphytins in these arrays show a red-shifted broad B-band
absorption with a small exciton coupling enetgy E, of around 450 cm™, 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 C, 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 bisporphyrin'®. This is a remarkable result as it is
comparable to the electron transfer properties of the bacteriochlorophyll dimet radical

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

Mote 1igid linkers can be used to connect two neighbouting porphytins. These have the
advantage that they can also allow a greater extent of inter-porphytin communication. Thus
the phenylene bridged dimer 7 has been synthesised by Osuka and an oligomer
incorporating nine porphyrins has been constructed in a similar fashion'. This shows
some interaction between neighbouring porphyrin units with the B band being split by
exciton coupling with a respectable exciton coupling energy E, of 1600 cm™; but the
wavelength of the lowest energy. absorption does not change significantly with oligomer
length, indicating that there is little electronic delocalization along the atray. Osuka has also
synthesised a series of directly linked porphyrin atrays®®. This direct linkage is shown in
the dimer 8, and these arrays have been extended to an impressive length of 1024
porphyrins®. These show a much greater extent of exciton coupling with a large exciton
coupling energy E, of 4300 cm™. 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

2 The lack of electronic

absorptions with an exciton coupling energy E, of 1150 cm”
delocalization has been attributed to the fact that two neighbouring porphytins adopt a
perpendicular orientation, thereby allowing no ground-state electronic mnteraction. Further

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

So far therefore meso-meso linkages have shown some interaction between neighbouting
porphyrin units but little electronic ground-state communication. In this way the butadiyne

spacer investigated by Anderson is special””.

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

Chapter One- Introduction



?‘
N—DPt—Cl|

4

Ar Ar

Ar (10) Ar

Figure 1.5- meso-meso covalently-linked porphyrin arrays. Ar= 3,5-di-zerz-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 teduction 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-section”’.

This methodology has been taken one step further with the synthesis of the square tetramer
10 by Sugiura®. Recently this has been spectacularly extended to the synthesis of a square
nonamer in a total yield of 0.007% over 22 steps”. The nonamer possesses a 2 nm diameter

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

1.2.4 f-pyrrolic covalently-linked arrays

Only a handful of f-pyrrolic covalently-linked porphytin arrays have been investigated,
ptimarily because they are more difficult to synthesise. Kevin Smith® has made two arrays,
specifically the crucifix pentamer 11°' and the directly linked porphyrin trimer 12* (Figure
1.6). These both show very altered absorption spectra compared to theit monomer units,
but a systematic study varying the length of the arrays was not possible due to the method of
synthests. This is not a problem shared by the arrays of Ono who has recently synthesised a
series of conjugated arrays based on an unconjugated precursor’*; the conjugated dimer 13
shows a significant red-shifted spectrum compared to its unconjugated precutsor, 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 f-pyrrolic covalently-linked
porphyrin arrays. His épproach has been to use a 1,4,5,8-tetraazaanthracene brdge to fuse
the f-pyrrolic positions of two tetraaryl-porphytins together as in the dimer 14%. This
methodology was extended to the synthesis of a linear tetramer’®; later Promarak showed
how the incorporation of a dendtitic solubilizing unit onto the end positions of the array
could extend the system to a length of seven porphyrin units’. 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 neighbouting porphytins 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 chromatography .
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Figure 1.6- f-pyrrolic covalently-linked porphyrin arrays. Ar= 3,5-di-terz-butylphenyl

Finally Osuka has synthesised a seties of meso-meso, -8, f-8 triply-linked arrays through a
mild oxidation of his singly-linked arrays***'. 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

2 The most remarkable feature

massive exciton coupling energy E, of around 6300 cm’
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 backbone®.
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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 curtent increases with increasing gate potential.

The mmportant characteristics of an idealised transistor are also illustrated by Figure 1.9.
Firstly, there is no source/ drain current (Igp) when the source/drain potential (Vi) is less
than the threshold voltage, V.. Then when Vg, becomes greater than V., I, increases at
first almost linearly with increasing potential. This regime is called the linear regime and is
llustrated in Figure 1.9 by line ‘A’. As Vg, increases further I tends to level off, and this

regime is called the saturation regime. It is dlustrated by line ‘B’.

Two important performance characteristics are also illustrated by Figure 1.9. The mobility
@) 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 curtent at a given

soutce/drain potential is given by Equation 1.1:

I = '2‘chi,~/u(VG -V )2 1.1)
W is the width of the channel; L 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 V, when
Vi (the gate potential) = 0 (the ‘off state) and when V; >> 0 (the ‘on’ state). Both the

mobility and the on / off ratios often vary with both V and Vs so it is important to ensure
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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 semiconductots overcome all of these problems. Firstly organic materals
can be easily purified. Then circuitry can be laid onto the substrate using ‘contact printing’
rather than by lithography. The organic matetial 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 delocalized
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 /localized model where charge hops from one molecule to the next. This
dichotomy in charge—transpbrt 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 ctystalline organic systems that display mobilities comparable to afpha-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 hmited to a layer
extending to approximately 5 nm from the semiconductor/ insulator interface rather than
charge being carried through the bulk structure™. 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 “*°

Semiconductors can be n-type and/ ot 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 intetface 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 cotrespond 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
otdered films with an associated high mobility; however vacuum deposition can be applied
only with difficulty to high surface atea 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- pentacene

Pentacene is thevRoﬂs—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 em®V's" . However pentacene itself is not suitable for
solution-processing because of its low solubility. One method to atterhpt 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 Millen, tetrachlorobenzene can be eliminated to give pentacene” (Figure
1.1

1.10). Films of this type have shown mobilities of up to 0.2 cm®V''s” and are now being
developed for commercial applications by Philips™.

Cl Cl

Cl Cl

e ‘QQ %* 20000

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 petforming organic molecule in an FET device, the thiophenes
ate 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 ting. Devices incorporating regiorandom poly(3-
hexylthiophene) show mobilities in the order of 10* cm’V''s" . When the hexyl side-chain
is replaced by longer alkyl chains this mobility is observed to decrease®. In contrast when
the regiorandom polymer is teplaced by its regioregular counterpart, the mobility is observed
to increase up to 0.1 cm®V™'s™ *". 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 otientation 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 otganic
solvents, and whilst they can be solution processed giving mobilities in the order of 107
em®V's”! ** vacuum deposition leads to films with higher mobilities, up to 1 em®Vist P 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, Fréchet’s
soluble precursor sexithiophene, and a regioregular polythiophene.
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the alkyl substituents also has a limited effect”. 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 cm®V's™ &

1.4.5 Organic channel materials part iii- other organic substrates

Tetrapyrrole substrates have also been developed into possible channel materials.
Phthalocyanines have demonstrated moderate mobilities”, but their sensitivity to oxygen
makes them difficult to exploit. Porphyrin substrates have also demonstrated moderate to

good mobilities® %

. The most promising of these approaches is that of Ono® who uses a
soluble precursor route to thin films of tetrabenzo-porphyrin with a mobility of 102
cm’V's'. Ono revealed recently® that a modification of this procedure (probably with the

use of tetranapthyl-porphytin) can lead to very promising mobilities of over 107 cm*V™'s™.

Because mobility depends so much on morphology, it is not surptising 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? cm®V's™ parallel to its alignment
direct, and 7 to 8 times lower perpendicular to its alignment direction®’.

1.4.6  Problems still to be resolved with organic FETs “*

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

CgHyn_-CgHys . A\
O]

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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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 desited 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 S-pyrrolic or meso
positions. These two points of attachment lead to different electronic propetties of the
resulting arrays, principally because of the different delocalization propetties of the linkages.

79,80

This has been examined by Therein™ 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:

-8 < f-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 §-f 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 S-pytrolic 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 oligomerts.
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21 (23)
Figure 1.15- monomer units required for the synthesis of an extended porphytin array. Ar= 3,5-di-zer7-

butylphenyl.

only to solvate the porphyrin but also to deprotect the tetraamine 7z szzv. The second step 1s
slow and involves the condensation of the intermediate porphyrin diamine to a second
potphyrin a/pha-dione®. This two step reaction can be turned into a two step procedute 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
alpha-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
once® (Figure 1.14). For the construction of an extended porphyrin array based on this

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

1.7.2 _Routes to porphytin alpba-diones

The synthesis of a porphytin apha-dione is a relatively simple, high-ylelding procedure.
Three viable routes have been explored and ate examined in Figure 1.16. The first and most
recent route involves the dihydroxylation of tetraphenyl-porphyrin with osmium
tetroxide®®. This obtains the porphyrin ajpha-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/pha-dione.

The second and third routes to porphyrin apha-diones 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 anion™ to this nitro-porphyrin to produce the hydroxy-
porphytin. This is then oxidized in its free-base form to the porphyrin ajpha-dione either by
the Dess-Martin petiodinane® or in its copper form by photochemical means®. The third

route reduces the free-base nitro-porphyrin to the amino-porphyrin; this is then oxidized in a
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Figure 1.16- routes to porphyrin ajpha-diones. 1. 1 eqv. OsOy, pyridine, CHCls, then HsS; 1. DDQ, C¢Hs, Ar;
. Cu(OAc),;, CH2Cla/ CH3OH, Ag; iv. NO; in light petroleum, CH,Cly; v. 11 eqv. benzaldehyde oxime,
10 eqv. NaH, (CH3)2SO/ tetrahydrofuran, Ag; vi. conc. H,SO4, CH,Clp; vil. SnCl;2H,O, conc. HCl, CH2Cly;
vil. 1 eqv. Dess-Martin periodinane, CH,Cly; ix. O, Rose Bengal, CH,Cl,. The structute of the Dess-Martin
periodinane is also illustrated. Ar = 3,5-di-ferz-butylphenyl.

89,90

similar manner to the hydroxy-porphyrin Both of these routes obtamn the porphyrin
alpha-dione 1n around 50% yield; and both routes should be applicable for a large scale

preparation of the a/pha-dione.

1.7.3 _Routes to porphyrin and bis-porphytin tetra-ones

So the routes to porphyrin alpha-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 g-pytrolic positions require
the use of a metallated porphytin, as this allows pteferential reaction of the S-pyrrolic
positions over the meso positions. Hence in order to successfully nitrate a porphyrin at
its f-pyrrolic positions a metal has to be coordinated at its centre. However in otder 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 already established for the
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Figure 1.17- routes to the single porphytin tetra-one and its convetsion into the porphyrin tetra-one.
1. Cu(OAc),, CH2Cly/ CH3OH, Ag; 1i. 2 eqv. NO; in light petroleum, CH,Cly; ii. conc. HoSO4, CH,Cly;
iv. SnCly2H-0, conc. HCL, CH2Cly; v. 2 eqv. Dess-Martin periodinane, CH,Cly; vi. O2, Rose Bengal, CH,Cly;
vil. 2 eqv. OsOy, pyridine, CHCls, then HyS; viii. IBX, (CH3)2SO, 50°C. At = 3,5-di-fert-butylphenyl.

synthesis of porphytin ajpha-diones. Di-nitration followed by reduction and oxidation can

82,89

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

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

Br

SOPh

Ar

V1., Vil. N

ey
Figure 1.18- the functionalization of a bis-porphyrin. 1. 2.2 eqv. N-bromosuccinimide, CHCl;, Ag; 1. Ni(OAc).,

N,N-dimethylformamide, Ag; 1. PhSH-LIOH, N,N-dimethylformamide, 117°C; iv. CH3CO3H, toluene;
v. benzaldehyde oxime, NaH, (CH3)2SO, 135°C; vi. HoSO4, CHoCly; vii. SeOs, dioxane, Ar. At = 3,5-di-tert-
butylphenyl.
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Concentration Isolated yields (%)
of reagent Unsubstituted 12-10do- 12,13-ditodo-
Reagent (equivalents) (mmoldm3) Solvent quinoxaline 24 | quinoxaline 27 | quinoxaline 30
N-iodosuccinimide (5.3) 17 chloroform 58 *
N-iodosuccinimide (7.8) 30 DMF 55 8
iodine (5.7) 24 chloroform 82 11
iodine (4.7) 17 DMF 75 20 -
iodine (25.8) 340 DMF 36 47 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 houts; reactions with iodine were

carried out at reflux for 5-7 hours.

One method useful for 1odination at the meso positions of meso-unsubstituted free-base

102

porphyrins is to use iodine When the meso-tetraaryl-substituted quinoxaline 24 was
heated with 1odine 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 ime 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 applications'” 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 f-pyrrolic
protons, in a similar manner to that described in Appendix One. A C,, symmetry is also

required to explain the g-pyrrolic region of the di-todo-quinoxaline 30.

2.2.3 Chlotination

As regiospecific chlotination of tetraphenyl-porphyrin has already been demonstrated™ 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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Concentration Isolated yields (%)
of reagent Unsubstituted 12-chloro- 12,13-dichloro-
Reagent (equivalents) (mmoldm-3) Solvent quinoxaline 24 | quinoxaline 25 | quinoxaline 28
N-chlorosuccinimide (4.6) 20 chloroform 71 8 -
N-chlorosuccinimide (4.5) 20 DMF 37 25 10
N-chlorosuccinimide(7.9) 29 DMF 4 6 -
chloroform+
N-chlorosuccinimide (4.6) 24 5% pyndine 18 30 9™
ICl1 (2.4) 6 chloroform - 93 -

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 tty to encourage even further reaction resulted in very little
isolation of any product on purification (entry 3 in Table 2.3). This has ptreviously been
observed for reactions with N-bromosuccinimide and has been attributed to the

102

bromination of the inner nitrogens and reaction with a second reagent molecule ™. 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 IN-chlorosuccinimide, an alternative chlorination
reagent was sought. A variety of reagents have been used in the chlotination of porphytins”,
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
(FeCL)""*'®, but if this was to be attempted on the free-base system metallation of the
porphyrin by FeCl, would result. One functionalization that is compatible with a free-base
porphyrin has been described by Dolphin'®. He suggests that iodine monochloride (ICI) can

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

applied to the chlorination of the [S-pyrrolic positions. Indeed, it was found that ICI
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 already described for the 1odinated products. In addition an NOE difference
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experiment confirms the regiochemistry of the 7,13-dichloro-quinoxaline 31. An NOE was
obsetved between the f-pytrolic protons and the C(2)H and C(6)H protons of the closest

meso-atyl ring. Two singlets are obsetved in the S-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-porphyrin

In order to demonstrate the utility of the new methodologies to the possible synthesis of the
bis-porphytin tetra-one 21, the chlotination of the bis-porphyrin with ICl was attempted. It
was found that a good yield of dichlotinated bis-potphytin could be easily obtained from the
bis-porphyrin 14 (64%) by refluxing in chloroform with 5 equivalents of ICL 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 cotrect.  The complicated
nature of the "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 N-bromosuccinimide in

chloroform, as reported by Crossley%, was repeated successfully.

2.2.5 Metallation of the halo-porphyrins

It was found that all the halo-quinoxalines could be metallated n 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,

Ar Ar Ar. Ar Ar Ar Ar Ar
Hal N P Hal N AN Hal
N N Hal N N
Ar Ar Ar Ar Af Ar Ar Ar
(35) Hal= Cl
(36) Hal= Bt

Figure 2.4- structures of the two antipodal-functionalized dihalo-bis-porphytin isomers. Ar= 3,5-di-ferr-
butylphenyl.
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would be dictated by reaction through the HOMO. But current molecular orbital
interpretations of the pertinently substituted porphytin systems show only the LUMO+1

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

. .. 08_ .« . . . . . .
pyrrolic positions'” "’ and therefore the origin of this regiospecifity remains elusive.

2.3.2 Chlorination with iodine monochloride

The reaction of the quinoxaline 24 with ICl produces the unexpected chlorinated product.
This is the unexpected product as ICl is mote normally associated with the iodination of
aromatic compounds that is explained by the preferred orientation of the polarized "I-C1”
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 ICI'"""'"%. In these studies it is suggested that the reaction of an
aromatic compound proceeds through a charge-transfer interaction to form the aromatic 7-
radical cation (see Figure 2.6); the ICl is then said to spontaneously decompose into I' and
CI. 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 z-radical cation.

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

iodinated. Chlorination is favoured over iodination primarily because the porphyrin

N |
By,
r Ar 7] - Ae -+ radical-radical/
% sk © | combination -HCl
Cl
/ &
| —l » o
[ A J LA - jon-paif\ -HI
Encounter complex Chatge transfer complex collapse }x’ Ar
i
N l
By
Ar

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

quinoxaline 24 with ICl. Ar = 3,5-di-zrz-butylphenyl.
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macrocycle is sterically encumbered by bulky meso-3,5-di-#77-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-potphyrin in Chapter Three, for the allylic oxidation of a
chlotin 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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Figure 3.4- further speculation on the mechanism of nucleophilic substitution. Ar= 3,5-di-#er-butylphenyl, R=

the relevantly substituted benzene.

hydroxylation replaces the idea stemming from Figute 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.

Mote 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 i1s made less favourable and
therefore the main effect that 1s observed 1s 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-porphytin 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
mteractions, and therefore any factor reducing this solvent stabilization will lead to an
incteased activation barrier to charge-transfer. And the bis-porphyrin is a larger more
lipophilic 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 successful®.

The role of chatge-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 NO," and although this proceeds through a S;Ar mechanism rather than a
SyAAr mechanism it does provide a useful insight into the present discussion. The mixing of
the two reactants results in the formation of aromatic z-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 1s just a side-reaction or whether it actually sits on the main reaction

138.139

coordinate . Whilst the trend in the rate of nitration with variously substituted aromatic

systems 1s inconsistent with an outer-sphere electron-transfer mechanism because of the
large reorganisation energy required for the one electron reduction of NO,’, an inner-

sphere-type electron-transfer mechanism of a tightly-bound encounter complex is

138-141

conceptually feasible . And the collapse of this tightly-bound charge-transfer state would

lead to observed trends in the formation of nitrated products. Therefore current opinion 1is

. . . - . . 142143
in favour of the involvement of a charge-transfer complex in the nitration mechanism 2143,

o - . . 142,14
Similar conclusions have been drawn for the halogenation of aromatic compounds'*'®,

The existence of such charge-transfer interactions in aromatic nucleophilic substitutions
have been less widely studied, although the isolation of charge-transfer complexes from

4

certain attempted nucleophilic substitutions'** 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 benzene!*.

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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4.2.2 Kevin Smith’s diborane reduction

A second method of porphyrin reduction has been recently investigated by Kevin Smith'®.
It involves the reaction of diborane (B,H) with the free-base porphyrin. However since full
expetimental details have not been published, further investigation of this reduction was
tequired. It was found that reducton of 5,10,15,20-tetrakis(3’,5 -di-zerr-
butylphenyl)porphyrin 45 to the chlotin 46 could be achieved in good yield (typically 75 to
90%) by stitring 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 bactetiochlorin resulting in typically >95% purity of chlotin 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 vartety 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-chlortin 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 D,0. One deutertum atom was incorporated
into the chlorin product, as confirmed by the integration of the saturated S-pyrrolic region of
the 'H NMR where only 3 protons wete observed. Furthermore a personal communication
from Kevin Smith revealed that m his hands the hydroxy-chlorin product had only been
isolated from reduction of the zinc porphyrin, accompanied by an equal recovery of the
cottesponding 4H-chlorin. Therefore it was concluded that the diborane reduction could

not be successfully applied to access a hydroxy-chlotin product in high yield.

4.2.3 Phototeduction with a secondary amine

The third chlorin synthesis involves the photoreduction of the parent porphyrin in the

fn 150

presence of a secondary amine ™. However this reduction was not attempted on the present

system.
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material had been consumed then heat was removed and the reaction was worked-up and
putified. In order to obtain pure products, mote 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-chlotins, 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 chlotin
(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-
potphyrin (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 '"H NMR and signals integrating to eight protons i the unsaturated [-
pytrolic 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-chlotin
(54), so these bands have been assigned to products cotresponding to unregiospecific
reduction of the nitro-porphytin to produce 7-nitro-bacteriochlorin (55), 12-nitro-
isobacteriochlorin (56) and 13-nitro-isobacteriochlorin (57) (Figure 4.6). The regiochemistry

of the 13-nitro-isobacteriochlotin was established by 2 NOE difference expetiment.

The quinoxaline 24 served in Chaptets 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

Arx Ar
H
H
O,N H
- H
Ar Ar
(54) (56)

Figure 4.6- various products from the diimide reduction of 2-nitro-porphyrin. Ar= 3,5-di-ert-butylphenyl.
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H
C[/N | H
\N H
H
Ar Ar
(58) (59)

Figure 4.7- chlorin and Zso-chlotin quinoxalines. Ar= 3,5-di-ferz-butylphenyl

yield of the undesired zso-chlorin structure 59. This zso-chlotin structure was isolated by
column chromatography as a significantly 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-porphysin was sensitive to over-reduction, but
careful control of the conditions did result in an isolated yield of 50% of the desired bis-
potphyrin bis-chlorin 60. It was also found that by oxidizing the remaining mixture of
products with dichloro-dicyano-qumnone (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 J-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

2.0
Ar. Ar

Lo et

8.8 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 B-pyrrolic
region and the equilibrium between the two NH tautomers of 54. Ar = 3,5-di-zer#-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 S-pyrrolic positions, and with the equilibrium in

Figure 4.8 lying far to the left.
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Yields (%)
Special column Chlorin | Porphyrin | Hydroxy-chlonn
Experiment Solvent* conditions®* (46) (45) (62)
A 1:8 Solvent is not removed 51 9 26
from column
B 1:8 25 5 48
C 1:4 92 - -
D dichloromethane 99 - -
E toluene 100 - -
F 1:8 Degassed solvent 93 2 1
G 1:8 2.0 ml water in 100 ml 71 2 25
silica
H 1:8 10 ml water in 100 ml 86 - 11
stlica
I 1:8 Completely in the dark 27 5 52
] 1:8 400C 23 7 43
K 1:8 40°C for 18 hours 13 12 58
L 1:8 + 0.015 400C 38 - 42
equivalents
triethylamine
M 1:8 Solvent 1s not removed 6 22 58
from column for 17
hours
N 1:8 +0.015 Solvent is not removed 97 - -
equivalents from column for 16
triethylamine hours
O - 1:8 0.8 ml water in 100 ml 4 14 67
silica, for 17 houts

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 ate

carried out at room temperature with ‘solvent removed’ from the column, and with the substrate left exposed to

silica for 2¥2 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 porphytin 45. The respective yields of these two products were then
calculated through the integration of the appropriate signals in the '"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 "H NMR of the starting material. The more
polar product was identified as the pure hydroxy-chlorin 62. It was 1solated in a low yield of

26% (experiment A in Table 5.1).
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In order to better mimic 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 further 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 starting point factors that might favour ot disfavour the formation of both the
hydroxy-chlorin 62 and the porphyrin 45 wete 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).

e Whether the solvent was deoxygenated.
A column was ptepared 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).

e Whether the silica was ‘deactivated’.
Silica can be deactivated by mixing it with water. It was found that reducing the actvity of
the silica had a great effect on the extent of reaction (experiments G and H), with silica
corresponding to roughly Brockman grade Il 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:

® DPhotochemical activation.
When light was excluded from the reaction by completely covering the column in foil
(expetiment I) a similar product distribution was obtained as when such precautions were not
taken.

e Temperature.
When the temperature was increased from room temperatute to 40°C essentially the same
product distribution was observed (expetiment J).

e Reaction time.
When the reaction was left at 40°C for 18 hours instead of the standard 2%2 to 3 houts 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 Breonsted 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 potphyrin 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 22 hours of expetiment A, a greater extent of reaction
might be achieved. Hence a column without solvent removed was left for 17 hours at room
temperatute. 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 appatent

at all (experiment N). Instead deactivating the silica with a small amount of water reduced the

Chapter Five- The allylic oxidation of chlorins



66

PH OH

Figure 5.2- left- the violinic product identified by Jackson ez a/!31; 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

(expermment 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

151

the purple violinic product described by Jackson er @™ (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 cotresponding to
the loss of H,O 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 'H 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)).

51.2 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 literatute (c.f. Section
5.8) it was found that two porphytin substrates had previously shown similar behaviour on
alumina'®*'*®. Therefote 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 matetial 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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Yields (%)
Type of Chlorin | Porphyrin | Hydroxy-
Experiment alumina Column conditions* (46) (45) chlorin (62)

A Neutral Solvent is not removed 41 27 15
from the column

B Neutral 19 54 21

C Neutral 400C 14 62 6

D Neutral left for 17.5 hours - 58 -

E Neutral 400C, 2 ml water in - 46 53
100 ml alumina

F Acidic 69 12 20

G Acidic 400C - 77 -

H Basic 87 - 13

I Basic 40°C 85 3 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 houtrs.

yield of the porphytin by-product (45) (experiments C and D). However in contrast to silica it
was concluded that a majot pathway to this porphyrin product was through the elimination of
H,O from the hydroxy-chlotin 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

potphyrin (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 gteater yield of the hydroxy-chlotin 62

(experiment B), but still a significant amount of porphytin 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 2
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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of the nickel (IT) chlorin. But the greatest difference between the metallated chlorins and the

free-base chlorin has to be the gteat increase in the yield of the porphyrin product 1solated.

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 2%2 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 porphytin 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 chlorins

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 'H NMR spectrum of the hydroxylated nickel chlorins 66 and
69 the orzho aryl protons were absent. This indicates hindered rotation of the atyl ring about
the meso carbohs, and the point of coalescence of the two ortho environments on the NMR
timescale being close to toom temperature. The low temperature '"H NMR revealed the
individual ortho signals, two of which are at relatively low chemical shift values in each '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(Il) di-hydroxy
chlotin was unknown. Previously Dolphin showed that it was possible to form the
propylidene acetal (Figure 5.4) from the s di-hydroxy chlorin®, 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 mixtute with further purification resulting in an isolated yield of 51%
of the nickel hydroxy-potphytin 73, a result of the dehydration of 69, and 47% recovery of the

starting material 69. Hence a tentative assignment of a fruns stereochemistry to 69 can be

made.
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Figure 5.4- propylidene acetal that can be formed from a ds-dihydroxy-chlorin.

The nickel(IT) 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 "C 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 S-pyrrolic protons belonging to the CH, 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 umit. In addition, the room temperature "H NMR shows only
one visible doublet in the aryl region at 7.89 ppm cotresponding to the two or#ho protons on

one of the aryl groups. As for the nickel(Il) 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
OH
| C(OH)H HCH HCH
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Figure 5.5- a segment of the HMBC spectrum of the nickel hydroxy-biliverdin 71. The horizontal and vertical

axes are given in ppm. The '"H NMR is recorded at 233K (the other spectra are recorded at room temperature).
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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 1s the unfunctionalized chlorin 46; whereas

for the hydroxy-bacteriochlotin 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-chlotin to a 2H-porphyrin rather than through dehydraton of
hydroxy-chlorin products. This is the conclusion from examining the convetse situation, ot in
other wotds what would be the result of the dominant process being dehydration. This is
llustrated 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 dihydroxy-bacteriochlorins

There are four possible regioisomers of the dihydroxy-bacteriochlorins, as illustrated i 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

(74), (75)

" Ar Ar Ar Ar
H HO
H H
H H
H H
Ar Ar Ar Ar
(40) (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-chlotin to a 2ZH-porphyrin. Ar= 3,5-di-zerz-butylphenyl.
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HO., OH OH HO, OH OH

Ho™ HO

(74a) (74b) (75a) (75b)

Figure 5.7- regioisomers of the di-hydroxy bacteriochlotin. Ar = 3,5-di-zerz-butylphenyl.

pure compound. The second band however was considerably more polar and was 1solated and
completely charactetized without the presence of impurities. The bacteriochlorin nature of
these products is confirmed by their UV-VIS spectra. In addition the 'H NMR spectra of

both bands are characterised by two different S-pyrrolic environments, as illustrated in Figure

5.8. Environment ‘a’ is symmetrical so that the unsaturated S-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 envitonment is coupled to the symmetrical f-pyrrolic signals
(environment ‘@’ in Figure 5.8) and that the symmetrical NH signal is coupled to the
unsymmetrical S-pyrrolic signals (environment ‘b’). This can be interpreted by each band
containing a roughly equal mixture of the 2,12-dihydroxy-bactetiochlotin (environment b’
with symmetrical NH and unsymmetrical unsaturated [-pyrrolic environments) and the 2,13-

dihydroxy-bacteriochlorin (environment ‘2’ with unsymmetrical NH and symmetrical

b
a a 0.74
/023 /o
820 ' ' ' 810 " ' 150 160 170 -1.80

Figure 5.8- segments of the IH NMR spectrum of 75a and 75b. The left-hand segment shows the unsaturated f-
pytrolic region; the right-hand segment shows the NH region. The quartet centred around 8.19 in the
unsaturated f-pyrrolic region consists of a doublet (integrated to an intensity of 0.69) ovetlapping with one half

of an ABX system (integrating to an intensity of 1.00).
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Figure 5.9- possible singlet oxygen ‘ene’ addition to a phlotin intermediate.

addition to the porphyrin'>’. Indeed, it has been shown that photo-oxidation of a chlorin in an

oxygen atmosphere might lead to hydroxy-chlorin products'®.

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-f-phlorins'.
Whitlock has also demonstrated that there is an equilibrium between the chlorn and phlomn in
solution'®. Furthermore it has been shown by delayed fluorescence measurements that singlet
oxygen is readily produced by porphyrins and other substrates absorbed onto silica'®"'*®.
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 photochernical 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 mnto a biliverdin product.
This occurs regiospecifically, as observed for the present oxidation on silica. The reaction
pathway proceeds via an intramolecular hydroxyl transfer from an Fe(II)-OOH
intermediate'®'*. This intramolecular hydroxyl transfer is cleatly 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 thalllum (III) trifluoroacetate are cleaved
regiospecifically adjacent to the C,H, chlotin group'®. Smith postulates that the reaction

sequence might proceed by a seties of single electron transfer (SET) reactions. In the case 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 cortelations 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 dlustrate 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 mote 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
ptocesses. This is the conclusion from the observation that the yields of the hydroxylated
ptoduct 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 electron transfer oxidations

A mechanism that is consistent with the obsetvation of two SET pathways is shown in Figure
5.11. The mechanism starts with the formation of the chlorin 7-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 otbital. In addition deprotonation followed by single electron oxidation has been
suggested for another porphyrin hydroxylation process in the ‘allometization of chlorophyll’ 166
(see Figure 5.14). And a chlorin system is reasonably acidic as it can be deprotonated by
sodium methoxide'®. However deprotonation of the neutral chlotin is considered unlikely in
this particular case as the pK, of the silanol groups on the silica surface are a maximum of 9 '¥;

in addition it has been shown that this oxidation occurs on acidic alumina, where an initial

deprotonation step 1s unfeasible.

A sutface hydroxyl radical, whose otigin is discussed in Section 5.7.3, then combines with the
chlorin radical intermediate either at the f-pyrrolic or at the meso position to give the

hydroxylated product (step 3) ot the biliverdin product (step 6) after a further oxidation. It
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Intermediate B

Step 4T -e

Figure 5.11- proposed single electron transfer mechanism for the oxidation of a chlorin on silica. Ar= 3.5-di-zerr-

butylphenyl.

has already been noted that at relatively negative oxidation potentials the cotrelation between
oxidation potential and hydroxylated products 1s 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 already been emphasised that the porphytin product is not a result of dehydration
of the hydroxy-chlotin 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 H,O. 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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5.1.3 The role of oxygen

The final elusive part of the mechanism is the role that oxygen plays in this oxidation. Taking
a lead from Mazur'® (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:
Step 1: O,+e — O,

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 E, ,(O,/ O,) = -870 mV'® (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 chatge-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 mn Chapter Three (Section 3.5) for the mechanism of nitration of
aromatic compounds that an mner-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

7117 absorbed onto silica described in Section 5.8.1 show

measurements on aromatic substrates
the formation of 7z-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 chatge-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 (XH,’ represents the chlorin substrate and
‘AS’ the active site):

Step 1: XH, AS O=0O — XH," AS O0=0 — XH," AS-O-O

Once again the final state has to be tightly-bound to stabilize the chlorin 7-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 facie:

Step 2: XH," AS-O-O — XH AS-O-OH
The result of deprotonation is the formation of the chlorin radical intermediate ‘A’ (Figure
5.11).

From mtermediate ‘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 chlotin 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 sutface oxygen species and the
substrate:

Step 3: XH AS-O-OH — XHOH [AS-O < AS=0]

This idea should also be compared to the mechanism of porphyrin hydroxylation that occuts
in the breakdown of heme in the body by heme oxygenase. The porphyrin hydroxylation
proceeds with a hydroxyl transfer from an iron(II1)-OOH intermediate to the meso position
of the porphyrin petiphery'® 164 \Whilst the nature of this transfer remains controverstal, it can
be interpreted in terms of the transfer of a hydroxyl radical with the iron stabilizing the
remaining radical oxygen intermediate (Fe(TIV)=0). 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.

e 2 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

matetial, as it is formally a radical placed in a non-bonding otbital stabilized by the adjacent
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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 oxygenm.

5.8.2 Evidence against a carbocation intermediate

The quenching of a catbocation 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 porphytin on

152

alumina' (Figure 5.12). If this oxidation was to proceed through a carbocation intermediate,

it would be expected that the secondaty 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
group'™'®.  These arte shown in Figure 5.13. These seem somewhat different to all the
previous examples as the systems do not contain polyaromatic hydrocarbons. However the
catbonyl functionality means that these two systems are incompatible with carbocation

intermediates.

5.8.3 Evidence concerning the involvement of moleculat oxygen

The role of molecular oxygen in cettain oxidations on silica and alumina has been investigated.
Burns observed that the oxidation of his porphyrin substrate on alumina'® (Figure 5.14) did
not proceed when carried out in an argon glove-box. He explained this obsetvation in terms

of the mechanism of the allomerization of chlorophyll'®®. The allomerization of chlorophyll is

0 Ol

H alumina OH
————

( ()

Figure 5.12- Lindsey’s oxidation of a chlotin on alumina.
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33% 17%

OOH OH
90% 6%

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 porphytin starting material to molecular oxygen. The
reaction of the intermediate radical with a species detived from molecular oxygen is confirmed
by 18O—label]ing 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 dark'® (Figure 5.14). It was proposed that a contact

P}I{ alumina
—

Figure 5.14- the oxidation of various substrates that have been postulated to involve moleculat oxygen.

Clockwise from top left- Burns’s oxidation; the allomerization of chlorophyll; and Mazur’s oxidation.
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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 porphytin tetra-one, the oxidation of the dihydroxy-
bacteriochlorin 75 was examined. Only a 29% vyield of desited tetra-one product 23 was
1solated, 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-porphytin tetra-one

The synthesis of the bis-chlorin 60 was described in Chapter Four and now in otrder to

synthesise the bis-porphyrin tetra-one it was subjected to various oxidation conditions on

silica.

Initially 60 was placed on slightly 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 1solated 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 ditect 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 recovety of statting matetial on
the way. This compares very favourably with the one previous synthesis of the bis-porphyrin
tetra-one™, 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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The attempted isolation of the di-nitrated porphyrins was further complicated by difficulties
in purification and charactetization. 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 ' 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 dendtitic 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 porphytin 7-
cation radical 7z situ by reaction with a NO, molecule”'®'®, Then combination with either
the NO, anion or a second NO, molecule leads to the formation of the nitrated product. In
the context of Chapters Two, Three and Four, this can be considered as anothet 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 inctease that oxidation potential further. Thetefote it can be speculated that

Unsubstituted/ dendritic porphyrin E(0o1)/ mV | E(02)/ mV
Simple copper unsubstituted porphyrin 64 220 580
Simple copper nitro porphyrin 95 305 700
Dendritic coppet unsubstituted 82 360 -
Dendritic coppet mono-nitro 85 450 -
Denderitic nickel unsubstituted 81 420 -
Dendritic zinc unsubstituted 83 200 425

Table 6.1- oxidation potentials of non-dendritic and dendntic, unsubstituted and nitrated porphytins.
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 potphytin alpha-dione

Since the synthesis of the dendritic porphytin tetra-one was not successful, it was decided to
revert to the strategy of Promarak’ and to incorporate two dendritic porphyrins as the end
units of the porphytin 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 porphytin ajpha-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 porphytin 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 t-Bu | t-Bu t-Bu i
1. u., i tv. v.
; 51% 50% i 85% ’I\ 58%
' H O ~

(87) (88) (89) (90) (97)

290/0 l Vi.

Dnd Dnd Dnd Dnd Dnd Dnd Dnd Dnd
O x., xi OH  ix. NO;  vii., viii.
- - -
20% 71% '
(0]
over 3 steps
Dnd Dnd Dnd Dnd Dnd Dnd Dnd Dnd

(93) (85) (92)

Scheme 6.2- large-scale synthesis of the dendritic potphyrin apha-dione. i. t-BuCl, AlCl; ii. N-
bromosuccinimide, AIBN (cat.), CHCls, Ag; iil. HMTA, EtOH, Ag then conc. HCL; wv. PhsPCH;I, t-BuOK,
THF, v. 3,5-dibromobenzaldehyde, anhydrous Na,COs, 2,6-di-terz-butyl-4-methylphenol, Hermann’s catalyst,
N,N-dimethylacetamide; vi. 1 eqv. pyrrole, trifluoroacetic acid, CHzCl, then DDQ; vii. Cu(OAc)2, CH2Cl/
MeOH, Ag; viii. 1.2 eqv. NO2 in light petroleum, CH2Cly, purification over alumina; ix. 10 eqv. benzaldehyde
oxime, 11 eqv. NaH, DMSO/ THF, Ag; x. 1.5 eqv. Dess-Martin petiodinane, CH,Cly; xi. (CH3)3511, CH2Cl,.
Dnd= 3,5-(3',5'-di-fer-butylstyryl) phenyl.
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. tBu t-Bu .. ... t-B t-Bu
1. i, 1. v
— T e T .
51% 50% 21%
H™ o
(87) (88) (89)
As Ar Ar Ar Ar, Ar
A A X. O i, IX.
994 . L
N N 62% (75% o 5% over3
Af ‘Ar A " w.r.t.r.s.m.) A " steps N
14) (20)
130 to 50%
XL 1 (60 to 75%
W.L.L.L.5.1m.)

Ar Ar Ar Ar Ar Ar

At
H A A
H N ~
H N N
Ar

Ar Ar

(60) (21)

Figure 6.5- the large-scale synthesis of the simple bis-porphyrin tetra-one. i #BuCl, AlCl; 1. N-
bromosuccinimide, AIBN (cat.), CHCls, Ay; iii. HMTA, EtOH, Ar then conc. HCl; 1v. 1 eqv. pytrole, propionic
acid, Ag; v. Cu(OAc),, CHoCla/ MeOH, Ag; vi. 1 eqv. NO; in light petroleum, CH,Cly; vii. 11 eqv.
benzaldehyde oxime, 10 eqv. NaH, DMSO/ THF, Ag; viti. H2SO4, CH2Cl, then recrystallization from CH,Cla/
MeOH; ix. 1.5 eqv. Dess-Martin periodinane, CH2Cly; x. 0.36 eqv. 1,2,4,5-tetraaminobenzene
tetrahydrochloride, pyridine, Ag; xi. p-toluenesulfonylhydrazide, anhydrous K,COs, pyridine, 108°C, the starting
material is recovered by the oxidation with DDQ of other products isolated from the reaction mixture; xit.
silica, substrate deposited from 1:8 dichloromethane: light petroleum, and then solvent removed from the
system, 35°C; xiii. 5 eqv. Dess-Martin periodinane, CHaCl. Ar = 3,5-di-erz-butylphenyl. ‘w.r.t.s.m.” means

with respect to recovery of starting materials.

The functionalization starts with the nitration of the simple coppetr 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
attempted’. Putification 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 petiodinane reagent, typically only 10% of the
desired porphytin ajpha-dione 20 was isolated with up to 2 further 60% of a slightly less polar
product (yields are given over the three steps). The appearance of this slightly less polar
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Ar Ar
o
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 pertodinane in the presence of contaminating benzaldehyde oxime. Right- an analogous product
isolated by Beavington from the attempted oxidation of the hydroxy-porphyrin with Pb(OAc)..

Ar = 3,5-di-zert-butylphenyl.

product was puzzling, but it was eventually identified as the novel chlotin 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 Beavington® in the
oxidation of the hydroxy-porphyrin with Pb(OAc),. Once the oxime had been removed by
recrystallizing the intermediate hydroxy-porphytin from dichloromethane/ methanol the
coutse of the teaction reverted to what had been observed previously, and typically a 55%

yield of porphytin afpha-dione could be isolated (the yield is given over three steps).

With the successful preparation of the porphytin apha-dione 20, condensation of 20 around
1,2,4,5-tetraaminobenzene led to the bis-porphyrin 14. The optimum reaction conditions
requite the use of only 0.36 equivalents of 1,2,4,5-tetraaminobenzene®® 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 ovetr-reduced material
back to the starting bis-porphytin 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 oxidaton by the Dess-Mattin periodinane. On a 100 mg scale this had
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CIH;N NH,CI
i. 0.36 eqv. j@[ , pyrdine, reflux, 89 hrs
CIH,N NH,CI

Ar. Ar Ar, Ar
PSS PO
P
N7 N N
Ar Ar Ar Ar

(22)

Figute 6.7- a new synthesis of the non-dendritic tetramer 22. Ar= 3,5-di-fer#-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-porphytin afpha-dione 80 (Figure
6.8).  The product from the condensation of the bis-porphyrin with 1,2,4,5-
tetraaminobenzene provea 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 #zmolml’. 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.

CIH,N NH,CI
1. Excess II , pyridine, reflux, 2 hrs
CIH,N NH,C!

Y

, toluene,

Ar Ar

An Ac A Ar ) Ar i A Ac
NS N AN NN
A Ar A¢ Ar A Ar A A

- (98) —2
Figure 6.8- synthesis of the non-dendritic hexamer 98. Ar= 3,5-di-#rz-butylphenyl.
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6.4.2 Arrays 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 porphyrin
alpha-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
tesidue and at least 2%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 ajpha-dione
around the bis-porphyrin tetra-one unit 21 to give in theory the 16mer porphyrin array. This
final condensation was catried out through the condensation of 2V equivalents of the 7mer
porphyrin afpha-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 shottet atrays 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 alpha-diones 99, 100
and101, the second step of the reaction was catried out a concentration of bis-porphyrin
tetra-one 21 of between 6.0 and 8.0 zmolml’. This led to a reasonable yield of the desired
porphytin alpha-dione product, as showed in Table 6.2. However the solubility of the 7mer
alpha-dione 1n both solvents appeared to be poor, so that its condensation around the bis-
porphytin tetra-one 21 was carried out at a concentration of 21 of only 0.41 zmolml' 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 potphyrin ajpha-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 mixturte 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 potphyrin array 104 was not eluted and only a small amount of the 7mer alpha-
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c CH NH-Cl .
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n=0 (93) , reflux, 40 hrs,
n=2 (99) O toluene
n=4 (100) Ar
n=6 (101)
Dendron, Dendron Ar.
ﬂ N\I:[N\
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Dendrord Dendron Ar
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SO s SO
Dendrord Dendron A Ar Ar Ar Dendrod Dendron
—2n+1
=0 (102) 2n
n=2 (103)
n=4 (104)
n=6 (105)

Figure 6.9- iterative procedure for building up 1,4,5,8-tetraazaanthracene bridged porphyrin arrays. The
starting material is a porphytin a/pha-dione with # 3,5-di-Zerz-butylphenyl-substituted porphyrins fused onto a
dendritic porphyrin end group. The process is iterative, so that the a/pha-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-d1-

tert-butylphenyl and Dendron= 3,5-(3',5"-di-zer+-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
Number of Number of Yield of porphyrins Yield of the
porphyrins in potphyrins in | porphyrin in Yield of recovery of
porphyrin alpha- porphyrin alpba-dione | potphyrin porphyrin bis-
dione starting alpha-dione product array array porphyrin
material product* (Yo)¥* product product (%) | tetra-one 21
(93) 1 (n=0) (99) 3 44 (102) 4 7 59
(99) 3 (n=2) (100) 5 54 (103) 8 9 72
(100) 5 (n=4) (101) 7 46 (104) 12 2 57
(101) 7 (n=06) n/a n/a (105) 16 7 n/a

Table 6.2- yields in the synthesis for the iterative procedure described by Figure 6.9. The values of #

cotrespond to those in Figure 6.9. *Products not charactetized because of: **possible anhydride impurity in

the product (see text).
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chlotoform 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%0) along with a considerable yield of the 7mer porphyrin alpha-dione 101 (46%0).
The 16mer porphyrin array 105 proved even mote insoluble, so that purification over silica
was attempted in 1:1 chloroform: light petroleum. However at this solvent polasity 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
alpha-dione is condensed with 1,2,4 5-tetraaminobenzene a small amount of over-reaction
and dimetization 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
putify the porphytin afpha-dione intermediates, so they wete not characterized. This was
because it was nc;ticed that a very slightly less polatr band accompanied each sample of
porphyrin afha-dione. Whilst it was not possible to separate this less polar band from the
main band, the appeatance of this imputity was reconciled with the appearance of a small,
significantly deshielded NH signal in the 'H NMR. This appears at typically -1.4 ppm
whereas the NH signal of the porphyrin @/pha-dione appears at around -1.9 ppm.

A similar product was also identified as an impurity in the bis-porphytin tetra-one 21
recovered from the condensation reactions. However in this case the impurity could be
sepatated 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 apha-
diones are a result of the oxidation of the porphytin apha-dione by residual oxygen in the
system™. Indeed it was observed that when the system was not degassed thoroughly before
heating to reflux, the proportion of this imputity in the recovered bis-porphyrin tetra-one 21

seemed to Increase.

(106)
Figure 6.10- the impurity isolated from the bis-porphyrin tetra-one 21 recovered from the condensation

reactions. Ar= 3,5-di-zerz-butylphenyl.
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The MALDI spectrum also shows considerable structute 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 jonization process during MALDI, or whether they

actually indicate the presence of impurities in the substrate.

Overall thetefore 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 specttum- 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 1nitial evaluation of the dendritic satellite arrays was made by '"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 1s evident that there are four types of f-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 f-pyrrolic region at 8.95 ppm is undoubtedly from the
terminal H(1) 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 ‘Tump’

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 atray 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

aryl environments are roughly equivalent, so that the or7ho aryl protons appear at 8.15 ppm,
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Tetramer
80.0
H(2) and H(3) H(1) and H(5) Dendron inner aryl (4 signals) Dendron outer aryl protons
H(4) Bridge protons Aryl protons and styryl protons
4.4 5.4 2.0 5.0 7.3
21 3.5 42 10.1 7.4
-

9.0 85 80 75
Octamer
In addition H(6)

3.5 10.8 5.0
5.1 19.5 2.6 53
o —

9.0 8.5
12mer
44.6

4.4 34.5 2.9 5.8 73.8 113

33 20.7 51

9.0 8.5 8.0 75
16mer

Dendron

H,

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-ter-butylphenyl; Dendron= 3,5-(3’,5"-di-ferz-butylstyryl)phenyl.

and the para aryl protons appear at 8.05 ppm. It is obsetved that these signals grow in

intensity as the length of the array also increases.
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Whilst this determination of molecular weight from the GPC analysis is flawed because the
potphyrin 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
cortesponding to the 14mer. The 14 porphyrin product would originate from dimerization
of the 7mer porphyrin abha-dione when condensed with 1,2,4,5-tettaaminobenzene 1n
pyridine in the first step of the reaction sequence. However relative propottions 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 integtation 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 cortesponds 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 specttum (Figure 6.17) also reflects the composition of the sample. The
intensity of absotrption 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 arrays

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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with the bis—porphyrin tetra-one 21 and heated to reflux in toluene for 19 hours. On
purification some relatively non-polar products were isolated in small amounts and the
excess bis-porphyrin tetta-one 21 was also recovered; a small amount of material was
recovered with similar polarity to that of the tris-potphytin alpha-dione 99, but analysis by 'H
NMR revealed that this did not contain the desired tris-porphyrin alpha-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 shightly
from run to tun, 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 ajpha-dione 99; decomposition of the porphytin 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 afpha-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 tesulting from the condensation of two porphytin 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 matetials wete dissolved in 2
smaller amount of toluene. Finally, in otder to retard any decomposition during purification,

solvents for purification wete doped typically with around 1% triethylamine.

Although no tris-porphytin alpha-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 putified 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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structure up to 12 porphyrin units long. However above this length this strategy 1s

msufficient as the products are not soluble enough to enable adequate purification of the

arrays .

It would be desirable therefore to synthesise a ‘soluble porphytin tetra-one.” Using the

dendritic solubilizing group 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 occutring 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 12met 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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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 pyridine'. 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. Itis 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 texms 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 propottional to the transition dipole
moment of the electronic transition, and therefore the effects of excitonic interaction would
be expected to result in a2 much greater shift of the B band. Therefore the most likely cause
for the slight red-shift in the spectrum on addition of pytidine is the coordination of pyridine
to the zinc, making the metal centre more electropositive and destabilizing the bonding a,,

orbital’”’. 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-potphyrin 107. Importantly the splitting of the B band is shown

to be unequivocally not a consequence of aggregate formation.
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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 otbitals to the tetraazaanthracene

bridge-centred orbitals'’

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 n
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
absotption in the monomer unit is of about a tenth of the intensity of the B band. ThisA
phenomenon can be explained by ‘intensity transfet’ between the B and Q transition dipole
moments, mediated by excitonic interactions’®. The extent of this intensity transfer is
theoretically dependent on the difference in energy between the donot 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-dendtitic tetra-zinc tetramer was attempted by
heating the free-base tetramer 22 with a large excess of zinc diacetate in DMF. Howevet
only a mixture of mono-, di- and tti-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 arrays

In order to definitively establish the extent of exciton coupling in the UV-VIS spectra of
1,4,5,8-tetraazaanthracene bridged atrays, a whole series of potrphyrin arrays of different
lengths need to be considered. Fort 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 similat 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 potphyrin units in the atray and the
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(109)
Figure 7.6- the bis-quinoxalino bis-porphytin model unit for the inner units of a porphyrin array. Ar= 3,5-di-
tert-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 S-pytrolic units in contrast to a terminal unit which is substituted at
only one f-pyrrolic unit. The splitting in its B band was found to be a respectable 1495 cm’,
showing that the deviation from equation A2.3 is not due to an inequality in the exciton

interaction between neighbouting porphyrin units in the array.

e Aggregation
The effects of aggregation would be expected to unpredictably affect the splitting of the B
band as the length of the atray increases. So the fact that all four artays lie on the straight
line in Figure 7.5 and fit in with this figure of 555 cm’ for AE, suggests that aggregation is

not playing the dominant role.

e The asymmetry of the system causing a splitting in the B band
As described in Appendix One and eatlier 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™ 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 wotrying 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 f-pyrrolic

anit rather than being di-substituted at antipodal S-pyrrolic units. Indeed when di-
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Firstly, much care was taken in the optical measurements to try to assess the contribution of
aggtegation 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 mote 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-fert-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 1s still observed. This
suggests that judging significant ground-state electronic communication purely from the

splitting in a porphytin array’s reduction and oxidation potentials is misleading.

1.3.2 Modelling the electronic structure of the array

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 compatison with
the photophysical properties of Osuka’s triply-linked arrays and Anderson’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 atray in contrast to the present system. So whilst the
exciton on photoexcitation of these systems can be considered to have loosely-bound Mott-

19,193

Wannier character >, it would appear that the 1,4,5,8-tetrazaanthracene bridged system to

be much better described in character by a tightly-bound Frenkel desctiption.

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. Howevet
thorough theoretical investigations into the electronic structure of these arrays by Noel Hush

109,197-199

have revealed that this is not necessarily the case To illustrate this, the average

" unit are shown in

calculated bond orders of each individual bond in the bis-porphyrin'
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 alpha-pyrrolic/ f-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 attaimning full double bond

character. On moving to an extended potphyrin array it can be elucidated that the electronic
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difficult. In addition, the susceptibility of these arrays to decompose has not contributed to

either their characterization or theit successful application in FET devices.

The more cetebral consideration is to examine the electronic suitability of these substrates 10
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 atray (even the
non-dendritic tetramer 22 is 56 j\ngstroms”9 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 anothet, over which distance 7z a worst case
scenario charge would be forced to hop from one chromophore to another. This having been
said, the validity of applying conclusions detived 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
wire! ™', So it is still a matter of debate as to whether these atrays 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

porphytin 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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Figure 8.2- synthesis of a seco-porphyrin. Ar= 3,5-di-zerz-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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Melting points were measured using a Gallenkamp melting point apparatus and are

uncorrected. Microanalyses were performed by Mrs A Douglas in the Inorganic Chemuistry

Laboratory, University of Oxford.

Electrochemistty 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 AgNO, in acetonitrile reference electrode. A supporting
electrolyte of 0.IM tetra n-butylammonium tetrafluoroborate that had been pudfied by
recrystallization from ether/ ethyl acetate was used. Cyclic voltammograms were gathered at
a scan rate of 60 mVs™ in spectrophotomettic 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- 15.4x10°% at 30°C. The elutant was tetrahydrofuran and

was eluted at a flow rate of 1.0 cm®min™. 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 1s
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
sodium sulphate. It was then kept over activated 4A molecular sieves (4-8 mesh) before use.
Spectrophotometric ~ grade  dichloromethane (CH,Cl) was wused as supplied.
Dimethylformamide (DMF) was dried over activated 4A molecular sieves (4-8 mesh) before
use. Ether refers to diethyl ether. Pytidine was distilled over potassium hydroxide pellets
and kept ovet 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 mixtutres ate used, the propottions are

given in terms of volume.

Thin layer chromatography was performed with Merck aluminium plates coated with silica
gel F,, Column chromatography was performed using cither the gravity feed or flash
chromatography technique, with ACROS Otganics 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)

wete also supplied from Fluka.
N-1odosuccinimide was re-crystallized from dichloromethane/ light petroleum three times

nimi fnimi i water
before use. N-bromosuccinimide and N-chlorosuccinimide were re-crystallized from

three times before use.
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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-chloro-5,10,15,20-tetrakis(3',5-di-zers-
butylphenyl)quinoxahno[Z,S—b]porphyrin (25) (41 mg, 93%), a dark purple solid. v, (KBr)
3365 (NH), 2963, 1594, 1477, 1363, 1248, 801; A, (CH,Cl,)/nm (og(e/dm mol'cm™)) 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; CDCL) 8: -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 J;, = J¢s = 2.05 Hz, C(4)H),
7.81-7.86 (2H, m quinoxalino H), 7.83 (1H, dd J;, = Js¢ = 1.75 Hz, C4)H), 7.94 (2H, dd
Jzd = Jow= 170 Hz, C@)H), 7.96 (2H, d, J;y = J¢¢ = 1.95 Hz, C(2)H and C(6)H), 7.97
@H, d, ;= Jr¢= 2.00 Hz, C(2)H and C(6)H), 7.98 (2H, d, J,» = J,¢ = 1.80 Hz, C(2)H
and C(6)H), 8.07 2H, d, J;y = Js¢ = 1.65 Hz, C(2)H and C(6H), 8.07 (1H, s, C(12)H),
8.91 (1H, dd, Jps = 5.20 Hz, Juups = 1.40 Hz, B-pyrrolic H), 8.94 (1H, dd, Jgs = 5.05 Hz,
Jaup = 1.55 Hz, B-pyrrolic H), 9.04 (1H, dd, Jz = 5.25 Hz, Juyp = 1.25 Hz, f-pyrrolic H),

9.07 (1H, dd, Jgp = 4.95 Hz, Jyup = 1.25 Hz, B-pyrrolic H); 7/ (LDI-TOF) 1198.5 M7,
100%); Co,HosNCl tequires 1198.7 (M").

12,13-dichloro-5,10,15,20-tetrakis (3',5'-di-tert-butylphenyl)quinoxalino[2,3-b]
potphyrin (28) and 7,13-dichloro-5,10,15,20-tetrakis(3',5'-di-tert-
butylphenyl)quinoxalino[2,3-b]porphyrin (31)

5,10,15,20-tetrakis(3',5'-di- #zr-butylphenyl)quinoxalino[2,3-b]porphyzin (24) (130 mg, 0.11
mmol) and N-chlorosuccinimide (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 (3%50 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,l5,20-tetrakis(3‘,5‘—di—Zeﬁ—butylphenyl)quinoxaljno[2,3—b]
porphytin (31), a dark purple solid (6.4 mg, 5%.) 0,,,(CHCL) 3346 (NH), 2966, 1596, 1477,
1423, 1364, 1074, 908, 897; .. (CH,CL)/nm (log(e/dm mol” cm™)) 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; CDCL,) &:
2.73 (1H, br s, NH), -2.36 (1H, br s, NH), 1.47 to 1.54 (72H, m, #butyl H), 7.72-7.830 (4H,
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m, quinoxalino H), 7.79 (1H, dd [, = J;, = 1.90 Hz, C@)H), 7.83 (1H, dd ;¢ = Jes =
1.70 Hz, C(4)H), 7.89 2H, d, J;; = J,¢ = 2.20 Hz, C(2)H and C(6)H), 7.92 (1H, dd J;.+ =
J¢4=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, J;» = J;¢ = 1.75 Hz, C(2)H and C(6)H), 8.58 (1H, s, C(12)H), 8.85 (1H, 4,
Jxup = 225 Hz, C(8)H), 8.88 (1H, dd, Jgs = 5.30 Hz, Jyyup = 1.00 Hz, S-pyrrolic H), 9.04
(1H, dd, Jg5 = 4.80 Hz, ]y, s = 1.40 Hz, B-pyrrolic H); an NOE difference experiment (500

MHz; CDCly)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; 7/ (LDI-TOF) 1233.2 M", 100%);
Ce,Ho, N(Cl, requites 1232.7 (M™).

The second band was collected in fractions. The first fraction of the second band was
evaporated  to  dtyness to  give  12,13-dichloro-5,10,15,20-tetrakis(3",5"-di-zers-
butylphenyl)quinoxalino[2,3-b]porphyrin (28), a dark purple solid (12 mg, 9%.) v, (KBr1)
3379 (NH), 2968, 1594, 1477, 1423, 1363, 1247, 1052, 801, 741, 704; A, (CH,Cl,)/nm
(log(e/dm>mol’cm™) 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; CDCL) &: -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
J24= Jeuo= 180 Hz, C(4)H), 7.93 2H, dd J; ;= Js»= 1.75 Hz, C(4YH), 7.95 4H,d, J;» =
Jig = 2.10 Hz, C(2)H and C(6)H), 7.97 (4H, d, J;» = Js¢ = 1.75 Hz, C(2)H and C(6)H),
8.91 (2H, dd, Jgp = 4.95 Hz, Jyup = 1.65 Hz, B-pyrrolic H), 9.02 (2H, dd, Jzp = 5.20 Hz,
Jaup = 1.60 Hz, S-pyrrolic H); m/z (LDI-TOF) 1232.6 (M*, 100%); Cg,Hy,N,Cl, requires
1232.7 (M").

The second fraction of the second band was evaporated to dryness and was identified as 12-
chloro-5,10,1 5,20-tetrakis(3‘,5‘-di-tm‘—butylphenyl)quinoxahno[2,3—b]porphyrin (25), (40 mg,
30%) by an identical IH{ 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—i0d0-5,10,15,20—tetra,kis(3‘,5‘-di-tert-butylphenyl)quinoxalino [2,3-b]porphytin  (27)
and 12,13-diiod0-5,10,15,20-tetrakis(3‘,5‘-di-tert—butylphenyl)quinoxalino[2,3-b]
potphyrin (30)

5,1 0,15,ZO—tetrakis(3‘,5‘—di-teﬂ—butylphenyl)qujnoxalino[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 5% hours and then the system was allowed to cool. Ether (50 ml)

and water (50 ml) were added and the otganic 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 12-10do-5,10,15,20-tetrakis(3',5'-di-fert-butylphenyl)quinoxalino(2,3-b]
porphyrin (27) (102 mg, 47%), a dark purple solid. v, (IKBr) 3369 (NH), 2963, 1594, 1477,
1363, 1261, 800, 710; A, (CH,CL)/nm (log(e/dm>mol’cm™) 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;
CDCL) 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@#)H), 7.93 2H, dd J; ;= J¢, = 1.85 Hz, C(4)H), 7.96 (4H, ABq, Jiz = Jig= 210 Hz,
C(2)H and C(6)H), 7.97 2H, d, J,» = J;¢ = 2.15 Hz, C(2)H and C(¢)H), 8.08 (2H, d,
Jez = Jag = 2.10 Hz, C(2)H and C(6)H), 8.93 (1H, dd, Jps = 5.00 Hz, Juuyp = 1.50 Hz, S
pyrrolic H), 8.95 (1H, dd, Jg5 = 4.95 Hz, Juup = 1.50 Hz, S-pyrrolic H), 9.02 (1H, dd, Jz5 =
4.70 Hz, Jynp = 1.65 Hz, f-pyrrolic H), 9.06 (1H, dd, Jzz = 5.20 Hz, Jyyp = 1.60 Hz, S-
pyrrolic H); 7/ (LDI-TOF) 1291.3 (M7, 10%), 1162.5 (M", 100%); CgHyN(I 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-tetrakis(3',5'-di-zerz-butylphenyl)quinoxalino[2,3-b]porphyrin (30), a purple-
brown solid (36 mg, 15%.) v, (KBr) 3388 (NH), 2963, 1594, 1476, 1362, 1261, 800; A,
(CH,CL)/nm (log(e/dm™ mol 'cm™)) 304 (4.32), 334 (4.32), 451 (5.13), 543 (4.09), 608 (3.76),
685 (3.25); 'H n.m.t. (400 MHz; CDCl,) ¢: -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,
Jr4= Joo=185Hz, C4)H),7.93 2H,dd J; 4= J¢»= 1.65 Hz, CAHH), 7.99 (4H,d, J,; ;=
Jo¢ = 1.75 Hz, C(2)H and C(6)H), 8.08 (4H, d, J;» = Jo¢ = 1.75 Hz, C(2)H and C(6)H),
8.93 (2H, dd, Jz5 = 5.03 Hz, Juus = 1.60 Hz, S-pyrrolic H), 9.01 (2H, dd, Jgp = 4.95 Hz,
Janp = 1.60 Hz, B-pyrrolic H); /5 (LDI-TOEF) 1417.4 (M7, 100%), 1288.5 (M" - 1, 60%0),
1162.6(M" - 21, 20%); Cg,Ho NI, requires 1416.6 M"), M" - I) requires 1289.7, M" - 2I)
requires 1162.8.
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2,22-dichlor0-5,10,15,20,25,30,35,40-0ctakis(3‘,5‘-di-tert-butylphenyl)cycloeicosa[b]
cycloeicosa[5,6]pytazino[2,3-g]quinoxaline and 2,23-dichloro-5,10,15,20,25,30,35,40-
octakis(3',5-di-tert-butylphenyl)cycloeicosa[b] cycloeicosa(5,6] pyrazino[2,3-g]
quinoxaline (35)

5,10,15,20,25,30,35 40-octakis (3°,5'-di-terr-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 (1 00 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-5,10,15,20,25,30,35,40-octakis(3",5 -di-zert-
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-zer-butylphenyl)cycloeicosa[b]cycloeicosa[5,0)
pyrazino[2,3-gjquinoxaline (35) (170 mg, 64%), a datk brown solid. v, (KBz) 3369(NH),
2961, 1594, 1477, 1363, 1248, 1205, 1173, 1070, 1011, 802, 710; A, (CH,CL)/nm
(log(e/dm mol’cm™)) 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; CDCL) o: -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 J; » = J¢ + = 1.60 Hz, C(4HH),
782 (2 H,dd ;4= Je#= 175 Hz, C@)H), 795 (4H, d, J¢» = Jo¢ = 1.60 Hz, C(2)H and
C(6YH), 8.00 (4H, dd, [y, = Jo» = 1.70 Hz, C(4H), 8.05 4H, d, J;» = Js¢ = 2.10 He,
C(2)H and C(6")H), 8.08 4H, d, J;» = Js¢ = 1.90 Hz, C(2)H and C(6)H), 8.09 (4H, d, ], »
= J,¢ = 2.00 Hz, C(2)H and C(6)H), 8.58 (2H, m, bridging H), 8.65 (2H, s, C3)H and C
(23)H), 8.83 to 8.92 (8H, m, f-pyrrolic H); COSY shows coupling between the NH proton
signals and the multiplet at 8.83 to 8.93; m/% (LDI-TOF) 2319.1 (M", 100%); CysgH ;54N ,.CL
requires 2319.4 (M").

9.2.2 Metallation of halogenated porphyrins with nickel(1I)

(12-chloro-5,10,15,20-tetrakis (3',5'-di-tert-butylphenyl)quinoxalino [2,3-b]porphinato)
nickel(IT) (32)
12-chloro-5,10,15,20-tetrakis(3',5'-di-er-butylphenyl)quinoxalino [2,3-b]porphyrin (25) (120

mg, 0.10 mmol) and nickel acetate tetrahydrate (76 mg, 0.31 mmol) wete 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 dtied 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-
chloro-5,10,15 20-tetrakis 3 ‘,5‘—di—ferz‘—butylphenyl) quinoxalino[2,3-b]porphinato)nickel(II)
(32), a dark purple solid (120 mg, 96%.) v, (KBr) 2962, 1594, 1477, 1363, 1247, 946, 821,
807, 795; Apax (CH,CL)/nm (log(e/dm mol'em™) 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; CDCL,) 8: 1.42-1.46 (72H,
m, t-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,
Jiz= Jeg= 170 Hz, C(2)H and C(6)H), 7.69 (2H, d, J;» = J;¢ = 2.10 Hz, C(2)H and
C(6)H), 7.70 (1H, dd Lu= Joo=190 Hz, C@)H), 7.73-7.77 (2H, m, quinoxalino H), 7.78
H, d, J;z = J;¢ = 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, Jsp = 4.85 Hz, f-
pytrolic H), 8.88 and 8.89 (2H, ABq, Jzp = 4.95 Hz, B-pytrolic H); m/z (LDI-TOF) 1254.4
(M", 100%); Cg,Hy,NNiCl requires 1254.7 (M*).

(12-iodo-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxalino[2,3-b] porphinato)
nickel(1I) (34)
12-10do-5,10,15,20-tetrakis(3',5'-di-ferr-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 purnfied 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-zert-butylphenyl)quinoxalino{2,3-b]porphinato)nickel(IT) (34) (29 mg, 55%), a dark purple/
brown solid. Found: C, 72.9%; H, 7.1%; N, 6.6%; Cg,Hy,NNil requires C, 73.1%; H, 7.0%;
N, 6.2%; v, (KBr) 2962, 1594, 1477, 1362, 1247, 943, 793; A, (CH,Cl)/nm
(log(e/dm>mol'em™)) 291 (4.25), 360 (4.36), 412 (4.77), 456 (4.87), 524sh (3.74), 562 (4.03),
604 (3.86); 'H n.m.t. (400 MHz; CDCl,) &: 1.42-1.48 (72H, m, #-butyl H), 7.66 2H, d, J,; ; =
Jes¢ = 1.75 Hz, C(2)H and C(6)H), 7.68 2H, d, J;» = Js¢ = 2.05 Hz, C(2)H and C(6")H),
7.69-7.72 (2H, m, C(4)H), 7.69 2H, d, J;» = J+¢ = 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,
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C2)H and C(6)H), 8.73 and 8.92 (2H, ABq, [ = 5.25 Hz, Bpyrrolic H), 8.87 and 8.89
(2H, ABq, Jp5 = 4.85 Hz, S-pyrrolic H), 9.00 (1H, s, C(12)H); m/z (LDI-TOF) 1347.4 (M,
100%), 1218.4 M*- T, 80%); C,,H,,N Nl requires 1346.6 (M), CgpHy,N(Ni, 1219.6 (M*- I).

[2,22—dich10ro-5,10,15,20,25,30,35,40-octakis(3‘,5‘-di—tert—butylphenyl)cycloeicosa[b]
cycloeicosal[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-tert-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]
pyrazino[2,3-g] quinoxalino]nickel(IT) (37)

35 (141mg, 0.060 mmol) and nickel(I) diacetate tetrahydrate (219mg, 0.88 mmol) were
dissolved in DMF (21 ml) and heated at the point of reflux under nitrogen for four houts.
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) btine (100 ml) dried over
sodlum sulphate and solvent temoved. 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-zerz-

butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxalino]nickel(Il) and [2,23-
dichloro-5,10,15,20,25,30,35,40-octakis(3',5'-di-zer#-butylphenyl)cycloeicosalb]cycloeicosa[5,6]
pytazino[2,3-g]quinoxalino]nickel(I) (37) (140 mg, 94%), a dark brown solid. v, (KB1)
2959, 1594, 1476, 1462, 1362, 1295, 1247, 1209, 1089, 1044, 1017, 946, 818, 793; A .,
(CH,Cl)/nm (log(e/dm>mol’cm™)) 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; CDCl,) &: 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, S-pyrrolic H), 8.56 (2H, m, S-pyrrolic H), 8.63 (2H, m, -
pyrrolic H), 8.66 (4H, m, f-pyrrolic H), 8.84 (2H, d, J,, = 4.60 Hz, §-pyrrolic H); =/ 5 (LDI-
TOF) 2431.3 (M*, 100%); C,s5H,5N;,CLN1, requires 2431.3 M.
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(4H, d, J;z = J;¢ = 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, J;» = [;¢ = 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, ABq, 55 = 5.30 Hz, S-pyrrolic H); 7/ z (LDI-TOF)
1221.0 (M", 100%); Cy,HygNNi requires 1220.7 (M*.

The second much more polar, gteen band was collected and evaporated to dryness to give
(13-0x0-12-oxatetrakis(3",5°-di-erz-butylphenyl) quinoxalino[2,3-b]chlotinato)porphyrin  (43)
(3.0 mg, 11%), a dark green solid. v, (KBr) 2962, 1780 (CO), 1595, 1476, 1361, 1297, 1247,
1041, 797, 772, 710; A, (CH,CL)/nm (log(e/dm mol'em™)) 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; CDCl,) 6:
1.43-1.47 (72H, m, rbutyl H), 7.64 2H, d, J;» = Je¢ = 145 Hz, C(2)H and C(6)H),
7.66-7.70 (2H, m, quinoxalino H), 7.68 (2H, d, J;y = Js¢ = 2.00 Hz, C(2)H and C(6)H),
770 @H, d, J;» = J¢¢ = 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 J,; ;= Je.
= 1.70 Hz, C(4)H), 7.84 (1H, dd J; ;= J ¢ = 1.70 Hz, C(4)H), 8.48 and 8.72 (2H, ABq, [
= 4.80 Hz, B-pyrrolic H), 8.58 and 8.84 (2H, ABq, Jzp = 4.95 Hz, f-pyrrolic H); m/z (LDI-
TOF) 1239.0 (M, 100%); CyHy,NNiO, requires 1238.7 (M*).

Hydroxcylation of the bromo-quinoxaline 33
[12-methylthio-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxalino(2,3-b]
potphinato]nickel(IT) (42)

Sodium hydride (60% dispetsion 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 cleat, 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-tetrakis(3',5‘-di-#r#-butylphenyl)quinoxalino[2,3-b]porphinato)nickel(II) (33) (48
mg, 0.037 mmol) in dry tetrahydrofuran (dried by distillation over sodium wite, 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 otganic layer was extracted and
washed with water (5%100 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-
tetrakis(3‘,5‘—di—ler’l‘-butylphenyl)quinoxaljno[2,3-b]porphinato)nickel(H) (39) (19 mg, 43%) by

an identical "H NMR as and co-chromatography against an authentic sample. The second
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and third 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-fert-
butylphenyl)quinoxalino[2,3—b]porphjnato]nickel(II) (42) (1.0 mg, 2%), a dark brown solid.
Vmax(8B1) 2961, 1594, 1476, 1362, 1298, 1282, 1247, 1064, 1026, 946, 899, 880, 821, 791, 762,
711, 609; A, (CH,CL)/nm (log(e/dm mol’cm™) 296 (3.97), 345 (3.98), 414 (4.54), 451
(4.47), 569 (3.57), 626 (3.61); '"H n.m.r. (500 MHz; CDCL) &: 1.43 to 1.48 (72H, m, #butyl
H), 2.52 (3H, s, methyl H), 7.66 (2H, d, J, » = Jy¢ = 1.30 Hz, C(2)H and C(6)H), 7.70 (4H,
d, Jyz = Jig = 140 Hz, CR)H and C(6)H), 7.71 (2H, dd, Jy, = Jso = 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, d, J;y = J, ¢ = 1.85 Hz, C(2)H and C(6)H), 8.29 (1H, s,
C(13)H), 8.70 (1H, d, Jzp = 5.15 Hz, S-pyrrolic H), 8.81 (1H, d, J55 = 4.95 Hz, B-pyrrolic
H), 8.88 (1H, d, Jg5 = 4.85 Hz, B-pywrolic H), 8.90 (1H, d, Jz5 = 5.00 Hz, B-pyrrolic H);

HMQC reveals the “C signal of the methyl group at 17.9 ppm; 7/ (LDI-TOF) 1267.3 (M",
100%); CgHoN(NiS requires 1266.7 (M™).

The third band was identified as (12-hydroxy-5,10,15,20-tetrakis(3",5 -di-zerz-
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 sample® The fourth band was identified as
(12-0x0-13-0x2-5,10,15,20-tetrakis(3",5'-di-fert-butylphenyl) quinoxalino[2,3-b]porphinato)
nickel(I) (43) (3.0 mg, 6%) by having an identical 'H NMR as and co-chtomatography
against an authentic sample. The fifth band was identified as (12,13-dioxo-5,10,15,20-
tetrakis(3',5'-di-fer#-butylphenyl)quinoxalino(2,3-b]porphinato)nickel(Il) (41) (6.5 mg, 14%)
by having identical 'H NMR and IR spectra to that of an authentic sample”".

Hydroxcylation 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 wire. Yields after purification by column chromatography ate given in Table

3.1

Table 3.2- Hydrosylation of the bromo-quinoscaline 33 varying the proportion of benzaldehyde oxime
The same procedures for the hydroxylation of the bromo-quinoxaline 33 were followed. At
the approptiate 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 isolated yields of pure products. Results are given in
‘Table 3.2.

Table 3.3- H lydroxylation of the bromo-quinoxaline 33 in the presence of radical inhibitors

The same procedures for the hydroxylation of the bromo-quinoxaline 33 were followed.
The pertinent radical inhibitor was added to the substrate dissolved in THE before the
addition of the sodium benzaldoximate/ DMSO mixture. Products were putified by column
chromatography, so quoted yields ate 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 hydroxcylation 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 ate given in
Table 3.4.

Attempted hydroxylation of the di-chloro bis-porphyrin bis-nickel 37 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(Il) (37) (122 mg, 0.050 mmol) in dry
tetrahydrofuran (dtied by passing through a column of alumina, 21 ml) and heated at reflux
in the datk 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
watet (5100 ml), brine (100ml) and dried over sodium sulphate. Solvent was removed and
the tesidue was purified by column chromatography in the datk (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 ovetlapped with the tail-end of the first, and because both products were obsetrved 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 B-pyrrolic region relative to the aryl region in the 'H NMR

suggested that it contained a proportion of partially de-chlorinated product.

Attempted hydrosxylation of the di-bromo bis-porphyrin bis-nickel 38 by benzaldehyde oxcime
[2-br0mo-5,10,15,20,25,30,35,40-octakis(3‘,5‘-di-tert-butylphenyl)cycloeicosa[b]
cycloeicosa[5,6]pyrazino [2,3-g]quinoxalino]nickel(IT) (44)

The same procedures for the hydroxylation of the di-chloro bis-porphytin 37 with
benzaldehyde oxime were followed. Products were purified by column chromatography (1:6
dichloromethane: light pettoleum). From the attempted hydroxylation of di-bromo bis-
potphyrin bis-nickel(IT) 38 (17 mg, 0.0068 mmol) the first band eluted was identified as the
starting matetial 38 (12 mg, 71%) which was co-chromatogtaphed 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-zert-
butylphenyl)cycloeicosa[bjeycloeicosa[5,6]pyrazino(2,3-g]quinoxalino]nickel(Il) (44) (4.5 mg,
26%), a datk brown solid. Umix(CHCL) 2965, 1595, 1473, 1464, 1364, 1297, 1265, 1092,
1018, 943, 909, 819; A,.. (CH,CL)/nm (log(e/dm’mol'cm™)) 318 (4.43), 429 (5.22), 449
(5.21), 512sh (4.70), 536 (4.75), 664 (4.24); 'H n.m.r. (400 MHz; CDC),) 3: 1.43 to 1.47
(144H, m, #butyl H), 7.64 to 7.66 (3H, m, aryl H), 7.69 to 7.71 (TH, m, aryl H), 7.73 to 7.75
(4H, m, aryl H), 7.76 2H, d, [y = J;¢ = 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, g-pytrolic H), 8.59 (1H, d, J3p = 5.20 Hz, B-pyrrolic H), 8.61 to
8.63 (6H, m, f-pyrrolic H), 8.65 (1H, d, Jgs = 5.25 Hz, B-pyrrolic H), 8.68 (2H, d, /55 = 4.50
Hz, S-pyrrolic H), 8.82 (1H, d, Jgp = 5.20 Hz, f-pyrrolic H); 7/z (LDI-TOF) 2442.3 (MH",
100%); C,ssH 5N, Ni,Br requites 2442.2 (MH").

Attempted hydroxylation of the di-chloro bis-porphyrin bis-nickel 37 by 3-bromo-benzaldebyde oxime and 3-

nitro-benzaldebyde oxime

The same procedures for the hydroxylation of di-chloro bis-porphyrin bis-nickel 37 with the
unsubsttuted 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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5,10,15,ZO-tetrakis(3‘,S‘~di—teﬁ-buty1phenyl)porphyrin (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; C,;H, N, requires
C 857, H 9.1, N 53; y__ (KBr)/cm" 3350 (NH), 2962, 1592 and 1581, 1475, 1363, 1287,
1246, 1039, 944, 880, 796, 714; Amax (CH,CL)/nm (log (¢/dm’mol’cm™)) 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; CDCL) &: -1.32 (2H, br s, NH), 1.52 (36H, s, +
butyl H), 1.54 (36H, s, #butyl H), 4.22 (4H, s, C(2)H,, and C(3)H,), 7.71 2H, dd, J; v = Jou
= 1.65 Hz, C(4)H), 7.76 2H, dd, J;; = Jo, = 1.85 Hz, C@)H), 7.77 (4H, d, Jez= Jig=
1.75 Hz, C(2)H and C(6)H), 8.04 (4H, d, J;; = J;¢ = 1.95 Hz, C(2)H and C(6)H), 8.28
and 8.67 (4H, ABq, Jp5 = 4.70 Hz, C(7)H, C(§)H, CA7H and C(18)H), 8.54 (2H, s, C(12)H
and C(13)H); m/ 3 (LDI-TOF) 1064.8 (M, 100%); C,gH,,N, requires 1064.8 (M").

When D,O was added to quench the boron-porphyrin complex, 2-deutero-2,3-dihydro-
5,10,15,20-tetrakis(3',5"-di-zert-butylphenyl)porphytin (48) was isolated as a dark brown solid.
Ve (Br) /cm™ 3350 (NH), 2963, 1591 and 1580, 1474, 1363, 1245, 796, 714; X
(CH,CL)/nm (log (¢/dm’mol cm™)) 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; CDCL) 6: -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)H,), 4.19 (1H, br s, C(QH), 7.69 2H, dd, J; s = Js, = 2.00 Hz, C@#)H), 7.74
2H, dd, ;¢ = Joo = 1.90 Hz, C4)H), 7.75 4H, d, J;» = J;¢ = 1.95 Hz, C(2)H and
C(6)H), 8.01 (4H, d, J;» = ;¢ = 1.80 Hz, C(2)H and C(6)H), 8.25 and 8.65 (4H, ABq, /55
= 4.60 Hz, C(M)H, C®)H, C(17)H and C(18)H), 8.51 (2H, s, C(12)H and C(13)H); »/%
(LDI-TOF) 1065.7 (M", 100%); C;HoN,D requires 1065.8 (M"). The LDI spectrum

suggests that there is a proportion of the 4H-chlorin 46 as an impurity.

46 was also prepated by dissolving 5,10,15,20-tetrakis(3",5-di-7#-butylphenyl)potphytin (520
mg, 0.48 mmol) in pyridine (25 ml), heating to 110°C under a flowing stream of nitrogen and
adding p-toluenesulfonylhydrazine (1.40 g, 7.5 mmol) and anhydrous potassium carbonate
(2.10 g, 14.9 mmol) over 5% hours. The system was allowed to cool, ether (100 ml) and
water (100 ml) wete 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 putified by column chromatography (1:1 dichloromethane: light
petroleum.)  The main band was collected to yield 2,3-dihydro-tetrakis(3',5"-di-rerr-
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butYlPhenYDPOIPthin (490 mg, 95%) that contained approximately 87% chlorin (46) and
13% bacteriochlorin (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-tert-butylphenyl)porphyrin (47)
5,10,15,20—tetrakis(3‘,5‘-di—z‘eﬁ-butylphenyl)porphyrin (45) (780 mg, 0.73 mmol) in pyrdine
(80 ml), was heated to 110°C under a flowing stteam 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 5% hours. The system was allowed to cool, ether (100 ml) and watet
(100 ml) were added, the otganic layer was extracted, washed with aqueous hydrochloric acid
(3M, 2x100 ml), water (100 ml), aqueous saturated sodium bicatbonate solution (100 ml),
brine (100 ml), dried over sodium sulphate and the solvent was removed. The product was
putified by column chromatography (1:6 dichloromethane: light petroleum). The fitst band
was collected to give 2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3",5"-di-ferz-
butylphenyl)porphyrin (47) (0.50 g, 65%), a gteen solid. Found C 85.8, H 8.9, N 5.5;
C,sHogN, requires C 85.5, H 9.3, N 5.3; v__ (KB1)/cm™ 3392 (NH), 2961, 1586, 1474, 1364,
1243, 1107, 1020, 865, 789, 750, 699, 592; A_.. (CH,CL)/nm (log (¢/dm’mol'cm™)) 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; CDCL,) &: -1.23 (2H, br s, NH), 1.49 (72H, s, #butyl H), 4.03 (8H, s,
CH(2),, CH(3),, CH(12),, and CH(13),), 7.66 (4H, dd, J; ;= Jo = 1.85 Hz, C(4)H), 7.72
(8H, d, J;» = Ji¢ = 2.05 Hz, C2)H and C(6)H), 8.04 (4H, d, Jyup = 495 Hz, C(NH,
C(8)H, C(17)H and C(18)H); 7/5 (LDI-TOF) 1066.7 (M", 100%); C,HyN, requires 1066.8
o).

94.2 Metallated chlorins
[2,3-dihydro-5,10,15,20-tetrakis(3‘,5‘-di-tert-butylphenyl)porphinato]nickel(II) 49)

2,3-dihydro-5,10,15,20-tetrakis(3',5"-di-zer-butylphenylporphyrin (46) (104 mg, 0.097 mmol,
0% porphyrin impurity by 'H NMR) and Ni(OAc),4H,0 (55 mg, 0.22 mmol) were
dissolved in DMF (15 ml) and heated at the point of reflux under nitrogen in the dark for
2Vs 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-5,10,15,20-
tetrakis(3',5'-di-zerz-butylphenyl)porphinato]nickel(II) (49) was isolated as a green/ blue solid
(87 mg, 80%, 4% (porphinato)nickel(Il) impurity 63 by '"H NMR). Found C 81.1, H 8.5, N
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5.0; CigHoN,Ni requires C 81.3, H 8.5, N 5.0. v, (KBf)/cm™ 2962, 1594 (single peak),
1476, 1363, 1280, 1246, 1062, 1011, 899, 881, 829, 792, 714; \_.. (CH,CL)/nm (log (¢/
dm’mol’em™)) 356sh (4.2), 419 (5.3), 500sh (3.8), 526 (3.8), 579 (4.1), 617 (4.5), 739 (3.4),
775 (3.1); 'H n.m.r. (400 MHz; CDCL) &: 1.40 (36H, s, #butyl H), 1.43 (36H, s, #butyl H),
3.81 (4H, s, CH(2),, and CH(3),), 7.47(4H, d, J; ;= Js¢ = 1.80 Hz, C(2)H and C(6)H), 7.54
(@H, dd, J; 4= J¢. = 170 Hz, C@)H), 7.63 (2H, dd, ;4 = J¢,» = 1.75 Hz, C@)H), 7.73
(4H, d, J;» = Jyg = 1.65 Hz, C(2)H and C(6")H), 8.09 and 8.38 (4H, ABq, 35 = 4.85 Hz,
C(MHH, C(8)H, CA7)H and C(18)H), 8.22 (2H, s, C(12)H and C(13)H); »/z (LDI-TOF)
1120.8 (M", 100%); C,H,,N Ni requires 1120.7 (M").

[2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl) porphinato] copper(II) (50)
2,3-dihydro-5,10,15,20-tetrakis(3",5'-di-ferz-butylphenyl)porphyrin (46) (94 mg, 0.088 mmol,
0% potphytin impurity by "H NMR) and Cu(OAc),.-H,0 (40 mg, 0.20 mmol) were dissolved
in dichloromethane (15 ml) and methanol (5 ml) and brought to reflux in the datk for 1%
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-fer+-butylphenyl)porphinato]copper (II) (50) was isolated as a green/ blue
solid (88 mg, 89%). v, . (KBr)/cm™ 2961, 1592 (single peak), 1476, 1363, 1345, 1278, 1247,
1069, 1004, 977, 880, 827, 796, 714; \.. (CH,Cl,)/nm (log (¢/dm’mol’cm™)) 397sh (4.73),
417 (5.44), 510 (3.75), 551 (3.78), 579 (4.00), 617 (4.56); /5 (LDI-TOF) 1126.1 (M", 100%),
C,H,y.N,Cu requires 1125.7 (M").

[2,3-dihydro-5,10,15,20-tetrakis(3',5 -di-ters-butylphenyl) porphinato]zinc(Il) (51) and
[2,3-dihydro-5,10,15,20-tetrakis(3",5'-di-tert-butylphenyl)biliverdo] zinc(1II) (52)

2,3—dihydro—5,10,15,20-tetrakis(3‘,5‘-di~lerz‘—buty1phenyl)porphyrin (46) (577 mg, 0.54 mmol,
0% porphyrin impurity) and Zn(OAc),.2H,0 (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- ferz-
butylphenyl)porphjnato]zinc (II) (51), a purple solid (584 mg, 96%, 5% (porphinato)zinc(Il)
(65) imputity by 'H NMR). v, (KBr)/cm” 2963, 1591 and 1579, 1475, 1362, 1342, 1272,
1246, 1064, 1001, 970, 879, 796, 713; hpa (CH,CL,)/nm (log (¢/dm’mol’cm™)) 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; CDCL) &: 1.50 (36H, s, #butyl H), 1.52 (36H, s, #butyl H), 4.91 (4H,
CH(2),, and CH(3),), 7.68 2H, dd, J;¢ = J¢= 1.75 Hz, C@)H), 7.73 (4H, d, [y = Jyo =
1.60 Hz, C(2)H and C(6)H), 7.74 2H, dd, J; 4 = Jo» = 1.85 Hz, C@)H), 7.99 (4H, d, ], , =
Jeg =185 Hez, C(2)H and C(6)H), 8.16 and 8.60 (4H, ABq, Jg5 = 4.40 Hz, C(N/H, C()H,

C(1T)H and C(18)H), 8.46 (2H, s, C(12)H and C(13)H); /5 (LDI-TOF) 1126.8 (M, 100%);
CsHo N, Zn requires 1126.7 (M™).

w

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-
djhydxo-5,10,15,20—tettakis(3‘,5'—di—lm‘-butylphenyl)biliverdo]zinc(II) (52), a dark brown solid
(8-1 mg, 1%.) v, (CHCL)/em™ 2966, 1690 (CO), 1592, 1527, 1456, 1365, 1061, 1012, 908,
828; M (CH,CL)/nm (log (¢/dm’mol’em™)) 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; CDCL) &: 1.36 to 1.40 (72H, m,
butyl H), 1.74 (1H, ddd, Jepuceu = 18.00 Hz, Jeemcom = 960 Hz, Jopucamn = 3.95 Hz,
C3)H), 1.90 (1H, ddd, Jcauceu = 17.80 Hz, Jeomcpn = 900 Hz, Jeoncan = 4.30 He,
C)H), 2.33 (1H, ddd, Jepucpn = 18.70 Hz, Jepucon = 9.60 Hz, Jeomcon = 435 Hz,
C@H), 2.59 (1H, ddd, Jepucou = 18.80 Hz, Jesucon = 9-10 Hz, Jeopcen = 3.90 Hz,
C(2H), 6.54 (1H, d, Jgp = 5.30 Hz, B-pytrolic H), 6.61 (1H, d, Jg3 = 5.05 Hz, B-pyrrolic H),
6.87 (1H, d, Jgp = 4.65 Hz, B-pyrrolic H), 6.88 (1H, d; Jpp = 4.35 Hz, B-pyrrolic H), 6.93
(1H, d, Jgp = 4.15 Hz, B-pyrrolic H), 7.00 (1H, d, Jzp = 4.20 Hz, B-pyrrolic H), 7.21* (1H,
m, C(2)H and C(6)H), 7.26* (1H, m, C(2)H and C(6)H), 7.36* (1H, m, C(2)H and
C(6)H), 7.38 (1H, m, C(4)H), 7.45 (1H, m, C(4)H), 7.51* 2H, m, C(2")H and C(6)H), 7.55
(1H, m, C@)H), 7.59* (1H, m, C(2)H and C(6)H), 7.61 (1H, 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; °C n.m.t. (125 MHz; CDCl,) 6: 28.8 (CH,), 31.2 (CH,), 31.3 to 31.5 (#butyl CH,),
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/g (MALDI-TOF from an alpha-cyano-4-hydroxy cinnamic acid
matrix) 1158.7 M", 100%); C,;Hy,N,O,Zn requites 1158.6 M™).

9.4.3 Functionalized chlorins

2,3-dihydro-12-chloro-5,10,15,20-tetrakis(3‘,5'-di-tert-butylphenyl)porphyrin (53)

2,3-dihydro-5,10,15,20-tetrakis(3',5"-di-#r-butylphenyl)porphyrin (46) (233 mg, 0.20 mmol)

and N-chlorosuccinimide (28 mg, 0.21 mmol) wete dissolved in chloroform (25 ml) and

Chapter Nine- Experimental details



157

pyridine (1 ml) and were heated at reflux under nitrogen for 3 hours. The system was
allowed to cool. Ether (100 ml) and aqueous hydrochloric acid (3M, 50 ml) were added and
the organic layet 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,l5,20-tetrakis(3‘,5‘-di—z‘erz‘-butylphenyl)porphyrin (53), a dark
putple solid (23 mg, 10%). v, (CHCL)/cm™ 3367 (NH), 2966, 1592 and 1581, 1477, 1364,
1265, 1249, 1068, 950, 882, 714; A, (CH,CL)/nm (log (¢/dm’mol’cm™)) 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; CDCL;) 8: -1.60 (1H, br s, NH), -1.44 (1H, br s, NH), 1.47 to 1.49 (72H,
m, f-butyl H), 4.13 to 4.16 (4H, m, CH(2),, and CH(3),), 7.67 2H, dd, J; ;= J¢ = 1.80 Hz,
C(4)H), 7.71 to 7.72 (SH, m, aryl H), 7.73 (1H, dd, Jy ;= J; o= 2.00 Hz, C(4)H), 7.83 (2H,
d, Jy2 = Ji¢ = 1.45 Hz, C(2)H and C(6)H), 7.94 2H, d, Jy2 = J;¢ = 1.65 Hz, C(2)H and
C(6")H), 8.19 (1H, dd, Jpp = 5.00 Hz, [, s = 1.75 Hz, B-pyrrolic H), 8.23 (1H, dd, Jpp=5.00
Hz, J\up = 1.25 Hz, B-pyrrolic H), 8.38 (1H, s, C(13)H), 8.54 (1H, dd, Jpp=4.65Hz, |\, 5=
1.05 Hz, f-pyrrolic H), 8.57 (1H, d, Jgp = 4.80 Hz, S-pytrolic H); m/% (LDI-TOF) 1099.3
(MH", 100%); C,;HosN,Cl requires 1099.7 (MH").

The second band collected was identified as 5,10,15,20-tetrakis(3',5'~di-ferz-
butylphenyl)porphyrin (45) (193 mg, 83%) which was co-chromatogtraphed against and had

an identical '"H NMR as an authentic sample.

2,3-dihydro-12-nitro-5,10,15,20-tetrakis (3',5°-di-tert-butylphenyl) porphyrin (54),
2,3,12,13-tettahydro-7-nitro-5,10,15,20- tetrakis(3',5'-di-tert-butylphenyl)porphyrin (55),
2,3,7,8-tetrahydro-13-nitro-5,10,15,20-tetrakis (3°,5'-di-tert-butylphenyl)porphytin (56
and  2,3,7,8-tetrahydro-12-nitro-5,10,15,20-tetrakis(3',5 -di-tert-butylphenyl) porphyrin
(57)

2-nitro-5,10,15,20-tetrakis(3’,5"-di-fer#-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 p-toluenesulfonylhydrazine (4.0 g, 21.4 mmol) and anhydrous potassium carbonate (3.5
g, 29.6 mmol) added to it over 52 hours. The system was allowed to cool, ether (100 ml)
and water (100 ml) were added, the otganic 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 putified 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-
tert-butylphenyl)porphyrin (47) (62 mg, 12%) which was co-chromatographed against and
had an identical 'H NMR as an authentic sample. The second band was identified as 2,3-
dihydro-5,10,15,20-tetrakis(3',5°-di-zerz-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-zer-butylphenyl)porphyrin (54)
(199 mg, 39%), a dark brown solid. Found C 81.9, H 8.9, N 6.2; C,;H,N;O, requires C
82.2,H8.6,N 6.3. v (KBr)/cm™ 3365 (NH), 2962, 1592 and 1582, 1524, 1476, 1364, 1265,
1248, 1068, 926, 901, 881, 852, 798, 713; A,,.. (CH,CL)/nm (log (¢/dm’mol'cm™)) 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; CDCL,) 8: -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),, and CH(3),),
772 (TH, m, aryl H), 7.79 (1H, dd, J; 4 = Joo = 1.75 Hz, C@)H), 798 CH, d, J;y = Js¢ =
1.85 Hz, C(2)H and C(6)H), 8.02 2H, d, J; y = Js¢ = 2.20 Hz, C(2)H and C(6")H), 8.20
and 8.60 (2H, ABX, Jpp = 4.90 Hz, J\;5 = 1.70 Hz, B-pyrrolic H), 8.24 and 8.75 (2H, ABX,
Jpp = 480 Hz, [\up = 1.60 Hz, B-pyrrolic H), 8.76 (1H, s, C(13)H); COSY also reveals the

NH-23 pyrrolic proton patterns; 72/5 (MALDI-TOF from a dithranol matrix) 1110.8 (MH",
100%); C,HosN O, 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-5,10,15,20-tetrakis(3",5 -di-serz-
butylphenyl)porphytin (55) (8 mg, 2%), a dark red solid. v_, (CHCL)/cm™ 3371 (NH), 2968,
1592, 1515, 1475, 1364, 1345, 1262, 1100, 1050, 1023, 903; .. (CH,CL)/nm
(log (¢/dm’mol’cm™)) 363 (4.53), 416sh (4.00), 546 (4.04), 621 (3.36), 677 (3.67), 743 (4.21);

'H nm.r. (400 MHz; CDCL) 8: 0.53 (1H, br s, NH), 0.63 (1H, d, gy = 245 Hz, NH), 1.41
o 1.43 (72H, m, #butyl H), 3.66 to 3.68 (2H, m, chlorin H), 3.74 to 3.78 (GH, m, chlorin H),

749 (1H, dd, ;s = Jo = 1.85 Hz, C@)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, ABX, Jgs = 5:10 Hz, s = 1.95 Hz, CAT)H and C(18)H),
7.89 (1H, d, Jans = 310 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%);
C.;HyN,O, 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-zerr-
butylphenyl)porphyrin (56) (10 mg, 2%), a dark blue solid. v_ (CHCL)/cm™ 3372 (NH),
3019 and 2966, 1591 (broad), 1495, 1477, 1363, 1095, 1051, 1019, 954; % (CH,CL)/nm (log
(e/dm’mol”em™)) 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; CDCL) &: 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, Jgp = 4.60 Hz, C(17)H and
C(I®H), 7.27 2H, 4, [, = ], ¢~ 1.15 Hz, C(2)H and C(6)H), 7.40 2H, d, [,» = Joe =

1.95 Hz, C(2)H and C(6)H), 7.41 (2H, d, Je» = Joe = 1.80 Hz, C(2)H and C(6)H), 7.42
(1H, s, C(12)H), 7.48 (1H, dd, J; ;= ], «=175Hz, C(4)H), 7.50 (1H, dd, J; ;= Je,= 175
Hz, C4)H), 7.51 (1H, dd, J,; ;= 4= Jg0= 180 Hz, C4)H), 7.54 (1H, dd, J; ;= J;»= 1.80 Hz,
C(4)H), 7.64 (2H, d, Je2 = Jee = 1.50 Hz, C(2)H and C(6’)H); COSY shows no NH-f3
pytrolic proton couplings, and it is assumed that the NH protons signals are obscured by the

72H #-butyl H signal; 7/ MALDI-TOF from a dithranol matrix) 1111.7 (M", 85%), 1112.7
(MH", 100%); C,¢Hy,N,O, requires 1111.8 (M™").

The sixth band was identified as 2,3,7,8-tetrahydro-12-nitro-5,10,15,20-tetrakis (3,5 -di-sers-
butylphenyl)porphytin (57) (12.5 mg, 2%), a dark blue solid. v_, (CHCL)/cm™ 3377 (NH),
3019 and 2966, 1592 and 1574, 1509, 1477, 1362, 1264, 1001, 908; X_.. (CH,CL)/nm (log
(¢/dm’mol'cm™)) 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; CDCL,) &: 1.37 to 1.41 (72H, m, £
butyl H), 3.16 (4H, m, C(2)H, and C(3)H,), 3.31 (2H, m, C(7)H,), 3.51 (2H, m, C(8)H,), 6.90
and 7.47 (2H, ABq, Jpp = 4.75 Hz, C(17)H and C(18)H), 7.26 2H, d, J,, = [,¢= 1.50 Hz,
C(2)H and C(6)H), 7.36 (1H, dd, [y s = J¢4+ = 1.90 Hz, C(4)H), 7.37 2H, d, [, = ¢
2.10 Hz, C(2)H and C(6)H), 7.40 2H, d, [,,» = J,s = 1.50 Hz, C(Z’)H and C(6)H), 7.40
(1H, 44, J;» = J¢4 = 2.00 Hz, C4)H), 749 (1H, dd, J;, = Js» = 1.75 Hz, C(4)H), 7.49
(1H, m, C@)H), 7.61 2H, 4, J,» = J.¢ = 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)H, and C(3)H,) and the doublets at 7.26 and
| 7.37; between 3.31 (C(7)H,) and the doublet at 7.26; between 3.51 (C(8)H,) and the doublet
at 7.40; and between the singlet at 7.80 (C(13)H) and the doublet at 7.61; /¢ (MALDI-TOF
from a dithranol matrix) 1111.7 M", 70%), 1112.7 (MH", 100%); C,H,,N,O, requires

1111.8 (M").
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12,13-dihydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxalino [2,3-b] porphyrin
(58) and 7,8-dihydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)quinoxalino[2,3-b]
potphyrin (59)

5,10,15,20-tetrakis(3",5'-di-zer#-butylphenyl)quinoxaline (24) (325 mg, 0.28 mmol) was
dissolved in pytidine (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-zer#-butylphenyl)quinoxalino[2,3-b]
porphytin (58) (231 mg, 71%), a dark brown solid. v, (KBr)/cm™ 3388 (NH), 2962, 1592
and 1579, 1476, 1363, 1247, 1226, 1161, 1113, 917, 900, 795; A... (CH,CL)/nm (log
(e/dm’mol'ecm™)) 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; CDCL) &: -1.59 (2H, br s, NH), 1.53 (36H, s, #butyl
H), 1.55 (36H, s, #butyl H), 4.28 (4H, s, CH(12),, and CH(13),), 7.73 to 7.76 (2H, m,
quinoxalino H), 7.75 (2H, m, C(4)H), 7.83 (4H, d, J; y = Jy¢ = 1.35 Hz, C(2)H and C(6")H),
7.83 to 7.86 (2H, m, quinoxalino H), 7.95 (2H, dd, J; ;= J¢ = 1.50 Hz, C(4)H), 7.97 (4H,
d, J;»= Jeg= 1.30 Hz, C(2)H and C(6)H), 8.38 and 8.86 (4H, ABX, Jgp = 4.95 Hz, 5=
1.75 Hz, C(DH, C(8)H, C(17)H and C(18)H); m/z (LDI-TOF) 1166.7 (M", 100%);
Cy,HoN, requires 1166.8 (M").

The second band was identified as 7,8-dihydro-5,10,15,20-tetrakis(3’,5"-di-zerz-
butylphenyl)quinoxalino[2,3-b]porphytin (59), a black solid. v, (KBr)/cm™ 3314 (NH),
2962, 1593 and 1581, 1477, 1363, 1261, 1098, 1022, 876, 797, 712; A, (CH,Cl)/nm
(log (e/ dm’mol’cm™)) 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; CDCL,) : 1.43 to 1.48 (72H,
m, #butyl H), 3.94 (2H, m, chlorin H), 410 (2H, m, chlotin H), 7.60 2H, d, J;y = Jy¢ =
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 g-
pyrrolic H), 7.82 (1H, dd, [y 4= Jou = 1.85 Hz, C@4)H), 7.92 2H, d, J;y = J;¢ = 1.55 Hz,
C(2)H and C(6)H), 821 and 8.24 (2H, ABq, Jpp = 4.40 Hz, B-pyrrolic H), 8.25 (1H, m, f-
pyrrolic H); it is assumed that the NH peaks are obscured by the 72H #butyl peak; COSY
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h : . :
shows the approptiate S-pyrrolic couplings, and the position of the [-pyrrolic proton at 7.80;
7/z (LDI-TOF) 1167.0 (M", 100%); Cg,HogN, requires 1166.8 (M™).

2,3,22,23-tetrahydr0~5,10,15,20,25,30,35,40-octakis(3‘,5‘~di-tert-butylphenyl)
cycloeicosa[b] cycloeicosa[5,6]pyrazino [2,3-g]quinoxaline (60)

2,3,22 23-tetrahydro-5,10,1 5,20,25,30,35,40-octakis(3',5'-di-terz-butylphenyl)cycloeicosa[b]
cycloeicosa[S,é]pyrazino[2,3-g]quinoxaline (14) (912 mg, 040 mmol) was dissolved in
pyridine (140 ml) and heated to 108°C under nitrogen and had p-toluenesulfonylhydrazine
(3.87 g, 20.8 mmol) and anhydrous potasstum carbonate (8.90 g, 64.7 mmol) added over 45
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",5'-di-zer7-
butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino(2,3-g]quinoxaline (60) (460 mg, 50%).
Ve (IKBL) /em™ 3392 (NH), 2961, 1592 and 1578, 1476, 1363, 1248, 1207, 1167, 1074, 946,
907, 806 and 795, 718; A, (CH,CL)/nm (log (¢/dm’mol'cm™)) 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.x. (400 MHz; CDCL) &: -1.57 (2H, br s, NH), 1.49 to 1.56 (144H, m, #
butyl H), 4.17 (8H, s, C(Q)H,, C3)H,, C(22)H,, C(23)H,, 7.69 (4H, dd, J; ;= Js = 1.70 Hz,
C@)H), 775 8H, d, J;» = J;¢ = 1.65 Hz, C(2)H and C(6)H), 7.92 (4H, dd, J; ;= Jo, =
1.95 Hz, C(4)H), 8.00 (8H, d, J;» = J;¢ = 1.65 Hz, C(2)H and C(6)H), 8.28 and 8.60 (8H,
ABX, Jpp = 4.80 Hz, Jyup = 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); »/5 (LDI-TOF) 22552 (M",
100%); C,5sH,0,N,, requires 2255.5 (M™).

The substrate remaining on the column was then eluted by dichloromethane and solvent
removed. The dark brown residue was redissolved 1n 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,l5,20,25,30,35,40—octakis(3‘,5‘—di—ferz‘—
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 'H NMR as an authentic
sample.

2-hydroxy-2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)porphytin
(61)

2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3‘,5"-di-zer~-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 p-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
bicatbonate 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-zerz-butylphenyl)
potphytin (61) (72 mg, 57%), a green solid. v, (KBr)/cm™ 3562 (OH), 3392 (NH), 2961,
1590 and 1583, 1475, 1363, 1246, 1108, 1018, 872, 790, 753, 715, 589; X,,,. (CH,CL)/nm (log
(¢/dm’mol'cm™)) 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; CDCL) 8: -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, Jepuon= 2.45 He,
OH), 3.95 (1H, d, Jegmcan = 18:45 Hz, C(3)H), 4.05 (4H, s, C12)H,, C(13)H,) 4.31 (1H, dd,
Jeomcon = 1820 Hz, Jeoucon = 8.20 Hz, C3)H), 6.27 (1H, d, Jepuceu = 810 Hz, C(2)H),
7.65 (5H, m, aryl H), 7.68 (1H, m, aryl H), 7.70 (1H, dd, J; 4 = Js 4 = 1.65 Hz, C(HH), 7.71
(1H, dd, J;» = J¢« = 1.75 Hz, C(4)H), 7.75 (1H, m, aryl H), 7.81 (1H, m, atyl H), 8.03 and
8.05 (2H, ABX, Jpp = 4.75 Hz, Jyup= 1.80 Hz, [S-pyrrolic H), 8.09 and 8.14 (2H, ABX, Jgp
= 4.60 Hz, Jxup= 1.90 Hz, S-pyrrolic H); m/ % (LDI-TOF) 1083.1 (M”, 95%), 1084.2 (MH",
100%); C,HosN,O requires 1082.8 M.

Chapter Nine- Experimental details






164

CDCL) & -1.72 (1H, br s, NH), 1.69 (1H, br s, NH), 1.48-1.52 (72H, m, t-butyl H), 2.55
(IH, d, Jou, on = 2.65 Hz, OH), 414 (1H, dd, Jegy com = 18:25 Hz, Jan, com = 1.55 Hz,
COH), 4.50 (1H, dd, Jegp com = 18.00 Hz, Jeq com = 810 Hz, C(3)H), 6.48 (1H, dt,
J e, com = 820 Hz, Jewu com = Jou com = 2.1 Hz, C@H), 7.70 @H, d, Jy7 = Jog = 1.65
Hz, C(2)H and C(6)H), 7.74 (1H, dd J,; = J, ;= 1.95 Hz, C@)H), 7.75 (1H, dd Jys = Jy.s
= 170 Hz, C@)H), 7.76 (1H, dd J, ;= J,,= 1.85 Hz, C@)H), 7.87 (1H, dd J; ;= Jo4 =
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,
Jss = 4.85 Hz, B-pyrrolic H), 8.37 (1H, d, Jss = 4.55 Hz, B-pyrrolic H), 8.55 and 8.57 (2H,
ABq, Jgp = 4.70 Hz, C(12)H and C(13)H), 8.71 (2H, d, Jz5 = 4.90 Hz, S-pytrolic H); 7/g
(LDI-TOF) 1080.6 (M*, 100%); C,,H,N,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 stlica

2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3’,5 -di-zer-butylphenyl)porphyrin - (62) (65 mg,
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 houts 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-fers-butylphenyl)porphytin - (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-zerr-
butylphenyl)potphytin (45) (37 mg, 43%) was eluted with 1:8 dichloromethane and the

starting material was tecovered with methanol (41 mg, 48%).
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[Z"hydrox}"za:”-dihydto-s,10,15,20-tetrakis(3’,5’-dj—tert-butylphenyl)porphinato]
nickel(II) (66), [2,3-dihydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)
porphinato]nickel(Il) (69) and [hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5"-di-tert-
butylphenyl)biliverdo] nickel(IT) (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-fers-
butylphenyl)porphinato]nickel(1I) (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-#r~-butylphenyl)porphinato]nickel(Il) (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-zerz-
butylphenyl)porphinatolnickel(IT) (66) (136 mg, 23%), a dark blue solid. v, (KBr) 3573
(OH), 2962, 1593, 1477, 1363, 1285, 1247, 1010, 899, 881, 827, 792, 714; \,... (CH,CL)/nm
(log (¢/dm’mol'cm™)) 351sh (4.07), 418 (5.23), 503 (3.70), 572sh (3.97), 607 (4.43); 'H n.m.r.
(400 MHz; CDCl,) 8: 1.37-1.63 (72H, m, #-butyl H), 1.88 (1H, d, Jcom on = 2.90 Hz, OH),
3.90 (1H, dd, Jegym, com = 16-65 Hz, Jepu cou = 6.90 Hz, C(3)H), 4.00 (1H, dd, Jemu, com =
16.65 Hz, Jeou, cayn = 1.65 Hz, C(3")H), 5.85 (1H, br d, ] ¢y, cou = 6-55 Hz, C(2H), 6.98*
(1H, br, C(2)H and C(6)H), 7.10* (1H, br, C(2)H and C(6)H), 7.40* (2H, m, C(2)H and
C(6)H), 7.56 (1H, dd, J,, = Jex = 1.85 Hz, C@)H), 7.59 (1H, [+ = Js» = 1.75 Hz,
C(@)H), 7.64 (2H, dd, [, = Je» = 1.75 Hz, C@)H), 8.04* (1H, br, C(2)H and C(6")H),
8.07* (1H, 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, Jsp = 4.90 Hz, S-pytrolic H), 8.17 and 8.43 (2H, ABq, Jpp = 5.20 Hz, S-pyrrolic H),
8.28 and 8.30 (2H, ABq, g = 4.90 Hz, f-pyrrolic H); * shows the tesonances that do not

appear in the room temperature 'H NMR spectrum; COSY shows the relevant S-pyrrolic

coupling pattetns; 7/ g (LDI-TOF) 1137.1 (M*, 100%); C,Hy,NiN,O requires 1136.7 (M").

The third band was identified as [2,3-dihydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5 -di-zerz-
butylphenyl)porphinato]nickel(IT) (69) (104 mg, 18%), 2 dark blue solid. v, (KBr) 3580
(OH), 2962, 1593, 1477, 1363, 1293, 1247, 1010, 899, 882, 828, 793, 715; A (CH,CL)/nm
(log (¢/dm’mol cm™) 350sh (4.14), 418 (5.16), 502(3.73), 578sh (3.99), 606 (4.35); 'H n.m.t.

(400 MHz; CDCly) &: 1.56 (72H, m, sbutyl H), 1.92 (2H, 4, Jepn, coon = Jeom, coon = 3:10
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Hz, C2)OH and C(3)0OH), 5.71 (2H, d, Jewoncan =Jegoncen 3-60 Hz, C(2)H and CB)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 @H, dd, J,, =
Jow = 1.70 Hz, C(4)H), 7.64 @H, [y 4= Jeo= 2.15 Hz, C@)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, ABq, /s = 5.15 Hz, C(7)H,
C(®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 [-pyrrolic
coupling patterns; 7/ g (LDI-TOF) 1153.1 (M", 100%)); C,H,,NiN,O, 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-zer-butylphenyl)biliverdo]nickel(I) (71) (31
mg, 5%). v, (KBr) 3568 (OH from keto-enol tautomerisation), 2962, 1724 (CO),
1704(CO), 1593, 1529, 1475, 1364, 1252 and 1247, 1014, 827, 882, 714; ). (CH,CL)/nm
(og (e/dm’mol’em™) 313 (4.35), 349 (4.36), 422sh (4.52), 451 (4.64), 504sh (3.80), 753
(4.17); 'H n.m.r. (400 MHz; CDCL) 8: 1.39 to 1.44 (72H, M, #butyl H), 1.63 (1H, d, Jeau,
coon = 1.85 Hz, C(3)OH), 2.16 (1H, dd, Jepu, cou = 1840 Hz, Jepu cou = 440 Hz, C(2H),
2.73 (1H, dd, Jepm, cou = 17.70 Hz, Jeam con = 8.65 Hz, C(2)H), 4.95 (1H, ddd, Jepm, com =
8.40 Hz, Jepu, com = 395 Hz, Jepmon, co = 1.80 Hz, CG)H), 7.03 (1H, d, Jgp = 4.50 Hz, B-
pyrrolic H), 7.16 (1H, d, Jz5 = 4.90 Hz, B-pyrrolic H), 7.24 (1H, d, Jgp = 4.35 Hz, [B-pyrrolic
H), 7.38 (1H, d, Jzp = 5.05 Hz, B-pyrrolic H), 7.50 (1H, d, /s = 5.10 Hz, [S-pyrrolic H), 7.66
(1H, d, Jg5 = 4.65 Hz, f-pyrrolic H), 7.46 to 7.67 (10H, m, aryl H), 7.89 2H, d, [,» = Joo =
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; °C n.m.r. (125 MHz; CDCl,) &: 30 to 34 (#butyl C), 38
(CH,), 70 (HCOH), 115 to 166 (unsaturated C), 183 (NCO), 186 (CO); HMBC as described
in the text; 7/ 3 (MALDI-TOF from an ajpha-cyano-4-hydroxy cinnamic acid matrix) 1169.8
(MH", 100%); C,sH,,N,NiO, requires 1169.7 (MH™).

Attempred formation of a propylidene acetal from nickel di-hydroxy chlorin 69
[2-hydroxy-5,10,15,20-tetrakis (3',5'-di-tert-butylphenyl)porphinato]nickel(II) (73)
[2,3—dihdyroxy—2,3—dihydxo—5,10,15,20-tetrakis(3’,S’-di—teﬁ-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 teflux under argon for
3 houts 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 -di-zert-butylphenyl)porphinato)
nickel(I) (73) (33 mg, 51%), a bright red/ purple solid. v_ (KBr) 3486 (OH), 2961, 1620,
1592, 1462, 1387, 1362, 1297, 1247, 1172, 1078, 1009, 935, 800, 716; ».. (CH,CL)/am
(log (¢/dm’mol"cm™)) 287sh (4.24), 323sh (4.11), 415 (5.30), 529 (4.25), 566 (3.84); 'H n.m.r.
(400 MHz; CDCl,) 6: 1.47 to 1.48 (72H, m, -butyl H), 6.01 (1H, s, C(2)OH), 7.70 (1H, dd,
Lo = Jeo = 190 Hz, C@WH), 772 @H, m, C@H), 78 (H d,
Jox= Jog = 1.35 Hz, C(2)H and C(6)H), 7.86 (1H, dd, [+ = J,« = 1.75 Hz, C(#)H), 7.88
(H, d, Jy»= Jo = 1.60 Hz, C2)H and C(6)H), 7.88 2H, d, J4» = Jog = 1.60 Hz, C@)H
and C(6)H), 7.90 2H, d, J,, = J,¢ = 1.50 Hz, C2)H and C(6)H), 7.93 (1H, s, C(3)H), 8.65
(1H, d, Jgp = 4.95 Hz, B-pyrrolic H), 8.75 (1H, d, Jgp = 4.70 Hz, B-pyrrolic H), 8.78 (2H, m,
f-pyrrolic H), 8.80 (1H, d, Jgs = 5.40 Hz, S-pyrrolic H), 8.81 (1H, d, Jpp = 4.85 Hz, -
pytrolic H); 7/ (LDI-TOF) 1135.1 (M*, 100%); Cy H,,N NiO 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-dihydto-5,10,15,20-tetrakis(3’,5-di-
tert-butylphenyl)porphinato]nickel(Il) (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 2'2 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-ferz-
butylphenyl)porphinatolnickel(Il) (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-tert-butylphenyl) porphinato] copper(1I)
(67), [dihydroxydihydro-5,10,15,20-tetrakis (3 ',5'-di-tert-butylphenyl)potphinato]
coppet(II) (70) and [hydroxydihydro-5,10,15,20-tetrakis(3’,5'-di-tert-butylphenyl)
biliverdo]copper(IT) (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-ferz-
butylphenyl)porphinato]copper(H) (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
off the column by hand. The substrate was left for 2% hours at 21°C, after

was pumped

which time products were eluted by adding further solvent. The first band eluted was
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identified as [5,10,15,20-tetrakis(3’,5 -di-zerz-butylphenyl)porphinato]copper(II) (64) (86 mg,
41%) 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-fers-butylphenyl)
porphinato]copper(II) (67) (55 mg, 26%), a blue/ green solid. v, (KBr) 3556 (OH), 2961,
1593, 1493, 1248, 1069, 1007, 791, 715; A, (CH,CL)/am (og (c/dm’mol’em™) 393sh
(4.40), 416 (5.31), 510 (3.56), 572 (3.84), 606 (4.22); m/% (LDI-TOF) 11421 (M*, 100%);
C;eHo,CuN,O requires 1141.7 (M").

The third band was identified as [dihydroxydihydro-5,10,15,20-tetrakis(3’,5'-di-zerr-
butylphenyl)porphinato]copper(I) (70) (60 mg, 28%), a blue/ green solid. v_, (KBz) 3570
(OH), 2961, 1592, 1363, 1290, 1247, 1064, 1004, 899, 827, 797, 716; ... (CH,CL)/nm (log

(e/dm’mol’cm™)) 387sh (4.50), 415 (5.39), 508 (3.68), 575 (4.00), 604 (4.48); m/% (LDI-
TOF) 1158.1 (M", 100%); C,¢Hy,CuN,O, requires 1157.7 (M.

The fourth band was identified as [hydroxydihydro-5,10,15,20-tetrakis(3’,5 -di-zerz-
butylphenyl)biliverdo]copper(Il) (72) (4 mg, 2%), a brown solid. v,, (CHCl,) 3604 (OH),
2967, 1710 (CO), 1592, 1540, 1462, 1422, 1364, 1062, 1015, 896, 827; % (CH,CL)/nm
(log (c/dm’mol’cm™) 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/7 (MALDL-TOF from a dithranol matrix)
1196.7 (MNa®, 90%), 11747 (MH", 100%), 956.9 (M'- C,;H,O, 45%); C,.H,, CuN,O,

requires 1196.7 (MNa"), 1174.7 (MH"), 956.5 (M*- C;;H,,0).

[2-hydroxy-2,3-dihydto-5,10,15,20-tetrakis (3,5 -di-terz-butylphenyl)porphinato]
zinc(1I) (68)

Silica (100 ml) was thoroughly mixed with water (2 ml) and then used to prepate a column
(1:8 dichloromethane: light petroleum). [2,3-dibydro-5,10,15,20-tetrakis(3’,5'-di-zers-
butylphenyl)porphinato]zinc(Il) (51) (128 mg, 0.11 mmol, 5% (porphinato)zinc(Il) 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 mixtute of [5,10,15,20-tetrakis(3',5"-di-zerz-butylphenyl)porphinato]zinc(II)
(65) (46 mg, 38%) and [2,3-dihydro-5,10,15,20-tetrakis(3',5"-di-zerz-butylphenyl)
porphinato]zinc(ll) (51) (7 mg, 6%). Products were identified by 'H NMR and by co-
chromatography against authentic samples; the ptoportion 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~tetrakis(3’,5’-di—tm‘—butylphenyl)porphinato]zinc(H) (68) (51 mg, 42%), a dark
purple solid. v, (KBr) 3356 (OH), 2962, 1591 and 1578, 1476, 1362, 1343, 1247, 1064,
1001, 899, 881, 824, 795, 715; A, (CH,CL)/nm (log (¢/dm’mol'cm™) 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; CDCL,) 8: 1.47 to 1.52 (72H, m, £butyl H), 2.59 (1H, d, Jeus cpon = 250
Hz, C()OH), 4.11 (1H, dd, Jeum, o = 1815 Hz, Jepm, com = 1:95 Hz, C3)H), 4.45 (1H,
dd, Jegm, com = 1825 Hz, Jepu can = 840 Hz, C(3)H), 6.39 (1H, dt, Jemuoau = 8-50 Hz,
Jeom, cam = Jewon, com = 2.15 Hz, CQ)H), 7.68 H, d, J; 7 = Jr¢ = 1.65 Hz, C(2)H and
C(6)H), 7.72 to 7.74 (3H, m, aryl H), 7.84 (1H, dd, J,, = Je. = 1.65 Hz, C@4)H), 7.87 (1H,
m, aryl H), 7.93 (1H, dd, [, , = [, = 1.75 Hz, C@)H), 7.94 (1H, dd, [, = Jse= 1.70 Hz,
C#)H), 797 @H, d, [,y = J;¢= 1.75 Hz, C2)H and C(6)H), 8.02 (1H, dd, [, 4= Jss =
1.75 Hz, C(4)H), 8.21 (1H, d, J55 = 4.70 Hz, B-pyrrolic H), 8.26 (1H, d, Jgs = 4.55 Hz, /-
pyrrolic H), 8.52 (1H, d, Jgp = 4.40 Hz, B-pyrrolic H), 8.54 (1H, d, Jgp = 4.45 Hz, B-pyrrolic
H), 8.64 (1H, d, g3 = 4.35 Hz, fS-pyrrolic H), 8.65 (1H, d, Jgs = 4.50 Hz, B-pytrolic H); 7/5
(LDI-TOF) 1143.3 (MH", 100%); C,H,,ZnN,O requires 1143.7 (MH").

9.5.2 Substituted chlorins

cis- and trans-2,12-dihydroxy-2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5 -di-tert-
butylphenyl)potphyrin and cis- and trans-2,13-dihydroxy-2,3,12,13-tetrahydro-
5,10,15,20-tetrakis(3',5 -di-tert-butylphenyl)porphyrin (srans forms are 74a and 74b; as
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-tetrahydro-5,10,1 5,20-tetrakis(3’,5’-di-fers-
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 272
hours at 30°C, after which time products were eluted by adding further solvent. The first
ban‘d was identified as the starting material 2,3,12,13-tetrahydro-5,10,15,20-tetrakis(3',5'~di-
tert-butylphenyl)porphyrin  (47) (60 mg, 12%) by an identical 'H NMR to and co-
chromatography against an authentic sample. The second band was identified as 2,3-
dihydxo—S,lO,l5,20—tettakis(3’,5’—di-teﬁ—butylphenyl)porphyrin (46) (233 mg, 45%) by an

identical "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 neatly identical polarity. The shightly less polar
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product  was  identified  as 2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis (3',5"-di-tert-
butylphenyl)porphyrin  (62) (68 mg, 13%) by an identical 'H NMR to and co-
chromatography against an authentic sample. The slightly more polar product was identified
as a roughly equimolar mixture of trans-2,13-dihydroxy-2,3,12,13-tetrahydro-5,10,15,20-
tetrakis(3',5'-di-tert-butylphenyl)porphyrin -~ (74a)  and  frans-2,12-dihydroxy-2,3,12,13-
tettahydro—5,10,15,20-tetrakis(3’,5’-di—z‘en‘-butylphenyl)porphyrin (74b) (33 mg, 6%), a red/
brown solid. Because of its similar polatity 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 '"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 s isomers where the slight difference in abundance of the two isomers
- (CHCL) 3695 (OH), 3360 (NH), 2966,
1591, 1477, 1365, 908, 725, 706; A,,.. (CH,CL)/nm (log (¢/dm’mol’cm™)) 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; CDCl,)
2,12-dihydroxy d: -1.87 (2H, br s, NH), 1.43 to 1.52 (72H, m, +-butyl H), 2.39 (2H, d, Jpu
coon = Jeann canon = 1.90 Hz, C(2)OH and C(12)OH), 3.99 (2H, br d, Jeau com = Jeasm,
copn = 17.65 Hz, C(3)H and C(13)H), 4.31 (2H, dd, [, con = Jeasm, cazn = 17-85 Hz, e,
com = Jeanm, camn = 7-60 Hz, C(3)H and C(13)H), 6.33 (2H, br d, Jepucon = Jeayncazn =
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, Jg5 =

allows for the differentiation of the two isomers. v

440 Hz, Juyp = 1.65 Hz, C(NH, C@H, C(17)H and C(18)H); 2,13-dihydroxy &: -1.64 (1H,
s, NH), -1.53 (1H, s, NH), 1.43 to 1.52 (72H, m, #butyl H), 2.45 (2H, 4, Jeum coon = Jeamm
= 2.20 Hz, C(2)OH and C(13)OH), 3.99 (2H, br d, Jeumm com = Jeanm, caon = 17-65 Hz,

C(130H

C(3)H and C(12)H), 4.38 (2H, dd, ]C(S)H, COH — Jeazn, cazm = 17.65 He, ]C(Z)H, com = Jeazmn cazm
= 8.05 Hz, C(3)H and C(12)H), 6.28 (2H, br d, Jeoycon = Jeazucayn = 8.40 Hz, C(2)H and

C(13)H), 7.61 to 7.92 (12H, m, aryl H), 8.07 (2H, d, Juu; 5 = 1.70 Hz, S-pyrrolic H), 8.20 (2H,
d, \up = 1.90 Hz, [B-pyrrolic 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; »/z (LDI-TOF) 1099.3 M, 100%);
C,H,eN,O, requires 1098.8 (M.

The fourth band was identified as a mixture of «s5-2,13-dihydroxy-2,3,12,13-tetrahydro-
5,10,15,20-tettakis(3’,5’-di—terﬁbutylphenyl)porphyrin (75a) and «s-2,12-dihydroxy-2,3,12,13-
tetrahydro-5,10,1 5 20-tetrakis(3',5 -di-7erz-butylphenyl)porphyrin (75b) (50.2 mg, 9%), a red/
brown solid. Integration of the NH and S-pyrrolic signals in the 'H NMR show this to be

Chapter Nine- Experimental details



171

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. v, (CHCL) 3555(OH), 3389
(NH), 2966, 1590, 1476, 1365, 1263, 1111, 1030, 900; A.. (CH,Cl)/nm (og (¢/
dm’mol em™) 379 (4.97), 461 (3.47), 492 (3.64), 525 (4.42), 645 (3.74), 706 (4.61); 'H n.m.1.
(400 MHz; CDCL,) 2,12-dihydroxy 8: -1.82 (2H, br s, NH), 1.44 to 1.49 (72H, m, #butyl H),
2.39 (2H, d, Jeem, coon = Jepam, canon = 1.95 Hz, C(2)OH and C(12)OH), 4.02 (2H, dd, Jegm,
com = Jeasm, cayn = 17.95 Hz, Jeou con = Jeanm cazn = 2:00 Hz, C(3)H and C(13)H), 4.33
(2H, dd, Jeam, com = Jeasm, cazmn = 1820 Hz, Jeom, com = Joamn, camn = 8:25 Hz, C(3)H and
C(13)H), 6.32 (2H, br d, Jepucomn = Jeanucagu = 8-00 Hz, C2)H and C(12)H), 7.60 to 7.93
(12H, m, aryl H), 8.15 and 8.18 (4H, ABX, Jgs = 4.20 Hz, ], 5 = 1.75 Hz, C(7)H, C(®)H,
C(17)H and C(18)H); 2,13-dihydroxy &: -1.63 (1H, s, NH), -1.53 (1H, s, NH), 1.44 to 1.49
(72H, m, #butyl H), 242 2H, d, Jeou coon = Jeasm camon = 1.80 Hz, C(2)OH and
C(13)OH), 3.95 (2H, dd, Jeam, com = Jeazm, capn = 18.60 Hz, Jeogn con = Jeazm, camn = 195
Hz, C3)H and C(12)H), 4.34 (2H, dd, Jeuu, com = Jeamm, cazu = 1825 Hz, Jepum, com = Jeamm,
canu = 8.50 Hz, C(3)H and C(12)H), 6.28 (2H, br d, Jesucan = Jeazncanu = 815 Hz, C(2)H
and C(13)H), 7.60 to 7.93 (12H, m, aryl H), 8.06 2H, d, Jyps = 1.95 Hz, B-pyrrolic H), 8.19

(2H, d, Jaup = 1.55 Hz, B-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; 7/ (LDI-TOF) 1099.2 M,
100%); C,HoeN,O, requires 1098.8 (M”).

Oxidation of 2-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-5,10,15,20-
tetrakis(3’,5’—di—lerf—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 2V2 hours at 30°C, after which time products were eluted by adding further
solvent. The first band was identified as 2,3-dihydro-5,10,15,20-tetrakis(3’,5"-di-zerz-
butylphenyl)porphyrin 46) (50 mg, 11%) by an identical 'H NMR as and co-
chromatography 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,l0,15,20—

tetrakis(?)’,S’-di—lerz‘—butylphenyl)porphyrin (62) (202 mg, 41%) by an identcal 'H NMR as
and co-chxomatography against an authentic sample. The second fraction was identified as a
roughly  equimolar mixture of trans-2,12-dihydroxy-2,3,12,13-tetrahydro-5,10,15,20-
tetrakis(3,5'-di-#er+-butylphenyD)porphyrin ~ (74a)  and  #rans-2,13-dihydroxy-2,3,12,13-
tetrahydro-5,10,15,20-tetrakis(3’,5-di-fert-butylphenyl)porphyrin (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 cz'f-2,l2-djhydroxy-2,3,l2,13-tettahydro~
5,10,15,20-tetrakis(3’,5'-di-zerr-butylphenyl)porphyrin (75a) and ¢s-2,13-dihydroxy-2,3,12,13-
tetrahydro-5,10,15,20-tetrakis(3’,5’-di-fer-butylphenyl)porphyrin (75b) (60 mg, 12%) by an

identical 'H NMR as and co-chromatography against an authentic sample.

(12- and 13)-chloro-2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3’,5'-di-tert-butylphenyl)
porphyrin (76)

Silica (100 ml) was thoroughly mixed with 2 ml water and used to prepare 2 column (1:8
dichloromethane: light petroleum). 2,3-dihydro-12-chloro-5,10,15,20-tetrakis(3',5'-di-zerr-
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 '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',5"-di-zer+-butylphenyDporphyrin (76) (1.1 mg, 6%0). UV (CHCLy) 3550
(OH), 3360 (NH), 2966, 1593, 1477, 1427, 1394, 1364, 1248, 1068, 1010, 958, 924, 900, 883;
A, (CH,CL)/nm (log (e/ dm’mol'em™) 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 "H NMR the integration to 1H is taken as one proton in one of the
regioisomers; 'H n.m.r. (400 MHz; CDCL) &: -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, Jegm, com =
17.30 Hz, C(3)H), 447 (2H, dd, Jeom, comn = 1825 Hz, Jeom, con = 8.15 Hz, C(3)H), 6.45
@H, dd, Jepn, con = Jewon con = 505 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, f-pyrrolic H), 8.32 (2H, m, p-
pyrrolic H), 8.36 (1H, m, p-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, f-pyrrolic H); »/z LDI-TOF) 11151 (M, 100%);
CosHysCIN,O requires 1114.7 (M™).

Attempred oxidation of nitro-chlorin 54

Stlica (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-fert-
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 wete 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-tert-butylphenyl)quinoxalino
[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-ter?-
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-sers-
butylphenyl)quinoxalino[2,3-b]porphyrin (24) (7.3 mg, 9%) and 12,13-dihydro-5,10,15,20-
tetrakis(3',5 -di-ferz-butylphenyl)quinoxalino[2,3-b]porphyrin (58) (15 mg, 20%). Proportions
of each product were identified by integration of the NH and B-pyrrolic protons in the 'H
NMR. The second band was identified as 12-hydroxy-12,13-dihydro-5,10,15,20-
tetrakis(S’,5’—di—l‘en‘-butylphenyl)quinoxalino[2,3—b]porphyrin (77) (37 mg, 47%), a datk
brown solid. v_  (KBr) 3568 (OH), 3385 (NH), 1593 and 1578, 1476, 1363, 1248, 1226,
1161, 1114, 921, 900, 796, 753; A, (CH,CL)/nm (log (¢/dm’mol'cm™)) 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; CDCl,)
8: -1.95 (1H, br s, NH), -1.90 (1H, br s, NH), 1.44 to 1.55 (72H, m, #butyl H), 2.56 (1H, 4,
Jeaam, canon = 2.90 Hz, C(12)OH), 4.18 (1H, dd, Jeusu, camn = 1810 Hz, Jeayn, camn = 180
Hz, C(13)H), 4.52 (1H, dd, Jeanm, camn = 1815 Hz, Jeqom camm = 8.20 Hz, C(13)H), 6.50 (1H,
dt, Jeaymcann = 8.30 Hz, Jcqym, cazn = Jeazon, capn = 2-30 Hz, C(12)H), 7.70 to 7.74 (2H, m,
quinoxalino H), 7.73 @H, d, Jo» = Jos = 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 (SH, m, aryl H), 7.97
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(1H, m, 9.1'}71 H), 7.98 (ZH, m, aryl H), 8.39 (1H’ d’ ]ﬂ,ﬁ = 4.85 HZ’]NH,ﬂ = 1.75 Hze, ﬂ.pyrrohc
H), 8.45 (1H, d, Jpp = 4.95 Hz, Jup = 1.70 Hz, Bpyrrolic H), 8.85 (1H, d, Jps = 5.15 Hz,

Junpg = 1.85 Hz, B-pyrrolic H), 8.87 (1H, d, J55 = 4.90 Hz, Jyup = 1.65 Hz, S-pyrrolic H);
/% (LDI-TOF) 1183.0 (M, 100%); CioHyyN,O requires 1182.8 (M°).

9.5.3 Oxidations to the alpba-dione.,

Oxidation to 2,3-diox0-5,10,15,20-tetrakis(3 5 -di-tert-butylphenyl)porphyrin (20)
2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3',5'-di-zer+-butylphenyl)porphyrin  (62) (291 mg,
0.27 mmol) was dissolved in dichlotromethane (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-zert-butylpheyl)porphyrin (20) (236 mg,
80%), which had an identical 'H NMR and co-chromatographed against an authentic sample
(see Chapter Six).

Oxidation of 2,3-dihydro-chlorin 46 by Dess-Martin periodinane
2,3—dihydro—5,10,15,20—tetrakis(3',5’—di—teﬁ—butylphenyl)porphyrin (46) (91 mg, 0.085 mmol)
was dissolved in dichloromethane (15 ml) and had Dess-Martin petiodinane (101 mg, 0.24
mmol) added to it. The system was stirred at room tempetature 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-fer#-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]nicke(11) (78)

[2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis (3',5'-di-#ert-butylphenyl)porphinato]nickel(II) (66)
(68 mg, 0.060 mmol) was dissolved in dichloromethane (20 ml) and had Dess-Martin
petiodinane (150 mg, 0.35 mmol) added to it over 1v2 hours. The reaction was followed by
thin layer chromatogtraphy, which was complicated by an unidentified by-product having a
similar R, value to that of the starting matetial. 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-5,10,15,20-tetrakis (3',5'-di-tert-
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butYIPhenyl)porphinato]nickel(H) (78) (28 mg, 41%), which had an identical 'H NMR and

co-chromatographed against an authentic samplesl.

[2-0x0-3-0xa-5,10,15,20-tetrakis(3’,5’-di-tert-butylphenyl)porphinato]zinc (II) (79)
[2-hydroxy-2,3-dihydro-5,10,15,20-tetrakis(3",5'-di-zer-butylphenyl)porphinato]zinc  (II) (68)
(51 mg, 0.045 mmol) was dissolved in dichloromethane (20 ml) and had Dess-Mattin
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-3-0xa-5,10,15,20-tetrakis(3’,5'-di-zerz-butylphenyl)porphinato]zinc (I) (79) (1.5 mg, 3%),
a dark green solid. v, (CHCL) 2964, 1759 and 1711 (CO), 1592, 1465, 1364, 865; A,
(CH,CL)/nm (log (¢/dm’mol’cm™) 315 (3.95), 405sh (4.40), 425 (5.13), 520 (3.42), 560
(3.74), 603 (4.03); 'H n.m.t. (400 MHz; CDCL,) 3: 1.49 to 1.50 (72H, m, #butyl H), 7.70 to
7.73 (4H, m, C(4)H), 7.80 2H, d, J;» = Jy¢ = 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, J;» = Jr¢ = 2.10 Hz, C(2)H and C(6))H), 7.98 (2H, d,
Jo2 = Jog¢ = 1.65 Hz, C(2)H and C(6)H), 8.59 (1H, d, g = 4.50 Hz, f-pyrrolic H), 8.67
(1H, d, Jgp = 4.65 Hz, B-pyrrolic H), 8.73 to 8.75 (3H, m, f-pyrrolic H), 8.81 (1H, d, Jgp =
4.70 Hz, f-pyrrolic H); »/5 (LDI-TOF) 1143.0 (M", 100%); C;sHy,ZaN,O, requires 1142.6
o).

Oxcidation to 2,3,12,13-tetraoxo-5,10,15,20-tetrakis(3 5 -di-tert-butylphenyl)porphyrin (23)

The mote polar mixture of dihydroxy-bactetiochlorins 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 1’2 houts. 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 2,3,12,13-tetraoxo-
5,10,15,20-tetrakis(3',5'-di-zers-butylphenyDporphyrin (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-diox0-5,10,15,20,25,30,35,40-octakis (3,5 -di-tert-
butylphenyl)cycloeicosa[b]cycloeicosa[5,6] pyrazino[2,3-g] quinoxaline (80) and rhe bis-
porphyrin tetra-one (21)
2,3,22,23-tetrahydro-5,10,15,20,25,30,35,40-octakis(3’,5’-di-terr-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-5,10,15,20,25,30,35,40-
octakis(3’,5"-di-fer+-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-g]quinoxaline  (80)
(13 mg, 16%), a dark brown solid. v, (KBr) 3397 (NH), 3342 (NH), 2961, 1733 (CO), 1593,
1475, 1363, 1260, 1206, 1070, 1028, 801, 719; A, (CH,CL)/nm (log (¢/dm’mol'cm™)) 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; CDCL) &: -2.32 (2H, br s, NH), -1.90 (2H, br s, NH), 1.55 to 1.58 (144H, m, #
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, ABq, Jgs
= 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, Jpp = 4.60 Hz, C2T)H, C(28)H, C(37)H and C(38)H); COSY shows the
relevant SB-pytrolic proton couplings; COSY also shows coupling between the NH proton at
-1.90 and the B-pyrrolic protons at 8.64 and 8.73; m/ g (MALDI-TOF from dithranol) 2281.8

(M, 100%); Cy55H 54N;,O, tequires 2281.5 (M").

The second band was identified as 2,3,22,23-tetraoxo-5,1 0,15,20,25,30,35,40-octakis(3’,5-di-
l‘m‘—butylphenyl)cycloeicosa[b]cycloeicosa[S,G]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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[5,10,15,20-tetrakis(3',5"bis (3",5"-di-tert-butylstyryl)phenyl) porphinato}zinc(1I) (83)

5,10,15,20-tetrakis(3‘,5‘—bis(3",5"-di—teﬂ-butylstyryl)phenyl)porphyrin (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-tert-butylstyryl)phenyl)
porphinato]zinc(Il) (83), a red/ purple solid. v, (KBr) 2961, 1593, 1477, 1459, 1445, 1247,
1204, 1006, 958, 874, 798, 705, 535; A_,. (CH,CL)/nm (log(e/dm>mol 'cm™)) 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

max

concentration; 'H n.m.r. (400 MHz; CDCL) &: 1.36 (144H, s, rbutyl H), 7.38 (8H, m,
C(4“YH), 7.44 (32H, m, C(2“)H, C(6")H, C(7YH and C(8")H), 8.15 (4H, m, C(4)H), 8.38
(8H, d, J;»= Je¢=1.15Hz, C(2)H and C(6)H), 9.19 (8H, s, S-pyrrolic H); 7/ (LDI-TOF)
2389.1 (M, 100%); C,7,H,0,N,Zn requires 2389.5 (M™).

[2-nitro-5,10,15,20-tetrakis(3',5-bis(3",5"-di-tert-butylstyryl) phenyl)porphinato]
zinc(IT) (86)

[5,10,15,20-tetrakis(3',5-bis(3",5"-di-zerz-butylstyeyl) phenyl)porphinato]zinc(ll) (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™) 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 chromatogtaphy 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-5,10,15,20-tetrakis(3',5"-bis(3",5"-di-ter+-butylstyrylphenyl)porphinato]
zinc(ll) (86) (22 mg, 22%), a brown solid. v, (KBt) 2962, 1593, 1523 (NO,), 1476, 1363,
1264, 1247, 1203, 1009, 961, 874, 799, 739, 705, 536; A, (CH,CL)/nm (log(e/
dm mol'cm™)) 309 (5.32), 390sh (4.56), 440 (5.41), 526sh (3.75), 560 (4.30), 603 (4.10); 'H
am.t. (400 MHz; CDCL) 8: 1.35 (144H, s, #-butyl H), 7.36 (2H, dd, [y ¢ = Joo = 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@)H), 8.15 3H, dd, [,y = J¢x = 1.060 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, d, Jp5 = 4.80
Hz, f-pyrrolic H), 9.43 (1H, s, C(3)H); 7/ (MALDI-TOF from an alpha-cyano-4-hydroxy
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cinnamic acid matrix) 2434.7 (M", 20%), 2418.6 (M*- O, 20%), 2402.5 (M’- 20, 100%);
Ci72H0N;0,Zn requires 2434.5 (M.

Atterpted di-nitration of the dendritic nickel(IT) porphyrin 81

[5,10,15,20—tetrakis(3‘,5‘—bis(3",5"—di—z‘erz‘—butylstyryl)phenyl)porphinato]nickel(ll) (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 mmolml™) 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-zers-
butylstyryl)phenyl)porphinato]nickel(IT) (84) (4.5 mg, 7%) by co-chromatography against and

an identical 'H as an authentic sample”.

Attempted second nitration of the dendritic copper(Il) nitro-porphyrin 85
[2-nitro-5,10,15,20-tetrakis(3",5"-bis(3“,5"-di-ter+-butylstyryl)phenyl) porphinato]copper(II)

(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”) 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 a/pha-cyano-4-hydroxy cinnamic acid

- ~ 37
matrix as an authentic sample™.

Attempted di-nitration of the inc porphyrin 83

[5,10,15,20-tetrakis(3',5"-bis(3“,5"-di-fer-butylstyryl) phenyl)porphinato]zinc(Il) (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”) added to it at 5 minute intervals. The solution was
passed through 2 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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9.6.2 _ Synthesis of the dendritic porphyrin alpba-dione

3,5-(3',5'-di-tert-butylstyryl)benzaldehyde (91)
The method of Pillow was followed for the preparation of 91°”. The structure of the
Intermediates and the product were confirmed by co-chromatography against and identical

1 .
H NMRs as authentic samples. Yields fot the preparation of this product are given in
Scheme 6.2.

2,3-diox0-5,10,15,20-tetrakis(3*,5'-bis(3",5"-di-tert-butylstyryl)phenyl) porphytin (93)

The method of Promarak was followed for the preparation of X*". The one difference being
the [2-nitro-5,10,1 5,20-tetrakis(3",5"-bis(3",5-di-ferz-butylstyryl)phenyl) porphinatojcopper(Il)
(85) was purified over alumina (1:4 dichlotomethane: light petroleum) instead of over silica.
The structures of the intermediates and the product were confirmed by co-chromatography
against and identical "H NMRs as authentic samples, ot for the products containing coppet
by co-chromatography against and identical IR spectra as authentic samples”. Yields for the

preparation of this product are given in Scheme 6.2.

9.6.3 Preparation of the simple porphyrin tetra-one

Attempted preparation of 2,3,12,13-tetraoxo-5,10,15,20-tetrakis(3',5' -di-tert-butylphenyl)porphyrin (23)

The method of Promarak was followed for the attempted preparation of 23”. The
structures of the intermediates and the small amount of product were confitmed by co-
chromatography against and identical 'H NMRs as authentic samples, or for the products
contaihing coppet by co-chromatography against and identical IR spectra as authentic

samples”’. Yields for the preparation of this product are discussed in Section 6.3.

Preparation of 2,3-dioxo-bis-porphyrin 20 and 2,3,22,23-tetraoxo-bis-porphyrin 21

Although the synthesis of the bis-porphyrin 14 has been reported previously™, it is described
again here as the synthesis was cartied out on a larger scale than previously attempted. The
functionalization of the bis-porphyrin 14 was then catried out as described in Chapters Four

and Five.

3,5-di-tert-butyltoluene (88)

3 5-di-fers-butylphenyltoluene (88) was prepared by the method of Geuze™ 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-tert-butylbenzaldehyde (89)

3,5-di-fert-butylphenylbenzaldehyde (89) was prepared by the method of Newman and Fang
Lee™ in 50% yield. It had a melting point of 82°C (lit. 84 to 85°C).

5,10,15,20-tetrakis(3',5'-di-tert-butylphenyl)porphyrin (45)

3,5-di-fert-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
rectystallised from dichloromethane/ methanol. It was identified as 5,10,15,20-tetrakis(3',5"-
di-ferr-butylphenyl)porphyrin (45) (31.0 g, 21%) by an identical 'H NMR as and co-

chromatography against an authentic sample”’.

[2-nitro-5,10,15,20-tetrakis (3',5"-di-tert-butylphenyl)porphinato] copper(II) (95)

5,10,15,20-tetrakis(3*,5'-di-#erz-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 houts. 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 mmolml™)
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-
tettakis(3‘,5‘-di~tm‘-butylphenyl)porphinato]copper(II) (95) (30.7 g, 90%) by an identical IR

. . 37
spectrum as and co-chromatography against an authentic sample™.

2 3-dioso-5,10,15,20-tetrakis(3",5 ~di-tert-butylphenyl)porphyrin 20) and 2-ox0-3-(4"-phenyl-
2“ 5'-dioxo-3"-azole)-5,10,15,20-tetrakis (3',5'~di-tert-butylphenyl)porphytin (96)

Sodium hydride (8.9 g, 60% dispersion n 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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stitred for a further 5 minutes and then transferred under nitrogen to a solution of [2-nitro-
5,10,15,20—tetrakis(3‘,5‘-di-tert—butylphenyl)porphinato]copper(H) 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 sben water (1000 ml)
were added and the organic layer was extracted. This was washed with water (4x500 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 siica 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-fer~-butylphenyl)porphyrin =~ (20) (8.75 g, 55%) by co-
chromatography against an authentic sample, and an identical 'H NMR as that reported in

the literature®’.

If the intermediate product was not rectystallised 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-fer+-butylphenyl)porphyrin (96) was eluted as the major product
slightly before the 2,3-dioxo-porphyrin 20. v, (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; A (CH,CL)/nm (log(e/dm>mol’cm™)) 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.t. (400 MHz; CDCl,) 6: -2.05
(1H, br s, NH), -1.90 (1H, br s, NH), 1.44 to 1.55 (/2H, m, +-butyl H), 7.35 (2H, dd, J,.5 =
Jrs = 7.55 Hz, C(3”)H), 7.42 to 7.47 (3H, m, C2”)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, Jy v = J¢+ = 1.60 Hz, aryl
M), 7.78 (1H, dd, J; ¢ = Jos = 1.85 Hz, C&)H), 7.79 (1H, dd, J; ¢ = J¢¢ = 1.90 Hz, C(4)H),
7.88 (1H, dd, [y 4 = Jo4 = 1.50 Hz, C(#)H), 7.93 (1H, dd, [+ = J¢u = 1.65 Hz, C(4"HH),
797 (1H, dd, Jy 4 = J¢« = 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, Jgp = 4.90 Hz, Jyup = 1.80 Hz, [-
pytrolic H), 8.62 to 8.65 (3H, m, p-pyrrolic H), 8.66 (1H, d, Jsp = 4.90 Hz, [B-pyrrolic H),
8.78 (1H, dd, Jgs = 5.05 Hz, Jyup = 1.60 Hz, [-pytrolic H), 8.81 (1H, dd, Jps = 4.85 Hz,
Jaup = 145 Hz, B-pyrrolic H); m/3 (MALDI-TOF from a dithranol matrix) 1212.5 (MH",
25%), 1095.7 (MH"+2H- C;H;N, 100%), 1093.8 (MH", 80%); Cq3HerN:O5 requires 1212.8

(MF).
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5,10,15,20,25,30,35,40-0ctakis(3",5 “di-tert-butylphenyl)cyclocicosa[b]cyclocicosa[5,6 [pyrasino[2,3-g]
guinoxaline (14)

2,3-diox0-5,10,15,20-tetrakis(3',5'-di-zerz-butylphenyl)porphyrin (20) (8.8 g, 8.0 mmol) and
1,2,4,5-tetraminobenzene tetrahydrochloride (803 mg, 2.8 mmol) were dissolved in dry
pytidine (136 ml), stirted 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 recrystallised 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),
dtied over sodium sulphate and the solvent was removed. The product was putified by
column chromatography (1:3 dichloromethane: light petroleam). 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—ler¢—butylphenyl)cycloeicosa[b]cycloeicosa
[5,6]pyrazino[2,3-g]quinoxaline (14) (5.62 g, 62% with respect to the porphytin ajpha-dione,
or 88% with respect to the 1,2,4,5-tetraaminobenzene) by having an identical LDI mass and
'"H NMR as reported 1n the literature®®. The second band was identified as the starting
matetial 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-dendtitic tetrakis porphytin 22

2 3-dioxo-5,10,15,20,25,30,35,40-octakis (3°,5'~di-ferz-butylphenyl)cycloeicosa(b]
cycloeicosa[S,é]pyrazino[2,3—g]quinoxaline 80) (505 mg, 022 mmol) and 1,2,45-
tetraaminobenzene tetrahydrochlotide (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
alpha-dione starting material, or 45% with respect to the 1,2,4,5-tetraaminobenzene), a dull

brown solid. Characterization details are gtven in Chapter Six.

Non-dendritic hexamer 98

2,3,22 23-tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5"-di-fere-butylphenyl)cycloeicosa b]
cycloeicosa[5,6]pyrazino(2,3-g|quinoxaline (21) (23 mg, 0.0099 mmol) and 1,24.5-
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 watet (100 ml) were added to the
system, and the organic layer was extracted. This was washed with water (3x100 ml),
aqueous hydrochlotic 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 tesidue and 2,3-dioxo-5,10,15,20,25,30,35,40-octakis(3",5'-di-zer?-
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
distinctly red band was collected. The product was identified as the non-dendritic hexamer
98 (6 mg, 8%), a dark red solid. A, (CHCL,)/nm (log(e/ dm™mol’cm™) 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 charactetization are given in Chapter Six.

Tris-porphytin alpha-dione 99 and dendritic tetrakis porphytin 102

2,3-dioxo-5,10,l5,20—tetrakis(3‘,5‘-bis(3",5"—di—ten‘—butylstyryl)phenyl)porphyrin (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
(3%100 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-5,10,15,20,25,30,35,40-
octakis(3',5'-di-ferz-butylphenyl)cycloeicosa[b]cycloeicosa[5,6]pyrazino|2,3-g]quinoxaline  (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 chromatogtaphy (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 charactetization are given in Chapter Six. The second band
was 1dentified as the tris-porphytin afpha-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 etroneous 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-zer+-butylphenyl)cycloeicosa[b] cycloeicosa[5,6] pyrazino[2,3-g]quinoxaline  (21)
(306 mg, 59%).

5mer-porphytin alpha-dione 100 and dendritic octamer 103

The 3mer porphyrin alpha-dione (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%x100 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 2,3,2223-
tetraoxo-5,10,15,20,25,30,35,40-octakis(3',5'-di-terz-butylphenyl)cycloeicosa[b)
cycloeicosa[S,ﬁ]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 houts 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-porphytin 103 (18.7 mg, 9%). Details of its
charactetization are given in Chapter Six. The second band was identified as the Smer-
potphyrin alpha-dione 100 (1 69 mg, 54%). 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,lO,l5,20,25,30,35,40~octakis(3‘,5‘—di-teﬁ-
butylphenyl)cycloeicosa[b]cycloeicosa[S,G]pyrazmo[2,3—g]quinoxa1ine (21) (210 mg, 72%).
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7mer-porphytin alpha-dione 101 and dendritic 12mer 104

The Smer porphyrin ajpha-dione (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. Dichlotomethane (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 temoved. The brown
residue and  2,3,22,23-tetraoxo-5,10,15,20,25,30,35,40-octakis (3,5 -di-ferz-butylphenyl)
cycloeicosab]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%). A, (CH,CL)/nm (log(e/dm>mol cm™)) 308 (5.73), 427 (6.00),
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 charactetization are given in Chapter Six.

The second band was identified as the 7mer-porphytin apha-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-fert-butylphenyl) cycloeicosa[b]cycloeicosa[5,6]
pyrazino[2,3-g]quinoxaline (21) (120 mg, 57%).

Dendritic 16mer 105

The 7met porphyrin ajpha-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 houts 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
cesidue  and 23,2223 tetraoxo-5,10,15,20,25,30,35,40-octakis (3',5"-di-ert-butylphenyl)
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cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3—g]qujnoxaline 1) (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 chromatogtaphy (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-diox0-22,23a-dioxo-18a-homo-170xa-5,10,15,20,25,30,35,40-octakis (3',5'- di-tert-
butylphenyl)cycloeicosa[b]cycloeicosa[5,6] pytazino[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-170xa-5,10,15,20,25,30,35,40-octakis(3’,5'-di-zer#-butylphenyl)

cycloeicosa[b]cycloeicosa[5,6]pyrazino[2,3-glquinoxaline  (106), a dark brown solid.
Ve (CHCL) 3400 (NH), 2964, 1791 and 1734 (OCOCO), 1724 (COCO), 1594, 1476, 1464,
1364, 1296, 1265, 1069; . (CH,CL)/nm (log(e/dm mol'cm™)) 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;
CDCl,) &: -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, J; 4 = J¢4 = 1.75
Hz, C4)H), 7.76 (4H, d, J; y = J;¢= 2.10 Hz, C(2)H and C(6)H), 7.79 (2H, dd, [y+ = J¢«
= 1.75 Hz, C(4)H), 7.89 (4H, d, J;» = J;¢= 1.85 Hz, C(2)H and C(6)H), 7.97 (2H, dd, J; 4
= Jo»= 1.80 Hz, C@)H), 7.99 (2H, m, aryl H), 8.00 (2H, d, J;»= Jo¢= 210 Hz, C2)H
and C(6")H), 8.01 to 8.02 (4H, m, aryl H), 8.49 (2H, dd, Jgp = 5.15 Hz, Jaup = 2.10 Hz, S-
pyrrolic H), 8.55 (2H, m, bridging H), 8.65 (2H, dd, Jsp = 4.85 Hz, Juup = 1.75 Hz, [
pyrrolic H), 8.68 (2H, dd, ]z = 4.85 Hz, Janp = 1.70 Hz, B-pyrrolic H), 8.74 (1H, dd, Jgp =
5.45 Hz, Juups = 1.75 Hz, S-pyrrolic H), 8.76 (1H, dd, Jgp = 5.00 Hz, Jyyp = 1.70 Hz, -
pyrrolic H); COSY shows coupling between the NH at -1.91 and the S-pyrrolic protons
around 8.65 and 8.75 ppm, and also between the NH at -1.38 and the f-pyrrolic protons
around 8.50 and 8.65 ppm; 7/ MALDI-TOF from a dithranol matrix) 2328.3 MH", 25%),

2330.3 (MH+2H)", 100%); C,55H,N;,0; requires 2328.4 (MH").
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[2,3-2%, 5%, 8, 11", 14", 17“-hexaoxo-cyclooctadecane)-5,10,15,20-tetrakis(3',5'-di-tert-
butylphenyl)porphinato]nickel(II) (110)

Sodium hydride (8.8 mg, 0.22 mmol) and potassium tetrafluoroborate (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-zers-
butylphenyl)porphinato]nickel(Il) (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)-5,10,15,20-
tetrakis(3',5'-di-zer+-butylphenyl)porphinato]nickel(II) (110), (17.9 mg, 18%), a dark red solid.
U (CHCL) 2966, 1593, 1523, 1477, 1394, 1294, 1247, 1100, 1013, 938, 899, 883, 826; \,,..
(CH,CL)/nm (log(e/dm mol’cm™)) 289 (4.14), 312sh (4.09), 417 (5.59), 531 (4.14), 567
(3.78); 'H n.m.r. (400 MHz; CDCl,) &: 1.45 (36H, s, #butyl H), 1.49 (36H, s, -butyl H), 3.45
H, t, Jerown, cown = 5-85 Hz, crown ether H), 3.54 to 3.70 (16H, m, ctrown ether H), 4.29 (2H,
own cown = 6.05 Hz, crown ether H), 7.66 (1H, dd, ;4 = J¢o = 1.95 Hz, C(4)H), 7.68
2H,d, J; = Jyg = 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, J;» = J¢¢ = 2.10 Hz, C2)H and C(6)H), 7.87 2H, d, ;7 = Je¢ =
1.55 Hz, C(2)H and C(6)H), 7.88 2H, d, J;» = Js¢ = 1.75 He, C(2)H and C(6")H), 8.70
(1H, d, Jpp = 4.85 Hz, f-pyrrolic H), 8.71 (1H, d, [gp = 4.85 Hz, f-pyrrolic H), 8.76 (2H, s,

C(12)H and C(13)H), 8.76 (1H, d, Jg = 5.00 Hz, B-pyrrolic H), 8.79 (1H, d, Jgp = 495 Hz,

t,

B-pyrrolic H); the C(7)H, C(8)H, C(17)H and C(18)H have four distinct signals- this suggests
that the porphytin macrocycle might be ruffled; 7/ (LDI-TOF) 1354.3 (MH", 100%);
CyH, ;N ONi requires 1353.8 (MH").

[5,10,15,20-tetrakis(3‘,5‘-di-tert—butylphenyl)quinoxalino[2,3-b]secoporphinato]
nickel(IT) (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,l5,20-tetrakis(3‘,5‘-di—
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fe’f“bUtylphenyl)quinoxahno[2,3-b]porphinato]nickel(H) (111) (150 mg, 0.11 mmol) (prepared
by the method of Burn®) 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 (5%100 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',5 -di-zert-
butylphenyl)quinoxalino[2,3-b]porphinato]nickel(II) (39) (10 mg, 8%) by an identical 'H
NMR and LDT 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-fers-
butylphenyl)quinoxalino[2,3-bjsecoporphinato]nickel(I) (112) (3.2 mg, 2%), a dark green
solid. v, (CHCL) 2966, 1594, 1478, 1364, 1249, 1036, 878; X\ (CH,CL)/nm
(log(e/dm mol em™) 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; CDCL,) 8: 1.42 (36H, s, #butyl H), 1.45 (36H, s, ~
butyl H), 7.60 (2H, dd, J; ;= Js ;= 1.85 Hz, C(4)H), 7.67-7.70 (2H, m, quinoxalino H), 7.67
(8H, d, J;» = Jy¢ = 1.70 Hz, C(2)H and C(6)H), 7.72-7.76 (2H, m, quinoxalino H), 7.77
(2H, dd, J; ;= J¢, = 1.85 Hz, C(4)H), 8.34 and 8.73 (4H, ABq, J,5 = 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; 7/ (LDI-TOF) 1196.6 (M",
100%); CgoHo N Ni requires 1196.7 (M™).

The fourth band was collected and identified as [12-hydroxy-5,10,15,20-tetrakis(3‘,5'-di-zers-
butylphenyl)quinoxalino[2,3-b]porphinato]nickel(Il) (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-12-0xa-5,10,15,20-tetrakis(3’,5-di-fer+-butylphenyl)quinoxalino[2,3-
b]porphinato]nickel(Il) (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-tetrakis(3",5'-di-zerz-butylphenyl) quinoxalino{2,3-b]porphinato]

nickel(IT) (41) (7.4 mg, 6%) by an identical 'H NMR as and co-chromatogtaphy against an

authentic sample.
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-395 -225
135
-295 -115
235
Bacteriochlorin 47 Hydroxy-bacteriochlorin 61
-55 -85
165 35
55
305 5
135
Quinoxalino chlorin 58 Bis-porphyrin bis-chlorin 60
190 125
320 285
280 235
390 5
800 0 -800 800 0 -800
Nitro-chlorin 54 Chloro-chlotin 53
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9.9.2 Cha ter Six electrochemist

Agam, the hotizontal and vertical scales are the same for each measurement.
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Figure A1.2- '"H NMR spectrum of the simple porphyrin 45

Closer inspection reveals that all eight B-pyrrolic protons appear at the same resonance,

whilst in the free-base porphyrin structure there should be two proton environments. This

1s due to NH tautomerisation occutring faster than the NMR timescale causing a coalescence

of the two S-pyrrolic environments'”;

Ar Ar

In this way the two f-pyrrolic proton environments appear as one coalesced signal.

Comparing the '"H NMR of the bis-chlorin 60 (Figure Al1.3) with the porphyrin 45 several

differences are immediately apparent:

ISR

8.6 8.2 7.8

0, %4 8 e
1 l | J JUU\_A

—

8 6 4 2 0

2

Figure A1.3- 'H NMR spectrum of the bis-chlorin 60. The insert is the expanded region of the unsaturated

proton environments.

Appendix One- Methods of porphyrin characterization



























Figure A2.1- parameters used for the point-dipole approximation of two interaction chromophores.

24’ +3
AE, = po(cosax 3 cos B cosy) (equation A2.1)
r

In this equation AE is the enetrgy of interaction of the exciton coupling, # is the transition
dipole moment of the electronic transition, and the other parameters are geometrical
parametets given in Figure A2.1. When two chromophores are either side-by-side to one

another ot on top of one another, this equation reduces to:

4 2
CAE, =-f—  (equation A2.2)

3
To detive these equations it is necessaty 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 atrangement 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 absotption 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 otientated
alongside one another and therefore can adopt a parallel (11) or anti-parallel (1)) otientation.
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 1s the lower-energy stabilized configuration. And because the overall transition

moment is given by the sum of the individual components, the paralle] arrangement leads to

Appendix Two: Exciton coupling theory
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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 neighbouting 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.

Appendix Two: Exciton coupling theory
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